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3. Wstep
3.1. Wysilek fizyczny w warunkach hipoksji

Ekspozycja organizmu na warunki hipoksyczne powoduje aktywacje licznych
procesow adaptacyjnych, ktoére prowadza do zwickszenia wydolnosci fizycznej
organizmu. Stad tez, metoda ta od lat jest powszechnie wykorzystywana przez
sportowcoOw w celu poprawy wynikow m.in. w dyscyplinach wytrzymatosciowych lub
szybko$ciowo-sitowych [1]. Zardéwno odpoczynek, jak i wysitek fizyczny w warunkach
wysokosciowych prowadza do hipoksji, inaczej niedotlenienia, czyli stanu
spowodowanego niewystarczajacym transportem tlenu do tkanek wzgledem
zapotrzebowania [2]. Do korzystnych efektow wynikajacych z ekspozycji organizmu
na hipoksje zaliczamy m.in. wzrost wydzielania erytropoetyny, co w konsekwencji
skutkuje zwiekszeniem liczby krwinek czerwonych oraz zawarto$ci hemoglobiny
przyczyniajac si¢ do wzrostu pojemnosci tlenowej krwi, a co za tym idzie do poprawy
wydolnosci tlenowej organizmu [3,4]. Dodatkowo, wyrdézniamy rowniez Szereg
efektow niehematologicznych, ktore skutkuja poprawa mozliwosci wysitkowych
I wystepuja nawet juz po krotkiej ekspozycji na hipoksjeg, tj. wzrost gestosci
mitochondriow, kapilaryzacji tkanki mig$niowej Oraz angiogenezy, jak rowniez
zwiekszona aktywno$¢ enzymow glikolitycznych i oksydacyjnych. Powyzsze zmiany
odzwierciedla poprawa parametrow w probach wydolnosciowych. W tym celu obecnie
bardzo czegsto jest wykorzystywana hipoksja normobaryczna, ktora pozwala
na symulacj¢ W specjalnych komorach warunkéw wysokogorskich [5,6].

Mechanizm hipoksji normobarycznej opiera si¢ na Sztucznej zmianie sktadu
mieszaniny oddechowej, a mianowicie zmniejszenia w niej procentowej zawartosci
tlenu poprzez rozrzedzenie powietrza azotem przy jednoczesnie niezmiennym ci$nieniu
barometrycznym wystepujacym na poziomie morza. Innym mechanizmem
charakteryzuje si¢ obserwowana w naturalnych warunkach wysokogorskich hipoksja
hipobaryczna, ktéra jest spowodowana obnizeniem cisnienia atmosferycznego
na wysokos$ci w efekcie czego jest zmniejszone rowniez ci$nienie parcjalne tlenu [7].

Hipoksja normobaryczna moze by¢ stosowana W celu utrzymania efektow
uzyskanych na wysokosci po powrocie sportowcoéw na niziny, zwigkszenia zdolnosci
wysitkowych na poziomie morza, aklimatyzacji przed zawodami na duzej wysokos$ci

lub jej przyspieszenia przed wyjazdem do wysokogorskich osrodkéw treningowych.
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Trening wysokosciowy stat si¢ w wielu przypadkach standardowym protokotem

wykorzystywanym w licznych dyscyplinach sportowych, m.in. w kolarstwie [8].

3.2. Metabolizm i transport sfingozyno-1-foforanu

Sfingozyno—1—fosforan (S1P) jest pochodng sfingolipidow bedacych nie tylko
gléwnymi komponentami bton komorkowych wszystkich komoérek eukariotycznych,
ale rowniez aktywnymi biologicznie mediatorami lipidowymi zaangazowanymi
w wewnatrzkomorkowga transmisj¢ sygnatow [9].

Wszystkie komorki sg zdolne do syntezy S1P, jednakze jego poziom
w wigkszosci tkanek jest niski. Ptytki krwi i erytrocyty uwazane sg za magazyny S1P,
ze wzglegdu na wysoka aktywno$¢ kinazy sfingozyny (SphK), enzymu
odpowiedzialnego za syntezg S1P oraz niewielka aktywnos$¢ enzymoéw powodujacych
degradacj¢ tego zwigzku. Pomimo, iz oba typy komoérek przechowuja duze ilosci S1P
to w normalnych warunkach ptytki krwi go nie uwalniaja, gdyz wymagaja do tego
aktywacji, stad tez nie sg istotnym zrodtem osoczowego S1P [10-12]. Spontaniczne
uwalnianie tego sfingolipidu zachodzi natomiast w erytrocytach i komorkach
srodbtonka naczyn dlatego tez, uznawane sg one za gtowne zrodta krazacego SI1P
[13,14]. Badania wykazaty brak zalezno$ci pomiedzy liczbg ptytek krwi, a stezeniem
S1P we krwi. Odwrotng sytuacje obserwuje si¢ natomiast w przypadku erytrocytow,
gdzie wystepuje silna korelacja po miedzy ich liczbg, a poziomem krazacego
sfingolipidu [15]. Dowodem tego sa rowniez badania, ktore ukazujg znacznie nizsza
zawartos$¢ S1P w osoczu ludzi z anemig w poréwnaniu do 0sob zdrowych [16]. Biatkiem
odpowiedzialnym za uwalnianie tego zwiazku z erytrocytow i plytek krwi jest
przeno$nik z nadrodziny 2b (Mfsd2b, ang. major facilitator superfamily transporter
2b). Natomiast w komorkach srodbtonka naczyn funkcje te petni transporter typu Spns2
(ang. spinster homolog 2) [17,18].

S1P wystgpuje w wysokim stezeniu w osoczu krwi czlowieka, gtownie
w potaczeniu z lipoproteinami o wysokiej gestosci (HDL) oraz albuminami. Co wigcej,
wlasciwosci biologiczne 1 metabolizm S1P zalezne sa od typu no$nika z jakim jest
on zwigzany. Tak wiec, S1P potaczony z HDL charakteryzuje si¢ znacznie silniejsza
aktywnos$cig biologiczng 1 wyraznie dluzszym okresem poéttrwania w poréwnaniu
z potaczeniem z albuminami [16,19].

Ceramid (CER), jako prekursorowa czgsteczka S1P, pochodzi z katabolizmu

btonowej sfingomieliny (SM) lub z reakcji kondensacji seryny i palmitylo—koenzymu
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A w szlaku syntezy de novo. CER pod wptywem enzymu ceramidazy (CDase) zostaje
przeksztatcony w sfingozyng (SFO). W kolejnym etapie w wyniku fosforylacji SFO pod
wplywem SphK wytwarzany jest S1P [16,20]. Degradacja tego zwigzku moze
zachodzi¢ na dwa sposoby, odwracalny i nieodwracalny. W pierwszym przypadku S1P
moze by¢ defosforylowany do wolnej sfingozyny przez fosfataze S1P (SPP) lub
fosfohydrolaze fosforanow lipidow (LPP). Nieodwracalna reakcja zachodzi, gdy
nastepuje rozktad przez liaze S1P (S1PL) z wytworzeniem heksadecenalu i fosforanu
etanoloaminy [21].

Zewnatrzkomorkowy mechanizm dziatania S1P na komorki polega na wigzaniu
si¢ tej czasteczki z grupa swoistych receptorow btonowych sprzezonych z biatkiem
G (S1PR1-SI1PRS5), natomiast wewnatrzkomérkowo SI1P dziata jako przekaznik
drugiego rzedu [17]. Badania wykazaly, Zze czasteczka ta reguluje liczne procesy
komoérkowe, do ktorych zaliczamy proliferacje, roznicowanie, migracje i hamowanie
apoptozy [16]. W zaleznos$ci od rodzaju aktywowanego receptora osoczowy S1P pelni
w organizmie istotne funkcje fizjologiczne m.in. uczestniczy w utrzymaniu
integralno$ci bariery $rodblonkowej, regulacji funkcji komoérek odpornosciowych,

angiogenezie czy tez w utrzymaniu prawidtowego napigcia naczyniowego [11,22].

3.3. Rola sfingozynol-fosforanu w funkcjonowaniu mie$ni szkieletowych i adaptacji do
wysilku fizycznego

Zewnatrzkomorkowy S1P odgrywa znaczaca rolg W czynnosci migsni
szkieletowych. Przede wszystkim zidentyfikowano go jako czynnik promujacy
regeneracje migsni poprzez aktywacje komorek satelitarnych, stymulacje réznicowania
mioblastow oraz tworzenie nowych miofibryli [23-25]. Co ciekawe, egzogenne
podawanie S1P myszom mdx, bedacych zwierzecym modelem dystrofii migsniowe;j
Duchenne, hamowato proces atrofii mig$ni podczas, gdy inaktywacja tego zwigzku
przyspieszata redukcje masy migsniowej [26]. Wewnatrzkomoérkowy S1P ostabia
proces zmeczenia migsni, a efekt ten prawdopodobnie wigze si¢ z faktem, iz S1P
wplywa na sprzgzenie elektromechaniczne w miocytach na poziomie receptora
rianodynowego regulujac w ten sposob uwalnianie Ca®* z cystern brzeznych siateczki
sarkoplazmatycznej [27]. Ponadto, S1P dzigki obecnosci Kkinazy sfingozyny
2 (SphK2) w wewnetrznej btonie komodrkowej mitochondriow utrzymuje ich
prawidlowe funkcjonowanie zapewniajac wlasciwg synteze ATP [28]. Dodatkowo, S1P

zwicksza pojemnos$¢ oksydacyjng tych organelli, tym samym nasilajac utlenianie
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kwasow tluszczowych [29] oraz za posrednictwem koaktywatora lo receptora
vy aktywowanego przez proliferatory peroksysomow (PGC—1la) promuje biogeneze
mitochondriow [30]. Wyzej wymienione korzystne efekty SIP na biologi¢ tkanki
mig$niowej zachodza szczegdlnie na skutek aktywacji osi SIP/S1PR12 [31] W $Swietle
powyzszych badan uznaje si¢, iz lipid ten wptywajac na metabolizm, site, kurczliwos¢
i mas¢ migéni szkieletowych odgrywa istotng role w ich adaptacji do wysitku
fizycznego.

Prowadzone na przestrzeni ostatnich dwoch dekad badania wykazaty,
ze aktywno$¢ fizyczna ma znaczacy wplyw na metabolizm S1P zarowno we Krwi, jak
i w mig$niach szkieletowych [32]. Stwierdzono, podwyzszenie stezenia S1P we krwi
0sOb niewytrenowanych po zakonczeniu jednorazowego wysitku o S$redniej
intensywnos$ci. Jednakze takiego efektu nie zaobserwowano u sportowcow
wytrzymalo$ciowych, ktorzy charakteryzowali sie wyzszym wyjSciowym stezeniem
S1P w osoczu [33]. Warte uwagi jest to, ze wzrost osoczowego SI1P rowniez
potwierdzono u oso6b wytrenowanych, ale tylko na skutek wykonania ¢wiczen
0 wysokiej intensywnosci. Zawarto$¢ S1P w ludzkich migéniach szkieletowych wzrasta
proporcjonalnie do czasu trwania i intensywnosci wysitku fizycznego [34]. Co ciekawe,
trening wytrzymatosciowy skutkowat wzrostem st¢zenia osoczowego S1P w polaczeniu
z HDL, a efekt ten byl powigzany z nasilong aktywno$cig SphK w erytrocytach oraz
wzmozonym uwalnianiem z nich S1P [19]. Interesujacym wydaje si¢ by¢ fakt, iz S1P
zwigzany z HDL posiada rowniez silne wiasciwosci przeciwmiazdzycowe. Inhibicja
receptorow dla S1PR, gléwnie S1PR3 ostabila protekcyjny wptyw HDL na migsien
sercowy [35,36]. Zatem, prewencyjne dziatanie tego kompleksu moze by¢ jednym
z mechanizméw wyjasniajacych zmniejszenie ryzyka chorob sercowo-naczyniowych
u 0s6b utrzymujacych regularng aktywno$¢ fizyczna.

Powyzsze doniesienia, sugeruja istotny wplyw S1P na zmiany zachodzace
w organizmie na skutek wysitku, a zwtaszcza podkreslajg rolg tego lipidowego zwigzku

w adaptacji mies$ni szkieletowych do wysitku fizycznego.

Szczegolowe informacje na temat wplywu wysitku fizycznego na metabolizm S1P
zostaly przedstawione w pracy przegladowej wchodzacej w sklad rozprawy
doktorskiej: Hodun K., Chabowski A., Baranowski M.: Sphingosine-1-phosphate
in acute exercise and training. Scandinavian Journal of Medicine & Science in Sports,
2021; 31: 945-955.
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3.4. Wplyw hipoksji na metabolizm sfingozyno-1-fosforanu

Liczne badania wskazuja, iz hipoksja jest jednym z czynnikow stymulujacych
produkcje S1P. Wzrost stezenia osoczowego S1P wykazano u zdrowych 0séb juz
po pierwszym dniu ekspozycji na hipoksje w czasie spoczynku na wysokosci 5260 m
n.p.m. Co wiecej, z kazdym kolejnym dniem eksperymentu u uczestnikéw badania
obserwowano dalszy wzrost zawartosci S1P we krwi. Rownolegle, stwierdzono wzrost
aktywnosci kinazy sfingozyny 1 (SphK 1, izoforma enzymu wystepujaca glownie
w cytoplazmie komorek) i stezenia SIP w erytrocytach [37]. Ponadto, badania
przeprowadzone na myszach ujawnity, iz wewnatrzkomérkowy S1P promuje wigzanie
odtlenowanej hemoglobiny z btong erytrocytow, co indukuje glikolizg, jednoczesnie
wzmagajac produkcje 2,3-difosfoglicerynianu (2,3-DPG), ktory poprzez stymulacje
uwalniania Oz chroni przed niedotlenieniem tkanek [37]. Zatem, krazacy S1P moze
peti¢ kluczowa rolg w adaptacji miesni do wysitku hipoksycznego.

