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Background: Ischemic stroke (IS) is a leading cause of mortality worldwide. Naotaifang III is a new Chinese herbal formula to treat 
IS. Previous studies have shown that Astragali Radix, Puerariae Lobatae Radix, Chuanxiong Rhizoma, and Rhei Radix Et Rhizoma in 
Naotaifang III were able to regulate the imbalance of intestinal microbiota during cerebral ischemia injury.
Methods: Rats were randomly divided into sham operation group, normal control group, middle cerebral artery occlusion (MCAO) 
group, intestinal microbiota imbalance MCAO group, Naotaifang III group, and normal bacteria transplantation group, with 15 rats in 
each group. Then, neurological function scores and cerebral infarction volume were detected; haematoxylin and eosin staining and 
Golgi silver staining were used to observe morphological changes in brain tissue. Meanwhile, the lipopolysaccharide (LPS) and 
cerebral cortex interleukin (IL)-1β were detected by enzyme-linked immunosorbent assay (ELISA); the expressions of Toll-like 
receptor (TLR)-4 and nuclear factor kappa-B (NF-κB) proteins were detected by immunofluorescence and Western blot. The cecal 
flora was detected by 16S rDNA. The results showed that gut dysbiosis aggravated cerebral ischemic injury and significantly increased 
the expression of LPS, TLR4, NF-κB, and IL-1β, which could be significantly reversed by Naotaifang III or normal bacterial 
transplantation. Naotaifang III may exert a protective effect on neuroinflammatory injury after MCAO through the LPS/TLR4 
signaling pathway in the microbe-gut-brain axis. In summary, Naotaifang III may induce anti-neuroinflammatory molecular mechan
isms and signaling pathways through the microbe-gut-brain axis.
Results: The results showed that gut dysbiosis aggravated cerebral ischemic injury and significantly increased the expression of LPS, 
TLR4, NF-κB, and IL-1β, which could be significantly reversed by Naotaifang III or normal bacterial transplantation. Naotaifang III 
may exert a protective effect on neuroinflammatory injury after MCAO through the LPS/TLR4 signaling pathway in the microbe-gut- 
brain axis.
Conclusion: Naotaifang III may induce anti-neuroinflammatory molecular mechanisms and signaling pathways through the microbe- 
gut-brain axis.
Keywords: Naotaifang III, ischemic stroke, intestinal microbiota, LPS/TLR4 signaling pathway, microbiota–gut–brain axis

Introduction
Ischemic stroke (IS) is a common acute cerebrovascular accident, which accounts approximately for 79% of all strokes,1 

and has become one of the leading causes of death and disability worldwide. Recombinant tissue plasminogen activator 
(rt-PA) is an acute IS treatment that is limited to use within 4.5 hours of IS onset.2 However, due to the narrow time 
window and potential bleeding risk, only 2–10% of IS patients worldwide benefit from thrombolysis, and only 1.2–3.8% 
in China.3,4 Brain ischemic injury involves multiple mechanisms, such as inflammation, oxidative stress, calcium 
overload, apoptosis, and glutamate excitotoxicity. Previous studies have shown that gut microbiota may regulate cerebral 
ischemia injury through the microbe-gut-brain axis,5,6 but the exact mechanism has not been fully elucidated. As 
the second human genome and the largest immune organ, the gut microbiota plays an important role in maintaining 
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body homeostasis. Recent studies have shown that gut dysbiosis is closely related to neuroinflammatory responses.7,8 

Lipopolysaccharide (LPS) from Gram-negative bacteria is a specific ligand for TLR4, which activates the immune- 
inflammatory response of the body’s innate immune cells.9 After IS, the levels of LPS and D-lactic acid, which reflect gut 
microbiota translocation, are increased in peripheral blood.10 Moreover, LPS is lipolytic and can cross the blood–brain 
barrier (BBB).11 Therefore, dysbiosis of the gut microbiota may exacerbate neuroinflammatory damage through LPS/ 
TLR4 signaling pathway.

Clinical studies have shown that traditional Chinese medicine (TCM) has a certain curative effect on cerebral 
ischemia injury.12,13 Naotaifang is adapted from a classical prescription, Buyang huanwu Decoction, which exhibits 
beneficial function of nourishing Qi and promoting blood circulation, removing heat, and relaxing bowel according to the 
theory of TCM. Our previous studies have shown that Naotaifang can attenuate cerebral ischemic injury, reduce cerebral 
infarct size, inhibit oxidative stress and neuroinflammatory responses, and block programmed cell death processes such 
as apoptosis or ferroptosis.12,14,15 However, it is unclear whether it exerts anti-neuroinflammatory effects by improving 
gut microbiota.

