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Lung injury can lead to specific neurocognitive dysfunction, and the “triple-
hit” phenomenon may be the key theoretical mechanism for the progressive 
impairment of lung injury-related cognitive impairment. The lung and brain can 
communicate biologically through immune regulation pathway, hypoxic pathway, 
neural circuit, mitochondrial dysfunction, and microbial influence, which is called 
the “lung-brain axis.” The gut microbiota is a highly complex community of 
microorganisms that reside in the gut and communicate with the lung via the 
“gut-lung axis.” The dysregulation of gut microbiota may lead to the migration 
of pathogenic bacteria to the lung, and directly or indirectly regulate the lung 
immune response through their metabolites, which may cause or aggravate lung 
injury. The gut microbiota and the brain interact through the “gut-brain axis.” 
The gut microbiota can influence and regulate cognitive function and behavior 
of the brain through neural pathway mechanisms, immune regulation pathway 
and hypothalamic–pituitary–adrenal (HPA) axis regulation. Based on the gut 
microbiota regulation mechanism of the “gut-lung axis” and “gut-brain axis,” 
combined with the mechanisms of cognitive impairment caused by lung injury, 
we proposed the “triple-hit” hypothesis. It states that the pathophysiological changes 
of lung injury trigger a series of events such as immune disorder, inflammatory 
responses, and microbiota changes, which activate the “lung-gut axis,” thus 
forming a “triple-hit” that leads to the development or deterioration of cognitive 
impairment. This hypothesis provides a more comprehensive framework for 
studying and understanding brain dysfunction in the context of lung injury. This 
review proposes the existence of an interactive tandem network for information 
exchange among the gut, lung, and brain, referred to as the “gut-lung-brain 
axis.” It further explores the potential mechanism of lung injury-related cognitive 
impairment caused by multiple interactions of gut microbiota in the “gut-lung-
brain axis.” We found that there are many numerous pathophysiological factors 
that influence the interaction within the “gut-lung-brain axis.” The impact of gut 
microbiota on cognitive functions related to lung injury may be mediated through 
mechanisms such as the “triple-hit” hypothesis, direct translocation of microbes 
and their metabolites, hypoxic pathway, immune modulation, vagal nerve activity, 
and the HPA axis regulation, among others. As the research deepens, based on 
the “triple-hit” hypothesis of lung injury, it is further discovered that gut microbial 
therapy can significantly change the pathogenesis of the inflammatory process 
on the “gut-lung-brain axis.” It can also relieve lung injury and therapeutically 
modulate brain function and behavior. This perspective provides a new idea for 
the follow-up treatment of lung injury-related cognitive impairment caused by 
dysregulation of gut microbiota.
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1 Introduction

Lung injury leads to a decline in lung function and adversely 
affects the central nervous system (CNS). Cognitive impairment, a 
common complication of lung injury, severely impacts patients’ 
quality of life and social function (1). Cognition involves a series of 
higher cerebral cortex activities like perception, learning, execution, 
thinking, and judgment (2). Such impairment can vary from mild 
cognitive impairment (MCI) to Alzheimer’s disease. The possible 
mechanisms of cognitive dysfunction in patients with lung injury 
include immune regulation pathway, hypoxic pathway, neural circuit, 
mitochondrial dysfunction, and microbial influence. The gut 
microbiota is a complex microbial community in the gut, sharing a 
beneficial symbiotic bond with the host (3). Its dysregulation can 
cause or exacerbate lung injury via the “gut-lung axis.” Studies on gut 
microbiota homeostasis, such as in bacterial infections, administration 
of antimicrobial peptides or probiotics, or in germ-free mice, have 
demonstrated that modulating the gut microbiota can influence 
behavior and cognition (4). In recent years, we have realized that the 
“gut-brain axis” and “lung-brain axis” are crucial for cognitive 
function. As research has progressed, emerging evidence from clinical 
trials and animal models suggests the existence of an interactive 
tandem network of information exchange between the gut, lungs, and 
brain known as the “gut-lung-brain axis.” The pathways along the 
“gut-lung-brain axis” synergistically regulate immune responses, 
endocrine function, brain cognition and behavior. With the in-depth 
study of gut microbiota and their metabolites from the “gut-lung-
brain axis,” it has known that abnormal changes in the host’s gut 
microbiota composition and abundance can cause cognitive 
impairment via this axis. In this review, we analyzed and explored the 
potential mechanisms of gut microbiota’s multiple interactions in the 
“gut-lung-brain axis” causing lung injury-related cognitive 
impairment. We also looked into the potential clinical value of gut 
microbiota in treating such impairment.

2 Lung injury-related cognitive 
impairment

Acute Lung Injury (ALI) and its severe form Acute Respiratory 
Distress Syndrome (ARDS) are clinical disorders that result in 
progressive damage to alveolar epithelial cells and capillary endothelial 
cells with a poor prognosis. Although a large number of studies and 
therapeutic trials have been conducted, measures to effectively prevent 
or treat lung injury remain limited. The mortality rate of acute lung 
injury is as high as 40–50% (5). Many studies have shown that ALI/
ARDS survivors may experience cognitive impairment, including 
impaired memory, executive function, attention and decreased 
cognitive processing speed. These impairments usually persist during 
the acute inflammatory phase and after discharge from hospital, which 
in turn affects quality of life (6, 7). Cognitive impairment manifests 
itself as cognitive and behavioral deficits, often with inflammation and 
structural changes in the brain. Lung injuries that can lead to cognitive 

impairment include, but are not limited to, ventilator-induced lung 
injury (VILI), injuries caused by lung infections and inflammation, 
chronic obstructive pulmonary disease (COPD), and asthma (8, 9). 
VILI mostly shows inflammatory cell infiltration and cytokine release 
and can be  classified into four mechanisms: pneumatic pressure 
injury, volumetric injury, injuries caused by atelectasis, and biological 
injury. A number of studies have now shown that VILI may lead to 
cognitive impairment (10). Nearly one-third of mechanically 
ventilated patients have impaired performance on cognitive tests at 
6 months, suggesting that cognitive impairment is common in VILI 
(11). Several studies have reported associations between lung 
infections and dementia, increased risk of cognitive impairment and 
structural brain differences (12, 13). CNS dysfunction (e.g., 
encephalopathy, depression, anxiety, cognitive impairment) may 
occur during and after sepsis due to the systemic inflammatory 
response (14). The interaction between peripheral and central 
inflammation can lead to brain dysfunction and deformation of the 
nerve, however the mechanisms are unclear. Bonorino et  al. 
established an experimental model of pulmonary sepsis in mice, 
which resulted in a systemic inflammatory response with brain 
damage, increased blood–brain barrier permeability and 
pro-inflammatory cytokine levels, neutrophil infiltration and 
microglia activation in the hippocampus (9). A meta-analysis found 
that chlamydia pneumoniae infection increased the incidence of 
Alzheimer’s disease (AD) more than fivefold (15). In addition, some 
pulmonary pathogens such as tubercle bacillus have been found to 
contribute indirectly to the development of AD using their own 
molecular mechanisms (16). Recent studies have shown that 
COVID-19 is also associated with cognitive impairment. Liu et al. 
showed that at least 20–45% of SARS-CoV-2 infected individuals 
develop a range of neurodegenerative disease as well as cognitive 
deficits (17, 18). These studies indicate a bidirectional communication 
between the lung and the brain, with cognitive deficits emerging that 
adversely affect recovery from pulmonary injury. For example, 
cognitive dysfunction may lead to a decrease in patients’ ability to 
self-manage, affecting adherence to treatment and thus the recovery 
process of lung injury. In addition, cognitive impairment may increase 
patients’ risk of hospital care and length of stay, further affecting the 
recovery of lung function. Considerable social and family cost 
burdens, impaired emotional well-being of caregivers, impaired social 
and occupational competence, and many other harms have been 
identified in patients discharged from hospitals with lung injury (11).

