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Abstract

Purpose of the Review Inflammation is a key component in the pathogenesis of cerebrovascular diseases. In the past few
years, the role of systemic infection and gut dysbiosis in modulating inflammation and stroke risk has been increasingly
acknowledged. In this review, we synthesize contemporary literature on the effects of infection and inflammation on stroke
risk and outcomes, with a focus on periodontal disease, COVID-19 infection, and gut dysbiosis.

Recent Findings Chronic and acute infections such as periodontitis and COVID-19 induce systemic inflammation that cause
atherogenesis and increase cardiac injury and arrhythmias. These infections also directly injure the endothelium leading to
worsened secondary inflammation after stroke. Gut dysbiosis engenders a pro-inflammatory state by modulating intestinal
lymphocyte populations that can traffic directly to the brain. Additionally, post-stroke immune dysregulation creates a com-
pounding feedback loop of further infections and gut dysbiosis that worsen outcomes.

Summary Recent advances in understanding the pathophysiology of how infection and dysbiosis affect the progression of
stroke, as well as long-term recovery, have revealed tantalizing glimpses at potential therapeutic targets. We discuss the
multidirectional relationship between stroke, infection, and gut dysbiosis, and identify areas for future research to further
explore therapeutic opportunities.
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Introduction

Inflammation has long been implicated in the pathogenesis
of cerebrovascular disease. Conditions related to stroke,
including infection, gut dysbiosis, and autoimmune dis-
ease, in addition to lifestyle factors such as tobacco use and
alcohol consumption, are all linked to increased inflam-
mation and cerebrovascular disease [1, 2e, 3]. There is
growing evidence that targeting inflammation and immune
responses during both the acute and chronic phases of stroke
may have preventative and therapeutic implications [4, 5].
In this review, we synthesize the contemporary literature
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on the effects of infection and inflammation on stroke risk
and outcomes, drawing on new data on periodontal disease,
COVID-19 infection, and gut dysbiosis. We also discuss how
post-stroke inflammation and immune dysregulation can cre-
ate a compounding feedback loop of further infections and
gut dysbiosis that may worsen outcomes.

Systemic Infection and Stroke Risk

The relationship between infection, inflammation, and stroke
has been well studied, and this topic has seen increased inter-
est with the association of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) — COVID-19 — with acute
cerebrovascular disease [2¢]. In this section, we update the
established paradigms in the field by focusing on emerging
data on periodontal disease, as an example of a chronic con-
dition, and COVID-19 infection, as an example of an acute
infection. We first review the epidemiological literature and
then review mechanistic data.
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Chronic infectious burden, or the cumulative number
of lifetime infections, increases long-term risk of athero-
sclerotic disease and stroke. A landmark analysis from the
Northern Manhattan study found that the burden of common
infections (Chlamydia pneumoniae, Helicobacter pylori,
cytomegalovirus, and herpes simplex virus 1 and 2) was
associated with a 1.4-fold increased risk of all strokes after
adjusting for demographics and risk factors [6]. A similar
effect was seen with chronic viral infections such as HIV,
which is thought to cause arterial inflammation and cerebral
vasculopathy [7]. A recent meta-analysis showed that people
living with HIV have an increased incidence rate of any
stroke, with a 1.6-fold increase in ischemic stroke and a 2.2-
fold increase in intracranial hemorrhage. Foundational data
on the topic of chronic infectious disease burden and stroke
has been synthesized elsewhere [8, 9].

Recently, periodontal disease has emerged as a proto-
typical chronic infectious-inflammatory condition that may
impact cerebrovascular health. Periodontitis is a chronic
inflammatory disorder caused by polybacterial colonization
and repeated low-grade exposure to gram-negative bacteria,
leading to an increase in systemic inflammation [10e]. A
meta-analysis of 30 longitudinal cohort studies showed a
modest but consistently increased risk of stroke by 1.24-
fold in populations with periodontal disease [10e]. In an
Atherosclerosis Risk in Communities analysis, periodontal
disease was associated particularly with cardioembolic and
thrombotic stroke subtypes [11]. Interestingly, this study
showed that groups with regular dental care exhibited a
lower burden of periodontal disease, and that they had a
lower risk of incident ischemic stroke [11]. Additionally,
IgA seropositivity to common periodontal microbial agents
has been found to be associated with an increased risk of
lacunar type ischemic stroke [12]. Taken together, these data
suggest that a common and chronic low-grade infectious
process may contribute to the burden of cerebrovascular
disease, providing an exciting preventive opportunity, for
example through increased access to dental care among at-
risk groups. Future studies with optimal measures of chronic
infectious burden are required to confirm its effect on stroke
risk and determine which organisms and conditions warrant
intervention [13e].

