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naukowych. Ta swoboda, potqczona z merytorycznym wsparciem, byta dla mnie niezwykle cennym
doswiadczeniem, ksztaltujgcym mnie zarowno jako badacza, jak i cztowieka.

Serdecznie dzigkuje Pani Promotor Pomocniczej dr Kindze Huminskiej-Lisowskiej za inspiracje
naukowgq, cenne uwagi i otwartosé, ktore byly dla mnie nieocenionym zrodtem motywacji. Dzigkuje
rowniez za zaszczepienie we mnie jeszcze wigkszego zainteresowania tematykq mikrobiomu, ktory stat
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Twoja obecnosé, stowa otuchy, a takze poczucie humoru, ktore rozjasniato kazdy ciezszy moment,
mialy kluczowe znaczenie w tym, bym mogta by¢ tu, gdzie jestem. Dzigkuje za to, Ze jestes moim
najlepszym partnerem — nie tylko w Zyciu, ale i w tej naukowej podrozy.

Wyrazy wdziecznosci kieruje takze do moich Rodzicow, Grazyny i Jerzego, ktorzy od zawsze byli moim
najwigkszym wsparciem, zarowno w Zyciu osobistym, jak i naukowym. Za to, ze zawsze mogtam liczy¢
na Waszq obecnos¢ — zarowno w codziennych sprawach, jak i w drodze do realizacji moich marzen.

Na koniec, dzigkuje moim Tesciom, pozostalym cztonkom rodziny, przyjaciotom, ktorzy byli ze mng na
kazdym etapie tej drogi — zarowno w chwilach radosci, jak i trudnosci. Wspinanie byto dla mnie
waznym sposobem zachowania rownowagi i Zrodtem sily w trakcie catego procesu pisania tej pracy,
dlatego dzickuje takze wszystkim, z ktorymi mialam przyjemnos¢ sie wspinac¢ — za wspolne chwile,
motywacje i przypomnienie, jak wazna jest pasja.

Dziekuje wszystkim, ktorzy przyczynili si¢ do powstania tej pracy, zarowno bezposrednio, jak i
posrednio, oraz tym, ktorzy wierzyli we mnie i wspierali mnie na kazdym etapie tego procesu.
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Wykaz skrétow i symboli

Wyjasnienie skrétu

Wyjasnienie skrotu

Skrot w jezyku angielskim w jezyku polskim

AAT alpha-1-antitrypsin alfa-1-antytrypsyna

ACSM American College of Sports Amerykanskie Kolegium Medycyny

Medicine Sportowej

Al adequate intake wystarczajgce spozycie

ALAP as low as possible wartos$¢ tak niska, jak to mozliwe

ALST appendicular lean soft tissue suma masy ciata szczuptego konczyn
gornych i dolnych

ALT alanine aminotransferase aminotransferaza alaninowa

AMS acute mountain sickness choroba wysoko$ciowa

AST aspartate aminotransferase aminotransferaza asparaginowa

ATP adenosine triphosphate adenozynotrifosforan

BASO basophils bazofile

BM body mass masa ciata

BMC bone mineral content zawarto$¢ sktadnikéw mineralnych
w kosécu

BMD bone mineral density gesto$¢ mineralna kosci

BMI body mass index wskaznik masy ciata

bw body weight kilogram masy ciata

CHO carbohydrates weglowodany

DHA docosahexaenoic acid kwas dokozaheksaenowy

DXA dualenergy X-ray absorptiometry metoda absorpcjometrii
promieniowania X o dwoch
energiach

ECG electrocardiogram elektrokardiogram

EFSA European Food Safety Authority Europejski Urzad ds.
Bezpieczenstwa Zywnosci

EOS eosinophils eozynofile

EPA alpha-linolenic acid kwas alfa-linolenowy

EPO erythropoietin erytropoetyna

ESR erythrocyte sedimentation rate odczyn Biernackiego

FFM fat free mass beztluszczowa masa ciata

FM fat mass masa tkanki thuszczowej

GGTP gamma-glutamyl transpeptidase gamma-glutamylotranspeptydaza

GI gastrointestinal zotadkowo-jelitowy

HAPE high altitude pulmonary edema wysokogorski obrzek ptuc

HCT hematocrit hematokryt

HDL high-density lipoprotein cholesterol  frakcja cholesterolu o wysokiej
gestosci

HGB hemoglobin hemoglobina




HIF hypoxia-inducible factor czynnik indukowany
niedotlenieniem
HPA hypothalamic-pituitary-adrenal podwzgodrze-przysadka-nadnercza
HR heart rate czesto$¢ skurczow serca
HRmax maximum heart rate maksymalna warto$¢ czestosci
skurczéw serca
HaS hydrogen sulfide siarkowodor
IECs intestinal epithelial cells komorki nabtonka jelitowego
I-FABP intestinal fatty acid binding protein biatko wigzace kwasy tluszczowe w
jelicie
IL-6 interleukin 6 interleukina 6
IP intestinal permeability przepuszczalnosc¢ jelitowa
IRCRA The International Rock Climbing Migdzynarodowe Stowarzyszenie
Research Association Badan nad Wspinaczka Gorska
ISSN The International Society for Sports ~ Miedzynarodowe Towarzystwo
Nutrition Zywienia Sportowego
LA linoleic acid kwas linolowy
LA (20" lactate concentration at 20 minutes stezenie mleczanu 20 minut po tescie
after aerobic capacity test wydolnosci tlenowe;j
LBM lean body mass masa ciata szczuptego
LDL low-density lipoprotein cholesterol frakcja cholesterolu o niskiej
gestosci
LEA low energy availability niska dostepnos¢ energii
LEfSe the Linear Discriminant Analysis wielkos$¢ efektu liniowej analizy
Effect Size dyskryminacyjnej
LPS lipopolysaccharide lipopolisacharyd
Lp299v probiotic strain Lactobacillus szczep probiotyczny Lactobacillus
plantarum 299v plantarum 299v
LYMPH lymphocytes limfocyty
MAP maximum anaerobic power maksymalna moc anaerobowa
MCH mean corpuscular hemoglobin srednia masa hemoglobiny w
czerwonej krwince
MCHC mean corpuscular hemoglobin srednie stezenie hemoglobiny w
concentration erytrocytach
MCV mean corpuscular volume srednia objetos¢ erytrocytow
Me median mediana
MM muscle mass masa tkanki miesniowe;j
MON monocytes monocyty
MPV mean platelet volume $rednia objetos¢ ptytek krwi
MRI magnetic resonance imaging rezonans magnetyczny
mTOR mammalian target of rapamycin ssaczy cel rapamycyny
MUFA monounsaturated fatty acids jednonienasycone kwasy ttuszczowe
NAC N-acetylcysteine N-acetylocysteina




NEU neutrophils neutrofile

NO nitric oxide tlenek azotu

D statistical significance istotno$¢ statystyczna

PAL physical activity index wspotczynnik aktywnosci fizycznej

Pmean mean anaerobic power srednia wielko$¢ osiggnigtej mocy

PUFA polyunsaturated fatty acids wielonienasycone kwasy ttuszczowe

Q1 lower quartile dolny kwartyl

Q3 upper quartile gorny kwartyl

RDW red blood cell distribution wskaznik zmiennosci objgtosci

czerwonych krwinek

ROS reactive oxygen species reaktywne formy tlenu

RQ respiratory quotient wspolczynnik oddechowy

SCFA short-chain fatty acids krotkotancuchowe kwasy thuszczowe

SD standard deviation odchylenie standardowe

SFA saturated fatty acids nasycone kwasy tluszczowe

T Student’s #-test for variables with test t-Studenta dla zmiennych o
parametric distribution rozktadzie parametrycznym

TC total cholesterol cholesterol catkowity

TG triglycerides triglicerydy

TJs tight junctions Scisle polaczenia

tm time of maintaining maximum power czas utrzymania mocy maksymalne;

tmax effort duration czas trwania wysitku

TNF-a tumor necrosis factor czynnik martwicy nowotworow

tr time of reaching maximum power czas osiggnigcia mocy maksymalnej

U urea mocznik

UA uric acid kwas moczowy

VE pulmonary ventilation wentylacja minutowa ptuc

VEmax maximum minute pulmonary maksymalna warto$¢ wentylacji
ventilation minutowej pluc

VO2max maximum oxygen uptake maksymalny minutowy pobor tlenu

VT2 second ventilatory threshold II prog wentylacyjny

W Wilcoxon rank test for variables with  test Wilcoxona dla zmiennych o
nonparametric distribution rozktadzie nieparametrycznym

WSHL rate of decrease from the maximum  wskaznik spadku maksymalnej mocy
power of the lower limbs konczyn dolnych

Wi total work performed globalna ilo$¢ wykonanej pracy

X mean $rednia arytmetyczna

25(OH)D 25-hydroxyvitamin D 25-hydroksywitamina D




Wprowadzenie wraz z wykazem publikacji wchodzacych w sklad rozprawy

Alpinizm wysokogorski to dyscyplina taczaca wspinaczke skatkowa, lodowa,
skialpinizm oraz przemieszczanie si¢ po lodowcach (Twight et al., 1999). Szczegdlng odmiang
wspinaczki jest himalaizm, czyli wspinaczka uprawiana w najwyzszych gorach $wiata, ktorych
szczyty przekraczaja 7000 m, tj. tancuchy goérskie Himalajow, Karakorum, Daxue Shan,
Hindukusz, Kunlun, Pamir i Tienszan (Kotarba & Migon, 2010). Zainteresowanie wspinaczka
wysokogorska rosnie z kazdym rokiem, takze wsrod alpinistow na poziomie amatorskim
(Salisbury et al., 2021). Sport ten taczy wysitek wytrzymato$ciowy z elementami sitowymi i
obejmuje zaréwno krotkotrwale ¢wiczenia o wysokiej intensywno$ci, jak i1 dluzsze o
intensywnos$ci submaksymalnej, co wymaga zaangazowania zaréwno beztlenowych, jak i
tlenowych $ciezek energetycznych (Bourrilhon et al., 2009). Podczas wspinaczki wzrasta
zuzycie tlenu i tgtno, co sugeruje, ze wymaga ona optymalnego poziomu wydolnos$ci tlenowe;j
(Giles et al., 2006; Michael et al., 2019). Przygotowanie do wypraw wysokogorskich obejmuje
zwykle cykl treningowy trwajacy od kilku miesigcy do roku, z regularnymi wyjsciami w gory
oraz treningami w przystosowanych do tego przestrzeniach sportowych (sitownie, §cianki
wspinaczkowe, trenazery), a takze w warunkach symulujacych wysoko$¢, ktore pozwalaja na
adaptacje fizjologiczna i techniczng do dziatania w terenie wysokogorskim.

W $rodowisku wysokogérskim alpiniSci musza si¢ mierzy¢ z intensywnym
promieniowaniem stonecznym, obfitymi opadami deszczu lub $niegu, silnym wiatrem oraz
spadkiem temperatury ($rednio o 0,6° na kazde 100 m wysokosci) z duzymi wahaniami
dobowymi, a takze ryzykiem lawin oraz spadajacych kamieni (Apollo, 2014; Twight et al.,
1999). Przebywanie w warunkach hipoksji hipobarycznej (>3000 m n.p.m.) wywotuje szereg
szkodliwych skutkéw dla ludzkiego organizmu, takich jak pogorszenie zdolno$ci wysitkowych
(Hoppeler et al., 1990), ostabienie regeneracji powysitkowej (Milledge et al., 1977), zaburzenia
snu (Lombardi et al., 2013), utrate masy ciata (Diinnwald et al., 2019), zaburzenia poznawcze
(R. Su et al., 2024), rozw0j procesOw neurodegeneracyjnych, zmian patologicznych w
strukturach mézgu, w tym obrzeku naczynioruchowego (Hackett & Roach, 2012), a takze
uszkodzenia bariery jelitowej (McKenna et al., 2022). Zaburzenia bariery jelitowej moga
prowadzi¢ do translokacji bakterii 1 miejscowych lub ogélnoustrojowych reakcji zapalnych, co
dodatkowo wptywa zaréwno na og6lny stan zdrowia, jak i wydolno$¢ fizyczna (McKenna, et
al., 2022). Uszkodzona bariera jelitowa moze uposledza¢ wchtanianie sktadnikéw odzywcezych,
co moze przyczyni¢ si¢ do utraty masy ciala obserwowanej podczas dhugotrwatego

przebywania na duzych wysokosciach (Hamad & Travis, 2006; Karl et al., 2018). Spadek masy



ciala jest takze spowodowany zmniejszonym spozyciem energii z powodu zaburzen
zoladkowo-jelitowych (Hamad & Travis, 2006), zwigkszong podstawowa przemiang materii i
wydatkiem energetycznym, zmienionymi st¢zeniami hormonoéw wptywajacych na sytos¢, w
tym leptyny oraz utratg wody (Armellini et al., 1997; Pulfrey & Jones, 1996; Reynolds et al.,
1999; Westerterp et al., 1992, 2000). Na duzych wysokos$ciach zarowno apetyt, jak 1 zmyst
smaku sa uposledzone. Uczucie sytosci wystepuje po mniejszych objetosciowo positkach,
dlatego spozywane sa mniejsze ilosci jedzenia. Zjawisko to, zwane ,anoreksja gorska”,
utrudnia alpinistom utrzymanie masy ciata juz na wysokosci 3600 m n.p.m., a dla wigkszosci
0s6b powyzej 5000 m n.p.m. jest to niezwykle trudne (Westerterp, 2001). Zapotrzebowanie na
ptyny w warunkach wysokogorskich jest wyzsze niz na poziomie morza ze wzgledu na
hiperwentylacje, niskg wilgotnos¢, utrate potu (Butterfield, 1999; Gatterer et al., 2013) i
zwigkszong diurez¢ w wyniku zmniejszenia ekspresji uktadu renina-angiotensyna-aldosteron,
zwlaszcza w pierwszych dniach pobytu (Palubiski et al., 2020).

Odpowiednie przygotowanie do wyprawy, w szczegdlnosci zwrocenie uwagi na
czynniki, na ktoére wspinacze maja wptyw, np. odzywianie, nawodnienie oraz niezbedna
suplementacje, moze przyczyni¢ si¢ do zapobiegania niedoborom zZywieniowym i
odwodnieniu, wpltywajacym na pogorszenie stanu zdrowia i wydolnosci organizmu.
Niedostateczna podaz weglowodandw podczas aktywnosci wytrzymatosciowych moze
skutkowac¢ hipoglikemiag, obnizong zawartoscig glikogenu 1 zmgczeniem mi¢sni (Nybo, 2003),
a niewystarczajaca podaz energii i biatka, bedaca przyczyna utraty beztluszczowej masy ciala,
negatywnie wpltywa na wydolnos$¢ tlenowa, sitle miesni 1 odpornos¢ (Hoppeler et al., 1990;
Murdoch, 1995; Sergi et al., 2010). Niedotlenienie wysokosciowe zwigksza utrate ptynow i
przyczynia si¢ do odwodnienia, co zmniejsza wydolno$¢ tlenowa w warunkach
wysokosciowych (Castellani et al., 2010). Optymalne nawodnienie moze by¢ ograniczone
przez warunki Srodowiskowe, ale takze przez czas i zasoby paliwa potrzebne do przygotowania
wody pitnej, pozyskiwanej z lodowca (Ladd et al., 2016). Zmniejszone pragnienie na duzych
wysokosciach jest kolejnym czynnikiem przyczyniajagcym si¢ do odwodnienia (Sharma et al.,
2023). Przeprowadzono wprawdzie badania nad zmianami w skladzie ciata wywotanymi
pobytem na duzej wysokosci (Diinnwald et al., 2019; Wing-Gaia, 2014), czy tez podejsciem do
zywienia zespotow alpinistycznych w gérach wysokich (Mariscal-Arcas et al. 2010; Kasprzak
et al. 2015; Bondi et al. 2021) jednak nadal brakuje specyficznych i praktycznych wytycznych,
dotyczacych zywienia, nawodnienia oraz suplementacji w warunkach wysokogoérskich,

skupionych na rzeczywistych potrzebach i uwzgledniajacych preferencje wspinaczy.



Na wysokosci powyzej 5000 m n.p.m., az 60%-70% utraty masy ciata stanowi
beztluszczowa masa ciata (Armellini et al., 1997; Reynolds et al., 1999). Redukcja
bezttuszczowej masy ciata negatywnie wptywa na wydolnos$¢ aerobowa (Hoppeler et al., 1990),
site miesni (Sergi et al., 2010) i funkcje odpornosciowe (Murdoch, 1995), co moze zwigkszac
ryzyko chorob i urazow w tych ekstremalnych warunkach. Przebywanie na wysokosci powyzej
3000 m n.p.m. moze zmniejsza¢ mozliwo$¢ podejmowania intensywnych treningdw i
skutkowa¢ pozniejsza utrata masy migsniowej (Levine et al., 2008). Zmniejszenie masy
mig$niowej, powierzchni przekroju poprzecznego witokien i gestosci mitochondriow we
wioknach mig$niowych to gtdéwne przyczyny pogorszenia wydolnosci fizycznej po przewlektej
hipoksji (Hoppeler et al., 1990). Zdolno$¢ do wysitku, w tym wydolno$¢ tlenowa sa
uposledzone w warunkach niedotlenienia, a maksymalne zuzycie tlenu (VO2max) spada o 6% na
kazde 1000 m przewyzszenia (od 300 do 2800 m) (Wehrlin & Hallén, 2006). W niewielu
badaniach poruszano zagadnienie zmian wydolnosci fizycznej przed i po pobycie na bardzo
duzej wysokosci (>3000 m n.p.m.) (Hoppeler et al., 1990; Szymczak et al., 2021).
Nieprawidlowy stan zdrowia sportowca, m.in. niski poziom zelaza i ferrytyny czy wskaznikoéw
czerwonokrwinkowych wiaze si¢ z obnizeniem wydolnos$ci fizycznej (Solberg & Reikvam,
2023), natomiast wzrost masy czerwonych krwinek poprawia wydolno$¢ tlenowa (Mairbéurl,
2013). Cztowiek wykazuje kompensacyjna odpowiedz fizjologiczng 1 biochemiczng na pobyt
na duzych wysokosciach, szczegolnie we wczesnej fazie (B. Liu et al., 2023). Wzrost stezenia
czerwonych krwinek we krwi jest wazng cechg aklimatyzacji do duzych wysokos$ci (Richalet
etal., 1994; Sawka et al., 1996). Niedotlenienie komodrek nerek i watroby powoduje uwolnienie
hormonu erytropoetyny, ktéra stymuluje szpik kostny do produkcji czerwonych krwinek
(Sarkar et al., 2003). Diugotrwata ekspozycja na duze wysokosci (w zakresie od 2800 do 5800
m) zwigksza poziom hematokrytu, a wzrostowi temu towarzyszy wzrost poziomu hemoglobiny
i lepkosci krwi (Singh et al., 2003). Dotychczas przeprowadzono jednak niewiele badan
(Kasprzak et al., 2015; Kurdziel et al., 2018), w ktorych oceniano zywieniowe wskazniki stanu
zdrowia przed wyprawg oraz po wyprawie wysokogorskiej.

