NeuroMolecular Medicine (2021) 23:236-241
https://doi.org/10.1007/5s12017-020-08633-z

MINI-REVIEWS

=

Check for
updates

The Gut Ecosystem: A Critical Player in Stroke

Rosa Delgado Jiménez' - Corinne Benakis'

Received: 6 October 2020 / Accepted: 9 November 2020 / Published online: 18 November 2020

© The Author(s) 2020

Abstract

The intestinal microbiome is emerging as a critical factor in health and disease. The microbes, although spatially restricted
to the gut, are communicating and modulating the function of distant organs such as the brain. Stroke and other neurological
disorders are associated with a disrupted microbiota. In turn, stroke-induced dysbiosis has a major impact on the disease
outcome by modulating the immune response. In this review, we present current knowledge on the role of the gut microbiome
in stroke, one of the most devastating brain disorders worldwide with very limited therapeutic options, and we discuss novel
insights into the gut-immune-brain axis after an ischemic insult. Understanding the nature of the gut bacteria-brain crosstalk
may lead to microbiome-based therapeutic approaches that can improve patient recovery.
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Introduction

From the moment of birth, a symbiotic relationship is estab-
lished between the host and the colonizing microbes in the
gastrointestinal (GI) tract. These intestinal microorganisms
regulate many aspects of the host physiology, such as metab-
olism, immune system education, and brain development
(Sampson and Mazmanian 2015). Depletion of the micro-
biome in newborn mice results in impairment of the blood
brain barrier, alterations in synaptic plasticity, and learning
deficits (Sharon et al. 2016). Interestingly, all these devel-
opmental deficiencies are associated to an immature micro-
glial phenotype, suggesting a key role of the gut microbiota
in regulating brain development via its immunomodulatory
properties (Pronovost and Hsiao 2019). Signaling between
the gut microbiota and peripheral organs is mediated by
microbiome-associated molecular patterns (MAMP) and
microbiome-secreted metabolites that can either interact
with the mucosal epithelial and intestinal immune cells,
stimulate the vagus nerve or reach systemic circulation
to signal to the brain and possibly modulate neuronal and
immune response (Schroeder and Bickhed 2016). In turn,
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parasympathetic and sympathetic nerve fibers that innervate
the gut wall transmit inputs from the brain to influence gut
motility, immune cell activity, and can induce changes in the
gut composition (Furness 2012).

Recent findings have implicated the bi-directional com-
munication between the gut and the central nervous sys-
tem (CNS) in the onset and progression of brain diseases
(Cryan et al. 2019). A number of neurological disorders and
brain pathologies are accompanied by an altered microbiota
composition and reduced gut motility (Hsiao et al. 2013).
However, mechanisms underpinning gut microbiota and host
crosstalk remain poorly understood. In this review, we focus
on the role of the microbiome in ischemic stroke, the most
prevalent type that accounts for approximately 80% of all
strokes, and we discuss recent findings that had shed light
on the mechanisms underlying gut-immune-brain crosstalk.

Stroke Alters Microbiota Composition

The gut microbiota consists of different bacteria, viruses,
and fungi that coexist in a synergic balance. Since the bac-
terial population in the intestine is better characterized, the
majority of studies investigating the microbiome in health
and disease targeted the bacterial communities. The gut
microbiota is predominantly composed of four main bac-
terial phyla: Bacteroidetes, Firmicutes, Actinobacteria,
and Verrucomicrobia, and disruption of the microbiota
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homeostasis confers disease susceptibility to the host (Aru-
mugam et al. 2011).

