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Abstract

The aim of this study was to explore the neuroprotective effect and the underlying mechanism of erythropoietin (EPO) on 

the cortical neuronal cells insulted with oxygen and glucose deprivation (OGD). Different concentrations of EPO were 

used to determine the anti-apoptosis effect of EPO. In addition, PI3K inhibitor LY294002 and ERK1/2 inhibitor U0126 

were added to explore the underlying mechanism of EPO. Cell apoptosis rate was measured by flow cytometry. The protein 

expression of Bax, Bcl-2, cleaved caspase-3, AKT, p-AKT, Erk1/2 and p-Erk1/2 wasmeasured by Western blot. Our results 

showed that EPO alleviates OGD-induced cell apoptosis in a dose-dependent manner; the neuroprotective effect of EPO was 

further confirmed by the fact that EPO treatment reversed the protein expression of cleaved caspase-3, as well as the Bcl-2/

Bax ratio as compared with the OGD treatment. In the mechanism part, our results demonstrated that OGD and EPO nearly 

had no influence on the protein expression of AKT and Erk1/2 but altered the phosphorylation of them. Specifically, OGD 

decreased the expression of p-AKT and increased the expression of p-Erk1/2; while, EPO treatment reversed the expression 

of p-AKT and p-Erk1/2 as compared with OGD treatment. Interestingly, LY294002 decreased the expression of p-AKT and 

attenuated the neuroprotective effect of EPO; while, U0126 decreased the expression of p-Erk1/2 and enhanced the neuro-

protective effect of EPO. Our study demonstrated that EPO protects neurons against apoptosis induced by OGD, which is 

closely related with activation of PI3K/AKT and inactivation of Erk1/2 signaling pathway.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) is characterized 

with ischemic-induced brain damage and may cause neu-

ropsychiatric symptoms (Grasso et al. 2015). In developing 

countries, HIE is one of the leading causes of neonatal mor-

tality and may lead to neurodevelopmental disability in later 

life (Garg et al. 2017). Current therapies for HIE, includ-

ing mild hypothermia, hyperbaric oxygen, positive pressure 

ventilation and blood purification, are all physical in nature; 

however, few drugs are available.

Erythropoietin (EPO) has been widely used for ane-

mia treatment in clinical practice (Biggar and Kim 2017). 

Accumulating evidences revealed that, other than treat-

ment for anemia, EPO also has a role in neuroprotection. 

In a randomized controlled study, EPO monotherapy sig-

nificantly reduced the risk of death or disability in neo-

nates with moderate or severe encephalopathy (Malla 

et al. 2017). A phase II clinical study suggested that a 

high dose of EPO administered with hypothermia may 

result in less brain injury in patients with HIE (Wu et al. 

2016). These evidences suggested that EPO may be a 

promising agent for HIE treatment. In addition to clini-

cal trials, lots of experimental studies also focused on the 

mechanism of EPO under condition of hypoxia–ischemia 

insult. For instance, Yan et al. reported that EPO improves 

hypoxic-ischemic encephalopathy in neonatal rats by 

enhancing angiogenesis (Yan et al. 2016). Souvenir et al. 

reported that EPO inhibits HIF-1α expression in an in vitro 

hypoxia–ischemia model (Souvenir et al. 2014). Previous 

evidences also demonstrated that many downstream sign-

aling pathways of EPO receptor, including signal trans-

ducer and activator of transcription 5 (STAT-5), phos-

phatidylinositol 3 Kinase/protein kinase B (PI3K/Akt), 

extracellular signal-regulated kinase (Erk1/2) and protein 
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kinase C (PKC) pathways were involved in the neuropro-

tection of EPO (Hernández et al. 2017; Ostrowski and 

Heinrich 2018; Suarez-Mendez et al. 2018). Among these 

pathways, PI3K/Akt and Erk1/2 pathways have attracted 

our most attention because a number of reports had contra-

rily described their role in neuroprotection. For example, 

Li et al. reported that irisin treatment protects against neu-

ronal injury in middle cerebral artery occlusion (MCAO) 

and OGD models by activation of the Akt and ERK1/2 

signaling pathways (Li et al. 2017), while, Yan et al. found 

that vanillin protects dopaminergic neurons against inflam-

mation-mediated cell death via inhibiting Erk1/2, p38 and 

NF-κB signaling pathways (Yan et al. 2017).

