
INTRODUCTION

Stroke is reportedly the leading global cause of millions of 
deaths and disability according to the World Heart Association 
(2015). Ischemic stroke is the most common form, accounting 
for 87% of all types of stroke (Bennett et al., 2014). Despite 
its high prevalence, there are no effective treatments current-
ly available. Tissue plasminogen activator (t-PA) is the only 
FDA-approved drug that is currently available for patients with 
ischemic stroke (Bonifacio et al., 2015). However, it must be 
administered within 3.5 h of stroke onset, and only a few pa-
tients (<3%) can benefit from this therapy (Berrouschot et al., 
2016). Thus, to find new therapeutic strategies, additional fun-
damental mechanisms of action should be identified to treat 
stroke injury. Ischemic stroke events decrease oxygen and 
glucose delivery to brain tissue (Zamani et al., 2013) resulting 
from the suppression of blood flow to the brain, and can cause 

metabolic and functional damage (Mestriner et al., 2013). 
Various pathogenic mechanisms contribute to damage dur-
ing ischemia, including energetic failure (glucose) (Abramov 
et al., 2007) and the generation of free radicals (Allen and 
Bayraktutan, 2009). Reactive oxygen species (ROS) (Subiros 
et al., 2012) have a well-known critical role in brain damage 
after brain stroke (Liu et al., 2012). Consequently, ROS induce 
neuronal death by inducing neuroinflammation (Bonda et al., 
2010; Dumont and Beal, 2011).

Neuronal death following ischemic stroke involves the in-
duction of genes associated with several cellular functions, 
including apoptosis, inflammation, and oxidative stress. Nu-
clear factor kappa B (NF-κB) is a transcription factor that is 
widely known to be associated with inflammatory responses 
following ischemia and other neuroinflammatory disorders 
(Simmons et al., 2016). Released p65/p50 NF-κB dimers 
translocate from the cytoplasm to the nucleus where they bind 
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Cerebral ischemia exhibits a multiplicity of pathophysiological mechanisms. During ischemic stroke, the reactive oxygen species 
(ROS) concentration rises to a peak during reperfusion, possibly underlying neuronal death. Recombinant human erythropoietin 
(EPO) supplementation is one method of treating neurodegenerative disease by reducing the generation of ROS. We investigated 
the therapeutic effect of PEGylated EPO (P-EPO) on ischemic stroke. Mice were administered P-EPO (5,000 U/kg) via intrave-
nous injection, and middle cerebral artery occlusion (MCAO) followed by reperfusion was performed to induce in vivo ischemic 
stroke. P-EPO ameliorated MCAO-induced neurological deficit and reduced behavioral disorder and the infarct area. Moreover, 
lipid peroxidation, expression of inflammatory proteins (cyclooxygenase-2 and inducible nitric oxide synthase), and cytokine levels 
in blood were reduced by the P-EPO treatment. In addition, higher activation of nuclear factor kappa B (NF-κB) was found in the 
brain after MCAO, but NF-κB activation was reduced in the P-EPO-injected group. Treatment with the NF-κB inhibitor PS-1145 
(5 mg/kg) abolished the P-EPO-induced reduction of infarct volume, neuronal death, neuroinflammation, and oxidative stress. 
Moreover, P-EPO was more effective than EPO (5,000 U/kg) and similar to a tissue plasminogen activator (10 mg/kg). An in vitro 
study revealed that P-EPO (25, 50, and 100 U/mL) treatment protected against rotenone (100 nM)-induced neuronal loss, neuro-
inflammation, oxidative stress, and NF-κB activity. These results indicate that the administration of P-EPO exerted neuroprotective 
effects on cerebral ischemia damage through anti-oxidant and anti-inflammatory properties by inhibiting NF-κB activation.
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to specific DNA sequences and promote the transcription of 
target genes, such as inducible nitric oxide synthase (iNOS) 
and cyclooxygenase-2 (COX-2), as well as cytokines. Thus, 
activation of NF-κB triggers the production of pro-inflammato-
ry cytokines and nitric oxide. In stroke patients, increased pro-
tein levels of tumor necrosis factor (TNF)-α signal activation 
of NF-κB (Jickling et al., 2012). Several studies have shown 
that inhibiting NF-κB results in the suppression of neutrophil 
recruitment, reduced cytokine release, and oxidative stress in 
ischemic stroke (Nijboer et al., 2008). Acute ischemia inflam-
matory proteins and cytokines are reduced in p50-knockout 
mice compared to those in wild-type mice (Duckworth et al., 
2006; Campbell et al., 2008).