Mounting evidences in experimental and clinical studies
suggest that stroke alters the gut microbiota composition.
Analysis of the gut microbiota of stroke patients revealed
a shift in microbial composition in comparison to healthy
individuals (Yamashiro et al. 2017) with the degree of dys-
biosis correlated with the severity of the lesion (Haak et al.
2020; Yin et al. 2015). Similarly, the change in fecal taxo-
nomic abundance is more pronounced in mice subjected to
a severe than a minor stroke (Singh et al. 2016). However,
when analyzing bacterial diversity and specific bacteria
taxa, some discrepancies are observed across clinical and
experimental studies. Indeed, studies reported an increased
in diversity in stool samples from stroke patients in compari-
son to asymptomatic controls (Yin et al. 2015) or no change
in microbiota diversity between sham operated and stroke
mice (Stanley et al. 2016). In contrary, others observed a
reduction in diversity with depletion of certain bacteria and
overgrowth of others in both experimental and clinical set-
tings (Yamashiro et al. 2017; Haak et al. 2020; Singh et al.
2016) suggesting that the degree of diversity could not nec-
essarily predict for the severity of the stroke. Different stud-
ies observed an overall reduction of the Firmicutes, with a
concomitant overgrowth of Bacteroidetes (Singh et al. 2016;
Spychala et al. 2018). However, when analyzing microbiota
changes at lower taxonomic ranks, there is a lack of con-
sistency regarding the specific bacterial changes in clinical
and experimental stroke (Benakis et al. 2020a, b). Differ-
ences in the location of fecal sampling (across the GI tract
in mice, and stool samples in patients), the methods used
for the extraction of genomic DNA and for 16S rRNA gene
analysis, the severity of the stroke model and the baseline
differences in the microbiota composition (the mouse ori-
gin or inter- and intra-individual variabilities in humans)
could be confounding factors accounting for the contradic-
tory results (Costello et al. 2009; Sadler et al. 2017; Stanley
et al. 2018). Another confounding factor affecting the gut
microbiota composition is the type of diet. The severe stroke
cases are always hospitalized, where they will be treated
with medicines and fed a hospital-controlled diet whereas
little intervention occurs in mice after experimental stroke,
which altogether will affect the microbiota composition in
a different manner between rodents and humans. Overall,
clinical and experimental data indicate a shift of the micro-
biota composition after stroke. However, to date, it is still
not known which types of gut bacteria participate to the
pathobiology mechanisms of stroke.

Aging alters the gut microbiota composition and is asso-
ciated with an increased inflammation and intestinal perme-
ability (Spychala et al. 2018). Following stroke, mice har-
boring an aged microbiota had higher mortality, impaired
locomotor function, and a pro-inflammatory cytokine

response than young mice. The stroke outcome could be
reverted in both young and old mice by fecal microbiota
transplantation (FMT). These experiments highlighted the
importance of age on the microbiota state and its impact on
disease development, and how manipulation of the micro-
biota can lead to non-invasive therapies to both prevent and
ameliorate stroke outcome. Whereas experimental findings
indicate a correlation with age, gut dysbiosis and stroke out-
come, the impact of other risk factors (diabetes mellitus,
high blood cholesterol levels, alcohol consumption, high-fat
diet, lack of exercise) and sex differences on the gut microbi-
ome and stroke outcome remains to be addressed in experi-
mental and clinical studies.

In experimental research, the mechanisms by which brain
damage is thought to alter microbiome composition are by
reducing gut motility mucosal barrier integrity due to post-
stroke dysregulation of the autonomous nervous system
(ANS) (Houlden et al. 2016). Following brain injury, there
is a loss of cholinergic activity and an increase of adrenergic
signaling in the gut which is associated with the disruption
of the gut barrier. Accordingly, inhibition of B-adrenergic
activity using beta-blockers significantly restored stroke-
induced gut permeability and reduced bacterial dissemina-
tion to peripheral organs (Stanley et al. 2016). In this line,
Singh et al. demonstrated that paralysis of the ileum alone
can drive changes in the microbiota, arguing for a CNS-
mediated dysbiosis (Singh et al. 2016). Gut bacteria can
sense hormones and neurotransmitters derived from the GI
tract, and some opportunistic pathogens are able to prolifer-
ate more in the presence of the stress hormone norepineph-
rine (NE) in in vitro culture (O’Donnell et al. 2006). Inter-
estingly, following experimental stroke, there is an increased
of NE release in the cecum, region of the gut between the
small intestine and the colon, which could account for
the proliferation of certain pathogens or commensal over-
growth over others (Houlden et al. 2016). In addition, the
ANS modulates intestinal mucus secretion, and perturba-
tion of the brain to gut signals is likely to have important
effects on the size and quality of the intestinal mucus layer.
In this respect, Houlden et al. observed a dysregulation of
the mucoprotein production and a decrease of the mucus-
producing goblet cells in the cecum after stroke (Houlden
et al. 2016). Impairment of the formation of the mucus
layer following stroke might allow commensals to come in
direct contact with the epithelium, translocate and trigger an
immune response, and post-stroke infection (Crapser et al.
2016; Stanley et al. 2016; Winek et al. 2016). Also more
data regarding the direct implication of bacterial transloca-
tion leading to infection in experimental stroke are needed
(Oyama et al. 2018). In conclusion, brain injury triggers
an imbalance of cholinergic and adrenergic signaling in the
gut, increases the concentration of released NE, reduces gut
motility and alters the gut-brain barrier which are associated
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with microbiota dysbiosis. All these events will impact the
gut microbial functional output and may further perturbs
intestinal immune homeostasis.

