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Abstract. Lysophosphatidic acid (LPA) the simplest of the 
water-soluble phospholipids, is produced by activated plate-
lets, macrophage and endothelial cells. It also evokes various 
biological responses. When LPA concentrations reach high 
levels, brain injury, including stroke and intracerebral hemor-
rhage (ICH), occurs. Previous studies have shown that LPA is 
crucial in increasing blood-brain barrier (BBB) permeability, 
and the Rho/Rho kinase (ROCK) signaling pathway is involved 
in the regulation of endothelial permeability. However, the 
exact mechanism by which the Rho/ROCK pathway mediates 
BBB disruption induced by LPA remains to be determined. 
In the present study, we observed that LPA induced the 
increase of BBB permeability in the right striatum after 
10 µl LPA (100 µM) was injected into the ipsilateral caudate 
nucleus of rats. The ROCK was involved in the expression 
of proteolytic enzymes, matrix metalloproteinase (MMP)-9 
and urokinase‑type plasminogen activator  (uPA), leading 
to LPA-induced BBB disruption. ROCK inhibitor (Y27632) 
markedly inhibited the expression of proteolytic enzymes 
induced by LPA as well as the BBB disruption after it was 
co-injected with LPA. Thus, results of the present study 
suggest that LPA increases BBB permeability, which may be 
due to the Rho/ROCK signaling pathway and the subsequent 
production of proteolytic enzymes MMP-9 and uPA.

Introduction

Lysophosphatidic acid (LPA), which is released from activated 
platelets (1) and the hydrolysis of circulating lysophospho-
lipids (2), is a simple phospholipid that is involved in a number 
of cell processes including proliferation, migration, platelet 

aggregation, neurite retraction and neuropathic pain (1,3-6). 
LPA is detected in serum, plasma, other biological fluids, and 
tissues including brain (3). It is produced in the course of blood 
coagulation in humans (7). Levels of LPA are increased after 
brain injury, including intracerebral hemorrhage (ICH) (8) and 
cerebral ischemia (CI) (9). LPA is also produced by activated 
platelets and stimulates platelet aggregation in turn, forming a 
positive feedback and causing significantly elevated levels of 
LPA in a local region of the brain, resulting in clotting hema-
toma in ICH or thrombosis in CI.

Blood-brain barrier (BBB) disruption and brain edema is 
an important pathophysiological event of brain injury after 
ICH or CI. Proteolytic enzymes and inflammatory cytokines 
change the BBB permeability properties, leading to brain 
edema formation. Various proteolytic enzymes, including 
matrix metalloproteinase (MMP)-9 and urokinase-type 
plasminogen activator (uPA) have been suggested to be 
critical mediators for altering BBB permeability (10). MMP-9 
degrades the basement membrane, and uPA stimulates the 
production of plasmin that degrades various components of 
extracellular matrix. Previous studies have indicated that 
LPA is involved in increasing endothelial monolayer perme-
ability (11), and that a high concentration of LPA may disrupt 
the BBB (8). However, the exact molecular mechanism that 
serves as a contributory factor of LPA to BBB disruption 
remains to be determined.

The Rho/Rho kinase (ROCK) signaling pathway is impor-
tant in the regulation of endothelial permeability. ROCK, 
the downstream effector of Rho, is a serine/threonine kinase 
that is activated by binding to the active GTP-bound form of 
Rho. Results of recent studies have demonstrated that ROCK 
increases BBB permeability via the upregulation of MMP-9 
and disruption of tight junction proteins (12,13). The ROCK 
inhibitor prevents injury to brain endothelial cells by the 
reduction of MMP-9 activity (14). Mounting evidence supports 
that the Rho/ROCK signaling pathway is crucial in cancer cell 
migration and invasion induced by LPA, which is due to the 
upregulation of proteolytic enzyme secretion by Rho/ROCK 
signaling pathway (15). Considering that LPA is capable of 
increasing BBB permeability, and that the Rho/ROCK pathway 
plays a role in LPA-induced proteolytic enzymes secretion, 
including uPA and MMPs, we hypothesized that LPA-induced 
ROCK activation is involved in proteolytic enzyme secretion, 
leading to the disruption of BBB in vivo.
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The aim of the present study was to examine whether 
LPA induces the secretion of proteolytic enzymes MMP-9 
and uPA, to increase the permeability of BBB in vivo, and 
whether ROCK is critical for LPA-induced proteolytic enzyme 
expression as well as BBB disruption. The results obtained 
suggest mechanisms by which LPA increases permeability 
of BBB through proteolytic enzyme secretion mediated by a 
Rho/ROCK signaling pathway.

