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Background: Thrombolysis with tissue plasminogen activator (tPA) remains the only
approved drug therapy for acute ischemic stroke. However, delayed tPA treatment is
associated with an increased risk of brain hemorrhage. In this study, we assessed whether
QiShenYiQi (QSYQ), a compound Chinese medicine, can attenuate tPA-induced brain
edema and hemorrhage in an experimental stroke model.

Methods: Male mice were subjected to ferric chloride-induced carotid artery thrombosis
followed by mechanical detachment of thrombi. Then mice were treated with QSYQ at
2.5 h followed by administration of tPA (10 mg/kg) at 4.5 h. Hemorrhage, infarct size,
neurological score, cerebral blood flow, Evans blue extravasation, FITC-labeled albumin
leakage, tight and adherens junction proteins expression, basement membrane proteins
expression, matrix metalloproteinases (MMPs) expression, leukocyte adhesion, and
leukocyte infiltration were assessed 24 h after tPA administration.

Results:Compared with tPA alone treatments, the combination therapy of QSYQ and tPA
significantly reduced hemorrhage, infarction, brain edema, Evans blue extravasation,
albumin leakage, leukocyte adhesion, MMP-9 expression, and leukocyte infiltration at
28.5 h after stroke. The combination also significantly improved the survival rate, cerebral
blood flow, tight and adherens junction proteins (occludin, claudin-5, junctional adhesion
molecule-1, zonula occludens-1, VE-cadherin, α-catenin, β-catenin) expression, and
basement membrane proteins (collagen IV, laminin) expression. Addition of QSYQ
protected the downregulated ATP 5D and upregulated p-Src and Caveolin-1 after tPA
treatment.

Conclusion: Our results show that QSYQ inhibits tPA-induced brain edema and
hemorrhage by protecting the blood-brain barrier integrity, which was partly attributable
to restoration of energy metabolism, protection of inflammation and Src/Caveolin signaling
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activation. The present study supports QSYQas an effective adjunctive therapy to increase the
safety of delayed tPA thrombolysis for ischemic stroke.
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INTRODUCTION

Intravenous thrombolysis with tissue plasminogen activator
(tPA) is the only US Food and Drug Administration-approved
drug therapy for acute ischemic stroke (Zhang et al., 2020).
However, tPA has to be administered within 3 h and selected
patients would be increased to 4.5 h after symptom onset (De
Keyser et al., 2007; Cheng and Kim, 2015). Delayed tPA treatment
may be related to increased risks of brain edema and hemorrhage
(Mao et al., 2017). Therefore, potential therapies that decrease the
risks of brain edema and hemorrhage caused by delayed tPA
administration are greatly needed.

Blood-brain barrier (BBB) disruption plays a critical role in the
pathogenesis of tPA-associated brain edema and hemorrhage (Ye
et al., 2020). The tight junctions (TJ) and adherens junctions (AJ)
of endothelial cells, and cerebrovascular basement membrane are
important components of BBB (Zhao et al., 2015). After ischemic
stroke, delayed tPA treatment directly induces degradation of TJ,
AJ, and basement membrane due to the protease activity of tPA
and plasmin (Niego and Medcalf, 2014; Chen QF. et al., 2018).
The neurotoxic effects of tPA have been reported to aggravate the
pathological process of stroke (Harada et al., 2005). Many
researches also indicated that tPA increases matrix
metalloproteinase-9 (MMP-9) activity in the ischemic brain,
which exacerbates BBB disruption by degrading TJ, AJ, and
basement membrane (Jin et al., 2011; Ding et al., 2019).
Besides, tPA-induced reperfusion injury after thrombolysis
causes further damage of BBB (Knecht et al., 2017; Chen QF.
et al., 2018). The complex mechanism behind tPA-associated
BBB disruption makes it hard to attenuate edema and
hemorrhage through targeting a single link.

QiShenYiQi (QSYQ) is a compound Chinese medicine
approved by the China Food and Drug Administration in
2003 for treatment of myocardial ischemia (Zheng et al.,
2019). It is composed of four Chinese herbs, i.e., Astragalus
membranaceus (Huangqi), Salvia miltiorrhiza (Danshen),
Panax notoginseng (Sanqi), and Dalbergia odorifera
(Jiangxiang). QSYQ and its major bioactive ingredients exert
cardioprotection against myocardial ischemia-reperfusion (IR)
injury via multiple mechanisms (Han et al., 2019). Several
bioactive ingredients of QSYQ have presented potential to
protect the brain from IR injury (Hou et al., 2016; Wang
et al., 2017; Xie et al., 2018). Our previous study has
demonstrated that T541, a compound medicine consisting of
three major bioactive ingredients of QSYQ (total astragalus
saponins, total salvianolic acids, and total panax notoginseng
saponins), attenuates delayed tPA-related angioedema and
hemorrhage by preventing the disruption of BBB (Chen QF.
et al., 2018). Recent studies showed that QSYQ exerts protective
effects against acute cerebral IR injury via inhibiting
neuroinflammatory response (Wang et al., 2020; Wang et al.,

2021). The available evidence indicates that QSYQ is potentially
able to protect BBB integrity and inhibit tPA-associated edema
and hemorrhage after stroke. In the present study, we aimed to
determine whether and how QSYQ attenuates tPA-induced brain
edema and hemorrhage in a mouse model of ischemic stroke.

