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BACKGROUND: Respiratory and urinary tract infections are frequent complications in patients with severe stroke. Stroke-
associated infection is mainly due to opportunistic commensal bacteria of the microbiota that may translocate from the gut. 
We investigated the mechanisms underlying gut dysbiosis and poststroke infection.

METHODS: Using a model of transient cerebral ischemia in mice, we explored the relationship between immunometabolic 
dysregulation, gut barrier dysfunction, gut microbial alterations, and bacterial colonization of organs, and we explored the 
effect of several drug treatments.

RESULTS: Stroke-induced lymphocytopenia and widespread colonization of lung and other organs by opportunistic commensal 
bacteria. This effect correlated with reduced gut epithelial barrier resistance, and a proinflammatory sway in the gut illustrated 
by complement and nuclear factor-κB activation, reduced number of gut regulatory T cells, and a shift of gut lymphocytes 
to γδT cells and T helper 1/T helper 17 phenotypes. Stroke increased conjugated bile acids in the liver but decreased bile 
acids and short-chain fatty acids in the gut. Gut fermenting anaerobic bacteria decreased while opportunistic facultative 
anaerobes, notably Enterobacteriaceae, suffered an expansion. Anti-inflammatory treatment with a nuclear factor-κB inhibitor 
fully abrogated the Enterobacteriaceae overgrowth in the gut microbiota induced by stroke, whereas inhibitors of the neural 
or humoral arms of the stress response were ineffective at the doses used in this study. Conversely, the anti-inflammatory 
treatment did not prevent poststroke lung colonization by Enterobacteriaceae.

CONCLUSIONS: Stroke perturbs homeostatic neuro-immuno-metabolic networks facilitating a bloom of opportunistic 
commensals in the gut microbiota. However, this bacterial expansion in the gut does not mediate poststroke infection.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Infection is the most common complication after 
stroke affecting around 30% of the patients. 
Poststroke infection is associated with increased 

mortality and neurological deterioration.1 The most 
frequent infections are in the respiratory and urinary 
tracts, and the best clinical predictors of infection are 
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the severity of the neurological deficit and the vol-
ume of the brain lesion. Prophylactic administration 
of antibiotics reduced overall infections but did not 
improve stroke functional outcome.2 Stroke-induced 
immunodepression is critically involved in poststroke 
infection. Reported mechanisms include a stress reac-
tion mediated by the sympathetic nervous system and 
hypothalamic-pituitary-adrenal axis3–6 and inflamma-
some signaling in immune cells.7 The best-established 
elements of stroke-induced immunodepression are 
increased levels of stress hormones and anti-inflam-
matory cytokines, and lymphopenia.4

The microorganisms most often detected in patients 
with stroke-associated infection are opportunistic bac-
teria typical of the human intestinal tract. Translocation 
and dissemination of gut microbiota has been proposed 
as the cause of poststroke infection.8 Previous works 
reported imbalances in gut microbial populations after 
experimental and human stroke associated to worse 
outcome.9–15 Deranged microbiota composition, called 
dysbiosis, may have pathological consequences. Gas-
trointestinal metabolites, such as short-chain fatty acids 
(SCFAs)16 and bile acids (BAs),17 are important regula-
tors of intestinal homeostasis affecting inflammatory, 
immune, and metabolic responses that can modify the 
microbial composition. The current view is that the gut 
microbiota influences stroke outcome and it is a putative 
therapeutic target in stroke.18,19

This study was aimed at identifying immunometabolic 
networks capable of dysregulating the composition of 
the gut microbiota after stroke, assessing drug treat-
ments that may block this phenomenon, and investi-
gating whether this effect may also reduce poststroke 
infection.

METHODS
The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.

Further details are provided in Supplemental Methods.

Animals
We used male wild-type C57BL/6 mice aged 11 to 12 weeks. 
Mice were from the same supplier (Janvier) except for one study 
designed to validate results in mice from a different supplier 
(Harlan-Envigo). In one experiment, we used reporter Cx3cr1eGFP/+ 
(CX3C motif chemokine receptor 1) male and female mice. Animal 
work was conducted according to the Spanish law (Real Decreto 
53/2013) in compliance with the EU Directive 2010/63/EU for 
animal experiments and with approval of the local ethics commit-
tees. We report the study following the ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines.

Brain Ischemia
We occluded the middle cerebral artery for 45 minutes with an 
intraluminal filament.

Drug Treatments
Mice received either propranolol,3 N-phenyl-4-(3-
phenylthioureido)benzenesulfonamide (LED209),20 RU486,3,6 
or pyrrolidine dithiocarbamate (PDTC). For each mouse, 
stool samples were collected before surgery and treatments, 
and again 48 hours after reperfusion before euthanasia. 
Researchers blinded to the treatments processed the samples 
and performed the analyses.