Istnieja rowniez doniesienia sugerujace, iz S1P jest potencjalnym aktywatorem
czynnika indukowanego przez hipoksje 1 (HIF-1), ktory jest kluczowym regulatorem
homeostazy tlenowej, a jego aktywacja odpowiada za wigkszo$¢ mechanizmoéw
przystosowawczych do  hipoksji, zarowno tych hematologicznych, jak
i niehematologicznych [38,39]. Wykazano, iz trzydniowe, dozylne podawanie S1P
szczurom przed poddaniem ich ekspozycji na hipoksje spowodowato aktywacje HIF-1
oraz ograniczenie patologicznych zmian m.in. stanu zapalnego czy tez zaburzen
rownowagi redoks, wywolanych 6-godzinng ekspozycja na symulowang wysoko$¢
7620 m n.p.m. [40]. Ponadto, niektore badania sugeruja, iz wewnatrzkomorkowy S1P

obniza ekspresj¢ genow prozapalnych [41,42].
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4. Cele pracy

Ze wzgledu na stale rosnacg popularnosc i dostepnosc turystyki wysokogorskiej kwestie
zwigzane z adaptacja ludzkiego organizmu do hipoksji stajg si¢ wazne dla coraz wigkszej
liczby o0s6b. Pomimo licznych badan mechanizmy odpowiedzialne za korzystny wplyw
wysitku wysokogorskiego na wydolnos¢ fizyczng organizmu pozostajg jak dotad niejasne.
Liczne dane literaturowe, dowodza, iz aktywno$¢ fizyczna ma znaczacy wplyw
na metabolizm sfingozyno—1—fosforanu (S1P), zwiazku petnigcego istotng role w biologii
migéni  szkieletowych oraz zaangazowanego w zmiany adaptacyjne zachodzace
w nastepstwie wysitku. Badania wykazaly, iz pojedynczy wysitek fizyczny oraz trening
powoduja wzrost stezenia SIP we krwi. Co ciekawe, ekspozycja na hipoksj¢ w czasie
spoczynku réwniez skutkuje wzrostem osoczowego S1P. Postawitam zatem hipoteze,
ze wzrost stezenia S1P w odpowiedzi na jednorazowy wysitek fizyczny jest nasilany przez
jednoczesng ekspozycje na niedotlenienie.

W zwiazku z powyzszym, celem niniejszej pracy bylo ustalenie wplywu hipoksji
normobarycznej na powysitkowe zmiany S1P we krwi kolarzy. Realizacja niniejszego
projektu miata tez przyczyni¢ si¢ do wyjasnienia czy korzystne efekty wynikajgce
z ekspozycji na niedotlenienie s3 powigzane ze zmianami stezenia S1P we krwi. Zaréwno
komorki krwi, jak 1 gldowne frakcje osocza byty analizowane w tym samym czasie, dlatego
tez otrzymane wyniki dostarczyty cennych informacji na temat metabolizmu krazacego
S1P.

Majac na uwadze powyzsze, celem zrealizowanych badan byta:

1. Ocena wplywu hipoksji normobarycznej na powysitkowe zmiany metabolizmu
sfingolipidow we krwi kolarzy po przeprowadzeniu wysitku na cykloergometrze

0 wzrastajagcym obcigzeniu, az do wyczerpania.

2. Ocena wplywu hipoksji normobarycznej na powysitkowe zmiany metabolizmu
sfingolipidow we krwi kolarzy po przeprowadzeniu symulowanej 30km kolarskiej

proby czasowe;.
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5. Materialy i metody
5.1. Charakterystyka badanych

Badaniem objeto 15 wykwalifikowanych kolarzy o $rednim wieku 25,4 + 8,4 lat, BMI
wynoszacym 21,6 £1,8 kg/m? i procentowej zawartosci thuszczu w organizmie na poziomie 9,2
+ 2,1%. Sredni staz treningowy uczestnikow badania wynosit 6,3 + 2 lat, a ich maksymalny
pobor tlenu 61,4 + 3,1 mL/kg/min. Poza doswiadczeniem treningowym, kolejnym zasadniczym
kryterium kwalifikacji byta minimum 6-miesigczna przerwa od ostatniego treningu
wysokosciowego. Wszyscy uczestnicy posiadali aktualne badania lekarskie wykluczajace
przeciwskazania do przeprowadzania intensywnych wysitkow fizycznych. Ponadto, kazdy
z ochotnikow przedtozyt pisemna zgode $wiadomego i dobrowolnego uczestnictwa
w eksperymencie. Uczestnicy zostali rowniez poinformowani o mozliwos$¢ rezygnacji z udziatu
w projekcie badawczym bez podania przyczyny na kazdym etapie jego trwania. W okresie
obejmujacym eksperyment badani byli zobowigzani do zachowania swojej standardowe;j diety
i suplementac;ji.

Projekt badawczy zostat sfinansowany przez Narodowe Centrum Nauki w ramach grantu
OPUS 16 o numerze 2018/31/B/NZ7/02543 oraz zatwierdzony przez Komisj¢ Bioetyczna
Uniwersytetu Medycznego w Biatymstoku (nr zgody R-1-002/325/2019).

5.2. Przebieg eksperymentu

Uczestnicy zostali poddani dwom rodzajom jednorazowego wysitku fizycznego:

1. Jazda na cykloergometrze o wzrastajacym obcigzeniu, az do wyczerpania (GE, ang.
graded exercise). Wysitek o wysokiej intensywnosci, czesciowo beztlenowy. Cwiczenia
rozpoczeto od obcigzenia 120 W, ktore zwigkszano o 40 W co 3 min.

2. Symulowana 30km kolarska proba czasowa (TT, ang. time trial). Diugotrwaty wysitek

o charakterze tlenowym.

Oba powyzsze testy zostaly przeprowadzone w warunkach normoksji i hipoksji
normobarycznej (Fi02=16,5%, co odpowiada ~2000 m n.p.m.) w sali wyposazonej W system
umozliwiajacy regulacje procentowej zawartosci tlenu w powietrzu (AirZone 25, Air Sport,
Migdzyzdroje, Polska). W przypadku GE catkowity czas ekspozycji na hipoksje wyniost okoto
35 min, natomiast w TT okoto 90 min. Przed rozpoczeciem wysitku w warunkach
niedotlenienia badani byli eksponowani na hipoksj¢ 15 min przed startem wilasciwego testu.
Uczestnicy badania podczas pobytu w osrodku spozywali identyczne positki (40 kcal/kg/dzien,
50% weglowodanow, 30% ttuszczu 1 20% bialtka).
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Randomizowane sesje wysitkowe zostaly zrealizowane w odstepie dwoch tygodni,
a badani nie byli §$wiadomi warunkéw wykonywania ¢wiczenia. Testy zostaly przeprowadzone
pod nadzorem wykwalifikowanych treneréw sportowych. Saturacja krwi tlenem i czgstotliwosé
akcji serca kontrolowano za pomocg pulsyksometru (WristOx2, Nonin Medical Inc., Plymouth,
USA). Cwiczenia wykonano na indywidualnych rowerach sportowcow potaczonych
z elektromagnetycznym trenazerem kolarskim (Cyclus 2, RBM Elektronik-Automation GmbH,
Leipzig, Niemcy).

Do probdéwek o objetosci 4 ml z obecnym antykoagulantem EDTA (wersenian potasu)
pobrano krew z zyty tokciowej w trzech punktach czasowych tj.: przed rozpoczeciem wysitku
(basal), natychmiast po jego zakonczeniu (post-exercise) oraz po 30-minutowym odpoczynku
(recovery). W poprzednich badaniach stwierdzono, iz najwigksze zmiany w metabolizmie S1P
zachodzg 30 minut po zakonczeniu wysitku [33].

Szczegotowa analiza pozyskanego materiatu obejmowata:

1. Oceng zawartosci sfingozyno—1-fosforanu (S1P), dihydrosfingozyno—1—fosforanu
(dhS1P), sfingozyny (SFO) i dihydrosfingozyny (dhSFO) w osoczu, albuminach oraz
frakcji lipoprotein o wysokiej gestosci (HDL) — metoda ultrasprawnej chromatografii
cieczowej (UPLC)

2. Oceng zawartosci SI1P, dhS1P, SFO, dhSFO, ceramidu (CER) i dihydroceramidu
(dhCER) w erytrocytach i ptytkach krwi — metoda UPLC

3. Ocene¢ zawartosci sfingomieliny (SM) w erytrocytach i ptytkach krwi — metoda
chromatografii gazowo-cieczowej (GLC)

4. Oceng tempa uwalniania S1P i dhS1P z erytrocytow zawieszonych w osoczu.
5.3. Frakcjonowanie krwi

Frakcjonowanie krwi wykonano w celu pozyskania erytrocytow, plytek krwi i osocza.
Na kazdym etapie procedury utrzymywano temperatur¢ 4°C, gdyz wykazano, iz w tej
temperaturze nie zachodzi uwalnianie S1P z krwinek [16]. Bezposrednio po pobraniu probki
krwi zostaly delikatnie wymieszane 1 umieszczone w lodzie do czasu wirowania. W pierwszej
kolejnosci krew odwirowano przy przecigzeniu 380xg przez 10 min w celu separacji osocza
i erytrocytow. Uzyskane osocze bogatoptytkowe przeniesiono do nowych probowek
i odwirowano przy 2500xg przez 10 min u celu wyizolowania na dnie probowki ptytek krwi.
Po odwirowaniu 0socze ubogoptytkowe przeniesiono do czystych proboéwek i wirowano po raz
kolejny (5000xg przez 10 min), aby doktadnie usunaé pozostatosci ptytek krwi. Uzyskane

w poprzednim wirowaniu ptytki krwi przeptukano uprzednio schlodzonym roztworem
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buforowanej fosforanem soli fizjologicznej (PBS), a nastepnie zawieszono W tym samym
buforze i zamrozono. Z pierwotnych probowek zawierajacych krwinki czerwone doktadnie
usunig¢to pozostato$ci osocza oraz warstwe krwinek biatych. Erytrocyty zostaty przeplukane
przy uzyciu buforu PBS i odwirowane przy obcigzeniu 800xg przez 10 min. Po doktadnym
usuni¢ciu supernatantu Krwinki czerwone zostaty zawieszone w PBS i zamrozone. Uzyskane
osocze, erytrocyty i ptytki krwi byly przechowywane w temperaturze -80°C do czasu dalszych

analiz.

5.4. Tempo uwalniania S1P i dhS1P

W celu oceny uwalniania S1P i dhS1P z krwinek czerwonych zmieszano ze sobg rowne
objetosci erytrocytow i osocza (0,8 ml) pochodzace z tej samej probki krwi, wyizolowane
W sposob opisany powyzej. Nastepnie polowe tak przygotowanej zawiesiny przeniesiono
do nowej probowki i odwirowano w temperaturze 4°C przy 800xg przez 10 min. Supernatant
z wirowania zostal zebrany do nowej probowki i zamrozony. Pozostatg cze$¢ zawiesiny
inkubowano 20 min w temperaturze 37°C w atmosferze 5% CO». Po inkubacji probki zostaty
natychmiast schtodzone, odwirowane jak poprzednio, a supernatant przeniesiono do nowej
probowki i zamrozono.

[lo$¢ uwolnionego S1P i dhS1P obliczono jako roéznice poczatkowego stezenia tych
zwigzkéw w osoczu i ich zawartosci po zakonczonej inkubacji. Oznaczenia wykonano

za pomocg ultrasprawnej chromatografii cieczowej, opisanej ponizej.

5.5. Izolacja lipoprotein osocza

Lipoproteiny HDL oraz albuminy wyizolowano z osocza metoda trzech sekwencyjnych
ultrawirowan (ultrawirdwka Sorvall RC M120 GX, Thermo Fisher Scientific, Waltham, USA)
przy wzrastajacej gestosci roztworu. Na kazdym etapie procedury obecny byl EDTA, ktoéry
zapobiegat oksydacji lipoprotein.

W pierwszej kolejnosci, aby wyizolowac lipoproteiny o bardzo niskiej gestosci (VLDL)
na 600 ul osocza delikatnie nawarstwiono 300 pl wodnego roztworu NaCl o gestosci 1,006
g/mL, ktory nastgpnie odwirowano z predkoscig 120.000 rpm, 85 min, w temperaturze 8°C.
Po zakonczeniu wirowania usuni¢to 300 pl gornej frakcji zawierajacej VLDL. Do pozostalej
iloéci probki dodano 300 ul roztworu NaBr, doktadnie wymieszano (ggsto$¢ tak przygotowanej
mieszaniny wyniosta 1,063 g/mL) i po raz kolejny odwirowano z predkoscig 120.000 rpm, 155
min, w temperaturze 8°C. Po czym zebrano ponownie 300 ul gornej warstwy mieszaniny, ale

tym razem zawierajacej lipoproteiny o niskiej gestosci (LDL). Trzecie, a jednoczesnie ostanie
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wirowanie (120.000 rpm, 260 min, 8°C) z NaBr przy gestosci roztworu wynoszacej 1,21 g/mL
pozwolito na wyizolowanie 300 pl gérnej warstwy mieszaniny zawierajacej HDL oraz 300 pl
mieszaniny z dna probowki zawierajacej frakcje albumin. Gestos¢ roztworéow uzywanych
do izolacji weryfikowano za pomocg cyfrowego densytometru (Mettler Toledo, Columbus,
USA). Zebrane HDL i albuminy natychmiast umieszczono w ciektym azocie i przechowywano

w temperaturze -80°C do czasu dalszych analiz.

5.6. Oznaczenie zawartos$ci sfingolipidow metodg UPLC

Zawarto$¢ S1P, dhS1P, sfingozyny, dihydrosfingozyny, ceramidu i dihydroceramidu
oznaczono za pomoca ultrasprawnej chromatografii cieczowej. W pierwszym etapie po dodaniu
standardow wewnetrznych (C17-sfingozyny i C17-sfingozyno-1-fosforanu, Avanti Polar
Lipids, Alabaster, USA) i roztworu metanolu z kwasem solnym proby umieszczono w lodzie
i poddano sonifikacji. W celu ekstrakcji lipidow do probowki dodano chloroform, 1M NaCl
oraz 3N NaOH i odwirowano (3000 rpm, 5 min, 4°C). Nastepnie wierzchnig, wodng warstwe
zawierajacg S1P i dhS1P przeniesiono do nowych probowek. Podczas dwoch kolejnych
wirowan z mieszaning metanolu/1IM NaCl (1:1, v/v) i 3N NaOH doktadnie wyptukano
pozostatosci fosforylowanych zasad sfingoidowych w warstwie chloroformowej. Zawartos¢
S1P i dhS1P oznaczano metoda posrednia, gdyz do zebranych wodnych frakcji dodano
fosfataze alkaliczng (Sigma Aldrich, Saint Louis, USA) powodujac ich defosforylacje
odpowiednio do SFO i dhSFO. Dodatkowo, z pierwotnej warstwy chloroformowej
przeniesiono niewielka objetos¢ wyekstrahowanych lipidéw do nowej probowki zawierajace;j
standard wewngtrzny N-palmitoilo-D-erytro-C17 sfingozyng (Avanti Polar Lipids). Probe
odparowano pod azotem, dodano 1M KOH w 90% metanolu i poddano godzinnej inkubacji
w celu hydrolizy alkalicznej dihydroceramidu i ceramidu odpowiednio do dihydrosfingozyny
i sfingozyny.

