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INTRODUCTION
Interest in erythropoietin (EPO) reaches late 80s, when its 
recombinant analogue has been approved by the US Food and Drug 
Administration for the treatment for anemia in patients suffering 
from chronic kidney disease (CKD). In healthy people, EPO is 
produced in peritubular capillary epithelial kidney cells under 
hypoxic conditions[1]. It is not stored in kidneys and therefore requires 
activation of gene expression. The sequence preceding the EPO 
gene promoter is characterized by the presence of DNA sequences 
which determine its tissue specificity (KIE – kidney inducible 
element, NRE – negative regulatory element)[2]. Enhancer sequence 
responsible for the hypoxia-dependent expression of EPO gene is 
located at its 3’ end where HIF-1 (hypoxia inducible factor 1) and 
HNF-4 (hepatocyte nuclear factor 4) bind[2]. HIF-1 is a heterodimer 
composed of two subunits: HIF-1α and HIF-1β[3], activity of which is 
regulated posttranscriptionally[4]. Under normal oxygen concentration, 
HIF-1α subunit is modified by an oxidative α-prolyl hydroxylase, 
which allows attachment of ubiquitin ligase complex, degradation of 
HIF-1α and thereby inhibition of the synthesis of EPO. In hypoxic 
conditions, the enzyme is inactive, which allows to create complex of 
HIF-1α and HIF-1β that binds to the enhancer sequence and initiates 
EPO gene transcription[3,5]. EPO produced in the kidney passes to 
the blood plasma and then to the bone marrow, where it protects 
erythroid progenitors from apoptosis and promotes their proliferation 
and differentiation by binding to its receptor (EPOR) on cells at the 
BFU-E (erythroid burst-forming unit) and CFU-E (erythroid colony-
forming unit) stages of erythropoiesis[6]. EPO binding to EPOR results 
in receptor homodimerization followed by an activation of JAK (Janus 
kinase) family members[7] and phosphorylation of several signaling 
proteins, including signal transducer and activator of transcription 5 
(STAT5)[8], phosphatidylinositol 3-kinase (PI-3K)[9], protein kinase C 
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ABSTRACT
Primary role of erythropoietin (EPO) is to protect red blood cell 
progenitors from apoptosis and to stimulate their growth and 
differentiation by binding to its receptor (EPOR). However, the 
expression of EPOR has been identified on other human cells, such as 
granulocytes, monocytes, lymphocytes, endothelial cells and neurons. 
Its presence on these cells suggests that beyond erythropoietic 
function EPO might have some other properties. Various studies 
show that recombinant human erythropoietin (rhEPO) used in the 
treatment of anemia associated with chronic kidney disease (CKD) 
has potentially beneficial influence on cellular processes such as 
proliferation and apoptosis of cells other than erythrocyte progenitors. 
It can modulate the activity of immune cells, protect neurons from 
apoptosis and even stimulate angiogenesis, but also it has a pro-
thrombotic properties. This review presents current knowledge on 
the role of EPO and its receptor in the immune, central nervous and 
cardiovascular systems in various pathophysiological situations.
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(PKC)[10] and mitogen-activated protein kinase (MAPK)[11] (Figure 1). 
    Erythropoietin was isolated from urine of patients with pernicious 
anemia in 1977[12]. This step allowed for the cloning of the gene 
encoding EPO, which was achieved by Lin and Jacobs in 1985[13,14]. 
Two years later Eschbach et al[15] presented the results of phase I and 
II of clinical trials with recombinant human erythropoietin (rhEPO), 
which showed an increase in hematocrit in patients with end-stage 
renal disease (ESRD). Principles of treatment of anemia with rhEPO 
in ESRD patients were defined for the first time in 2000[16] and, 
currently, specific recommendations for the use of rhEPO are updated 
by ERBP (European Renal Best Practice) and NKF DOQI (National 
Kidney Foundation Dialysis Outcomes Quality Initiative). Since 
the introduction of the drug, many articles describing other, beyond 
correction of anemia, positive effects of rhEPO therapy have been 
published. This was related to, among other things, the discovery 
of receptor expression in cells other than erythroid progenitors, 
including polymorphonuclear leukocytes (PMNLs)[17], monocytes 
and lymphocytes[18], endothelial cells[19,20], neurons[21,22] and some 
tumors cells[23]. Multiple studies suggest that rhEPO/EPO can protect 
brain tissue from hypoxic damage or prevent ischemia-reperfusion 
myocardial injury, stimulate angiogenesis and modulate immune 
responses. However, its exact effect on these cells is not as clear as its 
role in erythropoiesis. 

