Journal of Inflammation Research

Dove

ORIGINAL RESEARCH

Increase in Blood—Brain Barrier Permeability is
Modulated by Tissue Kallikrein via Activation of
Bradykinin Bl and B2 Receptor-Mediated Signaling

Qin Zhang®'
Juan Tan'

Li Wan'
Chao Chen'
Bin Wu?
Xijian Ke'
Rongxue Wu
Xiao Ran

3

'Department of Anesthesiology, Tongji
Hospital, Tongji Medical College,
Huazhong University of Science and
Technology, Wuhan, 430030, Hubei,
People’s Republic of China; 2Laboratory
of Platelet and Endothelium Biology,
Department of Transfusion Medicine,
Wouhan Hospital of Traditional Chinese
and Western Medicine (Wuhan No.l
Hospital), Tongji Medical College,
Huazhong University of Science and
Technology, Wuhan, 430030, Hubei,
People’s Republic of China; 3Department
of Biological Sciences Division/
Cardiology, University of Chicago,
Chicago, IL, 60637, USA; 4Department of
Emergency, Tongji Hospital, Tongji
Medical College, Huazhong University of
Science and Technology, Wuhan, 430030,
Hubei, People’s Republic of China

Correspondence: Xiao Ran
Email ranxiao 1001 @tjh.tjmu.edu.cn

Aim: Disruption of the blood-brain barrier (BBB) is a critical pathological feature after
stroke. Although tissue kallikrein (TK) has used in the treatment of stroke in China, the role
of TK in modulating BBB permeability is not clear.

Methods: We investigated the effect of different doses of TK on BBB by in vivo assess-
ments of Evans blue (EB) and sodium-fluorescein isothiocyanate (FITC) leakage and in vitro
assessments of the integrity of BBB and monolayers of microvascular endothelial cells
(BMVECs). The expression of zonula occludens-1 (ZO-1) and bradykinin receptor-
mediated signaling in BMVECs was detected.

Results: A significant increase in BBB permeability was observed in the mice treated with
high dose of TK. However, standard and medium doses of TK could only enable sodium-
FITC to enter the brain. The result of in vitro study indicated that high-doses of TK, but not
standard and medium-dose of TK, reduced normal BBB integrity accompanied by
a decreased expression of zonula occludens-1 (ZO-1), upregulated the mRNA levels of
bradykinin 2 receptor (B2R) and endothelial nitric oxide synthase (eNOS) and the abundance
of B2R. Moreover, standard-dose of TK exacerbated lipopolysaccharide-induced BBB
hyperpermeability, upregulated the mRNA levels of bradykinin 1 receptor (B1R) and
inducible nitric oxide synthase (iNOS), increased the abundance of B1R and reduced the
abundance of ZO-1; these effects were inhibited by TK inhibitor.

Conclusion: TK can disrupt tight junctions and increase normal BBB permeability via B2R-
dependent eNOS signaling pathway, aggravate impairment of BBB via B1R-dependent iNOS
signaling pathway, and consequently serve as a useful adjunctive treatment for enhancing the
efficacy of other neurotherapeutics.
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Introduction

Human urinary kallidinogenase (HUK) is tissue kallikrein (TK) extracted from
human urine and used in the treatment of cerebral stroke in China.' TK, a key
enzyme in the tissue kallikrein-kinin system (KKS), cleaves low molecular kinino-
gen to release kinin and bradykinin. Bradykinin acts on bradykinin 1 receptor
(BIR) and bradykinin 2 receptor (B2R) to release nitric oxide (NO) and thus,
trigger a wide range of biological effects, including lowering blood pressure,
inhibiting oxidative stress, and increasing vascular permeability.> Previously, our
clinical investigation indicated that reduced TK level was associated with first-ever
stroke and predicted higher stroke recurrences and shorter event-free survival time.”*
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Numerous basic and clinical studies also suggest that TK
improves the long-term prognosis of cerebral stroke
through bradykinin released by KKS.>~ However, disrup-
tion of the blood—brain barrier (BBB) plays an important
role in the development of neurological dysfunction in
stroke.® The role of TK in regulating BBB permeability
is yet unknown. We, therefore, suppose that TK modulates
BBB permeability via promoting bradykinin formation.
Unlike high doses of BK, which might open the whole
brain barrier, low doses of BK can selectively increase the

