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A B S T R A C T

Stroke is a leading cause of morbidity and mortality worldwide. It inflicts immeasurable suffering on patients
and their loved ones and carries an immense social cost. Efforts to mitigate the impact of stroke have focused
on identifying therapeutic targets for the prevention and treatment. The gut microbiome represents one
such potential target given its multifaceted effects on conditions known to cause and worsen the severity of
stroke. Vitamin B12 (VB12) serves as a cofactor for two enzymes, methylmalonyl-CoA synthase and methio-
nine synthase, vital for methionine and nucleotide biosynthesis. VB12 deficiency results in a buildup of meta-
bolic substrates, such as homocysteine, that alter immune homeostasis and contribute to atherosclerotic
disorders, including ischemic stroke. In addition to its support of cellular function, VB12 serves as a metabolic
cofactor for gut microbes. By shaping microbial communities, VB12 further impacts local and peripheral
immunity. Growing evidence suggests that gut dysbiosis-related immune dysfunction induced by VB12 defi-
ciency may potentially contributes to stroke pathogenesis, its severity, and patient outcomes. In this review,
we discuss the complex interactions of VB12, gut microbes and the associated metabolites, and immune
homeostasis throughout the natural history of ischemic stroke.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Despite major diagnostic and therapeutic advancements for the
management of stroke, it remains a leading global cause of death and
disability. Thus, the identification of reversible risk factors, reliable
biomarkers, therapeutic targets in acute management and interven-
tions to promote neurologic recovery are paramount to combat this
disease. Growing evidence supports the notion that the gut microbial
dysbiosis may affect development of stroke risk, toxic neuroin-
flammation in the immediate aftermath of stroke, and stroke
recovery. VB12, a vital cofactor for amino acid and nucleotide bio-
synthesis and metabolic substrate for gut microbes, confers pro-
tection against the induction and severity of stroke in
appropriately selected patients [1]. In this review, we discuss the
link between the gut microbiome, stroke risk factor pathogenesis
and stroke-mediated neuroinflammation, as well as report data
that illuminates the potential impact of VB12 and its associated
substrates on gut microbial composition and gut-brain immune
homeostasis throughout the natural history of ischemic stroke.

2. Vitamin B12 absorption, biosynthesis, and activity

VB12, also known as cobalamin, is synthesized in nature by spe-
cific bacteria and archaea [2]. VB12 consists of a corrin ring in which
cobalt is positioned centrally and coordinated with upper and lower
ligands [3]. Cobalamins and naturally-occurring chemical com-
pounds, cobamides, contain cobalt in corrinoid family macrocyclic
complexes, which can be distinguished by a lower ligand made up of
5, 6-dimethylbenzimidazole (DMB). Mechanistically, the lower ligand
DMB is pivotal for binding VB12 to the intrinsic factor (IF) to form an
IF-VB12 complex recognized by cubilin and megalin which facilitate
receptor mediated-endocytosis by intestinal epithelial cells (iECs) [4].
IF is then degraded in lysosomes and VB12 is released in the microen-
vironment by iECs to influence ileal cellular homeostasis [5].
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Search Strategy and Criteria

Data for this Review were identified by searches of MEDLINE,
PubMed, Google Scholar and references from relevant articles
using the search terms “vitamin B12”, “gut microbiome”,
“ischemic stroke”, “homocysteine”. and “cobalamin”. Only
articles published in English between 1973 and 2021 were
included.
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Importantly, VB12 is involved in nucleotide synthesis, regulation of
branched-chain amino acids (BCAAs), long-chain fatty acid metabo-
lism and cellular development [6]. VB12 is also a vital cofactor in
cytoplasmic methionine synthase and in mitochondrial methylma-
lonyl-CoA mutase, directing the methylation of homocysteine to
methionine and the conversion of methylmalonyl-CoA to succinyl-
CoA, respectively [7]. Moreover, VB12 is a critical cofactor used by
other gut commensals to regulate the breakdown of VB12-dependent
short-chain fatty acids (SCFAs), including, butyrate, propionate and
acetate [8]. VB12 can be produced through two routes, aerobic and
anaerobic, whereupon nearly 30 different enzymes are required for
its biosynthesis (Fig. 1). Several genes, both within and external to
the cob operon express enzymes critical for de novo biosynthesis [9].
Very few specific bacteria, including the Propionibacterium P. UF1
strain, harbor the genetic machinery necessary for VB12 synthesis.
The capacity of VB12 to alter immune homeostasis in the gut, pro-
mote microbial metabolite utilization and support cellular metabo-
lism make it a vital factor in facilitating resilience to ischemic stroke
pathogenesis and severity.
Fig. 1. Vitamin B12 Biosynthetic Pathways.
De Novo biosynthesis occurs with divergent enzymatic pathways based on the

