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Abstract 

The gut contains the largest reservoir of microorganisms of the human body, termed as the gut microbiota which 
emerges as a key pathophysiological factor in health and disease. The gut microbiota has been demonstrated to 
influence various brain functions along the “gut-brain axis”. Stroke leads to intestinal dysmotility and leakiness of 
the intestinal barrier which are associated with change of the gut microbiota composition and its interaction with 
the human host. Growing evidence over the past decade has demonstrated an important role of these post-stroke 
changes along the gut-brain axis to contribute to stroke pathology and be potentially druggable targets for future 
therapies. The impact of the gut microbiota on brain health and repair after stroke might be attributed to the diverse 
functions of gut bacteria in producing neuroactive compounds, modulating the host’s metabolism and immune 
status. Therefore, a better understanding on the gut-brain axis after stroke and its integration in a broader concept of 
stroke pathology could open up new avenues for stroke therapy. Here, we discuss current concepts from preclinical 
models and human studies on the bi-directional communication along the microbiota-gut-brain axis in stroke.
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Background and introduction
Stroke is the second largest cause of death after ischemic 
heart disease worldwide, with ischemic stroke accounting 
for 60–85% of cases depending on regional epidemiol-
ogy [1, 2, 3]. Currently, thrombolysis with recombinant 
tissue plasminogen activator (rt-PA) and endovascu-
lar thrombectomy given in the hyperacute phase after 
ischemic stroke onset are still the only effective therapies 
[4, 5]. Due to the narrow therapeutic time window and 
safety concerns, the clinical indications for thromboly-
sis and mechanical thrombectomy are limited and most 
stroke patients do not receive a specific acute stroke 
treatment [6].

Circulating humoral and cellular factors, including 
immune cells, metabolites and cytokines/chemokines 
have been increasingly recognized to play a critical role in 
stroke pathophysiology [7, 8]. Therefore, such circulating 
mediators and immune cells between peripheral organs 
and the ischemic brain have received growing attention 
as promising therapeutic targets for stroke treatment.

In this regard, the gut microbiota—the highly complex 
communities of microorganisms that inhabit the intes-
tinal tract—has become a focus of biomedical research, 
as the gut microbiota is a critical superorganism that 
regulates many physiological functions of the host. The 
homeostasis of the gut microbiota affects not only the 
gastrointestinal tract (GIT) environment, but also dis-
tant organs, including the brain [9]. Early colonization 
of the gut microbiome is crucial for brain function and 
behavior, as its absence results in blood–brain barrier 
(BBB) damage, altered synaptic plasticity, and deficits in 
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social behavior [10]. Germ-free (GF) mice also exhibit 
an immature microglia phenotype, leading to reduced 
immune responses [11]. The bidirectional communica-
tion between gut and brain suggests a key role for the 
gut microbiota through regulation of host metabolism, 
immune system and vascular function [12]. In addition, 
the gut microbiota can also influence the central nerv-
ous system (CNS) via the vagus nerve (VN) by transmit-
ting signals from the gut microbiota to the brain and vice 
versa, both in health and disease [13], including stroke 
[14, 15]. In this review, we focus on the role of the gut 
microbiota in ischemic stroke and discuss the current 
state of knowledge on the impact of the microbiota on 
disease outcome and the potential mechanisms involved 
in these interactions.

Changes of the gut microbiota composition 
after stroke
Several preclinical and human studies have demonstrated 
changes in the gut microbiota composition after ischemic 
stroke [16, 17, 18]. Among these changes, high-level 
associations such as an increase in members of Entero-
bacteriaceae and a decrease in SCFA-producing bacteria 
have been consistently shown by several groups [18, 19, 
20]. Despite this, evidence of the involvement of specific 
types of bacteria or metabolites produced by the micro-
biota have not yet been identified.

We have previously demonstrated in a mouse stroke 
model a reduction in species diversity and overgrowth 
of bacteria of the genus Bacteroidetes in the gut [17]. 
Another study found that in the intestine of cynomol-
gus monkeys, the concentrations of the genera Bacteroi-
detes and Prevotella increased significantly after inducing 
experimental stroke, while the concentrations of the gen-
era Firmicutes and Faecalibacterium decreased [21].

Analysis of gut microbiota composition in stroke 
patients confirmed the shift in microbial communities, 
with a correlation between stroke severity and the degree 
of gut microbiota changes [19, 22, 23]. Similarly, in mice, 
the changes in the microbiota composition is more pro-
nounced after severe in comparison to a minor ischemic 
brain injury [17, 23]. However, when analyzing bacterial 
diversity and specific bacteria taxa, substantial differ-
ences can be observed between clinical and experimen-
tal studies. Importantly, studies reported an increase in 
diversity in stool samples from stroke patients in com-
parison to asymptomatic controls [23] or no change in 
microbiota diversity between sham operated and stroke 
mice [24]. Others observed a reduced diversity with loss 
of certain bacterial taxa and overgrowth of others in both 
experimental models and in patients [19, 22] suggest-
ing that the degree of diversity does not correlate with 
the stroke severity. Other studies observed an overall 

reduction of the Firmicutes, with a concomitant over-
growth of Bacteroidetes [17, 25]. However, when analyz-
ing microbiota changes at lower taxonomic ranks, there 
is a lack of consistency regarding the specific bacterial 
changes in clinical and experimental stroke [26, 27].

Alterations in the gut microbiota composition has been 
associated with the other diseases that present risk fac-
tors for ischemic stroke. Significant microbial perturba-
tions have been observed in inflammatory bowel diseases 
(including Crohn’s disease and ulcerative colitis) which in 
turn resembles a relevant risk factor for ischemic stroke 
[28, 29]. In addition, the composition of gut bacteria in 
a high-risk population for stroke and cardiovascular 
disease also differs from that of the general population. 
Compared to the low stroke risk group, higher concen-
trations of opportunistic pathogens were found in the 
high-risk group, with Enterobacteriaceae being the most 
notable difference. Patients of the high-risk group had 
decreased levels of butyric acid-producing bacteria such 
as Lachnospiraceae and Ruminococcaceae [30]. An other 
study showed association with specific gut microbiota 
taxa and an increased risk of stroke-associated pneumo-
nia [31]. These findings may suggest that disturbances 
in gut microbial homeostasis are associated with an 
increased risk of ischemic stroke. Therefore, analysis of 
gut microbiota composition could be an additional, and 
pathophysiologically relevant, biomarker for stroke pre-
diction which should be further investigated in future 
studies on stroke risk factors. However, clinical data on 
the association between microbiota composition and 
stroke risk is rather sparse and does not provide a direct 
directionality or causality. Therefore, further prospective 
observational studies in high cardiovascular risk cohorts 
are required to test the potential predictive value of 
microbiota composition for cerebrovascular events.

The gut microbiota also varies among stroke patients 
in different age groups. The incidence of stroke is closely 
related to age, with approximately 70–80% of ischemic 
strokes occurring in people older than 65 years [32] and 
age plays an important role in stroke incidence and prog-
nosis [33, 34]. The composition of the gut microbiota can 
be influenced by the environment, diseases and dietary 
habits, as well as age and gender differences [35]. The 
composition of the gut microbiota changes with age and 
its diversity decreases. When the gut microbial health is 
affected by environmental factors or aging, it can nega-
tively affect physiological functions of the host and is 
thought to have an impact on age-related neurodegen-
erative diseases such as Alzheimer’s disease, Parkinson’s 
disease, and Huntington’s disease [26, 36, 37]. Bacteroi-
detes and Firmicutes predominate in the gut microbiota 
of young and elderly people. During aging, the relative 
abundance of Firmicutes increases, SCFA-producing 
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bacteria and butyric acid levels decrease [38, 39]; cor-
respondingly, permeability across the intestinal barrier 
is significantly higher in older adults [40]. A preclinical 
study in mice found that stroke outcomes in aged mice 
could be improved by transplanting the microbiota of 
young mice. Conversely, after acquiring the microbiome 
of aged mice, younger mice showed increased dysfunc-
tion after stroke [25, 40]. Furthermore, alteration of the 
gut microbiota associated with age was shown to be an 
independent risk factor for post-stroke infection, with 
older mice having a higher incidence and severity of post-
stroke lung infection [41, 43]. This was related to a reduc-
tion  of intestinal barrier integrity,  translocation  of 
intestinal bacteria into peripheral tissues  and  accom-
panied by a higher levels of circulating pro-inflamma-
tory cytokines in aged mice in comparison to younger 
mice  [25, 41–43].  Stroke-associated with lung infection 
was suggested to be the consequence of bacteria dissem-
ination from the gut to the lungs [44].  It remains to be 
defined whether the gut microbiota is involved in worse 
outcome  in elderly stroke patients and the development 
of post-stroke lung infection.

Additionally, sex is an important factor influenc-
ing the microbiota and post-stroke changes in bacterial 
composition. Men and women have been demonstrated 
in several studies to differ in the abundance of common 
bacterial taxa, such as Bacteroidetes [45]. There are also 
differences between the sexes in terms of post-stroke out-
comes. Several studies have shown that women recover 
better than men after stroke [46]. Yet, in elderly patients, 
women have a significantly worse prognosis than men. 
This suggests that estrogen may play a protective role in 
women in the development of stroke. However, sex dif-
ferences on microbiota aging might also play a crucial 
role in this phenomenon and consecutive effects on the 
expression of bacterial metabolites after stroke. Indeed, 
fecal butyric acid levels were significantly lower in men 
than in women after stroke [47], but LPS levels were 
found to be higher in men. In experimental stroke mod-
els, gut permeability was higher in male mice, suggest-
ing that the male might by more susceptible to bacterial 
translocation and potential infection with gut-derived 
bacteria after stroke [47, 48].

Mediators along the gut‑brain‑axis after stroke
T cells
In permanent contact with the microbiome, epithelial 
and immune cells in the gut have evolved their capac-
ity to maintain a homeostatic state by defending host 
integrity while promoting tolerogenic responses to com-
mensal microbes. Under healthy conditions, pro- and 
anti-inflammatory mechanisms balance each other to 
preserve tissue homeostasis [49].

