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ABSTRACT

Hepcidin is a peptide that was discovered in 2000, it is synthesized
in the liver and it goes into circulation. There are three forms of
hepcidin, hepcidin-25, hepcidin-22 and hepcidin-20. The first
form is the most studied and its role is the most significant.
Hepcidin-25 is considered to be a major regulator of the
absorption of dietary iron as well as its release from cells. It
achieves its regulatory function by preventing the function
of ferroportin, the major cellular iron exporter. Ferroportin
is a protein whose function is to release iron from the cells on
which it is located (macrophages, hepatocytes and enterocytes).
Hepcidin-25 induces degradation of ferroportin, resulting
in an increase in intracellular iron stores. It also reduces the
absorption of iron from food and thus reduces the concentration
of circulating iron. During physical activity, the concentration
of hepcidin increases at an intensity of 65% VO,max, and
maximum values are reached at 90-95% VO,max. Not only
intensisty, but also the volume of physical activity influence its
concentration. Sudies showed that hepcidin expression during
physical activity is influenced by inflammation, iron status,
erythropoiesis and hypoxia. It is considered one of the causes of
anemia in athletes. There are potential methods for neutralizing
hepcidin (monoclonal antibodies and antagonists) and reducing
its expression (erythropoietin doping, wich is forbbiden in
sport, anti-IL-6 antibodies, STAT and BMP modulators). Given
its important role in iron metabolism, which is essential for the
transport of oxygen in the body, it can affect sports performance.
It is still the subject of many research.
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EXTRACTO

Hepcidina es un péptido descubierto el afio 2000, se sintetiza en
el higado y se vaala circulacién. Existen tres formas de hepcidina:
hepcidina-25, hepcidina-22 y hepcidina-20. La primera forma es
la mas estudiada y su papel es el mds importante. La hepcidina-25
se considera el principal regulador de la absorcién de hierro
introducido por la alimentacién, como también de su liberacién
de las células. Su funcion reguladora se realiza por impedir la
funcioén de ferroportina, el principal exportador celular de hierro.
Es una proteina cuya funcién se refleja en la liberacion de hierro
de las células en cuya superficie estd (macrofago, hepatocito y
enterocito). Hepcidina-25 induce la degradacion de ferroportina,
lo que como consecuencia tiene el aumento de los almacenes
intercelulares de hierro. Ella también disminuye la absorcién de
hierro delos alimentos y de tal manera disminuye la concentracion
de hierro circulante. Durante la actividad fisica su concentracion
empieza a crecer a la intensidad de 65% VO2 max, y su valor
maximo alcanza a la intensidad de 90-95% VO2max. Ademas de
la intensidad, en la concentracién de hepcidina influye también el
volumen de la actividad fisica. Las investigaciones demostraron
que en la expresion de hepcidina durante la actividad fisica
influyen la inflamacién, el estatus de hierro, la eritropoyesis y
la hipoxia. Ella se considera una de las causas de anemia en los
deportistas. Existen métodos potenciales para la neutralizacién
de hepcidina (anticuerpos monoclonales y antagonistas), asi
como también para la disminucién de su expresion (dopado
con eritropoyetina prohibido en el deporte, anticuerpos anti-
IL-6 y moduladores de vias de sefalizacion, moduladores STAT
y BMP). Por su papel importante en el metabolismo de hierro,
como es necesaria para el transporte de oxigeno en el organismo,
puede influir en los resultados deportivos. Esa es la razon por la
cual hepcidina es todavia el objeto de muchas investigaciones.

Palabras claves: ACTIVIDAD FISICA / HEPCIDINA /
FERROPORTINA / HIERRO

206 Correspondence with the author: Zorislav Baji¢, E-mail: zorislava.bajic@med.unibl.org



Baji¢ Z., et al, The Role of Hepcidin in Iron Metabolism in Athletes..., PHYSICAL CULTURE 2019; 73 (2): 206-221

INTRODUCTION

Hepcidin is a peptide that was first isolated from
urine sample in year 2000 while studying the anti-
microbial properties of body fluids. It was named
after the site of synthesis (liver, hepar, hep-) and its
antimicrobial characteristics in vitro (-cidin) (Park,
Valore, Waring, & Ganz, 2001). That same year, in-
dependently of the mentioned research, the same
peptide was isolated from plasma ultrafiltrate, and
was named LEAP-1 (liver-expressed antimicrobial
peptide) (Krause et al., 2000).

The liver synthesize hepcidin in the form of a
peptide consisting of 25 amino acids (hepcidin-25),
which goes into circulation (Krause et al., 2000; Pi-
geon et al,, 2001). Hepcidin-25 is formed from pre-
prohepcidin, which forms prohepcidin containing
64 amino acid residues. After separation of 39 amino
acid residues at the N-terminal end, the active form
of this hormone, hepcidin-25, is produced (Kwapisz,
Slomka, & Zekanowska, 2009). There are also two
smaller forms of hepcidin, one consisting of 22 and
the other of 20 amino acids. Structural analysis of
hepcidin by NMR spectroscopy showed that this
cysteine-rich peptide forms a hairpin molecule with
a curved [-plate stabilized by four disulfide bridges
between two anti-parallel chains. One of the bridg-
es is located near the loop of the hairpin, suggest-
ing that this region may be crucial for the activity of
this molecule (Hunter, Bruce Fulton, Ganz, & Vogel,
2002; Jordan et al., 2009). Some studies have shown
that hepcidin binds divalent metals, such as Cu2 +,
Fe2 +, Zn2 +, Ni2 +, but the results of these studies
are inconsistent (Farnaud, Patel, & Evans, 2006; Far-
naud et al., 2008; Melino, Garlando, Patamia, Paci, &
Petruzzelli, 2005; Tselepis et al., 2010). The ability of
hepcidin to bind iron and other divalent metals sug-
gests that hepcidin may have a non-hormonal role in
iron metabolism or a hormonal role in the conforma-
tional mechanism for uptake of divalent metals and
regulation of ferroportin degradation (Farnaud et
al., 2006; Farnaud et al., 2008; Kroot, Tjalsma, Flem-
ing, & Swinkels, 2011; Melino et al., 2005; Tselepis et
al,, 2010). There are still many dilemmas about the
origin of the smaller forms of hepcidin. Studies on
calcium-independent tissue activity in pancreatic ex-
tract indicates the possibility of N-terminal reduction
of hepcidin-25 in hepcidin-22, and thepossible role

of dipeptidilpeptidase-4 in the conversion of hepci-
din-22 to hepcidin-20 (Schranz et al., 2009; Valore
& Ganz, 2008). These two smaller forms of hepcidin
can be found in urine, and in small amount, in serum
(Kemna, Tjalsma, Podust, & Swinkels, 2007; Kroot et
al., 2010; Park et al., 2001). In vivo studies in mice
show that hepcidin-25 alone plays a significant role
in iron metabolism because only this form of hepci-
din after intraperitoneal injection causes significant
hypoferemia (Rivera et al., 2005). Such findings are
supported by in vitro studies in which hepcidin-20
and hepcidin-22 have been shown to be almost com-
pletely independent of ferroportin regulatory mecha-
nism, unlike hepcidin-25 (Nemeth et al., 2006). More
recent studies show that hepcidin is not only pro-
duced in hepatocytes, but in other cells as well. It is
produced by cells of the renal tubules, heart, retina,
monocytes, neutrophils, fat cells, alveolar cells, and
pancreatic -cells. The amount of hepcidin produced
in these cells has a more local effect on the surround-
ing tissues, and does not significantly affect its con-
centration in the systemic circulation (Kroot et al.,
2011).

KINETICS OF HEPCIDIN

Recent studies showed that circulating hepcidin
binds a2-macroglobulin with relatively high affin-
ity, and it binds albumin with relatively low affinity.
Approximately 11% of plasma hepcidin circulate free
(Peslova et al., 2009). The clearance of hepcidin hap-
pens via cellular codegradation with ferroportin, and
its excretion is done by the kidneys. Due to its low
molecular weight and small diameter, free hepcidin
can pass through the glomerular membrane and be
found in the glomerular filtrate. In smaller studies
in humans, the fractional excretion of hepcidin has
been shown to be very small, only 0-5% (Ganz, Olbi-
na, Girelli, Nemeth, & Westerman, 2008; Swinkels et
al., 2008). The cause of such small excretion is its tu-
bular reabsorption or incomplete filtration. Evidence
of incomplete filtration is presented in the studies
with patients with glomerular dysfunction. In these
studies serum hepcidin concentrations were only
1-6-fold higher (Ashby et al., 2009; Ganz et al., 2008;
Peters, Laarakkers, Swinkels, & Wetzels, 2010; To-
mosugi et al., 2006) compare to the concentration of
B2-microglobulin. which was increased 20-30 times.
B2-microglobulin, due to its small molecular weight,
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is almost allways completely filtered by glomerular
filtration. There is a possibility that binding hepcidin
to a2-macroglobulin or some other transport protein
prevents complete filtration of circulating hepcidin.
On the other hand, it is possible that the expected
elevated concentration of circulating hepcidin in pa-
tients with impaired renal filtration causes activation
of compensatory feedback, leading to reduced hep-
cidin production in the liver. There are speculations
that under certain conditions hepcidin may avoid
renal reabsorption. Reduced absorption may be sig-
nificant in some disorders of iron metabolism that are
associated with tubular dysfunction and elevated uri-
nary hepcidin (inflammation, hemochromatosis, and
malaria) (Sumboonnanonda et al., 1998; Wan, Bel-
lomo, Giantomasso, & Ronco, 2003). In interpreting
the results of these studies, both, the possible tubular
production of hepcidin and the possible impaired tu-
bular reabsorption of hepcidin, should be considered
(Kulaksiz et al., 2005).

HEPCIDIN FUNCTION

Hepcidin plays a significant role in iron meta-
bolism. Iron in food is most commonly found in the
form of Fe* or in the form of heme. The absorption
of Fe’* goes through two phases. First, Fe*" is reduced
by iron-reductase (duodenal cytochrome, Cyt b) to
Fe**, and Fe** is transported through the cell mem-
brane by a transport protein. This transport protein is
called a divalent metal transporter-1 (divalent metal
transporter 1 - DMT1 or DCT1). In cells, Fe** ions
are stored in a form of ferritin. If there is a need to
use stored iron, before being released into the blood
plasma with ferroportin, Fe** is oxidized to Fe** by
endoxidases (ceruloplasmin in macrophages, hep-
haestin in enterocytes). In plasma, Fe** binds trans-
port protein called transferrin (Ashrafian, 2003). The
transport protein for iron DMT1, is mainly found on
the membrane of enterocytes in the duodenum, and
its concentration increases during reduced iron in-
take. DMTT1 is also found in the kidneys, liver, brain
and heart (Gunshin et al., 1997). Hepcidin-25 is con-
sidered to be a major regulator of the absorption of
dietary iron as well as regulation of its release from
cells. It achieves its regulatory function by preventing
the function of ferroportin, the major cellular iron
exporter. Ferroportin function is to release iron from
the cells on which it is located (macrophages, hepa-
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tocytes and enterocytes). Hepcidin-25 induces ferro-
portin degradation, resulting in an increase intracel-
lular iron stores. It also reduces the absorption of iron
from food and in this way, reduces the concentration
of circulating iron (Kroot et al., 2011). In addition to
its regulatory role, hepcidin also plays a role in the
defense of the body. Hepcidin was first identified as
an antimicrobial peptide (Krause et al., 2000; Park
et al., 2001). Some studies suggest bactericidal ef-
fects of hepdicin, but to achieve such effects, much
higher concentrations than those normally found in
the circulation are required. This concentrations can
be achieved mostly locally, e.g. in phagosomes of in-
fected macrophages (Sow et al., 2007). Hepcidin can
contribute to the defense of the body indirectly, by
reducing plasma iron concentration. Iron is essen-
tial for the growth of microorganisms, and its defi-
ciency impedes the growth of microorganisms and in
this way acts bacteriostatically. In addition, hepcidin
modulates lipopolysaccharide-induced transcription
in macrophage cultures and in vivo mouse models.
This indicates a significant role of hepcidin in modu-
lating the acute inflammatory response to bacterial
infection (Kroot et al., 2011). Local effects of hepcidin
occur in the tissues of the cells that produce it. The
local effects of hepcidin are: the autocrine interaction
with ferroportin, thereby protection surrounding
cells from iron deficiency, prevention extracellular
oxidative stress, and participation in an inflamma-
tory response and/or reduction of extracellular iron
stores accessible to extracellular pathogens (Kroot
et al, 2011). Small forms of hepcidin do not partici-
pate in hypoferemic response, but it is still unknown
whether they retain other identified biological func-
tions of hepcidin-25 (eg. body defense or metal bind-
ing) (Kroot et al., 2011).

Daily variations of serum hepcidin

In healthy subjects, hepcidin shows daily variations
with the lowest values in the early morning, a slight
increase during the day and a decrease during the
evening. Such variations do not depend on food
intake (Troutt et al., 2012).

Variations of serum hepcidin with age

The study which included 3000 people healthy
subjects showed that the concentration of hepcidin
in premenopausal women was lower than in older,
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postmenopausal, women. The concentration of these
hormones in men does not change significantly with
age (Galesloot et al., 2011).

