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ABSTRACT

Early brain injury (EBI) is a major contributor to the high mortality and morbidity after subarachnoid
hemorrhage (SAH). Inflammatory responses and neuronal apoptosis are important causes of EBl. Because 5-
lipoxygenase (5-LOX) is known to be involved various central nervous system diseases, we investigated the
effects of 5-LOX inhibition during EBI after SAH. Zileuton and LY294002 were used to inhibit expression of 5-LOX
and Akt, respectively. We found that 5-LOX expression was significantly increased in the cytoplasm of cortical
neurons after SAH and was accompanied by upregulated expression of the inflammatory factors LTB4, TNF-a,
IL-1B and IL-6; upregulation of the pro-apoptotic factor Bax; downregulation of the anti-apoptotic factor Bcl-2;
and an increased apoptosis rate. Gastric Zileuton administration significantly suppressed all of those effects and
improved neurological function. Zileuton also upregulated activated (phosphorylated) AKT levels, and these
beneficial effects of Zileuton were abolished by intracerebroventricular infusion of the PI3K inhibitor LY294002.
Taken together, these findings indicate that 5-LOX mediates pro-inflammatory and pro-apoptotic effects that
contribute to EBI after SAH and that those effects are suppressed by activation of PI3K/Akt signaling. This
suggests targeting 5-LOX may be an effective approach to treating EBI after SAH.

INTRODUCTION

Subarachnoid hemorrhage (SAH) is a kind of
potentially lethal stroke and is associated with high rates
of disability and mortality [1]. Early brain injury (EBI)
is the most important factor contributing to a poor
prognosis in SAH patients, which is characterized by a
series of pathological derangements that occur within
72 h after the onset of SAH [2]. Previous studies have
shown that both inflammation and apoptosis contribute
to EBI [3, 4].

5-Lipoxygenase is a member of the family of
lipoxygenase enzyme and catalyzes the conversion of

arachidonic acid (AA) to the inflammatory molecule
leukotriene (LT), which is an effective mediator involved
in several inflammatory diseases [5]. Zileuton is a 5-LOX
inhibitor, which exhibits inhibitory actions against
inflammatory diseases and attenuates neuronal apoptosis
with cerebral ischemia in rats [6]. Whether Zileuton
attenuates inflammation and neuronal  apoptosis
following SAH in rats remains unclear, however. It is
well documented that phosphatidylinositol-3 kinase
(PI3K)-AKT involved in several cellular pathways,
including cellular proliferation, survival, and apoptosis
[7]. Recent research confirms that activation of the PI3K-
AKT pathway was also correlated with EBI following
SAH [8]. Previous studies indicate that AKT acts
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downstream of 5-LOX and that Zileuton can suppress the
activity of PI3K [9, 10].

Against that background, we established an SAH model
by intravascular puncture method and studied the effect
of 5-LOX on the inflammation and apoptosis seen after
SAH. We then utilized the 5-LOX inhibitor Zileuton
and specific inhibitors of PI3K/AKT to suppress 5-LOX
expression and PI3K/AKT signaling in order to evaluate
the role of 5-LOX in the EBI after SAH.

RESULTS

SAH increases 5-LOX, bax, NF-kB levels and
decreases Bcl2 levels

We first used Western blot analyses to assess the changes
in the expression of 5-LOX and various inflammatory and
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apoptotic factors, including NF-xB, Bax and Bcl2, at
selected times after induction of SAH. The results showed
that 5-LOX expression was increased and peaked at 24 h
following SAH (FigurelA, 1C). This increase in 5-LOX
was accompanied by upregulation of NF-xB (Figure 1B,
1F). Bcl-2 is anti-apoptotic mediator, while Bax exerts
pro-apoptotic effects. We observed that expression of Bcl-
2 was decreased after SAH (Figure 1A and 1E), whereas
Bax levels were increased (Figure 1A, 1D).

Zileuton decreases expression
activating the PISBK/AKT pathway

of 5-LOX by

Double immunofluorescent staining of 5-LOX and the
neuronal marker NeuN revealed that after SAH 5-LOX
was widely expressed in NEUN-positive cortical neurons
and was localized mainly in the cytoplasm (Figure 2A).
The fluorescent signal from the neurons increased when
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Figure 1. Levels of 5-LOX and NF-kB, Bax and Bcl2 protein at the indicated times after SAH. (A, B) Representative Western blots
showing expression levels of 5-LOX, NF-kB, Bcl-2 and Bax. (C—F) Densitometric quantification of the protein bands. N = 6 in each group; "P <

0.05 vs sham group.
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5-LOX expression was inhibited by intragastric
administration of Zileuton. Western blotting confirmed
that 5-LOX expression was significantly reduced by
Zileuton as compared to animals in the SAH group.
However, inhibition of the PI3K/AKT pathway through
intracerebroventricular infusion of LY294002 abolished
the Zileuton-induced inhibition of 5-LOX (Figure 2B,
2C). In addition, the levels of phosphorylated AKT (p-
AKT) and the P-AKT/AKT ratio was higher in SAH +
Zileuton group compared to SAH group (Figure 2D, 2E).
However, the beneficial effects of Zileuton were
attenuated by LY294002 in SAH + Zileuton + LY 294002
group. These findings suggest that Zileuton
downregulates 5-LOX overexpression through activation
of the PISK/AKT signaling pathway.

