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1. Wykaz uzywanych skrétow

ATP — (ang. Adenosine triphosphate) — Adenozynotréjfosforan

DNA — (ang. Deoxyribonucleic acid) — Kwas deoksyrybonukleinowy

EPO — (ang. Erythropoietin) — Erytropoetyna

EPOR — (ang. Receptor for Erythropoietin) — Kompleks receptora erytropoetyny
ERFE — (ang. Erythroferrone) — Erytroferron

HFE — (ang. Human homeostatic iron regulator protein) — Ludzkie homeostatyczne biatko regulujace

zelazo

HMGB-1 — (ang. High mobility group box 1 protein) — Biatko o duzej ruchliwosci elektroforetycznej
HpC — (ang. Hepcidin) — Hepcydyna

HsCrP — (ang. High-Sensitivity CRP) — Biatko C-reaktywne oznaczane ultraczuta metoda

IL-6 — (ang. Interleukin 6) — Interleukina 6

RNA — (ang. Ribonucleic acid) — Kwas rybonukleinowy

TFR2 — (ang. Transferrin receptor 2) — Receptor transferryny 2

WHO — (ang. World Health Organization) — Swiatowa Organizacja Zdrowia



2. Autoreferat w jezyku polskim

Niniejsza rozprawe doktorska oparto o cykl trzech publikacji pod wspdlnym tytutem: ,,Zmiany

W metabolizmie zelaza indukowane wysitkiem fizycznym oraz dietg”, na ktory sktadajg sie:

. Suplementacja zwigzkami antyoksydacyjnymi w sporcie: Przeglgd pismiennictwa. Medycyna
Sportowa, 2015, vol. 31, 1, 1-9, doi: 10.5604/1232406X.1150313,
punktacja MNiSW — 14 pkt.

" Simple sugar supplementation abrogates exercise-induced increase in hepcidin in young men.
Journal of the International Society of Sports Nutrition, 2017, vol. 14, 10, 1-5, doi:
10.1186/s12970-017-0169-8, impact factor — 3,135,
punktacja MNiSW — 25 pkt.

" Marathon run-induced changes in the erythropoietin-erythroferrone-hepcidin axis are iron
dependent. International Journal of Environmental Research and Public Health, 2020, vol. 17,
8, 2781, 1-9, doi: 10.3390/ijerph17082781, impact factor — 2,468,
punktacja MNiSW — 70 pkt.



2.1.  Wstep

Od czasow starozytnych dostrzegano istotng rolg zelaza dla zdrowia czlowieka. Jego
lecznicze wiasciwo$ci znali i z sukcesami stosowali juz Egipcjanie, Hindusi, Grecy i Rzymianie
(Woods, Eggleston and Krebs 1970; McDowell 2003). Rowniez opisy z XVII wieku sugeruja, ze
zelazo byto wykorzystywane w leczeniu chlorozy, choroby objawiajacej si¢ zielonym zabarwieniem
skory, ktdrej przyczyna czesto upatrywana byta w jego niedoborze w organizmie (Guggenheim
1995). Jednakze, dopiero w 1932 r., znaczenie zelaza ostatecznie ugruntowaty odkrycia dowodzace,
ze zelazo  jest potrzebne do syntezy hemoglobiny, ktéra warunkuje proces oddychania
komorkowego (Ziegler and Filer 1996).

Zelazo jest mikroelementem zaangazowanym w szereg procesOw zapewniajacych
homeostazg organizmu ludzkiego, wérdd ktorych, obok uczestnictwa w oddychaniu komdérkowym,
wymieni¢ nalezy biosyntez¢ DNA i RNA, regulacj¢ ekspresji genéw, czy proliferacj¢ i roznicowanie
komorek (Lieu et al. 2001). W raporcie z 2017 roku ‘Nutritional anaemias: Tools for effective
prevention and control’ Swiatowa Organizacja Zdrowia (WHO) wskazuje, ze niedobér zelaza,
bedacy gtdéwng przyczyng niedokrwistosci u wielu 0s6b, moze wplywaé na zdrowie nawet dwdch
miliardow ludzi, i niezaleznie od negatywnych skutkéw niedokrwistosdci, wigze si¢ z opdznionym
rozwojem poznawczym i behawioralnym u dzieci, a takze, ze zmniejszong produktywnoscig u 0s6b
dorostych i uposledzonym funkcjonowaniem poznawczym u kobiet (World Health Organization
2017). Z drugiej strony, zaburzeniem o réwnie istotnych implikacjach zdrowotnych, opisywanych w
pi$miennictwie naukowym jest tzw. przeladowanie zelazem, KtOre towarzyszy najczestszemu
zaburzeniu genetycznemu na $wiecie, jakim jest wrodzona hemochromatoza. W przebiegu
hemochromatozy, nasilone wchtaniania zelaza w przewodzie pokarmowym, moze prowadzi¢ do tzw.
,przecigzenia zelazem’’, charakteryzujacego si¢ odkladaniem Zelaza min. w watrobie, trzustce i
sercu. W konsekwencji przecigzenie moze prowadzi¢ do wielu zaburzen zdrowotnych, w tym:
cukrzycy, marskosci watroby, niewydolnos$ci serca czy nowotworzenia (Pietrangelo 2010; Brissot et
al. 2018). Przyczyne uszkodzen narzadow upatruje si¢ w powstawaniu nadmiernych ilosci
reaktywnych form tlenu, utworzonych glownie w wyniku reakcji Fentona , ktora katalizuja jony
zelaza (Kohgo et al. 2008). Wielokierunkowe dziatanie zelaza w organizmie ludzkim oraz szereg

negatywnych nastepstw zdrowotnych powstajacych na skutek zaburzenia jego gospodarki, odnajduja



odzwierciedlenie w ztozonym, wewnatrzkomérkowym mechanizmie regulacji jego poziomu, ktory

pozostaje nie w pelni poznany.

Wchianianie zelaza zachodzi w enterocytach dwunastnicy, co poprzedzone jest redukcja
zelaza niehemowego (Fe®*") do jonu zelazawego (Fe?*). W enterocytach zelazo moze by¢
przechowywane w postaci zwigzanej przez ferrytyne lub przy udziale ferroportyny przedostawacé si¢
do krwioobiegu. Ferroportyna transportuje zelazo Fe?*, ktore nastepnie ulega oksydacji do zelaza
Fe3* przy udziale biatka hefajstyny lub ceruroplazminy iwbudowywane jest do gltéwnego
przenosnika zelaza, transferryny, wraz z ktora, bedzie dystrybuowane do okre§lonych tkanek.
Hormonem uznanawanym za gtowny czynnik regulujacy absorpcj¢ zelaza z diety i jego uwalnianie z
makrofagéw do krwioobiegu jest hepcydyna — 25-aminokwasowy peptyd syntetyzowany w watrobie
(Ganz 2003). Produkcja hepcydyny moze odbywac si¢ rowniez w tkance thuszczowej oraz tkankach
takich organéw jak, nerki, zotadek, , mdzg, serce czy trzustka (Daher et al. 2019). Badania
prowadzone na przestrzeni ostatnich lat wykazaty, ze synteza hepcydyny jest silnie stymulowana
przez stan zapalny, towarzyszacy intensywnemu wysitkowi fizycznemu. Szczeg6lne znaczenie w
powyzszym mechanizmie odgrywa cytokina prozapalna, jaka jest interleukina 6 (IL-6). Interleukina
6 pobudza synteze hepcydyny, ktéra ogranicza wchlanianie zelaza z jelita cienkiego i zmniejsza
zdolnos$¢ makrofagéw do odzyskiwania zelaza ze starzejacych si¢ erytrocytow (Peeling et al. 2014).
W analizie oceniajacej powysitkowa fluktuacj¢ hepcydyny w moczu uczestniczek maratonu
zaobserwowano wzrost jej stezenia u wickszosci badanych kobiet (Roecker et al. 2005). Zmiany te
odnajdujg potwierdzenie w innych publikacjach, ktére podkre$lajg jednoczesng obecnos$¢ stanu
zapalnego u badanych sportowcéw (Antosiewicz et al. 2013; Ehn, Carlmark and Hoglund 1980).
Jednakze, dostgpne sa rowniez doniesienia, w ktorych nie stwierdzono roéznic w stgzeniach
hepcydyny w odpowiedzi na wysitek fizyczny (Kasprowicz et al. 2013). Fakt ten wskazuje na
istnienie dodatkowych czynnikdéw warunkujacych odmienng odpowiedZ hormonalng. Do czynnikow
mogacych warunkowac¢ zréznicowana odpowiedz w powysitkowych stezeniach hepcydyny zalicza
si¢ niedawno odkryty hormon erytroferrone (ERFE) oraz biatko HMGB-1 (Kautz et al. 2014,
Ranzato, Martinotti and Patrone 2015). Co istotne, ERFE hamuje biosyntez¢ hepcydyny, a jego
dziatanie stymuluje erytropoetyna (EPO). W proponowanym mechanizmie dziatania ERFE, nasilona
erytropoeza, towarzyszaca min. regularnej aktywno$ci fizycznej, powoduje roznicowanie si¢
erytroblastow, czyli komorek prekursorowych krwinek czerwonych w szpiku kostnym i $ledzionie,
co wzmaga produkcje 1 wydzielenie ERFE do krwiobiegu. ERFE dziata bezposrednio na watrobe,

hamujac wytwarzanie hepcydyny, co z kolei zwigksza dostgpnos¢ zelaza niezbgdnego do syntezy



nowych czerwonych krwinek (Kautz et al. 2014). Ponadto zalezno$¢ migdzy metabolizmem Zelaza, a
osig EPO-ERFE-Hpc potwierdza dziatanie receptora transferynowego 2 (Tfr2), bedacego
sktadnikiem kompleksu receptora erytropoetyny (EPOR). Analizy na modelach zwierzgcych
sugeruja, ze Tfr2 dziala jako czujnik krazacego zelaza, ktory reguluje wrazliwosé EPO, a w sytuacji
przetadowania zelazem ogranicza jego dziatanie (Nai et al. 2015). Badania prowadzone in vitro
wykazaty takze, ze watrobowy Tfr2 promujac sygnalizacje zelaza stymuluje syntez¢ hepcydyny

I hamowanie przenikania zelaza do krwioobiegu (Nai et al. 2014).

Obok wzmozonej aktywnosci fizycznej czynnikiem mogacym modulowaé stan zapalny jest
dieta (Galland 2010). Szczeg6lne zainteresowanie naukowcdw budzi w ostatnich latach fruktoza,
ktorej $rednie spozycie od poczatku XX wieku wzrosto czterokrotnie (Jameel 2014). Badania
prowadzone zarOwno in vitro, jak i na modelach zwierzecych wykazaty, ze wysoka podaz fruktozy,
poprzez nasilenie produkcji anionu ponadtlenkowego, indukuje stres oksydacyjny, ktdrey z kolei
moze powodowac¢ nasilenie wytwarzania mediatorow prozapalnych (Cirillo et al. 2009; Delbosc et
al. 2005). Fakt ten odnajduje potwierdzenie w badaniach prowadzonych na ludziach, w ktérych
wysokie dawki fruktozy wptywajg na wzrost stezenia biatka C-reaktywnego (hs-CRP) (Jameel et al.
2014). Ponadto, ze wzgledu na odmienny w stosunku do innych cukrow szlak metaboliczny,
nadmierna konsumpcja fruktozy moze przyczynia¢ si¢ do negatywnych konsekwencji zdrowotnych.
Brak $cisle kontrolowanych glikolitycznych punktéw kontrolnych, moze prowadzi¢ do degradacji
watrobowych zapasow ATP i nukleotyddéw adeninowych, a w konsekwencji, do wzrostu stezenia
kwasu moczowego w krwioobiegu skutkujacego hiperurykemia, uznawang za czynnik rozwoju
otytosci, cukrzycy, chorob nerek oraz uktadu sercowo-naczyniowego (Woods, Eggleston and Krebs
1970; Soltani et al. 2013). Interesujacym jest fakt, ze w przebiegu powyzszych zaburzen obserwuje
si¢ rowniez podwyzszone stezenie ferrytyny we krwi (Knovich et al. 2009), co daje podstawy do
przypuszczen o powigzaniu wysokiej podazy fruktozy ze zmianami w metabolizmie Zelaza. Badania
prowadzone in vitro wykazaty, ze fruktoza i jej metabolity nasilaja wchtanianie zelaza poprzez
zdolno$¢ do tworzenia stabilnych kompleksow z zelazem, cO potwierdzajg obserwacje prowadzone
na modelach zwierzgcych, w ktdrych absorpcja zelaza byta stymulowana obecnoscig fruktozy, czego
nie zaobserwowano w przypadku glukozy (Pabon de Rozo, VanCampen and Miller 1986; Charley et
al. 1963). Efekt wysokiej podazy fruktozy na zmiany w metabolizmie zelaza u ludzi, jak i
powiazania pomiedzy dieta wysokofruktozowsg a wysitkiem fizycznym pozostaja jak dotad nieznane.

Obok diety wysokofruktozowej, czg¢sto poruszanym w ostatniej dekadzie zagadnieniem,
szczegblnie w Srodowiskach sportowych, jest suplementacja zwigzkami antyoksydacyjnymi, ktéra
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jest wyrazne powigzania z metabolizmem Zzelaza. Wzmozona produkcja reaktywnych form tlenu,
towarzyszaca intensywnemu wysitkowi fizycznemu przyczynia si¢ do uszkodzenia skladnikéw
komorkowych, jak rdwniez, moze powodowac ostabienie i zmgczenie mig$niowe (Allen, Lamb and
Westerblad 2008; Powers and Jackson 2008). Co ciekawe, doniesienia ostatnich lat wskazuja, ze w
warunkach stresu dochodzi do degradacji ferrytyny i uwolnienia Zelaza stymulujgcego produkcje
reaktywnych form tlenu (Borkowska et al. 2011). Jak dotad nie przedstawiono przekonywujgcych
danych potwierdzajacych, ze zaburzenia metabolizmu Zelaza odpowiadaja za produkcje reaktywnych
form tlenu w trakcie intensywnego wysitku fizycznego, jednakze badania modelowe na liniach
komorkowych sugerujg takg mozliwo$¢ (Halon-Golabek et al. 2018). Niezaleznie od czynnikdw
etiologicznych reakcji wolnorodnikowych, odczuwalne efekty ich dziatania sg jednym z powodow,
dla ktorych atleci siggaja po preparaty o charakterze przeciwutleniajacym. Wysoki odsetek
stosowania  suplementow  antyoksydacyjnych ~ wsrod  polskich  biegaczy  $rednio- |
dhlugodystansowych, ze znamienng czestotliwoscig suplementacji witaminy C zaobserwowat w
swoich badaniach Czaja J. Podobne spostrzezenia odnotowano w wyniku analiz prowadzonych z
udziatem finskich olimpijczykow, czy sportowcow akademickich Uniwersytetu w Nebrasce. Obok
najczgsciej stosowanej witaminy C, wysoki odsetek suplementacji wsrod atletoéw zaobserwowano w
przypadku wit. A i E (Czaja 2010; Froiland et al. 2004; Heikkinen et al. 2011). Mimo popularnosci
suplementow o charakterze antyoksydacyjnym, zasadno$¢ ich stosowania w aspekcie zapobiegania
efektom wzmozonej produkcji reaktywnych form tlenu, jak rowniez powigzanie z metabolizmem

zelaza wymagajg dalszego zglebienia.

