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Abstract

Ilexonin A is a pentacyclic triterpenes, extracted from the herb Ilex pubescens with anti-thrombosis and
anti-inflammatory activity, and improves blood circulation. This study determines whether Ilexonin A
(IA) activates Notch signaling to induce neurogenesis following cerebral ischemia-reperfusion injury. We
investigated the effect of Ilexonfound in the Ilexonin A-treatedin A on post-ischemic proliferation and
differentiation of neural stem cells. Male Sprague-Dawley rats were divided into four groups: normal
(n=6), sham-operated (n=6), control (n=24), and IA-treated (n=24). Focal cerebral ischemia-reperfusion
injury was induced by the Middle Cerebral Artery Occlusion (MCAO) method. Ilexonin A at dose of 40
mg/kg was administered via intraperitoneal injection immediately following MCAO and then once daily
until the rats were sacrificed. 5-bromo 2-deoxyuridine labeled proliferating cells and neurogenesis and
Notch induction in the ischemic tissue perienchyma were observed at d 1, 3, 7, and 14 following ischemia
by immunohistochemistry. NICD protein, Notch1, PS1, and HES1 gene expression was detected.
Ilexonin A decreased the infarct volume and improved neurological deficits in a time-dependent manner.
A higher number of Brdu/Nestin double-positive cells was found in the Ilexonin A-treated rats,
compared with the rats exposed to ischemia only at both 3 d (14.33 ± 1.63 vs. 11.33 ± 1.21, *p<0.05) and
7 d (29.33 ± 2.58 vs. 24.50 ± 2.7, *p<0.05). Ilexonin A activates Notch signaling by increasing the
expression of NICD at both 3 d (75.83 ± 1.94 vs. 69.67 ± 3.93, #p<0.01) and 7 d (53.67 ± 2.42 vs. 50.17 ±
2.93, #p<0.01). Ilexonin A also increased the gene expression levels of Notch1, PS1, and HES1 at 3 d after
reperfusion in the rats. These findings suggested that the protective effects of Ilexonin A were associated
with neuronal regeneration, and the inactivation of Notch signaling pathways.

Keywords: Neurogenesis, Notch intracellular domain, Brdu, Nestin, Notch1, PS1, HES1.
Accepted on June 12, 2017

Introduction
Atopy is a condition where the immune system reacts to
common substances in the environment (allergens) with a
genetically determined overproduction of allergen specific
antibodies of IgE isotype. This reaction is known as the type-I
hypersensitivity reaction according to Coombs and Gell. The
atopic phenotype can simply be characterized as the dominance
of the Th-2 type over the Th1 type immune response. Allergic
inflammation is the important part of the type-I allergic
reaction. Why atopic individuals react to common allergens
with the Th-2 mediated mechanism is not entirely known.
Influence of colonisation with different intestinal microbiota
during early infancy, impact of early infant nutrition, exposure
to allergens and other little-known factors of prenatal and
postnatal period are hypothesized. Neurogenesis occurs in two
regions of adult mammalian brain: the Subventricular Zone
(SVZ) of the lateral ventricle and the Subgranular Zone (SGZ)
of the Dentate Gyrus (DG) in the hippocampus. New neural
cells migrate either from the SVZ to the olfactory bulb via the

rostral migratory stream and differentiate into neurons and glia
or from the SGZ to the granule cell layer of the dentate gyrus
[1]. Cerebral ischemia induces neuronal proliferation and
neurogenesis to help in the recovery process from the ischemic
injury [2-4]. However, the reason for proliferation of
endogenous neuronal progenitors remains unknown. Currently,
several possible mechanisms for post-ischemic neuronal
proliferation have been proposed. Previous studies suggest that
the classical Notch signaling pathway was responsible for
proliferation and differentiation [5,6]. Neuronal cell death after
brain ischemia triggers Notch signaling [7]. After stroke,
increased levels of Notch and HES1 were associated with a
significant increase in proliferating cells. Blockage of the
Notch pathway significantly reduced the expression of Notch1,
NICD, and HES1 and subsequently the stroke-induced cell
proliferation. Notch signaling was activated in the SVZ after
focal ischemia and ischemia-induced cell proliferation in the
SVZ could be blocked by inhibiting the Notch pathway in
young adult brain [8]. Activation of Notch pathway results in
infarct reduction and motor deficit improvement in aged
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ischemic rats [9]. Based on these findings, several studies have
focused on the role of the Notch pathway in neurogenesis.

