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Streszczenie

Astaksantyna (ATX) to naturalna substancja zaliczana do karotenoidow
o dziataniu silne przeciwutleniajgcym i potencjale przeciwzapalnym. Celem badan
przedstawionych w pracy byta ocena wptywu doustnej suplementacji ATX na zmiany
w statusie antyoksydacyjnym i profilu cytokin prozapalnych w modelu in vitro i in vivo
u 3-letnich wyscigowych koni czystej krwi arabskiej. Badanie obejmowato 14 koni.
W grupie badanej konie otrzymywaly doustnie 250 mg ATX raz dziennie przez 15
tygodni. Krew do analiz pobierano podczas rutynowych prob wysitkowych co 5 tyg.,
w czterech punktach czasowych TO-T3 oraz trzykrotnie podczas sesji treningowej
w punkcie T1. W komorkach jednojadrzastych krwi (PBMC) izolowanych od koni
oceniano wplyw astaksantyny na produkcj¢ reaktywnych form tlenu (ROS), zmiany
ekspresji genéw enzymoéw antyoksydacyjnych, wydzielanie cytokin prozapalnych
1 funkcje mitochondriow, w tym mitofagie. Wptyw suplementacji astaksantyng in vivo
oceniono na podstawie zmian parametréw statusu antyoksydacyjnego i st¢zen cytokin
prozapalnych we krwi podczas dlugotrwalej obserwacji oraz pojedynczej sesji
treningowej. Wzigto pod uwage rowniez wyniki koni w gonitwach.

W warunkach stresu oksydacyjnego indukowanego in vitro w PBMC, ATX
zmniejszyta produkcje ROS 1 zwigkszyta ekspresje gendéw NRFI, SOD2, GPx, a takze
obnizyla stgezenia wydzielanych INFy i TNFa. W wyniku doustnej suplementacji
astaksantyng wzrosla ekspresja genow zwigzanych z wybranymi funkcjami
mitochondridow, w tym mitofagia. Wpltyw suplementacji ATX na zmiany statusu
antyoksydacyjnego stwierdzono szczeg6lnie w punkcie czasowym T1-0. Wyniki badan
in vitro potwierdzity rolg ATX w ochronie przed stresem oksydacyjnym, hamowaniu
odpowiedzi zapalnej i jej znaczenie w zachowaniu prawidlowych funkcji mitochondriow
1 pobudzeniu mitofagii. W badaniu in vivo potwierdzono wplyw suplementacji ATX
na poprawe wydolnos$ci systemu antyoksydacyjnego, szczegdlnie w pierwszym miesigcu
intensywnego treningu. Nie mozna jednoznacznie oceni¢ przeciwzapalnego wplywu
astaksantyny w warunkach in vivo. Nie potwierdzono wplywu astaksantyny na wyniki

wyscigowe koni.

Stowa kluczowe: astaksantyna, konie wys$cigowe czystej krwi arabskiej, trening, stres

oksydacyjny, status antyoksydacyjny, cytokiny zapalne, mitofagia
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Summary

Astaxanthin (ATX) is a natural carotenoid with strong antioxidant and anti-
inflammatory properties. This thesis assessed the effects of oral ATX supplementation on
changes in antioxidant status and pro-inflammatory cytokine profiles both in vitro and in
vivo models in 3-year-old Arabian racehorses. The study included 14 horses. Horses
in the experimental group were supplemented orally with 250 mg of astaxanthin once
daily for 15 weeks. Blood samples were collected during routine exercise tests every
5 weeks at four time points (T0-T3) and three times during training sessions at T1.
In equine peripheral blood mononuclear cells (PBMCs), the effects of ATX on ROS
production, the expression of antioxidant enzyme genes, secretion of pro-inflammatory
cytokines, and mitochondrial functions including mitophagy were evaluated. The in vivo
impact of ATX supplementation was assessed based on the changes in antioxidant status
parameters and pro-inflammatory cytokine concentrations in blood during the long-term
observation and within a single training session. Results were compared with the horses’
racing results.

Under oxidative stress conditions, ATX reduced ROS production and increased
the expression of NRFI, SOD2, and GPx genes, while lowering INFy and TNFa
concentrations. Oral ATX supplementation increased the expression of genes related to
specific mitochondrial functions, including mitophagy. The effect of ATX
supplementation on changes in antioxidant status was particularly observed at time point
T1-0. In vitro findings confirmed ATX’s role in protecting against oxidative stress,
reducing inflammatory responses, and supporting mitochondrial function and mitophagy.
The in vivo study confirmed the effect of ATX supplementation on improving the
efficiency of the antioxidant system, especially after the first month of intensive training.
The anti-inflammatory effect of ATX in vivo cannot be clearly determined. No effect

of ATX on the race results of the horses was observed.

Keywords: astaxanthin, Arabian racehorses, training, oxidative stress, antioxidant

levels, inflammatory cytokines, mitophagy
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Objasnienia zastosowanych skrotow

AP-1 (ang. activator protein 1) — biatko aktywatora 1

ATP (ang. adenosine triphosphate) — adenozynotrifosforan

ATX (ang. astaxanthin) — astaksantyna

BAS (ang. basophils) — bazofile

CAT (ang. catalase) — katalaza

CK (ang. creatine kinase) — kinaza kreatynowa

DNA (ang. deoxyribonucleic acid) — kwas deoksyrybonukleinowy

EDTA (ang. ethylenediaminetetraacetic acid) — kwas wersenowy

ELISA (ang. enzyme-linked immunosorbent assay) — test immunoenzymatyczny
EOS (ang. eosinophils) — eozynofile

FBS (ang. fetal bovine serum) - ptodowa surowica bydleca

GCSF (ang. granulocyte colony-stimulating factor) - czynnik stymulujacy
tworzenie kolonii granulocytow

GPx (ang. glutathione peroxidase) — peroksydaza glutationowa

GR (ang. glutathione reductase) — reduktaza glutationowa

H20: — nadtlenek wodoru

HCT (ang. hematocrit) — hematokryt

HGB (ang. hemoglobin concentration) — st¢zenie hemoglobiny

IFN-y (ang. interferon - gamma) — interferon-gamma

IL-1p (ang. interleukin -1 beta) — interleukina pierwsza beta

IL-6 (ang. interleukin -6) — interleukina szosta

IL-10 (ang. Interleukin - 10) — interleukina dziesigta

LA (ang. lactic acid) — kwas mlekowy

LDH-S (ang. lactate dehydrogenase isoenzyme 5) — izoenzym-5 dehydrogenazy
mleczanowej

LYM (ang. lymphocytes) — limfocyty

MCP-1 (ang. monocyte chemoattractant protein-1) - biatko chemotaktyczne
monocytow 1

MCHC (ang. mean corpuscular hemoglobin concentration) — $rednie st¢zenie
hemoglobiny w erytrocycie

MCYV (ang. mean corpuscular volume) — $rednia objetos¢ krwinki czerwone;j
MIEF1 (ang. mitochondrial elongation factor 1) — czynnik elongacji
mitochondrialnej 1

MON (ang. monocytes) — monocyty

MRPL24 (ang. mitochondrial ribosomal protein L24) — mitochondrialne biatko
rybosomalne L24

mtDNA (ang. mitochondrial deoxyribonucleic acid) — mitochondrialny DNA
NDUFA9 (ang. NADH:ubiquinone oxidoreductase subunit A9) —

podjednostka A9 oksydoreduktazy NADH:ubichinon

NEU (ang. neutrophils) — neutrofile

NF-kB (ang. nuclear factor kappa-light-chain-enhancer of activated B cells) -
czynnik jadrowy kappa B

NO’ - nadtlenek azotu
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NRF1 (ang. nuclear respiratory factor 1) — czynnik jadrowy oddechowy 1

NRF?2 (ang. nuclear factor erythroid 2-related factor 2) - czynnik transkrypcyjny
pochodzenia erytroidalnego typu 2

02" - anionorodnik ponadtlenkowy

102 - tlen singletowy

OXAI1L (ang. mitochondrial inner membrane protein OXAIL) — biatko
OXAIL

OS (ang. oxidative stress) - stres oksydacyjny

PARKIN (ang. parkin RBR E3 ubiquitin protein ligase) - ligaza ubikwityny E3
PBMC (ang. peripheral blood mononuclear cells) - jednojadrzaste komorki krwi
obwodowe;j

PIGBOS (ang. PIGB opposite strand protein)

PLT (ang. platelets) — ptytki krwi

PGE (ang. prostaglandin E) — prostaglandyna E

PINK1 (ang. PTEN-induced kinase 1) — kinaza indukowana przez PTEN 1
PPAR (ang. peroxisome proliferator-activated receptor) - receptory aktywowane
przez proliferatory peroksysomow

PPARGCI1A (ang. peroxisome proliferator-activated receptor gamma coactivator
l-alpha) - koaktywator 1-alfa receptora aktywowanego przez proliferatory
peroksysoméw gamma

PPARGCI1B (ang. peroxisome proliferator-activated receptor gamma coactivator
I-beta) - koaktywator 1-beta receptora aktywowanego przez proliferatory
peroksysomoéw gamma

PUSLI1 (ang. pseudouridylate synthase-like 1) syntaza pseudourydylanowa
typul

PZHKA - Polski Zwigzek Hodowcoéw Koni Arabskich

RT-qPCR (ang. reverse transcription quantitative polymerase chain reaction) —
ilosciowa reakcja tancuchowa polimerazy z odwrotng transkrypcja

RBC (ang. red blood cells) — erytrocyty

ROS (ang. reactive oxygen species) — reaktywne formy tlenu

SOD (ang. superoxide dismutase) — dysmutaza ponadtlenkowa

SOD1 (ang. superoxide dismutase 1) — dysmutaza ponadtlenkowa 1

SOD2 (ang. superoxide dismutase 2) — dysmutaza ponadtlenkowa 2

TAC (ang. total antioxidant capacity) — catkowita pojemnos¢ antyoksydacyjna
TAS (ang. total antioxidant status) — catkowity status antyoksydacyjny

TBARS (ang. thiobarbituric acid reactive substances) — substancje reagujace
z kwasem tiobarbiturowym

TFAM (ang. transcription factor A, mitochondrial) — mitochondrialny czynnik
transkrypcyjny A

TNFa (ang. tumor necrosis factor alpha) — czynnik martwicy nowotwordw alfa
UQCRC2 (ang. ubiquinol-cytochrome c reductase core protein 2) - biatko
rdzeniowe 2 reduktazy ubichinolowo-cytochromowej c.

WBC (ang. white blood cells) — leukocyty



1. Wprowadzenie

1.1 Astaksantyna — pochodzenie, wlasciwosci, zastosowanie

Astaksantyna (ang. astaxanthin, ATX) jest naturalnie wyst¢pujacym
karotenoidem o silnych wtasciwos$ciach przeciwutleniajagcych. Ten czerwony barwnik,
produkowany przez mikroorganizmy takie jak drozdze Phaffia rhodosyma i algi morskie
Haematococcus pluvialis, posiada unikalng struktur¢ chemiczng (Mularczyk et al., 2020).
Jest to ksantofil o0 wzorze chemicznym C40Hs204 (3,3’-dihydroksy-p-karoten-4,4’-dion),
posiadajacy 13 sprzgzonych wigzan podwdjnych, zawierajacy atomy tlenu w tancuchu
tetraterpenowym oraz szkielet bedacy nienasyconym tancuchem weglowodorowym.
Struktura ta nadaje czasteczce wlasciwosci amfipatyczne, polarne 1 silnie
antyoksydacyjne, co na poziomie komodrkowym pozwala wigza¢ si¢ z blonami
fosfolipidowymi (Brotosudarmo et al., 2020). W poréwnaniu z innymi karotenoidami
ATX wykazuje wysoka biodostepnos¢. Astaksantyna potrafi neutralizowaé reaktywne
formy tlenu (ang. reactive oxygen species, ROS), takie jak nadtlenek wodoru (H20»),
anion ponadtlenkowy (O2"), tlen singletowy (!O2) i inne wolne rodniki, zaréwno
od strony wewnetrznej, jak 1 zewnetrznej blony komorkowej (Ryc. 1). Jest to najsilniejszy
dotad poznany antyoksydant, o dzialaniu dziesi¢ciokrotnie silniejszym niz B-karoten
i stukrotnie silniejszym niz a-tokoferol.

Wysoki potencjat bioaktywny ATX jest od niedawna tematem intensywnych
badan, ktore koncentruja si¢ na jego zdolnosci antyoksydacyjnych w zapobieganiu
i redukcji ryzyka uszkodzen komorek i1 tkanek wywotanych stresem oksydacyjnym.
Dotychczas ATX byta gtownie wykorzystywana w przemysle paszowym. Dzigki swojej
intensywnej pomaranczowej barwie wiele zwierzat takich jak kryle, krewetki, ryby czy
ptaki, np. flamingi, ktore odzywiaja si¢ algami 1 organizmami bogatymi w astaksantyne,
uzyskuje pomaranczowe zabarwienie pancerzy, miesni 1 pior (Maoka, 2011). Ze wzgledu
na popraw¢ wiasciwosci sensorycznych produktow przeznaczonych do spozycia przez
ludzi, zottek jaj, migsa krewetek i ryb tososiowatych, algi bogate w ATX s3 stosowane
jako dodatek paszowy od wielu lat. Obecnie, podobnie jak w przypadku wigkszosci
barwnikow spozywczych 1 dodatkéw do pasz, odpowiednie instytucje opracowuja

regulacje ustalajgce limity stosowania ATX w przemysle spozywczym.
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Ryc. 1 Miejsca aktywnos$ci biologicznej karotenoidow w szkielecie blony komodrkowe;.
Opracowanie wlasne przy pomocy programu BioRender.com

Jednak to nie dzigki barwie, a wilasciwosciom biologicznym ATX zyskala
popularno$¢ w przemysle farmaceutycznym. Na terenie Unii Europejskiej oraz w Stanach
Zjednoczonych ATX jest uznawana za suplement diety dla ludzi i nazywana ,,super
sktadnikiem odzywczym”. Liczne badania opisujg dziatania prozdrowotne astaksantyny
u ludzi, takie jak wlasciwosci: przeciwzapalne (Chang & Xiong, 2020),
przeciwnowotworowe (Zhang & Wang, 2015), przeciwcukrzycowe (Gowd et al., 2021),
oraz hamujace procesy starzenia i apoptozy. Te ostatnie znalazty zastosowanie na rynku
kosmetycznym w kremach dla cery dojrzatej typu ,,anti-aging” (Eren et al., 2019).
Bezposrednie dzialanie w zwalczaniu wolnych rodnikéw 1 hamowaniu stresu
nitrozacyjnego wywolanego aktywno$cia nadtlenku azotu (NO®) skupia uwage
najbardziej dochodowej gatezi przemyshu farmaceutycznego — producentow lekow
na potencje. W tym przypadku badania wskazuja na pozytywny wplyw tego
przeciwutleniacza na uzyskanie erekcji u mezczyzn z zaburzeniami tej funkcji
(Ramasamy et al., 2024). Badania nad wtasciwo$ciami astaksantyny (Ambati et al., 2014)
potwierdzaja szerokie spektrum dzialania przeciwutleniajacego, obejmujace ochrong

lipidéw, biatek 1 kwasu deoksyrybonukleinowego (ang. deoxyribonucleic acid, DNA)

22



przed uszkodzeniami oksydacyjnymi. Znane sa mechanizmy dzialania przeciwzapalnego
ATX, poczawszy od poziomu molekularnego, co wykazano na podstawie analizy zmian
genomu 1 transkryptomu, przez zmiany biochemiczne na poziomie komoérkowym
np. wzrost stezen markerow zapalenia, po rzeczywisty wplyw na tkanki, narzady i caly
organizm. Badania w medycynie cztowieka nad wiasciwos$ciami przeciwzapalnymi ATX
obejmuja nie tylko pacjentéw w tzw. grupach klinicznych, ale takze osoby z grup
narazonych na wiele czynnikéw srodowiskowych (Brown et al., 2018), np. aktywnych
sportowcow (Baralic et al., 2015). Wykorzystanie potencjalu antyoksydacyjnego ATX
u ludzi jest szeroko dyskutowane w pismiennictwie, jednak w przypadku zwierzat wcigz
pozostaje wiele pytan odnos$nie do mozliwosci jej zastosowania. Badania nad dziataniem
ATX prowadzone sg gldwnie na modelach gryzoni (Liu et al., 2025; Wu et al., 2025; Xu
etal.,2017), psow (Murai et al., 2019; Park et al., 2010), a rzadziej na koniach (Mularczyk
et al., 2022). Wickszos¢ z wymienionych badan dotyczy metod ograniczania
negatywnych skutkow stresu oksydacyjnego, jednak niewiele z nich dotyczy stresu
oksydacyjnego zwigzanego z wysitkiem fizycznym. Przykladowo, wskazuje sie
na korzystny wplyw ATX na modulowanie odpowiedzi immunologicznej u pséw (Chew
et al., 2011), a doswiadczenia na modelu gryzoni pokazuja, ze ATX moze tagodzi¢ stres
oksydacyjny u myszy i szczuréw zywionych dieta wysokottuszczowa (Wu et al., 2020).
Wigkszos¢ badan nad mozliwos$ciami biologicznymi astaksantyny przeprowadza sie¢

na zwierzgtach laboratoryjnych.

1.2 Znaczenie stresu oksydacyjnego w adaptacji miesni do treningu

Stres oksydacyjny (ang. oxidative stress, OS) jest definiowany jako brak
roéwnowagi pomigdzy zwigkszonym wytwarzaniem ROS, powstajacych w komorkach
jako uboczny efekt przemian tlenowych, a zdolnosciami neutralizowania ich poprzez
mechanizmy antyoksydacyjne. Zaburzenie rownowagi redoks wskutek nagromadzenia
duzej ilosci wolnych rodnikéw doprowadza do uszkodzenia biatek 1 lipidow,
co potencjalnie moze skutkowa¢ uszkodzeniem komorek, a w konsekwencji
pobudzeniem odpowiedzi zapalnej (Powers & Hogan, 2016). Jednak to wtasnie wolne
rodniki aktywujg szlaki sygnatowe, wptywajac na odpowiedz zwrotng ze strony
komorkowego uktadu antyoksydacyjnego. Tkanka mig§niowa poprzecznie prazkowana,
charakteryzujaca si¢ duzym zapotrzebowaniem energetycznym i bardzo szybkim

metabolizmem, produkuje szczegdlnie duzg ilos¢ ROS. Proces ten ma miejsce niezaleznie
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od sposobu pozyskiwania energii niezbg¢dniej do skurczu migéni i dotyczy zaréwno
przemian tlenowych, jak i beztlenowych (Poole, 2004). W warunkach fizjologicznych
wszystkie komoérki dgzg do utrzymania homeostazy redoks. Zwigkszona aktywnos$¢
fizyczna 1 treningi skutkujg zaburzeniami tego balansu, w konsekwencji prowadzac do
szeregu zmian adaptacyjnych.

Komorkowy uktad antyoksydacyjny opiera si¢ na dwdch mechanizmach:
enzymatycznym 1 nieenzymatycznym. Pierwszy z nich polega na dziataniu
enzymatycznego systemu antyoksydacyjnego w sktad, ktorego wchodzg swoiste dla
okreslonych ROS enzymy, wérdd ktorych wyrdznia si¢: dysmutazy — glownie dysmutaze
ponadtlenkowa, (ang. superoxide dismutase, SOD), katalazy (ang. catalase, CAT),
peroksydazy —gtownie peroksydaze glutationowa (ang. glutathione peroxidase, GPx)
ireduktazy — reduktaze glutationowa (ang. glutathione reductase, GR). Enzymy te
neutralizujg ROS do postaci nieszkodliwych dla komorki. Drugi dotychczas poznany
mechanizm antyoksydacyjny polega na bezposrednim wychwycie i wigzaniu ROS przez
okreslone substancje biologicznie czynne, takie jak: zredukowany glutation (ang. reduced
glutathione, GSH), bilirubing, kwas moczowy 1 niektére witaminy, w szczegdlnosci
witaming A, E 1 C (Wiecek et al., 2015). Ten mechanizm moze by¢ wspomagany przez
egzogenne wprowadzenie do organizmu substancji przeciwutleniajacych, mogacych
mie¢ realny wplyw na utrzymanie réwnowagi redoks (Bartosz, 2010). Obydwa
przedstawione mechanizmy antyoksydacyjne dziataja jako zlozona sie¢ regulacyjna
kontrolujaca poziom ROS.

Organellum odgrywajacym kluczowa role w procesach metabolicznych jest
mitochondrium. Komérki migéniowe ze wzgledu na wysokie zapotrzebowanie
energetyczne sg bogate w mitochondria. Liczba mitochondriow i efektywnos$¢ funkeji
mitochondrialnych miegsni szkieletowych dodatnio koreluja z wydolnosciag wysitkowa
(Porter et al., 2015). Zaburzeniom czynnosci mitochondriow 1 uszkodzeniu btony
mitochondrialnej towarzyszy uwolnienie duzej ilosci wolnych rodnikow do cytozolu.
Moze to doprowadzi¢ do uszkodzenia komorki i1 aktywacji mechanizmoéw prozapalnych.
Zjawisko mitofagii, czyli selektywnej degradacji uszkodzonych mitochondriéw przez
autofagie z wudzialem lizosomow, odgrywa istotng role w utrzymaniu jakoSci
mitochondriéw 1 zdrowiu komorek (Onishi et al., 2021; Wang et al., 2019). Jest to bardzo
ztozony proces zwigzany z aktywacja wielu szlakow sygnalowych. Mitofagia ma
kluczowe znaczenie w ograniczaniu komérkowego OS (Kong et al., 2024; Siasos et al.,

2018).
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W  sytuacjach nadmiernej produkcji wolnych rodnikéw, kiedy ukiad
antyoksydacyjny jest niewydolny moze dojs¢ do uszkodzenia komorek. Pod wptywem
OS dochodzi do aktywacji czynnikow transkrypcyjnych, m. in., czynnika jadrowego
kappa B (ang. uclear factor kappa-light-chain-enhancer of activated B cells, NF-kB)
i biatka aktywatora 1 (ang. activator protein, AP-1), odgrywajacych gtowng role
w regulacji ekspresji genow cytokin prozapalnych. Skutkuje to zwickszong produkcja
i uwalnianiem cytokin, takich jak interleukina 1-B (ang. interleukin 1 beta, IL-1P)
interleukina-6 (ang. interleukin 6, IL-6), czynnik martwicy nowotwordéw alfa (ang. tumor
necrosis factor alfa, TNF-a) i interferon-gamma (ang. interferon-gamma, IFN-y), czego
efektem jest pobudzenie zapalenia.

Gléwnym celem treningu jest optymalna adaptacja organizmu do wzrastajacego
wysitku. Podstawa fizjologii sportu, jest zapewnienie takich warunkow, w ktorych OS
wystapi, ale rownocze$nie organizm bedzie mie¢ zapewniong mozliwos$¢ regeneracji
i adaptacji. Umiarkowana produkcja ROS podczas wysitku sprzyja adaptacji migsni
szkieletowych (Powers et al., 2020), a kazda z tych adaptacji poprzedzona jest ekspresja
specyficznych gendéw, czasem na zasadzie sprz¢zenia zwrotnego ujemnego (Lee et al.,
2020). Trening wplywa zar6wno na zwigkszenie poziomu OS, jak i na catkowity status
antyoksydacyjny (ang. total antioxidant status, TAS). Umiarkowana aktywnos$¢ fizyczna
nie wydaje si¢ powodowa¢ w mie$niach stresu mogacego doprowadzi¢ do istotnego
klinicznie uszkodzenia komoérek migsniowych (Chiaradia et al., 1998). Jednak
intensywny trening prowadzony w nieodpowiedni sposob, niedostosowany
indywidualnie do mozliwosci organizmu, moze doprowadzi¢ do obnizenia wynikoéw
sportowych 1 nasili¢ ryzyko kontuzji uktadu mig§niowo-szkieletowego (Crawford et al.,
2021; Wong et al., 2023). W konsekwencji istnieje wigksze prawdopodobienstwo
wystgpienia powaznych zaburzen ukladowych, co moze danego osobnika wykluczy¢
na stale z aktywnosci sportowej (Valberg & McKenzie, 2025).

U koni, podobnie jak u ludzi, mozna wyr6zni¢ dwa podstawowe typu wiokien
mig$niowych szkieletowych: widkna wolnokurczliwe (typ I) tzw. ,,czerwone”, z wigksza
zawarto$cig mioglobiny i przystosowane do metabolizmu tlenowego oraz widkna
szybkokurczliwe (typ 1) tzw. biate, o metabolizmie beztlenowym (Lopez-Rivero et al.,
1989). Struktura tkanki migsniowej koni czystej krwi arabskiej r6zni si¢ od innych ras,
gdyz charakteryzuje si¢ przewaga wtokien typu I, a mniejszym udziatem wtokien typu II,
doktadnie odwrotnie niz w przypadku koni petniej krwi angielskiej (Kawai et al., 2009).

Dzigki temu konie te doskonale nadaja si¢ do wysitkow wytrzymatosciowych
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i pokonywania dtuzszych dystansow. Taka proporcja skladu wldkien migéniowych
w przypadku koni arabskich, we wczesnym etapie treningu nie wplywa na sposob ich
uzytkowania. Konie arabskie poddawane prébom dzielnosci w wyscigach ptaskich
rozpoczynaja trening wyscigowy na dystansach krotkich, z wiekiem wydtuzajac
pokonywang trasg, a proces adaptacji widkien mig¢$niowych do dlugich dystansow
(startéw w konkurencji sportowych rajdow konnych) wymaga czasu, zmiany procesu
treningowego oraz sposobu zywienia (Ropka-Molik et.al., 2017). W przypadku wysitku
anaerobowego niezbedna do skurczu miegs$ni energia pochodzi gltownie z przemian
beztlenowych, jednak udowodniono, ze zuzycie tlenu przez konia podczas tego typu
wysitku wzrasta nawet 60-krotnie (Hanak et al., 2001). Stres oksydacyjny i odpowiedz
antyoksydacyjna pojawiaja si¢ juz po pojedynczym treningu zarowno w przypadku koni
rajdowych poddawanych wysitkowi tlenowemu, jak i koni wyscigowych poddawanych
wysitkowi beztlenowemu (Gondim et al., 2009). W przypadku koni czystej krwi arabskiej
dane literaturowe dotyczace wystegpowania OS odnosza si¢ do uzytkowania

dlugodystansowego, czyli sportowych rajdow konnych.

1.3 Wprowadzenie do treningu wyscigowego mlodych koni arabskich

przy zapewnieniu optymalnego dobrostanu

W przypadku koni arabskich, najmtodsze dopuszczane do udzialu w gonitwach
zwierzeta muszg mie¢ ukonczone 3 lata 1 by¢ odpowiednio zidentyfikowane wzgledem
swojego pochodzenia. Dokumentacja pochodzenia jest kluczowa w kontekscie
zachowania czysto$ci rasy, a co za tym idzie daje pewnos$¢, ze rywalizacja zwierzat
podczas danej gonitwy obejmuje osobniki tej samej rasy i moze stanowi¢ probe
poréwnawcza. Nie ma jednak Zadnej formalnej procedury kwalifikujacej konia do
rozpoczecia treningu wyscigowego. W glownej mierze osobami decydujacymi
o wprowadzeniu mlodego konia w trening wyscigowy sa hodowca, wtasciciel 1 trener.
Decyzja o wyborze takiego, a nie innego sposobu uzytkowania konia warunkowana jest
rasg, kwestiami ekonomicznymi, spotecznymi oraz hodowlanymi (Klecel et al., 2021).

Polski Zwigzek Hodowcow Koni Arabskich (PZHKA) w swoim programie
hodowlanym jako jedno z kryteridw oceny wartosci uzytkowej konia wymienia probg
dzielnosci. Ocena ta odbywa si¢ na podstawie dotychczasowej kariery pokazowej,
wyscigowe] lub rajdowej. W tym drugim przypadku wyS$cigi sg traktowane przede

wszystkim jako test zdrowotny, majacy za zadanie sprawdzenie odpornos$ci fizycznej
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1 psychicznej poszczegolnych osobnikdw. Wyscigowa proba dzielnosci dla koni czystej
krwi arabskiej obejmuje konie miedzy 3 a 4 rokiem zycia, z uwzglednieniem, ze pierwszy
start koni 3-letnich moze si¢ odby¢ dopiero po 1 maja. Majac na uwadze dobrostan
zwierzat, okre§lono réwniez minimalne i maksymalne dystanse, na jakich moga odbywac¢
si¢ gonitwy dla koni 3- i 4-letnich. Takie zalozenia planu hodowlanego daza do mozliwie
najbardziej obiektywnej oceny wartosci uzytkowej konia w danym roczniku i pozwalaja
porowna¢ konie migdzy soba. Plan startow roztozony w czasie zapewnia zwierzetom
nalezyty czas na regeneracj¢ i adaptacj¢ do bardziej intensywnego wysitku w nastepnych
latach.

Konie przyjete w trening wyscigowy procz bezwzglednego warunku identyfikacji
rasy i pochodzenia, powinny wykazywac si¢ zdrowiem klinicznym 1 dobrym stopniem
odzywienia, ponadto powinny by¢ poddawane naturalnemu treningowi adaptacyjnemu
do biegéw jakim jest wolny wychow pastwiskowy. Wielu naukowcoOw w swoich
badaniach nad treningiem mlodych koni zaznacza, ze kwestia zbilansowanej diety
i odpowiedniej ilosci ruchu w okresie zrebiecym jest kluczowa w kontek$cie
przygotowania do treningu wtasciwego, poniewaz poprawia zdolnosci adaptacyjne tkanki
kostnej, mig$niowej, pozwala odpowiednio rozwija¢ uktady oddechowy i krazeniowy
(Firth & Rogers, 2005; Rogers et al., 2012; Smith & Goodship, 2008; Stephens, 2004).
Sa to istotne czynniki, majace wpltyw na ryzyko wystapienia kontuzji w trakcie treningu
(Bailey i in., 1999).

