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Abstract

Astragaloside IV, one of the main effective components isolated from Astragalus membranaceus, has
multiple neuroprotective properties, while the effects of astragaloside IV on the attenuation of
subarachnoid hemorrhage (SAH)-induced early brain injury (EBI) and its possible mechanisms are
unknown. In the present study, we aimed to determine whether astragaloside IV could inhibit
oxidative stress, reduce neuronal apoptosis, and improve neurological deficits after experimental
SAH in rats. Rats (n=68) were randomly divided into the following groups: Sham group, SAH
group, SAH+vehicle group, and SAH+astragaloside IV group. Astragaloside IV or an equal volume
of vehicle was administered at | h and 6 h after SAH, all the rats were subsequently sacrificed at 24
h after SAH. Mortality, neurological scores, and brain edema were assessed, biochemical tests and
histological studies were also performed at that point. SAH induced an increase in the
malondialdehyde (MDA\) level, neuronal apoptosis, cleaved caspase 3, brain edema and decreased
activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px). Astragaloside IV
treatment reversed these changes and improved neurobehavioral outcomes of SAH rats. Our
findings suggested that astragaloside IV may alleviate EBI after SAH through antioxidative and an-
ti-apoptotic effects.

Key words: astragaloside IV; oxidative stress; apoptosis; early brain injury; subarachnoid hemor-
rhage.

Introduction

While subarachnoid hemorrhage (SAH) ac-
counts for only 5% of strokes [1], it is associated with
high mortality and severe morbidity. Although med-
ical technology and treatment modality continues to
advance, the prognosis of SAH patients is still poor.
Traditionally, delayed cerebral vasospasm, which
defined as a pathological demonstration occurred in
the late phase of SAH (3-7 days), was considered as
the most important cause of delayed ischemic neuro-
logical deficits after SAH onset. To date, tremendous
research efforts have been made to reduce
SAH-induced cerebral vasospasm [2-4]. Although

positive results were obtained from animal experi-
ments [5-7], however, anti-vasospasm treatments
were failed to improve the SAH patients” outcome in
most clinical trials [8]. These results from clinical trials
make researchers raise doubt on the role of vaso-
spasm, and attempt finding new targets in treating
patients suffering from SAH. Early brain injury (EBI),
which firstly proposed by Kusaka et al. in 2004, refers
to a pathophysiological process occurring within the
first 72 h after SAH. Accumulating evidences indicate
that EBI plays a significant role in patients” neurolog-
ical deficits and poor outcome after SAH [9]. Note-
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worthily, pathological factors, such as oxidative stress
and apoptosis, are involved in the pathogenesis of
SAH-induced EBI [1, 10, 11]. Generation of oxygen
free radicals leads to lipid peroxidation, which could
result in brain damage after SAH. On the other hand,
the antioxidant defense system, which consists of su-
peroxide dismutase (SOD), glutathione peroxidase
(GSH-PX) and other antioxidant enzymes, is inhibited
and inefficient to scavenge excessive oxygen free
radicals following SAH, which resultantly exacerbates
the severity of SAH-induced brain injury [12]. Cell
apoptosis, another significant pathological event, has
also acquired much attention due to its importance in
EBI [13]. SAH could induce apoptosis in different cell
types, icluding neurons, astrocytes and oligodendro-
cytes [14], among them, apoptotic cell death of neu-
rons has a close relationship with neurobehavior
functions after SAH [10, 14, 15]. Therefore, therapies
targeting these early pathophysiological processes
may inhibit EBI and reduce the incidence of subse-
quent neurological complications following SAH.

Astragaloside IV (Fig. 1) is the main effective
components isolated from Astragalus membranaceus
[16, 17], and widely used in treating various diseases
in traditionally Chinese medicine [18-21]. Of note, the
neuroprotective effects of astragaloside IV have been
demonstrated previously in a variety of central
nervous system injuries, including cerebral ischem-
ic-reperfusion injury, Parkinson's disease, et al [22-25].
The favorable effects of astragaloside IV are associat-
ed with its multiple properties including anti-oxidant
[26], anti-apoptosis [27], anti-inflammation [28], im-
mune-enhancement [29]. However, the effects of
astragaloside IV on SAH-induced EBI have not been
investigated. Moreover, the molecular mechanisms
underlying astragaloside IV-mediated neuroprotec-
tion is less elucidated.
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Figure. I. Chemical structure of astragaloside IV.