In the present study, we used oxygen and glucose depriva-

tion (OGD) model to mimic the condition of HIE in vitro. 

Flow cytometry and Western blot were performed to con-

firm the neuroprotective effect and underlying mechanism 

of EPO on the cortical neuronal cells insulted with OGD.

Methods and materials

Isolation, culture and identification of cortical 
neuronal cells

The isolation, culture and identification of neuronal cells 

were performed according to the previous description 

(Guangyun Zhang et al. 2012). In brief, 7-day-old specific 

pathogen-free grade C57 mice were sacrificed; brains were 

collected and trypsinized; separated cells were cultured in 

neurobasal-A medium (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% (v/v) fetal bovine serum and 1/100 

penicillin–streptomycin at 37 °C in a humidified atmosphere. 

Four hours later, medium was replaced with serum-free neu-

robasal-A + B27 medium (Invitrogen, Carlsbad, CA, USA). 

Medium was replaced every day. Identification of isolated 

cells was performed by morphology observation and MAP2 

staining.

Immunofluorescence staining

Neuronal cells, grown on glass coverslips, were fixed with 

4% formaldehyde for 15 min and penetrated with 0.1% Tri-

ton X-100 for 15 min. Non-specific signal was blocked with 

5% (w/v) normal goat serum for 1 h at room temperature. 

Cells were then incubated with primary antibody against 

MAP2 (1:100; Abcam, UK) overnight at 4 °C. Subsequently, 

cells were incubated with HRP-conjugated secondary anti-

body (1:100; Gene Tex, USA) and stained with DAPI. Cov-

erslips were mounted and observed under a laser confocal 

scanning microscope (Olympus, Tokyo, Japan).

OGD model establishment and study design

For OGD model establishment, neuronal cells were incu-

bated with glucose-deprived Earle’s Balanced Salt Solution 

(Sigma-Aldrich, St. Louis, MO, USA) and maintained for 

1 h. Culture medium was then replaced with complete cul-

ture medium.

To confirm the neuroprotective effect of EPO, cells were 

divided into six groups: (1) control group; (2) OGD group; 

(3) 1.56 U/ml EPO group; (4) 3.1 U/ml EPO group; (5) 

6.25 U/ml EPO group; and (6) 12.5 U/ml EPO group. For 

control group, neuronal cells were cultured with complete 

culture medium. For OGD group, neuronal cells were treated 

as the method of model establishment. For all EPO groups, 

OGD model was established for neuronal cells at first; differ-

ent concentrations of EPO were then added. 24 h after treat-

ment, cell apoptosis was determined using flow cytometry.

To determine the underlying mechanism of neuroprotec-

tive effect of EPO, cells were divided into five groups: (1) 

control group; (2) OGD group; (3) 12.5 U/ml EPO group; (4) 

LY294002 group and (6) U0126 group. For the former three 

groups, treatments were same as the above-mentioned meth-

ods. For LY294002 group, OGD model was established for 

neuronal cells at first; 12.5 U/ml EPO and 10 µM LY294002 

(Calbiochem, San Diego, CA, USA) were then added. For 

U0126 group, the treatment was similar to the LY294002 

group except that 50 µM U0126 (Calbiochem, San Diego, 

CA, USA), instead of LY294002, was added. 24 h after treat-

ment, cell apoptosis was determined using flow cytometry. 

The protein expression of Bcl-2, Bax, cleaved caspase-3, 

AKT, p-AKT, Erk1/2 and p-Erk1/2 was determined using 

Western blot.

