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Introduction

Abstract

Background: Ischemic stroke is associated with increased ex-
pression and activity of MMP9, which is one of the main factors
responsible for damages to cerebral vasculature and compromised
Blood-Brain Barrier (BBB). However, the regulatory mechanisms of
MMP9 expression are not well established in ischemic stroke. Since
ischemia/reperfusion generates ROS, we investigated the roles of
Reactive Oxygen Species (ROS) in MMP9 expression and the rel-
evant signaling pathway.

Methods: Cultured rat astrocytes were treated with ROS or/and
MAPK inhibitors and the expression and activity of MMP9 were
analyzed. AP-1 reporter gene assays and in vitro BBB model were
also used in the study.

Results: Our study shows that ROS (H,0,) strongly up-regulat-
ed MMP9 expression in astrocytes via p38-and JNK-AP1 signaling
pathways. MMP9 activity was significantly increased in the condi-
tioned media from ROS-treated cells, leading to increased BBB per-
meability. The inhibitors of p38 kinase or JNK significantly inhibited
ROS-evoked expression of MMP9 in cells and reduced MMP9 activ-
ity in the media. ROS also significantly activated AP-1 reporter gene
activity. Inhibitors of p38 kinase and JNK inhibited ROS-evoked AP-1
reporter activity. In vitro BBB model assays show that inhibition of
MMP9 expression and activity relieved increased BBB permeability.

Conclusion: Our study suggests that ROS can enhance MMP9
expression via p38 kinase-and JNK- AP1 pathways and promote
MMP9 activity leading to increased BBB permeability and that inhi-
bition of MMP9 activity can relieve BBB permeability. Targeting ROS
or MMP9 may protect the integrity of the BBB for reduced damage
and better recovery of ischemic stroke.

Keywords: Stroke; Hypoxia/ischemia and reperfusion; Reactive
oxygen species; MMP-9; MAPK-AP1 signaling; Blood-brain barrier
(BBB)

Cerebral ischemia and reperfusion are known to result in oxi-
dative stress and Blood-Brain Barrier (BBB) breakdown, which
allows blood-borne substances to enter the brain and incites
inflammatory response. Studies suggests that Matrix Metallo-
proteinase 9 (MMP9) can be activated by Reactive Oxygen Spe-
cies (ROS) generated during ischemia and reperfusion and that
ROS- induced up-regulation of MMP9 is one of the main factors
responsible for degrading the Extracellular Matrix (ECM) pro-
teins of cerebral vascular basal membrane and the tight junc-
tions between cerebral endothelial cells leading to disruption of
BBB integrity. Disruption of BBB integrity has dire consequences

on the Central Nervous System (CNS), resulting in brain edema,
infiltration of inflammatory cells, secondary brain damage and
poor neurological outcomes [1,2]. MMP9 belongs to the fam-
ily of Matrix Metalloproteinases (MMPs) which are dependent
on metal ions for catalytic activity and their potent ability to
degrade structural proteins of the extracellular matrix [3]. The
MMPs exist as secreted or membrane-bound pro-enzymes that
require activation through proteolytic processing from their
pro-form (zymogen) to their active form [4]. Studies have rec-
ognized a role for MMPs in cortical changes of the brain fol-
lowing cerebral ischemia. MMP9 has been identified as being
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the most responsive MMP to acute brain injury [5]. MMP9 is
capable of degrading type IV collagen, the major constituent of
basement membranes of cerebral vessels. MMP9 is expressed
in the healthy adult brain at relatively low levels [4]. However,
MMP9 up-regulation occurs in neurons, astrocytes, oligoden-
drocytes, microglia and endothelial cells following acute brain
injury. This level of MMP9 expression differs by the type (focal
vs. global ischemia) [6] as well as by the duration and severity
of the insult [4]. The up- regulation of MMP9 plays a deleterious
role in the processes of extracellular proteolysis which contrib-
utes to tissue damage following acute brain injury [7], with the
major pathological effect of MMP9 activity being the opening of
the BBB compromising its integrity [4].

Oxidative stress/Reactive Oxygen Species (ROS) is generated
during cerebral ischemia and reperfusion and plays a significant
role in BBB disruption and brain edema. Previous studies in cell
culture and animal models have indicated a free radical-induced
oxidative stress as playing a significant role in ischemic brain in-
jury [8-10]. More specifically, oxidative stress in cerebral isch-
emia and reperfusion can play a profound role in the disruption
of the BBB [11]. Studies have shown that inhibition of MMP can
prevent this oxidative stress-induced BBB disruption in ischemia
[8,9]. The mechanism of action for ROS-mediated MMP activa-
tion was demonstrated in vitro by Rajagoplan et al [12], which
showed ROS can oxidize a thiol bond responsible for activating
MMP9. This suggests that macrophages activated during isch-
emia and reperfusion that release ROS and can trigger the acti-
vation of stored latent forms of MMP9 in the vascular regions of
the BBB. Ashai and colleagues [7] showed that the inhibitor of
ROS prevented tPA-triggered cerebral hemorrhage after stroke.
In human patient’s oxidative stress has been shown to contrib-
ute to the pathogenesis of several neurodegenerative diseases
and cerebrovascular disorders such as stroke and Alzheimer’s
disease [13]. A human study evaluating biomarkers of antioxi-
dant therapies in stroke shows that there was an increase in
oxidative stress and this was related to MMP9 expression [14].
The aforementioned findings suggest that latent form MMP9 is
activated at the protein level by oxidative stress and together
these factors mediate BBB breakdown. Although MMP9 plays a
significant role in the pathology of ischemic stroke, the signaling
required for MMP- 9 up-regulation has yet to be fully elucidated
in ischemic stroke. Since ROS is generated in ischemic stroke, it
is important to understand whether these factors affect MMP-9
expression and its activity and the signaling pathways involved.
Our study examines the molecular signaling mechanisms by
which MMP9 becomes up-regulated by ROS-induced oxidative
stress by using in vitro models whereby interference with this
pathway could be developed as an approach to reduce MMP9-
mediated BBB breakdown.

