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Abstract

Cobaltis an essential trace element that is known to mimic hypoxia and hypoxic training. Inorganic Co compounds are capable of Hypoxia-
inducible factor-1 (HIF-1) activation, resulting in up-regulation of gene expression including erythropoietin (Epo). Experimental studies
have demonstrated that Co treatment may increase hypoxic tolerance of different tissues, improve muscle metabolism and exercise
performance. Other mechanisms may also involve modulation of steroid hormone and iron metabolism. Based on these experimental
studies, in 2017 inorganic cobalt compounds were added into the World Anti-Doping Agency (WADA) prohibited list as doping agents.
However, the existing data on beneficial effects of cobalt on exercise performance in athletes are scarce. Similarly, only experimental
studies demonstrated exercise-induced decrease in tissue Co levels, whereas human data are inconsistent. In addition, multiple studies
have demonstrated that excessive Co intake may be toxic due to prooxidant, proinflammatory, and proapoptotic activity. Therefore,
monitoring of Co deficiency and overload is required to prevent potential health hazards in athletes. At the same time, modulation of
Co status should be performed through supplementation avoiding excessive doses of inorganic cobalt that are used for doping and are
accompanied by adverse health effects of metal toxicity.
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Introduction

Adequate physical activity is essential for human health espe-
cially in view of the recent sedentary lifestyle (Powell et al.,
2011). In particular, a significant association between physical
activity and mental (Biddle and Asare, 2011), cardiovascular
(Kohl, 2001), and metabolic health (Ford et al., 2005) was
demonstrated. Moreover, physical activity and exercise were
considered as potential contributors to population health
(Khan et al., 2012). Elite sport also plays a significant role in
regulation of national wellbeing through involvement of high-
er number of people in physical activity and its popularization
(Grix and Carmichael, 2012). However, at personal level, ex-
treme exercise may be associated with certain adverse health
effects including traumas (Helenius et al., 2005), as well as car-
diovascular (Maron and Pelliccia, 2006), respiratory diseases
(Kippelen et al., 2012), nutritional disorders (Martinsen and
Sundgot-Borgen, 2013).

Micronutrient (vitamin, mineral, trace element) deficien-
cies were found to be common in elite athletes due to increased
requirements as well as imbalanced nutrition (Volpe, 2007). In
particular, it has been demonstrated that iron deficiency and

iron-deficiency anemia is rather common in athletes (Row-
land, 2012; Zaitseva et al., 2017). Earlier studies also demon-
strated deficiency of zinc (De Carvalho et al., 2012) and mag-
nesium (Nielsen and Lukaski, 2006; Volpe, 2015) in athletes.
Female athletes seem to be at higher risk of nutritional defi-
ciencies (Gabel, 2006; McClung, 2012). The observed deficien-
cies may significantly decrease physical performance (Lukaski,
2004) through impairment of skeletal integrity (Medeiros,
2016), immunity (Gleeson et al., 2001), and other systems. In
this regard, micronutrient supplementation was shown to be
widespread in athletes, especially when diet is not able to cov-
er all requirements (Misner, 2006). In particular, it has been
demonstrated that vitamins and minerals are used by 84% and
73% of athletes, respectively (Maughan et al., 2007).

At the same time, the efficiency of uncontrolled supple-
mentation seems to be questionable (Schwenk and Costley,
2002). In particular, beneficial effects of certain supplements
were not demonstrated (Maughan et al.,, 2007). Moreover,
some of the supplements may be harmful in case of misuse
(Bonci, 2009; Zoller and Vogel, 2004).

Cobalt is an essential trace element that is also known to
be used by athletes due to its ability to mimic hypoxia and
hypoxic training (Lippi et al., 2006a). Moreover, cobalt com-
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pounds were added into the WADA prohibited list as doping
agents in 2017 (WADA Prohibited List, 2017). At the same
time, the existing data on beneficial effects of cobalt on exer-
cise performance are missing.