The Gut-Immune-Brain Axis in Stroke

Studies using animal models have provided the strongest evi-
dence to date and have helped to elucidate the mechanisms
underlying the gut-immune-brain interactions after stroke.

T lymphocytes are known to play a crucial role in the sec-
ondary tissue damage that follows brain injury. Pro-inflam-
matory T helper 1 cells (Thl), T helper 17 cells (Th17),
and ydT-IL-17 +cells have been associated to contribute to
post-stroke neurotoxicity, whereas regulatory T-cells (Treg)
are known to exert anti-inflammatory and neuroprotective
properties (Liesz et al. 2009; Shichita et al. 2009). There
is a growing body of evidence supporting the key role of
microbiota in maintaining the immune homeostasis by regu-
lating the balance between pro-inflammatory Th17 and anti-
inflammatory Treg cells in the GI tract.

Colonization of germ-free (GF) mice with post-stroke
fecal content resulted in aggravation of the stroke outcome
by inducing a pro-inflammatory Thl and Th17-mediated
response (Singh et al. 2016), suggesting that stroke-induced
dysbiosis triggers a pro-inflammatory immune response
which enhances brain damage. The authors demonstrated
that T-cells coming from the Peyer’s patches invade the peri-
infarct tissue and contribute to the immune response in the
acute phase of stroke. Moreover, restoring gut microbiota
homoeostasis with FMT from healthy donors reduced lesion
size and increased the number of Treg cells in the ischemic
brain (Singh et al. 2016). However, the sole presence of
microbiota is neuroprotective as completely eradication of
gut bacteria in GF mice resulted in greater infarct volume
compare to colonized mice (Singh et al. 2018). Again, this
microbiota-mediated beneficial effect on stroke outcome
was dependent on the lymphocyte response (Singh et al.
2018), indicating that gut bacteria immune-modulatory role
is essential for stroke recovery. The critical involvement of
the gut-brain bi-directional communication in stroke was
evidenced by showing that manipulation of the microbiota
composition with antibiotics before the ischemic insult
reduced the infarct volume and improved sensorimotor
functions (Benakis et al. 2016). In this study, they showed
that the neuroprotective effect is mediated by a microbiota-
dependent priming of intestinal dendritic cells (DC), induc-
ing an expansion of Tregs in the small intestine that act by
suppressing the pro-inflammatory ydT-IL-17 + cells. More-
over, they identified IL-10 as a main orchestrator of Treg
cell-mediated inhibition of y8T cell proliferation, since /L-
10 —/— mice were exempt from the protective effects. This
anti-inflammatory environment in the gut is relayed to the
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brain since fewer pro-inflammatory IL-17 +ydT-cells accu-
mulated in the meninges, which is associated with smaller
infarct volume. Interestingly, intestinal T-cells migrate from
the gut to the meninges and the brain parenchyma demon-
strating a direct gut-brain communication route in stroke
(Benakis et al. 2016; Singh et al. 2016). These studies illus-
trate that microbiota is affected after stroke and that changes
in the bacterial population promote a pro-inflammatory
T-cell response, migration of intestinal immune cells to the
meninges after stroke which altogether might participate in
secondary brain damage and worsens stroke outcome. In
addition, modification of the gut microbiota composition
can skew the intestinal immune response towards an anti-
inflammatory milieu via tolerogenic DC. Taken together,
these findings highlighted a direct connection along the gut-
brain axis via intestinal lymphocytes trafficking from the gut
to the brain where they modulate the neuroinflammatory
response to stroke (Benakis et al. 2016; Singh et al. 2016).
However, it is still not known whether intestinal immune
cells contribute directly to brain injury or repair mecha-
nisms. Importantly, the molecular pathways underlying this
gut bacteria-DC interaction remain elusive (Fig. 1).