availability of oxygen. Gut microbes with necessary biochemical machinery convert
glutamate and glycine to 5-aminolevulinate, which is then converted to uroporphyri-
nogen III (UroIII). The cobA gene product converts UroIII to precorrin-2, the last com-
mon intermediate between the anaerobic and aerobic pathways which converge with
the production of Cob(II)yrinic acid, a,c-diamide, which, through an additional series of
reactions, is then converted to adenosylcobalamin (VB12).
3. Neurologic complications of vitamin B12 deficiency

Severe VB12 deficiency causes myelopathy (subacute combined
degeneration), ataxia, optic neuropathy, peripheral neuropathy and
dementia with psychosis, all of which may be reversible through
VB12 supplementation. Early histopathological analyses of VB12-
deficient patients demonstrated glial dysfunction and characteristic
“spongy” lesions of the brain and spinal cord. While the precise
mechanisms by which VB12 deficiency induces neuropsychiatric con-
ditions remains unclear, several vital functions of VB12 are likely to
be relevant. VB12 protects against oxidative injury and inflammatory
stress by directly scavenging free radical species and suppressing oxi-
dation-induced injury, supporting glutathione activity, reducing
endoplasmic reticulum stress and resisting neuronal apoptosis in sev-
eral models of neurological disease [10].

VB12 deficiency also contributes to ischemic stroke risk and
severity in the absence of other neurologic stigmata of VB12 defi-
ciency. It operates as a crucial cofactor for methylation in fatty acid
biosynthesis, while substrates that accumulate as a result of VB12
deficiency, such as methylmalonyl-CoA, can suppress or disturb nor-
mal lipid synthesis [11]. Thus, VB12 promotes, and its deficiency
potentially hinders, the recovery of lost myelinated tracts following
ischemic stroke. Mice deficient in TClR2/CD320, the extracellular
receptor for VB12, demonstrate enlarged nodes of Ranvier and
reduced myelin content compared to controls, as well as increased
microglial activation and proinflammatory cytokine expression [12].
VB12 is also integral for production of S-Adenosylmethionine (SAM),
a methyl donor critical for epigenetic modulation. One genome-wide
association study of several large prospective cohorts demonstrated
several categorical differentially-methylated regions in groups of
individuals with VB12-replete diets compared to those with less
intake of foods rich in VB12 [13]. In one study of patients with ische-
mic stroke, investigators unveiled differential DNA methylation pat-
terns of the methyltetrahydrofolate reductase (MTHFR) gene,
implicated in ischemic stroke risk [14]. Data also supports a role for
VB12 in the differentiation of helper T (Th) cells toward an immuno-
regulatory Treg phenotype, which play a critical role in mitigating
post-stroke neuroinflammation. Patients with VB12 deficiency show
lower levels of Tregs, and VB12 supplementation decreases the
inflammatory circulating cytokine profiles [15]. Further, experimen-
tal animals with hereditary hyperhomocysteinemia supplemented
with VB12 exhibit significantly more circulating Tregs and less proin-
flammatory Th17 cells compared to controls and those fed methio-
nine-rich diets [16].

In addition to exerting its own characteristic neurological syn-
drome, many plausible mechanisms exist by which VB12 deficiency
impacts the natural history of ischemic stroke, including combatting
apoptotic signaling, promoting myelination, modulating transcrip-
tion of thrombotic gene products, altering immune homeostasis and
influencing the makeup of the gut microbiome, as discussed further
below.