Role of zileuton in inflammatory action

To explore the effect of Zileuton on the inflammatory
response after SAH in rats. Firstly, we used Western
blot analyses NF-xB expression. As shown in Figure 3,
compared to sham group, the expression of NF-kB was
increased after SAH, we also found Zileuton
significantly reduced NF-xB levels in SAH + Zileuton
group (P < 0.01) (Figure 3A, 3B). This effect of
Zileuton was again attenuated by LY294002 in the SAH
+ Zileuton + LY294002 group. In addition, ELISAs
showed that serum levels of leukotriene B4 (LTB4) and
inflammatory cytokines (TNF-o, IL-6 and IL-1p) were

SAH+Zileuton SAH Sham

SAH+Zileuton
+LY294002

all elevated in SAH group than the sham group (Figure
3C, 3D, 3E, 3F). Zileuton reduced the levels of
inflammatory cytokines, and those effects were
inhibited by LY29400 (Figure 3C, 3D, 3E, 3F). These
results demonstrate that the anti-inflammatory effects of
Zileuton are mediated, at least in part, through
activation of the PI3K/AKT signaling pathway.

Zileuton inhibits apoptosis by PISK/AKT signaling

When we used Western blotting to evaluate the effect of
Zileuton on changes in the expression of apoptotic
proteins after SAH, we found Zileuton-induced
decreases in 5-LOX expression were accompanied by
the expression of Bax decreased and Bcl-2 increased
(Figure 4A, 4C, 4D). Those effects were reversed by
administration of LY294002 (Figure 4A, 4C, 4D).
Moreover, TUNEL staining showed that the incidence
of apoptosis was reduced by Zileuton, and that effect,
too, was reversed by LY294002 (Figure 4B, 4E). These
results indicate that Zileuton exerts anti-apoptotic
effects after SAH through activation of the PI3K/AKT
signaling pathway.

Zileuton decreases cerebral edema, prevent BBB
disruption and improves neurological function

Neurological scores, Brain water content and Evans blue
dye extravasation were measured at 24 h following SAH.
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Figure 2. Zileuton decreases 5-LOX expression through PI3K/AKT activation. (A) Immunofluorescent staining for 5-LOX (red) and
NeuN (green) in the cortex of rats in the sham, SAH, SAH + Zileuton and SAH + Zileuton + LY294002 groups. Nuclei were counterstained
with DAPI (blue). Final magnification, 400x; scale bars = 100 um, n = 6 per group. (B—E) Representative images and quantitative analysis of
5-LOX and p-AKT after Zileuton treatment with and without LY294002. N = 6 in each group, “P < 0.05 vs sham group and &P < 0.05 vs SAH

group, #P < 0.05 vs SAH + Zileuton group.
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SAH significantly reduced neurological scores.
However, the scores could be significantly increased by
Zileuton (Figure 5A). Those effects were accompanied
by decreases in brain water content (Figure 5B) and
BBB permeability (Figure 5C). All of the beneficial
effects of Zileuton were suppressed by LY294002
(Figure 5A, 5B, 5C).

DISCUSSION

In the present study, we proved that pharmacological
inhibition of 5-LOX significantly attenuated EBI and
potentially improved the prognosis after SAH. Our
results showed that these protective effects were
associated with inhibition of pro-inflammatory and
pro-apoptotic signaling pathways. 5-LOX colocalized
with cortical neurons, and its expression was elevated
in brain tissues after SAH. Zileuton significantly
reduced levels of 5-LOX, as well as those of various
inflammatory and apoptotic mediators, at least in part
through activation of the PI3SK/AKT signaling
pathway. In conclusion, our results demonstrate that 5-
LOX plays a crucial role in SAH and that Zileuton
may be an effective agent for the treatment of EBI
after SAH.
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Recent studies have been confirmed that inflammation
is a key pathologic manifestation of EBI. The
inflammation is derived from expression of
inflammatory cytokines and inflammatory mediators
induced by SAH and is a key factor contributing to an
poor prognosis after SAH [11-13]. Ultimately, the
inflammatory response leads to apoptosis, which peaked
24 h after SAH and mainly affected neurons in our
model. This inflammatory response is thought to be
causatively related to EBI [14]. Our finding that Zileuton
suppresses both the inflammatory and apoptotic
responses in our model is consistent with earlier studies
showing that anti-inflammation and anti-apoptosis
treatments had beneficial effects after SAH [11, 15, 16].

