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ARTICLE INFO ABSTRACT
Keywords: Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and healthcare
COPD burden worldwide. The progression of COPD is a combination of genetic predisposition and

Gut-lung axis
Intestinal microenvironment
Mucosal immune

environmental factors, primarily cigarette smoking, and the underlying mechanisms are still
unknown. Intestinal microecology impacts host immunity, metabolism, and resistance to patho-
genic infections, which may be involved in pulmonary disease. Moreover, substantial interaction
occurs between the intestinal and respiratory immune niches. After reviewing nearly 500 articles,
we found the gut-lung axis plays an important role in the development of COPD. COPD patients
often have dysbiosis of the intestinal microenvironment, which can affect host immunity through
a series of mechanisms, exacerbating or protecting against COPD progression. This paper sum-
marizes how the gut-lung axis influences COPD, including the alterations of intestinal micro-
ecology, the pathological mechanisms, and the involved immune responses. Finally, we
summarize the latest research advances in COPD treatment from the perspective of regulating the
gut-lung axis and intestinal immunity and evaluate the potential value of the gut-lung axis in
improving COPD prognosis.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common respiratory disease with major pathological changes including chronic
airway inflammation and progressive decline in lung function. COPD affects nearly 400 million people worldwide, and its incidence
continues to rise every year, accounting for a huge socioeconomic burden [1]. The pathogenesis of COPD is not well understood and
possible causes include cigarette smoke exposure, genetic predisposition, social and environmental factors, etc.

The gut microenvironment dysbiosis plays an important role in the development of COPD. Gut microecology is the microbial
community of gut microbiota, including symbiotic and pathogenic microorganisms present in tissues and the lumen. Ecological
dysbiosis of the gut microbiota can affect the body’s immune balance and associated with diseases in multiple systems, including
obesity, diabetes, atherosclerosis, and nonalcoholic fatty liver disease. The lung microenvironment is likely to be affected by change of
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gut microbiota, since microbiomes also exists in the upper and lower respiratory tract. Respiratory diseases are often accompanied by
gastrointestinal symptoms, and people with gastrointestinal disorders also have respiratory manifestations. For example, patients with
influenza virus infection have concomitant gastrointestinal symptoms [2], while patients with inflammatory bowel disease (IBD) have
gut microbiota alterations, and up to 50% of IBD patients have decreased pulmonary function [3]. This bidirectional communication
between the gut and lung is called the gut-lung axis.

The gut-lung axis plays an important role in respiratory diseases. COPD often coincides with chronic gastrointestinal diseases, and
COPD patients are 2-3 times more likely to be diagnosed with IBD than healthy individuals [4]. Similarly, people with IBD may have a
higher risk of COPD compared to healthy ones. In the two subtypes of IBD, Crohn’s disease and ulcerative colitis, the odds ratio for
COPD is 2.72 and 1.83, respectively [5]. The gut-lung axis can influence COPD development through the migration of immune cells,
destruction of mucosal immunity, and changes in cytokines in the gut and lung microenvironment, etc.

Previous research studied the change of gut microbiota in COPD, but research was rather separated and a research gap exists
between the theory of gut-lung axis and the clinical management of COPD. Therefore, there’s a need to summary the relevant studies in
the gut-lung axis and their association with COPD to better improve the management of disease prognosis. In this review, we discuss
the mechanisms of the gut-lung axis in COPD and highlight the recent advances in COPD treatment from modulating the gut-lung axis,

Table 1
Alterations of gut microbiota in COPD progression.