Wszystkie warstwy chloroformowe przeniesiono do nowych probéwek, odparowano pod
azotem, a nastepnie lipidy rozpuszczono w etanolu. Defosforylowane zasady sfingoidowe,
sfingozyna i dihydrosfingozyna pochodzace z ceramidu i dihydroceramidu oraz wolne
sfingozyna i dihydrosfingozyna zostaly nastepnie poddane derywatyzacji (z wykorzystaniem
o-ftalodialdehydu). Uzyskane w tym procesie o-ftalaldehydowe pochodne sfingolipidow
wykazujace fluorescencje analizowano przy pomocy systemu UPLC (Nexera, Shimadzu Corp.,
Kioto, Japan) wyposazonego w detektor fluorescencyjny (RF-20Axs) oraz kolumne C18
(Reproshell ODS-1, Dr Maisch, Ammerbuch, Germany), ktorej temperatura utrzymywana byta
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na poziomie 30°C. Faz¢ ruchomg stanowita izokratyczna mieszanina acetonitrylu i wody

(84:16, v/v). Szybkos¢ przeptywu wynosita 0,4mL/min.

5.7. Oznaczenie zawartosci sfingolipidow metoda GLC

Zawarto$¢ sfingomieliny w erytrocytach i ptytkach krwi oznaczono metoda chromatografii
gazowo-cieczowej. Lipidy wyekstrahowano z komoérek krwi stosujac roztwor ztozony
z metanolu z butylowanym hydroksytoluenem (0,01%) i chloroformu. Warstwa chloroformowa
przeniesiona zostata do nowych probowek i odparowana pod azotem. Lipidy rozpuszczono
w roztworze chloroform:metanol w proporcji 2:1. Nastepnie frakcja sfingomieliny zostata
wyodrebniona metodg chromatografii cienkowarstwowej (TLC) na plytce z zelem
krzemionkowym, ktorag umieszczono w roztworze rozwijajacym sktadajacym  si¢
z chloroformu, metanolu, kwasu octowego i wody destylowanej (odpowiednio w proporcjach
50:37,5:3,5:2). Poszczegolne klasy lipidow uwidoczniono roztworem fluoresceiny (44mg/20ml
metanolu) i zidentyfikowano pod $wiattem UV. Pasma zelu odpowiadajace wzorcowi
sfingomieliny zostaty zdrapane z ptytek i przeniesione do nowych probowek zawierajacych
kwas pentadekanowy jako wzorzec wewnetrzny. Kwasy thuszczowe sfingomieliny byly
nastepnie transmetylowane w obecnosci roztworu 14% trifluorku boru z metanolem
w temperaturze 100°C przez 90 minut, a uzyskane estry przed analizg zostaly rozpuszczone
w heksanie.

Otrzymane estry metylowe kwasow ttuszczowych (FAME) analizowano z wykorzystaniem
aparatu Hewlett-Packard 5890 Series Il wyposazonego w system z podwojnym detektorem
jonizacji ptomieniowej i kolumng kapilarng CP-Sil 88 (100 m, 0,25 mm i.d., Agilent, Santa
Clara, CA, USA). Zawartos¢ sfingomieliny zostata przedstawiona jako suma wszystkich

analizowanych estrow metylowych kwasow tluszczowych w tej frakcji.

5.8.0znaczenie bialka

Stezenie biatka w osoczu, albuminach, frakcji HDL i ptytkach krwi oznaczono metoda
kolorymetryczng z uzyciem kwasu bicynchoninowego (BCA). Przygotowano odpowiednie
rozcienczenia poszczegllnych prob. Jako standardu uzyto albuminy BSA (bovine serum
albumin, Sigma). Zarowno krzywa, jak 1 proby oznaczano w tryplikacie. Po przygotowaniu
ptytke poddano 30-minutowej inkubacji na wytrzasarce laboratoryjnej, 300 rpm,
w temperaturze 37°C. Do zmierzenia absorbancji (dtugos¢ fali 560 nm) wykorzystany zostat

czytnik mikroptytek Synergy H1 (Hybrid Reader, BioTek Instruments, Winooski, VT, USA).
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5.9. Oznaczenie stezenia hemoglobiny

Stezenie hemoglobiny w erytrocytach oznaczono metoda kolorymetryczng
z wykorzystaniem zestawu z odczynnikiem Drabkina (Sigma, Saint Louis, USA). Niewielka
ilo§¢ erytrocytow poddano 15-minutowej inkubacji z uprzednio przygotowanym roztworem
Drabkina. Po tym czasie dokonano odczytu absorbancji na spektrofotometrze (Beckman DU
640, Brea, USA) przy dtugosci fali 540nm.

5.10. Statystyka

Wszystkie wyniki zostaly zaprezentowane jako $rednia + odchylenie standardowe (SD).
Analize statystyczng wynikow przeprowadzono z wykorzystaniem dwuczynnikowej analizy
wariancji (ANOVA) potaczonej z testem t-studenta dla prob zaleznych. Dla pordéwnan
wielokrotnych zastosowano korekt¢ Benjamina-Hochberga, Za poziom istotnosci statystycznej

uznano p < 0,05.
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6. Wyniki

Szczegolowe omowienie uzyskanych wynikow znajduje si¢ w pracy oryginalnej,
wchodzacej w sklad rozprawy doktorskiej:

The effect of normobaric hypoxia on acute exercise-induced changes in blood sphingoid base-

1-phosphates metabolism in cyclists.

Katarzyna Hodun, Mitosz Czuba, Kamila Ptoszczyca, Jerzy Sadowski, Jozef Langfort, Adrian
Chabowski, Marcin Baranowski. Biology of Sport, 2023,

W opisie wynikéw wykorzystano odniesienia do figur zamieszczonych w wyzej

wymienionej publikacji.
6.1. Wysilek 0 wzrastajacym obciazeniu

Intensywny wysitek fizyczny do wyczerpania w warunkach normoksji spowodowat istotny
statystycznie wzrost stezenia osoczowego S1P oraz jego frakcji potaczonej z HDL (Ryc. 1).
Efekt ten nie zostat zaobserwowany w warunkach wysokogorskich, co wigcej zaobserwowano
tu zmniejszenie st¢zenia S1P i sfingomieliny w erytrocytach po zakonczeniu wysitku, jednakze
efekt ten byl przejsciowy i po 30 minutowym odpoczynku zaobserwowano wzrost S1P i SM
w erytrocytach w porownaniu do warto$ci powysitkowej. Istotne statystycznie obnizenie
powysitkowego stezenia S1P wykazano réwniez w pilytkach krwi, co wigcej efekt ten
utrzymywat sie po 30 minutowym odpoczynku (Tabela 1). Zaréwno wysitek w normoks;ji, jak
1 hipoksji nie spowodowat istotnych statystycznie zmian tempa uwalniania SI1P z erytrocytow

(Ryc. 3).
6.2. Symulowana 30km kolarska préba czasowa

W wyniku 30 km symulowanej proby czasowej zaobserwowano istotny powysitkowy
wzrost stezenia dhS1P zaré6wno w osoczu, jak i w potaczeniu z HDL oraz z albuminami
w poréwnaniu do stezenia poczatkowego, co wigcej zmiana ta utrzymywata si¢ po 30-
minutowym odpoczynku (Ryc. 2). Dodatkowo, powysitkowy wzrost dhS1P stwierdzono
rowniez w erytrocytach i ptytkach krwi w poréwnaniu do stezenia bazowego, zmiana ta takze
utrzymywata si¢ po okresie odpoczynku (Tabela 2). Przeprowadzony eksperyment wykazat
istotny statystycznie powysitkowy wzrost wskaznika uwalniania dhS1P z erytrocytow
w porownaniu do warto$ci poczatkowej, ktory utrzymywat si¢ po 30-minutowym odpoczynku
(Ryc. 3). Dostepnos¢ tlenu nie miata wpltywu na powyzsze efekty. W probie czasowej
zaobserwowano powysitkowe zmniejszenie st¢zenia osoczowego S1P, co wigcej nasilenie tego

efektu wykazano w warunkach hipoksji (Ryc. 2).
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7. Whnioski

1. W wyniku dlugotrwatego wysitku o charakterze tlenowym dochodzi do wzrostu stgzen
sfinganino-1-fosforanu w osoczu, zarowno w potaczeniu z HDL, jak i albuminami,
bedacego konsekwencjg nasilenia produkcji i uwalniania tego zwigzku w erytrocytach.

Dostepnos¢ tlenu nie ma wptywu na powyzsze zmiany.

2. W wyniku dlugotrwatego wysitku o charakterze tlenowym wykazano redukcje st¢zenia
S1P po 30-minutowym odpoczynku, ktéora dodatkowo byta nasilona w warunkach

hipoksycznych.

3. Pojedynczy wysilek fizyczny o wysokiej intensywno$ci przeprowadzony
w prawidlowych warunkach tlenowych spowodowat wzrost osoczowego SIP

w polaczeniu z HDL.

4. Hipoksja zapobiega wzrostowi stezenia sfingozyno-1-fosforanu w o0soczu
w nastepstwie pojedynczego wysitku fizycznego o charakterze beztlenowym, co moze

wynika¢ z redukcji zawarto$ci S1P w erytrocytach.
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1 | INTRODUCTION

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid found in all eukaryotic
cells. Although it may function as an intracellular second messenger, most of its ef-
fects are induced extracellularly via activation of a family of five specific membrane
receptors. Sphingosine-1-phosphate is enriched in plasma, where it is transported by
high-density lipoprotein and albumin, as well as in erythrocytes and platelets which
store and release large amounts of this sphingolipid. Sphingosine-1-phosphate regu-
lates a host of cellular processes such as growth, proliferation, differentiation, mi-
gration, and apoptosis suppression. It was also shown to play an important role in
skeletal muscle physiology and pathophysiology. In recent years, S1P metabolism
in both muscle and blood was found to be modulated by exercise. In this review, we
summarize the current knowledge on the effect of acute exercise and training on S1P
metabolism, highlighting the role of this sphingolipid in skeletal muscle adaptation
to physical effort.

KEYWORDS

dhS 1P, dihydrosphingosine- 1-phosphate, exercise, red blood cells, skeletal muscle, sphinganine-1-
phosphate, sphingoid base- 1 -phosphate, training

muscle, heart, kidney, and liver. On the other hand, SIPR is

Sphingolipids constitute an integral component of cell
membranes of all eukaryotic organisms.' Sphingosine-
I-phosphate (S1P) is one of the most biologically active
members of this lipid class, and regulates a host of cellular
processes, such as growth, proliferation, differentiation, mi-
gration, and apoptosis suppression. It was also found to be
involved in pathophysiology of many diseases, including can-
cer, atherosclerosis, diabetes, and osleoporosis.2

The biological activity of SIP is mediated mostly by
commonly expressed membrane G-protein coupled receptors
(S1PRs), for which it acts as a ligand after being secreted to
the extracellular space.3 However, it can also act via intracel-
lular signaling pathways as a second messenger.* Each of the
five known STPRs (S1PR-S1PRs) has a distinct function and
expression pattern. SIPR-S1PR; are ubiquitously expressed
in tissues. Their presence was found in the brain, skeletal

found mainly in lymphoid organs, while SIPR is expressed
in the central nervous sys(em.3

The key molecule in sphingolipid metabolism is cera-
mide, which can be degraded by ceramidase to sphingosine
and free fatty acid. This reaction is reversible thanks to the
ceramide synthase which is responsible for the synthesis of
ceramide from sphingosine and acyl-CoA‘5 Sphingosine is
phosphorylated to STP by two isoforms of sphingosine kinase
(SphK1 and SphK2). Although both isoforms synthesize the
same product, they have different biological properties and
cellular localizations. SphK is also able to phosphorylate di-
hydrosphingosine, an intermediate in the de novo ceramide
synthesis pathway, to form dihydrosphingosine-1-phosphate
(dhS1P).6

Sphingosine-1-phosphate is dephosphorylated back
to sphingosine by two enzymes: S1P phosphatase (SPP),
and nonspecific lipid phosphate phosphohydrolase (LPP)

© 2020 John Wiley & Sons A/S. Published by John Wiley & Sons Lid
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with a wide substrate specificity. Another enzyme, namely
S1P lyase (SIPL), causes irreversible degradation of SIP
into ethanolamine phosphate and hexadecenal (Figure 1).°
Of note, extracellular SIP can be degraded only by LPP.
Two of the three known isoforms of this enzyme, namely
LPP1 and LPP3, are localized to the cell membrane, and
thus act as ecto—enzymes.7 SPP and S1PL are located in
the endoplasmic reticulum, and, therefore, do not have such
capabilities.®

Sphingosine-1-phosphate is found at high-nanomolar con-
centrations in the human plasma, bound mainly to high-den-
sity lipoprotein (HDL, 50%-60%) and albumin (30%-40%).
The remaining insignificant part is transported by low-den-
sity lipoprotein, and very low-density lip()prolcin,8 The
major transport protein of S1P in HDL is apolipoprotein M
(ApoM).9 Of note, the biological properties and metabolism
of SIP to a large extent depend on the type of carrier. HDL-
associated S1Pis characterized by a higher biological activity
and a much longer half-life compared to the albumin-bound
pool.m

Vascular endothelial cells (ECs) and erythrocytes (RBCs)
have been proven to be the principal sources of circulating
S1P.'"'2 RBCs and platelets are characterized by high-SphK
activity and low activity of S1P-degrading enzymes, which
allows them to store large quantities of this sphingolipid.
However, platelets release SIP only after activation, and,
therefore, they are not considered to be an important source
of plasma S1P under normal conditions. On the other hand,
RBCs and ECs release S1P conslilulively.IO

The protein responsible for S1P export from erythrocytes
and platelets is the major facilitator superfamily transporter
2b (Mfsd2b), whereas spinster homolog 2 (Spns2) mediates

CerS

LPP
(\

SPP

the release of SIP from ECs.'>!" It was recently showed that
liver is the primary organ responsible for clearance of S1P
from blood, which explains the rapid turnover of this sphin-
golipid in the circulation."

