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Icariin inhibits corticosterone-induced apoptosis in hypothalamic
neurons via the PI3-K/Akt signaling pathway
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Abstract. Excessive corticosterone (CORT) is acknowledged
to induce neuronal damage in a number of regions of the
brain, particularly the hippocampus, the main area implicated
in depression. However, little research has been conducted
on alterations to hypothalamic neurons in depression and the
cellular and molecular basis for these changes. In the present
study, we aimed to determine whether CORT causes apoptosis
in primary cultured hypothalamic neurons, and to investigate
the protective effects of icariin, an active natural ingredient
from the Chinese plant, Epimedium sagittatum Maxim. Our
study demonstrates that exposure of hypothalamic neurons
to CORT causes a significant loss in viability, a significant
decrease in mitochondrial membrane potential, an increase in
caspase-3 activity, an elevation in intracellular reactive oxygen
species elevation and decreased superoxide dismutase activity.
However, pretreatment of cells with icariin prior to CORT expo-
sure was identified to noticeably suppress these CORT-induced
events. Furthermore, icariin may prevent CORT-induced cell
death via activation of the PI3-K/Akt pathway. In conclusion,
icariin is able to prevent CORT-induced hypothalamic cell
apoptosis via activation of the PI3-K/Akt pathway.
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Introduction

Depression is one of the most common types of mood disorder
and is associated with significant disability and mortality. It
is projected to become the second leading cause of burden of
disease in 2030 (1,2). Although a number of theories have been
put forward to explain the pathology of depression, including
the monoamine hypothesis, the neurotransmitter receptor
hypothesis and the neurotrophic factor hypothesis, the precise
mechanisms underlying the depression remain unclear (3).

Considerable evidence suggests that dysregulation of the
hypothalamic-pituitary-adrenal (HPA) axis is associated
with depression (4,5). Hyperactivity of the HPA axis results
in increased levels of the glucocorticoid hormone cortisol
in depressed patients (6). Studies on the effects of excessive
glucocorticoid on the brain in depression have to date focused
on neuronal apoptosis. However, the majority of studies
have only examined the hippocampal neurons in response
to perturbed HPA-axis function, and little research has been
conducted on alterations to hypothalamic neurons and the
cellular and molecular basis for these changes. Previous
studies have revealed that the hypothalami of mice subcutane-
ously implanted with corticosterone (CORT) pellets exhibited
significant changes in the expression of proteins involved in
cell death (7). A recent study identified that the antidepres-
sant, sertraline, reduced depression-related behavior and
decreased the number of apoptotic cells in the hypothalamus
in a rat model of depression following myocardial infarc-
tion (8). Therefore, CORT-induced hypothalamic cell damage
may correlate with behavioral manifestations of depres-
sion. Current antidepressants, which target monoaminergic
systems, are widely available on the pharmaceutical market.
However, approximately 30% of patients fail to respond to this
therapy (9). Therefore, the search for novel drug targets for the
treatment of major depression continues.

Recently, we reported that icariin, a biologically
active purified compound from the Chinese herbal plant
Epimedium sagittatum Maxim was able to reverse social
defeat-induced depression-related behavior in mice, which
is potentially mediated through inhibition of CORT secre-
tion and glucocorticoid receptor (GR) downregulation (10).
Furthermore, we identified that icariin markedly suppresses
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CORT-induced apoptosis in primary cultured rat hippocampal
neurons, presumably through blockade of p38MAPK activa-
tion (11) In the present study, we aim to determine whether
CORT is responsible for apoptosis in primary cultured hypo-
thalamic neurons, and to investigate the protective effects of
icariin by examining the activation of the phosphoinositide
3-kinase/protein kinase B (PI3-K/Akt) signaling pathway.

