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The gut microbiota has been increasingly recognized as a central regulator of
immune function, with growing research highlighting its association with the
development of stroke-associated pneumonia (SAP). This review provides an overview
of current research on the correlation between SAP and alterations in gut microbial
composition and metabolism, with a focus on microbial imbalance, changes in
key metabolites, and relevant biological mechanisms. Clinical and preclinical
studies consistently report a decline in short-chain fatty acids (SCFAs)-producing
bacteria, an increase in potentially harmful microbial species, reduced SCFAs
levels, and elevated lipopolysaccharide (LPS) concentrations. These disturbances
appear to be associated with SAP progression through the microbiota—gut—brain
and microbiota—gut—lung axes by affecting immune regulation and inflammatory
responses. The review also examines microbiota-targeted treatment approaches,
including dietary modification, antibiotic therapy, probiotics, microbiota-regulating
compounds, fecal microbiota transplantation (FMT), and respiratory microbiota
transfer. A deeper understanding of how microbial disturbances are correlated
with SAP may help explain the increased vulnerability to pulmonary infections
following stroke and support the design of more effective, microbiota-based
therapeutic strategies.

KEYWORDS
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microbiota gut brain axis, microecological therapy

1 Introduction

Stroke-associated pneumonia (SAP) is one of the most common infectious complications
after stroke, with an incidence of about 7 to 38% (Chaves et al., 2022). SAP is associated with
higher mortality and disability rates, longer hospital stays, and worse clinical outcomes (Kaur
et al., 2019). According to the Pneumonia in Stroke Consensus Group, SAP refers to
pneumonia that occurs within 7 days after stroke onset in patients who are not receiving
mechanical ventilation (Smith et al., 2015). Unlike community-acquired pneumonia (CAP),
SAP is related to impaired oral clearance in stroke patients. Its underlying causes share
similarities with hospital-acquired pneumonia (HAP) and ventilator-associated pneumonia
(VAP) (Ewan et al., 2017). Three primary mechanisms may contribute to SAP development:
stroke-induced immunosuppression (SIIS), an increased risk of aspiration due to swallowing
difficulties, and alterations in microbial colonization. These interacting elements collectively
amplify the infection risk in stroke patients.
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Although SAP and aspiration pneumonia are sometimes used
interchangeably, they represent distinct clinical entities. Aspiration
pneumonia refers to an acute chemical lung injury caused by the
aspiration of gastric contents following a aspiration event. Its
symptoms develop rapidly, within minutes to hours, and typically
resolve within 24-48 h (Girard and Bai, 2023). In contrast, SAP
includes not only infections related to aspiration but also pneumonias
resulting from stroke-induced immune dysfunction and microbial
dysbiosis, which usually require antibiotic intervention and do not
resolve spontaneously. Therefore, SAP represents a broader,
multifactorial post-stroke pulmonary complication that cannot be
fully explained by aspiration alone.

According to recent research, alterations in microbial metabolites
and disturbed gut microbiota are strongly associated with the
development of SAP (Xia et al., 2021). After a stroke, disruptions in
gut microbiota composition can result in a decline of helpful bacteria,
a surge in potentially harmful microbes, and shifts in microbial
byproducts. These disturbances may weaken the gut immune defenses
and could trigger broader immune dysfunction and inflammation
throughout the body. Consequently, gut microbiome alterations may
serve as early indicators associated with SAP, facilitating early
detection (Faura et al., 2021). The gut microbiome can interacts with
the central nervous system (CNS) and the lungs through microbiota-
organ axes, such as the gut-brain axis and the gut-lung axis, and may
be linked to the onset and progression of SAP (Wypych et al., 2019;
Cryan et al, 2019). In addition, the gut microbiota and their
byproducts has become a target for new treatment strategies for SAP,
including dietary changes, probiotics and prebiotics, fecal microbiota
transplantation (FMT), and, more recently, respiratory microbiota
transplantation. These strategies exhibit promising advantages in
preliminary and early clinical studies. Further research into how after
stroke microbial alterations are associated with SAP could enhance
understanding of the underlying mechanisms and support early
diagnosis, risk prediction, and the development of personalized
therapeutic strategies.

Therefore, to better understand the mechanisms and therapeutic
potential of the gut microbiota in SAP, this review focuses on three key
aspects (Chaves et al., 2022). The potential association between post-
stroke gut microbiota dysbiosis and the development of SAP is
examined, based on findings from clinical studies and preclinical
models, with an emphasis on characteristic changes in microbial
composition and metabolites after stroke (Kaur et al., 2019). The
possible mechanisms by which the gut microbiota and its metabolites
may influence or be associated with SAP pathogenesis, particularly via
immune modulation through the microbiota-gut-brain and
microbiota—gut-lung axes (Smith et al., 2015). Microbiota-targeted
interventions are evaluated as emerging strategies for SAP treatment,
including the current research progress and clinical potential of
approaches such as dietary intervention, antibiotics, probiotics, FMT,
and respiratory microbiota transplantation.

Relevant literature was retrieved from PubMed and Web of

» <«

Science using the keywords “stroke-associated pneumonia,” “gut

» «

microbiota,

» «

microbiome,” “metabolites;” and “dysbiosis”. Publications
in English from January 2020 to September 2025 were screened,
including peer-reviewed clinical and preclinical studies assessing
associations between SAP and microbiota-related features. Conference
abstracts, non-peer-reviewed items, and duplicates were excluded. To

preserve context, seminal pre-2020 studies were selectively cited when
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directly relevant, while the synthesis primarily reflects the recent
5-year literature.