3 The direct mechanisms of lung 
injury-induced cognitive impairment

The pathological and physiological markers of acute lung injury 
are massive neutrophil infiltration, progressive damage to alveolar 
epithelial cells and capillary endothelial cells, and elevated levels of 
pulmonary pro-inflammatory cytokines and chemokines such as 
TNF-α and IL-1β (5). As stated, many studies have shown that lung 
injury can cause cognitive impairment. The biological communication 
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pathway between lung and brain is termed the “lung-brain axis.” 
However, the complex mechanisms underlying the potential link 
between lung injury and cognitive impairment are still unclear. The 
proposed mechanisms mainly include the following. (1) Immune 
regulation pathway: Based on the suggestion that the immune defense 
of the brain barrier and systemic proinflammatory factors are 
associated with cognitive impairment, Sahu et al. established a ALI 
experimental mouse model (8). The experimental data confirmed that 
ALI would destroy the immune homeostasis of the lungs, infiltrate 
inflammatory cells into the lungs, and produce a large number of 
inflammatory cytokines and delay their regression, including TNF-α 
and IL-1β. Both TNF-α and IL-1β are associated with cognitive 
impairment. In addition to possible leakage from the lung, these 
inflammatory factors, mainly TNF-α and IL-1β, can be produced by 
activated leukocytes in the blood to induce systemic inflammation. 
Systemic inflammatory factors then destroy tight junctions (TJs), 
which are the main structure of the blood–brain barrier, resulting in 
increased permeability and structural disorder of the blood–brain 
barrier. Furthermore, the expression of these inflammatory factors is 
enhanced in the hippocampus, and finally leads to cognitive 
impairment in mice. In addition, systemic factors may help leukocyte 
extravasation by enhancing the expression of the adhesion molecule 
VCAM-1. This process subsequently leads to the expression of 
inflammatory mediators TNF-α and IL-1β, which in turn activate the 
brain’s own inflammatory response. Bonorino et al. established an 
experimental mouse model of pulmonary sepsis leading to systemic 
inflammatory responses, and confirmed that persistent 
neuroinflammation caused by high levels of inflammatory mediators 
(such as TNF-α, IL-1β, and IL-6) was considered a type of chronic 
brain dysfunction in sepsis survivors (9). Chen et  al. found that 
ventilator-induced lung injury triggers a systemic inflammatory 
response. This may be associated with hippocampal structural damage 
and elevated levels of IL-1β, IL-6, and TNF-α in the hippocampus, 
which leads to blood–brain barrier rupture and cognitive impairment 
(19). (2) Hypoxic pathway: In addition to the aforementioned immune 
regulation pathway, the hypoxic pathway also plays an important role 
in the process of cognitive impairment induced by lung injury, and 
there may be a synergistic or progressive relationship between the two. 
Lung injury leads to the destruction of the integrity of the air-blood 
barrier, affecting the exchange of oxygen and carbon dioxide. Cerebral 
blood flow and metabolism disorders occur when hypoxia occurs 
(20), affecting the oxidative phosphorylation of hippocampal nerve 
cells (21). Hypoxia-induced hippocampal oxidative damage is 
associated with long-term brain dysfunction (22). In addition, neural 
transduction can induce neuronal apoptosis under hypoxic conditions 
of excitatory amino acids, energy depletion, and ion-related signals, 
and neuronal loss is an important pathological process of cognitive 
dysfunction (23). (3) Neural circuit: Hypoxemia/hypercapnia due to 
the hypoxia mechanism and stimuli like mitochondrial dysfunction, 
biological trauma, and alveolar stretching activate receptors in the 
airway and lung interstitium. These trigger upward neural signals that 
reach the brain through direct vagal connections or circulating factors 
(24, 25). In addition, lung injury can induce hippocampal 
inflammation by stimulating the vagus nerve with inflammatory 
factors (25). Recent studies have found a correlation between VILI and 
the imbalance of hippocampal neurotransmitter dopamine. 
Dopamine, as an anti-inflammatory substance, can significantly 
reduce lung tissue injury in rats by inhibiting the NOD-like receptor 

thermal protein domain associated protein 3 (NLRP3) signaling 
pathway. However, mechanical ventilation promotes the release of 
dopamine by increasing the expression of ATP and purinergic P2Y1G-
protein-coupled receptor (P2Y1R) in strained lung epithelial cells, 
thereby aggravating brain injury (26). (4) Mitochondrial dysfunction: 
Mitochondria, as the “energy factories” of cells, also mediate the 
development of cognitive impairment induced by lung injury. 
Excessive mechanical ventilation can trigger mitochondrial damage 
and autophagy, leading to the release of mitochondrial DNA 
(mtDNA), which reduces brain ATP level and oxygen consumption, 
leading to cognitive impairment (27). (5) Microbial influence: In 
current microbiome medicine, some lung microbiota have been 
observed to have associated effects with specific neurological diseases. 
Recent research further suggests that the lung microbiota can 
influence brain autoimmunity and act as a bridge between the lung 
and brain. Hosang et al.’s study suggested that local inflammation and 
tissue damage in the lungs lead to dysbiosis of the lung microbiota, 
and the hilar microorganisms producing lipopolysaccharide (LPS) are 
reduced. LPS can enter the brain through the blood circulation 
through the blood–brain barrier and regulate the microglia in the 
brain, leading to a pro-inflammatory response (28).

Now many studies have pointed out that lung injury not only 
affects the brain through the “lung-brain axis,” but also the brain 
affects the lung through the “lung-brain axis.” For example, pulmonary 
complications such as neurogenic pulmonary edema (NPE), ARDS, 
and ventilator-associated pneumonia (VAP) may occur after traumatic 
brain injury (TBI) (29). It can be concluded that the lung and brain 
communicate with each other by triggering inflammatory factors or 
specific signaling pathways when subjected to traumatic stimulation, 
causing corresponding pathological changes. These studies 
demonstrate a bidirectional interaction of the “lung-brain axis.”

