
Acta Pharmaceutica Sinica B 2020;10(6):987e1003
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
TIMP1 preserves the bloodebrain barrier
through interacting with CD63/integrin b1
complex and regulating downstream FAK/RhoA
signaling
Jingshu Tang, Yuying Kang, Longjian Huang, Lei Wu, Ying Peng*
State Key Laboratory of Bioactive Substances and Functions of Natural Medicines, Institute of Materia Medica,
Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing 100050, China
Received 25 December 2019; received in revised form 22 January 2020; accepted 3 February 2020
KEY WORDS

Tissue inhibitor of
A

end

*

Pee

http

221

Els
metalloproteinase-1;

Bloodebrain barrier;

Junctional proteins;

CD63;

Integrin b1
bbreviations: AJ, adherent junction; B

othelial cell; MMP9, matrix metallopr

Corresponding author. Tel.: þ86 10 83

E-mail address: ypeng@imm.ac.cn (Y

r review under responsibility of Institu

s://doi.org/10.1016/j.apsb.2020.02.015

1-3835 ª 2020 Chinese Pharmaceutica

evier B.V. This is an open access articl
Abstract Bloodebrain barrier (BBB) breakdown and the associated microvascular hyperpermeabil-

ity are hallmark features of several neurological disorders, including traumatic brain injury (TBI).

However, there is no viable therapeutic strategy to rescue BBB function. Tissue inhibitor of

metalloproteinase-1 (TIMP1) has been considered to be beneficial for vascular integrity, but the mo-

lecular mechanisms underlying the functions of TIMP1 remain elusive. Here, we report that TIMP1

executes a protective role on neuroprotective function via ameliorating BBB disruption in mice with

experimental TBI. In human brain microvessel endothelial cells (HBMECs) exposed to hypoxia and

inflammation injury, the recombinant TIMP1 (rTIMP1) treatment maintained integrity of junctional

proteins and trans-endothelial tightness. Mechanistically, TIMP1 interacts with CD63/integrin b1 com-

plex and activates downstream FAK signaling, leading to attenuation of RhoA activation and F-actin

depolymerization for endothelial cells structure stabilization. Notably, these effects depend on CD63/

integrin b1 complex, instead of the MMP-inhibitory function. Together, our results identified a novel

MMP-independent function of TIMP1 in regulating endothelial barrier integrity. Therapeutic
BB, bloodebrain barrier; CNS, central nervous system; EC, endothelial cells; HBMEC, human brain microvessel

oteinase-9; TBI, traumatic brain injury; TIMP1, tissue inhibitors of metalloproteinases-1; TJ, tight junction.
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interventions targeting TIMP1 and its downstream signaling may be beneficial to protect BBB function

following brain injury and neurological disorders.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The bloodebrain barrier (BBB) is a unique microvascular
structure that forms the major interface between central nervous
system (CNS) interstitial fluids and the circulating blood. BBB
disruption induces blood-derived neurotoxic proteins accumula-
tion in the CNS, resulting in initiating and/or contributing to
various neurological diseases, such as traumatic brain injury
(TBI)1,2, ischemia3, Parkinson’s disease4, Huntington’s disease5,
Alzheimer’s disease6, and multiple sclerosis7. BBB breakdown
trigged by direct tissue loss is a hallmark of TBI, leading to
edema and increased intracranial pressure followed by decreased
cerebral perfusion pressure, which are important contributors to
TBI pathology and poor clinical outcomes8. Therefore, restoring
the BBB integrity is a potential therapy for CNS diseases,
especially TBI9.

The BBB is composed mainly of capillary endothelial cells
(ECs) that are fused by tight junctions (TJs) and adherent
junctions (AJs). The junctional proteins interact with the cy-
toskeletons to maintain the cell morphology and cellecell
connection, thereby stabilizing the EC structure and perse-
vering the BBB integrity10. Matrix metalloproteinase-9
(MMP9) was thought to be primarily responsible for BBB
breakdown due to its proteolysis activity that mediates EC
junction and extracellular matrix (ECM) degradation11. The
enzymatic activity of MMP9 is regulated by tissue inhibitors of
metalloproteinase-1 (TIMP1), a secreted protein that is an
endogenous inhibitor of MMP912. Alteration of the TIMP1/
MMP9 ratio is associated with pathological processes in
various diseases13e15. Previous studies have shown that TIMP1
deficiency exacerbated BBB disruption in a focal cerebral
ischemia model16, whereas adenovirus-mediated gene transfer
of TIMP1 rescued BBB damage with enhanced angiogenesis17.
Moreover, mice deficient in TIMP1 exhibited increased car-
diovascular permeability, and TIMP1 loss was associated with
disruption of the skeletal muscle microvascular network18.
Although there is much experimental evidence suggesting that
TIMP1 has a protective effect on vascular integrity, it is not
clear whether TIMP1 can attenuate BBB disruption in TBI, and
the signaling mechanisms underlying TIMP1 regulation on
endothelia cells remain elusive.

Previous reports proposed TIMP1 upregulation as a response to
robust MMP9 increases to inhibit proteolytic degradation12.
However, an MMP inhibitor (PD166793) did not reverse
myocardial fibrosis reduction in TIMP1-deficient mice19 and
increased vascular permeability was not accompanied by greater
MMP activity in Timp1�/� mice18, suggesting that there may be
other mechanisms involved in TIMP1-regulated vascular integrity.
TIMP1 has a two-domain structure with an N-terminal region that
is well-known for inhibiting MMP activity20, and the C-terminal
region exhibits cytokine activities via interacting with CD63, a
member of tetraspanins21. Accumulating studies have revealed
that TIMP1 binds to CD63 and forms a ternary TIMP1/CD63/
integrin b1 complex, leading to the activation of integrin b1 and
the downstream signaling. TIMP1 activates the PI3K pathway to
induce angiogenesis and promote cell survival in several carci-
nomas22,23. The TIMP1/CD63 interaction is a driving force in
promoting myocardial fibrosis via the nuclear translocation of
b-catenin and the increased expression of ECM collagens19. The
TIMP1/CD63 axis also plays an important role in physiological
conditions, regulating the focal adhesion and cytoskeletal reor-
ganization through FAK/PI3K signaling to trigger the spreading
and migration of human neural stem cells (hNSCs)24. Importantly,
studies have demonstrated that the two mechanisms, MMP-
dependent and -independent pathways co-exist in several patho-
physiological conditions, displaying a synergistic role in regu-
lating multiple sclerosis25,26, ovarian anomalies27, and wound
healing28. Based on these emerging findings, we attempt to
explore whether the MMP-independent mechanism of TIMP1 is
involved in regulating endothelial barrier integrity and maintain-
ing BBB function.