2 Microbial changes in _
stroke-associated pneumonia

2.1 The correlation between gut dysbiosis
and stroke-associated pneumonia

Following a stroke, significant changes occur in the body’s
immune function. The gut microbiota has garnered increased
attention as a crucial modulator of the immune response. Recent
clinical studies have reported associations between the pathogenic
bacterial spectrum in patients with SAP is closely related to their own
gut microbiota, indicating that gut microbiota dysbiosis and bacterial
translocation may be a significant factors in the development of SAP
(Shim and Wong, 2018). In patients with acute post-stroke infection,
more than 70% of cultivable bacteria identified in blood, sputum, and
urine samples were common intestinal microorganisms, such as
Bacteroides, Prevotella, and Faecalibacterium (Wen and Wong, 2017;
Stanley et al, 2016). In cases of stroke-associated pneumonia,
bacteria commonly found in positive sputum cultures include
gut-resident organisms such as Escherichia coli, Klebsiella
pneumoniae, Enterobacter cloacae, and Enterococcus (Kishore et al.,
2018). These findings support the “gut-derived infection”
hypothesis in SAP.

Evidence from preclinical model studies further support this view.
In a mouse model of intracerebral hemorrhage (ICH), the lung
microbiota gradually shifted toward the composition of the gut
microbiota by day 7 post-stroke, indicating potential gut-to-lung
bacterial transfer (Zhang et al., 2021). Experimental studies also
demonstrated increased in bacterial counts in the lungs and a decrease
in bacterial counts in the ileum and colon following a stroke. These
localized changes in microbial distribution provide further evidence
that gut microbiota dysbiosis may contribute to pulmonary infection
(Zhang J. et al., 2024). Clinical studies have shown that this process
allows bacteria or their components, such as lipopolysaccharide (LPS),
to reach the lungs and modulate local immune responses (Blaz et al.,
2024). Recent cross-sectional study reported that Enterobacteriaceae,
including Klebsiella pneumoniae and Escherichia coli, are among the
most common pathogens identified in patients with SAP (Mohapatra
etal., 2024).

Collectively, current clinical and experimental findings suggest
that post-stroke disruption of intestinal microbial homeostasis is
associated with the translocation of gut-derived bacteria or their
components, which may enhance systemic inflammation and increase
susceptibility to SAP. Nevertheless, it is important to recognize that,
while aspiration and SAP are sometimes discussed together, they
represent overlapping but not identical processes. Aspiration resulting
from post-stroke dysphagia is an important factor contributing to the
development of SAP (Chang et al., 2022; Lidetu et al., 2023). Early
identification of high-risk patients, combined with respiratory
rehabilitation and nutritional management, can further reduce the risk
of aspiration pneumonia. Studies have shown that implementing
evidence-based nursing (EBP) interventions to prevent aspiration in
stroke patients can significantly lower the incidence of SAP and
improve clinical outcomes (Liu Z. Y. et al., 2022).
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In contrast, gut-lung bacterial translocation represents an indirect
pathway that may aggravate pulmonary inflammation through
hematogenous or lymphatic dissemination when intestinal barrier
integrity is compromised. Animal studies have demonstrated that
following stroke, disruption of the intestinal barrier allows gut-derived
bacteria and their products, such as LPS, to translocate to the lungs
through the bloodstream or lymphatic system, where they activate
pulmonary immune responses and promote inflammation (Diaz-
Marugan et al., 2023; Wang et al., 2024). In contrast, clinical studies in
stroke patients have reported elevated circulating LPS levels and
reduced concentrations of short-chain fatty acids (SCFAs), reflecting
increased gut permeability and microbial dysbiosis (Xia et al., 2021;
Blaz et al., 2024). Together, these alterations disrupt gut-lung immune
homeostasis and exacerbate pulmonary inflammation, thereby
contributing to the development of SAP.

In summary, the aspiration pathway represents a direct route of
injury, while gut-lung translocation exacerbates immune
dysregulation and inflammatory responses, together constituting key
mechanisms underlying the pathogenesis of SAP.

2.2 The composition and characteristics of
gut microbiota in patients with
stroke-associated pneumonia

Following a stroke, the body often experiences gut microbiota
dysbiosis, characterized by a reduction in beneficial microbes and an
increase in opportunistic or pathogenic bacteria. Clinical studies have
shown that, at the phylum level, healthy individuals typically have gut
microbiota dominated by Bacteroidetes and Firmicutes (Human
Microbiome Project Consortium, 2012a; Human Microbiome Project
Consortium, 2012b; Lloyd-Price et al., 2016). In contrast, stroke
patients frequently exhibit higher levels of Proteobacteria and lower
levels of Bacteroidetes (Benakis et al., 2016). At the genus level, SAP
patients have significantly lower levels of SCFAs-producing probiotics
in the gut, such as Roseburia, Prevotella, Bacteroides, and Butyricicoccus.
Meanwhile, opportunistic or conditionally pathogenic bacteria,
including Enterococcus, Parabacteroides, and Corynebacterium, tend to
overgrow (Xia et al., 2021; Luo et al., 2022; Haak et al., 2021; Li Z. et
al., 2023). Several studies have reported that reduced levels of SCFAs-
producing bacteria are an independent predictor associated with SAP
(Haak et al., 2021; Li Z. et al., 2023). A prospective cohort study in
China found that SAP patients had significantly lower levels of
Roseburia in their feces, accompanied by reduced fecal SCFAs and
increased serum D-lactic acid, indicating intestinal barrier disruption
(Xia et al., 2021). Another study reported that Prevotella abundance
was negatively correlated with SAP severity and poor outcomes. The
same study also showed that Enterococcus species promote systemic
inflammation and SIIS by increasing interleukin-1 receptor antagonist
(IL-1Ra) levels and reducing interferon gamma-inducible protein 10
(IP-10), thereby contributing to SAP risk (Luo et al., 2022). Notably,
treatment with IL-1Ra during the acute phase of stroke can reverse
peripheral innate immune suppression. In the SCIL-STROKE trial,
administration of IL-1Ra reduced inflammatory markers and was
associated with improved clinical outcomes in patients with ischemic
stroke (Smith et al., 2018; Smith et al., 2012). Although IL-1Ra is
generally regarded as an anti-inflammatory cytokine, its elevation in
this context may reflect a compensatory feedback response to excessive
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IL-1 signaling triggered by Enterococcus invasion, rather than effective
suppression of inflammation (Luo et al., 2022). Clinical research
observations indicate that IL-1p and IL-1Ra levels rise together in the
early subacute phase of stroke, implying that IL-1Ra upregulation
serves as a compensatory response to IL-1-mediated inflammation
rather than reflecting its complete suppression (Kotlega et al., 2025).
Interestingly, some studies have noted an overall increase in
Lactobacillus species in the gut of post-stroke patients. Among these,
Lactobacillus ruminis was significantly enriched and positively
associated with systemic inflammatory markers, suggesting a possible
role in SAP-related inflammation. A similar trend was observed in
patients with severe pneumonia, where the abundance of
Lactobacillales was higher in severe cases than in milder ones,
indicating that specific microbial enrichment may be linked to disease
severity (Xia et al., 2021; Yamashiro et al., 2017).

