MEDIC.
SCIEN (R

ANIMAL STUDY

e-ISSN 1643-3750
© Med Sci Monit, 2019; 25: 1838-1847
DOI: 10.12659/MSM.915119

L

MONITOR

e otaor1 Lipoxin A4 Methyl Ester Reduces Early

publihed: om0 Brain Injury by Inhibition of the Nuclear
Factor Kappa B (NF-xB)-Dependent Matrix
Metallopeptidase 9 (MMP-9) Pathway in a Rat
Model of Intracerebral Hemorrhage

Authors’ Contribution: ABE 1 Yaqi Song 1 Department of Surgery, Hebei Medical University, Shijiazhuang, Hebei, P.R. China
Study Design A AC 2 Ying Yang 2 Department of Internal Medicine, Hebei Medical University, Shijiazhuang, Hebei,
Data Collection B PR. China

Statistical Analysis C DF 3 Ylng Cui 3 Department of Neurosurgery, Tangshan Workers’ Hospital, Tangshan, Hebei,
Data Interpretation D AF 4,5 Junllng Gao P.R. China
Manuscript Preparation E BC 3 Kaijie Wang 4 School of Basic Medical Science, North China University of Science and
Literature Search F Technology, Tangshan, Hebei, P.R. China
Funds Collection G 5 Hebei Key Laboratory for Chronic Diseases, Tangshan Key Laboratory for
Preclinical and Basic Research on Chronic Diseases, Tangshan, Hebei, P.R. China

AEG 1,3 Jianzhong Cui

Corresponding Author: Jianzhong Cui, e-mail: jianzhongcuidoctor@163.com
Source of support: Departmental sources
Background: Intracerebral hemorrhage (ICH) is associated with inflammation and disruption of the blood-brain barrier (BBB).

Lipoxin A4 methyl ester (LXA4 ME), is a stable synthetic analog of lipoxin with anti-inflammatory properties.
This study aimed to investigate the effects of LXA4 ME in a rat model of ICH.

Material/Methods: Male Sprague-Dawley rats (n=120), between 12-13 weeks of age, were divided into the sham group (sham-
operated), the vehicle-treated group (ICH+vehicle), the LXA4 ME-L group (ICH+low-dose LXA4 ME, 10 ng/d),
and the LXA4 ME-H group (ICH+high-dose LXA4 ME, 100 ng/d). The ICH model was created by injection of au-
tologous blood into the right basal ganglia. LXA4 ME was injected into the ventricle 10 min after the develop-
ment of ICH. A modified neurological severity score (mNSS), rotarod latencies, and brain water content were
used to evaluate the rats. The TUNEL assay measured neuronal cell death. Western blot was used to measure
protein expression of nuclear factor kappa B (NF-kB), matrix metalloproteinase-9 (MMP-9), zonula occludens-1
(z0-1), and claudin-5.

Results: In the rat model of ICH, treatment with LXA4 ME reduced the levels of proinflammatory cytokines, improved
neurologic function, reduced neuronal apoptosis, and reduced cerebral edema associated with damage to the
BBB, and reduced the expression levels of NF-kB, MMP-9, ZO-1, and claudin-5.
Conclusions: In a rat model of ICH, treatment with LXA4 reduced early brain injury and protected the BBB by inhibiting the
NF-xB-dependent MMP-9 pathway.
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Background

Spontaneous intracerebral hemorrhage (ICH) accounts for 15%
of all cases of acute stroke and is associated with high rates
of morbidity and mortality [1]. There is no effective treatment
to prevent ICH-induced brain dysfunction. There is increasing
evidence that inflammation contributes to the progression of
ICH-induced secondary brain damage, leading to disruption of
the blood-brain barrier (BBB) and cerebral edema, with expan-
sion of the intracerebral hematoma [2,3]. The combination of
disruption of the BBB and cerebral edema also results in neu-
ronal apoptosis, brain swelling, and deterioration of neurologic
function within the first 72 hours after ICH [4]. Therefore, treat-
ment approaches that protect the integrity of the BBB by re-
ducing inflammation may be a promising therapeutic strategy
to reduce early brain injury following ICH.

