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ABSTRACT
Aneurysmal subarachnoid haemorrhage is one of the most deleterious acute neurological diseases. 
The cerebral ischemia secondary to arterial vasospasm occurring after aneurysmal subarachnoid 
haemorrhage is still responsible for the considerable morbidity and mortality in these patients. Besides 
the knowledge of basic mechanisms of cerebral vasoespasm following aneurysmal subarachnoid 
haemorrhage, the prophylaxis and treatment of this pathology however still remain suboptimal. There is 
some evidence that acute erythropoietin treatment may reduce the severity of cerebral vasospasm and 
eventually improve outcome in aneurysmal subarachnoid haemorrhage patients. There are underlying 
mechanisms extend far beyond erythropoiesis: like enhancing neurogenesis, decreasing inflammation 
and apoptosis inhibition. In this review the authors describe many of the biologic effects, especially 
experimental studies and clinical studies that reported why the erythropoietin could be beneficial to 
patients with aneurysmal subarachnoid haemorrhage.
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RESUMO
Eritropoietina no vasoespasmo. Da bancada do laboratório para a beira do leito?
A hemorragia subaracnóidea é uma das doenças neurológicas agudas mais graves. A isquemia cerebral 
secundária ao vasoespasmo arterial após a hemorragia ainda é responsável por considerável morbidade 
e mortalidade nesses pacientes. Ao lado do conhecimento dos mecanismos básicos do vasoespasmo 
na hemorragia subaracnóidea, a profilaxia e o tratamento dessa entidade ainda são insuficientes. Há 
evidências de que o uso da eritropoietina na fase aguda pode reduzir a gravidade do vasoespasmo e, 
eventualmente, melhorar o prognóstico desses pacientes. Há mecanismos de ação da eritropoietina 
que vão além da eritropoiese como neurogênese, redução da inflamação e inibição da apoptose. Nesta 
revisão, os autores elucidam inúmeros efeitos biológicos, principalmente aqueles demonstrados nos 
estudos experimentais e clínicos que descrevem por que a eritropoietina pode ser benéfica em pacientes 
com hemorragia subaracnóidea.
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Introduction

Aneurysmal subarachnoid haemorrhage (SAH) is 
one of the most deleterious acute neurological diseases. 
Mortality is approximately 50% (including pre-hospital 
deaths) and around 30% of the survivors remain depen-
dent.1 Cerebral vasospasm and the resulting cerebral 
ischemia occurring after subarachnoid hemorrhage 
(SAH) are still responsible for the considerable mor-
bidity and mortality in patients affected by cerebral 
aneurysms. Delayed ischemic deficits due to vasospasm 
complicate the course of 15% to 36% of patients after 
aneurysmal subarachnoid hemorrhage and account for 
13.5% of in-patient mortality and morbidity.

Strategies to prevent and treat cerebral vasospasm 
include hyperdynamic therapy and calcium channel 
blockers.2 Other prophylactic agents such as endothelin 
A receptor antagonists were effective in experimental 
and animal settings but failed to improve outcome 
in human trials.3 More aggressive management with 
transluminal balloon angioplasty is a commonly used 
approach that has been shown to effectively reverse lar-
ge-artery vasospasm.4 However, it may not be effective 
when used as prophylactic treatment to prevent vasos-
pasm and subsequent ischemia. Besides the knowledge 
of basic mechanisms of cerebral vasoespasm following 
SAH, the prophylaxis and treatment of this pathology 
however still remain suboptimal.

Although several clinical trials have studied poten-
tial neuroprotective agents in patients with SAH no 
broadly applicable, safe and efficacious treatment has 
been identified.1 There is some evidence that acute ery-
thropoietin (EPO) treatment may reduce the severity of 
cerebral vasospasm and eventually improve outcome in 
SAH patients. There are underlying mechanisms extend 
far beyond erythropoiesis: like enhance neurogenesis, 
decrease inflammation and inhibit apoptosis especially 
in the damaged brain where EPO receptors are highly 
expressed.5,6 Timing of EPO treatment in the early phase 
of SAH may be crucial,7,8 however, the acute effect of 
EPO on brain homeostasis in severe cerebral vasospasm 
has not been elucidated so far. In this review the authors 
describe a many of the biologic effects of EPO that could 
be beneficial to patients with SAH.

Physiopathology of 
cerebral vasospasm

After aneurysmal rupture, in the first hours follo-
wing bleeding, the exposure of cerebral arteries on the 
surface of the brain to the resulting blood clot causes 
alterations in vascular reactivity.8 Abnormalities of ce-

rebral artery function, such as impaired vasodilatation 
and increased vasoconstriction, are thought to cause 
major complications in SAH patients.

