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EPO-cyclosporine combination therapy reduced brain  
infarct area in rat after acute ischemic stroke: role of  
innate immune-inflammatory response, micro-RNAs 
and MAPK family signaling pathway
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Abstract: This study tested the hypothesis that erythropoietin (EPO) and cyclosporine (CsA) could effectively reduce 
brain infarct area (BIA) in rat after acute ischemic stroke (AIS) through regulating inflammation, oxidative stress, 
MAPK family signaling and microRNA (miR-223/miR-30a/miR-383). Adult male Sprague-Dawley rats (n = 48) were 
equally divided into group 1 (sham control), group 2 (AIS), group 3 [AIS+EPO (5,000 IU/kg at 0.5/24/48 h, subcuta-
neous)] and group 4 [AIS+CsA (20.0 mg/kg at 0.5/24/48 h, intra-peritoneal)]. By 72 h, histopathology showed that 
BIA was largest in group 2 and smallest in group 1, and significantly larger in group 4 than group 3 (all P<0.0001). 
The three microRNAs expressed were higher in group 2 than in the other three groups (all P<0.04); between these 
three latter groups there were no significant differences. The protein expressions of MAPK family [phosphorylated 
(p)-ERK1/2, p-p38/p-JNK], inflammatory (iNOS/MMP-9/TNF-α/NF-κB/IL-12/MIP-1α/CD14/CD68/Ly6g), apoptotic 
(caspase-3/PARP/mitochondrial-Bax), oxidative-stress (NOX-1/NOX-2/oxidized protein) and mitochondrial-damaged 
(cytosolic cytochrome-C) biomarkers exhibited an identical pattern to BIA findings (all P<0.0001). The cellular ex-
pressions of brain edema (AQP4+), inflammation (CD11+/glial-fibrillary-acid protein+), and cellular damage (TUNEL 
assay/positive Periodic acid-Schiff stain) biomarkers exhibited an identical pattern, whereas the cellular-integrity 
markers (neuN+/MAP2+/doublecorin+) exhibited an opposite pattern to BIA (all P value <0.001). EPO-CsA therapy 
markedly reduced BIA mainly by suppressing the innate immune response to inflammation, oxidative stress, microR-
NAs (miR-223/miR-30a/miR-383) and MAPK family signaling.
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Introduction

Despite decades of research increasing our 
knowledge regarding acute ischemic stroke (IS) 
incidence, epidemiology, etiologies, prognoses, 
classification, diagnostics and pharmacologi-
cal refinements [1-13], the morbidity and resid-

ual severe disability following IS have remained 
largely unchanged over this time period [1, 2, 
14].

It is well established that acute organ ischemia/
necrosis elicits an acute and rigorous inflamma-
tory reaction [15-19]. It is known that the non- 
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specific innate immune reaction responds rap- 
idly to inflammatory stimulation [20-22]. Inflam- 
mation and the innate immune response are 
closely related and can act together to cause 
organ damage in the setting of acute organ 
ischemia/tissue necrosis [20-22]. Numerous 
studies [18, 23-27] have demonstrated that 
acute IS elicits a vigorous inflammatory reac-
tion, augments the generation of cytokines and 
oxidative stress, and initiates the complement 
cascade. These factors, in turn, further aggra-
vate brain damage after acute IS [18, 25-27], 
causing irreversible and neurological sequelae 
[18, 25-27]. However, the role of innate immune 
reaction in response to inflammatory stimula-
tion in the setting of acute IS has been not 
been reported. 

The Mitogen-activated protein kinase (MAPK)
signaling pathway is activated in response to 
environmental and oxidative stresses, cellular 
proliferation and apoptosis, as well as inflam-
mation and cytokine stimulations [21, 28-31]. 
Additionally, it has recently been identified that 
miR-223 participates directly in regulating the 
inflammatory response after acute spinal cord 
injury in rat [32]. Furthermore, miR-30a has 
recently been found to play an important role in 
regulating post-SAH cerebrovascular changes 
[33]. These findings implicate that micro-RNAs 
may play a crucial role during the initiation and 
propagation of brain damage. However, how 
inflammation, the innate immune reaction and 
MAPK signaling work together, and whether 
micro-RNAs may also act critically in the patho-
genic aftermath of acute IS have not been 
investigated. 

Studies have previously shown that erythropoi-
etin (EPO) therapy alleviated ischemia-related 
organ dysfunction through anti-ischemic and 
cellular protective effects [34-37]. Our experi-
mental study has previously further shown that 
EPO therapy remarkably reduced brain infarct 
size and improved neurological impairment in a 
rat acute IS model mainly through inhibiting the 
inflammatory response and cellular-molecular 
perturbations [27]. Additionally, our and other 
experimental studies have revealed that cyclo-
sporine A (CsA) therapy significantly protected 
the organ from ischemia-reperfusion and per-
manent ischemic injury mainly though inhibit-
ing mitochondrial permeability transition pores 

(mPTP)and via an immunosuppressive effect 
[16, 18, 27, 38-40].