MATERIALS AND METHODS

Animal Model
All animal protocols were approved by the Committee on the
Ethics of Animal Experiments of Peking University Health
Science Center. Male C57BL/6N mice (six to seven weeks of
age) weighing 20–24 g were purchased from Beijing Vital River
Laboratory (Certificate No. SCXK 2016-0006, Beijing, China).
The cerebral thrombus model was established by ferric chloride
(FeCl3) stimulation of the carotid artery followed by mechanical
detachment of thrombus as described (Martinez de Lizarrondo
et al., 2017). Briefly, a mouse was anesthetized with sodium
pentobarbital (2%, 45 mg/kg, I.P.) and placed under a
dissecting microscope. The right common carotid artery was
exposed and wrapped with a piece of filter paper strip soaked
in 20% FeCl3 solution (Fuchen Chemicals, Tianjin, China) for
5 min. The filter paper was then removed to allow the formation
of a thrombus for 10 min. Thereafter, the thrombus was detached
by a microforcep and migrated toward the intracranial
circulation. Cerebral blood flow (CBF) was measured 2.5 h
after surgery, and only mice with percent CBF at 2.5 h falling
by 60–90% compared to contralateral sides were used for further
experiments (Supplementary Figure S1). Mice in the sham
group underwent the same operation but the FeCl3 solution
was replaced with saline.

Experimental Design
Mice were randomly assigned to eight groups via random
number: 1) Sham + Vehicle, 2) Sham + QSYQ 0.5, 3)
Thrombus + Vehicle, 4) Thrombus + QSYQ 0.5, 5) Thrombus
+ tPA, 6) Thrombus + tPA + QSYQ 0.25, 7) Thrombus + tPA +
QSYQ 0.5, and 8) Thrombus + tPA + QSYQ 1 (Supplementary
Figure S2). In QSYQ groups, the animals were given QSYQ at
2.5 h after surgery (Shao et al., 2017) through a gavage tube at
0.25 g/kg, 0.5 g/kg, or 1 g/kg, respectively. The dose of 0.25 g/kg is
equivalent to clinical dose of QSYQ for adult (Shang et al., 2013).
QiShenYiQi were obtained from Tasly Pharmaceutical Co. Ltd.
(Batch No. 190308, Tianjin, China), and dissolved in 0.2 ml
saline. The animals in vehicle groups were given equal volume
of saline the same way. The animals in tPA groups were
administrated with tPA (Actilyse, Boehringer Ingelheim,
Biberach, Gemany) at 10 mg/kg by continuous infusion
through left femoral vein for an hour starting from 4.5 h after
ischemia onset (Figure 1A). The dose of tPA was determined
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according to previous reports (Mao et al., 2017). Only the optimal
dosage of QSYQ was used in further experiments. The number of
mice used in each experiment is summarized in Supplementary
Table S1.

Measurement of Infarction and Cerebral
Water Content
Mice were euthanatized and transcardially perfused with saline
24 h after tPA administration. The brains were removed quickly

FIGURE 1 | Effect of QSYQ on cerebral blood flow (CBF) and infarction in tPA-treated stroke mice. (A) Schematic representation of experimental design. (B)
Representative images and (C) quantitative analysis of CBF at baseline, 2.5, 4.5, 5.5, 6.5, and 28.5 h after stroke onset (n � six to seven per group). Data were compared
by a two-way ANOVA followed by Tukey’s post hoc test. (D)Representative images and (E) quantitative analysis of infarct volume (n � 8 per group). Data were compared
by a two-way ANOVA followed by Tukey’s post hoc test. CBF indicates cerebral blood flow; MCAO, middle cerebral artery occlusion; BBB, blood-brain barrier;
IHC, immunohistochemistry; WB, western blot. *p < 0.05 vs sham; #p < 0.05 vs thrombus; &p < 0.05 vs thrombus + tPA.
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and were sliced into five serial 2-mm-thick coronal sections. Brain
slices were immersed in 2,3,5-triphenyltetrazolium chloride (2%,
Sigma-Aldrich, MO, United States) for 20 min. The slices were
photographed to quantify infarct volume. For assessment of
cerebral water content, mice were sacrificed at 24 h after tPA
treatment. Brains were quickly removed and weighted as wet
weight. Then the brains were placed in a 60°C oven for 3 days and
the dry weight was recorded. Cerebral water content was
calculated as per (wet weight-dry weight)/wet weight×100%.

