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1. Wykaz prac stanowigcych rozprawe doktorska

Przedstawiona rozprawa doktorska pod tytutem: ,, Wplyw jednorazowej hipoksji normobarycznej oraz
wysitku fizycznego na zmiany steZenia markerow biologicznych we krwi oraz funkcje poznawcze”,
sktada si¢ z cyklu trzech prac opublikowanych w czasopismach zagranicznych o sumarycznej
punktacji Impact Factor (IF) rownej 4.964 oraz Ministerstwa Edukacji i Nauki (MEiIN) réwnej 300
pkt.:

Publikacja I: Effect of acute normobaric hypoxia exposure on executive functions among young
physically active males (2021)

Maciej Chroboczek , Maciej Kostrzewa , Katarzyna Micielska , Tomasz Grzywacz, Radostaw
Laskowski ; Journal of Clinical Medicine,

d0i:10.3390/jcm10081560 ; IF=4.964 MEiIN= 140 pkt.

Publikacja I1: Acute Normobaric Hypoxia Lowers Executive Functions among

Young Men despite Increase of BDNF Concentration (2022);

Maciej Chroboczek, Sylwester Kujach, Marcin Luszczyk, Tomasz Grzywacz, Hideaki Soya,
Radostaw Laskowski; International Journal of Environmental Research and Public Health,
doi:10.3390/ijerph191710802; MEIN= 140 pkt.

Publikacja 111: Exercise-Induced Elevated BDNF Concentration Seems to Prevent Cognitive
Impairment after Acute Exposure to Moderate Normobaric Hypoxia among Young Men (2023)
Maciej Chroboczek, Sylwester Kujach, Marcin Luszczyk, Hideaki Soya, Radostaw Laskowski;
International Journal of Environmental Research and Public Health,

doi: 10.3390/ijerph20043629; MEiN= 20 pkt.

Badania zostaly sfinansowane z:

Grantéw Narodowego Centrum Nauki:
2621/B/P01/2011/40; 2019/33/B/NZ7/01980, Publikacja |
Grantow/dotacji Ministerstwa Nauki i Edukacji:
MN/WF/2018/2, Publikacja Il

MN/WF/2018/2, Publikacja 111



2. Wykaz skrotow

BDNF- neurotroficzny czynnik pochodzenia mézgowego (ang. brain-derived neurotrophic
factor)

BMI- wskaznik wagowo-wzrostowy (ang. Body Mass Index)

CBF — mézgowy przeptyw krwi (ang. cerebral blood flow)

HIF-1 — czynnik indukowany hipoksja (ang. hypoxia-inducible factor 1)

OUN - osrodkowy uktad nerwowy (ang. central nervous system)

NOR — normoksja (ang. normoxia)

NH — hipoksja normobaryczna (ang. normobaric hypoxia)

NOR EX — wysiltek w normoksji (ang. normoxia exercise)

NH EX — wysitek w hipoksji normobarycznej (ang. normobaric hypoxia exercise)
TrkB — receptor kinazy tyrozynowej B (ang. tyrosine receptor kinase B)

SpO> — saturacja krwi (ang. oxygen saturation)

n.p.m. — nad poziomem morza (ang. above seal level — a.s.l.)

FI10; — st¢zenie tlenu w mieszaninie oddechowej (ang. fraction of inspired oxygen)

VEGF — czynnik wzrostu §rodbtonka naczyniowego (ang. vascular endothelial growth factor)



3. Wprowadzenie

Dostarczanie wystarczajacej ilosci tlenu do mézgu ma kluczowe znaczenie dla funkcji
poznawczych [1]. Zwigkszony moézgowy przeptyw krwi (CBF) wynika ze wzrastajacego
zapotrzebowania na energi¢ spowodowanego wzmozong aktywnos$cig mozgu podczas przetwarzania
poznawczego [2]. Szacuje si¢, ze podczas zadan wymagajacych poznawczo, zuzycie energii przez
tkanke neuronalng wzrasta o 15% [3—6]. Dlatego zmiany w metabolizmie tlenowym méozgu wywotane
niedotlenieniem mogg objawia¢ si¢ spadkiem funkcji poznawczych [2].

Osoby mieszkajgce lub pracujgce na duzych wysokosciach, takie jak przewodnicy gorscy,
personel wojskowy czy tez sportowcy trenujacy na duzych wysokosciach nad poziomem morza
(n.p.m.) narazone sa na niedotlenienie, a co za tym idzie, uposledzenie funkcji poznawczych [7-9].
Nadal nie jest jasne, w jaki sposob ostra hipoksja wplywa na osrodkowy uktad nerwowy (OUN) i
zdolnosci poznawcze wyzszego rzedu, w tym procesy wykonawcze [10, 11]. Ze wzgledu na spadek
poziomu nasycenia tlenem obwodowych naczyn wilosowatych (SpO2), zmiany w iloSci
neuroprzekaznikéw i czynnikéw hormonalnych/humoralnych, niedotlenienie moze wptywac¢ na OUN
[12] i prowadzi¢ do uposledzenia funkcji poznawczych, w tym moze mie¢ wplyw na pamie¢, widzenie
kolorow, czy czas reakcji. Wydaje sie, ze reakcja organizmu moze zaleze¢ od wielkosci niedotlenienia
(np. od wysokosci nad poziomem morza) i czasu trwania ekspozycji [13]. Na reakcj¢ hipoksyjnag silny
wplyw moze mie¢ tryb i protokét hipoksji (hipoksja hipobaryczna/normobarycza, przerywana/ciagla),
a takze wiek uczestnikow, poziom sprawno$ci fizycznej, stan zdrowia oraz rodzaj zadania
poznawczego czy czas wykonania testu kognitywnego [13-17]. Obserwuje si¢, ze warunki
niedotlenienia negatywnie wplywaja na centralne zadania wykonawcze (takie jak funkcje
wykonawcze) czesciej niz na umiejetnosci niewykonawcze (takie jak percepcja, uwaga i zadania
dotyczace pamieci krotkotrwalej) [18]. Jednak analiza meta-regresji McMorrisa i wsp. [13] nie
wykazata roéznic miedzy czynnosciami wykonawczymi 1 niewykonawczymi we wplywie
niedotlenienia na funkcje poznawcze. Zgodnie z badaniem pozytronowej tomografii emisyjnej [19],
zadania pamigci operacyjnej majag wplyw na grzbietowo-boczng kore przedczotows, przednig kore
zakretu obreczy, hipokamp, a by¢ moze takze na jadra podstawne 1 mézdzek. W rezultacie uwaza sige,
ze niektore zawody 1 prace sg bardziej podatne na negatywne skutki zleconych im zadan.

Oprocz powodowania zaburzen poznawczych, niedotlenienie moze réwniez wptywaé na
synteze katecholamin, neurotrofin, takich jak neurotroficzny czynnik pochodzenia moézgowego
(BDNF) lub czynnik wzrostu §rodbtonka naczyniowego (VEGF), a takze przyspiesza¢ CBF. Ludzie
maja co najmniej kilka systemow, ktore wspomagaja mysle¢ bardziej klarownie. Zgodnie z badaniami
obrazowania mozgu, zwigkszony CBF, indukowany przez tagodna hipoksje, jest jednym z tych

procesoéw, ktore moga poprawic¢ zdolnoSci poznawcze [20, 21]. Badania wykazuja, ze kilka sesji
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hipoksji normobarycznej (NH) wptywa na poprawe zdolnosci poznawczych [22]. W eksperymencie
przeprowadzonym przez Loprinzi i wsp. [23], jednorazowa hipoksja normobaryczna wptyngta
korzystnie na zaktdcenia/interferencje pamieci. Ze wzgledu na zwigkszong dostepnosé glukozy, tlenu
1 hormonow wytwarzanych obwodowo do mozgu, zwigkszony CBF (np. w tetnicy srodkowej mozgu)
moze potencjalnie wptywa¢ na tkank¢ mozgowa i jej metabolizm [24]. Wiele z tych hormondéw
funkcjonuje jako zwiazki neurochemiczne i pelnig wazng role¢ w utrzymaniu plastyczno$ci mézgu.
BDNF jest jednym z najwazniejszych. Poprzez kinazg receptorowa B (TrkB), BDNF wyzwala szereg
dziatan, ktore mogg zwigkszy¢ strukturalng i funkcjonalng plastyczno$¢ méozgu [25]. Oprocz tego,
biatko t0 jest niezbedne do wzmacniania potaczen neuronalnych czy konsolidacji wspomnien [26-28].
Wazrost stezenia BDNF we krwi mozna zaobserwowac, gdy ekspresja BDNF w moézgu jest
podwyzszona [29, 30]. Jest to mozliwe dzigki zdolnosci tego biatka do przechodzenia przez bariere
krew-moézg w obu kierunkach wedtug gradientu st¢zen [31]. Ostatnie badania wskazujg, ze BDNF
moze by¢ biomarkerem upo$ledzenia pamigci u ludzi [32]. Hipokamp, zakret zgbaty i kora
okotowechowa wykazuja wyzszy poziom ekspresji BDNF, co jednocze$nie moze poprawi¢ funkcje
poznawcze [33]. Poprawa tych zdolnosci moze wynika¢ z wspomnianego wzrostu poziomu
neurotroficznego czynnika pochodzenia mézgowego, ktéry z kolei wpltywa na neurogeneze mozgu
[34-36].

Podczas gdy niektore badania sugeruja, ze ¢wiczenia o wysokiej intensywnos$ci zmniejszaja
sprawno$¢ psychomotoryczng [37, 38], inne pokazuja, ze ¢wiczenia o niskiej lub umiarkowane;j
intensywnos$ci w normoksji poprawiajg funkcje psychomotoryczne [39-41]. W rezultacie wydaje sie,
ze to intensywnos$¢ wysitku decyduje o efektach, przynajmniej w warunkach normoksji. Wyniki badan
dotyczacych niedotlenienia sg bardziej ztoZzone i nie sg tak jednoznaczne. Wykazano bowiem, ze sama
ekspozycja na niedotlenienie zwykle powoduje pogorszenie funkcji poznawczych i ze jest to zwigzane
z czasem trwania ekspozycji, poziomem niedotlenienia lub obydwoma czynnikami [11, 42]. Z drugiej
strony, funkcje poznawcze mogg si¢ poprawi¢ poprzez wzrost poziomu pobudzenia OUN, nawet przy
niskiej intensywnosci ¢wiczen, gdyz pobudzenie OUN w efekcie ¢wiczen wykazuje wzrost aktywacji
neuroelektrycznej [43]. Jest niewiele danych dotyczacych wplywu niedotlenienia na sprawno$¢
psychomotoryczna badanych podczas ¢wiczen o niskiej 1 wysokiej intensywnosci. Nie jest pewne, czy
niekorzystny wplyw niedotlenienia na OUN moze wptywaé na wyzej wymienione wyniki ¢wiczen.
Glowna hipotezg dotyczaca przyspieszenia predkosci przetwarzania w OUN jest zwigkszone
uwalnianie katecholamin w mozgu [44]. Obwodowe katecholaminy mogg promowac wytwarzanie
wigkszej ilosci hormondw stresu, podnosi¢ tetno 1 powodowaé zréznicowane zwezenie naczyn
krwionosnych, ktore sprzyja przeptywowi krwi do miegsni szkieletowych, a takze podnosi¢ poziom