5-LOX is a key enzyme in the biosynthesis of
leukotrienes and is known to be involved in several
inflammatory diseases, including ischemic stroke [5,
17]. Previous studies have shown that expression of 5-
LOX in the brain is markedly increased following brain
injury caused by trauma or ischemic disease [18-20]
and that it mediates the pro-inflammatory and pro-
apoptotic responses seen in ischemic disease [6, 21].
Whether or not 5-LOX also involved in the effect of
SAH is unclear. However, our findings suggest that
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Figure 3. Zileuton suppresses expression of NF-kB, LTB4, TNF-a, IL-1B and IL-6 after SAH. (A, B) Representative images and the
quantitative analysis of NF-kB after SAH in rats treat with Zileuton with or without LY294002 (n = 6 per group). (C—F) Effect of Zileuton with
or without LY29400 on expression of LTB4, TNF-a, IL-1B and IL-6 after SAH (n = 6 in each group). *P < 0.05 vs sham group and &P < 0.05 vs

SAH group, #P < 0.05 vs SAH + Zileuton group.
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expression 5-LOX protein within cortical neurons is
significantly increased, which is consistent with 5-LOX
participating in EBI after SAH.

Zileuton is an orally administered, selective 5-LOX
inhibitor shown to be efficacious and well tolerated in
asthma patients [22]. Earlier studies have shown that
after ischemic stroke, Zileuton suppresses NF-«xB
activation and the levels of inflammatory cytokines
were decreased (LTB4, TNF-a, IL-6, IL-1B) [19, 21,
23]. 5-LOX catalyzes the synthesis of LTB4 from
arachidonic acid [24]. LTB4 then goes on to induce
overexpression of TNF-o and IL-6, thereby contributing
to the development of an inflammatory environment in
ailments such as atherosclerosis [25]. Studies have also
demonstrated that NF-xB expression is increased after
SAH, and those increases correlate with 5-LOX
expression. In this study, we detected the levels of
inflammatory cytokines by ELISA, we found that all of
them increased after SAH, the levels were inhibited by
treatment with Zileuton. Moreover, the Zileuton-
induced reductions in 5-LOX and LTB4 were
associated with a decrease in NF-xB activity after SAH.
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These results provide further evidence supporting the
idea that by inducing inflammatory responses, 5-LOX
plays a causative role in EBI after SAH.

Earlier studies showed that Zileuton reduces apoptosis
and relieves inflammatory events in various models [6,
26, 27]. Consistent with those findings, we observed
that Zileuton suppressed pro-apoptotic transcriptional
changes (increased expression of BAX and decreased
expression of Bcl2) induced by SAH as well as the
corresponding increase in the incidence of apoptotic
(TUNEL-positive) cells. Several recent studies have
shown that anti-inflammatory and anti-apoptotic
signaling after SAH is mediated via the PISK/AKT
pathway [8, 28, 29] and that PI3K/Akt are major
upstream elements regulating NF-xB pathway [30]. In
the present study, we found that Zileuton significantly
upregulated levels of activated (phosphorylated) Akt
after SAH while decreasing NF-xB, LTB4, TNF-a, 1L-6
and IL-1pB. Activated Akt inhibits pro-apoptosis proteins
such as Bax and promotes anti-apoptotic proteins such
as Bcl-2 [31]. At the same time, Zileuton could reduced
cerebral edema and prevented BBB disruption and
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Figure 4. Zileuton suppresses neuronal apoptosis after SAH. (A, C, D) Effect of Zileuton with and without LY294002 on expression
levels of pro-apoptotic Bax and anti-apoptotic Bcl-2 (n = 6 per group). “P < 0.05 vs sham group and &P < 0.05 vs SAH group, #P < 0.05 vs SAH
+ Zileuton group. (B, E) TUNEL analysis of the effect of Zileuton with and without LY294002 on the incidence of apoptosis among neurons
after SAH. Original magnification, 400x, n = 6 per group. P < 0.05 vs sham group and &P < 0.05 vs SAH group, #P < 0.05 vs SAH + Zileuton

group.
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attenuated the neurological deficits. However, these
beneficial effects of Zileuton have been reversed by the
PI3K-specific inhibitor LY?294002. These results
indicate that Zileuton inhibit inflammatory and
apoptotic factors after SAH through PI3k/Akt signaling
pathway.

In summary, our present study shows that 5-LOX
contributes to EBI in a rat model of SAH by mediating
inflammation and neuronal apoptosis. Inhibition of 5-
LOX by Zileuton alleviates the SAH-induced
inflammation and apoptosis through PI3K/AKT
signaling pathway, which suggests 5-LOX inhibition
may represent a potentially effective approach to SAH
treatment. These data suggest that 5-LOX is a
promising therapeutic agent for SAH treatment.

MATERIALS AND METHODS
Ethical standards

Rats in this study were raised and cared for in the

Chongging Medical University. All experiments were
performed following the approval of the Ethical
Committee of Chongging Medical University and
according to the Guide for Care and Use of Laboratory
Animals (US National Institutes of Health). This study
adhered to all ARRIVE (Animal Research: Reporting in
vivo Experiments) guidelines.

