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Abstract

Background and Purpose—The concept of the neurovascular unit suggests that effects on brain
vasculature must be considered if neuroprotection is to be achieved in stroke. We previously reported
that 12/15-lipoxygenase (12/15-LOX) is upregulated in the peri-infarct area after middle cerebral
artery occlusion in mice, and 12/15-LOX contributes to brain damage after ischemia—reperfusion.
The current study was designed to investigate 12/15-LOX involvement in vascular injury in the
ischemic brain.

Methods—In cell culture, a human brain microvascular endothelial cell line was subjected to either
hypoxia or H,O,-induced oxidative stress with or without lipoxygenase inhibitors. For in vivo
studies, mice were subjected to 90 minutes middle cerebral artery occlusion, and the effects of either
12/15-LOX gene knockout or treatment with lipoxygenase inhibitors were compared. Expression of
12/15-LOX and claudin-5 as well as extravasation of immunoglobulin G were detected by
immunohistochemistry. Edema was measured as water content of brain hemispheres according to
the wet—dry weight method.

Results—Brain endothelial cells were protected against hypoxia and H,O, by the lipoxygenase
inhibitor baicalein. After focal ischemia, 12/15-LOX was increased in neurons and endothelial cells.
The vascular tight junction protein claudin-5 underwent extensive degradation in the peri-infarct
area, which was partially prevented by the lipoxygenase inhibitor baicalein. Leakage of
immunoglobulin G into the brain parenchyma was significantly reduced in 12/15-LOX knockout
mice as well as wild-type mice treated with baicalein. Likewise, brain edema was significantly
ameliorated.

Conclusion—12/15-LOX may contribute to ischemic brain damage not just by causing neuronal
cell death, but also by detrimental effects on the brain microvasculature. 12/15-LOX inhibitors may
thus be effective as both neuroprotectants and vasculoprotectants.
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Cerebral ischemic stress can cause blood-brain barrier (BBB) disruption and increase cerebral
vascular permeability, leading to the formation of brain edema. Edema is the leading cause of
cerebrovascular death within the first week after stroke,! and oxidative stress and free radicals
contribute to edema formation.? The enzyme 12/15-lipoxygenase (12/15-LOX) is known to
contribute to neuronal cell death after oxidative stress, but its involvement in BBB disruption
has as yet not been studied. We previously reported 12/15-LOX to be upregulated in the peri-
infarct region of the brain after transient focal ischemia in mice.2 Most of the lipoxygenase
staining was neuronal, but we had also noted some endothelial staining at the time, suggesting
possible effects on the brain microvasculature. The present study was designed to test if
inhibition of 12/15-LOX or its genetic knockout reduces vasogenic edema related to BBB
disruption after transient focal ischemia. Our findings indicate that 12/15-LOX may contribute
to vascular injury and edema formation.

Materials and Methods

H»,0O, Oxidative Stress in Transformed Human Brain Endothelial Cells

Transformed human brain endothelial cells* were grown in Dulbecco medium supplemented
with 10% fetal calf serum, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C in a
humidified atmosphere of 95% air and 5% CO,. Cells were seeded at 2x10% cells/500 pL/well
in 48-well plates and treated after 24 hours culture. Treatment consisted of exchanging the
medium to 1 mL fresh culturing medium and adding H,O, (100, 200, or 400 umol/L) to induce
oxidative stress in the presence or absence of the lipoxygenase inhibitors 10 umol/L baicalein
(Cayman Chemicals) or 10 umol/L AA861. The solvent DMSO (maximum 0.1% final
concentration) was used as a control. To induce hypoxia, cells were kept in an atmosphere of
85% nitrogen/10% hydrogen/5% carbon dioxide at 37°C for 24 hours, whereas control cells
were cultured under normal conditions. After 24 hours of treatment, medium was collected
and the cells were lysed in 1 mL 0.5% Triton X-100 by incubating for 30 minutes at 37°C.
Lactate dehydrogenase content was determined separately for the cell extracts and
corresponding media using a Cytotoxicity Detection Kit (Roche), and the percentage of Lactate
dehydrogenase released to the medium was calculated after subtracting the corresponding
background value.