Erythropoietin (EPO) is a well-known cytokine that is also 
produced in the central nervous system, where it exerts neu-
roprotective actions (Masuda et al., 1993; Digicaylioglu et al., 
1995; Marti, 2004; Jelkmann, 2011). Many compounds that 
target stroke treatment are effective in animal models but un-
successfully translated to humans. However, both animal and 
human clinical studies have shown that EPO might be effec-
tive against hypoxic, ischemic, and traumatic brain injuries and 
both chronic and progressive degenerative disease (Gorio et 
al., 2002; Erbayraktar et al., 2003; Brines et al., 2004; Gorio et 
al., 2005; Heikal et al., 2016). In a recent monocentric proof-
of-concept study, recombinant human EPO was shown to be 
safe and beneficial on clinical outcomes in patients with isch-
emic stroke. In addition, EPO binds specifically to neuronal 
EPO receptors where it acts in an anti-apoptotic, antioxidant, 
anti-inflammatory, neurotrophic, neural stem cell-modulating, 
and neuroplasticity-enhancing fashion (Subiros et al., 2012). 
However, EPO has a relatively short half-life in the body. The 
advantage of modification (PEGylation of EPO to create; P-
EPO) is its long-term stabilization and half-life (Pasut and Ve-
ronese, 2012).

In the present study, we investigated the neuroprotective 
effects of P-EPO in middle cerebral artery occlusion (MCAO)-
induced stroke. 

MATERIALS AND METHODS

Reagents and animals
P-EPO was obtained from TS Corporation (Incheon, Ko-

rea). 8-week-old male ICR mice were purchased from Sam-
tako BioKorea Co (Osan, Korea). All animal experiments were 
approved by the Chungbuk National University Institutional 
Animal Care and Use Committee (IACUC) and were per-
formed in accordance with guidelines approved by the Chun-
gbuk National University for the Care and Use of Laboratory 
Animals (CBNUA-1088-18-01).

Ischemia surgery
The acclimated 9-week-old ICR mice were anesthetized 

with 3.5% isoflurane, and then maintained with a gas mixture 
of 75% N2O and 25% O2. The middle cerebral artery was oc-
cluded for 1 h using sutures (Doccol Corp, Sharon, MA, USA). 
The right common carotid artery and the right external carotid 
artery (ECA) were exposed through a middle neck incision. 
The ECA was dissected distally, ligated, and coagulated 
along with the terminal lingual and maxillary artery benches. 
A minimal incision was made in the ECA stump, at an angle 
of incidence, with iridectomy scissors. Following the incision, 

occlusion of the MCA was performed by sutures (0.22 mm). 
During the occlusion period and postoperative period (1 h 
after occlusion), the animals were kept on a thermostatically 
controlled warming plates in order to maintain body tempera-
ture at 37°C to prevent hypothermia. Following the occlusion, 
the clips were removed to restore blood for recirculation. The 
same surgically operated animals without cerebral artery oc-
clusion served as control animals.

Assessment of neurological deficit score
Neurological deficits were evaluated as reported by Longa 

et al (1989). The findings were scored on a five-point scale: (1) 
failure to extend the left forepaw, (2) decreased grip strength 
of forepaw, (3) circling left by pulling the tail, (4) spontaneous 
circling, and (5) falling down. One point given for each assess-
ment, and then the scores were totaled up. Neurological func-
tion assessment was performed by an investigator blind to the 
experimental groups.

Rota-rod test
The Rota-rod test was performed 1 day after surgery. Mice 

were placed on a Rota-rod treadmill at a constant speed of 10 
rpm for 3 min and the latency to fall was measured. The mice 
were trained before the experiment to remain on a 25-mm di-
ameter rod rotating at 10 rpm for 120 s. Two or three trials 
were sufficient for the animals to learn this task.

Morphometric determination of infarct volume
For the detection of the ischemia infarction area of the 

brain, a cross-sectional infarction area on the surfaces of each 
brain slice was defined by the 2, 3, 5-triphenyltetrazolium chlo-
ride (TTC) staining method. After 1-h reperfusion, the mice re-
ceived an intracardiac perfusion of 0.9% buffered saline. The 
brain was then removed and cut into 2-mm serial slices start-
ing 1 mm from the frontal pole. The coronal slices were then 
immersed in a 2% phosphate-buffered solution for 50 min at 
37°C. After TTC staining, the slices were fixed in a 10% phos-
phate-buffered formalin, and the infarction area was then de-
termined by an image analyzer using the Leica Qwin program 
(Leica Microsystems Imaging Solution Ltd., Cambridge, UK). 
The infarct area (mm2) from each 2-mm thick brain slice was 
determined through an imaging program (Sion Image, Scion 
Corporation, MD, USA), and then the infarct volume of the 
whole brain (mm3) was calculated by the sum of all the slice (7 
slices in 1 brain) infarct areas’ volume×thickness (2 mm). The 
relative infarction volumes were indicated by the percentage 
of control brain infarction volume.