Notch is a fundamental pathway, which controls fate acquistion
and plays a critical role in proliferation and differentiation of
NSCs during brain development [5]. As a cell-surface receptor,
Notch binds to its ligands, Jagged or Delta-like, and is
processed in a two-step proteolytic cleavage. Following the
second cleavage, mediated by an enzymatic complex formed
by presenilin-1 and γ-secretase, the Notch Intracellular Domain
(NICD) is released and translocates to the nucleus, where it
regulates the transcription of Notch targets, such as genes in
the Hes family. This process is known as the canonical Notch
signaling [10].

Ilexonin A is a compound extracted from the herb Ilex
pubescens and can inhibit platelet aggregation and adhesion
and reduce inflammation [11]. Studies have shown that during
the early stage of diffuse encephalic swelling after stroke, high
doses of Ilexonin A can increase microcirculation and improve
the overall outcome [12]. Ilexonin A, which can reduce the
infarct volume and activate the neurotrophic factor secretion,
has neuroprotective potential after cerebral ischemia/
reperfusion injuries [13]. In the present study, we investigated
the effect of Ilexonin A on the Notch signaling pathway by
controlling NSC proliferation and differentiation, following
cerebral ischemia/reperfusion. Thus, we explored a possible
repair mechanism after brain injury. Our previous studies
showed that Ilexonin A had best protective effect in the peri-
infarct region at a dose of 40 mg/kg, and thus, we chose to
carry out the experiments in this study by using that
predetermined dose.

Materials and Methods

Animal model
Adult male Sprague-Dawley rats weighing 250 ± 10 g were
provided by the Experimental Animal Center of Fujian
Medical University. They were maintained on a 12 h light/dark
cycle with free access to food and water. Focal cerebral
ischemia-reperfusion injury was induced by the Middle
Cerebral Artery Occlusion (MCAO) method, based on the
method developed by Longa et al. [14]. Briefly, rats were
anesthetized by intraperitoneal injection of 10% chloral
hydrate (300 mg/kg). A monofilament nylon suture (Diameter:
0.26 mm) with rounded tip was introduced into the left internal
carotid artery, into the external carotid artery, and advanced 18
± 0.5 mm past the carotid bifurcation. After 2 h of ischemia,
the nylon suture was withdrawn to allow reperfusion. The
suture remained in place until the rats were sacrificed. Rats in
the shame group received the same surgical procedures except
the artery was not incised and occluded. Rats in the Ilexonin A
group were treated with intraperitoneal injections of IA (40
mg/kg) immediately after MCAO and then once daily until the
rats were sacrificed. Rats in the control group received
intraperitoneally injections of saline. To label the population of
proliferating cells, 5-bromo-2-deoxyuridine (BrdU, 50 mg/kg,

Sigma-Aldrich, USA) was injected intraperitoneally at the
onset of ischemia and then daily until the rats were sacrificed.

The severity of the neurological deficit was assessed at 1, 3, 7
and 14 d post-surgery according to the Zea-Longa neurological
deficit score. A score 0 was given to normal animals with no
signs of neurological deficit. A score 1 was given to those with
mild neurological disorders, including dysfunction in
stretching the left anterior limb. A score 2 was given to animals
that intorted the left anterior limb and adducted the shoulder
when they were lifted by the tail and also turned left when they
walked. A score 3 was given to animals with neurologic
abnormalities so severe that they fell to the left side when they
walked. Rats with a score 4 did not walk spontaneously and
had a depressed level of consciousness [15].

