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Abstract: Recent advances in microbiome research have uncovered a dynamic and complex con-
nection between the gut and lungs, known as the gut–lung axis. This bidirectional communication
network plays a critical role in modulating immune responses and maintaining respiratory health.
Mediated by immune interactions, metabolic byproducts, and microbial communities in both organs,
this axis demonstrates how gut-derived signals, such as metabolites and immune modulators, can
reach the lung tissue via systemic circulation, influencing respiratory function and disease suscepti-
bility. To explore the implications of this connection, we conducted a systematic review of studies
published between 2001 and 2024 (with as much as nearly 60% covering the period 2020–2024), using
keywords such as “gut–lung axis”, “microbiome”, “respiratory disease”, and “immune signaling”.
Studies were selected based on their relevance to gut–lung communication mechanisms, the impact
of dysbiosis, and the role of the gut microbiota in respiratory diseases. This review provides a
comprehensive overview of the gut–lung microbiome axis, emphasizing its importance in regulating
inflammatory and immune responses linked to respiratory health. Understanding this intricate path-
way opens new avenues for microbiota-targeted therapeutic strategies, which could offer promising
interventions for respiratory diseases like asthma, chronic obstructive pulmonary disease, and even
infections. The insights gained through this research underscore the potential of the gut–lung axis as
a novel target for preventative and therapeutic approaches in respiratory medicine, with implications
for enhancing both gut and lung health.

Keywords: gut–lung axis; microbiome; respiratory diseases

1. Introduction

Traditionally, the intestine has been regarded primarily as a digestive organ, while
the lungs are considered to be responsible for gas exchange and respiratory functions [1].
However, emerging evidence reveals a complex, bidirectional communication network
between these systems, referred to as the gut–lung axis, which may significantly impact
the function and health of both the gut and the respiratory system [2]. This connection
suggests that the intestinal microbiota, which plays an essential role in metabolic processes
and immune system regulation, might also influence respiratory health. The microbial
communities in the gut coexist symbiotically with their host, utilizing available nutrients to
perform critical tasks such as fermenting food components to produce metabolites, vitamins,
and minerals. For instance, short-chain fatty acids (SCFAs) like lactic acid and butyric acid,
produced through fermentation, serve as an energy source for large intestinal epithelial

Pathogens 2024, 13, 1005. https://doi.org/10.3390/pathogens13111005 https://www.mdpi.com/journal/pathogens

https://doi.org/10.3390/pathogens13111005
https://doi.org/10.3390/pathogens13111005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0001-9386-4809
https://orcid.org/0000-0001-6383-3972
https://doi.org/10.3390/pathogens13111005
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens13111005?type=check_update&version=2


Pathogens 2024, 13, 1005 2 of 26

cells [3,4]. Gut bacteria also affect hepatic fat metabolism, indirectly influencing cholesterol
and fatty acid transformation, while contributing to essential B vitamins and vitamin K
synthesis [3]. Beyond these metabolic roles, the gut microbiota is integral to immune
function, promoting the growth and maturation of immune cells through microbial sensing
and providing local and systemic signals that help shape immune responses [5–9]. Through
competition for habitat and nutrients and bacteriocin production, beneficial microbes
prevent pathogenic bacteria from thriving and thereby support tissue homeostasis.

Given this context, a critical question arises: how might alterations in the gut mi-
crobiome influence respiratory health through the gut–lung axis? We hypothesize that
dysbiosis, or an imbalance in gut microbiota, disrupts this axis and contributes to the
development or exacerbation of respiratory diseases such as asthma, chronic obstructive
pulmonary disease (COPD), and lung infections. This hypothesis is supported by emerging
findings linking gut-derived metabolites and immune signaling molecules to inflammatory
and immune responses in the lungs. In this review, we aim to explore the mechanisms
underlying the gut–lung axis, with a focus on the microbiome’s role, immune mediators,
and inflammatory pathways. We also delve into how dysbiosis in the gut microbiota may
contribute to respiratory diseases and highlight potential therapeutic strategies targeting
the gut microbiome to alleviate lung-related ailments and enhance respiratory health. To
investigate the underlying mechanisms of this gut–lung connection and its health impli-
cations, we conducted a targeted review of relevant studies. Articles were selected from
databases such as PubMed and Web of Science, covering the period from 2001 to 2024
(approximately 60% are from 2020 to 2024), using keywords including “gut–lung axis”,
“microbiome”, “dysbiosis”, and “respiratory disease”. Inclusion criteria focused on studies
that explored gut–lung communication mechanisms, immune and metabolic pathways, and
the impact of gut dysbiosis on respiratory health. This approach allowed us to synthesize
findings on how the gut microbiota influences immune responses in the lungs, focusing on
both local and systemic effects.