Naotaifang III is modified from Naotaifang, which is invented by Prof. Ge Jinwen and used for treating IS. It added 
Puerariae Lobatae Radix, Scutellariae Radix, Rhei Radix Et Rhizoma, Taraxaci Herba, Zingibers Rhizoma, Glycyrrhiza 
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Radix Et Rhizoma. Previous studies have indicated that some of the herbs and components in Naotaifang exert a function 
of regulating intestinal microbiota. It has been reported that the astragalus polysaccharide contained in Astragalus could 
balance the gut microbiota.16 Chen et al revealed that the combination of Puerariae Lobatae Radix and Chuanxiong 
Rhizoma could alleviate intestinal dysbacteriosis in IS.10 Rhubarb anthraquinone glycosides are the main active 
components of Rhei Radix Et Rhizoma, which can regulate the intestinal microbiota and exhibit the effect of inhibiting 
free radical damage and inflammatory response.17 Meanwhile, our previous studies have shown that the therapy of 
invigorating Qi and activating blood circulation can improve the homeostasis of intestinal microbiota after cerebral 
ischemia.18,19 However, the mechanism by which Naotaifang III regulates gut microbiota to protect against cerebral 
ischemia injury has not been fully elucidated. This study would further explore the protective mechanism of Naotaifang 
III against cerebral ischemia injury based on the LPS/TLR4 signaling pathway involved in the microbe-gut-brain axis, 
further emphasizing the gut microbiota as a potential target for TCM treatment of IS.

Materials and Methods
Preparation of the Naotaifang III
The composition of Naotaifang III is shown in Table 1, which was provided by the First Hospital of Hunan University of 
Chinese Medicine (Hunan, China) and authenticated by Professor Jinren Xiao, Hunan University of Chinese Medicine. 
All traditional Chinese medicinal materials were soaked in water for 4–6 h, decocted over moderate heat, and then 
purified to obtain paste powder.

LC–MS Analysis
High-performance liquid chromatography (HPLC) was utilized to qualitatively verify four representative compounds in 
Naotaifang III: Puerarin, Ferulic Acid, Astragaloside IV, and Emodin. After ultrasonic-assisted extraction with 80% 
methanol, the samples were carried out using a Atlantis T3 column (150 × 2.1 mm, 3 μm) by gradient elution using 0.1% 
formic acid solution and acetonitrile as the mobile phase at a flow rate of 0.4 mL/min, and the column temperature was 
35°C. The gradient elution flow rate: 0.4 mL/min, the elution program was as follows: 0–1.0 min, 80%A: 20%B; 1.0–3.0 
min, 35%A: 65%B; 3.0–4.0 min, 5%A: 95%B; 4.0–4.2 min, 80%A: 20%B; 4.2–5.0 min, 80%A: 20%B; Data were 
acquired and analyzed using Xcalibur (Thermo) software.

Animals and Treatments
One hundred eighty-nine male Sprague–Dawley (SD) rats (7–9 weeks old, 240–260 g) were purchased from Hunan SJA 
Laboratory Animal Co., Ltd. (Changsha, China). Rats were housed in the SPF-level barrier room at the Experimental 
Animal Center of Hunan University of Chinese Medicine under standard light and dark cycling conditions (12/12 h, 
temperature 22–25°C) and were fed sterilized feed and sterile water throughout the whole process. All animal care and 

Table 1 Drug Composition of Naotaifang III

Chinese Medicine Family Weight (g)

Huang Qi (Astragali Radix) Legume 30

Ge Gen (Puerariae Lobatae Radix) Legume 24
Di Long (Pheretima) Euphorbiidae 12

Chuan Xiong (Chuanxiong Rhizoma) Apiaceae 12

Jiang Can (Bombyx Batryticatus) Saturniidae 9
Huang Qin (Scutellariae Radix) Lamiaceae 12

Da Huang (Rhei Radix Et Rhizoma) Polygonaceae 15

Pu Gongyin (Taraxaci Herba) Compositae 12
Gan Jiang (Zingibers Rhizoma) Zingiberaceae 12

Gan Cao (Glycyrrhiza Radix Et Rhizoma) Legume 3
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protocols were performed in accordance with the Guidelines for Animal Experimentation and were approved by the 
Animal Ethics Committee of Hunan University of Chinese Medicine.

We establish a rat model of intestinal dysbacteriosis similar to the structure and characteristics of microorganisms of 
IS in our previous studies (Figure 1). According to the previous method, sixty-three male SD rats performed with Middle 
cerebral artery occlusion (MCAO) were used as donors to breed sixty-three rats with intestinal dysbiosis. Nextly, normal 
SD rats (n = 18) and SD rats with intestinal dysbiosis (n = 18) were randomly selected for MCAO (N-M and 
D-M groups), and three rats were, respectively, chosen for test of neurological function score and cerebral infarction 
volume at 6h, 12h, and 24h postoperatively.

