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A B S T R A C T

Acute myocardial infarction (AMI) leads to cardiac dysfunction and also causes brain dysfunction and pathology.
The neuroprotective effects of erythropoietin (EPO), the hormone controlling the production of red blood cells,
have been shown in case of cerebral ischemic/reperfusion (I/R) injury. However, the effects of EPO on the brain
pathologies induced by cardiac I/R injury have not been investigated. We hypothesized that the administration of
EPO attenuates brain damage caused by cardiac I/R injury through decreasing peripheral and brain oxidative
stress, preserving microglial morphology, attenuating hippocampal necroptosis, and decreasing hippocampal
apoptosis, and hippocampal dysplasticity. Male Wistar rats (n ¼ 38) were divided into two groups, sham (n ¼ 6)
and cardiac I/R (n ¼ 32). All rats being subjected to the cardiac I/R operation were randomly divided into 4
subgroups (n ¼ 8/group): vehicle, EPO pretreatment, EPO given during ischemia, and EPO given at the onset of
reperfusion. The EPO was given at a dosage of 5000 units/kg via intravenous injection. Left ventricle function,
oxidative stress, brain mitochondrial function, microglial morphology, hippocampal necroptosis, hippocampal
apoptosis, and hippocampal plasticity were measured. EPO administration exerted beneficial anti-oxidative, anti-
inflammatory, and anti-apoptotic effects on the brain against cardiac I/R. Giving EPO before cardiac ischemia
conferred the greatest neuroprotection against cardiac I/R injury through the attenuation of LV dysfunction,
decrease in peripheral and brain oxidative stress, and the attenuation of microglial activation, brain mitochondrial
dysfunction, apoptosis, and necroptosis, leading to the improvement of hippocampal dysplasticity under cardiac
I/R conditions. EPO pretreatment provided the greatest benefits on brain pathology induced by cardiac I/R.
1. Introduction

Acute myocardial infarction (AMI) is associated with ischemic injury
as a consequence of oxygen and nutrient deprivation (Hausenloy and
Yellon, 2013). However, reducing ischemic injury by reperfusion also
caused reperfusion injury, a phenomenon known as cardiac ische-
mic–reperfusion (I/R) injury (Hausenloy and Yellon, 2013; Ekelof et al.,
2016). In addition, our previous study demonstrated that cardiac I/R
injury caused not only cardiac dysfunction, but also resulted in the
development of brain dysfunction and pathologies. These included
impairment of blood brain barrier (BBB) integration, increased brain
ardiac Electrophysiology Researc
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oxidative stress, brain mitochondrial dysfunction, hippocampal
apoptosis, dysfunction of glial cells, dendritic spine loss, decreased
neurogenesis, and cognitive decline (Apaijai et al., 2019).

The BBB breakdown induced by cardiac I/R injury also allowed pro-
inflammatory cytokines and reactive oxygen species (ROS) from the
periphery into the brain. All the events following BBB breakdown led to
increased brain oxidative stress and inflammation (Apaijai et al., 2019).
It is widely known that the major producers of ROS following brain injury
are the mitochondria (Saint-Georges-Chaumet and Edeas, 2016). A
robust increase of ROS production or oxidative stress could cause
microglial activation (Park et al., 2015). Both ROS and pro-inflammatory
cytokines released from activated microglia are found to inhibit
h and Training Center, Faculty of Medicine, Chiang Mai University, Chiang Mai,

ugust 2022
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:siriporn.c@cmu.ac.th
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2022.100124&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2022.100124
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2022.100124


Abbreviations

Akt protein kinase B
AMI acute myocardial infarction
AUC area under the curve
BBB blood brain barrier
DCF dichlorofluorescein
DCFH-DA 2-μM 20-70dichlorofluorescin diacetate
DiI 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine

perchlorate
EF ejection fraction; eNOS, endothelial nitric oxide synthase
EPO Erythropoietin
EPORs Erythropoietin receptors
ERK extracellular signal-regulated kinase
HIF-1 hypoxia inducible factor 1

HPLC high performance liquid chromatography
I/R ischemic–reperfusion
LAD left anterior descending artery
LV left ventricular
MDA malondialdehyde
MEK mitogen-activated protein kinase
NPCs neural progenitor cells
PI3K phosphoinositide 3-kinases
RBCs red blood cells
ROS reactive oxygen species
TBA thiobarbituric acid
TBARS thiobarbituric acid reactive substances
TCA trichloroacetic acid
TPR tissue-protective receptor

T. Chunchai et al. Current Research in Pharmacology and Drug Discovery 3 (2022) 100124
long-term potentiation, resulting in cognitive impairment (Lee et al.,
2010). Our previous study demonstrated that both inflammatory cyto-
kines and oxidative stress also caused hippocampal dysplasticity
including decreasing dendritic spine density and synaptic protein
expression (Chunchai et al., 2018a,b). In addition, pro-inflammatory
cytokines could trigger the intrinsic apoptotic pathway, leading to
brain apoptosis (Grunnet et al., 2009).