Matrix metalloproteinases (MMPs) are a family of zinc endo-
peptidases that are can disrupt the integrity of the BBB by dis-
ruption of the microvascular extracellular matrix and protein
components in certain pathological conditions [5]. In hemor-
rhagic stroke, the expression of MMP-9 has been shown to be
increased, while levels of tight junction proteins and basal lam-
ina proteins are decreased, leading to BBB disruption and ce-
rebral edema in hemorrhagic stroke [6]. Previous studies have
shown that increased activity of nuclear factor kappa B (NF-xB)
can contribute to inflammatory reactions after ICH, which trig-
gers the expression of genes for pro-inflammatory cytokines, in-
cluding tumor necrosis factor-a. (TNF-ov), interleukin-1 (IL-1p),
and IL-6, all of which have a role in ICH-induced brain injury [7].
Also, NF-kB has been shown to directly regulate the transcription
of MMP-9 [7]. Therefore, inhibition of NF-kB activity can result in
reduced expression of MMP-9 and reduced inflammation, which
could reduce disruption of the BBB and cerebral injury after ICH.

Lipoxins include endogenous lipoxygenase-derived eico-
sanoids and have been identified as the first endogenous
signals to control inflammation in vivo. Lipoxin A4 methyl es-
ter (LXA4 ME) is a relatively stable and potent endogenous li-
poxin. Previous studies have shown that LXA4 ME suppressed
NF-xB and pro-inflammatory cytokines in several inflamma-
tory diseases, including autoimmune myocarditis, glomeru-
lopathy, and arthritis [8-10]. Studies have also demonstrated
the neuroprotective effects of LXA4 after traumatic brain in-
jury and ischemic stroke [11,12]. LXA4 was reported to reduce
brain injury in traumatic brain injury by inhibiting inflamma-
tion and reducing damage to the BBB with reduced cerebral
edema in cerebral ischemia-reperfusion injury [13]. However,
the potential protective effect of LXA4 on early brain injury
and the effects on the BBB in ICH remain poorly understood.

Therefore, this study aimed to assess the role of LXA4 in early
brain injury and the effects on the BBB by investigating apoptosis,
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the cerebral microvasculature, and the expression of inflamma-
tory cytokines including NF-kB and MMP-9 in a rat model of ICH.

Material and Methods

A rat model of intracerebral hemorrhage (ICH)

Adult male Sprague-Dawley rats (n=140), between 12-13
weeks of age, were used in this study. The study and the ex-
perimental procedures were approved by the Animal Care
and Use Committee of Hebei Medical University and were
performed according to the Guide for the Chinese Council on
Animal Protection. All rats were housed under a controlled
environment with a 12-hour light and dark cycle, a humidity
of 50-55%, and a temperature of 22-24°C. All animals were
provided with free access to food and water before and after
sham treatment or surgery.

The rats were anesthetized by intraperitoneal injection of 0.4%
pentobarbital sodium. Following removal of 50 ml of autolo-
gous whole blood from the tail vein, autologous whole blood
was injected into the right caudate putamen using stereotaxic
guidance. The stereotactic coordinates were 3.0 mm lateral,
0.2 mm anterior, and 5.5 mm ventral to the bregma. The sham
group was injected with sterile phosphate-buffered saline (PBS)
instead of whole blood. The bone incision was sealed with
bone wax and the wound was sutured and disinfected with
iodine. In the course of the establishment of the rat model of
ICH, seven rats died.

Experimental groups and treatment with lipoxin A4
methyl ester (LXA4 ME)

There were 120 adult rats assigned to four study groups
(n=30), the sham group (sham-operated), vehicle-treated group
(ICH+vehicle), the low-dose lipoxin A4 methyl ester (LXA4 ME-L)
group (ICH+10 ng/d), and the high-dose LXA4 ME-H group
(ICH+100 ng/d). LXA4 ME, 10 ng or 100 ng in 1 pL of sterile
PBS (Cayman Chemical, Ann Arbor, MI, USA) or vehicle (1 pL
in sterile PBS) were injected into the cerebral ventricle at 1 h
after induction of ICH. The treatment doses that were chosen
to investigate the effect of LXA4 ME were according to previ-
ously reported doses [14,15].

