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Abstract

Erythropoietin (EPO) is one of the most successful biopharmaceuticals in history and is used for treat-
ing anemia of different origins. However, it became clear that EPO could also work in a neuroprotective,
antiapoptotic, antioxidative, angiogenetic and neurotropic way. It causes stimulation of cells to delay
cell apoptosis, especially in the central nervous system. In rodent models of focal cerebral ischemia, EPO
showed an impressive reduction of infarct size by 30% and improvement of neurobehavioral outcome
by nearly 40%. A large animal model dealing with ischemia and reperfusion of the spinal cord showed
that EPO could reduce the risk of spinal cord injury significantly. In addition, some clinical studies tested
whether EPO works in real live clinical settings. One of the most promising studies showed the innocuous-
ness and improvements in follow-up, outcome scales and in infarct size, of EPO-use in humans suffering
from ischemic stroke. Another study ended unfortunately in a negative outcome and an increased overall
death rate in the EPO group. The most possible reason was the involvement of patients undergoing simul-
taneously systemic thrombolysis with recombinant tissue plasminogen activator. An experimental study
on rats demonstrated that administration of EPO might exacerbate tissue plasminogen activator-induced
brain hemorrhage without reducing the ischemic brain damage. This case shows clearly how useful animal
models can be to check negative side effects of a treatment before going into clinical trials. Other groups
looked in human trials at the effects of EPO on the outcome after ischemic stroke, relation to circulating
endothelial progenitor cells, aneurysmal subarachnoid hemorrhage, traumatic brain injury, hemoglobin
transfusion thresholds and elective first-time coronary artery bypass surgery. Most of the results were pos-
itive, but are based mostly on small group sizes. However, some of the most neglected facts when focusing
on experimental setups of ischemia of the central nervous system are issues like age and comorbidities. It
might be extremely worthy to consider these points for future projects, because EPO might influence all
these factors.
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Erythropoietin (EPO) is one of the most successful biophar-
maceuticals in history. Carnot and Deflandre (1906) as-
sumed already at the beginning of the 20" century that there
must be a humoral factor for red blood cell production.
However, it took several decades until the substance itself
was isolated and purified by Goldwasser (1996) in the 1970’s
out of the urine of patients suffering from aplastic anemia
and finally cloned and transferred into mammalian cells at
the end of the 1980’s (Lin et al., 1985). EPO has since then
been used for treating anemia of different origins. However,
there is more about EPO than merely keeping up oxygen
saturation in tissues by controlling production and apop-
tosis of red blood cells. The ability of EPO to protect tissue
against harmful influence was unknown for a long time and
treating anemia was the only focus linked to the application
of EPO. This point of view changed as it became clear that
EPO could also work in a neuroprotective, antiapoptotic,
antioxidative, angiogenetic and neurotropic way (Maiese et
al., 2004; Nakano et al., 2007). In fact, many different organs
other than the kidneys produce EPO and it shows action
in those tissues. It causes stimulation of cells in a paracrine
and even autocrine manner to delay cell apoptosis (Maiese
et al., 2005). Especially in the central nervous system (CNS)
EPO producing cells as well as EPO receptor presenting cells
can be found as one of the most important lines of defence

against temporary tissue damage e.g., ischemia that would
otherwise result in cell apoptosis. Those cells are mostly as-
trocytes, neurons, oligodendrocytes and neural progenitor
cells (Juul et al., 1999). This article presents a review of latest
trials and research progress for EPO in treatment of CNS
damages. We have performed a PubMed literature search of
articles published in the period January 2000 — December
2018 on erythropoietin during ischemic injury of the central
nervous system.