Materials and methods

Primary cultures of hypothalamic cells. The experiments were
performed on Sprague-Dawley (SD) rats less than 24 h old
purchased from the Shanghai Institute of the Chinese Academy
of Science. This study was approved by the Fudan University
experimental standards and followed the international
guidelines on the ethical treatment of experimental animals.
Primary cultures of dissociated hypothalamic cells were
prepared according to a previously described method (12) with
specific modifications. The hypothalamic tissue was dissected
from neonatal SD rats, stripped of the meninges and blood
vessels, and minced in Hanks' balanced salt solution (HBSS)
without Ca* and Mg>*. The tissue was dissociated using
0.125% trypsin (Beijing Solarbio Science and Technology Co.,
Ltd., Beijing, China) digestion for 15 min at 37°C and gentle
titration through a series of glass pasteur pipettes. The cells
were then plated on poly-L-lysine (molecular weight, 30,000-
70,000; 0.1mg/ml; Sigma, St. Louis, MO, USA) coated-glass
coverslips, 96-well plates, or 100 mm dishes at a density of
1x10° cell/ml and maintained at 37°C in a humidified 5% CO,
incubator. Neurons were cultured in neurobasal-A medium
(Gibco BRL, Grand Island, NY, USA) and supplemented with
2% B27 supplement (Gibco BRL), 10 pl/ml penicillin-strepto-
mycin, 2 mM glutamine (Solarbio), 5 ng/ml bovine fibroblast
growth factor 2 (FGF2; R&D Systems, Minneapolis, MN,
USA) and 1% fetal bovine serum (FBS). After a 24-h culture
period, cultures grown in serum-free neurobasal medium
yielded greater than 80% neurons, as estimated by immuno-
cytochemical staining with antibodies against neurofilament
proteins. The cultured neurons were used for in vitro studies
on day 8 (DIV 8).

Drug treatment. CORT (Sigma) was initially dissolved in
ethanol as a stock solution and then in culture media (final
concentration of ethanol, 0.1%). Icariin (purity >99%)
was purchased from the Shanghai Winherb Medical S&T
Development Co., Ltd. (Shanghai, China). Eight-day primary
hypothalamic neurons were washed twice with Mg**-free,
HEPES-buffered saline (HBS; 146 mM NaCl, 10 mM HEPES,
2 mM CaCl,, 5 mM KCI, 10 mM D-glucose, pH 7.4) and
pretreated with different concentrations of icariin with or
without 50 xM LY294002 (Sigma) for 2 h at 37°C, and then
exposed to CORT for 24 h.

Assessement of cell viability and death. After exposure to
various concentrations of CORT, icariin and LY294002, cell
viability was determined using the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl (MTT) assay system (Beyotime Institute
of Biotechnology, Shanghai, China) (11). Cell cytotoxicity
following various treatments was evaluated by lactate dehydro-
genase (LDH) release. This was acheived using a Quantitative
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Detection kit according to the manufacturer's instructions
(GenMed Scientifics Inc., Arlington, MA, USA) (11).

Cell morphology evaluation. To evaluate the morphological
changes in primary cultures of hypothalamic cells, cultures
were observed under a Leica DFIL inverted microscope with
a phase-contrast optic lens. Images were captured using Leica
QWin plus 3 Image Processing Software (Media Cybernetics,
Silver Spring, MD, USA) through a Leica DFC300 FX camera
device. We analyzed neurite preference from five images per
condition.

Measurement of caspase-3 activity. Caspase-3 activity in
primary cultures of hypothalamic lysate was determined
using the Chemicon caspase colorimetric activity assay kit
according to the manufacturer's instructions (11). In brief,
treated cells were resuspended in 50 pl of cell lysis buffer and
incubated on ice for 30 min. After centrifugation for 5 min
at 10,000 x g, the supernatant was transferred to a fresh tube
followed by the addition of reaction buffer and caspase-3
substrate for 4 h at 37°C in the dark. The free chromophore
p-nitroaniline (pNA) was quantified using a microtiter plate
reader at 405 nm. The fold increase in caspase-3 activity was
determined by comparing the absorbance from each sample
with untreated neurons.

Determination of mitochondrial membrane potential (MMP).
Following treatment, hypothalamic cell cultures grown on
96-well plates were loaded with Rhodamine 123 (Rho 123)
(10 uM) (Beyotime Institute of Biotechnology, Shanghai,
China) at 37°C in the dark for 15 min and then washed 3 times
with phosphate-buffered saline (PBS). The cell fluorescence
intensity of Rho 123 was quantified using a fluorescence
microplate reader (TECAN Infinite 200 microplate reader;
Tecan Trading AG, Minnedorf, Switzerland) with excitation at
485 nm and emission at 530 nm. The background fluorescence
signal of Rho 123 was determined without cells and subtracted
from those obtained in hypothalamic neurons.

Analysis of intracellular reactive oxygen species (ROS).
Intracellular ROS levels were analyzed by H2DCF-DA assay
according to the method previously described (13). Cells
(1x10° cells/well) were rinsed with Kreb's ringer solution and
10 mM H2DCF-DA was added. After 15 min incubation at
37°C, cells were washed with PBS, harvested and pelleted
by centrifugation and then resuspended in 0.5 ml PBS.
Fluorescence intensity was then monitored using a fluores-
cence microplate reader. The data was analyzed and expressed
as a percentage of the control. DCF labeled cells were observed
under fluorescence microscopy.