HEPCIDIN AS A POTENTIAL
DIAGNOSTIC AND THERAPEUTIC
AGENT

The discovery of hepcidin in 2000 (Krause et al.,
2000; Park et al., 2001) not only opened the new re-
search topic crucial for understanding iron metabo-
lism but also helped to explain the underlying patho-
logical mechanisms of many diseases. These studies
have raised many questions and one of the most sig-
nificant ones is the use of hepcidin as a diagnostic
and therapeutic agent. The determination of hepci-
din level can differentiate between different forms
of anemia, such as anemia of chronic disease, and
iron deficiency anemia. Inflammation is also known
to increase hepcidin synthesis and iron deficiency to
decreases hepcidin synthesis (Brugnara, 2008; Ne-
meth, Rivera, et al., 2004). One of the most significant
uses of hepcidin is in the diagnosis and monitoring
of hemochromatosis. Hepcidin is still the focus of
numerous researchers. Therapeutic use of synthetic
hepcidin would be significant in the treatment of he-
mochromatosis and other conditions characterized
by the accumulation of iron in the body (Laftah et al.,
2004). In 2008, a method for determining the value
of human hepcidin was developed, it was called en-
zyme-linked competitive immunoassay (C-ELISA).
It is used to detect physiological and pathological
changes in serum and urine hepcidin concentrations
(Ganz et al., 2008).

HEPCIDIN AND PHYSICAL
ACTIVITY

Although physical activity has been proved to in-
crease bone marrow erythropoietic activity (Qian,
Xiao, Tang, Yao, & Liao, 1999), studies have shown
that after intense physical activity, erythrocyte count,
hemoglobin content, and hematocrit value signifi-
cantly decrease (Liu, Chang, Zhao, Wang, & Duan,
2011; Tian et al., 2012). Such changes may be the re-
sult of decreased absorption of iron from the small
intestine, and reduced release of iron from the paren-
chymal cells and macrophages into the circulation.
Many studies in humans and animal models have

shown that after intense exercise, indicators of iron
status, such as serum iron, transferrin saturation, se-
rum ferritin, decrease (Liu et al., 2011; Magazanik
et al., 1988; Merkel et al., 2009; Reinke et al., 2012).
This indicates that the amount of iron that reaches
the bone marrow after intense exercise is insufficient
to meet the requirements of increased erythropoiesis.
As a consequence, erythrocyte loss and insufficient
production of new erythrocytes, together lead to ane-
mia. The regulatory mechanism of iron metabolism
leading to decreased intestinal absorption of iron and
capture of iron in the liver, is still subject od many
studies. Hepcidin, the major regulatory hormone of
iron metabolism, responsible for maintaining iron
homeostasis, controls the absorption of iron from
food and the distribution of iron into tissues and or-
gans of the body (Ganz, 2011). The decreased iron ab-
sorption and increased hepatic iron stores, observed
in exercising rats, are directly related to hepatic hep-
cidin expression (Kong, Gao, & Chang, 2014).
Recent studies suggest that, in addition to possible
hemolysis, hematuria, sweating and gastrointestinal
bleeding, low iron concentrations in athletes may
also be caused by elevated hepcidin level. After physi-
cal activity concentration of urinary hepcidin is high.
There are two possible mechanisms by which physi-
cal activity influences hepcidin expression. The first
is that after physical activity, free iron is trapped in
the collecting cells of the reticuloendothelial system.
This stimulates the function of hepcidin, whereby it
exerts its effect on ferroportin, and returns iron to cir-
culation. The second is that increased concentration
of hepcidin after physical activity causes decreased
absorption of iron from food. This way hepcidin may
be a mediator of the high incidence of iron deficiency
among athletes (Kroot et al., 2011; Peeling, 2010).

INFLUENCE OF INTENSITY, VOLUME
AND MODALITY OF PHYSICAL
ACTIVITY ON HEPCIDIN LEVEL

It is known that hepcidin rises in response to
physical activity. In what extent intensity, volume
and modality of physical activity influence hepcidin
response has been the subject of several studies
(Dominguez, Vicente-Campos, Vicente-Campos, &
Chicharro, 2014).
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Intensity of physical activity

There have been many studies about the role of
hepcidin in sports anemia. The increase of hepcidin
after physical activity has been subject in many of
them. It was found that hepcidin level increase three,
six and 24 hours after exercise and then decrease to a
basal value 72 hours after the end of physical activity
(Peeling et al., 2009b; Roecker, Meier-Buttermilch,
Brechtel, Nemeth, & Ganz, 2005). Results of the
study in which rats were subjected to intense physical
activity on the tread mill for several weeks, showed
that hepcidin mRNA expression in the liver was
significantly increased. These rats were diagnosed
with sports anemia after five weeks of intense exercise
(Liu et al., 2011). These results were consistent with
the results of studies in humans (Auersperger et al,,
2012).

It is well known that highly intensive physical
activity can lead to the sports anemia. In contrast,
moderate-intensity training can be a promising,
safe and cost-effective way to improve iron status.
Studies have shown that serum iron concentration
and transferrin saturation in moderately exercised
rats were significantly higher than controls. This
changes in blood increase the transport of iron by
blood to the bone marrow to synthesize hemoglobin
and erythrocytes. This contributes to increasing the
capacity to oxygen transport to all parts of the body,
particulary significant in sports, to the muscles (Liu,
Duan, Chang, Wang, & Qian, 2006). Researchers
that have studied changes in hepcidin levels during
moderate exercise have shown that moderate exercise
decrease hepcidin expression (Liu et al, 2006;
Troadec et al., 2009). These studies showed that the
expression of DMT1 and FPN1 in the duodenum
was higher in rats undergoing moderate physical
activity compared to the control group, suggesting
that moderate exercise may increase duodenal iron
absorption (Liu et al., 2006).

Studies have shown that an increase in heart rate
of 60% or less does not lead to a significant increase
in serum hepcidin levels after physical activity
(Troadec et al., 2009). Physical activity corresponding
to 65% VO, max leads to increased serum hepcidin
concentration (Newlin et al., 2013; Sim et al., 2013).
Interval physical activity at 85% VO, max does not
lead to a significant increase in serum hepcidin
compared to a program of continuous physical
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activity at 65% VO,max (Newlin et al, 2013).
Physical activity at a relative intensity of 70% VO, max
reduces the hepcidin response compared to the same
volume of interval physical activity performed at 90-
95% VO,max (Peeling et al., 2009a). This study also
showed that at lower intensities of physical activity
(70% VO,max) the concentration of hepcidin returns
to normal within 12 hours after activity, while at
higher intensities (90-95% VO,max) the level of
hepcidin remains high for the next 24 hours. It can
be concluded that exercise at an intensity of about
65% VO,max leads to an increase in serum hepcidin
concentration (Newlin et al., 2013), and maximum
values are reached at an intensity of 90-95% of
VO, max (Peeling et al., 2009a).

Volume of physical activity

Researchers studied hepcidin response to the
volume of physical activity. The results of that study
showed that 120 minutes of treadmill at 65% VO,
in physically active women resulted in a significantly
higher hepcidin response than 60 minutes at 65%
VO,  in the same woman (Newlin et al, 2013).
This suggests that the volume of physical activity has
a significant effect on the exercise-induced hepcid
response (Dominguez et al., 2014).

Modality of physical activity

One study compared the modalities of aerobic re-
sistance physical activity and their effects on hepci-
din response. Hepcidin responses were compared in
groups of triathletes who were cycling and running at
two different intensities, 65% VO,  versus 85% VO-
L 1he results showed no significant differences in
modality and intensity of physical activity, although
there were differences in serum iron and IL-6 con-
centrations (Sim et al., 2013). In another study hep-
cidin responses was compared in athletes running on
different ground, grass and asphalt. There were no
significant differences in hepcidin concentrations at
fixed intensity of 70% VO, (Peeling et al., 2009¢).
To conculde, recent studies showed that the modality
of physical activity (cycling versus running) as well as
the type of the ground (grass versus asphalt) do not
significantly influence the exercise-induced hepcid
response (Dominguez et al., 2014).
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THE ROLE OF HEPCIDIN IN IRON
METABOLISM IN PHYSICAL
ACTIVITY

Hepcidin can reduce the functional activity of
ferroportin-1 (FPN1) by binding directly to it, lead-
ing to its degradation (Nemeth, Tuttle, et al., 2004).
Degradation of ferroportin results in blocking the
leakage of iron from cells. In this way, iron output
is reduced and the amount of iron in the cells is in-
creased (Ramey et al., 2010). When apllied on mac-
rophage hepcidin significantly lowers FPN1 levels
and decreases iron leakage after erythrophagocytosis
(Delaby, Pilard, Gongalves, Beaumont, & Canonne-
Hergaux, 2005; Knutson, Oukka, Koss, Aydemir, &
Wessling-Resnick, 2005). It can be concluded that
hepcidin limits the release of iron from hepatocytes,
macrophages and enterocytes by decreasing FPN1
expression and increasing its degradation. In vitro
and in vivo studies have shown that level of duode-
nal DMT1 decrease after hepcidin treatment (Chung,
Chaston, Marks, Srai, & Sharp, 2009; Mena, Esparza,
Tapia, Valdés, & Nuiiez, 2007). This indicates a sig-
nificant role of hepcidin in regulating intestinal iron
absorption (Kong et al., 2014). When all these facts
are taken into account, it can be concluded that in-
creased expression of hepcidin after physical activity
leads to degradation of iron carriers such as DMT1
and FPNI, causing decreased absorption of iron in
the small intestine and retention of iron in hepato-
cytes and macrophages. Iron deficiency in athletes is
thought to be at least partly caused by elevated levels
of hepcidin (Kong et al., 2014).

REGULATION OF HEPCIDIN
CONCENTRATION
BY PHYSICAL ACTIVITY

There are several physiological and pathophysio-
logical processes that regulate hepcidin synthesis
(Hentze, Muckenthaler, Galy, & Camaschella, 2010).
Conditions in which need for iron is an increased (es-
pecially erythropoietic activity) lead to decreased he-
patocellular hepcidin synthesis. Such conditions are
iron deficiency, hypoxia, anemia and other conditions
characterized by increased erythropoietic activity.
The reduced level of hepcidin leads to the release of
stored iron and increased iron intestinal absorption.
On the other hand, infection or inflammation causes
increased synthesis of hepcidin. Increased synthesis

of hepcidin leads to a reduction of iron available for
erythropoiesis. This is considered to be the mecha-
nism underlying the sequestration of reticuloendo-
thelial iron, impaired intestinal iron absorption, and
low serum iron concentrations that are characteristic
of anemia of chronic disease (Kroot et al., 2011). The
pathways by which iron status, erythropoietic activi-
ty, hypoxia, and inflammation affect hepcidin expres-
sion are still being investigated. Hepcidin expression
is influenced by inflammation, iron status, erythro-
poiesis, and hypoxia (Kroot et al., 2011).

Regulation of hepcidin concentration by
inflammation during physical activity

Physical activity causes significant changes in
the immune system (Pedersen & Hoffman-Goetz,
2000). High intensity physical activity can induce a
significant increase in pro-inflammatory and anti-
inflammatory cytokines (Ostrowski, Rohde, Asp,
Schjerling, & Pedersen, 1999). Interleukin-6 (IL-6) is
cytokine produced at a significantly higher amount
in response to physical activity compare to other cy-
tokines (Margeli et al., 2005; Pedersen & Febbraio,
2012), and the contracting muscle contributes the
most to production of IL-6 during exercise (Peder-
sen, Steensberg, & Schjerling, 2001). Hepcidin syn-
thesis is induced by infection or inflammation (Ne-
meth et al., 2003; Nicolas, Chauvet, et al., 2002) and
IL-6 is enough stimuli for hepcidin expression during
inflammation (Nemeth, Rivera, et al., 2004). Signifi-
cantly higher amount of hepcidin mRNA in the liver
was detected three to six hours after IL-6 stimulation.
This indicates that IL-6 production in the contracting
skeletal muscle leads to exercise-induced increases
in hepcidin. Hepcidin level increases three hours af-
ter peak exercise-induced IL-6 production (Peeling
et al., 2009b). Animals treated with ciclosporin A, a
plasma-IL-6-reducing calcineurin inhibitor, had low-
er levels of hepcidin during exercise than those who
exercised but did not receive cyclosporin A (Banzet et
al., 2012). These results suggest that IL-6 is involved
in exercise-induced increase in hepcidin expression.
During inflammatory stimulation, IL-6-induced hep-
cidin expression occurs via activation of the janus ki-
nase/transducer signal and the transcriptional activa-
tor-3 (JAK / STAT3) signaling pathway (Vittoria et
al., 2015; Wrighting & Andrews, 2006).
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Regulation of hepcidin concentration by iron
status during physical activity

Studies in humans and animal models have shown
that there are molecules that are crucial for the regu-
lation of hepcidin expression by circulating iron and
iron stored by the liver. These molecules are HFE
(hemochromatosis iron protein) (Corradini et al.,
2009; Papanikolaou et al., 2004), trasferrin receptor-2
(TfR2) (Kawabata et al., 2005; Nemeth, Roetto, Garo-
220, Ganz, & Camaschella, 2005; Wallace et al., 2009)
and bone morphogenetic protein (BMP) (Babitt et
al., 2006). Hepcidin expression is regulated by cel-
lular stores in the liver via bone morphogenetic pro-
tein 6 (BMP6). BMP6 is an activating ligand for the
BMP receptor (BMPR) and its level reflects the level
of iron uptake of the liver. When the concentration
of iron in the liver is high, BMP6 production in the
liver increases. Then released BMP6 from the liver
creates a complex of BMPR and hemojuvenil (HVJ).
BMP6 binded to BMPR controls the transcription of
hepcidin by activation of the SMAD pathway. The
transferrin saturation is used by the liver as an extra-
cellular sensor for iron. When transferrin saturation
is increased, HFE is displaced from its binding site
whith TfR1 and reacts with TfR2 to form the HFE/
TfR2 complex. This complex participates in the regu-
lation of hepcidin via activation of ERK/MAPK (ex-
tracellular signal regulated kinase/mitogen activated
protein kinase) and/or HJV/BMP/SMAD pathways
(Corradini et al., 2011; Ganz, 2011; Hentze et al,,
2010; Meynard et al., 2009; Ramos et al., 2011; Zhang,
2010).