The majority of biological effects of Co are mediated by its
biologically active form, cyanocobalamin (vitamin B ,) (Yama-
da, 2013) playing multiple functions in the organism includ-
ing DNA synthesis regulation (Green et al., 2017; O’Leary and
Samman, 2010).

Therefore, the primary objective of the study was to review
the existing data on the interaction between cobalt metabo-
lism and physical activity, the use of cobalt supplements and
its effect on performance, as well as the potential mechanisms
of the effects of inorganic cobalt (Co*).

General aspects of cobalt kinetics

Adult human organism contains approximately 1.1-1.5 mg
cobalt. Liver is the main cobalt depot, containing up to 10%
(0.11 mg) of the total level (Oberleas et al., 2008; WHO, 2006).

Under chronic exposure cobalt accumulates predominantly in
blood, liver, kidneys, spleen and less in bones, testes and brain
(Leggett, 2008) (Fig. 1). Understanding of cobalt kinetics af-
ter acute or chronic exposure is strongly required for adequate
monitoring of cobalt exposure, especially due to its presence in
WADA prohibited list (Unice et al., 2012).

Gastrointestinal absorption of water-soluble cobalt com-
pounds is rather variable, depending on its chemical form,
dose, as well as its relation to food intake (Harrison et al.,
2001; Leggett, 2008). Efficiency of Co absorption varies from
18% to 97% depending on various factors (WHO, 2006). It is
expected that gastrointestinal absorption of cobalt is at least
partially mediated by mechanisms of iron transport (Barany
et al., 2005). This supposition is supported by the observa-
tion of increased Co absorption in iron-deficiency (Leggett,
2008), as well as reduction of iron absorption after high-dose
cobalt ingestion (Oberleas et al., 2008), suggesting a strong
inverse relationship between Fe status and cobalt (Barany et
al., 2005).
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Fig. 1. Cobalt kinetics in the human organism

Efficiency of Co absorption varies from 18% to 97% depending on its chemical form, dose, as well as its relation to food intake. Divalent metal transport
1 (DMT1) and ferroportin may play a role in intestinal Co absorption. Under chronic exposure cobalt accumulates predominantly in blood, kidneys,
spleen, liver (depot), and less in bones, testes and brain. The main mechanism of cobalt removal is its urinary excretion that may be used as biomarker

for occupational exposure.

Divalent metal transport 1 (DMT1) may mediate apical
cobalt absorption (Gunshin et al., 1997). In particular, strong
affinity of Co ions to DMT1, although being lower than that
for iron, was demonstrated (the affinity decreases in the order
Cd*> Fe**> Co*, Mn* >> Ni*, VO%, Zn?*') (Illing et al., 2012).
Other mechanisms involved in iron transport were also shown
to be involved in Co metabolism. Particularly, recent studies
have demonstrated that ferroportin (Fpn) also increases Co
excretion. The role of ferroportin in Co transport is confirmed
by the observation of down-regulation of Co excretion by hep-
cidin, a negative Fpn regulator (Mitchell et al., 2014). In turn,
Co also regulates hepcidin signaling. Particularly, CoCl, expo-
sure inhibits hepcidin expression (Kawabata, 2017) and may
not involve HIF 1 (Braliou et al., 2008).

In blood cobalt is transported in complex with albumin, as
well as transferrin, lipoproteins and haptoglobin (Neilsen et
al., 1998), whereas unbound fraction represents 5-12% of to-
tal Co (Simonsen et al., 2012). Co transport into erythrocyte is
tightly associated with Ca metabolism, being transported via
A23187 calcium ionophore (Simonsen et al., 2011). It has been
demonstrated that P1B type ATPases also take part in cobalt
transport (Zielazinski et al., 2012).

