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Preclinical evidence has firmly established a bidirectional interaction among the lung, gut, and gut microbiome. There are many complex communication pathways between the lung and intestine, which affect each other's balance. Some metabolites produced by intestinal microorganisms, intestinal immune cells, and immune factors enter lung tissue through blood circulation and participate in lung immune function. Altered gut–lung–microbiome interactions have been identified in rodent models and humans of several lung diseases such as pulmonary fibrosis, chronic obstructive pulmonary disease, lung cancer, asthma, etc. Emerging evidence suggests that microbial therapies can prevent and treat respiratory diseases, but it is unclear whether this association is a simple correlation with the pathological mechanisms of the disease or the result of causation. In this review, we summarize the complex and critical link between the gut microbiota and the lung, as well as the influence and mechanism of the gut microbiota on respiratory diseases, and discuss the role of interventions such as prebiotics and fecal bacteria transplantation on respiratory diseases. To provide a reference for the rational design of large-scale clinical studies, the direct application of microbial therapy to respiratory-related diseases can reduce the incidence and severity of diseases and accompanying complications.
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1 Introduction

At present, despite the progress in diagnosis and treatment, respiratory diseases are still a global problem. Pneumonia and lower respiratory infections are the fourth most common cause of death worldwide, while lung cancer is the sixth most common cause of death (Li Z.-J. et al., 2021). In 2017, the International Respiratory Society Forum identified chronic obstructive pulmonary disease (COPD) as the most common respiratory system disease (Labaki and Han, 2020). According to statistics, 544.9 million people worldwide suffer from chronic respiratory diseases, and the COVID-19 pandemic has affected nearly 671.7 million people worldwide and caused nearly seven million deaths (Chow et al., 2023).

Numerous studies have linked the microbiome and its function to lung diseases (e.g. lung cancer, chronic obstructive pulmonary disease, asthma, acute lower respiratory infection, and tuberculosis) (Enaud et al., 2020). The scientific community once believed that microbes did not exist in the lungs (Dickson et al., 2016). Even when bacterial DNA is detected in the lungs, it is often assumed to be technical contamination (Salter et al., 2014). However, with the development of bacterial culture conditions and next-generation sequencing technology, as well as verification from laboratories around the world, the old view of “lungs are sterile” has been overturned (Wypych et al., 2019).

In addition, it is also influenced by microbial signals from distant sites in the body, such as the gut (Dumas et al., 2018; Aishwarya et al., 2022; Gokulan et al., 2022). For example, SCFAs can induce bone marrow hematopoiesis, stimulate airway immunity, and shape the pulmonary immune microenvironment (Dang and Marsland, 2019). Nowadays, numerous studies on the gut–lung axis have presented new evidence, and studies of microbiota transplantation, microbiota-dependent pathways, and downstream metabolites all suggest that the microbiota may affect host metabolism and respiratory disease through multiple metabolic pathways and suggest early the possibility of intervention not only to modify the disease progression but also to delay or prevent the onset of the disease (Thibeault et al., 2021; de Vos et al., 2022). In this review, we describe the latest progress in gut microbiota–lung research, summarize the relationship between gut microbiota and respiratory diseases, and provide references for the in-depth elaboration of the gut–lung axis theory and the treatment of respiratory diseases.



2 Gut–lung axis

The human gut microbiome is a diverse ecosystem that we already know plays an important role in the health of multiple organ systems, and gut dysbiosis may lead to a variety of common diseases such as diabetes, neuropsychiatric disorders, cancer, etc. (Liu et al., 2020; Lau et al., 2021; Bai et al., 2022; Chidambaram et al., 2022). Collectively, the human gut microbiota consists of more than 100 trillion bacteria and more than three million unique genes (Zhuang et al., 2019). The gut microbiota is dominated by Firmicutes (e.g. Lactobacillus, Bacillus, and Clostridium), Bacteroidetes (e.g. Bacteroides), in addition to Proteobacteria (e.g. Escherichia) and Actinobacteria (e.g. Bifidobacterium) (Zhao et al., 2019). Experimental and clinical evidence suggests that the gut microbiota plays a crucial role in maintaining human health. Tightly regulated microbiota–host interactions influence the development, guidance, and priming of the immune system. The mechanisms by which gut microbiota regulate immune responses depend on microbe-associated molecular patterns, microbial metabolites, and interactions of microbes with progenitor and mature immune cells (Sencio et al., 2021). Normal gut flora plays various beneficial roles in the human body, including (a) enhanced immune response and (b) maintaining the intestinal microenvironment in a steady state (Figure 1).
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FIGURE 1
 Effects of intestinal microbiota on pulmonary immune microenvironment homeostasis.


The microbial biomass in the respiratory tract is significantly lower than that in the gut and oral cavity. Due to the lung's long-term exposure to the external environment and its unique topology, the pulmonary flora is in a dynamic state of change, which is mainly shaped by three factors: (1) microbial immigration, (2) microbial emigration or elimination by the immune system, and (3) microbial replication (Whiteside et al., 2021). Firmicutes and Bacteroidetes are the main groups in the healthy lung microbiome, with Prevotella, Vesteria, and Streptococcus being the most common (Yagi et al., 2021). In the healthy state of the lungs, there is a steady balance of microorganisms “moving in and out” (Wu and Segal, 2017). The source of the airway microbiome is the upper airway microbiome migrates into the lungs through “micro-respiration,” which occurs mainly during sleep. At the same time, host defense mechanisms are involved in microbial clearance, such as alveolar macrophage clearance and mucociliary transport (Elgamal et al., 2021). When the lung is sick, when the balance of the airway flora is also disrupted, and bacterial proliferation seems to outstrip the ability of the airways to clear microorganisms, the cilia of the lungs are dysfunctional, mucus secretion is increased, and bacterial migration is increased, resulting in increased microbial density, some of which may come from gut microbes, for example, gastroesophageal reflux (Willers and Viemann, 2021).

“Gut–microbiome–lung” is one of the important areas of modern microbiome research. Gut microbiota disturbances are associated with increased lung inflammation; lung infection, in turn, exacerbates gut dysbiosis. Therefore, based on the “lung–intestinal axis” theory, this paper aims to clarify that microbial therapy should be another important research direction and entry point for the treatment of respiratory diseases in the future by elaborating on the lung–intestinal relationship and provides a more adequate theoretical basis for the clinical treatment of respiratory diseases (Figure 2).
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FIGURE 2
 The NFKB and MAPkinase (ERK, JUNK and P38) linked to TLR receptors in the presence of LPS.