Kolejnym czynnikiem mogacym wptywac na réznice w powysitkowym metabolizmie zelaza
jest mutacja genu HFE, warunkujgca rozwdj wrodzonej hemochromatozy, bedacej najczgstszym
zaburzeniem genetycznym u przedstawicieli rasy kaukaskiej. Wrodzona hemochromatoza
sklasyfikowana jest jako choroba watroby, z pierwotng niewydolnos$cig wytwarzania hepcydyny
(Vuji¢ 2014). Choroba objawia si¢ obnizonym poziomem ekspresji hepcydyny, co zwigksza
aktywno$¢ ferroportyny i prowadzi do nasilonego wchianiania zelaza z pokarméw. Zelazo
odktadajac sie w tkankach, moze prowadzi¢ do uszkodzen wielu narzadow. Do trzech najczesciej
wystepujacych mutacji genu HFE, nalezg: mutacja H63D, mutacja S65C, oraz mutacja C282Y,
bedaca najczesciej diagnozowanym polimorfizmem (European Association for the Study of the Liver
2010). Ze wzgledu na brak danych, interesujacym wydaje si¢ by¢ zagadnienie dotyczace
oddziatywania intensywnego wysitku fizycznego na metabolizm zZelaza u nosicieli mutacji W genie
HFE.

10



Cel badan
Bazujac na powyzszych doniesieniach, w ramach prowadzonych badan postawiono

nastepujace pytania badawcze:

. Czy wysoka podaz cukréw prostych wptywa na powysitkowe zmiany w stezeniach Hpc oraz
IL-67

. Czy maraton wywota zmiany w osi hormonalnej EPO, ERFE, Hpc?

. Czy wyjsciowe stezenie zelaza i ferrytyny we krwi beda determinowaly zmiany w stezeniach

EPO, ERFE oraz Hpc indukowane przez bieg maratonski?

. Czy indukowane maratonem zmiany w metabolizmie zelaza, w przypadku nosicieli
zmutowanego genu HFE, beda odmienne w stosunku do biegaczy, ktorzy nie posiadajg tej

mutacji?

" Czy suplementacja antyoksydantami w sporcie ma sens?

11



2.2. Metody badawcze i omowienie wynikow

2.2.1. Metody badawcze zastosowane w pracy ,,Simple sugar supplementation abrogates

-induced increase in hepcidin in young men”

Procedury badan

W randomizowanym, pojedynczo zaslepionym badaniu krzyzowym wzigto udzial siedemnastu
zdrowych mezczyzn, w wieku 20-25 lat, o s$redniej wartosci VO, max = 51,06 + 8,9
mL - kg' - min~!. Badani zostali losowo podzieleni na grupe suplementujaca napoje z fruktoza (n=9)
oraz grup¢ suplementujacg napoje z glukozg (n=8), w tacznej ilosci 4 g cukru /kg m.c. Podczas
3-dniowego okresu suplementacji, wszyscy uczestnicy stosowali diet¢ o takiej samej zawarto$ci
makrosktadnikow i tgcznej kalorycznosci 3541.90 kcal. Po tygodniowej przerwie, w trakcie ktorej
badani zachowywali swoja rutynowa aktywno$¢ fizyczng, oraz nie zmieniali dotychczasowych
nawykow zywieniowych, postgpowanie wznowiono, z zastosowaniem zamiany grup. Przed
rozpoczgciem badan, uczestnicy zostali poinformowani o celu i ryzyku badan, oraz udzielili pisemng
zgode na uczestnictwo w badaniach, zatwierdzong przez Komisje Bioetyczng do Spraw Badan

Naukowych przy Gdanskim Uniwersytecie Medycznym.

Laboratoryjna proba wysitkowa

Przed rozpoczeciem oraz po zakonczeniu 3-dniowego okresu suplementacyjnego wykonany
zostat test o stopniowo zwigkszajacej si¢ intensywnosci do odmowy kontynuowania wysitku (test
progresywny do odmowy). Probe przeprowadzono w godzinach porannych, godzing po spozyciu
$niadania o takiej samej warto$ci odzywczej dla wszystkich uczestnikow. Test przeprowadzono na
ergometrze rowerowym firmy Monark, z uzyciem analizatora gazow MetaMAXx3B, firmy Cortex.
Przed rozpoczgciem wilasciwej proby, uczestnicy wykonali 5-minutowa rozgrzewke przy
intensywnosci 1.5 W-kg™?, z kadencja pedatowania 60 obr / min. Bezposrednio po rozgrzewce
badani rozpoczeli test progresywny, W ktérym opér zwigkszano o 25 W/min, az do momentu, kiedy
osiggnieto punkt wyczerpania wolicjonalnego. W trakcie testu mierzono oddechowa wymiang

gazowa (Oxycon-Pro, Jaeger-Viasys Health Care, Hochberg, Niemcy). Analizatory O i CO; zostaly
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skalibrowane przed kazdym testem przy uzyciu standardowych gazéw o znanych st¢zeniach zgodnie

z wytycznymi producenta.

Praébki krwi

Probki krwi zylnej pobrano z zyly tokciowej, do pojemnikéw jednorazowego uzytku
z prokoagulantem. Pobranie krwi odbylo si¢ dwukrotnie: w stanie spoczynku, bezposrednio przed
rozpoczeciem testu wysitkowego oraz godzing po jego zakonczeniu. Bezposrednio po pobraniu,
prébki umieszczono w lodzie, a nastepnie wirowano przy 3000 g w 4°C, przez 10 min. Z pobranych
prébek wyizolowano surowice, ktoéra po przeniesieniu do probéwek typu eppendorf zostata

zamrozona w temperaturze -80°C do czasu oznaczen.

Oznaczenia biochemiczne

Stezenia hepcydyny i IL-6 w surowicy okreslono przy uzyciu komercyjnego zestawu ELISA
(DRG Instruments, Marburg, Niemcy).

Analiza statystyczna

Analize statystyczng przeprowadzono przy uzyciu oprogramowania Statistica 13.1.
Wszystkie warto$ci wyrazono jako $rednig = odchylenie standardowe (SD). Do oceny jednorodnosci
dyspersji z rozktadu normalnego zastosowano test Shapiro-Wilka. Do oceny jednorodno$ci wariancji
uzyto testu Browna-Forsythego. W przypadku zmiennych jednorodnych przeprowadzono analizg
wariancji (ANOVA) dla powtarzanych pomiardéw oraz test post-hoc Tukeya na nierowne wielko$ci
probek, w celu zidentyfikowania znaczaco réznych wynikow. W przypadku probki heterogenicznej
zastosowano test ANOVA Friedmana i test post-hoc Dunna-Bonferroniego. Poziom istotnosci

ustalono na p<0,05.
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2.2.2. Omowienie wynikow pracy ,,Simple sugar supplementation abrogates exercise-induced

increase in hepcidin in young men”

Uzyskane wyniki wskazujg na istotny statystycznie powysitkowy wzrost stezenia hepcydyny
u badanych poddanych diecie standardowej, czego nie zaobserwowano w przypadku podazy
wysokich dawek fruktozy lub glukozy. Jedng z hipotez thumaczaca zahamowanie syntezy hepcydyny
jest zjawisko tworzenia przez zelazo stabilnych komplekséw z fruktoza, zwigkszajacych jego
wchilanianie. Powyzszy mechanizm potwierdzajg badania in vitro oraz obserwacje prowadzone na
modelach zwierz¢cych, w ktorych absorpcja zelaza byla stymulowana przez fruktoze (Pabdn de
Rozo, VanCampen and Miller 1986), jednakze, odmiennie do uzyskanych przez nas wynikow,
takiego efektu nie zaobserwowano w przypadku glukozy. Jednoczesnie, w zadnej z
suplementowanych cukrami grup nie zaobserwowano zmian w spoczynkowych stezeniach
hepcydyny. Ponadto, w przypadku os6b suplementujacych fruktoze, zaobserwowano istotny
statystycznie powysitkowy wzrost IL-6, co nie uwidocznito si¢ u oso6b otrzymujacych glukoze.
Obserwacja ta jest zgodna z doniesieniami, w ktorych konsumpcja wysokiej ilosci fruktozy przez
ludzi, wptywata na wzrost stezenia biatka C-reaktywnego (hs-CRP), co moze §wiadczy¢ o nasilaniu
stanu zapalnego oraz potencjalnie, 0 oddziatywaniu na metabolizm zelaza (Jameel et al. 2014).
Jednakze, potwierdzenie tej hipotezy wymaga kolejnych badan, w szczegdlnosci, z zastosowaniem

fizjologicznych dawek cukrow.

2.2.3. Metody badawcze zastosowane w pracy ,Marathon run-induced changes in the

erythropoietin-erythroferrone-hepcidin axis are iron dependent”

Procedury badan

Do badan zrekrutowano czterdziestu jeden me¢zczyzn, biegaczy-amatorow, w wieku 39.29 +
8.58 lat, przygotowujacych si¢ do startu w Gdanskim maratonie. Sposrod catej grupy, wszystkie
etapy badan zrealizowato dwudziestu dziewigciu uczestnikow. Plany treningowe realizowane przez
biegaczy przed startem w zawodach uwzgledniaty 6.39 +2.28 h treningdw biegowych w tygodniu,
ze $rednig liczba pokonanych kilometrow wynoszacg 55.84 + 19.77 km. Przed rozpoczgciem testow
uczestnicy zostali ustnie poinformowani o przebiegu badan. Wszyscy biegacze wyrazili réwniez
pisemng zgod¢ na $wiadomy udzial w badaniu. Ponadto, przed rozpoczeciem badan biegacze

uzyskali od lekarzy pisemne potwierdzenie o braku przeciwwskazan do udziatu w maratonie.
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Prébki krwi

Probki krwi zylnej pobierano z zyly lokciowej, do pojemnikdéw jednorazowego uzytku z
prokoagulantem. Pobranie krwi odbylo si¢ trzykrotnie: miesigc przed maratonem, bezposrednio po
biegu maratonskim oraz dziewie¢ dni po ukonczeniu zawoddw. Pobor krwi bezposrednio po
maratonie odbyt si¢ niezwlocznie po tym, kiedy biegacze dotarli do mety, za$ pozostate dwa pobory
zrealizowano na czczo, w godzinach porannych. Po pobraniu, prébki wirowano przy 3000 g w 4°C,
przez 10 min. Z pobranych probek wyizolowano surowice, ktéra po przeniesieniu do probdwek typu

eppendorf zostata zamrozona w temperaturze -80°C do czasu oznaczen.

Oznaczenia biochemiczne

Stezenia Hpc, ERFE i HMGB-1 w surowicy okreslono za pomoca zestawow Cloud-Clone
Corp. Ilosciowe oznaczanie EPO w surowicy przeprowadzono automatycznie przy uzyciu
IMMULITE 2000 EPO, testu chemiluminescencyjnego w fazie statej (IMMULTITE 2000,

Siemens). W prezentacji danych uwzgledniono potencjalne zmiany warto$ci hematokrytu.

Do oceny obecnosci mutacji w genie HFE wykorzystano test do genotypowania LightMix
HFE H63D S65C C282Y (TibMolbiol), z uzyciem aparatu LightCycler 2.0 (Roche). Dwa fragmenty
genu HFE poddano amplifikacji metodg Real-Time PCR. Jeden z nich, o dtugosci 354 par zasad
obejmujacy mutacje H36D oraz S65C, drugi, o dtugosci 276 par zasad, obejmujacy mutacje C282Y.

Genotypowanie wykonano metodg analizy krzywej topnienia.

Analiza statystyczna

Analize statystyczna przeprowadzono przy uzyciu oprogramowania Statistica 12.0 (Statsoft,
Tulsa, OK). Wszystkie wartosci wyrazono jako $rednig = odchylenie standardowe (SD). Do oceny
jednorodnosci dyspersji z rozktadu normalnego uzyto testu Shapiro-Wilka. Test Browna-Forsythe'a
zastosowano do oceny jednorodnosci wariancji. W celu uzyskania jednorodnych wynikow
przeprowadzono analiz¢ wariancji (ANOVA) dla powtarzanych pomiarow oraz test post-hoc Tukeya
w celu zidentyfikowania znaczaco réznych wynikow. W przypadku prébki heterogenicznej
zastosowano test ANOVA Friedmana i odpowiedni test post-hoc. Poziom istotnosci ustalono na
p<0,05.
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2.2.4. Omowienie wynikow pracy ‘’Marathon run-induced changes in the erythropoietin-

erythroferrone-hepcidin axis are iron dependent”’

Srednie stezenia zelaza, ferrytyny i transferyny oscylowaty w standardowym zakresie u
wszystkich badanych, z wyjatkiem dwoch, ktorzy wykazali obnizone stezenia W przypadku zelaza i
transferyny. Wozrost st¢zenia Hpc bezposrednio po biegu maratonskim odnotowano u czternastu
biegaczy. W przypadku pi¢tnastu biegaczy, u ktorych zaobserwowano spadek stezenia Hpc, ujawnit
si¢ jednoczesny wzrost stgzenia ERFE bezposrednio po maratonie, jednakze, zmiany te wrocity do
wartosci bazowych dziewig¢ dni po zakonczeniu zawodow. Fakt ten moze sugerowaé¢ hamujacy
wpltyw ERFE na biosynteze hepcydyny (Antosiewicz et al. 2013). Ponadto zaobserwowano, iz
czynnikiem warunkujagcym zmiany w stezeniach HpC, EPO i ERFE jest wyjsciowe stgzenie zelaza.
Biegacze posiadajacy wyjsSciowe stezenie zelaza <105 pg/Dl, charakteryzowali sie¢ wzrostem

stezenia EPO i ERFE bezposrednio po maratonie, przy jednoczesnym spadku Hpc.

Szczegbtowa analiza wykazata rowniez, ze bezposrednio po maratonie wzrosto stezenie EPO
U uczestnikow charakteryzujacych si¢ ste¢zeniem ferrytyny <70 ng/ml, czego nie zaobserwowano u
uczestnikow posiadajacych ferrytyne na poziomie >70 ng/ml. Powyzsze wyniki sugerujg, ze podczas
biegu maratonskiego, u biegaczy z niskim poziomem zelaza w surowicy, dochodzi do nasilenia
sygnalizacji hipoksycznej oraz do jej spadku w przypadku sportowcoéw z wysokim poziomem zelaza
w surowicy. Obserwacje te, potwierdzaja zarowno badania na modelach zwierzecych jak i badania
prowadzone na ludziach (Nai et al. 2014; Bosman et al. 2002). Analiza genu HFE ujawnita, ze
jedenastu z dwudziestu dziewigciu biegaczy bylo heterozygotami mutacji H63D, za$ osiemnastu
biegaczy posiadato gen niezmutowany, inaczej gen typu dzikiego (ang. wild type, WT). W probkach
pobranych dziewie¢ dni po maratonie zaobserwowano niewielki wzrost stgzenia ERFE w grupie WT
(0,17 £0,12 vs 0,24 +0,15, p = 0,01). Co ciekawe, siedmiu nosicieli mutacji H63D wykazato wzrost
stezenia Hpc po maratonie, za$ czterech — spadek. Widoczny byt réwniez wzrost markerow
odpowiedzi zapalnej i uszkodzenia migéni —kinazy kreatynowej (CK), leukocytow, neutrofili i
pentraksyny 3. Jednakze, whrew oczekiwaniom, stezenie biatka prozapalnego HMGB-1 nie wzrosto
po maratonie. Ponadto poziomy transferyny, TIBC i EPO wzrosty po biegu maratonskim, co moze
wskazywac¢ na reakcje adaptacyjng na stres wywotang intensywnym biegiem (Peeling et al. 2014).
Uzyskane wyniki potwierdzaja wykazany wczesniej hamujacy wptyw ERFE na syntez¢ HpC oraz
sugeruja, ze czynnikami determinujgcymi zmiany w st¢zeniach hormonow regulujacych metabolizm

zelaza sg wyj$ciowe stezenia zelaza oraz ferrytyny.
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2.2.5. Metody badawcze zastosowane w pracy ,,Suplementacja zwigzkami antyoksydacyjnymi w

sporcie. Przeglad pis$miennictwa”

W pracy przegladowej uwzgledniono jedenascie badan opublikowanych w latach 1997-2013,
prowadzonych zaréwno na sportowcach wyczynowych jak i amatorach, w ktorych zastosowano
dlugoterminowg suplementacj¢ preparatami antyoksydacyjnymi. Minimalny okres suplementacyjny
wynosit dwa tygodnie, maksymalny, osiem tygodni. Stosowana suplementacja obejmowala preparaty
zawierajace: Wit. C, polaczenie wit. C zkwercetyng / wit.E, CoQ10, Ubiquinol oraz

wielosktadnikowe preparaty antyoksydacyjne.

