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With the rise of biotechnology during the 1980s, production of
recombinant proteins also has also become a major driving force
in pharmaceutical industry. After a long search for erythropoietin
(EPO), the main protein factor responsible for human red cell
production (erythropoiesis), and its successful isolation in 1977,[1]

molecular biology made cloning of the EPO gene (1985)[2] and
high-quality production of EPO for the treatment of primarily
kidney-diseased persons (1989) possible.[3] In parallel, EPO also
started to be misused by athletes for doping purposes, as an
increase in red blood cell (RBC) mass led to improved performance
characteristics especially in endurance sports. During the following
years, variants of the first recombinant EPO pharmaceutical formula-
tion (epoetin alfa) entered the market (epoetin beta, darbepoetin
alfa, epoetin delta, methoxy polyethylene glycol-epoetin beta), with
the ultimate goal to improve serum half-life of the protein. First
EPO biosimilars (mostly of the epoetin alfa and beta type) already
turned up during the early years of the new century.[4] In 2000, the
first useful method for routine EPO doping testing became
available[5] and since then has been extensively applied in anti-
doping control. It uses the highly sensitive clone AE7A5 anti-EPO
antibody in combination with an electrophoretic method called
isoelectric focusing (IEF).[6]

Immunoaffinity enrichment of EPO frommatrices used in doping
control (urine, blood) gained importance with the introduction of
another electrophoretic method, which was shown to be also
capable of differentiating between endogenous and recombinant
epoetins (sodium dodecyl sulfate (SDS) polyacrylamide gel electro-
phoresis (PAGE)). A recently developed protocol modified the
original enzyme-linked immunosorbent assay (ELISA) microtiter
plate method of SDS-PAGE and allows now the application of the
same commercial ELISA for also preparing immunoaffinity-purified
urine samples for IEF-PAGE.[7]

Affinity purification is also important when blood is used for
recombinant EPO detection. The novel fusion protein EPO-Fc
not only stimulates RBC production after subcutaneous or
intravenous injection but also after pulmonary administration
(inhalation). Two protocols were developed for the analysis of
EPO-Fc in serum and plasma.[8]

Aside from EPO and its analogues, other substance classes may
also act as erythropoiesis-stimulating agents (ESA). HIF (hypoxia-
inducible factor) stabilizers are small molecules capable of
stimulating endogenous EPO production. They inhibit an
enzyme (HIF-prolyl hydroxylase), which under non-hypoxia
conditions promotes degradation of the EPO gene transcrip-
tion factor HIFa. For endogenous regulatory suppression of
EPO gene transcription, the human body uses GATA transcrip-
tion factors. So-called GATA inhibitors are able to abrogate
this suppression and thus stimulate erythropoietin synthesis.
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Mass spectrometry is the method of choice for detecting
potential abuse of these substances.[9]

The Athlete Biological Passport (ABP) and its haematological
module aim to monitor erythropoiesis-relevant blood para-
meters (e.g. haemoglobin concentration, reticulocytes) in a
longitudinal and athlete-specific way. Statistically unexplainable
changes in these patterns can either be used as direct proof of
doping or for targeting athletes in combination with conven-
tional drug testing strategies.[10] The International Cycling
Union (UCI) has been successfully using the ABP for detecting
ESA-doping since 2008.[11]

While an application of EPO gene therapy for doping purposes
(EPO gene doping) has not been reported so far, medical
progress in this field necessitates the development of detection
strategies for this kind of genetic intervention. A comprehensive
review of methods qualified for tracing EPO gene doping in
blood was prepared[12] as well as a protocol for a fast transgene
detection by a one-tube nested PCR method.[13]

Oxygen transfer cannot only be enhanced by stimulating
erythropoiesis, but also by direct transfer of RBC into the blood
stream. While heterologous blood transfusion is detectable due
to the presence of different cell-specific surface antigen popula-
tions in one and the same individual, no such direct method exists
for autologous blood transfusion testing. Blood bags contain
plasticizers and elevated levels of their metabolites are found in
urine after transfusion, which was the basis for the development
of an indirect marker test method.[14] Storage of whole blood at
fridge temperatures leads to changes in RBC cytoskeleton and
transmembrane proteins, which are traceable by proteomic
methods (two-dimensional gel electrophoresis, stable isotope
peptide labelling combined with mass spectrometry).[15] However,
the direct detection of autologous blood transfusion still remains
one of the hottest topics in sports drug testing research today.
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