Materials and Methods
Cell Culture

Immortalized Neonatal Rat Astrocytes (NRA) were used in
the experiments of this study [15,16]. NRAs were maintained in
DMEM supplemented with 10% FBS and 1% antibiotic/antimy-
cotic. The medium was changed every second day. HEK293 cells
(human embryonic kidney epithelial cells) were maintained in
DMEM with 10% FBS, and medium was changed every second
day. HEK293 cells were plated at appropriate density for trans-
fection protocol of the AP-1 reporter gene assays. Immortalized
Rat Brain Microvascular Endothelial Cells (SV-ARBEC) were used
in the in vitro model of the BBB for permeability assay [15,16].
SV- ARBEC cells were maintained in M199 medium supple-

mented with 10% FBS as described previously [15]. Cells were
cultured on semi-permeable 1.0 UM pore membrane inserts
that were coated with rat-tail collagen (60 pg/mL) for 1 h before
plating. SV-ARBEC cells were grown for 6 days without feeding
to allow a tight monolayer of cells to form.

RNA Isolation, RT-PCR, and Real-Time qPCR

NRA cells were treated with H,O, (0.5, 1.0, and 2.0 uM) for
2, 4, and 6 h. Total RNA was isolated from cultured cells using
TRIzol reagent following the manufacturer's instructions. RT-
PCRs were performed as described [17]. All PCR primers (Table
1) were designed according to published sequences in the Gen-
Bank and synthesized by the Alpha DNA (Montreal, Quebec).
For real-time quantitative PCR, RNA was converted to cDNA
using Omniscript kit (Qiagen) according to manufacturers’ in-
structions. gPCR reactions were performed and analyzed as de-
scribed [17].
Table 1: PCR Primers used in the study.

Gene Primer Sequences
B-actin Sense 5’-GGCTACAGCTTCACCACCAC-3’
(RT-PCR) Anti-Sense 5’-TACTTCCGCTCAGGAGGAGC-3’
MMP-9 Sense 5’-CAG AGT CTT CGA CTC CAG TAG-3’
(RT-PCR) Anti-Sense 5’-ACG TGG TCC ACC TGG TTC AC-3’
B-actin Sense 5’-TGTCCACCTTCCAGCAGATGT -3’
(QPCR) Anti-Sense 5’-AGTCCGCCTAGAAGCATTTGC-3’
MMP. (QPCR] Sense 5’-GTTTCCACAACCGGGTGAAC -3’
Anti-Sense 5’-GCACCGCTGAAGCAAAAGA -3’

Western Blot Analyses

Confluent NRA cells grown in 12-well culture plates were
treated with 0.5, 1.0, and 2.0 uM H,O, for 2, 4, and 6 h, re-
spectively. Cells were harvested for proteins and Western blot-
ting analysis was performed as described ([17]. At dilutions of
1:1000, primary antibodies of Phospho p38 (Thr180/Tyr182)
MAP kinase mAb, p38 MAP kinase mAb, Phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) mAb, p44/42 MAPK (ERK1/2) mAb,
Phospho-c-Jun (Ser63) Il mAb, Phospho- c-Jun (Ser73) Il mAb
and c-Jun (60A8) mAb (Cell Signaling) and Anti-MMP-9 Catalytic
Domain mAb (Millipore) were used. Blots were developed using
ECL Plus substrate solution according to manufacturer’s instruc-
tions and visualized using X-ray film.

Gelatin Zymography for MMP9 Activity in Astrocyte-Condi-
tioned Media

Confluent NRA cells grown in 12-well culture plates were
treated with 0.5, 1.0, and 2.0 uM H,0, in the presence or ab-
sence of a pharmacologic inhibitor. After treatment, the condi-
tioned media were collected, spun down by 10,000 rpm (9,000
g) centrifugation and mixed with equal amount non-reduced
sample buffer (BioRad). Samples were loaded on a 10% gelatin
SDS gel (precast by BioRad) and electrophoresed for 90 min at
100 V. Mixed blend of collagenases (Sigma) was used as a pro-
tein standard and positive control. Cell lysates were washed 1
time in colour-free HBSS and lysed in RIPA buffer for normal-
ization with BioRad Protein Assay. BioRad protein assay was
performed in 96-well plate where 2 mg/mL BSA was added in
known amounts diluted with H20 providing a standard curve.

MMP9 Activity Assay

Confluent NRA cells in 24-well culture plates were pretreated
with a pharmacologic inhibitor of MAP kinases at concentration
of 20 uM for 30 min. After pretreatment, H,0, was added to full
culture media to final concentrations of 0.5 and 1.0 uM. H,0,
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Figure 1: RT-qPCR, Western blotting, and MMP9 activity assays to
determine the effects of H,0, on MMP9 expression and activity in
astrocytes. Panel A): RT-qPCR to determine MMP9 gene expression
in NRA cells following treatment with H,0, for 2, 4, and 6 h. Statistical
analysis shows MMP9 expression was significantly higher in H,0_-
treated cells at 4 h with 1.0 uM and 6 h with 2.0 uM as compared to
vehicle (N=3, two-way ANOVA with Bonferroni’s post-test, interac-
tion F6,24=4.12, *p<0.05, H,O, treatment F3,24=4.37, *p<0.05 and
time F2,24=4.89, *p<0.05). B-actin was used as an internal control.
Panel B): Western blotting shows MMP9 protein expression in NRA
cells following treatment with vehicle, 1uM H,0O,, and 2uM H,0,
for 2, 4, and 6 h. Panel C): Densitometry analysis shows pro-MMP9
expression was significantly lower in H,0,-treated cells than vehicle
at4 h 1.0 uM and 6 h 2.0 uM (N=3, two-way ANOVA, with Bonfer-
roni’s post-test, interaction F4,18=2.915, p>0.05, H202treatment
F2,18=6.327, **p<0.001 and time F2,18=3.706, *p<0.05). B-actin
was used for normalization. Panel D): MMP9 activity assay to de-
termine the effect of H,0, treatment on MMP9 activity in astro-
cyte-conditioned media. Conditioned media collected from astro-
cytes treated with vehicle and H,0, at 0.5 uM in 1% FBS for 30 min
followed by a medium switch for 1.5 h. MMP activity was measured
as amount of cleaved fluorescent peptide as compared to vehicle
(N=3, t-test, *p<0.001).

was left for 30 min, then media were switched for DME with 1%
FBS for 2, 4, and 6 h. After treatment, conditioned media were
collected, spun down by 10,000 rpm (9,000 g) centrifugation.
Cell lysates were washed one time with colour-free HBSS and
lysed in RIPA buffer for normalization with BioRad Protein As-
say. MMP9-containing conditioned media were added to black
96-well plates. For every sample, 50 pL was added in triplicate
and then 50 pL of warmed component D (Fret-peptide/ flouro-
genic substrate) was added. Plate was immediately placed into
BioTek FLx800 Fluorescence Microplate Reader (Winooski, VT);
readings were taken every 5 min for 1 h. Readings were nor-
malized to 1% FBS DME media and reported as fold change in
fluorescence.