Preclinical animal studies have also reported similar patterns of gut
microbiota dysbiosis after stroke. These include a rise in opportunistic
or conditionally pathogenic bacteria and a decline in probiotic bacteria
that produce SCFAs. For example, in a Kilebsiella pneumoniae
(KP)-induced SAP mouse model, analysis of fecal samples showed a
reduction in Firmicutes and an increase in Actinobacteria at the phylum
level. At the genus level, the abundance of beneficial bacteria, such as
Allobaculum and Faecalitalea, was decreased, while opportunistic
pathogens, including Turicibacter, Dietzia, Corynebacterium, and
Clostridium sensu stricto 1,were abnormally increased (Wang et al.,
2024). Similarly, studies using middle cerebral artery occlusion
(MCAO) mouse models have reported related changes in gut
microbiota. In these models, fecal analysis revealed increased
abundance of Enterobacter spp., Escherichia coli, Shigella flexneri,
Enterococcus faecalis, Staphylococcus aureus, and Staphylococcus sciuri
(Diaz-Marugan et al., 2023). However, inhibition of Enterobacteriaceae
overgrowth in the gut did not prevent their colonization in the lungs
after stroke, suggesting that other mechanisms, such as aspiration, may
also contribute to the development of SAP. In another study using an
ICH model, the lung microbiota on day 7 after stroke resembled the gut
microbiota. The relative abundance of bacteria, including Lactobacillus,
Candidatus Arthromitus, and Escherichia coli, was increased in both
lung and intestinal tissues. These findings indicate that post-stroke
pulmonary infections are associated with gut microbiota dysbiosis,
which aligns with clinical observations (Zhang et al., 2021).

Collectively, both clinical and preclinical evidence indicate that
stroke-induced gut dysbiosis, depletion of SCFA-producing bacteria,
and compensatory immune changes are correlated with impaired
and heightened
inflammation, thereby creating conditions that favor SAP development.

intestinal immune homeostasis systemic
Table 1 summarizes recent studies on alterations in gut microbiota

and metabolites in SAP.

3 Potential mechanisms of gut
microbiota dysbiosis in the
pathogenesis of SAP

3.1 The microbiota—gut—brain Axis in SAP
pathogenesis

Although SAP is associated with notable changes in gut
microbiota and their metabolites, the specific biological pathways
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TABLE 1 Comparison of gut microbiota and metabolite alterations in SAP-related studies.

Studies Subjects/ Types of Microbiome Microbiome Specific Metabolite
Experimental stroke methods methods microbiota changes
models

Haak et al. Treatment group AIS or ICH 16S rRNA 1 Enterococcus species, Fecal butyrate |;

(2021) (n = 186); Control group Escherichia/Shigella trimethylamine
(n=51) species; N-oxide (TMAO) 1

1 Anaerostipe,
Ruminococcus,
Subdoligranulum

Xiaetal (2021) | SAP (n = 52); Controls AIS 16S rRNA 1 Enterobacteriaceae, Fecal SCFAs |; serum

(n=136) Erwinia, Enterococcaceae, D-lactate 1
Enterococcus;
| Roseburia
Luoetal. (2022)  ICH (n = 64); CHD ICH 16S rRNA 1 Enterococcus, /
controls (n = 46); Parabacteroides, Blautia,
Healthy controls (n = 23) Lachnoclostridium,
Acidaminococcus;
1 Prevotella
LiZ. etal SAP patients (n = 43); AIS 16S rRNA T Corynebacteriaceae, /
(2023) Controls (n =92) Corynebacterium,
Clostridium innocuums
l Bacteroides, Coprococcus,
Fusicatenibacter,
Butyricicoccus,
Butyricimonas,
Clostridium-IVb
Wang et al. SAP (n = 14); Sham ICH 16S rRNA 1 Actinobacteria, Ceramides,
(2024) (n=10); ICH (n=9) Turicibacter, neurotoxic quinolinic
Dietzia, acid (QA), and Trp-
Corynebacterium, serotonin-melatonin
Clostridium_sensu_ pathway 1
stricto_1;
l Firmicutes, Allobaculum,
Faecalitalea
Diaz-Marugan MCAO mouse model MACO 16S rRNA 1 Enterobacter spp., E. coli, Hepatic bile acids
et al. (2023) (n=249) Shigella flexneri, (BAs) 1; intestinal
Enterococcus faecalis, BAs and SCFAs |
Staphylococcus aureus,
Staphylococcus sciuri;
Zhang et al. ICH mouse model ICH 16S rRNA T Romboutsia, Escherichia /
(2021) coli, Peptostreptococcaceae

through which these changes influence brain function and systemic
outcomes remain incompletely understood. The microbiota-gut-brain
axis (MGBA) refers to the two-way communication between the CNS
and the enteric nervous system (ENS) (Cryan et al., 2019). The gut
microbiota, along with their SCFAs byproducts—most notably
butyrate—play an essential role in facilitating gut-brain
communication by acting as critical molecular messengers (Stanley et
al., 2018). Under normal conditions, these molecules help maintain
gut-brain communication and contribute to overall homeostasis. After
stroke, three major pathways within the MGBA are disrupted

