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ERYTHROPOIETIN AND CARDIOVASCULAR SYSTEM
ERITROPOETIN VE KARDIYOVASKULER SISTEM
Aysel GUVEN BAGLA, Meltem iCKIN

Ganakkale Onsekiz Mart Universitesi, Tip  OZET

Fakultesi, Histoloji Ve Embriyoloji Ad. . . I . e e . .
Canakkale ) volol Eritropoetin (EPO), saglkli bireylerde kemik iliginde normal eritrosit Gretimi icin gerekli olan bir

glikoprotein hormondur. Hipoksik kosullar altinda eritropoezi indukler. Renal peritibuler
hicrelerden ve karaciger, dalak, akciger, beyin, kemik iligi, tGreme organlari gibi farkl
ekstrarenal dokulardan salinir. EPO ile reseptorinin (EPO-R) etkilesimi, eritroid progenitor
hucrelerin programlanmis hiicre 6limunl (apopitozis) azaltir ve bu hicrelerin kemik iliginde
farklilasmasini tesvik eder. Klinik olarak, rHUEPO (rekombinant insan EPO) kronik bdbrek
yetmezligi sonucu gelisen EPO eksikligine bagh anemi tedavisinde 1980'lerin sonlarindan beri
kullaniimaktadir. EPO-R, eritroid progenitor hiicrelerin yani sira, néronlar, endotel hicreleri,
vaskuler diiz kas hiicreleri ve kalp kasi hiicreleri gibi ¢esitli hiicre gruplarinda da eksprese edilir.
EPO nun kalp, bobrekler, retina, karaciger, akciger, bagirsaklar ve beyinde hipoksi ve iskemi-
reperflizyon hasarina karsi sitoprotektif etkiye sahip oldugu gosterilmistir. EPO’nun temel
sitoprotektif etkisinin iskemik/hipoksik dokuda apopitozisi inhibe etmek oldugu &ne
surllmustlr. Apopitozisin inhibisyonu yani sira, EPO dogrudan ya da dolayli olarak hicreleri
koruyan pek cok farkl etki de gostermektedir. Bu nedenle EPO genel doku koruyucu bir sitokin
olarak degerlendirilmelidir.
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SUMMARY

Erythropoietin (EPO) is a glycoprotein hormone which is essential for normal erythrocyte
production in bone marrow in healthy subjects. It induces erythropoiesis under hypoxic
conditions. It is released from renal peritubular cells and various extrarenal tissues like liver,
spleen, brain, lungs, bone marrow, reproductive organs. Interaction of EPO with its receptor
(EPO-R) decreases programmed death (apoptosis) of erythroid progenitor cells and promotes
their differentiation in bone marrow. Clinically, rHUEPO (recombinant human EPO) has been
used since the late 1980s in patients with anaemia due to EPO deficiency as a consequence of
chronic renal failure. In addition to erythroid progenitor cells, a varied group of cells including
neurons, endothelial cells, vascular smooth muscle cells, and cardiac myocytes express EPO-R.
It has been shown that Epo has cytoprotective properties against ischemia reperfusion damage
and hypoxia in the brain, heart, kidneys, retina, liver, lungs, and intestines. It was suggested
that inhibition of apoptosis in ischemic/hypoxic tissue is the major cytoprotective effect of
EPO. In addition to inhibition of apoptosis, EPO exhibits many other actions that serve to
protect cells either directly or indirectly. EPO should therefore be regarded also as a general
tissueprotective cytokine.
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Introduction nuclear factor kappa B (NF-kB).>"® The expression of

EPO is primarily expressed in the liver in fetal life.
After birth, the kidneys become the main site of
production * which occurs in response to hypoxia.’
EPO gene expression is oxygen-dependent and is
primarly regulated by hypoxia-inducible
transcription factors (HIF 1, 2 and 3) as well as

EPO mRNA reaches its maximum level at 4-8 h after
exposure to hypoxia, which is the time needed for
HIF activation.” EPO production in the kidney is
induced by the factors that create tissue hypoxia or
decreased renal blood flow.? Although possible EPO
production in renal tubular cells was reported
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previously” *® a more recent study has shown that
fibroblast-like cells in the corticomedullary
interstitium of the kidney synthesize EPO, while
tubular cells do not.?

