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Ischemic stroke (IS) is a serious central nervous system disease. Post-IS

complications, such as post-stroke cognitive impairment (PSCI), post-stroke

depression (PSD), hemorrhagic transformation (HT), gastrointestinal

dysfunction, cardiovascular events, and post-stroke infection (PSI), result in

neurological deficits. The microbiota-gut-brain axis (MGBA) facilitates

bidirectional signal transduction and communication between the intestines

and the brain. Recent studies have reported alterations in gut microbiota

diversity post-IS, suggesting the involvement of gut microbiota in post-IS

complications through various mechanisms such as bacterial translocation,

immune regulation, and production of gut bacterial metabolites, thereby

affecting disease prognosis. In this review, to provide insights into the

prevention and treatment of post-IS complications and improvement of the

long-term prognosis of IS, we summarize the interaction between the gut

microbiota and IS, along with the effects of the gut microbiota on post-

IS complications.
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1 Introduction

Ischemic stroke (IS), a common central nervous system disease, is one of the most

severe health problems worldwide, with an annual incidence of 24.9 million patients

(Benjamin et al., 2018) and is the second-largest cause of mortality and third-largest cause

of disability worldwide (Mendelson and Prabhakaran, 2021). The brain tissue injury in IS is

caused by cerebral artery stenosis, occlusion, or acute blood circulation disorders,

accounting for 75–85% of all stroke types (Edwards and Bix, 2019; Yang et al., 2022). IS

is characterized by suddenness, rapidity, disability, and high mortality (Widimsky et al.,

2023). Following the onset of IS, several patients present with various complications, such

as post-stroke cognitive impairment (PSCI), post-stroke depression (PSD), hemorrhagic

transformation (HT), gastrointestinal dysfunction, cardiovascular events, and post-stroke
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infection (PSI), which impact disease prognosis, resulting in

progressive neurological deficits and high mortality (Lindner

et al., 2019; Ułamek-Kozioł et al., 2020; Huang et al., 2022; Zhang

et al., 2022; Hede Ebbesen et al., 2023; Wang et al., 2023b).

The gut microbiota refers to all microorganisms, including

bacteria, viruses, fungi, and archaea, that colonize the human

digestive tract (Benakis et al., 2020). The gut microbiota and its

surrounding environment regulate the immune barrier, maintain

homeostasis of the gut environment under normal conditions

(Victoria et al., 2020), and affect distant organs, including the

brain (Delgado Jiménez and Benakis, 2021). The gut microbiota

and central nervous system interact through neural, endocrine, and

immune mechanisms and form a bidirectional regulatory axis,

namely, the microbiota-gut-brain axis (MGBA) (Luan et al.,

2019). The gut microbiota also plays a crucial role in the

occurrence and development of IS (Wang et al., 2022), which in

turn alters the composition of the gut microbiota, which

significantly influences the onset of post-IS complications and

affects disease prognosis (Pluta et al., 2021).

This review discusses the interactions between the gut

microbiota and IS, as well as the impact of the gut microbiota on

post-IS complications, to provide insights into the prevention and

treatment of post-IS complications and improvement of the long-

term prognosis IS.
2 Gut microbiota and IS

The human gut microb io ta conta ins t r i l l ions of

microorganisms, with over 1,000 bacterial species identified and

approximately 3 million genes, which is 150 times the size of the

human genome (Nam, 2019). The gut microbiota, predominantly

composed of Firmicutes and Bacteroidetes (Tyler Patterson and

Grandhi, 2020), maintains the integrity of the intestinal epithelial

barrier (Ballway and Song, 2021). Pathological alterations in the

diversity and abundance of the gut microbiota have been reported

to disrupt MGBA signaling, resulting in serious pathophysiological

consequences (Chidambaram et al., 2022a). The interaction

between the gut microbiota and IS significantly influences the

onset, development, and prognosis of IS (Yuan et al., 2021a;

Chidambaram et al., 2022b; Han et al., 2023).

The MGBA connects the brain and gut via both direct and

indirect pathways, which involve neural pathways, endocrine

pathways, the immune system, bacterial metabolites, and host

metabolic pathways (Peh et al., 2022). The brain directly

communicates with the gut via parasympathetic and sympathetic

nerve fibers and indirectly through the stimulation of the enteric

nervous system (Browning and Travagli, 2014; Carabotti et al.,

2015). In addition, biochemical changes in the brain ’s

hypothalamic-pituitary-adrenal (HPA) axis can cause changes in

intestinal physiology (Wang et al., 2022). The HPA axis activates

stress responses that affect intestinal permeability, motility, and

mucus production, thereby changing the intestinal environment

and affecting the composition and activity of the intestinal

microbiota (Wang et al., 2022). After an IS, the proportion of

Firmicutes and Bacteroidetes in the gut microbiota is altered (Hu
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et al., 2022). The abundance of conditional pathogenic bacteria,

such as Enterobacter and Desulfovibrio, increases (Xia et al., 2019),

while that of beneficial short-chain fatty acid (SCFA)-producing

bacteria, such as Blautia, Roseburia, Bacteroides, Lachnospiraceae,

and Faecalibacterium, decreases (Li et al., 2019; Tan et al., 2021).

Patients with acute IS have reported gut microbiota disorders that

last over three weeks, which significantly decreases microbial

diversity (Xia et al., 2019); after four weeks, the gut microbiota is

gradually restored (Xia et al., 2019). Meanwhile, in patients with

mild IS, the abundance of Enterobacteriaceae and Trichospiridae

increases, whereas in patients with severe IS, the abundance of

Ruminococcaceae and Christensenaceae increases (Li et al., 2019).

The immune system, including both adaptive and innate

immunity, plays a crucial role in the gut-brain axis, and the gut

microbiome plays a key role in brain inflammation, injury, and

behavior by regulating the development and function of immune

cells in the CNS, regulating peripheral immune responses, and

affecting CNS immune activation and the integrity of the blood–

brain barrier (BBB) (Milani et al., 2017; Cryan et al., 2019). After

focal cerebral ischemia, the levels of pro-inflammatory cytokines

interferon-g (IFN-g), interleukin-6 (IL-6), and tumor necrosis

factor-a (TNF-a) are increased (Muhammad et al., 2023).

Following IS, the host immune system is severely suppressed, and

the intestinal immune barrier function is disrupted (Brea et al.,

2021). This may be related to a decrease in intestinal tight junction

protein expression post-IS (Ye et al., 2021), an increase in intestinal

epithelial permeability induced by microRNAs (miRNAs) (Wu

et al., 2017), and an increase in toxic metabolites that affect the

intestinal mucosal epithelium (Kurita et al., 2020; Rustia et al.,

2021). After the intestinal barrier function is damaged, pro-

inflammatory cytokines are released from the intestine into the

circulation, directly communicating with the brain and

exacerbating pathological changes (Muhammad et al., 2023).

Endotoxins produced by intestinal microorganisms, such as

lipopolysaccharides (LPS) and peptidoglycans, enter the

bloodstream through the intestinal wall with high permeability

and activate the innate immune response of the host, thereby

exacerbating inflammatory reactions (Brea et al., 2021). Gut

microbiota imbalance in the gut and brain affects the number of

lymphocytes, such as gdT cells (Fang et al., 2023), a group of cells

with innate immune function mainly located on the surface of the

intestinal epithelium (Jiang et al., 2023). Changes in the gut

microbiota post-IS trigger pro-inflammatory T-cell responses,

increasing the migration of immune cells from the gut to the

central nervous system (Jiang et al., 2023). The secretion of IL-17

by T cells leads to the production of chemokines from peripheral

medullary cells (monocytes and neutrophils), thereby damaging the

blood-brain barrier and inducing neuroinflammation, which

exacerbates ischemic brain injury (Samuelson et al., 2019; Wang

et al., 2022). In addition, intestinal microorganisms enter the

circulation and extraintestinal organs, leading to local and

systemic infections (Wang et al., 2023b).