Flow cytometry

Cell apoptosis was measured by Annexin V/Propidium 

iodide (PI) staining assay using flow cytometry according 

to manufacturer’s instruction (BD Biosciences, CA, USA). 

Briefly, 24 h after treatment, approximately 2 × 105 cells 

were collected, rinsed twice with cold PBS and incubated 

with Annexin V for 30 min in dark at 4 °C. PI was then 

added and cells apoptosis was detected using a flow cytom-

eter (BD Biosciences, CA, USA).

Western blot analysis

After treatment, cells were collected and lysed in RIPA 

lysis buffer (Beyotime, Shanghai, China). Protein concen-

tration was measured by Bradford assay (Beyotime, Shang-

hai, China). Equal amount of proteins (30 µg/lane) were 

separated by sodium dodecyl sulfate polyacrylamide gel 
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electrophoresis (SDS-PAGE, 8–12%) and transferred to a 

PVDF membrane (Millipore, Bedford, MA, USA). Non-

specific binding sites were blocked with 5% (w/v) non-fat 

milk at room temperature for 2 h. Primary antibodies against 

Bcl-2 (1:1000; Abcam, UK), Bax (1:1000; Abcam, UK), 

cleaved caspase-3 (1:1000; Gene Tex, USA), AKT (1:1000; 

Cell signaling Technology, Beverly, MA, USA), p-AKT 

(1:1000; Cell signaling Technology, Beverly, MA, USA), 

Erk1/2 (1:1000; Cell signaling Technology, Beverly, MA, 

USA) and p-Erk1/2 (1:1000; Cell signaling Technology, 

Beverly, MA, USA) were added and incubated with cells 

overnight at 4 °C. Horseradish peroxidase–conjugated goat 

anti-rabbit IgG (H + L) secondary antibody (1:2000; Cell 

signaling Technology, Beverly, MA, USA) was incubated at 

room temperature for 1 h. β-actin (1:1000; Sigma-Aldrich, 

St. Louis, USA) was used as the reference protein. The pro-

tein expression was detected by electrochemiluminescence 

assay (Bio-Red Laboratories, Cambridge, MA, USA).

Statistical analysis

Data are presented as mean ± standard deviation (SD) and 

analyzed by one-way ANOVA assay using SPSS 19.0 soft-

ware (SPSS, Chicago, IL, USA). Two-tailed p value less 

than 0.05 was considered statistically significant.

Results

Identification of neuronal cells

The morphology of isolated cells at the third passage was 

observed by microscope, which shows typical features of 

neuronal cells (Fig. 1a). Moreover, the cells were positive for 

MAP2 staining (Fig. 1b), which further confirmed that the 

cells were neuronal cells. Cells at the third to six passages 

were used for further experiments.

EPO alleviated OGD-induced neuronal cell apoptosis 
in a dose-dependent manner

OGD significantly increased cell apoptosis rate 

(28.1 ± 3.44%) (Fig. 2b) when compared with normal cul-

tured neuronal cells (0.30 ± 0.26%) (Fig. 2a) (p < 0.05). To 

confirm the neuroprotective effect of EPO, different concen-

trations of EPO were used to treat OGD cells. As expected, 

EPO significantly decreased OGD-induced cell apoptosis in 

a dose-dependent manner (Fig. 2c-g).

The neuroprotective effect of EPO was attenuated 
by LY294002 and enhanced by U0126

From Fig. 3a we can see that, OGD significantly increased 

the apoptosis rate of neuronal cells which was alleviated 

by EPO treatment; AKT inhibitor LY294002 significantly 

increased the apoptosis rate of neuronal cells; on the con-

trary, Erk1/2 inhibitor U0126 significantly decreased the 

apoptosis rate of neuronal cells as compared with EPO 

treatment.

As we know, Bcl-2 is an anti-apoptotic protein and Bax 

is a pro-apoptotic protein, any factor that decreases the 

Bcl-2/Bax ratio may promote apoptosis (Xu et al. 2007). 