The modified neurological severity score (mNSS)

The modified neurological severity score (mNSS) was used
that consisted of sensory tests, motor tests, reflex testing,
and beam balance tests. The neurological deficits of the rats
on days 1-5 after ICH were evaluated. The higher the score,
the greater the degree of neurological injury (normal score=0;
maximal deficit score=18).
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The rotarod performance test

In addition to the mNSS scores, an accelerating automated ro-
tarod was used to measure the effects of therapeutic interven-
tion on vestibulomotor function [16]. The speed was slowly in-
creased from 5 to 40 rpm for 5 minutes. The rats were tested
before the onset of ICH to obtain baseline values. Tests were
performed to assess early effects on motor function on days 1-5
after ICH. As the speed increased within a short time (5 min),
the average time that elapsed from the rotation of the cylin-
der was recorded. The experiment ended when the rats fell
twice from the cylinder.

Blood-brain barrier (BBB) permeability

The permeability of the blood-brain barrier (BBB) was assessed
by examining the extravasation of Evans blue (EB) dye at 6 h,
12 h, 18 h, 24 h, and 48h after ICH. The rats were anesthetized
one hour before being euthanized and were injected intrave-
nously with 2% EB in PBS at a final concentration of 100 pM.
To clear the intravascular EB dye, rats were perfused through
the left cardiac ventricle with saline. Then, the rats were euth-
anized by decapitation. The right cerebral hemispheres were
quickly removed and placed into a test tube with 2 ml of PBS.
Protein was isolated from the homogenized brain in 1 mL of
50% trichloroacetic acid solution and centrifuged at 14,000 rpm
for 15 min. A spectrophotometer was used (A=600 nm) to mea-
sure the absorbance of the supernatant.

Measurement of brain water content (cerebral edema)

Cerebral edema was evaluated using the wet weight (WW) to
dry weight (DW) ratios. Rats were euthanized on days 1-3 af-
ter ICH and the cerebral hemispheres was quickly removed and
weighed to obtain the WW. Then, brain tissues were dried in
a 100°C oven for 24 h and then re-weighed to determine the DW.
Tissue water content was calculated as: (WW-DW)/WWx100%.

Analysis of neuronal apoptosis by terminal
deoxynucleotidyl transferase-mediated (dUTP) nick-end
labeling (TUNEL) staining

Rats were anesthetized with chloral hydrate and underwent
transcardial perfusion with ice-cold saline and 4% paraformal-
dehyde in 0.1 M PBS, and euthanized rapidly within 24 h fol-
lowing ICH. The rat brain containing the area of cerebral hem-
orrhage was fixed in 4% paraformaldehyde for 48 h, the brain
tissue was embedded in paraffin and sectioned at 5 um onto
glass slides. After deparaffinization and rehydration, the tis-
sue sections were rinsed twice in 0.1 M PBS and incubated
with a solution of proteinase K in a humidified atmosphere for
15 min at 37°C. Tissue sections were then treated with green
fluorescein-labeled dUTP solution (containing 10% TdT). Tissue
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sections were also incubated with 4’,6-diamidino-2-phenylin-
dole (DAPI) for 5 min at room temperature to detect the nu-
clei, which stained blue. The slides were examined using flu-
orescence microscopy and quantified by randomly selecting
five microscopic fields. Neural apoptosis was determined as
TUNEL-positive cells/mm? per field.

