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Abstract

Stroke has severe consequences in postmenopausal women. As replacement therapy of estrogen
have various adverse effects and the undermined outcomes. Genistein, a natural phytoestrogen,
has been suggested to be a potential neuroprotective agent for such stroke patients. However, the
role of genistein and its underlying mechanism in ovariectomized mice has not yet been evaluated.
In the present study, ovariectomized mice were treated with genistein (10 mg/kg) or vehicle daily
for two weeks before developing transient cerebral ischemia (middle cerebral artery occlusion).
The neurological manifestation was evaluated, and infarct volumes were demonstrated by
2,3,5-triphenyltetrazolium chloride staining at 24 h after reperfusion. In addition, phosphorylation
of extracellular signal-regulated kinase (ERK) was detected by Western blotting and immunoflu-
orescence staining, and cellular apoptosis was evaluated in the ischemic penumbra. We found that
treatment with genistein reduced infarct volumes, improved neurological outcomes and attenu-
ated cellular apoptosis at 24 h after reperfusion. ERK1/2 showed increased phosphorylation by
genistein treatment after reperfusion, and an ERK1/2 inhibitor U0126 abolished this protective
effect of genistein in terms of infarct volumes, neurological scores and cellular apoptosis. Our
findings indicate that treatment with genistein can reduce the severity of subsequent stroke ep-
isodes, and that this beneficial function is associated with ERK activation.

Key words: cerebral ischemia, extracellular signal-regulated protein kinase, genistein, phytoestro-
gen, postmenopausal stroke.

Introduction

The incidence of stroke in postmenopausal
women is similar to that in men. However, worse
outcomes (almost 60% stroke-related deaths) have
been reported in the former, and as postmenopausal
women are more likely to suffer from stroke, it is a
matter of serious concern for this population (1). The
effectiveness of estrogen replacement therapy in re-

ducing cerebral ischemic injury in experimental ani-
mals has been well established (2-4). This led to the
thought that estrogen may also be effective for stroke
prevention in postmenopausal women. However,
estrogen therapy was also accompanied by adverse
effects. Moreover, long-term estrogen replacement
therapy may lead to more undesirable consequences
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(5). Thus, in recent years, extensive research has been
conducted to find alternatives to conventional hor-
mone replacement therapy. Novel selective estrogen
receptor (ER) modulators may serve as a potential
treatment with no or less adverse effects (6). Among
these, the natural phytoestrogen isoflavone has
shown a promising beneficial effect in postmenopau-
sal women (7).

Genistein, a plant-derived isoflavone, is a poly-
phenolic non-steroidal compound. Since genistein has
estrogen-like biological activity (8, 9), its biological
effects have been explored in cancer, inflammation,
apoptosis, etc. (10-12). Accumulating evidence
showed that treatment with genistein could reduce
the injury induced by global cerebral ischemia, focal
cerebral ischemia or neuronal oxygen-glucose depri-
vation. The protective effect of genistein supplemen-
tation is governed by various processes including
mitochondria-dependent apoptosis pathway, in-
flammation reaction, estrogen receptor-p signaling
and oxidative stress (12-14). However, it has not been
verified whether genistein supplementation is still
beneficial for experimental stroke in ovariectomized
mice. More specific molecular mechanisms should be
investigated for exploration of the possible clinical
targets of stroke.

P44/42 extracellular signal-regulated protein
kinase (ERK1/2), a member of the mitogen-activated
protein kinase (MAPK) family, plays a key role in
cerebral ischemia (15). 17-B-estradiol (E2) supple-
mentation attenuates the delayed neuronal cell death
induced by glutamate toxicity, while ERK inhibition
blocks the neuroprotective effect of E2 (16). Similarly,
the activation of ERK pathway seems to be implicated
in the effect of genistein in vitro (17, 18). All these
studies suggested that ERK activation may be a pri-
mary mechanism of E2-induced ischemic tolerance.
Accordingly, we tried to determine whether treatment
with genistein prior to middle cerebral artery occlu-
sion (MCAO) is protective against cerebral ischemia in
ovariectomized mice, and to investigate the possible role of
ERK in this beneficial process.

Materials and Methods

All procedures involving the use of animals were
approved by the Ethics Committee for Animal Ex-
perimentation of Fourth Military Medical University
(Xi’an, China), and proceeded in accordance with the
Guidelines for Animal Experimentation of the same
university. Female Kunming mice aged 10-12 weeks
and weighing 20-25 g were purchased from the Ex-
perimental Animal Center of Fourth Military Medical
University. The mice were acclimatized for one week
in a 12 h light/dark cycle before surgery. A total of
145 mice were used, 8 of which died after ovariectomy

(OVX) and 17 were excluded because of inadequate
blood flow to the different regions of their brains. Of
the remaining 137 mice, 17 were excluded since they
showed no cerebral damage despite cerebral ische-
mia, and 10 mice died within 24 h after reperfusion.

