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A b s t r a c t

The present study was performed to evaluate the protective effects of icariin on cognitive function in a hypoxia-
induced neonatal epilepsy rat model. Neonatal epilepsy was induced in rat pups on postnatal day (PD) 20 by induction 
of hypoxia for 15 minutes. Rats were treated intraperitoneally with icariin at 75 mg/kg 1 hour before the induction 
of hypoxia. The effects of icariin were examined by estimating seizure stage, cognitive function and parameters of 
electroencephalography (EEG) in this neonatal epilepsy rat model. Parameters of oxidative stress and expression of 
proteins were examined in the brain tissue of the neonatal epilepsy rat model by histopathological study and Western 
blotting analysis, respectively. The results of this study suggest that treatment with icariin ameliorates the changes in 
seizure stage, number of seizures and parameters of EEG in hypoxia-induced neonatal epilepsy rats. Oxidative stress 
and apoptosis were decreased in the brain tissue of the icariin treatment group compared to the hypoxia group. More-
over, treatment with icariin ameliorated the altered expression of glutamate ionotropic receptor AMPA type subunit 2 
(GluR2) and extracellular receptor kinase (ERK I/II) proteins in the brain tissue of hypoxia-induced epilepsy rats. Histo-
pathological study also showed that icariin treatment improved the histopathology of brain tissue of hypoxia-induced 
epilepsy rats. In conclusion, the results of the present study suggest that icariin protects against neuronal injury and 
improves cognitive function in hypoxia-induced neonatal epilepsy rats by modulating the GluR2/ERK I/II pathway.
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Introduction

Epilepsy is a neurological disease characterised by 
uncontrolled firing of neurons [17]. There are several 
types of epilepsy, and neonatal epilepsy occurs due 
to hypoxic-ischemic encephalopathy and perinatal 
asphyxia [6]. The rate of the occurrence of seizures 
is higher in the neonatal period, but conventional 
anti-epileptic therapies are not effective against neo-
natal seizures. Neonatal seizures increase the rate 

of development of neurocognitive dysfunction and 
epilepsy [9]. In the early postnatal period, the level of 
GABA receptor expression is lower and that of excita-
tory ionotropic glutamate receptor is higher than at 
later stages [1]. α-Amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptor antagonists 
were reported to be effective against chronic hyper-
excitability and hypoxia-induced seizures in imma-
ture rats, but NMDA receptor antagonists did not 
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show promising effects [18]. Reduced glutamate 
receptor 2 (GluR2) expression in the neocortex and 
hippocampus was reported to be responsible for 
increased levels of Ca2+-permeable AMPARs [10]. 
Expression of GluR2 was suggested to be reduced 
in the hippocampus region in hypoxia-induced sei-
zures, leading to enhanced AMPAR-mediated hip-
pocampal epileptiform activity [16]. 

Herbal medicine has shown potential effects 
against the management of several disorders, includ-
ing neurological disorders. Icariin is a flavonoid and 
the main active compound isolated from plants 
belonging to the genus Epimedium (Berberidaceae) 
[19]. In China, Epimedium is traditionally used for the 
management of reserve numbness, sexual poten-
cy, and muscle and bone strength. Icariin has been 
reported to show a  number of activities, including 
cardioprotective, aphrodisiac, immunomodulatory, 
neuroprotective, anti-inflammatory and anti-oxidant 
effects [4,12,15,21,24]. There is evidence in the litera-
ture that icariin can cross the blood-brain barrier and 
protect against neuronal injury [22]. Icariin shows 
promising anti-inflammatory and immunomodulato-
ry properties via the regulation of interleukins, nucle-
ar factor κB (NF-κB), c-Jun N-terminal kinase (JNK), 
glucocorticoids and natural killer (NK) cell activity [5]. 
The present study was performed to evaluate the 
beneficial effects of icariin against neonatal epilepsy.

