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Abstract

Jelkmann W. Novel erythropoietic agents: a threat to sportsmanship. Med Sport 2007; 11(2): 32-42.

The mass of hemoglobin (Hb) is an important determinant of aerobic power. Red blood cell production is stimulated by
the glycoprotein erythropoietin (EPO). Recombinant human EPO (rHUEPOQ) engineered in Chinese hamster ovary (CHO)
cell cultures (Epoetin alfa and Epoetin beta) and its hyperglycosylated analogue Darbepoetin alfa are known to be misused
by athletes. The drugs can be detected in urine by isoelectric focusing, because the pattern of their glycans differs from that
of endogenous EPO. However, doping control is becoming much more difficult, as various novel erythropoiesis stimulating
agents (ESAs) are - or are to come - on the market. Gene-activated EPO (Epoetin delta) from human fibrosarcoma cells
(HT-1080) has been approved in the European Union. rHUEPO (Epoetin omega) produced in transformed baby hamster
kidney (BHK) cells is also available. ESAs to come include Biosimilars of the established Epoetins, long-acting pegylated
Epoetin beta (CERA), EPO fusion proteins, synthetic erythropoiesis stimulating protein (SEP) and peptidic (Hematide) as
well as non-peptidic EPO mimetics. Furthermore, small orally active drugs that are capable of stimulating endogenous EPO
production are in preclinical or clinical trials. These include stabilizers of the hypoxia-inducible transcription factors (HIF)
that bind to the EPO gene enhancer and GATA inhibitors which prevent GATA from suppressing the EPO gene promoter.

It is crucial to inform the athletes and their supporting staff on the potential health risks.
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Introduction

In endurance sports — such as long-distance run-
ning, cycling and skiing — performance relies on an
adequate O -supply to the heart and skeletal muscles.
Hence, the rate of maximal O,-uptake (VO, max) is an
important determinant of the aerobic power. VO, max
correlates with the O,-carrying capacity of the blood.
The O,-capacity of the blood increases with the blood
hemoglobin concentration (Hb). Thus, within certain
limits, higher Hb levels are associated with improved
performance. Apart from the O,-content of the arterial
blood the aerobic power increases with the maximal
heart rate and stroke volume, and the myoglobin
content and activities of mitochondrial enzymes of
the muscles (Fig. 1).

Hemoglobin concentration
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Fig. 1. Parameters determining the aerobic power of a person (modified
from (68))

Red blood cell production is regulated by the
glycoprotein hormone erythropoietin (EPO). EPO
gene expression is controlled by feedback mechanisms
involving the tissue O,-pressure (pO,), which depends
on the Hb concentration, the arterial pO,, the O -af-
finity of the blood and the rate of blood flow. After
birth the kidney becomes the main EPO producing
organ. EPO gene expression is under the control of
several transcription factors (Fig. 2). The 5° promoter
possesses GATA binding sites (1). GATA-2 has been
reported to inhibit EPO gene expression (2-4). In ad-
dition, the EPO promoter is thought to be suppressed
by NF-«B (5). The hypoxia-inducible EPO enhancer
which is a 50-base pair element located 3’ of the EPO
gene contains at least two transcription factor binding
sites. The proximal site of the EPO enhancer binds the
hypoxia-inducible factors-1 or -2 (HIF-1 or -2) which
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Fig. 2. Transcriptional factors that suppress (-) the EPO promoter or
activate (+) the EPO enhancer, respectively
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act as transcriptional activators (6). The distal site of
the enhancer consists of a direct repeat of two nuclear
hormone receptor half sites for hepatocyte nuclear fac-
tor-4o. (HNF-4a) which cooperates with HIF (7).

Although GATA-2 binding to the EPO promoter is
reduced on hypoxic stress (2, 3), the main mechanism
by which hypoxia stimulates the expression of the EPO
gene is binding of HIF. Recent studies indicate that
HIF-2 (rather than HIF-1) is the primary transcrip-
tion factor inducing EPO expression in hypoxia (8,
9). The HIFs are heterodimeric proteins composed of
an O,-labile o-subunit and a constitutive -subunit
(10). The C-terminus of the HIF-a subunits possesses
O,-dependent degradation domains (O-DDD), which
contain O,-sensitive prolyl and asparaginyl residues.
Catalyzed by specific prolyl-4-hydroxylases (HIF-
PHD) distinct prolyl residues (Pro*”? and Pro** in hu-
man HIF-1a, Pro*® and Pro®! in human HIF-2a) are
hydroxylated in the presence of O,, Fe** and 2-oxoglu-
tarate (for references see Bruegge et al. (11)). Prolyl
hydroxylated HIF-o combines with the von Hippel-
Lindau tumor suppressor protein (pVHL) to form
complexes that are polyubiquitinated by an E3-ligase
and undergo immediate proteasomal degradation. The
transcriptional activity of the HIFs is suppressed by
another O -dependent hydroxylation, namely at Asn®*”
in human HIF-1a and Asn®*” in human HIF-2a. This
reaction is catalyzed by a HIF-a specific asparaginyl
hydroxylase that is also termed ,,factor-inhibiting
HIF-1” (FIH-1) (12, 13). On asparaginyl hydroxyla-
tion the binding of the co-activator CBP/p300 to the
transactivating domain of HIF-a is prevented (12, 14,
15). Like the PHDs, FIH-1 is an Fe?* containing and
a-oxoglutarate requiring dioxygenase.

The HIF transcription factors do not only acti-
vate the EPO gene. More than 100 genes have been
identified that are induced by binding of HIF to hy-
poxia-response elements (HRE), including the genes
encoding the glucose transporters 1 and 3, several
glycolytic enzymes and vascular endothelial growth
factor (VEGF) (16, 17). Little is known about the
consequences of the activation of these genes by HIFs
in regard to physical performance.

Because the tissue pO, is the controlled variable,
EPO gene expression will not only be stimulated when
the O, capacity of the blood is lowered (anemia) but
also on residence at high altitude (hypoxemia). On
ascent to altitude serum EPO reaches peak values after
about one day and then falls to a new plateau that is
moderately above sea-level value (18, 19). The stimu-
lation of EPO production by hypoxemia has been used
by sportsmen to improve performance. Living and/or
training at altitude may result in augmented erythro-
poiesis, a lowered O,-affinity of red blood cells due
to an increase in erythrocytic 2,3-disphosphoglycerate
levels, and an improved oxidative capacity of muscles

(20-23). Ethically questionable, high altitude residence
can be mimicked at sea-level by living in tents or
rooms with reduced O,-concentrations (for references,
see (24)). However, not all authors have confirmed that
living under conditions of moderate hypoxia leads to
increases in Hb and VOQmaX (25).

Physiology of EPO

Tissue hypoxia is the main stimulus of EPO pro-
duction in the kidneys and other organs (for references
see (26)). In situ hybridization studies have identified
a subgroup of peritubular fibroblasts as the site of EPO
gene expression in the kidney (27). Human EPO is an
acidic glycoprotein with a molecular mass of 30.4 kDa.
Its peptide chain consists of 165 amino acids which
form two bisulfide bridges. The carbohydrate portion
(40% of the molecule) consists of 3 tetra-antennary
N-linked (at Asn?*, Asn®*® and Asn®) and one small
O-linked (at Ser'*) glycans (28). Like other plasma
glycoproteins EPO circulates as a pool of isoforms that
differ in glycosylation and biological activity (29-31).
The N-glycans, which possess terminal sialic acid
residues, are essential for the in vivo biological activity
of EPO (32). De-sialylated EPO is rapidly removed
from the circulation. Vice versa, the introduction of
additional N-glycans into recombinant EPO by genetic
engineering results in EPO analogues with prolonged
in vivo survival (33).

The principal targets of EPO are erythrocytic pro-
genitors in the bone marrow, particularly the colony-
forming units-erythroid (CFU-Es). The erythrocytic
human EPO receptor (EPO-R) is a 484 amino acid
membrane protein. Its calculated mass of 52.6 kDa is
increased to about 60 kDa due to glycosylation and
phosphorylation (34). One EPO molecule binds to two
EPO-R molecules which constitute a homodimer (35,
36). With a view to the novel erythropoiesis stimulat-
ing agents (ESA) it is noteworthy that the affinity of
EPO analogues for EPO-R decreases with the degree
of glycosylation of EPO (37). On EPO binding to its
receptor intracellular signaling pathways are activated
that prevent the programmed cell death of the eryth-
rocytic progenitors and promote their proliferation
and differentiation.

The normally low concentration of EPO enables
only a small percentage of erythrocytic progenitors
to survive and to proliferate (38). However, when
the concentration of EPO rises in blood, either en-
dogenously or following the administration of ESA,
more CFU-Es escape from apoptosis and give rise
to morphologically identifiable proerythroblasts and
normoblasts. The developmental time from a CFU-E
to its reticulocytic progeny is several days and involves
4-6 cell devisions. Thus, it takes about 3-4 days before
significant reticulocytosis becomes apparent after an
acute increase in plasma EPO. The action of EPO on
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the myeloid erythrocytic progenitors is augmented by
other hormones, f.e. by androgens (39). Androgenic
steroids were earlier used clinically for treatment of
severe anemia (40).