2. Mechanisms of the Gut-Lung Axis
2.1. Immune System Interactions

In recent years, the gut microbiome, which has been the subject of extremely intensive
research, appears to have been much better identified than the microbiome inhabiting the
respiratory system, particularly the lungs. For decades, the lungs were considered a sterile
area, and it was only with the development of modern research and diagnostic techniques,
including computed tomography (CT) scans, polymerase chain reaction (PCR), and 16S
rRNA sequencing, that this view gradually changed [10]. Research shows that there are
interactions between both these structures, manifesting in their ability to influence the
composition of the microbiota and immune response. When comparing both microbiomes,
the most striking observation is the enormous disparity in the number of microorganisms
constituting them. It is estimated that the microbial community of the gastrointestinal tract
consists of more than 100 trillion microorganisms (the overwhelming majority being bacte-
ria, but also fungi (mycobiota), viruses including phages (virobiota), archaea, protists, and
helminths, with the most intensively colonized part being the colon, which has an estimated
density of 1011 to 1012 bacteria per milliliter) [11,12]. Meanwhile, the lung microbiome
represents a much smaller community, estimated at 10 to 100 bacteria per 1000 human
cells [13]. The microbiota composition is influenced by factors that appear in the earliest
stages of life, such as the type of delivery, birth gestational date, mode of birth, method of
feeding, and the timing of weaning, as well as factors that become more important with age,
including body mass index (BMI), frequency of exercise, lifestyle and cultural and dietary
habits, and medications taken [14]. All of this means that, while the microbiota composition
is largely stable, it is subject to inter-individual and intra-individual differences throughout
a person’s life, impacting communication within the gut–lung axis. This communication
occurs in both health and disease states. Multiple gut disorders, such as inflammatory
bowel disease (IBD), ulcerative colitis, and Crohn’s disease, have been associated with
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respiratory conditions including asthma, chronic obstructive pulmonary disease (COPD),
and cystic fibrosis [15,16]. One of the most intensively studied levels of communication
within the gut–lung axis (GLA) is dysbiosis, whether related to the gut or lungs, which is
influenced by factors such as antibiotic use, stress, diet, and metabolic diseases [17]. The
balance in the lungs and gut is determined by the integrity of the epithelial membrane
barrier, the presence of a stable and diverse microbiota, the efficiency of macrophages
(which play a crucial role in the state of lung tissue), and the regulatory properties of T
lymphocytes present in the intestinal lamina propria. Inflammatory conditions caused by
dysbiosis lead to the apoptosis of intestinal epithelial cells, disruption of the tight junctions
of the epithelium, and ultimately increased intestinal permeability. In these conditions,
there is increased exposure not only to microbial metabolites but also to a wide range of
cytokines and chemokines such as, e.g., tumor necrosis factor α (TNF-α), transforming
growth factor β (TGF-β), interleukin (IL)-1β, IL-5, IL-6, IL-8, IL-13, IL-17, IL-18, IL-33, C-C
motif chemokine ligand (CCL) 2, 3, 4, 7, 20, C-X-C motif chemokine ligand (CXCL) 5, 8,
10, RANTES (regulated on activation, normally T-cell-expressed and secreted, also known
as CCL5), produced by immune cells within the epithelial layer of the gut mucosa These
products are distributed through both the circulatory system and the lymphatic vessels
of the mesentery and mediastinum. The result is an influx into the intestines, particularly
of neutrophils and T lymphocytes, forming lymphoid aggregates, which are a source of
immune cells infiltrating other organs, including the lungs. Regarding T lymphocytes,
attention is drawn to the CCR9 (C-C motif chemokine receptor) and α4β7 molecules, which
may enable this translocation to the lungs. Humoral factors delivered by the lymphatic
vessels also reach the lungs, resulting in the activation of alveolar macrophages, promot-
ing an inflammatory environment that ultimately leads to damage to the alveolar barrier.
Microbial metabolites can also be distributed via a similar route, affecting the functioning
of both lung epithelial cells and immune cells [17]. It has been demonstrated in a mouse
model that, through the damaged gut epithelial barrier, LPS (lipopolysaccharide) can
reach the lungs, leading to an LPS-induced acute lung injury (ALI) by regulating the TLR
(Toll-like receptor) 4/NF-κB pathway and increasing the production of IL-1β, IL-6, and
TNF-α. Fecal microbiota transplantation (FMT) has shown a beneficial effect, most likely
by restoring a balanced gut microbiota composition, including an increase in the number
of beneficial/commensal bacteria that produce SCFAs (short-chain fatty acids), which
potentially inhibit the activation of the TLR 4/NF-κB pathway and reduce the production
of pro-inflammatory factors and oxidative stress [18]. In the context of the perturbation
of the gut microbiome, an extremely interesting topic is the effect of SCFAs, specifically
butyrate, on the development and severity of allergic asthma [19]. In humans, the primary
source of butyrate is directly through diet and the fermentation processes of commensal
bacteria: Ruminococcaceae, Lachnospiraceaes, Erysipelotrichaeceae, and Clostridiaceae (Figure 1).
Hence, the highest concentration of butyrate is in the large intestinal lumen (~100 mmol/kg
chyme) and intestinal tissue (~25 mmol/kg tissue), while in the bloodstream it reaches
~1–10 µM. It has been shown that butyrate may exhibit beneficial properties in asthmatic
conditions by acting on various immunological mechanisms: inhibiting dendritic cell acti-
vation and their migration to local lymph nodes where the stimulation of naive CD4+ T
lymphocytes occurs, resulting in polarization toward T helper (Th) 2 and limiting plasma
cell differentiation and class-switching to IgE antibodies, as well as reducing mast cell
degranulation as a result of IgE binding, promoting a regulatory T lymphocyte (Tregs)
phenotype by converting Th9 cells to FoxP3+ Tregs, and finally exerting a wide range
of effects on eosinophils by inhibiting their adhesion to endothelial cells, thus limiting
their migration (especially in response to CCL24), directly promoting their apoptosis, and
reducing IL-5 and IL-13 expression by ILC2 (innate lymphoid cells), which also negatively
affects eosinophils. These processes were discussed in detail by Yip et al. [19]. Other
microorganisms present in the gut microbiota, namely segmented filamentous bacteria
(SFB), may stimulate the development of pathological processes in the lungs [20]. Discov-
ered for the first time in the mid-1960s in laboratory animals, SFB, whose characteristic
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biological hallmark appears to be host specificity, have proven to be key players in shaping
immune processes, whether by stimulating the production of chemokines and antimicrobial
components, inducing gut lymphoid tissue, and causing a strong increase in fecal IgA,
or through their potent triggering of Th17 cell differentiation [21]. It has been shown
in a mouse model that SFB-associated lung pathology requires activation of Th17 cells.
SFB-induced Th17 cells from the gut are preferentially recruited to the lungs instead of
the spleen because of the strong expression of the Th17 chemoattractant, CCL20, in the
lungs. Moreover, in peripheral tissues, SFB selectively proliferate dual Th17 cells, which
have TCRs (T-cell receptors) capable of recognizing both SFB epitopes and epitopes of the
host, increasing the risk of autoimmunity [20]. It turns out that, within the gut–lung axis,
interactions can also occur in the lung-to-gut direction, not just gut-to-lung [10]. Based on a
mouse model where animals were administered LPS intratracheally, it was shown that, in
addition to the increased presence of neutrophils in BALF (bronchoalveolar lavage fluid),
there were changes in the intestines, manifesting as an increased number of CD45+ cells
in the ileal mucosa, a rise in goblet cell expression, and enhanced expression of EpCAM
(epithelial cell adhesion molecule). This suggests that lung inflammation may influence
intestinal inflammation and the integrity of the intestinal barrier. At the same time, LPS
did not cause changes at the level of the enteric nervous system expressed as alterations
in the expression of glial markers such as GFAP (glial fibrillary acidic protein), S100β, or
the number of neuronal markers Hu+ and nNOS (neuronal nitric oxide synthase) in the
myenteric plexus [22]. Goossens et al., in a mouse model of LPS-induced systemic inflam-
matory response syndrome (SIRS), in which one of the most common and earliest affected
organs are the lungs, showed that there was 15.49% and 24.09% variation in the microbiota
of the jejunum and ileum, respectively, while there was no effect of LPS provocation on
the microbial community structure of the colon [23]. In the jejunum, a major alteration
was noticed regarding the phylum Actinobacteriota, which decreased from 23.44% in the
unchallenged mice to 9.78% after the LPS. In the case of the phyla Bacteroidota, Firmicutes,
and Proteobacteria, an increase was reported together with a decrease in Verrucomicrobiota.
In the ileal microbiome, the highest shift was observed regarding Proteobacteria from 0.44%
in the unchallenged mice to 6.37% and 45.7% at 4 h and 8 h after the LPS challenge, which
indicates dysbiosis [23]. Furthermore, some respiratory viral infections can affect the gut
microbiome’s composition by inducing the production of IFNs (interferons) in the lung, as
was detailed by Lane et al. [24].
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tokines, chemokines) are messengers facilitating this bidirectional interaction. Imbalances in the gut 
microbiome may contribute to respiratory diseases such as asthma, inflammatory bowel disease, 
and lung infections. 
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of peripheral/systemic defense mechanisms [25–27]. Thus, these microorganisms not only 
modulate gastrointestinal functioning and immunity but also impact distal organs like the 
lungs, affecting the lung microbiota, homeostasis, and the immune state of the respiratory 
system [28–32]. The microbiota of the gut and lungs are engaged in a bi-directional cross-
talk that influences the host�s overall health. The gastrointestinal and respiratory tracts 
connect directly through the mouth and pharynx, maintain indirect contact through 
lymph nodes and the bloodstream, and also have a similar organization and physiology 
of mucus membranes arising from the same origin [26]. All these aspects allow crosstalk 
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feeding processes and products such as SCFAs, or may involve the activation of host im-
mune cells. For example, Ruminococcus bromii and Eubacterium rectale are the main starch 
degraders in the gut microbiota, leading to the release of oligo- and monosaccharides that 
can be used by themselves or with other bacteria for growth and SCFA production [33]. 
SCFAs (mainly propionate, acetate, and butyrate) maintain the proper functioning of the 
intestinal barrier, regulate glucose and lipid metabolism, alleviate oxidative stress and in-
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Figure 1. The gut–lung axis: interconnected immune regulation. The gastrointestinal tract is depicted
with its diverse microbial communities producing metabolites that modulate lung immunity. In
turn, respiratory infections or inflammation can disrupt the gut microbiota, leading to dysbiosis.
Key components like immune cells (macrophages, dendritic cells) and inflammatory mediators
(cytokines, chemokines) are messengers facilitating this bidirectional interaction. Imbalances in the
gut microbiome may contribute to respiratory diseases such as asthma, inflammatory bowel disease,
and lung infections.