Immuncytochemistry

NRA cells were plated at 80, 000 cells/mL in 24-well culture
plates until reached 75% confluence. The cells were treated for
4 hwith 1.0 uM H,0, in regular culture media in the presence or
absence of a pharmacologic inhibitor of MAP kinases at 20 uM.
Media were aspirated; cells were washed 1 time in colour-free
HBSS solution and then fixed by addition of ice-cold methanol
for 5 min. Cells were washed in 4 times with HBSS. After ensur-
ing integrity of the cells, they were permeablized with the addi-
tion of 0.1% Triton X-100 for 10 min at room temperature. Cells
were washed in 3 times with HBSS for 5 min each. Cells were
then blocked with 4% normal goat serum in HBSS for overnight
at 4°C. Primary MMP9 antibody was then added at 1/100 dilu-
tion in 1% goat serum overnight at 4°C, and for secondary alone,
control 1% goat serum in HBSS was added. Cells were washed in
2 times with HBSS before the addition of secondary Alexa568-
conjugated anti-rabbit antibody at 1/500 dilution in HBSS, and
the cells were incubated for 30 min at room temperature in the
dark. Cells were then washed 3 times in HBSS before the addi-
tion of Hoechst 33342 at 1/5000 dilution in HBSS for 15 min.
Images were taken with fluorescent microscope Olympus 1X81
(Center Valley, Pennsylvania) at 10x and 20x magnification.

Transient Transfection and AP-1 Reporter Gene Luciferase
Assay

HEK293 cells were plated at 50,000 cell/well in 48-well plates
or 100 000 cell/well in 24- well plates 24 h before transfection at
which point they were 80 % confluent. HEK293 cells were tran-
siently transfected with a reporter gene vector construct that
contains AP-1 binding insert cloned from human MMP-9 gene
promoter region into pGL-3 basic vector (Promega Corp.) using
LipoFectamine transfection reagent (2:1 ratio of reagent to plas-
mid in pg). After 48 h recovery period at 37°C, cells were treated

MMP-9 + Hoechst33342

MMP-9 primary antibody

Secondary antibody control

a) Vehicle

b) H;0,

Figure 2: Immunoflourescence to detect the effect of H,0, on the
levels of MMP9 protein in astrocytes. Astrocytes were treated with
1.0 uM H,0, for 4 h to detect total MMP9. Immunofluorescence
with MMP9 antibody (red) and Hoechst 33342 staining (nucleus)
(blue) revealed a greater presence of MMP9 in astrocytes treated
with HZO2 treatment than HZO alone (N=3, images are representa-
tive). Secondary antibody control was done to detect non-specific
binding. Images were captured at 10X magnification, higher power
insert 20X magnification. Scalebars represent 50 microns.

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Cerebrovasc Dis & Stroke 10(1): id1090 (2024) - Page - 02




Austin Publishing Group

with 1.0 uM PMA, 1.0 uM H,0O, or vehicle for 30 min, 2, 4, 6,
and 24 h. The 30-min time point was determined to be the best
for AP-1 activation by H,0,. After treatment cells were lysed in
1x cell lysis buffer provided in the Luciferase assay kit and spun
down at 10,000 rpm for 2 min. Luciferase assay was performed
using a kit purchase from Promega Co., (Cat# E1500, Madison,
WI, USA). For luciferase assay, 20 L of each sample was added
to a black 96-well plate and 100 pL of luciferase enzyme was
added by plate reader injector. Luminescence units were de-
termined using BioTek FLx800 Fluorescence Microplate Reader
(Winooski, VT). Luciferase units were normalized to protein in
pg protein per sample using BioRad DC protein assay reagents
previously described. HEK293 cells were used for reporter gene
assay experiments due to low transfection efficiency in NRA
cells (<5%).

In Vitro Blood-Brain Barrier Assay

An in vitro Blood-Brain Barrier (BBB) model was cultured us-
ing SV-ARBEC cells and conditioned media collected from con-
fluent NRAs (15, 16). On day one of the experiment, cell culture
inserts were coated with rat tail collagen at 60 pg/mL and SV-
ARBEC cells were plated at the density of 80, 000 cells/mL. A 1:1
ratio of complete M199 phenol red free SV-ARBEC medium was
mixed with DME phenol red free 1% FBS, NRA conditioned me-
dia (72 h off NRA confluent cells). Cells were incubated at 37°C
for 6 days with no feeding for cells to form a tight monolayer.
Before the experiment was done, the monolayer was tested
for its permeability coefficient (Pe) with sodium fluorescein to
ensure proper amount of in vitro transport across the in vitro
BBB from the top chamber into the bottom chamber. In order
to calculate Pe, culture inserts were gently lifted and washed 3X
in warmed HBSS clear, and then placed in warmed 1X transport
buffer. A known concentration of sodium fluorescein (50 ug/
mL) was mixed 1:1 with pre-existing SV-ARBEC media, resulting
in a final concentration of 25 pg/mL in the upper chamber. The
plate was then placed into a shaking incubator at 372C. At time
intervals of 15, 30, 45, 60, 90 and 120 min, 100 uL of transport
buffer was removed from the bottom chamber, and 100 uL of
fresh transport buffer was added. For inserts without SV-ARBEC
cells, the same protocol was used with the exception of time
intervals of 3, 7, 10, 15 and 20 min periodically during and after
the experiment had been completed, the cell monolayers were
checked under the microscope to ensure no folding or loss of
cells indicating disrupted membrane integrity. After all of the
time points had been collected, the 100 uL for each time point
was added to a 96-well black plate and read in the plate reader
at an excitation of 485 nm and an emission of 580 nm. After the
Pe had been calculated as being between the standard rates
for permeability generally between 0.5-0.8 X 10"-3 cm/min, dif-
ferent treatments were added to the cells with a known con-
centration of sodium fluorescein and permeability was tested.
The different treatments include: active MMP-9, active MMP-
9 + MMP-9 inhibitor (SB- 3CT), H,0, at 1.0 uM in NRA media,
and conditioned media from NRA experiments where H,O, had
been treated for 4 h at 1.0 uM H,0, and their respective ve-
hicles. Standard curves were then used to calculate the amount
of sodium fluorescein passing through the membrane, indicat-
ing the effect of treatments on BBB permeability. Once all time
points were recorded, the permeability’s were compared to de-
termine if treatment disrupted membrane integrity.