Assessment of Intracerebral Hemorrhage
Mice were perfused with saline transcardially 24 h after
administration of tPA. Brains were removed immediately and
sliced into five serial slices. The slices were photographed
followed by homogenization and centrifugation. Hemoglobin
content was measured using a hemoglobin colorimetric assay
kit (Item No. 700540, Cayman Chemical, MI, United States). The
severity of brain hemorrhage was classified as four types following
previously described criteria: no hemorrhage (NH); hemorrhagic
infarction type 1 (HI-1), revealing a single petechia in the
ischemic area; hemorrhagic infarction type 2 (HI-2), two to
three petechiae in the ischemic area; and hemorrhagic
infarction type 3 (HI-3), more than three petechiae in the
ischemic area (Garcia-Culebras et al., 2017). The hemorrhage
rate was calculated as (1-number of NH/overall number of
mice)×100%.

Evaluation of BBB Permeability
Mice were intravenously injected with Evans blue (2%, 4 ml/kg,
Sigma-Aldrich, MO, United States) 3 h before they were
sacrificed to assess the BBB permeability. Mice were
transcardially perfused with saline and the brains were sliced
into 2-mm coronal slices at 24 h after tPA treatment. The slices
were then photographed and homogenized in 50% trichloroacetic
acid and centrifuged at 10,000 g for 30 min. The supernatants
were subjected to spectrophotometric quantification of leaked
Evans blue dye at an excitation wavelength of 620 nm.

For evaluation of albumin leakage, FITC-labeled albumin
(50 mg/kg, Sigma-Aldrich, MO, United States) was infused via
femoral vein after craniotomy at 24 h after tPA treatment. The
mouse head was fixed in a stereotactic frame and the skull was
thinned by an electric cranial drill. Thirty minutes after FITC
infusion, the albumin leakage from cerebral venules was observed
using an intravital fluorescent microscopy (BX51WI, Olympus,
Tokyo, Japan). Fluorescence signal (excitation wavelength at
420–490 nm, emission wavelength at 520 nm) was acquired
using a super-sensitive CCD camera (USS-301, UNIQ, CA,
United States). The fluorescent intensity was measured using
ImageJ software (NIH, Bethesda, MD, United States). The results
were presented as I/V (I, the fluorescent intensity in interstitial
tissue; V, the fluorescent intensity within cerebral venule) (Li
et al., 2019).

Monitoring of Cerebral Blood Flow
The cerebral blood flow (CBF) was determined using a laser-
Doppler flowmetry (moorFLPI-2, Moor Instruments, Devon,
UK). For this, a skin incision was performed to expose the

skull. The whole brain scan was performed using the probe to
measure CBF. Blood flow data was recorded at baseline, 2.5, 4.5,
5.5, 6.5, and 28.5 h after FeCl3 stimulation, respectively
(Figure 1A). The changes of CBF were analyzed using
moorFLPI Review software (Moor Instruments, Devon,
United Kingdom).

Measurement of Adherent Leukocytes
Adherent leukocytes in mouse cerebral venules were measured as
previously reported (Wang et al., 2019). The fluorescence tracer
Rhodamine 6G (1.5 mg⁄kg, Sigma-Aldrich, MO, United States)
was administrated to mouse via the femoral vein 30 min before
observation. Then the cerebral cortex venules were observed after
craniotomy under an intravital fluorescent microscopy (BX51WI,
Olympus, Tokoy, Japan) at the wavelength of 543 nm. The
adherent leukocytes were identified as those that stayed
attaching to the venular walls for more than 10 s. The number
of adherent leukocytes was counted manually on the captured
images.

Assessment of Neurological Deficits
Neurological Deficits of mice were assessed 24 h after tPA
administration. Neurological function was graded with
modified neurological severity scores (mNSS) and neurological
evaluation scale (NES) as previously described (Supplementary
Table S2, S3) (Chen QF. et al., 2018). Analyses were performed
by a blind investigator.

Western Blot
Western Blot was performed as described previously (Chen QF.
et al., 2018). Protein extracts were obtained from the right
cerebral cortices. Brain tissues were lyzed by RIPA lysis buffer
(100 mg/ml). To prepare protein sample, tissue homogenates
were centrifuged at 12,000 rpm for 25 min and protein
concentration was determined by a BCA protein assay. After
quantification, protein was separated by SDS-PAGE (10 ul
homogenate per lane) and transferred to a polyvinylidene
difluoride membrane. Membranes were blocked with 5%
skimmed milk powder for 1 h at room temperature.
Antibodies used were as follows: anti-zonula occludens-1 (1:
1000, ab216880, Abcam, Cambridge, United Kingdom); anti-
junctional adhesion molecule-1 (1:1000, ab180821, Abcam,
Cambridge, United Kingdom); anti-Occludin (1:1000,
ab224526, Abcam, Cambridge, United Kingdom); anti-Claudin
5 (1:1000, 35-2500, Invitrogen, CA, United States); anti-VE
Cadherin (1:1000, ab232515, Abcam, Cambridge,
United Kingdom); anti-α catenin (1:1000, 2131, CST, MA,
United States); anti-β catenin (1:1000, 9562, CST, MA,
United States); anti- ATP 5D (1:1000, ab97491, Abcam,
Cambridge, United Kingdom); anti-ATP synthase α (1:1000,
612,517, BD, NJ, United States); anti-Caveolin-1 (1:1000, 3238,
CST, MA, United States); anti-Src (1:1000, 2107, CST, MA,
United States); anti-p-Src (1:1000, ab32078, Abcam,
Cambridge, United Kingdom); anti-Collagen IV (1:1000,
ab6586, Abcam, Cambridge, United Kingdom); anti-Laminin
(1:1000, ab11575, Abcam, Cambridge, United Kingdom); anti-
MMP2 (1:1000, ab37150, Abcam, Cambridge, United Kingdom);
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anti-MMP9 (1:1000, ab228402, Abcam, Cambridge,
United Kingdom); anti-β actin (1:2000, ab8226, Abcam,
Cambridge, United Kingdom). Then the membranes were
incubated with a secondary antibody for 1 hour at room
temperature. The protein bands were detected with an
enhanced chemiluminescence system and quantification
analyses were performed using ImageJ software (NIH,
Bethesda, MD, United States).