Mikrobiom jelitowy odgrywa kluczowa role w utrzymaniu zdrowia czlowieka
oddzialujac wieloaspektowo na procesy fizjologiczne organizmu. Ten ztozony ekosystem
drobnoustrojow uczestniczy, m.in. w metabolizmie sktadnikow odzywczych, modulacji uktadu
odpornosciowego 1 utrzymaniu integralnosci bariery jelitowej (Song et al., 2023; Takeuchi et
al., 2023). W ostatnich latach mikrobiom jelitowy uznawany jest za istotny czynnik wptywajacy
nie tylko na zdrowie, ale tez wyniki sportowe. Zmiany w skladzie drobnoustrojoéw jelitowych i

zdolnosci metabolicznych zostaly powigzane ze zmianami we wchtanianiu sktadnikow
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odzywczych, metabolizmie energetycznym, stanach zapalnych i regeneracji, z ktérych
wszystkie majg kluczowe znaczenie dla optymalnej formy sportowej i dobrego samopoczucia
(Clarke et al., 2014; Deehan & Walter, 2016; Hughes, 2020). Mikrobiom jelitowy moze
dynamicznie reagowa¢ na zmiany w diecie, a w czasie wypraw wysokogorskich czesto
spozywana jest zywno$¢ przetworzona, liofilizowana lub wprowadzana jest suplementacja
zywnosci ze wzgledu na ograniczony dostep do produktéw spozywcezych (Karpecka-Gatka &
Fraczek, 2024). Zywnoé¢ funkcjonalna stanowi istotny element diety sportowcow z uwagi na
jej wysoka wartos¢ odzywcza, wygode stosowania, fatwos¢ transportu i przechowywania oraz
atrakcyjne walory smakowe. Jednakze, spozywane w nadmiarze tego typu produktow moze
zaburza¢ réwnowage mikroorganizméw jelitowych ze wzgledu na przewlekle dziatanie
zawartych w nich dodatkéw do zywnosci (Alvarez-Herms et al., 2023; Ruiz-Ojeda et al., 2019;
Smith et al., 2021). Wptyw warunkow wysokogorskich na struktur¢ mikrobiomu alpinistow nie
zostat dotad wystarczajaco zbadany (Guo et al., 2025; Quagliariello et al., 2019; Q. Su et al.,
2024). Zrozumienie, w jaki sposob stresory zywieniowe 1 S$rodowiskowe ksztaltuja
spotecznosci  drobnoustrojéow jelitowych, ma zasadnicze znaczenie dla opracowania
swiadomych strategii zywieniowych, ktére wspieraja zdrowie, wydolno$¢ i optymalng
aklimatyzacje¢ w trudnych warunkach.

Majac na uwadze nieustanny rozw0j alpinizmu w Polsce 1 na $wiecie, istnieje wyrazna
potrzeba poglebienia wiedzy na temat adaptacji fizjologicznych i biochemicznych wspinaczy
wysokogorskich oraz mozliwosci ich wykorzystania do zwigkszenia wydolnos$ci sportowej, a
takze odpowiedniego programowania treningu. Identyfikacja specyficznych cech mikrobiomu
1 szlakéw metabolicznych, ktére mozna modyfikowaé poprzez dietg i suplementacje, moze
poméc  praktykom w  opracowaniu dostosowanych interwencji zywieniowych i
suplementacyjnych w celu poprawy zaré6wno zdrowia, jak 1 wynikéw sportowych wspinaczy

dziatajacych w ekstremalnych warunkach §rodowiskowych.
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1. CEL PRACY, PYTANIA I HIPOTEZY BADAWCZE

Glownym celem badania byla ocena wplywu wyprawy wysokogorskiej na sposob

zywienia, stan zdrowia, wydolno$¢ fizyczng oraz struktur¢ mikrobiomu alpinistow.

Cele szczegdtowe obejmowaty:

1.

przegladowa analize literatury przedmiotu w zakresie zalecen dotyczacych zywienia,
nawodnienia 1 suplementacji w warunkach wysokogorskich w celu sformutowania
praktycznych rekomendacji zywieniowych dla alpinistow;

ocen¢ zwyczajowe] diety alpinistow oraz nawykow zywieniowych, diety i
suplementacji w czasie wyprawy wysokogorskiej w odniesieniu do zalecen
dedykowanych wspinaczom,;

analiz¢ wybranych wskaznikow ogolnego stanu zdrowia (sktad ciata, hematologia i
biochemia krwi oraz badanie moczu, katu, przepuszczalnosci jelitowej) przed wyprawa
wysokogorska oraz po jej ukonczeniu;

ocen¢ zmian poziomu wydolno$ci fizycznej (tlenowej i1 beztlenowej) wywotanych
wyprawg wysokogorska;

ocene wpltywu wyprawy wysokogorskiej na taksonomi¢ i1 funkcje mikrobiomu
jelitowego alpinistow oraz zalezno$ci z dieta, wskaznikami zdrowia i wydolno$ci
fizyczne;j;

opracowanie praktycznych rekomendacji dla wspinaczy uwzgledniajacych zmiane diety
podczas wyprawy oraz wplyw sposobu zywienia w warunkach wysokogoérskich na

mikrobiom jelitowy.

W zwiazku z realizacjg celow pracy sformutowano nastepujace pytania badawcze:

1.

Jakie sg aktualne rekomendacje dotyczace zywienia, nawodnienia 1 suplementacji w
warunkach wysokogorskich?

Jaki jest bilans energetyczny diety alpinistow przed wyprawa i w czasie jej trwania?
W jaki sposob odzywiaja si¢ wspinacze podczas wyprawy?

Czy sposoéb zywienia sportowcoOw uprawiajacych alpinizm w okresie poprzedzajacym
wyprawe wysokogorskg 1 w czasie jej trwania, okreslany poprzez ilosciowg analize
wartosci odzywczej 1 energetycznej diety jest zgodny z zaleceniami zywienia dla
sportowcow?

Czy suplementacja diety stosowana w czasie wyprawy, jesli wystepuje, jest wtasciwa?
Czy wyprawa wysokogorska powoduje zmiany masy i sktadu ciata alpinistow, oceniane

iloscig tkanki mig$niowej, thuszczowej, bezttuszczowej i gestoscia kosci?
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7.

10.

Czy wyprawa wysokogoérska powoduje zmiany wybranych wskaznikéw stanu zdrowia,
tj.. morfologii krwi obwodowej, odczynu Biernackiego, metabolizmu
weglowodanowego, lipidogramu, czynno$ci nerek, enzymow watrobowych, stezenia
wybranych elektrolitow, zelaza, ferrytyny, witaminy D, witaminy Bi,, fosfatazy
kwasnej, biatka catkowitego, albumin i bilirubiny calkowitej oraz wskaznikéw ogolnej
oceny moczu, katu i przepuszczalnosci jelitowej?

Jaki jest poziom wydolnosci fizycznej alpinistow i1 czy ekspozycja wysokogorska
modyfikuje ich wydolno$¢ tlenowa 1 beztlenowa?

Jaki jest sklad, obfito§¢ gatunkow oraz funkcjonalne wilasciwosci mikrobiomu
jelitowego alpinistow oraz jak zmieniajg si¢ one pod wplywem przebywania w
warunkach wysokogorskich?

Czy cechy mikrobiomu (przed i po wyprawie) s3 modulowane zmianami w diecie
wywolanymi ekspozycja na duze wysokosci 1 koreluja ze wskaznikami stanu zdrowia i

wydolnosci fizycznej?

Przyjeto nastepujace hipotezy badawcze:

1.

Polscy alpinisci tylko w ograniczonym stopniu realizuja zalecenia zywieniowe dla
sportowcow w swojej zwyczajowej diecie.

Dieta alpinistow wykazuje specyficzne dla dyscypliny nieprawidtowosci zwigzane z
ekspozycja wysokogorska.

Wyprawa wysokogorska negatywnie wplywa na wskazniki zdrowotne.

Przebywanie w warunkach wysokogorskich poprawia wydolno$¢ fizyczna wspinaczy
poprzez korzystny wptyw na wskazniki erytrocytarne.

Sktad (taksony) 1 funkcje (alfa-/beta-r6znorodnosci oraz obfitosci wybranych szlakow)
mikrobiomu jelitowego alpinistdéw zmieniajg si¢ w efekcie przebywania w warunkach

wysokogorskich.
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2. METODOLOGIA BADAN WEASNYCH
2.1. Grupa badana i material badawczy

Badania zostaly przeprowadzone w latach 2021-2024 zgodnie z zasadami Deklaracji
Helsinskiej, a protokot badan zostal zatwierdzony przez Komisj¢ Bioetyczng Okrggowej Izby
Lekarskiej w Krakowie (67/KBL/OIL/2021 oraz 68/KBL/OIL/2022). Wszyscy uczestnicy
zostali poinformowani o dobrowolnym przystapieniu do procedury badawczej oraz wyrazili
swiadomg pisemng zgod¢ na uczestnictwo w projekcie.

Do udziatlu w projekcie zakwalifikowano 20 oséb, jednak w trakcie jego trwania z
réznych przyczyn 3 osoby zrezygnowaly z dalszego udziatu. Ostatecznie grup¢ badang i
opisang w publikacjach 3, 4 1 5 stanowilo 17 polskich alpinistow ptci meskiej w wieku od 23
do 40 lat (Srednia wieku 30,29+5,8 lat) o $redniej masie ciata 74,96+5,03 kg i wysokosci ciata
180,47+8,36 cm. Na podstawie danych dotyczacych wysokosci ciata (cm) i masy ciata (kg)
obliczono wskaznik masy ciata (BMI), ktéry wynidst rednio 22,83+2,1 kg/m>. Uczestnicy
badania co najmniej raz w roku brali udziat w wyprawach gorskich, podczas ktorych przebywali
na wysokosci ponad 3000 m n.m.p przez co najmniej trzy tygodnie. Osoby zakwalifikowane
do badania byly czlonkami kluboéw wysokogorskich zrzeszonych w Polskim Zwigzku
Alpinizmu.

Uczestniczagcy w badaniu alpiniSci charakteryzowali si¢ duzym do$wiadczeniem
wspinaczkowym (10 + 5 lat) we wspinaczce sportowej i gorskiej. Sredni poziom wspinaczkowy
uczestnikoOw, mierzony skalg IRCRA (The International Rock Climbing Research Association),
wynosit 20,69 + 2,8, co zgodnie z zaproponowanymi kryteriami plasuje ich w kategorii
zaawansowanych (poziom 3) (Draper et al., 2015). Wspinacze poswigcali na trening $rednio 8
+ 3 godzin w tygodniu.

Alpini$ci zakwalifikowani do badania przebywali w czasie odbytej wyprawy na
wysokosci 3000-8167 m n.p.m. Wyprawy wysokogorskie, zakwalifikowanych do badania
alpinistow trwaty $rednio 34 + 6 dni, z czego $rednio 22 + 4 dni wspinacze spedzili aktywnie
wspinajac si¢ w gorach, 11 + 8 dni odpoczywajac w obozach bazowych lub gorskich
miasteczkach. Poniewaz niektore z tych miejsc znajdowaty si¢ powyzej 3000 m n.p.m.,
uczestnicy spedzili tacznie 26 £ 6 dni na wysokosciach powyzej 3000 m n.p.m. AlpiniSci
zakwalifikowani do badania podrézowali w matych grupach lub indywidualnie, aby realizowa¢
swoje cele gorskie w nastgpujacych masywach gorskich: Kordyliera Biata (Peru), Karakorum
(Pakistan), Himalaje Garhwalu (Indie), Himalaje (Nepal), Pamir-Ataj (Kirgistan). Cele gorskie

alpinistow szczegolowo przedstawiono w publikacji 3 (Zalacznik 1, Publikacja 3, Tabela 3).
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Przed rozpoczeciem projektu, alpinisci odbyli konsultacje z lekarzem medycyny
sportowej, podczas ktorej zakwalifikowano ich do udzialu w projekcie na podstawie wynikow
wczesniej przeprowadzonych badan (EKG, badanie krwi i moczu). Obecno$¢ chordb
przewlektych oraz wiek powyzej 45 lat byly czynnikami dyskwalifikujacymi z udziatu w
projekcie.

Do badania ankietowego, ktore stanowito czg¢$¢ pierwszej publikacji z opisanego cyklu,
zakwalifikowano 28 me¢zczyzn z Polski w wieku od 23 do 42 lat ($rednia wieku 33,1245,96
lat), o wysokos$ci ciata 179,04+6.96 cm 1 masie ciata 71,48+5,43 kg oraz wskazniku BMI
wynoszacym 22,31+1,37 kg/m?, bioracych udziat w wyprawach gérskich co najmniej raz w
roku, podczas ktorych przebywali na wysokosciach powyzej 3000 m n.p.m. przez co najmnie;j
3 tygodnie. Osoby zakwalifikowane do badania byly cztonkami klubéw wysokogorskich
zrzeszonych w Polskim Zwigzku Alpinizmu. Sposrdéd badanych 42,9% zadeklarowalo, ze
wspina si¢ od ponad 10 lat, 10,7% - od 9 do 10 lat, 21,4% - od 7 do 8 lat, 17,9% - od 5 do 6 lat,
a7,1% - od 1 do 4 lat. Sredni poziom wspinaczkowy uczestnikow, mierzony skalg IRCRA (The
International Rock Climbing Research Association), wynosit 22,24 + 2,66, co zgodnie z
zaproponowanymi kryteriami plasuje ich w kategorii zaawansowanych (poziom 3) (Draper et
al., 2015). Badani mieli duze do§wiadczenie wspinaczkowe, zarowno we wspinaczce skalnej,
boulderingu, drytoolingu, jak 1 alpinizmie z wlasng asekuracja. Sposrdd respondentéw 82,1%
trenuje wspinaczke sportowg 2 razy w tygodniu lub wigcej. Sposréd 28 wspinaczy, 15
prowadzito dzienniki Zywieniowe z trzech dni wyprawy podczas wspinaczek w Peru
(Kordyliera Biata) i Pakistanie (Dolina Shimshal) w celu przeprowadzenia analizy sposobu
zywienia.

2.2. Metody badan

2.2.1. Analiza przegladowa literatury naukowej

Przeglad przeprowadzono z wykorzystaniem nastepujacych baz danych: Pubmed,
Scopus, ScienceDirect, dla badan opublikowanych w jezyku angielskim od stycznia 2000 r. do
pazdziernika 2023 r. W wyniku wstepnego wyszukiwania zidentyfikowato 2579 artykutow.
Kryteria wykluczenia obejmowaly badania z udzialem noworodkéw i1 niemowlat, osob lub
zwierzat urodzonych na duzych wysokosciach lub zwierzat, osob przebywajacych na state na
duzych wysoko$ciach i/lub oséb cierpigcych na niedotlenienie zwigzane z choroba.
Przeszukano rowniez Google Scholar w celu identyfikacji badan pominietych w wymienionych

bazach. Pobrano takze listy literatury z artykuldéw 1 ksigzek. Pozostate artykuty przeszukano
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recznie. Ostatecznie wybrano 207 artykutéw. Pod uwage wzigto badania randomizowane, z
podwdjna $lepa proba i kontrolg placebo, artykuly przegladowe, przeglady systematyczne i

metaanalizy.

2.2.2. Analiza sposobu zywienia, warto$ci energetycznej i odzywczej diety oraz

nawykow zywieniowych alpinistow

Ocena ilosciowa sposobu zywienia alpinistOw obejmowata analiz¢ wartosSci
energetycznej i odzywczej diety, przeprowadzong z wykorzystaniem 3-dniowego biezacego
notowania oraz metody wagowej. Alpini§ci zostali poproszeni o odnotowanie wszystkich
spozytych produktow, napojow 1 suplementow okreslajac ich wielko§¢ w miarach
gramaturowych lub domowych (z zastosowaniem tabel miar domowych i gramatury produktow
spozywczych 1 wybranych potraw) podczas 3-dniowego okresu w ciggu 2 tygodni
poprzedzajacych wyprawe (2 dni aktywnosci sportowej, 1 dzien odpoczynku) (publikacja 4).
Dni aktywnos$ci sportowej obejmowaty wspinaczke na $ciance wspinaczkowej, wspinaczke
skatkowa lub gorska, bieganie i/lub trening sitowy. Wspinaczy poproszono o przeprowadzenie
analogicznej procedury w czasie wyprawy - w ciagu 3 aktywnych dni (publikacja 1) oraz 2 dni
aktywnosci gorskiej oraz 1 dnia odpoczynku (publikacja 3). Aktywne dni opisywane byly jako
dni aklimatyzacji 1 wspinaczki wysokogorskiej w drodze na szczyt, a odnotowane w tym czasie
aktywnos$ci obejmowaly gléwnie wedrowki piesze z elementami wspinaczki. Szczegdlowa
procedure gromadzenia danych zywieniowych do analizy ilosciowej sposobu zywienia
przedstawiono w publikacji 1, 3 1 4.

Wypetnione dzienniki zywieniowe zostaty przeanalizowane pod katem doktadnosci 1
poprawnosci, a dane wprowadzono do programu ,,Aliant — Kalkulator dietetyczny” (Anmarsoft,
Gdansk, Polska; wersja: 85; baza danych: 6.2), opierajacego si¢ na ,,Tabelach sktadu i wartosci
odzywczej zywnosci” (Kunachowicz et al. 2017). Srednie spozycie makrosktadnikéw (biatko,
thuszcze, weglowodany ogdtem), btonnika pokarmowego, weglowodandw prostych, kwasow
tluszczowych nasyconych 1 sodu (publikacja 1) oraz dodatkowo, kwasow ttuszczowych (jedno-
1 wielonienasycone kwasy tluszczowe) 1 cholesterolu oraz witamin (A, D, E 1 K, witamin z
grupy B, kwasu foliowego oraz witaminy C) i skladnikéw mineralnych (wapnia, fosforu,
zelaza, magnezu, cynku, miedzi, potasu, selenu i jodu) (publikacja 3 i 4) z 3 dni odniesiono do
zalecen dla sportowcow (Benardot, 2012; EFSA (European Food Safety Authority), 2017;
Kerksick et al., 2018; Lukaski, 2004; Thomas et al., 2016).

