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Erythropoietin (EPO) combined with hypothermia for neonatal hypoxic-ischemic encephalopathy (HIE)
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Abstract

Although hypothermia therapy is effective to treat neonatal hypoxic-ischemic encephalopathy, many neonatal patients die or suffer from
severe neurological dysfunction. Erythropoietin is considered one of the most promising neuroprotective agents. We hypothesized that
erythropoietin combined with hypothermia will improve efficacy of neonatal hypoxic-ischemic encephalopathy treatment. In this study,
41 neonates with moderate/severe hypoxic-ischemic encephalopathy were randomly divided into a control group (hypothermia alone for
72 hours, n = 20) and erythropoietin group (hypothermia + erythropoietin 200 IU/kg for 10 days, n = 21). Our results show that compared
with the control group, serum tau protein levels were lower and neonatal behavioral neurological assessment scores higher in the eryth-
ropoietin group at 8 and 12 days. However, neurodevelopmental outcome was similar between the two groups at 9 months of age. These
findings suggest that erythropoietin combined with hypothermia reduces serum tau protein levels and improves neonatal behavioral neu-
rology outcome but does not affect long-term neurodevelopmental outcome.

Key Words: nerve regeneration; erythropoietin; hypothermia; hypoxic-ischemic encephalopathy; neonate; tau protein; biomarkers; prognosis;
neuroprotection; neural regeneration

Introduction 0.5-1 per 1,000 in developed countries (Levene et al., 1986),
Hypoxic-ischemic encephalopathy (HIE) is a significant it is much higher in developing countries (Kurinczuk et
cause of neonatal brain injury. Approximately one million  al., 2010). Altogether, 15-20% of infants with HIE will die,
newborns die from HIE worldwide each year. Although the ~ Wwhile 25% of those surviving will suffer from severe short-
incidence of moderate/severe neonatal encephalopathy is  term or long-term motor or sensory dysfunction, cognitive
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impairment, hypoevolutism, seizures, mental retardation,
and vision and hearing impairments (Vannucci and Perl-
man, 1997; Dammann et al., 2001; Barnett et al., 2002; Glass
and Ferriero, 2007; Verklan, 2009). Because the pathogen-
esis of neonatal HIE is not very clear, there is no effective
therapeutic method (Thoresen et al., 2013). In recent years,
through a large number of animal experiments, studies on
the pathophysiology of neonatal HIE have made encourag-
ing progress and have provided a therapeutic window for
neuroprotection or intervention. Clinical studies show that
moderate/severe neonatal HIE can be treated by hypother-
mia within 6 hours after birth (Thoresen and Whitelaw,
2005). Moreover, benefits of hypothermia have been shown
for neuroprotection, improving neurodevelopment, and
reducing death and disability (Gluckman et al., 2005; Shan-
karan et al., 2005; Buonocore et al., 2012; Tagin et al., 2012;
Jacobs et al., 2013; Azzopardi et al., 2014; Muller and Marks,
2014; Zubcevic et al., 2015; Ahearne et al., 2016; Zheng and
Gao, 2016). Nevertheless, there is still 44-53% of neonates
that die or are left with moderate to severe neurological
dysfunction (Edwards et al., 2010; Wu and Gonzalez, 2015).
Therefore, application of neuroprotective agents is necessary
to prevent brain injury, promote nerve recovery, and reduce
mortality and incidence of neurodevelopment.
Erythropoietin (EPO) is an acidic glycoprotein com-
posed of 165 amino acids, with its biological effect achieved
by combination with a specific receptor (EPO-R). EPO is
produced by fetal liver and adult kidney, and its functions
are to stimulate bone marrow hematopoietic stem cells,
promote proliferation, differentiation, and maturation of
erythrocyte progenitor cells, and regulate oxygen supply
to the body (Reissmann and Udupa, 1972; Saito and Tojo,
1987; Sasaki et al., 2000; Kim et al., 2010; Malik et al., 2013;
Lv et al., 2015b). Recombinant human EPO (rhEPO) is
widely used in clinical treatment of various types of ane-
mia, brain injury, subarachnoid hemorrhage, and intrace-
rebral hemorrhage, and has exhibited remarkable curative
effects since 1989 (Velly et al., 2010). Clinical trials show
that EPO is a safe and effective neuroprotective agent,
which is absent of serious adverse effects (McPherson and
Juul, 2010). The protective mechanism of EPO on nerves is
not completely understood. However, in recent years, cen-
tral nervous system injury has been treated with exogenous
EPO, which has become a ‘hot’ research topic. In particular,
human cases of neonatal HIE have been treated with EPO,
although large-scale trials to determine whether EPO can
further improve the prognosis of neonatal HIE treated with
hypothermia have yet to be performed (Wu et al., 2012).
Tau protein is a specific marker protein of central neurons,
and brain damage can cause an increase in tau protein
(Sussmuth et al., 2001; Hu et al., 2012; Schiefecker et al.,
2016; Wang et al., 2016; Banks et al., 2017). The aim of this
study was to detect changes in serum tau protein before
and after treatment with EPO combined with hypothermia
in neonates with moderate/severe HIE. Our intention was
to investigate the relationship between EPO and neonatal
behavioral neurology and neurodevelopmental outcome at
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9 months of age to provide clinical data for EPO treatment
of neonatal HIE.