Immunofluorescence Staining and
Immunohistochemistry
Immunofluorescence staining was performed as described
previously (Chen QF. et al., 2018). The brain frozen tissues
were sectioned with a cryostat (CM 1900, Leica, Bensheim,
Germany) to a thickness of 10 μm. The sections were blocked
with goat serum for 15 min at room temperature. Antibodies used
were as follows: anti-Occludin (1:200, ab224526, Abcam,
Cambridge, United Kingdom); anti-VE cadherin (1:200,
ab232515, Abcam, Cambridge, United Kingdom); anti-
Collagen IV (1:500, ab6586, Abcam, Cambridge,
United Kingdom); anti-Laminin (1:400, ab11575, Abcam,
Cambridge, United Kingdom); anti-MMP9 (1:500, ab38898,
Abcam, Cambridge, United Kingdom); anti-MPO (1:200,
ab9535, Abcam, Cambridge, United Kingdom); anti-von
Willebrand factor (1:50, GTX28822, Gene Tex, CA,
United States); anti-GFAP (1:200, ab279289, Abcam,
Cambridge, United Kingdom); anti-AQP4 (1:200, ab259318,
Abcam, Cambridge, United Kingdom); anti-CD18 (1:100,
ab52920, Abcam, Cambridge, United Kingdom); anti-CD68 (1:
100, ab31630, Abcam, Cambridge, United Kingdom). Primary
antibodies were recognized by the following secondary
antibodies: DyLight 488-labeled goat anti-rabbit IgG (1:100,
KPL, MD, United States) and DyLight 549-labeled goat anti-
rabbit IgG (1:100, KPL, MD, United States). Hoechst 33,342 (1:
50, H342, Dojindo, Kumamoto, Japan) was used to stain nuclei.
Slices were photographed under a laser scanning confocal
microscope (TCS SP5, Leica, Bensheim, Germany).

Immunohistochemistry was undertaken as routine. After
antigen retrieval and blocking steps (sections were blocked
with goat serum for 20 min at room temperature), 10 μm
sections were incubated with primary antibodies as follows:
anti-MMP2 (1:200, ab92536, Abcam, Cambridge,
United Kingdom); anti-MMP9 (1:500, ab38898, Abcam,
Cambridge, United Kingdom); anti-MPO (1:200, ab9535,
Abcam, Cambridge, United Kingdom). Specific binding was
detected by incubation with an HRP-conjugated secondary
antibody and revealed using the DAB substrate kit (Zhong
Shan-Golden Bridge Biological Technology, Beijing, China).
Slices were observed and photographed under an optical
microscope (BX512DP7, Olympus, Tokyo, Japan).

Statistical Analysis
Data analysis was performed using GraphPad Prism version 7.0
software for Windows (GraphPad Software, CA, United States).
Results were expressed as mean ± SEM. The Shapiro-Wilk test
was performed to assess the normality of data distribution. When

passing the normality test, a one-way or two-way ANOVA
followed by Tukey’s post hoc test was used for statistical
analysis. Otherwise, a Kruskal–Wallis test was performed. A
Log-rank (Mantel-Cox) test was performed to analyze the
Kaplan-Meier survival curves. p < 0.05 was considered
statistically significant.

RESULTS

QSYQ Reduces Delayed tPA-Induced Brain
Impairment After Ischemic Stroke in Mice
We first evaluated the effect of QSYQ on CBF in tPA-treated
stroke mice, which was recorded at baseline, 2.5, 4.5, 5.5, 6.5, and
28.5 h after stroke onset (Figures 1B,C). Compared with the
sham group, CBF in the thrombus group was significantly
decreased after 2.5 h. Neither QSYQ nor tPA alone had any
effect on the reduced CBF at any time point examined.
Interestingly, thrombus + tPA + QSYQ 0.5 group partly
reversed the reduction of CBF at 28.5 h after stroke compared
with the thrombus group. But other tPA + QSYQ treatment
groups did not reveal significant effect on CBF. Similar results
were observed using the India ink perfusion method
(Supplementary Figure S3). We also investigated whether
QSYQ directly inhibits the action of tPA in vitro. The results
showed that QSYQ did not directly affect tPA’s fibrinolytic
activity (Supplementary Figure S4).

