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Abstract Cerebral ischemia/reperfusion injury plays an
important role in the development of tissue injury after
acute stroke, including neutrophils adhesion and infiltra-
tion, inflammation and oxidative stress. 10-O-(N,N-
dimethylaminoethyl)-ginkgolide B methanesulfonate (XQ-
1H) is a novel ginkdolide B derivative. In this study, we
investigated the anti-inflammatory and anti-oxidative
activities of XQ-1H in vivo and vitro. In our study, rats
were treating with XQ-1H (31.2, 15.6 and 7.8 mg/kg) after
middle cerebral artery occlusion surgery. Primary cultured
cortical rat neurons were treated with Na,S,0, for 1.5 h to
mimic hypoxia and reoxygenation injury in vitro. Cortical
neurons were preincubated with XQ-1H (100, 10, 1 uM)
24 h before hypoxic injury. Brain edema was evaluated by
brain water content. Neutrophil infiltration was determined
by fluorescence imaging method and myeloperoxidase
assay. Intercellular adhesion molecule 1 (ICAM-1) and
matrix metallopeptidase 9 (MMP-9) expressions were
examined by immunohistochemistry analysis. Neuronal
injury was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide, lactate dehydrogenase
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releasing and lactic acid content. The anti-oxidative effects
of XQ-1H were evaluated by superoxide dismutase (SOD)
activity and malondialdehyde content in ischemic brain and
neuron cultures subjected to hypoxia/reoxygenation pro-
cedure. Results showed that XQ-1H reduced neutrophils
infiltration to ischemic brain, which might result from
down regulation of inflammatory mediators, such as
ICAM-1 and MMP-9. In addition, an antioxidative effect of
XQ-1H was observed in cortical neuron and brain
homogenates by enhancing SOD activity and inhibiting
lipid peroxidation. These results indicated that XQ-1H
possessed a protective effect against cerebral ischemia,
especially on neutrophil infiltration and oxidative stress.

Keywords Middle cerebral artery occlusion -
Hypoxia and reoxygenation - Neurons - Neutrophil
infiltration - Oxidative stress

Introduction

Ischemia reperfusion can set off numerous cascades of
secondary injury, especially many of inflammatory medi-
ators and cells. Inflammation plays an important role in the
pathogenesis of stroke, especially in the context of reper-
fusion. Reactive radicals will be generated, and blood brain
barrier integrity may be compromised [1].

One of the manifestations of central nervous system
damage caused by cerebral ischemia is the brain edema,
which is a result of the breakdown of blood brain barrier
(BBB) [2]. During cerebral ischemia, numbers of factors
may result in the breakdown of BBB, in particular
inflammation and oxidative stress.

After the interruption of cerebral blood flow (CBF),
tissue injury begins with an inflammatory reaction, which
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Fig. 1 Chemical structure of XQ-1H, 10-O-(N,N-dimethylamino-
ethyl)-ginkgolide B methanesulfonate

requires the recruitment and infiltration of leukocytes, both
polymorphonuclear neutrophils (PMNs) and monocytes/
macrophages (but not lymphocytes). The rolling interaction
appears to be largely mediated by P-selectin expressed on
endothelial cells [3], while firm adhesion is mediated by an
interaction between b2-integrins on leukocytes with
ICAM-1 on cerebral microvascular endothelial cells [4].
Leukocytes adhere to the microvascular endothelial cell in
the presence of activated PMNs, which eventually leads to
the microvessel obstruction, edema formation, cellular
necrosis, and tissue infarction [5, 6]. Besides, activation of
PMNs causes the release of enzymes within cytoplasmatic
vesicles [7]. Studies shown that myeloperoxidase (MPO) is
one of the principal enzymes released from the neutrophil’s
azurophilic granules [8]. MPO activity in brain tissue was
evaluated as an index of neutrophil accumulation [9].
Numerous studies shown that neutrophil depletion allevi-
ated cerebral tissue injury in the permanent or transient
focal ischemia model in mice and rats [10].