3 The main communication pathway between the “gut–lung axis”


3.1 Soluble components or metabolites of gut microbiota affect lung diseases through immune regulation

The gut microbiome through anaerobic fermentation of dietary fibers such as resistant starch, pectin, and cellulose produces a multitude of metabolites, particularly SCFAs (Parada Venegas et al., 2019). SCFAs are anti-inflammatory chemicals with immunomodulatory functions, including inhibiting chemotaxis and adhesion of immune cells, as well as inducing the expression of anti-inflammatory cytokines and stimulating apoptosis of immune cells (Ratajczak et al., 2019). Patients with digestive problems have lower levels of SCFA and are more likely to develop lung disease (Dang and Marsland, 2019). It is well known that short-chain fatty acids will produce SCFAs in the gut. The basic role of SCFAs is to reduce intestinal pH and promote mucin synthesis, thereby preventing the development and adhesion of harmful bacteria, enhancing the integrity of epithelial cells, and enhancing host system immunity (Fukuda et al., 2011). SCFAs may increase the number and function of T regulatory (Treg), T helper (Th) 1, and Th17 effector cells by inhibiting histone deacetylases (HDACs), thereby reducing excessive inflammation and immune responses in gastrointestinal and airway diseases (Li et al., 2018). SCFAs can enter the body circulation through passive diffusion and active transport, the latter mediated primarily by transporters such as monocarboxylate transporters 1 and 4 (MCT1, MCT4) and sodium-bound monocarboxylate transporters 1 and 2 (SMCT1, SCMT2) (Sivaprakasam et al., 2017; Ranjbar et al., 2021). SCFAs have been shown to interact with different receptors, including g protein-coupled receptors (GPCRs) GPR43 and GPR41 (Sturm et al., 2021). Immune cells, including lymphocytes, monocytes, and neutrophils, exhibit GPR43 specifically (Le Poul et al., 2003), while GPR41 is expressed more widely in many tissues, including adipose tissue, pancreas, spleen, and lymph nodes, and different SCFAs have different affinities to the two receptors (Li et al., 2018). Another important biological role of SCFAs is that of HDAC inhibitors, particularly by butyric acid (Chang et al., 2014). HDAC inhibition in turn suppresses lipopolysaccharide (LPS)-induced nitric oxide synthesis via inducible nitric oxide synthase (iNOS) and the release of LPS-induced proinflammatory cytokines (IL-6, IL-12) (He et al., 2020). In addition, the anti-inflammatory effect of butyrate is associated with reduced activity of the NF-κB signaling pathway, while stimulating monocytes such as neutrophils to produce anti-inflammatory cytokines such as IL-10 (Ranjbar et al., 2021). SCFAs have anti-inflammatory and immunomodulatory properties and are involved in the recruitment, differentiation, and activation of neutrophils, dendritic cells (DCs), monocytes, macrophages, and T cells. SCFAs inhibit the maturation of dendritic cells, macrophages, and monocytes by inhibiting their ability to recognize antigens and produce pro-inflammatory cytokines such as IL-12 and TNF-α (Corrêa-Oliveira et al., 2016). Further studies have shown that SCFAs can have either anti-inflammatory or pro-inflammatory effects on lung cells, depending on the cell type or SCFA concentration tested (Corrêa-Oliveira et al., 2016). This suggests that, depending on the cell type and specific chemical environment, SCFAs can act as pro-inflammatory or anti-inflammatory chemicals. Not only that, SCFA synthesis induced by high-fiber intake has been shown to influence bone marrow hematopoiesis, speeding up the production of macrophages and DC precursors, and then seeding the lungs with highly phagocytic DCs (Dang and Marsland, 2019). By reducing immune cell migration and proliferation of various cytokines, and causing cell apoptosis, short-chain fatty acids can reduce inflammation (Liu et al., 2009). As a result, SCFAs have powerful anti-inflammatory properties (Figure 2).



3.2 Lung and gut microbes interact with each other by altering the body's immune system

There is a migration of immune mediators between the gut and respiratory microbiota, which allows the immune systems of the two sites to interact with each other, creating a synergistic effect. On the one hand, immune cells can migrate. Because of the structural and functional similarities between intestinal mucosa and airway mucosa, they express common homing chemical factor receptors such as chemokine ligand 28 (CCL28) and chemokine receptor 9 (CCR9). Depending on these receptors, lymphocytes can migrate between the intestine and the airway through peripheral blood circulation (Velikova et al., 2021). Gut-associated lymphoid tissue (GALT) is an important link between the lung and the intestine, which plays a key role in inducing immunity and controlling the communication between intestinal mucosa and systemic immunity (Mörbe et al., 2021). B cells in GALT produce antibodies, and T cells target viral or fungus-infected cells, cancer cells, and transplanted cells, all of which contribute to the body's immune response, which in turn affects the respiratory system (Kato et al., 2013; Lacorcia et al., 2021). On the other hand, due to the memory properties of immune cells, intestinal immune cells may develop immune memory after interacting with intestinal microorganisms, making them more flexible in responding to respiratory pathogens. Changes in systemic immune mechanisms are achieved through DCs, which recognize pathogen-associated molecular patterns, migrate to mesenteric lymph nodes and prime T cells, activate various T cell subsets, and regulate the production of cytokines, such as IL 10, TGF-β, INF-γ, and IL 6, T cell subsets then acquire immune homing receptors, such as CC chemokine receptor type 4, resulting in migration to different areas, including the respiratory mucosa, thereby promoting protective and anti-inflammatory response at specific sites (Allard et al., 2018). Relevant immune cells involved in the immune process of the “gut–lung axis” include Th17 cells, Treg cells, invariant natural killer T cells (iNKT), etc. (Tulic et al., 2016).