EPO therapy in renal failure

Lack of EPO is the primary reason for the devel-
opment of anemia in chronic kidney disease (CKD).
Recombinant human EPO (rHuEPO) was introduced
as an antianemic drug for treatment of CKD patients
20 years ago (41, 42). The first-generation rHuEPO
preparations (Epoetin alfa and Epoetin beta) have been
engineered in cultures of transformed Chinese hamster
ovary (CHO) cells that carry cDNA encoding human
EPO (43). In addition, rHuEPO (Epoetin omega) en-
gineered in baby hamster kidney (BHK) cell cultures
has been used clinically in some Eastern European,
Central American and Asian countries (44-46). In view
of the relationship between the number and integrity
of the N-glycans and the in vivo stability of EPO a
CHO-cell derived hyperglycosylated rHuEPO ana-
logue (Darbepoetin alfa) has been developed, which
is increasingly administered to CKD patients. This
compound possesses two extra N-linked carbohydrate
chains as a result of site-directed mutagenesis for ex-
change of five amino acids. Compared to the Epoetins,
which have a plasma half-life of 6-8 h, Darbepoetin
alfa has a 3-fold longer half-life (37). The biological
activity of 200 U (units) per ug rHuEPO peptide core
corresponds to that of 1 ug Darbepoetin alfa peptide
(47). In addition to the anemia of CKD, the anemias
associated with cancer, myelodysplastic syndromes,
bone marrow transplantation, autoimmune diseases,
AIDS, hepatitis C and heart failure can be prevented
by treatment with rHUEPO or Darbepoetin alfa (48). In
addition, the drugs have been administered in the sur-
gical setting to stimulate erythropoiesis in phlebotomy
programs for autologous re-donation or for correction
of a pre- or postoperative state of anemia. Note that
it is recommended that the doses of ESAs should be
adjusted in general for each patient (including renal
failure patients, cancer patients receiving chemo-
therapy and patients receiving ESAs pre-operatively
for reduction of allogeneic red blood cell transfusion)
to achieve and maintain the lowest Hb level sufficient
to avoid the need for red blood cell transfusion and not
exceed 120 g/l. Athigher Hb levels, ESA therapy may
be associated with an increased risk for serious cardio-
vascular events (thromboembolism) and death.

Blood doping

According to the World Anti-Doping Agency
(WADA) blood doping is the misuse of certain tech-
niques and/or substances to increase one’s red blood
cell mass, which allows the body to transport more
O, to muscles and therefore increase stamina and per-

formance. Indeed, it has been known for decades that
induced erythrocythemia will increase aerobic work
capacity. F.e., almost 30 years ago Buick et al. (49)
showed in a double-blind design that autologous re-
infusion of approximately 900 ml of freeze-preserved
blood increases VOQmaX and running time to exhaus-
tion in highly trained runners. Likewise, it has been
shown that re-infusion of autologous blood stored in
a refrigerator for 4 weeks after phlebotomy signifi-
cantly increases performance in cross-country skiing
(50). Clearly, the transfusion of blood to improve
endurance performance of athletes during training
or competition is forbidden (51). While homologous
blood doping (transfusion of compatible blood taken
from another person) is detectable by flow cytometry
((52); the test was implemented at the 2004 Summer
Olympic Games in Athens), autologous blood doping
(transfusion of one’s own blood) cannot be detected
at present by direct measures. However, the donor of
red cells stored for autologous re-transfusion can be
identified by comparative blood group-typing and
other immunological markers. The apparent recent
resurgence of blood transfusion for doping is a likely
consequence of the introduction of the method for
demonstration of rtHUEPO in urinary samples in 2000
(53). Attempts may also be made to increase the O,-
capacity of the blood by use of hemoglobin-based O,
carriers (HBOCs). However, HBOCs can be detected
by electrophoretic methods (54) or size-exclusion
HPLC (55).

Immediately after tHUEPO became available as an
erythropoiesis-stimulating drug it has been imputed
to be abused by athletes in aerobic sports (56, 57).
There is suspicion that rHuEPO-induced erythro-
cytosis caused the deaths of 18 world-class Dutch
and Belgian cyclists (57), although it has remained
unproven that they were truly treated with rHuEPO.
Blood viscosity and cardiac afterload increase with
increasing hematocrit (Hct), while cerebral blood
flow decreases (58). The main risks of erythrocytosis
include heart failure, myocardial infarction, sizes,
peripheral thromboembolic events and pulmonary
embolism. The risks are raised during the competi-
tion when the blood viscosity increases further due to
intensified perspiration and the shift of fluid from the
intravascular into the interstitial space (for references,
see (59)). The fact that the above mentioned cases of
death of cyclists suspected of rHUEPO doping did not
occur during exercise but during periods of physical
inactivity does not militate against the detrimental
effect of erythrocytosis, because blood flow in the
microcirculation will slow down during physical in-
activity thereby favoring the development of thrombi.
The risk to promote tumor growth by EPO doping
has been considered (60), although clinical evidence
supporting this fear is missing.
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A study in healthy male students in physical educa-
tion who were moderately to well trained has shown
that a low dose of rHUEPO (about 30 U/kg) injected
subcutaneously three times a week increases \702 max
and physical performance, measured as time to exhaus-
tion on a standard treadmill running test, along with the
increase in Hb and Hct (61). These findings have been
confirmed in other studies (62-65). rHuEPO treatment
increases red cell mass in healthy humans, while blood
plasma volume decreases, with both effects contributing
to the elevation in Hb (66). For the most part, tHuEPO
doping will be more effective than hypoxia exposure
(67). In addition, a psychological investigation has
shown that the perception of increased physical con-
dition can lead to a stronger commitment to training.
The authors have pointed out that the administration
of rHUuEPO is associated with a potentially dangerous
hedonic effect linked to endurance training (65).

It should be noted that physical exercise per se
does not have a major influence on circulating EPO
levels as has been studied in various disciplines (for
references see (68)). Despite the lack of an increase in
EPO production in response to acute physical work,
the number of reticulocytes may increase within 1
to 2 days after exercise (69). This reaction is likely
caused by stress hormones such as catecholamines and
cortisol which stimulate the release of young red blood
cells from bone marrow. Note that Hb levels and Hct
are often below normal in athletes (59). This so-called
,,Sports anemia” is a pseudoanemia as it results from
an increase in the blood plasma volume.

The exclusion from competition of athletes with
abnormally high Hb or Hct values by some sport or-
ganizations (f.e.: UCIL, FIS, ISU, IBU) is justified on
medical prophylactic grounds. However, it is by no
means proof of rHUEPO doping, because Hb levels
in unmanipulated persons often exceed the limits set
by sport organizations (see Fig. 3). In addition, Fig.
3 shows that there is a large variation in the normal
levels of Hb and serum EPO in healthy humans.
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Fig. 3. Serum EPO related to blood Hb concentrations in healthy humans
(n =43, laboratory staff (125))

Detection of Epoetin and Darbepoetin doping

An indirect screening method for inspection of
the misuse of Epoetin or Darbepoetin by athletes
has been established which is based on the values of
Hct, reticulocytes, macrocytes and the concentrations
of circulating EPO and soluble tranferrin receptor
(70-72). If the result provides grounds for suspicion,
misuse can be proven by direct demonstration of the
drugs in urine samples. The use of charge differences
between recombinant and endogenous EPO in doping
control was first proposed by Wide et al. (73). In the
current procedure, about 20 ml urine is approximately
1000-fold concentrated and depleted of small mol-
ecules by ultrafiltration. The samples are subjected
to isoelectric focusing (pH 2 - 6) followed by im-
munodetection (53). Non-specific interaction with
other urinary proteins is minimized by an additional
Western blotting step, whereby the primary mono-
clonal anti-EPO antibody (AE7A5) is transferred to a
new membrane, which is then incubated with labeled
anti-mouse immunoglobulin secondary antibody (74).
Technical details of the procedure are described in a
WADA document (75).

The EPO isoforms pattern of urine from untreated
control subjects exhibits about 10 bands in the range
pl 3.77 — 4.70 on immunoblots. Blots from subjects
treated with Epoetin alfa, Epoetin beta or Epoetin
omega contain more basic bands. Interestingly, when
14 frozen samples of urine with relatively high concen-
trations of immunoreactive EPO from participants in
the Tour de France 1998 were subjected to isoelectric
focusing after the method was newly developed, all
of the samples exhibited a banding pattern typical
of rHUEPO (53). Darbepoetin alfa migrates more in
the acidic range than endogenous EPO (76, 77). The
computer program GASepo (78), which is freely
available for anti-doping laboratories, enables it to
standardize the results by means of image segmen-
tation. Methodological weaknesses of the detection
of recombinant ESA have been described elsewhere
(79-81). To overcome some of the problems (such
as time-consuming urine sample preparation, low
sample load capacity and non-specific binding) an
improved concentration technique in combination
with 2D electrophoresis has been developed (82). A
novel problem is suspected adding of proteases by
athletes to their urinary samples, which destroys the
erythropoietic proteins. The detection of exogenous
proteases is possible by mass spectrometry.