Subsequently, thirty normal SD rats were randomized into two groups: the sham-operated (N-S) group (n = 15), the MCAO 
(N-M) group (n = 15); and forty-five intestinal dysbiosis SD rats were randomized into three groups: the MCAO of intestinal 
dysbiosis (D-M) group (n = 15), Naotaifang III (NTF) group (n = 15), normal bacteria intragastric transplantation (ZY) group 
(n = 15). The N-S, N-M, and D-M group were gavaged with sterile water for 3 days (two days before surgery and the day of 
surgery). The NTF group was gavaged with Naotaifang III for 3 days (two days before surgery and the day of surgery, 11.34g/kg/ 
day). The ZY group was gavaged with supernatant of cecal contents of normal rat for 3 days (two days before surgery and the day 
of surgery, 2mL/day). The dose of Naotaifang III converted according to the ratio of human and rat body surface area was 11.34g/ 
kg/day. Rats were gavaged once daily with a volume of 1mL/100g/day. Gavage with normal bacteria was chosen as a positive 
control therapy (Figure 2).

Animal Modeling Methods
After the rats were anesthetized by intraperitoneal injection of 3% pentobarbital sodium 1 mL/kg, a 2-cm longitudinal incision 
was made in the middle of the neck, the neck muscles were bluntly separated, and the right common carotid artery (CCA), the 
internal carotid artery (ICA), the external carotid artery (ECA), and the vagus nerve were exposed and separated. A 0.2 mm “V”- 
shaped incision was made 4–5 mm from the CCA bifurcation, and a 0.26 mm diameter monofilament nylon fishing line with 
knotted front was inserted into the internal carotid artery (ICA) through the right CCA incision, stopping when the black mark on 
the wire reached the bifurcation of the ICA and ECA and the wire met resistance. The distal end of the CCA was ligated. To 
prevent accidental slipping, the excess line was secured, the line outside the vessel was clipped, and the muscle and skin were 
sutured.20

Figure 1 Establishment of the intestinal dysbacteriosis rat model.
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Neurological Scores
Neurological scores were obtained for each group at 24 h following the MCAO, according to the method described by 
Longa21 as follows. Zero score: normal, no neurological deficit; 1 score: inability to fully extend the left front paw, mild 
neurological deficit; 2 scores: the rat turned to the left side (temporal side) while walking, moderate neurological deficit; 
3 scores: the rat inverted to the left side (temporal side) while walking, severe neurological deficit; 4 scores: inability to 
walk, or loss of consciousness.

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining
The rats were sacrificed by cervical dislocation under anaesthesia with 2% pentobarbital sodium. The brain tissues were 
rapidly removed from the skull, placed on a clean glass plate, frozen at −20°C for 20 minutes, and then cut into five 
2-mm-thick coronal sections by Leica cryostat CM1900 (Leica, Germany). All sections were completely stained in 2% 
TTC (Sigma, America) at 37°C for 30 minutes in the dark and turned over every 10 minutes. They were then fixed in 4% 
paraformaldehyde solution for 24 hours. Brain infarct volumes were analysed with Image-Pro Plus 6.0.

Haematoxylin and Eosin (HE) Staining
Brains were removed from 3 rats in each group and stained with HE. The whole brain was immersed in 4% paraformaldehyde for 
3 days and then embedded in paraffin. Brain tissues from different groups with the same lesion were sliced into 4-µm-thick 
sections, which were placed in xylene I for 20 min, xylene II for 20 min, anhydrous ethanol I for 5 min, anhydrous ethanol II for 5 
min, 75% alcohol for 5 min, and rinsed with tap water. The sections were immersed in haematoxylin stain for 3–5 min and then 
sequentially washed with tap water, differentiation solution, tap water, bluing solution, and running water. Next, the sections were 
sequentially immersed in 85% and 95% gradient alcohols and then in an eosin staining solution for 5 minutes. Finally, the 
sections were sealed with neutral glue after dehydration. The histological changes in brain tissue were observed by microscopy.

Golgi-Cox Staining
Brains were disconnected from 3 rats in each group and stained with Golgi-Cox. The solution A: solution B ratio was 1:1 
for tissue fixation, where the tissue-to-fixative ratio was 1:5. The brains were stored in the dark for 1 day and then 

Figure 2 Treatment of each group.
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transferred into a fresh Golgi-Cox solution for 14 days. Then, the brains were immersed in solution C for 3–7 days, and 
the solution was changed every 24 h. The ratio of solution D to solution E to distilled water was 1:1:2. The brains were 
sectioned, dried at room temperature for 3 days, washed with distilled water, and restained with solutions D and 
E. Finally, all sections were subjected to gradient ethanol dehydration, xylene transparency, coverslipping, and neutral 
resin sealing.