Experimental procedure

The first part of the experiment dealt with the
determination of the effect of genistein treatment on
the cerebral ischemic injury of the ovariectomized
mice. The mice were randomly divided into three
groups (n = 17 for each group; 7 were used for neu-
rological score and infarct volume, 3 for terminal de-
oxynucleotidyl transferase-mediated 2'-deoxyuridine
5'-triphosphate nick-end labeling (TUNEL) staining, 4
for Western blot analysis and 3 for immunofluores-
cence): control, which included mice subjected to
MCAO; gen, which included mice subjected to MCAO
who were treated with genistein and vehicle, which
included mice subjected to MCAO who were treated
with vehicle. In the gen group, genistein was admin-
istrated intraperitoneally at a dose of 10 mg/kg once
daily for two weeks. Genistein dosage was decided
based on the dosage used in a previous study (19). In
the vehicle group, only vehicle was administered. All
the mice were then subjected to a unilateral MCAO.
The neurological score, infarct volume, TUNEL
staining and protein Bcl-2/Bax ratio were analyzed 24
h post reperfusion and the effect of genistein therapy
on ERK regulation at 24 h post ischemia was investi-
gated. ERK activity was examined by Western blot-
ting and immunofluorescence staining for phosphor-
ylated ERK.

The second part of the experiment dealt with the
evaluation of the effect of the ERK inhibitor U0126 in
order to further testify the role of ERK signaling
pathway in neuroprotection induced by genistein.
The mice were subjected to MCAO and then ran-
domly assigned to 3 groups (n = 14 for each group; 7
were used for neurological score and infarct volume
evaluation, 4 for Western blot analysis and 3 for
TUNEL staining): gen, gen + vehicle (genistein plus
vehicle of U0126) and gen + U(0126 (genistein plus
U0126). U0126 (0.5 mg/kg) was injected intraperito-
neally 120 min before MCAO. The neurological score
and brain infarct volume were evaluated 24 h fol-
lowing reperfusion. Protein expression of Bcl-2 and
Bax was detected by Western blotting, followed by
TUNEL staining.

Ovariectomy

Ovariectomy (OVX) was executed by making a
dorsolateral incision bilaterally on the frontal wall of
the abdomen, and the two ovaries were removed as
previously described (20). Mice belonging to the con-
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trol group were subjected to the same operation;
however, their ovaries were kept intact. Five days
after OVX, vaginal smears of the mice were obtained
to confirm cessation of the estrous cycle (21).

Focal cerebral ischemia and reperfusion

The mice were fasted overnight with free access
to tap water before surgery. Cerebral ischemia was
induced by MCAO as previously described (22). The
mice were then intraperitoneally anesthetized with
pentobarbital sodium (60 mg/kg). A heat-blunted 6-0
nylon suture was inserted into the right common ca-
rotid artery and advanced through the internal ca-
rotid artery to obstruct the MCA. The right external
carotid artery and the common carotid artery were
simultaneously ligated. The suture remained in posi-
tion for 1.5 h during this arterial occlusion, and was
then removed to allow subsequent reperfusion. The
body temperature of the mice was maintained at 37 +
0.5°C with a heating pad controlled by a rectal probe.
A laser Doppler flow probe was attached to the right
side of the dorsal surface of the skull 2 mm caudal and
4 mm lateral to the bregma. An 80% drop and 70%
recovery in the regional cerebral blood flow was con-
sidered as a successful ischemic injury.

Assessment of the neurological deficit score

Based on the score system of Garcia et al (23), the
neurological behavior of the mice was assessed 24 h
post reperfusion by an observer who was blind to the
animal grouping. This system consisted of the fol-
lowing six tests: spontaneous activity, symmetry in
the movement of the four limbs, forepaw outstretch-
ing, climbing, body proprioception and response to
vibrissal touch. The final score given to each mouse at
the completion of the evaluation was the summation
of all six individual test scores. The minimum neuro-
logical score was 3 and the maximum was 18.