Materials and methods

Animals. Adult male Sprague-Dawley rats (weight, 250-280 g) 
obtained from the Animal Center of Wuhan University were 
housed under controlled temperature and lighting conditions 
with food and water. All animal procedures were reviewed and 
approved by the international guidelines for the ethical use of 
laboratory animals and the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals.

Surgical procedure. Animals were anesthetized by intra-
peritoneal injection of ketamine (60 mg/kg) and xylazine 
(10 mg/kg), and then placed in a stereotaxic frame (Bilaney 
Consultants, Düsseldorf, Germany). A scalpel was used to 
expose the skull, and a hole was drilled at 3.0 mm laterally and 
0.2 mm anterior to the bregma. A microinjection needle was 
inserted stereotaxically into the right caudate nucleus (coordi-
nates: 0.2 mm anterior, 5.5 mm ventral and 3.0 mm lateral to 
the bregma). LPA (Sigma, St. Louis, MO, USA) was dissolved 
in sterile phosphate-buffered saline (PBS) and a final concen-
tration of 100 µM was delivered in a final volume of 10 µl over 
5 min; the needle remained in place for an additional 5 min to 
prevent reflux. ROCK inhibitor Y27632 (Sigma) was dissolved 
in sterile PBS at a final concentration of 1 mM and co-injected 
with LPA into the right caudate nucleus in some experiments 
to detect whether Y27632 decreased BBB permeability by 
inhibiting ROCK. The hole in the skull was sealed with bone 
wax and the scalp was sutured. Control rats were infused 
with the same volume of PBS, and the brains were removed 
24 h after microinjection. Rectal temperature was monitored 
and maintained between 36.5 and 37˚C with a heating pad 
throughout the procedure. The overall mortality rate was <1%. 
Striatum tissues in each group were obtained as described in 
Fig. 1 for subsequent detection.

Experimental groups. Animals (150  rats) were randomly 
assigned to each group. Six rats used for the ultrastructural 
analysis of BBB were sacrificed 24 h after surgery as well as 
controls (n=3 for each group). Thirty-six rats used for determi-
nation of extravasated Evans blue dye (EBD) for BBB integrity; 
36 rats for quantitative polymerase chain reaction (qPCR); 36 
rats for western blot detection; 36 rats for the immunohisto-
chemistry evaluation (n=6 for each time-point at 6, 24, 48 and 
72 h after LPA was intracerebrally injected and 24 h after LPA 
co-injected with Y27632 as well as for controls).

Evans blue dye extravasation. BBB permeability was 
quantitatively evaluated by the fluorescent detection of 
extravasated EBD at 6, 24, 48 and 72 h after injection of LPA 
into the right caudate nucleus of rats (16). Briefly, 2% EBD 
in saline was injected from tail vein (4 ml/kg; Sigma) and 

allowed to circulate for 60 min. To remove the intravascular 
dye, the animals were perfused with saline through the left 
ventricle at 100 cm H2O until colorless perfusion fluid was 
obtained from the right atrium. After rats were decapitated, 
four sections of the brains were removed: ipsilateral striatum 
and cortex, and contralateral striatum and cortex (data not 
shown). Each tissue sample was weighed, homogenized in 
2 ml of 50% trichloroacetic acid (wt/vol), and centrifuged at 
18,000 x g for 20 min. EBD was extracted from the tissue 
by using 50% trichloroacetic acid to dissociate the dye from 
protein. Subsequent to centrifugation, the supernatants 
containing EBD were diluted 4‑fold with ethanol. For fluo-
rescence measurement, an aliquot was diluted with solvent 
(50% trichloroacetic acid:ethanol =1:3). Tissue levels of EBD 
were quantified by using a spectrofluorometer at an excitation 
wavelength of 620 nm and an emission wavelength of 680 nm. 
Sample values were compared with those of EBD standards 
mixed with the solvent (100-1,000 µg/l). The EBD contents 
were expressed as µg/g brain weight.

