
    381Liu C, et al. Stroke & Vascular Neurology 2022;7:e001231. doi:10.1136/svn-2021-001231

Open access�

Long-­term modification of gut microbiota 
by broad-­spectrum antibiotics improves 
stroke outcome in rats
Chang Liu,1,2 Xi Cheng,1 Shanshan Zhong,1 Zhouyang Liu,1 Fangxi Liu,1 Xinyu Lin,1 
Yinan Zhao,1 Meiting Guan,1 Ting Xiao,3,4 Jukka Jolkkonen,5 Ying Wang,6 
Chuansheng Zhao  ‍ ‍ 1,2

For numbered affiliations see 
end of article.

Correspondence to
Dr Chuansheng Zhao;  
​cszhao@​cmu.​edu.​cn

To cite: Liu C, Cheng X, 
Zhong S, et al. Long-term 
modification of gut microbiota 
by broad-spectrum antibiotics 
improves stroke outcome 
in rats. Stroke & Vascular 
Neurology 2022;7: e001231. 
doi:10.1136/svn-2021-001231

	► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http://​dx.​doi.​org/​10.​
1136/​svn-​2021-​001231 ).

Received 14 July 2021
Accepted 23 March 2022
Published Online First 
16 May 2022

Original research

© Author(s) (or their 
employer(s)) 2022. Re-use 
permitted under CC BY-NC. No 
commercial re-use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
Background  The brain-gut axis is a major regulator of 
the central nervous system. We investigated the effects 
of treatment with broad-spectrum antibiotics on gut and 
brain inflammation, infarct size and long-term behavioral 
outcome after cerebral ischemia in rats.

Methods  Rats were treated with broad-spectrum 
antibiotics (ampicillin, vancomycin, ciprofloxacin, 
meropenem and metronidazole) for 4 weeks before the 
endothelin-1 induced ischemia. Treatment continued 
for 2 weeks until the end of behavioral testing, which 
included tapered ledged beam-walking, adhesive label 
test and cylinder test. Gut microbiome, short-chain fatty 
acids and cytokine levels were measured together with 
an assessment of infarct size, neuroinflammation and 
neurogenesis.

Results  The results revealed that the antibiotics exerted 
a clear impact on the gut microbiota. This was associated 
with a decrease in systemic and brain cytokine levels, 
infarct size and apoptosis in the perilesional cortex and 
improved behavioral outcome.

Conclusion  Our results highlighted the significant 
relationship between intestinal microbiota and beneficial 
neuro-recovery after ischemic stroke.

INTRODUCTION
Faecal microbiota transplantation, treatments 
with broad-spectrum antibiotics and the provi-
sion of probiotics are some of the approaches 
which have been exploited to examine the 
relationship between gut microbiota and 
brain diseases. A healthy gut microbiota is 
necessary for human welfare, including the 
functions of the immune system and central 
nervous system (CNS).1 The gut microbiota 
not only protects the host against invading 
pathogens, but also stimulates angiogenesis, 
regulates fat storage and maintains intes-
tinal permeability.2 Gut microbiota disorders 
are associated with a variety of diseases, for 
example, inflammatory bowel disease, obesity 
and type 1 diabetes, and nervous system 
diseases such as stroke, multiple sclerosis, 

Parkinson’s disease, Alzheimer’s disease, 
anxiety and neurodevelopmental disorders.

The relationship between the intestinal flora 
and stroke has attracted considerable attention. 
The destruction of the epithelial barrier after a 
stroke makes the intestine a potential gathering 
site for invasive pathological bacteria. In addition, 
a stroke changes the activity of the autonomic 
nervous system, which not only contributes 
to immune suppression but also affects bowel 
motility and permeability.1 The products released 
from the intestinal tract and the flora can gain 
access to the circulation and cross the leaky 
blood–brain barrier (BBB) to disturb the regula-
tion of the immune response in the CNS.3 Thus, 
it is not surprising that it has been speculated 
that antibiotics may affect the outcome of stroke. 
Indeed, administration of different antibiotics 
(ie, ampicillin, metronidazole, neomycin sulfate 
and vancomycin) for 4 weeks before an experi-
mental stroke greatly reduced the infarct volume 
and restored the sensorimotor function of mice, 
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this effect possibly being mediated through the modification 
of the gut flora.4 However, extended administration of anti-
biotics may also lead to sepsis and severe bloody diarrhoea 
caused by reduced gut motility and increased permeability 
and eventually impaired neurological function.5 Nonethe-
less, exactly how modulation of the gut microbiota affects 
the evolution, development and recovery after a stroke is not 
completely understood.

Therefore, we aimed to explore whether an intestinal 
microbial shift caused by broad-spectrum antibiotics could 
alter brain pathology and stroke recovery. We hypothesised 
that the changes in the bacterial populations induced by anti-
biotics would trigger a peripheral immune reaction, which 
in turn would result in neuronal protection and functional 
restoration after a stroke. In these experiments, rats were 
divided into sham-operated (SHAM) group, ischaemic (ISC) 
group and ischaemic rats treated with a combination of anti-
biotics (ISCAB) group. We found that the combined broad-
spectrum antibiotics selectively affected the abundance of the 
intestinal flora after stroke, which could lead to an increase in 
the intestinal content of short-chain fatty acids. In addition, 
antibiotics reduced the inflammatory response in the intes-
tine and modulated the function of microglia resulting in 
decreased neuronal apoptosis and a reduced infarct volume 
consequently leading to an improved behavioural recovery.