4 The changes of microbes in the lung 
and intestine during lung injury

Previously, the lower respiratory tract was considered “sterile,” but 
this perception is being challenged. Studies have shown that the 
bacterial communities in the lungs are similar to those in the oral 
cavity. Streptococcus, Prevotella, and Veillonella were the most 
common lung organisms. Bacteria of the phylum Firmicutes, 
Actinobacteria and Bacteroidetes are usually present in the healthy 
lung (30). The bacterial composition within the lower respiratory tract 
is determined by migration, elimination, and local growth conditions. 
In the case of respiratory diseases, changes in these factors can lead to 
the dysregulation of lung flora. In chronic inflammatory lung diseases, 
such as cystic fibrosis and chronic obstructive pulmonary disease, it 
has been confirmed that growth of the γ-Proteobacteria phylum, such 
as Pseudomonas aeruginosa, is significant. Factors that promote the 
expansion of Pseudomonas aeruginosa include the production of 
reactive oxygen species during inflammation, oxygen desaturation, 
and co-fermentation of mucin. The composition of the respiratory 
microbiota is also influenced by factors such as delivery mode and 
breastfeeding (31). A large number of studies have shown that patients 
have obvious lung dysbiosis in lung diseases (32). In patients with 
asthma, Haemophilus and Moraxella species were enriched. 
Haemophilus enriched in adults with asthma can induce the 
expression of Th17-related genes and is associated with asthma 
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exacerbations (33). Compared with healthy subjects, the respiratory 
microbiota of asthmatic patients has lower bacterial diversity and 
higher richness, both of which are associated with asthma severity 
(34). Although most evidence suggests that gut-lung communication 
is primarily gut-to-lung, the opposite may also be the case. Chronic 
lung diseases, such as chronic obstructive pulmonary disease and 
cystic fibrosis, not only show the dysregulation of gut microbiota, but 
also show changes in the gastrointestinal tract, such as irritable bowel 
syndrome (30). It has been shown that influenza virus lung infection 
causes gut microbiota dysbiosis in mice, which results in reduced 
acetate levels. These reduced short-chain fatty acid (SCFA) levels have 
been associated with increased susceptibility to secondary pulmonary 
infections (35). On the other hand, the important role of the gut 
microbiota in acute viral and bacterial lung infections has been 
demonstrated in several mouse models after the reduction of gut 
bacteria by extensive antibiotic treatment. In mouse experiments, 
depletion of certain bacterial species in the gut microbiota of mice 
after antibiotic administration increased susceptibility not only to 
airway disease but also to viral infections in the lungs. Therefore, 
changes in the microbial composition of the gut microbiota can have 
a profound impact on host immune response and disease 
susceptibility (30).

5 Interactions of gut microbiota in 
lung injury

5.1 The gut microbiota influences lung 
diseases through the “gut-lung axis”

Pulmonary diseases refer to a group of diseases that affect airways 
and lung structures, leading to persistent breathing difficulties. 
Recently, studies have directly linked the onset and progression of 
lung diseases to the relative abundance of specific species in the gut 
microbiota (36). The gut microbiota has various essential functions in 
the human gut. It ferments nondigestible food components into 
absorbable metabolites, synthesizes essential vitamins, removes toxic 
compounds, defends against pathogens, strengthens the gut barrier, 
and stimulates and regulates the immune system. In addition to 
bacteria, the broad gut microbiota should also contain other key 
microorganisms, such as archaea, viruses, phages, and fungi (37). Gut 
microbiota can affect multiple organs, including the lung, and the 
interaction between gut microbes and the lung is known as the “gut-
lung axis” (38). The disorder of gut microbiota can cause intestinal 
mucosal injury and inflammatory response, resulting in the migration 
of pathogenic bacteria to the lungs through the “gut-lung axis,” 
resulting in lung injury. The lung epithelium is comprised of 
pseudostratified ciliated columnar epithelial cells, whereas the 
gastrointestinal epithelium consists of either lamellar squamous 
epithelium or simple columnar epithelium (38). Despite these 
differences in structure, both types of epithelium originate from the 
endoderm and are exposed to external environments. The dynamics 
of the occurrence of the “gut-lung axis” may be attributed in part to 
the fact that the gastrointestinal tract has the same origin as the 
respiratory mucosa, as well as the similarities in physiological 
structure and function between the two (39). Gut microbiota can 
reach the lungs through lymph or blood circulation, triggering 
pulmonary inflammation and immune response. It can also affect the 

development and prognosis of lung diseases through immune 
regulation and metabolites of intestinal microbiota. Under 
pathological conditions, bacteria and endotoxin invading the 
intestinal mucosa can migrate to the lung injury site under the action 
of the “gut-lung axis.” The dysregulation of gut microbiota stimulates 
the gastrointestinal tract to release inflammatory mediators and 
cytokines. These substances can migrate to the lung through the 
capillary axis connecting the gut and the lung, mediating the 
infiltration of lung inflammatory cells and even causing lung injury. 
When the intestine is in a state of ischemia/reperfusion, succinic acid 
produced by gut microbiota will accumulate in the lungs and stimulate 
alveolar macrophages, leading to apoptosis of lung epithelial cells and 
severe pulmonary edema. Studies have shown that the interrelationship 
between the gut and lung is mainly mediated in two ways, including 
bacterial products in the circulation system and immune cells in the 
intestinal-pulmonary lymph nodes (40). The protein fraction of dead 
or viable bacteria produced in the gut can enter the systemic 
circulation along the mesenteric lymph nodes and then enter the 
pulmonary circulation. This stimulates pulmonary dendritic cells, 
macrophages, and T cells, leading to an influx of pulmonary 
neutrophils. Eventually, macrophage and neutrophil activation causes 
lung injury and inflammation. Another way in which the gut and lung 
interact is through the migration of T and B cells. In mesenteric lymph 
nodes, translocated bacteria and their products can initiate naive B 
cells and T cells, thereby activating the differentiation of B cells into 
plasma cells. However, plasma cells can reduce the production of anti-
inflammatory molecules such as IL-10, leading to the initiation and 
differentiation of T cells. Some of these T cells will migrate out of 
gut-associated lymphoid tissues and reach the lung epithelium. 
Eventually, they activate local antigen presenting cells and T cells. The 
activation of these immune cells can clear pathogens in the lung, 
thereby reducing lung injury (38).

5.2 Effects of metabolites of the gut 
microbiota on lung injury

SCFA produced by intestinal symbiotic bacteria are the most 
abundant metabolites in the gut microbiota. SCFA, including butyrate, 
propionate, and acetate, are produced by the metabolism of dietary 
fiber by the gut microbiota. Their production is directly proportional 
to the content of dietary fiber (41). The underlying mechanism of 
SCFA action has been attributed to two major signaling pathways. The 
direct effects of SCFA on host immunity are mainly achieved through 
G protein-coupled receptors (GPCRs). These GPCRs are differentially 
expressed in a variety of cell types and tissues, including GPR43 (also 
known as free fatty acid receptor 2, FFAR2), GPR41 (FFAR3), and 
GPR109A (NIACR1) (30, 39). Butyrate in SCFA can inhibit lung type 
II lymphocytes and reduce airway hyperresponsiveness, thereby 
alleviating bronchial asthma. Another documented downstream 
signaling effect of SCFA is the regulation of immune responses by 
inhibiting histone deacetylase (HDAC) activity in various cell types 
(30, 39). Desaminotyrosine (DAT) also plays an important role in the 
“gut-lung axis.” DAT can modulate the pulmonary response by 
enhancing the type I interferon response. It also protected mice from 
hypersensitivity pneumonitis, asthma and influenza virus infection. 
In addition, the gut microbiota produces metabolites with both 
pro-inflammatory and anti-inflammatory potential, such as biogenic 
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amines (including histamine), which have a profound impact on lung 
diseases through “gut-lung axis” interactions (33).