It has been suggested to establish individual ,,He-
matologic passports” for elite athletes which would
enable one to detect sudden unphysiological changes
in hematologic parameters. However, whether such
passports, which also include data on the total Hb
mass as determined by CO re-breathing (83), is useful
in practice still needs to be clarified. The significance
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of such data in law is questionable. In addition, this
procedure does not appear appropriate in leisure sports
and in elite sport disciplines, in which the competitors
have a short history until success.

Novel Epoetins

The WHO Expert Committee for International
Nonproprietary Names (INN) defines ,,Epoetins” as
products that are characterized by an amino acid se-
quence similar to that of endogenous EPO (84). Greek
letters are added to differentiate between compounds
varying in the glycosylation pattern.

Epoetin delta is a novel recombinant EPO for treat-
ment of CKD patients (85, 86) that was approved by
the European Medicines Agency (EMEA) in 2002 and
first marketed, in Germany, in 2007. Epoetin delta is
engineered in human fibrosarcoma cell cultures (line
HT-1080). The product is also called gene activated
EPO (GA-EPO) because the expression of the native
human EPO gene is activated by transformation of the
cells with the cytomegalovirus (CMV) promoter (87).
In contrast to CHO or BHK cell-derived rHuEPO,
Epoetin delta does not possess N-glycolylneuraminic
acid (Neu5Gc) because —in contrast to other mammals
including great apes — humans are genetically unable
to produce Neu5Gc due to an evolutionary mutation
(88). Nevertheless, it is unlikely that the behavior of
Epoetin delta on isoelectric focusing is identical to that
of native human urinary EPO because the structure of
N-glycans is not only species- but also tissue-specific.
In addition, the pattern of isoforms is influenced by
the environmental respectively cell culture conditions
and the purification procedures applied. In fact, earlier
studies have shown that rtHUEPO from a human lym-
phoblastoid cell line (RPMI 1788) transfected with the
human EPO gene possesses N-glycans with unusual
characteristics (89). Support for the expectation that
Epoetin delta doping may be detectable comes also
from observations following homologous EPO gene
transfer. In vivo EPO gene transfer in skeletal muscle
in macaques results in EPO which differs in isoelectric
pattern from the endogenous EPO of the animals as
demonstrated by isoelectric focusing (90).

Since the patents of Epoetin alfa and Epoetin beta
have expired recently in several countries and because
the market for rHuEPO is very lucrative, copies of the
established rHUEPO preparations are expected to be
marketed soon, respectively are already on the market.
These products are named ,,Biosimilars” in the EU
and ,,Follow-on Biologics” in the USA. Outside the
EU and the USA copy rHuEPOs are already produced
by companies other than the innovators and clinically
used as anti-anemic drugs. F.e., the therapeutic efficacy
of a CHO cell-derived rHUEPO produced in Havana,
Cuba, has been proven (91). Apart from this single
report, however, little information is available on the

structure, pharmacodynamics and pharmacokinetics of
copy rHuEPO preparations. Because the glycosylation
pattern of tHuEPO depends on the cell line, the culture
conditions and the product purification procedures it is
likely that all copy rHUEPOs differ with respect to the
structure of their N-glycans. Indeed, when 11 samples
of Epoetin products marketed outside of Europe and
the USA were obtained from 8 different manufactur-
ers were investigated for their behavior on isoelectric
focusing major differences between the products of
different manufacturers as well as between batches of
products of the same manufacturer were detected (92).
Clearly, the availability of rtHUEPO preparations with
isoforms that are more acidic as well as such with iso-
forms that are more basic than endogenous EPO will
pose major problems with respect to doping analysis,
in particular if the products are used at low dosing and
in combination. In addition, it is reasonable to imagine
irresponsible athletes and trainers who have made
use of counterfeit Epoetin preparations, which have
cropped up in the USA (93) and elsewhere. Subjects
prone to misuse copy or counterfeit Epoetins should
be aware that such products do not always meet the
self-declared specifications and the common purity
standards (94).

Another new Epoetin derivate in clinical trials is
CERA (Continuous Erythropoiesis Receptor Activa-
tor, Ro 50-3821). The molecular mass (60 kDa) of
CERA is about twice that of the Epoetins, because
a methoxy-polyethylene glycol polymer (PEG) is
integrated via amide bonds between the N-terminal
amino group of alanine (Ala') and the e-amino groups
of lysine (Lys* or Lys*) by means of a succinimidyl
butanoic acid linker (95). As it is known from phar-
macokinetic studies of other pegylated therapeutic
proteins (96, 97), the half-life of circulating CERA is
prolonged (to about 6 days) compared to that of the
conventional Epoetins alfa and beta (98). Details of the
sites and mechanisms of the clearance of CERA still
need to be described. Apart from CERA, pegylated
Epoetin alfa (99) and a pegylated rHUEPO analogue
(100) have been tested for their efficacy in experi-
mental animals.

Several other EPO-like molecules and derivatives
are in preclinical or clinical trials (Table 1). (i) A hy-
perglycosylated analogue of Darbepoetin alfa (AMG
114) with a prolonged half-life is tested clinically.
(i) An interesting novel product is SEP (Synthetic
Erythropoiesis Protein, 50 kDa) which is chemically
synthesized as 166 amino acid protein (including the
Arg'® that is cleaved before human EPO is secreted
from cells) with covalently bound polymer moieties
(101). The half-life of circulating SEP is probably
longer than that of the Epoetins. The erythropoietic
effect of SEPs has been shown to vary in experimental
animals depending on the number and type of the at-
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tached polymers (102). (iii) Recombinant EPO fusion
proteins have been expressed which contain additional
peptides at the carboxy-terminus to increase in vivo
survival (103). (iiii) Large EPO fusion proteins (76
kDa) have been designed which are derived from
c¢DNA encoding two human EPO molecules linked

another approach is the genetic fusion of EPO with
the Fc region of human IgG (106). Interestingly, an
Fc-EPO fusion protein has been successfully admin-
istered in a phase I trial to human volunteers as an
aerosol (107). With a view to the possible routes of
administration, it should be noted that rHuEPO has
been applicated by ultrasound-mediated transdermal
uptake to humans (108) and by oral route in liposomes
to rats (109).

Table 1. Novel drugs for stimulating erythropoiesis

Protein-based ESAs
Epoetin alfa, Epoetin beta, Epoetin omega
Darbepoetin alfa
Epoetin delta
Copy rHuEPOs, biosimilars and counterfeit products
CERA
SEP

EPO fusion proteins

Small molecule EPO mimetics
Peptides
Non-peptides

HIF stabilisers
Cobalt

a-Ketoglutarate competitors

EPO mimetics

About 10 years ago several small bisulfide-linked
cyclic peptides composed of about 20 amino acids
were identified by random phage display technology
which are unrelated in sequence to EPO but bind to
the EPO receptor and are erythropoietically active
(35, 36). Subsequent studies showed that the potency
of the EPO mimetic peptides (EMP) could be greatly
increased by covalent peptide dimerization with a
PEG linker (110). A potent EMP has been chosen
to develop Hematide, a pegylated synthetic dimeric
peptidic ESA, which stimulates erythropoiesis in ex-
perimental animals (111). The half-life of Hematide
in monkeys ranges from 14 h to 60 h depending on
the applicated dose (111). A phase I study in healthy
male volunteers has shown that single injections of
Hematide cause dose-dependent increases in the con-
centration of reticulocytes and Hb (112). Hematide
is currently in phase II of its clinical trial program.
Although Hematide can be detected by appropriate

ELISA no data are available demonstrating Hematide
in human urine.

Several non-peptide molecules capable of mimick-
ing the effects of EPO have also been identified (113,
114) but the potential of these compounds to stimulate
erythropoiesis in humans still needs to be proven.

HIF activators

Under normoxic conditions EPO gene expression
is suppressed physiologically because the hypoxia-in-
ducible transcription factors (HIF) are inactivated due
to HIF-a prolyl and asparaginyl hydroxylation. The
HIF-a hydroxylases do not only require O, for their
catalytic action but also Fe** and 2-oxoglutarate (for
references, see (11)). Accordingly, HIF-a. hydroxy-
lation can be prevented by iron depletion or by the
application of 2-oxoglutarate analogues (Fig. 4).