Manipulation of the Gut Microbiota
in Stroke

Benakis et al. demonstrated that treatment of mice with
ampicillin or vancomycin prior inducing the ischemic insult
confers neuroprotection, whereas mice were not protected
from stroke when using neomycin (Benakis et al. 2020a, b).
This neuroprotection is associated with an antibiotic-specific
shift in the microbiome composition with an expansion of
Proteobacteria and Firmicutes, and a reduction of Bacteroi-
detes. Moreover, when they analyzed the predictive enzy-
matic pathways associated with the beneficial microbiota
changes, they found that xenobiotic/aromatic compound
metabolism was predictive of the size of the ischemic lesion
(Benakis et al. 2020a, b; Stanley et al. 2018). Microbiota-
derived metabolites are one of the main communication
channels underlying bacteria—host crosstalk. One possible
missing link implicated in the gut-immune-brain axis in
stroke could be metabolites that are exclusively produced
by bacteria.

Metabolite products of the essential aromatic amino
acid tryptophan are known to modulate immune cell func-
tion through the aryl hydrocarbon receptor (AHR) which is
expressed in both DC and T-cells (Lamas et al. 2018). Some
bacteria members are capable of catabolizing tryptophan in
the gut into ligands of AHR. In mice, activation of AHR by
microbiota-derived indoles promotes intestinal homeostasis
through induction of interleukin-22 in immune cells (Zelante
et al. 2013). Activation of AHR in astrocytes by tryptophan
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Fig. 1 Gut metabolites—immune system crosstalk in stroke. Immune
system regulation by the gut microbiome after stroke. Lower panel:
In the gut, stroke induces dysbiosis, mucosal barrier dysfunction,
an increase of gut permeability, bacteria translocation, post-stroke
infection, and a pro-inflammatory T-cell response via dendritic cells
(DC). Immune cells, especially T-cells, CD64+ macrophages and
DCs migrate from the gut to the meninges and the brain after stroke.
The role of gut metabolites (AHR, secondary bile acids, MAMPs)

metabolites drives neuroprotection in a mouse model of
multiple sclerosis (Rothhammer et al. 2016). However, the
protective effect seems to be ligand depend, as other trypto-
phan metabolites have been reported to aggravate the disease
course (Veldhoen et al. 2008). Interestingly, the activity of
kynurenine pathway responsible for tryptophan endogenous
catabolism is upregulated following ischemic stroke and has
been associated with the inflammatory response and a wors-
ened outcomes (Brouns et al. 2010). Accordingly, pharmaco-
logical and genetic blockade of the AHR receptor improved
stroke recovery (Chen et al. 2019). These findings suggest

as immunomodulators of intestinal immune cells is not well defined
yet. Microbiota-derived SCFA are decreased after stroke and possi-
bly trigger an imbalance of ydT-IL-17 4+cells and regulatory T-cells
(Treg). Top panel: Supplementation of SCFA modulates neuronal
activity and synapse density, and is associated with a decrease in
microglia activation and an increase in Tregs together with a better
recovery after stroke. Created with BioRender.com

a pivotal role for tryptophan-derived compounds in stroke.
Yet the immunomodulator effect of the microbiota-derived
tryptophan metabolites in ischemic injury remains to be
elucidated.