Here, we report a novel mechanism of TIMP1 in regulating
endothelial barrier integrity. Recombinant TIMP1 (rTIMP1)
exhibited protective effects on motor function via ameliorating the
BBB disruption in mice with experimental TBI. Using an in vitro
BBB model composed of human brain microvessel endothelial
cells (HBMECs), TIMP1 was shown to maintain junctional pro-
tein integrity and trans-endothelial tightness through binding to
the CD63/integrin b1 complex and activating downstream FAK
signaling, in addition to its regulation of ECM turnover and
remodeling. TIMP1-induced FAK phosphorylation inhibited
RhoA activity, contributing to F-actin depolymerization and EC
structure stabilization. Collectively, our studies strengthen the role
of TIMP1 as an effective regulator of BBB. We propose that the
novel MMP-independent mechanism of TIMP1 in regulating EC
integrity can contribute to rescue BBB function in neurological
disease, including, but not limited to TBI.

2. Materials and methods

2.1. Animals

All animal care and experimental procedures complied with the
Animal Management Rule of the Ministry of Health, People’s
Republic of China (document No. 55, 2001) and were approved by
the Laboratory Animal Ethics Committee of Chinese Academy of
Medical Science, Beijing, China. Male C57BL/6N mice were
obtained at 8 weeks of age from Vital River Laboratories

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Technology Co., Ltd. (Beijing, China). Animals were housed three
per cage, in a temperature (21e25 �C) and humidity (45%e50%)
controlled room with a 12-h light/dark cycle, and fed a standard
rodent diet with water ad libitum.

2.2. Surgical procedures

All animals were anesthetized with isoflurane, intubated and
placed in a stereotaxic frame. A craniectomy with 3-mm diameter
was performed in the right hemisphere (0.8 mm posterior from
bregma and 1.3 mm lateral to the sagittal suture) with a handheld
trephine to expose the intact dura. A modified Feeney’s weight
drop injury (WDI) model was used to induce traumatic brain
injury by advancing the impacting rod into the exposed right pa-
rietal cortex to a depth of 2 mm tissue, and then with 20 g falling
weight from 25 cm height. After the impact, anesthesia was dis-
continued and the incision was promptly sutured. The sham injury
mice were not subjected to the impact, but otherwise underwent
similar surgical procedures. After surgery, animals were housed
under the conditions mentioned above.

2.3. Rotarod test

The balance and motor activity of animal model was assessed with
the accelerating rotarod (XR1514, Xinruan, Shanghai, China). The
speed of rotation was gradually accelerated from 4 to 40 rpm
within 3 min. Each mouse was placed on a 3.5 cm rotating rod,
and the fall latency was recorded for all trials.

2.4. Beam balance test

Mice were placed individually on an elevated narrow wooden beam
(6 mm wide, 1 m long, 30 cm height from floor). The latency for
mice to traverse the beam and hindlimb performance (based on a
1e7 rating scale) were recorded as previously described29,30. The
numbers of contralateral rear footfaults were also recorded31.

2.5. Evans blue extravasation

Bloodebrain barrier disruption was evaluated using Evans blue
dye extravasation. At 72 h post-TBI, Evans blue dye (4% in PBS,
E2129, SigmaeAldrich, St. Louis, MO, USA) was injected via
the tail vein at 3 mL/kg and allowed to circulate for 2 h. The
mice anesthetized with isoflurane were intracardial perfused with
sterile saline. Brain samples were then weighed and Evans blue
dye was extracted in 1 mL formamide for 48 h at 45 �C. The
concentration of Evans blue dye was measured by spectropho-
tometry at 620 nm.

2.6. Cell culture and reagents

HBMECs from Cell Systems (ACBRI376, Kirkland, WA, USA)
were cultured in complete endothelial cellmedium (1001, Sciencell,
San Diego, CA, USA) in a humidified atmosphere of 5% CO2 at
37 �C. Only up to eight passages were used for experiments.
HBMECs grown to confluence were exposed to IL-1b plus hypoxia
which was induced by placing the cells in the hypoxia incubator
chamber (27310, Stem Cell, Vancouver, BC, Canada) and perfusing
the chamber with 95% N2 and 5% CO2 at a rate of 20 L/min for
10 min. The chamber was sealed and kept at 37 �C for 24 h.
2.7. In vitro trans-endothelial permeability assay and trans-
endothelial electrical resistance (TEER) assay

Endothelial permeability measurement was performed as pre-
viously described32. A total of 2.5 � 105 HBMECs were seeded
onto the upper surface of the transwell chamber (12 mm
diameter) with 0.4 mm pores (3460, Corning, Tewksbury, MA,
USA). The transwell PET membranes were coated with 70 mg/
mL collagen (354236, Corning). After reaching confluence,
HBMECs were exposed to hypoxia plus 20 ng/mL IL-1b for
24 h. To assess paracellular permeability, 40-kDa FITC-dextran
(FD40S, Sigma) were added into the luminal chamber at
a concentration of 1 mg/mL. Fluorescence intensity was
measured at excitation wavelength of 490 nm and emission
wavelength of 520 nm with a fluorescence reader after 2 h by
removing 40 mL media from the abluminal chamber. For TEER
assay, resistance was measured by Millicell ERS-2 Epithelial
Volt-Ohm Meter (Millipore, Frederick, MD, USA), according to
Eq. (1):

TEERZðresistance value of cell layers� resistance of blank filtersÞ
�area of insert ð1Þ

2.8. Transfection with cDNA or short interfering RNA

Transfections of cDNA constructs were carried out using Lipofect-
amine 3000 (Invitrogen, Waltham, MA, USA) following the manu-
facturer’s instructions. The siRNAs against TIMP1 (siRNA1, 50-
GAUCAAGAUGACCAAGAUGUA-30 and siRNA2, 50-CCUUAU
ACCAGCGUUAUGAGA-30), the siRNAs against integrin b1 (sib1,
50-CCGUAGCAAAGGAACAGCA-30), the siRNAs against CD63
(siCD63, 50-ACGAGAAGGCGAUCCAUAA-30) and the non-
silencing control RNA (NC, 50-UUCUCCGAACGUGUCACGU-
30) were purchased from GenePharma Corporation (Shanghai,
China). The siRNAs and NC were transfected into cell lines using
Lipofectamine 3000. Cells were incubated at 37 �C for 6 h before
replaced by completemediumand cultured for an additional 48e60 h
before further assays. The knockdown efficiency was verified by
Western blots.

