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Buqi-Huoxue-Tongnao decoction drives 
gut microbiota-derived indole lactic acid 
to attenuate ischemic stroke via the gut-brain 
axis
Yarui Liu1†, Peng Zhao2†, Zheng Cai1,3, Peishi He1, Jiahan Wang1, Haoqing He1, Zhibo Zhu2, Xiaowen Guo2, 
Ke Ma2, Kang Peng2* and Jie Zhao1,2,3,4*   

Abstract 

Background Ischemic stroke belongs to “apoplexy” and its pathogenesis is characterized by qi deficiency and blood 
stasis combining with phlegm-damp clouding orifices. Buqi-Huoxue-Tongnao decoction (BHTD) is a traditional 
Chinese medicine formula for qi deficiency, blood stasis and phlegm obstruction syndrome. However, its efficacy 
and potential mechanism on ischemic stroke are still unclear. This study aims to investigate the protective effect 
and potential mechanism of BHTD against ischemic stroke.

Materials and methods Middle cerebral artery occlusion (MCAO) surgery was carried out to establish an ischemic 
stroke model in rats. Subsequently, the rats were gavaged with different doses of BHTD (2.59, 5.175, 10.35 g/kg) 
for 14 days. The protective effects of BHTD on the brain and gut were evaluated by neurological function scores, 
cerebral infarction area, levels of brain injury markers (S-100B, NGB), indicators of gut permeability (FD-4) and bacte-
rial translocation (DAO, LPS, D-lactate), and tight junction proteins (Occludin, Claudin-1, ZO-1) in brain and colon. 
16S rRNA gene sequencing and metabolomic analysis were utilized to analyze the effects on gut microecology 
and screen for marker metabolites to explore potential mechanisms of BHTD protection against ischemic stroke.

Results BHTD could effectively mitigate brain impairment, including reducing neurological damage, decreasing 
cerebral infarction and repairing the blood–brain barrier, and BHTD showed the best effect at the dose of 10.35 g/kg. 
Moreover, BHTD reversed gut injury induced by ischemic stroke, as evidenced by decreased intestinal permeability, 
reduced intestinal bacterial translocation, and enhanced intestinal barrier integrity. In addition, BHTD rescued gut 
microbiota dysbiosis by increasing the abundance of beneficial bacteria, including Turicibacter and Faecalibaculum. 
Transplantation of the gut microbiota remodeled by BHTD into ischemic stroke rats recapitulated the protective 
effects of BHTD. Especially, BHTD upregulated tryptophan metabolism, which promoted gut microbiota to produce 
more indole lactic acid (ILA). Notably, supplementation with ILA by gavage could alleviate stroke injury, which sug-
gested that driving the production of ILA in the gut might be a novel treatment for ischemic stroke.
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Background
Ischemic stroke (IS) is caused by the narrowing or occlu-
sion of cerebral blood supply arteries. When cerebral 
blood flow is interrupted, ATP synthesis is disrupted due 
to oxygen and glucose deficiency [1]. Further, the dys-
function of ion channels leads to calcium overload, pro-
inflammatory factor expression and free oxygen radical 
production [2, 3]. These changes eventually cause cell 
necrosis and neurological dysfunction [4]. Stroke belongs 
to “apoplexy” in the traditional Chinese medicine (TCM) 
theory, and its pathogenesis is characterized by qi defi-
ciency and blood stasis combining with phlegm-damp 
clouding orifices [5]. Thus, “invigorating qi,” “activating 
blood” and “dissipating phlegm” in combination are the 
basic therapies of apoplexy [6]. Therefore, prescriptions 
composed of herbal medicines with corresponding func-
tions are often applied in TCM clinics.

Buqi-Huoxue-Tongnao decoction (BHTD) is prescribed 
by Professor Kang Peng, a nationally prestigious Chi-
nese physician, and exerts the efficiency of “invigorating 
qi and promoting blood circulation, dissipating phlegm 
and dredging brain.” BHTD consists of ten-flavored 
herbal medicines following the compatibility principle of 
“Monarch-Minister-Assistant-Guide” (Jun-Chen-Zuo-
Shi) (see Table  S1 for details) [7]. Astragali Radix and 
Chuanxiong Rhizoma are the Monarchs, which dominate 
the therapeutic effects targeting the cause of the disease 
or the main symptom. Both of them and their bioactive 
ingredients (Astragaloside IV and Z-Ligustilide) have 
been proven to have neuroprotective effects [8, 9]. Sal-
viae Miltiorrhizae Radix et Rhizoma, Notoginseng Radix 
Et Rhizoma, Paeoniae Radix Rubra and Pheretima are 
the Ministers. All four herbs or their extracts have anti-
inflammatory activities and attenuate cerebral ischemic 
injury [10–13]. Poria, Puerariae Lobatae Radix and Pinel-
liae Rhizoma Praeparatum are the Assistants, in which 
Puerariae Lobatae Radix is rich in flavonoids that can 
improve cerebral microcirculation [14, 15]. Glycyrrhizae 
Radix Et Rhizoma Praeparata Cum Melle is the Guide and 
can harmonize all of the herbs. BHTD has been demon-
strated to have favorable efficacy against cerebral circu-
latory insufficiency [16]. However, its protective efficacy 
and mechanism in ischemic stroke remain to be eluci-
dated, necessitating further investigation.

TCM emphasizes the concept of holism, indicating 
that the internal organs of the human body are insep-
arable and interconnected, such as “the lung and the 
large intestine are interior-exterior” and “heart gov-
erns mind” [17–19]. Clinically, approximately 50% of 
patients with apoplexy have gastrointestinal complica-
tions, such as gut microbiota dysbiosis, constipation 
and gastrointestinal bleeding, who have a longer hos-
pital stay, poorer prognoses, and even higher mortal-
ity rates [20–22]. This indicates a connection between 
the gut and the brain. Xu et  al. have proved that gut 
microbiome dysbiosis, represented by Enterobacte-
riaceae overgrowth, would exacerbate brain infarction 
[23]. Ingestion of multi-strain Lactobacillus and Bifido-
bacterium has been confirmed to improve neurologi-
cal deficits by revamping intestinal integrity [24]. This 
indicates the gut microbiota can mediate the crosstalk 
between the digestive system and the central  nervous 
system, known as the “gut-brain axis” [25, 26]. Further-
more, metabolites derived from the gut microbiota can 
be absorbed into the blood circulation by intestinal epi-
thelial cells, thus affecting the physiological functions 
as well as the metabolism of the host [27]. A clinical 
cohort study indicated that the activity of tryptophan 
metabolism in the kynurenine pathway is positively 
connected with the degree of stroke and the prognosis 
over the long term [28]. In previous research, we have 
demonstrated that melatonin, a tryptophan metabolite 
in the serotonin pathway of the gut microbiota, could 
enhance intestinal barrier function to attenuate brain 
injury [29]. These demonstrate that tryptophan metab-
olism in the gut is critical for the treatment of ischemic 
stroke. Indoles, tryptophan metabolites via the gut 
microbiota, are ligands for aryl hydrocarbon recep-
tor (AHR), which have been confirmed to maintain 
the epithelial barrier [30]. For example, indole lactic 
acid (ILA), with the function of ameliorating intestinal 
inflammation, can significantly enhance neurite growth 
in PC12 cells [31, 32]. Therefore, indoles have great 
potential for regulating the gut-brain axis. In this study, 
we investigated the protective effects of BHTD against 
ischemic stroke and potential mechanisms from the 
perspective of the gut-brain axis, providing a solid sci-
entific basis for its clinical use.

