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Abstract: Spinal Cord Injury (SCI) is a complex process which leads to destruction of neuronal tissue and also vascular 

structure. After SCI many potentially toxic substances are activated and released into the injury site causing secondary 

degeneration. 

Erythropoietin (EPO) is a possible therapeutic strategy to treat SCI. Over the last decade attention has been focused on the 

molecular mechanisms underlying its neuroprotective effects. A major concern expressed by clinicians is that besides its 

protective effects, EPO also demonstrates hematopoietic activity and increases the risk for thrombosis after the systemic 

administration of multiple doses of this glycoprotein. Recently, tissue protective functions of EPO have been separated 

from its hematopoietic actions leading to the development of EPO derivatives and mimetics. Neuroscientists are focusing 

on recombinant human EPO (rhEPO) and its non-erythropoietic derivatives, investigating their anti-apoptotic potential 

and anti-inflammatory function as well as their role in restoring vascular integrity. Carbamylated erythropoietin (CEPO) 

and asialo erythropoietin (AsialoEPO) are structural derivatives of EPO that have no effect on erythrocyte mass whereas 

they retain its neuroprotective effects. In this review article, we provide a short overview of the animal studies on rhEPO 

and its derivatives in experimental models of SCI.  

Both the efficacy and the safety profile of EPO-structural and functional variants are still to be demonstrated in patients. 

Further clinical studies should reveal whether derivatives and variants of erythropoietin provide any benefits over the use 

of rhEPO in the treatment of spinal cord injury observed in the experimental studies. 

Keywords: Erythropoietin, spinal cord injury, recombinant human erythropoietin, EPO-derivatives, carbamylated EPO, asialo 
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INTRODUCTION 

 In about 2500 BC, in the Edwin Smith papyrus, an Egyp-
tian physician, accurately described the clinical symptoms of 
traumatic tetraplegia and revealed an awareness of the terri-
ble prognosis with the advice “an ailment not to be treated” 
[1]. 

 Currently the annual incidence of spinal cord injury 
(SCI) within the UK is about 10-15 per million of the popu-
lation [2]. In USA, 11,000 new cases of SCI are reported 
each year, over half of which occur among individuals under 
30 years of age [3] and the cost of medical care for patients 
with SCI in USA is estimated at over 4 million dollars per 
year [4].  

 Spinal Cord Injury is a complex process which leads to 
destruction of neuronal tissue and also vascular structure. 
After SCI many potentially toxic substances such as free 
radicals, phospholipases, lipid peroxidase, vasoactive ei-
cosanoids and glutamate which can cause secondary degen-
eration are activated and released in injury site [5]. Secon-
dary degeneration includes apoptosis and necrosis of oli-
godendrocytes and neurons [6]. The main strategy to  
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promote recovery following Spinal Cord Injury is to reduce 
the secondary degeneration known to occur following the 
initial injury [7]. 

 A high dose of methylprednisolone is the only drug of 
choice after SCI to limit secondary effects of trauma. How-
ever, it has some side effects and it is not effective enough 
[8]. Various other pharmacological agents for reducing and 
limiting SCI consequences are currently under evaluation in 
animals and humans. The most promising candidate is the 
erythropoietin (EPO) [1, 9-11]. 

 Although the role of erythropoietin in both central and 
peripheral neurons is still under investigation, in vitro studies 
reported its neuroprotective and neurotrophic potential roles 
and motivated its application to nerve disorders [12-14]. Fur-
thermore, many studies have shown beneficial effects of 
EPO on SCI [15-17]. 

ERYTHROPOIETIN 

 The French scientists Carnot and DeFlander in 1906 re-
ported the presence of reticulocysis in normal rabbits in-
jected with plasma from anemic ones and postulated a hu-
moral factor named Hemopoietin [18, 19]. Hjort in 1936 
[20], Krumdieck in 1943 [21] and Erslev in 1953 [22] con-
firmed the existence of this factor. In 1948 Bonsdorf and 
Jalavisto [23] first used the term erythropoietin. The gene 
encoding EPO is located on chromosome 7q11-q22 [24] and 
occupies a 5.4 Kb region [25]. It contains five exons and 
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four introns coding for EPO pro-hormone of 193 amino ac-
ids [26]. Mature erythropoietin is a glycoprotein hormone 
which consists of 165 amino acids with a molecular weight 
of 30.4 kDa [27]. Human EPO is synthesized by peritubular 
capillary endothelial cells in adults and by hepatic cells in 
the fetus; a small amount is synthesized in the adult liver, too 
[28]. 