5.3 Effects of gut microbiota on the host 
immune system

The healthy gut microbiota plays an important role in the host’s 
local mucosal defense and pulmonary immune regulation. It can 
enhance immunotherapy through stimulator of interferon genes 
(STING) signaling (42). The gut microbiota’s bacterial components, 
LPS and peptidoglycan, bind to Toll-like receptors (TLRs) or 
NOD-like receptors (NLRs). These are expressed in gut cells as pattern 
recognition receptors (PRRs) to regulate immune responses (33). 
Crosstalk between the gut and lung occurs through the lymphatic and 
blood circulation systems and is critical for transmitting “immune 
information” between organs over long distances (39). This crosstalk 
may be mediated by pleiotropic metabolites synthesized by the gut 
microbiota, including folate, indole, secondary bile acids, 
neurotransmitters such as serotonin and γ-aminobutyric acid, and 
SCFA, which physiologically connect the gut and other organ systems 
(43). Regulatory T cells (Tregs) are a subset of T cells that play an 
important role in mediating the host immune response. Model studies 
have shown that Tregs are regulated by the gut microbiota and their 
metabolites. SCFA interact with host immunity by inhibiting histone 
deacetylation to increase the expression of transcription factor 
forkhead box protein 3 (FOXP3), supporting the expansion of Tregs 
and increasing IL-10 production (39). It has also been shown to 
enhance intestinal epithelial barrier function by increasing goblet cell 
differentiation and mucus production, as well as enhancing tight 
junction permeability. In addition, it can protects the gut from 
inflammation by enhancing the metabolism and differentiation of 
plasma B cells, thereby promoting intestinal IgA production. Gut 
microbiotic-derived metabolites can also signal through GPR43 and 
GPR109A on intestinal epithelial cells to induce NLRP3 
inflammasome activation, an important cell survival and repair 
mechanism that protects against dextran sulfate sodium (DSS) 
-induced colitis (30). The effects of gut microbiota on peripheral 
immune cells as well as on the lungs are the basis for their promotion 
of lung homeostasis and immunity. An experimental study suggests 
that SCFA produced by the gut microbiota triggers its protective 
mechanisms against allergic airway diseases and respiratory infections. 
In addition, recent studies have suggested other mechanisms of action 
of SCFA fermented from gut microbiota. For example, it can affect the 
production of hematopoietic precursor cells in the bone marrow, 
thereby affecting the host immune system (30).

5.4 Antimicrobial peptides modify microbes 
to modulate lung injury

At present, the main approach to combat infection is still long-
term aggressive antibiotic treatment, but this may lead to an increase 
in antibiotic resistance. In this case, antimicrobial peptides (AMPs) 
have received much attention because they may exhibit effective 
antibacterial effects against antibiotic-resistant strains without much 
toxicity (44). AMPs are a class of small-molecule peptides, typically 
consisting of 12–50 amino acid residues, with a wide range of 

antimicrobial activities. At present, more than 3,100 natural AMPs 
have been found (45). They are important effectors in the innate 
immune system and the first line of defense against pathogen 
infection. Therefore, antimicrobial peptides are also known as host 
defense peptides (HDPs) (46). In addition to antimicrobial activity, 
AMPs have anti-inflammatory, anti-biofilm, immunomodulatory and 
other activities (47). Previous studies have shown that AMPs have 
significant effects in animal and cellular models of acute lung injury, 
pulmonary fibrosis, and lung cancer (48). For the antibacterial 
mechanism of AMPs, early studies mainly focused on the destruction 
of bacterial membranes. AMPs also have intracellular activity and they 
are used to deliver drugs to target cells for therapy. The antibacterial 
mechanism of AMPs mainly includes two pore-forming models: the 
bucket-plate model and the ring-hole model. The current study 
suggests that the anti-inflammatory mechanism of AMPs may include 
the following two aspects: one is to preventing inflammation inducers 
from binding to their sensors, and the other is that it inhibits and 
regulates the expression of inflammation-related signaling pathways 
and transcription factors, and the anti-inflammatory mechanism of 
AMPs mainly targets the inflammation caused by LPS (47). When the 
body is stimulated or injured, natural AMPs are released and 
participate in immune regulation to maintain the stability of the 
internal environment. These AMPs are able to stimulate various 
molecules in the immune system, such as chemokines, in response to 
disease. In addition, studies have shown that AMPs have potential 
anti-mycobacterium tuberculosis (anti-MTB) and anti-cancer activities, 
so antimicrobial peptides can also be designed as anticancer peptides 
to inhibit the growth of bacteria and cancer cells (49). Both bacteria 
and cancer cells have a negatively charged surface, which can 
be disrupted by peptides because they are both cationic amphiphilic. 
A recent example is LL-37, an endogenous AMP derived from 
antimicrobial peptides. It is also an endogenous cationic peptide 
expressed in human immune cells and is active against both 
extracellular and intracellular tuberculosis bacilli. By disrupting the 
bacterial cell wall upon binding, it causes disintegration and rapid 
rupture within minutes (50).