4. Vitamin B12 for ischemic stroke prevention

Numerous clinical analyses of VB12 and its associated metabolism
point to a link between VB12 deficiency and ischemic stroke. Both
retro- and prospective cohorts showed that VB12 and folate defi-
ciency, as manifested by reduced VB12 or folate levels, or elevated
methylmalonic acid, positively correlated with stroke risk [17]. Stud-
ies have additionally demonstrated secondary homocysteine eleva-
tions in patients with coronary artery disease, venous
thromboembolism, stroke and transient ischemic attack (TIA)
[18,19]. Several clinical trials have evaluated the safety and efficacy
of B vitamins for stroke prevention with mixed results [20]. In the
Supplementation with Folate, VB6 and VB12 and/or Omega-3 fatty
acids (Su.Fol.OM3) trial, treatment reduced risk of incident stroke by
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43% [21]. In the China Stroke Primary Prevention Trial Supplementa-
tion (CSPPT), folate supplementation reduced risk of incident stroke
[22]. The more recent HOPE-2 trial, in which patients received folate,
VB6 and VB12 supplementation demonstrated a 25% absolute risk
reduction of future stroke as well [23]. However, data from two large
randomized clinical trials, Vitamin Intervention for Stroke Prevention
(VISP) and VITAmins TO Prevent Stroke (VITATOPS), failed to demon-
strate significant stroke reduction with B vitamin therapy with the
exception of certain subgroups [24]. In the Diabetic Intervention with
Vitamins to Improve Nephropathy (DIVINe) trial, VB6, folate, and
VB12 appeared to accelerate renal functional decline and double the
incidence of cardiovascular events in patients with diabetic nephrop-
athy [25]. Similarly, the NORVIT trial showed harm with high doses
of VB12 supplementation without reducing risk of stroke [26]. A
meta-analysis of patient-level data in the latter two trials demon-
strated cyanocobalamin dosing and level of renal dysfunction drove
poor outcomes in these patients in correlation with elevated levels of
toxic thiocyanate [27]. Importantly, the harmful effects of VB12 in
patients with renal dysfunction masked the benefit of vitamin B sup-
plementation in other groups, as one subgroup analysis exhibited
vitamin B therapy clearly reduced risk of stroke, myocardial infarc-
tion, and vascular death by 34% in patients without renal dysfunction
[1]. Collectively, these important findings indicate that, with appro-
priate patient selection, B vitamin supplementation effectively miti-
gates the risk of ischemic stroke.

Collectively, in the wake of the of the findings from VITATOPS and
VISP, it was postulated that vitamin B therapy for stroke prevention
was inefficacious despite compelling findings from the subgroup and
meta-analyses discussed above. However, these subsequent studies
suggest that with the appropriate patient cohort, these vitamins
indeed reduce ischemic stroke risk. Unfortunately, clinical data
acquired in these trials do not provide much insight into the mecha-
nism of stroke risk reduction by VB12 and other B vitamins. However,
compelling evidence points to the influence of VB12 on the gut
microbiome as one such protective strategy.

5. Vitamin B12 shapes gut microbial communities

Humans acquire VB12 almost exclusively through the diet, partic-
ularly from animal protein and in fermented foods. Approximately
half of known resident gut microbes rely on VB12, cobamides, and
structurally similar corrinoids for nucleotide and methionine biosyn-
thesis [28]. VB12 makes up approximately 2% of the total corrinoid
content in the human intestine [29]. Given the limited capacity of gut
microbes to synthesize cobalamin de novo, the microbiota may not
significantly contribute to host endogenous VB12 levels [30]. Indeed,
individuals with high bacterial loads in the small intestine have lower
levels of VB12 [31]. Thus, gut microbes compete with host intrinsic
factor for dietary VB12. Microbial competition for VB12 and other
corrinoids shapes the microbial community composition. Degnan
and colleagues postulated that provision of dietary corrinoids thus
represents a potential means to manipulate gut microbial ecology,
nourishing beneficial bacterial taxa, while suppressing growth of
pathogenic strains [30]. Several studies support this hypothesis.
VB12 supplementation exerts a protective effect on the intestinal epi-
thelium in several models of gastrointestinal disease [32]. Numerous
studies demonstrate that VB12-deficient patients supplemented with
VB12 have significant increases in alpha diversity, increased abun-
dance of Firmicutes and a decrease in Bacteroidetes [33]. Further data
also illustrated the effects of corrinoids on microbial metabolite bio-
synthesis in patients with VB12 deficiency, highlighting that methyl-
cobalamin supplementation increased the relative abundance of
Acinetobacter and reduced Bacteroides, Enterobacteriaceae and
Ruminococceae spp. Methylcobalamin supplementation also stimu-
lated production of SCFAs, including propionate and butyrate, by gut
microbes [34]. An analysis of intestinal biopsies and gut microbiota
revealed a positive correlation between a VB12 and folate-rich diet
and the abundance of SCFA-producing Akkermansia and Faecalibac-
terium [35]. VB12, by nurturing growth of SCFA-producing microor-
ganisms, may thus alter the immunological milieu and thereby
attenuate toxic neuroinflammation after ischemic stroke.