ROLE OF ERYTHROPOIETIN AND ITS RECEP-
TOR IN MODULATING IMMUNE RESPONSES
Anemia in ESRD patients is mainly a consequence of kidney damage, 
although several other factors, including chronic blood loss, iron 
deficiency and presence of pro-inflammatory cytokines also affects its 
development. In addition to the disturbances in water and electrolyte 
balance, acid-base balance, calcium-phosphate or hormonal balance, 
these patients also present defects in both innate and acquired 
immunity resulting in an increased susceptibility to infections, 
which are a frequent cause of death, especially among hemodialyzed 
(HD) patients[24]. Studies have shown that the complement 
system components and immune cells, especially neutrophils and 
macrophages, are activated when blood flows through the dialyzer, 
which leads to the release of large amounts of pro-inflammatory 
cytokines, mainly interleukin (IL-) 1, IL-6 and tumor necrosis factor 
alpha (TNF-α)[25]. Moreover, CD4+ T lymphocytes from HD patients 
are characterized by a reduced expression of key surface antigens 
(especially co-stimulatory CD28 and activation markers: CD69 and 
CD25), impaired proliferation parameters (decreased percentage 
of proliferating cells and number of divisions, long period of time 
required to enter the first phase of cell cycle) and a decreased 
production of a key cytokine IL-2 in response to stimulation with 
mitogen[26,27]. Since the function of B cells largely depends on the 
activation of CD4 lymphocytes, their impaired activity can support 
the progression of immune deficiency manifested as the reduced 
response of HD patients to vaccination against hepatitis B[28] and 
frequent infections[24]. In the late 90's, first publications describing 
the effect of treatment with rhEPO on immunological parameters in 
patients on dialysis have been published. Studies showed an increase 
of IL-2 concentration after stimulation of whole blood cells cultures 
of HD patients with phytohemagglutinin (PHA) as well as with 
rhEPO in the same concentration as the physiological concentration 
of EPO in blood, which is 0.05 U/mL[29,30]. After few months of 
rhEPO therapy decreased production of pro-inflammatory cytokines 
(IL-6 and TNF-α) and elevated secretion of anti-inflammatory IL-
10 in whole blood cell cultures stimulated with PHA were also 
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observed[30,31]. There were also studies showing higher concentration 
of TNF-α in serum of HD patients receiving rhEPO[32] but its level 
was determined after the dialysis procedure, during which the release 
of large amount of pro-inflammatory cytokines occurs[25]. Bryl et 
al[29,31] and Trzonkowski et al[30] demonstrated that rhEPO acts directly 
on production of cytokines by whole blood cells in vitro. It has also 
been demonstrated that rhEPO directly enhances B lymphocytes 
antibody (IgG, IgM and IgA) production in serum-free medium[33]. 
However, at that time some authors suggested that rhEPO-induced 
immunomodulation is mainly dependent on general improvement 
of patients’ condition after few months of rhEPO treatment because 
an elevation of hematological parameters is accompanied by a 
simultaneous increase in the number naive T lymphocytes[34].
    Expression of EPOR on the surface of granulocytes was first 
described more than a decade ago pointing towards a possible role 
of EPO and its receptor in the immune responses. Sela et al[17] and 
Kristal et al[35] showed that there is a strong positive correlation 
between the percentage of EPOR-positive cells and the level of 
EPO in the serum which suggested that presence of hormone up-
regulates the expression of receptor. Moreover, following few 
weeks of rhEPO treatment, in HD patients, the rate of superoxide 
release from granulocytes fell significantly when compared with 
the pretreatment values. Authors concluded that rhEPO reduces the 
extent of inflammation by interaction with granulocytes through the 
receptor present on their cell surface. Similar results were obtained 
in patients on continuous ambulatory peritoneal dialysis (CAPD)[36] 
and ESRD patients not treated with renal replacement therapy[37]; in 
vitro, incubation of granulocytes from CAPD patients with increasing 
concentration of rhEPO also resulted in a significant reduction 
superoxide release. 

Figure 1 Signaling pathways activated by the binding of EPO to its 
receptor.