Mtody kon pod opieke trenerska trafia najczeSciej po6zng jesienia w roku
kalendarzowym poprzedzajacym planowany sezon startowy. Zwierzgta wdrazane sa
do treningu stopniowo. Obserwacje wlasne autora 1 rozmowy z trenerami wyscigowymi
potwierdzaja, ze okres przygotowawczy mozna podzieli¢ na cztery etapy, trwajacych
srednio kilka tygodni, gdyz ich dlugo$¢ dostosowana jest indywidualnie do mozliwosci
1 rozwoju konia. Etapem poczatkowym jest przyzwyczajenie konia do siodta, cigzaru
na grzbiecie, a nastgpnie do jezdzca. Kon, ktory przyjal jezdzca moze przejsé
do kolejnego etapu, a mianowicie pracy ujezdzeniowej, nauki poruszania si¢ w trzech
podstawowych chodach 1 prostych ¢wiczen gimnastycznych, ktorych celem jest
uzyskanie odpowiedniego balansu. Osobniki posiadajace juz dobra rownowagg i ptynnie
poruszajace si¢ w stepi¢, klusie 1 galopie, rozpoczynajg przygotowanie wyscigowe
majace na celu dalszy rozwdj miegsni szkieletowych. Koncowym etapem treningu
przygotowawczego jest intensyfikacja pracy wplywajaca na uzyskanie odpowiedniej
wydolnosci wysitkowej, umozliwiajacej rozpoczecie startow w gonitwach plaskich.

Podobny schemat postgpowania treningowego opisuje Kedzierski (2010) i dodatkowo
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podaje szczegolowe informacje odnoszace si¢ do obcigzen na poszczegélnych etapach
(Kedzierski, 2010). Rownolegle do treningu koni, nastepuje modyfikacja dawki
pokarmowej, tak aby zwierzgta otrzymywaty diete zbilansowang pod wzgledem
sktadnikéw odzywczych i energii.

Niektére srodowiska zwracaja uwage na miody wiek koni biorgcych udziat
w wyscigowej probie dzielno$ci, zwlaszcza w konteks$cie dobrostanu zwierzat. Stan
obecnej wiedzy pozwala stwierdzi¢, ze poddawanie mtodych koni wysitkowi, a nastepnie
stopniowe zwigkszanie jego intensywnosci i kontrolowanie odpowiedzi organizmu
na zadawany trening jest bezpieczniejsze, niz w przypadku doprowadzenia koni starszych

do podobnego stopnia wytrenowania (Logan & Nielsen, 2021).

1.4 Metody oceny efektywnosci treningu koni wyscigowych

Z punktu widzenia trenera koni wyScigowych najlepszym dowodem
na efektywno$¢ treningu sg wyniki gonitw. W przypadku zwierzat mtodych, ktore jeszcze
nie startowaly, widocznym efektem wczesnego treningu jest rozbudowa masy
mig¢sniowej (Ryc. 2). Sylwetka konia staje si¢ smukta i atletyczna. Nastepuje poprawa
jakosci i efektywnosci ruchu, zwtaszcza w galopie.

Efektywno$¢ treningu mozna ocenia¢ na podstawie badan spoczynkowych
lub wysitkowych. Opieraja si¢ one na analizie zmian wartosci wybranych parametrow
morfologicznych 1 biochemicznych krwi oraz ocenie zmian warto$ci t¢tna (Evans &
Rose, 1988; Janicki i in., 2012; Ohmura i in., 2013; Szarska, 2003; Thomas i in., 1983).

Ocena wartosci parametréw morfologicznych 1 biochemicznych krwi, pobrane;j
od zwierzat w spoczynku pozwala okresli¢ ogdlny stan zdrowia konia. Badanie
spoczynkowe wykonuje si¢ w stajni, w godzinach porannych przed treningiem. Krew
od koni wyscigowych powinno pobiera¢ si¢ cyklicznie, srednio co 7 tygodni, a wyniki
archiwizowa¢. Wyniki pierwszego badania powinny mieéci¢ si¢ w zakresie warto$ci
referencyjnych dla rasy, wieku 1 plci. Wyniki kolejnych badan poszczegdlnych koni
powinny by¢ odnoszone do poprzednich wynikéw tych samych koni. Taka analiza
pozwala oceni¢, czy trening przebiega prawidtowo. Posiadanie wynikow kilku badan dla
konkretnego konia umozliwia stworzenie jego indywidualnego profilu metabolicznego.
Wartosci parametrow w tym profilu beda stuzyly trenerowi jako punkt odniesienia
w dalszych dziataniach treningowych.

Trening wplywa na zmiany w wartosciach parametrow morfologicznych

1 biochemicznych krwi, zaré6wno w trakcie jednorazowej sesji treningowej,
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jak 1 na przestrzeni calego sezonu wyscigowego. Wzrost wartosci spoczynkowych
hematokrytu (ang. hematocrit, HCT) 1 stezenia hemoglobiny (ang. hemoglobin
concentration, HGB) we krwi u sportowca w trakcie okresu treningowego jest
prawidtowa odpowiedzig organizmu i §wiadczy o zwickszajacej si¢ pojemnosci tlenowe;j
krwi (Mairbéurl, 2013). W przypadku koni taki wzrost ma miejsce po okoto trzech
miesigcach treningu.

Analiza zmian warto$ci tetna u koni jest wazng metoda oceny efektywnosci
treningu (Janczarek 1 in., 2017), ponadto nie jest w zaden sposéb inwazyjna dla konia
imoze by¢ przeprowadzana bez udziatu lekarza weterynarii. Zmiany wartosci tetna
spoczynkowego sa szczegoblnie istotne dla koni rozpoczynajacych trening. Obserwuje sie,
ze spadek wartosci spoczynkowego tetna u mtodych wyscigowych koni, wystepuje juz
w pierwszym sezonie treningowym. Z kolei podwyzszone wartosci tetna
spoczynkowego, z klinicznego punktu widzenia s3 objawem patologicznym i1 wraz
ze zmianami w zachowaniu konia stanowig jeden z wczesnych sygnatow $wiadczacych
o chorobie (Hennes et al., 2024).

Badania wysitkowe polegaja na trzech pobraniach krwi: rano w spoczynku, zaraz
po wysitku oraz po 30 minutach regeneracji. Badania moga by¢ wykonywane podczas
gonitwy, cho¢ wymaga to zgody oso6b 1 instytucji odpowiedzialnych za konie
1 organizacj¢ gonitw lub podczas testu wysitkowego na treningu. W Polsce popularny jest
test 800 m polegajacy na pomiarze czasu w jakim kon pokonuje ten odcinek toru
wyscigowego w galopie (Kedzierski, 2009). Dla wielu treneréw koni wyscigowych jest
on podstawowa metoda oceny postepdw treningu. Istotnym parametrem krwi badanym
u koni wyscigowych jest stezenie kwasu mlekowego. Zmiany w stezeniu mleczanu s3
szczegolnie waznym elementem w ocenie wydolnos$ci koni (Kobayashi, 2007). Predkos¢
z jaka porusza si¢ kon, przy ktorej stezenie kwasu mlekowego osigga wartos¢ 4 mmol/l
okresla si¢ jako prog mleczanowy V4. Wartos¢ progowa 4 mmol/l [LA] wyznacza granice
»przejscia” z metabolizmu tlenowego na beztlenowy podczas treningu. Wyznacza
rowniez poziom intensywnosci, przy ktorym mleczan zaczyna gromadzi¢ si¢ we krwi
szybciej, niz moze by¢ z niej eliminowany (Kedzierski et al., 2009; Lindner et al., 2009;
Littiere et al., 2025).

W badaniach wysitkowych koni bardzo dobrze sprawdzajg si¢ monitory pracy
serca. Podstawowe ich zalety to nieinwazyjno$¢ metody, a takze brak konieczno$ci
zatrudniania dodatkowych osob niezbednych do pobrania krwi i wykonania oznaczen
badanych parametréw. Powtarzalno$¢ stosowanych testow opierajacych si¢ o monitoring

pracy serca daje mozliwos$¢ porownania uzyskanych wynikéw w poszczeg6lnych sesjach
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treningowych na przestrzenni catego sezonu, a prawidlowa interpretacja pozyskanych
danych pozwala trenerowi zar6wno na ocen¢ postgpow treningu, jak rowniez

na wprowadzenie modyfikacji, aby stale dostosowywaé¢ wysitek do indywidualnych

mozliwo$ci konia.

2a

2b

Ryc. 2 Wplyw wczesnego treningu wyscigowego na rozwoj cech fizycznych §wiadczacych o adaptacji
wysitkowej u mtodych koni arabskich. 2a - mtoda klacz arabska w wieku 2 lat i 9 miesigcy rozpoczynajgca
I etap treningu wyScigowego (Stuzewiec, listopad 2021). 2b — ta sama klacz w wieku 3 lat i 3 miesigcy

przed startem w pierwszej gonitwie (Shuzewiec, maj 2022). Zrodlo — fotografie udostepnione za zgoda
Moniki Metza
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1.5 Stosowanie specjalistycznych dodatkow paszowych u koni wyscigowych

Zywienie koni stanowi jeden z gtéwnych elementdéw majacych wptyw na postepy
w treningu. Adaptacja uktadu migsniowo-szkieletowego, wymaga dostarczenia energii
w sposob zgodny z profilem metabolicznym. Ewentualne niedobory zywieniowe nalezy
okresla¢ zgodnie z wynikami badan krwi i uzupeliaé przede wszystkim poprzez
odpowiednig diete. W tym celu stosuje si¢ specjalistyczne dodatki paszowe. Odpowiednia
dieta pomaga organizmowi chroni¢ si¢ przed negatywnymi skutkami intensywnych
treningéw 1 stresu zwigzanego z udziatem konia w wyscigach. (Bartolomé et. al., 2016).
Nie kazda substancja o wlasciwosciach leczniczych moze by¢ uzywana u koni jako
dodatek zywieniowy. Przepisy antydopingowe jasno warunkujg rodzaj substancji
1 maksymalne warto$ci progowe ich stezen lub/i pozostatosci oraz metabolitow we krwi
lub/i w moczu zwierzat uczestniczacych w gonitwach. Od producentow dodatkow
paszowych dla koni wy$cigowych oczekuje si¢ transparentnosci sktadu danego preparatu
1 wysokich standardow technologii produkcji, aby zminimalizowa¢ ryzyko ewentualnych
zanieczyszczen, ktorych efektem moze by¢ dodatni wynik testu antydopingowego.
Wedlug badan, prowadzonych w Stanach Zjednoczonych najczgéciej wybieranymi
dodatkami paszowymi dla koni wys$cigowych sa preparaty elektrolitowe, lizawki solne,
substancje o dzialaniu chondroprotekcyjnym, wzmacniajacym kopyta i sier§¢, probiotyki,
preparaty majace chroni¢ btong §luzowa zotadka przed zwigkszong produkcja kwasow,
dodatki ttuszczowe i1 witaminowe (Burk & Williams, 2008). Obecnie zakres badan
iwiedza na temat suplementéw diety 1 nutraceutykow dla potrzeb sportowca
w odniesieniu do ludzi jest bardzo zaawansowana. Ze wzgledu na roznice fizjologiczne
pomiedzy sportowcami ludzkimi a konmi, wyniki takich badan nie moga by¢
bezposrednio ekstrapolowane na konie. Wysilek fizyczny nasila OS z jednej strony
warunkujagc  mozliwosci adaptacyjne migsni, z drugiej mogac doprowadzié
do pogorszenia wynikéw sportowych. Przeciwdziatanie negatywnym skutkom OS
1 mozliwosci wspomagania endogennych mechanizmoéw ochrony komorek przed
uszkodzeniami ~ wolnorodnikowymi  zwigkszyly  zastosowanie antyoksydantow
w suplementach. Wyzsze stezenie nieenzymatycznych przeciwutleniaczy w organizmie
moze ostabi¢ negatywne skutki uwalniania duzej ilosci ROS 1 potencjalnie op6znié
zmeczenie migsni (Dadalt & Stefani, 2024). Badania dotyczace antyoksydantéw takich
jak witamina A, E 1 C nie dostarczaja jednoznacznych odpowiedzi, czy intensywna

1 dlugotrwata suplementacja doustna tymi substancjami wplywa pozytywnie

31



na osiggniegcia sportowe w przypadku ludzi, a wskazuja jedynie nieznaczny ich wpltyw
w ograniczeniu negatywnych skutkow OS (Dutra et al., 2018; Gomez-Cabrera et al.,
2012; Higgins et al., 2020). W przypadku koni wyscigowych przeciwutleniacze znajduja
zastosowanie jako dodatki paszowe majace na celu hamowanie rozwoju stanu zapalnego
w uktadzie migsniowo-szkieletowym (Horohov et al., 2012) i uktadzie oddechowym
(Stucchi et al., 2022).

Badania nad skutecznoscig stosowania ATX w ludzi uprawiajacych sport
wyczynowy (Brown et al., 2018), jak rowniez potwierdzenie jej ochronnej roli przed
uszkodzeniami tkanki migsniowej wywolanych wysitkiem u myszy (Aoi et al., 2003)
zachecaja do wilaczenia astaksantyny na state jako dodatku do zbilansowanej diety u koni
wyscigowych. Wyniki prezentowane przez zesp6ét Liu (2025), w badaniu dotyczacym
wpltywu ATX na chroniczne zmg¢czenie wysitkowe u szczurdw potwierdzaja, ze ATX
redukuje zmeczenie 1 przyspiesza regeneracje migsni (Liu & Dadova, 2025). Ocena
wplywu ATX na stres oksydacyjny migsni szkieletowych u koni polo w réznych etapach
cyklu treningowego wskazuje, ze to przede wszystkim trening, a nie suplementacja
astaksantyna, poprawia stan oksydacyjny mig¢sni (Kawaida et al., 2025). Jednak te same
badania (Kawaida et al., 2025) dowodza, ze ATX zwigksza aktywno$¢ enzymow
antyoksydacyjnych we krwi. Wptyw suplementacji ATX u koni wys$cigowych na stres
oksydacyjny zwigzany z wysitkiem wymieniony jest w literaturze tylko raz w potaczeniu
z L-karnityna, w oparciu o aktywno$¢ kinazy kreatynowej (ang. creatine kinase, CK)
11zoenzymu-5 dehydrogenazy mleczanowej (ang. lactate dehydrogenase isoemzyme 5,
LDH-5) we krwi (Sato et al., 2015). Brak jest doniesien o znaczeniu suplementacji ATX
dla koni bedacych w treningu wyscigowym i wplywie tej substancji na zmiany w statusie
oksydacyjnym, profilu cytokin prozapalnych. Nie wiadomo tez, czy astaksantyna ma

wplyw na wyniki wy$cigowe.

1.6 Omowienie skladu dysertacji

W sklad dysertacji wchodza trzy artykuly (Publikacja 1, Publikacja 2,
Publikacja 3) przedstawiajgce wyniki badan przeprowadzonych na grupie 3-lenich koni
czystej krwi arabskiej bedacych w treningu wyscigowym na Torze Wyscigow Konnych
Stuzewiec w Warszawie.

Publikacja pierwsza opisuje doswiadczenie in vitro przeprowadzone w hodowli

jednojadrzastych komorkach krwi obwodowej (ang. peripheral blood mononuclear cells,
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PBMC) izolowanych od koni bioracych udzial w badaniach i analiz¢ zmian ekspresji
gendéw zwigzanych z wybranymi funkcjami miochondriéw. Pierwsza czgs¢ badania
obejmowata oceng zmian w PBMC, w ktorych indukowano OS, a nastepnie
wprowadzano do hodowli komoérkowej ATX w réznych stezeniach i1 dotyczyta produke;ji
ROS i RNS, ekspresji enzymow antyoksydacyjnych oraz zmian w stezeniu cytokin
prozapalnych. Analiza ekspresji genow w PBMC izolowanych z krwi koni grupy
kontrolnej i badanej, w trakcie 10 tyg. suplementacji ATX opisuje zmiany dotyczace
wybranych funkcji mitochondridéw, ze szczegolnym uwzglednieniem mitofagii.

Kolejna publikacja, odnosi si¢ do wptywu doustnej suplementacji astaksantyna
na wybrane parametry statusu antyoksydacyjnego u koni wyscigowych zaréwno podczas
pojedynczej sesji treningowej, jak i w trakcie dlugotrwatej obserwacji.

Publikacja trzecia dotyczy oceny wplywu doustnej suplementacji astaksantyng

na zmiany w profilu cytokin zapalnych u arabskich koni wyscigowych.

Wyniki badan przedstawiono szczegoétowo w spojnym tematycznie zbiorze
artykutow opublikowanych w czasopismach naukowych, stanowigcych integralng czes¢

manuskryptu.
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Hipotezy badawcze, cele i zakres pracy doktorskiej

2.1 Hipotezy badawcze

II.

Suplementacja astaksantyng u mtodych koni czystej krwi arabskiej podczas
treningu wyscigowego wplywa na status oksydacyjny 1 zmiany
w profilu cytokin zapalnych oraz moze przyczyni¢ si¢ do poprawienia
wynikéw sportowych osigganych przez konie.

Suplementacja astaksantyng w przypadku mtodych koni wyscigowych czystej
krwi arabskiej tagodzi stres oksydacyjny poprzez modulacje proceséw

mitofagii na poziomie genetycznym.

2.2 Cele pracy

Celem pracy bylo zbadanie in vitro 1 in vivo przeciwutleniajacego

1 przeciwzapalnego wpltywu astaksantyny podawanej per os koniom arabskim

rozpoczynajacym intensywny trening wys$cigowy.
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Cele szczegdtowe:

1.

Ocena in vitro wplywu astaksantyny na wartosci parametrow
charakteryzujacych stres oksydacyjny, wydzielanie cytokin prozapalnych
1 stan mitochondriow w PBMC izolowanych od koni arabskich
rozpoczynajacych trening do wyscigdw ptaskich.

Ocena wplywu podawania astaksantyny na parametry charakteryzujace
status oksydacyjny u koni arabskich rozpoczynajacych trening
do wys$cigow ptaskich.

a. Ocena wplywu podawania astaksantyny na zmiany parametrow statusu
oksydacyjnego po sesji treningowej o wysokiej intensywnosci.

b. Ocena wplywu podawania astaksantyny na parametry statusu
oksydacyjnego podczas pierwszych miesigcy treningu.

Ocena zmian w profilu cytokin zapalnych zwigzanych z treningiem
u miodych koni wyscigowych czystej krwi arabskiej w trakcie
suplementacji astaksantyng podczas pierwszych miesigcy treningu.
Ocena znaczenia suplementacji astaksantyng dla wynikéw osigganych

w gonitwach przez konie arabskie w pierwszym roku startow.



2.3 Zakres pracy

1.

Pobranie krwi do badan in vitro 1 pozostatych analiz laboratoryjnych w trakcie
rutynowych comiesiecznych prob wysitkowych od 14 koni czystej krwi
arabskiej w pierwszych miesigcach intensywnego treningu wyscigowego

1 poczatkowym okresie startow w gonitwach ptaskich.

. Pomiar stezenia mleczanu we krwi pelnej pobranej od koni

w trakcie proby wysitkowe;.

Ocena hematologiczna wszystkich probek krwi pobranych od koni w trakcie
prob wysitkowych.

Izolacja 1 hodowla PBMC pochodzacych od koni bioracych udziat
w badaniach, w celu indukcji stresu oksydacyjnego 1 nitrozacyjnego in vitro
oraz oceny ochronnego dziatania astaksantyny na komorki.

a. Ocena akumulacji ROS i reaktywnych form azotu (ang. reactive nitrogen
species, RNS) w komorkach kontrolnych, w ktorych indukowano OS,
a nastepnie traktowano astaksantyng w odpowiednim st¢zeniu.

b. Analiza ekspresji genéw wybranych markeréw OS: dysmutazy
ponadtlenkowej 1 (ang. superoxide dismutase, SODI), jadrowego czynnika
oddechowego 1 (ang, nuclear respiratory factor 1, NRFI), dysmutazy
ponadtlenkowej 2 (ang. superoxide dysmutase 2, SOD2), CAT, NRF2 (ang.
nuclear factor erythroid 2-related) i GPx w PBMC, w ktorych indukowano
OS, a na nastepnie, traktowano astaksantyng w odpowiednim stezeniu.

c. Okreslenie stgzenia wybranych cytokin prozapalnych IL-18, IL-6, TNFa
1 INFy w supernatancie z hodowli PBMC, w ktérych indukowano OS,
a nastgpnie traktowano astaksantyng w odpowiednim stezeniu.

d. Ocena ekspresji genow zwigzanych z procesami mitofagii PINKI (ang.
PTEN-induced kinase 1) 1 PARKIN (ang. parkin RBR E3 ubiquitin protein
ligase), dynamika mitochondriow MIEF1 (ang. mitochondrial elongation
factor 1) i PIGBOS (ang. PIGB opposite strand protein), metabolizmem
PPARGCIA (ang. peroxisome proliferator-activated receptor gamma
coactivator 1-alpha), PPARGCIB (ang. peroxisome proliferator-activated
receptor gamma coactivator 1-beta), NDUFAY9 (ang. NADH:ubiquinone
oxidoreductase subunit A9) oraz innych specyficznych dla mitochondriéw

genow w PBMC.
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5. Pomiary wybranych parametréw okreslajacych status oksydacyjny: TAS, GR,
CAT w osoczu i GPx, SOD w pelnej krwi w trakcie pierwszych miesiecy
treningu wyscigowego 3-letnich koni czystej krwi arabskie;.

6. Okreslenie stezania wybranych cytokin zapalnych (TNFa, INFy, IL-6)
i interleukiny 10 (ang. interleukin 10, IL-10) oraz prostaglandyny E (ang.
prostaglandin E, PGE) w surowicy krwi koni w kolejnych miesigcach
treningu.

7. Analiza zgromadzonych danych dotyczacych wynikow osigganych przez
konie bioragce udziat w badaniu w pierwszym roku startow w wysScigach

ptaskich.

3. Materialy i metody

3.1 Dobor koni do grupy badanej i kontrolnej

Pierwszym etapem pracy bylo wylonienie grupy koni czystej krwi arabskiej
uzytkowanych wyscigowo, od ktérych pochodzit material do dalszych badan i analiz
szczegotowych. Do badania zakwalifikowano 14 trzyletnich koni czystej krwi arabskiej
(9 ogierow i 5 klaczy), rozpoczynajacych pierwszy sezon wyscigowy. Wszystkie konie
znajdowaly si¢ na terenie Toru Wyscigow Konnych Stuzewiec w Warszawie 1 byty
trenowane przez tego samego trenera. Zwierzgta wybrane do eksperymentu,
charakteryzowaty si¢ podobnym poziomem wytrenowania i byly klinicznie zdrowe.
Wszystkie konie zostaly odrobaczone 1 zaszczepione zgodnie z rutynowym
harmonogramem, nie p6zniej niz 3 tygodnie przed rozpoczeciem badania. Podczas catego
okresu badania zwierzgta utrzymywano w tym samym $rodowisku, obstugiwano przez
ten sam zespot pracownikow stajni, a ich dieta byta zgodna z zaleceniami dla mtodych
koni wyscigowych. Podstawa diety byly siano, owies i1 specjalistyczny koncentrat
paszowy dla koni wyscigowych, w ilosci dostosowanej indywidualnie do kazdego
zwierzecia, w zaleznos$ci od masy ciata, postepdéw treningowych i obcigzenia. Positki
zpaszy tresciwej podawano trzy razy dziennie, a dostgp do wody 1 soli byt
nieograniczony.

Konie na poczatku kwietnia przydzielono losowo (randomizacja prosta) do grupy
kontrolnej (5 ogieréw 1 3 klacze) 1 badanej (4 ogiery 1 2 klacze). Zwierzeta w grupie

badanej dodatkowo otrzymywaty codziennie preparat zawierajacy micelarng forme ATX
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w ilosci 250 mg na konia, co odpowiadato dawce 0,52 — 0,58 mg/kg masy ciala. Grupa
kontrolna nie otrzymywata zadnej suplementacji. Suplementacja ATX trwala tacznie
przez 6 kolejnych miesigcy, a wiec przez caty sezon wyscigowy.

Podczas treningéw na Torze Wyscigow Konnych Stluzewiec w Warszawie ogiery
i klacze pracowaly razem, z takg samg intensywnoscia, zgodnie z planem treningowym
obejmujacym dwie intensywne sesje treningowe tygodniowo. Intensywna sesja
treningowa sktadata si¢ z rozgrzewki w stepie 1 ktusie pod jezdzcem trwajacej ok. 15 min,
nastepnie konie wprowadzano w wolny galop z koncowym przyspieszeniem na odcinku
800 m do predkosci 45-50 km/h. Ostatni etap sesji stanowit swobodny step w maszynie

treningowej przez 40 min.

3.2 Charakterystyka doustnego preparatu zawierajacego astaksantyne

Konie suplementowano doustnie emulsja zawierajaca ATX ekstrahowang
z biomasy drozdzy szczep Phaffia rhodozyma NCYC 874 (National Yeast Culture
Collection, Wielka Brytania) w postaci miceli (§rednio 0,1520 pg/mg). Preparat zostat
przebadany przez producenta pod katem rzeczywistego stezenia ATX oraz stabilnosci.
Stabilnos¢ emulsji oceniono wizualnie przy uzyciu ZOE™ Fluorescent Cell Imager (Bio-
Rad) po miesigcu przechowywania. Producent deklarowat nastepujacy sktad preparatu:
83,4% astaksantyna, 16,6%, olej rzepakowy (Kruszwica; Polska), wodny roztwor stodu
buraczanego 10%. Szczegdlowe dane dotyczace uzytej w badaniach mieszaniny zawarte
sa w publikacji “The effect of long term astaxanthin supplementation on the antioxidant
status of racing Arabian horses — preliminary study”, w podrozdziale ,,Methods”
w akapicie ,,Yeast biomass cultivation, astaxanthin extraction and micellization”

na stronie 12.

3.3 Pobieranie probek krwi

Wszystkie procedury pobierania krwi od koni wykonywano podczas rutynowych
badan weterynaryjnych, a zatem zgodnie z dyrektywa europejska EU/2010/63
1 polskimi przepisami dotyczacymi doswiadczen na zwierzetach zgoda Komisji Etycznej
na opisane procedury nie byla wymagana, gdyz kwalifikowaly si¢ one jako
nieeksperymentalne kliniczne praktyki weterynaryjne i byly wylaczone z dyrektywy.

Trener jako osoba odpowiedzialna za zwierzgta, wyrazit pisemng zgode na wykorzystanie
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krwi do analiz naukowych. Aby zminimalizowaé stres u koni, procedura pobierania
probek krwi miata miejsce w obecnosci jezdzcow i1 pracownikéw obstugi stajni znanych
zwierzetom. Probki krwi pobierano z zyly szyjnej zewngtrznej, przy uzyciu igly
systemowej BD Vacutainer 21G 0,8 do prozniowego pobierania krwi. Probki pobierano
do nastgpujacych probowek BD Vacutainer (Becton Dickinson, Reading, Wielka
Brytania): z kwasem wersenowym (ang. ethylenediaminetetraacetic acid, EDTA)
do analizy hematologicznej; suchych probowek - do pozyskania surowicy, do analizy
cytokin i PGE; z heparyng - aby pozyska¢ osocze do analizy aktywnosci enzymow
oksydacyjnych i izolacji PBMC do badan in vitro. Dodatkowo krew pobrano
do probowek Tempus™ Blood RNA Tubes (Thermo Fisher Scientific, Warszawa,
Polska) do analiz genetycznych. Pobieranie probek krwi miato miejsce w statych
punktach czasowych (TO, T1, T2, T3) w okresie od kwietnia do lipca, w odstepach
5 tygodniowych (+/-3dni).

Punkt czasowy TO wyznaczal probe zerowa pobrang w spoczynku, przed
rozpoczeciem okresu intensywnych treningdw, co pokrywalo sie¢ z rozpoczeciem
suplementacji ATX koni w grupie badane;j. Z kolei, punkty czasowe T1, T2 i T3 stanowity
kolejno wyznaczone terminy odbycia sesji treningowych, podczas ktérych wykonywano
proby wysitkowe. Badanie krwi podczas proby wysitkowej wykonywano trzykrotnie:
w spoczynku - przed sesja treningowa, bezposrednio po intensywnym galopie i po 40 min
odpoczynku w stepie w maszynie treningowej (Ryc. 3). Pomiar st¢zenia kwasu
mlekowego 1 glukozy we krwi miat miejsce niezwlocznie po pobraniu probki i polegat na
naniesieniu kropli krwi z probowki suchej zawierajagcej krew peilng na pasek
diagnostyczny 1 analizie z wykorzystaniem przenosnych analizatorow paskowych
(Accusport Roche, Accu-Check Performa Roche).

Wszystkie probki po pobraniu oznaczono imieniem konia i numerem kolejnej
proby (0 — spoczynkowa, 1 — bezposrednio po wysitku, 2- po 40 min restytucji). Probki
do momentu przewiezienia do laboratorium utrzymywano w warunkach chtodniczych, tj.
temperaturze 4°C, za§ probowki z EDTA przeznaczone do badan hematologicznych

analizowano w ciggu 6h od pobrania.
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Ryc. 3 Ogoélny schemat doswiadczenia. Symbolami TO, T1, T2 i T3 oznaczono kolejne punkty
czasowe, w ktorych pobrano probki krwi do badan. Kolejne pobrania wigzace si¢ z testem
wysitkowym opisano cyframi 0 — proba spoczynkowa, 1 — proba pobrana bezposrednio
po wysitku, 2 — proba pobrana po 40 min restytucji. Opracowanie wlasne przy pomocy
programu BioRender.com

3.4 Analiza hematologiczna

Parametry hematologiczne: RBC, HGB, HCT, WBC, liczba neutrofili (ang.
neutrophils, NEU), liczba limfocytéw (ang. lymphocytes, LYM), liczba monocytow (ang.
monocytes, MON), liczba eozynofili (ang. eosinophils, EOS), liczba bazofili (ang.
basophils, BAS) 1 liczba ptytek krwi (ang. platelets, PLT) mierzono za pomoca
automatycznego analizatora hematologicznego (Sysmex XN-10, Lincolnshire, IL, USA).
Obraz réznicowy leukocytow 1 morfologie komdrek krwi oceniano na wysokiej jakosci

rozmazach krwi obwodowej barwionych odczynnikiem May-Griinwald-Giemsa przy

39



uzyciu mikroskopu §wietlnego (Primo Star, Zeiss, Jena, Niemcy) pod powigkszeniem

1000x.