centralnego pobudzenia [45]. Kazdy z tych wysoce funkcjonalnych wynikéw pomaga
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zmaksymalizowaé sprawnos$¢ neurologiczng, metaboliczng 1 mig§niowo-szkieletowa, gdy organizm
poddany jest bardziej wymagajacym probom. Kiedy te efekty tacza sie, organizm szybko dostosowuje
si¢ do zwickszonych wymagan metabolicznych i funkcjonalnych ¢wiczen, a mozg przetwarza
informacje szybciej i wydajniej [45]. Ostatnie badania wskazujg, ze BDNF ma kluczowe znaczenie
dla tego zjawiska [10,11]. Ustalono, ze obnizony poziom BDNF we krwi jest zwigzany z
uposledzeniem funkcji poznawczych w chorobach neurodegeneracyjnych [48]. Z drugiej strony
zaktada si¢, ze BDNF odgrywa znaczacg role w poprawie funkcji poznawczych w nastgpstwie ¢wiczen
fizycznych [49]. Wzrost koncentracji BDNF jest odwrotnie skorelowany z intensywno$cig ¢wiczen, a
wskaznik ten jest wrazliwy na jednorazowy wysitek fizyczny [50]. Poniewaz BDNF moze przekraczaé
barier¢ krew-moézg, zaktada si¢, ze wspomniane zmiany st¢zenia BDNF w surowicy wskazujg na
wzrost BDNF w moézgu, a co za tym idzie, maja dlugoterminowe znaczenie dla zdrowia moézgu i
poprawy funkcji poznawczych [51]. Zatem produkcja BDNF indukowana niedotlenieniem moze
wspomagac¢ pamiec (tj. plastyczno$¢) poprzez zwigkszenie sity synaptycznej. BDNF wydaje si¢ mie¢
kluczowe znaczenie w neuronalnej separacji wzorcow pordwnywalnych informacji, co ma wptyw na
minimalizowanie zakldcen/interferencji pamigci, a takze jest zwigzane z poprawa funkcjonowania
pamigci epizodycznej [52].

Wplyw wysitku fizycznego jako inhibitora niepozadanych zmian kognitywnych, nie zostat
jeszcze okres$lony. Dlatego podejmowanie badan w tym obszarze jest zasadne. Biorac pod uwage
powyzszy stan wiedzy, w swojej pracy badawczej postanowitem zweryfikowaé efekt wplywu
pojedynczej sesji oddechowej w warunkach hipoksji normobarycznej, jak i wysitku fizycznego na
zmiany przystosowawcze u mtodych me¢zczyzn w zakresie funkcji poznawczych i kluczowych

markeréw biologicznych.



4. Pytania i hipotezy badawcze

W oparciu o dostepne dane z piSmiennictwa postawitem w swojej pracy nastepujace pytania badawcze:

1. Czy pojedyncza sesja oddychania w warunkach hipoksji normobarycznej wptynie na funkcje
poznawcze oraz czy wielkos$¢ tych zmian bedzie uzalezniona od symulowanej wysoko$ci nad

poziomem morza?

2. Czy pojedyncza sesja oddychania w warunkach hipoksji normobarycznej wywota ekspresje

BDNF oraz czy istotnie wplynie na stezenie tego biatka we krwi obwodowe;?

3. Czy pojedyncza jednostka wysitku fizycznego w warunkach hipoksji normobarycznej wywota

zwigkszong ekspresje BDNF oraz czy zmiany te wptyna na funkcje poznawcze?

Dodatkowo, sformutowatem ponizsze hipotezy:

1. Pojedyncza sesja oddychania w warunkach hipoksji normobarycznej powoduje pogorszenie
funkcji poznawczych a zmiany te uzaleznione sg od symulowanej wysokosci nad poziomem

morza.

2. Pojedyncza sesja oddychania w warunkach hipoksji normobarycznej zwigksza ekspresje

BDNF i istotnie wplywa na stezenie tego biatka we krwi obwodowe;.

3. Pojedyncza jednostka wysitku fizycznego w warunkach hipoksji normobarycznej wptywa na

zwigkszong ekspresj¢ BDNF i tym samym na poprawe funkcji poznawczych.



5. Material i metody
5.1. Charakterystyka os6b badanych

Do badan zrekrutowano 76 mtodych, zdrowych, mezczyzn prowadzacych aktywny tryb zycia. Z badan

wykluczono 8 uczestnikéw (przezigbienie, nicobecnos¢, powody osobiste, uraz).

W poszczego6lnych eksperymentach wzigto udziat

1. Publikacja I: 19 uczestnikow

24 mtodych mezczyzn (Srednia wieku 23.1 + 2.1) zakwalifikowano do dwoch eksperymentow,
z czego 19 uczestnikow zostalo poddanych analizie. W pierwszym eksperymencie
pilotazowym wzigty udziat 4 osoby. Badani zostali poddani pojedynczym sesjom oddechowym
w warunkach hipoksji normobarycznej na roéznych symulowanych wysokosciach nad
poziomem morza (3500m n.p.m., 4500m n.p.m. i 5500m n.p.m.). Na podstawie otrzymanych
wynikow przeprowadzono drugi eksperyment, w ktorym wzielo udziat 20 uczestnikow.
Eksperyment ukonczyto 15 osob. Badani wykonywali pojedyncze sesje oddechowe w
warunkach hipoksji normobarycznej na jednej, wybranej symulowanej wysokosci (3500 m

n.p.m.) oraz wykonywali testy poznawcze.

2. Publikacja II: 32 uczestnikéw

W badaniach wzigto udziat 32 mezczyzn (Srednia wieku 20.4 + 0.6 lat). Uczestnicy zostali
poddani dwom sesjom oddychania w dwoch réznych warunkach srodowiskowych: normoksji
(NOR) 1 hipoksji normobarycznej (NH). Badani wykonali rowniez testy poznawcze, a takze

pobrano od nich probki krwi.

3. Publikacja III: 17 uczestnikoéw

W badaniach wzi¢to udziat 20 uczestnikéw, z czego 17 (Srednia wieku 20.6 + 0.7 lat) zostato
poddanych analizie. Uczestnicy wzieli udzial w badaniu randomizowanym w uktadzie
krzyzowym (cross-over). Zostali oni poddani sesji oddychania potaczonej z jednorazowym
wysitkiem fizycznym o umiarkowanej intensywnosci (50% VOamax) na cykloergometrze
rowerowym w warunkach normoksji (NOR EX) i takim samym wysitku w warunkach hipoksji

normobarycznej (NH EX). Wykonano rowniez analize probek krwi oraz testy poznawcze.
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5. 2. Metody

Badania przeprowadzone byly w oparciu o zgode komisji bioetycznej (KB-9/16), a w

badaniach zastosowano nast¢pujgce metody i narzedzia badawcze:

5.2.1. Metody pomiaréw antropometrycznych i wydolnosci fizycznej

Analiza komponentow skladu ciata zostata wykonana za pomocag metody
spektroskopowej bio-impedancji przy uzyciu analizatora TBF-300 Tanita Body Fat
Monitor/Scale Analyzer (Japonia) [53].

Ocena putapu tlenowego (VO2max) Wykonana zostata w oparciu o test o progresywnie
wzrastajgcej intensywnosci na cykloergometrze rowerowym (884E Sprint Bike

Sweden, Monark) z uzyciem analizatora gazow MetaMAx3B (Cortex) [54].

5.2.2. Metody oznaczen biochemicznych we krwi

Do oznaczenia st¢zen wybranych biomarkerow we krwi uzyto metode
immunoenzymatyczng ELISA przy uzyciu gotowych zestawow z firm: R&D Systems,
Minneapolis, MN, USA, catalogue no. DBNTOO; Ray Biotech Inc., Cambridge, UK do
oznaczenia biatka BDNF oraz Demeditec Diagnostics GmbH, catalog no. DEH3388,

Kiel, Germany do oznaczenia kortyzolu [55].

Krew pobierana byla przed oraz bezposrednio po ukonczeniu danego eksperymentu.

5.2.3. Metody hipoksji normobarycznej

Generator powietrza hipoksycznego/hiperoksycznego GO2Altitude ERA 11 firmy
Biomedtech (Australia) zostalt wykorzystany do stworzenia odpowiednich warunkéw
niedotlenienia podczas testow. Proponowane wysokos$ci (n.p.m.) symulowano poprzez
zmniejszenie zawartosci tlenu w mieszaninie wdechowej zgodnie z zaleceniami
producenta Biomedtech Australia Pty. Ltd. Biomedical Research and Development

opisanymi w instrukcji obstugi [56].

5.2.4. Metody oceny funkcji poznawczych

Test funkcji poznawczych przeprowadzony zostal z wykorzystaniem komputerowej
wersji Wiedenskiego systemu Testow firmy SCHUHFRIED (Austria), mianowicie:
test interferencji Stroopa [57].
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6. Wyniki

6.1. Wyniki badan opublikowane w pracy pt. Effect of Acute Normobaric Hypoxia Exposure on

Executive Functions among Young Physically Active Males.

W badaniu pilotazowym analiza wynikow wykazata spadek saturacji krwi (migdzy warunkami
F(1.197, 7.183) = 29.77; p = 0.0007)), a zmiany te byly adekwatne i skorelowane ze wzrostem
symulowanej wysoko$ci. Podobng zmiang (t = 18.5; p < 0.0001; d Cohena = 1.186634)
zaobserwowalem w drugim badaniu eksperymentalnym na wybranej symulowanej wysoko$ci (3500
m n.p.m. ; FIO2 = 13%).

Pojedyncza sesja oddychania w warunkach hipoksji normobarycznej nie wykazata roznic
statystycznych w tescie Stroopa w badaniu pilotazowym, zar6wno w warto$ciach interferencji
,,Czytania” (interakcja F(2, 12) = 0.1374; p = 0.8729; czas F(2, 12) = 0.5171; p = 0.6090), jak i w
warto$ciach interferencji w ,,nazywaniu” (interakcja F(2, 12) = 1.647; p = 0.2334; czas F(2, 12) =
0.8909; p = 0.4358), jednak liczebnos¢ grupy byta bardzo mata. Po zwigkszeniu liczby uczestnikow |
ponowynym przeprowadzeniu analizy nie odnotowatem istotnych statystycznie roznic w wartosciach
interferencji w ,,czytaniu” (interakcja F(1, 28) = 0.007749; p = 0.7828; czas F(1, 28) = 0.03697; p =
0.8489). Zaobserwowatem jednak statystycznie istotne zmiany w warto$ciach interferencji
w,,nazywaniu” (interakcja F(1, 28) = 5.404; p = 0.0276; czas F(1, 28) = 11.73; p = 0.0019; n? =
0.16765). Nastepnie przeprowadzitem analiz¢ kontrastu migdzy NOR (po-przed) a NH (po-przed).
Delta z interferencji w ,,czytaniu” nie byta istotna: t = 0,9252; p = 0,3705, natomiast delta w
interferencji w ,,nazywaniu” byla istotna statystycznie migedzy grupami: t = 2.392; p = 0.0314; d
Cohena = 0.878572.

6.2. Wyniki badan opublikowane w pracy pt. Acute Normobaric Hypoxia Lowers Executive Functions

among Young Men despite Increase of BDNF Concentration.