Cresyl violet staining
The brains were taken out from the skull and postfixed in 

4% paraformaldehyde for 24 h at 4°C. The brains were trans-
ferred to 30% sucrose solutions. Subsequently, the brains 
were cut into 25-μm sections by using cryostat microtome 
(Leica CM1850; Leica Microsystems, Seoul, Korea). The sec-
tions of the brains were thoroughly washed with phosphate-
buffered saline (PBS) to remove the excess fixative agent and 
then transferred to gelatin-coated glass slides and stained 
with 0.1% cresyl violet (2-5 min) for the purpose of identifying 
cortical layers and cytoarchitectural features of the isocortical 
region. After this, the sections were washed in distilled water 
then dehydrated through ascending grades of ethanol, 50, 70, 
90, and 100% ethanol for 2 min in each grade followed by a 10 
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min immersion in a 1:1 mixture of absolute alcohol and xylene. 
They were cleared in xylene for 5-10 min and mounted in a 
mounting medium (CytosealTM XYL; Thermo Scientific, Pitts-
burgh, CA, USA).

Lipid peroxidation
The formation of malonaldehyde, as a lipid peroxidation 

product in the whole brain homogenate of ipsilateral hemi-
sphere (or left hemisphere of the sham-operated control), was 
determined using lipid peroxidation assay kit (Cell Biolabs, 
Inc., San Diego, CA, USA).

Western blot analysis
The brain tissues were homogenized with lysis buffer 

(PROPREP; iNtRON, Sungnam, Korea; n=8 mice per group) 
and centrifuged at 2,500×g for 15 min at 4°C. Equal amounts 
of total protein (40 μg) isolated from brain tissues were re-
solved on 8 or 10% sodium dodecyl sulfate polyacrylamide 
gels and then transferred to nitrocellulose membranes (Hy-
bond ECL; Amersham Pharmacia Biotech, Piscataway, NJ, 
USA). Membranes were incubated at room temperature for 2 
h with the following specific antibodies: anti-COX-2, anti-IκB, 
anti-p-IκB, anti- STAT1, anti-p-STAT1, anti- STAT3, anti-p-
STAT3, anti- STAT5, anti-p-STAT5 (Cell Signaling Technology, 
Inc., Beverly, MA, USA), anti-inducible nitric oxide synthase 
(iNOS) and anti-Glial fibrillary acidic protein (GFAP) (1:1,000 
Novus Biologicals, Inc., Littleton, CO, USA), anti-p50, anti-
p65, anti-BAX, anti-cleaved caspase-3, histone H1 (1:1,000; 
Santa Cruz Biotechnologies, Inc., Santa Cruz, CA, USA), anti-
hEPO (1:1,000, R&D systems, Inc., Minneapolis, MN), anti-
PEG-2-128, anti-PEG-B47 (1:1,000; Abcam, Cambridge, UK) 
and anti-β-actin (1:2,500; Sigma, St Louis, MO). Blots were 
then incubated at room temperature for 2 h with, correspond-
ing peroxidase-conjugated anti-mouse or anti-rabbit antibod-
ies (1:2,000; Santa Cruz Biotechnology, Inc.). Immunoreactive 
proteins were detected using an enhanced chemilumines-
cence (ECL) Western blotting detection system. The relative 
density of the protein bands was scanned densitometrically 
using My Image (SLB, Seoul, Korea) and quantified by Lab 
Works 4.0 (UVP, Upland, CA, USA).

Immunohistochemical staining
After being anesthetized with diethyl ether, subgroups 

of mice were perfused intracardially with 50 mL saline. The 
brains were taken out from the skull and postfixed in 4% para-
formaldehyde for 24 h at 4°C. The brains were transferred to 
30% sucrose solutions. Subsequently, brains were cut into 
25-μm sections by using cryostat microtome (Leica CM1850; 
LeicaMicrosystems). After multiple washing in PBS, endog-
enous peroxidase activity was quenched by incubation of the 
samples in 3% hydrogen peroxide in PBS for 30 min, followed 
by a 10-min wash in PBS. The sections were then incubated 
for 2 h at room temperature with a rabbit/mouse polyclonal 
antibody against GFAP, iNOS (1:300; Novus Biologicals, Inc.) 
and a rabbit polyclonal antibody against COX-2, p-STAT3 (Tyr 
705) (1:300; Cell Signaling Technology, Inc.). After incubation 
with the primary antibodies, sections were washed in PBS be-
fore being incubated for 1 h at room temperature in the pres-
ence of biotinylated goat antirabbit or anti-mouse IgG second-
ary antibodies (1:1,000; Vector Laboratories, Burlingame, CA, 
USA). Sections were then washed with PBS and incubated 
with avidin–peroxidase complex (Vector Laboratories) for 30 

min before the immunocomplex was visualized using the chro-
mogen 3,3- diaminobenzidine (Vector Laboratories). Sections 
were then counterstained with hematoxylin. Finally, sections 
were dehydrated in ethanol, cleared in xylene, and covered 
with permount (n=8 mice per group).