One of the most well-studied mechanisms for BBB
breakdown from oxidative stress is via matrix metallo-
proteinase (MMP) activation. Free radicals activate
MMPs,which eventually enhances the extracellular matrix
degradation activity and leads to the disruption of BBB via
tight junction [11]. Recent research has indicated that
MMP-9 protein and mRNA were significantly correlated
with brain water content (BWC), which correlates with
cerebral edema [12].

XQ-1H is a novel ginkgolide B derivative with the same
active structure as ginkgolide B [13] (Fig. 1). A modifi-
cation on dimethylamino-ethoxy group by combing with
methane sulfonic acid helps to increase water solubility of
XQ-1H for injection in clinical application. Previous
studies have indicated that XQ-1H exhibits neuroprotective
effect both in vitro and in vivo [14, 15].

In this study, we investigated the effects of XQ-1H on
neutrophils infiltration and oxidative stress in ischemic rats and
cortical neurons subjected to hypoxia/reoxygenation injury.

Methods
Chemicals and Reagents

XQ-1H was kindly provided by Jiangsu Kefeiping Phar-
maceutical Company Limited. Rhodamine -6G was pur-
chased from Sigma. MPO, superoxide dismutase (SOD),
malondialdehyde (MDA), lactate dehydrogenase (LDH)
and lactic acid (LD) kits were purchased from Nanjing
Jiancheng Bioengineering Institute. Minimum Essential
Medium (MEM), Neurobasal medium (without Phenol Red
and estrogen-free) and B-27 were purchased from Gibco.
All other reagents were of analytical grade and commer-
cially available.

Animal Care

Male Sprague-Dawley rats (250-300 g body weight, Zhe-
jiang Laboratory Animals Center, Zhejiang Academy of
Medical Science, Hangzhou, China) were used for the
current study. All animal—use procedures were in strict
accordance with institutional guidelines of China Pharma-
ceutical University (Nanjing, China). All experiments were
approved by Animal Ethics Committee of China Pharma-
ceutical University.

Animal Preparation and Treatment
Ischemia and Reperfusion (I/R) Model

Animals were fasted with free access to water the night
before surgery. All animals were randomly divided into 5
groups (n=8 for each group): sham, MCAO/R, XQ-1H
(31.2 mg/kg), XQ-1H (15.6 mg/kg), XQ-1H (7.8 mg/kg).
Rats were anesthetized with an intraperitoneal injection of
3% chloral hydrate (300 mg/kg). The local CBF of the
middle cerebral artery territory was monitored during the
entire duration of the experiment by laser—Doppler flux-
metry (MP150 Starter system; BIOPAC System, Inc.,
USA) [16]. Apart from sham group, all other groups were
performed MCAO surgery [17]. The MCAO procedures
have been developed to obtain a relatively low mortality
(less than 40 %). The middle cerebral artery (MCA) was
occluded using a silicone-coated nylon monofilament
(diameter about 0.38 mm) inserted via the external carotid
artery. Sufficient occlusion of the middle cerebral artery
was monitored by laser -Doppler fluxmetry (the local
cerebral blood flow was decreased to about 10-30 % of
baseline). XQ-1H was dissolved in saline and injected via
femoral vein after MCAO surgery. Sham group and
MCAOV/R group (vehicle group) were given an equivalent
volume of saline. Reperfusion was initiated by withdraw-
ing the filament after 2 h.
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Measurement of Brain Water Content

To evaluate the BWC, the right hemisphere was superfi-
cially dried, and transferred to aluminum foil, weighed
(wet weight), and dried overnight at 105 °C in a desic-
cating oven. The dried hemisphere was weighed again (dry
weight) and the total brain water was calculated according
to the following formula: [(wet weight—dry weight)/wet
weight] x 100% [18].