Through this bidirectional communication network, the

gastrointestinal tract can also affect brain functions through

metabolites produced by the microbiota (Carabotti et al., 2015),

which include high levels of acetic, propionic, and butyric acids and
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low levels of formic, valeric, and caproic acids (Fang et al., 2023).

SCFAs promote stroke recovery and exert a protective effect on the

intestinal epithelial barrier, thus improving disease prognosis (Hu

et al., 2022). Decreased plasma SCFA levels are significantly

associated with poor stroke prognosis (Fang et al., 2023). Fecal

transplantation of SCFA-producing bacteria or supplementation

with SCFAs has been shown to enhance intestinal mucosal integrity

and promote the migration of intestinal Tregs to cerebral ischemic

areas (Wang et al., 2023c), thereby reducing neuroinflammation

and significantly improving neurological deficits (Lee et al., 2020;

Sadler et al., 2020). In addition, decreased levels of another gut-

derived microbial metabolite, trimethylamine oxide (TMAO), are

closely related to the systemic inflammatory response post IS, and

early elevated TMAO levels are predictors of poor stroke prognosis

(Zhang et al., 2023a).
3 Impact of the gut microbiota on
Post-IS complications

3.1 Gut microbiota and PSCI and PSD

IS can lead to various neuropsychiatric disorders, such as

depression, anxiety, personality changes, mania, and cognitive

impairment (Ling et al., 2020), of which PSCI and PSD are

among the most common (Caso et al., 2009; Goyal et al., 2020)

and are indicative of poor prognosis and high mortality (Jiang et al.,

2021). Cognitive dysfunction is closely associated with depression;

these diseases often interact with each other (Douven et al., 2018)

and coexist in patients with stroke (Douven et al., 2018). A growing

body of evidence suggests that gut microbiota dysbiosis affects the
Frontiers in Cellular and Infection Microbiology 03
physiological, behavioral, and cognitive functions of the brain

through various neural, immune, endocrine, and metabolic

pathways via MGBA, which plays an important role in PSCI and

PSD (Li et al., 2018; Ling et al., 2020; Kang et al., 2021) (Figure 1).

The diversity of the gut microbiota is reduced in patients with

PSCI and PSD compared with that in healthy individuals,

suggesting that higher gut microbiota diversity may reflect a

relatively healthy state following acute IS (Smith and Wissel,

2019; Jiang et al., 2021). In addition, the gut microbiota

composition in patients with PSCI is significantly different, as

manifested by elevated Fusobacterium species (Yu et al., 2017), a

gram-negative non-spore pathogen that induces an imbalance in

the intestinal microenvironment, creates a pro-inflammatory

environment in the body, and causes immune evasion of certain

pathogenic bacteria (Yu et al., 2017). Fusobacterium has been

reported to exacerbate cognitive impairment by promoting

inflammation in mice (Yu et al., 2017). Gut microbiota in

patients with post-stroke cognitive impairment and depression

(PSCCID) is characterized by elevated levels of Proteobacteria,

i n c l ud i n g g -P r o t o ba c t e r i a , En t e r o ba c t e r i a l e s , a nd

Enterobacteriaceae (Ling et al., 2020). The number of g-
Proteobacteria and Enterobacteriaceae is negatively correlated

with the Montreal Cognitive Assessment Scale score, suggesting

that these gut bacteria are associated with cognitive impairment

(Ling et al., 2020). The number of Bifidobacteria in the feces of

patients with PSD decreases, whereas the numbers of Enterococcus

faecalis and Escherichia coli increase (Kang et al., 2021). E. faecalis

and E. coli are important opportunistic pathogens of the

gastrointestinal tract (Sapountzis et al., 2020). Bifidobacteria are

beneficial bacteria in the human gut that inhibit the proliferation of

pathogenic bacteria, exert potent antidepressant effects, and

regulate the microbial community (Tian et al., 2020).
FIGURE 1

Complications after ischemic stroke (IS). Post-IS complications involve the central nervous, respiratory, circulatory, digestive, and urinary systems
and can include post-stroke cognitive impairment (PSCI), post-stroke depression (PSD), hemorrhagic transformation (HT), gastrointestinal
dysfunction, cardiovascular events, and post-stroke infection (PSI). Figure generated by BioRender.com.
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Dysregulated gut microbiota exacerbate the damage to gut

barrier function, leading to an excessive release of local

inflammatory factors in the gastrointestinal tract (Pu et al., 2023),

which is closely associated with the occurrence and exacerbation of

depressive symptoms (Buglione-Corbett et al., 2018). Higher serum

levels of IL-1, IL-2, IL-6, and high-sensitivity C-reactive protein

(hsCRP) have been reported in patients with PSD than in those

without PSD, suggesting the involvement of inflammatory

cytokines in the pathological mechanisms of PSD and

inflammatory responses (Kang et al., 2021). In patients with PSD,

the levels of E. faecalis and E. coli are positively correlated with IL-1,

IL-2, IL-6, and hsCRP levels, whereas those of Bifidobacterium are

negatively correlated with inflammatory factors (Kang et al., 2021).

Disruption of the gut microbiota in patients post-IS promotes the

occurrence and development of PSD by increasing intestinal

permeability, promoting intestinal bacterial translocation,

activating downstream immune responses, and exacerbating

inflammatory reactions (Kang et al., 2021). In addition, gut

microbiota, especially those containing LPS, including

Proteobacteria and Enterobacteriaceae, are involved in chronic

mild inflammatory react ions (Hiippala et al . , 2018) .

Neuroinflammation is associated with cognitive impairment

(Passamonti et al., 2019). Therefore, inflammation-related gut

bacteria is potentially involved in the development of PSCCID.

Previous studies have demonstrated a significant correlation

between SCFA deficiency and PSCI (Dalile et al., 2019). SCFAs

interact with free fatty acid receptors, inhibit histone deacetylases,

enter the brain through the blood-brain barrier, affect microglia,

reduce nervous system inflammation, and play key roles in MGBA

(Dalile et al., 2019; Parada Venegas et al., 2019). The number of

bacteria producing SCFAs in patients with PSCCID, such as

Trichospiridae, is lower than that in patients with non-PSCCID

(Ling et al., 2020).

In addition, probiotic interventions composed of lactobacilli

and Bifidobacteria improved post-stroke emotional state, including

anxiety and depression, but had no significant effects on cognitive

function (Liu et al., 2020). Postbiotics, also referred to as

metabiotics, biogenics, or cell-free supernatants (CFSs), are

bacterial fermentation metabolites and soluble factors secreted by

live bacteria or released after bacterial lysis, such as SCFAs,

enzymes, teichoic acids, endo- and exopolysaccharides, cell

surface proteins, vitamins, plasmalogens, and organic acids

(Vallianou et al., 2020; Sorboni et al., 2022). The most important

SCFAs are acetate, propionate, and butyrate (De Vadder et al.,

2014). By supplementing high doses of SCFAs or probiotics that

produce SCFAs instead of traditional doses of lactobacilli and

Bifidobacteria, PSCI may be effectively improved (Liu et al.,

2020). Animal experiments have shown that SCFAs may improve

cognitive function by inhibiting amyloid-b protein aggregation in

vitro (Ho et al., 2018). Additionally, fecal bacterial transplantation

or supplementation with new probiotics such as Akkermansia may

improve PSCI (Liu et al., 2020). Exercise training following stroke

increases the expression of lactobacilli and Bifidobacteria, improves

the function of the intestinal microbiota, reduces the expression of

inflammatory factors such as IL-2 and IL-6 in intestinal and brain

tissues, promotes the transformation of microglia from the M1 to
Frontiers in Cellular and Infection Microbiology 04
M2 type, inhibits neuroinflammatory responses, and improves

depression (Tian et al., 2019; Yang et al., 2021).
3.2 Gut microbiota and HT

HT, a common complication of acute IS, leads to the

progression of the condition and exacerbation of neurological

damage and increases the risk of other complications (Hafez

et al., 2015). The pathological mechanism underlying HT has

been linked to the disruption of the blood-brain barrier, oxidative

stress, inflammatory response, and intestinal microbiota disorders

(Huang et al., 2022).

