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Yang Zhai and Hengjie Yuan*

Department of Pharmacy, Tianjin Medical University General Hospital, Tianjin, China

Introduction: Xingnao Jiutan tablets (XNJT), a compound Chinese medicine,
have been applied to the treatment of the sequelae of cerebral thrombosis or
cerebral hemorrhage, transient cerebral ischemia, and central retinal vein
obstruction, etc., but the underlying mechanisms are not yet clear. This
research focused on examining the impact of XNJT for cerebral ischemia/
reperfusion (MCAO/R) injury, utilizing gut microbiota and metabolomic studies.

Methods: The primary components of XNJT were identified through the
application of the HPLC technique. We established a MCAO/ R model in mice
and conducted behavioral evaluations, cerebral blood flow measurements, and
TTC staining. We used ELISA, high-throughput 16S rDNA gene sequencing, and
metabolomics techniques to detect inflammatory factors, microbial populations,
and metabolites, respectively. Finally, we performed Spearman correlation
analysis to investigate the relationships among gut microbiota and metabolites,
comprehensively exploring the mechanisms of XNJT to alleviate cerebral
ischemia-reperfusion injury.

Results: We discovered that XNJT effectively enhanced neurological
performance, alleviated cerebral infarction, diminished neuronal cell death, and
increased cerebral blood flow. Moreover, XNJT downregulated the secretion of
pro-inflammatory cytokines like TNF, IL-6, and IL-1b. Additionally, XNJT
improved gut microbiota levels in MCAO/R mice, particularly Bacteroides,
Firmicutes, Escherichia-Shigella, and Ligilactobacillus. Furthermore, XNJT
primarily modulated differential metabolites in the gut through
Glycerophospholipid, Linoleic acid, and Sphingolipid metabolism pathways.
Spearman correlation analysis revealed significant associations among
intestinal microbiota and various metabolites.

Discussion: In summary, our findings suggest that XNJT can improve cerebral
ischemia/reperfusion injury outcomes, reduce inflammatory responses, and
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regulate gut microbiota and differential metabolites. It's possible that the
potential mechanisms are connected to controlling gut microbiota

and metabolism.
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brain-gut axis

1 Introduction

Stroke, a disorder of the central nervous system, is marked by
high morbidity, mortality, disability, and economic burden due to
brain tissue damage from blocked or burst blood vessels in the brain
(Grysiewicz et al,, 2008). Research indicates that worldwide, stroke
ranks as the second most common cause of mortality, representing
11.6% of total deaths, and is the third leading reason for disability
(Demsie and Lorkowski, 2020; Feigin et al., 2022). Additionally,
China has the highest stroke prevalence worldwide, with a trend
toward younger patients (Zhou et al,, 2019; Xian et al., 2022). Stroke
types include ischemic stroke and cerebral hemorrhagic stroke, where
ischemic stroke occurs more frequently, constituting 60% to 80% of
all stroke cases (Herpich and Rincon, 2020; Liu et al,, 2020). The
primary cause of ischemic stroke is the blockage of the intracranial
artery, leading to intricate brain neuropathological alterations such as
excitotoxicity, oxidative stress, neuroinflammation, and breakdown
of the blood-brain barrier, culminating in brain tissue death and
neurological impairments (Maida et al., 2020; Candelario-Jalil et al,
2022; Huang et al,, 2022; Rajeev et al., 2022; Zong et al,, 2022).
Clinical manifestations of neurological deficits include hemiparesis,
speech difficulties, facial asymmetry, and impaired consciousness.
Presently, thrombolysis and interventional treatment stand as the
most efficacious therapies, yet they come with high costs and
constraints like a limited time frame and related risks. Therefore,
it’s critically important to develop efficient and economical treatment
methods to reduce the burden of strokes on both society and families.
In conclusion, studying the pathophysiologic process of ischemic
stroke and establishing a comprehensive system for its prevention,
diagnosis, treatment, and prognosis is of great significance.

Abbreviations: XNJT, Xingnao Jiutan tablets; MCAO/R, middle cerebral artery
occlusion/reperfusion; CMC-Na, sodium carboxymethyl cellulose; HPLC, high
performance liquid chromatography; CCA, common carotid artery; ECA,
external carotid artery; ICA, internal carotid artery; TTC, Triphenyltetrazolium
chloride; HE, Hematoxylin - eosin; ELISA, enzyme linked immunosorbent assay;
TNF, tumor necrosis factor-o; IL-1B, interleukin-1f; IL-6, interleukin-6;
ANOVA, one-way analysis of variance; PcoA, Principal coordinates analysis;
NMDS, Nonmetric Multidimensional Scaling; LefSe, Linear discriminant analysis
Effect Size; PC, divided into phosphatidyl cholines; PE, phosphatidyl
ethanolamines; PI, phosphatidyl inositols; PG, phosphatidyl glycerol.
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A growing collection of studies suggests that ischemic stroke
affects gut microbiota and that regulating gut flora could be an
innovative approach to preventing and treating strokes (Pluta et al,
2021; Yamashiro et al,, 2021; Zhang et al., 2021). Dysbiosis of the gut
microbiota can disrupt brain function and result in neurological
disorders (Durgan et al., 2019). Furthermore, gut microbiota-related
metabolites, including short-chain fatty acids and lipopolysaccharides,
show a significant correlation with the development and outcomes of
stroke (Chen et al,, 2019b; Cheng et al., 2022). This suggests a role for
the brain-microbe-gut axis in the pathology of strokes. Gut microbiota
serves as a “two-way”’ communication system between the
gastrointestinal system and the brain.

Recently, the healing impact of Chinese medicine on a range of
illnesses has gained broad acknowledgment, along with its recognized
promise in medical care (Zhai et al, 2023). Chinese medications,
characterized by their diverse components, extensive coverage, and
multiple targets, are vital in stroke treatment (Chang et al, 2016).
Research indicates that traditional Chinese medicinal practices have the
potential to alter gut microbiota and its by-products (Feng et al., 2018;
Gong et al, 2020). XNJT, a hospital preparation from Tianjin Medical
University General Hospital, can activate blood circulation, remove
blood stasis, and promote overall circulation It is used to treat the
sequelae of cerebral thrombosis or cerebral hemorrhage, transient
cerebral ischemia, and central retinal vein obstruction. XNJT is
mainly made of 4 kinds of Chinese herbs, Ligusticum striatum DC.
(Chuan Xiong), Leonurus japonicus Houtt. (Chao Chong Wei Zi),
Santalum album L. (Tan Xiang), and Dryobalanops aromatica
CF.Gaertn. (Bing Pian). In the clinic, XNJT has the potential to
markedly enhance the clinical manifestations in patients with sequelae
of cerebral infarction, patients with the drug after the cerebral vascular
resistance is reduced, the blood flow changes, proving that the drug
helps to improve the cerebral blood supply insufficiency (Xie and Tang,
2005). The study by Xie and Tang assessed 100 patients with cerebral
infarction, encompassing measurements of carotid blood flow velocity,
blood flow volume, cerebrovascular resistance, and changes in blood
rheology, with an overall efficacy rate of 72%. In Chinese medicine,
Ligusticum striatum DC,, is extensively employed in the treatment of
cardiovascular and neurovascular diseases. Ferulic acid, a key
component of Ligusticum striatum DC,, is known to reduce memory
impairments and offer defense against oxidative stress and apoptosis
caused by brain ischemia/reperfusion injury (Ren et al., 2017; Liu et al,,
2022). Numerous studies on animals have demonstrated that
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FIGURE 1

Graphical abstract of this study. **p <0.01, ****p <0.0001.

tetramethylpyrazine reduces infarct size, neurological scores, and
cerebral edema in models of permanent and transient cerebral
ischemic injury (Kao et al,, 2013; Xiao et al,, 2013; Tan et al,, 2015).
Leonurus japonicus Houtt., made from Motherwort Fruit, is known for
its ability to invigorate blood circulation, remove blood stasis, purify the
liver, and brighten the eyes. Leonurine, a major component of Leonurus
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japonicus Houtt., reduced the reactive oxygen species concentrations in
mitochondria extracted from the ischemic cortex (Qi et al, 2010).
Santalum album L. enhances the activity of antioxidant enzymes and
scavenges oxygen free radicals (Xu et al,, 2022). Dryobalanops aromatica
C.F.Gaertn. inhibits inflammatory factors, reduces oxidative stress, and
maintains brain function (Ma et al,, 2023). Importantly, some botanical
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TABLE 1 XNJT composition.

Botanical name  Chinese Medicinal Grams, g

name Part
Ligusticum Chuan Xiong = Rhizome 255.3
striatum DC.
Leonurus Chao Chong | Fruit 425.6
japonicus Houtt. Wei Zi
Santalum album L. Tan Xiang Heartwood 212.8
Dryobalanops Bing Pian Leaf and bark 6.4
aromatica C.F.Gaertn. extracted

Crystalline

drugs in XNJT, such as Santalum album L., have been shown to
modulate the intestinal microbiota. Investigating if XNJT’s anti-stroke
properties are partially due to its influence on gut microbiota and
metabolites is valuable. Therefore, our research focused on examining
how XNJT influences gut microbiota and its metabolites in mice
suffering from middle cerebral artery occlusion/reperfusion (MCAO/
R), employing 16S rDNA gene sequencing combined with untargeted
metabolomics analysis (Figure 1).