Erythropoietin (EPO) is a hormone important in the production of red
blood cells (RBCs). EPO is produced by the kidneys in response to low
oxygen levels (Khaksari et al., 2017). During ischemic conditions an in-
crease in serum EPO has been observed, leading to an increase in
circulating reticulocytes and oxygen carrying capacity (Souvenir et al.,
2015). There is growing evidence to demonstrate the neuroprotective
effects of EPO following cerebral ischemic-reperfusion injury (Khaksari
et al., 2017; Zhang et al., 2019). Although previous studies demonstrated
that EPO administration either prior to cerebral ischemia (Bahcekapili
et al., 2007; Liu et al., 2013) or at the onset of reperfusion (R. Wang et al.,
2017) was associated with smaller brain infarct size, attenuated neuro-
logical deficit, and increased survival rate in a cerebral I/R injury model,
there are still controversies existing regarding its efficacy (Calapai et al.,
2000).

To date, the impact of EPO administration on brain pathology in
response to cardiac I/R injury has never been investigated. Our hy-
pothesis was that the administration of EPO attenuates brain damage
resulting from cardiac I/R injury by causing a decrease in peripheral and
brain oxidative stress, the preservation of microglia morphology, and the
attenuation of brain necroptosis, apoptosis, and hippocampal dysplas-
ticity. In addition, we investigated whether the administration of EPO
before cardiac ischemia, during cardiac ischemia, or at the onset of
reperfusion provides similar beneficial effects to the brain in the setting
of cardiac I/R injury.

2. Materials and Methods

2.1. Animal model

The experimental protocol of the study was conducted following the
ARRIVE guidelines and was approved by the Institutional Animal Care
and Use Committee, Faculty of Medicine, Chiang Mai University,
Thailand (permit no. 04/2563).

Male Wistar rats (n ¼ 38) were purchased from Nomura Siam Inter-
national, Thailand. All rats were housed in temperature and environ-
mental control with a 12:12 h light-dark cycle. All rats were fed with a
standard diet (Mouse Feed Food No. 082, C.P. Company, Bangkok,
Thailand) throughout the experiment protocol (Chunchai et al., 2018a,
b). All rats received reverse osmosis drinking water ad libitum. After a
2

week of acclimatization, all rats were randomly divided into two groups,
sham (n ¼ 6) and cardiac I/R (n ¼ 32). All rats subjected to the cardiac
I/R operation were randomly divided into 4 subgroups (n ¼ 8/group).
Specifically: cardiac I/R operated rats receiving 0.9% normal saline so-
lution as the vehicle group; cardiac I/R operated rats receiving EPO
pretreatment (15 min prior to ischemia), the PEPO group; cardiac I/R
operated rats receiving EPO during ischemia (15 min after ischemia), the
DEPO group; and cardiac I/R operated rats receiving EPO at the onset of
reperfusion, the REPO group. The EPO (Recormon, Roche, Switzerland)
was diluted in normal saline solution, and it was given at a dosage of
5000 unit/kg via intravenous injection. A summary of the experimental
protocol is shown in.

2.2. Cardiac I/R injury protocol

The protocol of cardiac ischemia and the reperfusion were performed
as previously described (Benjanuwattra et al., 2020). In cardiac I/R
operated group, all rats were anesthetized by the combination of zoletil
(50 mg/kg, Virbac, France) and xylazine (3 mg/kg, LBS labs, Thailand).
Then, the left femoral vein was identified and inserted the catheter for
drug delivery. After tracheostomy, the ventilator (SAR-830 Series, CWE
Inc, USA) was used for room air ventilation. Next, skin was shaved, and
thoracotomy was performed. After the left anterior descending artery
(LAD) was identified, the LAD was ligated by 5–0 silk suture locating at 2
mm distal to its origin. After 30 min of LAD ligation, LAD was reperfused
for 120min. The ST-segment elevation was used to confirm the successful
ligation. The sham operated group received the similar surgical proced-
ure without LAD ligation.

2.3. Determination of left ventricular (LV) function

The pressure-volume catheter (Transonic Scisense, Ontario, Canada)
was used to investigate the LV function. The catheter was inserted via
right common carotid artery. Then, the percentage of LV ejection fraction
(%EF) was measured at the end of reperfusion using a pressure-volume
admittance system (Transonic Scisense, Ontario, Canada). Data were
analyzed with an analytical software program (Labscribe, Dover, New
Hampshire, USA) (Benjanuwattra et al., 2020).

2.4. Brain mitochondrial isolation

The brain mitochondrial isolation protocol was performed as previ-
ously described (Pintana et al., 2012). Shortly, the brain was rapidly
removed to into ice-cold MSE solution containing bacterial proteinase
(Sigma, USA) after sacrificed. The brain mitochondria were isolated
using the differential centrifugation method as described previously
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(Pintana et al., 2012). Next, the bicinchoninic acid assay (Sigma-Aldrich,
Missouri, USA) was used to measure brain mitochondrial protein con-
centration (Pintana et al., 2012).

