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ABSTRACT

Recent studies have provided evidence for the role of the gut
microbiota in the homeostasis of the central nervous system
(CNS) and in the pathophysiology of its disorders, e. g. by reg-
ulation of the peripheral immune response. In this article, we
discuss the importance of the gut microbiota in stroke by pro-
viding a summary of available clinical and experimental data
suggesting that 1) stroke changes the gut microbiome, 2) mi-
crobiota modulates stroke outcome and 3) microbiota plays
an important role in the pathogenesis of stroke (risk factors).
Currently available clinical and experimental evidence suggests
an important role of gut microbiota in stroke and promises
clinically relevant discoveries within coming years.

Introduction

In recent years, enormous advances in molecular biology have
made it possible to characterize the microorganisms that accom-
pany the host during its lifetime. The greatest population of com-
mensal bacteria is located in the digestive tract. More than 1000
bacterial species inhabit the intestine; most of them belonging to
two phyla, Firmicutes and Bacteroidetes [1].

New sequencing and bioinformatic analysis methods have been
used in studies on the role of intestinal bacteria under physiologi-
cal as well as pathological conditions. The importance of intestinal
microorganisms for the synthesis of some vitamins as well as the
metabolism of otherwise indigestible foods has long been known
[2]. Importantly, commensal bacteria support local immune sys-
tem in the defense against potential pathogenic germs, and play
an important role in the regulation of the systemic immune re-
sponse to infectious as well as noninfectious inflammatory reac-
tions, even those distant from the intestine [3].

Animal experiments in recent years have demonstrated that in-
testinal microorganisms play a very important role in the homeo-
stasis of the central nervous system. For example, so-called germ-
free (GF) mice have an increased permeability of the blood-brain
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barrier [4], morphologically immature and functionally impaired
microglia [5] and altered myelin sheaths surrounding axonsin cer-
tain brain regions [6]. Associated with these are altered behavioral
patterns of GF animals compared to conventionally colonized mice
[7].

Nowadays the term microbiota is commonly used in the litera-
ture instead of microflora to describe all commensal microorgan-
isms accompanying the host, since these do not belong taxonom-
ically to the plant kingdom. The majority of commensals belong to
bacteria and this group seem to be the mostimportant physiolog-
ically. In addition, viruses, especially bacterial viruses (bacterio-
phages) and fungi also play an important role [8, 9]. On the other
hand, microbiome refers to the totality of all genes of the microbi-
ota [10]. In recent years, research on the functional relevance of
microbiota has developed into an important new field not only in
neurosciences in general, but also in stroke research. Experimen-
tal investigations concerning changes in the microbiome after
stroke as well as the influence of the microbiota on stroke progno-
sis have been published recently. However, robust clinical data on
this topic are missing, possibly also due to problems in sample re-
covery in patients after an acute stroke.
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» Table 1 Rolle of intestinal microbiota in stroke, adapted from [51] with minor modifications.

Stroke-related Microbiota Studies

Experimental

- Changes in microbiota composition in stroke animals compared to
sham-operated and naive mice; T Peptococcaeae and | Prevotellaceae;
the changes correlate with infarct volume [12]

- | Variety of species with changes in various strains; { Intestinal motility
after stroke; Gut as source of proinflammatory, CNS-infiltrating
T-lymphocytes; Feces transplantation with balanced microbiota has
neuroprotective effect [13]

- | Infarct volume via reduction of IL-17 y&T cells in mice with altered
microbiota [29]

- T Mortality after stroke in animals after depletion of microbiota using
broad-spectrum antibiotics [37]

- | Stroke outcome after transplantation of microbiota from older donor
animals [24]

- | Neuronal damage and T cognitive functions resulting from Clostridium

butyricum treatment in diabetic mouse model with diminished cerebral
perfusion [36]

- Translocation of bacteria from the gut after MCAo in a mouse model
considered as the cause of pneumonia [25] and sepsis [23].

In this review article we will summarize the available scientific
literature on the role of intestinal microbiota in ischemic stroke,
while focusing on the clinically relevant aspects. We will follow 3
hypotheses which we will examine based on available data.