HJV plays a central role in the regulation of hepci-
din expression. It acts as a coreceptor for BMP, there-
by it increases the sensitivity of BMPR to BMP, and
it is thought that different pathways of regulation of
hepcidin converge to this protein. More recent evi-
dence shows that HJV is not only highly expressed in
the liver but also in skeletal muscle. Studies in rats
have shown that HJV mRNA levels in liver and skel-
etal muscle are significantly higher in exercising rats
compared to controls (Liu et al., 2011). Therefore,
hepcidin expression may be induced by an elevated
HJV during physical activity. Nevertheless, the mech-
anism of hepcidin regulation through HJV in re-
sponse to physical activities has yet to be thoroughly
investigated (Kong et al., 2014).

212

Regulation of hepcidin concentration by
erythropoiesis during physical activity

Previous studies have shown that intense physi-
cal activity can lead to increased erythropoietic bone
marrow activity (Qian et al., 1999; Tian et al.,, 2012).
Increased erythropoiesis has also been shown to
significantly suppresses hepcidin expression (Nico-
las, Chauvet, et al., 2002). The relationship between
increased erythropoiesis and decreased hepcidin
expression, and what kind of the molecules are in-
volved, is not yet sufficiently known. Ertyropoietin
(EPO), an endogenous hormone primarily produced
by the kidneys, is a major regulator of erythropoiesis.
EPO promotes the proliferation and differentiation of
erythroid progenitor cells (Krantz, 1991). Serum EPO
concentrations are increased in athletes, and many
studies have confirmed that hepatic hepcidin expres-
sion is decreased after treatment with EPO (Ashby et
al., 2010; Nicolas, Viatte, et al., 2002; Roecker et al.,
2006). EPO is therefore considered to be a potential
mediator in the regulation of hepcidin. In vitro stud-
ies indicate that suppression of hepcidin with EPO is
achieved by modulating C/EBPa mRNA, with change
in hepdicin mRNA (Pinto et al., 2008). This hypoth-
esis has not yet been confirmed by iv vivo studies.
Experiments in animal models have shown that sup-
pression of hepcidin with EPO can be recovered by in-
hibitors of erythropoiesis (irradiation and post-trans-
fusion polycythemia) (Pak, Lopez, Gabayan, Ganz,
& Rivera, 2006; Vokurka, Krijt, Sulc, & Necas, 2006).
This means that EPO decreases the transcription of
hepcidin only when erythropoiesis is active. Hepci-
din suppression is not directly mediated by EPO, it
may include other erythropoietic factors. Growth dif-
ferentiation factor 15 (GDF15), a member of the su-
perfamily of transformation-beta factor, is produced
in erythroid cells during erythroblast maturation to
promote erythroid differentiation (Ramirez et al.,
2009). GDF15 increases immediately after intense
physical activity, declines after 48 hours, but remains
above basal value. The production of GDF15 depends
entirely on the stimulation by EPO (Forejtnikova et
al.,, 2010). GDF15 may be a link between erythropoie-
sis and hepcidin regulation. GDF15 is a hepcidin sup-
pression factor whose amount is increased in severe
forms of thalassemia with ineffective erythropoiesis.
In hepatocyte culture, a large amount of GDF15 sup-
presses hepcidin expression (Tanno et al., 2007). The
twisted gastrulation-1 protein homologue (TWSG1),
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an erythroid molecule that acts in the early stages of
erythropoiesis, works together with GDF15 to inhibit
hepatic hepcidin expression via inhibiting the BMP-
dependent activation of the SMAD pathway (Tanno
et al., 2009).

Regulation of hepcidin concentration by
hypoxia during physical activity

Many studies have shown that high altitude train-
ing can significantly increase VO, max in athletes and
erythrocyte mass, and thus improve athlete endur-
ance (Christoulas, Karamouzis, & Mandroukas, 2011;
Son, Kim, Kim, Ohno, & Kim, 2012). Studies have
shown that mountaineers adapt their iron metabo-
lism to high-altitude and hypoxia. In hypoxia mRNA
of duodenal DMT1 and FPN1 increases and hepcidin
level decreases. Such changes will lead to increased
intestinal iron absorption and release iron from its
storage to provide sufficient amount of iron for hy-
poxia-induced erythropoiesis (Goetze et al., 2013).
The mechanism of hepcidin suppression by hypoxia
at high altitudes is still unknown. Hypoxia-inducible
transcription factor (HIF), a major regulator of sys-
temic and cellular adaptation to hypoxia, is thought
to play a significant role in the regulation of hepcidin.
HIF can regulate renal and hepatic EPO synthesis di-
rectly under the influence of hypoxia. HIF-associated
hepcidin suppression can occur indirectly via EPO-
induced erythropoiesis and activation of the signal-
ing pathway via GDF15 (Liu, Davidoft, Niss, & Haase,
2012). HIF induces the production of furin and trans-
membrane serine proteinase TMPRSS6 (known as
matriptase-2), two proteases that participate in the
release of soluble HJV (s-HJV) by separating HJV
from the cell membrane. S-HJV competitively in-
hibits BMP-induced hepcidin expression (Babitt et
al., 2007; Lin, Goldberg, & Ganz, 2005). Thus, HIF
can suppress hepcidin expression by increased HJV
degradation and inhibition of BMP-induced hepcidin
expression (Kong et al., 2014).

HEPCIDIN IN FEMALE ATHLETES

Female athletes are believed to be at greater risk
of developing anemia (compare to male athletes) due
to iron loss in physiological processes, such as men-
struation (McClung, 2012). It has been shown that
erythropoiesis caused by bleeding can lead to a de-
crease in hepcidin expression, leading to an increase

in the iron level in the body. Using serum enzyme-
linked immunosorbent essay, healthy women showed
to have lower serum hepcidin levels compared to
healthy men (Ganz et al., 2008). Animal experiments
have also shown that bleeding caused by repeated
phlebotomy is associated with a significant decrease
in hepatic hepcidin (Nicolas, Chauvet, et al., 2002).
However, the mechanism of regulation of hepcidin
that causes differences in the amount of hepcidin in
men and women is still unknown. Female sex hor-
mone estrogen can stimulate hepcidin expression via
the GPR30-BMP6 pathway (Ikeda et al., 2012). In
contrast, testosterone may suppress hepcidin expres-
sion via the testosterone/AR/SMAD or testosterone/
EGF/EGEFR signaling pathway (Guo et al., 2013; La-
tour et al., 2014). These results are confusing because
women have lower concentrations of hepcidin than
men. It is possible that physiological blood loss in
premenopausal women has a spupressive effect on
hepcidin transcription, which may, to some extent,
neutralize the stimulating effect of estrogen on hep-
cidin expression. If female athletes do not have men-
strual bleeding, they may still develop anemia due to
iron deficiency faster than male athletes due to the
large amount of estrogen-induced hepcidin (Kong et
al,, 2014).

METHODS FOR NEUTRALIZING
HEPCIDIN ACTIVITY

Monoclonal antibodies for hepcidin

Anti-hepcidin human antibodies could be used
as a potential therapeutic agent for the treatment of
anemia of inflammation (AI), which basically has the
same changes od blood parameters as sports anemia
(Cooke et al., 2013). These antibodies could increase
serum iron availability and promote erythrocyte he-
moglobinization in AI mice and cynomolgus mon-
keys. Hepcidin antibodies can reduce the natural
clearance of hepcidin and lead to the accumulation of
hepcidin in the body (Cooke et al., 2013).

Hepcidin antagonist

Small molecules which are involved in hepcidin
function have been identified, one of them is called
fursultiamine. It inhibits the interaction of hepci-
din-FPNI1. Fursultiamine directly interferes hepci-
din FPN1 bond, thus preventing hepcidin-induced
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FPNI1 ubiquitination, endocytosis, and degradation.
This causes a continuous leakage of iron from the
cell regardless of the presence of hepcidin (Fung et
al,, 2013). Another antihepcidin molecule, which can
protect FPN1 from hepcidin-induced degradation is
NOX-H94 (Schwoebel et al., 2013).

METHODS FOR REDUCING
HEPCIDINE EXPRESSION

Potential therapeutic methods to reduce hepci-
din production could target the erythropoiesis, in-
flammatory pathway, or HJV/BMP/SMAD signaling
pathway (Kong et al., 2014).

Doping with erythropoietin

EPO is the primary signal that initiates erythro-
poiesis in anemia and state of hypoxia. Therefore,
EPO is being explored as a doping method that in-
creases oxygen transport and endurance sports ca-
pacity. It is used to increase sports performance
(Gaudard, Varlet-Marie, Bressolle, & Audran, 2003).
In 1990, the Olympic Committee banned the use of
EPO in sports, because it significantly changes iron
metabolism. Studies have shown that the use of re-
combinant human erythropoietin (rHuEPO) induces
a significant decrease in hepcidin expression, which
increases intestinal iron absorption and iron release
from macrophages (Kong, Chang, et al., 2008; Kong,
Zhao, et al., 2008). Athletes who use EPO to improve
their performance are at high health risk because el-
evated hematocrit and dehydration during intense
physical activity can increase blood viscosity, some
major cardiovascular problems (hypertension, heart
hypertrophy) and cerebral vascular congestion (Pi-
loto et al., 2009).

Anti-IL6 antibodies and STAT
modulators

Anticytokine therapeutics, such as anti-IL6 anti-
bodies, can block hepcidin syntesis and prevent ane-
mia (Nishimoto et al., 2019; Song et al., 2010). A small
molecule that inhibits STAT3, marked as AG490, can
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suppress hepcidin transcription and increase serum
iron concentration in mice by inhibiting the JAK/
STAT signaling pathway (Zhang, Wang, Wang, & Liu,
2011). This type of anticytokine therapy is not suit-
able for administration because it can impair immu-
nity and create an increased risk of serious infectious
diseases (Van De Vosse & Van Agtmael, 2007).

BMP modulators

It has already been mentioned that sHJV reduc-
es hepcidin expression by competing with HJV and
interfering with the BMP signaling pathway (Lin et
al., 2005). Inhibition of hepcidin expression by solu-
ble chemojuvelin-Fc (sHJV.Fc) in rats with Al leads
to mobilization of iron storage, increase serum iron
concentration, stimulation of erythropoiesis, and
correction of anemia (Theurl et al., 2011). Inhibition
of type I BMP receptors by small molecules such as
dorsomorphine, may also alleviate iron deficiency
anemia. Dorsomorphine can block BMP-mediated
SMADI1/5/8 phosphorylation, reduce hepcidin ex-
pression, and increase serum iron (Yu et al., 2008).
Heparin, as a potential inhibitor of hepcidin expres-
sion, can induce a significant decrease in hepcidin
in animal models and in humans, thus leading to an
increase serum iron. It acts on BMP6 and blocks the
SMAD signaling pathway (Poli et al., 2011).

CONCLUSION

Hepcidin is a peptide whose role in the body has
been the subject of much studies. In addition to its
increase concentration during infection, it is known
that it can be one of the main modulators of iron me-
tabolism in physically active individuals. Many stud-
ies have shown that it can contribute to the sports
anemia in a way that reduces the intestinal absorption
of iron and blocks the release of iron from cells. Thus,
its role in the iron metabolism in athletes becomes
more important. The level of iron in the body influ-
ence the availability of oxygen to the muscles, and
that is crucial for good sports performance.
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YJIOTA XEITINMIOVNHA Y METABOJ/IN3MY JKE/bE3A
KO CIIOPTUCTA

3opucnasa bajuh, Henap [ToHopai, Amena MaraByrb

MenuuyHcku daxynret, YHuBepauteT y bamwa JIyun, bocHa n XepuerosnHa

Caxxerak

XenuuayH je nentuy Koju je orkpuseH 2000. rofyHe, CUHTETHLIE Ce Y jeTpy 1 Ofyj1asy y uupKynanujy. Ifoctoje Tpu popme XemuaHa:
XeNUANH-25, Xenuuauu-22 n xenunans-20. ITpsa popMa je HajBulle IpOyYaBaHa U HbeHa Y/IOTa je HajBaKHMja. XemuuanH-25 cMarpa
e ITIABHUM DPery/IaTopOM aIICOPIIIyje )Ke/be3a YHEeCEHOT XPaHOM Kao U HeroBor ocnobahama 13 hemrja. CBojy perynaropHy GyHKIjY
ocTBapyje crpeyaBameM (GyHKIMje GepornopTuHa, IMTaBHOTr hemijckor ekcroprepa xebesa. To je MpoTenH 4ynja ce GyHKIMja oriefa y
ToMe fa ocnobaba sxerpe3o us hemmja Ha unjoj nmoBpiMHM ce Hamasy (Makpodara, XelaTonuTa U eHTepornTa). XenuuanH-25 MHAYKyje
merpaganujy ¢GeporopTiHa, IITO 3a MOC/beAUIly MMa HoBehame MHTpalleTypaHNX CKIauIITa Kerbeda. OH, Takohe, cMamyje ancopnjy
JKe/be3a 113 XpaHe 1 Ha Taj HauMH CMalbyje KOHIeHTpalujy uupkynuuyher sxe/besa. TokoM (usnyKe aKTMBHOCT HberoBa KOHLeTpalyja
HOYNIbE 1A PAcTe TP MHTEH3UTETY off 65% VO, max, a MaKCMMa/IHy BPUjeHOCT TOCTVDKE IpU MHTEH3UTeTy off 90-95% VO, max. Ocum
VMHTEH3UTETAa, Ha KOHLEHTPALNjy XeNUVJMHA, yTU4Ye U o6um ¢usmuke akTMBHOCTHU. VIcTpaxkmBama Cy TOKasaja fla Ha eKCIpecujy
XeI/HA TOKOM (pU3MUYKe aKTMBHOCTY yTHYY MH}IaMalyja, CTaTyc )e/be3a epuTporoesa u xunokcuja. OH ce cMaTpa jeflH!M Off y3poKa
aHemuje Koy ciopTucra. ITocToje MOTEHLMjaIHE METOie 32 HEeyTpa/M3alyjy XeluauHa (MOHOK/IOHA/THA aHTUTHje/Ia I aHTarOHUCTH),
Ko U 32 CMambemhe HEroBe eKcrpecuje (JONMHT epuTPOIIOeTNHOM KOji je 3abpameH y CIOPTY, aHTH- IL-6 aHTUTHjema M MOZY/IaTopy
curHanHux nyTesa, STAT u BMP mopynaropn). 300r ieroBe 3HayajHe yiore y METOOOIN3MY )Ke/be3a, MOLITO je HOIIXO/aH 3a TPAHCIOPT
KICEOHMKA y OPTaHM3MY, OH MOXKe YTUIIATU Ha CIIOPTCKe pesynrare. To je pasior 360r Kojer je XeNmIUANMH jOoII yBUjeK IMpeMeT MHOTIX
UCTpaKMBamba.