In the current work, we hypothesized that
astragaloside IV might attenuate EBI and improve
neurological outcomes by alleviating oxidative stress
and neuronal apoptosis following SAH.

Materials and methods

Animals

Male Sprague-Dawley rats (280-350 g) were ob-
tained from the Animal Center of Zhejiang Chinese
Medical University (Hangzhou, China) and were
randomly divided into four groups: rats in the sham
group (n=17) underwent a procedure similar to that of
the SAH group except perforation; rats in the SAH
group (n=17) underwent SAH without any treatment;
rats in SAH+vehicle group (n=17) underwent SAH
and were treated with physiological saline; and rats in
the SAH+astragaloside IV group (n=17) underwent
SAH and were treated with 10 mg/kg astragaloside
IV. All parameters were investigated at 24 h after SAH
(Fig. 2). All experimental protocols were approved by
the Ethics Committee for the Use of Experimental
Animals of Zhejiang University.

Effect of AST IV treatment after SAH
(4 groups, 68/82 rats)

Mortality

Neurological score

Sham (n=17/17)
SAH (n=17/22) 1h 6h 24h

T I Sacrificed
SAH+vehicle (n=17/21)

SAH+AST IV (n=17/22)

AST IV (10 mg/kg, IP)

h 4

SAH Grade

Figure. 2. Experimental design and animal group classification.
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Rat SAH model and mortality

SAH was performed by using an endovascular
perforation method as described previously, with
small modification [30]. Briefly, animals were anes-
thetized with an intraperitoneal injection of chloral
hydrate (400 mg/kg). The rectal temperature was
maintained at 37°C with a heating blanket during the
operation. The left common, external and internal
carotid arteries were exposed, a sharpened 4-0 mono-
filament nylon suture was inserted into the left in-
ternal carotid artery through the external carotid ar-
tery to perforate the artery at the bifurcation of the
anterior and middle cerebral artery and cause SAH.
Sham-operated rats underwent similar procedures
except the perforation. All animals were kept in an
air-conditioned room with temperature maintained at
27°C, and the rats were allowed access to food and
water ad libitum before and after surgery. Mortality
was calculated 24 h after SAH.

Drug administration

The purity of astragaloside IV (Sobeo Biotech
Co., Xi'an, ShangXi, China) was evaluated via HPLC
analysis, and high purity (99%) astragaloside IV was
dissolved in physiological saline to a storage concen-
tration of 1.0 mg/ml, containing 5% alcohol (5:95,
v/v), as previously described [24]. The injection of
astragaloside IV (10 mg/kg, 3 ml) was given intra-
peritoneally at 1 h and 6 h after SAH. The dose selec-
tion is based on previous studies [24]. The
SAH+vehicle group rats were injected with an iden-
tical volume of physiological saline containing 5%
alcohol.

Assessment of SAH grade and neurological
score

As a parameter to evaluate the severity of SAH,
SAH grade was obtained according to a grading sys-
tem that was described previously [31]. Briefly, the
system was based on the amount of subarachnoid
blood clots distributed in the six segments of basal
cistern: grade 1, no subarachnoid blood (scores=0);
grade 2, minimal subarachnoid clots (scores=1); grade
3, moderate subarachnoid clots with recognizable
arteries (scores=2); and grade 4, blood clots covering
all arteries (scores=3). A total score ranging from 0 to
18 was obtained by adding the scores from all 6 seg-
ments. The grading of SAH was performed by a
partner who was blinded to the experiment.

Neurobehavioral scores were recorded at 24 h
after SAH according to the Garcia’s method [32, 33] by
a partner who was blinded to the experiment. Briefly,
an 18 point scoring system was used to assess ani-
mals” neurological deficits by six aspects, including
spontaneous activity (0-3), symmetry in the move-

ment of all limbs (0-3), forepaw outstretching (0-3),
climbing (1-3), body proprioception (1-3) and re-
sponse to vibrissae touch (1-3). The minimum neuro-
logical score was 3 and the maximum was 18; a lower
score represents serious neurological deficits.