Study Origin Sample

Methods

Enriched microbes

Depleted microbes

Animal and laboratory evidence

Tomoda, Rat Cecal Selective isolation by / Bifidobacterium sp.
201151 contents specific algar, microscopic
bacterial counts
Wang, 201252 Mice Cecal qPCR, 16S rRNA gene Clostridium sp. Lactococcus, Ruminococcus,
contents sequencing Enterobacteriaceae. and segmented
filamentous bacteria
Allais, 2016531 Mice Colonic Illumina sequencing, Lachnospiraceae sp. /
sample gradient gel
electrophoresis
Dubois-deruy, Mice Cecal 16S rRNA gene sequencing  Deferribacteres phylum (in all), Actinobacteria (particularly
202054 samples Clostridiaceae (in obese mice) Bifidobacteria),
Bai, 20225 Mice Fecal Shotgun metagenomic Eggerthella lenta Parabacteroides distasonis, Lactobacillus
sample sequencing, liquid spp.
chromatography
Healthy smokers
Benjamin, Human Fecal Fluorescent in situ Bacteroide (Prevotella), Bifidobacteria, F. prausnitzii
201215671 sample hybridization
Biedermann, Human  Fecal Oligonucleotide probes Firmicutes (Clostridium coccoides, Bacteroidetes (Prevotella spp. and
20145681 sample targeting rRNA and FISH Eubacterium rectale), Actinobacteria Bacteroides spp.), Proteobacteria (- and
analysis (HGC bacteria and Bifidobacteria), y-subgroup of Proteobacteria)
Ishaq, Human  Fecal PCR-gradient gel Bacteroides vulgatus Lactobacillus, Bifidobacterium,
201815691 sample electrophoresis, 16S rRNA Clostridium leptum subgroup
gene sequencing
Shanahan, Human Intestinal 16S rRNA gene sequencing  Firmicutes sp.; Streptococcus, Rothia, and ~ Bacteroidetes sp, Actinobacteria sp., and
201815791 tissue Veillonella Prevotella
McLean, Human  Fecal 16S rRNA gene sequencing  Ruminococcus, Akkermansia, Firmicutes, /
20195571 sample Bacteroides and Staphylococcus
Nolan-Kenney, Human  Fecal 16S rRNA gene sequencing  Catenibacterium, Peptostreptococcaceae, /
20205721 sample Mitsuokella, Slackia, Collinsella,
Alphaproteobacteria
Harakeh, Human  Fecal 16S rRNA gene sequencing  Lactobacillus amylovorus, B. Fusobacteria and Tenericutes
202015731 sample by Miseq technology thetaiotaomicron
Prakash, Human  Fecal 16S rRNA gene sequencing  Veillonellaceae, Prevotella Lachnospira
2021574 sample
COPD patients
Deng, 2021 [10] Human  Fecal 16S rRNA gene sequencing  / Bifidobacteria and Lactobacilli
sample
Brennan M [13] Human  Fecal 16S rRNA gene sequencing  Haemophilus and Aspergillus Streptococcus
sample
Bowerman, Human Fecal 16S rRNA gene Bifidobacteriaceae, Eubacteriaceae, Desulfovibrionaceae,
2020575 sample sequencing, metagenomics  Lactobacillaceae, Micrococcaceae, Gastranaerophilaceae,
Streptococcaceae and Veillonellaceae Selenomonadaceae, Bacilli and Clostridia
Sun, 20205761 Human Fecal 16S rRNA gene Clostridia, Firmicutes, Ruminococcaceae Proteobacteria, Enterobacteriales
sample sequencing, PCR
Li, 20215771 Human Fecal 16S rRNA gene Firmicutes, Prevotellaceae, Bacteroidetes
sample sequencing, SCFA analyses  Ruminococcaceae
Liu, 20225781 Human  Fecal Shortgun metagenomes Faecalicatena, Oscillibacter, Lachnospira, ER4, KLE1615,
sample sequencing Lawsonibacter, Flavonifractor, and Eubacterium F, and Coprococcus

Streptomyces
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to evaluate the value of the gut-lung axis for the prevention and treatment of COPD.
2. The cause-and-effect of intestinal microecology on COPD
2.1. Smoking and COPD induce the alterations of intestinal microenvironment

Smoking is a significant causal factor of COPD. Cigarette smoke not only exacerbates the inflammatory response in the lung but also
triggers dysbiosis of the intestinal microenvironment. The harmful chemicals present in tobacco smoke initiate inflammatory re-
sponses within the respiratory system, damaging the airway epithelium over time, which leads to airflow limitation and the char-
acteristic symptoms of COPD. Furthermore, smoking exacerbates COPD symptoms and accelerates the decline in lung function. Smoke
exposure can lead to the formation of biofilm in specific genera of bacteria, enhancing their adhesion to gut epithelium and increasing
their abundance, such as Streptococcus [6]. Cigarette smoke also increases the permeability of the intestinal and pulmonary mucosa and

Table 2

Microbially-derived substance and related gut microbes that play protective roles in COPD.