6. The gut microbiome and homocysteine

VB12 and folate are critical cofactors for methionine synthase,
which converts homocysteine to methionine. Deficiency of VB12
causes accumulation of homocysteine, which promotes atherogene-
sis and risk of ischemic stroke. Gut microbes influence homocysteine
levels in part by competing for available dietary VB12 and folate.
Aberrant gut microbial metabolism of homocysteine may also play a
role in atherogenesis. Gut microbes from patients with atheroscle-
rotic cardiovascular disease showed a diminished capacity to produce
tetrahydrofolate and metabolize homocysteine [36]. Elevated homo-
cysteine induces atherogenesis largely in part by promoting local
inflammation at the endothelial layer. It stimulates endothelial
expression of proinflammatory vascular cell adhesion molecule-1
(VCAM-1), intracellular adhesion molecule-1 (ICAM-1), E- and P-
selectin, b1-integrin, IL-8, and monocyte chemoattractant protein
(MCP-1), which facilitates inflammatory cell migration into vascular
intima. Homocysteine also activates nuclear factor kappa B (NF-kappa
B) nuclear translocation and mitogen-activated protein kinase
(MAPK), further contributing to inflammation and induced MCP-1
and IL-8 secretion in human monocytes [37]. Additional data demon-
strated that folate reduced endotoxin-induced chemokine responsiv-
ity in monocytes of patients with hereditary homocystinuria by
reducing homocysteine concentrations [38]. Folate also diminishes
inflammatory cell adhesion in animals fed methionine-rich diets
[39]. Homocysteine can induce differentiation of naïve helper T cells
to Th1 cells, the proinflammatory and predominant T cell subtype
within atheromatous plaque engaged in signaling amplification loops
with local macrophages to enhance inflammation and atherogenesis
via matrix metalloproteinases (MMPs) and proinflammatory cytokine
storm [40]. Studies have also demonstrated B cell abundance, acti-
vated complement and elevated immunoglobulins in atheromatous
plaque [41]. Homocysteine can both directly induce B cell activation
and immunoglobulin production, as well as potentiate endotoxin-
induced activation [42]. The influence of microbiota composition on
circulating homocysteine and its contribution to atherosclerotic dis-
ease, however, still requires further mechanistic elucidations to
determine the impact of competitive microbial digestion of VB12 on
homocysteine-induced atherogenesis.

7. Gut dysbiosis and stroke risk factors

VB12 promotes symbiosis and nourishes SCFA-producing com-
mensal bacteria in the gut. VB12 may thus promote resilience against
the development of well-established stroke risk factors associated
with gut dysbiosis, including hypertension, diabetes, atrial fibrilla-
tion, and dyslipidemia.