[Fe™] [0.] [a- Ketoglutarate]

Prolyl
hydroxylases
Asparaginyl

hydroxylase (FIH) Inactivation

HIF
A Stabilization

Fe* chelators / competitors 0, deficiency | a-Ketoglutarate competitors

Desferrioxamine  Cobalt Hypoxia N-Oxalylglycine
Dihydroxybenzoate Nickel Dimethyloxalylglycine
Ciclopirox Copper FG-2216
L-Mimosine

Fig. 4. Compounds inducing endogenous EPO expression by inhibiting
HIF-o hydroxylation in normoxia

stabilize HIF-a (115-118) and promote EPO expres-
sion in cell cultures (117-119) as well as in humans in
vivo (119, 120). However, iron chelators are not suit-
ed for stimulation of red cell production in humans
in the long term because iron is required for heme
synthesis. HIF-dependent EPO gene expression in
normoxia can also be induced by divalent transition
metals such as cobalt or nickel which — at leased par-
tially — exert their action by displacing Fe?* from the
HIF-a hydroxylases (121, 122). In addition, cobalt
appears to bind to HIF-2a. directly, thereby prevent-
ing the normoxic degradation of HIF-2a (123). The
stimulation of EPO production and erythropoiesis
by cobaltous ions has been known for many years
(124). Actually, the international EPO standard was
originally calibrated against cobalt, with 1 unit (U)
of EPO producing the same erythropoiesis-stimu-
lating response in experimental animals as 5 umol
cobaltous chloride (for references see (125)). Prior to
the availability of rHUEPO cobalt was used to treat
anemic patients (126). Note that the use of cobalt as
an anti-anemic drug is today obsolete because of its
toxicity. Nevertheless, it has been speculated that
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some athletes may misuse cobalt to stimulate EPO
production (127).

With a view to doping, the 2-oxoglutarate ana-
logues which stabilize HIF-a in normoxia (,,HIF-
stabilizers™) are a major problem. Many of these
compounds were earlier tested in vitro (128) and in
vivo (129, 130) for their inhibitory action on collagen
prolyl 4-hydroxylases which also need 2-oxoglutarate
as cofactor. The primary purpose of the initial studies
was to develop drugs for treatment of fibrotic diseases
(131, 132). Among the HIF-stabilizers are simple
molecules like N-oxalylglycine, ethyl-3,4-dihydroxy-
benzoate or L-mimosine which are easy to synthetize
and can be taken orally. 2-Oxoglutarate analogues
clearly stimulate erythropoiesis in vivo (133). HIF-
stabilizers have already been administered to healthy
control subjects (134) and to patients with CKD (135)
in clinical trials investigating novel strategies for the
treatment of anemia. It should be noted, however, that
the application of 2-oxoglutarate analogues to induce
EPO expression will result in the expression of a great
number of other genes which may result in serious
unwanted effects. A major concern is the promotion
of tumor growth.

Conclusion

In their worth reading reappraisal of the abuse of
drugs by athletes Duntas and Parisis (136) have cited
the ancient Greek saying ,,None so wretched as the
competitor who wins victory through cheating”. Yet
the authors have also conceded that the commerciali-
zation has progressively changed the spirit of sport, as
the desire to win at any cost has overcome all ethical
and medical considerations. Success in elite sports
gives promise of fame and financial rewards. Moreo-
ver, trainers and sport officials press their protégées
for victories, and we (the spectators) long for heroes.
There is little doubt that the novel erythropoiesis
stimulating drugs will be picked up in attempts to
improve performance. Unfortunately, misuse of drugs
in sports is not restricted to elite sports but has also
gained entry to leisure sports. Here, an additional
health problem relates to the fact that amateur athletes
will often act without medical control.

With several novel erythropoietic drugs being
on the market doping control has become very dif-
ficult, not to say hopeless. The new drugs include
various kinds of Epoetins, biosimilars, mutated EPO
analogues, long-acting pegylated Epoetins and EPO
analogues, EPO fusion proteins and peptidic as well as
non-peptidic EPO mimetics. Compounds are at hand
which act as stabilizers of hypoxia-inducible tran-
scription factors (HIF) that bind to the EPO enhancer.
GATA inhibitors are under development, which can be
orally taken and prevent GATA from suppressing the
EPO promoter (137;138). Because EPO signaling in-

volves protein tyrosine phosphorylation, inhibitors of
hemopoietic cell phosphatase (HCP) may also become
available for misuse (139). The novel drugs are being
developed primarily for therapeutic benefits, i.e. the
alleviation of anemia in patients suffering from chronic
renal failure or inflammatory or malignant diseases
(140). Because there are not only major technical
problems in detecting the drugs for proof of doping
but also difficulties with respect to intention, moral
and law, it is crucial to inform the athletes and their
supporting staff of potential health risks, although this
may be an act of , tilting at windmills”.
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Abstract

Danitowicz L, Raczak G, Szwoch M, Ratkowski W, Torunski AB. The influence of short-therm maximal anaerobic
and aerobic exertion on autonomic nervous system activity in healthy young athletes. Med Sport 2007; 11(2): 43-47.

Introduction: The Wingate test (WT) and incremental test for maximal oxygen uptake (IT) are used in the evaluation of
physical efficiency in professional athletes. In the former anaerobic power is evaluated and in the latter aerobic power.

Aim: The aim of the study was to evaluate the effect of the tests on autonomic nervous system activity (ANS) in young
healthy athletes.

Material and methods: Eight athletes aged 17+ 1 were included in the study. On the first day WT was performed, on
the second day the IT. The ANS parameters (baroreflex sensitivity - BRS_WBA and heart rate variability - HRV) were ana-
lyzed on the basis of 10-minute systolic arterial pressure (SAP) and heart period (HP) records during controlled breathing
(0.23 Hz). ANS indices and mean HP were analyzed before (examination 1) and within 1 hour after WT (examination 2),
and within 1 hour after IT (examination 3).

Results: The significant decrease in BRS-WBA in examination 2 in comparison to 1 was found (18.1£10.7 vs. 9.4+3.9
ms/mmHg, p=0.049). In examination 3 in comparison to 1 the significant decrease in BRS_WBA was also found (7.7+5.2
ms/mmHg, p=0.011). SDNN, PNN50, RMSSD, HF and HFnu were significantly lower in examination 2 comparing to
1 (p<0.05). These lower values were noticed also after examination 3. The mean HP showed similar changes. LF/HF and
LFnu increased significantly in examination 2 in comparison to 1 (p<0.05). LF did not change significantly during the exa-
minations.

Conclusions: Short-term maximal complex exertion during anaerobic and aerobic tests leads to the decrease in pa-
rasympathetic activity and to the increase in sympathetic activity of ANS in young healthy athletes. These changes last at

least one hour after exertion.

Key words: autonomic nervous system, baroreflex sensitivity, physical exercise

Introduction

Two tests that are commonly used for evaluation of
athletes’ preparation for competition are the Wingate
test and incremental test for maximal oxygen uptake.
The former test is used to evaluate anaerobic power
while the latter is used to test aerobic power. The in-
fluence of the complex exertion in these two tests on
autonomic nervous system (ANS) activity is not fully
examined. From the practical point of view, it seems
important to investigate this issue.

The problem described above is a result of the fact
that the influence of exertion on cardiovascular system
depends on various factors, including intensity, type
and duration of the exercise. Moderate single exertion
applied as a recreation activity in sedentary people
may lead to increased parasympathetic activity of
ANS (1). Physical activity lasting several months in
these people, as well as long-lasting intensive training
in group of athletes preparing for competitions, lead
to beneficial changes in sympathetic-parasympathe-

tic balance (2,3). However, high increase in exertion
intensity may result in adverse permanent shift of
ANS activity from parasympathetic domination to
sympathetic one, as it was demonstrated by Iellamo
et al in his study of Italian rowing champions (4).
Persistent sympathetic activation was also reported as
a result of short-term exertion such as marathon race
or strength-testing competition (5-7).

Available reports on the influence of combination of
Wingate test and incremental test for maximal oxygen
uptake on ANS activity provide ambiguous data. Com-
plex nature of influence of physical exercise on ANS
makes it impossible to predict the sympathetic-para-
sympathetic balance changes caused by these two tests.
On the other hand, the exertion applied to professional
athletes preparing for competition, undergoing these
tests, is very intensive. Therefore, it cannot be assumed
that the impact on ANS function is not important.

It is important to note that spontaneous breathing
by the examined person has a significant influence on
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ANS activity. For example, breathing at the rate of 15
breaths per minute is equal to 0.25 Hz, but reduction
of breath rate to 6 breaths per minute (0.1 Hz) may
influence ANS indices in low frequency band (0.04-
0.15 Hz). This fact is particularly important in a group
of professional athletes who tend to breathe at a lower
rate than sedentary people.

Aim

The aim of the study was to assess the influence
of short-term, extreme exertion during Wingate test
and incremental test for maximal oxygen uptake on
the ANS function in professional athletes preparing
for the competition.