Immunofluorescence Staining
Immunofluorescence (IF) was performed to detect the TRL4 and NF-κB expression. First, the paraffin sections were 
dewaxed in water. The embedded sliced tissue sections were sequentially put into xylene I and xylene II for 15 mins and 
then anhydrous ethanol I, anhydrous ethanol II, 85% alcohol, 75% alcohol, and distilled water for 5 min each. Second, 
for antigen repair, the tissue sections were immersed in a cassette of citric acid antigen repair buffer (pH 6.0) in 
a microwave oven. Care was taken during this procedure to prevent excessive evaporation of the buffer. After natural 
cooling, the slides were immersed in PBS (pH 7.4) and washed 3 times for 5 min each with shaking on a decolorizing 
shaker. Third, the slides were removed from PBS, the blocking solution was shaken off, PBS containing TLR4 (CST, 
America) diluted 1:100 and NF-κB (CST, America) diluted 1:100, separately, was added dropwise onto the sections, and 
the sections were incubated flat in a wet box at 4°C overnight. Next, the slides were removed from the wet box, soaked in 
PBS (pH 7.4), and washed 3 times with shaking on a decolorizing shaker for 5 min each time. The slides were then 
removed, the PBS was gently shaken off the slides, the corresponding HRP-conjugated secondary antibody was added in 
a circle to cover all the tissue, and the slides were incubated for 50 min at room temperature away from light. The slides 
were soaked in PBS (pH 7.4), washed 3 times with shaking on a decolorization shaker for 5 min each, and then incubated 
with 488-TSA for 30 min. Then, we repeated the above procedure from antigen repair to adding the primary antibody and 
secondary antibody. All sections were viewed under a fluorescence microscope for observation and image acquisition.

IL-1β and LPS ELISAs
The levels of IL-1β and LPS cytokines in the cerebral cortex and LPS in plasma were quantified using specific ELISA 
kits according to the manufacturer’s instructions (IL-1β, sigma, America; LPS, Cusabio, Wuhan, China).

Western Blot Analysis
Western blotting was used to detect the levels of TLR4 and NF-κB protein in rat brain cortex areas. Equal amounts of 
proteins were added to 50 µL of lysis buffer. Samples were centrifuged at 12,000 r/min for 10 min at 4°C. SDS–PAGE 
was performed with a 10% separation gel and 5% stacking gel, and the proteins were transferred to a 0.45 µm 
polyvinylidene fluoride membrane. The membranes were blocked in TBS-T containing 5% nonfat milk for 1 hour. 
The membranes were incubated with primary antibody [NF-Κb (Cat. No.: AF5006, Affinity Inc.) 1:1000; TLR4 (Cat. 
No.: AF7017, Affinity Inc.) 1:1000] at 4°C overnight. After washing, the membrane was incubated with the secondary 
antibody [Anti-Rabbit IgG (H+L) Antibody (Cat. No.: 074-1506, KPL Inc.) 1:5000] for 1 hour at room temperature. 
Proteins were visualized by electrochemiluminescence (ECL). The cumulative optical density of relative protein 
expression was assessed using ImageJ software (V1.8.0, NIH).

16Sr DNA Gene Sequencing
Five rats in each group of N-M, D-M, and NTF were randomly selected, and 16S rDNA sequencing was used to assess 
the intestinal microbiota in the caecum after 24h of cerebral ischemia. Genomic DNA was extracted from the samples 
using a stool DNA extraction kit, the purity of the nucleic acids was assessed with a NanoDrop microspectrophotometer, 
and the integrity of the nucleic acid samples was examined by agarose gel electrophoresis. The V3–V4 region of the 16S 
rDNA was amplified using 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTATCTAAT-3′) 
primers. The purified amplicons were sequenced on the Illumina HiSeq platform (HiSeq 2500; Illumina, Inc., San Diego, 
CA, USA) to generate paired-end reads (2 × 250 bp). After sequencing the raw reads, the low-quality reads were first 
filtered and then assembled, the double-ended reads were spliced into tags, and then the tags were filtered. The resulting 
data were called clean tags. Next, we performed clustering based on clean tags, removed the chimeric tags detected in the 
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clustering comparison process, and finally obtained the data as effective tags. After operational taxonomic units (OTUs) 
were obtained, OTU abundance statistics were performed. According to the analysis process, species annotation, α- 
diversity analysis, β-diversity analysis, and community function prediction were performed sequentially. If valid 
subgroups existed, group differences were compared, and statistical tests were performed.

Statistical Analysis
All data were analysed using SPSS 25.0 statistical software. Quantitative data are expressed as the mean ± standard 
deviation (SD). The significant differences between the groups were examined by one-way analysis of variance 
(ANOVA) with the least significant difference test. P<0.05 was considered to indicate statistical significance.

Results
Analysis of Naotaifang III Ingredients
As shown in Figure 3, four active ingredients in Naotaifang III had been performed by HPLC-ITMS, respectively. The 
main compounds were quantified: Astragaloside IV 9.130 ng/mg, Emodin 1863.0 ng/mg, Ferulic Acid 410.6 ng/mg and 
Puerarin 71.7ng/mg. Analytes were quantified in multiple reaction monitoring (MRM) mode targeting the precursor ion 
(MS 1) to a specific fragment, which is the product ion (MS 2). The prominent ions mass spectra of the fragment ions of 
the four active components were as follows: Astragaloside IV 207.077m/z, Emodin 271.06m/z, Ferulic Acid 113.96m/z 
and Puerarin 267.07m/z. According to the optimized detection conditions, the standard solutions of 4 compounds were 
sampled and determined in the order of concentration from low to high, with the concentration of the substance to be 
tested as the Abscissa, the ratio of the peak area of the substance to be tested to the peak area of the corresponding 
isotope internal standard (peak area/peak area of the internal standard) as the ordinate, the standard curve, linear range, 
regression equation, and correlation coefficient were obtained. The results showed that the linear correlation coefficient 
R2 was more than 0.999 in a wide concentration range, and the linear relationship was good.