Study Subjects Substance Related microbes Potential mechanism Effect in the lung
Tomoda, Female SCFA Intestinal microflora produces  |total cell and macrophage Result in anti-inflammatory
201556 C57BL/6 organic acids counts; effect in the lungs; suppress
mice llymphocyte and neutrophil elastase-induced emphysema
counts in BALF
Trompette, BALB/c or SCFA Intestinal microbiota that |CXCL1 production, thus reduce ~ Promote the resolution of
2018571 C57BL/6 ferments dietary fiber neutrophil recruitment to the respiratory infection while
mice airways; preventing immune-associated
1CD8+T cell effector function pathology
Jang, Female SCFA, dietary fibers Lactobacillaceae, Modulate the microbial Improve alveolar destruction
2021158 C57BL/6 Defluviitaleaceae, and community structure and inflammation during
mice Oscillospiraceae emphysema progression
Budden, Female SCFA Bifidobacterium longum subsp. lleukocytes, neutrophils and Attenuate parenchymal
2022591 C57BL/6 longum macrophages; inflammation; alleviate smoke-
mice lacetate production; induced lung inflammation
Ismoke-induced butyrate
depletion
Hildebrand, Male SCFA Bifidobacterium, loxidative stress; tactivation of myeloid cells in
202351°1  c57BL/ Faecalibaculum, and Imetabolic alteration; the lungs; reduce pulmonary
6JRj mice Lactobacillus tinflammatory signaling inflamm-aging
Wang, Male SCFA Ruminococcaceae, 1Z0-1 and occludin-1 in the Strengthen the intestinal
2023511 gprague- Christensenellaceae, and intestine; barrier function; improve
Dawley Aerococcaceae |TNF-q, IL-8, IL-6, and IL-17 in pulmonary function; inhibit
rats the lung; the inflammatory response
linfiltration of inflammatory
cells
Richards, 16HBE SCFA / |IL-4-induced IL-6 production; Enhance the barrier function of
20201512 Cells ttight junction protein ZO-1 HBE cells; induce airway
expression epithelial cells recovery after
stimuli exposure
Lai, 2022513 C57BL/6 LPS Parabacteroides goldsteinii, Pg Iproinflammatory cytokines; llung inflammation;
mice bacterial strain MTSO1 |BALF cellular infiltration; ameliorate cigarette smoke-
tcellular ribosomal and induced COPD
mitochondrial activity
Kolling, Male Peptidoglycan Lactobacillus rhamnosus and 1Th2 response; Resistance to pneumococcal
201851 Swiss- L. plantarum 1the recovery of B cells; infection; reduced cell
albino Tthe concentration activity of infiltration in the lung
mice anti-pneumococcal antibodies parenchyma
Bowerman, Human Phytohemagglutinin Bifidobacteriaceae, lairway inflammation Restore the balance of gut
2020 stool (PHA) Eubacteriaceae, tfunction of gut mucosal barrier =~ microenvironment, and
[20] sample Lactobacillaceae, protective against COPD
Micrococcaceae, exacerbation
Streptococcaceae and
Veillonellaceae
Vareille, C57BL/6J PHA L. plantarum CIRM653 Induce immunosuppressive T Reduce the proinflammatory
2019''51  mice cell response; prevent innate cell  response induced by
recruitment and cytokine K. pneumoniae in airway
production in the lungs epithelial cell lines
Markhijia, Male Balb/ trimethylamine-N- Clostridium spp. Reduce AHR, inflammation, Attenuate ER stress; inhibit
20145161 ¢ mice oxide (TMAO) mucus metaplasia, and collagen airway remodeling and lung

deposition

inflammation

*tmeans increase or upregulate; |means decrease or downregulate.
Abbreviations: AHR, airway hyper reactivity; BALF, bronchoalveolar lavage fluid; ER, endoplasmic reticulum; HBE cells, human bronchial epithelial
cells; LPS, lipopolysaccharide; SCFA, short chain fatty acid.
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weakens immune defense. Rats exposed to cigarette smoke for 6 months show intestinal mucosal barrier dysfunction and structural
alterations, including neutrophil infiltration, epithelial detachment, reduced expression of tight junction proteins occludin and ZO-1,
and elevated levels of interleukin-8 (IL-8), tumor necrosis factor-a (TNF-a), and interferon-y (IFN-y) [7]. In mice, chronic smoke
exposure results in increased intestinal permeability prior to the onset of emphysematous lung pathology [8].