Short chain fatty acids (SCFA) are bioproducts of bac-
terial fermentation with immunomodulatory roles: they
are able to directly induce T-cell differentiation into effec-
tor and regulatory cells depending on the immune context
(Park et al. 2015). Strikingly, levels of plasma SCFA were
significantly reduced after stroke in mice, and this was asso-
ciated with a worsened outcome (Sadler et al. 2020). SCFA
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supplementation in mice prior to stroke improved behav-
ioral recovery, modified cortical network connectivity, and
changed histological markers of synaptic plasticity, which
was associated with improved long-term stroke outcomes.
These effects were correlated with modification of micro-
glial morphology towards a homeostatic-like state and a
reduction in brain-invading lymphocytes (Sadler et al. 2020).
In another study, they observed that oral gavage of SCFA-
producing bacteria and inulin, a bacterial substrate for SCFA
production, diminished neurological deficits and improved
depressive-like behaviors following stroke in aged mice in
comparison to young mice. Moreover, these changes were
accompanied with a reduced percentage of IL-17 +y3T cells
in the ischemic brain (Lee et al. 2020), but whether SCFAs
directly influence T-cell polarization, and migration was not
addressed. Surprisingly, the volume of the infarct was not
affected by SCFA interventions in both studies. All these
evidences indicate that the microbial metabolite SCFAs
play an important role in post-stroke recovery and may be
involved in the immunomodulatory role exerted by the gut
microbiota after stroke (Fig. 1).

Conclusion

Here, we summarized the current findings on how the micro-
biota composition affects stroke outcome by modulating the
immune response. The changes in gut microbiota following
ischemic injury induces a predominantly pro-inflammatory
T-cell response which is associated with greater infarct vol-
ume and worsened outcome. Because the gut microbiota
is a very complex ecosystem, influenced by the environ-
ment and the host, with redundant functions and synergic
relationships, identifying the functional microbial signature
responsible for the neuroprotective effect could be a better
approach rather than identifying specific bacterial species.
Especially, since the composition of the gut microbiota sub-
stantially differs at deeper taxonomic level between humans
and mice, it would be a better strategy to investigate the
microbiome metabolomic profile for experimental research
to be translated into clinics. However, to the best of our
knowledge, there are no experimental data yet linking cau-
sality between specific microbiota-synthesized compounds
and immune responses following brain damage. Further
work addressing the molecular players involved in the cross-
talk between commensal bacteria and the immune system
after stroke would be necessary for successfully applying
these findings in stroke patients.

Author Contributions RDJ and CB wrote the manuscript. All authors
read and approved the final manuscript.

@ Springer

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was supported by the European Commission
H2020-MSCA-IF 2016 753893 MetaBiota (CB).

Compliance with Ethical Standards
Conflict of interest The authors have no conflict of interest to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T.,
Mende, D. R, et al. (2011). Enterotypes of the human gut micro-
biome. Nature, 473(7346), 174-180. https://doi.org/10.1038/natur
e09944.

Benakis, C., Brea, D., Caballero, S., Faraco, G., Moore, J., Murphy, M.,
et al. (2016). Commensal microbiota affects ischemic stroke out-
come by regulating intestinal yd T cells. Nature Medicine, 22(5),
516-523. https://doi.org/10.1038/nm.4068.

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.

Benakis, C., Poon, C., Lane, D., Brea, D., Sita, G., Moore, J., et al.
(2020). Distinct commensal bacterial signature in the gut is
associated with acute and long-term protection from ischemic
stroke. Stroke, 51(6), 1844—1854. https://doi.org/10.1161/STROK
EAHA.120.029262.

Brouns, R., Verkerk, R., Aerts, T., De Surgeloose, D., Wauters, A.,
Scharpé, S., & De Deyn, P. P. (2010). The role of tryptophan
catabolism along the kynurenine pathway in acute ischemic
stroke. Neurochemical Research, 35(9), 1315-1322. https://doi.
org/10.1007/s11064-010-0187-2.

Chen, W.-C., Chang, L.-H., Huang, S.-S., Huang, Y.-J., Chih, C.-L.,
Kuo, H.-C., et al. (2019). Aryl hydrocarbon receptor modulates
stroke-induced astrogliosis and neurogenesis in the adult mouse
brain. Journal of Neuroinflammation, 16(1), 187-213. https://doi.
org/10.1186/s12974-019-1572-7.

