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Abstract
The tissue-protective properties of erythropoietin (EPO) have been described in several neurodegenerative diseases models, 
but erythrocytosis following EPO treatment may lead to deleterious effects. Carbamylated erythropoietin, an EPO deriva-
tive lacking hematopoietic side effects, has shown protective properties in some studies. However, it is not known if CEPO 
protects primary hippocampal cells against Aβ25−35 toxicity. The present study aimed to investigate the effect of CEPO-Fc 
on biochemical alterations in Akt, GSK-3β, and ERK signaling and cell death induced by Aβ25−35 in isolated hippocampal 
cell culture. The embryonic hippocampal cells were obtained from 18–19 day rat embryos. The cells were exposed with 
Aβ25−35 (20 µM) in the absence or presence of CEPO-Fc (1 or 5 IU) and PI3k and ERK inhibitors. CEPO-Fc at the dose 
of 5 IU significantly prevented the cell loss and caspase-3 cleavage caused by Aβ25−35. Additionally, CEPO-Fc noticeably 
reversed Aβ mediated decrement of Akt and GSK-3β phosphorylation. With exposure to LY294002, PI3 kinase inhibitor, Akt 
phosphorylation diminished and CEPO-Fc protective effects disappeared. Furthermore, while CEPO-Fc nullified Aβ-induced 
increment of phospho-ERK, inhibition of ERK activity by PD98059, had no effect on Aβ25−35-mediated caspase-3 cleavage 
and cell toxicity. These results imply that protective effects of CEPO-Fc seem to be mainly exerted through the PI3K/Akt 
pathway rather than ERK signaling. This study suggested that CEPO-Fc prevents Aβ-induced cell toxicity as well as Akt/
GSK-3β and ERK alterations in isolated hippocampal cells. These findings might provide a new perspective on CEPO-Fc 
protective properties as a prospective remedial factor for neurodegenerative diseases like AD.
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Introduction

Alzheimer’s disease (AD) is a complex neurodegenera-
tive disease, which is known as the most common cause of 
dementia. One of the most important structures connected Electronic supplementary material The online version of this 
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with AD pathology is hippocampus. Specifically, the char-
acteristics of this disease including extracellular deposits 
of β-amyloid peptide (Aβ) (known as senile plaques), neu-
rofibrillary tangles, and loss of neurons have been observed 
in hippocampus [1, 2]. It has been suggested that toxicity 
of Aβ is the main cause of neuronal damage in AD. Aβ 
is a sequence of 40–42 amino acids (therefore named as 
Aβ1−42) in which its toxicity is mainly caused by sequence 
of 25–35 amino acids of this protein (named as Aβ25−35). 
This sequence is considered as the active site of Aβ [3, 4]. 
Numerous in-vitro experiments have suggested the toxicity 
of Aβ peptide for neurons. Furthermore, in transgenic mice 
with large amounts of Aβ production, pathological symp-
toms of AD such as behavioral defects are observed. Thus, 
it has been proposed that Aβ plays a pivotal role in the eti-
ology of AD [5]. There are various studies suggesting that 
dysregulation of some intracellular signaling pathways are 
associated with increased production and accumulation of 
Aβ that can contribute to development of neurodegenera-
tive diseases. For example, it has been reported that cellular 
toxicity of Aβ can impair natural signaling of Akt, Glycogen 
Synthase Kinase-3β (GSK-3β), and Extracellular Signal-
Regulated Kinase (ERK) [6–8].

Erythropoietin (EPO) is a glycohormone with known 
hematopoietic activities and neuroprotective effects [9]. In 
the central nervous system (CNS), EPO exerts its biological 
effects through binding to EPO receptors (EPORs) expressed 
in cerebral cortex, midbrain, and hippocampus [10, 11]. Var-
ious different in vivo and in vitro studies have indicated the 
neuroprotective effects of recombinant human EPO (rhEPO) 
[12–14]. Nevertheless, in the CNS, the therapeutic dose of 
EPO is far greater than its dose for hematological effects. 
Therefore, the main restriction of using EPO is that its long-
term use will result in overproduction of red blood cells and 
elevated blood viscosity and other side effects associated 
with the hematopoietic system [15, 16]. On the other hand, 
EPO has a relatively short serum half-life. Carbamylated 
erythropoietin (CEPO) (a chemical-modified derivative of 
EPO) has been reported to exhibit the protective effects of 
rhEPO in various studies [17, 18], but does not bind to the 
EPOR and thus does not affect the erythropoiesis process. 
In this regards, experimental evidence indicated that the 
protective effects of CEPO is mediated through binding a 
heteroreceptor named EPOR-βcR (β-common receptor or 
CD131) [19–21]. For instance, Ding et al. (2015) showed 
that CEPO could not support the proliferation of Neuro-2a 
cells because the lack of CD131 in this cell line [22]. On the 
other hand, the CEPO protective effects on cell lines that 
do not express the EPOR also confirm the fact that CEPO 
protective signaling occurs via binding to a separate recep-
tor from that of EPOR [23]. It has also been reported that 
CEPO can improve memory in another manner from the 
EPO function [24]. In a recent in-vivo study, we found that 