Our results showed that, OGD significantly decreased the 

Bcl-2/Bax ratio of neuronal cells which was reversed by 

EPO treatment. In addition, the Bcl-2/Bax ratio of neuronal 

cells was decreased by LY294002 treatment and increased 

by U0126 treatment as compared with EPO treatment alone 

(Fig. 3b, c).

Fig. 1  Identification of neuronal cells. a Representative picture of neuronal cells under microscope; b representative picture of MAP2 immuno-

fluorescence staining for neuronal cells. Bar 50 µm; magnification × 200
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Just like Bax, cleaved caspase-3 is another pro-apop-

totic protein. Our results showed that, OGD significantly 

increased the protein expression of cleaved caspase-3 

which was reversed by EPO treatment. The protein 

expression of cleaved caspase-3 was comparable in the 

EPO group, the LY294002 group and the U0126 group 

(Fig. 3b, d).

Taken together, our results confirmed that EPO has neu-

roprotective effect on cortical neuronal cells insulted with 

OGD, while LY294002 attenuated and U0126 enhanced 

this effect.

The phosphorylation of AKT and Erk1/2 was altered 
after EPO treatment

Our results showed that, the protein expression of AKT and 

Erk1/2 was almost unchanged in all groups (Fig. 4a, b, d). 

OGD treatment significantly decreased the expression of 

p-AKT which was reversed by EPO treatment; LY294002 

treatment significantly decreased the expression of p-AKT 

as compared with EPO treatment alone (Fig. 4a, c). As for 

p-Erk1/2, OGD treatment induced a distinct increase of 

p-Erk1/2 which was reversed by EPO treatment; U0126 

Fig. 3  LY294002 attenuated and U0126 enhanced the neuroprotec-

tive effect of EPO. a Representative flow cytometry pictures and bar 

graph of all groups; b representative pictures of Western blot for Bax, 

Bcl-2 and cleaved caspase-3; β-actin was used as a loading control; 

c bar graph of the Bcl-2/Bax ratio; d relative protein expression of 

the cleaved caspase-3. Data are expressed as mean ± SD; all experi-

ments were performed in triplicate. *p < 0.05, vs. the control group; 
#
p < 0.05, vs. the OGD group; ∆p < 0.05, vs. the EPO group
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treatment further decreased the expression of p-Erk1/2 as 

compared with EPO treatment alone (Fig. 4a, e).

Discussion

In the present study, we demonstrated that EPO protects cor-

tical neurons from apoptosis induced by OGD insult. The 

protective effect of EPO was dependent on the activation of 

the PI3K/Akt signal pathway and inactivation of the Erk1/2 

signal pathway. We also demonstrated that the PI3K inhibi-

tor LY294002 attenuated the protective effect of EPO; on the 

contrary, the Erk1/2 inhibitor U0126 enhanced this effect.

Oxygen–glucose deprivation mimics the condition of HIE 

in vitro (Mikrogeorgiou et al. 2017), making it a suitable cell 

model for studying HIE. Our results showed that cell apop-

tosis rate was increased after OGD, which was consistent 

with previous study (Chen et al. 2017). EPO is a glycopro-

tein cytokine secreted by the kidney in response to cellular 

hypoxia. Increasing evidences have indicated that EPO could 

protect neuronal cells from apoptosis induced by OGD (Cas-

tillo et al. 2017; Garg et al. 2017; Jeong et al. 2017), which 

are in line with our results. Apoptosis involves a series of 

gene activation, expression and regulation. Among them, 

Bcl-2 family proteins, including pro-apoptotic members 

(such as Bax) and anti-apoptotic members (such as Bcl-2) 

play a pivotal role in the regulation of apoptosis. Cleaved 

caspase-3, known to act downstream of Bax/Bcl-2, also 

plays a key role in the execution of apoptosis (Salakou et al. 