Proliferative effect of EPO on several progenitor
cells including erythroid progenitor cells," ™
endothelial progenitor cells (EPC),"** cardio-
myogenic stem cells > has been reported.

EPO is known to act specifically on haematopoietical
cells, however recent evidence demonstrated
several non-haematopoietical effects. |Initially,
research focussed on the direct effect on
haematopoiesis and correction of anaemia.
Accumulating evidence suggest that EPO is a
general tissue protector affecting many other
systems besides hemopoietic sysytem.'’**® EPO
exerts protective effects against tissue ischemia via
its interaction with its receptor, EPO-R.*° "%
Cardioprotective effect of EPO has become a
current issue after detection of EPO-R expression on
cardiomyocytes.*” EPO inhibits apoptosis and limits
infarct size during ischemia and reperfusion through
activation of various intracellular signaling
pathways, especially PI3K-Akt pathway. The
cardioprotective effect of EPO is independent of its
hematopoietic effects.”® Similar antiapoptotic and
cardioprotective effects of EPO independent of its
hematopoietic effects have been shown with
carbamylated EPO, a nonerythropoietic derivative
of EPO, and with HBSP (helix B-surface peptide), a
peptide mimicking the 3D structure of EPO.** 3*
Erythropoetic and cardioprotective effects of EPO
led researches start to investigate use of EPO in
cardiovascular medicine.

Anti-inflammatory, anti-oxidative, and angiogenic
effects of EPO have also been reported.” In this
minireview, we discussed the role of EPO in
cardiovascular system development and its
cytoprotective effect on cardiomyocytes in course
of myocardial infarction in the light of in vitro and in
vivo studies.

EPO in cardiovascular system development:

The development of cardiac cells from embryonic
stem cells is regulated by erythropoietin and other
several growth factors such as TGF-B, IGF, insulin
and FGF. The very high levels of EPO/EPO-R
expression in many tissues during embryonic and
fetal development decrease rapidly after birth to

the generally low levels found in the adult.*®* Wu et
al.¥’ demonstrated a novel function of EPO and
EPO-R in embryonic heart development. They
reported that both EPO-/- and EPO-R-/- mice suffer
from ventricular hypoplasia together with defects in
the intraventricular septum and suggested that
these cardiac abnormalities are due to a reduction
in cell proliferation which appears specific to the
heart. They detected EPO-R expression in all layers
of the heart except myocardium. They suggested
that EPO triggers cardiomyocyte proliferation
probably in a non-cell-autonomous manner,
EPO/EPO-R may provide mitogenic signals to
cardiomyocytes and these mitogenic signals then
promote cell proliferation. Their results explain a
novel role of erythropoietin in cardiac morpho-
genesis and suggest a combination of anemia and
cardiac failure as the cause of embryonic lethality in
the EPO-/- and EPO-R-/- animals.?” Cardioprotective
effect of recombinant human EPO (rHUEPO) against
the development of left ventricular hypertrophy
and premature death induced by chronic left
ventricular systolic pressure overload due to
transverse aortic constriction in mice was reported
by Wang et al. *®

An alternative explanation for the coronary defects
is the direct effect of EPO signaling on endothelial
cells. EPO has been shown to act as a mitogen
factor for cultured endothelial cells and to enhance
angiogenesis in the chorioallantoic membrane.*
Endothelial cell progenitor regulation is complex
and may be mediated via direct cell-cell
interactions, extracellular matrix molecules, as well
as by soluble factors, erythropoietin and other
several growth factors. These regulatory compo-
nents interact and modulate the effects of one
another and are themselves further regulated by
physiological stimuli.*’

During embryo development, immature primitive
erythroblasts begin to enter the bloodstream with
the onset of cardiac contractions.™ Ji et al.*
hypothesized that the timing of onset of heartbeat
and erythroid cell migration are tightly coordinated.
With the onset of cardiac contractions, scattered
erythroblasts were observed within the head region
and aorta of the embryo.***! EPO may be possibly
creating a stimulus for the onset of cardiomyocyte
contractions.