CEPO-Fc (linked to the Fc portion of human IgG1 molecule 
leading to a prolonged half-life) was able to prevent mem-
ory deficit resulting from Aβ25−35 in rats. These observed 
effects were parallel with changes and modifications in the 
activity of some signaling molecules including MAPKs and 
Akt/GSK-3β [8]. Since most studies have investigated the 
protective effects of EPO and rhEPO while the molecular 
mechanisms of CEPO protective effects at cellular levels 
have remained unknown, thus the purpose of the current 
work was to study the protective effects of CEPO-Fc against 
Aβ25−35 toxicity in isolated hippocampal cells. Further, at 
the molecular level, we measured the effect of CEPO-Fc 
on Aβ25−35-mediated Caspase-3 activation, and changes in 
Akt/GSK-3β and ERK activity. Additionally, Akt and ERK 
inhibitors were applied for investigating the possible inter-
play between these signaling molecules in Aβ25−35 toxicity 
and/or CEPO-Fc protection.

Materials & methods

Reagents and antibodies

Aβ25− 35 (A4559), Thiazolyl Blue Tetrazolium Blue (MTT) 
powder (M5655), Sodium pyruvate (P5280), Hanks’ bal-
anced salt (HBS, H2387) and Poly-l-lysine solution (P4707) 
were from Sigma Aldrich. Preparation of CEPO-Fc was 
done in our lab (Vienna, Austria), which is described in 
more detail in succeeding sections. Cell culture materials 
including DMEM/F12, (32500-035), FBS, (10270-106) 
and Penicillin-Streptomycin Antibiotic (15140-122) were 
purchased from Gibco® life technologies™. Selective PI3 
kinase inhibitor (LY294002 (ab120243)) was purchased 
from Abcam, and selective mitogen-activated protein kinase 
(MEK) inhibitor (PD98059 (9900L)) was from Cell Signal-
ing Technology Company. The following antibodies were 
also purchased from Cell Signaling Technology Company: 
Caspase-3 antibody (9665), Beta-actin antibody (4970), the 
phosphorylated form of antibodies including Akt(Ser473), 
GSK-3β(Ser9), ERK (with Cat # 4060, 5558, 4377 respec-
tively), their corresponding total forms including Akt, 
GSK-3β and ERK (with Cat # 4685, 9315, 4695 respec-
tively), and anti-rabbit horseradish peroxidase (HRP) sec-
ondary antibody (7074). Western Blotting Detection Reagent 
kit (Amersham™ ECL™ Select) (RPN2235) was from GE 
healthcare. Immobilon-P PVDF Membrane (IPVH00010) 
and Bovine Serum Albumin (BSA, 1120180100) were pur-
chased from Millipore. Halt Protease/phosphatase inhibitor 
cocktail (78440) was from Thermofisher Scientific.
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Culture of hippocampal cells

We performed the experiments based on the animal eth-
ics committee of Shahid Beheshti University of Medical 
Sciences and in accordance with NIH guidelines. Primary 
hippocampal cultures were obtained from embryonic rat 
brains (18–19 day-old), as we described earlier [7, 25]. 
The hippocampi were gently separated and collected in 
sterile HBSS  (Ca2+ and  Mg2+ free Hanks’ balanced salt 
solution, with 10 mM HEPES, 1 mM sodium pyruvate). 
For digestion of the hippocampi, they were exposed to 
trypsin (0.05%) at 37 °C for 20 min. Afterward, the tis-
sues were washed with HBSS and then using a sterile fire-
polished Pasteur pipette the tissue gently triturated (8–10 
times trituration). After leaving the homogenate on ice 
(10–15 min) for precipitation of debris, the supernatant 
was centrifuged (2000 rpm/2 min) and hippocampal cells 
were pelleted. The cells were re-suspended in DMEM/
F12 (1:1) plating medium (containing FBS (10%) and 
100 U/ml penicillin and 100 µg/ml streptomycin). After 
cells counting, they were added to 96-well and 6-well 
culture plates (coated with Poly-l-lysine) for MTT assay 
and Western blotting analysis respectively. The cells were 
seeded at a density of 40 × 103 cells/well in the 96-well 
plate and 1.2 × 106 cells/well in the 6 well plate. After 
incubating the cells for 4 days (at 37 °C, 95% humidified 
atmosphere and 5% CO2), medium was replaced by fresh 
DMEM/F12 (1:1) medium with FBS (1%) and cell treat-
ments were done.