Immunohistochemistry
On the post-ischemia d 1, 3, 7, and 14, rats were perfused
transcardially with normal saline, followed by 4%
paraformaldehyde in PBS. Tissue was harvested, fixed
overnight in 4% paraformaldehyde, and dehydrated in
successive gradient sucrose concentrations (15%, 20% and
30%), until the specimens sink to the bottom. 8 µm-thick
coronal sections were cut with a cryomicrotome (MICROM
HM525, Germany). Sections were incubated in 2 mol/L HCl
for 15 min at 37°C, rinsed in 0.1 mol/L boric acid (pH 8.4) for
12 min at room temperature, followed by a PBS-T wash (0.1%
Triton X-100) for 15 min. Blocking solution goat serum
(Zhongshan Biotechnology, Beijing, China) was carried out for
1 h at 37°C. For double immunofluorescence, sections were
incubated overnight at 4°C with primary antibodies: mouse
monoclonal anti-BrdU antibody (1:200, Sigma-Aldrich, USA),
rabbit polyclonal anti-NeuN (1:400, Chemicon, USA) or rabbit
polyclonal anti-Nestin (1:50, Santa Cruz, USA). After a brief
wash in PBS, they were incubated with Fluorescein
Isothiocyanate (FITC) and Tetramethyl Rhodamine
Isothiocyanate (TRITC) conjugated IgG for 2 h at room
temperature. Sections were imaged by a fluorescent
microscope (DMI3000B, Lecia, Germany). Sections incubated
in PBS, instead of primary antibodies, served as negative
controls.

Western blotting
The protein level of NICD in the ischemia zone was
determined in the brains removed from six rats at each time
point (d 1, 3, 7, and 14 post-ischemia). The ischemic tissue was
mixed with cold protein extraction buffer, centrifuged at
10,000 rpm for 10 min at 4°C, and the supernatant was
collected. Protein concentrations were measured by the BCA
assay. Equal amounts of protein (80 µg) were electrophoresed
on a 10% SDS-PAGE gel and transferred to PVDF membrane
for 2 h at 350 v. Following incubation with 5% non-fat milk for
1 h at room temperature, membranes were incubated overnight
at 4°C with rabbit monoclonal anti-cleaved Notch1 (Val1747)
antibody (1:1000). Membranes were then incubated with anti-
rabbit horseradish peroxidase-conjugated IgG (1:5000) for 2 h
at room temperature. Immunoreactive bands quantitative
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analysis was performed by Micro Computer Imaging Device
(MCID) software (Imaging Research, Leica, Germany) after
scanning of the X-ray film with imaging software (Alpha
Lnnotech Corporation, USA). The housekeeping protein actin
was used as loading control.

Reverse transcriptase-PCR (RT-PCR) assay
Total RNA was isolated from post-ischemic brain tissue using
TRlzol. RT-PCR was performed using TOYOBO First Strand
cDNA synthesis Kit and ReverTraAce according to the
manufacturer’s instructions. cDNA was synthesized using
oligo-dT primers. PCR was performed with specific primers.
The product (5 μL) was analyzed on 2% agarose
electrophoretic gels, stained with Gen Green and visualized by
ImageMaster® VDS. The density of each band was quantified
by using the Image 1.59 software. All results represent the
average density of positive bands, obtained from six
independent experiments using different reaction cycles. The
PCR primers and β-actin were developed by Ding Guo
biological technology. The sequences of the primers were as
follows:

Notch1 forward: 5-CTGGTTCCCTGAGGGTTTCAA-3

reverse: 5-GGAACTTCTTGGTCTCCAGGT-3

PS1 forward: 5-TAATGGCCCGACCCCAGAGTA-3

reverse: 5-CAATCATCCCGACCACACCA -3

Hes1 forward: 5- AAAGACAGCCTCTGAGCACA-3

reverse: 5-TCATGGCGTTGATCTGGGTCA-3

β-actin forward: 5-CACCCGCGAGTACAACCTTC-3

reverse: 5-CCCATACCCACCATCACACC-3

Cycling conditions were as follows: For Notch1 the initial
melting temperature was 94°C for 2 min, followed by 35
cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, with a
final extension at 72°C for 10 min. For PS1 the initial melting
temperature was 94°C for 2 min, followed by 35 cycles at
94°C for 30 s, 58°C for 30 s, 72°C for 30 s, with a final
extension at 72°C for 10 min. For Hes1 the initial melting
temperature was 94°C for 2 min, followed by 35 cycles at
94°C for 30 s, 58°C for 30 s, 72°C for 30 s, with a final
extension at 72°C for 10 min. For β-actin the initial melting
temperature was 94°C for 2 min, followed by 35 cycles at
94°C for 30 s, 56°C for 30 s, 72°C for 30 s, with a final
extension at 72°C for 10 min. For quantification purposes, the
expression of all genes was normalized against β-actin and
results were expressed as relative fold change of Notch1/β-
actin, PS1/β-actin, and Hes1/β-actin.