Th17 may be an important correlate of the “lung–gut axis.” It is important for maintaining mucosal barrier function and clearance of pathogens, and its imbalance is associated with a variety of inflammatory diseases. Colonization of segmented filamentous bacteria (SFB) in the intestinal microbiota can inhibit the proliferation of Staphylococcus aureus and Aspergillus fumigatus in the lungs by activating Th17 cells and IL-22 (Gauguet et al., 2015). Further studies found that in autoimmune-susceptible mice, SFB-induced Th17 cells can be recruited to the lungs by chemokine ligand 20, leading to autoimmune lung disease and respiratory infections that induce Th17 responses may lead to intestinal damage (Bradley et al., 2017). Gut-derived immune responses can influence lung inflammation, and respiratory infections can also lead to enteritis, suggesting a lung–gut interaction.

Tregs play a crucial role in immune homeostasis. Gut microbiome and their metabolites can regulate Treg differentiation. Tregs regulate the production of the main mucosal antibody immunoglobin A (IgA) through the production of TGF-β, thereby reducing the systemic inflammation caused by the global activation of CD4+T cells. Respiratory diseases may occur when IgA response is impaired (Kageyama et al., 2024).

iNKT connects innate and adaptive immunity and can release a large number of cytokines, mainly Th1 or Th2, whose dysfunction is associated with a variety of inflammatory diseases (Jeong et al., 2023). In germ-free mice, iNKT cells accumulate and inflammatory response is enhanced, and the recovery of the intestinal microbiome in the neonatal period can limit the inflammatory trend, suggesting that the microbiome plays a key role in iNKT development, and the intestinal microbiome has the function of directing pulmonary iNKT differentiation (Olszak et al., 2012) (Figure 3).
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FIGURE 3
 Pathways of the gut–lung axis interaction. Microbial products and metabolites or surviving bacteria propagate from the intestinal mucosa to the lungs, systemic circulation through the lymphatic and blood circulation. Certain microorganisms produce large amounts of short-chain fatty acids when they metabolize dietary fiber. Short-chain fatty acids can be transported to different parts through the blood circulation to affect the recruitment and activity of immune cells in the body (including the lungs), thereby reducing inflammation.





4 Possible mechanisms of gut microbiota in respiratory diseases


4.1 Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive fibrotic interstitial pneumonia of unknown etiology that mainly occurs in the elderly (Ma et al., 2022). IPF has a median survival of 3–5 years after diagnosis and is characterized by inflammation and excessive deposition of extracellular matrix (ECM) in the lungs (Mei et al., 2022), leading to structural changes in the lung parenchyma, such as lung wall thickening and stiffness, which may eventually lead to acute decreased respiratory function and organ failure; high morbidity and mortality due to lung injury from IPF is often progressive and irreversible. It can be diagnosed by chest high-resolution computed tomography. The incidence is increasing year by year, and the treatment is limited (Janowiak et al., 2022). In recent years, some epidemiological and experimental studies have found a direct link between the gut microbiome and pulmonary fibrosis. Changes in intestinal flora and its metabolites can activate a variety of immune cells and non-immune cells of the host, induce an inflammatory response, and trigger mesenchymal cells to produce a large number of ECM components, which is a common cause of fibrotic lesions in other distal extrenteral organs (Zhan et al., 2021). Therefore, it is essential to explore and determine the pathogenesis and immune regulation of pulmonary fibrosis diseases for exploring new therapeutic strategies and therapeutic targets for this disease.

Zhou et al. (2019) used 16S rRNA gene sequencing to compare the intestinal microbiota composition of stool samples from 18 patients with silica-induced pulmonary fibrosis and 21 healthy subjects, and the results showed that the intestinal microbiota of patients with pulmonary fibrosis had significant changes; the levels of Firmicutes, Actinobacteria, Devosia, Clostridiales, Alloprevotella, and Rikenellaceae_RC9 were significantly decreased. Animal studies have shown that intestinal flora disturbance caused by antibiotic exposure in young mice can promote the formation of skin and lung fibrosis symptoms in adult mice (Ho and Varga, 2017). The study on the mouse model of idiopathic pulmonary fibrosis found that intestinal bacteria of 412 genera had significant changes with 26 kinds of metabolites. For example, the abundance of Helicobacter was significantly down, while the abundance of Dubosiella was significantly increased, and the abundance of Dubosiella was significantly positively correlated with the level of betaine in serum. Therefore, this study is the first to validate the possibility and reliability of using gut microbiota and metabolites as biomarkers of the fibrosis process (Gong et al., 2021). In addition, in vitro experiments found that SCFA butyrate (C4) produced by gut microbiome metabolism can prevent TGF-β1-induced differentiation of MRC5 human fetal lung fibroblasts into myofibroblasts, inhibit the expression of fibrosis markers, and enhance mitochondrial function, exhibiting potent anti-fibrotic activity (Lee et al., 2021).

Although the sample size of these experiments is small, they may still be helpful for the early diagnosis of pulmonary fibrosis disease and the exploration of an intervention program to delay or inhibit pulmonary fibrosis. However, the causal relationship between the differences in gut microbiota and the progression of pulmonary fibrosis requires further mechanistic studies. Like many studies of gut microbiota, it is difficult to distinguish pathogenic factors from associated effects, and whether different gut microbiota are merely intestinal phenotypes of PF or can influence each other remains unknown. Whether the changes in the intestinal barrier, the exudation of intestinal bacterial metabolites affect the PF or the immune response generated by PF connects the lung to the gut needs to be further explored.



4.2 Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD), affecting more than 500 million people worldwide, is characterized by dyspnea, chronic cough, and increased sputum, which is associated with severe lung damage from irreversible progressive inflammation and airflow limitation (Vogelmeier et al., 2020). The classification of COPD severity includes four stages based on spirometry and the severity of airflow limitation from stage I to stage IV (Fazleen and Wilkinson, 2020). The mechanism of occurrence and development is still largely unknown, genetic factors, inflammation, immune response, and other factors are reflected in the pathogenesis, it has many comorbidities, such as cardiovascular disease, colitis, and osteoporosis (Ekbom et al., 2008; Li Y. et al., 2022; Polman et al., 2024). It is the third leading cause of death worldwide, with major risk factors being inhalation of cigarette smoke, air pollution, or other toxic substances (O'Donnell et al., 2020). Studies have found that patients with COPD often have gastrointestinal symptoms, which are highly correlated with the severity of the disease (De Nuccio et al., 2022). The imbalance of intestinal microbial ecology can lead to respiratory epithelial damage, lung innate immune defense damage, and harmful bacterial colonization, causing lung inflammation and further aggravating COPD.

