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Stroke is the second leading cause of death and the leading cause of long-term disability in
the world. There is an urgent unmet need to develop a range of neuroprotective strategies
to restrain the damage that occurs in the hours and days following a stroke. Storax, a natural
resin extracted from injuring Liquidambar orientalis Mill, has been used to treat acute stroke
in traditional Chinese medicine for many centuries. Storax has demonstrated the
neuroprotective effects in cerebrovascular diseases. However, the neuroprotective
mechanisms activated by storax in ischemia/reperfusion-injured astrocytes have not been
elucidated. In this study, we established an oxygen-glucose deprivation/reoxygenation
(OGD/R)-induced astrocytes injury model to investigate the effects of storax on OGD/R-
induced astrocytes injury and potential mechanisms. Experimental results showed that storax
alleviated expression of inflammatory cytokines and protected primary cortical astrocytes
injured by OGD/R. Furthermore, storax could inhibit NF-xB activation in injured astrocytes
by OGD/R and inhibition of NF-kB with Bay-11-7082 obscured the neuroprotective effects
of storax. In conclusion, storax alleviated expression of inflammatory cytokines and protected
primary cortical astrocytes injured by OGD/R, which was partially mediated by NF-kB signaling
pathway activation.

Keywords: storax, astrocyte, ischemia/reperfusion, NF-xB, ischemic stroke

INTRODUCTION

Stroke is the second leading cause of death and the leading cause of long-term disability in
the world. The pathogenesis of stroke-medicated ischemia/reperfusion injury is a complex
interplay of aberrant and cascade events: excitotoxicity, peri-infarct depolarization, inflammation,
oxidative stress, and apoptosis are involved as the main mechanisms of ischemia/reperfusion-
induced damage (Lo et al., 2003; Moskowitz et al., 2010). Over the past decade, although a
huge amount of money has been spent in research and development of stroke therapeutics
and our knowledge is greatly enriched in terms of understanding the mechanisms of injury
and recovery after stroke, there is a remaining translational barrier between basic research

Frontiers in Pharmacology | www.frontiersin.org 1

January 2019 | Volume 9 | Article 1527


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.01527﻿&domain=pdf&date_stamp=2019-01-11
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.01527﻿
https://creativecommons.org/licenses/by/4.0/
mailto:fanxiang_78@hotmail.com
https://doi.org/﻿10.3389/fphar.2018.01527
https://www.frontiersin.org/articles/10.3389/fphar.2018.01527﻿/full
https://www.frontiersin.org/articles/10.3389/fphar.2018.01527﻿/full
https://www.frontiersin.org/articles/10.3389/fphar.2018.01527﻿/full
https://www.frontiersin.org/articles/10.3389/fphar.2018.01527﻿/full
https://loop.frontiersin.org/people/602147
https://loop.frontiersin.org/people/265927

Zhang et al.

Storax Protected Astrocytes in vitro

benches and practical clinical use. Intravenous recombinant
tissue plasminogen activator (tPA) thrombolytic therapy is still
the only FDA-approved emergency treatment for acute ischemic
stroke (Hacke et al., 2008). However, low reperfusion rate,
high risk of intracerebral hemorrhage, and short treatment
time window comprise the major limitations to the clinical
application of tPA (Kaur et al, 2004; Yepes et al, 2009).
Although different kinds of known drugs (such as antiplatelet
drugs, anticoagulants, free radical scavengers and neuroprotective
agents) are marketed for stroke therapy, the side effects and
unknown mechanism of interaction of those drugs are still
the huge challenge in clinical (Sacco et al., 2007; Ginsberg,
2008). It is no doubt that developing neuroprotective medicine
is clinically and extremely significant, especially to the treatment
at acute phase after stroke.

Meanwhile, traditional Chinese medicine is rich in clinical
practice and has been proven to be effective for many centuries,
which has the potential to facilitate the developments of new
treatments for stroke. Currently, there are more than 100 traditional
Chinese patent drugs approved by Chinese National Drug
Administration used clinically in China for stroke treatment and
prevention (Wu et al., 2007), such as the Storax Pill, a Chinese
traditional medicinal prescription, which contains 15 various
kinds of traditional Chinese medicines, and storax is thought
to play the major role in any physiological effects in this prescription.
The balsam (storax) produced as a consequence of injuring
Liquidambar orientalis Mill has been used to treat acute stroke
in traditional Chinese medicine for many centuries. Using gas
chromatography and mass spectrometry analysis has found that
the major components of storax were free cinnamic acid, styracin
(cinnamyl cinnamate), phenylpropyl cinnamate, a resin (storesin)
consisting of triterpenic acids (oleanolic and 3-epioleanolic acids)
and their cinnamic acid esters, and a volatile oil (Duru et al,
2002; Fernandez et al., 2004; Kim et al., 2008; Lee et al., 2009).