Evaluation of brain water content

Rats (n=5) were sacrificed at 24 h after SAH. The
brain was rapidly removed and weighed immediately
(wet weight). The brain samples were dried in an
oven at 105 °C for 24 h and weighed again (dry
weight). The brain water content was calculated as
[(wet weight— dry weight)/wet weight] x100% [34].

Measurement of lipid peroxidation and
antioxidant enzymatic activities

Rats (n=6) were sacrificed at 24 h after SAH in-
duction, left (injured side) basal cortical samples were
obtained for assessment as previously described [6].
Lipid peroxidation was assessed by measurement of
malondialdehyde (MDA) at 24 h after SAH. MDA
content was measured by commercial kits (Beyotime,
Haimen, Jiangsu, China), according to the methods
described by the assay kits. The absorbance of the
supernatant was measured by spectrophotometry at
532 nm. All tests were conducted in triplicate. The
MDA concentration was calculated from the standard
curve and expressed as nmol MDA /mg protein. SOD
and GSH-Px which are endogenous scavengers of
reactive oxygen species (ROS), were measured in
brain tissue using commercial assay kits (Cayman
Chemical, Ann Arbor, MI, USA), according to the
manufacturer’s instructions. Assessment of SOD ac-
tivity was based on its properties of inhibition of su-
peroxide radicals produced by xanthine oxidase sys-
tem, and SOD levels were expressed as units/mg
protein. The GSH-Px activity was determined fol-
lowing the manufacturer’s instructions. Briefly,
GSH-Px activity was indirectly measured by a cou-
pled reaction with glutathione reductase (GR). Oxi-
dized glutathione (GSSG), which is produced upon
reduction of ROOH by GSH-Px was restored to its
reduced state by GR and Nicotinamide Adenine Di-
nucleotide Phosphate (NADPH). GR decreased
NADPH to NADP+, leading to a reduction in ab-
sorbance at 340 nm. One unit of GSH-Px was defined
as the amount of enzyme that catalyzed the oxidation
of 1.0mmol of NADPH to NADP+ per minute at 25°C.
GSH-Px activities of the brain samples were expressed
as U/mg protein.

Double-Label Staining of TUNEL and NeuN

Rats (n=6) were decapitated at 24 h following
SAH injury, and left (injured side) basal cortical sam-

ples were taken for double label staining. Double
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staining of Terminal-deoxynucleoitidyl Transferase
Mediated Nick End Labeling (TUNEL) and neuronal
marker (NeuN) was performed to confirm the colo-
calization of apoptotic cells and neurons. At 24 h after
SAH, rats were sacrificed and perfused with 4% par-
aformaldehyde. Brains were postfixed in the same
fixative for 1 d and then paraffin-embedded. Then, the
brains were sectioned at a 10pm thickness. The sec-
tions were reacted with the antibody against NeuN
(Abcam, Cambridge, MA, USA) and, then, subjected
to TUNEL staining (In Situ Cell Death Detection kit,
Roche, Mannheim, Germany). Finally, the sections
were covered with 4'6-diamidino-2-phenylindole
(DAPI) (Beyotime) and observed under a fluorescent
microscope (Leica, Germany).

Assay of Nissl staining

SAH-induced neuron death was assessed by
Nissl staining. Neurons with round and palely stained
nuclei were regarded as surviving cells, while
shrunken neurons with condensed nuclei were re-
garded as damaged cells. Nissl staining was per-
formed according to the manufacturer’s protocol
(Roche), and tissues were examined under a light mi-
croscope by a partner blind to the grouping.

Immunofluorescence staining of caspase 3

At 24 h after SAH, rats were decapitated and
perfused with PBS and 4% paraformaldehyde. Brains
were placed in the same fixative for 1 d and paraf-
fin-embedded. Then, the brains were cut in 10pm
thickness. The immunofluorescence staining was
performed as described previously [35], and observed
under a fluorescent microscope.