Analize¢ nawykéw 1 postaw zywieniowych oparto na autorskiej ankiecie.
Przeanalizowano odpowiedzi na 54 pytania (8 otwartych, 46 zamknigtych). Kwestionariusz
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podzielono na 3 cze$ci uwzgledniajace: (1) dane antropometryczne oraz do§wiadczenie gorskie
1 wspinaczkowe, a takze stan zdrowia i pojawiajace si¢ dolegliwosci w gdérach wysokich i po
powrocie z gor; (2) przygotowanie do wyprawy zwigzane z analizg stanu zdrowia; (3)
zachowania zywieniowe w trakcie akcji gorskiej, w tym: preferencje pokarmowe wzgledem
produktéw spozywczych, suplementow, plyndw; czestos¢ spozycia grup produktow
spozywczych w gorach oraz odczuwanie apetytu. Kwestionariusz opracowano na podstawie
literatury dotyczacej zywienia w warunkach wysokogorskich oraz kwestionariusza do badania
pogladow i nawykow zywieniowych (Jezewska-Zychowicz et al., 2014)

Pomiary wydatku energetycznego zostaty wykonane przy uzyciu monitora Polar M430
rejestrujacego tetno (Polar-Electro, Kempele, Finlandia), ktore bylto rejestrowane 24/7 przez 3
dni (2 dni aktywnosci sportowej, 1 dzien odpoczynku) przed wyprawa i 3 dni podczas wyprawy
(3 dni aktywnosci gorskich — publikacja 1; 2 dni aktywnos$ci gorskich 1 1 dzien odpoczynku —
publikacja 3). Wydatek energetyczny byt rejestrowany w aplikacji Polar Flow. Szczegotowa

procedure pomiaru wydatku energetycznego przedstawiono w publikacji 1, 3 1 4.

2.2.3. Analiza stanu zdrowia alpinistow

W celu oceny stanu zdrowia uczestnikow projektu przeprowadzono badanie krwi,
moczu i katu oraz wykonano pomiary antropometryczne i analiz¢ skladu ciata.

Probki krwi zylnej pobierano z zyly tokciowej w ramach analizy hematologicznej i
biochemicznej, oznaczajac: morfologi¢ krwi obwodowej (hematokryt, st¢zenie hemoglobiny,
objetos¢ erytrocytow (MCV), zawartos¢ hemoglobiny w erytrocytach (MCH), stezenie
hemoglobiny w erytrocytach (MCHC), wskaznik anizocytozy erytrocytow (RDW), liczbe
erytrocytow, ptytek krwi, objetos¢ ptytek krwi (MPV), liczbe leukocytow, rdéznicowanie
leukocytow: limfocyty, monocyty, bazofile, eozynofile, neutrofile, odczyn Biernackiego (OB),
glukoze, cholesterol catkowity, cholesterol lipoprotein o wysokiej gestosci (HDL), cholesterol
lipoprotein o niskiej gestosci (LDL), trojglicerydy (TG), kreatynine (Cr), mocznik (U), kwas
moczowy (UA), biatko catkowite, sod (Na), potas (K), chlorki, wapn (Ca), magnez (Mg), fosfor
(P), zelazo (Fe), ferrytyne, witaming D, witaming B12, enzymy watrobowe: aminotransferazg
alaninowg (ALT), aminotransferaz¢ asparaginowa (AST), fosfatazg¢ kwasng, gamma-
glutamylotranspeptydaze (GGTP), albuminy 1 bilirubing catkowita. Oznaczenia
przeprowadzono rano i na czczo, do dwoch tygodni przed wyprawa i w ciggu dwoch dni (1,41
+ 0,69 dnia) po zakonczeniu wyprawy.

Analiza moczu obejmowata: badanie ogdlne moczu (cigzar wiasciwy, pH, leukocyty,

azotyny, biatko, glukozeg, ketony, urobilinogen, bilirubing, krew (erytrocyty/hemoglobina),
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barweg, przejrzystosc), z kolei badanie katu zawierato: ogdlne badanie katu, test na pasozyty,
lamblie, Helicobacter pylori, poziomy zonuliny i antytrypsyny. Uczestnicy badania otrzymali
jednolita procedure samodzielnego pobierania probek moczu i katu. Po pobraniu probki stolca
wielkosci sliwki, umieszczano jag w probowce i1 przechowywano w lodowce (temp. 2-4°C), a
nastepnie dostarczano do laboratorium w ciggu 24 godzin od pobrania. Probki moczu i kalu
zostaly dostarczone do laboratorium w tym samym czasie, w ktorym pobrano krew. Analizy
krwi 1 moczu wykonano metoda cytometrii przeptywowej (morfologia krwi), kinetyczno-
fotometryczng (OB.), potencjometrii posredniej (Na, K, chlorki), spektrofotometrii (biatko
catkowite, Ca, P, Mg, cholesterol catkowity, HDL, triglicerydy, U, UA, Fe, AST, ALT,
kreatynina, bilirubina catkowita, GGTP, glukoza), chemiluminescencji bezposredniej
(witamina B12, witamina D, ferrytyna), za pomocg testow paskowych (badanie ogoélne moczu),
metoda immunochromatograficzng z uzyciem testu Giardia firmy Hydrex Diagnostics (Giardia
lamblia w kale), metoda immunochromatograficzna z uzyciem testu H. pylori Ag firmy nal von
Minden (Helicobacter pylori w kale), technikg ELISA (zonulina i alfa-1-antytrypsyna w kale)
1 mikroskopowo (ogoélne badanie kalu i ocena resztek pokarmowych, badanie na obecno$¢
pasozytow, lamblii). Oznaczenia laboratoryjne wykonywano przy uzyciu nast¢pujacych
urzadzen: Alinity HQ (Abbott, Singapore), Roller 20 (Alifax, Wilochy), Alinity C (Abott,
Singapur), Alinity I (Abbott, Singapur), Atellica 1500 (Siemens, Niemcy), oraz DYNEX
DSX® (Dynex® Technologies, Chantilly, VA, USA) i zostaly zlecone jako ustuga zewnetrzna,
wykonana przez Alab Laboratories (Warszawa, Polska).

Wysokos¢ ciala badanych zostata zmierzona przed wyprawa za pomoca antropometru
Seca 217 (Seca GmbH & Co. KG, Hamburg, Niemcy) z doktadno$cig do 1 mm. Masa ciata
wspinaczy zostala okreslona za pomocg analizatora sktadu ciala InBody 120 (Inbody Bldg.,
Seul, Korea) rano po standaryzowanym positku migdzy 7:45 a 8:30.

Analize sktadu ciata wykonano =z zastosowaniem metody absorpcjometrii
promieniowania X o dwoch energiach (DXA), przy pomocy aparatu Lunar iDXA™ (GE
HealthCare, Chicago, IL, USA). Kazdorazowa analiza sktadu ciala dostarczyla informacji nt.
masy ciata (BM) [kg] 1 wskaznika wagowo- wzrostowego (BMI) oraz poszczegdlnych
komponentow struktury ciata: zawartos$ci tkanki ttuszczowej (FM) [% 1 kg], beztluszczowe;j
masy ciata (FFM) [% 1 kg], masy ciala szczuptego tj. masy ciala bez tkanki tluszczowej oraz
mineraléw kostnych (LBM) [% 1 kg], sktadnikow mineralnych w kosciach (BMC) [g] 1 gestosci
mineralnej kosci (BMD) [g/cm?]. Oceniono takze ilos¢ LBM [kg] w konczynach gérnych
(Arms) 1 dolnych (Legs). Otrzymane warto$ci pozwolily oszacowa¢ sume¢ masy ciata

szczuptego (ALST, ang. appendicular lean soft tissue), a takze obliczy¢ ilo§¢ masy mig$niowe;j
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(MM) [% 1 kg]. Procedure obliczenia masy mig$niowej opisano szczegélowo w publikacji 3.
Analiza sktadu oraz pomiar masy ciata wykonywane byly dwukrotnie. Pierwsze badanie
wykonywano okoto dwoch tygodni przed wyprawa, drugie badanie wykonywano do czterech

dni (3,88 + 1,49 dni) od powrotu z wyprawy na wysokosci ok. 383 m n.p.m.

2.2.4. Badanie wydolnosci aerobowej i anaerobowej alpinistow

Wydolnos$¢ aerobowa oceniano w trakcie klasycznego testu o stopniowo narastajacej
intensywnosci ,,do odmowy”, natomiast wydolno$¢ anaerobowa w trakcie testu Wingate dla
konczyn dolnych i gornych. Testy wysitkowe wykonywane byty dwukrotnie. Pierwsze badanie
wykonywano okoto dwoch tygodni przed wyprawa, drugie badanie wykonywano do czterech
dni (3,88 £ 1,49 dni) od powrotu z wyprawy na wysokosci ok. 383 m n.p.m.

Stopniowany test wysitkkowy ,,do odmowy” wykonano na biezni mechanicznej
h/p/Cosmos Saturn (h/p/Cosmos Sports & Medical GmbH, Nufldorf, Niemcy). Wskazniki
oddechowe monitorowano w sposob ciagly przy uzyciu ergospirometru Cortex Metalyzer 3B
(CORTEX Biophysik GmbH, Lipsk, Niemcy), a czesto§¢ skurczow serca rejestrowano przy
pomocy kardiomonitora Polar S-410 (Polar-Electro, Helsinki, Finlandia). W trakcie testu
rejestrowano szereg wskaznikoéw krazeniowo oddechowych a w tym: czestos$¢ skurczow serca
(HR), minutowy pobér tlenu (VO), minutowe wydalanie dwutlenku wegla (VCO3), wentylacje
minutowa ptuc (VE), odsetek tlenu 1 dwutlenku wegla w powietrzu wydychanym (FEO> 1
FECOy), iloraz oddechowy (RER). Na podstawie zmian wskaznikéw oddechowych w trakcie
testu okreslono wielko$¢ maksymalnego minutowego poboru tlenu (VO2max) oraz poziom II
progu wentylacyjnego. Jako kryterium wyznaczenia II progu wentylacyjnego przyjeto:
maksymalng warto$¢ odsetkowa dwutlenku wegla w powietrzu wydychanym (FECO»),
minimalng warto$¢ réwnowaznika oddechowego dla dwutlenku wegla (VE/VCO»), gwaltowny
wzrost wentylacji minutowej ptuc (VE). Test Wingate wykonywano w pozycji siedzacej bez
wstawania z siodetka na cykloergometrze Monark 894e dla konczyn dolnych (Monark Sports
& Medical, Vansbro, Szwacja) 1 gébrnych Monark 834e (Monark Sports & Medical, Vansbro,
Szwecja) w zmodyfikowanej 20 sekundowej wersji. W trakcie obu testow monitorowano w
sposob ciagly przebieg zmian mocy, co pozwolito na wyznaczenie wskaznikdw: maksymalne;j
mocy anaerobowej (MAP), pracy globalnej (W), mocy $redniej z testu (Ps$r), czasu uzyskania
mocy maksymalnej (ty,z.) oraz czasu utrzymania mocy maksymalnej (tur.). Metodyke

przeprowadzenia obu testow szczegdtowo opisano w publikacji 3.
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2.2.5. Analiza mikrobiomu alpinistow

Stolec zostal pobrany i1 natychmiast umieszczony w pojemnikach do przechowywania
katu, a nastepnie wtozony do styropianowego pudetka z wktadem chiodzacym. Pojemniki
przechowywano w lodowce (temp. 2-4°C), a w ciggu 24 godzin od pobrania przekazywano je
do wykonawcy projektu (Akademia Kultury Fizycznej w Krakowie). Nastepnie probki katu
zostaly umieszczone w zamrazarce (temp. -80°C) 1 przechowywane do czasu wykonania analiz.
Probki zebrano od uczestnikow zgodnie z opisem w sekcji dotyczacej analizy stanu zdrowia
(przed 1 po wyprawie). Kolejne etapy analizy zostaly przeprowadzone w Laboratorium
Genetyki w Sporcie Akademii Wychowania Fizycznego i Sportu im. Jedrzeja Sniadeckiego w
Gdansku oraz w laboratoriach zewnetrznych wspotpracujacych z AWFiS.

Okoto 200 mg kazdej zamrozonej probki katu wykorzystano do izolacji DNA przy
uzyciu zestawu QIAamp PowerFecal Pro DNA Kit (Qiagen, Niemcy), stosujac zmodyfikowany
protokot majacy na celu zwigkszenie efektywnosci lizy komoérek mikroorganizmoéw, w tym
bakterii Gram-dodatnich o grubszej $cianie komdrkowej. Procedura obejmowata potaczenie
metod fizycznych (inkubacja w podwyzszonej temperaturze), mechanicznych (rozdrobnienie i
rozbijanie komoérek przy uzyciu homogenizacji z kulkami ceramicznymi w aparacie Bead
Ruptor Elite; Omni International, USA) oraz chemicznych (zastosowanie buforéw litycznych
zestawu, w tym detergentow 1 proteinazy K, ktore wspomagaly degradacj¢ bton komérkowych
1 biatek). Homogenizacja obejmowata krotkie, szybkie cykle z przerwami na chlodzenie w celu
ograniczenia przegrzewania i degradacji DNA. Szczegotowo procedure homogenizacji opisano
w opublikowanej publikacji nr 5. Wyizolowane DNA oceniono pod katem stezenia i czystosci
za pomoca spektrofotometru NanoDrop (Thermo Scientific, USA), analizujac stosunki
absorbancji A260/A280 oraz A260/A230. Integralno§¢ DNA zweryfikowano poprzez
elektroforeze na 1% zelu agarozowym. Do dalszych analiz zakwalifikowano wylacznie probki
DNA o odpowiedniej jakosci 1 wydajnosci. Stezenie DNA zostalo nastepnie ponownie
ocenione i znormalizowane przy uzyciu fluorometru Qubit 3.0 wraz z zestawem Qubit DNA
BR (Thermo Fisher Scientific, USA).

Biblioteki metagenomiczne przygotowano ze 100 ng wyjsciowego DNA na probke,
przy uzyciu zestawu KAPA HyperPlus Library Preparation Kit (Roche, Bazylea, Szwajcaria),
zgodnie z protokotem oraz opisem zawartym w publikacjach wspotautorow (Huminska-
Lisowska et al., 2024). Etap fragmentacji zostal zoptymalizowany w celu uzyskania
fragmentéw o $redniej wielkosci 300-500 par zasad (bp — base pairs), co zapewniato

rownowage pomiedzy glebokoscia sekwencjonowania a jako$cig odczytow. Nastepnie
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przeprowadzono ligacje z indeksowanymi adapterami przy uzyciu zestawu KAPA Universal
Dual-Indexed Adaprets (Roche, Szwajcaria). Adaptery zawieraly unikalne sekwencje
indeksowe (tzw. barcodes), ktore umozliwiaty identyfikacj¢ poszczegodlnych probek po ich
potaczeniu w jednej reakcji sekwencjonowania (multiplexing). Kontrolowane stezenie
adapterow pozwolito na utrzymanie wysokiej wydajnos$ci ligacji i ograniczenie powstawania
dimeréw adapterdw.

Otrzymane biblioteki oczyszczono za pomocg kulek magnetycznych KAPA Pure Beads
(Roche, Szwajcaria), co pozwolito usung¢ fragmenty krotsze od zaktadanych. Etap amplifikacji
bibliotek ograniczono do sze$ciu cykli PCR, co minimalizowato ryzyko btedow
amplifikacyjnych i artefaktow w procesie sekwencjonowania. Po amplifikacji przeprowadzono
dodatkowy etap oczyszczania (rowniez z wykorzystaniem kulek KAPA Pure Beads) w celu
usuni¢cia pozostatos$ci dimerow starteroOw 1 niespecyficznych produktow. Jakos¢ bibliotek oraz
rozklad wielko$ci fragmentow oceniono przy uzyciu systemu 4150 TapeStation (Agilent
Technologies, USA). Wszystkie biblioteki zostaly nastepnie znormalizowane do 20 nM,
polaczone w rownomolowe ilosci i poddane sekwencjonowaniu w trybie pair-end (2x150 bp)
na platformie Illumina NovaSeq 6000 (Illumina, CA, USA). Kazda biblioteka wygenerowata
srednio okoto 13 miliondw odczytdw sparowanych odczytow (pair-end), co zapewnito wysoka
glebokos¢ sekwencjonowania i umozliwito kompleksowa analize spotecznosci drobnoustrojow
1 ich potencjatu genomowego.

Uzyskane wyniki postuzyly do oceny zmian taksonomicznych (bogactwo gatunkowe,
indeks Shannona, beta-r6znorodno$¢ Braya-Curtisa, obfitosci gatunkow) oraz funkcjonalnych
mikrobiomu alpinistow 1 ich modyfikacji pod wplywem przebywania w warunkach

wysokogorskich.

2.2.6. Analiza statystyczna i bioinformatyczna

Do scharakteryzowania uzyskanych wynikéw badan wykorzystano podstawowe miary
statystyczne w postaci sredniej arytmetycznej (X), odchylenia standardowego (SD), mediany
(Me) oraz kwartyli (QI, Q3). Uzyskane wyniki dotyczace zawartoSci makro- i
mikrosktadnikow w diecie, wartosci wskaznikow stanu zdrowia i okreslajacych poziom
wydolnosci fizycznej testowano poprzez sprawdzenie normalno$ci rozktadu zmiennych testem
Shapiro-Wilka (publikacja 1, 3, 4). Dla rozktadéw normalnych r6znice w warto$ciach $rednich
obserwowanych wskaznikoéw badano testem t-Studenta dla grup zaleznych (publikacja 1, 3, 4),
a dla pozostatych rozktadoéw (odbiegajacych od rozktadu normalnego) stosowano statystyki

nieparametryczne, dla grup zaleznych - test kolejnosci par Wilcoxona (publikacja 3).
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Informacje nt. zastosowanego testu przedstawiono w tabelach 4-9 w publikacji nr 3 (Zatagcznik
1, Publikacja 3, Tabele 4-9). Korelacje pomiedzy miedzy skladnikami odzywczymi w
codziennej diecie alpinistoéw a poziomem markerdw przepuszczalnos$ci jelitowej analizowano
za pomocg wspotczynnika korelacji Spearmana-Rho (publikacja 4). Za poziom istotnosci
przyjeto wartos¢ p<0,05. Do analiz statystycznych wykorzystano pakiet Statistica 13.1 1 13.3
(StatSoft Inc., Tulsa, OK, USA) i pakiet JASP (University of Amsterdam, Amsterdam,
Holandia; wersja: 0.19.3).

Do oceny realizacji ilosciowych rekomendacji zywieniowych zastosowano klasyfikacje
binarng. Dla kazdego sktadnika odzywczego przypisano warto$¢ 1, jesli spozycie danego
sktadnika odzywczego przez uczestnika badania speinialo zalecang norme i 0, jesli nie.
Nastegpnie, w oparciu o te dane, obliczono odsetek alpinistow, ktorzy spetnili normy dla
kazdego sktadnika odzywczego. Analizg przeprowadzono przy uzyciu arkusza kalkulacyjnego
Excel (Microsoft Corporation, Washington, DC, USA). Median¢ spozycia makrosktadnikow
odzywczych (biatko, thuszcz, weglowodany ogoétem), blonnika pokarmowego, weglowodanow
prostych, nasyconych, jednonienasyconych i wielonienasyconych kwaséw thuszczowych,
cholesterolu oraz wybranych mikrosktadnikow odzywczych w ciagu analizowanych dni
Zwyczajowego 1 wyprawowego zywienia odniesiono do zalecen dla sportowcow (Lukaski
2004; Benardot 2012; Thomas et al. 2016; EFSA (European Food Safety Authority) 2017;
Kerksick et al. 2018). Wyniki przedstawiono w postaci procentowej, co pozwolitlo ocenié
stopien realizacji norm przez badang grupe (publikacja 11 3).