2.2.6. Omdwienie wynikoéw pracy ,Suplementacja zwigzkami antyoksydacyjnymi w Sporcie.

Przeglad piSmiennictwa”

W czterech sposrod jedenastu uwzglednionych badan zaobserwowano pozytywne efekty
suplementacyjne, objawiajace si¢ m.in.: zwigkszeniem maksymalnej mocy podczas testu
wysitkowego na cykloergometrach czy lepszymi wynikami czasowymi uzyskiwanymi podczas biegu
do odmowy na biezni mechanicznej (Cooke et al. 2008; Alf, Schmidt and Siebrecht 2013). Jednakze,
w siedmiu badaniach uzyskane rezultaty byly neutralne lub tez niekorzystne. SzczegOlnie
interesujgcymi sg spadki ekspresji genow: peroksydazy glutationowej, dysmutazy ponadtlenkowej
oraz PGC1-a wskutek osmiotygodniowego stosowania wit.C w dawce 1 g/d w potaczeniu z 300 mg
wit.E, czy nasilenie stresu oksydacyjnego na skutek dwumiesi¢cznej podazy a-tokoferolu w dawce
800 1U/d (Ristow et al. 2009; Nieman et al. 2004). Indukowany wysitkiem fizycznym stres
oksydacyjny, wywotuje reakcj¢ adaptacyjng nasilajgcg aktywno$¢ endogennych systemow
antyoksydacyjnych chronigcych przed uszkodzeniami oksydacyjnymi. Suplementacja zwigzkami o
charakterze przeciwutleniajacym moze zatem uposledza¢ funkcjonowanie naturalnych,

wewnetrznych barier chronigcych przed stresem oksydacyjnym i uposledza¢ adaptacje treningows.
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2.3.

WhioskKi

Indukowany wysitkiem fizycznym wzrost stezenia Hpc jest ograniczany wskutek stosowania

diety bogatej w cukry proste.
Dieta bogata we fruktoze stymuluje powysitkowy wzrost IL-6.

Stymulowany wysitkiem 1 suplementacjg fruktozy wzrost st¢zenia IL-6 nie wigzatl si¢ ze

wzrostem stezenia Hpc.
Wysitek maratoniski powoduje wzrost stezenia EPO.

U biegaczy z niskim stezeniem zelaza we krwi odnotowano bardziej widoczny wzrost
stezenia EPO i ERFE po biegu maratonskim, w stosunku do oséb z wysokim st¢zeniem

zelaza.

U biegaczy z niskim stezeniem ferrytyny obserwowano istotny wzrost EPO po biegu
maratonskim, podczas gdy powyzsze zmiany nie byly widoczne u biegaczy z wysokim

stezeniem ferrytyny.

U biegaczy, u ktorych obserwowano spadek Hpc po biegu maratonskim odnotowano wzrost
stezenia ERFE.

Zaobserwowano, ze jedenastu sposrod dwudziestu dziewigciu maratonczykow byto
nosicielami zmutowanej formy genu HFE (H63D), jednakze mutacja ta nie miata wptywu na

zmiany w metabolizmie zelaza, indukowane wysitkiem maratonskim.

Nie ma jednoznacznego stanowiska uczonych w sprawie suplementacji zwigzkoéw

antyoksydacyjnych u sportowcow.
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3. Dissertation summary

This doctoral dissertation is based on a series of three publications under a common title:
"Changes in iron metabolism induced by physical effort and diet’’, consisting of:

. Suplementacja zwigzkami antyoksydacyjnymi w sporcie.: Przeglgd pismiennictwa, Medycyna
Sportowa, 2015, vol. 31, 1, 1-9, doi: 10.5604/1232406X.1150313,

Ministerial score — 14pts

" Simple sugar supplementation abrogates exercise-induced increase in hepcidin in young men.
Journal of the International Society of Sports Nutrition, 2017, vol. 14, 10, 1-5, doi:
10.1186/s12970-017-0169-8, impact factor - 3,135,

Ministerial score — 25pts

" Marathon run-induced changes in the erythropoietin-erythroferrone-hepcidin axis are iron
dependent. International Journal of Environmental Research and Public Health, 2020, vol. 17,
8, 2781, 1-9, doi: 10.3390/ijerph17082781, impact factor 2,468,

Ministerial score -— 70pts
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3.1 Introduction

The role of iron in human health has been recognized since ancient times. Its numerous
applications were already known by Egyptians, Hindus, Greeks and Romans (Woods, Eggleston and
Krebs 1970; McDowell 2003). Accounts from the 17" century also suggest that iron was used to
treat chlorosis which manifests as green skin, and which was often believed to be caused by iron
deficiency (Guggenheim 1995) . However, it was not until 1932 when the importance of iron was
finally reinforced by the evidence that iron is necessary for the production of haemoglobin which is

essential for cellular respiration (Ziegler and Filer 1996).

Iron is a micronutrient involved in a number of processes maintaining homeostasis of the
human body, such as cellular respiration, DNA and RNA biosynthesis, regulation of gene
expression, and cell proliferation and differentiation (Lieu et al. 2001). In a 2017 report —
“Nutritional anaemias: tools for effective prevention and control” the World Health Organization
(WHO) suggests that iron deficiency, the leading cause of anaemia in many people, can affect health
of up to two billion people, and regardless of negative effects of anaemia, it is associated with
delayed cognitive and behavioural development in children, as well as with reduced productivity in
adults and impaired cognitive functioning in women (World Health Organization 2017). On the other
hand, so-called iron overload is the disorder with equally important health complications described in
the literature, which accompanies the most common genetic disorder in the world, that is hereditary
haemochromatosis. Increased absorption of iron in the gastrointestinal tract observed in patients with
haemochromatosis may lead to “iron overload” which is characterized by accumulation of iron in the
liver, pancreas and heart, which in turn leads to the development of disorders such as diabetes,
cirrhosis, heart failure or cancer (Pietrangelo 2010; Brissot et al. 2018). Organ damage is believed to
be caused by the production of an excess of reactive oxygen species in the presence of excess iron,
occurring mainly as a result of Fenton reaction, which is catalysed by ferric ions (Kohgo et al. 2008).
The multidirectional action of iron in the human body and numerous negative health consequences
resulting from disorders of its metabolism are reflected in the complex, intracellular mechanism of

iron level regulation, which is still not fully understood.

Iron is absorbed in duodenal enterocytes, but before that non-haem iron is reduced from the
Fe3* to the Fe?" form. Iron can be stored in the enterocytes as ferritin or transferred to the
bloodstream by ferroportin. Ferroportin transports reduced iron (Fe?*) which is then oxidized to the

Fe3* form by hephaestin or ceruloplasmin and bound to the main iron transporter — transferrin, with
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which it is distributed to specific tissues. Hepcidin, a 25-amino acid peptide synthesized in the liver
(Ganz 2003), is considered the major regulator of dietary iron absorption and iron release from
macrophages to the bloodstream. Hepcidin can also be produced in adipose tissue and tissues of
many other organs, including kidneys, stomach, , brain, heart or pancreas (Daher et al. 2019).
Studies conducted over the last few years have shown that the synthesis of hepcidin is strongly
stimulated by inflammation accompanying intense physical exercise. Interleukin 6 (IL-6), a pro-
inflammatory cytokine, plays a key role in this mechanism. Interleukin 6 stimulates the synthesis of
hepcidin, which limits iron absorption from the small intestine and reduces the ability of
macrophages to recycle iron from old erythrocytes (Peeling et al. 2014). In the analysis of post-
exercise urine hepcidin levels in marathon runners, an increase in hepcidin concentration was
observed in the majority of the studied women (Roecker et al. 2005). Other publications confirm
these changes and highlight the co-occurrence of inflammation in the studied sportswomen
(Antosiewicz et al. 2013; Ehn, Carlmark and Hoglund 1980). However, there are also reports that
find no difference in hepcidin levels in response to exercise (Kasprowicz et al. 2013) . This fact
proves that there are other factors influencing hormonal response. The recently discovered hormone
erythroferrone (ERFE) and the HMGB-1 protein are the factors that may have an impact on post-
exercise hepcidin levels (Kautz et al. 2014; Ranzato, Martinotti and Patrone 2015). What is
important, ERFE inhibits hepcidin biosynthesis and its action can be stimulated by erythropoietin
(EPO). The suggested mechanism of action of ERFE assumes that increased erythropoiesis, which
accompanies regular physical activity provokes the differentiation of erythroblasts, i.e. precursor red
blood cells, in the bone marrow and spleen, which increases the production of ERFE and its release
into the bloodstream. ERFE has a direct effect on the liver by inhibiting hepcidin production, which
in turn increases the amount of iron available for synthesis of new red blood cells (Kautz et al. 2014).
Moreover, the relationship between iron metabolism and the EPO-ERFE-Hpc axis is confirmed by
the activity of transferrin receptor 2 (Tfr2), which is a component of the erythropoietin receptor
complex (EPOR). Animal model analyses suggest that Tfr2 acts as a circulating iron sensor that
regulates the sensitivity of EPO and decreases its activity in iron overload (Nai et al. 2015). In vitro
studies also show that hepatic Tfr2, by promoting iron signalling, stimulates hepcidin synthesis and

inhibits the entry of iron into the bloodstream (Nai et al. 2014).

Apart from increased physical activity, the factor that may modulate the inflammation is diet
(Galland 2010). In recent years, scientists have been particularly interested in fructose, whose

average consumption has quadrupled since the beginning of the 20th century (Jameel 2014). Studies
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conducted both in vitro and on animal models show that high supply of fructose increases the
production of superoxide anion and thus induces oxidative stress, which in turn may increase the
production of pro-inflammatory mediators (Cirillo et al. 2009; Delbosc et al. 2005). This fact has
been confirmed in human studies, in which high doses of fructose cause an increase of the C-reactive
protein levels (hs-CRP) (Jameel et al. 2014). Moreover, due to the fact that fructose is metabolized
differently than other sugars, its overconsumption may contribute to negative health consequences.
As there are no effective glycolytic checkpoints, hepatic ATP and adenine nucleotide stores may be
depleted leading to an increase in uric acid levels in the blood, causing hyperuricemia, which is
considered the risk factor of obesity, diabetes, kidney diseases and cardiovascular diseases (Woods,
Eggleston and Krebs 1970; Soltani et al. 2013). It is interesting that the abovementioned disorders
are accompanied by increased ferritin blood levels (Knovich et al. 2009). This fact gives rise to the
assumption that high fructose intake is associated with changes in iron metabolism. In vitro studies
show that fructose and its metabolites increase the absorption of iron by forming stable complexes
with iron. This has been confirmed in animal models in which iron absorption was stimulated by
fructose, but not by glucose (Pabén de Rozo, VanCampen and Miller 1986; Charley et al. 1963). The
effects of high fructose intake on changes in iron metabolism in humans, similarly to the relationship

between high-fructose diet and physical exercise are still unknown.

Apart from high-fructose diet, supplementation with antioxidants, which is clearly associated
with iron metabolism, has been an often-discussed issue over the last decade, especially among
people working in sports. Increased production of reactive oxygen species which accompanies
intense physical exercise contributes to the damage of cell structures and may also lead to muscle
weakness and fatigue (Allen, Lamb and Westerblad 2008; Powers and Jackson 2008). Interestingly,
recent reports show that when under stress ferritin is degraded and iron, which stimulates the
production of reactive oxygen species, is released (Borkowska et al. 2011). Although there is no
reliable data confirming that disorders of iron metabolism lead to the production of reactive oxygen
species during intense physical exercise, cell line model studies suggest that the disorders play an
important role in the development of reactive oxygen species (Halon-Golabek et al. 2018).
Regardless of the aetiology of free radical reactions, the evident effects of their action are one of the
reasons why athletes use antioxidants. Czaja observed that high percentage of Polish medium- and
long-distance runners use antioxidants and vitamin C Similar conclusions were noted during the
analysis among the analyses of Finnish Olympians and student-athletes from the University of

Nebraska. In addition to the most commonly used vitamin C, a high percentage of athletes use
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vitamins A and E (Czaja 2010; Froiland et al. 2004; Heikkinen et al. 2011). Although antioxidant
supplements are so popular, the rationale for their supplementation in terms of preventing the effects
of increased reactive oxygen species production, as well as their associations with iron metabolism
require further research.

Another factor that may influence the post-exercise iron metabolism is the HFE gene
mutation, which determines the development of hereditary haemochromatosis, the most common
genetic disorder in the Caucasian population. Hereditary haemochromatosis is a liver disease with
insufficient production of hepcidin, in the course of which low hepcidin expression increases the
activity of ferroportin and leads to increased absorption of dietary iron, which accumulates in tissues
and thus causes damage to many organs (Vuji¢ 2014). The three most common mutations in the
HFE gene include: H63D mutation, S65C mutation, and C282Y mutation, which is the most
frequent polymorphism (European Association for the Study of the Liver 2010). As there is no data
on this topic, it seems interesting how intense physical exercise affects iron metabolism in people
with HFE mutation and to what changes (if any) in metabolism does the mutation lead to, in

comparison to non-carriers?

Research objective

On the basis of the above-mentioned study reports the following research questions were

formulated:

. Does a high intake of simple sugars affect post-exercise changes in Hpc and IL-6 levels?

. Will the marathon cause any changes in the EPO, ERFE, Hpc hormonal axis?

. Will the baseline blood iron and ferritin levels determine changes in EPO, ERFE and Hpc

levels induced by marathon?

" Will marathon-induced changes in iron metabolism be different for mutant HFE gene carriers

than for runners without the mutation?

" Does supplementation with antioxidants in sports make sense?

23



3.2. Methods, results and discussion

3.2.1. Methods used in the study “Simple sugar supplementation abrogates exercise-induced

increase in hepcidin in young men”

Research procedures

A randomized, single-blind crossover study included seventeen healthy men aged 20-25
years, with an average VO, max = 51.06 +8.9 mL kg™' min~!. The subjects were randomized to a
group receiving fructose drinks (n = 9) or glucose drinks (n = 8) in a total amount of 4 g of sugar per
kilogram of body weight. During the three-day supplementation period all participants followed a
diet with the same macronutrient content and a total caloric value of 3541.90 kcal. After the end of
the three-day period participants undergo a one-week ,,wash-out’” during which they kept their
routine physical activity and did not change their eating habits. After a one-week break, the
procedure was resumed with subjects placed in the other groups. Before the study started, all
participants were informed about the aims and risks of this study and provided a written consent to
participate in the study, approved by the Bioethics Committee for Scientific Research at the Medical

University of Gdansk.

Cardiac stress test

Before the beginning and after the end of the three-day supplementation period, a stress test
with gradually increasing intensity of exercise was performed. The test was continued until the
patient requested to stop the exercise (progressive stress test). It was performed in the morning, one
hour after breakfast of the same nutritional value for all participants. The test was carried out on a
Monark bicycle ergometer with the MetaMAX3B gas analyser by Cortex. Before the actual test
started, participants performed a 5-minute warm-up at the intensity of 1.5 W-kg™* with a pedalling
cadence of 60 rpm. Immediately after the warmup, subjects started a progressive test in which
resistance was increased by 25 W/min until the point of volitional exhaustion. The exchange of
respiratory gases was measured during the test (Oxycon-Pro, Jaeger-Viasys Health Care, Hochberg,
Germany). The Oz and CO> analysers were calibrated before each test using standard gases of known

concentrations according to the manufacturer's guidelines.
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Blood samples

Venous blood samples were collected from the ulnar vein into disposable tubes with a pro-
coagulant. Blood sampling was performed twice: at rest, immediately before starting the stress test,
and one hour after its completion. Immediately after collection, the samples were placed on ice and
then centrifuged at 3000 g at 4°C for 10 minutes. Sera were isolated from the samples, and, after

transferring to eppendorf tubes, they were frozen at -80°C until analysis.