Hypothesis 1: Ischemic stroke alters the
composition of intestinal microbiota

For virtually every previously studied disease, the exact character-
ization of the composition of the intestinal microbiome was the
first aim in microbiological studies, in both experimental and clin-
ical settings. As in many other areas of preclinical research, mice
and rats are the most frequently used animal models in microbi-
ome research. It should be kept in mind, however, that the results
of studies in rodents cannot be directly applied to humans. Factors
which differ between animals and humans, such as the physiology
of the gastrointestinal tract, influence of diet or specific functions
of the immune system, have different effects on the microbiota
[11]. Moreover, the composition of the microbiota differs between
rodents and humans perse [11].

Two experimental studies investigated changes in the compo-
sition of the microbiome after a stroke (> Table 1). The working
group led by Denes described a relative increase of bacteria from
the Peptococcaeae family (anaerobic gram-positive cocci, phylum
Firmicutes, class Clostridia, order Clostridiales), with a relative reduc-
tion of bacteria of the family Prevotellaceae (anaerobic gram-neg-
ative bacilliform) in stroke mice (MCAo model; occlusion of middle
cerebral artery), when compared to control animals [12]. (Refer to
» Fig. 1 for the exact taxonomy of bacteria described in this arti-
cle). In a similar model, the working group of Liesz observed a di-
minished diversity of the intestinal microbiome after stroke
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Clinical

- Changes in the microbiome among stroke and TIA patients 1
genera: Enterobacter, Megasphaera, Oscillibacter, Desulfovibrio; L
genera: Bacteroides, Prevotella, Faecalibacterium; correlating with the
severity of the lesion; | TMAO in stroke/TIA patients compared to
patients with asymptomatic atherosclerosis [17]

- 1 Proportion of Roseburia, Bacteroides, Faecalibacterium prausnitzii in
patients after acute stroke compared to controls; T Proportion of
Enterobacteriaceae, Bifidobacteriaceae, Clostridium difficile among
stroke patients compared to healthy volunteers; Specific changes of
microbiota with restoration of microbiota composition after a few
weeks [14]

- Altered composition in patients with symptomatic atherosclerosis
(minor ischemic stroke, TIA) compared to healthy controls: 1
Collinsella in atherosclerosis patients, whereas T Roseburia,
Eubacterium and 3 species of Bacteroides in the control group [15]

- No difference in microbiome composition between patients with
symptomatic atherosclerosis (minor ischemic stroke, TIA, amaurosis
fugax) and control group, various gut microorganisms identified in
atherosclerotic plaques; Correlation between microbiome
composition and blood lipids [16]

affecting a variety of bacterial families and genera. Here, the
Bacteroidetes phylum was shown to be significantly increased [13].

Microbiome composition after cerebral ischemia has been in-
vestigated in 4 clinical trials. Using fluorescence in situ hybridiza-
tion (FISH), a decreased amount of Roseburia, Bacteroides,
Faecalibacterium prausnitzii and increased proportion of Enterobac-
teriaceae, Bifidobacteriaceae, and Clostridium difficile has been de-
tected in gut samples of stroke patients, as compared to healthy
volunteers, intensive care patients, patients with active ulcerative
colitis or with irritable bowel syndrome [14]. Two sequencing stud-
ies investigated the microbiome composition of patients with ath-
erosclerotic carotid stenosis. In one study the group of acutely
symptomatic patients (TIA or mild ischemic stroke) showed differ-
ences in the intestinal microbiome [15], whereas this was not the
case in the other [16].

In a larger study, stroke and TIA patients (number providing
stool samples, n=141) had a significantly altered microbiome when
compared to the control group (with asymptomatic atherosclero-
sis and without atherosclerotic changes, n=94). The composition
of the intestinal microbiome also correlated with the severity of
the stroke (NIHSS <4 or >4). The microbiota of stroke and TIA pa-
tients contained significantly more bacteria of the genera Entero-
bacter, Megasphaera, Oscillibacter and Desulfovibrio, and less Bacte-
roides, Prevotella and Faecalibacterium [17].

