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Abstract

Recombinant human erythropoietin has become an essential
part of the management of anemic patients with end-stage renal
disease. It is also used to treat the anemia associated with cancer
and other diseases, and it improves quality of life. In recent years,
studies in animals and humans have focused on the use of rHuEPO
for other indications. It has been found to play a role in both
cardioprotection and neuroprotection. It has effects on the immune
system, and can cause regression in hematologic diseases such
as multiple myeloma. It may also improve the response of solid
tumors to chemotherapy and radiation therapy. On the other hand,
concerns have been raised following two studies of patients with
solid tumors in whom those treated with rHuEPO had diminished
survival. Criticism of the design of these studies makes it clear
that large, well-designed, randomized trials must be performed
to determine the role of rHuEPO in the treatment of cancer, and
more generally to clarify the full clinical benefits of the drug, while
minimizing the harm.
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The use of recombinant human erythropoietin has revolutionii
ized the clinical care of the anemic patient. Initially seen as
a replacement for endogenous EPO in patients with end-stage
renal failure, its use has broadened to encompass patients with
anemia of other causes as well, including cancer-related anemia.
Moreover, EPO receptors were found on cells of different organs
in the body. Studies have thus examined many other properties
of EPO itself and have subsequently expanded its clinical use.
This paper reviews the various current clinical uses of rHuEPO
in its different forms, and discusses the possible applications of
the drug in the future.

EPO production and effect
EPO is an approximately 30 kDa molecule with a peptide core
and four carbohydrate chains that are important for its stability
in the circulation [1]. During the fetal stage, EPO is produced
primarily by hepatocytes, and after birth mostly by peritubular
rHuEPO = recombinant human erythropoietin
EPO = erythropoietin
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fibroblast-like cells in the cortex of the kidneys. Smaller amounts
are produced in the liver, spleen, lung, testis and brain. The
major stimulus for its production is tissue hypoxia where the
levels of the hormone can increase exponentially. EPO is remi
moved from the circulation by erythroid cells expressing the EPO
receptor. It is also degraded by the liver and the kidney. EPO acts
on erythrocyte progenitor cells by preventing apoptosis and by
stimulating production and proliferation of erythrocytes. Receptors
for EPO have been found on other tissues as well: namely, brain,
retina, skeletal muscle, heart, kidney and endothelial cells [1].
This prompted extensive investigation of EPO function in many
different areas, both basic and clinical. rHuEPO is available in
three forms: epoetin alpha (Procrit® in the United States and
Eprex® in Europe), epoetin beta (Neorecormon®) and darbepoiei
etin (Aranesp®). EPO beta is not available in the United States.
The differences among these drugs will be discussed below.

Anemia in renal disease
Because EPO is produced primarily in the kidneys, its deficiency
in renal disease is a major cause of anemia in these patients.
rHuEPO has dramatically improved the care of the patient with
end-stage renal disease [2]. The response to rHuEPO is characti
terized by increasing hemoglobin and hematocrit, reducing the
blood transfusion requirements and improving these patients’
quality of life.
Anemia in cancer and other chronic diseases
rHuEPO is also used for anemia associated with cancer and other
chronic diseases. A recent randomized trial demonstrated impi
provement of anemia in patients with hematologic malignancies
treated with chemotherapy. The response was characterized by an
increased hemoglobin level, a reduced transfusion requirement
and an improved quality of life [3].
In 2004 the European Organisation for Research and Treatment
of Cancer published comprehensive guidelines for the use of
rHuEPO in cancer-related anemia caused by chemotherapy, radi
diotherapy, surgery or by the cancer itself [4]. Similar guidelines
were published in 2002 by the American Society of Clinical
Erythopoietin in Clinical Practice
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Oncology and the American Society of Hematology [5]. rHuEPO
was also shown to ameliorate anemia of non-cancerous inflammi
matory states, such as inflammatory bowel disease [6].

EPO in hematologic malignancies and solid
tumors: disease modulation?
In addition to its effect on the anemia of malignancy, the
administration of rHuEPO may play a role in the modulation
of the disease itself. For example, it was found that when a
number of multiple myeloma patients were given rHuEPO for
the treatment of anemia in chemotherapy-refractory disease,
the patients not only benefited from a rise in their hemoglobin
but also lived longer than expected [7]. Studies using a murine
model of myeloma demonstrated that EPO treatment induced
an immunologic response (T cell-mediated) that could have
been responsible for the regression of the disease [8]. In myei
elodysplastic syndrome, rHuEPO administration in appropriately
selected patients improved survival [9], and in patients with B
cell chronic lymphocytic leukemia, rHuEPO treatment resulted
in a downgrading of the disease stage [10]. Similar results were
found in murine experimental models [11].