    EPOR belongs to the same family of type I cytokine receptors 
as IL-2, IL-4, IL-6, IL-7, IL-12, IL-13 or GM-CSF (Figure 2), 
which transmit signals through JAK-STAT pathway using common 
signaling chain[38]. It has been demonstrated that IL-2 as well as 
rhEPO stimulate STAT5 by inducing phosphorylation of the same 
tyrosine residue and that these IL-2- and EPO-induced STATs have 
an identical DNA binding specificity and immunoreactivity[39]. Some 
other studies have revealed activation of specific pathway containing 
STAT5 in EPOR-transfected lymphoid cell line by rhEPO which 
suggested that lymphocytes could contain a machinery necessary for 
signal transduction from this receptor[40]. Therefore, using molecular 
methods and quantitative flow cytometry, few years ago we tested 
whether peripheral blood mononuclear cells (PBMCs) express 
EPOR. Our studies have shown that every PBMC type tested ex vivo 
(CD4+ and CD8+ T lymphocytes, B lymphocytes and monocytes) 
demonstrate some basic level of EPOR expression with the CD4+ 
cells presenting the lowest (about 50-100) number of receptor 
molecules per cell on their surface[18]. At the same time we observed 
low percentage of lymphocytes expressing very high number of 
EPOR reaching about 1500 molecules per cell[18]. Our further studies 
have shown that, although the level of EPOR on the surface of 
CD4+ cells is very low, stimulation with an immobilized monoclonal 
anti-CD3 antibody results in its increase to a value as high as 1000 
molecules per cell[18,41] which is reported to be typical for the most 
immature erythroid cells[42]. Our findings were also confirmed by 
other authors; Spaan et al[43] showed that human monocytes not only 
express EPOR mRNA, but also are responsive to rhEPO in a cell 
culture. In vitro, exposure of PBMC from individuals to rhEPO in the 
presence of lipopolysacccharide (LPS) showed a significant reduction 
of monocytes producing pro-inflammatory cytokines[43]. Last year, 
Cravedi et al[44] have published results which confirmed that resting 
CD4+ and CD8+ cells express low level of EPOR on their surface 
but its expression is up-regulated after few days of stimulation 
with anti-CD3 and anti-CD28 antibodies. EPOR up-regulation on 
T lymphocytes is probably, at least in part, a consequence of an 
increased EPOR gene expression[44,45] which seems to be dependent 
on the expression of specific transcription factors[45]. 
    This raises the question about the role of the receptor for 
erythropoiesis-stimulating hormone in the cells of the immune 
system. Various studies show that the presence of rhEPO in the 
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Figure 2 Structure of the EPO and IL-2 receptors.

culture of mononuclear cells modulates the levels of pro- and 
anti-inflammatory cytokines produced by either monocytes or 
lymphocytes[29-31,46]. It seems that rhEPO itself does not influence T 
lymphocytes proliferation, at least not directly[34]. However, according 
to Cravedi et al[44], rhEPO inhibits expansion and proliferation of T 
lymphocytes by uncoupling IL-2R signaling in vitro. In their studies, 
rhEPO inhibited phosphorylation of PI-3K-AKT signaling pathway 
without affecting STAT5, while our studies have shown that rhEPO 
in low doses stimulates phosphorylation of STAT5 depending on 
stimulation through T cell receptor (TCR)/CD3 complex[41]. Different 
results seem to be largely dependent on the doses of rhEPO used 
in vitro – we used a concentrations similar to the physiological 
concentration of EPO in blood serum (0.1, 0.5 U/mL), while Cravedi 
et al. used a very high doses (1,000-2,000 U/mL). This shows how 
the experimental design can affect the results of research. On the 
other hand, observation that rhEPO is able to inhibit expansion of 
T lymphocytes in response to polyclonal stimulation would explain 
its protective effects in kidney transplant recipients[47]. This may be 
one of the factors, in addition to correction of hemoglobin levels 
during rhEPO therapy, that support prolonged graft survival and slow 
down the progression of chronic graft nephropathy. Experiments 
performed using animal model showed that treatment with rhEPO, 
not the normalization of post-transplant hemoglobin levels by blood 
transfusions, prevents chronic renal allograft injury[48].
    In HD patients, rhEPO therapy lasting for at least several months 
not only corrects the anemia state but also normalizes activation 
phenotype of CD4+ T lymphocytes and their proliferative capacity[26]. 
It is associated, among other things, with the increased expression 
of CD28 and CD69 antigens on lymphocytes’ surface[26]. Surface 
antigens not only are involved in maintaining contact between 
T lymphocytes and other cells, including B cells (for example, 
through CD40L antigen) or antigen presenting cells (APCs), but also 
influence proliferation and cytokine production. CD28, for example, 
regulates IL-2 production on the transcriptional level[49]; its lower 
expression on CD4+ cells would explain reduced levels of IL-2 in 
response to mitogenic stimulation in HD patients[29,30]. At the same 
time, expression of antigens depends on many factors, including the 
level of various cytokines secreted by lymphocytes themselves and 
other cells in their area. A good example is the relationship between 
the level of CD28 expression on T lymphocytes and the level of 
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especially at the beginning of rhEPO treatment with a standard 
therapeutic dose[54]. In vitro, the effect of rhEPO on EPCs was dose-
dependent and led to the activation of the AKT signaling pathway 
and enhanced formation of tube-like structures[54,55]. George et al[56] 