Epidemiologic studies evaluating the impact of diet on blood pres-
sure provided some of the early insights into the potential implica-
tion of the gut microbiome in augmenting stroke risk factors. Several
meta-analyses concluded that high-fiber diets reduce blood pressure
[43]. We first demonstrated a link between hypertension and dysbio-
sis, establishing in rats and in patients that hypertensive phenotypes
are highly associated with reduced microbial diversity and decreased
SCFA-producing bacteria [44]. Others have subsequently established
critical associations between dietary interventions known to mitigate
hypertension, including high-fiber diets and protective SCFA-produc-
ing microbial communities [45]. SCFAs synthesized by gut microbes
also drive immune homeostasis, which may regulate hypertension
pathogenesis via their agonism of G protein-coupled receptors 109A
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(GPR109A), 43 (GPR43) and by inhibition of histone deacetylases
(HDACs) on circulating leukocytes [46]. Studies in animal models
have consistently demonstrated reduced microbial diversity in asso-
ciation with hypertension development. Additionally, butyrate inhib-
its (pro)renin receptor (PRR) activation and activates olfactory
receptor 78 (Olfr-78) in the renal afferent arteriole, enacting endoge-
nous antihypertensive effects [47].

A study observing responses of germfree (GF) mice � mice bred
without a gut microbiome � to fecal transplantation from obese and
non-obese monozygotic twins demonstrated that dietary differences
resulting in different gut microbial compositions initiated the devel-
opment of obesity, a frequent comorbidity with ischemic stroke [48].
Longitudinal studies employing obese patients also showed that
while microbial species vary considerably, the ratio of Firmicutes to
Bacteroides positively correlated with weight gain [49]. Correspond-
ingly, SCFAs induce hormonal changes that alter systemic metabo-
lism and act centrally to induce satiety via stimulation of peptide YY
and ghrelin production [50]. Many investigators have implicated gut
dysbiosis in the destabilization of glucose homeostasis and promo-
tion of insulin insensitivity, known risk factors for ischemic stroke.
Abundance of certain bacteria that synthesize, or cannot utilize (and
thereby increase host bioavailability of) branched-chain amino acids
(BCAAs), including Prevotella copri and Bacteroides vulgatus, corre-
lated with insulin insensitivity in a large Dutch cohort of non-dia-
betics. Further evidence suggested changes in g-proteobacteria and
Verrucomicrobia may also play a key role in the pathogenesis of dia-
betes [51].

In addition to the influence of gut microbes on the development of
hypertension and diabetes mellitus, gut dysbiosis may also directly
contribute to structural cardiac diseases. Atrial fibrillation (AF) con-
fers significantly elevated risk for atrial appendage thrombus forma-
tion and subsequent embolization to the intracranial vasculature
resulting in ischemic stroke. Studies also demonstrated remarkable
differences in the gut microbiome of individuals with AF compared
to age-matched controls. In AF patients, data illuminated the abun-
dance of Ruminococcus, Streptococcus, and Enterococcus, and reduced
levels of Faecalibacterium, Alistipes, Oscillobacter, and Bilophila. Addi-
tionally, metabolomic analysis highlighted several critical pathways
that are differentially generated by microbes in patients with AF [52].

Elevated low-density lipoprotein (LDL) and cholesterol levels also
predispose hosts to stroke, and there are several studies pointing to
the impact of the gut microbiome on circulating lipids and dysregu-
lated lipid metabolism. Interestingly, a large cohort study revealed
numerous gut bacterial taxa whose abundance positively correlated
with body mass index and blood lipids. In cross-validation analysis,
inclusion of gut microbial data explained about 26% of the variance in
protective high-density lipoprotein (HDL) levels [53]. Certain gut
microbiota-associated metabolites, including trimethylamine N-
oxide (TMAO) may also confer increased risk of atherosclerosis and
stroke. Intestinal microbes metabolize L-carnitine, found primarily in
red meat, to TMAO, which accelerates atherosclerosis and increases
risk of stroke and cardiovascular disease. In patient populations,
TMAO predicted risk of stroke in association with undesired metabolic
activity in circulating monocytes [54]. Our epidemiologic data also shed
light on several etiologic categories of gastrointestinal disorders associ-
ated with subsequent ischemic stroke, suggesting that primary injury to
the gut may independently predict future stroke [55].