Studies conducted over the last two decades revealed an
important role of circulating SIP in physiology and patho-
physiology. It is involved in maintaining normal endothelial
barrier function, as well as proper vascular tone. In addition,
plasma S1P regulates immune cells trafficking, bone homeo-
stasis, and angiogenesis.'""'®!7 HDL-associated SIP is also

characterized by strong anti-atherogenic and cardioprotective

properties. 1519

In recent years, S1P emerged as an important regulator of

skeletal muscle function, and metabolism of this sphingolipid
was found to be markedly affected by exercise.2*?! This re-
view summarizes the present state of knowledge on the effect
of acute exercise and training on S1P metabolism in blood
and muscle, as well as on its role in adaptation to exercise.

2 | EFFECT OF ACUTE EXERCISE
ON S1P METABOLISM

2.1 | Skeletal muscle

The first study investigating the effect of exercise on SIP
metabolism in skeletal muscle was published by our group

in 20082 We found markedly increased SIP levels in the
soleus and red portion of the gastrocnemius muscle in rats

subjected to treadmill running until exhaustion. Exercise of

shorter duration was less effective in this regard, since mus-
cle S1P content was not affected by a 30-minutes run, and in

Cer
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FIGURE 1

Overview of sphingosine- 1-phosphate metabolism. Alb, albumin; Cer, ceramide; CDase, ceramidase; CerS, ceramide synthase;

Eth-1P, ethanolamine phosphate; HDL, high-density lipoprotein; Hex, hexadecenal; LPP, lipid phosphate phosphatase; Mfsd2b, major facilitator
superfamily transporter 2b; S1P, sphingosine- 1-phosphate; S1PL, sphingosine-1-phosphate lyase; SIPR, sphingosine-1-phosphate receptor; Sph,
sphingosine; SphK, sphingosine kinase: SPNS2, spinster homolog 2; SPP, sphingosine- 1-phosphate phosphatase
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the case of a 90-min effort it was increased only in the red
portion of the gastrocnemius muscle. Interestingly, S1P level
in the white portion of this muscle was not increased, regard-
less of the exercise duration, suggesting that this effect is
specific to muscles with higher oxidative capacity. It should
be noted, however, that in the same experimental setup SIP
content in the left ventricle of the heart was not affected by
exercise.”

The notion that muscle SIP level increases in propor-
tion to the duration of exercise was subsequently confirmed
by our group in the vastus lateralis of subjects performing
one-leg knee extension exercise for 120 minutes at 55% of
the maximal workload.?! In the same study, we found that
the magnitude of this effect depends also on exercise inten-
sity, since the content of SIP was elevated in response to a
30-minutes effort performed at 55% and 85%, but not at 25%
of the maximal workload. Importantly, muscle SIP level in
the resting leg was not increased following exercise, suggest-
ing that this effect is mediated by local rather than systemic
mechanisms.

In line with our results, Bergman et al** found elevated
S1P content in muscle biopsies taken from subjects perform-
ing a 90-minutes exercise at 50% of VO, max on a cycle er-
gometer. Although this effect was observed regardless of the
training and metabolic status, its magnitude was higher in
obese, and type 2 diabetic subjects compared to athletes. The
observed changes were, however, short-lived as muscle S1P
level decreased back to the baseline value following 2 hours
of rest.

The available data indicate that the exercise-induced in-
crease in muscle SIP content results from higher availability
of the substrate required for its synthesis. Accumulation of
sphingosine following exercise was observed in both rat and
human skeletal muscle, as well as in the rat myc:x:zm:lium.zz‘24

wiLEy--2*

A similar effect was found by Dobrzyn et al*® in rat hindlimb
muscles in response to 10 minutes of electrical stimulation
of the sciatic nerve. The above observation indicates that
accumulation of sphingosine is induced by muscle contrac-
tile activity rather than systemic changes related to exercise.
This effect may result from enhanced ceramide hydrolysis, as
alkaline and neutral ceramidases were found to be activated
in rat skeletal muscles in response to a 30-minutes exercise.
However, ceramidase activity decreased back to the baseline
level after 90 minutes of exercise, and subsequently dropped
below this level at the point of exhaustion.”> Therefore, in
the case of a more prolonged exercise other metabolic path-
ways (eg, decreased activity of ceramide synthase) must con-
tribute to sphingosine accumulation. Bergman et al** found
increased mRNA levels of alkaline ceramidase and SphK1
in human muscle biopsies taken immediately after exercise,
and following 2 hours-recovery. This observation further
supports the notion that exercise acutely stimulates ceramide
degradation to sphingosine, and its subsequent conversion to
S1P in skeletal muscle (Figure 2).

2.2 | Blood

Similarly to skeletal muscle, metabolism of circulating S1P
was also found to be affected by acute exercise. In our first
report we employed a cycle ergometer exercise at 70% of
VO, max performed by untrained subjects, and athletes for
30 minutes, and 60 minutes, respectively. In untrained in-
dividuals, plasma S1P concentration remained stable after
30 minutes of exercise. A significant increase in both SI1P
and dhS1P level was, however, observed following 30 min-
utes of recovery. In the case of athletes, there were no sig-
nificant changes in the plasma concentration of measured

Blood vessel
Erythrocyte

FIGURE 2 Mechanism of exercise-
induced increase in sphingosine-1-phosphate
content in skeletal muscle and plasma.
ApoM, apolipoprotein M: Cer, ceramide;

Al CDase, alkaline ceramidase; Al/Neut
CDase, alkaline/neutral ceramidase; HDL,
high-density lipoprotein; S1P, sphingosine-
1-phosphate: Sph, sphingosine; SphK,
sphingosine kinase

4 AliNeut CDase SphK1
Cer > tspn 12 —> fs1p

Skeletal muscle
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sphingolipids either during or after exercise.”® Similarly to
our results, Liu et al*’ also did not find statistically sig-
nificant changes in S1P level during 3 hours of exercise
on a cycle ergometer at 50% of VO, max. Unfortunately,
they did not investigate the subjects during the recovery
phase. In another study, done on athletes, obese individu-
als, and patients with type 2 diabetes, serum SIP concen-
tration remained stable during 90-minutes exercise on a
cycle ergometer at 50% of VO, max, but tended to decrease
in untrained subjects following 2 hours of recovcry.28 It
should be noted, however, that serum SIP level is 2- to
3-fold higher compared to plasma, which is a consequence
of ongoing S1P release from erythrocytes, as well as its
export from platelets activated during blood clotting 23
Therefore, changes in serum S1P concentration may not
reflect these in the plasma.

In a successive study, done on athletes, we used two types
of rowing ergometer exercise: 60 minutes at 65% of VO,
max, and graded exercise until exhaustion. In the case of the
former effort, plasma S1P level remained stable both during
exercise and recovery. On the other hand, the concentration of
dhS1P increased after 60 minutes of exercise, and remained
at similar level following 30 minutes of recovery. However,
24 hours later dhS1P concentration decreased back to the
basal value. Interestingly, graded exercise until exhaustion,
despite much shorter duration (18-21 minutes), increased the
plasma concentration of both SIP and dhS1P.*! The results
of the above studies indicate that the effect of acute exercise
on plasma S1P metabolism depends on the training status. In
untrained subjects a moderate intensity exercise is sufficient
to increase S1P concentration in the plasma, whereas in ath-
letes a much higher intensity is required to produce a similar
effect.

Exercise-induced increase in plasma dhSI1P concentra-
tion seems to result from its enhanced production and re-
lease in erythrocytes. In both of our studies, a progressive
increase in dihydrosphingosine and dhS1P content in RBCs
was observed during exercise, and this trend was maintained
throughout the first 30 minutes of recovery.>'* Interestingly,
electrically induced tachycardia was also found to in-
crease dihydrosphingosine and dhS1P concentration in the
plasma.’“ This effect was associated with elevated dihydro-
sphingosine content in the right ventricle, suggesting that the
heart may contribute to exercise-induced increase in plasma
dhS1P level by providing the substrate for its synthesis in
blood cells.

The mechanism underlying the effect of exercise on
plasma S1P level is likely more complex. Nevertheless, our
data indicate that enhanced availability of sphingosine for
S1P synthesis in blood cells is involved in this phenome-
non (Figure 2). In untrained subjects, the increase in plasma
S1P concentration during the recovery phase was associated
with decreased ceramide content in erythrocytes. Xu et al’?

detected alkaline ceramidase activity in human RBCs and
found that this enzyme provides sphingosine required for S1P
synthesis in erythrocytes. In athletes ceramide level in RBCs
remained stable, however, the increase in their plasma S1P
level, observed in response to high-intensity exercise, was
accompanied by elevated sphingosine concentration in the
plasma. In this case, sphingosine most likely originated from
skeletal muscle. In the experiment involving one leg knee ex-
tension exercise, where arteriovenous difference in sphingo-
lipid concentration was measured, we found that sphingosine
was released across the leg when the highest workload was
used.”! Interestingly, a similar effect was observed in the
resting leg which suggests involvement of systemic factors
related to exercise in this phenomenon.

As already mentioned in the introduction, vascular endo-
thelium represents an important source of circulating S1P. It
was shown that ECs both export and degrade extracellular
S1P." We found that exercise markedly affects S1P metabo-
lism in muscle circulation. At rest SIP is released across the
leg in both rats and humans.”"* On the contrary, during ex-
ercise S1P uptake/degradation prevails in muscle circulation,
and this effect augments in proportion to exercise inlensity.z'
The alteration in SIP dynamics across the leg is, however,
transient and disappears within the first 30 minutes follow-
ing cessation of exercise, which explains why the increase
in plasma SIP concentration develops during recovery.
Interestingly, we also observed elevated SIP level in the ar-
terial plasma in response to one leg knee extension exercise,
whereas its concentration in the venous plasma remained
fairly stable.” This observation indicates that exercise affects
S1P metabolism in other parts of the circulation as well. The
most likely candidates are pulmonary and hepatic vascular
beds which are the major sites of degradation and release of
circulating S1P.%

In contrast to exercise of a typical duration, ultra-en-
durance effort induces a profound decrease in plasma S1P
concentration. In athletes participating in a 48 hours ultra-
marathon race, SIP and dhSIP levels in the plasma were
markedly reduced after 24 hours of running, and further
decrease, down to ~50% of the baseline value, took place
at the end of the race. Importantly, this effect persisted
throughout 48 hours of rccovery.'M Erythrocyte hemoly-
sis and plasma volume expansion could not represent the
major mechanisms underlying this effect. RBC count and
hematocrit remained stable during the race, and a moder-
ate decrease in these parameters was observed only in the
recovery phase. The ultra-endurance effort was, however,
associated with muscle injury and inflammatory response,
as evidenced by markedly elevated C-reactive protein and
creatine kinase levels.* It is well established that strong
activation of inflammatory pathways results in a profound
reduction in plasma S1P concentration. Such effect was ob-
served in patients with sepsis, acute pancreatitis, and dengue
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infection, as well as following lipopolysaccharide adminis-
tration to mice. ™ It is, therefore, possible that activation
of the inflammatory response contributes to decreased S1P
level during ultra-endurance effort.

3 | EFFECT OF TRAINING ON S1P
METABOLISM

3.1 | Skeletal muscle

The first report on the effect of endurance training on skel-
etal muscle SIP metabolism was published by Btachnio-
Zabielska et al.** They found that the content of both S1P
and sphingosine in the soleus, as well as in the red and white
portion of the gastrocnemius muscle, remained stable in
rats subjected to 5 weeks of training on a treadmill. DhS1P
level was, however, markedly increased in both portions of
the gastrocnemius muscle. This effect was a consequence of
increased availability of dihydrosphingosine resulting from
enhanced de novo sphingolipid synthesis, as evidenced by
striking increase in serine palmitoyltransferase activity.
Similarly to rats, SIP level in the vastus lateralis of obese
subjects was not affected by 16 weeks of regular aerobic ex-
ercise.” Consistently, Bergman et al** did not find statisti-
cally significant differences in muscle S1P content between
endurance trained athletes, and obese or type 2 diabetic sub-
jects. Interestingly, muscle mRNA expression of alkaline ce-
ramidase and SphK2 was higher in athletes, compared to the
two remaining sedentary groups. In addition, SIPR; ; mRNA
level was found to be markedly increased in rat soleus and
flexor hallucis longus muscle following 8 weeks of resistance
training.“

Taking together, during endurance training the acute
increase in muscle SIP content induced by exercise does
not translate into higher basal level of this sphingolipid.
Nevertheless, SIP signaling in skeletal muscle may still be
enhanced by training thanks to higher SIPR expression.

3.2 | Blood

In 2011 we found for the first time that resting plasma
S1P (but not dhS1P) concentration is higher in endurance
trained athletes compared to untrained subjecls.26 We con-
firmed this finding in the subsequent study, where partici-
pants were subjected to 8 weeks of endurance training on
a rowing ergometer. Interestingly, plasma fractionation
showed that the increase in total S1P concentration resulted
entirely from elevation in the amount of the HDL-bound
pool.42 Higher total plasma S1P level was observed also in
both pre- and post-menopausal women following 3 months
of high-intensity interval training on a cyc]eergomt:ler.43

wiLEy-22

It should be noted, however, that Bergman et al®® did not
find statistically significant differences in serum SI1P con-
centration between endurance trained athletes, and obese
or type 2 diabetic subjects. Nevertheless, as it was previ-
ously mentioned, changes occurring in plasma SIP level
may be masked by SIP release from blood cells if serum
is analyzed.

The effect of resistance training on plasma S1P concen-
tration remains unclear. Jorgensen et al** found no change
in SIP level in patients with multiple sclerosis subjected
to 24 weeks of high-intensity resistance training. On the
other hand, plasma S1P concentration was markedly in-
creased in rats following 8 weeks of training on a resis-
tance ladder.*!

We found that the increase in plasma S1P level induced
by endurance training is associated with enhanced SphK
activity in both erythrocytes and platelets, and augmented
SIP release from RBCs.*” In addition, the content of cera-
mide in erythrocytes of athletes was found to be lower com-
pared to untrained subjects, suggesting that training may
stimulate ceramidase activity in these blood cells to provide
more substrate for SIP synlhesisz(’ (Figure 2). In the study
done on pre- and post-menopausal women, the increase
in plasma SIP level was associated with elevated ApoM
concentration.* This observation indicates that enhanced
availability of the major S1P carrier may also represent a
mechanism underlying the effect of training on plasma S1P
level. H7owever, in our study ApoM concentration remained
stable.*?