T lymphocytes play a crucial role in stroke progres-
sion. In particular the pro-inflammatory lymphocyte 
γδT-IL-17+ cells have been shown to promote lesion 
development, whereas the anti-inflammatory Treg cell 
population is mainly neuroprotective and involved in 
tissue recovery in the chronic phase [50, 51]. The dys-
biotic microbiome was associated with an increase of 
CD4+-IL-17 cells in the gut and IL-17 expression in the 
brain [17]. Additionally, colonization of GF mice with a 
microbiome from conventionally housed mice was neu-
roprotective and showed a T cell response in the gut and 
in the brain, suggesting that mice with a conventional 
microbiome generate an adequate lymphocyte- driven 
immune reaction in response to brain injury and trigger 
tissue protection. Importantly, the microbiome-mediated 
brain protection was absent in lymphocyte-deficient 
mice [52]. Interestingly, it was highlighted that environ-
mental factors modulating the gut microbiome are also 
important in mounting an inflammatory response in the 
gut. Indeed, mice from diverse commercial breeders have 
a substantial variation in their microbiota composition 
and this influences the intestinal T cell response and the 
impact on stroke [53]. In an other study, the key role of 
immune cell educated by the gut microbiome has been 
shown to have a considerable impact on stroke otucome. 
Bacterial priming of dendritic cells resulted in an expan-
sion of regulatory T cells (Treg) in the gut, which secrete 
IL-10 to suppress the frequency of the pro-inflammatory 
IL-17+ γδT cells. Although this modulation of immune 
cells by the microbiota occurs in the gut, its effects were 
relayed to the brain, through T cell migration from the 
gut to the meninges [54]. These findings highlight a direct 
connection along the gut-brain axis via intestinal T cells 
regulating the neuroinflammatory response to stroke 
(Fig. 1).

Vagus nerve
Previous topical reviews have described in detail the 
role of the autonomous nervous system in brain-body 
connection after stroke, e.g. [55]; here we want to focus 
instead on the afferent function of the vagus nerve as a 
well-characterized link between gut microbiome and 
brain. The vagus nerve (VN) provides bi-directional neu-
ronal “hardwiring” and is a privileged mediator of the 
microbiome’s effect on brain function. This nerve regu-
lates gut motility, secretions and inflammatory responses 
[56]. Studies in rodents demonstrate that following 
lipopolysaccharide (LPS) injection, VN releases acetyl-
choline in the gut and suppresses secretion of TNF-α by 
gut resident macrophages. Regulation of inflammation by 
the efferent VN is both local and systemic [57]. A func-
tional role of the VN has been mainly studied in primary 
neurodegenerative disorders with clinical relevance, 
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particularly in Parkinson’s disease. Several studies using 
vagotomy to study the role of the VN have suggested its 
causal role in Parkinson’s disease pathophysiology as a 
link between the gut microbiome environment and the 

cerebral pathology. In ischemic stroke, the vagus nerve 
has been widely studied, both for its afferent and effer-
ent function, to modulate neuroinflammation and neu-
ronal plasticity after stroke [58, 59]. Stimulation of the 
vagus nerve has been recently shown to ameliorate motor 
function in stroke patients [60]. However, in contrast to 
neurodegenerative disorders, the function of the VN to 
mediate changes in the gut microbiome and the recov-
ering brain after stroke has been barely studied [61, 62]. 
It is unknown whether the clinically proven efficacy of 
VN stimulation [60] would be (partially) mediated via 
changes in the gut microbiota composition to improve 
post-stroke recovery. Indeed, this clinical study did not 
analyze effects on gut microbiota composition between 
the intervention groups and potential effects of direct VN 
stimulation on the gut microbiome which will require 
analysis in future studies. Therefore, despite convincing 
findings demonstrating per se for a potential involvement 
of the VN also in acute [63] brain diseases including 
stroke, its role in linking the gut microbiome to specific 
stroke pathophysiology requires further investigation.

Microbial metabolites
Small molecules from the gut microbiome form the 
molecular basis of host-microbiome interactions. Some 
of these molecules, bacterial metabolites, have been 
shown to affect host physiology and play an important 
role in stroke pathology (Fig. 1).

Short‑chain fatty acids
When intestinal bacteria break down dietary fiber, 
large amounts of short-chain fatty acids (SCFA) are 
produced in the gut: acetate, propionate and butyrate. 
SCFAs improve intestinal motility, reduce inflammatory 
cytokines, and regulate adaptive immune tolerance and 
levels of gut hormones and neuropeptides [64]. SCFAs 
have an immunomodulatory function and induce dif-
ferentiation of T cells into effector or regulatory cells 
depending on the immunological environment [65]. Fur-
thermore, SCFAs are directly linked to brain function; 
for example, monocolonization of butyrate-producing 
bacteria restores BBB integrity and plays a key role in 
microglial maturation [11]. Recently, we have shown that 
SCFA supplementation in mice prior to stroke improves 
behavioral recovery, alters cortical network connectivity, 
and modifies histological markers of synaptic plasticity, 
which is associated with improved long-term stroke out-
comes [66]. These effects were associated with changes in 
microglial morphology toward a homogenized transcrip-
tome signature. This study showed for the first time that 
gut SCFA metabolites are involved in post-stroke recov-
ery [66]. Another recent study in aged mice showed that 
SCFA levels decrease with aging and contribute at least 

Fig. 1  Microbiome-Gut-Brain axis in stroke. Current concept of the 
main pathways along the bidirectional gut-brain interaction. Here 
depicted are the 3 main pathways of brain to gut communication: 
(1) immune cells via the blood circulation, (2) vagus nerve axis and 
(3) systemically circulating bacterial metabolites released by the 
intestinal microbiota
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in part to poorer stroke outcome in aged mice [40]. Ther-
apeutic administration of probiotic inulin and SCFA-pro-
ducing bacteria to elderly mice after stroke significantly 
improved stroke prognosis. Also in this study, a signifi-
cant reduction of IL-17 + γδ T cells was observed in the 
brains of aged mice treated with SCFA-producing bacte-
ria compared to vehicle-treated controls. This may sug-
gest that SCFAs reduce inflammation induced by IL-17 
+ γδ T cells after stroke [40]. In both studies, SCFAs 
appeared to reduce the frequency of pro-inflammatory T 
cells in the brain after stroke, but whether SCFAs directly 
affect T cell polarization and migration remains to be 
fully elucidated.

Tryptophan metabolites
Tryptophan is an essential amino acid sourced from the 
diet that can be metabolized via three different pathways: 
the kynurenine pathway, mainly by immune cells and epi-
thelial cells, the serotonin pathway by enterochromaffin 
cells and the indole pathway by the gut microbiota [67]. 
The kynurenine pathway accounts for more than 90% of 
tryptophan metabolism and is implicated in a number of 
neurodegenerative diseases [68] and acute brain disor-
ders. Several studies have shown that increased trypto-
phan catabolism via the kynurenine pathway is positively 
correlated with stroke severity in patients and may be 
associated with stroke-induced inflammation [69, 70].

The indole breakdown products of tryptophan are pro-
duced by several bacterial species and act as important 
immunomodulators [71, 72]. Indole metabolites bind to 
the aryl hydrocarbon receptor (AHR), a transcription 
factor originally shown to act as detoxicant and recently 
involved in modulating the immune response. AHR is 
expressed in various immune cells of the innate and 
adaptive immune system, including pro-inflammatory 
TH17, anti-inflammatory Treg cells, dendritic cells and 
brain resident glial cells [73, 74, 75]. AHR-deficiency 
has been shown to improve experimental stroke out-
come, associated with reduced neuroinflammation and 
increased neuronal differentiation [76]. Hence, tryp-
tophan degradation products from microbiota may be 
interesting targets for modulating immunological and 
neuronal responses to brain injury.

Bile acids
Bile acids are synthetized in the liver from cholesterol 
and secreted into the intestinal tract to facilitate the 
digestion and absorption of dietary lipids. Once in the 
small intestine the two main primary bile acids cholic 
acid and chenodeoxycholic acid are further metabolized 
by the intestinal microbiota to produce secondary bile 
acids.

Both primary and secondary bile acids have roles 
beyond their lipid detergents properties, and can func-
tion as potent immunomodulators [77]. The bile acids-
receptors farnesoid X nuclear receptor (FXR) and G 
protein-coupled bile acid receptor 1 (GPBAR1 or Takeda 
G-protein receptor 5) are expressed by different immune 
cells regulating the balance between immunity and tol-
erance. For example, FXR-deficient macrophages are 
polarized towards a pro-inflammatory phenotype at 
homeostatic states and secrete increased levels of pro-
inflammatory cytokines [78, 79]. Bile acids are also 
capable of crossing the blood–brain barrier and interact-
ing directly with local brain cells. Previous reports have 
demonstrated a direct effect on neuronal function by 
circulating bile acids [80]. In experimental stoke mod-
els, intravenous administration of the synthetic tau-
roursodeoxycholic acid (TUDCA) is neuroprotective, 
improves neurologic functions and reduces the infarct 
size [81]. Correspondingly, TUDCA was also effective in 
a traumatic brain injury model to improve outcome by 
reducing apoptotic neuronal cell death [82]. Moreover, 
treatment with TUDCA was associated with anti-inflam-
matory effects in a model of neuroinflammation, result-
ing in reduced glial activation and  migratory capacity  
[83]. In summary, bile acid modulation through the gut 
microbiota represents an attractive therapeutic option 
for the treatment of brain injury since they exert anti-
inflammatory activity, lessen neuronal cell death, as well 
as inhibit monocyte trafficking and induce tolerogenic T 
cells in the gut [84, 85].

Therapeutic approaches to modulate the gut 
microbiome after stroke
Dietary interventions
Dietary regulation is an important measure to improve 
the prognosis of stroke and has emerged as an estab-
lished component of life-style interventions in order to 
reduce neurovascular risk [86]. Most clinical guidelines 
recommend a diet that reduces saturated fat and choles-
terol intake and an increase in fruit and vegetable diet as 
a source of increased fiber intake; this can increase the 
level of SCFAs production by the gut microbiota which 
use fiber as a fermentation source. For example, resistant 
starches (such as whole grains and legumes) and fructo-
oligosaccharides as metabolic food source can increase 
butyric acid production in the gut [87].

Energy control is an effective way to promote good 
health and reshape the intestinal symbiotic microbiome. 
Some studies suggest that energy restriction to 60–70% 
of the recommended intake is protective against ischemic 
stroke [88]. The protective effect of energy control on 
brain injury after stroke may be realized by promoting 
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glycogen metabolism and adiponectin expression [89, 
90]. Caloric restriction resulted in significant changes 
in the composition of the gut microbiota, with a spe-
cific enrichment of Bifidobacteria, which was associated 
with improved functional outcome in mice subjected to 
ischemic stroke [91].

Probiotics and prebiotics
Probiotics are a group of living gut microorganisms that 
are widely believed to be beneficial to the host. Probiot-
ics may protect tissue from damage by alteration of tis-
sue homeostasis, for example by reduction of oxygen 
free radical production. As such, probiotics can inhibit 
the production of pro-inflammatory cytokines including 
TNF-α in vivo, promote the generation of anti-inflamma-
tory cytokines, and increase anti-oxidant pathways [92]. 
Previous studies have demonstrated significant reduction 
in stroke severity in mice with focal brain ischemia which 
received supplementation with probiotics mainly from 
the Bifidobacterium and Lactobacillus taxa [93]. Pretreat-
ment with Clostridium butyricum was shown to effec-
tively inhibit apoptosis in a rat stroke model, resulting in 
improved functional outcome [94]. In addition, regular 
consumption of lactobacillus probiotics can also alter the 
expression of brain-derived neurotrophic factor (BDNF) 
receptors and increase BDNF concentrations in the brain, 
which can promote recovery after brain ischemia [95].