Levels of IL-6, IL-1β and TNF-α in serum
The levels of IL-6, IL-1β and TNF-α in the brain were mea-

sured by a sandwich enzyme-linked immunosorbent assay 
(ELISA) according to the instructions of the manufacturer. 
Briefly, dispensed antigen standards and samples were added 
to each well of 96-well plates pre-coated with first antibod-
ies. After adding Biotin Conjugate Reagent and Enzyme Con-
jugate Reagent into each well, the plates were incubated at 
37°C for 60 min. The plates were then rinsed five times with 
distilled water. After chromogenic reaction, a Microtiter plate 
reader within 30 min measured the absorbance at 405 nm. 
The IL-6, IL-1β and TNF-α levels in the brain were expressed 
as picogram of cytokines per milligram of brain.

Cell culture and treatment
Pregnant ICR mice were delivered by DBL Company (Dae-

han Bio Link, Eumsung, Korea) 48 h before being sacrificed 
and were placed in a CO2 chamber in a calm room. On Day 
17 embryos were removed from pregnant ICR mice (Daehan 
Bio Link) under intraperitoneal pentobarbitol (Sigma-Aldrich, 
St. Louis, MO, USA) anesthesia. The mice were then imme-
diately sacrificed. Cortices were dissected, enzymatically dis-
sociated with papain (10 U/mL, Sigma-Aldrich), then exposed 
for 5 min in a solution that inactivated papain: DNAse I (Invit-
rogen, Thermo Fisher Scientific, Waltham, MA, USA) and B27 
(Gibco, Thermo Fisher Scientific), diluted in Phosphate Buffer 
Saline (PBS) 1X with D-glucose (33 mmol/L, Sigma-Aldrich). 
Cells were dissociated by trituration and filtered through a 
membrane (70 μm, BD Biosciences, CA, USA). Cells were 
then purified through a BSA solution (8%, Sigma-Aldrich) di-
luted in Neurobasal A-25 (Invitrogen, Thermo Fisher Scientif-
ic). Dishes, with or without glass coverslips, were coated with 
poly-D-lysine (0.1 mg/mL, Sigma-Aldrich) 24 h prior to cultur-
ing. For each experiment, cortices from 8 to 12 embryos per 
rat were mixed. Experiments were reproduced 3-8 times. Cul-
tures were grown in Neurobasal (Eurobio, Les Ulis, France) 
supplemented with B27 (Invitrogen, Thermo Fisher Scientific), 
2 mmol/L glutamine, 0.1% penicillin and streptomycin (Gibco, 
Thermo Fisher Scientific), 250 U/mL amphotericin (Invitrogen, 
Thermo Fisher Scientific), and 1 mmol/L lactic acid (Sigma-
Aldrich) at a density of 6×105 cells per cm2. The percentage 
of neuronal cells in our culture system was more than 90% 
judged with cell morphology and immunostaining measure-
ment. Cells were incubated at 37°C and 95% humidity with 
5% CO2. When the cells had reached ~80% confluence, they 
were then treated with freshly prepared rotenone in DMSO 
(100 nM final concentration). 

Statistical analysis
The data were analyzed using the GraphPad Prism 4 soft-

ware (GraphPad Software, La Jolla, CA, USA). Data are pre-
sented as mean ± SD. Differences in the data were assessed 
by a one-way analysis of variance (ANOVA). When the p value 
in the ANOVA test indicated statistical significance, the differ-
ences were assessed by the Dunnett’s test. A value of p<0.05 
was considered to be statistically significant.
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RESULTS

P-EPO reduces infarct volume and behavioral disorder 
The neurological deficit scores were lower in the P-EPO 

group compared to the MCAO-induced group. Infarction vol-
ume was evaluated by triphenyltetrazolium chloride (TTC) 
staining and was significantly reduced in the P-EPO-treated 
group 24 h after ischemia/reperfusion compared to the vehicle 
group. The highest infarct volume (total infarction volume was 
28 ± 2%) was induced in MCAO-induced mice after ischemia/
reperfusion. Ischemia/reperfusion-induced brain infarction 
was lower (13 ± 3%) in P-EPO-treated mice (Fig. 1A).