Woestern blot

Rats (n=6) were decapitated at 24 h after SAH
induction or sham operation. The same part of the left
basal cortical sample was obtained, and whole cell
protein extraction was performed as previously de-
scribed [35]. Briefly, the samples were homogenized
and centrifuged at 12,000 x g for 10 min at 4 °C. Su-
pernatants were collected, and protein concentrations
were determined with a BCA kit (Beyotime). The
protein samples were separated by 10-15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride mem-
branes (Millipore, Temecula, CA, USA). After block-
ing with 5% nonfat dry milk in TBS for 2 h, we incu-
bated the membranes overnight at 4 °C with primary
antibodies for cleaved caspase-3 (dilution 1:500,
Abcam), B-actin (dilution 1:1000, Abcam). After in-
cubation, the membranes were washed with TBST
and incubated with horseradish-peroxidase conju-
gated secondary antibodies for 2 h at room tempera-
ture. We detected the antigen-antibody complexes

using an ECL Plus chemiluminescence reagent kit
(Beyotime) and exposed them to X-ray film. Band
densities were quantified by Image J software (NIH).

Statistical analysis

Values were expressed as the means + SD. A
one-way analysis of variance (ANOVA) was used for
comparisons between multiple groups, followed by
Tukey’s test. For mortality, Fisher’s exact test was
used for group comparisons. P< 0.05 was considered
statistically significant.

Results

Mortality, neurological score and SAH grade
at 24 h after SAH

None of rats in the Sham group died (0 of 17
rats). Mortality was 22.7% (5 of 22 rats) in the SAH
group, 19.0% (4 of 21 rats) in the SAH+vehicle group
and 22.7% (5 of 22 rats) in the SAH+astragaloside IV
group (Fig. 3B). Most of them died within 3 hours
after SAH. The dead rats were excluded from further
analysis. The SAH grade score had no significant dif-
ference between SAH operated groups; Astragaloside
IV did not alter the bleeding level compared to other
two groups (n=17, P> 0.05, Fig. 3C). The neurological
score was significantly decreased in the SAH group
compared to the Sham group (n=17, P< 0.05, Fig. 3D).
After astragaloside IV treatment, neurological deficits
were reduced compared to vehicle treatment (n=17,
P<0.05, Fig. 3D).

Astragaloside IV attenuated brain edema at 24
h after SAH

As show in Fig. 3E, brain water content was
markedly higher in SAH and SAH+vehicle groups
compared to the sham group at 24 h after SAH (n=5,
P< 0.05). Brain edema was attenuated significantly
after administration of astragaloside IV (n=5, P< 0.05).

Astragaloside IV reduced lipid peroxidation
and improved antioxidant enzymatic activity
at 24 h after SAH

Obvious  up-regulation of MDA and
down-regulation of the activities of SOD and GSH-Px
were observed in the SAH and SAH+vehicle groups
compared with Sham group (n=6, P< 0.05, Fig. 4A-C).
Injection of astragaloside IV significantly reduced the
level of MDA and elevated the activities of antioxi-
dant enzymes at 24 h after SAH (n=6, P< 0.05, Fig.
4A-C).

Astragaloside IV down-regulated the protein
expression of cleaved caspase 3 at 24 h after
SAH

The same part of the left basal cortex was taken
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for detection of cleaved caspase 3. The protein level of
cleaved caspase 3 was low in the sham group, de-
creased markedly in the SAH and SAH+vehicle
groups and increased markedly in  the
SAH-+astragaloside IV group (n=6, P< 0.05, Fig. 4EF).
Cleaved caspase 3 examined by immunofluorescence
showed a similar trend (n=6, Fig. 4D).

Astragaloside IV inhibited neuronal death in
the cortex at 24 h after SAH

Fig. 5A shows almost no TUNEL-positive cells
were observed in Sham group. On the contrary, nu-
merous TUNEL-positive cells were detected at 24 h
after SAH (n=6, P< 0.05), and the astragaloside
IV-treated group had a substantial increase in the
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number of surviving cells compared to SAH and
SAH+vehicle groups (n=6, P< 0.05). Most
TUNEL-positive cells were colocalized with neurons,
which indicates that cell death occurs mainly in neu-
rons at 24 h after SAH.