Bowerman et al. (2020) compared the gut microbiota of COPD patients and healthy controls and found that the abundance of Streptococcus, Rothia, Romboutsia, Intestinibacter, and Escherichia increased in COPD, but that of Bacteroides, Roseburia, and Lachnospira had reduced. Several species of Streptococcus and Lachnospiraceae also correlated with reduced lung function. In another study, Chiu et al. (2021) investigated how the gut microbiome varies depending on the severity of COPD. The data showed that in patients with severe COPD, the genera Aerococcus and Fusobacterium were the most abundant, while the contents of Ruminococcaceae and Lachnoclostridium were low. Jiao et al. (2022) conducted a study on COPD rats, and the results showed that the onset and development of COPD were associated with the imbalance of 41 differential metabolites in plasma, bronchoalveolar lavage fluid and feces, and 82 bacteria at the levels of phylum, class, order, family, and genus from lung and intestine, including Escherichia-Shigella. In addition, Wang et al. (2024) found that down-regulating levels of IFN-γ, TNF-α, and IL-6, and restoring the abundance of Akkermansia and Escherichia_Shigella improved LPS-induced intestinal flora disturbances and lung injury in mice.

Long-term antibiotic treatment can reduce bacterial load and inflammation in the respiratory tract of patients with COPD. However, the side effects of long-term use of antibiotics and bacterial resistance are common (Rusu and Buta, 2021). In the future, we can use the known key lung target bacteria for the treatment of COPD to develop more targeted safe and effective drugs. In general, the feasibility of pulmonary and intestinal microbiota as new targets for early diagnosis and clinical treatment of COPD needs to be further clarified through the active combination of conventional treatment methods and various emerging programs or the feasibility of the future successful application of lung intestinal microbiota as the target of COPD prevention and treatment strategy.



4.3 Lung cancer

Lung cancer (LC) is one of the deadliest malignancies with increasing morbidity and mortality worldwide. In the past few decades, despite many breakthroughs in tumor-targeted therapy and immunotherapy, there are still many limitations, such as the emergence of drug resistance, recurrence, and metastasis of lung cancer. Therefore, there is an urgent need to find new ways to treat lung cancer. Approximately 95% of lung cancers are classified as small cell lung cancer (SCLC) or non-small cell lung cancer (NSCLC) (Suster and Mino-Kenudson, 2020). In addition to genetic and environmental factors, the microbiome also plays an important role in the development of lung cancer. It has been reported that the occurrence of surface boundary tumors is usually related to the destruction of the host mucosal immune barrier. When the mucosal surface is damaged, if the damage can be repaired in time, the microenvironment of the original tissue and the symbiotic microbiome will be rebuilt. Otherwise, the damage will continue to intensify and lead to repeated bouts of inflammation that may eventually trigger cancer (Goto, 2022).

Zhang et al. (2018) sequenced the highly variable V1-V2 region of the 16S rRNA gene in stool samples from lung cancer patients and healthy volunteers. The results showed that compared with the healthy control group, the levels of Bacteroidetes and Fusobacteria in the lung cancer group were higher, but the levels of Firmicutes and Proteobacteria were significantly decreased. This suggests a potential link between gut bacteria and lung cancer. Zhuang et al. (2019) sequenced the intestinal microbiota 16S rRNA of 30 LC patients and 30 healthy controls and found that in the process of LC, intestinal flora is significantly maladjusted, in which the decreased levels of Actinobacteria and Bifidobacterium and the increased levels of Enterococcus are significantly correlated with lung cancer, and the decreased normal function of intestinal microflora will affect the progression of lung cancer. Liu et al. (2019) analyzed fecal samples from 30 lung cancer patients and 16 healthy controls by 16S rRNA gene amplification sequencing, and the results showed that compared with the healthy control group, the intestinal microbial community in the lung cancer group presented a microbial ecosystem with elimination, low density, and loss of bacterial diversity. It is characterized by an increase in pathogenic bacteria (Enterobacteriaceae, Streptococcus, Prevotella, etc.) and a decrease in probiotics (Blautia, Coprococcus, Bifidobacterium, and Lachnospiraceae). And the abundance of some major metabolism-related pathways in lung cancer is reduced. In summary, Enterobacteriaceae, Streptococcus, Prevotella, Coprococcus, Bifidobacterium, and Lachnospiraceae have often been reported as the most relevant microbiome for lung cancer. This means that the gut flora can serve as microbial markers and contribute to the derived metabolites, development, and differentiation of the lung cancer system. In addition, Fang et al. (2023) maintained the circadian rhythm synchronization of C57BL/6J lung cancer mice by time-limited feeding. 16S rRNA sequencing and non-targeted metabolome sequencing found that the intestinal flora components of lung cancer mice returned to the level of non-lung cancer mice and slowed down the growth rate of tumors, demonstrating the possibility of regulating fecal flora and thus inhibiting lung cancer.

The intestinal flora of lung cancer patients is different from that of healthy people. More and more studies have gradually confirmed that by regulating intestinal flora, increasing probiotics, and reducing harmful bacteria, tumor inhibition signaling pathway can be more activated, anti-tumor immunity can be enhanced, apoptosis of cancer cells can be induced, or recurrence and metastasis can be prevented, and it can play a synergistic role with tumor therapeutic drugs. It can bring more clinical benefits to patients. However, first, due to technological development and ethical limitations, most studies are currently conducted in laboratory mice, and the sample size of studies in human diseases is also small; second, the role of microbial components such as fungi and viruses in lung cancer, in addition to bacteria, has been largely unexplored, partly due to their relatively low abundance. And there is a lack of well-characterized reference genomes. Emerging advances in organoid technology have made 3D studies of human lung tissue possible. Regarding the feasibility of using lung organoids to approach the mechanisms of cell–cell interactions in lung tissue, future studies should attempt to use organoids to better model and explore the role of microbes in lung cancer and possible molecular mechanisms, as it has successfully studied the microbiota associated with colorectal cancer (Pleguezuelos-Manzano et al., 2020).