 EPO has been originally characterized as a principal 
regulator of erythropoiesis by inhibition of apoptosis and 
stimulation of proliferation and differentiation of erythroid 
precursor cells [28]. Several evidences suggest its potential 
role other than erythropoiesis. EPO is a promising neuropro-
tective agent with anti-apoptotic properties. It can block the 
axonopathy development, too [29, 30]. 

 EPO exerts its effects by binding to the erythropoietin 
receptor (EPOR). EPO specific receptors are expressed in 
different tissues. High levels of basal EPOR expression have 
been found in the spinal cord’s neurons and glial cells, for-
skin cells [31-33]. EPOR belongs to the cytokine receptor 
type 1 super family. The corresponding gene consists of 8 
exons and 7 introns located on chromosome 19p and encod-
ing 507 amino acid with molecular weight 66 kDa [34]. 

 Different mechanisms imply its neuroprotective effects 
including the activation of survival kinase pathways of tran-
scription factors like nuclear factor B (NF- B)[35] which 
increase the neurotrophins expression, anti-apoptotic setting 
establishment [35], calcium channels activation [36, 37], 
antioxidant enzymes in neurons production [36] and angio-
genesis promotion [38]. 

 Digicayliogou et al. reported that EPO prevents apoptosis 
of CNS neurons by crosstalk between JAK-2 and NF- B 
signaling cascade [39]. Moreover, Keswani and coworkers 
proposed that EPO not only has anti-apoptotic properties but 
also prevents axonal degeneration [29]. 

 Binding of EPO molecule to EPOR leads to homodimeri-
zation and conformational change in EPOR, which turns 
active EPOR associated Janus family Tyrosin Kinase 2 
(JAK-2). Phosphorylation of distal parts of the receptor fol-
low by JAK-2 activation leads to phosphorylation of several 
downstream signaling pathways [40], including Ras-mitogen 
activated protein-kinase (MAPKs), phosphatidylinositol-3-
kinase (PI3K)/AKt, transcription factor STAT-5 (signal 
transducers and activators of transcription-5), NF-  B and 
Calcium channels [39, 41-43]. Activation of JAK-2 leads to 
phosphorylation of NF- B inhibitor, subsequent transloca-
tion of the transcription factor NF- B from the cytoplasm to 
the nucleus, and eventual transcription of neuroprotective 
genes. Further, EPO appears to prevent apoptotic injury 
through an AKt-dependent mechanism [44]. Akt has been 
shown to block cellular apoptotic degradation through inhi-
bition of glycogen synthase kinase-3  activity [45] which 
has significant role in regulation of apoptosis in neurons. 
Astonishingly, a recent study revealed that EPO provided 
significant neuroprotection following traumatic brain injury 
even in the absence of EPOR in the neural cells [46]. 

 Several studies reported that EPO and EPOR have an 
essential role in neurogenesis. Tsai and colleagues suggested 
that endogenous erythropoietin and erythropoietin specific 

receptor play an important role in mammalian nervous sys-
tem development and repair [47]. Unfortunately, endogenous 
levels of EPO are insufficient for neuroprotection and repair 
after injury. This problem is surpassed with the administra-
tion of exogenous EPO. It has been reported that treatment 
with EPO leads to reduction of neurodegeneration and pre-
vention of neuronal death after SCI [11, 48-51].  