2.9. Expression and purification of recombinant TIMP1 proteins

pcDNA3.1B-TIMP1-myc-His plasmid or pcDNA3.1B-Ala-
TIMP1-myc-His plasmid was constructed and transfected with
lipo3000 into the HEK293T cells (American Type Culture
Collection, Manassas, VA, USA) according to the manufac-
turer’s recommended protocol. Transfected cells were cultured
according to ATCC recommendations. 293T culture medium
was replaced at 12 h post-transfection with DMEM (Thermo
Fisher Scientific, Carlsbad, CA, USA). Culture medium that
contained secreted TIMP1 or Ala-TIMP1 was collected on
the sixth day after medium replacement. Recombinant TIMP1
and Ala-TIMP1 was purified using Ni Sepharose High-
Performance (17-0575-01, GE Healthcare, St. Louis, MO,
USA) following manufacturer’s instruction. Finally, the TIMP1
protein was eluted by 500 mmol/L imidazole, and dialyzed
against PBS (pH 7.2) via centrifugal filtration with a 3000-MW
cutoff filter (MilliporeSigma, St. Louis, MO, USA). The
purified recombinant TIMP1 and Ala-TIMP1 was stored
at �80 �C.
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2.10. Western blot analysis

Whole-cell lysates were prepared using RIPA lysis buffer (50 mM
TriseHCl, pH 7.5, 150 mmol/L NaCl, 1% Triton X-100, 1% so-
dium deoxycholate, 0.1% SDS, 10 mmol/L EDTA), supplemented
with complete EDTA-free protease inhibitor mixtures
(4693116001, Roche, Indianapolis, IN, USA) and phosphatase
inhibitors (04906845001, Roche). Protein samples were separated
on SDS-polyacrylamide gels. For Western blot, separated proteins
were transferred electrophoretically onto nitrocellulose mem-
branes (ISEQ00010, Millipore, Sigma). The membranes were
incubated overnight at 4 �C with antibodies against TIMP1
(16644-1-AP) from Proteintech (Rosemont, IL, USA); integrin b1
(sc-59829) and CD63 (sc-5275) from Santa Cruz Biotechnology
(Dallas, TX, USA); VE-cadherin (ab33168), pFAK pY397
(ab81298) and total FAK (ab40794) from Abcam (Cambridge,
UK); ZO-1 (40e2200), occludin (710192) and claudin-5
(35e2500) from Thermo Fisher Scientific; RhoA (2117) and
Na/K ATPase (3010) from Cell Signaling Technology (Danvers,
MA, USA). Following anti-mouse or anti-rabbit IgG-HRP
(Thermo Fisher Scientific) were used as secondary antibodies for
1 h at room temperature, signals were detected using ImageQuant
LAS 4000 (GE Healthcare).
Figure 1 Effects of recombinant TIMP1 (rTIMP1) treatment on neurol

TIMP1 protein expressed in eukaryotic cells (293T) was analyzed by SD

with rTIMP1 (30, 90, and 270 mg/kg) or PBS daily through tail veins. Mo

group). (B) Latency to fall from the accelerating Rota-rod. (C) The mean ti

walk test. (E) The number of hind limb foot-faults in the beam walk test. D
**P < 0.01).
2.11. Cell surface biotinylation assay

HBMECs were biotinylated with 0.5 mg/mL EZ-Link Sul-
foeNHSeLC-Biotin (sulfosuccinimidyl-6-[biotin-amido] hex-
anoate; 21335, Pierce, Carlsbad, CA, USA) in DPBS (137 mmol/
L NaCl, 16 mmol/L Na2HPO4, 2.7 mmol/L KCl, 1.5 mmol/L
KH2PO4, 0.5 mmol/L MgCl2, 1 mmol/L CaCl2, pH 7.5) at 4 �C
for 30 min, followed by incubating the cells with 100 mmol/L
glycine in TBS for an additional 10 min to quench the remaining
biotin. Cells were then washed with PBS and lysed in ice-cold
lysis buffer (50 mmol/L TriseHCl pH 7.5, 150 mmol/L NaCl,
1% NP-40) with protease inhibitor mixture at 4 �C for 30 min
and centrifuged at 14,000� g for 10 min. Cell extracts were
incubated with 20 mL neutravidin beads (29202, Pierce) at 4 �C
for 6 h. After incubation, the beads carrying surface proteins
were washed with lysis buffer for five times and eluted with 2�
loading buffer. The surface proteins were assessed by Western
blot analysis.

2.12. Membrane fraction isolation from brain tissue

Mice brain membrane fractions were extracted using a Mem-
brane Protein Extraction Kit (89842, Thermo Fisher) according
ogical outcomes after traumatic brain injury (TBI). (A) Recombinant

S-PAGE and Western blots analysis. (B)e(E) TBI mice were injected

tor function were assessed at 24 and 72 h post-TBI (n Z 13e15 per

me taken to traverse the beam. (D) Hind limb motor scores in the beam

ata are presented as the mean � SEM (ns, not significant; *P < 0.05;
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to the manufacturer’s instructions. Briefly, 40 mg tissue was
homogenize in 2 mL permeabilization buffer with protease in-
hibitor mixture, incubating at 4 �C for 10 min under gentle
agitation. The lysates were centrifuged at 16,000� g for
15 min at 4 �C and the pellets were suspended in 1 mL of
Figure 2 rTIMP1 treatment attenuates bloodebrain barrier (BBB) p

Representative images of brain tissues and corresponding coronal sections

treated with rTIMP1 (30, 90, and 270 mg/kg, i.v.) at 3 days after traumatic

Quantification of the Evans blue dye contents leaking into the ipsilateral c

(n Z 11e12 per group). (C) Western blot analysis and quantification of Z

brain total lysates from the indicated treatment groups at 72 h post-TBI. GA

analysis and quantification of ZO-1, VE-cadherin, occludin and claudin-5 in

treatment groups at 72 h post-TBI. Na/K ATPase was used as loading cont

significant; *P < 0.05; **P < 0.01).
solubilization buffer with protease inhibitor mixture. After in-
cubation for 30 min at 4 �C with constant mixing, and then
centrifugation at 16,000� g for 15 min, the supernatant con-
taining solubilized membrane was collected for Western blot
analysis.
ermeability and loss of junctional proteins (JPs) in TBI mice. (A)

from sham injury group, TBI group treated with vehicle or TBI groups

brain injury. Blue area indicates extravasation of Evans blue dye. (B)

erebral hemisphere tissue of mice from the indicated treatment groups

O-1, VE-cadherin, occludin and claudin-5 in ipsilateral hemispheric

PDH was used as loading control. n Z 5 per group. (D) Western blot

ipsilateral hemispheric brain membrane fragments from the indicated

rol. Data are presented as the mean � SEM, n Z 5 per group. (ns, not
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2.13. Immunofluorescence

HBMECs grown on collagen-coated coverslips in 24-well culture
plates were washed in PBS and fixed in 4% paraformaldehyde for
15 min at room temperature. Fixed cells were blocked with 5%
BSA and permeabilized with 0.1% Triton X-100 for 30 min at
room temperature. HBMECs were then immunostained with VE-
cadherin (1:200, ab33168, Abcam), claudin-5 (1:100, ab131259,
Abcam), ZO-1 (1:50, 40e2200, Thermo Fisher) or occludin
(1:100, ab216327, Abcam) diluted in blocking buffer overnight at
4 �C and washed three times with PBS at 5-min intervals. F-actin
staining was performed by using Rhodamine-Phalloidin
(100 nmol/L, PHDR1, Cytoskeleton, Denver, CO, USA) at room
temperature for 1 h. HBMECs were then incubated with
Alexa488-anti-rabbit or Alexa488-anti-mouse secondary anti-
bodies (Molecular Probes, Carlsbad, CA, USA) for 1 h followed
by counterstaining the nuclear with Hoechst 33342 (1:10000,
H1399, Thermo Fisher) for 15 min at room temperature. Images
were captured by confocal microscopy using a Leica TCS SP8
(Leica Microsystems, Buffalo Grove, IL, USA).