We then quantified the effect of QSYQ on brain infarction in
tPA-treated stroke mice. Infarct volume in the thrombus + tPA
group was increased compared with the thrombus group, but the
difference was not statistically significant (Figures 1D,E). The
increase of infarct volume in tPA-treated stroke mice was
markedly reversed by QSYQ treatment at 0.5 g/kg and 1 g/kg.

QSYQ Improves tPA-Induced Poor Survival
Rate and Neurological Deficits After
Ischemic Stroke
Next, we evaluated the effect of QSYQ on tPA-related poor
survival rate and neurological deficits in stroke mice. The
survival rate of mice was observed daily until day 7. The
survival rate of thrombus group was 50% on day 7, which was
significantly deteriorated by treatment with tPA (7.14%).
Addition of QSYQ at 0.25 g/kg, 0.5 g/kg, 1 g/kg to tPA
treatment group elevated the survival rate (16.67, 25, 8.33%,
respectively; Figure 2A), although the improvement was not
statistically significant.

Neurological deficits were evaluated 24 h after tPA treatment
using two classic scales (mNSS and NES). Both scales showed that
the neurological deficits were significantly worse in the tPA
treatment group than that in the thrombus group.
Interestingly, the aggravating neurological deficits in tPA-
treated stroke mice were markedly reversed by addition of
QSYQ at 0.5 g/kg. While addition of QSYQ at 0.25 g/kg or
1 g/kg to tPA treatment group did not reveal significant effect
on neurological deficit scores (Figures 2B,C). We also observed
the efficacy of QSYQ on tPA-induced neurological deficits at
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2 weeks after stroke onset (Supplementary Figure S5). The
results showed that neurological deficits were dramatically
worse after tPA treatment. Addition of QSYQ at 0.5 g/kg
attenuated the neurological deficits induced by tPA
administration, although the difference was not statistically
significant.

QSYQ Prevents tPA-Induced Blood–Brain
Barrier Deterioration and Brain Edema After
Ischemic Stroke
We further explored whether QSYQ inhibits BBB disruption
and brain edema in tPA-treated stroke mice. The Evans blue
extravasation and albumin leakage were used to quantify BBB
damage. In stroke mice, Evans blue extravasation was
dramatically increased after tPA treatment (Figures 3A,B).
Addition of QSYQ at 0.25 g/kg, 0.5 g/kg, and 1 g/kg
significantly reduced the extravasation of Evans blue in
stroke mice with tPA infusion. Similarly, leakage of
albumin was markedly increased in the tPA-alone group,
and the tPA-associated increase was significantly attenuated

by QSYQ treatment at 0.25 g/kg, 0.5 g/kg, and 1 g/kg (Figures
3C,D). Cerebral water content was used to determine brain
edema. As expected, tPA treatment elicited obvious brain
edema in stroke mice (Figure 3E). The increased cerebral
water content was attenuated significantly by addition of
QSYQ at 0.5 g/kg.

QSYQ Reduces the Risk of tPA-Induced
Brain Hemorrhage After Ischemic Stroke
We next evaluated the effect of QSYQ on tPA-induced brain
hemorrhage in stroke mice. The degrees of hemorrhagic
infarction were scored as described in the methods. The
hemorrhage rate of thrombus group was 37.5%, which was
increased by treatment with tPA to 70.59% with a high
percentage (35.29%) of severe hemorrhage (HI-2 and HI-3).
Addition of QSYQ at 0.25 g/kg, 0.5 g/kg, 1 g/kg to thrombus +
tPA group decreased the hemorrhage rate (56.25, 40, 60%,
respectively) with low incidence of severe hemorrhage (25, 20,
26.67%, respectively; Supplementary Figure S6). Then brain
hemorrhage was quantified by the spectrophotometric

FIGURE 2 | Effect of QSYQ on animal survival and neurological dysfunction in tPA-treated stroke mice. (A) Survival rate (n � 12 per group). Data were compared by
a Log-rank (Mantel-Cox) test. Neurological deficits were assessed by (B)modified neurological severity score (mNSS) and (C) neurological evaluation scale (NES) (n � 8
per group). Data were compared by a Kruskal–Wallis test. *p < 0.05 vs sham; #p < 0.05 vs thrombus; &p < 0.05 vs thrombus + tPA. ns, not statistically significant
compared to thrombus + tPA.
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hemoglobin assay, showing that infusion of tPA elicited
obvious brain hemorrhage in stroke mice, which was
significantly attenuated by addition of QSYQ at 0.5 g/kg
(Figures 4A,B).

The expressions of collagen IV and laminin were evaluated by
Western blot and immunofluorescence staining. Administration
of tPA induced disruptions of collagen IV and laminin in stroke
mice, while the tPA-evoked disruptions of basement membrane
proteins were partly prevented by addition of QSYQ at 0.5 g/kg
(Figures 4C–E). Western blot showed that the expression of
laminin was significantly decreased by tPA treatment (Figures
4F–H). Addition of QSYQ at 0.5 g/kg to thrombus + tPA group

markedly elevated the expression levels of collagen IV and
laminin.