While robust data illustrate the prevalence of gut dysbiosis in
established risk factors for ischemic stroke, causality between gut
dysbiosis and these conditions is not yet fully established. Utilization
of interventions to modify the gut microbiome may effectually
reduce the incidence of these stroke risk factors and ischemic stroke
by extension. VB12 may thus represent a promising candidate for
ischemic stroke prevention due to its ability to nourish a healthy,
diverse, SCFA-rich gut microbiome [35,56].
8. Neuroinflammation following acute ischemic stroke

In the immediate aftermath of ischemic stroke, a complex,
dynamic inflammatory response guides recovery from tissue damage
but also inflicts collateral injury on viable tissue. The attenuation of
the cellular toxic inflammatory response shortly after ischemic stroke
represents another therapeutic target for which VB12 may exert pro-
tective effects by promoting gut symbiosis and immune attenuation.

Microglia, the resident macrophages of the brain, constitute up to
20% of all glia. In steady state conditions, microglia extend and retract
their processes surveilling for local distress signals, foreign bodies
and tissue debris to phagocytose. Within hours following ischemic
stroke, microglia become morphologically altered to form “amoeboid
bodies”with ramified processes and enlarged cell bodies and become
phenotypically polarized toward proinflammatory phagocytic cells.
These cells express MHCII, CD40, and highly secrete proinflammatory
IFNg , TNFa, IL-1b, IL-6, CXCL10, NO, matrix metalloproteinase
(MMP)-3 and -9. Activation of this inflammatory cascade induces
local tissue injury, breakdown of the blood-brain barrier (BBB), and
subsequent infiltration of circulating peripheral inflammatory cells,
resulting in secondary tissue injury [57] (Fig. 2).

In the resting state, neurons constitutively express and secrete
signaling molecules such as brain-derived neurotrophic factor
(BDNF) and TGFb that control microglial activation. When neurons
become injured through stroke-induced ischemia and inflammation,
this constitutive suppressive effect is lost, and neurons release fac-
tors, including purines, glutamate, chemokines, and TREM2, which
polarize microglia and initiate further cell death signaling [58].
Microglia can be alternatively stimulated to macrophages possessing
the regulatory (M2) phenotype, whereby these cells secrete IL-10,
TGFb, IL-4, IL-13, and IGF1 (Fig. 2), leading to the resolution of inflam-
mation and stimulation of tissue repair [59]. Thus, induction of regu-
latory M2 polarization as a protective mechanism represents a
promising therapeutic target in stroke and other types of neuropa-
thology [60]. In contrast, if overactivated microglia cells are not con-
trolled by Tregs these can be differentiated into proinflammatory
macrophages, the M1 cells (Fig. 2).

Astrocytes also play a crucial role in neuroinflammation and
recovery following stroke. Under steady-state conditions astrocytes
maintain the blood-brain barrier (BBB), attenuate excitotoxicity in
neurons by clearing excess synaptic glutamate, and support myelina-
tion by providing metabolic support to oligodendrocytes. Upon
induction of stroke, these cells express GFAP and STAT3 and can also
induce pathogenic inflammation leading to neuronal injury. Acti-
vated microglia are highly implicated in stimulating astrocytes to
promote astrogliosis, scar formation and tissue injury (Fig. 2) [61].

In addition to activation of brain-resident immune cells, cerebral
ischemia induces central recruitment of immune cells from the
periphery, which greatly influence the local neuroinflammatory
response. Proinflammatory IL17+ gd T cells recruited from lymphoid
and intestinal tissue after stroke potentiate the progression of cere-
bral ischemic injury [62,63], whereupon centrally-recruited FoxP3+

Tregs critically orchestrate the feedback regulation of neuroinflam-
mation after stroke [64]. Accordingly, Treg deficiency exacerbates
reactive astrocytosis and stroke severity, while Treg supplementation
significantly promotes disease recovery [65,66]. Importantly, at rest-
ing state, few Helios+ Tregs reside in the brain. However, in the sub-
acute phase following stroke, these cells migrate centrally, likely
primarily from the thymus, to promote stroke recovery [65,66],
highlighting the crucial role of recruited Tregs [67].