Using angiographic visualization, Ecker and 
Riemenschneider were the first to report cerebral 
vasospasm (Figure 1). In their work the presence of 
vasoespasm was correlated with a 1.5- to 3-fold increase 
in mortality in the first two weeks after SAH.9 It begins 
to appear 3-4 days, reaches its maximum incidence and 
severity between 7-10 days and usually resolves 12-14 
days after a single SAH.10

Figure 1 – Angiographic diameter reduction in cerebral 
vasospasm.

Vasospasm is chiefly a hemodynamic problem. 
Superimposed thromboembolic mechanisms have 
been postulated to contribute, but their importance 
remains speculative.11,12 Whether or not a patient with 
angiographic vasospasm develops symptomatic vasos-
pasm depends on the length and severity of the arterial 
narrowing. Other factors that influence cerebral blood 
flow (CBF) are involved as blood pressure, intracranial 
pressure, blood volume, cardiac output, viscosity, anas-
tomotic blood supply and brain metabolic demand that 
is influenced by temperature, seizures and drugs. Symp-
toms and signs probably do not develop unless there is 
> 50% angiographic diameter reduction. The peak day of 
onset of symptomatic vasospasm is eight days after SAH 
or one day after the peak of angiographic vasospasm.11,12 

The most powerful predictor of vasospasm is the volume, 
density and prolonged presence of subarachnoid blood, 
usually as observed on computed tomography (CT) scan, 
around the arteries that develop vasospasm13,14 (Figure 2).

The pathogenesis of delayed cerebral vasospasm is 
related to a number of physical and chemical processes, 
including endothelial damage and smooth muscle cell 
contraction resulting from spasmogenic substances 
generated during lysis of subarachnoid blood clots,15 
changes in vascular responsiveness and inflammatory 
or immunological reactions of the vascular wall.5,15
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Cerebral arterial blood vessel tone is balanced by 
vasoconstrictor and dilator systems designed to achieve 
equilibrium, depending on several factors. It is widely 
accepted that it is able to modulate vascular smooth 
muscle function through the release of endothelial-
derived relaxing factors (EDRF), the most important 
substance being nitric oxide (NO)5 but also prosta-
glandin derivatives16 and hyperpolarization factors.17 
On the other hand, endothelial cells also produce 
vasoconstrictor substances, the so-called endothelial-
derived contracting factors (EDCF), the most potent 
being the peptide endothelin.18 Inhibiting the release 
of EDRF and/or increasing the production of EDCF as 
well as increasing the contractility of the actin-myosin 
filaments by increasing the smooth muscle calcium pool 
or calcium sensitivity of the contractile filaments will 
cause an increase in vascular tone. Therefore, each single 
metabolic pathway in either the endothelial or smooth 
muscle cells that causes dilation or reduces constriction 
is a potential target for SAH-induced vasospasm.

Erythropoietin – Background

Erythropoietin (EPO), a 34-kDa glycoprotein, is 
the primary hormone that regulates the differentiation 

and proliferation of immature erythroid cells19 EPO 
production in these organs is upregulated during tissue 
hypoxia through an oxygen-sensing pathway mediated 
by hypoxia-inducible factor.20 Following the purification 
of EPO in 1977 in urines from patients with aplastic 
anemia,21 the first recombinant human EPO (rhEPO) 
became available in treating anemia with chronic kid-
ney disease (CKD) and chemotherapy-induced anemia 
associated with non-myeloid malignancies.

In addition to stimulating erythropoiesis, other 
effects of EPO have been discovered that may be of be-
nefit to patients with a variety of central nervous system 
injuries.22 Normal brain expresses low levels of EPO and 
EPO receptor but these increases after traumatic brain 
injury, subarachnoid hemorrhage, and ischemic stroke. 
EPO and an EPO receptor appear in neurons, glia, 
neuroprogenitor cells, and cerebrovascular endothelial 
cells. In vitro studies have revealed that EPO promotes 
survival in cultured neurons after hypoxia, serum depri-
vation, and glutamate/AMPA/kainic acid excitotoxicity. 
Further exploration has demonstrated that EPO also has 
neuroprotective effects in vivo after hypoxic-ischemic, 
traumatic, excitotoxic, and inflammatory injuries in 
rodents.23,24 The knowledge of neuroprotective effects 
of EPO stimulates the development of bench studies 
involving this glycoprotein.