Similar to smokers, alterations in the lung and gut microbiota also occur in COPD patients (Table 1). Smoking disrupts the balance
of lung microbiota, favoring harmful bacteria over beneficial ones, leading to increased susceptibility to infections and worsening of
COPD [9]. The interaction between lung and gut microbiota is bidirectional, with alterations in one affecting the other. This interplay,
mediated by shared immune signaling pathways, such as cytokine signaling and toll-like receptor activation, as well as neuroendocrine
pathways, such as the hypothalamic-pituitary-adrenal axis and the vagus nerve-mediated communication has implications for res-
piratory and gastrointestinal health. Studies have shown associations between gut dysbiosis and changes in lung microbiota
composition, as well as the impact of lung microbiota disruptions on gut health [10]. In the stool of patients with stable COPD, the level
of beneficial bacteria significantly decreased, such as bifidobacteria and lactobacilli [11]. Analysis of gut microbiota in COPD patients
with different GOLD grades also revealed some correlations between severity and microbiota pattern: in COPD with GOLD 1, the
abundance of Bacteroides was higher, and the abundances of Tyzzerella 4 and Microbacterium spp. Were lower; in patients with GOLD
2-4, the abundance of Ruminococcaceae and Lachnoclostridium reduced; and Clostridium and Aerococcus were more abundant in COPD
of GOLD 3 and 4 [12].

COPD patients are more susceptible to respiratory infections, which is the most important factor in COPD exacerbation. Acute
exacerbation of COPD (AECOPD) refers to a worsening cough and dyspnea compared to the usual condition, or with increased sputum
and other events that require changes in medication regimen. Compared to stable COPD, AECOPD patients have increased intestinal
permeability and dysbiosis of the intestinal microenvironment. Similarly, in the feces of AECOPD patients, the gut microbiota
abundance was significantly altered with reduced diversity [13]. In AECOPD patients, the level of Streptococcus parapsilosis_B increase
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Fig. 1. Mechanism of the gut-lung axis in the progression of COPD. The mechanism of the gut-lung axis in COPD includes immune cell
migration, gut microenvironment alteration, and changes in the mucosal immune. The migration of ILC2 and ILC3 may destroy the airway epithelial
cells and increase the mucus secretion in the alveolar, accelerating COPD progression; while migration of DC and monocyte can reduce pulmonary
inflammation. Change in the gut microenvironment triggers the release of cytokines like IL-17 and TNF-a, which circulate from gut to lung and
reduce infection risk. Gut microbiota also stimulates B cell to produce IgA through mucosal immune, enhance the lung mucosal immunity, and slow
down COPD progression.
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in the sputum, whereas increases in both Streptococcus parapsilosis_B and Streptococcus salivarius are observed in feces [14]. Studies
have demonstrated significant dysregulation of the intestinal microecology in smoking, stable COPD and AECOPD. The altered
microbiota and their metabolites will in turn change the lung function and regulate COPD progression.

2.2. Components and metabolites of intestinal microbes modulate the progression of COPD

A healthy gut microbiota participates in host immunity through microbial composition and metabolites, maintaining homeostasis.
Alterations of the gut microbiota can impact pulmonary immune function. The soluble components and metabolites of the microbiota
play important role in the crosstalk between the gut and lung immune response, which may contribute to COPD progression.

Soluble components of the gut microbiota, such as lipopolysaccharide (LPS), can regulate intestinal immunity, including increasing
cytokine levels, recruiting neutrophils and macrophages, and enhancing humoral immunity. These components also have anti-
inflammatory effects, such as polysaccharide A (PSA) of Bacteroides fragilis, which inhibits the intestinal inflammatory response
[15]. Short-chain fatty acids (SCFA) are important metabolites of the gut microbiota with anti-inflammatory effects. Three main SCFAs
are acetate, propionate, and butyrate, of which acetate and propionate are produced by S. fragilis and butyrate by S. firmicutes [16].
SCFAs are main metabolites of gut microbiota through fermenting dietary fibers, which can impact the lung homeostasis, suggesting
that it may migrate from the gut to lung and modulate lung immunity [17]. The two mechanisms of SCFA immunomodulation include
driving anti-inflammatory responses by coupling downstream effector molecules and modulating the immune response by inhibiting
histone deacetylase activity in cells [18]. SCFA also regulates immunity in extraintestinal organs, promotes anti-inflammatory re-
sponses, reduces airway inflammation, and alleviates COPD symptoms [19]. Exposure to cigarette smoke may decrease pulmonary
SCFA concentration, accelerating COPD development; Cigarette condensates also reduce SCFA production in vitro [20]. Circulation
SCFA levels in COPD patients are lower, and the decreased levels correlate with COPD severity [21]. Other metabolites of gut
microbiota, like Phytohemagglutinin (PHA) and trimethylamine-N-oxide (TMAO) also involve in COPD by reducing airway inflam-
mation and restoring the epithelial function [22].