Consequently, the presence of EPO during
embryonic heart development seems to be
necessary for healthy growth. Several studies, both
in vitro and in vivo, are now in progress to
investigate use of EPO in cardiovascular diseases
during fetal life.

The effect of EPO on cardiomyocytes and
myocardial infarction (in in vitro and in vivo
studies):

Progenitor Cells and EPO:

EPO is a principal regulator that promotes
proliferation and terminal differentiation of
erythroid progenitor cells. EPO and stem cell factor
are essential factors in the control or survival,
expansion and differentiation of erythroid
progenitor cells. In vitro and in vivo studies
suggested that EPO may have a role in expansion of
the progenitor pool, with or without other growth
factors."” '* Exogenous erythropoietin abrogates
apoptosis of immature primitive erythroid cells
cultured in vitro.

EPO promotes endothelial progenitor cells (EPC)
proliferative and adhesive properties. Stimulation of
cultured endothelial cells with rHUEPO resulted in
cell proliferation and differentiation into vascular
structures.” George et al."* reported that EPC
proliferative effect of EPO is dose dependent, it was
evident at low doses such as 1 U/ml and lost at
higher doses such as 25 U/ml. Moreover, addition of
EPO, dose dependently increased EPC adhesion to
fibronectin, cultured endothelial cells and
cardiomyocytes. These effects may promise a new
therapeutic strategy in congestive heart failure
patients to achieve EPC response induced by EPO.™

Stem cells and EPO:

The mitogenic effect of rHUEPO on primary cultures
of neonatal rat cardiac myocytes was reported by
Wald et al.* rHUEPO triggered a dose-dependent
increase in myocyte proliferation. 0,5 U/ml EPO
revealed maximum effect over optimally grown
control culture 1 day after addition and it was
inhibited with anti-rHuEpo. rHUEPO mediated
mitogenic action on cardiomyocytes involves the
activation of the same enzymatic pathways that
have been described by other cytokines in different
tissues.””  Calvillo et al. suggested that
erythropoietin increased human embryonic stem

cell derived cardiomyocyte survival after injection
into the infarcted heart. EPO has been shown to
stimulate mitosis and signaling in endothelial cells,
cardiomyoblasts, and cardiomyocytes maintained in
vitro 2.

In animal models Kessinger et al. demonstrated that
use of EPO alone had a significant stimulatory role
on collection of stem cells.*> rHUEPO therapy after
stem cell transplantation is safe and well-tolerated.
Four randomized studies show a decrease in
transfusion requirement when rHUEPO is given early
after allogeneic stem cell transplant although the
magnitude of this benefit was small.*”*

Antonitsis et al. showed that transplanted human
mesenchymal stem cells (MSCs) engraft at high
numbers in infarcted heart and lead to functional
benefit by increasing neovascularization and
improving regional contractility.* Strategies can be
implemented to enhance myocyte and vascular
growth promoting partial restoration of the
infarct.®

Efficient differentiation of stem cells may not be
sufficient for translating stem cell based heart
therapies to the clinical setting. Considering the
limited regenerative capacity of the heart muscle,
renewable sources of cardiomyocytes are being
searched. Many details about the exact signals
directing the differentiation of ESCs to heart cells
are still unclear.*

Cardiomyocytes and EPO:

EPO protects cardiomyocytes from apoptosis in
vitro and in vivo.”® ** EPO, produced in response to
hypoxia through HIF activation, binds to its receptor
and activates intracellular survival signalling
pathways, promoting not only red cell proliferation,
but also progenitor cell mobilization, vasodilator,
insulin-sensitizing, antithrombotic, antiapoptotic,
and anti-inflammatory actions.*

Parsa et al. ® has shown that pretreatment of H9c2
cells (The myoblast cell line derived from embryonic
rat heart) with EPO before exposure to 200 uM
H,0, for 22 hours protects cells from apoptosis.
They reported that this protection appears to be
due to inhibition of apoptosis; after exposure to
H,0,, cells pretreated with EPO (either 0.4 or 10
U/ml) exhibited a significant decrease in apoptotic
nuclear morphological change evaluated in caspase
tissue staining and annexin V expression in flow



cytometry.”® We also showed in an in vitro study
(submitted for publication) that addition of EPO
decreased apoptosis induced by H,0, in human
adipose tissue derived mesenchymal stem cells
(MSC), using immunohistochemical caspase staining
and annexin V expression in flow cytometry.