Drug preparation

A main stock of Aβ25−35 (2 µg/µl) was prepared through 
dissolving in sterile distilled water and stored in − 20 °C. 
According to the protocols of previous studies [25, 26], the 
in vitro incubation of Aβ25–35 (at 37 °C for 4 days) was 
done for its aggregation process. Production and biochemi-
cal characterization of EPO-Fc was previously described by 
Schriebl et al, this molecule is a fusion protein consisting of 
two rhEPO molecules linked to the Fc region of a human 
IgG1 molecule [27]. The EPO-FC complex is subsequently 
carbamylated until no erythropoietic potency remains. 
Carbamylation is performed by incubation with potas-
sium cyanate (KOCN) at pH 8 and 37 °C for 48 h. Lysine 
residues react with potassium cyanate and are modified to 
homocitrulline. Thereafter unbound cyanate is removed by 
gel filtration and thereby buffered into PBS pH 7.3. Due to 
carbamylation hematopoietic properties are lost, but neuro-
protective activities are preserved. The main stock (1.91 mg/
ml or 2.3 × 105 IU) of CEPO-Fc was prepared by dissolving 
in phosphate buffered saline and then diluted in medium for 
treating the cells.

Cell treatments

Cell treatments by aggregated Aβ25−35 (previously incubated 
for 4 days at 37 °C), CEPO-Fc, or both, with or without 
PD98059 and LY294002 were done 4 days after seeding 
the hippocampal cells. Treatments with different drugs were 
done for 24 h. MTT assay was used to determine toxic dose 
of Aβ25−35 and protective dose of CEPO-Fc. Accordingly; 
we selected 20 µM of Aβ25−35 as a toxic dose and 1 and 5 
IU of CEPO-Fc for further studies. The inhibitors were dis-
solved in dimethyl sulfoxide (DMSO) in a stock concentra-
tion, which the final DMSO concentration did not exceed 
0.1% when added to the cells medium. According to our 
previous study, the dose 50 µM of PD98059 or LY294002 
were selected for treatments [25].

Cell viability assay

The viability of cultured hippocampal cells was assessed 
using the MTT assay. Twenty-four hours after cell treat-
ments, the medium was completely removed and replaced 
by MTT solution (0.5 mg/ml); then the cells were incubated 
for 4 more h at 37 oC. Afterwards, the medium was replaced 
by DMSO (100 µl/each well). A microplate reader (Synergy 
HT, Biotek®) was used to measure absorbance at 570 nm. 
Furthermore, by an inverted phase contrast microscope, we 
visualized the morphological changes of cells.

Western blot analysis

Before lysing the plated cells, they were rinsed with cold 
HBSS and then lysed and scraped in a cold RIPA (Radioim-
munoprecipitation assay) lysis buffer. This buffer was com-
prised of Tris-HCl (50 mM, pH8.0), NaCl (150 mM), Triton 
X-100 (1%), Na-Deoxycholate (0.5%), SDS (sodium dodecyl 
sulfate, 0.1%)), as well as, protease/phosphatase inhibitors 
cocktail. Lysate samples were homogenized by needling. 
Then, the homogenate was centrifuged at 4 °C (13,000 rpm 
for 25 min). Lowry assay was used for evaluating protein 
concentration of samples. Protein extracts of each sample 
(20 µg) were loaded on SDS-PAGE gel electrophoresis 
(12%) and transferred onto PVDF membranes. BSA (5%) 
was used for blocking process of the membranes (1 h, room 
temperature). Then, overnight incubation of blots was done 
with primary antibodies (Akt, GSK-3β, ERK, caspase-3 
and β-actin) at 4 °C. Thereafter, blots were probed with 
secondary antibody for 1:30 h at room temperature. Using 
chemiluminescence ECL reagent, the protein bands were 
then detected. For detection of the total form of proteins 
and also β-actin, the blots were placed in stripping solution 
(containing Tris-base (1 M, PH6.8), SDS (10%) and 2-Mer-
captoethanol (0.4%)) for 25 min at 54 °C. Image-J software 
was used to quantify the density of protein bands.
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Statistics

Data were analyzed with GraphPad Prism software, version 
7.01. All experiments were repeated 3–4 times. Comparisons 
were performed by one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test with a significance level 
set at p < 0.05. The results are expressed as means ± SEM.