Accordingly, based on the above, the present 
study used a rat acute IS model to assess 
IS-elicited activations of innate immune/
MAPK/microRNAs signaling and particularly 
attempted to determine the role of EPO-CsA in 
inhibiting inflammation and oxidative stress as 
well as preserving brain integrity.

Materials and methods

Ethics

All animal experimental protocols and proce-
dures were approved by the Institute of Animal 
Care and Use Committee at Kaohsiung Chang 
Gung Memorial Hospital (Affidavit of Approval 
of Animal Use Protocol No. 2010092302) and 
performed in accordance with the Guide for the 
Care and Use of Laboratory Animals [The Eighth 
Edition of the Guide for the Care and Use of 
Laboratory Animals (NRC 2011)].

Animals were housed in an Association for 
Assessment and Accreditation of Laboratory 
Animal Care International (AAALAC)-approved 
animal facility in our hospital (IACUC protocol 
no. 101008) with controlled temperature and 
light cycles (24°C and 12/12 light cycles).

Experimental model of acute ischemic stroke

The protocol and procedure of the rodent model 
of acute ischemic stroke (IS) have previously 
been described in detail [18, 27, 41, 42]. Adult 
male Sprague-Dawley rats, weighing 325-350 
g, were utilized (Charles River Technology, Bio- 
LASCOTaiwan Co., Ltd., Taiwan). Each animal 
was anesthetized by 2% inhalational isoflurane 
in a supine position on a warming pad (37°C). 
After exposure of the left common carotid 
artery (LCCA) through a transverse neck inci-
sion, a small incision was made on the LCCA 
through which a nylon filament (0.28 mm in 
diameter) was carefully advanced into the dis-
tal left internal carotid artery for occlusion of 
the left middle cerebral artery (LMCA) to cause 
brain ischemia and infarction of its supplied 
area. The nylon filament was removed 50 min 
after occlusion, followed by closure of the mus-
cle and skin in layers. The rats were then placed 
in a portable animal intensive care unit 
(ThermoCare®) for 24 hours. 
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Animal grouping and the treatment protocol

Forty-eight adult male Sprague-Dawley rats 
were equally divided into group 1 [sham control 
(SC), i.e., by cutting open the neck skin and 
exploring the LCCA only], group 2 (IS only), 
group 3 [IS+EPO (5,000 IU/kg at 0.5/24/48 h, 
subcutaneous)] and group 4 [IS+CsA (20.0 mg/
kg at 0.5/24/48 h, intra-peritoneal)].

The dosages of EPO and cyclosporine to be uti-
lized in the current study were based on our 
previous report [27, 42]. 

Specimen collection and preparation for indi-
vidual study 

For examination of protein expression, animals 
in all groups (n = 6) were sacrificed on day 3 
after brain acute IS procedure, and the brain of 
each rat was promptly removed, immersed in 
cold saline, snap-frozen in liquid nitrogen and 
then stored at -80°C for individual study. For 
immunofluorescent (IF) and immunohistochem-
ical (IHC) staining studies, the brains of 6 other 
animals in each group were reperfused with 
normal saline via the carotid artery, removed, 
fixed with 4% paraformaldehyde in 1×PBS 
(pH7.4), and soaked in 20% sucrose in 1×PBS 
(freshly prepared) until the brain took on a com-
pletely sunken appearance. The sucrose was 
then discarded and the brainsoaked in 30% 
sucrose in 1×PBS (freshly prepared) for 48 h. 
The infarcted and non-infarcted parts were 
then collected. Finally, the OCT block (Tissue-
Tek, Sakura, Netherlands) was prepared for IHC 
and IF staining. 

Measurement of brain infarct area (BIA)

The brain was immediately removed from each 
rat following anesthetic overdose. Repeated 
flushing of the carotid artery with normal saline 
to washout the red blood cells was performed 
immediately after brain removal. To evaluate 
the impact of CsA and EPO treatment on brain 
infarction, three coronal sections (1 cm in thick-
ness) of the brain were obtained from six ani-
mals in each group. Each cross section was 
then stained with 2% 3,5-Triphenyl-2H-Tetra- 
zolium Chloride (TTC) (Alfa Aesar) for BIA analy-
sis as previously described [41, 42]. Briefly, all 
brain sections were placed on a tray with a 
scaled vertical bar to which a digital camera 

was attached. The sections were photographed 
from directly above at a fixed height. The imag-
es obtained were then analyzed using Image 
Tool 3 (IT3) image analysis software (University 
of Texas, Health Science Center, San Antonio, 
UTHSCSA; Image Tool for Windows, Version 3.0, 
USA). The BIA was identified as either whitish or 
pale yellowish regions and confirmed by micro-
scopic examination. The percentages of infarct 
area were then calculated by dividing the area 
with total cross-sectional area of the brain.