In Vivo Bacterial Imaging
Mice received antibiotics and bioluminescent Escherichia coli21 
was orally administered. At 24 hours, mice were subjected to 
stroke or sham surgery and were studied at 48 hours.

Metabolomics
BAs were extracted from liver and cecal contents for untar-
geted-based metabolomics using an HPLC system coupled to 
a mass spectrometer.22

Analysis of Fecal Microbial Groups by 16S rRNA 
Gene Profiling and Quantitative Polymerase 
Chain Reaction
Bacterial genomic DNA was isolated from feces, and the hyper-
variable V3 to V4 region of the 16S rRNA gene was amplified 
and processed on Illumina platform. Absolute bacterial levels 
were determined by quantitative polymerase chain reaction.23

Microbiological Analysis of Mouse Tissues
Bacteria in colony-forming units grown in agar plates seeded 
with tissue homogenates were identified by matrix-assisted 
laser desorption/ionization-time-offlight mass spectrometry 
mass spectrometry or partial sequence analysis of the 16S 
rRNA gene.

Statistics
The number of mice per group, statistical tests, and the P val-
ues are indicated in the figure legends. Statistical analyses 
were performed with GraphPad Prism version 8.3.0 or were 
computed on the software R v3.2.5 and MicrobiomeAnalyst.

Nonstandard Abbreviations and Acronyms

AKR1D1  aldo-keto-reductase family 1  
member D1

BA bile acids
IFNγ interferon-γ
IL-17 interleukin-17
LED209  N-phenyl-4-(3-phenylthioureido)

benzenesulfonamide
PDTC pyrrolidine dithiocarbamate
QseC  bacterial membrane-bound histidine 

sensor kinase quorum-sensing
SCFAs short-chain fatty acids
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Figure 1. Ischemia-induced immune depression and bacterial growth.
Mice were studied 2 d after ischemia or sham operation, and controls. A, Ischemia (n=19) reduced blood lymphocytes vs sham (n=14; *P=0.011) 
and controls (n=10; ****P<0.0001), and increased granulocytes vs sham (*P=0.021) and controls (****P<0.0001); 1-way ANOVA/Šídák test). B, 
After ischemia, blood lymphocyte number was inversely correlated with lesion volume (Pearson r=−0.7, P=0.0005, n=19). C, Ischemia (n=15) 
increased plasma calprotectin levels vs controls (n=5; P=0.0001, Mann-Whitney U test). D, Illustrative images of brain heart infusion (BHI)-agar 
plates seeded with mesenteric lymph node (MLN) of ischemic (n=19), sham (n=11), and control (n=10) mice. Magnifications (2×) illustrate 
colony-forming units (CFUs) after ischemia. Quantification showed no differences between sham and controls (Continued )
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RESULTS
Poststroke Bacterial Infection
Our experimental ischemia model in mice induced marked 
blood lymphocytopenia and neutrophilia (Figure 1A) and 
reduced spleen and body weight (Figure S1A). More-
over, lymphocyte counts decreased as a function of 
stroke severity (Figure 1B), whereas this relation was not 
found for granulocytes (Figure S1B). Plasma calprotec-
tin, a marker of infection/inflammation, increased 2 days 
postischemia (Figure 1C; Figure S1C). Aiming to assess 
poststroke infection, we determined colony-forming units 
(Figure 1D) in brain heart infusion agar plates after incu-
bation of mesenteric lymph nodes (mLN), liver, spleen, or 
lung tissue homogenates obtained 2 days after ischemia 
or sham operation, and naïve controls. Sham-operated 
and control groups showed no differences (Figure 1D; 
Figure S1D) and were pooled together for analysis versus 
the ischemic group. The ischemic group showed higher 
incidence of microbial colonies (Figure 1D) and more 
microbial counts (Figure 1E). Isolated colonies identified 
by partial 16S rRNA gene sequencing showed the pre-
dominance of facultative anaerobic bacteria typical of gut 
microbiota represented by members of Gram-negative 
Enterobacteriaceae, including Enterobacter spp., E. coli, 
and Shigella flexneri, and of Gram-positive Enterococ-
caceae, that is, Enterococcus faecalis. We also detected 
Staphylococcus aureus and Staphylococcus sciuri.