Results

The effects of Aβ25−35, CEPO‑Fc, LY294002 
and PD98059 on hippocampal cell viability 
and morphology

In order to assess the cell viability, MTT assay was per-
formed. The toxic effect of Aβ25−35 was assessed for 4 
different doses (5, 10, 20 and 40 µM). (Fig. 1a). Accord-
ing to One-way ANOVA analysis, Aβ25−35 significantly 
induced hippocampal cell death (F(4, 28) = 16.20, 
P < 0.0001). Post hoc analysis showed that Aβ25−35 at 
doses 10 (P < 0.05), 20 and 40 µM (P < 0.001) signifi-
cantly decreased cell viability in a concentration-depend-
ent manner. In this regards, we considered to select a dose 
of Aβ25−35 that its toxicity could be reversed by treatment 
with CEPO-Fc. Since the higher dose (40 µM) caused 
severe toxicity, treatment with CEPO could not exhibit 
the protective effects against its toxicity and prevent cell 
death. Consequently, the dose 20 µM was selected for 
further experiments. Furthermore, other published studies 
also have used the dose of 20 µM in their studies. In the 
same way, the effect of CEPO-Fc at doses 1, 2, 5 and 10 
IU against Aβ-induced cell death was assessed by MTT 
assay (Fig. 1b). One-way ANOVA analysis presented sig-
nificant differences between groups (F(9, 147) = 10.49, 
P < 0.0001). Post hoc analysis by Tukey’s test showed 
that, however, CEPO-Fc treatment at dose 1 IU had no 
significant effect on Aβ-induced cell death but, doses 2 
(P < 0.01), 5 and 10 IU (P < 0.001) markedly reversed 
cell loss induced by Aβ25−35. Accordingly, two doses 
of CEPO-Fc (1 and 5 IU) were selected for the rest of 
experiments. Figure 1c depicts the effects of LY294002 
and PD98059 on the protective effect of CEPO-Fc. One-
way ANOVA analysis showed a significant difference 
between groups (F(6,54) = 23.63, P < 0.0001). Tukey’s 
test revealed that the protective effect of CEPO-Fc is 
reversed following LY294002 administration (P < 0.001). 
However, PD98059 did not affect the protective proper-
ties of CEPO-Fc. Additionally, the results also showed 
that LY294002 (at the Aβ20µM + LY group) exacerbated 
Aβ-induced toxicity (P < 0.05), while PD98059 had not 
effect on Aβ25−35 toxicity. Figure 2 represents the pics of 
morphological changes of the cultured cells that captured 

24 h after treatments with different drugs. In Aβ25−35-
treated group, as shown, Aβ-induced morphological 
changes including cell body shrinkage and increased dead 
cells and cell debris are evident. CEPO-Fc treatment at 
dose 5 IU could prevent these morphological changes. 
Following LY294002 exposure, not only the protective 
effect of CEPO-Fc on cells was obviously omitted but 
also Aβ-induced morphological changes was potentiated. 
However, PD98059 did not affect the protective proper-
ties of CEPO-Fc.

The effects of Aβ25−35, CEPO‑Fc, LY294002 
and PD98059 on caspase‑3, Akt, GSK‑3β and ERK 
alterations in cultured hippocampal cells

In order to investigate the protective effects of CEPO-Fc 
against Aβ25−35 toxicity and to see the contribution of cas-
pase-3, Akt, GSK-3β and ERK activity in this interaction, 
western blotting analysis was done. In the case of proteins 
with two form of phospho and total (Akt, GSK-3β and ERK), 
the amount of phospho/total ratio normalized to control was 
measured.

The results indicating the caspase-3 cleavage (as an indi-
cator of caspase-3 activation) are displayed in Fig. 3. The 
hippocampal cells treated with Aβ25−35 and/or CEPO-Fc 
in the presence or absence of inhibitors were analyzed for 
cleaved caspase-3 protein. The band of cleaved caspase-3 
was observed at 17 kDa. As an internal control, β-actin anti-
body detected a band at 45 kDa. One-way ANOVA showed 
a significant difference between groups (F(8,26) = 8.88, 
P < 0.0001). Analysis by Tukey’s test showed that Aβ25−35 
significantly elevated the cleavage of caspase-3 (P < 0.05) 
but treatment with CEPO-Fc at dose 5 IU markedly pre-
vented this enhanced activation (P < 0.05). The results also 
revealed that following LY294002 and PD98059 administra-
tion, CEPO-Fc failed to decrease caspase-3 cleavage induced 
by Aβ25−35. According to the statistical analysis, a signifi-
cant increment of cleaved caspase-3 was observed between 
control and Aβ(20 µM) + CEPO-Fc5IU + LY294002 
group (P < 0.001) and also between control and Aβ(20 
µM) + CEPO-Fc5IU + PD98059 group (P < 0.05). 