2 Materials and methods
2.1 Reagents and chemicals

XNJT was provided by Tianjin Medical University General
Hospital. The approval number was Z2007590. The details of the
XNJT employed in this research are described in Table 1. The
chemical profile follows the standards set forth in the ConPhyMP
statement (Heinrich et al., 2022). Sodium carboxymethyl cellulose
(CMC-Na, C8621), 4% paraformaldehyde (P1110), hematoxylin-
eosin stain kit (G1120), and TTC Solution (2%, G3005) were
purchased from Solarbio (Beijing, China). The mouse TNF
(Y]002095), IL-6 (YJ063159), and IL-1B (Y]J098416) ELISA kit
were provided by Enzyme-linked Biotechnology (Shanghai,
China). Monofilament (0621) for MCAO/R was purchased by
Yushun Biotech (Henan, China). Botanical names are referenced
from “World Flora Online”, http://www.worldfloraonline.org.

2.2 XNJT preparation method and
fingerprint analysis

The primary procedural stages of XNJT included: grind the half
amount of Ligusticum striatum DC. and Santalum album L. into
fine powder. Take the other half amount of Ligusticum striatum
DC., Santalum album L., and Leonurus japonicus Houtt., and boil
them in water twice. The first boiling should last for 2 hours, and the
second boiling for 1.5 hours. Combine the decoctions, filter them,
and evaporate the filtrate under reduced pressure until the relative
density reaches 1.36-1.38 (at 60°C), forming a clear paste. Mix the
paste with the aforementioned fine powder, dry it, and crush it into
fine particles. Add an appropriate amount of powdered sugar,
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granulate it, dry it, and spray it onto Dryobalanops aromatica
C.F.Gaertn. dissolved in a suitable amount of ethanol. Mix well,
press it into 1000 tablets, and coat them with sugar shell. The daily
dose for an adult in this study was 4.86g/70 kg/d.

The analysis of LC-MS/MS utilized a Vanquish (Thermo Fisher
Scientific, USA) high performance liquid chromatography (HPLC)
system, equipped with a Phenomenex Kinetex C18 (2.1 mm x 100
mm, 2.6 um) linked to the Orbitrap Exp loris 120 mass
spectrometer (Orbitrap MS, Thermo). Solvent A (0.01% acetic
acid in water, v/v) and solvent B (isopropanol and acetonitrile,
1:1, v/v) were used for gradient elution, and the injection volume
was 2 pUL. The MS/MS spectral analysis was conducted utilizing an
Orbitrap Exploris 120 mass spectrometer. Settings for mass
spectrometry included: a sheath gas flow rate of 50 Arb, an Aux
gas flow rate of 15 Arb, a capillary temperature of 320°C, a complete
MS resolution of 60000, a MS/MS resolution of 15000, collision
energy of SNCE 20/30/40, and spray voltages of 3.8 kV (positive)
and -3.4 kV (negative) respectively. ProteoWizard was employed to
transform the unprocessed data into the mzXML format.
Additionally, identifying metabolites through R software and
XCMS-based methods for detecting peaks, extracting, aligning,
and integrating. For identifying metabolites, the R software along
with BiotreeDB (V3.0) were utilized. The database used to identify
metabolites was BiotreeDB (V3.0).

2.3 Animals

Male C57BL/6] mice, aged 8 weeks and weighing 19-21g, were
acquired from Beijing Vital River Laboratory Animal Technology
Co., Ltd (SCXK (Jing) 2021-0006). Before the experiment, the
animals resided in a designated specified pathogen-free (SPF)
animal room at the Institute of Neurology, General Hospital of
Tianjin Medical University, and acclimated for 1 week. The mice
were kept under regulated environment of 22-25°C and 60 + 5%
humidity, with unrestricted access to both food and water. The
procedure for the experiment adhered to the guidelines governing
the treatment of experimental animals. (approval number IRB2023-
DWEL-007).

2.4 Animals experimental design

The mice were arbitrarily segmented into five distinct groups:
sham group (Sham, n = 6), MCAO/R group (Model, n = 6), low
dose group (XNJT-Low, n = 6), middle dose group (XNJT-Middle,
n = 6), and high dose group (XNJT-High, n = 6). The low, medium,
and high doses for mice were 0.6318, 1.2636, and 2.5272 g/kg/d,
respectively, which were 1, 2, and 4 times the daily dose for an adult.
XNJT were ground into powder and dissolved in 0.5% CMC-Na
(C8621, Solarbio,Beijing, China) before gavage. In the XNJT-Low,
XNJT-Middle, and XNJT-High groups, mice received daily gavage
with XNJT solution (0.6318g/kg/d), XNJT solution (1.2636g/kg/d),
or XNJT solution (2.5272 g/kg/d) for seven days pre-surgery,
respectively. Equal volumes of 0.5%CMC-Na were provided
through gavage in both Sham and Model groups.
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Conducted an hour subsequent to the final administration, the
MCAO procedure adhered to a protocol already in place (Xu et al.,
2021). According to the Zea-Longa method, mice underwent a 12-
hour fast prior to surgery, with free access to water only (Longa EZ
etal, 1989; Ying Huang et al., 2022). In summary, the animals were
anesthetized using isoflurane and kept in a supine position. A cut
was made along the neck’s central line to expose the common
carotid artery (CCA), external carotid artery (ECA), and internal
carotid artery (ICA). To avert bleeding, the CCA and ECA were
secured near the end using 5-0 nylon stitches, the CCA was loosely
fastened at the end, and the ICA was tied using a microarterial clip.
A minor cut was created in the CCA, followed by the insertion of a
monofilament into the ICA until resistance was detected, after
which it was halted. A 3-0 suture was used to fasten the
monofilament and seal the cut. Following an hour of ischemia,
the monofilament was methodically extracted to facilitate
reperfusion. The Sham group experienced an identical process,
with the exception of inserting monofilaments. After surgery, the
mice were moved to an electric blanket maintained at 37 + 0.5°C
until they regained consciousness.

2.5 Evaluation of neurological score

Neurological function scoring was performed using the Zea-
Longa method (Longa EZ et al., 1989). Each group’s neurological
capabilities were evaluated 24 hours after ischemia/reperfusion,
with a total score of 4 points (Yang et al, 2022a; Zhang et al,
2022). No neurological deficit scored 0 points; the inability to fully
extend the front paw on the paralyzed side scored 1 point; turning
to the paralyzed side when walking scored 2 points; tilting to the
paralyzed side when walking scored 3 points; and the inability to
walk automatically and loss of consciousness scored 4 points.

2.6 Cerebral blood flow detection

Mice were anesthetized and their skin prepared. The head was
fixed with a stereotaxic apparatus and the skull exposed. The flow of
blood in the brain was tracked within a minute through the
application of laser speckle contrast analysis technology. The
detection values of the relatively stable period (30s) in the surgical
area were selected by PIMSoft for statistical analysis.

2.7 Sample collection and preparation

Mice were anesthetized after neurological behavioral scoring,
and blood samples were collected. Samples of blood were left
undisturbed for an hour, followed by centrifugation at 3000 rpm
for a duration of 10 minutes, and the clear liquid above the sediment
was preserved at -80°C. The brains were removed, with those used
for TTC staining refrigerated at a temperature of -20°C and those
for HE staining fixed in 4% paraformaldehyde. The cecum’s
contents were extracted, swiftly frozen using liquid nitrogen and
maintained at a temperature of -80°C.
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2.8 Triphenyltetrazolium chloride staining

The brains of the mice were preserved in a fridge at -20°C for a
duration of 20 minutes, then cut into 5 slices, each 2 mm thick. The
slices were placed in 2% TTC solution for a duration of 30 minutes
at a temperature of 37°C, ensuring even staining by turning them
periodically (Benedek et al., 2006). Subsequently, they underwent
fixation in 4% paraformaldehyde for a duration of 2 hours and
were photographed. Infarcted tissue volume was measured using
Image ] software for determining the volume of the infarct. The
infarct rate (%) was determined by the formula: infarct area/whole
brain area x 100%.

2.9 Hematoxylin - eosin staining

The brain and intestinal tissues underwent fixation in 4%
paraformaldehyde for a duration of 24-48 hours, followed by
dehydration using 75% ethanol, 85% ethanol, 90% ethanol, 95%
ethanol, 100% ethanol I, 100% ethanol II sequentially, clarification
in xylene, encasement in paraffin, and slicing. The samples
underwent deparaffinization using xylene followed by rehydration
in progressively lower ethanol levels. The samples underwent a 3-
minute hematoxylin staining, were treated with hydrochloric acid to
revert to blue, and followed by a 2 seconds eosin staining process.
The sections were cleared in xylene and sealed to observe
morphological changes in brain and intestinal tissue.

2.10 Enzyme linked immunosorbent assay

The concentrations of tumor necrosis factor (TNF) (Grimstad,
2016), interleukin-1f (IL-1p), and interleukin-6 (IL-6) in the serum
were quantified utilizing ELISA Kkits. First, allow the ELISA kits to
equilibrate at room temperature for 20 minutes. Subsequently, add
50 uL of standards at varying concentrations to the designated
wells. For the sample wells, introduce 10 UL of the sample to be
tested followed by 40 pL of sample diluent. Except for the blank
wells, to both the standard and sample wells, add 100 uL of
horseradish peroxidase (HRP)-conjugated detection antibody, seal
with an adhesive cover, and incubate at 37°C for 60 minutes in a
temperature-controlled chamber. After discarding the liquid, pat
dry on absorbent paper, fill each well with wash buffer, let it stand
for 1 minute, decant the wash buffer, and pat dry again. Repeat this
washing process five times. Next, add 50 puL each of substrates A
and B to each well and incubate at 37°C in the dark for 15 minutes.
Finally, add 50 uL of stop solution to each well, and within 15
minutes, measure the absorbance of each well at a wavelength of 450
nm using an enzyme labeling instrument.