Effects of Intestinal Microbiota Disorder on Neurological Function Score and Cerebral 
Infarction Volume at Different Time After Cerebral Ischemia
As shown in Figure 4a, with increasing cerebral ischemia time, the degree of neurological impairment in both groups 
increased progressively. The neurological function scores of the D-M group were higher at 6 h, 12 h, and 24 h than the 
N-M group, and the difference between the two groups was greatest at 24 h. However, the difference of neurological 
function scores between the two groups at the same time point was not significantly different, which might be related to 
the small sample of experimental animals (n = 18, P > 0.05). Moreover, the TTC staining analysis indicated that both the 
N-M and D-M groups had significant right-sided cerebral infarction after cerebral ischemia that increased gradually with 
time at 6 h, 12 h, and 24 h (Figure 4b). Compared with the N-M group, the infarct volume in the D-M group increased 
significantly at 12 h and 24 h, and the most significant increase was at 24 h (n = 18, P < 0.01). These results suggest that 
gut dysbiosis may exacerbate cerebral ischemic injury.

Effects of Naotaifang III on the Cerebral Injury
Neurological function of rats was assessed with NSS 24 h after infarction (Figure 5a). There was no neurological 
impairment in the N-S group. Compared with the N-S group, the neurological function scores of the N-M group were 
significantly increased (n = 15, P < 0.05). Compared with the N-M group, the neurological function score of the 
D-M group was significantly increased (n = 15, P < 0.05). However, the NTF and ZY groups had significantly lower 
neurological scores than the D-M groups (n = 15, P < 0.01, P < 0.05). The volume of cerebral infarction was observed by 
TTC staining. As shown in Figure 5b, no infarction was observed in the N-S group. Compared with the N-M group, the 
cerebral infarct volume in the D-M group was significantly increased (n = 3, P < 0.01). The volume of cerebral infarction 
in the NTF group and ZY group was significantly smaller than that in the D-M group (n = 3, P < 0.01). HE staining 
showed that the neurons in the cortical area of the the N-S group were round or oval with regular arrangement, complete 
nuclei, and clear nucleoli. In the N-M group, cortical edema, interstitial relaxation, irregular arrangement of neuronal 
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cells, shrinkage of cell bodies, nuclear changes, and a large number of lymphocytes infiltration were more obvious in the 
D-M group. However, tissue edema and cell swelling were relatively reduced in the NTF and ZY groups, and neurofibrils 
were well aligned compared with the D-M group (Figure 5c). Finally, Golgi staining was used to observe the density of 
dendritic spines in the ischemic cortex of rats. As shown in Figure 5d, the density of dendritic spines in the N-M group 
was significantly reduced compared with the N-S group, and the density of dendritic spines in the D-M group was 
significantly reduced compared with the N-M group (n = 3, P < 0.05). However, in the NTF and ZY groups, the neuronal 
structure was improved, with a trend of increased dendritic spines compared to the D-M group (n = 3, P < 0.01). These 
results suggest that Naotaifang III can improve neurological function and cerebral ischemia injury.

Figure 3 Quality control of Naotaifang III. 
Notes: (a) Astragaloside_IV; (b) Emodin; (c) Ferulic_acid; (d) Puerarin.
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Effects of Naotaifang III on LPS in Blood Plasma and Brain Cortex, and IL-1β in Brain 
Cortex
As shown in Figure 6, the levels of LPS in plasma, LPS, and IL-1β in brain cortex of the N-M group were increased to 
different degrees compared to those of the N-S group. Compared with the N-M group, the D-M group presented 
remarkable increasement of LPS and IL-1β (n = 6, P < 0.05). In the NTF and ZY groups, the levels of LPS and IL-1β 
were significantly decreased compared to those of the D-M group (n = 6, P < 0.01, P < 0.05). These data suggested that 
Naotaifang III may exert anti-inflammation to ameliorate cerebral ischemia injury.

Effects of Naotaifang III on TLR4 and NF-κB Expression in Brain Cortex
As shown in Figures 7 and 8, immunofluorescence staining and Western blot were used to observe the expression of 
TLR4 and NF-κB. The protein expressions of TLR4 and NF-κB in the N-M group were significantly higher than those in 
the N-S group (n = 3, P < 0.01, P < 0.05). Compared with the N-M group, the expressions of TLR4 and NF-κB in the 
D-M group were significantly increased (n = 3, P < 0.01, P < 0.05). However, in the NTF and ZY groups, the protein 
expressions of TLR4 and NF-κB were significantly lower than those in the D-M group, indicating that Naotaifang III 
treatment may inhibit neuroinflammation by inhibiting the LPS/TLR4/NF-κB signaling pathway.