Analiza wynikow wykazata spadek saturacji krwi w warunkach NH (t = 12; df = 29; p < 0.001),
a zmiany te byly adekwatne do symulowanej wysokos$ci n.p.m..

Pojedyncza ekspozycja na warunki NH nie wykazata statystycznych roznic w interferencji w
"czytaniu™ (interakcja F (1, 60) = 0.006, p = 0.939; czas F (1, 60) = 0.0047, p = 0.946). Natomiast
druga cz¢$¢ testu Stroopa, dotyczaca interferencji w "nazywaniu™ réznila si¢ znaczgco (interakcja F
(1, 60) = 4.644, p = 0.035; czas F (1, 60) = 6.375, p = 0.014).
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Srednie wartosci stgzenia BDNF nie zmienity si¢ w warunkach NOR w pomiarach przed-po,
aczkolwiek zaobserwowano znaczacy wzrost stezenia BDNF po warunkach NH (interakcja F (1, 62)
=3.893, p = 0.053; wspotczynnik grup F (1, 62) = 7.358, p = 0.009; czas F (1, 62) = 3.999, p = 0.0499).

Ponadto analiza wynikoéw ukazata istotne zmiany w stezeniu kortyzolu w warunkach NOR w
pomiarach przed-po, chociaz nie zaobserwowano tego samego efektu po symulowanych warunkach
NH. Wystapily zmiany miedzygrupowe (interakcja F (1, 62) = 35.9, p < 0.001; wspodtczynnik grup F
(1,62) =11.71, p = 0.001; czas F (1, 62) = 16.61, p = 0.001).

6.3. Wyniki badan opublikowane w pracy pt. Exercise-Induced Elevated BDNF Concentration Seems
to Prevent Cognitive Impairment after Acute Exposure to Moderate Normobaric Hypoxia among

Young Men.

Saturacja krwi zmniejszyta si¢ podczas jednorazowej ekspozycji na hipoksj¢ normobaryczng
(t=10,51; p <0.0001), a efekty te byly adekwatne do symulowanej wysokos$ci n.p.m..

Pojedyncza ekspozycja na warunki hipoksji normobarycznej potaczonej z wysitkiem
fizycznym o umiarkowanej intensywnosci (50% VO:2max) nie wplyneta istotnie na zmiany w tescie
Stroopa. Wartosci zarowno interferencji "czytania™ (interakcja F(1, 32) < 1, p = 0.49; czas F(1, 32) <
1, p = 0.85, 02 = 0.001), jak i interferencji "nazywania" (interakcja F(1, 32) = 1.7, p = 0.20; czas F(1,
32) = 1.15, p = 0.29, n? = 0.012), pomimo znacznego spadku nasycenia w warunkach niedotlenienia,
nie okazaly si¢ istotne statystycznie.

Dodatkowo analiza krwi ukazata istotny wzrost stgzenia BDNF po wysitku fizycznym
niezaleznie od warunkow (normoksja/hipoksja normobaryczna) (interakcja F(1, 32) <1, p=10.72; czas
F(1, 32) = 59.45, p < 0.0001, n? = 0.553). Interesujacy byt fakt, iz zwigkszone stezenie BDNF po
wysitku fizycznym mogto przyczyni¢ si¢ do zahamowania negatywnego wplywu ostrej hipoksji, co

obserwowalismy juz w poprzednich pracach.
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7. Podsumowanie

Badania ostatnich lat wykazaty, ze biatka uwalniane do krwiobiegu w odpowiedzi na wysitek
fizyczny mogg by¢ wykorzystywane w zapobieganiu wielu schorzeniom, a takze wptywac na funkcje
poznawcze [58]. Geny wrazliwe na niedotlenienie reguluja czynnik indukowany hipoksja 1 (HIF-1),
ktéry reguluje ekspresj¢ wielu genow, w tym BDNF. Biatko BDNF poprzez przylaczenie si¢ do
okreslonych receptoréw w jadrze komoérkowym lub btonie komorkowej, dziata endokrynnie,
autokrynnie i parakrynnie [59]. Produkcja BDNF indukowana niedotlenieniem moze ulatwic
funkcjonowanie pamigci poprzez poprawe sity potaczen synaptycznych. Rowniez powysitkowa
synteza BDNF moze wptywaé¢ na zwigkszenie funkcjonowania poznawczego, a biatko to swoje
dzialanie realizuje poprzez kontrole wielu procesow, w tym rozwoju neuronéw 1 ich fizjologicznych
funkcji, stymulacji potgczen dendrytycznych czy tez neurogenezy [59]. Dlatego celem powyzszej
rozprawy doktorskiej byta weryfikacja efektu zastosowania pojedynczej sesji oddychania w
warunkach hipoksji normobarycznej, jak i réwniez sesji polaczonej z wysitkiem fizycznym na funkcje
poznawcze u mlodych mezczyzn.

Dane z badan wskazuja, ze po pojedynczej sesji samego oddychania w warunkach NH, nastgpito
znaczne pogorszenie funkcji poznawczych [2, 60, 61]. Zwickszona interferencja w tescie Stroopa W
moich badaniach odzwierciedlata to pogorszenie. Metadane potwierdzajace te wyniki, wykazuja, ze
niedotlenienie ma selektywny wplyw na funkcje poznawcze, poprawiajac przetwarzanie informacji,
ale uposledzajac funkcje poznawcze oparte na uwadze, funkcje wykonawcze i pamie¢ [62]. Efekt
reperfuzji, oméwiony na organizmach ludzkich [63, 64], moze w tym czasie wptywac na poprawe
funkcji poznawczych. Nastepstwem reperfuzji jest lepsze dotlenienie tkanek, ktore prawdopodobnie
ma zwigzek z odnotowang poprawa po ekspozycji [65]. Ponadto stres oksydacyjny wywotany
niedotlenieniem moze wplywaé na produkcj¢ i/lub uwalnianie BDNF, utrudniajgc tym samym
uposledzenie hipokampa [66]. Jako neuroregulator i czynnik wplywajacy na neurogeneze moézgu,
wzrost mézgowego BDNF moze prowadzi¢ do polepszenia funkcji poznawczych [67].

Badania przedstawiajgce zastosowanie pojedynczego wysitku fizycznego na zmiany funkcji
poznawczych, wykazuja korzystny wplyw na proces przetwarzania informacji, czy koncentracje [50,
54]. Wplyw ten byt widoczny zaréwno podczas ¢wiczen o umiarkowanej (40% VOzmax) [68], jak i
wyzszej intensywnosci wysitku (70-80% VOoamax) [50, 69]. Wysitek fizyczny o umiarkowanej
intensywnos$ci moze rowniez wptywac na zwickszenie CBF, co pomaga kompensowaé spadek SpO»
po ekspozycji na niedotlenienie [70]. Efekt zastosowania polaczonej sesji hipoksji normobarycznej z
wysitkiem fizycznym na zmiany w funkcjonowaniu mozgu, nie jest do konca poznany. Wyniki badan

przedstawione w powyzszej rozprawie doktorskiej pokazuja, ze dobroczynny wplyw wysitku moze
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zmniejszy¢ negatywne skutki hipoksji i znaczaco wptyna¢ na funkcje poznawcze. Zaréwno sama sesja
oddychania, jak 1 wysitek fizyczny powodowaly istotny wzrost stezenia BDNF mierzonego w
surowicy krwi. Za wzrost poziomu BDNF we krwi prawdopodobnie odpowiedzialne sg ptytki krwi
lub przechodzenie tego czynnika przez barier¢ krew-mozg. Nie stwierdzono bowiem do tej pory, ze
BDNF moze pochodzi¢ z tkanki mig$niowe;j.

Podsumowujac, wyniki moich badan wykazujg, ze zarbwno pojedyncza sesja oddychania w
warunkach hipoksji normobarycznej, jak i wysitek fizyczny wplywa na zwigkszong ekspresj¢ BDNF,
a tym samym na jego wyzsza koncentracje¢ we krwi obwodowej. Dziatanie tego czynnika
neurotroficznego moze poprawiac/przeciwdziala¢ obnizeniu funkcji kognitywnych wywotanych przez
niedotlenienie, ktore wydajg si¢ by¢ jednym z kluczowych elementéw podczas podejmowania decyzji
przy presji czasu. Nalezy podkresli¢, ze zaproponowany model sesji oddechowo-wysitkowej jest
oszczedny czasowo, a przystepna metodyka umozliwia wykorzystanie go nie tylko w warunkach

laboratoryjnych.
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8. Whnioski

Wyniki przeprowadzonych przeze mnie badan dowodza, Ze:
1. Pojedyncza sesja oddychania w warunkach hipoksji normobarycznej wptywa
istotnie na pogorszenie funkcji poznawczych, a zmiany te nie roéznily si¢ niezaleznie

od symulowanej wysokosci.

2. Pojedyncza sesja zar6wno oddychania w warunkach NH, jak i wysitku fizycznego
o umiarkowanej intensywnosci wptywa na zwiekszenie stezenia BDNF we krwi

obwodowej.
3. Wykonanie pojedynczej sesji wysitku fizycznego o umiarkowanej intensywnosci w

warunkach NH wptywa pozytywnie na funkcje poznawcze, powodujgc zahamowanie

negatywnego wplywu hipoks;ji.
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10. Streszczenie

Mimo iz wiedza na temat prozdrowotnego wptywu wysitku fizycznego jest coraz bardziej
obszerna to mechanizmy zwigzane ze zmianami adaptacyjnymi indukowanymi przez rézne formy
aktywnosci fizycznej nie sg dostatecznie zweryfikowane 1 wyjasnione. Duzym zainteresowaniem
cieszg si¢ badania dotyczace wptywu wysitku fizycznego na funkcje poznawcze. Liczne badania
pokazuja, ze wysitek fizyczny moze poprawia¢ pamigé, koncentracjg, umiejgtnosci rozwigzywania
problemoéw, a przez to wplywac na lepszg decyzyjnos¢. Stan, w ktorym organizm nie otrzymuje
wystarczajacej ilosci tlenu, znany jako niedotlenienie, moze mie¢ glteboki wptyw na funkcje
poznawcze. Wysitek fizyczny wydaje si¢ mie¢ kluczowe znaczenie dla zmniejszenia negatywnego
wplywu niedotlenienia na funkcje poznawcze.

Celem przeprowadzonych przeze mnie badan byta ocena wptywu pojedynczej sesji
oddychania w warunkach hipoksji normobarycznej, jak rowniez wysitku fizycznego w takich
warunkach na poziom BDNF oraz zweryfikowanie, czy wplynie to zmiany w funkcjach
poznawczych.

W badaniach wzigto udziat 76 mtodych mezczyzn. Uczestnicy zostali poddani pojedynczej
sesji oddychania w warunkach hipoksji normobarycznej (NH), jak rowniez wysitkowi fizycznemu w
takich warunkach (NH EX). Grupa kontrolna oddychata normoksyjng mieszankg gazowa (NOR)
oraz wykonywata ¢wiczenia w takich warunkach (NOR EX). Przed rozpoczgciem i bezposrednio po
kazdej z sesji, od uczestnikow pobrano krew w celu zmierzenia stezenia wybranych markeréw oraz
poproszono o wykonanie testow kognitywnych.