IF and IHC staining of brain specimens 

The procedure and protocol of IF and IHC were 
based on our previous reports [18, 27, 41, 42]. 
In detail, frozen sections (4 µm thick) were 
obtained from BIA of each animal, permeated 
with 0.5% Triton X-100, and incubated with anti-
bodies against NeuN (1:1000, Millipore, Billeri- 
ca, MA, USA), glial fibrillary acid protein (GFAP; 
1:500, DAKO, Carpinteria, CA, USA), aquapo-
rin4 (AQP4; 1:200, Abcam, Cambridge, MA, 
USA), CXCR4 (1:100, Abcam, Cambridge, MA, 
USA), CD11 (1:200, Abcam, Cambridge, MA, 
USA), CD68 (1:100, Abcam, Cambridge, MA, 
USA), microtubule associated protein 2 (MAP-2) 
(1:400, Abcam, Cambridge, MA, USA), periodic 
acid-Schiff (PAS) (ScyTekLaboratories, Logan, 
UT, USA) and dobulecorin (1:200, Santa cruz, 
Texas, USA), at 4°C overnight. Alexa Fluor488, 
Alexa Fluor568, or Alexa Fluor594-conjugated 
goat anti-mouse or rabbit IgG were used to 
localize signals. Sections were finally counter-
stained with DAPI and observed with a fluores-
cent microscope equipped with epifluores-
cence (Olympus IX-40). 

Three brain sections were analyzed for each 
rat. For quantification, three randomly selected 
high-power fields (HPFs; ×400 for IHC and IF 
studies) were analyzed in each section. The 
mean number of positively-stained cells per 
HPF for each animal was then determined by 
summation of all numbers divided by 9.

Western blot analysis of brain specimens 

The procedure and protocol of Western blot 
were based on our previous reports [18, 27, 41, 
42]. Equal amounts (50 μg) of protein extracts 
were loaded and separated by SDS-PAGE using 
12% acrylamide gradients. After electrophore-
sis, the separated proteins were transferred 
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electrophoretically to a polyvinylidene difluo-
ride (PVDF) membrane (Amersham Biosciences, 
Amersham, UK). Nonspecific sites were blocked 
by incubation of the membrane in blocking buf-
fer [5% nonfat dry milk in T-TBS (TBS containing 
0.05% Tween 20)] overnight. The membranes 
were incubated with monoclonal antibodies 
against NOX-1 (1:1500, Sigma-Aldrich), NOX-2 
(1:500, Sigma-Aldrich), matrix metalloprotein-
ase (MMP)-9 (1:2000, Abcam), tumor necrosis 
factor alpha (TNF-α) (1:1000, Cell Signaling), 
inducible nitric oxide synthase (iNOS) (1:200, 
Abcam), Cytochrome C (1:2000, BD Bioscience, 
San Jose, CA, USA), Aquaporin 4 (1:750, Ab- 
cam), nuclear factor (NF)-κB (1:1000, Abcam), 
JNK (1:500, Abcam), phosphorylated (p)-JNK 
(1:1000, Abcam), P38 (1:10000, Sigma-Ald- 
rich), p-p38 (1:1000, Cell Signaling), Bax 
(1:1000, Abcam), Poly (ADP-ribose) polymerase 
(PARP) (1:1000, Cell Signaling), Akt (1:1000, 
Cell Signaling), p-Akt (1:1000, Cell Signaling), 
ERK1/2 (1:1000, Calbiochem), p-ERK1/2 (1: 
1000, Calbiochem), CD14 (1:1000, Abcam), 
CD68 (1:500, Abcam), Ly6g (1:1000, Abcam), 
interleukin (IL)-12 (1:500, Abcam), macrophage 
inflammatory protein (MIP)-1α (1:2000, Abcam), 
Caspase 3 (1:1000, Cell Signaling) for 1 hr at 
room temperature. Horseradish peroxidase-
conjugated anti-rabbit or anti-mouse immuno-
globulin IgG (1:2000, Cell Signaling) was used 
as a second antibody for 1 hr at room tempera-
ture. The washing procedure was repeated 
eight times within 1 h, and immunoreactive 
bands were visualized by enhanced chemilumi-
nescence (ECL; Amersham Biosciences) and 
exposure to Medical X-ray film (FUJI). For quan-
tification, ECL signals were digitized using 
Labwork software (UVP, Waltham, MA, USA). A 
standard control sample was loaded on each 
gel.