To investigate the possibility of gut bacterial translo-
cation, we depleted mice of their own microbiota with 
antibiotics and colonized their gut with bioluminescent 
luciferase-tagged E.coli21 administered by oral gavage. The 
success of colonization was visualized by in vivo biolumi-
nescence imaging. Then, we induced ischemia or sham 
operation and imaged the mice 48 hours postsurgery. In 
vivo imaging did not show any bioluminescence imaging 
signal in organs other than the colonized gut (Figure 1F). 
However, ex vivo bioluminescence imaging showed signal 
in the lungs of 20% of the ischemic mice and none of the 
sham-operated mice (Figure 1F). Although the most plau-
sible origin is the gut, we cannot exclude the possibility that 
E. coli reached the respiratory tract from the oral cavity.

Stroke Reduces Transepithelial Resistance of 
the Gut Barrier
Dysfunction of the gut epithelial barrier could facilitate 
bacterial translocation from the gut lumen. Ischemia did 

not reduce gut permeability, as assessed by oral admin-
istration of 4-kDa fluorescein isothiocyanate–dextran in 
ischemic, sham, and control mice (Figure S2A and S2B). 
However, the results of an ex vivo preparation of the small 
intestine mucosa-submucosa in Ussing chambers were 
indicative of ischemia-induced reduction of gut barrier 
resistance globally combining paracellular and transcel-
lular paths, greater permissivity to passive ion perme-
ation, and a transient increase in electrolyte secretion 
as a function of stroke severity (Figure S2C). Moreover, 
the concentration of immunoglobulin A, which protects 
barrier function, decreased in the intestinal wash 2 days 
postischemia (Figure S2D).

Postischemic Induction of Innate Immune 
Responses in the Small Intestine
Gut epithelial barrier alterations could facilitate the pas-
sage of bacteria or bacterial products from the gut lumen 
promoting inflammation. In the ileum, ischemia upregu-
lated the expression of genes involved in innate immune 
responses, like the complement pathway, whereas che-
mokine pathways tended to be downregulated (Figure 
S3A through S3C). Pathway analysis highlighted isch-
emia-induced upregulation of the Complement cascade 
and nuclear factor-κB (NF-κB) pathways. Downregu-
lated pathways included apoptosis (Figure S3D), indicat-
ing that ischemia skews the regular balance between 
epithelial cell death and regeneration towards increased 
survival. Although ischemia did not modify the number 
of CX3CR1+ macrophages in the ileum (Figure S2E), 
expression analysis of cell type-characteristic genes 
suggested increased activation of macrophages versus 
dendritic cells, thus favoring local innate versus adap-
tive immune responses (Figure S3E). Altogether, these 
findings indicate that stroke primed the intestine for an 
inflammatory prosurvival innate immune response.

Ischemia Switches the Balance of Regulatory 
and Interferon γ+T cells
We studied the population of lymphocytes in the mLN 
and gut-associated lymphoid tissue after isolating 
intraepithelial lymphocytes, lamina propria, and Peyer 
patches of the small intestine of control, ischemic and 
sham mice 2 days postsurgery (Figure 2A) and flow 
cytometry analysis (Figure 2B). Ischemia reduced the 
number of CD45+CD45R+ B lymphocytes (Figure 2C; 

Figure 1 Continued. (Figure S1D) and both groups were pooled together for comparison against ischemic mice. The proportion of mice 
with CFUs (Yes) in organs was higher in ischemic than sham/control (lung:*P=0.040; liver:**P=0.003; spleen:**P=0.005; mLN:**P=0.001; 
χ2). E, Representative brain section of sham and ischemic mice (2,3,5-triphenyltetrazolium chloride [TTC] staining). Number of bacteria CFUs 
(mean±SD) of ischemic (n=19) vs sham/controls (n=21) showed more CFUs in lung (*P=0.046), liver (**P=0.005), spleen (**P=0.007), and mLN 
(*P=0.003; Mann-Whitney U test) of ischemic mice. List of bacteria identified in ischemic mice by 16S RNA gene partial sequencing. F, Mice 
received antibiotics followed by oral bioluminescent Escherichia coli before ischemia (n=10) or sham operation (n=6). At 48 h, bioluminescence 
was detected ex vivo in the lungs of 2 ischemic but none of the sham-operated mice. BLI indicates bioluminescence imaging.
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Figure S4A), as reported,24 and FOXP3+ regulatory 
T cells (Treg; Figure 2C), it increased the percentage 
of the innate immune lymphocytes (Figure 2D; Figure 
S4B and S4C) γδTCR+CD3+ T cells in lamina propria 
and CD3+CD4-CD8- double-negative lymphocytes in 
intraepithelial lymphocytes (Figure 2G). Ischemia also 
caused a local inflammatory T helper 1/T helper 17 shift 
in mLN and intraepithelial lymphocytes by increasing 
IFN (interferon) γ+ CD3+ (Figure 2F) and CD3-CD11b- 
innate lymphocytes (Figure S4D), and IL (interleukin) 
17A+ γδTCR+CD3+ T cells (Figure S4E). Dichotomiz-
ing the mice into small or large lesion showed more 
γδTCR+CD3+ T cells in the large-infarction group 

(Figure 2F). We investigated whether the stroke-induced 
gut immune changes depended on the adrenergic stress 
response by treatment with propranolol, which attenu-
ated the reduction of Tregs in Peyer patches (Figure 
S4F) and the CD3+CD8+ γδTCR+ cell increase in lamina 
propria (Figure S4F).