4.4 Asthma

Asthma is a heterogeneous disease that includes multiple phenotypes and varies in clinical and pathophysiological features (Kaur and Chupp, 2019). The main clinical symptoms were shortness of breath, chest tightness, dizziness, fatigue, etc. (Stern et al., 2020), and the World Health Organization reports that more than 262 million people suffer from asthma and more than 400,000 people die (GBD 2019 Diseases and Injuries Collaborators, 2020). The pathogenesis of asthma is unknown, but the disease is associated with multiple genetic, environmental, infectious, and nutritional factors (Miller et al., 2021). Epidemiological surveys and experimental evidence support that changes in the intestinal immune response can directly lead to the development of pulmonary allergic diseases (Gans and Gavrilova, 2020). The “microbial hypothesis” believes that the abnormal immune response caused by the imbalance of intestinal microbiota caused by external factors (such as changes in diet structure, improvement of sanitary conditions, and use of antibiotics) is the key to the occurrence of airway allergic inflammation factor (Bai et al., 2020; Hakozaki et al., 2020; Ye et al., 2022).

Asthma is the most prevalent childhood disease in Western countries (Mahesh and Ramamurthy, 2022). Several studies have linked dysregulation of the gut microbiome early in life to an increased risk of asthma later in life. Compared with non-asthmatic children, school-age children with asthma showed lower gut microbiome diversity before 1 month of age (Abrahamsson et al., 2014). Colonization of Clostridium difficile species (phylum Firmicutes) at 1 month of age is associated with wheezing and asthma at 6–7 years of age (Van Nimwegen et al., 2011). Another study analyzed the gut microbiome of infants at risk for asthma in the first 100 days of life and discovered that the relative abundance of the genera Lachnospira, Veillonella, Faecalibacterium (phylum Firmicutes), and Rothia (phylum Actinobacteria) was significantly decreased in these children (Arrieta et al., 2015). The same group of authors confirmed bacterial dysbiosis of the gut microbiota in another study and showed that opposite changes in the relative abundance of Lachnospira and Clostridium neonatale in newborns within 3 months of birth are associated with the development of preschool asthma (Stiemsma et al., 2016). In a recent metabolomics-based approach, stool samples from children with asthma aged 4–7 years were compared with healthy children, focusing on gut metabolites such as amino acids or butyrate (Chiu et al., 2019). The results of taxonomic classification showed that among gut bacteria, the phyla Firmicutes (67.8%), Actinobacteria (20.7%), and Bacteriodetes (8.4%) accounted for 97% of all the sequences analyzed. Compared with healthy controls, children with asthma had significantly lower abundance of genera Faecalibacterium and Roseburia (phylum Firmicutes), while increased abundance in the genera Enterococcus and Clostridium (phylum Firmicutes). Firmicutes bacteria are dysbiosis bacteria that are significantly less common in children with asthma and may therefore be associated with increased asthma risk.

The intestinal microbiota is closely related to the pathogenesis of asthma (Barcik et al., 2020). Intestinal microbiota can regulate the immune function of the body by increasing the level of SCFAs, and then affect the occurrence and development of asthma (Tagé et al., 2024). However, due to the close and complex relationship between intestinal microbiota and asthma, the specific regulation mechanism of intestinal microbiota participating in immune tolerance is not completely clear, so it needs to be further elucidated (Tan et al., 2023).



4.5 Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a malignant pulmonary vascular disease characterized by increased pulmonary vascular resistance, pulmonary vasoconstriction, and right ventricular hypertrophy, which eventually leads to right heart failure and death (Luna-López et al., 2022). The main pathophysiological mechanisms of PAH are endothelial injury, pulmonary vascular remodeling, and in situ thrombosis (Mandras et al., 2020). Due to the lack of screening methods and biomarkers for early detection, patients with PAH often present with severe right ventricular dysfunction at the time of diagnosis (Wedgwood et al., 2020). The 1-, 3-, and 5-year survival rates of PAH patients are 90.4%, 76.2%, and 65.4%, respectively, thus increasing the socioeconomic burden in China and the West (Farber et al., 2015), and no new therapeutic approach for PAH has been found yet. Advances in genomics and metabolomics have gradually revealed the role of gut microbiota (GM) and its metabolites in cardiovascular diseases.

In an experimental PAH rat model, the researchers systematically analyzed the gut microbiome composition of stool samples from rats with pulmonary arterial hypertension (PAH) and found that the gut microbiota was significantly dysregulated during PAH, with a three-fold increase in the ratio of Firmicutes to Bacteroides (Callejo et al., 2018). Hong et al. (2021) conducted 16S rRNA gene sequencing analysis on stool samples of PAH rats, the results showed that compared with the control group, for the phylum level, the relative abundance of Firmicutes, Proteobacteria, and Actinobacteria increased while the relative abundance of Bacteroidota and Spirochaetota decreased. For the class level, Bacilli decreased in relative abundance and Firmicutes–Clostridia increased in relative abundance. For the genus level, the relative abundance of Allobaculum, Ralstonia, and Bifidobacterium increased, while the relative abundance of Lactobacillus and Romboutsia decreased. Similarly, intestinal microbiota imbalances have been found in patients with pulmonary hypertension. Kim et al. (2020) compared the fecal microbiome of 18 patients with type 1 PAH and 13 healthy controls by shotgun metagenomics and found that there was fewer beneficial short-chain fatty acid (SCFA) producing bacteria in the stool of PAH patients, such as Coprococcus, Butyrivibrio, Lachnospiraceae, Eubacterium, and Clostridia. These changes in PAH biogroups may disrupt metabolic and immune homeostasis, and influence the pulmonary vasculature. In conclusion, the dysbiosis of gut microbiota in PAH animals and patients highlights the role of gut microbiota in PAH and provides new targets for PAH diagnosis and treatment.

In summary, we can conclude that microbial communities interact with PAH because different characteristics of gut microbiota were found after exposure to factors such as hypoxia and MCT, and PAH models were successfully established. At the same time, long-term PAH can lead to intestinal venous congestion and then lead to intestinal dysbiosis. Microbiota-based therapy may become a new treatment strategy for PAH, but relevant clinical evidence is lacking. Large-scale clinical studies need to be designed to validate the efficacy of microbiota-based PAH therapies. For example, whether patients undergoing colectomy are at risk for altered PAH and whether patients with PAH treated with FMT or probiotics have improved signs and symptoms of PAH.