MicroRNAs extraction and quantification

Total RNA were extracted from the brain of 
each animal using the miRNeasy kit (Qiagen) 
following the protocol of the manufacturer. For 
mature miRNA quantification, cDNA were gen-
erated with reverse transcription performed by 
the miScript II RT kit (Qiagen) and cDNA were 
further utilized as a template for real-time PCR. 
Expressions of rodent mature miR-223, miR-
30a and miR-383 were quantified by miScript 
SYBR Green PCR assay (Qiagen) and normal-
ized by small nucleolar RNA, RNU6 (Qiagen). 

Triplicate assays were performed for each sam-
ple on Step One-Plus machine (ABI).

TUNEL assay for apoptotic nuclei

For each rat, six sections of BIA were analyzed 
by an in situ Cell Death Detection Kit, AP 
(Roche) according to the manufacturer’s guide-
lines. Three randomly chosen high-power fields 
(HPFs) (×400) were observed for terminal 
deoxynucleotidyl transferase-mediated 2’-de- 
oxyuridine 5’-triphosphate nick-end labeling 
(TUNEL)-positive cells for each section. The 
mean number of apoptotic nuclei per HPF for 
each animal was obtained by dividing the total 
number of cells by 18.

Assessment of oxidative stress

The procedure and protocol for evaluating the 
protein expression of oxidative stress have 
been described in detail in our previous reports 
[16, 18, 19]. The Oxyblot Oxidized Protein De- 
tection Kit was purchased from Chemicon, 
Billerica, MA, USA (S7150). DNPH derivatization 
was carried out on 6 μg of protein for 15 min-
utes according to the manufacturer’s instruc-
tions. One-dimensional electrophoresis was 
carried out on 12% SDS/polyacrylamide gel 
after DNPH derivatization. Proteins were trans-
ferred to nitrocellulose membranes that were 
then incubated in the primary antibody solution 
(anti-DNP 1:150) for 2 hours, followed by incu-
bation in secondary antibody solution (1:300) 
for 1 hour at room temperature. The washing 
procedure was repeated eight times within 40 
minutes. Immunoreactive bands were visual-
ized by enhanced chemiluminescence (ECL; 
Amersham Biosciences, Amersham, UK) which 
was then exposed to Biomax L film (Kodak, 
Rochester, NY, USA). For quantification, ECL sig-
nals were digitized using Labwork software 
(UVP, Waltham, MA, USA). For oxyblot protein 
analysis, a standard control was loaded on 
each gel.

Statistical analyses

Quantitative data are expressed as mean ± SD. 
Statistical analysis was performed by ANOVA 
followed by Bonferroni multiple-comparison po- 
st hoc test. All analyses were conducted using 
SAS statistical software for Windows version 
8.2 (SAS institute, Cary, NC). A probability value 
<0.05 was considered statistically significant. 
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Figure 1. 3,5-Triphenyl-2H-Tetrazolium Chloride (TTC) staining and TUNEL assay for assessment of brain damage, 
and identification of integrity of neuron cytoskeletal protein and expression of glycogen/glycoprotein by day 3 after 
acute IS. A-D. Illustration of TTC staining of brain tissues for identification of brain infarct area (BIA) (whitish color 
identified by yellow dotted line). E. BIA/total brain area (TBA), * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. F-I. Illustrating microscopy (400×) with immunohistochemical staining (i.e., by TUNEL assay) of apoptotic 
nuclei (gray color). J. Number of apoptotic nuclei in BIA, * vs. other groups with different symbols (†, ‡, §), P<0.0001. 
Scale bars in right lower corner represent 20 µm. K-N. Microscopy (200×) of microtubule associated protein 2 (MAP-
2) staining for identification of neuron-specific cytoskeletal protein (spindle shaped with gray color). O. Number of 
positively stained neuron-specific cytoskeletal protein, * vs. other groups with different symbols (†, ‡, §), P<0.0001. 
P-S. Microscopy (200×) for periodic acid-Schiff (PAS) for detecting the expression of glycogen/glycoprotein in BIA 
(pink color). T. Number of PAS+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. Scale bars in the 
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right lower corner represent 50 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonfer-
roni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance at the 0.05 
level. SC = sham control; IS = ischemic stroke; EPO = erythropoietin; CsA = cyclosporine; BIA = brain infarct area.  

Results

Effect of CsA and EPO on reducing the brain 
infarct area (BIA) and apoptotic nuclei and pre-
serving the integrity of neuron cytoskeletal by 
day 3 after acute IS (Figure 1)

As expected, TTC staining (Figure 1A-D) of 
brain tissues on day 3 after acute IS showed 
that the BIA was largest in group 2 (IS only), 
smallest in group 1 (SC), and significantly larger 
in group 4 (IS-CsA) than in group 3 (IS-EPO) 
(Figure 1E). Additionally, the number of apop-
totic nuclei assessed by TUNEL assay (Figure 
1F-I) showed an identical pattern to BIA among 
the four groups (Figure 1J). 