Erythropoietin – Experimental 
studies in vasospasm

Many of the biologic effects of EPO could be be-
neficial to patients with SAH, even the side effect of 
hypertension. Stimulation of erythropoiesis might 
be beneficial in patients with SAH. Transfusion may 
be detrimental and there is some evidence to suggest 
maintaining a low-normal hematocrit is beneficial.1 

Buemi et al.25 were the first to report in vivo effects 
of EPO in an animal model of SAH. By injecting auto-
logous blood into the cisterna magna in rabbits, they 
found that intraperitoneal administration of rhEPO 
improved both locomotor activity and animal survi-
val. Expanding on the work in this model, it has been 
demonstrated that systemic rhEPO also significantly 
decreases basilar artery vasoconstriction, improves 
clinical neurologic status, decreases neuronal necrosis, 
and attenuates levels of glial-generated S-100 protein (a 
CSF marker of brain damage). According to Murphy et 
al.26 recombinant human EPO improves autoregulation 
of CBF after SAH, and therefore it may be a promising 
treatment for cerebral ischemia resulting from delayed 
vasospasm. In this investigation, the authors reported 
that treatment with rhEPO after experimental SAH is 

Figure 2 – Presence of subarachnoid blood as observed on 
computed tomography scan.
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associated with reduced mortality rates, improved CBF, 
and fewer neurological sequelae. 

Santhanam et al.27 examined the impact of local 
adenovirus-mediated delivery of rhEPO by injecting 
adenovirus containing the rhEPO gene (AdEPO) into 
the cisterna magna of rabbits after SAH. They demons-
trated that SAH-induced basilar artery vasospasm 
was significantly attenuated in animals treated with 
AdEPO. In this study, EPO led to increased expression 
of the phosphorylated form of endothelial nitric oxide 
synthase (eNOS) and augmented cyclic GMP levels. 
The authors postulate that in this model for SAH, EPO 
may protect against vasospasm through NO-mediated 
smooth muscle relaxation.

Many studies tested the protective effects of EPO 
using intraventricular injections to bypass the BBB. 
However, because intrathecal delivery of EPO is often 
impractical in humans, the ability of EPO to cross the 
BBB is critical for its utility as a clinical application. In 
studies where EPO was administered intravenously 
at doses appropriate for stimulating erythropoiesis 
(200-400 U/kg), EPO was not detectable in the central 
nervous system (CNS).28,29 However, at much higher 
doses (2,000-30,000 U/kg), EPO can cross the BBB in 
quantities sufficient to provide neuroprotection. The 
high dosing that is required for neuroprotection has led 
to concerns about potential adverse consequences of 
treatment with EPO. Although some investigators have 
demonstrated that high-dose EPO is safe in rats and hu-
mans others have reported EPO-induced complications 
such as hypertension, thrombosis, and decreased renal 
blood flow.30 It is suggested that the CNS may express 
a version of the receptor that is distinct from the form 
expressed within the hematopoietic system. Because of 
these observed differences in receptor properties and 
the concern of adverse effects associated with high-
dose EPO, scientists have attempted to design EPO 
derivatives to maximize tissue-protective potential 
while limiting unwanted erythropoietic effects. Of the 
tested compounds, carbamylated EPO (CEPO) appears 
to have the greatest selectivity for EPO in the CNS and 
has been demonstrated to provide neuroprotection 
after brain injury without stimulating erythropoiesis.31

With substantial evidence for EPO neuroprotec-
tive effects, other studies examining the underlying 
mechanisms have proliferated. Some of the proposed 
mechanisms for neuroprotection now include inhibition 
of apoptosis enhanced neurogenesis,31 reduced exci-
totoxicity,32 modulation of NO,33 antioxidant effects,34 

modulation of neurotransmitter release,24 vascular 
protection by preserving endothelial cell integrity and 
by promoting angiogenesis.35 Taken collectively, these 
studies demonstrate that administration of EPO mar-
kedly has neuroprotective effects, attenuates vasospasm, 

CBF impairment and the consequent cerebral ischemia 
after experimental SAH.

Erythropoietin – Clinical 
studies in vasospasm

With these reported neuroprotective effects in 
animals, investigators began to examine the effects of 
EPO in treating neurologic dysfunction in humans. In 
2002, Ehrenreich et al.36 published a pivotal clinical trial 
in ischemic stroke patients, demonstrating that high-
dose recombinant human EPO (rhEPO) administered 
within 8 hours of symptom onset, protected against 
brain injury, reduced infarct size, and improved clinical 
outcome. These data generated strong interest in the 
neuroprotective potential of high-dose EPO in humans. 
Given what is known about the pathophysiology of SAH 
and the mechanisms of EPO-mediated neuroprotection, 
EPO became an attractive option for treating patients 
with SAH.