partly confirmed their observations examining the effect of chronic 
treatment with rhEPO on the numbers and functional properties 
of EPCs in patients with congestive heart failure (CHF). Although 
they did not demonstrated changes in the number of circulating 
EPCs, they showed that adhesive and proliferative properties of 
EPCs are enhanced during rhEPO treatment. Also, the presence 
of rhEPO in cell culture increases proliferation of EPCs in a dose-
dependent manner[56]. These effects suggested that EPO or its 
recombinant analogue can regulate the process of vascular repair and 
neoangiogenesis by mobilizing EPCs. At the same time, it has been 
shown that rhEPO stimulates the production of endothelin 1 (ET-1)
[57] and plasminogen activator inhibitor-1 (PAI-1)[58], both involved 
in the increasing of vascular resistance, which is one of the factors 
contributing to the development of hypertension in CKD patients. 
Moreover, rhEPO also directly suppresses activity of endothelial 
nitric oxide synthase (eNOS), a primary controller of smooth 
muscle tone[59]. It is very important information, since the hematocrit 
value increased during rhEPO therapy is not itself associated with 
an increased risk for hypertension as long as endothelial NOS 
production and the level of nitric oxide (NO) are adequate. 

Figure 3 Influence of rhEPO treatment on immune responses.

TNF-α, which was shown to regulate transcription of CD28 gene 
directly[50]. Chronically high levels of TNF in HD patients could 
therefore reduce the level of CD28 on CD4+ cells, which in turn 
would lead to a reduction in the concentration of IL-2. Our studies 
demonstrated that in vitro incubation of activated PBMCs of HD 
patients with rhEPO in a concentration similar to the physiological 
(0.1 U/mL) decreased the level of TNF-α while increasing the levels 
of IFN-γ and IL-10[46]. However, similar experiment carried out in a 
group of healthy people showed no changes in Th1 or Th2 cytokine 
levels when rhEPO was added to cell culture. It means that effect 
of rhEPO is dependent on the initial concentration of cytokines in 
an individual; the level of TNF-α was decreased while the level 
of IL-10 and IFN-γ was increased in healthy people compared to 
HD patients[46]. In our opinion, long-term rhEPO administration 
could regulate the functioning of immune cells of ESRD patients 
on chronic dialysis (Figure 3). Although the mechanism of action of 
rhEPO on T lymphocytes is still unclear, it seems that their improved 
(normalized) phenotype and proliferation capacity in HD patients 
depends mainly on changes in the concentrations of pro- and anti-
inflammatory cytokines, which can be regulated by the presence of 
relevant concentrations of EPO in the serum. Our own studies[18,39] 

and results of Cravedi et al[44] have shown that the presence of rhEPO 
may affect the activity of various signaling molecules (e.g., JAK2, 
AKT or STAT5) in human T lymphocytes stimulated through the 
CD3/TCR complex in a dose dependent manner and its role in the 
modulation of T cell activity is probably also related to the number 
of EPOR molecules on their surface. However, further studies are 
required in order to explore the mechanisms of the impact of EPO on 
T lymphocytes.