Previous studies demonstrated that storax could attenuate
the brain damage and regulate the coagulation function in
acute focal cerebral ischemia in rats. Storax significantly
attenuated the infarct volumes, hemispheric swelling rates, and
neurological deficits; decreased the fibrinogen content; prolonged
the prothrombin time; and activated the partial thromboplastin
time and the content of nitric oxide in serum in focal ischemic
stroke rats (Ni et al., 2011a; Zhou et al., 2015). Storax exerts
protective effects on astrocytes and the blood brain barrier in
ischemia-reperfusion injury after stroke (Ni et al., 2011b). Also,
storax has demonstrated protective effects on the brain
microvascular endothelial cell damage induced by oxygen-glucose
deprivation/reoxygenation (OGD/R), and the mechanism may
be related to decrease the expression of inflammatory cytokines
(Zhao et al., 2016).

Storax has demonstrated considerable neuroprotective effects
in cerebrovascular diseases. However, the neuroprotective
mechanisms of storax on ischemia/reperfusion-injured astrocytes
have not been elucidated. In this study, we will establish the
OGD/R-induced astrocyte injury model to investigate the
protective effects of storax on OGD/R-induced astrocyte injury
and its potential mechanisms.

MATERIALS AND METHODS

Materials

Refined storax oil was purchased from Tianjin ZHONGXIN
Pharmaceutical Group Limited by Share Ltd Darentang
Pharmaceutical Factory and conformed to the standard of
China Pharmacopeia (2010 version). Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12), glucose-free DMEM,
fetal bovine serum (FBS), HBSS, and 0.25% Trypsin-EDTA
were obtained from Gibco (Grand Island, NY, USA). CytoTox-
ONETM Homogeneous Membrane Integrity Assay and Cell
Counting Kit-8 (CCK-8) were purchased from Promega
(Madison, WI, USA) and Dojindo (Kumamoto, Japan),
respectively. DCFH-DA and Trizol were obtained from
Invitrogen (Eugene, USA). Penicillin and streptomycin were
purchased from Beyotime (Shanghai, China). Anti-NF-kB
p65, anti-p-IkBa antibody, anti-p-IKK antibody, and anti-
B-actin antibody were obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-LaminBl antibody, anti-iNOS
antibody, anti-IL-1f antibody, anti-ICAM-1 antibody, and
anti-VCAM-1 antibody were purchased from Abcam
Technology (Cambridge, MA, USA). SYBR® Select Master
Mix and High Capacity ¢cDNA Reverse Transcription Kits
were obtained from Applied Biosystems (Foster City, USA).

Isolation and Culture of Primary

Cortical Astrocytes

Primary astrocytes were prepared from the cortex of newborn
Wistar rats (less than 24 h) according to the previous methods
(McCarthy and de Vellis, 1980; Fan et al., 2015). All the procedures
were performed in accordance with animal welfare regulations
of the current international laws. Briefly, cortices were dissected
free of meninges and homogenized, then digested in 0.25% trypsin
in Ca®*/Mg” free PBS for 10 min at 37°C. After terminating
the digestion with 10% FBS, filter out the remaining tissue
fragments. The cells were centrifuged at 1,000 revolutions per
minute for 10 min and diluted with DMEM/F12 plus 1% penicillin/
streptomycin and 1% L-glutamine, then plated into the 75 cm?
flasks at a density of 2.0 x 10°/cm* and maintained at 37°C in
an incubator atmosphere with 5% CO, and 95% air. The medium
was replaced every 3 days. When cells were firmly attached to
the bottom with 90% confluent, the microglia and oligodendrocytes
were detached from flasks by shaking at 260 rpm 37°C for 20 h.
The cells were passaged and verified by immunofluorescent staining
with GFAP. Under these conditions, more than 95% of the
cultured cells were GFAP-positive.

Establishment of OGD/R-Induced Injury
of Astrocytes

To mimic the impairment of astrocytes in ischemic injury
in vivo, we established the OGD/R model in vitro as described
previously (Ma et al.,, 2016). Simply, astrocytes were washed
with pre-warmed HBSS twice, and the culture medium was
replaced with a glucose-free DMEM, and placed astrocytes
in a hypoxic humidified incubator chamber (Stem Cell, Canada)
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flushed with a gas mixture of 95% N, and 5% CO,. After
OGD for 4 h, the medium was exchanged by DMEM/F12
with high glucose plus storax (0.1, 1, and 10 pg/ml, respectively)
or Bay-11-7082 in a humidified atmosphere with 95% air
and 5% CO, at 37°C for 20 h reoxygenation and glucose
restoration. The controls were incubated with high glucose
DMEM/F12 in normal atmosphere for 24 h. Astrocytes were
harvested at 24 h after OGD/R.

Cell Viability and Neurotoxicity

Cell viability was measured using the commercial cell counting
kit-8 (CCK-8) following the manufacturer’s instructions. Briefly,
after treatments with storax, a total of 10 pl/well of CCK-8
reagent was added in 96-well plate. After incubation, the
absorbance at 450 nm was measured using microplate reader.
Lactate dehydrogenase (LDH) release is an indicator of plasma
membrane damage, and a commercial LDH assay kit was used
for the measurement of neurotoxicity following the manufacturer’s
instructions.