Conclusion BHTD could increase gut microbiota-derived indole lactic acid to attenuate ischemic stroke via the gut-
brain axis. Our current finding provides evidence that traditional Chinese medicine can ameliorate central diseases 
through regulating the gut microbiology.

Keywords Ischemic stroke, Buqi-Huoxue-Tongnao decoction (BHTD), Gut microbiota, Gut-brain axis, Tryptophan 
metabolism, Indole lactic acid
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Materials and methods
Drugs and reagents
Nimodipine Tablets (20  mg/tablet, H44025019) were 
purchased from Huanan Pharmaceutical (Dongguan, 
China). Indole lactic acid (M66846) was purchased 
from Meryer Biochemical Technology (Shanghai, 
China). 2, 3, 5-triphenyltetrazolium chloride was pur-
chased from Sigma-Aldrich (USA). Occludin (Cat# 
DF7504, RRID: AB_2841004.), Claudin-1 (Cat# AF0127, 
RRID: AB_2833311.) and ZO-1 (Cat# AF5145, RRID: 
AB_2837631.) were purchased from Affinity Biosciences 
(USA). S-100B (MM-20763R1), NGB (MM-0332R1), 
DAO (MM-21169R1), LPS (MM-0647R1), D-lactate 
(MM-21239R1) and ILA (MM-72080R1) ELISA kits 
were purchased from Jiangsu Meimian Industrial Co., 
Ltd. (Jiangsu, China). SuperMix for qPCR (R223-01) and 
Master Mix (Q311-02) were purchased from Vazyme 
(Nanjing, China). Brain Heart Infusion Broth (028360) 
was purchased from HuanKai Microbial (Guangzhou, 
China).

Preparation of BHTD
BHTD consists of the following dried herbal compo-
nents: 15 g of Astragali Radix, 10 g of Chuanxiong Rhi-
zoma, 10 g of Salviae Miltiorrhizae Radix et Rhizoma, 9 g 
of Notoginseng Radix et Rhizoma, 12 g of Paeoniae Radix 
Rubra, 10 g of Pheretima, 15 g of Poria, 15 g of Puerariae 
Lobatae Radix, 9  g of Pinelliae Rhizoma Praeparatum, 
and 10  g of Glycyrrhizae Radix et Rhizoma Praeparata 
Cum Melle (Details for Table  S1). We have verified the 
names of the plants on http:// mpns. kew. org. BHTD was 
obtained from the Integrated Traditional Chinese and 
Western Medicine Hospital of Southern Medical Univer-
sity. After immersing in distilled water for one hour, the 
herbs were twice decocted for one hour (1:10, w/v). The 
filtrates were concentrated at 0.259, 0.5175 and 1.035 g/
mL, respectively. The dosage of BHTD used in rats was 
converted from the clinical dosage using the following 
formula: The dosage of BHTD-H = 6.3 × 115 g/ 70 kg [33]. 
The equivalent dose ratio for humans and rats was 6.3. 
The dosage of clinical raw drug was 115 g/ person/ day. 
The average body weight of normal adults was 70 kg.

The detection of BHTD was performed using LC–MS/
MS (Orbitrap Exploris 240; Thermo Fisher, USA). The 
LC gradients and MS conditions were shown in Table S2. 
The result of LC–MS/MS was shown in Fig. S1.

Animals and establishment of model
Male Sprague–Dawley rats (200 ± 20 g) were supplied by 
the central animal facility of Southern Medical Univer-
sity (License Number: SCXK (Guangdong) 2021-0041) 
and housed at Southern Medical University Experimen-
tal Animal Center (Animal Utilization Permit Number: 

SYXK (Guangdong) 2021-0167). They had free access to 
food and water with a 12  h light/dark cycle and a con-
stant temperature (23 °C).

The cerebral ischemia model of rats was established by 
the middle cerebral artery occlusion (MCAO) method 
[34]. The rats were anesthetized by inhalation of isoflu-
rane. A monofilament was inserted from the external 
carotid artery, through the internal carotid artery, and 
into the middle cerebral artery. To create reperfusion, 
the monofilament was removed after two hours of occlu-
sion. The sham group underwent the identical processes, 
except that monofilament was not inserted.

Experiment design
Rats were divided into 6 experimental groups: sham-
operated group (Sham, n = 10), model group (MCAO, 
n = 25), 2.59  g/kg BHTD treatment group (BHTD-L, 
n = 20), 5.175  g/kg BHTD treatment group (BHTD-M, 
n = 18), 10.35  g/kg BHTD treatment group (BHTD-
H, n = 13) and 10  mg/kg Nimodipine treatment group 
(Nimodipine, n = 14). The BHTD  treatment group and 
the Nimodipine treatment group were given oral doses 
once a day for 14 days. The sham-operated and the model 
group were gavaged with an equivalent volume of dis-
tilled water.

Fecal Microbiota Transplantation (FMT) was based 
on previous studies [29]. Fecal material from MCAO 
and BHTD-H groups was resuspended in PBS (100 mg/
mL). A new batch of the model rats was separated into 
two groups: MCAO-recipient group (FMT-MCAO) and 
BHTD-recipient group (FMT-BHTD). Two groups were 
orally administered antibiotics once a day to clear the gut 
microbiota during the first 4 days and 2 mL of fecal mate-
rial once a day for 10 days.

In the ILA group, rats after MCAO operation were 
administered 13.84 mg/kg of indole lactic acid once a day 
for 14 days [35].