Material and Methods

Eight young healthy athletes aged 17 = 1 (16-19
year), preparing for the competition, were included in
the study. Additional inclusion criteria were: absence
of any disease (particularly ones of cardiovascular
origin), no drugs and alcohol intake, no cigarette smo-
king, sinus rthythm in ECG and consent to participate
in the study

According to the study protocol, each person
was examined three times in the morning: 1) before
the Wingate test, 2) within one-hour period after the
Wingate test, 3) on the following day, within one-hour
period after the incremental test for maximal oxygen
uptake. Examinees did not eat for at least four hours
and did not smoke cigarettes or drink coffee for twelve
hours before the tests. In each examined person, a ten-
minute recording of systolic arterial pressure (SAP)
and heart period (HP) were performed. Tests were car-
ried out in full compliance with the detailed protocol,
in a quiet laboratory room, while the examined persons
were relaxed and lying in supine position, with head
lifted by 30°. During the first 15 minutes of each test,
recordings were not made, because the stabilisation
of SAP and HP took place. After that, the SAP and
HP were recorded during paced breathing (RC) at a
rate of 0.23 Hz, synchronized by voice played back
from tape. The obtained SAP and HP recordings were
used for analysis of baroreflex sensitivity (BRS),
heart rate variability (HRV) and mean heart period
(mean HP).

Tests of physical efficiency

Tests of physical efficiency were performed in the
laboratory of Academy of Physical Education and
Sport in Gdanisk. The Wingate test was performed on
the first day and the incremental test for maximum
oxygen uptake was performed on the following day.

Wingate test
The anaerobic efficiency was assessed in athletes
using the 30-second version of the Wingate test. Each

test started with a 5-minute warm-up using the cycloer-
gometer, with maximum intensity of exertion defined
by heart rate of 140-150/min. After a 5-minute rest, the
main test was started. The athletes aimed at achieving
maximum rate of pedalling in the shortest possible
time and maintaining this rate as long as they could.
In this study, cycloergometer Monark 824-E with
mechanically adjusted resistance of the flywheel was
used. The parameters assessing the anaerobic efficien-
cy (the maximum power, time needed for achieving
and maintaining it and the amount of work done) were
calculated using MCE V2.0 computer software.

The incremental test for maximum oxygen uptake

The incremental test for maximum oxygen uptake,
was performed using the cycloergometer in order to as-
sess the aerobic efficiency in the athletes. The exami-
nees performed the test with gradually increased load,
until the maximum oxygen uptake was obtained. After
a 2-minute recording made at rest, the athletes were
pedalling without the load for 3 minutes, maintaining
the pedalling rate of 50/min. For the next 5 minutes,
the examinees were pedalling with load of 100 W,
maintaining the rate of 50/min. From the 10th minute
of the test, the load was increased by 25W every one
minute. The exertion was continued until the test was
stopped or when the pedalling rate decreased below
10% of the required value of 50/min.

The telemetric exhaled gases analyser (made by
Cosmed) was used to analyse aerobic power indices:
VOzmax — maximum oxygen uptake, and AT — ae-
robic-anaerobic threshold. During the tests, oxygen
uptake (VO,), carbon dioxide exhaling (VCO,) and
minute ventilation (VE) were monitored continuously.
Heart rate was measured using the Polar sport tester,
synchronised with the exhaled gases analyser. The AT
was calculated using the indirect method, from VE
analysis results (during the rapid occurrence of non-
linear VE recording in the test). Respiratory quotient
(RQ) was also used to assess AT. It was assumed
that AT threshold is achieved when RQ is equal to
or above 1.

Assessment of ANS activity

Signal of SAP was obtained using non-invasive
beat-to-beat method using FINAPRES (Ohmeda),
with sleeve placed on middle phalanx of the third digit
of the right hand. HP recording was performed using
MINGOGRAF 720C. Self-adjustment FINAPRES
function was switched off directly before the actual
recording and it was switched on again after each
recording in order to recalibrate the device.

The recorded analog SAP and HP signals were
synchronised and processed by analog-to-digital
converter with sampling frequency of 250 Hz and
transferred to computer with POLYAN software (8)
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that calculated BRS and HRV indices. HP signal
resolution equal to 1 ms was obtained using linear
interpolation algorithm.

The assessment of BRS indices was preceded
by removal of the ectopic beats and trends from the
recordings. Next, a fragment of stable SAP and HP
recording, not shorter than 240 seconds, was selected
for the analysis. BRS was evaluated automatically,
which decreased the subjectivity of the analysis. Value
of BRS_WBA was calculated from spectral analysis
of spontaneous SAP and HP variations using Black-
man-Tukey algorithm with Parzen window of 0.03 Hz
bandwidth, as an averaged module of transfer function
in the 0.04-0.15 Hz range, using all points of SAP
and HP function regardless of coherence value and
variability (9). Values of BRS_WBA were expressed
in ms/mmHg.

The following parameters were included in analysis
of short-term HRV (10):

SDNN (ms) — standard deviation of RR intervals
over the selected time interval

PNNS5O0 (%) — percentage of intervals differing by
more than 50 ms from the preceding interval

RMSSD (ms) — root-mean-square value of diffe-
rences between adjacent RR intervals

TP (ms?) — total spectral power (ms?)

LF (ms?) — power of low frequency components
(0.04-0.15 Hz)

HP (ms?) — power of high frequency components
(0.15-0.4 Hz)

LF  —normalized LF power

HF - normalized HF power

LF/HF - ratio of LF power to HF power

The tests were an integral part of a larger program
for assessment of influence of physical exercise on
ANS function. A consent to perform the study was
received from the Independent Bioethical Commit-
tee for Scientific Research in Medical University of
Gdansk (NKEBN/10/2003).

Statistical analysis

Statistica 6.0 computer software was used for sta-
tistical analysis of the data. Continuous variables were
expressed as mean * standard deviation (SD). The
significance of differences between the indices in the
subsequent recordings with reference to basal values
was assessed using the matched-pair Wilcoxon test,
because the distribution of variables was not normal.
The value of P < (0.05 was assumed to be statistically
significant.

Results

Maximum oxygen uptake (VOzmax) in the exa-
mined athletes was equal to 53.6 + 6.0 ml/kg/min.
In all examined persons, diagnostic values of ANS
parameters were obtained.

Barorefl;ex sensitivity was decreased after the
Wingate test comparing to the initial values: from
18.1 £10.7 t0 9.4 + 3.9 ms/mmHg (p= 0.049). After
incremental test for maximum oxygen uptake, the
value of BRS_WBA also decreased comparing to the
first test (7.7 = 5.2 ms/mmHg, p=0.011). These results
are illustrated in Figure 1.
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Figure 1. BRS_WBA before (1) and within 1 hour after Wingate test (2),
within 1 hour after incremental test for maximal oxygen uptake (3)
BRS_WBA (1) vs BRA_WBA (2)- p=0.049

BRS_WBA (1) vs BRS_WBA (3)- p=0.011

Table 1 presents data concerning HRV parameters
and mean HP values obtained in the performed tests.
It is important to note that all time-domain HRV in-
dices were significantly decreased after the Wingate
test, comparing to their initial values. The decreased
values of SDNN and pNN50 persisted after the in-
cremental test for maximum oxygen uptake. Similar
trends were observed in case of mean HP. The increase
of RMSSD value after incremental test for maximum
oxygen uptake was observed. However, this change
was statistically insignificant comparing to the pre-
vious recording.

Table 1. HRV indices and mean HP before (1) and within
1 hour after Wingate test (2), within 1 hour after incre-
mental test for maximal oxygen uptake (3)

1 2 3

SDNN 91 +41xe 65 + 26 64 + 38

PNN50 56 + 25+ ¢ 36 +20 36+ 19

RMSSD | 108 + 68+ e 62 + 28 75 £52
TP 6927 = 7725 ¢ | 4448 + 3188 | 4589 = 7283
LF 1215+ 813 | 1421 £ 1307 | 1098 + 1277

Fnu 20+ 13 35+16 35+ 14
HF 7312 + 8038+ e | 2458 + 1984 | 3383 + 5706

HFnu 80+ 13% e 65+ 16 65+ 14
LF/HF |0,29 +0,24«e | 0,61 +0,39 | 0,60 +0,36

Mean HP | 944 + 111=* 843 + 57 893 +43

* 1 vs 2 p<0.05; ¢ 1 vs 3 p<0.05; ¢ ¢ 2 vs 3 p<0.05
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In spectral analysis, changes of TP, HF and HF |
were similar to those observed in time-domain. In the
second recording, statistically significant decrease of
HF and HF  values. The lower values of TP and HF
were also noticed in the third recording. Increase of
HF value in comparison to the second recording was
found, but it was statistically insignificant.

In analysis of LF_ and LF/HF parameters, statisti-
cally significant increase was observed in the second
recording. After the incremental test for maximum
oxygen uptake, values of these parameters were also
significantly higher comparing to the first recording.
LF value did not change significantly during the
tests.

Discussion

The main observation in this study is that short-
term, complex anaerobic-aerobic maximum exertion
in professional athletes results in decrease of pa-
rasympathetic component of ANS and increase of
sympathetic component of ANS. These changes are
observed after the Wingate test and they persist after
the incremental test for maximum oxygen uptake.