Dane z analizy mikrobiomu poddano analizie bioinformatycznej, ktora przeprowadzano
we wspolpracy ze specjalistami z Matopolskiego Centrum Biotechnologii Uniwersytetu
Jagiellonskiego w Krakowie oraz Sano Centre for Computational Medicine w Krakowie.
Zestaw wskaznikow uzyskanych w wyniku analizy mikrobiomu wykorzystano do poréwnan
par przed wyprawa vs. po wyprawie (test Wilcoxona dla danych sparowanych) oraz do oceny
roznic w strukturze spolecznosci na podstawie dystanséw Braya-Curtisa. Korelacje cech
mikrobiomu z metadanymi analizowano przy uzyciu korelacji Spearmana z korekta Benjamini-
Hochberga dla testoéw wielokrotnych, a r6znicowe wzbogacenie taksonéw oceniano z uzyciem
LEfSe. Cata analiza bioinformatyczna zostata przeprowadzona w $rodowisku Python 3.11.9 i
wizualizowana przy uzyciu pakietow matplotlib 3.7.2 i seaborn 0.12.2. Szczegdlowy opis

przeprowadzonej analizy bioinformatycznej przedstawiono w publikacji nr 5.
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3. WYNIKI

3.1. Wyniki przegladowej analizy literatury przedmiotu w zakresie zalecen
dotyczacych zywienia, nawodnienia i suplementacji w warunkach

wysokogorskich

W oparciu o przeglad literatury naukowej w publikacji nr 2 podsumowano aktualng
wiedze na temat zasad zywienia, nawodnienia i suplementacji w warunkach wysokogorskich
oraz zaproponowano praktyczne zalecenia dla alpinistow.

Pomimo braku apetytu, nalezy zadba¢ o regularno$¢ spozywanych positkow i
przekasek. Podaz weglowodanéw w diecie alpinistow powinna by¢ dostosowana do etapu
wyprawy i intensywnos$ci wysitku. Podczas pobytu w bazie, przy niskiej aktywnosci fizycznej,
podaz ta powinna wynosi¢ okoto 3-5 g weglowodandéw na kg masy ciata/dzien, natomiast
podczas trekkingu i/lub wspinaczki - minimum 6 g/kg masy ciata/dzien. Ze wzgledu na wysitek
fizyczny o charakterze wytrzymato$ciowym, podaz biatka w diecie powinna wynosi¢ minimum
1,4 g/kg masy ciata/dzien, uwzgledniajac biatko wysokiej jakosci i rozdzielajac je na gldwne
posiltki i przekaski podczas wspinaczki i zdobywania szczytu. Alpini§ci powinni opiera¢ si¢ na
wartosciowych zZrodtach thuszczu, wlaczajac do swojej diety produkty bogate w wielo- 1
jednonienasycone kwasy tluszczowe, takie jak oleje roslinne (oliwa z oliwek, olej Iniany),
orzechy, nasiona. Zaleca si¢, aby podaz tluszczu w diecie alpinistow stanowita uzupetnienie
energii po pokryciu zapotrzebowania na weglowodany oraz biatko 1 powinna stanowi¢ 20-35%
calkowitej podazy energii. Alpinisci wybierajac produkty zabierane w géry powinni kierowac
si¢ przede wszystkim swoimi preferencjami 1 dostosowaé¢ podaz kazdego sktadnika
odzywczego do indywidualnej tolerancji uktadu pokarmowego.

Ograniczony dostep do §wiezych owocodw 1 warzyw oraz produktéw bogatych w biatko
w warunkach wysokogorskich moze prowadzi¢ do niedoboréow sktadnikéw mineralnych i
witamin. Przed wyprawa nalezy oznaczy¢ st¢zenie ferrytyny i witaminy D w surowicy krwi. W
przypadku niedoboru mikrosktadnikow odzywczych, takich jak Zelazo i witamina D, nalezy
wdrozy¢ suplementacje w celu optymalizacji stanu zdrowia i kontynuowac¢ ja pod nadzorem
lekarza. Jeszcze przed wyprawa warto wiaczy¢ do diety produkty bogate w Zelazo i1 zapewnic
odpowiednig biodostepnos¢ zelaza. Wskazane jest dostosowanie odpowiedniej dawki
suplementacji witaming D do aktualnego st¢zenia w surowicy i1 kontynuowanie suplementacji
w trakcie wyprawy. Alpinisci powinni spozywac¢ produkty bogate w przeciwutleniacze, w tym
zrodta witaminy C, beta-karotenu, witaminy E, selenu 1 cynku podczas pobytu na duzych

wysokos$ciach. Liofilizowane owoce, warzywa i ich sproszkowane formy moga by¢ cennym
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zrodlem witamin antyoksydacyjnych w warunkach wysokogoérskich. Konieczne sa dalsze
badania w celu sformutowania zalecen dotyczacych podazy mikroelementow w warunkach
wysokogorskich.

[lo$¢ pltynéw na duzych wysokosciach powinna by¢ dostosowana indywidualnie ze
wzgledu na zréznicowane tempo utraty ptynow i elektrolitow i oparta na kontroli koloru moczu
(odwodnienie powoduje ciemniejszy kolor moczu) oraz objawach AMS, ktora powoduje
zatrzymanie wody w organizmie. Regularne uzupetnianie ptynéw jest niezbedne, aby zapobiec
odwodnieniu.

Ze wzgledu na ograniczony dostgp do produktéw spozywczych na duzych i
ekstremalnych wysoko$ciach, suplementacja moze by¢ jedynym rozwigzaniem zapewniajacym
alpinistom odpowiedniag podaz energii i niezbednych skladnikéw odzywczych, a takze
poprawiajagcym funkcjonowanie organizmu w trudnych warunkach $rodowiskowych.
Potencjalny ergogeniczny wpltyw suplementowanych weglowodanéw na wydolnos¢
wysitkowa w warunkach wysokogoérskich moze by¢ modulowany przez aklimatyzacje. Na
podstawie przegladu literatury przedmiotu uznano, ze konieczne sg dalsze badania w celu
opracowania odpowiednich strategii podazy weglowodandéw, uwzgledniajacych wplyw
niedotlenienia na wrazliwo$¢ na insuling i1 utlenianie substratoéw, aby poprawi¢ zdolnosci
wysitkowe na duzych wysokosciach. Warto rozwazy¢ suplementacje biatkiem w celu pokrycia
dziennego zapotrzebowania na ten sktadnik ze wzgledu na mniejsza dostepnos¢ produktow
spozywczych bedacych Zrédlem biatka w warunkach wysokogorskich, zwlaszcza powyzej
bazy. Nadal brakuje badan oceniajacych wplyw suplementacji biatkiem na uczucie sytosci na
duzych wysokosciach. Rownowaga prooksydacyjno-antyoksydacyjna ma kluczowe znaczenie
dla aklimatyzacji wysokogoérskiej, ale kwestia zaplanowania odpowiedniej strategii
zywieniowej 1 suplementacyjnej w zakresie antyoksydantdw pozostaje niejasna.

Sposrod suplementoéw diety warto zwroci¢ uwage na kofeine, ktora podawana w matych
dawkach (3 mg/kg mc.) moze potencjalnie pozytywnie wplywaé na funkcje poznawcze
alpinistow. Wstepne dane sugerujg, ze kofeina moze stanowi¢ potencjalny srodek
terapeutyczny podczas nieprawidlowej aklimatyzacji do duzych wysokosci prowadzacej do
obrzeku ptuc. Z kolei, azotany suplementowane w postaci soku z burakéw moga poprawiaé
funkcje srédbtonka na duzych wysokosciach, ale nie s zalecane jako $rodek profilaktyczny lub
ergogeniczny w przypadku wystepujacej juz choroby wysokosciowej. W zwigzku z
dolegliwosciami  zotagdkowo-jelitowymi zglaszanymi podczas wspinaczki na duzych
wysokos$ciach, probiotyki i prebiotyki moga potencjalnie chroni¢ bariere jelitowa alpinistow

przed dysfunkcja wywotang niedotlenieniem. W warunkach wysokogorskich, dostarczanie
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odpowiedniej ilosci kwasoéw tluszczowych omega-3 moze by¢ niewystarczajace, dlatego
alpini$ci powinni rozwazy¢ suplementacje szczego6lnie powyzej obozu bazowego, ze wzgledu
na ograniczony dostgp do zywnosci bogatej w ten sktadnik odzywczy. Glutamina moze mie¢
pozytywny wptyw na funkcjonowanie enterocytow i komorek odpornosciowych w jelitach.
Ponadto moze by¢ substratem energetycznym dla mikrobiomu jelitowego, zmniejszajac proces
zapalny, ktoremu towarzyszy zwigkszona przepuszczalno$¢ jelit, poprawiajac w ten sposob
funkcje poznawcze i1 nastr6j. Brakuje dobrze zaprojektowanych badan badajacych zwiazek
miedzy stosowaniem suplementow diety, takich jak: kofeina, azotany, probiotyki, kwasy
thuszczowe omega-3, glutamina a poprawa wynikow sportowych i zdrowia na duzych i
ekstremalnych wysokos$ciach. Ponadto istnieje kilka suplementéw, takich jak kurkumina,
Ginko biloba, NAC 1 sok z cierpkiej wisni, ktére wymagaja dalszych badan w celu oceny ich
skuteczno$ci w warunkach wysokogorskich. Biorac pod uwage pozytywny wptyw soku z wisni
cierpkiej na jakos$¢ snu i wydolnos¢ fizyczng, stosowanie tego suplementu w warunkach
wysokogorskich wydaje si¢ interesujaca strategig. Dlatego tez istnieje potrzeba

przeprowadzenia kontrolowanych, randomizowanych badan z udziatem alpinistow.

3.2. Wyniki analizy sposobu zywienia alpinistow

Oceniajac warto$¢ energetyczng 1 odzywcza zwyczajowej diety alpinistow przed
wyprawa wysokogorska stwierdzono, iz mediana zapotrzebowania energetycznego wynosila
2951 (2731; 3318) kcal, a podaz energii 3031,4 (2470,7; 3702,8) kcal. Suplementacja diety
stanowita 1,98% calkowitej podazy energii. Ponad potowa badanych wspinaczy (52,94%)
utrzymywala ujemny bilans energetyczny. Mediana procentowego pokrycia zapotrzebowania
energetycznego dieta u badanych wspinaczy wynosita 92,64 (85,55; 113,62) %. Wigkszosé
wspinaczy (70,59%) pokrywata zapotrzebowanie na weglowodany wraz z dietg, jednak podaz
btonnika nie byla zapewniona na odpowiednim poziomie u 23,53% osob (Zatgcznik 1,
Publikacja 4, Tabela 1). Wszyscy wspinacze pokryli zapotrzebowanie na biatka 1 thuszcze wraz
z dieta. Jednak 23,53% przekroczylo rekomendowane warto$ci spozycia thuszczu, a 5,88%
przekroczylo wartosci spozycia biatka. Mniej niz polowa ankietowanych wspinaczy
realizowata zalecenia dotyczace spozycia nasyconych kwasow tluszczowych, a nieco ponad
jedna trzecia realizowata rekomendacje dotyczace spozycia cholesterolu wraz z dietg. Mediane
warto$ci energetycznej i odzywczej diety uzyskanej z analizy dzienniczkow Zywieniowych
przedstawiono w Tabeli 2 (Zalgcznik 1, Publikacja 4, Tabela 1). W odniesieniu do
rekomendacji dla sportowcow (Benardot 2012; Thomas et al. 2016; EFSA (European
Food Safety Authority) 2017; Kerksick et al. 2018) alpinisci nie dostarczali odpowiednich
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ilosci selenu i jodu, a takze witaminy D 1 K. Wszyscy wspinacze pokryli zapotrzebowanie na
sod, fosfor, witaminy: A, B1, B2 1 Bi2. Na podstawie wynikow uzyskanych z analizy autorskiego
kwestionariusza do oceny nawykéw zywieniowych wspinaczy i himalaistow w warunkach
wysokogorskich stwierdzono, iz 85,7% alpinistow deklaruje, ze ich dieta zwyczajowa znaczaco
r6zni si¢ od typowej diety stosowanej podczas wypraw wysokogorskich, podczas gdy 14,3%
nie zgtasza zadnych zmian w diecie w czasie pobytu w gorach.

Oceniajac warto$¢ energetyczng i odzywcza 3 dni diety 15 alpinistow podczas gorskich
aktywnos$ci w czasie wyprawy wysokogorskiej stwierdzono, iz zapotrzebowanie energetyczne
uczestnikow badania wynosito 4559,5 + 425 kcal, a podaz energetyczna 2776,8 + 878 kcal.
Wspinacze dostarczali wraz z suplementacja 588 kcal, co stanowito 21,2% ich podazy energii.
Jedynie 2 osoby, tj. 13,33% respondentdéw, pokrylo zapotrzebowanie na energi¢ zgodnie z
rekomendacjami. Szczegdtowe dane opisujace srednig warto$¢ energetyczng (w odniesieniu do
wydatku energetycznego) i1 odzywcza diety, uzyskang na podstawie analizy dziennikow
zywieniowych, przedstawiono w Tabeli 2 i 3 (Zalacznik 1, Publikacja 1, Tabela 2 i 3).
Wickszos¢ wspinaczy (93,3%) pokrywata zapotrzebowanie na weglowodany, a 46,7% na
biatko zgodnie z rekomendacjami dla sportowcow. Wszyscy wspinacze pokryli
zapotrzebowanie na ttuszcze, a 33,3% z nich przekraczato wartosci rekomendowane.

Mediana wydatku energetycznego z 2 dni aktywnos$ci gorskiej oraz 1 dnia odpoczynku
wsrdd 17 uczestnikdw badania podczas wyprawy wysokogorskiej wynosita 3897,95 =521 keal,
a podaz energii 2715,71 + 794 kcal. Wspinacze dostarczali $rednio 325 + 220 kcal wraz z
suplementacja, co stanowito 11,99% ich podazy energetycznej. Jedynie jedna osoba, tj. 5,88%
respondentéw, pokrywata swoje zapotrzebowanie na energi¢ w stosunku do wydatku
energetycznego. Wigkszos¢ wspinaczy (94,14%) pokrywala zapotrzebowanie na
weglowodany, a 58,82% na biatko. Wszyscy wspinacze pokryli zapotrzebowanie na thuszcze,
a 23,53% z nich przekraczato warto$ci rekomendowane. Mediang wartosci energetycznej i
odzywczej diety na podstawie analizy dziennikoéw zywieniowych przedstawiono w Tabeli
10 (Zatacznik 1, Publikacja 3, Tabela 10). W poréwnaniu do norm dla sportowcoéw (Benardot
2012; Thomas et al. 2016; EFSA (EuSafety Authorityty Authority) 2017; Kerksick et al. 2018),
alpini$ci nie dostarczali odpowiedniej ilo$ci potasu, wapnia, magnezu, zelaza, cynku, selenu i
jodu, a takze witamin A, D, C, kwasu foliowego 1 witaminy K. Wigkszo$¢ wspinaczy pokrywala
swoje zapotrzebowanie na makrosktadniki odzywcze z dieta 1 suplementacja. Z kolei niewielki
odsetek badanych (<50%) pokrywal zapotrzebowanie na zelazo, kwas foliowy, potas, wapn,

witaming D, witamine C i witamine A wraz z dieta i suplementacja. Zaden z badanych

27



wspinaczy nie dostarczal odpowiedniej ilosci wapnia 1 witaminy K w odniesieniu do
rekomendacji dla sportowcow.

Na podstawie wynikow uzyskanych z analizy autorskiego kwestionariusza do oceny
nawykoéw zywieniowych wspinaczy 1 himalaistow w warunkach wysokogorskich 67,9%
respondentéw ocenia swoj apetyt w gorach powyzej 3000 m n.p.m. jako dobry, 14,3% jako
sredni, 14,3% jako bardzo dobry, a 3,6% o0séb ocenia swoj apetyt jako staby. Respondenci
wybierali najcze¢sciej batony czekoladowe, dania liofilizowane, czekolade, zele energetyczne,
zelki, stone przekaski, suszone mi¢so, musy owocowe, konserwy miesne i rybne, kabanosy,
kanapki, chalwe, suszone owoce, orzechy oraz zywno$¢ instant (galaretki, budynie, zupy)
wsrod produktow spozywanych w gorach (Zalacznik 1, Publikacja 1, Rysunek 1). Duzy odsetek
wspinaczy (75%) deklaruje zmeczenie stodkim smakiem, spowodowane duzg czestotliwoscia i
iloscig spozywanych przekasek weglowodanowych, jednak mimo tego 78,6% respondentow
preferuje stodkie przekaski w gorach. Produkty stone lub kwasne, takie jak migso, ser, kietbasy,
kanapki i orzechy, preferuje 21,4% respondentdéw. W czasie pobytu w gorach alpinisci
najrzadziej spozywali warzywa, owoce, jaja, mleko i przetwory mleczne, masto i $mietane,
ryby 1 migso 1 uwazaja te grupy produktéw spozywczych za mato dostepne (Zatacznik 1,
Publikacja 1, Rysunek 2). Z kolei najcze¢$ciej spozywane sa: cukier i stodycze (85,7%), orzechy
1 nasiona (67,9%), pelnoziarniste produkty zbozowe (64,3%) oraz rafinowane produkty
zbozowe (57,1%). Sposrdd ankietowanych wspinaczy 7,1% realizowato prawidtowe zalecenia
dietetyczne dotyczace czestotliwosci spozycia olejow roslinnych (dzienne spozycie), 17,9%
spozywato 1-2 porcje owocoéw dziennie, 17,9% spozywalo produkty zbozowe codziennie, a
25% os6b spozywalo ryby 1-2 razy w tygodniu.

Najczgs$ciej stosowanym rozwigzaniem zZywieniowym po zakonczeniu gorskiej akceji z
biwakiem (82,1%) sa posilki liofilizowane. Najczgséciej spozywanymi przez wspinaczy podczas
wypraw liofilizowanymi produktami s3 dania obiadowe, zupy, owsianki, desery i owoce.
Zywno$¢ liofilizowana chetnie spozywa 57,1% badanych. Az 50% wspinaczy deklaruje
wystepowanie dolegliwosci zotadkowo-jelitowych (wzdecia, bdle brzucha, biegunka) po
spozyciu liofilizowanej zywnosci. Zdecydowana wiekszo$¢ wspinaczy (92,9%) deklaruje, ze
ilo§¢ pozywienia wptywa na ich samopoczucie w gorach, a 96,4% osob podkresla, ze jakosé
pozywienia ma réwniez duze znaczenie. Mimo to, az 57,1% wspinaczy nie zabiera ze sobg w
gory odpowiedniej ilosci jedzenia. Wynika to z bledow logistycznych Ilub préby
zminimalizowania ci¢zaru plecaka. Wedlug respondentéw regeneracja po zakonczeniu akcji
gorskiej trwa, w zalezno$ci od napotkanych trudnosci, od 1 do 7 dni. Po powrocie z wyprawy

73,3% respondentéw zaobserwowato spadek masy ciata. Wyniki ankiety wskazuja, ze 85,7%
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wspinaczy nie wykonuje badan krwi przed wyprawa, w przeciwienstwie do 14,3%
ankietowanej grupy, ktoéra kontroluje swoj stan zdrowia. Zdecydowana wigkszo$é
respondentéw nie kontroluje rowniez poziomu zelaza (92,9%) ani ferrytyny (96,5%). Jedynie
7,1% os6b konsultuje si¢ z dietetykiem przed wyjazdem na wyprawe.

