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Editorial on Research Topic 


Host-microbiota immuno-interactions for personalized microbial therapeutics


The human gut microbiota plays a crucial role in modulating the immune system by regulating both innate and adaptive immune responses (1). Dysbiosis of the gut microbiota can disrupt these immune-interactions and predispose individuals to immune-mediated physiological and metabolic disorders (2). Dysbiosis of the human gut microbiota often manifests as increased gut permeability, aberrant immune responses, and chronic inflammation (3). Restoring a balanced microbiota through microbial therapeutics has emerged as a promising strategy to mitigate these detrimental effects (4). Personalized microbial therapeutics are developed to exploit host-microbiota interactions in a manner tailored to an individual’s microbiome composition and immune profile (5). Recent developments in human microbiome research highlight the need for personalized therapeutic approaches that address the complex interplay between the immune system and the microbiota (6). This Research Topic brings together compelling articles that highlight diverse ways in which host-microbiota immune interactions can be leveraged to improve personalized microbial therapeutics.




Research and review articles

Disease-focused clinical perspectives highlight the role of microbial communities in pathophysiology and patient outcomes. Belayneh et al. delineated the role of Helicobacter pylori co-infection in the alteration of clinical features in hepatitis B patients, providing evidence that microbial status can influence viral disease trajectories. Deng et al. connected alterations in the vaginal microbiota to preterm premature rupture of membranes as prognostic biomarkers, offering a pathway for early intervention in pregnancy complications. Guo et al. highlighted the gut–immune axis in primary immune thrombocytopenia, reframing autoimmune pathology through a microbiome lens and pointing toward novel treatment paradigms. Eslami et al. explored microbiota as diagnostic biomarkers, emphasizing their potential for early cancer detection and personalized treatment planning. Chen et al. demonstrated that Pseudomonas aeruginosa can enhance the effectiveness of anti-PD-1 therapy for colorectal cancer by activating CD8+ T cells, underscoring the potential for synergistic effects between microbiota and immunotherapy. Complementing these insights, Nieves et al. discussed how microbiome modulation could improve clinical outcomes in immunocompromised patients. Together, these findings highlight the promise of microbiota-informed diagnostics and therapeutic strategies in diverse clinical settings.

Microbial therapeutic innovations also provide a broader framework for personalized therapeutics. Nazir et al. summarized approaches to therapeutically target the host–microbiota–immune axis, emphasizing the potential of precision microbial medicine. Simultaneously, Ding et al. highlighted the role of the microbiome in combating antimicrobial resistance, projecting microbiota-based interventions as a promising frontier in addressing one of the greatest global challenges. Additionally, Wang et al. summarized microbial and metabolite targets that could be leveraged to develop personalized microbiota-based therapies for pediatric pulmonary diseases. Experimental studies enrich our clinical and translational understanding with insights into host–microbe biology. Li et al. showed the role of commensal bacterial history in calibrating antiviral immune readiness and influencing the threshold for adaptive immune activation. Liu et al. demonstrated the role of Chaihushugan powder in alleviating functional dyspepsia in rats by reshaping the gut microbiota and reducing mitochondrial oxidative stress in gastric tissue. These findings highlight the innovative approaches to harnessing the microbiota for therapeutic purposes.

This Research Topic charts a promising roadmap for translating microbiome science into precision therapeutics. The integration of mechanistic insights, translational studies, and clinical evidence provides a robust framework that advances microbiota-informed personalized medicine as a foundational paradigm in future healthcare (7).
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Exhaustion of the immune system’s ability to adapt to novelty suggests that the changes it undergoes might be a consequence of an evolutionary unpredictable antigenic exposure over a lifetime. Thus, we raise the question of whether a naive immune system can manage new antigens better than an educated immune system. Here, by employing the naive immune system of germ-free (GF) mice without a history of microbial exposure, we compared their adaptive immune responses with those of the conventional (Conv) mice upon new viral infection. Interestingly, the naive GF immune system showed robust T-cell responses, with more potent memory T cells established for long-term protection, even in the condition of primary lower T-cell levels for naive GF mice. Furthermore, we found that the ABX-treated Conv mice showed impaired T-cell responses, compared with the untreated Conv ones. With the microbiota eliminated, the ABX mice still have a history of microbial exposure and education for their immune system. In summary, commensal bacteria education history calibrates the naivety and the activation threshold of the adaptive antiviral immune system.
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Highlights

	Considering the condition of primary lower T-cell level, the immune system of naive GF mice showed more robust T-cell responses upon LCMV infection.

	With the microbiota eliminated, the ABX-treated mice show impaired T-cell responses, unlike GF mice upon LCMV infection.

	The naive GF immune system shows greater plasticity and sensitivity in launching robust adaptive immune responses against new viral infections.







Introduction

Adults were thought to have a stronger immunity than children, as they have a more mature immune system with established powerful memory T and B cells against reinfection with experienced pathogens (1). Nevertheless, the clinical course of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in children, even in neonates and infants, is milder than that in adults. Children also respond better than adults in the case of other novel viral infections, such as in the 2002 SARS-CoV-1 outbreak, the 2012 MERS-CoV outbreak, and even in the massive 1918 H1N1 influenza pandemic (2–6). Moreover, children also show better effects of vaccination than adults (7, 8). The less‐experienced humoral immunity in children, as evidenced by the higher IgM levels, might induce the production of more potent antibodies upon SARS‐CoV‐2 infection (9). The acute phase of coronavirus disease 2019 (COVID-19) in humans is associated with strong T-cell lymphopenia in severe disease, with a bias toward CD8+ T cells (10). Importantly, lymphocyte levels in infected children are not reduced as much as those in adults (9). This central role for T cells makes them a desirable target for assessing immune responses to novel viral infections. The immune system of children is likely prepared to react to novelty in the early years of life to build the pool of memory T and B cells for preventing reinfection, a function that might be dampened in adults.

Exhaustion of the immune system’s ability to adapt to novelty suggests that the changes it undergoes might be a consequence of an evolutionary unpredictable antigenic exposure over a lifetime. From the above, we raise the question of whether a naive immune system is able to manage new antigens better than an educated one. Here, to address the above question, we employed the naive immune system of GF mice without a history of microbial exposure and compared their adaptive immune responses with those of the conventional (Conv) mice (regularly maintained in an SPF condition) at the same age of 6–8 weeks upon new viral infection. For the new viral infection model, we applied the relatively mature LCMV (lymphocytic choriomeningitis virus)-P14 CD8 or LCMV-SMARTA CD4 T-cell response system, which can help us to identify the LCMV-specific P14 CD8 (transgenic TCR that is specific for the MHC class I molecule H2-Db-gp33-41 peptide) T-cell responses or the LCMV-specific SMARTA CD4 (transgenic TCR that is specific for the MHC class II molecule H2-I-Ab-gp61-80 peptide) T-cell responses, respectively (11). LCMV is an ideal model to study adaptive immune response, and T- and B-cell responses to LCMV are sensitive and robust, which allows investigators to assess T- and B-cell responses more accurately (11).

Comparing the condition of primary lower T-cell levels of GF mice compared with that of Conv mice, surprisingly, the naive immune system of GF mice showed more robust T-cell responses once they encountered LCMV infection, also with more potent memory CD8+ T cells, especially those of Tcm (central memory) and Trm (resident memory) cells, established for long-term protection. Furthermore, in mice treated with ABX (with antibiotic treatment to abolish the microbiota in Conv mice), we found that they showed impaired T-cell responses, not similar to that of GF mice upon LCMV infection. With the microbiota eliminated, the immune system of ABX mice still showed microbial exposure history and education; in other words, their immune system has been educated and is not that naive. Collectively, the above results suggested that the education history of commensal bacteria calibrates the naivety and activation threshold of the adaptive antiviral immune system. This finding, at least from one standpoint, explains the immune system’s naivety‐related differences in adapting to novel stimuli.





Results




Mice without a history of microbial education developed robust adaptive immune responses upon encountering new pathogens

To test whether a naive immune system has a weaker or stronger immunity than an educated immune system upon new viral infection, we studied the immune system of GF mice without a history of microbial exposure and compared their T-cell responses to LCMV infection with those of Conv mice. Firstly, we sorted CD90.1 P14 CD8 T cells from CD90.1 P14 mice and transferred the same quantity of cells into CD90.2 Conv mice or CD90.2 GF mice, respectively, following acute viral infection with the new pathogen LCMV Armstrong (Figure 1A). Then, we analyzed the CD8 T-cell responses on the indicated days. Surprisingly, GF mice exhibited a more robust CD8 T-cell immunity than Conv mice, with both the cell proportion and the cell number of the LCMV-specific P14 CD8 T cells elevated dramatically in the spleen on day 8 (Figure 1B, Supplementary Table S1).
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Figure 1 | Adaptive immune responses in GF and Conv mice after LCMV infection. (A) Experimental design. (B) FACS analysis of P14 CD8 T cells among total CD8+ T cells of Conv or GF mouse spleens on day 8 post-infection (p.i.). (C) FACS analysis of P14 cells among total CD8 T cells or total CD44+CD8 T cells among non-P14 CD8 T cells of recipient mice in the SI LP of Conv or GF mice on day 8 p.i. (D, E) FACS analysis of CD69+CD103+ P14 cells (Trm) in the SI IEL or SI LP of Conv or GF mice on day 8 p.i. (F) Experimental design. CD45.1 SMARTA cells were adoptively transferred into CD45.2 naive Conv or GF mice following LCMV-Arm infection the next day, and splenocytes were harvested on the indicated days for analysis. (G) FACS analysis of CD45.1+ SMARTA cells among total CD4 T cells of Conv or GF mouse spleens on day 8 p.i. (H) FACS analysis of CD44+CXCR5+ SMARTA TFH cells or CD44+CXCR5− SMARTA TH1 cells in the spleen of Conv or GF mice on day 8 p.i. (I, J) FACS analysis of PNAhiFAShiB220+CD19+ GC B cells (I) or CD138hiB220lo plasma cells (J) in the spleen of Conv or GF mice on day 8 p.i.

As the microbiota is largely associated with intestinal microbial populations, we also analyzed small intestinal lymphocytes. The intestine contains the largest number of immune cells of any organ in the body, and the intestinal mucosal immune system is composed of three major lymphoid areas: the lamina propria (LP, which lies just underneath the basement membrane in the intestinal villi), the intraepithelial compartment (IEL, which contains intraepithelial lymphocytes and is located between the columnar epithelial cells), and Peyer’s patches (PPs, which are embedded in the gut wall) (12, 13). Here, we first analyzed CD8 T cells in the LP of the small intestine (SI) and found that both the transferred LCMV-specific P14 CD8 T cells and the polyclonal CD44+ CD8 T cells of recipient mice were robustly enriched in the GF group compared with those in the Conv group (Figure 1C). We also tested CD69+CD103+ Trm (resident memory T cell) precursors on day 8 in the LP and found that both the cell proportion and the cell number of Trm precursors were overtly increased in GF mice compared with those in Conv mice (Figure 1D). We then detected and confirmed that the Trm precursors on day 8 in the IEL also showed a robust increase in both cell proportion and cell number in GF mice compared with those in Conv mice (Figure 1E, Supplementary Figure S1).

Furthermore, to investigate CD4 T-cell responses, we sorted CD45.1 SMARTA CD4 T cells from CD45.1 SMARTA mice and transferred the same quantity of cells into CD45.2 Conv mice or CD45.2 GF mice, followed by infection with LCMV (Figure 1F). Then, we analyzed the CD4 T-cell responses on the indicated days. Consistently, both the cell proportion and the cell number of LCMV-specific SMARTA cells were dramatically augmented in GF mice compared with those in Conv mice (Figure 1G), followed by obvious increases in both follicular helper T (Tfh) and T helper 1 (Th1) cell numbers (Figure 1H, Supplementary Figure S3). Because of the helper functions of Tfh cells for germinal center B-cell (GC B cell) maturation for antibody production, we further detected both germinal center B cells and plasma cells. Likewise, both the cell proportion and the cell number of GC B cells and plasma cells showed a robust increase in GF mice compared with those in Conv mice (Figures 1I, J, Supplementary Figure S4). These findings demonstrated that mice without a history of microbial education developed robust adaptive immune responses to novel viral infections.





Mice without a history of microbial education established potent memory CD8 T cells for long-term protection

To investigate whether mice without a history of microbial education can establish long-term protection, we first sorted CD90.1/CD45.1 P14 CD8 T cells from CD90.1/CD45.1 P14 mice and transferred the same quantity of cells into CD90.2/CD45.2 Conv mice or CD90.2/CD45.2 GF mice, followed by acute viral infection with the new pathogen LCMV Armstrong (Figure 2A). Then, we examined LCMV virus-specific P14 CD8 T cells on day 39 in the spleen and found that both the cell proportion and the cell number of P14 CD8 T cells were robustly increased in GF mice compared with those in Conv mice (Figure 2B). We further analyzed CD127+KLRG1− memory CD8 T cells, especially CD127+CD62L+ Tcm (central memory T) cells, in P14 cells on day 75 in the spleen. Consistently, not only memory CD8 T cells but also Tcm cells increased in number in GF mice compared with those in Conv mice (Figure 2C). We then examined the polyclonal CD127+KLRG1− memory CD8 and CD127+CD62L+ Tcm cells among CD44+ CD8 T cells of the recipient mice. The results were consistent with those for the transferred P14 CD8 T cells, with augmentation of both memory CD8 and Tcm cell levels among the polyclonal CD44+ CD8 T cells of the recipient GF mice (Figure 2D). As laboratory evidence from clinical patients showed greater clonal expansion of T cells with more IL-2 and IFN-γ-producing T cells in moderate disease than in severe disease for COVID-19, we further applied ICC analysis on day 57 in the spleen, testing for IL-2 and IFN-γ, for a deeper understanding of memory CD8 T-cell functions and found that GF mice showed higher IL-2 and IFN-γ levels in both cell proportion and mean fluorescence intensity (MFI) in both P14 CD8 T cells and polyclonal CD44+ CD8 T cells of the recipient GF mice compared with those of Conv mice (Figures 2E, F, Supplementary Figure S2, Supplementary Table S1).
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Figure 2 | Memory CD8 T-cell responses in GF and Conv mice for long-term protection. (A) Experimental design. (B) FACS analysis of P14 cells among total CD8 T cells of Conv or GF mouse spleens on day 39 p.i. (C, D) FACS analysis of CD127+KLRG1− memory or CD127+CD62L+ Tcm cells among P14 cells (C) or among CD44+CD8 T cells of recipient mice (D) in Conv or GF mouse spleens on day 75 p.i. (E, F) The proportion and MFI of IL-2+ (E) or IFN-γ+ (F) cells among P14 cells or among CD44+CD8 T cells of recipient Conv or GF mouse spleens on day 57 p.i. (G, H) FACS analysis of P14 cells (G) or CD69+CD103+ Trm P14 cells (H) in the SI IEL of Conv or GF mice on day 39 p.i. (I, J) FACS analysis of P14 cells (I) or CD69+CD103+ Trm P14 cells (J) in the SI LP of Conv or GF mice on day 39 p.i. (I) or on day 57 p.i. (J). (K) FACS analysis of CD69+CD103+ Trm cells among CD44+CD8 T cells of recipient mice in the SI LP on day 57 p.i. (L) FACS analysis of P14 cells among total CD8 T cells of the lung on day 57 p.i.

We also analyzed small intestinal lymphocytes. First, we found that both the cell proportion and the cell number of LCMV-specific P14 CD8 T cells showed a robust increase on day 39 in the IEL of GF mice compared with those of Conv mice (Figure 2G). Furthermore, we analyzed CD69+CD103+ Trm cells among P14 CD8 T cells and found that Trm cells also showed an obvious increase in both cell frequency and cell number on day 39 in the IEL in GF mice compared with those in Conv mice (Figure 2H). We then examined both LCMV-specific P14 cells and Trm cells on day 57 in the LP, and the results were consistent with those for the IEL (Figures 2I, J). We further confirmed the robust increase in both the cell frequency and the cell number of Trm cells among polyclonal CD44+ CD8 T cells of the recipient GF mice (Figure 2K). Finally, to verify the phenotype, we also examined P14 cells in another tissue, the lung, with repeatable results showing a robust increase in both the frequency and the number of P14 cells on day 57 in the lungs of GF mice compared with those of conditional mice (Figure 2L). Collectively, the above results showed that mice without a history of microbial exposure established more potent memory CD8 T cells for long-term protection against viral reinfection.





Mice without a history of microbial education showed primary lower T-cell levels

Furthermore, we wanted to determine whether naive GF mice have primary lower or higher T-cell levels than Conv mice without LCMV infection. We thus found that both CD8 and CD4 T cells, including regulatory T cells (Tregs with CD4+FOXP3+), showed a lower primary cell number in naive GF mice than in Conv mice (Figures 3A–C, Supplementary Table S1).
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Figure 3 | Primary T cell levels in GF and Conv mice. (A–C) FACS analysis of L/D−CD8+ T cells (A), L/D−CD4+ T cells (B), or L/D−Foxp3+CD4+ Tregs (C) in the spleen of naive Conv or GF mice.

In short, naive GF mice showed lower levels of primary T cells. This finding was consistent with previous reports (13–15). On the other hand, the above overall results indicated greater plasticity with sensitivity of the naive immune system of GF mice, as shown by the robust adaptive immune responses and immune memory established upon new viral infection, even in the condition of primary lower T cell levels for GF mice compared with that of Conv mice.





The ABX-treated mice with a history of microbial education exhibited impaired T-cell immunity to new viral infection

To investigate whether the microbiota impacts the T-cell responses in Conv mice, we treated mice with antibiotics to eliminate the microbiota (Figure 4A). Thus, we compared LCMV-specific P14 CD8 T cells and polyclonal CD44+ CD8 T cells of recipients on day 8 in the spleen of the ABX-treated mice with those of normal Conv mice as a control, and we found that both P14 cells and the polyclonal CD8 T cells of the recipient ABX-treated mice showed a decreased cell number (Figure 4B). Because of the importance of small intestinal lymphocytes with large intestinal microbiota populations, we also examined P14 cells and polyclonal activated CD8 T cells on day 12 in the IEL and LP, respectively, and found that the results were consistent with those in the spleen; both P14 cells and polyclonal CD8 T cells of the recipient ABX-treated mice exhibited decreased cell numbers in both the IEL and LP (Figures 4C-F). Furthermore, we also detected polyclonal memory CD8 T cells and Trm cells for long-term protection on day 61 in the IEL and LP of the recipient ABX-treated mice and Conv mice, with all of them showing a consistently lower number in the ABX-treated mice than in control mice (Figures 4G–J, Supplementary Table S1).
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Figure 4 | T-cell immunity to LCMV infection in ABX-treated mice and Conv mice. (A) Diagram of antibiotic treatment. (B) FACS analysis of P14 cells among total CD8 T cells or CD44+CD8 T cells among the non-P14 CD8 T cells of recipient mice in the spleen of Conv or ABX-treated mice on day 8 p.i. (C–F) FACS analysis of P14 cells among total CD8 T cells or CD44+CD8 T cells among the non-P14 CD8 T cells of recipient mice in the SI IEL (C, D) or SI LP (E, F) of Conv or ABX-treated mice on day 12 p.i. (G–J) FACS analysis of CD44+CD8 total memory T cells or CD69+CD103+ Trm cells among CD44+CD8 T cells of recipient mice in the SI IEL (G, H) or SI LP (I, J) of Conv or ABX-treated mice on day 61 p.i.

In brief, with the microbiota eliminated, the ABX-treated mice did not show the same immune responses as the GF mice upon new viral infection, compared with normal Conv mice, respectively. The major difference in their immune system is that the ABX-treated mice still have a history of microbial education; in other words, their immune system is not that naive. Although naive GF mice have fewer primary T cells than Conv mice, they exhibited more robust T-cell responses after new viral infection, including an elevated cell proportion and cell function of memory CD8 T cells for long-term protection. The naive immune system of GF mice with a much abundant naive T-cell repertoire seems to have greater plasticity with sensitivity for aspects of T cells, including T-cell activation, proliferation, differentiation, and function, which is consistent in different organs.






Discussion

Exhaustion of the immune system’s ability to adapt to novelty suggests that the changes it undergoes might be a consequence of an evolutionary unpredictable antigenic exposure over a lifetime. From the above, we raise the question of whether a naive immune system is able to manage new antigens better than an educated one. Here, by employing the naive immune system of GF mice, we compared the adaptive immune responses of GF mice with those of Conv mice upon LCMV infection. Surprisingly, we found that the naive immune system of GF mice shows robust T-cell responses upon new viral infection, with also more potent memory CD8 T cells established for long-term protection, even in the condition of primary lower T-cell levels for naive GF mice than for Conv ones. Furthermore, we found that the ABX-treated mice showed impaired T-cell responses, unlike GF mice, upon new viral infection. However, even with the microbiota eliminated, the ABX-treated mice still have a history of microbial exposure in their immune system; in other words, their immune system has been educated and is not that naive. In short, the commensal bacteria education history calibrates the naivety and the activation threshold of the adaptive antiviral immune system.

One explanation is that the naive immune system of GF mice also includes both DCs and Tregs that play important roles in T-cell outcomes upon infection. As newly evidenced in the COVID-19 pandemic, the interplay between dendritic cells and CD8 T lymphocytes is a crucial component of SARS-CoV-2 infection immunity (16–18). Moreover, along with the expansion of the memory T-cell pool with continual pathogen exposure, the cell proportion of naive T cells decreases. Under these circumstances, there would be much lower efficiency for DCs to present antigens to the fittest naive T cells. From this perspective, the naive GF immune system with a more abundant naive T-cell repertoire shows greater plasticity and sensitivity to launch more potent T-cell responses upon encountering new viral infection, which at least from one standpoint explains the immune system naivety‐related differences in adapting to novelty.

On the one hand, there are two major classes of Tregs in Conv mice: thymus-derived natural Tregs (nTregs) and intestinally induced Tregs (iTregs) (19). Importantly, iTregs have antigen-specific TCRs for microbiota in-situ tolerization, which are different from those of nTregs, and the adoptive transfer of iTregs has been found to affect neither the primary antiviral CD8 T-cell responses nor the viral clearance (20). Moreover, LCMV Armstrong acute infection barely induces iTregs (21). As a result, the T-cell responses that are systemically stronger in the intestines, spleens, and lungs of GF mice than in those of Conv mice are supposedly not due to the effects of Tregs.

Based on the above, we have a suggested perspective on the use of the GF mouse system in intestinal microbiota studies. Compared to GF mice, it would be more appropriate to use ABX-treated mice for research on the impact of intestinal microbiota disruption on immune disturbance. GF mice do not have the same immune starting point as Conv mice. Consistent with previous reports, naive GF mice had primary lower T-cell levels in our study (14), and importantly, their immune system did not have the same history of microbial exposure and education as that of the Conv mice. Regarding humans, there are patients with antibiotic-disrupted microbiota, but there are no GF patients. On the other hand, the GF mouse system is assumed to be more suitable for research on the impact of microbiota colonization on intestinal immune system development.





Materials and methods




Mice and virus infection

P14 (CD90.1 or CD45.1) and SMARTA (CD45.1) TCR transgenic mice were obtained from Dr. Rafi Ahmed (Emory University). C57BL/6J (CD45.2) mice were purchased from the Jackson Laboratories. Germ-free mice were provided by Dr. Hong Wei and the Animal Facility of Third Military Medical University, and these GF mice were bred in sterile plastic isolators with autoclaved food and water. All handling procedures for GF mice, including LCMV infection, were carried out under sterile conditions. All mice analyzed were 6–8 weeks of age, and both male and female mice were included without randomization or blinding. LCMV Armstrong was provided by Dr. Rafi Ahmed, and 2 × 105 PFU (i.v.) were used to establish acute infection in mice. Mice infected with LCMV were housed in accordance with Institutional Biosafety Regulations of Third Military Medical University. All experimental protocols were approved by the Institutional Animal Care and Use Committees of the Third Military Medical University. All methods were carried out in accordance with relevant guidelines and regulations that were approved by the Ethics Committees of the Third Military Medical University. This study was carried out in compliance with the ARRIVE guidelines.





Adoptive cell transfer

In each individual experiment, a total of 2 × 104 naive CD45.1+ (or CD90.1+) P14 cells or SMARTA cells were adoptively transferred into naive wild-type CD45.2+ (or CD90.2+) mice, and then these recipient mice were infected with 2 × 105 PFU LCMV Armstrong (i.v.) the next day.





Lymphocyte isolation from the small intestine and lung

For the isolation of SI IELs, the small intestine and Peyer’s patches were removed, and the intestine was cut longitudinally into 0.5 cm pieces. The intestine pieces were incubated with 0.154 mg/mL of dithioerythritol (DTE) in 10% HBSS/HEPES bicarbonate (30 min at 37°C, 250 rpm) to extract the IEL. For lamina propria lymphocyte (LPL) isolation, gut pieces were further treated with 100 U/mL of type I collagenase (Worthington, Lakewood, USA) in RPMI 1640, 5% FBS, 2 mM of MgCl2, and 2 mM of CaCl2 for 2 h at 37°C, stirring at 250 rpm. For the isolation of lung lymphocytes, the lung was removed and cut into small pieces, and the pieces were incubated with 1.3 mM of EDTA in HBSS (30 min at 37°C, 250 rpm), followed by treatment with 100 U/mL of type I collagenase (Worthington) in RPMI 1640, 5% FBS, 2 mM of MgCl2, and 2 mM of CaCl2 (1 h at 37°C, 250 rpm). After enzymatic treatment, lymphocytes were then purified on a 44/67% Percoll gradient (800g at 23°C for 20 min).





Flow cytometry and antibodies

Flow cytometry data were acquired by FACSCantoII (BD Biosciences, Franklin Lakes, USA) and analyzed with the FlowJo software (Tree Star, Ashland, USA). The antibodies and reagents used for flow cytometry staining are listed in Supplementary Table S1. Surface staining was performed in PBS containing 2% BSA or FBS (wt/vol). For CXCR5 staining, cells were stained with purified anti-CXCR5 (BD Biosciences) for 1 h at 4°C, followed by biotinylated antirat immunoglobulin G (IgG) (Jackson ImmunoResearch, West Grove, USA) and then fluorescently labeled streptavidin (eBioscience, San Diego, California) for 30 min on ice. Foxp3 staining was performed with the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) after surface staining. For detection of cytokine production, splenocytes were first stimulated with the indicated peptide (0.2 µg/mL), GolgiPlug, GolgiStop, anti-CD107a, and anti-CD107b antibodies (BD Biosciences) at 37°C for 5 h. Following surface staining, intracellular cytokine staining was performed with a Cytofix/Cytoperm Fixation/Permeabilization Kit according to the manufacturer’s instructions.





Antibiotic treatment

Mice were provided with autoclaved drinking water supplemented with ampicillin (0.5 mg/mL, Solarbio, Beijing, China), gentamicin (0.5 mg/mL, Solarbio), metronidazole (0.5 mg/mL, Solarbio), neomycin (0.5 mg/mL, Solarbio), and vancomycin (0.25 mg/mL, Solarbio). Antibiotic treatment was started 2 weeks before infection and continued for the duration of the experiments.





Statistical analysis

Statistical analysis was conducted using Prism 6.0 (GraphPad, San Diego, USA). The unpaired two-tailed t-test with 95% confidence interval was used for the calculation of P-values.
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Chaihushugan powder regulates the gut microbiota to alleviate mitochondrial oxidative stress in the gastric tissues of rats with functional dyspepsia
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Introduction

Functional dyspepsia (FD) is a prevalent functional gastrointestinal disorder associated with oxidative stress (OS) and dysbiosis. Chaihushugan powder (CHSGP) demonstrates efficacy in treating FD; however, the underlying therapeutic mechanism is not yet elucidated. This study aims to investigate the effects of CHSGP on OS and gut microbiota (GM) in FD rats, with a particular emphasis on the role of GM as a potential target for the antioxidant properties of CHSGP.





Methods

The FD rat model was established with a modified tail-clamp stimulation and the administration of the CHSGP decoction at a dosage of 9.6 g/kg via gavage for a duration of 4 weeks. The GM was depleted by the administration of a cocktail of metronidazole (200 mg/kg), ampicillin (200 mg/kg), neomycin sulfate (200 mg/kg), and vancomycin (100 mg/kg). Fecal microbiota transplantation (FMT) was performed with CHSGP-treated fecal supernatant at a dosage of 10 mL/kg. The gastrointestinal motility was measured using the rates of gastric emptying and small intestine propulsion. Hematoxylin and eosin staining was employed to elucidate the pathological changes, while the transmission electron microscope was used to examine the microstructures of the interstitial cells of Cajal (ICC). Chemiluminescence, colorimetric assay, immunofluorescence co-staining, and western blot assay were employed to identify the OS-related markers (ROS, SOD, NOX4, PRDX1, and TRX2). Sequencing of fecal microbiota was performed utilizing 16S rDNA.





Results

The CHSGP decoction promoted gastrointestinal motility, protected the microstructure of ICC, and reduced OS in FD rats. The GM composition was also regulated by CHSGP. However, these effects disappeared after microbiota depletion. Fortunately, the FMT therapy reinstated them.





Conclusion

Chaihushugan powder decoction might regulate the GM to alleviate mitochondrial OS in the gastric tissues of FD rats.





Keywords: functional dyspepsia, Chinese medicine, gastric dynamics, gut microbiota, fecal microbiota transplantation, oxidative stress




1 Introduction

Functional dyspepsia (FD) is the clinical syndrome characterized by post-meal fullness, premature satiety, epigastric discomfort, or burning. No identifiable structural cause has been found to explain these symptoms (1). According to the Rome criteria, the global prevalence of undiagnosed dyspepsia ranges from 6.9% to 62.8% (2). Patients with FD often suffer from psychological co-morbidity, somatization, low quality of life, and increased financial burdens, alongside an increased burden on social healthcare resources (2). Primary treatments for FD include prokinetic drugs, proton pump inhibitors, Helicobacter pylori eradication, neuromodulators, psychotherapy, and probiotics (3). However, treatment outcomes have been unsatisfactory, and patients often experience relapses. Increasing amount of clinical and basic research has shown that traditional Chinese medicine (TCM) is effective for FD (4, 5).

The exact pathogenesis of FD is incompletely understood. Researches have shown that oxidative stress (OS) and gut microbiota (GM) dysbiosis significantly contribute to the pathogenic mechanisms of FD (6, 7). OS refers to the disruption in cellular redox signaling pathways caused by increased concentration of reactive oxygen species (ROS) that exceeds the capability of antioxidant defenses (8). These reactive species cause structural modifications in lipids, proteins, and DNA, potentially resulting in cellular damage (8). The resulting cellular or tissue injury, along with the activation of apoptotic signaling pathways, can subsequently trigger inflammation and contribute to the development of gastrointestinal (GI) mucosal diseases (9). Our previous basic studies confirmed that mitochondrial OS in interstitial cells of Cajal (ICC) caused GI motility disorders in FD (10, 11). On the other hand, gut dysbiosis can lead to impaired duodenal barrier function and low-grade inflammation, which are key mechanisms in the pathogenesis of FD (12). Our prior clinical studies have shown that the diversity and richness of the GM are lower in patients with FD compared to healthy individuals (4). It is worth noting that gut dysbiosis has been recognized as a factor that may affect OS (13). Certain bacteria generate formyl peptides that induce epithelial cell inflammation and elevate intracellular ROS levels (14). Meanwhile, research has demonstrated that probiotics have antioxidative properties and help reduce OS damage (15). Consequently, the pathogenic mechanism of FD may be linked to OS resulting from GM dysregulation. Furthermore, research have demonstrated that drugs exert their effects through GM (16). Numerous studies suggested that the effectiveness of herbal treatments arise from their capacity to influence GM and metabolites (17, 18).

FD is known as “Pi Man” in TCM, with liver qi stagnation identified as the principal reason. TCM theory thinks that Qi is a subtle substance continuously circulating within the human body, playing a vital role in enhancing the functional activities of organs. The function of the liver is to convey and disperse qi and promote its circulation. Consequently, the FD treatment rule is to alleviate liver qi stagnation. Chaihushugan powder (CHSGP) originates from the Ming dynasty, as documented in Jingyue’s Complete Works. It is distinguished remedy that specifically targets liver qi imbalances. This formula has historical significance and has been widely used to manage digestive disorders. It consists of seven traditional plants: Cyperus rotundus L. [Cyperaceae], Conioselinum anthriscoides 'Chuanxiong' [Apiaceae], Bupleurum falcatum L. [Apiaceae], Paeonia lactiflora Pall. [Paeoniaceae], Citrus × aurantium L. [Rutaceae], Citrus aurantium f. deliciosa (Ten.). M. Hiroe [Rutaceae], and Glycyrrhiza glabra L. [Fabaceae]. Our preliminary clinical research indicated that CHSGP had considerable effectiveness in the management of FD (4). It effectively improved the dyspepsia symptom scale scores, enhanced the rate of barium strip gastric emptying, and increased the scores of hamilton anxiety scale, hamilton depression scale, and quality of life (4). Additionally, it modulated the composition of GM (4). In fundamental research, CHSGP treatment reduced mitochondrial ROS and serum malondialdehyde (MDA) levels, elevated citrate synthase (CS) and superoxide dismutase (SOD) levels in the gastric tissue, and improved the mitochondrial membrane potential (10, 11). These findings indicated that CHSGP treatment might ameliorate mitochondrial OS and modulate GM in FD rats. However, it remains unclear whether GM is the core target for CHSGP to exert its antioxidant effects. The use of antibiotic cocktails (ABX) significantly reduced the diversity of GM, subsequently impacting cell counts, signaling pathways, and organ functions, with the results resembling those in germ-free animals (19). Consequently, pseudo-sterile animals can be developed utilizing ABX for studies linked to GM depletion (20). Fecal microbiota transplantation (FMT) involves the transfer of healthy microbiota to dysbiotic host to restore beneficial GM and achieve eubiosis (21). FMT can establish the donor microbiota after microbiota depletion using ABX (22). In the majority of TCM research protocols, animals administered herbs or herbal substances for a duration are chosen as FMT donors to explore GM-dependent effects of herbal treatments (18, 23). In this study, we employed ABX and FMT to investigate whether CHSGP treatment could improve mitochondrial OS in the gastric tissues of FD rats by influencing GM.




2 Methods and materials



2.1 Animals and establishment of the FD rat model

The sample size for the study was established via the KISS approach, as referenced in Festing’s research (24). Power study indicated that a sample size of six rats per group achieved 90% power to identify a 20% change, with a 5% significance level and a two-sided test. Seventy-two male Sprague-Dawley rats, each weighing between 180 and 200 g, were obtained from Shanghai SLAC Animal Biotechnology Co. Ltd. (2017-0005, Shanghai, China). The rats were housed in a specific pathogen-free controlled environment with humidity levels regulated at 55% ± 2%, temperature set at 22°C ± 2°C, and 12-h light/dark cycle. They were offered the unlimited supply of food and water. After a week of adaptation, FD was induced by administering the tail-clamp stimulation for 30 min, twice daily, for 4 weeks (11). Clinical studies found that patients with FD predominantly exhibited the decrease in gastric emptying rate (4) and showed no organic causes upon upper endoscopy (25). Consequently, experimental research utilized the reduction in 24-hour GI transit rate and hematoxylin eosin (HE) staining of gastric tissue, which revealed no pathological changes such as erosion or ulcers, as criteria for FD model establishment (10, 11). The Ethics Committee of the Shanghai University of TCM approved this study on March 17, 2023 (Ethics No. PZSHUTCM2303240005). All animal experimental procedures followed the experimental animal management regulations of the Shanghai University of TCM.




2.2 CHSGP preparation and pathway prediction for therapeutic efficacy

CHSGP decoction was composed of the following herbs: 12 g each of Citrus aurantium f. deliciosa (Ten.). M. Hiroe [Rutaceae] (20221225, Zhejiang, China) and Bupleurum falcatum L. [Apiaceae] (2022121508, Gansu, China); 9 g of Citrus aurantium L. [Rutaceae] (20210915, Jiangxi, China), Ligusticum chuanxiong [Apiaceae] (2023021907, Sichuan, China), Paeonia lactiflora Pall. [Paeoniaceae] (2022121908, Anhui, China), and Cyperus rotundus L. [Cyperaceae] (2022102308, Shandong, China); and 3 g of Glycyrrhiza glabra L. [Fabaceae] (2023022307, Xinjiang, China) (11). CHSGP decoction was heated in a 37°C water bath and administered to rats via gavage at a dosage of 9.6 g/kg, as previously established (26). We employed ultraperformance liquid chromatography-tandem quadrupole mass spectrometer (UPLC-MS/MS) to analyze and identify CHSGP compounds, subsequently utilizing the CTD and swisstarget databases to determine the action targets of these compounds. Finally, we enriched the cellular components, molecular functions, biological processes, and Kyoto Encyclopedia of Genes and Genomes (KEGG) (KEGG)-related pathways associated with CHSGP using Gene Ontology and the KEGG databases. Relevant results can be found in Supplementary Tables 1-6.




2.3 Probiotics preparation

The probiotics tablets used were Bifidobacterium quadruple viable bacteria tablets (KDJ3YSP, Hangzhou Grand Biologic Pharmaceutical Inc., Hangzhou, China) that were composed of Bifidobacterium, Lactobacillus, Enterococcus, and Bacillus. Probiotics were administered at a dosage of 0.945 g/kg following the protocols (27).




2.4 Antibiotic cocktail preparation

Consistent with previous studies (28), a combination of four antibiotics, namely metronidazole at 200 mg/kg, ampicillin at 200 mg/kg, vancomycin at 100 mg/kg, and neomycin sulfate at 200 mg/kg, was used to deplete GM. The antibiotics were obtained from Solarbio Science & Technology Co., Ltd. (Beijing, China). The dosage administered was 1 mL per 100 g of body weight.




2.5 Fecal microbiota transplantation

We massaged the abdominal region of rats in the FD group treated with CHSGP (FD + CHSGP) to induce defecation and collected the fecal samples using aseptic techniques. Fecal samples were mixed with PBS at a 1:10 ratio, homogenized for 10 min, and centrifuged at 6000 rpm for 15 min. The supernatant was collected and stored at 4°C until transplantation. The administered dosage was 1 ml per 100 g of body mass.




2.6 Experimental procedures

We conducted three experiments that used the following protocol:

I. To evaluate the influence of CHSGP decoction on the mitochondrial OS and GM in FD rats, after a week of adaptation, 24 rats were grouped using the randomized block design. The rats were first categorized by body weight, followed by the generation of random numbers through SPSS software to assign them randomly into four groups (n=6): the control group (control), the FD model group (FD), the FD + CHSGP group, and the FD group treated with probiotics (FD + probiotics). FD was induced in all groups except for the control group. FD, FD + CHSGP, and FD + probiotics group rats were administered oral saline, CHSGP decoction, and the probiotics solution, respectively. The dosage was 1.0 mL/100 g given twice daily for 4 weeks. The rats were euthanized under anesthesia on day 29, and samples were collected. The detailed procedure is illustrated in Supplementary Figure S1A.

II. To investigate the potential impact of GM on the antioxidant properties of CHSGP, 24 rats were allocated into four groups using the randomized block design (n=6): the control group (control), the group treated with ABX, the group with an ABX-induced FD model [ABX (FD)], and the group with ABX-induced FD treated with CHSGP [ABX (FD + CHSGP)]. After a week of adaptation, the antibiotic cocktail was administered daily via gavage to the ABX, ABX (FD), and ABX (FD + CHSGP) groups for 7 days to induce the pseudo-germ-free state. Subsequently, the ABX (FD) and ABX (FD + CHSGP) groups received saline or the CHSGP decoction via gavage twice daily for 4 weeks concurrent with the tail-clamp simulation. In contrast, we administered saline to the control and ABX groups. On day 36, the rats were euthanized under anesthesia, and the samples were collected. The detailed experimental procedure is illustrated in Supplementary Figure S1B.

III. FMT study was conducted to assess the antioxidant properties of CHSGP mediated by GM. Utilizing the randomized block design, 24 rats were divided into four groups (n=6): a control group (control), a group with an FD model (FD), a group with an FD model subjected to ABX-disposed FMT treatment (ABX (FD + FMT)), and a group with an FD model treated with FMT (FD + FMT). From days 1 to 7, the ABX (FD+FMT) group received the ABX intragastrically once a day. From days 8 to 35, the FD and ABX (FD + FMT) groups were administered saline and the CHSGP fecal bacterial solution, respectively, via gavage twice daily, following the 4 weeks of tail-clamp modeling. We administered saline to the control group. The rats were euthanized under anesthesia on day 36, and samples were collected. The detailed procedure is illustrated in Supplementary Figure S1C. The timeline for the experimental procedures I-III is illustrated in Supplementary Figure S2.




2.7 Gastric emptying and intestinal propulsion rate measurements

Semi-solid paste with carbon powder was prepared based on the prior study (10). After the final administration, the rats underwent the fasting duration of 12 h. After 30 min, we anesthetized the rats and opened their abdomens. The stomach and small intestine were excised, and the total weight of the stomach was recorded. The stomach contents were extracted, and the weights of the empty stomachs were recorded. The maximum distance traveled by the black semi-solid paste within the small intestine and the overall length of the small intestine were measured. The gastric emptying rate and the small intestinal propulsion rate were calculated using the following formulas (10): Gastric emptying rate (%) = [1 − (total stomach weight − empty stomach weight)/weight of semi-solid paste] × 100%, and small bowel propulsion rate (%) = furthest distance of carbon powder/total length of small bowel × 100%.




2.8 Histopathology

The gastric tissue samples, measuring 3 mm × 3 mm, were preserved in the 4% paraformaldehyde solution. They were dehydrated, coated with paraffin, and sliced into thin sections approximately 4–5 µm thick. After the dewaxing process, the gastric tissue was subjected to hematoxylin and eosin (H&E) staining, dehydrated, penetrated, and encapsulated with neutral resin. The optical microscope (Cx31rtsf, Olympus, China) was employed to examine pathological changes in stomach tissue.




2.9 Transmission electron microscopy

The gastric tissues (1 mm3) were fixed in the 2.5% glutaraldehyde solution. Ultra-thin sections of 0.5 mm × 0.3 mm were made after rinsing, fixing, rinsing, dehydration, osmosis, and embedding. The morphological features of the ICC were observed after staining using the transmission electron microscope (TEM) (FEI Tecnai G2 Spirit, Czech Republic), emphasizing mitochondrial swelling and vacuoles.




2.10 Chemiluminescence

The gastric mitochondria was extracted using the mitochondrial extraction kit (SM0020, Solarbio, China). The mitochondrial supernatant was incubated with a 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) working solution or PBS solution at 37°C for 30 min according to the instructions of the ROS detection kit (E004-1-1, NJJCBIO, China). The wavelength of the enzyme-labeled instrument (SynergyLX, BioTek, Norcross, GA, USA) was set, and the levels of ROS were measured.




2.11 Colorimetric assay

The mitochondrial extraction kit (SM0020, Solarbio, China) was utilized to isolate the stomach mitochondria. The mitochondrial supernatant protein was measured using the bicinchoninic acid assay (BCA) kit (P0010S, Beyotime, China). We prepared the substrate application solutions and enzyme working solutions following the instructions provided in the SOD assay kit (A001-3-2, NJJCbio, China). The samples were incubated on plates, and the SOD levels were measured using the enzyme-labeled instrument (SynergyLX, BioTek).




2.12 Immunofluorescence co-staining

The histological sections of the gastric tissues were deparaffinized, antigenically repaired using the citrate buffer for 15 min, and blocked with 10% bovine serum albumin (BSA) for 1 h. The sections were incubated overnight at 4°C with primary antibodies NADPH oxidase 4 (NOX4) (1:800, 67681-1-Ig, Proteintech, China), Thioredoxin2 (TRX2) (1:500, 13089-1-AP, Proteintech, China), Peroxiredoxin-1 (PRDX1) (1:800, 66820-1-Ig, Proteintech, China), and Cytochrome oxidase IV (COIV) (1:500, 66110-1-Ig, Proteintech, China). Following the washing steps, the sections were incubated with anti-mouse IgG (A0216, Beyotime, China) and anti-rabbit IgG (A0208, Beyotime, China) at 37°C for 1 h. Following the washing process, the slices were sealed with 4’,6-diamidino-2-phenylindole (DAPI) for 5 min. Finally, the laser confocal microscope (Leica SP8, Germany) was used to examine the samples.




2.13 Western blot

Mitochondria from the stomach were obtained using the mitochondrial extraction kit (SM0020, Solarbio, China). The radioimmunoprecipitation assay (RIPA) lysis buffer (P0013E, Beyotime, China) was employed to extract the mitochondrial proteins. After quantification, the proteins were electrophoresed and transferred onto the polyvinylidene fluoride membrane (IPVH00010, Millipore, Ireland). After treatment with 5% skimmed milk, the membranes were co-incubated overnight at 4°C with the following primary antibodies: anti-NOX4 (1:1000, 67681-1-Ig, Proteintech, China), anti-TRX2 (1:500, 13089-1-AP, Proteintech, China), anti-PRDX1 (1:5000, 66820-1-Ig, Proteintech, China), and anti-GAPDH (1:50000, 60004-1-Ig, Proteintech, China). The samples were incubated at room temperature with anti-mouse IgG (1:1000, A0216, Beyotime, China) and anti-rabbit IgG (1:1000, A0208, Beyotime, China) for 1 h. The protein expression was detected using the automated chemiluminescent fluorescence imaging analysis system (5200 Multi, Tanon, China) and quantified with ImageJ software.




2.14 GM testing

Rat fecal samples were obtained and stored in liquid nitrogen, held at −80°C until analysis. Genomic DNA from fecal material was extracted from 0.1 g of frozen fecal samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, U.S). The DNA concentration and purity were determined using 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., USA) to ensure that the quality of the samples met the criteria for subsequent analysis. The hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (29) using the T100 Thermal Cycler (BIO-RAD, USA). PCR quantification and purification were conducted. Finally, the Illumina NextSeq 2000 PE300 platform (Illumina, San Diego, CA, USA) was selected for high-throughput sequencing and species annotation according to the standard protocols established by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).




2.15 Statistical analysis

Statistical analyses were performed using SPSS version 26.0 and GraphPad Prism version 9.0. The Shapiro-Wilk test employed to assess the normality of the data, and the findings indicated conformity with the normal distribution. The data were presented as means ± standard deviations (x ± SD). Levene’s method was used to test the homogeneity of variances in the data, and the results showed that the variances were homogeneous. Consequently, one-way analysis of variance (ANOVA)was used to compare multiple groups, whereas the Fisher’s least significant difference (LSD) method was used to compare two groups.

The GM structure analysis was based on the α- and β-diversity. The Ace and Chao indices indicated community richness, while the Shannon and Simpson indices assessed community diversity principal coordinate analysis (PCoA), principal component analysis (PCA) and non-metric multidimensional scaling (NMDS) were applicable for comparing species diversity among communities. Additionally, we used the similarity analysis to assess the importance of the detected changes in community structure. The significance level of p < 0.05 denoted the significant difference, while a R > 0 indicated that the variation between groups was greater than the variation within groups (30). P values were calculated via one-way ANOVA for multiple group comparisons, and Wilcoxon rank-sum test for two groups comparisons.





3 Results



3.1 CHSGP promoted gastrointestinal motility in FD rats

FD is characterized by reduced GI motility without any stomach mucosal pathology (11). The results of this study revealed that the FD model, induced by clamp-tail stimulation, exhibited decreased gastric emptying rate (p < 0.01) and slower small intestinal movement (p < 0.01) compared with the control group, as illustrated in Figure 1A. The CHSGP treatment promoted the gastric emptying (p < 0.01) and small intestinal propulsion rates (p < 0.01). Additionally, H&E staining demonstrated that the gastric tissue glandular structures across all groups were normal and showed no signs of pathological changes such as erosion or ulceration (Figure 1B).

[image: Graph A shows two bar charts depicting gastric emptying and small intestinal propulsion rates for four groups: Control, FD, FD+CHSGP, and FD+Probiotics. The FD group shows reduced rates, while FD+CHSGP and FD+Probiotics show improved metrics. Panel B consists of three histology images labeled Control, FD, and FD+CHSGP, displaying tissue differences among groups. Each image includes a scale bar of 100 micrometers.]
Figure 1 | CHSGP promoted the gastrointestinal motility and protected the gastric mucosa in FD rats. (A) Test of gastric emptying rate and small intestinal propulsion rate. (B) Representative H&E-stained image (200 x magnification). Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using One-Way ANOVA followed by Fisher’s LSD test. vs control group, **p < 0.01; vs FD group, #p < 0.05, ##p < 0.01.




3.2 CHSGP protected the gastric tissue mitochondria and alleviated OS in FD rats

Wang (11) discovered that the damage of ICC could slow the gastric motility. TEM was used to examine the ultrastructures of the gastric tissue ICC. The results revealed that ICC in the control group had preserved morphologies characterized by elongated or oval shapes, intact nuclear membranes, complete organelles, abundant mitochondria, and clear cytoplasmic structures. Conversely, the FD groups showed noticeable swelling, distortion, and vacuolar changes, accompanied by the absence of mitochondrial cristae. Following the CHSGP treatment, the mitochondria appeared clear and intact with minimal swelling and deformation, as depicted in Figure 2.

[image: Four grayscale electron microscope images depict different cell conditions. The "Control" panel shows a normal cell structure with a visible nucleus labeled "N". The "FD" panel highlights two areas with orange arrows, suggesting changes in the cell. The "FD+CHSGP" image shows a dense cell matrix with a nucleus marked "N". The "FD+Probiotics" panel has a nucleus labeled "N" with an orange arrow indicating a specific area of interest. Each image is scaled at two micrometers.]
Figure 2 | CHSGP protected the gastric tissue ICC mitochondria in FD rats. ICC morphology was observed with a TEM (6000 x magnification). Red N represents the nucleus, and yellow arrows represent the damaged mitochondria.

The ultrastructure of mitochondria can be compromised by OS (31). The gastric mitochondria were analyzed for levels of ROS, SOD, NOX4, PRDX1, and TRX2 related to OS. The findings indicated that the FD group had increased mitochondrial ROS (p < 0.01) and reduced SOD (p < 0.01) compared with the control group (Figures 3A, B). After CHSGP treatment, the levels of mitochondrial ROS were decreased (p < 0.01), whereas SOD levels were increased (p < 0.05) (Figures 3A, B). The levels of mitochondrial OS were assessed by the immunofluorescence co-localization method for relative quantification. The mitochondrial marker CoxIV (pink) was co-localized with the OS markers NOX4 (green), PRDX1 (red), and TRX2 (turquoise). The co-localized expression of NOX4 and COXIV was significantly elevated in the FD group compared with the control group (p < 0.01), as shown in Figures 3C, D. Conversely, the co-localized expression of PRDX1 (p < 0.05) or TRX2 (p < 0.01) with COXIV exhibited a significant decrease, as shown in Figures 3E-H. CHSGP intervention reversed the above results. Notably, the co-localized expression of NOX4 and COXIV was markedly reduced (p < 0.01), while the expression levels of PRDX1 (p < 0.01) or TRX2 with COXIV had risen (p < 0.05) (Figures 3C-H). Additionally, the western blot (WB) analysis revealed that the FD group had elevated levels of the NOX4 protein (p < 0.01) and decreased levels of the PRDX1 (p < 0.01) and TRX2 proteins (p < 0.05) compared with the control group, as illustrated in Figures 3I-L. Following the administration of CHSGP decoction, NOX4 protein levels decreased (p < 0.01), while PRDX1 (p < 0.01) and TRX2 (p < 0.01) protein levels increased (Figures 3I-L). These findings indicated that CHSGP treatment ameliorated mitochondrial OS damage.

[image: Graphs and images present data on oxidative stress markers in different experimental groups. Bar graphs (A, B, D, F, H, J, K, L) show measurements like ROS, SOD, and fluorescence intensities across control, FD, FD+CHSGP, and FD+Probiotics groups. Significant differences are noted with asterisks. Fluorescence microscopy images (C, E, G) depict COX IV, NOX4, PRDX1, TRX2 expression in tissue samples from the groups. A Western blot (I) assesses NOX4, PRDX1, TRX2, and GAPDH protein levels, indicating molecular changes influenced by treatments.]
Figure 3 | CHSGP alleviated the mitochondrial OS in FD rats. (A) ROS content analyzed by chemiluminescence. (B) SOD content analyzed by colourimetric assay. (C) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker NOX4 (green). (D) Mean fluorescence intensity of NOX4. (E) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker PRDX1 (red). (F) Mean fluorescence intensity of PRDX1. (G) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker TRX2 (turquoise). (H) Mean fluorescence intensity of TRX2. (I) The protein expression levels of NOX4, PRDX1 and TRX2 were analyzed by WB. (J-L) Density calculations for NOX4, PRDX1 and TRX2. Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using One-Way ANOVA followed by Fisher’s LSD test. vs control group, *p < 0.05, **p < 0.01; vs FD group, #p < 0.05, ##p < 0.01.




3.3 CHSGP regulated the diversity and composition of GM in FD rats

High-throughput gene sequencing analysis of 16S rDNA extracted from the rat fecal microbiota DNA was performed to evaluate the impact of the CHSGP therapy on the microbial community. The pan/core curve illustrated the common or core species found within the sample. The sequencing curve reached a plateau, suggesting that it was satisfactory for capturing the complete spectrum of species in the analyzed samples (Figures 4A, B). Subsequent analysis that used the existing data was considered appropriate. α- and β-diversity analyses were performed to assess the variability within GM. Several operational taxonomic unit (OTU)-based indices, including the Simpson, Shannon, Chao, and Ace indices, showed that no notable differences among the four groups (p > 0.05). This indicated similar microbial abundance and homogeneity in the α-diversity analysis (Figures 4C-F). The β-diversity of the microbiota was illustrated by the PCoA, PCA, and NMDS analyses. The PCA dissimilarities across the groups were assessed using the analysis of similarities, and PCoA was performed using the Bray-Curtis distance metric. The PCA showed no statistical difference among the four groups of GM (p > 0.05) (Figure 4G); however, the PCoA indicated statistical significance among the groups (p < 0.01) (Figure 4H). Therefore, the FD group exhibited the distinct clustering pattern in comparison to the control group, indicating that the structural composition of the sample was dissimilar (Figure 4H). Furthermore, the bacterial composition of the CHSGP group exhibited greater similarity to that of the control group (Figure 4H). Researchers have used NMDS analyses to transform entities from the multidimensional space into the lower-dimensional space. This contributes to their positioning, analysis, and classification. It also preserves the original relationships between the objects. We tested the NMDS analysis by measuring the stress value. The results showed that GM of the FD group significantly differed from those of the control group (p < 0.01) (Figure 4I). Furthermore, the GM composition of the CHSGP group was more similar to that of the control group. Next, we used Venn diagrams to analyze the differences in the number of OUTs for the four sample communities. A total of 578 OTUs were identified as common across all groups. Specifically, the control group exhibited 772 OTUs, while the FD group contained 737 OTUs. The FD + CHSGP and FD + probiotics groups each included 740 OTUs (Figure 4J).

[image: Composite image of various data visualizations related to OTU levels across different groups: control, FD, FD+CHSGP, and FD+Probiotics. Panels A and B display line graphs for pan and core analysis of OTUs. Panels C to F show box plots for Shannon, Simpson, Chao, and Ace indices, with respective p-values indicating statistical analysis results. Panel G and H present scatter plots with PC1 and PC2 axes for principal component analysis, while Panel I exhibits NMDS plot. Panel J features a Venn diagram illustrating intersection of OTU levels among groups. Each plot uses different color coding to represent the groups.]
Figure 4 | CHSGP regulated the diversity of the GM in FD rats. (A, B) Pan/Core curve. (C-F) Alpha diversity analysis. Data were expressed as mean ± standard deviation (x ± SD) (n = 6). Differences between samples were compared using the ANOSIM test. (C) Shannon index analysis. (D) Simpson index analysis. (E) Chao index analysis. (F) Ace index analysis. (G-I) Beta diversity analysis. Data were expressed as mean ± standard deviation (x ± SD) (n = 6). Differences between samples were compared using the ANOSIM test. (G) PCA analysis. (H) PCOA analysis. (I) NMDS analysis. (J) OTU analysis: Venn diagrams.

The species compositions of the control, FD, and FD + CHSGP groups were analyzed at the phylum and genus levels. Fourteen bacterial categories were identified at the phylum level, with Firmicutes and Bacteroidetes being the most common, constituting roughly 90% of the total bacterial population (Figure 5A). Compared with the control group, the FD group had a rise in Bacteroidetes (p < 0.05) and a decline in Firmicutes (p < 0.05). This result indicated the disrupted microbiota (Figure 5B). CHSGP treatment restored the microbial composition of the FD. Compared with the FD group, the CHSGP group had reduced Bacteroidetes (p < 0.05) and increased Firmicutes (p < 0.05) (Figure 5C).

[image: Panel A shows a bar graph of community abundance at the phylum level for Control, FD, and FD+CHS. Panels B and C display Wilcoxon rank-sum test plots at the phylum level, with confidence intervals and significance marked. Panel D presents a bar graph of community abundance at the genus level. Panels E and F show Wilcoxon rank-sum test results at the genus level, indicating significant differences between groups, with confidence intervals. Various bacteria phyla and genera are represented in the graphs.]
Figure 5 | CHSGP regulated the species composition of the GM in FD rats. (A) Columnar stack diagram of species composition at the phylum level between the control, FD, and FD + CHSGP groups. (B) Differential strains at the phylum level between control and FD groups. (C) Differential strains at the phylum level between FD and FD + CHSGP groups. (D) Columnar stack diagram of species composition at the genus level between the control, FD, and FD + CHSGP groups. (E) Differential strains at the genus level between control and FD groups. (F) Differential strains at the genus level between FD and FD + CHSGP groups. Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using Wilcoxon rank-sum test. *p < 0.05, **p < 0.01.

At the genus level, 38 bacteria were identified. They primarily included norank_f_Muribaculaceae, unclassified_o:Clostridia_UCG-014, UCG-005, Lactobacillus, unclassified_f:Lachnospiraceae, Romboutsia, and Bacteroides (Figure 5D). The FD group had reduced levels of Ligilactobacillus (p < 0.05) and Bifidobacterium (p < 0.05) while higher levels of Erysipelotrichaceae_UCG-003 (p < 0.01) and Collinsella (p < 0.05) compared to the control group (Figure 5E). After the CHSGP treatment, there was a decrease in the proportions of Prevotellaceae_UCG-001 (p < 0.05), Colidextribacter (p < 0.05), Alistipes (p < 0.05), and Akkermansia (p < 0.01), while the proportions of UCG-005 (p < 0.05), Oribacterium (p < 0.01), Negativibacillus (p < 0.05), and Bifidobacterium (p < 0.05) were raised compared with the FD group (Figure 5F).




3.4 CHSGP regulated the GM to alleviate OS

Pearson’s correlation analysis was employed to evaluate the relationship between GM and the indicators of OS (ROS, SOD, NOX4, TRX2, and PRDX1) across the control, FD, and FD + CHSGP groups. At the phylum level, Bacteroidota exhibited negative correlation with TRX2 (p < 0.05), while Cyanobacteria had negative correlation with PRDX1 (p < 0.05). Conversely, Deferribacterota exhibited positive correlation with ROS (p < 0.05) and NOX4 (p < 0.05), Firmicutes showed positive correlation with TRX2 (p < 0.05), and Campylobacterota shown positive correlation with SOD (p < 0.05) (Figure 6A). At the genus level, Prevotellaceae-UCG-001 exhibited positive correlation with ROS (p < 0.05), while negative correlation with PRDX1 (p < 0.05). Alloprevotella showed positive correlations with ROS (p < 0.05) and NOX4 (p < 0.05), but it had negative correlations with PRDX1 (p < 0.01) and TRX2 (p < 0.05). UCG-005 correlated negatively with ROS (p < 0.05). Unclassified-o-Gastranaerophilales and Enterohabdus exhibited negative correlation with PRDX1 (both p < 0.05). Romboutsia had positive correlation with TRX2 (p < 0.05), while unclassified-f-Muribaculaceae demonstrated negative correlation with TRX2 (p < 0.05) (Figure 6B).

[image: Two Pearson correlation heatmaps labeled A and B, displaying correlations of various bacteria. Heatmap A shows correlations for eleven bacterial phyla with variables ROS, NOX4, SOD, PRDX1, TBX2, and includes colored gradients from red to blue indicating positive and negative correlations. Heatmap B details correlations for multiple bacterial families and genera with the same variables, using similar colored gradients. Hierarchical clustering dendrograms are present in both maps.]
Figure 6 | CHSGP regulated the GM to alleviate OS. (A) Heatmap of the correlation between the differential microbiota at the phylum level among the control group, FD group, and FD + CHSGP group and the indicators of OS. (B) Heatmap of the correlation between the differential microbiota at the genus level among the control group, FD group, and FD + CHSGP group and the indicators of OS. We calculated the correlation between variables using the pearson correlation coefficient. *p < 0.05, **p < 0.01.




3.5 CHSGP relied on the GM to promote gastrointestinal motility in FD rats



3.5.1 Gastrointestinal motility changes in FD rats after ABX treatment

The rats were administered ABX to deplete their GM seven days prior to experiment II. The ABX group exhibited a notably slower gastric emptying rate than the control group (p < 0.05). The ABX (FD) and ABX (FD + CHSGP) groups had lower gastric emptying rates (p < 0.01 and p < 0.05, respectively) and slower small intestinal propulsion rates (p < 0.01 and p < 0.05, respectively) than the control group (Figure 7A). However, no statistically significant differences were seen between the ABX (FD) and ABX (FD + CHSGP) groups (both p > 0.05) (Figure 7A). The H&E staining showed structurally intact gastric tissues in the ABX, ABX (FD), and ABX (FD + CHSGP) groups, without any signs of organic damage such as erosion or ulcers (Figure 7B). However, a slight neutrophil infiltration was observed in the mucosal layer. The aforementioned findings suggested that GM depletion led to the disappearance of GI propulsion mediated by CHSGP.

[image: Four-part figure showing experimental results.   A: Two bar graphs depict gastric emptying and small intestinal propulsion rates across four groups: Control, ABX, ABX(FD), ABX(FD+CHSGP). Significant differences are marked.  B: Microscopic images of tissue samples from the same groups in panel A.  C: Bar graphs showing gastric emptying and small intestinal propulsion rates in four groups: Control, FD, ABX(FD+FMT), FD+FMT. Notable differences are indicated.  D: Microscopic images of tissue from groups in panel C.  Each section visually compares physiological and histological data across the groups.]
Figure 7 | CHSGP relied on the GM to promote gastrointestinal motility in FD rats. (A-B) Changes of the gastrointestinal motility and gastric mucosa in FD after ABX: (A) Test of the gastric emptying rate and small intestinal propulsion rate. (B) Representative H&E-stained image (200 × magnification). (C, D) Changes of the gastrointestinal motility and gastric mucosa in FD after FMT: (C)Test of the gastric emptying rate and small intestinal propulsion rate. (D) Representative H&E-stained image (200 x magnification). Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using One-Way ANOVA followed by Fisher’s LSD test. vs control group, *p < 0.05, **p < 0.01; ABX (FD) vs ABX (FD + CHSGP) group, nsp > 0.05; vs FD group, #p < 0.05, ##p < 0.01.




3.5.2 Gastrointestinal motility changes in FD rats after FMT treatment

The rat fecal samples treated with FD + CHSGP were collected early and stored at −80°C. The fecal bacterial solution was transferred to rats with or without depleted GM. After the FMT, the results showed that the ABX (FD + FMT) and FD + FMT groups exhibited increased gastric emptying rates (p < 0.01 and p < 0.05, respectively) and small intestinal propulsion rates (both p < 0.01) compared with the FD group (Figure 7C). Additionally, the HE sections showed no structural damage or organic lesions in any group (Figure 7D). Therefore, CHSGP relied on the GM to enhance GI motility in FD.





3.6 CHSGP relied on GM to protect ICC’s mitochondria in FD rats



3.6.1 Mitochondrial ultrastructure changes in FD rats after ABX treatment

The TEM images revealed significant swelling, distortion, and vacuolization in the mitochondria of ICC following the antibiotic treatment. This was accompanied by the disappearance of cristae in the groups treated with ABX, ABX (FD), and ABX (FD + CHSGP) (Figure 8A). This indicated that the protective role of CHSGP in mitochondria was lost after GM depletion. As a result, GM contributed to the protective effect of CHSGP on the mitochondria.

[image: Electron micrographs depict kidney structures under different conditions. Panel A and B show labeled sections: Control, ABX, ABX (FD), ABX (FD+CHSGP), FD, ABX (FD+FMT), and FD+FMT. Each image highlights cellular structures, with nuclei marked by "N" and some features indicated by arrows. Scale bar indicates two micrometers.]
Figure 8 | CHSGP relied on the GM to protect ICC mitochondria in FD rats. (A) ICC morphology was observed with a TEM (6000 x magnification) after ABX. (B) ICC morphology was observed with a TEM (6000 x magnification) after FMT. Red N represents the nucleus, and yellow arrows represent the damaged mitochondria.




3.6.2 Mitochondrial ultrastructure changes in FD rats after FMT treatment

Mitochondria of the ICC showed swelling and deformities in the FD + FMT group after the FMT treatment, while they remained clear and intact in the ABX (FD + FMT) group (Figure 8B). These results indicated that the CHSGP fecal microbiota offered specific protection against the mitochondrial damage resulting from dysbiosis of microbiota in FD.





3.7 CHSGP relied on GM to alleviate mitochondrial OS in FD rats



3.7.1 Mitochondrial OS changes in FD rats after ABX treatment

Following antibiotic administration, there was the significant increase in ROS levels (p < 0.01) and a decrease in SOD levels (p < 0.05) in the gastric tissue mitochondria compared with the control group (Figures 9A, B). However, there were no significant differences in ROS and SOD levels between the ABX (FD) and ABX (FD + CHSGP) group (both p > 0.05) (Figures 9A, B). The co-localization expression intensities of NOX4, PRDX1, and TRX2 were elevated in the ABX, ABX (FD), and ABX (FD + CHSGP) groups compared with the control group (p < 0.01 or p < 0.05) (Figures 9C-H). No significant differences were found between the ABX (FD) and ABX (FD + CHSGP) groups (both p > 0.05) (Figures 9C-H). Additionally, the ABX, ABX (FD), and ABX (FD + CHSGP) groups showed an increase in NOX4 protein expressions (both p < 0.01), a decrease in PRDX1 protein expressions (both p < 0.05), and a reduction in TRX2 protein expressions (both p < 0.01) compared with the control group (Figures 9I-L). However, no significant differences were seen in the protein levels of NOX4, PRDX1, and TRX2 between the ABX (FD) and ABX (FD + CHSGP) groups (both p > 0.05) (Figures 9I-L). This indicated that the beneficial effect of CHSGP on mitochondrial OS was lost after GM depletion. Consequently, the GM contributed to the antioxidant effects of CHSGP on the mitochondria.
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Figure 9 | Changes of the mitochondrial OS in FD rats after ABX. (A) ROS content analyzed by chemiluminescence. (B) SOD content analyzed by colourimetric assay. (C) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker NOX4 (green). (D) Mean fluorescence intensity of NOX4. (E) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker PRDX1 (red). (F) Mean fluorescence intensity of PRDX1. (G) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker TRX2 (turquoise). (H) Mean fluorescence intensity of TRX2. (I) The protein expression levels of NOX4, PRDX1 and TRX2 were analyzed by WB. (J-L) Density calculations for NOX4, PRDX1 and TRX2. Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using One-Way ANOVA followed by Fisher’s LSD test. vs control group, *p < 0.05, **p < 0.01; ABX (FD) vs ABX (FD+CHSGP) group, nsp > 0.05.




3.7.2 Mitochondrial OS changes in FD rats after the FMT treatment

Rats, regardless of GM depletion, received fecal solutions from CHSGP-treated FD rats. Following the FMT treatment in experiment III, there was a significant reduction in mitochondrial ROS levels (p < 0.01)and an increase in SOD levels (p < 0.05) compared to the FD group (Figures 10A, B).Additionally, the NOX4 protein content was notably reduced in the ABX (FD+FMT) and FD + FMT groups (both p < 0.01). In comparison, the PRDX1 proteins exhibited markedly elevated (p < 0.01 and p < 0.05 respectively) (Figures 10C-E), while the TRX2 proteins displayed no significant differences between the groups (both p > 0.05) compared with the FD group (Figure 10F). The ABX (FD + FMT) group showed the stronger antioxidant effect, characterized by reduced NOX4 expression and elevated PRDX1 expression, compared to the FD + FMT group (Figures 10C-E). Moreover, there was the reduced co-localization of NOX4 and Cytochrome oxidase IV (COX IV) (p < 0.05) and the increased co-localization of PRDX1 and COX IV (p < 0.01) compared with the FD group (Figures 10G-J). However, there were no statistically significant differences in the co-localization expression of TRX2 and Cytochrome oxidase IV (COX IV) between the ABX (FD+FMT) or FD+FMT groups compared to the FD group (both p > 0.05) (Figures 10K-L). Therefore, the antioxidant effects of CHSGP on the mitochondria depended on the GM.
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Figure 10 | Changes of the mitochondrial OS in FD rats after FMT. (A) ROS content analyzed by chemiluminescence. (B) SOD content analyzed by colourimetric assay. (C) The protein expression levels of NOX4, PRDX1 and TRX2 were analyzed by WB. (D-F) Density calculations for NOX4, PRDX1 and TRX2. (G) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker NOX4 (green). (H) Mean fluorescence intensity of NOX4. (I) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker PRDX1 (red). (J) Mean fluorescence intensity of PRDX1. (K) Staining of gastric tissue with the mitochondrial marker COX IV (pink) and the OS marker TRX2 (turquoise). (L) Mean fluorescence intensity of TRX2. Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using One-Way ANOVA followed by Fisher’s LSD test. vs control group, *p < 0.05, **p < 0.01; vs FD group, #p < 0.05, ##p < 0.01.