3.5 Materialy i metody zastosowane w doswiadczeniu in vitro

Materiatem, z ktérego izolowano PBMC byta krew petna pobrana do probowek
z heparyng, pochodzaca od 12 koni z puli zwierzat zakwalifikowanych do badan
1 opisanych w rozdziale 3.1 niniejszej rozprawy. Komorki jednojadrzaste izolowano przez
wirowanie w gradiencie gestosci przez 30 minut przy 400 g, w temperaturze pokojowe;j
(MPW-352R, MPW Med. Instruments, Warszawa, Polska), przy uzyciu Histopaque-1077
(Sigma-Aldrich / Merck, Poznan, Polska). PBMC zebrano z warstwy buforowej
1 przemyto trzykrotnie buforowanym roztworem soli fizjologicznej Dulbecco (DPBS,
Merck, Poznan, Polska). Komoérki hodowano w butelkach o $rednicy 25 cm2 w pozywce
RPMI 1640 (Sigma-Aldrich/Merck, Poznan, Polska) uzupetnionej 10% ptodowa
surowicg bydlecg (ang. fetal bovine serum, FBS) (Sigma-Aldrich/Merck, Poznan, Polska)
1 1% antybiotykiem penicylina-streptomycyna (PS, Biowest). Komorki inkubowano
w temperaturze 37 °C, 5% CO:, do uzyskania odpowiedniej konfluencji (miedzy 48
a 72h). Pozyskane w ten sposob komorki poddano dziataniu nadtlenku wodoru (H203)
w stezeniu 100 uM/ml w pozywce hodowlanej bez FBS, aby wywola¢ komorkowy stres
oksydacyjny i nitrozacje¢, a nastepnie dziataniu astaksantyny w stezeniu 10 pg/ml lub 20
ug/ml przez 24 godziny. Tak przygotowany materiat, aby oceni¢ akumulacje ROS 1 RNS
w PBMC, badano metoda cytometrii przeplywowej zgodnie z procedurg opisang
w publikacji ,,Astaxanthin supplementation in Arabian racing horses mitigates oxidative
stress and inflammation in peripheral blood mononuclear cells through enhanced
mitophagy”.

Analizy stezen bialek I1-1p, I1-6, INFy 1 TNFa w supernatancie komorkowym
dokonano przy uzyciu testow immunoenzymatycznych (ang. enzyme-linked
immunosorbent assay, ELISA).

Ocene wptywu doustnej suplementacji astaksantyng u mitodych koni
wyscigowych na ekspresje¢ gendw zwigzanych z aktywnoscig mitochondriéw
w izolowanych PBMC, wykonano metodg iloSciowej reakcji fancuchowej polimerazy
z odwrotng transkrypcja (ang. reverse transcription quantitative polymerase chain
reaction, RT-qPCR). Izolowane PBMC pochodzity z krwi koni grupy kontrolnej
1 badanej, pobranej w kolejnych punktach czasowych TO, T1-0 1 T2-0.
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Analize statystyczng otrzymanych wynikow przeprowadzono z zastosowaniem
oprogramowania GraphPad Prism 9 (La Jolla, CA, USA). Szczegotowy opis
zastosowanych procedur, technik, odczynnikow i wykorzystanego sprzetu jest zawarty
w rozdziale ,,Materials and methods” artykutu ,,Astaxanthin supplementation in Arabian
racing horses mitigates oxidative stress and inflammation in peripheral blood

mononuclear cells through enhanced mitophagy”.

3.6 Metody oceny statusu oksydacyjnego

Efekt dlugotrwalej suplementacji astaksantyng na OS oceniono we krwi koni
badanej w czterech punktach czasowych, kazdorazowo wykorzystujac materiat
pochodzacy z proby spoczynkowej tj. krwi pozyskanej od zwierzat przed rozpoczeciem
intensywnej sesji treningowej (TO, T1-0, T2-0, T3-0). Z kolei, aby oceni¢ wptyw
suplementacji astaksantyng na status oksydacyjny podczas pojedynczej sesji treningowej,
analizom poddano krew pochodzaca z kolejnych pobran podczas testu wysitkowego
wykonanego w maju (punkt czasowy T1), a wigc w tym przypadku byla to krew
pochodzaca odpowiednio z prob: T1-1 (bezposrednio po intensywnym galopie) oraz T1-
2 (po okresie 40 minutowej restytucji podczas stepu w maszynie). Oceny statusu
oksydacyjnego dokonano w oparciu o analize aktywnos$ci enzymow antyoksydacyjnych
1 stezenia TAS. Aktywno$§¢ GPx i SOD oznaczono ilo$ciowo w petnej krwi, za§ w
przypadku GR 1 CAT oraz stezenia TAS w probkach osocza. Oznaczenia wykonano przy
uzyciu dedykowanych zestawow komercyjnych, metodami kolorymetrycznymi lub UV,
zgodnie z protokotami producenta. Do oznaczen ilosciowych substancji reagujacych
z kwasem tiobarbiturowym (ang. thiobarbituric acid reactive substances, TBARS)
zastosowano protokot opisany w literaturze Ohkawa (Ohkawa et al., 1979). Otrzymane
wyniki poddano analizie statystycznej przy uzyciu oprogramowania TIBCO Statistica
13.3 (TIBCO Software Inc., Palo Alto, CA) i IBM SPSS Statistica 29 (IBM Corp.,
Armonk, NY). Szczegétowy opis zastosowanych metod i procedur znajduje si¢
w rozdziale ,,Methods” artykutu ,,The effect of long term astaxanthin supplementation on

the antioxidant status of racing Arabian horses - preliminary study”.
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3.7 Metody oznaczania st¢zania wybranych cytokin zwiazanych z zapaleniem

i prostaglandyny E

Wplyw dhugoterminowej suplementacji astaksantyng na markery stanu zapalnego
badano w czterech kolejnych punktach czasowych TO, T1-0, T2-0, T3-0. Stezenia cytokin
TNFa, INFy, IL-6, IL-10 i PGE w surowicy oznaczano za pomocg komercyjnych testow
immunoenzymatycznych przeznaczonych dla koni zgodnie z protokotami producenta.
Analize statystyczng pozyskanych danych przeprowadzono za pomocg programu TIBCO
Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). Szczegdélowy opis
zastosowanych metod i1 procedur znajduje si¢ w rozdziale ,,2. Material and methods”
artykutu “Astaxanthin Supplementation Does Not Alter Training-Related Changes in

Inflammatory Cytokine Profile in Arabian Racing Horses”.

3.8 Metody zastosowane w celu oceny wplywu suplementacji astaksantyng
na wyniki osiagane w gonitwach przez konie arabskie w pierwszym roku

startow

Dane dotyczace wynikdéw osiaganych przez konie podczas wys$cigow znajduja si¢
na stronie internetowej Polskiego Toru Wyscigow Konnych (zrodlo: internet 1) 1 sa
ogoblnie dostepne. Wszystkie konie biorace udziat w badaniach w okresie od kwietnia do
lipca braty udziat w gonitwach. Bioragc pod uwage liczbe startow i zwyciestw koni
pochodzacych z obydwu grup, okre$lono istotno$¢ statystyczng roznic pomigdzy

grupami.
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4. Wyniki

Wszystkie wyniki opublikowano w formie artykuldow w czasopismach

wymienionych w Journal Citation Reports 1 stanowig one czg$¢ dysertacji.

4.1 Analiza hematologiczna i zmiany st¢zenia kwasu mlekowego

Wartos$ci podstawowych parametrow hematologicznych (WBC, RBC, HCT
1HGB) w kolejnych punktach czasowych TO, T1-0, T2-0, T3-0 miescity si¢
w przedziatach referencyjnych i nie rdznily si¢ istotnie pomiedzy grupami (Publikacja 3;
Tab. 2). W rozmazach krwi poddanych ocenie mikroskopowej nie stwierdzono
nieprawidlowosci.

W obydwu grupach parametry czerwonokrwinkowe (RBC, HCT i HGB)
1 liczba krwinek biatych (WBC) wzrosty istotnie po sesji treningowej (odpowiednio
p<0,001 1 p=0,013) i powrdcily do wartosci wyjsciowej po 40-minutowej restytucji
(Publikacja 2; Tab. 2). Wzrost st¢zenia kwasu mlekowego (LA) we krwi po sesjach
treningowych byt istotny (p=0,001) i podobny w obydwu grupach (p=0,210).

4.2 Ocena wplywu astaksantyny na komorki jednojadrzaste krwi obwodowej

koni w warunkach in vitro

4.2.1 Ocena wplywu astaksantyny na komorki jednojadrzaste

krwi obwodowej koni w warunkach stresu indukowanego H202

1. Indukcja OS za pomoca H2O, wywotata zwigkszong produkcje¢ ROS
w PBMC poddanych dziataniu utleniacza w pordéwnaniu do grupy
kontrolnej. Dodanie ATX do hodowli w stezeniach 10 pg/ml 1 20 pg/ml
czg$ciowo przywrocito fenotyp kontrolny. ATX ograniczyta produkcje
ROS, cho¢ te zmiany nie byty istotne statystycznie. (Publikacja 1; Fig. 1).

2. Analiza ilosciowa RNS wskazatla, ze w pochodzacych od koni PBMC nie
zwigkszyta si¢ produkcja RNS w odpowiedzi na OS wywotany przez
H>0,. Dodanie ATX w dawce 20uM spowodowato wzrost liczby komorek

43



RNS-dodatnich. W badanych warunkach astaksantyna zwigksza stres
nitrozacyjny (Publikacja 1; Fig 2).

3. Ocena ekspresji genow zwigzanych z enzymatycznym uktadem
antyoksydacyjnym wykazata, iz ekspresja zadnego z badanych genoéw
(SODI, NRF1, SOD2, CAT, NRF2, GPx) nie wzrosta w obecnos$ci H20,.
Ekspresja genow NRFI, SOD2 i GPx zwigkszyta si¢ pod wplywem
astaksantyny (Publikacja 1; Fig. 3).

4. Inkubacja PBMC koni z H2O» zwigkszyta stezenie cytokin prozapalnych
(IL-1B, IL-6, INFy, TNFa) w supernatancie z hodowli komorek.
Po dodaniu do hodowli astaksantyny w stezeniu 10 pg/ml zaobserwowano
obnizenie stezenia INFy, TNFa W supernatancie

(Publikacjal; Fig.4).

4.2.2 Ocena wplywu astaksantyny na ekspresje wybranych genow

zwiazanych z czynnos$cia mitochondriow w PBMC

1. Doustna suplementacja ATX zwickszyta ekspresje gendw PINKI
1 PARKIN zaangazowanych w procesy mitofagii (Publikacja 1; Fig. 5
i Fig. 6).

2. Ekspresja genow MIEFI i PIGBOS zwiazanych z dynamika blony
mitochondrialnej 1 procesami  oddychania  mitochondrialnego
po suplementacji ATX wzrosta w grupie badanej w kolejnych punktach
czasowych (Publikacja 1; Fig.7 1 Fig. 8).

3. W PBMC pochodzacych od koni z grupy badanej w punkcie czasowym
T1-0 nastapil wzrost ekspresji NDUFA9 i PPARGCIB. Nie obserwowano
wzrostu w grupie kontrolnej (Publikacja 1, Fig. 10 1 Fig. 11).

4. FEkspresja genéw zaangazowanych w metabolizm mitochondrialnego
DNA (ang. mitochondrial deoxyribonucleic acid, mtDNA) takich jak
MRPL24 (ang. mitochondrial ribosomal protein L24), PUSLI (ang.
pseudouridylate synthase-like 1), TFAM (ang. transcription factor A,
mitochondrial), OXAIL (ang. mitochondrial inner membrane protein
OXAI1L), UQCRC?2 (ang. ubiquinol-cytochrome ¢ reductase core protein
2) zostata pobudzona po suplementacji ATX (Publikacja 1, Fig 13, Fig
13, Fig 14, Fig 15, Fig. 16, Fig.17).



4.3 Ocena wplywu astaksantyny na zmiany w statusie antyoksydacyjnym u koni

w grupach badanej i kontrolne;j

4.3.1 Ocena wplywu trzymiesi¢cznej suplementacji astaksantyna
na zmiany w statusie oksydacyjnym mlodych koni wyscigowych

czystej krwi arabskiej

Oznaczenia wykonano w kolejnych punktach czasowych TO, T1, T2 i T3
(Publikacja 2; Fig. 3).

1. Wyjsciowe pomiary statusu oksydacyjnego w punkcie czasowym TO
nie roznily si¢ istotnie pomiedzy grupami badang, a kontrolna.

2. Dhlugoterminowa suplementacja astaksantyng powodowala wzrost
stezenia TAS oraz istotny spadek aktywnosci GR 1 st¢zenia TBARS
w probkach krwi pobranych w spoczynku.

3. W grupie badanej TAS w punkcie czasowym T1 wzrdst 1 byt istotnie
wyzszy niz w grupie kontrolnej (p<0,001).

4. Aktywno$¢ GR nie ulegla zmianie w grupie kontrolnej przez caty okres
badania, procz nieistotnego spadku w punkcie czasowym T2. W grupie
badanej spadta istotnie (p<0,001) juz w punkcie czasowym T1 utrzymujac
niskie wartosci do konca obserwacji.

5. Aktywnos¢ GPx w grupie kontrolnej pozostata niezmieniona, natomiast
w przypadku grupy badanej zmniejszyla si¢ pomigdzy punktem
TO, a T1. Réznigce te nie byly istotne statystycznie. Stwierdzono znaczne
réznice pomiedzy osobnikami w obrebie tej samej grupy.

6. Aktywno$s¢ SOD w grupie kontrolnej pozostala niezmieniona,
az do punktu czasowego T3 kiedy to istotnie wzrosta (p<0,001). Wzrostu
nie stwierdzono w grupie badane;.

7. Stezenie TBARS w grupie kontrolnej pozostalo niezmienione
1 stwierdzono duze r6znice miedzy osobnikami. W grupie badanej stg¢zenie
TBARS zmniejszylo si¢ istotnie w punkcie czasowym T1 (p<0,001)
1 pozostawato nizsze do ostatniego oznaczenia.

8. Na aktywno$¢ CAT nie mial wptywu ani czas, ani suplementacja

astaksantyng (brak istotnych rdéznic pomigdzy grupami badang,
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a kontrolng). Warto$ci CAT roznity si¢ znacznie migdzy osobnikami juz

w punkcie TO.

4.3.2 Ocena zmian w statusie oksydacyjnym pod wplywem
suplementacji astaksantyna podczas pojedynczej sesji treningowej

w punkcie czasowym T1

Oznaczenia ~wykonano w kolejnych punktach TI1-0, TI-1 oraz TI1-2
(Publikacja 2; Fig. 4).
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1.

W punkcie T1-0 wartos¢ TAS byta istotnie wyzsza w grupie badanej
(p=0,024), nastepnie wzrosta istotnie w punkcie T1-1 w obydwu grupach
(p<0,001),

po czym w punkcie T1-3 spadia, wciaz pozostajac istotnie wyzsza w grupie
badanej (p<0,001).

Aktywnos$¢ GR byta istotnie nizsza w grupie badanej (p<0,001) w punkcie
czasowym T1-0. W punkcie T1-1 nastgpit jej wzrost w obydwu grupach,
ale pozostawata wcigz istotnie nizsza w grupie badanej (p=0,002). W punkcie
T1-2 aktywno$¢ ta spadta do podobnych wartosci w obydwu grupach.
Aktywnos$¢ GPx byta podobna w obydwu grupach w punkcie T1-0. Istotny jej
wzrost stwierdzono w grupie kontrolnej (p<0,001) w punkcie czasowym T1-
1. W punkcie T1-3 aktywnos¢ ta spadta w obydwu grupach do podobnych
wartos$ci.

Aktywnos$¢ SOD pozostata niezmieniona pod wptywem wysitku. W punkcie
czasowym T1-2 zmniejszyta si¢ istotnie w grupie badanej (p=0,007) bedac
roOwniez istotnie nizsza w grupie kontrolnej (p<<0,001).

Stezenie TBARS pozostato niezmienione w punktach T1-0, T1-1 oraz T1-2
1 bylo istotnie nizsze w grupie badanej we wszystkich punktach.

Aktywnos$¢ CAT nie ulegla zmianie podczas pojedynczej sesji treningowe;j

oraz byta podobna w obydwu grupach.



4.4 Ocena wplywu suplementacji astaksantyna na zmiany w profilu cytokin u koni

w grupach badanej i kontrolnej

1. Stezenia TNFa, IFNy, IL-6, IL-10 i PGE nie roznily si¢ istotnie pomiedzy
grupami badang, a kontrolng, a w odniesieniu do TNFa i IFNy istotny byt efekt
czasowy (Publikacja 3; Tab. 3).

2. Stezenie TNFa byto najwyzsze w punkcie czasowym TO, nastepnie istotnie spadto
w punkcie T1 (p=0,009) i pozostato istotnie nizsze w kolejnych punktach
czasowych (Publikacja 3; Fig. 2).

3. Zaobserwowano spadek stezenia IFNy, w kolejnych punktach czasowych,
istotnie nizszg wartos¢ stwierdzono w punkcie czasowym T3 (p=0,006)
(Publikacja 3; Fig 2).

4. Zaobserwowano istotne dodatnie korelacje pomiedzy stezeniami TNFa i IFNy
w punkcie czasowym TO, (R=0,83, p<0,001) i punkcie czasowym T2,
(R5=0,62, p=0,018) oraz miedzy stgzeniami IL-6 i IL-10 w punkcie czasowym
T1 (R=0,78, p=0,001) 1 T3 (R(s=0,68, p=0,008) (Publikacja 3, Fig. 3).

4.5 Ocena wplywu suplementacji astaksantyna na wyniki osiagane w gonitwach

przez Konie arabskie w pierwszym roku startow

Wszystkie konie uczestniczace w badaniu braty udziat w oficjalnych gonitwach
na Torze Wyscigow Konnych  Stuzewiec. Efekt suplementacji ATX
na wyniki sportowe koni oceniono na podstawie pordwnania liczby ukofnczonych
wyscigdw 1 zwycigstw w obu grupach. Nie stwierdzono istotnych statystycznie réznic
pomiedzy grupa badana, a kontrolng (Tab. 1) pod wzgledem liczby ukonczonych
wyscigow 1 zwycigstw w poszczegolnych gonitwach (odpowiednio p=0,662 1 p=0,855).
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Tabela 1. Liczba wys$cigéow i zwycigstw w grupie koni otrzymujacych astaksantyng w grupie

badanej oraz grupie kontrolnej w okresie startowym od kwietnia do pazdziernika

Grupa badana (n=6) Grupa kontrolna (n=38) Wartosé p

Liczba ukonczonych wyscigow 0.662

0 1 2

1 0 1

2 1 1

3 2 1

4 0 1

5 0 0

6 2 2
Liczba wygranych wyscigow 0.852

0 3 4

1 2 4

2 1 0

5. Dyskusja

W niniejszej pracy potwierdzono dziatanie antyoksydacyjne ATX, stosowanej jako
dodatek paszowy u koni arabskich w poczatkowych miesigcach intensywnego treningu
wyscigowego. Dziatanie przeciwutleniajace ATX u koni opisywano wczesniej
w literaturze, zarowno w kontek$cie badan in vitro (Mularczyk et al., 2022) jak i in vivo
(Kawaida et al., 2025; Sato et al., 2015), ale tylko badania Sato et al. (2015) dotyczyly jej
zastosowania u koni wysScigowych. Zalecane dawkowanie dostepnych na rynku
dodatkéw paszowych bogatych w ATX, dedykowanych koniom jest bardzo rozne.
W badaniach Kawaida et al. (2025) i Sato et al. (2015) podawano badanej grupie koni
75 mg astaksantyny dziennie na zwierzg, jednak konie roznity si¢ masg ciatla.
W badaniach Kawaida et al. (2025) $rednia masa ciala koni (488,3 + 10,6 kg) byla
wyzsza, niz u koni petnej krwi badanych przez zespot Sato (452.1+ 23.8 kg). Niektorzy
producenci dodatkow paszowych dla koni zalecaja podawanie 12mg ATX na kazde 100
kg masy ciata, co dla konia o masie 450 kg odpowiada 54 mg ATX (zrodto: internet 2),
przy czym w okresie intensywnego wysitku producent zaleca dwie porcje tego produktu
dziennie. Na rynku mozna roéwniez znalez¢ preparaty ztozone, takie jak FullBucket
Medical Muscle Performance Horse (nazwa wtasna preparatu dla koni) (zrodto: internet
3). Preparat ten zawiera wysoka dawke astaksantyny 833 mg, L-karnityng¢ 3000mg i 600

IU witaminy E w jednej porcji produktu, ze wskazaniem do podawania jednej porcji dwa
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razy dziennie. Tak duza rozbiezno$¢ w dawkowaniu zapewne wynika z rezultatéw badan
prowadzonych na zwierz¢tach doswiadczalnych. W badaniach przeprowadzonych
na szczurach potwierdzono, ze dawki w przedziale 50 a 200 mg ATX na kilogram masy
ciata byly dla tego gatunku bezpieczne (Hussein et al., 2007; Shatoor & Al Humayed,
2021). Podawanie astaksantyny szczurom w dawce 1240mg/kg/dzien w czasie 90 dni nie
powodowato zadnych efektow niepozadanych, czy tez wskazujacych na jej toksycznosé
(Abdelazim et al., 2023). W przypadku dos§wiadczen przeprowadzanych na psach rasy
beagle 1 kotach, dawkowanie ustalono w przedziale 3-4mg/kg m.c., co odpowiadato
srednio 40 mg ATX na psa i 10 mg na kota (Park et al., 2010). Z kolei w badaniu
trwajacym 6 tygodniu w przypadku psoéw rasy beagle zastosowano dawke 0,3mg/kg m.c.
(Murai et al., 2019). Do tej pory nie prowadzono zadnych badan zwigzanych z ustaleniem
zaleznych od dawki dziatan niepozadanych, czy tez toksycznych w przypadku koni.
W niniejszym badaniu zdecydowano si¢ na dhlugoterminowa suplementacj¢ koni
preparatem zawierajacym ATX w dawce 0,52-0,58 mg/kg m.c., co odpowiada 250 mg
astaksantyny na konia. Dawke¢ wybrano tak, aby zapewni¢ bezpieczenstwo zwierzat

1 umozliwi¢ oceng efektow suplementacji.

Planujac model doswiadczenia i dobierajac konie do badan, kierowano si¢ przede
wszystkim maksymalng homogennoscia grupy. Wybrano zatem zwierzeta tej samej rasy,
w tym samym wieku, o maksymalnie zbliZzonym poziomie wytrenowania oraz Zywione
w okreslony sposob tymi samymi paszami. Plan treningowy byt mozliwie ujednolicony.
Te warunki udato si¢ zachowac jedynie w przypadku, kiedy wszystkie objete badaniem
konie znajdowaty si¢ pod opieka tego samego trenera. Wszystkie zwierzgta biorace udziat
w projekcie byly klinicznie zdrowe. Na podstawie zmian w obrazie hematologicznym
1 wzrostow w stezeniach LA we krwi potwierdzono, ze kazda sesja treningowa podczas
ktorej pobierano proby do badan, stanowita dla zwierzat wymagany do postepu
treningowego wysitek. Spadki wartosci LA po 40 minutowym okresie restytucji

potwierdzaly, Ze sesja treningowa nie przekraczata mozliwosci wysitkowych koni.

Ocena wptywu ATX na stres oksydacyjny w PBMC potwierdzila jej potencjat
ochronny i przeciwzapalny. Wywolanie stresu oksydacyjnego w PBMC w warunkach in
vitro poprzez zastosowanie roztworu nadtlenku wodoru, znaczaco zwigkszyto liczbe
komorek ROS-dodatnich, a dodanie ATX w kolejnych rosnacych stezeniach pozwolito

czgsciowo przywrdci¢ pierwotny fenotyp, zwiekszajac liczbe komorek ROS-ujemnych.
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Chociaz zmiany te nie byly istotne statystycznie to wykazano tendencje
do antyoksydacyjnego dziatania ATX, co jest zbiezne z wcze$niejszymi badaniami
dotyczacymi jej zdolnosci do zmiatania wolnych rodnikéw 1 zmniejszania uszkodzen
oksydacyjnych w roznych typach komoérek (Ambati et al., 2014; Bourebaba et al., 2023).

Wyniki badania dotyczacego wptywu astaksantyny na ochron¢ przed stresem
nitrozacyjnym zachodzacym w PBMC byly ciekawe i nieoczywiste. W warunkach
przeprowadzonego doswiadczenia ATX zwigkszyta poziom komorkowych RNS.
Wskazuje to na zlozong interakcje pomiedzy ATX, a szlakami stresu nitrozacyjnego,
co moze wigzac si¢ z mechanizmami sprz¢zenia zwrotnego pomiedzy tagodzeniem OS,
a modulacja stresu nitrozacyjnego (Peng et al., 2019) i wymaga dalszych badan.

Wyniki sugeruja, ze astaksantyna pobudza wzrost ekspresji genow kodujacych
enzymy antyoksydacyjne, takie jak SOD2 i1 GPx, oraz gendéw regulujacych czynno$¢
mitochondridw, na przyklad NRFI. Oznacza to, ze odgrywa ona rol¢ w przygotowaniu
komorek na stres oksydacyjny na poziomie genetycznym. Potwierdzaja to inne badania,
w ktorych zaobserwowano zwigkszenie ekspresji genéw 1 aktywnos$ci enzymow
antyoksydacyjnych po doustnym podaniu astaksantyny u myszy (Li et al., 2025; Ni et al.,
2018). Eksperymenty in vitro wykazaly przeciwzapalny potencjat ATX w warunkach
stresu oksydacyjnego. W hodowli PBMC po dodaniu nadtlenku wodoru, zaobserwowano
wzrost wydzielania cytokin prozapalnych IL-1B, IL-6, TNFa i IFNy. Zauwazono
réwniez, ze stezenie tych cytokin w supernatancie zmniejsza si¢ w zaleznosci od dawki
ATX. Stres oksydacyjny aktywuje szlaki zapalne, co jest dobrze znanym zjawiskiem,
natomiast dzialanie przeciwzapalne astaksantyny opiera si¢ na przerwaniu sprzezen
zwrotnych migdzy stresem oksydacyjnym a reakcja zapalng (Chang & Xiong, 2020;
Kohandel et al., 2022; Pereira et al., 2020). W wyzej wymienionych publikacjach
pokazano, ze gtdéwnym mechanizmem dziatania astaksantyny jest ttumienie szlakow
NF-«B. Fakt ten, jak 1 jej rola w ochronie komoérek nablonka siatkowki przed
uszkodzeniami oksydacyjnymi 1 reakcjami zapalnymi zostaty potwierdzone przez zespo6t
badawczy Kim & Kim (2018), co jednoczesnie wskazuje na potencjat terapeutyczny

astaksantyny w stanach zapalnych siatkowki (Kim & Kim, 2018).
Wplyw doustnej suplementacji ATX na PBMC pochodzace od koni z grupy

kontrolnej 1 badanej oceniono poprzez analiz¢ ekspresji genow zwigzanych z mitofagia

i regulacjg czynnos$ci mitochondriow.
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Potwierdzono zwigkszong ekspresja gendw PINKI i PARKIN zaangazowanych
w procesy mitofagii w przypadku PBMC pochodzacych od koni suplementowanych
astaksantyng. Wskazuje to na wzmocnione mechanizmy kontroli jakosci mitochondriow,
poniewaz mitofagia bedaca selektywng degradacja uszkodzonych mitochondriéw przez
autofagie, ma kluczowe znaczenia dla zachowania homeostazy komorkowej. Badania nad
mitofagia mogg opiera¢ si¢ na analizie ekspresji gendw, co zapewnia wglad
w mechanizmy regulujace ten proces (Tian et al., 2025; Z. Wang et al., 2023)
lub/i na ocenie wizualnej za pomocg technik transmisyjnej mikroskopii elektronowe;j
(Kiessling et al.,2025). Mitofagia jest szczegélnie istotna w kontekscie adaptacji
do wysitku (Drake et al., 2016; Quadrilatero et al., 2025), gdyz pomaga utrzymac
optymalne funkcje miocytdow 1 produkcje energii przy wysokich wymaganiach
metabolicznych zwigzanych z intensywna aktywnos$cia fizyczng. Przeklada sig
to na postepy w procesie treningowym, a wiec poprawe wydolnosci i wytrzymatosci
wysitkowej. Promowanie mitofagii poprzez wzrost ekspresji gendw PINKI i PARKIN
opisano juz wczesniej, chociazby w badaniach nad negatywnymi skutkami OS w tkance
mig$niowe] gladkiej w przypadku nadci$nienia tgtniczego u szczurdw (Chen et. al.,
2020). Ostatnie doniesienia naukowe udowadniaja, ze ATX réwniez promuje biogeneze
mitochondrialng (Li et al., 2025). Jest wigc substancja wykazujaca silny wpltyw
na najwazniejsze procesy zachodzace w mitochondriach.

W doswiadczeniu opisywanym w niniejszej pracy wykazano, ze w wyniku
dlugotrwatej suplementacji ATX zwigkszyla si¢ ekspresja gendw zwigzanych z dynamika
mitochondridéw (MIEF1, PIGBOS) 1 metabolizmem energetycznym. Gen MIEF'] koduje
biatko zewngtrznej btony mitochondrialnej, uczestniczace w dynamice blony poprzez
regulacje rozszczepien i fuzji mitochondriow (Yu et al., 2021), a jego niedobor uposledza
oddychanie mitochondrialne prowadzac do mitochondrialnego OS (Xian & Liou, 2019).
W PBMC pochodzacych od koni wyscigowych badanych w niniejszej pracy, poczatkowo
(punkt czasowy TO) ekspresja tego genu byla nizsza w grupie badanej w stosunku
do grupy kontrolnej, jednak po suplementacji ATX wzrosta w kolejnych punktach
czasowych T1 i T2. Podobne zmiany obserwowano w ekspresji genu PIGBOS, majacego
wpltyw na prawidtowe funkcjonowanie zewnetrznej blony mitochondrialnej (Chu et al.,
2019). Roznice w ekspresji tego genu stwierdzono w punkcie czasowym TI,
ale nie obserwowano jej w kolejnych punktach. By¢ moze roznice w ekspresji

okreslonych gendéw w punktach czasowych T1 i1 T2 zwigzane s3 z procesami
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adaptacyjnymi jakie zachodza w organizmie konia w trakcie okresu treningowego,
a nie z suplementacjg ATX.