The most common prebiotics are oligosaccharides—
known to have no direct biological activity, being non-
digestible and degraded by the gut microbiota—such as 
lactulose oligosaccharide, isomaltose oligosaccharide, 
fructose-oligosaccharide, lactulose oligosaccharide and 
inulin. After entering the lower intestinal tract, prebiot-
ics can be hydrolyzed and used as nutrients by diverse 
microbiota, hence, promoting the growth and diversity of 
these bacteria, particularly metabolically more demand-
ing bacteria. In addition, prebiotics can regulate intesti-
nal homeostasis by increased production of SCFAs and 
regulation of mucin production, which in turn affects 
function of intestinal immune cells [96]. In one meta-
analysis, probiotics/prebiotics effectively reduced the 
incidence and severity of pneumonia during hospitali-
zation in critically ill patients [97]. These findings could 
suggest that the use of probiotics/prebiotics could play 
a disease-modulating role in severely ill stroke patients 
with impaired microbiota composition and intestinal 
function.

Fecal microbiome transplantation
The transfer of the entire gut microbiota from the stool of 
a healthy donor to the patient’s intestinal tract is known 
as fecal microbiome transplantation (FMT). The tech-
nique is already being used to treat patients with some 

forms of severe bacterial infections mainly of the intes-
tinal tract [98]. In addition, FMT intervention has been 
shown to potentially relieve symptoms in patients with 
Parkinson’s disease and reduce autism in children with 
autism disorder [99]. However, because the gut micro-
biota also may cause disease, e.g. by transfer of poten-
tially harmful bacteria to the specific recipient host, 
it is important to select suitable healthy FMT donors. 
Transplantation of feces which was either selected or 
enriched to contain potentially beneficial bacterial taxa 
(e.g. SCFA-producing bacteria) has been shown to regu-
late the composition of intestinal microbes, resulting in 
improved intestinal wall integrity and reduced intesti-
nal leakage in rats subjected to ischemic stroke [100]. In 
addition, transplantation of the fecal microbiome from 
young mice to aged animals that were subjected to exper-
imental stroke improved stroke outcome [25]. Similarly, 
transplantation of feces which was enriched in butyrate-
producing bacteria reduced ischemic stroke injury in dia-
betic mice [101]. Whereas there is no information yet on 
the beneficial effect of FMT in stroke patients, a recent 
study performed FMT of patients with post-stroke cogni-
tive impairments (PSCI) into mouse recipients subjected 
to stroke [102]. They were able to recapitulate the pro-
inflammatory profile of PSCI patients which was associ-
ated with cognitive deficits, an increase in brain barrier 
permeability and hippocampal neuronal death in the 
mouse recipients. These deleterious effects were reversed 
by the supplementation of the SCFA sodium butyrate 
[102].

Use of antibiotics in stroke patients
Approximately 30% of stroke patients experience a bac-
terial infection within 1 week of incident stroke [103], 
therefore a significant number of patients receive early 
anti-infective therapy with antibiotics, which often 
include a combination of broad-spectrum antibacterial 
drugs, despite often a lack of proven bacterial infection 
but based on a clinical criteria. However, clinical trials 
on the prophylactic use of antibiotics in stroke patients 
did not demonstrate a benefit for patient outcome 
[104]. Compared with standard treatment regimen, 
prophylactic use of antibiotics in stroke patients did not 
improve the long-term neurological status or mortality 
and had no significant effects on the incidence of post-
stroke complications such as pneumonia. Moreover, a 
surprisingly large fraction of stroke patients are falsely 
diagnosed with supposed infection in case of only a 
sterile inflammatory immune response to the cerebral 
tissue injury without pathogenic infection [103, 105, 
106, 107, 108]. Further studies have shown that exten-
sive alteration of the gut microbiome by untargeted use 
of broad-spectrum antibiotics prior inducing ischemic 
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stroke can substantially affect stroke outcomes being 
either beneficial or detrimental [54, 109]. When sin-
gle antibiotic administration was used, ampicillin or 
vancomycin showed neuroprotective effect but not for 
the antibiotic compound neomycin which aggravated 
stroke outcomes [54, 110]. These different effects may 
be related to changes in the composition of intestinal 
flora or due to direct neurotoxic/-protective effects of 
the antibiotics. Importantly, acute treatment of mice 
with an antibiotic cocktail failed to improve stroke 
outcome [110]. Therefore, further work is needed to 
explore whether specific antibiotics can have a ben-
eficial effect on the prognosis of patients with ischemic 
stroke and use this information to guide more targeted 
and individualized use of antibiotics in stroke patients.

Conclusion and outlook
While the gut microbiota has received much attention in 
the context of immunology, metabolomic disorder and 
other brain diseases such as Alzheimer’s disease and Par-
kinson’s disease, its intricate function in the pathophysi-
ology of ischemic stroke is just starting to be broadly 
recognized with first reports on this topic starting only 
in 2015 [23, 111]. Several preclinical studies over the past 
years and first clinical observational trials have described 
changes in the gut microbiota composition after stroke 
and linked these changes to physiological changes which 
might affect acute stroke outcome and even more so the 
chronic recovery after stroke. These changes along the 
so-called “gut-brain-axis” include major effects on the 
immune response to stroke, but also potentially direct 
neuromodulatory effects by soluble mediators (metabo-
lites) produced by the gut bacteria or via the afferent 
function of the vagus nerve.

Open questions
While a modulatory function of the gut microbiota in the 
stroke pathophysiology is by now unequivocally demon-
strated in several independent studies, key open ques-
tions on the mechanisms of microbiota-brain interaction 
remain to be answered. These include, but are not limited 
to, the question on the exact mechanism of the microbi-
ota-host interaction. While multiple modes of interaction 
have been discussed and some have been studied in more 
detail also in the context of stroke (see above sections), a 
more detailed understanding on how changes of microbi-
ota composition are able to change the remote inflamma-
tory response in the brain and the regenerative capacity 
of the brain after stroke is yet to be elaborated. Also the 
potential long-term consequences of stroke on gut and 
microbial function are still insufficiently described; yet, 

a better knowledge of the gut-brain interaction in the 
chronic phase might be of particular interest to further 
study and develop microbiota-targeted interventions as 
a supplementary therapy for post-stroke rehabilitation 
(Fig. 2).

Clinical intervention trials
Clinical studies on the gut microbiota in stroke have 
so far been mainly observational in that they described 
changes in microbiota composition in the acute phase 
after stroke onset and its correlation with clinical 
parameters and prognostic factors. Only few interven-
tional trials using probiotics have so far been reported, 
all of these studies have been performed in China with 
small population sizes each, different probiotic compo-
sition and only very limited information on the treat-
ment efficacy. Nevertheless, a recent meta-analysis 
of these so far published interventional studies has 
observed a significant reduction in hospitalization 
days after stroke but no effect on NIHSS stroke sever-
ity [112]. Therefore, more studies with larger cohorts, 
improved study design and mechanistic information 
on the achieved effects on microbiota composition, 
immunity and functional outcome are warranted. Cur-
rently, four such studies are registered as recruiting 
in Clinicaltrials.gov (NCT05477732, NCT04978701, 
NCT03812445 and NCT04954846), of which 3 are 
performed at Chinese centers and one at our site in 

Fig. 2  Potential use of microbiota-targeted therapies for 
post-stroke recovery. The scheme highlights the potential use 
of microbiota-targeted therapies such as probiotic therapies as 
supplementary therapeutic strategies to improve recovery during the 
chronic phase after stroke. Despite promising preclinical results and 
first clinical trials, current data is not yet sufficient to prove efficacy of 
such interventions and to suggest specific compounds or treatment 
regimens
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Germany. Considering the large impact of diet and geo-
graphical location on the gut microbiota composition, 
more studies in western populations will be required to 
shed light on the clinical relevance of microbiota inter-
ventions for stroke outcome across diverse populations, 
ethnicities and differences in dietary preferences.

Potential for future translation
Despite the currently still limited mechanistic informa-
tion on the role of the gut microbiome in stroke patho-
physiology [113] and the above-discussed limitations 
of current clinical studies testing microbiota-targeted 
interventions, we assume that interventions using pre-/
probiotic compounds could potentially be efficacious to 
improve stroke outcome or used as part of secondary 
prevention therapies.

As we discussed in more detail above, most studies 
show substantial changes in the microbiota composition, 
but also blood metabolism in the acute phase after stroke, 
which might be pathological response to tissue injury or 
(mal-)adaptive response. The time course and mecha-
nisms for recovery to homeostatic microbiome function 
is not well characterized yet, but most likely represents a 
longer process over weeks and months after stroke.

Correspondingly, the use of probiotics was shown in 
previous studies to have only a minor to moderate impact 
on microbiota composition and effects on host physiol-
ogy was achieved only after prolonged treatment periods 
[114, 115].

Therefore, we speculate that the most likely application 
of pre-/probiotic use will (if at all) not be for modulating 
acute stroke outcome but for affecting long-term out-
come in the chronic recovery phase after stroke as previ-
ous experimental and clinical studies have demonstrated 
a potentially beneficial function of microbiota-derived 
metabolites on post-stroke recovery [20, 66]. Addition-
ally, microbiota has been implicated in cardiovascular 
health and treatment of atherosclerosis [116]. Therefore, 
microbiota-targeted interventions including probiot-
ics might also be potentially beneficial also as an add-on 
therapy in secondary prevention strategies.

The already broad experience in safe use of probi-
otic formulations make such therapeutic interventions 
despite probably only relatively minor effect a most likely 
safe approach as part of a general dietary intervention in 
stroke patients. Yet, the efficient clinical use of probiotics 
or other microbiota-targeted therapies in stroke therapy 
and secondary prevention is currently still speculative 
and requires prospective clinical intervention trials to 
demonstrate their efficient and safe use.

Acknowledgements
Not applicable.

Author contributions
Both, CB and AL, have equally contributed to writing and editing the manu-
script. All authors read and approved the final manuscript.

Funding
This work was supported by the Vascular Dementia Research Foundation, 
the European Research Council (ERC-StG 802305) and the German Research 
Foundation (DFG) under Germany ́s Excellence Strategy (EXC 2145 SyNergy–ID 
390857198).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent to publication
Not applicable.

Competing interests
A.L. is Principal Investigator of the PRISE study (NCT04954846) and received 
speaker honoraria from Institut AllergoSan and Nestle regarding research on 
microbiota in stroke. Beyond these, the authors declare that they have no 
competing financial interests regarding the work presented in this manuscript.

Author details
1 Institute for Stroke and Dementia Research (ISD), University Hospital, LMU 
Munich, Munich, Germany. 2 Munich Cluster for Systems Neurology (SyNergy), 
Munich, Germany. 