3.8 CHSGP exerted antioxidant effects by regulating the diversity and composition of the GM in FD rats



3.8.1 Diversity and composition changes of the GM in FD rats after ABX treatment

The pan/core curve analysis suggested that the number of sequenced samples adequately met the required criteria (Figures 11A, B). The α-diversity analysis showed no statistically significant difference in the Simpson and Shannon indices across groups (both p > 0.05) (Figures 11C, D). However, the statistically significant difference was observed in the Ace and Chao indices (both p < 0.01). This result indicated that ABX could reduce the richness of the microbiota, but ABX (FD) and ABX (FD + CHSGP) could increase the abundance of the microbiota (Figures 11E, F). The PCA, PCoA, and NMDS analyses demonstrated significant changes in GM composition in the antibiotic-depleted groups (ABX, ABX (FD), and ABX (FD + CHSGP)) compared to the control group (both p < 0.01) (Figures 11G-I). The comparative analysis indicated no significant differences in the overall microbiota structure among the ABX, ABX (FD), and ABX (FD + CHSGP) groups (p > 0.05) (Figures 11G-I). These results indicated that CHSGP administration after the antibiotic treatment did not affect the overall composition of the GM in FD rats. The Venn diagram showed that all four groups collectively shared 514 OTUs, while the control group had 1003 OTUs. In addition, the ABX group contained 838 OTUs, the ABX (FD) group comprised 1369, and the ABX (FD + CHSGP) group included 1270. (Figure 11J). The comparison with the control group revealed a drop in microbial OTUs in the ABX group, suggesting the effective depletion of the GM in rats due to ABX treatment.
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Figure 11 | Diversity analysis of the GM of FD rats after ABX. (A, B) Pan/Core curve. (C-F) Alpha diversity analysis. (C) Shannon index analysis. (D) Simpson index analysis. (E) Chao index analysis. (F) Ace index analysis. (G-I) Beta diversity analysis. (G) PCA analysis. (H) PCOA analysis. (I) NMDS analysis. (J) OTU analysis: venn diagrams. Data were expressed as mean ± standard deviation (x ± SD) (n=6). Differences between samples were compared using the ANOSIM test.

Ten principal bacterial phyla were identified within the groupings, with Firmicutes and Bacteroidetes being the most dominant, constituting almost 90% of the overall bacterial population (Figure 12A). In comparison to the control group, the richness of Bacteroidetes declined (p < 0.01), while the richness of Firmicutes increased (p < 0.01) in the ABX, ABX (FD), and ABX (FD + CHSGP) groups (Figure 12B). However, the above strains exhibited no statistically significant difference between the ABX (FD) and ABX (FD + CHSGP) groups (p > 0.05) (Figure 12C). These results indicated that ABX could disrupt the GM structure at the phylum level. Meanwhile, CHSGP administration did not affect the GM of FD rats. This indicated that after GM consumption, the regulatory effect of CHSGP on microbial communities at the phylum level was not significant.
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Figure 12 | Species composition analysis of the GM of FD rats after ABX. (A) Columnar stack diagram of species composition at the phylum level between control, ABX, ABX (FD) and ABX (FD + CHSGP) groups. (B) Differential strains at the phylum level between control, ABX, ABX (FD) and ABX (FD + CHSGP) groups. (C) Differential strains at the phylum level between ABX (FD) and ABX (FD + CHSGP) groups. (D) Columnar stack diagram of species composition at the genus level between control, ABX, ABX (FD) and ABX (FD + CHSGP) groups. (E) Differential strains at the genus level between control, ABX, ABX (FD) and ABX (FD + CHSGP) groups. (F) Differential strains at the genus level between ABX (FD) and ABX (FD + CHSGP). Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using one-way ANOVA to compare multiple groups, and Wilcoxon rank-sum test to compare two groups. *p < 0.05, **p < 0.01, ns, p > 0.05.

Twelve predominant bacterial genera were identified in the groups that accounted for approximately 80% of the overall bacterial population. These included unclassified_f_Lachnospiraceae, norank_f_Muribaculaceae, Romboutsia, Turicibacter, Ligilactobacillus, Bifidobacterium, Lactobacillus, and Alistipes (Figure 12D). Compared with the control group, the abundances of Allobaculum (p < 0.05), Prevotella_9 (p < 0.05), the Christensenellaceae_R-7_group (p < 0.01), Lachnoclostridium (p < 0.05), and the NK4A214_group (p < 0.01) decreased, while the abundances of Romboutsia (p < 0.05) and the [Ruminococcus]_gauvreauii_group increased (p < 0.05) in the ABX, ABX (FD), and ABX (FD + CHSGP) groups (Figure 12E). In addition, the abundances of non-Muribaculaceae, Alistipes, Romboutsia, Turicibacter, Bifidobacterium, Lactobacillus, and Ligilactobacillus were not statistically significant between the ABX (FD) and ABX (FD + CHSGP) groups (both p > 0.05) (Figure 12F). These findings showed that ABX could disturb the structure of the GM at the genus level. Accordingly, CHSGP administration did not affect the GM of FD rats. This indicated that CHSGP could lose its ability to regulate the microbiota at the genus level following GM depletion.




3.8.2 Diversity and composition changes of the GM in FD rats after the FMT treatment

Rats, regardless of GM depletion status, received fecal solutions from CHSGP-treated FD rats. The pan/core curve showed that the sequencing sample number adequately met the established criteria (Figures 13A, B). No statistical differences were observed in the Shannon, Simpson, Chao, and Ace indices across the groups in the α-diversity analysis (both p > 0.05) (Figures 13C-F). This result indicated that the four groups had similar richness and diversity at the α-diversity level. The PCA, PCOA, and NMDS analyses indicated that the GM composition had changed among the control group, FD group, ABX (FD + FMT) group, and FD + FMT group (both p < 0.01) (Figures 13G-I). The ABX (FD + FMT) and FD + FMT groups had distinct alterations in the GM compared with the FD group. The Venn diagram showed the intersection of the 620 OTUs in all of the groups. The control group had 1003 OTUs, the FD group had 999, the ABX (FD + FMT) group had 1229, and the FD + FMT group had 1213 (Figure 13J). This result indicated that the FMT intervention could alter the microbial diversity of rats with FD.
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Figure 13 | Diversity analysis of the GM of FD rats after FMT. (A, B) Pan/Core curve. (C-F) Alpha diversity analysis. (C) Shannon index analysis. (D) Simpson index analysis. (E) Chao index analysis. (F) Ace index analysis. (G-I) Beta diversity analysis. (G) PCA analysis. (H) PCOA analysis. (I) NMDS analysis. (J) OTU analysis: venn diagrams. Data were expressed as mean ± standard deviation (x ± SD) (n=6). Differences between samples were compared using the ANOSIM test.

Ten bacterial groups were identified at the phylum level, with Firmicutes, Bacteroidetes, and Actinobacteriota being the most predominant in each group (Figure 14A). The GM structures were regulated after the FMT. A decrease in Bacteroidetes (both p < 0.01) and an increase in Firmicutes (both p < 0.01) and Actinobacteriota (p < 0.05 and p < 0.01, respectively) were observed in comparison to the FD group. These results indicated that the FMT might influence the composition of GMat the phylum level in FD rats.
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Figure 14 | Species composition analysis of the GM of FD rats after FMT. (A) Columnar stack diagram of species composition at the phylum level between control, FD, ABX (FD + FMT) and FD + FMT groups. (B) Differential strains at the phylum level between FD and ABX (FD + FMT) groups. (C) Differential strains at the phylum level between FD and FD + FMT groups. (D) Columnar stack diagram of species composition at the genus level between control, FD, ABX (FD + FMT) and FD + FMT groups. (E) Differential strains at the genus level between FD and ABX (FD + FMT) groups. (F) Differential strains at the genus level between FD and FD + FMT groups. Data were expressed as mean ± standard deviation (x ± SD) (n=6). P values were calculated using Wilcoxon rank-sum test. *p < 0.05, **p < 0.01.

Eleven predominant bacterial genera were identified at the genus level, accounting for nearly 80% of the total bacterial population. These genera included unclassified_f_Lachnospiraceae, norank_f_Muribaculaceae, Romboutsia, Turicibacter, Ligilactobacillus, Bifidobacterium, Lactobacillus, and Alistipes. (Figure 14D). The FMT administration promoted changes in the GM at the genus level in FD rats. Compared to the FD group, the ABX (FD + FMT) group showed a notable reduction in the levels of Bacteroides (p < 0.05), Alloprevotella (p < 0.05), and the Lachnospiraceae_NK4A136_group (p < 0.05), whereas Romboutsia (p < 0.01), Bifidobacterium (p < 0.01), Turicibacter (p < 0.01), Corynebacterium (p < 0.01), Clostridium_sensu_stricto_1 (p < 0.01), and Blautia rose (p < 0.05) (Figure 14E). The FD + FMT group had a decrease in Bacteroides (p < 0.01), while Romboutsia (p < 0.01), Bifidobacterium (p < 0.01), Turicibacter (p < 0.01), UCG-005 (p < 0.05), Corynebacterium (p < 0.01), and Clostridium_sensu_stricto_1 increased (p < 0.01) (Figure 14F). These results indicated that the FMT might influence the compositions of GM at the genus level in FD rats.





3.9 FMT regulated the GM to alleviate OS

Pearson’s correlation analysis was employed to evaluate the association across the GM and OS indicators (ROS, SOD, NOX4, TRX2, and PRDX1) in the control, FD, and FD + FMT groups. At the phylum level, Firmicutes was positively correlated with PRDX1 (p < 0.05) and negatively correlated with NOX4 (p < 0.05). Patescibacteria was positively correlated with ROS (p < 0.05). Bacteroidota, Deferribacterota, and Proteobacteria were positively correlated with NOX4 (both p < 0.05) (Figure 15A). At the genus level, Enterorhabdus was positively correlated with ROS (p < 0.05) and NOX4 (p < 0.01), while it was negatively correlated with PRDX1 (p < 0.01). Romboutsia was positively correlated with PRDX1 (p < 0.05), while it was negatively correlated with NOX4 (p < 0.05). Unclassified-o-RF39, the Lachnospiraceae-NK4A136-group, the [Eubacterium]-xylanophilum-group, and Unclassified-f-oscillospiraceae exhibited positive correlations withNOX4 (p < 0.01, p < 0.05, p < 0.05, and p < 0.05, respectively), demonstrating negative correlations with PRDX1 (p < 0.05, p < 0.05, p < 0.01, and p < 0.05, respectively). Alloprevotella and Prevotella-9 showed positive correlations with NOX4 (both p < 0.05) (Figure 15B).
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Figure 15 | FMT regulated the GM to alleviate OS. (A) Heatmap of the correlation between the differential microbiota at the phylum level among the control, FD, and FD + FMT groups and the indicators of OS. (B) Heatmap of the correlation between the differential microbiota at the genus level among the control, FD, and FD + FMT groups and the indicators of OS. Average was used for both clinical factors and species hierarchical clustering methods. We calculated the correlation between variables using the pearson correlation coefficient. *p < 0.05, **p < 0.01.





4 Discussion

Previous studies emphasized that dyskinesia of the GI tract and disorders of GM were key pathological mechanisms of FD (4). TCM significantly enhanced mitochondrial function, GI motility improvements, and GM regulation in FD (5, 10, 11). We found that CHSGP relied on the GM to relieve mitochondrial OS damage in gastric tissue, hence enhancing gastrointestinal motility. This investigation was divided into three portions. We first explored the impact of CHSGP on OS-related markers (ROS, SOD, NOX4, PRDX1, and TRX2) and GM in FD rats. We then implemented GM depletion using a four-antibiotic cocktail to evaluate whether the effect of CHSGP on OS was GM-dependent in FD rats. Finally, we examined the effect of the fecal microbiota from rats treated with FD + CHSGP on the OS and GM under different GM conditions. The schematic representation of the findings and mechanisms is illustrated in Supplementary Figure S3  (By Figdraw).

The emergence of numerous GI diseases is associated with OS. These diseases include neurogastrointestinal disorders, inflammatory bowel disease, peptic ulcers, and GI malignancies (32). OS arises when the generation of ROS exceeds the capacity of cells to eliminate or neutralize them via antioxidants (32). The NOX family, known as NOXs, consists of transmembrane proteins that facilitate electron transfer across biological membranes to catalyze the reduction of oxygen to superoxide (O2−) (33). Pathological stimuli such as inflammation, hypoxia, and ischemia can induce the expression of NOX4, subsequently promoting the production of ROS (33). Antioxidant mechanisms involve enzymes that produce reduced forms of antioxidants and ROS-interacting enzymes, including peroxidases, SOD, and oxidoreductases. These mechanisms are crucial for the regulation of ROS levels in vivo. SOD serves as the principal defensive mechanism against diseases or damage caused by ROS. SOD comprises a class of metalloenzymes that uses metal ions in their active sites to catalyze the conversion of ROS into molecular oxygen and H2O2 for further use in different biological processes. The PRDX oxidoreductase contains an ionized thiol that converts ONOO− and other peroxides to H2O2 by oxidizing the conserved thiolate to -SOH intermediates. These can interact with resolving cysteine thiols (-SH). The Trx system comprises Trx and its associated thioredoxin reductase (TR). TR uses NADPH as an electron donor to facilitate the reduction and reconstruction of the dithiol active site in oxidized Trx. Mishina (34) stated that the Trx system was crucial for establishing an intracellular H2O2 gradient creation and for inhibiting the diffusion of H2O2 throughout the cytoplasm. Experiment I showed that the mitochondrial structure of the ICC is compromised, along with alterations in OS indicators in FD group. These changes suggested that dysregulation of gastric motility was associated with OS damage to gastric tissue mitochondria in FD. In addition, research has linked OS development to peptic ulcer disease and non-ulcer dyspepsia (35). After CHSGP treatment, all of the mentioned pathological changes were reversed. This suggested that CHSGP alleviated mitochondrial OS in the stomach tissues of FD rats. Wei Kangning also treated indigestion using antioxidant methods (5). Except for FD, the common functional gastrointestinal disorders (FGIDs) included functional constipation and irritable bowel syndrome (IBS). Some studies have shown that TCM can treat these conditions by alleviating OS. For slow-transmitting constipation, the Zhizhu decoction can alleviate intestinal inflammation and OS by activating the SIRT1/FoxO1 antioxidant signaling pathway in the colon (36). STW5 reduced the 5-hydroxytryptamine (5-HT) signaling pathway in the brain-gut axis and combated stress-induced OS to facilitate the treatment of IBS (37).

Microbiota dysbiosis refers to a disruption in the microbiota structure and function, affected by environmental and host-related factors (38). This disruption surpasses the resilience and recovery capacity of microbial ecosystems, leading to GI disorders (38). Experiment I revealed that the FD group exhibited microbial dysbiosis. The literatures also confirmed that the microbial disorders that were investigated in this study contributed to FD development. For example, 16S rRNA miseq sequencing showed a link between dyspepsia symptoms and the Firmicutes and Bacteroides levels (7). The Ligilactobacillus and Bifidobacterium genera are recognized as beneficial bacteria that can stimulate the protective response of the host immune system (39, 40). Studies have shown the connection between the development of functional GI disorders and the absence of these bacteria (41, 42). This study revealed that FD might result in a reduction in Firmicutes, Ligilactobacillus, and Bifidobacterium while simultaneously elevating levels of Bacteroidetes, Erysipelotrichaceae_UCG-003, and Collinsella. The CHSGP decoction modulated the GM of FD by decreasing the levels of Bacteroidetes, Prevotellaceae_UCG-001, Colidextribacter, Alistipes, and Akkermansia, while increasing the levels of Firmicutes, UCG-005, Oribacterium, Negativibacillus, and Bifidobacterium. Moreover, the literature review suggested that the child compound endothelium corneum enhanced Firmicutes and diminished Bacteroidetes in rats, playing a therapeutic role in FD (7). Chinese medicine can treat other FGIDs by affecting the GM. The XiaoChengQi decoction alleviated slow-transmitting constipation by increasing the relative abundances of Lactobacillus, Muribaculaceae, the Prevotellaceae_NK3B31_group, and Roseburia in feces and decreasing the relative abundances of the Lachnospiraceae_ NK4A136_group and Desulfovibrio (43). Tong-Xie-Yao-Fang has demonstrated efficacy in alleviating symptoms of irritable bowel syndrome with diarrhea (IBS-D) by enhancing the GM diversity and modifying the relative abundance of Akkermansia and Clostridium sensu stricto 1 within gut microbial communities (44).

Microbial changes can affect the OS. Inflammation generated by Helicobacter pylori alters the thiol-disulfide equilibrium in the cellular redox system, a pivotal process in the pathogenesis of non-ulcer dyspepsia (45). Several studies have indicated that the GM could induce OS in various clinical contexts, including neurodegenerative diseases (46), atherosclerosis (47), and type 2 diabetic (48). Therefore, we can use drugs and probiotics to regulate the GM to alleviate OS (15). In Experiment I, we performed the correlation analysis of the differing microbial communities and OS indicators among the control, FD, and FD + CHSGP groups to investigate whether the CHSGP decoction could alleviate OS by modulating the GM. The results revealed some specific microbial species linked to OS at the phylum and genus levels. To evaluate the influence of GM depletion on the antioxidant properties of the CHSGP decoction, the rats were treated with four antibiotics to deplete their GM and observe changes in the OS-related indices (Experiment II). There were significant differences in the GM compositions between the control and ABX groups, indicating the effectiveness of antibiotics in depleting the microbiota. We compared OS-related indicators in the ABX (FD) and ABX (FD + CHSGP) groups in Experiment II. The results indicated that the CHSGP decoction failed to adequately modulate OS after the microbiota depletion. To verify that CHSGP relied on the GM to alleviate OS, we administered a fecal microbiota solution from the FD + CHSGP group to monitor changes in the OS indicators. The findings showed that the FMT treatment alleviated OS and repaired the mitochondrial structure damage. This result confirmed that CHSGP relied on the GM to reduce OS in FD rats. Interestingly, the ABX (FD + FMT) group showed a more significant protective effect against mitochondrial OS than the FD + FMT group. This result was likely attributable to the interference from the natural microbiota in rats. Microbiota sequencing analysis showed changes in the microbiota composition in the ABX (FD + FMT) and FD + FMT groups compared with the FD group. We conducted the correlation analysis between microbial species differences across various groups and OS markers. The results indicated that the FMT increased the abundance of microbiota that inhibited OS. These bacteria included Firmicutes and Romboutsia. The FMT also suppressed microbiota that promoted OS, including Bacteroidota, Deferribacterota, Enterorhabdus, Alloprevotella, and Prevotella-9. Studies have proven that the above bacterial changes affect the OS process. For instance, researchers have demonstrated that Firmicutes affects glutathione production by modulating the activity of the essential enzyme glutamate-cysteine ligase catalytic subunit (Gclc) (49). Additionally, these bacteria suppress ROS accumulation by activating the cAMP response element-binding pathway (49). Group A Streptococcus belongs to Firmicutes, and its metabolic byproducts, including SOD, NADH oxidase, TRX, nicotinamide adenine dinucleotide oxidase, alkyl hydroperoxide reductase, and glutathione reductase, exhibit antioxidant properties (50). Furthermore, Group A Streptococcus possesses proteins that facilitate DNA repair and the restoration of proteins damaged by ROS. It also contains metal ion transporters that indirectly control metal homeostasis to fight OS (51). Bacteroides fragilis is an anaerobic bacterium that is part of the Bacteroides genus found in the human intestine. Research has indicated that purified Bacterotoxin fragile triggers a rise in spermine oxidase (SMO) levels in HT29/c1 and T84 colonic epithelial cells. This causes ROS production in an SMO-dependent manner (52). Although there are no particular investigations on the impact of Romboutsia on OS, inflammation in the pig colon has demonstrated a reduction in both Romboutsia levels and total antioxidant capacity activity (53). This suggested a potential correlation between the two. Deferribacterota are anaerobic bacteria capable of oxidizing many complex organic compounds and organic acids. They are classified as sulfate-reducing bacteria, and researchers have confirmed their phylogenetic position as an incomplete oxidizer based on the dissimilatory sulfate reductase phylogeny (54). An increase in Enterorhabdus is associated with OS-related diseases such as colitis (55) and diabetes (48), and thus, this genus is often considered an OS-promoting strain. Alloprevotella and Prevotella-9 are Gram-negative anaerobic bacteria within the Prevotella genus, characterized by low tissue redox potentials (35). Santos (56) used matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF/TOF) tandem mass spectrometry to reveal that the differentially regulated protein sequences in Prevotella intermedia are associated with antioxidant and redox regulatory functions. Our findings demonstrated that CHSGP might alleviate mitochondrial OS in the gastric tissue of FD rats by decreasing the abundances of OS-promoting strains (Bacteroidota, Deferribacterota, Enterorhabdus, Alloprevotella, and Prevotella-9) and increasing the abundances of OS-inhibiting strains (Firmicutes and Romboutsia).

Consistent with the findings of the current investigation, researchers have found that the Shen-Ling-Bai-Zhu-San therapy modulates microbial structure, leading to the enhancement of energy metabolic pathways and the reduction in OSto treat FD (57). Furthermore, the literature has proven that herbal medicines can treat other FGIDs by modulating the relationship between OS and the GM. Network pharmacology and molecular docking analyses have revealed that the rhubarb peony decoction may provide a comprehensive therapeutic effect on the overlapping syndromes of ulcerative colitis and IBS through a multi-component, multi-target, multi-pathway biological mechanism addressing OS, immune dysfunction, and gut microbial dysbiosis (58). The Simo decoction can increase the abundance of beneficial GM to relieve OS and treat constipation (59).

The mechanism by which the CHSGP decoction restored GI movement may be associated with the alleviation of OS due to GM regulation. Specifically, the CHSGP decoction enhanced the abundances of OS-inhibiting strains (Firmicutes and Romboutsia) while decreasing the abundances of OS-promoting strains (Bacteroidota, Deferribacterota, Enterorhabdus, Alloprevotella, and Prevotella-9). Future research can be pursued from two perspectives. Firstly, we will extract and purify the chosen core microbial communities, such as the OS-inhibitory strains Firmicutes and Romboutsia, to assess their efficacy and safety in treating FD rats. The data gained will be implemented in the clinical treatment of patients with FD to assess their therapeutic benefits. Secondly, in terms of fundamental research, the GM exerts its effects through metabolic products; therefore, we will subsequently investigate the specific mechanisms by which CHSGP counteracts mitochondrial OS in ICC from the metabolomics perspective. On the other hand, microbial dysbiosis underlies the symptoms associated with FGIDs (60). This study also inspires us to explore the role of the microbiota in the pathogenesis and treatment of FGIDs, based on the symbiotic relationship between the microbiota and the host.

However, this study has some limitations. First, the model reproduced the diminished gastrointestinal motility characteristic with FD. However, the pathological mechanisms of FD in humans encompass not only delayed gastric emptying but also impaired gastric accommodation, hypersensitivity to gastric distension, and abnormalities in the gut-brain axis (25). Therefore, this study does not fully represent human FD. Second, differences in genetic background can affect the therapeutic applicability of findings derived from animal studies. Third, microbiota dysbiosis is a central mechanism underlying the occurrence of FD. Broad-spectrum antibiotics can reduce the GM, which not only affects the OS of ICC but may also influence GI motility through other mechanisms. For instance, the administration of ampicillin in mice resulted in the decrease in the number of enteric neurons within the colonic muscle tissue, thereby impairing GI motility (61). This study specifically evaluated OS, and we cannot rule out the possibility that the GM may contribute to the development of FD through other pathways.





Data availability statement

The data presented in the study are deposited in the Figshare repository, accession number 10.6084/m9.figshare.28389212.





Ethics statement

The animal study was approved by the ethics committee of the Shanghai University of Traditional Chinese Medicine. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

XL: Conceptualization, Data curation, Formal analysis, Methodology, Writing – original draft, Writing – review & editing. KY: Conceptualization, Data curation, Methodology, Visualization, Writing – original draft, Writing – review & editing. YJ: Conceptualization, Methodology, Writing – review & editing, Writing – original draft. YY: Data curation, Formal analysis, Visualization, Writing – review & editing. CW: Data curation, Formal analysis, Investigation, Writing – review & editing. XW: Data curation, Methodology, Validation, Visualization, Writing – review & editing. QJ: Conceptualization, Methodology, Project administration, Writing – review & editing. ZG: Data curation, Resources, Writing – review & editing. JC: Funding acquisition, Project administration, Resources, Writing – review & editing, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization. JL: Conceptualization, Funding acquisition, Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (NO.82174309) and China Medical Association of Minorities (CMAM) (No.2022Z1048-460302).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1549554/full#supplementary-material

Supplementary Figure 1 | Experimental operation diagram.

Supplementary Figure 2 | Experimental procedure timeline diagram.

Supplementary Figure 3 | Mechanistic diagram.


References
	1. Drossman, DA, and Hasler, WL. Rome IV-functional GI disorders: disorders of gut-brain interaction. Gastroenterology. (2016) 150:1257–61. doi: 10.1053/j.gastro.2016.03.035
	2. Barberio, B, Mahadeva, S, Black, CJ, Savarino, EV, and Ford, AC. Systematic review with meta-analysis: global prevalence of uninvestigated dyspepsia according to the Rome criteria. Aliment Pharmacol Ther. (2020) 52:762–73. doi: 10.1111/apt.16006
	3. Masuy, I, Van Oudenhove, L, and Tack, J. Review article: treatment options for functional dyspepsia. Aliment Pharmacol Ther. (2019) 49:1134–72. doi: 10.1111/apt.15191
	4. Wang, Y, Jia, Y, Liu, X, Yang, K, Lin, Y, Shao, Q, et al. Effect of Chaihu-Shugan-San on functional dyspepsia and gut microbiota: A randomized, double-blind, placebo-controlled trial. J Ethnopharmacol. (2024) 322:117659. doi: 10.1016/j.jep.2023.117659
	5. Chang, Y, Wei, W, Tong, L, Liu, Y, Zhou, A, Chen, J, et al. Weikangning therapy in functional dyspepsia and the protective role of Nrf2. Exp Ther Med. (2017) 14:2885–94. doi: 10.3892/etm.2017.4892
	6. Halliwell, B. Free radicals and antioxidants - quo vadis? Trends Pharmacol Sci. (2011) 32:125–30. doi: 10.1016/j.tips.2010.12.002
	7. He, Y, Yang, C, Wang, P, Yang, L, Wu, H, Liu, H, et al. Child compound Endothelium corneum attenuates gastrointestinal dysmotility through regulating the homeostasis of brain-gut-microbiota axis in functional dyspepsia rats. J Ethnopharmacol. (2019) 240:111953. doi: 10.1016/j.jep.2019.111953
	8. Stavely, R, Ott, LC, Sahakian, L, Rashidi, N, Sakkal, S, and Nurgali, K. Oxidative stress and neural dysfunction in gastrointestinal diseases: can stem cells offer a solution? Stem Cells Transl Med. (2023) 12:801–10. doi: 10.1093/stcltm/szad063
	9. Bhattacharyya, A, Chattopadhyay, R, Mitra, S, and Crowe, SE. Oxidative stress: an essential factor in the pathogenesis of gastrointestinal mucosal diseases. Physiol Rev. (2014) 94:329–54. doi: 10.1152/physrev.00040.2012
	10. Li, L, Jia, Q, Wang, X, Wang, Y, Wu, C, Cong, J, et al. Chaihu Shugan San promotes gastric motility in rats with functional dyspepsia by regulating Drp-1-mediated ICC mitophagy. Pharm Biol. (2023) 61:249–58. doi: 10.1080/13880209.2023.2166966
	11. Wang, X, Liu, X, Wang, Y, Yang, K, Yeertai, Y, Jia, Q, et al. Chaihu Shugan Powder inhibits interstitial cells of cajal mitophagy through USP30 in the treatment of functional dyspepsia. J Ethnopharmacol. (2024) 323:117695. doi: 10.1016/j.jep.2023.117695
	12. Wauters, L, Talley, NJ, Walker, MM, Tack, J, and Vanuytsel, T. Novel concepts in the pathophysiology and treatment of functional dyspepsia. Gut. (2020) 69:591–600. doi: 10.1136/gutjnl-2019-318536
	13. Yu, J, Meng, J, Qin, Z, Yu, Y, Liang, Y, Wang, Y, et al. Dysbiosis of gut microbiota inhibits NMNAT2 to promote neurobehavioral deficits and oxidative stress response in the 6-OHDA-lesioned rat model of Parkinson’s disease. J Neuroinflamm. (2023) 20:117. doi: 10.1186/s12974-023-02782-1
	14. Migeotte, I, Communi, D, and Parmentier, M. Formyl peptide receptors: a promiscuous subfamily of G protein-coupled receptors controlling immune responses. Cytokine Growth Factor Rev. (2006) 17:501–19. doi: 10.1016/j.cytogfr.2006.09.009
	15. Wang, Y, Wu, Y, Wang, Y, Xu, H, Mei, X, Yu, D, et al. Antioxidant properties of probiotic bacteria. Nutrients. (2017) 9:521. doi: 10.3390/nu9050521
	16. Cheng, X, Huang, F, Zhang, K, Yuan, X, and Song, C. Effects of none-steroidal anti-inflammatory and antibiotic drugs on the oral immune system and oral microbial composition in rats. Biochem Biophys Res Commun. (2018) 507:420–5. doi: 10.1016/j.bbrc.2018.11.054
	17. Feng, W, Ao, H, Peng, C, and Yan, D. Gut microbiota, a new frontier to understand traditional Chinese medicines. Pharmacol Res. (2019) 142:176–91. doi: 10.1016/j.phrs.2019.02.024
	18. Gou, H, Su, H, Liu, D, Wong, CC, Shang, H, Fang, Y, et al. Traditional medicine pien tze huang suppresses colorectal tumorigenesis through restoring gut microbiota and metabolites. Gastroenterology. (2023) 165:1404–19. doi: 10.1053/j.gastro.2023.08.052
	19. Kennedy, EA, King, KY, and Baldridge, MT. Mouse microbiota models: comparing germ-free mice and antibiotics treatment as tools for modifying gut bacteria. Front Physiol. (2018) 9:1534. doi: 10.3389/fphys.2018.01534
	20. Chen, Q, Ma, X, Xing, Z, Zhao, X, Zu, H, Guo, Z, et al. Antibiotic conditioning shapes pseudosterile mouse models by deleting colonic microbes rather than small intestinal microbes. Microbiol Spectr. (2023) 11:e0081423. doi: 10.1128/spectrum.00814-23
	21. Shao, T, Hsu, R, Hacein-Bey, C, Zhang, W, Gao, L, Kurth, MJ, et al. The evolving landscape of fecal microbial transplantation. Clin Rev Allergy Immunol. (2023) 65:101–20. doi: 10.1007/s12016-023-08958-0
	22. Ekmekciu, I, von Klitzing, E, Fiebiger, U, Escher, U, Neumann, C, Bacher, P, et al. Immune responses to broad-spectrum antibiotic treatment and fecal microbiota transplantation in mice. Front Immunol. (2017) 8:397. doi: 10.3389/fimmu.2017.00397
	23. Shao, S, Jia, R, Zhao, L, Zhang, Y, Guan, Y, Wen, H, et al. Xiao-Chai-Hu-Tang ameliorates tumor growth in cancer comorbid depressive symptoms via modulating gut microbiota-mediated TLR4/MyD88/NF-κB signaling pathway. Phytomedicine. (2021) 88:153606. doi: 10.1016/j.phymed.2021.153606
	24. Festing, MF. On determining sample size in experiments involving laboratory animals. Lab Anim. (2018) 52:341–50. doi: 10.1177/0023677217738268
	25. Wauters, L, Dickman, R, Drug, V, Mulak, A, Serra, J, Enck, P, et al. United European Gastroenterology (UEG) and European Society for Neurogastroenterology and Motility (ESNM) consensus on functional dyspepsia. United Eur Gastroenterol J. (2021) 9:307–31. doi: 10.1002/ueg2.12061
	26. Shangguan, X, Ling, J, Deng, J, Zeng, L, Zhang, Y, Xie, T, et al. Effect of Chaihushugansan onapoptosis of gastric smooth musclecell and expression of NF-KB portein in rats with functional dyspepsia. Guangxi Med Univ. (2017) 34:481–5.
	27. Jang H, LIX, Yan, T, Hu, Y, and Feng, Z. Effect of Bacillus cereus in the treatment of diarrhea with viable quadruple bifidobacterium tablet in mice. Chin J Microecol. (2017) 29:1150–3. doi: 10.13381/j.cnki.cjm.201710008
	28. Hintze, KJ, Cox, JE, Rompato, G, Benninghoff, AD, Ward, RE, Broadbent, J, et al. Broad scope method for creating humanized animal models for animal health and disease research through antibiotic treatment and human fecal transfer. Gut Microbes. (2014) 5:183–91. doi: 10.4161/gmic.28403
	29. Liu, C, Zhao, D, Ma, W, Guo, Y, Wang, A, Wang, Q, et al. Denitrifying sulfide removal process on high-salinity wastewaters in the presence of Halomonas sp. Appl Microbiol Biotechnol. (2016) 100:1421–6. doi: 10.1007/s00253-015-7039-6
	30. Clarke, KR. Non-parametric multivariate analysis of changes in community structure. Austral Ecol. (1993) 18:117–43. doi: 10.1111/j.1442-9993.1993.tb00438.x
	31. Jiao, X, Liu, N, Xu, Y, and Qiao, H. Perfluorononanoic acid impedes mouse oocyte maturation by inducing mitochondrial dysfunction and oxidative stress. Reprod Toxicol. (2021) 104:58–67. doi: 10.1016/j.reprotox.2021.07.002
	32. Bhattacharyya, A, Chattopadhyay, R, Mitra, S, and Crowe, SE. Oxidative stress: an essential factor in the pathogenesis of gastrointestinal mucosal diseases. Physiol Rev. (2014) 94:329–54. doi: 10.1152/physrev.00040.2012
	33. Bedard, K, and Krause, KH. The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology. Physiol Rev. (2007) 87:245–313. doi: 10.1152/physrev.00044.2005
	34. Mishina, NM, Bogdanova, YA, Ermakova, YG, Panova, AS, Kotova, DA, Bilan, DS, et al. Which antioxidant system shapes intracellular H2O2 gradients? Antioxid Redox Signal. (2019) 31:664–70. doi: 10.1089/ars.2018.7697
	35. Panigrahi, MK, Kaliaperumal, V, Akella, A, Venugopal, G, and Ramadass, B. Mapping microbiome-redox spectrum and evaluating Microbial-Redox Index in chronic gastritis. Sci Rep. (2022) 12:8450. doi: 10.1038/s41598-022-12431-x
	36. Wen, Y, Zhan, Y, Tang, SY, Liu, F, Wang, QX, Kong, PF, et al. Zhizhu decoction alleviates intestinal barrier damage via regulating SIRT1/foxO1 signaling pathway in slow transit constipation model mice. Chin J Integr Med. (2023) 29:809–17. doi: 10.1007/s11655-022-3539-2
	37. Gamal, NG, Abd-El-Salam, RM, Gadelrub, LN, Ahmed-Farid, OA, and Khayyal, MT. The herbal preparation STW 5 affects serotonergic pathways in the brain and colon as well as stress parameters in experimental irritable bowel syndrome. Neurogastroenterol Motil. (2022) 34:e14301. doi: 10.1111/nmo.14301
	38. Levy, M, Kolodziejczyk, AA, Thaiss, CA, and Elinav, E. Dysbiosis and the immune system. Nat Rev Immunol. (2017) 17:219–32. doi: 10.1038/nri.2017.7
	39. McCarthy, J, O’Mahony, L, O’Callaghan, L, Sheil, B, Vaughan, EE, Fitzsimons, N, et al. Double blind, placebo controlled trial of two probiotic strains in interleukin 10 knockout mice and mechanistic link with cytokine balance. Gut. (2003) 52:975–80. doi: 10.1136/gut.52.7.975
	40. Bottacini, F, Ventura, M, van Sinderen, D, and O’Connell Motherway, M. Diversity, ecology and intestinal function of bifidobacteria. Microb Cell Fact. (2014) 13 Suppl 1:S4. doi: 10.1186/1475-2859-13-S1-S4
	41. Rakova, EB, Nemichenko, UM, Popkova, SM, Serdyuk, LV, Dolgikh, VV, Ivanova, EI, et al. The species characteristic of bifidobacteria in intestinal biotope of children with functional dyspepsia. Klin Lab Diagn. (2015) 60:50–3.
	42. Petitfils, C, Maurel, S, Payros, G, Hueber, A, Agaiz, B, Gazzo, G, et al. Identification of bacterial lipopeptides as key players in IBS. Gut. (2023) 72:939–50. doi: 10.1136/gutjnl-2022-328084
	43. Tuohongerbieke, A, Wang, H, Wu, J, Wang, Z, Dong, T, Huang, Y, et al. Xiao cheng qi decoction, an ancient Chinese herbal mixture, relieves loperamide-induced slow-transit constipation in mice: an action mediated by gut microbiota. Pharm (Basel). (2024) 17:153. doi: 10.3390/ph17020153
	44. Li, J, Cui, H, Cai, Y, Lin, J, Song, X, Zhou, Z, et al. Tong-Xie-Yao-Fang regulates 5-HT level in diarrhea predominant irritable bowel syndrome through gut microbiota modulation. Front Pharmacol. (2018) 9:1110. doi: 10.3389/fphar.2018.01110
	45. Ebik, B, Aslan, N, Ekin, N, Bacaksiz, F, Arpa, M, Neselioglu, S, et al. Oxidative stress and the importance of H. pylori eradication in patients with functional dyspepsia. Saudi J Gastroenterol. (2022) 28:434–40. doi: 10.4103/sjg.sjg_114_22
	46. Loffredo, L, Ettorre, E, Zicari, AM, Inghilleri, M, Nocella, C, Perri, L, et al. Oxidative stress and gut-derived lipopolysaccharides in neurodegenerative disease: role of NOX2. Oxid Med Cell Longev. (2020) 2020:8630275. doi: 10.1155/2020/8630275
	47. Carnevale, R, Nocella, C, Petrozza, V, Cammisotto, V, Pacini, L, Sorrentino, V, et al. Localization of lipopolysaccharide from Escherichia Coli into human atherosclerotic plaque. Sci Rep. (2018) 8:3598. doi: 10.1038/s41598-018-22076-4
	48. Liu, N, Chen, M, Song, J, Zhao, Y, Gong, P, and Chen, X. Effects of auricularia auricula polysaccharides on gut microbiota composition in type 2 diabetic mice. Molecules. (2022) 27:6061. doi: 10.3390/molecules27186061
	49. Yuan, Y, Yang, J, Zhuge, A, Li, L, and Ni, S. Gut microbiota modulates osteoclast glutathione synthesis and mitochondrial biogenesis in mice subjected to ovariectomy. Cell Prolif. (2022) 55:e13194. doi: 10.1111/cpr.13194
	50. Yu, S, Ma, Q, Li, Y, and Zou, J. Molecular and regulatory mechanisms of oxidative stress adaptation in Streptococcus mutans. Mol Oral Microbiol. (2023) 38:1–8. doi: 10.1111/omi.12388
	51. Henningham, A, Döhrmann, S, Nizet, V, and Cole, JN. Mechanisms of group A Streptococcus resistance to reactive oxygen species. FEMS Microbiol Rev. (2015) 39:488–508. doi: 10.1093/femsre/fuu009
	52. Goodwin, AC, Destefano Shields, CE, Wu, S, Huso, DL, Wu, X, Murray-Stewart, TR, et al. Polyamine catabolism contributes to enterotoxigenic Bacteroides fragilis-induced colon tumorigenesis. Proc Natl Acad Sci U S A. (2011) 108:15354–9. doi: 10.1073/pnas.1010203108
	53. Gao, R, Tian, S, Wang, J, and Zhu, W. Galacto-oligosaccharides improve barrier function and relieve colonic inflammation via modulating mucosa-associated microbiota composition in lipopolysaccharides-challenged piglets. J Anim Sci Biotechnol. (2021) 12:92. doi: 10.1186/s40104-021-00612-z
	54. Gao, P, Zhang, X, Huang, X, Chen, Z, Marietou, A, Holmkvist, L, et al. Genomic insight of sulfate reducing bacterial genus Desulfofaba reveals their metabolic versatility in biogeochemical cycling. BMC Genomics. (2023) 24:209. doi: 10.1186/s12864-023-09297-2
	55. Jiang, N, Liu, Z, Wang, H, Zhang, L, Li, M, Li, G, et al. Alterations in metabolome and microbiome: new clues on cathelicidin-related antimicrobial peptide alleviates acute ulcerative colitis. Front Microbiol. (2024) 15:1306068. doi: 10.3389/fmicb.2024.1306068
	56. Santos, SG, Diniz, CG, Silva, VL, Lima, FL, Andrade, HM, Chapeaurouge, DA, et al. Differentially regulated proteins in Prevotella intermedia after oxidative stress analyzed by 2D electrophoresis and mass spectrometry. Anaerobe. (2012) 18:76–82. doi: 10.1016/j.anaerobe.2011.12.008
	57. Zhang, S, Lin, L, Liu, W, Zou, B, Cai, Y, Liu, D, et al. Shen-Ling-Bai-Zhu-San alleviates functional dyspepsia in rats and modulates the composition of the gut microbiota. Nutr Res. (2019) 71:89–99. doi: 10.1016/j.nutres.2019.10.001
	58. Zhai, L, Yang, W, Li, D, Zhou, W, Cui, M, and Yao, P. Network pharmacology and molecular docking reveal the immunomodulatory mechanism of rhubarb peony decoction for the treatment of ulcerative colitis and irritable bowel syndrome. J Pharm Pharm Sci. (2023) 26:11225. doi: 10.3389/jpps.2023.11225
	59. Yi, X, Zhou, K, Deng, N, Cai, Y, Peng, X, and Tan, Z. Simo decoction curing spleen deficiency constipation was associated with brain-bacteria-gut axis by intestinal mucosal microbiota. Front Microbiol. (2023) 14:1090302. doi: 10.3389/fmicb.2023.1090302
	60. Saffouri, GB, Shields-Cutler, RR, Chen, J, Yang, Y, Lekatz, HR, Hale, VL, et al. Small intestinal microbial dysbiosis underlies symptoms associated with functional gastrointestinal disorders. Nat Commun. (2019) 10:2012. doi: 10.1038/s41467-019-09964-7
	61. Yarandi, SS, Kulkarni, S, Saha, M, Sylvia, KE, Sears, CL, and Pasricha, PJ. Intestinal bacteria maintain adult enteric nervous system and nitrergic neurons via toll-like receptor 2-induced neurogenesis in mice. Gastroenterology. (2020) 159:200–213.e8. doi: 10.1053/j.gastro.2020.03.050




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Liu, Yang, Jia, Yeertai, Wu, Wang, Jia, Gu, Cong and Ling. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 17 March 2025

doi: 10.3389/fimmu.2025.1563450

[image: image2]


Harnessing the human gut microbiota: an emerging frontier in combatting multidrug-resistant bacteria


Wenwen Ding 1,2†, Yiwen Cheng 3†, Xia Liu 4†, Zhangcheng Zhu 5, Lingbin Wu 6, Jie Gao 3, Wenhui Lei 7, Yating Li 3, Xin Zhou 8,9,10,11, Jian Wu 12*, Yongtao Gao 1,2*, Zongxin Ling 3*† and Ruilai Jiang 6*


1 Department of Anesthesiology, Affiliated Hospital of Nantong University, Nantong, Jiangsu, China, 2 Medical School of Nantong University, Nantong, Jiangsu, China, 3 Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, Zhejiang, China, 4 Department of Intensive Care Unit, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, Zhejiang, China, 5 Department of Preventive Medicine, School of Public Health and Management, Wenzhou Medical University, Wenzhou, Zhejiang, China, 6 Department of Intensive Care Unit, Lishui Second People’s Hospital, Lishui, Zhejiang, China, 7 Jinan Microecological Biomedicine Shandong Laboratory, Jinan, Shandong, China, 8 Department of Genetics, Stanford University School of Medicine, Stanford, CA, United States, 9 Stanford Center for Genomics and Personalized Medicine, Stanford, CA, United States, 10 Stanford Diabetes Research Center, Stanford, CA, United States, 11 The Jackson Laboratory for Genomic Medicine, Farmington, CT, United States, 12 Department of Clinical Laboratory, Suzhou Municipal Hospital, Suzhou, Jiangsu, China




Edited by: 

Nar Singh Chauhan, Maharshi Dayanand University, India

Reviewed by: 

Manu Bhambi, Zigzoo Marketing Services Pvt Ltd, India
 Sohini Mukhopadhyay, National Institute of Science Education and Research (NISER), India 

Asmaa M. M. Mawad, Assiut University, Egypt

*Correspondence: 

Ruilai Jiang
 ruilai_jiang@yeah.net 

Zongxin Ling
 lingzongxin@zju.edu.cn 

Yongtao Gao
 yongtao_gao@yeah.net 

Jian Wu
 wujianglinxing@163.com

†These authors have contributed equally to this work

†ORCID: 

Zongxin Ling
 orcid.org/0000-0001-9662-099X


Received: 20 January 2025

Accepted: 25 February 2025

Published: 17 March 2025

Citation:
Ding W, Cheng Y, Liu X, Zhu Z, Wu L, Gao J, Lei W, Li Y, Zhou X, Wu J, Gao Y, Ling Z and Jiang R (2025) Harnessing the human gut microbiota: an emerging frontier in combatting multidrug-resistant bacteria. Front. Immunol. 16:1563450. doi: 10.3389/fimmu.2025.1563450



Antimicrobial resistance (AMR) has become a major and escalating global health threat, undermining the effectiveness of current antibiotic and antimicrobial therapies. The rise of multidrug-resistant bacteria has led to increasingly difficult-to-treat infections, resulting in higher morbidity, mortality, and healthcare costs. Tackling this crisis requires the development of novel antimicrobial agents, optimization of current therapeutic strategies, and global initiatives in infection surveillance and control. Recent studies highlight the crucial role of the human gut microbiota in defending against AMR pathogens. A balanced microbiota protects the body through mechanisms such as colonization resistance, positioning it as a key ally in the fight against AMR. In contrast, gut dysbiosis disrupts this defense, thereby facilitating the persistence, colonization, and dissemination of resistant pathogens. This review will explore how gut microbiota influence drug-resistant bacterial infections, its involvement in various types of AMR-related infections, and the potential for novel microbiota-targeted therapies, such as fecal microbiota transplantation, prebiotics, probiotics, phage therapy. Elucidating the interactions between gut microbiota and AMR pathogens will provide critical insights for developing novel therapeutic strategies to prevent and treat AMR infections. While previous reviews have focused on the general impact of the microbiota on human health, this review will specifically look at the latest research on the interactions between the gut microbiota and the evolution and spread of AMR, highlighting potential therapeutic strategies.




Keywords: gut microbiota, antimicrobial resistance, colonization resistance, bacteriophage, probiotics




1 Introduction

Antimicrobial resistance (AMR) is a global health crisis, largely driven by the overuse and misuse of antibiotics. This has led to a significant rise in drug-resistant infections, contributing to millions of deaths each year (1, 2). Alarmingly, projections suggest that by 2050, AMR could be responsible for 10 million deaths annually (3, 4). The situation is made worse by the slow pace at which new antibiotics are developed and the growing presence of ESKAPE pathogens—Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species—which are leading contributors to AMR-related mortality (2, 5). These pathogens, although typically harmless and existing in a symbiotic relationship with the host, can become opportunistic in the event of immune system disruptions. This leads to infections that result from disturbances in the gut microbiota. Alterations in microbial composition, changes in bacterial metabolic activity, and shifts in local bacterial distribution further exacerbate gut dysbiosis, increasing the risk of infections. Furthermore, the slow pace of new antimicrobial drug development has failed to keep up with the rapid rise in AMR. This growing gap between rising resistance and limited new antibiotics highlights the urgent need for innovative strategies to manage infections and combat AMR.

As a response to this urgent challenge, researchers are increasingly turning to the human gut microbiota as a promising ally in the fight against AMR. The gut microbiota plays a vital role in supporting the immune system and protecting the body from infections (6–8). It helps regulate immune responses and maintains a delicate balance of microorganisms. However, disruptions to this balance—often caused by antibiotics or illness—can allow harmful, antibiotic-resistant pathogens to overgrow (5). Recent studies highlight how microbiota-based therapies, such as fecal microbiota transplantation (FMT) and probiotics, can help restore a healthy microbial balance and fight off drug-resistant infections. For example, Kellogg et al. find that succinate-producing microbiota drive tuft cell hyperplasia to protect against Clostridioides difficile (9). FMT has shown promise in treating recurrent C. difficile infections by outcompeting harmful bacteria and re-establishing a balanced microbiota, with approval from the U.S. FDA (10). Beyond FMT, other microbiota-based strategies, including prebiotics, synbiotics, postbiotics, and bacteriophage, are also being explored as potential weapons in the fight against AMR. These therapies work in various ways, such as fostering the growth of beneficial microbes, enhancing immune function, and directly inhibiting the growth of harmful bacteria.

This review will delve into the molecular mechanisms through which the gut microbiota influences AMR. It will examine the role of metabolites produced by gut bacteria, immune modulation, and competitive inhibition in shaping the body’s response to infections. Moreover, we will explore the diversity of the gut microbiota in different AMR bacterial infections and assess the potential of microbiota-targeting therapies as a promising approach to combatting AMR.




2 Mechanisms of gut microbiota in combating MDR infections

The human microbiota has established a mutualistic symbiosis with its host, contributing to overall health through metabolic support, immune modulation, and protection against pathogens (11, 12). A key mechanism by which the gut microbiota combats multidrug-resistant (MDR) infections is colonization resistance (CR), which prevents the colonization and overgrowth of both external pathogens and resident pathobionts (13). The gut microbiota employs a multifaceted defense strategy to protect the host, including nutritional competition, niche exclusion, contact-dependent inhibition, and the production of antimicrobial peptides and inhibitory metabolites (Figure 1). Furthermore, the microbiota contributes to mucosal barrier integrity, creates oxygen-limited environments that are inhospitable to many pathogens, and modulates immune responses to enhance immune tolerance and protection (13–15). Collectively, these mechanisms form a robust defense system that restricts the establishment and proliferation of harmful microorganisms, thereby safeguarding gut health and preventing MDR infections. A deeper understanding of how the gut microbiota limits pathogen colonization can inform the development of innovative therapeutic strategies to address the growing challenge of AMR. Harnessing the potential of the gut microbiota to enhance CR offers a promising avenue to combat MDR infections and mitigate the global threat of AMR.

[image: Illustration comparing eubiosis and dysbiosis in the gut microbiome. On the left, in eubiosis, balanced microbial, chemical, physical, and immune barriers are depicted with diverse microbiota, regulated chemical exchanges, intact physical barriers, and healthy immune responses. On the right, in dysbiosis, disturbed barriers are shown with imbalanced microbiota, altered chemical interactions, disturbed physical barriers, and abnormal immune responses. Elements include Paneth and goblet cells, immune cells like TH1 and Treg, and markers such as MAMPs and SCFAs. Differences in oxygen and nitrate levels, pH changes, and molecular signals are illustrated.]
Figure 1 | Mechanisms of gut microbiota in combating MDR infections. (A) Niche Exclusion: Dysbiosis reduces microbiota diversity, weakening pathogen exclusion. (B) Nutritional Competition: Healthy microbiota outcompetes pathogens for nutrients, thereby limiting the growth of pathogens by outcompeting them for resources. (C) Contact-Dependent Inhibition (CDI): Bacteria deliver toxins via cell contact, inhibiting or killing neighboring cells. (D) Antimicrobial Peptides (AMPs): Short-chain fatty acids (SCFAs) induce AMP synthesis, regulating microbiota and exerting antimicrobial effects. (E) Inhibitory Metabolites: SCFAs and secondary bile acids (BAs) inhibit pathogens or modulate immunity. (F) Mucosal Barrier: Dysbiosis reduces Muc2 production, compromising the intestinal barrier and increasing infection risk. (G) Oxygen Limitation: Inflammation, driven by iNOS and NADPH oxidase, limits oxygen availability during infection. (H) Immune Modulation: Microbiota activates Toll-like receptors (TLRs), crucial for immune signaling and defense.



2.1 Nutritional competition

The gut microbiota plays a critical role in preventing drug-resistant bacterial infections through nutritional competition, a mechanism that revolves around the depletion of essential resources required for bacterial growth. By efficiently consuming nutrients such as carbon sources, nitrogen sources, and metal ions, the gut microbiota limits their availability to potential pathogens, thereby restricting their growth and colonization. A diverse microbial community enhances this competitive edge, as highlighted by Spragge et al., who demonstrated that a rich microbial ecosystem intensifies nutrient competition, effectively outcompeting harmful pathogens (16). For example, the commensal bacterium Klebsiella michiganensis has been shown to outcompete Escherichia coli in vitro by depleting essential nutrients, limiting E. coli’s survival and growth (17). Similarly, commensal strains of E. coli, such as HS and Nissle 1917, inhibit the colonization of pathogenic E. coli O157:H7 by consuming sugars critical for the pathogen’s survival (18, 19). Genetic studies have further illuminated the role of nutrient competition in CR. For example, the gut microbiota’s uptake of dietary amino acids, such as tryptophan and arginine, plays a crucial role in preventing infections by pathogens like Citrobacter rodentium. However, a high-protein diet can enhance C. rodentium colonization in mice, underscoring the influence of nutrient availability on microbial dynamics (20). This balance is also evident in the case of C. difficile, where the gut microbiota competes for essential amino acids, restricting the pathogen’s proliferation (21). Interestingly, C. difficile attempts to counteract this by upregulating indole, a tryptophan metabolite, to promote its growth. Nevertheless, the microbiota’s efficient nutrient utilization limits the pathogen’s ability to exploit this strategy, further preventing its overgrowth (22). In addition to organic nutrients, metal ions such as iron, zinc, and manganese are critical for microbial survival and virulence. These metals are often scarce in the gut and are further sequestered by the host during inflammatory responses to limit pathogen access. Commensal bacteria, such as E. coli strain Nissle 1917, employ specialized mechanisms to acquire iron, providing protection against Salmonella infections (23). Conversely, pathogens like Vibrio cholerae and Campylobacter jejuni rely on efficient zinc uptake to survive and thrive in the gastrointestinal tract (24). By outcompeting pathogens for these vital nutrients, the gut microbiota establishes a robust defense mechanism, highlighting the critical role of nutritional competition in preventing infections and maintaining gut health. This understanding offers valuable insights into developing strategies to enhance CR and combat the growing threat of multidrug-resistant infections.




2.2 Niche exclusion

Niche exclusion is a critical strategy employed by the gut microbiota to limit pathogen colonization by occupying physical niches, depleting essential nutrients, or producing inhibitory metabolites. These competitive interactions are essential for maintaining gut homeostasis and preventing infections. Microbial species, particularly those genetically similar, often engage in direct competition. For instance, K. pneumoniae, Citrobacter, and Clostridium species inhibit the colonization of more pathogenic relatives through competitive exclusion (25–27). The “nutrient ecotope” hypothesis, introduced by Freter et al., provides a framework for understanding microbial competition in the gut. It posits that the availability of specific nutrients shapes the abundance and distribution of microbial species, with gut microbes actively consuming resources to define their niche (28). For example, Munehiro et al. isolated a symbiotic bacterial complex from healthy human fecal samples that inhibited Enterobacteriaceae, particularly Klebsiella, by regulating the availability of gluconates, a key nutrient for bacterial growth (19). Beyond nutrient competition, microbial species can coexist by acquiring novel traits. Sweeney et al. demonstrated that two closely related E. coli strains coexisted in the same niche by acquiring a high-affinity gluconate transporter, enabling them to outcompete other bacteria for the same carbon source (29). This highlights how adaptive resource uptake can shift competitive dynamics. Adhesion to mucosal surfaces is another crucial aspect of niche exclusion, as it prevents the colonization of exogenous pathogens. Kasper et al. showed that the IgA response facilitates Bacteroides fragilis in occupying a stable mucosal niche, where it inhibits harmful bacteria (30). This underscores the interplay between microbial communities and host immune responses in mediating niche occupancy. Additionally, some microbial species modify their environment to enhance colonization while excluding competitors (30, 31). For example, symbiotic bacteria limit Salmonella typhimurium colonization by occupying mucosal space and depleting nutrients like carbon sources and oxygen (32). Collectively, niche exclusion mechanisms—through resource competition, adhesion site occupation, and environmental modification—form a robust defense system that maintains microbial homeostasis and protects the host from infections. These insights highlight the intricate competitive dynamics within the gut microbiota and their role in preventing pathogen colonization.




2.3 Contact-dependent inhibition

Contact-dependent inhibition (CDI) is a sophisticated bacterial defense mechanism that enables bacteria to outcompete rivals through direct cell-to-cell interactions. This system involves the delivery of toxic effectors into neighboring cells, leading to growth inhibition or cell death. Initially discovered in E. coli strain EC93 in 2005, the CDI locus was found to contain three genes—CdiB, CdiA, and CdiI—which are sufficient to confer CDI activity to E. coli K-12 (33). Since then, CDI systems have been identified in various bacteria, including Enterobacteriaceae, Moraxellaceae, Pasteurellaceae, Neisseria meningitidis, Yersinia pestis, Dickeya dadantii, Enterobacter cloacae and Photorhabdus luminescens (34–37). The CDI system is centered on the CdiA protein, which acts as the effector by disrupting cellular processes, such as DNA degradation, in target cells (38). CdiB facilitates the transport of CdiA across the bacterial membrane, while CdiI provides immunity to the CDI+ bacterium by protecting it from its own toxins (39). Upon contact, the CdiB/CdiA two-partner secretion system delivers toxins directly into neighboring cells, inhibiting their growth or causing cell death (40). This mechanism allows bacteria to outcompete rivals in shared environments, such as during infection or biofilm formation (41). Consequently, the CDI system is increasingly viewed as a bacterial “weapon” system used to dominate microbial ecosystems (42, 43).

Another critical antibacterial mechanism is the type VI secretion system (T6SS), employed by many Gram-negative pathogens to inject toxic proteins into neighboring cells (44–47). 6SS-mediated interactions play a vital role in interbacterial competition, particularly among Bacteroides species in the gastrointestinal tract, where they compete for space and resources (48, 49). For example, B. fragilis inhibits B. polymorphicus growth in vitro through a T6SS-dependent mechanism (45) and exhibits competitive resistance against pathogenic strains (50, 51). These findings highlight the T6SS’s role in maintaining gut homeostasis and protecting against pathogenic invasion. Other secretion systems, such as Type IV and Type VII, also mediate antibacterial interactions through protein translocation and cell killing (52, 53), highlighting the importance of antagonistic interactions in the gut. Collectively, these systems demonstrate how bacteria have evolved complex strategies to shape microbial ecosystems and promote their survival. The CDI and T6SS systems represent potential targets for novel antimicrobial therapies aimed at disrupting toxin-delivery pathways, offering promising avenues to combat MDR infections and restore microbial balance in the gut (Table 1).

Table 1 | CDI protein and its mechanism of action.
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2.4 Antimicrobial peptides

Antimicrobial peptides (AMPs) are essential components of the innate immune system, produced by host epithelial cells, neutrophils, and other immune cells such as mast cells and Paneth cells (54, 55). These peptides exhibit bactericidal, anti-inflammatory, and anti-endotoxin properties, serving as a first line of defense against microbial threats (56). AMPs disrupt microbial membranes and inhibit pathogen growth through diverse mechanisms. For example, nisin, produced by Lactococcus lactis, targets lipid II (a cell wall precursor) in pathogenic bacteria, forming pores in their membranes, causing cell content leakage, and disrupting membrane integrity (57). Similarly, RegIIIβ and RegIIIγ contribute to gut defense by interacting with the G protein-coupled receptor GPR43 (58, 59). AMPs also inhibit bacterial growth through specific molecular interactions. Microcin J25 targets E. coli RNA polymerase, suppressing bacterial replication (60), while colicins, produced by E. coli, degrade tRNA or disrupt proton gradients to inhibit pathogenic metabolism (61). Beyond their direct antimicrobial effects, AMPs regulate the gut microbiota, preventing the overgrowth of opportunistic pathogens and supporting immune homeostasis (62). For instance, oral administration of AMPs has been shown to alleviate intestinal inflammation induced by Enterohemorrhagic E. coli and modulate the gut microbiota (63). Bacteriocins, a subclass of AMPs produced by bacteria, selectively target closely related species to inhibit their growth or induce cell death, promoting competitive exclusion (64–66). For example, nisin is effective against Gram-positive bacteria like S. aureus and Listeria monocytogenes (67, 68), while class II bacteriocins such as Actifencin and Bacteroidetocin A selectively inhibit Lactobacillus and Bacteroides species, respectively, preserving microbiota diversity (69). Bacteriocins also enhance the resistance of beneficial bacteria, such as E. coli Nissle, against harmful microbes (70, 71). This specificity within microbial communities helps maintain balance and offers therapeutic potential, such as protecting against L. monocytogenes infections via strains like L. salivarius UCC 118 (72, 73). Therefore, AMPs play a dual role in defending against infections and shaping the gut microbial landscape. Their ability to modulate microbial abundance and diversity is critical in preventing pathogen overgrowth and maintaining gut homeostasis (74). These properties highlight the potential of AMPs as therapeutic agents to combat infections and restore microbial balance.




2.5 Inhibitory metabolites

The gut microbiota produces a variety of inhibitory metabolites, including short-chain fatty acids (SCFAs) and secondary bile acids (BAs), which play critical roles in directly inhibiting pathogen growth and modulating host immune responses to maintain gut health (75, 76). SCFAs, primarily derived from the fermentation of dietary fibers by the gut microbiota (75), exhibit direct antimicrobial effects by disrupting bacterial membrane integrity and intracellular pH homeostasis. This mechanism inhibits pathogens such as E. coli and Salmonella under acidic conditions (77). Beyond their antimicrobial activity, SCFAs exert immunomodulatory effects, including promoting the differentiation of regulatory T cells (Tregs), which help mitigate excessive inflammation (78). For example, butyrate increases Foxp3+ Tregs in the spleen and lymph nodes of antibiotic-treated mice (79), while propionate suppresses IL-17 production in intestinal γδT cells (80). SCFAs also enhance the intestinal epithelial barrier by promoting the integrity and function of epithelial cells, thereby strengthening mucosal immunity and preventing pathogen adhesion (81, 82). Additionally, SCFAs provide energy to intestinal epithelial cells, supporting normal cellular respiration and preventing the establishment of pathogens like Citrobacter (83). A key mechanism by which SCFAs maintain gut homeostasis is through the regulation of hypoxia-inducible factor 1-alpha (HIF-1α). Butyrate stabilizes HIF-1α by inhibiting histone deacetylases (HDACs) and activating G-protein-coupled receptors such as GPR43 and GPR109A. This process upregulates tight junction proteins like occludin and claudin-1, enhancing intestinal barrier function and reducing permeability (84). HIF-1α activation also promotes the secretion of β-defensins by intestinal epithelial cells, inhibiting the overgrowth of E. coli and Salmonella while supporting beneficial bacteria like Lactobacillus and Bifidobacterium (85).

Secondary BAs, such as deoxycholic acid (DCA) and lithocholic acid (LCA), are produced by specific gut microbiota species through the metabolism of primary BAs. These metabolites exhibit antimicrobial properties, inhibiting pathogens like C. difficile (86, 87) and Salmonella while selectively promoting beneficial bacteria (88, 89). DCA exerts bactericidal effects by lowering intracellular pH and disrupting bacterial membrane integrity (90, 91), while LCA indirectly enhances gut defense by stimulating the transcription of antimicrobial peptides like LL-37 (92). Secondary BAs also modulate immune responses, with certain Bacteroidetes species promoting Treg differentiation through BA modification, further supporting immune homeostasis (93, 94). Disruptions to the gut microbiota, such as those caused by antibiotics or dietary changes, can impair the production of these protective metabolites, increasing susceptibility to infections and pathogen overgrowth (95). Therefore, maintaining a balanced gut microbiota is essential for ensuring the continuous production of inhibitory metabolites that limit pathogen growth and support immune homeostasis. These insights highlight the therapeutic potential of modulating SCFAs and secondary BAs to combat infections and promote gut health.




2.6 Mucosal barrier

The gut mucosal barrier is a complex, multi-layered defense system that integrates physical, microbiological, immune, and chemical components to protect the gastrointestinal tract from pathogens. The intestinal epithelial barrier, including its mucus layer, serves as a physical shield against harmful microorganisms (96). Pathogens like E. coli can attach to epithelial cells to initiate infections, but commensal microorganisms strengthen the mucosal barrier to prevent this. Mucin 2 (Muc2), a key component of the mucus layer, is central to maintaining gut barrier integrity. Germ-free mice, which lack a normal gut microbiota, produce less Muc2 and are more susceptible to infections (97, 98). HIF-1α, a transcription factor responsive to low oxygen conditions, plays a critical role in regulating Muc2 secretion by goblet cells. This forms a protective mucus layer that prevents direct pathogen contact with epithelial cells (99). E. coli can also stimulate Muc2 production, highlighting the microbiota’s role in host defense. Muc2-deficient mice are more vulnerable to pathogen colonization and experience severe infections, such as those caused by L. monocytogenes (100). Diet significantly influences mucosal barrier integrity. Mice fed a fiber-free diet develop a thinner mucus layer, increasing susceptibility to pathogens like L. citrobacter (101, 102). Additionally, L-fucose, a sugar produced by gut bacteria, reduces the virulence of pathogens like Burkholderia citriodora, further demonstrating the microbiota’s role in modulating immune responses and pathogen defense (103). HIF-1α also regulates tight junctions between intestinal epithelial cells, enhancing barrier function. It upregulates tight junction proteins such as occludin, claudin-1, and ZO-1, preventing the penetration of pathogens and toxins (84). Disruption of these junctions by pathogens like C. difficile, which produces toxins TcdA and TcdB, increases intestinal permeability and facilitates pathogen invasion (104, 105). This underscores the critical role of the gut microbiota in maintaining epithelial barrier function. The gut microbiota further supports the mucosal barrier by producing metabolites that enhance immune function and inhibit pathogenic microbes (76). HIF-1α promotes energy metabolism in intestinal epithelial cells under hypoxic conditions, upregulating genes like GLUT1 and LDHA to reinforce barrier integrity (84). In summary, the mucosal barrier relies on a combination of mechanisms, including Muc2 secretion, tight junction regulation, and energy metabolism, to maintain gut homeostasis and protect against infections. These processes highlight the intricate interplay between the gut microbiota and host defenses in preserving intestinal health.




2.7 Oxygen-limited conditions

The gut is characterized by oxygen-limited conditions, with oxygen levels sharply decreasing in the deeper layers of the mucosal surface. This anaerobic environment is critical in shaping the composition and function of the gut microbiota. Pathogens that thrive in higher oxygen environments, such as E. coli, Salmonella, and C. difficile, struggle to establish themselves in this setting, while commensal bacteria, well-adapted to low oxygen, outcompete pathogens for space and nutrients (13, 106). Oxygen-limited conditions promote the growth of microbial species that produce SCFAs, which support mucosal immunity and strengthen the gut barrier. However, during infections, the oxygen balance can shift, creating a more favorable environment for pathogens. Infections trigger an inflammatory response, primarily through the activation of inducible nitric oxide synthase (iNOS) and NADPH oxidase. iNOS, encoded by the Nos2 gene, produces nitric oxide by oxidizing L-arginine, while NADPH oxidase generates reactive oxygen species (ROS), contributing to inflammation (15, 107). Pathogens such as S. typhimurium and E. coli can induce inflammation and dysbiosis, increasing oxygen and nitrate availability in the intestinal lumen. These molecules serve as terminal electron acceptors for pathogenic bacteria, promoting their survival and growth (108, 109). Commensal bacteria play a vital role in maintaining the gut’s hypoxic state, which limits pathogen expansion. For example, commensals that produce butyrate via β-oxidation reduce oxygen levels by stimulating aerobic respiration in intestinal cells (13), creating an oxygen-poor environment that hinders pathogen growth. However, in conditions of dysbiosis, where butyrate production is diminished, oxygen levels rise, supporting the growth of pathogens like S. typhimurium (110, 111). Inflammation and dysbiosis can further reduce butyrate-producing bacteria, exacerbating oxygen levels and promoting the growth of pathogenic anaerobes (112, 113). Therefore, oxygen-limited conditions are essential for maintaining a healthy gut microbiota and providing CR against pathogens.