Statistical Analysis

Data were presented as mean + SD. Statistical analysis for
single comparison was performed by unpaired or paired Stu-

dent’s t-test where each experiment was repeated at least 3
times (n=3). Statistical analysis for group comparison was per-
formed by one-way ANOVA with Dunnett’s post-test where each
experiment was done at least 3 times (n=3). The criterion for
statistical significance was p<0.05. Statistical analysis for group
comparison where two factors were being analyzed was per-
formed by two-way ANOVA where each experiment was done
at least 3 times with Bonferroni’s post-test (n=3). The criterion
for statistical significance was p<0.05.

Results

H,O,-Induced Oxidative Stress Increased MMP9 Gene Ex-
pression in Astrocytes

Treatment of astrocytes (NRA cells) with H,0, at 0.5, 1.0, and
2.0 uM for 2, 4, and 6 h was analyzed using semi-quantitative
RT-PCR. Densitometry results showed a significant increase in
the level of MMP9 mRNA in H,0,-treated NRAs. Gene expres-
sion was normalized using B-actin. The increase in gene expres-
sion is shown to peak with treatment of H,O, at 1.0 uM for 4 h
(data not shown). DME medium with H,O represented the vehi-
cle internal control for H,0O, treatment and did not significantly
affect MMP9 gene expression in NRAs. The RT-PCR result was
confirmed by real-time gPCR, which confirmed 1.0 uM treat-
ment for 4 h resulted in the greatest increase of MMP9 gene
expression (Figure 1A). Gene expression was normalized using
B-actin.

H,0,-Induced Oxidative Stress Decreased the Level of pro-
MMP9 Protein in Astrocytes

To further understand the effect of H,O, on MMP9 expres-
sion, western blotting was performed for the same treatments
to determine the effect on pro-MMP9 expression. Figure 1B
shows the treatment of NRA cells with H,0, at 1.0 and 2.0 uM
for 2,4, and 6 h, and densitometry results show a significant de-
crease in the level of pro-MMP9 in H,O,-treated NRAs at 4 h and
6 h but not at 2 h (Figure 1C). Protein expression was normal-
ized using B-actin. DME medium with H,O represents the vehi-
cle internal control for H,0O, treatment and did not significantly
affect MMP9 protein expression in NRAs. Western blot results
demonstrated that H,0,-induced oxidative stress reduced the
amount of pro-MMP9 with the greatest reduction occurring
with treatment of 1.0 uM for 4 h and 2.0 pM 6 h. A decrease
in MMP9 protein may be due to cleavage to the parent protein
resulting in active form of MMP9.

H,0,-Induced Oxidative Stress Increased MMP9 Activity in
Astrocyte-Conditioned Media

To show that this was in fact occurring, the conditioned me-
dia were tested on a sensitive MMP9 activity assay, to measure
the activity of MMP9. The result showed a significant increase
in active MMP9 in the media of 0.5 uM H,0, treated NRA cells
at 2 h (Figure 1D). In combination, PCR, Western blotting and
activity assays show that MMP9 expression was significantly af-
fected by H,0, treatment.

Immunofluorescence of MMP9 to Detect Cellular Response
to H,0,-Induced Oxidative Stress

To further understand the expression of MMP9 in NRA cells
after H,0,-induced oxidative stress, immunocytochemistry was
performed. NRA cells were treated with 1.0 uM H,0O, for 4 h to
detect total MMP9 (Figure 2). Immunofluorescence with MMP9
antibody and Hoechst 33342 staining (nucleus) revealed a
greater presence of MMP9 in NRA cells treated with H,O, treat-
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ment than H20 alone. This result shows an overall increase in
MMP9 in cells treated with H,0,. These results provide further
insight into what was happening to MMP9 when the results of
PCR, Western blot and MMP9 activity assays were considered
as awhole picture that H,0,-induced oxidative stress resulted in
an overall increase in MMP9 expression in astrocytes.
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Figure 3: Western blotting to detect phosphorylation of p38 ki-
nase and c-Jun in astrocytes in response to HZOZ-induced oxidative
stress. Panel A). Western blotting shows the level of phosphorylat-
ed p38 kinase in astrocytes following treatment with H O_ for 2, 4,
and 6 h. Panel B).Densitometry analysis shows phosphorylated p38
was significantly greater in HZOZ-treated cells 2.0 yM at 2 h, 1.0
and 2.0 uM at 4 h, and 1.0 and 2.0 uM at 6 h as compared to vehicle
(N=3, Two-way ANOVA with Bonferroni’s post-test, Interaction Foaa
= 0.4979, p>0.05; H O, treatment F,, =13.31, *p<0.05, **p<0.01;
TimeF, ,,=1.163, p>0.05). B-actin was used for normalization. Panel
C). Western blotting shows the level of phosphorylated c-Jun at Ser-
ine 63, the level of phosphorylated c-Jun at Serine 73 and the total c-
Junin NRA cells following treatment with vehicleand H.O_ at 0.5, 1.0,
and 2.0 uM for 2, 4, and 6 h. Panel D). Densitometry analysis shows
the level of phosphorylated c-Jun at serine 63 was significantly
greaterin HZOZ—treated cells than vehicle at4 h (N=4, Two-way ANO-
VA with Bonferroni’s post-test, Interaction F6’33=O.5704, p>0.05;
HZO2 treatment, F3’33=7.452, *p<0.05, **p<0.01, *** p<0.001; Time
F,3,=1.409, p>0.05). B-actin was used for normalization. Panel E).
Densitometry analysis shows phosphorylated c-Jun at serine 73
was significantly greater in HZOZ—treated cells than vehicle at 2, 4,
and 6 h (N=3, Two-way ANOVA with Bonferroni’s post-test, Inter-
action F6’36=0.6247, p>0.05; HZO2 treatment F3’36=18.38, *p<0.05,
**p<0.01, ***p<0.001; Time F,55=1.409, p>0.05). [J-actin was used
for normalization.