Evaluation of neurological defects
Neurological defects were assessed by Longa and modi-
fied neurologic severity score (mNSS) [34, 36, 37]. The 
Longa score is a classic neurological assessment method. 
Besides, mNSS was applied to evaluate a combination of 
movement, sensation, balance and reflexes before MCAO 
surgery and on days 1, 3, 7, and 14 of treatment. The spe-
cific scoring rules are shown in Table S3.

Measurement of infarct volume
The infarct volume was measured by TTC staining. The 
entire brain was cut coronally into 2  mm slices, then 
immersed in 2% TTC at 37  °C for 15  min. The area of 
infarction was analyzed with Image J analysis soft-
ware (version 6.0, NIH). The cerebral infarction ratio is 

http://mpns.kew.org
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calculated as follows: infarct size/the size of the non-
ischemic hemisphere × 100% [38].

Haematoxylin–eosin (HE), Nissl and Immunohistochemical 
staining
For HE and Nissl staining, fresh brain and colon tis-
sues were promptly fixed in 4% paraformaldehyde solu-
tion, then dried in a graded ethanol series (70–100%) 
and embedded in paraffin. The embedded samples were 
stained with HE and Nissl staining solutions, respectively.

For immunohistochemistry, brain and colon tissue 
samples were incubated with different antibodies. The 
results were analyzed by Image-Pro Plus 6.0 software 
(Media Cybernetics Inc., USA).

Biochemical analysis
The measurement of the serum levels of T-CHO, TG, 
LDL and HDL was quantified according to the kit proto-
cols (Nanjing Institute of Bioengineering, China).

Enzyme‑linked immunosorbent assay (ELISA)
The serum levels of S-100B, NGB, DAO, LPS, and D-lac-
tate and the brain levels of S-100B, NGB, and ILA were 
measured according to the ELISA kits, respectively.

Intestinal permeability test
Rats were administered FD-4 orally (200  mg/kg). After 
4  h, collected plasma was used to measure the level of 
FD-4 by a multimode microplate reader (Tecan, Swit-
zerland) (excitation wavelength: 485 nm, emission wave-
length: 530 nm). [39]

Quantitative real‑time PCR (qRT–PCR) assay
Using the Animal Total RNA Isolation Kit, total RNA 
was extracted. Reverse-transcription reactions were car-
ried out to produce cDNA using SuperMix for qPCR. 
qRT-PCR measurements were carried out on the Light-
Cycler480 using Master Mix. β-actin was used as a con-
trol gene. The data were calculated by the comparative 
2 − ∆∆CT method. The primer sequences are shown in 
Supplementary Table S4.

Gut microbiota analysis
16S rRNA gene sequencing was conducted by Shanghai 
Majorbio Bio-pharm Technology Co., Ltd. The V3-V4 
variable region was PCR amplificated. The forward 
primer was 338F (5ʹ—ACT CCT ACG GGA GGC AGC 
AG—3ʹ) and the reverse primer was 806R (5ʹ—GGA CTA 
CHVGGG TWT CTAAT—3ʹ). The sequence data were 
analyzed using Illumina’s PE300/PE250 platforms. OTU 
clustering is based on 97% similarity. Alpha diversity 
index was computed by mothur software (version 1.30.2); 
similarity of microbial structure based on binary_jaccard 

distance algorithm; LEfSe analysis showed differences in 
genus-level abundance (LDA > 2, p < 0.05); spearman’s 
correlation based on |r|> 0.6 and p < 0.05; redundancy 
analysis (RDA) investigated the indicators on the struc-
ture of the gut microbiota; predictive analysis of 16S 
function was performed using PICRUSt2 software (ver-
sion 2.2.0).

Metabolomics analysis
The metabolomics procedure was performed by Metabo-
Profile Biotechnology Co. Ltd. (Shanghai, China). When 
sacrificing at the end of animal experiments, collect fresh 
fecal samples into tubes and quickly place them in liquid 
nitrogen to reduce degradation. Weigh 50  mg of fecal 
sample into a centrifuge tube, add 400  µL of extraction 
solution (methanol:acetonitrile = 1:1 (v:v)) containing 
0.02  mg/mL of internal standard (L-2-chlorophenylala-
nine), homogenize for 3 min, shake for 15 min, place the 
sample at −  20  °C for 20  min, and then centrifuge the 
sample for 20 min at 4 °C for 18,000 g. Pipette the super-
natant into the injection bottle and wait for the sample 
to be analyzed. The supernatant was pipetted into a vial 
to be analyzed. Mobile phase A was 95% water plus 5% 
acetonitrile with 0.1% formic acid. Mobile phase B was 
47.5% acetonitrile + 47.5% isopropanol + 5% water with 
0.1% formic acid. The gradient elution is based on a pre-
vious study [40]. Statistical analysis and pathway analysis 
were handled using MetaboAnalyst 5.0.

Indole lactic acid was detected by UPLC-MS/MS. 
Mobile phase A was water. Mobile phase B was 70% ace-
tonitrile + 30% IPA. The gradient elution process is based 
on a previous study [41]. Data were processed by Mass-
Lynx software (v4.1, Waters, Milford, MA, USA).

In vitro fermentation experiment
The in  vitro fermentation experiment was conducted in 
accordance with the earlier description [42]. Fresh cecum 
contents from stroke rats were resuspended in BHI 
Medium (50  mg/mL) and co-cultured with or without 
BHTD under anaerobic conditions (80%  N2, 10%  H2, 10% 
 CO2). The dose of BHTD was based on previous studies 
[43]. Samples were obtained at 0, 24 and 48 h of incuba-
tion, centrifuged at 13,000 rpm for 5 min at 4 °C, and the 
supernatant was used for determination.

Statistical analysis
The data were analyzed by the IBM SPSS 25.0 statisti-
cal software and plotted by GraphPad Prism version 8.0. 
Data are expressed as mean ± standard deviation (SD). 
Neurological score was evaluated using Kruskal–Wal-
lis test. Significant differences between the two groups 
were evaluated by a two-tailed unpaired Student’s t test, 
and in more than two groups were evaluated by one-way 
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or two-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test. Significant differences 
were considered at *P < 0.05, **P < 0.01 and ***P < 0.001. 
The variable importance projection (VIP) produced by 
OPLS-DA > 1 was considered statistically significant.