P-EPO-induced improvement in motor function was as-
sessed 24 h after cerebral ischemia. One day before the rota-
rod test, all mice were placed on the rota-rod treadmill at 10 
rpm for 3 min. The latency before falling after ischemia/reper-
fusion was significantly lower compared to the vehicle-treated 
mice (22.3 ± 4.8 s). However, treatment with P-EPO increased 
latency to 59.3 ± 8.3 s (Fig. 1B).

A neurological deficit score on a 5-point rating scale is com-
monly used to evaluate neurological function in the MCAO 
model. Modified- EPO-treated mice exhibited a lower neu-
rological deficit score (3.1 points average) at 24-h ischemia 
reperfusion compared to MCAO-induced mice (Over control; 
0.5 points) (Fig. 1C).

P-EPO suppresses apoptosis in infarction area
We used cresyl violet staining to assess apoptosis in the in-

farct area. We performed MCAO on the right side of the brain, 
counted the number of stained cells as indicated by cresyl 
violet, and compared the left and right sides. The right side 
had more stained cells than the left side, meaning that isch-
emic hypoxia, derived by MCAO, induced neuronal death. The 
number of stained cells in the P-EPO-injected mice brain was 
490.22/cm2 on average, compared to the number (372.64/
cm2) in MCAO-induced mice (Fig. 1D). This result indicated 
that P-EPO suppressed neuronal death in ischemic hypoxia. 
Western blot data for caspase 3 (a pro-apoptotic protein) ex-
pression was also lower in the modified-EPO-treated mice 
brain compared to the MCAO-induced mice brain (Fig. 1E).

P-EPO reduces glutathione/oxidized glutathione  
(GSH/GSSG) level, and lipid peroxidation

Ischemic hypoxia induces oxidized lipids by forming high 
ROS levels. Therefore, we compared lipid oxidation in the 
MCAO mice brain. The malondialdehyde (MDA) levels in the 
brain were also higher in the MCAO group (0.6536 nmol/mg), 
but the levels were also reduced by P-EPO treatment (0.3667 
nmol/mg) (Fig. 2A). The ratio of GSH and its oxidized product, 
GSSG, plays a significant role in determining the prooxidant–
antioxidant status. Thus, the ratio of GSH to GSSG was deter-
mined. The GSH/GSSG ratio was lower in the P-EPO-treated 
mice brain (0.01651 μmol/mg) than the MCAO-induced mice 
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brain (0.00453 μmol/mg) (Fig. 2B).

P-EPO reduces neuroinflammatory responses and 
activation of NF-κB

Activation of astrocytes and microglia is a characteristic 
feature of neuroinflammation, and these cells promote inflam-
matory responses when activated. The activation of astro-
cytes and microglia was identified by immunohistochemistry. 
The immunohistochemistry results indicated that few cells in 
the vehicle-treated group were positively stained for GFAP or 
Iba-1. However, the numbers of GFAP and Iba-1-positive cells 
were significantly higher in the MCAO group than the vehicle 
control group, while the numbers of GFAP and Iba-1 cells 

were significantly lower in the P-EPO-treated groups than the 
MCAO-induced group. These results suggest that GFAP and 
Iba-1 were activated by hypoxic ischemia and that P-EPO in-
hibited the activation of these proteins (Fig. 2C, 2D).

In addition, we compared the expression of GFAP by West-
ern blot in the brains of P-EPO-treated mice and MCAO-
induced mice. The results revealed that GFAP levels were 
significantly lower in the P-EPO-treated brain compared to 
the MCAO-induced mouse brain (Fig. 3A). The expression 
of iNOS, COX-2, and Iba-1 was also determined by Western 
blot. The expression of inflammatory proteins, such as iNOS, 
COX-2, and Iba-1 in the brains of P-EPO treated mice was 
much lower than that in MCAO-induced mice. As shown in 
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Fig. 3. Effects of P-EPO on inflammatory protein and NF-κB, STAT5 activity. 10 h after reperfusion following 2-h MCAO, vehicle (Sham), 
5,000 U/kg of P-EPO was administered via i.v. The ischemic cortex in the striatum was collected for Western blot or immunohistochemistry 
24 h after reperfusion following MCAO. (A) Representative Western blots of iNOS, COX-2, GFAP and Iba-1 in the ischemic brain. (B) Rep-
resentative Western blots of transcription factors STAT1, STAT3, and STAT5 and phosphorylated form and NF-κB factor p50 and p65. Equal 
loading was confirmed by monitoring the β-actin and histone-H1 protein levels. (C) The expression levels were quantified by stereological 
analysis using the ImageJ program. (D) Serum levels of cytokines after MCAO measured by ELISA. Anti-inflammatory cytokines (TNF-α, 
IL-6, IL-1β) were examined. The data are the mean ± SD each sample was probed in triplicate. n=5/group; *p<0.05, **p<0.01, ***p<0.0001 
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Fig. 3A, the expression of inflammatory proteins decreased in 
response to P-EPO, so we further studied the potential mech-
anism by which P-EPO inhibited the inflammatory response 
in the brain. Notably, the P-EPO-treated mouse brain showed 
significantly lower NF-κB translocation to the nucleus com-
pared to MCAO-induced mice brain (Fig. 3B, 3C).