Wspinacze najczesciej zabieraja ze sobg w gory napoje izotoniczne (78,6%), herbate
(60,7%), wode (53,6%), kawe (14,3%) lub soki (10,7%), a takze piwo (3,6%), roztwor
elektrolitow (3,6%), a takze kisiel (3,6%). Ilos¢ plyndw spozywanych przez wspinaczy w
gbrach przedstawiono na Rysunku 3 (Zatacznik 1, Publikacja 1, Rysunek 3). Respondenci
(57,1%) uwazaja, ze ilo$¢ wypijanych w goérach ptyndéw jest niewystarczajaca. W grupie
respondentéw 85,7% o0sob stosuje elektrolity jako dodatek do wody. Tylko 14,3%
respondentéw stosuje tabletki do uzdatniania wody podczas picia wody z lodowcow. U 20%
badanych wystapita ostra choroba wysokos$ciowa. Az 94,4% wspinaczy twierdzi, ze jedng z
przyczyn choroby wysokosciowej moze by¢ niedostateczne nawodnienie organizmu.

Alpinisci w gorach wysokich najczgsciej suplementujg diete kofeing (39,3%),
suplementami biatkowymi (28,6%), niektorymi witaminami i skladnikami mineralnymi
(multiwitaminami, witaming B, witaming D, witaming C, witaming K2, zelazem, magnezem —
28,6%), kwasami tluszczowymi omega-3  (14,3%), suplementami  biatkowo-
weglowodanowymi (7,1%), a takze probiotykami (7,1%) (Zatacznik 1, Publikacja 1, Rysunek
4). Z uwagi na ograniczony dostep do zywnosci w gérach wysokich, niskg podaz energii i
sktadnikow odzywczych wraz z dieta, stosowanie suplementow dostarczajacych biatka,
weglowodandw, sktadnikow mineralnych 1 witamin wydaje si¢ by¢ uzasadnione. Deklarowana
przez respondentoOw suplementacja kofeiny i1 probiotykdw podczas pobytu na duzych i1
ekstremalnych wysokos$ciach jest zgodna z zaleceniami dla alpinistoéw, cho¢ wcigz wymaga

dalszych badan.

3.3. Wyniki analizy stanu zdrowia alpinistow
Dhugotrwaty pobyt w warunkach wysokogorskich spowodowat istotny statystycznie
spadek masy ciata oraz masy migsniowej. Nastgpit rowniez istotny spadek masy ciata
szczupltego w konczynach gornych oraz dolnych, a takze wskaznika ALST. Zgodnie z analiza
wskaznika BMI, masy tluszczu, masy beztluszczowej, masy mieg$niowej [%], masy ciata
szczuptego oraz sktadnikow mineralnych w ko$ciach i ggstosci mineralnej ko$ci nie wykazano
istotnych zmian po okresie przewlektego niedotlenienia (Zatacznik 1, Publikacja 3, Tabela 8).
Oceniajgc wartos¢ wskaznikéw hematologicznych wykazano istotny wzrost liczby

leukocytow, erytrocytow, ptytek krwi oraz wzrost wartosci hemoglobiny, hematokrytu, a takze
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neutrofili i monocytow po wyprawie wysokogorskiej (Zatacznik 1, Publikacja 3, Tabela 9).
Zaobserwowano istotny spadek poziomu cholesterolu catkowitego, HDL, bilirubiny catkowite;j,
albuminy oraz biatka catkowitego. Wykazano istotny statystycznie wzrost poziomu fosfatazy
kwasnej catkowitej oraz fosforu nieorganicznego. Wszystkie wskazniki moczu oraz wskazniki
katu (badanie ogolne katu, pasozyty, lamblie, Helicobacter pylori - dane nieopublikowane) i
wskazniki zwigzane z mikrobiomem i przepuszczalno$cig jelit, oceniane na podstawie probek
katu, w wigkszos$ci pozostaty w wartosciach referencyjnych zaréwno przed wyprawa jak i po
wyprawie (Zatacznik 1, Publikacja 5). W Tabeli 11 (Zatacznik 1, Publikacja 3, Tabela 11)
przedstawiono odsetek wspinaczy, ktorych wyniki wskaznikéw stanu zdrowia po powrocie z
wyprawy byly zgodne z normami laboratoryjnymi i ktérzy pokrywali zapotrzebowanie na
wybrane makro- i mikrosktadniki odzywcze diety. Wyniki badan wigkszo$ci wspinaczy byty
zgodne z normami laboratoryjnymi. Wyjatkiem byt poziom witaminy D u wspinaczy, ktéry byt
zbyt niski u 52,94% przebadanych osob. Niewystarczajaca podaz zZelaza, kwasu foliowego 1
witaminy D wraz z dietg znajdowata odzwierciedlenie w wynikach badan krwi.

Na podstawie analizy wskaznikéw przepuszczalnosci jelitowej przed wyprawag
wykazano, iz mediana warto$ci zonuliny w kale u wspinaczy wynosita 28,40 (14; 193,7) ng/ml,
podczas gdy warto$¢ alfa-1-antytrypsyny w kale wynosita 5,95 (4,10; 6,86) ng/ml. Wartosci
zonuliny w kale byty podwyzszone u 35,29% badanych wspinaczy, podczas gdy wartosci alfa-
I-antytrypsyny w kale byly prawidtowe u wszystkich badanych. Analizowane korelacje miedzy
sktadnikami odzywczymi zwyczajowej diety alpinistbw a poziomami markerow

przepuszczalnosci jelitowej nie byly istotne statystycznie (Zalacznik 1, Publikacja 4, Tabela 2).

3.4. Wyniki analizy wydolnosci fizycznej alpinistow

Poziom wskaznikow charakteryzujacych wydolno$¢ tlenowag organizmu alpinistow
(maksymalny minutowy pobor tlenu w ujeciu globalnym 1 relatywnym, maksymalna
wentylacja minutowa pluc, maksymalna czgsto$¢ skurczow serca, czas testu stopniowanego)
obnizyt si¢ po powrocie z wyprawy. Opisane zmiany byly istotne statystycznie (Zatacznik 1,
Publikacja 3, Tabela 4). Wielkosci wskaznikow charakteryzujacych poziom drugiego progu
wentylacyjnego po wyprawie nie ulegaly istotnym zmianom, co obrazuje Tabela 5 (Zatgcznik
1, Publikacja 3, Tabela 5). Jedyng istotng statystycznie zmian¢ odnotowano w poziomie
czestosci skurczow serca, ktory obnizyt sie podczas badan po powrocie z wypraw.

Poziom wskaznikow charakteryzujacych wydolno$¢ beztlenowa organizmu badanych
0sOb po powrocie z wyprawy generalnie obnizyt si¢ (Zatacznik 1, Publikacja 3, Tabela 6). W

tescie dla konczyn dolnych maksymalna moc anaerobowa oraz moc $rednia wyrazane w
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wartosciach globalnych i w ujeciu relatywnym obnizyly sie. ROwniez wartosci pracy globalne;j
1 czasu utrzymania MAP byly nizsze podczas badan prowadzonych po powrocie z wypraw.
Czas osiggnigcia mocy maksymalnej obnizyt si¢, jednak zmiana ta nie byta istotna statystycznie
w porownaniu do pozostatych wymienionych wskaznikéw. W tescie dla konczyn goérnych
zmiany badanych wskaznikow ksztaltowaly si¢ nieco odmiennie. Maksymalna moc
anaerobowa zaréwno w ujeciu globalnym jak i relatywnym ulegta obnizeniu, ale obserwowane
zmiany byly nieistotne statystycznie. Podobnie zmiany czasu uzyskania i utrzymania mocy
maksymalnej rowniez nie byly istotne statystyczne. W tescie konczyn gornych w istotny
statystycznie sposob zmniejszyty si¢ wartosci mocy Sredniej z testu i pracy globalnej (Zalacznik

1, Publikacja 3, Tabela 7).

3.5. Wyniki analizy mikrobiomu alpinistow

Profil réznorodnosci taksonomicznej byt wysoki zaréwno przed, jak i po wyprawie
(Zatacznik 1, Publikacja 4, Ryc. la, Ryc. uzupetniajaca 1). Podczas gdy wzgledna obfitos¢
dominujacych gatunkdw nie zmienita si¢ znacznie przed i po wyprawie u niektorych osob, u
innych odnotowano wyrazniejsze modyfikacje sktadu mikrobiomu. Zidentyfikowano $rednio
200 + 69 gatunkow bakterii na uczestnika przed wyprawa 1 179 + 53 gatunkow na uczestnika
po wyprawie. Na poziomie funkcjonalnym zidentyfikowano $rednio 76 + 8 funkcji
bakteryjnych na uczestnika przed wyprawa i1 77 + 8 funkcji po wyprawie. Roznice w liczbie
gatunkéw 1 funkcji przed 1 po wyprawie nie byly istotne statystycznie. Prewalencja
(rozpowszechnienie) gatunkéw byla zasadniczo stabilna po wyprawie (Zalacznik 1, Publikacja
4, Ryc. 1a, po lewej). Dotyczylo to zwtaszcza taksonow o niskiej prewalencji (obecnych u <1/3
uczestnikow), gdzie odnotowane réznice wynikaty z zmian u co najwyzej 1-2 osdb. Wszelkie
réznice mozna przypisa¢ zmianom tylko u maksymalnie dwoch osob. W analizie gatunkow
najbardziej stabilne okazatly si¢ taksony o niskiej prewalencji, natomiast w analizie funkcji - te
o wysokiej prewalencji w calej kohorcie. Jedynym wyjatkiem byt szlak GLUCOSE [ PMETAB-
PWY (degradacja glukozy i glukozo-I-fosforanu), obecny u okoto potowy 0sob przed wyprawa,
a wykrywany niemal u wszystkich po powrocie z wyprawy. Zaobserwowano statystycznie
istotny wzrost obfitosci tej funkcji w wyniku wyprawy (test Wilcoxona, p < 0,05). Analiza
réznicowego wzbogacenia (LEfSe, tzn. porownanie wzglednej obfitosci taksonéw miedzy
prébami ,,przed” 1 ,,p0”) wykazata dwa gatunki o wyzszej obfitosci po ekspedycji: Lactococcus
lactis oraz gatunek z rodzaju Phocaeicola (Zalacznik 1, Publikacja 4, Ryc. 2). Zaobserwowano
tez trend spadkowy dla jednego gatunku z rodziny Clostridiaceae po ekspedycji. Nie wykryto

statystycznie istotnych zmian na poziomie funkcji.
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Korelacja cech mikrobiomu z danymi z analiz sposobu zywienia wykazata zwigzek
szlaku PWY-6703: biosyntezy preQ0 (wczesny etap biosyntezy 7-deazopuryn; preQ0 = 7-
cyano-7-deazaguanina, prekursor modyfikacji nukleozydu queuozyny w bakteryjnym tRNA) ze
spozyciem witamin B¢ 1 C przed wyprawg (korelacje Spearmana odpowiednio 0,83 1 0,86,
skorygowane wartosci p < 0,05). Zaobserwowano spadek spozycia witamin po wyprawie, ktory
byl znaczacy w przypadku witaminy C (witamina Be: 6,1 mg do 2,6 mg, wartos¢ p testu T >
0,05; witamina C: 325,7 mg do 149,2 mg, warto$¢ p testu T <0,01). Podobnie, srednia obfitos¢
szlaku biosyntezy PWY-6703: preQ(0 wykazata znaczny, ale statystycznie nieistotny spadek (z
18% do 15%). Zadne inne powigzania funkcji lub gatunkéw ze sktadnikami odzywcezymi diety
przed lub po ekspedycji nie przeszty korekty na wielokrotne testowanie.

Poniewaz skala zmian mikrobiomu roznita si¢ miedzy uczestnikami, odlegto$¢ Braya—
Curtisa (miara réznic w sktadzie i obfitosci) migdzy probkami przed i po ekspedycji byta
zréznicowana (wyzsze warto$ci oznaczaja wigksza rozbiezno$¢ skladu) (Zalacznik 1,
Publikacja 4, Ryc. la), przy czym probki jednego z uczestnikow wykazywaly najwigksza
rozbieznos¢.

Rozroznienie os6b na podstawie momentu osiagnigcia Il progu wentylacyjnym (VT2)
pozwolilo stwierdzi¢, ze uczestnicy z poprawa wydolnosci charakteryzowali si¢ wigksza
modyfikacja mikrobiomu (Zatacznik 1, Publikacja 4, Ryc. 3b). Ponadto u uczestnikow, u
ktorych odnotowano wigksze zmiany w mikrobiomie (odlegto$¢ Braya-Curtisa > 0,36, wybrana
na podstawie mediany), stwierdzono istotnie wigksze bogactwo wyjsciowe mikrobiomu w
poréwnaniu z osobami o zmianach mniejszych (Zatacznik 1, Publikacja 4, Ryc. 3c-e).
Towarzyszyto temu nieistotne, ale wyraznie wyzsze spozycie manganu, wapnia, witaminy A,
magnezu 1 fosforu (§rednie spozycie manganu 9,2 vs. 3,9 mg, wapnia 1520,7 vs. 973,3 mg,
witaminy A 2246,0 vs. 1291 pg, magnezu 687,7 vs. 397,6 mg, fosforu 2021,5 vs. 1545,7 mgu
uczestnikow z istotnymi zmianami mikrobiomu i bez nich, p < 0,05, skorygowane wartosci p
> 0,05). Analiza réznicowego wzbogacenia (LEfSe) gatunkow 1 funkcji na poczatku badania
wykazata statystycznie istotne roznice migdzy obiema grupami (Zatacznik 1, Publikacja 4, Ryc.
3f). Probki mikrobiomu od oséb, u ktorych stwierdzono zmiany, byly wzbogacone w
Clostridium fessum, Streptococcus salivarius 1 szlak degradacji 5'-fosforanu inozyny, aubozsze
m.in. w taksony z rodziny Clostridiales oraz szlaki metabolizmu folianow 1 biosyntezy
aminoacylo-tRNA.

W podgrupie z najwigkszymi zmianami mikrobiomu wigksza zmienno$¢ dotyczyta
gatunkow niz funkcji (Zalacznik 1, Publikacja 4, Ryc. 4a—b). Dorea sp. AF36 _15AT wzrosta z
57% do 100% probek, a GGBY9758 SGB15368 (Firmicutes) z 43% do 86%. Wigkszos¢ funkcji
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utrzymala si¢ przed i po wyprawie, cho¢ dla kilku odnotowano spadek czestosci: tetrapyrrole
biosynthesis I (from glutamate), UDP-N-acetyl-D-glucosamine biosynthesis I oraz O-antigen
building blocks biosynthesis (E. coli) (z 43% do 14% probek).

Analiza roznicowego wzbogacenia (LEfSe) zidentyfikowala trzy gatunki o wyzszej
obfitosci po wyprawie: Blautia luti, Romboutsia timonensis 1 GGB4569 SGB6310 z rodziny
Lactobacillaceae. Nie stwierdzono gatunkéw wzbogaconych przed wyprawg ani statystycznie
istotnych zmian w liczebnosci funkcji.

Zidentyfikowano kilka korelacji cech mikrobiomu ze wskaznikami krwi 1 wskaznikami
wydolnos$ci beztlenowej (Zalacznik 1, Publikacja 4, Tabela 2). Przed wyprawa odnotowano
dwa gatunki zwigzane z potasem: Prevotella copri clade A (korelacja dodatnia) i Bacteroides
uniformis (korelacja ujemna), a takze 15 przypadkoéw korelacji wskaznikow z funkcjami
drobnoustrojow. Szlak biosyntezy dTDP-f-L-ramnozy byl jedyna funkcja zwigzang z dwoma
réznymi wskaznikami przed wyprawa: catkowita wykonang praca konczyn dolnych (Wy) 1
srednig wielko$cig osiggnigtej mocy konczyn dolnych (Pmean) (dodatnie w obu przypadkach).
Po wyprawie odnotowano jedng korelacje gatunku Agathobaculum butyriciproducens z
wapniem (silna dodatnia) i osiem z funkcjami. Biosynteza NAD de novo I (z asparaginianu)
byta dodatnio skorelowana z bazofilami 1 wapniem a Sciezka biosyntezy L-seryny i glicyny 1
uyjemnie z sodem 1 dodatnio z cholesterolem HDL). Biosynteza rybonukleotydow
guanozynowych de novo byla dodatnio skorelowana z sodem przed wyprawg i ujemnie ze
srednig objetoscia ptytek krwi (MPV) po wyprawie, a degradacja mio-, chiro- i scyllo-inozytolu
byta dodatnio skorelowana z sodem przed wyprawa i z bazofilami po wyprawie. Inne
analizowane korelacje cech mikrobiomu ze wskaznikami krwi, moczu, katu i wskaznikami
wydolnosci beztlenowej nie byty istotne statystycznie.

Ponadto, znaleziono szereg korelacji funkcji drobnoustrojow z dieta po wyprawie (z
ktoérych wszystkie przeszly korekte dla wielokrotnego testowania, Zalacznik 1, Publikacja 4,
Tabela uzupehiajaca 1). Zidentyfikowano silne dodatnie korelacje (korelacja Spearmana >
0,90) biosyntezy koenzymu A z podazg energii 1 wgglowodandw, jednonienasyconych kwasow
tluszczowych (MUFA), a takze witamin C, B12, B1 1 Bs. Biosynteza L-argininy byta powigzana
z ogélnym spozyciem weglowodandéw 1 weglowodanami przyswajalnymi, podczas gdy szlak
fosforanu pentozy z selenem, a biatko roslinne z biosyntezg sacharozy. Stwierdzono ujemne
korelacje migdzy adening 1 adenozyng a sodem, a takze miedzy biosyntezq L-ramnozy a

biatkiem zwierzgcym.
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4. MOCNE STRONY I OGRANICZENIA PROJEKTU

4.1. Mocne strony projektu i przyszle kierunki

Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej naleza do
nielicznych, ktére w sposéb kompleksowy analizujg warto$¢ energetyczng 1 odzywcza diety,
wydolnos$¢ tlenowa 1 beztlenowa, mase ciata 1 sktad ciata oraz wskazniki hematologiczne i
biochemiczne krwi, wskazniki moczu, a takze struktur¢ mikrobiomu jelitowego, zaréwno
przed, jak i po co najmniej 3-tygodniowym pobycie na wysokosciach powyzej 3000 m n.p.m.
Jednym z gléwnych atutéw projektu jest przeprowadzenie badan w naturalnych warunkach
wysokogorskich, co pozwala na uzyskanie wynikow lepiej odzwierciedlajacych rzeczywiste
reakcje organizmu niz w badaniach prowadzonych w sztucznych warunkach, np. z
wykorzystaniem komory hipoksyjnej. Uzyskane wyniki stanowig podstawe do sformutowania
wnioskow dotyczacych oddziatywania dtugotrwalej ekspozycji na niedotlenienie na sposob
zywienia, wydolnos¢ fizyczna, stan zdrowia i mikrobiom na poziomie morza.