The main mechanism of cobalt removal is its urinary excre-
tion (Oberleas et al., 2008). At the same time, the intensity of
urinary Co excretion is non-linear, being high in the early peri-
od of exposure (several days) with a subsequent decrease (sev-
eral weeks) (Simonsen et al., 2012). Urinary Co concentration
is a biomarker for occupational exposure (Catalani et al., 2012)
with a rapid increase in the first hours after exposure, and a
peak at 3 h postexposure (Apostoli et al., 1994). At the same
time, it is notable that excessive B,, supplementation does not
result in a significant dose-dependent increase in urinary B,
(Fukuwatari et al., 2009).

Cobalt status in athletes

Despite the presence of multiple studies of biological effects
of cobalt, its potential as doping, and inclusion into WADA
prohibited list, data on cobalt metabolism in athletes are in-
sufficient.

In particular, Marathon race did not result in a significant
alteration of whole blood cobalt levels as compared to the
baseline in runners (Berger et al., 2002). Similarly, exercise of
various intensity did not affect Co plasma levels. Moreover, no
significant changes were observed in 7 minutes after exercise
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(Soria et al., 2016). Similarly, no significant difference between
pre- and post-exercise salivary Co levels was detected in vol-
unteers performing a cycle ergometer test (Chicharro et al,,
1999). It has been demonstrated that nocturnal exhaustion
exercise was associated with a significant elevation of blood
Co levels (Patlar et al., 2014). At the same time, assessment
of post-exercise cobalt levels may not be indicative of its body
burden, as physical activity usually induces redistribution of
trace elements (as well as other biologically active substances)
within the organism.

Assessment of hair Co content in professional football
players demonstrated that cobalt levels in athletes signifi-
cantly exceeded the control values. Moreover, athletes with
low physical working capacity (PWC170) are characterized
by more than two-fold lower hair Co content as compared to
those with high PWC170 values (Skalny, 2005). At the same
time, more than eight-fold decrease in hair Co levels was de-
tected in wrestlers in comparison to the controls (Radysh and
Dulepova, 2006).

Earlier we have demonstrated a significant positive rela-
tionship (p = 0.042) between physical activity and hair Co con-
tent in women, whereas in men such an association was only
nearly significant (p = 0.066). At the same time, in men with
low physical activity hair Co levels were more than two-fold
lower as compared to physically active examinees (Zaitseva et
al., 2015b). However, no significant activity-related group dif-
ference in whole blood Co levels was revealed both in men and
women (Zaitseva et al., 2015a).

We have also demonstrated the deficiency of hair Co levels
in children with low functional reserves (Detkov et al., 2013).
Similar findings were made in younger schoolgirls with physi-
cal retardation aged 7-8 years (Svyatova et al., 2015).

Experimental studies have demonstrated that treadmill
running resulted in a 28% decrease in liver and serum Co lev-
els as compared to the control values in rats. At the same time,
no significant group difference was detected in other tissues
including skeletal and cardiac muscle, liver, and hair (Skalny et
al., 2017). These data correspond to the study by Ergen et al.
(2013) who demonstrated that strenuous exercise resulted in a
significant decrease in frontal lobe, liver, and spleen Co levels,
whereas moderate exercise reduced metal levels in brain stem,
liver, and spleen (Ergen et al., 2013). Hepatic Co levels were
also reduced in rats exposed to strenuous swimming exercise
(Sivrikaya et al., 2013). Oppositely, swimming in rats resulted
in a significant increase in serum cobalt levels, being attenuat-
ed by resveratrol treatment (Baltaci et al., 2017).

Interesting data were obtained during investigation of the
biological effects of “Cobazol” (tetravinylimidazol cobalt di-
chloride) possessing protective antihypoxic activity (Babani-
yazova, 2010). In particular, cobazol-treated animals were
characterized by higher work capacity during running and
swimming both in normoxic and hypoxic conditions (Lebede-
va etal., 2010).

It has been also demonstrated that vitamins E (Patlar et
al., 2011a) and A (Patlar et al., 2011b) supplementation signif-
icantly increased blood Co levels in athletes.