MATERIALS AND METHODS
Animals and experimental procedures
The experimental design is shown in figure  1. Male 
Wistar rats (220–280 g, age: 4 weeks) were obtained from 
China Medical University (Shenyang, China). Rats were 
housed in a light-controlled, temperature-controlled and 
humidity-controlled environment with free access to food 
and water. The rats were randomly divided into three 
groups based on a random number table generated by 
Microsoft Office Excel 2019: sham-operated rats (n=9, 

SHAM), rats subjected to cerebral ischaemia (n=9, ISC) 
and rats with ischaemia treated with broad-spectrum anti-
biotics for 4 weeks before the ischaemic operation and 
continued until the rats were sacrificed (n=9, ISCAB). 
The quintuple cocktail of antibiotics consisted of ampi-
cillin (1 g/L), vancomycin (500 mg/L), ciprofloxacin 
(200 mg/L), meropenem (250 mg/L) and metroni-
dazole (1 g/L) delivered in the drinking water.6 Body 
weight was monitored every day during the experiment 
(online supplemental figure 1). The mortality rate was 
less than 15% during surgery. There was no loss due to 
post-operation complications such as dysentery nor signs 
of sepsis caused by long-term antibiotic use. The ISCAB 
rats cannot be blinded to the investigator due to their 
watery faeces. A detailed description of the materials and 
methods used is provided in the online supplemental 
material.

RESULTS
The administration of antibiotics causes a shift in the gut 
microbiota after a stroke
We performed 16S rRNA sequencing of the intestinal 
contents collected from the experimental rats after sacri-
fice (n=24). The relative abundance of gut microbiota at 
the phylum level showed that Firmicutes had the highest 
relative abundance in the ISC rats (67.1%±3.3%) and anti-
biotics expanded the members of Proteobacteria, which 
occupied the dominant position of the gut microbiota in 
the ISCAB group (68.1%±4.8%) (figure 2A). The practice 
of clustering operational taxonomic units (OTUs) at 97% 
16S sequence identity is intended to group together func-
tionally diverse lineages. The results suggested that the abun-
dance of microbiota colonies in the gut had been reduced 
by antibiotics (figure 2B). Subsequently, the Chao1 Index 
and Shannon Index were analysed based on the number 
of OTUs. These results showed that the microbial α-diver-
sity in the ISCAB group was lower than other groups, indi-
cating that the intervention with the antibiotics had indeed 
decreased the microbial α-diversity and richness (figure 2C 
and D). The principal coordinates analysis (PCoA) scatter-
plot was performed to examine if there was any difference 
between the three groups based on the relative abundance 
of OTUs in terms of the collected ileal contents. The ISCAB 
group was clearly distant from the other groups indicating 
that the flora composition of ISCAB rats was different from 
the other two groups (Principal component 1 (PC1) explained 
11.5% and Principal component 2 (PC2) explained 29.1% of 
the trend) (figure 2E).

Although the diversity in the ISCAB group had declined 
due to antibiotic treatment, the results obtained from hier-
archical clustering and heat map analysis showed that abso-
lute amount of probiotics such as Lactococcus, Coprococcus, 
Bacillus, Streptococcus, Enterococcus and Faecalibacterium had 
increased in the ISCAB rats (figure 2F and online supple-
mental figure 2A). The proportion of Desulfovibrio, which is 
a pathogenic bacterium, decreased in ISCAB rats and anti-
biotics also reduced the proportions of Ruminococcaceae, 

Figure 1  Experimental design. (A)The arrows show the 
timing of pretraining, stroke, EDU injection and sacrifice. 
Antibiotics were given in the drinking water for 4 weeks 
before ischaemia and the treatment was continued until the 
end of the experiment. (B)Number of rats used for behaviour, 
histology, WB, RT-qPCR and ELISA and microbiome and 
metabolites analysis. EDU, 5-ethynyl-2'-deoxyuridine; ISC, 
ischaemic; ISCAB, ischaemic rats treated with a combination 
of antibiotics; SHAM, sham-operated; WB, western bolt.
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Figure 2  Overall taxonomic analysis, microbial community diversity analysis and heatmap analysis. (A)Taxonomic composition 
and distribution map of flora were summarised at the phyla level. (B)OTUs in each sample that can be classified to the level of 
the phylum, the class, the order, the family, the genus and the species. (C)Measure of α-diversity species of samples by Chao1 
Index based on the number of rare species. (D)α-diversity of samples indicated by Shannon’s diversity analysis. (E)β-diversity of 
principal component analysis. PCoA of gut microbiota indicated the microbial composition. (F)Hierarchically clustered heatmap 
analysis of the top 50 bacteria at the genus level in gut (n=8 per group). ISC, ischaemic; ISCAB, ischaemic rats treated with a 
combination of antibiotics; PCoA, principle coordinate analysis; SHAM, sham-operated.
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Clostridium, Dorea, Lactobacillus, Roseburia, Oscillospira and 
Prevotella (online supplemental figure 2A). These reduced 
microbiota are commonly considered to produce butyrate 
in the ileum.7–13

Antibiotics alter the concentrations of SCFAs
Given that short-chain fatty acids (SCFAs) produced by 
bacterial fermentation are important metabolites in the 
intestine and many of them have immunomodulatory func-
tions, we quantified the intestinal metabolites after the anti-
biotic intervention. Compared with ISC rats, the concentra-
tion of acetate increased (105.6±10.1 µg/g vs 58.9±5.0 µg/g, 
p<0.05), whereas that of butyrate decreased (0.1±0.03 µg/g 
vs 0.27±0.04 µg/g, p<0.05) after the antibiotics (online 
supplemental figure 2B).