W celu oceny wptywu suplementacji ATX na ekspresj¢ gendw zaangazowanych
w procesy energetyczne komorki, przeanalizowano geny zwigzane z mitochondrialng
produkcja ATP (ang. adenosine triphosphate, adenozynotrifosforan) w mitochondriach.
Biatka PPARGCI1A i PPARGCIB s3 transkrypcyjnymi koaktywatorami nadrodziny
PPAR (ang. peroxisome proliferator-activated receptor) o wysokiej ekspresji
w komorkach zwierzgcych, opierajacych swdj metabolizm na fosforylacji oksydacyjne;j
iutlenianiu kwasow tluszczowych (Chen et al.,, 2022; Rius-Pérez et al., 2020).
PPARGCIA jest aktywnie zaangazowane w neutralizacje¢ ROS poprzez regulacje
ekspresji mitochondrialnych genow antyoksydacyjnych, zas§ PPARGCI1B specyficznie
zwigksza profil anaboliczny 1 aktywno$¢ mitochondriéw poprzez wptyw na ich funkcje
energetyczne i ochrong przed OS. Genetyczna analiza PBMC wyizolowanych od koni
biorgcych udziat w doswiadczeniu wykazata, ze podstawowa ekspresja PPARGC1A byta
podobna w grupie badanej 1 kontrolnej, a suplementacja ATX nie miata na nig wptywu.
W przypadku ekspresji PPARGCIB, zaobserwowano jej wzrost w stosunku do grupy
kontrolnej widoczny juz po 5 tygodniach suplementacji (punkt czasowy T1). Ponadto
w grupie zwierzat przyjmujacych astaksantyng stwierdzono zwickszenie ekspresji
NDUFA9, genu odgrywajacego role w procesach fosforylacji oksydacyjnej. Zardwno gen
PPARGCIB, jak i NDUFAY odgrywaja role w mechanizmach odpowiadajacych
za bioenergetyke mitochondridow. Zwigkszona ekspresja tych gendw zgodnie z obecnym
stanem wiedzy (Liu et al., 2014) poprawia dynamike mitochondriéw oraz ich metabolizm
energetyczny, co wigze si¢ ze zmniejszonym OS i lepsza homeostaza komodrkowa.
Wyniki niniejszej pracy wykazaty, ze ekspresja genow zaangazowanych w metabolizm
mitochondrialnego DNA (mt DNA) biorgcych udzial w procesach translacji, transkrypcji
1 replikacji (Busch et al., 2019; Di Nottia et al., 2020; Ngo et al., 2014) jest pobudzana
in vivo po suplementacji ATX. Ma to znaczenie w kontekscie zdrowia i prawidlowego
funkcjonowania mitochondriéow. Badania (Thompson et al., 2018) wskazuja, ze brak
lub deficyt bialek z tej grupy moze powodowaé pierwotne zaburzenia fosforylacji
oksydacyjnej, a wigc mie¢ realny wplyw na zjawisko OS, co w konsekwencji prowadzi
do uszkodzen mitochondrium.

Wszystkie przedstawione w niniejszej rozprawie wyniki badan in vitro, jasno

wskazywaly pozytywny wplyw astaksantyny na wzrost ekspresji genow zwigzanych
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z czynno$cia  mitochondriéw, zachowaniem roéwnowagi redoks, dzialaniem
antyoksydacyjnym i przeciwzapalnym.

Gtowny komorkowy mechanizm ochronny przed negatywnymi skutkami OS
stanowi antyoksydacyjny status enzymatyczny. To wlasnie enzymy sg w najwickszym
stopniu odpowiedzialne za usuwanie wolnych rodnikoéw, co z kolei zapobiega
peroksydacji lipidéw, a w konsekwencji uszkodzeniom komorek i indukeji odpowiedzi
zapalnej. Zaproponowane dotychczas modele badan nad pomiarami OS wywotanego
wysitkiem u koni obejmowaly gléwnie ocen¢ zmian w aktywno$ci enzymow
antyoksydacyjnych i poziomie markerow peroksydacji lipidéw, zmian potencjatu
antyoksydacyjnego oraz obecno$¢ ROS w komorkach (Arfuso et al., 2022). Materiatem
badawczym, stuzacym do analizy tych wskaznikéw najczesciej byta krew lub/i bioptat
migsnia szkieletowego. Ocena stopnia uszkodzen tkanki mig$niowej opierajaca si¢
jedynie na aktywno$ci specyficznych enzyméw miesniowych we krwi (Brkljaca
Bottegaro et al., 2018; Mami et al., 2019) nie wskazuje wprost na przyczyne uszkodzenia
tkanki mig$niowej 1 nalezy traktowac ja pomocniczo.

W niniejszej pracy wpltyw suplementacji astaksantyng na status antyoksydacyjny
wyscigowych koni arabskich oceniono poprzez zmiany wartosci TAS, aktywnosci
wybranych enzymow antyoksydacyjnych i stopnia peroksydacji lipidéw. Ten ostatni
zbadano za pomoca testu TBARS, wykorzystujacego kwas tiobarbiturowy. Przyjety
schemat badania (Ryc. 3), pozwolit zarowno na okreslenie zmian w wyniku pojedynczej
sesji treningowe] jak 1 procesu treningowego. Po raz pierwszy wykonano takie badania
w dhugim czasie (15 tygodni), co umozliwito okreslenie zwigzanych z wysitkiem zmian
w statusie antyoksydacyjnym u mtodych koni arabskich rozpoczynajacych trening
wyscigowy (grupa kontrolna) oraz na ocene efektu suplementacji astaksantyng (grupa
badana). Nalezy podkresli¢, Zze dotychczas badania nad statusem antyoksydacyjnym
w przypadku koni arabskich dotyczyly wysitku wytrzymatosciowego, a wiec
o charakterze tlenowym. Efekty suplementacji ATX u koni innych ras w aktywnym
treningu byty dotychczas opisane w literaturze przez dwa zespoty badawcze. Zespo6t Sato
(2015) badat wptyw suplementacji ATX i L-karnityng na uszkodzenia tkanki mig¢$niowej
wywotane intensywnym treningiem u koni wyscigowych petnej krwi angielskie;.
Badacze analizowali jedynie zmiany w aktywnos$ci enzymow migsniowych takich jaki
CK 1 LDH-5 we krwi (Sato et al., 2015). Nie mozna zatem wynikoéw ich badan wigzaé
bezposrednio z uszkodzeniami wolnorodnikowymi tkanki migsniowej, gdyz zabrakto tam

specyficznych markeréw stresu oksydacyjnego. Badania Kawaida et. al. (2025) dotyczyty
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wplywu ATX na stan oksydacyjny migéni szkieletowych i zmiany w statusie
oksydacyjnym w okresach roztrenowania i wdrazania do treningu u koni polo.
Wykorzystywano do tego celu pobrane od zwierzat bioptaty mig¢sni szkieletowych i krew,
a dodatkowo analizowano wyniki standaryzowanych testow wysitkowych. Model
badania zaprezentowany przez Kawaida et al. (2025) jest bardziej zblizony do metodyki
zastosowanej w niniejszej pracy, jednak dotyczy innej grupy koni i innego rodzaju
treningu. Niniejsze badanie jest pierwszym okres$lajacym status antyoksydacyjny u koni
czystej krwi arabskiej uzytkowanych wyscigowo, czyli poddawanych wysitkowi
o charakterze beztlenowym.

Calkowity status antyoksydacyjny (TAS) obrazuje catkowita pojemnosc
antyoksydacyjng 1 wyraza zdolno$¢ organizmu do obrony przed wolnymi rodnikami.
Parametr ten dostarcza informacji o wszystkich przeciwutleniaczach w organizmie,
obejmujac rowniez te nierozpoznane lub trudne do zmierzenia (Srinivasa Rao et al.,
2015). W piatym tygodniu suplementacji astaksantyng, a wigc w punkcie czasowym T1
stwierdzono wzrost stezenia TAS o 31,5% w stosunku do pomiaréw TO, a rdznice
pomiedzy grupa badang, a kontrolng byly istotne. Wraz ze wzrostem TAS
zaobserwowano wyrazny, bo az 34,5% spadek stezenia TBARS pomiedzy kolejnymi
punktami czasowymi TO i T1, rowniez z istotnymi réznicami pomi¢dzy grupg badana,
a kontrolna. Wyzsze wartosci TAS wraz z nizszym TBARS w grupie badanej wskazaty
na zwigkszone mozliwo$¢ usuwania wolnych rodnikow tlenowych i zmniejszony poziom
peroksydacji lipidow, a wigc na korzystny wplyw ATX w kontekScie zmniejszania OS.
Zmiany te w przypadku TAS byly istotne w punkcie czasowym T1, jednak zarbwno w
grupie badanej, jak i1 kontrolnej zaobserwowano tendencj¢ do wzrostu TAS w ciggu
kolejnych miesigcy badania, z warto$ciami wyzszymi w grupie koni otrzymujacych
astaksantyne. W przypadku TBARS w punkcie czasowym T1 jego stezenie bylo istotnie
nizsze u koni w grupie badanej 1 takie tez pozostato do konca obserwacji. Tak wyrazne
zmiany nie byly wczes$niej opisywane w literaturze dotyczacej przeciwutleniajacych
dodatkéw paszowych u koni, czego przyktadem jest brak zmian w wartosciach TAS po 2-
tygodniowym okresie suplementacji witaming E lub w potaczeniu z koenzymem Q1o
w przypadku koni rekreacyjnych (Nemec Svete et al., 2021). Warto zaznaczy¢, ze
dodatkowo na obraz zmian wyzej wymienionych parametrow, naktadat si¢ efekt adaptacji
organizmu do wysitku zwigzany z treningiem wyscigowym (Tahmasebi et al., 2022;
Williams, 2016). Kwaida et al. (2025) stwierdzili, Ze na zmiany w statusie oksydacyjnym

w badanych bioptatach mig$nia polSciggnistego wiekszy wpltyw mial trening niz
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podawanie astaksantyny, a zmiany adaptacyjne postepuja niezaleznie od suplementacji.
Jest to zbiezne z faktem, ze w niniejszym badaniu najwigksze roznice stwierdzono
pomiedzy kolejnymi punktami czasowymi TO oraz T1, a mniejsze w kolejnych
pomiarach, kiedy efekt treningu w adaptacji do wysitku byl juz znaczacy.

Pod wplywem suplementacji ATX w poczatkowym okresie intensywnego
treningu wyscigowego, wystapity zmiany w antyoksydacyjnym statusie enzymatycznym.
Aktywnos¢ GR w punkcie czasowym T1 spadta istotnie, az o 45,4% w grupie badane;j
1 pozostata nizsza niz w grupie kontrolnej do konca obserwacji. Aktywnos¢ GPx, SOD
1 CAT, réwniez byta nizsza u koni suplementowanych astaksantyna, jednak roznice nie
byty istotne. Z danych literaturowych wiadomo o réznych wzorcach zmian aktywnos$ci
antyoksydacyjnej w odpowiedzi na suplementacj¢ antyoksydantami, w ktoérych wzrost
aktywnoS$ci enzymu antyoksydacyjnego interpretowano jako zjawisko korzystne (de
Moffarts et al., 2005). Stwierdzony wzrost aktywnosci SOD w punkcie czasowym T3,
ale tylko w grupie kontrolnej, mozna ttumaczy¢ faktem, ze anionorodnik ponadtlenkowy
neutralizowany przez SOD byl wytwarzany w znacznie mniejszej ilosci we wezesnym
etapie treningu. W wyniku aktywacji mechanizméw tancucha oddechowego
wodpowiedzi na  zwigkszone zapotrzebowanie energetyczne  migs$ni,
wraz z intensyfikacja wysitku wzrasta produkcja anionorodnika ponadtlenkowego,
co zwigksza aktywnos$¢ SOD szczegodlnie w przypadku wysitku wytrzymato$ciowego
(Xie et al., 2025). Z kolei badania przeprowadzone u ludzi wykazaly, ze trening
rozumiany jako powtarzajaca si¢ ekspozycja na zwigkszone poziomy ROS, prowadzi
do regulacji obrony antyoksydacyjnej, w tym zwigkszenia aktywnosci SOD 1 GPx
w spoczynku (Fisher-Wellman & Bloomer, 2009; Miyazaki et al., 2001).W przypadku
treningu koni wyscigowych obserwacje te czgsciowo potwierdzity si¢. Obserwowane
zmiany w aktywnos$ci enzymow antyoksydacyjnych u koni , byly stabiej wyrazone
niz w przypadku ludzi, co moze tlumaczy¢ fakt, ze prawidtowe obcigzenia treningowe
u koni sg nizsze niz te stosowane u ludzi.

Wykazano, ze aktywno$¢ CAT w grupie kontrolnej i badanej przez caly okres
obserwacji byta podobna (Publikacja 2, Fig. 3). Zapewne ma to zwigzek z przemianami
anionorodnika ponadtlenkowego, ktory to w wyniku redukcji przechodzi w nadtlenek
wodoru, rozkladany przez CAT. Jezeli anionorodnik ponadtlenkowy zostanie
zneutralizowany we wczesniejszym etapie, albo nie bedzie powstawac, ilos¢
powstajacego nadtlenku wodoru moze by¢ znacznie mniejsza (Nandi A. et al., 2019).

W takich warunkach aktywno$¢ CAT pozostanie niska. Przedstawione wyniki $wiadcza
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o wydolnos$ci enzymatycznego ukladu redoks na wczesniejszych etapach i1 posrednio
o odpowiednio prowadzonym, racjonalnym treningu, niewykraczajacym poza
mozliwosci adaptacyjne koni. Mniejszg aktywnos¢ CAT stwierdzono w grupie badanej
juz w punkcie TO, a rdznica byla podobna w kolejnych punktach czasowych.
W pismiennictwie donosi si¢, ze aktywno$¢ katalazy zmienia si¢ u koni sezonowo
1w zalezno$ci od pici (Kurhaluk et al., 2024). W badaniach Kurhaluk et al. (2024)
stwierdzono, ze u klaczy jej aktywno$¢ wzrasta wiosng, latem 1 jesienig. Z kolei u ogierow
aktywnos$¢ katalazy byta wyzsza niz u klaczy 1 podobna we wszystkich porach roku.
W badaniu bedacym podstawa niniejszej dysertacji nie wykazano istotnych statystycznie
réznic pomiedzy grupami ze wzgledu na pte¢ koni.

Projekt badania zaktadal mozliwo$¢ oceny zmian parametrow antyoksydacyjnych
rowniez podczas pojedynczej sesji treningowej (Ryc. 3). Wybdr majowej sesji (punkt T1)
byt podyktowany istotnymi réznicami w spoczynkowych wartosciach badanych
parametréw antyoksydacyjnych. Konie w punkcie czasowym T1 trenowaly juz z wysoka
intensywnos$cig, ale wcigz byt to poczatek sezonu startowego, w zwigzku z czym
adaptacja mies$ni do wysitku nie byla jeszcze pehna.

Po pojedynczej sesji treningowej zaobserwowano istotny wzrost TAS
bezposrednio po wysitku, w oznaczeniu TI1-1 u wszystkich koni niezaleznie
od suplementacji, co wskazuje na aktywacje mechanizmoéw obrony antyoksydacyjne;j.
Wartosci TAS, byly istotnie wyzsze w punktach T1-0 i T1-2 (odpowiednio pomiar
spoczynkowy 1 po 40-minutowej restytucji) w grupie koni suplementowanych ATX,
jednak wzgledny przyrost tych wartosci w efekcie wzmozonej aktywnosci fizycznej byt
nizszy u koni z grupy badanej. Ta obserwacja $wiadczy o lepszych mozliwosciach
unieszkodliwiania wolnych rodnikéw w przypadku koni przyjmujacych ATX. Taka
interpretacje potwierdzaja tez wyniki badan in vitro niniejszej pracy. We wczesniejszych
badaniach stwierdzono, ze zmiany statusie antyoksydacyjnym koni w odpowiedzi
na wysitek zalezg od jego intensywnosci (Mami et al., 2019; Ott et al., 2022), jednak w
doswiadczeniu wlasnym autora stopien obciazen u koni w grupie badanej i kontrolnej byt
jednakowy. W tym przypadku to ATX stanowita dodatkowy nieenzymatyczny
mechanizm antyoksydacyjny, wplywajac na zmiany wartosci statusu antyoksydacyjnego
1 r6znice pomi¢dzy grupami.

Zarowno aktywno$¢ GPx, jak 1 GR zwigkszala si¢ bezposrednio po sesji
treningowej 1 zmniejszata si¢ po 40-minutowej restytucji, jednakze tylko wzrost

aktywnos$ci GPx w grupie kontrolnej byt istotny. Pomimo braku istotno$ci statystycznej,
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obserwowane wzrosty moga wskazywa¢ na kompensacj¢ zwickszonej produkcji ROS
zwigzanej z intensywnym wysitkiem. Mniejszg aktywno$¢ GPx i1 GR w grupie badanej,
podobnie jak wickszg wartos¢ TAS w tej grupie, mozna ttumaczy¢ mniejszg iloscig ROS,
jakie musialy zosta¢ zneutralizowane przez te enzymy. Wskazuje to na poprawe statusu
antyoksydacyjnego wynikajacg z obecnosci dodatkowego przeciwutleniacza (ATX)
w uktadzie antyoksydacyjnym. W grupie badanej aktywnos$¢ SOD istotnie spadata
w punkcie T1-3 pojedynczej sesji treningowej. Moze mieé to zwigzek z odpowiedzig
na zadany wysitek i1 neutralizacjg anionorodnika ponadtlenkowego na wcze$niejszym
etapie, czyli bezposrednim dzialaniem antyoksydacyjnym ATX, co sugeruje réwniez
Kawaida et al. (2025). W przypadku ich badan aktywnos¢ SOD w osoczu
po standaryzowanym tescie wysitkowym byta nizsza u koni w grupie suplementowanej
ATX. Sugeruja oni, ze ATX moze bezposrednio wychwyci¢ 1 zneutralizowaé pewng ilos¢
anionorodnika ponadtlenkowego, zmniejszajac aktywnos$¢ SOD.

U koni otrzymujacych ATX neutralizacja wolnych rodnikow wydaje si¢
wydajniejsza, szczegdlnie po pierwszym miesigcu suplementacji i intensywnego
treningu. Dla pordéwnania, istotny wzrost aktywnosci wszystkich enzymow
antyoksydacyjnych (SOD, GPx, GR, CAT) stwierdzono u koni arabskich po 30-
kilometrowej sesji treningowej, przy czym efekt ten w badaniu Adah et. al. (2023)
znacznie wzmacniata suplementacja ergotaming (Adah et al., 2023). Poroéwnanie
to wskazuje na rdznice w zaangazowaniu systemu antyoksydacyjnego w obrone¢ przed
uszkodzeniami wolnorodnikowymi w przypadku treningu beztlenowego (wyscigowego),
a tlenowego (wytrzymatosciowego) u koni czystej krwi arabskiej. Adaptacja organizmu
do wysitku wymaga zachwiania rownowagi redoks (Miyazaki et al., 2001) w stopniu
niewywolujacym nadmiernych zaburzen homeostazy prowadzacych do odpowiedzi
zapalnej. Dobor dawki przeciwutleniacza stosowanego jako substancji ograniczajacej
negatywne skutki OS, powinien jedynie w nieznacznym stopniu hamowac¢ uwalnianie
ROS. W przeciwnym wypadku nie bedzie mozliwa wlasciwa stymulacja
enzymatycznego ukltadu antyoksydacyjnego, czego efektem moze by¢ ostabienie
zdolnos$ci adaptacyjnych organizmu pomimo regularnych treningow (Peternelj et al.,
.2011). W oparciu o przedstawione w niniejszej pracy wyniki mozna stwierdzi¢, ze dawka
astaksantyny dobrana do badania spetnita te zatozenia.

Dos$wiadczenie in vitro przeprowadzone w trakcie niniejszej pracy na PBMC
wykazalo przeciwzapalny potencjal astaksantyny. W hodowli PBMC traktowanej
nadtlenkiem wodoru doszto do zwigkszenia stezen cytokin prozapalnych IL-1pB, IL-6,

TNFa i [FNy wskazujac na pobudzenie odpowiedzi typowej dla zapalenia w warunkach
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OS, a nastgpnie na zahamowaniu tej odpowiedzi poprzez zastosowanie astaksantyny.
Wyniki te byly obiecujace, poniewaz wskazywaty na mozliwos¢ tagodzenia przez ATX
rowniez odpowiedzi zapalnej pobudzanej przez uszkodzenia wolnorodnikowe
w warunkach in vivo. Chociaz powszechnie przyjmuje si¢, ze intensywny i dlugotrwaty
wysitek wyzwala odpowiedz zapalng, to w wigkszo$¢ przypadkow nie dochodzi
do rozwinigcia si¢ zmian klinicznych dzigki licznym mechanizmom hamujacym rozwoj
zapalenia podczas treningu. Charakter tych mechanizméw nie jest w pelni poznany
1 ro6zni si¢ w zalezno$ci od rodzaju treningu (Moldoveanu et al., 2012). Dane literaturowe
wskazuja, ze astaksantyna wywiera dzialanie przeciwzapalne poprzez supresj¢ czynnika
transkrypcyjnego NF-kB, co prowadzi do obnizenia stezen cytokin zapalnych, takich jak
IL-1B, IL-6 1 TNFa (Chang et al., 2020; Lee et al., 2003, Pereira et al., 2020). Jest to
zgodne z opisanymi wczesniej wynikami badan in vitro, nie znalazto jednak
potwierdzenia in vivo. Stezenia TNFa, IFNy, IL-6, IL-10 1 PGE nie ro6znily si¢ istotnie
pomiedzy grupami badang, a kontrolng przez caly okres badania. Wykazano natomiast
zalezny od czasu spadek stezen TNFa i IFNy w obydwu grupach w punkcie czasowym
T1. Wskazuje to na naturalng modulacje odpowiedzi zapalnej z przesunigciem w
kierunku stanu przeciwzapalnego, spowodowang treningiem, czego nie nalezy raczej
wigzac z suplementacja ATX, a naturalng odpowiedzig na trening wyscigowy u koni.
Bezposredni wplyw astaksantyny na zmiany w stezeniach cytokin zapalnych
w warunkach in vivo jest jak dotad bardzo stabo opisany w literaturze (Ma et al., 2022),
cze$ciej stosowano modele in vitro. W badaniach analizujacych wptyw ATX na zmiany
w profilu cytokin prozapalnych u pacjentéw najczesciej stwierdzano zmiany stezen TNFa
1 IL-6. Takich wynikow dostarczyty badania dotyczace endometriozy u kobiet (Rostami
et al., 2023), czy suplementacji u pacjentéw z cukrzyca typu II (Shokri-mashhadi et al.,
2021).W obydwu wymienionych badaniach okres podawania ATX wynosit odpowiednio
8-112 tygodni, co wskazuje, ze zastosowany w niniejszym badaniu ponad 15 tygodniowy
czas suplementacji ATX jest wystarczajaco dtugi, aby oceni¢ jego efekt. Doswiadczenia
na modelu in vivo u gryzoni pozwalaja oceni¢ wplyw astaksantyny na zmiany
w stezeniach cytokin zapalnych, jednak nie dotyczyty one OS zwigzanego z wysitkiem
(Xu, et al., 2017). Dziatanie antyoksydacyjne ATX w kontekscie wysitkowego OS
badano u biegaczy wytrzymatosciowych (biegi dtugodystansowe) (Nieman et al., 2023)
podczas 4-tygodniowej suplementacji. Nie potwierdzono wpltywu tego karotenoidu
na stezenia IL-6, IL-8, IL-10, biatka chemotaktycznego monocytow 1 (ang. monocyte
chemoattractant protein-, MCP-1), czynnika stymulujacego tworzenie kolonii

granulocytow (ang. granulocyte colony-stimulating factor, GCSF) i IL-1 we krwi
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sportowcéw w spoczynku 1 po blisko dwu 1 poétgodzinnym biegu z wysoka
intensywnos$cig (Nieman et al., 2023). Autorzy opisanego powyzej badania sugeruja,
ze suplementacja ATX przeciwdzialata spadkom stezenia immunoglobulin w osoczu
idlatego wywiera korzystny wplyw na uktad odpornosciowy biegaczy. Niestety,
ze wzgledu na odmienne wzorce odpowiedzi zapalnej wywotanej wysitkiem u ludzi
ikoni, nie mozna takich wnioskéw ekstrapolowa¢ na konie. W przypadku koni
indukowane wysitkiem zmiany w stezeniach cytokin nalezy rozpatrywaé dwojako.
Z jednej strony nastepuje indukowany wysitkiem wzrosty stezen cytokin typu I
(typowych dla odpowiedzi ostrej fazy) jak IL-6. Z drugiej strony, generowana jest
odpowiedz przeciwzapalna zwigzana z réwnoczesnym uwalnianiem cytokin
przeciwzapalnych, takich jak IL-10, hamujgcej uwalnianie IL-6. Wzrost stezenia
przeciwzapalnej IL-10 po wysitku moze by¢ nawet 10-krotny i wydaje si¢ by¢ zalezny
od rodzaju wysitku (Cywinska et al., 2014). Schemat takiej odpowiedzi opisano
u zaawansowanych treningowo koni arabskich po pokonaniu dystanséw 120 1 160 km
(Cywinska et al., 2014). U koni rajdowych stan przeciwzapalny pojawia si¢ juz po
3 miesigcach regularnych treningdw 1 wyraza si¢ spadkiem stezen cytokin typu I (TNFa
i IL-1B), a dopiero miesiagc pdzniej obserwowano obnizenie stezenia IL-6 we krwi
(Witkowska et al. 2019). Dla koni wys$cigowych, poddawanych innemu typowi wysitku,
ze wzgledu na rodzaj przemian energetycznych, wzorce stanu przeciwzapalnego
wywolanego treningiem s3 odmienne. Badano je przede wszystkim w oparciu o analizg
ekspresji genow cytokin zapalnych (Horohov et al., 2012; Page et al., 2017), a nie
na okresleniu ich st¢zen we krwi. W przypadku 2-letnich koni pelnej krwi angielskiej
(Horohov et al., 2012) trening skutkowal ogdlnym spadkiem ekspresji gendw cytokin
prozapalnych, co objawiato si¢ obnizeniem ekspresji mRNA (ang. messenger RNA —
matrycowe RNA) dla TNFa oraz tendencja spadkowa w ekspresji mRNA dla IL-1.
Dowiedziono rowniez, ze takie spadki byly bardzie; wyrazne u koni otrzymujacych
suplementacj¢ przeciwutleniaczami, w tym Boswellia serrata, ktorej dziatanie
przeciwzapalne jest podobnie jak ATX zwigzane z hamowaniem czynnika jadrowego
NK-kB (Page et al, 2017). Mozliwe, ze efekt przeciwzapalny suplementacji
przeciwutleniaczami u koni w regularnym treningu jest niewielki i mozna go wykry¢
jedynie na etapie zmian w ekspresji poszczegdlnych gendw, a nie na podstawie
oznaczania zmian w st¢zeniach cytokin we krwi. Nalezy pami¢taé, ze poziom cytokin
zapalnych w organizmie stanowi sum¢ produkcji tych biatek przez leukocyty, miocyty
1inne komorki (Lamprecht et al., 2008; Liburt et al., 2010). Nie mozna wykluczy¢,

ze dzialanie przeciwzapalne ATX w przedstawionym badaniu w warunkach in vivo
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mogloby wystapi¢, jezeli doszloby do rozwoju stanu zapalanego, jednak wszystkie
zwierzeta biorgce udzial w badaniu nie wykazywaty zadnych objawow, nie stwierdzono
u nich rowniez zmian hematologicznych mogacych $wiadczy¢ o jakiejkolwiek patologii.
Mechanizmy warunkujace odpowiedz zapalng wywotang wysitkiem fizycznym u koni sg
wielowymiarowe i zaleza m. in. od rodzaju treningu i rasy. Zagadnienia dotyczace
przeciwzapalnego dziatania astaksantyny na zmiany w profilu cytokin zapalnych sa do tej
pory bardzo stabo poznane, a biorgc pod uwage grupe koni wybranych do badan,
uzyskane w niniejszej pracy wyniki sg unikatowe i mogg stanowi¢ punkt odniesienia
dla kolejnych badan.

Caltkowity czas suplementacji ATX u koni w grupie badanej trwal facznie
6 miesigcy (do konca sezonu startowego). W trakcie tego okresu wszystkie konie biorgce
udzial w niniejszym badaniu braty udzial w gonitwach na dystansach od 1400m do
2200m. Niektore zwierzeta w trakcie sezonu startowego $cigaty si¢ kilkukrotnie, stad tez
liczba wszystkich startow koni grupy badanej wynosita 20, za$ grupy kontrolnej 22.
Liczba ukonczonych wyscigdw oraz liczba zwyciestw nie rdznita si¢ istotnie pomigdzy
grupami.