Mechanisms of physiological function

Cobalt was shown to mimic hypoxia due to its ability to in-
duce hypoxia-inducible factor (HIF) in normoxic conditions
(Simonsen et al., 2012). The oxygen sensing process involves
a heme protein which incorporates Co, substituting iron in the
porphyrin ring (Bunn et al., 1998). Since cobalt heme binds
oxygen with extremely low affinity, the oxygen sensor contain-
ing cobalt generates decreased levels of reactive oxygen species

(ROS) (Gérlach et al., 1994), mimicking hypoxic environment
and activating HIF-1. HIF is the key regulator of metabolic re-
sponse to hypoxia activating gene expression (more than 300)
including erythropoietin (Epo) (Wang and Semenza, 1993a,
b). Oxygen-independent HIF activation is considered to be a
perspective tool for tissue protection (Bernhardt et al., 2007).

HIFs are heterodimers consisting of HIF-alpha (HIFa)
constitutive and HIF-beta (HIFP) subunits. HIF-1la is oxy-
gen sensitive unit being expressed under hypoxic conditions
and is present only in deoxygenated cells (Bunn et al., 1998).
Hypoxia-induced HIF activation requires protection of its a
subunit from ubiquitin-dependent proteolysis possibly by a
mechanism that involves phosphorylation (Bunn et al., 1998).
Hypoxia stabilizes HIFa, inducing its dimerization with the
B-subunit and translocation to the nucleus to regulate tran-
scription through binding the hypoxia-responsive element lo-
cated in the target genes (Terraneo and Samaja, 2017; Xu et al,,
2017). HIF-1 plays a key regulatory role in energy metabolism,
angiogenesis, erythropoiesis, being also involved in the patho-
physiology of cancer, inflammation, and ischemia (Xia et al.,
2009).

Up-regulation of Epo gene requires assembling of sever-
al transcription factors — HIF1a and hepatic nuclear factor 4
(HNF-4), which bind to the enhancer region of the Epo gene
in response to reduced oxygen supply (Bunn et al., 1998). En-
hanced Epo production results in stimulated erythropoiesis
and neuroprotection.

As hypoxia-mimicking agent CoCl, is used for long-term
maintenance of hypoxic conditions in vitro. Co supplementa-
tion induces expression of various stem cell markers, being
indicative of the potential use of Co in regenerative medicine
for maintaining stem cell stemness (Osathanon et al., 2015).
Preconditioning of bone mesenchymal stem cells (BMSCs)
with CoCl, activated HIF1a, enhanced cell migration in vitro
and thus may be used for development of the new therapeutic
strategies for organ recovery after injury (Dai et al., 2017; Yu
etal.,, 2013).

Earlier studies have demonstrated that oral cobalt chloride
supplementation results in increased brain tolerance to hy-
poxia (Shrivastava et al., 2008b). In particular, cobalt-induced
activation of HIF with subsequent erythropoietin production
by astrocytes provides a significant protection to neurons in
low-oxygen and low-carbohydrate conditions (Jones et al.,
2013). Adaptation to hypoxia is possibly orchestrated by com-
plex interplay of oxygen-sensing molecules including Epo, Epo
receptor (EpoR), neuroglobin, neurotrophins, etc., being ex-
pressed in brain (Terraneo and Samaja, 2017).