Apart from the impact of chronic infections as a stroke
risk factor, several studies indicate that acute systemic infec-
tions may trigger stroke. A seminal study of over 19,000
cases of first stroke found that risk for stroke was increased
by over threefold after a diagnosis of respiratory tract infec-
tions. The risk was especially high during the first 3 days
then gradually decreased during the following weeks [14].
Similarly, sepsis has been associated with a greater than
28-fold increase in ischemic stroke and greater than 12-fold
increase in hemorrhagic stroke within 15 days, with the risk
remaining elevated for as long as 1 year after hospitalization
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[15]. A Cardiovascular Health Study analysis provided
supportive data, showing that hospitalization for infection
was over 3 times as likely during periods before incident
ischemic stroke compared to during control time periods
in prior years [16]. This relationship was also seen in the
Atherosclerosis Risk in Communities cohort, in which this
relationship was stronger among those at lower overall cardi-
ovascular disease risk based on traditional risk factors [17].
Further investigation has shown that many infection types
in different organ systems are associated with a heightened
risk of ischemic stroke [18].

The high incidence of COVID-19 during the ongoing pan-
demic has provided vital new information about the impact
of acute viral infections on stroke. Previously, it was known
from a large study of over 36,000 hospitalized patients that
the risk of ischemic stroke is increased nearly threefold in
the 15 days after an influenza-like illness [19]. These data
foretold what has been seen in the past 2 years during the
COVID-19 pandemic. Research on stroke in COVID-19 was
set in motion with a case series of large vessel occlusion
strokes seen in young patients with COVID-19 [20]. Several
rigorous epidemiological studies followed, with one study
showing that the rate of acute ischemic stroke was eightfold
higher in COVID-19 infection than in influenza infection
[21e]. Several retrospective studies of patients hospitalized
with COVID-19 infection have reported stroke incidence
rates ranging from 1 to 3%, with rates as high as 6% in criti-
cally ill patients [21e, 22, 23]. Two recent meta-analyses
found that cryptogenic stroke is particularly overrepresented
in patients with COVID-19 infection [24e, 25¢]. Addition-
ally, patients with COVID-19 infection were younger, with
greater stroke severity, and higher frequency of large vessel
occlusion compared to uninfected patients with stroke [24e,
25e]. Overall, these data support the paradigm whereby
acute viral infections can trigger stroke. Further, overrep-
resentation of cryptogenic stroke and stroke in young peo-
ple otherwise at low risk of stroke suggests virus-specific
mechanisms may be present.

The mechanisms by which these chronic and acute infec-
tions may cause stroke are manifold. Proposed etiologies
include pro-inflammatory states that lead to prothrombotic
states, endothelial dysfunction, and vascular inflammation
leading to increased progression of carotid and cerebral ath-
erosclerosis, as well as direct pathogenic invasion of the ves-
sel wall leading to vascular injury. Individual mechanisms
for specific pathogens were reviewed comprehensively else-
where [13e, 26, 27]. Here, we focus on mechanisms specific
to two conditions: periodontitis and COVID-19 infection.

Periodontitis induces a chronic low-grade bacteremia and
pro-inflammatory state, characterized by an increase in acute
phase reactants such as C-reactive protein (CRP), interleukin
6 (IL-6), and tumor necrosis factor (TNF) [28e]. Periodontal
microorganisms may also cause direct vascular injury, and
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viable periodontal pathogens have been found in the vascu-
lar endothelium of major arteries [29]. Systemic inflamma-
tion caused by periodontitis is hypothesized to contribute to
endothelial dysfunction and atherogenesis. Periodontitis has
accordingly been associated with atherosclerosis in carotid
vasculature, and linked with increased thickness and calci-
fication of aortic arch atheroma, a prevalent risk factor for
embolic stroke [30]. Furthermore, systemic inflammation
linked to periodontitis is thought to play a role in the initia-
tion and persistence of atrial fibrillation. This may explain
the association between periodontal disease and atrial fibril-
lation, the most common cause of cardioembolic ischemic
stroke [28e].