Post-stroke HT significantly increases the number of anaerobic

bacter ia such as Actinobacter ia , Proteobacter ia , and

Verrucomycetes, and Proteobacteria enrichment has been observed

in the feces of HT rats (Huang et al., 2022). Specific changes in the

gut microbiota may be influenced by the levels of certain organic

acids and matrix metalloproteinase-9 (MMP-9) (Huang et al.,

2022). The early BBB disruption modulated by increased

expression of MMPs is closely associated with HT events in

ischemic stroke (Liu et al., 2009). Research has found that the

levels of MMP-9 in HT rats significantly increased, and further

analysis revealed a negative relationship between MMP- 9 and total

SCFA and propanoic acid concentrations (Huang et al., 2022). In

addition, the relative abundance of Holdemania and Collinsella was

negatively correlated with MMP- 9 concentration, while

Al lobacu lum , Erys ipe lo t r i ch i , Erys ipe lo t r i cha le s , and

Erysipelotrichaceae were positively correlated with MMP- 9 levels

(Huang et al., 2022). Oxidative stress plays an important role in the

pathological process of HT pathogenesis. Some scholars have

proposed that hyperglycemia increases the formation of free

radicals and reduces oxygen production in transient ischemic rats

(Li et al., 1999). On the other hand, oxidative stress also reduced the

oxygen content in the intestinal tract and caused perturbed

disruption of cecal microbiota in mice (Zhao et al., 2021). Thus,

HT induced by hyperglycemia may inhibit the oxygen formation in

the intestinal tract and increase the production of anaerobic bacteria

(Huang et al., 2022).

The levels of SCFAs, especially butyric and valeric acids, are

lower in the guts of HT than in those of non-HT rats, as is the

number of microorganisms producing SCFAs (Huang et al., 2022).

Butyric acid maintains intestinal epithelial integrity, regulates the

immune system, and alleviates inflammatory response (Sadler et al.,

2020). Furthermore, SCFA levels following HT are significantly

correlated with inflammatory cytokines, including TNF- a, IL-1 b,
and IL-17, which have a significant impact on the prognosis of IS

(Huang et al., 2022).
3.3 Gut microbiota and post-IS
gastrointestinal dysfunction

Over 50% of patients with IS experience gastrointestinal

complications, including swallowing difficulties, intestinal motility

and absorption disorders, gastrointestinal bleeding, intestinal
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leakage, fecal incontinence, and intestinal septicemia (Durgan et al.,

2019; Long et al., 2022). Extensive research in genomics,

metabolomics, and proteomics has revealed that the gut

microbiota is involved in several pathophysiological events

following stroke, and patients with IS with gastrointestinal

complications often have a poor prognosis, high mortality rate,

and neurological function deterioration (Tuz et al., 2022; Zhao

et al., 2023).

Following stroke, the gut microbiota is dysregulated, and the

abundance of gram-negative Enterobacteriaceae increases (Huang

and Xia, 2021). Multiple studies have shown a correlation between

intestinal epithelial barrier dysfunction, intestinal leakage in patients

with IS, and changes in the gut microbiota (Zhang et al., 2022), which

can lead to intestinal villous epithelial damage, reduced mucus and

expression of intestinal tight junction proteins, increased intestinal

permeability, and intestinal sepsis (Zhao et al., 2023). The disruption

of intestinal epithelial barrier function is associated with the LPS of

gram-negative bacteria, metabolites of dominant bacterial

populations such as SCFAs and TMAO, and intestinal

inflammatory factors, including TNF-a, IL-1, IL-6, and nitric oxide

synthase (Cheng et al., 2018; Chen et al., 2019c; Yu et al., 2021).

Opportunistic pathogens produce harmful substances, such as LPS

(Kurita et al., 2020), an endotoxin cell wall component of gram-

negative bacteria that triggers inflammatory reactions by mediating

the Toll-like receptor (TLR) 4/MyD88 signaling pathway (Singh et al.,

2016). The cytotoxic effects of inflammatory substances damage the

intestinal microvilli, which affects the expression levels of intestinal
Frontiers in Cellular and Infection Microbiology 05
tight junction proteins, exacerbates damage to the intestinal barrier

function (Kurita et al., 2020), and leads to intestinal leakage, thereby

allowing inflammatory cytokines, bacteria, and toxic intestinal

metabolites to penetrate the damaged intestinal epithelial barrier

and enter circulation (Ye et al., 2021). The levels of LPS, D-lactate,

zonulin, TNF-a, IFN-g, and IL-6 are increased in the serum of

macaques with IS compared with those in healthy macaques (Chen

et al., 2019c). Endotoxemia and bacterial translocation can exacerbate

gastrointestinal complications, such as intestinal bleeding, motility

disorders, and intestinal paralysis (Wang et al., 2023a). The metabolic

product SCFAs of the gut microbiota are crucial to maintaining

intestinal bacterial balance, epithelial functional integrity,

immunology, and inflammation. Reduction in SCFAs post IS has

also been confirmed (Zou et al., 2022); SCFAs promote the

development of the intestinal barrier and protect it against LPS

damage by inhibiting NOD-like receptor thermal protein domain-

associated protein 3 (NLRP3) inflammasomes (Figure 2).

The intestinal immune system comprises multiple immune

tissues and cells that cooperate under physiological conditions to

resist pathogen invasion and maintain immune homeostasis (Pu

et al., 2023; Zhao et al., 2023). Under normal physiological

conditions, B cells differentiate into IgA-producing B cells in the

presence of T cells to eliminate toxins and pathogens (Suzuki and

Nakajima, 2014). In a rat stroke model, pre-ischemic stress

significantly reduces large intestinal IgA levels and bacterial

translocation (Caso et al., 2009). In addition, a decrease in the

number of B cells in the small intestine of mice post-IS has been
FIGURE 2

Gut microbiota and post-stroke gastrointestinal dysfunction pathogenesis. Increased abundance of gut microbiota, decreased beneficial metabolites
short-chain fatty acids (SCFAs), and increased LPS of Gram-negative bacteria post IS, triggered an inflammatory response with increased expression
levels of inflammatory factors such as tumor necrosis factor-a (TNF-a), interleukin (IL)-1, IL-6, and cytokine interferon-g (IFN-g). The cytotoxic
effects of inflammatory substances lead to intestinal microvillus damage and reduced expression of intestinal epithelial tight junction proteins,
triggering intestinal epithelial barrier dysfunction and intestinal leakage, which can lead to intestinal motility disorders, intestinal paralysis, and other
gastrointestinal complications. Impairment of intestinal barrier function allows inflammatory cytokines, bacteria, and toxic intestinal metabolites to
cross the damaged intestinal epithelial barrier and enter the circulatory system, exacerbating gastrointestinal dysfunction and even triggering
enterogenic sepsis. Figure generated by BioRender.com.
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reported (Oyama et al., 2018); therefore, IS may adversely affect the

homeostasis of the local and systemic immune systems in the

intestine, impairing local antibacterial defense and gastrointestinal

complications (Oyama et al., 2018).

The single or combined use of dietary interventions, probiotics,

microbial metabolites, fecal microbiota transplantation, and

traditional Chinese medicine can prevent and improve

gastrointestinal complications following stroke (Liu et al., 2020;

Wei et al., 2023) (Table 1). In patients with stroke, early enteral

nutrition combined with probiotic therapy, such as Lactobacillus

and Bifidobacterium, can improve nutritional status, replenish

intestinal microbiota, stabilize intestinal barrier function, improve

immune tolerance, and reduce the incidence of nutritional diarrhea

(Mao et al., 2022). Probiotics inhibit the adhesion of opportunistic

pathogens to the intestinal wall, prevent excessive growth of
Frontiers in Cellular and Infection Microbiology 06
pathogens and the invasion of foreign pathogens, reduce

apoptosis of intestinal epithelial cells caused by pathogens, protect

the intestinal mucosal barrier, and inhibit bacterial migration

(Martıńez-Guardado et al., 2022). Probiotics can also produce

bioactive compounds, including bacteriocins, organic acids,

vitamins, and neurotransmitters, reduce oxidative stress and

inflammatory cytokines, and improve intestinal and systemic

immune functions (Chen et al., 2022).