4 | IMPLICATIONS FOR
EXERCISE PHYSIOLOGY
4.1 | Muscle fatigue

There is an increasing body of evidence that alterations in
S1P metabolism produced by acute exercise may induce a
significant effect on muscle contractile function. Danieli-
Betto et al*® found that exogenous administration of SIP or
sphingosine markedly reduces fatigue development in mu-
rine extensor digitorum longus (EDL) muscle. Importantly,
sphingosine was able to reduce fatigue only after conversion
to S1P by SphK. The effect of SIP seems to be mediated by
S1PRj5, as EDL of mice lacking this receptor is characterized
by lower twitch tension amplitude, faster fatigue develop-
ment, and slower recoveryf‘6 It should be noted, however,
that exogenous S1P was still able to reduce muscle fatigue
development in these mice, which suggests that SIPR; is not
the only SIPR subtype involved in this phenomenon.“® The
anti-fatigue properties of S1P seem to be related to its posi-
tive effect on muscle excitation-contraction coupling and ac-
tion potential amplilude.“"w

34



HODUN ET AL.

* | wiLEY

On the contrary, sphingosine was found to inhibit cal-
cium release from the sarcoplasmic reticulum in skinned
rabbit skeletal muscle fibers and cardiomyocytes, as well
as in murine skeletal muscle, by direct interaction with the
ryanodine reccplor.“’”’w Exercise-induced accumulation
of sphingosine was, therefore, proposed to contribute to the
development of muscle fatigue.45 Considering the opposite
effects of S1P and sphingosine on excitation-contraction
coupling, maintaining a proper balance between these
two sphingolipids is likely important for normal contrac-
tile function of skeletal muscle. Enhanced conversion of
sphingosine to S1P in muscle cells, in combination with
increased availability of extracellular S1P, during exercise
may, therefore, represent a mechanism preventing prema-
ture muscle fatigue.

4.2 | Peripheral edema

Decreased availability of plasma S 1P may contribute to some
detrimental effects of ultra-endurance exercise. Circulating
S1P was found to be an important regulator of endothelial
barrier function. Experiments on mice showed that selective
lack of SIP in plasma, as well as impaired SIPR; signal-
ing, are associated with increased basal and inflammation-
induced vascular leak.**' Peripheral edema is frequently
found in athletes completing an ultramarathon run,’> and
impaired endothelial barrier function resulting from reduced
plasma S1P level may contribute to this effect.

4.3 | Possible role of dhS1P

The results of our studies show that acute exercise in-
duces a stronger effect on plasma dhS1P level, compared
to S1p. 212634 Moreover, we found that in skeletal muscle
dhS1P (but not SIP) content is increased by endurance train-
ing.** Although the biological activity of dhSIP is poorly
studied, it is commonly thought to exert effects similar to
S1P, since it activates SIPRs with equivalent potency.53
The available data, however, indicates that dhS1P is not a
mere analog of S1P. These two sphingolipids show different
distribution in plasma fractions and transport protein prefer-
ences.”* Moreover, in some studies they were even found
to induce opposite effects.” It is, therefore, possible that
dhS1P possesses unique, yet unexplored, functions in exer-
cise physiology.

4.4 | Satellite cells

Satellite cells (SCs) constitute a skeletal muscle-specific pop-
ulation of stem cells that plays a crucial role in muscle fiber

maintenance, repair and remodeling. SCs are activated by
exercise and contribute to muscle adaptation to training.”’ In
recent years, S1P was found to be a potent activator of SCs.*®
Calise et al”” showed that S1P stimulates SCs proliferation,
migration, maturation, and formation of new myofibers. It
strongly indicates that SI1P participates in skeletal muscle
regeneration.

Studies done on mdx mice, a model of muscular dystrophy,
have shown that inhibition of STPL or external administration
of SIP prevents reduction in muscle mass, while inactivation
of this lipid accelerates muscle atrophy.®*¢! Furthermore, in-
hibition of SphK activity markedly limited the response of
SCs to mitogen, and impaired the movement of these cells to
the muscle injured by cardiotoxin.*® Increased level of S1P
and enhanced SphK1 activity was also observed in damaged
muscle fibers, and in SCs associated with them.% Moreover,
it was shown that external administration of SIP caused my-
ofibers to regenerau:.63

SIPR; and SIPR; are expressed in quiescent SCs.
Although STPR, was absent on these cells, it seems to be
largely responsible for the early phase of regeneralionf‘“(’
Danieli-Betto et al® reported upregulated expression of
S1P, during the initial regeneration phase of soleus muscle
damaged by bupivacaine. In addition, there was an overex-
pression of SIPR |, whereas S1PR; expression was markedly
reduced. In light of these results, Fortier et al®” noticed that
lack of SIPR; stimulated proliferation of SCs, and induced
acute, and chronic muscle regeneration. However, overex-
pression of this receptor had the opposite effect. The prin-
cipal role of SIPR, in the initial phase of regeneration was
confirmed by Germinario et al,% who found impaired mus-
cle regeneration in both S1PR,-null mice, and in animals
administrated with STPR, antagonist. Attempts to adminis-
trate SIP externally, or to restore its function using a spe-
cific antibody, failed to stimulate recovery in these animals.
Consistently, the lack of SIPR, activity completely inhibited
the pro-myogenic functions of SCs, which was manifested
by deficiency of key markers of muscle differentiation and
growth.

Calise et al*’ pointed out that SIP/SIPR | 5 axis can act
on SCs in two ways. On the one hand, SCs may be stim-
ulated and receive mitogenic signaling, but on the other,
this axis is able to inhibit the myogenic effect. As a result,
proliferation is stopped and differentiation into myoblasts
begins.

4.5 | Mitochondrial function

S1P also emerges as a regulator of mitochondrial function.
Several studies found that normal activity of SphK2, which
is predominantly localized at intracellular membranes,
including mitochondria,®® is important for the proper
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function of these organelles. Inhibition of SphK2 resulted
in mitochondrial dysfunction and reduced ATP synthesis
in dopaminergic nerve precursor cell line, murine cardio-
myocytes, HeLa cells, and insulinoma 6 cells.®*™ Strub
et al®® found that the effect of S1P is mediated by its di-
rect interaction with prohibitin 2, a highly conserved pro-
tein that regulates mitochondrial assembly and function.
Interestingly, administration of extracellular S1P was able
to restore normal mitochondrial function in SphK2 knock-
down cells.**” In addition, incubation of C2CI2 cells
with either STPL inhibitor or S1P was showed to markedly
enhance maximal mitochondrial respiration rate. This ef-
fect resulted from increased capacity to oxidize fatty acids,
which was further supported by upregulated expression of
fatty acid metabolism genes in response to treatment with
S1PL inhibitor.®' Extracellular S1P (via binding to S1PR;)
was also found to promote mitochondrial biogenesis in
Hep G2 cells by activating peroxisome proliferator-acti-
vated receptor y coactivator 1o Recently, Fang et al™
reported that extracellular STP reduces mitochondrial oxi-
dative stress induced by high concentration of insulin in
normal human hepatic cell line LO2. A study on C elegans
revealed that S1P is also crucial for activation of the mito-
chondrial unfolded protein response that maintains mito-
chondrial protein homeostasis upon stress. The mechanism
underlying this phenomenon involves rapid, reversible
translocation of SphK1 to mitochondrial membranes and
subsequent S1P produclion.73

5 | S1P AS A MEDIATOR OF
THE EFFECT OF EXERCISE ON
CARDIOVASCULAR HEALTH

The benefits of aerobic exercise in the prevention and therapy
of cardiovascular disease are firmly established.” In this sec-
tion, we discuss the evidence supporting the hypothesis that
the increase in S1P levels (especially in the HDL-bound pool
in the plasma) represents one of the mechanisms mediating
the positive influence of regular physical activity on cardio-
vascular health.

There is a host of evidence for the beneficial role of HDL-
bound S1P in cardiovascular disease. It was found to exert
strong protection against ischemia/reperfusion injury of the
heart, as well as to induce anti-atherogenic, and anti-inflam-
matory effects in the vascular system.'®! In addition, some
other functions of HDL, such as vasodilation, angiogenesis,
and promotion of the endothelial barrier function, are also
mediated by its SIP cargo.” It was reported that HDL dys-
function observed in patients with coronary artery disease
results from decreased S1P content. Importantly, this dys-
fi uncgiﬁon can be effectively reversed by loading of HDL with
SIP.

wiLEy--2

In recent years SIPRs emerged as potential new targets
for the anti-hypertensive therapy. Initially, intravenous ad-
ministration of S1P was shown to rapidly decrease arterial
blood pressure in rats.”” S1P bound to HDL is also responsi-
ble, at least in part, for a similar decrease in blood pressure
following intra-arterial injection of HDL."™ Subsequent
studies found that activation of SIPR, and S1PR; in vas-
cular endothelial cells results in vasodilation mediated
by enhanced nitric oxide produclion.79 Administration of
SEW2871, an SIPR, agonist, was reported to markedly de-
crease blood pressure in hypertensive mice.*® On the other
hand, chronic treatment with Fingolimod (FTY720), a drug
that is considered to be a functional SIPR antagonist, in-
creased blood pressure in both rats and humans.*"? The
anti-hypertensive properties of S1P may be also related to
its effect on urinary sodium excretion. Activation of SIPR,
in the renal medulla was shown to markedly stimulate na-
triuresis and medullary blood flow.™

Obesity is an independent risk factor for cardiovascu-
lar disease, and exercise is one of the therapeutic inter-
ventions for the prevention and management of excessive
weight. It was shown that in overweight and obese individ-
uals the effect of exercise on energy balance, in addition
to increased energy expenditure, is mediated also by sup-
pression of appetite.* Silva et al®® revealed the key role of
hypothalamic SIPR in the regulation of energy balance in
rodents. They found that intracerebroventricular injection
of S1P reduces food consumption and increases energy
expenditure, whereas the selective disruption of hypotha-
lamic SIPR results in increased food intake. In the subse-
quent study by the same group, chronic exercise reversed
the downregulated expression of SIPR; observed in the
hypothalamus of middle-aged mice, restoring the anorex-
igenic and thermogenic signals. Moreover, acute exercise
increased S1P concentration in the cerebrospinal fluid of
young rats, and injection of this fluid into the hypothala-
mus of middle-aged rats at rest was sufficient to reduce the
food intake.*®

6 | CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

Studies conducted over the last decade clearly showed that
exercise induces a strong effect on S1P metabolism, and
elevates the level of this bioactive sphingolipid in muscle,
plasma, and cerebrospinal fluid (Table 1). SIP was found to
regulate several aspects of muscle biology, including excita-
tion-contraction coupling, satellite cell activity, and mitochon-
drial function. Taking together, the available data strongly
suggest that enhanced S1P signaling may play a significant
role in adaptation of skeletal muscle to exercise (Figure 3).
Direct experimental evidence supporting this hypothesis is,
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TABLE 1 Summary of studies investigating the effect of acute exercise or training on SIP level
Reference Tissue Exercise modality Effect on S1P level
Acute exercise
Silva et al (2016)“ Rat cerebrospinal fluid Swimming, 3 h ™
Baranowski et al (2008)23 Rat left ventricle Treadmill (1200 m/h, +10° incline) -
30 min exercise P
90 min exercise —
Exhaustion
Biachnio-Zabielska et al (20()8)22 Rat skeletal muscle Treadmill (1200 m/h, +10° incline) <
30 min P
90 min "
Exhaustion
Baranowski et al (20]5)21 Human skeletal muscle One-leg knee extension exercise (untrained -
subjects) P
30 min at 25% of W "
30 min at 55% of Wmax T
120 min at 55% of Wmax
30 min at 85% of Wmax
Bergman et al (2016)** Human skeletal muscle Cycle ergometer 1
90 min at 50% VO,max
Baranowski et al (2014)'“ Human plasma 48 h ultramarathon run 1
(athletes)
Baranowski et al (20]5)2] Human plasma Rowing ergometer (athletes) P
30 min at 65% of VO,max -
60 min at 65% of VO,max 1
graded exercise until exhaustion
Baranowski et al (2011)* Human plasma Cycle ergometer P
30 min at 70% of VO,max (untrained subjects) -
30 min at 70% of VO,max (athletes) P
60 min at 70% of VO,max (athletes)
Liu et al (2018)” Human plasma Cycle ergometer -
1 h at 50% of VO,max o
2 h at 50% of VO,max P
3 h at 50% of VO,max
Bergman et al (2015)* Human serum Cycle ergometer —
90 min at 50% of VO,max -
(untrained subjects)
90 min at 50% of VO, max (athletes)
Endurance training
Blachnio-Zabielska et al (2011)*  Rat skeletal muscle Treadmill o
5wk
Dubé et al (2011)*" Human skeletal muscle Cycle ergometer and walking IS
6 wk
Ksiazek et al (201 8)“2 Human plasma Rowing ergometer 1
8 wk
Yafasova et al (2019)* Human plasma Cycle ergometer P
3mo
Resistance training
Banitalebi et al (2013)“ Rat plasma Resistance ladder ™
8 wk
Jgrgensen et al (2019)* Human plasma Upper and lower body exercises —

24 wk
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FIGURE 3 Sphingosine-1-phosphate
as a mediator of skeletal muscle adaptation
to exercise. S1P, sphingosine-1-phosphate;
S1PR, sphingosine-1-phosphate receptor
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however, still lacking. Therefore, future research in this area
should employ in vivo gain- and loss of function models of
S1P production and signaling. In addition, the physiological
role of dhS1P in skeletal muscle remains to be characterized.
The training-induced increase in HDL-bound S1P level may
also represent one of the mechanisms responsible for the posi-
tive effect of exercise on cardiovascular risk.
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1INT RO DU C T 1O/ 15

Sphingoid base-1-phosphates represent a subgroup of sphingolipids
known for their high biological activity. They are produced via phos-
phorylation of free sphingoid bases by the enzyme sphingosine kinase
(SphK). The two best known members of this subgroup are sphin-
gosine-1-phosphate (S1P) and dihydrosphingosine-1-phosphate
(dhS1P), which are synthesized from sphingosine and dihydrosphin-
gosine, respectively. Sphingosine is a product of ceramide degrada-
tion by ceramidase, whereas dihydrosphingosine is an intermediate
in the de novo sphingolipid synthesis pathway. S1P and dhS1P are
irreversibly degraded by S1P lyase, or dephosphorylated back to free
sphingoid bases by S1P phosphatase or nonspecific lipid phosphate
phosphohydrolase [11.

Sphingoid base-1-phosphates can be exported to the extracellular
space by facilitator superfamily transporter 2b, spinster homolog 2,
and several members of the ATP-binding cassette transporter

family [2-4). Itis generally accepted that most of their biclogical ef-
fects are induced extracellularly via binding to a family of five specif-
ic membrane G-protein coupled receptors (S1PRs) [5].