Wyniki przeprowadzonych badan wykazaly, ze zaproponowana sesja oddechowa, a takze
wysilek fizyczny wpltywaja znaczaco na funkcje poznawcze. Pojedyncza sesja NH spowodowata
istotne obnizenie funkcji poznawczych, réwnolegle podnoszac znaczaco stezenie neurotroficznego
czynnika pochodzenia mézgowego. Z kolei pojedynczy wysitek fizyczny nie powodowat zmian w
funkcjach poznawczych, aczkolwiek powodowat istotne zwigkszenie BDNF. Co ciekawe, potaczenie
tych dwoch czynnikoéw spowodowato zahamowanie negatywnego wptywu niedotlenienia,
uwidaczniajac to w wynikach testu Stroopa.

Podsumowujac, wyniki przedstawione w tej rozprawie dowodza, ze pojedyncza sesja NH, jak
rowniez wysitek fizyczny wplywa na zmiany w stezeniu BDNF. Czynnik ten moze przyczyniac si¢ do
przeciwdziatania negatywnym konsekwencjom niedotlenienia. Zaproponowany model sesji

oddechowo-wysitkowej jest oszczedny czasowo i wptywa pozytywnie na funkcje poznawcze.
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11. Summary

Current knowledge of the health-promoting effects of exercise is growing. However, the
mechanisms involved in the adaptive changes induced by various forms of exercise are not sufficiently
verified and explained. Of great interest is research on the effects of physical exertion on cognitive
function, which in many situations is a key element in daily life. Numerous studies show that physical
exercise can improve memory, concentration, problem-solving skills, and thus make better decisions.
A condition in which the body does not receive enough oxygen, also known as hypoxia, can have a
profound effect on cognitive function. Physical exercise appears to be key to reducing the negative
effects of hypoxia on cognitive function.

The purpose of my study was to evaluate the effect of a single breathing session under
normobaric hypoxia, as well as physical exercise under such conditions, on BDNF levels and to verify
whether this would affect cognitive functions.

The study included 76 young men. The participants were subjected to a single session of
breathing under normobaric hypoxia (NH), as well as physical exercise under such conditions (NH
EX). The control group breathed a normoxic gas mixture (NOR) and performed exercise under such
conditions (NOR EX). Before and immediately after each session, blood was drawn from the
participants to measure the concentration of selected markers and they were asked to perform cognitive
tests.

The results of the study showed that the proposed breathing session, as well as physical exercise,
significantly affected cognitive function. A single NH session caused a significant decrease in
cognitive function, in parallel, significantly raising the concentration of brain-derived neurotrophic
factor. A single exercise session induced no change in cognitive function, although it did significantly
increase BDNF. Interestingly, the combination of these two components resulted in an inhibition of
the negative effect of hypoxia, making this apparent in the Stroop test results.

In conclusion, the results presented in this dissertation demonstrate that a single session of NH,
as well as exercise session, affects changes in BDNF concentration. This factor may contribute to
counteracting the negative consequences of hypoxia. The proposed breathing-exercise session model

is time-saving and has a positive effect on cognitive function.
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Abstract: Background: On the one hand, hypoxic exposure may result in progressive brain metabolism
disturbance, causing subsequent cognitive impairments. On the other hand, it might also enhance
neurogenesis and brain vascularization as well as accelerate cerebral blood flow, leading to cognitive
function improvement. The aim of this study was to investigate whether progressive stages of nor-
mobaric hypoxia (NH) (FIO, = 13%, FIO; = 12%, and FIO, = 11%) differentially affect post-exposure
cognitive performance. Methods: Fifteen physically active men (age = 23.1 = 2.1) participated in the
study. The Stroop test (ST) was applied to assess cognitive function. To generate NH conditions, a
hypoxic normobaric air generator was used. Results: We observed an executive function impairment
(“naming” interference p < 0.05) after NH exposure (FIO; = 13%). After exposure at FIO; = 12% and
FIO; = 11%, no changes were observed in the Stroop test. Also, changes in SpO, during subsequent
NH exposure were observed. Conclusions: The current investigation shows that executive functions
deteriorate after acute NH exposure and this post-exposure deterioration is not proportional to the
normobaric hypoxia stages among young physically active males.

Keywords: cognitive function; physical exercise; altitude

1. Introduction

Cognitive functions are highly dependent on adequate oxygen delivery to the brain [1].
Elevated brain activity during cognitive processing causes a rise in energy demand, leading
to an increase in cerebral blood flow (CBF) [2]. It is assumed that the energy demand of
neuronal tissue increases by 15% during tasks that require cognitive functioning [3-6].
Therefore, disturbances in cerebral aerobic metabolism, caused by hypoxia, could manifest
as a cognitive function impairment [2].

Cognitive impairment can negatively affect residents or workers staying at high
altitudes, e.g., mountain guides, militaries, athletes at altitude training camps, moun-
taineers or skiers, as well as exposed-to-hypoxia aircraft pilots or flight personnel [7-9].
Moreover, cognitive decline is observed commonly among patients with severe forms
of hypoxic—ischemic brain injury such as stroke, sleep apnea, or chronic obstructive pul-
monary disease (COPD) [10-17]. Additionally, reduced vascularization and blood flow in
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aging also diminish the ability to supply oxygen to the brain, leading to cognitive function
impairment [18-21].

Hypoxic exposure, therefore, impairs memory, color vision, reaction time, and execu-
tive functions [22]. The deterioration of cognitive abilities seems to be also dependent on
the magnitude of hypoxia and exposure time [22]. It also appears that hypoxic exposure
response is largely dependent on hypoxic mode and protocol (hypobaric/normobaric,
intermittent/continuous), the participants’ age, fitness level, and health status, cognitive
task type, post-cognitive test timing, and other confounding factors [22-26]. Numerous
human studies have revealed that normobaric hypoxia at various exposure times (from
16 to 30 min} and at different simulated altitudes have a detrimental influence on reaction
time and error rate during cognitive performance [27,28]. Nevertheless, Pavlicek et al.
(2005) and Taylor et al. (2015) did not observe changes in human cognition (word fluency,
word association task) after 30—45 min exposure to simulated altitudes (2440 m—4500 m
a.s.l.} [29,30].

However, mild hypoxic exposure can also have a neuroprotective effect in improving
cognitive performance; therefore, a right dosage or time of exposure /measurement could be
a key factor [31,32]. Moreover, a combination of mild hypoxia and aerobic training seems to
enhance cognitive function among the elderly [33]. Furthermore, some NH protocols show
enhancement of cognitive functions; for example, intermittent hypoxia exerts a beneficial
impact on protective mechanisms [34]. In a study conducted by Loprinzi et al. (2019), a
positive effect of acute normobaric hypoxia on memory interference was observed [35].
Although hypoxia may lead to progressive disturbance in brain metabolism, causing
subsequent cognitive impairments, it might also induce the synthesis of catecholamines and
neurotrophins such as brain-derived neurotrophic factor (BDNF) or vascular endothelial
growth factor (VEGF) as well as accelerate CBF, positively affecting neurogenesis and brain
vascularization [22,30,36]. Hypoxia can induce the release of BDNF, relevant for memory
formation and potentiation; therefore, a positive effect might be expected [37].

The aim of this study was to investigate whether cognitive abilities among young
physically active males could be facilitated after normobaric hypoxia exposure. We hy-
pothesized that progressive stages of normobaric hypoxia (FIO; = 13%; FIO, = 12% and
FIO, = 11%)} affect human cognition differently.

2. Materials and Methods
2.1. Participants

Twenty-four healthy, non-obese young adults were enrolled to the experiment. At the
beginning, four subjects participated in Experiment 1 (a pilot study), and after its comple-
tion, the experimental group was enlarged to up to 20 participants taking part in the main
study—Experiment 2. At the end, 15 physically active men finished the main experiment (5
of them did not complete it due to several reasons, e.g., cold, absence, or personal reasons).
All participants were Polish native speakers. Before the start of the experiment, they were
introduced to the procedures to which they had volunteered. Exclusion criteria included
a history of alpine expedition, dyslexia, daltonism, and blurred vision. All participants
were university students and were physically active. The participants did not have any
medical contraindications. No participant stated a history of neurological, psychiatric,
or respiratory disorders or had a disease that required medical care. Additionally, they
were required to refrain from consumption of caffeine 24 h prior to the testing session. All
participants gave their written consent after they had been informed about the purpose
of the study and the procedures. The study was approved by the local Ethics Committee
and the Bioethical Committee of the Regional Medical Society (KB-9/16) according to
the Helsinki Declaration. Detailed anthropometric characteristics of the participants are
presented in Table 1.
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Table 1. Anthropometric characteristics of the participants.

N=15 X SD
Age [years] 23.1 21
Height [em] 181 27
Weight [kg] 76.7 15

FAT [%] 13.9 14
FAT [kg] 11.2 16
FEM [kg] 67.1 1.5

BMI [kg-m™2] 22.8 0.9

X—mean average; SD—standard deviation; FAT—adipose tissue; FFM—free fat mass or lean body mass; BMI—body
mass index.

2.2. Measures
2.2.1. Anthropometric Measurements

To measure body height in a standing position, an anthropometer from a GPM mea-
suring set—Skinfold Caliper User’s Manual (Poland)—was used. Body mass and body
composition: body fat (FAT) and fat-free mass (FFM), were measured using the TBF-300
Tanita Body Fat Monitor/Scale Analyzer (Japan) with the use of the bioelectrical impedance
method. The body mass index was also used to assess overall body build: relative body
mass (BMI) [kg-m~2]. The participants were asked to arrive at the laboratory fasted, with
voided bladders and bowels [38].

2.2.2. Normobaric Hypoxia (NH)

The GO2Altitude ERA II Hypoxic/hyperoxic air generator from Biomedtech (Aus-
tralia) was used to create the appropriate hypoxic conditions during the tests. The proposed
altitudes (a.s.l.) were simulated by reducing the oxygen content of the inspiratory mixture
according to the recommendations of the manufacturer Biomedtech Australia Pty. Ltd.
Biomedical Research and Development described in GO2 Altitude ERA II Hypoxicator
System Operational Manual and in [39]. To produce a hypoxic mixture constituting a
simulation of altitude at 3500 m, the oxygen level in the mixture (FIO; = 13%) was used,
at 4500 m (FIO, = 12%) and 5500 m (FIO, = 11%), respectively. The participants were not
aware of the simulated altitude. When performing tests in normoxia (NOR), the partici-
pants also wore masks connected to the generator and pulse oximeters simulating hypoxic
conditions; however, at that time, the air generator produced a breathing mixture occurring
naturally at sea level. Additionally, the oxygen saturation (SpO,) was measured using a
BEURER PO60 pulse oximeter during the whole experimental procedure.

2.3. Cognitive Functions
2.3.1. Stroop Interference Test (ST)

To measure cognitive control, the computer version of the ST test from the Vienna Test
System database was used. The first part involves giving “names” of colors. Part two is
about “reading” color names. The third part requires giving the name of the font color
with which each word was written instead of reading the written word. For example, the
“blue” stimulus should be reacted with the word “red,” suppressing the natural tendency
to read “blue.” Such a task requires constant control and suppression of a natural automatic
response in favor of a task consciously managed and subordinated to the rules. The result
usually contains several elements, including the time of each test, the difference between
the time of the first and the third test and the number of errors in the third test [40].