Detection of microtubule associated protein 2 
(MAP2) (Figure 1K-N), a neuron-specific cyto-
skeletal protein that is enriched in dendrites, 
implicating a role in determining and stabilizing 
dendritic shape during neuron development, 
was significantly lower in group 2 than in the 
other groups, significantly lower in groups 3 
and 4 than in group 1, and significantly lower in 
group 4 than in group 3 (Figure 1O). 

Conversely, Periodic acid-Schiff (PAS) (Figure 
1P-S), a staining method for detecting the 
expression of glycogen/glycoprotein, displayed 
an opposite pattern to MAP2 among the four 
groups (Figure 1T), implicating the pathogenic 
change of neuron/myelin sheath in the BIA. 

Effect of CsA and EPO on preserving the integ-
rity of neurons and inhibiting the expressions 
of AQP4 and GFPA in BIA by day 3 after acute 
IS (Figure 2) 

The IF stain demonstrated that the number of 
neuN+ cells (Figure 2A-D) was lowest in group 
2, highest in group 1, and significantly lower in 
group 4 than in group 3 (Figure 2E). Additionally, 
the number of dobulecorin cells (Figure 2F-I), 
an index of neurogenesis, exhibited an identical 
pattern to neuN+ cells among the four groups 
(Figure 2J). 

IF microscopy identified that the number of 
AQP4+ cells (Figure 2K-N), an indicator of brain 
edema, was significantly higher in group 2 than 

in the other groups, significantly higher in 
groups 3 and 4 than in group 1, and significant-
ly higher in group 4 than in group 3 (Figure 2O). 
IF microscopy consistently showed that the 
number of GFPA+ cells (Figure 2P), an indicator 
of inflammation, displayed an identical pattern 
to AQP4+ cells among the four groups. 

Effect of CsA and EPO on suppressing the in-
filtrations of inflammatory cells in BIA by day 3 
after acute IS (Figure 3) 

IF staining displayed that the numbers of 
CD68+ cells (Figure 3A-D), an index of macro-
phages, was significantly higher in group 2 than 
in the other groups, significantly higher in 
groups 3 and 4 than in group 1, and significant-
ly higher in group 4 than in group 3 (Figure 3E). 
Additionally, IF staining demonstrated that the 
number of CD11+ cells (Figure 3F-I), another 
indicator of inflammatory cells, exhibited an 
identical pattern to CD68+ cells among the four 
groups (Figure 3J). 

Protein expressions of innate inflammatory 
reaction, oxidative stress, and brain edema in 
BIA by day 3 after IS induction (Figures 4 and 
5) 

Protein expressions of iNOS, MMP-9, TNF-α, 
NF-κB, IL-12, MIP-1α, CD14, CD68 and Ly6g, 
nine indicators of innate inflammatory reaction, 
were significantly higher in group 2 than in the 
other groups, significantly higher in groups 3 
and 4 than in group 1, and significantly higher 
in group 4 than in group 3 (Figure 4). The pro-
tein expressions of NOX-1, NOX-2 and oxidized 
protein, three indicators of oxidative stress, 
and protein expression of AQP4, an indicator of 
brain edema, revealed an identical pattern of 
innate inflammation among the four groups 
(Figure 5). 

Protein expression of apoptotic and mitochon-
drial biomarkers as well as micro-RNA expres-
sions in BIA by day 3 after IS induction (Figure 
6) 

The protein expression of mitochondrial Bax, 
cleaved (c)-caspase 3 and c-PARP, three indica-
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Figure 2. Assessment of integrity of neurons and neurogenesis, and cellular expressions of AQP4 and GFPA in BIA by 
day 3 after acute IS. A-D. Immunofluorescent (IF) microscopy (400×) for neuN+ cells (red color). E. Analytical result 
of number of neuN+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. F-I. IF microscopy (400×) 
of dobulecorin+ cells (green color). J. Number of dobulecorin+ cells, * vs. other groups with different symbols (†, ‡, 
§), P<0.0001. K-N. IF microscopy (400×) of aquaporin 4 (AQP4)+ cells (green color). O. Analytical result of number 
of AQP4+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. K-N. IF microscopy (400×) for glial 
fibrillary acid protein (GFAP)+ cells (red color). P. Analytical result of number of GFAP + cells, * vs. other groups with 
different symbols (†, ‡, §), P<0.0001. Scale bars in the right lower corner represent 20 µm. All statistical analyses 
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). 
Symbols (*, †, ‡, §) indicate significance at the 0.05 level. SC = sham control; IS = ischemic stroke; EPO = erythro-
poietin; CsA = cyclosporine; BIA = brain infarct area.

tors of apoptosis, were highest in group 2, low-
est in group 1, and significantly higher in group 
4 than group 3 (Figure 6). Additionally, the pro-
tein expression of cytosolic cytochrome C, an 
indicator of mitochondrial damage, showed an 
identical pattern to apoptosis among the four 
groups (Figure 6). Conversely, the protein expr- 

ession of mitochondrial cytochrome C, an indi-
cator of mitochondrial integrity, exhibited an 
opposite pattern to apoptosis among the four 
groups (Figure 6).