Soluble components and metabolites of gut microbiota can play beneficial roles in promoting lung homeostasis, while reducing
these substances triggered by risk-factors exposures may accelerate COPD progression (Table 2). Dysbiosis of the gut microbiota is a
key factor of COPD exacerbation, including a decrease in beneficial bacteria and their metabolites, an increase in opportunistic
pathogenic bacteria such as Prevotella and Escherichia, and the destruction of homeostasis [23]. Few animal studies have indicated the
microbiota that exacerbates COPD, and the exact metabolites remain largely unknown. The overgrowth of pathogenic bacteria can
disrupt the homeostasis between the microbiota and host, thus exacerbates COPD.

The next section discusses the biological mechanisms of the gut-lung axis involved in COPD development, including evidence from
in vivo and in vitro research. Specifically, the effects of immune cell migration, mucosal immune, and immune response of the intestinal
microenvironment on COPD is also summarized (Fig. 1).

3. Immune mechanisms of the gut-lung axis in the development of COPD
3.1. The dual effect of intestinal immune cell migration to the lung on COPD progression

One of the main communication pathways of the gut-lung axis is the migration of immune cells between the gut and lung, and
intestinal immune activation regulates COPD progression. Lung inflammation in COPD includes the accumulation of immune cells, and
disease progression is associated with lymphoid follicles formation and infiltration of immune cells in the airway epithelium and
lumen. Some of these cells originate from the intestine and can be activated by intestinal immune responses, prior to migration to the
lung [24]. Migration of innate lymphocyte cells (ILCs) along the gut-lung axis may accelerate COPD progression, while migration of
monocytes and dendritic cells (DCs) may play protective roles in COPD.

ILCs are particularly abundant in mucosal barriers in the gut and lung, and their migration from gut to lung may induce COPD
exacerbation. In COPD patients, the number of ILCs increased significantly in peripheral blood and lung tissue, and a higher ILC1/ILC2
ratio in peripheral blood was positively correlated with disease severity [25]. In COPD mice, gut microbiota interaction with CD103+
CD11b + DCs may induce IL-22+ ILC3 in the gut to express CCR4, which in turn mediates ILC3 migration to the lung [26]. In the lung,
the influx of IL-22+ ILC3 can increase the susceptibility of respiratory infection. ILC2 can also migrate from the gut to the lung induced
by IL-25, and participate in local immunity, leading to inflammatory transfer from the gut to lung [27]. By interconnecting the cir-
culatory systems of two mice, and injecting IL-25 intraperitoneally into one, the activated ILC2s can migrate from the intestine of one
mouse to the lung tissue of both, exacerbating lung inflammation [28].

Migration of monocytes and DCs through the gut-lung axis plays a protective role in COPD. An important feature of lung
inflammation in COPD is an increase in macrophages, neutrophils, lymphocytes, and DCs, and there is usually an overactivation of Th2
cells. SCFA in the gut may induce the production and maturation of monocytes, which migrate partially to the lungs after maturation,
differentiate into DCs, inhibit naive T cells to differentiate into Th2 cells, and reduce the proportion of Th2 in the lungs [29]. In
H. capsulatum-infected mice, tumor necrosis factor inhibitors induce migration of intestinal CD11b + CD103+ DCs to the lung, increase
the number of Treg cells, reduce the level of inflammatory factors, and protect against pulmonary fungal infections [30].

In the landscape of COPD, characterized by its heterogeneity, the emerging recognition of Th2 inflammation presents a compelling
avenue for exploration. This expanding understanding underscores the intricate interplay between the gut and lung ecosystems, as
governed by the gut-lung axis. Within this context, elucidating how the intestinal microecology differentially modulates the diversified
inflammatory responses in COPD assumes paramount significance [31]. By dissecting the mechanisms through which gut microbial
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components and metabolites exert influence on Th2-mediated inflammation, we gain crucial insights into the pathogenesis of COPD
and potential therapeutic targets [32].