Kibyune pujeun: XEITIMIMH / ®PEPOIIOPTVH / JKEJbE3O / DUI3NYKA AKTVIBHOCT

YBO[,

XeNnuuayH je MeNTUf KOj! je y TOKy IIpoy4aBarmba Taka Ha N-TepMMHATHOM Kpajy, HacTaje aKTMBHa

AQaHTUMUKPOOHMX CBOjCTaBa Tje/lleCHUX TEYHOCTU
2000. rogyue n3onosaH u3 ypuxa. OH je 1o6mo nme
Ha OCHOBY MjecTa cmHTese (jerpa, hepar, hep-) n
AaHTUMUKPOOHMX KapakTepucTmka in vitro (-cidin)
(Park, Valore, Waring, & Ganz, 2001). Te ucre ro-
IVHE, He3aBJMICHO Off IbJIX, M30/I0BaH je MCTU MEeNTUS
u3 ynrpaduirpara miasme, u jobuo je ume LEAP-1
(liver-expressed antimicrobial peptide) (Krause et al.,
2000).

XenuuayH ce CUHTeTHIIE Y jeTpM y OO/IUKY IIer-
TU/A KOjU Ce CacTOju Of 25 aMMHOKMCeIMHa (Xemu-
AnH-25), Te U3 jeTpe omnasu y uupkynanujy (Krause
et al, 2000; Pigeon et al, 2001). Xemmupua-25
HacTaje M3 IpempoxeNuMjuHa oOff KOjer IIOCTaje
NPOXENUNUINH KOjU CaipXKu 64 aMUHOKMCENMHCKA
ocTtatka. OpBajarbeM 39 aMUHOKMCEIMHCKUX OCTa-

dbopma xopmona, xenuupanu-25 (Kwapisz, Slomka,
& Zekanowska, 2009). IToctoje u nBuje Mame dop-
Me XeNUuANMHa, jeflHa Ce cacToju of 22, a apyra of
20 ammuoxucenuua. CTPYKTypHa aHanmM3a Xemu-
nuHa NMR crekTpockonmjoM je Mmokasana fa OBaj,
IMICTeMHOM 6oraT nenTus, Gopmupa MOIEKyTy 06-
JIMKa YKOCHUIIE Ca VCKPUB/BEHOM [-IUIOYOM KOjy
cTabwmsyjy detupm pucyndupHa Mocra usmeby
IBa aHTUIIApAJIe/IHA JIAHIIA. JelaH Off MOCTOBA Ce Ha-
Masy y GMMSMHM IeT/be YKOCHMUIIE, IITO yKasyje Ha
MoryhHOCT fja 61U Taj permoH Morao OMUTY K/bydaH
3a akTMBHOCT oBe Mosnekyne (Hunter, Bruce Fulton,
Ganz, & Vogel, 2002; Jordan et al, 2009). Hexa
UCTpaKMBamba Cy I0Ka3ajIa 1a XeIINAVH Be3yje 1BO-
BaJICHTHE MeTase, kao mro cy Cu*', Fe**, Zn*', Ni*,
amu Cy pe3ylITaTy TUX UCTPaKUBamba HeNOC/beTHI
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(Farnaud, Patel, & Evans, 2006; Farnaud et al., 2008;
Melino, Garlando, Patamia, Paci, & Petruzzelli, 2005;
Tselepis et al., 2010). CrocobHOCT XemuupnHa aa
BeXKe JKe/be30 I Apyre NBOBA/JIEHTHE MeTasle yKasyje
Ha TO fia OV XeNMIVAVH MOTao MMaTy HeXOPMOHAJI-
HY Y/IOTYy Y MeTab0/In3My Kebe3a VIV XOPMOHAIHY
y/IoTy Koja ce orjefia y KOHpOpPMAI[IOHOM MeXaHU3-
MY 3a IIpey3VMaibe JBOBAJICHTHIX, T€ Y peryIanujn
perpaganuje ¢epornopruna (Farnaud et al, 2006;
Farnaud et al., 2008; Kroot, Tjalsma, Fleming, &
Swinkels, 2011; Melino et al., 2005; Tselepis et al.,
2010).

Jomr yBujex Mma ;0CTa HEMO3HAHMIIA O TIOPUjeKITy
Mamux ¢opmu xemmuauHa. VcTpaxuBama 3acHO-
BaHa Ha MCONUTUBAKGY Ka/lILMjyM-He3aBUCHE aKTVB-
HOCTY TKVBA Y TAaHKPEACHOM eKCTPAKTy yKasyjy Ha
moryhaoct N-tepmmuanHor ckpahmBama xemmu-
OVHA-25 y XenUUauH-22, anu U yIory JUIEeITUIII-
NeNnTHgase 4 y IpeTBapamy XennuauHa-22 y Xemmm-
muH-20 (Schranz et al., 2009; Valore & Ganz, 2008).
Ose aBUje Mame GopMe XeNnuanHa ce Mory Hahm y
YPUHY, @ Y CaCBUM MM KONMMYMHAMA U Y CEPYMY
(Kemna, Tjalsma, Podust, & Swinkels, 2007; Kroot
et al,, 2010; Park et al., 2001). In vivo ncrpaxnpama
Ha MUIIEBJMA IT0OKa3yjy la CaMO XeNIUANHA-25 uMa
3HAYajHy y/IOTy y MeTabo/nmsMy >Ke/be3a jep caMo
0Baj OO/VK XeMIUIVHA, HAKOH MHTpPAllepUTOHeaTHe
umbeKIUje, 3a3yBa 3HadajHy xunodepemn;jy (Rivera
et al., 2005). OBakB; Hamasym Cy IOTKpeI/beHM in
Vitro ucTpaXmBamyMa y KOjuMa je JIOKasaHo fa Cy
XenuupuH-20 u XenuuauH-22 CKOpo IOTIIYHO He-
3aBUCHM Of (DepPOIOPTUHCKOT PeryIaTOPHOT MeX-
HU3Ma, 3a pas3/muKy of xennuauHa-25 (Nemeth et
al., 2006). HoBuje cTyauje mokasyjy ma ce XemIu-
IVH, OCUM y XeTIaATOINUTUMA, IIPOU3BOAU U Y APYTUM
hennjama. IlpousBoge ra hemmje 6y6pexxuux Tyoy-
Ja, CpIa, peTMHe, MOHOLUTY, HEYyTpodmmn, MacHe
henuje, anBeonapue henmmje u B-henuje mankpeaca.
XenauuyH Koju ce pousBesie y TuM henmjama nma
BUIIIe JIOKa/IHYU e(peKaT Ha TKMBa Koja ra IIPOU3BOJE,
U He yTH4e 3HA4YajHO Ha IETOBY KOHIIEHTpPALUjy Y
cucremckoj nupkynanuju (Kroot et al,, 2011).

KMHETUKA XEIIIIVOVHA

HenaBHO je OTKpMBEHO fla ce XeNUMUH Y
LUPKYIaLMju Be3yje 3a a2-MaKpOITIOOyIMH ca pe-
JIATUBHO BEeMMKUM apMHUTETOM, a 3a alOyMMH ca
penatuBHO MamuM apuHMTeToM. CMaTpa ce fa Of
YKyIIHe KONMMYMHE XeNIMAMHa, oko 11% cmobop-

Ho umpkynuie y mwiasmu (Peslova et al., 2009), xao
U Ja ce KIMPEHC XeNIUANHA OfBUja IPEKO Ley-
NapHe Kofierpajjanyje ca peporopTIHOM, a Herosa
eKcKkpennmja ce Bpum Oybpesuma. 360r cBoje Maine
MOJIEKY/ICKe Mace, Kao ¥ Majlor IpeYHNKa, cobop-
HI XeNIVMAMH MO)Ke Ipohu Kpo3 ITIoMepyaapHY
MeMOpaHy 1 Hahu ce y romepynapHoM puaTpary.
Y mamuM cTyanjamMa Ha /byfauMa IOKas3alo ce fa je
¢dpakuMoHa eKcKpenyja XemyuHa BeoMa Maja, U
na nsHocu oko 0-5% (Ganz, Olbina, Girelli, Nemeth,
& Westerman, 2008; Swinkels et al., 2008). Y3pok Tako
MaJjie eKCKpeljyje je \beropa peancopiiuja y Tyoymu-
Ma WIM HeoTIyHa ¢unrpanuja. Jokasu Koju ugy y
IPUJIOT HETOTITyHe GUATpanuje Cy CTyauje Koje cy
TOKasase fla je KOf IaIjyjeHaTa ca IJIOMepylTapHOM
INCHYHKIVjOM KOHIIEHTpalMja CepPyMCKOT XeIlu-
nvHa Beha camo 3a 1-6 myTa (Ashby et al., 2009; Ganz
et al., 2008; Peters, Laarakkers, Swinkels, & Wetzels,
2010; Tomosugi et al., 2006) ok je KOHIeHTpaluja
B2-mmkpormobymnua Beha 3a 20-30 myra. [2-
MUKpOITIOOY/INH ce, 300r CBOje Majle MOJEKYJICKe
Mace, CKOpO Y HOTIYHOCTM GUITpUpa IJIOMepyap-
HoM ¢unrpanmjom. [TocToju MmoryhHOCT f1a Be3anBame
XeMUUANHA Ca a2-MaKpOITIOOYIMHOM MM HEKUM
APYIMM TPAaHCIOPTHUM IIPOTeMHOM oOHeMoryhasa
HOTNYHY (UITpanujy LupKynmuiryher xemiyansa.
C pgpyre cTpaHe, Moryhe je ma o4eKuBaHa IOBHUIIIE-
Ha KOHIIEHTpaluja [UPyKyIniryher xemunanxa Kox
HalyjeHaTa ca CMAalbEeHOM PEeHATHOM (QUITPAIjoM
y3pOKyje aKTMBanujy KOMIIEH3aTOpHe IOBpar-
He CIIpere Koja MOBOAM [0 CMameHe HPOAyKIuje
xennuauHa y jerpu. Ilocroje Harabama, ma mop
ozipeheHNM ycloBMMa XeNIMAVH MOXe Jja u30jerte
peHanHy pencopnnyjy. CMmameHa pencopnnuja
MOXKe OMTM 3HaYajaHa Kof HeKux nopemehaja mera-
6omm3Ma xejbe3a Koja Cy YAPY>KeHa ca TyOylTapHOM
INCOYHKIVjOM ¥ IIOBMIIEHOM KOHIIEHTPAIWjoM
ypuHapHOr XenuupauHa (MHGIaMaiuja, XeMOXpo-
Maro3a 1 Manapuja) (Sumboonnanonda et al., 1998;
Wan, Bellomo, Giantomasso, & Ronco, 2003). Kop
UHTepIIpeTalyje pe3yiTara OBUX CTyAuja Tpeba
ysetn y 063up m moryhy TybymapHy IpomyKumjy
XeMuuAuHa, Kao ¥ Moryhy HapyuleHy TyOymapHy
peancoprujy xernuanHa (Kulaksiz et al., 2005).

®YHKIIMJA XEIIIMINHA

XennuayuH MMa 3HA4YajHy YIOTy y MeTabomm3My
xerpe3a. JKebeso y xpaHu ce Hajuenrhe Hamasu y 06-
nmuky Fe’* mnm xema. Cmarpa ce fja ce arcopnuuja
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Fe’* onuja kpo3 gBuje ase. IIpso ce Fe’* penykyje
y3 momoh jxe/be30-penyKTase (IyofileHaTH! LINTOX-
pom, Cyt b) y Fe** , a Fe** ce ma/pe mpeHOCU Kpo3
hemjcky MeMbpaHy y3 IMOMOR TpaHCIIOPTHOT IIPO-
TeuHa. Taj TPaHCHOPTHM IPOTEMH je OOU/bEXEeH
Kao TpacnopTep ABoBajeHTHMX MeTana 1 (divalent
metal transporter 1 - DMT1 i DCT1). Y henujama
ce Fe’ joun cxmagumTe BedaHu 3a ¢eputuH. Kaga
ce jaBM moTpe6a 3a KOPUIITEHEM YCKIaJUIITEHOT
Xejbe3a, IIpyje HeTo ce OTIYCTU Y KPBHY IUIa3My ca
¢deponoptuHOM, Fe’* ce okcupyje y Fe’* y3 momoh en-
MIOOKCcKasa (Lepy/IoIIa3MIH Y MaKpodarmma, Xer-
XaeCTUH y eHTepounTtuma). Y miasmn ce Fe’* Bexxe
3a TPAHCIIOPTHU NpoTenH, TpaHcdepun (Ashrafian,
2003). TpancoptHU npoTenH 3a xeme3o DMTI, ce
YIIAaBHOM Hajla3yl Ha MeMOpaHU eHTepoLMTa y Jy-
OfIEHYMy, a IberoBa KOHIleHTpaluja ce mosehasa y
TOKy CMam€eHOT yHoca Xe/besa xpaHoM. DMT1 ce,
Takobe, Hamasu u y 6ybpesuma, jeTpu, MO3TY 1 CpLLy
(Gunshin et al., 1997).