Costello, E. K., Lauber, C. L., Hamady, M., Fierer, N., Gordon, J. I., &
Knight, R. (2009). Bacterial community variation in human body
habitats across space and time. Science, 326(5960), 1694—1697.
https://doi.org/10.1126/science.1177486.

Crapser, J., Ritzel, R., Verma, R., Venna, V. R., Liu, F., Chauhan,
A., et al. (2016). Ischemic stroke induces gut permeability and
enhances bacterial translocation leading to sepsis in aged mice.
Aging-Us, 8(5), 1049-1063. https://doi.org/10.18632/aging.10095
2.

Cryan, J. F., O’Riordan, K. J., Cowan, C. S. M., Sandhu, K.
V., Bastiaanssen, T. F. S., Boehme, M., et al. (2019). The


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nm.4068
https://doi.org/10.1016/j.conb.2019.11.009
https://doi.org/10.1161/STROKEAHA.120.029262
https://doi.org/10.1161/STROKEAHA.120.029262
https://doi.org/10.1007/s11064-010-0187-2
https://doi.org/10.1007/s11064-010-0187-2
https://doi.org/10.1186/s12974-019-1572-7
https://doi.org/10.1186/s12974-019-1572-7
https://doi.org/10.1126/science.1177486
https://doi.org/10.18632/aging.100952
https://doi.org/10.18632/aging.100952

NeuroMolecular Medicine (2021) 23:236-241

241

microbiota-gut-brain axis. Physiological Reviews, 99(4), 1877-
2013. https://doi.org/10.1152/physrev.00018.2018.

Furness, J. B. (2012). The enteric nervous system and neurogastroen-
terology. Nature Reviews Gastroenterology & Hepatology, 9(5),
286-294. https://doi.org/10.1038/nrgastro.2012.32.

Haak, B. W., Westendorp, W. F., van Engelen, T. S. R., Brands, X., Brou-
wer, M. C., Vermeij, J.-D., et al. (2020). Disruptions of anaerobic
gut bacteria are associated with stroke and post-stroke infection: A
prospective case-control study. Translational Stroke Research, 11,
110-112. https://doi.org/10.1007/s12975-020-00863-4.

Houlden, A., Goldrick, M., Brough, D., Vizi, E. S., Lénart, N., Mar-
tinecz, B., et al. (2016). Brain injury induces specific changes
in the caecal microbiota of mice via altered autonomic activity
and mucoprotein production. Brain, Behavior, and Immunity, 57,
10-20. https://doi.org/10.1016/j.bbi.2016.04.003.

Hsiao, E. Y., McBride, S. W., Hsien, S., Sharon, G., Hyde, E. R.,
McCue, T., et al. (2013). Microbiota modulate behavioral and
physiological abnormalities associated with neurodevelopmen-
tal disorders. Cell, 155(7), 1451-1463. https://doi.org/10.1016/j.
cell.2013.11.024.

Lamas, B., Natividad, J. M., & Sokol, H. (2018). Aryl hydrocarbon
receptor and intestinal immunity. Mucosal Immunology, 11(4),
1024-1038. https://doi.org/10.1038/s41385-018-0019-2.

Lee, J., d’Aigle, J., Atadja, L., Quaicoe, V., Honarpisheh, P., Ganesh,
B. P, et al. (2020). Gut microbiota-derived short-chain fatty acids
promote poststroke recovery in aged mice. Circulation Research,
127(4), 453-465. https://doi.org/10.1161/CIRCRESAHA
.119.316448.

Liesz, A., Suri-Payer, E., Veltkamp, C., Doerr, H., Sommer, C., Rivest,
S., et al. (2009). Regulatory T cells are key cerebroprotective
immunomodulators in acute experimental stroke. Nature Medi-
cine, 15(2), 192-199. https://doi.org/10.1038/nm.1927.

O’Donnell, P. M., Aviles, H., Lyte, M., & Sonnenfeld, G. (2006).
Enhancement of in vitro growth of pathogenic bacteria by nor-
epinephrine: Importance of inoculum density and role of transfer-
rin. Applied and Environmental Microbiology, 72(7), 5097-5099.
https://doi.org/10.1128/AEM.00075-06.