Material and methods

Animals

The study was performed in male Long-Evans rats 
on postnatal day (PD) 20. All pups were maintained 
under controlled conditions of 12-hour light/dark 
cycle, 25 ±3°C and 60 ±5% humidity. All experimental 
protocols were approved by the Institutional Animal 
Ethical Committee of Northwest Women’s and Chil-
dren’s Hospital, Xi’an, China (IAEC/NWCH/2018/09).

Hypoxia-induced seizures

Seizures were induced in the PD20 rat pups by 
induction of hypoxia for 15 minutes as reported previ-
ously [11]. Briefly, all pups were exposed to an oxygen 
concentration of 7% for 8 minutes, 5% for 6 minutes 
and 4% for 1 minute for a total period of 15 minutes 
of hypoxia and the numbers of clonic-tonic seizures 
were determined. Animals were returned to the cage 
within 2 hours and the body temperature of each 
animal was controlled within the range of 32-34°C.

The animals were divided into three different 
groups: normal group, hypoxia group treated with 
saline solution, and the icariin group that received 
icariin at a dose of 75 mg/kg, i.p. 1 hour before the 
induction of hypoxia. 

Assessment of behavioural changes

Behavioural changes were observed by determin-
ing the changes in the seizure stage using the Racine 
scale: stage 0 – no response, stage 1 – hyperactivity, 
stage 2 – clonus and myoclonic jerks of the head, 
stage 3 – unilateral forelimb clonus, stage 4 – rearing 
with bilateral forelimb clonus, stage 5 – loss of right-
ing reflex in clonic-tonic seizure. 

Assessment of cognitive function

The Morris water maze test was used to assess 
cognitive function as reported previously [20]. Brief-
ly, the platform was hidden during the first 4 days 
of the study trial and the protocol probe trial was 
performed on the fifth day. Several parameters were 
analysed according to the percentage of time spent 
in the target quadrant, platform crossing frequency 
and escape latency.

Assessment of electroencephalography 
recordings

In all animals, electrodes were placed subcutane-
ously in the dorsal scalp, with two wires from the left 
and right regions of the parietal lobe and one wire at 
the midline over the olfactory bulb. Electroencepha-
lography (EEG) was performed using a Stellate Har-
monie EEG Unit (version 6.0; Stellate, Montréal, QC, 
Canada).

Measurement of oxidative stress

Riboflavin-sensitized photodynamic spectropho-
tometry was used to assess the activity of superox-
ide dismutase (SOD), and the absorbance was meas-
ured at 460 nm. The method reported by Ohkawa 
was used to determine the level of lipid peroxidation 
in brain tissues. The malondialdehyde (MDA) level 
was determined in brain tissue at a wavelength of 
523 nm.

Western blotting

Caspase-3, Bcl-2, Bax, GluR2, ERK I/II and phos-
phorylated ERK I/II (p-ERK I/II) expression were 
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assessed in isolated brain tissues by Western blot-
ting. The protein contents in the tissue homoge-
nates were determined using a  bicinchonic acid 
(BCA) assay kit, and proteins were separated by 
10%  sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis. The separated proteins were trans-
ferred onto membranes, which were then blocked 
with 5% blocking reagent. The membranes were 
then incubated with primary antibodies against 
caspase-3, Bcl-2, Bax, GluR2, ERK I/II, p-ERK I/II and 
β-actin overnight at 4°C. After washing with phos-
phate-buffered saline, the membranes were incu-
bated with horseradish peroxidase-conjugated goat 
secondary antibodies and protein expression was 
detected using a chemiluminescence kit.

Nissl staining

All animals were sacrificed and the brains were 
dissected out and fixed for 1 day in 4% paraformal-
dehyde. Brain tissues were dehydrated with alcohol 
and embedded in paraffin. The paraffin-embedded 
brain tissue was cut into sections 5-µm thick, which 
were subjected to Nissl staining with 1% thionin. 
Neuronal cells were counted under a  light micro-
scope.