2.5. Brain mitochondrial function

To investigate brain mitochondrial function, brain ROS production,
brain mitochondrial membrane potential change, and brain mitochon-
drial swelling were measured as previously described (Pintana et al.,
2012). Briefly, the 2-μM 20-70dichlorofluorescin diacetate (DCFH-DA)
fluorescent dye was added into isolated brainmitochondrial fraction. The
dichlorofluorescein (DCF) fluorescent intensity was measured. The in-
crease of DCF fluorescence represents the increase ROS level. Next, to
measure brain mitochondrial membrane potential change, the JC-1
fluorescent dye was added into another set of isolated brain mitochon-
drial fraction. The decrease of red to green (JC-1 polymer/JC-1 mono-
mer) fluorescence ratio represents mitochondrial membrane
depolarization. To further measure brain mitochondrial swelling, the
change of absorbance at 540 nm of brain mitochondria incubating in
respiration buffer. The decrease of absorbance value represents brain
mitochondrial swelling.

2.6. Determination of malondialdehyde (MDA) level

The product of lipid oxidation, the MDA levels, were measured to
investigate the oxidative stress in both serum and brain using High
Performance Liquid Chromatography (HPLC) as described previously
(Pintana et al., 2012). In brief, serum or homogenate brain tissue were
incubated in 10% trichloroacetic acid (TCA) and subsequently incubated
with M H3PO4 and thiobarbituric acid (TBA) solution to generate the
thiobarbituric acid reactive substances (TBARS). Then, the TBARS was
detected usin HPLC system (Thermo Fisher Scientific, USA).

2.7. Western blot analysis

The non-ionizing lysis buffer containing a protease inhibitor was used
for tissue homogenization. Then, the Bradford protein assay (Bio-Rad
Laboratories, Hercules, California, USA) was performed to investigate
proteins. Next, the 10% or 12.5% gels were used for electrophoresis, then
the proteins were transferred to a nitrocellulose membrane. In this study,
WB analysis were carried out on hippocampal lysates. The membranes
were probed with the primary antibodies (1:1000 dilution). The mem-
branes were immersed in appropriate blocking solution for 1 h, subse-
quently probed with the primary antibodies, including anti-p-Aktser473,
anti-Akt, anti-Claudin-5, anti-Caspase 8, anti-Cleaved caspase 3, anti-
eNOS, anti-PI3K, anti-Procaspase 3, anti-p-RIPK1, anti-RIPK1, anti-p-
RIPK3, anti-RIPK3, anti-p-MLKL, anti-MLKL, and anti-Actin. After being
washed, membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Lastly, membranes were incu-
bated with ClarityTM Western ECL Blotting Substrate (Bio-Rad Labora-
tories Ltd.) and protein bands were captured by the ChemiDoc™ Touch
Gel Imaging System. To analyze the intensity of protein band, the Image J
software (NIH image) was used.

2.8. Determination of microglial morphology

After decapitation, the brain tissue was removed and subsequently
fixed by 4% paraformaldehyde for 24 h. Then, all brain samples were
immersed in 30% sucrose in phosphate buffer saline (PBS) at 4 �C for 72 h
for cryoprotection. Next, each brain was cut using cryotome (Leica
CM1950, Leica Biosystem Nussloch GmbH, Nussloch, Germany) into 20
μm of thickness. Next, to permeabilize the sections, the 3% hydrogen
peroxide was used, followed by incubated in blocking solution for an
hour. Then, all sections were subsequently probed with the primary anti-
ionization calcium-binding adapter molecule 1 (Iba1) (1:1000 dilution,
goat, Abcam; ab5076) for 24 h at 4 �C (Chunchai et al., 2018a,b). All
3

sections were washes in PBS 3 times and subsequently incubated with
Alexa Fluor® 488 (1:1000 dilution, Abcam; ab150129), and DAPI
(1:1000 dilution, Tocris Bioscience, #5748) for 1 h at room temperature.
After being washed in PBS 3 times, all sections were mounted using
anti-fading mounting medium Fluoromount (Sigma-Aldrich Chemie,
Steinheim, Germany).

To illustrate the microglial morphology, we captured a series of z-
stack images of microglia cells by confocal microscopy (Olympus fluo-
view FV3000, Tokyo, Japan). We captured 3 microglial cells per brain
slice and 3 brain slices per animal from the CA1 region of the hippo-
campus. The stack images were used to render the 3-dimentinal micro-
glial morphology using the Imaris software 7.0 (Bitplane, Oxford
instrument company, AG, Zurich, Switzerland). We also determine the
microglial cell complexity by Sholl analysis (Chunchai et al., 2018a,b).
2.9. Determination of dendritic spine density

Fresh brain samples were sectioned by vibratome at 400 nm of
thickness for 2–3 slices. After being fixed by 4% paraformaldehyde for 1
h, all slices were washed by PBS and subsequently incubated carbocya-
nine dye 1,10-dioctadecyl-3,3,30,30-Tetramethylindocarbocyanine
Perchlorate (DiI; Invitrogen) for 7 days. Next, slices were mounted on
slides and covered in a coverslip. To illustrate the dendritic spine, the
neuronal branches of CA1 region of the hippocampus were captured
using the same protocol of microglial capturing. The numbers of den-
dritic spine were calculated using Imaris software (Chunchai et al.,
2018a,b).
2.10. Statistical analysis

All data were showed as mean � S.D. The analysis was performed in
the same animals. One-way ANOVA followed by Bonferroni's post-hoc
test was used to compare the difference among groups. p < 0.05 was
considered as statistically significant.