Subjects and Methods

Subjects

Forty-one neonates with moderate/severe HIE were enrolled
from the Neonatal Intensive Care Unit, Maternal and Child
Health Care Hospital of Handan City, China from August
2014 to August 2015.

Inclusion criteria: Patients presenting with all of the
following criteria were considered for study inclusion: (1)
moderate/severe HIE in accordance with the diagnostic
criteria of neonatal HIE formulated by the Chinese Med-
ical Association (Group of Neonatology et al., 2005); (2)
gestational age > 37 weeks and weight > 2,500 g; (3) severe
asphyxia at birth, and Apgar score (Edwards et al., 2010)
< 3 at 1 minute or < 5 at 5 minutes; (4) umbilical artery
blood pH < 7.0 at birth; and (5) abnormal neurological
signs in the first 24 hours of life (e.g., drowsiness or coma,
convulsions, abnormal muscle tone, original reflex weak
or absent, irregular breathing or pupil size, and light re-
flection anomaly), or neonates with HIE and abnormal
electroencephalogram recordings and brain abnormalities
confirmed by computed tomography scan or magnetic res-
onance imaging.

Exclusion criteria: patients with one or more of the fol-
lowing conditions were excluded from this study: (1) severe
intracranial hemorrhage; (2) congenital malformations or
inherited metabolic disease; (3) severe infectious disease;
(4) maternal history of drug abuse; (5) severe anemia, with
hemoglobin < 120 g/L; (6) automatically refused treatment
and with incomplete follow-up. All neonates with HIE were
admitted to the Neonatal Intensive Care Unit. Their intra-
cranial pressure was reduced, and they received respiratory
support, convulsive control, maintenance of blood perfusion
to the brain and body, maintenance of blood sugar at nor-
mal high levels, hypothermia or neuroprotective drugs, and
other comprehensive treatments.

Neonates with HIE were randomly divided into a control
group (hypothermia alone, n = 20) and EPO group (EPO
and hypothermia, n = 21) according to their order of ad-
mission. This study was conducted in accordance with the
principles of the Declaration of Helsinki, and approved by
the Medical Ethics Committee of Handan Maternal and
Child Health Care Hospital of Hebei Province of China (ap-
proval No. 2014-1). This paper was prepared in accordance
with the CONSORT checklist. All patients and their fami-
lies participated voluntarily and were fully informed about
the experimental process. They provided signed informed
consent based on the condition that they fully understood
the procedure. Tests of blood, liver function, renal function,
blood glucose, and blood pressure were also performed for
all patients after admission (Figure 1).

Treatment
Forty-one neonates with HIE were treated at the Neonatal
Intensive Care Unit after admission.
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Figure 1 Flow chart of patient screening after admission.