Since acetate14 and butyrate15 are specifically produced 
by the microbiome, we correlated the changes in the micro-
biota with that of their metabolites. The results indicated 
that the levels of acetate were significantly correlated with 
Blautia and Turicibacter in SHAM rats, with Adlercreutzia, 
Bacteroides, Butyricimonas, Paraprevotella, Clostridium, Sutterella, 
Dehalobacterium, Oscillospira and Parabacteroides in ISCAB and 
with Ruminococcus both in ISC and ISCAB rats. The levels of 
propionate were significantly correlated with Christensenella 
and Ruminococcus in SHAM rats. The levels of butyrate were 
significantly correlated with Ruminococcus in ISC rats. The 
levels of caproate were significantly correlated with Cupri-
avidus in ISC (p<0.05) (online supplemental figure 3). 
Online supplemental figure 4 shows the Pearson correlation 
between the top 30 microbiota and behavioural tests. It is 
worth noting that in this analysis, Bacteroides, Butyricimonas, 
Christensenella, Dehalobacterium, Oscillospira, Parabacteroides, 
Paraprevotella and Ruminococcus showed the negative correla-
tions with behavioural indices of rat forelimbs. This is consis-
tent with the previous results of acetic acid, suggesting that 
the changes of acetic acid produced by the gut microbiota 
might play an important role in the behavioural recovery. 
The combined data clearly revealed that a major effect of 
antibiotic treatment had been to alter the diversity and abun-
dance of gut microbiota and their secretion of SCFAs.

Decreases in systemic inflammatory response by antibiotics
SCFAs have been recognised as negative regulators to 
the gut inflammation after cerebral ischaemia. Thus, 
the expression of proinflammatory (Toll-Like Receptor 
4 (TLR4), Toll-Like Receptor 2 (TLR2), Nuclear factor 
kappa B (NF-kB), interleukin 6 (IL-6) and tumour necrosis 
factor α (TNF-α)) and anti-inflammatory cytokines (IL-10 
and Transforming growth factor beta (TGF-β)) mRNA was 
investigated in intestinal tissue. We found that in ISC rats, 
levels of all the above cytokines except TNF-α and TGF-β 
increased as compared with SHAM rats and the micro-
biota changed by antibiotics had opposite effects on the 
amounts of both anti-inflammatory and proinflammatory 
markers. However, although TNF-α showed the same 
tendency, there is no significant difference between the 
three groups (figure  3A). When TGF-β and IL-10 levels 
were measured in blood, we found that both markers had 

decreased after antibiotic treatment and TGF-β showed 
significant increase in ISC group compared with SHAM 
group (figure 3B).

The disruption of intestinal mucosa was specifically 
reflected in the decreased length of small intestinal villi, the 
reduced crypt foci and the decreased thickness of intestinal 
wall. In our experiments, we observed significant changes 
in the morphology of the small intestinal villi. The mean 
length of small intestinal villi was significantly reduced after 
the ischaemic event (p<0.001), and when treated with a long 
course of antibiotics, the length of small intestinal villi was 
significantly restored compared with that in the ISC group 
(p<0.001, figure 3C), and we found that the ISCAB group 
showed a significant increase in intestinal permeability to 
FITC-dextran when compared with the ISC group (p<0.05, 
figure 3D), suggesting the recovery of mechanical barrier of 
intestinal mucosa after treatment.

Then we used Quantitative reverse transcription PCR 
(RT-qPCR) to examine if there were alterations of microglia-
associated markers and cytokines in the perilesional 
cortex. There is a trend for the expression of Arginase 1 
(Arg1), CD86 and Inducible nitric oxide synthase (iNOS) 
to increase in ISC rats and a further increase in the ISCAB 
group; however, only the increase of iNOS in the ISCAB 
group reached statistical significance (p<0.05, figure 3D). In 
ISC group, the mRNA levels of TLR4, TLR2, NF-kB, IL-6 and 
TGF-β showed significant increases as compared with the 
SHAM group. These increases tended to be reversed in the 
ISCAB group, although the change did not reach statistical 
significance. IL-10 and TNF-α also showed the tendency to 
increase in ISC but the change did not reach statistical signif-
icance. Nonetheless, in the ISCAB group, IL-10 mRNA level 
was significantly lower than that in the ISC group (p<0.05, 
figure 3E).

Improved behavioural outcome following stroke by antibiotics
Next, we aimed to evaluate how the antibiotic treatment 
affected neurological deficit in chronic post-stroke phase. 
Sensorimotor functions were measured on postoperative day 
14 to assess behavioural outcomes in ischaemic rats. In the 
beam walking test, both forelimb and hindlimb slips were 
increased by ischaemia (8.7%±2.0% vs 26.3±3.7%, p<0.001; 
21.8±4.2% vs 49.6±2.8%, p<0.001, figure  4A) and the 
impaired hindlimb function was reversed in ISCAB group 
when compared with ISC group (17.0%±2.3% vs 26.3±3.7%, 
p<0.05; 26.9±5.1% vs 49.6±2.8%, p<0.01, figure 4A). In the 
sticky label test, both the time taken to first touch the adhe-
sive tape (14.3±1.6 s vs 19.2±1.5 s, p<0.05) and its removal 
time (44.4±5.1 s vs 75.1±9.6 s, p<0.05, figure 4A) were reduced 
in the ISCAB group as compared with the ISC group. 
Ischaemia impaired spontaneous forelimb use in cylinder 
test, and this was reversed by antibiotics (40.7%±2.9% vs 
20.1±4.7%, p<0.01, figure  4A). All the behavioural results 
together revealed that the sensorimotor functions of rats in 
the ISCAB group had undergone a significantly improved 
recovery after a stroke.

https://dx.doi.org/10.1136/svn-2021-001231
https://dx.doi.org/10.1136/svn-2021-001231
https://dx.doi.org/10.1136/svn-2021-001231
https://dx.doi.org/10.1136/svn-2021-001231
https://dx.doi.org/10.1136/svn-2021-001231
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Antibiotics cause a decrease in infarct volumes and 
perilesional apoptosis
The endothelin-1 induced experimental stroke caused 
extensive damage to the cortex and striatum. To examine 
whether antibiotics decreased the extent of the ischaemic 
injury, infarct volumes were analysed from cresyl violet-
stained sections. ISCAB rats had significantly smaller 
infarct volumes as compared with ISC rats (6.2%±0.8% vs 
11.8±1.4%, p<0.001, figure 4B).