3. Results

3.1. The administration of EPO attenuated LV dysfunction, peripheral and
brain lipid oxidation, but did not improve blood-brain barrier (BBB)
integrity, against cardiac I/R injury

The LV function as indicated by %EF was significantly lower in the
vehicle-treated cardiac I/R-operated rats, when compared to sham-
operated rats (Fig. 1B). The EPO administration either prior or during
ischemia, but not at the onset of reperfusion, increased %EF to an equal
extent when compared to vehicle-treated cardiac I/R-operated rats
(Fig. 1B). These findings indicated that giving EPO before or during
ischemia, but not at the onset of reperfusion, effectively attenuated LV
dysfunction against cardiac I/R injury. Next, the MDA levels in serum and
the brain were measured. We found that both serum and brain MDA
levels significantly increased in vehicle-treated cardiac I/R-operated rats,
when compared to sham-operated rats (Fig. 1C and D). EPO given prior to
ischemia decreased both serum and brain MDA levels, when compared to
vehicle-treated cardiac I/R-operated rats, suggesting that EPO pretreat-
ment ameliorated peripheral and brain oxidative stress in cardiac I/R
injury (Fig. 1C and D). However, the administration of EPO either during
ischemia or at the onset of reperfusion did not improve MDA levels
(Fig. 1C and D). We also investigated the level of BBB integrity by the
measurement of claudin-5 expression. The results showed that the
expression of claudin-5 expression decreased equally in all cardiac I/R-
operated groups, when compared to vehicle-treated cardiac I/R-
operated rats (Fig. 1E). Overall, the administration of EPO either prior
to or during ischemia demonstrated similar beneficial effects on LV
function, whereas oxidative stress was only suppressed by EPO
pretreatment.



Fig. 1. The effects of EPO on LV function, peripheral and brain MDA levels, and BBB function against cardiac I/R injury. (A) Experimental protocol of the study. (B) %
EF of left ventricle measured by PV-loop catheter at the end of reperfusion. (C) Serum MDA level measured by HPLC method. (D) Brain MDA level measured by HPLC
method. (E) Hippocampal BBB function as indicated by the expression of tight junction proteins including claudin-5. (n ¼ 5–8/group) *p < 0.05 vs. sham; yp < 0.05
vs. vehicle.
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3.2. The administration of EPO prior to ischemia demonstrated the greatest
effect on improvement of microglial morphology against cardiac I/R injury

The 3D structures were rendered from the series of z-stack fluorescent
images using Imaris software (Fig. 2A). The results demonstrated that the
mean fluorescent intensity of Iba1-positive cells, which was significantly
increased in vehicle-treated cardiac I/R-operated rats, was decreased to
an equal extent in all groups of EPO-treated cardiac-I/R operated rats
(Fig. 2B). The microglial number also increased in vehicle-treated cardiac
I/R-operated rats, when compared to sham-operated rats (Fig. 2C).
Interestingly, the EPO administration prior to ischemia significantly
4

suppressed microglial numbers to a lower frequency than those of sham-
operated rats (Fig. 2C). Giving EPO either during ischemia or at the onset
of reperfusion normalized microglial numbers to the same level as those
of sham-operated rats (Fig. 2C). Next, we measured microglial cell vol-
ume. We found that microglial cell volume increased in vehicle-treated
cardiac I/R-operated rats, however it decreased following administra-
tion of EPO at all time points (Fig. 2D). Microglial process length was
investigated next. The vehicle-treated cardiac I/R-operated rats had
significantly decreased microglial process length, which was normalized
following administration of EPO given prior to ischemia (Fig. 2E). The
EPO administration either during ischemia or at the onset of reperfusion



Fig. 2. The effects of EPO on microglial morphology against cardiac I/R injury. (A) Upper row: Representative images of microglial morphology under confocal
microscopy at CA1 of the hippocampus by immunofluorescent staining of DAPI (blue) and Iba1 (green) (bar ¼ 50 μm); Lower row: Representative images of the 3D
structure rendering of microglial morphology by Imaris software (bar ¼ 10 μm). The 3D structures were statistically colored by branch level. (B) Mean immuno-
fluorescence intensity of Iba1 positive cells. (C) Number of Iba1 positive cells. (D) Mean cell volume of Iba1 positive cells. (E) Sum of Iba1 positive cell process length.
(F–G) Microglial process complexity as indicated by Sholl analysis and area under the curve of Sholl intersections. (n ¼ 5–8/group) *p < 0.05 vs. sham; yp < 0.05 vs.
vehicle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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improved microglial process retraction to an equal extent (Fig. 2E). In
addition, we determined the complexity of microglial morphology using
the Sholl analysis (Fig. 2F and G). The results showed decreased area
under the curve (AUC) of Sholl intersections in vehicle-treated cardiac I/
R-operated rats, which was normalized by EPO given prior to ischemia
(Fig. 2F and G). The EPO administration either during ischemia or at the
onset of reperfusion resulted in equally improved microglial complexity
(Fig. 2F and G). Taken together, all these findings demonstrated that EPO
given at all time points attenuated microglial dysmorphology against
5

