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Leonurine protects ischemia-induced brain injury via
modulating SOD, MDA and GABA levels
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Abstract The present study was designed to investigate
the protective effects of leonurine, a compound purified
from Herba Leonuri that is active on ischemic rat behavior
and cortical neurons, and explore the underlying mechan-
ism. The general rat activity, cortical neuron morphology,
superoxide dismutase (SOD), malondialdehyde (MDA), -
aminobutyric acid (GABA) and glutamate decarboxylase
67 (GADG67) levels were measured. We found leonurine
significantly improve the general activity of rats in an
open-field test, which was associated with attenuated
neuronal damage induced by ischemia. Moreover, serum
SOD activity was significantly greater, MDA level lower
in the leonurine group as compared with ischemia group.
In addition, GABA content in the cerebral cortex was
significantly greater in high-dose leonurine group. Corre-
spondingly, GAD67 protein level coincided with the
GABA level. Taken together, our results demonstrated
that leonurine attenuated brain injury during ischemia via
antioxidative and anti-excitotoxicity effects by targeting
GABA and leonurine might become a useful adjuvant
neuroprotective agent.
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1 Introduction

Cerebral ischemia is one of the major causes of death and a
salient risk factor for cerebrovascular disorders!'). Cerebral
ischemia causes numerous hemodynamic, biochemical and
neurophysiological alterations that result in neuronal
death. The mechanisms underlying cell death after cerebral
ischemia are complex and major factors include glutamate-
mediated excitotoxicity, calcium overload, oxidative stress
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and inflammation™). Glutamate is the major excitatory
amino acid transmitter in the central nervous system
(CNS). One study suggested that the accumulation of
extracellular glutamate is a crucial determinant of injury in
the setting of reversible middle cerebral artery occlusion™.
v-Aminobutyric acid (GABA), which is produced by
glutamate decarboxylase (GAD), is the main inhibitory
neurotransmitter of the CNS. GAD exists as two isoforms,
GADG65 and GAD67. GAD67 accounted for most GABA
synthesis in the anesthetized rat cortices!®.. During both
ischemia and hypoxia high levels of glutamate were
present and GABA levels increased in the CNS!.

Leonurine (C14H,;N305) is an active alkaloid present in
Herba Leonuri, a traditional Chinese medicine, also called
Chinese motherwort, widely used in China to treat
dysmenorrheal, menoxenia and gynecological disorders.
Recent studies suggested leonurine could improve anti-
oxidant capacity of the myocardium, promote angiogenesis
in ischemic myocardium and ameliorate endothelial
dysfunction caused by hyperlipidemiat®®!. Moreover,
leonurine has recently been confirmed to be beneficial
against ischemic stroke!'®. The salubrious effects of
leonurine may be due various biological activities, such
as anti-inflammatory, antiapoptotic and antioxidative
activitiest™ ', However, few studies have investigated
the effects of leonurine on GABA expression and the
protective mechanism of leonurine on ischemia-induced
brain injury remains unclear. Therefore, the aim of this
study was to evaluate whether leonurine treatment could
provide neuroprotection in vivo and to explore the
underlying mechanisms of action.

In this study, we established a cerebral ischemia model
through common carotid artery occlusion. To develop the
model, we examined the general activity of rats,
morphological changes of cortical neurons and density of
NeuN-positive neurons. We further measured serum
superoxide dismutase (SOD) and malondialdehyde
(MDA) levels and investigated the effect of leonurine
treatment on rat behavior and cortical neuron damage,
oxidative stress and GABA expression.
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2 Materials and methods

To evaluate the protective effects of leonurine pretreatment
on rat cerebral ischemia, an intraperitoneal injection of
leonurine was administered each day for 3 d before
conducting transient two-vessel occlusion. Subsequently,
the general activity of rats, morphological changes of
cortical neurons and density of NeuN-positive neurons
were evaluated. Additionally, serum SOD and MDA levels
were measured. The effect of leonurine on GABA and
GADG67 expression was examined through enzyme-linked
immunosorbent assay (ELISA) and western blotting
analysis.