rHuEPO may confer neuroprotection and
cardioprotection and may also serve
as an immunomodulatory agent.
There may be benefits in the treatment of solid tumors as
well. In a study of mice with either squamous cell carcinoma or
fibrosarcoma undergoing radiation therapy, rHuEPO acted as a
radiosensitizer and improved the response to radiotherapy [12].
Similarly, in mice injected with cells from a murine lung carcinomi
ma model (Lewis lung carcinoma) and subsequently treated with
chemotherapy, the response of the tumor to the chemotherapy
treatment was significantly augmented when rHuEPO was also
administered [13]. In humans, anemia and its associated hypoxia
have a negative impact on the effect of radiation therapy. As
such, the administration of epoetin alpha to anemic patients
undergoing radiation therapy may improve the response and
extend the survival. For example, administration of epoetin alpha
to patients with head and neck cancer undergoing chemoradiati
tion improved the response and the survival [14]. Furthermore,
there are also case reports of tumor regression following the
administration of epoetin in renal cell carcinoma [15].
Despite the impressive results in animal models with solid
tumors and in patients with multiple myeloma, recent studies
in patients have raised the question of whether treatment with
rHuEPO actually prolongs survival. A study that examined the effi
fects of rHuEPO therapy on hematologic parameters and quality
of life in cancer patients treated with chemotherapy also noted
a tendency toward increased survival in the patients treated
with rHuEPO. This improvement was not statistically significant,
possibly because the study was not powered to examine survival
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[16]. However, some recent studies have shown a decreased
survival rate in patients treated with rHuEPO. In a study of
patients with head and neck cancer treated with radiation
therapy, those who did not receive rHuEPO survived longer
[17]. In another study of patients with metastatic breast cancer
treated with chemotherapy (BEST trial), those who received
rHuEPO survived less than those given the placebo [18]. It is
unclear why survival was shorter in the rHuEPO-treated groups.
It might be related to the design of these studies [18-20]. In the
BEST trial the cause of most of the excess deaths was listed
as early disease progression. One possibility for the shorter
survival in these patients might be related to the presence of
EPO receptors on the surface of the tumor cells. In that case,
administration of rHuEPO could potentially enhance the growth
of the tumor [21,22]. A study of cancer cells expressing EPO
receptors demonstrated resistance to ionizing radiation when
exposed to rHuEPO in vitro [23], and this may explain the results
of Henke and colleagues [17]. Additionally, thromboembolic
events and the increased hemoglobin may also play a role, suppi
ported by the fact that there were more thromboembolic events
in the rHuEPO group in the BEST trial, and that the target
hemoglobin level in that trial (12–14 g/dl) was higher than the
usual clinically accepted target. Henke et al. [17] also observed
in the head and neck cancer trial that in the rHuEPO treatment
group there was an increased percentage of “vascular disorders,”
including thromboembolic events and a high hemoglobin target.
It is possible that at least part of the increased mortality was
related to the excessive increase of hemoglobin, similar to the
results seen in a study of dialysis patients with congestive heart
failure discussed below [24].
If the survival is reduced in patients who have certain cancers,
then one may be reluctant to administer rHuEPO even if the
goal is to treat their anemia. It is clear that more randomized
controlled trials must be designed and performed to determine
when to treat cancer patients with rHuEPO. In light of this, a
long-term study of patients with multiple myeloma, chronic
lymphocytic leukemia and non-Hodgkin’s lymphoma demonstrated
that rHuEPO administration did not decrease survival, while it
did improve the anemia and the quality of life [3].

Cardioprotection
It has been found that the administration of rHuEPO to anemic
patients with congestive heart failure can improve their condition.
In one study for example, the hemoglobin and the left ventricular
ejection fraction improved and the number of hospitalizations fell
dramatically [25]. It should be noted that this was a retrospective
study, and although the results appeared significant there was
no control group receiving blood transfusions. It is therefore
unclear whether the improvement was due merely to the rise in
hemoglobin or perhaps to another cause, such as a direct effect
on the myocardium. Similar results were found in other studii
ies [26]. On the other hand, raising the hemoglobin too much
(even to the normal range) can be detrimental. This was seen
for example in a study of hemodialysis patients with congestive
heart failure receiving rHuEPO [24].
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Other evidence supporting the notion that the cardiac proti
tection is likely mediated through other routes, not only those
related to increased hemoglobin, comes from a recent study with
adult rats found to have EPO receptors on the cardiomyocytes
[27]. rHuEPO administration exerts a cardioprotective effect durii
ing ischemia-perfusion injury. In tissue studies of the rat heart
[28], it was found that treatment with rHuEPO protected the
ischemic and infarcted heart by inhibition of apoptosis, thereby
limiting the size of the infarct and improving contractile function.
This was shown even in the absence of increased red blood cell
counts.