Bax, as a marker of apoptosis, was significantly decreased 
in the ISCAB rats compared with their ISC counterparts 
(figure 4C). However, there was no difference in the expres-
sion of Bcl2 in the different experimental groups (figure 4C). 
NeuN can be used as a neuronal marker, which we used to 
identify the type of cells undergoing apoptosis. We found that 
there was a significant overall group effect in the number of 
the Tunel+/NeuN+cells in the perilesional cortex (p<0.001). 
The number of Tunel+/NeuN+cells in the ISC group was 
increased compared with that in the SHAM group (p<0.001, 
figure  4D). After 4-week administration of antibiotics, the 
number of Tunel+/NeuN+cells was decreased compared 
with that in the ISC group (p<0.01, figure 4D). These results 

confirm that antibiotic can reduce apoptosis of neuronal 
cells.

Changes in glial and microglial cells after cerebral ischaemia
There was a significant overall group difference in the number 
of Iba-1+cells in the perilesional cortex (figure 5A,B). In ISC 
animals, the expressions of Ionized calcium binding adaptor 
molecule 1 (Iba-1) and Glial fibrillary acidic protein (GFAP) 
were higher than in the SHAM rats (p<0.05); however, this 
effect was not reversed by antibiotics. Sholl analysis showed a 
reduction in the total branch number and length of micro-
glia in the perilesional cortex after ischaemia (figure  5B). 
However, the ISCAB rats did not differ from their ISC coun-
terparts (figure 5C).

DISCUSSION
Changes in the intestinal flora are reflected in SCFA 
metabolism
Previously, it has been demonstrated that rats develop an 
abnormal microbial composition after stroke and this in 
turn affects the prognosis of stroke. Oral administration of 
antibiotics have been reported to decrease the volume of 

Figure 3  Effect of cerebral ischaemia and antibiotic treatment on cytokine levels. (A)Relative mRNA expressions of NF-kB, 
TLR2, TLR4, IL-6, TNF-α, IL-10 and TGF-β in the gut of the rats. (B)Concentrations of plasma TNF-β and IL-10. (C)Average 
length of intestinal villus. (D)Serum levels of fluorescein-labelled isothiocyanate-dextran (FITC-dextran) indicating intestinal 
permeability differences. (E)Relative mRNA expression of CD86, Inducible nitric oxide synthase (iNOS), Arginase 1 (Arg1) and 
inflammatory-related factors NF-kB, TLR2, TLR4, IL-6, TNF-α, IL-10 and TGF-β in the perilesional cortex. Data are mean±SEM, 
n=3 per group. Statistical significance: *p<0.05; **p<0.01; ***p<0.001. IL-6, interleukin 6; IL-10, interleukin 10; ISC, ischaemic; 
ISCAB, ischaemic rats treated with a combination of antibiotics; SHAM, sham-operated; TNF-α, tumour necrosis factor α.
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cerebral infarct and reduce cerebral oedema by changing 
the intestinal flora.4 16 The absence of microbiota within 
1–4 days after stroke did not affect infarct size and increased 
mortality within 5–7 days in mice, and this could be 
prevented by continuous antibiotic therapy or transplanta-
tion of gut microbiota obtained from Specific-pathogen-free 
(SPF) animals.5 In our study, the proportion of beneficial 
bacteria such as Lactococcus, Coprococcus, Bacillus, Streptococcus 
and Faecalibacterium was significantly upregulated after treat-
ment with antibiotics. After depletion of a large number of 
antibiotic-sensitive flora by the antibiotic cocktail, the other 
flora are no longer subjected to their competitive inhibitory 
effect, which can represent a growth advantage.17 Part of the 
intestinal flora was resistant to the antibiotic treatment. For 
example, Enterococcus is known to be resistant to ampicillin to 
a certain extent.18 Antibiotic resistance of Bacillus is another 

example.19 There is previous evidence that a probiotic inter-
vention, including Lactococcus and Coprococcus, significantly 
ameliorated depression-like symptoms and improved cogni-
tive functions of rats.20 The increased relative abundance of 
Streptococcus and Faecalibacterium is known to attenuate the 
symptoms of colitis and suppress the immune response.21

Short-chain fatty acids are important metabolites of intes-
tinal flora. Acetate and butyrate are the most abundant 
SCFAs in the intestinal tract (≥95%).22 Acetate can serve as a 
carbon source for gut microbiota, and help to maintain the 
integrity of the epithelial barrier by regulating the properties 
of tight junction proteins. Acetate can be produced by most 
of the enteric bacteria such as Lactobacillus spp, Prevotella 
spp, Ruminococcus spp, Streptococcus spp and Blautia spp,14 23 
whereas butyrate is produced by Clostridium leptum, Faecali-
bacterium, Oscillospira and Coprococcus.15 24 Overall, our results 

Figure 4  Effect of cerebral ischaemia and antibiotics on behavioural performance, infarct ratio and apoptosis in the 
perilesional cortex. (A)Improved behavioural outcome in the group receiving antibiotics, n=9 per group. (B)Cresyl violet staining 
reveals a typical infarct and neuroprotection by antibiotics, n=6 per group. (C)Western blotting images and data of Bax and 
Bcl2, n=3 per group. (D)Representative images and data for TUNEL/+NeuN cells in the perilesional cortex, n=6 per group. Data 
are mean±SEM. Scale bar=50 µm. Statistical significance: *p<0.05; **p<0.01; ***p<0.001. ISC, ischaemic; ISCAB, ischaemic rats 
treated with a combination of antibiotics; SHAM, sham-operated; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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revealed an increase in the proportions of the above micro-
flora in conjunction with the changes of intestinal SCFAs.