Detection of matrix metalloproteinase-9 (MMP-9)

The activity of MMP-9 was detected at 24 h after ICH using
the MMP gelatin zymography electrophoretic analysis reagent
kit (Genmed Scientifics Inc., Shanghai, China), according to the
manufacturer’s instructions. Rat cerebral tissues were homog-
enized in lysis buffer and centrifuged at 12,000 rpm for 15 min
at 4°C. The BCA assay (Beyotime, Shanghai, China) was used
to determine the concentration of the proteins according to
the BCA method. Then, 40pg of the samples were loaded into
the lanes and separated by 8% Tris-tricine gel with 0.1% gela-
tin as a substrate. Following separated by electrophoresis and
refolding, the gel was incubated with digestive buffer at 37°C
for 36 h. The gel was stained with 0.5% Coomassie brilliant
blue R-250 for 60 min (Sigma-Aldrich, St. Louis MO, USA). After
destaining for 1 h, the development of the gel was terminated
when a clear white band appeared on a blue background. To
assess MMP-9 activity, the white band was quantified using
Image J software (Bio-Rad, Hercules, CA, USA).

Western blot

Brain tissues surrounding the hematoma in the ICH model
groups and in the sham group were excised. After the tissue
was mechanically homogenized in radioimmunoprecipitation
assay (RIPA) lysis buffer, the sample lysates were centrifuged
at 12,000 rpm for 15 min at 4°C. The BCA protein assay kit
(Beyotime, Shanghai, China) was used to estimate protein
concentration. Forty micrograms of protein were separated by
10% sodium dodecy! sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and electrotransferred onto a nitrocellulose
membrane. After blocked with dried skimmed milk powder,
the membrane was then incubated overnight with rabbit anti-
B-actin (1: 1000) (Santa Cruz Biotechnology Inc., Dallas, TX,
USA), rabbit anti-TNF-o (1: 1000) (Santa Cruz Biotechnology
Inc., Dallas, TX, USA), rabbit anti-IL-6 (1: 1000) (Santa Cruz
Biotechnology Inc., Dallas, TX, USA), rabbit anti-IL-1p (1: 1000)
(Santa Cruz Biotechnology Inc., Dallas, TX, USA), rabbit anti-
occludin (1: 1000) (Santa Cruz Biotechnology Inc., Dallas, TX,
USA), rabbit anti-zonula occluden-1 (ZO-1) (1: 1000) (Santa Cruz
Biotechnology Inc., Dallas, TX, USA), rabbit anti-NF-xB (1: 1000)
(Santa Cruz Biotechnology Inc., Dallas, TX, USA), and rabbit
anti-MMP-9 (1: 1000) (Abcam, Cambridge, UK) at 4°C. Then
the membranes were labeled with secondary antibodies for
1.5 h at room temperature. The protein density was detected
using a Bio-Rad imaging system and analyzed by the Image )
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Figure 1. The neuroprotective effect of lipoxin A4 methyl ester (LXA4 ME) on behavior testing in the rat model of intracerebral
hemorrhage (ICH). Recovery of neurobehavioral function based on mNSS (A). Vestibulomotor function recovery based on
rotarod testing (B). * P<0.05 compared with sham; # P<0.05 compared with vehicle; & P<0.05 compared with LXA4 ME-L.

(n=6-8 per group).

software (Bio-Rad, Hercules, CA, USA). Relative protein levels
were expressed as the ratio of target band to the B-actin band
integrated optical density (10D) values.

Statistical analysis

Data were expressed as the mean +SEM and were analyzed
using SPSS version 24.0 software (IBM, Chicago, IL, USA).
Statistical analysis of the data was performed using one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc
analysis. Differences with P<0.05 were considered significant.

Results

Lipoxin A4 methyl ester (LXA4 ME) reduced intracerebral
hemorrhage (ICH)-induced neurological deficits

The rotarod latencies and the modified neurological sever-
ity score provided the evaluation of neurological functions
following intracerebral hemorrhage (ICH) in the rat model. The
mNSS scores were determined over 5 days after ICH. Compared
with the sham group, the mNSS scores in all rats that under-
went ICH were significantly improved (P<0.05) (Figure 1A).
Treatment with lipoxin A4 methyl ester (LXA4 ME) significantly
reduced the mNSS scores and resulted in improved neural
function when compared with the untreated vehicle group
(P<0.05) (Figure 1A). Although LXA4 ME-L (low-dose LXA4 ME,
10 ng/d) reduced the neurological deficit scores, no statistically
significant difference was observed between LXA4 ME-L group
and the vehicle group (P>0.05) (Figure 1A). The rotarod test
showed significantly increased impairment in motor function
in the ICH model rats compared with the sham group (P<0.05)
(Figure 1B). The rats in the ICH model groups that received