2.14. Immunoprecipitation

HBMECs were washed with cold PBS and lysed in lysis buffer
(50 mmol/L TriseHCl pH 7.5, 150 mmol/L NaCl, 1% NP-40 and
protease inhibitor mixture) on ice for 30 min. After centrifugation
at 13,000� g for 20 min at 4 �C, 800 mg cleared extracts were
incubated with 3 mg primary antibody or isotype control at 4 �C in
a rocker overnight, followed by incubation with protein G-
Sepharose 4 Fast Flow beads (17-0618-02, GE Healthcare) for
4 h at 4 �C. Sepharose bound proteins were washed five times with
wash buffer (50 mmol/L TriseHCl pH 7.5, 150 mmol/L NaCl,
0.1% NP-40) and eluted with 2� loading buffer. The immuno-
precipitates were assessed by Western blot analysis.

2.15. RhoA activation assay

RhoA activity was measured by using the Rho Activation Assay
Biochem Kit (BK036, Cytoskeleton), according to the manufac-
turer’s instructions. Briefly, HBMECs were lysed in cell lysis
buffer (50 mmol/L TriseHCl pH 7.5, 10 mmol/L MgCl2,
0.5 mol/L NaCl, 2% lgepal) supplemented with protease inhibitor
cocktail. Cell lysates were centrifuged, and 25 mg rhotekin-RBD
beads were added to 800 mg lysates, followed by incubation at
4 �C in a rocker for 1 h. Beads bound proteins were washed once
with wash buffer (25 mmol/L TriseHCl pH 7.5, 30 mmol/L
MgCl2, 40 mmol/L NaCl) and eluted with 2� loading buffer. The
Figure 3 TIMP1 knockdown induces trans-endothelial barrier leakage a

model to evaluate barrier function. An HBMECs monolayer seeded on top

concentration of 40 kDa FITC-dextran leaking into abluminal to determin

resistance (TEER) to estimate the TJ integrity (right). (B) HBMECs transfe

permeability assay. Data represent mean � SEM of six independent exper

against hTIMP1 were subject to TEER assay. Data represent mean � SEM

and quantification of the indicated proteins in total cell lysates of HBME

represent mean � SEM of three independent experiments (ns, not significan

of the indicated proteins on membrane fragments of HBMECs treated wi

mean � SEM of three independent experiments (**P < 0.01). (F) The dis

analyzed by immunofluorescence (IF) staining using antibodies against V

(green) and counterstained with Hoechst33342 (blue) for nuclear labelling
samples were analyzed by Western blotting by using the indicated
RhoA antibody.

2.16. Statistical analysis

All data are presented as the mean � SEM. The differences among
three or more groups were determined using one-way ANOVA
followed by Bonferroni’s multiple comparisons test. Results are
presented as mean � SEM. All analyses were conducted using
GraphPad Prism7.00 software (San Diego, CA, USA, RRID:
SCR_000306). Differences at P < 0.05 were considered statisti-
cally significant.

3. Results

3.1. rTIMP1 improves neurobehavioral functions in mice with
experimental TBI

To investigate whether TIMP1 exerts protective effects against
brain injury, purified rTIMP1 (Fig. 1A) was administered intra-
venously for 3 consecutive days following TBI. Rotarod test and
beam-walking tasks were conducted to evaluate the motor per-
formance. Prior to surgery, there were no differences among the
groups for all tests. In rotarod test, TBI induced functional
impairment, as indicated by a significant decrease in running time,
while rTIMP1 administration (30, 90, and 270 mg/kg) dose-
dependently reversed the reduction in time at 24 and 72 h post-
TBI (Fig. 1B).

The beam-walking tasks include time to traverse the balance
beam, contralateral hindlimb motor scores and the numbers of
footfaults. No significant differences were observed among the
four TBI groups at 24 h in all tests (P > 0.05). Traversing time
was generally decreased in all TBI groups because of spontaneous
recovery. At 72 h post-TBI, administration of 270 mg/kg rTIMP1
significantly reduced traversing time compared with that of TBI
groups (Fig. 1C). Moreover, mice treated with 90 and 270 mg/kg
rTIMP1 both increased the hindlimb motor scores (Fig. 1D) and
decreased footfaults numbers (Fig. 1E), demonstrating rTIMP1
can rescue the TBI injury-induced motor impairments.

3.2. rTIMP1 treatment attenuates TBI-induced BBB disruption
in mice

Previous studies using Timp1�/� mice indicated that TIMP1 can
regulate vascular permeability33 and participate in the angiogenic
process18. We next examined the effect of rTIMP1 on BBB
nd degradation of endothelial JPs. (A) Illustration of the in vitro BBB

membrane of the cell culture insert followed by measurement of the

e the paracellular permeability (left) or the trans-endothelial electrical

cted with control or siRNA against hTIMP1 were subject to transwell

iments (**P < 0.01). (C) HBMECs transfected with control or siRNA

of six independent experiments (**P < 0.01). (D) Western blot analysis

Cs treated with siRNA. GAPDH was used as loading control. Data

t; *P < 0.05; **P < 0.01). (E) Western blot analysis and quantification

th siRNA. Na/K ATPase was used as loading control. Data represent

tribution of junctional proteins in HBMECs treated with siRNA were

E-cadherin (green), claudin-5 (green), occludin (green) or claudin-5

. Scale bars, 10 mm.

rridsoftware:SCR_000306
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integrity 3 days post-TBI, the time at which BBB is maximally
impaired34. Evans blue extravasation in the ipsilateral hemisphere
was significantly attenuated in rTIMP1-treated animals, compared
with that in the vehicle-treated group, as shown visually in Fig. 2A
and quantitatively in Fig. 2B.

Because BBB permeability is regulated mainly by the AJs and
TJs, we analyzed the total protein homogenates and membrane
fractions prepared from tissue surrounding the contusion core,
respectively. Western blot analysis revealed that TBI remarkably
decreased expression of TJ proteins (ZO-1, occludin, claudin-5) in
both whole-cell lysates (Fig. 2C) and plasma membrane fractions
(Fig. 2D). Although there was only a slight reduction in the total
expression of adherens junction VE-cadherin (Fig. 2C), its amount
associated with the membrane fractions was dramatically
decreased (Fig. 2D), suggesting that TBI induced VE-cadherin
redistribution. However, after rTIMP1 administration (90 and
270 mg/kg), junctional protein levels were significantly increased,
compared with those in the vehicle-treated groups (Fig. 2C and
D), indicating that rTIMP1 can alleviate TBI-induced loss of TJ
proteins.