COVID-19 has been linked with immune dysregulation
as well as direct vascular damage, in addition to unique pro-
thrombotic mechanisms. Through modulating the adrenergic
system and the hypothalamic-pituitary-adrenocortical axis,
COVID-19 induces initial hyperactivity of innate immu-
nity that causes neutrophilia and increases production of
cytokines such as IL-6, IL-1f, and TNF. This is followed
by immunosuppression and lymphopenia [31e]. Markers
of systemic inflammation, such as erythrocyte sedimenta-
tion rate (ESR), IL-6, and TNF, are elevated in COVID-19
patients and reflect disease severity [32-34]. Apart from
immune dysregulation, COVID-19 can also directly infect
brain endothelial cells and induce microvascular injury. A
viral protease encoded in the SARS-CoV-2 genome was seen
to cleave (NF)-xB essential modulator (NEMO); the disrup-
tion of this pathway in mouse models induced blood-brain-
barrier disruption, neuroinflammation, and a microvascular
damage similar to that observed in brains of patients with
COVID-19 infection. COVID-19 infection also elicits a par-
ticularly hypercoagulable state characterized by increased
D-dimer and fibrinogen. This coagulopathy is caused by
viral-mediated cytokine release, endothelial injury, and
neutrophil and complement activation [31e]. This distinc-
tive pro-coagulant state may explain why ischemic stroke
due to large vessel occlusion was seen more commonly in
COVID-19 cases [24e, 35, 36]. Last, acute cardiac injury
and arrhythmias, such as atrial fibrillation, occur frequently
in COVID-19 infection, which would also increase the risk
of cardioembolic stroke [37]. Further research is needed to
identify which pathway would be most amenable to inter-
vention to mitigate stroke risk. Such discoveries may benefit
patients with COVID-19 infection and enrich our under-
standing of virally mediated ischemic stroke in general.

Pre-stroke Infection and Stroke Outcomes

It is well known that infections can lead to greater mor-
bidity and mortality in stroke, but the temporality and
causality of the relationship between pre-stroke infection

and subsequent stroke outcomes are not well elucidated
[38, 39]. Prior to the COVID-19 pandemic, several stud-
ies demonstrated that pre-stroke and post-stroke infec-
tions may differently impact morbidity and mortality after
stroke. For example, in a study of young patients with
first-ever stroke, pre-stroke infections were associated with
a nearly threefold increase in unfavorable 3-month func-
tional outcomes, but not increased mortality. This was in
contrast to post-stroke infection, which caused an increase
in both long-term all-cause mortality and morbidity [39].
The heterogeneity of infections in prior studies precludes
drawing confident conclusions about these relationships.
The COVID-19 pandemic, characterized by a large burden
of a single-agent infection across a large population, has
improved our understanding of whether and how infections
preceding stroke onset can influence stroke outcomes, and
we focus on these data here.

The median duration from COVID-19 symptom onset to
stroke diagnosis across several studies was approximately
12-16 days (with a range of 5-28 days) [21e, 40, 41]. Sev-
eral studies have shown that COVID-19 infection is associ-
ated with higher stroke severity, worse functional outcomes,
and greater mortality [40, 42]. The clear temporal relation-
ship between COVID-19 symptom onset and acute stroke
symptom onset supports the notion that pre-stroke infection
does indeed detrimentally impact outcomes after stroke.
However, it should be noted that much of these data reflect
outcomes during the initial phase of the COVID-19 pan-
demic and do not fully account for confounding factors such
as delays in admission and other factors that may impact
outcomes.