HIE: Hypoxic-ischemic encephalopathy; NBNA: neonatal behavioral neurological assessment; EEG: electroencephalogram; MRI: magnetic
resonance imaging; CT: computed tomography; EPO: erythropoietin; GDS: Gesell development scale.

\

GDS evaluation at 9
months of age (n = 21)

Control group: Conventional treatment was administered,
including respiratory support, fluid infusion, anti-convul-
sive medication, reduction of intracranial pressure, main-
tenance of blood perfusion, maintenance of blood glucose,
correction of acidosis, and correction of electrolyte balance.
Neonates in the control group were administered brain
hypothermia using a HGT-2000 therapeutic instrument
(Zhuhai Hokai Medical Equipment, Zhuhai, China). The
nasopharyngeal temperature probe from the temperature
control instrument was wet and placed into the nasophar-
ynx of the patient as it gradually cooled. Nasopharyngeal
temperature of the skull’s base temperature was maintained
at 33.5-34.0°C. Hypothermia treatment was stopped after 72
hours. Patients were allowed to rewarm naturally, and rectal
temperature returned to > 36°C within 6 hours. All patients
were administered far infrared radiation temperature when
necessary. Rectal temperature was not allowed to exceed
0.5°C every 2 hours during recovery.

EPO group: Based on treatment in the control group,
neonates in the EPO group were injected with rhEPO (Chi-
nese hamster ovary cell) (North China Pharmaceutical Jin
Tan Biotechnology, Shijiazhuang, China; batch No. GYZZ
$20000026; rule batch No. 201405YC14; specifications: 3,000
1U/1 mL IU) from the second day of hospitalization. thEPO
(200 IU/kg soluble in 10% glucose solution) was intrave-
nously administered, once a day, for 10 consecutive days.
Blood tests (e.g., net woven erythrocytes, hematocrit), liver
function, renal function, blood glucose, blood pressure, and
adverse reactions were recorded during treatment.

Clinical grading of neonatal HIE (criteria for assessing
moderate and severe HIE)

Neonatal HIE was diagnosed according to the classification
of Sarnat and Sarnat (Sarnat and Sarnat, 1976). If there were
no seizures in neonates from birth to 72 hours, yet muscle
tone continued to decline or presented a highly excited state,
HIE was defined as “mild”. If the infant was lethargic and
had hypotonia, weak primitive reflexes, and seizures, HIE
was defined as “moderate”. If the infant suffered frequent
seizures, apnea, flaccid weakness, or coma, HIE was defined
as “severe”.

Serum tau protein measurement
Blood samples were taken from the radial vein at 24 hours
after birth (before EPO treatment) and 4, 8, and 12 days af-
ter EPO treatment. Blood samples were placed in a test tube
(specifications: 5 mL, No A06277602; Hebi City Zhong Xing
Medical Supplies, Hebi, China), maintained without stirring
for 30 minutes at room temperature, and then centrifuged
in a L-400 low-speed automatic balancing centrifuge (Hunan
Xiangyi Laboratory Instrument Development, Changsha,
Hunan Province, China) at 3,000 r/min for 15 minutes.
Serum was removed into another test tube and placed in a
freezer at —70°C until use. To avoid any influence on the re-
sults, blood transfusions to the neonates were avoided before
collecting blood samples. Serum tau protein was detected
using an enzyme-linked immunosorbent assay. The kit was
provided by the Shanghai HuDing Biological Science and
Technology Co., Ltd. (R & D Systems, Minneapolis, MN,
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Table 1 Characteristics and clinical parameters of mothers and neonates at admission