Received: 5 September 2022   Accepted: 27 October 2022

References
	 1.	 Collaborators G. 2019 S., Feigin V.L., Stark B.A., Johnson C.O., Roth G.A., 

Bisignano C., Abady G.G., Abbasifard M., Abbasi-Kangevari M., Abd-Allah 
F., Abedi V., Murray C.J.L., et al., (2021). Global, regional, and national 
burden of stroke and its risk factors, 1990-2019: a systematic analysis 
for the Global Burden of Disease Study 2019. The Lancet Neurology 20, 
795–820. https://​doi.​org/​10.​1016/​s1474-​4422(21)​00252-0

	 2.	 Lavados, P. M., Hennis, A. J., Fernandes, J. G., Medina, M. T., Legetic, B., 
Hoppe, A., Sacks, C., Jadue, L., & Salinas, R. (2007). Stroke epidemiol-
ogy, prevention, and management strategies at a regional level: Latin 
America and the Caribbean. Lancet Neurology, 6, 362–372. https://​doi.​
org/​10.​1016/​s1474-​4422(07)​70003-0

	 3.	 Zhang, L.-F., Yang, J., Hong, Z., Yuan, G.-G., Zhou, B.-F., Zhao, L.-C., Huang, 
Y.-N., Chen, J., & Wu, Y.-F. (2003). Proportion of Different Subtypes of 
Stroke in China. Stroke, 34, 2091–2096. https://​doi.​org/​10.​1161/​01.​str.​
00000​87149.​42294.​8c

	 4.	 Hankey, G. J. (2017). Stroke. Lancet, 389, 641–654. https://​doi.​org/​10.​
1016/​s0140-​6736(16)​30962-x

	 5.	 Phipps, M. S., & Cronin, C. A. (2020). Management of acute ischemic 
stroke. BMJ, 368, l6983. https://​doi.​org/​10.​1136/​bmj.​l6983

	 6.	 Powers, W. J. (2020). Acute ischemic stroke. New England Journal of 
Medicine, 383, 252–260. https://​doi.​org/​10.​1056/​nejmc​p1917​030

	 7.	 Iadecola, C., & Anrather, J. (2011). The immunology of stroke: From 
mechanisms to translation. Nature Medicine, 17, 796–808. https://​doi.​
org/​10.​1038/​nm.​2399

	 8.	 Jian, Z., Liu, R., Zhu, X., Smerin, D., Zhong, Y., Gu, L., Fang, W., & Xiong, 
X. (2019). The involvement and therapy target of immune cells after 
ischemic stroke. Frontiers in Immunology, 10, 2167. https://​doi.​org/​10.​
3389/​fimmu.​2019.​02167

	 9.	 Sommer, F., & Bäckhed, F. (2013). The gut microbiota—masters of host 
development and physiology. Nature Reviews Microbiology, 11, 227–238. 
https://​doi.​org/​10.​1038/​nrmic​ro2974

	 10.	 Sampson, T. R., & Mazmanian, S. K. (2015). Control of brain develop-
ment, function, and behavior by the microbiome. Cell Host & Microbe, 
17, 565–576. https://​doi.​org/​10.​1016/j.​chom.​2015.​04.​011

https://doi.org/10.1016/s1474-4422(21)00252-0
https://doi.org/10.1016/s1474-4422(07)70003-0
https://doi.org/10.1016/s1474-4422(07)70003-0
https://doi.org/10.1161/01.str.0000087149.42294.8c
https://doi.org/10.1161/01.str.0000087149.42294.8c
https://doi.org/10.1016/s0140-6736(16)30962-x
https://doi.org/10.1016/s0140-6736(16)30962-x
https://doi.org/10.1136/bmj.l6983
https://doi.org/10.1056/nejmcp1917030
https://doi.org/10.1038/nm.2399
https://doi.org/10.1038/nm.2399
https://doi.org/10.3389/fimmu.2019.02167
https://doi.org/10.3389/fimmu.2019.02167
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1016/j.chom.2015.04.011


Page 9 of 12Benakis and Liesz ﻿Neurological Research and Practice            (2022) 4:57 	

	 11.	 Erny, D., Hrabě de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., 
David, E., Keren-Shaul, H., Mahlakoiv, T., Jakobshagen, K., Buch, T., & 
Schwierzeck, V. (2015). Host microbiota constantly control maturation 
and function of microglia in the CNS. Nature Neuroscience, 18, 965–977. 
https://​doi.​org/​10.​1038/​nn.​4030

	 12.	 Cryan, J. F., O’Riordan, K. J., Cowan, C. S., Sandhu, K. V., Bastiaanssen, T. 
F., Boehme, M., Codagnone, M. G., Cussotto, S., Fulling, C., Golubeva, A. 
V., & Guzzetta, K. E. (2019). The microbiota-gut-brain axis. Physiological 
Reviews, 99, 1877–2013. https://​doi.​org/​10.​1152/​physr​ev.​00018.​2018

	 13.	 Spielman, L. J., Gibson, D. L., & Klegeris, A. (2018). Unhealthy gut, 
unhealthy brain: The role of the intestinal microbiota in neurodegen-
erative diseases. Neurochemistry International, 120, 149–163. https://​doi.​
org/​10.​1016/j.​neuint.​2018.​08.​005

	 14.	 Durgan, D. J., Lee, J., McCullough, L. D., & Bryan, R. M., Jr. (2019). Examin-
ing the role of the microbiota-gut-brain axis in stroke. Stroke, 50, 
2270–2277. https://​doi.​org/​10.​1161/​strok​eaha.​119.​025140

	 15.	 Winek, K., Dirnagl, U., & Meisel, A. (2016). The gut microbiome as 
therapeutic target in central nervous system diseases: Implications 
for stroke. Neurotherapeutics, 13, 762–774. https://​doi.​org/​10.​1007/​
s13311-​016-​0475-x

	 16.	 Houlden, A., Goldrick, M., Brough, D., Vizi, E. S., Lénárt, N., Martinecz, B., 
Roberts, I. S., & Denes, A. (2016). Brain injury induces specific changes in 
the caecal microbiota of mice via altered autonomic activity and muco-
protein production. Brain, Behavior, and Immunity, 57, 10–20. https://​doi.​
org/​10.​1016/j.​bbi.​2016.​04.​003

	 17.	 Singh, V., Roth, S., Llovera, G., Sadler, R., Garzetti, D., Stecher, B., Dichgans, 
M., & Liesz, A. (2016). Microbiota dysbiosis controls the neuroinflam-
matory response after stroke. Journal of Neuroscience, 36, 7428–7440. 
https://​doi.​org/​10.​1523/​jneur​osci.​1114-​16.​2016

	 18.	 Xu, K., Gao, X., Xia, G., Chen, M., Zeng, N., Wang, S., You, C., Tian, X., Di, 
H., Tang, W., Li, P., Wang, H., Zeng, X., Tan, C., Meng, F., Li, H., He, Y., Zhou, 
H., & Yin, J. (2021). Rapid gut dysbiosis induced by stroke exacerbates 
brain infarction in turn. Gut, 70, 1486–1494. https://​doi.​org/​10.​1136/​
gutjnl-​2020-​323263

	 19.	 Haak, B. W., Westendorp, W. F., van Engelen, T. S. R., Brands, X., Brouwer, 
M. C., Vermeij, J. D., Hugenholtz, F., Verhoeven, A., Derks, R. J., & Giera, 
M. (2021). Disruptions of anaerobic gut bacteria are associated with 
stroke and post-stroke infection: A prospective case-control study. 
Translational Stroke Research, 12, 581–592. https://​doi.​org/​10.​1007/​
s12975-​020-​00863-4

	 20.	 Tan, C., Wu, Q., Wang, H., Gao, X., Xu, R., Cui, Z., Zhu, J., Zeng, X., Zhou, H., 
He, Y., & Yin, J. (2021). Dysbiosis of gut microbiota and short-chain fatty 
acids in acute ischemic stroke and the subsequent risk for poor func-
tional outcomes. Journal of Parenteral and Enteral Nutrition, 45, 518–529. 
https://​doi.​org/​10.​1002/​jpen.​1861

	 21.	 Chen, Y., Liang, J., Ouyang, F., Chen, X., Lu, T., Jiang, Z., Li, J., Li, Y., & Zeng, 
J. (2019). Persistence of gut microbiota dysbiosis and chronic systemic 
inflammation after cerebral infarction in cynomolgus monkeys. Fron-
tiers in Neurology, 10, 661. https://​doi.​org/​10.​3389/​fneur.​2019.​00661

	 22.	 Yamashiro, K., Tanaka, R., Urabe, T., Ueno, Y., Yamashiro, Y., Nomoto, K., 
Takahashi, T., Tsuji, H., Asahara, T., & Hattori, N. (2017). Gut dysbiosis is 
associated with metabolism and systemic inflammation in patients 
with ischemic stroke. PLoS ONE, 12, e0171521. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01715​21

	 23.	 Yin, J., Liao, S., He, Y., Wang, S., Xia, G., Liu, F., Zhu, J., You, C., Chen, Q., 
Zhou, L., Pan, S., & Zhou, H. (2015). Dysbiosis of gut microbiota with 
reduced trimethylamine-N-oxide level in patients with large-artery ath-
erosclerotic stroke or transient ischemic attack. Journal of the American 
Heart Association. https://​doi.​org/​10.​1161/​jaha.​115.​002699

	 24.	 Stanley, D., Moore, R. J., & Wong, C. H. Y. (2018). An insight into intestinal 
mucosal microbiota disruption after stroke. Scientific Reports-UK, 8, 568. 
https://​doi.​org/​10.​1038/​s41598-​017-​18904-8

	 25.	 Spychala, M. S., Venna, V. R., Jandzinski, M., Doran, S. J., Durgan, D. J., 
Ganesh, B. P., Ajami, N. J., Putluri, N., Graf, J., Bryan, R. M., & McCullough, 
L. D. (2018). Age-related changes in the gut microbiota influence 
systemic inflammation and stroke outcome. Annals of Neurology, 84, 
23–36. https://​doi.​org/​10.​1002/​ana.​25250

	 26.	 Benakis, C., Martin-Gallausiaux, C., Trezzi, J.-P., Melton, P., Liesz, A., & 
Wilmes, P. (2020). The microbiome-gut-brain axis in acute and chronic 
brain diseases. Current Opinion in Neurobiology, 61, 1–9. https://​doi.​org/​
10.​1016/j.​conb.​2019.​11.​009

	 27.	 Sorbie, A., Jiménez, R. D., & Benakis, C. (2022). Increasing transparency 
and reproducibility in stroke-microbiota research: A toolbox for micro-
biota analysis. Iscience, 25, 103998. https://​doi.​org/​10.​1016/j.​isci.​2022.​
103998

	 28.	 Kristensen, S. L., Lindhardsen, J., Ahlehoff, O., Erichsen, R., Lamberts, M., 
Khalid, U., Torp-Pedersen, C., Nielsen, O. H., Gislason, G. H., & Hansen, 
P. R. (2014). Increased risk of atrial fibrillation and stroke during active 
stages of inflammatory bowel disease: A nationwide study. Europace, 
16, 477–484. https://​doi.​org/​10.​1093/​europ​ace/​eut312