Oral cobalt supplementation in animals resulted in an
increased myocardial contractile function as compared to
the control animals in ischemia-reoxygenation. These effects
were associated with increased GluT1 and vascular endotheli-
al growth factor (VEGF) expression (Endoh et al., 2000). The
latter is in agreement with the later revealed HIF-dependent
cobalt-induced angiogenesis in kidneys (Tanaka et al., 2005).
Correspondingly, it has been demonstrated that Co adminis-
tration in exercised rats significantly increases the number
of VEGF-positive capillaries but does not induce microvascu-
lar remodeling in muscles (Suzuki, 2004). One of the mech-
anisms of protective effects of cobalt is decreased ROS and
reactive nitrogen species (RNS) production due to increased
heme oxygenase 1 and metallothionein levels, being mediated
through HIF-induced signaling (Shrivastava et al., 2008a), as
well as inhibition of nuclear factor-kB (NF-xB) signaling and
subsequent decrease in proinflammatory response (Oh et al.,
2014).
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In line with increased erythropoietin production and hy-
poxic tolerance, a part of biological effects of cobalt takes place
directly in skeletal muscle. Particularly, cobalt pretreatment
in laboratory animal’s results in more than twofold (non-ex-
ercised) and threefold (exercised) increase in exercise perfor-
mance as compared to the control animals. Moreover, a sig-
nificant activation of citric acid cycle and glycolytic enzymes,
cytochrome c oxidase, as well as GIluT1 expression, was also
revealed. Activation of mitochondrial biogenesis was also ob-
served, being associated with increased nitric oxide produc-
tion (Saxena et al., 2012). In addition, increased performance
under cobalt treatment is dose-dependent. In particular, ex-
ercised animals were characterized by a nearly three-fold in-
crease in time to exhaustion as compared to the control val-
ues. Supplementation of exercised animals with 2.5 and 5 mg/
kg cobalt did not affect performance significantly. However,
administration of 10 and 25 mg/kg cobalt resulted in a near-
ly 30% and 50% increase in time to exhaustion as compared
to exercised animals. Further increase in the dose of cobalt
tended to decrease the value (Saxena et al., 2010). Therefore,
it can be proposed that cobalt supplementation in non-toxic
doses may mimic hypoxia and increase hypoxic adaptation.
Understanding the Co-induced alterations in oxygen sensing
proteins as well as hypoxic signal transduction pathways will
contribute to the elucidation of the biological role of cobalt in
cellular adaptation to hypoxia.

It has been also demonstrated that Co-induced hypoxic
signaling resulted in autophagy and atrophy in C2C12-derived
mouse myotubes via the HIF-1a/BNIP3/beclin-1 and AMPK/
mTOR signaling pathways (Chen et al., 2017).

Cobalt effects on the skeletal muscles may be also associ-
ated with its ability to bind myoglobin. The formed complex
Co-myoglobin has a smaller affinity to oxygen than Fe-myo-
globin. Generation of Co-substituted myoglobin is used in de-
signing artificial myoglobin-based oxygen carriers (Neya et al.,
2014). In addition, cobalt preconditioning also affects other
key networks, including lipid metabolism and cell cycle regula-
tion (Ahmad et al., 2016).

Cobalt is also known to have a significant effect on ster-
oid hormone metabolism. Due to its effect on cytochrome en-
zymes Co supplements are frequently prescribed to improve
the therapeutic effect of hormone replacement therapy in
menopausal and post-menopausal women to reduce estrogen
hyperexcretion (Wright, 2005). Co inhibited progesterone
and increased insulin-like growth factor I in a dose-dependent
manner in rat ovarian fragments and Leydig tumor-derived
MA-10 cells (Kumar et al., 2014; Roychoudhury et al., 2014).
In addition, hypoxia reduced testosterone release in mouse
Leydig cells (Wang et al., 2017).

Modulation of iron homeostasis may also at least partial-
ly mediate the effects of cobalt. In particular, available data
demonstrate that cobalt chloride-induced hypoxic signalling
activated transferrin receptor (TfR) gene transcription in
hepatoma cells due to the HIF-1 binding site in the TfR promot-
er (Tacchini et al., 1999). Therefore, the potential “beneficial”
mechanisms of Co supplementation may include activation of
HIF-1 and downstream signaling including up-regulation of
Epo gene expression, as well as modulation of muscle bioener-
getics, iron and steroid hormone metabolism.