Infarct volume evaluation

The infarct volume was evaluated as previously
described (24). After neurological behavior assess-
ment, the mice were decapitated under deep anesthe-
sia with an overdose of pentobarbital sodium. Six
slices of 1-mm thick coronal sections obtained from
the entire brain were stained in 2%
2,3,5-triphenyltetrazolium chloride at 37°C for 20 min.
The slices were subsequently photographed with a
digital camera (Nikon, IXUS 220HS, Japan), and the
infarct volume was analyzed with Adobe Photoshop
CS5. A relative infarct volume was obtained with
correction for edema as: infarct volume = 100% x
(contralateral hemisphere volume — non-infarct ipsi-
lateral hemisphere volume) / contralateral hemi-
sphere volume.

TUNEL staining

Cellular apoptosis was evaluated 24 h post
reperfusion by an in situ terminal TUNEL kit (TUNEL,
Roche Diagnostics, Germany). For this purpose, mice
brains were fixed and embedded in paraffin. The tis-
sue was then cut into 4-pm thick coronal sections ap-
proximately 1.33 mm from the rostrum to the bregma.
The slides were stained according to the manufactur-
er’s instructions. The positive cells were acquired us-
ing a 40x objective lens from areas in the ischemic
penumbra, and the number of positive cells was ex-
pressed as number per 100 pm?2. The definition of is-
chemic penumbra area was as previously described
(25).

Western blotting

The brain tissue of the ischemic penumbra was
dissected. The sample was then homogenized in a
RIPA lysis buffer (Beyotime, Nantong, China) con-
taining whole proteinase inhibitor cocktail on ice. A
BCA protein assay kit (Beyotime, Nantong, China)
was used to determine the protein concentration. An
equivalent amount of protein (30 pg per lane) was
loaded and separated by a 12% SDS-PAGE gel. After
electrophoresis, the protein was transferred to a pol-
yvinylidene difluoride membrane. The membrane
was blocked with 2% bovine serum albumin (BSA) in
TBST. After overnight incubation at 4°C with the
primary antibodies p-ERK1/2, ERK1/2, Bcl-2, Bax
and p-Tubulin (1:1000, Abcam, Cambridge, United
Kingdom), the membrane was incubated with horse-
radish peroxidase-conjugated secondary goat an-
ti-rabbit antibody (1:5000, Pierce, Rockford, IL) for 1 h
at room temperature. Program Image | was used to
analyze the quantification of the optical density of
each band.

Immunofluorescence staining

The sample was fixed with 4% paraformalde-
hyde at 24 h post reperfusion. After dehydration with
30% sucrose, the brain was frozen and cut into 12-pm
sections approximately 1.33 mm from the rostrum to
the bregma. The slices were then washed with TBST,
incubated with 0.3% TritonX-100 for 5 min at room
temperature, and blocked with 5% fetal bovine serum
and 3% BSA for 30 min. The primary antibody was
rabbit against p-ERK antibody (1:200, Abcam, Cam-
bridge, United Kingdom). After overnight incubation
at 4°C, Alexa Fluor 488-conjugated donkey anti-rabbit
antibody and NeuroTrace red (1:2000, Molecular
Probes; a dye for staining of neurons) were used for
fluorescence detection. The samples were visualized
under a microscope (OLYMPUS, BX51) through the
program DP2-BSW.
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Statistical analysis

Data was presented as mean * standard error of
mean, and statistical analysis was performed using
the Statistical Package for the Social Sciences (SPSS)
Version 16.0 (SPSS Inc, Chicago, IL, USA) for win-
dows, except for neurological scores which were ex-
pressed as median with interquartile range and ana-
lyzed by Kruskal-Wallis test followed by the
Mann-Whitney U test. The Bonferroni test was used
as a correction method. Other values were analyzed
by one-way ANOVA analysis followed by post hoc
Tukey test. P < 0.05 was considered statistically sig-
nificant.

Results

Physical variables of the animals in the
experimental groups

As shown in Fig. 1, there was no difference in the
regional cerebral blood flow among the three groups
prior to ischemia, during ischemia or after reperfu-
sion. Table 1 shows the gasometric parameters and
blood glucose levels in each group. No other param-
eter except for P.O>showed any difference in the cor-
responding values in the control group.

Genistein treatment induced cerebral
ischemic tolerance

As illustrated in Fig. 2B, as compared to the
control group, mice treated with genistein showed
better neurological behavior outcomes (P < 0.05),
while vehicle had no effect on the neurological score.
The infarct volume assay was performed 24 h post
reperfusion (Fig. 2C). The infarct volumes in mice
subjected to MCAO in the control and vehicle groups
were 43.4% + 3.34% and 45.3% + 3.35%, respectively.
Genistein treatment significantly reduced the infarct
volume (28.9% £ 3.63%) as compared to the control
group (P < 0.05).