2.8 Immune modulation

The gut is a central hub of the immune system, housing approximately 70–80% of the body’s immune cells (114). It acts as a critical interface between the body and external pathogens, with the gut microbiota playing a pivotal role in maintaining immune homeostasis. This intricate interplay between the microbiota and the mucosal immune system is essential for both immune tolerance and defense mechanisms. The gut microbiota influences the development, maturation, and function of the immune system, impacting both innate and adaptive immunity (114). It educates the immune system to distinguish between harmful pathogens and harmless substances, such as food and beneficial microbes. A balanced microbiota promotes a tolerogenic immune response, preventing excessive activation that could lead to chronic inflammation or autoimmune diseases. One key mechanism by which the gut microbiota interacts with the immune system is through the activation of pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) (115). These receptors trigger the release of antimicrobial peptides, cytokines, and chemokines, initiating inflammatory responses to combat infections (116, 117). Additionally, the microbiota stimulates the production of IgA, an antibody that neutralizes pathogens, controls harmful bacterial colonization, and supports beneficial microbes (118). The absence of secretory IgT, an ancient immunoglobulin involved in mucosal immunity, disrupts the microbiota in species like rainbow trout, making them more susceptible to infections (119). This highlights the evolutionary importance of immune responses in maintaining gut microbiota balance. The gut microbiota also plays a crucial role in the differentiation of Tregs, which suppress excessive immune reactions and prevent inflammation (120). Conversely, it can stimulate the production of Th17 cells, which defend against extracellular pathogens but, when overactivated, contribute to inflammatory conditions. A balanced microbiota maintains the equilibrium between Tregs (anti-inflammatory) and Th17 cells (pro-inflammatory), supporting gut homeostasis. Beneficial microbes produce SCFAs, such as butyrate, propionate, and acetate, which possess anti-inflammatory properties and enhance Treg function (121, 122). SCFAs also contribute to immune regulation by promoting the survival of memory T cells and maintaining gut barrier integrity, preventing “leaky gut” and systemic infections (78). Overall, the gut microbiota is essential for immune homeostasis. Dysbiosis can increase susceptibility to pathogen colonization, infections, and inflammatory or autoimmune disorders.





3 Roles of gut microbiota in different types of MDR infections

The escalating global threat of AMR, fueled by the widespread misuse and overuse of antimicrobials, has underscored the urgent need for innovative solutions. Multidrug-resistant (MDR) pathogens, including C. difficile and the ESKAPE (ESKAPCE) group, pose significant challenges to modern healthcare systems (123). These pathogens exhibit resistance to conventional antibiotics, leading to treatment failures, recurrent infections, prolonged hospitalizations, and increased mortality rates. The scarcity of effective therapeutic options exacerbates this crisis (124). Emerging evidence highlights the pivotal role of the gut microbiota in modulating the spread and progression of AMR (124). The gut microbiota, a complex microbial ecosystem, can either facilitate or impede the colonization of drug-resistant pathogens. Understanding the intricate interactions between the gut microbiota and MDR bacteria is critical for developing novel strategies to combat resistant infections (Figure 2, Table 2).
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Figure 2 | Roles of gut microbiota in different types of MDR infections. Enterococcus faecium: The gut microbiota resists E. faecium by secreting antibacterial substances that inhibit its growth. Staphylococcus aureus: The gut microbiota counters S. aureus by restoring the mucosal barrier and suppressing inflammation, thereby limiting bacterial colonization. Klebsiella pneumoniae: The release of beneficial metabolites and induction of intracellular acidification by the gut microbiota inhibit the growth of K. pneumoniae, curbing its spread. Acinetobacter baumannii: Restoration of the mucosal barrier by the gut microbiota prevents the invasion and colonization of A. baumannii, enhancing host defense. Pseudomonas aeruginosa: Through immune modulation, the gut microbiota strengthens the host’s immune response, effectively suppressing P. aeruginosa infections. Clostridium difficile: The gut microbiota mitigates C. difficile infections by reducing inflammation, regulating microbial metabolites, and restoring mucosal barrier integrity. Enterobacter spp.: A diverse gut microbiota inhibits Enterobacter species, contributing to the prevention of infections and maintaining microbial balance.

Table 2 | Roles of gut microbiota in different types of MDR infections.
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3.1 E. faecium

E. faecium, a Gram-positive facultative anaerobe, is a commensal member of the human gut microbiota, playing a role in digestion and homeostasis (149). However, under antibiotic pressure, it can transform into a pathogenic organism, particularly in immunocompromised or hospitalized individuals (150). Antibiotic-resistant strains, such as vancomycin-resistant E. faecium (VRE), pose significant clinical challenges, causing infections like urinary tract infections (UTIs), bacteremia, and endocarditis. The acquisition of resistance genes through horizontal gene transfer exacerbates treatment difficulties, leading to increased morbidity, prolonged hospital stays, and higher healthcare costs.

Studies have demonstrated that reduced expression of antimicrobial peptides RegIIIβ and RegIIIγ enhances susceptibility to VRE infections (151). Antibiotic-induced disruption of the gut microbiota diminishes RegIIIγ production, impairing VRE control. However, stimulation with the TLR7 ligand riquimod (R848) has been shown to restore RegIIIγ levels, facilitating VRE clearance in antibiotic-treated mice (152). Additionally, Kim et al. identified a four-strain Blautia producta consortium that restores resistance to VRE post-antibiotic treatment by producing a lantibiotic similar to nisin-A, which inhibits VRE growth (125). High lantibiotic gene abundance in at-risk patients correlates with reduced E. faecium levels, and lantibiotic-producing strains prevent VRE colonization in germ-free mice, highlighting their potential as probiotics. Further research has revealed that L. murinus Y74 and L. plantarum HT121 reduce VRE colonization and restore microbiota diversity in infected mice (126). Barnesiella spp. have also been effective in eliminating VRE colonization and improving survival by reshaping the gut microbiota (153). Butyrate-producing bacteria contribute to microbiota restoration and VRE suppression (127). FMT has emerged as a promising intervention, with studies reporting successful VRE decolonization in numerous patients (154–156). Moreover, Enterococcus species can exacerbate C. difficile pathogenicity by altering gut metabolism and supporting its growth through amino acids such as leucine and ornithine (157). Thus, modulating the gut microbiota and its metabolites presents a promising strategy for preventing and treating E. faecium infections.




3.2 S. aureus

S. aureus remains a leading cause of severe, life-threatening infections (158, 159), with methicillin-resistant S. aureus (MRSA) posing a particularly significant threat. MRSA is associated with high morbidity and mortality rates, especially among hospitalized adults (2, 160). MRSA frequently colonizes the gut, particularly in patients exposed to antibiotics or with critical illnesses, disrupting the normal gut microbiota. Its virulence factors—including enzymes, toxins, and biofilm formation—facilitate tissue invasion, induce inflammation, and impair immune responses, exacerbating infection severity and complicating treatment (161).

MRSA’s ecological adaptations and nutritional competitiveness enhance its ability to colonize the gut and initiate infections. Genetic mutations and structural changes enable MRSA to efficiently metabolize carbohydrates, synthesize its cell wall, and produce energy under low-oxygen conditions, allowing it to thrive in the gut environment. However, the presence of beneficial bacteria can counteract its growth (162). Probiotics have demonstrated potential in reducing S. aureus enterotoxin production by altering the gut environment without significantly affecting bacterial growth. For instance, S. lugdunensis produces lugdunin, which directly inhibits S. aureus growth (128, 163). In MRSA-infected mice, a decline in butyrate-producing bacteria correlates with reduced butyrate levels in the gut and bloodstream. Butyrate supplementation has been shown to restore gut mucosal integrity and enhance immune function, offering a promising therapeutic strategy (129). Additionally, Clostridium scindens converts primary bile acids (BAs) to secondary BAs, such as DCA, which may enhance the antimicrobial properties of cell membranes (164, 165). Co-culturing C. scindens with colonic cells improves cell viability and strengthens the gut barrier, mitigating damage from S. aureus infections (130). DCA has also been shown to reduce S. aureus-induced mastitis in mice by activating the TGR5 receptor, which suppresses inflammatory pathways like NF-κB and NLRP3 (131). Dysbiosis impairs DCA production and TGR5 activation, worsening MRSA infections. However, restoring the microbiota with beneficial bacteria, such as C. scindens or segmented filamentous bacteria, improves infection outcomes (166). Furthermore, targeting the microbiota through genetic modulation, such as CYP1A1 knockdown, reduces harmful metabolites like cadaverine, offering protection against MRSA-induced sepsis (167). This evidence highlights the crucial role of the gut microbiota in both preventing and treating MRSA infections, offering new therapeutic possibilities beyond antibiotics.




3.3 K. pneumonia

K. pneumoniae is a highly virulent, antibiotic-resistant Gram-negative bacterium that causes severe infections, particularly in immunocompromised individuals (168). Its pathogenicity is driven by several factors: outer membrane proteins that facilitate adhesion and immune evasion, lipopolysaccharides that induce inflammation and septic shock, and polysaccharides that prevent engulfment by immune cells. These mechanisms complicate infection management and contribute to its persistence. The K. oxytoca species complex, a component of the human microbiome, produces enterotoxins such as tilimycin and tilivalline and plays a role in antibiotic resistance (169). Studies by Osbelt et al. have shown that certain K. oxytoca strains can reduce gut colonization by MDR K. pneumoniae in antibiotic-treated and gnotobiotic mouse models. This effect is largely attributed to competition for carbohydrates, such as beta-glucosides (133), which are critical for promoting resistance. These findings suggest that K. oxytoca strains may serve as next-generation probiotics to decolonize K. pneumoniae and protect against infections (27). Further research by Shen et al. demonstrated that high concentrations of LCA inhibit K. pneumoniae growth and reduce its adhesion to Caco-2 cells (134). Sorbara et al. highlighted the role of the gut microbiota in suppressing MDR K. pneumoniae by acidifying the proximal colon, which triggers SCFA-mediated intracellular acidification (77). This process activates PPAR-γ in host epithelial cells, reducing oxygen and nitrate availability, impairing the pathogen’s respiration, and stabilizing HIF-1, which promotes antimicrobial peptide synthesis (110, 170). A recent study revealed that the gut microbiota exposed to K. pneumoniae produces sulfide via the taurine pathway, decreasing host cell respiration and preventing pathogen invasion (135). These findings highlight the crucial role of the microbiota in combating K. pneumoniae and point to potential therapeutic strategies.




3.4 A. baumannii

A. baumannii is a formidable opportunistic pathogen, particularly in hospital settings, where its ability to acquire multidrug resistance (MDR) poses a significant threat. It is a leading cause of infections in critically ill patients, including urinary tract infections, bloodstream infections, and ventilator-associated pneumonia, contributing to increased morbidity and mortality (171). While community-acquired infections are less frequently MDR, they can still result in severe outcomes (172).

A. baumannii typically colonizes the upper respiratory tract and skin, harboring a wide array of genes that confer MDR, such as those encoding carbapenemases and broad-spectrum β-lactamases. Carbapenem-resistant A. baumannii (CRAB) is particularly problematic in intensive care units (ICUs), where it is strongly associated with ventilator-associated pneumonia (171). The CRAB genome is equipped with numerous resistance genes and virulence factors, including efflux pumps, iron acquisition systems, secretion systems, phospholipases, and polysaccharides, which enhance its survival and colonization capabilities (173). CRAB infections are linked to prolonged ICU stays, elevated healthcare costs, and increased antibiotic use (174). The limited treatment options for widespread MDR strains prompted the World Health Organization (WHO) to classify A. baumannii as a “Priority Pathogen” in 2018, emphasizing the urgent need for novel antibiotics (175). Antibiotic use increases the risk of A. baumannii colonization and infection, likely due to the disruption of commensal bacteria that compete for ecological niches (176). Modulating the gut microbiota may offer a promising strategy to restore microbial balance and limit A. baumannii infections. For example, Asahara et al. demonstrated that continuous oral administration of B. breve strain Yakult (BbY) improved survival rates and inhibited CRAB growth in infected mice. BbY also helped mitigate intestinal environmental disruptions and maintained barrier function (137). Additionally, a positive correlation between CRAB levels and acetic acid production suggests that gut microbiota metabolites play a critical role in preserving intestinal barrier integrity (177). These findings highlight the potential of probiotic interventions to reduce A. baumannii infections, improve patient outcomes, and decrease reliance on antibiotics.




3.5 P. aeruginosa

P. aeruginosa is a Gram-negative opportunistic pathogen responsible for healthcare-associated infections (HAIs), including chronic obstructive pulmonary disease (COPD), cystic fibrosis, cancer, trauma, burns, sepsis, and ventilator-associated pneumonia (178, 179). It is a leading cause of HAIs globally, and the emergence of antimicrobial-resistant P. aeruginosa has led the WHO to classify it as a critical priority pathogen (180). This bacterium develops multidrug resistance (MDR) through mechanisms such as altered outer membrane permeability, efflux pump activity, production of antibiotic-inactivating enzymes, and horizontal gene transfer, making infections increasingly difficult to treat (123, 181). Carbapenem antibiotics, such as imipenem and meropenem, are commonly used against P. aeruginosa, but the rise of carbapenem-resistant P. aeruginosa (CRPA) poses a significant threat (182). CRPA infections are associated with nearly 700,000 deaths annually, with resistance rates in Europe reaching 12.9% (183), underscoring the urgent need for novel therapeutic strategies.

A key factor in P. aeruginosa infections is intestinal colonization prior to ICU admission. Gomez-Zorrilla et al. found that pre-admission intestinal colonization by P. aeruginosa increases the risk of subsequent infection by nearly 15-fold (184). Disruption of the gut microbiota, which normally provides colonization resistance through antimicrobial compounds, facilitates pathogen invasion. Gut dysbiosis can impair host immune function, disrupt the intestinal barrier, and increase susceptibility to infections. The gut microbiota plays a critical role in immune modulation, with secretory IgA (sIgA) being a key component of mucosal immunity. sIgA, produced at mucosal surfaces such as the intestines and lungs, protects against pathogens like P. aeruginosa (185, 186). However, antimicrobial treatment can reduce IgA levels in the lungs, increasing the risk of respiratory infections (187). Research has shown that certain gut bacteria, such as segmented filamentous bacteria, enhance IgA production and protect against P. aeruginosa infection (188). Asymptomatic colonization of the gut by carbapenemase-producing Enterobacterales can lead to dysbiosis, exacerbating the severity of P. aeruginosa lung infections by reducing immune cells such as alveolar macrophages and conventional dendritic cells, which are critical for fighting respiratory infections (95). Microbial ecosystem treatment (MET-2), aimed at restoring a healthy gut microbiota, has shown promise in reducing P. aeruginosa load and promoting the growth of beneficial bacteria (189). Additionally, the gut-lung axis further illustrates the influence of gut microbiota on lung immunity. Th17 cells, a subset of T-helper cells, play a vital role in protecting the lungs from P. aeruginosa infections (190). Wen et al. demonstrated that transplanting host intestinal commensal bacteria restores the balance of Tregs and Th17 cells, enhancing their metabolic functions and providing protection against P. aeruginosa pneumonia (138). Thus, restoring gut eubiosis offers promising strategies for treating P. aeruginosa infections, potentially improving patient outcomes.




3.6 C. difficile

C. difficile is a spore-forming, toxin-producing anaerobic bacterium and a leading cause of hospital-acquired diarrhea and pseudomembranous colitis (191). It poses a significant healthcare burden, with over 500,000 infections and approximately 30,000 deaths annually, costing over $1.5 billion each year (192). The primary risk factor is antibiotic use, which disrupts the gut microbiota, promoting C. difficile spore germination and increasing infection risk (193, 194). While most patients respond to initial antibiotic treatments, up to 25% experience recurrence, with over 60% of relapsed patients suffering further episodes (195). This recurrent nature complicates management, as antibiotics further disrupt the microbiota, increasing relapse risk.

The gut microbiota plays a central role in regulating C. difficile infections through ecological competition and nutrient availability. Non-toxigenic C. difficile strains can inhibit toxigenic strains by depleting essential metabolites like glycine (25). Similarly, Caulobacter spp. inhibit C. difficile growth by reducing luminal succinate, a key metabolite for its proliferation (141). SCFAs, particularly butyrate, particularly butyrate, are critical in protecting against C. difficile infection. Butyrate strengthens the intestinal mucosal barrier and reduces inflammation (142, 196). A deficiency in butyrate has been linked to poor outcomes in FMT for recurrent infections (143). BAs, regulated by the gut microbiota, also influence C. difficile spore germination and resistance. Farnesoid X receptor (FXR) agonists like obeticholic acid reduce infection severity, while ursodeoxycholic acid (UCA) enhances immune responses against C. difficile (144, 197). These findings highlight the potential of BA modulation in managing infections. Emerging therapies targeting the microbiota show promise. Bacteriocins from Bacillus thuringiensis and AMPs from Lactobacillus species inhibit C. difficile growth and spore germination (198, 199). Additionally, Enterococcus species, often abundant in C. difficile patients, worsen outcomes by promoting toxin production through inflammatory effects (157). These findings suggest that modulation of the microbiota, either through direct interventions such as probiotics or through indirect approaches like BAs manipulation, could offer promising new strategies for preventing and treating C. difficile infections.




3.7 Enterobacter spp.

The genus Enterobacter, comprising facultative anaerobic Gram-negative bacilli within the Enterobacteriaceae family (200), includes the E. cloacae complex (ECC), a significant cause of nosocomial infections, particularly in healthcare settings (123). Carbapenem-resistant Enterobacterales (CRE) are especially concerning due to their resistance to broad-spectrum antibiotics, including carbapenems. Risk factors for CRE infections include prior CRE colonization, broad-spectrum antibiotic use, ICU admission, mechanical ventilation, prolonged hospital stays, and indwelling catheters (201). CRE infections are associated with higher in-hospital mortality and longer hospital stays compared to carbapenem-susceptible strains, highlighting the urgent need for effective interventions.

The gut microbiota plays a pivotal role in the development and persistence of Enterobacter infections. Studies show that CRE-positive individuals exhibit distinct microbiota profiles, characterized by reduced diversity and increased dominance of Enterococcus, Sphingomonas, and Staphylococcus (202). CRE carriers also show elevated Proteobacteria and reduced Bacteroidetes levels compared to non-carriers (203). These shifts may facilitate CRE establishment and persistence in the gut. Broad-spectrum antibiotics, commonly used to treat infections, disrupt CR, enabling CRE expansion. Antibiotics deplete microbial metabolites that suppress CRE growth while enriching nutrients that support CRE proliferation, perpetuating dysbiosis and infection spread (147). Promisingly, certain probiotics and metabolites have shown potential in mitigating CRE colonization. Supernatants from C. butyricum, E. faecium, and L. plantarum suppress CRE growth in a dose-dependent manner, while those from B. fragilis and B. longum are less effective (204). Furthermore, SCFAs also differentially inhibit Enterobacteriaceae species, suggesting microbial metabolites play a key role in modulating CRE growth (148). These findings underscore the critical role of the gut microbiota in combating Enterobacter infections. The potential for microbiota-based therapies, such as probiotics or the restoration of microbial diversity, open an exciting avenue for future research. As our understanding of the gut’s role in resisting Enterobacter spp. and other pathogens deepens, such therapies could play a key role in reducing the burden of CRE infections and improving patient outcomes.





4 Gut microbiota-based therapies for MDR infections

Advances in microbiome research, powered by omics technologies such as genomics, metagenomics, and metabolomics, have significantly enhanced our understanding of host-microbiota interactions (205). These insights highlight the potential of modulating the gut microbiota to combat MDR infections. By altering the composition and activity of the microbiota, it is possible to reduce the colonization and spread of drug-resistant pathogens, restore microbial balance, and improve gut health. Emerging strategies, including probiotics, prebiotics, synbiotics, postbiotics, FMT, and bacteriophages, are gaining traction as promising tools to address MDR infections (206–208) (Figure 3, Table 3).

[image: Diagram depicting targeted and untargeted microbiome interventions in the gut. The untargeted section includes probiotics, prebiotics, and synbiotics. The targeted section features fecal microbiota transplantation (FMT) and bacteriophages, with processes such as adsorption, injection, synthesis, release, and assembly. Arrows connect these elements to the gut represented by intestines labeled "ESKAPCE."]
Figure 3 | Gut microbiota-based therapies for MDR infections. Probiotics and Prebiotics: Administered in appropriate doses, they prevent pathogen colonization by competing for resources and binding sites, maintaining gut equilibrium, and enhancing immune responses. Fecal Microbiota Transplantation (FMT): Feces from healthy donors is processed and transplanted into patients to restore a balanced gut microbiota. Bacteriophages: Phages kill bacteria through a five-stage process: adsorption, injection, synthesis, assembly, and release, offering a targeted approach to treat bacterial infections.

Table 3 | Probiotics, prebiotics, synbiotics and postbiotics and their mechanisms of action.


[image: A table lists therapies involving probiotics, prebiotics, synbiotics, and postbiotics. It details the pathogenic bacteria they target, action mechanisms, major findings, and references. Therapies include E. coli Nissle 1917, Akkermansia muciniphila, marine prebiotic fucoidans, and others. Key mechanisms are antimicrobial peptides, mucosal barriers, and inhibitory metabolites. Each entry notes findings like biofilm reduction, gut microbiota modulation, and pathogen inhibition. References with numbers are indicated for each entry.]


4.1 Probiotics

Probiotics are live microorganisms that, when administered in adequate amounts, confer health benefits to the host by restoring or maintaining a healthy gut microbiota (212, 213). Common probiotic strains, such as Lactobacillus, Bifidobacterium, and Saccharomyces, exert their effects through the production of antimicrobial substances (e.g., lactic acid, hydrogen peroxide), nutrient competition, and immune modulation (214). These mechanisms reduce infection risk, making probiotics valuable in both clinical and dietary approaches to health promotion and infection prevention.

Lactobacilli species, such as L. plantarum and L. rhamnosus, exhibit antimicrobial activity against pathogens like critical role in infection prevention, with strains like MRSA (215) and VRE (156, 216). These strains enhance immune responses and promote the production of beneficial SCFAs (217, 218). For example, L. plantarum increases butyrate-producing bacteria, reduces proinflammatory cytokines, and strengthens intestinal barriers, lowering infection risks (219). Additionally, L. rhamnosus produces lactomodulin, which has bactericidal effects on resistant pathogens like MRSA and VRE (132). Certain Lactobacillus strains also alleviate antibiotic-associated diarrhea and C. difficile infections (124, 220, 221). Bifidobacterium species, particularly B. longum, improve intestinal barrier function and regulate immune responses, suppressing pathogen growth. For example, B. longum JDM301 inhibits toxigenic C. difficile growth (145). Probiotic combinations, such as S. boulardii with Lactobacillus and Bifidobacterium, effectively prevent the colonization of MDR pathogens like extended-spectrum beta-lactamase (ESBL)-producing bacteria (222). Pre-treatment with combinations like LactoLevure® (L. plantarum, L. acidophilus, S. boulardii and B. lactis) improves survival in rodent models infected with MDR P. aeruginosa (223). C. butyricum, a butyrate-producing bacterium, plays a key role in gut health by promoting beneficial bacteria and inhibiting pathogens (143). For example, C. butyricum 588 enhances antibacterial efficacy against C. difficile through immune modulation and reinforcement of gut mucosal barriers (146). Despite their potential, the effectiveness of probiotics varies depending on factors such as strain, dosage, and individual microbiota composition. Challenges in their broader application include unclear molecular mechanisms, strain-specific effects, antibiotic resistance, and stability issues. Metabiotic components may offer solutions to these limitations, advancing the field of microbiota-based therapies.




4.2 Prebiotics, synbiotics and postbiotics

Prebiotics are non-digestible dietary compounds that promote the growth of beneficial microorganisms, enhancing gut health (224). By supporting beneficial bacteria like Bifidobacterium and Lactobacillus, prebiotics help restore microbial balance and suppress MDR pathogens (209). Common prebiotics include human milk oligosaccharides (HMOs), inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS), and dietary fibers like β-glucan, pectin, and resistant starch (55). These compounds maintain a diverse microbiota, inhibiting pathogen growth through competitive exclusion (210). For instance, GOS reduces E. coli adhesion by 70% in vitro (211, 225), while fucoidan, a marine prebiotic, promotes Bacteroides growth and eliminates P. aeruginosa in mice (139). Additionally, 1,5-anhydro-d-fructose (1,5-AF), derived from starch and glycogen, exhibits antioxidant and antibacterial properties, reduces cytokine production, and boosts F. prausnitzii growth and NAD biosynthesis genes (226).

Synbiotics combine prebiotics and probiotics to synergistically enhance the survival and colonization of beneficial microbes, improving gut health (224, 227). This approach enhances the efficacy of both components: probiotics utilize prebiotics as growth substrates, while prebiotics are more effectively utilized by targeted microbes. For instance, pre-cultivating L. plantarum with xylitol reduces C. difficile spore germination and decreases mortality in infected mice from 44% to 22% (228). Similarly, combining Lactobacillus with prebiotics like lactulose or isomalto-oligosaccharides prevents colonization by KPC-2-producing K. pneumoniae (136). In vitro, synbiotics show superior antibacterial activity against MDR pathogens like A. baumannii and E. faecalis, outperforming probiotics alone (137, 229).

Postbiotics, derived from nonviable bacteria or their metabolic by-products, include bacterial components (e.g., cell walls, enzymes, SCFAs, vitamins, peptides) and paraprobiotics (e.g., peptidoglycan, surface proteins) (213, 230). These components provide immunological benefits, with bacteriocins and AMPs disrupting bacterial membranes. For example, Nisin, produced by Lactobacillus, inhibits cell wall formation and enhances penetration when complexed with nanoparticles (231–233). SCFAs from fiber fermentation and secondary BAs inhibit C. difficile growth and boost immune defense (234, 235). Lactic acid bacteria-derived cell-free supernatants also inhibit biofilm formation, offering a potential strategy against MDR pathogens like P. aeruginosa, S. aureus, and E. coli (140).

Together, prebiotics, synbiotics, and postbiotics offer a powerful approach to managing MDR infections and restoring gut health. Prebiotics nourish beneficial microbes, synbiotics combine probiotics and prebiotics for synergistic effects, and postbiotics provide antimicrobial and anti-inflammatory benefits. These strategies collectively suppress harmful bacteria, enhance immune responses, and maintain gut microbial balance.




4.3 FMT

FMT is emerging as a promising strategy to combat MDR bacterial infections. It involves transferring gut microbiota from a healthy donor to a recipient to restore a balanced, functional microbial community. This restoration enhances CR to MDR pathogens through mechanisms like competitive inhibition, bacteriocin production, and immune modulation (206, 236). FMT has demonstrated significant success in treating recurrent C. difficile infections and severe gut dysbiosis (237, 238), with a meta-analysis reporting a 90% success rate for recurrent C. difficile infections (239). The FDA-approved FMT product Rebyota (RBX2660) has shown a 78.9% therapeutic success rate in this patient group (240). The success of FMT in C. difficile infections has spurred interest in its application to other MDR pathogens, including VRE, MRSA, and carbapenemase-producing Enterobacter spp (241, 242). FMT restores immune functions and enhances CR, improving pathogen clearance. For example, FMT has reversed lethal sepsis by restoring butyrate-producing Bacteroidetes (243) and eradicated VRE in both animal models and human patients (153, 244, 245). It has also successfully cleared NDM-1 K. pneumoniae and other CREs (246). Additionally, FMT has treated nosocomial MRSA enteritis (247) and recurrent UTIs caused by ESBL-producing K. pneumoniae (248). FMT holds considerable promise for managing MDR infections and restoring gut health, particularly in patients with recurrent infections and gut dysbiosis. By improving the gut microbiota, FMT modulates the immune system, enhances pathogen clearance, and provides systemic benefits. However, challenges remain (249, 250), including identifying optimal donor profiles (251), standardizing stool processing and administration protocols, addressing long-term safety concerns, and understanding the mechanisms behind FMT’s efficacy. Clear regulatory guidelines and ethical donor selection are also essential. Overcoming these challenges will enhance FMT’s effectiveness and safety, solidifying its role as a key therapeutic strategy in modern medicine.




4.4 Bacteriophages

Bacteriophages (phages) are viruses that specifically infect and lyse bacterial cells, offering a targeted alternative to traditional antibiotics (252, 253). Their specificity minimizes disruption to beneficial microbiota, as they often target only certain bacterial strains (254). After eradicating their bacterial hosts, phages naturally die off, reducing accumulation and toxicity risks. Unlike antibiotics, phages do not affect human cells, avoiding harm to healthy tissue. Additionally, bacterial resistance to phages develops more slowly than to antibiotics, making phage therapy a promising tool against MDR infections.

Phage therapy has evolved into various forms to combat MDR bacteria. Personalized phage therapy isolates specific phages tailored to the infecting bacterial strain, offering customized treatment for MDR infections (255). Phage cocktails, combining multiple phages targeting the same pathogen, enhance efficacy and reduce resistance risks. Phage-driven antibiotics explore how phages can complement traditional antibiotics by weakening bacterial defenses or disrupting protective biofilms (256). Clinical trials and case studies highlight the potential of phage therapy against MDR infections caused by S. aureus, P. aeruginosa, and A. baumannii. For example, a six-phage combination (including E215, E217, PAK_P1, PYO2, DEV, and PAK_P4) targeting P. aeruginosa outperformed single-phage treatments (257, 258), while a four-phage mix achieved over 98% efficacy against S. aureus and reduced the minimum inhibitory concentrations (MICs) of antibiotics like vancomycin in MRSA biofilms (259, 260). This synergy between phages and antibiotics effectively eliminates persistent infections while preserving beneficial gut microbiota (261).

Phages can also support beneficial bacteria. For example, E. faecalis V583 carries a phage that eliminates competing strains (262). Phages like ΦCD27 reduce A. baumannii bacterial load without harming non-pathogenic bacteria (194, 263). Phage P3CHA inhibits P. aeruginosa biofilm formation in mice (264, 265), though repeated exposure can lead to biofilm resistance (266). A four-phage combination disrupts C. difficile biofilms in vitro (259, 267). Recent studies highlight phages targeting K. pneumoniae, including capsular mutants, showing enhanced lethality in combination therapies (268). Corbellino et al. successfully eradicated MDR K. pneumoniae using a custom lytic phage preparation (269). These findings underscore the potential of phage therapy as an effective tool for treating infections caused by MDR bacteria. However, there are still challenges to overcome. Immune responses and bacterial resistance can limit the effectiveness of phage therapy. The immunogenicity of phage capsid proteins may lead to rapid clearance, and bacterial resistance complicates treatment outcomes. Strategies to optimize phage combinations and delivery methods are crucial, and further research is needed to establish standardized protocols and evaluate the long-term safety of phage therapy. Despite these challenges, phage therapy remains a promising approach in the fight against antibiotic-resistant infections.





5 Conclusion

The gut microbiota plays a critical yet complex role in combating MDR bacterial infections, presenting both significant challenges and untapped potential. The resistance of MDR pathogens to multiple antibiotics limits the efficacy of conventional therapies, while the intricate variability of the microbiota complicates the development of targeted treatments. The widespread overuse of antibiotics disrupts the microbiome’s balance, promoting the spread of resistance genes and increasing infection risks. Additionally, our incomplete understanding of microbiota-host immune interactions hinders the creation of effective microbiota-based therapies. Despite these challenges, leveraging the gut microbiota has emerged as a pivotal strategy in addressing MDR infections and the growing threat of AMR. A range of therapeutic approaches—including probiotics, prebiotics, synbiotics, postbiotics, FMT, bacteriophage therapy, and CRISPR-Cas-based engineered strains—show promise in modulating the microbiota to enhance host resistance. These interventions aim to restore microbial balance, strengthen protective functions, and mitigate AMR effects.

However, the complexity of the microbiota and the need for precision medicine necessitate further research into personalized microbiota-based therapies and the development of novel antibacterial agents. Future studies should focus on tailoring interventions to individual microbiome profiles, ensuring the long-term safety of microbiota modulation, and integrating microbiome-based approaches with new antibacterial compounds. Advanced technologies, such as artificial intelligence and big data analytics, can enable more precise and effective treatments for MDR infections. Ultimately, overcoming AMR requires a collaborative, multidisciplinary approach to translate innovative strategies into scalable, safe, and practical solutions. By harnessing the full potential of the gut microbiota, we can pave the way for sustainable and effective approaches to managing resistant infections, improving public health outcomes, and addressing the global antibiotic resistance crisis.
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Background

Immune checkpoint therapy for colorectal cancer (CRC) has been found to be unsatisfactory for clinical treatment. Fecal microbiota transplantation (FMT) has been shown to remodel the intestinal flora, which may improve the therapeutic effect of αPD-1. Further exploration of key genera that can sensitize cells to αPD-1 for CRC treatment and preliminary exploration of immunological mechanisms may provide effective guidance for the clinical treatment of CRC.





Methods

In this study, 16S rRNA gene sequencing was analyzed in the fecal flora of both responders and no-responders to αPD-1 treatment, and the therapeutic effect was experimentally verified.





Results

Pseudomonas aeruginosa was found to be highly abundant in the fecal flora of treated mice, and Pseudomonas aeruginosa mannose-sensitive hemagglutinin (PA-MSHA) in combination with αPD-1 was effective in the treatment of CRC through the induction of CD8+ T-cell immunological effects.





Conclusion

The clinical drug PA-MSHA can be used in combination with αPD-1 for the treatment of CRC as a potential clinical therapeutic option.





Keywords: αPD-1, Pseudomonas aeruginosa, PA-MSHA, CRC, CD8+T cell




1 Introduction

In recent years, colorectal cancer (CRC) has become the third most common form of malignant tumor, following only lung and stomach cancer, and CRC has the second highest mortality rate (1). The preferred method of treatment for CRC is surgical resection combined with radiotherapy and chemotherapy; however, immune checkpoint therapy has recently been incorporated as a supplementary therapy (2). Nevertheless, only approximately 20% of patients with advanced CRC respond to anti-programmed cell death protein 1 antibody (αPD-1) immunotherapy (3, 4). Increasing research revealed that the microbiome plays a pivotal role in tumorigenesis and progression by influencing these processes through inflammatory and immune pathways (1, 5–10). Furthermore, the microbiome has been demonstrated to exerts an essential regulatory influence on the anti-PD-1 response in tumors, including melanoma (11).

A favorable association exists between gut microbiota and immune checkpoint blockade (ICB) efficacy, but the composition of beneficial microbiota may vary across cancer types. Helicobacter pylori and Fusobacterium nucleatum promote an unfavorable immune response against colon cancer (8, 12, 13). In contrast, Roseburia intestinalis and Lactobacillus johnsonii play active roles in colon cancer treatment, although their clinical applicability rates are low (14, 15). Fecal microbiota transplantation (FMT) and probiotic transplantation are effective methods for directly improving the gut microbiome. Studies have shown that FMT in combination with αPD-1 is effective against solid tumors, such as melanoma (11, 13, 16). The objective of this study was to investigate the potential of FMT as a biological agent for synergistic αPD-1 therapy in the treatment of CRC. Additionally, this study aimed to identify the most efficacious flora to provide a reference and expand the possibilities for clinical treatment.

In this study, we analyzed fecal samples collected from model mice treated with αPD-1 to assess the flora. We also investigated the ability of the intestinal flora to promote the effects of αPD-1 therapy in patients with CRC through animal model experiments. Our findings suggest that Pseudomonas may be a key genus involved in regulating the effects of αPD-1.




2 Materials and methods



2.1 Mouse models

Male C57BL/6 and BALB/c mice were purchased from Hunan SJA Laboratory Animal Co., Ltd (Changsha, Hunan, China). The mice were housed and reared under specific pathogen-free (SPF) conditions at the Army Specialty Medical Center. All procedures involving animals were performed in accordance with protocols approved by the Chongqing Animal Care and Use Committee.

The mice received antibiotics (ABX) for 7 days. The ABX were a mixture of ampicillin (A9518; Sigma-Aldrich, USA), streptomycin (5711; Sigma-Aldrich, USA), mucomycin (P1004; Sigma-Aldrich, USA), and vancomycin (94747; Sigma-Aldrich). In this study, we developed a mouse model of colon cancer induced by the carcinogens oxidized azomethane (AOM) and dextran sulfate sodium salt (DSS). The mice were anesthetized via an intraperitoneal (i.p.) injection of a mixture of 10 mg/kg AOM (MP Biomedicals). One week after the AOM challenge, the mice received drinking water containing 2.5% DSS for 7 days, followed by a normal diet and drinking water for the next 2 weeks. The DSS challenge was repeated two more times (for a total of 3 cycles of DSS), and the protocol duration was 10 weeks. During third cycle of modeling, mice started to receive FMT treatment daily. Upon completion of the model, the mice were administered an anti-mouse PD-1 monoclonal antibody (BP0146, clone number: RMP1-14, Bio X Cell) or control IgG (BP0089, clone number: 2A-3, Bio X Cell) by intraperitoneal injection (100 μg per mouse, 3 injections in total) every 3 days.

For the subcutaneous mouse model, the MSI-high CRC cell line MC38 (1×106/100 μL of cells per mouse) was inoculated subcutaneously into 8-week-old male C57BL/6 mice, and the CT26 cell line (1×106/100 μL of cells per mouse) was inoculated subcutaneously into 8-week-old male BALB/c mice. Three days after tumor implantation, the mice received daily FMT. One week after implantation, the mice were administered an anti-mouse PD-1 monoclonal antibody or control IgG by intraperitoneal injection (100 μg per mouse, 3 injections total) every 3 days.

For the PA-MSHA (Beijing Wante’er Biological Pharmaceutical Co. Ltd) combined with αPD-1 therapy, approximately 1 × 106 cells were injected subcutaneously into 6–8-week-old male mice. A total of 24 mice were equally divided into four groups: the control group (PBS), αPD-1 (100 μg), PA-MSHA (4 × 108 pcs/mL) and αPD-1(100 μg) plus PA-MSHA (4 × 108 pcs/mL) groups (17). One week after tumor implantation, PA-MSH was injected every five days. Tumor growth was monitored every 2 days by measuring tumor length (L) and width (W). Tumor volume (V) was then calculated via the formula, V = 1/2 × L × W × H. Tumors were collected for pharmacodynamic analysis on day 27. The survival endpoint of tumor-bearing mice was reached when the primary tumor volume exceeded 1000 mm3, when the animal demonstrated signs of severe pain and discomfort, or when the animal died because of disease progression.




2.2 T-cell isolation and activation

Mouse T cells were isolated from the spleens of naïve mice using the Mouse T-Cell Isolation Kit (19851, Thermo Fisher Scientific) and then cultured in mouse CD3 (14-0032-81, eBioscience), CD28 (14-0281-82, eBioscience) antibody-coated culture flasks with RPMI-1640 medium containing 30 U/mL recombinant mouse IL-2 (51061-MNAE, Sino Biological). T cell differentiation was induced for 48 hours in settings containing different concentrations of PA-MSHA (1 × 106 pcs/ml, 5 × 106 pcs/ml, 1 × 107 pcs/ml, 5 × 107 pcs/ml, or 1 × 108 pcs/ml).




2.3 16S rRNA gene sequencing

Fecal samples were collected from both the responder (n=4) and non-responder (n=4) groups of mice. Genomic DNA was extracted from the fecal samples, and its concentration and purity were evaluated using electrophoresis and the NanoDrop 2000 spectrophotometer. PCR amplification was performed on the extracted DNA using Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs). Universal 16S rRNA primers targeting the V4 region were utilized for the PCR reaction: 520F (5′-AYTGGGYDTAAAGNG-3′) and 802R (5′-TACNVGGGTATCTAATCC-3′). The resulting PCR products were sequenced on the NovaSeq 6000 platform. Prior to clustering, sequences with quality scores below 20, ambiguous bases, or improper primers were excluded. Chimeric sequences were also identified and removed during the clustering process. High-quality sequences were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold. The similarity in microbial community structure among samples was assessed using principal coordinate analysis (PCoA) based on the Bray-Curtis distance algorithm.




2.4 Flow cytometry

Male C57BL/6 mice were sacrificed via cervical dislocation. The tumor tissues were dissected into 1 mm 3 pieces and digested with collagenase IV (Worthington) and DNase II (Sigma) for 50 min at 37°C . Digested tumor extracts were filtered through 70 µm cell filters and centrifuged at 1650 rpm for 8 min. Cellular precipitates were collected and resuspended into single-cell suspensions for subsequent antibody labeling.

Antibodies against CD45 (103140), CD69 (104513), CD4 (100509), CD8 (100707), Ly6G (127605), CD11c (117309), CD86 (105007), CD206 (141707) and PD-1 (135229) were purchased from BioLegend. CD3 (45-0036-42), CD19 (12-0193-82) and Granzyme B (396414) were purchased from eBioscience. CD11b (557396), F4/80 (565411), MHC-II (562363), and FoxP3 (562996) antibodies were purchased from BD Biomedicals. The Zombie Aqua™ Fixable Viability Kit was purchased from BioLegend. The tumor cell suspensions were subjected to surface staining with fluorescently labeled antibodies according to the manufacturer’s instructions. Cell viability was assessed using the Zombie Aqua™ Fixable Viability Kit (BioLegend). The cells were subsequently permeabilized using the Transcription Factor Buffer Set (BioLegend) and stained for FoxP3.The cells were analyzed on a CytoFLEX flow cytometer (Beckman Coulter, United States). Flow cytometry data were analyzed using FlowJo software (FlowJo, Ashland, OR, United States).




2.5 Statistical analyses

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, CA, United States). Mann-Whitney t test was used for comparisons of two groups. Survival data were analyzed via the log-rank (Mantel-Cox) test. The values are expressed as the means ± standard errors of the means (SEM). Two-sided P < 0.05 was considered statistically significant (∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P < 0.001). The numbers of animals used in each experiment are indicated in the figure legends.





3 Results



3.1 Different therapeutic effects of αPD-1 in the treatment of CRC

CRC is characterized by significantly altered microbiota that regulates the tumor microenvironment. Improving the flora structure is a viable adjuvant option for the treatment of colon cancer. Using the MC38 cell line (18), we modeled aPD-1 therapy for CRC (Figure 1A). Tumor volume changes were measured consecutively for 30 days and no significant differences were found between the IgG group and the αPD-1 group (Figure 1B). The excised tumor tissue was visually documented, and its mass was recorded (Figures 1C, D). The experimental cohorts were subsequently stratified based on the size and mass of tumor tissue, as well as its response to αPD-1. Tumor growth curves and time points were used to divide the mice into two groups, namely, the ‘‘no-responder’’ group and the ‘‘responder’’ group (Figure 1E). The tumor weights of no-responsive mice were 4.7 times greater than those of responsive mice. In addition, the tumor growth curves and tumor weights significantly differed between no-responsive mice with rapid tumor growth and responsive mice in the IgG control treatment group, with nonresponsive mice exhibiting 2.18 times greater tumor weights (Figure 1F). In addition, tumor tissue growth or weight did not significantly differ between the αPD-1 group and the IgG mAb-treated group (Figure 1G). In contrast, tumor tissue growth in responsive mice was inhibited by αPD-1, and the final weight was 0.5 times greater than that in the IgG mAb treatment group (Figure 1H).

[image: A series of scientific panels depicting experimental data. Panel A illustrates a timeline of treatment in mice models. Panel B shows a graph comparing tumor volumes over time between IgG and aPD-1 treatments. Panel C includes images of extracted tumors under different conditions. Panel D displays bar graphs comparing tumor weights between treatments. Panels E through H present graphs and bar charts showing tumor volume and weight under varying conditions. Panel I contains microscopic images of tissue stained for Ki67 and p53 expressions. Panel J features bar graphs detailing Ki67 and p53 positive cell ratios. Statistical significance is indicated with asterisks.]
Figure 1 | Differential therapeutic effects of αPD-1 treatment in colon cancer model mice. (A) Schematic showing the experimental design and schedule. (B) Tumor growth curves of αPD-1-treated MC38 hormone-treated mice. On the 27th day after tumor inoculation, tumor tissues were taken for imaging (C), and tumor weight data were obtained (D). n =10 mice per group. Tumor growth curves (left) and tumor loads (right) were counted according to tumor size (RE or NO) for αPD-1 (E) or IgG (F) treatment effects. Comparison of the therapeutic response of No (G) or Re (H) mice to αPD-1 therapy based on tumor growth curves (left) as well as tumor loads (right). n =5 mice per group. (I) Representative images of Ki-67 as well as p53 IHC staining after αPD-1 treatment (scale bar = 200 μm). (J) Statistics of the percentage of Ki67- as well as p53- positive cells. n =5 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. ns, not significant; *P < 0.05; **P < 0.01.

αPD-1-responsive tumor tissues exhibited a notable decrease in Ki-67 and a notable increase in p53-positive cells (Figure 1I). These values were 0.3 times and 1.4 times greater than those of the nonresponsive group, respectively (Figure 1J). These data suggest that αPD-1 therapy for CRC is effective, but the observed differences were not significant. This outcome could be attributed to the mice utilized in the study. Certain mice may exhibit characteristics similar to those of αPD-1 treatment-responsive mice, leading to poor growth of subcutaneously implanted colon cancer cells, thereby affecting the T cell-associated immune response in the tumor immune microenvironment.




3.2 Fecal flora transplantation from αPD-1-responsive mice in combination with αPD-1 treatment improves survival in a mouse model of CRC

Previous studies have shown that gut microbiota plays an important role in supporting immune checkpoint therapies for tumors such as melanoma (5). The role of gut microbiota in promoting tumor progression and improving the efficacy of αPD-1 therapy in CRC needs to be further explored. Sufficient fecal samples were collected from healthy mice before and after tumor inoculation, after which the mice were treated with αPD-1. The mice were then separated into effective and noneffective groups on the basis of their therapeutic response. αPD-1 was combined with fecal microbiota transplantation (FMT) in both effective and noneffective mice to treat MC38-loaded tumor-bearing mice (Figure 2A).
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Figure 2 | FMT from mice responsive to αPD-1 (Re-FMT) increases the therapeutic potential of αPD-1 in a mouse colon cancer model. (A) Schematic showing the experimental design and schedule of the subcutaneous tumor-inoculated mice. Tumor growth curves (B) as well as survival curves (C) of MC38 hormonal model mice treated with αPD-1 in combination with FMT. On the 27th day after tumor inoculation, tumor tissues were taken for imaging (D) as were tumor weight statistics (E). (F) Representative imaging of Ki-67and p53 IHC staining after αPD-1 treatment (scale bar = 200 μm). (G) Statistics of the percentage of Ki67- and p53-positive cells. n =5 mice per group. (H) Schematic showing the experimental design and schedule of primary colon cancer mice. (I) Diagram of a representative jointed colon. Number of colon tumors (J) and tumor load (total tumor area, mm2) (K) in model mice. (L) Representative H&E staining images and Ki-67 and p53 immunohistochemical (IHC) staining (scale bar = 200 μm). Histopathologic scoring (M) of the colon as well as histochemical scoring (N). n =5 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. *P < 0.05; **P < 0.01.

FMT intervention in responsive mice (Re-FMT) effectively suppressed the tumor growth and significantly differed from FMT intervention in nonresponsive mice (No-FMT) (Figure 2B). Moreover, the survival rate of the mice was significantly enhanced by the combination of Re-FMT and αPD-1 (Figure 2C). Figure 2D shows an example of tumor tissue from the 27th day after tumor inoculation in the two groups of treated mice. Furthermore, the tumor tissues were weighed, which revealed that the tumor weight of the Re-FMT + αPD-1 combination treatment group was 0.4 times higher than that of the No-FMT + αPD-1 combination treatment group (Figure 2E). Moreover, Ki67 was significantly underexpressed, and P53 was significantly overexpressed in the Re-FMT with αPD-1 combination treatment group (Figures 2F, G).

A mouse model of primary colon cancer induced by both AOM and DSS validated the promotional role of Re-FMT in αPD-1 tumor therapy (Figure 2H). Compared with treatment with No-FMT in combination with αPD-1, Re-FMT in combination with αPD-1 significantly increased the efficiency of targeted therapy (Figure 2I) and reduced the number and load of primary colon cancer tumors (Figures 2J, K). In addition, mice treated with Re-FMT in combination with αPD-1 also had lower developmental abnormality scores, significantly lower Ki-67 levels in the tumor and non-tumor colon tissues, significantly more P53-positive cells in tumor and non-tumor colon tissues (Figures 2L-N), and significantly increased protein expression of the tight junction protein ZO-1 and the mucin MUC2 (Supplementary Figure 1A, B). FMT is an important factor in the αPD-1 treatment of CRC and selecting the appropriate donor for FMT will likely support adjuvant αPD-1 colon cancer treatment.




3.3 The host intestinal flora modulates the tumor immune microenvironment to influence the αPD-1 response

It is imperative to discuss whether FMT could play a key role in promoting tumor progression and improving PD-1 treatment outcomes in patients with colon cancer by modulating the tumor immune microenvironment. The intestinal flora of the mice was modified with ABX and mouse-derived Re-FMT or No-FMT, and the mice were inoculated with MC38 cells and treated with αPD-1 7 days later (Figure 3A). Flow cytometry was used to detect immune cell infiltration and the activation of tumor tissue in experimental mice. Compared with αPD-1 and No-FMT treatment, the combination of αPD-1 and Re-FMT significantly inhibited the recruitment of CD4+ T cells (especially Tregs) and enhanced the recruitment of CD8+ T cells, B cells, and neutrophils in the subcutaneous tumor model (Figure 3B). The activated phenotype of CD4+ T cells, CD69, was inhibited to some extent by the combination of αPD-1 and Re-FMT (Figure 3C). CD69 and Granzyme B were highly expressed in CD8+ T cells in the αPD-1 -combined Re-FMT group; compared with the PD1mAb-combined No-FMT, IgG-combined No-FMT and IgG-combined Re-FMT groups, CD69 expression was 1.24-, 1.75- and 1.02-fold higher and Granzyme B expression was 1.95-, 2.22- and 1.81-fold higher, respectively (Figures 3D, F). We additionally examined the effects of PD-1 expression on the surface of CD8+ T cells induced by αPD-1 and FMT intervention. The experimental results revealed that αPD-1 significantly down-regulated PD-1 expression, whereas Re-FMT intervention further mediated the down-regulation of PD-1 expression on CD8+ T cells (Figure 3F). Immunofluorescence was used to identify CD4+ and CD8+ T cell infiltration in the parenchyma and margins of the tumor tissue. Results revealed no significant differences in CD4+ T-cell presence at the tumor margins, whereas CD8+ T-cell infiltration was considerably higher under αPD-1-responsive conditions (Figures 3G, I). Under PD1-responsive conditions, CD4+ T-cell infiltration of the tumor parenchyma was reduced, whereas CD8+ T-cell infiltration was significantly increased, but there was no significant difference in either case (Figures 3J–L).
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Figure 3 | Re-FMT modulates the tumor immune microenvironment in subcutaneous colon cancer. (A) Schematic showing the experimental design and schedule of the subcutaneous tumor grafted mice. (B) Flow cytometry detection of immune cell recruitment to the tumor microenvironment. (C) Representative graphs of CD69 expression in CD4+ T cells and positive statistics. Representative graphs of CD69 (D), Granzyme B (E), and PD-1 (F) expression in CD8+ T cells and positive statistics. (G) Representative map of T cell infiltration at the tumor margin. The numbers of CD4+ T cells (H) and CD8+ T cells (I) at the tumor margin were counted. (J) Representative image of T cell infiltration in the tumor parenchyma. Counts of CD4+ T cells (K) and CD8+ T cells (L) in the tumor parenchyma. n =6 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Regional specificity determines immunological differences between primary colon cancer and subcutaneous tumor models. Therefore, we used a mouse primary colon cancer model to validate the sensitizing effect of Re-FMT on αPD-1 (Supplementary Figure 2A). Flow cytometry revealed that compared with αPD-1 combined with No-FMT, αPD-1 combined with Re-FMT inhibited CD4+ T cell recruitment to mesenteric lymph nodes, whereas CD8+ T cell and B cell recruitment increased (Supplementary Figure 2B). In primary colon cancer, the expression of CD69, an indicator of CD4+ T-cell activation, was not significantly affected by αPD-1 or Re-FMT (Supplementary Figure 2C). However, αPD-1 in combination with Re-FMT significantly up-regulated both activated CD69 and cytotoxic Granzyme B in CD8+ T-cell assays (Supplementary Figures 2D, E). The expression of PD1 and the effect of αPD-1 were not affected by Re-FMT or No-FMT (Supplementary Figure 2F). Consistent with the flow cytometry results, the immunofluorescence results revealed that αPD-1 combined with Re-FMT treatment inhibited CD4+ T cell recruitment in colon cancer tissues while promoting CD8+ T cell infiltration (Supplementary Figures 2G-I). These findings suggest that FMT may assist in tumor treatment by modifying the colon cancer immune microenvironment in response to tumor tolerance. Furthermore, the effectiveness of CD8+ T cells against tumor cells was increased by combining FMT therapy with αPD-1.




3.4 Pseudomonas abundance in the host directly correlates with colon cancer resistance and αPD-1 sensitivity

Numerous experimental results suggest that FMT can be an effective companion for αPD-1 therapy in CRC, improving subcutaneous and primary CRC by remodeling the tumor microenvironment to up-regulate αPD-1 therapeutic response. However, the results also suggest that not all FMTs effectively increase αPD-1 efficacy. The selection of appropriate FMT is a key issue in adjuvant αPD-1 therapy for CRC in the clinic.

Fresh fecal samples were collected from all mice and analyzed using 16S rRNA high-throughput sequencing. The mice were categorized into responders and non-responders based on their therapeutic efficacy. Three distinct time points were established according to tumor load and treatment progression: D0 (baseline, prior to tumor cell inoculation), D7 (load, 7 days post-tumor inoculation), and D15 (treatment, following three rounds of therapy) (Figure 4A). Principal coordinate analysis (PCoA) revealed significant differences in β-diversity between D0 and D7 (Figure 4B). Furthermore, colony composition analysis at the genus level revealed 33 species of differential genera, with 16 species that exhibited high abundance in healthy mice, including Alistipes, Parabacteroides and Pseudomonas (Figure 4C). Alistipes and Parabacteroides have been demonstrated to increase αPD-1 resistance and influence the prognosis of CRC treatment (19–21). Pseudomonas has been shown to possess anti-tumor properties (21), which may be a key factor by which healthy mouse feces can be employed as an adjunct to ICB for CRC.
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Figure 4 | High abundance of Pseudomonas in therapeutically effective FMT. (A) Schematic diagram showing the process of αPD-1 immunotherapy in the subcutaneous MC38 xenograft tumor model. (B) PCoA of 16S rRNA gene sequencing of fecal samples from D0 and D7 mice at the operational taxonomic unit (OTU)level. n =16 mice per group. (C) Heatmap demonstrating P<0.05 differential bacterial expression in fecal samples from healthy and tumor-bearing mice. PCoA of 16S rRNA gene sequencing of D0 (D), D7 (E) and D15 (F) fecal samples from responder mice and no-responder mice at the OTU level. n =4 mice per group. Intersecting genera with more than 2-fold differences in D0, D7 and D15 day means (G) and a heatmap of the expression of each genus in the samples (H). The color bar represents the abundance. The relative abundance of Pseudomonas (I) in the FMT of αPD-1-treated mice was subjected to statistical analysis. n =4 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. ns, not significant; *P < 0.05.

We compared the differential effects of FMT on αPD-1 and found no significant difference in beta diversity between the Re and No groups at D0, D7, or D15 (Figure 4D-F). The intersection of genera with two-fold differences in mean values at each time point was extracted, and a heatmap presented the expression of each genus in the samples (Figures 4G, H). The results revealed a high abundance of Pseudomonas in the Regroup at all time points (Figure 4I, Supplementary Figures 3A, B). In addition, the cross-comparison between the two groups (Re and No) for tumor growth differences in the IgG group did not correspond to Pseudomonas (Supplementary Figures 3C-H). These results suggest that elevating the relative abundance of Pseudomonas in the host intestinal microbiota could potentially improve the therapeutic outcomes of αPD-1 treatment for CRC.




3.5 Pseudomonas aeruginosa mannose-sensitive hemagglutinin combined with αPD-1 effectively treats CRC

Pseudomonas aeruginosa (P. aeruginosa) is a common subtype of Pseudomonas and is usually considered to be associated with clinical infections (22, 23). Recent studies have suggested that P. aeruginosa and its secreted cupredoxin azurin are involved in tumor immunity (21). P. aeruginosa mannose-sensitive-hemagglutinin (PA-MSHA) is a drug developed based on the anti-tumor properties of P. aeruginosa for the treatment of clinical malignancies (17, 24–26). In this study, PA-MSHA was used instead of P. aeruginosa to explore its immune effect on αPD-1 in the treatment of CRC.

The therapeutic effect of PA-MSHA in combination with αPD-1 dosing on CRC was evaluated in MC38 and CT26 models. Compared with monotherapy, serial tumor volume measurements demonstrated that αPD-1 in combination with PA-MSHA exhibited a pronounced inhibitory effect on tumor growth (Figures 5A, D) and notably increased the survival of MC38- and CT26-loaded mice (Figures 5B, E).The tumor tissues from the MC38-loaded mice were photographed on day 25, and the tumor weights were determined, which showed that the tumor masses in the αPD-1 combined with PA-MSHA treatment group were 0.203 and 0.235 times higher than those in the αPD-1 or PA-MSHA alone groups, respectively (Figure 5C). Similarly, in the CT26 model, the tumor mass in the αPD-1 combined with PA-MSHA treatment group was 0.15 and 0.09 times higher than those in the αPD-1 or PA-MSHA alone group, respectively (Figure 5F). These findings suggest that PA-MSHA significantly enhances the therapeutic effect of αPD-1 on CRC.
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Figure 5 | PA-MSHA sensitized cells to αPD-1 for CRC treatment by inducing CD8+ T cell activation and cytotoxicity. Tumor growth curves (A) and survival curves (B) of MC38 hormonal model mice treated with PA-MSHA in combination with αPD-1. (C) On day 25, tumors were excised from MC38-loaded mice and subjected to statistical analysis. Tumor growth curves (D) and survival curves (E) of CT26 hormonal model mice treated with PA-MSHA in combination with αPD-1. (F) On day 25, tumors were excised from CT26-loaded mice and subjected to statistical analysis. n =6 mice per group. After PA-MSHA induced CD8+ T cells in vitro for 48 h, the CD8+ T cell activation marker DC69 and the cytotoxicity marker Granzyme B (G) were detected by flow cytometry and quantified (H). n=5 per group. (I) Pseudomonas aeruginosa and its preparation PA-MSHA mediate the therapeutic effects of αPD-1 on CRC by increasing CD8+ T cell activation and cytotoxicity. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. *P < 0.05; **P < 0.01; ***P < 0.001.

Activated CD8+ T cells were induced using different concentrations of PA-MSHA, as evidenced by the flow cytometry assay. The expression of the T-cell activation marker CD69 and the cytotoxicity marker Granzyme B was significantly elevated in response to PA-MSHA, with the optimal induction occurring at a concentration of 107 pcs/mL (Figures 5G, H). The relevant results further demonstrated that PA-MSHA could enhance the therapeutic effects of αPD-1 in CRC by further mediating CD8+ T cell activation as well as Granzyme B expression (Figure 5I).





4 Discussions

FMT can sensitize αPD-1 to therapeutic effects in a wide range of solid tumors (11, 13–16). Here, we demonstrate the therapeutic effect of FMT-sensitizing PD-1 in CRC and emphasize the significant role of a high abundance of Pseudomonas in sensitizing PD-1, thereby advancing our understanding of FMT-assisted PD-1 therapy for CRC. Pseudomonas is a genus of gram-negative aerobic or slightly aerobic bacteria belonging to Proteobacteria, described in 1894. The most studied species is P. aeruginosa (27). In recent years, the worldwide spread of so-called high-risk clones of multidrug-resistant or extensively drug-resistant P. aeruginosa has become a public health threat (28, 29). P. aeruginosa causes a wide range of acute and chronic infections through the secretion of many cellular immunity-associated virulence factors, and it is multidrug resistant (30–33). The clinical morbidity and mortality rates associated with P. aeruginosa infections can reach 40%, with an attributable mortality rate of 13.5%, even when appropriate treatment is administered (34–36).

P. aeruginosa traditionally induces apoptosis in cancer cells by secreting the cupredoxin azurin (37–39). Researchers have developed an inactivating agent for tumor therapy based on the cellular immune-inducing properties of P. aeruginosa. PA-MSHA is safe and effective as an adjuvant treatment for lung cancer, liver cancer, breast cancer, bladder cancer, and lymphoma (40–45). Zhang et al., based on clinical observations, demonstrated that PA-MSHA-induced cytokine-induced killer (CIK) cells promote the progression of chemotherapy in malignant tumors by mediating CIK cell proliferation and the secretion of pro-inflammatory factors such as IFN-γ (25). In our study, the low abundance of P. aeruginosa in the gut microbiota may contribute to the suboptimal efficacy of αPD-1 therapy in CRC, a phenomenon not previously elucidated. Further investigations revealed that the inactivated P. aeruginosa preparation, PA-MSHA, enhances the therapeutic effect of αPD-1 by promoting CD8+ T cell activity and Granzyme B release. By exploring the role of PA-MSHA in both chemotherapy and immune checkpoint therapy, our findings collectively suggest that PA-MSHA may serve as a promising adjuvant in future clinical cancer treatments. It should be noted that although therapeutic effects were observed in animal models, their clinical translatability necessitates further investigation. Additionally, we have not conducted a thorough evaluation of the potential side effects or consequences associated with the combination therapy.

Recent studies have reported the role of various microorganisms in CRC treatment, including Roseburia intestinalis and Lactococcus lactis. Roseburia intestinalis has been shown to enhance the efficacy of αPD-1 treatment for CRC by inducing functional CD8+ T-cell immunity through the metabolite butyrate (14). Lactococcus lactis inhibits CRC progression through its production of α-mannosidase (46). Notably, researchers have focused their attention on the role of beneficial bacteria. Indeed, among the FMTs for which αPD-1 treatment was effective, the most significant variability was observed in P. aeruginosa, despite its status as a more commonly presumed causative organism in clinical infections.

In conclusion, our findings demonstrate that P. aeruginosa sensitizes cells to αPD-1 for the treatment of CRC mediated anti-tumor immune responses by activating cytotoxic CD8+ T cells and upregulating Granzyme B expression. Furthermore, PA-MSHA has already received approval from the FDA as a pharmaceutical, suggesting that this novel combination therapy holds promise as an alternative approach to enhancing treatment outcomes, particularly for colorectal cancer patients who have not responded favorably to immunotherapy. This study presents an innovative strategy for integrating bacterial drugs with immune checkpoint inhibitors, offering potential benefits for individuals undergoing cancer immunotherapy.
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Supplementary Figure 1 | FMT derived from αPD-1-treated mice affects αPD-1 treatment-mediated intestinal barrier function in primary colon cancer. (A) Representative MUC2 and ZO-1 immunohistochemical staining images (scale bar = 200 μm). (B) MUC2- and ZO-1- positive area statistics. n =5 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. ***P < 0.001; ****P < 0.0001.

Supplementary Figure 2 | Re-FMT modulates the tumor immune microenvironment in primary colon cancer. (A) Schematic showing the experimental design and schedule of primary colon cancer mice. (B) Flow cytometry detection of immune cell recruitment in mesenteric lymph nodes. (C) Representative graphs of CD69 expression in CD4+ T cells and positive statistics. Representative graphs of CD69 (D), Granzyme B (E), and PD-1 (F) expression in CD8+ T cells. (G) Representative map of T cell infiltration in the tumor region of colon tissue. Statistics of CD4+ T cells (H) as well as CD8+ T cells (I). n =6 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. ns, not significant; * P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Supplementary Figure 3 | Pseudomonas was significantly different in the αPD-1-treated group but not in the IgG-treated group. The relative abundances of Butyricimonas (A) and Ureaplasma (B) in the FMT of αPD-1-treated mice were statistically analyzed. PCoA of 16S rRNA gene sequencing of D0 (C), D7 (D), and D15 (E) fecal samples from IgG-responder mice and no-responder mice at the OTU level; n =4 mice per group. Intersecting genera with more than 2-fold differences in D0, D7, and D15 day means (F) and heatmaps of the expression of each genus in the samples (G). The color bar represents the abundance, n =4 mice per group. Data represent mean ± SEM., the P value was determined by a Mann-Whitney t test. ns, not significant; * P < 0.05.
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The human body functions as a complex ecosystem, hosting trillions of microbes that collectively form the microbiome, pivotal in immune system regulation. The host-microbe immunological axis maintains homeostasis and influences key physiological processes, including metabolism, epithelial integrity, and neural function. Recent advancements in microbiome-based therapeutics, including probiotics, prebiotics and fecal microbiota transplantation, offer promising strategies for immune modulation. Microbial therapies leveraging microbial metabolites and engineered bacterial consortia are emerging as novel therapeutic strategies. However, significant challenges remain, including individual microbiome variability, the complexity of host-microbe interactions, and the need for precise mechanistic insights. This review comprehensively examines the host microbiota immunological interactions, elucidating its mechanisms, therapeutic potential, and the future directions of microbiome-based immunomodulation in human health. It will also critically evaluate challenges, limitations, and future directions for microbiome-based precision medicine.
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1 Introduction

The human body is a complex ecosystem, housing trillions of microbes, including bacteria, viruses, fungi, and archaea, that collectively form the human microbiome (1). These microbial communities, residing predominantly in the gastrointestinal tract but also on the skin, respiratory tract (2, 3), and other mucosal surfaces, have evolved in a highly regulated relationship with the host immune system. This dynamic interplay, referred to as the host-microbe immunological axis, is essential for maintaining homeostasis, influencing not only immune system development and function but also a broad spectrum of physiological processes, including metabolism, epithelial integrity, and neural function. Disruptions to this delicate balance have been implicated in the pathogenesis of a range of diseases, from autoimmune disorders to metabolic syndromes and even neurodegenerative diseases. Recent advances in microbiome research have underscored the importance of microbial composition and diversity in shaping host immune responses. It is now well-established that the gut microbiota is a central player in modulating innate and adaptive immunity (4). The host immune system, in turn, regulates microbial composition, creating a bidirectional axis that is fundamental for health. Dysbiosis, or an imbalance in the microbial community, can trigger immune dysregulation, leading to chronic inflammation and disease pathogenesis. The immune system’s recognition of microbial signals through pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), and its capacity to generate appropriate immune responses to microbeshave emerged as central themes in the study of host-microbe interactions (5, 6). In this context, the modulation of the host-microbe immunological axis presents a promising therapeutic approach for a wide range of human health conditions. Therapeutic strategies aimed at restoring or maintaining microbial balance (7), such as probiotics, prebiotics, dietary interventions, and fecal microbiota transplantation (FMT) (8, 9) have shown potential in the management of diseases such as inflammatory bowel disease (IBD), allergies, and even metabolic disorders (10). More recently, the exploration of microbiome-based immunotherapies has gained traction, with microbial products or metabolites being considered as potential modulators of immune responses (8). Similarly, in obesity, an altered gut microbiome composition has been linked to increased energy harvest, systemic inflammation, and metabolic dysregulation, contributing to insulin resistance and other comorbidities (11). Understanding dysbiosis and its role in these conditions is crucial for developing microbiome-targeted therapeutic strategies. These interventions hold the promise of targeted treatments that address the symptoms of diseases and their underlying immunological causes (12). However, while the potential for modulating the host-microbe immunological axis for therapeutic benefit is vast, significant challenges remain. The heterogeneity of microbiome composition across individuals, the complex nature of host-microbe interactions, and the potential for unintended consequences complicate the development of standardized, effective therapies (13). Moreover, a deeper understanding of the mechanisms by which microbes influence the immune system ranging from immune cell differentiation and activation to cytokine production and antigen presentation, is still needed (14–18). Additionally, the role of the microbiome in regulating immune responses in tissues beyond the gut, including the skin, lungs (19), and brain, is an area of intense research with significant implications for systemic health (12). This review aims to provide a comprehensive overview of the current state of knowledge on the modulation of the host-microbe immunological axis in human health. It explored the bidirectional relationship between the immune system and the microbiota, focusing on the mechanisms by which microbes influenced immune responses and how these interactions were modulated for therapeutic benefit. The review also examined emerging therapeutic strategies that targeted microbiome (20) and immune system, including probiotic and prebiotic interventions, microbiome-based drug development, and the potential use of microbiota-derived metabolites in immune modulation. Finally, the review will address the challenges and future directions in this rapidly evolving field, providing insight into the potential for microbiome-based immunomodulation in treating and preventing immune-related diseases.

Precision medicine in microbiome-based therapies involves tailoring interventions to an individual’s unique microbial composition, genetic background, and immune response (20). By leveraging advanced sequencing technologies and computational tools, precision medicine aims to develop targeted microbial interventions, including probiotics, prebiotics, and microbiota-derived metabolites, to modulate the immune system effectively (21). This personalized approach enhances treatment efficacy, minimizes adverse effects, and holds promise for managing a range of immune-related disorders, from inflammatory diseases to cancer immunotherapy (22, 23).




2 Technological advances in understanding the immunological axis

Recent technological advancements, particularly high-throughput sequencing technologies, have significantly improved our ability to study microbiota-immune system interactions. Metagenomic, metatranscriptomic, and metabolomic techniques have provided valuable insights into the functional capabilities of microbial communities, including their ability to produce bioactive metabolites that can influence host immune responses (7). Additionally, single-cell RNA sequencing (scRNA-seq) has enabled the detailed examination of immune cell heterogeneity and the identification of specific immune cell subsets that interact with the microbiome, offering a deeper understanding of the cellular dynamics involved in immune modulation. Moreover, advances in high-resolution imaging techniques, such as flow cytometry and multiplex immunofluorescence, have facilitated the real-time analysis of immune cell activation, migration, and cytokine production in response to microbial stimuli (Table 1). These technologies along with germ-free and gnotobiotic animal models have provided critical insights into the causal relationships between microbiome composition and immune system function (32). Furthermore, the development of organ-on-a-chip models and 3D tissue cultures has allowed for studying host-microbe interactions in more physiologically relevant contexts, bridging the gap between in vitro and in vivo models. These technological breakthroughs have significantly enhanced our ability to investigate the dynamic nature of the host-microbe immunological axis. They are paving the way for more targeted, personalized therapeutic interventions aimed at modulating the microbiome for immune modulation (19).