Ischemia Increases Primary BAs in the Liver 
But Reduces BA Content in the Gut
BAs are metabolic products with antibacterial activ-
ity and immune and gut barrier regulatory functions.17,25 
Liver primary BAs are synthesized from cholesterol and 

Figure 2. Stroke induced a proinflamamtory shift in gut lymphocytes.
A, Lymphocytes were obtained from mesenteric lymph nodes (mLN), Peyer Patches (PP), intraepithelial lymphocytes (IELs), and lamina propria 
(LP) from ischemic (n=12) and sham (n=14) mice 48 h postsurgery, and naive controls (n=15). Figure generated with Biorender.com. B, Gating 
strategy for flow cytometry analysis. C, Ischemia reduced B lymphocyte (CD45+CD45R+) number in PP (*P=0.018 vs control; 1-way ANOVA/
Holm-Šídák test); CD3+ T cells showed a trend to reduction, and regulatory T cells (Tregs; CD4+CD25+forkhead box P [Foxp]3+) significantly 
decreased in mLN (**P=0.007 vs control; *P=0.041 vs sham; Kruskal-Wallis test/Dunn test), PP (*P=0.041 vs control), and the IELs (**P=0.006 
vs control); 1-way ANOVA/Holm-Šídák test. D, Ischemia increased the % of CD3+ γδ T cell receptor (TCR)+ cells (*P=0.019 vs control and sham) 
in LP, and CD3+CD4-CD8- double-negative (DN) cells in mLN (*P=0.046 vs sham) and IELs (*P=0.033 vs control and sham); 1-way ANOVA/
Holm-Šídák test. E, Representative cytometry plot of intracellular IFN (interferon)-γ (n=8 mice/condition). Ischemia increased vs control IFN-γ in 
CD45+CD3+ T cells in mLN (**P=0.003) and IELs (**P=0.002; Kruskal-Wallis test/Dunn test). F, Mice were dichotomized by the median of infarct 
volume in small (n=5) or large (n=7) groups (**P=0.0025, Mann-Whitney U test). Mice with larger infarcts had more CD3+γδ TCR+ cells in LP 
(*P=0.048; Mann-Whitney U test). Values are expressed as the mean±SD and all individual points are shown.
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Figure 3. Stroke increases bile acids (BAs) in the liver and reduces BAs in the intestine.
BA profiling by liquid chromatography–mass spectrometry–based untargeted metabolomics in liver and cecal content samples from control (n=7), 
sham-operated (n=8), and ischemic (n=8) mice. A, Proportions of BA according to the biosynthetic pathway, conjugation, or sulfation. B and C, 
Box-plots of BAs identified in liver (B) and cecum (C) BAs that were statistically significant (moderated t test) after adjustment for multiple testing 
(P<0.05) between ischemic and sham-operated mice. The abundance of BAs of control mice was also included in the plots, confirming that the 
change in the BA’s levels depends on ischemia. α-MDCA indicates α-murideoxycholic acid; β-MCA, β-muricholic acid; ω-MCA, ω-muricholic acid; 
A_BA, BA generated from the alternative acidic pathway; adj, adjusted; allo-CA, allo-cholic acid; (Continued )

D
ow

nloaded from
 http://ahajournals.org by on July 17, 2023



BASIC AND TRANSITIONAL  
SCIENCES

Díaz-Marugan et al Poststroke Infection and Gut Dysbiosis

Stroke. 2023;54:1875–1887. DOI: 10.1161/STROKEAHA.123.042755 July 2023  1881

metabolized by gut microbiota generating secondary 
BAs that mostly return to the liver via the portal vein. We 
used an untargeted metabolomics approach by liquid 
chromatography–mass spectrometry analysis enabling 
the profiling of 50 and 196 BAs in liver and cecal con-
tent, respectively.22 Ischemia increased the propor-
tion of conjugated primary BAs in the liver (Figure 3A), 
notably taurocholic acid (Figure 3B), and the presence 
of oxysterols (diH2O-CA27; tetrahydroxycholestanoic 
acid) indicating abnormal metabolic processing. The BA 
pathway can be negatively regulated through complex 
mechanisms.17 However, ischemia did not cause major 
changes in mRNA expression of enzymes involved in BA 
synthesis and metabolism, except for increased Cyp27a1 
mRNA (Figure S5B and S5C) in the ileum, which could 
favor the alternative acidic pathway, and increased ste-
roid 5-β-reductase Akr1d1 mRNA in the liver (Figure 
S5A and S5C). AKR1D1 (aldo-keto-reductase family 1 
member D1) participates in the alternative pathway of 
cholesterol metabolism and also cortisol metabolism, 
which is necessary to restore homeostasis following the 
poststroke stress response. In addition, ischemia reduced 
the global cecal content of secondary and primary BAs 
(Figure 3B). This effect can facilitate pathogenic com-
mensal microbe overgrowth.25