 In 1977, EPO was isolated for first time from the urine of 
anemic patients by Miyake et al. [52]. Identification of EPO 
amino acid sequence enabled scientists to synthesize EPO’s 
DNA. Probes for EPO gene isolation and cloning opened the 
road for the production of recombinant human EPO (rhEPO) 
[19]. Therapeutically used rhEPOs are manufactured in liv-
ing mammalian cells transfected with human EPO cDNA. 
There are a few erythropoietin products now approved in the 
EU, USA and Eastern Europe/Asia. All manufactures use 
their own cell lines applying their own fermentation and pu-
rification techniques. Nowadays healthcare providers in EU 
encourage the use of biosimilar hematopoietic medicines due 
to their lower costs [53]. Physicians should be aware of their 
clinical applicability since both endogenous EPO and 
“biosimilar rhEPOs” exhibit several isoforms that differ in 
the glycosylation patterns and, hence, biological activity. 

 Animal model studies indicated the potential effect of 
rhEPO in SCI treatment enhancing neurological and func-
tional recovery [32, 54-56]. The administration of rhEPO has 
been suggested as an exogenous activator for EPOR to re-
duce neurodegeneration after SCI. The specific inhibitors of 
MAPKs and PI3K are largely inactive after binding of EPO 
to EPOR [41]. Further, through the cross talk pathway be-
tween JAK-2 and NF- B signaling transduction system, EPO 
protects neurons from excitotoxic insults and nitric oxide 
(apoptosis) by induction of JAK-2, the suppression of I B 
and translocation of NF- B [39]. Several evidences showed 
anti-apoptotic effects of NF- B in neurons involving the 
activation of Akt-1, Bad phosphorylation and Bcl-XL 
upregulation [57, 58] (Fig. 1). Akt-1 is activated by PI3K 
[41] leading to stabilization of mitochondrial membrane po-
tential, prevention of the release of cytokine C and caspase 1, 
3 and 8 activities which contribute to neuronal survival [59]. 
Released cytochrome from mitochondria leads to activation 
of a family of executioner cysteine proteases ensuring the 
activation of cell demise [58], inducing DNA fragmentation 
and the exposure of membrane phosphatidylserine residues 
[60]. 

 EPO induced neurogenesis by increasing the biological 
activity of BDNF. EPO triggered BDNF’s m-RNA expres- 
sion, activation of Ca  channels and recruitment of Ca  
sensitive transcription factor CREB [35]. Another neuropro- 
tective aspect of EPO is a significant inhibition of leukocytes 
infiltration and reduction of the level of pro-inflammatory 
cytokines such as TNF , IL-6 and MCP-1 in site of SCI [61]. 

 A major concern expressed by clinicians is that besides 
the tissue/neuronal protective effects, EPO demonstrates also 
hematopoietic activity and increases the undesired effects 
such as risk of thrombosis after the administration of multi-
ple dose of this glycoprotein [62]. Recently, investigators 
have focused on rhEPO and its non-erythropoietic deriva-
tives, exploring their anti-apoptotic potential and anti-
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inflammatory function as well as their role in restoring vas-
cular integrity [10, 63]. There are two key concepts in their 
production, plasma half-life and interaction with different 
receptors [48, 64]. 

CARBAMYLATED EPO 

 In vitro studies demonstrated that erythropoiesis and ef-
fective red cells production requires the continuous presence 
of EPO, whereas a brief exposure is sufficient for neuropro-
tection [49]. This is one distinguishing feature between 
erythropoiesis and neuroprotective pathways. If brief expo-
sure of EPO leads to activation of neuroprotection pathway, 
a short-life EPO could be translocated into "tissue beds" to 
initiate neuroprotection by EPOR activation [65]. 

 The regions of EPO that interact with EPOR have been 
identified after intensive studies [66, 67] (Fig. 2). These do-
mains include portion of helices A and C as well as helix D 
and the loop connecting helices A and B [66]. Manipulation 
of amino acids residues by chemical or mutational modifica-
tion within these two regions of EPO abolished its interac-
tion with EPOR. Interestingly, the manipulated EPO mole-
cules are not erythropoietic but retain potential tissue protec-
tive properties [10, 67]. Brines and colleagues demonstrated 

in a variety of models that a peptide fragment within helix B 
(amino acids residues 58-82) exhibited tissue protective ac-
tivities similar to the full EPO molecule [67]. Following high 
affinity binding of EPO to its hematopoietic receptor, helix B 
and parts of the AB and CD loops face the aqueous medium 
away from the homodimer binding sites. These regions are 
not modified by carbamylation since they do not contain 
lysine residues [67].  

