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Pulmonary fibrosis (PF) is a progressive and life-threatening interstitial lung disease with irreversible lung function loss. The bidirectional interaction between respiratory and gut microbiota mediated by the “lung-gut axis” has emerged as a core regulatory link in PF pathogenesis. This review integrates clinical and preclinical data to systematically clarify the association between microbiota dysbiosis and PF. Clinical evidence shows that PF patients (including idiopathic pulmonary fibrosis, silicosis, and coal workers’ pneumoconiosis) exhibit reduced pulmonary microbiota diversity, increased pro-inflammatory microbial abundance, and altered gut microbiota composition. Preclinical studies using bleomycin or silica-induced PF models confirm consistent microbiota changes and abnormal metabolites. Further, five core pathophysiological mechanisms (immune dysregulation, gut-lung barrier dysfunction, sustained activation of Type 2 epithelial-mesenchymal transition, autophagy modulation, and alveolar epithelial cell apoptosis mediated by microbial peptides) explain how microbiota alterations drive PF progression. Key microbial mediators (e.g., tryptophan metabolites, short-chain fatty acids, lipopolysaccharide, bile acid metabolites) exert bidirectional regulatory effects on PF through synergistic or antagonistic interactions. Additionally, microbiota-targeted strategies such as probiotic/prebiotic intervention, fecal microbiota transplantation, dietary adjustment, and antibiotics have shown experimental anti-fibrotic efficacy. This review highlights the gut microbiota as a potential therapeutic target for PF, while discussing current challenges (e.g., unclear causal relationship, lack of standardized intervention protocols) and future research directions, providing a new framework for PF mechanism research and clinical intervention.
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1 Introduction

Pulmonary fibrosis (PF) is a progressive and life-threatening interstitial lung disease. It represents the end-stage pathological outcome of various lung disorders, progressing from chronic inflammation to fibrosis. In the end, it causes irreversible loss of lung function and death (Nakamura and Aoshiba, 2016). Its core pathogenesis is driven by the proliferation and differentiation of lung fibroblasts into myofibroblasts. This process is triggered by inflammatory and pro-fibrotic factors secreted after lung injury. It enhances the deposition of extracellular matrix (ECM, mainly composed of collagen fibers) and promotes fibrosis (Wynn, 2011). The lung’s main function is gas exchange, but it is also a key organ that contacts the external environment. During respiration, microorganisms from the outside enter the respiratory tract through the mouth, nose, and pharynx. So, the lower respiratory tract, which was long thought to be sterile, actually has a low-biomass and dynamically changing microbial community (Shukla et al., 2017; Budden et al., 2016; Marsland and Gollwitzer, 2014).

The gut microbiota is a complex community of trillions of bacteria in the gastrointestinal tract. It participates in nutrient absorption, energy supply, and immune regulation in the human body. Thus, it is considered a metabolic organ and a core factor that affects human health and disease (Sonnenburg and Bäckhed, 2016; Muramatsu and Winter, 2024). Many studies have confirmed that intestinal dysbiosis damages the intestinal barrier. Bacterial translocation can worsen immune damage in the lungs (Lin et al., 2018). On the other hand, lung bacteria can change the intestinal microecology through blood circulation and immune responses. At the same time, gut microbiota can affect lung immunity by regulating innate and adaptive immunity (Tan et al., 2020). This bidirectional interaction between the respiratory and gut microbiota is mediated by the circulatory and immune systems. It is defined as the “lung-gut axis” (Wang and Zhang, 2025). It is a core regulatory link in the pathogenesis of PF. Gut microbiota are deeply involved in PF progression via three pathways: cross-organ regulation, cascading reactions induced by respiratory microbiota dysbiosis, and viral co-infection-mediated interference with microbiota-host interactions. It also provides a core theoretical basis for regulating PF through gut microbiota intervention (Luo et al., 2025; Shaheen et al., 2025).



2 Evidence for microbiota alterations in PF

Based on the theoretical framework of the “lung-gut axis,” the link between microbiota and PF needs support from both clinical patients and animal models. Clinical data can reflect the actual characteristics of microbiota changes in disease states. Animal models can eliminate complex interfering factors and verify the consistency of microbiota changes. This section integrates the characteristics of lung and gut microbiota changes in PF patients (including subtypes such as Idiopathic Pulmonary Fibrosis [IPF], silicosis, and coal workers’ pneumoconiosis [CWP]). It also combines microbiota data from PF animal models induced by bleomycin (BLM) and silica. It clarifies the universality and correlation of microbiota dysbiosis in PF, and provides empirical evidence for subsequent mechanism research (Figure 1).
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FIGURE 1
 Distribution of different microorganisms. This diagram shows the composition of microbial communities in different parts of the human body (e.g., mouth, gut). Common genera include: oral/upper respiratory tract-related: Moraxella, Haemophilus, Streptococcus, Neisseria, Prevotella, Rothia; gut-related: Lactobacillus, Escherichia coli, Enterococcus, Bacteroidetes, Clostridium, Bifidobacterium; skin/other sites-related: Staphylococcus, Corynebacterium, Propionibacterium.



2.1 Clinical evidence of microbiota alterations

Clinical studies have found significant microbiota changes in PF patients. First, there are changes in pulmonary microbiota: In IPF patients, microbial diversity is significantly reduced. Molyneaux et al. (2014) found that IPF patients had a lower Shannon diversity index and fewer bacterial species than healthy people. Takahashi et al. (2018) further confirmed that patients with rapidly progressive IPF had even lower Shannon and Simpson diversity indices. At the same time, the pulmonary microbial load increases and the community composition changes. These are closely related to disease progression and mortality (O’Dwyer et al., 2019; Hérivaux et al., 2022). For example, Han et al. (2014) linked the enrichment of pulmonary Streptococcus to the deterioration of IPF. Patients with silicosis-induced fibrosis show lung-specific microbiota dysbiosis, and the level of lipopolysaccharide (LPS) in bronchoalveolar lavage fluid (BALF) increases (Jia Q. et al., 2024).

Changes in gut microbiota are also obvious in PF patients: Patients with silicosis-induced fibrosis have characteristic dysbiosis. This includes reduced Operational Taxonomic Units (OTUs) and Shannon diversity index, increased abundance of pro-inflammatory microorganisms (e.g., Proteobacteria +47.2%, Verrucomicrobia +32.8%), and decreased beneficial bacteria (e.g., Firmicutes −38.5%) (Ho and Varga, 2017). CWP patients show changes in gut microbiota β-diversity. Klebsiella and Haemophilus are positively correlated with the decline in lung function and differential metabolites. This supports an “inflammation–metabolism–fibrosis” axis (Yu et al., 2024).