In summary, these animal experiments and clinical data suggest
that the composition of the microbiome changes after stroke. How-
ever, both the experimental and the clinical studies are not consist-
entregarding the respective changes, thus a characteristic “stroke
profile” of altered microbiome cannot be derived from the existing
data.

Systematic, standardized large-scale studies are necessary to
accurately characterize alterations in the intestinal microbiota after
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Phylum —o Class —o Order —o Family —o Genus ——o Species
Gram + Coriobacteriales Cariobacteriaceae Collinsella
high G+C content
inob p Actinobacteria f Bifidobacteriales Desulfovibrio
p Actinobacteria S Desulfovibrionaceae
Gram + Deltaproteobacteria Desulfovibrionales Vi Escherichia E.coli
Proteobacteria f Gammaproteobacteria Enterobacteriales Enterobacteriaceae
Bacteria [ Gram - \___Enterobacter
. Bacteroidetes Bacteroidales Bacteroidaceae
Bacteroidetes e \ Bacteroides
GI:T + 1 Prevotellaceae Prevotella
L Bacilli Lactobacillales Enterococcaceae Enterococcus E.faecalis
\ Firmicutes |
Negativicutes Selenomodales Veillonellaceae Megasphaera
Oscillospiraceae Oscillibacter
K Clostridia Eubacteriaceae Eubacterium
\ Clostridiales
\ Peptococcaceae
\ Lachnospiraceae Roseburia Cbutyricum
Clostridiaceae
\ Clostridium C.difficile
l Facealibacterium F.prausnitzii

> Fig. 1 Taxonomy of microorganisms mentioned in the manuscript. More than 1000 species of bacteria inhabit the gut; more than 90 % of all

intestinal bacteria belong to the phylum Firmicutes or Bacteroidetes.

stroke. However, these studies will not be able to answer the ther-
apeutically important question of whether composition of the mi-
crobiota modified before or due to the stroke has a pathophysio-
logical significance in case of stroke.

Hypothesis 2: Intestinal microbiota has an
influence on cerebral ischemia or clinical
progression after stroke

The connection between brain and gut has long been known. The
important role of the microbiota in this so-called gut-brain axis is
beingincreasingly recognized [18]. Microorganisms, intestine and
CNS communicate directly over the autonomic nervous system or
via indirect signaling pathways through bacterial metabolic prod-
ucts as well as the effects of neurotransmitters on intestinal micro-
organisms. Interaction between intestinal microorganisms and the
immune system plays a little understood, but probably very impor-
tant role. Microorganisms are able to modulate the immune sys-
tem. Both regulatory and pro-inflammatory effects have been de-
scribed which may have consequences remote from the intestine,
including in the brain [19].

An ischemic stroke can perturb the homeostasis regulated by
the microbiota-gut-brain axis (> Fig. 2). Reduced or absent intes-
tinal motility and the disrupted intestinal barrier can lead to the
translocation of intestinal bacteria into circulation and the extrain-
testinal organs [12, 13]. Animal experiments also show that the
local immune system of the intestine is disturbed as a result of a
stroke (especially the lymphocyte population in Peyer’s plaques),
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thus influencing the natural intestinal barrier [20]. Bacterial trans-
location after experimental stroke has been described, but it is nei-
ther clear whether other factors play a role in this process, nor
whether this occurs in humans after stroke [21-23]. Thus, age-re-
lated degenerative processes, such as disturbed immune functions,
could be a factor promoting bacterial translocation. Bacterial trans-
location and increased intestinal permeability was observed in both
young and old mice after stroke, but had a negative effect on the
stroke outcome only in old animals [23]. In older mice, transloca-
tion resulted in higher mortality due to sepsis [23]. Interestingly,
the transplantation of microbiota from older animals also leads to
a worsening of the prognosis after stroke [24].