Ultrastructural analysis. Rats were perfused through the left 
ventricle with saline followed by 2.5% glutaraldehyde and 
2% paraformaldehyde in 0.1 M cacodylate buffer at pH 7.4. 
Tissue sections from the striatum were additionally fixed in 
the same fixative for 2 h at 4˚C. After washing, the slices were 
post-fixed in 1% OsO4 for 1 h. The slices were subsequently 
dehydrated in graded ethanol, and embedded in Epon 812. 
For electron microscopy, ultrathin sections were processed 
by cutting with a diamond knife on a Ultramicrotome 
(Leica Ultracut UCT; Leica Microsystems GmbH, Wetzlar, 
Germany) and then collected on copper grids. The material 
was air-dried, then stained for 10  min with 4.7% uranyl 
acetate and for 2 min with lead citrate. The sections were 
examined and images were captured on a Philips G212 
electron microscope (FEI Tecnai; FEI, Amsterdam, The 
Netherlands).

qPCR. Animals were sacrificed at 6, 24, 48 and 72 h following 
LPA injection into the right caudate nucleus. Total RNA was 
extracted from the right striatum tissues using TRIzol 
(Invitrogen, Carlsbad, CA, USA) following the manufacturer's 
instructions. The concentration and purity were measured 
using the NanoDrop™ method (3300 NanoDrop Analyzer; 
Thermo Scientific, Foster City, CA, USA). Equal amounts 
(1 µg) of total RNA were reverse transcribed into cDNA using 
a first‑strand cDNA synthesis kit (Transgen Biotech Co., Ltd., 
Beijing, China). PCR was performed with primers for MMP-9, 
forward: 5'-ACGAGGACTCCCCTCTGCAT-3' and reverse: 
5'-AGGCCTTGGGTCAGGTTTAGA-3'; uPA, forward: 
5'-ACAGATTCCTGCTCGGGAGAT-3' and reverse: 
5'-CCAATGTGGGACTGAATCCAG-3'; ROCK2 forward: 
5 '-A ACCTACTCCTG GA AG CCG -3'  a nd  rever se: 
5'-AGACAACGCTTCTGAGTTTCC-3'; glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), forward: 5'-CAGT 
GCCAGCCTCGTCTCAT-3' and reverse: 5'-TGGTAACCA 
GGCGTCCGATA-3'). Following an initial incubation for 
15 min at 95˚C, the reactions were carried out for 40 cycles at 
95˚C for 15 sec and 60˚C for 30 sec (florescence collection). 
The expression of MMP-9, uPA and ROCK2 was normalized 
to GAPDH gene and compared with the control.
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Western blotting. The brains of rat were removed at 6, 24, 48 and 
72 h after LPA injection, and the right striatum was dissected, 
immediately frozen and kept at -70˚C. The frozen tissue was 
homogenized in homogenization buffer (pH 7.4) with protease 
inhibitors (Sigma) and centrifuged at 12,000 x g for 20 min at 
4˚C. The supernatant was then collected and the total protein 
was determined using a Micro BCA Protein Assay kit. Protein 
(50 µg) of each sample was loaded onto the 8-10% SDS poly-
acrylamide gel (SDS-PAGE), separated by electrophoresis 
and transferred to nitrocellulose membranes (EMD Millipore 
Co., Billerica, MA, USA). The membranes were incubated 
at 4˚C overnight with primary antibodies: anti-MMP-9 (goat 
polyclonal, 1:400), anti-uPA (rabbit polyclonal, 1:400), anti-
ROCK2 (goat polyclonal, 1:100) and anti-β-actin (mouse 

monoclonal, 1:500), all from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA). After being washed three times for 
10 min with washing solution, the membranes were incubated 
with horseradish peroxidase-conjugated secondary antibodies 
(1:1,000; ZSGB-Bio, Beijing, China). Immunoreactive bands 
were visualized by an enhanced chemiluminescent substrate 
kit and exposure to CL-XPosure film. The immunoreactivity 
of proteins bands was quantitatively analyzed by Kodak 
Digital Science 1D software (Eastman Kodak Co., Rochester, 
NY, USA) and expressed as a mean optical density. Relative 
levels of MMP-9, uPA and ROCK2 protein were normalized 
to β-actin and compared with the control.