Brain Ischemia Increases the Abundance of 
Enterobacteriaceae and Other Facultative 
Anaerobic Bacterial Families in Feces and 
Cecum
We determined the absolute levels of some microbial 
groups of commensal bacteria by real-time polymerase 
chain reaction23 in feces freshly collected before and 2 
days postischemia or sham operation and twice within 
the same time frame in naïve controls (Figure 4A). The 
number of Enterobacteriaceae increased postischemia, 
but not sham operation or controls (Figure 4A). In con-
trast, we did not detect sustained and consistent changes 
in the other groups of bacteria analyzed (Figure S6A). 
Likewise, Enterobacteriaceae increased in the cecum 
2 days postischemia (Figure 4A). Fecal Enterobacteria-
ceae overgrowth was reproduced in independent experi-
ments, including mice from a different supplier (Figure 
S6B), and was positively correlated with infarct volume 
(Figure 4B). Gut Enterobacteriaceae expansion is con-
sidered the microbial signature of gut epithelial dysfunc-
tion and dysbiosis.26

Metataxonomic analyses by partly sequencing the 16S 
rRNA gene showed changes in beta diversity between 

feces collected before and 2 days postischemia, but not 
sham operation (Figure 4C). Ischemia induced a trend 
(P=0.011, false discovery rate=0.106) to increase the 
phylum Pseudomonadota (formerly Proteobacteria), 
which includes Enterobacteriaceae (Figure 4D). At the 
family level, sequencing validated the polymerase chain 
reaction result showing increased Enterobacteriaceae 
after ischemia (Figure 4E). Analysis using false discovery 
rate of fecal microbial data obtained after ischemia ver-
sus before ischemia in the same mice further identified 
increase of other putative pathogenic and proinflamma-
tory bacteria, such as Enterococcaceae, Porphyromon-
adaceae, and family XIII (Figure 4F). In contrast, ischemia 
reduced the abundance of Bacteroidales_S24_7_group 
(Figure 4G) composed of anaerobic bacteria with fea-
tures of primary fermenters capable of producing the 
SCFAs propionate and acetate.27

Ischemia Reduces the Fecal Content of SCFA
SCFA are bacterial metabolic fermentation end products 
with protective functions in the gut mucosa preventing 
inflammation and bacterial translocation. We determined 
the concentrations of butyrate, propionate, and acetate, 
which account for about 95% of all SCFAs, in the cecum 
2 days postischemia or sham operation, and in the 
feces freshly collected before and 2 days after ischemia 
or sham operation. Ischemia, but not sham operation, 
reduced SCFA concentration in the feces (Figure 5). 
Moreover, butyrate and propionate also decreased in the 
cecum after ischemia (Figure 5).

Gut Inflammation Drives Ischemia-Induced 
Alterations in the Gut Microbiota
We tested whether ischemia-induced increase in Entero-
bacteriaceae was dependent on the β-adrenergic 
response. Propranolol did not prevent the ischemia-
induced raise in Enterobacteriaceae in feces and cecum 
(Figure 6A), the reduction of gut butyrate (Figure S7A), 
or the changes in blood cell numbers (Figure S7A), 
despite preventing some of the alterations in gut lym-
phocyte populations (Figure S4F).

Enterobacteriaceae bacteria express membrane-
bound histidine sensor kinase quorum-sensing (QseC) 
system, which senses bacterial product AI-3 and host cat-
echolamines through a bacterial receptor system resem-
bling host α1-adrenergic receptors (Figure 6B).20 We 
hypothesized that Qsec may respond to host catechol-
amines released after brain ischemia. Oral administration 