Results
BHTD ameliorated neurological function, reduced infarct 
volume and improved dyslipidemia
We first investigated the effects of low, medium and high 
doses of BHTD on ischemic stroke in rats. The MCAO 
group showed a significant reduction in body weight gain 
at 14  days post-surgery, whereas body weight loss due 
to stroke was mitigated by the administration of various 
doses of BHTD or Nimodipine, and weight gain in the 
BHTD-H group was higher than in all other intervention 
groups (Fig.  1A). In addition, a noteworthy rise in sur-
vival rate was noted between the MCAO and BHTD-H 
groups (Fig.  1B). The Longa score and the mNSS score 
were used to assess the impact of recovery on neurologi-
cal function. During the observation period, the Longa 
score of the MCAO group was maintained at about 3 
points and the mNSS score was maintained above 8 
points, indicating that the neural dysfunction could not 
recover spontaneously (Fig. 1C, D). However, the neuro-
logic impairment recovered over time after the interven-
tion of different doses of BHTD and Nimodipine (Fig. 1C, 
D). On the last day of the experimental observation 
period, neurologic function scores were lowest in the 
BHTD-H group, which did not differ substantially from 
the Nimodipine group, suggesting that the high dose of 
BHTD achieved the best recovery of neurologic function 
among the three groups (Fig. 1C, D).

According to the result of TTC staining, all doses of 
BHTD or Nimodipine reduced the areas of white infarcts 
and collapse (Fig. 1E). Among them, the BHTD-H group 
reduced the infarction rate to 17.20% and the area of 
cerebral infarction was smaller than all other interven-
tion groups (Fig. 1F). Based on the above, we determined 
that the high dose of BHTD exhibited the best protec-
tive brain injury efficacy of the three and evaluated it in 
subsequent experiments. Nissl staining exhibited that the 
number of Nissl-positive cells in the ischemic penumbra 
of the MCAO group significantly decreased, whereas this 
was restored by the intervention of BHTD and Nimodi-
pine (Fig. 1G–H). This suggested that BHTD could signif-
icantly improve the reduction in the number of neuronal 
cells in the ischemic penumbra (Fig.  1H). Dyslipidemia 
is an independent risk factor of ischemic stroke, typi-
cally linked to thrombosis [44]. Serum T-CHO, TG and 
LDL levels were significantly higher while HDL levels 
were lower in the MCAO group than the Sham group, 
indicating that ischemic stroke led to abnormal lipid 

metabolism, which increased the risk of thrombosis 
and thus slowed the progression of the disease. How-
ever, such dyslipidemia was improved after BHTD or 
Nimodipine supplementation and BHTD showed better 
lipid regulation than Nimodipine (Fig.  1I). Collectively, 
these results suggested that BHTD efficiently increased 
the number of neurons to relieve neurological function, 
reduced the volume of cerebral infarction, and alleviated 
ischemic stroke-induced dyslipidemia.

BHTD reduced cerebral tissue damage and repaired 
the blood–brain barrier
HE staining showed the cerebral cortex cells were neatly 
arranged with normal structures in the Sham group, 
while brain tissue liquefaction, cortical disorganization 
and cell necrosis were observed in the MCAO group. 
BHTD significantly ameliorated such pathological injury 
of brain tissue, as evidenced by the rearranged nerve cells 
and clear cell outline (Fig. 2A). Brain tissue injury means 
the collapse of the blood–brain barrier (BBB), which 
is a pathogenic feature during an ischemic stroke [45]. 
The tight junction between the cells ensures the BBB’s 
physical barrier function [46]. Therefore, we assessed the 
concentrations of three tight junction proteins (TJPs), 
Occludin, Claudin-1 and ZO-1. Immunohistochemi-
cal (IHC) analysis illustrated that the levels of Occludin, 
Claudin-1 and ZO-1 in the MCAO group were signifi-
cantly decreased (Fig. 2A, B). However, BHTD treatment 
markedly reversed such loss (Fig.  2A, B). As predicted, 
mRNA expression matched the IHC results (Fig.  2C). 
These results indicated that BHTD intervention could 
repair brain tissue damage and promote the structural 
integrity of the BBB.

BBB could restrict the transportation of peripher-
ally hazardous substances, thus maintaining the stabil-
ity of the central internal environment [45]. Thus, the 
indicators of brain tissue damage were estimated to 
assess the function of the BBB. S-100B is a brain dam-
age marker that is significantly increased in areas of 
infarcted tissue, and neuroglobin (NGB) is a neuropro-
tective protein expressed primarily in neurons [47, 48]. 
As centrally specific substances and macromolecular 
proteins, both of them would be released from brain 
into the bloodstream through the breached blood–
brain barrier under conditions of ischemic stroke [3, 
49]. According to the ELISA results, the MCAO group 
had significantly higher serum levels of S100B and 
NGB, and these levels significantly decreased follow-
ing the administration of BHTD (Fig. 2D, E). These data 
indicated that BHTD could repair the disrupted func-
tion and increased permeability of the BBB induced 
by ischemic stroke. Moreover, the levels of S100B and 
NGB in the brain were measured. The levels of S-100B 
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Fig. 1 BHTD ameliorated neurological function, reduced infarct volume and improved dyslipidemia. A Relative body weight gain for 14 days. B 
Survival curve. C Longa score. D mNSS score. (A–D, n = 10) E Representative images of TTC staining. F Quantitative analysis of cerebral infarct areas 
(n = 4). G Representative images of Nissl staining (scale bar = 50 µm). H Quantification of the Nissl staining (n = 4). I Blood lipid in serum: T-CHO, 
TG, LDL and HDL (n = 6). All data are shown as mean ± SD. For A–D, aP < 0.05, aaP < 0.01 and aaaP < 0.001, vs the Sham group; bP < 0.05, bbP < 0.01 
and bbbP < 0.001, vs the MCAO group; cP < 0.05, ccP < 0.01 and cccP < 0.001, vs the Nimodipine group; dP < 0.05, ddP < 0.01 and dddP < 0.001, compared 
in three BHTD groups. For E–I, *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2 BHTD alleviated brain injury and repaired the blood–brain barrier. A Representative images of HE staining and IHC staining in brain (× 200, 
scale bar = 100 µm). B The average optical densities of Occludin, Claudin-1 and ZO-1 in brain. (n = 4) C Relative mRNA level of Occludin, Claudin-1 
and Zo-1 in brain. (n = 6) D, E Serum levels of S-100B and NGB. F, G Brain levels of S-100B and NGB. D–G, n = 6) All data are shown as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001
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in brain were significantly increased in the MCAO 
group. After BHTD administration, its levels were 
markedly reduced (Fig.  2F). The brain levels of NGB 
in the MCAO group was somewhat greater than in the 
Sham group because of the reflexive increase in acute 
ischemia and hypoxia [48]. The BHTD-H group exhib-
ited a considerably greater level compared to the Sham 
and MCAO groups (Fig.  2G). These results suggested 
that BHTD could reduce S100B in the infarcted area 
and increase the content of NGB in brain, providing a 
shielding influence on brain tissue and neurons. Alto-
gether, BHTD could repair pathologic brain tissue dam-
age, increase expression of tight junction proteins, and 
preserve the BBB’s structural and functional integrity.