H,O,-Induced Oxidative Stress Activated MAPK Signaling
Pathways

To determine if Mitogen-Activated Protein Kinase (MAPK)
signaling cascade is involved in oxidative stress-induced MMP9
expression in astrocytes, H,0, treatment was repeated to de-
tect the activation of the signaling proteins (phosphorylation)
on MAPK pathways by Western blotting. Treatment of NRA cells
with H,0, at 0.5, 1.0, and 2.0 uM for 2, 4, and 6 h induced a sig-
nificant increase in the phosphorylation of p38 kinase and c-Jun
(Figure 3). Phosphorylation of p38 kinase increased in a dose-
and time-dependent manner. Phosphorylation of c-Jun at Ser-
ine 63 and Serine 73 increased with concentration of H,0, but
levels peaked during time point of 4 h. Total levels of c-Jun pro-
tein did not change significantly with treatment of H,0_; how-
ever at 4 h time point the levels did trend upwards. In contrast,
treatment of NRA cells with H,0, at 1.0 and 2.0 uM for 2, 4, and
6 h induced a minimal change in phosphorylation of extracel-
lular signal-regulated kinases 1/2 (ERK1/2) (data not shown).
All phosphorylation levels were normalized using B-actin. DME
medium with H20 represents the vehicle internal control for
H,O, treatment and did not significantly affect phosphorylation
levels of MAP kinase proteins in NRAs. The phosphorylation
data suggests that the MAP kinase signaling pathways p38 and
JNK may be highly involved in signaling during oxidative stress
in NRA cells. By comparison, the ERK pathway may not be play-
ing as important of a role. The MAP kinase phosphorylation
profiles with H,O, treatment are in line with previous research
that suggests ROS can activate the JNK, p38, and ERK pathways.
Generally environmental stressors activate JNK and p38 kinases
whereas growth factors and tumor promoters activate ERK1/2
[17]. The MAPK phosphorylation results provide the insight that
p38, INK, and ERK1/2 known activators of AP-1, could poten-
tially be upstream regulators of MMP9 expression.

Characterization of the Roles of MAPK Signaling Pathways
in Regulation of MMP9 Expression

Results of phosphorylation of MAP kinases by western blot-
ting suggested a potential role of MAP kinases in regulation of
MMP9 expression. To determine if MAP kinases were playing
a role in regulation of MMP9 expression, the levels of MMP9
mMRNA, protein and MMP9 activity were studied in the presence
of chemical inhibitors specific to JNK, p38 and ERK1/2. To deter-
mine if the inhibitors of MAP kinases could reduce mRNA levels
of MMPS, the time points of H,0, treatment from previous ex-
periments that yielded greatest increase (1.0 uM for 4 h) were
used. NRA cells pre-treated for 30 min with chemical inhibitors
for p38 (SB203580), JNK (SP60015), and ERK1/2 (U0126) at 10
and 20 uM showed a significant reduction in MMP9 mRNA lev-
els by gRT-PCR (Figure 4A). This result suggests that in NRA cells
the MAP kinase signaling pathways are involved in up-regulation
of MMP9 expression following H,O,-induced oxidative stress.

Western blotting was then done for pro-MMP9 and cleaved
MMP9 (active form) in cells treated with 1.0 uM for 4 and 6 h.
The vehicle controls demonstrated that H,0,-induced oxidative
stress decreased the amount of parent protein but increased
the amount of cleaved active MMP9 protein. This further vali-
dates the previous result that although parent protein was
reduced due to cleavage, the cleaved amount of MMP9 was
increased (Figure 4B). Treatment with JNK, p38 and ERK inhibi-
tor (20 uM) further reduced the amount of pro-MMP9 parent
protein at 6 h without significant effect on cleaved MMP9 active
protein (Figure 4C). Together, these results demonstrate that
the MAP kinase signaling cascade plays a role in the regulation
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Figure 4: RT-qPCR and Western blotting for MMP9 gene expres-
sion in astrocytes in the presence of MAPK inhibitors. Panel A): As-
trocytes were pre-treated with MAP kinase inhibitorsSP60015 (JNK
inhibitor), SB 203580 (p38 kinase inhibitor), and U0126 (ERK1/2
inhibitor) for 30min at 10 and 20 pM before treating with H202 at
1.0 uM for 4 h. Treatment with MAP kinase inhibitors reduced the
relative expression of MMP9 by real-time qPCR as compared to ve-
hicle (N=3, two-way ANOVA with Bonferroni’s post-test, Interaction
F3,15=O'3538' p>0.05; MAPK inhibitor F3,1e=13'52' *p<0.05,**p<0.01
,¥**p<0.001; Concentration F, 1=0.00052, p>0.05). B-actin was
used for normalization. Panel B): Western blotting for astrocytes
pre-treated with 0.1%DMSO for 30 min before treating with vehi-
cle-H,0 or H,0, at 1.0 uM for 6 h. Panel C): Densitometry analysis
shows pro-MMP9 expression was not affected by the presence of
0.1% DMSO and was significantly lower in H,O, -treated cells than
vehicle at 6 h (N=3, t test, *p<0.05). B-actin was used for normaliza-
tion. Panel D): Densitometry analysis shows cleaved form of MMP9
expression was significantly higher in H202-treated cells than vehi-
cleat 6 h (N=3, t test, *p<0.05). B-actin was used for normalization.
Panel E): Western blotting for MMP9 shows astrocytes pre- treat-
ed with MAP kinase inhibitor SP60015 (JNK inhibitor), SB 203580
(p38 inhibitor) or U0126(ERK1/2 inhibitor) for 30 min at 10 and 20
UM before treating with HZOz at 1.0 uM for 6 h. Lane#1: vehicle
(0.1% DMSO); Lane #2: vehicle + H.0, (1uM); Lane #3: JNK inhibi-
tor (20uM); Lane#4: JNK inhibitor (10uM); Lane #5: JNK inhibitor
(20uM) + HZO2 (1uM); Lane #6: INK inhibitor (10uM) + HZO2 (1uMm);
Lane #7: p38 inhibitor (20uM); Lane #8: p38 inhibitor (10uM); Lane
#9: p38 inhibitor (20uM) + H,0, (1uM); Lane #10: p38 inhibitor
(10uM) + H.O, (1uM); Lane #11: ERK inhibitor (20uM); Lane #12:
ERK inhibitor (10uM); Lane #13: ERK inhibitor (20uM) + H202
(1uM); and Lane #14: ERK inhibitor (10uM) + HZO2 (1uM). Panel F):
Densitometry analysis of Western blotting for pro-MMP9 (includ-
ing the Western blot in Panel E) shows that treatment with MAP
kinase inhibitors at 20 uM significantly reduced the expression of
pro-MMP9(92 kDa) as compared to vehicle (N=3, one-way ANOVA
with Dunnett’s post-test, F3,8=6.519, *p<0.05). [l-actin was used
for normalization. Panel G). Densitometry analysis of Western blot-
tingfor cleaved MMP9 (including the Western blot in Panel E) shows
that treatment with MAP kinaseinhibitors had no significant effect
on the levels of cleaved-MMP9 as compared to vehicle (N=3, one-
way ANOVA, p>0.05).