Astragaloside IV attenuated neuronal injury in
the cortex at 24 h after SAH

As demonstrated in Fig. 5B,C, no evident injury
of neurons was found in the Sham group, while in the
SAH and SAH+vehicle groups, neurons were obvi-
ously damaged (deformation and condensation of
cytoplasm and nucleus). Neuron injury was signifi-
cantly alleviated by treatment with astragaloside IV
(n=6).
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Figure. 3. (A) Representative photos of rat brains after surgery. The same part of basal cortical brain tissue was taken for tests (circled areas). (B) Mortality was not significantly
different among SAH groups (P> 0.05). (C) Summary of SAH grade in different groups (n=17). (D) Neurological score decreased markedly in SAH group (n=17, P< 0.05) and
increased after administration of astragaloside IV (n=17, P< 0.05). (E) Brain water content increased significantly after SAH and decreased with astragaloside IV treatment (n=5,
P< 0.05). *P< 0.05 compared with sham group; **P< 0.05 compared with SAH+vehicle group.
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Figure. 4. MDA (A) elevated markedly in SAH and SAH+vehicle groups compared to sham group, and was reversed by astragaloside IV treatment (n=6, P< 0.05). GSH-Px (B)
and SOD (C) activities reduced obviously after SAH and increased after astragaloside IV treatment (n=6, P< 0.05). (D) Immunofluorence of cleaved caspase 3. (E,F). Western blot
analysis of cleaved caspase 3 in the basal cortex of left hemisphere (n=6, P< 0.05). *P< 0.05 compared with sham group; **P< 0.05 compared with SAH+vehicle group.
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Figure. 5. (A) Double staining of TUNEL (green) and NeuN (red); nuclei were counterstained with DAPI (blue). TUNEL-positive cells mainly colocalized with neurons. Massive
numbers of apoptotic cells were observed in SAH and SAH+vehivle groups; Astragaloside IV inhibited apoptosis significantly compared to SAH groups (n=6). Niss| staining (B)
and quantitative analysis (C) showed that neurons were normal with sharp demarcations in the sham group. Damaged neurons were present with deformations and condensation
of cytoplasm and nuclei in SAH and SAH+vehicle groups, and this was attenuated by treatment with astragaloside IV (n=6).
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Discussion

In the past decades, delayed cerebral vasospasm
was thought to be the key factor leading to high
mortality and morbidity after SAH [36]. Nevertheless,
the failure of anti-vasospastic drugs to improve out-
come in clinical trials has led researchers to cast doubt
on the significance of vasospasm and to seek for new
concepts in the treatment of SAH [11, 37-42]. Cur-
rently, accumulating evidences demonstrated that EBI
tightly correlates with the prognosis of SAH patients
[10]. Various pathological mechanisms, including
oxidative stress and apoptotic cell death, participate
in the pathogenesis of EBI [11]. And therapeutic ap-
proaches targeting for SAH-induced EBI is protective
[6, 34, 43, 44]. In this study, we explored the damage
mechanisms of EBI, and evaluate the potential bene-
ficial effects of astragaloside IV on EBI. We found that
astragaloside IV could reduce oxidative stress, inhibit
apoptotic cell death, attenuate brain edema and fi-
nally alleviate neurological deficits following SAH.

Oxidative stress, which closely associated with
the over-production of free radical, including reactive
oxygen species, participates in various neurological
diseases [22, 45, 46]. A number of evidence has
demonstrated that the imbalance of free radical and
the antioxidative defense system, has led to the oc-
currence of oxidative stress. Previous studies have
shown that astragaloside IV acts as an efficient free
radical scavenger and strengthens the intrinsic an-
ti-oxidization system in the animal model of cerebral
ischemia/reperfusion [22]. In this study, we found
that astragaloside IV alleviated SAH-induced oxida-
tive stress injury by eliminating ROS and strengthen-
ing the activities of antioxidases.

Apoptotic cell death of neurons after SAH has an
important effect on the neurobehavioral outcome after
SAH [47]. Notably, the caspase-dependent pathway
plays a central role in mediating cell apoptosis [11,
47]. Inhibition of caspase-dependent apoptosis of
neurons contributes to attenuate SAH-induced EBI
[15, 43]. On the other hand, Dingkun Gu et al. re-
ported that astragaloside IV could reduce glu-
cose-induced  apoptosis in  podocyte  via
down-regulation of caspase 3 [48]. Besides, Zhang Q
et al. suggested that astragaloside IV could reduce
hypoxia-induced hippocampal neuronal apoptosis by
decreasing the expression of hypoxia-inducible fac-
tor-1la (HIF-1a) [49]. Consistent with previous studies,
we found that treatment with astragaloside IV sup-
pressed caspase-dependent apoptosis in neurons,
even in the setting of SAH.