Genistein treatment attenuated neuronal
apoptosis in cerebral ischemic penumbra

Cellular apoptosis was analyzed to confirm the
neuroprotective effect of genistein. The typical pho-
tomicrographs of TUNEL staining in ischemic pe-
numbra area and TUNEL-positive cell quantification
analysis are shown in Fig. 3A, 3B. Genistein induced a
36.7% reduction in TUNEL-positive cells as compared
to the control group (P < 0.05), while vehicle had no
effect on cellular apoptosis (42 + 8 vs. 40 = 6 per 100
pm?2). Detection of apoptosis-associated protein by
Western blotting is shown in Fig. 3C. Compared to the
control group, genistein increased the ratio of protein
Bcl-2/Bax (P < 0.05), while the vehicle showed no
such effect.

Table |I. Gasometric parameters and blood glucose levels in arterial blood samples of mice from all experimental groups.

Control Genistein Genistein + U0126

Basal Ischemia Reperfusion  Basal Ischemia Reperfusion  Basal Ischemia Reperfusion
pH 7.46 +0.02 7.38 £0.02 7.40 +£0.02 7.45+0.02 7.36 +0.01 7.42+0.02 7.45+0.02 7.37+£0.02 7.39 £0.02
P.COy(mmHg) 35+£2.0 39+1.8 30+1.9 37+1.9 41+1.7 31+2.0 36+2.0 42+19 29+1.8
P,Ox(mmHg) 282+6.9 213+8.3 291+7.6 279+54 236 +5.9% 285+6.5 290+ 7.4 229 +4.9% 287 + 6.6
Glucose (mg/dl) 79+3.6 68+4.1 83+3.2 81+29 72+3.1 85+4.2 78+3.3 70+2.8 82+4.0

Data are expressed as mean = SEM. *P < 0.05 compared with the corresponding values in the control group.
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Figure |. Regional cerebral blood flow in ischemic hemispheres of mice during MCAO surgery Data are expressed as mean + SEM.
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Figure 3. Effect of genistein pretreatment on cellular apoptosis after reperfusion. A, TUNEL staining of the penumbra slices; B, counting of TUNEL-positive
cells at 24 h after reperfusion (n = 3); C, expression of Bcl-2 and Bax in the ischemic penumbra (n = 4). Genistein significantly decreased cellular apoptosis

compared with the control group. *P < 0.05 versus control group.
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Administration of genistein prompted ERK
activation in ischemic penumbra

As shown in Fig. 4B, phosphorylated ERK1/2
content, which represents the active form of the pro-
tein, was increased in the group receiving genistein
treatment as compared to the control group 24 h fol-
lowing reperfusion (P < 0.01). Administration of ve-
hicle itself had no effect on the level of phosphory-
lated ERK1/2 in the ischemic penumbra area. Western
blotting analysis result was confirmed by the immu-
nofluorescence result. Moreover, the phosphorylated
ERK was primarily co-localized with the neuron (Fig.
4A).

vehicle

gen

ERK/2 inhibition abolished the protection
induced by genistein therapy

As seen in Fig. 5B, U0126, an inhibitor to the up-
stream kinase MEK1 of ERK1/2, reversed the neuro-
logical improvement by genistein (gen + U0126 vs.
gen, P < 0.05). While the neurological score in the ve-
hicle-treated group was similar to that in the
genistein-treated group, the infarct volume in
genistein + U0126 group was more than that in the
genistein group (P < 0.01). Vehicle + U0126 had no
effect on the infarct volume (Fig. 5C). ERK1/2 inhibi-
tor UO0126  attenuated the reduction of
TUNEL-positive cells induced by genistein. The pro-
tein ratio of Bcl-2/Bax was also reversed, as seen in
Fig. 6 (P <0.01, gen + vehicle vs. gen + U0126).
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Discussion

The present study evaluated the neuroprotective
effect of genistein against cerebral ischemia in ovari-
ectomized mice. This beneficial effect is thought to be
brought about by the activation of ERK signal, as the
administration of ERK1/2 inhibitor U0126 dampened
the protection induced by genistein. Thus, it can be
speculated that genistein treatment induces cerebral
ischemic tolerance through activation of ERK.

Accumulating evidences support that E2 pre-
treatment can induce neuroprotection in brain injuries
(2). However, clinical trials have generated contro-
versial reports regarding the effect of estrogen re-
placement therapy on stroke in postmenopausal
women (26, 27). Also, since estrogen replacement
therapy is also associated with some undesirable ad-
verse effects, it may not be a suitable alternative in this
population (28, 29).