 Carbamylated EPO (CEPO) is one of the first engineered 
EPO derivatives. The mature erythropoietin protein has eight 
lysine residues. Thus, in addition to N-terminal alanine, EPO 
provides nine primary amino groups for carbamylation [68]. 
CEPO is EPO that is chemically modified by carbamylation 
(all lysine residues were transformed to homocitrulline) and 
does not bind to the homodimeric EPOR, thus, lacks an 
erythropoietic effect. But it has neuroprotective effects in 
model of peripheral nerve damage [7, 10, 69]. In vitro stud-
ies showed that CEPO has no erythropoietic effects on TF-1 
[70], human erythroleukemia cell line [71] and UT-7/EPOR 
[72, 73]. Leist and colleagues reported that the sub-chronic 
administration of CEPO at pharmacological doses in rodents 
doesn’t have any erythropoietic effects while it effectively 
and significantly improved motor neuron function within 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). The specific inhibitors of MAPKs and PI3K are largely inactived after binding of EPO to EPOR [41]. Through the cross talk path-

way between JAK-2 and NF- B signaling transduction system, EPO protects neurons from excitotoxic insults and apoptosis by induction of 

JAK-2, suppression of I B and translocation of NF- B. NF- B’s antiapoptotic effects in neurons involve the activation of Akt-1, Bad phos-

phorylation and Bcl-XL upregulation [57, 58]. Akt-1 is activated by PI3K [41] and leads to stabilization of mitochondrial membrane poten-

tial, prevention of the release of cytokine C and caspase 1, 3 and 8 activities which contribute to neuronal survival [59]. EPO induced neuro-

genesis by increasing the BDNF’s biological activity. EPO triggered BDNF’s m-RNA expression, activation of Ca  channels and recruit-

ment of Ca  sensitive transcription factor CREB [35].  
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days of the injury [7, 73] Further, CEPO has been demon-
strated to improve motor behavior and reduce loss of motor 
neurons as well as markers of astrocyte and microglia activa-
tion in cervical spinal cord of wobbler mouse [74]. Mennini 
et al. reported that CEPO is effective for reducing motor 
neuron degeneration [74]. Interestingly, King et al. showed 
that CEPO administration produced a marked decrease in 
spinal cord lesion size (36 %), apoptosis and axonal damage 
[7]. They assumed that neuroprotective effect of CEPO fol-
lowing SCI may be due to increased proliferation of 
Schwann cells, too. In addition, Xiong and co-workers in a 
recent study demonstrated that CEPO significantly increases 
neural progenitor cell proliferation and promotes neural pro-
genitor cell differentiation into neurons [75]. 

 The cellular mechanisms responsible for the neuroprotec-
tive effects of CEPO have not been fully elicited. Brines and 
co-workers suggested that both EPO and CEPO may bind to 
a receptor complex that includes the EPOR and the  com-
mon receptor ( CR), a common signal-transuding compo-
nent of the interleukin-3, IL-5 and granulocyte macrophage 
colony stimulating factor receptors (GM-CSF) [73, 76]. Fur-
ther, it has been reported that CR knockout mice following 
SCI did not show the same locomotor recovery as wild type 
mice in response to treatment with EPO or CEPO. In addi-
tion, the neuroprotective effects of EPO and CEPO are me-
diated by receptor that includes a CR subunit as well as an 
EPO receptor component [73]. As CEPO signals only 
through binding to the CR subunit of EPOR- CR hetero-
meric complex, the neuroprotection mechanism of CEPO 
could differ from EPO neuroprotection, for example CEPO 
does not effectively activate the STAT-5 or Jak-2 transcrip-
tion factors, unlike EPO [10]. So, direct stimulation of anti-
apoptotic /neuroprotective pathways in neurons is not likely 
to be the only involved in attenuating spinal cord trauma 
following CEPO administration. Indirect effects, as an en-
hancement of the endogenous EPO system, increased prolif-
eration of EPO-realising Schwann cells and oligodendrocyte 

precursors may also contribute to its neuroprotection. In-
creased expression of both EPOR and CR subunit in neu-
rons may indicate that compromised neurons near the injury 
site in the spinal cord may be particularly responsive to EPO 
or CEPO treatment [7]. 