2.11 16S rDNA gene sequencing
16S rDNA gene sequencing of cecum contents was executed by

LC-Bio (Zhejiang, China). Total microbial DNA was isolated from
each specimen using the CTAB technique, with the quality of the
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DNA verified through agarose gel electrophoresis. Amplification of
the 16S rDNA sequences was achieved through PCR, utilizing
primers specific to V3-V4 (341F, 5-CCTACGGGNGGCWG
CAG-3’; 805R, 5-GACTACHVGGGTATCTAATCC-3’), and the
PCR products were confirmed by 2% agarose gel electrophoresis.
PCR outputs underwent purification using AMPure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA) and were
measured using Qubit (Invitrogen, USA). The assessment of
purified PCR products was conducted with the aid of an Agilent
2100 Bioanalyzer (Agilent, USA) and Illumina (Kapa Biosciences,
Woburn, MA, USA) for library quantification kits, and the
concentration of the qualified libraries should be above 2 nM.
Qualified sequencing libraries were pooled after gradient dilution.
Subsequently, the mixtures were subjected to sodium hydroxide-
induced denaturation to achieve single-stranded DNA for
subsequent sequencing procedures. Samples passing the
evaluation were sequenced using the NovaSeq 6000 sequencer
with 2 x 250 bp paired-end reads. Following sequencing, the
paired-end data were processed through demultiplexing,
assembly, filtering, and noise reduction to obtain amplicon
sequence variants. Alpha diversity analysis, beta diversity analysis,
and species annotation were subsequently conducted based on these
amplicon sequence variants. Alpha and beta diversity analyses done
at the amplicon sequence variants (ASV) level. The reference
databases used for taxonomic identification are the SILVA
(Release 138, https://www.arb-silva.de/documentation/release138,
min confidence:0.7) and NT-16S databases (Release 20230718,
min ident:90; min cov:80; max ele:5).

2.12 Untargeted metabolomics analysis

The gathered contents of the cecum were defrosted on ice,
followed by the extraction of metabolites using a 50% methanol
solution. In summary, 100 mg of the sample underwent extraction
using 1 ml of chilled 50% methanol, followed by overnight storage
at -20°C. Samples underwent centrifugation at 4000 g for a duration
of 20 minutes and were preserved at -80°C for subsequent
application. Furthermore, a mixture of QC samples was created
using 10 UL of each extract.

First, every chromatographic division was executed utilizing the
UltiMate 3000 UPLC system. The process of reversed-phase
separation was executed using an ACQUITY UPLC T3 column.
The composition of the mobile phase included 5 mM ammonium
acetate, 5 mM acetic acid, and solvent B (acetonitrile), keeping the
column chamber stable at 40°C. The rate of flow was established at
0.3 milliliters per minute. The conditions for gradient elution
included: 0-0.8 minutes, 2% B; 0.8-2.8 minutes, 2% to 70% B; 2.8-
5.6 minutes, 70% to 90% B; 5.6-6.4 minutes, 90% to 100% B; 6.4-8.0
minutes, 100% B; 8.0-8.1 minutes, 100% to 2% B; 8.1-10 minutes,
2% B.

The metabolites emerging from the column were identified
through a high-resolution tandem mass spectrometer (Q-Exactive),
functioning in both positive and negative ion modes. Spectra of
metabolite ion precursors (70-1050 m/z) were gathered at a 70000
resolution to attain an AGC of 3e6 and a peak injection duration of
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100 ms. The leading three settings for gathering data were
configured in DDA mode. The collection of fragment spectra
occurred at a 17500 resolution, attaining an AGC between 1le5
and a peak injection duration of 80 ms.To assess the stability of the
LC-MS throughout the acquisition, a single quality control sample
(mixed sample) was gathered following every 10 samples.

2.13 Statistical analysis

Results from the experiments were graphically represented and
subjected to statistical examination via ImageJ and GraphPad Prism
(version 9.5). Normality was tested using SPSS and if it was
normally distributed, the study was tested using one-way
ANOVA. If it was non-normally distributed, non-parametric tests
were used. A significant difference between groups was considered
statistically significant if P < 0.05.

16S rDNA samples were performed on the Illumina NovaSeq
platform. The FLASH tool was employed to amalgamate paired-end
reads. The raw data underwent quality filtration to identify superior
clean tags, adhering to certain filtering parameters as per fqtrim
(v0.94). The Vsearch software (v2.3.4) was used to sift through
chimeric sequences. The prevalence of features was standardized
based on the comparative prevalence of each specimen as per the
SILVA (release 138) classification system. Additional graphical
representations were created utilizing the R package (v3.5.2).
Comparisons between multiple groups with biologically replicated
samples were conducted employing the Kruskal-Wallis test, setting
a significance level at p<0.05.

Acquired mass spectrometry data were preprocessed using
XCMS software. Raw data files from LC-MS were transformed
into mzXML format and analyzed using the XCMS, CAMERA, and
metaX tools available in R software. Annotation of the metabolites
was conducted through the online KEGG and HMDB databases,
aligning the precise molecular mass data (m/z) of the samples with
the information in these databases. The primary statistical
evaluation was conducted using R software (version 4.0),
normalizing the proteins’ raw intensity levels by the median. The
final significantly different metabolites were identified by meeting
three conditions: P<0.05, FC=1.2, and VIP=1. The hypergeometric
test was utilized to conduct a differential enrichment analysis on
KEGG Pathways, identifying functional entries with a notable
enrichment of differential proteins at P<0.05.

3 Results
3.1 XNJT fingerprints

Figure 2 shows the HPLC fingerprints of the XNJT. The
comprehensive positive and negative ion chromatograms for
XNJT revealed the chemical makeup of every compound. The
comprehensive analysis of peak areas and retention times
identified 10 constituents in XNJT, specifically ligustilide, trans-
ferulic acid, ethyl ferulate, (3Z)-3-butylidene-5-hydroxy-
isobenzofuran-1-one (Senkyunolide C), leonurine, salicylic acid,
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FIGURE 2
The HPLC chromatogram of XNJT.

oleic acid, gamma-linolenic acid, chlorogenic acid, and
(-)-camphoric acid.

3.2 XNJT improves neurological function
and attenuates cerebral infarction

To validate the effect of XNJT on cerebral ischemia/reperfusion,
we assessed the neurological deficit score in mice, measured cerebral
blood flow, and calculated the cerebral infarct area 24 hours after
MCAO/R modeling. The neurologic scores of mice in the Model
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group were notably higher than those in the Sham group
(P<0.0001). Additionally, the neurological scores of mice in the
XNJT-Low, XNJT-Middle (P<0.05), and XNJT-High groups
(P<0.0001) were lower than those in the Model group, indicating
that XNJT reduced brain injury in stroke mice (Figure 3A). TTC
staining of brain tissue sections revealed no cerebral infarcts in the
Sham group and significant cerebral infarcts in the Model group.
There was a dose-dependent reduction in infarction area after XNJT
administration, with a difference of statistically significant in the
XNJT-High group (P<0.0001). This suggests a significant protective
effect of XNJT on the brain (Figures 3B, C). Laser scattering results
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showed abundant cerebral blood flow in the Sham group and
severely diminished blood flow in the left side of the Model group
compared to the Sham group (P<0.0001). The treatment groups
experienced a rise in brain blood circulation, notably distinct in the
XNJT-High group. (P<0.0001) (Figure 3D, E).

3.3 XNJT attenuates
histopathological damage

HE staining showed that the brain tissue of the Sham group was
intact, with abundant cells, normal morphology, neat arrangement,
intact intercellular structure, tight connections, and normal neurons in

the cortex, hippocampus, and striatum. In contrast, the Model group’s
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mice exhibited numerous deceased neurons, nuclear shrinkage, and
vacuoles in the adjacent ischemic cortex, hippocampus, and striatum.
Compared to the Model group, improvement levels varied among the
treatment groups in the histopathologic features and morphology of
the cortex, hippocampus, and striatum, featuring diminished localized
necrosis and infiltration of inflammatory cells, along with a more
structured cellular configuration (Figure 4A).

3.4 XNJT reduces serum levels of
inflammatory mediators in mice

Compared to the Sham group, the Model group showed
elevated levels of TNF, IL-6, and IL-1B (Figures 4B-D). In
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contrast to the Model group, every group undergoing treatment
showed reduced levels of TNF, IL-6, and IL-1P. Particularly, the
XNJT-High group demonstrated significant differences in TNF
(P<0.01) and IL-6 (P<0.0001).

3.5 XNJT ameliorates intestinal microbial
population dysbiosis

In order to confirm our theory that XNJT’s anti-stroke
properties are due to altering gut microbiota composition, we
conducted 16S rDNA sequencing on the cecum of mice in the
Sham, Model, and XNJT-High groups to assess XNJT’s effect on gut
microbiota dysbiosis in MCAO/R mice. Alpha diversity analysis

Frontiers in Cellular and Infection Microbiology

reflects species richness, evenness, and sequencing depth. The
dilution curve indicates sufficient sequencing depth and sample
size (Figure 5A). In contrast to the Sham group, the Model group
exhibited a notable reduction in both Simpson and Shannon indices
(P<0.01). Conversely, the XNJT-High group showed significant
rises in Chaol, Shannon, and Simpson indices relative to the
Model group (P<0.01) (Figures 5B-D). The results indicate that
XN]JT can influence the diversity of the gut microbiota.