6 The potential mechanisms of gut 
microbiota leading to lung 
injury-related cognitive impairment

Physiological studies on cognitive impairment have shown that 
cognitive function is affected by neuron loss, neurogenesis, synaptic 
plasticity decline, and neuroinflammation. These conditions may 
be  related to the dysregulation of gut microbiota (51). There are 
complex intrinsic relationship between gut microbiota and cognitive 
function. While the specific mechanisms underlying this relationship 
are still in the early stages of exploration, it has been researched and 
observed that the dysregulation of gut microbiota may cause lung 
injury-related cognitive impairment through the “gut-lung-brain axis.” 
Studies have shown that the gut microbiota and the brain interact 
through the “gut-brain axis.” The gut microbiota can communicate 
with the CNS through the “bidirectional brain-gut pathways” such as 
neural pathway mechanisms, immune regulation pathway and HPA 
axis regulation, so that the gut microbiota can affect the brain and 
behavior (52). Therefore, the gut microbiota has been called the 
“second brain.” The role of the gut microbiota in the regulation of 
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neurotransmitters is reflected in several ways: some gut microbiota 
encode genes for enzymes required for neurotransmitter synthesis, 
directly produce neuroactive compounds, or regulate the synthesis 
and release of neurotransmitters via enteroendocrine cells. In addition, 
neurotransmitters regulate the brain through three pathways: the one 
directly acts on the vagus nerve, the other impacts the enteric nervous 
system, and the remaining one involves crossing the blood–brain 
barrier (53). This regulatory mechanism reveals that the dysregulation 
of gut microbiota may trigger the disorder of neurotransmitter system, 
which in turn affects the cognitive function of the brain. There is 
increasing evidence that gut microbial antigens can initiate immune 
cells in gut-associated lymphoid tissue to reach the CNS and 
participate in immune surveillance (54). If the gut microbiota is in a 
state of dysbiosis, it may disrupt this interaction and lead to an 
inflammatory state. The inflammatory state can promote 
neuroinflammation and lead to cognitive decline. Therefore, the gut 
microbiota may influence the homeostasis of the CNS by regulating 
the immune system, or directly regulate the production of molecules 
and metabolites that affect the nervous and endocrine systems. The 
HPA axis is an important component of the neuroendocrine system 
and communicates through feedback interaction pathways. In this 
process, corticotropin releasing hormone (CRH) is secreted by the 
hypothalamus and acts as the pituitary gland. CRH stimulates the 
pituitary gland to produce adrenocorticotropin (ACTH), which 
ultimately targets the fascicular zone of the adrenal cortex to produce 
glucocorticoids (such as cortisol). Once these glucocorticoids are 
produced, they quickly enter the blood circulatory system and exert 
their extensive physiological effects. Due to the increased permeability 
of the intestinal mucosal barrier and the microbially driven 
pro-inflammatory state, the gut microbiota can activate the HPA axis 
and release glucocorticoids (cortisol and corticosterone) (55). 
Glucocorticoid receptors are widely expressed in the center, and 
appropriate concentrations of cortisol are essential for normal 
neurodevelopment and function, as well as cognitive processes such 
as learning and memory (56). Based on the direct mechanisms of lung 
injury-related cognitive impairment, and combined with the 
aforementioned mechanisms of gut microbiota regulation in “gut-lung 
axis” and “gut-brain axis,” it can be proposed that the gut microbiota 
has multiple interactions in the “gut-lung-brain axis” and leads to lung 
injury-related cognitive impairment. However, there are relatively few 
studies on the mechanism of “gut-lung-brain axis.” The known or 
predicted potential mechanisms mainly include the “triple-hit” 
hypothesis, direct translocation of microbes and their metabolites, 
hypoxic pathway, immune modulation, vagal nerve activity, and the 
HPA axis regulation.

6.1 The “triple-hit” hypothesis

The “triple-hit” hypothesis is constructed on the basis of immune 
disorder, inflammatory response, and microbiota changes in the lung 
tissues of patients with lung injury. Under the action of the “lung-gut 
axis,” the gut is affected by three effects. Specifically, the “triple-hit” 
results from the following pathophysiological processes. (1) Immune 
disorder: The lung and gut are organs in direct contact with the 
outside world, both of which have a typical mucosal structure 
composed of epithelium and lamina propria, and they share a mucosal 
immune system. When pathogens invade the lung or the respiratory 

mucosa is damaged, the local immune response mechanism of the 
lungs is triggered, and factors such as VEGF and TNF-α are produced. 
Consequently, the cadherin bond is destroyed, and the lung capillary 
endothelial injury leads to activated immune cells migrating to the 
gut, making the gut suffer the first hit. (2) Inflammatory response: 
Bacterial debris and products prompt the body to release circulating 
inflammatory cytokines and chemokines via the capillaries linking the 
lung and gut. This mediates intestinal inflammatory cell infiltration 
and mucosal damage, and may even extend to distant organs and 
systems, inducing systemic inflammatory response syndrome, which 
is the second hit (57–62). (3) Microbiota changes: Pathophysiological 
changes in lung structure and impaired mucous clearance mechanism 
lead to dysregulation of microbiota, and changes in the host’s 
microenvironment will further affect the colonization ability of the 
microbiota in the tissue, changing the composition of the microbiota, 
which forms a third hit (63). Changes in the composition of 
pulmonary microbiota can disrupt intestinal immune homeostasis, 
up-regulate the expression of inflammatory factors, and induce 
increased permeability of intestinal mucosal epithelium through the 
“lung-gut axis.” This leads to migration of bacterial flora and 
endotoxin. The synergistic effect of the three hits causes severe 
extrapulmonary effects that interfere with the ecological balance of the 
gut microbiota, thereby activating the gut-brain axis and causing the 
continuous progression of cognitive impairment (Figure  1). Lung 
injury is the initial step in the development of cognitive impairment, 
and the gut microbiota plays an important role in the progression of 
lung injury-related cognitive impairment. Thus, the “triple-hit” 
hypothesis can be  used as a theoretical background for studying 
prevention or treatment strategies. These strategies will target the “gut-
lung axis” and “gut-brain axis” to mitigate the risk of cognitive 
impairment, which is exacerbated by immunosuppression, systemic 
inflammation and microbiota translocation in susceptible 
patient populations.

6.2 Direct translocation of microorganisms 
and their metabolites

In recent years, it has been noted that a large number of 
enterogenous microorganisms are present in the lung microbiota of 
patients with lung injury. The original microbiome of the lung is 
replaced by enriched intestinal translocation bacteria such as 
Enterobacteriaceae, and is associated with the subsequent occurrence 
of ARDS (64). Dickson et al. reported that the bronchoalveolar lavage 
fluid specimens of ARDS patients were rich in intestinal 
microorganisms Pasteudiaceae and Enterobacteriaceae (62). 
Molecular techniques revealed the presence of diverse bacterial 
communities in the healthy lung, mainly including Prevotella, 
Veillonella, Streptococcus, and Fussobacterium. Due to the lack of 
nutrient substrates necessary for bacterial metabolism, the biomass of 
these microorganisms is very low (103–105 bacteria per gram of 
tissue) (65). However, changes in  local pathophysiology and 
metabolites such as pH, oxygen concentration, free radical generation 
and nutrients in the alveoli during lung injury create a more favorable 
environment for the proliferation of potential pathogens (66). In this 
case, the surfactant layer loses activity and the mucociliary clearance 
function is impaired, which hinders the process of microbial clearance. 
During the stress response to lung injury, inflammatory mediators 
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(IFN-γ, IL-6, TNF-α) destroy tight junctions and intestinal 
hypoperfusion and other factors will aggravate the increase of 
intestinal permeability and form “intestinal leakage.” Changes in the 
microbiota may modulate the pro-inflammatory response and 
exacerbate secondary brain injury. In a mouse model of LPS-induced 
severe pneumonia, the presence of bacteria in brain tissue was 
detected and the similarity in sample composition between the brain 
and lung microbiota was further established. This suggests that 
bacteria present in the brain may originate in the lungs. Behavioral 
experiments have also found that there are neurological abnormalities 
such as low spatial cognitive ability and low ability to recognize new 
things (68). Cotoia et al. analyzed the gut microbiota composition of 
31 hospitalized patients with TBI and the changes in the lung 
microbiota of TBI patients with VAP, revealing for the first time that 
microbiome translocation may be the mechanism of similar bacterial 
content in the lung and gut of critically ill patients with brain injury 
(69). Luminal components from the small intestine, including gut 
microbes, pathogenic bacteria, LPS, and inflammatory molecules, 
reach the lungs via the portal circulation or mesenteric lymphatics, 

further contributing to alveolar inflammation and lung injury. Thus, 
microbial alterations in the lung can initially be attributed to the direct 
translocation of gut microbiota mediated by the circulatory system 
and the immune system (70). In addition, simultaneous impairment 
of the lung-blood barrier and the blood–brain barrier was observed 
during acute pneumonia, which also explains how gut microbiota 
invade the brain from the lungs (68).