Figure 4 displays the relative amount of Akt phosphoryl-
ation. Specific antibodies for phosphorylated Akt (P.Akt) 
and total Akt (T.Akt) detected a band at about 60 kDa. 
Analysis by one-way ANOVA revealed a significant differ-
ence between groups (F(8,26) = 10.61, P < 0.0001). Results 
of Tukey’s post hoc test disclosed that while Aβ25−35 sig-
nificantly decreased Akt phosphorylation in hippocampal 
cells (P < 0.001), CEPO-Fc at dose 5 IU could signifi-
cantly reverse Aβ-induced decrement of Akt phosphoryla-
tion (P < 0.01). In addition, the results also indicated that 
CEPO-Fc in the presence of LY294002 was not further 
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Fig. 1  The effect of CEPO-
Fc on Aβ25−35 toxicity in the 
presence or absence of PI3K 
and ERK inhibitors in cultured 
hippocampal cells. The cell 
viability was evaluated by MTT 
assay 24 hours after treatments. 
a The cell viability following 
Aβ25−35 exposure at doses 5, 10, 
20 and 40 µM. b The effect of 
CEPO-Fc at doses 1, 2, 5 and 
10 IU on Aβ20µM. c The cell 
viability after treatments with 
Aβ20µM and/or CEPO-Fc5IU 
in the presence or absence of 
LY294002 and PD98059. Data 
are reported as mean ± SEM. 
*P < 0.05 and ***P < 0.001 
represent the difference between 
control versus other treated 
groups. #P < 0.05, ##P < 0.01 and 
###P < 0.001 represent the dif-
ference between Aβ20µM group 
and the others
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able to reverse Aβ-mediated Akt phosphorylation diminu-
tion, where the amount of phospho-Akt was significantly 
decreased in Aβ(20 µM) + CEPO-Fc5IU + LY294002 

group compared to control (P < 0.001). However, 
PD98059 did not represent a significant effect on the Akt 
phosphorylation.

Fig. 2  The representative images of morphological changes of hippocampal cells in different groups 24 h after cell treatments

Fig. 3  The results of the 
western blotting analysis for 
the relative amount of cleaved 
caspase-3 in cultured hippocam-
pal cells exposed to Aβ20µM 
and/or CEPO-Fc in the presence 
or absence of PI3K and ERK 
inhibitors. The cell lysate was 
followed by immunoblot-
ting using anti-caspase-3 and 
β-Actin. Representative bands 
for each antibody are shown. 
Quantitative values represent 
mean normalized to con-
trol ± SEM. *P < 0.05, **P < 0.01 
and ***P < 0.001 represent the 
difference between control and 
other treated groups. #P < 0.05 
represents the difference 
between Aβ20µM treated group 
and the others
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Anti-phospho and total GSK-3β antibody revealed a 
46 kDa band. A significant difference in the amount of 
phospho-GSK-3β between groups was observed via One-
way ANOVA analysis (F(8,18) = 8.519, P < 0.001). Tukey’s 
test indicated that although Aβ25−35 treatment resulted in a 
significant reduction of the phospho-GSK-3β in hippocam-
pal cells (P < 0.05), CEPO-Fc at dose 5 IU reversed this 
Aβ-induced phospho-GSK-3β decline (P < 0.01). However, 
following adding LY294002 to cells, CEPO-Fc could not 
prevent this Aβ-induced decline effect. As statistical analy-
sis showed, a significant decrease was observed in Aβ(20 
µM) + CEPO-Fc5IU + LY294002 group compared to control 
(P < 0.01). The post hoc test also revealed that in groups 
receiving PD98059, GSK-3β phosphorylation was markedly 
raised compared to control (P < 0.05). These findings are 
illustrated in Fig. 5.