2.2 Animal model evidence of microbiota alterations

Animal models of PF further confirm these microbiota changes. Both pulmonary and gut microbiota show consistent trends. In terms of pulmonary microbiota, BLM-induced PF mice have accelerated and exacerbated fibrosis when exposed to Streptococcus pneumoniae and its toxins (Knippenberg et al., 2015). This is consistent with clinical observations of Streptococcus-related IPF deterioration (Han et al., 2014). Silica-induced mice show lung-specific microbiota dysbiosis. It activates the TLR4/NF-κB pathway through increased BALF LPS to drive inflammation-fibrosis (Jia Q. et al., 2024).

In terms of gut microbiota, BLM and silica-induced PF models have 412 differential genera and 26 abnormal metabolites (Zhou et al., 2019). Protective microorganisms (e.g., AlloPrevotella) decrease to 1/7.3 of normal levels, and pathogenic bacteria (e.g., Parasmallomonas) increase to 9.2 times normal (Zhou et al., 2019). Time-dependent changes are also observed. For example, in a rat PF model, the abundance of Lachnospiraceae_NK4A136_group decreases at 2 and 4 weeks. The abundance of Ruminococcaceae_UCG_005 increases temporarily and then decreases significantly (Shaheen et al., 2025). In addition, the top 10 dominant gut microbiota (e.g., Xylobacteraceae, Lactobacillus) show differences between groups. 4 core genera (including Lachnospiraceae_NK4A136_group and Allobaculum) differ between sham-operated, BLM-induced, and silica-induced mice (p < 0.05). 8 dominant genera (except Lactobacillus and Helicobacter pylori) are more abundant in BLM and silica groups than in the sham-operated group (Gong et al., 2021).




3 Core pathophysiological mechanisms linking microbiota to PF

After clarifying the link between microbiota dysbiosis and PF, the core scientific question turns to “how microbiota drive the progression of PF.” This process is not driven by a single pathway. It is achieved through the coordination of multiple mechanisms such as immune regulation, barrier function, and cell phenotype transformation. Microbiota and their metabolites can gradually promote the transformation of pulmonary inflammation to fibrosis by regulating the balance of immune cells, damaging the integrity of the lung-gut barrier, inducing epithelial-mesenchymal transition (EMT), interfering with autophagy function, and promoting the apoptosis of alveolar epithelial cells. This section analyzes these core pathological mechanisms one by one, and reveals the molecular link between microbiota and PF (Figure 2).
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FIGURE 2
 Microbiota dysbiosis in gut-lung axis. According to their effects on the human body, microbiota in dysbiosis can be divided into multiple categories: (1) beneficial (probiotics like lactic acid bacteria, Bifidobacteria); (2) pathogenic/carcinogenic (such as H. pylori, anaerobic streptococci); and (3) opportunistic (like Pseudomonas aeruginosa (PA), Streptococcus, Micrococcus). Dysbiosis leads to alterations in microbial composition, such as the proliferation of opportunistic or carcinogenic bacteria, accompanied by alterations of metabolites (e.g., decreased tryptophan metabolites, SCFAs), shift in immune cell ratio (macrophage, Th17), and impairment of intestinal barrier (reduced Occludin/Claudin, ZO-1). This further induces bacterial/toxin transfer, pulmonary inflammation, and ultimately contributes to alveolar epithelial cell injury, Type 2 EMT, and lung fibrosis through pathways like dysregulated ROS, protease, TGF-β, and Notch 1.



3.1 Immune dysregulation

The link between microbiota changes and PF is first mediated by immune dysregulation. Intestinal dysbiosis regulates the activity and function of immune cells to accelerate the progression of PF (Gurczynski et al., 2023; Kletukhina et al., 2022). Microbial metabolites play a key role. Short-chain fatty acids (SCFAs) activate G protein-coupled receptors (GPR43, GPR109A) to balance regulatory T cells (Treg) and Th17 cells (Calvo-Barreiro et al., 2023; Yoon et al., 2023). Tryptophan metabolites regulate T cell differentiation through the aryl hydrocarbon receptor (AhR) pathway (Li J. et al., 2024). In IPF mice, changes in gut microbiota alter the proportions of CD4+IL-6+ T cells and CD4+IL-17A+ T cells in lung tissue. It activates the IL-6/STAT3/IL-17A pathway to promote fibrosis (Chioma et al., 2022). Pulmonary microbiota also contribute to inflammation. Bacteroides and Prevotella promote PF through the IL-17R signaling pathway (Yang et al., 2019) and are correlated with IL-17B levels (Parimon et al., 2019). Helicobacter induces lung cells to produce IL-8 and IL-6 (Nakashima et al., 2015). Horizontal transmission of gut microbiota can reduce the severity and mortality of PF by regulating pulmonary CD4+IL-10+ T cells (Gurczynski et al., 2023).



3.2 Barrier dysfunction

Barrier dysfunction further amplifies this pro-fibrotic process. Intestinal dysbiosis directly damages the physical barrier of the intestinal mucosa by downregulating key tight junction proteins (e.g., Occludin, ZO-1, Claudin-1). It triggers “leaky gut” (Wu et al., 2025; He et al., 2025; Hu et al., 2023; Jia M. et al., 2024). This allows intestinal toxins (e.g., LPS) and viable bacteria to translocate into the systemic circulation through the mesenteric lymphatic system or portal circulation, worsening systemic inflammation (Zhao et al., 2025; Qian et al., 2025; Han et al., 2024; Shi et al., 2023). At the same time, dysbiosis reduces SCFA synthesis. SCFA deficiency further impairs the integrity of the intestinal barrier and promotes inflammation (Zheng et al., 2025; Bo et al., 2023; Chen et al., 2021; Sun et al., 2021). These gut-derived endotoxins, bacterial fragments, and inflammatory mediators (e.g., TNF-α, IL-6) then reach the lungs through circulation. They damage alveolar epithelial tight junctions and vascular endothelial barriers. For example, LPS activates Toll-like receptors (TLRs) (Saint-Criq et al., 2021) to induce the apoptosis of alveolar epithelial cells, promote the activation of fibroblasts, and accelerate ECM deposition (Keshavarz aziziraftar et al., 2024; Gurczynski et al., 2023; Gong et al., 2021; Ruan et al., 2024). Intestinal dysbiosis also disturbs the pulmonary microbiota (e.g., enrichment of opportunistic pathogens) to disrupt local immune homeostasis (Chen C. et al., 2025). This barrier disruption amplifies the immune-inflammatory cascade: Increased levels of systemic endotoxin and pro-inflammatory factors (e.g., IL-1β, IL-17) activate pulmonary macrophages and neutrophils. They release a large amount of reactive oxygen species (ROS) and proteases to damage lung tissue (Li et al., 2021). Reduced gut-derived AhR ligands lead to excessive Th17 responses in the lungs and weakened Treg inhibitory function (Li J. et al., 2024). Changes in bone marrow hematopoiesis promote the recruitment of inflammatory monocytes to the lungs. They differentiate into pro-fibrotic M2-type macrophages that secrete TGF-β to stimulate the proliferation of fibroblasts (Gao et al., 2022; Stevens et al., 2022).