ERYTHROPOIETIN AND ITS RECEPTOR IN THE 
CARDIOVASCULAR SYSTEM
Much more is known about potential role of erythropoietin in human 
cardiovascular system. Many studies show that administration 
of rhEPO may have an important impact on the development 
of hypertension by increasing viscosity, vasoconsctriction and 
enhancing vascular reactivity. However, at the same time it seems 
that EPO/rhEPO can protect the myocardium against ischemia-
induced damage.
    The relationship between the endothelium and hematopoiesis has 
been known since the 90s, when it was shown that endothelial cells 
produce proteins which support growth and differentiation of BFU-E 
and CFU-E colonies[51]. In 1990, Anagnostou et al[20] showed that 
endothelial cells have on their surface about 30000 molecules of 
EPOR per cell. Studies of EPOR expression on erythroid progenitors 
and activated T lymphocytes have shown only a small number of 
surface receptors (usually about 1,000 molecules per cell). However, 
different authors speculated that receptors present on erythroid 
progenitor cells have high affinity for EPO which is sufficient for 
its differentiating effect on these cells despite the small number of 
receptor molecules on their surface[52,53]. Anagnostou et al[20] showed 
that endothelial cells express a high number of relatively low-affinity 
receptors and demonstrated that rhEPO at the concentration of 5 to 
20 U/mL enhances the migration of endothelial cells and stimulates 
their proliferation (Table 1). 
    Studies performed in patients with advanced renal failure and 
in healthy individuals have also shown that rhEPO can regulate 
proliferation and differentiation of endothelial progenitor cells 
(EPCs)[54,55]. These authors demonstrated that the number of 
circulating peripheral blood hematopoietic progenitor cells increases, 

Effects
Increased number of endothelial progenitor cells (EPCs)
Increased endothelin-1 (ET-1) and plasminogen activator 
inhibitor-1 (PAI-1) production 
Decreased nitric oxide synthase (NOS) production
Mitogenic, chemotactic and angiogenic stimulation
Increased cytosolic Ca2+ concentration
Increased response to norepinephrine, angiotensin II 
and ET-1
Mitogenic effect
Stimulation of Na+ K+ ATPase activity
Increased vascular endothelial growth factor (VEGF) 
production
Mitogenic effect

Table 1 The effects of EPO on cellular components of the cardiovascular 
system.

Cells 

Endothelial 
cells

Smooth muscle 
cells

Cardiomyocytes
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    So far, at least eight genes has been shown to be up-regulated by 
rhEPO in endothelial cells which included proteins implicated in 
the regulation of vascular functions (thrombospondin-1 and myosin 
regulatory light chain), gene products involved in gene transcription 
and/or translation (c-myc purine-binding transcription factor PuF, 
tryptophanyl-tRNA synthetase and S19 ribosomal protein), subunits 
of mitochondrial enzymes related to energy transfer (NADH 
dehydrogenase subunit 6 and cytochrome C oxidase subunit 1) and 
regulators of signal transduction (protein tyrosine phosphatase G1)[60]. 
    EPO has also an impact on vascular smooth muscle cells, as 
demonstrated for animal models. It has been shown that rhEPO 
alone or in the company of norepinephrine, angiotensin II and ET-1 
raises the cytosolic concentration of calcium by stimulating PKC 
and MAPK signaling pathways[61,62]. However, studies in renal 
failure patients confirmed that rhEPO therapy enhances vascular 
responsiveness to norepinephrine, which explains development 
of hypertension during treatment[63]. Although there are no studies 
confirming the presence of EPOR on human smooth muscle cells, its 
presence has been demonstrated in human skeletal muscle cells[64]. 
Rundqvist et al[64] have shown that both satellite cells and skeletal 
muscle fibers express the receptor. Expression of EPOR in these 
cells increases after exercises simultaneously with the expression of 
vascular endothelial growth factor (VEGF) A, which would support 
the thesis that EPO could influence process of angiogenesis[54,55,64]. 
Authors also suggested that another reason for EPOR activation in 
skeletal muscle would be protection against apoptosis induced by 
reversible ischemia.
    As in the case of smooth muscle cells, numerous articles 
described the effect of EPO/rhEPO on cardiac myocytes using 
animal models. In vitro studies demonstrated activation of multiple 
signaling pathways in rhEPO-induced cardioprotection, including 
JAK1/2, STAT3 and STAT5A, PI-3K and their downstream kinases, 
AKT, PKC and MAP[65,66]. Moreover, Shi et al[66] showed that 
rhEPO mediates resistance to myocardial ischemia not only by 
PKC and MAP kinases, but also by activation of two potassium 
(KATP) channels and the calcium-activated potassium (KCa) 
channel. Studies of Parsa et al[67] revealed that rhEPO treatment can 
protect the ischemic and infarcted heart by inhibition of apoptosis 
of cardiac myocytes and augmented cardiac contractility and 
relaxation, even when rhEPO was given at the time of myocardial 
infarction. Westenbrink et al[68] demonstrated that rhEPO promotes 
VEGF expression predominantly in cardiomyocytes through 
STAT3 pathway, which in turn stimulates myocardial endothelial 
proliferation and incorporation of EPCs. According to their results, 
the direct effects of rhEPO on endothelial sprouting is VEGF 
independent. Cardioprotective effects of rhEPO have also been 
demonstrated in experimental autoimmune myocarditis (EAM)[69]. 
The expression of EPOR was up-regulated in the myocardium of 
EAM and rhEPO reduced the level of pro-inflammatory cytokines 
(IL-6 and TNF-α) and apoptotic cardiomyocytes. These studies show 
that rhEPO can reduce myocardial inflammation and heart failure, at 
least in part, by modulating the inflammatory cytokine profiles and 
protecting myocytes from apoptosis.    
    Anemia is a risk factor for increased mortality in patients with 
congestive heart failure. Tissue hypoxia worsens the natural history 
of CHF by causing systemic vasodilatation and reduction of arterial 
and perfusion process, which leads to reflex vasoconstriction and 
tachycardia through activation of sympathetic nervous system and 
activation of renin-angiotensin system (RAS) leading to sodium 
and water retention. The increased plasma volume contributes to 
peripheral edema and increases cardiac load resulting in progressive 