Control
Epo group Control group Epo group  group
(n=21) (n=20) P (n=21) (n=20) P
Maternal Cord around neck + breech position 1(2) 0 1.0000
Mode of delivery Short cord 1(5) 1(5) 1.0000
Cesarean 10(48) 9(45) 0.8665 Torsion of cord 1(5) 0 1.0000
Spontaneous vaginal delivery 8(38) 10(50) 0.4426 Dystocia
Perineotomy 3(14) 1(5) 0.6347 Malposition 2(10) 1(5) 0.9650
Age (year) 26.81+4.04 27.50+6.89 0.3498 Uterine inertia 2(10) 1(50) 0.9650
Pregnancy complication Cephalopeluic disproportion 0(0) 1(0) 0.0000
Gestational hypertension 2(10) 1(5) 0.9650 Oligohydramnions 1(5) 0 1.0000
Diabetes mellitus 1(5) 0 0.4878 Placenta and membranes abnormality
Uterine inertia 2(10) 1(5) 1.0000 Placental abruption 1(5) 0 1.0000
Clinical chorioamnionitis 0 1(5) 0.4878 Placental abruption + RDS 1(5) 0 1.0000
Neonatal Aging of placenta + RDS 0(0) 1(5) 1.0000
Admission age (hour) 3.53+7.07 4.56+6.74 0.3180 Rupture of membranes 2(10) 2(10) 0.6347
Gestational age (week) 39.13+1.23 39.34+1.35 0.3026 Clinical chorioamnionitis 0(0) 1(5) 0.0000
Gender RDS 1(5) 3(15) 0.5634
Male 11(52) 14(70) 0.2477 Unexplained asphyxia 1(5) 2(10) 0.9650
Female 10(48) 6(30) 0.2477 ||Amniotic fluid excrementn
Body weight (g) 3,315.71+£491.46 3,425.00+544.47 0.2517 I° 1(5) 3(15) 0.5634
Body length (cm) 49.76+2.85 51.13+2.32 0.0502 II° 2(10) 3(15) 0.9536
Head circumference (cm) 33.64+1.30 33.63+1.38 0.4905 11r° 6(29) 6(29) 0.9200
Parity Apgar scores
First child 11(52) 8(40) 0.4268 1 minute 2.05%£1.50  2.35%1.73 0.4390
Second child 5(24) 7(35) 0.4312 5 minutes 3.35%1.13 3.65%1.21 0.1882
Third child 3(14) 420) 0.9435 10 minutes 5.65x1.73  5.76+1.71 0.4195
Fourth child 1(5) 0 1.0000 ||Clinical drading of HIE
Sixth child 1(5) 1(5) 1.0000 Moderate 5(24) 10(50) 0.0018
Cause of HIE Severe 16(76) 10(50) 0.0818
Abnormality of umbilical cord Oxygen supply mode
Cord around neck 4(19) 4(20) 0.7510 Mechanical ventilation 9(43) 5(25) 0.2281
Cord around neck + RDS 2(10) 0 0.4878 CPAP 4(19) 4(20) 0.7510
Cord around neck + rupture of 1(5) 1(5) 1.0000 Oxygen supply by head cover 8(38) 11(55) 0.2779
membranes Umbilical arterial blood pH value at the first time  6.80£0.17  6.85£0.12  0.1427
Cord around neck + placental 0 1(5) 0.4878
abruption
Cord around neck + aging of placenta 0 1(5) 0.4878

Age, body weight, body length, head circumference, and Apgar scores are expressed as the mean + SD. Other data are expressed as 1(%). Group
comparisons were performed using Student’s t-test with group comparisons performed by Fisher’s test or chi-square test. HIE: Hypoxic-ischemic
encephalopathy; RDS: respiratory distress syndrome; CPAP: continuous positive airway pressure.

USA; tau protein detection range: 30-1,200 pg/mL). Before
serum was analyzed, samples were removed from -70°C to
room temperature, and then placed on an oscillator (FWZ-1;
Guangzhou Fenghua Bioengineering Co., Ltd., Guangzhou,
China) for 1 hour at 1,200 r/min, in accordance with the
manufacturer’s instructions.

Neurological assessment

Neonatal behavioral neurological assessment (NBNA): Ac-
cording to Bao et al.’s method (1991), neonates with HIE
were assessed at 2, 7, 14, and 28 days after treatment. NBNA
contains five clusters: behavior (6 items); passive tone (4
items); active tone (4 items); primary reflexes (3 items); and
general assessment (3 items). Each item has three scales (0, 1,
and 2). Twenty items have a maximum of 40 points. NBNA
score < 35 points indicates brain injury; 28-32 points indi-
cates severe brain injury; and 33-35 points indicates mild
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brain injury.