3.2. Disruption of mucosal immunity induces and exacerbates COPD

Similarities exist between the intestine and respiratory tract in epithelial origin, anatomical structure, and biological colonization.
Both intestinal and airway mucosa are derived from the endoderm with microvilli (intestine) or ciliated protrusions (respiratory tract),
and serve as sentinels of the human immune system. Under physiological conditions, the main flora of the two sites is similar, including
Bacteroidetes, Firmicutes, and Aspergillus [33]. Functional similarities also exist between intestinal and airway mucosa, and intestinal
and airway tissues express common homing receptors, such as CCL28, CXCL8, and CCR9, on which lymphocytes can rely for
inter-tissue migration [34]. Gut microbiota can induce IgA production by B cells, and IgA migrates through the circulatory system to
the airway mucosa to deliver immune messages. By supporting mucosal immunity, the gut microbiota reduces the risk of lung
inflammation and acts as an important protective mediator against Streptococcus pneumoniae infection by enhancing alveolar
macrophage function [35].

Patients with COPD usually have an impaired airway mucosal barrier. Cigarette smoke can damage the respiratory epithelial
barrier, leading to increased level of epithelial reactive oxygen species (ROS) and increased permeability, which exacerbate COPD
[36]. Excessive ROS production leads to a decrease in the antioxidant capacity and affects intestinal immune function. Mechanisms for
increased intestinal mucosa permeability include smoking-induced disruption of the intestinal barrier, systemic and gastrointestinal
hypoxia, and reduced intestinal barrier function. Exposure to cigarette smoke and reduced antioxidant capacity may reduce blood flow
to the intestinal mucosa, leading to chronic hypoxia. Concomitant systemic hypoxemia in COPD patients due to emphysema and
hypoventilation disrupts intestinal epithelial cells and increases intestinal mucosal permeability. Disruption of the intestinal mucosal
barrier in COPD patients accelerates the deterioration of pulmonary function and increasing the risk of COPD exacerbation [37].

3.3. Alteration in the intestinal microenvironment contributes to COPD progression

Alterations in the intestinal microenvironment can affect pulmonary immunity, leading to the pulmonary microenvironment
dysbiosis and decreased lung function, which further worsens COPD. On the one hand, when the intestinal microenvironment is
disrupted, cytokines and inflammatory mediators can rise and “overflow” from the gut, promoting lung inflammation through cir-
culation. On the other hand, the activation of NLRP3 inflammasome in the gut contributes to the transfer of gut microbiota to the lung,
impacting the lung microenvironment [38].

Cigarette smoke may increase circulating IL-17A and IL-17F levels in both non-COPD and COPD individuals, regulating neutrophil
and macrophage inflammation, activating inflammatory responses in the lower respiratory tract that promote COPD development.
Commensal gut bacteria, segmented filamentous bacteria (SFB), can protect mice from Streptococcus pneumoniae infection by similar
mechanism. SFB can induce the production of antimicrobial peptides, secretory immunoglobulin A and pro-inflammatory cytokines
[39]. SFB stimulates intestinal Th17 cells to release IL-17 and increases IL-22 levels in the lungs to reduce lung inflammation. The
dominant growth of SFB plays a protective role in methicillin-resistant Staphylococcus aureus (MRSA) pneumonia [40]. In mice with
pulmonary infection, GM-CSF and IL-17A are critical for the clearance of Streptococcus pneumoniae and Klebsiella pneumoniae. Both
cytokines can be regulated by oral antibiotic administration, and restoration of gut microbiota can repair the clearance defect of either
Streptococcus pneumoniae or Klebsiella pneumoniae [41]. The intestinal inflammation of COPD also affects the systemic immune
response. Intestinal inflammation can lead to elevated production of tumor necrosis factor-a (TNF-a), and the circulating level of TNF-a
is strongly correlated with the severity of COPD [42]. TNF-a inhibitors can alleviate inflammation and have significant efficacy in both
COPD and intestinal inflammation.

The NLRP3 inflammasome (Nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin-containing domain 3) can
act as regulators, promoting recruitment of inflammatory cells and modulating immunity; the gut and lung microbiota can also in-
fluence NLRP3 inflammasome function. NLRP3 inflammasomes are associated with the exacerbation of COPD, and their activation
mediates the secretion of pro-inflammatory cytokines IL-1f and IL-18. The mRNA levels of NLRP3, cysteine-1, IL-18, and IL-1b were
significantly higher in peripheral blood mononuclear cells and bronchial tissues of AECOPD patients compared to non-COPD patients
with long-term smoking and were positively correlated with bacterial load in BALF [43]. In contrast, concentrations of all these in-
flammatory mediators were significantly lower in stable COPD compared to AECOPD patients, and systemic and local activation of
NLRP3 inflammatory vesicles may contribute to COPD exacerbation [44].

