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Abstract

Background
In a previous study, we demonstrated that Bu-Shen-Yi-Qi granule, a traditional Chinese herbal medicine
compound, exhibits anti-in�ammatory and neuroprotective properties in a rat model of ischemic stroke. In
the present study, we examine whether Bu Shen Yi Qi granule (BSYQG) treatment has a protective impact
on the dynamic expression of thrombin in the neurovascular unit of the ischemic brain following cerebral
ischemia/reperfusion.

Methods
Adult male SD rats (n = 36) were divided into four groups: sham operation, ischemia/reperfusion (I/R), I/R 
+ BSYQG-treatment (6g/kg/day), I/R + Argatroban (0.56 mg/ml). We established the ischemic/reperfusion
model by classic cerebral artery occlusion (MCAO) for 1.5h, followed by 24h reperfusion.
Immuno�uorescence and TUNEL Double Staining were used to determine cell apoptosis in NVU.
Immuno�uorescence was used to examine the dynamic expression of thrombin in NVU.

Results
In cerebral ischemic/reperfusion damage, BSYQ treatment protected cells against apoptosis in the
neurovascular unit. Furthermore, 6 hours after ischemic/reperfusion damage, BSYQ treatment
signi�cantly reduced brain thrombin activity.

Conclusion
BSYQ exerts protective effects in NVU after cerebral ischemic/reperfusion injury by inhibiting dynamic
expression of thrombin.

1. Background
Acute ischemic stroke is one of the leading causes of disability and mortality around the world. According
to the global burden of diseases from 1990–2016, stroke ranks �rst among all neurological disorders [1].
Clinically, with the success of thrombolytic clinical trials, medical science has made a breakthrough in
stroke management [2]. Despite effective recanalization in stroke therapy, many stroke patients remain
profoundly disabled. Functional independence rates are slightly under 50% even after extremely
successful reperfusion therapies [3, 4], highlighting an unmet therapeutic need for supplementary
neuroprotective treatments for reperfusion injury [5]. In an ischemia/reperfusion injury (I/RI) model,
despite successful reperfusion, infarcts can grow. However, the mechanism of reperfusion injury is less
evident in the human brain than in the experimental models [6]. Platelets may play a key role in cerebral
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ischemia/reperfusion injury. Platelet degranulation and activated platelet receptors also may lead to
subsequent infarct growth [7, 8]. Enhanced platelet activation may play an essential role in the
development of ischemic stroke. Therefore, understanding the mechanism of platelet's contribution to
cerebral ischemic injury may contribute to the development of a potential strategy in translation
medicine.

In acute and chronic stages of ischemic stroke, platelet activation may increase the risk of subsequent
cerebrovascular events [9]. Emerging evidence suggests that thrombin is a key hemostatic process
regulator that activates platelets and plays a vital role in ischemic stroke via the activation of cellular
protease-activated receptor (PAR) [10]. In ischemic stroke, thrombin is increased following blood-brain
barrier disruption [11]. Subsequently, intravascular activation of thrombin causes brain edema and
increases the ischemia region by acting on PARs, which are expressed in neuron and glial cells [5, 12, 13].

The growing recognition of thrombin's role in ischemic stroke offers a viable therapeutic implication.
Argatroban is a recently approved direct thrombin inhibitor for the treatment of ischemic stroke [14, 15].
According to emerging evidence, argatroban treatment for ischemic stroke is safe and effective [16–
18].In addition, argatroban did not enhance the risk of bleeding in the acute phase of cerebral infarction,
according to the results of a meta-analysis [14]. However, argatroban's e�cacy in non-cardioembolic
stroke was not greater than that in cardioembolic stroke [19, 20].

Our previous studies have shown that Bu-Shen-Yi-Qi (BSYQ), a three-herb complex traditional Chinese
herbal medicine, has anti-in�ammatory and neuroprotective effects [21–23]. BSYQ signi�cantly improved
neurobehavioral dysfunction, alleviated neuronal damage, and inhibited neuronal pyroptosis [21–23].
High-dose treatment with 6g/kg Bu-Shen-Yi-Qi (BSYQ), but not 0.6 or 3g/kg BSYQ, showed the most
signi�cant effects in our previous study [24]. Furthermore, our earlier studies have shown that raw Radix
rehmanniae, the primary component of BSYQ, can protect nerve cells in vitro by inhibiting thrombin [25–
27]. In this study, we evaluated the effect of BSYQ on thrombin dynamic expression on the neurovascular
unit (NVU) in a rat model of cerebral ischemia/reperfusion.