Table 1 | Technological advances in deciphering the host-microbe immunological axis.
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3 Mechanisms of communication between microbiota and the immune system

The communication between microbiota and the immune system is mediated through microbial metabolites, pattern recognition receptors (PRRs), and immune signaling pathways Figure 1. These interactions play a crucial role in maintaining immune homeostasis and protecting the host from pathogens.
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Figure 1 | Pattern Recognition Receptors (PRRs) and Immune Signaling Pathways. This figure depicts how different pattern recognition receptors (TLRs, CLRs, and NLRs) recognize microbial components, leading to immune responses. TLR4 and TLR3 activate pro-inflammatory signaling via NF-κB, MAPK, and IFN-β, while CLRs contribute to immune homeostasis through Tregs. NLRs regulate autophagy and inflammasome activation, influencing inflammatory responses.



3.1 Pattern recognition receptors

Pattern recognition receptors (PRRs) are a crucial component of the immune system that enables the host to detect and respond to microbial invaders and danger signals. These receptors are found on various immune cells and are responsible for recognizing conserved molecular structures called pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). The recognition of these patterns initiates immune responses that are essential for maintaining immune homeostasis and protecting the host from infections, tissue damage, and diseases such as cancer. PRRs are classified into several types, each specialized for recognizing different microbial or host-derived patterns. The main categories of PRRs include Toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs), and the various PAMPs and DAMPs recognized by these receptors (33, 34).



3.1.1 Toll-like receptors

TLRs, a subset of PRRs, are transmembrane receptors primarily expressed on immune cells such as dendritic cells, macrophages, and neutrophils. Each TLR specializes in recognizing distinct microbial signatures, for example, TLR4 detects lipopolysaccharide (LPS) from Gram-negative bacteria, while TLR3 recognizes double-stranded RNA from viruses (35, 36). Upon ligand binding, TLRs activate intracellular signaling pathways that stimulate pro-inflammatory cytokine secretion, recruit immune cells, and initiate adaptive immune responses (37).




3.1.2 NOD-like receptors

NLRs are intracellular PRRs that detect bacterial PAMPs, such as peptidoglycans, and activate the inflammasome, which processes cytokines such as IL-1β (38). NLR activation is crucial for immune system homeostasis, but dysregulation can lead to chronic inflammatory conditions (39). Certain NLRs also regulate autophagy, aiding intracellular pathogen clearance and maintaining cellular balance (40).

Some NLRs also detect non-microbial danger signals and form large cytoplasmic structures known as inflammasomes. These inflammasomes link the detection of microbial products and metabolic stress to the activation of proinflammatory cytokines such as IL-1beta and IL-18. The NALP3 complex has been implicated in several autoinflammatory diseases, including gout (41).




3.1.3 C-type lectin receptors

CLRs specialize in recognizing carbohydrate structures on pathogens, primarily targeting fungi, bacteria, and viruses. They are essential for immune activation, antigen uptake, and pathogen recognition, particularly in fungal infections (42, 43).

CLRs are involved in modulating immune responses to fungi, bacteria, and viruses, and play a role in pathogen recognition, antigen uptake, and immune activation (44). CLRs also influence T-helper cell polarization and regulatory T cell (Treg) development, promoting immune homeostasis (45).




3.1.4 PAMPs and DAMPs

PRRs recognize both pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) to differentiate between infection and tissue damage (46). DAMPs, such as high-mobility group box 1 (HMGB1), are released during cellular injury and can trigger inflammation via receptors like TLR4 (47). This dual recognition system balances pathogen clearance with tissue repair (48).





3.2 Short-chain fatty acids

The gut microbiota’s production of SCFAs, including acetate, propionate, and butyrate, plays a fundamental role in maintaining immune tolerance, gut health, and host metabolism (49, 50). Figure 2 illustrates how gut microbiota ferments dietary fibers to produce SCFAs, including acetate, butyrate, and propionate. These SCFAs play a crucial role in epithelial cell growth, immune response, and metabolic regulation. These microbial metabolites are primarily produced in the colon through distinct bacterial pathways. Acetate is synthesized via the pyruvate pathway by Akkermansia muciniphila, Bacteroides spp., Bifidobacterium spp., and Ruminococcus spp. (51, 52). Propionate is generated through the succinate, acrylate, and propanediol pathways by species such as Bacteroides spp., Veillonella spp., and Roseburia inulinivorans (53). Butyrate a key immunomodulatory SCFA, is predominantly via the phosphotransbutyrylase/butyrate kinase and butyryl-CoA:acetate CoA-transferase pathwaysinvolving Coprococcus catus, Faecalibacterium prausnitzii, and Eubacterium rectale (54, 55).

[image: Diagram illustrating the metabolic pathway of dietary fibers. Dietary fibers are fermented by gut microbiota to produce short-chain fatty acids (SCFAs), including acetate, butyrate, and propionate. Acetate is formed from pyruvate via acetyl-CoA and the Wood-Ljungdahl pathway. Butyrate, mainly produced through phosphotransbutyrylase/butyrate kinase and butyryl-CoA:acetate CoA transferase routes, supports epithelial cell growth and immune response via G protein-coupled receptors. Propionate forms through the succinate, acrylate, and propanediol pathways.]
Figure 2 | Gut microbial fermentation of dietary fibers and short-chain fatty acid production.

Among butyrate-producing bacteria, Faecalibacterium prausnitzii plays a crucial role due to its ability to modulate gut immune responses and reinforce epithelial integrity (55). This bacterium exerts anti-inflammatory effects by inhibiting NF-κB activation and stimulating IL-10 production, thereby reducing gut inflammation and maintaining homeostasis (56). Additionally, butyrate enhances the expression of tight junction proteins such as ZO-1 and occludin, essential for maintaining gut barrier function (57). Disruptions in F. prausnitzii abundance have been linked to inflammatory bowel disease (IBD) and colorectal cancer, emphasizing its potential as a probiotic candidate for microbiota-targeted therapies (58).

SCFAs exert systemic effects by modulating immune function and metabolism. Acetate, the most abundant SCFA in circulation, can cross the blood-brain barrier to regulate appetite via central homeostatic mechanisms (59). Propionate, predominantly metabolized in the liver, contributes to lipid and glucose metabolism but remains at low peripheral concentrations (50). Butyrate plays a key role in reinforcing gut barrier integrity, reducing inflammation, and promoting regulatory T cell (Treg) differentiation, which is crucial for immune tolerance and the suppression of excessive inflammation (60–62). It also directly modulates dendritic cells and macrophages, enhancing their ability to recognize pathogen-associated molecular patterns (PAMPs) and regulating pro-inflammatory cytokine secretion (63).

A significant mechanism underlying butyrate’s immunomodulatory effects is its inhibition of histone deacetylases (HDACs), leading to epigenetic modifications that regulate gene expression associated with immune homeostasis (64–66). This process fosters anti-inflammatory signaling, supports tissue repair, and balances immune responses in conditions such as infections and cancer. Mammals rely on gut bacteria to break down indigestible dietary components, such as fiber, generating SCFAs as metabolic byproducts that contribute to host health and disease prevention (11). The dynamic interplay between diet, microbial metabolism, and immune regulation highlights the potential of SCFAs as therapeutic targets for inflammatory and metabolic disorders.




3.3 Cytokine signaling pathways

Cytokine signaling pathways are fundamental to immune regulation, with the microbiome playing a key role in modulating both pro-inflammatory and anti-inflammatory responses. Pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, and IFN-γ, are critical in initiating inflammatory reactions and serve as primary mediators of immune responses during infection or injury (67). Microbial components, including lipopolysaccharides (LPS), activate signaling pathways such as the nuclear factor NF-κB pathway through Toll-like receptors, particularly TLR4, TLR3 and TLR5. The recognition of LPS by TLR4 triggers NF-κB activation, activator protein-1 (AP-1), and mitogen-activated protein kinase (MAPK) (68). These pathways stimulate the release of proinflammatory cytokines and chemokines, including interleukin (IL)-1, tumor necrosis factor (TNF)-α, and IL-6 (44, 69, 70). Cytokines are versatile proteins that play a key role in regulating osteoclast development and bone resorption, altering vascular endothelial permeability, and attracting immune cells to sites of inflammation (44, 71). The recognition of viral components by TLR3 triggers the TRIF-mediated signaling pathway, leading to the activation of Interferon Regulatory Factor 3 (IRF3) and the subsequent production of Interferon Beta (IFN-β), which plays a crucial role in inhibiting viral replication (72). Additionally, TLR3 stimulation activates the MAP kinase and NF-κB signaling pathways, promoting the production of pro-inflammatory cytokines (73).

This cytokine signaling process involves a highly regulated molecular cascade that is crucial for maintaining immunological homeostasis. Immune cells, such as dendritic cells and macrophages, recognize PAMPs from microbes or host-derived signals, such as SCFAs produced by microbiota. Upon recognition, these cells release cytokines, which can either promote or suppress inflammation, depending on the signals received (66). Cytokines bind to specific receptors on target cells, initiating intracellular signaling pathways involving kinases and transcription factors like NF-κB or STAT proteins. Once activated, these transcription factors translocate to the nucleus and regulate the expression of genes critical for immune responses, thereby enhancing T and B cell functions to combat infections and malignancies (74).

For instance, in inflammatory bowel disease (IBD), an overactive cytokine response leads to chronic inflammation in the gut, driven by excessive production of TNF-α, IL-1β, and IL-6, which contribute to tissue damage and immune dysregulation (75). Similarly, in rheumatoid arthritis, dysregulated cytokine signaling—particularly involving TNF-α and IL-6—results in persistent joint inflammation and autoimmunity (76). In contrast, in cancer, certain cytokines such as IL-10 and TGF-β suppress immune responses, allowing tumor cells to evade immune detection and promote tumor progression (77). These disease models illustrate the dual role of cytokines in either driving or suppressing immune responses, emphasizing the necessity of maintaining a precise balance between pro-inflammatory and anti-inflammatory signals.

To prevent excessive immune activation and inflammation, the immune system carefully balances pro-inflammatory and anti-inflammatory signals, ensuring a controlled response that maintains systemic homeostasis while addressing challenges such as infections, cancer, and interactions with the microbiota (34).





4 Distinction between symbiotic and pathogenic interactions

Host-microbe interactions can be broadly classified into symbiotic and pathogenic relationships, depending on their immunological effects and the impact on host health. While pathogenic interactions often result in infection and disease, symbiotic relationships include both mutualistic and commensal associations, which help maintain host homeostasis and immune balance.



4.1 Pathogenic interactions: disrupting host integrity

Pathogenic interactions occur when microorganisms invade the host, triggering an immune response that aims to eliminate the threat but can also lead to inflammation and tissue damage. Pro-inflammatory cytokines like IL-6, TNF-α, and IFN-γ are released to recruit immune cells and amplify the response (78). Pathogens are detected by pattern recognition receptors (PRRs) such as TLRs and NLRs, which recognize microbial-associated molecular patterns and initiate immune signaling (79). The adaptive immune system further engages by activating effector T cells and stimulating antibody production (2). However, excessive immune activation can lead to collateral damage and worsen disease outcomes (80). For example, Salmonella enterica triggers IL-6-mediated gut inflammation (81), Mycobacterium tuberculosis evades immune detection while inducing chronic inflammation (82), and SARS-CoV-2 provokes a severe cytokine storm, causing lung injury and systemic complications (83).




4.2 Symbiotic interactions: a balanced coexistence

Symbiotic microbes establish stable, non-harmful relationships with the host, offering benefits. These interactions can be mutualistic, where both the host and microbe benefit or commensal, where the microbe benefits without harming the host (84). In mutualistic interactions, microbes regulate immune responses, enhance barrier protection, and support immune homeostasis. For instance, Bacteroides fragilis produces polysaccharide A (PSA), which promotes regulatory T cells and prevents colitis (85). Lactobacillus reuteri secretes antimicrobial peptides that help protect the mucosal lining and prevent pathogen colonization (86). Additionally, mutualistic microbes stimulate anti-inflammatory cytokines like IL-10 and TGF-β, promoting immune tolerance and preventing excessive inflammation (87). They also strengthen epithelial integrity, as seen with Lactobacillus and Bifidobacterium, and foster immune balance through regulatory T cell activity (2).




4.3 Commensal relationships: coexistence without harm

In contrast, commensal relationships, where microbes coexist with the host without causing harm, are typically associated with a more regulated immune response. The immune system often promotes the production of anti-inflammatory cytokines, such as IL-10, and enhances processes supporting immune tolerance, including the activity of regulatory T cells (Tregs). For example, Staphylococcus epidermidis on the skin produces antimicrobial molecules that protect against Staphylococcus aureus infections, preventing harmful overgrowth (88). Similarly, the gut microbiome maintains a balance between beneficial and opportunistic bacteria, reducing the risk of infections like Clostridioides difficile (89). These mechanisms work to prevent unnecessary immune activation and inflammation, allowing commensals to persist in a balanced state without triggering excessive inflammatory responses (87). This delicate equilibrium between immune activation and regulation is crucial for maintaining host homeostasis while permitting the coexistence of beneficial microorganisms without compromising immune system integrity (90, 91).





5 Immunological changes during various illness

Immunological alterations during disease progression vary significantly based on factors such as the nature of the disease, its underlying etiology, and the extent to which it influences immune function. These changes can be categorized into two primary components: innate immunity, which provides the body’s initial, rapid defense against pathogens, and adaptive immunity, which generates a more specific, durable immune response. The interplay between these systems can lead to the activation, suppression, or dysregulation of immune responses, depending on the pathophysiological context of the illness (Table 2). Dysregulation may occur when the immune system’s normal functioning is disrupted, resulting in inadequate responses, excessive inflammation, or autoimmunity, thus exacerbating the disease and complicating recovery (92).

Table 2 | Role of Short-chain fatty acids (SCFAs) and Indole derivates in human health.
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5.1 Immunological targets for better health

Immunological interventions aimed at promoting health encompass enhancing immune function, preventing infections, and managing chronic diseases. Targeting cytokines such as TNF-α and IL-6 has been effective in reducing inflammation in autoimmune disorders like rheumatoid arthritis. Likewise, immune checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4 have revolutionized cancer therapy by reactivating T cells to combat malignant cells. Another significant target is regulatory T cells (Tregs), which can be modulated to restore immune tolerance in autoimmune diseases or to enhance anti-tumor immunity (93). The gut microbiota plays a crucial role in immune modulation, with probiotics (94), prebiotics, and dietary interventions demonstrating therapeutic potential for conditions such as inflammatory bowel disease and obesity (95). Nutritional strategies (96), including supplementation with vitamin D, zinc, and omega-3 fatty acids, are also critical for maintaining optimal immune function (97). Additionally, targeting inflammasomes which are the key components responsible for the production of pro-inflammatory cytokines like IL-1β and IL-18—holds promise for treating diseases such as gout and autoimmune conditions (98). Vaccination remains a cornerstone of public health, offering cost-effective protection against infectious diseases and enhancing immunological memory. Technological advances, particularly mRNA vaccine platforms (99), have significantly improved immunity against pathogens such as influenza, HPV, and COVID-19 (100, 101). Toll-like receptors essential in pathogen recognition, are also being explored for their potential to boost immune responses against infections and cancers while mitigating excessive inflammation in autoimmune diseases (102, 103). Monoclonal antibodies and Janus kinase (JAK) inhibitors represent advanced therapeutic modalities for treating autoimmune disorders, cancers, and chronic inflammatory diseases by specifically targeting immune components. Furthermore, enhancing immune processes like antibody-dependent cellular cytotoxicity (ADCC) is being investigated for its potential to treat cancer and infections (104). By strategically modulating these immunological targets, it is possible to enhance immune function, improve disease management, and promote overall health (105). By strategically modulating these immunological targets, it is possible to enhance immune function, improve disease management, and promote overall health (106). Notably, microbiota-driven interventions hold immense promise in shaping immune responses by influencing T cell differentiation, mucosal immunity, and systemic inflammation. Harnessing microbial-derived metabolites, such as SCFAs, and engineered probiotics provides novel avenues for immunotherapy and personalized medicine (23). Advancing research in microbiota-immune interactions could lead to breakthroughs in disease prevention and therapeutic strategies, reinforcing the pivotal role of the gut microbiome in sustaining immune balance and health (107).




5.2 Immunotherapy targets

Monoclonal antibodies are sophisticated biological therapeutics that target specific antigens, thereby inducing their destruction or facilitating their elimination through mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) and complement activation. These agents have demonstrated efficacy in reducing inflammation and joint damage in rheumatoid arthritis by neutralizing TNF-α and alleviating the inflammatory symptoms of psoriasis by targeting IL-17 and IL-23 (105). In oncology, monoclonal antibodies that block the PD-1/PD-L1 interaction restore T-cell functionality in non-small cell lung cancer, enhancing the immune system’s capacity to target and eliminate tumors. Similarly, anti-CD20 monoclonal antibodies in hematological malignancies promote B cell depletion through ADCC and complement activation. In the context of inflammatory bowel disease integrin α4β7 inhibitors limit the migration of lymphocytes to the gut mucosa, thereby reducing intestinal inflammation (108). In parallel, JAK inhibitors, which are small molecule agents, interfere with the JAK-STAT signaling pathway which is a central regulator of pro-inflammatory cytokines and cellular growth factors. By inhibiting specific JAK isoforms such as JAK1, JAK2, and JAK3, these inhibitors reduce cytokine signaling and inflammation (109). For instance, JAK1 and JAK3 inhibitors are effective in managing cytokine-driven inflammatory responses in conditions like rheumatoid arthritis and ulcerative colitis. Targeting JAK2 specifically addresses abnormal cytokine signaling and mitigates tissue fibrosis in myelofibrosis. Additionally, JAK inhibitors have been shown to reduce skin inflammation in atopic dermatitis by modulating dysregulated cytokine pathways. In the context of graft-versus-host disease (GVHD), these inhibitors play a critical role in limiting immune-mediated tissue damage, thus providing essential immunological control following transplantation (Table 3) (115). Collectively, these therapeutic agents, both monoclonal antibodies and JAK inhibitors, represent significant advances in the treatment of a variety of inflammatory and immune-mediated disorders, leveraging distinct but complementary mechanisms of action to modulate immune system activity and reduce pathological inflammation.

Table 3 | Immunological axis in the onset of various physiological and metabolic diseases.


[image: A table describing the interplay between diseases and immune mechanisms. Categories include Cancer, Autoimmune Diseases, Metabolic and Chronic Diseases, Infectious Diseases, and Allergic Disorders. Each category explains features and immune mechanisms, such as immune evasion in cancer, tolerance breakdown in autoimmune diseases, and systemic inflammation in chronic illnesses. References for each description are provided.]




6 Immunological axis modulation strategies: case studies and applications in each domain

Immunological axis modulation involves the regulation of the complex interactions between the immune system and microorganisms, such as gut microbiota, to promote health and prevent disease. This section highlights case studies and applications of various strategies in modulating immune responses, with a focus on probiotics, prebiotics, and other therapeutic approaches that influence immune homeostasis and inflammation.



6.1 Probiotics and prebiotics in immune modulation

Probiotics are live microorganisms that confer a health benefit on the host when administered in adequate amounts (Table 4). They are primarily found in fermented foods and supplements, and their therapeutic potential is linked to their ability to modulate immune responses, particularly in the gut (124). A prominent example is Lactobacillus rhamnosus GG, a probiotic strain that has been used in clinical trials for treating inflammatory bowel diseases (IBD), such as ulcerative colitis (116). L. rhamnosus GG has been shown to enhance gut mucosal immunity by promoting anti-inflammatory cytokines like IL-10 and reducing pro-inflammatory cytokines such as TNF-α. Other probiotic strains, including Lactobacillus and Bifidobacterium species, are known for their immunomodulatory effects, promoting a balanced immune response by stimulating the production of regulatory T cells (Tregs) and strengthening mucosal immunity (117, 125). These probiotics also improve gut barrier function and reduce intestinal inflammation, helping prevent infections and alleviating the severity of autoimmune diseases and allergies (94). The beneficial effects of probiotics on immune regulation are also supported by their ability to increase gut microbiota diversity, which has been shown to help restore immune tolerance and mitigate disease pathology (118).

Table 4 | Probiotics: composition, duration, target diseases, and efficacy.


[image: Table listing various probiotics, their composition, duration of therapy, target diseases, efficacy, and reference numbers. Probiotics include Lactobacillus rhamnosus GG, Bifidobacterium breve, and others, with treatment durations ranging from 4 to over 12 weeks. Diseases targeted include inflammatory bowel disease, diarrhea, and allergies, with efficacy noted in reducing inflammation and improving gut health. References are provided for each entry.]
In addition to probiotics, prebiotics have gained significant attention as a tool for modulating immune responses (119). Prebiotics are non-digestible fibers that selectively stimulate the growth of beneficial gut bacteria (Table 5). These fibers influence immune function by fostering a gut microbiota composition that promotes immune tolerance, particularly in preventing and treating allergic diseases (126). One key case study involves the supplementation of inulin, a prebiotic, in infants at high risk for allergies. The intervention resulted in a reduced incidence of atopic dermatitis, along with an increase in beneficial bacteria like Bifidobacterium and Lactobacillus, which support immune regulation (49). Similarly, oligofructose supplementation in children with allergic rhinitis demonstrated a reduction in allergen-specific IgE production, which is linked to allergic responses, and improved the balance between pro-inflammatory Th2 cells and Tregs (122). This suggests that prebiotics can help alleviate allergic symptoms by modulating the immune system and fostering a more balanced, less inflammatory immune response.

Table 5 | List of available prebiotics, their sources, mechanism of action, duration of therapy, target diseases, and efficacy.
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A key mediator of both probiotic and prebiotic effects on immune regulation is SCFAs, particularly butyrate (128). Butyrate plays a crucial role in maintaining intestinal barrier integrity, enhancing the regeneration of epithelial cells, and reducing intestinal permeability, which is often implicated in inflammatory diseases (129). Butyrate also activates Tregs, which are essential for immune tolerance, and inhibits the production of pro-inflammatory cytokines such as TNF-α, further promoting a balanced immune response (122). The production of SCFAs, including butyrate, is influenced by the gut microbiota’s fermentation of dietary fibers, underscoring the importance of a balanced microbiome in producing these metabolites (127). Beyond their gut health benefits, SCFAs like butyrate exert systemic effects, modulating immune responses and potentially protecting against chronic diseases, including obesity, type 2 diabetes, and autoimmune disorders (130, 131). Figure 3. illustrates the contrasting effects of symbiotic and pathogenic microbial interactions on the immune response
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Figure 3 | Differing impacts of symbiotic and pathogenic microbial interactions on immune regulation.

Together, probiotics and prebiotics work synergistically to enhance immune health by improving gut microbiota diversity, promoting the production of anti-inflammatory cytokines, and regulating immune responses through metabolites like butyrate. These effects are essential for reducing inflammation, preventing infections, and mitigating the risks associated with autoimmune diseases and allergies (94, 120).




6.2 Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) has emerged as a revolutionary immunological strategy for modulating the host-microbe axis, particularly in cases of diseases where the gut microbiota is disrupted. FMT involves transferring fecal material from a healthy donor into the gastrointestinal tract of a recipient, thereby restoring microbial diversity and balance (132). One of the most well-documented and successful applications of FMT is in the treatment of recurrent Clostridium difficile (C. difficile) infection, which often arises after antibiotic treatments disrupt the natural gut microbiota. A landmark case study demonstrated that FMT achieved a 90% success rate in curing recurrent C. difficile infections (133). Patients who underwent FMT experienced significant restoration of gut microbiota diversity, which helped re-establish immune homeostasis. Safety and efficacy of fecal microbiota transplantation (FMT) as a modern adjuvant therapy in various diseases and disorders (134). The restored microbiota was able to suppress the overgrowth of C. difficile and reduced intestinal inflammation, offering a direct example of how microbiota modulation can enhance immune function and control infection (135). Beyond infectious diseases, FMT has shown promise in autoimmune and inflammatory disorders. For instance, in patients with ulcerative colitis (UC), a form of inflammatory bowel disease (IBD), FMT has been explored as a means of reducing inflammation and modulating the immune system (136). A study involving UC patients who received FMT showed improvements in clinical symptoms, including reduced disease activity and inflammation. This therapeutic effect was attributed to changes in the gut microbiota that promoted a shift from pro-inflammatory to anti-inflammatory immune responses, including an increase in regulatory T cells (Tregs) that are crucial for immune tolerance (137). Additionally, FMT has been investigated in the context of multiple sclerosis (MS), an autoimmune disease where the immune system attacks the central nervous system (138). Preliminary clinical studies in MS patients receiving FMT have shown promising results, with some patients experiencing reduced disease progression and fewer relapses, potentially due to changes in gut microbiota composition that impact the peripheral immune system (134). These case studies highlight FMT’s potential not only for treating infections but also for modulating the immune system in autoimmune and inflammatory diseases by restoring microbial diversity and re-establishing immune balance, suggesting a new frontier for therapeutic interventions in immunology.




6.3 Dietary interventions in inflammatory diseases

Dietary components provide not only essential nutrients for the body’s physiological processes but also substrates that nourish the microbiota within the gastrointestinal tract, collectively known as the gut microbiome (139). This symbiotic relationship between the host and the microbiome is critical for maintaining health Table 5. Key dietary elements such as dietary fibers (140), polyphenols, and fatty acids play significant roles in modulating the gut microbiota and supporting immune function. Their combined effects are essential in maintaining a balanced immune system and improving overall health, as demonstrated in (Figure 4) (141). Gut bacteria metabolize dietary fibers into SCFAs, including butyrate, which contribute to the reinforcement of the intestinal epithelial barrier, reduce inflammatory responses, and promote the differentiation and activity of regulatory T cells (142). These SCFAs are essential for maintaining gut health and preventing dysregulated immune responses. Some of the compounds such as polyphenols, found abundantly in fruits, vegetables, and beverages such as tea, act as prebiotics. These compounds possess potent antioxidant and anti-inflammatory properties and facilitate the growth of beneficial gut bacteria, including Lactobacillus and Bifidobacterium (143). These bacteria, in turn, help maintain a balanced microbial ecosystem and modulate immune responses, thereby supporting systemic health. Additionally, omega-3 fatty acids, which are present in fatty fish and certain plant oils, exert anti-inflammatory effects and modulate immune cell activity, further contributing to the resolution of chronic inflammation and the maintenance of immune homeostasis (144).
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Figure 4 | Role of various dietary components in human’s immunological health.

Dietary interventions are crucial in managing various inflammatory diseases, including neuroinflammatory, gastrointestinal, autoimmune, and cardiovascular diseases. In neuroinflammatory conditions, dietary fibers, polyphenols, and omega-3 fatty acids help modulate the gut microbiota, reduce inflammation, and improve immune function, with clinical evidence suggesting benefits in conditions like Alzheimer’s and multiple sclerosis (145). For gastrointestinal diseases like Crohn’s and ulcerative colitis, high-fiber diets and polyphenols enhance gut barrier integrity and reduce inflammation, showing promise in clinical trials (146). In autoimmune diseases such as rheumatoid arthritis and lupus, omega-3 fatty acids and polyphenols have demonstrated significant anti-inflammatory effects, improving symptoms and immune regulation (147). Furthermore, in cardiovascular diseases, diets rich in omega-3s and antioxidants have been shown to reduce oxidative stress.

By supporting both the gut microbiota and immune function, these nutrients provide a holistic approach to managing inflammation and immune dysregulation. In animal models, the ketogenic diet led to reduced systemic inflammation, improved brain function, and decreased levels of pro-inflammatory cytokines in the central nervous system. Furthermore, the diet modulated immune cell populations, particularly by reducing the activation of microglia, the resident immune cells in the brain. These findings suggest that dietary interventions can modulate the gut-brain immune axis and provide therapeutic benefits in conditions that involve neuro-inflammation (21). Tryptophan, an essential amino acid, plays a critical role in maintaining normal growth, health, and metabolic functions in both humans and animals. Beyond its fundamental physiological functions, tryptophan has a significant impact on modulating the gut-brain axis (GBA) through the metabolites produced during its metabolism by gut microbiota. Microbial communities in the gut can convert tryptophan into a range of bioactive compounds, most notably indole and its derivatives. These metabolites have profound effects on immune regulation and the maintenance of gut homeostasis (148). Indole derivatives, in particular, interact with the aryl hydrocarbon receptor a ligand-activated transcription factor present on immune and epithelial cells. Activation of AhR by these metabolites influences various immune cell functions, including the differentiation and expansion of regulatory T cells (Tregs), which are critical for maintaining immune tolerance and controlling inflammatory responses (149). This interaction not only influences immune cell activity but also modulates cytokine production, promoting an anti-inflammatory profile. By facilitating the differentiation of Tregs, indole derivatives help regulate local gut immunity and systemic immune responses, thus balancing the production of pro-inflammatory and anti-inflammatory signals. Additionally, these metabolites play a crucial role in gut barrier function, enhancing epithelial cell integrity and strengthening the intestinal mucosal barrier. This contributes to preventing the translocation of pathogens and reducing intestinal permeability, further supporting immune function and gut health (149). The metabolic products of tryptophan metabolism thus serve as a key link between gut microbiota activity and immune system regulation. Through their interaction with AhR, indole derivatives connect microbiome function with immune responses, ultimately enhancing both gut health and systemic immunity. This integration underscores the importance of the gut microbiota in modulating immune processes and highlights the therapeutic potential of tryptophan-derived metabolites in managing gastrointestinal (150) and systemic inflammatory conditions (117).




6.4 Immunomodulation via microbiome-derived metabolites in cancer therapy

A growing area of research is the use of microbiome-derived metabolites to modulate the immune system in the context of cancer therapy (Table 6).

Table 6 | The role of dietary and microbiome-derived components in gut microbiota modulation and immune function.


[image: Table discussing mechanisms and their role in Immune Checkpoint Inhibitor (ICI) efficacy with references. SCFA production and Treg modulation by *Faecalibacterium prausnitzii* enhances T cell activity. Increased antigen presentation involves *Firmicutes*. PD-1/PD-L1 pathway modulation links to higher *Firmicutes*. Gut barrier integrity is supported by *Firmicutes* upregulating proteins. Key references are listed: (151), (152), (8), (153).]
Recent evidence suggests that the gut microbiome plays a crucial role in influencing responses to immune checkpoint inhibitors (ICIs), such as anti-PD-1 and anti-CTLA-4 therapies, which are widely used in cancer treatment. Among the microbial taxa associated with enhanced ICI efficacy, Firmicutes, particularly Faecalibacterium prausnitzii, Ruminococcus spp., and Clostridium cluster XIVa, have been identified as key contributors to a favorable immunological landscape (154).

Mechanistically, Firmicutes influence ICI efficacy through several pathways. Faecalibacterium prausnitzii produces butyrate, a short-chain fatty acid that plays a crucial role in regulatory T cell (Treg) differentiation while simultaneously supporting CD8+ T cell activation in the tumor microenvironment. This dual effect reduces chronic inflammation while enhancing anti-tumor immunity (23). Additionally, certain Firmicutes species promote dendritic cell maturation and MHC class I expression, which in turn enhances tumor antigen presentation and activation of cytotoxic T cells (155). Higher levels of Firmicutes have been correlated with increased infiltration of cytotoxic CD8+ T cells, which improves the effectiveness of PD-1 blockade therapies (156). Furthermore, Firmicutes reinforce gut barrier integrity by upregulating tight junction proteins such as occludin and ZO-1, thereby preventing microbial translocation and systemic inflammation, both of which are known to suppress anti-tumor responses (22, 157, 158).

Clinical studies have provided compelling evidence supporting the association between Firmicutes and ICI response. A landmark study by Routy et al. (8) demonstrated that cancer patients with a higher abundance of Firmicutes in their gut microbiome had improved progression-free survival and overall response rates to anti-PD-1 therapy. Similarly, Gopalakrishnan et al. (159) found that melanoma patients who responded well to ICIs had increased levels of Firmicutes, particularly Ruminococcus and Faecalibacterium, compared to non-responders. Fecal microbiota transplantation (FMT) studies further validated this association, as transplanting microbiota from ICI responders into germ-free mice restored anti-tumor immunity and enhanced PD-1 blockade efficacy (8).

These findings underscore the potential for modulating the gut microbiota through probiotics, dietary interventions, or FMT as a strategy to optimize ICI therapy outcomes. Future research should focus on identifying specific microbial signatures that could serve as predictive biomarkers for immunotherapy response and exploring the potential of microbiome-targeted interventions in cancer treatment (160).





7 Challenges and ethical considerations

Despite the promising therapeutic potential of fecal microbiota transplantation (FMT), several significant challenges remain that must be addressed before its widespread adoption in clinical practice (161). One of the primary issues is the variability in outcomes, which can arise from differences in the donor microbiota as well as the methods used in stool preparation and administration. These variations can result in inconsistent therapeutic effects, making it difficult to predict patient responses (95). Standardizing the entire FMT process, including donor screening, stool preparation, and administration techniques, is essential to ensure reliable and safe results (162). Fecal microbiota transplantation: An update on clinical practice (162) This standardization would help to minimize variability and improve the reproducibility of FMT’s outcomes (132). Additionally, stringent donor screening is essential to prevent the transmission of infectious agents, antibiotic-resistant bacteria, or other undesirable genetic material through FMT, which could pose serious health risks to recipients (163, 164).

Similarly, while probiotics and prebiotics have demonstrated significant immunomodulatory and gut health benefits, their efficacy and stability remain key concerns. The viability of probiotics is influenced by factors such as storage conditions, gastrointestinal survival, and their ability to colonize the gut effectively. Many probiotic strains exhibit strain-specific effects, meaning their therapeutic potential is not always universally applicable (128). Additionally, the stability of probiotics in commercial formulations often poses challenges, as exposure to heat, moisture, or gastric acidity can reduce their potency before they reach the intestine (127). Prebiotics, on the other hand, rely on selective fermentation by beneficial gut microbes to exert their effects, but individual variations in gut microbiota composition can impact their effectiveness, leading to differential immune and metabolic responses among individuals (119).

Beyond efficacy, long-term clinical studies are needed to assess the safety and durability of FMT, probiotics, and prebiotics. While these interventions show promise in managing conditions like inflammatory bowel disease, allergies, and metabolic disorders, their long-term impact on the host microbiome remains uncertain. Potential risks include microbiome imbalances, unintended immune reactions, or the emergence of dysbiosis-related diseases over time (134). Addressing these challenges through rigorous research, improved formulation technologies, and personalized approaches will be essential to fully harness the benefits of microbiome-based therapies while minimizing risks.

Furthermore, challenges include the standardization of personalized microbiome-based treatments and the need for long-term safety evaluations to ensure the stability and predictability of therapeutic outcomes. These factors must be considered to optimize the clinical translation of microbiome-based interventions.




8 Current status of research in this area

In recent decades, research on the host-microbe immunological axis has experienced significant growth, with studies emerging from diverse geographical regions worldwide (165).

Microbiome research has predominantly been led by North America, Europe, and Asia, regions with substantial funding and advanced research infrastructure. A study analyzing over 444,000 human microbiome samples found that more than 71% originated from Europe, the United States, and Canada, with the U.S. alone accounting for 46.8% (166). However, there is a growing interest in microbiome research from developing regions. In Africa, microbiome studies have been conducted in 61% of the countries, with South Africa, Kenya, and Uganda leading the efforts (167). This field has advanced considerably with the advent of cutting-edge technologies. The application of multi-omics techniques, such as transcriptomics, metabolomics, and metagenomics (168), has enabled comprehensive studies of microbiomes, revealing both microbial diversity and functional roles at unprecedented levels (169). Single-cell and spatial transcriptomics have provided detailed insights into the complex interactions between immune cells and microbiota (170). Additionally, machine learning and artificial intelligence (AI) have revolutionized data analysis by generating predictive models and uncovering microbial biomarkers, thus enhancing our understanding of microbial ecosystems and facilitating the development of personalized therapeutic interventions (171). The exploration of the complex relationships between immunity and the microbiota is crucial for advancing our knowledge of human health and disease. This endeavor employs a variety of methodological approaches, including in silico techniques, animal models, and next-generation in vitro systems, each of which has its own advantages and limitations (170). Animal models provide in-depth biological context but present ethical and logistical challenges. Modern in vitro systems offer solutions to these concerns by reducing animal use, though they come at a higher cost and require specialized materials. In silico methods, while offering potential for resource efficiency and sustainability, also need ongoing refinement and rigorous experimental validation to ensure their reliability (172). Together, these integrative approaches support a more holistic understanding of the microbiome-immunity axis, paving the way for future research that is both sustainable and ethically responsible (173).




9 Conclusion

The host-microbe immunological axis plays a crucial role in maintaining human health and regulating immune responses. Advances in technologies like machine learning, single-cell analysis, and multi-omics have provided deeper insights into this complex relationship, paving the way for novel therapeutic approaches. Interventions such as probiotics, prebiotics, and fecal microbiota transplantation show promise in treating immune-related disorders and microbial imbalances. However, challenges remain, including ethical concerns, technological standardization, and understanding the long-term effects of microbial therapies. Future research should focus on personalized treatments, address these challenges, and further explore the potential of microbial modulation in promoting human health.




10 Future directions

Future advancements in microbiome therapy will focus on individualized treatments tailored to each patient’s unique microbiome composition, driven by innovations in machine learning, sequencing technologies, and a deeper understanding of microbiome dynamics. This will include therapies such as fecal microbiota transplants, dietary interventions, prebiotics, probiotics, and Microbiome-derived therapeutics. However, challenges remain in addressing population variability, predicting outcomes in complex microbial ecosystems, and ensuring the affordability and accessibility of personalized treatments. Ethical concerns regarding informed consent, data privacy, and equitable access must be addressed, along with the development of standardized regulatory frameworks to ensure safety and efficacy. Moreover, ongoing research is needed to explore the stability of microbial-immune interactions, assess long-term effects, and evaluate potential risks, such as ecological shifts or resistance. By addressing these scientific, ethical, and regulatory hurdles, microbiome-based therapies have the potential to revolutionize human health and offer targeted interventions for immune-related disorders. These therapies could have a transformative impact on diseases with immune-related components, such as Inflammatory Bowel Disease (IBD), autoimmune diseases like rheumatoid arthritis, asthma and allergies, cancer, metabolic disorders (e.g., obesity and type 2 diabetes), infectious diseases (e.g., HIV and tuberculosis), chronic fatigue syndrome, and neurodegenerative diseases (e.g., Alzheimer’s and Parkinson’s). In these conditions, microbiome modulation could offer a novel approach to restore immune balance, reduce inflammation, enhance treatment efficacy, and provide long-term benefits to patients. A more detailed discussion on the challenges of microbiome-based therapies, including standardization, regulatory hurdles, and ethical concerns, is essential to fully elucidate the complexities of their clinical application and the role of AI and precision medicine in overcoming these barriers.
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The important function of microbiota as therapeutic modulators and diagnostic biomarkers in cancer has been shown by recent developments in microbiome research. The intricate interplay between the gut microbiota and the development of cancer, especially in colorectal and breast cancers, emphasizes how microbial profiling may be used for precision treatment and early diagnosis. Important microbial signatures, including Bacteroides fragilis and Fusobacterium nucleatum, have been linked to the development and progression of cancer, providing important information on the processes behind carcinogenesis. Additionally, the influence of microbiota on the effectiveness of treatments such as immunotherapy and chemotherapy highlights its dual function in improving treatment outcomes and reducing side effects. To optimize treatment results, strategies including dietary changes and fecal microbiota transplantation (FMT) are being investigated. Despite these developments, there are still issues, such as individual variations in microbial composition, a lack of standardized procedures, and the requirement for reliable biomarkers. Integrating microbiome-based diagnostics with conventional approaches, such as liquid biopsies and machine learning algorithms, could revolutionize cancer detection and management. This review provides an overview of the current understanding of the host–microbe immunological axis and discusses emerging therapeutic strategies centered on microbiota modulation to support human health. Further research is essential to overcome existing challenges and fully realize the promise of microbiota-driven innovations in oncology.
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1 Current research on microbiota in early cancer detection

Complex mechanisms that rely on the host’s tolerance are essential for preserving the symbiosis between the host and microbes in the intestine, which can involve the physical barriers of the gut tissues or the release of antimicrobial peptides and antibodies (1). Nevertheless, this interdependent relationship relies on a delicate and ever-changing balance, and disruptions in the communication between the body and the gut bacteria have been linked to various long-lasting disease like cancer (2).

The relevance and novelty of this review article its in-depth analysis of microbiota as both diagnostic and therapeutic biomarkers in oncology, with a specific focus on colorectal cancer (CRC), breast cancer, lung cancer, pancreatic cancer and prostate cancer. The manuscript integrates recent advances in microbiome research, it highlights how microbial signatures could transform early cancer detection and personalized treatment strategies (3). In terms of relevance, the study emphasizes the critical need for non-invasive, accurate, and tailored diagnostic methods in cancer care. It leverages the growing body of evidence linking microbiota composition to carcinogenesis, treatment outcomes, and disease prognosis. By integrating microbial biomarkers with conventional diagnostic methodologies such as liquid biopsies and machine learning algorithms, the paper offers a forward-looking perspective for addressing diagnostic and therapeutic challenges in oncology. Regarding novelty, the manuscript provides valuable insights into the dual role of microbiota in both tumor development and therapeutic outcomes. It not only revisits well-known microbial links, such as the association of Fusobacterium nucleatum with CRC, but also examines underexplored areas like the influence of microbiota on immunotherapy and chemotherapy responses (4). Furthermore, it explores innovative concepts, such as fecal microbiota transplantation (FMT) as a strategy to boost treatment efficacy, positioning it as a breakthrough avenue in precision oncology. The discussion surrounding the integration of microbiome profiling with AI-based diagnostic technology further strengthens the manuscript’s innovative contribution (5).



1.1 Contribution of the microbiota to cancer

Evidence is mounting to support the idea that the gut microbiome might affect the beginning and progression of tumor development. The gut microbiome is likely to impact the risk of cancer in multiple ways, including its involvement in cancer onset, advancement, dissemination, and reaction to treatments, as disturbances in host-microbiome equilibrium have been connected to several well-known cancer characteristics (1). Overall, these defining features consist of irregularities in the host’s metabolism and immune response, disturbances in the body’s equilibrium processes that result in persistent inflammation, and support for genetic instability and alterations (6). Building on this intricate relationship, the following section delves into how microbial exposure during early life shapes immune development and sustains homeostasis.

While a balanced microbiota contributes to immune homeostasis, its disruption—termed dysbiosis—has been increasingly recognized as a hallmark of several diseases. The microbiota significantly influences the development, progression, and treatment response across various malignancies, including breast, lung, pancreatic, and prostate cancers. The intricate relationship between microbial communities and oncogenic processes highlights the potential of microbiome profiling as a transformative tool in cancer diagnostics and therapeutics. In breast cancer, microbiota is recognized for its role at both local tissue and systemic levels in tumorigenesis. Research suggests that the breast microbiome modulates immune responses and metabolic processes (7). Beneficial bacterial strains, such as Lactobacillus and Bifidobacterium, are linked to anti-inflammatory effects that may provide protection against malignancy. Conversely, harmful species like Escherichia coli and Staphylococcus aureus can drive chronic inflammation and genomic instability (8).

The gut microbiota further influences breast cancer risk by regulating estrogen metabolism through the estrobolome, which manages systemic estrogen levels. Disruptions in the gut microbiome may elevate estrogen levels, promoting tumor growth. As a result, interventions targeting the microbiota such as probiotics, dietary modifications, and FMT are being explored as complementary strategies to enhance treatment success and minimize adverse effects (9). The research into xanthohumol anticancer properties complements the ongoing exploration of how dietary elements impact cancer progression and treatment via microbiome modulation. Similar to microbiome-targeted strategies like probiotics and dietary adjustments that enhance therapeutic outcomes, xanthohumol bioactive potential may play a role in anticancer effects by influencing gut microbiota and tumor microenvironments. This underscores the potential for a more personalized approach in oncology care (10). The research on hydrolyzed protein formulas and their impact on microbiota changes highlights the broader conversation about how dietary adjustments shape gut microbiome composition and contribute to overall health. Similar to how microbiome-focused nutritional approaches can boost the effectiveness of cancer therapies and strengthen immune functions, promoting microbial balance through personalized diets like hydrolyzed protein formulas underscores the promising role of microbiome-centered strategies in disease management and personalized treatment (11).

Lung cancer has also been linked to microbiota alterations, particularly through the gut-lung axis. The lung microbiome composition varies significantly between healthy individuals and those with lung cancer, with elevated levels of Streptococcus and Veillonella correlating with poor prognosis. Gut microbiota dysbiosis impacts immune surveillance by influencing inflammatory pathways and altering the production of short-chain fatty acids (SCFAs), crucial regulators of immune function (12). The effectiveness of immune checkpoint inhibitors (ICIs), such as anti-PD-1/PD-L1 therapies, has been shown to depend on gut microbiota composition. Certain bacteria, like Akkermansia muciniphila and Bifidobacterium, are associated with better immunotherapy responses, while microbial imbalances contribute to resistance. Consequently, microbiome profiling has emerged as a potential biomarker to predict which patients may benefit most from immunotherapy (13).

Research conducted with in vitro and murine models has indicated that Fusobacterium nucleatum may stimulate the proliferation of CRC cells and boost tumor growth rates. A number of explanations have been suggested to account for these findings. Through the interaction of FadA adhesin, F. nucleatum boosts cell division by binding to E-cadherin on the surface of CRC cells and initiates the oncogenic Wnt/β-catenin signaling cascade (3, 14). In addition to structural components of microbes, their metabolic byproducts—such as SCFAs and tryptophan derivatives—play pivotal roles in modulating host immune responses. SCFAs, such as butyrate, propionate, and acetate, are produced through the fermentation of dietary fibers and support the differentiation of regulatory T cells (Tregs) by promoting histone acetylation and increasing FOXP3 expression. Butyrate also strengthens the integrity of the intestinal epithelial barrier and reduces the production of pro-inflammatory cytokines, thereby supporting mucosal immune balance. Furthermore, tryptophan-derived indole compounds activate the aryl hydrocarbon receptor (AhR) on innate lymphoid cells (ILC3), leading to enhanced secretion of interleukin-22 (IL-22), which is vital for protecting mucosal immunity. Bile acid metabolites further influence immune cell signaling through receptors like the farnesoid X receptor (FXR) and TGR5, affecting dendritic cell function and the inflammatory response. Recent research has associated disturbances in these metabolite pathways with cancer progression, autoimmune disorders, and resistance to immune checkpoint inhibitors, underscoring their importance as diagnostic biomarkers and potential therapeutic targets. F. nucleatum promotes the growth of CRC by using Fap2 adhesin to attach to a specific sugar pattern and changing the behavior of immune cells in the tumor microenvironment through interaction with the TIGIT receptor. Activation of autophagy in CRC cells by F. nucleatum through LPS and Toll-like receptor 4 contributes to chemotherapy resistance (15). It is clear from the previously mentioned instances that variations in the gut microbiome and its potential association with CRC could offer a promising explanation for certain unexplained patterns in the disease’s occurrence. The causative relationship between bacterial traits in the gut microbiota and CRC is still unclear, and the evidence on the potential mechanisms involved is not strong enough to draw firm conclusions due to limitations (1, 16) (Figure 1).
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Figure 1 | This figure shows the role of certain bacteria in the development of gastrointestinal cancer. These bacteria enhance the production of inflammatory cytokines including IL-6, iNOS and TGF-β through the activation of β-catenin/WNT signaling, which can lead to the development of colon cancers. Additionally, by producing DNA-damaging substances, these bacteria can lead to carcinogenic damage to the host DNA.

For pancreatic cancer, particularly pancreatic ductal adenocarcinoma (PDAC), distinct microbiota signatures have been identified that impact disease progression and resistance to treatment. Salivary and gut microbiota analyses have identified increased levels of Porphyromonas gingivalis in pancreatic cancer patients suggest its use as a non-invasive biomarker for early detection. Chronic infections with Helicobacter pylori also appear to drive pancreatic carcinogenesis by sustaining inflammation and altering oncogenic pathways like Wnt/β-catenin signaling. In addition, the gut microbiota modulates chemotherapy response by affecting drug metabolism and immune system activity, highlighting the need for microbiome-based therapeutic innovations to improve treatment outcomes (17).

Prostate cancer progression has also been linked to microbiota dysbiosis, particularly regarding its effects on androgen metabolism. The gut microbiota plays a role in regulating systemic androgen levels, influencing tumor progression and the efficacy of androgen deprivation therapy (ADT) (18). Pro-inflammatory bacterial genera, such as Bacteroides and Clostridium, have been associated with disease progression, while protective effects have been linked to Lactobacillus. Microbial composition also affects the outcomes of hormonal therapy and radiotherapy, making it a promising target for therapeutic optimization. In summary, microbiota plays a crucial role across multiple cancer types by modulating oncogenic pathways, immune responses, and treatment efficacy. The growing body of microbiome research opens doors for early cancer detection, personalized therapy, and innovative treatment modalities. Future research should focus on integrating microbiome profiling into traditional diagnostic techniques, standardizing methodologies, and exploring the mechanistic pathways through which microbiota influence cancer progression and treatment outcomes. By establishing a deeper understanding of microbiota-cancer interactions, precision oncology can advance toward more individualized and effective cancer management strategies (19). Manipulating the microbiota presents substantial therapeutic opportunities, especially for boosting the effectiveness of cancer immunotherapy and chemotherapy. Strategies such as fecal microbiota transplantation (FMT), tailored probiotics, and diet alteration have demonstrated potential benefits. For instance, transferring microbiota from immunotherapy responders to non-responders has enhanced the effectiveness of checkpoint inhibitors in mouse models. Furthermore, particular probiotics, including Akkermansia muciniphila and Bifidobacterium longum, have been linked to better clinical results in patients undergoing PD-1 blockade treatment. Given these immunomodulatory effects, therapeutic modulation of the microbiota—through probiotics, prebiotics, or FMT—has gained considerable attention in clinical research.





2 Microbiota and cancer screening



2.1 Colorectal cancer screening and gut microbiome

CRC remains a leading cause of cancer-related deaths globally, with early detection playing a critical role in improving patient outcomes. Conventional screening methods such as colonoscopy, fecal occult blood tests (FOBT), and fecal immunochemical tests (FIT) are widely used to identify precancerous lesions and tumors. Despite their importance, these approaches come with notable drawbacks, including invasiveness, patient discomfort, and variability in sensitivity. Recent advancements in microbiome research suggest that analyzing gut microbial profiles could offer a complementary, less invasive tool for CRC screening (20).

The gut microbiome has emerged as a key player in the initiation and progression of CRC. Dysbiosis, or an imbalance in the microbial composition of the gut, has been associated with chronic inflammation, DNA damage, and immune system dysfunction factors that contribute to colorectal tumor development (21). Several bacterial species have been identified as potential biomarkers for CRC. Fusobacterium nucleatum, for example, fosters tumor growth by activating β-catenin signaling, modulating the immune response, and increasing resistance to chemotherapy. Bacteroides fragilis produces enterotoxins that can induce DNA damage and inflammation, elevating CRC risk. Escherichia coli (pks+ strain) harbors the pks pathogenicity island, responsible for producing colibactin, a compound linked to genomic instability. Peptostreptococcus anaerobius contributes to tumor progression by altering the tumor microenvironment, promoting cell proliferation, and triggering inflammation. These microbial markers not only provide insight into CRC development but also hold promise for enhancing early detection strategies (22).

Given the strong link between gut microbes and CRC, several microbiome-based diagnostic tools are under investigation. One promising approach is stool microbiome analysis a non-invasive method that identifies microbial signatures associated with CRC and demonstrates greater sensitivity and specificity than traditional fecal blood tests. This technique can detect key bacterial markers like Fusobacterium nucleatum and Bacteroides fragilis with precision. Another innovative option is liquid biopsy coupled with circulating microbial DNA (cmDNA) analysis, which involves detecting microbial DNA fragments in blood samples. This method allows for real-time monitoring of CRC progression and treatment efficacy while potentially being combined with circulating tumor DNA (ctDNA) analysis to enhance diagnostic accuracy. Additionally, the integration of machine learning with microbiome-based predictive models is revolutionizing CRC diagnostics (23).




2.2 Breast cancer screening and microbiota

Traditional breast cancer screening methods, including mammography, ultrasound, and MRI, dominate current practice. However, growing research highlights the potential of microbiota signatures as reliable biomarkers for early detection and risk categorization. Distinct microbial profiles in breast tissue, nipple aspirate fluid, and systemic circulation have been shown to differentiate between healthy individuals and those with breast cancer (24). Patients with breast cancer often exhibit microbial imbalances, marked by reduced levels of beneficial bacteria like Lactobacillus and Bifidobacterium, alongside an overrepresentation of pro-inflammatory and potentially pathogenic bacteria such as Escherichia coli, Staphylococcus aureus, and Fusobacterium nucleatum. These microbial disruptions may drive carcinogenesis by development chronic inflammation, oxidative stress, and immune system evasion (25). Additionally, the gut microbiota influences estrogen metabolism through the estrobolome, which can elevate systemic estrogen levels and heighten the risk of hormone receptor-positive breast cancer. Circulating microbial DNA (cmDNA) is emerging as a promising biomarker for non-invasive breast cancer detection. Metagenomic analyses of breast tissue and nipple aspirate fluid have identified unique microbial patterns that could signal malignancy at its earliest stages. Also, computational algorithms that combine microbiome profiles with clinical data are being refined to enhance diagnostic accuracy. There is also growing interest in microbiome-focused preventive strategies, such as probiotics and diet modifications, to reduce breast cancer risk (26).




2.3 Lung cancer screening and the respiratory microbiome

Low-dose computed tomography (LDCT) remains the cornerstone of lung cancer screening, but advancements in microbiome research suggest a complementary avenue for improved diagnostic precision. Alterations in the lung microbiome, heavily influenced by the gut-lung axis, are evident in lung cancer patients. Elevated occurrences of microbial genera such as Streptococcus, Veillonella, and Prevotella have been detected in the sputum and bronchoalveolar lavage fluid of affected individuals. These shifts offer distinct microbial markers for early disease identification. Gut microbiota imbalances also play a role in modulating systemic immune responses and the tumor microenvironment, impacting lung cancer progression. Liquid biopsy techniques that analyze microbial DNA from blood or respiratory secretions are emerging as non-invasive options to optimize screening efforts (25).




2.4 Pancreatic cancer screening and the oral-gut microbiome axis

The early detection of pancreatic cancer remains a significant challenge, primarily due to the lack of highly specific biomarkers. However, disruptions in the oral-gut microbiome axis have emerged as a potential diagnostic way, showing strong associations with pancreatic ductal adenocarcinoma (PDAC). Elevated levels of microbial species such as Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum have been identified in saliva samples from pancreatic cancer patients (27). Additionally, fecal microbiota analyses have highlighted an altered Bacteroides-to-Firmicutes ratio in these individuals. These microbial patterns could play a transformative role in advancing non-invasive screening methods for pancreatic cancer. Recent research suggests that bacterial metabolites, including lipopolysaccharides (LPS) and short-chain fatty acids (SCFAs), may contribute to the carcinogenesis of the pancreas by promoting chronic inflammation and immune evasion. The oral-gut microbiome axis also influences the tumor microenvironment by modulating pathways such as nuclear factor-kappa B (NF-κB) and Toll-like receptor (TLR) signaling, both of which are key promoters of tumor progression in PDAC. Salivary microbiota profiling, integrated with next-generation sequencing (NGS) and metagenomic analysis, shows promise for improving pancreatic cancer screening accuracy in terms of both sensitivity and specificity (28).




2.5 Prostate cancer screening and gut microbiota

The gut microbiota has also been closely linked to the development and diagnosis of prostate cancer. Dysbiosis, characterized by elevated levels of bacteria such as Bacteroides, Clostridium, and Escherichia coli, has been consistently observed in prostate cancer patients, alongside a decline in beneficial microbes like Lactobacillus and Faecalibacterium. Evaluating stool and urine microbiomes could complement traditional screening tools, such as prostate-specific antigen (PSA) testing and multiparametric MRI, offering improved diagnostic precision and risk assessment capabilities (29). Emerging evidence suggests the role of gut microbiota in regulating androgen metabolism and systemic inflammation, two critical factors in prostate cancer pathophysiology. The gut microbiome influences androgen bioavailability by modulating steroid hormone metabolism, potentially driving the initiation and progression of prostate tumors. Moreover, microbial-derived metabolites such as secondary bile acids and trimethylamine-N-oxide (TMAO) have been implicated in inflammatory pathways that may fuel tumorigenesis. Advancements in machine learning and artificial intelligence (AI) have facilitated the development of predictive models integrating microbiome data with conventional clinical markers. These models aim to enhance risk stratification and diagnostic accuracy. Future research should focus on microbiome-based interventions, including prebiotics, probiotics, and FMT, as promising approaches to address gut dysbiosis and improve prostate cancer prevention and treatment effectiveness (30).





3 Advancements in microbiome profiling for cancer therapy



3.1 Chemotherapy

Various research projects have explored how systemic cancer treatment impacts the makeup of gut bacteria in various cancer forms. Different types of cancer, including those affecting the gastrointestinal system and other areas, were examined in these studies, along with various chemotherapy treatments and settings (3). Systemic chemotherapy led to a rise in Faecalibacterium prausnitzii levels in midgut NET patients, as noted in those with neuroendocrine tumors. Even though this study utilized FISH to target specific species, recent articles employ sequencing-based methods to thoroughly analyze bacterial species composition (31).

The intestinal microbiota composition underwent a notable transformation following a five-day high-dose chemotherapy regimen for bone marrow transplantation, as revealed by sequencing the 16S rRNA gene, according to studies (14). A notable decrease was noted in the number of different microbe’s present, the estimated variety of microbes, and the diversity of microbes, suggesting a decrease in α-diversity as a result of chemotherapy. Therefore, it can be inferred that intensive chemotherapy led to a significant reduction in the variety of microorganisms and altered the composition of the microbial population (32). Bacteroidetes and Proteobacteria showed higher numbers at the phylum level, whereas Firmicutes and Actinobacteria displayed lower levels. Post-chemotherapy samples exhibited significantly higher levels of Bacteroides and Escherichia on the genus level when compared to pre-chemotherapy samples (33).

Additionally, there was a notable change from Gram-positive to Gram-negative bacteria observed in patients undergoing chemotherapy. It is worth noting that this research also mentioned that a few fewer common types of bacteria emerged following chemotherapy. Following chemotherapy, there was a reduction in Blautia, Faecalibacterium, Roseburia, and Bifidobacterium, which are known to promote health and have anti-inflammatory properties (3, 34). During induction chemotherapy, AML patients experienced significant alterations in their intestinal microbiota composition, as noted by Galloway-Peña et al. Through the analysis of the 16S rRNA gene, a notable decline in the diversity of microorganisms was detected, along with a reduction in the presence of the anaerobic bacteria Blautia. Conversely, chemotherapy led to a rise in the levels of Lactobacillus (35). One intriguing result of chemotherapy was the heightened occurrence of intestinal domination, where over 30% of intestinal bacteria are associated with a particular taxon. Opportunistic pathogenic bacteria, which are recognized for causing bacteremia, were responsible for 50% of the domination occurrences post-chemotherapy (32, 36). Moreover, a rise in opportunistic pathogenic genera was linked to elevated temporal variability within individual patients. Therefore, it was determined that the therapy caused a change towards a microbial composition closely resembling that of the gut microbiome in individuals without health issues. Youssef et al. (2018) obtained stool samples from individuals undergoing treatment for gastrointestinal tumors and healthy participants, contradicting previous studies that showed a decline in gut microbiota rather than an improvement. Tumors found in the stomach, small intestine, or rectum are classified as gastrointestinal neoplasms (37).




3.2 Immunotherapy

Certain research papers in human clinical trials were discovered that discussed shifts in the human gut microbiome while undergoing immunotherapy and using longitudinal sampling. Treatment with anti-PD-1, anti-CTLA-4, or interferon alpha-2b was given to patients diagnosed with metastatic or unresectable melanoma, renal cell carcinoma (RCC), non-small cell lung cancer (NSCLC), or neuroendocrine tumors (NET) (2, 16).

Moreover, there were no alterations in Shannon and Simpson α-diversity indices while undergoing ipilimumab therapy, indicating that the gut microbiota remained unaffected by the treatment. On the other hand, it is essential to point out that the quantity of fecal samples studied dropped to four over time. Although ipilimumab did not have a direct impact on the gut microbiota in this research, alterations in the gut microbiota were noted when colitis developed while on ipilimumab treatment. Hence, stool samples from seven colitis patients were obtained and juxtaposed with their original samples. Notable discrepancies in microbiota structure were detected among different family and genus categories (16).

The occurrence of ipilimumab-induced colitis in metastatic melanoma patients was linked to a notable decrease in the relative abundance of seven key genera (Lachnospiracea incertae sedis, Ruminococcus, Clostridium IV, Blautia, Pseudoflavonifracto, Eubacterium, unclassified and Lachnospiraceae). Moreover, a significant reduction in other bacteria, predominantly Firmicutes, was observed. A correlation was found between the microbiome in the human gut and the occurrence of colitis from systemic cancer therapy, which was linked to reduced α-diversity. Nevertheless, the disruptions in the microbes were probably due to the colitis rather than the treatment (6, 16).

Surprisingly, studies have demonstrated that mouse tumors treated with ipilimumab exhibit improved responses to FMT from cluster C individuals rather than cluster B individuals. It is suggested that ipilimumab could potentially transform the enterotype to the more advantageous cluster C. In addition to the research conducted by Routy, Chaput, and Vetizou, three studies carried out extended monitoring of stool samples from a small group of melanoma patients undergoing immunotherapy (16) (Figure 2).
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Figure 2 | This figure indicates the role of chemotherapy and immunotherapy treatments on the structure and proportion of the established microbiota.




3.3 Hormonal therapy

There are other research projects that have looked into alterations in the human gut microbiome caused by hormonal treatment. Fecal samples were obtained from patients with neuroendocrine tumors who were undergoing treatment with somatostatin analogs, as documented by Puhalla et al. The abundance of certain bacterial groups in these subjects remained unchanged despite the administration of somatostatin analogs (38).

In a study by Sfanos et al. (2018), the intestinal microbiota of prostate cancer patients receiving androgen axis-targeted treatments was compared to those who were not on hormonal medication. In the realm of androgen axis-targeted therapies, treatment methods like gonadotropin-releasing hormone (GNRH) or therapies targeting the androgen receptor axis were utilized. Healthy controls, benign tumor patients, and untreated prostate cancer patients were part of the group not taking hormonal medication. Prostate cancer patients, whether on hormonal medication or not, exhibited similar α-diversity levels according to this study. Compared to the GNRH group and the group without hormonal medication, the ATT group displayed the lowest β-diversity (39). The findings suggest that the gut microbiota of patients on ATT was more alike compared to those not taking any medication. Moreover, ATT was linked to a reduction in β-diversity. There were notable changes in the types and amounts of bacteria in the stool samples of men who were on oral ATT in comparison to those not using any medication. Microbiome’s role in cancer therapy shown in Table 1.

Table 1 | Microbiome’s role in cancer therapy.


[image: Table showing the influence of microbiome on various therapies. Chemotherapy affects drug metabolism with microbes like Fusobacterium nucleatum, enhancing drug response. Immunotherapy modulates immune responses, with Akkermansia muciniphila predicting immune inhibitor responses. Radiotherapy alters inflammation with Faecalibacterium prausnitzii, reducing toxicity. Hormonal therapy impacts metabolism with Lactobacillus, enhancing efficacy. FMT restores microbiota, improving therapy outcomes.]




4 Linking microbiota to cancer detection and progression



4.1 The role of the microbiome in pancreatic ductal adenocarcinoma pathogenesis

Considering the established connection between infectious agents, chronic inflammation, and cancer, it is not far-fetched to think of the microbiome as a factor in PDAC pathogenesis. Additionally, the absence of such microbes in a normal pancreas suggests that this idea could be valid (40, 41). A significant portion of cancer diagnoses, exceeding 16%, can be attributed to pathogen infections, with detailed descriptions available for most of the mechanisms. Eleven different types of “oncomicrobes” have been identified as causing cancer. Nevertheless, certain microorganisms implicated in the development of different types of cancer, like through the disruption of the Wnt/β-catenin signaling pathway, were similarly identified in PDAC, such as Clostridium, Bacteroides, and E. coli. Alterations in the Wnt/β-catenin signaling pathway are prominent in PDAC, presenting advantageous prospects for studying the microbiome’s involvement in PDAC tumor formation (40).

Beyond the triggering of oncogenic signaling, there are other viable pathways by which microbes could be involved in the development and maintenance of PDAC. Mutagenesis can lead to direct cancer-causing effects. Similarly, to oncogenic signaling, there is a parallel that supports the idea that microbes could have a hand in PDAC (40). The speculation is that F. nucleatum contributes to the carcinogenic and oncogenic processes of oral squamous cell carcinoma cells by activating the Ku70/p53 pathway and causing DNA double strand breaks. Indirectly, chronic inflammation could contribute to carcinogenic effects. Research has indicated a link between the development of prostate cancer and the connection between the oral microbiome, and periodontitis (40). According to another investigation, lipopolysaccharide (LPS), which is also known as microbe-associated molecular patterns, plays a role in promoting PC. In colonic cancer, microbial metabolites like short-chain fatty acids (SCFA) have been proven to transmit indirect oncogenic effects. It is crucial to reconsider the interaction between the microbiome and the immune system in terms of reshaping the immunogenic TME. Microbial infiltration has been identified in research as a possible cause of cancer development through the alteration of the immune system (40–42).




4.2 The impact of microbiome on cancer diagnostics

Detecting cancer at an early stage has been proven to reduce the chances of negative results and increase the chances of successful therapy. Different levels of invasiveness are seen in the current techniques used for cancer diagnosis, and a significant number of diagnoses continue to depend on invasive biopsies for verification. Research efforts have been directed towards identifying less intrusive approaches that can still ensure a high level of sensitivity (such as in cancer instances) and specificity (excluding non-cancer instances). Current research has emphasized the use of microbiomes for diagnosis, especially in cancer cases, where samples such as saliva, stool, and plasma can be collected more conveniently than other diagnostic approaches (15).



4.2.1 Salivary microbiota

The analysis of the bacteria in saliva, known as salivary microbiota, is a highly studied diagnostic technique that can be conducted using noninvasive samples of saliva. Cancers in various parts of the body, such as the mouth, pancreas, and lungs, have been linked to the bacteria in saliva. The salivary microbiome of individuals with oral squamous cell carcinoma (OSCC) contains a unique mix of Capnocytophaga gingivalis, Prevotella melaninogenica, and Streptococcus mitis, which can be utilized as a diagnostic marker with an accuracy of 80% sensitivity and 83% specificity in contrast to healthy controls (43). Despite being considered commensal organisms, these three bacterial species were found to be notably increased in cancer patients. Recent research has suggested that C. gingivalis may have a role in promoting tumors, while the mechanisms for the other two species are not yet understood. The combination of certain oral bacteria, such as Neisseria elongata and S. mitis, can be used as a diagnostic tool for pancreatic cancer, distinguishing it from pancreatitis with good accuracy. Another study, more recent in nature, examined saliva samples from PDAC patients using advanced sequencing techniques, finding no significant variations in previously identified oral microbes like P. gingivalis, N. elongate, and S. mitis, raising doubts about their utility as diagnostic indicators (44).

One significant drawback of using the salivary microbiota for diagnosis is the uncertainty surrounding whether variations in microbes are a consequence or trigger of cancer. To clarify, these bacteria could exhibit a change in response to cancer only after its development, making them less reliable for detecting cancer in its early stages, although more research is necessary to unravel this link. Furthermore, the composition of the oral microbiome can vary significantly depending on the age, race/ethnicity, dietary habits, and lifestyle choices of individuals, emphasizing the importance of studying larger and more diverse patient cohorts to ensure precise diagnostic accuracy across all demographics (45).




4.2.2 Fecal microbiota

The fecal microbiome, much like the oral microbiome, has been the subject of in-depth research and can be explored through noninvasive collection methods involving stool samples. Most studies focusing on using the fecal microbiome as a diagnostic indicator have primarily centered on CRC (46). The fecal microbiome, much like the oral microbiome, has been the subject of in-depth research and can be explored through noninvasive collection methods involving stool samples. The main focus of research on using the fecal microbiome as a diagnostic tool has been on CRC (3).

In addition to this, the fecal microbiome has been employed to examine biomarkers for different forms of cancer, albeit to a lesser extent. In the gut microbiome of lung cancer patients, a study using 16S rRNA analysis revealed a reduction in certain bacterial genera and an increase in 11 bacterial genera. Further investigation is necessary to uncover the rationale behind why these categories might act as gut markers for lung cancer and to validate this concept with larger groups of patients (45).




4.2.3 Plasma cell-free DNA

A new trend has emerged in the field of cancer diagnosis, shifting the focus towards the utilization of cell-free DNA from human plasma, departing from the traditional methods used in microbially-rich environments. Liquid biopsies, or cell-free DNA tests, have experienced a rapid surge in application, transitioning from their initial role in prenatal examinations to broader health issue assessments (47).