The results of western blotting analysis evaluating the 
ERK phosphorylation in hippocampal cells are depicted in 
Fig. 6. Following incubation with anti-phospho and total 
ERK antibodies, two bands were appeared at 42 and 44 kDa. 
One-way ANOVA showed a significant difference between 
groups (F(8,26) = 7.826, P < 0.0001). Post hoc analysis by 
Tukey’s test demonstrated a significant increment in phos-
pho-ERK after Aβ25−35 exposure (P < 0.05) and subsequently 
a significant decrement following CEPO-Fc (5 IU) treatment 

(P < 0.05). Further reduction of phospho-ERK level was 
shown following the use of ERK inhibitor at groups receiv-
ing PD98059 in comparison to Aβ20µM group (P < 0.001). 
Furthermore, the results also showed that, in the presence 
of LY294002, phosphorylated ERK level was significantly 
lower than the Aβ20µM group (P < 0.05).

Discussion

Since in vitro studies provide conditions through which the 
response of isolated cells to different drugs can be assessed, 
we conducted this research to study the possible protec-
tive properties of CEPO-Fc against cell toxicity induced 
by Aβ25−35. The results presented that CEPO-Fc reduced 
the cytotoxic effects of Aβ25−35 on hippocampal cultures. In 
addition, western blot analysis also revealed that the protec-
tive effects of CEPO-Fc against Aβ25−35 toxicity were in 
line with reversing the biochemical changes at the level of 
caspase-3, Akt, GSK-3β, and ERK proteins.

Treatment of cells with CEPO-Fc alone did not signifi-
cantly differ from the control group, indicating that CEPO-
Fc could be used as a protective factor without affecting 
cell characteristics. Further, as we explained earlier, CEPO 
acts through binding to EPOR-βcR. This has been shown 

Fig. 4  The results of the west-
ern blotting analysis for P.Akt/T.
Akt in cultured hippocampal 
cells exposed to Aβ20µM and/
or CEPO-Fc in the presence 
or absence of PI3K and ERK 
inhibitors. The cell lysate was 
followed by immunoblotting 
using anti-phospho and total 
Akt and β-Actin. Representa-
tive bands for each antibody 
are shown. Quantitative values 
represent mean normalized to 
control ± SEM. ***P < 0.001 
displays the difference between 
control and other treated groups. 
##P < 0.01 displays the differ-
ence between Aβ20µM treated 
group and other treated groups
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Fig. 5  The results of the 
western blotting analysis for 
P.GSK-3β/T.GSK-3β in cultured 
hippocampal cells exposed to 
Aβ20µM and/or CEPO-Fc in 
the presence or absence of PI3K 
and ERK inhibitors. The cell 
lysate was followed by immu-
noblotting using anti-phospho 
and total GSK-3β and β-Actin. 
Representative bands for each 
antibody are shown. Quantita-
tive values represent mean 
normalized to control ± SEM. 
*P < 0.05 and **P < 0.01 indicate 
the difference between control 
and other treated groups. 
#P < 0.05 and ##P < 0.01 indicate 
the difference between Aβ20µM 
treated group and other treated 
groups

Fig. 6  The results of the 
western blotting analysis for 
P.ERK/T.ERK in cultured 
hippocampal cells exposed to 
Aβ20µM and/or CEPO-Fc in 
the presence or absence of PI3K 
and ERK inhibitors. The cell 
lysate was followed by immu-
noblotting using anti-phospho 
and total ERK and β-Actin. 
Representative bands for each 
antibody are shown. Quantita-
tive values represent mean 
normalized to control ± SEM. 
*P < 0.05 displays the difference 
between control and Aβ20µM 
treated groups. #P < 0.05 and 
###P < 0.001 display the differ-
ence between Aβ20µM treated 
group and the others
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in various studies [19–21]. Therefore, considering the pro-
tective effects of CEPO-Fc in the present study, it can be 
concluded that these types of receptors are expressed in hip-
pocampal cells.

Extensive studies have concluded that caspase-3 activity 
could be considered as an indicator of apoptosis initiation 
[28]. It has also been reported that caspase-3 has a major 
executive role in the neural cell death in the brain of AD 
patients. This fact has been shown by elevated levels of 
caspase-3 activity in the damaged brain regions of these 
patients [29]. In the present study, diminished cell viability 
was associated with an obvious increase in caspase-3 cleav-
age in the cells receiving Aβ25−35. In this regard, numerous 
studies have found similar results suggesting that Aβ induces 
cell death through activating caspase-3 and apoptotic path-
way [30–32]. In our study, CEPO-Fc treatment at 5 IU dose 
enhanced cell viability and reduced caspase-3 cleavage. 
The morphological changes of cells in the presence of dif-
ferent treatments also confirmed this result. These results 
demonstrated that CEPO-Fc is potent enough to protect 
cells against apoptosis. In accordance with our results, the 
protective effects of rhEPO or its derivatives in preventing 
cell death have been reported in other in-vitro studies. For 
example, distinct studies have indicated that rhEPO protects 
PC12 cells and cultured neurons against Aβ25−35 [14, 33, 
34], glutamate, and ischemia toxicity [11, 35]. It has also 
been demonstrated that rhEPO protects myocardial cells 
from apoptosis following intra-amygdala injection of Kainic 
acid and induction of an epileptic model in rats [36].