Statistical analysis

All data are expressed as means ± standard error 
of the mean (SEM; n = 8). Data were analysed by 
one-way analysis of variance. Post hoc comparisons 
of means were carried out with Dunnett’s post hoc 
test using GraphPad Prism software (ver. 6.1; San 
Diego, CA, USA). In all analyses, p < 0.05 was taken 
to indicate statistical significance.

Results

Icariin ameliorates the changes  
in seizure stage

The effects of icariin on the seizure stages in the 
neonatal epilepsy rat model are shown in Figure 1. 
The seizure stage was increased to 3.8 in the hypoxia 
group compared to the normal group, but decreased 
to 1.5 in the icariin group.

Icariin ameliorates the effects  
on cognitive function

Cognitive function was examined in icariin-treat-
ed neonatal epilepsy rats using the Morris water 

maze test. The hypoxia group showed decreases 
in the number of crossings and percentage of time 
spent in the target quadrant and an increase in the 
escape latency time compared to the normal control 
group. However, treatment with icariin ameliorated 
the alterations in number of crossings, percentage 
of time spent in the target quadrant and escape 
latency time in neonatal epilepsy rats (Figure 2).

Icariin ameliorates the effects  
on electroencephalography parameters

The percentage of duration of seizures and per-
centage of duration of EEG ictal activity were exam-
ined in icariin-treated neonatal epilepsy rats (Fig-
ure  3). The icariin group showed decreases in the 
percentages of seizure duration and of EEG ictal 
activity compared to the hypoxia group.

Icariin ameliorates oxidative stress

Parameters of oxidative stress, such as level of 
lipid peroxidation and SOD activity, were exam-
ined in the brain tissue of icariin-treated neonatal 
epilepsy rats. The hypoxia group showed increased 
MDA level and reduced SOD activity in the wet brain 
tissue compared to the normal group. However, the 
changes in SOD activity and MDA level were amelio-
rated in the icariin group compared to the hypoxia 
group (Figure 4).

Fig. 1. Icariin ameliorates changes in seizure 
stages in the hypoxia-induced neonatal epilepsy 
rat model. Data are shown as the mean ±SEM 
(n = 8). @@p < 0.01 compared to the normal 
group, **p < 0.01 compared to the hypoxia group.
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Icariin ameliorates neuronal cell 
apoptosis

The effects of icariin on the expression of apop-
totic proteins in the brain tissue of hypoxia-induced 
epilepsy neonatal rats were examined. The expres-
sion of caspase-3 and Bax protein were increased 
and the expression of Bcl-2 protein was decreased 
in the tissue homogenate of the hypoxia group 
compared to the normal group. Treatment with 
icariin ameliorated these alterations in Bax, Bcl-2 
and caspase-3 protein expression in the brain tissue 
homogenates of neonatal epilepsy rats (Figure 5).

Icariin ameliorates the changes  
in GluR2, ERK I/II and p-ERK I/II protein 
expression 

Figure 6 shows the effects of icariin on GluR2, 
ERK I/II and p-ERK I/II protein expression in the brain 
tissue of the hypoxia-induced epilepsy neonatal rat 

model. Expression of ERK I/II was comparable in all 
groups of rats examined in this study, while p-ERK 
I/II and GluR2 protein expression were increased 
in the brain tissue of the hypoxia group compared 
to the normal group. These changes in expression 
of p-ERK I/II and GluR2 protein were reduced in the 
icariin group compared to the hypoxia group.

Icariin ameliorates neuronal injury

The numbers of neurons in the brain tissue of the 
hypoxia-induced epilepsy neonatal rats were deter-
mined by Nissl staining (Figure 7). Histopathological 
analysis of the brain tissue showed morphological 
abnormalities, i.e. blurred caryotheca and pyknotic 
nuclei, in the hypoxia group. The density of surviv-
ing neurons in the brain tissue was reduced in the 
hypoxia group compared to the normal group. How-
ever, the icariin group showed amelioration of the 
neuronal damage in the brain tissue. 