2.3.2. Design and Procedures

All participants were asked to refrain from exercise and the consumption of alcohol
and caffeine for at least 24 h prior to each experiment to control the outside factors that
could affect cardiovascular and executive functions. The participants underwent a familiar-
ization to all the equipment needed to conduct the experiment as well as anthropometric
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examinations. The experimental protocol was performed on five non-consecutive days
(familiarization on day one and each altitude on a different day with a one-week break
in between to avoid the learning effect). All hypoxic measurements were determined
in four different conditions: normoxia and FIO; = 13%, FIO, = 12%, and FIO; = 11%,
which correspond to simulated altitudes of 3500 m, 4500 m, and 5500 m, respectively.
Experiment consisted of cognitive tests and gas mixture breathing. The participants un-
derwent cognitive testing before and immediately after a 30 min acute exposure to the
mentioned conditions.

A single blind protocol was used (the participants did not know under what conditions
or on which day of testing they would be evaluated). During the testing, SpO, was
monitored continuously using a BEURER PO60 pulse oximeter. Before performing the
tests, the subjects were examined by a medical doctor.

2.3.3. Statistical Analysis

All data were collected to create a single data sheet for statistical analysis. Microsoft
Excel v.10.0 for Windows was used for initial archiving and statistical processing of results.
Statistical analysis was performed using the tools of GraphPad Prism 7. Arithmetic means,
standard deviation, and significance levels of differences between means were calculated.
Then, descriptive statistics were used, where a non-parametric paired version of the
Student’s -test was used to examine the distribution of each variable. Then, we used two-
way analysis of variance (ANOVA), with repeated measures, to investigate the significance
of differences between groups and time. Significant main effects were further analyzed
using the Bonferroni post hoc test. Significance for all analyses was assumed at p < 0.05.

3. Results
3.1. Cognitive Functions
Experiment 1

Deterioration of ST results at all implemented oxygen concentrations was observed,
although these changes did not correspond to the increase in simulated altitude values.
Noticeable changes were observed at the simulated altitude of 3500 m a.s.l. The analysis
revealed no statistical differences either in the reading interference values (interaction
F(2,12) = 0.1374; p = 0.8729; time F(2, 12) = 0.5171; p = 0.6090) or in the naming interference
values (interaction F(2, 12) = 1.647; p = 0.2334; time F(2, 12) = 0.8909; p = 0.4358), but a
noticeable trend in naming was noticed (Figure 1).

0.151

0.104

0.05+4

pre post

Stroop "naming"” interference [s]

pre ) post pre post

pre post pre post pre post

FO.=12%  FIO. = 11% (B)FIO,=13% FI0,=12% FIO,=11%
2 =% 2 =11%

Figure 1. Effect of acute normobaric hypoxia at various simulated altitudes (a.s.l.) on post-exposure interference values in
reading (A) and in naming (B). Values are means. Error bars indicate 4+ SEM (standard error of the mean).
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Experiment 2

As a result of Experiment 1 tests, we enlarged our group and performed cognitive
tests at simulated 3500 m a.s.l. (FIO, = 13%). There were no statistical differences in reading
interference values (interaction F(1, 28) = 0.007749; p = 0.7828; time F(1, 28) = 0.03697;
p = 0.8489) (Figure 2A). However, statistically significant changes were observed in naming
interference values (interaction F(1, 28) = 5.404; p = 0.0276; time F(1, 28) = 11.73; p = 0.0019;
72 = 0.16765) (Figure 2B). Next, contrast analysis between NOR (post—pre) versus NH
(post—pre) was performed. The delta reading interference was not significant: ¢ = 0.9252;
p = 0.3705 (Figure 2C). Nevertheless, the delta in naming interference was significantly dif-
ferent between groups: { =2.392; p = 0.0314; Cohen’s d = 0.878572, paired f-test (Figure 2D).
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Figure 2. Effect of normoxia and acute normobaric hypoxia at FIO; = 13% on post-exposure interfer-
ence values in reading (A) and in naming (B). Subsections (C,D) represent their deltas. Values are
means. Error bars indicate SEM (standard error of the mean). * p < 0.05; ** p < 0.01. NOR—normoxia;
NH—normobaric hypoxia.

3.2. Blood Saturation
Experiment 1

The tests revealed a decrease in blood saturation (between conditions F(1.197,7.183) =29.77;
p = 0.0007)), and these changes were adequate and correlated with the reduction in oxygen
concentration, which occurred with the increase in the simulated altitude (Figure 3).

Experiment 2

The saturation measurement at simulated 3500 m a.s.l. (FIO; = 13%) for an enlarged
experimental group decreased (f = 18.5; p < 0.0001; Cohen’s d = 1.186634), and it is shown
in Figure 4.
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Figure 3. Effect of acute normobaric hypoxia exposure at various simulated altitudes (a.s.1.) on blood saturation: (A) satura-
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Figure 4. Effect of acute normobaric hypoxia exposure at FIO2 = 13% on blood saturation. Data are
shown as the mean for the whole experimental group. NOR—normoxia; NH—normobaric hypoxia.

4. Discussion

In the present study, acute moderate NH led to a decline in post-exposure cognitive
performance. In contrast to our initial hypothesis, the hypoxic magnitude did not affect
differentially post-exposure cognitive functions.

It has been shown that a decrease in reaction time occurred at a simulated altitude
of 3600 m a.s.l. and above [27]. Moreover, Kourtidou-Papadeli et al. (2008) showed that
16 min exposure at simulated 8000 ft (approx. 2440 m a.s.l.) was enough to increase error
rate and decrease tracking performance [28].

The deterioration in human cognitive function in response to NH has been observed in
previous studies. However, cognitive testing was carried out during NH exposure [27,28,41,42].
We observed a decline in cognitive performance after 30 min exposure to NH at simulated
3500 m (FIO; = 13%). Even if the oxygen level in the mixture was lowered to 10% Oy, a
decline in cognitive functions was observed [2,27].

Based on our results, we can only speculate on the lack of potential impact of hypoxia
on increased CBF, which could compensate/eliminate the destructive effect of hypoxia [22],
since we did not measure it directly.

Moreover, we observe a post NH exposure decline in ST naming conditions. Color
naming is presumed to be a more controlled response than reading. In the incongruent
conditions in which the controlled naming response must be selected over the more habitual
reading response, response should be slower [43]. In the Stroop paradigm, inhibition is
thought to prevent the allocation of attention to the irrelevant stimulus dimension, allowing
the participants to focus on the relevant dimension (i.e., not the name of the word, but the
color of the ink in which the word is written) [43]. A decline in inhibitory control would
therefore produce greater Stroop interference. This explanation is consistent with both
behavioral and electrophysiological findings [44]. According to Bugg et al. (2007), the
decline in naming differs depending on age [43]; however, it is not relevant in the age
group that has been tested in our study [45]. It is possible that the NH exposure and thus
desaturation contributed to these changes, as has also been shown in a recent study [46].

In the first experiment, we observed a tendency indicating a cognitive ability to decline
in response to NH, but we did not observe any changes between the consecutive stages of
hypoxia and executive function. Furthermore, the lack of difference between the executive
function performance and hypoxia severity may arise from the cognitive testing time.
Cognitive testing was carried out immediately after 30 min of exposure to hypoxia, under
normoxic conditions, where the observed level of blood saturation corresponded to NOR.
Since we did not notice significant differences between the various stages of hypoxia,
for safety reasons, we decided to increase participant enlargement in the NH (simulated
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References

altitude 3500 m a.s.l) group (Experiment 2). After increasing the number of subjects, we
observed a significant executive function impairment as a result of NH exposure.

However, attention should be paid to the previously described large individual re-
sponse to hypoxia exposure [47,48] and the small sample of participants in the first phase
of the study (Experiment 1).

Furthermore, in our study, cognitive tests were performed immediately after hypoxic
exposure, where we could expect the reperfusion effect and thus improvement of cognitive
functions, as has already been described in animal models [49] as well as in humans [50-53].
The mechanism of post-exposure cognitive improvement could be a result of increased
nervous tissue supply in oxygen, energy, and/or hormones as a result of increased blood
flow [54,55]. Furthermore, the moderate oxidative stress and inflammation induced by
hypoxic exposure could stimulate/modulate the synthesis and /or release of BDNF and pre-
vent hippocampal impairment [31,32,56]. Despite the lack of similar results in the literature
on the executive functions following NH exposure, it seems that the changes in reaction
time are associated with increased growth factor production, including upregulation of
BDNE which plays a critical role in sustaining memory function [57]. Hypoxia-sensitive
genes regulate hypoxia-inducible factor 1, which regulates BDNE. Hypoxia-induced BDNF
production can facilitate memory function by improving synaptic strength.

A few limitations of this study must be mentioned. The small sample size could have
disturbed detection of significant differences in Experiment 1 group. Secondly, the study
involved a specific group that could be enlarged to evaluate, e.g., age or sex difference.
Thirdly, the cerebral blood flow and BDNF concentration were not measured. Thus, further
investigations are needed.

In conclusion, the current findings indicate that NH exposure impairs cognition
among healthy, young, physically active men even if cognitive tests are performed in NOR
conditions immediately after exposure.
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Abstract: Background: Decreased SpO, during hypoxia can cause cognitive function impairment, and
the effects of acute hypoxia on high-order brain functions such as executive processing remain unclear.
This study’s goal was to examine the impact of an acute normobaric hypoxia breathing session on
executive function and biological markers. Methods: Thirty-two healthy subjects participated in a
blind study performing two sessions of single 30 min breathing bouts under two conditions (normoxia
(NOR) and normobaric hypoxia (NH), FIO; = 0.135). The Stroop test was applied to assess cognitive
function. Results: No significant difference was observed in the Stroop interference in the “reading”
part of the test in either condition; however, there was a significant increase in the “naming” part
under NH conditions (p = 0.003), which corresponded to a significant decrease in SpO, (p < 0.001).
There was a significant increase (p < 0.013) in the brain-derived neurotrophic factor (BDNF) level after
NH conditions compared to the baseline, which was not seen in NOR. In addition, a significant drop
(p < 0.001) in cortisol levels in the NOR group and a slight elevation in the NH group was noticed.
Conclusions: According to these findings, acute hypoxia delayed cognitive processing for motor
execution and reduced the neural activity in motor executive and inhibitory processing. We also
noted that this negative effect was associated with decreased SpQ; irrespective of a rise in BDNF.

Keywords: cognitive function; physical exercise; altitude; cortisol

1. Introduction

Hypoxia is often linked with cognitive decline. Hypoxia SpO, levels decrease when
ascending to high altitudes, which, in turn, can cause cognitive impairment. However, it is
still unknown how acute hypoxia affects higher-order brain functions including executive
processing and how it affects the central nervous system (CNS) [1,2]. Hypoxia can cause
perturbations in the CNS due to alterations in hormonal/humoral factor levels as well as
neurotransmitters [3].

On the other hand, humans have at least several mechanisms responsible for improv-
ing cognitive function. Brain imaging studies have shown that one of these mechanisms
that can improve cognitive performance is increased cerebral blood flow (CBF). Increased
CBEF (e.g., in the middle cerebral artery) has the potential to affect brain tissue and its
metabolism due to enhancing the brain’s supply of glucose, oxygen, and peripherally
produced hormones [4].