2.2. Microbial Crosstalk

Complex gut microbial community and its metabolites condition homeostasis in the
gastrointestinal tract, assisting in digestion and energy acquisition, the absorption of nu-
trients, macro-, and microelements, and vitamin production, modulating the tightness of
the intestinal barrier, and stimulating the development of intestinal lymphoid tissue. The
gut microbiota also supports the proper immune response of the whole organism, which
requires local (intestinal) tolerance to external antigens and, at the same time, activation of
peripheral/systemic defense mechanisms [25–27]. Thus, these microorganisms not only
modulate gastrointestinal functioning and immunity but also impact distal organs like the
lungs, affecting the lung microbiota, homeostasis, and the immune state of the respira-
tory system [28–32]. The microbiota of the gut and lungs are engaged in a bi-directional
crosstalk that influences the host’s overall health. The gastrointestinal and respiratory tracts
connect directly through the mouth and pharynx, maintain indirect contact through lymph
nodes and the bloodstream, and also have a similar organization and physiology of mucus
membranes arising from the same origin [26]. All these aspects allow crosstalk between
the gut and lung microbiota. Microbial interactions are based primarily on cross-feeding
processes and products such as SCFAs, or may involve the activation of host immune cells.
For example, Ruminococcus bromii and Eubacterium rectale are the main starch degraders in
the gut microbiota, leading to the release of oligo- and monosaccharides that can be used
by themselves or with other bacteria for growth and SCFA production [33]. SCFAs (mainly
propionate, acetate, and butyrate) maintain the proper functioning of the intestinal barrier,
regulate glucose and lipid metabolism, alleviate oxidative stress and inflammation, and
are described as one the main modulators of the gut and lungs’ immunity [26,27,30,32,34].
Their effect on immune cells that play a role in maintaining homeostasis in the GLA has
been briefly described above. Interestingly, the local production and accumulation of SCFAs
in the lung mucosa after reaching the bloodstream are limited. Thus, the gut microbiota
is the main source of SCFAs influencing immune cells in lamina propria and mesenteric
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lymph nodes. Then, these cells arrive in the respiratory system through circulation [26].
The effect of SCFAs on hematopoietic precursor production in the bone marrow to keep
homeostasis in the lungs and alleviate potential airway inflammation has also been de-
scribed. Propionate produced in mice during a fiber-rich diet stimulated macrophages and
dendritic cell progenitors, which later were able to trigger phagocytosis, but not to trig-
ger Th2-mediated allergic airway inflammation [29,35]. Microbial crosstalk as part of the
gut–lung axis involving the activation of host immune cells has mainly been demonstrated
in mouse models. It was found, for instance, that segmented filamentous bacteria within
the gut microbiota protect against acute methicillin-resistant Staphylococcus aureus (MRSA)
pneumonia in C57BL/6 mice by promoting pulmonary type 17 immunity. A lack of these
bacteria in the gut led to higher MRSA burdens in the lungs, lung inflammation, and a
higher rate of mice mortality [36]. McAleer et al., on a C57BL/6 mice model, demonstrated
that segmented filamentous bacteria also regulate lung immune responses to Aspergillus
fumigatus pulmonary infection through Th17 cells. Th17 cells primed by the gut microbiota
reduced the production of inflammatory cytokines in lung tissue and protected mice from
weight loss [37]. Negi et al. demonstrated that oral administration of Lactobacillus plantarum
upregulated the expression of macrophage-inducible C-type lectin (Mincle) and major
histocompatibility complex (MHC) II on lung dendritic cells, which was accompanied by
an increase in the frequency of activated and effector memory CD4+ T cells leading to
a reduction in lung Mycobacterium tuberculosis burden in infected mice with gut dysbio-
sis [38]. The global outbreak known as COVID-19 (coronavirus disease 2019) caused by
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) brought with it research
on the link between gut microbiota status and the course of this viral infection. Several
human studies reported that disturbances in the gut microbiota equilibrium resulted in
a decrease in several beneficial commensals (e.g., Faecalibacterium, Eubacterium, Roseburia,
Lactobacillus) and an increase in opportunistic pathogens (e.g., bacteria from the order
Enterobacterales, Enterococcus) in COVID-19 patients, which positively correlated with
SARS-CoV-2 load, aggravated inflammation, and COVID-19 severity. Knowledge in this
area can be found in many recently published review articles [39–42]. Thus, changes in the
gut microbiota, including diet-associated modifications or post-antibiotic dysbiosis, can not
only lead to many gastrointestinal dysfunctions (e.g., nutritional disorders, inflammatory
bowel diseases, necrotizing enterocolitis, bacterial infections), but also alterations in the
lung microbiota and immune response in the respiratory tract, which in turn can exacerbate
respiratory chronic disease, acute infections, and worsen the condition of the host.

Gut and Lung Microbiota Composition

Both the gastrointestinal and respiratory tracts host multi-species communities of
microorganisms, although the gut microbiota is more abundant and diverse than the lung
microbiota. The gut microbiota is the richest and the most complex microbial community
in the human body and comprises trillions of microorganisms, including bacteria, archaea,
fungi, viruses, and protozoa [26,43,44]. Until recently, it was thought that the formation of
the gut microbiota begins right after birth. However, the presence of microorganisms in the
uterus, amniotic fluid, placental and fetal membranes suggests the microbial colonization of
the fetus during pregnancy [45]. Based on both culture methods and 16S rRNA microarrays,
predominantly Bacillus sp., Staphylococcus sp., Streptococcus mitis, Escherichia fergusonii and
Lactobacillus sp. from the phylum Firmicutes were detected in meconium [46–48]. A high
individual variability was also found depending on the condition of the mother. Maternal
diabetes status enriched the presence of bacteria from the phylum Bacteroidetes and the
genus Parabacteroides in samples of meconium [45]. After birth, the composition of the gut
microbiota changes, which is highly dependent on how the baby is fed. In breastfed infants,
higher amounts of Bifidobacterium, Lactobacillus, Staphylococcus, and Streptococcus species
have been noted, while in infants who are formula-fed Bacteroides sp., Clostridium sp., and
Proteobacteria predominate [28,49]. The core composition of the adult gut microbiota is fairly
stable in healthy organisms throughout their lifetime. However, the numerical ratios of the
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different groups change depending on the diet and lifestyle. Generally, 90% of the adult gut
microbiota belongs to the phyla Firmicutes and Bacteroidetes. Among the Firmicutes are gen-
era such as Streptococcus, Eubacterium, Ruminococcus, Lactobacillus, Enterococcus, Veillonella,
and Clostridium, while Bacteroides and Prevotella predominate among the Bacteroidetes, as
well as Bifidobacterium belonging to the phylum Actinobacteria [26,44,50]. Diet can signifi-
cantly change the gut microbiota composition, thus affecting homeostasis in this complex
ecosystem. This action also includes the disruption of the synthesis of bioactive metabo-
lites such as SCFAs, which, being important immunomodulators, exert effects on both
epithelial and immune cells in the gut and lungs [33,43,51]. A Western diet rich in animal
proteins, carbohydrates, and fats decreases the prevalence of Bifidobacterium, Eubacterium,
and Roseburia species, increasing Bacteroides sp. and Clostridium sp. A Mediterranean diet
rich in plant proteins, beneficial unsaturated fatty acids, fiber, and polyphenols increases
Lactobacillus, Bifidobacterium, and Prevotella species, reducing pathogenic Bacteroides fragilis
and Clostridium sp. [28,43,44,51]. The diverse gut community composition, cross-feeding
processes, and diet determine the final SCFA types and levels. Bacteria such as R. bromii or
E. rectale are producers of acetate and formate or butyrate, respectively [33].

The lung microbiota is much smaller than the gut microbiota, develops from the
microorganisms inhaled with air or translocated from the digestive tract, and is mainly
located in the upper respiratory tract. The composition of the lung microbiota depends
on the microbiological cleanliness of the air, contact with other microbial carriers (people
or animals), the host’s ability to control the local proliferation of the microorganisms and
their elimination, and the host’s immune status [52,53]. Though less dense than the gut,
the lung microbiota includes a variety of microorganisms that can influence respiratory
health, help maintain immune homeostasis, and prevent infections. The predominant
microbial phyla in the respiratory tract include Firmicutes and Actinobacteria in the nasal
cavity, Firmicutes, Proteobacteria, and Bacteroidetes in the oropharynx, and Bacteroidetes and
Firmicutes in the lungs [54,55]. The microbiota in the upper respiratory tract have a high
biomass and includes mainly Streptococcus, Staphylococcus, Haemophilus, Fusobacterium,
Moraxella, Neisseria, Corynebacterium, Alloprevotella, Dolosigranulum, while the relatively
low-biomass microbiota the in lower respiratory tract consist of Prevotella (up to 50%),
Streptococcus, Veillonella, Haemophilus, Fusobacterium, and Neisseria [31,54,56,57].

2.3. Metabolic and Neural Pathways

Different metabolic pathways play critical roles in the interactions between the diges-
tive and respiratory systems. These mechanisms involve a complex network of biochemical
processes, including exchanging metabolites, hormones, and signaling molecules between
the gut and the lungs. One of the essential metabolic products is SCFAs, which are produced
by the gut microbiota’s metabolism of indigestible nutrients (e.g., dietary fiber) [4]. Most
SCFAs, such as acetate, propionate, and butyrate, are consumed by colonocytes for energy
or used by epithelial cells in the gut to shape local immunity. Unmetabolized SCFAs are
later redistributed from the liver by circulation to peripheral tissues [58]. SCFAs have been
shown to have anti-inflammatory and immunomodulatory effects, which may impact lung
health and respiratory function. Among others, SCFAs affect immune cell development
in the bone marrow, inhibit dendritic cell activity, influence regulatory T cell differentia-
tion, and reduce neutrophil recruitment to inflammatory sites [59–61]. Another important
pathway in the gut–lung communication network is the production of neurotransmitters
and neuropeptides by the enteric nervous system in the gut. These signaling molecules can
influence the activity of the respiratory system through the vagus nerve, which connects the
gut and the lungs, and are responsible for regulating various physiological processes, such
as immune responses, inflammation, and the coordination of the gut and the lungs’ func-
tions [62]. Additionally, metabolites such as bile acids, lipids, and amino acids produced in
the gut can also impact lung function and immune responses. Bile acids have been shown
to have antimicrobial properties and can modulate the function of immune cells in the
lungs [63]. The gut microbiota can interact with the lungs through soluble microbial com-
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ponents and bacterial metabolites called pathogen-associated molecular patterns (PAMPs)
that enter the bloodstream and can affect both metabolic and neurological pathways [8].
PAMPs are recognized by host cells that express pattern recognition receptors (PRRs), such
as nucleotide-binding and oligomerization domain (NOD) receptors (NLRs) or Toll-like
receptors (TLRs) [64]. TLRs and NLRs are widely expressed on various immunological
and epithelial cells that, after activation, trigger a signaling cascade to deal with invasive
pathogens and/or heal injured tissue. Excessive receptor activation disturbs immunological
homeostasis and causes pro-inflammatory mediators to be continuously produced, which
raises the risk of autoimmune and inflammatory disorders [65].