BBB permeability of brain tumors through B2R without
affecting the normal brain.”'® Typically, B2Rs are consti-
tutively expressed and mediate endothelial nitric oxide
synthase (eNOS) activation, which leads to a transient
output of NO in endothelial cells, whereas B1R/inducible
nitric oxide synthase (iNOS) activation is induced in lipo-
polysaccharide (LPS)-treated endothelial cells and leads to
very high and prolonged (~90 min) NO production.'!
Under pathological conditions such as inflammation,
ischemia-reperfusion (I/R), and trauma, BK was thought
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increase 12-14

to mediate the in BBB permeability.
Moreover, inhibition of BIR was proved to mitigate the
destruction of BBB in central system diseases, reduce
BBB permeability and 15.16

However, whether TK, as a key enzyme regulating the

relieve cerebral edema.

release of BK, disrupts BBB integrity, and if so, whether
its role is mediated by B2R/eNOS or B1R/iNOS signaling
remains unclear.

Investigating the role and underlying molecular
mechanisms of TK in regulating BBB permeability is
substantially significant in the treatment of neurological
disease. Herein, a BBB model that mimics the in vivo
environment, was established by co-cultured murine
brain microvascular endothelial cells (BMECs) with astro-
cytes in a transwell system. Then we investigated the
potential role of TK on BBB permeability by combining
the in vivo assessments of dye extravasation and brain
edema in mice and the in vitro assessments of BBB integ-
rity and the expression of tight junction protein zonula
occludens-1 (ZO-1).

Materials and Methods

TK Treatment in the in vivo Study

To investigate the effect of TK on BBB, 48 C57BL/6 male
mice were divided equally into four groups: control (intra-
venous injection of 0.9% saline solution), standard-dose
TK treatment, medium-dose TK treatment, and high-dose
TK treatment. We took the TK concentration which is
employed in clinical and basic studies'’ as standard-dose
TK treatment (intravenous injection of HUK with 25x107°
PNA U/kg), and then increased TK concentration on mul-
tiple. Finally, the TK concentration which can increase the
permeability of BBB to EB was regarded as high-dose TK
treatment (intravenous injection of HUK with 400x107°
PNA Ul/kg), and the intermediate concentration was used
as the medium-dose TK treatment (intravenous injection
of HUK with 100x10° PNA U/kg). All drugs were admi-
nistered 24 h before the mice were treated. Animal care
and experimental procedures were carried out in accor-
dance with the guidelines provided by the Institutional
Animal Care and Use Committee of Tongji Hospital,
Tongji Medical College, Huazhong University of Science
and Technology (Wuhan, China). This project was con-
ducted at Tongji Hospital, Huazhong University of Science
and Technology with approvals granted by the Animal
Ethics Committee of Huazhong University of Science
and Technology.

In vivo BBB Permeability Assay in Mice
Both Evans blue (EB) and fluorescein isothiocyanate
(FITC) assay were used for the assessment of the BBB
integrity.'® " The mice were injected with 2% of EB or
sodium-FITC (Img/mL in saline) 200uL through the tail
vein 2 hours before sacrificing them; then, the dyes were
cleared from the vessels via saline infusion. Subsequently,
the animals were sacrificed, and the brain tissues were
removed. Then, 0.5 mL formamide was added to the
brain homogenate to dissolve EB dye. After incubation at
55°C for 48 h, the absorbance of the supernatant obtained
by centrifugation of the samples at 12000g for 30 min at
room temperature was determined at 632nm. For mice that
were injected with sodium-FITC, a total of ImL 50mM of
Tris buffer solution was added to the homogenate of brain
tissue, and the supernatant was harvested by centrifugation
at 3000 rpm for 30 min. We proceeded to collect the
supernatant, which was then mixed with methanol (1:1)
and centrifuged at 3000rpm for 30min. Finally, the content
of Evans blue and sodium-FITC was calculated according
to the standard curve.