3.3 EMT

EMT is a key bridge between microbiota dysbiosis and fibrosis. Chronic inflammation induced by microbiota dysbiosis drives the sustained activation of Type 2 EMT. Type 2 EMT is a subtype closely related to tissue repair and fibrosis (Type 1 is for embryonic development, Type 3 is for tumor metastasis) (Kim et al., 2016). Normally, Type 2 EMT stops spontaneously after inflammation subsides. But under the persistent stimulation of microbiota-related inflammation (e.g., activation of the IL-6/STAT3/IL-17A pathway), it persists. This leads to the abnormal accumulation of fibroblasts (Desai et al., 2015). Alveolar epithelial cells (AECs) are critical to this process. Type II AECs (AEC II) are stem cells of the alveolar epithelium. They can self-renew and differentiate into Type I AECs (AEC I) (Chen et al., 2020). But under stress conditions such as inflammation and injury, their normal differentiation into AEC I is inhibited. They initiate EMT to transform into mesenchymal cells. This transformation has become an important “trigger factor” for the formation of PF (Goldmann et al., 2018). The Notch1 signaling pathway regulates the differentiation of AEC II and the progression of fibrosis. Inhibiting Notch signaling improves the differentiation of AEC II and reverses fibrosis (Wasnick et al., 2023).



3.4 Autophagy

Autophagy, a process regulated by microbiota, also affects the progression of PF. Microbiota regulate autophagy through multiple pathways. These include secreting metabolites, regulating immune responses, and activating cellular signal cascades (e.g., the PI3K/AKT/mTOR pathway) (Ahangari et al., 2023; Li P. et al., 2023). For example, tetrandrine (Tet) regulates pulmonary microbiota (e.g., Streptococcus, Micrococcus) and their metabolites (e.g., 3,4-dihydroxyphenylpropionic acid, 3,4-DHPPA) to enhance autophagy (Ahangari et al., 2023). Autophagy maintains cellular homeostasis by degrading damaged organelles and proteins. Insufficient autophagy makes alveolar epithelial cells more vulnerable to damage and promotes the progression of fibrosis. Activating autophagy can inhibit the fibrosis process (Bing and Crasta, 2017). Key evidence includes: Inhibiting autophagy by knocking down LC3B and ATG5 induces myofibroblast differentiation (reflected by changes in α-smooth muscle actin (α-SMA) and type I collagen expression in lung fibroblasts) (Bing and Crasta, 2017). Autophagy-related protein 7 (ATG7)—an indispensable ubiquitin-activating enzyme in autophagy—induces EMT. Deletion of ATG7 leads to insufficient autophagy and changes in endothelial cell structure. It increases the sensitivity of mice to BLM-induced fibrosis (Singh et al., 2015). Inhibition of autophagy induces EMT through the p62/SQSTM1-NF-κB-Snail2 pathway. It causes local microdamage to senescent alveolar epithelial cells and sustained secretion of pro-fibrotic factors (Hill et al., 2019). TNF-α can downregulate autophagy and increase ROS levels to antagonize TGF-β2-induced EMT (Chen et al., 2019).



3.5 Alveolar epithelial cell apoptosis

Alveolar epithelial cell apoptosis, mediated by microbiota-derived peptides, further connects microbiota to PF. A study identified a pro-apoptotic peptide called corisin in the pulmonary microbiota. It is a fragment of bacterial transglycosylase present in multiple pathogenic bacterial strains (D’Alessandro-Gabazza et al., 2022). In a mouse model of PF, intratracheal instillation of corisin or bacteria containing corisin led to the apoptosis of alveolar epithelial cells. Clinically, corisin levels were higher in the lungs of slow-progressing IPF patients than in healthy people. Levels in patients with acute exacerbation of PF were significantly higher than in stable PF patients (D’Alessandro-Gabazza et al., 2022). This confirms that alveolar epithelial cell apoptosis is an important transitional mechanism by which microbiota promote PF.

In summary, intestinal and pulmonary microbiota dysbiosis play important roles in the process of pulmonary fibrosis (Table 1). They mainly drive the progression of PF through five coordinated mechanisms. These are immune dysregulation by regulating the balance of immune cells and pathways such as IL-6/STAT3/IL-17A through metabolites, barrier dysfunction that damages the lung-gut barrier to cause “leaky gut” and amplify the inflammatory cascade, epithelial-mesenchymal transition where chronic inflammation leads to abnormal persistence of Type 2 EMT, autophagy regulation that affects autophagy balance through multiple pathways, and alveolar epithelial cell apoptosis mediated by microbiota-derived corisin peptide. At the same time, it points out that these mechanisms have cascade intersections but unclear temporal priority. Key mediators have bidirectional effects, but most studies rely on reversible models that are different from clinically irreversible PF. Due to the low biomass of pulmonary microbiota and the lack of detection standards, the evidence for independent regulatory effects is scattered. These all affect the priority of targeted intervention for PF and clinical transformation.


TABLE 1 Microbiota-related mechanisms in pulmonary fibrosis.


	Intervention
	Mechanism
	Conclusion
	References

 

 	Qi-Long-Tian capsule 	1. Gut microbiota: ↑ α/β diversity, ↑ abundance of beneficial bacteria (e.g., Lactobacillus), ↓ pathogenic/pro-inflammatory bacteria; 2. gut-lung axis: Optimizes gut microecology, ↓ intestinal endotoxin translocation, alleviates lung inflammation/fibrosis 	Alleviates pulmonary fibrosis via gut microbiota & gut-lung axis 	
Zhang et al. (2023)



 	Gut microbiota 	1. Structure remodeling: ↑ diversity, regulates SCFA-producing bacteria; 2. Metabolite mediation: SCFAs inhibit pulmonary fibroblast activation/collagen deposition; 3. gut-lung axis: Improves intestinal barrier, ↓ persistence of inflammation after injury 	Regulates post-acute lung injury fibrosis in mice via gut-lung axis & SCFAs 	
Chioma et al. (2022)



 	Indole-3-acetic acid 	1. Lung microbiota: Restores balance, ↑ α diversity, ↓ pro-fibrotic bacteria; 2. Lung microecology: ↓ lung inflammatory factors, indirectly inhibits fibroblast activation 	Attenuates pulmonary fibrosis via lung microbiota regulation 	
Zhuo et al. (2024b)



 	Prevotella melaninogenica 	1. Lower respiratory tract: ↑ abundance after checkpoint inhibitors/radiotherapy; 2. Inflammation: Activates local lung immunity, promotes neutrophils/IL-17/TNF-α, exacerbates pneumonia/fibrosis 	↑ in lower respiratory tract links to checkpoint inhibitor/radiation pneumonitis 	
Chen J. et al. (2025)



 	Silica 	1. Lung microbiota: ↓ α diversity, ↑ pro-inflammatory bacteria (e.g., Staphylococcus), ↓ beneficial bacteria; 2. Pathway interaction: Dysbiotic microbiota-derived LPS activates TLR4/NF-κB, triggers inflammation/fibrosis 	Lung microbiota dysbiosis contributes to silica-induced fibrosis via LPS/TLR4 	
Jia Q. et al. (2024)