XenmumuauH-25 cMaTpa ce IJIABHUM PpETy/aro-
POM aIcopIIMje Ke/be3a YHeCEHOI XPaHOM, Kao U
meroBor ocnobabhama us hennja. CBojy perynaropuy
byHK1IMjy ocTBapyje crpedaBameM QyHKImje depo-
HOPTIHA, ITIABHOT helMjcKor eKcropTepa Ke/besa.
To je mporenH 4mja ce QpyHKIUja orema y ToMe ja
ocno6aha xerpe3o 13 hemja Ha YMjoj HOBPLIMHY Ce
Hanmasu (Makpodara, XemaTonuTa U EeHTEepOLNUTA).
XenunanH-25 MHAYKyje merpamanujy ¢epomopru-
Ha, IITO 32 MOC/bEAMIYy MMa IoBehame MHTpaIeny-
paHuX ckmagumra dke/besa. OH, Takobe, cMamyje
alcopIuujy Ske/be3a U3 XpaHe M Ha Taj HAuMH
CMamyje KOHLeHTpanujy LupKymminyher xemesa
(Kroot et al., 2011).

ITopen perynmaTopHe y/ore, XelVA¥H ¥IMa ¥ Off-
O6paMbeHy ynory opraHusma. XemuuauH je IPBO
UeHTU(UKOBAaH Ka0 AHTMMUKPOOHU IIENTHf, IO
gemy je u gobuo mme (Krause et al., 2000; Park et
al., 2001). Heke cTyauje ykasyjy Ha GakTepuuuiHe
edekTe XenaMIyHA, anu fja 61U ce MOCTUINN TaKBU
edekry, morpedHe cy MHOTO Behe KoHIIeHTpanuje of
OHMX KOje Ce HOpMaJIHO Hajase y UupKynanuju. Tak-
Be KOHIIeHTpaluje ce MOry oCTuhy T0KaIHo, HIIP. ¥
¢arosomnma nHpUIUpaHNx Makpodara (Sow et al.,
2007). XenunanH MOXKe MHAVPEKTHO TOIPUHMjeTH
ofi0paHM OpraHuMsMa CMambemheM KOHIIeHTpalyje
IIa3MaTCKOT JKerbe3a. JKe/be3o je HEONMXOfHO 3a
pacT MHUKpOOpraHM3aMa, a HeEroB HeJoCTaTak
oHeMmoryhaBa pacT MuMKpoOpraHmsama ¥ Ha Taj Ha-
9MH fijenyje 6akTepnoctarcku. OcuM TOTa, Xemu-
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IOVH MORYIUILIE TUIIONONNCAaXapUAUMa MHYKOBaHy
TPAaHCKPUIIIV]Y Y KyITypaMa Makpodara u in vivo Ha
Mogeny mMuia. To ykasyje Ha 3Ha4ajHy y/IOTy Xeniu-
IVHA Y MOJY/IUCaky aKyTHOT MHGIAMaTOPHOT OfIrO-
Bopa Ha Oakrepujcky napeknujy (Kroot et al., 2011).
Jlokaman edeKTn XeNuANHa Ce jaB/bajy Y TKMBUMA
henuja xoje nx nmpopykyjy. Jlokanuu edexTn xenmm-
AVHA Ce OIIelajy y ayTOKPMHOj MHTepaKIuju ca de-
POIOPTIMHOM, YMMe OH IITUTH cycjemHe henmje on
HEJOCTaTKa >KeJ/be3a, MPEeBEHMpa eKCTpalenyIapHu
OKCHUJATVBHU CTpeC, Te fijenyje Ha MHGIaMaTOpHM
OATOBOP /WM TPOLIM eKCTpaley/lapHa CKIa jyiIl-
Ta )XeJbe3a KOja Cy MOCTYIIHA eKCTPale/TyTapHIM I1a-
torennma (Kroot et al., 2011). Mayne ¢popme xemun-
IVHA He M3a3uBajy XUIOpepeMIjCcKI OATOBOP, alu
joll yBUjeK HMje IO3HATO Jla JIM 3a/ip)KaBajy mpyre
uaeHTUpUKOBaHe OyonomKe (GYHKIMje XeIIuy-
Ha-25 (HIp. ofOpaHa opraHyM3Ma WM Be3UBambe Me-
tana) (Kroot et al., 2011).

JlHeBHe Bapujaluje KOHIIEHTpalje CePyMCKOr
XenmuumaimHa

Kop 3pgpaBux oco6a XemuuayH IOKasyje JHEB-
He Bapujanmje ca HajHIDKOM BpujepHouhy y pa-
HVM jyTapmJM 4acOBVMMA, JIATAHUM IOPACTOM TO-
KOM JIaHa, a MaJIOM TOKOM Bedepmux caTu. OBakBe
Bapujaumje He 3aBuce of yHoca xpaHe (Troutt et al.,
2012).

Bapujanuje KoHIleHTpaLje CEpyMCKOT
XeImuANHA ca crapourhy

Crynmja Koja je mpoBefieHa Ha BENMKOM Y30p-
Ky 37paBux ocoba (3000 ocoba) mokasana je ga je
KOHILIEHTpAallMja XeIIUHA KOf] IpeMeHOIIay3a/THIX
KeHa HIDKA Y OJHOCY Ha IIOCTMEHOIIay3a/He >KeHe
crapuje >kxuBoTHe fo6u. KoHIeHTpalyja oBuUX Xop-
MOHa KOJi MyIIKapalia ce He MIUjerba 3Ha4ajHO ca ro-
nunama crapoctu (Galesloot et al., 2011).

XENIVINH KAO HOTEHIIUJATHO
OUJATHOCTUYKO U TEPATIVIJCKO
CPEJICTBO

Otkpuhe xemupuua 2000. roguue (Krause et
al., 2000; Park et al., 2001) Huje camo oTBOpPWMIO
BpaTa pasyMujeBamy MeTaOOIM3Ma >Kebe3a, Hero
je TIOMOITIO y ofjallibelby ITATONOIIKIX MeXaHM3a-
Ma KOju ce Hajase y OCHOBU MHorux 6onectu. Ose
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CTyAuje Cy OTBOpIMIE MHOTO INUTama, a Mebhy muma
jemHO Off 3HAYAjHUjUX je MUTame YHOTpeOe Xemuu-
[VHA Kao [JMjarHOCTUYKOT M TEePAINjCKOT CPefiCTBa.
OnpebuBamem XemuuauHa MOTY ce paslIMKOBATU
pasmuuuTH O6NMMIM aHeMMja, Kao IITO je aHeMiuja
XpOHMYHe 60JIeCTI Off aHeMMja Koja HacTaje 300r e-
¢unnra xempesa. Takobe je mosHaTo fa nHIaManuja
nosehaBa, a mepuUUT Xe/be3a CMambyje CUHTE3y
xeruauHa (Brugnara, 2008; Nemeth, Rivera, et al.,
2004).

Jenna of HajsHaYajHUjUX IPYMjeHa XENIUIVHA je
y aujarHoctuuy u npahemwy xemoxpomarose. Xer-
IVIJVH je jOII YBUjeK Y IeHTPY MaXKmbe OPOjHMX Mc-
Tpa)KMBaya. lTepalyjcka IpyMjeHa CUHTeTCKOT Xell-
nuavHa 61 Ola 3Ha4YajHA y /IMjedery XeMOXpoMa-
TO3€ I IPYTUX CTama KOja KapaKTepullle HaKyI/barbe
xe/pesa y oprannsmy (Laftah et al., 2004). PasBujena
je metopma 2008. rop. oxpebuBama BpujeqHOCTY Xy-
MaHOT XeNINJMHA, T3B. €H3MMOM BE3aHU KOMIIe-
tutuBHEM umyHoecej (C-ELISA). Ow ce xopuctnu 3a
ileTeKIUjy (GpU3NOMONIKNX ¥ MAaTOTOWKNX ITPOMjeHa
KOHI[eHTpalje XeMuanHa y cepymy u ypuny (Ganz
et al.,, 2008).

XEIIINIVH N1 ®PU3NYKA
AKTMBHOCT

Mako je morBpheHo ma ¢usMyka aKTMBHOCT
nosehaBa epUTPONOETCKY AKTUBHOCT KOIITaHE CPIKI
(Qian, Xiao, Tang, Yao, & Liao, 1999), uctpaxxupama
Cy TOKa3aja Jja ce HaKOH MHTEH3VBHe (U3NUYKe aK-
TUBHOCTY OPOj epUTPOLUTA, KOMMYNHA XeMOITOOM-
Ha U BPUjeJHOCT XeMaTOKpUTa 3HAYajHO CMaIbyjy
(Liu, Chang, Zhao, Wang, & Duan, 2011; Tian et
al,, 2012). OsaxkaBa 3amakama MOTY OUTY pe3y/iTaT
CMameHe aIcopIIiMje Xe/be3a 13 TaHKOT IpujeBa I
CMameHOT U3/IacKa JKerbe3a 13 MapeHXMMHUX hennja
u Makpodara y nupkynaauujy. MHore cryamje Ha
/byIMMa U XUBOTUIbaMa Cy JoKasaje la HaKOH MH-
TEH3VBHOT Bje)KOama [J0/1a3y IO CMamema 1 IPYIuX
MHJIMKATOpa CTaTyca »KeJbe3a, Kao IITO CY, CePyMCKO
XKeJbe30, caTypanyja TpaHceprHa, cepyMckn depu-
tuH (Liu et al., 2011; Magazanik et al., 1988; Merkel
etal., 2009; Reinke et al., 2012). OBo ykaz3yje zia je ko-
NIMYMHA JKe/be3a Koja ce JoIpeMa KOLITAHOj CP>KI Ha-
KOH MIHTEH3UBHOT BjexK0arba He[loBO/bHA 32 3aXTHjeBe
nosehane epurponoese. Kao noc/peguia rora, ryou-
TaK epUTPOLUTA M HeJOBO/bHA MPOM3BOMHA HOBUX
€pUTPOLNTA 3ajeJHO OBOJE [0 I0jaBe aHeMuje. Pe-
TY/IaTOPHM MeXaHNM3aM MeTabo/nmsMa >ke/be3a KOju

JOBOJM JIO CMarbeHe allCOPIILIMje XKe/be3a U3 LjpujeBa
u 3apoO/baBama Xe/be3a y jeTpy joII YBUjeK je
HEeJIOBO/bHO TO3HAT. XeNIUANH, ITTaBHU PErynaTop-
HII XOPMOH >X€/be3a, OJJOTOBOPAH 32 Of[P>KaBaHe X0-
MeoCTase XKeJbe3a, KOHTPOJINIIIE alICOPIIIIN]Y JKe/be3a
U3 XpaHe U IUCTpuUOYyIujy >Ke/be3a y OopraHe M TKU-
Ba oprammsMa (Ganz, 2011). CmameHa arcopnuuja
e/be3a 1 moBehaHa XemaTyyHa CKIA/IMINTA JKebe3a,
KOja Cy youeHa KOJI IIal[oBa KOji Bjex6ajy, mupex-
THO Cy B€3aHa 3a XeNaTUYHy €KCIPECH)jy XeUaHa
(Kong, Gao, & Chang, 2014).

HoBuje crynuje moxasyjy ma, ocum Moryhe xe-
MOJu3e, XeMmaTypuje, 3HOjema M TaCTPOMHTECTH-
Ha/JIHOT KpPBapera, HUCKE KOHIIEHTpaluje >Ke/be3a
Koj cnopTucTta MOTry 6uTHU Y3pOKOBaHE 1 IIOBUIIIIE-
HOM KOHIeHTpanujoM Xenuupuza. Kop crnoptu-
cta cy HabeHe BMCOKe KOHIIEHTpaIuje YpMHApPHOT
XeNu/MHa HakoH Bjexx6ama. [Tocroje mBa Moryha
MeXaHM3Ma KojuMa (pM3MYKa aKTMBHOCT yTH4Ye Ha
excrpecrjy xennuausa. IIpsu je ma ce HakoH ¢u-
3UYKe aKTUBHOCTM CIOOOJHO >Ke/be3o 3apobm y
cakyIybadyke henmje peTMKymoeHIOTETHOT cucTeMa.
Tume ce mogcTuye cbyHKqua XeMUanHa, Ipu 4emy
OH OCTBapyje CBOje fijelioBame Ha (epONOpPTHH, U
Bpaha >xe/pe3o y nmpkymanujy. [Ipyru je mosehame
KOHIIEHTpalyje XeIuauHa HaKOH (l)msm'{Ke AKTUB-
HOCTH, IITO Y3POKYje CMarbeHy allCoOPILNjy JKebesa
u3 xpaHe. XeNmIUAUH TaKO MOXe OUTH MefujaTop
BIICOKe MHIINJIeHIe TebunnTa Xebesa Mehy copru-
cruma (Kroot et al., 2011; Peeling, 2010).

VTUIIA] MUHTEH3UTETA, OBVIMA
Y MOTTAJIUTETA ®V3MYKE
AKTUBHOCTU HA HUBO
XEOIIVHA

JlokasaHo je 1a HUBO XeNIMANHA PacTe y PU3NIKOj
aKTMBHOCTU. Iberosa 3aBMCHOCT Off MHTEH3UTETA,
obuMa 1 BpcTe QpU3MUKe aKTUBHOCTH je OvIa mpe-
MeT HeKO/MMKO ucTpaxuBama (Dominguez, Vicente-
Campos, Vicente-Campos, & Chicharro, 2014).