(Granados-Martinez et al., 2024; Chaves et al., 2022). Autonomic
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nervous system (ANS) dysregulation, which affects ENS-CNS
communication and influences both gut function and brain activity
(Faura et al., 2021; Kaur et al., 2019). Hypothalamic—pituitary-adrenal
(HPA) axis disturbed, which modifies gut barrier function, movement,
and mucus production, reshaping the microbial ecosystem (Wang et
al., 2022; Smith et al, 2015). Immune system dysregulation,
characterized by SIIS, excessive inflammatory cytokine release, and
immune cell migration. Together, these changes disrupt gut-brain
communication, damage the intestinal mucosal barrier, disturb
microbial balance, promote bacterial translocation, and allow
microbial metabolites to enter the bloodstream—factors that may
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contribute to the development of SAP. Post-stroke disruption of the
MGBA is reflected by reduced microbial diversity, increased
abundance of opportunistic pathogens such as Escherichia coli,
Enterococcus, and Proteobacteria, and decreased levels of beneficial
bacteria like Bacteroides, Prevotella, and Faecalibacterium (Yin et al.,
2015). In addition, the weakened intestinal epithelial barrier and
lymphocyte depletion associated with SIIS allow opportunistic
pathogens in the gut to colonize the lungs and other organs. Notably,
suppressing the overgrowth of Enterobacteriaceae in the gut does not
prevent their colonization in the lungs after stroke, suggesting that
aspiration may contribute to this process (Diaz-Marugan et al., 2023).

However, direct evidence of gut-to-lung bacterial translocation in
humans remains limited and warrants further investigation.

3.2 The microbiota—gut—lung axis in SAP
pathogenesis

Recent studies have shown that the lung microbiota shifts to
resemble the gut microbiota following stroke, indicating potential
microbial exchange via the gut-lung axis (Dang and Marsland, 2019).
Although research on the gut-lung axis in SAP is still limited, current
evidence indicates that gut microbes may translocate to the lungs in
patients with SAP. This observation suggests that the gut microbiome
may be associated with the onset and progression of SAP through
multiple pathways. Gut microbiota metabolites shape the lung
microbial ecosystem and modulate pulmonary immunity by altering
the local immune environment. Similar gut-lung interactions have
been described in other respiratory diseases, including chronic
obstructive pulmonary disease, bronchial asthma, and other chronic
inflammatory conditions, as well as in viral pneumonia and
bronchiectasis (Narayana et al., 2023; Perdijk et al., 2024; Wang et
al., 2023).

Post-stroke stress responses triggered by the HPA axis and the
autonomic nervous system, together with microbiota dysbiosis, lead
to increased intestinal epithelial cell death and disruption of the
mucus layer and tight junctions. These changes result in increased
intestinal permeability (Prame Kumar et al., 2025). Once the intestinal
barrier is compromised, gut microbiota and their byproducts can
migrate to the lungs and additional organs via the circulatory or
lymphatic pathways (Granados-Martinez et al., 2024). In addition,
stroke induces systemic immunosuppression (Faura et al., 2021),
which allows opportunistic pathogens, such as Enterobacteriaceae, to
expand in the absence of effective local immune defense. These
pathogens can activate inflammatory pathways in alveolar
macrophages and epithelial cells, leading to innate immune responses
and activating the nuclear factor kappa B (NF-kB) signaling pathway.
As a result, pro-inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-a) and interleukin-1p (IL-1P) are released, which
ultimately lead to lung inflammation (Diaz-Marugan et al., 2023).

By secreting soluble substances and metabolites such as SCFAs,
peptidoglycans, and LPS, the gut microbiota can modulate lung
immune response. These microbial products are collectively known as
microbe-associated molecular patterns (MAMPs), have important
immunoregulatory properties. Pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs) and Nod-like receptors (NLRs),
allow host innate immune cells to identify MAMPs (Wypych et al.,
2019). Furthermore, one study reported that modifying the gut
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microbiota to increase SCFAs levels had a protective effect on lung
inflammation (Mao et al., 2020). These findings highlight the gut-lung
axis’s crucial role in maintaining lung immune balance.

Beyond molecular signaling, the gut-lung axis may facilitate
immune crosstalk through the migration of circulatory immune cells.
In one animal study, the circulatory systems of two mice were
connected. One mouse received an intraperitoneal injection of
interleukin-25 (IL-25), resulting in the activation of intestinal group
2 innate lymphoid cells (ILC2s). This treatment activated ILC2s, which
were later detected not only in the lungs of the treated mouse but also
in the lungs of the connected mouse (Huang et al., 2018). This finding
suggests that immune cells activated in the gut can travel through the
circulation and influence immune function in distant organs such as
the lungs. SIIS further impairs local lung immunity by reducing the
phagocytic capacity of alveolar macrophages, increasing the risk of
SAP (Samary et al., 2018). Exogenous immune cells play a protective
role in preventing lung inflammation. However, some gut-derived
immune cells can have harmful effects. For example, 8 T cells
originating in the intestine can migrate to the lungs via the
bloodstream and produce cytokines such as interleukin-6 (IL-6),
IL-22, TNF-q, and IFN-y, which exacerbate pulmonary inflammation
(Shichita et al., 2009). Inhibiting the migration of intestinal yd T cells
to the brain and lungs has been associated with reduced ischemic
brain injury and decreased severity of SAP (Xie B. et al., 2023).