The mechanisms through which COVID-19 infection
increases stroke risk, described above, may also impact
post-stroke outcomes. For example, the vascular damage
and acute inflammatory reactants induced by pre-stroke
COVID-19 infection may worsen secondary inflammation
after stroke onset, especially in the penumbral area of the
stroke [39]. Patients with stroke and preceding infection have
increased platelet activation, C-reactive protein levels, and
fibrinogen levels [39, 43, 44]. Additionally, direct invasion
of brain endothelial cells and blood brain barrier disruption
may increase vessel permeability, reducing CNS perfusion
[45e¢]. This may increase vulnerability to hypoxic injury,
further worsening outcomes. In addition, pre-stroke infec-
tions are also associated with an increased risk of peri-pro-
cedural adverse events after thrombectomy and thrombolysis
such as intracerebral bleeding, which may also be a conse-
quence of pre-stroke inflammation and resulting vascular
damage [39]. Last, COVID-19 infection causes an initial
hyper-inflammatory state followed by immune suppression
and lymphopenia that leads to a greater risk of post-stroke
infection, which may further compound injury and worsen
overall outcomes [31e].
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Post-stroke Infection and Stroke Outcomes

Infection and stroke exhibit a bidirectional relationship.
While infection increases stroke risk, stroke can also
increase the risk of infection. Urinary tract infections and
pneumonia are commonly seen post-stroke infections [46].
Post-stroke pneumonia in particular is associated with poor
functional outcomes, with a large meta-analysis showing
a 3.6-fold increase in death [46]. Even after adjusting for
confounders such as stroke severity, ischemic stroke sub-
type, and co-morbidities, pneumonia is associated with
longer in-hospital stay, worse functional outcomes, and
increased mortality [47].

There is growing understanding of the mechanisms
through which post-stroke infections occur and influence
outcomes. After stroke, there is initial immune activa-
tion marked by neutrophilia, which is soon followed by
immunodepression characterized by prolonged periph-
eral lymphopenia and reduced T cell responsiveness. This
immune dysregulation is mediated by an activation of the
autonomic nervous system and the hypothalamic-adrenal
axis, and predispose patients to post-stroke infections
[48¢]. Persistent inflammation after stroke, as measured
by the neutrophil to lymphocyte ratio, has been associated
with a higher incidence of in-hospital pulmonary infection,
indicating stroke-induced lymphopenia increases risk of
infection [49]. Antigen-dependent autoimmunity is also
activated after stroke, due to the abundance of novel brain
antigens that are able to reach the circulation and stimulate
systemic B and T lymphocytes [48¢]. This autoreactive
immune response can be harmful or beneficial depending
on the polarization of T lymphocytes. The pro-inflamma-
tory insult of an infection can lead to the detrimental T
helper cell type 1 (Thl) response against brain antigens
such as myelin basic protein and glial fibrillary acidic pro-
tein. This is associated with worse functional outcomes
and increased cognitive decline in the year after stroke
[50, 51].

While the prevention of post-stroke infection seems to
be an obvious target to improve outcomes, the solution
may not be so simple. A meta-analysis of several trials
found that antibiotic therapy during the acute phase of
stroke reduced the incidence of infections but did not
improve patient functional outcomes [52]. Intriguingly,
prophylactic antibiotics reduced the incidence of urinary
tract infection but not pneumonia, the latter of which
has the greatest effect on post-stroke outcomes [46, 52].
This may indicate the need for a more tailored approach
to target stroke-associated pneumonia, by finding opti-
mal antibiotic regimens, choosing specific at-risk patient
subgroups, and using biomarker-guided therapy [53].
In experimental models, the inhibition of p-adrenergic
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receptors using propranolol was shown to reduce bactere-
mia and lung colonization perhaps by increasing survival
rates of circulating lymphocytes, indicating that modula-
tion of the adrenergic system may also be a therapeutic
target [54]. Unfortunately, retrospective studies and pro-
spective clinical trials have not borne out this hypothesis,
indicating a need for a more focused immunomodulatory
approach to abrogate the impact of post-stroke infections
on stroke outcomes [55, 56].

Pre-stroke Gut Dysbiosis and Stroke

The gastrointestinal tract is a prime target for immunomodu-
lation. The gastrointestinal tract is a major immune organ,
and the largest reservoir of microorganisms in the human
body [57e]. The interplay of the brain-gut axis and its role
in the pathophysiology of stroke have become an emerg-
ing topic of investigation. In this section, we discuss the
impact of the pre-stroke gut microbiome dysbiosis on stroke
outcomes and the potential mechanisms involved in these
interactions.