VHTeH3uTeT PU3MIKE AKTMBHOCTH

[Toc/pepHUX ropuHa OMIO je MHOTO CTyAuja o
GYHKIMjM XeNuMHA ¥ CIOPTCKOj aHemuju. IIpoy-
YaBaH je pacT XeNUAHA HaKOH (pu3ndKe aKTUBHO-
CTH, I1a je yTBpheHo fa ce weros HUBO nosehasa Tpu,
IIeCT ¥ 24 caTa HaKOH BjexxOama, a 3aTUM OIIafia Jio

209



Bajuh 3., n cap., Ynora xenmuanta y Metabonusmy xespesa..., OVI3VIUYKA KYJITYPA 2019; 73 (2): 206-221

6a3aHe BpujemHOCTH 72 caTa Off 3aBpuIeTKa pusmd-
ke aktuBHOCTH (Peeling et al., 2009b; Roecker, Meier-
Buttermilch, Brechtel, Nemeth, & Ganz, 2005). JIny n
cap. Cy HOZIBPIVIN ITAl[0Be MHTEeH3UBHOj (PU3NIKOj aK-
TUBHOCTK Ha treadmill-y Toxom Hekonuko Hemjerpa.
ITokasanu cy ma je excnpecuja xennuanHcke mRNA
y jeTpu 3HauajHO moBehaHa U fia je KOZ TMX IAIjoBa
IIOCTaB/bEeHA /IjarHO3a CIIOPTCKE aHEMIje HAaKOH IeT
Hefjje/ba MHTEH3UBHOT Bjexxbama (Liu et al., 2011).
OBu pesynratu cy OWam y CKIafy ca pes3yITaTuma
UCTpaKMBama Ha byauMa (Auersperger et al., 2012).

Jlobpo je mo3HATO [ja BMCOKO MHTEH3MBHa (pu-
3M9YKa aKTMBHOCT MOXKE Jla BOJAY /IO Pa3Boja CIIOPT-
CKe aHeMuje. 3a pas/MKy Off TOTa TPEHMpame yMe-
peHOr WHTeH3uTeTa Moxe 6utm ob6ehasajyhn,
Oe3bjenaH ¥ €KOHOMMYAH HAuMH 3a MOOO/bIIAME
CTaTyca >Xe/be3a y opraHmusmy. Victpaxusama cy
II0Ka3aja Jja je KOHLEeHTpalMja CEPyMCKOT >Kebesa
U caTypalnuja TpaHCpeprHa KO MaloBa KOju CY
yMjepeHO Bjexx6anyu, 3HA4ajHO BUIIA Y OFHOCY Ha
KOHTpO/Hy rpymy. Tume ce mosehaBa TpaHcHOpT
XeJbe3a KPBJ/bY JI0 KOIITaHe CP)KM, KaKo 01 ce CHHTe-
TICA/IM XeMOITIOOVH 1 eputpounti. To monmpuHoCH
nosehamy KamanureTa 3a TPAaHCIOPT KMCEOHNKA Ka
CBUM [MjelIOBMMA THjea, II0CeOHO 3HAYajHO y CIIOp-
Ty, Ka Mumnhnma (Liu, Duan, Chang, Wang, & Qian,
2006). Crymmje Koje Cy mpaTmie IpOMjeHYy HIBOA
XeIIMAMHA TOKOM YMjepeHOT BjexxOama Cy IoKasa-
JIe la yMjepeHo Bjexxbarbe He MHAYKYje HEro CMamyje
excpecujy xennuanHa (Liu et al.,, 2006; Troadec et
al., 2009). OBe cTynmje cy mokasaje jja je eKcpecuja
DMT1 u FPN1 y fyomenymy BuIlIa KOJ ITalloBa KOju
Cy NOBPTHYTU yMjepeHOj (pU3NYKOj aKTUBHOCTHU Y
OIHOCY Ha KOHTPOJIHY TPyITy, HITO yKa3yje Ha TO Ja
yMjepeHo Bjexxbame Mo)ke moBehaTm jgyoaseHamHy
ancopnuyjy xembesa (Liu et al., 2006).

Crynuje cy nokasasne ga nosehame gppexseHIje
cpua o 60% m Mame He [OBOAM IO 3HA4ajHOT
noBehama HIBOA CEPYMCKOT XeNIMAWHA HAKOH (u-
suuke aktuBHOCTU (Troadec et al., 2009). ®usnyka
aKTMBHOCT Koja ofrosapa 65% VO, max goBonu /10
noBehaHe KOHIEHTpalyje CePyMCKOr XeNIUAMHA
(Newlin et al., 2013; Sim et al., 2013). VMurepBanHa
¢dbusmuka akTMBHOCT ca 85% VO,max He moBoau 10
Beher mopacTa cepyMcKoOr XemujuHa y OFHOCY Ha
IpOorpaM KOHTMHYMpaHe (U3NYKe aKTUBHOCTHU Ca
65% VO,max (Newlin et al., 2013). Victu o6um ¢u-
3MYKe aKTMBHOCTM Ca PENTATMBHUM MHTEH3UTETOM
ot 70% VO,max cmambyje XeNIUUANHCKI OfTOBOP Y
nopehemy ca nctum ob6mMoM uMHTepBanHe PU3NY-

210

Ke aKTUBHOCTHU Koja ce Bpuu mpu 90-95% VO,max
(Peeling et al., 2009a). OBa cTynuja je, Takobe, mo-
Kasaja Jja IpM HIDKUM VHTeH3UTeTuMa (rsuuke
aktuBHOCTM (70% VO,max) KOHLIeHTpalja Xemiy-
nuHa ce Bpaha Ha HOpMaTHe BPMjeHOCTH yHyTap 12
YacoBa Off IpeCTaHKa aKTMBHOCTY, TOK IIPU BUIINM
unTeHsuteTnMa (90-95% VO,max) HMBO Xenmummu-
Ha OCTaje BICOK TOKOM HapefiHa 24 4yaca. Moxe ce
3aK/bYUUTH [ Bjexxbare IpU MHTEH3UTETY Off OKO
65% VO,max goBonu 10 nosehama KOHIleHTpauuje
cepymckor xennuauna (Newlin et al., 2013), a mak-
CMMaJIHe BPUjeTHOCTY Ce JOCTVDKY IIPY MHTEH3UTETY
o1 90-95% VO, max (Peeling et al., 2009a).

O6uM pusuIKe aKTMUBHOCTU

JenHa aMepudKa CTyAuja je mpoydaBaia OfTroOBOP
CEPYMCKOT XeIIU/IMHA Y OGHOCY Ha 06uM dusnuke
aKTUBHOCTH. PesynraTu Te cTyAmje mokasaam cy fa
KOZI pM3MYKM aKTUBHUX JKeHa 120 MUHYTa BjexxOarma
VIHTEH3UTETOM Off 65% VO, Ha MOKPETHOj Tparu
(treadmill) roBopu o sHavajHO Beher oxgroBopa xemn-
LVJIMHA Y OBHOCY Ha JICTe JKeHe Kajja Cy Bjexx6ae 60
MUHYTa UCTUM uHTeH3uTeTOM (65% VO, ) (Newlin
et al., 2013). To roBopu fja 06uM Pu3MYKe AKTUBHO-
CTM ¥IMa 3HaYajaH YTUIAj HA BjeKOameM-NH/IyKOBaH
oxprosop xenuyzpHa (Dominguez et al., 2014).

MOIIEUIMTCT (lmswme AKTUBHOCTU

JemHa op cTyamja je mopepwia MOJANUTeTe ae-
pobHe bu3MYKe aKTMBHOCTU Ca OTIIOPOM U HHUXOB
yTUI[aj Ha OATOBOpP XeNUMAMHA. Yrmopehusanm cy
OZITOBOPY XeMIV/MHA Y TpyllaMa TpUaTIOHaIA KOju
Cy BO3WIM OMIIMKI M KOjU Cy TpYalu IpK [Ba pas-
NMYUTA NHTEH3UTET], 65% VO, 1 85% VO, . Pe-
3Y/ITaTV HUCY TTOKa3a/lu 3HadajHe pasjnKe y OGHOCY
Ha MOJA/IUTET U MHTEH3UTET PU3NIKE AKTUBHOCTIH,
MaKo je OMIo pasyKe y KOHI[EHTPALMjU CEPYMCKOT
xepeda u IL-6 (Sim et al.,, 2013). IIpu nmopehemwy
OZIrOBOpa XeMIMAMHA KOJ aTeTudapa Koju Tpue
Ha PasMM4uTUM IIOJIoraMa, TpaBu u acdanty, npu
duxcnom nntensurery og 70% VO, nucy Hahene
3Ha4YajHe pasiMKe Y KOHIEHTpAUMju XeHuuAnHa
(Peeling et al., 2009¢). Jocapamme cTynuje cy Io-
Kasase fa MomganuteT Gu3nuKe aKTUBHOCTU (OUIu-
K/IM3aM 1 TPYakbe) Kao M BPCTa MOJyIore (TpaBa i ac-
¢anT) He yTUUy 3HAaYajHO HA BjexkOameM-HIYKOBAH
oprosop xennyaHa (Dominguez et al., 2014).
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V/IOTA XEIIIIVAVHA Y
METABO/IN3MY JKE/bE3A
Y TOKY ®U3UYKE
AKTUBHOCTHU

XenuuauH Mo)Kke CMambUTH (PYHKIVIOHATHY aK-
tuBHOCT (pepornoptuHa-1 (FPN1) Besyjyhu ce pu-
PEKTHO 3a IbeTa, IITO JOBOAM 0 HeroBe Aerpajalije
(Nemeth, Tuttle, et al., 2004). Terpagaunjom depo-
HNOPTUHA JJ0/a3y J0 OJOKMpama UCTULAbe XKe/be3a
u3 henuja. Ha Taj HaumH ce cMambyje M3/1a3ak xe/besa
u noBehaBa KonmmumHa xe/pe3a y henmnjama (Ramey
et al.,, 2010). Tperupamwe mMakpodara XemuugMHOM
3Ha4ajHO CHIDKaBa HUBO FPN1 1 cmamyje nuctuname
Kerbeda HakoH eputpodarounnrtosde (Delaby, Pilard,
Gongalves, Beaumont, & Canonne-Hergaux, 2005;
Knutson, Oukka, Koss, Aydemir, & Wessling-Resnick,
2005). Moxxe ce 3aK/bY4UTU Jla XEILIMUANH OTPAHU-
yaBa ocmobahame Xe/be3a M3 XeHaTOLUTa, MaKpo-
¢dara n eHrtepoumra cMmamwyjyhu excrpecnjy FPN1
u nosehaBajyhn meroBy pasrpagmy. Vicrpaxmpama
in vitro u in vivo Cy IoKasaja Jja ce HUBO Jyofe-
HasiHe DMT1 cMmamyje HaKOH TpeTMaHa XeIuju-
HoM (Chung, Chaston, Marks, Srai, & Sharp, 2009;
Mena, Esparza, Tapia, Valdés, & Nuiez, 2007). To
yKasyje Ha 3Ha4ajHy y/IOry XelUMAMHA Y peryaanuju
arcopmuyje >xe/be3a y nypujesuma (Kong et al., 2014).
Kapa ce cBe oBe unmmeHMLe y3My Y 003Up, MOXe ce
3aK/by4NTH fia ToBehaHa ekcripecrja XenmyHa Ha-
KOH (pVI3MUKe aKTMBHOCTY JOBOAM IO Pasrpajmbe HO-
caya >kesbe3a, kao mro cy DMT1 i FPN1, y3pokyjyhu
CMarbeHy aICOPILNjY JKe/be3a Yy TAHKOM LIpUjeBy U
3afIp)KaBame JKe/be3a Y XenaToLUTIMa U Makpoda-
ruma. CMarpa ce 1a je ZeULUT >ke/be3a KO CIIOPTH-
cTa 6ap AjeNMMIYHO Y3POKOBAH ITOBUIIEHNM HUBO-
om xerupuHa (Kong et al., 2014).

PETY/IAIIVIJA KOHIIEHTPAIIVJE
XENIVIVHA ®V3NYKOM
AKTUBHOII'RY

ITocToju HeKOMMKO (GU3MONOIIKNX M IATOMOMI-
KX TIpoIleca KOjy PerylIMuly CHHTe3y XeHmIuauHa
(Hentze, Muckenthaler, Galy, & Camaschella, 2010).
Crama y KojuMa je mosehana nmorpeba 3a >ke/be3oM
(HApOYNMTO epUTPONOETCKA aKTMBHOCT) JIOBOZE [0
CMameHe Xeraroleay/apHe CMHTe3e XenuanHa. Tak-
Ba CTama Cy AeUINT Ke/be3a, XUIOKCHja, aHeMMja
U [Ipyra CTama Koja ce KapakTepuiry noBehaHoM
epuTponoeTcKoM akTyuBHomhy. CMameHa KOMn4nHa

XeTuMHA JOBOIM J10 ocmobabama yckmagumTeHor
Xe/be3a 1 nmosehaHe ancopmuuje ske/be3a 13 XpaHe.
Ca ppyre crpaHe, mHexknuja wm nHIAMaLyuja
y3pokyjy nosehany cuuresy xenunanHza. ITosehana
CMHTE3a XeNIMMHA JOBOJY IO CMambeha KOMMYMHE
Ke/be3a 3a ofiBUjame epuTpomnoese. To ce cmarpa me-
XaHM3MOM KOjM Ce Ha/lasy y OCHOBM CEKBecTpalyje
PeTHKYIOeHOTETHOT JKerbe3a, mopemehaja nHTeCTH-
HaJTHe aTllCOpIIVje Ke/be3a M HIUCKe KOHIeHTpaluje
CEPYMCKOT >Ke/be3a Koje Cy KapaKTepUCTUYHE 3a
a"emujy xpormynHux 6omectu (Kroot et al,, 2011).
Jomr yBumjex ce MCHOuUTYjy IyTeBM KOjUMa CTaTyC
JKe/be3a, epUTPONOETCKa aKTUMBHOCT, XUIIOKCHja
n mHOIAManyja yTUYy Ha eKCIIPecHjy Xermupiu-
Ha. Jlocajamma MCTpaXkuBama Cy MOKasana Ja Ha
eKCTpecyujy XemuauHa yTudy umH@Iamanmuja, cra-
TYC )e/be3a y OPTaHU3My, EPUTPOIIOE3a ¥ XUIIOKCHja
(Kroot et al., 2011).