Springborg et al.7 conducted the first double-blinded 
trial to examine the impact of rhEPO in patients after 
SAH. In this trial, 73 patients with CT-verified sponta-
neous SAH were randomized to treatment with either 
intravenous rhEPO (500 U/kg/day) or placebo for three 
days. Multiple parameters were recorded, including the 
severity of SAH neurologic status, daily transcranial Do-
ppler measurements, cerebrospinal fluid levels of S-100 
protein, neuron-specific enolase. The primary endpoint 
was the dichotomous Glasgow Outcome Score but the 
number of patients was too small to show any effect on 
this. In terms of safety, no comment was made about 
venous thromboembolic or other events, although no 
side effects of EPO were reported. Interestingly, blood 
pressure was significantly higher in the EPO-treated 
patients.7

Recently, Tseng et al.6 reported results from a second 
randomized, double blind, placebo-controlled trial. 
Eighty patients with aneurysmal SAH were randomized 
to receive placebo or 90,000 U EPO over the course of 
48 hours. Transcranial Doppler ultrasonography was 
employed to assess vasospasm incidence, duration, and 
severity. Delayed ischemic neurological deficits (DIND) 
and outcomes at discharge and at six months were also 
recorded. Results indicated that although EPO treatment 
did not impact the overall incidence of vasospasm, it 
significantly reduced the incidence of severe vasospasm, 
the incidence of DIND with new cerebral infarcts, and 
the duration of impaired autoregulation. Patients in the 
EPO group also had higher clinical scores at discharge, 
but these effects were not observed at the 6-month 
follow-up, which authors at least partially attribute to 
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inadequate statistical power. Adverse events were not 
significantly different between groups. This study pro-
vides new evidence for the potential benefit and relative 
safety of EPO for the treatment of SAH in humans.6

Helbok et al.37 reported that high-dose systemic 
EPO treatment increases brain tissue oxygen tension in 
patients with severe vasospasm after SAH. The present 
data are of potential importance because they support 
the hypothesis of a beneficial effect of high-dose syste-
mic EPO beyond erythropoeisis on human brain tissue.

However, given the high systemic doses that are 
required for neuroprotection, EPO’s safety in humans 
has been a major concern. At high doses, rhEPO has the 
potential for a variety of hematopoietic complications. 
With the hypercoagulopathy that has been associated 
with SAH, EPO’s increased risk of thrombosis31 is of 
particular concern in this specific patient population. 
These hemodynamic effects could also be problematic 
in patients with comorbid conditions, such as hyper-
tension, congestive heart failure, and coagulopathy. To 
address the concern of rhEPO’s adverse effects at high 
doses derivatives of EPO have recently been introdu-
ced. With selectivity for the brain, the EPO derivative, 
CEPO, has no erythropoietic effects and may be a safer 
alternative for neuroprotection in humans. Results from 
a phase I clinical trial examining the safety of CEPO for 
treating patients with acute ischemic stroke are pending 
and highly anticipated.

Conclusion

Vasospasm-related cerebral ischemia is common 
and significantly impacts on outcome after aneurysmal 
subarachnoid hemorrhage.

Although mechanisms underlying cerebrovascular 
dysfunction after aneurysmal SAH are much better 
understood now than a few year ago, they still need 
further investigations. It is now widely accepted that 
endothelial damage and smooth muscle cell contraction 
resulting from spasmogenic substances, changes in 
vascular responsiveness and inflammatory or immuno-
logical reactions of the vascular wall contribute to the 
development of cerebrovascular dysfunction following 
aneurysmal SAH.

Finally, in terms of pharmacological management, 
a number of experimental studies demonstrate the 
preventive and/or therapeutic potentials of new drugs 
in vivo and in vitro. Among these, systemically admi-
nistered rHuEPO has recently been found to produce 
a clear neuroprotective action during SAH. These be-
neficial effects strongly support that it may represent a 
valid neuroprotective therapeutic solution in humans. 

However, although it has proven safe and effective 
in the setting of a wide range of diseases and drug treat-
ments, the erythropoietic effects may limit the clinical 
use of erytrophoietin. For future trials, design issues 
include dose, duration, and type of EPO to administer; 
outcome measures to employ that would be sensitive to 
EPO effects; and patient populations to study. Never-
theless, the work so far suggests EPO for SAH should 
be pursued.
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