Effects of Naotaifang III on Intestinal Microbiota Diversity
In order to explore the effects of Naotaifang III on the intestinal microbiota of ischemic stroke rats, we randomly selected 
five rats in N-M, D-M, and NTF to sequence 16S rDNA gene. VENN and Upset plot were used to analyse and compare 
the OTUs in each group to preliminarily understand the species composition characteristics of each group. As shown in 
Figure 9a, the total OUTs of N-M, D-M, and NTF groups were 655, 458, and 735, respectively, of which 387 OTUs were 
shared by the three groups. The number of OTUs shared by N-M and NTF groups was 591, which was significantly 
higher than the number of OTUs shared by N-M and D-M groups, as well as D-M and NTF groups.

Based on OTU, alpha diversity analysis was performed. The results showed that compared with the N-M group, the Sob, 
Chao1, and PD-tree index of the D-M group decreased significantly, but compared with the D-M group, the Sob, Chao1, and 
PD-tree index of the NTF group increased significantly (Figure 9b). These results indicated that the species of intestinal 
microbiota and the evenness of species in the D-M group were significantly reduced after gastric transplantation, resulting in 

Figure 4 Effects of intestinal microbiota disorder on neurological function score and cerebral infarction volume at different time after cerebral ischemia. 
Notes: (a) Neurological function score; (b and c) Cerebral infarction volume. n = 18. **P < 0.01 vs N-M.
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Figure 5 Effects of Naotaifang III on the cerebral injury. 
Notes: (a) Neurological function score (n = 15); (b and c) Cerebral infarction volume (n = 3); (d) HE staining (×400, n = 3); (e) Golgi staining (× 400 and × 1000, n = 3). The 
values are the mean ± SEM. **P < 0.01 vs N-S; #P < 0.05 vs N-M; ##P < 0.01 vs N-M; ΔP < 0.05 vs D-M; ΔΔP < 0.01 vs D-M.
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a significant decrease in alpha diversity of the D-M group, while the alpha diversity in the NTF group was significantly 
increased. In addition, the sparse curves corresponding to the three parameters showed that with the deepening of sequencing, 
the curves of each sample tended to be flat (Figure 9c), indicating that the sequencing depth had covered all species in the 
sample, further increasing the sequencing depth. This showed that the changes in α-diversity in the D-M and NTF groups were 
caused by microbiota transplantation and Naotaifang III, respectively, rather than by the sequencing process.

Figure 6 Effects of Naotaifang III on LPS in blood plasma and brain cortex, IL-1β in brain cortex. 
Notes: (a) Levels of LPS in blood plasma; (b) Levels of LPS in brain cortex; (c) Levels of IL-1β in brain cortex. The values are the mean ± SEM. n = 6. *P < 0.05 vs N-S; **P < 0.01 
vs N-S; #P < 0.05 vs N-M; ΔP < 0.05 vs D-M; ΔΔP < 0.01 vs D-M.

Figure 7 Effects of Naotaifang III on TLR4 and NF-κB expression in brain cortex (immunofluorescence staining, 400×). 
Notes: (a) Immunofluorescence staining of TLR4; (b) Immunofluorescence staining of NF-κB; The values are the mean ± SEM. n = 3. **P < 0.01 vs N-S; ##P < 0.01 vs N-M; 
ΔΔP < 0.01 vs D-M.
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Furthermore, to understand the effect of Naotaifang III on the distribution of gut microbiota, principal coordinate 
analysis (PCoA), non-metric multidimensional scaling (NMDS), and heatmap of BrayCurtis distance were performed 
based on OTU (Figure 9d). The results showed that the PCoA and NMDS scatter plots of the D-M group and the 
NTF group were significantly separated. However, the PCoA and NMDS scatter plots of the N-M group and the 
NTF group were relatively close. Interestingly, the heatmap of BrayCurtis distance also showed similar trends to 
PCoA and NMDS. These results indicated that the composition of gut microbiota was significantly changed after 
microbiota transplantation, and Naotaifang III treatment could significantly suppress the abnormal changes, making 
it closer to the N-M group.

Effects of Naotaifang III on Intestinal Microbiota Structure
In order to further understand the abnormal changes of intestinal microbiota in ischemic stroke rats and the effect of 
Naotaifang III on it, we analyzed the differences between groups at the phylum, class, and genus levels. At the phylum 
level (Figure 10a), the relative abundance of Firmicutes was significantly decreased in the D-M group compared with the 
N-M group, but significantly increased after Naotaifang III treatment. However, compared with the N-M group, the 
relative abundance of Bacteroides in the D-M group was significantly increased, while it was significantly decreased after 
Naotaifang III treatment. At the category level (Figure 10b), we can see that the abundance of Bacteroides in the 
D-M group is higher than that in the N-M and NTF groups, but the abundance of Clostridium is lower than that in the 
N-M and NTF groups. The ternary phase diagram of species at the genus level showed that the abundances of 
prevotella_9 and Bacteroidetes were significantly lower in the NTF group than in the N-M and D-M groups 
(Figure 10c). These results indicated that the gut microbiota structure changed significantly after gastric transplantation, 
manifested as an increase in Gram-negative bacteria and a decrease in Gram-positive bacteria, which could be reversed 
by Naotaifang III. In summary, our findings suggest that Naotaifang III can effectively alleviate the abnormal changes in 
gut microbiota structure.