Measurement of Intracellular Reactive
Oxygen Species (ROS) Level

Intracellular ROS level was determined as described previously
(Ma et al., 2016). Astrocytes were loaded with 5 pM DCFH-DA
at 37°C for 30 min and then washed with D-hank’s three
times to remove residual probe. The cellular fluorescence was
measured with a fluorescence microplate reader at an ex/em
wavelength of 488/525 nm. Results were expressed as a percentage
of the control group.

Quantitative Real-Time Polymerase
Chain Reaction Analysis

Total ribonucleic acid from astrocytes was extracted using Trizol
and was reverse transcribed by TagMan reverse transcription
reagents according to the manufacturer’s instructions. All primers
were synthesized by Sangon Biotech (Shanghai, China); the
forward and reverse primers for iNOS, IL-1f, IL-6, TNF-q,
and NF-kB are described in Table 1. The amplification was
accomplished in an ABI 7500 Real-Time PCR System (Applied
Biosystems, Foster City, USA). The target gene expression was

TABLE 1 | The sense and antisense primers.

Genes Primer/Probe Primer/Probe sequences (5 to 3')
NOS Forward primer 5'-GCTACACTTCCAACGCAACA-3'
i
Reverse primer 5'-ACAATCCACAACTCGCTCCA-3’
L1 Forward primer 5'-GAAGAGACGAGAGATCGA-3'
Reverse primer 5'-CACACAGATCTCCTCAAGGCA-3’
L6 Forward primer 5'-ATCACGAACTAGAGCAGCAG-3’
Reverse primer 5'-TCATACACAGCCACAGTCACCAC-3’
N Forward primer 5'-GAGTGAGAGATGTAGAGG-3'
-0
Reverse primer 5'-ATACATTAGGGAGAACAACGA-3’
NEB Forward primer 5'-GATAAAATCCTCGGGGTCCTAC-3'
-Ki

Reverse primer 5'-GCTGCTATGTGTAGAGGTGTCG-3'

examined by the 2-AACT method. Analysis was carried out
in triplicates.

Measurement of NF-kB Deoxyribonucleic
Acid Binding Activity

NF-kB DNA binding activity was determined by electrophoretic
gel mobility shift assay (EMSA) as previously described (Lee
et al, 2008). Briefly, 5 pg of total nuclear proteins was mixed
with double-stranded y [32P] adenosine triphosphate end-labeled
oligonucleotides containing consensus binding sequences for NF-kB
(sense strand 5'-AGGGACTTTCCGCTGGGGACTTTCC-3'), then
incubated in binding buffer for 30 min at room temperature
and run through non-denaturing polyacrylamide gel. After exposed
to Kodak X-ray film, the signal was detected and quantified by
computer-assisted densitometry.

Measurement of NF-xB Nuclear
Translocation

Immunohistochemistry was performed by following a standard
method to detect NF-kB nuclear translocation as previously
described (Wei et al., 2000). Astrocytes were fixed with
paraformaldehyde and then incubated with rabbit anti-
NF-kBp65 (1:200, CST, USA) antibody overnight at 4°C
following a second antibody Alexa Fluor® 488 nm (1:1000,
Life Technology, USA).

Western Blot Analysis

After washed with ice cold D-hank’, astrocytes were lysed
in RIPA buffer. Protein concentration was determined using
the BCA Bradford protein assay kit, and protein samples
were mixed with SDS-PAGE loading buffer. After heated
at 100°C for 8 min, proteins were subjected to 10-12%
SDS-PAGE gel and transferred electrophoretically to
polyvinylidene difluoride membranes (Millipore, USA) and
then blocked with Tris-buffered saline including 5% nonfat
milk and 0.1% Tween-20 for 2 h at room temperature.
Incubation with primary antibody against NF-kBp65 (1:1000,
CST, USA), p-IkBa antibody (1:1000, CST, USA), p-IKK
(1:1000, CST, USA), iNOS (1:1000, Abcam, USA), IL-1p
(1:1000, Abcam, USA), ICAM-1 (1:1000, Abcam, USA),
VCAM-1 (1:1000, Abcam, USA), p-actin (1:4,000, CST,
USA), and LaminBl (1:1000, Abcam, USA) was done
overnight at 4°C and then with HRP-conjugated secondary
antibody (1:2000). Antibody positive bands were detected
with an enhanced chemiluminescence agent (Millipore, USA).
Quantification of bands was made by scanned densitometric
analysis and Quantity one analysis system.