The pro-inflammatory cytokines TNF-α, IL-6, and IL-1β 
play important roles in inflammatory disease. Ischemia/reper-
fusion significantly increases TNF-α and IL-1β levels in the 
non-transgenic mouse brain. However, TNF-α, IL-1β, and IL-6 
release was inhibited in the P-EPO-treated mouse brain (Fig. 
3D).

P-EPO reduces ROS and suppresses in vitro cell death 
Hypoxic ischemia blocks the delivery of oxygen and nutri-

ents to neuron. Rotenone is a specific mitochondrial complex 

I inhibitor that causes cell damage by generating oxidative 
stress (Ham and Raju, 2017). Exposure for 24 h to rotenone 
up to 100 nM causes cell death in a concentration-indepen-
dent manner in cultured neurons. The MTT assay results re-
vealed that P-EPO significantly increased viability. P-EPO (25, 
50, and 100 U/mL) and rotenone increased neuronal viability 
by 79.6, 83.0, and 89.2%, respectively (Fig. 4A). Whole-cell 
intracellular ROS production was also quantified as an index 
of rotenone-induced oxidative stress. Exposure to 100 nM 
rotenone for 24 h caused a significant increase of H2O2, but 
treatment with P-EPO reduced this (Fig. 4B).

P-EPO reduces activation of NF-κB in vitro
NF-κB mediates oxidative stress and inflammatory-induced 

neuronal death. Thus, we determined the NF-κB DNA binding 
activity and phosphorylation. We treated neuronal cells with 
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100 nM rotenone and P-EPO for 15 min to assess the impact. 
The Western blot results demonstrated that P-EPO reduced 
the expression of inflammatory proteins, such as iNOS and 
COX-2 (Fig. 4C). Oxidative stress caused by rotenone in-
creased NF-κB factor (p50 and p65) expression, but modified-
EPO reduced the expression of p50 and p65 (Fig. 4D).

Comparison between P-EPO, t-PA, and EPO
We compared the neuroprotective effects of P-EPO with 

t-PA, a well-known drug for stroke treatment, and naive EPO. 
Mice received a single administration of t-PA (10 mg/kg) via in-

travenous injection (i.v.) immediately after MCAO. P-EPO and 
EPO (5,000 U/kg each) were injected via i.v. before MCAO. 
The infarction volume (28 ± 2%) after MCAO decreased signif-
icantly in response to the t-PA treatment to 7.8 ± 3%, but it was 
reduced to 13 ± 3% and 19 ± 5% by P-EPO and EPO, respec-
tively (Fig. 5A). MCAO significantly increased the neurologi-
cal deficit score (3.6), but the neurological deficit score with 
P-EPO was an average of 3.1, while those of t-PA and EPO 
were 2.4 and 3.4, respectively (Fig. 5B). We also compared 
the NF-κB subunit protein expression levels in each group. P-
EPO reduced p50, p65, and p-IκB expression more than t-PA 
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and naive EPO (Fig. 5B).

Effects of NF-κB inhibitor and P-EPO combined treatment
To determine whether the effects of P-EPO could be as-

sociated with NF-κB during ischemia/reperfusion, we gave 
mice a single administration of PS-1145 (5 mg/kg) via intra-
peritoneal injection (i.p.) and modified- EPO (5,000 U/kg) (5 
min after PS-1145 treatment) via i.v. before MCAO surgery. 
Compared to the P-EPO group (12.0 ± 3%), the PS-1145 with 
P-EPO combination treatment group (24.5 ± 5%) experienced 
increased infarction volume. The neurological deficit score in 
the PS-1145 and P-EPO combination treated group was 3.5 
on average, but that of P-EPO was 3.1 (Fig. 5C). We also de-
tected a combination effect of PS-1145 and P-EPO; however, 
unexpectedly reduced p50, p65, and p-IκB expression by P-
EPO was not reversed by PS-1145 (Fig. 5D). 