Biochemical testing

Serum hepcidin and IL-6 levels were determined using a commercial ELISA kit (DRG

Instruments, Marburg, Germany)

Statistical analysis

Statistical analysis was performed using Statistica 13.1 software. All values were expressed
as mean = standard deviation (SD). The Shapiro-Wilk test was used to determine whether the data
had a normal distribution. The Brown-Forsythe test was used to confirm homogeneity of variances.
For homogeneous variables, an analysis of variance (ANOVA) for repeated measures and Tukey's
post-hoc test for unequal sample sizes were performed to identify significantly different results. The
Friedman ANOVA test and the Dunn-Bonferroni post-hoc tests were used in heterogeneous samples.
The significance level was set at P <0.05.

3.2.2. Results and discussion about the study report “Simple sugar supplementation abrogates

exercise-induced increase in hepcidin in young men”

The obtained results show a statistically significant, exercise-induced increase in hepcidin
levels in subjects on a standard diet. This increase was not found in subjects on high-fructose or
high-glucose diets. One of the hypotheses explaining the inhibition of hepcidin synthesis says that
fructose forms stable complexes with iron, thus increasing its absorption. This mechanism has been
confirmed in in vitro studies and in animal models, in which iron absorption was stimulated by
fructose (Pabon de Rozo, VanCampen and Miller 1986), but, unlike in our study, such an effect was

not observed for glucose. Resting hepcidin levels remained the same in all sugar-supplemented
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groups. Moreover, a statistically significant increase in IL-6 was observed in people receiving
fructose, but not in those receiving glucose. This observation is consistent with reports saying that
high fructose intake increases C-reactive protein (hs-CRP) level, which may be a proof of intensified
inflammation and, potentially, affect iron metabolism (Jameel et al. 2014). In order to confirm this
hypothesis, however, it is necessary to conduct further research, particularly with the use of

physiological doses of sugars.

3.2.3. Methods used in the study “Marathon run-induced changes in the erythropoietin- erythroferrone-

hepcidin axis are iron-dependent”

Research procedures

As many as forty-one male amateur runners, aged 39.29 +8.58 years, preparing to start in
Gdansk Marathon were included in the study. Twenty-nine of them completed all study stages. Training
schedule included 6.39 £2.28 hours of running a week, with a mean number of kilometres covered 55.84
+19.77 km. Before the tests started, all participants were informed orally about the course of the study.
All runners gave their written, informed consent to participate in the study. Before the initiation of the
study all participants obtained a written, medical opinion certifying that their participation in the

marathon is not contraindicated.

Blood samples

Venous blood samples were collected from the ulnar vein into disposable tubes with a pro-
coagulant. Blood samples were collected three times: one month before the marathon, immediately after
the marathon run and nine days after the end of the competition. Blood sampling after the marathon run
was performed immediately after the runners reached the finish line and the other two fasting blood
samples were collected in the morning. The samples were then centrifuged at 3000 g at 4°C for 10
minutes. Sera were isolated from the collected samples, and after transferring to eppendorf tubes, they

were frozen at -80°C until the time of analysis.
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Biochemical analysis

Serum Hpc, ERFE and HMGB-1 levels were determined using Cloud-Clone Corp Kits.
Quantitative determinations of EPO in the serum were performed automatically using IMMULITE
2000 EPO, a solid-phase chemiluminescent assay (IMMULTITE 2000, Siemens). Potential changes

in the haematocrit value were taken into consideration in data presentation

The HFE genotype was determined using LightMix Kit HFE H63D S65C C282Y
(TibMolbiol) with LightCycler 2.0 (Roche). Two fragments of the HFE gene were PCR-amplified
using Real-Time PCR method. One of them, 354 bp in length, including H36D and S65C mutations,
whereas the other, 276 bp in length, including C282Y mutation. Genotyping was performed with

melting curve analysis.

Statistical analysis

Statistical analysis was performed using Statistica 12.0 software (Statsoft, Tulsa, OK). All
values were expressed as mean zstandard deviation (SD). The Shapiro-Wilk test was used to
determine whether the data had a normal distribution. The Brown-Forsythe test was used to confirm
homogeneity of variances. For homogeneous results, an analysis of variance (ANOVA) for repeated
measures and Tukey's post-hoc test for unequal sample sizes were performed to identify significantly
different results. The Friedman ANOVA test and the Dunn-Bonferroni post-hoc tests were used in

heterogeneous samples. The significance level was set at P <0.05.

3.2.4. Results and discussion about the study report ,,Marathon run-induced changes in the
erythropoietin-erythroferrone-hepcidin axis are iron-dependent”

Mean iron, ferritin, and transferrin levels were within the standard range in all subjects except
for two with reduced iron and transferrin levels. Post-marathon Hpc levels were increased in fourteen
runners. Fifteen runners with a decrease in Hpc levels were found to have ERFE levels increased
immediately after the marathon but the values returned to baseline levels nine days later. This fact
may suggest an inhibitory effect of ERFE on hepcidin biosynthesis (Antosiewicz et al. 2013). It has
also been observed that changes in HpC, EPO and ERFE levels depend on the baseline iron levels. In
athletes whose serum iron levels were below 105 pg/dl, serum EPO and ERFE levels increased after

the marathon run, whereas Hpc levels decreased.
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Detailed analysis showed that athletes with ferritin levels <70 ng/mL had increased EPO
levels right after the marathon, but it was not observed in athletes with ferritin levels >70 ng/mL.
These results suggest that during a marathon run, the hypoxic signalling is augmented in runners
with low serum iron levels and reduced in athletes with high serum iron levels, which has been
confirmed in animal models and human studies (Nai et al. 2014; Bosman et al. 2002). Analysis of the
HFE gene revealed that eleven of twenty-nine runners were heterozygotes for H63D mutation and
eighteen runners carried the unchanged form of the gene, that is the wild type gene (WT). A slight
increase in ERFE levels was found in samples collected in the WT HFE gene group nine days after
the marathon (0.17 £ 0.12 vs. 0.24 £0.15, P = 0.01). Interestingly, seven of the H63D mutation
carriers demonstrated an increase in Hpc levels after the marathon, while four showed a decrease.
Furthermore, an increase in the markers of inflammatory response and muscle damage (creatine
kinase (CK), leukocytes, neutrophils, and pentraxin 3) was observed. However, contrary to the
expectations, the levels of HMGB-1, a pro-inflammatory protein, did not increase after the marathon.
Finally, transferrin, TIBC and EPO levels increased after the marathon run, which may indicate a
stress-adaptive response induced by intense running (Peeling et al. 2014). The obtained results
confirm the previously demonstrated inhibitory effect of ERFE on HpC synthesis and suggest that
baseline iron and ferritin levels are factors determining changes in the levels of hormones regulating

iron metabolism.

3.2.5. Methods used in the study “Supplementation with antioxidants in sports: Literature review”

The review included 11 studies published in the years 1997-2013, conducted both on
professional athletes and amateurs who used long-term supplementation with antioxidants. The
minimum supplementation period was 2 weeks, the maximum - 8 weeks. The supplementation used
included preparations containing vitamin C, a combination of vitamin C with quercetin / vitamin E,

CoQ10, a-tocopherol, Ubiquinol and multi-component antioxidant preparations.

3.2.6. Results and discussion about the study “Supplementation with antioxidants in sports:

Literature review”

Positive supplementation effects were observed in four out of eleven included studies. These
effects included increased maximum power evaluated in cardiac stress tests performed on

cycloergometers and better results obtained on a treadmill (longer time to request cessation of the
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workout) (Cooke et al. 2008; Alf, Schmidt and Siebrecht 2013). In seven studies, however, the
results were neutral or unfavourable. Particularly interesting is the decreased expression of
glutathione peroxidase, superoxide dismutase and PGC1-a genes as the result of eight weeks of
supplementation with vitamin C in a dose of 1 g/d in combination with 300 mg of vitamin E, or the
increase in oxidative stress as the result of a two-month intake of a-tocopherol in a dose of 800 1U/d
(Ristow et al. 2009; Nieman et al. 2004). Physical exercise-induced oxidative stress provokes an
adaptive reaction increasing the activity of endogenous antioxidant systems which protect the body
against oxidative damage. Supplementation with antioxidants may therefore impair the functions of

natural, internal barriers protecting against oxidative stress and impair training adaptation.
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3.3.

Conclusions

Exercise-induced increase in Hpc level is limited by the simple sugar-rich diet.
Fructose-rich diet stimulates post-exercise increase in IL-6 levels.

Exercise and fructose supplementation stimulated increase in IL-6 concentration was not

associated with increase of Hpc concentration.
Marathon effort increases EPO levels.

Runners with low blood iron levels had a more pronounced increase in EPO and ERFE levels

after the marathon run compared to those with high iron levels.

Runners with low ferritin levels showed a significant increase in EPO levels after the

marathon run. These changes were not observed in runners with high ferritin levels.

An increase in ERFE levels was observed in runners with a decrease in Hpc levels after the

marathon run.

Eleven out twenty-nine marathon runners carried a mutant form of the HFE gene (H63D) but

it had no effect on exercise-induced changes in iron metabolism.

There is no consensus among researchers regarding the supplementation of antioxidants in

athletes.
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Streszczenie

Chec¢ zwigkszenia mozliwos$ci wysitkowych organizmu oraz zapobieganie nega-
tywnym konsekwencjom wynikajgcym z wysokich obcigzen treningowych, sktaniajg
sportowcow i osoby aktywne fizycznie do siegania po réznego rodzaju suplementy
diety. Wéréd dozwolonych suplementow o naukowo potwierdzonej skutecznosci oraz
preparatow, ktore nie wykazujg korzystnych efektéw dziatania, znajdujg sie te, ktérych
wptyw na organizm ludzki pozostaje niejednoznaczny. Do grupy B suplementow sporto-
wych sklasyfikowanych przez Australijski Instytut Sportu, co do skutecznosci ktérych nie
ma wystarczajgcych dowodow naukowych, zalicza sie preparaty antyoksydacyjne. Po-
nizsza praca przedstawia mechanizmy dziatania i role substancji pro- i antyoksydacyj-
nych w organizmie 0s6b o zwiekszonej aktywnosci fizycznej oraz przeglad badan oce-
niajgcych wptyw zwigzkoéw antyoksydacyjnych na mozliwosci wysitkowe.

Summary

The desire for enhancing body’s natural capacity and preventing it from negative
consequences as a result of intense physical trainings have become one of the
reasons why athletes and physically active people administer different types of dieta-
ry supplements. Besides the scientifically proven supplements and the ones that do
not show the beneficial effects, there are some preparations, whose impact of the
body remains unclear. In particular, group B sport supplements, which is classified
by the Australian Institute of Sport, includes antioxidant preparations and there is only
limited scientific evidence, associated with their efficiency. This work presents the
mechanisms of action, the role of pro- and antioxidant substances in people with in-
creased physical activity and the review of studies investigating the effect of antioxi-
dant compounds on exercise capacity.
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Tomczyk M. i wsp. Suplementacja zwigzkami antyoksydacyjnymi w sporcie

Reaktywne formy tlenu — efekt zwiekszonego
wysitku fizycznego

Antyoksydanty stanowig grupe zwigzkéw chemicz-
nych, ktore przeciwdziatajg zachodzgcym w komor-
kach reakcjom utleniania, moggcym prowadzi¢ do
strukturalnych i funkcjonalnych zaburzen organizmu.
w reakcje ze sktadnikami komorek i w konsekwengciji
mogacymi uszkadza¢ ich funkcje, sg reaktywne formy
tlenu (z ang. ROS). Wsrod reaktywnych form tlenu
nalezy wymieni¢ zwigzki wolnorodnikowe, posiadajg-
ce w swojej budowie jeden niesparowany elektron
(min. anionorodnik ponadtlenkowy i rodnik wodoro-
nadtlenkowy) oraz zwigzki niebedgce rodnikami (tlen
singletowy, ozon, nadtlenek wodoru) [1].

Produkcja niewielkich ilosci reaktywnych form tle-
nu w organizmie jest naturalnym zjawiskiem fizjolo-
gicznym, niezbednym do regulacji proceséw metabo-
licznych, ekspresji genéw czy tez proceséw napraw-
czych komorek. W wyniku zaburzen przemian wew-
natrzkomorkowych oraz czynnikow zewnetrznych, do-
chodzi¢ moze do ich nagromadzenia i wywofania tzw.
stresu oksydacyjnego, ktdry charakterystyczny jest m.in.
dla choréb neurodegeneracyjnych, miazdzycy, cukrzy-
cy czy nowotworéw. Co wiecej, wydaje sie, iz procesy
wolnorodnikowe odgrywajg bezposrednig role w sta-
rzeniu sie organizmu [2,3,4,5]. Zjawisko stresu oksy-
dacyjnego i nasilonej produkcji reaktywnych form tle-
nu obserwowane jest rowniez w przypadku zwiek-
szonego wysitku fizycznego, co po raz pierwszy na
poczatku lat 80. ubiegtego stulecia wykazali Davis
i wspotpracownicy [5,6]. Zrédtem substancji prooksy-
dacyjnych w miesniach szkieletowych sg w gtéwnej
mierze procesy oddychania komérkowego przebie-
gajgce w mitochondriach oraz przemiany katalizowa-
ne przez oksydaze NADPH, oksydaze ksantynowg
oraz syntaze tlenku azotu. Wiekszos¢ przetwarzane-
go w mitochondriach tlenu redukowana jest do wody,
podczas gdy okoto 1% ulega niepetnej redukgcji z wy-
tworzeniem reaktywnych form tlenu. Dodatkowo gene-
ratorami wolnych rodnikéw powstajgcych w trakcie
pracy miesniowej sg procesy autooksydaciji katechola-
min, uszkodzenia biatek zawierajgcych w swojej struk-
turze zelazo (hemoglobina, mioglobina) oraz komérki
fagocytujace [2,3,7].

Stosowanie antyoksydantow wsrod sportowcow

Liczne badania wykazaty, ze nasilona produkcja
reaktywnych form tlenu, towarzyszgca dtugotrwate-
mu, intensywnemu wysitkowi fizycznemu, wywotuje
uszkodzenia skfadnikéw komoérkowych, jak réwniez
przyczynia sie do wystgpienia zjawiska ostabienia
i zmeczenia migsniowego [4,8,9].

Fakt ten stat sie jednym z powodow, dla ktérego
sportowcy zaczeli siega¢ po witaminy o charakterze
antyoksydacyjnym. Wysokie spozycie suplementéw an-
tyoksydacyjnych zaobserwowano w badaniach oceny
czestosci stosowania suplementacji witaminowej przez
biegaczy $rednio- i dtugodystansowych autorstwa
Czaiji, wedle ktérych do najczesciej stosowanych wita-
min, oprocz kwasu foliowego, nalezg wit. C oraz wit.
Awraz z wit. E. W grupie 88 sportowcow (56 mezczyzn
i 32 kobiety) codzienng suplementacje preparatami z wit.
C zadeklarowato 28,2% kobiet i 33,9% mezczyzn.

Reactive oxygen species — the effect
of increased physical activity

Antioxidants are a group of compounds that coun-
teract the oxidation reactions occurring in cells, which
can lead to structural and functional disturbances of
the body. The substances that initiate oxidation reac-
tions fall in the reactions with components of cells
and consequently, may damage their functions. These
are called reactive oxygen species (ROS). Among the
reactive oxygen species, there are free radicals with
one unpaired electron in their structure (superoxide
anion and hydroxyl radical) and non-radical compounds
(singlet oxygen, ozone, hydrogen peroxide) [1].