cardiac I/R injury, however, the greatest beneficial effects were observed
in rats pretreated with EPO.
3.3. The administration of EPO ameliorated the brain mitochondrial
dysfunction induced by cardiac I/R injury

The results demonstrated that brain ROS production was significantly
increased in vehicle-treated IR-operated rats, when compared to sham-
operated rats (Fig. 3A). Giving EPO either prior or during ischemia



Fig. 3. The effects of EPO on brain mitochondrial function against cardiac I/R
injury. (A) Brain ROS production. (B) Percentage change of brain mitochondrial
membrane potential depolarization after H2O2 stimulation. (C) Mitochondrial
swelling as indicated by absorbance at a wavelength of 540 nm. (n ¼ 5–8/
group) *p < 0.05 vs. sham; yp < 0.05 vs. vehicle.
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equally suppressed brain mitochondrial ROS production, when
compared to vehicle-treated cardiac I/R-operated rats however this was
not the case when it was given at the onset of reperfusion (Fig. 3A). The
percentage changes of brain mitochondrial membrane potential after
H2O2 stimulation were increased in vehicle-treated cardiac I/R-operated
rats and were only decreased in the group given EPO prior to ischemia
(Fig. 3B). Giving EPO either during ischemia or at the onset of reperfu-
sion did not attenuate percentage changes of brain mitochondrial
membrane potential after H2O2 stimulation (Fig. 3B). Similarly, brain
mitochondrial swelling was increased in vehicle-treated cardiac I/R-
operated rats, while only EPO given prior to ischemia significantly
attenuated the swelling (Fig. 3C). All findings demonstrated that EPO
given prior to ischemia provided the greatest beneficial effects on the
attenuation of brain mitochondrial dysfunction induced by cardiac I/R
injury.

3.4. The administration of EPO attenuated the hippocampal apoptosis and
necroptosis induced by cardiac I/R injury

The results demonstrated that caspase 8 expression, which was
significantly increased in vehicle-treated cardiac I/R-operated rats, was
decreased to an equal extent in all EPO-treated cardiac I/R-operated rats
(Fig. 4A and B). Similarly, the expression of cleaved caspase 3, which was
increased in vehicle-treated cardiac I/R-operated rats, was also found to
have decreased equally in all EPO-treated cardiac I/R-operated rats
(Fig. 4A and C). There was no difference in procaspase 3 expression
among all groups (Fig. 4A and D). These findings demonstrated that EPO
given at any of these time points attenuated hippocampal apoptosis
induced by cardiac I/R injury. Next, to investigate hippocampal nec-
roptosis, the necroptotic proteins including p-RIPK1, RIPK1, p-RIPK3,
RIPK3, p-MLKL, and MLKL were measured (Fig. 4A and 4E-J). We found
that the expression of p-RIPK1 and p-RIPK3 were increased in vehicle-
treated cardiac I/R-operated rats and were decreased equally in all
EPO-treated cardiac I/R-operated rats (Fig. 4E and G). There was no
difference in RIPK1 or RIPK3 expression among all groups (Fig. 4F and
H). The expression of both p-MLKL and MLKL did not different across all
groups. These findings suggested that EPO given at any of these time
points ameliorated the hippocampal necroptosis induced by cardiac I/R
injury.

3.5. The administration of EPO alleviated the hippocampal dysplasticity
induced by cardiac I/R injury

To investigate hippocampal plasticity, the dendritic spines were
stained with DiI and measured using Imaris software. A significant spine
loss was observed in vehicle-treated cardiac I/R-operated rats, when
compared to sham-operated rats (Fig. 5A and B). The EPO administration
prior to ischemia restored dendritic spine density back to the same level
of sham-operated rats (Fig. 5A and B), while the administration of EPO
either during ischemia or at the onset of reperfusion equally attenuated
dendritic spine loss, in comparison to vehicle-treated cardiac I/R-
operated rats (Fig. 5A and B). These findings indicated that EPO given
prior to ischemia provided the greatest beneficial effect on the reduction
of hippocampal dysplasticity.