of MMP9 expression. Gene and protein expression data dem-
onstrates that inhibition of MMP-9 expression is achieved by
blocking MAP kinase signaling pathways.

To further understand the effect of MAP kinases on the ex-
pression of MMP9 in NRA cells after H,O,-induced oxidative
stress, immunocytochemistry was performed. NRA cells were
pre- treated with JNK, p38 or ERK inhibitor (20uM) for 30 min
before treatment with 1.0 uM H,O, for 4 h to detect the levels
of cellular MMP9 (Figure 4F & 4G). Immunofluorescence with a
MMP9 antibody and Hoechst 33342 staining revealed a reduc-
tion of MMP9 in NRA cells treated with the inhibitors + H,0,
treatment compared to controls (Figure 5). These results show

MMP-9 + Hoeschst33342

MMP-9 primary

H,0, (11M)

H20: (1pM) +
JNK inhibitor (20uM)

Hz0z (1uM) +
p38 inhibitor (20uM)

Figure 5: Immunofluorescence to detect the levels of MMP9 pro-
tein in astrocytes pre-treated with MAPK inhibitors. Immunofluo-
rescence shows MMP9 protein in astrocytes pre-treated withMAP
kinase inhibitor SP60015 (JNK inhibitor) or SB 203580 (p38 inhibi-
tor) for 30 min at 20 uM before treating with H,0, at 1.0 uM for
4 h. The images are: A) astrocytes treated with H,0, and stained
with MMP9 antibody (red) and Hoechst33342 (blue); B) astrocytes
treated with H,0, and stained with MMP9 antibody; C) astrocytes
treated with H202 and stained with secondary antibody only; D)
astrocytes treated with SP60015 (JNK inhibitor) + H,0, and stained
with MMP9 antibody and Hoechst33342; E) astrocytes treated
with SP60015 (JNK inhibitor) + H,0, and stained with MMP9 an-
tibody; F) astrocytes treated with SP60015 (JNK inhibitor) + H,O,
and stained with secondary antibody only; G) astrocytes treated
with SB 203580 (p38 inhibitor) and H,O, and stained with MMP9
antibody and Hoechst33342; H) astrocytes treated with SB 203580
(p38 inhibitor) and H,0, and stained with MMP9 antibody; and )
astrocytes treated with SB 203580 (p38 inhibitor) and H,0O, and
stained with secondary antibody only. Images were captured at 10X
magnification. Scale bar represents 50 microns.

an overall decrease in MMP9 in cells treated with JNK and p38
inhibitor + H,0,, consistent with previous PCR, western blot and
MMP activity assay results. This suggests that JNK and p38 ki-
nases play a significant role in the signaling of MMP9 expression

in H,0,-induced oxidative stress.

MAPK Signaling Pathway Mediates MMP9 Expression
Through AP-1.

HEK293 cells were transiently transfected with pGL-3 re-
porter gene vector, which carries an insert from AP-1 binding
site cloned from the promoter region of human MMP-9 gene
[17]. In addition, HEK293 cells were also transiently transfected
with a commercial pTL-Luc reporter gene vector that contains
multiple repeats of AP-1 binding site [17]. The controls for the
assay were the transfection of cells with an empty pGL-3 or pTL
vector without the AP-1 insert. After 48 h recovery post-trans-
fection, the cells were treated in the presence of 20 uM MAPK
inhibitors for 30 min followed by 1.0 uM H,0, for 30 min. PMA
was used as a positive control known to induce AP-1 activity in
HEK293 cells. Reporter gene assays show the effect of H,O, on
AP-1induction and the MAPK inhibitors on reducing AP-1 induc-
tion, since AP-1 induction was directly proportional to luciferase
activity. Data shows a significant AP-1 induction in H,0_-stimu-
lated HEK293 cells (Figure. 6A & 6B). This result indicates that
H,O,-induced MMP9 gene expression goes through the MAPK-
AP1 pathway, suggesting that ROS activates the MAP kinases,
and the activated MAP kinases activate AP-1 which then turns
on MMP9 gene expression. The MAPK inhibitors were not all
able to reduce AP-1 reporter gene activity in the commercial
AP-1 vector but all reduced the activity of AP-1 in the MMP9
promoter vector (Figure 6C & 6D).
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Figure 6: Reporter gene assay for the effect of H,0, on AP-1 tran-
scriptional activity. HEK293 cells were transfected with pTL/AP-Luc
vector (Panel A) and pGL-3/AP1 (Panel B) vector and then treat-
ed with H,0, at 1.0 M for 30 min. H.0, strongly stimulated re-
porter gene activity of pTL/AP-Luc plasmid at 30 min (N=3, t-test,
*p<0.05). pGL-3/AP-1 plasmid showed the similar response at 30
min (N=3, t-test, one-tailed p<0.05). HEK293 cells were transfected
with pTL/AP-Luc vector (Panel C) or pGL-3/AP-1 vector (Panel D)
and then pretreated with MAP kinase inhibitors, SP60015 (JNK in-
hibitor), SB 203580 (p38 inhibitor) or U0126 (ERK1/2 inhibitor) for
30 min at 20 uM before treatment with HZO2 at 1.0 uM for 30 min.
Pre-treatment with SP60015 (JNK inhibitor) in pTL/AP-Luc vector
significantly reduced the reporter gene activity (Panel C: N=3, One-
way ANOVA, p>0.05, t-test, ¥p<0.05). Pre-treatment with all MAPK
inhibitors in pGL- 3/AP-1 vector reduced reporter gene activity
(Panel D: N=3, one-way ANOVA with Dunnett’s post test F, 8=6.152
*p<0.05).