The formation of small amounts of reactive oxy-
gen species is a natural physiological phenomenon
essential for regulating the metabolic processes of
gene expression and cell repair processes. Some
intracellular changes and external factors may lead
to their accumulation and induce oxidative stress,
which is characteristic of conditions such as neurode-
generative diseases, atherosclerosis, diabetes and
cancer. Moreover, it seems that the free-radical pro-
cesses play a direct role in the aging of the human
body [2,3,4,5]. The phenomenon of increased oxida-
tive stress and the production of reactive oxygen spe-
cies is also observed in the case of increased phy-
sical activity, which was demonstrated for the first
time in the early 1980s by Davis and colleagues [5,6].

The increase of pro-oxidative substances in ske-
letal muscle is predominantly due to extending the
cellular respiration in mitochondria, and the reaction
catalyzed by NADPH oxidase, xanthine oxidase and
nitric oxide synthase. Oxygen, which is mainly pro-
cessed in the mitochondria, is later reduced to water,
while around 1% of the reduction reaction is inco-
mplete and induces the formation of a reactive oxy-
gen species. In addition, the free radicals generated
during muscle work processes cause the autoxida-
tion of catecholamines, protein damage on structures
containing iron (hemoglobin, myoglobin) and phago-
cytic cells [2,3,7].

The use of antioxidants among athletes

Numerous studies have shown that the increased
production of reactive oxygen species during intense
and long-term physical exertion causes damage to
cellular components, as well as contributes to muscle
weakness and fatigue [4,8,9]. This fact has become
one of the reasons why athletes began to use antioxi-
dant vitamins. A high intake of antioxidant supple-
ments was observed in studies evaluating the fre-
quency of the use of vitamin supplementation for
medium or long distance runners by Czaja. Accord-
ing to this research, the most common vitamins con-
sumed, other than folic acid , were are vitamin C and
vitamin A with vitamin E. In a group of 88 athletes (56
men and 32 women), 28.2% of the women and
33.9% of the men reported that they used vitamin C
supplements daily. The percentage of runners taking
supplements of vitamins A and E was 15.6% for
women and 7.1% for men [10].
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Ryc. 3,4. Czestotliwos¢ stosowania wit.C i wit.E wsrdd 203 sportowcow akademickich wedtug Froilanda i wsp. [11]
Fig. 3,4. Frequency of use vit.C and vit.E among 103 academic athletes according to Froiland et al. [11]

Odsetek biegaczy stosujacych suplementy oparte
o wit. A+E wynosit 15,6 % w przypadku kobiet i 7,1%
w przypadku mezczyzn [10].

Podobnych danych dostarcza analiza stosowania
suplementow wsréd sportowcow akademickich Froi-
landa i wspotautoréw, z ktorej wynika, iz wit C, E i wit.
A/B-karoten byly suplementowane przez kolej-
no 32%, 15% i 10% sposrod 203 uczestnikéw bada-
nia [11]. Dodatkowo wysokie spozycie wit. C na prze-
strzeni lat 2002 i 2008-2009 wsrod finskich olimpij-
czykéw wykazato badanie Heikkinena i wspotpra-
cownikéw. Sposréd 446 badanych w roku 2002, od-

Similar data were obtained from the analysis of
sport supplements by Frgiland and co-authors, which
showed that vitamin C, E and vitamin A (B-carotene)
were supplemented by 32%, 15% and 10% of the
203 participants in the study, respectively [11]. In ad-
dition, a high intake of vitamin C among Finnish
Olympians between 2002 and 2008 to 2009 was
found by Heikkinen and colleagues. Of the 446 respon-
dents in 2002, the percentage of athletes consuming
vitamin C supplementation was 28%, while in 2008/
2009, 24% of the athletes reported using such sup-
plements [12].
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Ryc. 5. Czestotliwosé stosowania wit.C wsrod 372 finskich Olimpijczykéw wedtug Heikkinena i wsp. [12]
Fig. 5. Frequency of use vit.C among 272 according to finnish olympians according to Heikkinen et al. [12]

setek sportowcéw spozywajacych preparaty z wit. C
wynosit 28%, podczas gdy na przetomie lat 2008/
2009 suplementacje zadeklarowato 24% z 372-oso-
bowej grupy sportowcow [12]. Wysokie spozycie pre-
paratow antyoksydacyjnych w grupie polskich spor-
towcow wyczynowych, w tym siatkarzy i biegaczy
narciarskich, zaobserwowali rowniez Fraczak i wsp.
oceniajgcy stosowanie preparatow wspomagajgcych
mozliwosci wysitkowe [13]. Suplementacja prepara-
tami o charakterze antyoksydacyjnym jest dziata-
niem, ktére sugeruje sie osobom aktywnym fizycznie,
pozostajgcym na nieodpowiednio zbilansowanej die-
cie, ktdra ogranicza konsumpcje warzyw i owocow,
a tym samym naraza na niedobory wspomnianych
witamin [14].

Suplementacja antyoksydantami a wydolnosé
fizyczna

Obecnie czes$¢ badanh wskazuje na mozliwos¢ za-
burzenia funkcjonowania naturalnych barier ochron-
nych organizmu i ograniczenia adaptacji wysitkowej
na skutek suplementacji zwigzkami antyoksydacyjny-
mi [15,16]. Organizm ludzki wyposazony jest w sze-
reg zwigzkéw hamujgcych lub usuwajgcych produko-
wane reaktywne formy tlenu: peroksydaze glutatio-
nowg katalizujgcg rozktad nadtlenku wodoru, dysmu-
taze ponadtlenkowg unieszkodliwiajgcg anionorodnik
ponadtlenkowy czy ceruroplazmine-biatko enzyma-
tyczne zapobiegajgce powstawaniu anionorodnika
ponadtlenkowego. Wskazuje sie, ze sportowcy majg
lepiej rozwinietg wewnetrzng bariere chronigca przed
zwigzkami wolnorodnikowymi niz osoby prowadzace
siedzgcy tryb zycia [3,17]. Ristow i wspotpracownicy
zaobserwowali, ze zwiekszony stres oksydacyjny
spowodowany wysitkiem fizycznym stanowi bodziec
aktywujgcy wewnagtrzkomoérkowy sygnat prowadzgcy
do wzrostu aktywnosci enzymow antyoksydacyjnych.
W trakcie 4-tygodniowej proby wysitkowej, ktorej pod-
dani zostali zaréwno trenujacy, jak i nieaktywni mez-
czyzni, wykazano wzrost ekspresji enzymow peroksy-
dazy glutationowej i dysmutazy ponadtlenkowej. Efekt
korzystnego oddziatywania na mechanizmy obronne

A high intake of antioxidants by a Polish group of
athletes, including volleyball players and cross-
country skiiers, was also observed by Fraczak et al.,
in the evaluation of the use of preparations support-
ing exercise capacity [13]. Supplementation with an-
tioxidants is suggested to those who are physically
active, but who are consuming an inadequately ba-
lanced diet limited in fruit and vegetable consump-
tion, increasing their risk of vitamin deficiency. [14].

Supplementation with antioxidants and exercise
capacity

Some research suggests that there is a possibility
of dysfunction in the body’s immune reactions, as
well as a decrease in the body’s ability to adapt to
exercise, as a result of supplementation with antioxi-
dants [15,16]. The human body is equipped with
a number of compounds that inhibit or remove pro-
duced reactive oxygen species such as glutathione
peroxidase (responsible for the decomposition of hy-
drogen peroxide), superoxide dismutase (which neu-
tralizes superoxide radicals) or ceruloplasmin-enzy-
matic proteins, (which prevents from the formation of
superoxide anion). It has been shown that athletes
have better-developed internal barriers against free ra-
dical compounds than those who are leading seden-
tary lifestyles [3,17]. Ristow and colleagues observed
that the increased oxidative stress caused by physical
effort is the stimulus that activates the intracellular
signaling leading to increase activity of the antioxidant
enzymes. During the 4-week test, which included both
trained and inactive men, the increased gene expres-
sion of glutathione peroxidase and superoxide dis-
mutase were demonstrated. There was no evidence
of benefit on the defense mechanisms among the
participants whose physical activity was supported
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nie uwidocznit sie wsréd uczestnikow, ktorych aktyw-
nosc fizyczna wsparta byta suplementacjg wit. C.

Trening potaczony z podazg antyoksydantow nie
wptynat rowniez na zmiany w parametrach insulino-
wrazliwosci komorkowej, ktére zaobserwowano w przy-
padku zastosowania samego wysitku fizycznego [16].
Czes¢ badaczy sugeruje, ze suplementacja antyok-
sydantami jest dziataniem moggcym ograniczy¢ mo-
zliwosci wysitkowe.

W badaniach Malm’a i wspotpracownikow, 22-ty-
godniowa suplementacja ubichinonem (koenzymem
Q10) przyczynita sie do wzrostu wydolnosci beztle-
nowej, jednak zaobserwowane zmiany byly mniejsze
w poréwnaniu z grupg otrzymujgcg placebo [18]. Go-
mez i wspotpracownicy poddali treningowi na cyklo-
ergometrach zdrowych mezczyzn o niskiej aktywno-
sci fizycznej, sposrod ktérych potowe suplementowa-
no wit C. Zaréwno przed, jak i po 8 tygodniach ¢wi-
czenh, badanym okreslono maksymalny pobdr tlenu
(VO2max). Jakkolwiek obie grupy charakteryzowaty sie
wzrostem putapu tlenowego pod koniec trwania okre-
su treningowego, lecz wigksze zmiany uwidocznity
sie w przypadku grupy, w ktérej nie zastosowano su-
plementacji witaminowej [15].

O watpliwym wplywie zwigzkéw antyoksydacyjnych
na zdrowie Swiadczy réwniez metaanaliza Bjelako-
vic'a i wspotautorow. Analiza 68 randomizowanych ba-
dan nie dostarczyta przekonujgcych dowodoéw proz-

by supplementation with vitamin C. Increase insulin
sensitivity observed after the training was abrogated
in subjects supplemented by antioxidants [16]. Some
researchers suggest that supplementation with an-
tioxidants could limit exercise capacity. In a study per-
formed by Malm and co-workers, twenty-two weeks
of supplementation with ubiquinone (coenzyme Q10)
contributed to the growth of anaerobic capacity, but
the observed changes were smaller compared with
placebo [18]. In another study, Gomez and collea-
gues trained healthy mean with low physical activity
levels on cycloergometers, and supplemented half of
these men with vitamin C. Before and after the eighth
week, the maximal oxygen uptake (VO:zmax) test was
done. Although in both groups, the ceiling of oxygen
was elevated, at the end of the training period, the
major changes were seen in the group that was not
supplemented with vitamin C [15]. In a meta-analy-
sis, Bjelakovic and co-authors also questioned the
health impact of antioxidant compounds. Their ana-
lysis of sixty-eight randomized trials did not provide
convincing evidence on the health-promoting effect
of vitamins A, E, C, B-carotene and selenium. In the
case of B-carotene and vitamin A, it was also indicat-
ed that there is a possible increased risk of mortality
[19]. Despite the many reasons showing the negative
effects of antioxidant compounds on physical per-
formance parameters, there are also reports of bene-

Intensywny wysilek fizyczny
Intensive physical training
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-
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Ryc. 6. Mechanizm wptywu aktywnosci fizycznej na zjawiska wolnorodnikowe na podstawie Ristowa i wsp. [16]
Fig. 6. The impact of physical activity on free radical reactions based on Ristow et al. [16]
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drowotnego oddziatywania suplementow antyoksyda-
cyjnych: wit. A, E, C, B-karotenu i selenu. W przypad-
ku B-karotenu i wit. A wskazano réwniez na mozliwe
zwiekszenie ryzyka Smiertelnosci [19].

Pomimo wielu przestanek o negatywnym wptywie
zwigzkow antyoksydacyjnych na parametry wydolno-
Sci fizycznej, istniejg rowniez doniesienia o korzyst-
nych efektach suplementacji, co widoczne jest na
przyktadzie najnowszych badan z wykorzystaniem su-

ficial effects of supplementation, which can be seen
in recent studies using CoQ10 supplementation [20,
21]. Pre-periods and intensive workouts involve the
induction of inflammation in the body, which is a con-
sequence of increased oxidative stress and may
contribute to an increased risk of disease, particularly
due to respiratory infections [22,23]. It is possible that
supplementation with antioxidants compounds during
intense physical activity provides protective effects

Tab. 1. Badania wskazujgce niekorzystne i neutralne efekty suplementacji zwigzkami antyoksydacyjnymi w oparciu
o wyniki testow wydolnosciowych i aktywnosé enzymow antyoksydacyjnych

Tab. 1. Studies showing neutral and negative effects of
antioxidant enzyme activity

antioxidant supplementation based on performance test and

Zastosowana
Uczestnicy badania suplementacja Wyniki Autorzy
Participants in the study Applied Results Authors
supplementation
20 trenujgcych i wit.C (1000 mg/d) + Spadek ekspresji genow: Ristow i/and
20 nieaktywnych fizycznie wit.E (400 1U/d) peroksydazy glutationowej(GPx1) wsp/al.,2009

mezczyzn w wieku 25-35 lat przez okres 4 tygodni

20 trainees and 20 physically | vit.C (1000 mg/d) +

dysmutazy ponadtlenkowej (SOD1,SOD2)
zaréwno u trenujgcych jak i nietrenujgcych
uczestnikow

Decrease in the expression of genes:

inactive men aged 25-35 vit.E (400 1U/ d) glutathione peroxidase (GPx1)
years for period of 4 weeks superoxide dismutase (SOD1, SOD2)
in both the trainees and untrained participants
14 nietrenujacych mezczyzn wit.C (1000mg/d) Nizszy maksymalny pobor tlenu (VOomax) Gomez-Cabrera
w wieku 27-36 lat przez okres 8 tygodni w grupie suplementowanej w poréwnaniu do iland wsp/al.,
grupy placebo 2008
14 untrained men vit.C (1000 mg / d) Lower maximal oxygen uptake (VO.max)
aged 27-36 years for period of 8 weeks in the supplemented group compared to the
placebo group
18 nieaktywnych fizycznie CoQ10 (120mg/d) Stabsze wyniki testu wydolno$ci beztlenowej Malm i/and
mezczyzn wieku 20-34 lat przez okres 22 dni oraz nizsza $rednia moc jazdy w grupie wsp/al.,1997
suplementowanej w poréwnaniu z placebo
18 physically inactive men CoQ10 (120mg / d) Weaker anaerobic capacity test results and
aged 20-34 years for period of 22 days lower average power output in the
supplemented group compared with
placebo
38 triatlonistow w wieku a -tokoferol (800 1U/d) Wzrost stresu oksydacyjnego i stezenia Nieman i/and
34-36 lat przez okres 2 miesiecy cytokin prozapalnych w grupie wsp/al.,2004
suplementowanej w poréwnaniu z placebo
38 triathletes at the aged a-tocopherol ( 800 IU / Increase in oxidative stress and
34-36 years d) for period of 2-months | proinflammatory cytokine concentrations in
the supplemented group compared with
placebo
15 aktywnych fizycznie Ubiginol (300mg/d) Brak wptywu na wyniki testow wydolnosci Bloomer i/fand
mezczyzn i kobiet w wieku 30- | przez okres 4-tygodni tlenowej i beztlenowej wsp/al.,2012

65 lat

15 physically active men and Ubiquinol (300mg / d) for
women aged 30-65 period of 4-weeks

No effect on test scores of aerobic and
anaerobic capacity

27 mezczyzn o zréznicowanej | o tokoferol ( 885 mg/d)
aktywnosci fizycznej w wieku przez okres 2-tygodni
19-30 lat

27 men of different physical a-tocopherol (885 mg /
capacities at age 19-30 years | d) for period of 2-weeks

Brak wptywu na wyniki testow wysitkowych Viitala i/and
wsp/al.,2004

No effect on capacity test

60 mezczyzn o zréznicowanej | wit. C (200mg/d) +
aktywnosci fizycznej kwercetyna (500mg/d)
przez okres 8 tygodni

60 men of different physical vit. C (200mg / day) +
capacities quercetin (500 mg / d)
during 8 weeks

Brak wptywu na wyniki testu wysitkowego ,,do Askari i/fand
odmowy” wsp/al.,2012

No effect on the performance test results ‘to
refuse '
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plementacji CoQ10 [20,21]. Dodatkowo okresy przed-
startowe i intensywne treningi wigzg sie z indukcjg sta-
nu zapalnego w organizmie, ktory jest konsekwencjg
wzrostu stresu oksydacyjnego. Przyczynic sie on mo-
ze do zwiekszonego ryzyka zachorowan w szczegol-
nosci na schorzenia drog oddechowych [22,23]. Mo-
zliwe, Zze suplementacja zwigzkami antyoksydacyjny-
mi w okresie wzmozonego wysitku fizycznego wyka-
ze dziatanie protekcyjne i ograniczy ryzyko pojawie-

nia sie symptomow chorobowych.

and reduces the risk of disease. However, it is impor-
tant to note that the antioxidant compounds are in
Group B of sport supplements according to the clas-
sification of the Australian Institute of Sport, meaning
that there is insufficient scientific evidence as to their
effectiveness. Moreover, it is repeatedly emphasized
that the biggest contributer to the increase in exer-
cise capacity of athletes is consuming an optimal diet,
rather than using vitamin or mineral supplements [24,
25,26].