Immunohistochemical staining. To assess the spatial 
distribution of MMP-9 and uPA after LPA injection, immu-
nohistochemistry was performed. Briefly, the brain was 
dehydrated and embedded in paraffin. Then it was sliced coro-
nally into 4 µm sections from the rostral to the caudal section of 
the injection site. The sections were de-waxed and rehydrated, 
rinsed with distilled water and PBS, quenched with 3% H2O2, 
blocked in 10% normal goat serum, and incubated overnight 
at 4˚C with primary antibodies: anti-MMP-9 (goat polyclonal, 
1:100) or anti-uPA (rabbit polyclonal, 1:100) both from Santa 
Cruz Biotechnology, Inc. The sections were then incubated 
with biotinylated goat anti-mouse IgG or rabbit anti‑goat IgG 
(1:400; ZSGB-Bio) for 1 h at room temperature and incubated 
with streptavidin-peroxidase for 30 min. The immunoreac-
tions were visualized with diaminobenzidine‑H2O2 solution. 
Sections were washed, successively dehydrated in ethanol, 
and defatted in xylenes. For the negative controls we used 
non‑specific IgG instead of the primary antibodies. To quan-
tify the number of immunoreactive cells labeled with MMP-9 
or uPA, two sections per rat were selected, and five randomly 
selected non‑overlapping high-power fields were examined 
from each section.

Statistical analysis. Data were expressed as the means ± SEM. 
Statistical analysis of quantified data was performed by anal-
ysis of variance (ANOVA). P<0.05 was considered to indicate 
a statistically significant difference.

Results

LPA increased the permeability of BBB in ipsilateral stri-
atum. To study the effect of LPA on the permeability of BBB, 
it was injected directly into the rat brain. The extravasation 
of EBD, as a marker of BBB breakdown, was quantified by 
spectrofluorophotometric analysis. Since the striatum tissues 
for the subsequent detection was obtained at a distance from 
the injection site (Figs. 1A and 2A), the needle itself and the 
volume of injected solution had no effect on the permeability 
of BBB (Fig. 1B). No significant difference on the extravasa-
tion of EBD in the ipsilateral cortex, contralateral striatum and 
contralateral cortex between LPA‑injected rats and control 
rats was observed (Fig. 1C). Quantitative analysis of EBD 
in another three regions demonstrated that leakage within 
the ipsilateral striatum regions following LPA injection was 
highest among the ipsilateral cortex and contralateral brain 
regions, including the contralateral striatum and contralateral 
cortex (Fig. 1C). We found that the intracerebral injection of 

Figure 1. Effect of lysophosphatidic acid (LPA) on the permeability of 
blood‑brain barrier (BBB). (A) Four sections of the brain were removed 
for Evans blue dye (EBD) content detection: ipsilateral striatum (S) and 
cortex (C), and contralateral striatum (S) and cortex (C). (B) The EBD 
content in the ipsilateral striatum was detected 24 h after the solution was 
injected into the right caudate nucleus of rats in the following four groups: 
1, the sham operation group: the skull was exposed and a hole was drilled, 
then the scalp was sutured; 2, the needle‑inserted group: the needle was 
inserted stereotaxically into the right caudate nucleus but no solution 
was injected; 3, the control group: 10 µl phosphate-buffered saline (PBS) 
was injected into the right caudate nucleus; 4, the LPA group: 10 µl LPA 
(100 µM) was injected into the right caudate nucleus. (C) The EBD content 
was detected in the different brain regions as indicated in (A) at 6, 24, 48 
and 72 h in the LPA injection and control groups. **P<0.01 vs. the control.
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LPA resulted in an increase in the permeability of BBB over 
time. LPA induced an increase in EBD extravasation in the 
injected striatum, which began to increase 6 h after LPA injec-
tion and peaked at 24 h, whereas it decreased at 48 and 72 h 
after LPA was injected intracerebtally (Fig. 2B). Significant 
differences were noted in the extravasation of EBD in the ipsi-
lateral striatum from 6 to 72 h after LPA injection compared 
with controls (P<0.01) (Fig. 2B).