SCFAs participate in the inflammatory regulation that affects 
the CNS via the circulation
Brain ischaemia leads to the breakdown of mucosal barriers 
and bacterial translocation. Microbial components, such 
as bacterial cell components or toxins, can enter the host’s 
blood circulation or lymphatic organs, further increasing the 
intestinal permeability and reducing the immune response 
in peripheral circulation, ultimately leading to bacterial 
translocation and infection.25 In experimental stroke, T and 
B cell numbers are significantly reduced in Peyer’s patches.26 
Immune cells also can infiltrate across the leaky BBB into the 
parenchyma at the site of the ischaemic lesion.

SCFAs can repair the intestinal barrier. For example, 
acetate can increase cell membrane assembly, mucosal 
cell migration and the proliferation and differentiation 
of colonocytes as well as modulating the various biolog-
ical responses of the host, for example. reducing inflam-
mation and oxidative stress.27 In vitro, low concentrations 
(1–10 mM) of sodium butyrate significantly could improve 
the transepithelial resistance and permeability of the epithe-
lium of colonic cells.28 Similarly, increases in the circulating 
levels of SCFAs may induce therapeutic effects during the 
chronic post-stroke recovery period. SCFAs are especially 
important for the human body in its defence against intes-
tinal diseases such as Crohn’s disease, ulcerative colitis and 
colorectal cancer.15 In general, two different mechanisms are 

involved in these processes; the first is associated with a direct 
activation of certain G-protein-coupled receptors and the 
second is attributable to the direct inhibition of nuclear class 
I histone deacetylases (HDACs).15 The inhibition of HDACs 
is mainly associated with the anti-inflammatory immune 
phenotype, including declines in the concentrations of 
inflammation-associated cytokines (IL-6, IL-8 and TNF-α), 
reducing NF-kB activity and avoiding pathogen expansion.29 
TNF-α expression was found to be downregulated after a 
diet containing 5% Plantago ovata seeds seeds compared 
with control animals, while TNF-α and NF-κB expression 
in the intestine was downregulated after feeding with a 
diet containing 8% oligofructose-enriched inulin. In both 
studies, it was confirmed by two studies that the reduction 
of intestinal inflammatory factors was associated with higher 
concentrations of butyrate.30 31 This can be attributed to the 
anti-inflammatory effects of butyrate mediated by the inhibi-
tion of NF-κB signalling pathway and HDAC. As butyrate has 
been reported to bind and activate the nuclear transcription 
factor Peroxisome proliferator-activated receptor gamma 
(PPARγ), thereby antagonising NF-κβ signalling.32 33 Our 
results revealed that the amounts of NF-kB, TLR2, TLR4, 
IL-6, TNF-a, IL-10 and TGF-β decreased in gut, which 
means that the extent of intestinal inflammation had been 
indeed significantly reduced by antibiotics. However, IL-10, 
as a recognised anti-inflammatory factor, is reduced signifi-
cantly. This may result from the fact that SCFAs can inhibit 
Lipopolysaccharide-induced IL-10 production as previous 

Figure 5  Gut inflammation response in the perilesional cortex. (A)Fluorescence images and quantification of Iba-1+cells 
and GFAP+cells in the perilesional cortex, n=6 per group. (B)Western blotting and quantification of Iba-1 and GFAP in the 
perilesional cortex, n=3 per group. (C)Quantification of the number of microglia branching, n=3 per group. Data are mean±SEM. 
Scale bar=50 µm. Statistical significance: *p<0.05; ***p<0.001. ISC, ischaemic; ISCAB, ischaemic rats treated with a 
combination of antibiotics; SHAM, sham-operated; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride.
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shown.34 Taken together, it seems that SCFAs exert a variety 
of beneficial functions in ischaemic stroke.

Antibiotics promote a recovery of neurological function
Our results show that the gut microbiota has an important 
impact on the behavioural recovery taking place after an 
experimental stroke. In addition, administration of these 
antibiotics affected the gut microbiome leading to neuropro-
tection and an improved functional recovery in ISC animals. 
Benakis et al showed that infarct volumes were reduced by 
60%±6% in antibiotic-treated mice with an altered intestinal 
flora in comparison to antibiotic-resistant mice and this was 
associated with better sensorimotor functions.35 There is also 
evidence that apoptotic cell death may be associated with 
impaired survival of newly formed neurons.36 In line with 
these findings, our study showed that the animals drinking 
the antibiotic cocktail showed less evidence of apoptotic 
cell death in the perilesional brain. Although several mech-
anisms are likely involved in the bidirectional communica-
tions of the microbiota–gut–brain axis following a stroke, 
one important consideration is the initiation of the brain 
inflammatory response by the gut microbiota in conjunction 
with the cooperative role of microglia.35

Microglia activation by stroke and antibiotics
Proinflammatory mediators released from microglia have 
been associated with the neuroinflammatory injury evident 
after a stroke. On the other hand, microglia contribute to 
neurogenesis and guidance of sprouting vessels through 
the production of neurotrophic factors, phagocytosize 
synapses and reshaping neuronal circuitries. Interestingly, 
microglia, unlike peripheral macrophages, may be more 
susceptible to changes in the microbiome.37 Erny et al found 
that in comparison to SPF mice, germ-free (GF) micro-
glia expressed reduced mRNA levels for several activation 
markers (eg, Il-1α, Stat1, Jak3 and B2m). In addition, the 
expressions of other genes controlling cell proliferation, 
cell cycle and apoptosis (eg, Cdk9, Ccnd3 and Bcl2) were 
substantially increased in GF mice. Accordingly, an imma-
ture morphology and also an increased microglial density 
were observed in different brain regions of GF mice. GF mice 
exhibited an upregulation of the surface markers CSF-1R, 
F4/80 and CD31, proteins which are known to be downregu-
lated in mature adult microglia. Furthermore, GF microglia 
displayed a reduced capacity to respond to a viral infection 
challenge. A reduced complexity of microbiota also leads 
to microglial defects after antibiotic use. In contrast, the 
re-colonisation of the complex flora and SCFAs treatment 
restored the microglial characteristics.37