Studies emerged to clarify whether EPO administration
can help to overcome damages of neuronal tissue. Indeed,
preclinical studies revealed an enormous potential for EPO
as a neuroprotective drug. Regarding ischemic strokes, high
doses of EPO administration showed that cells lying in the
ischemic penumbra of the brain profit from antiapoptot-
ic EPO effects (Siren et al., 2001). In a systematic review
and meta-analysis, assessing the efficacy of EPO in rodent
models of focal cerebral ischemia, EPO showed an impres-
sive reduction of infarct size by 30% and improvement of
neurobehavioral outcome by nearly 40% (Jerndal et al,,
2010). The authors own working group showed that EPO
administration also works in a large animal model dealing
with ischemia and reperfusion of the spinal cord caused by
cross clamping of the thoracic aorta. This surgical maneuver
mimics daily challenges in a vascular surgery department. A
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second feature of this study is the use of a nonhematopoietic
derivative of EPO, the so-called cEPO-FC. This molecule
consists of two EPO molecules fused to the FC part of an
immunoglobulin IgG1 with a consecutive carbamylation of
the whole molecule to lose the ability to stimulate red cell
count, but keeping up cell protective properties (Schriebl et
al., 2006). Additionally, the half-life of this molecule extends
so that EPO might interact much longer with its receptors.
In order to evaluate the extension of neuronal damage and
to assess the clinical outcome of the animals, histological
staining and lower limbs moving ability were analyzed. The
results of this experimental setup showed that EPO and
cEPO-FC administrated shortly before and again directly
after ischemia can reduce the risk of spinal cord injury sig-
nificantly (Simon et al., 2011). This work is of special inter-
est as large animal models are much more similar to daily
clinical situations than models using small animals like e.g.,
mice. Other effects of EPO were reduction of inflammation
as response to injury. Therefore, it may help to overcome
secondary damage to neuronal tissue during reorganization
after a primary insult or during the appearance of a negative
side effect e.g., after surgical impact (Villa et al., 2003).

It does actually need much larger doses of EPO to bring
positive non-hematopoietic effects to life than of those
needed to treat anemia. However, there is convincing proof
in experimental setups that justifies taking EPO serious for
treating neuronal disorders. This is especially true in cases of
acute hypoxia of neuronal tissue. Some clinical studies tested
whether EPO works in real live clinical settings.

Certainly one of the most promising studies was the work
of Ehrenreich from 2002. The group showed in a safety trial
with 13 patients the innocuousness of EPO-use (3.3 x 10"
IU/50 mL per 30 minutes once daily for the first 3 days after
stroke) in humans, suffering from ischemic stroke. In a sec-
ond step with 40 patients, the scientists used EPO or saline
in a double-blinded and randomized proof-of-concept trial.
Interestingly, Ehrenreich found improvements in follow-up
and outcome scales and in infarct size as well proven by
magnetic resonance imaging imaging (Ehrenreich et al,,
2002). Based on these encouraging results the same working
group of Ehrenreich et al. (2002) undertook a second study
with 522 patients suffering from acute ischemic stroke in
the middle cerebral artery territory. These patients received
EPO within the first 6 hours of symptom onset as well as
24 and 48 hours (40,000 IU each time). In contrast to the
good results of the first study, the effects of this trial ended
in a negative outcome of the Barthel Index on day 90 and an
increased overall death rate in the EPO group compared to
the placebo group. The authors state that the involvement
of patients undergoing simultaneously systemic thrombol-
ysis with recombinant tissue plasminogen activator might
have caused the negative outcome of the trial. Nevertheless,
the trial raised safety concerns of EPO treatment affecting
future clinical trials (Ehrenreich et al., 2009). One year later
an experimental study on rats demonstrated exactly this
crucial point when using EPO. Jia et al. (2010) were able to
show that administration of EPO (5000 IU/kg) exacerbates
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tissue plasminogen activator-induced brain hemorrhage
in rats without reducing the ischemic brain damage. This
case shows clearly how useful animal models can be to
check negative side effects of a treatment before going into
clinical trials. However, these negative studies, clinical and
experimental ones, should not lead to the conclusion that it
might be better to avoid future studies on EPO. In fact, it is
encouraging to initiate new studies as long as the scientists
scrutinize precisely their study design in advance to prevent
such fatal errors.