2. Materials And Methods

2.1 Animals
A total of 36 adult male Sprague-Dawley (SD) rats (240 ~ 270g) purchased from Shanghai SLAC
Laboratory Animal Co. Ltd (Shanghai, China) were housed under speci�c pathogen-free conditions and
given ad libitum access to water and food for 3 days. The Institutional Animal Care and Use Committee
(IACUC) at Fudan University in China authorized the animal study.

2.2 Drugs and reagents
BSYQG is comprised of three traditional Chinese herbal medicines: Astragalus membranaceus (Huangqi),
Epimedium brevicornu Maxim (Yinyanghuo), and Rehmannia glutinosa (Dihuang), all of which were
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obtained as herbal granules from Jiangyin Tianjiang Pharmaceutical Co. Ltd. (Jiangyin, China). Dried
Astragalus membranaceus, Epimedium brevicornu Maxim, and rehmannia glutinosa were immersed in 10
times of water for 2h, boiled for 1h, �ltered, and sprayed dried into granules. These herbal granules were
stored at 4°C with a ratio of 3:2:1.5 at normal saline before use. The �nal concentration of oral
administration for the animal is set as 6g/kg daily(10 times doses for adults).

As a positive control, argatroban, a direct thrombin inhibitor that lowers brain damage following ischemic
stroke, was used [13]. Rats were administrated by IV argatroban injection (10mg/kg dose dissolved in
0.9% saline at 0.56mg/ml concentration) at 0.5h, 1h, 2h, 4h, and 6h after ischemic/reperfusion [28].

Immuno�uorescence was performed using mouse monoclonal antibodies for NeuN and thrombin from
Abcam (Shanghai, China), GFAP from Proteintech (Wuhan, China), CD31 from Abcam (Cambridge, USA),
Alexa Fluor 555 labeled donkey anti-rabbit IgG(H + L), and Alexa Fluor 555 labeled donkey anti-mouse
IgG(H + L) from Beyotime (Shanghai, China).

2.3 Model of middle cerebral artery occlusion/reperfusion
(MCAO/R)
The MCAO/R rat model was developed using a method of reversible regional I/R injury [27]. Rats were
anaesthetized intraperitoneally with 10% chloral hydrate (0.35mL/100g body weight) prior to operation.
During the neck incision, the left common carotid artery (CCA), internal carotid artery (ICA), and external
carotid artery (ECA) were isolated and exposed. The embolus created from the nylon �lament was then
used to occlude the MCA through a tiny incision in the internal carotid artery. After 90 minutes, a �lament
was removed to allow for 24 hours of reperfusion (Fig. 1A). The rats in the I/R, BSYQG, and argatroban
groups were given brain ischemia and reperfusion, whereas the sham-operated animals were given an
identical treatment but without artery ligation.

The effectiveness of the MCAO/R model in rats was validated by neurobehavioral scores. During the
surgery, the rat's body temperature and respiration rate were monitored.

2.4 Experimental Design
Adult male SD rats were randomly assigned to one of four groups, each with six members: sham
operation, ischemia/reperfusion (I/R), I/R + BSYQG-treatment (6 g/kg/day), and I/R + Argatroban (0.56
mg/ml). Oral gavage was used to provide medicines to the rats. The I/R + BSYQG rats were given BSYQG
at a rate of 6 g/kg/day orally, while the sham and I/R rats were given the same double-distilled water
(0.1ml/kg/day) for 7 days by oral gavage. I/R + Argatroban rats were administered Argatroban at doses
of 0.56 mg/kg 12 hours and 1 hour before ischemia induction.