Otrzymane w niniejszej pracy wyniki wskazuja, ze suplementacja ATX nie
wplynela na osiggnigcia sportowe koni. Ocena te nalezy jednak traktowacé ostroznie,
gdyz o sukcesie w gonitwie decyduje wiele r6znych czynnikéw np. $rodowiskowych
1 innych niezwigzanych z kondycja konia. W tym przypadku powinno si¢ uwzgledni¢ nie
tylko liczbg zwycigstw, ale 1 szereg zmiennych takich jak: zajmowane miejsce, liczbg
wszystkich koni startujacych w danej gonitwie, czas w jakim zwierz¢ pokonato dystans,
stopien elastycznosci toru wyscigowego 1 warunki atmosferyczne w dniu gonitwy, liczbg
startow danego konia w danym sezonie. Wszystkie dane mogace wplywa¢ na wyniki
gonitwy sg archiwizowane przez Polski Tor Wyscigéw Konnych i dostgpne do informacji
publicznej, ale by uja¢ je w badaniu konieczny bytby model statystyczny wymagajacy
wiekszej grupy zwierzat. Wyodrebnienie wigkszej homogennej grupy koni wyscigowych
jest duzym wyzwaniem. W rozdziale wprowadzajagcym omoéwiono metodyke treningu
mtodych koni wyScigowych oraz znaczenie roli trenera w tym procesie. W zwigzku
z powyzszym istnieja duze réznice w warunkach utrzymania, metodach treningowych
oraz sposobie zywienia pomiedzy stajniami wysScigowymi. Dotychczas nie
przeprowadzono podobnego badania i brak jest danych literaturowych na ten temat,
tak wiec zaprojektowanie takiego modelu doswiadczenia i jego realizacja mogtaby

dostarczy¢ interesujacych i cennych wynikow.
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6. Podsumowanie i wnioski

W pracy oceniano wplyw suplementacji astaksantyng (ATX) na status antyoksydacyjny,
zmiany st¢zen cytokin zapalnych oraz funkcje mitochondriow u koni czystej krwi
arabskiej w poczatkowej fazie treningu wyscigowego. Badania przeprowadzono
w uktadzie dwutorowym: in vitro na izolowanych jednojadrzastych komorkach krwi
obwodowej (PBMC) oraz in vivo. Zbadano homogenng grupe 14 koni arabskich Sze$ciu

koniom podawano w ciggu 15 tyg. ATX w dawce 0,52-0,58 mg/ kg m c dziennie.

Na podstawie przeprowadzonych badan wyciagnigto nastepujace wnioski:

1. Astaksantyna w hodowli izolowanych od koni arabskich PBMC, poddanych
in vitro stresowi oksydacyjnemu wywiera efekt antyoksydacyjny poprzez
ograniczenie produkcji reaktywnych form tlenu, zwigkszenie ekspresji gendéw
enzymOw antyoksydacyjnych 1 zwigzanych 2z procesem oddychania
komorkowego (SODI, NRFI1, SOD2, CAT, NRF2, GPx) oraz zmniejszenie
uwalnianie cytokin prozapalnych (IL-1, IL-6, TNFa, IFNy) przez PBMC.

2. Doustna suplementacja astaksantyng u mtodych koni arabskich dziata ochronnie
poprzez pobudzenie ekspresji genow odpowiedzialnych za regulacje dynamiki
mitochondrialnej (MIEF'1, PIGBOS, NDUFA9, PPARGCI1B, MRPL24, PULSI,
TFAM, OXAIL, UQCRC?2) i mitofagi¢ (PINK1 i PARKIN).

3. Doustna suplementacje astaksantyng u mlodych koni arabskich
rozpoczynajacych  trening  wyscigowy  stanowi skuteczne  wsparcie
nieenzymatycznej obrony antyoksydacyjnej. Juz po miesigcu suplementacji
tagodzi skutki stresu oksydacyjnego zwigzanego z treningiem nie zaburzajac przy
tym wplywu produkcji wolnych rodnikéw na adaptacje do wysitku 1 postgpy
treningowe.

4. W poczatkowym etapie treningu wyscigowego u milodych koni arabskich
odpowiedz zapalna jest hamowana, co potwierdza spadek stezenia TNFo we krwi
Juz po pierwszym miesigcu treningu, stopniowe zmniejszanie si¢ stezenia [FNy
w ciggu 3 miesiecy oraz dodatnia korelacja pomig¢dzy stezeniami IL-6 1 IL-10
obserwowana jest juz po miesigcu treningu.

5. Suplementacja astaksantyng u mtodych koni arabskich nie zmienia modulacji

odpowiedzi zapalnej w przebiegu prawidtowego treningu.
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Astaxanthin supplementation in
Arabian racing horses mitigates
oxidative stress and inflammation
in peripheral blood mononuclear
cells through enhanced mitophagy
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Astaxanthin, a strong antioxidant carotenoid, has shown promising features in mitigating
inflammation and oxidative stress and so that has been considered as a supplement for high-
performance animals. In this study, we aimed to evaluate the effects of astaxanthin on oxidative
stress, inflammation, and mitochondrial health in peripheral blood mononuclear cells (PBMC) isolated
from Arabian racehorses. Horse-derived peripheral blood mononuclear cells exposed to hydrogen
peroxide (H,0,) presented increased reactive oxygen species (ROS) accumulation and overexpression
of pro-inflammatory cytokines such as IL-1pB, IL-6, IFN-y, and TNF-a. The addition of astaxanthin to
cell culture reduced H,0,-induced inflammatory response by decreasing the expression levels of all
the tested pro-inflammatory cytokines. Moreover, astaxanthin displayed a potential antioxidant
response by increasing the expression of genes related to antioxidative defense, such as NRF1,

S0D2, and GPX. Interestingly, PBMCs isolated from the horses orally supplemented with astaxanthin
increased the expression of the mitophagy-related genes PINK1 and PARKIN. Moreover, genes related
to mitochondrial dynamics and energy production, such as PPARGC1B, NDUFA9, and MRPL24, as well
as genes associated with mitochondrial function, structure and dynamics, such as PIGBOS, MRLP24,
PUSL1 and TFAM were upregulated in PBMCs isolated from astaxanthin supplemented horses.
Altogether, these findings indicate that astaxanthin may be a beneficial dietary supplement for equine
health, supporting resilience against oxidative stress and inflammatory challenges, and improving the
recovery and performance of racing horses.

Keywords Horses, Astaxanthin, Dietary supplementation, Oxidative stress, Inflammation, Mitochondria,
PBMC

Abbreviations

PBMC  Peripheral blood mononuclear cells
ROS Reactive oxygen species

RNS Reactive nitrogen species

H,0, Hydrogen peroxide

OS Oxidative stress

Astaxanthin is a naturally occurring carotenoid with potent antioxidant properties, commonly found in marine
organisms such as microalgae, salmon, and shrimp. The chemical structure of astaxanthin, which includes
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conjugated double bonds and hydroxyl groups, allows it to efficiently scavenge free radicals and protect cells
from oxidative damage!. This strong antioxidant capacity has sparked interest in its potential applications in
animal nutrition, particularly for high-performance animals such as racehorses®*. Given the high metabolic
demand and oxidative stress that racehorses experience during training and competition, incorporating
astaxanthin into their diet could offer significant health benefits by mitigating oxidative damage and enhancing
recovery. Studies have demonstrated that astaxanthin can reduce markers of oxidative stress and improve overall
antioxidant status in animals. For example, a study by Ambati et al. (2014) highlighted the broad-spectrum
antioxidant activity of astaxanthin, which includes protecting lipids, proteins, and DNA from oxidative damage”.
Additionally, it has been shown that dietary astaxanthin had beneficial effects on the antioxidant status of not
only race horses, but also for other animals®®.

To investigate the protective effects of astaxanthin against oxidative stress, we used a model involving horse-
derived peripheral blood mononuclear cells (PBMCs). In this model, oxidative stress was induced by treating
the cells with hydrogen peroxide (H,O,), which significantly increases the production of reactive oxygen
species (ROS). This method effectively simulates the oxidative stress conditions that cells might encounter in
vivo, allowing the investigation of the cellular responses and the potential protective effects of antioxidants like
astaxanthin.

Oxidative stress and inflammation are closely linked processes that can detrimentally affect the health
and performance of racehorses’. During intense physical activity, the production of ROS can overwhelm the
body’s antioxidant defenses, leading to cellular damage and the activation of inflammatory pathways. Elevated
ROS levels cause oxidative modifications to cellular components such as lipids, proteins, and DNA, which can
disrupt normal cellular functions and trigger stress responses. These oxidative modifications are recognized by
the immune system as damage signals, leading to the activation of inflammatory pathways'’. Oxidative stress
induces the activation of transcription factors such as nuclear factor-kappa B (NF-kB) and activator protein 1
(AP-1), which are pivotal in regulating the expression of pro-inflammatory cytokines. This activation results in
the increased production and release of cytokines such as interleukin-1p (IL-1p), interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), and interferon-gamma (IFN-y). These pro-inflammatory cytokines play a crucial
role in initiating and sustaining the inflammatory response. In racehorses, the systemic release of these cytokines
due to oxidative stress can trigger the processes, which in a certain extent, may contribute to the impaired
muscle function and recovery but also promotes chronic health issues such as joint diseases and metabolic
muscle disorders. Inflammation exceeding certain levels is particularly detrimental for racehorses as it affects
overall performance and health!!. Inflammation in muscle tissues can result in pain, stiffness, and reduced
muscle function, making it difficult for horses to perform at their peak levels. Moreover, chronic inflammation
can lead to fatigue, slower recovery times, and increased susceptibility to injuries and illnesses. Therefore, it is
crucial to manage and balance the triggering of inflammation to ensure the optimal health and performance
of racehorses. Effective management of oxidative stress and inflammation in racehorses involves strategies
that enhance antioxidant defenses and reduce pro-inflammatory signals. This can be achieved through dietary
supplementation with antioxidants such as astaxanthin, which has been shown to reduce oxidative damage and
modulate inflammatory responses®*. By reducing oxidative stress and pro-inflammatory signaling, astaxanthin
can help maintain muscle health, improve recovery times, and enhance overall performance in racehorses.

Mitophagy, the selective degradation of damaged mitochondria by autophagy, plays a vital role in maintaining
mitochondrial quality and cellular health!2. This process involves the identification and removal of dysfunctional
mitochondria, which are then targeted for degradation and recycling within lysosomes. Efficient mitophagy
ensures the removal of mitochondria that produce excessive ROS, thereby preventing the accumulation of
oxidative stress within cells'?. By maintaining a population of healthy mitochondria, mitophagy helps to sustain
cellular energy production and minimize cellular damage.

In the context of reducing inflammation and oxidative stress, mitophagy is crucial'>!?. Dysfunctional
mitochondria are significant sources of ROS, which can damage cellular components and trigger inflammatory
pathways. When damaged mitochondria are not effectively removed, they can lead to increased oxidative
stress and the activation of pro-inflammatory signaling cascades, such as the NF-kB pathway, resulting in the
production of cytokines like TNF-a, IL-1B, and IL-6. These cytokines further exacerbate inflammation, creating
a vicious cycle of oxidative stress and inflammatory responses.

The importance of mitophagy in cellular health and its role in disease prevention has been highlighted
in various studies. For instance, studies have shown that enhancing mitophagy can alleviate oxidative stress
and inflammation in neurodegenerative diseases and metabolic disorders'*. Moreover, research indicates that
promoting mitophagy can protect against myocardial ischemia-reperfusion injury by reducing oxidative damage
and inflammation'®. In high-performance racehorses, where the energy demands and oxidative stress levels are
elevated, enhanced mitophagy can support sustained energy production and stamina, which are critical for
optimal performance. By maintaining mitochondrial health through effective mitophagy, racehorses can better
manage the increased metabolic demands of intense physical activity. This not only improves their performance
but also reduces the risk of oxidative stress-related damage and inflammation, thereby promoting overall health
and longevity.

Our study aims to explore the therapeutic potential of astaxanthin in promoting mitophagy as a means to
reduce oxidative stress and inflammation in racehorses. By in vitro demonstrating that astaxanthin enhances
the expression of genes involved in the mitophagy process, such as PINK1 and PARKIN, we provide evidence
for its role in improving mitochondrial quality and cellular resilience. This therapeutic approach highlights
the importance of targeting mitochondrial health to mitigate the detrimental effects of oxidative stress and
inflammation, thereby supporting the performance and well-being of high-performance racehorses. In our
study, we discovered that the number of ROS-positive cells was reduced, the expression of pro-inflammatory
cytokines was decreased, and mitophagy was modulated in PBMCs derived from astaxanthin supplemented
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horses. These findings suggest that astaxanthin not only provides antioxidative and anti-inflammatory benefits
but also enhances mitochondrial quality control mechanisms, offering a comprehensive approach to improving
the health and performance of racehorses.

Results

Evaluation of the in vitro protective effect of astaxanthin against oxidative stress in horse-
derived PBMCs

As shown at Fig. 1.A, treatment with H,0, (oxidative stress condition, OS) increased the number of ROS-
positive cells, while decreased the number of ROS-negative cells. Most importantly, the addition of astaxanthin
at either 10 uM (OS + ASTA10) or 20 uM (OS + ASTA20) partially restored the control phenotype by reducing
the number of ROS-positive cells and increasing the number of ROS-negative cells (Fig. 1.A). These data were
presented in bar graphs and statistically analyzed, showing that H,O, significantly increased ROS accumulation
in cells (Fig. 1.B). Although astaxanthin decreased the ROS production by reducing the ROS-positive cells and
increasing the ROS-negative cells, these changes were not statistically significant (Fig. 1.B).

The quantitative analysis of reactive nitrogen species (RNS) revealed that the addition of astaxanthin at 20
uM increased the levels of cellular RNS, as shown by the decrease of RNS-negative cells and the increase of the
number of RNS-positive cells (Fig. 2A-C). When the cell population was gated according to the cell viability
(live/dead), the accumulation of RNS mentioned above was seen mainly in the live cell population (Fig. 2A,D).
When focused on the dead cell population, it has been shown that astaxanthin reduced the number of RNS-
positive cells, probably because most of the RNS-positive cells were still alive (Fig. 2A,E,F). Overall, these results
suggest that horse-derived PBMCs do not induce RNS production in response to an external oxidative stress
induction with H,0, and so that, in the tested conditions, astaxanthin increases the nitrosative stress.

To deeper characterize the antioxidant properties of astaxanthin in horse-derived PBMCs, the cells were
challenged with H,O, and the expression of genes associated with the detoxification of oxidative stress were
evaluated upon the treatment with astaxanthin. As shown in Fig. 3, none of the selected genes (SODI, NRFI,
SOD2, CAT, NRF2, GPX) was induced in the presence of H,O,. This might result from the sampling time since
the gene expression might have been induced earlier and then inhibited once the genes have been transcribed
and translated. Most importantly, the treatment with astaxanthin increased the gene expression of NRFI, SOD2,
and GPX compared to the H,O,-treated condition (Fig. 3B,C,F). Altogether, the gene expression analysis
indicates that the treatment with astaxanthin increased the expression of genes associated with the detoxification
of oxidative stress and might prime the PBMCs to be protected against reactive oxygen species.

Anti-inflammatory properties of astaxanthin in horse-derived PBMCs

Incubation with H,O, increased the protein expression levels of the pro-inflammatory cytokines IL-1f, IL-6,
INFy and TNFaq, indicating that horse PBMC:s elicit an inflammatory response when stimulated with hydrogen
peroxide (Fig. 4A-D). Interestingly, the addition of astaxanthin at 10 uM decreased the inflammatory response
by reducing the protein levels of INFy and TNFa (Fig. 4C,D). Most importantly, a concentration-dependent
effect was observed for astaxanthin regarding its anti-inflammatory properties, demonstrated by the decrease of
protein level of all tested cytokines (IL-1f, IL-6, INFy and TNFa) significantly different between the treatment
with 10 uM and 20 uM (Fig. 4A-D). Altogether, these results indicate the anti-inflammatory potential of
astaxanthin in horse-derived PBMCs.

The effect of astaxanthin oral supplementation in racehorses on the expression of genes
associated with mitochondrial functionality and oxidative stress in PBMCs

The figures below (from Figs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17) represent the average relative gene
expression (27224 for the control and the astaxanthin supplemented groups at the three time points, together
with the relative gene expression of all subjects individually.

PINK1 (PTEN Induced Kinase 1) is a mitochondrial kinase directly related with the mitochondrial quality
control, participating in the mitophagy process'. In damaged mitochondria, which are a source of reactive
oxygen species that cause severe molecular damage to the cell, PINK1 is not properly internalized and binds
to the outer mitochondrial membrane. Then, PINK1 recruits PARKIN (Parkin RBR E3 Ubiquitin Protein
Ligase) protein and target damaged mitochondria for degradation through autophagy'®!”. Removal of damaged
mitochondria therefore helps to reduce the accumulation of ROS, to limit the ROS-derived cellular damage
such as lipid peroxidation, and make a more efficient use of the cellular energy. The presented results showed
that, although at day 0 (baseline) the expression level of PINKI and PARKIN was lower in the supplemented
group compared to the control group, 10 weeks after the supplementation the expression of PINKI and PARKIN
increased compared to the control group, indicating that oral supplementation with astaxanthin induced
the expression of these genes in vivo (Figs. 5 and 6). The expression level of PARKIN was already increased
compared to control after only 5 weeks of supplementation (Fig. 6), demonstrating that this gene presented a
faster response compared to PINK1. Overall, oral intake of the astaxanthin supplement increased the expression
of genes involved in the mitophagy process that actively protect from cellular oxidative stress.

Further analyses indicate the impact of astaxanthin supplementation on the regulation of genes associated
with mitochondrial dynamics and structure. MIEFI (mitochondrial elongation factor 1) encodes an outer
mitochondrial membrane protein that participates in the mitochondrial membrane dynamics by regulating
mitochondrial fission and fusion'®. It has been shown that MIEF1 deficiency impaired mitochondrial respiration
and dynamics, leading to induced mitochondrial oxidative stress'®. The results of the present study indicated
that, initially, the MIEFI expression level was lower in the supplemented group than in the control group at
day 0 (Fig. 7). However, the expression of the MIEFI gene was activated upon astaxanthin supplementation,
being higher in the supplementad group after 5 weeks and 10 weeks (Fig. 7). The association of mitochondria
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Fig. 1. Effect of astaxanthin on the oxidative stress of horse PBMCs. ROS accumulation in control cells
(CTRL), oxidative stress-induced cells (OS) and oxidative stress-induced cells treated with astaxanthin at 10
uM (OS+ASTA10) or 20 uM (OS + ASTA20) was tested using the Muse Analyzer Flow Cytometry. (A) Flow
cytometry histograms show the percentage of ROS-negative (blue, M1) and ROS-positive (red, M2) cells.

(B) Bar graphs show the statistical analysis of all pairwise comparisons in ROS-negative and ROS-positive
cells. Mean and standard deviation are given. Statistical significance is depicted as; *** p-value <0.001; ns, not
significant.

Scientific Reports|  (2025) 15:14633 | https://doi.org/10.1038/s41598-025-93661-7 nature portfolio



www.nature.com/scientificreports/

Fig. 2. Effect of astaxanthin in the nitrosative stress of horse PBMCs. RNS accumulation in control cells
(CTRL), oxidative stress-induced cells (OS) and oxidative stress-induced cells treated with astaxanthin at

10 uM (OS + ASTA10) or 20 uM (OS + ASTA20) was tested using the Muse Analyzer Flow Cytometry. (A)
Flow cytometry histograms show the percentage of viable and RNS-positive cells. (B-F) Bar graphs show the
statistical analysis of all pairwise comparisons in RNS-negative and RNS-positive cells. Mean and standard
deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01, *** p-value <0.001,
%% p-value < 0.0001; ns, not significant.
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Fig. 3. Effect of astaxanthin on the gene expression of oxidative stress markers in horse PBMCs. (A-F)
Analysis of the gene expression levels of selected oxidative stress markers (SOD1, NRF1, SOD2, CAT, NRF2,
GPX) in control cells (CTRL), oxidative stress-induced cells (OS) and oxidative stress-induced cells treated
with astaxanthin at 10 uM (OS + ASTA10) or 20 pM (OS + ASTA20) by qRT-PCR. Mean and standard
deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value < 0.01, *** p-value <0.001,
4% p-value < 0.0001; ns, not significant.

and other cellular organelles are mediated by a number of proteins. Among them, PIGBOS (PIGB Opposite
Strand) encodes for a microprotein that localizes to the mitochondrial outer membrane where it interacts with
CLCCl, mediating in the unfolded protein response (UPR) originated by endoplasmic reticulum stress. It has
been demonstrated that loss of PIGBOS leads to heightened UPR and increased cell death?. In this regard, the
presented results demonstrated that the expression of PIGBOS increased in response to the oral supplementation
with astaxanthin, evidenced by the increased mRNA levels of PIGBOS after 5 weeks compared to the control
group (Fig. 8). Collectively, these results demonstrate that astaxanthin promotes the expression of genes that
participate in the structure and function of mitochondria.

In order to evaluate whether the supplementation with astaxanthin regulates the expression of genes involved
in the energy metabolism of the cell, some genes associated with the mitochondrial processes linked to ATP
production we selected for further analyses. PPARGCIA and PPARGCIB (peroxisome proliferator-activated
receptor gamma coactivator 1 alpha/beta) are transcriptional coactivators of the PPAR superfamily highly
expressed in oxidative tissues, participating in the oxidative phosphorylation and fatty acid oxidation!>.
PPARGCIA is actively involved in reactive oxygen species detoxification by regulating the expression of
mitochondrial antioxidant genes, such as manganese superoxide dismutase, catalase, peroxiredoxin 3 and
5, uncoupling protein 2, thioredoxin 2, and thioredoxin reductase??>. PPARGCIB specifically enhances the
mitochondrial activity and anabolic profile by the effect on the mitochondrial function and protection from
oxidative stress*!. The analysis of PBMCs isolated from supplemented horses revealed that the basal expression
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Fig. 4. Effect of astaxanthin on the inflammatory response of horse PBMCs. (A-D) Analysis of the protein
levels of selected pro-inflammatory cytokines (IL-1p, IL-6, INFy, TNFa) in control cells (CTRL), oxidative
stress-induced cells (OS) and oxidative stress-induced cells treated with astaxanthin at 10 uM (OS + ASTA10)
or 20 uM (OS+ ASTA20) by ELISA. Mean and standard deviation are given. Statistical significance is depicted
as; * p-value <0.05, ** p-value <0.01, *** p-value <0.001, **** p-value <0.0001; ns, not significant.

Fig. 5. Effect of the oral astaxanthin supplementation in the PINKI gene expression of horse-derived PBMCs.
Analysis of the PINKI gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10 (C) in horse-
derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row represent the
average of all subjects, and graphs in the bottom row represent the values for each subject individually. Mean
and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01, ***
p-value <0.001, **** p-value <0.0001; ns, not significant.
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Fig. 6. Effect of the oral astaxanthin supplementation in the PARKIN gene expression of horse-derived
PBMC:s. Analysis of the PARKIN gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10
(C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row
represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value < 0.0001; ns, not significant.

levels of PPARGCIA were similar in the control and supplemented group, and astaxanthin intake did not
change this phenotype during the 10 weeks period (Fig. 9). However, PPARGCIB expression responded to the
astaxanthin supplementation, since its expression levels were initially lower in the supplemented group at day
0 but increased at week 5, being higher than in the control group (Fig. 10). Mitochondria produce most of the
cellular energy during the oxidative phosphorylation process. In this regard, NDUFA9 (NADH: ubiquinone
oxidoreductase subunit A9) encodes for a protein subunit of the complex I, and lack of a functional NDUFA9 has
been associated with defects of the assembly and stability of this complex?>?*. According to the results presented
in this study, astaxanthin supplementation for 5 weeks increased the expression levels of NDUFA9 compared to
the control group (Fig. 11). Altogether, the results showed that supplementation with astaxanthin increases the
expression of genes related to the energy production in mitochondria.

Mitochondrial DNA (mtDNA) encodes for proteins and enzymes directly related to the mitochondrial
function and structure. The alteration of the mitochondrial gene expression machinery might lead to an
impaired mitochondrial function and generate lethal levels of reactive oxygen species. In this regard, a key
structural component of mitochondria is MRPL24 (mitochondrial ribosomal protein L24), the mitochondrial
ribosomal protein large 24, which is 1 of the 82 protein components of mitochondrial ribosomes, playing an
essential role in the mitochondrial translation process?. Indeed, it has been shown that absence or deficiency of
this family of proteins may cause primary oxidative phosphorylation disorders®. Interestingly, the expression
level of MRPL24 gene was lower in supplemented group at baseline compared to the control group, but this
phenotype changed to a higher expression in the astaxanthin-supplemented group after 10 weeks (Fig. 12).
Another important structural and functional component of mitochondria is PUSL1 (tRNA pseudouridine
synthase-like 1), a mitochondrial matrix protein and interacts with the mitoribosome, being required for
the translation of transcripts within mitochondria®®. These transcripts include key membrane proteins of
the oxidative phosphorylation (OXPHOS) machinery located in the mitochondrial inner membrane, whose
deficiency or malfunction may generate reactive oxygen species within mitochondria. Closely related to PUSLI1,
the transcriptional regulator TFAM (mitochondrial transcription factor A) is required for protein transcription,
replication and packaging of mtDNA?’. In this case, supplementation with astaxanthin increased the PUSLI and
TFAM expression levels after 5 weeks compared to the control group (Figs. 13 and 14). Indeed, in the case of
TFAM, this increase in expression levels was extended up to 10 weeks, despite initially (at baseline) lower levels
of expression than in the control group (Fig. 14).
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Fig. 7. Effect of the oral astaxanthin supplementation on the MIEFI gene expression of horse-derived PBMCs.
Analysis of the MIEF1 gene expression levels by QRT-PCR at day 0 (A), week 5 (B) and week 10 (C) in horse-
derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row represent the
average of all subjects, and graphs in the bottom row represent the values for each subject individually. Mean
and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01, ***
p-value <0.001, **** p-value < 0.0001; ns, not significant.

The expression of other genes associated with the protein expression within mitochondria, such as OXAIL
(mitochondrial Inner Membrane Protein OXA1L) and UQCRC2 (ubiquinol-cytochrome C reductase core
protein 2)?*?, was not affected by astaxanthin supplementation (Figs. 15 and 16). In addition, no changes
were observed in the expression of the FIS gene, involved in the mitochondrial fission (Fig. 17). Overall, these
results revealed that the expression of genes involved in the metabolism of mtDNA is promoted in vivo upon
supplementation with astaxanthin.

Discussion

In horses, oxidative stress is a common issue that can lead to various health problems, including inflammation
and compromised cellular functions. The present study aimed to evaluate the protective effects of astaxanthin
against oxidative stress in horse-derived peripheral blood mononuclear cells (PBMCs) and to explore its
potential anti-inflammatory properties and the effects on mitochondrial function. It has been demonstrated
that astaxanthin exerts a positive effect on reducing the number of ROS-positive cells that were induced by
oxidative stress. The application in vitro of hydrogen peroxide (H,O,) significantly increased the number of
ROS-positive cells in horse-derived PBMCs, indicating induced oxidative stress. However, the addition of
astaxanthin at the concentrations of 10 uM (OS+ASTA10) and 20 uM (OS+ASTA20) partially restored the
cellular phenotype, as shown by a reduction in the number of ROS-positive cells and an increase in ROS-negative
cells. Although these changes were not statistically significant, they suggest a trend towards the antioxidative
effect of astaxanthin. This observation aligns with previous research demonstrating the antioxidant capacity of
astaxanthin in various cell types, including its ability to scavenge free radicals and reduce oxidative damage>*.
Furthermore, the quantification of reactive nitrogen species (RNS) revealed an interesting phenomenon where
astaxanthin increased the levels of cellular RNS, particularly in the alive cell population. This unexpected result
suggests a complex interaction between astaxanthin and nitrosative stress pathways. The differential impact on
RNS and ROS indicates that while astaxanthin can mitigate oxidative stress, it might also modulate nitrosative
pathways, possibly through a feedback mechanism that needs further exploration®!. Moreover, daily astaxanthin
supplementation for 5 and 10 weeks increased the expression of NRFI, SOD2, and GPX, suggesting its role in
priming cells for enhanced antioxidative responses. This is consistent with findings from other studies where
astaxanthin supplementation upregulated antioxidant genes and enzymes, thus providing cellular protection

against oxidative stress®2.
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Fig. 8. Effect of the oral astaxanthin supplementation on the PIGBOS gene expression of horse-derived
PBMC:s. Analysis of the PIGBOS gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10
(C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row
represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value <0.0001; ns, not significant.

The results proved also the anti-inflammatory potential of astaxanthin, related to its antioxidative properties.
In vitro treatment of horse-derived PBMCs with H,O, increased the protein expression of pro-inflammatory
cytokines IL-1f, IL-6, IFNy, and TNFaq, indicating an inflammatory response and elevated oxidative stress levels.
This is consistent with the well-documented phenomenon where oxidative stress can trigger inflammatory
pathways, leading to the activation of immune cells and the release of pro-inflammatory cytokines. The addition
of astaxanthin, particularly at 20 pM, significantly reduced the levels of these cytokines in a concentration-
dependent manner. This decrease in cytokine levels suggests that astaxanthin effectively mitigates both oxidative
stress and the subsequent inflammatory response. The antioxidant action of astaxanthin likely interrupts the
feedback loop between oxidative stress and inflammation, thereby reducing the overall inflammatory burden.
These findings are supported by previous studies that have shown the anti-inflammatory effects of astaxanthin,
including the inhibition of pro-inflammatory cytokine production and suppression of NF-kB signaling pathways.
For instance, Kim et al. (2011) reported that astaxanthin protects human retinal pigment epithelial cells from
oxidative damage and inflammatory responses by inhibiting NF-«B activation®*. Similarly, Park et al. (2010)
demonstrated that astaxanthin supplementation decreased oxidative stress and inflammation in humans®,
highlighting its potential as a therapeutic agent for inflammatory conditions.