Gesell development scale (GDS): Neurodevelopmental
examination was performed at 9 months of age, according
to GDS (Roe, 1977; Lin et al., 1986; Li et al., 2014). GDS in-
cludes gross motor, fine motor, adaptability, language, and
personal social skills, which measure development quotient
(DQ). Evaluation criteria: DQ > 85 points is defined as good
neurodevelopment; 75-85 points is defined as a boundary
situation; and < 75 points is defined as neurodevelopmental
retardation.

NBNA and GDS were evaluated by two trained profes-
sionals.

Statistical analysis

Measurement data are expressed as the mean + SD, and
group comparisons were performed using Student’s t-test
and paired t-test. Categorical data were expressed as number
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Table 2 Serum tau levels (pg/mL) before and after treatment

After treatment

Before treatment

Group n (24 hours) 4 days 8 days 12 days
Control 20 891.56+221.70 867.59+198.99 756.58+203.49" 697.68+168.41°
EPO 21 913.38+217.46 895.73+220.69 601.22+187.35" 517.68+143.47"

Data are expressed as the mean + SD with group comparisons performed using Student’s t-test (between different groups) and paired t-test
(between different time points). *P < 0.05, vs. control group; #P < 0.05, vs. before treatment. Control group: Hypothermia treatment; EPO group:

hypothermia + EPO treatment; EPO: erythropoietin.

Table 3 NBNA scores before and after treatment

After treatment
Before treatment

Group n (24 hours) 2 days 7 days 17 days 28 days
Control 20 18.85+4.90 18.90+6.40 25.15+5.75" 28.10+3.91° 36.26+ 3.45°
EPO 21 15.48+4.68" 21.19+6.70 28.53+6.15" 30.43 +3.46" 38.40+2.22"

Data are expressed as the mean + SD with group comparison performed using Student’s t-test (between different groups) and paired t-test (between
different time points). *P < 0.05, vs. control group; #P < 0.05, vs. before treatment. Control: Hypothermia treatment; EPO: hypothermia + EPO
treatment; EPO: erythropoietin; NBNA: neonatal behavioral neurological assessment.

Table 4 Neurodevelopmental outcome at 9 months of age by Gesell’s assessment

Group Gross motor Fine motor Adaptability Language Personal-social

Control Good neurodevelopment 10(50.0) 13(65.0) 14(70.0) 10(50.0) 12(60.0)

(n=20) Boundary situation 4(20.0) 1(5.0) 1(5.0) 3(15.0) 4(20.0)
Neurodevelopment retardation  6(30.0) 6(30.0) 5(25.0) 7(35.0) 4(20.0)

EPO Good neurodevelopment 11(52.3) 13(61.9) 15(71.4) 15(71.4) 15(71.4)

(n=21)  Boundary situation 6(28.6) 3(14.3) 3(14.3) 4(19.1) 3(14.3)
Neurodevelopment retardation ~ 4(19.1) 5(23.8) 3(14.3) 2(9.5) 3(14.3)

Data are expressed as #(%). EPO: Erythropoietin.

and percentage, and group comparisons were performed
with Fisher’s test or chi-square test. Correlation between
serum tau protein levels and NBNA score was tested by
Spearman’s rank-order correlation analysis. All calculations
and test were analyzed using SPSS 11.5 software (SPSS, Chi-
cago, IL, USA). A P-value < 0.05 was considered statistically
significant.

Results

Characteristics of HIE neonates

Characteristics of the subjects and their mothers are shown
in Table 1. The parameters of gestational age, gender,
weight, height, head circumference, mode of delivery, and
maternal parameters were not statistically significant be-
tween the HIE and control groups (P > 0.05).