Toxicity

Despite its essentiality, acute or chronic exposure to high dos-
es of cobalt may induce toxic effects. It is estimated that cobalt
may induce oxidative stress due to both ROS overproduction
and depression of antioxidants including reduced glutathione

(GSH) and ascorbate (Jomova and Valko, 2011), ultimately
leading to oxidative damage to macromolecules including DNA
(Alarifi et al., 2013). It has been also noted that excessive co-
balt exposure results in impaired DNA reparation mechanisms
especially in combination with toxic metals (Hengstler et al.,
2003). Cobalt affinity to sulfhydryl groups is accompanied by
inhibition of a number of enzymes, including those catalyzing
tissue respiration (Simonsen et al., 2012). The ability of cobalt
to induce apoptotic signaling was also demonstrated (Akbar
et al., 2011). In line with induction of oxidative stress, cobalt
was also capable of stimulation of proinflammatory milieu
through proinflammatory cytokine overproduction, migra-
tion of immunocompetent cells via activation of Toll-like re-
ceptors 4 (TLR4) (Lawrence et al., 2016). Although cobalt-in-
duced activation of HIF-1, being redox- and metal-sensitive
transcription factor is considered as the key mechanism of
physiological effect of cobalt, this process may also mediate
certain toxic effects of cobalt exposure (Maxwell and Salnikow,
2004). In particular, a role of HIF-1 activation in cobalt cyto-
toxicity and proinflammatory effect has been demonstrated
(Nyga et al., 2015). Studies show elevated blood and urine Co
concentrations following hip and knee arthroplasty as well as
delayed hypersensitivity reactions, osteolysis, pseudotumour
formation, metallosis, local tissue inflammationand necro-
sis, although other metals including Cr were also found to
be higher (Friesenbichler et al., 2014). In human and exper-
imental animals chronic oral exposure to Co induces cardio-
myopathy (Mosier et al., 2016), polyneuropathy, haematolog-
ical, respiratory, thyroid gland and reproductive dysfunctions
(Leyssens et al., 2017). Epidemiological studies show higher
incidence of “goiter” in regions with increased water and soil
Co levels. Experimental data reveal its genotoxicity caused by
oxidative DNA damage and inhibition of DNA repair leading
to carcinogenesis (Kinobe, 2016). Available pharmacokinetic
data demonstrate that intravenously administered cobalt has
a long elimination half-life (42-156 h) and a large volume of
distribution (0.94 1/kg) in a horse implying that repeated ad-
ministration of cobalt would accumulate in tissues over time
attaining equilibrium after ~9-33 days (Kinobe, 2016). There-
fore, similar mechanisms may be involved in both cobalt es-
sentiality and toxicity.

Legislative and biological limitations for using cobalt
as a doping

In agreement with the above-mentioned mechanisms of co-
balt activity, there is an increasing interest for its use as dop-
ing (Lippi et al., 2006b). In parallel with its biological activity,
cobalt compounds are cheap, easily available, and comforta-
bly used (Jozkow, 2017), that increases the possibility of its
use as doping (Jelkmann and Lundby, 2011). Moreover, a de-
tailed investigation of erythropoietic drugs being available on
the Internet demonstrated that the majority of them contain
non-described cobalt and/or nickel compounds (Thevis et al.,
2016). In this regard, cobalt like other HIF stabilizers (moli-
dustat) and activators (argon, xenon) was included into the
official WADA prohibited list. At the same time, in the last edi-
tion of the List it is underlined that Co-containing B,, is not a
prohibited substance (WADA Prohibited List, 2017).

Despite the fact that cobalt-containing drugs have been
only recently added to the WADA prohibited list (WADA Pro-
hibited list, 2017), the methods of cobalt intake monitoring
like urinary cobalt detection (Krug et al., 2014; Minakata et
al., 2008) were developed earlier, as the potential of cobalt as
doping has been discussed for a long time (Lippi et al., 2006b).
In particular, inductively-coupled plasma mass-spectrometry
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(ICP-MS) is the method of choice for urinary Co assessment
(Schianzer and Thevis, 2017).