ALOX15 Genetic-Deficient Mice

Male ALOX15 knockout mice were bred in our animal facility and the genetically matched
C57BL/6J wild-type controls were obtained from Jackson Laboratories (Bar Harbor, Maine).
There were no significant neurological differences in phenotypes between the knockout mice
and the wild-type mice. CD1 mice used for the pharmacological studies were obtained from
Charles River Laboratories (Wilmington, Mass).

Transient Cerebral Focal Ischemia

All experiments were performed following an institutionally approved protocol in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male
CD1 and either wild-type C57BI6J or ALOX15 knockout mice approximately 12 weeks old
were subjected to transient focal cerebral ischemia by intraluminal middle cerebral artery
blockade with a silicon-coated nylon suture as described previously.> Anesthesia was induced
with 1% isoflurane in a mixture of 70% nitrous oxide and 30% oxygen delivered by face mask.
The rectal temperature was maintained at 37+0.5°C and the regional cerebral blood flow of
the right front parietal cortex was continually monitored during the surgical procedure. Under
an operating microscope, the right common carotid artery and external carotid artery were
exposed through a midline neck incision and its branches were electrocoagulated. An 11-mm
7-0 monofilament nylon suture coated with silicon was inserted through the proximal external
carotid artery into the internal carotid artery, occluding the middle cerebral artery. After 90
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minutes of middle cerebral artery occlusion (MCAO), blood flow was restored by withdrawal
of the nylon suture. Blood gases and blood pressure were measured before induction of
ischemia and again in ischemic mice after 1 hour of ischemia. For inhibitor studies, the
lipoxygenase inhibitor, baicalein, was delivered in 300 mg/kg body weight in DMSO by
intraperitoneal injection 30 minutes before the MCAO started. Control animals were injected
with the equal volume DMSO.

Immunohistochemistry

Mice brains were removed at 24 hours after MCAO with the perfusion of phosphate-buffered
saline (pH 7.4) and quickly frozen in liquid nitrogen. Coronal sections at the caudate level were
cuton acryostat at —20°C to 12 um thickness and collected on glass slides. With these sections,
we performed double-staining for lipoxygenase with neuronal marker, glia fibrillary-associated
protein, or CD31 to investigate the expression of lipoxygenase on the neuron, astrocyte, and
endothelial cells. The sections were fixed by 4% paraformaldehyde and rinsed 3 times in
phosphate-buffered saline (pH 7.4). After blocking with 3% normal goat serum, sections were
then incubated at 4°C overnight in a phosphate-buffered saline solution containing the primary
antibodies (the affinity-purified lipoxygenase rabbit polyclonal antibody diluted 1:200 and
mouse monoclonal anti-NeuN antibody [Chemicon] diluted 1:1003) in phosphate-buffered
saline, 0.3% TritonX, 3% bovine serum albumin. The sections were washed and incubated for
1 hour with Alexa Fluor 555-conjugated goat antirabbit 1gG antibody (Invitrogen) and Alexa
Fluor 488-conjugated goat antimouse 1gG antibody (Invitrogen) at a dilution of 1:500.
Subsequently, the slides were covered with VECTASHIELD mounting medium with 4',6'-
diamidino-2-phenylindole (H-1200; Vector Laboratories). Double fluorescent staining of
lipoxygenase with glia fibrillary-associated Protein (1:200; Chemicon) or CD31 (1:100; BD
Pharmingen) and CD31 with Claudin-5 (1:100; Zymed) was performed in fresh—-frozen
sections.® Signals were examined using an Olympus microscope (BX51; Olympus) equipped
with fluorescein isothiocyanate conjugated and rhodamine filter set. Extravascular
immunoglobulin G (1gG) was detected in fixed sections with a horseradish peroxidase-labeled
antimouse 1gG antibody followed by diaminobenzidine staining. The integrated density of
staining was analyzed by using National Institutes of Health ImageJ software.