Inhibition of MMP9 Expression Reduced the Permeability
of an In Vitro BBB Model

10
:’ D
o0,

A two-chamber in vitro model of the BBB using SV-ARBEC
cells was used to measure barrier permeability with the fluo-
rescent dye marker sodium fluorescein as described [15]. Ini-
tially, Pe test was used to ensure that the brain endothelial cells
form a tight monolayer on the semi- permeable membrane of
the culture inserts. Three wells with the cells were compared to
three wells without cells (empty wells) to determine the perme-
ability in a top-down direction of the cell layer. Pe test demon-
strates that after 6 days in culture, the permeability coefficient
of the in vitro BBB model was 0.56 X 10° cm/min for top to
bottom transport (Figure 7A). The Pe value indicates that the
BBB monolayer was tight and the permeability of the in vitro
BBB model was low. Previous studies suggest ROS such as H,0,
is involved in the disruption of the BBB during cerebral ischemia
or ischemic stroke. Thus, the in vitro model was tested whether
H,O, does have this effect. The treatment of the in vitro BBB
model with 1.0 uM H,0, showed a similar effect, in that the per-
meability or leakage of the BBB was increased in the presence
of ROS (Figure 7B).

We tested if conditioned media from NRA cells treated with
the same concentration of H,0, could have a similar effect or
an even greater effect due to the presence of potentially active
MMP9 produced or released from the cell. The results suggest
that in fact conditioned media was capable of greatly increasing
the BBB permeability. To determine if this permeability was due
a presence of active MMP9 in the conditioned media, MMP9
inhibitor SB-3CT was added to the media. The MMP9 inhibitor
was capable of reducing BBB leakage (Figure 7C). ROS was ca-
pable of increasing BBB permeability by activating latent forms
of MMP-9 and increasing MMP-9 expression. This led us to test
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Figure 7: Effect of H,0, and MMP9 expression on the transport
of fluorescein across an in vitroBBB model. The in vitro BBB mod-
el consists of SV-ARBEC cells grown as a monolayer on a porous
membrane in the tissue culture insert. Media conditioned by rat
astrocytes were applied tothe bottom compartment to induce
the BBB phenotype. Fluorescein (25 pg/mL) was added to the top
compartment and concentrations were determined in the bot-
tom compartment by fluorescencedetection. Panel A): Permeabil-
ity test was conducted determining the fluorescein concentration
across triplicate membranes with and without cells. Panel B): H,0,
at concentration of 1.0 uM increases monolayer permeability and
fluorescein transport across the membrane. Panel C): Conditioned
media collected from NRA cells treated with H,0, at concentration
of 1.0 uM increased monolayer permeability and fluorescein trans-
port across the membrane but treatment with MMP9 inhibitor SB-
3CT at 10 uM concentration maintained monolayer integrity and re-
ducedfluorescein transport. Panel D): Active MMP9 (25 units/mL)
increased monolayer permeability and fluorescein transport across
the membrane but treatment with MMP9 inhibitor SB-3CT at 10
UM concentration maintained monolayer integrity and reduced

fluorescein transport.
whether recombinant active MMP-9 could have a similar effect
on BBB permeability. The result shows there was increase in
permeability in the presence of active MMP9 and that the ad-
dition of MMP9 inhibitor SB-3CT was able to reduce this effect
(Figure 7D).

Discussion and Conclusion

This work is to understand the signaling mechanisms that
regulate ROS-evoked MMP9 expression, leading to BBB disrup-
tion due to ischemic stroke by using in vitro models. The physi-
cal barrier of the BBB is made up of tight junctions between
endothelial cells that restrict the passage of solutes between
the blood and brain [19]. These tight junctions are built upon
the endothelial cell matrix made up of collagens, laminin and
fibronectin. Collagen type IV has been shown to directly influ-
ence the expression of occludin at tight junctions [20]. Loss of
laminin, collagen and fibronectin can disrupt the endothelial
tight junctions and loss of BBB integrity [21,22]. ECM degrada-
tion and disruption of basal lamina is the primary cause of mi-
crovascular hemorrhage following an ischemic event. Increased
MMP9 expression was correlated with BBB leakage in animal
models of cerebral ischemia [23]. Elevated MMP9 levels coin-
cide with neurological outcome, suggesting that MMP9 plays
a role in neuronal death and brain injury following ischemic
stroke [24]. Knockout study has demonstrated that the MMP9
deficient mice were protected against brain trauma and fo-
cal cerebral ischemia [25] and show reduced BBB leakage [7].
MMP9 inhibitors were shown to prevent laminin degradation,
which maintains ECM and BBB integrity and protects neurons
from apoptosis [26,27]. Thus, increased levels of MMP9 fol-
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lowing acute brain ischemic injury have been linked to greater
infarct size, poor neurological outcome, and hemorrhagic trans-
formation complications [28]. MMP9 may be a potential phar-
macological target and biomarker of stroke, as high levels of this
protease were detected in the blood of human patients follow-
ing ischemic and hemorrhagic strokes [24].