LXA4 ME-H (high-dose LXA4 ME, 100 ng/d) showed significantly
increased rotarod latencies when compared with the vehicle
group (P<0.05). However, although LXA4 ME-L partly increased
rotarod latencies and improved motor function, there was no
statistically significant difference between the vehicle group
and LXA4 ME-L group (P>0.05).

LXA4 ME reduced ICH-induced damage to the blood-brain
barrier (BBB) and cerebral edema

The permeability of the BBB in the injured rat cerebral hemi-
spheres was assessed at 6 h, 12 h, 18 h, 24 h, and 48 h after
ICH. BBB permeability was significantly changed at different
times. The Evans blue content in the area around the hema-
toma was lowest in the 6 h group and highest in the 24 h
group. There was a significant increase in extravasation of
EB in the vehicle group compared with the sham group. LXA4
ME-H treatment significantly reduced the EB content when
compared with the vehicle-treated group (P<0.05) (Figure 2A).
Also, LXA4 ME-L treatment did not have a significant effect on
the inhibition of extravasation of EB when compared with the
vehicle-treated group.

Similar results were found in brain edema measurements. The
cerebral water content of the affected hemispheres was mea-
sured on days 1-3 after ICH. Compared with rats on the first
day, the water content in the ipsilateral cerebral hemispheres
was significantly increased in rats sacrificed on the second day
after ICH. In the rats sacrificed on the third day after ICH, the
water content decreased slightly when compared with rats
sacrificed on the second day after ICH. ICH significantly in-
creased cerebral edema when compared with the sham group
(P<0.05). There was a significant decrease in brain water con-
tent in the LXA4 ME-H group compared with the vehicle group
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Figure 2. Treatment with lipoxin A4 methyl ester (LXA4 ME) reduced intracerebral hemorrhage (ICH)-induced brain edema and
damage to the blood-brain barrier (BBB). (A) Evans blue (EB) dye extravasation shows that leakage of EB in the hematoma
and area around the hematoma in the LXA4 ME-H group (ICH+high-dose LXA4 ME, 100 ng/d) was significantly less than
the sham-operated group. (B) Brain water content was significantly reduced in LXA4 ME-H group but not the LXA4 ME-L
group (ICH+low-dose LXA4 ME, 10 ng/d), compared with vehicle-treated rats on days 1-3 after ICH. There was no significant
difference between the LXA4 ME-L group and vehicle group. Values are expressed as the mean +SEM. * P<0.05 vs. the sham
group; * P<0.05 vs. the vehicle-treated group; & P<0.05 vs. the LXA4 ME-L group (ICH+low-dose LXA4 ME, 10 ng/d). (n=4-5

per group).

and the LXA4 ME-L group (P<0.05) (Figure 2B). However, no
significant difference was found between the vehicle group
and the LXA4 ME-L group.

LXA4 ME treatment reduced the number of apoptotic cells
at 24 h after ICH

Apoptosis of neurons around the area of intracerebral hemor-
rhage was evaluated by TUNEL and 4’,6-diamidino-2-phenyl-
indole (DAPI) staining. In the sham group, there was no sig-
nificant apoptosis of neurons. TUNEL-positive cells increased
significantly in the vehicle group. Quantitative analysis showed
that LXA4 ME treatment significantly reduced neuronal apop-
tosis around the hematoma at 24 h following ICH in the LXA4
ME-H group. The density of positively stained cells in LXA4 ME-L
group was not found to be increased compared with those in
the sham group (P<0.05) (Figure 3).