Peryranmja KoHIeHTpanyje XemiuanHa
nHpIAManUjoM Y TOKY pusmuke
aKTMBHOCTH

Ousnyka akTMBHOCT 13a31Ba 3HaYajHe IIPOMjeHe
y umyHoM cucteMy (Pedersen & Hoffman-Goetz,
2000). VinTeH3uBHa u3nyKa aKTUBHOCT MOXKe UH-
AyKoBaTK 3Ha4yajHo mnoBehawe mnponHdIamarop-
HUX ¥ aHTUMHQIaMaTopHMX 1uToKnHa (Ostrowski,
Rohde, Asp, Schjerling, & Pedersen, 1999). VMnuTep-
neykuH-6 (IL-6) je rmaBHM UTOKVMH KOjU Ce IIPOMU3-
BOIM y 3HaYajHMje Behoj KOMMYMHY Kao OArOBOp Ha
GUSNYKY aKTMBHOCT y OZHOCY Ha JIpyre IIVUTOKJHE
(Margeli et al., 2005; Pedersen & Febbraio, 2012),
a mmummh Koju ce KOHTpaxyje HajBMIIe JOIPUHO-
cu npousBopmu IL-6 y Toky Bjexx6amwa (Pedersen,
Steensberg, & Schjerling, 2001).

CuHTe3y XenuuayMHa MHAYKyje MHOeKIuja Wi
nndnamanyja (Nemeth et al., 2003; Nicolas, Chauvet,
etal.,2002),aIL-6je oBO/bAH a NUHAYKYje eKCIIpECHUjY
xenuuanHa y Toky nadnamanuje (Nemeth, Rivera, et
al., 2004). 3navajuo Behe KoOMMYMHE XeMUIMIVHCKe
mRNA y jeTpu cy oTKpuBeHe TpU [0 LIecT caTy Ha-
KOH CTUMYJIallyije MHTeplIeyKnHoOM-6. To mokasyje na
je mpomsBopma IL-6 y ckieTHuM Mumnhuma Koju ce
KOHTpPaxyjy IOC/befula BjeXXOameM-MHIYKOBaHOT
nosehama xennunuaa. Huso xennunnunaa nosehasa
ce Tpu caTa HaKOH HajBehe Mpon3BoAIbe BjeXKOABEM -
uHayKoBaHor IL-6 (Peeling et al., 2009b). JKusorume
KOje Cy TpeTupaHe ca LMKJIOCIIOPVHOM A, MHXMOM-
TOPOM Ka/llMHeypMHAa KOj/i CMamyje IUIa3MaTCKA
IL-6, y TOKy ¢m3nuKe aKTUBHOCTY CYy MMajie HIKU
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HIBO X€NIMOVHA y OJHOCY Ha KMUBOTHUIbE KOje Cy
Bjexxbare, a HUCY IpuMue IMKaocropuH A (Banzet
et al., 2012). OBu pesynaTatu roBope y Ipuior Tome
ma je IL-6 yx/bydeH y Bjex6ameM - MHAYKOBAHO
noBehame excmpecnje xenuuanHa. Y TOKY MH(a-
MaTOpHe CTUMYyNalyuje, eKCcIpecuja XenuuanHa,
MHAYKoBaHa ca IL-6, ogBuja ce myTeM aKTHBaluje
2 CUTHa/lHa NIyTa: jaHyC KMHa3a/TpaHC[jycep CHUT-
Hajla ¥ aKTuBaropa TpaHckpunnuje-3 (JAK/STAT3)
(Vittoria et al., 2015; Wrighting & Andrews, 2006).

Perynanuja koHIleHTpanyje XemuanHa
CTaTyCOM >Ke/be3a y TOKY pu3mIKe
AKTUBHOCTU

VcTpaxkuBama Ha JbyAyuMa U >KUBOTUHAMA CY
IIOKa3aja Ja MOCTOje MOJIEKy/e KOje Cy K/bydHe 3a
perynanujy ekcrpecuje XenuuanHa HupKynuryhum
XKeJbe30M 1 JKe/be30M YCKIaAMIITeHNM Y jeTpu. OBe
mornekyne cy HFE (hemohromatosis iron protein)
(Corradini et al., 2009; Papanikolaou et al., 2004),
tpachepunckn perentop-2 (TfR2) (Kawabata
et al., 2005; Nemeth, Roetto, Garozzo, Ganz, &
Camaschella, 2005; Wallace et al., 2009) u xomura-
Hu Mopdorenercku nporerH (BMP) (Babitt et al.,
2006). Excripecujy xemuupuHa perymuiny hemmjcka
CKJIA[IMIITA Y jeTPU IPEKO KOLITAaHOT MOPQOreHeT-
ckor mporerHa 6 (BMP6). BMP6 je aktuBupajyhu
nuranp 3a BMP penentop (BMPR) u meroB HuBo
ofipakaBa HUBO YCKJIQ[VIITEHOI >Ke/be3a Y jeTpu.
Kaga je KoHLleHTpalMja >ke/be3a Y jeTpu BUCO-
Ka, npousBofmwa BMP6 y jerpu ce mosehasa. Tazma
ocnobohern BMP6 mn3 jerpe cTBapa KOMIIIEKC
BMPR u xemojysenuna (HV]). Besusawe BMP6 3a
BMPR koHTponuuie TPaHCKPUIILNWY XeNUUVHA
aktuBanyujom SMAD myra. Carypanujy tpancde-
PMHa jeTpa KOPUCTHM Kao eKCTpaLeTyTapHU CEeH30p
3a xe/pe30. Kazia ce moseha carypaumja tpancdepu-
Ha, HFE ce ucruckyje ca csor mMjecra BesuBama Ha
TfR1 u pearyje ca TfR2 crBapajyhu kommnexkc HFE/
TfR2. OBaj KOMIITIEKC y4eCTBYje y peryIanuju xem-
pupnHa npeko aktusanyje ERK/MAPK (excrpaue-
JIyJTapHUM CUHIQJIOM PperyIicaHe KWHa3e/MUTOIeH
aktuBupajyhe mporenn kunase) m/mwiu HJV/BMP/
SMAD nyta (Corradini et al., 2011; Ganz, 2011;
Hentze et al., 2010; Meynard et al., 2009; Ramos et al.,
2011; Zhang, 2010).

HJV wuma ueHTpanHy YyIory y peryiauuju
excpecuje xenuyanHa. OH Jjenyje Kao KOpelenTop
3a BMP, unme nosehaBa censuruBHoct BMPR 3a
BMP, a cmaTpa ce fa pasau4yuT yTe€BU perynanuje
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XeNnuyVHa KOHBEPIMpPajy Ha 0Baj mpoTenH. HoBuja
UCTpaXKuBama mokasyjy pga HJV wuma Bucokxy
€KCIIpecujy He CaMO Y jeTpM, Hero M y CKeleTHUM
mumnhrMa. Cryanje Ha amoBMMa Cy IoKasare Ja je
HBo HJV mRNA y jerpn n ckenetHumM Mumunhnma
3HAYajHO BMIIN KOJ] IIAIloBa KOju CYy Bje>xx6amu y ofi-
HOCY Ha KOHTponHy rpymy (Liu et al., 2011). IIpema
TOMe, eKCIIpecyja XelHa Mo)Ke 0TI MHIYKOBa-
Ha noBuieHoM Bpujegnomhy HJV y Toxy dusmuke
aKTMBHOCTHU. VIIaK, MeXaHM3aM perynanyje Xemmu-
nuHa npexo HJV, y ogropopy Ha criopTcke aKTMBHO-
cTy, Tek Tpeba ma 6ynme meramHO ncnutaH (Kong et
al,, 2014).

Peryranmja KoHIeHTpanyje XemuanHa
epUTPOIOE30M Y TOKY (pru3miuKe
AKTUBHOCTU

Jlocamamma UCTpakuBamwa I0Kasana Cy fia MH-
TeH3UBHa (M3MYKa aKTUBHOCT MOXKE JOBECTH IO
noBehaHe epuUTPONOETCKe aKTMBHOCTYM KOIITaHe
cpxu (Qian etal.,, 1999; Tian et al., 2012). [TokasaHo je
u 1a nosehaHa epuTpornoesa MoXxe 3Ha4ajHO CYIPU-
muparn exkcupecnjy xenmuauaa (Nicolas, Chauvet,
et al, 2002). Jour yBujek Huje DOBO/BHO IO3HATA
Beza maMmeby mosehane epurpomoese u cmameHe
eKCIpecuje XeNmUuMjMHa, Kao HU MOJIEKyle Koje
ydecTByjy y ToMe. Eptuponoerun (EPO), engorenn
XOPMOH, KOjer IPBEHCTBEHO IpousBofie O6ybOpesu,
IpefcTaB/ba IMaBHU perynarop epurpomnoese. EPO
npomoBuie npomudepannjy m pudepeHuyujanujy
eputpoupgHMx nporeHntopurx hemmja (Krantz,
1991). Kog cnoprucra je mosehana KoHIjeHTpanmja
cepymckor EPO, a MHOTe cTyAMje cy IOTBpANIe 1a je
HakoH TpeTMaHa ca EPO cMmameHa excIipecuje xena-
tiyaHor xenyauHa (Ashbyetal., 2010; Nicolas, Viatte,
etal., 2002; Roecker et al., 2006). 3aro ce EPO cmarpa
MOTEHLMja/THM [TOCPEJHUKOM Y Perylalyjy Xemmm-
puHa. In vitro cTyauje ykasyjy Ha TO Jia ce cympecuja
xenuuanHa ca EPO noctiwke mopynaumjom C/EBPa
mRNA mpu uemy fonasu go mpoMjeHa Ha mRNA
xenpuiyHa (Pinto et al., 2008). OBa xumoresa jorr
yBUjeK HHje moTBpheHa iv vivo cryaujama. Excriepu-
MEHTH Ha )XMBOTHIbaMa Cy II0Ka3ajIi ia ce Cylpecuja
xennuauHa ca EPO Mo)xe onopaBuTy MHXMOUTOPU-
Ma epuTpornoese (Mpanujanyja u mocTpaHcdysno-
Ha nomuuuremuja) (Pak, Lopez, Gabayan, Ganz, &
Rivera, 2006; Vokurka, Krijt, Sulc, & Necas, 2006). To
3Hauu ga EPO cmamyje TpaHCKpUIIINjY XeNIuaHa
caMo KaJia je epUTpoIIoe3a aKTUBHA.



Bajuh 3., u cap., Ynora xenuuanza y Metabonusmy xespesa..., PVI3MTUKA KYJITYPA 2019; 73 (2): 206-221

Cymnpecuja xenuuauHa HMje JUPEKTHO IOCPENo-
BaHa ca EPO Hero Ty Mory 6uTi yk/pydeHn u pyru
eputponoetcku pakropu. Pakrop gudepeHnmjanmje
pacta 15 (growth differentiation factor, GDF15),
4IaH cynepropopnie ¢akropa TpaHcpopMalyuje—
6era, cTBapa ce y epurpoupHuM hemmjama y TOKy
caspujeBama epuTpobIacTa Kako 6m ce MOACTAKIA
nudepennyjanyja epurpounHe nosze (Ramirez et
al., 2009). ITokasaHno je ma xommumua GDF15 pac-
Te OfIMaX HEIOCPeJHO HaKOH MHTEeH3VBHE (pu3Iuke
AKTMBHOCTH, OIlaZla HAaKOH 48 caTu, anm ocTaje u3-
Haj 6asanHe BpujegHOoCcTH. IIpomssopmwa GDF15 y
MOTIYHOCTM 3aBMUCU Of CTUMYJaliijeé epuTpoIioe-
oM (Forejtnikova et al., 2010). GDF15 moxe pa
npefcTaB/ba Bedy usMeby epurpomnoese u perynanuje
xermuyanHa rme GDF15 mocraje ¢akrop cympecuje
XeIIMAMHA 4Mja ce KOMM4MHa oBehaBa Koj| TeXXux
obnmuka Tanmacemuje ca Hee(MKACHOM epUTPOIOe-
30M. Y KyITypu XeIlaTOLMTa, Takobe, Benmmka Ko-
mmunHa GDF15 cynpuMupa excripecujy xenuamHa
(Tanno et al., 2007). Cmarpa ce ja XOMOJIOT YBPHYTOT
nportenHa racrpynanuje-1 (TWSGI1), epurponpHa
MOJIeKy/Ia Koja Jijenyje y paHoj ¢asu epuTpornoese,
njenyje 3ajeqHo ca GDF15 y MHXuOMIMjM XemaTnd-
He eKCIIpeclje XelInaNHA peko nHxnbmiuje BMP-
3aBucHe akTuBanuje SMAD myra (Tanno et al., 2009).