Brain Water Content Detection

The brain water content was measured according to the
methods described previously.”’ The whole excised
brain was weighed immediately to determine the wet
weight and then dried at 80°C for 72 h to obtain the
dry weight. The formula for calculating brain water
content was as follows: [(wet weight — dry weight)/
wet weight] x 100%.

In vitro Model of the Blood—Brain Barrier
We established an in vitro BBB model of mouse BMECs
co-cultured with astrocytes using Transwell (Corning,
New York, NY, USA) co-culture system.’” Astrocytes
were isolated and purified by differential adherence
method.”® Meanwhile, we isolated and purified BMVECs
using PECAM-1-coated Dynabeads (Invitrogen, Carlsbad,
CA, USA).**2° Then, astrocytes (1x106/mL) were added
to the underside of the Transwell and incubated at 37°C
and 5% CO2 for 24 hours. When the astrocytes reached
60% confluence under an inverted microscope, BMVECs
(1x107/mL) were seeded on top of the Transwell at 37°C
and 5% CO2. Finally, we observed the cells under an
inverted microscope until the astrocytes and BMVECs

reached a high-density co-culture.
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Detection of BBB and BMVECs

Permeability in vitro Study

We set up four groups of BBB in vitro models: Control
(PBS), standard-doses of TK (0.5 mM HUK), medium-
doses of TK (1 mM HUK) and high-doses of TK (HUK 2
mM). Next, a FITC-dextran (Dextran-blue-3KD and
Dextran-red-40KD)?’ Transwell assay was used to assess
the in vitro BBB permeability. Furthermore, measurements
of transendothelial electrical resistance (TER) across the
BMVECs were performed using the electrical cell-
substrate impedance sensing system (ECIS) (Applied
BioPhysics, Troy, NY, USA).***° To measure impedance,
cells grown on S8WI0E+ Arrays (Applied
BioPhysics, Inc., Troy, NY, USA). The arrays were treated
with 10 mM L-cysteine (cat#C7352-25G; Sigma-Aldrich,
St. Louis, MO, USA) followed by coating with type-I
collagen (cat#. A1048301, Thermo Fisher Scientific,
Waltham, MA, USA). BMVECs were seeded onto the
arrays at a density of 60,000 cells/cm2 in 400uL of
L-DMEM growth media. ECIS was conducted using the
multiple frequency/time (MFT) option to record the impe-

were

dance measurements over a broad spectrum of frequencies.

Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from cells using the RNeasy
Mini Kit (Qiagen, Valencia, CA, USA), according to the
manufacturer’s instructions. Then, cDNA was obtained by
reverse transcription kit (Invitrogen, Grand Island, NY,
USA). Quantitative real-time PCR (qPCR) was conducted
on 7300 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). All qPCR data of the target gene
were normalized against that of 18S as an internal refer-
ence. The fold-changes in the transcripts were determined
using the AACt method.

Western Blot and Immunofluorescence
Staining

Total protein lysates were separated by 12% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinyl difluoride membranes
(PVDF; Millipore, Bedford, MA, USA). The membrane
was blocked with 5% skimmed milk at 37 °C for 1 h and
probed with anti-ZO-1 (1:1000; Invitrogen), anti BIR
(1:1000; MyBioSource, Inc. San Diego, CA), anti-B2R
(1:500; MyBioSource, Inc. San Diego, CA) and GAPDH
(1:1000; Invitrogen) antibodies for 16 hours at 4°C.
Subsequently, the membranes were incubated with the