 The method for CEPO production is described in a patent 
from Warren Pharmaceutical, Inc [77]. This patent claims 
the invention related to an efficient method of carbamylating 
erythropoietin resulting in CEPO that has less than 10% free 
primary amines on the lysine and the N-terminal amino ac-
ids. The carbamylation of the parent EPO molecule (rhEPO) 
is a difficult process and requires a well controlled chemical 
reaction and specific conditions to produce CEPO with sig-
nificant tissue protective and neuroprotective abilities. Ac-
cording to the Warren Pharmaceutical Inc patent, the purified 
EPO concentration to be used in the reaction is about 
2.2mg/ml but a range of 1.1-2.5 mg/ml is appropriate. Fur-
thermore, the reaction is to be carried out for 14-24 h in a pH 
range of optimally 8.79- 9.2 and at a temperature range of 
36-38°C. Also, the potassium cyanate concentration range 
should be 0.5-1.5 M and a sodium borate buffer concentra-
tion at 0.1- 0.5 M should be used as chemical condition. De-
spite to specific conditions required to produce CEPO, there 
are possibilities for the formation of isoforms during reaction 
process that may either be over- or under-carbamylated al-
lowing some of the starting erythropoietin to retain unwanted 
hematopoietic activity [78]. It is yet difficult to determine 
whether isoforms of CEPO will exert erythropoietic effects 
in species other than rodents.  

ASIALOERYTHROPOIETIN 

 Mature EPO has an average carbohydrate content of 
about 40%. Its oligosaccharide chains can be modified with 
terminal sialic acid residues with N-linked chains typically 
having up to four sialic acids per chain and O-linked chains 
having up to two sialic acids [68]. Indeed, EPO isoforms 
differ from each other by their sialic acid content. Extensive 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). EPO molecule contains four helices: A, B, C and D [66]. Manipulation of amino acids residues by chemical or mutational modifica-

tion within site 1 and site 2 of EPO abolished the interaction between EPO and EPOR (a part of figure modified from [64]).  
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carbohydrate content of EPO contributed to its serum half-
life of 5-6 hours after intravenous injection. So, brief signal-
ing by this long-lived cytokine is impossible in vivo. Re-
moval of the terminal sialic acid moieties of EPO results in 
an analog with a very brief half-life (2 minutes in blood) 
[48]. EPO variant with low content of sialic acid, probably 
similar to that produced endogenously in brain during hy-
poxia, is a promissive neuroprotective agent. So, variants of 
desialated erythropoietin (named as AsialoEPO, Neuro-EPO, 
rhEPOb) are non-erythropoietic and tissue-protective EPO-
like compounds with a very short plasma half life potentially 
have significant advantages over rhEPO to prevent the poly-
cythemia [10, 79]. Interestingly, recent findings highlighted 
the treatments with nasal dosing of EPO with low content of 
sialic acid without hematological side effects [79]. 

 AsialoEPO was produced by total enzymatic desialyla-
tion of rhEPO, and its short half life after intravenous ad-
ministration is about 1-2 h [7, 65]. It is able to bind to the 
classic homodimer EPOR (in contrast to CEPO and other 
EPO-mutants) and it does not increase the hematopoietic 
whereas it retains neuroprotective activities in vitro and in 
vivo [65]. It has been shown that AsialoEPO exerted neuro-
protective effects in an animal model of SCI and peripheral 
neuropathy without increasing erythrocyte concentration 
[48]. AsialoEPO administration 24 h before SCI in rats has 
been found to be followed by glial activation as determined 
by an increase in GFAP immunoreactivity [48]. Further, it is 
as effective as rhEPO in motor neuron function improvement 
after SCI, but does not significantly increase BDNF mRNA 

in neuronal cells [78]. Mennini and colleagues reported that 
administration of AsialoEPO in wobbler mice improved the 
motor behavior without significant effects on reducing motor 
neuron loss [74]. Decreased inflammation in the degenerat-
ing tissue may also contribute to the neuroprotective effect 
of this EPO analog [74]. 