Many of these hormones act as a neurochemical and play a sufficient role in brain
plasticity. One of the more crucial ones is brain-derived neurotrophic factor (BDNF). BDNF
induces a cascade of events via receptor kinase B (TrkB), which can promote the functional
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and structural plasticity of the brain [5]. It is currently considered one of key proteins
that can modulate cognitive functions [6]. It is also crucial for memory consolidation
and for creating additional neural connections, etc. [7-9]. This may be explained by the
ability of BDNF to cross the blood-brain barrier bidirectionally according to a concentration
gradient [10]. Additionally, BDNF can be a biomarker for impaired memory in humans,
as shown in a recent study [11]. On the other hand, it can cause cognitive enhancements,
which are connected to higher BDNF expression in the hippocampus, dentate gyrus,
and perirhinal cortex [12]. The data show that, when BDNF expression in the brain is
increased, its blood level can also be observed [13,14]. The mentioned increase of the
cerebral origin neurotrophic factor level influences brain neurogenesis. Improvement in
cognitive functions has also been detailed [15-17]. In turn, decreased levels of neurotrophin
may lead to an impaired ability to remember assigned tasks, mainly through exposure to
stress or depressive conditions [18].

The hypothalamic—pituitary—adrenal axis is responsible for a whole symphony of
actions when the body encounters so-called stressors and environmental differences, and
can be counted as one. They can significantly affect cognitive functions due to the stress
reaction, and determining the level of cortisol could help estimate the stress level [19,20].
Cortisol is one of the main glucocorticoids, produced in the adrenal gland cortex, and
has a wide metabolic effect [21-23]. Some studies show cortisol rises after hypoxic expo-
sure [24,25], although on the other hand, there are some studies showing no effect after
such exposure [26,27].

The purpose of this study was to answer the question of whether acute normobaric
hypoxia exposure will affect executive functions, peripheral BDNF concentrations, and
stress level through cortisol. It was hypothesized that executive functions will improve
after intervention and that this improvement will appear due to rise of BDNF concentration
independent of changes in the cortisol level. It was examined how executive function was
affected after acute exposure to hypoxic gas mixtures with FIO, = 13% oxygen concentration.

2. Materials and Methods

Information about the experiment was provided by members of the research team
through posters and short presentations. The study involved Gdansk University of Physical
Education and Sport students (1 = 32, all men, aged 20.4 £ 0.6). The subjects participated
in a single blind study where they performed two separate sessions of 30 min breathing
bouts, under two conditions (normoxia (NOR) and normobaric hypoxia (NH)) on different
days. One week prior to the intervention, the participants underwent familiarization with
all laboratory equipment and performed trial tests. On the next visit, the experiment began.
The first session consisted of ambient air breathing. On the second session, the participants
breathed hypoxic air (fraction of inspired oxygen (FIO,) = 0.135), which corresponded to
an altitude of 3500 m. The breathing sessions were separated by a two-week break. Before
and after both sessions, the participants performed a color-word Stroop task (which lasted
an average of 5-6 min) and immediately afterwards were subjected to a blood draw. Two
participants were tested at one time, with a staggered time allowing for cognitive testing
and blood draws to avoid queuing and to standardize the testing conditions. During
inhalation, one research team member per participant observed their condition and the
level of SpO,. To assess BDNF serum concentrations and estimate cortisol levels, the ELISA
method was applied (a description is provided in the ‘Blood Sampling” section). Cognitive
testing included a Stroop interference test (cognitive control). Written consent was obtained
from all participants before executing the experimental protocol. The participants were
verbally informed of the possibility of opting out of the study. The research was approved
by the Local Ethics Committee and the Bioethical Committee of the Regional Medical
Society (KB-9/16) according to the Helsinki Declaration. The participants did not have any
medical contraindications. Detailed participant characteristics are shown in Table 1.
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Table 1. Anthropometric characteristics of the participants.

N=32 X SD
Age (years) 20.4 0.6
Height (cm) 178 7.k
Weight (kg) 76.6 114

FAT (%) 18.6 41

FAT (kg) 144 5.0
FFM (kg) 62.1 79
BMI (kg-m~2) 23.9 24

X—mean average; SD—standard deviation; FAT—adipose tissue; FFM—free fat mass; BMI—body mass index.

2.1. Anthropometric Measurements

To measure body height, an anthropometer from a GPM measuring set was used (Skin-
fold Caliper User’s Manual—Poland). A TBF-300 Tanita Body Fat Monitor/Scale Analyzer
(Japan) was used to assess body mass and body composition (body fat (FAT); fat-free mass
(FFM)). To evaluate overall body build, body mass index (BMI) (kg-m~2) was used.

2.2. Normobaric Hypoxia

The hypoxic gas mixture for the trials was produced by the GO2Altitude ERA IT Hy-
poxic/Hyperoxic Air Generator from Biomedtech (Australia). Height above sea level (a.s.l.)
was simulated by reducing the oxygen content of the inspiratory gas mixture according to
the manufacturer’s recommendations (Biomedtech Australia Pty Ltd., Biomedical Research
and Development, Belmore, Australia) and described in GO2Altitude ERA II Hypoxicator
System Operational Manual [28]. The FIO, = 13% oxygen level in the mixture was used to
create a hypoxic mixture that replicated an altitude of 3500 m a.s.l. While breathing, the
participants were unaware of the gas mixture. When conducting testing under normoxia
conditions, they also had on pulse oximeters and used masks; however, at that time, the air
generator only produced a sea-level breathing mixture.

2.3. Cognitive Functions
Executive Functions: Stroop Test

To measure cognitive control, the abbreviated version of the Stroop interference test
from the Vienna Test System database was used. The first part involves giving “names” of
colors. Part two is about “reading” color names. The third part requires giving the name
of the font color with which each word was written instead of reading the written word.
For example, the “blue” stimulus should be reacted with the word “red”, suppressing the
natural tendency to read “blue”. Such a task requires constant control and suppression of a
natural automatic response in favor of a task consciously managed and subordinated to
the rules. The result usually contains several elements, including the time of each test, the
difference between the time of the first and third test, and the number of errors in the third
test [29]. The cognitive test was the same as in a previously published study [30].

2.4. Blood Sampling

Before and after the intervention, blood samples from the antecubital vein into vacu-
tainer tubes were taken to measure the serum concentrations of BDNF and cortisol. At
4 °C and 2000x g, the samples were centrifuged for 10 min. Following separation, the
serum samples were frozen and stored at 70 °C for further analysis. Since the most popular
technique for evaluating how human growth factors in blood relate to individual variations
in neuropsychiatric, cognitive, and exercise aspects, serum analysis was conducted [31].
The sample was diluted 1:5 before use. The manufacturer reported 4—6% for the intra-assay
coefficients of variability (CVs) and 8-10% for the inter-assay CVs, respectively. Both BDNF
and cortisol were determined via an enzyme immunoassay method using commercial
kits according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA,
catalog no. DBDO00; Ray Biotech Inc., Cambridge, UK; Demeditec Diagnostics GmbH,
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Kiel, Germany, catalog no. DEH3388, respectively). Based on our prior experiences and
recommendations from the literature, a 1 h clotting period was permitted for the proper
serum BDNF dosage [32,33].

2.5. Statistical Analysis

The initial storage of the results and their statistical analysis were done using Microsoft
Excel version 10.0 for Windows. Utilizing GraphPad Prism 7’s tools, a statistical analysis
was conducted. Calculated were arithmetic means, standard deviation, and levels of
significance for variances between means. The distribution of each variable was then
examined using descriptive statistical techniques, including a parametric paired Student’s
t-test. To further examine the significance of variations across groups and over time, a
two-way analysis of variance (ANOVA) with repeated measurements was performed. The
Bonferroni post hoc test was used to further examine significant effects. The significance
for all analyses was assumed at p < 0.05.

3. Results
3.1. Blood Saturation under Normoxia and Acute Normobaric Hypoxia Conditions

Acute exposure to normobaric hypoxia conditions revealed a decrease in blood satura-
tion (t =12, df = 29; p < 0.001). These changes were appropriate to the simulated altitude
above sea level (Figure 1).

100+
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Figure 1. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on peripheral blood saturation. NOR—normoxia; NH—normobaric hypoxia. Data
expressed as mean of the entire group at particular time points.

3.2. Stroop Test under Conditions of Normoxia and Acute Normobaric Hypoxia

The participants performed cognitive tests after exposure to normobaric hypoxic
conditions simulating 3500 m a.s.l. There were no statistical differences in “reading”
interference (interaction F (1, 60) = 0.006, p = 0.939; time F (1, 60) = 0.0047, p = 0.946)
(Figure 2A). On the contrary, “naming” interference was significantly changed (interaction
F (1, 60) = 4.644, p = 0.035; time F (1, 60) = 6.375, p = 0.014) (Figure 2B), which corresponded
with a significant decrease in the peripheral level of SpO,. Next, contrast analysis between
NOR versus NH (post vs. pre) was performed (Figure 2C,D).
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Figure 2. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on post-exposure interference values in “reading” (A) and in “naming” (B) and their deltas
(C,D). Values are means. Error bars indicate SEM (standard error of the mean). *p < 0.05; ** p < 0.01.

3.3. Blood Analysis

The mean values of BDNF concentration did not change in the NOR conditions
in pre-post measurements, but a significant rise in the concentration of BDNF after the
simulated NH conditions was observed (interaction F (1, 62) = 3.893, p = 0.053; row factor
F (1,62)=7.358, p = 0.009; time F (1, 62) = 3.999, p = 0.0499) (Figure 3).

The test analysis revealed significant changes in the cortisol values under NOR condi-
tions in the pre-post measurements, although the same effect after simulated NH condi-
tions was not observed. Interactions between groups occurred (interaction F (1, 62) = 35.9,
p < 0.001; row factor F (1, 62) = 11.71, p = 0.001; time F (1, 62) = 16.61, p = 0.001), and the
delta was also shown (Figure 4). Mixed model ANOVA showed the same results and they
are available in the supplementary materials.

41



Int. |. Environ. Res. Public Health 2022, 19, 10802 60of 10

Cortisol (nmol"I™")

(23 H (4.}
(=3 Q (=3
o o o
1 1 1

200+

-

(=3

[=]
1

1000- ’ !
__ 800~
T
*E 600-
o)}
2
L
= 4004
(]
m
2004
0 T
pre post pre post
NOR NH

Figure 3. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on post-exposure serum BDNF concentration. Values represent means. Error bars indicate
SEM. *p < 0.05.
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Figure 4. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on post-exposure serum cortisol concentration (A) and its delta (B). Values represent
means. Error bars indicate SEM (standard error of the mean). *** p < 0.001.

4. Discussion

The main goal of the present study was to examine the impact of a single session of
simulated acute normobaric hypoxia on the BDNF concentration and relate to it executive
functions, as well as the cortisol level in young adults.

Significant cognitive decline after a single session of acute NH breathing was noticed,
which is in line with previous research [34-36]. This deterioration was reflected by increased
interference in the Stroop test.