BHTD repaired the intestinal barrier and reduced intestinal 
bacterial translocation
After cerebral ischemia, there is often a stress response 
in the gut that leads to dysregulation of gut homeostasis, 
which can further worsen ischemic stroke and lengthen 
the disease’s course [23, 50]. HE staining of the colon 
demonstrated thinning of the mucosal layer and necro-
sis of epithelial cells at 14th  day after MCAO (Fig.  3A). 
Moreover, there is a loss of goblet cells in the Nimodi-
pine group (Fig. 3A). This finding showed that ischemic 
stroke could induce colonic injury in rats, which was 
unaffected by Nimodipine. However, BHTD supple-
mentation increased tight epithelial cell arrangement 
and decreased goblet cell loss (Fig.  3A). In addition, we 
also assessed the levels of TJPs in the colon. Consist-
ent with the brain, both IHC results and qPCR results 
showed that the Occludin, Claudin-1 and ZO-1 levels 
were significantly lower in the MCAO group; however, 
these levels were greatly restored by BHTD (Fig. 3A–C). 
Notably, alterations in these tight junction protein lev-
els between the gut and brain were found to significantly 
positively correlate (Fig. S2). The results indicated that 
the blood–brain barrier was closely associated with the 
intestinal barrier while BHTD intervention was effective 
in improving both. Colonic injury is characterized by dis-
rupted gut barrier and increased intestinal permeability, 
which allow the gut microbiota or its products to translo-
cate into extraintestinal tissues [51]. Thus, the markers of 
gut permeability and bacterial translocation were evalu-
ated. The MCAO group had considerably greater plasma 
FD-4 and serum levels of DAO, LPS, and D-lactate than 
the Sham group; however, the levels of these indicators 
were considerably lowered by the BHTD intervention 
(Fig.  3D–G). These results suggested that BHTD could 
alleviate ischemic stroke-induced colon damage and 
repair the intestinal barrier, thereby inhibiting intestinal 
bacterial translocation.

BHTD reversed ischemic stroke‑induced gut microbial 
dysbiosis
Gut microbiota is an integral part of the intestinal barrier 
[52]. Therefore, in order to evaluate the composition and 
function of the gut microbiota, we employed 16S rRNA 
gene sequencing. The gut microbiota’s richness and 
diversity were severely reduced in the MCAO group, as 
indicated by the ACE and Shannon indices, and they sig-
nificantly improved following BHTD treatment (Fig. 4A); 
observed species, Chao1 index and Simpson index exhib-
ited the same results (Fig. S3A–C). Then, the β diver-
sity was examined with PCoA and NMDS (Fig. 4B). The 
results showed that the Sham and the MCAO groups 
were clearly separated, exhibiting that ischemic stroke 
led to disorganization and structural changes of the gut 
microbiota. After BHTD treatment, the gut microbial 
composition of rats significantly changed and converged 
to that of the Sham group, indicating that BHTD could 
remodel the gut microbial structure to normal levels.

Additionally, a comparison was made between the rela-
tive abundances of the phylum and genus. The MCAO 
group rats had fewer Firmicutes and more Actinobacte-
ria; this difference was corrected by BHTD (Fig.  4C). 
The genus level reflected that the MCAO group had 
larger abundances of harmful bacteria like Corynebac-
terium and Staphylococcus, while the BHTD group had 
an enrichment of beneficial bacteria including Rombout-
sia, Turicibacter and Collinsella (Fig.  4D). LEfSe analy-
sis was applied to identify the biomarkers separating the 
MCAO group from the BHTD-H group (Fig. 4E and Fig. 
S3D). Pathogens or opportunistic pathogens, including 
Corynebacterium, Dielma, Escherichia-Shigella, Paeni-
bacillus, Peptococcus and Quinella, were enriched in the 
MCAO group; however, BHTD intervention resulted in 
an enrichment of beneficial bacteria Turicibacter, Collin-
sella and SCFA-producing bacteria, such as Faecalibacu-
lum, Adlercreutzia, Fusicatenibacter and Lactobacillus 
(Fig. 4E). Next, Spearman’s correlation was computed to 
evaluate the relationship between specific gut microbi-
ome and efficacious parameters, including traits of cer-
ebral damage and intestinal barrier and risk factors for 
thrombosis (Fig. 4F). Moreover, the Redundancy Analysis 
(RDA) further revealed the relationship between the gut 
microbiota and the efficacy parameters among the Sham, 
MCAO and BHTD-H groups, respectively (Fig. S3F). The 
findings showed that the indicators linked to the amelio-
ration of ischemic stroke were inversely correlated with 
the quantity of harmful bacteria and positively correlated 
with the quantity of beneficial bacteria (Fig. 4F and Fig. 
S3F). These results suggested that BHTD could remodel 
the gut microbiota, reverse microbiota disruption, and 
enrich beneficial bacteria, thereby promoting the recov-
ery of ischemic stroke.
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Fig.3 BHTD reduced intestinal bacterial translocation and intestinal permeability, and repaired colonic damage. A Representative images of HE 
and IHC staining in colon (scale bar = 100 µm). B The average optical densities of Occludin, Claudin-1 and ZO-1 in colon (n = 4). C Relative mRNA 
levels of Occludin, Claudin-1 and Zo-1 in colon (n = 6). D Plasma levels of FD-4. E, F, G The serum levels of DAO, LPS, D-lactate. (D–G, n = 6) All data 
are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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The remodeled gut microbiota represents a novel 
physiological function [53]. Hence, PICRUSt2 analysis 
and KEGG pathway analysis were performed to elucidate 
how BHTD affects microbial physiological activity. 13 
significantly different pathways were identified between 
the MCAO and BHTD-H groups (Fig. 4G). Notably, the 
MCAO group exhibited a notable increase in “Bacterial 
invasion of epithelial cells,” representing that bacteria that 
might be damaging to intestinal epithelial cells increased 
after ischemic stroke. Furthermore, we found that BHTD 
bolstered the microbial functions linked to the metabo-
lism of amino acids, such as “Amino sugar and nucleo-
tide sugar metabolism” and “Tryptophan metabolism”; 
“Starch and sucrose metabolism” and “Fructose and man-
nose metabolism”, associating with the metabolism of 

nutrients, which were markedly enriched in the BHTD-H 
group (Fig. 4G). This result suggested BHTD supplement 
enhanced microbial functions in amino acid metabolism 
and nutrient metabolism. On the whole, BHTD boosted 
the quantity of beneficial bacteria to reverse the dysbio-
sis of the gut microbiota brought on by ischemic stroke, 
and gut microbiota remodeling along with new physi-
ological functions might be a target for BHTD to alleviate 
ischemic stroke.