Water Content of the Brain

The water content of the brain tissue was measured by the wet and dry weight method as
described previously.” Briefly, cerebral tissue was divided with a blade into the right and left
hemispheres along the anatomical midline. The wet weight of each hemisphere was measured
using an electronic analytic balance. After drying the sample in an oven at 95°C for 5 days,
the dry weight was obtained. The water content of each hemisphere was calculated using the
following formula: water content (%)=100x(wet weight—dry weight)/wet weight. The
contralateral hemisphere was used as a control.

Statistical Analysis

Results

The data are expressed as mean+SD except where otherwise noted. Statistical analysis was
performed using analysis of variance with Dunnett post hoc test or the Student t test. P<0.05
was considered statistically significant.

Lipoxygenase Inhibitor Reduced Cell Injury in Transformed Human Brain Endothelial Cells

Exposure of human brain endothelial cells to 100 umol/L, 200 pmol/L, and 400 pmol/L
H,0, for 24 hours increased the release of lactate dehydrogenase as a measure of cell injury
(Figure 1A; n=4, P<0.01). Two different inhibitors of 12/15-LOX, baicalein and AA-861, both
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provided significant protection against 200 pmol/L H,0, (n=3, P<0.01 and P<0.05,
respectively), suggesting 12/15-LOX contributes to this form of oxidative stress in endothelial
cells (Figure 1B). Likewise, subjecting the cells to 24 hours of hypoxia increased Lactate
dehydrogenase release into the medium, which again was reduced by baicalein (Figure 1C).

Lipoxygenase Expression in Mouse Brain Tissue

In sham control brain sections, only minimal lipoxygenase immunoreactivity was detectable
(data not shown). At 24 hours after transient MCAO, increased staining for lipoxygenase was
observed in the peri-ischemic area of the cerebral cortex (Figure 2A, D, G). Double
immunofluorescence for lipoxygenase (red) with neuronal marker (green) showed that
lipoxygenase was colocalized with the neuronal marker, as reported before (Figure 2C).3 In
addition, however, colocalization of lipoxygenase (red) with the endothelial cell marker CD31
(green) was observed (Figure 2F), suggesting 12/15-LOX is also upregulated in the brain
microvascular endothelium after transient focal ischemia. In contrast, lipoxygenase staining
did not colocalize with glial fibril antigen protein expression (Figure 2H, green), indicating
12/15-LOX, is not upregulated to the same extent in astrocytes (Figure 21). No
immunoreactivity was found in whole brain sections when the primary antibody was omitted
(data not shown).

Loss of Claudin-5 Protein Reduced by the Lipoxygenase Inhibitor

The tight junction component claudin-5 was found in blood vessels in the control brain sections
(Figure 3B). With double immunofluorescence, claudin-5 colocalized with the endothelial
maker CD31, as expected (Figure 3C). After focal ischemia, a clear decrease in the intensity
of claudin-5 staining on the ischemic side was observed with staining absent in some vessels,
suggesting that the claudin-5 was degraded (Figure 3E, 3H). However, in the peri-infarct area,
claudin-5 staining was significantly better preserved in mice treated with the 12/15-LOX
inhibitor baicalein (Figure 3H) compared with the DMSO-injected group (Figure 3E). No
difference between treatment groups was observed for CD31 staining, indicating that the
endothelial cells were still present despite loss of tight junction protein (Figure 3D, G).

Reduced Leakage of Immunoglobulin G Into the Brain Parenchyma in the Presence of
Lipoxygenase Inhibitor and in ALOX15 Knockout Mice

Physiological parameters such as pH, pO,, pCO,, and blood pressure were not significantly
different between groups of wild-type mice with and without baicalein treatment and in
ALOX15 knockout versus wild-type mice (Table). As a marker for BBB permeability,
extravasation of 1gG into the brain parenchyma was detected by immunohistochemistry. 8~
10 |ncreased staining for 1gG was detected in the ischemic hemisphere at 24 hours after 90
minutes ischemia (Figure 4A). The staining intensity was significantly reduced by either
baicalein treatment or ALOX15 gene knockout (Figure 4).