3.3. TIMP1 knockdown impairs endothelial barrier integrity

To characterize the specific role of TIMP1 in the maintenance of
BBB integrity, we applied two different siRNA constructs tar-
geting human TIMP1. Western blot analyses indicated a signifi-
cant knockdown of TIMP1 expression in HBMECs. Furthermore,
as a secreted protein, TIMP1 levels in the cell culture supernatant
were also decreased (Fig. 3D). Trans-endothelial permeability and
endothelial tightness were respectively evaluated using FITC-
dextran leakage and TEER measurement assays, with an in vitro
BBB model composed of a monolayer of HBMECs (Fig. 3A).
Compared with the control cells, cells with endogenous TIMP1
suppression exhibited subtle paracellular hyperpermeability, with
an increase in the luminal to abluminal flux of 40-kDa dextran
(Fig. 3B). In addition, TIMP1 knockdown disrupted BBB tight-
ness, as demonstrated by reduced TEER (Fig. 3C), suggesting that
TIMP1 plays an important role in regulating the endothelial
barrier.

Since the junctional proteins are essential for maintaining
endothelial tightness, we further explored the effects of TIMP1 on
the expression and distribution of proteins. Biotin-Avidin system
was applied to purify the plasma membrane. Western blot analysis
revealed that knockdown of TIMP1 using two different siRNAs
both resulted in decreased levels of TJ proteins, especially in the
membrane fractions (Fig. 3D and E). In line with the in vivo TBI
model results, RNAi-mediated TIMP1 downregulation led to a
marked reduction in VE-cadherin levels in the plasma membrane
(Fig. 3E), while its expression in whole cell lysates remained
unchanged (Fig. 3D).

Consistent with the above Western blot results, immunolabel-
ing analysis further confirmed the effects of TIMP1 on BBB
endothelial AJs and TJs. Silencing TIMP1 weakened VE-cadherin
expression at extracellular cellecell contact sites and this
expression was increased in the cytosol and, perhaps, in the nu-
clear compartment as well (Fig. 3F). Regarding TJs (claudin-5,
occludin and ZO-1), reduced cytosolic and membrane localization
were observed in response to TIMP1 knockdown (Fig. 3F). Taken
together, the data show that TIMP1 is functionally coupled to the
expression and subcellular distribution of major junctional ele-
ments, thus participating in the maintenance of endothelial barrier
integrity under physiological conditions.
3.4. TIMP1 preserves endothelial barrier integrity under
hypoxia plus IL-1b insult

In TBI, except for the vascular integrity disruption caused by
primary injury, hypoxia35 and inflammation36 are two risk factors
that contribute to BBB breakdown and secondary injury. We
mimicked these in vivo scenarios by exposing HBMECs to hyp-
oxic stress plus 20 ng/mL IL-1b for 24 h. Compared to IL-1b
stimulation or hypoxia stress alone, Western blot analysis
confirmed that their combination is the most suitable in vitro
model for our studies, since the changes in junctional protein
expression and distribution were similar to those in the TBI model
(Supporting Information Fig. S1).

Using the in vitro model mentioned above, we next applied
varying amounts of rTIMP1 to the HBMECs culture and
assessed their effects on endothelial barrier regulation under
pathological conditions. As shown in Fig. 4A, the paracellular
permeability of HBMECs was enhanced significantly after
hypoxia plus IL-1b insult, and treatment with rTIMP1
(0.01e3 mg/mL) observably reduced FITC-dextran leakage.
Consistent with the dextran extravasation results, the TEER data
suggested that hypoxia plus IL-1b decreased endothelial cell
resistance, whereas rTIMP1 (0.01e3 mg/mL) administration
dose-dependently rescued the low resistance (Fig. 4B). In addi-
tion, the expression and distribution of junctional proteins were
examined by Western blotting. The results revealed that rTIMP1
at 1 mg/mL could significantly ameliorate these damaging effects
by upregulating the total expression of TJs (Fig. 4C), as well as
that in the associated membrane fractions (Fig. 4D). Moreover,
1 mg/mL rTIMP1 also increased the amount of VE-cadherin on
plasma membrane (Fig. 4D). Similar results were observed in
TIMP1 overexpressed endothelial cell (Supporting Information
Fig. S2), but not in cells transfected with the mock vector.
Collectively, these results not only suggest that TIMP1 can
directly regulate BBB integrity, but also indicate that TIMP1
functions as an exogenous molecule at the cell surface after
being secreted.

3.5. TIMP1-mediated endothelial barrier integrity is MMP-
independent

TIMP1 has a two-domain structure with N- and C-terminal re-
gions. The N-terminal domain harbors MMP-inhibitory sites,
while the C-terminal domain plays a significant role in binding to
the cell surface. To investigate whether TIMP1 regulates junc-
tional proteins by its metalloproteinase-inhibitory or cytokine-like
signaling activities, we performed site-directed mutagenesis to
generate a TIMP1 combinatorial mutant with His7Ala and
Gln9Ala (Ala-TIMP1), which was shown to disrupt MMP-
inhibitory activity but not affect the overall structural integrity
or MMP binding37. The purified recombinant Ala-TIMP1 (rAla-
TIMP1) expressed in eukaryotic cells was identified by SDS-
PAGE and Western blotting (Fig. 5A). HBMECs exposed to
hypoxia plus IL-1b were treated with rTIMP1 and rAla-TIMP1,
respectively, at a concentration of 1 mg/mL. As shown in
Fig. 5B, exogenous rTIMP1, with or without MMP-inhibitory
activity, ameliorated the FITC-dextran leakage to the same
extent. Consistently, rAla-TIMP1 treatment rescued the reduction
in TEER as effectively as the wild-type rTIMP1 (Fig. 5C). When
junctional protein expression was examined by immunoblot
analysis, rAla-TIMP1 abolished the loss of expression in total cell
lysates and membrane fractions, as observed in wild-type rTIMP1-



Figure 4 TIMP1 attenuates BBB impairment induced by hypoxia plus IL-1b insult. HBMECs treated with PBS or rTIMP1 at indicated doses

were subjected to hypoxia plus 20 ng/mL IL-1b for 24 h. (A) HBMECs from the indicated treatment groups were subject to transwell permeability

assay. Data represent mean � SEM of six independent experiments (ns, not significant; **P < 0.01). (B) HBMECs from the indicated treatment

groups were subject to TEER assay. Data represent mean � SEM of six independent experiments (ns, not significant; **P < 0.01). (C) Western

blot analysis and quantification of ZO-1, occludin, claudin-5 and VE-cadherin protein levels in total cell lysates from the indicated treatment

groups. GAPDH was used as loading control. Data represent mean � SEM of three independent experiments (ns, not significant; *P < 0.05;
**P < 0.01). (D) Western blot analysis and quantification of ZO-1, occludin, claudin-5 and VE-cadherin protein levels on membrane fragments

from the indicated treatment groups. Na/K ATPase was used as loading control. Data represent mean � SEM of three independent experiments