BBB ultrastructure alterations. Ultrastructural alterations 
of BBB were studied by transmission electron microscopy 
in the ipsilateral striatum. According to the result of EBD 
extravasation detection, the detection time-point was 24 h 
after LPA injection when the BBB permeability reached the 
peak point induced by LPA. Ultrastructural analysis revealed 
no abnormalities in any structural or cellular elements of the 
BBB in the control group (Fig. 3A). At 24 h after LPA was 
injected intracerebrally, disruption of the BBB was evident. 
Characteristic large spaces between capillaries and neuropil 
were observed. In such capillaries, endothelial cells had 

little alteration in their appearance and internal structure, 
although their pinocytic activity was increased. The basement 
membrane was disrupted and extremely coarse. Large swollen 
astrocytes or astrocytic end-feet with scarce organelles and 
glycogen particles were observed, and the extracellular space 
appeared considerably enlarged with the presence of edema 
fluid, which narrowed capillary lumen (Fig. 3B).

LPA induced the expression of proteolytic enzymes. MMPs 
and uPA are important enzymes involved in BBB damage, thus 
we determined the effects of LPA on the expression of these 
proteolytic enzymes. According to the results of qPCR, LPA 
significantly increased the mRNA expression of MMP-9 and 
uPA in the ipsilateral striatum (Fig. 4A). The mRNA expres-
sion of MMP-9 and uPA showed a significant difference from 
6 to 72 h following LPA injection as compared to the controls 
(P<0.01) (Fig. 4A). The time course of MMP-9 and uPA protein 
expression assessed by western blotting demonstrated that they 
were detectable at 6 h following LPA injection and maximally 
expressed at 24 h after LPA injection (Fig. 4B-D). The protein 

Figure 2. Effect of lysophosphatidic acid (LPA) on the permeability of blood-brain barrier (BBB) in the ipsilateral striatum of rats. (A) Striatum tissues (S) 
used in our experiment were obtained from a distance from the injection site. (B) The Evans blue dye (EBD) content in the ipsilateral striatum at 6, 24, 48 and 
72 h following LPA injection as well as the control group. **P<0.01 vs. the control.

Figure 3. The BBB ultrastructure alterations in the ipsilateral striatum at 24 h after lysophosphatidic acid (LPA) injection. (A) The regular capillary lumen, 
integrity base membrane (arrow head), and normal extracellular space were observed in the control group. Scale bar: 1 µm. (B) The swelling of astrocytic 
end-feet (asterisk), disrupted base membrane (arrow head), narrowed capillary lumen (L) and enlarged extracellular space were observed at 24 h after LPA 
injection. Scale bar, 2 µm.
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expression of MMP-9 and uPA showed a statistical difference 
from 24 to 72 h following LPA injection compared with the 
controls (P<0.05) (Fig. 4C and D). The spatial distribution 
of MMP-9 induced by LPA was evaluated by immunohisto-
chemical analysis. Diffuse MMP-9 expression was observed 
in the right striatum where LPA was injected. Immunoreactive 
MMP-9 appeared to stain with the endothelial cells of 

microvessels (identified by morphometric criteria) at 6, 24, 48 
and 72 h after LPA injection (Fig. 4F). By contrast, there was 
no similar labeling of endothelial cells in the brain from rats 
that had been injected PBS as controls (Fig. 4E). The MMP-9 
expression appeared to present with a significant number of 
endothelial cells 24 h after LPA injection. It was consistent 
with the results obtained from the western blot analysis. The 