3.6. The administration of EPO exerted neuroprotective effects following
cardiac I/R injury by enhancing the phosphoinositide 3-kinases (PI3K)/
protein kinase B (Akt)/endothelial nitric oxide synthase (eNOS) pathway in
the hippocampus

To validate the signal transduction of EPO receptor (EPOR) in the
hippocampus, PI3K/Akt/eNOS, a direct downstream signaling of EPOR
has been measured. The results demonstrated that vehicle-treated car-
diac I/R-operated rats had significantly decreased PI3K, p-Aktser473/Akt
ratio, and eNOS expression in the hippocampus when compared to sham-
operated rats (Fig. 6A–D). EPO given at all time points equally increased



Fig. 4. The effects of EPO on hippocampal apoptosis and hippocampal necroptosis against cardiac I/R injury. (A) Representative Western blot bands of apoptosis and
necroptosis proteins. (B–D) Expression of hippocampal apoptotic proteins including caspase 8, cleaved caspase 3, and procaspase 3, respectively. (E–J) Expression of
hippocampal necroptotic proteins including p-RIPK1, RIPK1, p-RIPK3, RIPK3, p-MLKL, and MLKL, respectively. (n ¼ 5–8/group) *p < 0.05 vs. sham; yp < 0.05
vs. vehicle.

Fig. 5. The effects of EPO on hippocampal plasticity as indicated by dendritic spine density against cardiac I/R injury. (A) Representative images of dendritic spine
density under confocal microscopy at CA1 of the hippocampus by DiI staining (red) (bar ¼ 10 μm). (B) Dendritic spine density. (n ¼ 5–8/group) *p < 0.05 vs. sham; yp
< 0.05 vs. vehicle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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all parameters, when compared to vehicle-treated cardiac I/R-operated
rats (Fig. 6A–D). Taken together, the administration of EPO exerted
neuroprotective effects following cardiac I/R injury by enhancing the
PI3K/Akt/eNOS pathway in the hippocampus.
7

4. Discussion

The major findings of our study are as follows: (1) Cardiac I/R caused
not only LV dysfunction and systemic oxidative stress, but also impaired



Fig. 6. The changes of molecular signaling proteins underlying the administration of EPO. (A) Expression of PI3K protein. (B) Expression of p-Aktser473/Akt ratio. (C)
Expression of eNOS protein. (D) Representative Western blot bands of PI3K, p-Aktser473, Akt, and eNOS, respectively. (n ¼ 5–8/group) *p < 0.05 vs. sham; yp < 0.05
vs. vehicle.
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BBB integrity, brain oxidative stress, microglial dysmorphology, brain
mitochondrial dysfunction, and increased hippocampal apoptosis, and
necroptosis, resulting in hippocampal dysplasticity. (2) EPO given prior
to ischemia alleviated LV dysfunction, systemic and brain oxidative
stress, microglial dysmorphology, brain mitochondrial dysfunction,
hippocampal apoptosis, and hippocampal necroptosis, leading to the
greatest improvement in hippocampal dysplasticity associated with car-
diac I/R injury. (3) Giving EPO during ischemia attenuated LV dysfunc-
tion, microglial dysmorphology, brain ROS production, hippocampal
apoptosis and necroptosis, and improved hippocampal dysplasticity. (4)
Giving EPO at the onset of reperfusion showed beneficial effects
regarding the preservation of microglial morphology, and hippocampal
apoptosis and necroptosis, leading to improved hippocampal dysplas-
ticity resulting from cardiac I/R injury.

It has been shown that AMI caused not only cardiac dysfunction, but
also brain dysfunction and pathologies. Previous studies demonstrated
that cardiac I/R injury induced oxidative stress and systemic circulatory
inflammation, which consequently disrupted the assembly of the BBB
tight junction proteins including claudin-5, resulting in increased
permeability and hence passage of systemic ROS and pro-inflammatory
cytokines into the brain (Kumfu et al., 2018; Apaijai et al., 2019).
These could contribute to brain oxidative stress, neuroinflammation, and
microglial activation. Several studies have also found alterations in
microglial function under cardiac I/R conditions (Frick et al., 2016;
Taguchi et al., 2016). Following cardiac I/R, there was an increase in
microglial activity and number, as indicated by increased numbers of
8

Iba1-positive cells (Frick et al., 2016). The level of microglia activation
reached its peak 3 days after cardiac I/R, suggesting a time-dependent
response of microglial activation following cardiac I/R (Yuan et al.,
2014). In addition to those previous studies, the present study also found
changes in microglial complexity after cardiac I/R, transformations
occurring into ameboid-like shapes. All these events worsened brain
inflammation and subsequently impaired brain mitochondrial function,
leading to neuronal apoptosis (Kumfu et al., 2018; Apaijai et al., 2019). A
previous study reported that neuronal apoptosis was observed following
cardiac I/R, which is possibly associated with neuronal degeneration in
the hippocampus (Frick et al., 2016). Consistent with these findings, we
found that cardiac I/R triggered hippocampal neuronal cell death via
increased neuronal apoptosis, and also increased necroptosis through the
RIPK1-RIPK3 signaling pathway. The activation of RIPK1 also stimulated
the release of pro-inflammatory cytokines by the microglia, and subse-
quently promoted neuronal death (Chan et al., 2019). It has been widely
accepted that oxidative stress, inflammation, apoptosis, and necroptosis
in the brain affected hippocampal plasticity (Benjanuwattra et al., 2020;
Ongnok et al., 2021). Taken together, cardiac I/R caused peripheral and
brain oxidative stress, both of which activated microglia and impaired
brain mitochondrial function, resulting in hippocampal apoptosis, nec-
roptosis, and hippocampal dysplasticity.