Animals and SAH model

Male Sprague-Dawley (SD) rats (280 to 330 g) were
randomly divided into different groups: sham, SAH,
SAH + Zileuton, SAH + Zileuton + LY294002. The
endovascular perforation model of SAH in rats was
performed as reported previously [32]. In brief, rats were
anesthetized using an intraperitoneal injection of sodium
pentobarbital (50mg/kg). Blunt dissection of internal
carotid artery (ICA) and external carotid artery (ECA)
under microscope, a sharpened 4-0 monofilament nylon
suture was inserted into the right internal carotid artery
(ICA) from external carotid artery (ECA), perforating the
bifurcation of the anterior and middle cerebral arteries.

Laboratory Animal Resource Center (LARC) at Rats in  sham group underwent the same
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Figure 5. Zileuton improves neurological scores, BBB permeability and brain water content after SAH. (A-C) Effect of Zileuton
with and without LY294002 on the indicated neurological functions (A); water content in the left and right cortical hemispheres (LH and RH,
respectively), brain stem (BS) and cerebellum (CB) (B); and BBB permeability in the same brain regions, as indicated by Evans blue
extravasation (C) (n = 6 in each group). P < 0.05 vs sham group and &P < 0.05 vs SAH group, #P < 0.05 vs SAH + Zileuton group.
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operation without perforation, which were then sacrificed
at the indicated times during subsequent experiments. In
this study, the surgical operations and data analysis were
performed by a researcher blinded to the animal
treatment group.

Drug administration

Firstly, Zileuton 50 mg/kg (TargetMol, Boston, MA) was
dissolved in DMSO, further dissolved in normal saline to
0.5% DMSO. Rats were administered the drug by
intragastric infusion after SAH. LY294002 (Selleck,
USA) was dissolved in DMSO and then diluted in PBS
(10 uM). LY294002 was infused intracerebroventricularly
beginning 1.5 h after induction of SAH [13]. Rats were
treated with the same volume of DMSO as the vehicle
control and time point as Zileuton.

Western blot analysis

Brain tissues were collected at different time points
after SAH induction , Western blot was performed as
previously described [12]. Primary antibodies used
included 5-LOX (1:5000, Abcam), p-AKT (1:5000,
Abcam), AKT (1:5000, Abcam), Bax (1:5000, Abcam),
GAPDH  (1:5000, Abcam), NF-xB  (1:1000,
Immunoway), Bcl2 (1:1000, Immunoway), and histone
(1:1000, Proteintech). Blots were detected by enhanced
chemiluminescence and quantified using Quantity One
software. GAPDH and Histone were used as loading
controls for whole cell and nuclear proteins.

Immunofluorescence

Double-fluorescent staining was performed 24 h after
SAH as described previously [33]. Ten-micrometer-thick
sections of SAH rat brains were incubated with rabbit
anti-5-LOX antibody (1:50, Abcam) and mouse
monoclonal anti-NeuN (1:100, Monoclonal) overnight at
4°C. Alexa Fluor 488-conjugated donkey anti-mouse 1gG
(H + L) (2:200, Proteintech) and Alexa Fluor Cy3-
conjugated goat anti-rabbit 1gG (H + L) (1:200,
Proteintech) were used for fluorescent secondary
antibodies. The same staining procedures were conducted
without primary antibodies for the negative controls.
Fluorescence microscopy (Nikon Al + R, Japan) was
used to detect 5-LOX localization in neurons.

TUNEL

TUNEL was implemented according to the
manufacturer’s protocol, as described previously [34].
For each animal, the numbers of TUNEL-positive cells
in five separate high-magnification (400x) fields in the
ipsilateral basal cortex (left) were counted using an
Olympus microscope by observers blinded the treatment

conditions. The number of TUNEL-positive cells per
square millimeter was indicates the severity of the brain
injury. A labelling solution without TUNEL reagent
was used as Negative controls.

ELISA analysis

The levels of inflammatory cytokines (LTB4, TNF-a,
IL-1p and IL-6) were measured by ELISA Kits (Wuhan
Colorful Gene Biological Technology, Wuhan, China).
Assays were performed according to the manufacturer's
instructions.

Neurobehavioral score

Neurological scores were conducted at 24 h after SAH,
which using the scoring method reported by Sugawara
[35]. The scores were evaluated by an observer who
was blinded to each group. A lower score indicated
serious neurological deficits.

Brain water content

Under deep anesthesia, at 24 h after SAH, the brains of
each group were quickly divided into the left and right
hemisphere, cerebellum, and brain stem. These portions
were immediately weighed (wet weight) and then dried
in the oven for 72 h at 105°C (dry weight). The brain
water content percentage was calculated using the
following equation: (wet weight to dry weight)/wet
weight x 100% [13].

BBB disruption

The permeability of the BBB was evaluated based on
Evans blue extravasation, as previously described [36].
The brain level of Evans blue was determined at 615 nm
for spectrophotometric quantification.