Prebiotics, especially carbohydrates, affect the production of

SCFAs and mucin and regulate local inflammatory responses in

gut-associated lymphoid tissue (GALT) (Markowiak and Śliżewska,

2017). Lactulose Supplementation (a common prebiotic) can repair

intestinal barrier damage, alleviate intestinal microbiota imbalance,

and improve neurological function after stroke (Yuan et al., 2021b).

Furthermore, the fiber-rich barley, BARLEYmax, a prebiotic, has
TABLE 1 Treatment strategies of gut microbiota in gastrointestinal complications after stroke.

Strategies Mechanism Organism Reference

Dietary
interventions

High-fiber diets 1. Increase SCFA levels in the blood and reduce intestinal
inflammatory response.
2. Alleviate intestinal barrier dysfunction.

Humans (Wurtman,
2008)

Probiotics Lactobacillus
Bifidobacterium

1. Inhibits the adhesion of opportunistic pathogens to the
intestinal wall and prevents the excessive growth and invasion of
foreign pathogens.
2. Maintains intestinal microbiota balance, reduces pathogen-
induced intestinal epithelial cell apoptosis, protects intestinal
mucosal barrier, and inhibits bacterial translocation.
3. Produces bioactive compounds, including bacteriocins, organic
acids, vitamins, and neurotransmitters.
4. Reduces oxidative stress and inflammatory cytokine levels,
produces anti-inflammatory compounds, and improves intestinal
and systemic immune function.

Humans (Mao
et al., 2022)

Prebiotics Lactulose 1. Improves intestinal microbiota imbalance and repairs damage in
the intestinal barrier.
2. Increases anti-inflammatory factors in the brain and intestines
and inhibits inflammatory responses.

C57 mice (Yuan
et al., 2021b)

BARLEYmax 1. Enhances the abundance of butyric acid-producing bacteria and
increases butyric acid in the gastrointestinal tract.
2. Moderately increases the abundance of Bacteroidetes and
reduces the abundance of Clostridium.

Humans (Akagawa
et al., 2021)

Postbiotics IPA 1. Increases the number of probiotics and reduces the abundance
of harmful bacteria.
2. Protects the intestinal barrier integrity.

C57 mice (Xie
et al., 2022)

Fecal
bacteria
transplantation

Fecal bacteria rich in SCFAs 1. Remodel the intestinal microenvironment.
2. Enrich beneficial lactobacilli.
3. Repair intestinal leakage.

SD rats (Chen
et al., 2019b)

Traditional
Chinese
Medicine

TQHXD 1. Regulates gut microbiota, reduces excessive increase of
Bacteroides, and controls abnormal changes in certain microbiota.
2. Improves inflammatory response caused by T-cell imbalance.
3. Restores the function of the intestinal barrier.

SD rats (Spence, 2018)

PLR+ CXR 1. Remodels intestinal microenvironment.
2. Increases claudin-5 and ZO-1 to protect the intestinal barrier.
3. Reduces intestinal microbiota translocation.

SD rats (Chen
et al., 2019a)

Other EA+ iPSC EVs 1. Increase the number of neurons significantly.
2. Downregulate the expression of IL-17 in brain and colon tissues
and upregulate IL-10 levels.
3. Regulate the composition and diversity of gut microbiota.

C57 mice (Zhang and
Yao, 2023)
SCFAs, short-chain fatty acids; IPA, indole-3-propionic acid; C57, C57BL/6; SD, Sprague-Dawley; TQHXD, Tong-Qiao-Huo-Xue Decoction; PLR, Pueraria lobata root; CXR, Chuanxiong
Rhizoma; EA, electroacupuncture; iPSC EVs, induced pluripotent stem cell-derived extracellular vesicles; IL, interleukin.
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been reported to increase the abundance of butyric acid-producing

bacteria and butyric acid levels in the gastrointestinal tract

(Akagawa et al., 2021). Combining probiotics and prebiotics has a

synergistic effect (Chen et al., 2019a); indeed, the combination of

inulin and SCFA-producing bacteria increased SCFA production in

mice following stroke and improved neurological deficit scores and

behavioral outcomes compared with pre-administration of SCFA-

producing bacteria (Chen et al., 2019a). Therefore, probiotics and

prebiotics improve the microbiota composition and gastrointestinal

function, thereby positively affecting patient prognosis (Wei

et al., 2023).

Postbiotics also confer physiological benefits to the host. The

oral administration of indole-3-propionic acid to MCAO mice has

been shown to increase the number of probiotics, reduce harmful

bacteria, and protect intestinal barrier integrity (Xie et al., 2022;

Zhou et al., 2023). In addition, including fiber, butyrate, or butyrate-

producing probiotics in the diet can reduce intestinal inflammation;

affect tight junction proteins (Wurtman, 2008; Liu et al., 2020);

upregulate the expression levels of ZO-1, occlusion, and claudin4 to

maintain intestinal mucosal integrity; affect epithelial oxygen

consumption; maintain the stability of hypoxia-inducible factors;

improve intestinal barrier dysfunction; reduce adverse prognosis

related to IS (Wang et al., 2021). Transplantation of SCFA-rich fecal

microbiota can reshape the gut microbiota, enrich beneficial

lactobacilli, and repair intestinal leakage (Chen et al., 2019b).

The traditional Chinese medicine Tong-Qiao-Huo-Xue

Decoction can control changes in the bacterial community post

IS, reduce excessive increases in Bacteroides, control abnormal

changes in the abundance of specific bacterial communities,

improve the inflammatory response caused by T-cell imbalance,

and restore the function of the intestinal barrier (Spence, 2018).

Combining Pueraria lobata root and Chuanxiong Rhizoma (CXR)

in treating IS in rats has been shown to alleviate intestinal

microbiota imbalance and damage to the brain-intestinal barrier,

effectively improving neurological function (Chen et al., 2019a).

Electroacupuncture induced pluripotent stem cell-derived

extracellular vesicles (iPSC EVs), while electroacupuncture

combined with iPSC EVs increased the number of neurons,

inhibited inflammation in MCAO mice, alleviated colon injury,

regulated the gastrointestinal microbiota, and reduced the

occurrence of gastrointestinal complications post-IS (Zhang

et al., 2023b).
3.4 Gut microbiota and post-IS
cardiovascular events

Cardiovascular complications are the second leading cause of

death after stroke (Yoshimura et al., 2008). Despite the best

treatment based on guidelines for patients with transient ischemic

attacks and stroke (Haghikia et al., 2018), in the initial 3 months

post-acute IS, 19.0% of patients experience at least one serious

cardiac adverse event; 28.5% of patients have a left ventricular

ejection fraction below 50%; 13–29% suffer from cardiac systolic

dysfunction (Chen et al., 2017b). Cardiac complications of stroke

that lead to mild recoverable injury, lifelong heart problems, or even
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death include congestive heart failure, neurogenic stress

cardiomyopathy, Takotsubo cardiomyopathy, cardiac arrest, and

arrhythmias (Samuels, 2007; Holmqvist et al., 2015). Following IS,

an increase in intestinal permeability promotes an inflammatory

response, and systemic inflammation increases intestinal

permeability (Pu et al., 2023). The translocation of bacteria and

endotoxins into the bloodstream increases the levels of pro-

inflammatory cytokines, while systemic inflammation induces or

exacerbates cardiac dysfunction (Masenga et al., 2023).

Analysis of cardiovascular event data in patients with stroke

revealed a dose-dependent correlation between elevated levels of

intestinal microbiota metabolites (TMAO) and an increased risk of

cardiovascular events following the initial stroke episode (Haghikia

et al., 2018). Receiver operating characteristic curve analysis further

showed that TMAO is a predictor of the 1-year risk of

cardiovascular death in patients with IS (Haghikia et al., 2018).