Effects of Naotaifang III on Intestinal Microbiota Function
We used PICRUSt to predict gut microbiota function in each group of rats. The results showed that the N-M group and 
the D-M group had almost the same function of gut microbiota, but there were significant differences in the synthesis and 
degradation of ketone bodies. However, compared with the D-M group, the intestinal microbiota function in the NTF 
group changed significantly, mainly including antibiotic biosynthesis, citric acid cycle, lipopolysaccharide biosynthesis, 

Figure 8 Effects of Naotaifang III on TLR4 and NF-κB expression in brain cortex (Western blot). 
Notes: The values are the mean ± SEM. n = 3. *P < 0.05 vs N-S; #P < 0.05 vs N-M; ##P < 0.01 vs N-M; ΔP < 0.05 vs D-M.
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panquinone and other terpenoid-quinone biosynthesis, oxidative phosphorylation, glutathione metabolism, toluene 
degradation, fatty acid degradation, phenylalanine metabolism, tyrosine metabolism, peroxisome, phosphoinositol meta
bolism, and iron-carrier-based non-ribosomal peptide biosynthesis in the vancomycin group (P < 0.05 or 0.01) 
(Figure 11). These results suggest that Naotaifang III can effectively alleviate intestinal microbiota dysfunction.

Figure 9 Effects of Naotaifang III on intestinal microbiota diversity. 
Notes: (a) VENN and Upset plot of OTU levels; (b) Intestinal microbiota alpha diversity parameters. (c) Rarefaction curves. (d) PCoA, NMDS, and distance thermal graph. 
Data are expressed as the mean ± SD, n = 5. #P < 0.05 vs N-M; ΔΔP < 0.01 vs D-M.
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Discussion
Ischemic stroke is characterized by high morbidity, mortality, and disability rates, placing a heavy economic burden on 
the patient’s family and society. An increasing number of studies have indicated that the intestinal microbiome can affect 
the occurrence of IS by regulating risk factors of IS, such as hypertension and atherosclerosis,22,23 and participate in the 
development and prognosis of IS through immune and metabolic systems and inflammatory pathways,24,25 which were 
considered to be key participants in IS.26 When choosing an animal model, considering that IS can lead to an imbalance 
of intestinal flora,8,27,28 previous studies directly used animal models of cerebral ischemia to explore the effect of 

Figure 10 Effects of Naotaifang III on intestinal microbiota structure. 
Notes: (a) Heat map of species composition at phylum level; (b) Stack map of species at class level. (c) Ternary phase diagram of species at genus level.

Figure 11 Effects of Naotaifang III on intestinal microbiota function. 
Notes: (a) PICRUSt function prediction chart; (b) Differential functional test analysis.
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intestinal microbiota dysbiosis on cerebral ischemia injury.29–31 In order to better explain the relationship between gut 
microbiota imbalance and cerebral ischemia injury, we used a rat model of cerebral ischemia with a similar gut 
microbiota structure established in our previous study.32 This model can create a state of intestinal dysbiosis similar to 
cerebral ischemia in rats. This approach to modeling gut microbiota imbalances is simple and reproducible (Figure 10).

Current studies have shown that cerebral ischemia can rapidly cause intestinal ischemia and produce excess nitrate 
through free radical reactions, resulting in intestinal flora imbalance and an increase in Enterobacteriaceae.33 

Enterobacteriaceae enrichment exacerbates cerebral infarction by enhancing systemic inflammation and is an indepen
dent risk factor for major adverse outcomes in stroke patients.26 Dramatic changes in the gut microbiome and its 
metabolites lead to inflammation and oxidative stress in the gut. For example, the excessive proliferation of 
Enterobacteriaceae aggravates the occurrence of systemic inflammation and worsens cerebral infarction through the LPS- 
TLR4 pathway.33 As an important member of TLRs, TLR4 plays an important role in the induction and regulation of 
immune inflammatory response.34 In the central nervous system, TLR4 is mainly expressed in microglia and astrocytes in 
the central nervous system, and is an important regulator of neuroimmune inflammatory responses.35 Studies have shown 
that during IS, the immune response to the ischemic process mainly mobilizes circulating cells, which, upon activation, 
will be recruited to the site of injury.36 At the same time, intracellular molecules are released into the extracellular space 
through uncontrolled cell death. These molecules can bind to TLR4 in circulating immune cells (eg, monocytes, 
macrophages, neutrophils, etc.), which are then activated, triggering an inflammatory response.37 TLRs play an important 
role in the induction and regulation of immune inflammatory responses, especially TLR4. TLR4 is mainly expressed in 
microglia and astrocytes in the central nervous system and is an important regulator of neuroinflammatory responses.35 It 
was found that the expression of TLR4 was positively correlated with NF-κB, IL-1β, and cerebral infarct volume after 72 
h of cerebral ischemia in rats.38 The volume of cerebral infarction in TLR4 knockout mice was significantly reduced, and 
the TLR4 inhibitor TAK-242 could significantly reduce cerebral ischemic injury.39 It has been reported that TLRs play 
a key role in the communication between the gut microbiota and the host,40 and LPS of Gram-negative bacteria is 
a specific ligand for TLR4, which can stimulate the body’s innate immune cells to produce an immune inflammatory 
response.9 TLR4-mediated microglia/macrophage polarization and neutrophil dynamics may be involved in all aspects of 
neutrophil roles in stroke pathology, from activation to migration to execution of their functions in injured tissues.41,42