Oyama, N., Winek, K., Backer-Koduah, P., Zhang, T., Dames, C., Wer-
ich, M., et al. (2018). Exploratory investigation of intestinal func-
tion and bacterial translocation after focal cerebral ischemia in the
mouse. Frontiers in Neurology, 9, 937. https://doi.org/10.3389/
fneur.2018.00937.

Park, J., Kim, M., Kang, S. G., Jannasch, A. H., Cooper, B., Patterson,
J., & Kim, C. H. (2015). Short-chain fatty acids induce both effec-
tor and regulatory T cells by suppression of histone deacetylases
and regulation of the mTOR-S6K pathway. Mucosal Immunology,
8(1), 80-93. https://doi.org/10.1038/mi.2014.44.

Pronovost, G. N., & Hsiao, E. Y. (2019). Perinatal interactions between
the microbiome, immunity, and neurodevelopment. Immunity,
50(1), 18-36. https://doi.org/10.1016/j.immuni.2018.11.016.

Rothhammer, V., Mascanfroni, I. D., Bunse, L., Takenaka, M. C., Keni-
son, J. E., Mayo, L., et al. (2016). Type I interferons and microbial
metabolites of tryptophan modulate astrocyte activity and central
nervous system inflammation via the aryl hydrocarbon recep-
tor. Nature Medicine, 22(6), 586-597. https://doi.org/10.1038/
nm.4106.

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. Journal of Neuro-
science, 40(5), 1162-1173. https://doi.org/10.1523/INEUR
OSCI.1359-19.2019.

Sadler, R., Singh, V., Benakis, C., Garzetti, D., Brea, D., Stecher, B.,
et al. (2017). Microbiota differences between commercial breeders
impacts the post-stroke immune response. Brain, Behavior, and
Immunity, 66, 23-30. https://doi.org/10.1016/j.bbi.2017.03.011.

Sampson, T. R., & Mazmanian, S. K. (2015). Control of brain
development, function, and behavior by the microbiome. Cell

Host and Microbe, 17(5), 565-576. https://doi.org/10.1016/].
chom.2015.04.011.

Schroeder, B. O., & Béckhed, F. (2016). Signals from the gut microbi-
ota to distant organs in physiology and disease. Nature Medicine,
22(10), 1079-1089. https://doi.org/10.1038/nm.4185.

Sharon, G., Sampson, T. R., Geschwind, D. H., & Mazmanian, S. K.
(2016). The central nervous system and the gut microbiome. Cell,
167(4), 915-932. https://doi.org/10.1016/j.cell.2016.10.027.

Shichita, T., Sugiyama, Y., Ooboshi, H., Sugimori, H., Nakagawa,
R., Takada, I., et al. (2009). Pivotal role of cerebral interleukin-
17-producing gammadeltaT cells in the delayed phase of ischemic
brain injury. Nature Medicine, 15(8), 946-950. https://doi.
org/10.1038/nm.1999.

Singh, V., Roth, S., Llovera, G., Sadler, R., Garzetti, D., Stecher, B.,
et al. (2016). Microbiota dysbiosis controls the neuroinflam-
matory response after stroke. Journal of Neuroscience, 36(28),
7428-7440. https://doi.org/10.1523/INEUROSCI.1114-16.2016.

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
and Metabolism, 38(8), 1293-1298. https://doi.org/10.1177/02716
78X18780130.

Spychala, M. S., Venna, V. R., Jandzinski, M., Doran, S. J., Durgan,
D. J., Ganesh, B. P, et al. (2018). Age-related changes in the
gut microbiota influence systemic inflammation and stroke out-
come. Annals of Neurology, 84(1), 23-36. https://doi.org/10.1002/
ana.25250.

Stanley, D., Mason, L. J., Mackin, K. E., Srikhanta, Y. N., Lyras, D.,
Prakash, M. D., et al. (2016). Translocation and dissemination of
commensal bacteria in post-stroke infection. Nature Medicine.
https://doi.org/10.1038/nm.4194.