2.1 Animals and groups

All experimental protocols were approved by the Com-
mittee for the Care and Use of Experimental Animals,
China Agricultural University. Sixty male Sprague Dawley
rats (8 weeks old), weighing 230-250 g, were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). The animals were housed
individually in cages with a controlled temperature of
2043°C and a relative humidity of 60%=+5% for 3 d then
randomly divided into five groups with 12 in each group:
sham-operated (Sham), cerebral ischemia model
(Ischemia), and low-(Leo-L), middle-(Leo-M), and high-
(Leo-H)-dose leonurine groups.

2.2 Experimental ischemia

Before the operation, the rats were fasted for 12 h. We
anesthetized rats in the sham-operated group, exposed both
their common carotid arteries and separated them from the
associated vagus and sympathetic nerves, and sutured the
wound. Rats in the cerebral ischemia model group were
subjected to transient two-vessel occlusion to induce
cerebral ischemia after separating their common carotid
arteries from the associated vagus and sympathetic nerves.
We occluded both their arteries for 30 min using a bulldog
clamp, then loosened the bulldog clamp and sutured the
wound. Rats in the Leo-L, Leo-M, and Leo-H groups were
administered an intraperitoneal injection of leonurine at a
dose of 4, 8 and 16 mg-kg' bodyweight, respectively,
each day for 3 d; subsequently, all the rats were subjected
to transient two-vessel occlusion.

2.3 Open-field test

An open-field test (OFT) was conducted 24 h after the
operation. The rats were transferred to the testing
apparatus, which was an illuminated, soundproofed box
(100 cm x 100 cm x 50 cm) with black inner walls. The
bottom surface of the box was divided into 25 squares
(15 cm x 15 cm). The 16 squares adjacent to the walls

were defined as peripheral squares, whereas the other nine
squares were defined as center squares. The apparatus was
cleaned with 70% ethanol before the test of each animal.
Each rat was placed onto a corner square of the arena and
allowed to freely explore the open field for 5 min per trial.
A camera was installed at the top right of the box to record
the activity of the rats. The number of squares crossed and
the number of rearings (defined as standing on the hind
limbs without touching the wall) were recorded and the
sum of the two numbers as a total score was used to
evaluate the general activity of the rats.

2.4 Sample collection

After behavioral tests, six rats from each group were
anesthetized by chloral hydrate (70 mg per 100 g
bodyweight), exsanguinated by jugular vein and then
euthanized. Blood samples were collected and centrifuged
at 2000 x g for 10 min at 4°C. Serum samples were stored
at —20°C for the determination of SOD activity and MDA
content. Following rapid decapitation, tissues of the
cerebral cortex were removed, frozen in the liquid nitrogen
and stored at —80°C for the following experiments for
ELISA and western blotting. The other six rats in each
group were also deeply anesthetized with chloral hydrate
and perfused transcardially with 200 mL of 5 mmol-L™
sodium phosphate (pH 7.4)-buffered 0.9% (w/v) saline
(PBS), followed by 300 mL of 4% (w/v) formaldehyde in
0.1 mol-L™" sodium phosphate buffer (pH 7.4). The brains
were removed to cut into several blocks and then postfixed
with the same fixative for one day at 4°C. After
cryoprotection with 30% (w/v) sucrose in PBS, the blocks
were cut into 25-um-thick sections on a freezing micro-
tome for subsequent Nissl staining and immunohistochem-

istry.
2.5 SOD and MDA measurements

Serum SOD levels were determined by the xanthine
oxidase method, using SOD detection kit (A001-1,
NJJCBio Inc., Nanjing, China). Serum MDA content
was measured by the thiobarbituric acid method, using
MDA detection kit (A003-1, NJJCBio Inc.). All assays
were conducted in accordance with the manufacturers’
instructions.

2.6 Nissl staining and immunohistochemistry

For Nissl staining, frozen sections were mounted on gelatin
coated slides, air-dried and then stored in 1:1 alcohol:
chloroform overnight and subsequently rehydrated by
placing them into 100% and 95% alcohol then distilled
water. The slides were subsequently stained using 0.1%
cresyl violet solution for 30 min. The sections were
differentiated in 95% ethyl alcohol for 2—3 min, dehy-
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drated again in 100% alcohol and finally cleared in xylene.
The sections were observed using a microscope.