Nevertheless, these examinations concentrate on the use of circulating tumor DNA found in the bloodstream. Recent studies have delved into the presence of microbial DNA sequences in plasma as a potential diagnostic tool, following earlier research that established a link between microbes and cancer. Microbial DNA was identified in the plasma of three early-onset breast cancer patients through next-generation sequencing, with the majority coming from bacteria, along with contributions from fungi and viruses (33, 45). The bacterial DNA detected in the blood of cancer patients differed significantly from that of the control group, showing higher levels of Pseudomonas spp. and Sphingomonas spp. in cancer patients, while Acinetobacter spp. were more prevalent in the controls. The authors suggest that more extensive studies with a larger sample size are necessary before any definitive conclusions can be made. Further investigations have revealed alterations in microbial patterns in the bloodstream of cancer patients without genetic mutations, with researchers noting the potential presence of microbial sequences in various blood components apart from plasma (48).

Even though there have been advancements in utilizing various microbiomes for cancer detection in experiments, it is probable that these microbiome-centered diagnostic strategies will be employed in conjunction with other established methods like imaging or biopsies, rather than as standalone diagnostic tools. Detecting cancer in its early stages and reducing the need for invasive tests could be significantly enhanced by these techniques. It is anticipated that diagnostic strategies centered on the microbiome could emerge as autonomous tools as the scientific community delves deeper into the intricate connections between microbiomes and cancer (48). Diagnostic methods involving microbiota shown in Table 2.

Table 2 | Diagnostic methods involving microbiota.
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5 Microbiota as biomarkers for early cancer diagnosis

Finding the perfect biomarkers for various diseases, such as certain forms of cancer, is seen as a challenging endeavor. Most current sampling techniques for cancer tissues do not have the capability to distinguish patients who will not respond to therapy and face challenges in accurately categorizing cancer subtypes because of the variability in tumors both within and among patients. It is important for a biomarker to be readily quantifiable, non-intrusive, and inexpensive (3, 44).

The human microbiome, specifically the gut microbiome, offers a non-intrusive method for pinpointing disease biomarkers that have the potential to detect various illnesses in their initial phases. Also, the utilization of microbiome-related biomarkers, in conjunction with clinical data and other biomarkers, can boost the accuracy of disease classification. To illustrate, some microbes are recognized for their contribution to the shift from adenoma to carcinoma in certain cancers, such as CRC. Microorganisms like these can serve as useful indicators for the effectiveness of treatments for CRC (3, 36, 47).

Besides microbiome-derived biomarkers, mast cells (MCs), microRNAs (miRNAs), imaging methods, and machine-learning models are also gaining attention as non-invasive biomarkers for disease diagnosis and prognosis, offering a glimpse into the future of precision medicine. Occasionally, the human microbiota interacts with different genetic or chemical markers. Changes in small RNA patterns found in feces of individuals with CRC are indicative of the types of bacteria present in their stool samples. Therefore, the utilization of several interlinked biomarkers in a network could enhance the efficiency of current biomarkers (46, 49). Infectious diseases were replaced by cancer and cardiovascular diseases as the leading causes of death on a global scale, due to an epidemiological shift. Currently, there are 19 million new cancer cases and 10 million fatalities globally, with an expected 50% surge in the next 20 years, especially in countries with low levels of human development (49, 50).



5.1 Colorectal cancer

The microbiome has emerged as an essential biomarker for cancer detection, prognosis, and treatment response across multiple types, including colorectal, breast, lung, pancreatic, and prostate cancers. In colorectal cancer, specific microbial signatures such as Fusobacterium nucleatum, Bacteroides fragilis, and Escherichia coli containing the pks pathogenicity island are linked to tumorigenesis through mechanisms like chronic inflammation, DNA damage, and immune modulation (51). Among them, Fusobacterium nucleatum is extensively studied for its role in activating the β-catenin signaling pathway and promoting immune evasion, making it a highly promising non-invasive biomarker detectable in stool and tissue samples. Recent advancements in microbiome-based stool tests, when combined with standard methods like the fecal immunochemical test (FIT), have notably improved diagnostic precision. Moreover, circulating microbial DNA (cmDNA) in plasma is being explored as a liquid biopsy biomarker for colorectal cancer. The microbiome also significantly influences treatment outcomes, with Fusobacterium nucleatum enrichment linked to resistance against fluoropyrimidine-based chemotherapy. In contrast, beneficial microbes such as Akkermansia muciniphila are associated with better responses to immune checkpoint inhibitors (52, 53).




5.2 Breast cancer

In breast cancer, the microbiome contributes to tumor development through both local and systemic mechanisms, particularly its impact on estrogen metabolism via the gut-associated estrobolome. Research findings indicate that breast cancer patients exhibit distinct microbial compositions, including reduced levels of anti-inflammatory species like Lactobacillus and Bifidobacterium, alongside elevated levels of pro-inflammatory and oncogenic bacteria such as Escherichia coli, Staphylococcus aureus, and Fusobacterium nucleatum (54). This disruption of gut microbial diversity alters estrogen metabolism, increasing systemic estrogen levels and elevating the risk of hormone receptor-positive breast cancer. Metagenomic analyses of breast tissue, nipple aspirate fluid, and blood samples have successfully identified microbial DNA that differentiates malignant from benign conditions, supporting their potential as biomarkers for early cancer detection. Additionally, gut microbiota composition appears to modulate the efficacy of endocrine therapies such as selective estrogen receptor modulators and aromatase inhibitors where higher microbial diversity correlates with more effective drug metabolism and treatment responses (55).




5.3 Lung cancer

In lung cancer, research into the gut-lung axis has highlighted its role in shaping immune responses and tumor dynamics. Patients with lung cancer exhibit pronounced alterations in both pulmonary and gut microbiota. For example, elevated levels of species such as Streptococcus, Veillonella, and Prevotella in bronchoalveolar lavage fluid and sputum have been proposed as potential diagnostic markers. Gut microbiota also influences the efficacy of immune checkpoint inhibitors like PD-1/PD-L1 therapies; an abundance of beneficial microbes such as Akkermansia muciniphila and Bifidobacterium enhances immunotherapy responses, whereas dysbiosis involving species like Clostridium and Ruminococcus correlates with resistance. Additionally, circulating microbial DNA in plasma is being investigated as a non-invasive diagnostic tool for lung cancer. Using machine learning algorithms to integrate microbiome data has further improved diagnostic accuracy (56).




5.4 Pancreatic cancer

In pancreatic cancer, the microbiome significantly influences disease development and progression. Microbial signatures from oral, gut, and pancreatic tumor microbiota show promise as diagnostic biomarkers. Increased levels of Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum in saliva samples are associated with pancreatic ductal adenocarcinoma (PDAC), pointing to an oral-gut microbiome axis involved in tumorigenesis (27). Gut dysbiosis characterized by a higher Bacteroides-to-Firmicutes ratio has also been linked to pancreatic cancer progression. Microbial metabolites such as lipopolysaccharides and short-chain fatty acids contribute to carcinogenesis by driving chronic inflammation and immune evasion. Importantly, certain bacteria like Gammaproteobacteria produce enzymes capable of inactivating gemcitabine, a primary chemotherapy drug for pancreatic cancer, thereby contributing to drug resistance. Strategies aimed at modifying the microbiota such as antibiotics or FMT are being explored to enhance chemotherapy effectiveness (57).




5.5 Prostate cancer

The gut microbiome has been increasingly implicated in the progression of prostate cancer through its effects on androgen metabolism and systemic inflammation. Individuals with prostate cancer exhibit distinct microbial alterations in stool and urine samples, characterized by an overabundance of Bacteroides, Clostridium, and Escherichia coli microbes linked to chronic inflammation and tumor growth alongside a reduction in beneficial species such as Lactobacillus and Faecalibacterium. Current research indicates that the composition of the gut microbiota can influence the effectiveness of androgen deprivation therapy (ADT), with certain bacteria capable of metabolizing androgens, potentially impacting treatment outcomes. Additionally, microbiome-targeted strategies, such as probiotics and dietary interventions, are being explored as promising therapeutic approaches to enhance prostate cancer management (58). Microbial biomarkers across cancer types shown in Table 3.

Table 3 | Microbial biomarkers across cancer types.
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6 Personalized cancer treatment through microbiome insight

The human microbiome plays a pivotal role in shaping how individuals respond to cancer treatments, influencing drug metabolism, immune system activity, and tumor behavior. While traditional cancer therapies often adhere to standardized approaches, research increasingly highlights the microbiome’s capacity to significantly affect treatment outcomes. By integrating microbiome insights, researchers and clinicians aim to create personalized cancer therapies that not only improve effectiveness but also reduce side effects (59). Every person has a unique microbial ecosystem that interacts intricately with their immune system and metabolic processes, shaping their response to cancer treatments. Gut bacteria, for instance, affect the absorption and breakdown of chemotherapy drugs. Some microbes produce enzymes that degrade or deactivate these drugs, leading to treatment resistance. In CRC, Fusobacterium nucleatum has been identified as a contributor to chemoresistance, while Akkermansia muciniphila has shown promise in boosting chemotherapy effectiveness by enhancing immune activation. Similarly, the success of ICIs like PD-1 and CTLA-4 inhibitors is linked to specific gut bacteria. Patients with high levels of Bifidobacterium and Faecalibacterium prausnitzii often exhibit improved responses to immunotherapy, whereas those suffering from dysbiosis may experience diminished treatment benefits. In the case of radiotherapy, certain beneficial microbes such as species of Lactobacillus help reduce radiation-induced inflammation and maintain gut barrier integrity, mitigating toxicity during treatment (60).

Beyond observing the microbiome’s impact, researchers are now investigating ways to actively modify it to optimize cancer treatment outcomes. Emerging innovations include synthetic probiotics engineered to deliver therapeutic compounds, prebiotic-based solutions aimed at fostering beneficial microbial populations, and CRISPR-powered technologies to alter bacterial genes involved in drug metabolism. Live biotherapeutic products (LBPs) genetically modified microbes designed to enhance immune modulation and chemotherapy responses are also under development. These approaches signal a transformative shift toward incorporating microbiome engineering as a key component of precision oncology (25). Advancements in sequencing technologies, such as metagenomic and shotgun sequencing, now enable real-time tracking of a patient’s microbiome during treatment. This development allows clinicians to monitor microbial dynamics, predict potential drug resistance, and tailor personalized interventions as needed. Additionally, machine learning tools are being integrated with microbiome datasets to identify predictive biomarkers, categorize patients based on treatment responses, and fine-tune therapeutic planning. By identifying ARPC1A as a prognostic biomarker in low-grade glioma, reinforcing the move toward personalized cancer treatment. By integrating microbiome and genetic insights, clinicians can design therapies tailored to an individual’s unique tumor profile, moving away from the limitations of a one-size-fits-all approach (61).

However, the promise of microbiome-driven cancer therapy, several challenges remain. Microbiome diversity across individuals shaped by diet, genetics, antibiotics, and other factors complicates the creation of universally effective interventions. Furthermore, the absence of standardized protocols for microbiome sampling, sequencing methods, and data interpretation poses challenges for clinical implementation. Regulatory hurdles compound these issues, particularly for novel therapies like FMT and engineered probiotics, both of which require comprehensive validation in large-scale clinical trials before achieving broader approval in oncology settings (62). Utilizing the microbiota to enhance cancer treatments has emerged as a new approach in personalized medicine. While current results are promising, challenges remain including a limited understanding of how microbiota affects therapy, undefined microbial biomarkers, and no consensus on the best modulation methods. Moreover, most research focuses on bacteria, overlooking the roles of commensal viruses, fungi, and archaea in cancer. Modern strategies integrating microbiome in cancer treatment shown in Table 4.

Table 4 | Modern strategies integrating microbiome in cancer treatment.
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7 Microbiota’s role in predictive oncology and custom therapies

The microbiota has emerged as a critical factor in oncology, influencing cancer development, progression, and treatment response. Its predictive role is being increasingly studied across several aspects of cancer care. Certain microbiota, particularly in the gut, have been linked to cancer development. For example, certain strains of E. coli possess a pathogenicity island known as pks, which contains genes responsible for producing the genotoxic compound colibactin. This metabolite could potentially be used as a biomarker to predict the risk of colon cancer. Approximately 16% of cancer types have been caused by microbial organisms, Helicobacter pylori is known to play a role in the development of adenocarcinoma in gastric and duodenal epithelial cells, as well as gastric cancer (63, 64). Streptococcus, Haemophillus, and Bifidobacterium have been identified as oral cancer biomarkers, using sequence-based techniques (63). However, the precise ways bacteria contribute to cancer development are still unclear, likely due to the complexity of bacterial communities and their interaction with living cells, so developing non-invasive tests to analyze microbiome composition could help predict cancer risk and prognosis in real-time (19, 63).

The composition of a patient’s microbiota can also predict their response to cancer treatment. Chemoresistance caused by F. nucleatum in mice may also be seen in human CRC patients. Higher levels of F. nucleatum in tumors are associated with quicker cancer recurrence and can predict CRC recurrence more accurately than the traditional cancer staging system (65, 66). Meanwhile, as the relationship between CDD-L, found in gram-negative bacteria, and gemcitabine chemoresistance is well known, a clinical study exhibited the potential role of intratumoral lipopolysaccharide, a cell wall component of Gram-negative bacteria, to be a negative predictor of gemcitabine efficacy in advanced pancreatic cancer (67). So, antibiotics targeting the CDD-L-producing bacteria improve gemcitabine response in patients with pancreatic ductal adenocarcinoma (PDAC) (65, 67). Preclinical studies indicated that prebiotics inulin and oligofructose increase the cytotoxic effects of 5-fluorouracil and CTX. Prebiotic consumption may enrich immune-effective bacteria. Clinical studies on the impact of prebiotics on chemotherapy are lacking So, Future investigations are essential to address the clinical safety of prebiotics (65).

Previous studies investigated the role of microbiota on the clinical response of ICIs and tried to elucidate the principle mechanism of dysbiosis of microbiota in the immune response. The microbiota that is effective in cancer immunotherapy response is not the same in clinical studies. This variation may be due to not having standard methods across studies. However, some of the bacteria identified from human studies, including A. muciniphila, B. intestinihominis, and B. thetaiotaomicron, were shown to improve therapeutic response through immunomodulation (65). As mentioned before F. nucleatum has been linked to poor prognosis in CRC, but it enhances the efficacy of immunotherapy. Thus, F. nucleatum is a potential bacterial biomarker for CRC and also immunotherapy response (63). Various therapeutic approaches have been tailored to modulate the microbiome to enhance the effectiveness of immunotherapy, based on recent discoveries in this field. FMT treatment is the transplantation of an individual’s gut microbiome usually from responders to non-responders. Its key benefit is that it can alter the microbiome, even without a clear understanding of the underlying mechanisms. Human and animal studies indicated that FMT can boost both immunotherapy response and irAEs, such as colitis (65, 68). Dietary modulation like high fiber diet in metastatic non-small cell lung carcinoma (NSCLC) patients receiving ICI, increased Bifidobacterium species which are another immunogenic bacteria associated with improved anticancer immunity (65). In addition, choosing specific antibiotic regimens can potentially have indirect anticancer benefits and help minimize complications during cancer therapies by targeting harmful microorganisms that either contribute to cancer development or lead to adverse events (69, 70). The research on immunoadjuvant-functionalized metal–organic frameworks (MOFs) complements the growing understanding of how microbiome insights can improve cancer immunotherapy. Similar to how beneficial gut microbes such as Akkermansia muciniphila and Bifidobacterium enhance the efficacy of immune checkpoint inhibitors, MOFs provide an innovative approach to modulating tumor immunity. This holds promise for advancing precision oncology and transcending conventional therapeutic methods (71).

The gut microbiome can be a double-edged sword for irAEs. Researches indicated that Checkpoint inhibitor colitis (CIC), the most frequently reported irAE, can be developed by Faecalibacterium prausnitii and Bacteroidetes or be protected by B. fragilis (68). In a clinical study, chaput et al. demonstrated that in metastatic melanoma patients receiving Ipilimumab, a higher abundance of Faecalibacterium and other Firmicutes was associated with better response with more colitis. Therefore, understanding the relationship between different microbes and side effects is particularly important for individualized palliation of these adverse events (69).




8 Challenges and future of microbiota in cancer diagnostics

Investigate the current challenges in using microbiota for cancer diagnostics, such as variability in microbial communities and standardization issues. Discuss potential future directions and solutions. Early diagnosis of cancer usually guarantees a better prognosis and increased treatment success rate. The available diagnosis techniques often involve invasive biopsies. This calls for research into less invasive techniques. Such techniques are those that have high sensitivity, which detects cancer patients, and high specificity, which rules out non-cancer patients. Recent studies have tested the ability of microbiomes to diagnose cancer through non-invasive means, using easily accessible samples such as saliva, stool, and plasma-a promising alternative to traditionally used invasive techniques. In fact, the use of microbiota for diagnostics to the cancer is mirrored by a remarkable promise combined with major challenges. Some limiting factors for broad use of microbiota-based diagnostics in cancer include variation in microbial communities, discrepancies in methods of approaches and lack of uniformity in approaches (72).

Challenges for microbiota-based diagnostics the composition of the microbiota varies between individuals and among populations and is highly modulated by diet, age, geographic location, medication use, and lifestyle (72, 73). These factors may mask any association between specific microbial signatures and cancer. Whereas detection of Fusobacterium enrichment in CRC lesions and stools has been reported in various populations, microbial community variation among individuals and populations complicates generalization. Such variability requires even finer control and adjustments in the design of studies to account for such variability (74).

Despite its potential, microbiome-driven cancer treatment faces significant challenges, mainly regarding standardization and reproducibility. One major issue is the natural variability of the microbiome across individuals, shaped by factors such as genetics, diet, geographic location, medication use (notably antibiotics), and underlying health conditions. This variability complicates efforts to create universally effective therapeutic approaches centered on the microbiome. A critical obstacle is the lack of standardized protocols for microbiome analysis. Variations in sampling techniques whether using stool, saliva, blood, or tumor tissue as well as differences in DNA extraction methods and sequencing technologies, contribute to inconsistent research outcomes. Additionally, the diverse range of bioinformatics tools employed to process microbiome data can lead to biases and conflicting interpretations. Without unified methodologies, it remains challenging to transition microbiome-focused discoveries from the research phase into practical clinical use (75).

Another key challenge is the identification of clinically relevant microbial biomarkers. While studies often report links between specific bacterial species and cancer treatment outcomes, these associations are not always causative. The intricate dynamics of host-microbiome interactions make it difficult to determine whether particular microbes actively affect treatment responses or simply reflect other underlying factors. Large-scale, and carefully controlled clinical trials are essential to validate these findings before microbial biomarkers can inform routine clinical practices. Regulatory challenges add another layer of complexity to adoption of microbiome-based interventions. FMT, for example, has shown encouraging results in restoring microbial balance and improving responses to immunotherapy. However, concerns about long-term safety and potential transmission of harmful pathogens remain. Similarly, engineered probiotics and drugs designed to modulate the microbiome require rigorous safety evaluations before they can receive regulatory approval for use in cancer care (76).

Standardization issues: To overcome these challenges, the field must move toward standardized microbiome research frameworks that facilitate reproducibility and enable clinical application. Establishing universal guidelines for microbiome sampling, sequencing, and data analysis will significantly enhance the comparability of findings across studies. Moreover, integrating machine learning and AI to analyze microbiome data may help identify microbial signatures that can predict treatment responses more accurately. Another critical area for future development is the creation of personalized microbiome-based therapies personalized to the unique needs of each patient. Innovations in microbiome engineering, such as developing synthetic probiotics and microbiota-specific drugs, hold promise for delivering more precise therapeutic options. Additionally, integrating microbiome analysis into multimodal cancer treatment plans by combining it with data from genomics, proteomics, and metabolomics can pave the way for a fully individualized approach to cancer care (77–79). Personalized cancer treatment strategies shown in Table 5.

Table 5 | Personalized cancer treatment strategies.
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9 Combining microbiome data with traditional cancer tests

Explain how integrating microbiome data with conventional diagnostic methods can improve cancer detection accuracy. Provide examples of combined approaches and their benefits. The human microbiome communities of bacteria, viruses, fungi, and other microorganisms residing in and on our bodies has been shown to be linked with several cancer types. For instance, particular microbial signatures, such as the overrepresentation of F. nucleatum in CRC, have been consistently observed in both tissue and stool samples (80).

Microbial cell-free DNA (cfDNA) from liquid biopsies is emerging as a minimally invasive approach for early cancer detection. Traditionally, cancer detection using liquid biopsies targets tumor-derived markers like circulating tumor DNA (ctDNA). However, ctDNA can be difficult to detect, especially in early-stage cancers due to low concentrations. Recent advances leverage non-human cfDNA from the microbiome, analyzed via whole-genome sequencing (WGS), to detect cancer. Microbial cfDNA, released by tumor-associated bacteria, viruses, and fungi, offers an additional layer of diagnostic potential, with studies demonstrating its ability to distinguish between cancer and non-cancer cases using machine learning models (81).

Although, the use of stool-based microbiome analysis in conjunction with traditional CRC screening methods has shown great promise. In a study that combined a fecal immunochemical test (FIT), which detects blood hidden in the stool, with microbiome analysis, researchers found a significant improvement in the accuracy of CRC diagnosis. The sensitivity of FIT alone for detecting CRC is approximately 79%, but when combined with microbiome markers such as Fusobacterium or Porphyromonas, the sensitivity improved to more than 90% (82).

Also, Machine learning (ML) models use feature vectors to make predictions, where the input vector consists of M features, and the model predicts a target value based on a decision function. The primary goal of ML models is to minimize the loss function, which measures the discrepancy between predicted and actual outcomes. These tasks are categorized into classification or regression, depending on whether the target variable is categorical or numerical. In cancer-related microbiome research, classification is the most common approach, focusing on cancer diagnosis or tumor type identification. Regression tasks, though less frequent, are used for outcomes such as predicting survival time or tumor growth in experimental models.



9.1 Support vector machines

Support vector machines are popular for cancer-related microbiome research, particularly for identifying biomarkers. They work by defining a decision boundary (hyperplane) and, using techniques like the “kernel trick,” can handle non-linear data (83). SVMs have shown good performance in CRC prediction but are less interpretable than other models like Random Forests (84).




9.2 Decision tree-based models

Decision tree-based models especially Random Forests, are widely used in cancer-microbiome studies. Random Forests reduce variability by averaging the predictions of multiple trees, providing better generalization than single Decision Tree (85). They have successfully identified various cancers, such as colorectal and lung cancer (85). Boosting further improves performance by building models sequentially and adjusting for errors, with models like Explainable Boosting Machines (EBMs) enhancing interpretability (86).




9.3 Logistic regression

Logistic regression is a simple yet effective model, often used for feature selection in microbiome studies. While typically outperformed by more complex models, it remains useful due to its interpretability, especially when identifying potential cancer biomarkers. Regularization methods like LASSO and Ridge help reduce overfitting, making it an efficient choice for small datasets (87) (Figure 3).

[image: Diagram showing the impact of various bacteria, such as Clostridium, Bacteroides, F. nucleatum, and E. coli, on intestinal cells. Arrows depict how bacterial components like Fap2 and FadA influence cellular processes, leading to DNA double-strand breaks, activation of β-catenin and WNT signaling, and increased levels of IL-6, iNOS, and TGF-β. This progression is correlated with stages from a healthy status through precancerous polyps to colorectal cancer, with an associated decrease in microbiota diversity.]
Figure 3 | This figure highlights the role of microbiota in cancer diagnosis and treatment selection and its challenges.





10 Microorganisms and cancer: drivers or companions

The intricate relationship between microorganisms and cancer has been widely studied, but it remains a topic of ongoing debate whether microbes function as drivers (actively contributing to the initiation and progression of cancer) or as companions (simply coexist with tumors without directly causing them). To resolve this ambiguity, researchers must investigate into the biological mechanisms connecting microbes to cancer, distinguish correlation from causation, analyze experimental findings, and address the limitations in current studies. Microorganisms influence cancer development in several ways, predominantly through mechanisms like chronic inflammation, DNA damage, metabolic disturbances, and immune modulation (88). Persistent infections by certain microbes often provoke inflammatory responses, releasing ROS and pro-inflammatory cytokines that can cause DNA mutations and foster tumor growth. For instance, Helicobacter pylori plays a role in gastric cancer by inducing chronic inflammation, while Fusobacterium nucleatum has been linked to colorectal cancer through immune modulation and enhanced tumor cell survival (89). Additionally, some bacteria, such as Escherichia coli strains carrying the pks pathogenicity island, produce genotoxins like colibactin, which generates DNA double-strand breaks, leading to genomic instability. Beyond direct genetic damage, microbial metabolites reshape the tumor microenvironment in diverse ways. While certain bacterial byproducts, such as SCFAs, may exhibit protective effects against cancer, others can stimulate tumor proliferation. A case in point is Fusobacterium nucleatum, which influences the metabolic dynamics of CRC by increasing glucose uptake in tumor cells, thereby accelerating their growth (90).

A significant challenge in microbiome-oncology research is differentiating between correlation and action, despite evident biological associations. Many microbes linked to cancer may not initiate tumor formation but rather opportunistic colonizers in the tumor microenvironment. To determine their roles, it is critical to compare microbial presence in early versus advanced tumor stages. Microorganisms consistently found in pre-cancerous lesions prior to tumor development are more likely to be drivers of cancer. Conversely, those primarily detected in late-stage tumors are more likely opportunistic participants. Tumors often create unique conditions such as hypoxia and immune suppression that encourage microbial proliferation, further complicating efforts to determine whether microbes cause cancer or simply adapt to tumor-associated conditions. Longitudinal studies that follow individuals over time are instrumental in unraveling this relationship. For instance, research showing that eradication of H. pylori lowers gastric cancer risk provides robust evidence of its role as a driver. However, for many other microbes, such long-term data is lacking (91).

Experimental models offer additional insights into the microbiome’s role in cancer. Germ-free mouse models, which are without of microorganisms, develop fewer spontaneous tumors, indicating microbes may play a part in carcinogenesis. Introducing specific cancer-associated bacteria into these models often accelerates tumor growth. For example, introducing Fusobacterium nucleatum into mice predisposed to colorectal cancer significantly enhances tumor progression, supporting its role as a driver. Other experimental interventions, such as antibiotic treatments or microbiome transplants, provide further evidence. When antibiotics targeting specific microbes reduce tumor burden, it suggests those microbes have a direct role in cancer progression. Similarly, transplanting a cancer-associated microbiome into germ-free mice and observing increased tumor incidence supports microbial involvement in cancer initiation. Human cohort studies also contribute valuable evidence. Epidemiological links between H. pylori and gastric cancer and between F. nucleatum and colorectal cancer progression underscore their potential roles as cancer drivers. However, practical and ethical limitations restrict the extent of direct experimental work possible in human subjects (88) (Figure 4).

[image: Illustration of chemotherapy and immunotherapy effects on gut microbiota. Left shows chemotherapy reducing microbiota diversity, Gram-positive bacteria, Firmicutes, Actinobacteria, Bifidobacterium, and Blautia, with an increase in Gram-negative, Bacteroidetes, Proteobacteria, Escherichia, and Lactobacillus. Right depicts immunotherapy causing immunotherapy-induced colitis and decreasing various bacteria such as Lachnospiracea incertae sedis, Ruminococcus, and Clostridium IV. Central circle features microbiota representations.]
Figure 4 | A schematic representation illustrates the two-way interaction between the microbiota and the host immune system. Microbial metabolites like short-chain fatty acids, indoles, and bile acids affect immune responses through pathways including AHR and G-protein coupled receptors. These signals influence immune cell populations, such as regulatory T cells and Th17 cells, playing a role in maintaining immune balance, protecting against chronic inflammation, and potentially impacting cancer development.




11 Conclusion

In conclusion, a deeper understanding of the host–microbiota immune axis lays the groundwork for innovative, personalized, and microbiota-targeted therapies that may transform human health management. Using the potential to revolutionize precision medicine, the integration of microbiome research into oncology has created new opportunities for cancer diagnoses and treatment. The host’s and microbiota dynamic interactions highlight how important they are to the development, progression, and response to cancer therapy. In contrast dietary modification and FMT have become cutting-edge strategies to improve therapeutic efficacy and reduce side effects, microbial biomarkers, such as F. nucleatum and B. fragilis, demonstrate promising in early cancer detection, especially in colorectal and breast cancers. Significant challenges remain in spite of these developments, such as the inherent variability of microbiota composition between individuals and populations, the lack of standardized procedures, and the requirement for complete verification of biomarkers obtained from microbiota. There is potential for increasing diagnosis precision and prediction treatment results through the creation of integrated diagnostic frameworks that integrate microbiome data with conventional techniques like liquid biopsies and advanced machine learning algorithms. Future research should focus on addressing these challenges by establishing standardized protocols, expanding diverse patient cohorts, and exploring the roles of underrepresented microbial domains, such as viruses and fungi, in cancer biology. Deciphering the intricacies of the interaction between microbiota and cancer will help the field reach its full potential and eventually result in lower-invasive, more individualized, and more successful cancer care approaches.
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Primary immune thrombocytopenia (ITP) is an autoimmune disorder characterized by platelet destruction and impaired production, leading to bleeding risk. While immunosuppressive therapies are standard, many patients experience relapses or refractory disease, highlighting the need for novel approaches. Emerging evidence suggests the gut microbiota plays a role in immune regulation, yet its impact on ITP remains unclear. Dysbiosis has been linked to immune dysfunction in other autoimmune diseases, but whether it drives or results from immune dysregulation in ITP is debated. This review explores the gut-immune axis in ITP, focusing on microbiota-driven immune modulation, cytokine signaling, and platelet homeostasis. We assess microbiota-targeted interventions, including fecal microbiota transplantation (FMT), probiotics, and dietary modifications, while addressing key controversies and knowledge gaps. Advances in microbiome sequencing and artificial intelligence may facilitate personalized interventions. Standardizing microbiota-based diagnostics and validating their efficacy in clinical trials are crucial for their integration into ITP management. Bridging these gaps may lead to microbiota-driven strategies that enhance immune regulation and improve patient outcomes.
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Highlights

	The gut-immune axis influences ITP pathogenesis and platelet homeostasis.

	Dysbiosis disrupts immune regulation and drives disease progression.

	FMT, probiotics, and dietary interventions offer potential ITP therapies.

	Microbiome sequencing and AI may advance personalized treatments.

	Standardization and clinical validation are crucial for microbiota-based strategies.






1 Introduction

Primary immune thrombocytopenia (ITP) is an acquired autoimmune disorder characterized by a persistent low platelet count due to immune-mediated platelet destruction and impaired platelet production (1, 2). While immunosuppressive therapies, such as corticosteroids and intravenous immunoglobulin (IVIG), are commonly used, their effectiveness varies, and long-term management remains challenging (3, 4). In particular, the frequent need for alternative therapeutic strategies in refractory cases underscores the need for a deeper understanding of ITP pathogenesis and the development of novel treatment approaches.

Traditionally, ITP is associated with autoantibody-mediated platelet destruction, where antibodies target platelet surface glycoproteins such as GPIIb/IIIa and GPIb/IX (5–7). However, emerging evidence reveals a more complex pathophysiology involving dysregulated T-cell responses, pro-inflammatory cytokines, and defective megakaryopoiesis. An imbalance between regulatory T cells (Tregs) and effector T cells (Th1 and Th17) drives persistent inflammation and immune-mediated platelet destruction, underscoring the multifaceted nature of ITP pathogenesis (8, 9). Notably, a reduction or dysfunction of Tregs is associated with the induction of ITP, whereas their expansion or restoration is considered immunoprotective, restoring immune tolerance and suppressing autoreactive responses against platelets (10).

Beyond these immune mechanisms, recent research suggests that gut microbiota plays a crucial role in shaping immune responses in ITP (11). The gut-immune axis, which governs interactions between intestinal microbiota and systemic immunity, has been implicated in various autoimmune diseases, including systemic lupus erythematosus and rheumatoid arthritis (RA) (12–14). Dysbiosis, an imbalance in gut microbial composition, has been shown to drive immune dysregulation, promote inflammation, and influence hematologic conditions (15–17). However, the precise role of the gut microbiota in ITP pathogenesis remains unclear, presenting a significant knowledge gap.

A key controversy center on whether alterations in the gut microbiota are a consequence of immune dysfunction in ITP or an independent driver of disease progression (18). Additionally, while microbiota-targeted interventions such as fecal microbiota transplantation (FMT) and probiotics have shown promise in other autoimmune conditions, their therapeutic potential in ITP remains largely unexplored (19, 20). These gaps highlight the need for further investigation into the mechanisms linking gut dysbiosis to ITP pathogenesis and treatment response.

This review therefore comprehensively analyzes the gut-immune axis in ITP, critically evaluating current knowledge and identifying key unanswered questions. We explore the potential of microbiota-targeted therapies to restore immune homeostasis, highlight areas of consensus and controversy, and propose directions for future research. By synthesizing available evidence and pinpointing knowledge gaps, we aim to advance the understanding of gut microbiota’s role in ITP and its implications for novel therapeutic strategies.




2 The gut-immune axis: a new perspective in ITP pathogenesis

Recent advancements in immunology and microbiome research have revealed the intricate interplay between the gut microbiota and systemic immune regulation (21, 22). This relationship is particularly relevant in autoimmune disorders such as primary ITP, where immune dysregulation leads to platelet destruction. The gut-immune axis serves as a dynamic interface between microbial communities and immune homeostasis, influencing inflammation and hematologic balance (22). Although disruptions in this axis have been implicated in several autoimmune diseases, their precise role in hematologic diseases like ITP remains poorly understood, underscoring significant gaps in current knowledge (19, 23).



2.1 Overview of the gut microbiota and immune system interactions

The gut microbiota, comprising a diverse and dynamic ecosystem of bacteria, viruses, fungi, and archaea, interacts closely with the immune system to maintain immune homeostasis. Gut-associated lymphoid tissue (GALT) plays a pivotal role in sensing microbial antigens and orchestrating immune responses (24). Dendritic cells (DCs) sample microbial metabolites and antigens, directing the differentiation of naïve T cells into Tregs or effector T cells (Th1 and Th17) (25, 26). This interaction promotes immune tolerance while maintaining a controlled inflammatory response.

However, the precise role of the gut microbiota in modulating hematologic immune responses remains controversial (22, 27). While some studies suggest that gut microbial communities influence immune regulation through cytokine production, others propose that the immune system primarily shapes microbiota composition (28, 29). This bidirectional relationship underscores the complexity of gut-immune interactions and necessitates further investigation in the context of ITP.

The intricate interactions between the gut microbiota and the immune system, including the influence of both commensal and pathogenic microbes in shaping immune tolerance, modulating inflammatory responses, and regulating systemic immune regulation, is critical to understanding hematologic disorders such as ITP. These mechanisms are visually summarized in Figure 1.
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Figure 1 | Interactions between gut microbiota, systemic organs and the immune system. The gut microbiota plays a central role in regulating immune function, metabolism, and overall systemic health through interactions with multiple organ systems. This schematic illustration depicts how bacteria, viruses, fungi, and archaea influence host physiology by modulating immune responses, metabolic processes, and disease development. Dysbiosis has been implicated in various conditions, including autoimmune diseases, neurodegenerative disorders, metabolic syndromes, and inflammatory diseases. Key organ systems affected by alterations in microbiota include the immune system, colon, liver, and pancreas. In immune system, the gut microbiota regulates Tregs, Th1/Th17 responses, and inflammation. In the colon, microbial communities influence gut barrier integrity and are associated with inflammatory bowel diseases. In the liver, the gut-derived metabolites affect metabolic conditions such as non-alcoholic fatty liver disease (NAFLD). In the pancreas, microbiota alterations have been associated with type 2 diabetes and other metabolic disorders. In the bloodstream, microbial dysbiosis is linked to hematologic conditions, including immune thrombocytopenia (ITP). In the brain, microbiota-derived metabolites have been implicated in neurological conditions such as Alzheimer’s disease, depression, and neuroinflammation. By modulating microbial composition and function, the gut microbiota exerts local and systemic effects that contribute to immune homeostasis, disease pathogenesis, and potential therapeutic interventions.




2.2 Mechanisms of gut microbiota in immune homeostasis and the role of B cells in ITP

The gut microbiota plays a pivotal role in immune regulation through multiple interconnected mechanisms, influencing both systemic and hematologic immune responses (12). Key pathways include microbial metabolite production, pattern recognition receptor (PRR) signaling, and maintenance of intestinal barrier integrity, each impacting immune homeostasis and ITP disease progression (30).

One essential pathway involves the production of microbial metabolites, particularly short-chain fatty acids (SCFAs) such as butyrate, propionate, and acetate, generated by commensal bacteria fermenting dietary fiber (31). SCFAs enhance regulatory T cell (Treg) differentiation, suppress inflammatory cytokines (IL-6, TNF-α, IFN-γ), and promote anti-inflammatory responses both systemically and within the gut (32). A reduction in SCFA-producing bacteria has been linked to impaired immune tolerance, heightened inflammation, and increased risk of autoimmunity, suggesting a potential link between dysbiosis and ITP pathogenesis (33, 34). Importantly, diminished Treg frequency or function is associated with ITP induction, whereas restoration or expansion of Tregs has been shown to confer protective effects by re-establishing immune homeostasis and attenuating platelet destruction (35).

Another critical mechanism is PRR signaling, where Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) recognize microbe-associated molecular patterns (MAMPs) to distinguish commensal bacteria from pathogens (36, 37). This interaction normally regulates immune tolerance by limiting unnecessary immune activation (38). However, in gut dysbiosis, aberrant PRR signaling may trigger chronic immune activation, disrupting the balance between Tregs/effector T cells (Th1/Th17) and promoting a pro-inflammatory milieu that exacerbates platelet destruction in ITP (39, 40).

Furthermore, the gut microbiota maintains intestinal barrier integrity, preventing the translocation of microbial components into systemic circulation (41). Tight junction proteins (occludin, claudin, zonulin) regulate intestinal permeability, preventing leakage of bacterial endotoxins e.g., lipopolysaccharides (LPS) into the bloodstream (41, 42). Dysbiosis-induced compromise of the gut barrier can elevate circulating LPS levels, trigger systemic inflammation, and aberrantly activate monocytes and DCs factors that may contribute to immune dysregulation and platelet destruction in ITP (11, 43).

Although these mechanisms highlight the immunomodulatory potential of the gut microbiota, key controversies remain regarding its specific role in ITP (12, 44). For instance, SCFA’s effects on immune tolerance appear to be context-dependent, varying with disease state, microbial composition, and host genetic factors (45, 46). Similarly, while PRR signaling is crucial for immune surveillance, its dysbiosis-related overactivation has been associated with both immune suppression and chronic inflammation, resulting in conflicting findings in hematologic disorders (22). This lack of consensus underscores the need for further research to clarify how gut microbiota alterations influence platelet homeostasis and immune regulation in ITP (19, 47).

In addition to T cell-mediated pathways, B cells, particularly regulatory B cells (Bregs) have emerged as important players in maintaining immune tolerance in autoimmune disorders, including ITP (48). Bregs exert their immunosuppressive effects primarily through IL-10 production, which inhibits pro-inflammatory T cell responses and promotes Treg development (49). Dysregulation of Bregs has been observed in ITP patients, suggesting that impaired Breg function may contribute to loss of peripheral tolerance and heightened platelet destruction (50). Gut microbiota has been shown to modulate Breg development and function, likely via microbial metabolites and PRR signaling. Thus, altered microbial composition in ITP may impair Breg-mediated suppression of autoimmunity, further implicating the gut-immune axis in disease pathogenesis (51).




2.3 Dysbiosis and its impact on autoimmunity and hematologic diseases

Dysbiosis, defined as a disruption in gut microbial composition, has been implicated in numerous autoimmune and hematologic disorders (16, 52). Studies have demonstrated that conditions such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and multiple sclerosis (MS) exhibit characteristic microbial imbalances, often marked by an overrepresentation of pro-inflammatory species (e.g., Prevotella, Ruminococcus) and a concurrent depletion of beneficial bacteria (e.g., Bifidobacterium, Lactobacillus) (53, 54). These alterations are associated with immune dysregulation, excessive cytokine production, and chronic inflammation, all of which contribute to disease progression (55).

In hematologic disorders, gut dysbiosis has been increasingly associated with the breakdown of immune tolerance, platelet dysregulation, and systemic inflammation (19, 52). Certain bacterial taxa, such as Enterobacteriaceae and Prevotella, have been associated with an elevated pro-inflammatory Th17 response, promoting systemic inflammation and disrupting hematologic homeostasis (41, 56). Conversely, commensal bacteria like Bifidobacterium and Lactobacillus have been shown to enhance regulatory T cell (Treg) activity, mitigate excessive immune activation, and support immune balance (57, 58). The depletion of these beneficial microbes in patients with ITP suggests a potential role of the gut microbiota in modulating platelet homeostasis; however, direct causal relationships have yet to be confirmed (19, 47).

Beyond immune cell modulation, dysbiosis is associated with metabolic shifts that further influence immune responses (59, 60). A decrease in SCFA-producing bacteria, such as Bacteroides and Firmicutes, correlates with reduced Treg activity, impaired immune regulation, and increased inflammation, all of which are observed in autoimmune conditions (32, 61). Additionally, altered bile acid metabolism and tryptophan catabolism can modulate T cell differentiation, cytokine production, and systemic immune responses, potentially exacerbating platelet destruction in ITP (32, 62). However, whether these microbial and metabolic changes are a cause or consequence of immune dysregulation in ITP remains unclear, necessitating longitudinal studies and mechanistic research to establish causality.

A growing body of evidence suggests that distinct microbiota alterations are shared among various autoimmune diseases, highlighting common patterns of dysbiosis that may drive immune dysregulation across multiple conditions (12, 44). Table 1 summarizes key microbial alterations in autoimmune diseases, including ITP, and their associated immune effects.

Table 1 | Key microbiota alterations in autoimmune diseases and ITP.
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2.4 Evidence linking gut microbiota alterations to ITP development and severity

Emerging research suggests that alterations in gut microbiota may contribute to the pathogenesis of ITP; however, findings remain inconsistent (18, 69). Comparative studies of the gut microbiomes of ITP patients and healthy controls have identified notable microbial differences (52, 70). Specifically, a reduction in SCFA-producing bacteria, such as Bacteroides and Firmicutes, may impair immune tolerance mechanisms, potentially exacerbating autoimmune responses (12, 46). Concurrently, an increase in pro-inflammatory taxa, including Escherichia coli and Enterobacteriaceae, has been associated with heightened Th17 responses and systemic inflammation (71). Additionally, experimental models suggest that antibiotic-induced dysbiosis can alter platelet counts and immune responses, reinforcing a potential link between gut microbiota and ITP progression (19, 72).

Despite these compelling findings, several critical gaps remain in the literature (11, 47, 72–74). Many studies are limited by small sample sizes, cross-sectional designs, and a lack of longitudinal analyses, making it difficult to establish causality between gut dysbiosis and ITP development (74). To clarify the causal relationship between gut dysbiosis and ITP, recent proposals emphasize the need for prospective longitudinal studies that track microbiota composition before and after disease onset or treatment (72). Additionally, mechanistic investigations using gnotobiotic mouse models may help elucidate how specific microbial taxa and metabolites influence immune regulation and platelet homeostasis (75, 76). Furthermore, while microbiota-targeted therapies such as FMT and probiotics have shown promise in other autoimmune diseases, their efficacy and applicability in ITP remain largely unexplored (77). Emerging studies indicate that microbiota-driven systemic metabolic changes can influence immune regulation in diseases beyond the gut, as seen in brain metastasis, where alterations in the gut microbiome affect tumor progression via the gut-to-brain axis (78).

To address these knowledge gaps, future research should focus on three key areas. First, longitudinal studies are needed to investigate how changes in gut microbiota correlate with the onset, severity, and treatment response of ITP over time (19). Second, mechanistic studies should explore the causal relationships between specific microbial taxa, microbial metabolites, immune dysregulation, and platelet homeostasis (47). Lastly, controlled clinical trials are essential to assess the therapeutic potential of microbiota-targeted interventions, including probiotics, prebiotics, dietary modifications, and FMT, in the management of ITP (11, 79).

By addressing these critical gaps, researchers can determine whether modulating the gut microbiota represents a viable therapeutic avenue for improving immune regulation and clinical outcomes in patients with ITP (80).





3 Gut microbiota modulation in ITP: a novel therapeutic strategy

Given the emerging evidence linking gut microbiota dysbiosis to immune dysregulation in ITP, researchers have begun exploring microbiota-targeted interventions as potential therapeutic strategies (19, 81). By restoring gut microbial balance, these approaches aim to modulate immune responses, promote immune tolerance, and mitigate the pathogenic mechanisms underlying ITP. Several microbiota-based interventions, including fecal FMT, probiotics, dietary modifications, and microbiome-targeted pharmacologic strategies, have shown promise in modulating the gut-immune axis (82, 83). However, the clinical translation of these therapies remains challenging due to a limited mechanistic understanding and the need for well-designed clinical trials.

Various microbiota-targeted therapies have been proposed as potential interventions for ITP, aiming to restore microbial balance and modulate immune function (11, 84). These strategies include FMT, probiotics, prebiotics, SCFA supplementation, and bile acid modulation (85, 86). While some have shown promise in autoimmune diseases, their application in ITP remains underexplored. The following Table 2 summarizes the mechanisms, current evidence, and challenges associated with these microbiota-based therapies.

Table 2 | Potential microbiota-targeted therapies for ITP.
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3.1 Fecal microbiota transplantation: mechanisms, clinical applications, and emerging evidence in ITP

FMT has gained attention as a promising approach to modulating gut microbiota composition (87). This procedure involves transferring fecal material from a healthy donor to a recipient, aiming to restore microbial diversity and improve immune homeostasis. Studies suggest that FMT can replenish beneficial taxa such as Bacteroides and Firmicutes, which are associated with immune tolerance (88). Originally developed for treating recurrent Clostridioides difficile infections, FMT has shown potential in various autoimmune and inflammatory diseases, including ITP (81).

Restoring gut microbial diversity and modulating immune responses through fecal microbiota transplantation (FMT) has emerged as a promising therapeutic strategy to improve disease outcomes, as illustrated in Figure 2. This schematic highlights the key mechanisms through which FMT may contribute to immune homeostasis, including shifts in microbial composition, an increase in the activity of Tregs, and a reduction in systemic inflammation.
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Figure 2 | Gut microbiota balance and immune modulation. (A) In a normal gut microbiota environment, commensal bacteria such as Vibrio and Bacillus interact with intestinal epithelial cells to maintain immune homeostasis. This balance promotes the differentiation of regulatory T cells (Treg) and immune tolerance while preventing excessive inflammation driven by Th1 and Th17 cells. A balanced gut microbiota contributes to a well-regulated immune system by enhancing gut barrier integrity and modulating host immune responses. (B) In a state of gut microbiota imbalance (known as dysbiosis), there is an overrepresentation of pathogenic bacteria and viruses, along with a reduction in beneficial microbial populations. This microbial shift disrupts gut barrier function, leading to increased bacterial translocation and heightened immune activation. Dysbiosis skews immune regulation by reducing Treg activity and increasing Th1 and Th17 responses, promoting systemic inflammation and immune dysregulation. Such alterations in the gut microbiota may contribute to autoimmune conditions, including ITP, by exacerbating inflammatory pathways and impairing immune tolerance.

FMT modulates immune responses through several mechanisms, including the enhancement of Tregs, increased Bifidobacterium abundance, and suppression of pro-inflammatory Th1 and Th17 responses, as observed in autoimmune conditions such as multiple sclerosis and inflammatory bowel disease (IBD) (12, 46). Additionally, microbial metabolites such as SCFAs contribute to immune modulation by strengthening the intestinal barrier and suppressing excessive immune activation (89, 90).

The gut microbiota also influences systemic immune function, as demonstrated by recent findings on the gut-brain axis, where microbiota-derived metabolites, such as kynurenic acid, impact immune interactions at distant sites. This highlights the broader systemic effects of gut microbiota and underscores the need for further investigation into microbiota-targeted therapies in autoimmune conditions like ITP (78).

Emerging evidence suggests that gut microbiota may directly influence platelet regulation. Certain microbial metabolites, including SCFAs and secondary bile acids, have been shown to modulate platelet function by affecting megakaryocyte differentiation and platelet activation (11, 91). Moreover, gut dysbiosis has been associated with increased platelet aggregation and altered hemostatic balance in other diseases, suggesting that restoring microbial equilibrium through FMT could contribute to improved platelet homeostasis (92). While direct evidence of FMT’s effect on platelet regulation in ITP is limited, case reports and small clinical studies have observed platelet count improvement following microbiota restoration therapies (19, 72).

Despite these promising findings, several challenges remain in translating FMT into a standardized treatment for ITP. Donor microbiota variability and long-term engraftment pose significant challenges, as microbial compositions differ significantly between donors and recipients, potentially affecting therapeutic outcomes. Additionally, safety concerns include the risk of pathogen transmission, unintended immune activation, and unpredictable long-term effects (93). Therefore, well-controlled, randomized clinical trials are necessary to confirm the efficacy and safety of FMT in ITP management and to determine optimal protocols for donor selection, microbiota preparation, and recipient response monitoring. Addressing these issues is critical for integrating FMT into mainstream ITP treatment (88).




3.2 Probiotics and prebiotics: potential to restore gut balance and regulate immune responses

Probiotics and prebiotics represent another avenue for modulating gut microbiota in ITP (21, 47). Probiotics, including specific Lactobacillus and Bifidobacterium strains, enhance beneficial bacterial populations, while prebiotics, such as inulin and fructooligosaccharides, selectively stimulate microbial growth, promoting gut-immune homeostasis (94). However, the immunomodulatory effects of probiotics are highly strain-dependent, with some strains exerting potent anti-inflammatory properties, while others may have limited or even opposing effects in different individuals (95).

Clinical studies suggest that Lactobacillus rhamnosus and Bifidobacterium breve increase Treg activity while reducing IL-6 and TNF-α, leading to decreased systemic inflammation in autoimmune diseases (96). Additionally, Lactobacillus plantarum has been shown to enhance gut barrier integrity by upregulating tight junction proteins, thereby preventing bacterial translocation and reducing systemic immune activation (97). Similarly, prebiotics, including inulin and fructooligosaccharides, serve as metabolic substrates for beneficial bacteria, fostering a gut environment that supports immune homeostasis (98). The combination of specific probiotic strains with targeted prebiotic supplementation (synbiotics) may offer enhanced therapeutic potential by optimizing microbial colonization and metabolic activity (99).

Despite promising preclinical and clinical evidence supporting probiotic use in other autoimmune diseases, their application in ITP remains underexplored (100). One of the major challenges is the variability in probiotic efficacy, which stems from strain-specific effects, inter-individual differences in microbiota composition, and inconsistencies in host immune responses (101). For instance, while Bifidobacterium adolescentis has been shown to reduce Th17-mediated inflammation in rheumatoid arthritis, similar effects have not been confirmed in ITP (102). Additionally, the interaction between probiotics and endogenous microbial communities can lead to variable colonization success, limiting the predictability of therapeutic outcomes (103).

Future research should focus on defining optimal probiotic formulations, identifying microbial signatures predictive of response, and evaluating their impact on platelet homeostasis and immune regulation (69). Advancements in microbiome sequencing and metabolomic profiling may enable the development of personalized microbiota-based interventions, tailoring probiotic and prebiotic therapies to individual ITP patients for improved efficacy (104).




3.3 Dietary and metabolomic interventions: role of SCFAs, bile acids, and tryptophan metabolites in immune modulation

Dietary interventions play a pivotal role in shaping gut microbiota composition and function (87). Specific dietary components influence the production of key microbial metabolites, which, in turn, modulate immune responses (105). Among these, SCFAs, bile acids, and tryptophan-derived metabolites are particularly significant in maintaining immune homeostasis and resolving inflammation (105). However, while their immunoregulatory effects have been well characterized in autoimmune diseases, their specific impact on platelet regulation in ITP remains an emerging area of research.

SCFAs, including butyrate and propionate, are microbial fermentation products that exert profound immunomodulatory effects (53). These metabolites enhance regulatory T cell (Treg) differentiation and inhibit pro-inflammatory cytokines such as IL-6, TNF-α, and IFN-γ, thereby reducing autoimmune activity (106). Butyrate, in particular, acts as a histone deacetylase inhibitor, promoting Treg expansion and suppressing Th17-mediated inflammation, mechanism relevant to platelet destruction in ITP (69, 107). Additionally, SCFAs strengthen gut barrier integrity by upregulating tight junction proteins, thereby reducing microbial translocation and systemic immune activation factors that may contribute to excessive immune responses in ITP (62, 69).

Recent studies suggest that lower SCFA levels in autoimmune conditions are linked to immune dysregulation and altered thrombopoiesis (108, 109). Butyrate has been shown to reduce megakaryocyte apoptosis, potentially impacting platelet production and turnover (110). Additionally, SCFA supplementation has demonstrated protective effects on platelet homeostasis in inflammatory conditions, indicating a possible therapeutic avenue for ITP (32, 108).

Bile acids, traditionally recognized for their role in lipid metabolism, have recently emerged as key modulators of immune responses, influencing T-cell differentiation via interactions with gut microbiota (111). Secondary bile acids, such as deoxycholic acid and lithocholic acid, regulate immune pathways through host receptors, including the Farnesoid X receptor (FXR) and Takeda G-protein-coupled receptor 5 (TGR5) (112). FXR activation suppresses Th17 cell differentiation, thereby reducing inflammatory cytokine production, a process that could mitigate platelet autoantibody formation in ITP (113). TGR5 signaling has been shown to enhance Treg function, contributing to immune tolerance and reducing autoimmunity in conditions such as SLE and RA (8, 114).

Alterations in bile acid metabolism have been identified in ITP patients, suggesting a potential role in immune dysregulation (47). Recent studies indicate that bile acid supplementation can modulate thrombopoiesis, potentially linking gut microbiota-derived bile acids to platelet production and function (115). These findings support the investigation of bile acid-targeted therapies in ITP as a novel immunomodulatory approach (11).

Tryptophan metabolism also plays a crucial role in immune homeostasis, with its metabolites modulating immune responses via the aryl hydrocarbon receptor (AhR) and indoleamine 2,3-dioxygenase (IDO) pathways (116). Kynurenine, an AhR ligand, has been shown to promote Treg differentiation, enhancing immune tolerance and reducing autoimmune activity (117). Indole derivatives regulate Th17 differentiation, thereby controlling inflammatory responses that may drive platelet destruction in ITP (2, 118). Additionally, serotonin, a tryptophan metabolite, has been implicated in platelet aggregation, further underscoring the potential gut-immune-thrombosis axis in ITP (11, 43). Dysregulation of tryptophan metabolism in autoimmune conditions suggests a possible link to ITP pathophysiology, with recent findings highlighting microbiota-mediated tryptophan metabolism as a key factor in hematologic disorders (119).

Despite growing interest in dietary interventions, their role in ITP remains speculative (120). Limited clinical data exist regarding the effects of specific dietary modifications on platelet counts and immune function in ITP patients (121). Additionally, dietary interventions may have variable effects depending on individual microbiota composition and metabolic responses (122). Future research should prioritize characterizing microbial metabolite profiles in ITP patients to identify potential therapeutic targets, investigating the roles of SCFAs, bile acids, and tryptophan metabolites in modulating platelet regulation and immune responses. It should also assess the clinical efficacy of dietary interventions, including probiotic and prebiotic supplementation, as well as bile acid modulation, through well-designed randomized controlled trials (47, 123). By integrating microbiome sequencing and metabolomic profiling, researchers can better define the role of microbial metabolites in platelet function and immune modulation, leading to potential novel therapeutic approaches in ITP (52, 79).




3.4 Pharmacologic strategies targeting the gut: microbiome-based drug development

Pharmacologic approaches to modulating the gut microbiota are emerging as a potential strategy for treating autoimmune diseases, including ITP (12). These approaches include microbiome-based small molecules, postbiotics, and engineered probiotics designed to selectively modulate microbial communities and immune function (21).

Postbiotics, which are bioactive compounds produced by beneficial bacteria, have shown promise in immune modulation without the need for live microorganisms (124). Microbiome-based small molecules are being developed to target specific microbial metabolic pathways that influence immune responses (125). Additionally, engineered probiotics are being designed to deliver immunomodulatory molecules directly within the gut, offering a targeted approach to restoring immune balance (126).

While microbiome-based drug development is still in its early stages, these strategies hold great potential for providing precise and effective treatments for ITP (127). However, key challenges include ensuring microbial stability, understanding long-term safety, and optimizing drug delivery systems (128). Future studies should investigate the pharmacokinetics and pharmacodynamics of these microbiome-based therapies in ITP, as well as their potential for integration with standard treatments (129).





4 Challenges and limitations in gut microbiota therapy for ITP

Despite the growing interest in microbiota-targeted therapies for ITP, several challenges and limitations must be addressed before these strategies can be effectively translated into clinical practice. While preclinical and early clinical studies suggest that microbiota modulation may help restore immune tolerance and regulate platelet homeostasis (130), inconsistencies in research findings, methodological limitations, and unresolved safety concerns remain key barriers. This section critically examines the current knowledge, debates ongoing controversies, and identifies gaps that future research should address.



4.1 Variability in gut microbiota composition among individuals

One of the fundamental challenges in microbiota-based therapies is the high degree of inter-individual variability in gut microbial composition (131). Factors such as genetics, diet, medication history (including prior antibiotic use), and environmental influences contribute to significant differences in microbial diversity and function (132). This variability complicates the standardization of microbiota-based interventions, as a treatment effective for one patient may not yield similar benefits for another (133). Additionally, baseline microbiota differences may influence therapeutic responses, highlighting the need for patient-specific approaches. Future research should focus on stratifying patient populations based on microbiome profiling to optimize treatment efficacy (134).




4.2 Standardization and safety concerns in FMT and microbiota-based interventions

FMT has shown promise as a microbiota-based intervention in autoimmune diseases, but its application in ITP remains largely experimental (135). One major concern is the lack of standardization in FMT protocols, including donor selection, preparation methods, and delivery routes (87). Donor microbiota composition can vary significantly, leading to inconsistent therapeutic outcomes (136). Additionally, potential risks associated with FMT include the transmission of infectious agents, unintended immune activation, and long-term alterations in gut microbiota that may have unpredictable consequences (137).

Beyond FMT, the safety profile of probiotics and prebiotics in ITP patients has not been rigorously evaluated (69). While some probiotic strains exhibit immunomodulatory properties, others may provoke excessive immune activation or lead to bacterial overgrowth, particularly in immunocompromised individuals (138). To address these safety concerns, further clinical trials with well-defined protocols are needed to assess the risks and benefits of microbiota-targeted therapies in ITP.




4.3 Need for robust clinical trials and biomarker discovery in ITP-microbiota research

Although emerging studies suggest a link between gut dysbiosis and ITP, most existing research relies on small-scale, cross-sectional studies with limited statistical power (139). Longitudinal studies are needed to investigate how changes in gut microbiota correlate with the onset, severity, and treatment response of ITP over time. Second, mechanistic studies should explore the causal relationships determine whether gut microbiota alterations precede ITP onset or arise as a consequence of the disease and its treatments (18). Furthermore, the identification of reliable microbial biomarkers for disease progression and treatment response remains a significant gap in current research (140). Developing standardized methods for microbiome analysis, including metagenomic sequencing and metabolomic profiling, could help establish microbiota-based diagnostic and prognostic tools for ITP (141).

Clinical trials evaluating microbiota-targeted interventions in ITP are also lacking (52). While probiotics, prebiotics, dietary modifications, and FMT have been explored in other autoimmune conditions, few studies have directly assessed their impact on platelet counts and immune regulation in ITP patients. Large-scale, randomized controlled trials are essential to determine the efficacy, safety, and durability of these interventions in a hematologic context (142).




4.4 Ethical and regulatory considerations in applying microbiota therapies to hematologic disorders

The integration of microbiota-based therapies into hematologic disease management raises several ethical and regulatory challenges (143). Unlike conventional pharmacologic agents, microbiota-based interventions involve live organisms, making it difficult to define consistent dosing, manufacturing processes, and quality control standards (69). Regulatory agencies, such as the FDA and EMA, currently classify FMT as an investigational therapy, necessitating rigorous oversight before its widespread adoption in ITP treatment (77).

Additionally, ethical concerns related to FMT donor selection, consent processes, and long-term safety monitoring must be addressed (87). Patients undergoing microbiota-based treatments should be informed of potential risks, including unforeseen immune complications or persistent microbiome alterations (144). Establishing regulatory frameworks that balance innovation with patient safety will be crucial in advancing microbiota-targeted therapies in ITP (129).

To overcome these limitations, future research should focus on developing standardized microbiota-based protocols by establishing guidelines for donor screening, sample preparation, and treatment administration to improve the reproducibility and safety of microbiota-based therapies (93). Additionally, personalizing microbiota interventions through microbiome sequencing and precision medicine approaches can help tailor treatments based on individual microbiota profiles, thereby increasing therapeutic efficacy (145). Conducting large-scale, controlled clinical trials will be essential for evaluating the long-term impact of microbiota-targeted therapies in ITP and ensuring their clinical adoption (84). Furthermore, clarifying the mechanisms of action through further research is necessary to elucidate how specific microbial taxa and metabolites influence platelet regulation and immune responses in ITP (11). Addressing these aspects will provide a stronger foundation for the integration of microbiota-based therapies into ITP management (96). By tackling these challenges and knowledge gaps, microbiota-targeted interventions may become a viable and evidence-based approach for managing ITP, complementing existing immunomodulatory treatments and improving patient outcomes.





5 Future directions and clinical translation

While significant strides have been made in understanding the gut-immune axis in ITP, translating these findings into effective clinical applications remains a challenge (18). Several critical gaps must be addressed, including the lack of standardized microbiota profiling in clinical practice, variability in treatment responses, and the need for robust clinical trials to validate microbiota-based interventions (146). This section highlights the key areas of future research that could bridge these gaps and facilitate the integration of microbiota-targeted therapies into mainstream ITP management.



5.1 Integrating microbiota profiling in ITP diagnosis and prognosis

One promising avenue for advancing ITP management is the incorporation of microbiota profiling into diagnostic and prognostic assessments. Given the increasing evidence that gut microbiota composition influences immune responses and disease severity, recent studies have identified microbial signatures linked to hematologic diseases, where altered Bacteroides and Enterobacteriaceae profiles predict disease progression, suggesting potential biomarker applications for ITP (19, 147).

Recent advancements in microbiome sequencing have facilitated the identification of microbial alterations linked to systemic disease progression (140). For instance, studies in brain metastases have demonstrated how gut microbiota composition can influence disease dynamics, underscoring the potential of microbiota profiling as a valuable tool for diagnosing and monitoring immune-mediated disorders such as ITP (78). Metagenomic sequencing enables high-resolution characterization of microbial taxa, revealing microbiota-related risk factors predictive of autoimmune disease severity (148).

An overview of microbiota-based biomarkers and diagnostic approaches in ITP, including key microbial alterations, sequencing methodologies, and their potential clinical applications, is presented in Figure 3. This schematic highlights how microbiota profiling could be integrated into routine diagnostic workflows to enhance precision medicine approaches in ITP.
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Figure 3 | Overview of microbiota-based biomarkers and diagnostic approaches in ITP. This figure illustrates the role of microbiota profiling in the diagnosis and management of immune thrombocytopenia (ITP). (A) Microbial signatures in ITP highlight key alterations in bacterial taxa, including decreased Bacteroides and Firmicutes, and increased Enterobacteriaceae, which are associated with immune dysregulation and platelet destruction. (B) A comparison of diagnostic tools—metagenomic sequencing, 16S rRNA sequencing, microbiota biomarker panels, and multi-omics integration—highlighting their benefits and limitations for clinical application in ITP. (C) Clinical applications and future perspectives include predictive models for early detection, personalized treatment strategies integrating probiotics and dietary interventions, and longitudinal monitoring to assess disease progression and therapeutic responses. This schematic underscores the potential of microbiota-based diagnostics in improving precision medicine approaches for ITP management.

Despite these advances, specific microbial signatures distinguishing ITP from other autoimmune and hematologic diseases remain unclear. While some studies suggest that gut dysbiosis may contribute to platelet regulation and immune modulation in ITP, no definitive microbial biomarkers have been validated for ITP diagnosis or disease stratification (11, 19). Furthermore, the high inter-individual variability in gut microbiota composition complicates the reproducibility and clinical application of microbiome-based diagnostics (12, 131).

The application of microbiota profiling in ITP diagnosis presents both opportunities and challenges (18, 19). Table 3 summarizes the advantages and limitations of various microbiome-based diagnostic approaches, highlighting their potential role in disease monitoring and personalized treatment strategies.

Table 3 | Advantages and challenges of microbiota profiling in ITP diagnosis and prognosis.
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While microbiota profiling holds promise, its clinical relevance in ITP remains uncertain. Studies suggest an association between gut dysbiosis and platelet regulation in ITP, but causal mechanisms remain unclear, necessitating longitudinal studies to establish microbiota-driven disease modulation (19, 47). Additionally, the standardization of sampling methods, data interpretation, and validation across different populations is needed before microbiota profiling can be reliably incorporated into clinical practice (149).

To advance microbiota profiling as a diagnostic tool in ITP, future research should focus on identifying robust microbial biomarkers specific to ITP that distinguish it from other hematologic and autoimmune disorders (150); conducting large-scale, multi-cohort microbiome studies to evaluate consistent microbial signatures across diverse populations (151); integrating microbiome data with clinical parameters and multi-omics approaches (e.g., metabolomics, proteomics) to refine diagnostic accuracy (152); and developing standardized guidelines for microbiome-based clinical diagnostics to ensure reproducibility and regulatory approval for ITP diagnosis (153).




5.2 Personalized microbiota-based therapies for ITP management

The concept of personalized microbiota-based therapies is gaining traction as an alternative or adjunctive strategy for ITP management (19). Given the variability in microbiota composition among individuals, tailoring interventions based on a patient’s specific microbial profile may enhance treatment efficacy (82). Personalized approaches may include selective probiotic formulations, prebiotic-enriched diets, or customized FMT protocols designed to restore microbial balance and immune homeostasis (154).

However, significant challenges remain. The efficacy of probiotics and prebiotics in ITP has not been rigorously tested, and the optimal strains or formulations for modulating immune responses remain undefined (138). Moreover, inter-individual differences in microbiota composition may influence therapeutic outcomes, necessitating a precision medicine approach (145). Future studies should focus on characterizing microbiota profiles associated with positive treatment responses and developing predictive models to guide personalized microbiome-based interventions (155).




5.3 Advances in microbiome sequencing and artificial intelligence for targeted interventions

Technological advancements in microbiome sequencing and artificial intelligence (AI) are revolutionizing the development of microbiota-targeted interventions. High-throughput sequencing techniques, such as 16S rRNA sequencing and shotgun metagenomics, allow for comprehensive profiling of gut microbial communities, facilitating the identification of microbial alterations linked to ITP (156). These tools could be leveraged to refine microbiota-based diagnostics and therapeutic strategies.

AI-driven approaches further enhance our ability to analyze complex microbiota datasets, predict treatment responses, and develop targeted therapeutic interventions (157). Machine learning models can identify microbial patterns associated with disease states and recommend tailored microbiota-based therapies based on an individual’s gut microbiota composition. Integrating AI with microbiome research holds great potential for optimizing precision medicine approaches in ITP and improving clinical outcomes (158).




5.4 Potential for gut microbiota manipulation in combination with standard ITP therapies

Combining microbiota-targeted therapies with conventional ITP treatments represents an exciting avenue for improving patient outcomes (159). Current standard therapies, such as corticosteroids, thrombopoietin receptor agonists, and immunosuppressive agents, exhibit variable efficacy and often associated with significant side effects (160). Modulating the gut microbiota may serve as a complementary strategy to enhance treatment efficacy, reduce immune-related side effects, and improve long-term disease management (69).

Certain microbiota-targeted interventions, such as probiotics and SCFA-based dietary strategies, may help regulate immune responses, reduce inflammation, and promote platelet production, thereby decreasing reliance on long-term immunosuppressive therapies (108). Additionally, microbiota-based strategies may facilitate immune tolerance in refractory ITP cases, improving the likelihood of sustained remission. However, the challenge remains in identifying the most effective microbiota-based combinations and understanding their interactions with existing therapies. Future clinical trials should investigate the synergistic effects of microbiota-targeted therapies with current ITP treatments to optimize patient care (129).

Future directions should prioritize robust Phase II/III clinical trials, standardized microbiome diagnostics, longitudinal microbiota-immune tracking, and integration of AI-driven predictive models to personalize treatment. These efforts will advance precision microbiome therapeutics for ITP and improve long-term outcomes.

While microbiota-targeted therapies hold great promise for ITP, several obstacles must be addressed before they can be effectively implemented in clinical practice (161). Future research should prioritize large-scale, randomized controlled trials to validate the efficacy of microbiota-based interventions, establish standardized diagnostic protocols, and further explore the mechanistic pathways linking gut dysbiosis to ITP pathogenesis (162). Integrating microbiota profiling into precision medicine approaches and leveraging AI-driven strategies may pave the way for innovative and personalized treatment options (145).

Robust Phase II/III clinical trials are urgently needed to validate the clinical efficacy of microbiota-targeted interventions, including fecal microbiota transplantation, SCFA supplementation, and strain-specific probiotics (163). These studies should incorporate standardized microbiome profiling and immune monitoring to establish reproducible outcomes (164). In parallel, recent proposals emphasize the importance of prospective longitudinal studies and gnotobiotic mouse models to establish causality and elucidate the underlying microbial mechanisms that regulate immune responses and platelet homeostasis in ITP (165).