Neuroprotection
Similar to the protective effects in cardiovascular disease, a
neuroprotective effect of rHuEPO treatment was also reported in
animal studies. For example, EPO exerted neuroprotection in rats
following spinal cord injury [29] and ischemic injury [30,31]. In
one of these studies, Brines and co-authors [30] induced brain
infarction in rats by carotid artery ligation, and a single shot of
rHuEPO administered 6 hours later resulted in a decrease of the
infarcted area by 50–75%. Studies of nerve conduction in mice
with induced diabetes mellitus demonstrated that rHuEPO revi
versed several abnormalities associated with diabetic neuropathy,
suggesting another potential future application of rHuEPO [32].
A recent study [33] made the following observations: a) rHuEPO
penetrates the brain tissue in rats and humans, b) its presence
is enriched in schizophrenic men, c) EPO receptors are more
densely expressed in the hippocampus and cortex of schizopi
phrenic patients than in healthy subjects, and d) administered
rHuEPO attenuates the haloperidol-induced neuronal death and
improves cognitive function in mice. As such, rHuEPO may be a
likely candidate for supplemental neuroprotective treatment in
schizophrenia.
Different forms and doses of recombinant EPO
(alpha, beta, darbo)
As stated above, there are three commercially available forms of
rHuEPO, and while there are some minor differences among them
in terms of pharmacokinetics, and perhaps pharmacodynamics,
there has never been a head-to-head trial comparing them for
any of their indications. The alpha and beta forms are similar
in molecular characteristics and pharmacokinetics, but the beta
form has a higher molecular weight [34]. Both are synthesized in
Chinese hamster ovary cells [35]. Darbepoetin, otherwise known
as novel erythropoiesis stimulation protein or AraNESP, was
engineered to have two additional glycosylation sites to permit
a higher degree of glycosylation [34]. Because the half-life and
the biological activity of EPO are directly related to the degree
of glycosylation, NESP with its increased glycosylation has both
an increased biological activity and a longer half-life [36,37]. As
such, it is administered only once weekly or every other week.
Efficacy of once-weekly administration of rHuEPO, however, has
NESP = novel erythropoiesis stimulation protein
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also been demonstrated with EPO alpha [38], and similarly with
EPO beta [39].
The optimal dose of rHuEPO administration is not yet fully
established and only a few studies have addressed this issue. The
most common doses range from 20,000 to 40,000 units weekly,
although occasionally 60,000–80,000 units per week are required
to achieve an erythroid response [40]. It is possible that various
indications will require different doses. Moreover, it is difficult
to compare various doses of the different rHuEPO preparations.
In summary, the difference among the three products and their
optimal doses is unclear, and often the decision as to which
agent to use takes into account administrative and economic
factors as well.

Conclusions
EPO is a hormone that is crucial for the natural production of
red blood cells, and because it is produced primarily in the
kidney the recombinant form has become a mainstay in the
therapy of patients with anemia of end-stage renal disease or
even chronic renal failure. Correction of the anemia is associ
ciated with a reduced blood transfusion requirement and an

Clinical observations and animal experiments
suggest that rHuEPO may cause regression
in hematologic diseases like multiple
myeloma and may improve the response
of solid tumors to chemotherapy and
radiotherapy. However, future trials will
have to clarify concerns regarding survival of
rHuEPO-treated cancer patients
improved quality of life. We have reviewed the many other uses
and potential uses of rHuEPO, from cancer-related anemias
to protection of the neurologic and cardiovascular systems, to
immune related anti-myeloma effects. We have also discussed
the potential dangers of the drug where it may impair survival
in certain neoplastic diseases. Further studies are underway to
explore the nuances of the drug in its various commercial forms,
enabling its application to achieve its full potential – maximizing
the benefit and minimizing the possible harm.

References
1. Jelkmann W. Molecular biology of erythropoietin. Intern Med 2004;
43(8):649–59.
2. Eschbach JW, Kelly MR, Haley NR, Abels RI, Adamson JW.
Treatment of the anemia of progressive renal failure with recombi
binant human erythropoietin. N Engl J Med 1989;321(3):158–63.
3. Osterborg A, Brandberg Y, Hedenus M. Impact of epoetin-beta
on survival of patients with lymphoproliferative malignancies:
long-term follow up of a large randomized study. Br J Haematol
2005;129(2):206–9.
4. Bokemeyer C, Aapro MS, Courdi A, et al. EORTC guidelines for

Erythopoietin in Clinical Practice

705

Reviews

5.