For immunohistochemistry, frozen sections were rinsed
in PBS and then incubated in 2% hydrogen peroxide
solution for 15 min to remove the endogenous peroxidase
reactivity. All the incubations were performed at room
temperature and rinsed with PBS containing 0.3% Triton
X-100 (PBS-X). After rinsing with PBS, the sections were
incubated overnight in a humidified chamber with a mouse
monoclonal antibody to NeuN (1:500, MAB377, Milli-
poreSigma, Burlington, Billerica, MA, USA) in PBS-X
containing 0.12% A-carrageenan, 0.02% sodium azide and
1% donkey serum (PBS-XCD) and then incubated for 2 h
with biotinylated donkey anti-mouse IgG (1:100, 715-065-
151, Jackson Laboratories, West Grove, PA, USA). The
sections were subsequently rinsed and incubated in ABC
peroxidase solution (PK-6102, Vector Laboratories, Bur-
lingame, CA, USA) for 30 min and the bound peroxidase
brown color was finally developed by reaction for 20 min
with 3,3'-diaminobenzidine-4HCI (Sigma-Aldrich, St.
Louis, MO, USA) and H,0,. All the stained sections
were mounted onto gelatinized glass slides, dried,
dehydrated in an ethanol series, cleared in xylene and
coverslip applied.

2.7 ELISA for GABA

To detect the contents of GABA in the cerebral cortex, the
samples were weighed and added to nine times volumes of
saline. After homogenization on the ice, the solution was
centrifuged at 1000 x g for 10 min. The supernatants were
collected and the concentrations of GABA detected by
ELISA in accordance with the manufacture’s instruction
(the Rat GABA ELISA Assay Kit, H618, NJICBio Inc.,
Nanjing, China).

2.8 Western blotting analysis for GAD67

Western blotting was performed as described pre-
viously!''!. Briefly, proteins were extracted using a
Whole Cell Lysis Assay Kit (Nanjing KeyGEN Biotech
Co., Ltd., Nanjing, China). Cells were lysed in a lysis
buffer supplemented with a 1 x protease inhibitor cocktail.
A BCA Protein Assay Kit (CWBIO, Beijing, China) was
used for protein quantification. Equivalent amounts of
proteins were separated through sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (8%—12%), transferred
onto a polyvinylidene difluoride membrane and immuno-
blotted using primary antibodies against GAD67 (1:500,
MAB6406, Millipore, USA) and B-actin (1:5000, 50201,
Kemei Borui Science And Technology Co., Ltd., Beijing,
China). The B-actin antibody was used to confirm equal
loading conditions. The membranes were then incubated
with horseradish peroxidase-conjugated secondary anti-
bodies, respectively and protein bands were finally
visualized using a Tanon 5200 chemiluminescence system

(5200, Tanon Science & Technology Co., Ltd., Shanghai,
China).

2.9 Statistical analysis

A total of 18 representative images of cortex were
randomly taken from immunocytochemical staining of
each group under a 40 x power microscope. The images
were analyzed with image analysis software (Image Pro
Plus, version 4.5). The total number of NeuN-positive cells
were counted, and the cell densities (number of cells per
mm?) were calculated. Statistical analyses were performed
using SPSS 17.0 (SPSS, IBM Co., Chicago, IL, USA). All
data are presented as the mean+SD. Differences among
the groups were analyzed by one-way analysis of variance
and multiple comparisons. P <0.05 was considered
statistically significant.

3 Results
3.1 Effect of leonurine on the general activity of rats

The total score of the OFT (Fig. 1) was significantly lower
in Ischemia than in Sham (P < 0.05). Compared with the
Ischemia, the Leo-H exhibited significant improvements in
general activity (P <0.05). However, no significant
differences in OFT scores were observed between the
Leo-L and Leo-M groups and the Ischemia group
(P>0.05).