Studies in mice have shown that alterations of the com-
mensal microbiome can affect stroke outcomes by altering
the peripheral immune system, and that these changes are
transmissible through fecal transplantation. In one elegant
study, antibiotics were used to alter mice gut microbiota
prior to stroke induction. The altered microbiota was char-
acterized by a contraction of Clostridiaceae (Firmicutes) and
Bacteroidetes with a concomitant increase in Proteobacteria.
The mice with the altered microbiota exhibited significant
reduction in infarct volume, and improved sensory and motor
functions. Moreover, microbiota signature from these mice
could be transferred through fecal transplant into another
mouse with the same neuroprotective effect [58]. The same
group expanded upon their findings to show that combinato-
rial and singular antibiotic treatment protocols could be used
to create targeted modifications in microbiota composition in
mice models. Specifically, singular treatments with ampicil-
lin or vancomycin improved stroke outcomes by reducing
infarct volumes and sensorimotor functioning [59ee]. Age-
related changes in the microbiome may also play a role in
affecting stroke outcomes. In aged mice, the ratio of Firmi-
cutes to Bacteroidetes (the two bacterial phyla that primarily
compose the human and mouse gut microbiome) was found
to be altered compared to young mice. In addition, fecal
transplants from young mice into aged mice were shown to
reduce infarct volume and improve stroke outcomes [60]. In
humans, stroke co-morbidities such as diabetes, hyperten-
sion, dyslipidemia, or obesity are associated with dysbiosis
[61]. Those at high-risk of stroke, defined by the number of
co-morbidities, have high prevalence of opportunistic patho-
gens in their gut microbiota compared to patients without
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stroke risk factors [62]. While these data allow us to specu-
late about how pre-stroke gut dysbiosis may affect stroke
risk and outcomes, there is a need for prospective cohort
studies with careful characterization and functional analyses
of gut microbiome to inform this paradigm.
Mechanistically, animal studies have demonstrated the gut
microbiome can regulate the neuroinflammatory response to
acute brain injury, and clinical studies have shown that gut
dysbiosis is associated with systemic inflammation [57e,
63]. One study in mice models has shown that neuropro-
tective microbiota can prime dendritic cells in the gut to
induce an expansion of anti-inflammatory regulatory T cells
(Tyep)- These T, cells then secrete IL-10 to suppress pro-
inflammatory IL-17 4+ ydT cells which would normally be
activated by stroke. Surprisingly, these intestinal T cells were
seen to traffic to the meninges after stroke, indicating that
immunomodulation in the gut may directly impact the brain
[58]. Microbial metabolites such as short-chain fatty acids
(SCFAs), tryptophan, and membrane-derived molecules such
as LPS may be an additional means by which gut bacteria
can impact stroke outcomes [57¢]. SCFAs, such as acetate,
propionate, and butyrate, have received particular interest for
their anti-inflammatory effects, especially their direct role in
affecting the blood-brain-barrier and microglial activation
[64]. In animal models, young mice transplanted with aged
microbiome demonstrated reduced SCFA and an exaggerated
systemic inflammatory response [60]. The administration of
SCFAs (specifically butyric acid) after ischemic stroke in
rats reduced neurological impairment as well as cerebral
infarct volume and edema, ameliorated intestinal permeabil-
ity and leakiness, and enriched the gut microbiota of ben-
eficial bacteria such as Lactobacillus [65¢]. Another study
showed that augmenting SCFA-producing bacteria in aged
mice improved post-stroke sensorimotor outcomes, reduced
brain IL-17 +v8T cells, and increased systemic SCFA con-
centrations [66ee]. In human studies, SCFA concentration

Table 1 Mechanisms by which infection and gut dysbiosis impact stroke

was found to be lower in stroke patients, especially in those
who exhibited poor neurological outcomes [67]. Moreover,
acetate was seen to be decreased after stroke in patients and
negatively correlated with the levels of glycated hemoglobin
and low-density lipoprotein cholesterol, indicating a role in
modulating inflammation [63].

Gut Dysbiosis After Stroke

Like the bidirectional relationship between stroke and infec-
tion, stroke can also affect the gut microbiome. Up to 50%
of stroke patients experience gastrointestinal complications
such as dysmotility and GI bleeding which are associated
with increased mortality rates [68]. In addition, stroke
increases gut permeability causing a “leaky” gut that allows
the translocation and seeding of gut bacteria into the lungs,
spleen, and liver [69]. This can exacerbate systemic immune
responses and lead to sepsis as well as multi-organ dysfunc-
tion, worsening post-stroke outcomes [70, 71].