Statistical analysis

All the data in this study were expressed as the mean +
SEM. Firstly, the Shapiro-Wilk normality test was used to
confirm data normality. After passed the normality test,
data were analyzed by the homogeneity test of variances.
Once equal the variance assumption were confirmed,
significant differences between all groups were analyzed
using one-way ANOVA followed by Tukey’s multiple
comparison post hoc analysis. Values of p < 0.05 were
considered statistically significant. All statistical analyses
were performed using GraphPad Prism for Windows.

Editorial note

&This corresponding author has a verified history of
publications using a personal email address for
correspondence.

wWww.aging-us.com

AGING



AUTHOR CONTRIBUTIONS

Yongbing Deng is as the cooperation teacher of this
study and is the main funder of the research; Zongduo
Guo and Xiaochuan Sun plays a guiding role in the
experiments; Liu Liu mainly takes charge of writing and
researching. Ping Zhang, Zhaosi Zhang, Yidan Liang,
Hong Chen and Zhaohui He contributed to the data
analysis.

ACKNOWLEDGMENTS

We acknowledge the service provided by Chongging
Key Laboratory of Ophthalmology, the First Affiliated
Hospital of Chongging Medical University.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This study was funded by the National Natural Science
Foundation of China (No. 81671160, 81870927),
Natural Science Foundation Project of Chongging
Science and  Technology = Commission  (No.
cstc2020jcyj-msxmX0769), Project of Science and
Technology Bureau of Yuzhong District, Chongging
(No. 20200135).

REFERENCES

1. Lawton MT, Vates GE. Subarachnoid Hemorrhage. N
Engl J Med. 2017; 377:257-66.
https://doi.org/10.1056/NEJMcp1605827
PMID:28723321

2. Fujii M, Yan J, Rolland WB, Soejima Y, Caner B, Zhang
JH. Early brain injury, an evolving frontier in
subarachnoid hemorrhage research. Transl Stroke
Res. 2013; 4:432-46.
https://doi.org/10.1007/s12975-013-0257-2
PMID:23894255

3. Hasegawa Y, Suzuki H, Sozen T, Altay O, Zhang JH.
Apoptotic mechanisms for neuronal cells in early
brain injury after subarachnoid hemorrhage. Acta
Neurochir Suppl. 2011; 110:43-48.
https://doi.org/10.1007/978-3-7091-0353-1 8
PMID:21116913

4. Cahill J, Calvert JW, Zhang JH. Mechanisms of early
brain injury after subarachnoid hemorrhage. J Cereb
Blood Flow Metab. 2006; 26:1341-53.
https://doi.org/10.1038/sj.jcbfm.9600283
PMID:16482081

10.

11.

12.

. Bishayee K,

Osher E, Weisinger G, Limor R, Tordjman K, Stern N.
The 5 lipoxygenase system in the vasculature:
emerging role in health and disease. Mol Cell
Endocrinol. 2006; 252:201-06.
https://doi.org/10.1016/j.mce.2006.03.038
PMID:16647809

. Shi SS, Yang WZ, Tu XK, Wang CH, Chen CM, Chen Y.

5-Lipoxygenase inhibitor zileuton inhibits neuronal
apoptosis  following focal cerebral ischemia.
Inflammation. 2013; 36:1209-17.
https://doi.org/10.1007/s10753-013-9657-4
PMID:23695166

. Endo H, Nito C, Kamada H, Yu F, Chan PH.

Akt/GSK3beta survival signaling is involved in acute
brain injury after subarachnoid hemorrhage in rats.
Stroke. 2006; 37:2140-46.
https://doi.org/10.1161/01.STR.0000229888.55078.72
PMID:16794215

. Ma J, Wang Z, Liu C, Shen H, Chen Z, Yin J, Zuo G,

Duan X, Li H, Chen G.
Hypothermia Reduces Early Brain Injury via
PI3K/AKT/GSK3pB pathway in Subarachnoid
Hemorrhage rats. Sci Rep. 2016; 6:23817.
https://doi.org/10.1038/srep23817

PMID:27026509

Pramipexole-Induced

Khuda-Bukhsh ~AR. 5-lipoxygenase
antagonist therapy: a new approach towards targeted
cancer chemotherapy. Acta Biochim Biophys Sin
(Shanghai). 2013; 45:709-19.
https://doi.org/10.1093/abbs/gmt064
PMID:23752617

Dahlin A, Qiu W, Litonjua AA, Lima JJ, Tamari M, Kubo
M, Irvin CG, Peters SP, Wu AC, Weiss ST, Tantisira KG.
The phosphatidylinositide 3-kinase (PI3K) signaling
pathway is a determinant of zileuton response in
adults with asthma. Pharmacogenomics J. 2018;
18:665-77.
https://doi.org/10.1038/s41397-017-0006-0
PMID:29298996