The immune response to cerebral ischemia is both complex and
dynamic. Effective therapies targeting damaging post-stroke inflam-
mation may have numerous effects at different stages of the disease.
While circumstantial evidence exists to support the hypothesis that
VB12 can attenuate inflammation after stroke, targeted analyses of



Fig. 2. VB12 absorption and impact on neuroinflammation after ischemic stroke.
Gut microbes compete with IF for dietary VB12. VB12 promotes growth of SCFA-producing bacteria. SCFAs bind GPR41/43 in the intestinal epithelium and promote differentia-

tion of naïve Th cells to functional FoxP3+ Tregs in the intestinal submucosa. Peripheral circulating immune cells are recruited to the brain parenchyma by crossing the disrupted
BBB. Centrally-recruited Helios+ Tregs suppress highly activated astrocytes and microglia, which produce tissue injury and exacerbation of the inflammatory cascade by secreting
inflammatory cytokines and injurious ROS. By contrast, dysfunctional Tregs lack the regulation of overactivated microglia with proinflammatory M1 phenotype and astrocytes, all
of which further exacerbate toxic inflammation, potentially resulting in scar formation and tissue injury.
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cellular effectors of immune-mediated injury can provide more
definitive evidence of this potentially protective effect.

9. Gut Microbial Influence on Post-Stroke Inflammation and
Injury

It is now known that the gut microbiome impacts the degree of
cerebral ischemic injury. Antibiotic depletion of commensal gut
microbes in hosts affected by ischemic stroke significantly impairs
neurologic recovery and worsens mortality rate due to severe
induced colitis, which can be mitigated through recolonization with
healthy gut microbes [68]. Though, other preclinical data suggest
that specific antibiotics may preferentially ablate pathogenic bacteria,
reduce infarct size, and improve both short- and long-term outcomes
[69]. In concert with these findings, gut dysbiosis in patients appears
to predict the severity of injury and prognosis following ischemic
stroke [70]. Data have demonstrated that functional gut microbes
and the associated metabolites mediate stroke outcomes largely by
modulating the phasic inflammatory response after stroke [71].

As noted above, microglia are major effectors of post-stroke
immune-mediated tissue injury. The gut microbiome is known to
play a paramount role in microglial activation and maturation [72].
GF animals exhibit marked dysfunction in microglial activation, sug-
gesting that certain characteristics of the gut microbiome can alter
activation of microglia. Emerging evidence indicates that SCFAs regu-
late microglial activation and promote neuronal plasticity following
ischemic brain injury. Stroke-affected mice gavaged with SCFAs
showed improved neurological recovery compared to controls, which
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was associated with enhanced synaptic plasticity and improved func-
tional connectivity between both brain hemispheres. A comprehen-
sive transcriptomic analysis showed that microglia are the main
cellular target of SCFA-mediated post-stroke recovery. Two weeks
after stroke, microglia from SCFA-treated animals displayed a more
ramified morphology and reduced levels of CD68, suggesting less
microglial activation compared to control animals. Given the critical
role of microglia in synaptic plasticity, reduced microglial activation
by SCFAs may explain the protective effects of these microbiota-
derived metabolites on neurorepair mechanisms following ischemic
stroke in hosts [73].

Stimulation of intestinal immune cell migration to the brain and
lymphoid tissue represents one means by which dysbiosis exacer-
bates the neuroinflammatory response after stroke [63,74]. SCFAs act
in gut mucosal tissue to induce differentiation of naïve T lymphocytes
toward the functional Treg phenotype and away from the proinflam-
matory Th17 phenotype [75,76]. Thus, these data suggest that gut
immune priming by microbial metabolites provides a larger number
of Tregs than Th17 cells to tune the central immune response after
stroke. Further, meningeal NK cells controlled by gut microbes pro-
mote immunoregulatory activity of astrocytes following ischemic
stroke, presenting another indirect mechanism by which gut
microbes and, by extension VB12, may modulate post-stroke neuro-
inflammation [77]. One comprehensive analysis further demon-
strated that certain fungal and bacterial gut species are associated
with distinct cytokine profiles from activated peripheral mononu-
clear cells. Thus, microbial priming of circulating immune cells may
also impact post-stroke neuroinflammation [78]. Ischemic stroke also
impairs gut motility and increases gut permeability allowing for
microbial antigen presentation to gut immune cells, which may be a
critical event in triggering systemic and neuroinflammation [79].