The histogram shows that the total score of the OFT was
significantly lower in Ischemia than in Sham. Compared
with Ischemia, Leo-H exhibited significant improvements
in general activity.
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Fig. 1 Effect of leonurine on the neurobehavior of rats according
to open-field test. Sham, Ischemia, Leo-L, Leo-M and Leo-H stand
for the sham-operated, cerebral ischemia model, low-dose
leonurine, middle-dose leonurine and high-dose leonurine groups,
respectively; * indicates the comparison between the ischemia
model and sham-operated groups (P < 0.05); # indicates the
comparison between the leonurine treatment and ischemia model
group (P < 0.05).
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3.2 Effect of leonurine on SOD and MDA levels

Serum SOD levels were significantly lower and MDA
levels were significantly higher in Ischemia than in Sham
(P <0.05). Compared with the Ischemia group, the
leonurine treatment groups showed a significant concen-
tration-dependent increase in the serum SOD level
(Fig.2(a)) and a significant concentration-dependent
decrease in the MDA level (Fig. 2(b)).

The histogram shows that serum SOD levels were
significantly lower and MDA levels were significantly
higher in Ischemia than in Sham. Compared with Ischemia,
Leo-L, Leo-M and Leo-H showed a significant concentra-
tion-dependent increase in the serum SOD level and a
significant concentration-dependent decrease in the MDA
level.

3.3 Effect of leonurine on the morphology and density of
neurons

The cerebral cortex can be divided horizontally into six
layers: the molecular, external granular, external pyrami-
dal, internal granular, internal pyramidal and multiform
layers. Significant morphological changes were observed
in the cortical neurons in the internal pyramidal layer. Nissl
staining results revealed extensive neuronal vacuoles
changes. The neurons of the rats in Ischemia showed
cytoplasmic vacuoles, the disruption of Nissl bodies and
the fragmentation of the nucleus. Leonurine treatment
attenuated the neuronal damage induced by cerebral
ischemia, which was characterized by the appearance of
fewer cytoplasmic vacuoles and less nuclear fragmentation
(Fig. 3).

Nissl staining results show the normal neurons in Sham,
the abnormal neurons with the appearance of cytoplasmic
vacuoles, the disruption of Nissl bodies and the fragmenta-
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tion of the nucleus in Ischemia. Treatment with Leo-L,
Leo-M, and Leo-H attenuated the neuronal damage
induced by cerebral ischemia, which was characterized
by the appearance of fewer cytoplasmic vacuoles and less
nuclear fragmentation. Arrowheads indicate representative
neurons in each group.

The immunohistochemistry results (Fig.4) showed
changes in the cell density of NueN-positive neurons in
the cerebral cortices of rats. Compared with Sham, the
density of NeuN-positive neurons significantly decreased
by 33.5% in Ischemia (P = 0.006). The density of NeuN-
positive neurons was higher in the Leo-L and Leo-M
groups than in the Ischemia group; however, the difference
was nonsignificant (P > 0.05). Compared with the Ische-
mia group, the density of NeuN-positive neurons sig-
nificantly increased by 25.4% in the Leo-H group
(P<0.05).

The density of NeuN-positive neurons significantly
decreased in Ischemia compared with Sham. Compared
with Ischemia, the density of NeuN-positive neurons
significantly increased in Leo-H.

3.4 Effect of leonurine on GABA expression levels in the
cerebral cortex

The GABA expression level in the cerebral cortex (Fig. 5)
was evaluated through ELISA. GABA expression was
markedly higher in Ischemia than in Sham (P < 0.05).
Moreover, GABA expression was significantly greater in
the Leo-H group compared with the Ischemia group
(P <0.05), although no significant differences were
observed between the Leo-L or Leo-M and Ischemia
groups.

GABA expression was markedly higher in Ischemia
than in Sham. Moreover, GABA expression was signifi-
cantly greater in Leo-H compared with Ischemia.
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Fig. 2 Effect of leonurine on serum MDA and SOD levels in rats. Sham, Ischemia, Leo-L, Leo-M and Leo-H stand for the sham-
operated, cerebral ischemia model, low-dose leonurine, middle-dose leonurine and high-dose leonurine groups, respectively; ** indicates
the comparison between the ischemia model and sham-operated groups (P < 0.01); ## indicates the comparison between the leonurine

treatment and ischemia model groups (P < 0.01).