Measurement of antioxidant enzyme activities. Following
treatment, the cultures were washed twice with PBS, then
placed into ice-cold PBS (0.1 M, containing 0.05 mM EDTA)
and homogenized. The homogenate was then centrifuged at
4°C at 10,000 x g for 30 min, after which the protein concentra-
tion was determined using the Bradford method, using bovine
serum albumin (BSA) as a reference standard. Measurement of
superoxide dismutase (SOD) activity was performed according
to the reagent kit manufacturer's instructions.
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Western blot analysis. Following treatment, cells in each of
the 6-well plates were rinsed twice with cold PBS, followed
by the addition of cell lysis buffer containing 150 mM NaCl,
50 mM Tris-HCI1, 5 mM EDTA, 1% Nonidet P-40, 0.5%
deoxycholate, 1% SDS with proteinase inhibitor cocktail
(Sigma) on ice for 15 min, and then centrifuged for 20 min
at 12,000 x g. The supernatant was collected and the protein
concentration was measured using the Bradford method. Fifty
milligrams of total protein was dissolved in sample buffer and
heated for 5 min prior to loading onto polyacrylamide gels.
Proteins were then transferred to poly(vinylidine difluoride)
filter membranes, and blocked with 5% non-fat dry milk in
Tris-buffered saline/0.05% Tween-20. The membrane was
incubated with a monoclonal antibody against phospho-Akt
(Ser473), Akt (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), followed by incubation with horseradish peroxi-
dase-conjugated (HRP) secondary antibodies and visualized
using an enhanced chemiluminescence kit.

Statistical analysis. All data are expressed as the mean + SD.
Differences between groups without particular comments were
generally examined for statistical significance using one-way
ANOVA analysis with a post-hoc Dunnett's test. P<0.05 indi-
cated a statistically significant difference.

Results

Icariin protects hypothalamic neurons against CORT-induced
cytotoxicity. Cultured hypothalamic neurons were exposed to
an increasing concentration of CORT (0.01-5 yM) for 24 h
and cell viability was assessed using an MTT reduction
assay. CORT induced cell death in a concentration-dependent
manner (Fig. 1A). Exposure to CORT (1 xM) for 24 h was used
for inducing excitotoxic neuronal injury in the subsequent
experiments.

To investigate the neuroprotective effects of icariin on
CORT-induced neuronal damage, hypothalamic neurons were
pretreated with icariin at 0.1 M and 1 M for 2 h, followed
by challenge with CORT (1 M) for 24 h. Icariin pretreatment
at 0.1 yuM and 1 uM enhanced cell viability compared with
the CORT-treated control (Fig. 1B). The protective effect of
icariin on CORT-induced cytotoxicity was also analyzed using
the LDH test. Pretreatment with 0.1 M and 1 M icariin
caused a marked decrease in LDH release (Fig. 1C).

Icariin suppresses hypothalamic neuronal apoptosis induced
by CORT. Morphological analysis at the subcellular level
remains the most conclusive method for distinguishing
apoptosis from necrosis. The protective effect of icariin on
CORT-induced cytotoxicity was also analyzed by microscopic
examination. Cultured hypothalamic neurons were pretreated
with or without 1 xM icariin for 2 h, followed by challenge
with CORT (1 uM) for 24 h. Cells treated with vehicle were
healthy with networks of neurites and vacuole-free cell bodies.
The synapse connections between neurons were clearly
observed. Neurite fragmentation, shrinkage of cell bodies
and evident cell loss were observed when the neuronal culture
was exposed to 1 uM CORT for 24 h. Pretreatment of icariin
with 1 uM was able to protect cortical neurons against CORT
toxicity as demonstrated by the fine morphology (Fig. 2A).
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Figure 1. Icariin protected primary cultured neuronal cells from
CORT-induced neurotoxicity. (A) CORT-induced reduction viability of
primary cultured neuronal cells in a dose-dependent manner. Eight-day-old
primary hypothalamic neurons were treated with icariin for 2 h prior to a 24-h
exposure to 1 uM CORT. Following treatment, (B) cell viability and (C) LDH
release were measured. Data represents the mean + SD of three independent
experiments, each was performed in triplicate. Statistical significance using
a t-test was set as “P<0.05, “P<0.01 vs. vehicle control, “P<0.05, ‘P<0.01 vs.
model,”P<0.01 vs. icariin group. CORT, corticosterone; ICA, icariin; LDH,
lactate dehydrogenase.