Beta diversity refers to species dissimilarity among different
environmental communities. Principal coordinates analysis (PCoA)
and Nonmetric Multidimensional Scaling (NMDS) results show
that, compared to the Sham group, the Model group exhibited the
greatest displacement, while the XNJT-High group was positioned
between the Sham and Model groups. This finding suggests that
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XNJT can regulate intestinal flora dysbiosis in MCAO/R mice
(Figures 5E, F).

Differential analysis of microbial abundance at the Phylum and
Genus levels revealed significant differences in gut microbiota
composition. Although the overall gut microbial community
structure among different groups was similar, there were notable
variations in the abundance of specific bacteria. At the Phylum level,
the Model group showed a decreasing trend in the abundance of
Bacteroidota and Firmicutes compared to the Sham group, while
their abundance increased in the XNJT-High group (Figures 6A, C).
The abundance of Verrucomicrobiota and Cyanobacteria rose in the
Model group but decreased in the XNJT-High group. At the Genus
level (Figures 6B, D), compared to the Sham group, the Model
group exhibited a notable rise in the populations of Akkermansia,
Escherichia-Shigella, and Alistipes, alongside a marked reduction in
the numbers of Dubosiella, Parabacteroides, Muribaculaceae,
Ligilactobacillus, and Firmicutes. Importantly, the XNJT-High
group ameliorated the microbial changes observed at both the
Phylum and Genus levels in the Model group, suggesting a
significant restorative effect of XNJT on the dysregulated gut
microbiota in the stroke model.

To identify bacteria linked to MCAO/R, we employed Linear
discriminant analysis Effect Size (LefSe) analysis to determine
specific bacterial differences among the Sham, Model, and XNJT-
High groups (Figures 7A, B). Our findings demonstrated that the
Sham group was enriched with beneficial bacteria such as
Muribaculaceae and Dubosiella. The XNJT-High group exhibited
enrichment of beneficial endogenous bacteria such as
Lachnospiraceae and Parabacteroides. In contrast, the Model
group mainly enriched Escherichia-Shigella. Therefore, the
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primary bacteria in the Model group could be the ones targeted
for the therapeutic effect of XNJT.

The HE staining results showed that the intestinal epithelial cell
morphology of mice in the Sham group was as expected, with tightly
arranged intestinal glands and a high number of goblet cells.
Compared with the Sham group, the intestinal villi in the Model
group were loose, the structure of the glands was disorganized and
sparsely arranged; the number of goblet cells was reduced; and the
muscle layer was damaged and locally necrotic. After treatment
with XNJT, a significant improvement could be observed with a
positive repair effect (Figure 7C).

3.6 XNJT influences metabolites in MCAO/
R mice cecum contents

In the study, a total of 90 upregulated and 110 downregulated
metabolites were identified between the Sham and Model groups.
Similarly, between the Model and XNJT-High groups, 174
upregulated and 104 downregulated metabolites were found
(Figure 8A). PLS-DA analysis was used for the exploration of the
impacts of XNJT on the metabolites in the cecum contents of mice
subjected to MCAO/R (Figure 8B). The Sham and Model groups
were clearly separated, indicating a significant impact of MCAO/R
treatment on metabolite composition. Additionally, a clear
distinction was noted between the XNJT-High and Model groups,
indicating notable variances in the metabolite profiles of these groups.
Statistical analysis showed that 89 metabolites changed significantly
during the MCAO/R modeling process. To better understand the
efficacy of XNJT, we performed KEGG pathway enrichment analysis
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(Figure 8C). The metabolites were mainly enriched in the following
10 pathways: Glycosylphosphatidylinositol (GPI)-anchor
biosynthesis, Glycerophospholipid metabolism, Teichoic acid
biosynthesis, Ether lipid metabolism, Biosynthesis of
phenylpropanoids, Glycerolipid metabolism, Inositol phosphate
metabolism, Linoleic acid metabolism, Sphingolipid metabolism,
and alpha-Linolenic acid metabolism. Among them, 19 metabolites
showed varying degrees of reverse regulation after drug
administration (Table 2). Figure 9A displayed the comparative
signal strengths prevalent across various groups. These metabolites
significantly participate in glycerophospholipid metabolism, linoleic
acid metabolism, and sphingolipid metabolism pathways.
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3.7 Spearman correlation analysis

To reveal the interactions among gut microbiota and
metabolites, Spearman correlation analysis was performed by us
on the 8 Genus levels bacteria and 19 metabolites identified in the
study (Figure 9B). The results demonstrated significant correlations
between gut microbiota and metabolites. Our discovery was that PI
38:4; PI1(18:0/20:4), PI 36:2; P1(18:0/18:2), PG 29:0; PG(14:0/15:0),
PC 32:0; PC(16:0/16:0), and PC 32:1; PC(16:0/16:1) were positively
associated with Akkermansia and Alistipes. Predict the involvement
of Akkermansia and Alistipes in the synthesis and catabolism of
these metabolites. In particular, Akkermansia has been associated
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with a variety of metabolic diseases. These positive correlations
suggest that these lipid metabolites may play a role in regulating the
growth and activity of these bacteria. However, PI 38:4; PI(18:0/
20:4), PI 36:2; PI1(18:0/18:2), PG 29:0; PG(14:0/15:0), PC 32:0; PC
(16:0/16:0), and PC 32:1; PC(16:0/16:1) were negatively associated
with Firmicutes, Ligilactobacillus, Muribaculaceae, Parabacteroides,
and Dubosiella. Muribaculaceae play an important role in the
production of short-chain fatty acids and have been associated
with the development of chronic diseases. This suggests that XNJT
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treatment of cerebral ischaemia/reperfusion may have a positive
impact by modulating the abundance of these bacteria to influence
metabolite levels. Additionally, PG(14:0/15:0), PC 32:0; PC(16:0/
16:0), and PC 32:1; PC(16:0/16:1) were positively associated with
Escherichia-Shigella. Escherichia-Shigella is associated with
intestinal disorders, and this negative correlation suggests that PG
(14:0/15:0), PC 32:0; PC(16:0/16:0), and PC 32:1; PC(16:0/16:1)
may be key metabolites for XNJT treatment of cerebral ischaemia/
reperfusion, and that an increase in these metabolites may have an
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Differences in metabolites between Sham, Model and XNJT-High groups (n=6). (A) Volcano graphs. (B) PLS-DA scores graph. (C) KEGG Enrichment

ScatterPlot of differential metabolites.

indirect therapeutic effect on cerebral ischaemia/reperfusion. The
involvement of these bacteria in lipid synthesis and catabolism
is forecasted.

4 Discussion

XNJT’s ability to protect the brain from cerebral infarction
could be linked to its influence on inflammation, gut microbiota,
and their metabolites. Numerous studies have shown the vital
involvement of gut microbiota in the onset of cerebral infarction
(Durgan et al,, 2019). Through 16S rDNA sequencing, we analyzed
the gut microbiota in the Sham, Model, and XNJT-High groups.
The results revealed dysregulation in the intestinal microbiota of
cerebral infarction mice, with some improvement following XNJT
therapy. There was a decrease in gut microbiota alpha diversity in
cerebral infarction mice, indicating significant changes in gut
microbial composition following cerebral ischemia/reperfusion,
consistent with previous studies (Gao et al., 2021). In this study,
the enriched phylum in the Model group was mainly Bacteroidota.
Clinical studies have confirmed a decrease in Bacteroidota
abundance after ischemic stroke (Yin et al., 2015). Additionally,
Firmicutes are major phyla of bacteria in mammalian intestines.
Studies have shown a negative correlation between Firmicutes and
the volume of lesion, midline shift, and hemorrhage in ischemic
stroke, with a decrease in Firmicutes abundance post-stroke (Jeon
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et al.,, 2020; Gao et al., 2021; Xian et al., 2022). The research noted a
comparable occurrence in the intestinal flora of Model mice, with
notable rises in Bacteroidota and Firmicutes levels post-XNJT
therapy, hinting at their potential role in XNJT’s effects against
ischemic strokes. At the genus level, our study found a reduction in
Ligilactobacillus and a rise in Escherichia-Shigella in the gut of
Model mice, which XNJT could reverse. Escherichia-Shigella is a
pathogenic bacterium that promotes gut inflammation (Guo et al.,
2021). Ligilactobacillus, a type of probiotic, plays a role in regulating
the immune and barrier functions of the intestines, enhancing
permeability, reducing inflammation, and lowering serum levels
of IL-6, IL-1B, and TNF (Waitayangkoon et al., 2020). Taking
Ligilactobacillus supplements has been demonstrated to boost
cognitive abilities, elevate mood, and reduce inflammation related
to aging (Chen et al., 2019¢). This suggests that Escherichia-Shigella
and Ligilactobacillus may be crucial microbial species in the XNJT-
mediated anti-ischemic stroke inflammatory response.

The severity of ischemic stroke is not only linked to dysbiosis of
intestinal microbiota but may also be closely related to metabolites.
A comprehensive study suggests that stroke may increase the
permeability of the intestines, stimulate the immune response,
and exacerbate ischemia/reperfusion injury via the gut-brain
pathway (Hu et al, 2022). Importantly, some metabolites
produced by gut microbiota through the gut-brain axis inhibit
post-stroke inflammation and promote neural function repair,

thereby alleviating ischemia/reperfusion injury (Zhao et al.,, 2024).
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TABLE 2 Key metabolites enriched in untargeted metabolomics.