3. Implications for Health and Disease
3.1. Asthma and Allergies

A long-term and healthy (normal) intestinal microbiota is formed around the age of
2 years of the child and depends on factors such as the method of birth—natural or by
cesarean section—breastfeeding, and the use of antibiotics. Studies suggest that one-year-
old children are most likely to develop asthma through dysbiosis [66]. Early-onset asthma
has been observed in children aged 3–6 months [67]. The fecal microbiome of these children
has been studied, and a reduction in the level of the metabolite 3-ketosphinganine was
noted. It has been proven that this decrease is due to a reduced amount of Bacteroides in
the gut microbiome being producers of this metabolite [67]. Factors that could affect the
early onset of asthma were selected by modifying the gut microbiota in children aged 3–6
months, 1 year, 3 years. These factors include perinatal antibiotics used, method of delivery
(natural or cesarean section), breastfeeding, and contact with pets. What is beyond doubt
is that breastfeeding affects the gut environment outside the microbiome (including its
biochemical properties) and slightly affects the risk of asthma. It is not possible to directly
determine whether the method of delivery adversely affects the occurrence of asthma
in the child; however, a reduced number of Bacteroides has been observed in children
born by cesarean section, which may increase the risk of early-onset asthma through
dysbiosis. Perinatal antibiotics and dog ownership have not been found to affect fecal
bacteria in children [67]. There is a potential way in which microbial therapy can prevent
the development of asthma, through the use of probiotics. These conclusions were made
based on studies on mouse models, which were treated with four bacterial taxa Lachnospira,
Veillonella, Faecalibacterium, and Rothia, which made it possible to alleviate inflammation of
the airways in mice. These bacterial genera were used because studies in infants at risk of
asthma who showed gut bacterial dysbiosis were noted to have a reduced abundance of
these four bacterial taxa [68].

During infancy, the gut microbiota shapes future food allergies in children. To prove
this, children up to 8 years of age were tested for the occurrence of a food allergy to
milk [69]. The experiment included children who had acquired resistance to milk and
children who were allergic to milk. It was confirmed that, in children, the enrichment of the
gut microbiome by the Firmicutes cluster and the Clostridia class at the age of 3 to 6 months
allowed the allergy to disappear at the age of 8 years (Table 1). In contrast, children
whose milk allergy did not resolve had increased levels of Bacteroides and Enterobacter [69].
Factors affecting the gut microbiome in children (such as perinatal factors, cesarean birth,
breastfeeding, and atopic skin disease in parents) were screened for symptoms of allergic
eczema, food allergy, allergic rhinitis, and asthma in children who were monitored up
to 13 years of age. The clearest results concerned the occurrence of allergic rhinitis in
children, the occurrence of which is mainly influenced by whether both parents have
atopic skin disease. However, focusing on changes in the gut microbiome of children, it
was found that the greatest impact on allergic rhinitis occurrence is a reduced number of
Bifidobacterium. Factors affecting the reduction in their number include antibiotic use up to
6 months of age, birth by cesarean section, and to the least extent, atopic skin disease in
both parents [70]. Escherichia/Shigella bacteria had an inhibitory effect on allergic rhinitis
occurrence in children, the growth of which is stimulated by the occurrence of an atopic skin
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disease in both parents and the use of antibiotics until the child is 6 months old. On the other
hand, factors that have a positive effect on the number of Bifidobacterium are breastfeeding
and the use of probiotics, which also reduce the number of Escherichia/Shigella. Based
on the results obtained, treatment with a probiotic product consisting of a mixture of
Lactobacillus, Bifidobacterium, and Propionibacterium spp. complemented by oligosaccharides
was proposed to reduce the risk of allergic rhinitis in children [70].

Table 1. Variation in gut microbiota composition in asthma and allergy studies.

Study Population Microbiota Variation Key Findings References

Children
(up to 6 years)

Dysbiosis, ↓
Bacteroides

and ketosphinganine
Asthma development [67]

Children
(3–6 months)

↑ Firmicutes and
Clostridia

Withdrawal
of allergies later on [68]

Children
(up to 13 years) ↓ Bifidobacterium Allergic rhinitis [70]

Mouse model

Administration of
probiotics
containing

Lachnospira, Veillonella,
Faecalibacterium and

Rothia

Mitigation of airway
inflammation [69]

3.2. Chronic Obstructive Pulmonary Disease (COPD)

COPD, a chronic lung disease with a diverse phenotype and various underlying
mechanisms [71–74] has been linked to the composition of the gut microbiota and its alter-
ations. Wang et al. reported that patients with COPD had distinct gut microbiota profiles
compared to healthy individuals, suggesting a role of the gut microbiome in the disease’s
pathogenesis and progression [75]. According to the latest data, COPD is responsible for as
many as 3 million deaths worldwide, with an average mortality rate of 42/100,000. The
incidence is expected to increase in the coming decades, especially in highly developed
countries [76]. Lai et al., on a mouse model of cigarette smoking-induced COPD (CS-COPD),
demonstrated the possibility of affecting the gut–pulmonary axis, whether through the
use of antibiotics that modify the composition of the natural intestinal microbiota or the
transplantation of the microbiota [77]. Using a wide range of antibiotics, it was shown
that, in contrast to neomycin (NEO) and metronidazole (MET), oral administration of van-
comycin (VAN), ampicillin (AMP), or their combination (MIX) significantly alleviated the
lesions accompanying CS-COPD which was perfectly evident in a histopathological image
of lung tissue. Thus, the composition of the gut microbiota is able to effectively influence
the disease state of COPD patients. Treatment with VAN and AMP or MIX, in contrast to
treatment with the other antibiotics, was accompanied by a decrease in IL-1β and TNF-α
production by F4/80+CD11b+ macrophages and IL-17A in CD4+NKp46+ Th17 cells and
an increase in IL-10 production by Th17 cells. Importantly, the effect achieved by using
antibiotic therapy appeared to be transferable, as shown by experiments with the transfer
of fecal microbiota. It was shown that the fecal microbiota of mice treated with MIX, AMP,
or VAN, but not NEO, was able to reverse COPD traits in CS-recipients. Using the 16S
microbiota ribosomal sequencing technique, it was shown that in CS-COPD mice there was
a reduction in the abundance of microorganisms such as Erysipelotrichaceae, Bacteroidales
and Ruminococcaceae, and an increase in Lachnospiriaceae, compared to the control mice
(Table 2). Interesting data on the relationship between COPD and gut microbiota composi-
tion were provided by a large-scale shotgun metagenomics study involving sequencing
and taxonomic profiling stool samples from several thousand participants with machine
learning to develop prediction models at different taxonomic levels separately [78]. The
samples were collected from January to March 2002 by the Finnish Institute for Health
and Welfare and then sequenced at the University of California San Diego in 2017. The
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study allowed for the classification of 151 phyla, 338 classes, 925 orders, 2254 families, 7906
genera, and 24,705 species according to the Genome Taxonomy Database (GTDB); however,
two phyla, Firmicutes and Bacteroidetes, were the most common. They were dominated by
the Clostridia and Bacteroides classes, respectively, with the most abundant genera including
Faecalibacterium, Agathobacter, Bacteroides, and Prevotella [78]. Analysis using various statisti-
cal tools (baseline alpha-diversity measures, principal-component analysis of the centered
log-ratio (CLR)-transformed abundances) showed that the potential association between
the occurrence of COPD and the gut microbiome should be attributed to specific microbial
taxa rather than to the microbial community as a whole. It was found that the increased
abundance of genera such as Faecalicatena, Oscillibacter, Lawsonibacter, Flavonifractor, and
Streptomyces and reduced abundances of Lachnospira, Eubacterium, and Coprococcus were
associated with incident COPD. Furthermore, the gut microbiome score had a relatively
high predictive capacity with a C-index of 0.817, which was greater than those of other
risk factors (sex, age, body mass index (BMI), smoking) [78]. There is a need for further
research into the impact of the gut microbiome on the severity and progression of COPD,
which may yield clinically meaningful findings, including the establishment of microbiome
biomarkers that can improve COPD risk profiling.

Table 2. Variation in gut microbiota composition in COPD studies.