Comparison of serum tau protein levels

Before treatment, serum tau protein levels were not sig-
nificantly different between the EPO and control groups
(t =0.3181, P > 0.05). After treatment, serum tau protein
levels at 8 and 12 days were significantly lower in the EPO
group than in the control group (8 days: ¢t = 2.5450, 12 days:
t =2.4119, respectively, P < 0.05; Table 2). Further analysis
showed that serum tau protein levels demonstrated a grad-

ual downward trend after treatment in both groups. In par-
ticular, at 8 and 12 days, tau protein levels were significantly
lower after treatment compared with before treatment (EPO
group: t = 4.9837, 6.9603, respectively, P < 0.05; control
group: t = 2.0059, 3.1143, respectively, P < 0.05; Figure 1).

Comparison of NBNA scores

Before treatment, NBNA scores were significantly lower
in the EPO group than in the control group (t = 1.9825, P
< 0.05). After treatment, NBNA scores were significantly
higher in the EPO group than in the control group at 7, 14,
and 28 days (¢ = 1.8156, 2.3661, 1.7726, respectively, P <
0.05; Table 3). Further analysis showed that NBNA scores
were significantly higher at 7, 14, and 28 days after treat-
ment compared with before treatment in both groups (EPO
group: t = 7.2382, 11.6591, 14.8660, respectively, P < 0.05;
control group: t = 5.3332, 8.0463, 15.1480, respectively, P <
0.05).

Correlation analysis between serum tau protein levels and
NBNA scores

Before treatment, serum tau levels were significantly neg-
atively correlated with NBNA scores in neonates with HIE
in the EPO group (r, = —0.8915, P < 0.01). Serum tau levels
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Figure 2 Correlation analysis between serum tau protein levels and NBNA scores before treatment.
(A) EPO group (r, = -0.8915, P < 0.01); (B) control group (r, = —0.5666, P < 0.01). Correlation between serum tau protein levels and NBNA scores
was tested by Spearman’s rank-order correlation analysis. EPO: Erythropoietin.
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Figure 3 Correlation analysis between serum tau protein levels at 12 days and NBNA scores at 14 days after treatment.
(A) EPO group (r, = -0.74111, P < 0.01); (B) control group (r, = —0.8653, P < 0.01). Correlation between serum tau protein levels and NBNA scores
was tested by Spearman’s rank-order correlation analysis. EPO: Erythropoietin.

were also significantly negatively correlated with NBNA
scores in neonates with HIE in the control group (r, =
-0.5666, P < 0.01).

After treatment, serum tau protein levels at 12 days were
significantly negatively correlated with NBNA scores at 14
days (EPO group: r, = —0.74111, P < 0.01; Control group: r,=
—-0.8653, P < 0.01; Figures 2, 3).

Neurodevelopmental outcome at 9 months of age
Neurodevelopmental outcome at 9 months of age was eval-
uated using the Gesell scale. The results are shown in Table
4. Neurodevelopmental outcome at 9 months after birth
showed normal developmental rates of gross motor skills ac-
counted for 52.3%, fine motor skills 61.9%, adaptation abili-
ty 71.4%, language 71.4%, and personal-social skills 71.4% of
the EPO group. These values were not significantly different
compared with the control group (all P > 0.05).