corresponding goat anti-rabbit and anti-mouse secondary
antibodies (1:1000) at ambient temperature for 2 h. The
intensity of the immunoreactive bands was calculated by
Imagel software (NIH, Bethesda, MD, USA).
Immobilized cell samples were permeabilized with
0.1% Triton X-100 for 15 min, and the nonspecific-
binding sites were blocked with PBS containing 1%
bovine serum albumin BSA and 10% secondary antibody
of the same origin. Then, the samples were incubated with
primary antibodies, such as von Willebrand Factor (vVWF,
1:500; Dako, Carpinteria, CA, USA), glial fibrillary acidic
protein (GFAP, 1:50 dilution; Invitrogen), or ZO-1 (1:50;
Invitrogen) overnight at 4 °C, followed by incubation with
(1:200;
Invitrogen). Vectashield-containing 4',6-diamidino-2-phe-

fluorescent-labeled secondary antibody
nylindole (DAPI; Vector Laboratories, Burlingame, CA,
USA) was added to the slides for the detection of nuclei
and sealed before

capturing the images under

a fluorescence microscope (Olympus, FV500-1X71,

Tokyo, Japan).

Statistical Analysis

All data are shown as the mean + standard deviation. Data
were determined to be normal by the Shapiro—Wilks test.
Independent-sample t-test and one-way ANOVA were
employed to assess the differences among groups. A two-
tailed p-value < 0.05 was considered statistically signifi-
cant. Data were analyzed using SPSS wversion 17.0
(Armonk, NY, USA) and GraphPad Prism version 8.0.0
(San Diego, CA, USA).

Results
High Dose of TK Promotes BBB

Permeability in Mice

To determine the effect of different doses of TK on BBB,
mice were systemically injected with EB dye (macromole-
cular substances) or sodium-FITC dye (small molecules),
and extravasation of the dyes into the brain parenchyma was
evaluated. Little evidence of Evans blue extravasation was
observed in the brains of control, standard-dose, and med-
um-dose TK treatment groups, while high-dose TK treat-
ment visibly increased the amount of Evans blue in mouse
brains (Figure 1A). Furthermore, both EB (147.400+8.853
ng/g of tissue vs 85.520+7.589 pg/g of tissue; P < 0.0001;
Figure 1B) and sodium-FITC (108.1+7.693 ng/g of tissue vs
53.91049.344 pg/g of tissue; P < 0.0001; Figure 1D) levels
and water content (85.47+0.82% vs 80.33+0.55%; P <
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Figure | Tissue kallikrein (TK) increases normal blood-brain barrier (BBB) permeability in mice. The mice were divided into four groups: Control (PBS); TK-S (standard
dose of TK); TK-M (medium dose of TK); TK-H (high dose of TK). (A) The content of Evans blue was qualitatively analyzed by brain images. (B) The content of Evans blue
(mglg of tissue) was quantitatively detected in the supernatant of the brain homogenate. ****P<0.0001. (C) Brain water content. ****P<0.0001. (D) The content of sodium-
FITC in the supernatant of brain homogenate was quantitated (mg/g of tissue). ****P<0.0001; &&&&P<0.0001, one-way analysis of variance among the four groups.

0.0001; Figure 1C) were significantly higher in the brain of
mice treated with high-dose of TK than that of the control.
However, EB levels and water content in the brain showed
no difference among the groups of control, standard-dose
and medium-dose TK treatment though sodium-FITC levels
in the groups of standard-dose and medium-dose treatment
were apparently increased (68.990+7.448ug/g of tissue vs

96.86+5.391 pg/g of tissue vs 53.910+£9.344 pg/g of tissue;
P < 0.0001; Figure 1D). Collectively, these observations
suggest that standard and medium-dose of TK may partially
open BBB by increasing the permeability of BBB to small
molecules, while high-dose of TK may disrupt the integrity
of BBB and enable small molecules and large molecules to
enter the brain.
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TK Regulates the Integrity and