6.
7.

8.

9.

10.

11.
12.
13.
14.
15.
16.

17.

18.

19.
20.
21.
22.
23.
24.

the use of erythropoietic proteins in anaemic patients with canci
cer. Eur J Cancer 2004;40(15):2201–16.
Rizzo JD, Lichtin AE, Woolf SH, et al. Use of epoetin in patients
with cancer: evidence-based clinical practice guidelines of the
American Society of Clinical Oncology and the American Society
of Hematology. J Clin Oncol 2002;20(19):4083–107.
Schreiber S, Howaldt S, Schnoor M, et al. Recombinant erythri
ropoietin for the treatment of anemia in inflammatory bowel
disease. N Engl J Med 1996;334(10):619–23.
Mittelman M, Zeidman A, Kanter P, et al. Erythropoietin has an
anti-myeloma effect – a hypothesis based on a clinical observati
tion supported by animal studies. Eur J Haematol 2004;72(3):155–
65.
Mittelman M, Neumann D, Peled A, Kanter P, Haran-Ghera N.
Erythropoietin induces tumor regression and antitumor immune
responses in murine myeloma models. Proc Natl Acad Sci USA
2001;98(9):5181–6.
Wallvik J, Stenke L, Bernell P, Nordahl G, Hippe E, Hast R.
Serum erythropoietin (EPO) levels correlate with survival and indi
dependently predict response to EPO treatment in patients with
myelodysplastic syndromes. Eur J Haematol 2002;68(3):180–5.
Pangalis GA, Siakantaris MP, Angelopoulou MK, et al. Down
staging Rai stage III B-chronic lymphocytic leukemia patients
with the administration of recombinant human erythropoietin.
Haematologica 2002;87(5):500–6.
Katz O, Barzilay E, Skaat A, Herman A, Mittelman M, Neumann
D. Erythropoietin induced tumour mass reduction in murine lympi
phoproliferative models. Acta Haematol 2005;114(3):177–9.
Ning S, Hartley C, Molineux G, Knox SJ. Darbepoietin alfa potenti
tiates the efficacy of radiation therapy in mice with corrected or
uncorrected anemia. Cancer Res 2005;65(1):284–90.
Sigounas G, Sallah S, Sigounas VY. Erythropoietin modulates the
anticancer activity of chemotherapeutic drugs in a murine lung
cancer model. Cancer Lett 2004;214(2):171–9.
Shasha D. The negative impact of anemia on radiotherapy and
chemoradiation outcomes. Semin Hematol 2001;38(3 Suppl 7):8–15.
Morere JF, Bouillet T, Piperno-Neumann S, et al. Treatment of
advanced kidney cancer using recombinant erythropoietin. Prog
Urol 1997;7(3):399–402.
Littlewood TJ, Bajetta E, Nortier JW, Vercammen E, Rapoport B.
Effects of epoetin alfa on hematologic parameters and quality
of life in cancer patients receiving nonplatinum chemotherapy:
results of a randomized, double-blind, placebo-controlled trial.
J Clin Oncol 2001;19(11):2865–74.
Henke M, Laszig R, Rube C, et al. Erythropoietin to treat
head and neck cancer patients with anaemia undergoing radioti
therapy: randomised, double-blind, placebo-controlled trial. Lancet
2003;362(9392):1255–60.
Leyland-Jones B, Semiglazov V, Pawlicki M, et al. Maintaining
normal hemoglobin levels with epoetin alfa in mainly nonanemic
patients with metastatic breast cancer receiving first-line chemoti
therapy: a survival study. J Clin Oncol 2005;23(25):5960–72.
Haddad R, Posner M. Erythropoietin to treat anaemia in patients
with head and neck cancer. Lancet 2004;363(9402):79–80; author
reply 1-2.
Leyland-Jones B, Mahmud S. Erythropoietin to treat anaemia
in patients with head and neck cancer. Lancet 2004;363(9402):80;
author reply 1-2.
Brower V. Erythropoietin may impair, not improve, cancer survival.
Nat Med 2003;9(12):1439.
Steensma DP, Loprinzi CL. Erythropoietin use in cancer patients:
a matter of life and death? J Clin Oncol 2005;23(25):5865–8.
Belenkov AI, Shenouda G, Rizhevskaya E, et al. Erythropoietin
induces cancer cell resistance to ionizing radiation and to cisplati
tin. Mol Cancer Ther 2004;3(12):1525–32.
Besarab A, Bolton WK, Browne JK, et al. The effects of normal

706

H.S. Oster et al.