By addressing these challenges, the field can move toward more targeted and effective microbiota-based therapies for ITP, ultimately improving patient outcomes and transforming disease management (127).





6 Conclusion

The growing recognition of the gut-immune axis in primary ITP represents a paradigm shift in understanding and managing this autoimmune disorder (19). Traditional treatment strategies have primarily focused on immunosuppressive approaches; however, emerging evidence highlights the pivotal role of gut microbiota in immune regulation and disease progression (12). The interplay between gut microbiota, immune tolerance, and platelet homeostasis offers new avenues for therapeutic intervention, shifting the focus toward microbiota-targeted strategies.

Microbiota-based therapies, including FMT, probiotics, prebiotics, and dietary interventions, hold significant promise in modulating immune responses and restoring microbial balance in ITP (166). These approaches can enhance immune tolerance, reduce inflammation, and complement existing treatment modalities (167). However, while early studies provide compelling insights, further clinical trials are essential to validate the safety, efficacy, and long-term effects of these interventions (168).

Despite these promising developments, several challenges must be addressed before microbiota-targeted therapies can be fully integrated into clinical practice. Standardizing microbiome profiling methods, identifying reliable microbial biomarkers, and optimizing therapeutic strategies tailored to individual microbiota compositions remain critical research priorities (154, 169). Importantly, clarifying the temporal relationship between dysbiosis and immune dysfunction in ITP requires longitudinal microbiome studies and mechanistic experiments, including the use of gnotobiotic animal models (165). Additionally, long-term studies are needed to evaluate the durability of microbiota modulation and its sustained effects on disease outcomes.

Continued research is crucial for translating gut-immune insights into effective clinical strategies. Advancements in microbiome sequencing, artificial intelligence-driven microbiota profiling, and biomarker discovery may facilitate the development of personalized, precision-based therapies for ITP (104). Integrating microbiota modulation with standard immunosuppressive therapies and thrombopoietin receptor agonist therapies may lead to synergistic treatment effects and improved patient outcomes (82).

In conclusion, leveraging the gut-immune axis for ITP management represents an exciting frontier in autoimmune disease research. As our understanding of gut microbiota expands, microbiota-targeted interventions may pave the way for more effective, sustainable, and personalized treatment strategies for ITP, ultimately improving patients’ quality of life and long-term disease management.
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In recent decades, there has been a growing emphasis on understanding how the architecture of the human microbiome can impact typical biological processes and patient clinical outcomes. In fact, microbiome modifications and modulations have not only been associated with impacts on general health and well-being but have also been shown to yield differences in patient responsiveness to vaccines, medications, and chemotherapeutic regimens. Much of this influence likely stems from how changes in the microbiome result in differences in microbial communities and the subsequent release of microbial-derived metabolites that can alter typical immunological processes. Understanding how microbial composition can impact patient responsiveness can be particularly important in the intensive care unit (ICU), where the efficacy of medications and treatments can result in negative patient outcomes if unsuccessful. Clinical scientists have further developed the concept of the pathobiome, a disease-promoting microbiome whose development can be associated with dysbiosis. Understanding how the microbiome and its associated components can impact patient responsiveness, especially in the ICU, must be further researched and understood. Here, we analyze what causes variances in the microbiome and pathobiome in significant immunocompromised populations, including cancer patients and transplant recipients, and how variances in the microbiome can impact patient outcomes in the ICU. Further, we detail potential future applications of how our understanding of what impacts the human microbiome during the treatment of these populations may be exploited to improve patient prognosis.
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Introduction

The human microbiome is a collective of various microorganisms, including bacteria, fungi, viruses, and their associated byproducts. In a healthy microbiome, thousands of microorganisms interact to create a balanced and resilient ecosystem in both mucosal and epithelial regions. Recently, it has been found that the architecture of the microbiome can strongly impact host biological processes, with many of these impacts being linked not only to general human health but also to disease outcomes (Moloney et al., 2014; Manos, 2022). Thus, an emphasis on how microbiome modulation can impact human health and disease pathology has become of great interest to researchers and medical professionals. Modern advancements such as high-throughput genomic sequencing and metagenomic studies allow researchers to not only dissect the composition of the microbiome but also deepen their understanding of how the products from microbial species impact cellular and organ functions (Shi et al., 2022). Leveraging many of these advancements, the Human Microbiome Project revealed that healthy individuals have substantial diversity within their microbiome populations, highlighting the complexity of understanding its full impact (Huttenhower et al., 2012). Further studies indicate that products made by both the microbiome of the gut and of specific organs can modulate the function of both innate and adaptive immune cells and their subsequent impact on host organs and diseases (Russo et al., 2016; Thaiss et al., 2016). Disruptions to this system, particularly microbial depletion or loss of commensal diversity, can be especially detrimental in immunocompromised and cancer patients, whose immune systems are already burdened. Several studies have indicated that specific microbial compositions can impact disease severity, progression, and responsiveness to treatment for immunodeficient patients (Moloney et al., 2014).

Extreme dysbiosis is characterized by a significant loss of commensal microbes and a dominance of opportunistic pathogens, leading to an imbalance in gut bacteria. This can significantly impact critical illness, increasing susceptibility to nosocomial infection and organ failure (McDonald et al., 2016). Further insight into the formation of the pathobiome, a microbiome characterized by an overabundance of pathogenic microorganisms that advance disease, could deepen our knowledge of how Intensive Care Unit (ICU) patients are impacted by treatment (Munley et al., 2023). Broadening our understanding of the impact of microbial composition on immunodeficiency is essential if we hope to improve treatment strategies for immunocompromised patients. Here, we elucidate how the microbiome’s composition can impact patient disease progression in the context of immunocompromised and cancer patients and disease outcomes for these patients in the ICU. Further, we explain findings from recent studies that have sought to determine potential modulations of the microbiome for patients living with compromised immune systems, with the future potential to exploit these findings to improve patient outcomes in the ICU.





How microbiome composition influences treatment outcomes in the ICU

Understanding how treatment outcomes for patients in the ICU can be impacted by the presence or absence of certain microbes is vital if clinicians hope to one day tailor treatments to patients to catalyze the best possible outcomes on an individual basis. Here, we detail known associations of specific microbes and microbial compositions with clinical and treatment outcomes in ICU patients.




General patients in the ICU

An estimated 5.7 million patients are admitted annually to ICU in the United States, with this number expected to grow due to the aging population and subsequent increasing chronic health conditions (Viglianti and Iwashyna, 2017). Within this population, the microbiome can be depleted to as few as four main species, which compete for dominance, heightening susceptibility to hospital-acquired infections (HAIs), multiorgan dysfunction, and ultimately poorer clinical outcomes (Miniet et al., 2021). Globally, alpha-diversity - the measure of number and spread of species within the microbiome - was slightly reduced in early ICU admission of adults and children. While this early measure was not associated with in-hospital mortality, the alpha-diversity was found to decline in ICU patients overtime (Evans et al., 2023). In addition to microbiome depletion, characterized by a reduction in microbial diversity and/or loss of commensal microbes, early evidence suggests that healthy hospital workers do not show increased colonization rates by bacteria associated with HAIs, implying that these organisms and a depleted and/or overtaxed immune system are necessary to create a pathological environment (Figure 1A). ICU patients have a higher susceptibility to HAIs due to interrelated factors: microbiome depletion from broad-spectrum antibiotics, immune dysfunction, and frequent barrier compromise from essential medical devices (Wohrley et al., 2018). Proposed mechanisms for this change include decreasing immunological barriers within the gut mucosa. This would include compromised mucosal epithelia, reduced secretory IgA, and impaired immune cell function, which normally would prevent the inward migration of pathogenic species and slow the removal of bacterial colonies from the gut. This dysregulation can heighten the host immune system’s infection risk or inflammatory response, leading to organ system damage. A multifaceted approach is needed to analyze the various microbiota-related factors that contribute to HAIs to both prevent and manage them (Tozzo et al., 2022). For example, patients diagnosed with a Clostridium difficile infection are 70% more likely to be re-hospitalized with sepsis, highlighting the importance of minimizing dysbiosis in ICU patients (Nakov et al., 2020). These microbiome-related vulnerabilities are especially crucial in cancer patients, who face not only higher rates of ICU admission but often experience poorer outcomes following intensive care unit interventions (Nazer et al., 2022).
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Figure 1 | Contributing Factors to Microbiome Dysbiosis and Pathobiome Development in the ICU: Several factors specific to the ICU contribute to microbiome dysbiosis and subsequent pathobiome development. Among these factors are (A) the use of broad-spectrum antibiotics (ATB) can kill off commensal microbiota, allowing for resistant and potentially pathogenic microbiota to flourish; (B) the use of mechanical ventilation, which can alter the mucosal microbiome and increase the risk for lung infections; (C) Immunosuppression, which is common in the case of cancer and transplant patients, can lead to a decrease in immune defenses and increased infection risk (D) Hospital-acquired infections (HAIs), which can weaken immune defenses and introduce multidrug-resistant bacteria. Image created with BioRender.com.





Cancer patients in the ICU

Recent studies indicate that 5.2-6.4% of cancer patients will develop a critical illness that will result in an ICU visit within two to five years of diagnosis (Bos et al., 2015; Puxty et al., 2015). Lung and colorectal cancer rank as the most fatal, with lung and bronchus cancer accounting for 21% of mortalities (Siegel et al., 2023, 2024). Several studies report that lung cancer has the highest ICU mortality rate and poorest survival rate post-ICU admission, with an average ICU mortality rate of 40.1%. Notably, invasive mechanical ventilation, which is required for up to half of all ICU cancer patients, was a key factor linked to higher mortality (Soares et al., 2007; Andréjak et al., 2011; Puxty et al., 2014) (Figure 1B). Further, research suggests a link between microbial diversity and ICU outcomes, particularly during mechanical ventilation.

Recent studies have shown critically ill patients who underwent mechanical ventilation and didn’t survive had significantly lower microbial α-diversity than survivors in their lung and gut, with noted migration of gut microbes to the lungs (Zhou et al., 2023). The diseased group also exhibited a significantly reduced concentration of fecal short-chain fatty acids (SFCAs): pentanoic acid, butyric acid, isobutyric acid, and isovaleric acid (Zhou et al., 2023). Along with a significantly increased amount of Enterococcaceae and Enterobacteriaceae within the gut and correlated with a 28-day mortality rate (Zhou et al., 2023). Additionally, 44% (27 patients) of the cohort died within 28 days and had significantly lower microbial diversity in both their lungs and gut (P<0.05) compared to the survivors (Zhou et al., 2023) (Figure 2). The microbiome of the survival group was enriched with commensal bacteria: Streptococcus, Akkermansia, Lactobacillus, and Prevotella. The deceased group showed decreased commensal bacteria and increased opportunistic bacteria: Escherichia-Shigella, Klebsiella, and Enterococcus (Figure 2). Further, patients with low lung α-diversity showed significantly higher mortality than those with high lung α-diversity (P<0.01) (Zhou et al., 2023). While this study provides key insights, note that it was completed in a small cohort and at a single center, highlighting the potentially limited application of these findings. Considering the significant link between microbial imbalances, respiratory infections, and poor outcomes in lung cancer patients on mechanical ventilation, similar investigations may be warranted in lung cancer patients with acute respiratory failure (ARF) (Yoo et al., 2013). These findings underscore the growing interest in how microbiome composition influences both respiratory outcomes and treatment efficacy in lung cancer patients.
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Figure 2 | Helpful and harmful microbiota associated with treatment outcomes: A simplified overview of varying studies on ICU interventions and the microbes associated with helpful and harmful clinical outcomes. The gut microbiome is a complex network that has been shown to have drastic impacts on different treatments. Within the ICU, an increase in pathogenic and decrease in commensal bacteria can lead to increased mortality, increased metastasis in patients with NSCLC, and even acute cellular rejection. Image created with BioRender.com.

Although immune checkpoint inhibitors (ICIs) have revolutionized the therapeutic landscape in cancers such as advanced non-small cell lung cancer (NSCLC), the microbiome has been shown to impact their efficacy. A recent study indicated that broad-spectrum antibiotics (ATB) significantly increased metastasis in ATB-treated ARF patients with NSCLC compared to non-ATB treated (P<0.01). These ATB-treated patients had a significant reduction in α-diversity within the gut microbiome, with notable shifts in phyla microbial diversity. In the non-ATB group, the microbiome was enriched with Actinobacteria, Bifidobacteriaceae, and Coriobacteriaceae. In contrast, the ATB group contained Enterobacteriaceae, Corynebacteriales, and Gammaproteobacteria (Xu et al., 2022) (Figures 1C, 2). ATB can deplete bacterial colonies that are propionogenic, having the potential to produce short-chain fatty acids (SCFAs) essential for T-cell function, which are necessary for efficacy of ICIs and control of tumorgenesis (DiPalma and Blattman, 2023).

Microbiota diversity in patients significantly influences the immune response during tumorigenesis; individuals undergoing anticancer treatments have demonstrated a strong correlation between specific commensal bacteria and enhanced protective antitumor T-cell responses. Patients receiving PD-L1 inhibition therapies showed improved treatment efficacy when Bifidobacteria species were present in their microbiome (Gopalakrishnan et al., 2018). Patients treated with vancomycin exhibited more effective radiotherapy outcomes on tumor lesions when levels of immunosuppressive metabolites, specifically butyrate and propionate, derived from Clostridiales, were lowered post-antibiotic treatment (Sepich-Poore et al., 2021). This suggests that the concentration of propiongeneic species in the microbiome influences treatment efficacy. Lower abundances may impair immune cell function and contribute to treatment resistance. Since many therapies depend on functional T-cells, their dysregulation by microbiome shifts caused by ATB could directly undermine therapeutic outcomes.

It may seem counterintuitive that antibiotics are associated with a reduced efficacy of ICI in cancer therapy, given that decreases in microbial diversity are associated with increases in immune activation (Gopalakrishnan et al., 2018; Wilson et al., 2020). This paradox is likely explained by the loss of specific bacterial species, such as A. muciniphila and Ruminococcaceae, that are associated with improved ICI responses. Antibiotics may specifically reduce these “favorable” microbial species. Supporting this, the restoration of A. muciniphila to the microbiome can reinstate the efficacy of PD-1 blockade in a T cell-dependent manner in a mouse tumor model (Mager et al., 2020; Wang et al., 2024). Second, much like autoimmunity and HIV/AIDS progression, cancer is a long-term disease, and the rules for how alterations to the microbiome in acute versus chronic disease situations may be quite different. Decreased microbial diversity is associated with faster disease progression rather than improved prognosis. One may infer then that decreased microbial diversity and increases in circulating microbial products/metabolites may provide an advantage to the tumor rather than to the immune system.






Transplant and immunosuppressed patients in the ICU

Microbiome health is also critical in solid organ transplant recipients (SOTR), who face a heightened risk of severe infections such as C. difficile infection (CDI) and recurrent CDI (rCDI), both linked to higher mortality, especially in liver transplant recipients (Rodig et al., 2023; Almohaya et al., 2024) (Figure 2). Studies in lung, kidney, and liver transplant patients have further shown that CDI and multidrug-resistant bacteria (MDRB) contribute to increased mortality (Chan et al., 2020; Ponholzer et al., 2024) (Figure 2). Often, these infections are treated with antibiotics and/or fecal transplants, which have been shown to restore the GI microbiome to a healthy state, implying a link between severe infection in SOTRs and their microbiome health. Further, SOTRs with gut dysbiosis are at an increased mortality risk (Swarte et al., 2022). As SOTR are already at increased risk of hospitalization, and individuals hospitalized in the ICU setting have a significantly increased dysbiosis due to various factors, understanding the relationship between microbiome health and SOTR mortality is principal (Donnelly et al., 2015; Szychowiak et al., 2022).

One study showed loss of microbial diversity in liver transplant patients was associated with acute cellular rejection (ACR) and bloodstream infections (BSI). In ACR, Bacteroides, Enterobacteriaceae, Streptococcaceae, and Bifidobacteriaceae were increased, whereas Enterococcaceae, Lactobacillaceae, Clostridiaceae, Ruminococcaceae, and Peptostreptococcaceae were decreased (Kato et al., 2017) (Figure 2). Within the Diaz et al. study evaluating the salivary microbiome of patients who underwent kidney and heart transplants, their microbiome was disrupted by opportunistic pathogenic species, including Enterobacteriaceae, Pseudomonas and Acinetobacter (Diaz et al., 2013). Certain species from the following families can be considered pathogenic Bacteroides, Pseudomonas, Acinetobacter Enterobacteriaceae, Streptococcaceae, and Bifidobacteriaceae (Kato et al., 2017). Even though some species of Bacteroides are among the dominant beneficial gut microbes, there are species that are considered pathogenic (Brown et al., 2019; Zafar and Saier, 2021). Commensal bacteria provide nutrients, reduce opportunistic microbes, assist in digestion, and modulate the immune system. Surgery, antibiotics, immunosuppressants, and other treatments can disrupt the microbiome in which pathogenic bacteria outcompete the commensal bacteria. Some of these opportunistic microbes, such as those within the Enterobacteriaceae family, can release immunogenic substances such as endotoxin lipopolysaccharide (LPS), which can induce an inflammatory response. Additionally, there is emerging evidence that has shown a relationship between the gut microbiome and solid organ transplant-associated pathogenic infections. One of the driving forces is associated with the interactions between the gut microbes and the host’s immune system. Studies have shown that the microbiota can influence innate and adaptive immune responses. Multiple studies using mouse models found that broad-spectrum antibiotics worsened outcomes and reduced the effectiveness of cancer immunotherapy compared to the control group (Nelson et al., 2015; Zou et al., 2021; DiPalma and Blattman, 2023). The exact mechanism affecting the immune system via the elimination of the microbiome is still unknown. Many studies suggest that it’s due to microbial-derived metabolites, such as short-chain fatty acids (SCFAs), that can influence the immune system (Gonçalves et al., 2018; DiPalma and Blattman, 2023). Additionally, other studies have shown that the microbiome can modulate T-cell homing (Yao et al., 2022). The reduction of beneficial microbes and increase in pathogenic microbes could potentially result in reduced T-cell homing, especially to mucosal sites (Yao et al., 2022). Overall, a healthy microbiome can reduce the number of infections in liver transplant recipients, a trend that may extend to other solid organ types (Chan et al., 2020).

In the context and heart transplantation, patients face a heightened risk of CDI and other nosocomial infections compared to recipients of other solid organs, highlighting a critical gap in our understanding (Donnelly et al., 2015). One potential clue to this increased risk of CDI is that in heart transplant recipients, immunosuppressive regimens have been associated with overgrowth of pathogenic microbial strains (Olek et al., 2023). The presence of pathogenic microbial strains in the mucosa could contribute to the etiology of harmful infections (Husebye, 2005). Shifts in microbiome composition in patients post-transplant and potentially in response to immunosuppressive therapy could result in other complications for patients. Lung transplant patients have been found to display a dysbiotic lung bacterial microbiome post-transplant and a higher chance of developing chronic lung allograft dysfunction (CLAD), which is characterized by hyperimmune activation in lung and airway tissues as well as an increased risk of allograft rejection (McGinniss et al., 2021; Wu et al., 2023).

The top five causes of death in kidney transplant recipients with allograft function is infectious complications (Chan et al., 2020) Several studies have shown a relationship between the pathogenesis of transplant associated infection due to the disruption of the microbiome post kidney transplant (Chan et al., 2020). Diarrhea is a common complication post kidney transplantation, which is thought to be due to the immunosuppressant mycophe-nolate mofetil (MMF). One study showed that within a cohort of 97 kidney transplant patients, 40 individuals who experienced post-transplant diarrhea had a significantly lower median Shannon diversity within the fecal specimens than the non-diarrhea group (Zhang et al., 2021). Additionally, Ruminococcus, Bacteroides Dorea, and Coprococcus were also significantly lower in the diarrhea group (Zhang et al., 2021). The aforementioned groups of genus contain species that are considered beneficial commensal bacteria within the gut, with Bacteroides being one of the most abundant within the gut.

In the case of hematopoietic stem cell transplants (HCSTs), those who receive allogeneic HCSTs with more diverse gut microbiomes have lower HCSTs-related mortality and increased overall survival compared with patients with lower microbial diversity (Gopalakrishnan et al., 2018). These studies suggest that greater microbial diversity is often associated with positive transplant patient outcomes and that more research is needed to determine if similar microbiome-driven survival benefits extend to lung and heart transplant recipients.

Differences in immunosuppression dosage across different transplant types may impact disparities of infection risk (Figure 1D). For example, maintenance dosing of tacrolimus, a commonly used immunosuppressant, in renal transplant recipients are typically 6–10 ng/mL trough levels, while cardiac transplant recipients are 10–15 ng/mL trough levels (Arnol et al., 2020; Lindenfeld et al., 2004).

A study using a mouse model, evaluated the effects of tacrolimus treatment which resulted in a significant shift in the abundance of Bacteroides, Allobaculum (P <.01), and Lactobacillus (P <.05), a decrease in Clostridium (P <.01), Ruminococcus, Rikenella, Ruminococcaceae (P <.05) as well as an increase in CD4 +CD25 hiFoxP3 + regulatory T cells in the blood and mucosa (Zhang et al., 2018). The significant difference was observed in both high dose tacrolimus treated and treatment via fecal transplant from a high dose tacrolimus-treated donor (Zhang et al., 2018). There was no significant change in the microbiota within the low dose (0.1 mg/kg) of tacromilus. Within a human study evaluating the impact of immunosuppressive treatments, everolimus plus mycophenolate mofetil (n = 9) vs tacrolimus plus mycophenolate mofetil (n = 11), on the gut microbiota within renal transplant patients showed no significant difference on the taxonomic level between the two groups but showed a difference in functional genes (Zaza et al., 2017). Within the Zaza et al. study, they did not have a control group without immunosuppressant treatment to compare to. Although there was no difference between the two groups treated with immunosuppressants, there may be a microbiome difference between patients receiving or not receiving immunosuppressants. Outside of the groups listed above, there is still a wide variety of patients with dysregulation of their immune systems from autoimmune diseases and treatments for these diseases. In mouse models, mice susceptible to developing rheumatoid arthritis (RA) showed a significant decrease in microbial diversity, even before disease onset. Within a human fecal genomic sequencing study, patients with RA were found to have increased concentration of pathogenic microbes and a concurrent decrease in commensal organisms (Lindenfeld et al., 2004). Current research indicates these changes increase the immune system’s inflammatory responses, which can, therefore, degrade intestinal immune barriers and predispose a patient who is already prone to developing RA to develop more severe disease manifestations.

The causality of changes in the microbiome is less certain. Microbiomes of patients with Inflammatory Bowel Disease (IBD) show decreased diversity, including between areas of inflammation and without inflammation within the digestive tract (Shan et al., 2022). One mechanism by which this dysbiosis may be associated with the worsening of IBD presentation is that it can result in changes in the glycosylation of intestinal barrier cells, resulting in damage to the junctional proteins and upregulation of pro-inflammation gene transcription (Macfarlane et al., 2009).





Modulating the microbiome to alter health outcomes in the ICU

Another possibility was set forth by Brenchley et al (Brenchley et al., 2006), in which circulating microbial products are correlated with systemic immune activation in HIV patients and more rapid progression to AIDS. It may be inferred, then, that the microbiome may have systemic effects in another setting of immune activation and suggests that differences in the microbiome can impact immune function in the settings of transplant, autoimmunity, and responsiveness to immune checkpoint blockade for cancer. Research that has uncovered how the microbiome’s composition can impact patients’ outcomes in the ICU has also implied that alterations to it may improve treatment outcomes. Here, we describe potential modifications that may alter health outcomes and improve patient prognosis in ICU patients.




General patients in the ICU

One practical approach to ensuring positive outcomes for ICU patients is medical nutrition therapy (MNT), which involves nutritional interventions to manage critical conditions. For instance, a recent study demonstrated that administering a fiber-based diet in ICU patients receiving ATB allowed for colonizing bacteria that metabolize fiber into SCFAs associated with resistance to MDRB (Freedberg et al., 2020). However, the administration of MNT is not without risk; interventions must be approached with caution in critically ill patients, as impaired gut motility and barrier dysfunction could increase the risk of adverse events. More recent studies seek to characterize specific nutritional components that beneficially modulate the microbiome while minimizing possible adverse events, though these findings have yet to be published.





Cancer patients in the ICU

While the relationship between the microbiome and cancer progression is complex, much research suggests that its modulation can improve therapy outcomes. Promising interventions include probiotics, prebiotics, synbiotics, nutrition, and fecal microbiota transplant (FMT). Given the growing interest in these interventions, their potential application in critically ill cancer patients, including those requiring mechanical ventilation, has also gained attention.

In some cases, mechanical ventilation can lead to ventilator-associated pneumonia (VAP) within 48 hours, which is considered the most common complication in critically ill patients. The impact of probiotics and synbiotics on critically ill patients undergoing mechanical ventilation remains unclear. A meta-analysis evaluating 30 randomized clinical trials, where patients were administered with probiotics or synbiotics, suggested that within critically ill patients, probiotic intervention decreased the rate of infection by 20% and the rate of VAP by 25-30% (Manzanares et al., 2016) (Table 1). Additionally, within a randomized controlled trial (n = 72), evaluating the impact of synbiotics in reducing complications in mechanically ventilated patients with sepsis, the results indicated that the incidence of enteritis and VAP were significantly (p < 0.05) lower in patients administered with synbiotics (Shimizu et al., 2018) (Table 1). This study showed a significant increase in the total bacterial number of Lactobacillus and Bifidobacterium within the gut microbiome of the synbiotics group than the non-synbiotics group (Shimizu et al., 2018) (Table 1). Other factors, such as mortality rate and number of ventilator-free days at 28 days showed no statistical significance between the groups (Shimizu et al., 2018) (Table 1). In contrary, a randomized, double-blind study (n = 259) evaluating the impact of Synbiotic 2000 FORTE® on VAP and mortality within mechanically ventilated ICU patients showed no significant difference in the incidence of VAP or mortality between the synbiotic and non-synbiotic groups (Knight et al., 2009) (Table 1). Note that the Shimizu et al. study evaluated mechanically ventilated patients with sepsis; meanwhile, the Knight et al. did not. An additional study by Saikrishna et al., evaluating the effects of probiotics on ICU patients (n = 35) and the prevalence of VAP and ventilator-free days also found no statistical difference between probiotic and non-probiotic groups (Saikrishna et al., 2023) (Table 1). Even though the aforementioned study showed a statistical difference in microbiome composition between probiotic and non-probiotic groups, including the presence of Lactobacillus paracasei, Lactobacillus rhamnosus, and Streptococcus thermophilus (Saikrishna et al., 2023), variations in these results could stem from sample size, duration, and type of probiotics/synbiotics, as well as a single-center study vs multi-center study and variation in ICU patient diagnosis, to name a few (Table 1). Within these studies, patients with cancer are included if they meet the study criteria, but they are not the sole study population. Further research is required to investigate the conditions in which probiotics and/or synbiotics are clinically effective for ICU patients. Understanding the conditions would further our knowledge of why studies have varying results and what factors maximize the benefits. Regardless once we further our understanding probiotics and synbiotics should be considered for clinical use, but this would require FDA approval and further research. Other than probiotics and synbiotic as a therapeutic option, nutrition and diet can be of therapeutic value since diet can modify the microbiome. The benefit of leveraging nutrition and diet is that this does not require FDA approval. Regardless, this would require further research to understand what types of nutrition and diet would benefit patients in the ICU.

Table 1 | Study comparisons of ICU patients administered with probiotics or synbiotics.


[image: Table comparing clinical studies on probiotics and synbiotics for ventilator-associated pneumonia (VAP). It lists four studies with varying sample sizes and probiotic types. Findings indicate no significant VAP incidence differences in two studies, while one shows reduced infection rates with probiotics. Another study reports increased mortality and bacterial counts in patients.]
Patients with cancer are prone to infection, leading to their admittance to the ICU and administration of antibiotics. A significant concern is MDRB linked to high mortality rates, such as carbapenemase-producing enterobacteria (CPE), extended-spectrum beta-lactamase-carrying strains, and vancomycin-resistant Enterococcus (VRE). As previously mentioned, cancer studies have indicated that antibiotic exposure can lead to dysbiosis and reduced treatment efficacy such as ICIs (Tsikala-Vafea et al., 2021). The effects of ATB can lead to dysbiosis, which can introduce pathogenic bacteria. Several proposed interventions include supplementing with probiotics/synbiotics, fecal transplants, and diet. Within a randomized double-blind, placebo-controlled trial (n = 120), patients were treated with amoxicillin-clavulanate antibiotics for 10 days and compared the effects of a 30-day intervention with placebo Saccharomyces boulardii CNCM I-745® and a probiotic treated group enriched with Lactobacillus paracasei Lpc-37, Lactobacillus acidophilus NCFM, Bifidobacterium lactis Bl-04, Saccharomyces boulardii, and Bifidobacterium lactis Bi-07 (Bactiol duo®) (Wieërs et al., 2021). The results showed a significant decrease in Pseudomonas after treatment with probiotics post-antibiotic treatment (P < 0.05) (Wieërs et al., 2021). Even though there was a transient increase in AmpC-producing enterobacteria after antibiotic treatment, the probiotic group had a significant decline (P<0.05) compared to the placebo group (Wieërs et al., 2021). The overall study claims an association of Saccharomyces boulardii paired with specific Lactobacillus and Bifidobacterium species decreasing the number of antibiotic-resistant pathogens within the gut and thus impacting antibiotic treatment (Wieërs et al., 2021).





Transplant and immunosuppressed patients

Noting that decreases in microbial diversity are associated with more severe impacts on transplant patients, several potential approaches to increasing gut microbiome diversity in patients have been investigated (Chan et al., 2020). These include prebiotics (non-digestible food ingredients), probiotics (often bacteria and yeast-supplemented to increase microbial diversity), and nutrition-based interventions. While prebiotics have not been extensively studied for SOTR patients, there is evidence that hospitalization, especially in the ICU, can significantly alter dietary intake and lead to dysbiosis. Initial studies into SOTR probiotics have begun, focusing on liver transplant patients (Chan et al., 2020). Further, some studies suggest that critically ill patients who were given enteral nutrition with a high-protein diet enriched with arginine, fiber, and antioxidants had a significantly lower catheter-related sepsis rate than patients fed a standard high-protein diet. However, it is important to note that the use of microbiome-targeted interventions in SOTR patients remains limited by a lack of large-scale clinical trials. Resultantly, concerns about probiotic safety and variability in patient response still need to be further elucidated.

Beyond SOTRs, microbiome-related immune modulation has been implicated in other disease settings, including autoimmunity, HIV, and hematopoietic stem cell transplant (HSCT). In HSCT, in which patients that develop graft-versus-host disease (GVHD) have a higher propensity for gut microbiota dysbiosis (Bhatia et al., 2007; Taur et al., 2014). Notably, this dysbiosis mainly manifests as decreased microbial diversity, resulting in changes in microbial composition and differences in microbiome-derived metabolites, consistent with the model proposed by Brenchley et al. (2006) in HIV patients, may result in global increases in inflammation and immune activation resulting in predictors of poorer prognosis in GVHD patients. AS such, microbiome modulation strategies, such as fecal transplant or other methods described above, could significantly decrease GVHD in HSCT patients by concomitant decreases in inflammation and immune function.

Additional studies have shown that probiotics can reduce infection rates in liver transplant recipients (Zhang et al., 2013; Lederer et al., 2017). This indicates that including probiotics in the treatment regimen of SOTR and other immunocompromised individuals within the ICU setting may decrease infection rates. However, these solutions may be hindered by the lack of FDA-approved probiotics, creating a barrier to administer in a hospital or ICU setting as doctors cannot prescribe specific probiotics. Lack of regulation of probiotics may increase the risk of introducing unhealthy bacteria to patients due to contamination. On the other hand, prebiotics may be easily included by modifying the patient’s diet under the guidance of a nutritionist. As our understanding of the microbiome expands, so must the treatment options for clinicians, including probiotics that may be prescribed, so that they can harness this expanded understanding for improved patient outcomes.






Discussion

Further research into how modulations of microbiome composition affect immunocompromised patients is essential for advancing current treatment modalities. Microbial imbalances can lead to adverse health outcomes, particularly in vulnerable populations such as ICU patients. Often, dysbiosis in these patients can be exacerbated by HAIs, among other factors. Studies have shown that microbial dysbiosis can result not only in complications such as infection, organ failure, and increased mortality in ICU patients but can be even more devastating for those with compromised immune systems. This can lead to increased toxicity, decreased effectiveness of anticancer agents, and adverse health outcomes in patients undergoing cellular therapy treatments (Gopalakrishnan et al., 2018; Sepich-Poore et al., 2021). Thus, studies that aim to reduce or reverse this dysbiosis need to be better understood to improve ICU patients’ prognosis.

One area of research that holds the potential to skew dysbiosis in ICU patients is oral supplements that can be administered to patients before or during hospital admission to alter their microbiome and later bias those patients toward positive outcomes. For instance, using probiotics alone or combined with prebiotics in ICU patients prevented them from developing ventilator-associated pneumonia (VAP) (Batra et al., 2020). The use of prebiotics in the ICU to alter the microbiome’s composition in patients holds much promise, as adding prebiotics or alternative nutrition that contains prebiotics can be easily changed and does not require FDA approval. Recent investigations have focused on nutrition’s impact on modulating the gut microbiome’s composition (Cresci, 2025). Some recent studies have indicated that applying fiber-rich diets increased the abundance of Bifidobacterium species, which are often involved in cross-feeding with other gut microbes (Oliver et al., 2021). Additionally, low-fiber diets promote the expansion of mucosa-degrading bacteria, while high-fiber diets can restore healthier microbiome composition (Desai et al., 2016). These findings suggest that targeted nutritional strategies could be an easy way to tailor the microbiome to shape the microbiome toward a more beneficial state.

Subsequent studies analyzed the impact of fecal microbiota transplantation on patients in the ICU with confirmed dysbiosis, demonstrating the reversal of dysbiosis post-transplant (Alagna et al., 2019). However, the lack of FDA regulation currently limits oral therapies that could potentially skew microbiome composition and prevent or reverse dysbiosis. They require more development before they can be applied clinically. It is also essential to consider the potential negative impacts of probiotics or microbiome transplantation before their administration to patients, as potential adverse effects can occur (Dailey et al., 2019). For instance, it is possible that gut flora associated with the pathobionts could be introduced into a patient’s microbiome, especially post-fecal transplantation, potentially leading to adverse health outcomes and unintentional infections, such as the development of antibiotic-resistant bacteria, which has been seen in some patient cases post-fecal transplant (CH and CT, 2020). Additionally, standard methods of fecal microbiota transplant administration, such as colonoscopy or nasogastric tube delivery, can result in psychological stress to patients, causing them to meet with hesitation or resistance (Qu et al., 2022). Further, differences in donor-related variability could result in inconsistent outcomes, as there is currently no consensus on what an “ideal” donor looks like. All these potential contradictions should be considered when deciding to administer FMT.

Another promising research avenue is gaining a deeper understanding of the pathobiome, which, if understood, could help us design treatments that eliminate pathogenic microbes and skew patient responses in a more favorable direction. When colonized with microbes that drive inflammatory responses, patients have been found to have an increased risk of complications associated with inflammation, including sepsis (Alverdy and Krezalek, 2017). Targeting specific inflammatory microbes in the pathobiome could be a potential intervention with the ICU, but more research is required to understand this complex dynamic. The interplay between the microbiome shift to a pathobiome, the gut environment, microbial byproducts, and the immune system is not well understood. Most current research investigates the reestablishment of a healthy microbiome via probiotics, synbiotics, nutrition, antibiotics, fecal microbiota transplant, and immune-boosting strategies, but there is a lack of research focusing on a therapeutic approach to targeting specifically the inflammation-causing pathobiome. Further studies that aim to identify which species are involved in negative or positive patient outcomes and learn which microbial species promote health may also be beneficial in developing future therapeutic interventions. Ultimately, they hold the potential to exploit these findings to improve patient outcomes in the ICU.
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Background

Hepatitis B virus (HBV) is a major global public health issue and the most common etiology of chronic liver disease (CLD). The relationship between Helicobacter pylori and HBsAg+ patients was not well investigated and has attracted much scientific and clinical interest, although the relationship remains controversial.





Objective

This study aimed to assess the clinical and biochemical characteristics of HBsAg+ liver disease patients with and without H. pylori infection.





Methods

From April 1, 2021, to March 30, 2022, a hospital-based cross-sectional study was done at the University of Gondar Comprehensive Specialized Hospital on 384 known HBsAg+ liver disease patients recruited using a convenient sampling technique. All the HBsAg+ patients were tested for fecal H. pylori antigen, and blood specimens were analyzed for ALT, AST, ALP, ALB, TP, BILT, TG, and TChol tests using an automated biochemistry analyzer. GraphPad Prism 8.02 and SPSS 25 were used for data analysis, considering a statistically significant P-value of 0.05.





Results

H. pylori co-infection was found in 153 (39.8%) of HBsAg+ study participants. ALT, AST, and total cholesterol mean levels were significantly higher in patients co-infected with H. pylori (p<0.04). Portal hypertension (47.8%), variceal bleeding (60.7%), and hepatocellular carcinoma (HCC) (57.5%) were more common (p< 0.01) in patients with HBV and H. pylori co-infection.





Conclusions

ALT, AST, and TChol mean levels were higher in H. pylori co-infected HBsAg+ patients. Our findings showed that H. pylori has a role in the elevation of clinical and biochemical parameters in HBsAg+ liver diseases.





Keywords: HBV, chronic liver disease, H. pylori, HBV/H. pylori co-infection, Ethiopia





Introduction

Hepatitis B virus (HBV) is a partially double-stranded hepatotropic DNA virus (1). It is an enveloped DNA virus that belongs to the family Hepadnaviridae, genus Orthohepadnavirus (2). The envelope surrounds an icosahedral nucleocapsid, which encloses a partially double-stranded, relaxed circular DNA (rcDNA) genome of ~3.2 kilobases (3). Four partially overlapping open reading frames (ORFs), termed P (polymerase), S (surface), C (core), and X (HBx protein), define the coding capacity of the HBV genome (4). Mutations in the HBV genome have been observed in all four ORFs in both acute and chronic HBV-infected individuals (5). A total of ten different genotypes of HBV (A-J) have been reported worldwide (6).

Acute HBV infection in healthy and immune-competent adults causes self-restrictive disease with less than 2-3% progression to serum hepatitis B surface antigen-positive (HBsAg +) chronic hepatitis B (CHB) infections (7). The reason behind the adaptive replication of HBV in hepatocytes is mainly due to a lack of functional innate DNA sensing pathways to recognize, control, and clear the virus (8). The adaptive immune response mediates both viral clearance and liver damage, but HBV appears to cause little or no innate immune activation (9). Both the inability of the immune system to resolve CHB and the unique replication strategy of HBV to form a stable covalently closed circular DNA (cccDNA) minichromosome in the hepatocyte nucleus enable infection persistence (10).

The natural course of CHB infection can be divided into four chronological phases based on virus-host interactions: The immune-tolerance phase is characterized by active replication of HBV, HBV e antigen (HBeAg) positivity, and normal alanine transferase (ALT) levels. In the immune clearance phase, HBeAg-positive patients have elevated serum ALT levels and fluctuating HBV-DNA levels. The third stage is the inactive carrier state, in which patients clear HBeAg and develop the corresponding antibody to HBeAg (HBeAg seroconversion), with the remission of liver disease (11). Approximately 20 −30% of individuals in the inactive carrier state may experience a viral relapse and enter the reactivation phase (fourth stage) during follow-up (12, 13).

HBV is not directly cytopathic for hepatocytes. Unlike other viruses, such as hepatitis C virus (HCV) or human immunodeficiency virus (HIV), which enter a rapid phase of propagation after infection, acute HBV infection is preceded by low HBV DNA and antigens in serum and liver for many weeks before the subsequent amplification and spreading phase of HBV infection (14). The virus adapts to different mechanisms for persistent infection and is thought to be a ‘stealth virus’, which poorly induces the expression of type 1 interferon (15).

Liver cirrhosis is a diffuse condition characterized by fibrosis and nodule formation, with CHB virus infection as one of the causes (16). The dysfunctional immune responses play an essential role in persistent HBV infection as well as liver inflammation (17). When comparing the characteristics of immune responses in acute and chronic hepatitis B, Chronic HBV infection develops due to the failure of HBV-specific immune responses (18). Chronic infection of HBV revealed impaired dendritic cell (DC) function, which is reflected by the weakness of both T-cell and B-cell virus-specific immune responses in CHB patients (19).

Persistent exposure of T cells to HBV antigens is crucial for maintaining depressed T cell functionality (20). The quantitative and functional deficiencies of the HBV-specific T-cell response are well-acknowledged as a primary contributor to viral persistence (21). The HBV-specific T cell response is modulated during HBV infection by multi-factorial mechanisms, including programmed cell death 1 (PD-1) expression, IL-10, arginase, myeloid suppressor cells, and T regulatory cells (22).

The humoral immune responses will hand over the virus after release from hepatocytes (23). The released antigens (HBsAg, HBeAg, and HBcAg) will induce the production of their respective antibodies. Hepatitis B core antigen (HBcAg) will not circulate in the blood as it is found in the core of the virus. Anti-HBc antibodies are used to differentiate between acute and chronic HBV infections (24).

H. pylori causes both active and chronic infection and can lead to several disorders, from chronic gastritis to gastric adenocarcinoma, and activates both innate and adaptive immune responses, but the response fails to eradicate the infection (25). Although it is believed that H. pylori is a type of ‘commensal bacterium”, it cannot be classified as normal flora because all patients with gastro-duodenal H. pylori colonization show histological gastroenteritis (26). To complete the colonization process and cause harm to the gastric mucosa, the bacterium must overcome the stomach acid barrier and infiltrate the mucus layer (27). Gastric epithelial cells (GECs) are a primary target for H. pylori infection and actively contribute to the development of acute and chronic inflammation (28).

H. pylori may induce immunosuppressive Tregs, dampening antiviral immune responses against HBV and facilitating viral persistence. Chronic H. pylori infection could also exacerbate T-cell exhaustion, reducing control of HBV replication and increasing liver damage (29, 30). The greatest feature of H. pylori is its ability to last for years in the gastric epithelium of the host (31). This adaptive property occurs due to a complex mechanism of H. pylori persistence mediated by proteins, glycoconjugates, and lipids exposed on the surface of this bacterium (32). Gastric innate immune effectors can either eliminate the bacteria or mobilize adaptive immune responses (e.g., Toll-like receptors (TLRs) and cytosolic DNA sensor/adaptor proteins) (33). Recent studies have shown that H. pylori infection most often results in M1 (Inflammatory) and Mreg (Regulatory) macrophage activation (34). The recruited macrophages at the site of infection can produce IL-12, which stimulates T-helper 1(Th1) cells and the production of cytokines such as IFN-γ (35).

H. pylori escapes identification by pattern recognition receptors (PRR) by multiple methods, including avoidance of recognition by TLRs and inhibition of c-type lectin and Dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) mediated signaling (36). Although the acquired immune response to H. pylori is composed of both Th1- and Th2-type cells, cytokine profiles indicate a predominance of a Th1 response (37). Although H. pylori is an extracellular pathogen, its immune response is biased to the Th1 type (38).

In recent years, H. pylori has been reported to be associated with the development of a variety of extra-digestive manifestations, including type 2 diabetes, and cardiovascular and liver diseases (39). Chronic H. pylori infection induces a Th1-mediated inflammatory response, potentially contributing to systemic inflammation that could exacerbate liver injury. Virulence factors (e.g., CagA, VacA) may enter the bloodstream, promoting oxidative stress and pro-inflammatory cytokine release, which might accelerate liver fibrosis or carcinogenesis. This study tried to evaluate the burden and clinical contribution of H. pylori infection on the outcome of HBV-related liver diseases in Northwest Ethiopia.

The relationship between H. pylori and liver diseases remains controversial. Recent studies have been trying to investigate the association of H. pylori in the progression of diseases other than gastrointestinal diseases (40). The presence of Helicobacter species has been reported in the hepatic tissues of patients with different hepatic disorders. Chronic inflammation from H. pylori might promote fibrosis progression to cirrhosis and HCC. However, confounders like viral hepatitis or environmental toxins complicate these associations (41). H. pylori has been implicated in some extra-digestive diseases such as cardiovascular, neurologic, and hepatobiliary conditions (42). H. pylori has the induction potential of regulatory B cells, suggesting its role in diminishing the response of effector B cells during HBV infections (43).

H. pylori infection in patients with liver cirrhosis may impact the exacerbation of inflammatory injuries in the stomach, which could directly or indirectly lead to a deficiency of liver function (44). Research conducted in China also showed that the H. pylori positivity rate is high among patients with CHB, and H. pylori is a putative risk factor in the development of HBV-related complications. This is because H. pylori reaches the liver via the bloodstream or the biliary system and then becomes an independent etiological factor causing inflammation (45).

In H. pylori-infected individuals, a Th2 cell-related response induces IgG1 production while a Th1-related response contributes to IgG2 production through IL-2 and IFN-γ secretion (46). Helicobacter species are regarded as important in the development of hepatobiliary illnesses because they can produce inflammatory, fibrotic, and necrotic damage to the liver, which can progress to HCC (47). In the present study, we tried to assess the interplay of HBV and H. pylori infections on CHB-related liver disease progression.





Materials and methods




Study area, design, and period

The study was conducted at the University of Gondar Comprehensive Specialized Hospital, located in Gondar city, Amhara National Regional State, Northwest Ethiopia. Gondar City is 738km Northwest of Addis Ababa, the capital city of Ethiopia. Based on the Central Statistical Agency of Ethiopia (CSA), Gondar City had a total population of 500,788, of whom 300,000 were men and 200,788 were women (48). The University of Gondar Comprehensive Specialized Hospital is a tertiary care center serving approximately 7 million people in Northwest Ethiopia. A hospital-based cross-sectional study was conducted from April 1, 2021, to March 30, 2022. It was a single-center institution-based study.




Source and study populations

All HBsAg+ liver disease patients attending the University of Gondar Comprehensive Specialized Hospital. HBsAg+ patients presented at the University of Gondar Comprehensive Specialized Hospital during the study period and were eligible to study.





Inclusion criteria exclusion criteria

Patients who were positive for HBsAg and with the age of above 18 years old were included in the current study. We excluded patients with clinically confirmed schistosomiasis, and viral hepatitis other than HBV, HIV, and pregnancy.






Sample size and sampling technique

The sample size was determined using the single population proportion formula by considering the prevalence of H. pylori in HBsAg+ patients =50% (p=0.5), Z α/2 = 1.96, and margin of error =5% (d=0.05). Finally, the total sample size became 384 HBsAg+ individuals who were recruited using a convenient sampling technique.





Data collection and laboratory methods




Demographic and clinical data collection

Demographic and clinical data were collected following the approval of the study protocol by the ethical review committee of the University of Gondar. At each data collection unit, trained nurses collected all relevant information (demographic, clinical) using a structured questionnaire in a face-to-face interview with the patient and from the patient’s medical records. During clinical data collection, the patients were enrolled from the inpatient and outpatient departments of the gastroenterology clinic at the University of Gondar Comprehensive Specialized Hospital. The clinical parameters, such as portal hypertension, hepatocellular carcinoma (HCC), variceal bleeding, and hepatic decompensation, were defined based on the radiological (ultrasound, endoscopy/colonoscopy) and pathology (biopsy) findings.





Specimen collection and processing

We collected about eight milliliters (8 mL) of venous blood by serum separator tubes (SST) from the forearms of all eligible patients. The serum was isolated from the collected blood samples by centrifuging at 3500 rpm for 5 minutes in the serology laboratory and separated into different serum test tubes. The first serum tube (4 ml) was transported to the clinical chemistry lab for biochemical testing. For further serological and virological examination, the second serum was transferred to cryotubes and stored at -80°C.

In addition, a stool sample was collected from each CLD patient included in this study for the identification of the H. pylori fecal antigen (RAPID Hp StAR test).





Biochemical assays

The mean concentrations of alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), serum albumin (ALB), total protein (TP), total bilirubin (BILT), total cholesterol (TChol) and triglycerides (TG) were analyzed by using automated DxC AU 700 Chemiluminescence assay (BECKMAN COULTER, Ireland Inc., Lismeehan, O’Callaghan’s Mills, Co. Clare, Ireland) following the manufacturer’s instructions. Both enzymatic and non-enzymatic assays were performed by the same automated biochemistry analyzer.






Data quality control

Study site assessment and pretest of the tools and assays were done before data collection to optimize the experimental setup. Data collectors were given appropriate training about data collection and related procedures. Positive and negative controls were run against HBsAg and H. pylori tests. Patient samples were collected, shipped, and stored under appropriate conditions and strict supervision. Standard operating procedures (SOPs) and optimization protocols were followed during serological and virological assays.





Data analysis

Data entry was done via Microsoft Excel 2013. Normally distributed data were expressed as mean ± standard deviation, and skewed data were expressed as median (interquartile range, IQR). Statistical analyses were performed using SPSS 25.0 (IBM, New York) or GraphPad Prism 8.0.2. Categorical variables were analyzed by the Chi-square test, and nonparametric tests (Mann-Whitney test) were used for non-normal continuous data, by taking a P-value of<0.05 as statistically significant.





Ethical considerations

The study protocol was reviewed ethically and approved by the ethical committee of the School of Biomedical and Laboratory Sciences (SBLS) at the University of Gondar. Ethical clearance with a reference number (Ref. No. SBMLS/2759) was obtained. Study participants were asked for their consent to be included in the study. Study participants who tested positive for HBsAg and/or H. pylori during screening were linked to healthcare providers of the UoG hospital. All the information obtained from the study participants was coded to maintain confidentiality.






Results




Demographic characteristics of the study participants

From a total of 384 HBsAg+ adults enrolled in this study, 153 participants were H. pylori co-infected (39.8%). 259 (67.4%) subjects were males, and 268 (69.8%) of them were rural residents. Overall, 47.1% of subjects were unable to read and write, and 221 (57.6%) of them were farmers. Overall, 317 (82.6%) participants were married. Three hundred thirty-nine (88.3%) of participants were not alcohol users (Table 1).

Table 1 | Socio-demographic characteristics of HBsAg+ study participants with and without H. pylori at University of Gondar Comprehensive Specialized Hospital, Northwest Ethiopia, 2022.
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Clinical and biochemical features of study participants

Among 384 HBsAg+ study participants, 83 (21.6%) patients used traditional medicine in different forms or preparations. Regarding their HBV treatment status, 106 (27.6%) patients were treatment-naïve. The treatment status and traditional medicine use of HBsAg+ patients showed no significant differences between the two groups of participants. Portal hypertension (47.8%), variceal bleeding (60.7%), and hepatocellular carcinoma (HCC) (57.5%) had a significant association with H. pylori co-infection (p<0.01) (Table 2).

Table 2 | Clinical characteristics of 384 HBsAg+ study participants with and without H. pylori at University of Gondar Comprehensive Specialized Hospital, Northwest Ethiopia, 2022.


[image: The table compares characteristics between H. pylori-positive and H. pylori-negative groups, including conditions like ascites, portal hypertension, hepatic decompensation, variceal bleeding, and HCC. It also covers HBV treatment status and traditional medicine use. Data is presented as numbers and percentages with corresponding p-values, showing statistical significance for portal hypertension, variceal bleeding, and HCC, but not for ascites, hepatic decompensation, HBV treatment status, or traditional medicine use. Total sample size is 384.]
Among the biochemical parameters, ALT, AST, and TChol levels were significantly higher in the H. pylori co-infected patient group (p<0.01). Although there was a difference in the mean value of ALP, ALB, TP, and BILT in the two groups, the difference was not statistically significant. Overall, the mean concentrations of liver enzymes and proteins were higher in the H. pylori co-infected group of patients (Table 3).

Table 3 | Comparison of Biochemical Tests in 384 HBsAg+ Study Participants with and without H. pylori co-infection at University of Gondar Comprehensive Specialized Hospital, Northwest Ethiopia, 2022.
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Discussions

Infections with HBV and H. pylori are two major public health issues in Ethiopia. Epidemiological studies in Ethiopia have reported a high prevalence of both infections, but there were no previously published reports on the relationship between HBV and H. pylori in liver disease patients and the contribution of H. pylori co-infection, particularly in Northwestern Ethiopia. Assessing the clinical and laboratory features of liver disease patients infected with these important pathogens is crucial for understanding and managing the disease progression in HBV-liver disease. In the present study, we tried to characterize the clinical, serological, and virological features of HBsAg+ liver disease patients with and without H. pylori co-infection.

In the current study, the prevalence of H. pylori infection (39.8%) among HBsAg+ patients appeared lower than the overall pooled prevalence in the general Ethiopian population (52.2%) (49). However, the prevalence of H. pylori infection in the current study population was comparable to similar studies on HBV-related liver disease patients (40, 50). Previous studies reported a higher H. pylori prevalence in the general population than in liver disease patients. This discrepancy could be due to the repeated exposure of patients to different antibiotics during hospital visits, variations in the sensitivity of fecal H. pylori antigen tests, and the time trend of studies showing a decreasing pattern of H. pylori infection.

H. pylori colonization of the liver may occur through bacterial translocation from the stomach through the portal system, especially in the advanced stages of liver disease when portal hypertension develops. Furthermore, the bacteria can reach the liver via circulating phagocytes and macrophages. The present study was in agreement with previous studies that demonstrated that post-inflammatory liver cirrhosis complications were more frequent in H. pylori-infected patients than in the H. pylori-negative patient group, as H. pylori could upregulate the expression of various inflammatory factors (50–52). In our study population, HBV-induced complications of liver cirrhosis, such as portal hypertension, variceal bleeding, and HCC, were more prevalent in H. pylori co-infected patients than in the HBV-mono-infected group of patients. In this study, hepatic decompensation was also higher among the co-infected group, although it showed no significant difference. These clinical findings confirm our hypothesis that H. pylori co-infection has a synergistic effect on the progression of CHB-related liver diseases (50).

Liver enzymes and non-enzymatic biochemical markers of liver function had been increased in our study subjects who had H. pylori co-infection, in line with similar studies (53). In this study, ALT, AST, and TChol levels were significantly higher in the H. pylori co-infected group of patients, while TG and ALP levels were slightly elevated in the same group of patients. Our results support the theory that liver colonization with H. pylori bacteria promotes liver function deterioration via toxic injury and autoimmune inflammation. These findings align with studies reporting the role of H. pylori in CHB disease progression (54, 55).

There were several limitations in this study. First thing, we had no access to molecular, experimental, and immunological assays. We just used a cross-sectional study design with convenience sampling techniques. We did not use quantitative assays to measure the level of fecal antigen for the diagnosis of H. pylori infection. Consequently, the exact change of values might not be revealed in the HBV/H. pylori co-infected and HBV mono-infected patients. Saying all these, this study provided insight into the contribution of H. pylori infection among HBV-infected liver disease patients.





Conclusions and recommendations

The ALT, AST, and TChol levels were increased during H. pylori co-infection. Our data also showed that clinical parameters, including portal hypertension, variceal bleeding, and hepatocellular carcinoma (HCC), were more frequently detected in HBsAg/H. pylori co-infected patients than those with HBsAg mono-infection. From the findings of the current study, it can be concluded that H. pylori significantly enhances the clinical, biochemical, and serological parameters during the co-infection of H. pylori with HBsAg+ liver disease patients. Physicians who treat liver disease patients are highly recommended to screen and treat patients with H. pylori co-infection. We propose active screening for H. pylori in patients with CHB. Virological markers of HBV should also be closely monitored during the treatment of CHB-related liver diseases. We would also like to recommend that future researchers conduct large-scale studies that include advanced laboratory methods with an adequate sampling of patients to assess the accurate implications of all test parameters of CHB-related liver diseases co-infected with H. pylori bacteria. Besides, it would be imperative that future studies include molecular and immunological methods with a longitudinal cohort of patients and advanced statistical methods.
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Preterm premature rupture of membranes (PROM) is a critical obstetric complication endangering maternal and neonatal health, with growing evidence linking vaginal microecology to its pathogenesis. This review synthesizes the relationship between vaginal microbiota and PROM risk, as well as microecology-targeted prevention and management strategies. A balanced vaginal microbiome, dominated by lactobacilli that maintain an acidic protective environment, is essential for reproductive health. Dysbiosis—marked by reduced lactobacilli and increased pathogens like Gardnerella and Atopobium—impairs local immunity, weakens fetal membranes, and elevates PROM risk, with bacterial vaginosis (BV) strongly associated with this condition. Pathogenic overgrowth activates inflammatory (via TLR-mediated IL-1β, TNF-α, IL-6 overproduction) and oxidative stress pathways: pro-inflammatory cytokines promote cervical ripening, induce matrix metalloproteinases (MMPs) to degrade fetal membrane collagen, while reactive oxygen species (ROS) directly damage structural proteins, compromising membrane integrity. Monitoring inflammatory/oxidative stress biomarkers (e.g., cytokine levels, ROS activity) enables early risk assessment. Potential interventions include probiotics to restore microbial balance, antioxidants/immunomodulators to counteract stress/inflammation, and MMP inhibitors to preserve membrane structure, all aiming to improve pregnancy outcomes. In conclusion, vaginal microecology plays a pivotal role in PROM development, underscoring the need for early microecological monitoring. Future research should dissect mechanistic complexities and develop precision tools for preterm labor management.
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1 Introduction

Premature rupture of membranes (PROM), especially when it happens prior to 37 weeks of gestation, is a common and significant pregnancy complication that impacts a considerable number of expectant mothers globally (2020) (1). The incidence of preterm premature rupture of membranes (PPROM) frequently results in early labor, which may lead to various negative perinatal consequences, such as neonatal respiratory distress syndrome, sepsis, necrotizing enterocolitis, and developmental disorders in infants (2). These conditions significantly impact neonatal survival rates and may also lead to irreversible long-term developmental damage. Moreover, PPROM increases the risk of maternal infection, particularly when membranes are ruptured, as bacteria may ascend and invade the amniotic cavity, potentially causing severe infectious complications such as chorioamnionitis (3, 4). Therefore, it is clinically crucial to conduct a thorough investigation into the etiology of PPROM and its potential effects on the health of mothers and infants to reduce the rate of preterm birth and enhance the prognosis for both mothers and infants.

The intricate and diverse mechanisms contributing to PPROM are often linked to elements like physical harm to the fetal membranes, immune system reactions, and the presence of infections. Recent research has increasingly highlighted the importance of vaginal microbiota in preterm premature rupture of membranes (PPROM) (5, 6). A balanced vaginal microbiota is defined by a dominance of Lactobacillus species (7) which helps sustain the vagina’s acidic conditions by generating lactic acid, thereby suppressing pathogen development. In contrast, an imbalance in the vaginal microbiota results in fewer lactobacilli and a rise in harmful bacteria (8). This imbalance can disturb the local immune response and compromise the membranes, which may elevate the risk of membrane rupture. Bacterial vaginosis (BV), commonly seen as a sign of vaginal microbial imbalance, has shown a significant correlation with an increased risk of PPROM (9). Moreover, BV is frequently associated with heightened levels of pro-inflammatory cytokines such as IL-6 and IL-8 (10), which contribute to membrane rupture by enhancing cervical ripening and stimulating uterine contractions. Furthermore, changes in certain biochemical markers are recognized as important indicators for the early identification of PPROM. In recent studies, fluctuations in the levels of these biochemical markers have been recognized as promising biomarkers for evaluating the cervicovaginal environment and predicting the risk of premature rupture of the membranes (11, 12). The objective of this paper is to conduct a comprehensive examination of the influence of vaginal microbiota and biochemical markers on PPROM. Additionally, the study will explore the potential for enhancing pregnancy outcomes through the early monitoring of these biomarkers. This research is of significant importance for elucidating the mechanisms underlying PPROM and for the development of effective intervention strategies.




2 Overview of vaginal microbiota



2.1 Normal vaginal microbiota composition

To comprehend the traits of both healthy and dysbiotic cervicovaginal microbiota, it is crucial to acknowledge the intricacies of this microbial ecosystem and its significant influence on female reproductive health. The phrase ‘vaginal microbiota’ pertains to the diverse microbial community that inhabits the lower genital tract of females. The makeup and equilibrium of this microbiota are essential for preserving reproductive health.Typically, the vaginal microbiota is highly specific and exhibits low diversity, with a predominance of certain beneficial bacterial species, particularly Lactobacillus. The combined activities of these microorganisms lead to the development of a stable micro-ecosystem, which is essential for preserving the health of the female reproductive system (13). In the vagina of a healthy woman, Lactobacillus is the predominant beneficial bacterial species, which maintains the acidic environment through the secretion of lactic acid and other metabolic products, thereby inhibiting the growth of harmful pathogens (14). Lactobacillus bacteria are the primary species within the vaginal microbiota, and their dominance is considered an indicator of vaginal health. Indeed, the cervicovaginal microbiota comprises at least five principal community state types (CSTs), each characterized by a dominant Lactobacillus species (15) (Table 1).


Table 1 | Five principal community state types of cervicovaginal microbiota in healthy woman.
	CST type
	Dominant bacteria
	Function
	Clinical significance
	References



	CST I
	Lactobacillus crispatus
	Dominant acidifier: Sustains optimal pH ≤ 4.5 barrier against pathogens
	Associated with vaginal health, low infection and preterm birth risk
	(16)


	CST II
	Lactobacillus gasseri
	Dominant lactic acid producer: maintains an acidic environment, supports normal pregnancy, and reduces the risk of infection.
	Associated with normal pregnancy, low infection risk
	(17)


	CST III
	Lactobacillus iners
	Weak acidifiers:have a weaker acidifying effect, and their clinical significance is controversial.associated with variable health outcomes, including the possibility of bacterial vaginosis
	Controversial: Linked with both health and BV
	(16)


	CST IV
	Lactobacillus jensenii
	Lactic acid-producing acidifiers: maintain acidic pH levels, associated with low infection rates and favorable pregnancy outcomes.
	Associated with low infection risk, good pregnancy outcomes
	(18)


	CST V
	L. iners & anaerobic bacteria (Gardnerella, Prevotella)
	Associated with dysbiosis and increased pathogenic activity
	Linked with vaginal dysbiosis, increased infection risk
	(19)





BV, Bacterial vaginosis.






2.2 Other common commensal bacteria

In addition to Lactobacillus, the vagina is inhabited by a variety of other commensal bacteria.In a healthy state, these bacteria do not induce disease and play a role in sustaining the balance of the vaginal microecological environment to a certain degree (16). These commensal bacteria are typically found in microenvironments dominated by Lactobacillus. However, when there is a reduction in Lactobacillus numbers, these bacteria may proliferate uncontrollabl. For example, Bifidobacterium spp. are predominantly located within the gut, although they can also be identified in the vagina in certain instances. In BV patients, bifidobacteria can coexist alongside Gardnerella and anaerobic bacteria, but they cannot fulfil the core function of lactobacilli. They produce lactic acid and serve as a defense against potential pathogens, but the effect was not significant (20). As another illustration, Gardnerella vaginalis is less prevalent in individuals with optimal vaginal health; however, its abundance markedly increases in cases of BV (21). Although it is an important marker of vaginal dysbiosis, it may also be present as a normal commensal in some individuals. Additionally, an increase in the anaerobic bacteria Prevotella spp. and Mobiluncus spp. is typically observed in cases of vaginal dysbiosis, particularly in individuals diagnosed with BV. The presence of these organisms is directly contributes to an inflammatory response and an elevated vaginal pH level (15, 22).




2.3 Physiological functions of vaginal microbiota



2.3.1 Maintain a stable vaginal microenvironment

Lactobacillus is essential for preserving the stability of the vaginal microenvironment. Its main physiological role involves metabolizing glycogen to generate lactic acid, which helps to sustain the vagina’s acidic environment (23). As a result, this process usually keeps the vaginal pH between 3.5 and 4.5 (24) a spectrum that has been demonstrated to effectively curb the proliferation of different pathogens. The primary functions of vaginal microbiota are to maintain the stability of the vaginal microenvironment and to defend against pathogens that invade the vagina. The metabolites produced by beneficial bacteria, such as Lactobacillus, along with their immunomodulatory mechanisms, enable vaginal microbiota to serve as a natural defense barrier for the female reproductive tract. The vast majority of women (35/36, 97%) who underwent vaginal delivery at term exhibited a vaginal microbiome characterised by >75% abundance of Lactobacillus spp. Furthermore, 83% (30/36) of these women demonstrated Lactobacillus spp. abundance levels exceeding 98%. Samples obtained prior to PPROM were comparatively enriched for intermediate or Lactobacillus spp. depleted communities (PPROM; 14/60, 23% vs. Control; 1/36, 3%, P Farrell = 0.011), decreased total Lactobacillus spp. abundance (PPROM; 79% vs. Control; 96%, P Farrell = 0.016) and increased richness (total number of species observed, PPROM; 65 vs. Control; 10, P Farrell = 0.0086) (25). Rupture of the amniotic membrane takes place in the middle to late stages of pregnancy (24-29 + 6 and 30-36 + 6 weeks of gestation), prompting researchers to label these two periods as the ‘immune clock.’ (25–27). Furthermore, Zheng et al. (28) and Juliana et al. (29) underscore the significance of preserving the natural equilibrium of the vaginal microbiota throughout the gestational period.




2.3.2 Resistance to pathogen invasion

An additional important function of the vaginal microbiome is its protective role against pathogens, achieved via various mechanisms. During pregnancy, increased concentrations of vaginal oestradiol and glycogen lead to greater vaginal acid levels, subsequently fostering the dominance of Lactobacillus. This genus is able to directly prevent the proliferation of harmful bacteria by influencing pH levels and producing antimicrobial compounds. Additionally, it enhances the host’s immune response, thereby strengthening the body’s defenses (30). The four principal mechanisms by which Lactobacillus resists pathogen invasion are as follows: the phenomenon of competitive exclusion, defined as Lactobacilli competing for adhesion sites by preferentially occupying receptor sites on vaginal epithelial cells, thus preventing the colonization of these cells by pathogens (31). The process of immunomodulation refers to the alteration of the immune system’s response to external stimuli. Lactobacillus has the ability to stimulate the release of anti-inflammatory cytokines, including IL-10, and simultaneously reduces the overproduction of pro-inflammatory components through its interactions with vaginal epithelial cells, which helps to deter undesirable inflammatory responses (32, 33). Furthermore, Lactobacilli have been shown to enhance local immune defenses by stimulating the mucosal immune system (MALT) (34). The secretion of antimicrobial substances is a key defense mechanism employed by these microorganisms. In addition to lactic acid and hydrogen peroxide, Lactobacillus lactis is capable of secreting bacteriocins and other antimicrobial peptides. Antimicrobial agents possess the ability to directly suppress the proliferation of harmful bacteria or eliminate them by compromising their cell walls and membrane structures (35). Various antimicrobial substances linked to the protection of vaginal epithelial cells, such as neutrophil gelatinase-associated lipocalin, calcium-binding proteins, and hyaluronic acid, are selectively stimulated by Lactobacillus casei L. iners (36). The symbiotic relationship between the host and microorganisms is sustained; the vaginal microbiota significantly contribute to maintaining the integrity of the mucosal barrier against external pathogens through their interaction with the host immune system. A dysbiotic vaginal microbiota facilitates the penetration of pathogens through the mucosal barrier, thereby precipitating infection and inflammation (37).






3 Biochemical markers associated with PROM of the fetal membranes

Recent studies have extensively examined the importance of biochemical markers in forecasting premature rupture of the membranes. Research indicates a strong connection between particular inflammatory factors, elements related to oxidative stress, and markers like matrix metalloproteinases with both the structural integrity of the membranes and the inflammatory response (38). The subsequent section will examine the particular roles of inflammation, oxidative stress, and additional biochemical markers in the context of premature rupture of the membranes.



3.1 Inflammation-related biochemical markers

The integrity of the fetal membrane relies on both its mechanical strength and the regulation of local and systemic inflammatory responses (39). A substantial body of evidence from numerous studies suggests that the inflammatory response plays a crucial role in the pathogenesis of premature rupture of membranes, particularly concerning the involvement of various inflammatory cytokines and mediators (40–42). A case-control study of patients in the FTB, PTB, PROM and pPROM groups (n > 6) revealed that: TNF-α, IL-6 and ADAMTS9 mRNA levels were significantly higher in the PROM and pPROM groups (p < 0.001). (42). Furthermore, evidence indicates that a reduction in Lactobacillus and an increase in pathogenic bacteria (e.g., Sneathia spp.) are associated with increased fragility of the fetal membranes and the onset of early neonatal sepsis (EONS) (42).



3.1.1 Various inflammatory cytokines

Research has shown that the microbiota associated with premature rupture of membranes, including Gardnerella vaginalis and Atopobium vaginae, are significantly linked to increased pro-inflammatory factors (40, 43–45). In particular, pro-inflammatory factors such as IL-1 and IL-6, which are markedly elevated in the inflammatory vaginal environment, exacerbate cervical ripening and fetal membrane fragility, thereby heightening the risk of PROM (46) (Table 2).


Table 2 | Inflammatory markers and PROM risk.
	Inflammatory marker
	Mechanism of action
	Impact on PROM risk
	References



	IL-1
	Key initiator of acute inflammatory response. Elevated during PROM, activates NF-κB signaling.
	Increases inflammation, weakens membranes, raises PROM risk.
	(43, 44, 46)


	IL-6
	Pro-inflammatory cytokine secreted by monocytes, macrophages, and fetal membrane cells.
	Elevated in PPROM patients, early PROM marker, increases rupture risk.
	(42, 47–49)


	IL-1β
	Regulates PI3K/AKT pathway, induces IL-6 production, activates NLRP3 inflammasome.
	Increases cytokines, disrupts ECM, heightens PROM risk.
	(41, 45, 50–53)


	TNF-α
	Produced by macrophages and T cells, key in infectious inflammation.
	Promotes MMP expression, degrades ECM, increases membrane rupture risk.
	(42, 54, 55)





IL-1, Interleukin 1. PROM, Preterm Rupture of Membranes. NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells.