6.3 Hypoxic pathway

Unlike the gastrointestinal tract, the environment in the alveolar 
space is not conducive to the growth of most bacteria. The nutrients 
available for bacterial growth and reproduction are very limited. 
Unlike the nutrient-rich intestinal cavity, the interior of the alveoli is 
only covered by a thin, lipid-rich surface active material on the lining 
of the epithelium. In cases of lung injury such as respiratory distress 
or pneumonia, the environmental conditions within the alveoli can 
change dramatically. For example, pulmonary edema or alveolar 

FIGURE 1

Schematic representation of the role of the “triple-hit” hypothesis in the gut-lung-brain axis. Figure created with BioGDP.com, licensed under CC BY-NC 4.0 (67).
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collapse can create a hypoxic or anaerobic environment, that creates 
more favorable conditions for the colonization of anaerobic microbiota 
(71). For patients with lung injury who need mechanical ventilation, 
they may continue to have a small amount of oropharyngeal 
microbiota. Coupled with impaired ciliary clearance of airway mucosa 
and disruption of the alveolar surface active substance layer, this 
predisposes to alveolar collapse. These alveolar environments that can 
cause lung injury progressively converge toward the intestinal tract 
(72). This could also account for why a significant proportion of the 
lung microbiota in critically ill patients suffering from lung injury 
originate from the gut. When patients with lung injury are in a state 
of hypoxia for a long time and reduced cerebral perfusion makes 
oxygen supply unable to meet the basic needs of brain metabolism, the 
brain tissue structure may be damaged, including neuronal injury and 
axonal degeneration (1). In this case, dysregulation of gut microbiota 
may exacerbate lung injury, which in turn may further disrupt the 
balance of the gut microbiota. This interaction can create a vicious 
cycle that continues to exacerbate cognitive impairment.

6.4 Immune regulation

The effect of lung injury on immune function is achieved by 
stimulation of pro-inflammatory mediators, and demyelination in the 
CNS is closely related to inflammatory response. The inflammatory 
response is coordinated by infiltrated T cells and endogenous glial 
cells (32). By establishing an autoimmune encephalomyelitis model, 
Murphy et al. Found that brain-derived T-cells with venous metastasis 
first locate in the lung, then proliferate and acquire the ability to 
migrate, and survive as memory cells (73). When these lung-resident 
memory T cells are activated by myelin basic protein, they migrate to 
the CNS and induce cognitive changes by activating microglia to 
induce inflammation in the CNS. In addition, the gut microbiota also 
has the ability to regulate the function of resident immune cells in the 
CNS, and its metabolites can not only regulate the immune response 
of the gastrointestinal tract, but also have an impact on distant organs 
such as the lung and brain (51). This finding underscores the 
importance of the immune system as a highly credible indirect 
communication pathway between gut microbiota, brain function, and 
lung injury-related cognitive impairment.

6.5 Vagal nerve activity

As one of 12 pairs of cranial nerves, the vagus nerve extends from 
the brain stem to the abdomen and connects the brain to all the vital 
organs of the organism through various organs, including the 
esophagus, heart, and lung (74). Most vagus nerves (80%) provide 
ascending sensory information, receiving signal input from thoracic 
tissues (such as the heart and lung) and abdominal tissues (such as the 
stomach and intestine). The increase of vagus nerve excitability can 
reduce the permeability of intestinal barrier, reduce the level of 
enteric-borne inflammatory substances in lung, and down-regulate 
the pulmonary inflammatory cascade, thus inhibiting the apoptosis of 
lung cells and alleviating lung tissue injury. The vagus nerve is the 
main conduit between the lung and the brain for normal breathing. 
Once stimulated, they can regulate lung and brain function by 
releasing acetylcholine or neuropeptides. There has been evidence that 

reduced pulmonary compliance can stimulate the vagus nerve, 
increase pulmonary vascular permeability, and activate sensory 
neurons that reach brain regions directly or through multisynaptic 
connections (75). In addition, cytokines released from damaged lung 
may also promote pro-inflammatory states in the brain, and these 
responses have been linked to long-term brain dysfunction. The vagus 
nerve is not only a neurocommunication pathway between the “lung-
brain axis,” but also indirectly involved in the regulation of the 
immune system, neuropeptides and the composition of gut microbiota 
(76). Vagus nerve endings are widely distributed in the intestinal 
mucosa. The gut microbiota can communicate with the brain through 
the vagus nerve. This neural pathway may not directly interact with 
the gut microbiota, but indirectly perceive microbial signals through 
various bacterial metabolites and microbiota dependent immune 
mediators, thus affecting brain regions involved in cognition, emotion, 
somatosensory or eating behavior (51). In animal models, severing the 
vagus nerve can reverse behavioral changes triggered by gut 
microbiota transplantation (77). Thus, the effect of the gut microbiota 
on cognitive function on the “gut-lung-brain axis” may depend on the 
activation state of the vagus nerve.

6.6 The HPA axis regulation

Changes in the gut microbiota, whether due to diet, antibiotics, or 
other factors, can affect stress response, HPA axis activity, and overall 
cognitive health. HPA axis is a major stress response system, and its 
activation may change the pulmonary microbial environment, affect 
local pulmonary immune homeostasis and even systemic cell-
mediated immunity. Once this immune function is compromised, its 
cascade affects the CNS. Studies have shown that the gut microbiota 
regulates the HPA axis throughout life. When the HPA axis is 
dysfunctional, the concentration of cortisol and pro-inflammatory 
molecules may increase. This increases intestinal barrier permeability 
and promotes the entry of Gram-negative bacteria into the blood 
circulation. Eventually, it induces chronic inflammation of the CNS, 
affecting emotional state, cognitive ability, and behavioral development 
(55, 78). The HPA axis is not only one of the important regulatory axes 
in organisms, but also participates in immune and inflammatory 
processes by regulating peripheral nervous system function and 
endocrine response. The regulation of the HPA axis by the gut 
microbiota is evidence of an association with the “gut-lung-brain axis,” 
suggesting that gut microbiota can activate the HPA axis and thus 
promote lung injury-related cognitive impairment.