Figure 4. The expression of matrix metalloproteinase (MMP)-9 and urokinase-type plasminogen activator (uPA) induced by lysophosphatidic acid (LPA) at 
different time-points. (A) The mRNA expression of MMP-9 and uPA in the ipsilateral striatum at 6, 24, 48 and 72 h after LPA injection as well as controls. 
Relative mRNA levels of MMP-9 and uPA normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and were compared with controls. (B-D) A 
representative western blot and quantitative results for MMP-9 and uPA protein expression are shown for the analysis at 6, 24, 48 and 72 h following LPA 
injection in the ipsilateral striatum as well as the controls. Relative protein levels of MMP-9 and uPA were normalized to β-actin and compared with controls. 
(E and F) The protein expression of MMP-9 was detected by immunohistochemical staining. (E) No labeling was identified in the ipsilateral striatum 
after phosphate-buffered saline (PBS) injection in the control group. (F) The expression of MMP-9 in capillary endothelial cells in the ipsilateral striatum 
was detected by immunohistochemistry staining at 24 h after LPA injection. MMP-9 is mainly located on the capillary as a ring or linear brown stains 
(arrow). Scale bar, 25 µm. (G and H) The protein expression of uPA detected by immunohistochemical staining. (G) uPA was slightly stained mainly on the 
endothelial cells of microvessels in the control group. (H) Immunoreactive uPA is observed within endothelial cells and fibrin deposition of microvessels, 
damaged neurons and glial cells in the ipsilateral striatum at 24 h after LPA injection (arrow). Scale bar, 25 µm. *P<0.05 and **P<0.01 vs. the control group.
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location of uPA protein induced by LPA was also detected 
by immunohistochemistry. In the LPA‑treated groups, we 
observed that the staining for uPA protein was predominantly 
associated with the microvessels and parenchyma and diffusely 
within regions of the ipsilateral striatum. Immunoreactive uPA 
was observed within endothelial cells and fibrin deposition of 
microvessels, damaged neurons and glial cells (identified by 
morphometric criteria), as well as scattered accumulations 
within the extracellular space (Fig. 4H). In the control group, 
uPA was slightly stained mainly on the endothelial cells of 
the microvessels. No apparent staining of uPA was evident in 
the neurons or glial cells in the ipsilateral striatum (Fig. 4G). 
Increased uPA immunoreactivity was noted at 6, 24 , 48 and 
72 h following LPA injection, compared with the PBS-injected 
controls. The expression of uPA protein was initally detected 
in the ipsilateral striatum at 6 h after LPA intracerebral injec-
tion, and became apparent at 24 h, then decreased at 48 h, 
consistent with the results of uPA expression detected by 
western blotting.

ROCK2 was involved in BBB disruption induced by LPA. 
ROCK2 preferentially expressed in the brain and the skeletal 
muscle (17), thus ROCK2 was examined in our experiment. By 
qPCR, we observed the changes of the mRNA level of ROCK2 
at different time-points following LPA injection into the right 
striatum of rats. The expression level of ROCK2 increased at 
6 and 24 h following LPA injection, then decreased gradu-
ally at 48 and 72 h after LPA injection (Fig. 5A). However, 
the different time-point groups following LPA intracerebral 
injection all showed a significant difference in the mRNA 
expression of ROCK2 compared with the control group 
(P<0.01). Results of the western blot analysis revealed similar 
changes in the protein expression of ROCK2 at each time-
point after LPA injection. At 24 h after LPA was injected into 
the right striatum, the protein expression of ROCK2 reached a 
peak point and began to decrease at 48 h after LPA injection 
(Fig. 5B and C). The differences were significant between the 
LPA‑ and PBS‑injected groups (P<0.01).