EPO FUNCTIONAL VARIANTS 

 Erythropoietin is one of the most prominent hypoxia-
inducible factor-1 (HIF-1) target genes. HIF-1 plays an im-
portant role in neural progenitor cell propagation and dopa-
minergic differentiation. This heterodimeric transcription 
factor consists of

 
an oxygen-regulated  subunit and a consti-

tutively expressed
 
ß subunit [80, 81] (Fig. 3). Although HIF-

1 is regulated mainly by oxygen
 
tension through the oxygen-

dependent degradation of its  subunit,
 
in vitro it can also be 

modulated by cytokines, hormones and
 
genetic alterations 

[80]. In addition to hypoxia, various non-hypoxic stimuli can 
stabilize HIF-1alpha and influence the transcription of HIF-
regulated genes. Recently, beneficial effects of various hy-
poxia mimetics (deferoxamine, ciclopirox olamine, dimethy-
loxallyl glycine and cobalt chloride) have been shown to 
enhance in vitro proliferation, neurogenesis and dopaminer-
gic differentiation of human fetal mesencephalic neuronal 
progenitor cells in ambient (21%) oxygen [81]. So, the addi-
tional compounds that act by induction of EPO gene expres-
sion such as HIF-stabilizers (proly hydroxylase inhibitors, 2-
oxoglutarate analogues, TM 6008/ TM 6089, FG-2216/FG-
4592) can be considered as alternatives to EPO for stimula-
tion of erythropoiesis as well as for neuroprotection and re-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). In normoxia condition PHD site-specifically hydroxylates the HIF-1  subunit and binds to VHL suppressor protein [81]. Under 

hypoxic conditions, HIF-1  translocates to nucleus and promotes the transcriptional activation of EPO gene [80]. 
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pair [82-84]. However, HIF-stabilizers induce the expression 
of other genes than EPO that may cause unwanted effects, 
too. At present, the advantages and disadvantages of agents 
capable of inducing a wide spectrum of HIF-genes are still 
unknown. The question whether functional EPO variants 
have any benefits over the use of rhEPO in the treatment of 
SCI and other neurological diseases should be further ad-
dressed before they enter clinic. 

CONCLUSIONS 

 Immediate administration of EPO after spinal cord injury 
could lead to neural- and tissue-protection. However, the 
systematic administration of multiple doses of this cytokine 
is still a clinical concern due to risk of thrombosis. There are 
two key concepts to decrease the thrombosis risk: production 
of brief half life EPO analogs or production of EPO analogs, 
which are unable to interact with EPOR. 

 According to several studies mentioned in this review 
article, CEPO and AsialoEPO are as effective as EPO and 
have significant neuroprotective effects. They decrease the 
secondary damages following SCI and improve locomotor 
activity. At the molecular level, asialoEPO behaves exactly 
as EPO in contrast to CEPO which exhibits a new mode of 
action by engaging an alternative CR receptor. The valu-
able advantage of these EPO derivatives over rhEPO is that 
they do not have an effect on erythrocyte mass. We should 
consider that EPO may also cause alterations in platelet 
function and hemostasis, too. Lack of these potential compli-
cations should be confirmed in its variants. Further, non-
neuronal effects of EPO that promote survival, such as pro-
motion of angiogenesis or a marked increase of blood flow 
may be absent in EPO derivates and variants. Thus, both 
their efficacy and safety profile are still to be demonstrated 
in patients. 
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ABBREVIATIONS 

AsialoEPO = Asialo Erythropoietin 

BDNF = Brain Derived Neuronal growth Factor 

CEPO = Carbamylated Erythropoietin 

HIF-1 = Hypoxia Inducible Factor-1 

EPO = Erythropoietin 

EPOR = Erythropoietin Receptor 

JAK-2 = Janus family Tyrosin Kinase 2 

PHD = Prolyl 4-hydroxylase domain 

SCI = Spinal Cord Injury 
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