7 The potential therapeutic effect of 
gut microbiota on lung injury-related 
cognitive impairment

The gut, lung and brain are a physiological whole that can achieve 
organic unity in function. Once the host or external environment 
changes, this physiological balance will be broken, which will lead to 
various diseases. This interaction may be  mediated by a complex 
network of neural, endocrine, immune and metabolic signaling 
pathways. While there is considerable evidence supporting the 
effectiveness of probiotics in the treatment of cognitive impairment, 
the therapeutic effect of probiotics on lung injury-related cognitive 
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impairment is unclear. It has been discussed that the dysregulation of 
gut microbiota is directly or indirectly related to lung injury-related 
cognitive impairment. The theory of “gut-brain axis” and “lung-gut 
axis” may explain the persistence of cognitive impairment even after 
the lung injury resolves. On the basis of the traditional symptomatic 
treatment for the protection of lung injury, the perspective should 
be shifted to the dysregulation of gut microbiota to implement more 
precise interventions. These measures aim to restore immune balance, 
reduce inflammatory response and re-establish the “lung-gut axis” 
ecological balance, while preventing changes in the lung and gut 
microbiota. Therefore, the adjustment of gut microbiota by means of 
probiotic or prebiotic supplement, fecal microbiota transplantation, 
and dietary intervention can improve lung injury-related cognitive 
impairment. They may competitively exclude intestinal pathogens by 
forming a physical barrier, blocking entry or generating antimicrobial 
properties, or stimulate the immune system by stimulating the 
production of anti-inflammatory cytokines. Moreover, they can 
maintain HPA axis function and intestinal barrier integrity by 
communicating the vagus nerve with the CNS and reducing 
inflammatory responses (79–81). In addition, the “triple-hit” 
hypothesis not only clarifies the relationship between lung injury and 
cognitive impairment, but the biological processes and mechanisms it 
reveals may become new therapeutic targets. Overall, therapies related 
to the “gut-lung-brain axis” for building a healthy gut microbiota will 
emerge as a novel safe potential treatment for the prevention and 
treatment of lung injury-related cognitive impairment.

8 Treatment strategies for microbiome 
therapy

8.1 Probiotic and prebiotic 
supplementation with individual 
differences

In summary, gut microbiota dysbiosis has a significant impact on 
the occurrence and development of lung injury, brain and cognitive 
impairment. Therefore, mechanisms that fully capture the “gut-lung-
brain axis” communication will facilitate the development of microbiota-
based therapies for lung injury-related cognitive impairment. Given the 
important role of gut microbiota, manipulation and regulation of gut 
microbiota is an effective therapeutic strategy for lung and brain 
diseases. This has been validated by an increasing number of clinical and 
experimental studies. These studies have tried prebiotics, probiotics and 
fecal microbiota transplantation (FMT) in patients with lung and brain 
diseases, aiming to shape the microbiota to improve the disease (82–85). 
Probiotics and prebiotics can significantly alter the pathogenesis of 
inflammatory processes by modulating the gut microbiota. This 
modulation involves enhanced proliferation of beneficial 
microorganisms and reduced presence of pathogenic microorganisms, 
aiming to introduce specific microbial strains to stimulate microbiota 
health-promoting pathways and increase the production of beneficial 
metabolites (86, 87). Although the definition of prebiotics is highly 
controversial, it most commonly refers to dietary carbohydrates that are 
selectively fermented by the gut microbiota to modulate the composition 
of the microbiota, thereby conferring health benefits to the host (88). 
Prebiotics reach the site of action in the colon and are fermented by 
native beneficial saccharolytic microorganisms such as Bifidobacterium, 

and the end products of prebiotic fermentation include SCFA (89, 90). 
Probiotics can produce two different immunomodulatory effects on the 
host, which can induce proinflammatory or anti-inflammatory immune 
responses. Under the action of immune stimulation, the phagocytic 
activity of macrophages, dendritic cells, neutrophils and natural killer 
cells (NK) increases, the release of inflammatory cytokines increases, 
and the Th1/Th17 polarization in the intestinal mucosa increases (91). 
In the anti-inflammatory response, some probiotic strains can induce 
Tregs, interleukin-10 (IL-10) and TGF-β, and enhance IgA secretion 
and intestinal barrier function by regulating intestinal mucosal dendritic 
cells (92). In addition, prebiotics play a crucial role in the 
immunomodulatory properties of SCFA, the product of intestinal 
fermentation, which regulates the immune function of the gut and lung. 
For example, butyrate can act as a histone deacetylase inhibitor, suppress 
gene expression of proinflammatory cytokines, improve intestinal 
barrier function, induce regulatory T cells, and act as a signaling 
molecule of the “gut-brain axis.” Butyrate also mediates neuroimmune 
mechanisms, driving the inflammatory process of inflammation, as well 
as the integrity of the gut and blood–brain barrier (89, 90). SCFA 
produced by microorganisms may affect the expression of brain-derived 
neurotrophic factor (BDNF), thereby affecting various brain functions 
as well as the survival of existing neurons and the growth of new neurons.

Some Lactobacillus species can regulate the immune and nervous 
system through metabolites (93), and probiotic supplementation 
increases the level of fatty acids in the brain, which is important for 
brain function, learning, memory, and neurogenesis. In a randomized, 
double-blind, placebo-controlled clinical trial, Bifidobacterium breve 
improved cognitive function in healthy older adults with MCI, 
including repeatable battery for the assessment of neuropsychological 
status (RBANS) total score, immediate memory, visuospatial/structural 
score, and delayed memory (94). An increasing number of animal 
studies have shown that probiotic treatments (such as Lactobacillus and 
Bifidobacterium) can reduce intestinal permeability and inflammation, 
and increase the levels of neurotrophic factors (BDNF and GDNF), 
inhibit the activation of microglia and astrocytes, and reduce stress-
induced HPA axis dysfunction (95). In a clinical trial, a multistrain 
synthetic probiotic (Lactobacillus acidophilus, Lactobacillus rhamnosus, 
Lactobacillus plant, Bifidobacterium longum, Streptococcus thermophilus, 
prebiotic inulin) was found to improve biomarkers of oxidative, 
ultimately improving depressive symptoms, cognitive impairment, 
quality of life, and well-being (96). A randomized, double-blind, 
placebo-controlled clinical trial found that patients with MCI generally 
had higher levels of Prevotella compared to cognitively intact subjects. 
Additionally, Lactobacillus rhamnosus and the prebiotic inulin can 
reduce the relative abundance of Prevotella and Dehalobacterium in the 
MCI group and improved cognitive function. It is proposed that these 
taxa may become the early key indicators of MCI, and the combination 
of probiotics, prebiotics and symbiotic bacteria can successfully 
improve cognitive impairment (97). These data suggest that probiotics 
and prebiotics act through specific strains and can be personalized to 
therapeutically regulate brain function and behavior through various 
communication pathways of the “gut-brain axis” and “gut-lung axis.”