ROCK inhibitor decreased BBB permeability and proteo-
lytic enzyme expression. Since ROCK played a critical role 
in the permeability of the rat BBB in certain pathological 
conditions (13,18), the ROCK specific inhibitor Y27632 was 
utilized to evaluate its effects on the increased BBB perme-
ability induced by LPA. We examined the impact of Y27632 
on BBB permeability by measuring the EBD content in the 
ipsilateral striatum at 24 h after LPA was co-injected with 
Y27632 into the right caudate nucleus. Compared with the 
controls, EBD extravasation in the ipsilateral striatum was 
significantly higher in both 24 h after LPA injection and LPA 
co-injection with Y27632 (P<0.01) (Fig. 6A). However, EBD 
extravasation was significantly lower at 24 h following LPA 
co-injection with Y27632 than at the same time-point after 
LPA injection (P<0.05) (Fig. 6A). We also examined the effect 
of Y27632 on the mRNA and protein expression of MMP-9 
and uPA in the ipsilateral striatum after LPA co-injection. The 
results of qPCR and western blot analysis co-demonstrated 
that the mRNA and protein level of MMP-9 and uPA were 
higher in both at 24 h after LPA injection and LPA co-injec-
tion with Y27632, compared with the control group (P<0.05) 
(Fig. 6B-E). However, the mRNA and protein expression levels 
of MMP-9 and uPA were significantly lower at 24 h after LPA 
co-injection with Y27632 compared with that at 24 h after 
LPA injection (P<0.05) (Fig. 6B-E).

Discussion

In the present study, the underlying mechanisms by which 
LPA increases the permeability of BBB have been demon-
strated. LPA was found to increase BBB permeability 
through the expression of proteolytic enzymes, MMP-9 and 
uPA. Moreover, we have provided evidence that ROCK is 
involved in LPA-induced proteolytic enzyme expression 
and BBB disruption. These findings suggest a crucial role 
of LPA in BBB damage, which may be due to activation of 
the Rho/ROCK pathway and upregulation of the important 
proteolytic enzymes MMP-9 and uPA.

The basement membrane is one of the basic components 
of the BBB. Protein and collagen that compose the basement 
membrane can be degraded by a variety of extracellular 

Figure 5. The expression of Rho/Rho kinase (ROCK)2 induced by lyso-
phosphatidic acid (LPA) at different time-points. (A) LPA induces the 
mRNA expression of ROCK2 in the ipsilateral striatum at 6, 24, 48 and 
72 h after LPA injection as well as controls. The relative mRNA levels of 
the matrix metalloproteinase (MMP)-9 and urokinase-type plasminogen 
activator (uPA) normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) compared with the control group. (B and C) A representative 
western blot and quantitative results for the protein expression of ROCK2 
are showsn for the analysis at 6, 24, 48 and 72 h after LPA was injected in 
the ipsilateral striatum and controls. The relative protein levels of ROCK2 
normalized to β-actin compared with the controls. *P<0.05 and **P<0.01 vs. 
the control group.
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proteolytic enzymes, including the MMP family. MMPs play 
a critical role in the degradation of neurovascular integrity 
with BBB disruption. MMPs comprise a large family of 
zinc-endopeptidases that increase the permeability of BBB by 
degrading the extracellular matrix and tight junction proteins 
in endothelial cells (19). MMPs, particularly MMP-9, have a 
critical function in the proteolytic degradation of the basement 
membrane of BBB in the pathological process (20,21). Early 
appearance of the activated MMP-9 has been associated with 
an alteration of the BBB permeability (22) and the formation 
of vasogenic edema (23) subsequent to ischemic stroke (24-26) 
and ICH (27,28). uPA is the serine protease that converts plas-
minogen to the active protease plasmin. In addition to playing a 
role in fibrinolysis, uPA may damage the basement membrane 
of BBB via proteolysis and extracellular matrix breakdown. 
The increased expression of uPA is detected in the ischemic 
cerebral tissues and posttraumatic brain (29-31), which may be 
responsible for the breakdown of the BBB (32). In the present 
study, the results have shown that MMP-9 and uPA were 
increased in the mRNA and protein level in the LPA‑injected 

striatum, which was parallel to EBD leakage, suggesting that 
LPA induced the expression of proteolytic enzymes MMP-9 
and uPA that caused BBB dysfunction.