The working group of Connie Wong proposed the hypothesis
that translocating bacteria are the source of systemic infections,
and in particular, stroke-associated pneumonia (SAP) [25]. Recent
clinical and experimental studies have demonstrated that the risk
of SAP is linked not only to aspiration-promoting factors such as
dysphagia, but also to stroke-induced immunodepression [26, 27].
Using complex sequencing techniques and bioinformatic models
examining the microbiome in different organs, Wong and col-
leagues indirectly concluded that bacteria found in the lung after
stroke must have entered the lung from the intestine over blood
stream. The fact that germ-free (GF) mice do not develop sponta-
neous pneumonia after stroke, compared to specific pathogen-free
(SPF) mice, is seen as proof of this. Only the oral application of En-
terococcus faecalis (in GF animals) or Escherichia coli (in SPF mice)
leads to pneumonia 24 h after experimental stroke. However, con-
trol experiments suggest that during oral application also aspira-
tion of small quantities of bacteria is possible [25], which in stroke
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> Fig. 2 Brain-gut-microbiota axis after stroke. ANS: autonomic nervous system; HPA axis: hypothalamus-pituitary-adrenal cortex axis.

mice are sufficient to induce pneumonia, in contrast to control an-
imals [28]. Consequently, the hypothesis that bacterial transloca-
tion from the intestine is the source of stroke-associated infections
remains unresolved. This hypothesis is also less plausible since the
spectrum of the isolated microorganisms in SAP is less attributable
to the microbiota of the intestine than to the bacteria of upper res-
piratory tract [26].

Two experimental studies have investigated whether the com-
position of the microbiome has an influence on the course of stroke
and examined the role of intestinal microbiota - immune interac-
tions [13,29]. A short and simplified description of the immunol-
ogy of stroke is presented here to allow a better understanding of
these studies, after stroke activation of the autonomic nervous sys-
tem leads to peripheral immunosuppression. This is caused by the
apoptosis of lymphocytes and reduced production of proinflam-
matory cytokines such as IFNy, TNFa and increased production of
anti-inflammatory cytokines such as IL-10 by lymphocyte subpop-
ulations or myeloid cells, especially macrophages [27,30]. While
stroke-induced immunosuppression is widely accepted as a major
contributor to the increased susceptibility to infection after acute
CNS damage, it is still unclear whether this mechanism has an adap-
tive function that protects the ischemic brain against excessive im-
mune reaction when the blood-brain barrier is damaged [31]. In
the early post-ischemic phase the microglia become activated, fol-
lowed by infiltration of peripheral immune cells, especially mono-
cytes, T- and B-lymphocytes [32, 33]. The immune reaction is also
involved in regenerative processes in the CNS, with some cell pop-
ulations being protective, others being damaging to brain tissue.
Thus, the infiltration of Th1, Th17 and y&-T cells that produce proin-
flammatory cytokines is linked to increased tissue damage [13,32],
whereas the anti-inflammatory regulatory T lymphocytes (Tregs)
have a protective effect at least in the delayed phase after cerebral
ischemia [34]. Interestingly, the intestinal microbiota is involved in
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the requlation of both the Th17 and Treg responses [35]. Both stud-
ies in the mouse stroke model demonstrated that the Th17- and
y&T-cells infiltrating into the CNS originate from the intestine, and
the expansion of these cell types depends on the composition of
the microbiota. These proinflammatory lymphocyte populations
have a negative effect on stroke outcome, as measured by the larg-
erinfarct volume and poorer scores in functional tests [13,29]. In
addition, in both experimental studies, global changes in the intes-
tinal microbiome were induced using different approaches, in order
to investigate their effects on the outcome after stroke. Both stud-
ies demonstrated that in this way not only the outcome can be im-
proved, but that this is mediated by an enhanced Treg response
[29]. In one of the two studies, it was shown that after so-called
fecal microbiota transplantation, the transfer of balanced microbi-
otaisolated from healthy mice improved the prognosis after stroke
[13].