QSYQ Ameliorates tPA-Induced
Degradation of Tight and Adherens
Junctions After Ischemic Stroke
In light of the critical role of endothelial cell junction in regulation
of BBB, we determined the effect of QSYQ on expressions of tight
and adherens junction proteins in tPA-treated stroke mice.
Immunofluorescence staining showed that tPA treatment caused
discontinuity of occludin andVE-cadherin around the periphery of

FIGURE 3 | Effect of QSYQ on blood-brain barrier (BBB) permeability in tPA-treated stroke mice. (A) Representative images and (B) quantitative analysis of Evans
blue extravasation (n � 7 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. (C) Representative images and (D) quantitative
analysis of albumin leakage (n � 6 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. (E) Quantitative analysis of cerabral water
content (n � seven to eight per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05 vs sham; #p < 0.05 vs thrombus;
&p < 0.05 vs thrombus + tPA.
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FIGURE 4 | Effect of QSYQ on brain hemorrhage and basement membrane protein expression in tPA-treated stroke mice. (A) Representative slices and
(B) quantitative analysis of brain hemorrhage in each group (n � 6 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test.
(C) Representative images and (D,E) quantitative analysis of immunofluorescence staining for collagen IV and laminin in indicated groups (n � 3 per group).
(F) Representative images and (G,H) quantitative analysis of immunoblotting of collagen IV and laminin in mouse brain tissues (n � 6 per group). Data were
compared by a two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05 vs sham; #p < 0.05 vs thrombus; &p < 0.05 vs thrombus + tPA.
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FIGURE 5 | Effect of QSYQ on tight junctions and adherens junctions protein expression in tPA-treated stroke mice. (A,B) Representative images and (C,D)
quantitative analysis of immunofluorescence staining for occludin and VE-cadherin in indicated groups (n � 3 per group). (E) Representative images of immunoblotting of
zonula occludens-1 (ZO-1), junctional adhesion molecule-1 (JAM-1), occludin, claudin-5, VE-cadherin, α-catenin, and β-catenin in mouse brain tissues. Quantitative
analysis of immunoblotting of ZO-1 (F), JAM-1 (G), occludin (H), claudin-5 (I), VE-cadherin (J), α-catenin (K), and β-catenin (L) (n � 6 per group). Data were
compared by a two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05 vs sham; #p < 0.05 vs thrombus; &p < 0.05 vs thrombus + tPA.
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endothelial cells, while the discontinuity was attenuated by addition
of QSYQ at 0.5 g/kg (Figures 5A–D). Western blot showed that
tPA treatment induced a decreased expression of zonula occludens-
1 (ZO-1), junctional adhesion molecule-1 (JAM-1), occludin,
claudin-5, VE-cadherin, α-catenin, β-catenin compared with the
thrombus group (Figure 5E-L). All the decreased expressions of
tight and adherens junction proteins caused by tPA were protected
by addition of QSYQ at 0.5 g/kg.

QSYQ Inhibits tPA-Induced Upregulation of
Src/Caveolin-1 Pathway and Attenuates
Energy Metabolism Disturbance After
Ischemic Stroke
The expressions of Caveolin-1, Src, and Phospho-Src were
determined by Western blot. Compared with the sham group, the
expression of Caveolin-1 was significantly increased in the tPA-

treated group (Figures 6A–C). But the increase was markedly
blocked by addition of QSYQ at 0.5 g/kg. The phosphorylation
level of Src was elevated by tPA treatment compared with the
thrombus group, while addition of QSYQ to tPA-treated mice
significantly hampered the phosphorylation of Src.

The expressions of ATP 5D and ATP synthase α were also
determined. We observed that the expression of ATP 5D was
decreased in tPA-infused mice compared to stroke mice (Figures
6D–F). Addition of QSYQ at 0.5 g/kg significantly prevented the
decrease in the expression of ATP 5D. However, no statistically
significant difference was observed in the expression of ATP
synthase α between groups. The mitochondrial Complex I
enzyme activity was decreased in the tPA-treated group, but
addition of QSYQ at 0.5 g/kg blocked the decrease (Figure 6G).
No statistically significant difference was observed in the enzyme
activities of Complex II and Complex IV between groups
(Figures 6H,I).