Study Population Microbiota Variation Key Findings References

COPD patients

↑ Faecalicatena,
Oscillibacter,

Lawsonibacter,
Flavonifractor, and

Streptomyces, ↓
Lachnospira,

Eubacterium, and
Coprococcus

COPD severity [78]

Mouse model

↓ Erysipelotrichaceae,
Bacteroidales, and
Ruminococcaceae,
↑ Lachnospiriaceae

Accompanying
cigarette

smoking-induced
COPD (CS-COPD)

[77]

3.3. Tuberculosis (TB)

Studies in mice and humans show that the lung microbiome plays a role in resistance to
Mycobacterium tuberculosis (Mtb), the cause of tuberculosis [79–81]. Mtb-infected individuals
have a reduced microbiota diversity compared to healthy controls and often show an
enrichment of Streptococcus and Pseudomonas. In addition, the presence of Pseudomonas
is associated with an increased risk of treatment failure. Mtb infection dysregulates the
immune system, leading to an altered gut microbiome [82]. A study comparing the gut
microbiome of adult TB patients with healthy controls found a reduction in Firmicutes,
Proteobacteria, and Verrucomicrobia types, while there was an increase in Actinobacteria,
Bacteroidetes and Fusobacteria [83]. In another study, analyzing patients with new and
recurrent TB, there was a reduction in Bacteroidetes, Prevotella, and Lachnospira genera and
an enrichment in Actinobacteria and Proteobacteria [84]. Finally, a reduction in Actinobacteria
and Firmicutes of the genera Bifidobacterium, Dorea, Faecalibacterium, Ruminococcus, and F.
prausnitzii and an increase in Bacteroides, Proteobacteria, Enterococcus, and Prevotella were
observed in a group of sick children (Table 3). Lactobacillus supplementation can restore
anti-tumor immunity depending on the dendritic cells in the lungs. Oral treatment with
Akkermansia muciniphila or A. muciniphila-dependent palmitoleic acid strongly inhibited
tuberculosis infection via the epigenetic suppression of TNF in Mtb-infected mice [82,85].
The bacterial diversity in the guts of TB patients is altered, which may correlate with disease
progression. The severity of Mtb infection seems to be linked with the gut microbiota [1].
Anti-tuberculosis therapy includes antibiotics, such as rifampicin, which target also bacteria
other than mycobacteria. Prolonged anti-tuberculosis treatment has been shown to alter
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the gut microbiota of patients and the resulting dysbiotic state persists after the cessation of
therapy. This suggests that prolonged anti-tuberculosis treatment up to at least six months
may make patients more susceptible to other disorders and infections [86].

Table 3. Variation in gut microbiota composition in TB studies.

Study Population Microbiota
Variation Key Findings References

TB patients

↓ Firmicutes,
Proteobacteria

and Verrucomicrobia, ↑
Actinobacteria,

Bacteroidetes, and
Fusobacteria

Mtb infection
dysregulates immune
system and alters gut

microbiome

[83]

TB patients

↓ Bacteroides,
Prevotella

and Lachnospira, ↑
Actinobacteria and

Proteobacteria

Accompanying new
and recurrent TB [84]

Children with TB

↓ Actinobacteria,
Bifidobacterium, Dorea,

Faecalibacterium,
and Ruminococcus, ↑

Bacteroides,
Proteobacteria,
Enterococcus

and Prevotella

Correlation with TB
progression [85]

3.4. COVID-19

Intestinal dysbiosis in patients infected with SARS-CoV-2 has been associated with the
progression and severity of COVID-19 disease and is characterized by reduced numbers
of anti-inflammatory bacteria, such as Bifidobacterium and Faecalibacterium, and reduced
numbers of butyrate producers, such as several genera from the Ruminococcaceae and Lach-
nospiraceae families (Table 4). In addition, an excessive growth of inflammation-related
opportunistic bacterial pathogens such as Streptococcus, Rothia and Actinomyces has been
reported [82,87,88]. The gut microbiota may also regulate angiotensin-converting enzyme
2 (ACE2) receptor expression in the colon. This may help to explain the increased suscepti-
bility to disease and gastrointestinal symptoms in people with gut dysbiosis, such as the
elderly, immunocompromised patients, and patients with other comorbidities [82,89,90].
A protective role of Bacteroides spp. as an important member of the intestinal microbiota
against COVID-19 infection by reducing ACE2 expression and limiting SARS-CoV-2 en-
try is indicated. Increased levels of ACE2 expression may promote viral entry, whereas
its reduction inhibits the ACE2-Ang1-7-Mas pathway and further protects against lung
injury during SARS-CoV-2 infection [88,91,92]. In a retrospective study of intensive care
unit patients with SARS-CoV-2 pneumonia, treatment with a probiotic mixture containing
Lactobacillus, Bifidobacterium and Streptococcus species showed a positive association with
reduced mortality compared to standard care [82,93–95]. A study in critically ill patients
showed that administration of synbiotics reduced the number of days in the intensive care
unit and days when patients required mechanical ventilation [89]. Oral administration of
the probiotic Lactobacillus helveticus positively modulated the immune system and had an
immunoprotective effect on mucosal immunity by increasing the number of IgA-secreting
cells in the gut and broncho-associated lymphoid tissue. Importantly, for COVID-19, it
is now accepted that the local innate immune response, particularly secretory IgA, is the
main defense mechanism in the early stages of infection [89]. In an open-label study of 55
hospitalized patients with COVID-19, a higher proportion of subjects (88% versus 63.3%)
who received a synbiotic formula consisting of Bifidobacterium strains and prebiotics (SIM01)
for 4 weeks achieved the resolution of clinical symptoms, an increase in IgG antibodies
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to SARS-CoV-2, and a reduction in blood pro-inflammatory markers such as IL-6, CCL2,
M-CSF (macrophage colony-stimulating factor), TNF, and IL-1RA (interleukin-1 receptor
antagonist) than subjects in the standard treatment arm. An increase in the abundance of
commensal bacteria, such as Bifidobacterium, Eubacterium, and Faecalibacterium species, and
a reduction in opportunistic pathogens, such as E. coli and Bacteroides species, was found
in the gut microbiome of people who received SIM01. In addition, a cohort study of 200
people showed that regular consumption of probiotic yogurt in the year before COVID-19
was associated with a milder disease course [87]. COVID-19 patients also had reduced
serum and fecal sphingolipid levels and altered gut microbial sphingolipid metabolism.
Sphingolipids produced by Bacteroides may increase exogenous sphingolipids and thus
enhance the differentiation of regulatory T cells, as observed in vitro or in vivo, which
may inhibit coronavirus replication. On the other hand, an analysis of the nasopharyngeal
microbiomes of patients suffering from acute respiratory illness did not show differences in
composition or diversity when comparing patients with confirmed COVID-19 with those
who were negative. This suggests that SARS-CoV-2 infection does not significantly alter
the microbiome compared to the healthy state. Therefore, the diversity of the respiratory
microbiota in patients with COVID-19 remains a matter of debate [82].

Table 4. Variation in gut microbiota composition in COVID-19 studies.

Study Population Microbiota Variation Key Findings References

COVID-19 patients

↓ Bifidobacterium,
Faecalibacterium,

and other butyrate
producers,

↑ Streptococcus,
Actinomyces, and

Rothia

COVID-19 is
accompanied by gut

dysbiosis; gut
microbiota regulates

ACE2 receptor
expression in colon

[82,87,88]

ICU patients
with SARS-CoV-2

pneumonia

Administration of
probiotics containing

Lactobacillus,
Bifidobacterium and

Streptococcus

Reduced mortality [82,93–95]

Critically ill patients
with SARS-CoV-2

pneumonia

Oral administration
of Lactobacillus

helveticus

Modulation of the
immune system

including an
increased number

of IgA-secreting cells
in the gut

and
broncho-associated

lymphoid tissue

[89]

COVID-19 patients

Administration of
synbiotics consisting

of Bifidobacterium
strains and prebiotics

(SIM01)

Resolution of
COVID-19 clinical

symptoms, ↑ IgG to
SARS-CoV-2,

↓ blood
pro-inflammatory

markers
(IL-6, CCL2, M-CSF,

TNF, IL-1RA)

[87]

3.5. Other Viral and Bacterial Infections
3.5.1. Influenza Virus

Experimental studies indicate that the commensal microbiota regulates the production
of virus-specific CD4+ and CD8+ T cells and antibody responses following influenza virus
infection, while a depletion of gut bacteria due to antibiotic treatment increases susceptibil-
ity to influenza infection [89]. Takeda et al. observed that oral administration of 10 strains of
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lactic acid bacteria isolated from traditional Mongolian dairy products to influenza-infected
mice alleviated the symptoms of infection through immunomodulatory effects [96]. Feed-
ing Bifidobacterium longum MM-2 isolates to influenza-infected mice reduced inflammatory
responses in the lower respiratory tract and mortality by activating NK cells in the lungs
and spleen and increasing cytokine expression in the lungs (Table 5). Intranasal or oral
administration of Lactobacillus plantarum DK119 protected against a lethal dose of influenza
A virus by modulating dendritic cell and macrophage activity and increasing IL-12 and
IFN-γ levels in bronchoalveolar lavage fluid [91]. L. paracasei has been reported to increase
dendritic cell recruitment in lung tissue after influenza A virus (IAV) infection. L. rhamnosus
M21 reduces inflammatory damage in the lungs of IAV-infected mice and increases IFN-γ
and IL-2 levels in lung lysates. Combined treatment with the probiotic L. mucosae 1025 and
B. breve CCFM1026 increased stool butyrate levels in avian influenza (AI) virus-infected
mice and attenuated inflammatory infiltration into lung tissue [97]. Studies showed that
certain strains of Lactobacilli such as L. casei stimulated lung NK cells [98]. The probiotics L.
rhamnosus and L. brevis have been found to be associated with a reduction in the incidence
of influenza infections [95]. However, in a study of 523 children aged 2–6 years, daily
consumption of a milk drink containing L. rhamnosus GG for 28 weeks did not reduce the
incidence of various respiratory viral infections, including influenza virus, or respiratory
symptoms [89].