Shilei ZHENG et al. Protective effect of leonurine on ischemic brain injury 201

Fig. 3 Effect of leonurine on cortical morphological architecture according to Nissl staining. Sham, Ischemia, Leo-L, Leo-M and Leo-H
stand for the sham-operated, cerebral ischemia model, low-dose leonurine, middle-dose leonurine and high-dose leonurine groups,

respectively.

3.5 Effect of leonurine on GAD67 expression levels in the
cerebral cortex

The expression of GAD67 in the cerebral cortex was
analyzed by western blotting. GAD67 expression (Fig. 6)
was significantly greater in Ischemia than in Sham
(P < 0.05). Leonurine treatment increased GAD67 expres-
sion particularly and was significantly greater in Leo-H
than in Ischemia (P < 0.05).

GADG67 content was significantly greater in Ischemia
than in Sham. Leonurine treatment (Leo-L, Leo-M and
Leo-H) increased GAD67, which was significantly greater
in Leo-H than in Ischemia.

4 Discussion

Cerebral ischemia (stroke) is one of the major causes of
death and long-term disability worldwide and impairs
normal neurological functions; this impairment is triggered
by a complex series of biochemical and molecular
mechanisms that cause a reduction or complete blockade
of blood flow, resulting in deficiency of glucose and
oxygen supply to the affected region!'?). The relevant
factors for neuronal cell damage caused by cerebral
ischemia include calcium overload, energy failure,
excitotoxicity, oxidative stress, neuroinflammation and
apoptosis!'> 4.

It is well known that cerebral ischemia results in anxiety,
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Fig. 4 Effect of leonurine on NeuN-positive cells in the cerebral cortex of rats. Sham, Ischemia, Leo-L, Leo-M and Leo-H stand for the
sham-operated, cerebral ischemia model, low-dose leonurine, middle-dose leonurine and high-dose leonurine groups, respectively;
** indicates the comparison between the ischemia model and sham-operated groups (P < 0.01); ## indicates the comparison between the

leonurine treatment and ischemia model groups (P < 0.01).

behavior disorders and neuronal damage!'*'¥), and the
OFT is commonly used to examine psychological func-
tions!'”). In this study, the OFT results showed that cerebral
ischemia inhibited the mobility and exploratory activities
in rats, indicating that anxiety-like behavior was induced
after cerebral ischemia (Fig. 1). Moreover, the number of
NeuN-positive neurons was obviously less, and the
neurons in the cerebral cortex were significantly damaged
and exhibited swelling, degeneration, pyknosis of the Nissl
body, necrosis and apoptosis, after cerebral ischemia
treatment (Fig. 3). Meanwhile, the significant changes in
SOD activity and MDA level further indicated the
oxidative stress caused by cerebral ischemia. Our results
demonstrate that the rat model of cerebral ischemia used in
this study was successfully established.

Leonurine has been reported to have cardioprotective
effects against ischemia-induced myocardial injury and

can reduce the infarction area of the cerebral cortex and
repair neurological damagel'®'®!. To investigate the
neuroprotective effect of leonurine treatment on cerebral
ischemia and the underlying mechanisms of action, we
measured serum SOD activity and MDA levels, GABA
and GADG67 contents in the cortex, and then analyzed the
effect of leonurine treatment on rat behavior, cortical
neuron, oxidative stress and GABA expression. The results
(Fig. 1) showed that leonurine obviously improved the
general activity of rats in the OFT. This observation
corresponded with attenuated neuronal damage induced by
ischemia. GABA content and GADG67 protein level in the
cerebral cortex in the Leo-H group as well as Serum SOD
was significantly greater and the MDA level was obviously
lower in the leonurine group as compared with Ischemia
group, which indicated the presence of oxidative stress and
GABA signals in Ischemia.
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Fig. 5 Effect of leonurine on GABA content in the cerebral
cortex of rats. Sham, Ischemia, Leo-L, Leo-M and Leo-H stand for
the sham-operated, cerebral ischemia model, low-dose leonurine,
middle-dose leonurine and high-dose leonurine groups, respec-
tively; * indicates the comparison between the ischemia model and
sham-operated groups (P < 0.05); # indicates the comparison
between the leonurine treatment and ischemia model groups
(P <0.05).
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Fig. 6 Effect of leonurine on GADG67 content in the cerebral
cortex of rats. Sham, Ischemia, Leo-L, Leo-M and Leo-H stand for
the sham-operated, cerebral ischemia model, low-dose leonurine,
middle-dose leonurine and high-dose leonurine groups, respec-
tively; * indicates the comparison between the ischemia model and
sham-operated groups (P < 0.05); ** indicates the comparison
between the ischemia model and sham-operated groups (P < 0.01);
# indicates the comparison between the leonurine treatment and
ischemia model groups (P < 0.05).