Tab. 2. Badania wskazujgce korzystne efekty suplementacji zwigzkami antyoksydacyjnymi w oparciu o wyniki testéw
wydolnosciowych i reakcje wolnorodnikowe
Tab. 2. Studies showing beneficial effects of antioxidant supplementation based on the results of maximal exercise
stress test and free radical reactions

Zastosowana

wieku 26-34 lat

22 trainees and 19 physically
inactive men and women aged
26-34 years

CoQ10 (200mg / d)
for period of 14 days

Uczestnicy badania Suplementacja Wyniki Autorzy

Participants in the study s f Results Authors
upplementation

22 trenujgcych i 19 nieaktywnych | CoQ10 (200mg/d) Wydtuzenie czasu testu wysitkowego ,,do Cooke i/and

fizycznie kobiet i mezczyzn w przez okres 14dni odmowy” wsp/al.,2008

Prolongation of the performance test ‘to
refuse '

Igrzysk Olimpijskich

100 physically active women and
men, including members of the
Olympic Games

6-tygodni

Ubiquinol (300mg / d) for
period
of 6-weeks

30 aktywnych fizycznie 60-dniowa suplementacja | Zmniejszenie peroksydacji lipidow osocza | Giacomo i/and
mezczyzn w wieku 45-65lat preparatem o sktadzie: i pobudzenie szlaku naprawy DNA wsp/al.,2009
30 physically active men aged 2,4 mg likopenu Reduction in plasma lipid peroxidation and
45-65 years 30 mg izoflawonéw stimulation of DNA repair pathway

sojowych

60-day supplementation

with the mixture:

2.4 mg lycopene

30 mg soy isoflavones
100 aktywnych fizycznie kobieti | Ubiquinol (300mg/d) Zwiekszenie maksymalnej mocy jazdy Alf i/and
mezczyzn, w tym uczestnicy przez okres podczas testu wysitkowego na wsp/al.,2013

cykloergometrach

Increase in the maximum power during
exercise test on cycloergometers

24 aktywnych fizycznie
mezczyzn

24 physically active
men

6-tygodniowa
suplementacja
preparatem o sktadzie:

150 mg wit. C,

24 mg a-tokoferolu
14,40 mg b-karotenu
80 mg selenu

6-week supplementation
with the following
compounds:

150 mg vit. C

24 mg a-tocopherol
14.40 mg b-carotene
80 mg selenium

Poprzecki i/and
wsp/al.,2003

Nieznamienny wzrost ilosci wykonywane;j
pracy w ostatnim etapie testu wydolnosci
tlenowe;j

Insignificant increase in the amount of
work performed in the last stage of the
aerobic fitness test
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Nalezy jednak pamietaé, iz zwigzki antyoksyda-
cyjne pozostajg do tej pory w grupie B suplementéw
sportowych wedtug klasyfikacji Australijskiego Insty-
tutu Sportu, a wiec w kategorii zwigzkéw, co do sku-
tecznosci ktérych nie ma wystarczajgcych dowodow
naukowych. Ponadto, tak jak jest to wielokrotnie pod-
kreslane, to optymalna dieta, nie za$ stosowanie $rod-
kéw wspomagajgcych mozliwosci wysitkowych czy
zwigzkow witaminowo- mineralnych, w najwiekszym
stopniu przyczynia sie do wzrostu wydolnosci fizycz-
nej sportowcow [24,25,26].

Podsumowanie

Zwiegkszona produkcja wolnych rodnikéw jest na-
turalnym zjawiskiem fizjologicznym, ktére towarzyszy
intensywnemu wysitkowi fizycznemu. Czestym dzia-
faniem wsrod sportowcoéw chcgeych zapobiec nega-
tywnym skutkom reakcji wolnorodnikowych jest sto-
sowanie preparatéw antyoksydacyjnych. Niektére
dane doswiadczalne wskazujg, ze stosowanie prze-
ciwutleniaczy przez osoby aktywne fizycznie moze
prowadzi¢ do zaburzenia funkcjonowania naturalnych
barier obronnych organizmu i ograniczenia mozliwosci
wysitkowych, jednak istnieja rowniez doniesienia
wskazujgce na korzystne oddziatywanie antyoksydan-
téw u ludzi poddanych wysitkowi fizycznemu. Anali-
zujgc zasadno$¢ suplementacji antyoksydantami
w sporcie nalezy zwrdci¢ uwage na fakt, iz dawki pre-
paratow wykorzystywane podczas badan niejedno-
krotnie przekraczajg ilosci fizjologiczne. Dodatkowo,
istnieje stosunkowo mata liczba badan oceniajgcych
wplyw stosowania antyoksydantéw na wydolnosc
0s6b aktywnych fizycznie, zas dostepne publikacje
skupiajg sie przewaznie na wit. C, Ai E pomijajgc in-
ne zwigzki antyoksydacyjne, takie jak kwas alfa lipo-
nowy, polifenole, antocyjany, organiczne zwigzki siar-
ki i inne. Wysuniecie jednoznacznych wnioskéw co
do efektéw suplementacji przeciwutleniaczami jest
zatem niemozliwe. Interesujgcy wydaje sie réwniez
aspekt wptywu naturalnych zrédet antyoksydantéw
na parametry wydolnosci fizycznej sportowcow, ktory
jak dotad nie zostat dogtebnie zbadany. Temat suple-
mentacji zwigzkami antyoksydacyjnymi pozostawia tym
samym wiele pytan bez odpowiedzi. Jak rézne dawki
preparatow antyoksydacyjnych wptywajg na zmiany
w wynikach testéw wydolnosciowych? Ktére sposréd
substancji antyoksydacyjnych wywotajg najsilniejszy
efekt fizjologiczny? Czy zasadna jest suplementacja
sportowcéw zwigzkami antyoksydacyjnymi w okresie
przedstartowym?

Z uwagi na powyzsze niewiadome oraz wiele in-
nych pytan dotyczgcych suplementacji antyoksydan-
tami, istnieje koniecznos¢ prowadzenia dalszych ba-
dan, ktére wykluczg badz potwierdzg skutecznosé
preparatéw antyoksydacyjnych i naturalnych zrédet
przeciwutleniaczy w podnoszeniu wydolnosci fizycz-
nej sportowcow.

Summary

An increase in the production of free radicals du-
ring intense physical exertion is a natural physiological
phenomenon. A common behaviour among athletes
who want to avoid the negative effects of free radical
reactions is the use of antioxidant supplements. Some
experimental data reveal that physically active people
who consume antioxidants may have an increase in
the functions of the greater body’s natural defense
barriers, reducing the possibility of oxidative stress.
Analyzing the effectiveness of antioxidant supple-
mentation in sport performance, it should be noted
that the doses used in the studies often exceed the
amount of physiological values. There is a relatively
small number of studies evaluating the effect of anti-
oxidants on the performance of people who are phy-
sically active. There are also few available publica-
tions that focus solely on vitamins C, A and E, and
ignoring other antioxidant compounds such as: alpha-
lipoic acid, polyphenols, anthocyanins, organic sulfur
compounds, and others. Firm conclusions about the
effects of antioxidant supplementation are therefore,
impossible. The impact of natural sources of antioxi-
dants on the physical performance of athletes also
seems to be an interesting aspect which has not been
thoroughly investigated. Thus, the study of the effects
of supplementation with antioxidant compounds leaves
many unanswered questions. Some of these include
how different doses of antioxidants affect changes in
maximal exercise test results, which of the antioxida-
tive substances induce the strongest physiological
effect, and whether there are benefits to using anti-
oxidant supplements during pre-competetion periods.

In view of these uncertainties and many other
questions about supplemented antioxidants, there is
a need for further research to refute or confirm the
effectiveness of antioxidant preparations and natural
sources of antioxidants in improving the physical per-
formance of athletes.
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was also determined.

correlate with shifts in serum IL-6.

Keywords: Iron, Metabolism, Ferritin, CRP, Diet

Background: At present many young people experience too much body iron accumulation. The reason of this
phenomenon is not clear. There is accumulating evidences that not proper diet and lack of exercise could be a
main contributing factors. This investigation assessed the effects of a diet rich in simple sugars (glucose or fructose)
on exercise-induced hepcidin which is hormone regulating iron metabolism.

Methods: A group of physically active young men completed an incremental exercise test before and after a 3-day
diet supplemented with fructose (4 g/kg BM) or glucose (4 g/kg BM). After a 1-week break, they crossed over to
the alternate mode for the subsequent 3-days period. Venous blood samples were collected before and after 1 h
exercise and were analysed for serum hepcidin, IL-6, CRP, iron, and ferritin. The physiological response to exercise

Results: The concentration of hepcidin increased 1 h after exercise for the baseline test (p < 0.05), whereas no
changes in hepcidin were observed in men whose diet was supplemented with fructose or glucose. Blood IL-6
increased significantly after exercise only in subjects supplemented with fructose. Changes in hepcidin did not

Conclusions: These data suggest that protective effects of exercise on excess iron accumulation in human body which
is mediated by hepcidin can be abrogated by high sugar consumption which is typical for contemporary people.

Background

Iron plays a key role in most of processes in the human
body, including respiration, DNA biosynthesis, regulation
of gene expression and many others. Metabolically active
iron is a component of enzymes, including enzymes
involved in DNA synthesis, mitochondrial and detoxifying
enzymes and many more [1]. This could be the reason
why many people think that if we consume or accumulate
more iron is better. It is important to note that iron can
be very toxic. The involvement of iron in many physio-
logical processes is mainly related to its ability to gain and
lose electrons. For example, iron in the mitochondrial
respiratory chain, as a part of cytochromes, transfers
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electrons from NADH to oxygen. Conversely, free iron
can stimulate the formation of reactive oxygen species and
participate in damage to cellular structures, such as DNA,
lipids or proteins [2]. Iron has been shown to mediated
inflammation process induced by exercise [3]. Ferritin is a
protein that stores iron and protects against its toxicity. In
addition, an increase in free iron, also called the labile iron
pool (LIP), induces an adaptive response, which leads to
an increase in intracellular ferritin [4]. Despite this, there
are several reports demonstrating that stored iron can
have deleterious effects on human health and fitness
[2, 5]. For example, high body iron stores were associated
with low cardiovascular fitness in young men [6]. The
exact mechanism of iron toxicity is not well under-
stood, but iron bound to transferrin or ferritin does
not stimulate reactive oxygen species (ROS) formation.
However, non-transferrin bound iron was observed in

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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diabetic persons [7]. In addition, experiments performed
in cell culture or animals demonstrated that during stress
conditions when protein kinases are activated, ferritin
undergoes degradation, leading to the release of iron and
increased iron-dependent ROS formation [8]. These and
other studies indicate two important things: first that
stored iron is not safe and second that the amount of
stored iron can determine its toxicity [9]. Therefore,
identifying the mechanism responsible for excess iron
accumulation may be crucial for a better understanding of
the pathomechanisms of iron-related morbidities.

Among factors that can influence body iron accumula-
tion, are exercise and diet.

A diet rich in iron may certainly contribute to iron ac-
cumulation. Moreover, there are reports demonstrating
that simple sugars can influence intestinal iron absorp-
tion, thereby modifying body iron stores. For example,
animals on diets supplemented with fructose accumulate
more iron in the liver. Because the diet of modern
people is reach in sugar, mainly due to the high con-
sumption of soft drinks and added sugar in many foods,
it is important to know its effects on iron metabolism.

Conversely, exercise may cause a decrease in body iron
stores. For example, decrease in body iron stores was
observed in elderly women after 32 weeks of Nordic walk-
ing training [10]. By contrast, physical inactivity, which
has been recognized as epidemic in modern societies, may
also have an impact on iron metabolism [11, 12]. Regular
exercise reduces body iron stores; therefore, the lack of
exercise may be responsible for body iron accumulation
[10, 13]. The effect of exercise on iron metabolism may be
mediated by an increase in the hepcidin concentration
[14]. Hepcidin is a 25 aa peptide that inhibits intestinal
iron absorption or its release from storage tissues, such as
the liver and other organs [15]. The purpose of this study
was to re-examine the role of simple sugar in a diet on
exercise induced changes in iron metabolism.

Any factor that modifies the effects of exercise on blood
hepcidin may contribute to impaired iron metabolism. In
our study, we hypothesized that a diet rich in simple
sugars (glucose and fructose) may modify the effect of
exercise on blood hepcidin.

Furthermore, blood ferritin is a good marker of body
iron stores if inflammation is not present.

Methods

Subjects

The study involved 17 healthy, physically active but not
highly trained, college-aged men (Table 1). The study
protocol used a randomised, crossover, blind design. Study
subjects performed exercise test after 3 days of control
diet and then were randomised to either 3 days of diet
supplemented with fructose (4 g/kg BM) or glucose
(4 g/kg BM), and then after a 1-week break, crossed
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Table 1 Anthropometric and physiological characteristics of
participants (n=17)

Variable X SO Me V Confidence interval
—95% +95%
Age [years] 2112 111 21 526 20,55 21,69
Weight [kg] 776 556 773 717 7474 80,46
Height [cm] 183 536 183 293 18024 185,76
Fat [%] 1221 334 108 274 1049 13,92
FFM [ka] 6819 628 692 921 6497 71,42
TBW [kg] 4995 459 506 92 4759 52,31
VOomax [ML-kg™'-min™'] 51,06 89 49 1743 4648 55,63

Abbreviations: X means, SD standard deviation, Me median, V coefficient of
variation, BMI Body Mass Index, Fat fat mass, Fat % percentage of body fat,
FFM free fat mass, TBW total body water, VO2max maximal oxygen uptake
expressed in relatively values, Pmax maximal power

over to the alternate mode for the subsequent 3-day period.
During the 1-week break participants maintained they daily
routines and diet was not control. The participants were
fully informed and gave written informed consent to par-
ticipate in this study as approved by the Medical Research
Ethics Committee of the Medical University of Gdansk in
Poland. Details that might disclose the identity of the
subjects under study have been omitted.

Diet

The nutritional components of the diet are presented in
Table 1 Participants ate 5 meals a day at set times over a
period of 3 days. The respondents declared that they would
not eat other meals than those that fall within the scope of
the study. The daily value of the diet was 3541.90 kcal
(14,819.66 kJ) (Table 2). One hour before the start of the
test, all participants received a breakfast with energy
613 kcal (2565 kJ). The nutritional value of the meals was
estimated using the dietary calculator Nutritionist 2012
(Software Jumar 2012), based on the nutritional value
determined by Polish Institute Food and Nutrition.