Table 5. Modification of gut microbiota composition in influenza studies.

Study Population Microbiota Variation Key Findings References

Mouse model
Oral administration

of 10 lactic acid
bacteria (LAB) strains

Mitigation of
influenza symptoms

through
immunomodulatory

effects

[96]

Mouse model

Oral administration of
Bifidobacterium longum

MM-2 isolate to
influenza-infected

mice

↓ Inflammatory
responses in the

lower respiratory
tract and animal

mortality
by

immunomodulatory
effects

[91]

Mouse model
Intranasal or oral

administration
of L. plantarum DK119

Protects against a
lethal dose of

influenza
A virus by

immunomodulatory
effects

[91]

Mouse model Oral administration
of L. rhamnosus M21

↓ Inflammatory
damage in the lungs
and ↑ IFN-γ and IL-2
levels in lung lysates

[97]

Mouse model

Oral administration
of probiotic
containing

L. mucosae 1025 and B.
breve CCFM1026

↓ Stool butyrate level
and attenuates

inflammation in lungs
[97]

Children (2–6 years)

Daily consumption of
a milk drink
containing

L. rhamnosus GG

No effect on the
incidence of various

respiratory viral
infections, including
influenza virus, and

respiratory symptoms

[89]
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3.5.2. Respiratory Syncytial Virus (RSV)

In a mouse model of RSV, a change in microbiome diversity with an increase in Bac-
teroidetes and a decrease in Firmicutes was described [82,99]. This increase in Bacteroidetes
was mainly due to an increase in the Bacteroidaceae while the decreased abundance of
Firmicutes was associated with a weakening of the Lachnospiraceae and Lactobacillaceae fami-
lies (Table 6). Probiotics, such as Lactobacillus, Bifidobacterium, Enterococcus, or Lactococcus,
administered before RSV infection, resulted in symptom relief and improved survival [82].
L. mucosae inhibited RSV replication and reduced the proportion of inflammatory cells in
the blood, such as granulocytes and monocytes. Colonization of the gut by one common
bacterial species, namely SFB, reprogrammed AMs, conferring increased proliferation,
complement production and phagocytosis, resulting in increased protection against RSV
and SARS-CoV-2 infection [99].

Table 6. Modification of gut microbiota composition in RSV studies.

Study Population Microbiota Variation Key Findings References

Mouse model

Oral administration
of probiotics
containing

Lactobacillus,
Bifidobacterium,
Enterococcus or

Lactococcus

↓ Symptoms of later
RSV infection and
improved survival

[82]

3.5.3. Streptococcus pneumoniae

Recent studies have illuminated the importance of this axis in the context of pul-
monary infections, particularly those caused by pathogenic bacteria such as Streptococcus
pneumoniae [27]. These Gram-positive bacteria are a major cause of pneumonia and other
respiratory illnesses, and their impact on host immunity is profoundly influenced by the
microbiota residing in the gut. A recent study exemplifies the interplay between the gut
microbiota and susceptibility to S. pneumoniae infections [100]. In this experiment, wild-type
mice were administered a broad spectrum of antibiotics (ampicillin, neomycin, metronida-
zole, and vancomycin) through their drinking water. This treatment effectively depleted
their gut microbiota. Following this, the mice were intranasally infected with S. pneumoniae.
The results were striking; mice lacking a gut microbiome exhibited accelerated mortality
following the infection (Table 7). This finding underscores the protective role of the gut mi-
crobiota against severe outcomes in response to respiratory infections. To further elucidate
the mechanisms involved, the cytokine levels were measured post-infection. Mice with
depleted microbiota showed a significant increase in pro-inflammatory cytokines such as
interleukin (IL)-1β, IL-6, and chemokine CXCL1. In contrast, there was a notable decrease
in TNF-α and anti-inflammatory IL-10 levels within 6 h of the intranasal inoculation. Such
an imbalance in the inflammatory response was exacerbated 48 h after infection, as the
gut microbiota-depleted mice presented with heightened inflammation and substantial
tissue damage [100]. These data emphasize the necessity of gut microbiota in mitigating
inflammatory responses and indicates potential pathways through which microbiome mod-
ulation may offer therapeutic benefits. Interestingly, the ability of alveolar macrophages,
crucial immune cells in the lungs, to phagocytose S. pneumoniae was adversely affected
in mice deprived of their gut microbiota. The diminished phagocytic capacity of these
immune cells in the absence of a healthy gut microbiome corroborates the idea that the gut
microbiota enhances the functional activity of immune cells, particularly in the context of
a lung infection. The protective role of the gut microbiota against S. pneumoniae-induced
pneumonia has led to further investigations into therapeutic strategies. For instance, the
intranasal administration of probiotics has shown promise in modulating the immune re-
sponse. Treatment with probiotics resulted in increased local TNF-α and IFN-γ production,
alongside a reduction in tissue damage [101]. These findings point towards the potential of
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probiotics as a promising adjunctive therapy in managing respiratory infections, potentially
restoring immune balance and enhancing host defense mechanisms.

Table 7. Variation in gut microbiota composition in S. pneumoniae lung infections.

Study Population Microbiota Variation Key Findings References

Mouse model Post-antibiotic
dysbiosis

↓ Mortality because
of subsequent
S. pneumoniae

infection,
↓ levels of

pro-inflammatory
cytokines,

impairment of
alveolar macrophage

functions

[100]

Mouse model
Intranasal

administration of
probiotocs

↑ Local production of
TNF-α and IFN-γ, ↓

tissue damage
[101]

3.5.4. Pseudomonas aeruginosa

Pseudomonas aeruginosa is a versatile and opportunistic pathogen that is particularly
notorious for its role in respiratory infections, especially among immunocompromised
individuals and those with underlying lung diseases such as cystic fibrosis. One emerging
field of study about P. aeruginosa’s impact on health involves the gut–lung axis, a concept
that explores the intricate relationships between the gut microbiota and lung health. In a
study focused on this gut–lung connection, researchers investigated the potential protective
effects of probiotics against P. aeruginosa infection [102]. Probiotics were first administered
to mice via endotracheal instillation as a prophylaxis. Following this, an infection with
P. aeruginosa was induced via the same route to observe the probiotics’ effects during an
active infection. The study evaluated a mixture of three probiotics: Lactobacillus fermentum,
Lactobacillus paraesei, and Lactobacillus zeae (Table 8). The results were promising: adminis-
tered probiotic mixture significantly reduced the logarithmic growth rate of P. aeruginosa,
decreased inflammatory cytokines, and improved cell viability. This suggests that pro-
biotics can play a meaningful role in moderating the inflammatory response associated
with P. aeruginosa infections. However, there is limited clinical evidence to definitively
confirm that probiotic or postbiotic interventions can improve respiratory health in human
populations [57]. Further research is warranted to elucidate the mechanisms by which gut
microbiota influence lung diseases and to establish robust clinical applications of these
findings.

Table 8. Modification of gut microbiota composition in P. aeruginosa lung infections.