heart remodeling and left ventricular hypertrophy (LVH). In dialysis 
patients, anemia is also associated with increased frequency of LVH, 
mainly due to activation of RAS. In both groups of patients rhEPO 
treatment not only increases hemoglobin level, but also enhances 
cardiac output, reduces sympathetic activation, improves coronary 
circulation and induces LHV regression[70-73]. Silverberg et al[74] draws 
attention to the need for close cooperation between nephrologists, 
cardiologists and internists in recognizing and treating the anemia, 
which would allow prevent the deterioration of the CHF, chronic 
kidney disease and the anemia itself. At the same time, one must be 
aware of the other effects of the use of rhEPO, mainly an increased 
blood viscosity as a result of increased red blood cell mass but also 
intensified production of ET-1[57] and PAI-1[58] in endothelial cells and 
raised calcium concentrations in vascular smooth muscle cells[61-63], 
since all these mechanisms promote an increased risk of thrombotic 
events. 

ERYTHROPOIETIN AND ITS RECEPTOR AS 
POTENTIAL NEUROPROTECTORS
In 1997, the EPO has been detected in ventricular cerebrospinal fluid 
(CSF) of patients with traumatic brain injuries[75]. These studies also 
revealed that EPO does not cross the intact blood-brain barrier (BBB), 
implying that it is produced in the brain itself, probably in an oxygen-
dependent manner. Springborg et al[76] not only have confirmed these 
observations in patients with subarachnoid haemorrhage 5 years later, 
but also established the EPO concentration in CSF which was about 
1 mU/mL. 
    Both EPO and EPOR has been identified in undifferentiated 
neuroepithelial cells in human embryos; their expression pattern 
showed a specific distribution changing during fetal development[77]. 
In adults, EPOR expression is found mainly in neurons, astrocytes 
and microglia, while EPO is produced only by astrocytes[78]. 
Furthermore, presence of pro-inflammatory cytokines (IL-1, IL-6 and 
TNF-α) decreased expression of EPO and its receptor in astrocytes[78]. 
In the same way pro-inflammatory cytokines suppress renal EPO 
production and thereby erythropoiesis in patients with cancer or 
chronic inflammatory diseases, which leads to development of pro-
inflammatory cytokine-mediated anemia[79]. It has also been shown 
that TNF-α down-regulates EPOR expression in erythroid cell lines 
probably through decreasing expression and binding activity of 
GATA1[80], which is known to be one of the main transcription factors 
regulating the expression of the EPOR gene in erythroid cells[81]. Pro-
inflammatory cytokines have been shown to be involved very early 
in the course of cerebral palsy (CP); they may cause brain damage 
through promoting toxic substances, like free radicals, increasing 
activity and aggregation of platelet and activating blood coagulation, 
or destroying BBB[82-84]. It has been demonstrated that the amount 
of EPO was decreased while IL-6 and TNF-α was simultaneously 
increased in CP children[85]. According to Tao et al[85], although CP 
children have BBB injury, the long-time secretion of EPO in CNS 
mostly depends on brain tissue. Authors hypothesized that early in CP 
HIF-1 activated by inflammatory stimulation enhances the secretion 
of EPO in the brain. However, deepening of hypoxia or increased 
severity of infection induces the release of many pro-inflammatory 
cytokines which compete with EPO through the JAK/STAT pathway 
and consequently abolish its neuroprotective effect[85].
    As in the kidneys, the expression of EPO mRNA and the 
production of EPO in the central nervous system (CNS) are 
stimulated by hypoxia and ischemia[86,87]. According to Chin et 
al[88], the neuroprotective effect of EPO and its receptor requires the 
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Figure 4 The possible EPO-dependent mechanisms of neuroprotection.