In this study, neurological scores and cerebral infarct volumes were compared between normal rats and rats with 
intestinal dysbiosis at 6h, 12h, and 24h after MCAO cerebral ischemia. We found that gut microbiota imbalance 
aggravated neurological impairment after IS, and the volume of cerebral infarction increased significantly, most notably 
at 24 h (Figure 4). Another study found that LPS in brain tissue increased significantly after 24 hours of cerebral 
ischemia.43 In addition, the expression of TLR4 gradually increased after cerebral ischemia, reaching a peak at 24 
hours.44,45 Therefore, 24h was selected as the time point of IS for the follow-up study. This study found that Naotaifang 
III could improve the neurological damage of cerebral ischemia, reduce the volume of cerebral infarction, increase the 
density of dendritic spines of nerve cells, and improve the pathological morphological damage (Figure 5). In addition, we 
found that Naotaifang III reduced LPS levels in plasma, cerebral cortex, and IL-1β levels in cerebral cortex (Figures 6 
and 7). It can also inhibit the expression of TLR4 and NF-κB proteins in the cerebral cortex. These results suggest that 
Naotaifang III may inhibit neuroinflammation by reducing LPS levels in peripheral blood and brain tissue, thereby 
inhibiting the expression of TRL4 and NF-κB proteins. In addition, the ZY group was set up for comparison. The results 
showed that LPS, TLR4, NF-κB, and IL-1β in the D-M group were significantly decreased after transplantation of normal 
bacteria. However, Naotaifang III showed a more significant decrease than the ZY group, which may be the reason why 
Naotaifang III acts not only on the gut but also on the blood and brain.

In order to uncover the mechanism of how Naotaifang affects gut microbes, we utilized 16S rDNA sequencing 
analysis and found that Naotaifang III could increase the diversity of intestinal microbiota in rats with cerebral ischemia, 
improve the structure of the flora, and regulate the function of the intestinal microbiota (Figures 8–10). Through the 
analysis of bacterial flora diversity, we found that the abundance and richness of the flora in the Naotaifang III group 
were higher than those in the N-M group, suggesting that the intestinal microbiota may have been unbalanced after 24 
hours of cerebral ischemia in normal rats. From the analysis of the flora structure, we found that Firmicutes increased 
significantly and Bacteroidetes decreased significantly in Naotaifang III group. Firmicutes and Bacteroidetes are the 
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dominant flora in the intestinal microbiota, accounting for about 95% of the intestinal microbiota.46 Bacteroidetes are 
Gram-negative bacteria, and Firmicutes are Gram-positive bacteria. These results suggest that Naotaifang III can reduce 
the number of Gram-negative bacteria in the intestinal microbiota, thereby reducing the production of LPS. Current 
studies have shown that LPS of Gram-negative bacteria is a specific ligand for TLR4, which can stimulate the body’s 
innate immune cells to produce immune inflammatory responses.43,47,48 Further analysis of the function of the flora 
showed that Naotaifang III could reduce the biosynthesis of vancomycin antibiotics, citric acid cycle, lipopolysaccharide 
biosynthesis, panquinone biosynthesis, oxidative phosphorylation, glutathione metabolism, toluene degradation, fatty 
acid degradation, phenylalanine metabolism, and tyrosine metabolism. These results further suggest that Naotaifang III 
can inhibit the biosynthesis of LPS.

The limitation of this study is that although we performed quality control by HPLC, we did not study the main active 
components of Naotaifang III, which will affect the precise exploration of the mechanism of the brain-gut axis after Naotaifang 
III intervention in IS. In the future, we will further explore the role of core components of Naotaifang III (such as astragaloside IV, 
ligustrazine, rhein, and other components) in the brain-gut axis of cerebral ischemia to further explore its mechanism.

Conclusion
Based on the present results, Naotaifang III may play a protective role in IS by inhibiting neuroinflammatory damage 
through the LPS/TLR4 signaling pathway in the microbe-gut-brain axis. However, the metabolomic analysis of 
Naotaifang III in blood and brain remains to be further investigated.
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