We now have a growing understanding of the various ways that
gut microbes and the associated metabolites link gut-resident and
central immune activation after stroke. Attenuating the post-stroke
inflammatory response in the gut through microbial modulation may
reduce tissue injury and improve short- and long-term outcomes
after stroke. In addition to its potential as stroke prophylactic, VB12
also represents a promising therapeutic factor in the acute phase of
stroke due to its capacity to promote symbiosis, induce immunoregu-
lation and support the crucial molecular machinery of vulnerable
cells. However, definitive evidence of the ability of VB12 to influence
intestinal immune cell trafficking remains to be established.

10. Translation to clinical practice

Recent scientific advances have sharpened our understanding of
the pathophysiology of ischemic stroke with respect to gut-brain
homeostasis. Investigations into VB12, gut-brain dynamics and ische-
mic stroke strongly suggest that VB12 plays a neuroprotective role in
stroke prevention, secondary brain injury, and stroke recovery.
Despite the mixed findings of prior clinical trials, studies that further
define patients most likely to benefit may more clearly illuminate
these beneficial effects. While no current clinical trials are exploring
the therapeutic benefit of VB12 after stroke, ongoing mechanistic and
translational studies are paving the way for the development of new
clinical trials. Achieving gut symbiosis via VB12 supplementation, or
enhancing VB12 availability with probiotic strains that possess the
molecular machinery for de novo biosynthesis, represent promising
and novel areas of growth for both primary and secondary stroke pre-
vention. Prevention, or amelioration of the toxic immune response in
the immediate aftermath of ischemic stroke through VB12 supple-
mentation, fecal transplant, probiotic supplementation, or decontam-
ination of the digestive system may curb the tide of secondary brain
injury. In addition, promotion of feedback inhibition to the immune
cascade following stroke by the aforementioned therapeutic inter-
ventions may potentiate recovery from ischemic stroke. VB12 in
particular may promote remyelination of injured white matter tracts
by promoting lipid synthesis, as well as suppress microglial activation
and induce a robust Treg response in a microbe-dependent manner
to promote long-term recovery. Further elucidation of the regulatory
impact of VB12 on the gut epithelial microenvironment will undoubt-
edly contribute to identifying contexts in which VB12 deficiency may
be particularly detrimental. Further, examining the metabolic and
transcriptional impact of VB12 on the intestinal epithelial microenvi-
ronment may further illuminate mechanisms vital to cellular health,
regulation of systemic immunity, and maintenance of epithelial bar-
rier integrity. Building on our understanding of the protective role of
VB12 in acute ischemic stroke with respect to intestinal homeostasis
will likely provoke similar investigation into therapeutic strategies in
other forms of acute brain injury, neurodegenerative disorders, and
other inflammatory disorders of the nervous system.

10. Outstanding questions

The interrelationship between VB12 and the gut microbiome in
ischemic stroke is complex. While existing data suggests significant
promise for VB12 in the reduction and treatment of ischemic stroke,
a great deal of work still remains to identify critical windows for the
therapeutic effect of VB12 supplementation and identification of
patients most likely to benefit. Further mechanistic work is needed to
establish the dynamic and complex interaction of VB12 and its sub-
strates in altering local gut and central immune homeostasis. Addi-
tional insights into the mechanisms of VB12, the gut microbiome,
and the involved metabolites on immune circuit priming and provi-
sion of resilience to ischemic stroke promises to reveal more thera-
peutic targets and deepen our understanding of its pathophysiology.

11. Conclusions

Stroke takes an enormous toll on patients worldwide. While we
have gained significant ground in the prevention, treatment and
rehabilitation of stroke, it remains a leading contributor to the global
disease burden. Recent investigations have illuminated the role of
dysfunctional gut microbiota in influencing the development of
stroke risk factors, the inflammatory response in the immediate
aftermath of stroke and the capacity for stroke recovery. As a critical
cofactor, VB12 not only mitigates these effects, in part through main-
tenance of amino acid metabolism and reprogramming the molecular
machinery of host cells, but also fosters the maintenance of healthy
gut microbiota and the associated metabolites, which in turn cru-
cially support protective immune homeostasis in steady state and
diseases. Further mechanistic studies will provide much-needed
interventions for the management of patients afflicted with ischemic
stroke.
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