Foods rich in specific nutrients with trimethylamine groups, such as

phosphatidylcholine, choline, and carnitine, are degraded by

trimethylamine lyases encoded by the gut microbiota in the

intestine, and, upon absorption, are further metabolized into

TMAO by liver flavin-containing monooxygenases (FMO),

especially FMO3 (Kasahara and Rey, 2019). TMAO is associated

with the development of cardiac metabolic diseases and

atherosclerosis (Zhang and Yao, 2023). The atherogenic effects of

microbial-dependent TMAO include enhanced cholesterol

accumulation of macrophages and formation of foam cells, pro-

inflammatory changes in the arterial wall, platelet hyperreactivity,

and enhancement of the potential for arterial thrombosis (Hemmati

et al., 2023; Zhang and Yao, 2023).

In mice, TMAO enhanced the development of atherosclerosis

by increasing the expression of the scavenger receptor CD36 and

scavenger A1 receptor SR-A1 on macrophages, inhibiting the

reverse transport of cholesterol and forming foam cells in

atherosclerotic lesions, which increased lipid accumulation in

vascular wall macrophages (Kasahara and Rey, 2019; Canyelles

et al., 2023). This was inhibited following treatment with small-

molecule inhibitors produced by microbial trimethylamine (Wang

et al., 2015). In animal models, FMO3 inhibition reduced both

TMAO and atherosclerosis (Shih et al., 2015).

In addition, TMA activates mitogen-activated protein kinases,

extracellular signal-related kinases, and nuclear factors in the

endothelial cells-kB signal cascade to promote vascular

inflammation (Hemmati et al., 2023). Direct injection of TMAO

into rodent models has been shown to promote the activation of

aortic endothelial cells and upregulation of adhesion proteins

(Hemmati et al., 2023). Studies on cultured endothelial cells have

shown that TMAO can activate the NLRP3 inflammasome, which

adversely affects atherosclerosis (Chen et al., 2017a). LPS receptors

CD14 and Fc g III receptor CD16+ monocytes are a subgroup with

specific pro-inflammatory functions; blood TMAO concentration is

positively related to the level of pro-inflammatory intermediate

CD14++CD16+ monocytes (Yang et al., 2023). Intermediate CD14+

+CD16+ monocytes secrete a large amount of inflammatory

cytokines, such as TNF-a, to promote inflammatory responses

(Oktaviono et al., 2023). The high expression of adhesion

molecules, such as CD162/P-selectin glycoprotein ligand-1
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(PSGL-1) and myeloperoxidase, the primary source of reactive

oxidants in the innate immune response, in intermediate

monocytes contributes to their thrombogenic and atherogenic

properties (Wildgruber et al., 2016). In patients with IS, an

increase in the number of intermediate monocyte subsets is

closely associated with the occurrence of cardiovascular events

following cerebral infarction. In addition to promoting an

increase in pro-inflammatory monocyte levels, gut microbiota can

directly lead to platelet hyperreactivity and increase the release of

intracellular stored Ca2+ through the generation of TMAO, thereby

increasing the risk of thrombosis (Nesci et al., 2023), and the

incidence of cardiovascular disease post-IS.
3.5 Gut microbiota and PSI

PSI is reported in up to half of patients with stroke; pneumonia

and urinary tract infections are the most common PSIs

(Westendorp et al., 2011; Shim and Wong, 2018). PSI is also the

leading cause of readmission and death in patients and associated

with a poor prognosis (Kaur et al., 2019). The occurrence of

pulmonary or urinary tract infections post-stroke is attributed to

difficulty in swallowing, advanced age, long-term immobility, or the

result of surgeries such as insertion of nasogastric tubes, venous

catheters, catheters, or mechanical ventilation. Opportunistic

pathogens in hospitals are also sources of infection (Mao et al.,

2019). However, the integrity of the intestinal barrier and

translocation of intestinal bacteria post-IS may be linked to PSI

pathogenesis (Zbesko et al., 2021).

Translocation of gut microbiota and immune dysfunction play

crucial roles in the occurrence and development of PSI (Stanley

et al., 2018; Ghelani et al., 2021). Stroke induces immune

suppression, disrupting cytokine homeostasis, weakening

peripheral immune defense, reducing host defense against

bacteria, increasing host susceptibility, promoting bacterial

migration to the lungs, and exacerbating lung tissue damage

(Zhang et al., 2021). Additionally, a decrease in white blood cells

and lymphocytes has been observed in the peripheral blood

following stroke, with the most significant decrease occurring on

the third day (Li et al., 2020). Stroke may also activate the

hypothalamic-pituitary-adrenal system through glucocorticoids,

inducing peripheral spleen atrophy and leading to impaired

lymphocyte production and a lack of natural killer cells, thereby

suppressing peripheral immunity (Zhang et al., 2021).

Changes in the gut microbiota composition increase

susceptibility to respiratory diseases, promote bacterial migration,

and induce PSI (Wattoo et al., 2021). The bacteria detected in the

blood, sputum, and urine of patients with IS are common

microorganisms residing in the human gut, including E. coli,

Enterococcus, and Morganella morganii (Kishore et al., 2018,

Kishore et al., 2019). Following stroke, the number of bacteria in

the lungs significantly increases, however decreases in the ileum and

colon (Hede Ebbesen et al., 2023). The diversity of the microbiota

significantly changes, while the composition of the lung tissue and

gut microbiota remains similar, indicating that the bacteria
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disseminated in the lungs are likely to originate from the gut

(Hede Ebbesen et al., 2023). The ileum is most sensitive to

intestinal permeability post-stroke, subsequently peaking after

3 h, facilitating the entry of intestinal bacteria into surrounding

tissues and organs from the intestine and increasing the risk of post-

stroke pneumonia (Shim and Wong, 2018).

Additionally, the sympathetic nervous system is involved in the

alternation of intestinal permeability post-stroke (Doyle and

Buckwalter, 2017). The activation of b-adrenergic receptors post-

stroke triggers the destruction of the intestinal barrier and immune

suppression, leading to the spread of bacteria in the intestine and

the occurrence of infections (Doyle and Buckwalter, 2017). Data

obtained from PSI mice indicated that microorganisms residing in

the intestine could be detected in the blood and lymph nodes;

bacteria from the intestine have also been observed in the liver and

spleen (Hede Ebbesen et al., 2023). Therefore, various pathways are

potentially involved in the direction of bacterial migration to the

lungs post-stroke, including direct transmission from the small

intestine to the lungs through the blood and lymphatic systems or

indirect migration to lung tissue through the liver (Hede Ebbesen

et al., 2023).

SCFAs play an important role in systemic circulation and

immune regulation in the brain, possibly affecting PSI (Sadler

et al., 2020; Haak et al., 2021), while lower abundance of

butyrate-producing bacteria within 24h of hospital admission was

an independent predictor of enhanced risk of post-stroke infection

(Lee et al., 2019). Butyrate can enhance the antibacterial activity of

monocytes and macrophages and the body’s antibacterial activity

against respiratory pathogens (Haak et al., 2018) and exert immune

regulation by inhibiting histone deacetylase and the mammalian

target of rapamycin signals in circulating white blood cells, enabling

the host to resist invading pathogens and produce protective effects

(Schulthess et al., 2019). Butyrate-producing bacteria can produce

other metabolites, such as SCFAs, indoles, and desaminotyrosine,

which help to resist infections (Haak et al., 2021), upregulate Tregs,

help to suppress the post-ischemic inflammatory response of

residents and invading inflammatory cells, and improve PSI

(Sadler et al., 2020).