2.5. Immuno�uorescence and TUNEL Double Staining
TdT-mediated dUTP Nick-End labelling (TUNEL) and immuno�uorescence labelling were used to examine
cerebral ischemia and reperfusion-induced cell apoptosis in NVU, as previously described. Anti-NeuN, anti-
GFAP, and anti-CD31 antibodies were utilized to stain neurons, astrocytes, and vascular endothelial cells
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with a TUNEL kit (Roche Diagnostics GmbH, 11684817910, Penzberg, Germany). The brain slices were
then blocked with goat serum for 1 hour before being treated with the primary antibody overnight at 4°C.
The slices were rinsed in PBS for 5 minutes 3 before being incubated with secondary antibodies for 60
minutes at 37°C in a light-shielded environment. For 15 minutes, the slices were stained with DAPI
(Beyotime, C1002, China). For TUNEL staining, the slices were incubated in a dark humidi�ed chamber at
37°C for 1 hour with TUNEL reaction mixture, followed by a �nal wash for 10 minutes 3 with PBS and
then covered with glycerine. A �uorescent microscope was used to examine the recorded pictures (NIKON,
ECLIPSE Ni, Japan). An investigator who was unaware of the experimental groups computed positive
cells at random throughout the �ve lesion locations in the ischemic brain. Apoptotic cells (TUNEL-positive
cells) were compared to NeuN for neurons, GFAP for astrocytes, and CD31 for vascular endothelial cells
to determine an apoptosis ratio.

2.6. Expression of thrombin after MCAO
The expression of thrombin in each group was observed dynamically by immuno�uorescence (0.5h, 1h,
2h, 4h, 6h after MACAO). Two para�n sections were taken from the infarcted basal ganglia brain tissue
at each time point in each rat, placed in a constant temperature oven at 65°C for 30 min, and then
immersed in xylene I and II for 15 min. Waxed parts were soaked for 5 minutes in various concentrations
of alcohol (100%, 95%, 85%, 75%) before being rinsed for 10 minutes with tap water. After natural cooling,
repair with high pressure in 0.01M sodium citrate buffer solution for 15 minutes, then wash three times
with 0.02M PBS, microwave heating in "3-5-3 method", and heat 0.01M sodium citrate buffer in an electric
furnace or water bath (pH6.0) to about 95°C, after which place the slices in the slices and heat them for
10–15 minutes for boiling repair. The primary antibody (Thrombin) was added dropwise and incubated at
4°C overnight; the �uorescent secondary antibody was added dropwise, placed at room temperature for 1
h, the anti-quenching mounting medium and DAPI were diluted 1:500 and mounted, stored at -20°C, and
�lmed under a �uorescence microscope until a total of Observe and collect images under a focusing
microscope. The integrated optical density (IOD) of thrombin was calculated using ImagePro Plus 6
software.

2.7. Statistical Analysis.
GraphPad Prism 8.0.1 was used to conduct the statistical analysis (SanDiego,CA). All data were
presented as mean ± SD. Statistically signi�cant correlation was assessed by one-way ANOVA followed
by an LSD comparison test or unpaired Student's t-tests using SPSS 11.5 for Windows (Chicago, IL, USA).
A statistically signi�cant difference was considered as P<0.05.

3. Results

3.1. BSYQG treatment protected from apoptosis in the
neurovascular unit in rats after MCAO
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The co-expression of TUNEL and immuno�uorescence were calculated to identify apoptotic neuron cells
(NeuN), astrocytes (GFAP), and vascular endothelial cells(CD31). A few apoptotic cells were observed in
the brain cortex in the Sham group. Furthermore, the number and rate of apoptotic neuron cells,
astrocytes, and endothelial cells signi�cantly increased in the brain cortex after cerebral ischemic-
reperfusion in the ischemic cortex compared with the sham group (neuron cells apoptosis P = 0.000 < 
0.001, astrocyte apoptosis P = 0.004 < 0.001, vascular endothelial cells P = 0.001 < 0.001.).BSYQG and
argatroban treatment signi�cantly attenuated apoptosis and showed a reduction in the numbers of cell
apoptosis (BSYQG group vs I/R group: neuron cells apoptosis P = 0.001 < 0.01, astrocyte apoptosis P = 
0.017 < 0.05, vascular endothelial cells P = 0.000 < 0.01, argatroban group vs. I/R group: neuron cells
apoptosis P = 0.000 < 0.01, vascular endothelial cells P = 0.001 < 0.05).It is a signi�cant reduction in the
rate of cells apoptosis in the treatment groups(BSYQG group vs. I/R group: neuron cells apoptosis P = 
0.001 < 0.01, vascular endothelial cells P = 0.009 < 0.01. argatroban group vs I/R group: neuron cells
apoptosis P = 0.000 < 0.01).