Statistical analysis
All data are expressed as the mean ± SD and analysed by one-
way ANOVA using the SPSS 17.0 software package.
Differences between groups were analysed using a LSD test
for homogeneity of variance and a Games-Howell test for

heterogeneity of variance. P<0.05 was considered to be
statistically significant.

Results

IA injections reduces brain injury and decreases the
neurological deficit after cerebral ischemia-
reperfusion
When assessing the neurological severity scores rats in the
normal and sham groups had similar behavior before and after
surgery, while rats in the model and IA groups developed
unilateral weakness after surgery, a neurological deficit that
gradually diminished over time. Compared with the control
group, the IA group had significantly better Neurological
Severity Scores (NSS) at all-time points (p<0.01, p<0.05)
(Figure 1A). Triphenyl Tetrazolium Chloride (TTC) staining
revealed a pale area in the striatum and cortex of the post-
ischemic brains, representing the infarct region. The infarct
volume (white region) decreased significantly following 3 d
treatment with IA (Figure 1B).

Figure 1. Neurological severity score and infarct. A. Effect of IA on
the neurological function, as evaluated by the neurological severity
score. Values are mean ± SD; n=6 per time point (*p<0.05). B. TTC
staining of post-ischemia rat brains.

Post-ischemia IA treatment promotes cortical
neurogenesis
Nestin is a marker for Neural Stem Cells (NSC) proliferation,
used to determine the neurogenesis status. Unlike the normal
group, the control and IA groups have increased numbers of
BrdU/Nestin double-positive cells, which peaked at 7 d after
cerebral ischemia-reperfusion. In addition, the number of
positive cells in the IA group was significantly higher than
those in the control group at both 3 d (14.33 ± 1.63 vs. 11.33 ±
1.21, *p<0.05) and 7 d (29.33 ± 2.58 vs. 24.50 ± 2.7, *p<0.05)
(Figure 2). This suggests that no NSC proliferation in brain
cortex before ischemia, IA enhanced endogenous NSCs
proliferation in the cortex after ischemia.
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Figure 2. A. Double immunofluorescence staining for BrdU and
Nestin in ipsilateral brain tissue after MCAO. Images of stained
tissue sections from control or IA-treated rats. B. Number of BrdU/
Nestin double-positive cells at each time point. Values are mean ±
SD; n=6 per time point (*p<0.05 vs. control).

Figure 3. A. Double immunofluorescence staining for BrdU and
NeuN in ipsilateral brain tissue after MCAO. Control or IA-treated
brains at 3 d, 7 d, and 14 d after ischemia. Green: NeuN
immunoreactivity; Red: BrdU immunoreactivity; Yellow: BrdU/NeuN
double immunofluorescence. Bar=20 μm. B. Quantitative data show
number of BrdU positive cells in the four experimental groups. Values
are mean ± SD; n=6 per time point (*p<0.05 vs. control).

Proliferating cells differentiate from NSC
BrdU-positive cells were observed in ischemic cortices at d 1
after cerebral ischemia-reperfusion in both control and IA
groups. The number of positive cells increased gradually and
still continued to rise around d 14. There were significant
statistical differences between the control and IA groups
(*p<0.05). Additionally, a few double-positive BrdU/NeuN
cells were detected at d 14, suggesting that the BrdU positive
cells differentiated from NSC (Figure 3).