	 29.	 Xiao, Z., Pei, Z., Yuan, M., Li, X., Chen, S., & Xu, L. (2015). Risk of stroke 
in patients with inflammatory bowel disease: A systematic review 
and meta-analysis. Journal of Stroke and Cerebrovascular Diseases, 24, 
2774–2780. https://​doi.​org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2015.​08.​008

	 30.	 Zeng, X., Gao, X., Peng, Y., Wu, Q., Zhu, J., Tan, C., Xia, G., You, C., Xu, R., 
Pan, S., Zhou, H., He, Y., & Yin, J. (2019). Higher risk of stroke is correlated 
with increased opportunistic pathogen load and reduced levels of 
butyrate-producing bacteria in the gut. Frontiers in Cellular and Infection 
Microbiology, 9, 4. https://​doi.​org/​10.​3389/​fcimb.​2019.​00004

	 31.	 Xia, G.-H., Zhang, M.-S., Wu, Q.-H., Wang, H.-D., Zhou, H.-W., He, Y., & Yin, 
J. (2021). Dysbiosis of gut microbiota is an independent risk factor of 
stroke-associated pneumonia: A Chinese pilot study. Front Cell Infect Mi, 
11, 715475. https://​doi.​org/​10.​3389/​fcimb.​2021.​715475

	 32.	 Ovbiagele, B., & Nguyen-Huynh, M. N. (2011). Stroke epidemiology: 
Advancing our understanding of disease mechanism and therapy. 
Neurotherapeutics, 8, 319. https://​doi.​org/​10.​1007/​s13311-​011-​0053-1

	 33.	 Manwani, B., Liu, F., Scranton, V., Hammond, M. D., Sansing, L. H., & 
McCullough, L. D. (2013). Differential effects of aging and sex on stroke 
induced inflammation across the lifespan. Experimental Neurology, 249, 
120–131. https://​doi.​org/​10.​1016/j.​expne​urol.​2013.​08.​011

	 34.	 Yager, J. Y., Wright, S., Armstrong, E. A., Jahraus, C. M., & Saucier, D. M. 
(2006). The influence of aging on recovery following ischemic brain 
damage. Behavioural Brain Research, 173, 171–180. https://​doi.​org/​10.​
1016/j.​bbr.​2006.​06.​019

	 35.	 Coman, V., & Vodnar, D. C. (2020). Gut microbiota and old age: Modu-
lating factors and interventions for healthy longevity. Experimental 
Gerontology, 141, 111095. https://​doi.​org/​10.​1016/j.​exger.​2020.​111095

	 36.	 Dinan, T. G., & Cryan, J. F. (2017). The microbiome-gut-brain axis in 
health and disease. The Journal of physiology, 46, 77–89. https://​doi.​org/​
10.​1016/j.​gtc.​2016.​09.​007

	 37.	 Sochocka, M., Donskow-Łysoniewska, K., Diniz, B. S., Kurpas, D., 
Brzozowska, E., & Leszek, J. (2019). The gut microbiome alterations and 
inflammation-driven pathogenesis of alzheimer’s disease—A critical 
review. Molecular Neurobiology, 56, 1841–1851. https://​doi.​org/​10.​1007/​
s12035-​018-​1188-4

	 38.	 Biagi, E., Nylund, L., Candela, M., Ostan, R., Bucci, L., Pini, E., Nikkïla, 
J., Monti, D., Satokari, R., Franceschi, C., Brigidi, P., & Vos, W. D. (2010). 
Through ageing, and beyond: Gut microbiota and inflammatory status 
in seniors and centenarians. PLoS ONE, 5, e10667. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00106​67

	 39.	 Claesson, M. J., Cusack, S., Osullivan, O., et al. (2011). Composition, vari-
ability, and temporal stability of the intestinal microbiota of the elderly. 
Proceedings of the National Academy of Sciences, 108, 4586–4591. https://​
doi.​org/​10.​1073/​pnas.​10000​97107

	 40.	 Lee, J., d’Aigle, J., Atadja, L., Quaicoe, V., Honarpisheh, P., Ganesh, B. P., 
Hassan, A., Graf, J., Petrosino, J., Putluri, N., Zhu, L., Durgan, D. J., Bryan, 
R. M., McCullough, L. D., & Venna, V. R. (2020). Gut microbiota-derived 
short-chain fatty acids promote poststroke recovery in aged mice. 
Circulation Research, 127, 453–465. https://​doi.​org/​10.​1161/​circr​esaha.​
119.​316448

	 41.	 Wen, S. W., Shim, R., Ho, L., Wanrooy, B. J., Srikhanta, Y. N., Prame Kumar, 
K., Nicholls, A. J., Shen, S. J., Sepehrizadeh, T., De Veer, M., & Srikanth, V. K. 
(2019). Advanced age promotes colonic dysfunction and gut-derived 
lung infection after stroke. Aging Cell, 18, e12980. https://​doi.​org/​10.​
1111/​acel.​12980

	 42.	 Blasco, M. P., Chauhan, A., Honarpisheh, P., Ahnstedt, H., d’Aigle, J., 
Ganesan, A., Ayyaswamy, S., Blixt, F., Venable, S., Major, A., Durgan, D., 
Haag, A., Kofler, J., Bryan, R., McCullough, L. D., & Ganesh, B. P. (2020). 
Age-dependent involvement of gut mast cells and histamine in post-
stroke inflammation. Journal of Neuroinflammation, 17, 160. https://​doi.​
org/​10.​1186/​s12974-​020-​01833-1

https://doi.org/10.1038/nn.4030
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1016/j.neuint.2018.08.005
https://doi.org/10.1016/j.neuint.2018.08.005
https://doi.org/10.1161/strokeaha.119.025140
https://doi.org/10.1007/s13311-016-0475-x
https://doi.org/10.1007/s13311-016-0475-x
https://doi.org/10.1016/j.bbi.2016.04.003
https://doi.org/10.1016/j.bbi.2016.04.003
https://doi.org/10.1523/jneurosci.1114-16.2016
https://doi.org/10.1136/gutjnl-2020-323263
https://doi.org/10.1136/gutjnl-2020-323263
https://doi.org/10.1007/s12975-020-00863-4
https://doi.org/10.1007/s12975-020-00863-4
https://doi.org/10.1002/jpen.1861
https://doi.org/10.3389/fneur.2019.00661
https://doi.org/10.1371/journal.pone.0171521
https://doi.org/10.1371/journal.pone.0171521
https://doi.org/10.1161/jaha.115.002699
https://doi.org/10.1038/s41598-017-18904-8
https://doi.org/10.1002/ana.25250
https://doi.org/10.1016/j.conb.2019.11.009
https://doi.org/10.1016/j.conb.2019.11.009
https://doi.org/10.1016/j.isci.2022.103998
https://doi.org/10.1016/j.isci.2022.103998
https://doi.org/10.1093/europace/eut312
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.08.008
https://doi.org/10.3389/fcimb.2019.00004
https://doi.org/10.3389/fcimb.2021.715475
https://doi.org/10.1007/s13311-011-0053-1
https://doi.org/10.1016/j.expneurol.2013.08.011
https://doi.org/10.1016/j.bbr.2006.06.019
https://doi.org/10.1016/j.bbr.2006.06.019
https://doi.org/10.1016/j.exger.2020.111095
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.1073/pnas.1000097107
https://doi.org/10.1073/pnas.1000097107
https://doi.org/10.1161/circresaha.119.316448
https://doi.org/10.1161/circresaha.119.316448
https://doi.org/10.1111/acel.12980
https://doi.org/10.1111/acel.12980
https://doi.org/10.1186/s12974-020-01833-1
https://doi.org/10.1186/s12974-020-01833-1


Page 10 of 12Benakis and Liesz ﻿Neurological Research and Practice            (2022) 4:57 

	 43.	 Crapser, J., Ritzel, R., Verma, R., Venna, V. R., Liu, F., Chauhan, A., Koellhof-
fer, E., Patel, A., Ricker, A., Maas, K., Graf, J., & McCullough, L. D. (2016). 
Ischemic stroke induces gut permeability and enhances bacterial 
translocation leading to sepsis in aged mice. Aging (Albany NY), 8, 
1049–1060. https://​doi.​org/​10.​18632/​aging.​100952

	 44.	 Stanley, D., Mason, L. J., Mackin, K. E., Srikhanta, Y. N., Lyras, D., Prakash, 
M. D., Nurgali, K., Venegas, A., Hill, M. D., Moore, R. J., & Wong, C. H. Y. 
(2016). Translocation and dissemination of commensal bacteria in 
post-stroke infection. Nature Medicine, 22, 1277–1284. https://​doi.​org/​
10.​1038/​nm.​4194

	 45.	 Haro, C., Rangel-Zúñiga, O. A., Alcalá-Díaz, J. F., Gómez-Delgado, F., 
Pérez-Martínez, P., Delgado-Lista, J., Quintana-Navarro, G. M., Landa, B. 
B., Navas-Cortés, J. A., Tena-Sempere, M., Clemente, J. C., López-Miranda, 
J., Pérez-Jiménez, F., & Camargo, A. (2016). Intestinal microbiota is 
influenced by gender and body mass index. PLoS ONE, 11, e0154090. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01540​90

	 46.	 Branyan, T. E., & Sohrabji, F. (2020). Sex differences in stroke co-mor-
bidities. Experimental Neurology, 332, 113384. https://​doi.​org/​10.​1016/j.​
expne​urol.​2020.​113384

	 47.	 Ahnstedt, H., Patrizz, A., Chauhan, A., Roy-O’Reilly, M., Furr, J. W., Spy-
chala, M. S., D’Aigle, J., Blixt, F. W., Zhu, L., Alegria, J. B., & McCullough, L. 
D. (2020). Sex differences in T cell immune responses, gut permeability 
and outcome after ischemic stroke in aged mice. Brain, Behavior, and 
Immunity, 87, 556–567. https://​doi.​org/​10.​1016/j.​bbi.​2020.​02.​001

	 48.	 El-Hakim, Y., Mani, K. K., Eldouh, A., Pandey, S., Grimaldo, M. T., Dabney, 
A., Pilla, R., & Sohrabji, F. (2021). Sex differences in stroke outcome 
correspond to rapid and severe changes in gut permeability in adult 
Sprague-Dawley rats. Biology of Sex Differences, 12, 14. https://​doi.​org/​
10.​1186/​s13293-​020-​00352-1

	 49.	 Ivanov, I. I., & Littman, D. R. (2011). Modulation of immune homeostasis 
by commensal bacteria. Current Opinion in Microbiology, 14, 106–114. 
https://​doi.​org/​10.​1016/j.​mib.​2010.​12.​003

	 50.	 Liesz, A., Suri-Payer, E., Veltkamp, C., Doerr, H., Sommer, C., Rivest, S., 
Giese, T., & Veltkamp, R. (2009). Regulatory T cells are key cerebroprotec-
tive immunomodulators in acute experimental stroke. Nature Medicine, 
15, 192–199. https://​doi.​org/​10.​1038/​nm.​1927