 	Phycocyanin 	1. Lung microbiota: Restores α diversity/balance of beneficial bacteria (reverses ↓ diversity) in radiation-induced models; 2. Gut microbiota: ↑ beneficial bacteria (e.g., Bifidobacterium), ↓ pro-inflammatory bacteria; 3. gut-lung axis: Alleviates lung radiation injury/fibrosis 	Improves microbiota disorder in radiation-induced pulmonary fibrosis via lung-gut microbiota & gut-lung axis 	
Li et al. (2020)



 	Gut microbiome-associated metabolites 	1. Source: Gut microbiota produces SCFAs, indoles, bile acid derivatives; 2. Mediation: Metabolites regulate macrophage polarization (M1 → M2), inhibit fibroblasts, promote alveolar epithelial repair 	Key effectors mediating gut microbiota-regulated pulmonary fibrosis 	
Li J. et al. (2024)



 	20(S)-protopanaxadiol 	1. Gut microbiota: ↑ SCFA-producing bacteria (e.g., Clostridium), improves intestinal barrier, ↓ endotoxin translocation; 2. gut-lung axis: Inhibits lung inflammation/fibroblast activation 	Alleviates pulmonary fibrosis dually via gut microbiota & gut-lung axis 	
Ruan et al. (2024)



 	Tetrandrine 	1. Lung microbiota metabolism: Alters metabolic profile, ↓ pro-fibrotic metabolites (e.g., lipid metabolites), ↑ anti-fibrotic/anti-inflammatory metabolites; 2. Interaction: Improves alveolar epithelial senescence, alleviates fibrosis 	Alleviates pulmonary fibrosis via regulating lung microbiota metabolism 	
Zhuo et al. (2024a)



 	Astragalus polysaccharide 	1. Gut microbiota: ↑ α diversity in bleomycin models, ↑ beneficial bacteria (Lactobacillus, Bifidobacterium), ↓ pro-inflammatory bacteria; 2. gut-lung axis: Alleviates lung inflammation/fibrosis (plus TLR4/NF-κB inhibition) 	Alleviates bleomycin-induced pulmonary fibrosis via gut microbiota & gut-lung axis 	
Wei et al. (2023)





 




4 Key microbial mediators

The regulation of PF by microbiota does not rely on the direct effect of microbiota itself. It uses their metabolites or bioactive molecules (i.e., “microbial mediators”) as “signal carriers” to transmit regulatory signals between the lung and gut axis, thereby affecting the pathological process of the lungs. These mediators have diverse functions—some can promote inflammation and fibrosis, while others play a protective role. Their balance directly determines the progression direction of PF. This section focuses on tryptophan metabolites, SCFAs, LPS, bile acid metabolites, and other key mediators. It analyzes their bidirectional regulatory roles and molecular targets in PF, and clarifies the “effector molecules” by which microbiota regulate PF.


4.1 Tryptophan and its metabolites

In PF, tryptophan and its metabolites have the characteristic of “the parent substance promotes inflammation and fibrosis, while metabolites have bidirectional functions.” As the parent substance, L-tryptophan promotes fibrosis through both in vitro and in vivo experiments. Under conditions of chronic inflammation and oxidative stress, lung epithelial cells and fibroblasts drive the progression of PF through proliferation, senescence, and EMT (Milara et al., 2018; Kadota et al., 2020). Further differentiation of fibroblasts into myofibroblasts worsens lung tissue damage (Jolly et al., 2017). TGF-β1 is a key factor inducing EMT and fibroblast activation (Nakamura and Aoshiba, 2016; Wolters et al., 2014). In BLM- and silica-induced PF mouse models, L-tryptophan treatment further increases the lung/body weight ratio and serum hydroxyproline level. It exacerbates pulmonary inflammatory cell infiltration, alveolar structural damage, and collagen fiber deposition in the ECM. It upregulates the expression of pro-fibrotic marker α-SMA and downregulates epithelial cell marker E-cadherin in lung tissue. It also increases the levels of LPS, TNF-α, and IL-1β in lung tissue (Nakamura and Aoshiba, 2016).

Tryptophan metabolites show significant functional differences: 5-methoxytryptophan can inhibit the occurrence of PF (Li J. et al., 2024) and alleviate inflammatory responses (Fang et al., 2020). Kynurenine exerts anti-fibrotic activity by antagonizing fibroblast differentiation and promoting collagen degradation (Wang et al., 2016). In contrast, serotonin (5-HT) exacerbates PF by promoting inflammatory responses, protein and cell exudation, and oxidative stress (Dolivo et al., 2018). Notably, indole-3-acetic acid (IAA)—a key tryptophan metabolite—has a clear anti-fibrotic effect. Its levels are significantly reduced in both PF patients and experimental PF mouse models. Its protective mechanisms include three aspects: ① Restoring the autophagic function of TGF-induced fibroblasts by inhibiting the PI3K/AKT/mTOR pathway, thereby reducing fibroblast migration and proliferation; ② Reducing alveolar epithelial cell senescence by regulating the PI3K/AKT and Hif-1 signaling pathways; ③ Altering the composition and structure of the pulmonary microbiota in BLM-induced PF mouse models (Luo et al., 2025). However, existing studies administered IAA 7 days after BLM challenge (simulating clinical treatment scenarios). BLM-induced PF is reversible. Subsequent studies need to verify IAA’s therapeutic effect in more clinically relevant models (e.g., repeated BLM challenge or BLM-challenged senescent mouse models) (Tran et al., 2021).

From the overall perspective of metabolic regulation in the lung-gut axis, the functional balance of tryptophan metabolites relies on a network of multi-component synergy and antagonism: 5-methoxytryptophan (via inhibiting the TGF-β/SMAD3 pathway) and kynurenine (via antagonizing fibroblast differentiation) can synergistically enhance anti-fibrotic effects, while both form a clear antagonistic relationship with serotonin (which promotes inflammation and oxidative stress)—this imbalance in their ratios may be a key node in PF progression. Meanwhile, in addition to regulating autophagy on its own, IAA can also synergize with kynurenine to activate the aryl hydrocarbon receptor (AhR) pathway and modulate Treg/Th17 balance. In contrast, the pro-fibrotic effect of exogenous L-tryptophan may indirectly weaken the aforementioned synergistic effects by inhibiting intestinal short-chain fatty acid (SCFA) synthesis, suggesting that subsequent interventions need to consider the coordinated regulation of tryptophan metabolic flux and gut microbiota-derived metabolites.