Statistical Analysis

Data were expressed as means = S.E.M. Comparisons between
multiple groups were performed by a one-way analysis of
variance (ANOVA). p < 0.05 was considered to be significant.
All of the data obtained from at least three repeated experiments,
and statistical analyses were performed using IBM SPSS Version
21.0 (SPSS Inc., Chicago, IL, USA).
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RESULTS

Storax Protected Primary Cortical
Astrocytes Injured by OGD/R

OGD/R induced 34.83 + 4.66% reduction in cell viability. Treatment
with 0.1, 1, and 10 pg/ml storax improved cell viability compared
with OGD/R group (Figure 1A). LDH release was increased
following OGD/R, while 0.1, 1, and 10 pg/ml storax suppressed
LDH release from astrocytes to culture medium compared with
OGDI/R group (Figure 1B). OGD/R induced a significant increase
in intracellular ROS generation to 63.67 + 8.0% compared
with control group; treatment with 0.1, 1, and 10 pg/ml storax
significantly decreased intracellular ROS generation compared
with OGD/R group (Figures 1C,D).

Storax-Alleviated Expression

of Inflammatory Cytokines

in OGD/R-Injured Astrocytes

OGD/R injury could trigger inflammation and increase the
mRNA expression of iNOS, IL-1f, IL-6, and TNF-« in astrocytes,
while 0.1, 1, and 10 pg/ml storax suppressed iNOS, IL-1p,
IL-6, and TNF-a mRNA expression compared with OGD/R
group (Figures 2A,D). Western blot analysis confirmed that
OGD/R enhanced the expression of iNOS and IL-1p in astrocytes,
while storax decreased iNOS and IL-1p expression compared
with OGD/R group (Figures 2E,F). Additionally, storax could

diminish OGD/R induced the increase of ICAM-1 and VCAM-1
expression in astrocytes (Figures 2G,H).

Storax Inhibited NF-kB Activation in
Injured Astrocytes by OGD/R

The effect of storax on NF-kB activation in astrocytes induced
by OGD/R was determined using immunofluorescence. OGD/R
increased NF-kB p65 nuclear translocation in astrocytes, and
treatment with storax decreased nuclear translocation of NF-kB
p65 compared with OGD/R group. Compared with the control
group, the percentage of NF-kB p65 nuclear translocation was
dramatically increased in OGD/R group (693.77 + 40.43%, p < 0.05).
This increase was significantly inhibited by storax (Figures 3A,B).
OGDJ/R significantly increased NF-kB p65 mRNA expression in
astrocytes, while treatment with storax decreased NF-kxB p65
mRNA expression compared with OGD/R group (Figure 3C).
Storax treatment decreased the DNA binding activity of NF-«kB
detected by EMSA after OGD/R (Figure 3D); also, storax treatment
inhibited OGD/R-mediated phosphorylation of IkB, NF-kB p65,
and IKK detected by western blot (Figures 3E,G).

Effects of Bay-11-7082 on Cell Viability
and Neurotoxicity in OGD/R Injured
Astrocytes

Bay-11-7082, as NF-kB inhibitor, significantly inhibited activation
of NF-xB p65 and p-IkBa protein (Figures 4A,B) and protected
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astrocytes from OGD/R injury (Figures 4C,D). While pre-treatment
with Bay-11-7082 obscured storax decreased activation of NF-kB
p65 and p-IkBa protein (Figures 4A,B), and storax induced
increase of cell viability and reduction of neurotoxicity compared
with storax treatment alone (Figures 4C,D).

DISCUSSION

Experimental results demonstrate that storax exerts considerable
neuroprotective effects by attenuating the expression of a range
of inflammatory cytokines on injured primary cortical astrocytes
following OGD/R. These protective effects are mediated by an
inhibition of NF-kB and can be partially reversed by pre-treatment
with Bay-11-7082.

Ischemic stroke triggers a complex cascade of pathophysiologic
events in the brain, including excitotoxicity, acidosis,
inflammation, oxidative stress, peri-infarct depolarization, and
apoptosis (Dirnagl et al., 1999; Lo et al, 2003; Moskowitz
et al., 2010), with particularly harmful effects of inflammation
and apoptosis, which ultimately leads to cell death and infarction
(Dirnagl et al., 1999). The abovementioned processes interact
with each other and exert complex patterns of pathology
following after cerebral ischemia. Evidence is now accumulating
that glial cells, especially astrocytes, play an important role
in the pathophysiology of cerebral ischemia. Astrocytes are
the most abundant non-neuronal cell type in the central nervous