(ns, not significant; *P < 0.05; **P < 0.01).
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treated cells (Fig. 5D and E). Immunostaining of cells under
hypoxia plus IL-1b insult showed barely detectable VE-cadherin
and TJs expression in the cellecell junctions, compared to that
in control cells. However, upon rTIMP1 or rAla-TIMP1 admin-
istration, VE-cadherin was redistributed from the cytoplasm to the
cell surface, and TJs expression was increased in both the cytosol
and membrane fractions (Fig. 5F). Consequently, TIMP1-
mediated BBB regulation appears to be independent of MMP
based on the comparable effects between rTIMP1 and rAla-
TIMP1 treatment.
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3.6. CD63/integrin b1 complex is essential for TIMP1
regulation of endothelial barrier integrity

Using the TIMP1 mutant, our results revealed that TIMP1 can
function as a signaling molecule to regulate endothelial barrier
integrity independent of its MMP-inhibitory domain. We next
sought to investigate the specific signaling of the “cytokine-
like” activity of TIMP1 on endothelial. Previous studies have
identified that the C-terminal domain of TIMP1 interacts with
the large extracellular loop of CD63, a member of the tetra-
spanin family, on the cell surface and displays tumor-promoting
activities in a CD63-dependent manner22. In addition, as the
main tetraspanin-interacting integrin, b1 subunit interacts with
TIMP1/CD63 complex and plays a critical role in TIMP1-
regulated signaling. Therefore, we investigated the potential
interaction of TIMP1 and CD63/integrin b1 complex on
endothelial cell surface. Anti-TIMP1 antibody-immunoprecipi-
tation (IP) could pull down both CD63 and integrin b1
(Fig. 6A) from HBMECs lysates, meanwhile, CD63 and
integrin b1 IP could both pull down TIMP1 (Fig. 6B), sug-
gesting that these proteins form a complex.

Next, we investigated whether CD63/integrin b1 complex is
required for TIMP1-mediated BBB integrity. As shown in Fig. 6C,
administration of rTIMP1 to cells under hypoxia plus IL-1b
rescued the increased diffusion of FITC-dextran across the
endothelial barrier. In contrast, downregulated CD63 or integrin
b1 expression both abolished the protective effects of TIMP1.
Consistently, rTIMP1 failed to prevent TEER reduction in CD63
or integrin b1 knockdown cells (Fig. 6D). These results strongly
suggest that CD63/integrin b1 complex is essential for TIMP1-
mediated trans-endothelial tightness.

In addition to the in vitro BBB model to examine paracellular
permeability, we asked whether CD63/integrin b1 complex is
required for TIMP1-mediated expression and distribution of
junctional proteins. Western blot analysis confirmed significant
downregulation of CD63 and integrin b1 expression in HBMECs
receiving specific CD63 and integrin b1 siRNA, respectively. Of
note, silencing CD63 reduced integrin b1 expression, while the
expression level of integrin b1 had little effect on CD63 (Fig. 6E).
Both CD63 and integrin b1 knockdown significantly reduced TJs
expression in total lysates from rTIMP1 treated cells as deter-
mined by Western blotting (Fig. 6E). CD63 or integrin b1
knockdown also abrogated the TIMP1-regulated increase of
junctional proteins on cell surface (Fig. 6F). Concordant with
Western blot results, immunostaining revealed that rTIMP1 failed
to regulate VE-cadherin redistribution and TJs expression when
CD63/integrin b1 were downregulated (Fig. 6G), further demon-
strating that TIMP1 regulation of endothelial barrier integrity is
mediated, at least in part, by its interaction with CD63/integrin b1
complex on cell surface.
Figure 5 TIMP1 protects against BBB injury in an MMP-independent m

cells (293T) was analyzed by SDS-PAGE and Western blots analysis. (B

subjected to hypoxia plus 20 ng/mL IL-1b for 24 h. (B) HBMECs from

assay. Data represent mean � SEM of six independent experiments (ns, no

groups were subject to TEER assay. Data represent mean � SEM of six in

blot analysis and quantification of indicated proteins from total cell lysates

and quantification of indicated proteins from membrane fragments. Data

significant; *P < 0.05; **P < 0.01). (F) Cells were also subjected to IF stain
3.7. TIMP1 activates Integrin-FAK signaling to modulate F-
actin rearrangement

Previous studies revealed that by binding to CD63, TIMP1 may
alter CD63 interaction with integrin b1 and in turn influence
integrin signaling21. Integrins have no intrinsic tyrosine kinase
activity and recruit non-receptor tyrosine kinases to activate
downstream pathways, including the FAK pathway that restores
endothelial barrier function in response to thrombin38. There-
fore, we analyzed the activation status of FAK in HBMECs
exposed to hypoxia plus IL-1b insult after TIMP1 treatment.
Evidently, exposure to combined hypoxia plus IL-1b resulted in
increased levels of phosphorylated FAK (pFAK) at Tyr397,
whereas exogenous addition of rTIMP1 (Fig. 7A) and TIMP1
overexpression (Fig. 7B) both augmented FAK signaling in
HBMECs. To investigate whether FAK signaling activation
underlies the endothelial barrier regulation of TIMP1, we
assessed how Y15, a specific FAK inhibitor, affects HBMECs
treated with TIMP1. As the results, Y15 completely abrogated
the protective effects of TIMP1 on FITC-dextran leakage
(Fig. 7C) and TEER assays (Fig. 7D). In accordance, in our
model system, FAK inhibitor significantly reduced TJs
expression and reversed redistribution of VE-cadherin in
TIMP1-treated cells, as determined by Western blotting
(Fig. 7E and F). Importantly, inhibition of FAK significantly
reversed the protective effects of exogenous TIMP1 treatment
on BBB in vivo (Supporting Information Fig. S3). Taken
together, these results indicate that TIMP1 activates
integrineFAK signaling to maintain endothelial barrier
integrity.

FAK is one of the key proteins that negatively regulate RhoA
activation39, which subsequently induces F-actin stress fiber for-
mation, resulting in contraction-driven endothelial hyper-
permeability40,41. Next, we used the GST pull-down assay to
determine RhoA activity. As shown in Fig. 7G, combined hypoxia
plus IL-1b insult clearly increased the amount of active form of
RhoA (RhoA-GTP), which was significantly reduced upon
rTIMP1 treatment. Similarly, TIMP1 overexpression in HBMECs
also alleviated increases in RhoA activity (Fig. 7H), further
demonstrating that RhoA is a downstream regulator in the TIMP1-
mediated pathway.