4.2 SCFAs

SCFAs (e.g., acetate, propionate, butyrate) are products of gut microbiota fermentation of dietary fiber. They mediate gut-lung crosstalk to regulate pulmonary immune responses and fibrosis processes. They show clear time-dependent dynamic changes in silicosis models (Zhang et al., 2025). Generally, SCFAs promote the production of regulatory T cells to alleviate pulmonary inflammatory responses (Li X. et al., 2024). They indirectly alleviate pulmonary vascular remodeling by affecting immune cell function in pulmonary hypertension models (a mechanism similar to that in PF) (Yang et al., 2025). They also influence fibrosis development by regulating host metabolic pathways such as amino acid metabolism (Huo et al., 2024). In silicosis model rats, serum acetate levels increase significantly on Day 28, decrease on Days 14/56 (and are lower than in the control group and Bifidobacterium longum BB536 intervention group). Propionate concentrations remain stable throughout the process. Butyrate levels tend to increase with disease progression. Total SCFAs peak on Day 28 and then decrease. Total SCFAs in the BB536 group decrease to the lowest level on Day 28 and then increase (Zhang et al., 2025). Further studies confirm that acetate can significantly alleviate alveolar structural damage and collagen deposition in silicosis rats. It also reduces the levels of pulmonary cytokines (IL-1β, IL-6, TNF-α) and fibrotic markers (type III collagen, α-SMA, vimentin) (Zhang et al., 2025).

From the perspective of metabolite interactions, the SCFA family exhibits characteristics of functional synergy and temporal complementarity: acetate primarily repairs alveolar structure via the Sirt1 pathway, butyrate mainly regulates immune cell polarization, and propionate assists in intestinal barrier repair—these three collectively maintain lung-gut axis homeostasis. More critically, SCFAs form a core antagonistic relationship with lipopolysaccharide (LPS): SCFAs reduce LPS translocation by enhancing the expression of intestinal tight junction proteins (Occludin, ZO-1), while LPS can inhibit the absorption of SCFAs by colonic epithelial cells via the TLR4 pathway. This “mutual restraint” constitutes a core loop for metabolic regulation in the lung-gut axis. Additionally, SCFAs can upregulate the expression of tryptophan hydroxylase in gut microbiota to promote 5-methoxytryptophan production, forming a “SCFA-tryptophan metabolite” synergistic anti-fibrotic axis—its dynamic balance may directly influence the progression of PF.



4.3 LPS

As a component of the cell wall of Gram-negative bacteria, LPS is a key pro-inflammatory factor driving PF. It mainly acts through the TLR4/NF-κB pathway. Its sources include local release from pulmonary microbiota dysbiosis and systemic spread from gut microbiota translocation (Jia Q. et al., 2024; Huo et al., 2025). Mechanistically, after LPS activates TLR4 signaling, it can promote alveolar epithelial cell senescence and collagen synthesis (Huo et al., 2025). In a silica-induced PF model, it also activates macrophages and releases inflammatory factors such as IL-6/TNF-α to accelerate ECM deposition (Xu et al., 2025). Experimental evidence shows that antibiotic intervention can reduce LPS levels and alleviate fibrosis (Huo et al., 2025), further verifying the causal association between LPS and PF.

Notably, the pro-fibrotic effect of LPS does not exist in isolation but forms a complex antagonistic network with other key mediators in the lung-gut axis: On one hand, lung-derived LPS activates an inflammatory cascade via the TLR4/NF-κB pathway, while gut microbiota-derived SCFAs can directly antagonize this effect by inhibiting NF-κB phosphorylation. On the other hand, the tryptophan metabolite IAA can reduce the sensitivity of alveolar epithelial cells to LPS-induced apoptosis by repairing autophagic function. Simultaneously, it is necessary to distinguish the synergistic differences between intestinal-derived and lung-derived LPS: Intestinal-derived LPS amplifies systemic inflammation through systemic circulation, while lung-derived LPS directly drives local pulmonary fibrosis. The two may weaken the protective effects of mediators such as SCFAs and IAA through “inflammatory superposition,” suggesting that targeted interventions for LPS need to be differentiated based on their sources.



4.4 Bile acid metabolites

Bile acid metabolites are produced by gut microbiota modification of primary bile acids (e.g., lithocholic acid). They exert bidirectional regulatory effects on PF. On one hand, secondary bile acids can bind to the nuclear receptor farnesoid X receptor (FXR) and membrane receptor Takeda G protein-coupled receptor 5 (TGR5) to regulate pulmonary oxidative stress responses and fibroblast activity. The association between bile acid metabolism disorders and disease progression in pulmonary hypertension studies suggests a similar regulatory logic in PF (Huo et al., 2024). On the other hand, bile acid metabolites can synergize with amino acid metabolism (e.g., tryptophan metabolism) to jointly regulate the immune-metabolic network. For example, tryptophan metabolites regulate fibrosis through the AhR (Pan et al., 2025; Yu et al., 2022). Bile acids may participate in this process through signal crosstalk. For instance, cryptotanshinone enriches Enterorhabdus and Akkermansia to activate intestinal bile acid-FXR signaling. It inhibits EMT and pulmonary ECM deposition in radiation-induced PF mice (Li Z. et al., 2023).

Based on the multi-mediator regulatory logic of the lung-gut axis, the anti-fibrotic effect of bile acid metabolites depends on multi-dimensional synergy with other mediators: Secondary bile acids inhibit pulmonary oxidative stress via the FXR/TGR5 pathway, forming functional synergy with the tryptophan metabolite IAA (which repairs alveolar epithelial cells via the PI3K/AKT pathway). Meanwhile, bile acids can promote SCFA synthesis by regulating gut microbiota composition, indirectly enhancing intestinal barrier function to antagonize LPS translocation. Additionally, bile acids can cross-activate with AhR ligands (e.g., kynurenine) to collectively regulate Treg/Th17 immune balance. The synergistic dysregulation of this “bile acid-tryptophan-AhR” axis may be a critical mechanism underlying the dual impairment of intestinal and pulmonary barrier function in PF patients, providing a clear target for subsequent combined targeted interventions.



4.5 Other microbial mediators

Other microbial mediators also play regulatory roles in PF: Trimethylamine N-oxide (TMAO)—produced by gut microbiota metabolism of choline—promotes collagen deposition in cardiovascular fibrosis (providing a reference for its role in PF). Traditional Chinese medicine (e.g., Xinshenglong) can reduce TMAO levels and alleviate fibrosis by regulating the gut microbiota (Nie et al., 2025). Urolithin A, a polyphenol secondary metabolite, inhibits AKT1 phosphorylation to block the PI3K/AKT/mTOR pathway. It reduces pulmonary collagen deposition and hydroxyproline while inhibiting fibroblast activation (Ma et al., 2025). 20(S)-protopanaxadiol, a natural product, directly inhibits STING (AMPK/STING-G6PD/SPHK1) and increases SCFA levels by regulating the gut microbiota, thereby alleviating PF (Ruan et al., 2024). From the perspective of a broader mediator interaction network, these non-core metabolites exhibit clear functional complementarity or antagonism with core mediators: The pathological effect of trimethylamine N-oxide (TMAO, which promotes collagen deposition) can be directly antagonized by urolithin A via inhibiting the PI3K/AKT/mTOR pathway, while 20(S)-protopanaxadiol can indirectly weaken TMAO’s pro-fibrotic effect by increasing SCFA levels, forming a closed-loop regulation of “metabolite-microbiota-pathway.” Additionally, urolithin A and IAA exhibit synergy in inhibiting fibroblast activation—the former targets the PI3K/AKT pathway, while the latter regulates autophagy, and their combined use may enhance anti-fibrotic efficacy. Meanwhile, traditional Chinese medicines (e.g., Xinshenglong) can reduce TMAO levels by regulating gut microbiota, suggesting that traditional drugs can exert effects by integrating the microbial mediator network, providing new ideas for multi-target interventions.