system; neurons cannot survive in the brain without a close
interaction with astrocytes. Accordingly, astrocyte function can
critically influence neuronal survival following ischemia
(Swanson et al.,, 2004). Therefore, preventing astrocytes from
injury and death demonstrates a considerable therapeutic
potential to protect the brain following ischemia and reperfusion
injury (Zhan et al., 2010). By mimicking ischemia and reperfusion
injury, we established an OGD/R-induced astrocyte injury
model in vitro. In this study, storax exerted protective effects
against OGD/R-induced astrocyte injury by improving cell
viability and decreasing LDH release (Figures 1A,B). As in
mammals, intracellular [Ca,,] precedes the surge of ROS levels
that appears to be critical for the cerebral ischemia-reperfusion
injury, and previous studies suggested that ROS could increase
mitochondrial permeability transition pore opening during
ischemia-reperfusion (Brookes and Darley-Usmar, 2004). As
shown in Figure 1C, OGD/R induced a significant increase
in intracellular ROS generation, while storax significantly
decreased intracellular ROS generation. These data suggest that
storax is able to protect astrocytes from OGD/R injury.
Inflammation plays one of the key roles in the pathology
of cerebral ischemic injury. Cerebral ischemia triggers a marked
inflammatory response characterized by the release and activation
of adhesion molecules, chemokines, and cytokines, which
aggravate brain damage (Lo et al., 2003; Moskowitz et al., 2010).
Emerging evidence demonstrates that the pro-inflammatory
cytokines, such as IL-6, IL-1B, and TNF-a, are the initial triggers
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of reactive astrocytes in the acute phase of cerebral ischemic
injury (Aranguez et al., 1995; Lin et al., 2006). Moreover, reactive
astrocytes result in the secretion of different pro-inflammatory
cytokines and adhesion molecules, such as ICAM-1, VCAM-1,
IL-6, IL-1pB, and TNF-a, which may involve in a cyclic process
of continuous activation (Cui et al.,, 2011; Jeong et al., 2012).
Therefore, decreasing the inflammatory response induced by
activated astrocytes could prevent neuroinflammation after
cerebral ischemia. Our study demonstrates that OGD/R injury
could trigger inflammation and increase the expression of
adhesion molecules and pro-inflammatory cytokines in astrocytes,
such as ICAM-1, VCAM-1, IL-6, IL-1B, and TNF-a, while
storax suppressed those adhesion molecules and pro-inflammatory
cytokine expression (Figure 2). These data suggest that storax

pro-inflammatory cytokines.

could decrease inflammatory cytokines and adhesion molecule
release from OGD/R injured astrocytes; furthermore obscured
astrocytes activation induced by adhesion molecules and

NF-kB, as a transcription factor, is important in the inflammatory
responses of astrocytes, and NF-kB activation is necessary for
the gene transcription of encoding pro-inflammatory cytokines
(Yasuda et al., 2011). NF-xB family is comprised of five different
members, such as p50, p52, p65, c-Rel, and Rel-B. The
phosphorylation of p65 is wildly studied NF-«xB activation form,
which helps to stabilize NF-kB complex in the nucleus for gene
expression in the nervous system (Schmitz and Baeuerle, 1991).
The activation of NF-kB initiates with the phosphorylation and
the subsequent degradation of inhibitor of kB (IkB), which
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FIGURE 4 | Effects of Bay-11-7082 on cell viability and neurotoxicity in OGD/R-injured astrocytes. (A) NF-kB p65 expression detected by
Western blot (n = 3). (B) Phosphorylation of kB expression detected by Western blot (n = 3). (C) Cell viability was measured by CCK-8 assay
(n = 16). (D) LDH release (n = 16). Data are expressed as mean + S.E.M. #p < 0.05 compared with control; *o < 0.05 compared
with OGD/R, and p < 0.05 compared with storax treatment.

subsequently causes the translocation of free NF-kB from cytoplasm
to nucleus, where it promotes the expression of pro-inflammatory
genes (Iadecola and Anrather, 2011). Indeed, inactivation of astrocyte
NF-«B signaling decreases cytokine production and protects neurons
after ischemic injury (Dvoriantchikova et al., 2009; Barreto et al.,
2011). We observed in this study that OGD/R enhanced the
degradation of IkBa, NF-kB phosphorylation, and translocation
of active NF-kBp65 from the cytoplasm to the nucleus in astrocytes,
whereas storax diminished these NF-kB changes (Figure 3). Storax-
mediated activity relied on NF-kB activation, confirmed by the
use of the NF-«B specific inhibitor BAY11-7082, which prevented

the effects of storax on both cell viability and neurotoxicity partially
(Figure 4), indicating that NF-kB activation has a key role in
storax-mediated protection on OGD/R-injured astrocytes.

There are several caveats and limitations in this work. First,
the components of storax are very complex, and the main
components include free cinnamic acid, styracin (cinnamyl
cinnamate), phenylpropyl cinnamate, a resin (storesin) consisting
of triterpenic acids (oleanolic and 3-epioleanolic acids) and
their cinnamic acid esters, and a volatile oil. Further experiments
to confirm the neuroprotective components of storax would
be clinically important. Second, astrocyte function can critically
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influence neuronal survival during ischemia, whether storax
could protect neuron via astrocytes and the interaction between
neuron and astrocytes, as well as the underlying molecular
pathological mechanisms need to be further defined.