The in vivo trial with horses further corroborated the in vitro findings. Our study focused on astaxanthin
supplementation as a clinical treatment for influencing oxidative stress and inflammation, chosen over other
approaches such as photobiomodulation, electrical stimulation, and ultrasound treatment, which may offer
different and/or complementary effects. Oral supplementation with astaxanthin led to increased expression of
genes associated with mitochondrial functionality and oxidative stress mitigation. Specifically, the expression of
PINK1 and PARKIN, genes involved in the mitophagy process, was elevated, indicating enhanced mitochondrial
quality control mechanisms. This is particularly important for racehorses, as efficient mitophagy helps maintain
optimal cellular function and energy production under the high metabolic demands of intensive physical
activity. Mitophagy, the selective degradation of damaged mitochondria by autophagy, is crucial in preserving
mitochondrial health and preventing cellular dysfunction. Mitophagy study is widely conducted through gene
expression analysis, which provides valuable insights into the regulatory mechanisms governing this process*>.
In the context of high-performance racehorses, maintaining robust mitochondrial function is vital for sustaining
stamina and performance. The presented findings that astaxanthin supplementation enhances mitophagy
through the upregulation of PINKI and PARKIN genes suggest that astaxanthin could play a significant role
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Fig. 9. Effect of the oral astaxanthin supplementation on the PPARGCIA gene expression of horse-derived
PBMC:s. Analysis of the PPARGCIA gene expression levels by QRT-PCR at day 0 (A), week 5 (B) and week
10 (C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top
row represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value <0.0001; ns, not significant.

in improving mitochondrial quality and overall cellular health in racehorses. This aligns with studies showing
that astaxanthin promotes mitophagy and protects cells from oxidative stress-induced mitochondrial damage™’.
Additionally, astaxanthin enhanced the expression of genes linked to mitochondrial dynamics (MIEFI and
PIGBOS) and energy metabolism (PPARGC1B, NDUFA9). The increased expression of these genes suggests that
astaxanthin supplementation enhances mitochondrial structure, function, and bioenergetics, thus supporting
cellular health and reducing oxidative damage. This is supported by previous research, which has demonstrated
that improved mitochondrial dynamics and energy metabolism are associated with better cellular health and
reduced oxidative stress®. Since the detailed characterization of mitophagy and mitochondrial dynamics,
as well as gender-based differences, were beyond the scope of this study, future research performed with
a different study design will be crucial to further elucidate these aspects. Importantly, while our findings in
Arabian racehorses align with those in other large mammals”®%%, species-specific differences in metabolism,
immune responses, and oxidative stress susceptibility may influence astaxanthin’s effects. Monogastric species
like horses and dogs absorb astaxanthin likely differently than ruminants, where fermentation might alter its
bioavailability. Additionally, oxidative stress in racehorses is exercise-induced, whereas in cattle, it is linked to
metabolic disorders. Altogether, although horses share some physiological and metabolic characteristics with
other mammals, significant differences exist, especially in training responses and disease susceptibility, hence,
results from equine studies cannot be directly extrapolated to humans.

Overall, the findings presented in this study indicate that astaxanthin has significant potential as an antioxidant
and anti-inflammatory agent in horse-derived PBMCs. The in vivo data further support its role in enhancing
mitochondrial function and protecting against oxidative stress. These results suggest that astaxanthin could
be a valuable dietary supplement for equine health, promoting resilience against oxidative and inflammatory
challenges.

Materials and methods

Horses and blood sampling

The in vivo part of this study included 12 (7 stallions and 5 mares) privately owned 3-year-old Arabian horses
in regular training for flat races at Stuzewiec Race Track in Warsaw. All horses were from the same training
stable, were trained by one trainer and maintained similar training level during the study. They were kept in
standard stalls, fed on a standard diet for racing Arabians, including hay, oats, and concentrate balanced to
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Fig. 10. Effect of the oral astaxanthin supplementation on the PPARGCIB gene expression of horse-derived
PBMC:s. Analysis of the PPARGCIB gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week
10 (C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top
row represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value <0.0001; ns, not significant.

meet the nutritional recommendations. Salt and water were available ad libitum. The horses were clinically
healthy, as confirmed by a certified vet surgeon; dewormed and vaccinated according to the routine schedule,
not earlier than 3 weeks before the onset of the study. In the case of concomitant disabilities or diseases, horses
were excluded from the study.

At the beginning of the study (in April) the horses were randomly allocated in the supplemented group
(4 stallions and 2 mares) and control group (3 stallions and 3 mares). The supplemented group received daily
astaxanthin supplementation, orally, at a dose of 250 mg per horse which corresponded to the dose of 0.52—
0.58 mg/kg body weight. The control group received placebo (physiological saline). Stallions and mares trained
together in a mixed group with the same intensity at the same place (Stuzewiec Racetrack in Warsaw), according
to the exercise schedule designed by the trainer.

Blood samples were collected monthly (week 0 - before supplementation and during supplementation in
week 5 and week 10) as a part of health examination, in the morning, before any activity, from the jugular
vein. During the sampling procedure, the horses were handled by their regular riders to minimize the stress,
as recommended by the Ethical Committee guidelines. All the procedures of blood sampling were performed
as part of routine health examination, therefore, according to the European directive EU/2010/63 and Polish
regulations regarding experiments on animals, there was no need for the approval of the Ethics Committee for
the described procedures, which qualified as non-experimental clinical veterinary practices, and excluded from
the directive. A written consent for the use of blood for scientific analyses was obtained from the trainer.

Isolation and culture of horse peripheral blood mononuclear cells (PBMC)

Fresh blood from horses was collected into heparin tubes. PBMCs isolation was performed as described
previously®’. Briefly, PBMCs were isolated by density gradient centrifugation for 30 min at 400 g, at room
temperature (MPW-352R, MPW Med. Instruments, Warsaw, Poland), using Histopaque-1077 (Sigma-Aldrich/
Merck, Poznan, Poland). A buffy coat layer of PBMC:s cells was collected and washed three times with Dulbecco’s
Phosphate Buffered Saline (DPBS, Merck, Poznan, Poland). Cells were cultured on cell culture flask 25 cm?
in RPMI 1640 medium (Sigma-Aldrich/Merck, Poznan, Poland) supplemented with 10% fetal bovine serum
(Sigma-Aldrich/Merck, Poznan, Poland) and 1% penicillin-streptomycin antibiotic (PS, Biowest). Cells were

incubated at 37 °C, 5% CO,.
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Fig. 11. Effect of the oral astaxanthin supplementation on the NDUFA9 gene expression of horse-derived
PBMC:s. Analysis of the NDUFA9 gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week

10 (C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top
row represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value <0.0001; ns, not significant.

Induction of oxidative stress in PBMCs

PBMCs were suspended at a density of 1x10° cells/ml and treated with hydrogen peroxide (H,0,) at a
concentration of 100 uM in culture medium without FBS to induce cellular oxidative stress, as previously
described?!. After 6 hours, cells were treated with astaxanthin at 10 pg/ml and 20 pg/ml for 24 h?. Then, the
expression of selected markers at gene and protein level, the oxidative stress and the nitrosative stress were
assessed as described below.

MUSE analysis of oxidative stress and nitrosative stress of PBMCs

Oxidative stress was analyzed using the Muse Oxidative Stress Kit (Luminex/Merck, Poznan, Poland) and
nitric oxide levels using MUSE Nitric Oxide Kit (Luminex/Merck, Poznan, Poland)*’. Analysis was performed
according to the protocol from the manufacturer. Readings were taken using a MUSE Cell Analyser (Sigma-
Aldrich/Merck, Poznan, Poland).

Quantitative Real-Time reverse transcription polymerase chain reaction (RT-qPCR)

Total RNA was isolated from PBMCs following the previously described method of Chomczynski and Sacchi®’.
Blood was collected into the Tempus™ Blood RNA Tubes (Thermo Fisher Scientific, Warsaw, Poland) and poured
into a 50 ml falcon tube. The total volume was brought to 12 ml by the addition of PBS (Merck, Poznan, Poland).
The tubes were vortexed vigorously at maximum vortex speed for 30 s. The samples were then centrifuged at 4
°C at 4000xg for 30 min (MPW-352R, MPW Med. Instruments, Warsaw, Poland). The pellet was suspended in
400 pl RNA Wash Buffer 1 (BLIRT S.A, Gdansk, Poland) and then the total RNA was isolated using Extractme
Total RNA Kit (BLIRT S.A, Gdansk, Poland) according to the manufacturer’s instructions. The purity and
quantity of RNA was assessed at 260 and 280 nm with a spectrophotometer (Epoch, Biotek, Bad Friedrichshall,
Germany). 300 ng of total RNA was treated with DNase I (Thermo Fisher Scientific, Warsaw, Poland) to remove
genomic DNA. cDNA was then synthesized on the RNA template using RevertAid RT (Thermo Fisher Scientific,
Warsaw, Poland) according to the manufacturer’s protocols. Digestion of genomic DNA and cDNA synthesis
were performed using a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA). The obtained cDNA was then
used for quantitative PCR. Gene expression levels were evaluated using SensiFAST SYBR Green Kit (Bioline,
London, UK)*. 5 uL of SensiFAST SYBR Master mix, 2.5 pL of targeted primer and 2.5 uL of tested cDNA were
added to each reaction. All RT-qPCR reactions were performed using CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) and BioRad CFX Maestro software. Thermal cycle conditions were as
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Fig. 12. Effect of the oral astaxanthin supplementation on the MRPL24 gene expression of horse-derived
PBMC:s. Analysis of the MRPL24 gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week

10 (C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top
row represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value <0.0001; ns, not significant.

follows: 95 °C for 2 min, then 40 cycles at 95 °C for 15 s, annealing for 15 s in temperature specified for tested
primers, and elongation at 72 °C for 15 s. The transcript levels were normalized to glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) as a control and calculated using the 2724¢Q method. The sequences for all used primers
are listed in Table 1.

Analysis of protein levels using ELISA assays (L1, IL6, IFNy, TNFa)

Protein levels of IL1, IL6, IFNy and TNFa were analyzed in culture media using enzyme linked immunosorbent
assays (ELISA) as previously described’’. For this purpose, the Horse Interleukin 1 Beta ELISA Kit, Horse
Interleukin 6 ELISA Kit, Horse Interferon y ELISA Kit and Horse Tumour Necrosis Factor Alpha ELISA Kit (BT
LAB) were used. Analyses were performed according to the manufacturer’s protocols and readings were taken at
450 nm using a plate reader (Epoch, Biotek, Bad Friedrichshall, Germany).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software (La Jolla, CA, USA). Data were analyzed
using One-way ANOVA with Tukey’s post-hoc correction. Statistically significant differences are indicated with
asterisks and depicted as follows; p<0.05 as ¥, p<0.01 as **, p <0.001 as ***, p<0.0001 as ****.
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Fig. 13. Effect of the oral astaxanthin supplementation on the PUSLI gene expression of horse-derived
PBMC:s. Analysis of the PUSLI gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10 (C) in
horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row represent
the average of all subjects, and graphs in the bottom row represent the values for each subject individually.
Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01,
% p-value < 0.001, **** p-value < 0.0001; ns, not significant.
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Fig. 14. Effect of the oral astaxanthin supplementation on the TFAM gene expression of horse-derived
PBMC:s. Analysis of the TEAM gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10 (C) in
horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row represent
the average of all subjects, and graphs in the bottom row represent the values for each subject individually.
Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01,
% p-value < 0.001, **** p-value < 0.0001; ns, not significant.
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Fig. 15. Effect of the oral astaxanthin supplementation on the OXA 1L gene expression of horse-derived
PBMC:s. Analysis of the OXAIL gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10 (C) in
horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row represent
the average of all subjects, and graphs in the bottom row represent the values for each subject individually.
Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01,
% p-value < 0.001, **** p-value < 0.0001; ns, not significant.
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Fig. 16. Effect of the oral astaxanthin supplementation on the UQCRC2 gene expression of horse-derived
PBMC:s. Analysis of the UQCRC2 gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week

10 (C) in horse-derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top
row represent the average of all subjects, and graphs in the bottom row represent the values for each subject
individually. Mean and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, **
p-value <0.01, *** p-value <0.001, *** p-value <0.0001; ns, not significant.
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Fig. 17. Effect of the oral astaxanthin supplementation on the FIS gene expression of horse-derived PBMCs.
Analysis of the FIS gene expression levels by qRT-PCR at day 0 (A), week 5 (B) and week 10 (C) in horse-
derived PBMCs. CTRL, non-treated control; EXP, supplemented group. Graphs in the top row represent the
average of all subjects, and graphs in the bottom row represent the values for each subject individually. Mean
and standard deviation are given. Statistical significance is depicted as; * p-value <0.05, ** p-value <0.01, ***
p-value <0.001, **** p-value < 0.0001; ns, not significant.
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Gene Primer | Primer sequence 5’-3’ Amplicon Length (bp) | Accession No.
wi B [semerecrcoiea |,
e |E | amecctoccreiocon T,
oo
e B |MSCIGGCOMCCCNC
popos | E | GTTGGGGIGGCTCAGATCAA ¢ XM_014753689.2
PPARGCIA § E%E%iirlé\&%ff Acéi;[‘((j}T%C 74 XM_023638290.1
PPARGCIB | CanclaICItGeeacacss e XM_023617445.1
S
s £ | MEMCECTGEOMGEE |y
o |E | IAScoCTieciacican oy T—

Table 1. Primers used in this study.
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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The effect of long term
astaxanthin supplementation on
the antioxidant status of racing
Arabian horses — preliminary study
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Astaxanthin due to its strong antioxidant activity is believed to reduce oxidative stress and therefore
is considered as feed additive in pathological conditions and also for the athletes. It is promoted by
several equine web portals, however, data supporting that concept in horses is limited. Thus, the aim
of this study was to evaluate the effect of astaxanthin supplementation on the parameters of oxidative
status in 3 years old, racing Arabian horses during long term observation and the changes related to

a single training session of high intensity. Six horses were supplemented with astaxanthin at a dose

of 0.52-0.58 mg/kg BW and 7 received no supplementation. Astaxanthin supplementation resulted in
the increase in total antioxidant status by 31.5%, accompanied by decreases in the amount of total
thiobarbituric acid-reactive substances -TBARS and glutathione reductases - GR values by 34.5% and
45.4%, respectively, after 1 month and this effect persisted until the end of the observation. After
individual training session the activities of glutathione peroxidases and GR were lower by 69% and
46%, respectively, and TBARS lower by 38% in supplemented horses. These results directly confirmed
the beneficial effects of astaxanthin supplementation on the antioxidant status of race horses.
Astaxanthin partially counterbalance the training-related oxidative stress, save the horse natural
antioxidant defense, and shift the redox status towards a more reducing environment. At the same
time, exercise-induced reactive oxygen species production at certain level was maintained and so that
contributed to training progress.

Keywords Race horses, Training, Oxidative stress, Antioxidants, Dietary supplementation
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HCT Hematocrit

HGB Hemoglobin concentration

LA Lactic acid

LDH 5-lactate dehydrogenase isoenzyme-5
LYM Lymphocyte count

MDA Malondialdehyde
MON Monocyte count

NEU Neutrophil count

PLT Platelet count

RBC Red blood cell count

ROS Reactive oxygen species
SDS Sodium dodecyl sulfate
SOD Dismutases

TAC Total antioxidant capacity
TAS Total antioxidant status
TBA Thiobarbituric acid
TBARS The amount of total thiobarbituric acid-reactive substances
WBC White blood cell count

Oxidative stress is defined as an imbalance between increased levels of reactive oxygen species (ROS) generated
during aerobic metabolism which cannot be balanced by the activity of antioxidant mechanisms'~. Muscle
tissue in both human and equine athletes is particularly vulnerable to ROS-induced damage due to the very
rapid metabolism of muscle cells aimed at producing high amount of energy during exercise. Performance
horses, regardless of the discipline, undergo this process even in anaerobic efforts e.g. short time racing when
the oxygen consumption increases even 30-fold above the basal level®. Under normal physiological conditions,
cells maintain redox homeostasis by generating and eliminating free radicals including ROS. This can occur
through intracellular enzymatic antioxidant mechanisms or through the action of antioxidants. The enzymatic
antioxidants include the superoxide dismutases (SOD), catalases (CAT), glutathione peroxidases (GPx), and
reductases (GR). In the process of training of performance horses, oxidative stress is somewhat desirable, as
moderate ROS production during exercise promotes positive physiological adaptations in active skeletal muscles
(e.g. mitochondrial biogenesis, synthesis of antioxidant enzymes and stress proteins)’. This is necessary to
achieve a high fitness level and the ability to participate in sports competitions. On the other hand, excessive
training that does not match the age and condition of the animal has negative consequences and leads to the
decrease of athletic performance. Oxidative stress and antioxidant response has been reported both after single
bout of strenuous exercise in endurance horses that undergo aerobic effort®” and in race horses that undergo
anaerobic effort®~°. Training has been shown to affect both, the oxidative stress and antioxidant status, however,
routine exercise does not seem to produce the sufficiently high level of oxidative stress to induce considerable
damage of muscle cells®! 2. Regardless of the experimental design, the studies indicate that proper nutrition is
critical for the welfare of performance horses, including the reduction of oxidative stress.

Astaxanthin, a red pigment commonly extracted from various microorganisms and marine algae such as
Haematococcus pluvialis or the yeast Phaffia rhodozyma, has emerged as a promising new antioxidant that may
be beneficial in preventing and/or reducing the risk of negative consequences of oxidative stress-induced cell
and tissue damage'’. Chemically, astaxanthin (3,3’-dihydroxy-p-carotene-4,4'-dione, C, H,,0,) belongs to the
xanthophyll family, the oxygen derivatives of carotenoids. It has 13 conjugated double bonds that are perfectly
symmetrical with respect to the 15-15’ position, and the backbone is an unsaturated hydrocarbon chain of 40
carbon atoms in length. The most noteworthy feature of astaxanthin’s chemical structure is the presence of oxygen
atoms in the tetraterpene chain and the conjugated double bonds. This structure is responsible for the molecule’s
strong antioxidant properties and remarkable polarity'*. Compared to other carotenoids such as p-carotene and
lycopene, astaxanthin has better bioavailability thanks to its amphipathic properties'”. It can integrate into the
lipid bilayer of cell membranes and affect their properties and functions. In fact, astaxanthin is able to quench
and scavenge ROS including hydrogen peroxide, superoxide anion, singlet oxygen, etc. in both the inner and
outer layers of cell membranes, demonstrating its unique potential compared to other antioxidants. In contrast,
ascorbic acid (vitamin C) acts only on the outer layer of cell membranes, whereas 3-carotene or a-tocopherol
(vitamin E) act on the inner layer'’. This explains a high bioactive potential of astaxanthin. Astaxanthin
is thought to have a potential antioxidant activity 10-fold higher than B-carotene and 100 times higher than
a-tocopherol'®. Many reports have already confirmed the beneficial pharmacological properties of astaxanthin
not only in terms of its antioxidant activity, but also its anti-inflammatory'’, immunostimulant, anti-cancer'?,
and anti-diabetic!® properties. To date most research on astaxanthin supplementation have been conducted to
investigate its potential use in humans, including the use of its antioxidant properties to reduce the negative
effects of oxidative stress in human athletes?™*!. Previous research conducted in both in vitro cell-cultures and
in vivo animal models provide some evidence to support the use of astaxanthin as a dietary supplement for both
athletes and recreationally active people. According to the pharmacological models, metabolism, performance
and recovery should improve after 3-5 weeks of intake?’. However, a recent report found no effect of 4 weeks of
astaxanthin supplementation on the markers of muscle damage or soreness in resistance-trained males?’.

In animal nutrition, astaxanthin-rich algae H. pluvialis have been used as feed additives to improve the
quality of animal products and the European regulations authorized its consumption up to a certain degree?>**.
Recently, astaxanthin has achieved the status of a ‘super nutrient’ and is the subject of an increasing number of
scientific studies'®?°. Its use in animals particularly susceptible to oxidative stress associated with intense skeletal
muscle metabolism such as performance horses is a now matter of lively discussion. So far several combinations
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of antioxidant vitamins (mainly vitamin E and C), trace elements (zinc, copper, and selenium), SOD and
ergothioneine have been used in horses?*—! and their effects are generally viewed as beneficial.

Astaxanthin is recommended as a supplement for sport horses by several equine web portals, but the
hypothesis regarding its effect has been studied only indirectly, in combination with L-carnitine, based on the
activities of creatine kinase (CK) and lactate dehydrogenase isoenzyme-5 (LDH-5) in blood??. Direct effect of
astaxanthin on oxidative stress in horses has never been studied. Therefore, this study aimed to assess the effect
of micellar form of astaxanthin administered to Arabian race horses at a dose of 250 mg per a horse (0.52—
0.58 mg/kg BW) on the parameters of oxidative status during long-term observation and the changes related to
a single training session of high intensity. To formulate the first broad characteristics, the panel of parameters
of oxidative stress was used: the total antioxidant status (TAS), the amount of total thiobarbituric acid-reactive
substances (TBARS) and blood activities of the enzymes involved in antioxidant defense such as GPx, GR, SOD,
and CAT.

Results

The astaxanthin content in the administered supplement was 0.1520+0.0052 pg/mg (coefficient of variation
[CV%] of 3.42%) and total carotenoids (as B carotene) content was 0.9889 +0.0485 pg/mg (CV% of 4.90%). After
a monthly storage of the micelles, no separation of the water and oil phases could be observed. Additionally,
imaging with the ZOE™ Fluorescent Cell Imager confirmed the stability of the micelles (Fig. 1) on the day of
micelle preparation (Fig. 1a) and after 1 month (Fig. 1b).

Evaluation of the long-term effect of astaxanthin supplementation (Fig. 2) on the baseline oxidative status,
involved examination of horses (including blood tests) at four time-points: in April just before the beginning
of intensive training sessions and astaxanthin supplementation (this testing denoted as T0), and then monthly
before the intensive training session (pre-session) — in May (after 1 month of training, T1-0), June (after 2
months of training, T2-0), and in July (after 3 months of training, T3-0).

To evaluate the effect of astaxanthin supplementation (Fig. 2) on oxidative status during a single training
session, in May the horses were subjected to the field exercise test including blood tests 2 more times: right after
the training session involving fast gallop (T1-1), and after 40-min. restitution in the horse walker (T1-2).

Fig. 1. Visualization of micelles, (a) day 1, (b) day 30.
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Fig. 2. Study design. Created with BioRender.com.

Of the initial number of 16 Arabian horses (11 stallions and 5 mares), 2 stallions and 1 mare were excluded
due to the accidental contusions that interrupted their training, so finally the astaxanthin (A) group consisted
of 6 horses (4 stallions and 2 mares) and the control (C) group consisted of 7 horses (5 stallions and 2 mares).
There was no difference in sex distribution between groups (p =0.999). In June and July, the horses were already
involved in racing, so the analyses were performed on smaller number of animals: 11 horses (5 from A group and
6 from C group) in June (T2-0), and 9 horses (4 from A group and 5 from C group) in July (T3-0). The numbers
of starts as well as the time of the first start and the numbers of won races were similar in both groups (p =0.850).

The increases in lactic acid (lactate, LA) concentration in blood after training sessions were significant
(p=0.001) and similar in both groups (p=0.210) which confirmed that the effort was similar and relatively high
for both groups.

The hematological parameters before entering the intensive training (T0) and before training sessions (T1-
0, T2-0, and T3-0) fell within reference intervals for horses®> and did not differ significantly between the A
and C groups (Table 1). In both groups, erythrogram parameters i.e. red blood cell count (RBC), hemoglobin
concentration (HGB), hematocrit (HCT) as well as white blood cell count (WBC) increased significantly after
the training session (at T1-1; p<0.001 and p=0.013, respectively) and reverted to the baseline value after 40-
min. restitution in horse walker (at T1-2; Table 2).

Long-term effect of astaxanthin supplementation on the oxidative status

None of resting oxidative status measurements in April (before supplementation) differed significantly between
groups (Table 3). The long-term effect of astaxanthin supplementation on the oxidative status measurements at
rest involved significant increase in TAS, and significant decrease in GR and TBARS (Fig. 3).

TAS measurements in the C group remained unchanged compared to the resting (T0) value until July, when
it increased, however, this change was not significant (p =0.056). In the A group, TAS increased after one month
of supplementation and was significantly higher than in the C group on May (p <0.001) (Fig. 3a). GR activity
remained unchanged in the C group for the whole study, with slight (insignificant) decrease in June. In the
A group, GR activity markedly decreased (p <0.001) and remained lower than in the C group till the end of
observation (Fig. 3b). GPx activity remained unchanged in the C group for the whole study, however, large
variations among individuals were noted. In the A group, GPx activity decreased between resting (T0) and pre-
session in May (T1-0), however the differences were not significant and the variations among individuals were
considerable (Fig. 3¢). SOD activity remained unchanged in the C group until July, when it increased significantly
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Comparison between Interaction
Time points (T0, between time and
Time points at which h tological ts were taken T1-0, T2-0, T3-0) Groups (A, C) group
Hematological F-statistic F-statistic F-statistic | p-
measurement | Group | TO T1-0 T2-0 T3-0 (df ,df,) p-value | (df,df,) p-value | (df,df,) value
A 10.0 (9.0, 10.9) | 9.9 (9.0, 10.9) 10.0 (9.0, 10.9) | 9.9 (8.9,10.8)
RBC [T/L] C 10.3(9.5,112) |10.3(94,11.1) |9.6(8.6,10.6) |10.1(9.1,11.0) |0.72(3,37) | 0.545 0.04 (1,37) | 0.839 | 0.82(3,37) | 0.490
RSE 0.55 0.58 0.30 0.35
A 14.7 (13.5,15.9) | 14.8 (13.7,16.0) | 14.8 (13.6,16.0) | 14.6 (13.4, 15.8)
HGB [g/dl] C 15.2 (14.1,16.3) | 15.4 (14.3,16.4) | 14.4 (13.1,15.6) | 14.9 (13.8,16.1) | 0.70 (3,37) | 0.560 1.22(1,37) | 0.729 0.67 (3,37) | 0.577
RSE 0.79 0.86 0.41 0.58
A 42 (39, 45) 41 (38, 44) 41 (38, 44) 40 (37, 44)
HCT [%] C 43 (40, 46) 42 (39, 45) 40 (36, 43) 42 (38, 45) 1.10 (3,37) | 0.361 0.11 (1,37) | 0.742 0.54 (3,37) | 0.661
RSE 2.6 3.0 1.3 1.6
A 187 (161,213) | 147 (121,173) | 82 (55, 110) 174 (146, 202)
PLT [G/]] C 175 (151, 199) 113 (89, 137) 95 (64, 125) 149 (122, 177) ?;1)3876) <0.001% | 1.33(1,37) | 0.256 1.49 (3,37) | 0.233
RSE 20.3 30.5 17.4 19.7
A 10.0 (9.1,10.9) |8.9(8.1,9.8) 9.3(8.3,10.2) 9.4 (8.5,10.4)
WBC [G/]] C 9.5 (8.7, 10.3) 9.4 (8.6,10.2) 9.0 (7.9, 10.0) 9.3(8.3,10.2) 1.19 (3,37) | 0.327 0.11 (1,37) | 0.740 0.65 (3,37) | 0.586
RSE 0.85 1.06 0.68 0.42
A 49 (4.1,5.7) 4.6(3.8,5.4) 4.8 (4.0, 5.6) 4.6(3.8,5.4)
NEU [G/]] C 4.0(3.3,4.7) 4.1(3.4,4.8) 3.9 (3.0,4.7) 4.3(3.5,5.1) 0.08 (3,37) | 0.972 2.36(1,37) | 0.133 0.72 (3,37) | 0.549
RSE 0.60 0.63 0.59 0.40
A 4.3(3.7,4.8) 3.6(3.1,4.2) 3.8(3.2,4.4) 4.0 (3.4, 4.6)
LYM [G/1] C 4.8 (4.3,5.3) 4.5(4.0,5.0) 4.3(3.7,4.9) 4.3(3.7,4.8) 3.70 (3,37) | 0.020* 3.26 (1,37) | 0.079 1.07 (3,37) | 0.373
RSE 0.35 0.51 0.19 0.24
A 0.60 (0.51, 0.69) | 0.55 (0.46, 0.64) | 0.50 (0.40, 0.60) | 0.51 (0.41, 0.61)
MON [G/]] C 0.53 (0.44, 0.61) | 0.56 (0.48, 0.65) | 0.53 (0.43, 0.63) | 0.49 (0.40, 0.59) | 2.07 (3,37) | 0.121 0.04 (1,37) | 0.839 1.28 (3,37) | 0.297
RSE 0.061 0.047 0.080 0.049
A 0.18 (0.11, 0.24) | 0.12 (0.06, 0.19) | 0.14 (0.07, 0.21) | 0.26 (0.19, 0.33)
EOS [G/1] C 0.12 (0.06, 0.18) | 0.09 (0.03, 0.15) | 0.09 (0.01, 0.16) | 0.13 (0.06, 0.20) | 4.03 (3,37) | 0.014* 4.53 (1,37) | 0.040* |1.07 (3,37) | 0.375
RSE 0.035 0.021 0.043 0.111
A 0.05 (0.03, 0.07) | 0.08 (0.06, 0.10) | 0.07 (0.05,0.09) | 0.07 (0.05, 0.09)
BAS [G/]] C 0.06 (0.05, 0.08) | 0.08 (0.06, 0.10) | 0.06 (0.04, 0.08) | 0.08 (0.06, 0.10) | 5.53 (3,37) | 0.003* 0.01(1,37) | 0.991 1.10 (3,37) | 0.360
RSE 0.011 0.016 0.008 0.013

Table 1. Analysis of hematological measurements at rest using the mixed linear model. Hematological
measurements are presented as the estimated marginal means with 95% confidence intervals (CI 95%) in
parentheses and residual standard error (RSE). Hematological measurements were performed in April just
before the beginning of intensive training sessions and astaxanthin supplementation (T0), and then monthly

before the intensive training session (pre-session) — in May (after 1 month of training, T1-0), June (after 2

months of training, T2-0), and in July (after 3 months of training, T3-0). A - astaxanthin group, C - control
group, RBC - red blood cell count, HGB - hemoglobin concentration, HCT - hematocrit, PLT - platelet

count, WBC - white blood cell count, NEU - neutrophil count, LYM - lymphocyte count, MON - monocyte
count, EOS - eosinophil count, BAS - basophil count, RSE - residual standard error, df1 — degrees of freedom
associated with the among-group sum of squares, df, — degrees of freedom associated with the within-group
(error) sum of squares. *Significant at a=0.05.

(p<0.001), in contrast to the A group where it remained unchanged during whole time of observation, however,
large variations among individuals were also noted (Fig. 3e). TBARS (Fig. 3d) remained unchanged in the C
group with large variations among individuals. In the A group, TBARS decreased significantly one month after
the beginning of astaxanthin supplementation (p <0.001) and remained lower than in the C group till the end
of the observation. Neither time nor astaxanthin supplementation affected the CAT activity, however, the values
largely varied among individuals.