LXA4 ME inhibited activation of the NF-kB-dependent
MMP-9 pathway induced by ICH

The expression levels of NF-kB and MMP-9 were significantly
increased in the vehicle-treated group (P<0.05). LXA4 ME treat-
ment down-regulated the expression of NF-kB and MMP-9 in
the LXA4 ME-H group (Figure 4A, 4B). No significant difference
was found between the vehicle group and the LXA4 ME-L group.
Similar results were also found for MMP-9 activity (Figure 4C).

LXA4 ME prevented the degradation of zonula occludens-1
(20-1) and claudin-5

As shown in Figure 5, proteins associated with the integrity of
the BBB were investigated in the rat model. The ICH-induced
decrease in Z0O-1 and claudin-5 protein expression was inhibited
by LXA4 ME. Both low and high concentrations of LXA4 ME in-
hibited degradation of ZO-1 and claudin-5. However, there was
no significant degradation of ZO-1 and claudin-5 between the
vehicle group and the LXA4 ME-L group.

LXA4 ME treatment reduced the protein expression levels
of interleukin I (L-1), IL-6 and tumor necrosis factor-3
(TNF-B)

In the vehicle group, increased expression of IL-1, IL-6, and
TNF- was observed in the ipsilateral cerebral hemisphere.
Intraventricular administration of LXA4 ME decreased ICH-
induced overexpression of IL-1, IL-6, and TNF-f (Figure 6). Also,
treatment with LXA4 ME decrease the protein expression levels
of IL-1, IL-6, and TNF-f in a dose-dependent manner.

Discussion

Neurological damage resulting from intracerebral hemorrhage
(ICH) involves complex pathogenic processes and includes
primary brain injury and secondary brain injury associated
with inflammation and apoptosis [17]. There is increasing ev-
idence to indicate that inflammation following ICH is involved
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Figure 3. Treatment with lipoxin A4 methyl ester (LXA4 ME) reduced the number of TUNEL-positive apoptotic cells in the area around
the hematoma after intracerebral hemorrhage (ICH). (A) Rat brain tissue sections were stained with TUNEL (green) and
4’,6-diamidino-2-phenylindole (DAPI) (blue). (B) Quantification of the percentage of TUNEL-positive cells. Scale bar 50 pm.
Values are expressed as the mean +SEM. * P<0.05 vs. the sham group; # P<0.05 vs. the vehicle-treated group; & P<0.05 vs.
the LXA4 ME-L group (ICH+low-dose LXA4 ME, 10 ng/d). (n=4-5 per group).
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Figure 4. Lipoxin A4 methyl ester (LXA4 ME) reduced intracerebral hemorrhage (ICH)-induced activation of the nuclear factor kappa B
(NF-xB)-dependent matrix metalloproteinase-9 (MMP-9) pathway and MMP-9 gelatinase activity. Representative Western
blots and densitometric quantification of the nuclear NF-xB/B-actin and cytosolic NF-kB/B-actin at 24 h after ICH (A, B).
Quantification of pro-MMP-9 levels at 24 h after ICH (C). Values are expressed as the mean +SEM. * P<0.05 vs. the sham
group; * P<0.05 vs. the vehicle-treated group; & P<0.05 vs. the LXA4 ME-L group (ICH+low-dose LXA4 ME, 10 ng/d). (n=4-6

per group).
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Figure 5. Treatment with lipoxin A4 methyl ester (LXA4 ME) increased the tight junction proteins zonula occludens-1 (ZO-1)
and claudin-5 at 24 hour following intracerebral hemorrhage (ICH). Representative Western blots and densitometric
quantification of nuclear ZO-1/B-actin and claudin/f-actin at 24h following ICH (A, B). Values are expressed as the mean
+SEM. * P<0.05 vs. the sham group; * P<0.05 vs. the vehicle-treated group; & P<0.05 vs. the LXA4 ME-L group (ICH+low-dose
LXA4 ME, 10 ng/d). (n=4—6 per group).
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Figure 6. The levels of interleukin-1 (IL-1), IL-6, and tumor necrosis factor-B (TNF-p) after treatment with lipoxin A4 methyl ester (LXA4
ME). Overexpression of IL-1 (A), IL-6 (B), and TNF-$ (C) induced by intracerebral hemorrhage (ICH) were significantly reduced
after treatment with LXA4 ME. Values are expressed as the mean + SEM. * P<0.05 vs. the sham group; # P<0.05 vs. the
vehicle-treated group; & P<0.05 vs. the LXA4 ME-L group (ICH+low-dose LXA4 ME, 10 ng/d). (n=4-6 per group).