FIGURE 6 | Effect of QSYQ on caveolae-related protein expression, energy-related protein expression, and mitochondrial complex enzyme activity in tPA-treated
stroke mice. (A) Representative images and (B,C) quantitative analysis of immunoblotting of Caveolin-1, Src, and phospho-Src in mouse brain tissues (n � 6 per group).
Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. (D) Representative images and (E,F) quantitative analysis of immunoblotting of ATP 5D
and ATP synthase α in mouse brain tissues (n � 6 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. (G-I) Enzyme activities
of mitochondrial Complex I, II, and IV (n � 6 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05 vs sham; #p < 0.05 vs
thrombus; &p < 0.05 vs thrombus + tPA.
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QSYQ Inhibits tPA-Induced Activation of
Macrophage-Derived MMP-9 After
Ischemic Stroke
We sought to investigate the mechanisms by which QSYQ treatment
blocked tPA-induced brain hemorrhage in stroke mice. The
expressions of MMP-2 and MMP-9 were detected by

immunohistochemistry staining (Figures 7A–C) and Western blot
(Figures 7D–F). The results demonstrated that tPA infusion
increased MMP-9 expression in the brain of stroke mice, while
addition of QSYQ at 0.5 g/kg blocked the increase of MMP-9
expression. There was no obvious difference in the expression of
MMP-2 among the experimental groups. We also assessed the
expression of aquaporine-4 (AQP4) in this study. The results

FIGURE 7 | Effect of QSYQ onmatrix metalloproteinases (MMPs) expression in tPA-treated stroke mice. (A) Representative images and (B,C) quantitative analysis
of immunostaining results of MMP-2 and MMP-9 in indicated groups (n � 3 per group). (D) Representative slices and (E,F) quantitative analysis of immunoblotting of
MMP-2 and MMP-9 in indicated groups (n � 6 per group). (G) Representative images and (H) quantitative analysis of immunofluorescence staining for aquaporin-4
(AQP4) (n � 3 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05 vs sham; #p < 0.05 vs thrombus; &p < 0.05 vs
thrombus + tPA.
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showed that the expression of AQP4 was increased in stroke mice
compared to sham mice (Figures 7G,H). Administration of tPA
resulted in further increase of AQP4 in stroke mice, while the tPA-
evoked increase was partly prevented by addition of QSYQ at
0.5 g/kg.

We assessed the effect of QSYQ on tPA-related leukocyte
adhesion in cerebral venules of stroke mice. Compared with the
thrombus group, the number of adherent leukocytes in the thrombus
group was significantly increased after tPA infusion (Figures 8A,B).
The combination therapy of QSYQ and tPAmarkedly attenuated the
increase of adherent leukocytes. Leukocyte infiltration was quantified
by myeloperoxidase (MPO) staining. MPO-positive cells were
significantly increased in the brains of tPA-treated stroke mice

(Figures 8C,D). Addition of QSYQ at 0.5 g/kg markedly
hampered the increase of MPO-positive cells. We further explored
where did the increased MMP-9 in tPA-treated mice mainly derive
from (Figure 8E). Double immunostaining showed strong
colocalization of MMP-9 signal with the MPO, CD18, and CD68,
but not with the endothelial cell-specific marker (von Willebrand
factor, vWF).

DISCUSSION

Delayed treatment of tPA-induced brain edema and hemorrhage
in ischemic stroke limits its application in clinic. We previously

FIGURE 8 | Effect of QSYQ on leukocyte adhesion and leukocyte infiltration in tPA-treated stroke mice. (A) Representative images and (B) quantitative analysis of
leukocyte adhesion (n � 6 per group). Data were compared by a two-way ANOVA followed by Tukey’s post hoc test. Red arrows indicate adherent leukocytes. (C)
Representative images and (D) quantitative analysis of immunostaining for myeloperoxidase (MPO) (n � 3 per group). (E) Double immunofluorescence staining showing
the colocalization of MMP-9 with leukocyte markers (MPO, CD18) and the specific macrophagemarker (CD68), but not with endothelial cell marker (vonWillebrand
factor, vWF) in the thrombus + tPA group (n � 3 per group). *p < 0.05 vs sham; #p < 0.05 vs thrombus; &p < 0.05 vs thrombus + tPA.
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reported that T541, a compound medicine consisting of major
bioactive ingredients of QSYQ, attenuated brain impairment
caused by delayed tPA treatment in a stroke model (Chen QF.
et al., 2018). The present study, for the first time, provided direct
evidence demonstrating that QSYQ attenuated tPA-induced
brain edema and hemorrhage in a modified stroke model, and
the effects of QSYQ were attributable to its capacity to contain
BBB damage, leukocyte adhesion, leukocyte infiltration, and
MMP-9 release. Moreover, the survival rate of mice was
assessed daily until day 7 after initiation of stroke in present
study rather than at 24 h as in study of T541 (Chen QF. et al.,
2018), the result of the present study is thus more clinically
relevant.

A modified FeCl3-induced thromboembolic stroke model
(Martinez de Lizarrondo et al., 2017) was employed in this study,
wherein the FeCl3-induced thrombi were mechanically detached
allowing for movement to middle cerebral artery. Compared with
the classic middle cerebral artery occlusion model (Longa et al.,
1989), this model is easy to perform and well mimics the clinical
process of human thromboembolic stroke. Our study showed that
tPA alone treatment did not significantly restore the CBF in
thrombus mice. This is probably because the thrombi induced by
FeCl3 are platelet-rich and tPA resistant (Martinez de Lizarrondo
et al., 2017). It appeared that QSYQ alone treatment had a positive
effect on the CBF restoration, although the result was not statistically
significant. Furthermore, the combination of tPA and QSYQ
0.5 g/kg partly reversed the CBF reduction caused by thrombus.
Interestingly, QSYQ at 0.5 g/kg apparently increased the number of
open cerebral vessels in mice underwent thrombus challenge, as
shown in Supplementary Figure S3, which suggests QSYQ having a
thrombolysis activity.