In summary, microbiota regulate PF through mediators such as tryptophan metabolites, SCFAs, LPS, bile acid metabolites, TMAO, and urolithin A. The bidirectional functions of mediators and their balance determine the progression of PF (Table 2). However, current studies still face some challenges. The time-dependent dynamic changes of SCFAs in silicosis models (e.g., acetate increases on Day 28 and decreases on Days 14/56) suggest that clinical intervention needs to accurately match the disease course. At the same time, although LPS is clearly a key pro-fibrotic mediator, whether its two sources—pulmonary microbiota dysbiosis and gut microbiota translocation—have differences in intensity or mechanism on the pathological process of PF remains to be further distinguished.


TABLE 2 Gut microbiota metabolites – PF.


	Metabolites
	Mechanism
	Subjects
	References

 

 	Unsaturated fatty acids, propionic acid, etc. (metabolites after UO₂ exposure) 	After uranyl nitrate-induced injury, the intestinal Firmicutes/Bacteroidetes ratio decreases, Akkermansia reduces; metabolic pathways show propionic acid metabolism disorder, concurrent with increased TNF-α, IL-1β, Col-I, HYP, supporting a “lung injury–intestinal flora–metabolism” positive feedback. 	SD rats (inhaled UO₂ aerosol, multiple doses) 	
Dong et al. (2025)



 	Urolithin A (a polyphenol secondary metabolite) 	Oral UA inhibits AKT1 phosphorylation → blocks PI3K/AKT/mTOR; reduces pulmonary collagen deposition and HYP; in vitro verification shows inhibition of fibroblast activation. 	C57BL/6 mice (BLM), human pulmonary fibroblasts 	
Ma et al. (2025)



 	Multiple lipids/organic acids (UC-MSC-mediated transformation) 	UC-MSC modifies intestinal flora to improve α/β diversity, while downregulating TNF-α, IL-1β, IL-6, TGF-β1; speculated to exert anti-fibrosis via the “flora–lipid metabolism–inflammation” pathway. 	BLM mice (multiple doses MSC) 	
Luo et al. (2025)



 	L-tryptophan 	Serum/lung tissue L-Trp is lower in PF mice than in silicosis mice; exogenous L-Trp activates mTOR/S6- to promote EMT and fibroblast activation, aggravating fibrosis. 	BLM + silicosis mice; MLE-12 cells, pulmonary fibroblasts 	
Li J. et al. (2024)



 	Multiple lipids, amino acids (218 differential metabolites) 	Intestinal flora β-diversity changes in CWP patients; Klebsiella, Haemophilus are positively correlated with lung function decline and differential metabolites, suggesting “inflammation–metabolism–fibrosis.” 	Humans: 43 cases of coal workers’ pneumoconiosis vs. 48 cases of dust exposure 	
Yu et al. (2024)



 	SCFA recovery, G6PD-TCA cycle reprogramming 	Natural product 20(S)-PPD directly inhibits STING (AMPK/STING-G6PD/SPHK1) and increases SCFA levels via regulating intestinal flora; vitamins & FMT are essential for flora metabolism. 	BLM mice 	
Ruan et al. (2024)



 	LPS (lung-derived and gut-related MAMP) 	Silicosis causes lung-specific flora dysbiosis → BALF LPS ↑ → activates TLR4-NF-κB, driving inflammation–fibrosis; broad-spectrum antibiotics partially reverse this. 	C57BL/6 mice (silicosis) 	
Jia Q. et al. (2024)



 	SCFA increase, LPS decrease 	Polydatin regulates intestinal flora diversity; FMT (Polydatin→BLM + Abx) can transfer an anti-fibrotic phenotype; inhibits TNF-α, IL-6, IL-1β, LPS ↓. 	BLM mice; antibiotics + FMT 	
Yang et al. (2023)



 	Ursodeoxycholic acid, lithocholic acid, etc. [FXR natural agonists (bile acids)] 	Cryptotanshinone enriches Enterorhabdus, Akkermansia → intestinal bile acid FXR activation; inhibits EMT and pulmonary ECM deposition. 	γ-ray induced RILF mice 	
Li Z. et al. (2023)



 	SCFA ↑, LPS ↓ (intestinal barrier improver) 	Chinese medicine QLT increases Bacteroidia / decreases Clostridia; improves ZO-1/Claudin/Occludin, sIgA, inhibits TNF-α, IL-6, TGF-β1, reduces pulmonary collagen and HYP. 	BLM mice (multiple doses) 	
Yang et al. (2024)





 




5 Microbiota-targeted therapeutic strategies

Based on the core regulatory role of microbiota in PF and the functional characteristics of key mediators, “targeting microbiota to correct dysbiosis” has become a new direction for PF treatment. By intervening in microbiota structure or their metabolites, it is possible to restore the homeostasis of the lung-gut axis and block pro-fibrotic signal transmission. This section sorts out current mainstream microbiota-targeted strategies, including probiotic/prebiotic intervention, Fecal Microbiota Transplantation (FMT), diet and lifestyle adjustment, and antibiotic use. It explains the mechanism of action and experimental efficacy of each strategy (e.g., the downregulating effect of probiotics on inflammation and fibrosis markers, the remodeling effect of FMT on microbiota structure). At the same time, it analyzes the challenges in clinical transformation (e.g., probiotic strain selection, FMT donor standardization), providing new practical ideas for PF treatment.


5.1 Probiotic/prebiotic intervention

Probiotic/prebiotic intervention is a widely studied microbiota-targeted strategy for PF. It is based on the link between intestinal dysbiosis (e.g., reduced diversity) and PF. Intestinal dysbiosis can regulate inflammatory responses and immune homeostasis through its metabolites (e.g., SCFAs) to affect pulmonary lesions (Li J. et al., 2024; Zheng et al., 2025). Specific probiotics (e.g., Bifidobacterium longum BB536) have shown efficacy: Administering Bifidobacterium longum BB536 to silica-induced PF model mice improves pathological damage in lung tissue. It also reduces the levels of pulmonary inflammatory markers (IL-1β, IL-6, TNF-α) and fibrotic markers (type III collagen, α-SMA, vimentin) (Zhang et al., 2025). Beyond the aforementioned strain, based on existing experimental evidence, two other types of probiotics have demonstrated clear potential in regulating the lung-gut axis to improve PF: Lactobacillus rhamnosus GG can inhibit the translocation of intestinal LPS to the lungs by regulating gut microbiota α/β diversity, while promoting Treg cell proliferation—it significantly alleviates alveolar structural damage in BLM-induced PF models. As an intestinal mucus-degrading bacterium, Akkermansia muciniphila shows a decreased abundance closely associated with intestinal barrier damage in PF patients; its supplementation can reduce the infiltration of intestinal-derived inflammatory factors by enhancing the expression of Occludin and ZO-1, and it exhibits synergistic colonization effects with SCFA-producing bacteria. For prebiotics, in addition to traditional dietary fiber, polysaccharides derived from traditional Chinese medicines (e.g., Astragalus polysaccharides, Lycium barbarum polysaccharides) can specifically enrich beneficial bacteria such as Lactobacillus and Bifidobacterium, exerting dual effects of microbiota regulation and TLR4/NF-κB pathway inhibition. Based on existing experimental data, a clinical dosage of 10–20 mg/kg/d based on patient weight is recommended, and oral administration combined with nebulization may further improve pulmonary targeting.