Study Population Microbiota Variation Key Findings References

Mouse model

Endotracheal
instillation
of probiotic
containing

Lactobacillus
fermentum,

L. paraesei, and L. zeae

↓ Logarithmic growth
rate of P. aeruginosa

and levels of
inflammatory

cytokines, ↑ cell
viability

[57]

3.6. Lung Cancer

Cancer is a major healthcare challenge. Cancer was the second leading cause of death
in the United States in 2023, and lung cancer is the number one cause of cancer death
in both men and women [103]. As the gastrointestinal tract and respiratory tract share a
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common embryonic origin, several similar physiological processes, and structural similari-
ties, the existence of the gut–lung axis has been postulated as an important element in the
development of many diseases and potential treatment options [1]. Despite the anatomical
remoteness of the lungs and intestines, the organs and their microbiota remain in close
contact: indirectly through the lymphatic and circulatory systems and directly through the
inhalation of gastro-oesophageal contents and the swallowing of sputum [104]. One way
in which the gut microbiome influences oncogenesis in the lungs is that an excess intake
of certain substances, e.g., high protein intake, can result in increased protein levels in the
colon, where many types of bacteria, including some Firmicutes and Bacteroides sp., can
ferment amino acids to N-nitroso compounds, which induce DNA alkylation and mutations
in the host [105]. Through a similar mechanism, metabolites of the gut microbiota, such as
reactive oxygen species (ROS), reactive nitrogen species (RNS), and other substances that
have proven genotoxic (DNA damaging) effects thus promoting carcinogenesis, appear
in the body [106]. Other examples of gut bacterial metabolites are deoxycholic acid and
lithocholic acid, which are secondary bile acids produced from bile acids by gut bacteria
which cause DNA damage and have been linked to cancer initiation [107]. Disruption of
the host microbiome also contributes to the modulation of the host inflammatory response
and cell cycle disruption [108]. Indirect evidence for the association of the gut microbiota
with lung cancer is also provided by the fact that the use of more antibiotics in a population,
which negatively affect the composition of the gut microbiota, correlates positively with
the incidence of lung cancer [109]. Cheng et al. showed that commensal bacteria stimu-
lated the Myd88-dependent production of IL-1β and IL-23 from myeloid cells, inducing
the proliferation and activation of Vγ6+Vδ1+ γδ T cells, which produced IL-17 and other
effector molecules to promote inflammation and tumor cell proliferation [110]. In their
work, Zheng et al. even demonstrated a characteristic gut microbial composition leading to
a predisposition to lung cancer (richer in Bacillus and Akkermansia muciniphila) [111]. The
same work also identified a microbiota composition that has a ‘protective’ effect (Bifidobac-
terium and Faecalibacterium) by, among other things, reducing inflammation induced by
TNF-α and LPS [111,112]. TNF-α induces epithelial-to-mesenchymal transition, thereby
promoting lung cancer metastasis [113]. In addition, lower loads of Kluyver, Escherichia-
Shigella, Dialister, Faecalibacterium, and Enterobacter have been reported in patients with lung
cancer (Table 9) [114]. The results of the above work may thus serve as a potential predictor
of early-stage lung cancer. The causal relationship between the gut microbiota and different
types of lung cancer has also been the focus of many other studies; for example, using
Mendelian randomized genome analysis, Li et al. identified potential causal associations
between ten microbial communities and lung cancer, ten with lung adenocarcinoma, nine
with lung squamous cell carcinoma, and eleven with small cell lung cancer. After adjust-
ment, Peptococcaceae showed a strong causal association with lung adenocarcinoma [115].
Carbohydrates available to the gut microbiota can increase SCFAs which, through T cell
receptor signaling, can activate ILC3, producing IL-22, regulatory T cells, and Th2 cells
in the lungs, which reduce inflammation and thereby reduce the incidence of lung can-
cer. The gut microbiota also influences treatment efficacy in lung cancer. For example,
oral intake of Lactobacillus acidophilus during cisplatin chemotherapy in mouse models
of lung cancer has been shown to increase the anti-tumor efficacy of cisplatin, reduce
tumor size, and improve survival rates [116]. It has also been shown that an addition of
supplementation with the probiotic Clostridium butyricum (CBT) to standard ICB (immune
checkpoint blockade) therapy before and/or after therapy resulted in significantly a longer
progression-free survival in non-small cell lung cancer and a longer overall survival of
patients [117]. The gut microbiome has been shown to significantly influence therapy with
immune checkpoint inhibitors including those targeting the programmed cell death protein
(PD)–1/PD–ligand(L)1 axis. This influence is caused, among other things, by altering the
differentiation of regulatory T cells, which further generates changes in immunomodula-
tory mechanisms. For example, Akkermansia muciniphila increased the response to immune
checkpoint inhibitor therapy for cancer, while an abnormal composition of the gut mi-
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crobiota is associated with resistance to the above treatment [118]. In patients with lung
cancer, a positive correlation was found between improved response to anti-PD1 therapy
and Akkermansia muciniphila species abundance [119]. Similarly, Proteobacteria, Firmicutes,
Bacteroidetes, and Actinobacteria increase the response to anti-PD-1 immunotherapy [120].
Some studies showed that high yogurt intake resulted in a 30% reduction in lung cancer
risk, demonstrating that prebiotics and probiotics may have important protective roles in
lung carcinogenesis [121]. A single microbial population may not be sufficient to induce or
prevent lung cancer, but as a result of a concerted action of the host (such as the immune
system), the environment (such as dietary mutagens), or other microorganisms (an ampli-
fying effect), the gut microbiome may exert a carcinogenic effect but also have predictive
significance, a protective effect, and enhance or attenuate the therapeutic effect of various
forms of therapy [122].

Table 9. Variation and modification in gut microbiota composition in lung cancer studies.

Study Population Microbiota Variation Key Findings References

Lung cancer patients
↑ Bacillus and
Akkermansia
muciniphila

Predisposition to lung
cancer development [111]

Lung cancer patients ↑ Bifidobacterium and
Faecalibacterium

Protection against
lung cancer
by reducing

inflammation

[111,112]

Mouse model
Oral intake of
Lactobacillus
acidophilus

↑ Anti-tumor efficacy
of cisplatin,
↓ tumor size,

improved survival
rates

[116]

Lung cancer patients

Supplementation of
probiotic Clostridium

butyricum strain
before and/or after

standard ICB therapy

Longer
progression-free

survival
of non-small cell lung

cancer and overall
survival of patients

[117]

Lung cancer patients High yogurt intake 30% reduction in lung
cancer risk [121]

3.7. Autoimmune Diseases

Autoimmune diseases, such as rheumatoid arthritis and systemic lupus erythemato-
sus, often involve the gut and lungs together. The gut microbiota can influence systemic
autoimmunity, potentially affecting the lungs. Recent studies have suggested that gut dys-
biosis may exacerbate autoimmune responses, leading to conditions like interstitial lung
disease in patients with systemic autoimmune diseases [17]. The presence of commensal
bacteria (such as Bacteroides fragilis) in the gut microbiota has been shown to promote a local
immune response that prevents autoimmunity in further tissue areas. Rheumatoid arthritis
is an example of an autoimmune disease caused by abnormal gut microbiota composi-
tion [123] (Table 10). It stimulates the formation of autoreactive T lymphocytes (Th1 and
Th12), which move through peripheral immune organs, stimulating B cell differentiation to
plasma cells by producing pro-inflammatory cytokines (IL-17, TNF-α, IFN-γ). This leads to
the secretion of auto-antibodies, that, together with immune cells, migrate to the synovial
tissue, where inflammation is induced through the activation of macrophages, fibroblasts,
and osteoclasts, leading to arthritis and psoriasis [123].
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Table 10. Variation in microbiota composition in autoimmune diseases studies.

Study Population Microbiota Variation Key Findings Reference

Rheumatoid
arthritis patients

Segmented
filamentous bacteria
induce activation of

Th17 cells

Dysbiosis stimulates
pro-inflammatory

response
[123]

4. Therapeutic Potential
4.1. Probiotics, Prebiotics, and Synbiotics

The demonstrated impact of the gut microbiota on the functioning of the respiratory
system and the prevention of the development of many respiratory system diseases has led
to increased interest in the use of probiotics (alive pro-health microbial strains), prebiotics
(components promoting the growth of probiotics and other healthy microbiota, usually
recognized as non-digestible dietary fibers: fructooligosaccharides, galactooligosaccharides,
pectins), or synbiotics (combinations of probiotics and prebiotics) against respiratory sys-
tem disorders and for the modulation of the lung microbiota. The probiotic strains may act
directly after aspiration or indirectly through their metabolic products or immune cells acti-
vated in the gastrointestinal tract. Probiotic strains exert anti-inflammatory effects through
T regulatory cell (Treg) activation, anti-inflammatory cytokine production, stimulation of
the Th1 response to allergens, and an enhancement of tolerogenic dendritic cells [52,55,124].
Probiotic strains of the genus Lactobacillus and Bifidobacterium have generally been shown to
reduce lung inflammation However, such a pro-health effect is not always fully confirmed.
The controversy includes, for example, the study of patients with cystic fibrosis (CF). Weiss
et al., in a prospective pilot study of CF patients (n = 10), demonstrated that the number of
pulmonary exacerbations was significantly reduced during 6 months of the mixed probiotic
(containing Lactobacillus acidophilus, Lactobacillus bulgaricus, Bifidobacterium bifidum, and
Streptococcus thermophiles) oral intake. Interestingly, there were no changes in pulmonary
function tests, sputum bacterial load, neutrophil count, and IL-8 level between treated
and control patients [125]. Batoni et al. tested probiotic strains commercially available in
Italy (Lacticaseibacillus rhamnosus, L. rhamnosus ATCC 7469, L. paracasei, Limosilactobacillus
fermentum, Lactiplantibacillus plantarum, Lactobacillus acidophilus, L. gasseri) because of their
ability to adhere to the human lung epithelial cell line A549 and inhibit the adhesion of P.
aeruginosa as one of the major lung pathogens in cystic fibrosis [126]. It was shown that
probiotic strains differed in such abilities and L. acidophilus displayed the highest adhesion
to eukaryotic cells and was the most efficient in preventing the P. aeruginosa isolate from ad-
hering to the CF sputum. Moreover, live and UV-killed L. acidophilus significantly reduced
the amount of pro-inflammatory IL-1β and IL-6 in culture supernatants of peripheral blood
mononuclear cells (PBMCs) [126]. On the other hand, Bruzzee et al. did not confirm the
pro-health effect of Lactobacillus rhamnosus GG (LGG) administration over 12 months on
the respiratory and nutritional tracts of children with CF (n = 81 including the placebo
group). The number of pulmonary exacerbations and hospitalizations was not significantly
different between the tested and control (placebo) groups. The authors speculated that
earlier interventions, larger doses, or varied strains of probiotics may have an impact [127].
Limited evidence and discrepancies in the efficacy of probiotics, prebiotics, or synbiotics in
CF patients prevent the development of specific indications for their use.