These findings suggest the gut-lung axis may play a role in SAP
pathophysiology, though further studies are required to clarify the
exact connection.

3.3 Impact of microbial metabolites on the
pathogenic mechanisms of SAP

Post-stroke microbiome shifts alter metabolite levels, affecting
SAP development via immune modulation and intestinal barrier
integrity. Recent studies have shown that gut dysbiosis not only
increases intestinal permeability and chronic inflammation but also
contributes to inflammatory responses in the lungs.

LPS, a Gram-negative bacterial outer membrane element, strongly
triggers immune reactions. Evidence suggests that stroke can disrupt
the integrity of the intestinal barrier, allowing bacterial components
such as LPS to enter the bloodstream. This increase in circulating LPS
is associated with stroke severity (Azzoni and Marsland, 2022;
Swidsinski et al., 2012; Hakoupian et al., 2021). Once in the
bloodstream, LPS can impair the pulmonary immune barrier through
the gut-lung axis and triggering pulmonary inflammation (Xie X. et
al., 2023). For example, LPS promotes the recruitment of neutrophils
into the lungs, stimulates macrophages to release inflammatory
cytokines, and causes acute lung injury (Grommes and Soehnlein,
2011). Pathogen-associated molecular patterns (PAMPs), including
LPS and flagellin, interact with PRRs such as TLR4, TLR5, and
NLRP3. This activates the NF-kB and inflammasome pathways,
resulting in the production of pro-inflammatory cytokines such as
IL-1, interleukin-6 (IL-6), and TNF-«, and contributes to peripheral
immune dysregulation and lung tissue damage (Kawai et al., 2024;
Ozcam and Lynch, 2024; Le et al., 2023). In animal models of stroke,
intratracheal administration of LPS has been shown to successfully
induce SAP-like inflammatory responses (Wang et al., 2024),
demonstrating the pathogenic potential of LPS in post-stroke
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pneumonia. Although this study did not directly examine gut-to-lung
exposure to LPS may contribute to SAP pathogenesis.

SCFAs, including acetate, propionate, and butyrate, are major
metabolites formed through gut microbial fermentation of dietary
fiber.  These
immunomodulatory properties (Tedelind et al., 2007). SCFAs play a

metabolites possess anti-inflammatory and
crucial role in enhancing host immune function, inhibiting the growth
of harmful bacteria, and maintaining the integrity of gut and lung
epithelial barriers (Fukuda et al., 2011). For example, SCFAs can
promote the recruitment of immune cells to the airways and lungs
(Dang and Marsland, 2019). They also influence T-cell differentiation
into Thl and Th17 subsets while inducing IL-10 production in
regulatory T cells (Treg). These effects are associated with reduced
concentrations of pro-inflammatory cytokines IL-6, increases IL-10
levels, and helps suppress intestinal and systemic inflammation
(Tedelind et al., 2007; Park et al., 2015). Following a stroke, SCFAs
levels are reduced due to a decline in anaerobic fiber-fermenting
bacteria in the gut microbiota (Diaz-Marugan et al., 2023; Tan et al.,
2021). Among SCFAs, butyrate appears to have the most significant
effect and is positively associated with reduced risk of lower respiratory
tract infections (Haak et al., 2018; Vinolo et al., 2011; Chen et al.,
2019). The anti-inflammatory action of butyrate is linked to the
inhibition of the NF-kB signaling pathway, increased IL-10
production, and reduced production of pro-inflammatory cytokines,
such as IL-12 and IFN-y (Kotlyarov, 2022). SCFAs also support
pulmonary immune defense by promoting the expansion of myeloid
progenitor cells in the in bone marrow, enhancing the phagocytic
activity of alveolar macrophages, and reducing pro-inflammatory
activity in macrophages (Scott et al., 2018; Wu et al., 2020; Li T. et al.,
2023; Engel et al., 2015). Butyrate supplementation has been shown to
selectively activate oxidative phosphorylation (OXPHOS) and lipid
metabolism in macrophages, enhancing their anti-inflammatory
functions (Scott et al., 2018). Furthermore, a SAP model study show
that bacterial clearance in the lungs can be enhanced through
phagocytosis by alveolar macrophages, which is promoted by
extracellular vesicles released from bone marrow mesenchymal stem
cells (BM-MSCs), potentially helping to prevent the onset of SAP (Li
T.etal, 2023; Engel et al., 2015). Therefore, reduced SCFAs levels after
stroke may disrupt the intestinal-pulmonary mucosal immune
balance and contribute to the development or worsening of SAP.

In summary, stroke alters the metabolic profile of the gut
microbiota by disrupting the intestinal barrier and activating systemic
stress responses. These metabolites, particularly LPS and SCFAs, can
promote or worsen pulmonary infection by influencing inflammatory
cytokine production, immune cell function, and the integrity of
epithelial barriers.