Ischemic Brain Edemais Reduced by Lipoxygenase Inhibitor and in ALOX15 Knockout Mice

The wet—dry brain water content method was used to compare brain edema in mice subjected
to focal cerebral ischemia. At 24 hours after 90 minutes ischemia, the water content was clearly
elevated on the ischemic side of the brain in control-treated mice (82.1+1.77%, P<0.01, n=9).
Baicalein treatment led to a significant reduction in water content (79.7+1.66%; Figure 5A).
Likewise, ALOX15 knockout mice had significantly reduced water content compared with
wild-type mice (80.6+2.02% versus 82.5+1.24%, P<0.05, n=8; Figure 5B). These findings
suggest that the absence or inhibition of 12/15-LOX protects the brain against ischemic edema
formation.
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Discussion

Edema is a major complication associated with unfavorable outcome after ischemic strokell~
13 and subarachnoid hemorrhage. 14 Reducing edema by protecting the BBB can thus be seen
as one aspect of rescuing the neurovascular unit, a major objective in neuroprotection.1®
Oxidative stress contributes to weakening of the BBB, and reducing oxidative stress is thus
seen as a valid target in the acute phase of stroke.16

It has long been known that 12/15-LOX is detrimental to neurons subjected to oxidative stress.
17 We show here that brain endothelial cells can also be protected against oxidative stress
produced either directly by hydrogen peroxide treatment or indirectly through hypoxia in vitro
by lipoxygenase inhibition. Levels of 12/15-LOX are increased in both neurons and endothelial
cells of the peri-infarct region after transient focal ischemia in mice, suggesting that 12/15-
LOX may contribute to damage in both cell types. Although the exact mechanism of cell injury
is still being investigated, in several cell types, 12/15-LOX contributes to degradation of
mitochondria and other organelles.18=20 In endothelial cells, additional degradative pathways
may be activated. In rat heart endothelial cells, the 12/15-LOX inhibitor baicalein has been
reported to protect integrins, guarding against breakdown of intercellular connections.2!
Similarly, in our in vivo model of transient focal ischemia, we find that baicalein treatment
preserves claudin-5, a component of the tight junction connecting endothelial cells to one
another and thus forming part of the BBB. To investigate if BBB leakage is similarly reduced,
we detected extravascular 19gG by immunohistochemistry. There was a significant reduction
of 1gG staining in the baicalein-treated brains, suggesting an improved preservation of the
BBB. One of the possible consequences of reduced BBB leakage might be a reduction in
vasogenic edema. We therefore compared the water content of ischemic brain hemispheres
and detected a reduction of edema formation by baicalein treatment. Baicalein is likely to act
through inhibition of 12/15-LOX, because mice in which the ALOX15 gene encoding 12/15-
LOX has been knocked out show both a similar reduction in 1gG extravasation and in edema
formation. One caveat here concerns the possibility that reduced edema in either baicalein-
treated mice or 12/15-LOX knockout mice might simply reflect the smaller infarct size;
however, enhanced preservation of the tight junction protein claudin-5 in baicalein-treated
mice suggests that edema reduction may be a specific effect of lipoxygenase inhibition.
Moreover, 1gG extravasation indicative of BBB disruption does not necessarily correlate with
infarct size reduction,® and it too is significantly reduced in both baicalein-treated and ALOX15
knockout mice. Future studies to determine the time course of edema formation in the presence
or absence of baicalein may contribute to answering this important question.

It is remarkable that not all activities of 12/15-LOX are detrimental to the brain. 12/15-LOX
also can generate resolvins and protectins from the longer chain polyunsaturated fatty acids
eicosapentaenoic acid and docosahexaenoic acid, respectively. These are important anti-
inflammatory compounds that may serve to limit brain damage.22725 It will be interesting to
see the long-term outcome effects of 12/15-LOX inhibition. In the transient focal ischemia
model used here, however, the damaging effects of 12/15-LOX on neurons and endothelial
cells appear to outweigh possible benefits through anti-inflammatory effects.