DISCUSSION

This study shows for the first time that P-EPO therapy at-
tenuates brain damage and behavioral dysfunction caused 
by MCAO, resulting in improved behavioral functioning. The 
improved functional performance is correlated with reduced 
infarction volume after MCAO. Many researchers have be-
come interested in the non-hematopoietic functions of EPO, 
particularly the protection of cells in various organs (such as 
the brain, retina, heart, and kidneys) against ischemic injury 
(Grasso et al., 2004; van Rijt et al., 2014). Yoo et al. (2017) 
reported an approximately 25% neuroprotective effect from a 
single treatment of EPO (3,000 U/kg) in a rat stroke model. 
Another study reported that treating mice with EPO (5,000 U/
kg) for 11 days (five injections) after MCAO reduced infarction 
volume by about 50% (Wang et al., 2017). In other research, a 
single treatment of EPO (5,000 U/kg) after MCAO was found 
to reduce the infarction size by 50% in a rat model (Mrsic-Pel-
cic et al., 2017). However, our study showed an 87% reduction 
in infarction volume after administering P-EPO. In addition, 
modified- EPO (3.1) resulted in a lower neurological deficit 
score than EPO (3.5) after MCAO (Wang et al., 2017). Another 
study indicated that EPO (5,000 U/kg) treatment reduced the 
MDA level by 14% in a rat renal ischemia/reperfusion model 
(Ahmadiasl et al., 2013), whereas P-EPO reduced the MDA 
level by 43% in the present study. P-EPO is manufactured by 
the covalent conjugation of PEG and EPO to prolong its half-
life in the human body. Generally, protein drugs have several 
issues, such as rapid clearance, structural instability, and im-
munogenicity. The half-life of naive EPO is 8 h, whereas that 
of P-EPO is 24 h. Moreover, PEGylated proteins have struc-
tural stability and no immunogenicity (Abed et al., 2017). In 
the present study, P-EPO had a significant protective effect on 
MCAO-induced brain damage in mice, and P-EPO was more 
effective than naive EPO and thus comparable to t-PA. There-
fore, P-EPO could be a more suitable treatment for stroke.

Oxidative stress is considered the primary event during 
MCAO because ischemia/reperfusion stimulates overproduc-
tion of ROS, such as hydrogen peroxide (H2O2), which leads 
to the oxidation of proteins, lipids, and DNA and possibly cell 
death (Hosoo et al., 2017). Antioxidant enzymes, such as 
GSH, protect against oxidative stress; these compounds play 
a crucial role in protecting neurons against ROS-induced cell 
death (Wang et al., 2013). MCAO-operated rats exhibit in-

creased MDA and decreased GSH levels (Zhang et al., 2017a; 
Wang et al., 2018), but treatment with EPO reduces MDA and 
increases GSH in rats with spinal-cord trauma (Yazihan et al., 
2008). Moreover, EPO (2,500 U/day) reduces MDA levels in 
Parkinson’s rats (Erbas et al., 2015). Other studies have re-
ported a decrease of lipid peroxidation in brain samples from 
Alzheimer’s disease animals treated with EPO (Chen et al., 
2015). EPO has an anti-oxidant effect in human samples that 
reduces HO• levels by directly scavenging HO• at a diffusion-
controlled rate and further suppressing the Fenton formation 
of HO• through catalytic iron chelation (Bailey et al., 2014). 
In the present study, the GSH/GSSG ratio and MDA content 
decreased significantly with P-EPO treatment after MCAO. 
Furthermore, P-EPO reduced rotenone-induced H2O2 concen-
trations in neuronal cells. These results indicate that the an-
tioxidant property of P-EPO could result in a neuroprotective 
effect against MCAO.

MCAO also initiates neuroinflammation by producing in-
flammatory cytokines, such as IL-1β, TNF-α, and IL-6, thereby 
aggravating brain damage (Kraft and Harry, 2011). A high 
concentration of TNF-α has a direct toxic effect on neurons. 
TNF-α transgenic mice develop severe inflammation and 
exhibit brain and neurodegenerative diseases (Gong et al., 
2014) and IL-6 accelerates the pathological processes of cen-
tral nervous system disorders (Zhang et al., 2017b). Another 
study indicated that COX-2 and iNOS levels increase signifi-
cantly in the cerebral cortex after MCAO, but EPO treatment 
reduces their expression (Gui et al., 2015; Wang et al., 2015; 
Hu et al., 2016). Moreover, it has been demonstrated that 
EPO protects the brain through an anti-inflammatory mecha-
nism that reduces TNF-α, and IL-6 in hemorrhagic shocked 
rats (Ranjbaran et al., 2017). Many other neurodegenerative 
experimental models have demonstrated that EPO reduces 
neuroinflammation. EPO is associated with prevention of the 
development of Alzheimer’s disease by reducing neuroinflam-
matory cytokines, such as IL-10, IL-8, and TNF-α (Kim et al., 
2011). EPO also reduces iNOS gene expression in a periph-
eral neurotoxicity model and TNF-α levels in a Parkinson’s 
model (Erbas et al., 2015; Sharawy et al., 2015). Other stud-
ies have shown that EPO significantly reduces TNF-α levels 
and neuronal loss in an Alzheimer’s model (Cevik et al., 2017). 
EPO attenuates Aβ42-induced memory deficits and efficiently 
arrests tau hyperphosphorylation by inhibiting glycogen syn-
thase kinase 3 beta activity in mice (Li et al., 2015). In this 
study, we demonstrated that COX-2, iNOS, TNF-α, IL-1β, 
and IL-6 increased in response to MCAO, but treatment with 
P-EPO reduced their levels. Moreover, rotenone increased 
iNOS, COX-2, and GFAP expression in neuronal cells, where-
as P-EPO reduced their expression. Consequently, these an-
ti-inflammatory effects of modified-EPO could be associated 
with its neuroprotective effects against MCAO.