8.2 Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) refers to the transfer of 
the microbial ecosystem of a healthy donor to the gastrointestinal 
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tract of a recipient, with the purpose of changing the intestinal 
microbiota of the recipient and treating diseases related to intestinal 
dysbiosis (98, 99). It is a broad and largely untargeted strategy for 
modulating the gut microbiota. FMT has made significant progress 
over the years, evolving from a relatively crude procedure of 
transferring fresh donor feces to a mainstream treatment option. 
This evolution has been made possible by the development of 
standardized FMT products with an increasing emphasis on their 
drug formulation, pharmacokinetics, pharmacodynamics, and 
toxicity (100). A key advantage of FMT is the ability to transfer 
favorable microorganisms and their complex systems that support 
the ecological stability of the microbiota (101). At present, many 
experimental models have investigated the application of FMT in 
neurodegenerative diseases. The findings indicate that FMT holds 
promise for correcting intestinal dysbiosis, reducing the incidence 
of neurodegenerative diseases, enhancing cognitive function, 
promoting beneficial microorganisms, and increasing advantageous 
metabolites. These effects contribute to restoring the integrity of 
both the intestinal barrier and the blood–brain barrier (102, 103). 
In animal experiments, fecal transplantation was administered 
directly by gavage to observe whether it could improve the 
pathophysiological state of animals (104). An important milestone 
for FMT has now been reached with the recent FDA approval of 
RBX2660 (Rebyota) and SER-109 (Vowst) for the prevention of 
recurrent C. difficile infection. These therapies are administered in 
capsule form, without the need for endoscopy, and with the use of 
an oral microbial therapy. The therapeutic potential of FMT in 
human diseases has been highlighted (105, 106). Chen et  al. 
recruited 5 elderly patients with cognitive impairment and 
administered oral fecal bacteria capsules. They found that the 
cognitive scores of patients with MCI were improved or maintained 
after FMT compared with those before transplantation. However, 
the cognitive scores of patients with severe cognitive impairment 
did not deteriorate, and no adverse effects were reported during the 
study (107). The effectiveness of FMT may come from direct 
microbial action or indirect mechanisms on lung injury, such as the 
production of microbial-derived metabolites, secondary bile acids 
and SCFA, regulating the strong inflammatory response triggered 
by lung injury and reducing various cellular and soluble 
inflammatory mediators (108). These findings hold promise for the 
development of successful therapeutics to manage lung injury.

8.3 Limitations of microbiome therapy

Although microbiome therapy holds great promise for the 
treatment of cognitive impairment associated with lung injury, the 
main challenge is the lack of gut microbiota profile and the limited 
types of probiotics for treatment. The present researches on 
probiotics is mainly limited to Lactobacillus and Bifidobacterium, 
and there are few studies on other potentially beneficial 
microorganisms. Secondly, individual heterogeneity in the 
composition and/or function of the microbiota leads to individual 
differences in the therapeutic effect of probiotics, so it is necessary 
to develop personalized treatment approaches. In addition, 
probiotics are effective but suboptimal for disease treatment. This is 
mainly due to their susceptibility to gastric acid at low PH in the 
stomach and exposure to various digestive enzymes, resulting in 

inactivation and impaired biological activity of probiotics. The low 
adhesion ability and insufficient intestinal retention of probiotics 
greatly hinder their colonization in the gut (109). Prebiotics can 
affect the growth and activity of a variety of microorganisms, so it is 
difficult to predict and control the effect of prebiotics on the 
microbiota (110). In recent years, the concepts of probiotic and 
prebiotic derivatives, including synbiotic (a combination of 
probiotic and prebiotic) and postbiotic (bacterial metabolite, such 
as SCFA), have been gradually proposed and received widespread 
attention. However, relevant research is still in a relatively immature 
stage, and their application in the treatment of cognitive impairment 
needs further exploration. In the future, microbial diversity and 
availability research is expected to progress significantly, driven by 
cutting-edge technologies and improved methods. For example, 
integrating multi-omics technologies such as genomics, 
transcriptomics, proteomics, and metabolomics can 
comprehensively characterize the microbial composition and 
functional dynamics of the “gut-lung-brain axis.” This may enable a 
deeper understanding of the complex interactions among the three, 
microbial communities, and their impact on health and disease. 
Higher resolution gut and lung microbiota mapping facilitates the 
identification of rare, unexplored microbial species, as well as their 
interactions, functional roles and health implications (111). In 
addition, future studies may identify specific microbial signatures 
or metabolites as diagnostic or prognostic biomarkers for various 
lung and gut-related diseases (112), enabling early development of 
personalized treatment strategies for specific diseases with 
personalized microbiota therapies targeting the “gut-lung-brain 
axis.” In the future, the differences in supplementation time, 
administration mode, dose and follow-up time of specific probiotic 
strains should also be  focused on (112), and several innovative 
strategies should be studied to improve the oral bioavailability and 
gut targeting ability of probiotics. Such as microcapsules, hydrogel 
capsules, nanoparticle capsules, nanoenzyme integration, 
nanocoating, mineral coating and photogenic probiotic systems 
(109, 113–116).

The application of FMT in treating neurodegenerative diseases 
is constrained by factors such as the extent of grafting, scalability 
challenges, and the absence of standardized protocols (100). The 
degree of microbial implantation is an important indicator of the 
clinical success of FMT (117). According to the results of two 
recent meta-analyzes, in recipients with unstable microbial 
communities, antibiotic pretreatment of the recipient has been 
recommended to implant a higher degree of donor microbes (118). 
Moreover, FMT should be  administered in combination and 
repeatedly to promote strain and counteract the effects of the 
transplanted microbes on gut ecology and achieve long-term 
efficacy. This is an urgent need for standardized FMT products 
with good stability and repeatability in clinical practice (117). In 
addition, FMT has the potential risk of complications that could 
lead to serious or life-threatening infections, such as sepsis and 
exacerbation of inflammatory processes, and further studies are 
needed to ensure safety and efficacy in critically ill patients with 
ARDS (119). It has been shown that immunocompromised 
individuals undergoing FMT studies developed invasive infections 
with antibiotic-resistant E. coli strains, with one death. Therefore, 
the blood and stool testing of FMT donors, as well as the selection, 
preparation, storage conditions, and quality testing of fecal 
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transplant preparations need to be carefully and intensively studied 
according to different diseases (120–121).

9 Conclusion

Based on the latest understanding of the “gut-lung-brain axis,” 
we propose the “triple-hit” hypothesis, which is incorporated into the 
concept of the “lung-gut axis” and “gut-brain axis,” and expands our 
current understanding of the pathogenesis of lung injury-related 
cognitive impairment. Considering factors such as the “triple-hit,” the 
direct and indirect effects of microorganisms and their metabolites, 
the hypoxia mechanism, immune regulation, vagus nerve, and HPA 
axis, the mechanism of “gut-lung-brain axis” crosstalk is elaborated in 
detail. It provides a more comprehensive framework for studying and 
understanding brain dysfunction in the context of lung injury. 
Microbial therapy significantly alters the inflammatory process of the 
“gut-lung-brain axis” by regulating the gut microbiota, therapeutically 
regulating brain function and behavior. Further research in this 
direction is expected to reveal new therapeutic strategies that may 
improve the prognosis of patients with lung injury-related 
cognitive impairment.
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