Aerobic test

The aerobic test was performed at the beginning of the
study after 3 days of diet which was the same for all of
the participants. Then after 3 days of sugar supplemen-
tation. The study design is presented in Fig. 1. Maximal
oxygen uptake (VO2 max) was determined using a cycle

Table 2 The nutritional and energy value of 3-day diet (without
drinks)

Energy value (kcal) 3541.90
Carbohydrates (g) 589.9
Proteins (g) 156.3
Fat (g) 722
Fibre (g) 303
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Fig. 1 Schematic presentation of the experimental design

ergometry test on an electromagnetically braked cycle
ergometer (ER 900 Jaeger, Germany/Viasys Health Care).
Participants were allowed a 5-min warm-up period at an
intensity of 1.5 W kg with a pedalling cadence of
60 rpm. Immediately after the warm-up, the participants
began VO2 max testing by cycling at increasingly
difficult workloads, in which resistance was increased by
25 W min until the participant reached the point of
volitional exhaustion. Breath-by-breath pulmonary gas
exchange was measured (Oxycon-Pro, Jaeger-Viasys
Health Care, Hochberg, Germany) throughout the VO2
max test. The O, and CO, analysers were calibrated be-
fore each test using standard gases of known concentra-
tions in accordance with the manufacturer’s guidelines.

Blood analysis

A professional nurse collected blood samples. Samples
were obtained from an antecubital vein into single-use
containers with an anticoagulant (EDTA K2) before and
1 h after the aerobic test. The serum hepcidin levels
were determined using a DRG ELISA kit CRP, IL6.

Results

Of the 21 subjects who were enrolled in the study, four
were excluded because of failure to complete the second
exercise test (Fig. 1). Therefore, only 17 subjects are
included in the analyses. No difference was observed
between fructose vs glucose supplementation in the dietary
intake for total kilocalories, total grams of protein, or per-
centage protein. As discussed it the methods, they remained
on the same diet for 3 days before the exercise test.
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Effect of fructose and glucose supplementation on blood
hepcidin

To evaluate the effect of fructose or glucose supplementa-
tion on iron metabolism, the subjects underwent an exer-
cise test to exhaustion and the blood hepcidin was then
measured. As shown in Fig. 2, exercise induced a significant
increase in blood hepcidin in subjects who were on the diet
without supplementation (placebo). Conversely, no changes
in hepcidin concentration were observed in subjects whose
diet was supplemented with fructose or glucose. Notably,
3 days of diet supplemented with fructose or glucose did
not influence the resting blood hepcidin.

Hepcidin biosynthesis is stimulated by IL-6; therefore, its
concentration was evaluated before and after exercise. Exer-
cise induced a significant increase in IL-6 in the fructose
group and had no effects in the G group. A small increase
in IL-6 was observed in the placebo group; however, the
changes were not significant (Fig. 3). Neither exercise nor
diet had effect on blood CRP concentration (Fig. 4).

Discussion

In the present study, we demonstrated that a diet rich in
simple sugars, fructose or glucose modulates iron metab-
olism in young men. Sugar can stimulate intestinal iron
absorption; however, the mechanism of this has not been
fully elucidated [16]. It is proposed that fructose increases
dietary non-heme iron absorption, possibly by chelating
and/or reducing iron into the ferrous form [17].

Many scientific papers state that iron deficiency is the
most common nutrition deficit in the world. Conversely,
in the Western world, iron overload is much more
common than iron deficiency. For example, a study
performed on elderly subjects demonstrated that 12.9%
of the studied population were iron overloaded (serum
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Fig. 2 Fructose or glucose supplementation abrogates exercise-
induced hepcidin. The average level of IL-6 in young men before (/)
and 1 h after aerobic test (/) by group of supplementation. Tags
represent average values, frames - standard deviations, * - statistically

significant differences between (/) and (), p < 0,05
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Fig. 3 Fructose supplementation augments exercise-induced IL-6.
The average level of IL-6 in young men before (/) and 1 h after
aerobic test (/) by group of supplementation. Tags represent average
values, frames - standard deviations, * - statistically significant
differences between (/) and (/l), p < 0,05

ferritin (SF) >300 pg/L in men and 200 pg/L in women),
whereas only 3% were iron deficient (SF < 12 pg/L) [18].
A study performed on young men demonstrated that
most had blood ferritin concentrations above 150 pg/L and
this was associated with low cardiovascular fitness [6]. The
authors estimated that in the USA alone, approximately
24.8 M young men could have ferritin above this value.
Notably, ferritin the reference value is 16 to 300 pg/L; how-
ever, an increasing number of studies have demonstrated
that persons with ferritin above 100 pg/L are at risk for sev-
eral morbidities, including cancer diabetes, heart attack and
others [19-21]. Therefore, it is important to determine the
reason for excess iron accumulation in so many people.
Certainly, diet and exercise are two important determinants
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Fig. 4 Fructose or glucose supplementation has no effect on CRP.
The average level of CRP in young men before (/) and 1 h after
aerobic test (/) by group of supplementation. Tags represent
average values, frames - standard deviations
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of iron status. Recently, we demonstrated that regular train-
ing reduced body iron stores in the elderly [10]. Moreover,
highly trained young men are characterised by lower body
iron stores compared to untrained young men [14]. Why
regular training reduces body iron stores is not precisely
understood; however, an increase in blood hepcidin may be
an important cause. A single exercise session can lead to an
increase in blood hepcidin, [14, 22] which can lead to lower
intestinal iron absorption because it blocks ferroportin, a
protein that exports iron from enterocytes into blood [15].
High sugar consumption is typical for highly developed
countries. The average sugar consumption in the United
States is approximately 70 kg per person per year [23]. A
diet rich in sugar may increase physical performance by
stimulating glycogen biosynthesis. This is one reason why
many athletes consume sugar-rich diets. If super compen-
sation of glycogen is to be achieved, the diet should contain
approximately 70% carbohydrates. Unfortunately, often
sweets or other products rich in sucrose or simple sugars
are an essential part of the athlete diet. This is why this
study diet was supplemented with fructose or glucose.
Doses of 4 g/kg body weight per day were applied. Here,
we present evidence that supplementation of the diet with
fructose or glucose abrogates the increase in blood hepcidin
after exercise. It was previously reported that not all sub-
jects respond the same way; therefore, they were divided
into responders and nonresponders, those whose blood
hepcidin increased or did not change after exercise, respect-
ively. The reasons for this are not known. Peeling and
co-workers suggested that it is due to the difference in body
iron stores, and persons with low iron stores do not
respond to exercise by increasing hepcidin biosynthesis.
Consistent with this, blood hepcidin did not change after
100 km in runners who were also characterized by relatively
low ferritin levels (53 pg/L) [24]. The results of this study
indicate that the difference could be a result of the diet.
Exercise stimulates IL-6 release from skeletal muscle and
induces hepcidin biosynthesis in the liver [25]. We observed
that exercise significantly increased the IL-6 concentration
only in subjects whose diet was supplemented with
fructose. If it is, consider that IL-6 is a skeletal muscle
origin [26] these data suggest that fructose has some effect
on muscle metabolism distinct than glucose. In addition it
rather excludes the role of IL-6 in inducing an increase in
hepcidin after exercise and are consistent our previous
studies on ultra-marathoners in whom an increase in IL-6
was not accompanied by changes in blood hepcidin [24].

Conclusion

In conclusion, this study demonstrated that high consump-
tion of fructose or glucose abrogates the exercise-induced
increase in blood hepcidin. These data suggest that high
sugar is a reason for excess body iron accumulation.
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Abstract: Alterations in iron metabolism after physical activity are manifested through the rise of
blood hepcidin (Hpc) levels. However, in many athletes, no changes in Hpc levels are observed after
exercise despite the presence of inflammation. The missing links could be erythropoietin (EPO) and
erythroferrone (ERFE), which down-regulate Hpc biosynthesis. EPO, ERFE and Hpc biosynthesis
is modified by serum iron through transferrin receptor 2. Consequently, we investigated whether
marathon-induced changes in EPO, ERFE and Hpc levels are blood iron-dependent. Twenty-nine
healthy male marathon runners were analyzed. Serum iron, ferritin, transferrin, EPO, ERFE and
Hpc levels were assessed before, immediately after, and 9 + 2 days after the marathon. The runners
whose serum Hpc decreased after the marathon (n = 15), showed a significant increase in ERFE
levels. In athletes whose serum iron levels were below 105 pg/day (n = 15), serum EPO (p = 0.00) and
ERFE levels (p = 0.00) increased with no changes in Hpc concentration. However, in athletes with
low serum iron, no changes in EPO levels were observed when serum ferritin exceeded 70 ng/mL
(n = 7). Conversely, an increase in ERFE levels was observed in marathoners with low serum
iron, independently of serum ferritin (n = 7). This indicates modulation of blood iron may affect
exercise-induced changes in the EPO/ERFE/Hpc axis. Further study is needed to fully understand the
physiological meaning of the interdependence between iron and the EPO/ERFE/Hpc axis.

Keywords: ferritin; body iron stores; HFE mutation; HMGB1

1. Introduction

Physical activity has been shown to alter systemic and cellular iron metabolism. The main effect
of exercise on iron metabolism seems to be mediated by hepcidin (Hpc), a hormone which inhibits
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duodenal iron absorption through its release from intracellular stores to the blood. Exercise-induced
increases in Hpc concentrations have been reported [1,2]. In addition, according to some studies, many
individuals experience excess body iron accumulation, which could be partially associated with lack of
exercise [3]. Iron accumulation in many organs, including the liver, heart, skeletal muscles and the
endocrine system, may lead to a series of health disorders [4-6]. Conversely, high levels of exercise are
associated with low body iron stores [3]. Furthermore, regular training decreases body iron stores
both in professional athletes and recreationally active elderly people [7-10]. The exact mechanism
of how exercise reduces body iron stores remains unknown. One of the possible explanations is that
exercise increases blood hepcidin levels, diminishing the intestinal iron absorption [11]. Furthermore,
a possible factor that could predispose iron accumulation is hereditary hemochromatosis [12]. It is one
of the most common human genetic disorders, estimated to affect 1 in 300 people in populations of
Northern European origin [13]. The three most common mutations responsible for the development
of hemochromatosis are found in the HFE gene located on Chromosome 6. Since the HFE protein
mediates intracellular signaling pathways which result in increased Hpc biosynthesis, it is of interest
to determine whether athletes who harbor mutations in the HFE gene would respond the same way to
exercise as runners harboring the wild-type (WT) HFE gene. Moreover, another possible explanation
for the exercise-induced reduction of the body iron stores is the increase in erythropoiesis. In this case,
stored iron (in ferritin) is incorporated into hemoglobin. The process of erythropoiesis is controlled
by a number of factors, such as erythropoietin (EPO) and erythroferrone (ERFE), a newly discovered
hormone [14]. Their metabolic effects are strictly related to iron metabolism and EPO has been shown to
stimulate ERFE, which, in turn, reduces Hpc biosynthesis [14]. On the cell level, EPO gene expression
is under the control of hypoxia inducible factor 1 alpha (HIF1x). Low oxygen tension or decreased
kidney interstitial fibroblast iron can lead to HIF1«x activation and increase EPO synthesis. In addition,
an interconnection between hormones of EPO/ERFE/Hpc and iron metabolism is underlined by action
of transferrin receptor 2 (Tfr2) which appears to function as a sensor of circulating iron. Tfr2 regulates
Epo sensitivity and, in an iron-replete state, it restricts Epo action [15]. Furthermore, hepatic TfR2
promotes iron signaling to stimulate hepcidin synthesis and inhibit iron fluxes to thebloodstream [16].
These data clearly indicate that both blood iron and intracellular iron may influence the effects of
exercise on the EPO/ERFE/Hpc signaling axis.

The purpose of the current study was to reexamine the outcomes of a marathon run on the serum
EPO-ERFE-Hpc signaling axis. In addition, the effects of HFE mutation, inflammation, serum iron
concentration and iron stores on this axis were evaluated.

2. Materials and Methods

2.1. Experimental Approach to the Problem

To assess the marathon-induced changes in iron metabolism, the blood was sampled three times:
1 month before the marathon after a 3-d rest (Pre samples); immediately after the marathon run (Postl
samples); and 39 9 + 2 days after the competition (Post2 samples).

Fasting blood was collected at the Pre and Post2 time points, in the morning; at the Post1 time
point, the blood was collected immediately after the runners reached the finish line. Blood samples
for hormones measurement were collected from the antecubital vein into a disposable vacutainer.
Immediately after collection, the samples were centrifuged at 2000x g at 4 °C, for 10 min. The serum
was transferred to new tubes and stored at —80 °C prior to biochemical analysis.

2.2. Subjects

41 amateur marathon runners took part in the study, however, 29 participants completed all stages
of the experiment (mean age 40 + 8 years).

Avarage marathon time obtained by participants was 3 h, 44 min, and 35 s.

Subject’s characteristic and weekly training volume is presented in Table 1.
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Table 1. General characteristics of participants.

Baseline (n = 29)

Age [years] 39.29 + 8.58
Height [m] 1.79 £ 0.05
Body mass [kg] 79.76 + 7.50
BMI [kg/m?] 24.89 +2.13
Training [h/week] 6.39 +2.28
Training [km/week] 55.84 +19.77

Values are means + SD; BMI-body mass index.

The study was officially approved by the Bioethical Committee of the Regional Medical Society in
Gdansk (KB-24/16) and performed in compliance with the Declaration of Helsinki. Before commencing
the marathon run and testing, the study was verbally described to the subjects. All runners provided a
written informed consent to participate in the study. In addition, prior the study, the runners obtained
a signed agreement from their physicians confirming the ability to participate in the marathon.

2.3. Biochemical Analysis

The blood was taken three times, at the Pre, Postl, and Post2 time points. Total iron-binding
capacity (TIBC),the iron, ferritin and leukocytes levels were measured at Synevo Medical Laboratory
(Gdansk, Poland). The serum Hpc, ERFE, and high-mobility group box 1 protein (HMGB1) levels were
determined using the appropriate Cloud-Clone Corp kits (Katy, TX, USA).

Quantitative determinations of EPO in the serum were performed automatically using IMMULITE
2000 EPO, a solid-phase enzyme-labeled chemiluminescent immunometric assay (IMMULTITE 2000,
Siemens). Potential changes in the hematocrit value were taken into consideration in data presentation.

2.4. Analysis of the Hemochromatosis HFE Gene

For the analysis, human DNA was isolated using the High Pure Polymerase Chain Reaction (PCR)
Template Preparation Kit (Roche) (Belmont, CA, USA). The HFE genotype was determined using
LightMix Kit HFE H63D S65C C282Y (TibMolbiol) and LightCyclerFastStart DNA Master HybProbe
(Roche) (Belmont, CA, USA). The former is an in vitro diagnostic test, which enables the detection
and identification of clinically-relevant single-nucleotide polymorphism variants p.H63D, p.S65C,
and p.C282Y of the HFE gene. Two fragments of the HFE gene were PCR-amplified simultaneously
using specific oligonucleotide fragments. Fluorescently labeled probes were used to identify the
PCR products.

The genotype was determined by performing a melting curve analysis. The 284-bp PCR fragment
containing the c.845G>A (C282Y) polymorphism was analyzed using a LightCycler Red 640 fluorophore.
The 163 bp PCR fragment containing the ¢.197C>G (H63D) or ¢.193A>T (565C) polymorphism was
analyzed using a Simple Probe 519 fluorophore. Real-time PCR was performed using Light Cycler 2.0
(Roche) (Belmont, CA, USA).

2.5. Statistical Analyses

Statistical analysis was performed using Statistica 12.0 software (Statsoft, Tulsa, OK). All values
are expressed as the mean + standard deviation (SD). A Shapiro-Wilk test was used to assess
the homogeneity of dispersion from the normal distribution. A Brown-Forsythe test was used to
evaluate the homogeneity of variance. For homogenous results, an analysis of variance (ANOVA)
for repeated measures and post-hoc Tukey’s test were performed to identify significantly different
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results. For heterogeneous results, ANOVA Friedman’s test and the right post-hoc test were applied.
The significance level was set at p < 0.05.