4.6 COVID-19

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, formerly known as 2019-nCoV) is an enveloped, single-stranded genomic RNA virus (+ssRNA) that is the cause of coronavirus disease 2019 (COVID-19). COVID-19 infection was first reported in Wuhan, China, in December 2019 and has since spread rapidly around the world (Gupta et al., 2020; Wang et al., 2020; de Oliveira et al., 2021). Previous studies have shown that gut microbiota involved in the development and function of the innate and adaptive immune systems may play an important role in the pathogenesis of COVID-19 (Zheng et al., 2020). Depletion of SCFA-producing microbiota in COVID-19 or severe disease has also been associated with cytokine alterations (Lv et al., 2021; Yeoh et al., 2021; Zhang et al., 2022). Therefore, a comprehensive investigation of the interrelationships among gut microbes, metabolites, and cytokines, as they influence COVID-19, should expand our knowledge of disease pathogenesis.

A recent clinical study of COVID-19 patients showed that a bacterial formula administrated orally: Streptococcus thermophilus DSM 32345, L.acidophilus DSM 32241, L. helveticus DSM 32242, L. paracasei DSM 32243, L. plantarum DSM 32244, L. brevis DSM 27961, B. lactis DSM 32246, B. lactis DSM 32247 (SivoBiome® in USA) reduces the risk of respiratory failure and accelerates the resolution of diarrhea (d'Ettorre et al., 2020). One study assessed the presence of SARS-CoV-2 in throat swabs and stool samples throughout infection. Stool and respiratory swabs were obtained every 1–2 days until two consecutive tests were negative. The results showed that stool samples remained positive for ~5 weeks after respiratory samples tested negative for viral RNA in this patient cohort (Wu et al., 2020). This, together with the fact that some patients with this condition have diarrhea, points to the distinct possibility of involvement of the gut–lung axis and, possibly, the gut microbiome (Chan et al., 2020). Thus, the presence or persistence of the virus in the oropharynx and stool highlights that SARS-CoV-2 is not restricted to the lungs and suggests the possibility of fecal–oral transmission. In an observational study, Fan et al. (2020) evaluated the lung microbiota of 20 deaths from COVID-19. Members of Acinetobacter, Brevundimonas, Burkholderia, Chryseobacterium, Sphingosine, and Enterobacteriaceae dominate the lung microbiota in these patients. Enterobacteriaceae, which includes species commonly found in the gut microbiome, including some pathogenic microorganisms such as Enterobacter, Escherichia coli, Klebsiella, and Proteus, were detected in the lungs of deceased COVID-19 patients. In the genus Acinetobacter, A baumannii is associated with multidrug-resistant infections and mortality (Doi et al., 2015). In addition, Kolhe et al. (2021) compared the nasopharyngeal microbiota characteristics of elderly COVID-19 patients with healthy individuals and found that patients were enriched in Cyanobacterial taxa at the phylum level, and the number of Litoricola, Amylibacter, Balneola, and Aeromonas at the genus level was increased trends, suggesting that nasal microbiota is associated with SARS-CoV-2 severity in elderly patients.

Shotgun metagenomic sequencing and metabolomics were performed on stool samples from 112 hospitalized patients with SARS-CoV-2 infection and 112 non-COVID-19 controls matched for important confounders, as well as plasma cytokine measurements. Multiple associations were identified between COVID-19-associated microbes (e.g., oral microbes and producers of short-chain fatty acids) and gut metabolites (e.g., branched-chain and aromatic amino acids, short-chain fatty acids, carbohydrates, neurotransmitters, and vitamin B6). Both are also associated with inflammatory cytokine dynamics (e.g., interferon-γ, interferon-λ3, interleukin-6, CXCL-9, and CXCL-10) (Nagata et al., 2023). It is therefore reasonable to hypothesize that adjuvant therapies based on gut–lung axis modulation and restoration of true life may be an important therapeutic approach to limit the harmful consequences of COVID-19.



4.7 Cystic fibrosis

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which results in altered chloride and bicarbonate secretion and the accumulation of abnormally thick mucus in the lungs and intestine, affecting more than 70,000 people worldwide (Lopes-Pacheco, 2020). Recent microbiological studies have identified the gut microbiota as an important player in gut and lung health outcomes in CF patients (Testa et al., 2022). Common gastrointestinal symptoms in CF patients include abdominal pain, bloating, bloating, steatosis, slow weight gain, and constipation (Meeker et al., 2020). CFTR is expressed in intestinal epithelial cells, and its dysfunction in CF leads to the deficiency of CFTR protein, resulting in various physiological and biochemical imbalances. These symptoms include mucus thickening and oozing due to chloride channel dysfunction, defective bicarbonate secretion altering the intestinal pH environment, prolonged intestinal transport time, pancreatic insufficiency, increased intestinal inflammation, and altered immune mechanisms with impaired intestinal barrier function (Vernocchi et al., 2018; Wang et al., 2019; Kristensen et al., 2020).

Changes in a particular taxa are usually represented by an expansion of known pathogens and a relative reduction in genera with beneficial members. Along with reduced gut microbial diversity, there is a significant alteration of microbial composition in patients with CF, for example, an increase in Firmicutes, a reduction in Bacteroidetes, along with a higher abundance of pro-inflammatory microbiota such as those belonging to Enterobacteriaceae, Streptococcus, and Veillonella are consistently reported in patients with CF (Hayden et al., 2020; Kristensen et al., 2020). Stool samples from children with CF were examined using 16S rRNA sequencing and metabolomics. Vernocchi et al. (2018) demonstrated abundant Propionibacterium, Staphylococcus and Clostridiaceae along with reduced abundance of Eggerthella, Eubacterium, Ruminococcus, Dorea, Faecalibacterium prausnitzii (F. prausnitzii), and Lachnospiraceae and further noted that the resulting dysbiosis was associated with increased expression of metabolites such as gamma-aminobutyric acid (GABA), choline, ethanol, propylbutyrate, and pyridine, and reduced levels of sarcosine, 4-methylphenol, uracil, glucose, acetate, phenol, benzaldehyde, and methyl acetate.