Permeability of the BBB in vitro

To more accurately mimic in vivo conditions, an in vitro
model of BBB was established with cocultures of freshly
isolated BMVECs and primary mouse astrocytes. The

primary cultured astrocytes adhered to the wall on day 7
(Figure 2A) and were stained red (Figure 2B) by GFAP
antibody immunofluorescence. BMVECs began to fuse
between cells on day 3 after the second sorting

(Figure 2C) and were stained green using vWF antibody

®
‘&u’;’gzﬁs-_-‘u‘ﬁgig‘ueisxsg‘s‘z?&
L o e o e o
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» BMEC

.

Figure 2 Blood-brain barrier (BBB) model in vitro. (A) Image of astrocytes. (B) Image of endothelial cells. (C) GFAP immunofluorescence staining of astrocyte. (D) vWF

immunofluorescence staining of mice BMVECs. (E) Schematic of BBB model in vitro.
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by immunofluorescence staining (Figure 2D). Then, the
BBB model in vitro (Figure 2E) was established success-
fully in transwell co-culture system. Data of detecting the
BBB permeability present no difference in the fluores-
cence absorbance of dextran-blue-40KD among the groups
of control, standard and medium doses of TK (Figure 3A),

whereas the fluorescence absorbance of dextran-blue-3KD
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significantly increased when BBB model was treated with
high-dose of TK (Figure 3B), suggesting high dose of TK
could increase normal BBB permeability and selectively
enable small molecular substances to cross the BBB.

3031 3 significant

Using LPS treating BBB model in vitro,
increase of fluorescence absorbance of dextran-blue-3KD

(Figure 3C) and dextran-red-40KD (Figure 3D) was found,
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Figure 3 Effect of tissue kallikrein (TK) on blood-brain barrier (BBB) permeability in vitro. BMVECs were grown with primary mouse astrocytes in transwell chambers and
treated with PBS, standard dose of TK (TK-S), medium dose of TK (TK-M), and high dose of TK (TK-H), LPS, LPS+ TK-S, and LPS+kallistatin. Then (A and C) red (40 kDa)
or (B and D) blue (3 kDa) FITC-dextran was added to the chamber, and permeability was evaluated after 24 h by measuring the intensity of dextran fluorescence. **P<0.010;

#¥P<0.001; ***P<0.0001.
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indicating that LPS induces hyper permeability of BBB.
Furthermore, standard-dose of TK exacerbates the LPS-
induced hyperpermeability of BBB, which could be antag-
onized by TK-specific blocker—kallistatin (Figure 3C and
D). These suggest that the permeability of BBB could be
regulated by TK.

The potential role of TK in BBB permeability was also
evaluated in vitro by using ECIS to measure TER in
monolayer BMVECs. A slightly decreased in resistance

measurements was found in BMVECs treated with high
dose of TK, whereas no difference was showed between
the groups with control, standard and medium doses of TK
(Figure 4A and B). It was consistent with the results of
Transwell and indicated that TK regulated the integrity of
BMVEC monolayers as resistance measurements in
BMVECs declined significantly in response to LPS, and
measurements were apparently lower when the cells were

cotreated with standard of TK and increased significantly

A
Treated BMVECs treated with PBS, different doses
of TK, LPS, LPS+TK and LPS+kallistatin
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Figure 4 Effect of tissue kallikrein (TK) on the integrity of brain microvascular endothelial cell (BMVEC) monolayers. Transcellular electrical resistance (TER) measurements
were recorded in monolayers of BMVECs during treatment with the indicated combinations of PBS, standard dose of TK (TK-S), medium dose of TK (TK-M), high dose of
TK (TK-H), LPS, LPS+ TK-S and LPS+kallistatin. (A) Real time electric cell-substrate impedance sensing (ECIS) measurements were conducted using normalized TER to
record BMVECs s permeability from 3 independent experiments. The lines denote the mean normalized resistance TERs * standard deviation of the mean (SD). (B) Mean
normalized TERs were measured from 3 independent experiments using ECIS. **P<0.010; ****P<0.0001.
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when LPS-treated cells were cotreated with TK inhibitor
kallistatin (Figure 4A and B).