3. Results

The mean levels of iron, ferritin and transferrin were within normal range in all athletes, except
two who presented decreased serum iron and transferrin levels (Table 2). Analysis of the HFE gene
revealed that 11 of 29 runners were heterozygotes for H63D mutation; 18 runners harbored the WT
HFE gene. No differences were noted in some study parameters (iron, ferritin, Hpc and ERFE levels)
of the runners harboring WT and H63D HFE gene before and after the marathon (data not shown).
However, one week after the marathon run, a slight increase in ERFE levels was observed in the
WTHEFE gene group (0.17 + 0.12 vs. 0.24 + 0.15, p = 0.01). The serum levels of Hpc, the main regulator
of iron metabolism, were measured before and after the marathon. Interestingly, seven of the H63D
mutation carriers demonstrated an increase in Hpc levels after the marathon, while four showed a
decrease. Furthermore, an increase in the markers of inflammatory response and muscle damage
(creatine kinase (CK), leukocytes, neutrophils, and pentraxin 3) was apparent. However, contrary
to the expectations, the levels of HMGB], a pro-inflammatory protein [17], did not increase after the
marathon. Finally, transferrin, TIBC and EPO levels increased after the marathon run (Table 2), which
may indicate a stress-adaptive response induced by intense running (23,24).

Table 2. The effects of marathon running on the inflammation and iron metabolism in young man.

Pre Postl Post2
(n=29) (n=29) (n=29)
Fe [ug/dL] 113.57 + 47.27 115.10 + 31.67 114.34 + 47.12
Ferritin [ng/mL] 84.79 + 51.36 93.32 + 61.90 80.22 + 55.65
Transferrin [mg/dL] 277.21 + 33.66 303.59 + 39.75 &P = 0.01 278.34 + 29.16 > p =002
TIBC [ug/dL] 316.76 + 41.92 345.38 + 42,65 P =003 302.36 + 41.03 bp =000
ERFE [ng/mL] 0.27 + 0.43 0.42 + 0.43 0.30 £ 0.35
EPO [mU/mL] 9.60 + 3.61 13.09 + 8.37 & p =003 10.27 + 4.99
Hpc [ng/mL] 1.12 + 0.39 1.09 + 0.36 0.92 +0.38
HMGB-1 [ng/mL] 21.92 + 391 21.17 + 5.63 19.74 + 4.06 & P = 0.04
Pentraxin3 [pg/mL] 250.28 + 85.93 403.68 + 258.452 P =000 16670 + 70.49 b P =0.00
Leukocytes [G/L] 6.03 +1.14 16.82 + 3.59 & » =0.00 6.05 + 1.88 b.p=0.00
Neutrophils [G/L] 3.27 £ 0.85 14.12 + 3.18 &P =0.00 3.35 + 1.57 b.p=0.00
CK [U/L] 158.00 + 76.26 411.14 £ 17350 >P =000 295871 + 142.49 b.p=0.00

Values are means (+ SD); Fe-serum iron; TIBC-total iron binding capacity; ERFE-erythroferrone; EPO-erythropoietin;
Hpc-hepcidin; HMGB-1-high-mobility group box 1 protein; CK-creatine kinase. Measurements: Pre-before the
run; Post 1—at the finish line; Post 2—after 9 + 2 days after the run; ? significant differences compared to the Pre
measurement; ° significant differences compared to the Post 1 measurement.

No statistically significant changes in Hpc levels were apparent at the Postl and Post2 time
points. However, detailed analysis revealed that Hpc levels increased in 14 runners (responders) and
decreased in the remaining runners. A subsequent detailed analysis of several runner subgroups was
performed to understand the triggering factors of the observed changes. The runners were divided
into two groups: the Hpc-level increase group (n = 14) and the Hpc-level decrease group (n = 15).
Detailed analysis of these groups revealed significant changes in the Hpc Post 1 levels (Table 3).
Furthermore, after the marathon run, the ERFE levels were significantly elevated in runners whose Hpc
levels decreased (Table 3). The levels returned to the baseline values in Post2 measurements. At the
completion of the race, an increase in transferrin levels was observed in both groups. Furthermore,
the Post2 serum iron levels decreased in the Hpc-level increase group (Table 3).
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Table 3. Marathon run-induced changes in serum hepcidin (Hpc) levels are related to the increase in

serum ERFE levels.

Group Pre Post 1 Post 2
Fe AHpc? (1 = 14) 113.64 + 54.60 115.64 + 30.58 98.29 + 39.78
[g/dL] AHpcl (n = 15) 113.50 + 40.73 114.60 + 33.71 129.33 +49.73
AHpc? (1 = 14) 80.51 + 46.16 88.84 + 60.31 76.87 + 59.26
Ferritin [ng/mL] AHpc| (n = 15) 88.79 + 57.11 9749 + 65.17 83.35 + 53.96
Transferrin AHpc? (n = 14) 280.50 + 40.72 310.21 + 46.60 & P =000 279.07 +28.49 b/ p=0.00
[mg/dL] AHpc] (n=15) 274.13 + 26.56 297.40 + 32.53 &P =000 277.67 + 30.74 b p =000
AHpc? (n = 14) 314.93 + 47.53 352.07 + 47.42 & p =000 304.00 + 35.91 PP =0.00
TIBC [ug/dL] AHpc| (n = 15) 318.47 + 37.56 339.13 + 38.26 300.83 + 46.53 b p =0.00
AHpc? (1 = 14) 0.40 + 0.60 0.45 + 0.57 0.36 + 0.48
ERFE L
[ng/mL] AHpcl (n = 15) 0.16 + 0.13 0.40 + 0.27 27 =0.00 0.24 + 0,12 /P =000
EPO AHpc? (n = 14) 9.34 +2.85 14.24 +9.65 8.91 + 2.86 b7 =000
[mU/mL] AHpcl (n = 15) 9.85 + 4.29 1217 +7.42 11.53 + 6.21
_ a,p=0.00 b, p = 0.00
Hpe [ng/mL] AHpc? (1 = 14) 0.81 £0.23 109037 7= o 077 +0.28 7= o
AHpcl (n = 15) 1.41 £0.28 1.09 +0.35 27 =0- 1.06 + 0.42 2P =0.
g AHpc? (n = 14) 2157 +3.51 20.67 + 4.35 18.88 + 4.35
HMGB-1 [ng/mL] AHpcl (n = 15) 2224 + 434 21.64 % 6.73 20.55 + 3.74
AHpc? (n = 14) 266.24 + 97.66 351.49 + 238.99 171.72 + 67.56
Pentraxin3 [pg/mL] ~ AHpc| (n = 15) 235.46 + 73.96 452.1 £274.99 & » = 0.00 162.41 + 75.17 b p =000
AHpc? (n = 14) 5.86 + 1.15 16.42 + 3.57 &P =000 6.10 +2.30 b» =000
Leukocytes [G/L] AHpcl (n = 15) 621+1.15 17.22 + 3.70 & p =000 6.00 + 1.43 b,p =000
AHpc? (n = 14) 3.14 +0.73 13.75 + 3.02 2P =0.00 3.47 + 2.00 b-» =000
Neutrophils [G/L] AHpc| (n = 15) 3.41+0.96 14.48 + 3.40 &P =0.00 3.22 +1.04 b p =000
AHpc? (n = 14) 144.92 + 63.51 445.86+193.25 & P =000 206.77 +121.52 b p =000
CKU/L] AHpel (n = 15) 165.79 + 87.34 37643215026 %P =000 24350 +162.10 PP =0.00

Values are means (+ SD); Fe-serum iron; TIBC-total iron binding capacity; ERFE-erythroferrone; EPO-erythropoietin;
Hpc-hepcidin; HMGB1-high-mobility group box 1 protein; CK-creatine kinase. Measurements Pre-before the
run; Postl—at the finish line; Post2—9 + 2 days after the run; ? significantly different from the Pre measurement;
b significantly different from the Postl measurement; 1 significant differences between groups.

To evaluate the effect of the serum iron levels on marathon-induced changes in EPO, ERFE and
Hpc levels, the runners were divided into two groups, based on serum iron concentrations, at which
significant changes in the EPO, ERFE and Hpc parameters were observed. In the first group (n = 15),
the serum iron pre-concentration was < 105 ug/dL (81 + 21 ug/dL), while in the second group (n = 14),
it was >105 pg/dL (146 + 43 ng/dL). Interestingly, a significant increase in serum EPO and ERFE levels,
and a slight reduction in Hpc levels were observed in the runners whose serum iron pre levels were
below 105 pg/dL (Figure 1).
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Figure 1. Blood iron levels determine the effect of marathon running on hormones involved in the
iron metabolism. Legend: Pre—before the run, Postl—at the finish line, Post 2—9 + 2 days after
the run; * significantly different from the Pre measurement, # significantly different from the Post

1 measurement.

To assess the relationship between body iron stores (represented by serum ferritin), and EPO,
ERFE and Hpc, the runners were divided into two groups: those with ferritin levels < 70 ng/mL
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(39 £ 21 ng/mL, n = 13) and those with levels > 70 ng/mL (122 + 35 ng/mL, n = 16). EPO levels increased
in the former group (Pre: 10.75 + 4.59 mU/mL; Post1: 17.28 + 11.61 mU/mL) but remained unchanged
in the latter group (Pre: 8.7 + 2.34; Post1: 10.4 + 3.38). Furthermore, the EPO levels did not change
in the runners with ferritin levels exceeding 70 ng/mL (n = 7), even when they were accompanied
by serum iron levels below 105 pg/dL. Furthermore, a significant negative correlation was apparent
between the baseline ferritin and EPO levels at the three time points analyzed (Pre: ¥ = —0.48, p = 0.03;
Postl: r = 0.53; p = 0.01; Post2: r = 0.50, p = 0.02). The serum iron levels were also negatively correlated
with EPO levels after the marathon run (Postl: ¥ = 0.50, p = 0.02; Post2, r = 0.40, p = 0.05). Conversely,
ERFE levels increased only in athletes with serum iron levels below 105 pg/dL (n = 15), and the ferritin
status did not affect the response to the marathon run (data not shown).

4. Discussion

In the present study, we demonstrated that alterations in the levels of hormones regulating the
iron metabolism (EPO, ERFE, and Hpc) induced by a marathon run significantly depend on the
serum iron and ferritin concentrations at the baseline. However, changes in the iron metabolism of
athletes who are HFE H63D heterozygotes were similar to those in athletes who harbor the WT HFE
gene. Hence, the initial hypothesis that Hpc levels in the former are different from the latter was not
confirmed. Interestingly, most of the obtained results indicated that exercise increases serum Hpc
levels. However, Hpc levels do not change after exercise in some athletes [18-20]. The underlying
mechanism of this phenomenon remains unresolved. Since HFE mutations are common among the
Caucasian population [13], we hypothesized that the Hpc response to exercise might be impaired in
athletes who are HFE heterozygotes. In the current study, increased Hpc levels after the marathon
run were noted for 14 runners, while Hpc levels decreased in 15 runners. HFE heterozygotes were
identified in both groups. Hence, the data did not support the initial hypothesis.

In the current study, the only difference between the WT HFE gene and H63D gene carriers was a
decrease in Hpc levels in the former one week after the marathon. It has been previously reported that
the iron stores in young boys and girls who do not engage in a regular physical activity and harbor
the H63D mutation are higher than in WT controls [21]. In the current study, we did not observe a
statistically significant difference in the serum ferritin levels among groups. Previously, it has been
shown that regular exercise results in a reduction of body iron stores (12,13), which could explain
observations reported herein. It was also suggested that low serum ferritin levels are associated with
the absence of Hpc response to exercise. In athletes, whose ferritin levels were below 30 ng/mL, no
changes in Hpc concentration after exercise are noted [19]. In the current study, only four participants
had ferritin levels below 30 ng/mL. An increase of Hpc levels upon exercise was noted in two of them.
In addition, no correlation was apparent between serum ferritin and Hpc levels before and after the
marathon run. Hpc is a hormone that inhibits iron absorption from the digestive tract and iron release
from the intracellular stores [22]. Stimulated erythropoiesis results in increased iron demand which
leads to Hpc down-regulation. The mechanism of Hpc down-regulation has been clarified recently
by the discovery of a new hormone, ERFE, which inhibits hepatic Hpc biosynthesis [14]. Although it
is generally known that regular exercise stimulates erythropoiesis, and the erythrocyte mass of the
athletes is higher than in inactive individuals, to the best of our knowledge, no data explaining the effect
of exercise on the blood ERFE levels in humans have been published. Data presented in the current
study demonstrate that ERFE levels increase after the marathon run and remain elevated nine days
later, but only in the runners whose Hpc levels decreased after the marathon run. This may suggest an
inhibitory effect of ERFE on hepcidin biosynthesis [14]. In addition, the findings of the current study
indicate that a reduction or, possibly, no changes in the Hpc levels after a race could be explained
by increased ERFE levels. On the other hand, an increase in Hpc levels after the race cannot be
explained by changes in ERFE levels, but, rather, by increased levels of pro-inflammatory cytokines [23].
Considering that extreme exercises, such as marathon running, stimulates pro-inflammatory cytokines
production, it is possible that the iron metabolism is affected in some cells exposed to high cytokine
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levels [24,25]. The observed increase in pentraxin 3 and the number of leukocytes, confirmed that the
marathon induced significant inflammation. Furthermore, detailed analysis revealed that athletes with
low serum iron levels (<105 pg/dL) presented a significant increase in ERFE levels after the marathon,
while ERFE levels were stable in those with high serum iron levels (>105 pg/dL). Interestingly, serum
ferritin concentration, considered to be a good marker of the body iron stores [26], had no effect on the
marathon-induced changes in ERFE levels.

EPO stimulates ERFE biosynthesis [14]. Hence, we anticipated that the iron status could influence
ERFE synthesis via its effects on EPO concentration. The reported effect of a marathon run on
serum EPO levels is unclear: it either increases, decreases or does not change after the run [27,28].
The mechanism of this phenomenon is also unknown. Data presented in the current study clearly
indicate that the marathon-induced increase in EPO levels is determined by the serum iron levels and
body iron stores. EPO levels increased in the runners with a low baseline concentration of serum iron
and ferritin. In animal models, serum iron in the form of diferric transferrin triggers signaling through
a transferrin receptor 2 (Tfr2). Tfr2 is expressed in the liver and erythroid cells. Blocking this receptor
leads to increased EPO and ERFE production, and decreased Hpc biosynthesis [29]. It can be expected
that, during a marathon run, the hypoxic signaling is augmented in runners with low serum iron
levels and reduced in athletes with high serum iron levels. Indeed, increased EPO and ERFE levels
were observed only in the runners with low blood iron levels. This is supported by the observation
that exposure of iron-deficient patients to hypoxia increases serum EPO levels to a greater extent than
in individuals with normal iron status [30]. Conversely, hypoxia-induced changes in Hpc levels are
minute in iron-deficient patients [30]. In addition, iron can influence Hpc synthesis by triggering
signaling which inhibits EPO synthesis. The summary of the potential effects of a marathon run on
cellular iron metabolism is presented in Figure 2.

’ MARATHON RUN — inflammation ¥

[

hypoxia

]

y

A 4
ERFE ——| Hpc

: N El
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Figure 2. Summary of the potential effects of a marathon running on cellular iron metabolism.

The figure shows the complexity of cellular iron metabolism. Extreme exercise, such as marathon
running, induces inflammation, which can be measured, e.g., by the increase of the interleukin 6 (IL-6)
levels in the blood which may lead to an increase in Hpc biosynthesis in the cell. By contrast, marathon
run-induced hypoxia stimulates EPO and ERFE biosynthesis, which can inhibit of Hpc biosynthesis.
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Diferric transferrin binding to Tfr2, triggers signaling that leads to the inhibition of EPO and ERFE
synthesis. This signaling is abrogated in athletes with relatively low blood iron levels. Exercise-induced
inflammation can trigger ferritin degradation and iron release, which can inhibit EPO biosynthesis.

— - stimulation; -| - suppression; ..... - unknown effect; ? - possible effect
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