The gene expressions of miR-223 and miR-30a, 
two indicators of response to acute inflamma-
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tory stimulation, expressed an identical pattern 
to apoptosis among the four groups (Figure 6). 
Additionally, the gene expression of miR-383, a 
regulator of cell apoptosis, displayed an identi-
cal pattern to miR-223 and miR-30a among the 
four groups (Figure 6). 

Protein expressions of MAPK family and Akt 
signaling, and expressions of endothelial cell 
and endothelial progenitor cell biomarkers in 
BIA by day 3 after IS induction (Figure 7) 

The protein expressions of p-ERK1/2, p-P38 
and p-JNK, three indicators of MAPK family sig-
naling, were significantly higher in group 2 than 
in other groups, significantly higher in groups 3 
and 4 than in group 1, and significantly higher 
in group 4 than in group 3 (Figure 7). On the 
other hand, the protein expression of p-Akt, a 
signal transduction pathway that promotes sur-
vival and growth in response to extracellular 
signals, exhibited an opposite pattern of MAPK 
family (Figure 7).

IF staining exhibited that the number of CD31+ 
cells, an index of endothelial cell marker, was 
highest in group 1, lowest in group 2, and sig-
nificantly higher in group 3 than in group 4 
(Figure 7). Additionally, IF staining identified 
that the number of CXCR4+ cells, an indicator 
of endothelial progenitor cell (EPC), was highest 
in group 3, lowest in group 1, and significantly 
higher in group 4 than in group 2, suggesting an 
intrinsic response to ischemic stimulation 
(Figure 7). 

Discussion

The most important finding in the present study 
was that BIA was markedly attenuated in acute 
IS animals with, than in without, EPO-CsA treat-
ment. Additionally, histopathology demonstrat-
ed that the numbers of apoptotic nuclei and 
AQP4 cells (i.e., a brain edema biomarkers) 
were notably reduced and the integrities of 
neurons, myelin sheath and neurogenesis were 
better preserved in acute IS animals with, than 

Figure 3. Infiltration of inflammatory cells in BIA by day 3 after acute IS. A-D. IF microscopy (400×) of CD68+ cells 
(green color). E. Analytical result of number of F4/80+ cells, * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. F-I. IF microscopy (400×) of CD11+ cells (green color). J. Analytical result of number of CD11+ cells, * 
vs. other groups with different symbols (†, ‡, §), P<0.0001. Scale bars in right lower corner represent 20 µm. All 
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 6 for each group). Symbols (*, †, ‡, §) indicate significance at the 0.05 level. SC = sham control; IS = ischemic 
stroke; EPO = erythropoietin; CsA = cyclosporine; BIA = brain infarct area.
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in without, EPO-CsA therapy. Intriguingly, our 
previous experimental studies have also shown 
that EPO-CsA therapy significantly reduced BIA, 
notably through protecting neurons from isch-
emia-related damage, and significantly improv- 
ed neurological recovery in rodents after acute 

IS [27, 42]. Moreover, experimentally [27, 37, 
42] and clinically [43, 44], we found that EPO 
therapy significantly improved heart function in 
mini-pig after myocardial infarction and clinical 
outcomes in patients following acute IS, sug-
gesting an important role for enhancing circu-