RhoA activation triggers robust actin polymerization, followed
by the formation of intercellular gaps between endothelial cells
and the degradation of junctional proteins42. Therefore, we asked
whether TIMP1 maintains the endothelial barrier integrity via
inhibiting RhoA-mediated F-actin rearrangement. Analysis of
actin cytoskeleton organization using rhodamine-phalloidin
revealed that hypoxia plus IL-1b induced a dramatic increase in
F-actin stress fibers across the cells. However, upon TIMP1
stimulation, these fibers dissociated, resulting in the redistribution
anner. (A) Recombinant rAla-TIMP1 protein expressed in eukaryotic

)e(F) HBMECs treated with 1 mg/mL rTIMP1 or rAla-TIMP1 were

the indicated treatment groups were subject to transwell permeability

t significant; **P < 0.01). (C) HBMECs from the indicated treatment

dependent experiments (ns, not significant; **P < 0.01). (D) Western

(ns, not significant; *P < 0.05; **P < 0.01). (E) Western blot analysis

represent mean � SEM of three independent experiments (ns, not

ing of VE-cadherin, claudin-5, occludin and ZO-1. Scale bars, 10 mm.
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of F-actin to the cell surface, similar to that in the control groups
(Fig. 7I and J). Importantly, TIMP1 failed to reverse actin poly-
merization in CD63-or integrin b1-depleted cells (Supporting In-
formation Fig. S4). Altogether, our results suggest that TIMP1
regulates cytoskeletal reorganization through FAK/RhoA
signaling, and CD63/integrin b1 complex is the key mediator.
4. Discussion

In this study, we identified a previously unexplored role of TIMP1
in regulation of endothelial barrier integrity. rTIMP1 exhibits
protective effects against BBB breakdown induced by TBI in
mice. Silencing TIMP1 in HBMECs induced obvious paracellular
permeability and junctional protein deregulation. Using muta-
genesis analyses and a cell culture injury model, we determined
that TIMP1 maintains BBB integrity through a mechanism inde-
pendent of its MMP-inhibitory function. Mechanistically, TIMP1
interacts with CD63/integrin b1 complex and activates down-
stream FAK signaling, leading to the attenuation of RhoA activity,
resulting in a decrease in F-actin formation and an increase in
cellecell contact stabilization. Therefore, treatments targeting
TIMP1 and the downstream components may pave the way for
novel therapies to preserve BBB integrity in CNS diseases,
especially in TBI.

The BBB is a unique microvascular structure that plays an
important role in maintaining brain homeostasis. BBB breakdown
and the associated hyperpermeability are the characteristic fea-
tures of several CNS diseases43. Dysfunction of the BBB induces
neurotoxic protein influx from the peripheral blood and immune
cell infiltration, which result in a poor neurological prognosis,
including cognitive/behavioral disabilities, seizures, coma, and
even death. Therefore, treatments that attenuate BBB disruption
may be promising therapeutic strategies44. It is already known that
MMP9 plays a critical role in regulating BBB integrity via its
proteolytic activities, which are capable of degrading ECM
components, promoting neutrophil migration and triggering the
inflammatory response45. Mice deficient in MMP9 were protected
against traumatic46 and ischemic brain injuries47. TIMP1, known
as an MMP9 inhibitor, displays an endogenous compensatory
response to minimize MMP9 pro-enzyme activity12. An imbal-
ance between MMP9 and TIMP1 has been thought to be a key
event in the transition from physiological to pathological condi-
tions in various CNS diseases13e15. Previous studies have shown
that TIMP1 deficiency amplifies vascular permeability in acute
lung injury33 and exacerbates BBB dysfunction in focal cerebral
ischemia16, whereas intracerebroventricular injection of TIMP1
attenuates BBB permeability in acute liver failure48. Because BBB
Figure 6 TIMP1 modulates BBB integrity through CD63 and integrin b

subjected to IP assay using TIMP1 antibody. Western blots were performed

were extracted and subjected to integrin b1 or CD63 IP assays. This was

(C)e(H) HBMECs transfected control or siRNA targeting CD63 or inte

subjected to hypoxia plus 20 ng/mL IL-1b for 24 h. (C) HBMECs from

assay. Data represent mean � SEM of six independent experiments (ns, no

groups were subject to TEER assay. Data represent mean � SEM of six in

blot analysis and quantification of indicated proteins from total cell lysates

and quantification of indicated proteins from membrane fragments. Data

significant; *P < 0.05; **P < 0.01). (G) Cells were also subjected to IF stain
breakdown is an important contributor to TBI pathology and
outcomes49, in the present study, we first evaluated the protective
effects of TIMP1 in a mouse model of experimental TBI. The
results showed that post-injury TIMP1 treatment improved
neurological functions, attenuated Evans blue extravasation, and
regulated junctional protein expression and redistribution. To the
best of our knowledge, this is the first study demonstrating that
rTIMP1 can alleviate BBB breakdown in a TBI model.

Junctional proteins are composed of TJs and AJs that are
hallmarks of BBB integrity. Alteration of junctional protein as-
sembly contributes to the loss of BBB integrity. Silencing TIMP1
in HBMECs induced junctional protein dysregulation, leading to
an increase in paracellular permeability and a reduction in trans-
endothelial tightness. Consistently, upon hypoxia plus IL-1b
insult, exogenous addition and overexpression experiments indi-
cated that TIMP1 is essential for maintaining endothelial barrier
integrity in FITC-dextran leakage and TEER assays. These results
suggest that TIMP1 can preserve BBB integrity via regulating
junctional proteins under both physiological and pathological
conditions.

TIMP1 was originally characterized as an MMP inhibitor, with
a primary role in ECM turnover and remodeling. Previous studies
attributed the protective effects of TIMP1 on several in vivo models
to its MMP-inhibitory activity. However, mounting evidence has
revealed that the specific mechanisms of TIMP1 regulation depend
on the cell context and the pathological conditions. For example,
the anti-apoptotic CD63-mediated function and the anti-proteolytic
function of TIMP1 act together in wound healing28,50, as well in
fibrosis progression19,51. During EAE, mice overexpressing TIMP1
mitigate the disease course by MMP inhibition in the early stage25,
whereas during chronic EAE, TIMP1 plays an MMP-independent
role, potentially by promoting oligodendrocyte differentiation and
effective remyelination after injury26. Therefore, it is likely that the
role of TIMP1 rests on coordinate inhibition of MMP in
conjunction with CD63-mediated MMP-independent pathway.
TIMP1 is a multifunctional protein with an N-terminal domain for
MMP9 inhibition and a C-terminal domain for its interaction with
the large extracellular loop of CD63. The sequence between Cys3
and Cys13 within the N-terminal region has shown to be critical for
the TIMP1 interaction with MMP937. To maintain the molecular
conformation, we introduced His7Ala and Gln9Ala to generate a
TIMP1 combinatorial mutant (Ala-TIMP1). TIMP1 and Ala-
TIMP1 treatments displayed comparable protective effects on
junctional protein regulation and cell permeability, providing evi-
dence that MMP-independent mechanism is involved in the
TIMP1-mediated BBB stabilization. However, it is worth noting
that this study does not exclude the MMP-inhibitory effect of
TIMP1 on BBB regulation.
1 signaling. (A) Total cell lysates from HBMECs were extracted and

for integrin b1, CD63 or TIMP1. (B) Total cell lysates from HBMECs

followed by Western blot analysis for integrin b1, CD63 or TIMP1.