Formula M/Z XNJT- Pathway
High
vs Model

PG 20:0; PG C26H51010P 553.3124963 = 3.774866667 = 0.000007870906539 | 2.02861446709025 = down up Glycerophospholipid
(4:0/16:0) metabolism
PG 36:4; PG C42H75010P 769.4976838 = 6.052983333 = 0.000008167201793 | 1.42084439055549 = down up Glycerophospholipid
(18:2/18:2) metabolism
PE 34:2; PE C39H74NO8P = 714.5047689 @ 6.1197 0.00000002939469 1.30829752426674 | down up Glycerophospholipid
(16:0/18:2) metabolism
PE 36:3; PE C41H76NO8P = 740.5203959 = 6.195875 0.000000037338253 | 1.19807647403861 = down up Glycerophospholipid
(18:1/18:2) metabolism
PE 36:4; PE C41H74NO8P = 738.5040334 = 5.87325 0.000000008669015 | 1.22913060024248 = down up Glycerophospholipid
(18:2/18:2) metabolism
PG 29:0; PG C35H69010P 679.4520047 | 6.135908333 = 0.000026954426484 | 1.07032651616769 | up down Glycerophospholipid
(14:0/15:0) metabolism
PG 20:1; PG C26H49010P 551.2965511 | 3.604 0.000357281438735 | 1.57760667087623 = down up Glycerophospholipid
(2:0/18:1) metabolism
PG 22:0; PG C28H55010P 581.3430365 | 4.4147 0.000000071418941 | 2.72719929378525 = down up Glycerophospholipid
(4:0/18:0) metabolism
PG 24:1; PG C30H57010P 607.3590102 | 4.527766667 = 0.001822881843637 = 1.72524114413563 | down up Glycerophospholipid
(4:0/20:1) metabolism
PE(18:2 C41H78NOS8P = 742.5360505 @ 6.6191 0.000052799690349 | 1.17100774761888 = down up Glycerophospholipid
(92,127)/18:0) metabolism
PI 38:4; PI C47H83013P 885.5451379 | 6.536533333 | 0.017611700538597 | 1.79912573171851 | up down Glycerophospholipid
(18:0/20:4) metabolism
PI 36:2; PI C45H83013P 861.5448803 | 6.60845 0.002493072262281 | 1.89276443455869 = up down Glycerophospholipid
(18:0/18:2) metabolism
PA 19:0; PA C22H4308P 465.2602689 = 3.111325 0.000000187443306 | 1.35926007277551 | up down Glycerophospholipid
(2:0/17:0) metabolism
LysoPG 20:1; C26H5109P 537.317263 3.987083333 = 0.00000000327899 1.32448550900654 | down up Glycerophospholipid
LysoPG 20:1 metabolism
LysoPG 22:1; C28H5509P 565.3484691 = 4.652433333 = 0.000392005151984 | 1.51565028671069 = down up Glycerophospholipid
LysoPG 22:1 metabolism
PC 32:0; PC C40H8ONOSP = 792.5779317 = 6.47295 0.000000070811818 | 1.60681164686669 | up down Linoleic
(16:0/16:0) acid metabolism
PC 32:1; PC C40H78NOSP = 790.5619109 = 6.1362 0.000023202863808 | 1.10311516125675 | up down Linoleic
(16:0/16:1) acid metabolism
GlcCer[NS] 32:1; C38H73N0O8 672.5414266 = 5.645325 0.013282794928206 | 1.21945948967965 = down up Sphingolipid
GlcCer[NS] metabolism
(d18:1/14:0)
Cer[NS] 31:1; Cer C31H61NO3 496.4728651 | 7.230208333 = 0.000003652349275 @ 2.09927136851344 | down up Sphingolipid
[NS](d18:1/13:0) metabolism

Research has shown that cerebral ischemic stroke leads to
neurological damage and alters histomorphological structures,
while also inducing systemic issues such as an imbalanced gut
microbiota and increased intestinal permeability (Chen et al,
2019a). When the intestinal barrier’s function is compromised,
intestinal bacteria can trigger a systemic inflammatory response,
potentially becoming life-threatening (Feng Zhang and Wu, 2020).
Our study found loose intestinal villi, disorganised glandular
structure, damaged muscularis propria and localised necrosis in

Frontiers in Cellular and Infection Microbiology

mice with cerebral ischaemia/reperfusion model. There was an
improvement after using XNJT. Ligilactobacillus modulates tight
junction proteins, exerting a protective influence on the epithelial
barrier (Karczewski et al, 2010). Based on both their research
findings and our experimental data, Ligilactobacillus dysregulation
within the intestine following a stroke may be a contributing factor
to intestinal barrier disruption. Therefore, addressing intestinal
damage can positively influence blood-brain barrier function and
facilitate neurological recovery following a stroke. Previous studies
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FIGURE 9

(A) Metabolites in the glycerophospholipid metabolism, linoleic acid metabolism, and sphingolipid metabolism pathways. (B) The association
heatmap of correlation for intestinal flora and metabolites. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001.

have reported that cerebral ischemia-hypoxia causes physical harm
to brain tissue, affecting its biochemical and metabolic functions,
and leading to abnormal fluctuations in metabolite levels such as
lipids, fatty acids, and amino acids, consistent with our findings
(Yang et al, 2022b). Through this research, we obtained the
metabolic profiles of gut contents from Sham, Model, and XNJT-
High groups through untargeted metabolomics and found
metabolic dysregulation in cerebral infarction mice. KEGG
enrichment analysis revealed that Glycerophospholipid, Linoleic
acid, and Sphingolipid metabolism were predominantly
concentrated within these groups. From a metabolomics
perspective, these changes constitute the metabolic characteristics

of a stroke.

Frontiers in Cellular and Infection Microbiology

In vivo studies have shown that a strong correlation between
irregular lipid metabolism and the prediction and prognosis of brain
infarction (Liu et al, 2021; Qian et al, 2023). Various research
findings suggest that lipids are vital in the occurrence and
advancement of illnesses. Compared to proteins, lipids traverse the
blood-brain barrier with greater ease, and the brain’s rich presence of
polyunsaturated fatty acids renders it more vulnerable to oxidative
stress than many other tissues and organs (Hamilton et al., 2007).
Lipids include phospholipids, sphingolipids, and glycerides. The
primary constituents of biological membranes, phospholipids, are
glycerophospholipids and sphingophospholipids, playing a role in
signal transduction (Farooqui et al, 2007). Glycerophospholipids

undergo metabolic processes in various life stages, categorized into
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phosphatidyl cholines (PC), phosphatidyl ethanolamines (PE),
phosphatidyl inositols (PI), phosphatidyl glycerol (PG), etc., based
on their biological functions. Alterations in their composition may
impact the stability, permeability, and fluidity of neuronal cell
membranes, potentially resulting in neurological disorders (Liu et al.,
2024). Interfering with the metabolism of glycerophospholipids
usually leads to the swift production and build-up of free fatty acids
and lyso-phospholipids (Yang et al., 2022a). In this study, metabolites
such as PI 36:2; PI(18:0/18:2), PG 29:0; PG(14:0/15:0), PC 32:0; PC
(16:0/16:0), and PC 32:1; PC(16:0/16:1) were notable rise in all of these
in the Model group when contrasted with the Sham mice. Notably, the
alterations in the previously mentioned metabolites in MCAO/R mice
showed substantial improvement following treatment with XNJT. The
findings highlighted the critical roles of Glycerophospholipid, Linoleic
acid, and Sphingolipid metabolism in cerebral ischemia/reperfusion
damage, and also suggested XNJT’s positive impact on MCAO/R mice.

Additionally, our research focused on exploring the link between
intestinal microbiota and metabolites found in feces. The examination
revealed that Firmicutes and Ligilactobacillus were negatively correlated
with PC and PE levels in the MCAO/R mice. Given the substantial rise
in these metabolite levels within the Model group, a trend that was
reversed after administration of XNJT, they may be risk factors for
cerebral ischemia/reperfusion. Additionally, Akkermansia and
Escherichia-Shigella were positively correlated with PG and PC. In
summary, These findings indicate that XNJT could potentially alter gut
microbiota composition, thereby affecting fecal metabolite levels. These
metabolite alterations are expected to affect specific metabolic pathways
that ultimately contribute to the therapeutic effects of XNJT.

Our current study has the following limitations: we exclusively
utilized male mice to investigate the effects of XNJT on neurological
performance and cerebral stroke. This does not take into account
potential gender differences in treatment response. This may also
restrict the generalizability of our findings. Therefore, future studies
should incorporate research on female mice to ascertain whether there
are sex-specific responses to XNJT and to better understand the
underlying mechanisms of these potential differences. By doing so, we
can enhance the applicability of our research outcomes and contribute to
a more comprehensive understanding of the effects of XNJT within a
broader context. In addition, our study focused on neurobehavioural
scores at 24 hours of MCAO/R and did not perform long-term
behavioural monitoring. Since neurobehavioural changes in ischemic
stroke can last for several days, we consider performing long-term
neurobehavioural scoring in future studies to observe changes in mice
during different periods of time.