Z perspektywy praktycznego zastosowania uzyskane wyniki dostarczaja cennych
wskazowek dla alpinistéw i turystow planujacych wyprawy na wysokosci powyzej 3000 m
n.p.m., trenerow 1 dietetykdw sportowych. Strategie przed wyprawa moga obejmowac
optymalizacj¢ statusu mikrosktadnikow odzywczych, w szczeg6lno$ci witamin 1 mineratow,
ktore koreluja z korzystnymi funkcjami drobnoustrojow 1 wskaznikami wydolnos$ci. Podczas
wypraw integracja pokarmow bogatych w sktadniki odzywcze, wspierajacych mikrobiom -
nawet jesli czeSciowo w postaci suplementéw lub produktéw liofilizowanych - moze pomoc w
utrzymaniu korzystnych profili mikrobiomu jelitowego i1 zwigzanych z nimi funkcji
metabolicznych. W szerszej perspektywie, poza kontekstem sportowym, przedstawione wyniki
przyczyniaja si¢ do rozwijajacej literatury dotyczacej znaczenia mikrobiomu jelitowego w
adaptacji do ekstremalnych $rodowisk (Guo et al., 2025; Kleessen et al., 2005; Li et al., 2022;
K. Liu et al., 2021; Ma et al., 2019; Q. Su et al., 2024; Zhao et al., 2023), podkreslajac role
interwencji zywieniowych jako potencjalnego narzedzia wspierania zar6wno zdrowia, jak i
wydolnosci.

Przyszte badania powinny dazy¢ do potwierdzenia uzyskanych odkry¢ w wigkszych
kohortach oraz do oceny ukierunkowanych interwencji, takich jak prebiotyki, probiotyki,
postbiotyki czy dostosowana suplementacja mikrosktadnikami odzywczymi, majacych na celu
wspieranie korzystnej odpowiedzi mikrobiomu jelitowego w srodowiskach wysokogorskich.
Przyzna¢ nalezy, ze niektorzy uczestnicy spozywali suplementy sportowe 1 zywno$¢

funkcjonalng dla sportowcéw, ktore moga wpltywaé na sktad mikrobiomu jelitowego i
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integralno$¢ bariery jelitowej. Chociaz w niniejszym projekcie odnotowano spozycie
suplementéw, nie analizowano szczegdétowo potencjalnego wptywu dodatkow powszechnie
wystepujacych w tych produktach (np. emulgatorow, sztucznych substancji stodzacych,
konserwantow) na mikrobiom jelita. Przyszie badania powinny obejmowac szczegoétowa oceng
sktadnikow suplementow, w tym dodatkéw nieodzywczych, aby lepiej zrozumie¢ ich wptyw w
warunkach stresu wysokogorskiego. Integracja metagenomiki z transkryptomika gospodarza,
metabolomika i profilowaniem immunologicznym, uzupetniona o kontrolowane badania
zywieniowe, moze dodatkowo wyjasni¢ mechanizmy tgczace mikrobiom jelitowy, diete i

adaptacje fizjologiczne w sportach ekstremalnych oraz poza nimi.

4.2. Ograniczenia projektu

Niniejszy projekt badawczy ma kilka potencjalnych ograniczen. Jednym z nich jest
niewielka liczebnos$¢ grupy i brak grupy kontrolnej. W podejmowanych dotychczas badaniach
w zakresie sposobu zywienia alpinistow w gorach, a takze medycyny i fizjologii gorskiej
liczebno$¢ badanych grup jest niska i opisuje najczgsciej grupe alpinistow w ramach jednej
wyprawy. Jednakze nalezy zauwazy¢, ze znalezienie jednorodnej grupy uczestnikoOw stanowi
spore wyzwanie, a do§wiadczeni alpinisci w Polsce stanowig stosunkowo niewielka populacje,
co dodatkowo ogranicza mozliwosci doboru proby. Alpiniéci nie stanowili jednej grupy, ktorej
przy$wiecat jeden cel wspinaczkowy na terenie jednego kraju 1 pasma gorskiego. Wspinacze,
charakteryzujacy si¢ cechami opisanymi w badaniu, stanowig niewielka, ale elitarng grupg w
Polsce, stad do badania zakwalifikowano kilka odrgbnych zespotéw wyprawowych,
wspinajacych sie¢ na podobnych wysoko$ciach i z podobnymi celami sportowymi, ale w
roznych czgsciach §wiata. Zebranie 1 zachecenie uczestnikow bylo jednym z najtrudniejszych
etapow projektu, dlatego ostatecznie grupe badang stanowito 17 osob (publikacja 3, 4 oraz 5)
oraz 28 o0sob (publikacja 1).

W pierwszej publikacji z cyklu analizowano pod katem wartosci energetycznej i
odzywczej diety jedynie dni dziennika Zywieniowego, w czasie ktorych podejmowano
aktywnos$¢ fizyczng w warunkach wysokogorskich. W kolejnym badaniu tego typu warto
byloby rozszerzy¢ analiz¢ wartosci energetycznej 1 odzywczej diety o dni w bazie (dni
odpoczynku) 1 zwiekszy¢ grupe badanych, co wykonano i opisano w publikacji 3. W
przysztosci warto rozwazy¢ uczestnictwo dietetyka na wyprawie, ktory miatby staty kontakt z
kucharzami odpowiedzialnymi za przygotowywanie positkow 1 kontrolowat ilo$¢ spozywanego
jedzenia, a takze nadzorowat prowadzone przez alpinistow dzienniczki zywieniowe. Ponadto,

warto skupi¢ si¢ na jeszcze bardziej szczegdlowej analizie suplementow stosowanych przez
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wspinaczy w gorach wysokich w kontekscie ich wplywu na zdrowie, nastrdj 1 wydolnosé
fizyczna.

Wydolnos¢ fizyczna alpinistow byta oceniana trzeciego lub czwartego dnia po powrocie
Z wyprawy, poniewaz musieli oni podrozowac z innego kraju i odlegtych gor do odpowiedniego
laboratorium w Polsce. Uniemozliwia to poréwnanie wynikow z innymi badaniami, ktore
r6znig si¢ liczbg dni migdzy koncem ekspozycji na niedotlenienie a momentem wykonania
pomiaréw na poziomie morza. Poza niedotlenieniem, takze inne czynniki, takie jak sposob
zywienia i rodzaj aktywnosci fizycznej wykonywanej w gorach, czy liczba dni aktywnych w
porownaniu z liczbg dni odpoczynku, moga znaczaco przyczynia¢ si¢ do obserwowanych
zmian w sktadzie ciata. Grupy wspinaczkowe aktywne w Peru moglty wykorzysta¢ przerwe
migdzy kilkoma dniami aktywnos$ci gorskiej na zejScie do miejscowosci u podndza gor, aby
zrekompensowaé tam ujemny bilans energetyczny, podczas gdy grupy ekspedycyjne w
Kirgistanie, Nepalu lub Pakistanie byly uzaleznione od pozywienia, ktore zabraty w géry lub
ktére zaoferowata im agencja gorska. W niniejszym badaniu nie mierzono dawki
niedotlenienia, ale biorac pod uwage statystycznie istotng utrat¢ masy mi¢sniowej u wspinaczy,
mozna zatozy¢, ze dawka niedotlenienia byla wystarczajaca, aby wywola¢ opisang zmiang.
Warto bytoby zmierzy¢ ten wskaznik w przysztych badaniach, aby moc jednoznacznie oceni¢
wartos¢ niedotlenienia, ktora koreluje ze spadkiem masy migsniowej u 0osob badanych.

Ze wzgledu na niewielkg liczbg zaburzen Zzotagdkowo-jelitowych (n =3) 1 AMS (n=1),
badanie nie miato wystarczajacej mocy do wykrycia wiarygodnych korelatow mikrobiomu.
Eksploracyjne skanowanie roznorodnosci i taksonomii nie ujawnito wartosci odstajacych.
Podobnie, eksploracyjne wskazniki réznorodnosci alfa i beta oraz badanie LEfSe (gatunki i
sciezki MetaCyc, p<0,05) nie zidentyfikowaly cech dyskryminujacych. Potrzebne sg wigksze
kohorty, aby wyjasni¢ wszelkie powigzania przyczynowe.

Ocena przepuszczalnosci jelitowej opisana w publikacji 4 byla ograniczona do
wybranych wskaznikoéw katowych, co moze nie uchwyci¢ petnej ztozonosci dynamiki bariery
jelitowej. Co wazne, nie uwzgledniono innych uznanych markerow integralnosci jelitowej,
takich jak lipopolisacharyd (LPS), biatko wiazace kwasy tluszczowe w jelitach (I-FABP) czy
okludyna. Przyszte badania powinny uwzglednia¢ te ograniczenia, w tym inne determinanty

mikrobiomu jelitowego, a takze aspekty psychologiczne.

36



5. PODSUMOWANIE I WNIOSKI

Odpowiednie przygotowanie do wypraw wysokogorskich, obejmujace zywienie,
nawodnienie 1 suplementacj¢, moze ograniczy¢ ryzyko niedoboréw zywieniowych,
pogorszenia stanu zdrowia i wydolno$ci fizycznej. W zwigzku z tym wprowadzeniem
teoretycznym do cyklu publikacji naukowych byl artykut przegladowy, w ktorym
podsumowano aktualng wiedzg w tym zakresie oraz zaproponowano praktyczne zalecenia dla
alpinistow. Alpinisci, przebywajac na duzych wysokosciach, sg szczegdlnie narazeni na deficyt
energii, a w konsekwencji utrate masy ciata i beztluszczowej masy ciata, dlatego mimo braku
apetytu kluczowe jest regularne spozywanie positkéw i przekasek oraz dostosowanie podazy
weglowodanéw do etapu wyprawy. Zalecane jest spozycie minimum 1,4 g biatka/kg masy
ciata/dzien, z uwzglednieniem zrédet biatka o wysokiej jakosci, a takze warto§ciowych zrodet
thuszczu wilaczajac do swojej diety produkty bogate w wielo- i jednonienasycone kwasy
thuszczowe. Nawodnienie powinno by¢ indywidualnie kontrolowane, m.in. poprzez obserwacj¢
koloru moczu i objawéw AMS. Ograniczony dostgp do Swiezej zywnosci w warunkach
wysokogorskich moze prowadzi¢ do niedoboréw sktadnikéw mineralnych i witamin, dlatego
jeszcze przed wyprawa warto oznaczy¢ stezenie ferrytyny i witaminy D w surowicy krwi oraz
wdrozy¢ suplementacj¢ w przypadku niedoboréw w celu optymalizacji stanu zdrowia i
kontynuowac ja pod nadzorem lekarza. W warunkach wysokogorskich szczegdlnie istotne sa
produkty bogate w antyoksydanty (witamina C, E, beta-karoten, selen, cynk), ktore moga by¢
dostarczane w formie liofilizatow (owocow, warzyw 1 ich sproszkowanych form).

Suplementacja diety stanowi istotne uzupelnienie podazy energii 1 sktadnikow
odzywczych, a takze wspiera funkcjonowanie organizmu w trudnych warunkach
srodowiskowych. Potencjalnie korzystne dziatanie moga wykazywac nastepujace suplementy:
biatko, weglowodany, kofeina, azotany, probiotyki, kwasy tluszczowe omega-3, glutamina,
kurkumina, Ginkgo biloba, NAC czy sok z wisni cierpkiej, cho¢ ich skuteczno$§¢ w warunkach
wysokogorskich wymaga dalszych badan. Ze wzgledu na ograniczong liczb¢ dobrze
zaprojektowanych badan w tej dziedzinie, istnieje potrzeba przeprowadzenia kontrolowanych,
randomizowanych badan z udzialem alpinistow, aby potwierdzi¢ skuteczno$¢ stosowanych
interwencji.

Waznym zagadnieniem w cyklu publikacji byla ocena wartosci energetycznej i
odzywczej diety alpinistow przed wyprawa wysokogorska. Stwierdzono, iz ponad potowa
badanych wspinaczy utrzymywata ujemny bilans energetyczny. Wspinacze w wiekszosci

dostarczali odpowiednie ilosci makro- 1 mikroelementow wraz z dieta, z wyjatkiem selenu,
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jodu, witaminy D i K. Na podstawie uzyskanych wynikéw wskazane jest prowadzenie edukacji
zywieniowej alpinistow w celu zwickszenia ich $wiadomosci dotyczacej zasad odzywiania,
nawodnienia 1 suplementacji. Moze to sprzyjaé poprawie samopoczucia, utrzymaniu
optymalnego stanu zdrowia i wydolnosci fizycznej, a tym samym zwigkszacé szanse na sukces
podczas dziatan alpinistycznych oraz umozliwia¢ dostosowanie zalecen zywieniowych do
indywidualnych potrzeb juz na etapie przygotowan do wyprawy.

Interesujagcym poznawczo zagadnieniem byta analiza autorskiego kwestionariusza do
oceny nawykow zywieniowych wspinaczy i himalaistow w warunkach wysokogorskich, a
takze analiza warto$ci energetycznej 1 odzywczej diety w czasie wyprawy wysokogorskie;j.
Wyniki wskazaty na niska dostepnos¢ i rzadkie spozycie takich grup produktéw jak: warzywa,
owoce, nabial, jaja, ryby i1 migso, przy jednoczesnym czestym wyborze stodyczy, orzechow,
nasion oraz produktow zbozowych. Najczesciej stosowana suplementacja obejmowata
suplementy biatkowe 1 biatkowo-weglowodanowe, kofeing, probiotyki, kwasy tluszczowe
omega-3 oraz witaminy i sktadniki mineralne. Analiza warto$ci energetycznej i odzywczej
diety wspinaczy podczas wyprawy wysokogorskiej wykazata, iz byta ona niskoenergetyczna w
stosunku do ich wysokiego zapotrzebowania energetycznego, podaz biatka byta zbyt niska, a
podaz ttuszczu zbyt wysoka. Wspinacze wysokogorscy powinni dazy¢ do zwigkszenia podazy
weglowodanow, a takze mikrosktadnikow odzywczych takich jak: potas, wapn, magnez,
zelazo, cynk, selen 1 jod, a takze witamin A, D, C, kwasu foliowego 1 witaminy K, a w sytuacji
braku mozliwosci pokrycia zapotrzebowania wraz z dieta wskazane jest rozwazenie
suplementacji.

Kolejnym obszarem prezentowanych badan byta analiza stanu zdrowia oraz wydolno$ci
fizycznej wspinaczy przed wyprawa wysokogorska oraz po jej ukonczeniu. W wyniku
przeprowadzone] analizy przepuszczalno$ci jelitowej przed wyprawa, stwierdzono, iz u
wigkszosci badanych wspinaczy byta ona prawidtowa, chociaz u niektorych oséb z
prawidtowym stezeniem alfa-1-antytrypsyny zaobserwowano podwyzszone wartos$ci zonuliny.
Dhugotrwaly pobyt w warunkach wysokogorskich spowodowat istotny statystycznie spadek
masy ciala oraz masy mig$niowej. Nastapit rowniez istotny spadek masy ciata szczuptego w
konczynach goérnych oraz dolnych, a takze wskaZznika ALST. Analiza wskaZnikéw
hematologicznych wykazata istotny wzrost liczby leukocytow, erytrocytow, ptytek krwi oraz
wzrost wartosci hemoglobiny, hematokrytu, a takze neutrofili 1 monocytow po wyprawie
wysokogorskiej. Zaobserwowano istotny spadek poziomu cholesterolu catkowitego, HDL,
bilirubiny catkowitej, albuminy oraz bialka catkowitego. Wykazano istotny statystycznie

wzrost poziomu fosfatazy kwasnej catkowitej oraz fosforu nieorganicznego. Niewystarczajaca
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podaz zelaza, kwasu foliowego 1 witaminy D wraz z dietg alpinistow znajdowata
odzwierciedlenie w wynikach badan krwi. Wszystkie wskazniki moczu pozostalty w
warto$ciach referencyjnych zarowno przed wyprawa jak i po wyprawie. Na podstawie analizy
wydolnosci fizycznej stwierdzono, iz ponad trzytygodniowa ekspozycja na niedotlenienie
(>3000 m n.p.m.) miata niekorzystny wplyw na wydolnos¢ tlenowg, wydolnos¢ beztlenowg
konczyn dolnych oraz niektore wskazniki wydolno$ci beztlenowej konczyn goérnych
wspinaczy, pomimo zaobserwowanego efektu erytropoetycznego. Niekorzystne zmiany w
sktadzie ciata wspinaczy mogly wptyna¢ negatywnie na wydolnos¢ fizyczna.

Ostatnim obszarem badan byla analiza struktury i cech funkcjonalnych mikrobiomu
alpinistow przed wyprawa wysokogorska oraz po jej ukonczeniu. Wykazano, iz mikrobiom
jelitowy reaguje na ekspozycje wysokogorska. Przy stabilnej alfa-réznorodnos$ci i liczbie
funkcji odnotowano wzrost obfitosci szlaku degradacji glukozy/glukozo-1-fosforanu
GLUCOSEIPMETAB-PWY, co sugeruje adaptacj¢ funkcjonalng do warunkéw wyprawowych.
Skala zmian byta silnie osobnicza, wskazujac na zréznicowane wzorce odpowiedzi. Relatywna
stabilno$¢ funkcji przy zmianach taksonomicznych moze wskazywaé¢ na funkcjonalng
redundancj¢ mikrobiomu jelitowego. Zaobserwowano korelacje migdzy wybranymi cechami
mikrobiomu a podaza makro- i mikrosktadnikéw diety (witamin Be 1 C przed wyprawa; energii,
weglowodanow, MUFA, witamin C, Bio, Bi 1 Bs po wyprawie) oraz wskaznikami stanu
zdrowia (sodem, hemoglobing, HDL przed wyprawg; wapniem, MPV, bazofilami, sodem,
wapniem, magnezem, HDL, biatkiem catkowitym po wyprawie) i wydolnosci fizycznej
(catkowita wykonang praca (W) konczyn dolnych i $rednig wielko$cig osiggnigtej mocy (Pmean)
konczyn dolnych przed wyprawa). Korelacje te nie dowodzg zwigzku przyczynowego, ale sg
zgodne z udzialem mikrobiomu w odpowiedzi adaptacyjnej na stres wysokogorski. Wyniki te

wymagajg potwierdzenia w wigkszych kohortach oraz w badaniach interwencyjnych.