Stanley, D., Moore, R. J., & Wong, C. H. Y. (2018). An insight into intes-
tinal mucosal microbiota disruption after stroke. Scientific Reports,
8(1), 568-612. https://doi.org/10.1038/s41598-017-18904-8.

Veldhoen, M., Hirota, K., Westendorf, A. M., Buer, J., Dumoutier, L.,
Renauld, J.-C., & Stockinger, B. (2008). The aryl hydrocarbon
receptor links TH17-cell-mediated autoimmunity to environmen-
tal toxins. Nature, 453(7191), 106-109. https://doi.org/10.1038/
nature06881.

Winek, K., Engel, O., Koduah, P., Heimesaat, M. M., Fischer, A.,
Bereswill, S., et al. (2016). Depletion of cultivatable gut micro-
biota by broad-spectrum antibiotic pretreatment worsens out-
come after murine stroke. Stroke, 47(5), 1354-1363. https://doi.
org/10.1161/STROKEAHA.115.011800.

Yamashiro, K., Tanaka, R., Urabe, T., Ueno, Y., Yamashiro, Y.,
Nomoto, K., et al. (2017). Gut dysbiosis is associated with
metabolism and systemic inflammation in patients with ischemic
stroke. PLoS ONE, 12(2),e0171521. https://doi.org/10.1371/journ
al.pone.0171521.

Yin, J., Liao, S. X., He, Y., Wang, S., Xia, G. H., Liu, F. T., et al.
(2015). Dysbiosis of gut microbiota with reduced trimethylamine-
N-oxide level in patients with large-artery atherosclerotic stroke or
transient ischemic attack. Journal of the American Heart Associa-
tion. https://doi.org/10.1161/JAHA.115.002699.

Zelante, T., Iannitti, R. G., Cunha, C., De Luca, A., Giovannini, G.,
Pieraccini, G, et al. (2013). Tryptophan catabolites from micro-
biota engage aryl hydrocarbon receptor and balance mucosal reac-
tivity via interleukin-22. Immunity, 39(2), 372-385. https://doi.
org/10.1016/j.immuni.2013.08.003.

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

@ Springer


https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1007/s12975-020-00863-4
https://doi.org/10.1016/j.bbi.2016.04.003
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1038/s41385-018-0019-2
https://doi.org/10.1161/CIRCRESAHA.119.316448
https://doi.org/10.1161/CIRCRESAHA.119.316448
https://doi.org/10.1038/nm.1927
https://doi.org/10.1128/AEM.00075-06
https://doi.org/10.3389/fneur.2018.00937
https://doi.org/10.3389/fneur.2018.00937
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1016/j.immuni.2018.11.016
https://doi.org/10.1038/nm.4106
https://doi.org/10.1038/nm.4106
https://doi.org/10.1523/JNEUROSCI.1359-19.2019
https://doi.org/10.1523/JNEUROSCI.1359-19.2019
https://doi.org/10.1016/j.bbi.2017.03.011
https://doi.org/10.1016/j.chom.2015.04.011
https://doi.org/10.1016/j.chom.2015.04.011
https://doi.org/10.1038/nm.4185
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1038/nm.1999
https://doi.org/10.1038/nm.1999
https://doi.org/10.1523/JNEUROSCI.1114-16.2016
https://doi.org/10.1177/0271678X18780130
https://doi.org/10.1177/0271678X18780130
https://doi.org/10.1002/ana.25250
https://doi.org/10.1002/ana.25250
https://doi.org/10.1038/nm.4194
https://doi.org/10.1038/s41598-017-18904-8
https://doi.org/10.1038/nature06881
https://doi.org/10.1038/nature06881
https://doi.org/10.1161/STROKEAHA.115.011800
https://doi.org/10.1161/STROKEAHA.115.011800
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/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.immuni.2013.08.003

	The Gut Ecosystem: A Critical Player in Stroke
	Abstract
	Introduction
	Stroke Alters Microbiota Composition
	The Gut-Immune-Brain Axis in Stroke
	Manipulation of the Gut Microbiota in Stroke
	Conclusion
	References