Our results also revealed that in addition to increment 
of cell death and activated caspase-3, Aβ25−35 treatment 
lowered Akt activity and enhanced GSK-3β activity (via 
reducing its inhibitory phosphorylation) in the isolated hip-
pocampal cells. The concomitant treatment of Aβ25−35 and 
LY294002 resulted in a further reduction in cell viability. 
In agreement with our results, there are ample evidences 
suggesting that disturbed Akt/GSK-3β pathway have a major 
role in the Aβ-induced cell toxicity. For instance, reports 
have revealed that there is an association between impaired 
Akt activity and AD. They demonstrated that the activated 
PI3K/Akt signaling protects cells against neurotoxicity 
mediated by Aβ in an in-vitro model [25, 37, 38]. On the 
other hand, previous studies have revealed that Akt activa-
tion inhibits apoptosis (through modulation of transcription 
factors involved in apoptosis or inhibition of pro-apoptotic 
factors) [39]. Once activated, Akt phosphorylates Ser-9 
residue in GSK-3β molecule and subsequently inhibits its 
activity. It has been reported that GSK-3β is contributed in 
the major phases of apoptotic pathways [40]. According to 
the "GSK-3β hypothesis in AD", GSK-3β is involved as a 
strategic mediator in induction of neurodegeneration in AD 
pathology [41, 42]. Our results also demonstrated that, in 
addition to decreasing caspase-3 cleavage, administration of 

CEPO-Fc to cultured cells significantly prevented the reduc-
tion of Akt and GSK-3β phosphorylation (thereby increasing 
Akt activity and decreasing GSK-3β activity) mediated by 
Aβ25−35. We found that in the presence of the LY294002 
inhibitor, CEPO-Fc was no longer able to prevent activa-
tion of caspase-3 and cell death caused by Aβ25−35. These 
findings highlight the importance of Akt/GSK-3β pathway 
in the protective effects of CEPO-Fc. In line with the current 
findings, some documents have demonstrated that EPO or 
CEPO activates the PI3K/Akt signaling pathway. For exam-
ple, increased activity of Akt/GSK-3β pathway and protec-
tive properties have been demonstrated following treatment 
with EPO [43] and CEPO [44] in a hypoxia/ischemia model. 
Furthermore, in an induced model of Parkinson’s in cultured 
cells, rhEPO treatment activated PI3K/Akt signaling and 
exerted neuroprotective effects [45]. These findings, based 
on previous and current studies, consequently, can conclude 
that CEPO-Fc exerts protective effects through activating the 
Akt/GSK-3β pathway. Our recently published in-vivo study 
also supports these results [8].

Our findings also indicated that whereas Aβ25−35 caused 
phosphorylation of ERK to be increased, the protective 
effect of CEPO-Fc treatment was associated with reduction 
of ERK phosphorylation. Contrary to our findings, some 
studies have claimed that Aβ inhibits ERK activity and nor-
mal activity of ERK protects against Aβ toxicity [46, 47]. 
In addition, ERK activity enhancement has been reported 
to prevent scopolamine-induced learning deterioration [48]. 
However, the increment of activated ERK levels surround-
ing amyloid deposit in AD patients’ brain [49], as well as in 
Aβ-dependent disorders in the animal [6, 50, 51] and cellular 
[7, 25] models confirm our results suggesting that enhanced 
ERK activity might participate in Aβ-induced cellular loss. 
In order to further test of this hypothesis, ERK activation 
was inhibited by an upstream inhibitor (PD98559). Follow-
ing use of PD98059, we observed that ERK inhibition was 
not able to reverse cell loss mediated by Aβ25−35; rather, 
surprisingly a significant growth in caspase-3 cleavage was 
observed in the presence of PD98059. The time of ERK 
activation seems to an important factor in determining its 
cellular role. In this regard, it has been reported that tran-
sient activation of ERK has protective effects while persis-
tent activation leads to cell death [52–54]. As, in our study, 
the cells were exposed to Aβ25−35 for 24 h, this persistent 
activation of ERK is likely to contribute to Aβ25−35-induced 
apoptosis.