Fluorescence Imaging on Neutrophils Infiltration After
Focal Ischemia

24 h after MCAO, neutrophilic granulocytes were moni-
tored by intravenous administration of 50 pul of 0.5 %
rhodamine-6G before all animals sacrificed. 15 min after
administration, brains were quickly removed and placed in
Carestream In Vivo Imaging System, followed by a fluo-
rescence imaging scanning (absorption peak of 525 nmj;
emission peak of 555 nm). Post processing of images taken
by optical zoom lens makes it possible to depict and
quantitate the obtained signals. The signals were analyzed
and given as mean intensity respectively in right hemi-
sphere and left hemisphere. The whole brain mean intensity
(R/L) was calculated according to the following formula:
right hemisphere mean intensity / left hemisphere mean
intensity. Data were analyzed with Kodak Molecular
Imaging Software 5.X.

Measurement of MPO, SOD and MDA in Brain
Homogenates

24 h after MCAO, rats were sacrificed. Ischemic hemi-
spheres were rapidly removed and measured the wet
weight. Each sample was homogenized in ice phosphate
buffer saline (1/9, wt./vol.). Supernatant was collected and
detected for MPO, SOD activity and MDA content, using
commercially available kits (Jiancheng Bioengineering
Institute, Nanjing, China).

Immunohistochemistry Analysis of ICAM-1 and MMP-9
Expression in Ischemic Brain

The ICAM-1 and MMP-9 expressions in rats’ brain were
detected using the immunohistochemistry (IHC) analysis
[19]. Rats were anesthetized at 24 h after MCAOQO. The
chest was subsequently opened and perfused with 4 %
paraformaldehyde through the left ventricle until perfusion
fluid obtained from the right atrium was colorless. Brains
were rapidly removed. The right hemisphere tissue was
fixated in 4% paraformaldehyde. Then the tissue samples
were embedded in paraffin before sectioning at 4 pm. The
paraffin sections were performed antigen retrieval and
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blocked in normal goat serum for 10 min. Then sections
were incubated with primary antibody at 37 °C for 1 h after
serum discarded. All sections were washed three times with
PBS. Sections were then incubated with secondary anti-
body (MaxVision™ THC Kit) at 37 °C for 15 min, washed
with PBS, and incubated with DAB substrate for 3-5 min.
All antibodies, were dissolved in PBS (containing 1% v/v
normal goat serum and 0.3% v/v Triton X-100, pH
7.4).Controls for the immunohistochemistry procedure
were routinely performed without incubation with primary
antibody. The control brain sections did not develop any
immunohistochemical labeling. Light microscope images
were taken in a LEICA DM 1,000 microscope. The amount
of THC dye is linearly related to the optical density
(absorbance). Optical density of staining was obtained
from light microscope images using MiniSee software. The
expressions of ICAM-1 and MMP-9 were finally given as
mean optical density value.

Cell Cultures Preparation and Treatment
Primary Rats Neuron Cultures

Rats’ cortical neurons were prepared essentially as
described [20], with minor modifications. 0.02 % ethylene
diamine tetraacetic acid (EDTA) solution and 0.25 %
trypsin solution were needed to prepare cell dissociation
solution. Cortices were obtained from embryonic day 18
(E18) Sprague-Dawley rat embryos previously, triturated
in ice PBS for 1 min (90 % tissue dispersal). Tissue dis-
persal was incubated in sterile tube with 2 ml of cell dis-
sociation solution at 37 °C for 10 min. The dissociation
was terminated with Minimum Essential Medium (MEM)
containing 10 % fetal serum. The dissociated samples were
filtered using 35 pm nylon mesh. The suspension was
centrifuged at 1,000 rpm for 5 min, Then cells were
resuspended in MEM supplemented with glucose (0.6 %
wt./vol.), penicillin (100 U/ml), streptomycin (100 mg/ml),
and 10 % fetal calf serum. Cells were diluted with MEM to
approximately 1 x 10°/L and plated into 6-well-plates (or
24-well-plates), which were previously coated with 10 mg/
1 poly-L-lysine. Cells were incubated at 37 °C, 5 % CO,,
95 % humidity for 6 h. After neurons were attached to the
plate, the medium was discarded, and neurons were
maintained in Neurobasal medium supplemented with 2 %
B-27 and L-glutamine (0.5 mM).