3.2. The expression of thrombin in both cerebral cortex
after cerebral ischemia-reperfusion injury
After ischemia in the middle cerebral artery of rats, with the prolongation of ischemia time (0.5,1,2,4,6 h),
the content of thrombin in the brain showed a curve, where it initially decreased (0.5h), then increased
(4h), and �nally decreased (6h) in the cerebral cortex. Thrombin content in the left brain was signi�cantly
higher at 4 h after ischemia-reperfusion than 1h (P = 0.003) and 2h (P = 0.003)after ischemia-reperfusion.
However, there was no signi�cant difference in the right brain during ischemia-reperfusion.

3.3. BSYQG treatment decreased the expression and
activity of thrombin in rats after MCAO
After an ischemic stroke, increased levels of thrombin expression and activity are linked to brain lesions.
The results indicated that after 2 hours (P = 0.032), 4 hours (P = 0.000), and 6 hours of MCAO (P = 0.008),
the levels of thrombin in the I/R group were considerably higher than those in the sham group in the left
ischemic brain. At 4 hours after MCAO, treatment with BSYQG (P = 0.001) and argatroban (P = 0.003)
signi�cantly decreased brain thrombin activity. Furthermore, treatment with BSYQG (P = 0.043)
signi�cantly decreased brain thrombin activity 6 hours after MCAO. Then, in each time period, there was
no signi�cant difference among the groups in the right brain.

4. Discussion
The current study has found that BSYQG treatment signi�cantly reduces apoptosis of neurons,
astrocytes, and endothelial cells in the ischemic brain after MCAO. So, it can be protected from apoptosis
in the neurovascular unit in rats after MCAO. We also showed that the expression of thrombin was
upregulated after 2h of ischemic/reperfusion. Importantly, BSYQG treatment signi�cantly decreased brain
thrombin activity at 4h and 6h after MCAO. Our study demonstrates that the treatment of BSYQG on the
MCAO animal model plays a pivotal role in protecting the NVU by inhibiting the thrombin.
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The NVU is a multicellular and multi-component network that is necessary for brain health and
equilibrium, and its disturbance is the prime pathophysiological mechanism of ischemic stroke.
Thrombin plays a vital role in the mechanisms and pathways with brain injury following ischemic stroke
[11]. In ischemic stroke, the higher expression of thrombin is due to breakdown blood-brain-barrier (BBB)
[29] and facilitates severe neurovascular unit injury [13]. High thrombin concentration also has a role in
brain injury, particularly in the production of cerebral edema and the expansion of the ischemic region
after a stroke [30]. It can cleave �brinogen into insoluble �brin to generate thrombus, is involved in the
death and survival of brain cells, and may act as a "gas pedal" in hemostasis [31–33]. Furthermore,
neuronal edema, excitotoxicity, and neuroin�ammatory can cause neuron and astrocyte death followed
by the high concentration of thrombin after ischemic stroke [34]. This study found that the number of
apoptotic neurons, astrocytes, and endothelial cells in the brain cortex rose considerably following
cerebral ischemia-reperfusion in the ischemic cortex compared to the sham group. Also, the quantity of
thrombin in the ischemic brain was signi�cantly higher at 4 hours than at 0.5 and 6 hours following
ischemia/reperfusion.