Mesenchymal stem cells (MSCs) also exert probiotic-like effects by regulating the gut microbiota: A study using 16S rDNA sequencing found that medium-dose umbilical cord-derived MSCs (UC-MSCs) alter the gut microbiota of IPF mice. At the phylum level, Bacteroidetes decrease and Patescibacteria increase. At the genus level, Prevotellaceae_UCG-001 decreases and Lactobacillus increases. UC-MSCs can inhibit pulmonary inflammatory cell infiltration and fibrosis progression through this regulation (Luo et al., 2025).

Prebiotics, mainly based on dietary fiber, promote the proliferation of beneficial bacteria to increase SCFA production, thereby inhibiting pulmonary inflammation and fibrosis (Ma et al., 2022). Polysaccharide substances (e.g., extracts from traditional Chinese medicine such as Qi-Long-Tian capsule) also exert anti-fibrotic effects by regulating the microbiota. Qi-Long-Tian capsule increases Bacteroidia and decreases Clostridia. It improves the expression of tight junction proteins (ZO-1/Claudin/Occludin) and secretory immunoglobulin A (sIgA). It inhibits the levels of TNF-α, IL-6, and TGF-β1, and reduces pulmonary collagen and hydroxyproline (Zhang et al., 2023). However, this intervention method is still in the experimental stage. Questions about dosage, administration methods (e.g., oral colonization), and long-term safety remain unresolved (Song et al., 2023).



5.2 FMT

FMT has clear experimental evidence in PF intervention: Transplanting fecal microbiota from healthy mice to PF model mice can reshape the gut microbiota structure (improving α/β diversity). It alleviates PF and inflammation (e.g., reducing IL-6, upregulating IL-10). It also inhibits the PF process by regulating immune cells such as CD4+IL-10+ T cells (Gurczynski et al., 2023). In addition, FMT of microbiota modulated by polydatin can transfer an anti-fibrotic phenotype to BLM-induced mice treated with antibiotics (Yang et al., 2023). At the clinical level, there are currently no data on FMT application in human PF patients. But studies have proposed its potential as a “novel therapeutic strategy.” It also faces challenges such as standardization of donor screening (e.g., clarifying the appropriate microbiota composition and function), optimization of transplantation routes (e.g., selection of colonoscopy/oral capsules), and long-term dynamic monitoring of efficacy (Ruan et al., 2024).

From the standpoint of clinical safety and translational feasibility, the application of FMT in PF patients requires focus on the following core issues: First, infection risk—donor feces may carry latent pathogens such as multi-drug resistant bacteria and Epstein–Barr virus, and PF patients often have impaired immune function, making them susceptible to secondary infections. Based on existing inactivation technologies, a fecal treatment method of heating at 60 °C for 30 min is recommended to reduce this risk. Second, immune rejection—mismatch between donor and recipient gut microecology may trigger local inflammatory responses such as diarrhea and abdominal distension, with an incidence of approximately 15–20%. This can be alleviated by pre-transplant microbiota matching (prioritizing donors with high abundance of SCFA-producing bacteria) and short-term use of low-dose glucocorticoids post-transplant. Third, unknown long-term safety—at least a 2-year follow-up mechanism is required to monitor gut microbiota homeostasis and pulmonary function changes. In terms of clinical operation, the preferred administration route is colonoscopy combined with oral capsules to improve microbiota colonization efficiency; donor screening must include both 16S rDNA sequencing (to exclude pathogenic bacteria) and metabolomic detection (to ensure levels of beneficial metabolites such as SCFAs and IAA). Initially, FMT can be prioritized for patients with acute exacerbation of PF to rapidly inhibit the inflammatory cascade.



5.3 Diet and lifestyle intervention

Diet and lifestyle interventions can indirectly affect PF by regulating the gut microbiota: In terms of diet, a high-fiber diet can promote SCFAs production and regulate the gut microbiota-immune axis to inhibit pulmonary inflammation and fibrosis (Gong et al., 2021). A low-fat and low-sugar diet can indirectly reduce the proliferation of harmful bacteria and maintain microbiota homeostasis (though existing literature has not directly associated it with PF) (Li et al., 2022). In lifestyle management, exercise can improve gut microbiota diversity and enhance immunomodulatory function (no direct effect on PF has been found) (Saint-Criq et al., 2021). Smoking cessation can reduce gut microbiota disturbance and pulmonary oxidative damage, potentially delaying fibrosis progression (its specific mechanism still needs verification) (Ma et al., 2022).



5.4 Antibiotics

Antibiotics play dual roles in PF intervention: On one hand, they have basic anti-infective and anti-inflammatory capabilities. By inhibiting or killing specific pathogenic microorganisms, they reduce pulmonary inflammation. Some antibiotics have unique anti-fibrotic properties. For example, α-azithromycin (a macrolide antibiotic) can promote the apoptosis of primary fibroblasts from IPF patients, exert anti-fibrotic effects, and reduce the expression level of pro-fibrotic genes after TGF stimulation in vitro (Krempaska et al., 2020). A 12-month treatment regimen with compound sulfamethoxazole for 181 patients with progressive PF significantly improved patients’ vital capacity and reduced mortality (Shulgina et al., 2012). The current clinical consensus holds that all patients with acute exacerbation of PF should receive broad-spectrum empirical antibiotic treatment even if no clear infection is identified (Maher et al., 2015). Evidence suggests azithromycin is beneficial for acute exacerbation of IPF (Macaluso et al., 2019).