High Dose of TK Upregulates Normal
BBB via B2R/eNOS Signal Pathway

Bradykinin is the major end-product of KKS activation,
which affects the integrity of BBB by regulating the tight
junction (TJ) protein ZO-1 in BMVECs;*>* thus, we
investigated whether TK may increase normal BBB per-
meability by disrupting expression of ZO-1. The protein
expression of ZO-1 did not change when BMVECs were
treated with standard dose of TK though the abundance of
B2R and the mRNA levels of B2R and eNOS were
increased (Figures SA-D and 6B and D). Also, ZO-1
fluorescence was clearly distinguished at the cell borders
in BMVECs in both control and standard-dose TK treat-
ment groups (Figure 5I). Notably, treating BMVECs with
high dose of TK caused a loss of ZO-1 and changed the
immunofluorescence staining pattern of the cell boundary,
increased the abundance of B2R and the mRNA levels of
B2R and endothelial nitric oxide synthase (eNOS); never-
theless, the abundance of BIR and the mRNA levels of
BIR and iNOS did not change (Figures SA-D and I and
6A-D). Collectively, these suggest that high dose of TK
upregulates the permeability of normal BBB by reducing
the ZO-1 level via B2R/eNOS signal pathway.

Disruption of BBB Integrity is Regulated

by TK via BIR/iINOS Signal Pathway

Using LPS inducing the impairment of BBB, ZO-1 immu-
nofluorescence lost its normally smooth nature at the
BMVECs borders (Figure 5I) and the mRNA levels of
B1R, B2R, and iNOS in BMVECs were significantly
increased, while that of eNOS is unaltered (Figure 6A—
D). Moreover, standard dose of TK appeared to strengthen
LPS-induced changes in mRNA, reduce protein level of
Z0-1, upregulate the abundance of BIR and destroyed the
cell boundary immunofluorescence staining of ZO-1 in
BMVECs (Figures SE-I and 6A-D). Simultaneously, kal-
listatin, a specific inhibitor of TK, not only reversed an
increase in BBB permeability induced by LPS but also
upregulated the expression of ZO-1 protein, reversed the
disrupt cell boundary staining of ZO-, reduced the abun-
dance of BIR and B2R and downregulated the mRNA of
BI1R and iNOS in BMVECs (Figures SE-I and 6A-D).
Thus, LPS-induced disruption of BBB integrity was regu-
lated by TK via BIR/iNOS signal pathway.

Discussion

To the best of our knowledge, this study presented here is
the first to observe the effect of different doses of TK on
the permeability of BBB. Notably, high dose of TK, but
not standard and medium dose of TK, was proved to
reduce BBB integrity in vivo and the integrity of
BMVEC monolayers in vitro. LPS-induced hyperperme-
ability of BBB in vitro was exacerbated by standard-dose
of TK and reversed by a specific inhibitor of TK, indicat-
ing that TK may be used to treat neurological diseases by
targeting BBB permeability. Furthermore, the results from
our experiments in vitro suggest that an increase of normal
BBB permeability mediated by high-doses of TK may be
at least partially through downregulation of ZO-1 level via
B2R/eNOS signal pathway, whereas exacerbate exogenous
factor-induced hyperpermeability of BBB may be regu-
lated by TK through further disrupting of ZO-1 via B1R/
iNOS signal pathway.