grin b1 were treated with rTIMP1, then the indicated groups were

the indicated treatment groups were subject to transwell permeability

t significant; **P < 0.01). (D) HBMECs from the indicated treatment

dependent experiments (ns, not significant; **P < 0.01). (E) Western

(ns, not significant; *P < 0.05; **P < 0.01). (F) Western blot analysis

represent mean � SEM of three independent experiments (ns, not

ing of VE-cadherin, claudin-5, occludin and ZO-1. Scale bars, 10 mm.
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FAK is a cytoplasmic tyrosine kinase that mediates intracellular
signaling triggered by integrin complexes52. In early studies, due to
the activated phosphorylation of FAK in response to the
permeability-increasing mediators VEGF53, thrombin54 and oxi-
dants55, FAK was presumed to impair endothelial barrier integrity.
However, silencing FAK or expressing FRNK (dominant negative
FAK construct) resulted in an augmented and prolonged increase in
endothelial permeability, suggesting that FAK activation actually
confers a barrier protective property56. Consistent with previous
reports, a marked increase in FAK phosphorylation was induced by
hypoxia plus IL-1b insult in our studies, while TIMP1 treatment
further augmented the phosphorylation status via activating integrin
b1. Holinstat et al.56 demonstrated that phosphorylated FAK
downregulates RhoA-GTP levels via p190RhoGAP is a crucial step
in endothelial barrier restoration. RhoA activation induced by
exposure to specific stressors, such as hypoxia and cytokines, leads
to assembly of stress fibers57,58. The contraction of stress fibers
generates the formation of intercellular gaps between endothelial
cells59, accompanied by the degradation and internalization of
junctional proteins42. VE-cadherin is an important component of
AJs due to its cytoplasmic tail binding to b-catenin to communicate
with the cytoskeleton60,61. Following exposure to specific stressors,
F-actin stress fibers generate centripetal force throughout the cell,
which breaks apart the VE-cadherin/b-catenin complex, followed
by enhanced nuclear localization ofb-catenin, which downregulates
claudin-5 transcription62,63. Consistent with these findings, there
were obvious internalization ofVE-cadherin and decreased claudin-
5 expression induced by hypoxia plus inflammation insult in our
injury model. Moreover, both exogenous addition and over-
expression of TIMP1 inhibited RhoA activity and F-actin poly-
merization, thereby relieving cytoskeletal tension. Of note, the
rescue effect of TIMP1 on F-actin stress fiber formation depended
on theCD63/integrinb1 complex, further confirming that theMMP-
independent mechanism is essential for TIMP1-mediated endo-
thelial barrier integrity.

Nevertheless, we aware that there were some mechanistic ca-
veats may exist. Nowadays, little research on the regulation of
ZO-1 and occludin expression by RhoA activity has been carried
out. Overexpression of the RhoA-GTP Q63L mutant, a constitu-
tively activated, GTP-bound form of RhoA-GTP, in bEnd.3 cells
decreased the expression levels of ZO-164. Moreover, a constitu-
tively active form of RhoA induced the phosphorylation of
occludin at Ser490, which is required for occludin ubiquitination
and degradation65,66. In our studies, the inhibition of RhoA
Figure 7 TIMP1 activates Integrin-FAK signaling to modulate F-actin r
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Data represent mean � SEM of three independent experiments (*P < 0.05).
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Scale bars, 25 mm. (J) HBMECs transfected with pcDNA3.1 or TIMP1

subjected to IF staining of F-actin. Scale bars, 25 mm.
activity by TIMP1 rescued the decreased expression levels of ZO-
1 and occludin. Further studies were warranted to elucidate the
specific mechanisms underlying the regulation of ZO-1 and
occludin expression by TIMP1. In addition, only in vitro experi-
ments were applied to reveal that TIMP1 preserves BBB integrity
via interacting with CD63/integrin b1 complex. It is necessary to
perform TBI model on mice with conditional knockout for CD63
or integrin b1 in endothelial cells to further confirm the regulatory
mechanism of TIMP1 on BBB. Finally, although in vivo TBI
experiments using FAK inhibitor significantly reversed the pro-
tective effects of exogenous TIMP1 treatment on BBB in vivo,
suggesting that FAK/RhoA signaling plays an important role in
TIMP1-mediated BBB protection, a better strategy would likely
be use of mice conditional knockout for FAK to avoid the non-
specific inhibition or incomplete inhibition of the inhibitor, and
mice with Mmp9 knockout will better confirm that TIMP1
maintains BBB function via MMP-independent pathway.

BBB breakdown is the hallmark of TBI and several other
neurological disorders, and a better understanding and control of
the mechanisms involved in BBB disruption hold promise for
improving patient care. As junctional proteins govern much of
the BBB function, focus on these proteins as therapeutic targets
may be beneficial. Although early studies have found that MMP9
expression was upregulated when the BBB was damaged and the
use of MMP9 antibodies could alleviate the BBB leakage.
However, MMP9 inhibitors, particularly those with hydroxamate
bases, have not been widely used in clinical practice due to their
low specificity and poor solubility. Moreover, it has been re-
ported that MMP9 participated in the injury process early after
onset while contributed to recovery during later stages67.
Therefore, the treatment window for MMP9 inhibitors is another
obstacle in clinical applications. In our studies, we uncovered
that besides MMP-dependent pathway, TIMP1 also regulated
BBB integrity via an MMP-independent pathway. The new
finding will provide more strategies for CNS diseases with BBB
disruption.
5. Conclusions

Taken together, our studies uncovered that TIMP1 regulates
endothelial barrier integrity through its interaction with CD63/
integrin b1 complex on the cell surface and integrin signaling
activation. The subsequent inhibition of RhoA activity stabilizes
earrangement. (A) HBMECs treated with PBS or rTIMP1 at 1 mg/mL

alysis and quantification of phosphorylated FAK levels in cell lysates.

(B) HBMECs transfected with pcDNA3.1 or TIMP1 were subjected to

fication of phosphorylated FAK levels in cell lysates. Data represent

BMECs treated with PBS, 20 mmol/L Y15 and 1 mg/mL TIMP1, or

4 h. Transwell permeability (C) and TEER (D) assays were performed.

cant; *P < 0.05; **P < 0.01). Western blot analysis and quantification

F). Data represent mean � SEM of five independent experiments (ns,

TIMP1 at 1 mg/mL were subjected to hypoxia plus 20 ng/mL IL-1b for

ysates. Data represent mean � SEM of three independent experiments

jected to hypoxia plus 20 ng/mL IL-1b for 24 h. Western blot analysis

n � SEM of three independent experiments (*P < 0.05). (I) HBMECs

0 ng/mL IL-1b for 24 h, and were subjected to IF staining of F-actin.

were subjected to hypoxia plus 20 ng/mL IL-1b for 24 h, and were
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cytoskeleton, providing protection against endothelial barrier
disruption, which is induced by permeability-increasing media-
tors. The present study identifies TIMP1 as an extracellular signal
inducer that exhibits cytokine-like activities in maintaining BBB
function and integrity. This novel MMP-independent mechanism
of TIMP1 in endothelial provides insight into BBB disruption
under pathological conditions. Moreover, the protective effects of
rTIMP1 in an in vivo TBI model imply that targeting TIMP1 and
its downstream signaling may provide novel therapeutic strategies
for CNS diseases with BBB sealing deficiency.
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