Sphingoid base-1-phosphates are found in relatively high con-
centrations in the human plasma, where they are transported main-
ly by high-density lipoprotein (HDL) and albumin. In addition, large
quantities of S1P and dhS1P are stored in red blood cells (RBCs)
and platelets, which are characterized by high SphK activity and
low expression of enzymes responsible for their degradation. RBCs
release sphingoid base-1-phosphates constitutively, and were
found to be the major source of circulating S1P and dhS1P
Platelets, on the other hand, secrete them only upon activation.
Significant amounts of sphingoid base-1-phosphates are also
constitutively released to the circulation by vascular endothelial
cells [6].
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There is an increasing body of evidence indicating that extracel-
lular S1P is an important regulator of muscle function, likely involved
in its adaptation to exercise. It affects the excitation-contraction cou-
pling in a way resulting in an anti-fatigue effect, stimulates muscle
regeneration via activation of satellite cells, enhances mitochondri-
al respiration, and induces angiogenesis [7].

We have previously found that concentration of sphingoid base-
1-phosphates in the plasma is elevated in response to both acute
exercise and training [8, S]. Interestingly, hypoxia, which is com-
monly utilized in athletes' training programs due to its performance
benefits, was recently shown to induce a similar effect on circulat-
ing S1P and dhS1P at rest [10). Stimulation of A2B adenosine re-
ceptor in RBCs was found to induce activation of SphK and accu-
mulation of S1F indicating that adencsine may mediate the effect
of hypoxia on circulating sphingoid base-1-phosphates metabo-
lism [11]. Accumulation of S1P and dhS1P in response to hypoxia
was also observed in human cerebral endothelial cell line, which
was a consequence of reduced S1P lyase activity [12].

Altitude training has become a standard training protocol in many
sports disciplines, including cycling, to increase exercise capacity at
sea level, to acclimatize prior to competitions at altitude, or before
ascending to altitude [13]. A sudden exposure to the hypoxic envi-
ronment, or a longer stay at elevated altitude, induces numerous ad-
aptations which can lead to improved athletes' performance at sea
level. These mechanisms are generally attributed to either hemato-
logical, cardiovascular, or ventilatory effects of altitude train-
ing [14-16). In addition, acute and chronic exposure to hypoxia in-
duces serval metabolic consequences in the body and combined
with exercise presents an enormous challenge for athletes [17]. The
process of adaptation to hypoxia is important not only for profession-
al athletes. Due to the growing popularity and availability of high
mountain tourism and mountain-related forms of recreation, issues
related to the adaptation of the human body to hypoxia are becom-
ing important to a growing number of people.

Therefore, considering the above facts, the aim of the current
study was to determine the effect of normobaric hypoxia on acute
changes in blood sphingolipid metabolism induced by exercise.
Our hypothesis was that the increase in plasma sphingoid base-
1-phosphates concentration in response to acute exercise is aug-
mented by a concomitant exposure to hypoxia, which could me-
diate the beneficial effects of hypoxic training. In the present study
we used the exercise protocols, namely graded exercise until ex-
haustion and 60 min of submaximal exercise, which we previous-
ly found to induce acute changes in the metabolism of circulating
sphingoid base-1-phosphates [8, 18].

MATERIALS AND METHODS I
Experimental design

The investigation conforms to the ethical norms and standards in
the Declaration of Helsinki and was approved by the Bicethics
Committee at the Medical University of Bialystok (approval no.

+
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R-1-002/325/2019). Each subject signed an informed consent
before inclusion in the study.

Fifteen highly-trained male competitive cyclists (age 25.4 +8.4
years, BMI 21.6+ 1.8 kg/m?, body fat content 9.2+ 2.1%, VO,
61.4 + 3.1 ml/kg/min) with an average training experience of
6.3+ 2 years participated in the study. All subjects possessed a val-
id medical certificate confirming the absence of contraindications to
the practice of competitive sport activity.

The athletes were instructed to maintain their regular diet and
supplementation throughout the experiment, and were asked to ab-
stain from caffeine intake during 24 h preceding each test. All par-
ticipants arrived at the facility one day before the start of each test
series and consumed the same meals throughout their stay (40 kcal/
kg/d, 50% carbohydrates, 20% proteins, and 30% fats}.

The subjects were tested during two sessions, separated by two
weeks, in either normoxic or hypoxic (FiO, = 16.5%, equivalent to
2,000 m asl) conditions applied in a random order. The athletes
were blinded to exercise conditions. The tests were performed in
aroom equipped with a normobaric hypoxia system (AirZone 25, Air
Sport, Miedzyzdroje, Poland) allowing to manipulate oxygen concen-
tration in the air. Temperature (15°C), humidity (50%), and CO, con-
centration (700-800 ppm) were controlled and held constant.

In the moming of the first day of each session, two hours after
alight breakfast, the subjects performed graded cycling exercise un-
til volitional exhaustion (GE). Volitional exhaustion was defined as
the participants' inability to continue exercising, despite strong en-
couragement by the testing staff. The exercise started with a work-
load of 120 W, which was then increased by 40 W every 3 min. The
total duration of exposure to hypoxia during this test was ~35 min.

On the next day, following 24 h of rest (two hours after a light
breakfast), the athletes performed a simulated 30 km individual time
trial (TT) in a mountainous terrain. The TT was preceded by a 15 min
warm-up, carried out according to the athletes’ individual preferenc-
es, under oxygen concentration corresponding to the main exercise.
The total duration of exposure to hypoxia during this test was
~S0 min. Both tests were performed on subjects’ personal bicycles
connected to an electromagnetic bicycle trainer (Cyclus 2, RBM Ele-
ktronik-Automation GmbH, Leipzig, Germany). The athletes were al-
lowed to consume water ad libitum during each exercise. The oxy-
gen saturation of arterial blood (SpO,) and heart rate were measured
using the WristOx2 pulse oximeter (Nonin Medical Inc., Plymouth,
MN).

Blood fractionation

During each test day blood samples were taken from the antecubital
vein at three time points: before the onset of exercise, within 5 min
following its cessation, and after 30 min of recovery in normoxia.
Blood was put on ice immediately after sampling into 4 mL EDTA
tubes. Erythrocytes, platelets, and platelet-free plasma were isolated
by sequential centrifugation. Temperature was maintained at 4°C
throughout whole procedure to prevent sphingoid base-1-phosphates
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release from erythrocytes [19]. Separated blood cells were resus-
pended in cold PBS and flash frozen in liquid nitrogen.

HDL were isolated from the platelet-free plasma by sequential flo-
tation ultracentrifugation in NaBr solution in a Sorvall RC M120 GX
ultracentrifuge (Thermo Fisher Scientific, Waltham, MA) equipped
with a S120-AT2 rotor as described by Havel et al. [20] with some
modifications. Briefly, plasma was centrifuged at 120.000 rpm for
85 min at 8°C at a density of 1.006 g/mL to remove very low-den-
sity lipoprotein, for 155 min at a density of 1.063 g/mL to remove
low-density lipoprotein, and for 260 min at a density of 1.21 g/mL
to obtain HDL. After the last centrifugation step lipoprotein-deplet-
ed plasma containing albumin was recovered from the bottom of the
tube. To avoid oxidation of lipoproteins, 0.3 mM EDTA was present
in all preparation steps. Densities of NaBr solutions used for densi-
ty adjustments were checked with a digital densitometer (Densito
30R, Mettler Toledo, Columbus, OH). All samples were stored at
(=80°C) until analysis.

Sphingoid base-1-phosphate release from erythrocytes

Cold erythrocyte concentrate was resuspended in precooled plasma
isolated from the same blood sample to obtain hematocrit of ~45%.
To determine the baseline sphingoid base-1-phosphate concentration
in the medium, an aliquot of the erythrocyte suspension was im-
mediately transferred to a fresh tube and centrifuged at 4°C. The
supernatant was then flash frozen in liquid nitrogen. The remaining
portion of the erythrocyte suspension was incubated for 20 min at
37°Cin 5% CO,. Samples were then immediately cooled on ice and
the medium was separated by centrifugation at 4°C. The rate of S1P
and dhS1P release was calculated by subtracting their basal con-
centration in the medium from the value measured after the incubation.

Sphingolipid analysis

The content of S1F dhS1F sphingosine, dihydrosphingosine, ce-
ramide, and dihydroceramide was determined as previously described
in detail [21]. Briefly, lipids were extracted from samples in the
presence of internal standards (C17-sphingosine and C17-S1F
Avanti Polar Lipids, Alabaster, AL). An aliquot of the lipid extract was
transferred to a fresh tube with pre-added N-palmitoyl-D-erythro-
sphingosine (C17 base, Avanti Polar Lipids) as an internal standard,
and then subjected to alkaline hydrolysis to deacylate ceramide and
dihydroceramide to sphingosine and dihydrosphingosine, respec-
tively. The amounts of S1P and dhS1P were determined indirectly
after dephosphorylation to sphingosine and dihydrosphingosine,
respectively, with the use of alkaline phosphatase. Free sphingosine
and dihydrosphingosine, dephosphorylated sphingoid base-1-phos-
phates, and sphingoid bases released from ceramide and dihydroc-
eramide were then converted to their o-phthalaldehyde derivatives
and analyzed using a UPLC system (Nexera, Shimadzu Corp., Kioto,
Japan) equipped with a fluorescence detector (RF-20Axs) and aC18
reversed-phase column (Reproshell ODS-1, 2.7 um, 125X 3 mm,
Dr Maisch, Ammerbuch, Germany). The isocratic eluent composition

of acetonitrile: water (84:16, v/v) and a flow rate of 0.4 mL/min were
used. Column temperature was maintained at 30°C.

For sphingomyelin analysis, lipids were extracted from erythro-
cytes and platelets by the method of Folch. Next, sphingomyelin was
separated by thin-layer chromatography using the method described
by Mahadevappa et al. [22]. The gel bands corresponding to the
sphingomyelin standard were scrapped off the plates and transferred
into fresh tubes containing pentadecanoic acid as an internal stan-
dard. Sphingomyelin fatty acids were then transmethylated in the
presence of 14% boron trifluoride in methanol at 100°C for SO min.
The resulting methyl esters of palmitic, stearic, arachidic, behenic
and lignoceric acid were analyzed by means of gas-liquid chroma-
tography using a Hewlett-Packard 5850 Series || system equipped
with a double flame ionization detector and Agilent (Santa Clara, CA)
CP-Sil 88 capillary column (100 m, 0.25 mm i.d.). The content of
sphingomyelin is presented as the sum of all analyzed individual fat-
ty acid methyl esters.

Hemoglobin concentration was determined using Drabkin's re-
agent kit (Sigma, Schnelldorf, Germany). Protein concentration was
measured with the BCA protein assay kit (Sigma). Bovine serum al-
bumin (fatty acid free, Sigma) was used as a standard.

Statistical analysis

All data are presented as means + SD. Statistical comparisons were
made by using two-way ANOVA (with one factor being oxygen con-
centration during exercise, and the other factor being time) followed
by Student's t-test for paired samples. Correction for multiple com-
parisons was performed using Benjamini-Hochberg procedure.
P < 0.05 was considered statistically significant.

RIS U LTS 15
General exercise and subjects characteristics

The average duration of the GE in normoxia and hypoxia was
20.2+1.9and 18.0+ 1.9 min, respectively. The maximal work rate
during the test performed under normoxic conditions was 5.1 +0.3
W/kg of body weight, whereas in hypoxia it amounted to 4.6+0.4
W/kg. The heart rate at the point of volitional exhaustion was
193+8 and 190+ S bpm in normoxia and hypoxia, respectively.
The resting SpO, under normoxia was 98.0+ 0.8, and during the
final stage of the GE it was reduced to 91.9+ 3.0%. In hypoxia, the
SpO; amounted to 93.3 + 3.4 atrest, and 84.3 + 5.4% at the point
of exhaustion.

The duration of the TT in normoxia was 61.1 = 5.4 min, where-
as in hypoxia it increased to 63.7 + 3.0 min. The average work rate
during this test amounted to 3.6+ 0.3 and 3.3 £ 0.2 W/kg of body
weight under normoxic and hypoxic conditions, respectively. The
heart rate was 176+ 9, 177 £8, and 179+ 10 bpm at 10, 20,
and 30 km of the TT in normoxia, respectively. During the test per-
formed under hypoxic conditions the corresponding heart rates were
174+11, 176+13, and 180+ 12 bpm. In the normoxic TT, the
SpO; values at rest, and at 10, 20, and 30 km of the test were
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TABLE 1. The content of sphingolipids in erythrocytes and platelets sampled before, immediately after, and following 30 min of recovery
from a graded cycling exercise until volitional exhaustion (GE) performed either in normoxia or at a simulated altitude of 2,000 m asl

(n = 15).
Normoxic GE Hypoxic GE
Basal Post-ex. Recovery Basal Post-ex. Recovery

Erythrocytes (pmol/mg Hb)
Sphingosine 0:29+0.1 0.294 +£0.123 0.274+0.1 0.307 £0.066 0.299+0.061 0.326+0.062
dhSph 0.024+0.008 0.034+0.017 0.033+0.018 0.034+0.012 0.035+0.01 0.039+0.011
S1P 4.29+1.05 4.51+1.23 4.08+1.11 5.38+1.15 4.57 £0.97* 5.04 +1.27#
dhS1P 1.92+0.66 2.25+0.94 2.23+0.76 2.71+0.95 2.2+0.46 2.85+1.17
Ceramide 35.1+8.5 37.6+10.3 28.1+8.2%# 41.8+106 42.9+95 43.7+10.7
dhCer 2.02+0.97 2.06+0.82 1.57 £ 0.67*# 2.34+0.71 2.53+1.03 263+1.14
Sphingomyelin 1260+ 140 1224+133 1202+121 1390+ 172 1295+ 128* 1429+ 224#

Platelets (pmol/mg protein)
Sphingosine 51.5+34 51.7+42.2 60.2+ 50 60.5+ 29 51.9+40.2 51.9%37.2
dhSph 11.5+6.5 11.9+9.2 13.6+10.5 13.7+6.6 12.8+938 13.6+87
S1P 536+ 209 493 +217 560+ 223 720+181 565 + 235*% 564 +212*
dhS1P 214 +96 211+100 254 + 106# 309+69 272+128 277+112
Ceramide 944 + 538 784 +241 771+ 256 967 +220 890+ 404 973+ 381
dhCer 516+ 274 429+174 444+ 198 576+ 165 507 + 204 543+ 199
Sphingomyelin 19912+4912 17553+4329 18655+3843 22607+3755 19782+5444 22564 + 4900

The results are means + SD. * - p < 0.05 vs. the basal value, # - p < 0.05 vs. the post-exercise value. S1P - sphingosine-1-phosphate,
dhCer - dihydroceramide, dhS1P - dihydrosphingosine-1-phosphate, dhSph - dihydrosphingosine, Hb — hemoglobin.