In animal models, severe gastrointestinal paralysis is
inducible with acute brain injury and is associated with
an overgrowth of intestinal bacteria [72, 73]. Additionally,
bacterial diversity in stool is reduced in mice with severe
stroke, characterized by a reduction in Firmicutes with a
concomitant expansion of Bacteroidetes [73]. When the
microbiota from post-stroke mice were transplanted into
control mice, they developed significantly larger infarct
volumes and worse sensorimotor outcomes, indicating that
post-stroke dysbiosis leads to negative outcomes and that
it is also transferrable. Intriguingly, when post-stroke mice
were transplanted with healthy fecal microbiota, they exhib-
ited reduced lesion sizes and improved stroke outcomes indi-
cating that the negative impact of post-stroke dysbiosis is
also reversible [73].

Condition

Mechanisms for increased stroke risk

Mechanisms for worse stroke outcome

e Chronic inflammation
o T Atherosclerosis

Chronic infection: Periodontal disease

o Endothelial injury and vascular inflammation
o TPeri-procedural adverse events

o Initiation and persistence of atrial fibrillation

Acute infection: COVID-19 e Immune dysregulation
e Direct microvascular injury

o Coagulopathy

e T Acute cardiac injury and arrhythmia
o Altered ratio of pro-inflammatory T cells (Th1, Th17, yd IL-17 +) to anti-inflammatory T cells

Gut dysbiosis”
(Tree)
e Decreased levels of SCFA

o BBB damage

o t1LVO/stroke severity

o tSecondary inflammation
e Lymphopenia

o TIntestinal permeability and bacterial translocation

Abbreviations: BBB, blood brain barrier; LVO, large vessel occlusion; SCFA, short-chain fatty acid

* Available mechanistic data regarding gut dysbiosis largely apply to both stroke risk and stroke outcomes
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Table 2 Mechanisms by which stroke leads to infection, inflamma-
tion, and gut dysbiosis

Condition Mechanisms

Infection and e Activation of adrenergic system through the HPA

inflammation axis leading to a surge of glucocorticoids and
catecholamines
e Immunosuppression and lymphopenia
o Antigen-dependent autoimmunity
Gut dysbiosis e Catecholaminergic surge

o tIntestinal permeability
o TIntestinal dysmotility
e Overgrowth of intestinal bacteria

Abbreviations: HPA, hypothalamus—pituitary—adrenal axis

As mentioned above, stroke patients exhibit significantly
different microbiomes compared to their healthy counter-
parts [74]. Few retrospective cohort studies have character-
ized the microbiome composition in stroke patients com-
pared to a control cohort [74]. Stroke patients often exhibit
a decrease in members of the phylum Bacteroidetes and an
increase in Lactobacillus (from phylum Firmicutes) [63,
75, 76]. Some studies have correlated an expansion in cer-
tain microbial genera with stroke severity and functional

- oral health care - targeted antivirals

« anti-thrombotics

PR
N rask
e 43

outcome; however, the microbial compositions differ from
study to study [75—77]. These discrepancies may be due to
differences in the local microbiomes of the study popula-
tions and study design, including any exposure to antibi-
otics, sample processing, and analysis. This highlights the
need for a consensus on study techniques and taxonomic
considerations, as well as the need for large, multi-center
cohort studies.

Mechanistically, the catecholaminergic stress response in
the gut following stroke may lead to altered intestinal motil-
ity, impaired intestinal barrier function, and gut dysbiosis
[48e, 72, 73]. Gut dysbiosis affects the balance of intestinal
immune cells, specifically T lymphocytes, which play an
important role in stroke progression [57e, 78]. A post-stroke
dysbiotic microbiome can induce pro-inflammatory T cell
populations (such as Th1, Th17, and IL-17 48T cells) that
can traffic directly from the gut to the brain to worsen inflam-
mation [58, 73]. Conversely, the transfer of healthy microbi-
ome into a post-stroke mouse can induce an increase in neu-
roprotective T, cells in the peripheral immune organs and
the ischemic brain. Further, this neuroprotection is abrogated
in a lymphocyte-deficient mouse, highlighting the key role
of lymphocytes in gut microbiota-mediated neuroprotection