Excessive cobalt consumption may result in adverse health
effects, including gastrointestinal, heart, liver, thyroid, senso-
ry damage. These effects should prevent athletes from using
cobalt compounds as doping (Ebert and Jelkmann, 2014). In
particular, when cobalt concentration in blood is less than
300 pg/l, no adverse health effects are observed. However,
within the range of 300-700 pg/l significant hematological dis-
orders including polycytemia, as well as altered thyroid iodine
uptake may take place. At higher blood Co levels (>700 pg/l),
neurological, reproductive, and cardiac disorders may be ob-
served (Finley et al., 2012).

The use of cobalt in equine sports and its limitations
Cobalt has also been used in horses to increase performance
(Ho et al.,, 2015). However, despite the presence of multiple
indications of the use of cobalt as doping in horseracing, direct
indications of the positive effect of cobalt on equine perfor-
mance or other physiological parameters seem to be missing
(Kinobe, 2016). At the same time, it has been demonstrated
that single dose of cobalt in horses does not have any signif-
icant effect on Epo concentration or erythrocyte parameters
(Knych et al., 2015). Moreover, a recent study demonstrated
direct adverse effects of cobalt injections on cardiovascular
system in horses. In particular, it has been revealed that Co
infusion resulted in tachycardia, hypertension, muscle trem-
ors, as well as elevation of Adrenocorticotropic hormone, cor-
tisol, and troponin I levels (Burns et al., 2017), that may sub-
sequently result in cardiac arrest and death (Mobasheri and
Proudman, 2015).

Therefore, the thresholds of 100 ng/ml cobalt in urine and
50 ng/ml in plasma have been set by the International Feder-
ation of Horseracing Authorities and the Racing Commission-
ers International, respectively (Brewer et al., 2016). Urinary
and plasma levels of Co were also proposed to be included into
the biological passport of the equine athletes (Cawley and
Keledjian, 2017). For the purpose of biomonitoring, it has
been proposed that the cobalt-to-B,, ratio in plasma and urine
may be used to differentiate doping from supplementation
(Hillyer et al., 2017).

Conclusions

The existing data demonstrate that Co is an essential element,
being toxic in increasing doses. Therefore, monitoring of co-
balt and B,, status of the organism, especially in athletes, is
essential for maintenance of optimal Co status. As in the case
of cobalt, it is impossible to clearly identify any particular pat-
terns of B, status in athletes. Thus, considering the physiolog-
ical role of these micronutrients (Fig. 2), as well as evidence of
insufficiency of their intake and disturbance of metabolic pro-
cesses, the level of cobalt, cyanocobalamin, as well as metab-
olites of the latter should be carefully monitored. At the mo-
ment, urinary Co level is considered as the potential biomarker
of Co abuse in athletes. Blood sampling may be also useful for
monitoring of Co exposure in addition to other parameters
associated with Co supplementation, including hemoglobin,
B,,, iron, cobalt, Epo and anabolic steroids. However, further
studies are required for biomarker validation. Taking into ac-
count a narrow therapeutic range, as well as a wide spectrum
of toxic effects, modulation of Co status should be performed
through supplementation avoiding over nutritional doses of

inorganic cobalt that are used for doping and are accompanied
by adverse health effects of metal toxicity.
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Fig. 2. Possible mechanisms and target organs of HIF-1-dependent
physiological effects of cobalt on oxygen-transport function and iron
metabolism

The majority of biological effects of cobalt are mediated through HIF-1
activation thus mimicking hypoxia. HIF-1 signaling in kidneys results

in increased Epo production. Co-induced HIF-1 activation also plays a
significant role in modulation of iron homeostasis through up-regulation
of intestinal DMT1 and hepatic ferritin and transferrin expression, thus
increasing Fe retention. Taken together, these changes may mediate
increased erythropoiesis and oxygen-transport function.
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