The effect of astaxanthin supplementation on oxidative status during a single training
session

Significant changes occurred in all oxidative status measurements except CAT (Table 4). The training session
was analyzed after one month of astaxanthin supplementation and therefore the measurements before training
session already differed significantly between groups. TAS before the training was significantly higher in the A
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Comparison between Interaction
Time points at which hematological measurements N Time points (T1-0, between time and
were taken test for T1-1, T1-2) Groups (A, C) group
Hematological sphericity | F-statistic F-statistic F-statistic | p-
measurement | Group | T1-0 T1-1 T1-2 (p-value) | (df,,df,) p-value | (df,df,) p-value | (df,df,) value
A 10.1(9.0,11.1) | 12.1(10.8,13.5) | 10.3 (9.4, 11.1) | 0.169 16.22 (2,20) | <0.001* | 0.31 (1,10) | 0.589 | 0.55(2.20) | 0.585
RBC [T/1] c 103 (9.4, 11.1) | 11.7 (106, 12.9) | 9.7 (9.0, 10.4)
RSE | 1.04 137 0.86
A 15.1 (13.7, 16.4) | 185 (16.4, 20.6) | 15.5 (143, 16.7) | 0.148 17.30 (2,20) | <0.001* | 0.57 (1,10) | 0469 | 0.64 (2,20) | 0.540
HGB[g/d]] | C 154 (142, 16.5) | 17.8 (16.0, 19.6) | 145 (13.5, 15.5)
RSE | 135 2.13 116
A 41 (37, 46) 54 (47, 62) 43 (40, 46) 0.032* 0.001* | 1.05 (1,10) | 0.330 0.421
HCT [%) c 42 (39, 46) 50 (44, 57) 40 (37, 42) (118..;)0,1 S0 ?f_’?o,l 50y
RSE |42 7.5 3.0
A 147 (106, 187) | 140 (110,170) | 154 (118, 190) | 0.800 0111 | 046(1,10) | 0515 0.202
PLT [G/]] c 113(79,147) | 141 (115,167) | 152 (121, 182) 2.46 (2,20) 1.73 (2,20)
RSE | 40.5 304 362
A 9.0(7.7,104) | 112(9.5129) |9.9(88,11.0) |0.019* 0.013* | 0.08(1,10) | 0.780 0.528
WBC [G/1] c 9.4(83,10.5) |10.7(9.2,12.1) |9.6(8.7,10.5) (7f216)12' 6 ?5226,1 26y
RSE | 131 172 1.07
A 48(40,56) |51(41,61) |56(4566) 0.276
NEU [G/1] c 41(3.4,48) |42(4,51) |43(34,52) | 0.008* ?i?zﬁo,u.o)* 0107 | 7.86(1,10) | 0.100 (13260’12_0)3
RSE | 0.83 0.99 1.06
A 35(26,43) |52(42.62) |37(30,43) | 0.007* 148
LYM [G/1] c 45(38,52) |57(48,66) | 46(41,5.1) (120,120 | 9002* | 5.12(1,10) | 0.047* (()f;O,IZ.O)“‘ 0.492
RSE | 0.86 1.04 0.61
A 0.57 (0.46,0.68) | 0.71 (0.60,0.83) | 0.48 (0.38, 0.58) | 0.312 8.86(2,20) | 0.002* | 0.39(1,10) | 0547 |3.76(2,20) | 0.041%
MON[G/I] |C 0.56 (0.47, 0.66) | 0.58 (0.48, 0.67) | 0.52 (0.4, 0.61)
RSE | 0.111 0.117 0.101
A 0.13 (0.08,0.17) | 0.12 (0.08, 0.15) | 0.12 (0.09, 0.15) | 0.936 0.12(2,20) |0.890 | 1.92(1,10) |0.196 | 1.31(2,20) |0.293
EOS [G/]] C 0.09 (0.05,0.13) | 0.10 (0.07, 0.12) | 0.09 (0.06, 0.12)
RSE | 0.044 0.034 0.035
A 0.09 (0.06,0.11) | 0.08 (0.05,0.1) | 0.06 (0.04,0.08) | 0.176 0.014* | 0.03(1,10) | 0.867 0.147
BAS [G/1] c 0.08 (0.06,0.10) | 0.08 (0.06,0.1) | 0.07 (0.05, 0.09) 5.29 (2,20) 2.11(2,20)
RSE | 0.027 0.026 0.023
A 0.05 (0.05,0.05) | 17.3 (8.12, 26.5) | 1.79 (0.42, 3.16)
LA [mmoll] | C 0.05 (0.05,0.05) | 9.12 (1.35, 16.9) | 1.87 (0.72, 3.03) | <0.001* ?13:32)10_2)6 0.001* | 1.79 (1,10) | 0.210 (Zi?gz,lo.z)“ 0.140
RSE | 0.000 9.234 1370

Table 2. Analysis of hematological measurements using repeated-measure analysis of variance. Hematological
measurements are presented as the estimated marginal means with 95% confidence intervals (CI 95%) in
parentheses and residual standard error (RSE). Hematological measurements were performed right after the
training session involving fast gallop (T1-1), and after 40-min. restitution in the horse walker (T1-2). A -
astaxanthin group, C - control group, RBC - red blood cell count, HGB - hemoglobin concentration, HCT -
hematocrit, PLT - platelet count, WBC - white blood cell count, NEU - neutrophil count, LYM - lymphocyte
count, MON - monocyte count, EOS - eosinophil count, BAS - basophil count, LA - lactate concentration,
RSE - residual standard error, df, - degrees of freedom associated with the among-group sum of squares, df, -
degrees of freedom associated with the within-group (error) sum of squares. * Greenhouse-Geisser correction
for sphericity applied. *Significant at a=0.05.

group (p=0.024), increased significantly immediately after the training in both groups (p <0.001), reaching
similar values in both groups and then decreased after 40-min. restitution, remaining significantly higher in the A
group (p <0.001, Fig. 4a). GR activity was significantly lower in the A group (p <0.001) before the training (pre-
session, T1-0), then slightly increased in both groups remaining significantly lower in the A group (p=0.002)
and after restitution decreased to similar values in both groups (Fig. 4b). GPx activity was at similar level in
both groups before the training and after exercise it increased significantly only in the C group (p <0.001) being
also significantly higher than in the A group (p <0.001) and decreased after restitution to similar level in both
groups (Fig. 4c). SOD activity remained unaffected by training except for restitution value, which decreased
significantly in the A group (p =0.007), being also significantly lower than in the C group (p <0.001) (Fig. 4e).
TBARS remained unaffected by the training effort, however was significantly lower in the A group in all time
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Comparison between
Time points (TO, Interaction between
Oxidative Time points at which oxidative status measurements were taken T1-0, T2-0, T3-0) Groups (A, C) time and group
status F-statistic F-statistic F-statistic
measurements | Group | TO T1-0 T2-0 T3-0 (df ,df,) p-value | (df ,df,) p-value | (df,df,) p-value
A 78.9 (67.3,90.5) | 103.8 (92.2, 115) | 93.6 (82.0, 105) | 116 (103, 130)
TAS [umoll] | C 710 (60.3, 81.8) | 74.9 (64.2,85.7) | 77.3 (65.8,88.8) | 98.1 (85.6, 111) (1323396) <0.001* 211";)91) 0.002* | 1.63(3,39) | 0.197
RSE | 12.13 6.01 15.27 8.24
A 8.27(7.30,9.25) | 5.42 (4.45,6.39) | 5.33 (4.36,631) | 5.31 (4.12, 6.50)
[Tn%iﬁ/sl] c 7.49 (6.59,8.39) | 7.64 (6.74,8.54) | 631 (5.34,7.29) | 8.00 (6.93,9.07) | 6.72 (3.39) | <0.001* 212"3896) <0.001* | 5.13 (3,39) | 0.004*
RSE | 1015 1.107 1368 1139
A 341 (306,376) | 186 (152,221) | 207 (173,242) | 217 (175, 260)
GR [U/1] C 315 (283,347) | 328 (296,360) | 272 (238,307) | 337 (299, 374) | 1-30 <0.001* | 2904 <0.001% | 10-84 <0.001*
(3.39) (1,39) (3,39)
RSE | 3262 37.53 4417 38.91
A 326 (282,370) | 258 (214,302) | 271 (228,315) | 258 (205, 310)
GPx [U/1] c 206 (255,336) | 317 (277,358) | 302 (259,346) | 323 (276,370) |0.77(3,39) | 0520  |2.47(139) | 0.124 | 2.67 (3,39) | 0.061
RSE | 4493 39.56 146.68 36.75
A 271 (2.42,3.00) | 2.48 (2.20,2.77) | 2.56 (2.28, 2.85) | 2.98 (2.65, 3.30)
SOD [U/]] c 2.69 (2.42,2.95) | 2.85 (2.58,3.11) | 2.70 (2.42,2.98) | 3.45 (3.15, 3.74) (1323392) <0.001% | 2.24(1,39) [0.143 | 2.41(3,39) | 0.081
RSE | 0.238 0.171 0.216 0.194
A 113(82,143) |122(9.2,153) | 11.6(8.5 14.6) | 10.1(6.80,13.3)
CAT [U/]] c 15.7 (124, 19.0) | 172 (13.9,20.6) | 17.6 (14.3, 21.0) | 159 (12.6, 19.2) | 2.10 (3,34) | 0.118 | 7.10(1,34) | 0.012* | 0.44 (3,34) | 0.725
RSE | 129 0.98 168 228

Table 3. Analysis of oxidative status measurements at rest using the mixed linear model. Oxidative status
measurements are presented as the estimated marginal means with 95% confidence intervals (CI 95%) in
parentheses and residual standard error (RSE). Oxidative status measurements were performed in April just
before the beginning of intensive training sessions and astaxanthin supplementation (T0), and then monthly
before the intensive training session (pre-session) — in May (after 1 month of training, T1-0), June (after 2
months of training, T2-0), and in July (after 3 months of training, T3-0). A - astaxanthin group, C - control
group, TAS - total antioxidant status, TBARS - thiobarbituric acid-reactive substances, GR - glutathione
reductases, GPx - glutathione peroxidases, SOD - superoxide dismutases, CAT - catalases, RSE - residual
standard error, df; — degrees of freedom associated with the among-group sum of squares, df, — degrees of
freedom associated with the within-group (error) sum of squares. *Significant at a=0.05.

points due to its significant decrease between resting (T0) and pre-session testing in May (T1-0) (p=0.004)
(Fig. 4d). CAT remained unaffected by training and at similar level in both groups (Fig. 4f).

Discussion

The beneficial effect of astaxanthin in the horses has been suggested by in vitro studies* and in vivo observations®?,
but these data did not show the direct antioxidant effect of supplementation. Moreover, the recommended
dosage of commercially available supplements is wide. Sato et al.>* administered to the horses supplement that
contained 37.5 mg of astaxanthin, however, the manufacturer of AstaReal mentioned the studies with 75 mgand
30-100 mg doses® and other company recommended much higher dose: 937.5 mg twice daily*®. Astaxanthin
has been proven to be safe and beneficial at very high doses: 50 mg/kg and even 200 mg/kg in rats*”*%. Beagle
dogs and cats were safely dosed with up to 40 mg and 10 mg, respectively, which corresponds to 3-4 mg/kg®.
However, in the study lasting for 6 weeks the dose of 0.3 mg/kg was used’. In the present study the dose of
250 mg per horse was chosen, which on one hand, seems to be high enough to clearly evaluate the effect of
astaxanthin supplementation and on the other hand completely safe in the 3 months supplementation period
according to currently available data.

The presented results have shown the effect of astaxanthin supplementation on general antioxidant status and
the antioxidant defense measured as TAS, the activities of antioxidant enzymes and lipid peroxidation reflected
by TBARS as well as the effect of the high-intensity training session on these measurements. The study design
allowed also to investigate the exercise-related changes in the level of antioxidant status related to the beginning
of race training in Arabian horses without supplementation. Previously, antioxidant status in Arabian horses has
been described only in endurance effort (aerobic in nature), so this study is the first report on antioxidant status
in racing Arabians (anaerobic effort).

Many methods have been proposed for measuring exercise-induced stress, including the markers of lipid
peroxidation, reactive oxygen metabolites, antioxidant potential/status, the antioxidant enzyme activity, and
the muscle enzyme activity being an indirect measurement of oxidative damage™’. The methods are limited
by the study protocol, and the most common measurements are the activities of antioxidant enzymes and
muscle enzymes in blood. However, the presence of reactive oxygen metabolites, expressed as reactive oxygen
metabolites (dROMs) in blood, has also been shown as a result of exertion™'°.
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Fig. 3. The long-term effect of astaxanthin supplementation on the parameters of oxidative status. Statistical
significance is indicated above the lines as follows: * 0.01 <p < 0.5, ** 0.001 <p < 0.01, *** p <0.001.

The indirect beneficial effect of astaxanthin supplementation in race horses has been reported as a reduction
of muscle enzymes creatine phosphokinase (CK) and lactate dehydrogenase (LDH-5) leakage into circulation™.
Continuous astaxanthin supplementation for 8 weeks led to the decreases in CK and LDH activities measured
4 h after an intense training session. In this study, we looked deeper in the mechanisms by measuring antioxidant
parameters which give the insight into the level of oxidative stress that occurs as a direct result of the training
as well as single bout of exercise. The activities of muscle enzymes were not measured, as marked CK increases
occur at least 2 h after the training session'>***!. Instead we used the exercise test that allows to investigate the
changes in post exercise LA concentrations and the decreases after 40-min. restitution. Compared to Sato et al.*
findings, in our study the antioxidant effect of astaxanthin supplementation was observed earlier, after 4 weeks
of supplementation and then remained at the similar level till the end of the observation period.

Changes of hematological measurements and LA concentration confirmed that the training session examined
in this study posed a significant effort for horses, required for the training progress, however, the effort did not
exceed exercise capacity of the horses, as indicated by the decreases after 40-min. restitution. The measurements
of oxidative stress changed after single training session and during whole training period and the effect of
astaxanthin supplementation was significant.

Higher TAS values observed one month after astaxanthin supplementation accompanied by lower TBARS
indicate the improvement in ROS removal, and diminished level of lipid peroxidation. The oxidant/antioxidant
imbalance phenomenon has been described in race horses as occurring during a 3-month race period”’. The
design of the present study covered this period and provided more details regarding the changes related to
training and supplementation.

TAS or total antioxidant capacity (TAC) provide the information regarding overall antioxidant status,
involving all the antioxidants in the body, including the ones not recognized yet or difficult to measure. It
increased by 31.5% after one month of astaxanthin supplementation, together with the decrease in TBARS by
34.5%. The change was significant only in the 1st month, however, in both astaxanthin and control groups
of horses a tendency to increase in TAS during 4 months of intensive training was seen with higher values
in the supplemented group. Thus, long term changes related to the race training were proved, however, such
changes were not detected in the horses that began moderate training®?. It is expectable that supplementation
with antioxidants should increase TAS and it was confirmed in our study. However, it has also been reported that
2 weeks of supplementation with vitamin E alone or in combination with coenzyme Q,, did not affect either TAS

at rest or after exercise in leisure horses®.
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Fig. 4. The effect of astaxanthin supplementation on oxidative status during a single training session. Statistical
significance is indicated above the lines as follows: * 0.01 <p < 0.5, ** 0.001 <p <0.01, *** p <0.001.

Major antioxidant defense and so that antioxidant status is enzymatic. Antioxidant enzymes orchestrate
in removing free radicals and in turn prevent lipid peroxidation. GR and GPx act as a system for reduction
and peroxidation of glutathione disulfide, which allows to utilize hydrogen peroxide (H,0,), and other organic
hydroperoxides with the electron from glutathione. SOD acts synergistically with GPx by catalyzing the
dismutation of the superoxide radical (O~ ,) into molecular oxygen (O,) and H,0,, then converted by CAT into
oxygen and water.

Results presented in this study show that GR activity significantly decreased by 45.4% one month after
astaxanthin supplementation and remained lower than in control group by the end of the observation. GPx,
SOD, and CAT activities also tended to be lower in astaxanthin-supplemented horses, but the differences were
not significant. Studies report various patterns of the changes in antioxidant activities of enzymes in response
to antioxidant supplementation, but the increases were interpreted as beneficial”’. However, astaxanthin’s
mechanism of action is more complex than supplements tested in equine studies. Astaxanthin is a ROS scavenger
acting by both donating electrons and by bounding free radicals and so that form a non-reactive product.
Additionally, due to a unique chemical structure with a series of conjugated bounds in non-polar region, the
molecule can remove free radicals by transporting them along its own carbon chain outside the cell where other
antioxidant can neutralize them™. It seems that astaxanthin supplementation posed an additional background
for removing free radicals and increasing the redox capacity, leading to higher TAS values. Training itself does
not seem to affect the activities of antioxidant enzymes, except SOD which increased in July (after 4 months
of training) in control group but not the group supplemented with astaxanthin. The patterns of changes in
the activities of antioxidant enzymes in response to training in horses vary across the literature. The decreases
in SOD and GPx activities in Thoroughbred horses have been reported in 6th and 12th weeks of training but
GPx increased in the horses supplemented with antioxidant vitamins and trace elements?’. In leisure horses
subjected to training of moderate intensity SOD and GPx levels did not change? or varied, mostly decreased
at the beginning of training and increased in 2nd (GPx) and 8th (SOD) weeks of exercise’?. Human studies
have shown that training, understood as repeating exposure to increased ROS levels leads to the upregulation
of antioxidant defense including increasing SOD and GPx activities at rest***. Similar phenomenon may be
expected in horses, however, it is likely dependent on the time and intensity of training. It should be strongly
indicated that the training loads recommended for horses are much lower than recommended for humans,
which can also influence the type, level and time of changes in antioxidant enzymes’ activities.

The intensive training leads to ROS production which in turn may result in lipid peroxidation®. TBARS
assay gives an insight into overall levels of oxidative stress due to the fact that it allows for the measurement
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of many products of lipid peroxidation. Thiobarbituric acid (TBA) used in the assay bounds malondialdehyde
(MDA), the most commonly measured product of lipid peroxidation but also other molecules derived from this
process*. In the present study, TBARS was not affected by the training process, but significantly influenced by
astaxanthin supplementation. It cannot be excluded that training related changes in lipid peroxidation occur
earlier as it was shown in the 2nd week of moderate training in the horses that were not trained before?. The
astaxanthin effect occurred after one month of administration when TBARS level was significantly lower by
34.5% in the horses supplemented with astaxanthin, then remained lower until the end of observation. Other
studies regarding antioxidant supplementation have reported lower or no differences. After 30 days of vitamin E
supplementation, MDA production did not change in Thoroughbred horses undergoing low-intensity exercise
and interval training®. Ergothioneine administration for 4 weeks in Arabian stallions resulted in the reduction of
MDA concentrations by 5%°!. Unfortunately, singularly assessed MDA production cannot be directly compared
to TBARS measurements and even TBARS assay results should not be compared across different laboratories
due to possible pre-analytical differences and assay conditions that do not allow even minor variations in the
protocol®®,

Marked increase in TAS accompanied by marked decrease in TBARS (both by over 30%) proved the beneficial
effect of astaxanthin on the antioxidant defense in the examined horses. Decrease in TBARS indicates also lower
level of lipid peroxidation, which likely deals also with the oxidative damage of the muscles. Such high level of
changes has not been reported before in the literature regarding dietary antioxidants for horses.

The training session produced significant increases in TAS immediately after exercise in all horses regardless
of the supplementation, indicating that antioxidant defense was triggered by exercise. However, the values before
and 40 min after exercise were higher in astaxanthin supplemented horses. Thus, the relative increase was lower
in supplemented horses (1.6-fold vs. 2-fold in the control group). Similar TAS increases (1.6-fold and 1.7-fold)
have been reported in Arabian horses after 1250- and 1400- meters races’. In contrast, moderate exercise in
sedentary horses produced only a slight increase (by 7.5%) and only in the 1st days of training*. It confirms that
TAS changes in response to exercise depend on the intensity of effort, but in the present study they were also
influenced by astaxanthin supplementation.

Both GPx and GR activities tended to increase immediately after training session and decrease after 40-min.
restitution. Still, only the increase in GPx activity in the control group was significant. The increases, visible
although not significant, may show the compensation triggered by increased ROS production during an effort,
while the depletion after restitution may be related to already reduced ROS amount. Lower activities of these
enzymes in the supplemented group of horses seem to mirror lower pool of ROS that must be removed and a
better antioxidant state, resulting from the presence of astaxanthin that poses an additional antioxidant.

The differences in SOD activities were slight and insignificant in the C group and the only significant
difference was the decrease after 40-min. restitution in the horses supplemented with astaxanthin additionally
suggesting its synergistic action with endogenous antioxidant system. Various effects of astaxanthin on the
activities of antioxidant enzymes have been presented in the literature. The increases in SOD, CAT, and GPx
activities have been reported in cell lines subjected to oxidative stress’’. However, in mice undergoing moderate
intensity exercise the decreases have been observed*®. Similarly, various results have been reported regarding the
activities of antioxidant enzymes in response to the effort.

Slight, insignificant changes in the activities of SOD and GPx have occurred after moderate exercise in leisure
horses*>*2. Slight but significant decreases in GPx activities have been reported in Arabians after 1250- and
1400- meters races’. In contrast, significant post exercise increases dealing with all antioxidant enzymes (SOD,
GPx, GR, CAT) activities have been reported in Arabians after 30 km training session and have been markedly
amplified by ergothioneine supplementation®’.

As it has been mentioned, a certain ROS concentration is beneficial for proper adaptation to the workload.
Low concentrations of ROS increase Ca®* release and force production, but further increase leading to high
amounts of ROS result in the drop in force output’®. Moreover, adaptation occurs only when the stimulus (ROS
concentrations) exceeds minimal threshold, overloading the system*°. Thus, the dose of antioxidant should be
carefully chosen to allow proper adaptation resulting from the training sessions including the upregulation of
the body’s antioxidant defense. The dose selected in the present study allowed for contribution to the antioxidant
defense, thus it seems that the production of ROS necessary to induce adaptive changes was maintained.

TBARS values did not change significantly in response to the exercise in this study, however, the levels in the
horses supplemented with astaxanthin were lower in all sampling points. There are reports showing increased or
unchanged lipid peroxidation rate measured as MDA production in response to exercise. Pronounced increases
have been found in endurance horses. In Arabian stallions after 30 km long training MDA production increased
1.8-fold, but at lower extent in the horses supplemented with ergothioneine®'. An increase in TBARS has been
reported also after 160 km endurance ride together with the decrease in TAS in the halfway®. Shorter exercise
sessions generally produced less or no increases. Chiaradia et al.'! have shown the slight but significant increase
in MDA production after training session in Maremmana race stallions. Similarly, in untrained leisure horses
subjected to moderate exercise MDA levels increased by 47%, but remained unchanged when vitamin E was
supplemented®. Other studies regarding single, short time training sessions have reported no changes in MDA
concentrations after exercise. Such results have been obtained in Standardbreds conditioned for 8 weeks before
the examined training session'? and in Arabians after 1250- and 1400- meters races, regardless of the distance’.

The results presented in this study confirmed the beneficial effects of astaxanthin supplementation on the
antioxidant status of Arabian horses that begin their race training. Astaxanthin seems to counterbalance the
training-related oxidative stress partially. The selected dosing seems proper to shift the redox status towards
more reducing environment, which is undoubtedly beneficial for the health and welfare of a horse. At the same
time, the effects of training sessions which trigger ROS production and, in this manner, contribute to training
progress are maintained.
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Methods

Yeast biomass cultivation, astaxanthin extraction and micellization

The P. rhodozyma NCYC 874 strain (National Yeast Culture Collection, Great Britain) was cultured for 72 h at
21 °C in a shaker at 160 rpm (LS 500 POL-EKO Apparatus, Wodzistaw Slgski, Poland) on YPD medium (Sigma
Aldrich; Poznan, Poland). Cells were harvested by centrifugation at 3200 X g for 5 min. at 4 °C.

Ten g of the collected biomass was extracted with continuous shaking (160 rpm, 30 °C, 2 h) with 200 ml
of acetone (Sigma Aldrich; Poznan, Poland). Then, the cells were centrifuged at 3200 X g for 5 min. at 4° C.
The acetone was evaporated in a ventilated incubator at 35 °C in the dark. The astaxanthin concentration and
total carotenoid content (as B-carotene) in the sample was determined in an external laboratory (ChemProf
Doradztwo Chemiczne s.c. Olsztyn, Poland) using the HPLC/UV-VIS method.

To ensure the stability of astaxanthin, the micellization process was carried out in a high- pressure
homogenizer (NS1001L2K, Niro-Savi; Italy) at a pressure of 200 bar. 0.5% (w/w) methylcellulose (Certech;
Poland), 16.6% (w/w) rapeseed oil (Kruszwica; Poland) and 83.4% (w/w) astaxanthin suspended in water were
used to prepare micelles. Emulsion stability was assessed visually using the ZOE™ Fluorescent Cell Imager (Bio-
Rad) after one month of storage. To improve the organoleptic properties, astaxanthin micelles were mixed with
water and 10% (w/w) malt.

Horses and training

Sixteen privately owned 3 years old Arabian horses, 11 stallions and 5 mares, in regular race training were enrolled
in the study. All horses were stabled in one racing facility (Stuzewiec Race Track in Warsaw) and trained by the
same trainer. The animals were selected on the basis of similar advancement in training. Clinical examination
by qualified veterinarian and hematological analysis were performed to exclude pathological conditions. All
horses were dewormed and vaccinated according to the routine schedule, not earlier than 3 weeks before the
onset of the study. They were housed in the same environment and fed the diet of hay, oats, and concentrate
which maintained the recommendation for racing Arabian horses, on average, digestible energy of 0.27 MJ/kg
BW per day and protein of 2.5 g/kg BW per day, divided into 3 meals. The diet was adjusted individually to each
horse, depending on the training progress and so was the workload. Salt and water were available ad Ilibitum.
At the beginning of the study (in April), the horses were randomly allocated into the astaxanthin (A) group (5
stallions and 2 mares) and control (C) group (6 stallion and 3 mares). The A group was supplemented daily with
astaxanthin at a dose of 250 mg per a horse which corresponded to the dose of 0.52-0.58 mg/kg BW. The C group
did not receive any supplementation.

Stallions and mares trained together in a mixed group with the same intensity at Stuzewiec Race Track in
Warsaw according to the exercise schedule involving 2 intensive training sessions every week. The intensive
training sessions included warm-up walking and trotting with the rider (about 15 min.), followed by cantering
and fast gallop (45-50 km/h) for 800 m, and 40 min. of exercise in a horse walker.

Blood samples

Blood samples were collected by jugular venipuncture in the time points presented at Fig. 2. During the
sampling procedure the horses were handled by their usual riders to minimize stress, as reccommended by the
Ethical Committee guidelines. Samples were collected using 0.8 mm needle into 3 vacuum tubes: EDTA tube
for hematological tests, heparinized tube for oxidative status measurements, and plain tube for the analysis of
lactic acid (lactate, LA) concentration. LA concentration was determined immediately after blood collection by
ejecting a drop of blood onto a single-use lactate strip (Accusport, Roche). EDTA and heparinized samples were
transported to the laboratory at 44 °C and analyzed within 6 h after collection. In EDTA-blood, the following
hematological measurements were performed using an automated hematology analyzer: red blood cell count
(RBC), hemoglobin concentration (HGB), hematocrit (HCT), white blood cell count (WBC), neutrophil count
(NEU), lymphocyte count (LYM), monocyte count (MON), eosinophil count (EOS), basophil count (BAS),
and platelet count (PLT). The measurements were performed in a certified laboratory and the methods were
validated according to certification standards. The high-quality peripheral blood smears stained with the May-
Griinwald-Giemsa reagent were assessed in the light microscope (Primo Star, Zeiss, Germany) under 1000X
magnification (with standard leukocyte differential count). The leukocyte differential count was performed by
classifying one hundred leukocytes into five subpopulations: neutrophils, eosinophils, basophils, monocytes,
and lymphocytes. One ml of blood from the heparinized tube was transferred into another tube, while the rest
was centrifuged and plasma was harvested. Then, both heparinized blood and plasma samples were immediately
frozen and kept at -80°C until the analysis of oxidative status.

All the procedures of blood sampling were performed as part of routine health examination and exercise test
and thus, according to the European directive EU/2010/63°° and Polish regulations regarding experiments in
animal there was no need for the approval of Ethics Committee for the described procedures, qualified as non-
experimental clinical veterinary practices, excluded from the directive. The trainer granted a written informed
consent for the use of blood for scientific analyses.

Oxidative status measurements

TAS as well as GR and CAT activities were analyzed in plasma samples using dedicated commercial kits (Randox
Laboratories Ltd., Crumlin, Co. Antrim, UK and Sigma Aldrich for CAT) by either colorimetric or UV methods
according to the protocols supplied by the manufacturer. GPx and SOD activities were quantified in the whole
blood using the Randox assay kits (RANSEL and RANSOD kit; Randox Laboratories Ltd., Crumlin, Co. Antrim,
UK) according to the manufacturer’s manuals. The measurements were performed spectrophotometrically using
Biochrom Anthos Zenyth 200 spectrophotometer (Cambridge, UK) at a wavelength of 505 nm for the enzymes
activity and 600 nm for TAS. According to the manufacturer’s declaration, the TAS assay was linear up to 2.5
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mmol/l, which allowed for the detection of clinically important results without sample dilution. The intra-assay
TAS variability (expressed as CV%) was 4.8% at 100 umol/l. The detection limit of GR assay was 10 U/l and the
linearity was up to 387 U/L. The detection limit of CAT assay was 1uU of CAT activity and the linearity was ensured
by testing the undiluted samples and the samples diluted 1:5 and 1:10. The inter- and intra-assay variability (CV %)
was <9% in all cases. The detection limit of SOD assay was 1.25 U/l. The biological role of SOD is dismutation of
superoxide radicals, and the measurement of its activity is based on the degree of inhibition of this reaction (one unit
of SOD corresponds to 50% inhibition). The measurements were provided within 30% and 60% of the inhibition the
sample diluent rate. The intra- and interassay variables for RANSOD assay declared by the manufacturer were 4.6%
and 7.1%, respectively. The detection limit of GPx was 75 U/l and the method ensured linearity up to 925 U/L. The
intra- and interassay variables for RANSEL assay declared by the manufacturer were 4.9% and 7.3%, respectively.
The protocol described by Ohkawa et al.>! was used to measure TBARS. Briefly, plasma samples were incubated
with reaction mixture containing 0.8% Sodium Dodecyl Sulfate (SDS), 10% acetic acid, and 0.17% thiobarbituric
acid (TBA) for 1 h at 100 °C. Then, the samples were centrifuged and absorbance values were read at 530 nm using
a spectrophotometer (Biochrom Anthos Zenyth 200 spectrophotometer, Cambridge, UK). Values were referred to
a calibration curve of 1,1,3,3-tetraethoxypropane. The detection limit of TBARS was 1.25 nmol/l. The intra-assay
variability (CV%) was 6.8% at 5 nmol/l TBARS.