Interestingly, several compounds known to reduce edema in animal models of ischemia are
also known lipoxygenase inhibitors: the enzyme glutathione peroxidase when overexpressed
in mice26:27 as well as small molecule compounds like edaravone,28 melatonin,2%:30 curcumin,
31 AA-861,32:33 and green tea polyphenols like epigallocatechin gallate.3#:3% Furthermore,
some compounds may protect indirectly, in part by reducing lipid peroxidation, which prevents
the activation of 12/15-LOX.36 Examples of this are the lazaroids3’ and the newly investigated
compound AS101.38 Although clearly varied mechanisms are targeted by these treatments,
12/15-LOX inhibition may contribute to the reduction of edema in these models as well.
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Overall, the results from our cell culture and animal experiments suggest that 12/15-LOX may
contribute to endothelial injury and damage to the BBB. Consistent with this detrimental role
of endothelial 12/15-LOX, lipoxygenase inhibition with baicalein in vivo or gene knockout
led to reduced formation of edema. Combined with our previously published results, these
findings suggest a multimodal form of protection against ischemic damage through inhibition
of 12/15-LOX.
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Figure 1.

Cell injury after oxidative stress in transformed human brain endothelial (THBE) cells reduced
by lipoxygenase (LOX) inhibition. Oxidative stress in THBE cells. A, A significant increase
of cell injury was detected after 24 hours of treatment with H,O, (100, 200, and 400 umol/L),
compared with control group (n=4). B, Treatment in the presence of the 12/15-LOX inhibitors
baicalein or AA861 significantly protected THBE cells against 24 hours of 200 pmol/L
H,0, exposure (n=3, *P<0.05, **P<0.01). C, Cell injury after 24 hours of hypoxia was
significantly reduced by treatment with 10 pmol/L baicalein (n=3, *P<0.05).
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Figure 2.

Lipoxygenase (LOX) increased in neurons and endothelial cells following transient focal
ischemia. Double immunostaining for LOX (red, A, D, G) with the neuronal marker, NeuN
(green, B), the endothelial cell marker CD31 (green, E), and the astrocyte marker glial fibrillary
acidic protein (GFAP; green, H) in the peri-ischemic area of the cerebral cortex after 24 hours
of transient MCAO. LOX expression was colocalized with the neuronal and endothelial cell
markers, NeuN and CD31 (C, F), but not with the astrocytic marker GFAP (I). Scale bar: 30

pm.
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Figure 3.

Protection of endothelial tight junction protein claudin-5 by lipoxygenase inhibition. Double
immunostaining for CD31 (A, D, G) with claudin-5 (B, E, H) in the sham control (A-C) and
in the peri-ischemic cortex of either control-treated (D—F) or baicalein-treated (G-I) animals
after transient MCAO. The claudin-5 staining colocalized with the endothelial marker CD31
in these 3 groups (C, F, 1), but a decrease in the intensity of claudin-5 staining was shown at
24 hours after transient MCAO (E). The loss of claudin-5 staining was significantly reduced
in the baicalein treatment group (H) without significant difference in CD31 staining. Scale bar:
50 pum.
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Figure 4.

Reduced extravasation of immunoglobulin G (IgG) through either lipoxygenase (LOX)
inhibition or LOX gene knockout after transient focal ischemia. A, 1gG staining was
significantly reduced at 24 hours after transient MCAO in the group with baicalein treatment
compared with control (compare baicalein with DMSO) as well as in ALOX15 knockout mice
compared with wild-type mice (compare knockout with wild-type). B, A comparison of the
integrated staining densities confirms the reduction in 1gG staining, suggesting that baicalein
treatment or ALOX15 gene knockout protects the BBB (*P<0.05, n=6).
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Figure 5.

Reduced edema formation through either lipoxygenase (LOX) inhibition or LOX gene
knockout after transient focal ischemia. A, The water content in the brain was greatly reduced
in the group with baicalein treatment at 24 hours after transient MCAO (**P<0.01, n=9). B,
ALOX15 knockout mice had significantly reduced water content in the brain compared with
wild-type mice (*P<0.05, n=8).
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