Hypoxia/Reoxygenation Model and Cell Culture Treatment

The cells were treated with Na,S,O, at concentration of
20 mM in the glucose-free Earle’s balanced salt solution
(EBSS, pH 7.4) medium for 1.5 h (hypoxia). Hypoxia/
reoxygenation procedure was terminated by replacing the
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anoxic medium with Neurobasal medium for an additional
2 h (reoxygenation). Various concentrations of XQ-1H
(100, 10, 1 uM) were added into the cultures 24 h before
inducing hypoxia/reoxygenation. Control cultures were
treated in an identical way without inducing hypoxic injury.

MTT Assay

The protective effects of XQ-1H on cortical neurons were
measured by quantitative colorimetric assay with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium  bromide
(MTT) with minor modifications, showing the mitochon-
drial activity of living cells. Neurons were exposed or not
exposed to Na,S,0, induced hypoxia/reoxygenation before
MTT assay. MTT was added to 24-well- plate at a final
concentration of 0.5 mg/ml for 4 h at 37 °C, and the
insoluble formazan crystals were dissolved in 200 pl of
DMSO. Cells viability was quantified and given as the
optical density value read at 570 nm.

Measurement of SOD, MDA, LDH and LD in Neuron
Cultures

Neuronal injury was quantitatively assessed by the mea-
surement of LDH releasing into the culture medium and
intracellular SOD, MDA and LD after OGD injury, using
commercially available kits.

Statistics

All experimental results are given as mean £ S.D., and
statistical significance was analyzed by one-way analysis
of variance (ANOVA) test. Results were considered to be
statistically significant when P < 0.05.

Results

XQ-1H Alleviated Brain Edema After Ischemia/
Reperfusion

To measure brain edema formation, we measured the BWC
(%). Results (shown in Fig. 2) revealed that the BWC in
MCAO/R group documented significant edema formation
after cerebral ischemia (82.3 £ 1.7 %). Compared to MCAO/
R group, edema formation was alleviated by injecting XQ-1H
(31.2 mg/kg) after MCAO surgery (P < 0.01).

XQ-1H Suppressed Neutrophils Infiltration to Brain
Parenchyma

The time point 24 h after ischemia-reperfusion was chosen
because previous studies suggest neutrophils infiltration
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Fig. 2 Effects of XQ-1H on brain water content in MCAO rats.
Values are mean + S.D. of 8 samples for each group. ““P<0.01
versus sham group value, *P < 0.05, ** P < 0.01 versus MCAO/R
group value
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Fig. 3 Protective effects of XQ-1H on neutrophils infiltration after
ischemia reperfusion. Effects of XQ-1H on neutrophil infiltration in
ischemic brain (a). Effects of XQ-1H on MPO activity in brain
homogenates (b). Values are mean £ S.D. of 8§ samples for each
group. A8 P<0.01 versus sham group value, *P < 0.05, **P < 0.01
versus MCAO/R group value

into the ischemic region of the brain occurs early after
ischemia-reperfusion. An area of fluorescence was signifi-
cantly observed in the right hemisphere of the brain (the
left hemisphere in the image) after the onset of ischemia, as
shown in MCAO/R group, which indicated labeled neu-
trophils infiltrations into the brain tissue. The graphs and
results (shown in Fig. 3a) suggested that neutrophils infil-
tration was alleviated by treatment with XQ-1H at a dose-
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Fig. 4 Effects of XQ-1H on
ICAM-1 and MMP-9 expression
after ischemia reperfusion.
Values are mean £ S.D. of 8
samples for each group.

AAp < 0.01 versus sham group
value, *P < 0.05, **P < 0.01
versus MCAO/R group value,
#p < 0.05, #P < 0.01 versus
MCAO/R group value
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dependent manner, which compared to MCAO/R group
(P <0.01, P < 0.05).