Brain edema is an independent risk factor for
mortality and poor outcome after SAH. Attenuation
of brain edema is helpful to improve poor neurologi-

cal outcome of neurological diseases, including SAH
[50-52]. Of interest, Y.Z. Qu et al. found that astraga-
loside IV has the ability to attenuate brain edema by
maintaining the integrity of BBB after cerebral ische-
mia/reperfusion injury [24]. In current study, we also
found that astragaloside IV treatment has beneficial
effects in reducing brain edema after SAH.

Interestingly, although we observed that
astragaloside IV exert anti-oxidative stress and an-
ti-apoptosis effect in our experiment, we found no
significant difference in mortality at 24 h after SAH
induction between SAH group and
SAH-+astragaloside IV group, which also seen in some
previous studies using other drugs [32, 53-56]. This
may due to the limitation of dose response and time
window of the astragaloside IV. Therefore, the opti-
mal time window and dosage, the appropriate injec-
tion route needs to be addressed in our further study.
Additionally, some unknown potential mechanism
which contributes to the adverse effect of astragalo-
side IV, may counteract the beneficial effect of
astragaloside IV, and ultimately leads to make the
mortality no statistical difference. Hence, whether
astragaloside IV have side effects which may neu-
tralize its neuroprotective effect and the underlying
mechanism should be further studied.

In the present study, astragaloside IV appears to
have a multiple beneficial properties in subarachnoid
hemorrhage. However, the potential mechanism un-
derlying astragaloside IV-induced neuroprotective
effect still remains obscure. According to the results of
previous literatures and our investigations, we spec-
ulated that the positive effect may due to the factors as
following: Firstly, oxidative stress induced by SAH
was the key factor that leads to brain injury[57], and
numerous studies have shown that astragaloside IV
could inhibit oxidative damage by scavenge free rad-
icals and enhance antioxidant system [21, 25, 26, 58],
and this process may associate with Nrf2 signaling
pathway[59]. In terms of our understanding, the an-
ti-oxidative stress ability of astragaloside IV may play
a vital role in alleviating SAH-induced injury. Fur-
thermore, both animal and clinical studies have
shown that the excessive production of ROS promotes
apoptosis in SAH, and multiple apoptotic signaling
pathway  were activated, including caspa-
se-dependent pathway [5], caspase-independent
pathway [60], mitochondrial pathway [61] and the
death receptor pathway [62]. Therefore, we conjecture
that the anti-apoptosis effect of astragaloside IV may
partially be a result of oxidative stress reduction.
There are many previous articles have demonstrated
that astragaloside IV could inhibit apoptosis in mul-
tiple pathway, such as Fas/Fas L apoptotic pathway
[27], MAPK pathway [63], PI3K/Akt pathway [64],
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Bax-mediated pathway [25]. In our experiment, we
have not explore the exact apoptosis signaling path-
way involving in the astragaloside IV’s anti-apoptotic
effect, based on the results of caspase 3, we can only
conclude that caspase-dependent pathway may in-
volve, and the more precise upstream pathway needs
to be elucidated in our future study. What’s more, the
effect of astragaloside IV in reducing brain edema
may associated with apoptosis inhibition and oxida-
tive stress reduction after SAH, as previous studies
have revealed that both oxidative injury and apopto-
sis are taking part in blood-brain barrier disruption,
resultantly lead to brain edema [15, 65]. Taken to-
gether, we speculate that inhibits lipid peroxidation,
stimulates GSH-Px activity, improves SOD activity
are the primary effects of astragaloside 1V, but sup-
presses neuronal apoptosis and reduces brain edema
may be the secondary effects of astragaloside IV,
which may partially be the consequence of oxidative
injury improvement.

In summary, the current work demonstrated that
astragaloside IV significantly inhibited oxidative
stress, suppressed neuronal apoptosis, reduced brain
edema, and attenuated neurological deficits at 24 h
after SAH. Noteworthily, this is the first study to in-
vestigate the effects of astragaloside IV treatment after
SAH. The best time window, the suitable route of
administration, and exact mechanisms of astragalo-
side IV in SAH treatment, however, are warranted to
be further elucidated.
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