The data in the literature, suggesting the favoura-
ble increase of parasympathetic activity after a single
exercise, concern an exertion of moderate intensity.
For example, Pober et al observed in a group of young
sedentary volunteers, the increase of HF and pNN50
and decrease of LF and LF/HF, as a result of 60-mi-
nute cycling with intensity needed to achieve 65% of
maximum oxygen uptake (11). The previous reports
published by the authors showed a significant increase
of SDNN and TF-BRS values after 30-minute running
on a treadmill, performed until heart rate was equal
to 130/min, in a similar group of young people (1).
However, the exertion applied in the mentioned studies
was less intensive than during anaerobic and aerobic
tests in professional athletes examined in this study.

An adverse, from the clinical point of view, reduc-
tion of ANS parasympathetic activity and increase of
sympathetic one after the extreme exertion after the
one-time, extreme exertion was reported by several
researchers (5-7,12). For example, Bernardi et al eva-
luated the influence of a 46-kilometer mountain mara-
thon and they have shown the decrease of SDNN and
HF and the increase of LF/HF (5). In recent studies pu-
blished by the authors, the decrease of BRS-WBA and
increase of LF/HF value after a 42-kilometer marathon
were reported (6). Similar changes were observed in
the study by Gratze et al, assessing athletes taking
part in strength-testing competition (7). In this study,
increase of parasympathetic activity was obtained and
it persisted for at least 60 minutes after each test, al-
though the exertion was applied for much shorter time,
comparing to the studies mentioned above. It should
also be noted that increased sympathetic activity as a

response to anaerobic-aerobic exertion, found in this
study, is of particular importance, because of exclu-
sion of spontaneous breathing that could influence the
indices measured in low frequency range (0.04-0.15
Hz) in examined athletes. It was achieved by imposing
the paced breathing at a rate of 0.23 Hz.

On the other hand, it should be stressed that altho-
ugh the maximum exertion was applied in athletes
examined in anaerobic and aerobic tests, no further
adverse increase in sympathetic activity was obse-
rved after the incremental test for maximum oxygen
uptake, performed on the following day, comparing to
results obtained on the first day after the Wingate test,
for all parameters assessed in this study. Therefore,
it may be assumed that the protocol of anaerobic and
aerobic tests used in the study is safe for the examined
athletes.

Conclusions

Short-term, complex, maximum exertion in ana-
erobic and aerobic tests, performed in professional
athletes in order to evaluate their level of preparation
for competition, results in decreased ANS parasympa-
thetic activity and increased sympathetic one. These
changes persist for at least one hour after exertion.
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Abstract

Duke JW, Rubin DA, Daly W, Hackney AC. Influence of prolonged exercise on the 24-hour free testosterone — cortisol

ratio hormonal profile. Med Sport 2007, 11(2):48-50.

Aim of the study: This study examined the response of the free testosterone and cortisol ratio (fTC) to prolonged

endurance exercise.

Methods: A trained sportsman performed treadmill exercise at 70% of maximal oxygen uptake to volitional fatigue.
Frequent blood samples were collected over 24 hours and analyzed to determine changes in the fTC ratio.

Results: Exercise caused an initial increase in the ratio followed by a rapid decline in the immediate recovery from
exercise. Approximately 8 hours into recovery from exercise, there was a pronounced and persistent (~6 hours) secondary

increase in the ratio.

Conclusions: Results suggest that the fTC ratio responds to intensive exercise, but that aspects of the response can
be of a delayed nature occurring many hours into recovery. Exercise scientists who wish to monitor this parameter should
be aware that the time course by which they choose to conduct their blood sampling could impact upon the interpretation

of their data.

Key words: endocrine, stress, training biomarkers

Introduction

Athletes participating in sporting events sub-
ject their bodies to an extreme amount of stress in
performing their daily training and sports competi-
tions. This stress is necessary, to a certain degree, in
order to facilitate the adaptation process that allows
an improvement in human performance (1). When
the human body is subjected to stressful events the
neuroendocrine system can respond and release a
multitude of hormones, which can aid the body in the
adaptation process (2).

Many exercise research studies have been conduct-
ed to examine the hormonal response to an exercise
bout. These studies have provided valuable informa-
tion on the behavior of the neuroendocrine system.
Unfortunately, many of these studies suffer from a
major methodological limitation: hormonal assess-
ments based upon an inadequate sampling frequency.
This is especially true for studies involving blood
sampling. In an attempt to circumvent this problem,
less invasive specimens (i.e., urine and saliva) have
been obtained. However, these specimens do not al-
low for as complete a hormonal evaluation as blood
specimens (3).

Over 20 years ago, the free testosterone and cor-
tisol (fTC) ratio was proposed as a critical hormonal
marker of the anabolic and catabolic status in sports-

man (4). Contemporary research suggests the ratio
has certain limitations and drawbacks for usage in
such a purpose (3,5). Nevertheless, it has remained a
useful and popular tool for the monitoring of training
stress, especially relative to the development of the
Overtraining Syndrome (6,7).

With the above information in mind, our labora-
tory was presented with what we considered a unique
opportunity; i.e., to perform a 24-hour hormonal
assessment in an endurance-trained athlete who per-
formed an intensive exercise session that mimicked
an intense, prolonged, endurance exercise session.
Our purpose in conducting such an evaluation was
to provide “reference findings” that might serve as a
comparative “normal” fTC ratio hormonal response
to such exercise.

Materials and Methods

Hormonal levels were measured in a healthy
physically active male (age =22, height 176 cm, body
mass = 72.2kg) who had been involved with exercise
training and competitive sport (e.g., running, cycling)
for a number of years. His maximal aerobic capacity
(VOZmaX ~ 60 ml/kg/min) rated him as being highly
trained (8). In accord with the Declaration of Helsinki
he approved and signed a written informed consent
prior to voluntary participation in the study.
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Serial blood specimens were collected from the
subject for a 24-hour period, following a 12 hr fast.
For the day prior to the experiment he performed
no physical activity, and for the 3 days before the
experiment, he followed a controlled diet to ensure
adequate carbohydrate and total caloric intakes were
maintained.

On the day of the experiment he reported to our
laboratory in the morning and an antecubial venous
catheter was inserted into his right arm. The catheter
was kept patent with a saline infusion solution. The
subject next rested quietly for 30 minutes supine, and
then an initial baseline blood specimen was taken,
followed by a 5 minute active warm-up period. The
subject then began running on a motorized treadmill
at an intensity corresponding to ~70% of his VO,
until he reached the point of volitional fatigue. During
exercise, blood specimens were taken at 15-minute
intervals and additional specimens were obtained
at 0.5, 1, 1.5, 2 hours into recovery. Subsequent to
this sampling, blood specimens were collected on an
hourly basis until a 24-hour period was reached. Dur-
ing recovery the subject remained in the laboratory and
rested quietly (supine - reading, television watching)
or slept, and consumed water freely as well as evening
(see Figure 1, 0800 hours) and breakfast meals (2100
hours; 2500 kcal total intake).

The blood samples were all treated appropriately to
insure viable hormonal analysis (specific details are re-
ported elsewhere; 9). Briefly, hormonal concentrations
were measured in duplicate and were analyzed with an
ultra-sensitive, single-ligand, solid phase methodology
radioimmunoassay technique (DPC Inc., Los Angles,
CA, USA). Hormones measured were free testosterone
as an anabolic index and cortisol as a catabolic index.
Additionally, sex hormone binding globulin (SHBG)
was measured only in the initial and final resting blood
samples. Specific assay sensitivities were; 4.0 pmol-L",
5.5 nmol-L!, and 0.04 nmol-L"! for free testosterone,
cortisol, and SHBG, respectively. The between and
within assay coefficients of variation for all assays
were <8.2% and <6.6%, respectively.

Results and Discussion

The subject exercised for a total of 82.2 minutes
before he reached volitional fatigue and stopped. The
fTC results are depicted in Figure 1. The figure clearly
indicates that the exercise caused an initial, substantial
rise in the ratio, but was followed by a large decline
that continued into early recovery. Most surprisingly
was the finding that at approximately 8 hours into
recovery there was another substantial and persistent
elevation in the ratio (lasting approximately 6 hours).
This was followed by another large reduction and a
minor elevation during the period of sleep. The hor-
monal changes far exceeded what would be expected

for plasma volume induced changes due to fluids shifts
during the exercise (2). The SHBG concentrations in
the initial and final blood sample were 36.5 nmol-L"!
and 38.3 nmol-L!, respectfully. These, as well as, the
hormonal values were all within normal clinical refer-
ence ranges for physically active males (10).
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Fig 1. Free testosterone and cortisol ratio (fTC) versus time during the
24 hour period following the prolonged endurance event. The “0” time
point refers to the sample taken immediately pre-exercise.