Bu-Shen-Yi-Qi (BSYQ), comprised of three traditional Chinese herbal medicines: Astragalus
membranaceus (Huangqi), Epimedium brevicornu Maxim (Yinyanghuo), and Rehmannia glutinosa
(Dihuang), is a compound traditional Chinese herbal prescription used to be proved as anti-in�ammatory
and neuroprotective effects [21–23]. In the previous study of the effect of BSYQ components, the
following chemical components were extracted from BSYQ: Catalpol, Leonuride, Calycosin-7-ο-β-D-
glucoside, Hyperoside, Acteoside, Formononetin-7-ο-β-D-glucoside, Epimedin A, Calycosin, Epimedin B,
Epimedin C, Icariin, Formononetin, Astragaloside IV, Astragaloside II, Baohuoside-I, Astragaloside I [35].
The primary chemical constituents in the effective BSYQ were determined by HPLC. The highest
concentrations were Icariin and epimedin C followed by catalpol, epimedin B, astragaloside IV, and
baohuoside-I [35]. Icarlin is a key active ingredient of Epimedium grandi�orum, a traditional Chinese
medicinal plant. Icarlin has been shown to have a neuroprotective effect, preventing brain damage
caused by ischemia/reperfusion [36, 37]. Catapol, the main component of Rehmannia glutinosa, can
ameliorate impaired neurovascular units in the ischemic region and promote angiogenesis to replenish
lost vessels and neurons [38]. Astragaloside IV, a primary bioactive compound of Radix Astragali, could
decrease the neurological score, reduce the brain's infarct volume, and alleviate cerebral injury after
cerebral injury [39]. According to our previous study, the two dosages of BSYQ (3g/kg, 6g/kg) enhanced
neurological dysfunction, lowered the extent of cerebral infarction, boosted neuron survival, and
decreased neuron apoptosis following cerebral I/R [24]. There was also a dose-response association
between the low and high doses. In the study, we found BSYQ (6g/kg) treatment could signi�cantly
attenuate cell apoptosis in NVU and protect neurons and astrocytes in the ischemic brain. Furthermore, 6
hours after MCAO, BSYQG treatment signi�cantly lowered brain thrombin activity.

In conclusion, we have demonstrated that BSYQ can inhibit thrombin activity and hence ameliorate
ischemic I/R injury in the NVU. In addition, a traditional Chinese medicine compound prescription is a
mixture of multiple traditional medicines, and its chemical composition can impact the total medicinal
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effect by not only enhancing but also limiting the effects of each other. As a result, the protective
mechanisms of BSYQ on ischemic injury remain to be further clari�ed.
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Figures

Figure 1

Representative images of apoptosis of different groups in the NVU of ischemic cortex 24h after
reperfusion. (A) Representative photomicrographs of immuno�uorescence labeling with NeuN
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(red)/GFAP(red)/CD31(red) and TUNEL (green) double staining. Nuclei were counterstained with DAPI
(blue), and collocation of green and blue indicated TUNEL positive cells. Scale Bar=50μm(B)
Quanti�cation of apoptotic cells. TUNEL and NeuN/GFAP/CD31 double-stained cells (yellow) indicated
the apoptotic neurons. (C) Percentage of apoptotic cells in NeuN/GFAP/CD31 positive cell. Data are
reported as the means ± SD. 𝑛=3; #𝑃<0.05 vs the sham group,## 𝑃 < 0.001 vs the sham group,∗𝑃 <
0.05 vs the I/R group, ∗∗𝑃 < 0.001 vs the I/R group.

Figure 2

the expression of thrombin changed in both cortex of MCAO rats. (A-B) The immuno�uorescence labeling
with thrombin (red) and Nuclei were counterstained with DAPI (blue) in the ipsilateral ischemic cerebral
cortex(A) and the contralateral cerebral cortex(B). Scale Bar=50μm. Dynamic changes of thrombin
antigen were found in the ipsilateral ischemic cerebral cortex(C) and the contralateral cerebral cortex(D).
The values were presented as mean ± standard error of the mean (n=3) in the left cerebral hemisphere.
**P < 0.01
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Figure 3

(A-B) Representative images of �uorescence expression of thrombin in the left(ischemic brain,A) and
right(normal brain,B) cerebral hemisphere in different time points. Representative photomicrographs of
immuno�uorescence labeling with thrombin (red) and Nuclei were counterstained with DAPI (blue) after
MCAO 0.5h,1h,2h,4h 6h. (C-D)The dynamic percentage of thrombin were expressed in regions of the
left(C) and right(D) cerebral hemisphere.

The values were presented as mean ± standard error of the mean (n =3). #P < 0.05, vs Sham group; *P <
0.05,* *P < 0.01 vs I/R group.