5 Conclusion

In this study, we employed a combination of 16S rDNA
sequencing and untargeted metabolomics to investigate the
therapeutic effects of XNJT on MCAO/R model mice. Our central
finding is that XNJT significantly ameliorates cerebral ischemia/
reperfusion injury in MCAO/R mice, reduces levels of inflammatory
factors, and modulates gut microbiota dysbiosis and metabolic
differences. Notably, the regulatory effects of XNJT on specific
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bacteria such as Bacteroides, Firmicutes, Escherichia-Shigella, and
Ligilactobacillus, as well as its impact on metabolic pathways of
glycerophospholipids, linoleic acid metabolism, and sphingolipid
metabolism, provide a scientific basis for the efficacy of XNJT. In
summary, the imbalance of gut microbial ecology in MCAO/R model
mice is closely related to the prognosis of stroke, and XNJT eftectively
enhances the prospects of stroke treatment by improving intestinal
barrier function and modulating gut microbiota and their
metabolites.This discovery offers a new perspective for clinical drug
intervention in the treatment of cerebral ischemia/reperfusion injury,
especially in utilizing the gut microbiota as a therapeutic target, and
XNJT may become an innovative approach for traditional Chinese
medicine in treating cardiovascular and cerebrovascular diseases.
Moving forward, we need to further investigate the specific
regulatory mechanisms of XNJT on the gut microbiota. This
includes its direct and indirect effects on specific bacterial
communities and how these changes affect the host’s immune
response and metabolic status. Additional studies using fecal
microbiota transplantation as an auxiliary method are anticipated to
uncover the microbial mechanisms by which XNJT improves stroke,
providing new insights for the clinical treatment of ischemic stroke.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: BioProject: PRINA1191991.

Ethics statement

The animal study was approved by Experimental Animal
Welfare Ethics Committee of Tianjin Medical University General
Hospital. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

YC: Conceptualization, Software, Writing — original draft. JZ: Data
curation, Writing — review & editing. XH: Formal analysis, Writing —
review & editing. SC: Funding acquisition, Writing - review & editing.
JYZ: Methodology, Writing — review & editing. YG: Methodology,
Writing - review & editing. HZ: Methodology, Writing — review &
editing. YZ: Methodology, Writing — review & editing. HY: Funding
acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Science Project of Tianjin Municipal Educational
Commission (2019ZD032), the Unveiling and Hanging’ Major

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1497563
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Chen et al.

Projects of Tianjin Science and Technology Bureau (21ZXJBSY00050),
the National Natural Science Foundation of China (82304515).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Benedek, A., Moricz, K., Juranyi, Z., Gigler, G., Lévay, G., Harsing, L. G, et al. (2006).
Use of TTC staining for the evaluation of tissue injury in the early phases of reperfusion
after focal cerebral ischemia in rats. Brain Res. 1116, 159-165. doi: 10.1016/
j.brainres.2006.07.123

Candelario-Jalil, E., Dijkhuizen, R. M., and Magnus, T. (2022). Neuroinflammation,
stroke, blood-brain barrier dysfunction, and imaging modalities. Stroke 53, 1473-1486.
doi: 10.1161/strokeaha.122.036946

Chang, C.-C,, Lee, Y.-C,, Lin, C.-C,, Chang, C.-H., Chiu, C.-D., Chou, L.-W., et al.
(2016). Characteristics of traditional Chinese medicine usage in patients with stroke in
Taiwan: A nationwide population-based study. J. Ethnopharmacology 186, 311-321.
doi: 10.1016/j.jep.2016.04.018

Chen, Y., Liang, J., Ouyang, F., Chen, X., Lu, T., Jiang, Z., et al. (2019c¢). Persistence of
gut microbiota dysbiosis and chronic systemic inflammation after cerebral infarction in
cynomolgus monkeys. Front. Neurol. 10. doi: 10.3389/fneur.2019.00661

Chen, R., Wu, P,, Cai, Z., Fang, Y., Zhou, H,, Lasanajak, Y., et al. (2019a). Puerariae
Lobatae Radix with chuanxiong Rhizoma for treatment of cerebral ischemic stroke by
remodeling gut microbiota to regulate the brain-gut barriers. J. Nutr. Biochem. 65, 101-
114. doi: 10.1016/j.jnutbio.2018.12.004

Chen, R, Xu, Y., Wu, P, Zhou, H., Lasanajak, Y., Fang, Y., et al. (2019b).
Transplantation of fecal microbiota rich in short chain fatty acids and butyric acid
treat cerebral ischemic stroke by regulating gut microbiota. Pharmacol. Res. 148,
104403. doi: 10.1016/j.phrs.2019.104403

Cheng, W.-Y., Ho, Y.-S., and Chang, R. C.-C. (2022). Linking circadian rhythms to
microbiome-gut-brain axis in aging-associated neurodegenerative diseases. Ageing Res.
Rev. 78, 101620. doi: 10.1016/j.arr.2022.101620

Demsie, D. G., and Lorkowski, S. (2020). Global burden of 87 risk factors in 204
countries and territories 1990-2019: a systematic analysis for the Global Burden of
Disease Study 2019. Lancet 396, 1223-1249. doi: 10.1016/S0140-6736(20)30752-2

Durgan, D. ], Lee, J., McCullough, L. D., and Bryan, R. M. (2019). Examining the role
of the microbiota-gut-brain axis in stroke. Stroke 50, 2270-2277. doi: 10.1161/
strokeaha.119.025140

Farooqui, A. A., Horrocks, L. A., and Farooqui, T. (2007). Interactions between
neural membrane glycerophospholipid and sphingolipid mediators: A recipe for neural
cell survival or suicide. J. Neurosci. Res. 85, 1834-1850. doi: 10.1002/jnr.21268

Feigin, V. L., Brainin, M., Norrving, B., Martins, S., Sacco, R. L., Hacke, W., et al.
(2022). World stroke organization (WSO): global stroke fact sheet 2022. Int. J. Stroke
17, 18-29. doi: 10.1177/17474930211065917

Feng, W., Ao, H,, and Peng, C. (2018). Gut microbiota, short-chain fatty acids, and
herbal medicines. Front. Pharmacol. 9. doi: 10.3389/fphar.2018.01354

Feng Zhang, M. Z., and Wu, Q. (2020). Protective effect of tong-giao-huo-xue
decoction on inflammatory injury caused by intestinal microbial disorders in stroke
rats. Biol. Pharm. Bull. 43, 788-800. doi: 10.1248/bpb.b19-00847

Gao, Q,, Han, Z.-Y,, Tian, D.-F,, Liu, G.-L., Wang, Z.-Y,, Lin, J.-F,, et al. (2021).
Xinglou Chenggi Decoction improves neurological function in experimental stroke
mice as evidenced by gut microbiota analysis and network pharmacology. Chin. J.
Natural Medicines 19, 881-899. doi: 10.1016/s1875-5364(21)60079-1

Gong, S., Ye, T., Wang, M., Wang, M., Li, Y., Ma, L,, et al. (2020). Traditional chinese
medicine formula kang shuai lao pian improves obesity, gut dysbiosis, and fecal
metabolic disorders in high-fat diet-fed mice. Front. Pharmacol. 11. doi: 10.3389/
fphar.2020.00297

Grimstad, @. (2016). Tumor necrosis factor and the tenacious o.pdf. JAMA
Dermatol. 152, 557. doi: 10.1001/jamadermatol.2015.4322

Grysiewicz, R. A., Thomas, K., and Pandey, D. K. (2008). Epidemiology of ischemic
and hemorrhagic stroke: incidence, prevalence, mortality, and risk factors. Neurologic
Clinics 26, 871-895. doi: 10.1016/j.ncl.2008.07.003

Guo, H., Zuo, Z., Wang, F., Gao, C., Chen, K., Fang, ], et al. (2021). Attenuated
Cardiac oxidative stress, inflammation and apoptosis in Obese Mice with nonfatal
infection of Escherichia coli. Ecotoxicology Environ. Saf. 225, 112760. doi: 10.1016/
j.ecoenv.2021.112760

Frontiers in Cellular and Infection Microbiology

17

10.3389/fcimb.2024.1497563

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Hamilton, J. A., Hillard, C. ., Spector, A. A., and Watkins, P. A. (2007). Brain uptake
and utilization of fatty acids, lipids and lipoproteins: application to neurological
disorders. J. Mol. Neurosci. 33, 2-11. doi: 10.1007/s12031-007-0060-1

Heinrich, M., Jalil, B., Abdel-Tawab, M., Echeverria, J., Kuli¢, 7., McGaw, L. J., et al.
(2022). Best Practice in the chemical characterisation of extracts used in
pharmacological and toxicological research—The ConPhyMP—Guidelines12. Front.
Pharmacol. 13. doi: 10.3389/fphar.2022.953205

Herpich, F., and Rincon, F. (2020). Management of acute ischemic stroke. Crit. Care
Med. 48, 1654-1663. doi: 10.1097/ccm.0000000000004597

Hu, W, Kong, X., Wang, H., Li, Y., and Luo, Y. (2022). Ischemic stroke and intestinal
flora: an insight into brain-gut axis. Eur. J. Med. Res. 27, 73. doi: 10.1186/s40001-022-
00691-2

Huang, G., Zang, J., He, L., Zhu, H., Huang, J., Yuan, Z,, et al. (2022). Bioactive
nanoenzyme reverses oxidative damage and endoplasmic reticulum stress in neurons
under ischemic stroke. ACS nano 16, 431-452. doi: 10.1021/acsnano.1c07205

Jeon, J., Lourenco, J., Kaiser, E. E., Waters, E. S., Scheulin, K. M., Fang, X,, et al.
(2020). Dynamic changes in the gut microbiome at the acute stage of ischemic stroke in
a pig model. Front. Neurosci. 14. doi: 10.3389/fnins.2020.587986

Kao, T.-K.,, Chang, C.-Y., Ou, Y.-C,, Chen, W.-Y., Kuan, Y.-H., Pan, H.-C,, et al.
(2013). Tetramethylpyrazine reduces cellular inflammatory response following
permanent focal cerebral ischemia in rats. Exp. Neurol. 247, 188-201. doi: 10.1016/
j.expneurol.2013.04.010