25.

26.

27.

28.
29.

30.
31.
32.
33.
34.
35.

36.
37.
38.

39.

40.

as compared with low hematocrit values in patients with cardiac
disease who are receiving hemodialysis and epoetin. N Engl J
Med 1998;339(9):584–90.
Silverberg DS, Wexler D, Blum M, et al. The use of subcutaneous
erythropoietin and intravenous iron for the treatment of the anemi
mia of severe, resistant congestive heart failure improves cardiac
and renal function and functional cardiac class, and markedly
reduces hospitalizations. J Am Coll Cardiol 2000;35(7):1737–44.
Hayashi T, Suzuki A, Shoji T, et al. Cardiovascular effect of
normalizing the hematocrit level during erythropoietin therapy
in predialysis patients with chronic renal failure. Am J Kidney Dis
2000;35(2):250–6.
Wright GL, Hanlon P, Amin K, Steenbergen C, Murphy E, Arcasoy
MO. Erythropoietin receptor expression in adult rat cardiomi
myocytes is associated with an acute cardioprotective effect for
recombinant erythropoietin during ischemia-reperfusion injury.
FASEB J 2004;18(9):1031–3.
Parsa CJ, Matsumoto A, Kim J, et al. A novel protective effect of
erythropoietin in the infarcted heart. J Clin Invest 2003;112(7):999–
1007.
Kaptanoglu E, Solaroglu I, Okutan O, Surucu HS, Akbiyik F,
Beskonakli E. Erythropoietin exerts neuroprotection after acute
spinal cord injury in rats: effect on lipid peroxidation and early
ultrastructural findings. Neurosurg Rev 2004;27(2):113–20.
Brines ML, Ghezzi P, Keenan S, et al. Erythropoietin crosses the
blood-brain barrier to protect against experimental brain injury.
Proc Natl Acad Sci USA 2000;97(19):10526–31.
Kumral A, Uysal N, Tugyan K,et al. Erythropoietin improves longterm spatial memory deficits and brain injury following neonatal
hypoxia-ischemia in rats. Behav Brain Res 2004;153(1):77–86.
Lipton SA. Erythropoietin for neurologic protection and diabetic
neuropathy. N Engl J Med 2004;350(24):2516–17.
Ehrenreich H, Degner D, Meller J, et al. Erythropoietin: a candi
didate compound for neuroprotection in schizophrenia. Mol
Psychiatry 2004;9(1):42–54.
Deicher R, Horl WH. Differentiating factors between erythropi
poiesis-stimulating agents: a guide to selection for anaemia of
chronic kidney disease. Drugs 2004;64(5):499–509.
Caldini A, Moneti G, Fanelli A, et al. Epoetin alpha, epoetin beta
and darbepoetin alfa: two-dimensional gel electrophoresis isofi
forms characterization and mass spectrometry analysis. Proteomics
2003;3(6):937–41.
Fisher JW. Erythropoietin: physiology and pharmacology update.
Exp Biol Med (Maywood) 2003;228(1):1–14.
Macdougall IC. An overview of the efficacy and safety of novel
erythropoiesis stimulating protein (NESP). Nephrol Dial Transplant
2001;16(Suppl 3):14–21.
Gabrilove JL, Cleeland CS, Livingston RB, Sarokhan B, Winer E,
Einhorn LH. Clinical evaluation of once-weekly dosing of epoetin
alfa in chemotherapy patients: improvements in hemoglobin and
quality of life are similar to three-times-weekly dosing. J Clin
Oncol 2001;19(11):2875–82.
Cazzola M, Beguin Y, Kloczko J, Spicka I, Coiffier B. Once-weekly
epoetin beta is highly effective in treating anaemic patients with
lymphoproliferative malignancy and defective endogenous erythropi
poietin production. Br J Haematol 2003;122(3):386–93.
Mittelman M. Recombinant erythropoietin in myelodysplastic syndi
dromes: whom to treat and how? More questions than answers.
Acta Haematol 1993;90(2):53–7.

Correspondence: Dr. M. Mittelman, Dept. of Internal Medicine
A, Tel Aviv Sourasky Medical Center, 6 Weizmann Street, Tel Aviv
64239, Israel.
Fax: (972-3) 697-4855
email: moshemt@tasmc.health.gov.il

•

Vol 8

•

October 2006