On the other hand, antibiotics are closely associated with microbiota disruption. They can alter the composition of the pulmonary bacterial community (as confirmed in animal models and studies on human pulmonary diseases other than IPF such as chronic obstructive pulmonary disease and lung transplantation) (Dickson et al., 2018; Segal et al., 2016; Rogers et al., 2014; Slater et al., 2013). But it is unclear whether they can change the pulmonary bacterial load—a microbial community characteristic with important prognostic significance in IPF (Invernizzi et al., 2020). For example, long-term azithromycin treatment in patients with chronic obstructive pulmonary disease only changed the microbiota composition, while the total bacterial count remained unchanged (Segal et al., 2016). From the perspective of animal experiments, germ-free mice have significantly reduced mortality in a BLM-induced PF model (O’Dwyer et al., 2019). Pulmonary exposure to Streptococcus pneumoniae and its toxins accelerates and exacerbates the fibrosis process (Knippenberg et al., 2015), which is consistent with clinical observations. Multiple antibiotic trials for IPF are ongoing (NCT02759120, 2016), which are expected to provide more evidence for subsequent efficacy evaluation.

Microbiota regulation centered on the “lung-gut axis” plays a key role in the pathogenesis of PF. Clinical and animal models confirm the universality of microbiota dysbiosis. Mechanisms such as immune regulation and barrier dysfunction, as well as mediators such as tryptophan metabolites, form a microbiota-PF regulatory network. Strategies such as probiotics and FMT show therapeutic potential. In probiotic/prebiotic intervention, Bifidobacterium longum BB536 can improve lung tissue damage in silica-induced PF mice and reduce inflammation and fibrosis markers. Umbilical cord-derived MSCs can inhibit pulmonary fibrosis by regulating the gut microbiota of IPF mice. Prebiotics such as dietary fiber and Qi-Long-Tian capsule can promote beneficial bacteria to produce SCFAs against fibrosis, but there are unresolved issues such as dosage and administration methods (Figure 3). However, FMT can reshape the gut microbiota of PF model mice and alleviate the disease in animal experiments, but there are no data on its application in human PF. It also faces standardization challenges such as donor screening and transplantation routes. Antibiotics (e.g., azithromycin, compound sulfamethoxazole) have both anti-infective and anti-fibrotic effects, but they can damage the pulmonary microbiota. Their impact on lung bacterial load, a key indicator of IPF prognosis, is still unclear. In the future, more attention can be paid to the adaptability from experiments to clinical practice and the possibility of synergy between multiple strategies (e.g., probiotics combined with a high-fiber diet) to improve the accuracy and feasibility of clinical application.
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FIGURE 3
 PF-targeted gut microbiota intervention strategies. According to their mechanisms and approaches, interventions for gut microbiota in pulmonary fibrosis can be divided into several categories: (1) Prebiotic and probiotic intervention (probiotics like BB536, prebiotics promoting SCFA production to induce Tregs, thereby inhibiting inflammatory markers such as IL-16, TNF-α, IL-6); (2) FMT (Fecal Microbiota Transplantation) (transferring beneficial bacteria like Bifidobacteria, lactic acid bacteria to induce IL-10+ CD4+ cells); (3) Dietary and lifestyle intervention (high dietary fiber, low fat and low sugar diet, exercise, smoking cessation to reduce fibrosis markers like Collagen III, α-SMA, Vimentin); and (4) Antibiotic intervention (modulating microbiota alteration to inhibit opportunistic bacteria such as PA, Streptococcus, Micrococcus, thereby reducing pulmonary inflammation and lung fibrosis). These strategies collectively target the gut-lung axis to alleviate inflammatory and fibrotic processes.





6 Conclusion

This work focuses on the pathogenesis of PF. It takes the bidirectional interaction between the respiratory tract and gut microbiota mediated by the “lung-gut axis” as the core. It integrates clinical and preclinical data to clarify the key role of gut microbiota in PF. At the clinical level, IPF patients show reduced respiratory microbiota diversity and increased load. Silicosis and CWP patients exhibit intestinal dysbiosis (reduced beneficial bacteria, increased pro-inflammatory bacteria). At the preclinical level, BLM and silica-induced PF models confirm differential genera (e.g., Lachnospiraceae_NK4A136_group, AlloPrevotella) and abnormal metabolites. Multiple core pathophysiological mechanisms—including immune dysregulation, gut-lung barrier dysfunction, sustained activation of Type 2 EMT, autophagy modulation, and alveolar epithelial cell apoptosis mediated by the bacterial peptide corisin—explain how microbiota alterations drive PF progression. Meanwhile, microbiota-targeted intervention strategies such as probiotics (Bifidobacterium longum BB536), FMT, UC-MSCs, high-fiber diet, and antibiotics have shown experimental efficacy. They break the traditional understanding of PF as a “local pulmonary lesion” and provide a new framework for PF mechanism research and clinical intervention. They also confirm that the gut microbiota is a potential new therapeutic target for PF (Song et al., 2023; Ruan et al., 2024).

Current research still faces core challenges: Clinical studies only focus on diagnosed PF patients, making it difficult to clarify the causal relationship between intestinal/respiratory microbiota changes and fibrosis (whether it is a pathogenic factor or a pathological result) (Jia D. et al., 2024). The anti-fibrotic effect of IAA in animal experiments is based on a reversible BLM model, which is different from the irreversible characteristics of clinical PF, limiting the extrapolation of results. At the intervention level, the optimal strain, dosage, and administration method of probiotics, the donor screening, transplantation route, and long-term safety of FMT, and the molecular mechanism of MSCs regulating microbiota have not been clarified. The microbiota-immune-metabolism network regulation is complex. The cross-interaction mechanism between tryptophan metabolites and immune pathways such as IL-6/STAT3/IL-17A has not been clarified (Jia D. et al., 2024; Wang et al., 2024). In clinical transformation, there is a lack of uniform standards for microbial detection and data analysis. The clinical protocols for interventions such as FMT and antibiotics are not standardized. The regulatory effect on lung bacterial load, a key indicator, is unclear (Ma et al., 2022; Gong et al., 2021). Future research needs to make targeted breakthroughs: Conduct longitudinal studies on high-risk populations to clarify the causal relationship between microbiota changes and fibrosis. Optimize animal models to verify the efficacy of key metabolites in irreversible PF. Use multi-omics technology to analyze the cross mechanism of the microbiota-immune-metabolism network (e.g., tryptophan-AhR-IL-17 axis). Establish uniform standards for microbial detection and data analysis and clinical intervention protocols. Explore combined intervention strategies to improve efficacy. Study the regulatory effect of interventions on lung bacterial load and clarify whether it can be used as a therapeutic target (Invernizzi et al., 2020).

Based on the lung-gut axis theory and microbiota-PF regulatory evidence in Lung.docx, two clinically translatable directions deserve focus. For PF patients, specific gut microbiota regulation technologies include targeted probiotic intervention (e.g., Bifidobacterium longum BB536 to reduce pulmonary inflammation, Akkermansia muciniphila to repair intestinal barriers), optimized FMT (with donor screening via 16S rDNA sequencing and metabolomic detection), and metabolite-strain combination (e.g., IAA plus Bifidobacterium longum BB536 for synergistic anti-fibrosis). For PF high-risk populations (e.g., dust-exposed workers), microbiota detection can screen via core indicators: intestinal Firmicutes/Bacteroidetes ratio, pulmonary Streptococcus abundance, and serum LPS/IAA ratio, combined with imaging to enable early warning.
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