Another group looked at the effects of EPO (5000 IU at
48 and 72 hours after acute ischemic stroke) regarding the
outcome after ischemic stroke and whether there is an effect
on the count of the circulating endothelial progenitor cells
as they might have a positive impact on neurological regen-
eration. Research staff was aware of the correlation of a too
wide range of inclusion criterions as they might cause severe
side effects not necessarily linked to EPO as described above.
Some of the most important criteria might be the exclusion
of intracranial hemorrhage, hematologic disorders and ma-
lignancies, renal insufficiency, recombinant tissue plasmin-
ogen activator therapy or hemoglobin levels > 15 mg/dL. In
total 167 patients took part in this study and received either
the EPO or the placebo drug preparation. This working
group found that EPO significantly increased the circulating
endothelial progenitor cell level and additionally improved
the 90-day clinical outcome and lowered major adverse neu-
rological events (Yip et al., 2011).

Human studies on EPO dealing with neurological outcome
are still rare and even those published are not necessarily
sounding or they suffer from the fact that the group of pa-
tients was too small. Springborg et al. (2007) published a
study showing this is a crucial point of study design. They
intended to examine the effects of EPO therapy (500 IU/kg
per day for 3 days) in aneurysmal subarachnoid hemorrhage.
The group ended recruitment prematurely, because the num-
ber of enrolled patients was increasing too slowly and there-
fore results were not reliable enough to conclude whether
a clinical application of EPO in subarachnoid hemorrhage
is advisable or not. The key findings were that administra-
tion of EPO increasing its concentration in the CNS by 600
times seems to be safe and that further studies with larger
patient numbers in terms of a multiple center study should
be performed (Springborg et al., 2007). Another setting deal-
ing with subarachnoid hemorrhage looked at the delayed
ischemic deficits connected with this disease (EPO 30,000
IU every 48 hours for a total of 90,000 IU). The authors de-
scribed a decreased incidence of severe vasospasm, reduced
delayed ischemic deficits, an improved autoregulation and
a better outcome at discharge, but revealed no better overall
outcome after 6 months (Tseng et al., 2009). Similar effects
showed a study dealing with traumatic brain injury. The
scientists compared the effects of EPO (500 IU/kg) and two
hemoglobin transfusion thresholds (7 and 10 g/dL), because
patients with severe traumatic brain injury often develop
anemia, what might cause second injury worsening neuro-
logical outcome. No interventions, unfortunately, improved
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neurological outcome at 6 months (Glasgow Outcome Scale
score was used to measure neurological outcome) (Robertson
et al,, 2014). In a study focusing on patients with acute isch-
emic stroke two consecutive doses of EPO (5000 IU/dose,
subcutaneously administered at 48 and 72 hours after acute
stroke) were given. The results showed no difference in the
long-term recurrent stroke and mortality rate. However, the
long-term major adverse neurological events and the long-
term severe neurological deficits were significantly lower in
the treatment group. This is of special interest, because EPO
was given not earlier than 48 hours after stroke, when most
of the cells suffering from ischemia must be already dead.
This shows the importance of ongoing apoptotic reactions in
the penumbra of an ischemic region in the CNS (T'sai et al.,
2015).

Neuronal tissue damage might also occur as side effect in
surgery although the CNS itself is not the therapeutic target
like e.g., in heart surgery. Haljan et al. (2009) describe in
their study the results of patients that underwent an elective
first-time coronary artery bypass surgery what is often asso-
ciated with neurocognitive dysfunction. The authors investi-
gated whether EPO given in three different daily doses (375,
750 and 1500 IU/kg) can improve neurological function at
discharge as well as after two months. They found no nega-
tive side effects of EPO administration, but also no benefits
concerning the neurocognitive dysfunction at discharge.
After two months, there was a trend of reduced neurocog-
nitive dysfunction in association with EPO administration.
Despite this positive result, the crucial part again was the
small group size that makes it impossible to draw reliable
conclusions from the study. The authors themselves demand
a multicenter randomized controlled trial to clarify the spe-
cific questions of clinical reliability of the EPO administra-
tion (Haljan et al., 2009).