Following IS, the use of antibiotics is a promising strategy to

reduce PSI; however, large-scale clinical studies have yet to confirm

this (Westendorp et al., 2018). Antibiotics can disrupt beneficial

gut microbiota, potentially exacerbating changes therein caused by

IS and amplifying inflammatory responses (Singh et al., 2016;

Ghelani et al., 2021). In addition, blocking the activation of the

sympathetic nervous system with propranolol can prevent increased

intestinal permeability, which suggests b-adrenergic receptor

antagonists as a potential therapeutic approach (Westendorp

et al., 2016).
4 Conclusion

IS remains one of the most challenging diseases. Gut microbiota

plays a vital role in post-IS complications such as PSCI, PSD, HT,

gastrointestinal dysfunction, cardiovascular events, and PSI via
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several mechanisms, such as microbial diversity changes, immune

regulation, and endocrine regulation, utilizing MGBA bidirectional

signal transduction. However, the pathological mechanisms by

which various microbiotas affect the prognosis of IS require

further investigation. Several treatment methods aimed at

improving the physiological function and disease progression of

patients with IS and the gut microbiota, such as microbiota

transplantation, supplementation with probiotics, and gut

microbiota metabolites, have shown beneficial effects. Further

research on the mechanism of action of gut microbiota and

targeted treatment methods may provide novel insights into

preventing and improving post-IS complications.
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Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)-mediated gut epithelial and
immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol.
10, 277. doi: 10.3389/fimmu.2019.00277

Passamonti, L., Tsvetanov, K. A., Jones, P. S., Bevan-Jones, W. R., Arnold, R.,
Borchert, R. J., et al. (2019). Neuroinflammation and functional connectivity in
alzheimer's disease: interactive influences on cognitive performance. J. Neurosci. 39,
7218–7226. doi: 10.1523/JNEUROSCI.2574-18.2019

Peh, A., O'Donnell, J. A., Broughton, B. R. S., and Marques, F. Z. (2022). Gut
microbiota and their metabolites in stroke: A double-edged sword. Stroke 53, 1788–
1801. doi: 10.1161/STROKEAHA.121.036800

Pluta, R., Januszewski, S., and Czuczwar, S. J. (2021). The role of gut microbiota in an
ischemic stroke. Int. J. Mol. Sci. 22, (2). doi: 10.3390/ijms22020915

Pu, B., Zhu, H., Wei, L., Gu, L., Zhang, S., Jian, Z., et al. (2023). The involvement of
immune cells between ischemic stroke and gut microbiota. Transl. Stroke Res.
doi: 10.1007/s12975-023-01151-7

Rustia, A. J., Paterson, J. S., Best, G., and Sokoya, E. M. (2021). Microbial disruption
in the gut promotes cerebral endothelial dysfunction. Physiol. Rep. 9, e15100.
doi: 10.14814/phy2.15100

Sadler, R., Cramer, J. V., Heindl, S., Kostidis, S., Betz, D., Zuurbier, K. R., et al. (2020).
Short-chain fatty acids improve poststroke recovery via immunological mechanisms. J.
Neurosci. 40, 1162–1173. doi: 10.1523/JNEUROSCI.1359-19.2019

Samuels, M. A. (2007). The brain-heart connection. Circulation 116, 77–84.
doi: 10.1161/CIRCULATIONAHA.106.678995

Samuelson, D. R., Gu, M., Shellito, J. E., Molina, P. E., Taylor, C. M., Luo, M., et al.
(2019). Intestinal microbial products from alcohol-fed mice contribute to intestinal
permeability and peripheral immune activation. Alcohol Clin. Exp. Res. 43, 2122–2133.
doi: 10.1111/acer.14176

Sapountzis, P., Segura, A., Desvaux, M., and Forano, E. (2020). An overview of the
elusive passenger in the gastrointestinal tract of cattle: the shiga toxin producing
escherichia coli. Microorganisms 8, (6). doi: 10.3390/microorganisms8060877

Schulthess, J., Pandey, S., Capitani, M., Rue-Albrecht, K. C., Arnold, I., Franchini, F.,
et al. (2019). The short chain fatty acid butyrate imprints an antimicrobial program in
macrophages. Immunity 50, 432–445.e437. doi: 10.1016/j.immuni.2018.12.018

Shih, D. M., Wang, Z., Lee, R., Meng, Y., Che, N., Charugundla, S., et al. (2015).
Flavin containing monooxygenase 3 exerts broad effects on glucose and lipid
metabolism and atherosclerosis. J. Lipid Res. 56, 22–37. doi: 10.1194/jlr.M051680

Shim, R., and Wong, C. H. Y. (2018). Complex interplay of multiple biological
systems that contribute to post-stroke infections. Brain Behav. Immun. 70, 10–20.
doi: 10.1016/j.bbi.2018.03.019

Singh, V., Roth, S., Llovera, G., Sadler, R., Garzetti, D., Stecher, B., et al. (2016).
Microbiota dysbiosis controls the neuroinflammatory response after stroke. J. Neurosci.
36, 7428–7440. doi: 10.1523/JNEUROSCI.1114-16.2016

Smith, L. K., and Wissel, E. F. (2019). Microbes and the mind: How bacteria shape
affect, neurological processes, cognition, social relationships, development, and
pathology. Perspect. Psychol. Sci. 14, 397–418. doi: 10.1177/1745691618809379

Sorboni, S. G., Moghaddam, H. S., Jafarzadeh-Esfehani, R., and Soleimanpour, S.
(2022). A comprehensive review on the role of the gut microbiome in human
neurological disorders. Clin. Microbiol. Rev. 35, e0033820. doi: 10.1128/CMR.00338-20

Spence, J. D. (2018). Diet for stroke prevention. Stroke Vasc. Neurol. 3, 44–50.
doi: 10.1136/svn-2017-000130

Stanley, D., Moore, R. J., and Wong, C. H. Y. (2018). An insight into intestinal
mucosal microbiota disruption after stroke. Sci. Rep. 8, 568. doi: 10.1038/s41598-017-
18904-8

Suzuki, K., and Nakajima, A. (2014). New aspects of IgA synthesis in the gut. Int.
Immunol. 26, 489–494. doi: 10.1093/intimm/dxu059

Tan, C., Wu, Q., Wang, H., Gao, X., Xu, R., Cui, Z., et al. (2021). Dysbiosis of gut
microbiota and short-chain fatty acids in acute ischemic stroke and the subsequent risk
for poor functional outcomes. JPEN J. Parenter Enteral Nutr. 45, 518–529. doi: 10.1002/
jpen.1861

Tian, P., O'Riordan, K. J., Lee, Y. K., Wang, G., Zhao, J., Zhang, H., et al. (2020).
Towards a psychobiotic therapy for depression: Bifidobacterium breve CCFM1025
reverses chronic stress-induced depressive symptoms and gut microbial abnormalities
in mice. Neurobiol. Stress 12, 100216. doi: 10.1016/j.ynstr.2020.100216
Frontiers in Cellular and Infection Microbiology 11
Tian, P., Zou, R., Song, L., Zhang, X., Jiang, B., Wang, G., et al. (2019). Ingestion of
Bifidobacterium longum subspecies infantis strain CCFM687 regulated emotional
behavior and the central BDNF pathway in chronic stress-induced depressive mice
through reshaping the gut microbiota. Food Funct. 10, 7588–7598. doi: 10.1039/
C9FO01630A

Tuz, A. A., Hasenberg, A., Hermann, D. M., Gunzer, M., and Singh, V. (2022).
Ischemic stroke and concomitant gastrointestinal complications- a fatal combination
for patient recovery. Front. Immunol. 13, 1037330. doi: 10.3389/fimmu.2022.1037330

Tyler Patterson, T., and Grandhi, R. (2020). Gut microbiota and neurologic diseases
and injuries. Adv. Exp. Med. Biol. 1238, 73–91. doi: 10.1007/978-981-15-2385-4_6

Ułamek-Kozioł, M., Czuczwar, S. J., Januszewski, S., and Pluta, R. (2020). Proteomic
and genomic changes in tau protein, which are associated with alzheimer's disease
after ischemia-reperfusion brain injury. Int. J. Mol. Sci. 21, (3). doi: 10.3390/
ijms21030892

Vallianou, N., Stratigou, T., Christodoulatos, G. S., Tsigalou, C., and Dalamaga, M.
(2020). Probiotics, prebiotics, synbiotics, postbiotics, and obesity: Current evidence,
controversies, and perspectives. Curr. Obes. Rep. 9, 179–192. doi: 10.1007/s13679-020-
00379-w