NF-κB is an important transcription factor involved in the 
expression of inflammatory genes including iNOS and COX2; 
therefore, it regulates inflammatory responses (Qin et al., 
2017). It has also been demonstrated that inhibiting NF-κB 
suppresses local inflammation after cerebral ischemia, which 
contributes to neuroprotection (Zhu et al., 2012). Acute brain 
injury induced by intracerebral injection of IL-1 provokes rapid 
activation of brain NF-κB. NF-κB knockout mice, which lack 
anti-inflammatory p50, have smaller brain infarction volume, 
which is associated with increased neutrophil recruitment to 
the brain, compared to wild-type mice. Another study also 
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showed that ischemia/reperfusion damage is significantly re-
duced in p50 knockout compared to wild-type mice (Campbell 
et al., 2008). Moreover, ischemia-induced brain damage in rats 
was significantly elevated by stimulating the NF-κB-mediated 
inflammatory responses (Crack et al., 2006). Reportedly, EPO 
protects neurons from hypoxic injury by modulating Toll-like 
receptor-mediated inflammatory responses (Rocchetta et al., 
2011). Research has also shown that EPO decreases brain 
carbon monoxide poisoning-induced cerebral injury by inhibit-
ing activation of NF-κB (Pang et al., 2016). In this study, we 
demonstrated that P-EPO exerted a neuroprotective role by 
reducing NF-κB activity. Moreover, treating P-EPO with an 
NF-κB inhibitor (PS-1145, 10 mg/kg) reversed the effects of 
P-EPO on infarction volume and neurological deficit score 
in MCAO mice. In addition, expression of NF-κB regulatory 
pro-apoptotic target proteins, such as Bax and caspase-3, de-
creased greatly in the MCAO-injured brain of P-EPO injected 
mice compared to the MCAO group. In an in vitro study, rote-
none induced H2O2, and increased cell viability. Furthermore, 
p50, p65 and p-IκB were increased by rotenone, but P-EPO 
reduced their expression. These data indicate that blocking 
of NF-κB pathway obstructed the P-EPO-mediated NF-κB 
signal pathway, which resulted in blocking of the P-EPO ac-
tion mechanism. We also detected a combination effect of 
PS-1145 and P-EPO. However, inconsistent with the effect on 
infarction volume and neurological score, reduced p50, p65, 
and p-IκB expression by P-EPO was not reversed by PS-1145 
(Fig. 5D). These data suggest that blocking of NF-κB signals 
as well as other signals could be involved in the effect of P-
EPO in stroke development. Thus, our data indicate that the 
lowered activation of NF-κB by P-EPO could be a partially pro-
tective mechanism of P-EPO in MCAO-induced brain injury.

In this study, EPO and P-EPO crossed the blood–brain bar-
rier (BBB) (Supplementary Fig. 1), and P-EPO had a greater 
therapeutic effect than EPO in the MCAO model, but a simi-
lar protective effect to t-PA. However, unlike t-PA, which was 
administered after MCAO, P-EPO was administered before 
MCAO. t-PA has a short half-life of around 5-10 min in circula-
tion and crosses both the intact and damaged BBB into isch-
emic brain tissue; thus, t-PA may exert a neurotoxic effect and 
could damage other tissues (Liu et al., 2018). Modified-EPO 
has a longer half-life (24 h) but may not be toxic to other tis-
sues. Moreover, the protective effect of P-EPO indicated that 
it could be applicable for preventing stroke. Taken together, 
the present study indicates that P-EPO could be suitable for 
preventing stroke, and that P-EPO is more effective than EPO.
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