induction of EPO production by hypoxia and an increase in EPOR 
expression in neurons resulting in increased sensitivity to EPO, 
which is in contrast to erythropoiesis, where erythroid progenitor 
cells already exhibit high levels of EPOR and are directly responsive 
to EPO stimulation in hypoxic conditions. Their studies have also 
shown that hypoxia induces EPOR expression, which appears to 
be a consequence of increased EPOR gene transcription from the 
upstream region and proximal promoter[88]. 
    As in the case of vascular smooth muscle cells or cardiac 
myocytes, knowledge of the potential functions of EPO in the brain 
is based on animal models and the available data on the action of 
the hormone on erythropoiesis progenitors. Several direct-acting 
mechanisms, by which EPO may protect neurons, has been proposed, 
including modulation of synaptic transmission, protection from 
oxidative stress, apoptosis and inflammatory factors or stimulation of 
angiogenesis (Figure 4). It is generally believed that EPO in nervous 
cells activates exactly the same signaling pathways as in the erythroid 
progenitors. Various experimental models have demonstrated that 
EPO regulates many neural cell functions, including regulation of 
the flow of calcium, membrane depolarization or neurotransmitter 
synthesis. Koshimura et al[89] showed that rhEPO increases uptake 
and intracellular calcium concentration in a dose-related manner, 
induces membrane depolarization, activates MAPK and stimulates 
dopamine release from neurons. Although rhEPO had no effect on 
maximal activity of NOS, the increase in the level of NO was also 
observed. Since NO is reported to stimulate release of different 
neurotransmitters[90], authors suggested that EPO stimulates dopamine 
release, partly, by increasing NO production. Other studies have 
shown that rhEPO inhibits calcium-dependent glutamate release from 
neurons and at the same time it increases desensitization of glutamate 
receptors thereby protecting cells from ischemic damage[91-93]. 
However, Yamasaki et al[93] determined, by comparing the effects 
of rhEPO and brain-derived neurotrophic factor (BDNF), that the 
rhEPO itself is not sufficient to promote cell survival, although it is 
useful in protecting neurons from glutamate- or NO-induced toxicity. 
On the other hand, studies of Chong et al[94] showed that, although 
endogenous EPO is not sufficient to maintain neuron survival during 
free radical injury, administration of rhEPO at the concentration 
of 1 U/mL prevents neuronal cell death by activation of AKT with 
subsequent phosphorylation of the Bcl-2 family pro-apoptotic 

member Bad. Additionally, the presence of rhEPO in neuronal cell 
culture protects neurons from DNA fragmentation and membrane 
phosphatidylserine (PS) exposure through the modulation of cysteine 
protease activities. Authors also demonstrated that rhEPO prevents 
the induction of apoptotic protease-activating factor-1 (Apaf-1) and  
enhances the expression of anti-apoptotic Bcl-xL[95]. Anti-apoptotic 
properties of erythropoietin in nervous central system has also been 
demonstrated by Um et al[96] who showed that rhEPO prevents 
apoptosis of differentiated human neuroblastoma cells expressing 
small numbers of high-affinity EPOR by activating the STAT5, AKT 
and MAPK signaling pathways.
    As mentioned above, pro-inflammatory cytokines decrease 
EPO and its receptor expression in nervous tissue, specifically 
in astrocytes[78]. However, EPO itself can also interfere with 
the inflammatory process by reducing the expression of pro-
inflammatory cytokines, such as IL-6 and TNF-α in neuronal injury. 
Villa et al[97] have demonstrated that rhEPO markedly reduces the 
recruitment of leukocytes and microglia to the nerve tissue deprived 
of oxygen supply. The production of the TNF-α, IL-6 and monocyte 
chemoattractant protein (MCP) was decreased by more that 50% 
after rhEPO administration. Similar results were obtained in the 
experimental autoimmune encephalomyelitis (EAE); rhEPO not only 
diminished inflammation by reducing the level of IL-6, and glial 
activation and proliferation in the spinal cord, but also delayed the 
onset of EAE[98]. 
    Indirectly, EPO may act in neuroprotective manner by stimulating 
angiogenesis which increases the transport capability of oxygen-
carrying blood, provides extra oxygen to brain and counteracts 
the effect of ischemia on neurons[99]. This is related to the above 
mentioned presence of EPOR on endothelial cells. Brain endothelial 
cells not only express receptor but also proliferate, migrate 
and differentiate in the presence of rhEPO[99,100]. Sirén et al[87] 