Statistical analysis

Numerical variables and residuals (errors) were shown to be normally distributed according to the normal
probability quantile-quantile (Q-Q) plots and Shapiro-Wilk W test. Hematological measurements and oxidative
status measurements were compared between time points (within-subject factor) and groups (between-subject
factor) using the mixed linear model (MLM) if the number of horses differed between timepoints (analysis of
the long-term effect of astaxanthin supplementation on baseline oxidative status i.e. comparison between TO0,
T1-0, T2-0, T3-0 timepoints) or using the repeated-measure analysis of variance (RM-ANOVA) with the post-
hoc Tukey’s test for unequal groups if the number of horses remained stable (analysis of the effect of astaxanthin
supplementation on oxidative status during a single training session i.e. comparison between TO0, T1-0, T1-1,
T1-2 timepoints). In RM-ANOVA, the sphericity assumption was verified using the Mauchly’s test of sphericity
and, if violated, the Greenhouse-Geisser correction of degrees of freedom was applied. In MLM, a horse was
fitted as the random effect and the time and group as the fixed effects and pairwise comparisons were performed
using the paired and unpaired Student’s t-test with the Bonferroni-Holm correction for multiple comparisons.
Results were presented as the estimated marginal means with 95% confidence intervals (CI 95%) in parentheses
in each group in subsequent timepoints with the residual standard error (RSE) for each timepoint. RSE was
calculated as the square root of the mean square residual (error). On graphs, the oxidative status measurements
were presented as the arithmetic mean, standard deviation (+SD), and individual measurements in each group
in subsequent timepoints. Categorical data were presented as counts and proportions in groups and compared
between groups with the Fisher exact test. All tests were 2-tailed. A significance level (a) was set at 0.05. The
analysis was performed in TIBCO Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA) and IBM SPSS Statistics
29 (IBM Corp., Armonk, NY).

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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Abstract: This study aimed to evaluate the oral supplementation of astaxanthin (ATX) on inflam-
matory markers in 3-year-old Arabian racehorses. Despite the recognized antioxidant and anti-
inflammatory properties of ATX observed in vitro in rodent models and in human athletes, the
effects in equine subjects remain unknown. This study involved a controlled trial with 14 horses
receiving either ATX (six horses) or a placebo (eight horses), monitored over four months of race
training. Inflammatory cytokines: TNF«, IFNYy, IL-6, IL-10, and prostaglandin E (PGE), were mea-
sured monthly to assess the impact of ATX on the inflammatory response. The results indicated
no significant differences in measured parameters between the ATX and the control group during
the study. However, a significant time-dependent decrease in TNFa and IFNYy levels (p = 0.001)
was observed in both groups, suggesting that regular training naturally modulates inflammatory
responses. Moreover, positive correlations were noted between TNF« and IFNy (p < 0.001) in the
early phase of the study and between IL-6 and IL-10 (p = 0.008) in the later phase. Hematological
parameters remained stable and within reference ranges, indicating no adverse effects of ATX sup-
plementation. Performance metrics, including the number of races completed and wins, showed no
significant differences between groups, suggesting that ATX did not enhance athletic performance
under the study conditions. Overall, while ATX supplementation affected neither cytokine levels
nor performance in Arabian racehorses, the natural anti-inflammatory effects of regular training
were evident. Further research is needed to explore potential benefits of ATX supplementation under
different conditions, such as in horses with subclinical inflammation or varying training regimens, to
fully clarify its role and applications in equine sports medicine.
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1. Introduction

Astaxanthin (ATX) is a potent carotenoid antioxidant recommended as a supplement
for both humans and animals across various indications. Due to its unique chemical struc-
ture, ATX exhibits superior bioavailability and demonstrates an antioxidant potency that is
tenfold greater than of 3-carotene and a hundredfold greater than of «-tocopherol [1-3]. In
the bloodstream of dogs and cats, ATX is transported by high-density lipoprotein (HDL)
and is taken up by leukocytes, thereby being distributed to all subcellular structures. The
biokinetic uptake of astaxanthin in dogs and cats exhibits similarities to that observed in
humans [4,5], making ATX an ideal antioxidant dietary additive.

Supplementation with ATX has been extensively investigated for its multiple effects
in reducing and preventing oxidative stress and tissue damage [2,6,7]. In humans, the ben-
eficial effects of ATX include anti-inflammatory, immunostimulant [8], anti-cancer [9], and
anti-diabetic properties [10]. Notably, its anti-inflammatory action has been documented
not only in clinical patients but also in athletes experiencing immune perturbations and
inflammatory responses due to physical exertion [11,12].

In animals, ATX-rich algae Haematococcus pluvialis have been recommended as feed
additives to enhance the quality of animal-derived products and are approved for human
consumption to a certain extent [13,14]. Additionally, ATX has shown benefits as a supple-
ment in dogs with obesity-related inflammatory disorders [15] and horses suffering from
equine metabolic syndrome [7]. Rodent models have further demonstrated that ATX may
alleviate oxidative stress in mice and rats subjected to a high-fat diet [16-18].

Currently, astaxanthin (ATX) supplementation for horses is gaining increasing interest.
It is commercially recommended for various groups of healthy horses, including those
engaged in moderate to heavy work, as well as growing and elderly ones. Additionally, the
use of ATX is widespread in injured, immune-compromised, and allergic horses [19-21],
as well as horses with muscle disorders such as tying-up syndrome or polysaccharide
storage myopathy (PSSM). In racehorses, antioxidants have been proposed as supplements
reducing inflammation in the musculoskeletal system [22,23] and airways [24]. Due to
the strong antioxidant properties of ATX and the fact that the mechanism by which it
limits exercise-induced muscle damage has been recognized in mice [25], it is widely
considered as a supplement for human athletes [12] and seems to be a perfect candidate
also for horses. Additionally, antioxidants including ATX are not currently forbidden by
anti-doping regulations.

However, the rapidly increasing popularity of ATX in horses is scarcely supported
by scientific evidence. It has been shown that long-term supplementation with ATX
and L-carnitine is associated with lower serum creatinine kinase (CK) activity and a ten-
dency toward lower lactate dehydrogenase isoenzyme-5 (LDH-5) activity, suggesting
these compounds may reduce the rate of exercise-induced muscle damage [22]. Current
anti-inflammatory recommendations for horses are based only on in vitro studies, rodent
studies, and observations in humans [26-29]. In the last decade, interest in the welfare of
the exercised horse has grown considerably since the animals must face potentially stressful
situations during their training and work. Hence, evaluating their stress response could
be the primary approach to success in the horses’” performance and welfare, as described
in common equestrian disciplines [30]. An inflammatory response triggered by exercise
has been documented in both humans [31-33] and horses [34-36]. This response involves
musculoskeletal microdamage and metabolic derangements related to oxidative stress.
However, regular training leads to adaptations that include a reduction in inflammation,
sometimes described as an “anti-inflammatory state” [37,38]. It has also been reported that
this reduction in inflammatory response in young racehorses may be further enhanced
by nutritional supplementation with curcumin, Boswellia, coenzyme Q10, L-carnitine, and
D-ribose [23]. Therefore, it has been hypothesized that astaxanthin supplementation may
have a similar effect.

The objective of this study was to evaluate changes in serum concentrations of in-
flammatory markers (cytokines and prostaglandin E, PGE) during the initial months of
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race training in Arabian horses. A reduction in training-related inflammatory responses in
ATX-supplemented horses, expressed as either an earlier or more pronounced decrease in
the concentrations of inflammatory markers was anticipated.

2. Materials and Methods
2.1. Horses and Training

This study included 14 (9 stallions and 5 mares) privately owned 3-year-old Arabian
horses under training for flat races. All horses were kept in stables belonging to the
Stuzewiec Racetrack in Warsaw and fed on a diet composed of hay, oats, and concentrate
satisfying the nutritional recommendations for racing Arabians. Salt and water were
available ad libitum. The horses were trained by the same trainer and were at a similar
training level. They were clinically examined by a certified veterinary surgeon as well
as dewormed and vaccinated according to the routine schedule, not earlier than 3 weeks
before the onset of the study. At enrollment, the horses were examined for gait regularity
and basic clinical measurements (rectal temperature, heart rate, respiratory rate, mucous
membranes, respiratory sounds, and gut sounds) and classified as healthy and fit for race
training. Before and after races, the horses underwent the routine health check provided by
a certified veterinary surgeon according to the regulations applied for races. Concomitant
disabilities or diseases were the criteria for exclusion from the study.

At the beginning of the study (in April), the horses were randomly (simple randomiza-
tion based on a pseudorandom number generator) allocated to the ATX group (4 stallions
and 2 mares) and control group (5 stallions and 3 mares). The ATX group was supple-
mented with ATX at a daily dose of 250 mg per horse, which corresponded to a dose of
0.52-0.58 mg/kg body weight. The control group did not receive any supplementation.

Stallions and mares trained together with the same intensity at the Stuzewiec Racetrack
in Warsaw according to the exercise schedule involving 2 intensive training sessions every
week. The intensive training sessions included warm-up walking and trotting with a
rider (about 15 min), followed by cantering and a fast gallop (45-50 km /h) for 800 m, and
then 40 min. of exercise in a horse walker. To evaluate the long-term effect of astaxanthin
supplementation (Figure 1) on the inflammatory markers, the horses were examined 4 times:
in April just before they started intensive training sessions and ATX supplementation, and
then monthly before the intensive training sessions—in May after 1 month of training, in
June after 2 months of training, and in July after 3 months of training.

Figure 1. Study design. Created with BioRender.com.
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2.2. Blood Sampling

During the sampling procedure, the horses were handled by their regular riders
to minimize stress, as recommended by the Ethical Committee guidelines. All of the
procedures of blood sampling were performed as part of routine health examinations, and
thus, according to the European directive EU/2010/63 [39] and Polish regulations regarding
experiments on animals, there was no need for the approval of the Ethics Committee for
the described procedures, which qualified as non-experimental clinical veterinary practices,
and were excluded from the directive. A written consent for the use of blood for scientific
analyses was obtained from the trainer.

Blood samples were collected from the jugular vein, at rest, before each training session
between 6:00 and 6:30 a.m. Samples were collected into BD Vacutainer (Becton Dickinson,
Reading, UK) EDTA tubes (Becton Dickinson, UK) for hematological analysis, and dry
(serum) tubes (Becton Dickinson, UK) for cytokine and PGE analyses. All samples were
stored at 4 °C and EDTA samples were analyzed within 6 h after collection. Blood in dry
tubes was allowed to clot and centrifuged for 10 min at 1000x g. Then, the serum was
harvested and kept at —80 °C until cytokine and PGE quantification. The following hema-
tological parameters were measured using an automated hematology analyzer (Sysmex
XN-10, Lincolnshire, IL, USA): red blood cell count (RBC), hemoglobin concentration (HGB),
hematocrit (HCT), white blood cell count (WBC), neutrophil count (NEU), lymphocyte
count (LYM), monocyte count (MON), eosinophil count (EOS), basophil count (BAS), and
platelet count (PLT). Leukocyte differential count and blood cell morphology were assessed
on high-quality peripheral blood smears stained with the May-Griinwald-Giemsa reagent
using a light microscope (Primo Star, Zeiss, Jena, Germany) under 1000 x magnification.

2.3. Cytokine and PGE Assays

The concentrations of 4 cytokines (tumor necrosis factor x—TNF«, interferon y—IFNy,
interleukin 6—IL-6, and interleukin 10—IL-10) and one prostaglandin (PGE) were measured
using immunoenzymatic commercial assays dedicated for equine species (Cloud-Clone
Corp., Katy, TX, USA) according to the manufacturer’s protocols. Serum samples for PGE
quantification were diluted 1:2. The absorbance was measured with a Multiscan Reader
(Labsystem, Helsinki, Finland) using a Genesis V 3.00 software program. Intra- and inter-
plate precision of the assays (expressed as the coefficient of variation; CV) were CV < 10%
and CV < 12%, respectively. The quantification range was 15.6-1000 pg/mL for the TNF,
IFNY, and IL-6 assays, 7.8-500 pg/mL for the IL-10 assay, and 24.7-2000 pg/mL for the
PGE assay.

2.4. Statistical Analysis

Numerical variables (hematological measurements as well as cytokine and PGE con-
centrations) were examined for normality of distribution using the normal probability Q-Q
plots and the Shapiro-Wilk test. As the normality assumption was violated (p < 0.001 for
TNF«, IL-6, IL-10, PGE, and p = 0.01 for IFNY), they were summarized using the median
and range in tables and median, interquartile range (IQR), and individual measurements in
figures. Cytokine concentrations were compared between two groups at each time point
using the Mann-Whitney U test. If no significant difference was detected, the groups were
merged and the change of cytokine concentrations in time was assessed using the Friedman
test. If the latter proved significant, it was followed by the Wilcoxon signed-rank test to
identify time points at which the cytokine concentrations significantly differed. The Mann-
Whitney U test was also used to compare the numbers of races and wins between the two
groups. Correlations between the cytokine and PGE concentrations were analyzed on the
common group of 14 horses using the Spearman rank correlation coefficient (Rs). All tests
were two-tailed, and the significance level () was set at 0.05. No correction for multiple
comparisons was applied to avoid increasing the type Il error (i.e., to increase the power of
statistical comparisons negatively affected by small group sizes). The statistical analysis
was performed with TIBCO Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA).
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3. Results

All horses trained regularly during the study period and did not exhibit visible muscle
damage or any other pathological conditions. Most horses were presented at official
races and the number of completed races as well as the number of wins did not differ
significantly between the groups (p = 0.662 and p = 0.852, respectively) (Table 1). Five
horses were sampled three instead four times (one month was missing) and one horse was
sampled only twice due to the race plan. The horses were not sampled if they were planned
to participate in a race the following day. Missing values were replaced by the arithmetic
mean calculated from the measurements of all horses examined in a corresponding month.

Table 1. Numbers of races and wins in the astaxanthin (ATX) and control groups during the study

period.
ATX Group (n = 6) Control Group (n = 8) p-Value
Number of races completed 0.662
0 1 2
1 0 1
2 1 1
3 2 1
4 0 1
5 0 0
6 2 2
Number of races won 0.852
0 3 4
1 2 4
2 1 0

The basic hematological results (WBC, RBC, HCT, and HGB) remained within the
reference intervals [40] during the entire study (Table 2) and in the subsequent months. No
abnormalities were found in the microscopic examination of the blood cells.

Table 2. Hematological measurements in studied horses in the subsequent months presented as
the median and range in the astaxanthin (ATX) and control groups. WBC—white blood cell count,
RBC—red blood cell count, HGB—hemoglobin concentration, HCT—hematocrit.

Month Friedman Test
Group April May June July p-Value
ATX (n=06) 10.1 (9.7-11.7) 8.9 (7.6-10.2) 9.6 (8.1-12.1) 9.4 (8.3-11.5)
WBC [G/L] 0.126
Control (n = 8) 9.8 (7.8-10.8) 9.5 (8.1-11.7) 9.9 (8.8-10.9) 9.0 (8.3-10.3)
ATX (n = 6) 10.3 (9.4-11.8) 9.9 (9.9-11.4) 10.1 (8.9-12.3)  10.4 (9.3-12.1)
RBC [G/L] 0.341
Control (n = 8) 10.3 (8.1-12.8) 9.9 (4.1-12.8) 10.6 (9.3-13.1) 10.3 (8.7-12.4)
ATX (n = 6) 15.0 (14.1-17.4) 14.8 (13.6-17) 14.5 (14.1-15.7)  15.9 (14.0-18.8)
HGB [g/dL] 0.509
Control (n=8)  15.6 (12.8-17.5) 14.9 (6.1-17.8) 15.7 (15.7-18.9)  15.9 (13.3-18.7)
ATX (n=06) 43.0 (40.5-49.1)  40.7 (37.9-46.4) 42.3(37.0-55.9)  44.1 (38.1-54.5)
HCT [%] 0.362

Control (n = 8)

43.4 (35.9-49.6)

40.8 (17.4-51.7)

45.1 (37.4-55.7)

43.6 (36.6-51.7)

The concentrations of TNF«, IFNYy, IL-6, IL-10, and PGE did not differ significantly
between groups; however, the time effect was significant in terms of TNFo and IFNy
(Table 3). The concentration of TNFo was the highest in April, then decreased signifi-
cantly in May (p = 0.009) and remained significantly lower in June (p = 0.015) and July
(p = 0.007) (Figure 2A). Similarly, the concentration of IFNy was the highest in April and
then decreased gradually, reaching a significantly lower value in July (p = 0.006) (Figure 2B).
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Figure 2. Changes in tumor necrosis factor « (TNF«) (A) and interferon y (IFNy) (B) concentrations
in the subsequent months presented as medians, interquartile ranges, and individual measurements

in the astaxanthin (ATX) and control groups. Asterisks (*) indicate significantly different time points

according to the Wilcoxon signed-rank test.

When all 14 horses were analyzed together, significant positive correlations were
observed between TNF« and IFNy concentrations in April (Rs = 0.83, p < 0.001) and May
(Rs =0.62, p = 0.018) and between IL-6 and IL-10 concentrations in May (Rs = 0.78, p = 0.001)

and July (Rs = 0.68, p = 0.008) (Figure 3).
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Table 3. Cytokine and PGE concentrations in the astaxanthin (ATX) and control group, presented

as the median and range. TNFa—tumor necrosis factor «, IFN'y—interferon v, IL-6—interleukin 6,
IL-10—interleukin 10, PGE—prostaglandin E.

Month Friedman Test
Group
April May June July p-Value
ATX (n=6) 138 (94.4-372) 6.5 (0-98.9) 1.1 (0-129) 0.6 (0-12.2)
<0.001
TNF«x Control (n = 8) 185.4 (0-477) 0 (0-15.6) 7.2 (0-76.7) 0(0-1.2)
p-value @ 0.846 0.259 0.999 0.256
ATX (n=6) 25.9 (17.3-80.0)  19.7 (13.6-43.6) 16.4 (5.5-30.9) 10.8 (7.3-17.3)
0.001
IFNy Control (n = 8) 25.5 (4.6-40.0) 15.5 (10.0-29.1) 8.6 (0-43.6) 10.6 (0-26.4)
p-value @ 0.747 0.299 0.196 0.394
ATX (n=6) 0 (0-55.0) 0 (0-107.0) 0 (0-99.0) 5.4 (0-108)
0.597
IL-6 Control (n = 8) 0 (0-130) 0 (0-0) 0 (0-79.0) 0 (0-10.8)
p-value @ 0.518 0.112 0.928 0.321
ATX (n=6) 0 (0-0) 0 (0-59.7) 0(0-13.2) 0.15 (0-0.7)
0.908
IL-10 Control (n = 8) 4.0 (0-107) 0 (0-8.5) 0 (0-1.3) 0 (0-7.0)
p-value @ 0.063 0.419 0.323 0.886
2395 2444 2506 2418
ATX (n=6)
(2330-2585) (2389-2521) (2375-2537) (2364-2512) 0.510
PGE 2424 2419 2418 2421 .
Control (n = 8)
(1468-2540) (2324-2490) (1164-2570) (2177-2565)
p-value ? 0.949 0.272 0.333 0.948

@ Mann-Whitney U test.

Figure 3. A correlation heatmap showing Spearman’s rank correlation coefficients among the five
cytokines in 14 horses at the subsequent time points (cells below the diagonal) and their p-values
(cells above the diagonal). The intensity of the color indicates the closeness of the value to 1 (red) or

—1 (blue). The p-values in red are those considered significant at & = 0.05.
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4. Discussion

Despite the anticipated benefits of ATX due to its strong antioxidant and anti-inflammatory
properties observed in vitro, in rodent models, and in human athletes, the results of this
study did not indicate a significant effect of ATX on cytokine concentrations in the blood
of Arabian horses training for flat races. The concentrations of TNF«, IFNy, IL-6, IL-10,
and PGE did not differ significantly between the ATX and control groups throughout the
study period.

The literature data have shown that ATX exerts an anti-inflammatory effect by sup-
pressing the NF-«B transcription factor, leading to a decrease in the levels of proinflam-
matory cytokines, such as IL-1f3, IL-6, and TNF« [8,27,28,41]. A recent in vitro study has
confirmed that ATX affects the whole network of inflammatory factors, with a particular
effect on IL-6, and also protects the cells from inflammatory damage by stimulating p53 and
inhibiting transcription factor STAT3 [42]. Moreover, ATX regulates the Th1/Th2 balance
leading to a decrease in Th2 cytokine levels (IL-4 and IL-5) and an increase in Th1 derived
IFN-y [8,43,44]. Additionally, ATX inhibits the production of other inflammatory mediators
by suppressing the activation and/or protein degradation of inducible nitric oxide synthase
(iINOS) and cyclooxygenase 2 (COX-2) [8,29]. Possibly the anti-inflammatory mechanism
is interrelated with the antioxidant effect of ATX [41], which additionally encouraged its
use in racing horses. The selection of inflammatory mediators measured in this study
was based on the mechanisms listed above. It was expected that in supplemented horses
the concentrations of the above-mentioned mediators would decrease earlier or in a more
pronounced manner, as has been reported in literature in other conditions.

The anti-inflammatory effect of ATX expressed as the changes in cytokine concentra-
tions has been evidenced in vitro and in rodent models, as well as in people with chronic
inflammatory conditions. Significant decreases in serum levels of IL-13 and TNFx were
observed in women with endometriosis treated with ATX for 12 weeks [45]. In diabetic
patients, the serum IL-6 level decreased after 8 weeks of ATX supplementation [46]. The
14-week supplementation in the present study seems long enough to exert an apparent
effect; however, no significant changes occurred. In the literature, IL-6 and TNF«x have
been investigated most often and their changes after ATX supplementation were the most
pronounced. Interestingly, a meta-analysis of randomized controlled clinical trials con-
firmed the reduction of IL-6 levels upon ATX supplementation, but not the decreases in
TNF« levels [47-49]. In non-rodent animals, the proinflammatory cytokines were studied
only in vitro, in a bovine endometrial epithelial cell line, and ATX reduced LPS-induced
production of IL-6 and TNF-« [50].

In human athletes, ATX supplementation has been postulated to offer a recovery
benefit due to its properties of inhibition of both pro-oxidant and pro-inflammatory inter-
mediates [12]. Unfortunately, this recommendation is based only on in vitro and rodent
studies that indicated suppression of TNF-oc and IL-1f3 [27]. A more recent study, however,
has not confirmed any apparent effect of a 4-week ATX supplementation on the IL-6, IL-8,
IL-10, MCP-1, GCSF, and IL-1ra concentrations in the blood of runners at rest and after a
2.25 h long run at close to 70% maximal oxygen uptake (VO;max), Where similar exercise-
induced increases occurred regardless of the supplementation [51]. The authors claimed
that in vitro and rodent findings do not extend to inflammatory-like responses induced by
exercise. In their opinion, the immune support from ATX supplementation in the runners
was linked to the normalization of post-exercise plasma levels of immune-related proteins
including immunoglobulins within 24 h [51].

An exercise-induced inflammatory response has been reported in humans and horses,
but the patterns and the occurrence of this reaction are only partially similar. Thus, the effect
of ATX described in Nieman et al.’s [51] study cannot be simply extrapolated to horses.

In horses, the exercise-induced changes in cytokine levels in the blood are recognized
in two aspects: exercise-induced increases after exertion and the generation of an anti-
inflammatory state, which protects the horse from fully developed inflammation after
triggering a cytokine response after the effort. Both types of changes seem to be related
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to the type of exercise. In long-lasting endurance efforts, the post-exercise effect after the
longest distances of 120 and 160 km included primarily a two-fold increase in the level
of IL-6 accompanied by a 10-fold increase in IL-10 concentration [52]. Thus, it has been
postulated that an exercise-induced acute phase response was triggered and promoted
by type 1 cytokines, and at the same time, it was strongly inhibited by anti-inflammatory
IL-10, preventing the development of inflammation and clinical conditions. At that time,
an anti-inflammatory state had already been suggested in racing horses [23] and suspected
also in equine endurance athletes. Then, it was shown that in endurance horses, an anti-
inflammatory state occurred 3 months after beginning regular training and was expressed
by decreases in type 1 cytokines (TNFx and IL-1(3), and one month later, the blood level of
IL-6 decreased [38].

In racing horses, the different patterns of an anti-inflammatory state triggered by
race training have been reported based on cytokine gene expression [23,37]. In 2-year-
old Thoroughbreds, training resulted in an overall reduction in inflammatory markers,
particularly observed as a decrease in the baseline expression of mRNA for TNFo and a
diminishing tendency in the expression of mRNA for IL-13 [23]. The decreases were more
pronounced in horses that had received antioxidant supplementation including Boswellia,
whose anti-inflammatory action is related to the inhibition of nuclear factor-kB [23]. These
findings partially correspond with the results obtained in this study, which have indicated
that the decreases in the TNFx concentration in blood were also most pronounced but there
was no difference related to ATX supplementation, even though both Boswellia and ATX act
via similar, nuclear factor-kB dependent mechanisms. This inconsistency may be related to
the methodology used in the studies, the gene expression level in the study of Horohov
et al. [23], and the level of cytokine protein in blood examined in the present study. It
is possible that the anti-inflammatory effect of antioxidant supplementation in horses in
regular training is slight and can be detected at the stage of gene expression but not during
cytokine release, which is influenced by other factors and poses a sum of the production by
leukocytes, myocytes, and other cells, as has been shown in treadmill experiments [53,54].

Moreover, Horohov et al. [23] measured only the expression of mRNA for IL-1, IL-6,
and TNF« as proinflammatory cytokines and IFNYy as a marker of lymphokine-activated
killer (LAK) cells. In a later study on 2-year-old Thoroughbreds, more cytokines and related
proteins such as IL-1p, IL-6, IL-8, IL-17A, CCL8, HSP-90, TLR-4, TNF«, TNFSF13B, and
VEGFA were examined and an exercise-related anti-inflammatory state was character-
ized by an inflammation score involving the expression of 10 examined markers and the
correlations among them [37]. With 8 weeks of training, the inflammation score either
increased or decreased, depending on the training regime. Other studies have reported
higher levels of the expression of mRNA for inflammation-related cytokines in trained
horses when compared to sedentary animals [34,55]. The present study involved racing
Arabians, so the training plan was different than described in the previous studies re-
garding Thoroughbreds [23,34,37]. Generally, Arabians worked at lower speeds but for
longer distances.

Although it is commonly accepted that an intense or long-lasting effort triggers an
inflammatory response that does not develop into a clinical condition due to the limiting
mechanisms that occur with training, the character of these mechanisms is still not fully
understood. Moreover, the patterns of anti-inflammatory mechanisms seem to differ
regarding the type of training. The results of the present study indicated that in Arabian
racing horses, the anti-inflammatory mechanisms are triggered very early, after 4 weeks
of training, and depend mainly on a decrease in TNFx concentration. It has also been
shown that after a further 3 months of training the concentration of IFNy decreases. These
decreases seem to be supported by the balance between IL-6 and IL-10, shown as a positive
correlation in the present study.

It can be postulated that ATX did not affect the level of cytokines in the blood because
their concentrations were very low, indicating the low level of proinflammatory response in
general. This is in line with a study on healthy geldings, representing various breeds, sup-
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plemented with resveratrol for 3 weeks, which did not change the production of cytokines
in stimulated leukocytes [56]. It is also worth mentioning that basic hematological parame-
ters (WBC, RBC, HCT, and HGB) remained within reference intervals and did not show
significant variations throughout the study, further suggesting that ATX supplementation
did not negatively affect overall health.

The main limitations of this study include the small group of animals that remained in
regular training and racing until the end of the observation. The horses were sampled in reg-
ular intervals, monthly, so some samples were missed due to the racing plan. Unfortunately,
this could not be avoided in a field trial involving performance horses. Another limitation
is the fact that this study involved only healthy horses that did not show any abnormalities
or poor performance. It cannot be excluded that an anti-inflammatory effect of ATX could
have occurred if subclinical inflammation had developed. In such circumstances, some
benefits of ATX supplementation may have occurred.

5. Conclusions

The results of the present study have shown a notable time-dependent decrease in
TNFa and IFNYy concentrations in both groups (ATX and control), indicating a natural
inflammatory response modulation toward an anti-inflammatory state due to training.
This reduction was evident early, after 4 weeks of training, and persisted, highlighting the
effect of exercise itself rather than ATX supplementation. It seems likely that the cytokine
response to the training is too slight to be affected by ATX; its anti-inflammatory action
deals mainly with chronic and progressive inflammatory conditions.

Positive correlations between TNFo and IFNYy in the early phase of the study and
between IL-6 and IL-10 in later stages suggest complex interplays between these cytokines
during the inflammatory response and adaptation to training.

While ATX is recognized for its potential antioxidant and anti-inflammatory effects,
its supplementation did not significantly alter cytokine levels or enhance performance
in Arabian racehorses within the scope of this study. Future research should explore the
effects of ATX under different conditions, such as in horses with subclinical inflammation
or different training regimens, to fully understand its potential benefits.
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ATX, astaxanthin; TNF«, tumor necrosis factor «; IFNYy, interferon y; IL-6, interleukin 6; IL-
10, interleukin 10; PGE: prostaglandin E; HDL, high-density lipoprotein; PSSM, polysaccharide
storage myopathy; CK, creatinine kinase; LDH-5, lactate dehydrogenase isoenzyme-5; RBC, red
blood cell count; HGB, hemoglobin concentration; HCT, hematocrit; WBC, white blood cell count;
NEU, neutrophil count; LYM, lymphocyte count; MON, monocyte count; EOS, eosinophil count;
BAS, basophil count; PLT, platelet count; CV, coefficient of variation; IQR, interquartile range; Rs,
Spearman rank correlation coefficient; NF-«B, nuclear factor kappa B; LPS, lipopolysaccharide; LAK,
lymphokine-activated killer cells, iNOS, inducible nitric oxide synthase, COX-2, cyclooxygenase 2.
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