It is realized that these data are limited due to the
case study nature of the study. Nonetheless, the results
may prove to be useful to exercise scientists working
in the endocrinology area for several reasons. First, the
findings suggest that judgments on the effect of exercise
to influence the fTC ratio may be dramatically affected
by when the timing of the blood sampling occurs fol-
lowing the exercise session. Secondly, relative to the
anabolic processes critical to training adaptation (i.e.,
muscle tissue repair) in the body, the findings suggest
it may be essential that the nutritional substrates needed
for such hormonal mediated processes be available at
the beginning of the delayed elevation in the fTC ratio
approximately 8 hours into recovery (2). Finally, from
a clinical perspective these results would indicate that
certain aspects of the hormonal profiles of an athletic
individual, on a day in which they perform intensive
exercise, will vary from what is typically considered
as a normal hormonal profile. Specifically, at certain
times the hormonal levels will be far greater or far lower
than the expected range of values as reported in clinical
reference textbooks (10).

Another potential limitation to the study involves
the methodological aspects of the free testosterone
assay which was utilized. Vermeulen et al. (11) has ar-
gued that this immunological procedure is not precise
enough. This is a legitimate concern, but it is important
to point out that the present changes observed in the
free testosterone concentrations were substantially
large and not of a minute level where precision could
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have been a critical factor. Furthermore, in the present
study select SHBG levels (research funding considera-
tions prevented further analysis) were measured and
a free level of testosterone was calculated using the
procedures of Nanjee and Wheeler (12). The calcula-
tion-derived values were very similar to what had been
measured within our assay. Collectively, these points
are suggestive that our testosterone data do accurately
reflect the physiological status of our subject.

In conclusion, the findings from this case study
suggest that the fTC ratio responds to intensive ex-
ercise, but that aspects of the response can be of a
delayed nature occurring many hours into recovery.
Furthermore, scientists monitoring the fTC should
be conscious that the time course during which they
choose to conduct blood sampling could impact upon
the interpretation of their data.
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Abstract

Karolkiewicz J, Pilaczynska-Szczesniak t, Deskur-Smielecka E, Maciaszek J, Stemplewski R, Osinski W. The
effect of Tai Chi Chuan training on selected metabolic parameters in elderly men. Med Sport 2007, 11(2): 51-55.

The aim of the study was to assess the influence of a 4-month physical training based on Tai Chi exercises on insulin
resistance parameters, blood lipids, oxidative stress markers and antioxidant parameters in healthy, elderly men.

Methods: The study population consisted of 41 healthy men, aged 63-75, who volunteered for the training program.
The training program lasted 4 months and consisted of two 45-minute sessions of Tai Chi Chuan prophylactic-therapeutic
exercises weekly. Total antioxidative status (TAS) and concentrations of thiobarbituric acid reactive substances (TBARS)
were measured in plasma. In the serum samples, levels of glucose, HDL-cholesterol, triglycerides and insulin were as-
sessed. Atherogenic index of plasma (AIP) and insulin resistance index (HOMA ;) were calculated. Reduced glutathione
(GSH) concentrations and glutathione peroxidase activity (GPx) were determined in the red blood cells hemolysate.

Results: The 4-month training based on Tai Chi Chuan exercises resulted in a significant decrease in serum concen-
trations of glucose, insulin and triglycerides, and a significant increase in HDL-cholesterol levels. HOMA,,, TG/HDL-C ratio,
and AIP decreased significantly (p<0.01). Glutathione peroxidase activity and TBARS concentrations increased significantly
(p<0.01). No significant changes in concentrations of GSH and TAS were found.

Conclusions: The obtained results show that 4-month training based on Tai Chi Chuan exercises enhances insulin
sensitivity, improves lipid profile and the balance between oxidants and antioxidants in healthy, elderly men. These favor-

able changes may decrease the risk of atherosclerosis in physically active elderly subjects.

Key words: insulin resistance, antioxidant defense system, blood lipids, physical activity, elderly men

Introduction

Insulin resistance is defined as a decreased re-
sponse of peripheral tissues, especially muscular
tissue, to insulin action (1). It has been documented
that sensitivity to insulin declines with age, at least up
to the 9" decade (2). Gumbiner et al. (3) have found
that age-related insulin resistance results both from
receptor and post-receptor defect. Insulin resistance
has been recognized to play a crucial role in the
development of several disorders in aging, such as
atherosclerosis, hyperglycemia, dyslipidemia, obesity
and hypertension (4). It is supposed that good glucose
tolerance and high insulin sensitivity favor longevity
(5-6). In recent years, the results of numerous stud-
ies conducted in elderly and obese populations have
linked insulin resistance to systemic oxidative stress
(6-8). Oxidative stress impairs glucose uptake in
muscle and fat under hyperglycemic condition (4),
and decreases insulin secretion from pancreatic beta
cells (9). Increased oxidative stress also underlies the
pathophysiology of atherosclerosis (10) by directly
affecting vascular wall cells.

Increased antioxidant potential may attenuate
oxidative stress and thus, presumably, may prevent
the development of several age-related disorders and
favor successful aging (11). It has been documented
that systematic, aerobic physical activity decreases
hyperglycemia and hyperinsulinemia, and enhances
body antioxidant defense system both in healthy
subjects and in obese patients (12-15).

The aim of the study was to assess the effect of a
4-month aerobic training based on Tai Chi Chuan exer-
cises, on insulin resistance parameters, blood lipids,
oxidative stress markers and antioxidant parameters
in healthy, elderly men.

Material and Methods

The study population consisted of 41 healthy
men aged 63-75 years, members of a Senior Club in
Poznari, who volunteered for the training program. All
subjects declared good health status. Data concern-
ing detailed health condition, dietary habits, alcohol
consumption, smoking status and medication were
obtained with a questionnaire. Patients with inflam-
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matory disorders, recent infections, renal or hepatic
insufficiency, active coronary artery disease, diabetes,
hypertension (= 160/100 mm Hg), heart failure, obvi-
ous nutritional deficiencies or using corticosteroids
were not included into the study. All participants gave
written, informed consent to the training program.

The training program lasted 4 months and consi-
sted of two 45-minute sessions of the Chinese Tai Chi
exercises weekly. The training was aimed at increasing
and maintaining fitness, especially joint mobility,
coordination of movements (quickness and precision
of movements), and body balance. The intensity of
exercises was chosen so that the heart rate did not
exceed 110-120 beats per minute. The heart rate was
monitored during each exercise session with a heart
rate monitor (Accurex Plus, Polar, Finland). The tra-
ining program included 5 complementary elements:
warm-up exercises (stretching and balance exercises),
Qi gong (the order of exercises were constant), medi-
tation standing (using Xinghi technique), relaxation
massage in pairs (about 2 minutes) and elements of
Tai Chi Chuan (5 sequences of movements chosen
from the simplified 24-form). Each session was led
by a certified Tai Chi instructor. Subjects were recom-
mended not to change their nutrition habits or habitual
physical activity, including avoiding of performing
Tai Chi between the supervised sessions, during the
study period.

Before entering the training program, and after
completing it, anthropometric measurements were
taken, body mass index (BMI) was calculated and
body composition was assessed with an electric bio-
impedance method (101/S analyzer, Akern, Italy).

Blood samples for biochemical analyses were taken
from the antecubital vein after an overnight fast (be-
tween 7 AM and 8 AM) and centrifuged immediately
to separate serum from erythrocytes. Serum, plasma
and red blood cell hemolyzate samples were stored at
-70°C until analysis.

Total antioxidant status (TAS) of plasma was
measured using a commercially available assay
(Randox Laboratorie Ltd., UK). Concentrations of
thiobarbituric acid reactive substances (TBARS) in
plasma were estimated using a spectrophotometric
method with chromogen extraction with n-butanol,
described by Buege and Aust (17). The reduced
glutathione (GSH) content and glutathione peroxi-
dase (GPx) activity in hemolyzed red blood cells
were measured with commercially available assays
(BIOXYTECH® GSH-400™ and BIOXYTECH®
GPx-340™ respectively, Oxis International, Inc.,
USA). GSH concentration and GPx activity were
calculated per 1 gram of hemoglobin. The concentra-
tion of hemoglobin in the red blood cell hemolyzate
was assessed with HemoCue Blood Hemoglobin
analyzer (Sweden).

Serum concentrations of glucose, HDL-cholesterol
and triglycerides were assessed with commercially
available assays (Cormay, Poland). Insulin levels were
evaluated with an immunoradiometric assay kit (INS-
IRMA, BioSource S.A., Belgium). Atherogenic index
of plasma (AIP) was calculated from HDL-choleste-
rol and triglycerides levels according to the method
proposed by Dobiasova (18). The insulin sensitivity
index HOMA , was calculated using the mathematical
formula described by Matthews and collaborators
(19). Additionally, we calculated the triglycerides
(TG) to HDL-cholesterol (TG-C) ratio (both variables
expressed in mg/dl), being another good predictor of
insulin sensitivity (20).

The protocol of the study was accepted by the local
Ethics Committee.

Statistical analysis

All data are expressed as mean =+ standard devia-
tion (SD). All statistical analyses were performed with
STATISTICA v. 6.0 software package. The differ-
ences between paired variables were investigated with
Wilcoxon test. Spearman’s rank analysis was used to
calculate correlation coefficients. P value < 0.05 was
considered significant.