In our study, we certified neutrophil infiltration by
measuring MPO activity. The results (shown in Fig. 3b)
revealed that treatment with XQ-1H (31.2 and 15.6 mg/kg,
i.v) may significantly reduce MPO activity compared to the
MCAO/R group (P < 0.01, P < 0.05).

XQ-1H Downregulated the Expression of ICAM-1
and MMP-9 After Ischemia-Reperfusion Injury

To investigate the protective role of XQ-1H in blood brain
barrier, we examined the expression of ICAM-1 and MMP-
9 in ischemic brain. Our results (shown in Fig. 4) showed
that cerebral ischemia may lead to over-expression of
ICAM-1 and MMP-9, which was in accordance with pre-
vious studies. The over-expression of two mediators was
significantly attenuated by XQ-IH.

XQ-1H Protected Cortical Neurons Against Hypoxic
Injury

Hypoxia/reoxygenation elicited remarkable neurons injury.
These results were demonstrated by MTT assay, LDH
releasing and LD accumulation assay. MTT assay showed that
neurons viability after hypoxic injury significantly decreased
compared with control group. Pretreatment with XQ-1H at
different concentrations significantly reversed neuronal injury
(shown in Fig. 5a). 100 uM XQ-1H exhibited the maximal
neuron protection effect, which was also certified by LDH
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releasing and LD accumulation assay. LDH and LD assay
demonstrated that XQ-1H improved neuronal energy by sig-
nificantly reducing LDH releasing and LD accumulation
(shown in Fig. 5b, ¢). Moreover, the toxicity study indicated
XQ-1H did not affect cell viability under normal condition at
these three concentrations (shown in Fig. 5a).

XQ-1H Exhibited Cerebral Protection Effects Against
Oxidative Stress In Vitro and Vivo

Results (Table 1) suggested that SOD activity significantly
enhanced in brain homogenates by treatment with XQ-1H
at a dose-dependent manner. In our study, increased SOD
activity in ischemic brain indicated that XQ-1H possessed
antioxidant property (31.2, 15.6 mg/kg), which was certi-
fied by MDA assay (Table 1). We also evaluated neuronal
damage by measuring SOD activity and MDA content
(Table 2). Similar effects were observed in XQ-1H treated
neurons. Compared to vehicle cultures, XQ-1H signifi-
cantly enhanced cellular antioxidant defenses, with
50.5 £ 6.1, 62.4 £ 4.1 and 68.4 + 9.6 of SOD activity
(Table 2). This might lead to the inhibition of lipid per-
oxidation, with 4.56 &+ 1.47, 3.93 + 0.74, 2.77 £ 0.51 of
MDA production (Table 2).

Discussion

This study aimed to investigate the protective role of XQ-
1H against neutrophil infiltration and oxidative stress after
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Table 1 XQ-1H alleviated oxidative stress after cerebral ischemia in
rats (n=8)

Table 2 XQ-1H alleviated oxidative stress in cortical neuron sub-
jected to hypoxia/reoxygenation (n=6)

Group Dose SOD activity MDA (nmol/ Group Concentration SOD activity MDA (nmol/
(mg/kg) (U/mgprot) mgprot) (M) (U/mgprot) mgprot)
Sham 166.854+24.17 1.57+£0.22 Control 76.0+4.5 2.37+0.18
MCAO/R 105.30429.79°4 2.5540.41°%  Vehicle 46.6+8.2°4 5.8440.3344
XQ-1H 31.2 142.61£13.82%* 1.26+£0.39%: XQ-1H 100 68.4+9.6* 2.774+0.51%%*
15.6 135.90£13.39* 1.8540.29%* 10 62.444.1* 3.9310.74*
7.8 119.25+18.02 2.1940.20%* 1 50.5+6.1 4.56+1.47