Figure 4. Protein expressions of innate inflammatory reactionin BIA by day 3 after IS induction. A. The protein expres-
sion of inducible nitric oxide (iNOS), * vs. other groups with different symbols (†, ‡, §), P<0.0001. B. Protein expres-
sion of matrix metalloproteinase (MMP)-9, * vs. other groups with different symbols (†, ‡, §), P<0.0001. C. Protein 
expression of tumor necrosis factor (TNF)-α, * vs. other groups with different symbols (†, ‡, §), P<0.0001. D. Protein 
expression of Nuclear factor (NF)-κB, * vs. other groups with different symbols (†, ‡, §), P<0.0001. E. Protein expres-
sion of interleukin (IL)-12, * vs. other groups with different symbols (†, ‡, §), P<0.0001. F. Protein expression of 
macrophage inflammatory protein (MIP)-1α, * vs. other groups with different symbols (†, ‡, §), P<0.0001. G. Protein 
expression of CD14, * vs. other groups with different symbols (†, ‡, §), P<0.0001. H. Protein expression of CD68, 
* vs. other groups with different symbols (†, ‡, §), P<0.0001. I. Protein expression of Ly6G, * vs. other groups with 
different symbols (†, ‡, §), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonfer-
roni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance at the 0.05 
level. SC = sham control; IS = ischemic stroke; EPO = erythropoietin; CsA = cyclosporine; BIA = brain infarct area.
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lating numbers of endothelial progenitor cells 
(EPCs) that participate in angiogenesis in the 
ischemic region to restore blood flow. The pres-
ent study also consistently displayed that EPO-
CsA therapy enhanced the expression of endo-
thelial cells/ECPs in the BIA. Accordingly, our 
findings reinforced those of our previous stud-
ies [27, 37, 42-44] and highlighted that EPO-
CsA may be considered as an alternative candi-
date combination therapy for clinical applica-
tion for those patients who have sustained 
acute IS but have responded poorly to conven-
tional medications. 

Although the results of our previous studies 
[27, 37, 42-44] were promising, the limitations 
of these studies included that the exact under-
lying mechanisms of EPO-CsA therapy on red- 
ucing BIA and improving neurological and car-

family signaling pathway (i.e., p-ERK1/2, p-P38, 
p-JNK) were remarkably increased in acute IS 
animals as compared with those of SC animals. 
Interestingly, a strong association between 
increased MAPK signaling and myocardial 
infarction size has been identified by our mini-
pig model of acute myocardial infarction [21]. In 
this way, our finding was consistent with the 
results of our previous study [21], highlighting 
that the MAPK pathway might participate in 
regulating BIA and outcome in rat after acute 
IS. Of importance was that EPO-CsA therapy 
could ameliorate the expression of MAPK sig-
naling and BIA in acute IS animals. 

Recent studies [32, 33] have shown that miR-
223 and miR-30a played a crucial role in aug-
menting the inflammatory response and innate 
immune cell infiltration in spinal cord injury and 

Figure 5. Protein expressions of oxidative stress and brain edema biomark-
ers in BIA by day 3 after IS induction. A. Protein expression of NOX-1, * vs. 
other groups with different symbols (†, ‡, §), P<0.001. B. Protein expression 
of NOX-2, * vs. other groups with different symbols (†, ‡, §), P<0.0001. C. 
Protein expression of oxidized protein, *vs. other groups with different sym-
bols (†, ‡, §), P<0.0001. (Note: left and right lanes shown on the upper panel 
represent protein molecular weight marker and control oxidized molecular 
protein standard, respectively). M.W = molecular weight; DNP = 1-3 dinitro-
phenylhydrazone. All statistical analyses were performed by one-way ANOVA, 
followed by Bonferroni multiple comparison post hoc test (n = 6 for each 
group). Symbols (*, †, ‡, §) indicate significance at the 0.05 level. SC = sham 
control; IS = ischemic stroke; EPO = erythropoietin; CsA = cyclosporine; BIA = 
brain infarct area. 

diac function have not been 
fully investigated [27, 37, 
42-44]. An essential finding 
in the present study was that 
abundant acute innate imm- 
une-inflammatory reactions, 
at both protein and cellular 
levels, were rapidly and sub-
stantially upregulated in ani-
mals after acute IS. In fact, 
our previous studies have 
shown that the acute inflam-
matory response was always 
augmented in different org- 
ans/tissues after acute isch-
emic/ischemia-reperfusion 
injury [16, 18-27, 37, 41-43]. 
Additionally, this inflammato-
ry response has been clari-
fied to participate directly in 
cellular/tissue injury [16, 20- 
22]. In this way, the results of 
our present study corrober-
ated those of our previous 
studies [16, 18-27, 37, 41- 
43]. Importantly, the results 
of the present study revealed 
that EPO-CsA therapy signifi-
cantly reduced BIA, suggest-
ing a role for suppressing the 
innate immune response to 
acute inflammation in ani-
mals after acute IS.