	 51.	 Shichita, T., Sugiyama, Y., Ooboshi, H., Sugimori, H., Nakagawa, R., Takada, 
I., Iwaki, T., Okada, Y., Iida, M., Cua, D. J., Iwakura, Y., & Yoshimura, A. 
(2009). Pivotal role of cerebral interleukin-17–producing γδT cells in the 
delayed phase of ischemic brain injury. Nature Medicine, 15, 946–950. 
https://​doi.​org/​10.​1038/​nm.​1999

	 52.	 Singh, V., Sadler, R., Heindl, S., Llovera, G., Roth, S., Benakis, C., & Liesz, 
A. (2018). The gut microbiome primes a cerebroprotective immune 
response after stroke. Journal of Cerebral Blood Flow & Metabolism, 38, 
1293–1298. https://​doi.​org/​10.​1177/​02716​78x18​780130

	 53.	 Sadler, R., Singh, V., Benakis, C., Garzetti, D., Brea, D., Stecher, B., Anrather, 
J., & Liesz, A. (2017). Microbiota differences between commercial breed-
ers impacts the post-stroke immune response. Brain, Behavior, and 
Immunity, 66, 23–30. https://​doi.​org/​10.​1016/j.​bbi.​2017.​03.​011

	 54.	 Benakis, C., Brea, D., Caballero, S., Faraco, G., Moore, J., Murphy, M., Sita, 
G., Racchumi, G., Ling, L., Pamer, E. G., Iadecola, C., & Anrather, J. (2016). 
Commensal microbiota affects ischemic stroke outcome by regulating 
intestinal γδ T cells. Nature Medicine, 22, 516–523. https://​doi.​org/​10.​
1038/​nm.​4068

	 55.	 Dorrance, A. M., & Fink, G. (2018). Effects of stroke on the autonomic 
nervous system. Comprehensive Physiology, 5, 1241–1263. https://​doi.​
org/​10.​1002/​cphy.​c1400​16

	 56.	 Bonaz, B., Sinniger, V., & Pellissier, S. (2016). Anti-inflammatory properties 
of the vagus nerve: Potential therapeutic implications of vagus nerve 
stimulation. The Journal of physiology, 594, 5781–5790. https://​doi.​org/​
10.​1113/​jp271​539

	 57.	 Komegae, E. N., Farmer, D. G. S., Brooks, V. L., McKinley, M. J., McAllen, R. 
M., & Martelli, D. (2018). Vagal afferent activation suppresses systemic 
inflammation via the splanchnic anti-inflammatory pathway. Brain, 
Behavior, and Immunity, 73, 441–449. https://​doi.​org/​10.​1016/j.​bbi.​2018.​
06.​005

	 58.	 Johnson, R. L., & Wilson, C. G. (2018). A review of vagus nerve stimula-
tion as a therapeutic intervention. Journal of Inflammation Research, 11, 
203–213. https://​doi.​org/​10.​2147/​jir.​s1632​48

	 59.	 Mravec, B. (2010). The role of the vagus nerve in stroke. Autonomic 
Neuroscience, 158, 8–12. https://​doi.​org/​10.​1016/j.​autneu.​2010.​08.​009

	 60.	 Dawson, J., Liu, C. Y., Francisco, G. E., Cramer, S. C., Wolf, S. L., Dixit, A., 
Alexander, J., Ali, R., Brown, B. L., Feng, W., DeMark, L., Hochberg, L. R., 
Kautz, S. A., Majid, A., O’Dell, M. W., Pierce, D., Prudente, C. N., Redgrave, 
J., Turner, D. L., … Kimberley, T. J. (2021). Vagus nerve stimulation paired 
with rehabilitation for upper limb motor function after ischaemic stroke 
(VNS-REHAB): A randomised, blinded, pivotal, device trial. The Lancet, 
397, 1545–1553. https://​doi.​org/​10.​1016/​s0140-​6736(21)​00475-x

	 61.	 Cheyuo, C., Wu, R., Zhou, M., Jacob, A., Coppa, G., & Wang, P. (2011). 
Ghrelin suppresses inflammation and neuronal nitric oxide synthase in 
focal cerebral ischemia via the vagus nerve. Shock, 35, 258–265. https://​
doi.​org/​10.​1097/​shk.​0b013​e3181​f48a37

	 62.	 Sherwin, E., Dinan, T. G., & Cryan, J. F. (2018). Recent developments 
in understanding the role of the gut microbiota in brain health and 
disease. Annals of the New York Academy of Sciences, 1420, 5–25. https://​
doi.​org/​10.​1111/​nyas.​13416

	 63.	 Hays, S. A., Ruiz, A., Bethea, T., Khodaparast, N., Carmel, J. B., Rennaker, R. 
L., & Kilgard, M. P. (2016). Vagus nerve stimulation during rehabilitative 
training enhances recovery of forelimb function after ischemic stroke in 
aged rats. Neurobiology of Aging, 43, 111–118. https://​doi.​org/​10.​1016/j.​
neuro​biola​ging.​2016.​03.​030

	 64.	 Dalile, B., Oudenhove, L. V., Vervliet, B., & Verbeke, K. (2019). The role of 
short-chain fatty acids in microbiota–gut–brain communication. Nature 
Reviews Gastroenterology & Hepatology, 16, 461–478. https://​doi.​org/​10.​
1038/​s41575-​019-​0157-3

	 65.	 Park, J., Kim, M., Kang, S. G., Jannasch, A. H., Cooper, B., Patterson, J., & 
Kim, C. H. (2015). Short-chain fatty acids induce both effector and regu-
latory T cells by suppression of histone deacetylases and regulation of 
the mTOR–S6K pathway. Mucosal Immunology, 8, 80–93. https://​doi.​org/​
10.​1038/​mi.​2014.​44

	 66.	 Sadler, R., Cramer, J. V., Heindl, S., Kostidis, S., Betz, D., Zuurbier, K. R., 
Northoff, B. H., Heijink, M., Goldberg, M. P., Plautz, E. J., Roth, S., Malik, R., 
Dichgans, M., Holdt, L. M., Benakis, C., Giera, M., Stowe, A. M., & Liesz, A. 
(2020). Short-chain fatty acids improve poststroke recovery via immu-
nological mechanisms. Journal of Neuroscience, 40, 1162–1173. https://​
doi.​org/​10.​1523/​jneur​osci.​1359-​19.​2019

	 67.	 Agus, A., Planchais, J., & Sokol, H. (2018). Gut microbiota regulation of 
tryptophan metabolism in health and disease. Cell Host & Microbe, 23, 
716–724. https://​doi.​org/​10.​1016/j.​chom.​2018.​05.​003

	 68.	 Schwarcz, R., Bruno, J. P., Muchowski, P. J., & Wu, H.-Q. (2012). Kynure-
nines in the mammalian brain: When physiology meets pathology. 
Nature Reviews Neuroscience, 13, 465–477. https://​doi.​org/​10.​1038/​
nrn32​57

	 69.	 Brouns, R., Verkerk, R., Aerts, T., Surgeloose, D. D., Wauters, A., Scharpé, 
S., & Deyn, P. P. D. (2010). The role of tryptophan catabolism along the 
kynurenine pathway in acute ischemic stroke. Neurochemical Research, 
35, 1315–1322. https://​doi.​org/​10.​1007/​s11064-​010-​0187-2

	 70.	 Ormstad, H., Verkerk, R., Aass, H. C. D., Amthor, K.-F., & Sandvik, L. (2013). 
Inflammation-induced catabolism of tryptophan and tyrosine in acute 
ischemic stroke. Journal of Molecular Neuroscience, 51, 893–902. https://​
doi.​org/​10.​1007/​s12031-​013-​0097-2

	 71.	 Quintana, F. J., Murugaiyan, G., Farez, M. F., Mitsdoerffer, M., Tukpah, 
A.-M., Burns, E. J., & Weiner, H. L. (2010). An endogenous aryl hydro-
carbon receptor ligand acts on dendritic cells and T cells to suppress 
experimental autoimmune encephalomyelitis. Proceedings of the 
National Academy of Sciences, 107, 20768–20773. https://​doi.​org/​10.​
1073/​pnas.​10092​01107

	 72.	 Roager, H. M., & Licht, T. R. (2018). Microbial tryptophan catabolites in 
health and disease. Nature Communications, 9, 3294. https://​doi.​org/​10.​
1038/​s41467-​018-​05470-4

	 73.	 Rothhammer, V., Borucki, D. M., Tjon, E. C., Takenaka, M. C., Chao, C. C., 
Ardura-Fabregat, A., de Lima, K. A., Gutiérrez-Vázquez, C., Hewson, P., 
Staszewski, O., & Blain, M. (2018). Microglial control of astrocytes in 
response to microbial metabolites. Nature, 557, 724–728. https://​doi.​
org/​10.​1038/​s41586-​018-​0119-x

	 74.	 Rothhammer, V., Mascanfroni, I. D., Bunse, L., Takenaka, M. C., Kenison, 
J. E., Mayo, L., Chao, C.-C., Patel, B., Yan, R., Blain, M., Alvarez, J. I., Kébir, 
H., Anandasabapathy, N., Izquierdo, G., Jung, S., Obholzer, N., Pochet, 
N., Clish, C. B., Prinz, M., … Quintana, F. J. (2016). Type I interferons and 
microbial metabolites of tryptophan modulate astrocyte activity and 
CNS inflammation via the aryl hydrocarbon receptor. Nature Medicine, 
22, 586–597. https://​doi.​org/​10.​1038/​nm.​4106

https://doi.org/10.18632/aging.100952
https://doi.org/10.1038/nm.4194
https://doi.org/10.1038/nm.4194
https://doi.org/10.1371/journal.pone.0154090
https://doi.org/10.1016/j.expneurol.2020.113384
https://doi.org/10.1016/j.expneurol.2020.113384
https://doi.org/10.1016/j.bbi.2020.02.001
https://doi.org/10.1186/s13293-020-00352-1
https://doi.org/10.1186/s13293-020-00352-1
https://doi.org/10.1016/j.mib.2010.12.003
https://doi.org/10.1038/nm.1927
https://doi.org/10.1038/nm.1999
https://doi.org/10.1177/0271678x18780130
https://doi.org/10.1016/j.bbi.2017.03.011
https://doi.org/10.1038/nm.4068
https://doi.org/10.1038/nm.4068
https://doi.org/10.1002/cphy.c140016
https://doi.org/10.1002/cphy.c140016
https://doi.org/10.1113/jp271539
https://doi.org/10.1113/jp271539
https://doi.org/10.1016/j.bbi.2018.06.005
https://doi.org/10.1016/j.bbi.2018.06.005
https://doi.org/10.2147/jir.s163248
https://doi.org/10.1016/j.autneu.2010.08.009
https://doi.org/10.1016/s0140-6736(21)00475-x
https://doi.org/10.1097/shk.0b013e3181f48a37
https://doi.org/10.1097/shk.0b013e3181f48a37
https://doi.org/10.1111/nyas.13416
https://doi.org/10.1111/nyas.13416
https://doi.org/10.1016/j.neurobiolaging.2016.03.030
https://doi.org/10.1016/j.neurobiolaging.2016.03.030
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1523/jneurosci.1359-19.2019
https://doi.org/10.1523/jneurosci.1359-19.2019
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1038/nrn3257
https://doi.org/10.1038/nrn3257
https://doi.org/10.1007/s11064-010-0187-2
https://doi.org/10.1007/s12031-013-0097-2
https://doi.org/10.1007/s12031-013-0097-2
https://doi.org/10.1073/pnas.1009201107
https://doi.org/10.1073/pnas.1009201107
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/nm.4106