4. Prospective treatments for COPD based on the gut-lung axis
4.1. Antibiotics

The use of antibiotics is a fundamental strategy in COPD treatment, and AECOPD usually requires empirical antibiotic therapy. The
GOLD strategy advocates the use of antibiotics in AECOPD, and it can significantly reduce the mortality and risk of secondary
pneumonia in AECOPD patients. Long-term use of antibiotics, especially oral antibiotics, can lead to disruption of the gut microbiota,
which affects immune responses and leads to COPD exacerbation. Macrolides are common antibiotics in AECOPD treatment, which is
effective in treating the lung infection, especially atypical pathogen infection. In mice with pneumonia, oral antibiotics may impair
hematopoiesis and lead to exacerbation of pneumonia. Frequent use of antibiotics may increase the rate of relapse in COPD patients,
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and treatment of such patients often needs to be prolonged to maintain the efficacy of antibiotics [45]. Reliance on conventional
antibiotics for COPD can lead to dysbiosis of the gut microbiota, which increases the risk of readmission, prolongs the patient’s hospital
stay, and may further worsen COPD, creating a vicious cycle. Therefore, patients with COPD, especially those with infection, should be
treated with complementary treatments in addition to conventional antibiotics [46].

4.2. Dietary supplements

Dietary supplement is an important complementary therapeutic approach in COPD, which mainly involve oral probiotics and
dietary fiber. Probiotics are a group of beneficial active microorganisms and can help maintain or restore the homeostasis of the gut,
which exert systemic anti-inflammatory effects, thereby relieving COPD symptoms. Oral administration of Lactobacillus garciae or
Lactobacillus rhamnosus, can stimulate the pulmonary immune response, protect COPD mice from pneumococcal infection, and prevent
COPD exacerbation [47]. Gavage supplementation with Lactobacillus rhamnosus and Bifidobacterium shortum may reduce pulmonary
inflammation and damage of bronchial epithelial cells in COPD mice [48]. Both probiotics also show similar anti-inflammatory effects
on cigarette smoke-induced macrophage inflammation in vitro, and intestinal supplementation with both bacteria may treat COPD
through anti-inflammatory effects. Patients with chronic pneumonia showed significant improvement in lung function (FEV1/FVC)
after 6 weeks of oral probiotic administration compared to placebo [49]. In COPD patients, oral probiotics can alleviate COPD
symptoms by inducing the expression of certain cytokines like IL-6, TNF-o, and CXCL-8 and suppressing macrophages inflammation in
the gut [50].

Dietary fiber is also a common dietary supplement for COPD patients, and its main component, SCFA, is protective against COPD.
Diets high in SCFA may prevent elastase-induced pulmonary inflammation and emphysema. Diets high in dietary fiber can alleviate
symptoms in COPD patients, and are associated with reduced prevalence of COPD in populations [51]. Increased intake of fruits and
vegetables may improve symptoms (e.g., dyspnea) in COPD patients and may also reduce the prevalence of COPD in the population.

4.3. Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is a therapeutic method to change the recipient’s gut microbiota by normalizing the
composition through transplanting stool. FMT can reshape the intestinal microenvironment and has been widely used in the treatment
of various gastrointestinal diseases. FMT may serve as a potential treatment for lung diseases by regulating lung inflammation through
the gut-lung axis [52]. In COPD mice, FMT improves abnormal amino acid metabolism in serum and F. aureus LPS antagonizes E. coli
LPS-induced inflammation, reducing intestinal and pulmonary inflammation and alleviating COPD symptoms. FMT can also modulate
the gut microbiome in emphysematous mice, inhibit inflammatory responses and cell apoptosis, slow emphysema development, and
improve COPD prognosis. In smoke-induced COPD mice subjected to FMT, the commensal bacterium Parabacteroides goldsteinii iso-
lated from feces alleviates the symptoms of COPD by inhibiting the toll-like receptor 4 (TLR4) pathway, suppressing inflammatory
response in the gut and lung, and enhancing cellular mitochondrial activity [53].

Clinical trials have demonstrated that various gastrointestinal diseases such as IBS, IBD, and obesity can be effectively treated by
FMT [54]. Although FMT has been less studied in respiratory diseases, based on the theory of the gut-lung axis, FMT may become an
effective option for the treatment of COPD patients.