Our immunofluorescence and RT-qPCR results in the 
cerebral cortex detected signs of upregulation of microglia-
related genes after stroke. We noted that the usage of antibi-
otics did not significantly affect the number of Iba-1+cells but 
increased the number of proinflammation microglia, 
which means the ratio of the microglial phenotypes indeed 
changed. Sholl analysis showed that the alterations in 
microglial morphology induced by oral antibiotic therapy 
are indicative of the dynamic polarisation states of these 

cells. Activated microglia can retract their processes and 
enlarge their cell bodies in a manner like activated phago-
cytic cells, increasing the relative areas of Iba-1 staining after 
a stroke, while ameboid microglial demonstrate a protective 
state, attenuating the damage associated with the neuroin-
flammation associated with a stroke. The anti-inflammatory 
gene expression profile of microglia was associated with 
reduced mRNA expressions of TNF-α and IL-1β but 
increased expressions of TGF-β1 and IL-10.38 In our study, 
the levels of an activated microglia-related marker increased 
in parallel to the findings of reduced apoptosis. Although 
there was an increase in proinflammatory microglia, as indi-
cated by the upregulation of the proinflammatory enzyme 
iNOS, there was also evidence of downregulation of both 
inflammatory and anti-inflammatory cytokines in the cortex 
at the same time, which hinted that the inhibition of the 
immune response may due to dysfunction and immaturity 
of microglial cells caused by the broad-spectrum antibiotic.37 
This change in the properties of the microglia could lead to 
a reduction in the inflammatory response in the brain after 
stroke and promote stroke recovery.

Limitations
However, our study has some limitations. First, antibiotics 
may cross the leaky BBB. Metronidazole and meropenem 
are more likely to enter the CNS and affect the function of 
microglia and play a role in cerebral haemorrhage, brain 
trauma and other neurological diseases. Ampicillin has 
been reported to dose-dependently protect neurons against 
ischaemic brain injury, to attenuate the activity of matrix 
metalloproteinases and to reduce immunoreactivities of 
astrocytes and microglia by increasing the level of glutamate 
transporter-1.39 Ciprofloxacin also was claimed to inhibit the 
activation of the TLR4/NF-κB signalling pathway.40 Thus, 
GF mice may have been a more ideal model in which to 
conduct these experiments. Second, the translational value 
of the present data is limited, since experimental animals live 
in a very controlled environment and are fed with a standard 
diet, whereas the human microbiome is influenced by a 
huge range of factors.

Author affiliations
1Department of Neurology, The First Hospital of China Medical University, Shenyang, 
Liaoning, China
2The Stroke Center, The First Hospital of China Medical University, Shenyang, 
Liaoning, China
3Department of Dermatology, The First Hospital of China Medical University, 
Shenyang, Liaoning, China
4Key Laboratory of Immunodermatology, Ministry of Health, Ministry of Education, 
Shenyang, Liaoing, China
5A.I. Virtanen Institute for Molecular Sciences, University of Eastern Finland, Kuopio, 
Finland
6Department of Neurology, First Affiliated Hospital of Dalian Medical University, 
Dalian, China

Contributors  XL performed immunofluorescence staining. FL performed proof 
assistance. ZL and YZ performed behavioural tests. CL and MG performed data 
analysis. XC, SZ and TX provided expert technical assistance. CL and CZ conceived 
and designed experiments. CL and JJ wrote and edited the manuscript. CZ 
corrected and approved the final version of the manuscript, and is responsible fo 
the overall content.



� 389Liu C, et al. Stroke & Vascular Neurology 2022;7:e001231. doi:10.1136/svn-2021-001231

Open access

Competing interests  None declared.
Patient consent for publication  Not applicable.

Ethics approval  The study protocol was approved by the Institutional Animal 
Care and Use Committee of China Medical University (permit number: SCXK (Liao) 
2013–0007).
Provenance and peer review  Not commissioned; externally peer reviewed.
Data availability statement  Data are available upon reasonable request. The data 
contains the original images as well as the original files, the raw data are available 
from the authors CL and CZ (​leo_​liuchang@​163.​com and ​cszhao@​cmu.​edu.​cn). 
Permission to reuse the data need to be granted with the permission of the journal 
and the corresponding author.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Chuansheng Zhao http://orcid.org/0000-0002-4100-1259

REFERENCES
	 1	 Fung TC, Olson CA, Hsiao EY. Interactions between the microbiota, 

immune and nervous systems in health and disease. Nat Neurosci 
2017;20:145–55.

	 2	 Bäckhed F, Ding H, Wang T, et al. The gut microbiota as an 
environmental factor that regulates fat storage. Proc Natl Acad Sci U 
S A 2004;101:15718–23.

	 3	 Stanley D, Mason LJ, Mackin KE, et al. Translocation and 
dissemination of commensal bacteria in post-stroke infection. Nat 
Med 2016;22:1277–84.

	 4	 Benakis C, Poon C, Lane D, et al. Distinct commensal bacterial 
signature in the gut is associated with acute and long-term 
protection from ischemic stroke. Stroke 2020;51:1844–54.