Calvillo et al. ® have assessed the potential
protective role of EPO jn vitro with adult rat
cardiomyocytes, and in vivo in a rat model of
myocardial infarction with reperfusion. The results
showed that EPO markedly prevented the apoptosis
of cultured adult rat cardiomyocytes subjected to
28 h of hypoxia. These observations suggest a
potential therapeutic role for recombinant human
EPO (rHUEPO 100 ng/ml ) in the treatment of
myocardial ischemia and infarction by preventing
apoptosis and attenuating postinfarct deterioration
in hemodynamic function.”

Myocardial infarction and EPO:

EPO is a survival factor. EPO can reduce infarct size,
cardiomyocyte apoptosis, and diminish ventricular
dysfunction in post ischemic injury. EPO treatment
during post-Ml heart failure improves cardiac
function by reducing expression of inflammatory
cytokines and oxidative damage, at least in part
through activation of the Jak/Stat and PI3K/Akt
pathways.*”*’” Akt-transduction stimulates MSCs to
produce paracrine factors that exert a beneficial
effect on the infarcted heart post-engraftment.*
EPO-R is expressed not only in hematopoietic
lineage cells but also in the cardiovascular system.
Kagaya et al. * reviewed implications of anemia
associated with chronic heart failure by focusing on
the EPO-R as a potential candidate of novel
therapeutic targets in cardiovascular diseases.
rHUEPO and EPO derivatives, have been shown to
exert multiple protective actions in animal models
of various cardiovascular diseases. However, most
clinical trials failed to demonstrate favorable effects
of high doses of rHUEPO on myocardial injury
induced by ischemia and reperfusion in patients
with acute myocardial infarction.*

We have shown in our previous study (submitted
for publication) that rats with myocardial infarction,
induced by coronary artery ligation, represent a
smaller infarct area when recombinant human
erythropoietin alpha (rHUEPO 5.000 U.kg-1 and
10.000 U.kg-1) is administered. The results were

statistically significant when compared with sham
group. EPO administration shortly after myocardial
infarction in rats reduced the apoptotic activity and
the ischemic damage. It also induced new vessel
formation.

Calvillo et al. ® suggested a potential protective role
for EPO in vitro with adult rat cardiomyocytes, and
in vivo in a rat model of myocardial infarction with
reperfusion. They showed that EPO reduced the
amount of apoptotic cells by 30% in cell culture and
normalized haemodynamic function within one
week after reperfusion in vivo.”*

Since adult cardiomyocytes are not able to
regenerate, engraftment of stem cells into the adult
heart is a new promising and alternative treatment.
Mobilization of stem cells and differentiation into
cardiomyocytes are known to have protective
effects after myocardial infarction. Stem cells are
capable of attenuating negative remodeling with
subsequent decline in ejection fraction in patients
after myocardial infarction. The limitation factor for
comprehensive application of the cell therapy for
treatment of cardiovascular diseases is the
insufficient number of donor cells. Cell transfer
studies show promising data with regard to the
ability to attenuate myocardial dysfunction upon
intracoronary provision of stem cells. EPO mobilizes
endothelial progenitor cells from the bone marrow
to the periphery and enhances progenitor cell
differentiation and proliferation after a short period
of administration. Migration of stem cells,
resistance to apoptotic cell death, secretion of
angiogenic cytokines, proliferation and adhesion are
thought to be important for the succesfull cell
transfer. There are still significant challenges before
stem cell based therapies are advanced for cardiac
diseases. Therefore, recently more effective
treatment options with the EPO in vitro and in vivo
studies for treatment of cardiovascular diseases
have been researched. In addition, stem cell
therapy protocols and in vitro cardiyomyosit
differentiation protocols may be more effective
with addition of EPO.
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