§7.8+2.0,94.5+24, 94.1+1.7 and 93.6+ 2.3%, respective-
ly. Under hypoxic conditions the corresponding SpO; values were
G3.3+3.8,85.6+3.8,86+4.2 and 86.5+ 2.7%.

Graded exercise until volitional exhaustion

The total plasma S1P concentration increased in response to GE
performed under normoxic conditions, which resulted entirely from
the rise in the content of the HDL-bound pool. This effect was, how-
ever, transient and disappeared following 30 min of rest (Fig. 1). In
addition, compared to the basal values, the content of the HDL-bound
dihydrosphingosine was reduced (Fig. 1), whereas that of dhS1P in
platelets (Table 1) was increased after 30 min of recovery from the
exercise. In erythrocytes statistically significant changes induced by
normoxic GE were observed only for ceramide and dihydroceramide
levels, which were reduced below the basal values following 30 min
of recovery (Table 1). The rate of sphingoid base-1-phosphates release
from RBCs was not affected by the exercise (Fig. 3).

In contrast to normoxic conditions, GE performed in hypoxia did
not induce statistically significant changes in the concentration of
any of the measured sphingolipids in either plasma or its fractions
(Fig. 1). On the other hand, in erythrocytes the content of S1P and
sphingomyelin decreased at the end of the exercise (Table 1). This
effect, however, disappeared following 30 min of rest. A similar

6

reduction in S1P level was observed in thrombocytes, but in con-
trast to RBCs, it persisted during the recovery period (Table 1). Hy-
poxic GE did not induce statistically significant changes in the rate
of sphingoid base-1-phosphates release from erythrocytes (Fig. 3).
GE, either under normoxic or hypoxic conditions, did not induce
statistically significant changes in the concentration of ceramide and
dihydroceramide in plasma or its fractions (data not shown).

Simulated 30 km individual time trial

The TT performed under normoxic conditions induced an increase
in the total plasma concentration of dihydrosphingosine and dhS1P
that persisted during the recovery pericd. The same pattern of chang-
es in the dhS1P level was observed also in the case of HDL- and
albumin-bound fractions of this sphingolipid. On the other hand, the
total S1P concentration in the plasma was reduced below the basal
level following 30 min of recovery. This effect resulted from a decrease
in the level of the albumin-bound S1F since its content in the HDL-
bound fraction did not show a significant change (Fig. 2).

Similarly to plasma, the level of dihydrosphingosine and dhS1P
in RBCs and thrombocytes increased in response to normoxic TT,
and remained elevated during the recovery period (Table 2). The
same pattern of changes was observed for the rate of dhS1P release
from erythrocytes (Fig. 3). In addition, compared to the basal level,
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before, immediately after, and following 30 min of recovery from a graded cycling exercise until volitional exhaustion (GE) performed
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FIG. 2. The content of sphingolipids in the plasma, as well as in its high-density lipoprotein (HDL) and albumin fractions sampled
before, immediately after, and following 30 min of recovery from a simulated 30km individual cycling time trial (TT) performed either
in normoxia or at a simulated altitude of 2,000m asl (n=15). The results are means + SD. * — p<0.05 vs. the basal value, # -
p<0.05 vs. the post-exercise value. HDL — high-density lipoprotein, dhS1P - dihydrosphingosine-1-phosphate, S1P — sphingosine-1-
phosphate.

BioLogy oF SporT, VoL. 41 No2, 2024 7

46



S1P dhS1P
2 OBasal 10
O Post-exercise 9
20 W Recovery 8
= = 7
£ 45 £ 6 i
£ £ s
g 10 g a
i s
54 2
1
o 0
Normexic GE Hypoxic GE Normoxic GE Hypoxic GE
S1P dhS1P
20 14
2 12 x *
16 *
- n ]
fo £
£ £
6 4
a
2 2
0 1 0 T
Normoxic TT Hypoxic TT Normoxic TT Hypoxic TT

FIG. 3. The rate of sphingosine-1-phosphate (S1P) and
dihydrosphingosine-1-phosphate (dhS1P) release from erythrocytes
sampled before, immediately after, and following 30 min of recovery
from a graded cycling exercise until valitional exhaustion (GE) or
a simulated 30km individual cycling time trial (TT) performed
either in normoxia or at a simulated altitude of 2,000m asl (n=15).
Notes: The results are means = SD. * — p<0.05 vs. the basal
value.
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the erythrocyte S1P content was reduced, and platelet dihydrocer-
amide was increased following 30 min of rest (Table 2).

The TT performed in hypoxia induced an increase in the concen-
tration of dhS1P in the plasma, as well as in HDL and albumin frac-
tions. The level of this sphingolipid remained elevated during the re-
covery period. On the other hand, the total plasma concentration of
S1P at this time point, as well as its content in both HDL and albu-
min fractions, was reduced below the basal value. In the case of the
albumin-bound S1F the reduction was observed also immediately
after the exercise (Fig. 2).

Similarly to plasma, the level of dhS1P in erythrocytes and plate-
lets increased in response to hypoxic TT, and remained elevated dur-
ing the recovery period. In RBCs the same pattern of changes was
observed also for the content of dihydrosphingosine (Table 2). The
rate of dhS1P release from erythrocytes was increased by the TT
performed in hypoxia, and remained elevated following 30 min of
recovery (Fig. 3).

TT, either under normoxic or hypoxic conditions, did not induce
statistically significant changes in the concentration of ceramide and
dihydroceramide in plasma or its fractions (data not shown).

DISCUS'S 1O N |5
In line with our previous results [8, 18], we observed that metabo-
lism of circulating S1P and dhS1P was markedly affected by acute
exercise in normexia. However, in the present study these observations
were, for the first time, extended by determination of sphingoid

TABLE 2. The content of sphingolipids in erythrocytes and platelets sampled before, immediately after, and following 30 min of recovery
from a simulated 30 km individual cycling time trial (TT) performed either in normoxia or at a simulated altitude of 2,000 m asl

(n = 15).
Normoxic TT Hypoxic TT
Basal Post-ex. Recovery Basal Post-ex. Recovery
Erythrocytes (pmol/mg Hb)
Sphingosine  0.498+0.126 0.491+0.084 0.553+0.14 0.349+0.068 0.353+0.073 0.353+0.066
dhSph 0.095+0.037 0.134+0.045% 0.151 £ 0.034*# 0.079+0.027 0.127 = 0.034* 0.121 +0.028*
S1P 6:53+:1:31 6.29+1.1 5.93+1.22*% 5.26+1.02 5.27+1.15 4.91+0.95
dhS1P 5.567+0.89 8+1.23*% 7.91+1.98* 3.66+0.9 5.27+1.38*% 5.46+1.36*%
Ceramide 67.4+15.5 69.6+11.7 66.1+13.9 52.1+12.9 48.4=+115 49.9+129
dhCer 8.73+6.09 10+5.23 9.51+5.41 7.07+4.43 5.98+ 2.36 6.42+3.9
Sphingomyelin 1267 +178 1141 +142 1174+176 1349 +162 1311+165 1295+ 169
Platelets (pmol/mg protein)
Sphingosine 51.7+199 53.2+206 60.6+26.5 46.5+15.2 40.8+137 41.7+18.1
dhSph 9.64+466 13.2+6.5% 15.28 + 8*# 9.18+3.88 974+3.23 10.77+4.32
S1P 651 + 206 590+ 153 640+ 115 663+ 170 584+ 108 600+ 148
dhS1P 231 +99 303+98* 341+ 87* 250+79 300+ 67* 334 +88*#
Ceramide 655+ 204 600+ 205 668 + 305 672+ 155 597 + 160 614+ 180
dhCer 366+ 143 337+143 404 + 168# 407+ 119 360+89 351+122
Sphingomyelin 21663 +5434 19328 +3566 21622+3358 20251 +3319 18845+2733 19371 + 3827

The results are means = SD. * — p < 0.05 vs. the basal value, # - p < 0.05 vs. the post-exercise value. S1P - sphingosine-1-phosphate,

dhCer — dihydroceramide, dhS1P - dihydrosphingosine-1-phosphate, dhSph — dihydrosphingosine, Hb — hemoglobin.
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base-1-phosphates concentrations in their major plasma pools, and
the rate of their release from RBCs. In addition, the effect of hy-
poxia on exercise-induced changes in sphingolipid metabolism has
not been studied so far.

The total plasma S1P concentration was transiently increased
following GE in normoxia, a similar response was observed in our
previous report where athletes performed identical exercise proto-
col on a rowing ergometer [8]. Here we found that this effect re-
sults entirely from the increased concentration of the HDL-bound
S1E which is considered to be the plasma S1P pool with the high-
est biological activity [23, 24). Interestingly, endurance training
was also reported to selectively increase the HDL-bound S1P [S].
In line with our previous study [8], the GE-induced elevation in
plasma S1P concentration was not associated with changes in its
content, or the rate of its release, in blood cells, which argues
against the involvement of either RBCs or platelets in this
phenomenon.

On the other hand, the TT in both normoxia and hypoxia induced
an increase in the total plasma dhS1P concentration, resulting from
elevation in HDL- as well as albumin-bound pools. We found that
this effect was a consequence of increased availability of dihydro-
sphingosine in the plasma, which caused accumulation of dhS1Pin
RECs and platelets, and ultimately augmented dhS1P release to the
circulation. In general, these results are in line with our previous
study where athletes performed a similar submaximal exercise
(60 min at 65% of VOy,,,,) on a rowing ergometer [8]. However, in
the present report the total plasma S1P concentration was reduced
during the recovery period due to a decrease in the amount of the
albumin-bound pool. A similar tendency was observed by Bergman
et al. [25] in the serum of untrained subjects following 2 hours of
recovery from a SO-minute exercise on a cycle ergometer. It should
be noted that acute changes in plasma volume induced by exercise
did not contribute to alterations in sphingolipid concentrations found
in our study, since they were expressed on a protein, not volume
basis.

We can only speculate on the origin of dihydrosphingosine re-
leased to the circulation during the TT. In our previous report, dihy-
drosphingosine was not found to be released across a leg either at
rest or during exercise and recovery period [8]. However, our exper-
iment on rats identified liver as a prominent source of plasma dihy-
drosphingosine [26]. Itis, therefore, possible that the rate of its he-
patic release increases during prolonged submaximal exercise.

As already mentioned in the introduction, Sun et al. [10] found
that S1P levels in both plasma and RBCs are elevated following as-
cent to high altitude. However, in the present study, contrary to our
initial hypothesis, hypoxia did not augment the exercise-induced in-
crease in circulating sphingoid base-1-phosphate concentration. The
response observed for dhS1P following TT was not affected by con-
comitant exposure to simulated altitude. Surprisingly, the increase
in plasma S1P concentration induced by GE was abolished when
the exercise was performed under hypoxic conditions. This effect was

associated with a reduction in S1P content in erythrocytes and plate-
lets, that was not observed in normoxia, which indicates that blood
cells contributed to this phenomenon. In addition, hypoxia enhanced
the reduction in plasma S1P concentration observed during the re-
covery from TT. First of all, the reduction was no longer limited to
the albumin-bound pool, since a similar effect was found also for the
HDL-bound S1R Secondly, in hypoxia the decrease in the former pool
developed already at the end of the exercise.

The lack of increase in the concentration of circulating S1P un-
der exposure to simulated altitude could be explained by insufficient
strength and duration of the hypoxic stimulus. In our study, the ath-
letes spent up to SO minutes at a simulated altitude of 2,000 m,
whereas Sun et al. [10] exposed the subjects to 5,260 m for at least
12 h. Moreover, they showed that in mice exposure to a simulated
altitude of 5,260 m lasting more than & h was required to increase
the concentration of S1P in plasma and erythrocytes. The fact that
in our study hypoxia tended to reduce the concentration of circulat-
ing S1P may seem puzzling. It should be noted, however, that
D'Alessandro et al. [27] found that the time course of changes in
erythrocyte S1P content during exposure to high altitude included
a brief period of initial reduction preceding the subsequent
increase.

Several studies showed that plasma S1P concentration decreas-
es upon strong activation of inflammatory pathways. Such effect was
observed following lipopolysaccharide administration to mice, as well
as in patients with acute pancreatitis, sepsis, and COVID-19 infec-
tion [28-31]. In our recent paper including results obtained during
the same experiment, we found that hypoxia markedly augmented
oxidative stress and inflammatory response during both GE and
TT [32]. It is, therefore, possible that these factors were responsible
for the hypoxia-induced reduction in the post-exercise concentration
of circulating S1P

Itis widely accepted that live high-train low (LHTL) model of al-
titude training is more effective in terms of athletic performance im-
provements than the live high-train high strategy [33]. In addition,
an effective variation of the LHTL model has been developed, where
athletes live and perform low-intensity training at moderate altitude
and only high-intensity training takes place at low altitude [34]. Our
observation that hypoxia abolishes the increase in plasma S1P con-
centration induced by high-intensity exercise supports the notion that
in altitude programs this type of training should be performed at low
altitude. Furthermore, considering the important role of extracellular
S1P in muscle regeneration [7], our results raise a question as to
whether hypoxic training should be implemented during recovery
from injuries.

Sun et al. [10] found that elevation in the content of intracellular
S1P plays a key role in hypoxia-induced increase in 2, 3-bisphospho-
glycerate (2,3-BPG) level in RBCs. The mechanism underlying this
effect involves S1P-induced anchoring of deoxy-Hb to the plasma
membrane resulting in enhanced release of membrane-bound glyco-
lytic enzymes to the cytosol. We have recently reported that
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concentration of 2,3-BPG in RBCs sampled during the same exper-
iment was reduced following the TT in hypoxia [35]. The effect de-
veloped despite the lack of changes in the content of S1P in eryth-
rocytes. Our findings indicate that S1P is not involved in alterations
in RBCs 2,3-BPG content induced by acute exercise in hypoxia.