	 5	 Winek K, Engel O, Koduah P, et al. Depletion of Cultivatable gut 
microbiota by broad-spectrum antibiotic pretreatment worsens 
outcome after murine stroke. Stroke 2016;47:1354–63.

	 6	 Kelly JR, Borre Y, O' Brien C, et al. Transferring the blues: 
Depression-associated gut microbiota induces neurobehavioural 
changes in the rat. J Psychiatr Res 2016;82:109–18.

	 7	 Kong C, Gao R, Yan X, et al. Probiotics improve gut microbiota 
dysbiosis in obese mice fed a high-fat or high-sucrose diet. Nutrition 
2019;60:175–84.

	 8	 Yang T-W, Lee W-H, Tu S-J, et al. Enterotype-based analysis of gut 
microbiota along the conventional adenoma-carcinoma colorectal 
cancer pathway. Sci Rep 2019;9:10923.

	 9	 Feng Y, Weng H, Ling L, et al. Modulating the gut microbiota and 
inflammation is involved in the effect of Bupleurum polysaccharides 
against diabetic nephropathy in mice. Int J Biol Macromol 
2019;132:1001–11.

	10	 Zhang J-M, Sun Y-S, Zhao L-Q, et al. SCFAs-Induced GLP-
1 secretion links the regulation of gut microbiome on hepatic 
lipogenesis in chickens. Front Microbiol 2019;10: :2176.

	11	 Opazo MC, Ortega-Rocha EM, Coronado-Arrázola I, et al. Intestinal 
microbiota influences Non-intestinal related autoimmune diseases. 
Front Microbiol 2018;9:432.

	12	 Li Q, Peng X, Burrough ER, et al. Dietary Soluble and Insoluble Fiber 
With or Without Enzymes Altered the Intestinal Microbiota in Weaned 
Pigs Challenged With Enterotoxigenic E. coli F18. Front Microbiol 
2020;11:1110.

	13	 Chen L, Xu W, Lee A, et al. The impact of Helicobacter pylori 
infection, eradication therapy and probiotic supplementation on gut 
microenvironment homeostasis: an open-label, randomized clinical 
trial. EBioMedicine 2018;35:87–96.

	14	 Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites 
and colorectal cancer. Nat Rev Microbiol 2014;12:661–72.

	15	 Koh A, De Vadder F, Kovatcheva-Datchary P, et al. From dietary 
fiber to host physiology: short-chain fatty acids as key bacterial 
metabolites. Cell 2016;165:1332–45.

	16	 Singh V, Roth S, Llovera G, et al. Microbiota dysbiosis controls 
the neuroinflammatory response after stroke. J Neurosci 
2016;36:7428–40.

	17	 Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: 
networks, competition, and stability. Science 2015;350:663–6.

	18	 Arciola CR, Campoccia D, Baldassarri L, et al. The role of 
Enterococcus faecalis in orthopaedic peri-implant infections 
demonstrated by automated ribotyping and cluster analysis. 
Biomaterials 2007;28:3987–95.

	19	 Zhang Y, Limaye PB, Renaud HJ, et al. Effect of various antibiotics 
on modulation of intestinal microbiota and bile acid profile in mice. 
Toxicol Appl Pharmacol 2014;277:138–45.

	20	 Valles-Colomer M, Falony G, Darzi Y, et al. The neuroactive potential 
of the human gut microbiota in quality of life and depression. Nat 
Microbiol 2019;4:623–32.

	21	 Kim MS, Byun JS, Yoon YS, et al. A probiotic combination attenuates 
experimental colitis through inhibition of innate cytokine production. 
Benef Microbes 2017;8:231–41.

	22	 den Besten G, van Eunen K, Groen AK, et al. The role of short-chain 
fatty acids in the interplay between diet, gut microbiota, and host 
energy metabolism. J Lipid Res 2013;54:2325–40.

	23	 Liu C, Li J, Zhang Y, et al. Influence of glucose fermentation on CO₂ 
assimilation to acetate in homoacetogen Blautia coccoides GA-1. J 
Ind Microbiol Biotechnol 2015;42:1217–24.

	24	 Louis P, Flint HJ. Formation of propionate and butyrate by the human 
colonic microbiota. Environ Microbiol 2017;19:29–41.

	25	 Winek K, Meisel A, Dirnagl U. Gut microbiota impact on stroke 
outcome: FAD or fact? J Cereb Blood Flow Metab 2016;36:891–8.

	26	 Schulte-Herbrüggen O, Quarcoo D, Meisel A, et al. Differential 
affection of intestinal immune cell populations after cerebral ischemia 
in mice. Neuroimmunomodulation 2009;16:213–8.

	27	 Huang W, Guo H-L, Deng X, et al. Short-Chain fatty acids inhibit 
oxidative stress and inflammation in mesangial cells induced by 
high glucose and lipopolysaccharide. Exp Clin Endocrinol Diabetes 
2017;125:98–105.

	28	 Peng L, He Z, Chen W, et al. Effects of butyrate on intestinal barrier 
function in a Caco-2 cell monolayer model of intestinal barrier. 
Pediatr Res 2007;61:37–41.

	29	 Cani PD. Gut cell metabolism shapes the microbiome. Science 
2017;357:548–9.

	30	 Rodríguez-Cabezas ME, Gálvez J, Lorente MD, et al. Dietary fiber 
down-regulates colonic tumor necrosis factor alpha and nitric oxide 
production in trinitrobenzenesulfonic acid-induced colitic rats. J Nutr 
2002;132:3263–71.

	31	 Hijová E, Szabadosova V, Štofilová J, et al. Chemopreventive and 
metabolic effects of inulin on colon cancer development. J Vet Sci 
2013;14:387–93.

	32	 Meijer K, de Vos P, Priebe MG. Butyrate and other short-chain fatty 
acids as modulators of immunity: what relevance for health? Curr 
Opin Clin Nutr Metab Care 2010;13:715–21.