4 Gut microbiota—targeted therapies
in SAP

4.1 Dietary interventions

Approximately 75% of stroke patients experience dysphagia
(Labeit et al., 2023). Early dietary adjustments, such as the use of a
nasogastric tube (NGT), fasting, or fluid restriction (nil per os, NPO),
are commonly used to reduce the incidence of chest infections in
stroke patients with dysphagia (Serensen et al., 2013; Carnaby et al.,
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2006). Restoring oral feeding is crucial even if research indicates that
early NGT usage may reduce the risk of SAP, mortality, or poor
functional outcomes. Prolonged NGT use may impair swallowing
function in older patients and increase the likelihood of aspiration
(Kalra et al.,, 2016). A study on dietary management in stroke patients
found that even with NPO measures, 60% of patients with severe
dysphagia developed SAP (Teuschl et al., 2018). A retrospective study
in Australia reported that 37% of patients with NGTs developed
respiratory infections, compared to only 5% of those without NGT
(Brogan et al.,, 2014). Clinical data also suggest that in patients with
swallowing difficulties, manual oral feeding reduces the risk of
aspiration pneumonia by about 40% compared to NGT feeding (Yuen
et al,, 2022). Patients who were denied oral eating throughout their
hospital stay experienced longer treatment durations, worse
swallowing results, and a greater risk of aspiration pneumonia than
those who were allowed to eat earlier (Maeda et al., 2016). Additionally,
studies have demonstrated that reintroducing oral feeding after enteral
nutrition can impact both the oral and gut microbiota. Oral feeding
increases the abundance of Actinobacteria and decreases the
abundance of Proteobacteria in the oral cavity at the phylum level.
Such as, Verrucomicrobia levels in the gut decline following the restart
of oral feeding. At the species level, the abundance of Lactobacillales,
Streptococcaceae, Streptococcus, Granulicatella, and Streptococcus sp.
increases. These bacteria help restore the intestinal mucosal barrier
and produce short-chain fatty acids (SCFAs), which may lower the
risk of SAP (Katagiri et al., 2019). In summary, early resumption of
oral feeding may be a promising strategy to reduce the
incidence of SAP.

Furthermore, modifications to the structure of the food can have
a significant impact on the gut microbiota composition and the
synthesis of fermentation products, such as SCFAs and phytochemicals
(Wilson et al., 2020). Consuming a high-calorie, low-fiber diet can
temporarily weaken gut and immune defenses, increasing the risk of
infection (Siracusa et al., 2023). A high-calorie diet may disrupt the
Th17/Treg balance, worsen LPS-induced pneumonia, and decrease gut
microbiota that generate SCFAs, such as those from Lactobacillaceae,
Muribaculaceae, and Lactobacillus (Liu H. et al., 2022). In a study
using MACO mice, a ketogenic diet (KD) was found to worsen
neurological deficits after stroke. Microbiota changes were also
observed: at the phylum level, Firmicutes rose in relative abundance,
while Bacteroidetes and Proteobacteria declined. At the family level,
the proportion of Prevotellaceae, a key SCFA-producing group,
decreased by more than fivefold in mice receiving KD, despite an
increase in Firmicutes (Zharikova et al., 2025). This reduction in
Prevotellaceae may contribute to a higher risk of SAP. A high-salt diet
over an extended period has also been shown to delay brain healing
following ICH, impair macrophage function, and increase the relative
abundance of harmful gut bacteria (Lin et al., 2023). In addition, a
high-fat diet promotes the production of interleukin-17A (IL-17A) by
v T cells and raises systemic IL-17A levels by altering the microbiota,
potentially intensifying the inflammatory response (Sonomoto et al.,
2023). Supplementation with micronutrients, such as vitamin E and
vitamin D, may provide additional therapeutic benefits in patients
with SAP (Shen and Zhan, 2020; Sheerah et al., 2018). Therefore, a diet
rich in fiber, low in salt and fat, sufficient in calories, and supplemented
with essential micronutrients—while avoiding high-calorie and
ketogenic diets—may help restore gut microbiota balance, reduce
post-stroke inflammation, and improve patient outcomes.
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4.2 Antibiotic

The use of antibiotics following stroke to reduce the incidence of
SAP represents a promising preventive strategy, although large-scale
clinical trials have yet to confirm its efficacy (Westendorp et al., 2015;
Kalra et al., 2015; De Jonge et al., 2020; De Jonge et al., 2022). It is
important to note, however, that antibiotics can disrupt the beneficial
gut microbiota, potentially exacerbating post-stroke dysbiosis and
inflammatory responses (Ghelani et al., 2021). Selective digestive
decontamination (SDD) is a commonly employed prophylactic
antibiotic method in the care of severely ill patients, has been shown
to effectively reduce the incidence of VAP and postoperative
gastrointestinal pneumonia (Hammond et al., 2022; Janssen et al.,
2021). Furthermore, some studies have demonstrated that SDD can
decrease the colonization of aerobic gram-negative bacteria (AGNB)
and lower the incidence of pneumonia following acute stroke (Gosney
etal., 2006). These findings suggest that SDD may help reduce the risk
of SAP, although its long-term effects on gut microbial ecology require
further evaluation.

The use of broad-spectrum antibiotics, such as meropenem,
gentamicin, and vancomycin, leads to significant changes in gut
microbiota composition, including an increase in Enterobacteriaceae
and other potential pathogens, and a decrease and a decline in species
that produce SCFAs, including butyrate, and beneficial bacteria like
Bifidobacteria (Palleja et al., 2018). The loss of SCFAs-producing
bacteria reduces the availability of SCFAs, which may impair the
bactericidal function of inflammatory macrophages and weaken
pulmonary immune defenses, thereby increasing the risk of
pneumonia (Dorner et al., 2024).

New-generation precision antibiotics, such as lolamicin, or
targeted antimicrobial approaches may control pulmonary infections
more effectively while minimizing disruption to the overall gut
microbiota (Mufioz et al., 2024). Additionally, some newer broad-
spectrum antibiotics have exhibited favorable properties. Preclinical
evidence from animal models indicates that omadacycline, a novel
aminomethylcycline-class tetracycline, causes less disturbance to gut
microbial composition than vancomycin (Leahy et al, 2022). In
contrast, clinical and in vitro colon model data suggest that
omadacycline alters the gut microbiota more extensively than
moxifloxacin and vancomycin, although it does not promote
Clostridioides difficile infection (Jo et al., 2023; Moura et al., 2019).
Beyond its antimicrobial activity, experimental studies have shown
that omadacycline also exhibits anti-inflammatory effects. It decreases
macrophage-driven pro-inflammatory cytokine and chemokine
release—such as TNF-q, IL-1p, IL-6, CXCL-1, CXCL-2, and matrix
metalloproteinase-9 (MMP-9)—and attenuates neutrophil infiltration
into the lungs, thereby mitigating lung injury and infection (Sanders
and Beringer, 2024). Current clinical evidence and treatment
guidelines do not recommend tetracyclines, including omadacycline,
as first-line agents for the management of SAP. They are used only as
an alternative or add-on in selected situations. Given their potential
anti-inflammatory effects and limited impact on the gut microbiota,
cautious exploratory use in SAP may be considered after careful
assessment of indications and risks.