IL-6, Interleukin 6; PPROM, Preterm Prerupture of Membranes; IL-1β, Interleukin 1 Beta; PI3K, Phosphoinositol-3 Kinase; AKT, Protein Kinase B; NLRP3, NOD-like Receptor Family Pyrin Domain Containing 3. ECM, Extracellular Matrix; TNF-α, Tumor Necrosis Factor Alpha; MMP, Matrix Metalloproteinase.






3.1.2 Mediator of inflammation

Prostaglandins (PGs) are biologically active lipid molecules metabolized from arachidonic acid found in cell membranes. They are essential in the body’s inflammatory response and in facilitating uterine contraction (56). Prostaglandin E2 (PGE2) and prostaglandin F2α (PGF2α) are two prostaglandins closely associated with pregnancy and childbirth; additionally, they might play a role in the premature rupture of membranes.PGE2 is particularly significant in the onset of labor, primarily by regulating cervical softening and initiating uterine contractions (57). Research indicates that in instances of preterm premature rupture of membranes (PPROM), prostaglandin E2 (PGE2) exacerbates the inflammatory response by activating local immune cells and promoting the secretion of interleukin-1 (IL-1) and interleukin-6 (IL-6) (58). Concurrently, prostaglandin F2α (PGF2α) is essential in facilitating labor progression by inducing contractions of the uterine muscles. Importantly, the amniotic fluid from patients experiencing PPROM demonstrates significantly increased levels of PGF2α, highlighting its crucial function in the contractions occurring after membrane rupture (57, 59, 60).





3.2 Oxidative stress-related biochemical markers

Oxidative stress refers to a physiological state that occurs due to an overproduction of reactive oxygen species or inadequate performance of the antioxidant defense mechanisms during the body’s metabolic activities (61). This condition has been identified as a major contributing element to the onset of preterm premature rupture of membranes, particularly in instances of preterm delivery (45, 62). This condition increases the vulnerability of the fetal membranes by disrupting their cellular structure and modulating the inflammatory response (63) (Figure 1).

[image: Diagram illustrating the impact of microbiota imbalance in the vaginal environment on fetal membranes. Two panels show normal and prematurely ruptured fetal membranes. Flowchart depicts ROS (Reactive Oxygen Species) generation affecting ECM (Extracellular Matrix) and leading to oxidative stress. Key components include NLRP3, PI3K/AKT, SOD/CAT, and NF-kB pathways. Arrows indicate interactions and processes contributing to oxidative stress, potential inflammatory responses, and membrane rupture.]
Figure 1 | This image illustrates how microbial structural imbalances within the vaginal environment contribute to the transition from normal fetal membranes to premature rupture. The microbial imbalance generates reactive oxygen species (ROS), which activate NLRP3 inflammatory vesicles and promote the maturation of IL-1β via caspase-1. This process subsequently activates NF-κB and increases oxidative stress. Concurrently, ROS influence the PI3K/AKT and SOD/CAT pathways, resulting in damage to the extracellular matrix (ECM), which can ultimately lead to premature membrane rupture. ECM, Extracellular Matrix. ROS, Reactive Oxygen Species. SOD, Superoxide Dismutase. CAT, Catalase. PI3K, Phosphoinositol-3 Kinase. AKT, Protein Kinase B. NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells. NLRP3, NOD-like Receptor Family Pyrin Domain Containing 3. Bcl-2, B-cell CLL/lymphoma 2. Caspase-1, Cysteinyl aspartate specific proteinase 1, IC-1β, Interleukin 1β.

Abbreviation: ECM, Extracellular Matrix. ROS, Reactive Oxygen Species. SOD, Superoxide Dismutase. CAT, Catalase. PI3K, Phosphoinositol-3 Kinase. AKT, Protein Kinase B. NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells. NLRP3, NOD-like Receptor Family Pyrin Domain Containing 3. Bcl-2, B-cell CLL/lymphoma 2. Caspase-1, Cysteinyl aspartate specific proteinase 1, IC-1β, Interleukin 1β.



3.2.1 Reactive oxygen species and antioxidant enzymes

ROS are naturally occurring by-products of cellular metabolism, including superoxide, hydrogen peroxide, and hydroxyl radicals (64). Under standard conditions, the human body has an antioxidant defense mechanism that can eliminate these reactive oxygen species. Nonetheless, the existence of a microbial community largely made up of non-Lactobacillus species might increase ROS production, thereby worsening cellular and tissue harm (65). An excessive accumulation of ROS within the fetal membrane can lead to embrittlement and eventual rupture of the membrane structure. Antioxidant enzymes, such as superoxide dismutase (SOD) and catalase (CAT), play a pivotal role in the scavenging of ROS. SOD converts superoxide radicals into hydrogen peroxide, which is then broken down into water and oxygen by CAT. These antioxidant enzymes are essential for maintaining cellular redox homeostasis through the regulation of ROS production and scavenging (66). In patients with PPROM, it has been demonstrated that the IL-1β-induced PI3K/AKT pathway can facilitate ROS generation, while the activity of antioxidant enzymes is significantly diminished. This evidence suggests that oxidative stress may be a critical mechanism underlying the fragility and rupture of the fetal membrane (67).




3.2.2 Oxidative stress

Reactive oxygen species (ROS) have the capability to directly damage collagen and elastin, which serve as structural proteins within the extracellular matrix (68). Collagen in the fetal membranes is essential for maintaining their strength and elasticity. ROS-mediated oxidative damage to collagen fibers results in their weakening, which subsequently increases the likelihood of membrane rupture (69). Concurrently, this process triggers the NLRP3 inflammatory vesicle, amplifying the inflammatory response and cytokine secretion within the fetal membranes (45, 51, 53). Such reactions further compromise the integrity of collagen fibers in the fetal membranes, thereby increasing their fragility. An excess of ROS may also activate apoptotic pathways by damaging mitochondrial membranes. The accumulation of apoptotic cells within fetal membrane tissues can weaken the structural integrity of the membrane, thereby elevating the risk of PPROM (70).





3.3 Other relevant biochemical markers

In addition to biochemical markers associated with inflammation and oxidative stress, matrix metalloproteinases (MMPs) and their inhibitory factors (TIMPs), among others, have been identified as playing a significant role in premature rupture of the membranes.



3.3.1 Matrix metalloproteinases and their inhibitors

MMPs are a class of enzymes that degrade extracellular matrix proteins and play a crucial role in tissue remodeling and the renewal of the extracellular matrix (71). However, excessive activation of MMPs can disrupt the extracellular matrix, leading to an increased risk of premature rupture of membranes. MMP-9 is a particularly abundant matrix metalloproteinase found in fetal membrane tissue and is primarily responsible for the degradation of collagen and elastin. In patients with PPROM, there is a significant increase in MMP-9 activity, resulting in the degradation of collagen fibers and a reduction in membrane strength (72).

Tissue inhibitor of metalloproteinases (TIMP-1) serves as an endogenous inhibitor of MMPs preventing their excessive degradation of the extracellular matrix through binding interactions (71). A reduction in TIMP-1 activity may result in uncontrolled MMP activity, thereby exacerbating membrane degradation in the context of premature rupture of the membrane (73).




3.3.2 Fibronectin

Fibronectin, a multifunctional protein found within the extracellular matrix, is crucial for cell adhesion, migration, and tissue repair.The findings showed a notable rise in fibronectin concentrations in cervicovaginal secretions from patients who were undergoing premature rupture of the membranes. This finding implies that fibronectin may act as an early biochemical marker for membrane rupture (74). Evidence suggests that fibronectin is a crucial factor in preserving the structural integrity of fetal membranes due to its role in extracellular matrix remodeling and the fetal membrane repair processes (55, 75).






4 Direct interaction of vaginal microbiota with biochemical markers

The microbiota of the vagina is crucial for ensuring the health of the female reproductive system, especially in thwarting infections and maintaining the ecological balance within the vaginal environment. However, a dysbiotic microbiota—characterized by a reduction in Lactobacillus and an increase in pathogenic bacteria—can trigger a range of adverse biological responses that influence the expression levels of biochemical markers. These biochemical markers not only serve as diagnostic indicators of inflammatory and oxidative stress states but also interact with changes in vaginal microbiota, creating positive or negative feedback mechanisms that further impact reproductive health. This paragraph will examine the direct interactions between vaginal microbiota and biochemical markers, with a particular emphasis on the effects of dysbiosis on biochemical markers and the counteracting influences of these markers on the balance of vaginal microbiota.



4.1 Influence of vaginal microbiota on biochemical markers

The stabilisation of the vaginal microbiota is largely dependent on the presence of Lactobacillus, with strains such as Lactobacillus crispatus and Lactobacillus gasseri playing a particularly significant role.The lactic acid produced by these bacteria maintains the acidic environment of the vagina, which inhibits the multiplication of pathogenic bacteria.In the event of a dysbiotic vaginal microbiota, as observed in cases of bacterial vaginosis or anaerobic bacteria, a localised pro-inflammatory response is initiated, accompanied by a notable elevation in the levels of inflammatory biochemical markers, including IL-1, IL-6 and TNF-α.



4.1.1 Mechanisms of elevated inflammation-related biochemical markers due to dysbiosis

Antimicrobial peptides (AMPs) play a crucial role in maintaining the physiological barrier of the vagina. They contribute to microbiota stability by inhibiting pathogenic organisms (76). Human beta-defensin-2 (HBD-2) is a vital antimicrobial peptide that protects against microbial invasion through the innate immune system (77). Various research works indicate that levels of HBD-2 are markedly lower in individuals suffering from bacterial vaginosis (BV) while being heightened in healthy pregnant women (78). A decrease in HBD-2 levels has been observed in instances of dysbiotic vaginal microbiota, characterized by an imbalance in microbiota dominated by pathogenic bacteria such as Gardnerella vaginalis. Such imbalances indicate a disruption of vaginal microecology (79, 80). Moreover, reduced concentrations of HBD-2 have been demonstrated to hinder immune function and elevate the likelihood of premature rupture of membranes (PROM) as a result of an inflammatory reaction that raises pro-inflammatory biochemical indicators, such as IL-6 and TNF-α (81). Concurrently, the proliferation of pathogenic bacteria, such as Gardnerella vaginalis and Atopobium vaginae, which are indicative of dysbiotic vaginal microbiota, leads to the destruction of epithelial cell integrity and stimulates the release of pro-inflammatory factors by local immune cells (13, 82). Pro-inflammatory factors have been shown to activate inflammatory signals via the NF-κB and AP-1 pathways, thereby amplifying local inflammatory responses. For example, IL-1β increases the release of IL-6 by activating the PI3K/AKT signaling pathway via the NLRP3 inflammasome, which facilitates the maturation of IL-1β through the activation of caspase-1 (83). As pro-inflammatory factor levels rise, there is a substantial influx of immune cells from local tissues, further disrupting the vaginal environment. The persistence of this inflammatory response leads to the disruption and increased fragility of the fetal membrane structure, consequently heightening the risk of premature rupture of the membranes. Additionally, in women experiencing premature rupture of the membranes, specific inflammatory factors such as CXCL10, CCL26, CCL22, and IL-16 are strongly associated with CST type IV vaginal microbiota, particularly pathogenic bacteria like Sneathia sanguinegens (83). The concentration of these pro-inflammatory mediators tends to rise as the non-Lactobacillus-dominated microbiota expands. This imbalance in gut microbiota initiates a localized inflammatory reaction, leading to heightened biochemical indicators linked to inflammation and a greater likelihood of premature rupture of the membranes (Figure 2).

[image: Diagram illustrating the NLRP3 inflammasome activation pathway triggered by Gardnerella vaginalis and Atopobium vaginae. Key components include NF-kB, IL-1R, TNFR, TLR, NF-kB pathway, inflammatory cytokines production, and pyroptosis through N-GSDMD. The interaction between mitochondria, cardiolipin, reactive oxygen species, lysosome damage, and oligomerization of NLRP3 is shown, leading to caspase-1 activation and inflammasome formation.]
Figure 2 | The figure illustrates the mechanisms by which Gardnerella vaginalis and Atopobium vaginae activate NLRP3 inflammatory vesicles through TNF, LPS, and other pathways. This activation results in the release of the inflammatory factors IL-1β and IL-18, subsequently triggering cellular pyroptosis. TNF, Tumor Necrosis Factor. NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells. LPS, Lipopolysaccharide. TNFR, Tumor Necrosis Factor Receptor. TLR, Toll-like Receptor. IFNβ, Interferon Beta. AMPs, Antimicrobial Peptides. IL-1β, Interleukin 1 Beta. CASP11, Caspase 11. IL-1R, Interleukin 1 Receptor. IFNAR, Interferon Alpha and Beta Receptor. ROS, Reactive Oxygen Species. NLRP3, NOD-like Receptor Family Pyrin Domain Containing 3. CARD, Caspase Recruitment Domain. ox-mtDNA, Oxidized Mitochondrial DNA. Cathepsins, Proteolytic enzymes found in lysosomes. N-GSDMD, N-terminal Gasdermin D. API, Apoptosis Inhibitor. IL-18, Interleukin 18.




4.1.2 Modulation of markers associated with oxidative stress

It has been demonstrated that the prevalence of L. iners fluctuates considerably during the early stages of pregnancy, with a notable increase observed as vaginal cleanliness declines (84). This indicates that the rise in biochemical markers linked to vaginal microbiota dysbiosis and oxidative stress may be attributable to the prevalence of L. iners, which facilitates the proliferation of pathogenic bacteria, resulting in elevated levels of ROS production. This, in turn, further exacerbates the imbalance in the vaginal environment and tissue damage (85, 86). In a usual situation, Lactobacilli hinder the growth of harmful bacteria by preserving an acidic environment and generating hydrogen peroxide (H2O2). When dysbiosis occurs, there is a decrease in HBD-2 levels, resulting in a rise of pathogenic bacteria in the vaginal area.The production of toxins and the induction of reactive oxygen species (ROS) by these bacteria lead to oxidative stress (87). ROS production results in damage and increased fragility of the fetal membrane structure, due to the attack on collagen fibres and other extracellular matrix proteins that occur within the fetal membrane (88). Concurrently, the activity of antioxidant enzymes (e.g. SOD, CAT) within the vaginal environment is diminished, thereby further compromising the capacity to avert oxidative stress (89). The available literature indicates a negative correlation between specific microbial types (e.g., Gardnerella vaginalis and Atopobium vaginae) and CXCL10 levels. This suggests that these pathogens may contribute to the disruption of vaginal microecological stability by triggering inflammation and oxidative stress (90).

Oxidative stress linked to dysbiosis increases the risk of fetal membrane rupture. Besides directly harming cellular structures, an overabundance of reactive oxygen species (ROS) further encourages the breakdown of the extracellular matrix through the activation of MMPs (90). It is evident that the inflammatory response and oxidative stress induced by dysbiosis not only increase the levels of pro-inflammatory cytokines but also enhance the expression of biochemical markers related to oxidative stress, thereby further accelerating the degradation of fetal membranes.





4.2 Reverse effects of biochemical markers on vaginal microbiota



4.2.1 Changes in the composition of the vaginal microbiota by the inflammatory environment

In non-pregnant women, the vaginal microbiota composition is less stable, marked by a higher percentage of pathogens. In contrast, a healthy pregnancy is associated with increased stability of the vaginal microbiota, showcasing a higher prevalence of beneficial bacteria like Lactobacillus. This shift may serve to address the protective needs of both the fetus and the mother (91). Notably, a microbiota dominated by a single strain of Lactobacillus iners during the early stages of pregnancy is significantly associated with the occurrence of preterm labor (6). The research revealed that L. iners was detected in merely 85% of women who underwent preterm deliveries, while only 16% of those with full-term pregnancies showed the presence of this strain (92). Furthermore, the pro-inflammatory cytokines IL-1β and TNF-α not only promote localized inflammation but also have a considerable impact on the makeup of the vaginal microbiota (93). As levels of inflammation increase, the quantity of Lactobacillus bacteria diminishes, whereas the presence of anaerobic pathogens, such as Gardnerella vaginalis and Atopobium vaginae, rises. This change exacerbates dysbiosis, thereby heightening the risk of premature rupture of membranes. In women of African descent, inflammatory conditions are more conducive to the colonization of anaerobic bacteria like Gardnerella and Prevotella, resulting in a transition of the vaginal microbiota from a state dominated by Lactobacillus to one defined by anaerobic dysbiosis (94). A strong correlation has been observed between vaginal cleanliness, leukocyte esterase levels, and the composition of the vaginal microbiota. Specifically, the presence of leukocyte esterase correlates with a notable increase in the abundance of L. iners, while the abundance of L. crispatus shows a significant decline (85). The CST IV microbiota, characterized by the dominance of non-Lactobacillus bacteria in the vagina during inflammatory states, has been associated with elevated levels of several pro-inflammatory biochemical markers (95). Pro-inflammatory agents, including IL-1β, not only enhance the synthesis of HBD2 within an inflammatory context but also modify the vaginal microbiota’s composition, suppressing the growth of beneficial bacteria such as Lactobacillus while encouraging the increase of pathogenic bacterial populations. A study involving 317 patients diagnosed with bacterial vaginosis (BV) revealed that vaginal hBD-2 levels were 54.48% lower compared to those in the healthy control group (p < 0.01). Furthermore, a significant negative correlation was observed between Nugent scores and both hBD-1 (Spearman’s rho = -0.2118; p = 0.0001) and hBD-2 (Spearman’s rho = -0.2117; p = 0.0001) levels (78). It has been proposed that during the inflammatory process, the concentration of intravaginal AMPs, such as HBD2, increases, effectively inhibiting the reproduction of pathogenic bacteria and protecting beneficial microbiota (80, 90). This counterproductive mechanism suggests that biochemical markers play a crucial role in maintaining the equilibrium of vaginal microbiota, thereby facilitating the prevention of infection.




4.2.2 Adaptive changes in bacterial microbiota under oxidative stress conditions

In the context of oxidative stress, AMPs influence the composition of the vaginal microbiota in two principal ways: first, by directly inhibiting pathogenic bacteria, and second, by modulating the local inflammatory response (96). For instance, the overproduction of ROS and other oxidative stress-related markers can adversely affect the vaginal microbiota. ROS are not only toxic to host cells but also impact the environmental conditions necessary for microorganisms to survive and thrive (97). In the presence of oxidative stress, pathogenic bacteria capable of tolerating oxidative damage, such as Sneathia spp., tend to dominate the vaginal environment, further exacerbating the inflammatory response and tissue damage. The survival of Lactobacillus in this oxidative stress environment is compromised, leading to a reduction in its population. Consequently, this reduction results in an increase in vaginal pH, creating a more favorable environment for the colonization and proliferation of pathogenic bacteria. Oxidative stress promotes the adaptive growth of pathogenic bacteria by altering the vaginal microecology, thereby heightening the likelihood of an inflammatory response and membrane rupture. This feedback mechanism suggests that elevated biochemical markers are not merely a consequence of changes in the vaginal milieu; rather, they actively contribute to the perpetuation of microbiota dysbiosis, establishing a vicious cycle (98). For example, in the context of oxidative stress, L. iners exhibits enhanced resilience and the ability to persist in a dysbiotic vaginal environment (85). However, the presence of L. iners does not effectively inhibit the colonization of other harmful bacteria and may instead serve as a marker of vaginal microbiota dysbiosis (84).






5 Mechanism of synergy between vaginal microbiota and biochemical markers in PROM

Recent studies have demonstrated that the vaginal microbiota and biochemical markers exert a synergistic effect on the pathogenesis of premature rupture of membranes. This paragraph will provide a detailed discussion of the mechanisms underlying the synergy between vaginal microbiota and biochemical markers in the context of PROM.



5.1 Synergistic effects through inflammatory pathways



5.1.1 Vaginal microbiota triggers an inflammatory response and activates the expression of relevant biochemical markers

Changes in the vaginal microbiota have been demonstrated to play a pivotal role in the initiation of the inflammatory response. The usual vaginal microbiome is defined by a dominance of Lactobacillus species, which produce lactic acid to create an acidic setting, thereby effectively preventing the proliferation of harmful bacteria (23, 24). However, in the event of a dysbiotic vaginal microbiota, the proliferation of pathogenic bacteria, including Gardnerella vaginalis, Prevotella and Atopobium vaginae, is observed (99). The colonisation of pathogenic bacteria has been demonstrated to have a dual impact on the vaginal barrier function, leading to its destruction and the subsequent activation of the host’s innate immune system. This occurs through direct interaction with host cells, which in turn triggers an inflammatory response (42, 82, 100). These pathogenic bacteria have been demonstrated to activate host immune cells via the TLR (Toll-like receptor) pathway, which results in the excessive release of pro-inflammatory cytokines (e.g. IL-1β, TNF-α, IL-6) (101, 102). The TLR2/TLR1 heterodimer has been demonstrated to recognize bacterial triacylglycerol lipopeptides, such as those derived from Mycoplasma, and to activate Th17-type immune responses, which subsequently lead to pro-inflammatory reactions. The normal vaginal microbiota, particularly Lactobacillus, has been shown to suppress TLR2 expression, thereby preventing excessive inflammatory responses against commensal bacteria. However, in instances where the microbiota is disrupted, TLR2/TLR1 heterodimers activated by pathogens like Streptococcus gordonii trigger Th17 responses, resulting in inflammation and pyroptosis (103). The presence of lipopolysaccharide (LPS) has been shown to induce the activation of Toll-like receptor 4 (TLR4), thereby stimulating the nuclear factor kappa B (NF-κB) pathway and promoting the secretion of pro-inflammatory mediators such as interleukin-6 (IL-6) and vascular endothelial growth factor-A (VEGF-A). During periods of microbial imbalance, the overgrowth of potentially pathogenic bacteria, such as those associated with aerobic vaginitis, can lead to increased secretion of LPS, which in turn activates the NF-κB pathway, disrupting the balance of vaginal microbiota and exacerbating inflammation (104). TLR9 has been found in the cytoplasm of cells and is capable of recognizing non-methylated CpG dinucleotides in bacterial DNA, for instance, in Staphylococcus. This recognition process is induced via the MyD88 pathway, resulting in the secretion of IFN-γ and IL-1β. During bacterial community dysregulation, the secretion of bacterial DNA through TLR9 is induced by antibiotic action (105).

It has been demonstrated that the levels of these inflammatory markers are markedly elevated in patients diagnosed with BV (19). The release of pro-inflammatory factors has been demonstrated to cause direct damage to fetal membrane cells (106), additionally, the expression of MMPs (e.g., MMP-8, MMP-9) is triggered (107), further disruption of the collagen fibre structure of the membranes results in an increased brittleness of the membranes (Figure 3).

[image: Flowchart illustrating the process by which bacteria, including Gardnerella vaginalis and Prevotella, lead to excessive release of proinflammatory cytokines via TLRs. This results in damage to fetal membrane cells and activation of matrix metalloproteinases, which destroy collagen fiber structure, potentially causing premature rupture of membranes (PROM). Includes a diagram of the fetal membrane layers: decidua, chorion, and amnion.]
Figure 3 | This image illustrates that certain bacteria, such as Gardnerella vaginalis, Prevotella, and Atopobium vaginae, induce an excessive release of inflammatory cytokines, including IL-1β, TNF-α, and IL-6, through the activation of TLRs. This activation results in damage to fetal membrane cells. Consequently, this damage triggers the expression of MMPs, specifically MMP-8 and MMP-9, which disrupts the collagen fiber structure of the fetal membranes and may ultimately contribute to PROM. TLRs, Toll-like Receptors. IL-1β,Interleukin 1 Beta. TNF-α, Tumor Necrosis Factor Alpha. IL-6,Interleukin 6.MMP-8, Matrix Metalloproteinase 8. MMP-9, Matrix Metalloproteinase 9. PROM, Preterm Rupture of Membranes.




5.1.2 Biochemical markers further exacerbate inflammation leading to premature rupture of membranes

Biochemical markers in the inflammatory response serve not only as indicators of inflammation but also have the potential to directly exacerbate fetal membrane damage. Matrix metalloproteinases (MMPs) represent a category of enzymes crucial for breaking down the extracellular matrix, which is vital for the proper remodeling of fetal membranes (62, 108). However, when activated by the inflammatory response, the overexpression of MMPs leads to structural damage to the membranes. Specifically, MMP-9 and MMP-8 are released in large quantities during inflammation and infection, resulting in the degradation of crucial structural components, such as collagen fibers and elastin, thereby weakening the strength and elasticity of the membranes (71). At the same time, pro-inflammatory cytokines such as IL-1β and IL-6 worsen the damage to fetal membranes by increasing the activity of MMPs (109). Studies have demonstrated that the levels of IL-6 in amniotic fluid are significantly elevated in women experiencing premature rupture of membranes (PROM) and are strongly correlated with increased MMP-9 activity. (110). The combined effects of these pro-inflammatory factors and MMPs contribute to the premature rupture of the fetal membranes due to accelerated degradation of the extracellular matrix.





5.2 Synergistic effects through oxidative stress pathways

Dysbiosis of the vaginal microbiota is associated with both an inflammatory response and exacerbation of fetal membrane damage via the oxidative stress pathway (111). A reduction in Lactobacillus levels correlates with a significant increase in oxidative stress, which facilitates the proliferation of pathogenic bacteria such as Gardnerella and Prevotella. These bacteria produce substantial quantities of ROS, which not only directly damage fetal membrane cells but also exacerbate inflammatory responses by activating pro-inflammatory pathways (99). Elevated levels of ROS in the vagina have been significantly linked to the disruption of fetal membranes and an increased risk of preterm labor (8, 112). For instance, Gardnerella vaginalis, Prevotella, and Sneathia can generate considerable amounts of ROS as a result of their metabolic processes. The overproduction of ROS leads to oxidative damage to fetal membrane cells and further enhances the release of pro-inflammatory cytokines by activating inflammatory pathways such as NF-κB. Research has shown that in patients with vaginal dysbiosis, ROS levels are markedly elevated, accompanied by a reduction in the antioxidant capacity of fetal membrane cells, resulting in increased oxidative damage to these cells (113, 114). The interplay between oxidative stress and vaginal microbiota dysbiosis significantly influences the structure and function of fetal membranes, resulting in cellular-level disruptions. Reactive oxygen species (ROS) not only inflict direct damage on lipids, proteins, and DNA inside the cells of the fetal membrane but also encourage the breakdown of the extracellular matrix through the activation of matrix metalloproteinases (MMPs) (115). In patients experiencing premature rupture of membranes, elevated levels of oxidative damage markers, including lipid peroxidation products (MDA), have been detected in fetal membrane tissues, underscoring the substantial role of oxidative stress in fetal membrane injury (116). Furthermore, oxidative stress adversely affects the signaling processes of fetal membrane cells, particularly through the activation of pathways such as NF-κB and MAPK. This stimulation increases the production of pro-inflammatory elements, which, in turn, heightens the inflammatory response and the functioning of MMPs. As a result, this establishes a harmful cycle that causes the swift degradation of membranes, stemming from the synergistic impact of oxidative stress and inflammation, ultimately culminating in the premature rupture of membranes (117, 118).




5.3 Other synergistic mechanisms



5.3.1 Co-regulation involving MMPs and others

MMPs play a crucial role in both the physiological remodeling and pathological degradation of the fetal membrane. The activation of MMPs occurs through inflammatory and oxidative stress pathways; however, their expression is also modulated by the microbiota and other metabolites (119). For instance, the vaginal microbiota, predominantly composed of Lactobacillus spp., not only maintains an acidic environment but also diminishes MMP activity by inhibiting the production of pro-inflammatory factors (24). Conversely, when the microbiota becomes dysbiotic, particularly with the prevalence of pathogens, MMP activity is heightened, leading to accelerated degradation of cell membranes and an increased risk of premature rupture of membranes (24, 120). Bacterial metabolites, including short-chain fatty acids (SCFAs) and lipopolysaccharides (LPS), may affect the activity of MMP through both direct and indirect pathways (121). In the context of vaginal dysbiosis, metabolites produced by pathogenic bacteria may further exacerbate fetal membrane degradation by activating MMPs (122, 123). Moreover, the degradation of fetal membranes is closely linked to the action of MMP inhibitors, such as tissue inhibitors of metalloproteinases (TIMPs). During healthy pregnancies, MMP activity is tightly regulated by TIMPs, which help maintain the structural integrity of the fetal membrane (73). However, in the presence of inflammatory and oxidative stress, TIMP expression is diminished, leading to the deregulation of MMP activity and further disruption of the fetal membrane.




5.3.2 Influence on metabolism and signalling in fetal membrane cells

Vaginal microbiota and their metabolites can regulate the function and structure of fetal membranes by influencing the metabolism and signaling of fetal membrane cells (74, 124). Metabolites produced by Lactobacillus, including lactic acid and hydrogen peroxide, are essential for preserving the balance of fetal membrane cells and for inhibiting harmful bacteria. However, a reduction in Lactobacillus populations may disrupt the metabolic pathways of fetal membrane cells.

The impact of vaginal microbiota imbalance on amniotic membrane cells extends beyond mere inflammation activation; it profoundly disrupts fundamental metabolic processes and crucial signaling pathways within the cells. Dysregulation associated with bacterial vaginosis, for instance, significantly affects amino acid, carbohydrate, and energy metabolic pathways, thereby impacting the nutrient supply and energy homeostasis of amniotic membrane cells. This disruption manifests as abnormal alterations in lipid metabolic pathways, including fatty acid oxidation and membrane lipid synthesis, closely linked to insulin resistance and impaired cellular signaling (125). Concurrently, the imbalance in the microbial community directly induces excessive levels of reactive oxygen species (ROS) in amniotic fluid cells via metabolic processes, inhibiting important antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPX), which disrupts the balance of oxidation-reduction processes. Furthermore, this oxidative stress state activates the NLRP3 inflammasome, promoting the maturation of the IL-1β inducer, leading to collagen degradation and extracellular matrix (ECM) damage, thus increasing the risk of amniotic membrane structural damage (126). Additionally, dysbiosis has been shown to interfere with crucial non-inflammatory signaling pathways, including the reduction of antimicrobial peptides such as human beta-defensin-2 (HBD-2), weakening the innate immune barrier function, and disrupting tryptophan metabolism (e.g., kynurenine accumulation), which affects the differentiation of amniotic membrane cells and the barrier repair function through the aryl hydrocarbon receptor (AhR) pathway. While this pathway has been extensively studied in the context of intestinal microbiota, it has received comparatively minimal attention concerning vaginal microbiota (127). Notably, these effects often occur independently of the classic inflammatory response.

Furthermore, substances produced by harmful bacteria, including lipopolysaccharides (LPS), have the capacity to trigger apoptosis and inflammatory reactions in fetal membrane cells through the activation of the TLR signaling pathway (128). The activation of the TLR pathway not only enhances the release of pro-inflammatory factors but also regulates gene expression.

In response to the negative effects of dysbiosis, metabolites of lactic acid bacteria establish a crucial protective signaling network. Lactic acid not only lowers vaginal pH to create a chemical barrier but also directly enhances the barrier function of the cervical epithelium. Clinical observations indicate that elevated levels of lactic acid are significantly associated with the upregulation of tight junction proteins, such as ZO-1 (129). Short-chain fatty acids (SCFAs), including acetate and propionate, are produced by Lactobacillus. These SCFAs activate G protein-coupled receptors, such as GPR43, thereby exerting potent anti-inflammatory effects. They promote IL-10 secretion, inhibit the NF-κB pathway, and alleviate oxidative damage (130). Simultaneously, SCFAs inhibit the assembly of the NLRP3 inflammasome and the maturation of IL-1β, thus protecting the extracellular matrix (ECM) from excessive proteolytic damage (131). Perhaps most importantly, Lactobacillus colonization can reverse the abnormalities in purine degradation and membrane lipid metabolism caused by dysbiosis through metabolic reprogramming. This process restores energy metabolism homeostasis and reduces the risk of insulin resistance. Its metabolites, such as nicotinamide, enhance the efficiency of the mitochondrial respiratory chain via the NAD+ pathway, inhibit excessive activation of p38 MAPK, and effectively maintain mitochondrial function. Consequently, this alleviates cellular stress damage and comprehensively enhances the defensive and reparative capabilities of the amniotic membrane (132).






6 Clinical implications based on the interaction of vaginal microbiota with biochemical markers

Recent studies have demonstrated that dysregulation of vaginal microbiota is closely linked to alterations in biochemical markers, including pro-inflammatory cytokines and MMPs. As a result, the combined evaluation and handling of vaginal microbiota paired with biochemical indicators offer novel possibilities for the clinical identification and management of premature rupture of membranes and preterm labor.



6.1 Diagnostic



6.1.1 Combined vaginal microbiota test and biochemical marker test

In clinical diagnosis, the combined assessment of vaginal microbiota and biochemical markers can enhance the early detection of premature rupture of membranes. Traditional diagnostic methods typically depend on clinical symptoms or the identification of individual pathogens; however, the dynamics of the vaginal microbiota, particularly the balance between microbiota such as Lactobacillus crispatus and Gardnerella vaginalis, are crucial for the onset of PROM (16, 133, 134). Studies have demonstrated that dysbiosis of the vaginal microbiota, characterized by a decrease in Lactobacillus and an increase in anaerobic bacteria, is frequently associated with elevated levels of pro-inflammatory factors (e.g., IL-6, TNF-α) and MMPs (e.g., MMP-8, MMP-9). These biochemical markers are integral to the process of premature rupture of membranes.

By integrating vaginal microbiota testing with biochemical markers, clinicians can more effectively identify patients at risk, facilitating timely interventions. For instance, in individuals diagnosed with bacterial vaginosis (BV), elevated levels of pathogenic bacteria, such as Gardnerella vaginalis and Prevotella, closely correlate with variations in inflammatory markers. These markers can serve as crucial reference points for the early diagnosis of premature rupture of membranes (135). The combination of vaginal microbiota assessment and biochemical markers not only enhances diagnostic sensitivity and specificity but also lays the groundwork for individualized treatment approaches (136). Furthermore, the detection of interactions between pro-inflammatory cytokines and vaginal fmicrobiota may prove valuable in evaluating the progression of fetal membrane rupture. Research indicates that the inflammatory response is a significant trigger for premature rupture, with elevated inflammatory markers showing a positive correlation with structural damage to the fetal membranes (137). By routinely assessing these biochemical markers alongside microbiota status, clinicians can better predict a patient’s risk of preterm rupture of membranes and implement timely interventions.




6.1.2 Exploration of new diagnostic markers

In addition to traditional markers of inflammation and MMPs, scientists have recently begun to investigate new diagnostic markers, such as the detection of vaginal metabolites and indicators of oxidative stress. For instance, the generation of ROS is closely linked to oxidative damage to fetal membranes, and certain oxidative stress markers, such as malondialdehyde (MDA), can indicate the extent of structural damage to these membranes (138, 139). Furthermore, specific metabolites, such as short-chain fatty acids (SCFAs), may reflect the relationship between microbial metabolic activity and imbalances in the vaginal environment, potentially providing a diagnostic basis for the early identification of high-risk patients (130). By exploring these novel markers, future diagnostic tools are expected to be more comprehensive and accurate, enabling effective differentiation between various types of microbial diseases and their corresponding biomarker changes, thereby offering personalized diagnostic solutions for diverse patient populations.

Novel diagnostic markers currently under investigation include specific metabolites identified through metabolomic analyses, such as lactic acid, acetic acid, and lactate (140). Dynamic changes in vaginal metabolites not only reflect the balance of the microbiota but can also serve as early warning signals for inflammatory responses and tissue destruction. Additionally, microbial genetic markers are increasingly utilized in diagnostics due to advancements in genomics. This novel testing approach can accurately identify potential pathogens and assess the risk of preterm labor and rupture of membranes by analyzing their metabolic activity (137, 141).





6.2 Therapeutic strategies

The present study proposes a therapeutic approach involving the concurrent administration of probiotics (e.g., Lactobacillus and Bifidobacterium) and antibiotics to regulate the vaginal microbiota (Figure 4).
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Figure 4 | This study presents therapeutic strategies aimed at modulating vaginal microbiota through the use of probiotics, such as Lactobacillus crispatus and Lactobacillus rhamnosus, in conjunction with antibiotics. Additionally, it explores the targeting of biochemical markers using antioxidants, immunomodulators, MMP inhibitors, and lipopolysaccharides to further influence the vaginal microbiota. MMP, Matrix Metalloproteinase.



6.2.1 Therapeutic strategies to modulate vaginal microbiota to influence biochemical markers

The regulation of vaginal microbiota has garnered significant attention in recent years as a potential therapeutic strategy for addressing premature rupture of membranes (74, 142). The application of probiotics, such as Lactobacillus crispatus and Lactobacillus rhamnosus, has been shown to restore Lactobacillus dominance in the vagina, thereby mitigating the inflammatory response and the overexpression of MMPs. Clinical studies indicate that regular probiotic use is associated with decreased levels of pro-inflammatory biochemical markers, reduced colonization by pathogenic bacteria, and a lower risk of preterm labor and PROM (143). Furthermore, antibiotic therapy may be employed to regulate vaginal microbiota, particularly in patients diagnosed with bacterial vaginosis or aerobic vaginitis (142). However, the use of antibiotics must be approached with caution, as they can disrupt normal microbiota and potentially exacerbate the inflammatory response. Consequently, a combined approach utilizing both probiotics and antibiotics, which targets pathogenic bacteria while promoting the restoration of beneficial microbiota, has emerged as a promising therapeutic strategy. Some studies have demonstrated that this combination therapy yields improved outcomes, with probiotics effectively reducing the expression of pro-inflammatory markers while restoring microbial balance. This dual approach not only addresses infections in the short term but also diminishes the risk of reinfection and inflammatory flare-ups by maintaining long-term microbiota stability (144). Additionally, personalized probiotic therapies tailored to individual microbiota differences are increasingly being investigated and may serve as a crucial tool in the prevention and treatment of preterm rupture in the future. However, its clinical application still faces multiple challenges. The primary challenge lies in the precise identification of key functional strains. Vaginal microbiota exhibit significant variability among individuals (e.g., classification based on community state type (CST)), and it remains unclear which combination of lactobacilli (e.g., a single strain of L. crispatus or a mixed population of L. gasseri and L. crispatus) is most effective in treating specific types of dysbiosis. Furthermore, the colonization, persistence, and stability of exogenous probiotics are inadequate, with vaginal colonization rates typically falling below 30%. This is partly due to competitive exclusion effects from the native microbiota (e.g., L. iners inhibits the proliferation of exogenous strains through metabolic products). The high heterogeneity of host responses further complicates matters—individual genetic backgrounds, immune states, and local microenvironmental factors (such as pH fluctuations and differences in cervical mucus composition) can significantly influence the metabolic activity and immunomodulatory efficacy of probiotics. The anti-inflammatory effects of the same strain can vary by up to fivefold across different hosts, further hindering the precision of interventions. These challenges collectively impede the standardized application and predictability of the efficacy of probiotic therapy in clinical settings.




6.2.2 Therapeutic strategies for targeting biochemical markers to regulate microbiota

The management of premature rupture of membranes heavily relies on the regulation of biochemical markers. This can be achieved by either modulating the inflammatory response or suppressing the overactivity of MMPs, the degradation of fetal membranes can be mitigated, thereby delaying or preventing premature rupture. Recent studies indicate that antioxidants can effectively lower levels of oxidative stress and diminish ROS-induced damage to fetal membranes. For instance, vitamins C and E, as antioxidants, can inhibit ROS generation and protect fetal membrane cells from oxidative stress-related damage (145, 146). In the realm of anti-inflammatory therapy, certain immunomodulatory drugs, such as TNF-α inhibitors, have demonstrated promising therapeutic effects (147). These agents reduce the release of pro-inflammatory factors, thereby interrupting the inflammatory cascade and decreasing MMP activity. Furthermore, biological drugs like MMP inhibitors, which specifically target MMP activity to reduce fetal membrane degradation, are currently under preclinical investigation (71, 121). Additionally, probiotic treatments that modulate microbiota can protect fetal membranes by diminishing the metabolites of pathogenic bacteria, such as LPS, and significantly reducing the aberrant expression of biochemical markers[ (73, 123). By integrating multiple treatment modalities, including probiotics, anti-inflammatory agents, and antioxidants, future therapeutic strategies can become more comprehensive and individualized, providing a variety of options for patients at high risk of premature rupture of membranes and preterm labor.




6.2.3 Emerging microbiota-targeted therapies

In recent years, significant breakthroughs have been achieved in the prevention and treatment of vaginal microecological imbalances and premature rupture of membranes (PROM). The focus has centered on three main areas: probiotic intervention, vaginal microbiota transplantation (VMT), and biofilm-targeted therapy. A key advancement in probiotics has been the selection of specific strains (148). A study by Short et al. involving HIV-positive pregnant women demonstrated that the presence of Lactobacillus in the gut significantly reduces the expression of pro-inflammatory factors (IL-6 and TNF-α) and matrix metalloproteinases (MMP-9), thereby lowering the risk of preterm birth (149). Large-scale clinical trials have shown that probiotics can decrease the risk of recurrent preterm PROM in high-risk pregnant women by 30% to 40%, while also extending the average gestational age at pregnancy termination by two to three weeks (150). Further randomized clinical trials have confirmed that using probiotic preparations containing L. crispatus during mid-pregnancy can reduce the risk of recurrent preterm PROM (P = 0.006) (151). Prebiotics, such as oligosaccharides, enhance the acid barrier by promoting the growth of lactobacilli, which indirectly inhibits biofilm formation (152). For high-risk groups, such as those with a history of preterm birth or bacterial vaginosis (BV), probiotic treatment with L. rhamnosus GR-1 can normalize vaginal microbiota in mid-pregnancy and reduce GBS colonization by 40% (153). Treatment plans should be personalized and optimized based on microbial community genotyping (e.g., intervention for L. iners-dominant differentiation) and metabolomics (e.g., short-chain fatty acid levels).

Vaginal microbiota transplantation (VMT) is an emerging therapy that rapidly restores the microecological balance centered on lactobacilli by transplanting healthy donor microbiota (154). The first human clinical trial confirmed its effectiveness against recurrent bacterial vaginosis (BV). However, strict donor screening is essential to prevent the transmission of pathogenic bacteria, such as ensuring that the abundance of L. crispatus exceeds 70% (155). Current challenges include verifying long-term safety, standardizing transplantation methods (e.g., lyophilized preparations versus fresh samples), and establishing ethical guidelines.Biomembrane-targeted therapy represents an innovative solution to drug resistance. Enzymes such as lysozyme and DNase can degrade the extracellular polymers present in biomembranes (156). New anti-biofilm agents, including phages, can specifically lyse pathogenic bacteria without harming commensal bacteria (157). Furthermore, targeted delivery systems, such as pH-responsive nanogels, have been shown to enhance the penetration efficiency of drugs into the deeper layers of the vaginal epithelium (158, 159).

In summary, contemporary treatment strategies are increasingly integrating multimodal approaches: probiotics provide fundamental microecological regulation, VMT facilitates rapid reconstruction, and biofilm-targeted therapies overcome the challenges of drug resistance. In the future, it will be crucial to incorporate multi-omics technologies (such as spatial transcriptomics) to analyze the dynamic interactions between the microbiota and the host, promote individualized treatment plans and phased clinical trials, and fundamentally revolutionize the prevention and treatment system for PROM.





6.3 Preventive strategies and standardised assessment of vaginal health



6.3.1 Microbiota state typing (CST)-guided prevention

Different CST types necessitate strain-specific probiotic regimens. The optimal condition is CST-I (Lactobacillus crispatus-dominant), which can be sustained through the oral intake of Lactobacillus crispatus strains, such as L. crispatus DSM31983. This regimen maintains a low pH (approximately 4.0), inhibiting the adherence of pathogens and consequently reducing the risk of preterm birth (43). In the case of CST-III type, characterized by Lactobacillus acidophilus dominance, vaginal suppositories containing Lactobacillus rhamnosus GR-1 and Lactobacillus gasseri (10^9 CFU/day for 10 days) have been shown to significantly extend the gestational latency period in patients experiencing preterm PROM. This effect is attributed to the enhancement of local immune defensin HBD-2 secretion and the regulation of the placental TLR signaling pathway. For CST-IV/V type, which consists of a mixed dominance of anaerobic bacteria, a biofilm-targeted therapy is necessary: following the degradation of the biofilm matrix by lysozyme, Lactobacillus rhamnosus CA15 (10^10 CFU/ml) or PB01 strain (>10^8 CFU/ml) is administered sequentially for 10 days, resulting in an increase in the proportion of lactobacilli to 62 ± 8% while concurrently reducing pro-inflammatory factors IL-6/TNF-α (160). For women with a history of preterm birth or concurrent PROM, extending the probiotic treatment duration to 28 days significantly decreases the incidence of PROM (relative risk (RR) = 0.42, p < 0.001) (133, 160). It is crucial to acknowledge that the protective effects of orally administered probiotics on asymptomatic women remain contentious. Additionally, the probiotic dosage should be adjusted based on dynamic monitoring of vaginal pH (161, 162). There is a lack of consensus regarding the clinical significance of CST-III microbiota. Some researchers hypothesize that this condition may evolve into a mixed type (CST-IV). To achieve a more refined classification, it is essential to incorporate host immune markers, such as HBD-2 levels. Furthermore, while vaginal microbiota transplantation (VMT) has been shown to reduce the risk of PROM by 40% in animal models, the long-term safety of this procedure and its standardized methodology require further validation.




6.3.2 Dynamic monitoring of vaginal pH

Vaginal pH dynamic monitoring serves as a crucial tool for assessing the microecological balance of the female reproductive tract, with its fluctuations closely associated with pregnancy outcomes and the risk of PROM. A normal vaginal environment depends on a microecological balance predominantly maintained by lactobacilli, which ensure an acidic pH (≤4.5) that inhibits pathogen colonization through lactic acid metabolism. A sustained pH exceeding 4.7 indicates a microecological imbalance, such as bacterial vaginosis (BV), which is significantly correlated with an increased risk of PROM (163). When the pH level rises above 4.7, the population of lactobacilli diminishes, facilitating the proliferation of anaerobic bacteria, such as Gardnerella, and activating the TLR pathway. This activation leads to the release of pro-inflammatory factors, including IL-6 and TNF-α (133). These inflammatory responses induce oxidative stress (elevated reactive oxygen species, ROS), activating matrix metalloproteinase MMP-9, which degrades collagen in the amniotic membrane, thereby increasing its fragility. In early pregnancy, a pH level greater than 4.7, coupled with reduced levels of defensin HBD-2, heightens the risk of PROM by 2.3 times. Fluctuations in pH levels exceeding 0.5 units per week indicate a shift in the microbiota toward a high-risk type (CST-IV), necessitating a more refined classification based on immune markers (163). Smart tampon sensors facilitate real-time monitoring of vaginal pH at home, addressing the limitations of traditional single-visit clinic testing. Dynamic monitoring of vaginal pH is a key indicator for predicting PROM. By identifying early dysbiosis and guiding targeted probiotic interventions alongside inflammation marker analysis, these sensors provide precise strategies for improving pregnancy outcomes. Moving forward, it is essential to promote standardized home monitoring technologies and integrated prediction models that consider both microbiome and immune factors.






7 Challenges and prospects



7.1 Challenges

While the current study elucidates the mechanisms of interaction between vaginal microbiota and biochemical markers in PROM, several challenges remain in clinical application and research practice. First, the reproducibility and stability of study results require further attention. The high variability of vaginal microbiota among individuals, coupled with the complex array of factors influencing microbiota—such as genetic background, environmental influences, and lifestyle habits—often complicates the standardization of results across different studies. Thus, validating these findings in larger clinical trials and ensuring the reliability of the results represent significant challenges at present. Second, the difficulties associated with clinical translation must not be overlooked. The assessment of the safety and efficacy of treatments necessitates additional clinical trial data. For instance, although probiotic therapies have demonstrated potential in regulating vaginal microbiota, their long-term safety and optimal use in conjunction with antibiotics and anti-inflammatory drugs warrant thorough investigation (16). In addition, therapies targeting biochemical markers, such as MMP inhibitors, require rigorous clinical validation to confirm their efficacy in patients at high risk of premature rupture.




7.2 Prospects

In the future, advancements in multi-omics research techniques (e.g., metabolomics, microbiomics, transcriptomics) will enable a more precise and in-depth study of the interactions between vaginal microbiota and biochemical markers. By integrating multi-omics approaches, we can achieve a comprehensive understanding of the metabolic functions of vaginal microbiota, microbe-host interactions, and the dynamics of biochemical markers. This comprehensive approach will enable the identification of novel pathological mechanisms linked to the premature rupture of membranes, thus establishing a basis for tailored diagnostic and therapeutic strategies. In terms of clinical implications, an improved comprehension of how vaginal microbiota interacts with biochemical markers could strengthen the application of personalized medicine in preventing and managing premature rupture of membranes. Future treatment trends may include combined probiotic therapy, marker-based targeted therapies, and the concurrent use of antioxidants and anti-inflammatory drugs for individuals at high risk of premature rupture. Furthermore, the development of convenient and efficient tools for testing vaginal microbiota and biochemical markers will significantly improve the accuracy of clinical diagnoses and the effectiveness of early interventions.





8 Conclusions

Research has highlighted the significant interaction between vaginal microbiota and biochemical markers in instances of premature rupture of membranes. Dysbiosis within the microbiota is strongly associated with changes in the expression of pro-inflammatory cytokines, matrix metalloproteinases (MMPs), and various other biochemical markers.These elements interact through inflammatory responses and oxidative stress pathways, ultimately influencing the stability of fetal membranes. Based on these findings, a comprehensive evaluation of vaginal microbiota along with biochemical indicators presents new strategies for the early identification and tailored management of premature rupture of membranes.Despite notable advancements in research, challenges persist, particularly regarding the reproducibility of results and the clinical applicability of findings. Looking ahead, the advancement of multi-omics technology promises to enhance our understanding of vaginal microbiota and biochemical markers, thereby providing more effective tools and strategies for the clinical management of preterm birth. Future research and clinical practice should prioritize improving the accuracy of diagnostic tools and tailoring treatments to enhance pregnancy outcomes and mitigate the effects of preterm birth on maternal and infant health.
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Emerging evidence highlights the microbiota–gut–lung axis (MGLA) as a pivotal regulator of pediatric respiratory health, yet mechanistic insights are lacking and therapeutic applications remain unclear. This review synthesizes cutting-edge findings to delineate how gut microbiota-derived metabolites, particularly short-chain fatty acids (SCFAs), orchestrate pulmonary immunity and disease pathogenesis in children. Leveraging multi-omics integration (metagenomics, metabolomics, transcriptomics), emerging studies have uncovered novel microbe–host interactions driving immune dysregulation in asthma, pneumonia, and cystic fibrosis. A comprehensive map of gut–lung crosstalk has been established across these conditions. Current studies suggest that early-life gut dysbiosis, shaped by delivery mode, antibiotics, and diet, disrupts SCFA-mediated immune homeostasis, amplifying T-helper 2 cell inflammation and impairing alveolar macrophage function. Crucially, we identified disease-specific microbial signatures (e.g., depletion of Lachnospira and Faecalibacterium in asthma) and demonstrated that fecal microbiota transplantation and probiotic interventions restore microbial balance, attenuating airway inflammation in preclinical models. This work pioneers the translation of MGLA insights into precision medicine strategies, highlighting dietary modulation and microbial therapeutics as viable alternatives to conventional treatments. By bridging microbial ecology and immune dynamics, our findings provide actionable biomarkers for early diagnosis and personalized interventions, addressing critical gaps in pediatric respiratory disease management. The integration of multi-omics frameworks not only advances mechanistic understanding but also positions the MGLA as a transformative target in reducing global childhood morbidity. Future research must prioritize longitudinal studies and clinical trials to validate these innovations, ultimately redefining therapeutic paradigms for GLA-driven pathologies.
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GRAPHICAL ABSTRACT | Regulatory Mechanisms and Therapeutic Strategies of the GLA in Pediatric Pulmonary Diseases. The gut microbiota interacts bidirectionally with the pulmonary microenvironment through microbial metabolites (e.g., SCFAs) and immune signaling molecules (e.g., IFN, IL-6, IL-10), forming a central mechanism underlying this axis. Gut dysbiosis disrupts SCFA-mediated immune homeostasis, contributing to the pathogenesis of childhood respiratory diseases such as asthma, pneumonia, and cystic fibrosis. Integrated multi-omics studies have identified disease-specific microbial signatures and propose novel strategies—including FMT, probiotics, prebiotics, and dietary interventions—to restore gut microbiota equilibrium, suppress airway inflammation, and advance precision-based therapeutic approaches for pediatric respiratory disorders. CF, cystic fibrosis; FMT, fecal microbiota transplantation; GLA, gut–lung axis; IFN, interferon; IL, interleukin; OSAS, obstructive sleep apnea syndrome; SCFAs, short-chain fatty acids.





1 Introduction

Acute respiratory infections and influenza-like illnesses (ILIs) account for approximately 10% of annual outpatient visits globally, with pediatric populations bearing a disproportionate burden. Children aged 1–17 years exhibit a fourfold higher incidence of ILIs than adults (1). This vulnerability stems from structurally immature airways and dynamically evolving immune regulation, creating a suitable environment for recurrent infections. Beyond acute morbidity, such episodes disrupt developmental homeostasis and amplify lifelong cardiopulmonary risks (2), necessitating urgent research into early-life susceptibility mechanisms.

The human microbiome associated with the respiratory tract is characterized by its diversity, heterogeneity, and dynamism. The complexity of the microbiome, along with the intricate interactions among microorganisms, host cells, and the host immune system, involves multiple factors. There is often an interaction between gut and respiratory microbiota, with the lymphatic system providing a direct pathway, known as the gut–lung axis (GLA), via which the gut microbiome can influence outcomes related to respiratory diseases and modulate the host’s immune response (1). The GLA is a bidirectional communication network mediated by microbiota and metabolites that links intestinal and pulmonary health (3). Emerging evidence indicates that perturbations in one organ (e.g., gut dysbiosis (4)) can propagate systemic immune dysregulation, exacerbating pathologies in the other (e.g., asthma exacerbations (5)). For example, gut-derived microbial components such as lipopolysaccharide (LPS) modulate pulmonary inflammation via lymphatic dissemination (6) whereas respiratory viral infections reciprocally reshape the gut microbial ecology (7). Despite these advances, the spatiotemporal dynamics of microbiome–immune crosstalk in pediatric populations remain poorly mapped.

The gut microbiome critically regulates pediatric health, with its assembly during infancy dictating immune maturation trajectories (8). The composition of the intestinal microbiome influences health from before birth into childhood, with numerous diseases linked to imbalances in this ecosystem. The gut microbiome evolves continuously from infancy to maturity, influenced by various factors that shape its development and composition. Characteristics of the gut microbiota can impact brain development, immune function, lung health, and overall physical growth (9). Gut microbial dysbiosis can have long-term consequences, as supported by data from mouse models in which mice have an increased predisposition to allergic inflammation following early-life antibiotic use (10, 11). Early-life disruptions, such as antibiotic exposure or dietary insufficiency, induce persistent dysbiosis, elevating the risks of allergic sensitization and recurrent respiratory infections (12).

Microbial metabolites such as short-chain fatty acids (SCFAs) emerge as key orchestrators of mucosal immunity, yet their role in gut–lung interactions remains underexplored in children. Recent studies have integrated multi-omics approaches (metagenomics, metabolomics, transcriptomics) to decode microbiota–immune networks in pediatric respiratory diseases. These efforts have identified disease-specific microbial signatures (e.g., Lachnospira depletion in asthma) and have demonstrated that SCFAs enhance alveolar macrophage function not only via epigenetic modulation but also by inducing tolerance-related genetic signatures (13). Such findings highlight the potential of microbiota-targeted therapies (e.g., probiotics, dietary interventions) to recalibrate immune homeostasis.




2 Gut microbiota and children’s respiratory health


2.1 Characteristics of the pediatric gut and respiratory microbiota

The pediatric gut microbiome represents a dynamic ecosystem of bacteria, fungi, viruses, and archaea. Indeed, the human gut is inhabited by between 100 thousand and 100 billion bacteria per milliliter of luminal content depending on the region and is therefore the most densely colonized organ (14). Crucially, this microbial consortium not only supports nutrient metabolism but also calibrates systemic immunity via endocrine and metabolic crosstalk (15, 16). This symbiotic relationship is established from birth with the infant gut microbiota and continues to evolve during the critical early years of life. During this period, infants experience rapid growth, with substantial increases in height, weight, and head circumference. Concurrently, their metabolic organs, immune system, digestive system, and neurocognitive functions undergo substantial development and maturation. This phase is also pivotal for formation of the gut microbiota, which is essential for maintaining overall health (17).

In contrast to the gut, the respiratory microbiome exhibits spatiotemporal stratification—nasal cavities favor Staphylococcus and Corynebacterium, whereas lower airways are dominated by Prevotella and Streptococcus—with bacterial loads (103–105 CFU/mg) that are orders of magnitude lower than intestinal levels (18, 19). Our understanding of bacterial component development in the airways is more limited than our knowledge of the gut microbiota. Some evidence (primarily from mouse models) suggests that the respiratory microbiota matures during childhood, a process that is crucial for promoting tolerance to airborne allergens (20). Despite shared dominant phyla (Bacteroidetes/Firmicutes), the lung microbiome displays unique assembly rules; microbial immigration (inhalation/microaspiration), elimination (mucociliary clearance), and local replication dynamically sculpt the community structure (21).

Deciphering the co-evolution of gut and respiratory microbiomes is fundamental to understanding pediatric immune ontogeny. During early life, these microbial communities transcend passive colonization; they actively direct immune cell differentiation via metabolite signaling (e.g., SCFAs), epigenetic modulation, and pathogen exclusion (22). Integrated analysis of human cohort data has revealed that synchronized gut–lung microbiota maturation establishes a systemic immune “set-point,” dysregulation of which underlies susceptibility to pneumonia and asthma. This paradigm shifts the focus from cataloging microbial taxa to decoding their functional networks, a cornerstone of our therapeutic discovery platform.




2.2 Gut microbiota affects development of the immune system in children

Upon birth, infants start to develop their initial microbiome, with its composition being shaped by the delivery method, whether through natural, vaginal, or cesarean birth (23). The initial bacterial colonization and various other factors following childbirth strongly influence an infant’s early-life microbiome, which subsequently regulates immune system development of the newborn (24). Whereas vaginal birth establishes a maternally derived microbiome enriched in Lactobacillus and Bifidobacterium, cesarean delivery favors skin-associated Staphylococcus and environmental taxa (25). Crucially, this immunomodulatory process exhibits developmental stage-specific sensitivity, as evidenced by murine and human studies demonstrating irreversible immune programming defects when microbial exposure is disrupted during early postnatal windows (26, 27). This foundational microbial assembly orchestrates lymphoid tissue development and immune cell education—processes that are vulnerable to disruption by antibiotics or formula feeding. Such dysbiosis propagates systemic immune misprogramming, elevating the risks for asthma and obesity via GLA signaling (28).

The gut microbiome operates as a microbial tutor during infancy, instructing immune cell differentiation through metabolite- and antigen-driven dialogues. Key taxa (e.g., Clostridia clusters) promote expansion of regulatory T cells (Tregs) via SCFA production, and segmented filamentous bacteria drive T-helper 17 cell (Th17) polarization via interleukin 23 (IL-23)/IL-17 axis activation (29). This trans-organ immunity, mediated by circulating microbial metabolites and trained immune cells, forms the mechanistic bedrock of the GLA (30).

In the intestinal environment, pattern recognition receptors (PRRs), including toll-like receptors (TLRs), C-type lectin receptors, NOD-like receptors, and RIG-I-like receptors, can identify specific molecular patterns in the microbiota, thereby initiating immune responses. The activation of PRRs not only promotes the maturation and activation of immune cells but also modulates their migration and function through the production of cytokines and chemokines (31). Specifically activated PRRs can induce dendritic cells (DCs) to produce IL-12p70, a crucial Th1-polarizing cytokine for anti-infection and anti-tumor immune responses. Moreover, PRR activation enhances the expression of surface molecules such as CD80, CD86, and human leukocyte antigen-DR (HLA-DR) on DCs, thereby improving their antigen-presenting capacity and T-cell activation ability (32).

A previous study redefined the gut microbiome as a systemic immune rheostat, with microbial metabolites (e.g., SCFAs, indoles) serving as endocrine-like messengers that synchronize lung immunity (33). Via integrated metagenomic–metabolomic analysis, spatial gradients of these molecules have been mapped from gut to bronchoalveolar lavage, correlating their depletion with neutrophilic inflammation in severe asthma (34) (Figure 1). This paradigm-shifting discovery positions fecal metabolite profiling as a noninvasive biomarker for predicting corticosteroid responsiveness—a cornerstone of our precision pulmonology framework. By decoding the gut–lung dialogue, we can pioneer microbiota-centric strategies to reset immune homeostasis in pediatric respiratory diseases.
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Figure 1 | Gut microbiota modulates pathophysiological processes in pediatric pulmonary diseases via immune regulatory mechanisms. The gut microbiota orchestrates immune regulatory mechanisms that influence the pathogenesis of childhood pulmonary diseases via microbial metabolites (e.g., SCFAs and LPS) and immune signaling networks, which critically regulate immune system development and disease progression. DCs recognize LPS, leading to upregulated CD80/CD86/HLA-DR expression, enhanced antigen-presenting capacity, and IL-12p70 secretion, thereby driving Th1 polarization to reinforce anti-infective immunity. Gut-derived LPS activates the TLR4/NF-κB pathway, triggering pulmonary inflammation. SCFAs inhibit histone deacetylase activity to promote Treg differentiation and anti-inflammatory IL-10 secretion, while simultaneously activating alveolar macrophages via GPCRs to suppress pro-inflammatory cytokine (TNF-α, IL-6) release. Additionally, trans-tissue migration of CCR2+ ILC2s further modulates pediatric pulmonary disease pathogenesis. CCR2+CCR4+ILC2s, C-C chemokine receptor type 2-positive and C-C chemokine receptor type 4-positive type 2 innate lymphoid cells; CCR2+ILC2s, C-C chemokine receptor type 2-positive type 2 innate lymphoid cells; CD80/CD86, cluster of differentiation 80/86; DC, dendritic cell; GPCRs (GPR41/GPR43), G protein-coupled receptors (G protein-coupled receptor 41/G protein-coupled receptor 43); HLA-DR, human leukocyte antigen – DR isotype; IL, interleukin; LPS, lipopolysaccharide; SCFAs, short-chain fatty acids; Th1, T helper 1 cells; TNF-α, tumor necrosis factor alpha; Treg, regulatory T cells.





3 Role of the GLA in children’s pulmonary physiological function


3.1 Core immunoregulatory mechanisms of the GLA

The GLA operates as a bidirectional immunoregulatory circuit wherein microbial components and metabolites systemically modulate pulmonary immunity via three primary mechanisms: 1) molecular mimicry: bacterial LPS primes alveolar macrophages via TLR4 (35); 2) metabolite trafficking: gut-derived SCFAs, particularly propionate and butyrate, suppress IL-13-driven eosinophilia by enhancing airway epithelial barrier integrity (36); 3) immune-cell migration: intestinal Th17 cells recruited to the lungs exacerbate neutrophilic inflammation in asthma, a process amplified by dysbiosis-induced IL-23 signaling (37). Disruption of gut barrier integrity promotes microbial translocation (e.g., circulating LPS), which triggers nuclear factor-kappa B (NF-κB)-mediated pulmonary hyperinflammation (38). A murine study demonstrated that elevated circulating propionate levels promote hematopoiesis of DC precursors in bone marrow, subsequently affecting DCs in the lungs and draining lymph nodes, thereby resulting in an impaired ability of these DCs to activate Th2 cells within the lung tissue (39). These pathways collectively enhance intestinal mucosal immunity while systemically modulating immune cell differentiation and function. Notably, animal studies substantiate that SCFAs can attenuate pulmonary inflammation by activating Tregs and conditioning DCs to suppress Th2-polarized responses in murine models, thereby recalibrating Th1/Th2 equilibrium (40) (Figure 1, Table 1).


Table 1 | Multi-omic insights into gut–lung axis mechanisms in respiratory diseases.
	Omics technology
	Study participants/disease
	Key findings
	Mechanism/functional relevance
	Ref.



	Metagenomics
	Children with asthma
	Reduced abundance of Lachnospira, Veillonella, and Faecalibacterium in the gut microbiota of 3-month-old infants
	Reduced microbial diversity correlates with heightened asthma risk
	(52) (53)


	Pneumonia
(mouse model)
	Gut microbiota dysbiosis (Bifidobacterium↓) → impaired phagocytic function of alveolar macrophages
	Acetate enhances anti-Streptococcus pneumoniae capacity via GPR43 signaling
	(64)


	Patients with cystic fibrosis
	Depletion of Bacteroides and Faecalibacterium prausnitzii in the gut
	Propionate deficiency impairs neutrophil function; bile acid dysregulation exacerbates airway inflammation
	(81) (86) (87)


	Metabolomics
	Asthma (mouse model)
	Decreased fecal SCFA levels (propionate, butyrate)
	SCFA depletion promotes Th2 inflammation via HDAC-dependent pathways
	(11) (40)


	Patients with COVID-19
	Impaired L-isoleucine biosynthesis and reduced acetate levels
	Metabolic dysregulation drives immune dysfunction and intestinal barrier disruption
	(98)


	OSAS (children)
	Reduced butyrate levels → compromised intestinal barrier integrity
	SCFA deficiency exacerbates systemic inflammation and hypertension risk
	(95)


	Transcriptomics
	RSV bronchiolitis (mouse model)
	Acetate activates GPR43 → NF-κB pathway → enhanced IFN-β production
	Augmented antiviral immunity attenuates RSV severity
	(77)


	Patients with asthma
(alveolar macrophages)
	SCFAs (butyrate) inhibit HDAC activity
	SCFAs promote Treg differentiation via epigenetic modulation
	(42) (44)


	Pneumonia
(mouse macrophage model)
	Gut microbiota depletion → metabolic reprogramming in alveolar macrophages
	Microbial metabolites (e.g., acetate) regulate macrophage function through GPR43 signaling
	(65)





GPR43, G protein-coupled receptor 43; HDAC, histone deacetylase; IFN-β, interferon-beta; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; OSAS, obstructive sleep apnea syndrome; RSV, respiratory syncytial virus; SCFA, short-chain fatty acids; Th2, T helper type 2; Treg, regulatory T cells.






3.2 Systemic immunomodulatory roles of SCFAs

SCFAs—primarily acetate, propionate, and butyrate—serve as keystone metabolites linking the gut microbiota to pulmonary immune homeostasis (11, 41). Emerging evidence suggests that elevated levels of SCFAs in infants are associated with a reduced incidence of asthma, potentially mediated through dual anti-inflammatory mechanisms (42). First, SCFAs activate G protein-coupled receptors (GPR41/GPR43) on alveolar macrophages via receptor-dependent signaling, enhancing pathogen clearance while suppressing pro-inflammatory cytokine release (e.g., tumor necrosis factor alpha [TNF-α], IL-6) (22, 43). Second, SCFAs modulate immune cell function through epigenetic regulation: by inhibiting histone deacetylase (HDAC) activity; these promote anti-inflammatory factor expression (including IL-10) and Treg differentiation while simultaneously restraining Th17 cell overactivation. These coordinated actions maintain pulmonary immune homeostasis and mitigate inflammation (42, 44) (Table 1). Although SCFA concentrations are low in the lungs, gut-derived propionate can induce bone marrow precursors to generate macrophages. These macrophages then migrate to the lungs and attenuate allergic inflammation by promoting IL-10 production (11). These findings establish SCFAs as systemic immunomodulators that exert hormone-like signaling functions (45). Collectively, the above findings underscore SCFAs as pivotal gut-derived mediators that orchestrate pulmonary immune homeostasis via receptor-dependent signaling and epigenetic mechanisms. The ability of SCFAs to prime anti-inflammatory responses both locally and systemically highlights their therapeutic potential in asthma and other inflammatory lung diseases (Figure 1).




3.3 Trans-organ migration mechanisms of immune cells

Emerging evidence highlights the pivotal role of immune cell trafficking in gut–lung communication wherein innate lymphoid cells (ILCs) and gut-primed Tregs migrate to pulmonary tissues via mesenteric lymphatics under chemokine guidance (46). Extending these observations, one study provided mechanistic insights into the cytokine-regulated bidirectional trafficking of ILC2s using integrated pseudotemporal analysis, lineage tracing, and ectopic transplantation assays. That study delineated a unidirectional maturation trajectory wherein lung-derived C-C chemokine receptor type 2-positive (CCR2+) ILC2s migrate to the intestine via IL-33-dependent pathways, undergoing phenotypic transition characterized by a transient CCR2+CCR4+ double-positive population and terminal differentiation into CCR4+ gut-resident ILC2s. This migratory axis demonstrates strict tissue tropism under homeostasis, with no detectable reverse migration from intestinal ILC2s to pulmonary niches. Strikingly, IL-25 stimulation subverts this physiological unidirectionality, potentiating intestinal ILC2s to acquire trans-tissue migratory competence toward pulmonary compartments (47). This cellular crosstalk establishes a “mobile immune network” that integrates microbial signals and tissue-specific immunity (Figure 1).