Karczewski, J., Troost, F. J., Konings, L., Dekker, J., Kleerebezem, M., Brummer, R.-].
M., et al. (2010). Regulation of human epithelial tight junction proteins by Lactobacillus
plantarum in vivo and protective effects on the epithelial barrier. Am. J. Physiology-
Gastrointestinal Liver Physiol. 298, G851-G859. doi: 10.1152/ajpgi.00327.2009

Liu, M., Chen, M., Luo, Y., Wang, H., Huang, H., Peng, Z,, et al. (2021). Lipidomic
profiling of ipsilateral brain and plasma after celastrol post-treatment in transient
middle cerebral artery occlusion mice model. Molecules 26, 4124. doi: 10.3390/
molecules26144124

Liu, L., Chen, W., Zhou, H., Duan, W., Li, S., Huo, X,, et al. (2020). Chinese Stroke
Association guidelines for clinical management of cerebrovascular disorders: executive
summary and 2019 update of clinical management of ischaemic cerebrovascular
diseases. Stroke Vasc. Neurol. 5, 159-176. doi: 10.1136/svn-2020-000378

Liu, C,, Liu, K, Tao, X, Li, W., Zhao, S., Dai, Q,, et al. (2024). Pharmacodynamics
and mechanism of Erigeron breviscapus granules in the treatment of ischemic stroke in
mice by regulating sphingolipid metabolism based on metabolomics. J. Pharm. Biomed.
Anal. 242, 116058. doi: 10.1016/j.jpba.2024.116058

Liu, M., Mu, J., Gong, W., Zhang, K., Yuan, M., Song, Y., et al. (2022). In vitro
diagnosis and visualization of cerebral ischemia/reperfusion injury in rats and
protective effects of ferulic acid by raman biospectroscopy and machine learning.
ACS Chem. Neurosci. 14, 159-169. doi: 10.1021/acschemneuro.2c00612

Longa EZ, W. P., Carlson, S., and Cummins, R. (1989). Reversible middle cerebral
artery occlusion without craniectomy in rats.pdf. Stroke 20, 80-91. doi: 10.1161/
01.STR.20.1.84

Ma, K,, Bai, T., Hu, P., Zhao, M., Xiu, Z., Surilige,, et al. (2023). Sanwei sandalwood
decoction improves function of the gut microbiota in heart failure. Front. Microbiol. 14,
1236749. doi: 10.3389/fmicb.2023.1236749

Maida, C. D., Norrito, R. L., Daidone, M., Tuttolomondo, A., and Pinto, A. (2020).
Neuroinflammatory mechanisms in ischemic stroke: focus on cardioembolic stroke,
background, and therapeutic approaches. Int. J. Mol. Sci. 21, 6454. doi: 10.3390/ijms21186454

Pluta, R., Januszewski, S., and Czuczwar, S. J. (2021). The role of gut microbiota in an
ischemic stroke. Int. J. Mol. Sci. 22, 915. doi: 10.3390/ijms22020915

Qi, J., Hong, Z. Y., Xin, H,, and Zhu, Y. Z. (2010). Neuroprotective effects of
leonurine on ischemia_Reperfusion-inducedMitochondrial dysfunctions in rat cerebral
cortex. Biol. Pharm. Bull. 7, 1958—1964. doi: 10.1248/bpb.33.1958

Qian, W., Wu, M., Qian, T., Xie, C., Gao, Y., and Qian, S. (2023). The roles and
mechanisms of gut microbiome and metabolome in patients with cerebral infarction.
Front. Cell. Infection Microbiol. 13. doi: 10.3389/fcimb.2023.1112148

frontiersin.org


https://doi.org/10.1016/j.brainres.2006.07.123
https://doi.org/10.1016/j.brainres.2006.07.123
https://doi.org/10.1161/strokeaha.122.036946
https://doi.org/10.1016/j.jep.2016.04.018
https://doi.org/10.3389/fneur.2019.00661
https://doi.org/10.1016/j.jnutbio.2018.12.004
https://doi.org/10.1016/j.phrs.2019.104403
https://doi.org/10.1016/j.arr.2022.101620
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1161/strokeaha.119.025140
https://doi.org/10.1161/strokeaha.119.025140
https://doi.org/10.1002/jnr.21268
https://doi.org/10.1177/17474930211065917
https://doi.org/10.3389/fphar.2018.01354
https://doi.org/10.1248/bpb.b19-00847
https://doi.org/10.1016/s1875-5364(21)60079-1
https://doi.org/10.3389/fphar.2020.00297
https://doi.org/10.3389/fphar.2020.00297
https://doi.org/10.1001/jamadermatol.2015.4322
https://doi.org/10.1016/j.ncl.2008.07.003
https://doi.org/10.1016/j.ecoenv.2021.112760
https://doi.org/10.1016/j.ecoenv.2021.112760
https://doi.org/10.1007/s12031-007-0060-1
https://doi.org/10.3389/fphar.2022.953205
https://doi.org/10.1097/ccm.0000000000004597
https://doi.org/10.1186/s40001-022-00691-2
https://doi.org/10.1186/s40001-022-00691-2
https://doi.org/10.1021/acsnano.1c07205
https://doi.org/10.3389/fnins.2020.587986
https://doi.org/10.1016/j.expneurol.2013.04.010
https://doi.org/10.1016/j.expneurol.2013.04.010
https://doi.org/10.1152/ajpgi.00327.2009
https://doi.org/10.3390/molecules26144124
https://doi.org/10.3390/molecules26144124
https://doi.org/10.1136/svn-2020-000378
https://doi.org/10.1016/j.jpba.2024.116058
https://doi.org/10.1021/acschemneuro.2c00612
https://doi.org/10.1161/01.STR.20.1.84
https://doi.org/10.1161/01.STR.20.1.84
https://doi.org/10.3389/fmicb.2023.1236749
https://doi.org/10.3390/ijms21186454
https://doi.org/10.3390/ijms22020915
https://doi.org/10.1248/bpb.33.1958
https://doi.org/10.3389/fcimb.2023.1112148
https://doi.org/10.3389/fcimb.2024.1497563
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Chen et al.

Rajeev, V., Fann, D. Y., Dinh, Q. N,, Kim, H. A,, De Silva, T. M., Lai, M. K. P, et al.
(2022). Pathophysiology of blood brain barrier dysfunction during chronic cerebral
hypoperfusion in vascular cognitive impairment. Theranostics 12, 1639-1658.
doi: 10.7150/thno.68304

Ren, Z., Zhang, R,, Li, Y., Li, Y., Yang, Z., and Yang, H. (2017). Ferulic acid exerts
neuroprotective effects against cerebral ischemia/reperfusion-induced injury via
antioxidant and anti-apoptotic mechanisms in vitro and in vivo. Int. J. Mol. Med. 40,
1444-1456. doi: 10.3892/ijmm.2017.3127

Tan, F., Fu, W,, Cheng, N., Meng, D. I, and Gu, Y. (2015). Ligustrazine reduces
blood-brain barrier permeability in a rat model of focal cerebral ischemia and
reperfusion. Exp. Ther. Med. 9, 1757-1762. doi: 10.3892/etm.2015.2365

Waitayangkoon, P., Sengprasert, P., Sawatpanich, A., Yuktanandana, P., Ngarmukos,
S., Tanavalee, A., et al. (2020). Lactobacillus casei 139 as a potential disease-modifying
treatment for knee osteoarthritis by reducing intraarticular inflammation.
Osteoarthritis Cartilage 28, S476-S477. doi: 10.1016/j.joca.2020.02.745

Xian, M., Shen, L., Zhan, S., Chen, S., Lin, H., Cai, J., et al. (2022). Integrated 16S
rRNA gene sequencing and LC/MS-based metabolomics ascertained synergistic
influences of the combination of acupuncture and NaoMaiTong on ischemic stroke.
J. Ethnopharmacology 293, 115281. doi: 10.1016/j.jep.2022.115281

Xiao, X, Liu, Y., Qi, C,, Qiu, F,, Chen, X, Zhang, J., et al. (2013). Neuroprotection
and enhanced neurogenesis by tetramethylpyrazine in adult rat brain after focal
ischemia. Neurological Res. 32, 547-555. doi: 10.1179/174313209x414533

Xie, S., and Tang, F. (2005). Clinical study on the treatment of the sequelae of
cerebral infarction by the method of waking up the brain and clearing the veins-
Clinical efficacy of Xingnao Jiutan tablets in the treatment of cerebral infarction in 100
cases. Minute Eighth Natl. Acad. Conf. Integr. Chin. Western Med. Deficient Syndrome
Type Geratology 8, 273-275. Available at: https://kns.cnki.net/kcms2/article/abstract v=
E03vRCIN_I19QWbXpbvrSMDWYITjkwsDzErjt4zd91p5rH7Jh2snpW Z]P
zNTh38L48KYtA2qu6kWyBZbtzos27xDe3Ug-1noRjYGUZxTWOhiYNic7Oy_
x56EM5uFxgke9Dp0iBFf_wqOqdRGViPB_sOJPdhFw0Bsepx2NGMfXPgtadQyf_
frluJHDPsRAevWNIsdhCKrsO6k=&uniplatform=NZKPT&language=CHS

Xu, L, Gao, Y., Hu, M,, Dong, Y., Xu, J., Zhang, J., et al. (2022). Edaravone
dexborneol protects cerebral ischemia reperfusion injury through activating Nrf2/
HO-1 signaling pathway in mice. Fundam. Clin. Pharmacol. 36, 790-800. doi: 10.1111/
fcp.12782