Figure 3 Continued. C, control; CDCA, chenodeoxycholic acid; CP, conjugated primary BA; CS, conjugated secondary BA; diH,O-CA27, 
dihydroxy-oxocholest-enoic acid; FC, fold change; I, ischemia; KDCA_i1, ketodeoxycholic acid isomer; MCA, middle cerebral artery; P, primary BA; 
S, secondary BA, S_, sulfated BA; S, sham; S-CA, sulfocholic acid; S-GCA, glycocholic acid-sulfate; S-GCDCA, glycochenodeoxycholic acid-
sulfate; S-TLCA, taurolithocholate-sulfate; TCA, taurocholic acid; TDCA, taurochenodeoxycholic acid; tetraHCA_i3, tetrahydroxy-cholanoic acid 
isomer 3; and tetraHCA27, tetrahydroxycholestanoic acid.
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Figure 4. Ischemia increased opportunistic facultative anaerobes in gut microbiota.
A, Feces were collected twice in the same mice, that is, before and 48 h postischemia (n=6) or sham operation (n=7), and naive mice (twice 
at corresponding time points; n=6). The cecum was obtained at 48 h. Quantitative polymerase chain reaction showed consistent increases in 
Enterobacteriaceae in feces after ischemia compared to feces before ischemia (**P=0.0015; 2-way ANOVA-repeated measures design/Sidak 
test), but not sham or controls. The cecum shows more Enterobacteriaceae after ischemia (**P=0.0052 vs sham; &&&P=0.0006 vs controls; 
1-way ANOVA/Dunnett test). B, The Enterobacteriaceae (LOG10) change in feces after vs before ischemia in the same mice is positively 
correlated to the lesion volume (n=13, Pearson r=0.64, P=0.019). C, Sequencing the 16S rRNA gene from feces  (Continued )
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of the QseC inhibitor LED20920 (Figure 6B) did not pre-
vent the ischemia-induced expansion of Enterobacteria-
ceae in feces (Figure 6B) and cecum (Figure S7B) or the 
reduced fecal butyrate content (Figure S7B).

Ischemia-induced stress reaction triggers adrenal glu-
cocorticoid release regulated by the hypothalamic-pituitary-
adrenal axis. We studied whether a glucocorticoid-receptor 
antagonist (RU486) could abrogate the Enterobacteria-
ceae bloom induced by stroke. RU486 did not prevent 
the increase of Enterobacteriaceae despite attenuating 
stroke-induced lymphopenia (Figure 6C) and neutrophilia 
(Figure S7C). However, it increased mortality (Figure S7C), 
in agreement with the view that the adrenal corticosterone 
response is necessary for poststroke survival.28 These 
results indicate that the increase of gut facultative anaer-
obes after stroke is independent of immunodepression and 
is not attributable to the neural or hormonal arms of the 
stress response. However, this possibility requires further 
pharmacological demonstration given that we only used 
one dose/dosing regimen of the above drugs.

We also excluded the possibility that the Enterobacteria-
ceae increase after stroke was due to reduced food intake 
(Figure S7D). Some members of the Enterobacteriaceae 
family are opportunistic facultative anaerobic commensal 
bacteria known to overgrow in inflammatory conditions.29 
We assessed the effect of postischemic intraperitoneal 
administration of the NF-κB inhibitor PDTC. This com-
pound prevents nuclear NF‐κB translocation and inhibits 
NF‐κB p65 subunit expression. PDTC reduced p65 (Rela) 
and p50 (Nfkb1) mRNA in the liver (Figure S7E) but did 
not modify blood cell number (Figure S7F) or butyrate 
content (Figure 6D). PDTC did not reduce infarct volume 
or neurological score (Figure S7G) since we chose a dose 
(25 mg/kg) within the range of reported systemic anti-
inflammatory actions,30 but below the minimal dose (100 
mg/kg) reported to reduce ischemic damage.31 PDTC 
entirely prevented the Enterobacteriaceae expansion in 
the feces of ischemic mice (Figure 6D), suggesting the 
causal involvement of gut inflammation in certain micro-
biota imbalances induced by stroke.

Abrogation of Gut Enterobacteriaceae 
Expansion Does Not Prevent Bacterial Organ 
Colonization
PDTC-mediated abrogation of gut Enterobacteriaceae 
bloom could attenuate postischemic tissue colonization 

with opportunistic commensal bacteria. We studied 
bacteria colonization of the lung 2 days postischemia 
in mice treated with either PDTC or vehicle and con-
trols by seeding lung tissue homogenates in brain 
heart infusion agar plates. The proportion of mice with 
lung colony-forming units was higher in ischemic mice 
of both treatment groups than controls (Figure S8). 
A total of 31 out of 59 mice showed colony-forming 
units growing from lung tissue. We identified the bac-
teria using matrix-assisted laser desorption/ionization-
time-offlight mass spectrometry mass spectrometry 
(Figure S8). Except for 6 cases where we could not 
identify the bacteria, we detected opportunistic bac-
teria, which are common nosocomial pathogens, E. 
coli, Klebsiella pneumoniae, and Enterobacter cloacae 
complex of the Enterobacteriaceae family, E. faecalis 
of the Enterococcaceae family, and S. aureus of the 
Staphylococcaceae family. We also detected Lactoba-
cillus murinus in one control mouse and some cases of 
Staphylococcus sciuri within all groups of mice. The lat-
ter bacteria are most likely contaminants from mouse 
skin. To verify that PDTC did not prevent the growth of 
Enterobacteriaceae in the lung after stroke, we studied 
another group of ischemic, sham, and control mice as 
above, but we used MacConkey agar plates specifically 
suited to grow Gram− bacteria facilitating Enterobac-
teriaceae growth. Bacteria did not grow in control and 
sham groups, but we detected E. coli in ischemic mice 
treated with either PDTC or vehicle (Figure 6E). The 
proportion of ischemic mice with lung bacterial growth 
in the PDTC and the vehicle groups was significantly 
higher than sham and control groups.