Despite all the similarities in these two experimental studies, it
is not possible to conclude which subpopulations of the microbiota
are protective or damaging to the ischemic brain, meaning that the
“optimal” composition of the microbiota, if one can at all presume
such, is still unknown. Future experimental and clinical studies will
have to further characterize the complex interplay of the microbi-
ome with the immune system in the context of stroke. The findings
so far may be encouraging for the development of new therapeu-
ticapproaches, but a (targeted) manipulation of the microbiota in
stroke patients cannot currently be recommended. It must be
taken into account that stroke results in systemic changes affect-
ing many organs, among others the immune system, and this
would not allow a simple transfer of results of microbiota studies
from healthy individuals or patients with different disease. This also
applies to supposedly safe therapeutic approaches, such as probi-
otics [36], prebiotics, synbiotics as well as (combinations of) anti-
biotics. As with any other therapy, prior to instituting microbiome
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manipulations in stroke patients experimental and clinical trials
should carefully investigate the effects and side effects of such an
approach.

In an experimental mouse model, for example, we were able to
demonstrate the fatal effect on the outcome after stroke resulting
from an extensive depletion of the intestinal microbiota by the use
of a broad-spectrum antibiotics. The mortality in the microbio-
ta-depleted stroke animals was significantly increased compared
to the conventionally colonized animals. This was caused by severe
colitis which was fatal in the microbiota-depleted animals after
stroke. This suggests that gut microbiota has a critical survival func-
tion for intestinal homeostasis in the acute course of stroke [37].
Furthermore, immunomodulatory interventions as well as micro-
biota manipulations, which act on the ischemic brain, can have
negative effects on the immune defense against stroke-induced
pneumonia. Although the proinflammatory cytokines IL-17 and
TNFa produced by y&T-cells are disadvantageous for ischemic brain
parenchyma, they promote antibacterial defense by neutrophil in-
filtration into the infected lung tissue [38]. In addition, it must be
taken into account that antibiotics as well as oral probiotics can
have an effect on the microbiota of the respiratory system and thus
also affect local immune response [39,40]. Therefore, manipula-
tion of the intestinal microbiota should be reviewed not only for
positive effects for the ischemic brain but for the whole organism
as well. Experimental studies on mice can reveal basic mechanisms,
as well as opportunities and risks of these therapeutic approaches.
Of course, clinical trials are needed to develop successful therapies.

Hypothesis 3: Intestinal microbiota plays
a role in the pathogenesis of stroke

Microorganisms have repeatedly been causally associated with ath-
erosclerosis, one of the mostimportant risk factors for stroke. Path-
ogens such as Chlamydia pneumoniae, Mycoplasma pneumoniae, Hel-
icobacter pylori or Porphyromonas gingivalis have been associated
with atherosclerosis and cardiovascular diseases [41]. In recent
years, the influence of intestinal microbiome on atherosclerosis has
been the focus of clinical studies. Koren et al. compared the com-
position of gut microbiota of healthy individuals with patients with
symptomatic atherosclerosis. Although no differences in the mi-
crobiome between both groups were detectable, DNA from micro-
organisms of the intestinal microbiota could be identified in ather-
osclerotic plaques [16].

The microbial metabolite trimethylamine appears to play anim-
portant role in atherogenesis. Oxidized trimethylamine (TMAO) in-
duces the formation of foam cells as well as hyperactivity of plate-
lets resulting in the formation of atherosclerotic plaques [42,43].
Mouse experiments [44] as well as clinical trials [42, 44, 45] have
shown that an increased plasma concentration of TMAO correlates
with the development of atherosclerotic plaque and resulting car-
diovascular events. In contrast is the observation that atheroscle-
rotic plaques are more pronounced in the animal model of ather-
osclerosis in the absence of microorganisms (germ-free ApoE
knockout mice) than in conventionally-colonized mice [46,47].
Likewise contradictory is the fact that elevated TMAO concentra-
tions are related to a higher risk for heart failure [48], but a lower
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cardiovascular risk after bariatric surgery [49]. Moreover, in the
aforementioned study by Yin et al., stroke and TIA patients had
lower TMAO plasma concentrations compared to control group pa-
tients with asymptomatic atherosclerosis [17].