Transplantation of BHTD‑regulated gut microbiota relieved 
the symptoms of ischemic stroke
FMT experiment was conducted in order to discover fur-
ther about the impact of the gut microbiota modulated by 
BHTD. After receiving a combination of antibiotics orally 

Fig. 4 BHTD reversed ischemic stroke-induced gut microbial dysbiosis. A α-Diversity (n = 6). B β-Diversity (n = 6). C Relative abundance 
at the Phylum level. D Relative abundance at the Genus level. E LEfSe analysis. F Correlation heatmap. G KEGG functional pathway based 
on PICRUSt2. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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for four days to deplete the gut microbiota, rats were 
separately administered fecal suspensions from MCAO 
and BHTD-H group rats (Fig. 5A). On the 14th day, the 
FMT-BHTD group rats’ body weight gain was considera-
bly higher than the FMT-MCAO group (Fig. 5B). Despite 
the fact that there was no apparent difference in the sur-
vival curves between the two groups, FMT-BHTD had a 

higher survival rate than FMT-MCAO (Fig. 5C). In addi-
tion, both the Longa score and the mNSS score indicated 
that transplantation of BHTD-regulated microbiota sig-
nificantly reduced neurological function scores. Interest-
ingly, no discernible difference was observed between 
the FMT-MCAO and FMT-BHTD groups within the 
first 4 days in survival rate, Longa score or mNSS score. 

Fig. 5 Transplantation of BHTD-regulated gut microbiota relieved the symptoms of ischemic stroke. A The schematic diagram of the experimental 
procedure. B Relative body weight gain for 14 days. C Survival curve. D Longa score. E mNSS score. (A–D, n = 10) (F) Representative images of TTC 
staining. (G) Quantitative analysis of cerebral infarct areas (n = 4). H Representative images of Nissl (scale bar = 50 µm), HE (scale bar = 100 µm) 
staining in brain and colon tissues. I Quantification of the Nissl staining (n = 4). J Serum levels of S-100B. K Plasma levels of FD-4. L Serum levels 
of LPS. J–L, n = 6) All data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Nevertheless, after transplantation of microbiota from 
different groups, a decreased survival rate and increased 
neurological function scores were noticed in the FMT-
MCAO group, while the indicators of the FMT-BHTD 
group recovered (Fig. 5C–E). TTC staining revealed that 
tissue collapse and cerebral infarction due to stroke could 
be alleviated by BHTD-regulated microbiota (Fig.  5F, 
G). Nissl and HE staining of the brain tissue demon-
strated that more Nissl-positive cells and less necro-
sis and edema in the brain tissue were observed in the 
FMT-BHTD group (Fig. 5H, I). Furthermore, HE staining 
of colon tissue showed that increased goblet cells and a 
thickening mucosal layer were noticed (Fig.  5H). Like-
wise, the results of reduced serum S100B, plasma FD-4, 
and serum LPS levels showed transplantation of BHTD-
regulated microbiota markedly repaired the blood–brain 
barrier, reduced intestinal permeability and decreased 
intestinal bacterial translocation (Fig. 5J–L). These results 
suggested that transplanting the fecal microbiota of rats 
in the BHTD-H group achieved comparable protective 
effects as supplementation with BHTD, indicating that 
remodeling the gut microbiota was an upstream factor 
for BHTD against ischemic stroke.

BHTD upregulated tryptophan metabolism in the gut 
microbiota to promote the production of indole lactic acid
Non-targeted metabolomic study was performed to inves-
tigate the mechanism of BHTD in the gut microbiota. The 
result of OPLS-DA revealed metabolite profiles that were 
substantially different between the MCAO and BHTD-H 
groups, suggesting that BHTD had changed the metabolic 
profiles (Fig.  6A). The OPLS-DA model had a goodness-
of-fit value  (R2Y) of 0.983 (very close to 1) and a goodness-
of-prediction value  (Q2Y) of 0.583 (> 0.4), indicating it had 
high reliability (Fig. S4A). Based on the variable impor-
tance in the projection (VIP) values calculated from the 
OPLS-DA model, the s-plot presented 125 differentially 
up-regulated and 131 differentially down-regulated metab-
olites between the MCAO and BHTD-H groups (Fig. 6B). 
Moreover, as demonstrated by the volcano plot, setting the 
screening criteria as fold change ≥ 2 and p ≤ 0.05, 72 dif-
ferential metabolites (32 down-regulated and 40 up-regu-
lated) were screened between the MCAO group and the 
BHTD-H group (Fig.  6C). Following the screening of all 
differential metabolites, the KEGG database was used to 
conduct pathway enrichment analysis. 10 KEGG pathways 
were identified and we labeled 7 main pathways (Fig. 6D). 
Heatmap analysis revealed 10 representative metabolites 
matching the KEGG pathway (Fig.  6E). The “tryptophan 
metabolism” pathway was altered (Fig. 6D), which matches 
the results of microbial PICRUSt2 analysis (Fig. 4G). Tryp-
tophan metabolism is involved in regulating mood and 
promoting brain development, which is closely associated 

with central nervous system disorders [54]. Moreover, a 
tryptophan metabolite, melatonin, has been proven to be 
effective in relieving ischemic stroke in our previous study 
[29]. Therefore, we focused on tryptophan metabolism. 
We further quantified the levels of 27 tryptophan metabo-
lites in the cecal content by targeted metabolomic analy-
sis (Fig. 6F). The results showed that 3 indole metabolites 
were significantly changed after BHTD intervention and 
only indole lactic acid (ILA) was upgraded (Fig.  6G and 
Fig. S4B), which were consistent with non-targeted metab-
olomic analysis (Fig.  6H). Furthermore, levels of ILA in 
the serum and brain were detected and were significantly 
higher in the BHTD-H group (Fig. 6I, J). Next, to explore 
the source of ILA, we carried out an in vitro fermentation 
experiment (Fig. S3C). More ILA was formed by the gut 
microbiota co-cultivating with BHTD than that cultured 
alone in the medium, indicating that the gut microbiota 
can synthesize ILA and that BHTD could drive the gut 
microbiota to produce more ILA directly (Fig. 6K). Alto-
gether, BHTD could upgrade tryptophan metabolism in 
the gut microbiota to increase the level of ILA in the gut, 
serum and brain, which might be the key to the efficacy of 
BHTD by modulating the gut microbiota.