MMP9 plays a significant role in the pathology of ischemic
stroke, whereby it aides in the detrimental breakdown of the
BBB; however, the signaling required for MMP9 up-regulation
still remains largely uncharacterized in ischemic stroke. A recent
study shows that MMP9 expression in androgen receptor-pos-
itive triple-negative breast cancer cells is regulated epigeneti-
cally via AKT/mTOR signaling and suppressed by luteolin [29].
Luteolin was also used as a treatment option of ischemic stroke
in animal MCAO model by inhibiting MMP9 and activation of
the PI3K/Akt signaling pathway [30]. Another study shows that
lysophosphatidic acid promotes expression and activation of
MMP9 in THP-1 cells via TLR4/NF-kB signaling pathway [31]. In
this study we demonstrate that H,0,-induced oxidative stress
stimulated a profound change in the expression of MMP9 in
astrocytes. The response to H,O, involves activation of p38,
JNK and ERK signaling pathways that converge onto AP-1. Fur-
thermore, our work with the in vitro BBB model suggests that
active MMP9 and H,0, both increased the permeability of the
BBB demonstrating their potential as therapeutic targets. Gene
expression work demonstrated that H,0, significantly induced
MMP9 expression at mRNA level. Interestingly, protein expres-
sion data was not as easily understood as Western blot results
showed that H,0, decreased the amount of pro-MMP9 in as-
trocytes. It at first seems unlikely that gene expression at the
MRNA level was increased where protein was decreased. Since
the experiment was not effectively measuring total MMP9 in
astrocytes and the cleaved active form of MMP9 released into
the culture media, MMP9 activity assay was used and showed
that the amount of active MMP9 in the conditioned media of
astrocytes was significantly greater than controls. This suggest-
ed that in fact although the amount of MMP9 was increased
in astrocytes, immunocytochemistry confirmed that overall
amounts MMP9 were remarkably increased in the astrocytes
treated with H,O,. These findings demonstrate that in fact oxi-
dative stress can induce MMP9 expression at many different
levels and ROS may serve as a key-signaling player in the activa-
tion of MMP9 expression and the consequential BBB damage.

Gashe and colleagues showed that MMP inhibition prevent-
ed the oxidative stress- associated BBB disruption following
cerebral ischemia and suggested that oxidative stress mediates
BBB disruption by activation of MMPs [9]. Macrophages activat-
ed during cardiovascular injury release ROS that activate MMP2
and MMP9, which then can degrade the collagen components
of ECM resulting in negative outcomes for patients [32]. The
mechanism of action for ROS-mediated MMP activation is that
in vitro ROS can oxidize a thiol bond responsible for activating
MMP2 and MMP9. This suggests that macrophages activated
during ischemia and reperfusion that release ROS can trigger
the activation of stored latent forms of MMP9 in the vascular
regions of the BBB [12]. Our work adds to this body of litera-
ture indicating that ROS produced by oxidative stress during
cerebral ischemia/reperfusion can induce the expression and
activate MMP9. We investigated the involvement of p38, JNK
and ERK1/2 signaling during H,0,-induced MMP9 expression.
Protein work demonstrated that phosphorylation levels of p38
and JNK kinase were greatly increased with the ROS treatment
but not the ERK 1/2 kinase. Previous research on the MAPK sig-

naling pathways has shown that the same types of stimuli gen-
erally affect p38 and JNK kinase; while ERK1/2 is activated by
growth factors and tumor promoters. The phosphorylation pro-
files suggest that the MAP kinase signaling cascades could be
the upstream activators of MMP9 gene expression, specifically
p38 and JNK. Chemically specific inhibitors of MAP kinases were
then used to determine the effect of blocking these pathways
would have on gene and protein expression. As expected, the
inhibitors were able to significantly reduce the gene expression
and further decrease the protein expression of MMP9. All three
inhibitors are involved, to some degree, in inhibiting the signal-
ing of MMP9, as no one inhibitor was capable of completely
abolishing the expression, but were capable of significantly re-
ducing it. This work clarifies what was occurring with H,O, treat-
ment and MMP9 gene expression, revealing that although the
pro- MMP9 was decreased, the cleaved MMP9 (active MMP9)
was increased significantly with the treatment. However, the
chemical inhibitors were not capable of significantly reducing
the amount of cleaved MMP9, indicating that the inhibitors
cannot inhibit H,0, ability to cleave the existent parent MMP-9
(pro-MMP9) within cells. Therefore, it is important to note that
the treatment with these inhibitors reduced overall MMP9 ex-
pression. This was further demonstrated by immunocytochem-
istry work revealing that JNK and p38 inhibitors reduced MMP-9
expression. It is of interest to note that although ERK inhibitor
was capable of reducing MMP-9 expression at the mRNA level,
it did not reduce overall MMP9 expression in cells and ERK was
not phosphorylated by H,0, stimulation as observed for p38
and JNK. It is likely that perhaps ERK 1/2 is involved in MMP-9
signaling in normal physiological processes not in response to
stressors. The last aspect of characterizing the signaling path-
ways for MMP-9 up-regulation is the transcription factor that
activates transcription of the gene of interest. The MAP kinase
signaling pathways are well conserved and composed of a well-
studied family of kinases known to converge on AP-1 transcrip-
tion factor. Thus, we examined a link between H,0, treatment
and AP-1 activation. The reporter gene assays with the vectors
containing the two upstream AP-1 binding sites from human
MMP-9 and the classic AP-1 binding sites showed significantly
greater luciferase activity, indicating that H,0, could influence
MMP9 gene expression through AP-1. All three MAP kinases in-
hibitors reduced the reporter gene activity. This confirms that in
fact MAP kinases can activate MMP9 gene expression to some
degree through AP-1. The signaling pathway research demon-
strated the complexity of MMP-9 up-regulation in brain cells.
Characterization of MMP9 is difficult due to its varying forms
and the ability of molecules such as ROS to both activate and la-
tent forms of MMP9 as well as to induce signaling for generation
of MMP9. In addition, the three MAP kinase-signaling pathways
have been shown in this research to play to some extent a role
in MMP9 signaling. This suggests that although one signaling
pathway may be inhibited, there could be still generation and
compensation by other pathways. Given the abovementioned
results, inhibition of MAPK signaling may decrease the expres-
sion of MMP9 and relieve oxidative stress-induced MMP9 ex-
pression and consequential BBB damage. Our results suggest
that both H,0, and MMP9 play a role in disrupting monolayer
integrity of the in vitro BBB model. Treatment with MMP9 in-
hibitor was able to reduce the monolayer damage caused by
astrocyte-conditioned media containing H,0, and MMP9. Our
work provides the insight into what treatments may be effec-
tive in preventing MMP9-mediated BBB breakdown in ischemic
stroke.
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