in secondary brain injury that impairs neurological outcome The suppression of inflammatory responses at the early stage
during the acute stage following ICH [18]. Inflammatory mech- following ICH might provide an effective therapeutic method
anisms mainly contribute to the progression of disruption of  for reducing cerebral dysfunction.

the blood-brain barrier (BBB), cerebral edema, and neuro-

nal apoptosis, which lead to neurological impairment [19].
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Lipoxin A4 methyl ester (LXA4 ME), is a stable synthetic an-
alog of lipoxin with anti-inflammatory properties that is de-
rived from arachidonic acid, a w-6 polyunsaturated fatty acid
(PUFA) generated from linoleic acid. As the proportion of ar-
achidonic acid in the cell membranes of inflammatory cells is
much higher than resolvins and protectins that originate from
the -3 PUFAs, the substrate availability for metabolism of ar-
achidonic acid by cyclooxygenase (COX) or lipoxygenase (LOX)
isozymes is greater than that found in the metabolism of ®-3
PUFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) [20]. A previously published study has shown that LXA4
analogs and LXA-ME had improved biological stability [21]. In
this study, LXA4 ME was chosen for its potent anti-inflamma-
tory properties at an optimal dose determined by a previous
study [22]. In the present study, the LXA4-ME dose was set
according to previous reports and preliminary experimental
results. Preliminary studies showed that there was no signif-
icant difference between the ICH group and ICH+1 ng LXA4
ME-treated group. With the increase in LXA4-ME dose, the
modified neurological severity score (mNSS) and the extrav-
asation of Evans blue were significantly reduced. The rotarod
latency was found to be increased in the ICH+10 ng LXA4 ME
group. Also, preliminary results indicated that there was an
increased risk of mortality in the rat model with 1000 ng of
LXA4 ME when compared with the 100 ng LXA4 ME-treated
ICH rat model. Therefore, according to the preliminary exper-
imental results and previous studies, 10 ng and 100 ng were
identified as the study doses of LXA4-ME. Also, a previous
study showed that LXA4 ME could upregulate the expression
of anti-inflammatory cytokines, IL-10 and TGF-f1, and reduce
the expression of the pro-inflammatory cytokines, TNF-o and
IL-1B, in the ischemic brain [23]. However, the specific mech-
anisms for the neuroprotective effects of LXA4 ME need to be
investigated further.

Neuroinflammation leads to disruption of the BBB and cere-
bral edema, which can be fatal. Damage to the BBB is associ-
ated with acute and chronic inflammation and hemorrhage.
Edema fluid passively diffuses into the brain parenchyma,
which further exacerbates cerebral edema and neuronal death
and results in secondary brain injury [24]. The degree of the
post-traumatic cerebral edema determines neurological out-
come and survival after ICH. In the present study, ICH resulted
in neurobehavioral dysfunction and upregulation of neuroin-
flammation in the vehicle-treated group in the rat model of
ICH and compared with the sham-operated rats, a significant
accumulation of Evans Blue stain was presented in the ipsi-
lateral cerebral hemisphere. Also, treatment with LXA4 ME re-
duced the permeability of the BBB, reduced cerebral edema,
and improved neurobehavioral function. LXA4 was recently re-
ported to play a protective role in traumatic brain injury (TBI)
by reducing cerebral edema, which may occur by reducing in-

ANIMAL STUDY

Occludin is a transmembrane protein that is localized in the
tight junctions [25]. Zonula occludens-1 (ZO-1) is involved in
the organization of proteins within the tight junction [26]. The
expression of ZO-1 and occludin are associated with the in-
tegrity of the BBB. The findings of the present study showed
that LXA4 ME restored the protein levels of claudin-5 and ZO-1,
indicating that LXA4 ME might block the down-regulation of
tight junction proteins, resulting in. preservation of the BBB.
Therefore, LXA4 ME protects neurological function in ICH by
reducing inflammation and BBB permeability, which might in-
dicate a potential role for this compound in improving prog-
nosis after ICH.