In the physiological condition, peritubular capillary endothelial cells
in the renal cortex are responsible for the production of EPO in response
to hypoxia (Sir�en et al., 2001). During hypoxic conditions, serum EPO
level is raised via the hypoxia inducible factor 1 (HIF-1) pathway, which
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is the enzymatic activity response during conditions of insufficient oxy-
gen (Sir�en et al., 2001), suggesting a vital role of EPO under cardiac I/R
conditions. The role of EPO in RBC production has been known for some
time however it is now becoming clear that it has many more crucial
functions in the body. In addition, it has been shown that Erythropoietin
receptors (EPORs) are expressed in several areas including cardiovascu-
lar (Wu et al., 1999) and nervous organs (Tsai et al., 2006). Endogenous
EPO signaling is necessary for the development of the central nervous
system and neuroprotection (Wang et al., 2006). Previous studies
demonstrated that EPO can be produced by astrocytes, suggesting an
important role of EPO in the brain (Masuda et al., 1994; Marti et al.,
1996).

Due to its role with oxygen sensors, the effects of EPO under cerebral
I/R conditions have been investigated. Previous studies demonstrated
that pretreatment with EPO in cerebral I/R injury attenuated BBB
breakdown, decreased pro-inflammatory cytokines (Liu et al., 2013),
ameliorated lipid peroxidation (Bahcekapili et al., 2007), increased
neuronal proliferation and maturation (Zhang et al., 2019), and
decreased neuronal apoptosis (Khaksari et al., 2017), resulting in the
reduction of brain infarct size, and the improvement of cognitive func-
tion. Taken together, all findings suggested the neuroprotective effects on
the brain in cerebral I/R condition. Previous studies reported the
anti-oxidative effect of EPO (Li et al., 2021; Menger et al., 2021). For
instance, EPO nanoparticles greatly reduced ionizing radiation-induced
ROS production in the bone marrow cells (Li et al., 2021).
Co-incubation of isolated pancreatic islets with hydrogen peroxide and
EPO showed no change in pancreatic cell viability, suggesting that EPO
scavenged the oxidative products induced by hydrogen peroxide
(Menger et al., 2021). Therefore, we speculated that EPO directly
attenuated oxidative stress by scavenging the brain mitochondrial ROS.
Moreover, EPO has been recognized as a multifunctional cytokine with
anti-inflammatory properties, providing significant effects in both acute
and chronic inflammatory models (Silva et al., 2021). Previous studies
showed that the binding of EPO to the tissue-protective receptor (TPR) on
macrophages inhibited the activation of NF-κB p65 via the EPOR/-
Jak2/PI3K pathway (Nairz et al., 2011, 2017; Watanabe et al., 2016;
Peng et al., 2020). In addition, our findings demonstrated that EPO
indirectly alleviated inflammation in the hippocampus by preserving M2
microglial morphology and promoting M2 polarization. It has also been
found that the number of newly generated astrocytes and microglia were
suppressed in EPO-pretreated rats with cerebral I/R injury (Zhang et al.,
2019), leading to the decrease of pro-inflammatory cytokines (Liu et al.,
2013) and lipid peroxidation (Bahcekapili et al., 2007). It has been
shown, consistently, that EPO activated JAK/STAT and Akt signaling,
inhibited GSK-3β activity, modulated NF-κB p65, and decreased levels of
pro-inflammatory cytokines and iNOS (Bond and Rex, 2014). In addition,
EPO administration also promoted phagocytosis and M2 activation state
polarization in macrophages, whereas EPO redirected microglia back to
or maintained microglia in a normal state and prevented microglial
proliferation (Bond and Rex, 2014).

In addition to the anti-oxidative and anti-inflammatory effects of
EPO, several studies also demonstrated the anti-apoptotic effect of EPO
(Yu et al., 2001; Fisher, 2003; Khaksari et al., 2017). EPO was found to
inhibit the apoptosis of bone marrow erythroid progenitor cells (Fisher,
2003). Neuronal apoptosis and decreased numbers of neural progenitor
cells were observed in EPO-null and EPOR-null mice, suggesting EPO has
a role in neuronal survival and apoptosis (Yu et al., 2001). Moreover, an
increase in hippocampal neuronal density, together with decreasing
apoptotic index, were noted in EPO-treated rats with cerebral I/R injury
(Khaksari et al., 2017). In addition to those previous studies, we showed
that EPO inhibited not only neuronal apoptosis, but also neuronal nec-
roptosis including the RIPK1-RIPK3 signaling pathway, resulting in the
improvement of hippocampal dysplasticity.