The quantity, diversity, and dominant microbiota of intestinal microbiota in CF patients may be used as biomarkers and a way to evaluate prognosis. Although CF is monogenic, it is a multifactorial disease, and both genotype and microbiome profile are key interrelated factors in disease progression. Thus, microbiome–genome interactions are important. Metagenomics, now applied essentially in a gene-targeting fashion, has been able to characterize bacterial communities and, to a lesser extent, fungi in the CF lung niche in great detail. With the help of bioinformatics advances, the integration of genetic and microbiological data to study the interactions between microbiota and their metabolites may lead to the establishment of individual microbial signatures of CF patients to understand the unique disease progression of each patient and achieve precise individual assessment and treatment.




5 Therapeutic strategies for respiratory diseases-microbiome modulation


5.1 Probiotics for respiratory diseases

Probiotics are defined as live microorganisms that, if ingested in sufficient quantities, may have a beneficial effect on the health of the host. In contrast to other techniques such as FMT, probiotic therapy provides targeted modulation of the gut microbiota through the addition of “healthy” probiotics (Kim et al., 2019). Clostridium butyricum, as a symbiotic bacteria in the human gut, can promote the production of short-chain fatty acids such as acetic acid, propionic acid, and butyric acid, as well as vitamins such as B vitamins, folic acid, and vitamin K in the intestinal metabolism process, and these nutrients further play a positive role in the body (Cao et al., 2022). Many studies have shown that C. butyricum has certain preventive and therapeutic effects on bronchial asthma, lung cancer, lung infection, and other diseases and is a probiotic with great development potential. For example, Tian et al. (2019) and Cong et al. (2022) found that oral administration of C. butyricum could reduce the incidence of adverse events during chemotherapy in lung cancer patients, enhance the innate immune response of the body, reduce the level of inflammation, regulate the abundance of beneficial bacteria and pathogenic bacteria in the intestine differently, and help maintain the homeostatic state of intestinal flora. It can be an important adjunct drug in the treatment of lung cancer. Animal experiments have also shown that C. butyricum CGMCC0313-1 can reduce ovalbumin-induced allergic airway inflammation in mice (Juan et al., 2017; Li L. et al., 2022). In a mouse model of allergic asthma, oral administration of Clostridium butyrate can inhibit airway remodeling and airway hyperreactivity, reduce airway inflammation, and reduce mast cell degranulation. Overactivation of Th2 cells and underactivation of Th1 lead to Th1/Th2 balance disturbance, which plays an important role in the progression of allergic asthma. C. butyricum can reverse the Th1/Th2 imbalance in the airway of asthmatic mice and increase the expression of the anti-inflammatory cytokine IL-10 (Juan et al., 2017). Further studies showed that C. butyricum can not only restore Th1/Th2 balance in mice with allergic asthma but also improve lung autophagy and inhibit the NF-κB/NLRP3 inflammatory signaling pathway in the lungs, and further relieve allergic airway inflammation (Li L. et al., 2022).

In recent years, the use of probiotics has been increasing rapidly, and the safety of probiotics is the most important issue (Ahire et al., 2023). Because different probiotic strains may have different safety profiles, care must be taken when using probiotics in patients with severe immunodeficiency, malnutrition or cancer (Kan et al., 2024). The glossary is shown in Table 1.


TABLE 1 Glossary.

[image: Table 1]



5.2 Dietary fiber supplement

Dietary fiber refers to the sum of polysaccharides and a small amount of lignin that come from plants and are not hydrolyzed by digestive enzymes in the small intestine, mainly cellulose, hemicellulose, and pectin (Asp, 1987). Dietary fiber intake has a significant impact on the diversity and abundance of microflora in the intestinal microbiome (Cronin et al., 2021). Some animal experiments have also shown that dietary fiber can maintain the integrity of intestinal mucosal structure, protect its barrier function, and prevent bacterial and endotoxin translocation (Desai et al., 2016; Paudel et al., 2024). Studies have found that an unhealthy Western-style diet is associated with an increased risk of COPD and an accelerated decline in lung function (van Iersel et al., 2022), while dietary fiber intake, through anti-inflammatory (King et al., 2003; Ma et al., 2006, 2008) as well as indirect antioxidant properties (Saura-Calixto, 2011), may protect lungs against inflammation and prevent COPD, especially through modulation of the innate immune system via the gut–liver–lung axis (Young et al., 2016) and enhancing the bioavailability of antioxidants (Palafox-Carlos et al., 2011). In addition, studies have found that a higher intake of dietary fiber and yogurt in the daily diet may help reduce lung cancer risk, possibly because dietary fiber-rich foods contain prebiotics, while yogurt is a common source of probiotics, both of which can improve and regulate the composition and function of gut microbiota (Yang et al., 2020). Multiple studies have confirmed the protective effect of dietary fiber on allergic asthma. A study in model mice with asthma showed that eosinophilic airway inflammation, IgE levels, and Th2-related inflammatory mediators were reduced after treatment with dietary fiber, while airway obstruction and lung function were improved (Manni et al., 2021). Another study noted that in adults with severe asthma, dietary fiber intake was inversely associated with airway eosinophilia and decreased lung function (Berthon et al., 2013). Dietary fiber intake in adults can also regulate inflammatory responses, reduce the risk of asthma in the population, and prevent coughing, wheezing, and sputum production (Saeed et al., 2020).

In addition, the researchers pointed out that based on fresh foods rich in vitamin C, dietary fiber, and dietary polyphenols, such as fruits, vegetables, and whole grains, increasing the intake of probiotics and prebiotics plays an important role in respiratory virus infection (Yue et al., 2022). Trompette et al. (2018) found that the overall abundance of intestinal microflora in influenza-infected mice was reduced, the structure of intestinal microflora could be significantly improved after feeding fermentable dietary fiber, and the relative abundance of beneficial bacteria such as Bifidobacterium and Bacteroides could be increased, thus generating SCFAs (especially butyric acid) and promoting the extinction of influenza infection. Antunes et al. (2019) observed the protective effect of a high-fiber diet (citrus cellulose and pectin) on lung tissue of mice infected with respiratory syncytial virus and found that mice with a high-fiber diet had lower morbidity, less weight loss, and a lot of improvement in lung tissue inflammation and pathological damage. High-fiber-diet-fed mice had an increase of intestinal bacterial components of Lachnospiraceae that produce SCFAs. SCFAs reach lung tissue through systemic circulation, activate G-protein-coupled receptor 43(GPR43) of the alveolar epithelium, release IFN-β, and thus exert antiviral and lung protective effects. In conclusion, dietary fiber intake is particularly important for the dietary management of pulmonary diseases and should be regarded as the key dietary guidance content in the management model of related diseases.