The timepoint of cognitive performance, which in our study occurred immediately
after hypoxia exposure, is not without relevance. The reperfusion effect, which has been
described in both animal models [37] and in humans [38-40], could improve cognitive
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functions at that time. This post-exposure improvement is most likely due to this reperfu-
sion and, thus, better tissue oxygenation [41,42]. Furthermore, hypoxic-induced oxidative
stress may alter BDNF production and/or its release, preventing hippocampal impair-
ment [43-45]. As a neuro-regulator and factor influencing brain neurogenesis, an increase
in the level of the cerebral neurotrophic factor and, consequently, an improvement in
cognitive functioning has also been reported [15-17].

Although an increase in BDNF concentration was observed, a decline in cognitive func-
tion after 30 min of acute exposure to normobaric hypoxia at a simulated altitude of 3500 m
(FIO, = 13%) was also noticed. This decrease is consistent with earlier research [36,46].
Cerebral hypoxia, which can be caused by arterial oxygen deficiency and decreased cerebral
blood flow, is thought to play a role in executive function impairment. This impairment is
related to the level of SpO», which drops proportionally due to the severity of the hypoxic
conditions, as we have shown in a previous study [30]. In addition, since it is strongly
connected with prefrontal oxygenation, it can have an impact [47,48]. This is consistent
with earlier research showing that cognitive function declines as the severity of hypoxic
conditions increases [34], and that SpO, can alter prefrontal oxygenation and result in CBF
restriction through cerebral vasoconstriction [49].

Furthermore, our findings seem to confirm earlier studies that hypoxia had little or
no impact on the post-exposure increase in CBF, which could counteract or minimize the
adverse effects of hypoxia [50]. This is only speculation, since we did not measure it directly.
This effect is seen in the results of the cognitive tests used in our study. Reading is thought
to be a more instinctive response than naming because it is less controlled. When circum-
stances require that the controlled naming response prevails over the automatic reading
response, it slows down [51]. Inhibition is thought to prevent participants in the Stroop
paradigm from directing their attention to the irrelevant stimulus component, allowing
them to concentrate on the important dimension (i.e., the color of ink in which the word is
written, rather than the name of the word) [51]. Therefore, a decrease in inhibitory control
would result in greater Stroop interference. Both behavioral and electrophysiological data
seem to support such an interpretation [52].

Decreases in cognitive function induced by environmental changes noted as a stressor
may also be reflected in biological markers. Hypoxia can activate the gland cortex to release
cortisol, which has been identified as a presumed endocrinological mediator that can affect
brain function [21]. Nonetheless, the results of hypoxia investigations are inconsistent
in terms of the observed reactions. The most common response to these environmental
stimuli is a rise in cortisol levels [53], although no changes have been documented [54]. This
difference could be due to the different research designs (i.e., normobaric vs. hypobaric
hypoxia). The participants’ cortisol levels were considerably lower following exposure
to NOR than under NH conditions in our study. Due to the lack of difference at base-
line and the non-significant increase in concentrations after exposure to NH conditions,
we can speculate that the reduction in the NOR group may have been due to calming
down/entering a state of relaxation by breathing calmly. On the other hand, as this was still
at the start of the study, perhaps a defense mechanism to an impending unknown stimulus
triggered significant changes at the biochemical level. This seems to effectively counteract
the sudden cortisol level increase in the NH group, which is a possibility, considering
that a stress trigger could result in such a response, especially when this hormone has the
potential to impair the prefrontal cortex [22]. Some may argue that because this area of the
brain regulates so many of our cognitive activities, the negative influence of cortisol on
psychomotor performance is negligible, yet it seems to be one of the elements that can be
thoroughly investigated in future research.

A few limitations of this study must be mentioned. Future research groups could be
enlarged to assess, for example, age or sex differences. To make the experimental conditions
less predictable, the sequence of NOR and NH could be more randomized. Alternately, a
control group that received the NH intervention twice in a row might be used. Further
studies should include brain tissue oxygenation measurement to investigate the potential
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mechanism responsible for these changes. This study revealed that a single session of
simulated acute normobaric hypoxia leads to a significant impact on BDNF concentrations
as well as cognitive impairment in the “naming” aspect of the Stroop test. Moreover, this
attenuation can be likely linked to cortisol levels, although this requires further research.

5. Conclusions

The consequences of acute hypoxia on cognitive function are still debatable. However,
hypoxia has the potential to impair cognition. The effects of a single acute exposure to
simulated moderate normobaric hypoxia conditions were investigated and impairments
in executive functions were observed. A reduced SpO, level was associated with this
detrimental effect irrespective of the rise in BDNE. Although higher BDNF levels can
induce positive changes through improvements in human cognition, further research
about acute hypoxia, exercise/training in such conditions, and its effect on cognition
need to be conducted. According to these findings, acute hypoxia delayed cognitive
processing for motor execution and reduced the neural activity in motor executive and
inhibitory processing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijerph191710802/51, Table S1: Results of the mixed-model ANOVA.
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Abstract: Background: Decreased SpO, during hypoxia can cause cognitive function impairment, and
the effects of acute hypoxia on high-order brain functions such as executive processing remain unclear.
This study’s goal was to examine the impact of an acute normobaric hypoxia breathing session on
executive function and biological markers. Methods: Thirty-two healthy subjects participated in a
blind study performing two sessions of single 30 min breathing bouts under two conditions (normoxia
(NOR) and normobaric hypoxia (NH), FIO; = 0.135). The Stroop test was applied to assess cognitive
function. Results: No significant difference was observed in the Stroop interference in the “reading”
part of the test in either condition; however, there was a significant increase in the “naming” part
under NH conditions (p = 0.003), which corresponded to a significant decrease in SpO, (p < 0.001).
There was a significant increase (p < 0.013) in the brain-derived neurotrophic factor (BDNF) level after
NH conditions compared to the baseline, which was not seen in NOR. In addition, a significant drop
(p < 0.001) in cortisol levels in the NOR group and a slight elevation in the NH group was noticed.
Conclusions: According to these findings, acute hypoxia delayed cognitive processing for motor
execution and reduced the neural activity in motor executive and inhibitory processing. We also
noted that this negative effect was associated with decreased SpQ; irrespective of a rise in BDNF.

Keywords: cognitive function; physical exercise; altitude; cortisol

1. Introduction

Hypoxia is often linked with cognitive decline. Hypoxia SpO, levels decrease when
ascending to high altitudes, which, in turn, can cause cognitive impairment. However, it is
still unknown how acute hypoxia affects higher-order brain functions including executive
processing and how it affects the central nervous system (CNS) [1,2]. Hypoxia can cause
perturbations in the CNS due to alterations in hormonal/humoral factor levels as well as
neurotransmitters [3].

On the other hand, humans have at least several mechanisms responsible for improv-
ing cognitive function. Brain imaging studies have shown that one of these mechanisms
that can improve cognitive performance is increased cerebral blood flow (CBF). Increased
CBEF (e.g., in the middle cerebral artery) has the potential to affect brain tissue and its
metabolism due to enhancing the brain’s supply of glucose, oxygen, and peripherally
produced hormones [4].

Many of these hormones act as a neurochemical and play a sufficient role in brain
plasticity. One of the more crucial ones is brain-derived neurotrophic factor (BDNF). BDNF
induces a cascade of events via receptor kinase B (TrkB), which can promote the functional
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and structural plasticity of the brain [5]. It is currently considered one of key proteins
that can modulate cognitive functions [6]. It is also crucial for memory consolidation
and for creating additional neural connections, etc. [7-9]. This may be explained by the
ability of BDNF to cross the blood-brain barrier bidirectionally according to a concentration
gradient [10]. Additionally, BDNF can be a biomarker for impaired memory in humans,
as shown in a recent study [11]. On the other hand, it can cause cognitive enhancements,
which are connected to higher BDNF expression in the hippocampus, dentate gyrus,
and perirhinal cortex [12]. The data show that, when BDNF expression in the brain is
increased, its blood level can also be observed [13,14]. The mentioned increase of the
cerebral origin neurotrophic factor level influences brain neurogenesis. Improvement in
cognitive functions has also been detailed [15-17]. In turn, decreased levels of neurotrophin
may lead to an impaired ability to remember assigned tasks, mainly through exposure to
stress or depressive conditions [18].

The hypothalamic—pituitary—adrenal axis is responsible for a whole symphony of
actions when the body encounters so-called stressors and environmental differences, and
can be counted as one. They can significantly affect cognitive functions due to the stress
reaction, and determining the level of cortisol could help estimate the stress level [19,20].
Cortisol is one of the main glucocorticoids, produced in the adrenal gland cortex, and
has a wide metabolic effect [21-23]. Some studies show cortisol rises after hypoxic expo-
sure [24,25], although on the other hand, there are some studies showing no effect after
such exposure [26,27].

The purpose of this study was to answer the question of whether acute normobaric
hypoxia exposure will affect executive functions, peripheral BDNF concentrations, and
stress level through cortisol. It was hypothesized that executive functions will improve
after intervention and that this improvement will appear due to rise of BDNF concentration
independent of changes in the cortisol level. It was examined how executive function was
affected after acute exposure to hypoxic gas mixtures with FIO, = 13% oxygen concentration.

2. Materials and Methods

Information about the experiment was provided by members of the research team
through posters and short presentations. The study involved Gdansk University of Physical
Education and Sport students (1 = 32, all men, aged 20.4 £ 0.6). The subjects participated
in a single blind study where they performed two separate sessions of 30 min breathing
bouts, under two conditions (normoxia (NOR) and normobaric hypoxia (NH)) on different
days. One week prior to the intervention, the participants underwent familiarization with
all laboratory equipment and performed trial tests. On the next visit, the experiment began.
The first session consisted of ambient air breathing. On the second session, the participants
breathed hypoxic air (fraction of inspired oxygen (FIO,) = 0.135), which corresponded to
an altitude of 3500 m. The breathing sessions were separated by a two-week break. Before
and after both sessions, the participants performed a color-word Stroop task (which lasted
an average of 5-6 min) and immediately afterwards were subjected to a blood draw. Two
participants were tested at one time, with a staggered time allowing for cognitive testing
and blood draws to avoid queuing and to standardize the testing conditions. During
inhalation, one research team member per participant observed their condition and the
level of SpO,. To assess BDNF serum concentrations and estimate cortisol levels, the ELISA
method was applied (a description is provided in the ‘Blood Sampling” section). Cognitive
testing included a Stroop interference test (cognitive control). Written consent was obtained
from all participants before executing the experimental protocol. The participants were
verbally informed of the possibility of opting out of the study. The research was approved
by the Local Ethics Committee and the Bioethical Committee of the Regional Medical
Society (KB-9/16) according to the Helsinki Declaration. The participants did not have any
medical contraindications. Detailed participant characteristics are shown in Table 1.
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Table 1. Anthropometric characteristics of the participants.

N=32 X SD
Age (years) 20.4 0.6
Height (cm) 178 7.k
Weight (kg) 76.6 114

FAT (%) 18.6 41

FAT (kg) 144 5.0
FFM (kg) 62.1 79
BMI (kg-m~2) 23.9 24

X—mean average; SD—standard deviation; FAT—adipose tissue; FFM—free fat mass; BMI—body mass index.

2.1. Anthropometric Measurements

To measure body height, an anthropometer from a GPM measuring set was used (Skin-
fold Caliper User’s Manual—Poland). A TBF-300 Tanita Body Fat Monitor/Scale Analyzer
(Japan) was used to assess body mass and body composition (body fat (FAT); fat-free mass
(FFM)). To evaluate overall body build, body mass index (BMI) (kg-m~2) was used.