Zhao Q, Che X, Zhang H, Fan P, Tan G, Liu L, Jiang D,
Zhao J, Xiang X, Liang Y, Sun X, He Z. Thioredoxin-
interacting protein links endoplasmic reticulum stress
to inflammatory brain injury and apoptosis after
subarachnoid haemorrhage. J Neuroinflammation.
2017; 14:104.
https://doi.org/10.1186/s12974-017-0878-6
PMID:28490373

Liu L, Zhang P, Zhang Z, Hu Q, He J, Liu H, Zhao J, Liang
Y, He Z, Li X, Sun X, Guo Z. LXA4 ameliorates
cerebrovascular endothelial dysfunction by reducing
acute inflammation after subarachnoid hemorrhage
in rats. Neuroscience. 2019; 408:105-14.
https://doi.org/10.1016/j.neuroscience.2019.03.038

wWww.aging-us.com

AGING


https://doi.org/10.1056/NEJMcp1605827
http://www.ncbi.nlm.nih.gov/pubmed/28723321
https://doi.org/10.1007/s12975-013-0257-2
http://www.ncbi.nlm.nih.gov/pubmed/23894255
https://doi.org/10.1007/978-3-7091-0353-1_8
http://www.ncbi.nlm.nih.gov/pubmed/21116913
https://doi.org/10.1038/sj.jcbfm.9600283
http://www.ncbi.nlm.nih.gov/pubmed/16482081
https://doi.org/10.1016/j.mce.2006.03.038
http://www.ncbi.nlm.nih.gov/pubmed/16647809
https://doi.org/10.1007/s10753-013-9657-4
http://www.ncbi.nlm.nih.gov/pubmed/23695166
https://doi.org/10.1161/01.STR.0000229888.55078.72
http://www.ncbi.nlm.nih.gov/pubmed/16794215
https://doi.org/10.1038/srep23817
http://www.ncbi.nlm.nih.gov/pubmed/27026509
https://doi.org/10.1093/abbs/gmt064
http://www.ncbi.nlm.nih.gov/pubmed/23752617
https://doi.org/10.1038/s41397-017-0006-0
http://www.ncbi.nlm.nih.gov/pubmed/29298996
https://doi.org/10.1186/s12974-017-0878-6
http://www.ncbi.nlm.nih.gov/pubmed/28490373
https://doi.org/10.1016/j.neuroscience.2019.03.038

13.

14.

15.

16.

17.

18.

19.

PMID:30910642

Guo Z, Hu Q, Xu L, Guo ZN, Ou Y, He Y, Yin C, Sun X,
Tang J, Zhang JH. Lipoxin A4 Reduces Inflammation
Through Formyl Peptide Receptor 2/p38 MAPK
Signaling Pathway in Subarachnoid Hemorrhage Rats.
Stroke. 2016; 47:490-97.
https://doi.org/10.1161/STROKEAHA.115.011223
PMID:26732571

Park S, Yamaguchi M, Zhou C, Calvert JW, Tang J,
Zhang JH. Neurovascular protection reduces early
brain injury after subarachnoid hemorrhage. Stroke.
2004; 35:2412-17.
https://doi.org/10.1161/01.STR.0000141162.29864.e9
PMID:15322302

Guo Z, Xu L, Wang X, Sun X. MMP-9 expression and
activity is concurrent with endothelial cell apoptosis
in the basilar artery after subarachnoid hemorrhaging
in rats. Neurol Sci. 2015; 36:1241-45.
https://doi.org/10.1007/s10072-015-2092-6
PMID:25627354

He Z, Ostrowski RP, Sun X, Ma Q, Huang B, Zhan Y,
Zhang JH. CHOP silencing reduces acute brain injury
in the rat model of subarachnoid hemorrhage. Stroke.
2012; 43:484-90.
https://doi.org/10.1161/STROKEAHA.111.626432
PMID:22180248

Zhou Y, Wei EQ, Fang SH, Chu LS, Wang ML, Zhang
WP, Yu GL, Ye YL, Lin SC, Chen Z. Spatio-temporal
properties of 5-lipoxygenase expression and
activation in the brain after focal cerebral ischemia in
rats. Life Sci. 2006; 79:1645-56.
https://doi.org/10.1016/].Ifs.2006.05.022
PMID:16824548

Helgadottir A, Manolescu A, Thorleifsson G,
Gretarsdottir S, Jonsdottir H, Thorsteinsdottir U,
Samani NJ, Gudmundsson G, Grant SF, Thorgeirsson
G, Sveinbjornsdottir S, Valdimarsson EM, Matthiasson
SE, et al. The gene encoding 5-lipoxygenase activating
protein confers risk of myocardial infarction and
stroke. Nat Genet. 2004; 36:233-39.
https://doi.org/10.1038/ng1311

PMID:14770184

Silva BC, de Miranda AS, Rodrigues FG, Silveira ALM,
de Souza Resende GH, Moraes MFD, de Oliveira ACP,
Parreiras PM, Barcelos L da S, Teixeira MM, Machado
FS, Teixeira AL, Rachid MA. The 5-lipoxygenase (5-
LOX) Inhibitor Zileuton Reduces Inflammation and

20.

21.