Some of the most neglected facts when focusing on ex-
perimental setups of ischemia of the CNS are issues like
age and comorbidities. In humans, age is one of the most
important risk factors for cerebral ischemia, but also plays a
major role in recovery and neurological outcome of patients
after stroke. Although there are no explicit studies on EPO
in combination with age and comorbidities of the CNS vyet,
it might be extremely worthy to consider these points for
future projects. Experiments with aged rats suffering from
ischemic stroke showed a wide range of differences in com-
parison to young and healthy animals after an ischemic in-
sult. For example, there are massive changes in neuroinflam-
mation with increased brain-blood-barrier permeability,
accelerated apoptosis and precipitous infarct development in
the aged animals. There are also significant deviations in the
gene expression especially down-regulation of anti-apoptotic
related genes, upregulation of pro-inflammatory mediators
and dysregulation of CNS remodeling. Another affected fac-
tor is angiogenesis with delayed sprouting and basal lamina
build-up with decreased vascular density in the periinfarcted
area. All these factors result in limited behavioral recovery
of the aged animals compared to younger ones. The reason
why age and comorbidities are very interesting for future

EPO trials is that EPO influences all these factors mentioned
above, because EPO is antinflammatic, antiapoptotic, anti-
oxidative, angiogenetic and neurotropic as described above
(Popa-Wagner et al., 2018).

In summary, it seems that EPO has many interesting ef-
fects justifying further projects (Table 1). On the one hand
there are very promising experimental studies showing the
range of the EPO area of use. On the other hand, it is appar-
ent that EPO might have a deep clinical impact on neuronal
tissue damage, too. Therefore, further studies both experi-
mental and clinical are needed. When going into humans
it is of special importance that study designs have to be
planned very carefully, because medication, treatment, age
and comorbidities of the patients might interact negatively
with each other. Most EPO effects are of antiapoptotic and
antiinflammatic origin so the most promising study areas
seem to be that of acute occurring diseases like ischemia and
reperfusion or traumatic injuries of the brain or the spinal
cord to protect cells located in the penumbra of the damaged
tissue. Finally, the list of possible drugs that might have pos-
itive effects is very short so that a promising drug like EPO
is worth not to be left aside before its entire healing potential
has been explored.
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Table 1 Summary of studies, main findings and limitations

Study Main findings

Limitations
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neurobehavioral outcome by nearly 40%
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Rodent models

Large animal model

(cEPO-FC) administrated shortly before and again directly after
ischemia can reduce the ischemic damage of the spinal cord

significantly
Ehrenreich et al. (2002)
Ehrenreich et al. (2009)
overall death rate
Jia et al. (2010)
induced brain hemorrhage
Yip etal. (2011)

Improvements in follow-up, outcome scales and in infarct size
Negative outcome of the Barthel Index on day 90 and an increased

Administration of EPO exacerbates tissue plasminogen activator-

EPO significantly increased the circulating endothelial progenitor

Small group size

Involving patients undergoing systemic thrombolysis
(recombinant tissue plasminogen activator)

Rodent model

Wide range of exclusion criterions

cell level and additionally improved the 90-day clinical outcome

and lowered major adverse neurological events
Springborg et al. (2007)

EPO increased its concentration in the central nervous system

Small group size

by 600 times and seems to be safe in treating aneurysmal

subarachnoid hemorrhage
Tseng et al. (2009)

Decreased incidence of severe vasospasm, reduced delayed

Small group size

ischemic deficits, improved autoregulation and better outcome at
discharge, but no better overall outcome after 6 months
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No improved neurological outcome at 6 months

No difference in long-term recurrent stroke and mortality rate, but

Traumatic brain injury instead of ischemic stroke
EPO was given not earlier than 48 hours after stroke

long-term major adverse neurological events and long-term severe
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No benefits concerning the neurocognitive dysfunction at
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