Analiza wynikdw uzyskanych w ramach przeprowadzonych badan pozwolita na
zweryfikowanie przyjetych hipotez badawczych.

Hipoteza pierwsza zostala czg¢$ciowo potwierdzona w zakresie ograniczonej realizacji
ilosciowych zalecen zywieniowych dla sportowcow w zwyczajowej diecie alpinistoéw. Podaz
energii nie byta prawidlowa w stosunku do wydatku energetycznego, jednak wspinacze w
wigkszosci dostarczali odpowiednie ilosci makro- i mikrosktadnikow pokarmowych wraz z

dieta, z wyjatkiem selenu, jodu, witaminy D i K.
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Hipoteza druga zostala potwierdzona w zakresie wystepowania nieprawidlowosci
dotyczacych analizowanych aspektow sposobu zywienia alpinistOw w czasie wyprawy
wysokogorskiej oraz ograniczonej realizacji ilosciowych zalecen zywieniowych.

Hipoteza trzecia zostala w duzej czesci odrzucona. Przebywanie na duzych
wysoko$ciach nie mialo negatywnego wptywu na zdrowie alpinistow, poza stwierdzonym
obnizeniem poziomu cholesterolu HDL.

Hipoteza czwarta zostala czeSciowo potwierdzona. Wykazano, iz wyprawa
wysokogorska miata niekorzystny wplyw na wydolnos¢ tlenowg, wydolnos¢ beztlenowa
konczyn dolnych oraz niektére wskazniki wydolnosci beztlenowej konczyn goérnych
alpinistéw, pomimo zaobserwowanego efektu erytropoetycznego.

Hipoteza piata zostata czesciowo potwierdzona. Roznice w liczbie gatunkow i funkcji
mikrobiomu przed i po wyprawie nie byly istotne statystycznie, a rozpowszechnienie gatunkow
wsrod wszystkich uczestnikow badania pozostalo niezmienne po wyprawie (stabilna
prewalencja wigkszosci taksonow). Jednocze$nie odnotowano adaptacyjne przesunigcie
funkcjonalne (wzrost obfitosci szlaku GLUCOSEIPMETAB-PWY) bez istotnego spadku alfa-
réznorodno$ci. Adaptacyjny (,,korzystny”) charakter opisanej zmiany jest jednak
nieweryfikowalny w opisanej grupie (mata liczebno$¢, brak wskaznikéw przyczynowych) i

wymaga potwierdzenia w wigkszych kohortach.

Przeprowadzone w ramach niniejszej rozprawy doktorskiej badania pozwolily na

sformutowanie nastepujacych wnioskow:

1. Analiza przegladowa literatury wykazata, ze cho¢ istnieje wiele prac naukowych
dotyczacych wptywu przebywania na wysokosci na fizjologi¢ cztowieka, stosunkowo
niewiele publikacji opisuje aspekty Zywienia w warunkach wysokogorskich. Podkresla
to potrzebe poglebienia swiadomos$ci sportowcéw w zakresie zasad odzywiania,
nawodnienia 1 suplementacji diety, co moze przyczyni¢ si¢ do poprawy samopoczucia,
zapewnienia optymalnego stanu zdrowia, wydolno$ci fizycznej oraz podniesienia szans
na sukces podczas dziatan alpinistycznych. Istotne jest rowniez zapewnienie
odpowiedniej opieki dietetycznej, umozliwiajacej edukacje alpinistow 1 dostosowanie
zalecen zywieniowych do indywidualnych potrzeb juz na etapie przygotowan do
wyprawy.

2. Analiza zwyczajowej diety alpinistow wykazala, iz osoby uprawiajace alpinizm s3
narazone na ryzyko wystgpienia ujemnego bilansu energetycznego i/lub niskiej

dostepnosci energii.
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Wiekszo$¢ wspinaczy dostarczata w zwyczajowej diecie odpowiednie ilo§ci makro- 1
mikrosktadnikow, z wyjatkiem selenu, jodu, witamin D i K. Nieprawidtowosci
zywieniowe obserwowane podczas wyprawy wysokogorskiej dotyczyly przede
wszystkim niewystarczajacej iloSci energii w stosunku do zwigkszonego
zapotrzebowania, zbyt niskiej podazy bialka oraz nadmiernego udziatu thuszczow.
Niedobory energetyczne powinny by¢ uzupelniane poprzez wigkszg podaz
weglowodanéw w diecie i/lub odpowiednig suplementacj¢. Ze wzgledu na stwierdzone
niedobory wielu mikrosktadnikow odzywczych zaleca si¢ zwiekszenie podazy potasu,
wapnia, magnezu, zelaza, cynku, selenu 1 jodu, a takze witamin A, D, C, kwasu
foliowego i witaminy K, a w sytuacji braku mozliwos$ci pokrycia zapotrzebowania wraz
z dietg wskazane jest rozwazenie suplementacji.

Analiza czesto$ci spozycia poszczegolnych grup produktéw w  warunkach
wysokogorskich wykazata, 1z alpinis$ci podczas wyprawy najczesciej siegali po cukier i
stodycze, orzechy i nasiona, a takze produkty zbozowe (petnoziarniste i rafinowane). Z
kolei, ze wzgledu na ograniczong dostgpnos¢, najrzadziej spozywali warzywa, owoce,
jaja, mleko i przetwory mleczne, maslto i $mietane, ryby oraz migso.

Suplementacja diety stosowana podczas wypraw wysokogorskich u wigkszos$ci
uczestnikow wydaje si¢ wlasciwa 1 zgodna z aktualnymi zaleceniami dla alpinistow,
szczegblnie w odniesieniu do weglowodanow, biatka, witamin 1 skladnikow
mineralnych, kwasow ttuszczowych omega-3, kofeiny i probiotykéw. Niemniej jednak,
konieczne sa dalsze badania majace na celu okreslenie optymalnych dawek, czasu
stosowania suplementacji oraz jej dlugofalowego wpltywu na proces adaptacji
wysokogorskiej. Dobdr whasciwej suplementacji powinien by¢ ustalany indywidualnie
we wspolpracy ze specjalistami, tj. lekarzem i dietetykiem.

Wyprawy wysokogorskie spowodowaly niekorzystne zmiany w skladzie ciala,
obejmujace spadek masy ciata, masy mig$niowej, masy ciata szczuptego w konczynach
gornych oraz dolnych, a takze wskaznika ALST, ktore mogly negatywnie wptynac na
wydolno$¢ fizyczng alpinistow. W zwigzku z dziataniem niekorzystnych czynnikow
srodowiskowych, charakterystycznych dla warunkach wysokogorskich oraz ze
zwigkszonym tempem metabolizmu, szczeg6lny nacisk nalezy potozy¢ na
optymalizacj¢ podazy energii 1 indywidualnie dobrang suplementacj¢, aby ograniczy¢
wystepowanie opisanych efektow.

Przebywanie na duzych wysokosciach nie wptyn¢lo negatywnie na stan zdrowia

alpinistow, za wyjatkiem stwierdzonego obnizenia poziomu cholesterolu HDL, jednak
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niewystarczajaca podaz zelaza, kwasu foliowego 1 witaminy D wraz z dietg znalazta
odzwierciedlenie w wynikach badan krwi. U wigkszoSci wspinaczy wskazniki
przepuszczalnosci jelitowej przed wyprawa miescily si¢ w zakresie warto$ci
prawidtowych, chociaz u czgsci o0s6b, mimo prawidlowego st¢zenia alfa-1-
antytrypsyny, zaobserwowano podwyzszony poziom zonuliny.

Ponad trzytygodniowa ekspozycja na niedotlenienie (>3000 m n.p.m.) miata
niekorzystny wplyw na wydolnos$¢ tlenowa, wydolnos$¢ beztlenowa konczyn dolnych
oraz niektére wskazniki wydolnosci beztlenowej konczyn gérnych wspinaczy, pomimo
zaobserwowanego efektu erytropoetycznego.

Sktad, obfitos¢ gatunkow i liczba funkcji mikrobiomu nie ulegly istotnym zmianom pod
wplywem przebywania w warunkach wysokogorskich, jednak odnotowano wzrost
czegstosci 1 obfitosci szlaku degradacji glukozy/glukozo-1-fosforanu, co wskazuje na
ukierunkowang adaptacje¢ funkcjonalng do zwigkszonej dostepnosci weglowodanow i
stresu srodowiskowego.

Zaobserwowane korelacje miedzy cechami mikrobiomu a wybranymi sktadnikami
diety oraz wskaznikami stanu zdrowia i wydolnosci fizycznej s3 zgodne z udziatem
mikrobiomu w odpowiedzi adaptacyjnej na stres wysokogorski, jednak wymagaja
potwierdzenia w wigkszych kohortach oraz w badaniach interwencyjnych.

Dalsze badania powinny obejmowa¢ dlugoterminowg analiz¢ zaleznosci miedzy
sposobem zywienia a mikrobiomem jelitowym i1 wydolno$cia fizyczng w warunkach
hipoksji wysokogorskiej, prowadzong w wigkszych kohortach oraz z wykorzystaniem
kontrolowanych interwencji dietetycznych, takich jak zastosowanie pre-, pro-,

synbiotykow, czy modulacja podazy weglowodanow i mikrosktadnikow pokarmowych.
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Streszczenie

Alpinizm wysokogorski to dyscyplina laczaca wspinaczke skatkows, wspinaczke
lodowa, skialpinizm oraz przemieszczanie si¢ po lodowcach (Twight et al., 1999), ktorg
zainteresowanie rosnie z kazdym rokiem, takze wsrdd alpinistow na poziomie amatorskim
(Salisbury et al., 2021). Przebywanie w warunkach hipoksji hipobarycznej (>3000 m n.p.m.)
wywotuje szereg szkodliwych skutkéw dla ludzkiego organizmu, jednak wiedza na ich temat
jest wciaz niepetna. Celem badania byta ocena wptywu wyprawy wysokogorskiej na sposob
zywienia, stan zdrowia, wydolno$¢ fizyczng oraz struktur¢ mikrobiomu alpinistow.
Wprowadzeniem teoretycznym do cyklu publikacji naukowych byt artykul przegladowy nt.
zywienia, nawadniania i suplementacji diety alpinistow w warunkach wysokogorskich.

W badaniu wzigto udziat 17 m¢zezyzn w wieku 30.29 + 5.8 lat o stazu wspinaczkowym
10 £ 5 lat, trenujacych $rednio 8 = 3 godzin w tygodniu i uczestniczacych w wyprawach
gorskich na szczyty 5000-8000 m, trwajacych $rednio 34 + 6 dni (w tym 26 + 6 dni powyzej
3000 m). W celu okreslenia warto$ci energetycznej i odzywczej zwyczajowej 1 wysokogorskiej
diety alpinistow zastosowano metode 3-dniowego biezacego notowania i wagowa. Analizg
nawykoéw 1 postaw zywieniowych w czasie wyprawy wysokogorskiej oparto na autorskiej
ankiecie. Przeprowadzono analiz¢ skladu ciala z zastosowaniem metody absorpcjometrii
promieniowania X o dwdch energiach oraz oceng¢ wybranych wskaznikéw ogodlnego stanu
zdrowia (hematologia i1 biochemia krwi oraz badanie moczu, badanie katlu, przepuszczalnos¢
jelitowa). Wydolno$¢ aerobowg oceniano w trakcie klasycznego testu o stopniowo narastajgce]
intensywnosci ,,do odmowy”, natomiast wydolno$¢ anaerobowa w trakcie testu Wingate dla
koficzyn dolnych i1 gornych. W celu przeprowadzenia analizy mikrobiomu wykonano
sekwencjonowanie metagenomiczne. Analizy bioinformatyczne i statystyczne pozwolily
oceni¢ zmiany w skladzie 1 funkcjach mikrobiomu oraz ich korelacje z parametrami
fizjologicznymi 1 dietetycznymi. Analiza stanu zdrowia, sktadu ciala, wydolnosci fizycznej
oraz mikrobiomu jelitowego alpinistow przeprowadzona zostata dwukrotnie — przed wyprawa
oraz po jej ukonczeniu.

Analiza przegladowa literatury wykazata, ze cho¢ istnieje wiele prac naukowych
dotyczacych wptywu przebywania na wysokosci na fizjologi¢ cztowieka, stosunkowo niewiele
publikacji opisuje aspekty zywienia w warunkach wysokogorskich. Podkresla to potrzebe
poglebienia $§wiadomos$ci sportowcow w zakresie zasad odzywiania, nawodnienia i
suplementacji diety, co moze przyczyni¢ si¢ do poprawy samopoczucia, zapewnienia

optymalnego stanu zdrowia, wydolnosci fizycznej oraz podniesienia szans na sukces podczas
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dziatan alpinistycznych. Istotne jest rowniez zapewnienie odpowiedniej opieki dietetycznej,
umozliwiajacej edukacje alpinistow i dostosowanie zalecen zywieniowych do indywidualnych
potrzeb juz na etapie przygotowan do wyprawy.

Analiza zwyczajowe] diety alpinistow wykazata, iz osoby uprawiajgce alpinizm sg
narazone na ryzyko wystgpienia ujemnego bilansu energetycznego i/lub niskiej dostepnosci
energii. Wiekszo$¢ wspinaczy dostarczala w zwyczajowej diecie odpowiednie ilosci makro- i
mikrosktadnikow, z wyjatkiem selenu, jodu, witamin D i K. Nieprawidlowosci zywieniowe
obserwowane podczas wyprawy wysokogorskiej  dotyczyly przede  wszystkim
niewystarczajacej ilosci energii w stosunku do zwigkszonego zapotrzebowania, zbyt niskiej
podazy biatka oraz nadmiernego udziatu tluszczoéw. Niedobory energetyczne powinny by¢
uzupetniane poprzez wicksza podaz weglowodanow w diecie i/lub odpowiednia suplementacje.
Ze wzgledu na stwierdzone niedobory wielu mikrosktadnikow odzywczych zaleca sie
zwigkszenie podazy potasu, wapnia, magnezu, zelaza, cynku, selenu i jodu, a takze witamin A,
D, C, kwasu foliowego i witaminy K, a w sytuacji braku mozliwosci pokrycia zapotrzebowania
wraz z dieta wskazane jest rozwazenie suplementacji. Analiza czesto$ci spozycia
poszczegblnych grup produktéw w warunkach wysokogodrskich wykazata, iz alpini$ci podczas
wyprawy najczesciej siggali po cukier i stodycze, orzechy i nasiona, a takze produkty zbozowe
(pelnoziarniste 1 rafinowane). Z kolei, ze wzgledu na ograniczong dostgpnos¢, najrzadziej
spozywali warzywa, owoce, jaja, mleko 1 przetwory mleczne, masto 1 $mietane, ryby oraz
migso. Suplementacja diety stosowana podczas wypraw wysokogorskich u wiekszosci
uczestnikow wydaje si¢ wlasciwa 1 zgodna z aktualnymi zaleceniami dla alpinistow,
szczegblnie w odniesieniu do weglowodanow, biatka, witamin 1 sktadnikow mineralnych,
kwasow tluszczowych omega-3, kofeiny 1 probiotykow. Niemniej jednak, konieczne sg dalsze
badania majace na celu okreslenie optymalnych dawek, czasu stosowania suplementacji oraz
jej dlugofalowego wptywu na proces adaptacji wysokogorskiej. Dobor wiasciwej suplementacji
powinien by¢ ustalany indywidualnie we wspolpracy ze specjalistami, tj. lekarzem i
dietetykiem.

Wyprawy wysokogorskie spowodowaly niekorzystne zmiany w sktadzie ciala,
obejmujace spadek masy ciala, masy mig$niowej, masy ciata szczuptego w konczynach
gornych oraz dolnych, a takze wskaznika ALST, ktore mogly negatywnie wptyna¢ na
wydolno$¢ fizyczng alpinistow. W zwigzku z dzialaniem niekorzystnych czynnikéw
srodowiskowych, charakterystycznych dla warunkach wysokogorskich oraz ze zwigkszonym
tempem metabolizmu, szczegodlny nacisk nalezy potozy¢ na optymalizacj¢ podazy energii i

indywidualnie dobrang suplementacj¢, aby ograniczy¢ wystgpowanie opisanych efektow.

50



Przebywanie na duzych wysoko$ciach nie wptyneto negatywnie na stan zdrowia alpinistow, za
wyjatkiem stwierdzonego obnizenia poziomu cholesterolu HDL, jednak niewystarczajaca
podaz zelaza, kwasu foliowego i witaminy D wraz z dietg znalazta odzwierciedlenie w
wynikach badan krwi. U wigkszo$ci wspinaczy wskazniki przepuszczalnosci jelitowej przed
wyprawg miescity si¢ w zakresie wartosci prawidlowych, chociaz u czgsci oséb, mimo
prawidtowego stezenia alfa-1-antytrypsyny, zaobserwowano podwyzszony poziom zonuliny.
Ponad trzytygodniowa ekspozycja na niedotlenienie (>3000 m n.p.m.) miala niekorzystny
wplyw na wydolnos¢ tlenowa, wydolno$¢ beztlenowg konczyn dolnych oraz niektore
wskazniki wydolnos$ci beztlenowej konczyn gornych wspinaczy, pomimo zaobserwowanego
efektu erytropoetycznego.

Sktad, obfitos¢ gatunkow i liczba funkcji mikrobiomu nie ulegly istotnym zmianom pod
wplywem przebywania w warunkach wysokogoérskich, jednak odnotowano wzrost czestosci 1
obfitosci szlaku degradacji glukozy/glukozo-I-fosforanu, co wskazuje na ukierunkowana
adaptacj¢ funkcjonalng do zwigkszonej dostepnosci weglowodanow i stresu srodowiskowego.
Zaobserwowane korelacje migdzy cechami mikrobiomu a wybranymi sktadnikami diety oraz
wskaznikami stanu zdrowia 1 wydolnosci fizycznej sg zgodne z udziatem mikrobiomu w
odpowiedzi adaptacyjnej na stres wysokogorski, jednak wymagaja potwierdzenia w wigkszych
kohortach oraz w badaniach interwencyjnych. Dalsze badania powinny obejmowac
dhlugoterminowg analiz¢ zaleznosci miedzy sposobem zywienia a mikrobiomem jelitowym i
wydolno$cia fizyczng w warunkach hipoksji wysokogorskiej, prowadzong w wigkszych
kohortach oraz z wykorzystaniem kontrolowanych interwencji dietetycznych, takich jak
zastosowanie pre-, pro-, synbiotykow, czy modulacja podazy weglowodanow i

mikrosktadnikéw pokarmowych.
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Abstract

High-altitude mountaineering is a discipline that combines rock climbing, ice climbing,
ski mountaineering, and glacier travel (Twight et al., 1999). Interest in high-mountain climbing
is growing every year, including among mountaineers at the amateur level (Salisbury et al.,
2021). Exposure to hypobaric hypoxia conditions (>3,000 MASL) induces a range of adverse
effects on the human body; however, knowledge of these mechanisms remains incomplete. The
aim of the study was to assess the impact of a high-altitude expedition on dietary habits, health
status, physical performance, and gut microbiome composition in alpinists. The theoretical
introduction to this series of scientific publications was a review article on nutrition, hydration,
and dietary supplementation of mountaineers in high-altitude environments.