22.

23.

24.

25.

26.

Zhang L, Zhang WP, Hu H, Wang ML, Sheng WW, Yao
HT, Ding W, Chen Z, Wei EQ. Expression patterns of 5-
lipoxygenase in human brain with traumatic injury
and astrocytoma. Neuropathology. 2006; 26:99-106.
https://doi.org/10.1111/.1440-1789.2006.00658.x
PMID:16708542

Jatana M, Giri S, Ansari MA, Elango C, Singh AK, Singh
I, Khan M. Inhibition of NF-kappaB activation by 5-
lipoxygenase inhibitors protects brain against injury in
a rat model of focal cerebral ischemia. J
Neuroinflammation. 2006; 3:12.
https://doi.org/10.1186/1742-2094-3-12
PMID:16689995

Kubavat AH, Khippal N, Tak S, Rijhwani P, Bhargava S,
Patel T, Shah N, Kshatriya RR, Mittal R. A randomized,
comparative, multicentric clinical trial to assess the
efficacy and safety of zileuton extended-release
tablets with montelukast sodium tablets in patients
suffering from chronic persistent asthma. Am J Ther.
2013; 20:154-62.
https://doi.org/10.1097/MJT.0b013e318254259b
PMID:22926233

Tu XK, Zhang HB, Shi SS, Liang RS, Wang CH, Chen CM,
Yang WZ. 5-LOX Inhibitor Zileuton Reduces
Inflammatory Reaction and Ischemic Brain Damage
Through the Activation of PI3K/Akt Signaling
Pathway. Neurochem Res. 2016; 41:2779-87.
https://doi.org/10.1007/s11064-016-1994-x
PMID:27380038

Peters-Golden M, Henderson WR Jr. Leukotrienes. N
Engl J Med. 2007; 357:1841-54.
https://doi.org/10.1056/NEJMra071371
PMID:17978293

Sanchez-Galan E, Gomez-Hernandez A, Vidal C,
Martin-Ventura JL, Blanco-Colio LM, Mufoz-Garcia B,
Ortega L, Egido J, Tufidn J. Leukotriene B4 enhances
the activity of nuclear factor-kappaB pathway
through BLT1 and BLT2 receptors in atherosclerosis.
Cardiovasc Res. 2009; 81:216-25.
https://doi.org/10.1093/cvr/cvn277

PMID:18852255

Abueid L, Uslu U, Cumbul A, Velioglu Ogiing A, Ercan
F, Alican I. Inhibition of 5-lipoxygenase by zileuton in
a rat model of myocardial infarction. Anatol J Cardiol.
2017; 17:269-75.
https://doi.org/10.14744/Anatol)Cardiol.2016.7248
PMID:27849187

Infarct Size with Improvement in Neurological 27. Genovese T, Rossi A, Mazzon E, Di Paola R, Muia C,
Outcome  Following  Cerebral Ischemia. ~ Curr Caminiti R, Bramanti P, Sautebin L, Cuzzocrea S.
Neurovasc Res. 2015; 12:398-403. Effects of zileuton and montelukast in mouse
https://doi.org/10.2174/1567202612666150812150606 experimental spinal cord injury. Br J Pharmacol, 2008;
PMID:26265153 153:568-82.

www.aging-us.com 11760 AGING


http://www.ncbi.nlm.nih.gov/pubmed/30910642
https://doi.org/10.1161/STROKEAHA.115.011223
http://www.ncbi.nlm.nih.gov/pubmed/26732571
https://doi.org/10.1161/01.STR.0000141162.29864.e9
http://www.ncbi.nlm.nih.gov/pubmed/15322302
https://doi.org/10.1007/s10072-015-2092-6
http://www.ncbi.nlm.nih.gov/pubmed/25627354
https://doi.org/10.1161/STROKEAHA.111.626432
http://www.ncbi.nlm.nih.gov/pubmed/22180248
https://doi.org/10.1016/j.lfs.2006.05.022
http://www.ncbi.nlm.nih.gov/pubmed/16824548
https://doi.org/10.1038/ng1311
http://www.ncbi.nlm.nih.gov/pubmed/14770184
https://doi.org/10.2174/1567202612666150812150606
http://www.ncbi.nlm.nih.gov/pubmed/26265153
https://doi.org/10.1111/j.1440-1789.2006.00658.x
http://www.ncbi.nlm.nih.gov/pubmed/16708542
https://doi.org/10.1186/1742-2094-3-12
http://www.ncbi.nlm.nih.gov/pubmed/16689995
https://doi.org/10.1097/MJT.0b013e318254259b
http://www.ncbi.nlm.nih.gov/pubmed/22926233
https://doi.org/10.1007/s11064-016-1994-x
http://www.ncbi.nlm.nih.gov/pubmed/27380038
https://doi.org/10.1056/NEJMra071371
http://www.ncbi.nlm.nih.gov/pubmed/17978293
https://doi.org/10.1093/cvr/cvn277
http://www.ncbi.nlm.nih.gov/pubmed/18852255
https://doi.org/10.14744/AnatolJCardiol.2016.7248
http://www.ncbi.nlm.nih.gov/pubmed/27849187

28.