DISCUSSION
We report that signs of poststroke immunodepression 
are accompanied by a local inflammatory shift in gut 
lymphoid tissues characterized by reduced Tregs and 
increased γδ lymphocytes and IFNγ production. Stroke 
also decreased the content of gut BAs and SCFAs 
associated with reduced fermenter bacteria in the gut 
microbiota. In turn, stroke promoted an expansion of 
facultative anaerobic commensals in the gut microbi-
ota typically characterized by a bloom of Enterobacte-
riaceae that could be prevented by an anti-inflammatory 
treatment. However, abrogation of the gut Enterobac-
teriaceae bloom did not prevent lung colonization with 

Figure 4 Continued. obtained before and after ischemia (n=8) or sham operation (n=5) using the Bray-Courtis distance shows significant 
changes within the ischemic (Permutational Multivariate Analysis of Variance [PERMANOVA], F value=3.5032, R2=0.20015, P<0.001), but not 
the sham group (PERMANOVA, F value=1.2608, r2=0.11197, P=0.26). D, Ischemia showed a trend to increase Pseudomonadota phylum. E, 
Sequencing data validated the ischemia-induced increase in the relative abundances of Enterobacteriaceae family and showed a small effect 
in sham-operated mice (2-way RM ANOVA. *P<0.05; ***P<0.0001). Data are depicted as boxplot, where the dots are individual mice and bars 
show median and interquartile range. F, At the Family level, ischemia not only increased Enterobacteriaceae (P<0.001, false discovery rate 
[FDR]<0.001), but also Clostridium family XIII (P<0.001, FDR<0.001), Enterococcaceae (P=0.001, FDR=0.007), and Porphyromonadaceae 
(P=0.004, FDR=0.029), whereas it decreased the highly abundant Bacteroidales_S24_7_group (P=0.003; FDR=0.024).
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Enterobacteriaceae after stroke, suggesting that gut 
dysbiosis is not critical for poststroke infection.

In organs of ischemic mice, we identified the growth 
of opportunistic pathogens that are facultative anaer-
obes of the commensal microbiota with similar features 
to those blooming in the gut. A recent study reported 
increases in gut Enterobacteriaceae after brain isch-
emia in mice and humans attributed to acute intestinal 
ischemia after stroke,15 but the origin of such putative 
gut ischemia is uncertain. The β-adrenergic system was 
involved in some of the observed gut immune alterations. 
However, we could not inhibit the gut Enterobacteria-
ceae bloom by using several pharmacological strategies 
intended to block the neural or humoral arms of the stress 
response. Although we used previously reported drug 
doses, our results have the limitation of lacking dose/
responses studies that are necessary to fully exclude any 

involvement of adrenergic and corticosteroid receptors in 
stroke-induced gut dysbiosis.

Overgrowth of facultative anaerobic Enterobacteria-
ceae typically occurs under inflammatory conditions.25,29 
Accordingly, an NF-κB inhibitor fully prevented the isch-
emia-induced enterobacterial bloom, suggesting causal 
involvement of local gut inflammation. Metabolic altera-
tions can break the homeostasis of microbial populations. 
We report stroke-induced increase in primary BAs in the 
liver highlighted by taurocholic acid. Taurocholic acid 
can exert proinflammatory actions by signaling through 
sphingosine-1-phosphate receptor 2.32 Moreover, isch-
emia reduced global gut BA content, which could cause 
metabolic dysregulation and dysbiosis, colonic transit 
retardation and constipation, immune dysregulation, and 
gut Enterobacteriaceae overgrowth.17,22