Biochemical markers for caspase-3 activation following
treatment with CORT were consistent with apoptotic cell death.
Following 24-h CORT treatment, caspase-3 activity increased
in the hypothalamic neurons. In the cultured hypothalamic
neurons exposed to 1 uM CORT plus 1 yM icariin, caspase-3
activity was similar to that the of the control (Fig. 2B)

Mitochondria are recognised to be involved in apoptosis.
Permeability changes can lead to caspase-dependent cyto-
toxicity and downstream apoptotic signaling, while a loss of
mitochondrial transmembrane potential, denoted as mito-
chondrial dysfunction, leads to cytochrome c release from
the mitochondria and triggers other apoptotic factors. In the
present study, we evaluated mitochondrial transmembrane
potential using Rho 123 as fluorescent dye. Dye distribution
was examined under inverted microscope (Leica DFIL). In
the control cultures, Rho 123 was markedly aggregated in
hypothalamic neurons, reflecting the baseline for healthy
mitochondria in cells. CORT-treated neurons demonstrated a
decrease in Rho 123 of 37%. Pretreatment of 1 M, but not
0.1 uM icariin, significantly inhibited these changes (Fig. 2C
and D).

Icariin inhibits intracellular accumulation of ROS and
prevents loss of antioxidant enzyme activities in CORT-treated
cells. To determine whether icariin attenuates cell death by
blocking ROS generation, we detected the intracellular level
of ROS using H2DCF-DA fluorescent dye. Treatment of
hypothalamic neurons with 1 uM CORT for 24 h resulted in a
significantly increased DCF signal compared with the control
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Figure 2. Icariin inhibited CORT-induced apoptosis in cultured hypothalamic neurons. (A) Morphological characteristics of cultured cortical neurons were
visualized under microscopic analysis. Scale bar = 50 uM. (B) Activation of caspase-3. (C) Mitochondrial function was determined by Rho 123 fluorescence
intensity. Scale bar = 1 mm for all images. (D) Rho 123 fluorescence intensity was quantitatively analyzed. Data are expressed as fold over the control group in
five to six coverslips from separate cultures. Statistical significance using a t-test was set as “P<0.05, “P<0.01 vs. vehicle control, “P<0.05, "P<0.01 vs. model,
“*P<0.01 vs. icariin group. CORT, corticosterone; ICA, icariin; LY, LY294002.
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Figure 3. Icariin inhibited CORT-induced intracellular accumulation of ROS and rescued loss of SOD. (A) Intracellular ROS were imaged using the
H2DCF-DA fluorescent dye. (B) Quantitative analysis of ROS in cortical neurons was determined by fluorescence microplate reader. (C) Measurement
of the SOD. Statistical significance using a t-test was set as ""P<0.05, “P<0.01 vs. vehicle control, “P<0.035, "P<0.01 vs. model,**P<0.01 vs. icariin group.
CORT, corticosterone; ICA, icariin; ROS, reactive oxygen species; SOD, superoxide dismutase; LY, LY294002.
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Figure 4. Effects of corticosterone and ICA on the levels of phosphorylated
Akt and total Akt in cultured hypothalamic neurons. The intensity of the
bands for the phosphorylation of Akt and total Akt was analyzed by western
blot analysis. The experiments were repeated three times independently, one
representative result is shown. ICA, icariin.

group, but this was significantly reduced by icariin pretreat-
ment (Fig. 3A and B).

The level of SOD provided further evidence of the protec-
tive effects of icariin. Incubation with 1 uM CORT for 24 h
resulted in a significantly decreased activity of SOD (42.5%) in
the hypothalamic neurons compared to the controls. However,
pretreatment with 1 M icariin resulted in a significant increase
in the activity of SOD (37.5%) when compared to cells treated
with CORT. Together, these results suggest that pretreatment
with icariin prevents ROS generation and attenuates changes
in SOD activity induced by treatment with CORT (Fig. 3C).