Discussion

EPO is a neuroprotective agent and neurotrophic factor
that has gained attention in the treatment of neonates with
HIE. However, use of EPO is still controversial for improv-
ing short-term and long-term prognoses of neonatal HIE.
In this study, 21 neonates with HIE were treated with a low
dose of EPO (200 IU/kg). The effects of EPO on serum tau
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protein levels and neurological outcome were analyzed.
Brain injury biomarkers in serum or cerebrospinal flu-
id can be used to determine the severity and prognosis of
neonatal HIE (Lv et al., 2015a; Graham et al., 2016). These
markers are even considered as treatment effect indices in
hypothermia or drug intervention measures. Tau protein,
a microtubule protein of central neurons, is detached from
the microtubule and enters into cerebrospinal fluid and
blood after neuronal damage, and consequently is a mark-
er of brain damage. Tau protein is a specific component
of neurons with strong specificity. Normally, tau protein
in brain tissue is phosphorylated and dephosphorylated in
two forms, which are in a state of equilibrium. Tau pro-
tein over-phosphorylation can reduce binding ability to
microtubules, resulting in separation of tau protein from
microtubules, which causes neuronal damage and neuro-
logical dysfunction. Animal experiments show significantly
increased tau protein after ischemic brain injury (Song et al.,
2013). Clinical trials have also shown that tau protein lev-
els are strongly associated with disease severity and infarct
volume after adult cerebral ischemia (Bielewicz et al., 2011).
Therefore, serum tau protein levels can directly reflect the
severity of neuronal damage (Liliang et al., 2010; Randall
et al., 2013). Our previous study found significantly higher
serum tau protein levels in neonates with HIE than healthy
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neonates, as well as significantly higher levels in neonates
with severe HIE than neonates with moderate HIE. To date,
the effect of EPO on serum tau protein is not well known.
Our results show that serum tau protein levels increase
rapidly after the onset of hypoxia-ischemia. After treatment
with EPO, serum tau protein levels showed a gradual declin-
ing trend, and were significantly lower from 8 to 12 days in
the EPO group compared with the control group, suggesting
that EPO prevents neuronal damage and promotes neuronal
repair during early neonatal HIE onset. Dynamic detection
of serum tau levels can help understanding of the patho-
logical changes and disease development state in neonates
with HIE, and also evaluate EPO efficacy. Protective effects
and mechanisms of EPO on brain tissue after hypoxia-isch-
emia may be achieved in the following ways. (1) Promotion
of neuronal differentiation and regeneration: animal ex-
periments show that hypoxia can induce EPO expression.
Further, EPO appears to regulate the occurrence of neural
stem cells in the forebrain and promote formation of neural
precursor cells. Altogether, these results suggest that EPO is
involved in neural regeneration after hypoxia (Shingo et al.,
2001). (2) Inhibition of neuronal apoptosis: Ma et al. (2013)
showed that EPO can inhibit apoptosis of fetal rat brain
cells after intrauterine hypoxic-ischemic injury. A rat model
of hypoxic injury also showed that neuronal apoptosis was
significantly decreased by rhEPO (Yamada et al., 2011). (3)
Reducing and regulating the inflammatory response: animal
experiments show that EPO can delay the increase of IL-1
beta in neonatal rats with ischemic brain injury, reduce leu-
kocyte infiltration, and exert a neuroprotective function (Sun
et al., 2005). (4) Anti-oxidative stress: EPO can enhance the
activity of superoxide dismutase, glutathione peroxidase,
and catalase in brain tissue. It also reduces oxidative damage
of oxygen free radicals to nerve cells (Malhotra et al., 2004).
(5) Anti-glutamate excitatory toxicity: in vitro experiments
show that EPO reduces Ca*-induced glutamate release from
cultured cerebellar granule neurons and protects neurons
(Kawakami et al., 2001).

Indeed, since entering the era of hypothermia, many lives
of neonates with HIE have been saved. Accordingly, mortal-
ity by hypothermia and disability rates has been significantly
reduced. Nevertheless, neonates with HIE are still at risk. To
improve the therapeutic effect of neonatal HIE, EPO is used
in combination with hypothermia in the field of experimen-
tal research. So far, the effect of EPO on neurodevelopmen-
tal outcome of neonates with HIE has mainly been obtained
from animal experiments. Because of different times and
dosages of EPO for treating neonatal HIE, there has been
variable results (Kumral et al., 2004; Demers et al., 2005;
Spandou et al., 2005; Iwai et al., 2007; Kellert et al., 2007; van
der Kooij et al., 2009; Wu et al., 2016). No significant benefit
was observed from treatment with either hypothermia or
hypothermia-EPO combination therapy (Fang et al., 2013).
This study also showed a significant neuroprotective effect
of hypothermia on neonatal HIE rats. Further, EPO only
slightly improved sensory function of neonatal rats with
HIE, and did not restore brain tissue morphology (Fan et