Xu, X.-J., Long, J.-B,, Jin, K.-Y., Chen, L.-B,, Lu, X.-Y,, and Fan, X.-H. (2021).
Danshen-Chuanxionggin Injection attenuates cerebral ischemic stroke by inhibiting
neuroinflammation via the TLR2/ TLR4-MyD88-NF-kB Pathway in tMCAO mice.
Chin. J. Natural Medicines 19, 772-783. doi: 10.1016/s1875-5364(21)60083-3

Frontiers in Cellular and Infection Microbiology

18

10.3389/fcimb.2024.1497563

Yamashiro, K., Kurita, N., Urabe, T., and Hattori, N. (2021). Role of the gut
microbiota in stroke pathogenesis and potential therapeutic implications. Ann. Nutr.
Metab. 77, 36-44. doi: 10.1159/000516398

Yang, Y.-h., Lei, L., Bao, Y.-P., and Zhang, L. (2022b). An integrated metabolomic screening
platform discovers the potential biomarkers of ischemic stroke and reveals the protective effect
and mechanism of folic acid. Front. Mol. Biosci. 9. doi: 10.3389/fmolb.2022.783793

Yang, L., Su, X,, Lu, F,, Zong, R, Ding, S., Liu, J., et al. (2022a). Serum and brain
metabolomic study reveals the protective effects of Bai-Mi-Decoction on rats with
ischemic stroke. Front. Pharmacol. 13. doi: 10.3389/fphar.2022.1005301

Yin, ], Liao, S. X., He, Y., Wang, S., Xia, G. H,, Liu, F. T., et al. (2015). Dysbiosis of gut
microbiota with reduced trimethylamine-N-oxide level in patients with large-artery
atherosclerotic stroke or transient ischemic attack. J. Am. Heart Assoc. 4, €002699.
doi: 10.1161/jaha.115.002699

Ying Huang, H., Gao, S.-S., Gong, Z.-H., Li, W.-],, Xiao, J., Sun, J.-]., et al. (2022).
Mechanism of sanhua decoction in the treatment of ischemic stroke based on network
pharmacology methods and experimental verification. BioMed. Res. Int. 2022, 1-20.
doi: 10.1155/2022/7759402

Zhai, Y., Luo, Y., Mo, X,, Yang, P, Pang, Y., Wu, L, et al. (2023). Zhuang medicine Shuanglu
Tongnao Compound Recipe treats stroke by affecting the intestinal flora regulated by the
TLR4/NF-xB signaling pathway. Ann. Trans. Med. 11, 174-174. doi: 10.21037/atm-23-253

Zhang, H., Hui, X., Wang, Y., Wang, Y., and Lu, X. (2022). Angong Niuhuang Pill
ameliorates cerebral ischemia/reperfusion injury in mice partly by restoring gut
microbiota dysbiosis. Front. Pharmacol. 13. doi: 10.3389/fphar.2022.1001422

Zhang, P., Zhang, X., Huang, Y., Chen, J., Shang, W., Shi, G., et al. (2021).
Atorvastatin alleviates microglia-mediated neuroinflammation via modulating the
microbial composition and the intestinal barrier function in ischemic stroke mice.
Free Radical Biol. Med. 162, 104-117. doi: 10.1016/j.freeradbiomed.2020.11.032

Zhao, F., Chen, ], Shan, Y., Hong, J., Ye, Q., Dai, Y., et al. (2024). Comprehensive
assessment of HF-rTMS treatment mechanism for post-stroke dysphagia in rats by
integration of fecal metabolomics and 16S rRNA sequencing. Front. Cell. Infection
Microbiol. 14. doi: 10.3389/fcimb.2024.1373737

Zhou, M., Wang, H., Zeng, X,, Yin, P., Zhu, J., Chen, W, et al. (2019). Mortality,
morbidity, and risk factors in China and its provinces 1990-2017: a systematic analysis
for the Global Burden of Disease Study 2017. Lancet 394, 1145-1158. doi: 10.1016/
$0140-6736(19)30427-1

Zong, P, Feng, ], Yue, Z., Li, Y., Wu, G,, Sun, B,, et al. (2022). Functional coupling of
TRPM2 and extrasynaptic NMDARs exacerbates excitotoxicity in ischemic brain
injury. Neuron 110, 1944-1958.e1948. doi: 10.1016/j.neuron.2022.03.021

frontiersin.org


https://doi.org/10.7150/thno.68304
https://doi.org/10.3892/ijmm.2017.3127
https://doi.org/10.3892/etm.2015.2365
https://doi.org/10.1016/j.joca.2020.02.745
https://doi.org/10.1016/j.jep.2022.115281
https://doi.org/10.1179/174313209x414533
https://kns.cnki.net/kcms2/article/abstract v=E03vRC1N_I9QWbXpbvrSMDWYITjkwsDzErjt4zd9Ip5rH7Jh2snpWZJPzNIh38L48KYtA2qu6kWyBZbtzos27xDe3Ug-1noRjYGUZxTW0hiYNic7Oy_x56EM5uFxgke9Dp0iBFf_wqOqdRGViPB_sOJPdhFw0Bsepx2NGMfXPgtadQyf_frIuJHDPsRAevWNIsdhCKrsO6k=&uniplatform=NZKPT&amp;language=CHS
https://kns.cnki.net/kcms2/article/abstract v=E03vRC1N_I9QWbXpbvrSMDWYITjkwsDzErjt4zd9Ip5rH7Jh2snpWZJPzNIh38L48KYtA2qu6kWyBZbtzos27xDe3Ug-1noRjYGUZxTW0hiYNic7Oy_x56EM5uFxgke9Dp0iBFf_wqOqdRGViPB_sOJPdhFw0Bsepx2NGMfXPgtadQyf_frIuJHDPsRAevWNIsdhCKrsO6k=&uniplatform=NZKPT&amp;language=CHS
https://kns.cnki.net/kcms2/article/abstract v=E03vRC1N_I9QWbXpbvrSMDWYITjkwsDzErjt4zd9Ip5rH7Jh2snpWZJPzNIh38L48KYtA2qu6kWyBZbtzos27xDe3Ug-1noRjYGUZxTW0hiYNic7Oy_x56EM5uFxgke9Dp0iBFf_wqOqdRGViPB_sOJPdhFw0Bsepx2NGMfXPgtadQyf_frIuJHDPsRAevWNIsdhCKrsO6k=&uniplatform=NZKPT&amp;language=CHS
https://kns.cnki.net/kcms2/article/abstract v=E03vRC1N_I9QWbXpbvrSMDWYITjkwsDzErjt4zd9Ip5rH7Jh2snpWZJPzNIh38L48KYtA2qu6kWyBZbtzos27xDe3Ug-1noRjYGUZxTW0hiYNic7Oy_x56EM5uFxgke9Dp0iBFf_wqOqdRGViPB_sOJPdhFw0Bsepx2NGMfXPgtadQyf_frIuJHDPsRAevWNIsdhCKrsO6k=&uniplatform=NZKPT&amp;language=CHS
https://kns.cnki.net/kcms2/article/abstract v=E03vRC1N_I9QWbXpbvrSMDWYITjkwsDzErjt4zd9Ip5rH7Jh2snpWZJPzNIh38L48KYtA2qu6kWyBZbtzos27xDe3Ug-1noRjYGUZxTW0hiYNic7Oy_x56EM5uFxgke9Dp0iBFf_wqOqdRGViPB_sOJPdhFw0Bsepx2NGMfXPgtadQyf_frIuJHDPsRAevWNIsdhCKrsO6k=&uniplatform=NZKPT&amp;language=CHS
https://doi.org/10.1111/fcp.12782
https://doi.org/10.1111/fcp.12782
https://doi.org/10.1016/s1875-5364(21)60083-3
https://doi.org/10.1159/000516398
https://doi.org/10.3389/fmolb.2022.783793
https://doi.org/10.3389/fphar.2022.1005301
https://doi.org/10.1161/jaha.115.002699
https://doi.org/10.1155/2022/7759402
https://doi.org/10.21037/atm-23-253
https://doi.org/10.3389/fphar.2022.1001422
https://doi.org/10.1016/j.freeradbiomed.2020.11.032
https://doi.org/10.3389/fcimb.2024.1373737
https://doi.org/10.1016/s0140-6736(19)30427-1
https://doi.org/10.1016/s0140-6736(19)30427-1
https://doi.org/10.1016/j.neuron.2022.03.021
https://doi.org/10.3389/fcimb.2024.1497563
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Xingnao Jiutan tablets modulate gut microbiota and gut microbiota metabolism to alleviate cerebral ischemia/reperfusion injury
	1 Introduction
	2 Materials and methods
	2.1 Reagents and chemicals
	2.2 XNJT preparation method and fingerprint analysis
	2.3 Animals
	2.4 Animals experimental design
	2.5 Evaluation of neurological score
	2.6 Cerebral blood flow detection
	2.7 Sample collection and preparation
	2.8 Triphenyltetrazolium chloride staining
	2.9 Hematoxylin - eosin staining
	2.10 Enzyme linked immunosorbent assay
	2.11 16S rDNA gene sequencing
	2.12 Untargeted metabolomics analysis
	2.13 Statistical analysis

	3 Results
	3.1 XNJT fingerprints
	3.2 XNJT improves neurological function and attenuates cerebral infarction
	3.3 XNJT attenuates histopathological damage
	3.4 XNJT reduces serum levels of inflammatory mediators in mice
	3.5 XNJT ameliorates intestinal microbial population dysbiosis
	3.6 XNJT influences metabolites in MCAO/R mice cecum contents
	3.7 Spearman correlation analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