Another essential finding in 
the present study was that 
expressions of the MAPK 
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Figure 6. Protein expression of apoptotic and mitochondrial integrity biomarkers, and expression of Micro-RNAs 
in BIA by day 3 after IS induction. A. Protein expression of mitochondrial Bax (mit-Bax), * vs. other groups with dif-
ferent symbols (†, ‡, §), P<0.0001. B. Protein expression of cleaved caspase 3 (c-Casp 3), * vs. other groups with 
different symbols (†, ‡, §), P<0.0001. C. Protein expression of cleaved Poly (ADP-ribose) polymerase (c-PARP), * vs. 
other groups with different symbols (†, ‡, §), P<0.001. D. Protein expression of cytosolic cytochrome C (cyt-Cyto C), 
* vs. other groups with different symbols (†, ‡, §), P<0.0001. E. Protein expression of mitochondrial cytochrome C 
(mito-Cyto C), * vs. other groups with different symbols (†, ‡, §), P<0.0001. F. Expression of miR-223, P value for 
trend = 0.0288. G. Expression of miR-30a, P value for trend = 0.0361. H. Expression of miR-383, P value for trend 
= 0.0181. EPO = erythropoietin. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance at the 0.05 level. 
SC = sham control; IS = ischemic stroke; EPO = erythropoietin; CsA = cyclosporine; BIA = brain infarct area.
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Figure 7. Protein expressions of MAPK family, and Angiogenesis cell expressions in BIA by day 3 after IS induction. 
A. Total protein expression of ERK1/2, P>0.5. B. Protein expression of phosphorylated (p)-p-ERK1/2, * vs. other 
groups with different symbols (†, ‡, §), P<0.001. C. Total protein expression of Akt, P>0.8. D. Protein expression of 
p-Akt, * vs. other groups with different symbols (†, ‡, §), P<0.0001. E. Total protein expression of p38, P>0.8. F. Pro-
tein expression of p-p38, * vs. other groups with different symbols (†, ‡, §), P<0.0001. G. Total protein expression of 
JNK, P>0.8. H. Total protein expression of p-JNK, * vs. other groups with different symbols (†, ‡, §), P<0.0001. I-L. 
IF microscopy (400×) of CD31+ cells (green color). M. Analytical result of number of CD31+ cells, * vs. other groups 
with different symbols (†, ‡, §), P<0.0001. N-Q. IF microscopy (400×) of CXCR4+ cells (green color). R. Analytical 
result of number of CXCR4+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. Scale bars in right 
lower corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance at the 0.05 level. 
SC = sham control; IS = ischemic stroke; EPO = erythropoietin; CsA = cyclosporine; BIA = brain infarct area.

brain hemorrhagic area. A principal finding in 
the present study was that the gene expres-
sions of miR-223 and miR-30a were significant-
ly increased in acute IS animals compared to 

SC animals. Our findings, therefore, in addition 
to strengthening the findings of two recent 
studies [32, 33], suggest that these two microR-
NAs are essential for neurological damage 
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through initiating and propagating the inflam-
matory reaction. Of particular importance was 
that the levels of these two microRNAs in BIA 
were significantly suppressed in IS animals 
after receiving EPO-CsA therapy. This could, 
partially, explain why the BIA area was notably 
attenuated by EPO-CsA therapy in acute IS 
animals. 

It is well recognized that oxidative stress plays 
a crucial role in cellular apoptosis and mito-
chondrial damage [16, 18-20]. Intriguingly, a 
study has previously found that miR-383 was a 
contributor to cell apoptosis [45]. One impor-
tant finding in the present study was that the 
protein of oxidative stress was remarkably high-
er in acute IS animals than in SC animals. 
Additionally, the gene level of miR-383 was 
notably increased in the acute IS group than in 
the SC group. Our findings, in addition to being 
consistent with the findings of previous studies 
[16, 18-20, 45], could partially explain why the 
protein expressions of apoptosis and cytosolic 
cytochrome C (i.e., a mitochondrial damage 
marker) as well as BIA were significantly higher 
in acute IS animals without, than with, EPO-CsA 
treatment. It is well recognized that Akt which is 
a signal transduction pathway promotes cell 
proliferation, growth, and survival in response 
to extracellular signals, including hypoxia, oxi-
dative-stress and ischemic stimulations. In the 
present study, we found that p-Akt was signifi-
cantly increased in IS animals than in control 
animals, implicating an intrinsic response to 
ischemic stimulation. Of importance was that 
p-Akt was more significantly increased in IS ani-
mals after receiving EPO-CsA treatment. This 
finding could once again explain why the BIA 
was notably reduced in acute IS animals with, 
than without, EPO-CsA treatment. 

Study limitations

This study has limitations. First, for the purpose 
of detecting change in the acute phase of 
innate immune-inflammatory response after IS, 
the animals were euthanized at day 3 after the 
acute IS procedure. Therefore, the potential 
benefit of EPO-CsA therapy on neurological 
functional recovery could not be provided due 
to the short time interval. Second, this study 
did not test the optimal dosage of EPO and CsA 
for protecting the BIA. Therefore, whether EPO 
therapy is superior to CsA, or vice versa, for 
attenuating BIA is still unclear. 

In conclusion, the current study highlighted that 
the innate immune response to inflammatory 
stimulation, oxidative stress, micro-RNAs and 
MAPK pathway were quickly upregulated after 
acute IS, and that the BIA was remarkably 
reduced by EPO-CsA therapy.
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