Collectively, our study demonstrated that storax alleviated
expression of inflammatory cytokines and protected primary
cortical astrocytes injured by OGD/R, which was mediated by
NEF-kB signaling pathway activation. We are aware that it would
be very important to identify the neuroprotective key components
of storax and the mechanism how it works with NF-xB in
future investigations.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations
of the Tianjin University of Traditional Chinese Medicine Guide
for Care and Use of Laboratory Animals. The protocol was

REFERENCES

Aranguez, 1., Torres, C., and Rubio, N. (1995). The receptor for tumor necrosis
factor on murine astrocytes: characterization, intracellular degradation, and
regulation by cytokines and Theiler’s murine encephalomyelitis virus. Glia
13, 185-194. doi: 10.1002/glia.440130305

Barreto, G., White, R. E.,, Ouyang, Y, Xu, L., and Giffard, R. G. (2011).
Astrocytes: targets for neuroprotection in stroke. Cent. Nerv. Syst. Agents
Med. Chem. 11, 164-173. doi: 10.2174/187152411796011303

Brookes, P. S., and Darley-Usmar, V. M. (2004). Role of calcium and superoxide
dismutase in sensitizing mitochondria to peroxynitrite-induced permeability
transition. Am. J. Physiol. Heart Circ. Physiol. 286, H39-H46. doi: 10.1152/
ajpheart.00742.2003

Cui, M., Huang, Y., Tian, C., Zhao, Y., and Zheng, J. (2011). FOXO3a inhibits
TNF-alpha- and IL-lbeta-induced astrocyte proliferation: implication for
reactive astrogliosis. Glia 59, 641-654. doi: 10.1002/glia.21134

Dirnagl, U., Iadecola, C., and Moskowitz, M. A. (1999). Pathobiology of ischaemic
stroke: an integrated view. Trends Neurosci. 22, 391-397. doi: 10.1016/
S0166-2236(99)01401-0

Duru, M., Cakir, A., and Harmandar, M. (2002). Composition of the volatile
oils isolated from the leaves of Liquidambar orientalis Mill. var. orientalis
and L. orientalis var. integriloba from Turkey. Flavour Frag. J. 17, 95-98.
doi: 10.1002/1f}.1050

Dvoriantchikova, G., Barakat, D., Brambilla, R., Agudelo, C., Hernandez, E.,
Bethea, J. R,, et al. (2009). Inactivation of astroglial NF-kappa B promotes
survival of retinal neurons following ischemic injury. Eur. J. Neurosci. 30,
175-185. doi: 10.1111/j.1460-9568.2009.06814.x

Fan, X., Chai, L., Zhang, H., Wang, Y., Zhang, B., and Gao, X. (2015). Borneol
depresses P-glycoprotein function by a NF-kappaB signaling mediated
mechanism in a blood brain barrier in vitro model. Int. J. Mol. Sci. 16,
27576-27588. doi: 10.3390/ijms161126051

Fernandez, X., Cuvelier, L., Loiseau, A., Perichet, C., Delbecque, C., and Arnaudo, J.
(2004). Chemical composition of the essential oils from Turkish and Honduras
Styrax. Flav. Fragrl. ]. 20, 70-73. doi: 10.1002/ffj.1370

Ginsberg, M. D. (2008). Neuroprotection for ischemic stroke: past, present and
future. Neuropharmacology 55, 363-389. doi: 10.1016/j.neuropharm.2007.12.007

Hacke, W,, Kaste, M., Bluhmki, E., Brozman, M., Davalos, A., Guidetti, D., et al.
(2008). Thrombolysis with alteplase 3 to 4.5 hours after acute ischemic stroke.
N. Engl. ]. Med. 359, 1317-1329. doi: 10.1056/NEJM0a0804656

Tadecola, C., and Anrather, J. (2011). The immunology of stroke: from mechanisms
to translation. Nat. Med. 17, 796-808. doi: 10.1038/nm.2399

Jeong, S. R., Kwon, M. ], Lee, H. G,, Joe, E. H, Lee, J. H,, Kim, S. S, et al.
(2012). Hepatocyte growth factor reduces astrocytic scar formation and
promotes axonal growth beyond glial scars after spinal cord injury. Exp.
Neurol. 233, 312-322. doi: 10.1016/j.expneurol.2011.10.021

approved by the Committee of Care and Use of Laboratory of
Tianjin University of Traditional Chinese Medicine.

AUTHOR CONTRIBUTIONS

MZ and XF contributed to the design of the study. MZ, YM,
LC, and HM were responsible for the data collection. MZ,
YM, and LC analyzed the data. MZ and XF interpreted the
data. MZ and XF drafted the manuscript. JZ revised the
manuscript content. XF approved the final version of manuscript.

FUNDING

This work was supported by National Natural Science Foundation
of China (81622051, 81273815) and Natural Science Foundation of
Tianjin City (15JCYBJC54800).