TK was demonstrated to play protective effects in
stroke. It is implicated that opening collateral circulation
improves cerebral blood perfusion and might also increase
the permeability of BBB, thereby making it easy for TK to
reach the ischemic injury site and protect the blood vessels
of the brain.>"** Moreover, BBB impairment is a key
pathological manifestation of ischemic stroke.”> BK was
proved to mediate the increase in BBB permeability under
inflammation, I/R, and other conditions.'* 14 Therefore,
the role of TK, a key enzyme that affects BK release, in
normal and impairment BBB is deserved investigating. EB
dye is a macromolecular substance, while sodium-FITC
dye is a small molecule. In the present study, both EB and
sodium-FITC levels and water content were significantly
higher than controls in the brain of mice treated with high-
dose of TK, indicating that high dose of TK could increase
the permeability of BBB to small molecules and macro-
molecules and lead to brain edema. However, only
sodium-FITC level was increased in the brain of mice
treated with standard and medium dose of TK, suggesting
that standard and medium doses of TK could increase the
permeability of BBB to small molecules without edema.
We, therefore, suppose that standard and medium dose of
TK selectively increased the permeability of BBB and
allowed small molecules enter brain, whereas a high dose
of TK increased BBB leakage with both of small and large
molecules and lead brain swelling. Moreover, a high dose
of TK selectively increased the permeability of BBB to
small molecules but not large molecules using the in vitro
model of BBB. It is suggested that an increase in the
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Figure 5 Tissue kallikrein (TK) regulates the abundance of ZO-1I in brain microvascular endothelial cells (BMVECs). (A=H) The abundance of ZO-1, bradykinin | receptor
(BIR) and bradykinin 2 receptor (B2R) were evaluated by Western blot in BMVECs. BMVECs had been treated with PBS, standard dose of TK (TK-S), high dose of TK (TK-
H), LPS, LPS+TK-S, and LPS+kallistatin. GAPDH abundance was also evaluated to confirm equal loading, and then (B and F) ZO-I, (C and G) BIR, (D and H) B2R were
quantified via normalization to that of GAPDH. **p<0.001; ***p<0.0001. (I) Immunofluorescence staining was used to detect the expression of ZO-1 in endothelial cells.
BMVECs were incubated with ZO-1 primary antibodies and fluorescent secondary antibodies, and nuclei were counterstained with DAPI.
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Figure 6 The mRNA levels of bradykinin | receptor (BIR), bradykinin 2 receptor (B2R), inducible nitric oxide synthase (iNOS), and endothelial nitric oxide synthase
(eNOS) were evaluated via qPCR in brain microvascular endothelial cells (BMVECs). BMVECs were treated with PBS, TK-S, TK-H, LPS, LPS+TK-S, and LPS+kallistatin. BIR
(A), B2R (B), iNOS (C) and eNOS (D) mRNA abundance were evaluated via g-PCR in BMVECs. **P<0.010; ***P<0.00; ****P<0.0001.

permeability of endothelial cells might be mediated by
B2R under normal conditions,’® whereas B2R is barely
expressed in normal BMVECs.?” TK was injected through
the tail vein in the current study, and B2R was widely

distributed in vascular endothelial cells of different

organs.’® Then, TK releases NO through B2R that in
turn increases the permeability of BBB.'? Therefore, stan-
dard and medium dose of TK can selectively open BBB
without leading to brain edema, though they cannot
increase the permeability of BBB in vitro. These suggest
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that standard and medium doses of TK may target the
arterial expansion of ischemic brain tissue by increasing
the permeability of mouse BBB to small molecular sub-
stances, thereby improving cerebral blood perfusion and
neurological function without cerebral edema.

BMVECs are the main components of BBB which is
the primary regulator of exchange between the peripheral
blood and the brain. KKS is also a crucial regulatory
system for endothelial cells. The expression level of ZO-
1 on BMVECs is related to the permeability of BBB.*
The present study of in vitro combined with other studies
referring to KKS* indicates that in normal conditions,
standard dose TK exerts cerebrovascular protection
through B2R/eNOS signal pathway without affecting the
permeability of BBB, while a sufficiently high dose of TK
reduces the expression of ZO-1 through B2R/eNOS signal
pathway and increases the permeability of BBB.