Page 11 of 12Benakis and Liesz ﻿Neurological Research and Practice            (2022) 4:57 	

	 75.	 Rothhammer, V., & Quintana, F. J. (2019). The aryl hydrocarbon receptor: 
An environmental sensor integrating immune responses in health and 
disease. Nature Reviews Immunology, 19, 184–197. https://​doi.​org/​10.​
1038/​s41577-​019-​0125-8

	 76.	 Chen, W.-C., Chang, L.-H., Huang, S.-S., Huang, Y.-J., Chih, C.-L., Kuo, H.-C., 
Lee, Y.-H., & Lee, I.-H. (2019). Aryl hydrocarbon receptor modulates 
stroke-induced astrogliosis and neurogenesis in the adult mouse 
brain. Journal of Neuroinflammation, 16, 187. https://​doi.​org/​10.​1186/​
s12974-​019-​1572-7

	 77.	 Chen, M. L., Takeda, K., & Sundrud, M. S. (2019). Emerging roles of bile 
acids in mucosal immunity and inflammation. Mucosal Immunology, 12, 
851–861. https://​doi.​org/​10.​1038/​s41385-​019-​0162-4

	 78.	 Cipriani, S., Mencarelli, A., Chini, M. G., Distrutti, E., Renga, B., Bifulco, 
G., Baldelli, F., Donini, A., & Fiorucci, S. (2011). The bile acid receptor 
GPBAR-1 (TGR5) modulates integrity of intestinal barrier and immune 
response to experimental colitis. PLoS ONE, 6, e25637. https://​doi.​org/​
10.​1371/​journ​al.​pone.​00256​37

	 79.	 Vavassori, P., Mencarelli, A., Renga, B., Distrutti, E., & Fiorucci, S. (2009). 
The Bile Acid Receptor FXR Is a Modulator of Intestinal Innate Immunity. 
The Journal of Immunology, 183, 6251–6261. https://​doi.​org/​10.​4049/​
jimmu​nol.​08039​78

	 80.	 Mertens, K. L., Kalsbeek, A., Soeters, M. R., & Eggink, H. M. (2017). Bile 
acid signaling pathways from the enterohepatic circulation to the 
central nervous system. Frontiers in Neuroscience-Switzerland, 11, 617. 
https://​doi.​org/​10.​3389/​fnins.​2017.​00617

	 81.	 Rodrigues, C. M. P., Spellman, S. R., Solá, S., Grande, A. W., Linehan-
Stieers, C., Low, W. C., & Steer, C. J. (2001). Neuroprotection by a bile 
acid in an acute stroke model in the rat. Journal of Cerebral Blood Flow 
& Metabolism, 22, 463–471. https://​doi.​org/​10.​1097/​00004​647-​20020​
4000-​00010

	 82.	 Sun, D., Gu, G., Wang, J., Chai, Y., Fan, Y., Yang, M., Xu, X., Gao, W., Li, F., Yin, 
D., Zhou, S., Chen, X., & Zhang, J. (2017). Administration of tauroursode-
oxycholic acid attenuates early brain injury via Akt pathway activation. 
Frontiers in Cellular Neuroscience, 11, 193. https://​doi.​org/​10.​3389/​fncel.​
2017.​00193

	 83.	 Yanguas-Casás, N., Barreda-Manso, M. A., Nieto-Sampedro, M., & 
Romero-Ramírez, L. (2014). Tauroursodeoxycholic acid reduces glial cell 
activation in an animal model of acute neuroinflammation. J Neuroin-
flamm, 11, 50. https://​doi.​org/​10.​1186/​1742-​2094-​11-​50

	 84.	 Campbell, C., McKenney, P. T., Konstantinovsky, D., Isaeva, O. I., Schizas, 
M., Verter, J., Mai, C., Jin, W.-B., Guo, C.-J., Violante, S., Ramos, R. J., Cross, J. 
R., Kadaveru, K., Hambor, J., & Rudensky, A. Y. (2020). Bacterial metabo-
lism of bile acids promotes generation of peripheral regulatory T cells. 
Nature, 581, 475–479. https://​doi.​org/​10.​1038/​s41586-​020-​2193-0

	 85.	 Hang, S., Paik, D., Yao, L., Kim, E., Trinath, J., Lu, J., Ha, S., Nelson, B. N., 
Kelly, S. P., Wu, L., Zheng, Y., Longman, R. S., Rastinejad, F., Devlin, A. S., 
Krout, M. R., Fischbach, M. A., Littman, D. R., & Huh, J. R. (2019). Bile acid 
metabolites control TH17 and Treg cell differentiation. Nature, 576, 
143–148. https://​doi.​org/​10.​1038/​s41586-​019-​1785-z

	 86.	 Hackam, D. G., & Spence, J. D. (2007). Combining multiple approaches 
for the secondary prevention of vascular events after stroke. Stroke, 38, 
1881–1885. https://​doi.​org/​10.​1161/​strok​eaha.​106.​475525

	 87.	 Blay, G. L., Michel, C., Blottière, H. M., & Cherbut, C. (1999). Prolonged 
intake of fructo-oligosaccharides induces a short-term elevation of lac-
tic acid-producing bacteria and a persistent increase in cecal butyrate 
in rats. The Journal of Nutrition, 129, 2231–2235. https://​doi.​org/​10.​1093/​
jn/​129.​12.​2231

	 88.	 Mitchell, S. J., Bernier, M., Mattison, J. A., Aon, M. A., Kaiser, T. A., Anson, 
R. M., Ikeno, Y., Anderson, R. M., Ingram, D. K., & de Cabo, R. (2019). Daily 
fasting improves health and survival in male mice independent of diet 
composition and calories. Cell Metabolism, 29, 221-228.e3. https://​doi.​
org/​10.​1016/j.​cmet.​2018.​08.​011

	 89.	 Ciobanu, O., Sandu, R. E., Balseanu, A. T., Zavaleanu, A., Gresita, A., Petcu, 
E. B., Uzoni, A., & Popa-Wagner, A. (2017). Caloric restriction stabilizes 
body weight and accelerates behavioral recovery in aged rats after 
focal ischemia. Aging Cell, 16, 1394–1403. https://​doi.​org/​10.​1111/​acel.​
12678

	 90.	 Zhang, J., Zhang, W., Gao, X., Zhao, Y., Chen, D., Xu, N., Pu, H., Stetler, 
R. A., & Gao, Y. (2018). Preconditioning with partial caloric restriction 
confers long-term protection against grey and white matter injury after 

transient focal ischemia. J Cereb Blood Flow Metabolism, 39, 1394–1409. 
https://​doi.​org/​10.​1177/​02716​78x18​785480

	 91.	 Huang, J.-T., Mao, Y.-Q., Han, B., Zhang, Z.-Y., Chen, H.-L., Li, Z.-M., Kong, 
C.-Y., Xu, J.-Q., Cai, P.-R., Zeng, Y.-P., Zhao, J., Zhao, Y.-P., & Wang, L.-S. 
(2021). Calorie restriction conferred improvement effect on long-term 
rehabilitation of ischemic stroke via gut microbiota. Pharmacological 
Research, 170, 105726. https://​doi.​org/​10.​1016/j.​phrs.​2021.​105726

	 92.	 Abhari, K., Shekarforoush, S. S., Hosseinzadeh, S., Nazifi, S., Sajedianfard, 
J., & Eskandari, M. H. (2016). The effects of orally administered Bacillus 
coagulans and inulin on prevention and progression of rheumatoid 
arthritis in rats. Food & Nutrition Research, 60, 30876. https://​doi.​org/​10.​
3402/​fnr.​v60.​30876

	 93.	 Akhoundzadeh, K., Vakili, A., Shadnoush, M., & Sadeghzadeh, J. (2018). 
Effects of the oral ingestion of probiotics on brain damage in a tran-
sient model of focal cerebral ischemia in mice. Iranian Journal of Medical 
Sciences, 43, 32–40.

	 94.	 Sun, J., Ling, Z., Wang, F., Chen, W., Li, H., Jin, J., Zhang, H., Pang, M., Yu, J., 
& Liu, J. (2016). Clostridium butyricum pretreatment attenuates cerebral 
ischemia/reperfusion injury in mice via anti-oxidation and anti-apop-
tosis. Neuroscience Letters, 613, 30–35. https://​doi.​org/​10.​1016/j.​neulet.​
2015.​12.​047

	 95.	 Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., Deng, Y., 
Blennerhassett, P., Macri, J., McCoy, K. D., Verdu, E. F., & Collins, S. M. 
(2011). The intestinal microbiota affect central levels of brain-derived 
neurotropic factor and behavior in mice. Gastroenterology, 141, 599-609.
e3. https://​doi.​org/​10.​1053/j.​gastro.​2011.​04.​052

	 96.	 Markowiak, P., & Śliżewska, K. (2017). Effects of probiotics, prebiotics, 
and synbiotics on human health. Nutrients, 9, 1021. https://​doi.​org/​10.​
3390/​nu909​1021

	 97.	 Barraud, D., Bollaert, P.-E., & Gibot, S. (2013). Impact of the administration 
of probiotics on mortality in critically Ill adult patients: A meta-analysis 
of randomized controlled trials. Chest, 143, 646–655. https://​doi.​org/​10.​
1378/​chest.​12-​1745

	 98.	 van Nood, E., Vrieze, A., Nieuwdorp, M., Fuentes, S., Zoetendal, E. G., de 
Vos, W. M., Visser, C. E., Kuijper, E. J., Bartelsman, J. F. W. M., Tijssen, J. G. P., 
Speelman, P., Dijkgraaf, M. G. W., & Keller, J. J. (2013). Duodenal infusion 
of donor feces for recurrent clostridium difficile. New Engl J Medicine, 
368, 407–415. https://​doi.​org/​10.​1056/​nejmo​a1205​037

	 99.	 Kang, D.-W., Adams, J. B., Gregory, A. C., Borody, T., Chittick, L., Fasano, 
A., Khoruts, A., Geis, E., Maldonado, J., McDonough-Means, S., Pollard, 
E. L., Roux, S., Sadowsky, M. J., Lipson, K. S., Sullivan, M. B., Caporaso, J. 
G., & Krajmalnik-Brown, R. (2017). Microbiota Transfer Therapy alters 
gut ecosystem and improves gastrointestinal and autism symptoms: 
An open-label study. Microbiome, 5, 10. https://​doi.​org/​10.​1186/​
s40168-​016-​0225-7

	100.	 Chen, R., Xu, Y., Wu, P., Zhou, H., Lasanajak, Y., Fang, Y., Tang, L., Ye, L., Li, 
X., Cai, Z., & Zhao, J. (2019). Transplantation of fecal microbiota rich in 
short chain fatty acids and butyric acid treat cerebral ischemic stroke 
by regulating gut microbiota. Pharmacological Research, 148, 104403. 
https://​doi.​org/​10.​1016/j.​phrs.​2019.​104403

	101.	 Wang, H., Song, W., Wu, Q., Gao, X., Li, J., Tan, C., Zhou, H., Zhu, J., He, 
Y., & Yin J. (2021). Fecal Transplantation from db/db Mice Treated with 
Sodium Butyrate Attenuates Ischemic Stroke Injury. Microbiology Spec-
trum, 9(2), e0004221. https://​doi.​org/​10.​1128/​Spect​rum.​00042-​21.