S1P and dhS1P were shown to activate S1PRs with equal po-
tency [36] and, therefore, it is commonly assumed that they induce
similar effects. This is, however, not always the case. First of all,
these two sphingoid base-1-phosphates are characterized by differ-
ent distribution between plasma fractions and show distinct trans-
port protein preferences [37]. Secondly, extracellular S1P was re-
ported to have a much shorter half-life than dhS1P [38]. It was also
found that dhS1P induces stronger S1PR-mediated reduction in in-
tracellular cAMP concentration and higher magnitude of calcium mo-
bilization compared to S1P [38, 39]. In some studies S1P and dh-
S1Pwere even shown to induce opposite effects [40, 411, Interestingly,
in our study plasma S1P concentration was increased only in re-
sponse to a maximal exercise, whereas that of dhS1P only by pro-
longed submaximal effort. This observation suggests that S1P and
dhS1P may be involved in different aspects of muscle adaptation to
exercise. As already mentioned in the introduction, S1P emerged as
an important regulator of muscle function [7]. However, the role of
dhS1P in muscle biology has not been studied so far and represents
an interesting area for further research.

CONCLUSION S 15
In summary, we found that simulated 30 km time trial increased
dhS1P concentration in plasma (both HDL- and albumin-bound) and

Katarzyna Hodun et al.

blood cells, as well as the rate of dhS1P release from erythrocytes,
regardless of oxygen availability. The plasma concentration of S1P
was, however, reduced during the recovery phase, and this trend
was augmented by hypoxia. On the other hand, graded exercise
until exhaustion in normoxia induced a selective increase of HDL-
bound S1P in the plasma. This effect disappeared when the exercise
was performed under hypoxic conditions, and it was associated with
reduced S1P level in blood cells. We conclude that submaximal
exercise elevates total plasma dhS1P concentration via increased
availability of dihydrosphingosine resulting in enhanced dhS1P syn-
thesis and release by blood cells. Maximal exercise, on the other
hand, induces a selective increase in HDL-bound S1F, which is a con-
sequence of mechanisms not related to blood cells. We also conclude
that hypoxia does not affect the exercise-induced changes in me-
tabolism of circulating dhS1F, but reduces post-exercise plasma S1P
concentration. Therefore, extracellular S1P does not seem to be in-
volved in adaptation to acute exercise in hypoxia.
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10. Streszczenie w jezyku polskim

Ekspozycja organizmu na warunki hipoksyczne powoduje aktywacje licznych procesow
adaptacyjnych, ktore prowadza do zwigkszenia wydolnosci fizycznej organizmu. Stad tez,
metoda ta od lat jest powszechnie wykorzystywana przez sportowcow w celu poprawy
wynikow w dyscyplinach wytrzymatosciowych. Do korzystnych efektow wynikajacych
z ekspozycji organizmu na hipoksje zaliczamy m.in. wzrost pojemnosci tlenowej krwi, gestosci
mitochondridow, kapilaryzacji tkanki migsniowej, jak rowniez zwigkszong aktywnos¢ enzymow
zaangazowanych w utlenianie substratow energetycznych.

Sfingozyno—1-fosforan (S1P) jest pochodng sfingolipidow bedacych nie tylko istotnymi
komponentami blon komorkowych, ale rowniez aktywnymi biologicznie mediatorami
lipidowymi zaangazowanymi w wewnatrzkomorkowa transmisje sygnatow. Phytki krwi
I erytrocyty sg uwazane za magazyny S1P ze wzgledu na wysoka aktywno$¢ kinazy sfingozyny
(SphK), enzymu odpowiedzialnego za syntez¢ S1P oraz niewielkg aktywno$¢ enzymow
odpowiedzialnych za degradacj¢ tego zwiagzku. Lipid ten wystgpuje w wysokim stezeniu
W osoczu krwi cztowieka, gldéwnie w potaczeniu z lipoproteinami o wysokiej gestosci (HDL)
oraz albuminami. Zewnatrzkomorkowy mechanizm dzialania SI1P na komorki polega
na wigzaniu si¢ tej czasteczki z grupa swoistych receptoréw btonowych sprz¢zonych z biatkiem
G (S1IPR1-S1PR5), natomiast wewnatrzkomorkowo S1P dziata jako przekaznik drugiego
rzedu.

Dane literaturowe dowodza, iz S1P pelni istotng rolg W czynnos$ci migséni szkieletowych
oraz zaangazowany jest w zmiany adaptacyjne zachodzace w nastepstwie wysitku. Przede
wszystkim zidentyfikowano go jako czynnik promujacy regeneracj¢ mig$ni poprzez aktywacje
komorek satelitarnych oraz stymulacje réznicowania mioblastoéw. Wewnatrzkomérkowy S1P
opoznia rozw@] zmeczenia migsni, a efekt ten prawdopodobnie wigze si¢ z faktem, iz S1P
wplywa na sprzezenie elektromechaniczne w miocytach na poziomie receptora rianodynowego
regulujagc w ten sposob uwalnianie Ca®* z cystern brzeznych siateczki sarkoplazmatyczne;.
Prowadzone na przestrzeni ostatnich dwoch dekad badania wykazaty, ze aktywnos$¢ fizyczna
ma znaczacy wpltyw na metabolizm S1P zarowno we krwi, jak 1 w migs$niach szkieletowych.
Co wigcej, zaobserwowano, iz wykorzystywana w protokotach treningowych hipoksja réwniez
jest jednym z czynnikow stymulujacych produkcje S1P.

Pomimo licznych badan mechanizmy odpowiedzialne za korzystny wptyw wysitku

wysokogorskiego na wydolnos¢ fizyczng organizmu pozostaja w znacznej cze$ci niejasne.
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W zwigzku z powyzszym, celem niniejszej pracy byto ustalenie wptywu hipoksji
normobarycznej na powysitkowe zmiany S1P we krwi kolarzy.

Badaniem obj¢to 15 wykwalifikowanych kolarzy w wieku 25,4 + 8,4 lat. Uczestnicy
zostali poddani dwom rodzajom jednorazowego wysitku fizycznego tj. wysitek o wzrastajacym
obcigzeniu, az do wyczerpania (GE, ang. graded exercise) oraz symulowana 30km kolarska
proba czasowa (TT, ang. time trial). Oba powyzsze testy zostaty przeprowadzone w warunkach
normoksji i hipoksji normobarycznej (Fi02=16,5% co odpowiada ~2000 m n.p.m.) w sali
wyposazonej w system umozliwiajacy regulacje procentowej zawartosci tlenu w powietrzu.
Probki krwi zostaty pobrane w trzech punktach czasowych tj.: przed rozpoczeciem wysitku,
natychmiast po jego zakonczeniu oraz po 30-minutowym odpoczynku. Oceng zawartosci S1P,
dihydrosfingozyno-1-fosforanu (dhS1P), sfingozyny (SFO), dihydrosfingozyny (dhSFO),
ceramidu (CER) i dihydroceramidu (dhCER) we krwi przeprowadzono metodg ultrasprawnej
chromatografii cieczowej (UPLC). Analize zawartosci sfingomieliny (SM) w erytrocytach
i ptytkach krwi wykonano metodg chromatografii gazowo-cieczowej (GLC).

Z przeprowadzonych badan wynika, iz intensywny wysitek fizyczny, az do wyczerpania
w warunkach normoksji spowodowat istotny statystycznie wzrost st¢zenia osoczowego S1P
oraz jego frakcji potaczonej z HDL. Efekt ten nie zostal zaobserwowany w warunkach
wysokogorskich, co wigcej zaobserwowano zmniejszenie stezenia S1P i1 sfingomieliny
w erytrocytach po zakonczeniu wysitku. Jednakze, po 30 minutowym odpoczynku stwierdzono
wzrost S1P i SM w erytrocytach w poréwnaniu do wartosci powysitkowej. W symulowanej
30km kolarskiej probie czasowej zaobserwowano istotne statystycznie powysitkowe
zmniejszenie stgzenia osoczowego S1P, co wiecej nasilenie tego efektu wykazano w warunkach
hipoksji. Ponadto, w wyniku przeprowadzenia proby czasowej stwierdzono powysitkowy
wzrost stezenia dihydrosfingozyny i dhS1P zar6wno w osoczu, jak i w potaczeniu z HDL oraz
z albuminami, a takze w erytrocytach i ptytkach krwi w porownaniu do stezenia poczatkowego.
Dostepnos¢ tlenu nie miata wptywu na powyzsze efekty.

Na podstawie przeprowadzonych badan mozna stwierdzi¢, iz w wyniku dlugotrwatego
wysitku o charakterze tlenowym dochodzi do wzrostu stezen dihydrosfingozyno—1—fosforanu
W osoczu, zarowno w potaczeniu z HDL, jak i albuminami, bedacego konsekwencja nasilenia
produkcji i uwalniania tego zwiazku w erytrocytach. Zmiany w zwartosci dhS1P
w poszczegolnych frakcjach zaobserwowano niezaleznie od warunkow tlenowych. Pojedynczy
wysitek fizyczny o wysokiej intensywnosci przeprowadzony w prawidlowych warunkach
tlenowych spowodowat wzrost osoczowego SI1P w potaczeniu z HDL. Jednakze, hipoksja

zapobiegta wzrostowi st¢zenia sfingozyno—1—fosforanu w osoczu w nastepstwie pojedynczego
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wysitku fizycznego o charakterze beztlenowym, co moze wynika¢ z redukcji zawartosci S1P

w erytrocytach.
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11. Streszczenie w jezyku angielskim

The exposure of the body to hypoxic conditions results in the activation of numerous
adaptive processes that lead to an increase in physical performance. Hence, this method has
been widely used by athletes for years to improve performance in endurance sports. The
beneficial effects resulting from the exposure of body to hypoxia include increased blood
oxygen capacity, mitochondrial density, muscle tissue capillarization, and increased activity
of oxidative enzymes.

Sphingosine—1—phosphate (S1P) is a derivative of sphingolipids that are not only essential
components of cell membranes but also biologically active lipid mediators involved
in intracellular signaling. Platelets and erythrocytes are considered stores of S1P due to the high
activity of sphingosine kinase, the enzyme responsible for the synthesis of S1P, and the low
activity of enzymes implicated in the degradation of this compound. This lipid is found
in high concentrations in human plasma, mainly bounded with high-density lipoproteins (HDL)
and albumin. The extracellular mechanism of S1P action on cells involves the binding of this
molecule to a group of specific G—protein—coupled membrane receptors (S1IPR1-S1PRS5),
while intracellularly S1P acts as a second messenger.

Literature data demonstrate that S1P plays an important role in skeletal muscle function and
is involved in adaptive changes following exercise. First of all, it has been identified as a factor
that promotes muscle regeneration through the activation of satellite cells and the stimulation
of myoblast differentiation. Intracellular S1P delays the development of muscle fatigue, and
this effect is likely related to the fact that S1P affects excitation—contraction coupling
in myocytes through the ryanodine receptor, thereby regulating Ca?* release from the terminal
cisternae of the sarcoplasmic reticulum. Studies conducted over the past two decades have
shown that physical activity has a significant effect on S1P metabolism in both blood and
skeletal muscle. Moreover, it has been revealed that hypoxia used in training protocols is also
one of the factors stimulating S1P production.

Despite numerous studies, the mechanisms responsible for the beneficial effects of high—
altitude exercise on physical performance remains unclear. Therefore, the present study aimed
to determine the effect of normobaric hypoxia on post—exercise changes of S1P in the blood

of cyclists.
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The study included 15 skilled cyclists aged 25.4 + 8.4 years. The participants were subjected
to two types of acute exercise, i.e., a graded exercise until volitional exhaustion (GE) and
a simulated 30km cycling time trial (TT). Both of the above tests were carried out under
normoxia and normobaric hypoxia (FiO2=16.5% which corresponds to ~2,000 meters above
sea level) in a room equipped with a system that allows adjustment of the percentage of oxygen
in the air. Blood samples were taken at three time points, i.e.: before the start of exercise,
immediately after the end of exercise, and after a 30-minute rest. The assessment of content
of S1P, dihydrosphingosine—1-phosphate (dhS1P), sphingosine (SFO), dihydrosphingosine
(dhSFO), ceramide (CER), and dihydroceramide (dhCER) in blood was carried out
by ultraperformance liquid chromatography (UPLC). Sphingomyelin content in erythrocytes
and platelets was analyzed by gas-liquid chromatography (GLC).

The study shows that maximal exercise under normoxic conditions caused a statistically
significant increase in plasma S1P concentrations in conjunction with HDL. This effect was not
revealed under high-altitude conditions; moreover, a decrease in S1P and sphingomyelin
concentrations in erythrocytes was observed after exercise. However, an increment in S1P and
SM in erythrocytes was demonstrated after a 30-minute rest compared to the post-exercise
value. In a simulated 30km cycling time trial, a statistically significant post-exercise decrease
in plasma S1P concentration was observed; moreover, this effect was enhanced under hypoxia.
In addition, a post-exercise increase in the concentration of dihydrosphingosine and dhS1P,
both in plasma and in combination with HDL and albumin, as well as in erythrocytes and
platelets compared to baseline was presented following this submaximal exercise. Oxygen
availability did not affect the above effects.

In summary, it can be concluded that prolonged aerobic exercise results in an increase
in plasma concentrations of dihydrosphingosine—1-phosphate, both in combination with HDL
and albumin, as a consequence of upgraded production and release of this compound
in erythrocytes. The same pattern of changes in the dhS1P level was observed regardless
of oxygen conditions. High-intensity acute exercise performed under normoxic conditions
caused a rise in plasma S1P in combination with HDL. However, hypoxia prevents the increase
in plasma S1P following a maximal exercise, which may be due to a reduction in S1P content

in erythrocytes.
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zarzadzaniu projektem, opracowaniu koncepcji pracy, ocenie merytorycznej i korekcie
manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie wyzej wymienionej publikacji przez
mgr Katarzyng Hodun w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk

medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.
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KOMISJA BIOETYCZNA
UNIWERSYTETU MEDYCZNEGO w BIALYMSTOKU
ul. Jana Kilinskiego 1
15-089 Biatlystok
tel. (085) 748 54 07, (085) 686 52 20, fax. (085) 748 55 08
prorektorkl@umb.edu.pl

Bialystok, 27-06-2019

Uchwata nr: R-1-002/325/2019

Komisja Bioetyczna Uniwersytetu Medycznego w Bialymstoku, po
zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP/ Guidelines for
Good Clinical Practice /- wyraza zgode¢ naprowadzenie tematu
badawczego: ,,Czy sfingozyno-1-fosforan jest jednym =z czynnikow
odpowiedzialnych za skutecznos¢ treningu hipoksycznego?” przez prof. dr hab.
Marcina Baranowskiego wraz z zespotem badawczym z UMB.

Przewodniczacej isfi Bioetycznej UMB

Z-c
drn . Krzyjsztof Chfzanowski
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