al., 2013). However, a prospective randomized clinical trial
showed that rEPO reduced the risk of death or moderate/
severe disability in HIE neonates without hypothermia, but
had no such effect on severe HIE. Death or severe disability
occurred in 35 cases (43.8%) of 80 patients in the control
group, and 18 cases (24.6%) of 73 patients in the EPO group
at 18 months of follow-up (Zhu et al., 2009). Elmahdy et al.
(2010) demonstrated that EPO treatment improved back-
ground electroencephalography recordings and reduced se-
rum nitric oxide concentration in 30 cases of neonatal HIE.
Neonates in the HIE-EPO group had fewer neurological and
developmental abnormalities after 6 months of age (Elmahdy
etal., 2010). EPO improved fine motor skills, language skills,
and perceptual development (Wang et al.,, 2011).

NBNA is a neurological examination that comprehensive-
ly evaluates neonatal behavior. It is widely used for early de-
tection of neonatal brain injury-induced behavioral neuro-
logical anomalies. Moreover, GDS comprehensively reflects
maturity of neonatal nervous movement and development
of intelligence. Indeed, it objectively reflects the maturity of
nervous movement, and mental and psychological devel-
opment in children, and is also a diagnostic tool for evalu-
ation of neurological motor damage and mental disorders.
Therefore, we used these two methods to investigate neural
developmental state in the neonatal period and infants at 9
months of age, respectively. In this study, we used rhEPO
(200 TU/kg) for 10 consecutive days. Our results show sig-
nificantly higher NBNA scores after treatment than before
treatment in both the EPO group and control group. How-
ever, NBNA scores at 7, 14, and 28 days after treatment were
significantly higher in the EPO group than control group.
This indicates that EPO combined with hypothermia is su-
perior to hypothermia alone in improving behavioral neu-
rological outcomes in early neonatal HIE. With regard the
effect of EPO on long-term neurodevelopment in neonates
with HIE, we performed a follow-up at 9 months of age. Our
results show that normal development rates of gross motor
skills, fine motor skills, adaptive ability, language ability, and
personal-social skills were higher in the EPO group than
control group, but were not significantly different. These
findings suggest that EPO combined with hypothermia is
not superior to hypothermia alone in improving neurode-
velopmental outcome of neonates with HIE at 9 months of
age. This may be due to the low dose of EPO or whether the
patient performed rehabilitation training after discharge.

It is worth noting that in addition to degree of HIE sever-
ity, long-term prognosis of neonates with moderate/severe
HIE is also associated with whether the patient is treated
with hypothermia and a neuroprotective drug during hospi-
talization and rehabilitation training after discharge. At the
time of follow-up, we found the same clinical indicators and
status in many infants at discharge. There were significant
differences in neurodevelopmental outcome at 9 months of
age. Rehabilitation training after discharge was performed in
infants with good neurodevelopmental outcome. In contrast,
rehabilitation training was not performed in infants with
poor neurodevelopmental outcome. The status of infants
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receiving rehabilitation training for a longer time was better
than those receiving training for a short time. Moreover, the
status of infants receiving early rehabilitation training was
better than those receiving late rehabilitation training. These
results indicate that rehabilitation training can promote re-
covery of neurological function in infants with HIE, and its
mechanism needs further study. Therefore, it is beneficial
to reduce the incidence of neurodevelopmental defects in
infants with HIE, which should be strengthened during re-
habilitation training after discharge.

EPO for the treatment of neonatal brain injury has been
used in clinical phase II testing. As far as our clinical obser-
vations are concerned, a low dose of EPO used in the early
stages of neonatal HIE can decrease serum tau levels and
prevent disease development, as well as improve neonatal
early behavioral neurology outcome. EPO combined with
hypothermia in neonates with HIE has a synergistic effect.
Because the long-term neurodevelopmental outcome of
patients is affected by many factors, such as rehabilitation
training and training duration, the related factors need to be
further studied. In addition, it is of importance to determine
the optimal dosage of EPO in treatment of neonatal HIE.
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