In studies on tumor cell progression and invasion, LPA 
has been found to upregulate the expression of MMP-9 and 
uPA through the Rho/ROCK signaling pathway  (15,33). 
ROCK is a well-known downstream effector of Rho and plays 
an important role in various physiopathological processes. 
For example, ROCK is involved in vascular smooth muscle 
cell contraction, actin cytoskeleton organization, cell adhe-
sion and motility. Accumulating data support a critical role 
of the Rho/ROCK pathway in increasing permeability of 
BBB (12,13). The possible mechanisms are the disruption of 
tight junction proteins occluding and zonula occludens-1 (13) 
and the breakdown of basal membrane by the upregulation of 
MMP-9 and downregulation of laminin expression (12).

Although recent findings suggest that Rho/ROCK pathway 
is crucial in LPA-induced tumor progression  (15,34), the 
definite mechanism by which Rho/ROCK pathway mediates 
the breakdown of the BBB induced by LPA remains unclear. 

Figure 6. Decreased blood-brain barrier (BBB) permeability and inhibited proteolytic enzyme expression by Rho/Rho kinase (ROCK) inhibitor Y27632. 
(A) The Evans blue dye (EBD) content in the ipsilateral striatum at 24 h after lysophosphatidic acid (LPA) injection and LPA co-injection with Y27632 and 
controls. (B) The mRNA expression of matrix metalloproteinase (MMP)-9 and urokinase-type plasminogen activator (uPA) in the ipsilateral striatum at 24 h 
after LPA injection and LPA co-injection with Y27632 and controls. Relative mRNA levels of MMP-9 and uPA normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and compared with controls. (C-E) A representative western blot and quantitative results for MMP-9 and uPA protein expression 
in the ipsilateral striatum are shown for the analysis at 24 h after LPA injection and LPA co-injection with Y27632 and the controls. The relative protein 
levels of MMP-9 and uPA were normalized to β-actin and compared with the controls. *P<0.05 and **P<0.01 vs. the control group; #P<0.05 vs. the LPA group.
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In this study, we found a similar pattern of changes in the 
ROCK2 expression, the brain EBD content that indicated 
BBB permeability, and the expression of MMP-9 and uPA 
in the ipsilateral striatum at different time-points following 
LPA intracerebral injection. The present results support the 
hypothesis that upregulation of the ROCK2 induced by LPA 
contributes to the increase of proteolytic enzymes and subse-
quently BBB dysfunction. On the one hand, LPA induced the 
expression of ROCK2 and stimulated the synthesis of proteo-
lytic enzymes leading to the increase of BBB permeability. 
On the other hand, the inhibitor of ROCK2, Y27632, blocked 
these subsequent actions induced by LPA in the right striatum. 
Thus, we have demonstrated that the Rho/ROCK pathway may 
be involved in LPA-induced proteolytic enzyme expression 
and BBB disruption.

Jeong et al (15) reported that the Rho/ROCK pathway, as 
a critical mediator, connected Ras to NF-κB in LPA-induced 
proteolytic enzyme secretion in ovarian cancer cells, and that 
a Gi-selective inhibitor pertussis toxin significantly inhibited 
LPA-induced Rho activation, supporting the important role of Gi 
in Ras and Rho activation in the LPA signaling axis. Although 
little is known regarding the mechanism that the Rho/ROCK 
pathway mediates BBB dysfunction induced by LPA, the impor-
tance of destructive effects of LPA on the central nervous system 
in various pathological conditions cannot be ignored. Therefore, 
the explicit mechanism by which LPA induces BBB disruption 
through the Rho/ROCK pathway remains to be confirmed in 
future studies by engaging the LPA receptor antagonist and 
other antagonists in this signaling cascade.

In conclusion, results of the present study have shown that 
LPA increases BBB permeability by upregulation of proteo-
lytic enzymes MMP-9 and uPA, which may be suppressed 
by the ROCK inhibitor. The present results suggest that LPA 
induces BBB disruption through the Rho/ROCK signaling 
pathway and subsequent production of proteolytic enzymes 
MMP-9 and uPA. However, future studies are needed to 
confirm the explicit mechanism by which LPA induces the 
BBB dysfunction through the Rho/ROCK pathway.
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