It has been shown that if EPO is given at doses appropriate for
erythropoiesis (200–400 U/kg) it does not cross the BBB in a detectable
amount (Juul et al., 1999). Although the dose of EPO used in the present
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study is higher than the range used for anemia treatment, it did not
improve BBB integrity. This can probably be explained by the realization
that the impairment of BBB integrity was indirectly affected by the car-
diac I/R injury. Despite %EF being improved in the EPO pretreated and
during ischemia groups, it was not restored back to within normal levels
in the present study. Adding weight to this finding a previous study
showed that peripheral administration of EPO (5000 IU/kg BW) did not
improve survival rate in cerebral I/R injury (Calapai et al., 2000). All of
these pieces of evidence would imply that other factors from the pe-
riphery such as cardiac dysfunction might influence the effect of EPO on
BBB integrity. In addition, the dose of EPO administration might not be
high enough to improve BBB integrity since previous studies reported
that EPO exerted neuroprotective effects against cerebral I/R injury in a
dose-dependent manner (Calapai et al., 2000; Weber et al., 2005; Kellert
et al., 2007). A previous study demonstrated that administration of EPO
at a dose of 5000 U/kg BW exerted a greater benefit on the brain in
brain-injured neonatal rats than at the dose of 2500 U/kg BW, suggesting
EPO provides beneficial effects in dose-dependent manner (Kellert et al.,
2007). Notably, the toxicity of very high dose of EPO was also reported.
Giving EPO at the dose of 20,000 IU/kg BW increased neuronal death
rate in rat pups subjected to moderate hypoxia (Kellert et al., 2007).
Although a high dose of EPO could not be used due to its toxicity, the
administration of EPO at a dose of 5000 IU/kg BW could be used together
with the guideline-therapy for the greatest protective effects on the brain
against cardiac I/R injury.

In this study, we demonstrated that administration of EPO prior to
cardiac I/R has the greatest brain benefit and could theoretically be
effectively used as a potential prevention regimen. The greatest efficacy
of EPO pre-treatment in cardiac I/R could possibly be due to the fact that
EPO passed through the BBB and accumulated in the brain in a time-
dependent manner (Yoo et al., 2017). A previous study in rats showed
that brain EPO levels were increased significantly within 3 h of EPO in-
jection via the tail vein and reached their maximum at 6 h after injection
(Yoo et al., 2017). Although administration of EPO before cardiac I/R
showed the greatest brain benefit, it cannot be translated into clinical use
because patients with cardiac ischemia are treated after the ischemia has
already occurred. However, there is the potential for the use of EPO as a
preventive therapy, as we have also shown that giving EPO during or at
the onset of reperfusion has neuroprotective effects, particularly in terms
of preserving microglial morphology, reducing neuronal cell death in the
hippocampus. Collectively, administration of EPO during ischemia or at
the onset of reperfusion could be used as a combination therapy with
gold-standard drugs in clinical use and could provide the greatest benefit
to the brain of patients with cardiac I/R injury.

Several cell types in the brain express EPORs, including neural pro-
genitor cells (NPCs), astrocytes, neurons, and oligodendrocytes. EPO was
shown to promote proliferation and differentiation of NPCs into astro-
cytes or oligodendrocytes (Iwai et al., 2010). The general mechanisms
responsible for the neuroprotective effects of EPO are suppressing
apoptosis, inflammation, and neurotoxicity, as well as promoting of
neuronal regeneration and repair (Cantarelli et al., 2019). A previous
study showed that EPO activated downstream signaling molecules such
as JAK2, IRS-1, PI3K, Akt, and eNOS in skeletal muscle of db/db diabetic
mice (Pan et al., 2017). Furthermore, the administration of EPO resulted
in cardioprotection by stimulating PI3K/Akt and mitogen-activated
protein kinase (MEK)/extracellular signal-regulated kinase (ERK) in
coronary artery endothelial cells to produce NO in cardiac I/R in mice
(Teng et al., 2011). In addition to those previous studies, we showed that
the PI3K/Akt/eNOS pathway in the brain was also activated by EPO. The
activation of these pathways might explain the attenuation of brain
damage following cardiac I/R.

Moreover, it has been shown that EPO and its derivatives inhibited
inflammation by activating EPOR/Jak2/PI3K pathway on macrophages
(Nairz et al., 2011, 2017; Watanabe et al., 2016; Peng et al., 2020) and
facilitated macrophages/microglia M2 polarization (S. Wang et al., 2017;
Peng et al., 2020), leading to suppression of inflammation and promotion
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of tissue repair. However, in the present study, microglial cells could not
be isolated because of the limited tissue. Further studies are encouraged
to examine the effects of EPO on these signaling molecules on microglial
cells.

5. Conclusions

The EPO administration has a neuroprotective effect against cardiac
I/R injury through antioxidant, anti-inflammatory and anti-apoptotic/
necroptotic effects. EPO administered before cardiac ischemia
conferred the greatest neuroprotection by attenuating LV dysfunction,
oxidative stress in the periphery and the brain, microglial activation,
brain mitochondrial dysfunction, and hippocampal apoptosis and nec-
roptosis, resulting in an improvement in hippocampal dysplasticity under
conditions of cardiac I/R.
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