demonstrated that hypoxic brain damage is associated with vascular 
EPOR expression accompanied by increased expression of EPO 
and its receptor in astrocytes. Authors showed that administration 
of rhEPO dramatically reduces the volume of infarction through 
the inhibition of apoptosis of cells in the tissue directly adjacent to 
the site damaged by cerebral occlusion causing hypoxic injury[101]. 
Other studies have shown that rhEPO antagonizes VEGF-induced 
permeability of the BBB by restoring changes in the distribution 



pattern of inter-endothelial junction proteins and decreases the levels 
of eNOS[102]. 
    The above-described effects of EPO on brain tissue suggest 
a potential use of rhEPO as a neuroprotective agent in a variety 
of disorders of the central nervous system, especially in chronic 
neurodegenerative disorders like Alzheimer disease (AD), 
Parkinson’s disease (PD) or multiple sclerosis. Epidemiological 
studies in USA have shown that AD is less common in states with 
higher geographic altitude suggesting that individual level of EPO 
can be of importance in the development of the disease[103]. Indeed, 
Assaraf et al[104] showed that the expression of EPOR is significantly 
increased in human AD and mild cognitive impairment temporal 
cortex compared to no cognitive impairment brain tissue. The number 
of EPOR-positive astrocytes in temporal and hippocampal regions 
was correlated with clinical, neuropsychologic, and neuropathologic 
indices[104]. In the authors' opinion, the high expression of the receptor 
in astrocytes is probably an adaptive response to oxidative stress that 
reaches its maximum intensity in preclinical and the very earliest 
stages of sporadic AD. In 2012, Zhi-Kun et al[105] demonstrated 
that rhEPO can protect cells from apoptosis induced by neurotoxic 
decapeptide Aβ 25–35 which was associated with the activation of 
PI-3K-AKT signaling pathway. On the other hand, studies of Jang et 
al[106] revealed that rhEPO administration for 12 months has beneficial 
effects on non-motor symptoms in PD patients according to the NMS 
Scale (NMSS) and the 39-Item Parkinson's Disease Questionnaire 
(PDQ-39). Since oxidative stress, apoptosis, excitotoxicity, protein 
mishandling, inflammation and microglial activation are part of the 
processes that eventually result in neurodegeneration, it is possible 
that rhEPO could provide a useful therapeutic strategy for these 
diseases.

CONLUSIONS
The use of rhEPO significantly improved the health and quality of 
life of ESRD patients. This is related not only to the improvement 
of parameters of red blood cells, but probably also the potential 
impact of rhEPO on other cells and tissues, especially monocytes, 
lymphocytes, endothelial cells and neurons. Studies show that 
it has potentially beneficial influence on cellular processes such 
as proliferation or angiogenesis. However, one must carefully 
draw conclusions from the research results that can be found in 
the scientific literature because not all of the observations have 
been confirmed in human material. While the effects of EPO on 
the immune system in many cases have been reported in human 
immune cells and have been conducted mainly in patients treated 
with rhEPO, knowledge of hormone action on the central nervous or 
cardiovascular system is based largely on animal models. In 2012, 
Elliott et al[107] demonstrated that only erythroid cells have high levels 
of EPOR mRNA and protein while in nonhematopoietic tissues (like 
brain or heart) and other hematopoietic cell types its expression is 
undetectable. In addition, they have failed to demonstrate the effect 
of rhEPO on angiogenesis or survival of different cell types[107]. 
The authors drew attention to the fact that the cytoprotective or 
angiogenic properties of rhEPO observed in animal studies does not 
necessarily translate into the clinic. In fact, the promising results 
from some experiments conducted in animal models of stroke 
led to clinical trials that had failed in phase II/III because patients 
demonstrated many different complications, including intercerebral 
hemorrhage, brain edema or thrombotic events[108]. Also, a higher 
death rate was observed in patients receiving EPO, particularly in 
those who were pretreated with thrombolysis[108]. Similarly concerns 
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apply to studies on the effect of rhEPO/EPO in the immune system; 
significant differences between mouse and human immunology have 
been described for years[109]. However, in light of so many studies, 
the effect of EPO on cells other than erythroid progenitors cannot 
be underestimated. But surely, the potential role of EPO beyond 
erythropoiesis requires a well-planned experiments on human 
material. Until then, rhEPO will be still indicated for treatment of 
anemia in patients with chronic kidney disease.
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