	102.	 Wang, H., Zhang, M., Li, J., Liang, J., Yang, M., Xia, G., Ren, Y., Zhou, H., Wu, 
Q., He, Y., & Yin, J. (2022). Gut microbiota is causally associated with post-
stroke cognitive impairment through lipopolysaccharide and butyrate. 
J Neuroinflamm, 19, 76. https://​doi.​org/​10.​1186/​s12974-​022-​02435-9

	103.	 Westendorp, W. F., Nederkoorn, P. J., Vermeij, J.-D., Dijkgraaf, M. G., 
& van de Beek, D. (2011). Post-stroke infection: A systematic review 
and meta-analysis. BMC Neurology, 11, 110. https://​doi.​org/​10.​1186/​
1471-​2377-​11-​110

	104.	 Westendorp, W. F., Vermeij, J.-D., Smith, C. J., Kishore, A. K., Hodsoll, J., 
Kalra, L., Meisel, A., Chamorro, A., Chang, J. J., Rezaei, Y., Amiri-Nikpour, M. 
R., DeFalco, F. A., Switzer, J. A., Blacker, D. J., Dijkgraaf, M. G., Nederkoorn, 
P. J., & van de Beek, D. (2021). Preventive antibiotic therapy in acute 
stroke patients: A systematic review and meta-analysis of individual 
patient data of randomized controlled trials. European Stroke Journal, 6, 
385–394. https://​doi.​org/​10.​1177/​23969​87321​10564​45

	105.	 Hug, A., Dalpke, A., Wieczorek, N., Giese, T., Lorenz, A., Auffarth, G., 
Liesz, A., & Veltkamp, R. (2009). Infarct volume is a major determiner of 

https://doi.org/10.1038/s41577-019-0125-8
https://doi.org/10.1038/s41577-019-0125-8
https://doi.org/10.1186/s12974-019-1572-7
https://doi.org/10.1186/s12974-019-1572-7
https://doi.org/10.1038/s41385-019-0162-4
https://doi.org/10.1371/journal.pone.0025637
https://doi.org/10.1371/journal.pone.0025637
https://doi.org/10.4049/jimmunol.0803978
https://doi.org/10.4049/jimmunol.0803978
https://doi.org/10.3389/fnins.2017.00617
https://doi.org/10.1097/00004647-200204000-00010
https://doi.org/10.1097/00004647-200204000-00010
https://doi.org/10.3389/fncel.2017.00193
https://doi.org/10.3389/fncel.2017.00193
https://doi.org/10.1186/1742-2094-11-50
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1161/strokeaha.106.475525
https://doi.org/10.1093/jn/129.12.2231
https://doi.org/10.1093/jn/129.12.2231
https://doi.org/10.1016/j.cmet.2018.08.011
https://doi.org/10.1016/j.cmet.2018.08.011
https://doi.org/10.1111/acel.12678
https://doi.org/10.1111/acel.12678
https://doi.org/10.1177/0271678x18785480
https://doi.org/10.1016/j.phrs.2021.105726
https://doi.org/10.3402/fnr.v60.30876
https://doi.org/10.3402/fnr.v60.30876
https://doi.org/10.1016/j.neulet.2015.12.047
https://doi.org/10.1016/j.neulet.2015.12.047
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.3390/nu9091021
https://doi.org/10.3390/nu9091021
https://doi.org/10.1378/chest.12-1745
https://doi.org/10.1378/chest.12-1745
https://doi.org/10.1056/nejmoa1205037
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1016/j.phrs.2019.104403
https://doi.org/10.1128/Spectrum.00042-21
https://doi.org/10.1186/s12974-022-02435-9
https://doi.org/10.1186/1471-2377-11-110
https://doi.org/10.1186/1471-2377-11-110
https://doi.org/10.1177/23969873211056445


Page 12 of 12Benakis and Liesz ﻿Neurological Research and Practice            (2022) 4:57 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

post-stroke immune cell function and susceptibility to infection. Stroke, 
40, 3226–3232. https://​doi.​org/​10.​1161/​strok​eaha.​109.​557967

	106.	 Hug, A., Mürle, B., Dalpke, A., Zorn, M., Liesz, A., & Veltkamp, R. (2011). 
Usefulness of serum procalcitonin levels for the early diagnosis of 
stroke-associated respiratory tract infections. Neurocritical Care, 14, 
416–422. https://​doi.​org/​10.​1007/​s12028-​009-​9325-6

	107.	 Kalra, L., Irshad, S., Hodsoll, J., Simpson, M., Gulliford, M., Smithard, 
D., Patel, A., Rebollo-Mesa, I., & Investigators, S.-I. (2015). Prophylactic 
antibiotics after acute stroke for reducing pneumonia in patients with 
dysphagia (STROKE-INF): A prospective, cluster-randomised, open-label, 
masked endpoint, controlled clinical trial. The Lancet, 386, 1835–1844. 
https://​doi.​org/​10.​1016/​s0140-​6736(15)​00126-9

	108.	 Liesz, A., Rüger, H., Purrucker, J., Zorn, M., Dalpke, A., Möhlenbruch, M., 
Englert, S., Nawroth, P. P., & Veltkamp, R. (2013). stress mediators and 
immune dysfunction in patients with acute cerebrovascular diseases. 
PLoS ONE, 8, e74839. https://​doi.​org/​10.​1371/​journ​al.​pone.​00748​39

	109.	 Winek, K., Engel, O., Koduah, P., Heimesaat, M. M., Fischer, A., Bereswill, 
S., Dames, C., Kershaw, O., Gruber, A. D., Curato, C., Oyama, N., Meisel, C., 
Meisel, A., & Dirnagl, U. (2016). Depletion of cultivatable gut microbiota 
by broad-spectrum antibiotic pretreatment worsens outcome after 
murine stroke. Stroke, 47, 1354–1363. https://​doi.​org/​10.​1161/​strok​eaha.​
115.​011800

	110.	 Benakis, C., Poon, C., Lane, D., Brea, D., Sita, G., Moore, J., Murphy, M., 
Racchumi, G., Iadecola, C., & Anrather, J. (2020). Distinct commensal 
bacterial signature in the gut is associated with acute and long-term 
protection from ischemic stroke. Stroke, 51, 1844–1854. https://​doi.​org/​
10.​1161/​strok​eaha.​120.​029262

	111.	 Fåk, F., Tremaroli, V., Bergström, G., & Bäckhed, F. (2015). Oral microbiota 
in patients with atherosclerosis. Atherosclerosis, 243, 573–578. https://​
doi.​org/​10.​1016/j.​ather​oscle​rosis.​2015.​10.​097

	112.	 Zhong, D.-Y., Li, L., Ma, R.-M., & Deng, Y.-H. (2021). The effect of probiotics 
in stroke treatment. Evid-based Complementary and Alternative Medicine, 
2021, 4877311. https://​doi.​org/​10.​1155/​2021/​48773​11

	113.	 Winek, K., Meisel, A., & Dirnagl, U. (2016). Gut microbiota impact on 
stroke outcome: Fad or fact? Journal of Cerebral Blood Flow & Metabo-
lism, 36, 891–898. https://​doi.​org/​10.​1177/​02716​78x16​636890

	114.	 Dale, H. F., Rasmussen, S. H., Asiller, Ö. Ö., & Lied, G. A. (2019). Probiotics 
in irritable bowel syndrome: An up-to-date systematic review. Nutrients, 
11, 2048. https://​doi.​org/​10.​3390/​nu110​92048

	115.	 Kristensen, N. B., Bryrup, T., Allin, K. H., Nielsen, T., Hansen, T. H., & 
Pedersen, O. (2016). Alterations in fecal microbiota composition by 
probiotic supplementation in healthy adults: A systematic review of 
randomized controlled trials. Genome Medicine, 8, 52. https://​doi.​org/​10.​
1186/​s13073-​016-​0300-5

	116.	 Sanchez-Rodriguez, E., Egea-Zorrilla, A., Plaza-Díaz, J., Aragón-Vela, J., 
Muñoz-Quezada, S., Tercedor-Sánchez, L., & Abadia-Molina, F. (2020). 
The gut microbiota and its implication in the development of athero-
sclerosis and related cardiovascular diseases. Nutrients, 12, 605. https://​
doi.​org/​10.​3390/​nu120​30605

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1161/strokeaha.109.557967
https://doi.org/10.1007/s12028-009-9325-6
https://doi.org/10.1016/s0140-6736(15)00126-9
https://doi.org/10.1371/journal.pone.0074839
https://doi.org/10.1161/strokeaha.115.011800
https://doi.org/10.1161/strokeaha.115.011800
https://doi.org/10.1161/strokeaha.120.029262
https://doi.org/10.1161/strokeaha.120.029262
https://doi.org/10.1016/j.atherosclerosis.2015.10.097
https://doi.org/10.1016/j.atherosclerosis.2015.10.097
https://doi.org/10.1155/2021/4877311
https://doi.org/10.1177/0271678x16636890
https://doi.org/10.3390/nu11092048
https://doi.org/10.1186/s13073-016-0300-5
https://doi.org/10.1186/s13073-016-0300-5
https://doi.org/10.3390/nu12030605
https://doi.org/10.3390/nu12030605

	The gut-brain axis in ischemic stroke: its relevance in pathology and as a therapeutic target
	Abstract 
	Background and introduction
	Changes of the gut microbiota composition after stroke
	Mediators along the gut-brain-axis after stroke
	T cells
	Vagus nerve
	Microbial metabolites
	Short-chain fatty acids
	Tryptophan metabolites
	Bile acids


	Therapeutic approaches to modulate the gut microbiome after stroke
	Dietary interventions
	Probiotics and prebiotics
	Fecal microbiome transplantation
	Use of antibiotics in stroke patients

	Conclusion and outlook
	Open questions
	Clinical intervention trials
	Potential for future translation

	Acknowledgements
	References