4.4. Traditional Chinese medicine and herbal formula

The application of traditional Chinese medicine to regulate intestinal microecology can improve COPD symptoms, and reduce the
risk of COPD progression. In vivo, herbal medicines such as Qibai Pingfei Capsules, Tonifying Lung and Kidney Soup can improve lung
function by activating a series of pathways such as STAT3/STATS5, and Xuanbai Chenggqi Decotion can ameliorate lung inflammation in
COPD mice by correcting the Th17/Treg imbalance in the gut-lung axis [55,56]. Tonifying Lung and Spleen Soup could remodel the
SCFAs/GPR43/NLRP3 pathway by reshaping the gut microbiota, repairing the broken mucosal barrier, and improving mucosal im-
mune function in COPD rats [57]. In a population study of COPD, oral administration of Caoshi silkworm granule compound improved
the SGRQ score (St. George’s Respiratory Questionnaire) in patients with stable COPD and improved lung function in COPD patients
[58].

While traditional Chinese medicine (TCM) holds promise in regulating intestinal microecology to improve COPD symptoms and
mitigate disease progression, it’s crucial to consider safety aspects and potential side effects associated with such treatments, as caution
is warranted as these treatments may have adverse effects or herb-drug interactions. For instance, Xuanbai Chengqi Decotion, while
ameliorating lung inflammation in COPD mice, may exert effects on the gut-lung axis that need further elucidation regarding long-term
safety. Similarly, Tonifying Lung and Spleen Soup’s remodeling of the SCFAs/GPR43/NLRP3 pathway in COPD rats underscores
potential benefits but also raises concerns about unintended consequences. Moreover, while population studies like the one involving
Caoshi silkworm granule compound show promising outcomes in improving COPD symptoms and lung function, careful monitoring of
adverse reactions and standardized safety protocols are imperative to ensure the overall well-being of patients undergoing TCM
treatments for COPD management [58].

5. Conclusions and prospects

The gut-lung axis is disrupted in and impacts the COPD development through alterations in the gut microbiota and immune
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microenvironment. Changes in intestinal microecology and lung pathogenesis are closely related and can affect COPD progression
through a range of mechanisms, such as immune cell migration and regulation of the immune microenvironment. This review sum-
marizes the role of the gut-lung axis in the development of COPD, including the association between COPD and changes in the gut
microenvironment, biological mechanisms of the gut-lung axis, and potential COPD treatments that target the gut-lung axis.

Long-term inhalant therapy is the cornerstone of the COPD treatment strategy. This strategy should be complemented by multi-
faceted management, including counseling and pharmacotherapy for smoking cessation, pulmonary rehabilitation, treatment of
comorbidities, influenza and pneumococcal immunizations, and prescription of long-term oxygen therapy for hypoxic patients.
Modulation of intestinal microecology through oral dietary supplements and fecal transplantation to regulate the intestinal micro-
environment can provide effective complementary treatment for COPD patients (Fig. 2). These promising treatments may help reduce
complications and improve COPD prognosis. Further elucidation of the role of the gut-lung axis in COPD will bring new understanding
of the pathological mechanisms and novel therapeutic options for COPD treatment, as well as a comprehensive approach to prevention,
holistic management, and improved prognosis and quality of life for COPD patients.

Questions for future research

@® Which additional gut microbiota contribute to the development of COPD beyond those identified in the tables outlined in this

review?
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Fig. 2. Prospective treatments for COPD by modulating the gut-lung axis. The prospective COPD treatments include antibiotics, probiotics,
FMT, and herbal formula. Conventional antibiotics therapy can reduce the risk of COPD exacerbation, but may induce gut microbiota dysbiosis and
increase the level of inflammatory cytokines. Probiotics, as a dietary supplement, can prevent pathogen adhesion in the gut and restore intestinal
immunity, and then modulate lung immunity in COPD. FMT and herbal formula can reshape gut microbiota through the gut-lung axis by enhancing
mucosal immunity, correcting Th17/Treg balance in the gut, and reducing lung inflammation in COPD patients.
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@ Do the functions of gut microbiota and their metabolites listed in the tables of this review remain consistent across in vitro, in vivo,
and patients’ studies?

@ Are there additional mechanisms or molecules involved in the mucosal immune response in the gut-lung axis?

® Do both the gut-lung axis and immune cell migration also impact the progression of other pulmonary diseases?

@ How can the altered gut microbiota in COPD patients be leveraged in clinical research and applied to enhance current COPD
treatments?
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