Victoria, E. C. G., Toscano, E. C. B., Oliveira, F. M. S., de Carvalho, B. A., Caliari, M.
V., Teixeira, A. L., et al. (2020). Up-regulation of brain cytokines and
metalloproteinases 1 and 2 contributes to neurological deficit and brain damage in
transient ischemic stroke. Microvasc Res. 129, 103973. doi: 10.1016/j.mvr.2019.103973

Wang, J., Liu, X., and Li, Q. (2023a). Interventional strategies for ischemic stroke
based on the modulation of the gut microbiota. Front. Neurosci. 17, 1158057.
doi: 10.3389/fnins.2023.1158057

Wang, T., Pan, C., Xie, C., Chen, L., Song, Z., Liao, H., et al. (2023c). Microbiota
metabolites and immune regulation affect ischemic stroke occurrence, development,
and prognosis. Mol. Neurobiol. 60, 6176–6187. doi: 10.1007/s12035-023-03473-x

Wang, Z., Roberts, A. B., Buffa, J. A., Levison, B. S., Zhu, W., Org, E., et al. (2015).
Non-lethal inhibition of gut microbial trimethylamine production for the treatment of
atherosclerosis. Cell 163, 1585–1595. doi: 10.1016/j.cell.2015.11.055

Wang, H., Song, W., Wu, Q., Gao, X., Li, J., Tan, C., et al. (2021). Fecal
transplantation from db/db mice treated with sodium butyrate attenuates ischemic
stroke injury. Microbiol. Spectr. 9, e0004221. doi: 10.1128/Spectrum.00042-21

Wang, L., Yang, L., Liu, H., Pu, J., Li, Y., Tang, L., et al. (2023b). C-reactive protein
levels and cognitive decline following acute ischemic stroke: A systematic review and
meta-analysis. Brain Sci. 13, (7). doi: 10.3390/brainsci13071082

Wang, J., Zhang, H., He, J., and Xiong, X. (2022). The role of the gut microbiota in
the development of ischemic stroke. Front. Immunol. 13, 845243. doi: 10.3389/
fimmu.2022.845243

Wattoo, M. A., Tabassum, M., Bhutta, K. R., Rafi, Z., Kaneez, M., Razzaq, M. T., et al.
(2021). Clinical and microbiological analysis of hospital-acquired pneumonia among
patients with ischemic stroke: A retrospective outlook. Cureus 13, e15214. doi: 10.7759/
cureus.15214

Wei, Y. H., Bi, R. T., Qiu, Y. M., Zhang, C. L., Li, J. Z., Li, Y. N., et al. (2023). The
gastrointestinal-brain-microbiota axis: a promising therapeutic target for ischemic
stroke. Front. Immunol. 14, 1141387. doi: 10.3389/fimmu.2023.1141387

Westendorp, W. F., Nederkoorn, P. J., Vermeij, J. D., Dijkgraaf, M. G., and van de
Beek, D. (2011). Post-stroke infection: a systematic review and meta-analysis. BMC
Neurol. 11, 110. doi: 10.1186/1471-2377-11-110

Westendorp, W. F., Vermeij, J. D., Brouwer, M. C., Roos, Y. B., Nederkoorn, P. J., and
van de Beek, D. (2016). Pre-stroke use of beta-blockers does not lower post-stroke
infection rate: An exploratory analysis of the preventive antibiotics in stroke study.
Cerebrovasc Dis. 42, 506–511. doi: 10.1159/000450926

Westendorp, W. F., Zock, E., Vermeij, J. D., Kerkhoff, H., Nederkoorn, P. J.,
Dijkgraaf, M. G. W., et al. (2018). Preventive Antibiotics in Stroke Study (PASS): A
cost-e ffect iveness s tudy . Neuro logy 90, e1553–e1560 . doi : 10 .1212/
WNL.0000000000005412

Widimsky, P., Snyder, K., Sulzenko, J., Hopkins, L. N., and Stetkarova, I. (2023).
Acute ischaemic stroke: recent advances in reperfusion treatment. Eur. Heart J. 44,
1205–1215. doi: 10.1093/eurheartj/ehac684

Wildgruber, M., Aschenbrenner, T., Wendorff, H., Czubba, M., Glinzer, A., Haller,
B., et al. (2016). The "Intermediate" CD14(++)CD16(+) monocyte subset increases in
severe peripheral artery disease in humans. Sci. Rep. 6, 39483. doi: 10.1038/srep39483

Wu, J., Fan, C. L., Ma, L. J., Liu, T., Wang, C., Song, J. X., et al. (2017). Distinctive
expression signatures of serummicroRNAs in ischaemic stroke and transient ischaemic
attack patients. Thromb. Haemost. 117, 992–1001. doi: 10.1160/TH16-08-0606

Wurtman, R. J. (2008). Synapse formation and cognitive brain development: effect of
docosahexaenoic acid and other dietary constituents. Metabolism 57 Suppl 2, S6–10.
doi: 10.1016/j.metabol.2008.07.007

Xia, G. H., You, C., Gao, X. X., Zeng, X. L., Zhu, J. J., Xu, K. Y., et al. (2019). Stroke
dysbiosis index (SDI) in gut microbiome are associated with brain injury and prognosis
of stroke. Front. Neurol. 10, 397. doi: 10.3389/fneur.2019.00397

Xie, Y., Zou, X., Han, J., Zhang, Z., Feng, Z., Ouyang, Q., et al. (2022). Indole-3-
propionic acid alleviates ischemic brain injury in a mouse middle cerebral artery
occlusion model. Exp. Neurol. 353, 114081. doi: 10.1016/j.expneurol.2022.114081

Yang, Y., Karampoor, S., Mirzaei, R., Borozdkin, L., and Zhu, P. (2023). The interplay
between microbial metabolites and macrophages in cardiovascular diseases: A
frontiersin.org

https://doi.org/10.5853/jos.2019.00472
https://doi.org/10.3390/ijms24109087
https://doi.org/10.17305/bb.2023.8893
https://doi.org/10.3389/fneur.2018.00937
https://doi.org/10.3389/fneur.2018.00937
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1523/JNEUROSCI.2574-18.2019
https://doi.org/10.1161/STROKEAHA.121.036800
https://doi.org/10.3390/ijms22020915
https://doi.org/10.1007/s12975-023-01151-7
https://doi.org/10.14814/phy2.15100
https://doi.org/10.1523/JNEUROSCI.1359-19.2019
https://doi.org/10.1161/CIRCULATIONAHA.106.678995
https://doi.org/10.1111/acer.14176
https://doi.org/10.3390/microorganisms8060877
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1194/jlr.M051680
https://doi.org/10.1016/j.bbi.2018.03.019
https://doi.org/10.1523/JNEUROSCI.1114-16.2016
https://doi.org/10.1177/1745691618809379
https://doi.org/10.1128/CMR.00338-20
https://doi.org/10.1136/svn-2017-000130
https://doi.org/10.1038/s41598-017-18904-8
https://doi.org/10.1038/s41598-017-18904-8
https://doi.org/10.1093/intimm/dxu059
https://doi.org/10.1002/jpen.1861
https://doi.org/10.1002/jpen.1861
https://doi.org/10.1016/j.ynstr.2020.100216
https://doi.org/10.1039/C9FO01630A
https://doi.org/10.1039/C9FO01630A
https://doi.org/10.3389/fimmu.2022.1037330
https://doi.org/10.1007/978-981-15-2385-4_6
https://doi.org/10.3390/ijms21030892
https://doi.org/10.3390/ijms21030892
https://doi.org/10.1007/s13679-020-00379-w
https://doi.org/10.1007/s13679-020-00379-w
https://doi.org/10.1016/j.mvr.2019.103973
https://doi.org/10.3389/fnins.2023.1158057
https://doi.org/10.1007/s12035-023-03473-x
https://doi.org/10.1016/j.cell.2015.11.055
https://doi.org/10.1128/Spectrum.00042-21
https://doi.org/10.3390/brainsci13071082
https://doi.org/10.3389/fimmu.2022.845243
https://doi.org/10.3389/fimmu.2022.845243
https://doi.org/10.7759/cureus.15214
https://doi.org/10.7759/cureus.15214
https://doi.org/10.3389/fimmu.2023.1141387
https://doi.org/10.1186/1471-2377-11-110
https://doi.org/10.1159/000450926
https://doi.org/10.1212/WNL.0000000000005412
https://doi.org/10.1212/WNL.0000000000005412
https://doi.org/10.1093/eurheartj/ehac684
https://doi.org/10.1038/srep39483
https://doi.org/10.1160/TH16-08-0606
https://doi.org/10.1016/j.metabol.2008.07.007
https://doi.org/10.3389/fneur.2019.00397
https://doi.org/10.1016/j.expneurol.2022.114081
https://doi.org/10.3389/fcimb.2024.1334581
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fcimb.2024.1334581
comprehensive review. Int. Immunopharmacol 121, 110546. doi: 10.1016/
j.intimp.2023.110546