In conclusion, optimizing antibiotic strategies to maintain gut
microbiota balance may provide new approaches for preventing and
managing SAP. Future studies should aim to elucidate the specific
effects of various antibiotics on the gut microbiome and explore

Frontiers in Neuroscience

10.3389/fnins.2025.1677744

microbiota-targeted, personalized antimicrobial approaches to
achieve more precise and safer strategies for SAP treatment.

4.3 Probiotics and microbial-based
therapeutics

The gut microbiome plays a crucial role in preventing post-stroke
complications and pulmonary diseases through its association with
the regulation of host immune responses, hormone secretion, and
metabolic processes (Zhang J. et al., 2024; Ma et al., 2022). Probiotics,
live microbes that provide health advantages when consumed in
sufficient quantities, represent a promising microbiota-based
intervention strategy for SAP. According to recent research, the use of
probiotics in conjunction with antibiotics has been associated with a
lower risk of respiratory tract infections (Merenstein et al., 2024).
Although direct evidence supporting the function of probiotics in
preventing SAP is currently lacking, existing research has
demonstrated that probiotics can decrease the incidence of VAP in
critically ill patients in intensive care units (Li C. et al.,, 2022). In
addition, certain microbiota-derived products, such as postbiotics,
may serve as promising alternatives to probiotics. Studies have
reported that postbiotic supplementation can improve inflammatory
cytokine profiles and oxidative stress markers in patients with
cerebrovascular events and may potentially reduce the risk of
pneumonia (Rahimi et al., 2024). These findings suggest that
probiotics and postbiotics hold therapeutic potential in the prevention
and management of SAP, warranting further investigation.

4.4 FMT

FMT entails the introduction of minimally treated fecal matter
from a healthy donor into the digestive system of a recipient, and is
used to treat various diseases associated with gut microbiota dysbiosis,
such as inflammatory bowel disease, Parkinson disease, autism, and
stroke (Porcari et al., 2023; Hou et al., 2025; Hediyal et al., 2024).
Recent studies have suggested that FMT may represent a potential
therapeutic strategy for stroke and related complications (Hediyal et
al., 2024). Although direct evidence supporting the efficacy of FMT in
treating SAP is currently lacking, animal studies have shown that FMT
can restore pulmonary cellular responses and improve outcomes in
acute lung injury and Pseudomonas aeruginosa-induced lung
infections (Dessein et al, 2020). Moreover, FMT has been
demonstrated as a potential approach to modulate the gut microbiota
in animal models. Studies have shown that FMT increases the
abundance of butyrate-producing bacteria, such as Lachnospiraceae,
Ruminococcaceae, Ruminococcus, and Oscillospiraceae, while lowering
LPS and pro-inflammatory cytokine levels in ischemic mice, including
IL-6, TNF-a, and IL-1p (Wang et al., 2021). Transplantation with gut
microbiota enriched in SCFAs, particularly butyrate, may help
alleviate the SCFAs deficiency observed after stroke (Chen et al.,
2019). Specific bacterial strains such as Faecalibacterium prausnitzii
and Roseburia intestinalis have been shown to correlate with enhance
Treg populations and promote the expression of anti-inflammatory
cytokines, thereby improving intestinal epithelial integrity and
reducing mucosal lymphocyte infiltration. These gut bacteria exhibit
anti-inflammatory properties and are seen as viable candidates for
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FMT-based treatments (Shen et al., 2022; Touch et al., 2022). While
these findings offer valuable insights into the potential application of
FMT in SAP, they are primarily based on animal models. Further
investigations, including randomized controlled trials, are warranted
to validate the therapeutic efficacy and safety of FMT in SAP, and to
elucidate its mechanisms through the gut-lung and gut-brain axes.

4.5 Respiratory microbiota transplantation

Restoring normal upper respiratory tract microbiota has been
associated with reduced incidence of CAP, HAP, and VAP by
improving resistance to pathogen colonization and enhancing
immune defense (Thibeault et al., 2021). Evidence from animal studies
suggests that restoration of the upper respiratory microbiota may
enhance immune responses in the lungs. Specifically, certain
commensal strains such as Staphylococcus epidermidis, and some
S. aureus isolates, have been shown to increase the phagocytic capacity
of lung macrophages through the nucleotide-binding oligomerization
domain-containing protein 2 (Nod2) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) signaling pathways. Additionally,
IL-17A has been shown to promote the production of GM-CSE, which
may further support this immunomodulatory mechanism (Brown et
al., 2017). Nasal administration of Lactobacillus and other probiotics
has been found to regulate innate immune responses in the respiratory
tract. Lactobacillus species can boost the mucosal immune system and

10.3389/fnins.2025.1677744

provide defense against Streptococcus pneumoniae infection (Li Z. et
al., 2022). Moreover, extracellular polysaccharides from Lactobacillus
plantarum WXD301, a commensal bacterium found in the lungs, have
been shown to enhance local mucosal immunity and improve defense
against Pseudomonas aeruginosa infection (Zhang H. et al., 2024).
These findings suggest that respiratory microbiota transfer might
represent a promising approach for combating pulmonary infections.