Gavage of indole lactic acid protected against ischemic 
stroke
ILA, as a ligand for AhR, has been confirmed to main-
tain the intestinal epithelial barrier and modulate 
immune function, with efficacy in mitigating intestinal 
ischemia–reperfusion injury, ulcerative colitis, and colon 
cancer [42, 55, 56]. Previous studies have found that ILA 
has been shown to be neuroprotective in  vitro, but no 
in  vivo experiments have been performed [57]. We test 
our hypothesis by giving orally ILA to rats with ischemic 
stroke for 14 days. After 14 days of treatment, the body 
weight gain recovered substantially in the ILA group 
(Fig.  7A). Both the Longa score and the mNSS score 
decreased with time after ILA administration (Fig.  7B, 
C). Although there was no significant difference in sur-
vival curves, the survival rate of ILA was higher than 
that of MCAO (Fig. 7D). TTC staining revealed that sig-
nificantly reduced infarct size was observed in the ILA 
group (Fig.  7E, F). As shown by Nissl and HE staining, 
ILA reversed the reduction of Nissl-positive cells as well 
as the reduction of histopathologic changes in the brain 
(Fig. 7G, H). Notably, reduced serum levels of S100B indi-
cated that ILA repaired the blood–brain barrier (Fig. 7I). 
Goblet cell reduction was improved by ILA treatment 
(Fig. 7G). Furthermore, the ILA group exhibited consid-
erably lower plasma FD-4 and serum LPS levels (Fig. 7J, 
K), which suggests that ILA may impede bacterial trans-
location and reduce intestinal permeability. To sum up, 
oral ILA treatment may prevent tissue and nerve damage 
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in ischemic stroke rats while also reversing the disruption 
of the gut barrier brought on by the ischemic stroke. 

Discussion
In the present study, we explored the efficacy and 
mechanism of BHTD in ischemic stroke. The results 
demonstrated that BHTD could mitigate ischemic 
stroke-induced brain and gut injury. Furthermore, BHTD 
reversed gut microbiota dysbiosis and upregulated 

tryptophan metabolism to enhance the synthesis of 
ILA thereby mitigating ischemic stroke. Our study pro-
vided evidence that traditional Chinese medicine formu-
las could treat central diseases by regulating intestinal 
homeostasis and established a scientific foundation for 
the therapeutic use of BHTD.

BHTD is a new formula prescribed by prestigious 
Chinese physician Professor Kang Peng. Accord-
ing to the Chinese Pharmacopoeia, Astragali Radix, 

Fig. 6 BHTD upregulated tryptophan metabolism in the gut microbiota to promote the production of indole lactic acid. A OPLS-DA plot (n = 6). B 
S-plot analysis. C Volcano plot. D Pathway analysis based on KEGG database. E–F Heatmap of metabolites. G The levels of ILA in the cecal contents 
(n = 6) and representative chromatogram. H The peak intensities of ILA (n = 6). I, J The levels of ILA in the serum and brain (n = 6). K The levels of ILA 
in the in vitro fermentation assay (n = 6). All data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Chuanxiong Rhizoma, Salviae Miltiorrhizae Radix et 
Rhizoma and Notoginseng Radix et Rhizoma are tar-
geted at “Qi deficiency and blood stasis”. Paeoniae 
radix rubra, Pinelliae Rhizoma Praeparatum, Poria 
and Glycyrrhizae Radix et Rhizoma Praeparata Cum 
Melle, modified from Er-Chen Decoction, a Chinese 
traditional formula for resolving phlegm, was applied 
in the treatment of “phlegm-damp clouding orifices” 
and added with Pheretima for dredging collaterals 
[58]. Notably, Puerariae Lobatae Radix, which is rich 
in various flavonoids, such as puerarin, daidzin and 
daidzein, can increase blood flow to the brain and coro-
nary blood vessels to improve cerebral ischemia [15]. 
Moreover, our previous studies have demonstrated that 
Puerariae Lobatae Radix-resistant starch, an insoluble 

macromolecule, has excellent protective effects against 
ischemic stroke through a favorable microbial co-
occurrence pattern [29]. In conclusion, BHTD gener-
ates effects by “invigorating qi  and promoting blood 
circulation, dissipating phlegm and dredging brain”, 
which is regarded as improving apoplexy targeting by 
its pathogenesis. In our study, BHTD demonstrated 
efficacy in reducing central damage, mitigating intes-
tinal injury and regulating lipid metabolism, while 
Nimodipine, a calcium channel blocker, only showed 
the effect of decreasing central injury, which was attrib-
uted to its single-target action. Therefore, BHTD syner-
gized the effects through multi-pathway, multi-target, 
and holistic modulation, which are worthy of further 
application and promotion in clinical practice.

Fig.7 Gavage of indole lactic acid protected against ischemic stroke. A Relative body weight gain for 14 days. B Longa score. C mNSS score. D 
Survival curve. (A-D, n = 10) E Representative images of TTC staining. F Quantitative analysis of cerebral infarct areas (n = 4). G Representative images 
of Nissl (scale bar = 50 µm), HE (scale bar = 100 µm) staining in brain and colon tissues. H Quantification of the Nissl staining (n = 4). I Serum levels 
of S-100B. J Plasma levels of FD-4. K Serum levels of LPS. I–K, n = 6) All data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Decoction is the most commonly utilized prepara-
tion form of TCM, which enters the body orally and 
therefore impacts the gut microbiota in the gastroin-
testinal tract. In the present study, the gut microbiota 
of ischemic stroke rats was shown to be enriched with 
a large number of pathogenic and conditionally patho-
genic bacteria, including Corynebacterium, Dielma and 
Escherichia-Shigella. In addition, increased intestinal 
permeability and bacterial translocation demonstrated 
impaired gut barrier in ischemic stroke rats. These sug-
gested that ischemic stroke-induced harmful bacteria 
and their metabolites entered the circulation and thus 
promoted systemic inflammation, which caused gas-
trointestinal complications and exacerbated the disease 
process. However, these intestinal pathologies can be 
reversed with BHTD. BHTD significantly enriched a 
variety of beneficial bacteria, especially Turicibacter and 
Faecalibaculum. Turicibacter is a prominent member 
of the mammalian gut microbiota [59]. Lin et  al. have 
proved that Turicibacter fermentation could inhibit the 
Wnt pathway in Caco-2 colon cancer cells, suggesting 
its effectiveness on intestinal homeostasis [60]. Turici-
bacter could induce the gut to produce more seroto-
nin, a neurotransmitter generated from the gut, thereby 
influencing brain function including cognition, learning 
and memory [61, 62]. Faecalibaculum has the poten-
tial to regulate intestinal epithelial homeostasis [63]. 
Notably, Faecalibaculum could produce rich influence 
on hippocampus synaptic plasticity and neurotransmis-
sion, which in turn affects spatial learning and memory 
[64, 65]. Spearman’s correlation analysis suggested that 
the abundance of Turicibacter and Faecalibaculum was 
positively related to the indicators of ischemic stroke 
recovery, containing traits of cerebral damage, traits of 
intestinal barrier and risk factors for thrombosis. There-
fore, we speculated that the gut microbiota remodeled 
by BHTD, especially the enrichment of Turicibacter and 
Faecalibaculum, was an upstream target for its protec-
tive effects. Then, we performed fecal microbiota trans-
plantation experiments and proved that transplantation 
of BHTD-regulated microbiota into ischemic stroke 
rats recapitulated the cerebral and intestinal protective 
effects of BHTD, which confirmed our speculations. 
However, the effects of Turicibacter and Faecalibaculum 
on ischemic stroke require further study.