Results

Anthropometric and biochemical parameters
before and after the training program are shown in
Table 1. No significant changes in the anthropometric
parameters (body weight, body mass index and fat
mass) were found.

Glucose levels, insulin concentrations, and insulin
sensitivity index HOMA , and ratio of TG/HDL-C
were significantly lower after the 4-month Tai Chi
training (p<0.01; Table 1). Serum lipid profile im-
proved over the study period (triglycerides levels
decreased (p<0.01) and HDL-cholesterol concentra-
tions increased (p<0.05), and atherogenic index of
plasma decreased significantly (p<0.01). Activity of
glutathione peroxidase in red blood cells increased
significantly following the training program (p<0.01),
while the reduced glutathione content in red blood
cells and total antioxidant status of plasma remained
unchanged. Concentrations of thiobarbituric acid
reactive substances in plasma increased significantly
over the study period (p<0.01).

Spearman’s rank analysis showed negative cor-
relation between GSH concentrations and insulin
levels (r = - 0.46; p<0.01), between GSH levels and
HOMA , (r = - 0.40; p<0.05), and between GSH
concentrations and atherogenic index of plasma
(r=-0.43; p<0.05) and TG/HDL-C ratio (r = -0.42;
p<0.05). A positive correlation between GSH con-
centrations and HDL-cholesterol levels was found
(r=0.56; p<0.01)
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Table 1. Anthropometric and biochemical parameters in the elderly men before and after the 4-month Tai Chi training (x = SD)

Before training After training Wilcoxon test

Age (years) 68.8 £5.90

Body height (cm) 168.9 £ 6.40

Body mass (kg) 82.6 +13.3 82.6 +£13.21 1.000
BMI (kg/m?) 28.8 +3.54 27.8 +3.65 0.690
FM (kg) 26.9 +7.47 26.1 +7.50 0.184
Glucose (mmol-L") 6.22 +1.10 5.61 £1.13 0.01%*
Insulin (U/m-L*) 11.36 + 3.70 8.27+2.83 0.01%*
TG (mmol-L) 1.18 £ 0.41 1.07 £ 0.28 0.01%*
HDL-C (mmol-L") 1.36 +0.29 1.41 £0.27 0.05%
HOMA 3.15+1.24 2.29 +0.78 0.01**
GSH (umol-gHb™) 2.96 +0.66 3.0+1.11 0.792
GPx (U-gHb™) 2297 £491 33.32+£12.98 0.01**
TAS (mmol-L") 0.92 +£0.26 0.88 +0.28 0.291
TBARS( umol-L") 3.0+£0.76 3.66 £0.80 0.01%*
TG/HDL-C (mg-dL") 2.25+0.31 1.89 £0.29 0.01 **
AIP —0.08 £ 0.197 -0.12+0.15 0.01%*

AIP = atherogenic index of plasma; BMI = body mass index; FM = fat mass; GPx = glutathione peroxidase activity; GSH = reduced glutathione; HDL
= high-density lipoproteins; HOMA ;, = Homeostasis Model Assessment Insulin Resistance; TAS = total antioxidant status; TBARS = thiobarbituric

acid reactive substances; TG = triglycerides;
*P < 0.05; **P < 0.01

Discussion

Changes in the lifestyle, diet modification and
systematic physical activity delay the development
of metabolic disturbances leading to type 2 diabetes
and ischemic heart disease, and are probably the best
method of maintaining good health status while aging
(21-22). The results of several studies (5,13,23,24)
showed a significant relationship between systematic,
aerobic training leading to the reduction of fat mass,
and improvement in insulin sensitivity as well as glu-
cose and lipid metabolism parameters in the elderly.

During the past 20 years, Tai Chi Chuan (in most
of the English literature called Tai Chi) has spread
throughout Western countries and is offered in many
local community services. It represents a class of
exercise that differs from the routine strengthening
and stretching programmers currently employed in
physical medicine. A variety of health-related benefits
for older people are attributed to Tai Chi, including
improved balance control, improved cardiorespirato-
ry functions, enhanced psychosocial well-being and
reduced risk of falling (16). However, little is known
about the influence of Tai Chi on metabolic risk factors
for atherosclerosis (25).

In the present study, we have found a significant
decrease in glucose and insulin levels in healthy,
elderly men participating in 4-month Tai Chi tra-
ining (p<0.01; Tablel). The insulin resistance index
HOMA ; decreased significantly from 3.15 + 1.24 to
2.29 + 0.78; Taking into account that the cutoff point

for diagnosis of insulin resistance in adults based on
HOMA ; index is > 2.5 proposed by Wallace (26),
the overweight participants were insulin-resistant at
baseline and insulin sensitive after Tai Chi training.
In accordance with findings concerning HOMA , we
observed a significant decrease in TG/HDL-C ratio
(2.25 at baseline vs 1.89 after the training (p<0.01;
Table 1). TG/HDL-C ratio has a strong association
with insulin resistance and cardiovascular mortality,
and may be regarded as a reasonable surrogate for
insulin resistance (27,28). Of note, the improvement
in insulin sensitivity could not have resulted from
the reduction in the fat mass, because the fat mass
and body mass remained unchanged over the study
period (Table 1).

Hyperglycemia is one of the most important factors
increasing oxidative stress. Reactions such as glucose
autooxidation, glycation of proteins and formation of
advanced glycation end products (AGEs) are potent
sources of reactive oxygen species (29). We have
found a significant correlation between glucose meta-
bolism parameters and the level of the most important
intracellular antioxidant — reduced glutathione. GSH
concentrations in red blood cells hemolyzate correla-
ted negatively with serum insulin levels (r = - 0.46;
p<0.01), and insulin resistance index HOMA , (r =
- 0.40; p<0.05).

We have found a significant increase in the activity
of glutathione peroxidase, an important intracellular
antioxidant enzyme, following the 4-month aerobic
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training. No significant changes in other antioxidant
parameters were found: concentrations of GSH in the
red blood cells and total antioxidant status of plasma
remained unchanged. Interestingly, plasma levels of
thiobarbituric reactive substances, being a marker of
oxidative stress, increased significantly over the study
period. These seemingly conflicting findings may
be explained by the concept of hormesis proposed
by Masoro (30). According to this theory, a subtle
oxidative stress (associated with systematic physical
activity for example) induces adaptative changes in
different types of cells and increases their antioxidant
potential (31). As aresult cells become less susceptible
to damages associated with an acute oxidative stress. It
is tempting to speculate that a slight, chronic oxidative
stress associated with the training (as indicated by the
slight increase in TBARS levels), was a stimulus that
increased antioxidant potential in the red blood cells
(increased activity of GPx). Data concerning influence
of regular aerobic exercise on physiological antioxi-
dant defense in healthy elderly men are inconsistent.
Several studies found an increase of antioxidants after
training (31-33). On the other hand, either no changes
or even a decrease in antioxidant potential was shown
in other works (34-35). Of note, we have found no stu-
dies concerning the influence of Tai Chi on oxidative
stress and antioxidant status in the elderly.

It is well known that insulin resistance, an impor-
tant risk factor for atherosclerosis, is accompanied
by atherogenic lipoprotein phenotype, which consi-
derably enhances the risk (36). To assess the balance
between lipid risk and protective factors, Luc et al.
(20) proposed calculation of triglyceride/HDL-cho-
lesterol ratio. The usefulness of this ratio was con-
firmed in several cross-sectional studies. Dobiasova
(18) introduced atherogenic index of plasma (AIP),
which is the logarithm of the TG/HDL-cholesterol
ratio. This modification resulted in significant de-
crease in the variability of the parameter. According
to Reaven (37), AIP is the best parameter to assess
the risk associated with atherogenic lipid profile.
Tan (38) suggests that this parameter may be useful
while monitoring the efficacy of the antiatherogenic
medication. In our study, we observed favorable
changes in lipid metabolism in healthy, elderly men
participating in 4-month aerobic Tai-Chi training
(Table 1). Serum HDL-cholesterol levels increased,
while triglycerides concentrations, TG/HDL-C
ratio, and atherogenic index of plasma decreased
significantly following the training program (P <
0.01). We have also found a negative correlation
between GSH content and AIP (r =-0.43; P < 0.05),
and there was a positive correlation between GSH
and HDL-cholesterol (r = 0.56; P < 0.01). Increase
in concentrations of high-density lipoproteins is
maybe associated with an increase in the activity

of paraoxonase, which is an important antioxidant
enzyme that prevents oxidative modification of the
light-density lipoproteins (LDL).

Conclusions

4-month physical activity based on Tai Chi Chuan
exercises favorably influences glucose and lipid meta-
bolism and decreases insulin resistance in overweight,
elderly men even despite the lack of body mass and
fat mass reduction. It may also enhance antioxidant
potential. The improvement in glucose and lipid me-
tabolism, as well as the antioxidant defense system,
may significantly decrease the risk of atherosclerosis
in elderly men.
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