Kaur, J., Zhao, Z., Klein, G. M., Lo, E. H., and Buchan, A. M. (2004). The
neurotoxicity of tissue plasminogen activator? J. Cereb. Blood Flow Metab.
24, 945-963. doi: 10.1097/01.WCB.0000137868.50767.E8

Kim, J., Seo, S. M., Lee, S. G., Shin, S. C., and Park, 1. K. (2008). Nematicidal
activity of plant essential oils and components from coriander (Coriandrum
sativum), Oriental sweetgum (Liquidambar orientalis), and valerian
(Valeriana  wallichii) essential oils against pine wood nematode
(Bursaphelenchus xylophilus). ]. Agric. Food Chem. 56, 7316-7320. doi:
10.1021/j£800780f

Lee, S. G, Su, Z. Z, Emdad, L., Gupta, P, Sarkar, D., Borjabad, A., et al.
(2008). Mechanism of ceftriaxone induction of excitatory amino acid
transporter-2 expression and glutamate uptake in primary human astrocytes.
J. Biol. Chem. 283, 13116-13123. doi: 10.1074/jbc.M707697200

Lee, Y., Kim, J., Lee, S., Oh, E., Shin, S., and Park, I. (2009). Effects of plant
essential oils and components from Oriental sweetgum (Liquidambar orientalis)
on growth and morphogenesis of three phytopathogenic fungi. Pestic. Biochem.
Physiol. 93, 138-143. doi: 10.1016/j.pestbp.2009.02.002

Lin, H. W, Basu, A., Druckman, C., Cicchese, M., Krady, J. K., and Levison,
S. 'W. (2006). Astrogliosis is delayed in type 1 interleukin-1 receptor-null
mice following a penetrating brain injury. J. Neuroinflamm. 3:15. doi:
10.1186/1742-2094-3-15

Lo, E. H., Dalkara, T., and Moskowitz, M. A. (2003). Mechanisms, challenges
and opportunities in stroke. Nat. Rev. Neurosci. 4, 399-415. doi: 10.1038/
nrnl106

Ma, Y., Zhao, P, Zhu, ], Yan, C, Li, L., Zhang, H., et al. (2016). Naoxintong
protects primary neurons from oxygen-glucose deprivation/reoxygenation
induced injury through PI3K-Akt signaling pathway. Evid. Based Complement.
Alternat. Med. 2016:5815946. doi: 10.1155/2016/5815946

McCarthy, K. D., and de Vellis, J. (1980). Preparation of separate astroglial
and oligodendroglial cell cultures from rat cerebral tissue. J. Cell Biol. 85,
890-902. doi: 10.1083/jcb.85.3.890

Moskowitz, M. A., Lo, E. H., and Iadecola, C. (2010). The science of stroke:
mechanisms in search of treatments. Neuron 67, 181-198. doi: 10.1016/j.
neuron.2010.07.002

Ni, C., Zeng, N., Gou, L., Liu, ], He, L., Huang, X, et al. (2011a). Protective
mechanism of aromatic resuscitation drugs in cerebral ischemia-reperfusion
injury model rats. Pharmacol. Clin. Chin. Materia Medica. 27, 65-68. doi:
10.13412/j.cnki.zyyl.2011.05.023

Ni, C., Zeng, N., Xu, E, Gou, L, Liu, J, Wang, J., et al. (2011b). Effects of
aromatic resuscitation drugs on blood brain barrier in cerebral ischemia-
reperfusion injury model rats. Zhongguo Zhong Yao Za Zhi 36, 2562-2566.
doi: 10.4268/cjcmm20111824

Sacco, R. L., Chong, J. Y., Prabhakaran, S., and Elkind, M. S. (2007). Experimental
treatments for acute ischaemic stroke. Lancet 369, 331-341. doi: 10.1016/
S0140-6736(07)60155-X

Frontiers in Pharmacology | www.frontiersin.org

January 2019 | Volume 9 | Article 1527


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1002/glia.440130305
https://doi.org/10.2174/187152411796011303
https://doi.org/10.1152/ajpheart.00742.2003
https://doi.org/10.1152/ajpheart.00742.2003
https://doi.org/10.1002/glia.21134
https://doi.org/10.1016/S0166-2236(99)01401-0
https://doi.org/10.1016/S0166-2236(99)01401-0
https://doi.org/10.1002/ffj.1050
https://doi.org/10.1111/j.1460-9568.2009.06814.x
https://doi.org/10.3390/ijms161126051
https://doi.org/10.1002/ffj.1370
https://doi.org/10.1016/j.neuropharm.2007.12.007
https://doi.org/10.1056/NEJMoa0804656
https://doi.org/10.1038/nm.2399
https://doi.org/10.1016/j.expneurol.2011.10.021
https://doi.org/10.1097/01.WCB.0000137868.50767.E8
https://doi.org/10.1021/jf800780f
https://doi.org/10.1074/jbc.M707697200
https://doi.org/10.1016/j.pestbp.2009.02.002
https://doi.org/10.1186/1742-2094-3-15
https://doi.org/10.1038/nrn1106
https://doi.org/10.1038/nrn1106
https://doi.org/10.1155/2016/5815946
https://doi.org/10.1083/jcb.85.3.890
https://doi.org/10.1016/j.neuron.2010.07.002
https://doi.org/10.1016/j.neuron.2010.07.002
https://doi.org/10.13412/j.cnki.zyyl.2011.05.023
https://doi.org/10.4268/cjcmm20111824
https://doi.org/10.1016/S0140-6736(07)60155-X
https://doi.org/10.1016/S0140-6736(07)60155-X

Zhang et al.