The BBB disruption is a key episode in the brain damage after
delayed tPA treatment, which leads to brain edema and
hemorrhage (Ye et al., 2020). BBB is maintained by
endothelial cell junctions and intact basement membrane, as
well as by rare transcellular transport via intracellular vesicles.
Delayed tPA treatment-mediated BBB disruption in ischemic
stroke is in essence an ischemia and reperfusion (I/R) injury,
which superimposes on the insults caused by protease activity of
tPA and impacts the BBB via a variety of mechanism.
Malfunctional energy metabolism in this condition deprives
ATP supply necessary for keeping F-actin intact, the junction
proteins thus losses mechanic support and tends to collapse. I/R
injury is known to provoke the release of MMPs resulting in
degradation of junctional and basement membrane proteins,
which, along with disrupted cell junctions, accounts for
cerebral hemorrhage. I/R is also reported to activate Src,
which initiates a spectrum of reactions including
phosphorylation of caveolin-1 accelerating intracellular
transport. In consistence with these reports, we observed a
downregulated expression of ATP 5D in thrombus + tPA
treatment group, suggesting the contribution of energy
metabolism dysfunction to break down the BBB in this
circumstance. Addition of QSYQ prior to tPA administration
protected reduction of ATP 5D expression by tPA, an effect
predicable in light of the reported role of notoginsenoside R1 (He
et al., 2014), the main components of Panax notoginseng.

In line with other studies, our results showed that tPA evoked
an increase in MMP-9 protein expression in the cortex, while no
significant change was detected for MMP-2 expression (Murata
et al., 2008; Jin et al., 2011). This result differs from that in T541,
in which no significant change was found for the content of both
MMP-2 and MMP-9 in the cortex from ischemic stroke mice
after tPA treatment, although the activity of the two MMPs
increased in plasma (Chen QF. et al., 2018). This
inconsistence is likely due to the difference in the animal
model and/or the methodology for quantifying MMPs used in
the two studies. Nevertheless, the present study revealed that
QSYQ prevented the increase in MMP-9 in the cortex of stroke
mice after tPA treatment, suggesting that inhibition of MMP-9
expression underlies the protective effect of QSYQ on basement
membrane integrity. Endothelial cells and infiltrated neutrophils
are regarded as the major source of MMP-9 in the ischemic
hemisphere after tPA infusion (Kasahara et al., 2012; Jin et al.,
2019). In our study, the increased MMP-9 following tPA
treatment was mainly derived from MPO-postive
macrophages, as demonstrated by the colocalization of MMP-
9 with MPO, CD68, and CD18, but not with vWF. This result
indicated that inhibition of MPO-postive macrophage-derived
MMP-9 was involved in the protective effect of QSYQ on tPA-
induced brain edema and hemorrhage. The capacity of QSYQ to
combat inflammation has been demonstrated as well by the
finding in the present study that QSYQ attenuated leukocyte
adhesion to and extravasation from cerebral microvessels after
tPA treatment.

It is known that stroke may induce immunosuppression
(Elkind et al., 2020) and tPA might aggravate this effect
(Draxler et al., 2019). The present study suggested that QSYQ
attenuated tPA-induced inflammation in central nerve system
mainly by reducing leukocyte adhesion and suppressing
leukocyte infiltration. QSYQ probably not affect the number of
peripheral blood leucocytes (Han et al., 2019). Our previous
studies did not observe suppressive effect of QSYQ on
immune function in sham control animals (Li et al., 2012;
Zhou et al., 2017), which further support our speculation.

The present study revealed that Caveolin-1, alone with p-Src,
increased in ischemic stroke mouse brain tissue upon delayed
treatment with tPA, consistent with the result from others (Chen
S. et al., 2018), which was abrogated by addition of QSYQ,
suggesting Src/Caveolin-1 as one of the targets for QSYQ to act.

The optimal dosage of QSYQ for attenuation of tPA-induced
brain damage and cerebral microvascular dysfunction was
explored in this study. Interestingly, we did not observe a
dose-dependent effect of QSYQ on infarct volume,
neurological scores, BBB damage, and hemorrhage, etc. The
effect of middle dosage of QSYQ was found to be the best
among the three doses tested, which suggests the importance
of selecting an optimal dosage in clinic.

CONCLUSION

In conclusion, this study provides the first direct evidence that
QSYQ treatment may inhibit tPA delayed treatment-induced
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brain edema and hemorrhage after ischemic stroke. The
protective effects of QSYQ are probably attributable to its
ability to protect energy metabolism disorder, Caveolin-1/Src
activation and inflammation, highlighting the advantage of
QSYQ as a multitarget medicine. The current results support
QSYQ as a promising adjunctive therapy for the treatment of
brain edema and hemorrhage in acute ischemic stroke patients
with tPA treatment with potential to widen the window for tPA
application.
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