« optimal antibiotic regimens
+ subgroup/biomarker-guided therapy
+ immunotherapy

l

PR

chronic infections
(e.g. periodontal disease)

acute infections
(e.g. COVID-19)

post-stroke infections
(e.g. stroke associated pneumonia)

microvascular injury /}
:grtgﬁgosclerosw - coagulopathy t <] . im{punogeptresstiqn "
o i + antigen-dept autoimmunity
T arrhythmias stroke o
L I | morbidity
' ! >t mortality

+ T systemic inflammation
« T pro-inflammatory T cells

pre-existing
gut dysbiosis

Secoy
Soa

T

« probiotics
+ short chain fatty acids

Fig. 1 Therapeutic opportunities to abrogate the impact of infections
and gut dysbiosis on stroke. Interventions, such as oral health care
for periodontal disease, or targeted antivirals and anti-thrombotics
for COVID-19 and other acute infections may reduce stroke risk and
improve stroke outcomes. Probiotics that induce a healthy gut micro-
biome or supplementation with neuroprotective short-chain fatty
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« Tintestinal permeability
« bacterial translocation

post-stroke
gut dysbiosis

3

T

« fecal microbiota transplant
« short chain fatty acids
- targeted antibiotics

acids may also reduce inflammation to improve stroke outcomes.
After stroke onset, subgroup/biomarker-guided antibiotic therapies
and immunotherapy are examples of interventions that target post-
stroke infections. Post-stroke gut dysbiosis may be restored using
fecal microbiota transplants, targeted antibiotics, or direct supplemen-
tation with short-chain fatty acids to improve stroke outcomes
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[73]. SCFAs produced by the gut microbiome are also seen
to influence post-stroke T cell polarization and improve out-
comes [66ee, 79¢]. Colonization of post-stroke mice with
SCFA-producing microbiota reduced the level of brain pro-
inflammatory IL-17 +y8T cells and improved post-stroke
recovery [66ee]. This indicates that modulating the microbi-
ome and directly supplementing neuroprotective SCFAs are
both viable interventions in improving post-stroke recovery.

Conclusion

We have discussed the impact of inflammation caused by
chronic infection, acute infection, and gut dysbiosis on stroke
risk and outcome (Table 1). Additionally, we considered how
stroke can further dysregulate systemic homeostasis and lead
to increased infections and gut dysbiosis. Chronic infections,
such as periodontal disease, increase stroke risk by induc-
ing chronic inflammation and vascular damage that leads to
atherogenesis. This systemic inflammation may also con-
tribute to atrial fibrillation. Similarly, acute infections such
as COVID-19 cause direct microvascular injury and induce
coagulopathy that increases stroke risk. Also, an increased
incidence of acute cardiac injury and arrhythmia is also seen
in COVID-19 infection. Both chronic and acute infection can
cause endothelial injury that can damage the blood-brain
barrier and worsen secondary inflammation after stroke.
COVID-19 in particular dysregulates the immune system to
cause a lymphopenic state that predisposes to further infec-
tion and worse stroke outcomes. Gut dysbiosis is another
condition that dysregulates the immune response and shifts
the milieu to a pro-inflammatory state, worsening stroke out-
comes. Further immune dysregulation and stress responses
provoked by stroke can aggravate inflammation, which in
turn increases the risk of post-stroke infection and compro-
mises gut homeostasis (Table 2).

A mechanistic understanding of how infection and gut
dysbiosis impact stroke and vice versa has revealed thera-
peutic opportunities in improving stroke morbidity and
mortality (Fig. 1). Primary preventative therapy to reduce
chronic infections, targeted therapy to reduce the impact
of acute infections, and a focus on optimal gut microbi-
ome composition may decrease stroke risk and improve
outcomes. Additionally, interventions such as immuno-
therapy, targeted antibiotics, and fecal microbiota trans-
plantation may be employed to reduce the impact of stroke
on post-stroke infection, inflammation, and gut dysbiosis.

There is a need for additional epidemiologic and
experimental studies to better characterize the relation-
ship between infection and gut dysbiosis with subsequent
stroke risk and outcomes. Further, ischemic stroke is the
prevalent stroke type represented in the extant literature,

highlighting a need for a focus on hemorrhagic strokes as
well. Prospective trials utilizing the above therapies and
examining their impact on stroke remain to be performed
and present an exciting opportunity to mitigate the burden
of cerebrovascular disease.
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