Phosphorylation of Akt in CORT-treated neurons following
exposuretoicariin. Activation of the PI3-K/Akt signal pathway
by CORT and icariin in cultured hypothalamic neurons was
determined by measuring phospho-Akt levels. Neurons were
pretreated with icariin or control media for 30 min followed
by stimulation with CORT for 1, 2 and 3 h. Western blot
analysis revealed a significant increase in phospho-Akt at 2 h
following treatment with CORT in cultured hypothalamic
neurons, similar levels were also recorded in the cells treated
for 3 h. In the icariin-treated groups, Akt phosphorylation was
increased compared with the CORT-treated control group. As
expected, the cells treated with LY294002 demonstrated a
significant decrease in the amount of phosphorylated Akt at
2 h (Fig. 4).

Discussion

The present study demonstrates that icariin prevents
CORT-induced apoptosis in primary cultured hypothalamic
neurons. Exposure of hypothalamic neurons to CORT resulted
in a significant loss of viability and apoptosis of the cells. In
parallel, CORT significantly increased the intracellular ROS
elevation and decreased SOD activity. However, pretreatment
of the cells with icariin prior to CORT exposure noticeably
suppressed these CORT-induced cellular events. Furthermore,
icariin is able to prevent CORT-induced hypothalamic cell
death via activation of the PI3-K/Akt pathway.

Patients with major depression and other neurological
afflictions frequently display hyperactivity of the HPA
axis (14). Patients with major depression are known to have

a higher level of cortisol than patients without major depres-
sion (15). In rodents, studies have revealed that repeated
CORT injections induce behavioral and neurochemical
aspects of depression (16). For example, chronic CORT injec-
tions increased the immobility time on the forced swimming
test (17). Several studies have demonstrated that glucocorti-
coids induce atrophy of dendritic processes, inhibition of
neurogenesis and cause overt loss of neurons by necrosis
or apoptosis of the hippocampus (18-20). Our recent study
also revealed that CORT may induce hippocampal neuronal
damage (11). In the present study, we observed morphological
changes, including displayed neurite fragmentation, shrinkage
of cell bodies and evident cell loss in hypothalamic neurons
following CORT treatment. Furthermore, our results demon-
strated that exposure to CORT significantly decreased MMP
and increased caspase-3 activity. These results are consistent
with previous studies that the hypothalami of mice implanted
with CORT pellets exhibited significant changes in proteins
related to cell death pathways (7).

Several studies have demonstrated that ROS may lead
to neuronal apoptosis in neurodegenerative disorders (21).
ROS is a natural by-product of the normal metabolism of
oxygen in the mitochondria, and accumulation of ROS may
be related to mitochondrial dysfunction and the induction of
apoptosis (22). However, the antioxidant enzymes of SOD
play protective roles in all aerobic organisms by scavenging
the generation of free radical molecules. An imbalance
between the generation of free radicals and antioxidants may
be involved in the pathogenesis of most neurodegenerative
diseases. In agreement with previously reported results, our
study demonstrated that CORT induces ROS generation
and suppresses SOD activity. The results suggest ROS are
involved in CORT-induced cytotoxicity.

The involvement of the PI3-K/Akt signal pathway in
neuronal survival involves different mechanisms. To identify
the intracellular signaling pathways that mediate the neuro-
protective actions of icariin, changes in the phosphorylation
of key signaling proteins were analyzed by immunoblots with
phospho-specific antibodies. In the present study, neurons were
pretreated with icariin or control media for 30 min followed
by stimulation with CORT for 1, 2 and 3 h. Western blot
analysis revealed an increase in phospho-Akt at 2 h following
treatment with CORT in cultured hypothalamic neurons and
these levels of phospho-Akt were sustained for at least 3 h.
This is consistent with previous studies that revealed CORT
increases the phosphorylation of PI3-K/Akt in neurons grown
in neurobasal medium supplemented with B27 and 500 gm
L-glutamine (NBM+) (23). In the icariin-treated groups, Akt
phosphorylation was increased compared with the CORT-
treated control group. As expected, the cells treated with
LY294002 demonstrated a significant decrease in the amount
of phosphorylated Akt at 2 h. In addition, pretreatment with
LY294002 significantly blocked the neuroprotective effects
of icariin against CORT-induced apoptosis. These results
suggest that icariin is able to prevent neuronal cell death
induced by CORT in hypothalamic neurons by modulating
the activity of the PI3-K/Akt pathway.

In conclusion, icariin was identified to be able to prevent
CORT-induced hypothalamic cell death via activation of the
PI3-K/Akt pathway. This study not only demonstrates the
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potential pharmacological uses of icariin, but also reveals the
key neuroprotective role of the PI3-K/Akt pathway.
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