Storax Protected Astrocytes in vitro

Schmitz, M. L., and Baeuerle, P. A. (1991). The p65 subunit is responsible for
the strong transcription activating potential of NF-kappa B. EMBO J. 10,
3805-3817. doi: 10.1002/j.1460-2075.1991.tb04950.x

Swanson, R. A, Ying, W, and Kauppinen, T. M. (2004). Astrocyte influences on
ischemic neuronal death. Curr: Mol. Med. 4, 193-205. doi: 10.2174/1566524043479185

Wei, H., Leeds, P, Chen, R. W, Wei, W,, Leng, Y., Bredesen, D. E., et al.
(2000). Neuronal apoptosis induced by pharmacological concentrations of
3-hydroxykynurenine: characterization and protection by dantrolene and Bcl-2
overexpression. J. Neurochem. 75, 81-90. doi: 10.1046/j.1471-4159.2000.0750081.x

Wu, B, Liu, M., Liu, H,, Li, W,, Tan, S., Zhang, S., et al. (2007). Meta-analysis
of traditional Chinese patent medicine for ischemic stroke. Stroke 38,
1973-1979. doi: 10.1161/STROKEAHA.106.473165

Yasuda, Y., Shimoda, T., Uno, K., Tateishi, N., Furuya, S., Tsuchihashi, Y.,
et al. (2011). Temporal and sequential changes of glial cells and cytokine
expression during neuronal degeneration after transient global ischemia in
rats. J. Neuroinflamm. 8:70. doi: 10.1186/1742-2094-8-70

Yepes, M., Roussel, B. D., Ali, C., and Vivien, D. (2009). Tissue-type plasminogen
activator in the ischemic brain: more than a thrombolytic. Trends Neurosci.
32, 48-55. doi: 10.1016/j.tins.2008.09.006

Zhan, X., Ander, B. P, Liao, I. H., Hansen, J. E., Kim, C., Clements, D.,
et al. (2010). Recombinant Fv-Hsp70 protein mediates neuroprotection

after focal cerebral ischemia in rats. Stroke 41, 538-543. doi: 10.1161/
STROKEAHA.109.572537

Zhao, P, Yue, S., Ma, S., Zhu, J., Liang, Y., Li, L., et al. (2016). Effects
of storax on the injury of brain microvascular endothelial cells induced
by oxygen-glucose deprivation/reoxygenation. Chin. . Clin. Pharmacol.
32, 847-849. doi: 10.13699/j.cnki.1001-6821.2016.09.025

Zhou, M., Zhao, P, Zhu, J., Wang, X., Zhang, M., and Zhang, B. (2015).
Effects of storax on focal cerebral ischemia in rats. Tianjin J. Tradit. Chin.
Med. 32, 496-500. doi: 10.1177/1470320314563424

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Copyright © 2019 Zhang, Ma, Chai, Mao, Zhang and Fan. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

January 2019 | Volume 9 | Article 1527


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1002/j.1460-2075.1991.tb04950.x
https://doi.org/10.2174/1566524043479185
https://doi.org/10.1046/j.1471-4159.2000.0750081.x
https://doi.org/10.1161/STROKEAHA.106.473165
https://doi.org/10.1186/1742-2094-8-70
https://doi.org/10.1016/j.tins.2008.09.006
https://doi.org/10.1161/STROKEAHA.109.572537
https://doi.org/10.1161/STROKEAHA.109.572537
https://doi.org/10.13699/j.cnki.1001-6821.2016.09.025
https://doi.org/10.1177/1470320314563424
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Storax Protected Oxygen-Glucose Deprivation/Reoxygenation Induced Primary Astrocyte Injury by Inhibiting NF-κB Activation ﻿in vitro﻿
	Introduction
	Materials and Methods
	Materials
	Isolation and Culture of Primary Cortical Astrocytes
	Establishment of OGD/R-Induced Injury of Astrocytes
	Cell Viability and Neurotoxicity
	Measurement of Intracellular Reactive Oxygen Species (ROS) Level
	Quantitative Real-Time Polymerase Chain Reaction Analysis
	Measurement of NF-κB Deoxyribonucleic Acid Binding Activity
	Measurement of NF-κB Nuclear Translocation
	Western Blot Analysis
	Statistical Analysis

	Results
	Storax Protected Primary Cortical Astrocytes Injured by OGD/R
	Storax-Alleviated Expression 
of Inflammatory Cytokines 
in OGD/R-Injured Astrocytes
	Storax Inhibited NF-κB Activation in Injured Astrocytes by OGD/R
	Effects of Bay-11-7082 on Cell Viability and Neurotoxicity in OGD/R Injured Astrocytes

	Discussion
	Ethics Statement
	Author Contributions
	Funding

	References