Perynanuja KoHIleHTpanyje XenuaNHa
XMIIOKCHjOM Y TOKY pu3mike
AKTMBHOCTH

MHore cTyamje Cy BoKasajie Ja TPEHMH3M CIIOp-
THICTA Ha BUCOKMM HAJIMOPCKUM BJMCHMHAMa MOTY
3HayajHo nosehatu mwuxoB VO,max u Macy epu-
TPOLIUTA ¥ HA Taj HAYMH IOOOJBIIATY U3AP>K/BUBOCT
cnioprucre (Christoulas, Karamouzis, & Mandroukas,
2011; Son, Kim, Kim, Ohno, & Kim, 2012).
VcrpaxkuBama Cy OKa3aja Ja Koj IVIaHMHApa HoJ1a-
31 10 afanTanyuje MeTabonm3Ma >ke/be3a Ha BUCOKUM
HaJMOPCK/MM BJCMHAMa U y CTambMMa XUIIOKCHje.
Y ycnoBuma xmmokcuje mRNA  gyopeHasmHOr
DMT1 u FPNI1 ce nosehasa, a HUBO XemuuanHa ce
cMamyje. OBakBe mpomjeHe he goBectn o mosehane
aTcopIimje >ke/be3a U3 XpaHe 1 ocnobahame sxe/pesa
U3 CKIQ[UIITa Kako 6u ce o6e3bujemuna HOBOBHA
KOJMYMHA JKe/be3a 3a XMUIIOKCUjOM - MHIYKOBaHY
eputpomnoesy (Goetze et al., 2013). Hu mexanusam
cynpecuje XeNumyAMHA XWUIIOKCHjOM Ha BUCOKUM
HaJIMOPCKMM BUCHHaMa joLl YBUjeK HMje IIO3HAT.
CMaTpa ce Ja XMIIOKCHjOM MHAYIMOWMIaH (akTop
tpanckpunnuje (hypoxia-inducible transcription
factor, HIF), rmaBHu perynarop cucreMcke U lie-

JylapHe ajjaliTalllijeé Ha XUIIOKCHjy, MMa 3HAYajHy
ynory y perymanuju xennuauna. HIF moxxe perymm-
catu 6yOpexxHy u jerpeHy cuHTedy EPO ampexTHO
IOJ, yTUIAjeM XUIOKcuje. Moxe ce 3aKbyduTn fia
cympecuja XenmuuauHa rnosesana ca HIF moxe fa ce
mecu MHAMPeKTHO npeko EPO-mugyKoBane epurpo-
moese M aKTUBaIMjoM CUrHaIHOT ITyTa mpeko GDF15
(Liu, Davidoft, Niss, & Haase, 2012). HIF unnyxyje
NpousBOA®BY (GyprHA ¥ TpaHCMeMOpaHCKe CepuH
nporennaze TMPRSS6 (mo3HaTe kao Mmarpunrasa-2),
IBUje IpoTease Koje yuecTBYjy y ocnobabamy comy-
6unnor HJV (s-HJV) onsajamem HJV op henujcke
memb6pane. S-HJV xomnerntuBHO nuxubuire BMP-
MHAYKOBaHy eKcmpecujy xemuupusa (Babitt et al,
2007; Lin, Goldberg, & Ganz, 2005). Taxo, HIF moxe
lla CyIpMMUpa eKCIpecujy XennupanHa mosehannm
pasnarameM HJV n naxn6mnnjom BMP-nngykoBane
excrpecrje xenuuayHa (Kong et al., 2014).

XENIVIVH KO
CIIOPTUCTKUIbA

Bjepyje ce ma cnoptucTkume nmajy Behm pusmk
Off HACTaHKa CIIOPTCKe aHeMIje Y OfIHOCY Ha CIIOPTH-
cTe 300T rybuKa >xe/bes3a y GU3MONIOUIKIM IIPOLeCy-
Ma, Kao 1To je MeHcTpyanuja (McClung, 2012). To-
Ka3aHo je la epuTpoIioe3a y3poKOBaHA KpBapemeM
MO>Ke JJOBECTM [0 CMambeHe eKCIpecuje Xellu/yHa,
IITO OBOAM Ji0 ToBehama KOMMYMHE Xe/be3a y op-
raHM3My. YIOTpeOOM CepyMCKOT €H3MMOM - BE3aHOT
MIMYHOCOPOEHT eceja, TOKa3aHO je [a 3[paBe JKeHe
MIMajy HIJDKe BPMjEeSHOCTV CEPYMCKOT XeIIMANHA
y ofHOCy Ha 3upaBe Mymkapue (Ganz et al., 2008).
ExcriepyMeHTN Ha >KMBOTMIaMa Cy, Takobe, Io-
Kasalm Jja je KpBapeme Y3pOKOBAHO IIOHAB/baHOM
¢bneboTOMMjOM, TTOBE3aHO Ca 3HAYAjHUM CMaIbermheM
xenatuukor xemuumuHa (Nicolas, Chauvet, et al,
2002). VMmak joum yBUjeK Huje IO3HAT MeXaHMU3aM
perynanuje XenuuanHa Koju nokpehe oBe pasiuke y
KO/IMYMHY XeTIIVAMHA KOJ MyLIKapala 1 )KeHa.

JKeHcky OTHU XOPMOH e€CTPOTeH MOXKe CTUMY-
JIVICAaTH eKcIipecujy xennuanuna npeko GPR30-BMP6
nyrta (Ikeda et al., 2012). CynpoTHo ToMe, TeCcTOCTe-
POH MOXKe CYIIPUMMPATY eKCIIPECH]y XeNIU/VHA IIpe-
Ko TecrocTepoH/AR/SMAD wnu tectroctepon/EGF/
EGFR curnansor nyta (Guo et al., 2013; Latour et al.,
2014). OBu pe3ynrTaTy yHOCe IOMETHY jep je HoKasa-
HO JIa >KeHe MIMajy HIDKY KOHLIEHTPALVjy XeIIUANHA
y OBHOCY Ha MymIKaple. Moxe ce IpeTIIOCTaBUTH fia
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¢dusnonomky ryéuTak KpBU KOJ XKE€Ha Y IIpeMeHO-
Haysy MMa CIyIpecuBHU edeKaT Ha TPAaHCKPUIILIUjY
XeNIMANHA, IITO MOXe y ofpeheHOM cTemeHy He-
yTpamucatu cTuMynuinyhm edekar ectporeHa Ha
eKCIpecHjy XeNnuAMHA. YKOIMKO CIOPTUCTKUIbE
HeMajy MEHCTPyalujy, jOLI YBUjeK Ce KOJI HbIX MOXe
pasBuUTH aHeMMja 360T meduiuTa >Kebesa Opxe, y
OJTHOCY Ha CIIOPTHUCTE, 360T BeMKe KOMMYMHE Xell-
IUIHA VHAYKOBAHOT TydemeM ecTporeHa (Kong et
al,, 2014).

METO/JE 3A HEYTPAJIN3ALIN]Y
AKTMBHOCTU XEIIINUIVHA

MOHOK/IOHaTHA aHTUTHjeIa 3a
XeTIMINH

AHTU-XeIIVAMH XyMaHa aHTUTHjela MOTY ce
IIocMaTpaTy Kao INOTEHLMjaJIHO TEPANMjCKO Cpefi-
CTBO 3a ujedere aHeMuje uHbmamanuje (Al),
KOja y OCHOBM ¥MMa ncTe nopemehaje kao croprcka
anemuja (Cooke et al., 2013). OBa anTUTHjeTa MOTY
nosehaTy J[OCTYIMHOCT CepPyMCKOr >Kebe3a M Ja
HOCTIjenlyjy XeMOITIOOMHM3AINjy epUTPOLUTa KOJ
MuiIeBa 1 cinomolgus MajmyHa ca AL XenmmuanHcka
aHTUTHje/Ia MOTY CMabUTH IPUPOTHM KIMPEHC Xel-
LUIMHA, T€ JOBECTU IO aKyMy/alyje XeluuauHa y
opraumusmy (Cooke et al., 2013).

AHTaroHucTa XenmuanHa

VnentudukoBane cy Maje MOJEKyse, Of KOjuX
je jemHa HasBaHa QypcyrtmammH. OHa MHXMOUIIE
MHTepakuyjy xenuupauH-FPN1. OypcyntnaMuu nu-
PEKTHO oMeTa Be3uBame xenuuanaa sa FPN1, Ha Taj
HAulMH CHpedaBajyhy XemuupuHOM - MHIYKOBaHY
FPN1 yOukBUTHHALYjY, eHIOLUTO3Y U fierpajjaliujy.
To yspoKyje KOHTMHYMPAHO MICTUIAH-€ Ke/be3a U3
henuje 6e3 063upa Ha mpucyctso xennuauHa (Fung
etal., 2013). Jour jenHa aHTUXENLIMANHCKA MOJIEKYIIA,
Koja Moxe samtut FPN1 op xenuupgnHoMm -uHAY-
KoBaHe flerpajaunje, je NOX-H94 (Schwoebel et al,,
2013).

METOJE 3A CMAIGEILE
EKCITPECUJE XEITINIVNHA

IloTeHuMjanHe Tepamyjcke MeTOJe 3a CMalbebe
IPOM3BOJbe XeNIUANHA O ce MOIJIe YCMjepuTy Ha
epuTpomnoesy, MHGIAMATOPHNM YT VUM CUTHAJIHU
nyt HJV/BMP/SMAD (Kong et al., 2014).
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JOmIHr ca epUTpONOEeTIMHOM

EPO je mpuMapHU cUTHAN KOjU 3allOUYMIbe epu-
TPOIOe3y y aHeMMju U YC/IOBMMaA XUIIOKCHje. 360r
tora ce EPO mocmarpa kao 3abpameHa [OIVHT
MeTofja Koja IoBehaBa TpPaHCHOPT KNUCEOHMKA M
KalanuTeT CHOpPTCKe usfpxkpuBoctu. OH ce Ko-
puctu fia 6u ce nosehane cnoprcke mepdopmance
(Gaudard, Varlet-Marie, Bressolle, & Audran, 2003).
Mebhynaponuu omumiujcku komureT je 1990. ropuue
3abpanno ynorpeoy EPO y criopry jep oH 3HauajHO
MIjerba MeTabo3aM >kejbesa. VcTpakuBama Cy 1o-
Kasaja Jja yIoTpe6a peKOMOMHAHTHOT XyMaHOT epy-
tponoetnHa (rHuEPO) y3pokyje 3Ha4ajHO cMameme
XeNUAVHCKe eKcIpecuje, mTo nosehasa mHTECTH-
HaJIHy allCOPIILNjy >Ke/be3a M OTIYLITambe XKe/be3a U3
makpodara (Kong, Chang, et al., 2008; Kong, Zhao,
et al., 2008). Crnoptuctu kxoju kopucre EPO, kao
3abpameHO JONVHTI CPefcTBO, Aa Ou 1mobosplLIan
CBOj Y4YMHAK, M3JIaXKy Ce BEIMKOM 3[IpaBCTBEHOM
PU3MKY, jep IIOBUIIEHA BPUjEJHOCT XeMaTOKPH-
Ta U JeXUjpalyja TOKOM MHTEH3UBHOT BjeXOama
MO>Ke moBehaTy BUCKO3HOCT KpBM U CTBOPUTHU Be-
JIMKe KapAyuoBacKy/lapHe mpobieMe (XMnepTeHsl;jy,
XUnepTpodujy cpua) Kao M MOXJAHY BacKy/lapHY
koHurectujy (Piloto et al., 2009).

Antn-IL6 antutHjena u STAT
MOAYIaToOpu

AHTULMTOKMHCKY TepaleyTuIM, Kao IITO Cy
aHT-I1L6 aHTUTHjema, MOTY OIOKMpPATH MHIYKIUjY
xennuayvHa u 1ojaBy aHemuje (Nishimoto et al,
2019; Song et al.,, 2010). Mana MoneKya Koja MHXM-
6umre STAT3, osHaueHa kao AG490, Moxxe cympu-
MUpAaTH TPAHCKPUIILNMjy XenmuuauHa u nobeharn
KOHIIEHTPAIIMjy CepyMCKOT >Ke/be3a KOf MMIlIeBa
naxn6unujom JAK/STAT curransor myra (Zhang,
Wang, Wang, & Liu, 2011). OBakaB B aHTUI[UTO-
KMHCKe Tepalllje Hije ITIOTOflaH 3a IIPUMjeHY jep MoXKe
HapyIINTU UMYHNUTET, Te CTBOpUTHU moBehaH puamk
3a HacTaHaK O30MWPHNUX MHQEKTUBHMUX 000/beba
(Van De Vosse & Van Agtmael, 2007).

BMP mopynaTopu

Beh je momenyto ma sHJV cmamyje xenumpans-
cKy ekcrpecujy TakMmmuehn ce ca HJV u omerajyhn
BMP curnanum nyt (Lin et al., 2005). Vinxubuiuja
XeNUVHCKe eKCIIpectje ca COMyOVTHIM XeMOjyBe-
nuH-Fc (sHJV.Fc) xop mamosaca ca Al gosomu 1o
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MoOWIM3anyje CKIaAVIITa Xerbe3a, mosehane KoH-
LIEHTpalyje CePYMCKOT JKe/be3a, CTUMYy/alyje epu-
Tpomoese 1 Kopeknuje anemuje (Theurl et al., 2011).
Vuxnbuiyja penenrtopa 3a BMP tuma I y3 momoh
MaJIMX MOJIEKY/Ia, Kao LITO je Zop30oMopduH, Takohe
MOXKe yOnmaxuTyu aHeMujy ca fgeuimutom skerbesa.
Hopsomopdun moxe 6mokupat BMP-nocpenosany
SMAD1/5/8 ¢ocopunaunjy, cMamBUTH eKCIIepCujy
XenuuagmHa u noseharu KO/IM4YNHY CEPYMCKOr
xerbesa (Yuetal., 2008). Xenapus, Kao MOTeHIIMjaTHI
MHXMOUTOP eKCIpecuje XeIINUANHA, MOXe MHYKO-
BaTn 3Ha‘lajHO CMAabECHhEe XCNMIMANHA KO > KMBOTI A
U JbyZiU, T€ Ha Taj HAYMH MOXKe JOBeCTN 0 oBehama
KOJIMYMHE CEPyMCKOT Kebe3a. OH pmjermyje na BMP6
u 6noxrpa SMAD curnanum iyt (Poli et al., 2011).
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