In addition to atherosclerosis, there are also other risk factors
for stroke [50], such as arterial hypertension, diabetes and obesity,
for which clinical and experimental data indicate that gut microbi-
ota is related to their pathogenesis [51]. However, based to the ex-
isting data, the relationship cannot be ascertained. Additionally, it
cannot be stated with certainty which bacterial subpopulations of
the intestinal microbiota have positive or negative effects on the
direct or indirect pathogenesis of stroke.

The problem of multiple factors influenc-
ing the intestinal microbiome in clinical
stroke research

Recent years resulted in generation of substantial data regarding
the relationship of microbiota and pathological processes of brain
disease. However, only a few animal experiments and clinical stud-
ies are available for stroke. The available study data are often con-
tradictory in their results and conclusions. Independently repro-
duced results are the exception.

In the clinical setting, the composition of the microbiota can be
influenced by a number of factors that are difficult to control. Thus
the gut microbiota is influenced by diet, genetic factors, lifestyle,
stress, age and comorbidities [52]. In particular, diet usually chang-
es after an acute stroke, such as due to hospital food or, in the case
of dysphagia, tube feeding. The effects of stroke on the gastroin-
testinal tract itself are well known based on clinical practice. Acute
stroke often reduces intestinal motility, sometimes leading to se-
vere constipation. More rare are serious complications, such as gas-
trointestinal hemorrhage [53]. Factors such as altered intestinal
motility alone can affect the intestinal microbiota [54]. An addi-
tional factor complicating the interpretation and performance of
clinical microbiome research in stroke patients is the relatively fre-
quent treatment with antibiotics due to stroke-associated infec-
tions. Frequently broad-spectrum antibiotics are administered
which have substantial effect on gut microbiota. Clinical and ex-
perimental studies have demonstrated that this type of antibiotic
treatment alter the composition of intestinal microbiota over a long
period [55]. Clinically and pragmatically, an effective anti-infective
therapy with antibiotics is often indicated, but the effects of such
therapies on the composition and function of the intestinal micro-
biota have not yet been investigated in stroke patients.

Although the extent of the influencing factors is lower or better
controllable in the experimental setting, international standards
are missing for experimental microbiome research. Standardiza-
tion of sampling, DNA extraction and sequencing protocols as well
as bioinformatic analysis are necessary for the comparability and
reproducibility of the study results [56]. These problems are not
specific to clinical and experimental microbiome research in the
stroke field, but are found in most areas of biomedical research.

Moreover, microbiota issues have furtherimplications. The com-
position of the (intestinal) microbiome is a previously unknown or
not considered variable in stroke research which can “uncontrolla-

E291



& Thieme

bly” affect study results [57-59]. If intestinal microorganisms play
such animportant role in host organism homoeostasis, as the stud-
ies so far suggest, then systematic characterization of the micro-
biome would have to be included in future clinical and experimen-
tal studies [58].

Summary

Experimental and clinical data suggest that intestinal microbiota
may have an influence on the development of stroke risk factors,
such as atherosclerosis. A stroke may result in a considerable
change in the intestinal microbiome due to direct and indirect
mechanisms. Experimental data indicate that the intestinal micro-
biota influences neuroinflammation after stroke by immunological
mechanisms, and also contributes to systemic homeostasis. Which
bacterial species have positive or negative modulating effects on a
disease, such as has been described for cancer [60,61], has yet to
be sufficiently investigated. The general problem of low reproduc-
ibility of results is particularly relevant in the field of microbiome
research. It is therefore important to define and establish interna-
tional methodological microbiome standards. Therefore, no spe-
cific recommendations for action can be determined for clinical
practice, and in particular, modulation of intestinal microbiota can-
not be recommended. This should even be discouraged, as the
available data cannot rule out possible harmful effects. Conse-
quently the only general recommendation is to pursue a healthy
lifestyle, including good nutrition [47, 62]. However, the results so
far suggest that new exciting and clinically-relevant discoveries in
the field of microbiome - stroke research are to be expected in the
coming years.
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