In the present study, the effect of LXA4 ME on the activity
of matrix metalloproteinase-9 (MMP-9) and nuclear factor
kappa B (NF-kB) were investigated. LXA4 ME inhibited the
ICH-induced increase in MMP-9 and the NF-kB/MMP-9 path-
way. These findings suggested that LXA4 ME blocked the in-
crease in NF-kB-dependent MMP-9, which may lead explain
the reduction in cerebral inflammation. Previous studies have
shown that NF-kB is an important transcription factor that
triggers pro-inflammatory gene expression and that MMP-9
production is associated with the expression of TNF-a and
IL-1B [27]. Other studies have shown that MMP-9 is involved
in the degradation of tight junction proteins and microvas-
cular basal lamina proteins, leading to a breakdown in the
BBB and to cerebral edema [28]. Given that NF-kB regulates
transcriptional activation of multiple inflammatory cytokines,
it might be expected that LXA4 ME targets NF-kB to inhibit
MMP-9 transcription and to improve the integrity of the BBB.
Wu et al. demonstrated that LXA4 ME reduced neurologic dam-
age by improving BBB permeability in a rat model of cerebral
infarction following middle cerebral artery occlusion (MCAO),
partly by reducing the expression of MMP-9 [29].

Previous studies have shown that neuronal apoptosis was com-
monly found in the areas of cerebral tissue surrounding the he-
matoma in ICH [30]. LXA4 has recently been shown to confer
neuroprotective effects via antioxidation and anti-apoptosis in
chronic cerebral hypoperfusion [31]. The present study showed
that the inhibition of MMP-9 by NF-xB suppression reduced
neuronal damage and neuronal apoptosis after ischemia [32].
The pathophysiological role of MMPs in cerebral ischemia is
the neuronal and endothelial cell apoptosis, which is induced
by the degradation of cell and matrix interactions in ICH [33].
In the present study, ICH resulted in increased NF-xB activa-
tion in the cerebral hematoma and the area around the he-
matoma that was significantly reduced by LXA4 ME treatment
and was associated with reduced numbers of TUNEL-positive
apoptotic cells. Therefore, it is possible that the anti-apoptotic
effect of LXA4 ME might be associated with the inhibition of
the NF-kB/MMP-9 pathway.
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On the basis of a previous study [14], intraventricular in-
jection was chosen as the method of drug delivery method,
which resulted in a therapeutic effect in the rat model of ICH
in the present study. In this study, treatment of rats in the ICH
model with high-dose LXA4 ME significantly reduced inflam-
mation, neurobehavioral injury, cerebral edema, and neuro-
nal apoptosis, in a dose-dependent manner. LXA4, which is
a ©-6 PUFA generated from linoleic acid, has the potential to
resolve inflammation by signaling metabolic, cellular, and tis-
sue events in ICH. These preliminary findings in a rat model of
ICH are of interest and warrant further studies to investigate
whether resolvins and protectins, which are derived from ®-3
PUFAs and EPA and DHA might have a therapeutic effect in
ICH. Further studies are also required to determine whether
intraventricularly injection of LXA4-ME enters the systemic cir-
culation by passing through the BBB.
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Conclusions

In a rat model of intracerebral hemorrhage (ICH), intraventric-
ular treatment with lipoxin A4 methyl ester (LXA4 ME) reduced
early brain injury and protected the blood-brain barrier (8BB)
by inhibiting the nuclear factor kappa B (NF-kB)-dependent
matrix metalloproteinase-9 (MMP-9) pathway. Further stud-
ies are required to determine the potential role of LXA4 ME in
cerebral ischemia and infarction.
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