29.

30.

31.

32.

https://doi.org/10.1038/sj.bjp.0707577
PMID:18059327

Hong Y, Shao A, Wang J, Chen S, Wu H, McBride DW,
Wu Q, Sun X, Zhang J. Neuroprotective effect of
hydrogen-rich saline against neurologic damage and
apoptosis in early brain injury following subarachnoid
hemorrhage: possible role of the Akt/GSK3p signaling
pathway. PLoS One. 2014; 9:96212.
https://doi.org/10.1371/journal.pone.0096212
PMID:24763696

Zhu Q, Enkhjargal B, Huang L, Zhang T, Sun C, Xie Z,
Wu P, Mo J, Tang J, Xie Z, Zhang JH. Aggfl attenuates
neuroinflammation and BBB  disruption via
PI3K/Akt/NF-kB  pathway after  subarachnoid
hemorrhage in rats. J Neuroinflammation. 2018;
15:178.

https://doi.org/10.1186/s12974-018-1211-8
PMID:29885663

Dong L, Li YZ, An HT, Wang YL, Chen SH, Qian YJ,
Wang K, Zhen JL, Fan Z, Gong XL, Zheng Y, Wang XM.
The E3 Ubiquitin Ligase c-Cbl Inhibits Microglia-
Mediated CNS Inflammation by Regulating
PI3K/Akt/NF-kB Pathway. CNS Neurosci Ther. 2016;
22:661-69.

https://doi.org/10.1111/cns.12557

PMID:27156691

Palade C, Ciurea AV, Nica DA, Savu R, Moisa HA.
Interference of apoptosis in the pathophysiology of
subarachnoid hemorrhage. Asian J Neurosurg. 2013;
8:106-11.
https://doi.org/10.4103/1793-5482.116389
PMID:24049554

Muroi C, Fujioka M, Okuchi K, Fandino J, Keller E,
Sakamoto Y, Mishima K, Iwasaki K, Fujiwara M.
Filament perforation model for mouse subarachnoid
hemorrhage: surgical-technical considerations. Br J
Neurosurg. 2014; 28:722-32.
https://doi.org/10.3109/02688697.2014.918579
PMID:24842082

33.

34.

35.

36.

Zhao J, Xiang X, Zhang H, Jiang D, Liang Y, Qing W, Liu
L, Zhao Q, He Z. CHOP induces apoptosis by affecting
brain iron metabolism in rats with subarachnoid
hemorrhage. Exp Neurol. 2018; 302:22-33.
https://doi.org/10.1016/j.expneurol.2017.12.015
PMID:29291402

Duris K, Manaenko A, Suzuki H, Rolland WB, Krafft PR,
Zhang JH. a7 nicotinic acetylcholine receptor agonist
PNU-282987 attenuates early brain injury in a
perforation model of subarachnoid hemorrhage in
rats. Stroke. 2011; 42:3530-36.
https://doi.org/10.1161/STROKEAHA.111.619965
PMID:21960575

Sugawara T, Ayer R, Jadhav V, Zhang JH. A new
grading system evaluating bleeding scale in filament
perforation subarachnoid hemorrhage rat model. J
Neurosci Methods. 2008; 167:327-34.
https://doi.org/10.1016/j.ijneumeth.2007.08.004
PMID:17870179

Altay O, Suzuki H, Hasegawa Y, Ostrowski RP, Tang J,
Zhang JH. Isoflurane on brain inflammation.
Neurobiol Dis. 2014; 62:365-71.
https://doi.org/10.1016/j.nbd.2013.09.016
PMID:24084689

wWww.aging-us.com

11761

AGING


https://doi.org/10.1038/sj.bjp.0707577
http://www.ncbi.nlm.nih.gov/pubmed/18059327
https://doi.org/10.1371/journal.pone.0096212
http://www.ncbi.nlm.nih.gov/pubmed/24763696
https://doi.org/10.1186/s12974-018-1211-8
http://www.ncbi.nlm.nih.gov/pubmed/29885663
https://doi.org/10.1111/cns.12557
http://www.ncbi.nlm.nih.gov/pubmed/27156691
https://doi.org/10.4103/1793-5482.116389
http://www.ncbi.nlm.nih.gov/pubmed/24049554
https://doi.org/10.3109/02688697.2014.918579
http://www.ncbi.nlm.nih.gov/pubmed/24842082
https://doi.org/10.1016/j.expneurol.2017.12.015
http://www.ncbi.nlm.nih.gov/pubmed/29291402
https://doi.org/10.1161/STROKEAHA.111.619965
http://www.ncbi.nlm.nih.gov/pubmed/21960575
https://doi.org/10.1016/j.jneumeth.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17870179
https://doi.org/10.1016/j.nbd.2013.09.016
http://www.ncbi.nlm.nih.gov/pubmed/24084689