3.4 Translational implications and future directions

The GLA, which is crucial for immune balance and respiratory health, strongly influences pediatric pulmonary diseases. Understanding its role in diseases such as asthma and bronchopulmonary dysplasia could offer new therapeutic strategies. Future research priorities include standardizing methodologies for gut microbiota and metabolite profiling in pediatric cohorts, elucidating age-dependent variations in GLA functionality, and developing targeted interventions (e.g., SCFA prodrugs, microbiota transplantation) to restore immune homeostasis.





4 Role of the GLA in pediatric pulmonary diseases


4.1 Asthma

Asthma remains a leading chronic pediatric condition, accounting for approximately 400,000 annual deaths globally (48, 49). The current global prevalence of asthma exceeds 300 million individuals, with a projected increase to 400 million by 2025 (50). Emerging evidence implicates GLA dysbiosis in asthma pathogenesis, with microbial alterations influenced by perinatal factors including cesarean delivery, neonatal antibiotic exposure, maternal nutritional patterns, formula supplementation, and microbial environmental exposures (51, 52). Longitudinal cohort studies demonstrate that diminished gut microbial diversity during early infancy correlates with subsequent asthma development. Infants who develop asthma exhibit significantly reduced α-diversity metrics as early as 1 month postpartum (52), with temporal microbiota dynamics showing critical developmental windows for asthma predisposition. Specifically, transient depletion of immunomodulatory taxa (Lachnospira, Veillonella, Faecalibacterium, and Rothia) at 3 months postnatally distinguishes high-risk infants (53) (Table 1). Phylum-level analysis reveals Firmicutes dysregulation in pediatric patients with asthma, characterized by decreased anti-inflammatory species (e.g., Roseburia) and expansion of pro-inflammatory genera (Enterococcus, Clostridium) (54) (Figure 2).
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Figure 2 | Distinct features of gut and respiratory microbiota dysbiosis in pediatric pulmonary diseases. The GLA exhibits dynamic microbiota alterations in childhood asthma, pneumonia, CF, and OSAS. Children with asthma have reduced gut abundance of immunomodulatory taxa (e.g., Lachnospira, Faecalibacterium, Rothia) alongside expansion of pro-inflammatory genera (e.g., Enterococcus). Patients with pneumonia display diminished intestinal Bifidobacterium and Lactobacillus abundance with concurrent enrichment of Escherichia coli. In CF, the gut microbiota is characterized by substantial enrichment of opportunistic pathogens (e.g., Burkholderia cepacia complex, Pseudomonas aeruginosa) and depletion of beneficial species (e.g., Bacteroides, Faecalibacterium prausnitzii). OSAS is associated with reduced levels of SCFA-producing bacteria (e.g., Clostridia, Ruminococcus), which exacerbates systemic inflammation via the metabolic–immune axis. GLA, gut–lung axis; CF, cystic fibrosis; OSAS, obstructive sleep apnea syndrome; SCFAs, short-chain fatty acids.

This ecological imbalance coincides with impaired mucosal immune programming during critical developmental windows, as evidenced by multi-omics integration of microbial community dynamics, host metabolomic signatures, and nutritional patterns (49, 55, 56). Notably, gut dysbiosis, particularly the depletion of Akkermansia, Bifidobacterium, and Faecalibacterium species during critical developmental windows, is strongly associated with heightened susceptibility to asthma and allergic disorders (26, 27) (Figure 2). Mechanistically, microbial metabolic output—particularly SCFA biosynthesis—mediates dietary microbiota–immune crosstalk, with reduced SCFA production correlating with asthma risk in low-diversity microbiomes (1, 11).

Breastfeeding exerts important modulatory effects on asthma-related microbial metabolites (49). Contrary to historical sterility assumptions, human milk contains dynamic microbial communities and prebiotic compounds that shape the infant gut ecology (57, 58). Multivariate analysis has revealed that exclusive breastfeeding ≥4 months is an independent protective factor against asthma development (49), highlighting nutritional–microbial interactions in early-life asthma prevention (Figure 3).

[image: Diagram illustrating the relationship between gut-lung axis (GLA) and respiratory diseases: asthma, pneumonia, bronchiolitis, cystic fibrosis (CF), and obstructive sleep apnea syndrome (OSAS). It depicts gut microbiota involvement, signaling pathways (GPR41/43), and effects of short-chain fatty acids (SCFAs) and specific bacteria. The image highlights factors like breastfeeding, bacterial diversity, and specific gut bacteria (e.g., Lactobacillus johnsonii) in relation to each condition. Arrows indicate pathways and interactions within the GLA affecting respiratory health.]
Figure 3 | Gut dysbiosis drives disease-specific mechanisms in pediatric pulmonary disorders via metabolic and signaling pathways. The GLA orchestrates disease-specific mechanisms underlying childhood asthma, pneumonia, bronchitis, CF, and OSAS. In children with asthma, perinatal microbiota alterations with reduced alpha diversity are modulated by maternal breastfeeding-associated metabolites. In pneumonia, gut dysbiosis reduces acetate levels, impairing the GPR43-mediated phagocytic function of alveolar macrophages, and deaminotyrosine deficiency compromises IFN-I-dependent anti-influenza immunity. Bronchitis is linked to diminished gut-derived acetate, leading to pulmonary IFN-β reduction whereas prenatal supplementation with Lactobacillus jensenii lowers disease incidence. In CF, Bacteroides-derived propionate deficiency disrupts GPR41 signaling, causing neutrophil phagocytic dysfunction, and Clostridioides difficile depletion exacerbates inflammation via dysregulated bile acid metabolism (FXR/TGR5 axis). Reduced SCFA-producing bacteria contribute to OSAS pathogenesis, which is alleviated by C. butyricum and prebiotics. GLA, gut–lung axis; DAT, desaminotyrosine; GM, gestational mother; GPR43, G protein-coupled receptor 43; IFN-I, type I interferon; Mφ, macrophage; NPF, neutrophil phagocytic function; OSAS, obstructive sleep apnea syndrome; SCFAs, short-chain fatty acids.




4.2 Pneumonia

Pneumonia is an infection that inflames the air sacs and other parts of the lungs and is often caused by bacteria, viruses, or other pathogens (59, 60). Pneumonia remains a leading cause of childhood morbidity and mortality, accounting for 14% of deaths in children under 5 years globally, with an estimated 120 million cases annually (61). Research has shown that viral infections, such as influenza, can substantially alter the gut microbiome, even without detectable viral particles in the gastrointestinal tract (62). Compelling evidence links the gut microbiota composition to pneumonia susceptibility and severity (63). Mice with a depleted gut microbiome exhibit increased bacterial spread, heightened inflammation, organ dysfunction, and elevated mortality following Streptococcus pneumoniae infection, compared to those with a normal microbiome. Fetal microbiota transplantation (FMT) can restore pulmonary bacterial levels and normalize immune responses in these mice. The gut microbiome modulates metabolic pathways in alveolar macrophages, affecting cellular responsiveness, with macrophages from mice that have a depleted microbiome showing reduced phagocytic activity against S. pneumoniae (64) (Table 1). Mechanistic studies reveal two key pathways: 1) macrophage priming: gut-derived acetate enhances alveolar macrophage phagocytic capacity against S. pneumoniae via GPR43-dependent metabolic reprogramming (65) (Table 1); antiviral defense: microbiota-derived desaminotyrosine protects the host from influenza by modulating the type I interferon (IFN-I) response (66) (Figure 3).

Pneumonia poses a serious health risk to children worldwide, with high case numbers and mortality rates, emphasizing the need for prevention and better treatment (67). Preterm infants with pneumonia exhibit reduced gut microbiota diversity and disturbances of the gut (68). Children’s underdeveloped immune systems make them vulnerable to severe illness and death due to pneumonia. The gut microbiota, particularly early in life, influences lung immunity and the pneumonia risk, highlighting the importance for health of a balanced gut microbiome (23). Pneumonia can affect the composition of the gut microbiota, primarily leading to a decrease in Bifidobacterium (10), Lactobacillus (69), and Clostridium (70), and causing an increase in Escherichia coli (59). Infant gut microbiota diversity and functionality increase during the first years of life, influenced by the delivery mode and feeding type (71). In pneumonia, Pseudomonas, Escherichia/Shigella, Streptococcus, and Akkermansia are decreased Bacillota are increased, at the phylum level, with specific genera being more or less abundant in cases of pneumonia. Preterm infants with pneumonia exhibit reduced gut microbiota diversity and gut disturbances (68) (Figure 2).

The prevalence of pediatric COVID-19 cases ranges from 1% to 13.3% of total reported infections (72). A recent study revealed significantly reduced α-diversity in young patients with COVID-19 (aged <6 months), aligning with prior studies attributing such disparities to the unique infant microbiota, which is shaped by feeding patterns (73). Beyond gut microbiota alterations, intestinal inflammation, microbial translocation, and intestinal barrier dysfunction have also been identified as factors associated with COVID-19 infection and that are potentially attributable to microbiota-driven perturbations (74). The critical role of microbiota has prompted experts to question whether the host microbiota status should be considered prior to vaccine development. Furthermore, the development of oral vaccines and maintenance of microbial homeostasis may facilitate early containment of COVID-19 outbreaks or future pandemics (74).




4.3 Bronchiolitis

Respiratory syncytial virus (RSV)-associated bronchiolitis affects 33 million children under age 5 years annually, with 3.2 million requiring hospitalization (75). Emerging data implicate gut microbiota dynamics in disease progression. Cohort studies reveal that infants hospitalized with severe RSV bronchiolitis exhibit gut dysbiosis characterized by Enterobacteriaceae overgrowth and Bifidobacterium depletion (76). RSV infections are particularly dangerous for infants under age 2 years, leading to high rates of morbidity and mortality. Early infancy is a key period in gut microbiota development that may play a role in bronchiolitis through various mechanisms beyond the Th1/Th2 imbalance theory. Research indicates that acetic acid produced by gut microbes can stimulate lung IFN-β production, enhancing type 1 IFN responses by activating GPR43 and NF-κB (77) (Table 1). This activation can modulate the protective effects of acetic acid against RSV, potentially reducing pneumonia symptoms (Figure 3).

Current research is investigating intervention strategies for respiratory illnesses, with clinical trials demonstrating that Bifidobacterium species stimulated by human milk oligosaccharides contribute to the prevention of subsequent respiratory infections (e.g., bronchitis). This protective mechanism is mediated via Bifidobacterium-driven enhancement of acetate production, with elevated acetate levels being mechanistically linked to improved intestinal barrier function (78). Emerging clinical evidence has revealed that maternal supplementation with Lactobacillus johnsonii confers transgenerational protection against RSV infection, with offspring exhibiting attenuated airway mucus production and Th2-mediated immune responses. In a murine study, this intervention maintained congruent gut microbiota profiles in both dams and progeny, accompanied by a synchronized reduction in pro-inflammatory metabolites in the maternal plasma, breast milk, and offspring circulation (79). Mechanistically, Lactobacillus-driven modulation of maternal microbial ecosystems and associated metabolic reprogramming are positively correlated with enhanced neonatal airway defense mechanisms against RSV pathogenesis (79).




4.4 Cystic fibrosis

CF is an inherited disorder transmitted through an autosomal recessive pattern, resulting from mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. This defect induces the accumulation of abnormally viscous mucus secretions, which primarily compromise pulmonary and gastrointestinal functions (80). CF affects approximately 70,000 people worldwide (81). Lung infections caused by bacteria such as Pseudomonas aeruginosa, S. aureus, Burkholderia cepacia complex, and Stenotrophomonas maltophilia worsen respiratory function and contribute to disease morbidity (19). Research supports the existence of a “GLA” in chronic respiratory diseases such as CF, affecting mucosal immunity across these systems (82, 83). Cross-sectional studies have revealed that pediatric patients with CF exhibit marked gut dysbiosis, characterized by a marked depletion of beneficial taxa including Bacteroides, Bifidobacterium adolescentis, Faecalibacterium prausnitzii, Actinomyces, Eubacterium, Ruminococcus, Dorea, Akkermansia, Peroxisome-associated Firmicutes and Pantoea (84, 85), alongside concurrent enrichment of opportunistic pathogens such as Staphylococci, Streptococci, Veillonella dispar, Propionibacterium, and Clostridium difficile (84) (Figure 2).

Mechanistic studies identify two critical pathways linking gut dysbiosis to pulmonary decline. Reduced levels of Bacteroides-derived propionate in SCFA deficiency impair neutrophil phagocytic function via compromised GPR41 signaling (81, 86). Concurrently, diminished Clostridium scindens activity disrupts bile acid metabolism by reducing deoxycholic acid production, which exacerbates airway inflammation through dysregulation of the FXR/TGR5 signaling axis (87) (Figure 3, Table 1).

A prospective cross-sectional study elucidated that children with CF exhibit a dietary pattern characterized by high fat and low fiber, which is associated with intestinal dysbiosis, elevated fecal calprotectin, and respiratory microbial disturbance, collectively leading to impaired lung function and increased lung exacerbation (82). Another study highlighted the therapeutic potential of microbiota-targeted interventions (e.g., probiotics, CFTR modulators) in mitigating systemic and respiratory morbidity in children with CF by restoring the gut microbial balance, enhancing immunomodulation, reversing SCFA deficits, and disrupting pathogenic gut–lung crosstalk, thereby attenuating chronic inflammation and improving pulmonary outcomes (88). These findings highlight the gut microbiome as a modifiable determinant of CF progression, paving the way for microbiota-centric adjuvant therapies.




4.5 Obstructive sleep apnea syndrome

OSAS affects 2%–4% of children, with increasing prevalence linked to pediatric obesity and adenotonsillar hypertrophy (89). OSAS is a prevalent chronic respiratory disorder marked by repeated pharyngeal collapse and ventilation disruption during sleep, leading to apnea and sleep disturbances (90). Emerging evidence implicates gut microbiota dysbiosis as both a contributor and consequence of OSAS pathophysiology (91, 92). Cross-sectional studies demonstrate that children with moderate-to-severe OSAS exhibit gut microbiome alterations characterized by an increase in Clostridia and Ruminococcus species, coupled with depletion of SCFA-producing bacteria such as Faecalibacterium and other taxa associated with SCFA synthesis (93, 94) (Figure 2).

In one study, researchers hypothesized that diminished intestinal SCFAs underlie hypertension pathogenesis in OSA. OSA significantly elevated systolic blood pressure after 7 and 14 days, an effect abolished by administration of the probiotic Clostridium butyricum or the prebiotic Hylon VII. 16S rRNA sequencing revealed significant enrichment of SCFA-producing bacterial taxa following C. butyricum or Hylon VII treatment. OSA exposure reduced cecal acetate concentrations by 48%, which was prevented by both interventions. Furthermore, C. butyricum and Hylon VII attenuated OSA-induced gut dysbiosis, goblet cell depletion, mucus layer thinning, and cerebral microglial activation (95) (Figure 3, Table 1). A systematic review and meta-analysis indicated that OSA is associated with intestinal barrier dysfunction. Furthermore, the severity of OSA appears to be associated with elevated levels of biomarkers of intestinal barrier dysfunction (96). These preclinical findings suggest that microbiota modulation may serve as a potential adjuvant strategy for OSAS management, although clinical validation in pediatric populations is warranted.





5 Clinical importance of GLA research


5.1 GLA as a biomarker for pediatric pulmonary disease diagnosis

The gut microbiota and its metabolites are increasingly recognized as potential biomarkers for pediatric pulmonary diseases. Omics approaches have been used to identify microbial signatures associated with disease states, including an elevated Firmicutes/Bacteroidetes ratio indicative of dysbiosis in respiratory conditions (15, 97). In COVID-19, the gut microbiota composition correlates with disease severity and immune dysregulation, characterized by depleted SCFA-producing taxa and impaired L-isoleucine biosynthesis (98, 99) (Table 1). Experimental models have further demonstrated metabolic disturbances, such as increased serum lactate and reduced acetate levels in pulmonary hypertension (97). Although these findings underscore the diagnostic potential of microbiota profiling, current evidence remains fragmented, necessitating large-scale longitudinal studies to validate microbial and metabolic biomarkers across diverse pediatric populations (15).




5.2 Potential application of the GLA in treating pediatric pulmonary diseases

Therapeutic strategies targeting the GLA show promise in modulating immune responses and improving clinical outcomes. Probiotics, such as Lactobacillus plantarum, enhance IFN-I production and reduce viral loads in influenza models whereas Clostridium orbiscindens-derived desaminotyrosine strengthens antiviral defenses (62, 69). SCFAs exert systemic anti-inflammatory effects by promoting Treg differentiation (via HDAC inhibition) and suppressing Th2/Th17 polarization (through GPR41/43 signaling), with fecal propionate levels inversely correlated with asthma risk in infants (39, 40). Omega-3 polyunsaturated fatty acids (PUFAs) such as DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) can regulate immune cell functions, reduce inflammatory responses, and enhance antiviral immune reactions, thereby playing a protective role in pediatric pulmonary diseases. Research has found that prenatal supplementation with omega-3 PUFAs can influence the airway microbiota of infants, reducing the risk of respiratory infections (100). Despite these advances, standardized protocols for strain selection, dosing, and long-term safety monitoring remain critical challenges in clinical translation.





6 Challenges and future directions in GLA research


6.1 Current challenges in GLA research for pediatric respiratory diseases

Despite growing interest in the GLA and its role in pediatric respiratory disorders, critical methodological and translational gaps hinder progress. A predominant reliance on cross-sectional studies limits causal inference because observed associations—such as the reduced gut microbiota diversity in asthma—cannot be used to distinguish whether dysbiosis drives disease or vice versa. Large-scale longitudinal cohorts tracking microbiota dynamics from early life to disease onset are essential to resolve such ambiguity. Furthermore, small sample sizes (<100 participants) and geographical biases (e.g., overrepresentation of European populations) reduce generalizability, and inconsistent sample handling protocols introduce technical variability that obscures biological signals.

The complexity of gut microbiota data presents another layer of difficulty. Integrating taxonomic, metabolic, and functional profiles requires advanced bioinformatics capabilities that are often unavailable to smaller research teams. Compounding this issue, key confounders such as diet are insufficiently addressed. Most studies focus narrowly on the short-term effects of isolated nutrients, overlooking the cumulative impact of dietary patterns and individualized eating behaviors. Genetic predispositions and environmental exposures (e.g., air pollution, antibiotic use) further interact with microbiota in ways that remain poorly characterized, highlighting the need for multifactorial models.

Translating preclinical findings to clinical applications involves additional hurdles. Although animal studies have elucidated mechanisms such as SCFA-mediated immune modulation, they fail to replicate the complexity of human pediatric immune development and environmental exposures. Clinical trials must navigate inherent challenges including stringent participant matching for age, feeding practices, and comorbidities; prolonged follow-up (≥5 years) to assess outcomes in slowly progressing diseases; and unresolved safety concerns regarding probiotics or microbiota-targeted therapies in children.

Finally, the dynamic nature of the gut microbiota during childhood complicates research and intervention design. Most studies capture static snapshots, ignoring developmental trajectories and cumulative microbial effects on disease. Pronounced inter-individual variability, shaped by gene–environment–diet interactions, further complicates the development of personalized approaches. Addressing these limitations requires multinational longitudinal cohorts, multi-omics integration driven by artificial intelligence, and pediatric-specific therapeutic frameworks to advance GLA research from correlation to causation and clinical utility.




6.2 Development and clinical trials of novel treatments


6.2.1 Fecal microbiota transplantation

FMT is a treatment method in which a fecal suspension obtained from a healthy donor is transferred to the patient’s digestive tract to restore the normal microbial composition and function of the intestinal tract (101, 102). FMT can be delivered through the upper GI route via a duodenal tube or capsules taken orally (103) or through the lower GI route via colonoscopy or enema (104) (Figure 4). FMT may have applications in the treatment of many diseases, such as asthma, and has been used to treat a variety of gastrointestinal and non-gastrointestinal disorders (105).

[image: Therapeutic approaches for lung diseases include fecal microbiota transplantation (FMT), probiotics, diet, and prebiotics. FMT involves oral capsules, colonoscopy, or enemas. Probiotics from fermented foods enhance the immune system. A diet rich in dietary fiber affects gut microbiota, increasing short-chain fatty acids (SCFAs), which have implications for lung diseases. Prebiotics promote beneficial bacteria, impacting metabolic energy and aiding lung health.]
Figure 4 | Therapeutic strategies targeting the GLA for pediatric pulmonary diseases: mechanisms and clinical interventions. Targeting the GLA offers a novel approach to managing childhood pulmonary diseases through gut microbiota modulation. FMT restores microbial homeostasis by administering healthy donor fecal suspensions via oral capsules, duodenal tubes, or colonoscopy/enema delivery. Probiotics alleviate respiratory symptoms via immunomodulation; prebiotics promote the growth of beneficial bacteria and provide metabolic substrates, thereby reducing pulmonary disease risk. Dietary interventions reshape gut microbiota composition, enhance SCFA production, and mitigate disease progression (e.g., pneumonia). Current evidence indicates that probiotics are more effective against eczema and allergic rhinitis than against asthma, highlighting the need to optimize strain selection, dosage, and treatment duration to improve GLA-targeted therapeutic precision. FMT, fecal microbiota transplantation; GLA, gut–lung axis; SCFAs, short-chain fatty acids.




6.2.2 Probiotics

Interest in probiotics has grown substantially owing to their complex mechanisms, which are strain- and compound-specific (106). The mechanisms by which probiotics operate are intricate and varied, typically depending on the specific strain and compound (107). Probiotics can alter the gut microenvironment, compete with harmful bacteria, and suppress pathogens using antimicrobial substances, thereby influencing gut health in nuanced ways (59). Emerging strategies targeting OSA-related gut dysbiosis using prebiotics, probiotics, and SCFAs are being considered for lung disease management and represent a promising therapeutic avenue (91, 108). Probiotics are present in fermented foods and supplements as scientifically validated beneficial strains and exhibit bidirectional immunomodulatory effects on the host, being capable of inducing pro-inflammatory responses while eliciting anti-inflammatory reactions (109). Under immunostimulatory conditions, macrophages, DCs, neutrophils, and natural killer cells in the intestinal mucosa participate in immune responses through enhanced phagocytic activity, inflammatory cytokine release, and Th1/Th17 polarization (15). Concurrently, probiotics activate innate immune responses and cytokines secreted by T cells to stimulate lamina propria-associated immune cells. This immunomodulatory activity is specifically characterized by inducing the production of immunoglobulin A antibody, increased population density, and functional enhancement of macrophages and DCs within the lamina propria, thereby sustaining their functional reinforcement in the small intestine (110) (Figure 4). A placebo-controlled, double-blind, randomized study investigated the effects of a probiotic mixture containing Bifidobacterium longum BB536, Bifidobacterium infantis M-63, and Bifidobacterium breve M-16V in 40 children with seasonal allergic rhinitis and intermittent asthma over a 4-week intervention period. Children receiving the probiotic supplementation demonstrated significant reductions in respiratory symptoms and improved quality of life whereas the placebo group exhibited symptom exacerbation and quality of life deterioration (111). A meta-analysis suggested that Lactobacillus rhamnosus GG (LGG) supplementation, especially postnatally, may prevent asthma (112); however, a database review indicated that probiotics are more effective for eczema and allergic rhinitis than for asthma prevention or treatment (113). Health organizations emphasize the need for further research on probiotic efficacy in asthma prevention because studies may not have used the appropriate strain, dosage, timing, duration, or population (114). Future research will focus on the duration, administration, dosage, and follow-up period for specific probiotic strains (115).




6.2.3 Prebiotics

According to the updated scientific definition established by the International Scientific Association for Probiotics and Prebiotics in 2017, prebiotics are defined as a substrate that is selectively used by host microorganisms to confer a health benefit (116). These compounds exert their effects primarily via two mechanisms: 1) by modulating the gut microbiota composition through the selective promotion of beneficial bacterial growth and provision of metabolic energy (117) (Figure 4); and 2) by enhancing intestinal barrier function and stimulating the production of beneficial metabolites, thereby inducing multifaceted physiological regulation in the host (118). Given their potential immunomodulatory properties and mechanistic actions, a theoretical basis exists for prebiotics to potentially reduce the risk of COVID-19 infection or mitigate its clinical symptoms (119). However, this hypothesis requires rigorous validation in further experimental and clinical investigations (120). A review of 2,419 pediatric participants analyzed asthma exacerbations, pulmonary function, and immune modulation. Studies that have focused on Lactobacillus/Bifidobacterium (10 randomized controlled trials [RCTs]), bacterial lysates (6 RCTs), and synbiotics (2 RCTs) represent a notable paucity of prebiotic research (121).




6.2.4 Diet

Studies have shown that factors such as diet, genetics, and age affect diversity of the gut microbiota, with diet being a key modifiable factor for treating dysbiosis (27, 122). Clinical and preclinical data highlight how dietary changes can rapidly alter the gut microbiota composition, such as shifts occurring within 24 hours of switching from an animal-based and to a plant-based diet (123, 124). Dietary fiber intake boosts bacterial metabolites, particularly SCFAs (41). Dietary patterns influence the β diversity of the gut microbiota without affecting its α diversity, which varies among individuals consuming an animal-based diet (125, 126). High-calorie diets can worsen LPS-induced pneumonia by disrupting the gut microbiota balance and Th17/Treg cell ratios (127). Future prevention and therapy may involve dietary pattern modifications, such as reducing specific nutrients or adopting lifestyle changes to address physical inactivity and obesity (Figure 4).

Probiotics and dietary changes aim to foster a balanced gut microbiota, which is beneficial for managing respiratory conditions and offering a safer alternative to traditional pharmacological treatments, especially in chronic disease management (3). These strategies collectively bridge mechanistic insights and clinical translation to reshape pediatric respiratory disease management.





6.3 Future research directions

The role of the gut microbiome in pediatric respiratory diseases is an emerging field with implications for new therapeutic strategies. Future research should focus on the GLA, particularly the impact of microbial metabolites on immune modulation. Multi-omics approaches will help deepen understanding regarding the complex interactions between the gut microbiota and children’s respiratory health. A key objective is to identify microbial signatures and metabolites that serve as biomarkers for early diagnosis and prognosis of diseases such as asthma and pneumonia, enabling personalized medicine based on individual microbiome profiles. It is also crucial to explore the role of the gut microbiome in responses to treatments such as FMT and probiotics/prebiotics, as well as to design clinical trials assessing their efficacy and safety. Research should also investigate the microbiome’s influence on vaccine responses and immunotherapies for respiratory diseases, potentially leading to microbe-based adjuvants that boost vaccine efficacy. The impact of diet on the gut microbiome and lung health in children merits further study, with a focus on dietary interventions to improve respiratory outcomes. Finally, translating preclinical findings into clinical practice is essential. Future research should connect laboratory discoveries with clinical applications, implementing evidence-based interventions that leverage the GLA to prevent and treat pediatric respiratory diseases, with the aim to reduce the impact of these diseases on children’s health and quality of life globally.





7 Conclusions

This review synthesizes critical evidence on the MGLA as a central regulator of pediatric respiratory health. Early-life gut microbiota perturbations—driven by birth mode, antibiotics, and diet—disrupt immune programming via metabolite signaling (e.g., SCFAs), epigenetic modulation, and pathogen exclusion, predisposing to asthma, pneumonia, and bronchiolitis. Multi-omics integration has revealed evolutionarily conserved microbiota–immune network architectures across disease phenotypes, with mechanistic prioritization identifying Faecalibacterium-derived SCFA-mediated Treg modulation as therapeutically actionable biological circuitry. To systematically characterize the methodological framework underpinning these findings, we constructed a comprehensive reference table (Table 1) detailing the multi-omics platforms, analytical pipelines, and data integration strategies used, thereby providing explicit technical documentation to enhance methodological reproducibility and cross-study interoperability. Clinically, microbiome-modulating strategies—including precision probiotics, FMT, and dietary SCFA boosters—demonstrate efficacy in respiratory diseases such as asthma and pneumonia. For OSAS, the current evidence is primarily derived from preclinical models, necessitating clinical trials to establish therapeutic efficacy. Future research must prioritize longitudinal birth cohorts to map developmental windows of microbiota–immune crosstalk, coupled with mechanistic studies dissecting microbial vesicles and mobile immune cell trafficking. Standardizing microbiota therapeutics and leveraging AI-driven biomarker panels will accelerate translation from bench to bedside, ultimately enabling the personalized management of childhood respiratory diseases.
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Characteristics H. pylori status P-value

Positive, n (%) Negative, n (%) Total, n (%) Sub-total
Sex Male 99 (64.7) 160 (69.2) 259 (67.4) 0.02
Female 54 (35.3) 71 (31.8) 125 (32.6)
Ratio (Male/female) 1:8:1 225:1 207:1
Age (years) <24 14 (9.1) | 32(13.8) 46 (12) 0.14
2530 ‘ 15 (9.8) 41477) 56 (145)
31-34 15 (9.8) 15 (64.9) 30 (7.8)
35-39 17 (11.1) 35 (15.1) 52 (13.5)
>40 92 (60.1) 108 (46.7) 200 (52)
Residence Rural 113 (73.8) 155 (66.2) 268 (69.8) 0.03
Urban 40 (26.2) 76 (33.8) 116 (30.2)
Level of education Unable to read and write 77 (50.3) 104 (45) 181 (47.1) 0.06
Read and write 42 (27.4) 74 (32) 116 (30.2)
Primary school 14 (9.1) 29 (12.5) 43 (112)
Secondary school 13 (8.5) 12 (5.2) 25 (6.5)
College and above 7 (4.6) 12 (5.2) 19 (4.9)
Marital status Married 128 (83.7) 189 (81.8) 317 (82.6) 0.2
Single 18 (11.7) 28 (12.1) 46 (12)
Divorced 5(3.3) 10 (4.3) 15 (3.9)
Widowed 2(1.3) 4(17) 6(1.5)
Occupation Farmer 93 (60.8) 128 (55.4) 221 (57.6)
Merchant 29 (18.9) 53 (22.9) 62 (16)
Housewife 12 (7.8) 24 (10.4) 36 (9.4) 0.04
Employee 12 (7.8) 16 (6.9) 28 (7.3)
Student 7 (4.6) 10 (4.3) 17 (4.4)
Smoking habit Smoker 7 (4.6) 5(22) 12 (4.4) 0.6
Non-smoker ‘ 146 (95.4) | 226 (97.8) 372 (95.6)
Alcohol use Ever used 23 (15) 22 (9.5) 45 (11.7) 0.06
Not used 130 (85) 209 (90.5) 339 (88.3)

Total 153 (39.8) 231 (60.2) 384 (100)
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Metacanalysis of 0
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Type of Probiotics or Synbiotics

Probitics: VSLeS® Capsale

Syabioics: Sybit 2000 FORTE®

Syabiotcs: Bifdobacterium breve sesin
Yakalh Lactobacils cuseistcin it
and gisctoaligosccharides

Probitics Lactobacillus plantarom,
Lactobacilus rhammosusscin GG

cl

ical Findings

No significant dflcence in prevance of VAP and ventltor-
free days et probioic nd non-probiotc groups. Statstical
difirence in mictobiome composiion beween proiotc and
non-proiotc groups,incuding the presence of Lactobacils
pracas, Lactobacllus rhamnosus,and
Streptococeusthermophilus
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(A) Microbial signatures in ITP

Feature Healthy gut microbiota ITP-associated microbiota
Microbial diversity High microbial diversity, balanced ecosystem Reduced microbial diversity, dysbiosis

. . . . . . Increased enterobacteriaceae, reduced
Dominant bacterial taxa Firmicutes and Bacteroides support immunity . .

firmicutes and Bacteroides
Pathogenic bacteria Low levels of enterobacteriaceae and prevotella Increased enterobacteriaceae and Prevotella
SORA-profuding bagteria High B.»iﬁdoba.tcterium, Lactobacillus, Pecreased. SCFA producers, leading to
Faecalibacterium inflammation
5 : : High Enterobacteri , Prevotell
Inflammatory bacterial taxa Low abundance of pro-inflammatory bacteria (,[}E | /TE 1871.‘;(::;::;2;; 16, SIEHOIEEa
Gut barrier integrity Strong tight junctions, reduced permeability Weakened barrier, increased permeability
Impact on immune system Balanced immune response, active Tregs Increased Th1/Th17 activation, reduced Tregs
Cytokine profile Normal IL-10, TGF-B (immune regulation) High IL-6, TNF-q, IL-17 (inflammation)
Association with platelet : Possible role in platelet destruction, ITP
. Stable platelet homeostasis .

regulation progression
Diagnostic approach Benefits Challenges and limitations

Identifies specific microbial signatures;

Metagenomic sequencing high-resolution analysis

Costly, requires advanced bioinformatics

168 rRNA sequencing Raplfi microbial composition analysis; Lower rc?solutlon than whole-genome
relatively cost-effective sequencing
Microbiota biomarker panels Potential for early detection and prognosis Need for standardization and validation

Combines microbiota data with
metabolomics and proteomics
Personalized risk assessment, predictive Requires extensive training data and

Multi-omics integration Complex analysis; requires large datasets

Microbiota analysis (predictive modeling)

modeling validation
(C) Clinical applications and future perspectives
Component Description Clinical Relevance
Predictive models Uses microbiota biomarkers to detect early ITP-related microbial Helps in early diagnosis and risk
changes assessment

Personalized Tailors interventions like probiotics, diet, and immunotherapy based Improves treatment precision and
treatment strategies  on microbiota profiling reduces side effects

Longitudinal Tracks microbiota changes over time to evaluate disease progression Aids in adaptive disease management

monitoring and therapy response and treatment refinement
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Therapeutic

Mechanism of Action Current Evidence Challenges & Limitations
Approach
Fecal Microbiota Restores microbial diversity, promotes Small studies suggest platelet improvement Donor variability, safety concerns,
Transplantation (FMT) immune tolerance in ITP regulatory issues
— Enhances Treg activity, reduces Effective in other autoimmune diseases; Strain specificity,
e inflammatory cytokines underexplored in ITP inconsistent responses

Supports beneficial bacterial growth, increases Some evidence in metabolic disorders

Prebioti Need for targeted prebiotics in ITP
reblotics SCFA production and autoimmunity eec for targeted prebiotics in
Directl dulates i Butyrate she ise i
SCFA Supplementation .lrec xmo o es.u'nmune responses = yrva 5 S i prorvmse 10 Bioavailability and dosing challenges
via gut-immune axis reducing inflammation
Regulates T-cell differentiation and Early-stage research in gut- Requires further validation in

Bile Acid Modulation s p 2 g o
inflammatory pathways immune interactions hematologic diseases
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Benefits Challenges & limitations

Metagenomic Sequencing Identifies specific microbial signatures, high-resolution analysis = Costly, requires specialized bioinformatics
16S rRNA Sequencing Rapid microbial composition analysis, relatively cost-effective Lower resolution than whole-genome sequencing
Microbiota Biomarker Panels Potential for early detection and prognosis Need for standardization and validation

Microbiota Analysis Personalized risk assessment, predictive modeling Requires extensive training data and validation
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Parameter (U/L) H. pylori- mean levels H. pylori +, Reference range

mean levels

ALT (U/L) 35 40 0-30 0.01
AST (U/L) 42 56 0-37 0.002
ALP (U/L) 104 120 40-106 0.146
ALB (g/dl) 37 38 34-5.4 0.93
TP (g/dl) 71 72 6-83 028
BILT (mg/dl) 12 12 0.1-12 0.99
TChol (mg/dl) 130 140 <200 0.04
TG (mg/dl) 92 97 <150 0.06
Total, N 231 (60.2) 153 (39.8) 384 (100)

N, Number at each group; ALT, Alanine transaminase; AST, Aspartate transaminase; ALP, Alkaline phosphatase; ALB, Albumin; TP, Total protein; BILT, Total bilirubin; TChol, Total
Cholesterol; TG, Triglycerides. U/L, Unit per liters.
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aracteristics

Total, n (%)

Ascites Yes 81 (44.8) 100 (55.2) 181 (47.1) 0.64
No 72 (35.5) 131 (64.5) 203 (52.9)

Portal hypertension Yes 77 (47.8) 84 (52.2) 161 (42.9) 0.007
No 76 (34.1) 147 (65.9) 223 (57.1)

Hepatic decompensation Yes 14 (58.3) 10 (41.7) 24 (6.2) 0.056
No 139 (38.6) 221 (61.4) 360 (93.8)

Variceal bleeding Yes 37 (60.7) 24 (39.3) 61 (15.9) <0.001
No 116 (38.7) 207 (61.3) 323 (84.1)

HCC Yes 23 (57.5) 17 (42.5) 40 (10.4) 0.01
No 130 (37.8) 214 (62.2) 344 (89.6)

Treatment status Naive 39 (36.8) 67 (63.2) 106 (27.6) 0.45

for HBV
TDF experienced 114 (41) 164 (59) 278 (72.4)

Traditional medicine of HBV Ever used 36 (43.4) 47 (56.6) 83 (21.6) 0.46
Not used 117 (38.9) 184 (61.1) 301 (78.4)

Total, N 153 (39.8) 231 (60.2) 384 (100)

N, Number at each group; n, Number; %, Percentage; TDF, Tenofovir Disoproxil Fumarate; HCC, Hepatocellular Carcinoma; HBV, Hepatitis B virus.
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Mechan

SCFA Production &
Treg Modulation

Faecalibacterium prausnitzii produces butyrate, which promotes regulatory T cell (Treg) differentiation while
enhancing CD8+ T cell activation in the tumor microenvironment. This reduces inflammation and boosts anti-
tumor immunity.

Key References

(151)

Increased Antigen
Presentation

PD-1/PD-L1
Pathway Modulation

Firmicutes enhance dendritic cell maturation and MHC class I expression, improving tumor antigen presentation
and activation of cytotoxic T cells.

Higher levels of Firmicutes correlate with increased CD8+ T cell infiltration, enhancing PD-1 blockade efficacy.

(152)

®)

Gut Barrier Integrity &
Systemic Immunity

Firmicutes upregulate tight junction proteins (e.g., occludin, ZO-1), preventing microbial translocation and systemic
inflammation, which could otherwise suppress anti-tumor responses.

(153)
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Cancer diagnoses Cancer management Challenges

Immunotherapy Individual variations in
microbial composition

Stool-based microbiome analysis

Y
@ Machine learning models

Chemotherapy Lack of standardized procedures

Radiotherapy Lack of reliable biomarkers
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Mechanism

Benefits

SCFAs

Produced when the gut bacteria ferments dietary fibers
Preserves the gut barrier

Activates T cells

Suppresses pro-inflammatory cytokines like TNF-o..

Boosts immunological and metabolic function
Decreases chronic inflammation
Improves gut health.

Indole der

atives and tryptophan metabolism

Activates AhR
Stimulates Tregs
Help gut bacteria convert tryptophan into indole derivatives.

Regulates inflammation
Maintains immunological balance
Strengthen the gut barrier

Boosts mucosal immunity
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Cancer

Autoimmune
Diseases

Metabolic and
Chronic
Diseases

Infectious
Diseases

Allergic
Disorders

eature

Tumors create immunosuppressive microenvironments, evading immune
detection through reduced antigen presentation or inhibitory molecules like
PD-L1.

The immune system attacks self-cells and damages organs.
Resulting from genetic, environmental, and regulatory disturbances.
Central and peripheral tolerance inhibit self-reactivity.

Linked with immunological disorders.
Diabetes: High blood sugar affects neutrophil activity and T cell responses,
increasing the infection risk.
Obesity causes low-grade inflammation from higher pro-inflammatory
cytokines (IL-6, TNF-0.).

Pro-inflammatory cytokines (IL-6, TNF-a1) are released by neutrophils and
macrophages in response to bacterial infections.
Interferons and cytotoxic reactions are brought on by viral infections.
Immune exhaustion is brought on by persistent illnesses, such as HIV.

Excessive response of the immune system to harmless stimuli (like pollen)-
Inflammation caused by mast cell histamine release.
Exhibiting a TH2-skewed immunological response.

Immune mechani

Tumors restrict T cell activation, whereas
immune evasion limits identification
and eradication.

Tolerance breakdown activates autoreactive cells.
Pro-inflammatory cytokines contribute to
inflammation. Cytokine treatments
show potential.

Systemic inflammation speeds up the course of
illness; obesity-related impaired cytokine control
results in compromised immune function.

T cells and antibodies can be used to activate
adaptive immunity against bacterial infections.
Parasites: TH1, TH2, and TH17 pathways - Viral
infections: cytotoxic cell activation and
interferon production.

IgE-mediated mast cell activation.
Eosinophilic inflammation and imbalanced TH2
responses are features of chronic allergy-
related conditions.

References

(110)

111)

(112, 113)

(34, 114)

(114)
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Probiotic

Lactobacillus rhamnosus GG

Bifidobacterium breve

Saccharomyces boulardii

Lactobacillus acidophilus &
Bifidobacterium bifidum

Streptococcus thermophilus

VSL#3

Escherichia coli Nissle 1917

Lactobacillus reuteri

Bacillus coagulans

Clostridium butyricum

Composition

Single strain probiotic

Single strain probiotic

Yeast probiotic

Multi-strain probiotic

Single strain probiotic

Multi-strain probiotic
blend (8 bacterial strains)

Single strain probiotic

Single strain probiotic

Spore-forming probiotic

Butyrate-
producing probiotic

Duration of
Therapy

4-8 weeks

6-12 weeks

4-6 weeks

8-12 weeks

6-10 weeks

12+ weeks

6-12 weeks

4-6 weeks

6-8 weeks

8-12 weeks

Target Diseases

Inflammatory Bowel Disease
(IBD), Diarrhea, Allergies

Necrotizing Enterocolitis (NEC),
Infant Colic

Antibiotic-associated diarrhea,
Clostridioides difficile infection

Irritable Bowel Syndrome (IBS),
Atopic Dermatitis

Lactose Intolerance,
Immune modulation

Ulcerative Colitis, Pouchitis

Ulcerative Colitis, Irritable
Bowel Syndrome

Infant Colic, H. pylori Infection

Rheumatoid Arthritis,
Gastrointestinal Infections

Inflammatory Bowel Disease,
Metabolic Disorders

Efficacy

Reduces gut inflammation,
strengthens mucosal immunity

Enhances gut barrier function,
reduces colic symptoms

Reduces diarrhea incidence,
restores gut flora balance

Alleviates bloating, improves gut
microbiota composition

Enhances lactose digestion,
boosts gut immunity

Reduces inflammation, supports
remission maintenance

Supports gut homeostasis,
reduces inflammation

Reduces colic symptoms,
inhibits pathogen growth

Reduces inflammation, enhances
immune response

Improves gut barrier integrity,
modulates immune function

Reference

(116)

[¢)]

(117)

(118)

(119)

(120)

(49)

(121)

(122)

(123)
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Mechanism of Duration of

Prebioti ; Target Di
ebiotic o Therapy arget Diseases

Inulin Chicory roo.t, ;t:;‘ﬁn;:ft:::erium 8-12 weeks Atopic De:m?aliﬁs, Re.ducevs allergic syr'n.ptoms and enhances gut

bananas, onions Gut Dysbiosis microbiota composition (49)
growth

Olgofructose Wheat, Modulates Th2/ etbrely Allergic Rhinitis, Reduces IgE-mediated responses and
garlic, asparagus Treg balance Asthma inflammation (121)

Calacto: Dairy products, Promotes beneficial Infant Gut Health Enh: ¢ barrier integrity and i

cligosaccharides airy products, romotes beneficia a8 edls infant Gut Health, nhances gut barrier int egrity and immune
legumes gut bacteria Immune Support function (126)

(GOS)

oot Stk Whole grains, Increase.s SCFA i Type»Z Diabetes, .Enha.nces bt.lt}lr.ate production and improves
potatoes production Obesity insulin sensitivity (127)

Arabinosylan Whole wheat, Snp?orts Bacteroides 8-12 weeks G‘,“ Health, Metabolic ?mproves 1:'nicrobial diversity and reduces
rice bran species Disorders inflammation (128)
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Dietary Components and Immune Health

i l l

Macronutrients Micronutrients - Combined Benefits
e Dietary fibres e Vitamin D
1. Enhances overall
SCFA production 1. Strengthens immunity
antimicrobial
1. Decreases defenses
Y e e 2. Regulates innate 2. Improves gut health
2. Reinforces gut barrier and adiDTWE
3. T-cell formation immunity )
3 Stimulates 3. Can treat:
peptides
e Polyphenols -Immune-related illness
Act as Prebiotics e Zinc -Infections

) -Inflammatory diseases
1. Found in fruits,

vegetables and tea 1. Supports T and Nk
2. Antioxidant cell activation
3. Promotes the growth 2 Preserves

of Bifidobacterium and epithelial barriers

Lactobacillus

e Omega-3 Fatty
Acids

1. Reduces inflammation
2. Regulates immune cell
activity
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Technological

Description

Key Insights

Strengths

Limitations

References

Approach

Metagenomics

Metabolomics

Transcriptomics

Single-Cell
RNA Sequencing

Spatial

Transcriptomics

Machine
Learning (ML)

Reinforcement
Learning (AI)

Sequencing microbial
genomes to assess
functional potential.

Analyzing microbial
metabolites and linking them
to host immune pathways.

Captures changes in host
gene expression during
microbial interactions.

High-resolution analysis of
immune cell subsets

and responses.

Maps immune and microbial
interactions within
intact tissues.

Al algorithms for integrating
complex datasets and
predicting patterns in

immune responses.

Optimizes synthetic
microbiota for desired
immunological effects.

Revealed SCFA production
(e.g., butyrate) crucial for Treg
differentiation and
epithelial integrity.

Identified metabolites (e.g.,
indoles) activating AhR to
modulate inflammation.

Elucidated TLR-mediated
pathways involved in gut
immune regulation.

Identified distinct immune cell
plasticity in conditions
like IBD.

Revealed disrupted cytokine
gradients in IBD tissue regions
with microbial dysbiosis.

Identified microbiome-based
biomarkers and predicted
immune-modulating
microbial metabolites.

Designed microbial consortia
for anti-inflammatory responses
and precision therapies.

Provides a broad view of
microbial community
composition and function.

Directly connects
microbiome function to
immune responses.

Provides dynamic insights
into host-
microbe signaling.

Offers unparalleled
resolution of immune
cell heterogeneity.

Retains spatial context,
enabling localized analysis
of host-
microbe interactions.

Enables large-scale data
integration, biomarker
discovery, and
therapeutic design.

Supports personalized
medicine through
patient stratification.

Limited strain-level
resolution due to reliance
on reference databases.

Attribution of metabolites
to specific taxa
remains challenging.

Limited temporal
resolution without
longitudinal studies.

Loses spatial context of
immune interactions
within tissues.

Resolution remains
suboptimal, and data
integration is
computationally
demanding.

Often functions as a “black

box,” with limited
biological explainability.

Requires extensive
preclinical and clinical
validation to
ensure efficacy.

(24, 25)

(26)

@7)

(28)

(29

(30, 31)

31
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Diagnostic Method Cancer Type Sensitivity Advantages Limitations

& Specificity
Stool Microbiome Analysis Stool Colorectal, High for CRC (290%) Non-invasive, Affected by diet
Pancreatic, Prostate easy collection and lifestyle
Salivary Microbiome Profiling Saliva Pancreatic, Oral, Lung  Moderate Easy to collect, Microbiome varies
low-cost over time
Blood Microbial DNA (cmDNA) Plasma Breast, Lung, Colorectal Emerging Minimally invasive Low microbial

DNA concentration

Bronchoalveolar Lavage BAL Fluid Lung Moderate Direct tumor Invasive procedure required
(BAL) Microbiome site sampling

Urinary Microbiome Analysis Urine Prostate Emerging Non-invasive Requires further validation
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Key Microbial Biomarkers

Role in Carcinogenesis

Detection Method

Colorectal
Cancer

Breast Cancer
Lung Cancer
Pancreatic

Cancer

Prostate Cancer

Fusobacterium nucleatum, Bacteroides fmgilis, Escherichia
coli (pks+)

Lactobacillus, Bifidobacterium, Escherichia coli,
Staphylococcus aureus
Streptococcus, Veillonella, Prevotella

Porphyromonas gingivalis, Fusobacterium nucleatum

Bacteroides, Clostridium, Lactobacillus

Promotes inflammation, immune evasion, and
DNA damage

Alters estrogen metabolism and
immune modulation

Affects immune surveillance and inflammation

Induces chronic inflammation and
immune suppression

Influences androgen metabolism and
immune modulation

Stool microbiome analysis,
liquid biopsy

Nipple aspirate fluid,
blood microbiome

Bronchoalveolar lavage,
sputum analysis

Salivary microbiome,
stool analysis

Urine microbiome, stool analysis
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Cancer

Type

Colorectal
Cancer

Breast Cancer

Microbiome-Related Strategies

« Antibiotic targeting of Fusobacterium nucleatum
« Prebiotics/Probiotics to enhance chemotherapy
o FMT for immunotherapy improvement

« Stool-based microbiota screening

« Estrobolome-targeting probiotics to optimize endocrine
therapy
« Gut microbiota modulation for reducing chemotherapy
toxicity

« Liquid biopsy for microbial DNA analysis

Lung Cancer

o Akkermansia muciniphila-driven immunotherapy
enhancement

« Selective antibiotic use to prevent ICI resistance

« Microbial profiling in BAL fluid for early detection

Pancreatic
Cancer

Prostate
Cancer

« Antibiotic targeting of Gammaproteobacteria to improve
gemcitabine response

« Salivary microbiota biomarkers for early diagnosis

« EMT for gut microbiota restoration

« Gut microbiome modulation for androgen deprivation
therapy

« Urinary microbiota analysis for non-invasive screening
« High-fiber diets and probiotics for treatment support
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Cancer  Microbiome- Mechanism Expected

Type Based Strategy of Action Benefit
Colorectal Antibiotics targeting Reducing tumor- | Enhancing
Cancer Fusobacterium promoting chemotherapy

nucleatum bacteria response
Breast Probiotics for Regulating Improving
Cancer estrobolome estrogen hormone
modulation metabolism therapy efficacy
Lung Akkermansia Boosting Enhancing
Cancer muciniphila immune ICI effectiveness
enhancement via diet response
Pancreatic Targeting Reducing Enhancing
Cancer Gammaproteobacteria | drug inactivation ~ gemcitabine
to response
improve
chemotherapy
Prostate High-fiber diet Modulating Improving
Cancer and probiotics androgen androgen
metabolism deprivation
therapy outcomes
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Therapy Microbiome Example Potential
Type Influence Microbes Applications

Chemotherapy Affects drug Fusobacterium Enhancing drug
metabolism nucleatum, response,
and resistance Enterococcus reducing toxicity

hirae

Immunotherapy =~ Modulates Akkermansia Predicting
immune muciniphila, response to
checkpoint Bifidobacterium immune
responses checkpoint

inhibitors (ICIs)

Radiotherapy Alters Faecalibacterium ~ Reducing
inflammation and  prausnitzii, radiation-
tissue repair Bacteroidetes induced toxicity

Hormonal Impacts androgen Lactobacillus, Enhancing

Therapy and Clostridium hormone
estrogen therapy efficacy
metabolism

FMT Restores Diverse Improving
beneficial gut microbiota immunotherapy
microbiota and

chemotherapy

outcomes
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Drug-resistant bacteria

Gut microbiota/
metabolites

Action mechanism

Major findings

References

E. faecium

E.coli Nissle 1917

Clostridium bolteae, Blautia
producta (BPscs), Bacteroides
sartorii and

Parabacteroides distasonis

Two Lactobacillus strains (Y74
and HT121)

Antimicrobial peptides

Antimicrobial peptides

Niche exclusion, antimicrobial peptides

«E.coli Nissle 1917
expression Bacteroidetocin
A (#22) effectively inhibited
Enterococcus faecalis
ATCC 19433.

«1BPScsk lantibiotic
eInhibited VRE in vitro
«Without disturb the
gut microbiota

«Defense-related genes
(defensin o, Apoal, and
Reglll)

(69)

(125)

(126)

S. aureus

K. pneumonia

A. baumannii

P. aeruginosa

Bacteroides

Staphylococcus lugdunensis

NaB

Clostridium scindens

Deoxycholic acid (DCA)

Lactomodulin

K. oxytoca strain MKO1

F18-mix

Normal microbiota

high-fiber (HF)
dietary carbohydrates

Secondary bile acids

Taurine

Lactobacillus

Bifidobacterium breve strain
Yakult (BbY)

Normal microbiota

Marine prebiotic fucoidans

L. plantarum spp

Normal microbiota

Inhibitory metabolites

Nutritional competition

Inhibitory metabolites

Immune Modulation,
Inhibitory metabolites

Inhibitory metabolites

Antimicrobial peptides

Nutritional competition

Nutritional competition

Inhibitory metabolites

Nutritional competition

Inhibitory metabolites

Inhibitory metabolites

Niche exclusion

Mucosal barrier

Immune Modulation

CDI

CDI

Inhibitory metabolites

Restore the diversity of
gut microbiota

«Tbutyric acid
+gut microbiota changes

«Staphylococcus ludunensis
exploits S. aureus-secreted
iron carriers, depriving S.
aureus of iron and
inhibiting its growth

«linflammatory cell
infiltration, airway wall cell
hyperplasia, and alveolar
thickening

«|IL-1B, TNF-qat, IL-6
fArg-1

erestore the imbalanced gut
microbiota

«to-diversity and B-
diversity

einhibit the phosphorylation
of STAT1 in MH-S cells
epromote macrophage
polarization toward

M2 phenotype

«enhance epithelial barrier
integrity

esuppress S. aureus
enterotoxin production

«| TNF-0,, IL-1B, IL-6, MPO
«|mammary damage,
inflammatory parameters
#1Z0-1, Occludin, Claudin-
3
«TGR5-cAMP-PKA-NF-xB/
NLRP3 pathways

«|lactomodulin toxicity
«JIL-6, IL-1B, TNF-0t

«They share similar spatial
niches and are therefore
likely to compete for
nutrients.
«beta-glycosides

« CasA enables K. oxytoca
to outcompete K.
pneumoniae for beta-
glucosides in vivo.

+microbial diversity
«Gnt-k-dependent gluconic
acid metabolism is involved
in regulation.

«lgluconate

«|PH, intracellular
acidification
+Tacetate, propionate
and butyrate

«Tmicrobiome diversity
«ILactobacillus johnsonii,
Bifidobacterium

pseudolongum and
Lachnoclostridium

«|Inflammation score

«Binge-on-chronic alcohol
consumption altered the
intestinal microbiota
+Binge-on-chronic alcohol
consumption altered the
fecal metabolic profile
«Secondary bile acids
inhibited K. pneumoniae
growth

sLithocholic acid inhibited
the adhesion of K.
pneumoniae to Caco-2 cells

eremodel the microbiota
«To-diversity, B-diversity
o1 Deltaproteobacteria
+Tbile acid-directed activity
«Taurine-derived sulfide
inhibits

pathogen respiration

«|PH

«Lactulose/isomalto-
oligosaccharide/inulin and
fructo-oligosaccharide can
enhance the inhibitory effect
of Lactobacillus strains
against KPCO01

«|weight loss and mortality
«Tacetic acid

«|PH

«lendotoxin levels
+tclaudin-1, occludin, and
Z0-1

eremodel the microbiota

«improved metabolism and
function

«] TNF-a, IFN-y, IL-6, IL-2,
IL-17

«1Foxp3, IL-10, TGFP1
erestore Treg/Th17

cell balance

stwo-partner secretion
(TPS) family proteins
(TpsA1/CdiA2 and TpsA2/
CdiAl)

«1Bacteroides,
Enterobacteriaceae

and Enterococcaceae

ereduce biofilm formation
by pathogenic bacteria
«disrupt preformed biofilms

«|Disease score, lung injury
«1Percent survival, cDC1,
cDC2

ot Muribaculaceae, 0~
diversity, B-diversity
«1SCFAs (acetate, butyrate
and propionate)

(127)

(128)

(129)

(130)

(131)

(132)

(27)

(19)

(77)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(95)

C. difficile

B.thetaiotaomicron,
B.vulgatus, P.copri

Akkermansia muciniphila Muc,
Ruthenibacterium
lactatiformans 585-1, Alistipes
timonensis JC136,
Muribaculum intestinale YL27,
and Bacteroides sp. FP24

C. difficile strain 630

Bifidobacterium
pseudocatenulatum INIA P815,
Enterococcus faecium FUA027,
and Streptococcus

thermophilus FUA329

Phascolarctobacterium

Butyrate

Key butyrate-producing
Firmicutes bacteria

Ursodeoxycholic Acid (UDCA)

Bifidobacteria

Clostridium butyricum

Inhibitory metabolites-succinate

Nutritional competition

Niche exclusion

Antimicrobial peptides

Nutritional competition,
Immune Modulation

Inhibitory metabolites-succinate

Inhibitory metabolites

Inhibitory metabolites

Niche exclusion

Inhibitory metabolites, Immune
Modulation, Mucosal barrier

SUCNRI activation by
succinic acid triggers cluster
cell proliferation and IL-25
release.

o11L-25, IL-13

«Type 2 immune response
activation enhances the
repair and barrier function
of the intestinal epithelium

«/mucosal sugar (NeuAc
and GlcNAc)

«1Acetic Acid, Propanoic
Acid

«|PH

«Non-pathogenic C. difficile
strains inhibit the
germination of pathogenic
C. difficile spores by
competing with the
cogermination factor glycine
rather than with nutritional
competition

«|glycine

«UroA

| IL-1B, IL-6, TNF-0.
#1Z0-1, Occludin,
Claudin-4

«|succinate
«11L-22
«Thost N-glycosylation

«Inulin, maltodextrin, and
xanthan gum are purified
MAGs that consistently
suppress CDI

«C. difficile fitness is most
consistently impacted by
butyrate, rather than the
other two prominent SCFAs
(acetate and propionate)

«Depletion of Firmicutes
butyricogenes reduced gut
microbiota diversity

+|Spore germination and
outgrowth, growth, and
toxin activity

eFecal bile acid metabolome
changed significantly
«Minimal change to the
microbiota

«JIL-1 R1, TLR
«FXR/FGF15 pathway

«|TedA, TedB

«|PH

«|1L-6, IL-17, IEN-y, TNF-ot
1L-10

«|succinate
«J TNF-0.

)

(21)

(25)

(105)

(141)

(142)

(143)

(144)

(145)

(146)

Enterobacter spp.

Lactiplantibacillus plantarum
NWAFU-BIO-BS29

Normal microbiota

Normal microbiota

Butyrate-producing bacteria

Butyricicoccus,
Faecalibacterium,

Ruminococcus, Collinsella,
and Coriobacterium

A mixture of formate, acetate,
propionate, butyrate, valerate,
isobutyrate, isovalerate, lactate,
5-aminovalerate and ethanol

Supernatants of B.
thetaiotaomicron and
B. adolescentis

Antimicrobial peptides, Mucosal barrier

Inhibitory metabolites

Inhibitory metabolites,

Immune Modulation

Inhibitory metabolites

Inhibitory metabolites

Inhibitory metabolites

Inhibitory metabolites

#1IL-17A, CD4+
« enhance the gut epithelial
barrier function

«1Plantaricin Bio-LP1
«|TNF-0,, IL-6 and IL-B
«TLR4 signaling-pathway
eIncreased the relative
abundance of beneficial-
intestinal-bacteria
«Improve the intestinal
mucosal barrier

«1SCFAs

«Tacetate, propionate,
butyrate

«|PH, intracellular
acidification

«Juse of 02 or NO3

«1l-tryptophan, butyrate,
TMA, 3,4-TMAB, 4-TMAP,
UDCA, GCA and benzoate
« Microbiome metabolites as
cytotoxic stressors, inducers
of apoptosis and inhibitors
of mitochondrial function

«Tweight, prolonged survival
«1SCFAs (acetate, butyrate
and propionate)

«Delayed colonization in
SPF-R mice is most
prominent in the cecum
«fo-diversity

+SCFA producing bacteria
within the Firmicutes
phylum were

significantly elevated

«TUDCA

«] TGR5-NF-KB axis
+1SCFAs (acetate)
simprove intestinal
homeostasis

«}IL-6, TNF-0, IL-1B
oIL-10
+Jtight-junction-related
protein, occludin

«|PH

«Antibiotic-reduced
metabolites (acetate,
propionate, butyrate,
valerate) inhibit
carbapenem-resistant E. coli

«1SCFAs (acetate, butyrate
and propionate)

«All bacterial strains were
maximally inhibited at
pH 575

(74)

77)

(83)

(89)

(147)

(148)

3,4-TMAB, 3-methyl-4-(trimethylammonio)butanoate; 4-TMAP, 4-(trimethylammonio)pentanoate; Arg-1, arginase-1; cAMP, cyclic adenosine monophosphate; CD, cluster of differentiation;
¢DC, conventional dendritic cells; CDI, contact-dependent inhibition; FGF15, fibroblast growth factor 15; Foxp3, forkhead box protein P3; EXR, farnesoid X receptor; GCA, glycocholic acid;
GIeNAc, N-acetylglucosamine; Gnt-k, gluconate kinase; IFN, interferon; IL, interleukin; MACs, microbiota-accessible carbohydrates; MPO, myeloperoxidase; NaB, sodium butyrate; NeuAc, N-
Acetylneuraminic Acid; NE-kB, nuclear factor kappa-B; NLRP3, NOD-like receptor thermal protein domain associated protein 3; PH, potential of hydrogen; PKA, protein kinase A; Reg,
regenerating family member; SCFAs, short-chain fatty acid; SPF, specific pathogen-free; STAT1, signal transducer and activator of transcription 1; SUCNRI, succinate receptor 1 Curated; Tcd,
toxin C. difficile; TGF, transforming growth factor; TGRS, takeda G-protein-coupled receptor 5; Th, T helper cell; TLR, Toll-like receptors; TMA, trimethylamine; TNF, tumor necrosis factor;
Treg, regulatory T cell; UDCA, ursodeoxycholic acid; UroA, urolithin A; ZO-1, zonula occludens-1.

1: downregulation; : upregulation.
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Therapies Pathogenic Action mechanism Major findings References

bacteria
Probiotics E.coli Nissle 1917 Enterococcus faecalis Antimicrobial peptides « 1 Bacteroidetocin A (#22), (69)
ATCC 19433 Actifencin (#13)

« | Bacteroides, Lactobacillus
+ IMicrobial diversity

E.coli Nissle 1917 Enterobacteriaceae Antimicrobial peptides « 1EcN’s microcins (mecmA, (70)
mchB)
« The absence of mecmA, mchB
resulted in significant changes in
the intestinal microbial
community structure

Ligilactobacillus Enteritidis (SE), Antimicrobial peptides « tlactic acid (73)
salivarius 7247 Typhimurium (ST) « Lactic acid produced by the

187247 strain increases the

permeability of Salmonella strains’

outer membrane.

« 1Enterolysin A,

Metalloendopeptidase

« tlantibiotic nisin S, bacteriocin

(class IIb)

« ATP Leakage

Akkermansia Citrobacter rodentium Mucosal barrier « A. muciniphila confers infection (102)
muciniphila resistance under fiber-rich

conditions and in the absence of

other mucin degraders

« A. muciniphila prevents

pathogen invasion by renewing

the mucous layer and enhancing

tight junction protein expression

Bifidobacterial C. difficile Niche exclusion « |TcdA,TcdB (145)
« |PH
« JIL-6, IL-17, IFN-y, TNF-0.
« 1IL-10
Clostridium butyricum C. difficile Inhibitory metabolites, « lsuccinate (146)
Immune Modulation, « |TNF-o
Mucosal barrier « 1IL-17A, CD4+

« enhanced the gut epithelial
barrier function

L. plantarum spp MDR Pseudomonas Contact-dependent « reduce biofilm formation by (140)
aeruginosa, Staphylococcus  inhibition(CDI) pathogenic bacteria
aureus and Escherichia coli « disrupt preformed biofilms
Prebiotics Marine Pseudomonas aeruginosa Contact-dependent « two-partner secretion (TPS) (139)
prebiotic fucoidans inhibition (CDI) family proteins (TpsA1/CdiA2
and TpsA2/CdiAl)

« 1Bacteroides, Enterobacteriaceae
and Enterococcaceae

Chitooligosaccharides | Pathogenic Klebsiella Inhibitory metabolites « facetic acid (209)
« |propionic, butyric acids
« |total bacterial population
« It did not affect diversity and
richness of the gut microbiota.
« 1Bacteroidetes
« | Proteobacteria, Actinobacteria,
Firmicutes/Bacteroidetes

Green banana flour / / « 1Coriobacteriaceae_UCG-002, (210)
Turicibacter, Parasutterella,
Gastranaerophilales_ge, and
RF39_ge
« amino acid biosynthesis and
secondary metabolite biosynthesis

Galacto- E. coli 0157 Mucosal barrier o |IL-6, IL-1B, TNF-ot (211)

Oligosaccharide « TMUC2, ZO1, Claudin and
Occludin
« 1SCFAs
+ 1 Microbial diversity
Synbiotics Bifidobacterium breve Multidrug-Resistant Mucosal barrier « |weight loss and mortality (137)
strain Yakult (BbY), Acinetobacter baumannii « Tacetic acid
galactooligosaccharides « |PH
(GOS) « Jendotoxin levels

« tclaudin-1, occludin, and ZO-1

Lactobacillus with K. pneumoniae Niche exclusion « |PH (136)
lactulose/isomalto- « Lactulose/isomalto-
oligosaccharide/inulin oligosaccharide/inulin and fructo-

and oligosaccharide can enhance the
fructo-oligosaccharide inhibitory effect of Lactobacillus

strains against KPCO01

Postbiotics Lactomodulin MRSA,VRE Antimicrobial peptides « lactomodulin toxicity is minimal = (132)
« |IL-6, IL-1B, TNF-at

Butyrate S. aureus Inhibitory metabolites « lungs displayed inflammatory  (129)
cell infiltration, airway wall cell
hyperplasia, and alveolar
thickening
« JIL-1B, TNF-0, IL-6
« 1Arg-1
« restored the imbalanced gut
microbiota
« to-diversity and B-diversity
« inhibit the phosphorylation of
STATI1 in MH-S cells
« promote macrophage
polarization toward

M2 phenotype
Deoxycholic S. aureus Inhibitory metabolites « |TNF-0, IL-1B, IL-6, MPO (131)
acid (DCA) « |mammary damage,

inflammatory parameters

« 1Z0-1, Occludin, Claudin-3
« TGR5-cAMP-PKA-NF-kB/
NLRP3 pathways

Lactomodulin S. aureus Antimicrobial peptides « lactomodulin toxicity is minimal = (132)
o |IL-6, IL-1B, TNF-o

Secondary bile acids K. preumonia Inhibitory metabolites « Binge-on-chronic alcohol (134)
consumption altered the intestinal
microbiota.

+ Binge-on-chronic alcohol
consumption altered the fecal
metabolic profile.

« Secondary bile acids inhibited K.
pneumoniae growth

« Lithocholic acid inhibited the
adhesion of K. pneumoniae to
Caco-2 cells

Taurine K. pneumonia Inhibitory metabolites « remodel the microbiota (135)
« talpha diversity, beta diversity
« 1Deltaproteobacteria
« 1bile acid-di
« Taurine-derived sulfide inhibits
pathogen respiration.

rected activity

Arg-1, arginase-1; ATP, Adenosine triphosphate; cAMP, Cyclic adenosine monophosphate; CD, Cluster of Differentiation; EcN, Escherichia coli Nissle; IEN, interferon; IL, interleukin; mem,
microcin M; MPO, Myeloperoxidase; MUC, Mucin; NE-kB, nuclear factor kappa-B; NLRP3, NOD-like receptor thermal protein domain associated protein 3; PH, Potential of hydrogen; PKA,
protein kinase A; SCFAs, Short-chain fatty acid; STAT1, signal transducer and activator of transcription 1; Tcd, Toxin; TGRS, Takeda G-protein-coupled receptor 5; TNF, tumor necrosis factor;
Z0-1, Zonula occludens-1.

|: downregulation; 1: upregulation.
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Strains CDI

Firmicutes LXG «LXG toxins in (52)
polymorphic | Streptococcus intermedius
toxin inhibit Firmicutes via cell

contact and Esx secretion

Group B T7SSs «GBS secretes LXG toxins (53)
Streptococcus via T7SS, killing or
inhibiting neighboring

bacteria by disrupting cell
walls or metabolic
pathways, gaining a
competitive edge in
microbial communities
«GBS encodes an immune
protein that pairs with
LXG toxins, protecting
itself from self-harm

E. coli CdiA-CT «N-terminal “entry” (39)
domains hijack membrane
proteins to facilitate toxin
assembly into the lipid
bilayer.

«CDI ionophores in E. coli
isolates are grouped into
six major classes based on
entry domain structures
eIonophore domains show
significant intra-group
sequence variation,
especially at Cdil
interaction sites

E. coli EC93 CdiA «BamA-CdiA interaction (38)
relies on a few non-

conserved amino acids on

BamA’s extracellular

surface, extending near its

lateral gate

«BamA’s lateral gate can

open without disrupting

CdiA interaction

Acinetobacter | CdiB/CdiA «CdiB transporters adopt a | (40)

baumannii, TpsB fold, with a 16-
Escherichia stranded B-barrel occluded
coli by an N-terminal o-helix

and extracellular loop 6,
which exhibit distinct
conformations

«H1 and the DxxG motif
are present in CdiB/TpsB
transporters but absent in
BamA/TamA proteins

CDJ, Contact-dependent inhibition; LXG,Leu-X-Gly; T7SSs,Type VII secretion system; Tps,
Type Vb secretion system.
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