Some plant-derived pharmacological agents
such as soy isoflavones (a selective estrogen receptor
modulator) have been studied for their treatment po-
tential in ischemic stroke. The ability of isoflavone to
cross the blood-brain barrier and its neuroprotective
properties without any toxic effects have been well

demonstrated in animal models (30). Although
genistein has shown a potency similar to isoflavone in
brain ischemia (12, 14), its role in protection from
stroke in postmenopausal women is unknown. Thus,
we tried to determine the effect of genistein treatment
on ischemic stroke in ovariectomized mice. Our re-
sults revealed that genistein pretreatment could in-
duce ischemic tolerance in ovariectomized mice sub-
jected to MCAO. Genistein treatment at 10 mg/kg
dose significantly improved neurological outcome,
reduced infarct volume and decreased cellular apop-
tosis. Hence, we speculate that genistein may be as
effective a neuroprotective agent as E2 against cere-
bral ischemia in ovariectomized mice (31). However,
postmenopausal animals show fewer ER, and hence,
E2 loses its protective effect in such animals (32).
Therefore, it is likely that genistein treatment may not
be effective in postmenopausal animals.

For the current study, we selected a dose of 10
mg/kg genistein based on previous results, which
showed that intraperitoneal administration of 10
mg/kg genistein improved neurological sores and
reduced infarct volumes (19). This dose could also
prevent the apoptosis in CAl area after transient
global cerebral ischemia (33). Genistein is quickly and
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almost completely absorbed orally, and its plasma
peak could be reached as quickly as 0.5-6 h in rodents
and 5-8 h in humans (34, 35). This high permeability
of genistein may be attributed to its low molecular
weight and favorable lipophilic property, making
passive diffusion its major transport mechanism. The
total bioavailability of genistein is considerably high;
however, its absolute bioavailability is even lower
than 20% in humans, as when ingested, genistein is
readily converted to genistein aglycone, its major ac-
tive form (36). Further, genistein absorption could be
altered by breast cancer resistance protein, which
complicates the intake of genistein (37). Moreover, the
double plasma peaks and a longer terminal half-time
of genistein in oral administration as compared to
intravenous administration indicate that substantial
enterohepatic recycling occurs after oral administra-
tion (38). After absorption from the gastrointestinal
tract, genistein is metabolized in the enterocytes and
delivered to the liver for further hepatic metabolism.
Glucuronidation and sulfation are the major path-
ways for genistein metabolism (36), following which it
is primarily redistributed to the reproductive organs.
Genistein concentration in the brain tissue is very low
(39). The elimination half-time of orally ingested
genistein is 6-9 h in rodents and 7-11 h in humans.
This half-time is very inconsistent after intravenous
administration. However, this refers to the excretion
time of total genistein including the metabolites, while
the absolute excretion time of genistein aglycone may
be much shorter (36). The nonlinear pharmacokinetics
of genistein complicates its dose-response effect and
plasma or target tissue concentration after admin-
istration. Although the pharmacokinetics of genistein
has been reported in previous studies, the accurate
process that genistein undergoes in the body is still
unclear.

MAPKSs are important regulators for neuronal
survival or death in response to cerebral ischemic
injury (40). ERK1/2, a member of the MAPK family
which is a critical kinase in the survival signaling
pathway, serves as an early indicator of cellular stress
response (41). Recent studies suggested that ERK1/2
signaling pathway is important in the biological ef-
fects of estrogen, including neuroprotection (42, 43).
As a phytoestrogen, isoflavone is structurally similar
to estrogen and can mimic its biological effect (44). In
the present study, the activation of ERK1/2 was
measured at 24 h after reperfusion according to our
previous study (45). Genistein was found to increase
the phosphorylation of ERK1/2. In order to further
explore the role of ERK1/2 in the neuroprotection of
genistein, we applied ERK1/2 inhibitor U0126, a
commonly used tool drug for the detection of ERK
signal. The time point of administration and dose of

U0126 was based on the same in our previous study
(45). In the current study, we found that the ischemic
tolerance induced by genistein was blocked by U0126.
Thus, our findings demonstrate that ERK1/2 signal-
ing pathway is essential to the ischemic tolerance in-
duced by genistein pretreatment in ovariectomized
mice. However, some researchers reported that U0126
could induce neuroprotection against cerebral ische-
mia, which contradicts our findings. Some other re-
sults regarding the role of ERK in cerebral ischemia
are comparable to our findings. We speculate that
these controversial findings could be attributed to the
differences in the models of cerebral ischemia, the
areas of the brain and cell types (40).

In summary, the current study indicates that
genistein pretreatment induces neuroprotection
against focal cerebral ischemia reperfusion injury in
ovariectomized mice. The anti-apoptotic function of
genistein through ERK1/2 activation may be involved
in its neuroprotective action.
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