2007). Bax, Bcl-2 and caspase-3, as well as the Bcl-2/ Bax 

ratio, are often evaluated in apoptosis studies. Our study 

demonstrated that, OGD treatment increased the protein 

expression of Bax and cleaved caspase-3; on the contrary, 

the protein expression of Bcl-2, as well as the Bcl-2/Bax 

ratio was decreased after OGD. EPO treatment reversed the 

protein expression of Bcl-2, Bax and cleaved caspase 3, as 

well as the Bcl-2/Bax ratio as compared with the OGD treat-

ment. Taken together, our results confirmed the neuroprotec-

tive effect of EPO in the OGD model.

The PI3K/AKT pathway is a key signaling pathway that 

participates in various cellular processes such as cell pro-

liferation, survival, differentiation and apoptosis. Previous 

evidences suggested that PI3K/AKT activation is involved 

in EPO neuroprotection. For instance, Jia et al. reported that 

EPO-dependent activation of PI3K/Akt/FoxO3a signaling 

mediates neuroprotection in both in vitro and in vivo models 

of Parkinson’s disease (Jia et al. 2014). In a study performed 

by Ding et al., the authors found that both EPO and CEPO 

(carbamylated erythropoietin, an EPO derivative) exhibit 

neuroprotective effects in OGD model and hypoxic brain 

by triggering the CD131-GDNF-AKT pathway. Blockage of 

AKT pathway with LY294002 abolished the neuroprotective 

effects of EPO and CEPO (Ding et al. 2017). Similar obser-

vations were found by Yoo et al. who reported that both EPO 

Fig. 4  The phosphorylation of AKT and Erk1/2 was altered after 

EPO treatment. a Representative pictures of Western blot for AKT, 

p-AKT, Erk1/2, p-Erk1/2; b relative protein expression of AKT; c 

relative protein expression of p-AKT; d relative protein expression of 

Erk1/2; e relative protein expression of p-Erk1/2. Data are expressed 

as mean ± SD; all experiments were performed in triplicate. *p < 0.05, 

vs. the control group; #p < 0.05, vs. the OGD group; ∆p < 0.05, vs. the 

EPO group
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and MK-X (an EPO-derived peptide) had neuroprotective 

effects in MCAO mouse model and glutamate-induced neu-

rons model. The neuroprotective effects of MK-X and EPO 

were mediated by activation of JAK2 and its downstream 

PI3K/AKT and ERK1/2 signaling pathways (Yoo et  al. 

2017). The present study revealed that EPO promoted the 

phosphorylation of AKT and this activation was abrogated 

by PI3K inhibitor LY294002, which was in agreement with 

the results obtained by Ding et al. (Ding et al. 2017) and 

Yoo et al. (Yoo et al. 2017). These results suggested that the 

protective effect of EPO under OGD situation was dependent 

on the activation of PI3K/AKT pathway.

The Erk1/2 signaling pathway has a close relationship 

with neuronal cells differentiation and proliferation; how-

ever, previous reports exhibited controversial observations 

about the role of Erk1/2 in the process of neuroprotec-

tion. Studies from Gong et al (2014) and Tian et al. (2018) 

showed that activation of Erk1/2 after OGD or OGD/PR 

was observed characterized by increased expression of 

p-ERK1/2. In contrast, some studies demonstrated that 

Erk1/2 activation contributed to the protective effects of 

some neuroprotectants. For example, Savoia et al. demon-

strated that the neuroprotective effect of rosuvastatin in cor-

tical neurons exposed to OGD/reoxygenation was partially 

due to Erk1/2 pathway activation (Savoia et al. 2011). In the 

present study, we demonstrated that Erk1/2 was activated 

after OGD and attenuated by EPO treatment. Moreover, 

Erk1/2 inhibitor U0126 enhanced the efficacy of EPO. Our 

results suggested that Erk1/2 pathway inactivation promoted 

the neuroprotection function of EPO under OGD situation.

Conclusions

Our study demonstrated that EPO protects neurons against 

apoptosis induced by OGD, which is closely related with 

activation of PI3K/AKT and inactivation of Erk1/2 signaling 

pathway. However, further studies are warranted to confirm 

this speculation in animal models.
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