We also observed that following use of PD98059, cleaved 
caspase-3 remained significantly at a high level and even 
inhibition of ERK was not able to prevent cell death induced 
by Aβ25−35. Accordingly, we suggest that the pathways 
developing toxicity in hippocampal cells do not take one 
or two specific pathways; rather, a collection of different 
stimuli are involved in the ultimate response of the cells. 
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In addition, our results also demonstrated that CEPO-Fc 
not only reversed the Aβ25−35 mediated elevation of ERK 
phosphorylation but also significantly lowered its level. 
This finding implies that under the current experimen-
tal conditions, CEPO-Fc was able to prevent persistence 
activation of ERK. This effect can be one of the possible 
ways through which CEPO-Fc protected hippocampal cells 
against Aβ25−35 toxicity. So, if ERK plays an adverse role in 
the current experimental conditions, expectedly the protec-
tive effects of CEPO-Fc will be enhanced through inhibit-
ing ERK activity. However, our results in MTT assay test 
and also western blotting analysis (which clearly showed 
an increment in caspase-3 cleavage) did not reveal such an 
outcome in protective properties of CEPO-Fc. On the other 
hand, there are some documents in contradiction with our 
findings. For example, Ma et al. revealed that enhanced 
transient phosphorylation of ERK1/2 is involved in EPO-
mediated protection in Aβ-induced cell toxicity. Neverthe-
less, after using PD98059, the protective effect of EPO was 
still persist on cell viability. Therefore, they suggested that 
ERK1/2 signaling does not have a major role in the protec-
tion mediated by EPO against Aβ [34]. In contrary to our 
results, Zhang et al. indicated that EPO protects primary 
cortical neuron cultures against sevoflurane-induced toxicity 
through activating ERK1/2, where inhibiting ERK1/2 phos-
phorylation eliminated the protective effects of EPO [55]. 
Further, pretreatment with EPO attenuated ischemia/reper-
fusion-induced apoptosis by transient ERK activation [56]. 
These results raise a theory that on the one hand CEPO-Fc 
is positively involved in transient activation of ERK, while it 
negatively participates in persistence activation of ERK. In 
both cases, CEPO-Fc contributes to cell protection. Inhibi-
tion of ERK activity followed by PD98059, in the current 
study, may support CEPO-Fc to prevent persistence ERK 
activation but it may inhibit its transient activation induced 
by CEPO-Fc. This is why use of PD98059 does not further 
improve the protective effects of CEPO-Fc.

One of the important points in this research was the pos-
sible interaction between Akt and ERK signaling in primary 
hippocampal cells toxicity or protection mediated by Aβ25−35 
or CEPO-Fc respectively. It has previously been reported 
that there is an inverse relationship between Akt and ERK 
activation in cell toxicity caused by Aβ, where inhibition 
of each one leads to enhanced phosphorylation of the other 
[25]. Our results revealed that following use of LY294002, 
CEPO-Fc was still able to prevent ERK phosphorylation 
induced by Aβ25−35. This reduction in phosphorylation 
of ERK was also observed in cells receiving Aβ25−35 and 
LY294002 concurrently. In contrary to our findings, some 
documents suggest that the extent of ERK phosphorylation 
is increased following inhibition of PI3K/Akt pathway [25]. 
Our results also demonstrated that inhibition of ERK signal-
ing by PD98059 prevented Aβ-induced decrement in Akt 

phosphorylation. Additionally, inhibition of ERK partially 
potentiated the ability of CEPO-Fc to prevent the reduced 
Akt phosphorylation mediated by Aβ25−35, implying that 
ERK activation participates in Akt signaling disturbance. 
Therefore, it can be inferred that ERK inhibition results in 
a relative rise in Akt phosphorylation. Congruent with the 
present findings, some studies have indicated that inhibition 
of ERK prevents reduced Akt activity and cell death [25, 
57]. In general, according to the results, it can be concluded 
that PI3K/Akt signaling has a more pivotal role than ERK 
in protective effects of CEPO-Fc.

Conclusion

The findings of the current study indicated, for the first time, 
that CEPO-Fc protects isolated hippocampal cells against 
cell death induced by Aβ25−35 toxicity. This protective effect 
of CEPO-Fc is associated with its modulatory effect on 
the biochemical changes caused by Aβ25−35 in caspase-3, 
Akt, GSK-3β and ERK. Since a large body of evidence 
has reported the protective properties of CEPO in various 
models of neurodegenerative diseases (reviewed in [58]), 
the current study may be useful in explaining the molecular 
mechanisms associated with CEPO-Fc protective properties. 
These findings suggest the use of CEPO-Fc as a potential 
candidate in the treatment of neurodegenerative diseases.
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