Fig. 2. Icariin ameliorates changes in cogni-
tive function detected using the Morris water 
maze paradigm in the hypoxia-induced neona-
tal epilepsy rat model. Data are shown as the 
mean ±SEM (n = 8). @@p < 0.01 compared to the 
normal group, **p < 0.01 compared to the hypox-
ia group.
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Discussion

Conventional anti-epilepsy drugs do not show 
beneficial effects in patients with neonatal epilepsy. 
The present study was performed to evaluate the 
protective effects of the flavonoid icariin, the main 
active compound isolated from plants belonging 

to the genus Epimedium, on cognitive function in 
a hypoxia-induced neonatal epilepsy rat model. The 
effects of icariin were examined by estimating sei-
zure stages, cognitive function and EEG parameters 
in neonatal epilepsy rats. Parameters of oxidative 
stress and protein expression profiles were deter-
mined by histopathological analysis and Western 

Fig. 3. Icariin ameliorates the duration of seizures and changes in EEG parameters in the hypoxia-induced 
neonatal epilepsy rat model. Data are shown as the mean ±SEM (n = 8). @@p < 0.01 compared to the normal 
group, **p < 0.01 compared to the hypoxia group.
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Fig. 5. Icariin ameliorates the expression of apoptosis proteins in brain tissue in the hypoxia-induced neona-
tal epilepsy rat model. Data are shown as the mean ±SEM (n = 8). @@p < 0.01 compared to the normal group, 
**p < 0.01 compared to the hypoxia group.
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Fig. 7. Icariin ameliorates the changes in number of neurons in brain tissue in the hypoxia-induced neonatal 
epilepsy rat model.

Fig. 6. Icariin ameliorates the changes in GluR2, ERK I/II and p-ERK I/II protein expression in brain tissue 
in the hypoxia-induced neonatal epilepsy rat model. Data are shown as the mean ±SEM (n = 8). @@p < 0.01 
compared to the normal group, **p < 0.01 compared to the hypoxia group.
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blotting in the brain tissue of the neonatal epilepsy 
rat model.

Perinatal asphyxia and hypoxia are the two major 
pathogenic factors contributing to the development 
of neonatal epilepsy [13]. Moreover, susceptibility to 
excitation for long periods of time is enhanced by 
hypoxia, and this also leads to development of neuro-
nal injury [14]. The results of the present study indicat-
ed that hypoxia increases both the stage and number 
of seizures. Neuronal injury in seizure may contribute 
to alteration of cognitive function [23], which was 
supported by the results of the present study. The 
results presented here showed that treatment with 
icariin reduced the seizure stage and number in the 
hypoxia-induced seizure rat model. Moreover, cogni-
tive function was recovered in the icariin treatment 
group compared to the hypoxia group. 

Hypoxia increases the production of reactive oxy-
gen species, thereby increasing oxidative stress [7]. 
Enhancement of oxidative stress alters the cellu-
lar activity, including neuronal cells function and 
impulse generation [3]. The results of the present 
study showed that oxidative stress was increased in 
the brain tissue of the hypoxia group and that treat-
ment with icariin attenuated the level of oxidative 
stress in the brain tissue of hypoxia-induced neona-
tal epilepsy rats. 

These changes cause imbalances in the levels 
of several neurotransmitters in the brain of rats 
exposed to hypoxia, and results in impairment of 
synaptic plasticity, downregulation of GABAergic 
inhibition and AMPA potentiation leading to modu-
lation and enhancement of the sensitivity of brain 
tissue under hypoxic conditions [2]. GluR2 and p-ERK 
I/II contribute to the potentiation of AMPA [8]. The 
results of the present study suggested that treat-
ment with icariin attenuated the alterations in GluR2 
and p-ERK I/II protein expression in the brain tissue 
of hypoxia-induced neonatal epilepsy rats. Moreo-
ver, the histopathological changes in the brain tis-
sue were ameliorated in the icariin treatment group 
compared to the hypoxia group.

Conclusions

The results of the present study suggest that 
icariin protects against neuronal injury and improves 
cognitive function in the hypoxia-induced neonatal 
epilepsy rat model by modulating the GluR2/ERK I/
II pathway.
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