Ischemia increases NICD levels after reperfusion
To further evaluate the activation of Notch signaling, we
determined the levels of NICD, a Notch activation marker, in
the four experimental groups. As show in the
immunofluorescent detection of NICD, positive cells focused
in the perienchyma ischemia. NICD protein express in both
cytoplasm and nucleus (Figure 4A). In control and IA groups,
the number of NICD positive cells was elevated one day after
reperfusion, reached a maximum at d 3 and started decreasing
around d 7, to return to pre-reperfusion levels (Figure 4B). The

number of NICD positive cells in the ischemic cortex increased
remarkably after 3 d (75.83 ± 1.94 vs. 69.67 ± 3.93, #p<0.01,
(Figure 4C)) and 7 d (53.67 ± 2.42 vs. 50.17 ± 2.93, #p<0.01,
(Figure 4C)). Western bloting analysis of the NICD protein in
the ischemic penumbra after MCAO showed that NICD protein
increased at d 1 (*p<0.05), peaked at d 3 and remained high at
14 d (*p<0.05) after ischemia (Figure 4D).

Figure 4. A. NICD immunofluorescence in the ipsilateral brain tissue
after MCAO. Cells collected from control or IA-treated rat brains. B.
NICD protein (110 kDa) expressions (measured by western blotting)
in four groups at four time points. C. Number of NICD positive cells
in the four experimental groups. D. Relative fold change in NICD/β-
actin in the four groups.

IA activates Notch signaling
We investigated the effect of IA on Notch signaling by
measuring the expression levels of Notch1, PS1, and HES1
(Figure 5). The levels increased gradually in the control and IA
groups, peaking at 3 d after reperfusion. Additionally, there
was a statistical significance between control and IA groups at
all (*p<0.05 versus control #p<0.01 versus control).

Discussion
Neurogenesis is a process that occurs throughout mammalian is
responsible for maintenance of various brain functions [16].
Cerebral ischemia is known to stimulate neurogenesis [17,18].
Since NSC or progenitor cells are dormant in the adult brain
and can be activated by injury. NSC proliferation in the SVZ
was highly activated by ischemia and newly generated neurons
were functionally integrated into the neuronal circuitry [19]. It
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has been reported that Ilexonin A has therapeutic effects in
ischemia by improving microcirculation and preventing
inflammation and thrombosis. Moreover, it has neuroprotective
potential by enhancing the secretion of neurotrophic factors
and attenuating cerebral edema [13]. Results have shown that
the infarction area was focused to the striatum and dorsolateral
region of the cerebral cortex. The NSS decreased after
treatment with Ilexonin A, suggesting that IA improves the
recovery of neurological functions. Nestin-positive cells begin
to accumulate in the peri-ischemic regions at d 1 after the
stroke in the control and IA groups, in thread-like structures
emanating from blood vessels or “budding” from capillary
ends [20]. Unlike the control and IA groups, in the normal and
sham groups, there were only few Nestin-positive cells, which
marked microvascularization. Compared with the control
group, in the IA group we observed an increased number of
Brdu/Nestin double-positive cells, which appeared at the
ischemic border at around 3 d post-stroke and were maintained
for a week, to gradually starting to decrease thereafter. This
confirms the findings in a previous study, which shows that the
number of Brdu/Nestin cells increased remarkably in the SVZ,
hippocampus, striatum, and neocortex during the first week
after MCAO [2]. Our results suggest that cerebral ischemia
induces NSC proliferation and the IA treatment is maintaining
it.

Brdu/NeuN double-positive cells were detected only around d
14 and no significant difference was observed between the
control and IA groups. This could have several explanations.
First, the BrdU dose or uptake time was insufficient to show
NSC differentiation. Second, new NSC may differentiate into
glial cells instead of neurons. Fujiki study revealed that adult
NSC differentiate into mature neurons only in SVZ and SGZ,
while in the area surrounding the ischemia zone, they generally
differentiate into glial cells [21]. Our research has suggested
that astrocytes and oligodendrocytes were increased in the
perienchyma of ischemic tissue after cerebral ischemia-
reperfusion, and that they were differentiated from Brdu/Nestin
positive cells. Glial scar can inhibit axonal regeneration and
astrocytes have been considered a barrier to neural repair.
However, emerging studies suggest that glia suppress the
invasion of immune cells into the peri-infarct region [22],
suggesting that they are not only protecting neurons in the
acute phase of cerebral ischemia, but also promoting
neurogensis and angiogenesis in the chronic phase [23,24].
Reactive astrocytes in peri-ischemic cortex may promote
neurovascular remodeling, which becomes useful for the
functional recovery after stroke [25]. IA plays an important
role in the structural repair of brain tissue after cerebral
ischemia. At the same time, further research on the role of glial
cells in the differentiation of neural stem cells is necessary.