Changes in the composition of the gut microbiota are 
always accompanied by alterations in metabolism [66]. 
We found that the metabolite profiles of the MCAO 
and BHTD-H groups differed significantly. KEGG path-
way enrichment analysis showed 10 pathways changed, 
such as “glycerophospholipid metabolism”, “glycine, 
serine and threonine metabolism”, “primary bile acid 

biosynthesis” and “tryptophan metabolism”. Particularly, 
we observed an upregulation of the tryptophan metabo-
lism pathway, which is intimately linked to the ischemic 
stroke process and is consistent with the findings of the 
microbial PICRUSt2 research. Tryptophan is an essen-
tial amino acid that can’t be produced by animal cells 
and therefore needs to be consumed through diet [67]. 
Tryptophan metabolism in the body follows three major 
pathways [68]. When absorbed into the host, on the one 
hand, tryptophan is metabolized by tryptophan hydrox-
ylase 1 (TpH1) to serotonin, a neurotransmitter involved 
in the regulation of mood control, sleep, and pain pro-
cessing; on the other hand, most tryptophan is metabo-
lized in the liver via indoleamine 2,3-dioxygenase (IDO) 
1 into kynurenine and its derivatives, which can cross 
the BBB and modulate various brain and gastrointesti-
nal functions [69]. However, tryptophan metabolites in 
the two pathways were absent in the screened differ-
ential metabolites in our study. Given that unabsorbed 
tryptophan would reach the colon, where it is metabo-
lized into indole and its derivatives through the gut 
microbiota; this is known as the indole pathway of tryp-
tophan metabolism. We found that indoles were altered 
after the intervention of BHTD, containing indole lac-
tic acid (ILA), indole acetamide and indole propionic 
acid. Among them, ILA was significantly upregulated. 
Furthermore, the targeted metabolomics results con-
firmed that the level of ILA in cecum contents was 
significantly higher in the BHTD-H group than in the 
MCAO group. Likewise, we performed in vitro fermen-
tation experiments, which directly demonstrated that 
ILA was derived from gut microbiota and that BHTD 
could remodel gut microbiota in ischemic stroke rats to 
produce higher levels of ILA. ILA has been proven to be 
produced by Lactobacillus, Bifidobacterium and Escher-
ichia coli [70–72]. Specifically speaking, Lactobacillus 
species could produce ILA (Lactobacillus plantarum 
[31, 73], Lacticaseibacillus paracasei [74], and Lactoba-
cillus salivarius [75]; human gut-associated Bifidobac-
terium species could synthesize ILA (Bifidobacterium 
breve [76], Bifidobacterium bifidum [55] and infant-type 
Human-Residential Bifidobacteria [32]); Escherichia coli 
have been proven to promote ILA (Ec-TMU [72] and an 
engineered Escherichia coli Nissle 1917 [77, 78]). Inter-
estingly, LEfSe analysis showed that Lactobacillus was 
enriched in the BHTD-H group and the relative abun-
dance of Lactobacillus in the BHTD-H group is signifi-
cantly higher than in the MCAO group. Therefore, we 
speculate that this might account for the increased lev-
els of ILA. However, whether the screened biomarkers, 
Turicibacter and Faecalibaculum, can also produce ILA 
remains to be further investigated.



Page 16 of 19Liu et al. Chinese Medicine          (2024) 19:126 

ILA as a ligand for AHR, could act on epithelium 
renewal and modulate immune cells to help main-
tain intestinal homeostasis [79, 80]: ILA promotes 
the self-renewal of intestinal epithelial cells through 
YAP regulation. [35]; ILA also inhibits tumor growth 
by improving  CD8+ T cell activity [31]. Moreover, 
ILA alleviates neuro-degeneration in HT-22 cells and 
enhances neurite growth in PC 12 cells, indicating 
that ILA has a promising effect on modulating the gut 
and the brain [32, 81]. Therefore, we speculated that 
the efficacy of BHTD in repairing the brain and gut 
was partially attributable to ILA produced by the gut 
microbiota. Gavage of ILA reduced the loss of goblet 
cells and the thinning of the mucosal layer in the colon 
of ischemic stroke rats, which was consistent with 
enteroprotective effects of ILA reported previously. 
Previous studies on the neural effects of ILA rested 
on in vitro experiments, so we explored the protective 
effects of ILA on the brain in  vivo first. Administra-
tion of ILA by gavage effectively reduced the extent of 
cerebral infarction as well as ameliorated neurological 
damage in ischemic stroke rats. Moreover, we exam-
ined the levels of ILA in serum and brain and found 
that the BHTD-H group had much larger levels than 
the MCAO group, which was consistent with the trend 
of cecal contents. These results suggested that ILA, a 
small molecule produced by the gut microbiota, could 
eventually be enriched in the brain by passing through 
the blood–brain and intestinal barriers. Our findings 

confirm ILA as a novel target for the treatment of 
ischemic stroke and provide new insights for more 
applications of ILA.

Conclusion
BHTD could remodel the gut microbiota to upregulate 
tryptophan metabolism, thus driving indole lactic acid 
derived from the gut microbiota to attenuate ischemic 
stroke  (Fig.  8). Our current finding provides evidence 
that traditional Chinese medicine treats ischemic stroke 
via the gut-brain axis.
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Fig. 8 Buqi-Huoxue-Tongnao decoction drives gut microbiota-derived indole lactic acid to attenuate ischemic stroke via the gut-brain axis
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