5.3 Short-chain fatty acid supplementation regulates intestinal homeostasis

Short-chain fatty acids (SCFAs), as microbial metabolites, are essential for maintaining a healthy gut and overall health. They are produced by fermenting dietary fiber with beneficial gut bacteria and play a vital role in energy metabolism, intestinal barrier integrity, immune function, and overall inflammation regulation. SCFA metabolism disorders are also closely related to the occurrence of allergic inflammation, asthma, and other respiratory diseases (Verma et al., 2024). Butyric acid, as one of the main members of short-chain fatty acids, has been shown to play an important role in different aspects of lung diseases such as allergic asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis (Kabel et al., 2016; Yip et al., 2021). Butyrate is mainly produced by the digestion of dietary fiber in the intestine, can supply energy to the body through the oxidation of fatty acids in the body, and is the main energy supplier for intestinal epithelial cells (Liu et al., 2017). Studies have found that the epithelial barrier of colon mucosa relies on the oxidation of butyric acid to maintain, and the insufficient content of butyric acid in the intestine or the increase of sulfide in the intestine inhibits the action of the REDOX system on butyric acid, which will lead to inflammation (Roediger, 1980). However, as a ligand of GPCR, butyrate is an agonist of GPR41, GPR43, and GPR109A (Li G. et al., 2021), which can induce the differentiation of Treg cells and T cells by activating the GPCR signal of intestinal epithelial cells and promote the anti-inflammatory properties of colon macrophages and dendritic cells (Singh et al., 2014).

Although most butyrate is absorbed and consumed in the colon, the literature suggests that several roles of this metabolite in different peripheral tissues are significantly associated with lung disease (Blaak et al., 2020). The systemic effects of butyrate depend on its uptake by intestinal epithelial cells (IEC) and the subsequent distribution of this metabolite in the bloodstream (Salvi and Cowles, 2021). The study found that butyrate presented a potent antifibrotic effect by inhibiting mitochondrial elongation in TGF-β induced pulmonary fibrosis, increasing their mitochondrial membrane potential and ATP, NADH, and NADH/NAD ratio, affecting myofibroblast differentiation (Park et al., 2021). Butyrate attenuates BLM-induced lung fibrosis in rats. Animals receiving BLM in combination with butyrate presented a reduction in body weight loss and an improvement in the levels of inflammatory mediators and immune cells in their bronchoalveolar lavage compared to those receiving BLM alone, demonstrating a possible prophylactic role of this SCFA to certain conditions of pulmonary fibrosis (Williams et al., 2019). In vitro, cigarette smoke extract was shown to induce human embryonic lung fibroblasts to differentiate into myofibroblasts by causing endoplasmic reticulum stress—a condition that is associated with fibrosis and could be suppressed to some extent by the treatment with 4-phenyl butyric acid (4-PBA)—a butyrate analog compound (Gasse et al., 2009). In addition, butyrate was shown to inhibit the proliferation and migration of A549 human lung cancer epithelial cells in vitro by up-regulating miR-3935 expression (Xiao et al., 2018). Therefore, the supplementation of short-chain fatty acids, including butyric acid, may provide new ideas for the prevention and treatment of respiratory diseases.




6 Conclusions

With the study of the lung–gut theory in recent years, the relevant biological connection between the lung and the large intestine has been further confirmed, providing convincing evidence for the “lung–gut combined therapy.” The “gut–lung axis” is essentially a two-way communication and action hub between the gut microbiota and the lungs, when external factors (such as diseases, drugs, etc.) change and regulate the immune response. There are two main ways in which the microbiota affects the function of the respiratory system. On the one hand, some metabolites of intestinal microorganisms, such as short-chain fatty acids (SCFAs) and deaminotyrosine (DAT) enter the lung tissue through the blood and participate in lung immune function. Whereas. on the other hand, intestinal immune cells and immune factors enter the respiratory system through blood circulation and participate in the inflammatory process. These findings may provide important assistance to the research on the pathogenesis and influencing factors of respiratory diseases in the future, and provide new strategies for the diagnosis and treatment of diseases (Table 2).


TABLE 2 Changes in intestinal flora in respiratory diseases.
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While previous studies have elaborated the overall profile of the lung microbiota, suggesting important correlations between the microbiota and immune response homeostasis, limitations of the current study remain. (a) The relatively low abundance of the microbiota in the lung poses challenges to the isolation, culture, and identification of microorganisms; (b) mouse models have significant limitations in preclinical studies. One study showed that 85% of the bacterial genera found in the mouse gut microbiome have not been found in humans (Hugenholtz and de Vos, 2018); (c) the microbiota in the three individuals was often translocated due to changes in the host diet or lifestyle and competitive exclusion between species; (d) the research on syndrome differentiation and treatment of lung diseases from the perspective of “combined treatment of lung and intestine” is not deep enough, and the specific mechanism of “combined treatment of lung and intestine” is still not completely clear.

In summary, the academic community has made significant progress in the field of research on the regulation of gut microbiota on lung immunity, elucidating the key role of the microbiota in the lung in establishing local immune balance and defending against external pathogens. With the increasing understanding of microbiology and immunology, the modulation of gut microbiota is a potential target for the treatment of lung diseases, and we can identify potential inflammatory markers and microorganisms through better animal models and high-quality clinical study targets to explore new mechanisms and treatments for diseases. In addition, studies should control for baseline differences in individual microbiomes, including sex, age, race, comorbidities, drug use (including antibiotics and probiotics), diet and lifestyle, and environment, provide a more standardized measurement method for microbiome research, verify clinical data with a larger sample size, and further clarify the regulation mechanism of intestinal microbiome on the treatment of respiratory diseases, to apply it to clinical precision treatment and better achieving therapeutic effect.
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