4.2. Dietary Interventions

Dietary interventions play a pivotal role in modulating the gut microbiome, thereby po-
tentially affecting lung health through the gut–lung axis. One of the most well-established
connections between diet, the gut microbiome, and lung health is through the consump-
tion of dietary fiber. Dietary fiber, particularly from fruits, vegetables, whole grains, and
legumes, is fermented by gut bacteria to produce short-chain fatty acids (SCFAs), such
as acetate, propionate, and butyrate. SCFAs, especially butyrate, can regulate immune
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responses by promoting the differentiation of Treg cells and suppressing the production
of pro-inflammatory cytokines that help reduce inflammation [32]. Studies have shown
that higher levels of SCFAs in the gut are associated with better lung function, suggesting
that diets rich in fiber could protect against inflammatory lung diseases. Omega-3 fatty
acids, primarily found in fatty fish (e.g., salmon, mackerel), flaxseeds, and walnuts, have
well-documented anti-inflammatory properties [128]. These fatty acids can reduce the
production of inflammatory mediators, such as leukotrienes and prostaglandins, which are
implicated in both gut and lung inflammation [128,129]. Dietary intake of omega-3 fatty
acids has been associated with a reduced risk of asthma development and severity, likely
due to their ability to dampen inflammatory processes within the airways. Omega-3s may
also enhance the immune response to respiratory infections by improving macrophage and
neutrophil function, thereby preventing excessive inflammation and lung damage [130].
Certain antioxidants, particularly polyphenols, can influence the composition of the gut
microbiome [131]. For instance, polyphenols from green tea, grapes, and cocoa have been
shown to promote the growth of beneficial bacteria such as Lactobacillus and Bifidobac-
terium [132,133]. Vitamin D plays a crucial role in gut and lung health by modulating
the immune system [17,28]. This vitamin can enhance gut barrier function, reducing the
translocation of harmful bacteria and endotoxins into the bloodstream, which might other-
wise trigger systemic and pulmonary inflammation. Adequate vitamin D levels have been
associated with a lower risk of respiratory infections, reduced asthma exacerbations, and
improved overall lung function [134,135]. Dietary sources of vitamin D include fortified
foods, oily fish, and mushrooms, though supplementation is often necessary, especially in
regions with limited sunlight.

4.3. Fecal Microbiota Transplantation (FMT)

FMT involves transferring fecal material containing a complete, stable fecal micro-
bial community from a healthy donor to a recipient through, e.g., infusion via nasogas-
tric/nasoduodental/nasojejunal tubes, the oral administration of capsules, enemas, or
colonoscopies to restore a balanced gut microbiota [136–138]. This intervention is used as
an experimental treatment for severe, recurrent Clostridioides difficile infection (CDI) leading
to pseudomembranous colitis, and it has shown promise in patients with inflammatory
bowel disease (IBD). FMT significantly lowered the risk of recurrent CDI and caused re-
mission from ulcerative colitis in recipients with IBD by increasing microbial diversity
in the intestinal tract and modifying the environment of this microniche (e.g., increased
level of SCFAs was noted). Observations of the remission of other diseases (e.g., idiopathic
thrombocytopenic purpura, multiple sclerosis) after FMT in patients with ulcerative colitis
have led to increased interest in the use of FMT in supporting the treatment of disorders
that do not directly involve the digestive system [136,137,139–142]. FMT may also have
potential applications in modulating the gut–lung axis to improve respiratory health. Jang
et al. showed that fecal transplants given by oral gavage and high-fiber diets helped to
mitigate the lung damage caused in mice exposed to cigarette smoke. FMT attenuated
body weight loss and alveolar destruction in emphysema mice. Moreover, IL-6 and IFN-γ
levels in bronchoalveolar lavage fluid and serum were lower in both the FMT-treated and
high-fiber diet-receiving mice with emphysema compared to non-treated mice indicating
the anti-inflammatory effect of FMT and diet [143]. Tang et al. investigated the effect of
FMT on pneumonia-derived sepsis caused by Klebsiella pneumoniae via the gut–lung axis
on the C57BL/6 mice model. FMT restored changes in gut microbes’ diversity induced
by pulmonary infection [144]. Both FMT used alone and FMT applied after antibiotic
treatment improved animal mortality rates. The antibiotic-treated mice had lower levels of
pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) and higher levels of anti-inflammatory
IL-10 in comparison to FMT-treated mice, but FMT improved pulmonary local pathological
injury more than antibiotics and improved airway epithelial barrier function [144]. In 2023
a multicenter, randomized, double-blind, placebo-controlled study was started to assess
the effects of autologous FMT in patients diagnosed with idiopathic pulmonary fibrosis
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treated with nintedanib [145]. However, judging by the study’s title, the authors expect
modification of the negative intestinal effects of the therapy by nintedanib (ameliorate
nintedanib-induced diarrhea) rather than changes in the respiratory system.

4.4. Pharmaceutical Interventions

Drugs targeting pathways influenced by gut microbiota and their metabolites could
be developed to treat respiratory conditions. Pulmonary fibrosis (PF) is a final disorder
resulting from inflammatory damage of the alveolar epithelium, the abnormal prolif-
erative transformation of fibroblasts, chemotaxis, and the differentiation of monocytes
into monocyte-derived alveolar macrophages, and massive extracellular matrix deposi-
tion [30,146]. The high mortality rate, limited treatment effectiveness, dysregulation of
immune response, and participation of the lung microbiota and pathogens in the devel-
opment of PF have become the basis for considering the use of the gut–lung axis in new
therapeutic options. Gut microbiota metabolites such as SCFAs and amino acids can regu-
late immune cell activation, reduce collagen deposition, and inhibit fibroblast differentiation
alleviating PF changes. Thus, some pharmaceuticals modulating gut microbiota composi-
tion and metabolisms, including natural products such as traditional Chinese medicine (e.g.,
Qingwen Gupi decoction, Xiao Chai Hu decoction, Astragalus polysaccharide), Amygdalus
mongolica oil, or phycocyanin derived from blue-green algae, are considered as potential
new drugs to improve lung conditions in PF [30].

Since SCFAs are the main biologically active metabolites of the gut microbiota, the
possibility of using SCFA receptor agonists as potential immunomodulatory drugs in
treating gut and lung disorders has also been considered. Theoretically, SCFA receptor
agonists might mimic the beneficial effects of SCFAs. However, the results of the studies did
not confirm the efficacy of agonists similar to the SCFAs. D’Souza et al. tested the effects of
the agonists of GPR43 (G-protein coupled receptor 43), one of the SCFA receptors, within
the scope of their potential application in the therapy of IBD [147]. It was found that tested
SCFAs (butyrate, propionate, acetate) exhibited a protective effect through the enhancement
of intestinal epithelial barrier function and immunoregulatory properties. SCFAs inhibited
LPS-induced cytokine production in PBMCs, and human T cell proliferation and cytokine
production. Meanwhile, GPR43 agonists failed to tighten the intestinal barrier and exert
anti-inflammatory properties, demonstrating much narrower protective functions in IBD
than SCFAs [147].

5. Conclusions

The gut–lung axis represents a fascinating and complex interplay between two vital
systems within the body. Understanding this connection can lead to innovative strategies
for preventing and treating respiratory diseases. Future research should focus on unraveling
the precise mechanisms and exploring the potential of microbiota-targeted therapies in
clinical practice. As research in this field progresses, it holds the potential to revolutionize
our approach to health and disease, emphasizing the importance of maintaining a balanced
microbiome for both gut and respiratory health.
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