	33	 Alex S, Lange K, Amolo T, et al. Short-chain fatty acids stimulate 
angiopoietin-like 4 synthesis in human colon adenocarcinoma cells 
by activating peroxisome proliferator-activated receptor γ. Mol Cell 
Biol 2013;33:1303–16.

	34	 Cox MA, Jackson J, Stanton M, et al. Short-chain fatty acids act 
as antiinflammatory mediators by regulating prostaglandin E(2) and 
cytokines. World J Gastroenterol 2009;15:5549–57.

	35	 Benakis C, Brea D, Caballero S, et al. Commensal microbiota affects 
ischemic stroke outcome by regulating intestinal γδ T cells. Nat Med 
2016;22:516–23.

	36	 Thored P, Arvidsson A, Cacci E, et al. Persistent production of 
neurons from adult brain stem cells during recovery after stroke. 
Stem Cells 2006;24:739–47.

	37	 Erny D, Hrabě de Angelis AL, Jaitin D, et al. Host microbiota 
constantly control maturation and function of microglia in the CNS. 
Nat Neurosci 2015;18): :965–77.

	38	 Schilling M, Besselmann M, Leonhard C, et al. Microglial activation 
precedes and predominates over macrophage infiltration in transient 
focal cerebral ischemia: a study in green fluorescent protein 
transgenic bone marrow chimeric mice. Exp Neurol 2003;183:25–33.

	39	 Lee K-E, Cho K-O, Choi Y-S, et al. The neuroprotective mechanism 
of ampicillin in a mouse model of transient forebrain ischemia. 
Korean J Physiol Pharmacol 2016;20:185–92.

	40	 Zusso M, Lunardi V, Franceschini D, et al. Ciprofloxacin and 
levofloxacin attenuate microglia inflammatory response via TLR4/NF-
kB pathway. J Neuroinflammation 2019;16:148.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-4100-1259
http://dx.doi.org/10.1038/nn.4476
http://dx.doi.org/10.1073/pnas.0407076101
http://dx.doi.org/10.1073/pnas.0407076101
http://dx.doi.org/10.1038/nm.4194
http://dx.doi.org/10.1038/nm.4194
http://dx.doi.org/10.1161/STROKEAHA.120.029262
http://dx.doi.org/10.1161/STROKEAHA.115.011800
http://dx.doi.org/10.1016/j.jpsychires.2016.07.019
http://dx.doi.org/10.1016/j.nut.2018.10.002
http://dx.doi.org/10.1038/s41598-019-45588-z
http://dx.doi.org/10.1016/j.ijbiomac.2019.03.242
http://dx.doi.org/10.3389/fmicb.2019.02176
http://dx.doi.org/10.3389/fmicb.2018.00432
http://dx.doi.org/10.3389/fmicb.2020.01110
http://dx.doi.org/10.1016/j.ebiom.2018.08.028
http://dx.doi.org/10.1038/nrmicro3344
http://dx.doi.org/10.1016/j.cell.2016.05.041
http://dx.doi.org/10.1523/JNEUROSCI.1114-16.2016
http://dx.doi.org/10.1126/science.aad2602
http://dx.doi.org/10.1016/j.biomaterials.2007.05.013
http://dx.doi.org/10.1016/j.taap.2014.03.009
http://dx.doi.org/10.1038/s41564-018-0337-x
http://dx.doi.org/10.1038/s41564-018-0337-x
http://dx.doi.org/10.3920/BM2016.0031
http://dx.doi.org/10.1194/jlr.R036012
http://dx.doi.org/10.1007/s10295-015-1646-1
http://dx.doi.org/10.1007/s10295-015-1646-1
http://dx.doi.org/10.1111/1462-2920.13589
http://dx.doi.org/10.1177/0271678X16636890
http://dx.doi.org/10.1159/000205514
http://dx.doi.org/10.1055/s-0042-121493
http://dx.doi.org/10.1203/01.pdr.0000250014.92242.f3
http://dx.doi.org/10.1126/science.aao2202
http://dx.doi.org/10.1093/jn/132.11.3263
http://dx.doi.org/10.4142/jvs.2013.14.4.387
http://dx.doi.org/10.1097/MCO.0b013e32833eebe5
http://dx.doi.org/10.1097/MCO.0b013e32833eebe5
http://dx.doi.org/10.1128/MCB.00858-12
http://dx.doi.org/10.1128/MCB.00858-12
http://dx.doi.org/10.3748/wjg.15.5549
http://dx.doi.org/10.1038/nm.4068
http://dx.doi.org/10.1634/stemcells.2005-0281
http://dx.doi.org/10.1038/nn.4030
http://dx.doi.org/10.1016/S0014-4886(03)00082-7
http://dx.doi.org/10.4196/kjpp.2016.20.2.185
http://dx.doi.org/10.1186/s12974-019-1538-9

	Long-­term modification of gut microbiota by broad-­spectrum antibiotics improves stroke outcome in rats
	Abstract
	Introduction﻿﻿
	Materials and methods
	Animals and experimental procedures

	Results
	The administration of antibiotics causes a shift in the gut microbiota after a stroke
	Antibiotics alter the concentrations of SCFAs
	Decreases in systemic inflammatory response by antibiotics
	Improved behavioural outcome following stroke by antibiotics
	Antibiotics cause a decrease in infarct volumes and perilesional apoptosis
	Changes in glial and microglial cells after cerebral ischaemia

	Discussion
	Changes in the intestinal flora are reflected in SCFA metabolism
	SCFAs participate in the inflammatory regulation that affects the CNS via the circulation
	Antibiotics promote a recovery of neurological function
	Microglia activation by stroke and antibiotics
	Limitations

	References