Notch signaling plays a crucial role in maintaining the balance
between Neural Stem Cells (NSCs) and Neural Progenitor
Cells (NPCs), which supply the brain with specific neural
populations, both under normal conditions and after injury
[26]. Transient activation of Notch is responsible for
maintenance and differentiation of neural progenitors, shortly
after brain injury [27]. The activated Notch signaling

compensates for neuronal loss and promotes postmitotic
neuronal growth at the onset of neurodegeneration [28]. In the
present research, we found the number of NICD positive cells
to increase at day one and reach a maximum at 3 d after
ischemia, which suggests that Notch signaling was activated by
cerebral ischemia-reperfusion. Expression of Notch1, PS1, and
HES1 genes and NICD protein is upregulated in of the area
surrounding the ischemic tissue, an additional evidence for
ischemia-activated Notch signaling. It was shown that Notch
inhibition by siRNA results in decreased expression of NICD
and HES1 and reduced NSC proliferation after stroke [8].
Correlation analysis showed that the numbers of Brdu/Nestin
and NICD positive cells show significant correlation at 3 d
(r=0.916, p<0.05) and 7 d (r=0.916, p<0.01) post-ischemia.
This suggests that Notch signaling pathway mediates neural
stem cells proliferation after cerebral ischemia-reperfusion.

Figure 5. Notch1, PS1, and HES1 gene expression in all four groups
at four time-points. A. Image of Notch1, PS1, and Hes1 gene
expression. B. Relative fold change in Notch1/β-actin. C. Relative
fold change in PS1/β-actin. D. Relative fold change in Hes1/β-actin.
Values are mean ± SD; n=6 per time point (*p<0.05 vs. control;
#p<0.01 vs. control).

In recent years, several study explored ways to influence Notch
signal in order to provide new therapeutics. Currently, research
in the field suggested that folic acid and soybean isoflavone

Effect of Ilexonin A on the Notch signaling pathway following cerebral ischemia-reperfusion in rats

Biomed Res 2018 Volume 29 Issue 1 43



can potentially induce Notch signaling to promote
neurogenesis and reduce neuronal apoptosis [29,30]. Here we
show that intraperitoneal injections of IA, immediately after
ischemia-reperfusion and continuing for 14 d, result in
increased levels of NICD protein and Notch1, PS1, and HES1
gene expression, suggesting that IA promotes Notch activation.

Ischemia causes damage to the brain tissue and induces neural
regeneration and angiogenesis, a process in which Notch also
plays a role. It is known to be a required factor for the
physiological remodeling of the retinal vasculature [31].
Simvastatin increases arteriogenesis after stroke and may work
by upregulating PS1 and increasing the activity of Notch [32].
High levels of miR-210 can stimulate Notch activation and
thus contribute to angiogenesis after cerebral ischemia [33].
After stroke, angiogenesis is necessary to not only restrain the
ischemic zone, but also to supply a nutrient-rich environment
for NSC proliferation and migration. SVZ-derived NPC
migrate along blood vessels from the SVZ toward the ischemic
region of the striatum, an area closely associated with blood
vessels, which function as scaffold for NPCs migration toward
the damaged brain region [34]. Following cerebral injury,
endothelial cells of the cerebral vessels secret SDF-1α to attract
NSC expressing CXCR4, which promotes migration of NSC to
the ischemic border [35]. It has been confirmed that IA
stabilizes the vascular endothelium, thus improving
microcirculation and inducing capillary hyperplasia to relieve
cerebral edema.

Therefore, IA and Notch signaling have a synergistic action on
the NSCs proliferation. But it is necessary to investigate
whether the effect of IA on Notch signaling is responsible for
increased angiogenesis, which additionally promotes
neurogenesis.
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