These findings indicate that transplanting respiratory microbiota
could effectively combat pulmonary infections. Although no direct
experimental or clinical evidence supports its application for SAP
treatment or prevention, this approach may help restore microbiota
imbalance after stroke. Therefore, respiratory microbiota
transplantation could represent a potential therapeutic strategy for
preventing or treating SAP, pending further preclinical and

clinical validation.

5 Conclusions and future perspectives

The gut microbiota and its metabolites, such as SCFAs and LPS,
are crucial in modulating immune, responses, local and systemic
inflammation, and maintaining epithelial barrier integrity (these
mechanisms are summarized in Figure 1). Although SIIS and
dysphagia are recognized as the main contributors to SAP, growing
evidence suggests that opportunistic pathogens frequently detected in
sputum and lower respiratory tract secretions of SAP patients mainly
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Mechanisms of gut microbiota dysbiosis in the pathogenesis of SAP. The development of SAP involves the brain, gut, and lungs. Disrupted microbiota
can play a critical role in SAP pathogenesis through the microbiota—gut—brain axis and the microbiota—gut—lung axis, as well as via circulatory,
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originate from the gut. This highlights the key role of the microbiota—
gut-lung axis in the pathogenesis of SAP. Stroke-related impairment
of intestinal barrier function, combined with immune imbalance in
the lungs, may promote the translocation of gut bacteria and their
metabolites. Gut-derived opportunistic organisms and microbial
components may translocate across a weakened intestinal barrier,
such as LPS; however, direct human evidence remains limited. Once
in systemic circulation, these elements may migrate to pulmonary
tissue, where they contribute to localized inflammatory responses.
These processes can initiate or worsen the development of SAP. Further
research is needed to clarify the mechanisms by which gut-derived
microbes and their metabolites contribute to lung infection after
stroke. A deeper insight into these pathways could aid in creating
microbiota-focused approaches to prevent or mitigate SAP and
enhance stroke patient recovery.

Although antibiotics are still the main treatment for SAP, their
wide use in practice is linked to increasing antibiotic resistance, and
the development of new antibiotics remains difficult. In this context,
regulating the gut microbiota (treatment strategies summarized in
Figure 2) has emerged as a promising therapeutic approach.

10.3389/fnins.2025.1677744

Interventions such as novel antibiotics, probiotics, prebiotics,
postbiotics, FMT, and respiratory microbiota transplantation may
help improve gut microbiota composition and function, thereby
alleviating the pathological progression of SAP. Evidence from animal
studies and early clinical studies suggests potential benefit, but more
high-quality trials in humans are still needed. Because many of these
methods involve regulated drugs or biologic products, their safety,
effectiveness, dosing, and cost should be assessed carefully before
routine use. In contrast, dietary intervention offers a simple, safe, and
widely accepted alternative with strong potential to improve gut
microbiota dysbiosis and alleviate SAP symptoms. Restoring oral
intake can improve swallowing function and lower the risk of
aspiration, while optimizing dietary structure may help restore gut
microbiota balance, enhance SCFAs production, and support immune
barrier repair. Nevertheless, the early reintroduction of oral feeding
carries a risk of aspiration, which may worsen pneumonia or lead to
other serious complications. In addition, features of the gut
microbiota and its metabolites show promise as early diagnostic and
dynamic monitoring biomarkers for SAP, and could help stratify
high-risk patients and guide individualized management. However,
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Microbiome therapy for SAP. (a) Current microbial therapies for SAP include dietary interventions, antibiotics, probiotics, FMT, and respiratory
microbiota transplantation, administered via oral, intravenous, or endoscopic routes. (b) In the brain, microbial therapies can alleviate
neuroinflammation and oxidative stress, thereby restoring gut—brain axis communication and improving gut microbial balance. (c) In the lungs, they
help regulate the pulmonary microbiota, increase immune cell populations, promote the release of anti-inflammatory factors, reduce inflammatory
cell infiltration, and lower pulmonary inflammation. (d) These therapies also promote SCFA production, repair the intestinal mucosal barrier, inhibit
pathogenic bacteria, reduce pro-inflammatory cytokines, and modulate gut microbial composition, thereby suppressing intestinal inflammation,
reducing the risk of intestinal leakage, and preventing bacterial translocation. (e,f) Overall, microbial therapies alleviate pulmonary inflammation and
edema through multiple mechanisms, improve swallowing function, reduce the risk of aspiration, and effectively contribute to the treatment and
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clinical use will require standardized testing methods, validated
thresholds, and external confirmation in prospective cohorts and
intervention studies.

Prevention and treatment of SAP remain key clinical priorities
after stroke. This review highlights the potential roles of the
microbiota and its metabolites in SAP. While SIIS and dysphagia-
related aspiration are the main triggers, gut-derived microbes and
metabolites (such as LPS, SCFAs) may enter the blood or lymph
when the intestinal barrier is impaired and may amplify lung
inflammation. Based on current evidence, we propose a stratification
framework centered on “clinical risk—microbiota and metabolites—
barrier and immunity” Using graded assessment and dynamic
monitoring, clinicians could rapidly identify high-risk patients and
their “SAP microbiome risk phenotypes,” and then apply
personalized microbiome-focused interventions—such as diet and
nutrition optimization, probiotics/microecologic products, and
FMT or Respiratory Microbiota Transplantation under strict
indications—to ease stroke-related immunosuppression, help restore
the gut barrier, and potentially reduce lung inflammatory burden
and SAP risk. In parallel, antimicrobial stewardship, oral care,
airway management, and swallowing management should remain
the foundation and work in synergy with the above measures. It
should be emphasized that direct human evidence for “gut-to-lung
transfer” is still limited, key biomarkers and decision thresholds
require validation, and clinical evidence for routine use of
microbiome interventions is lacking. Future work should use
with
metabolomics, strengthen safety oversight and access, and advance

standardized sampling and integrate multi-omics
microbiome-guided precision prevention and treatment to improve

post-stroke outcomes.
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