2.2. Normobaric Hypoxia

The hypoxic gas mixture for the trials was produced by the GO2Altitude ERA IT Hy-
poxic/Hyperoxic Air Generator from Biomedtech (Australia). Height above sea level (a.s.l.)
was simulated by reducing the oxygen content of the inspiratory gas mixture according to
the manufacturer’s recommendations (Biomedtech Australia Pty Ltd., Biomedical Research
and Development, Belmore, Australia) and described in GO2Altitude ERA II Hypoxicator
System Operational Manual [28]. The FIO, = 13% oxygen level in the mixture was used to
create a hypoxic mixture that replicated an altitude of 3500 m a.s.l. While breathing, the
participants were unaware of the gas mixture. When conducting testing under normoxia
conditions, they also had on pulse oximeters and used masks; however, at that time, the air
generator only produced a sea-level breathing mixture.

2.3. Cognitive Functions
Executive Functions: Stroop Test

To measure cognitive control, the abbreviated version of the Stroop interference test
from the Vienna Test System database was used. The first part involves giving “names” of
colors. Part two is about “reading” color names. The third part requires giving the name
of the font color with which each word was written instead of reading the written word.
For example, the “blue” stimulus should be reacted with the word “red”, suppressing the
natural tendency to read “blue”. Such a task requires constant control and suppression of a
natural automatic response in favor of a task consciously managed and subordinated to
the rules. The result usually contains several elements, including the time of each test, the
difference between the time of the first and third test, and the number of errors in the third
test [29]. The cognitive test was the same as in a previously published study [30].

2.4. Blood Sampling

Before and after the intervention, blood samples from the antecubital vein into vacu-
tainer tubes were taken to measure the serum concentrations of BDNF and cortisol. At
4 °C and 2000x g, the samples were centrifuged for 10 min. Following separation, the
serum samples were frozen and stored at 70 °C for further analysis. Since the most popular
technique for evaluating how human growth factors in blood relate to individual variations
in neuropsychiatric, cognitive, and exercise aspects, serum analysis was conducted [31].
The sample was diluted 1:5 before use. The manufacturer reported 4—6% for the intra-assay
coefficients of variability (CVs) and 8-10% for the inter-assay CVs, respectively. Both BDNF
and cortisol were determined via an enzyme immunoassay method using commercial
kits according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA,
catalog no. DBDO00; Ray Biotech Inc., Cambridge, UK; Demeditec Diagnostics GmbH,

49



Int. |. Environ. Res. Public Health 2022, 19, 10802 40f 10

Kiel, Germany, catalog no. DEH3388, respectively). Based on our prior experiences and
recommendations from the literature, a 1 h clotting period was permitted for the proper
serum BDNF dosage [32,33].

2.5. Statistical Analysis

The initial storage of the results and their statistical analysis were done using Microsoft
Excel version 10.0 for Windows. Utilizing GraphPad Prism 7’s tools, a statistical analysis
was conducted. Calculated were arithmetic means, standard deviation, and levels of
significance for variances between means. The distribution of each variable was then
examined using descriptive statistical techniques, including a parametric paired Student’s
t-test. To further examine the significance of variations across groups and over time, a
two-way analysis of variance (ANOVA) with repeated measurements was performed. The
Bonferroni post hoc test was used to further examine significant effects. The significance
for all analyses was assumed at p < 0.05.

3. Results
3.1. Blood Saturation under Normoxia and Acute Normobaric Hypoxia Conditions

Acute exposure to normobaric hypoxia conditions revealed a decrease in blood satura-
tion (t =12, df = 29; p < 0.001). These changes were appropriate to the simulated altitude
above sea level (Figure 1).

100+
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Figure 1. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on peripheral blood saturation. NOR—normoxia; NH—normobaric hypoxia. Data
expressed as mean of the entire group at particular time points.

3.2. Stroop Test under Conditions of Normoxia and Acute Normobaric Hypoxia

The participants performed cognitive tests after exposure to normobaric hypoxic
conditions simulating 3500 m a.s.l. There were no statistical differences in “reading”
interference (interaction F (1, 60) = 0.006, p = 0.939; time F (1, 60) = 0.0047, p = 0.946)
(Figure 2A). On the contrary, “naming” interference was significantly changed (interaction
F (1, 60) = 4.644, p = 0.035; time F (1, 60) = 6.375, p = 0.014) (Figure 2B), which corresponded
with a significant decrease in the peripheral level of SpO,. Next, contrast analysis between
NOR versus NH (post vs. pre) was performed (Figure 2C,D).
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Figure 2. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on post-exposure interference values in “reading” (A) and in “naming” (B) and their deltas
(C,D). Values are means. Error bars indicate SEM (standard error of the mean). *p < 0.05; ** p < 0.01.

3.3. Blood Analysis

The mean values of BDNF concentration did not change in the NOR conditions
in pre-post measurements, but a significant rise in the concentration of BDNF after the
simulated NH conditions was observed (interaction F (1, 62) = 3.893, p = 0.053; row factor
F (1,62)=7.358, p = 0.009; time F (1, 62) = 3.999, p = 0.0499) (Figure 3).

The test analysis revealed significant changes in the cortisol values under NOR condi-
tions in the pre-post measurements, although the same effect after simulated NH condi-
tions was not observed. Interactions between groups occurred (interaction F (1, 62) = 35.9,
p < 0.001; row factor F (1, 62) = 11.71, p = 0.001; time F (1, 62) = 16.61, p = 0.001), and the
delta was also shown (Figure 4). Mixed model ANOVA showed the same results and they
are available in the supplementary materials.
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Figure 3. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on post-exposure serum BDNF concentration. Values represent means. Error bars indicate
SEM. *p < 0.05.
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Figure 4. Effect of a single 30 min exposure under normoxia and normobaric hypoxia at FIO, = 13%
conditions on post-exposure serum cortisol concentration (A) and its delta (B). Values represent
means. Error bars indicate SEM (standard error of the mean). *** p < 0.001.

4. Discussion

The main goal of the present study was to examine the impact of a single session of
simulated acute normobaric hypoxia on the BDNF concentration and relate to it executive
functions, as well as the cortisol level in young adults.

Significant cognitive decline after a single session of acute NH breathing was noticed,
which is in line with previous research [34-36]. This deterioration was reflected by increased
interference in the Stroop test.

The timepoint of cognitive performance, which in our study occurred immediately
after hypoxia exposure, is not without relevance. The reperfusion effect, which has been
described in both animal models [37] and in humans [38-40], could improve cognitive
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functions at that time. This post-exposure improvement is most likely due to this reperfu-
sion and, thus, better tissue oxygenation [41,42]. Furthermore, hypoxic-induced oxidative
stress may alter BDNF production and/or its release, preventing hippocampal impair-
ment [43-45]. As a neuro-regulator and factor influencing brain neurogenesis, an increase
in the level of the cerebral neurotrophic factor and, consequently, an improvement in
cognitive functioning has also been reported [15-17].

Although an increase in BDNF concentration was observed, a decline in cognitive func-
tion after 30 min of acute exposure to normobaric hypoxia at a simulated altitude of 3500 m
(FIO, = 13%) was also noticed. This decrease is consistent with earlier research [36,46].
Cerebral hypoxia, which can be caused by arterial oxygen deficiency and decreased cerebral
blood flow, is thought to play a role in executive function impairment. This impairment is
related to the level of SpO», which drops proportionally due to the severity of the hypoxic
conditions, as we have shown in a previous study [30]. In addition, since it is strongly
connected with prefrontal oxygenation, it can have an impact [47,48]. This is consistent
with earlier research showing that cognitive function declines as the severity of hypoxic
conditions increases [34], and that SpO, can alter prefrontal oxygenation and result in CBF
restriction through cerebral vasoconstriction [49].

Furthermore, our findings seem to confirm earlier studies that hypoxia had little or
no impact on the post-exposure increase in CBF, which could counteract or minimize the
adverse effects of hypoxia [50]. This is only speculation, since we did not measure it directly.
This effect is seen in the results of the cognitive tests used in our study. Reading is thought
to be a more instinctive response than naming because it is less controlled. When circum-
stances require that the controlled naming response prevails over the automatic reading
response, it slows down [51]. Inhibition is thought to prevent participants in the Stroop
paradigm from directing their attention to the irrelevant stimulus component, allowing
them to concentrate on the important dimension (i.e., the color of ink in which the word is
written, rather than the name of the word) [51]. Therefore, a decrease in inhibitory control
would result in greater Stroop interference. Both behavioral and electrophysiological data
seem to support such an interpretation [52].

Decreases in cognitive function induced by environmental changes noted as a stressor
may also be reflected in biological markers. Hypoxia can activate the gland cortex to release
cortisol, which has been identified as a presumed endocrinological mediator that can affect
brain function [21]. Nonetheless, the results of hypoxia investigations are inconsistent
in terms of the observed reactions. The most common response to these environmental
stimuli is a rise in cortisol levels [53], although no changes have been documented [54]. This
difference could be due to the different research designs (i.e., normobaric vs. hypobaric
hypoxia). The participants’ cortisol levels were considerably lower following exposure
to NOR than under NH conditions in our study. Due to the lack of difference at base-
line and the non-significant increase in concentrations after exposure to NH conditions,
we can speculate that the reduction in the NOR group may have been due to calming
down/entering a state of relaxation by breathing calmly. On the other hand, as this was still
at the start of the study, perhaps a defense mechanism to an impending unknown stimulus
triggered significant changes at the biochemical level. This seems to effectively counteract
the sudden cortisol level increase in the NH group, which is a possibility, considering
that a stress trigger could result in such a response, especially when this hormone has the
potential to impair the prefrontal cortex [22]. Some may argue that because this area of the
brain regulates so many of our cognitive activities, the negative influence of cortisol on
psychomotor performance is negligible, yet it seems to be one of the elements that can be
thoroughly investigated in future research.

A few limitations of this study must be mentioned. Future research groups could be
enlarged to assess, for example, age or sex differences. To make the experimental conditions
less predictable, the sequence of NOR and NH could be more randomized. Alternately, a
control group that received the NH intervention twice in a row might be used. Further
studies should include brain tissue oxygenation measurement to investigate the potential
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mechanism responsible for these changes. This study revealed that a single session of
simulated acute normobaric hypoxia leads to a significant impact on BDNF concentrations
as well as cognitive impairment in the “naming” aspect of the Stroop test. Moreover, this
attenuation can be likely linked to cortisol levels, although this requires further research.

5. Conclusions

The consequences of acute hypoxia on cognitive function are still debatable. However,
hypoxia has the potential to impair cognition. The effects of a single acute exposure to
simulated moderate normobaric hypoxia conditions were investigated and impairments
in executive functions were observed. A reduced SpO, level was associated with this
detrimental effect irrespective of the rise in BDNE. Although higher BDNF levels can
induce positive changes through improvements in human cognition, further research
about acute hypoxia, exercise/training in such conditions, and its effect on cognition
need to be conducted. According to these findings, acute hypoxia delayed cognitive
processing for motor execution and reduced the neural activity in motor executive and
inhibitory processing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijerph191710802/51, Table S1: Results of the mixed-model ANOVA.
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