Brain ischemia reduced anaerobic fermenting bac-
teria producing SCFAs, notably the Bacteroidales_
S24_7_group,26 as reported.33 In our study, the reduction 
of fermenter bacteria was associated with decreased 
gut SCFAs, as reported in stroke patients.34 Reduction 
of fecal SCFAs could enhance epithelial oxygenation 
promoting aerobic or facultative anaerobic pathogen 
expansion in the gut lumen, which is a gut dysbiosis hall-
mark.35 The S24_7 family belongs to the Bacteroidota 
phylum, whose members can produce propionate and 
acetate, but not butyrate. A putative explanation for the 
reduction of butyrate could be the impairment of micro-
bial cross-feeding mechanisms16 that would affect pri-
mary fermenters hindering butyrate production by other 
microbes. SCFAs have anti-inflammatory functions and 
are beneficial in ischemic stroke.36,37 Decrease in SCFAs 
can compromise gut immune homeostasis.38 In our study, 
SCFA reduction was accompanied by reduced Tregs and 
a functional switch to T helper 1/T helper 17 regulatory 
patterns. By manipulating the state of the gut microbi-
ota, a previous study showed poststroke polarization of 
gut naive T cells towards Treg or IL-17 γδ T cells, which 
cause brain inflammation.11 However, elevated IFNγ and 
γδ cells may locally prevent bacterial infection.39

Bacteria translocation, dissemination from body 
mucosae, tissue expansion, and infection involves the 
failure of various physical and immunologic barriers. It 
is possible that Enterobacteriaceae bloomed not only in 
the gut but also other mucosae, that is, oral and respira-
tory tract, or perhaps the gut bacterial expansion was not 
critical for their translocation through the gut barrier. Fur-
thermore, our approach targeting gut inflammation could 
weaken the innate immune response to fight bacteria, 
further exacerbating stroke-induced immunodepression. 
Whatever the scenario, our results suggest that stroke-
induced gut dysbiosis is unlikely to be cause of post-
stroke infection or to have acute effects on lesion size or 
neurological deficits. However, stroke-induced dysbiosis 
may exert detrimental effects on 3-month outcome, as 
suggested.12,14,15 Moreover, experimental studies showed 

Figure 5. Stroke reduces gut short-chain fatty acid (SCFA).
Feces were collected from the same mice before and after sham 
operation or ischemia, or twice in controls with 2 d difference. At day 
2, mice were euthanized and the content of the cecum was collected. 
SCFAs were analyzed by gas chromatography–mass spectrometry. 
Ischemia (n=25) reduced the content of butyrate (*** P=0.0003), 
propionate (****P<0.0001), and acetate (***P=0.0006) in the feces vs 
the content before ischemia in the same mice (Wilcoxon matched-
pairs signed rank test). Differences between values obtained before 
and after sham operation (n=7) and between the 2 control samples 
(n=11) were not significant so both groups were pooled together. 
In the cecum, the content of butyrate (*P=0.0357) and propionate 
(*P=0.174) was smaller in ischemic mice (n=14) vs sham/control 
mice (n=13; Mann-Whitney U test). Data are presented as violin plots 
showing all points and lines at the median and quartiles (dashed 
lines).
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Figure 6. The postischemic Enterobacteriaceae bloom is dependent on gut inflammation but does not mediate lung 
colonization with opportunistic Enterobacteria.
Mice received treatments aimed to attenuate the Enterobacteriaceae expansion induced by stroke, as assessed in feces obtained before ischemia 
and 2 d postischemia. In some groups, we studied the cecal bacteria 2 d postischemia. Values are the mean±SD (Log10 colony forming units 
[CFUs]/g feces), symbols correspond to individual mice. We analyzed feces data with 2-way ANOVA-repeated measures design/Sidak multiple 
comparison test, and cecal data with Student t test. A, Mice were treated with propranolol (30 mg/kg; n=7) or vehicle (saline; n=7) IP immediately 
before ischemia, 0, 4, 8, 12, 24, 28, 32, and 36 h postischemia. The feces after ischemia showed increase in Enterobacteriaceae  (Continued )
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that antibiotic treatment disturbs gut microbial commu-
nities and worsens stroke outcome.40 Loss of intestinal 
homeostasis after antibiotic treatment could contrib-
ute to explain the failure of prophylaxis with antibiot-
ics to improve functional outcome or mortality in stroke 
patients.2 Further studies should investigate whether 
interventions promoting restoration of gut homeostasis 
after stroke could improve long-term functional outcome. 
Overall, we report stroke-induced immune and meta-
bolic alterations in the gut causing local inflammation 
that induces a bloom of opportunistic commensals in the 
gut microbiota. These effects may cause further immu-
nometabolic dysregulation and become detrimental. The 
study shows that an anti-inflammatory treatment after 
stroke can prevent the expansion of gut Enterobacte-
riaceae, and suggests that the growth of opportunistic 
commensal bacteria in the lungs or other organs after 
stroke does not depend on the expansion of these bac-
terial populations in the gut.
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