Downstream of TK, BK mediates biological effects via
B1R and B2R, respectively. Since BIR is barely expressed
in normal blood vessels, current studies propose that the
protective effect of TK on cardiovascular and cerebrovas-
R,3’4°’41 while the effects of

vascular injury and increased BBB might be effectuated by

cular systems is exerted via B2

BIR.** In acute cerebral infarction and other ischemia and
cell injury, the endothelial cells of blood vessels at the
ischemic site were thought to be induced to generate B1R.
Then BK bind to B1 receptor to increase the permeability
and target arterial expansion of ischemic brain tissue,
thereby improving the perfusion of cerebral blood and

neurological function.>*?

Therefore, when exogenous
injury leads to increased permeability of BBB, TK may
release BK through BIR to increase the permeability of
BBB, thus protecting the brain. This is consistent with the
current results that the mRNA levels of BIR and iNOS are
significantly increased when the hyperpermeability of
BBB is induced by LPS. Moreover, standard and medium
doses of TK further increase the mRNA levels of BIR and
iNOS and reduce the protein level of ZO-1, thereby enhan-
the LPS-induced hyperpermeability of BBB.
However, these can be reversed by kallistatin, a specific
inhibitor of TK. Therefore, we speculate that TK might be
an important regulator targeting on the hyperpermeability
of BBB via BIR/iNOS signal pathway.

BBB, the key surface through which systematically

cing

administered drugs access the central nervous system
(CNY), is the primary regulator of exchange between the
peripheral circulation and the brain.** The success of CNS
therapeutic development is

often dependent upon

techniques for modulating BBB permeability to ensure
optimal CNS penetration.”” Thus, our results suggest that
TK may be a useful adjunctive treatment for enhancing the
efficacy of some neurotherapeutics by enabling patients to
be treated with lower doses of the primary treatment.?”*>
Moreover, hyperpermeability of BBB enables blood-borne
immune cells to enter the brain and provoke
a neuroinflammatory response.*® It is proved to be asso-
ciated with brain inflammatory conditions such as stroke,
Alzheimer’s disease, and multiple sclerosis.*’ These sug-
gest that modulating BBB permeability targeting on TK
may have important implications for the treatment of neu-
roinflammatory conditions and other CNS disorders.
Nevertheless, the present study has several limitations in
this study. Firstly, the effects of different doses of TK on the
permeability of BBB in vivo were only limited to normal, and
no in vivo study clarified whether TK could affect stroke-
induced disruption of BBB integrity. An in vivo study will
carry out in the future to address this issue and reveal the
therapeutic effect of TK on stroke at different timing points.
Secondly, we established the in vitro BBB model of mouse
BMEC:s co-cultured with astrocytes and therefore cannot pro-
vide data on peripheral mononuclear cell infiltration and stain-
ing of the tight junction and cannot explain the effect of TK on
basal laminae and pericytes. Thirdly, we used LPS to induce
BBB integrity disruption and investigated the role of TK on the
LPS-induced hyperpermeability of BBB. Due to the complex
role and mechanism of LPS in opening BBB, we could not
eliminate the interference of these confounding factors.
Therefore, future studies will address these limitations by
conducting experiments in EC-specific TK-knock out mice,
by investigating the effect and mechanism of TK on BBB
permeability after BBB is opened by inflammation, /R, and
other factors in vivo and in vitro. Moreover, whether different
doses of TK exert protective effects on cerebral vessels and
tissues while affecting BBB is also worth investigating in the

future.

Conclusions

In summary, our observations suggest that TK may selec-
tively increase the permeability of normal BBB by upregu-
lating the B2R-dependent eNOS signaling and subsequently
reduce inter-EC junctions, exacerbate the impairment of
BBB through disrupt ZO-1 via BIR/iNOS signaling. Since
the success of CNS therapeutic development is often depen-
dent upon techniques for modulating BBB permeability, the
present study likely has important implications for the treat-
ment of stroke and other CNS disorders.
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