Lipid peroxidation injury of the tissue induced by
oxygen free radicals is one of the mechanisms underlying
cerebral ischemic injury!'”). The MDA level is an indicator
of lipid peroxidation. SOD is an endogenous mitochondrial

antioxidant enzyme that removes excess free radicals that
cause cerebral ischemic injury. Cerebral ischemia induces
the production of numerous free radicals, resulting in an
increase in the MDA level, and consumes SOD to reduce
its activity, leading to a decrease in the SOD level!'"-'®!.

Excitatory amino acids, including glutamic acid,
aspartic acid and 2-carboxymethyl-3-isopropyl, are crucial
neurotransmitters in the mammalian brain; however, high
extracellular concentrations of these acids are neuro-
toxicl®'??°!. Significant protection against excitotoxic
cell death was observed in the absence of exogenous
GABA!*7?!1 Our results showed that expression of GAD,
a rate-limiting enzyme in the synthesis of GABA,
increased in the brain after ischemia, which might
contribute to the improvement of behavior and the
consequent survival of neurons in rats, with the consequent
hyperactivity of GABAergic transmission!*?),

Although the use of thrombolysis is limited to patients
with stroke, it is currently the only effective therapy for
cerebral ischemia. Therefore, neuroprotective agents with
an extended therapeutic window that can prevent multiple
neurochemical cascades, which ultimately cause irrever-
sible brain damage, are urgently required”!. Chinese
herbal medicines with antioxidant properties are believed
to exert a therapeutic effect. Leonurine, an active alkaloid
extracted from Herba Leonuri, has shown biological
effects, such as antioxidant, anticoagulant, antiapoptotic
and protective effects, against ischemic heart dis-
eases”*?. In our study, pretreatment with leonurine
reduced neurobehavioral scores, increased NeuN-positive
neuron density, attenuated neuronal damage, enhanced
SOD activities and reduced the MDA level in the ischemic
rats, suggesting that the neuroprotective effects of
leonurine on cerebral ischemia are exerted through
antioxidant effects, especially in the Leo-H group
(16 mg-kg'-d™") (Fig. 2).

Furthermore, our results revealed that GABA and
GADG67 expression increased significantly in the Leo-H
group although GABA was a little reduced in the Leo-L
group. The synthesis and release of GABA in the rat brain
after cerebral ischemic injury are influenced by multiple
causes. Free radical production influences the expression
of GABA and SOD may reduce GABA releasel'®l.
However, the specific mechanisms of the GABA effect
remain unclear. Recently, it has been reported that
leonurine exerts neuroprotection by reducing the damage
caused by excitatory toxicity*®. The increased expression
levels of GABA and GADG67 in cerebral ischemia after
Leo-H pretreatment suggested that increased GABA
expression is one of the mechanisms underlying the
neuroprotection of leonurine.

In conclusion, the present study shows that pretreatment
with leonurine can improve ischemia-induced anxiety-like
behavior and neuron injury by modulating SOD, MDA and
GABA levels. Our study provides further evidence that
leonurine is an excellent potential therapeutic agent for
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cerebral ischemia, and the neuroprotective effect of
leonurine is likely exerted through antioxidant effects
and excitotoxicity antagonism, which indicated a correla-
tion between oxidative stress-GABA signal pathway
activation and the neuroprotective effects of leonurine.
Further studies are required to elucidate these mechanisms.
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