A8 P <0.01 versus sham group value, * P < 0.05, ** P < 0.01
versus MCAO/R group value

ischemia reperfusion. Our results demonstrated that XQ-
1H exhibited protective effect against ischemia reperfusion
insult in vivo by alleviating neutrophils infiltration and
inflammatory mediators to the brain parenchyma, such as

AA P <0.01 versus control group value, * P < 0.05, ** P < 0.01
versus vehicle group value

ICAM-1 and MMP-9. Besides, extenuated oxidative stress
injury was observed after XQ-1H treatment through
enhancing SOD and inhibiting MDA activity.
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Leukocyte recruitment persists for days to weeks fol-
lowing the ischemic insult, population of recruited cells
shifts from PMNs to mononuclear leukocytes [21]. Fur-
thermore, increased neutrophils adhesion has been dem-
onstrated to be one of the most important factors in the
pathogenesis of inflammatory injury during I/R injury of
the brain [22]. In our study, rhodamine 6G was used for
labeling neutrophils in the brain. Our present study repre-
sented the first attempt to evaluate the effect of XQ-1H
against neutrophils infiltration on transient ischemia and
reperfusion. We found that 2 h of MCAO, followed by 22 h
of reperfusion significantly elicited neutrophils infiltration
within brain tissue. Three doses of XQ-1H significantly
decreased neutrophils infiltration in transient MCAO
experimental animal, which was also certified by MPO
concentration in brain tissue. Previous studies have shown
that MPO activity in brain tissue was determined as an
index of neutrophil accumulation [7, 23, 24]. Down regu-
lation of ICAM-1 expression by treatment of XQ-1H
implicated that XQ-1H alleviated neutrophils infiltration
through suppressing firm adhesion of PMN to endothelial
cells. However, whether XQ-1H inhibited neutrophils
infiltration through suppressing neutrophils rolling remains
unclear. Further work will be required to elucidate the
precise molecular mechanisms involved.

An important source of MMP-9 is from perivascular
neutrophils [25]. Cerebrovascular basal lamina and its tight
junctions comprise of numerous molecular constituents,
which are substrates for activated MMP-9 [26, 27]. A
degradation of a basic BBB component such as collagen IV
occurs in microvasculars presentating an important infil-
tration of MMP-9" neutrophils [25]. In our study, we also
examined the protective effect of XQ-1H on BBB,
including MMP-9 expression and BWC measurement.
Results showed that MMP-9 expression in ischemic brain
was down-regulated after XQ-1H administration, followed
by an alleviation in brain edema, which indicated that XQ-
1H prevented BBB disruption.

Inflammation is generally associated with the enhanced
production of reactive oxygen species (ROS). In the acute
phase (minutes to hours) of ischemic stroke, ROS and
proinflammatory mediators (cytokines and chemokines) are
released rapidly from injured tissue [28, 29]. These medi-
ators induce the expression of the adhesion molecules on
both cerebral endothelial cells and leukocytes, eventually
promote the adhesion and transendothelial migration of
circulating leukocytes [30]. In the subacute phase (hours to
days), infiltrating leukocytes release cytokines and che-
mokines, such as excessive production of ROS and acti-
vated MMPs (mainly MMP-9), which eventually amplify
the brain-inflammatory responses further by causing more
extensive activation of resident cells and infiltration of
leukocytes, eventually leading to disruption of the BBB,
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brain edema, neuronal death, and hemorrhagic transfor-
mation [28, 29]. In a previous study, infarct size and neu-
rological deficits were measured and presented by Sun J
et al. [31]. The results indicated that XQ-1H would
potentially improve neurological injury. On the other hand,
an antioxidative effect of XQ-1H was observed in our
study, but whether this mechanism contributed to the
neutrophils infiltration still need further investigation.

In conclusion, less neutrophils infiltration was observed
in ischemic brain by treatment with XQ-1H, which might
result from down regulation of inflammatory mediators,
like ICAM-1 and MMP-9. Our teams still work on the
mechanism of XQ-1H on oxidative stress, and hope to
explain the relationship between oxidative stress and neu-
trophil infiltration in ischemia.
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