Yang, Z., Wei, F., Zhang, B., Luo, Y., Xing, X., Wang, M., et al. (2022). Cellular
immune signal exchange from ischemic stroke to intestinal lesions through brain-gut
axis. Front. Immunol. 13, 688619. doi: 10.3389/fimmu.2022.688619

Yang, J., Zhou, G., Ou, Z., Jia, N., and Wang, D. (2021). The effect and mechanism of
exercise training on rats with poststroke depression based on the intestinal flora.
Comput. Math Methods Med. 2021, 3567447. doi: 10.1155/2021/3567447

Ye, D., Hu, Y., Zhu, N., Gu, W., Long, G., Tao, E., et al. (2021). Exploratory
investigation of intestinal structure and function after stroke in mice. Mediators
Inflammation 2021, 1315797. doi: 10.1155/2021/1315797

Yoshimura, S., Toyoda, K., Ohara, T., Nagasawa, H., Ohtani, N., Kuwashiro, T., et al.
(2008). Takotsubo cardiomyopathy in acute ischemic stroke. Ann. Neurol. 64, 547–554.
doi: 10.1002/ana.21459

Yu, T., Guo, F., Yu, Y., Sun, T., Ma, D., Han, J., et al. (2017). Fusobacterium
nucleatum promotes chemoresistance to colorectal cancer by modulating autophagy.
Cell 170, 548–563.e516. doi: 10.1016/j.cell.2017.07.008

Yu, X., Zhou, G., Shao, B., Zhou, H., Xu, C., Yan, F., et al. (2021). Gut microbiota
dysbiosis induced by intracerebral hemorrhage aggravates neuroinflammation in mice.
Front. Microbiol. 12, 647304. doi: 10.3389/fmicb.2021.647304

Yuan, B., Lu, X. J., and Wu, Q. (2021a). Gut microbiota and acute central nervous
system injury: A new target for therapeutic intervention. Front. Immunol. 12, 800796.
doi: 10.3389/fimmu.2021.800796

Yuan, Q., Xin, L., Han, S., Su, Y., Wu, R., Liu, X., et al. (2021b). Lactulose improves
neurological outcomes by repressing harmful bacteria and regulating inflammatory
reactions in mice after stroke. Front. Cell Infect. Microbiol. 11, 644448. doi: 10.3389/
fcimb.2021.644448

Zbesko, J. C., Frye, J. B., Becktel, D. A., Gerardo, D. K., Stokes, J., Calderon, K., et al.
(2021). IgA natural antibodies are produced following T-cell independent B-cell
activation following stroke. Brain Behav. Immun. 91, 578–586. doi: 10.1016/
j.bbi.2020.09.014
Frontiers in Cellular and Infection Microbiology 12
Zhang, Q., Deng, P., Chen, S., Xu, H., Zhang, Y., Chen, H., et al. (2023b).
Electroacupuncture and human iPSC-derived small extracellular vesicles regulate the
gut microbiota in ischemic stroke via the brain-gut axis. Front. Immunol. 14, 1107559.
doi: 10.3389/fimmu.2023.1107559

Zhang, W., Dong, X. Y., and Huang, R. (2022). Gut microbiota in ischemic stroke:
role of gut bacteria-derived metabolites. Transl. Stroke Res. 14, 811–828. doi: 10.1007/
s12975-022-01096-3

Zhang, H., Huang, Y., Li, X., Han, X., Hu, J., Wang, B., et al. (2021). Dynamic process
of secondary pulmonary infection in mice with intracerebral hemorrhage. Front.
Immunol. 12, 767155. doi: 10.3389/fimmu.2021.767155

Zhang, P., Wang, R., Qu, Y., Guo, Z. N., and Yang, Y. (2023a). Gut microbiota-
derived metabolite trimethylamine-N-oxide and stroke outcome: a systematic review.
Front. Mol. Neurosci. 16, 1165398. doi: 10.3389/fnmol.2023.1165398

Zhang, H., and Yao, G. (2023). Significant correlation between the gut microbiota-
derived metabolite trimethylamine-N-oxide and the risk of stroke: evidence based on 23
observational studies. Eur. J. Clin. Nutr. 77, 731–740. doi: 10.1038/s41430-022-01104-7

Zhao, L., Xiao, J., Li, S., Guo, Y., Fu, R., Hua, S., et al. (2023). The interaction between
intestinal microenvironment and stroke. CNS Neurosci. Ther. 29 Suppl 1, 185–199.
doi: 10.1111/cns.14275

Zhao, Y., Zhou, C., Guo, X., Hu, G., Li, G., Zhuang, Y., et al. (2021). Exposed to
mercury-induced oxidative stress, changes of intestinal microflora, and association
between them in mice. Biol. Trace Elem Res. 199, 1900–1907. doi: 10.1007/s12011-020-
02300-x

Zhou, Y., Chen, Y., He, H., Peng, M., Zeng, M., and Sun, H. (2023). The role of the
indoles in microbiota-gut-brain axis and potential therapeutic targets: A focus on
human neurological and neuropsychiatric diseases. Neuropharmacology 239, 109690.
doi: 10.1016/j.neuropharm.2023.109690

Zou, X., Wang, L., Xiao, L., Wang, S., and Zhang, L. (2022). Gut microbes in
cerebrovascular diseases: Gut flora imbalance, potential impact mechanisms and
promising treatment strategies. Front. Immunol. 13, 975921. doi: 10.3389/
fimmu.2022.975921
frontiersin.org

https://doi.org/10.1016/j.intimp.2023.110546
https://doi.org/10.1016/j.intimp.2023.110546
https://doi.org/10.3389/fimmu.2022.688619
https://doi.org/10.1155/2021/3567447
https://doi.org/10.1155/2021/1315797
https://doi.org/10.1002/ana.21459
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.3389/fmicb.2021.647304
https://doi.org/10.3389/fimmu.2021.800796
https://doi.org/10.3389/fcimb.2021.644448
https://doi.org/10.3389/fcimb.2021.644448
https://doi.org/10.1016/j.bbi.2020.09.014
https://doi.org/10.1016/j.bbi.2020.09.014
https://doi.org/10.3389/fimmu.2023.1107559
https://doi.org/10.1007/s12975-022-01096-3
https://doi.org/10.1007/s12975-022-01096-3
https://doi.org/10.3389/fimmu.2021.767155
https://doi.org/10.3389/fnmol.2023.1165398
https://doi.org/10.1038/s41430-022-01104-7
https://doi.org/10.1111/cns.14275
https://doi.org/10.1007/s12011-020-02300-x
https://doi.org/10.1007/s12011-020-02300-x
https://doi.org/10.1016/j.neuropharm.2023.109690
https://doi.org/10.3389/fimmu.2022.975921
https://doi.org/10.3389/fimmu.2022.975921
https://doi.org/10.3389/fcimb.2024.1334581
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Role of the gut microbiota in complications after ischemic stroke
	1 Introduction
	2 Gut microbiota and IS
	3 Impact of the gut microbiota on Post-IS complications
	3.1 Gut microbiota and PSCI and PSD
	3.2 Gut microbiota and HT
	3.3 Gut microbiota and post-IS gastrointestinal dysfunction
	3.4 Gut microbiota and post-IS cardiovascular events
	3.5 Gut microbiota and PSI

	4 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