The study included 17 male participants aged 30.29 + 5.8 years, with a climbing
experience of 10 = 5 years, training on average 8 = 3 hours per week, and participating in
expeditions to peaks ranging from 5,000 to 8,000 MASL, lasting on average 34 + 6 days
(including 26 + 6 days above 3,000 MASL). To determine the energy and nutrient value of both
habitual and high-altitude diets, a 3-day weighed food record method was used. Dietary habits
and attitudes during the expedition were assessed using a custom-designed questionnaire. Body
composition was analyzed using dual-energy X-ray absorptiometry (DEXA), and selected
indicators of general health status were assessed (hematology and blood biochemistry,
urinalysis, stool testing, and intestinal permeability). Aerobic performance was evaluated using
a graded exercise test to exhaustion, while anaerobic performance was assessed using the
Wingate test for upper and lower limbs. Metagenomic sequencing was used for microbiome
analysis. Bioinformatic and statistical analyses enabled the evaluation of changes in
microbiome composition and function, as well as their correlations with physiological and
dietary parameters. Assessments of health status, body composition, physical performance, and
gut microbiome were performed twice - before and after the expedition.

The literature review indicated that, although numerous studies have examined the
effects of high-altitude exposure on human physiology, relatively few publications address
nutritional aspects under high-altitude conditions. This highlights the need to raise athletes’
awareness of proper nutrition, hydration, and supplementation strategies, which may contribute
to improved well-being, optimal health, enhanced physical performance, and greater chances
of success during alpine expeditions. It is also important to ensure appropriate dietary support,
including nutrition education and the individualization of dietary recommendations, even

during the preparation stage.
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The analysis of habitual diets showed that alpinists are at risk of negative energy balance
and/or low energy availability. Most climbers provided adequate amounts of macro- and
micronutrients in their habitual diet, except for selenium, iodine, and vitamins D and K.
Nutritional issues observed during high-altitude expeditions primarily involved insufficient
energy intake relative to increased demands, inadequate protein intake, and excessive fat
consumption. Energy deficits should be compensated by increasing carbohydrate intake and/or
appropriate supplementation. Due to observed deficiencies in many micronutrients, increased
intake of potassium, calcium, magnesium, iron, zinc, selenium, iodine, as well as vitamins A,
D, C, folate, and K 1is recommended. If dietary intake cannot meet requirements,
supplementation should be considered. The analysis of food group consumption at high altitude
showed that climbers most frequently consumed sugar and sweets, nuts and seeds, and cereal
products (both whole-grain and refined). Conversely, due to limited availability, they least often
consumed vegetables, fruits, eggs, milk and dairy products, butter and cream, fish, and meat.
Supplement use during the expeditions appeared appropriate and consistent with current
recommendations for climbers, particularly regarding carbohydrates, protein, vitamins and
minerals, omega-3 fatty acids, caffeine, and probiotics. Nonetheless, further research is needed
to determine optimal dosages, timing, and long-term effects of supplementation on high-altitude
adaptation. Supplementation should always be tailored individually in consultation with
healthcare professionals such as physicians and dietitians.

High-altitude expeditions resulted in unfavorable changes in body composition,
including reductions in body weight, muscle mass, lean mass in both upper and lower limbs,
and appendicular lean soft tissue index (ALST), which could negatively affect physical
performance. Given the adverse environmental factors characteristic of high-altitude conditions
and the elevated metabolic rate, special attention should be paid to optimizing energy intake
and individualized supplementation to mitigate these effects. Staying at high altitude did not
negatively affect climbers’ health status, except for a decrease in HDL cholesterol levels.
However, insufficient dietary intake of iron, folate, and vitamin D was reflected in their blood
test results. Most climbers presented normal intestinal permeability markers before the
expedition, although some showed elevated zonulin levels despite normal alpha-1-antitrypsin
concentrations. More than three weeks of hypoxia exposure (>3000 MASL) negatively affected
aerobic capacity, anaerobic performance of the lower limbs, and selected indices of anaerobic
performance of the upper limbs, despite a noticeable erythropoietic effect.

The composition, species abundance, and number of microbiome functions did not

change significantly under high-altitude conditions; however, an increase in the frequency and
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abundance of the glucose and glucose-1-phosphate degradation pathway was observed,
indicating a functional adaptation to increased carbohydrate availability and environmental
stress. Correlations observed between microbiome characteristics and selected dietary
components, as well as health and performance indicators, support the involvement of the gut
microbiome in the adaptive response to high-altitude stress. Nevertheless, these findings require
confirmation in larger cohorts and interventional studies. Future research should include long-
term analyses of the relationships between diet, gut microbiome, and physical performance
under high-altitude hypoxia, conducted in larger populations and through controlled dietary
interventions such as the use of pre-, pro-, and synbiotics, or modulation of carbohydrate and

micronutrient intake.
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Abstract: Appropriate nutritional preparation for a high-mountain expedition can contribute to the
prevention of nutritional deficiencies affecting the deterioration of health and performance. The aim
of the study was to analyze the dietary habits, supplementation and nutritional value of diets of high
mountain climbers. The study group consisted of 28 men (average age 33.12 & 5.96 years), taking part
in summer mountaineering expeditions at an altitude above 3000 m above sea level, lasting at least
3 weeks. Food groups consumed with low frequency during the expedition include vegetables, fruits,
eggs, milk and milk products, butter and cream, fish and meat. The energy demand of the study
participants was 4559.5 + 425 kcal, and the energy supply was 2776.8 + 878 kcal. The participants
provided 79.6 + 18.5 g of protein (1.1 £ 0.3 g protein/kg bw), 374.0 + 164.5 g of carbohydrates
(5.3 & 2.5 g/kg bw) and 110.7 + 31.7 g of fat (1.6 + 0.5 g/kg bw) in the diet. The climbers’ diet
was low in calories, the protein supply was too low, and the fat supply was too high. There is a
need to develop nutritional and supplementation recommendations that would serve as guidelines
for climbers, improving their well-being and exercise capacity in severe high-mountain conditions,
which would take their individual taste preferences into account.
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1. Introduction

There is a dynamic development and interest in mountain sports, including moun-
taineering and Himalayan mountaineering [1]. Due to the negative effects of weather and
environmental conditions, mountain climbers are exposed to the risk of health deterio-
ration and even loss of life [2]. Both short- and long-term exposure to hypoxia in high
mountains causes extensive physiological changes [3]. Due to hypoxia, the partial pressure
of oxygen in the blood and tissues decreases. The human body, in response to unfavorable
conditions in terms of oxygen availability, responds with hyperventilation and activation
of the sympathetic nervous system and causes an increase in cardiac output, which is asso-
ciated with an increase in metabolic demand. Due to the conditions prevailing in the high
mountain environment—i.e., reduced atmospheric pressure, leading to the development
of hypobaric hypoxia, increased UV radiation, lack of access to fresh food, and thus low
supply of antioxidant ingredients with food, heavy physical effort and mental stress—an
increased production of reactive oxygen species (ROS) is observed, which is referred to as
oxidative stress [4]. The effect of ROS in climbers returning from high-altitude expeditions
is the development of many diseases, including neurodegenerative processes [5] and dam-
age to the intestinal barrier, leading to consequences such as bacterial translocation and
local /systemic inflammatory reactions [6].
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At high altitude, both appetite and sense of taste are impaired. The feeling of satiety
occurs after smaller meals in terms of volume, therefore smaller amounts of food are
eaten. This phenomenon, called “mountain anorexia”, makes it difficult for some people
to maintain body weight at an altitude of 3600 m and extremely difficult for the majority
of people over 5000 m above sea level [7]. In addition, weight loss is caused by reduced
energy intake due to gastrointestinal disorders [8], increased basal metabolism, altered
concentrations of hormones affecting satiety, including leptin, and water loss [9-15]. Fluid
requirements in high altitude conditions are higher than at sea level due to hyperventilation,
low humidity, sweat losses [16,17] and increased diuresis as a result of downregulation of
the renin-angiotensin-aldosterone system, especially during the first days of stay [18].

Appropriate preparation for the expedition, in particular attention to the factors
that climbers have an influence on, e.g., nutrition and hydration, can contribute to the
prevention of nutritional deficiencies and dehydration, affecting the deterioration of health
and fitness of the body. Inadequate supply of carbohydrates during endurance activities
may result in hypoglycemia, lower glycogen content and muscle fatigue [19]. On the other
hand, inadequate supply of energy and protein, which is the cause of the loss of lean body
mass, has a negative effect on aerobic capacity, muscle strength and immunity [20-22].
High-altitude hypoxia increases fluid loss and contributes to dehydration, which reduces
aerobic capacity in high-altitude conditions [23]. Optimal hydration can be limited by
environmental conditions, but also by the time and fuel resources needed to prepare
drinking water, sourced from the glacier [24]. Reduced thirst at high altitudes is another
factor contributing to dehydration [25].

Many studies have been conducted on changes in body composition caused by stay-
ing at high altitude [26,27], or approaches to feeding teams of mountaineers in the high
mountains [28-30]. There is still a lack of precise guidelines on nutrition in high-mountain
conditions, focused on the real needs and referring to the preferences of climbers. The fol-
lowing research hypothesis was put forward: climbers’ diets are characterized by discipline-
specific inaccuracies resulting from being in high-altitude conditions. If the hypothesis of a
deficient diet in high altitude conditions among Polish climbers is confirmed, this study
will provide a starting point for creating dietary recommendations. This article aims to
indicate what, from the point of view of Polish climbers, is the most difficult to achieve in
high mountains in terms of nutrition and to provide data from the analysis of food diaries
kept during the expedition.

2. Materials and Methods
2.1. Study Participants

The study group consisted of 28 men from Poland aged 23 to 42 years, taking part in
mountain expeditions at least once a year during the summer period, during which they
stayed at altitudes above 3000 m above sea level for at least 3 weeks. The persons qualified
for the survey and supplementing the surveys were members of alpine clubs associated
with the Polish Mountaineering Association. The anthropometric data and BMI of the
group are presented in Table 1.

Table 1. Anthropometric data and BMI of climbers participating in the survey (1 = 28) and supple-
menting food diaries (1 = 15).

Men (n = 28) Men (1 =15)
x SD X SD
Age [years] 3342 5.96 29.6 525
Body height [cm] 179.04 6.96 179.87 7.37
Body weight [kg] 71.48 5.43 71.39 6.80
BMI [kg/m?] 2231 1.37 22.06 1.61

Abbreviations: ¥ —mean; SD—standard deviation; BMI—body mass index.
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Among the subjects, 42.9% of them said they had been mountain climbing for more
than 10 years, 10.7% of the subjects 9-10 years, 21.4% of the subjects 7-8 years, 17.9% 56 years,
and 7.1% 1-4 years. The subjects had extensive climbing experience, both in rock climbing
(sport climbing levels between 7b and 8c), bouldering, drytooling, and mountaineering
on their own belay. Among the respondents, 82.1% train sport climbing 2 or more times a
week. In addition to climbing, those surveyed (92.86%) introduce complementary training:
running, biking, swimming, weightlifting, skydiving or skiing, among others.

Within the group of 28 climbers, 15 kept food diaries from three days of expedition
while climbing in Peru (Cordillera Blanca) and Pakistan (Shimshal Valley). Subjects who
participated in mountain expeditions, where the time spent at an altitude above 3000 m
above sea level was not less than 3 weeks, were enrolled in the study. The macronutrient
content of the diet was assessed in mountaineers belonging to the Polish Mountaineering
Association between the ages of 22 and 40. The anthropometric data and BMI of the group
are presented in Table 1. At the time when the food diaries were kept, the climbers were at
an altitude of 4000-6000 m. The goal of the climbing group in Peru was to ascend, among
others, the 800 m Cruz del Sur route on the rock monolith La Esfinge (5325 m). A new route
was established on Ocschapalca (5888 m) and Nevado Churup (5495 m), and ascents were
made on Artesonraju (6025 m) and Alpamayo (5947 m). Climbers targeting peaks in the
Shuijerab Mountain Group in Pakistan carved out a route on the west face of the pristine
Trident Peak (6150 m).

Before participating in the project, the climbers had a consultation with a sports
medicine doctor. On the basis of previously performed examinations (ECG, blood and
urine tests), the ability to practice mountaineering, as well as to participate in the project,
was assessed. The presence of chronic diseases and age over 45 were disqualifying factors
from participating in the project.

The Bioethics Committee of the Regional Medical Chamber of Krakow granted ap-
proval for the research project (68/KBL/OIL/2022), which was carried out in accordance
with the Declaration of Helsinki. After understanding the risks and benefits of participating
in the study, all climbers gave written informed consent to participate in this study.

2.2. Study Design
2.2.1. Nutrition Survey

The analysis of dietary habits and attitudes was based on the author’s survey. Re-
sponses to 54 questions (8 open, 46 closed) were analyzed. The questionnaire was divided
into 3 parts concerning the following: anthropometric data and mountain experience and
climbing experience, as well as health status and emerging ailments in the high mountains
and after returning from the mountains; preparation for the expedition related to health
analysis; eating behavior during the mountain action (including preferred foods, supple-
ments, liquids, frequency of consumption of food groups in the mountains, appetite). The
questionnaire was prepared on the basis of literature related to nutrition in high mountain
conditions and a questionnaire to study dietary views and habits [31]. Responses to the
questions on the sheet, which were analyzed, are included in the Supplementary Materials.

2.2.2. Nutritional Analysis of the Diet

The supply of selected macronutrients during the mountaineering expedition was
determined by analyzing the whole-day rations obtained using the 3-day food diary
method. The expedition participants were asked to note down all the foods, meals and
supplements eaten, and fluids drank during the 3 active days of the expedition. These were
days of acclimatization and alpine climbing on the way to the summit, and the activities
noted during this time were mainly hiking with climbing elements. Climbers were given
detailed instructions on how to keep food diaries before leaving for the expedition in order
to minimize recording errors. The diaries contained commercially available products, so
the necessary data for analysis was read from labels and nutritional tables. In the case of
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food products such as bars, energy gels and freeze-dried products, climbers were asked to
provide the product name, manufacturer and product weight.

The data from the diaries were meticulously entered into the program Aliant Dietetic
Calculator (Anmarsoft, Gdarisk, Poland; version: 85; database: 6.2) for quantitative analysis
of the climbers’ diets during the active days of the expedition. The program used the
“Tables of food composition and nutritional value” [32] as a database, taking into account
food recipes and losses due to product processing. The average intake of macronutrients
(protein, fat, total carbohydrates), dietary fiber, simple carbohydrates, saturated fatty acids,
and sodium from 3 days was referred to recommendations for athletes [33-37].

2.2.3. Anthropometric Measurements

The subjects” body heights were measured before the expedition using a Seca 217 an-
thropometer (Seca GmbH & Co. KG, Hamburg, Germany) with an accuracy of 1 mm.
The athletes” body weight was determined using InBody 120 body composition analyzer
(Inbody Bldg., Seoul, Republic of Korea) in the morning after a standardized meal between
7:45 and 8:30 a.m.

2.2.4. Measurement of Energy Expenditure

Measurements of energy expenditure during the expedition were made by the re-
searchers using a monitor recording heart rate Polar M430 (Polar-Electro, Kempele, Finland),
which was recorded 24/7 for 3 active days. Pulsometers consisted of watches (receiver)
and straps with transmitters Polar H10 sensor (Polar-Electro, Kempele, Finland), worn
on the chest at the level of the gladius process in the anterior midline. The watches were
placed on the hand so that they were adjacent to the body just below the wrist bone. Before
the measurement began, the required data were entered into the device for each athlete:
gender, age, body weight and height. Before the start of physical activity, the subjects were
instructed to put on the transmitter strap, start the physical activity recording option on
the device (climbing outdoors), and when the physical activity was over, to turn off the
recording by pressing the corresponding button on the watch. In the case of recording ac-
tivity during acclimatization or when reaching the climbing start point, the training option
was not enabled. All climbers were advised not to remove the devices from their wrists for
the duration of the energy expenditure recording being carried out (sleep, daytime activity,
physical activity). Energy expenditure was recorded in the Polar Flow app. For those
whose measurements were not taken using heart rate monitoring, an averaged physical
activity index (PAL) value was calculated based on the measurements of the other climbers,
which was 2.6, and then the total metabolism value was calculated by multiplying the basal
metabolism value, calculated using the Harris Benedict formula, by the PAL value.

2.2.5. Statistical Analysis

Analyses were carried out using Statistica 13.3 statistical package (StatSoft Inc., Tulsa,
OK, USA) by determining the parameters of descriptive statistics, i.e., mean value of
macronutrient intake, standard deviation (SD) and significance level (p). Differences
between energy supply and demand were analyzed using Student’s t-test for related
variables. A test probability of p < 0.05 was considered significant and the statistical
significance of p < 0.01 was considered highly significant.

3. Results
3.1. Survey Analysis

The results of the survey indicate that 85.7% of climbers do not perform blood tests
before the expedition, in contrast to 14.3% of the surveyed group who control their health.
The vast majority of respondents also do not control the level of iron (92.9%) or ferritin
(96.5%). Only 7.1% of people consult a dietician before departure. Before leaving for an
expedition, 75% of the respondents follow a normal diet, while 25% report using a diet
other than the usual one, e.g., gluten-free, semi-vegetarian, vegan and vegetarian.
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Of the climbers, 85.7% declare that their diet significantly differs from the usual diet
in the mountains, while 14.3% of climbers do not report any changes in their diet in the
mountains. Of the respondents, 67.9% assess their appetite in the mountains 3000 m above
sea level as good, 14.3% as average, 14.3% as very good, while 3.6% of people assess their
appetite as low.

The most common choices in terms of products consumed in the mountains among
the respondents include chocolate bars, freeze-dried dishes, chocolate, energy gels, gum-
mies, salty snacks, dried meat, fruit mousses, canned meat and fish, kabanos sausages,
sandwiches, halva, dried fruit, nuts and instant food (jellies, puddings, soups) (Figure 1).
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Figure 1. Food products most often taken on a mountain action with a bivouac above the base camp

by climbers (percentage of climbers).

Cereal bars, date bars, high-protein bars and chocolate coated bars are the most popular
options among climbers. Freeze-dried meals are the most frequently used nutritional
solution after the end of a mountain action with bivouac (82.1%). A large percentage of
climbers (75%) declare an overabundance of sweet taste, caused by the high frequency and
quantity of carbohydrate snacks consumed, yet 78.6% of respondents prefer sweet snacks
in the mountains as their first choice. Salty or acidic products, including meat, cheese,
sausages, sandwiches and nuts are preferred by 21.4% of respondents.

Food groups consumed during the expedition with low frequency include vegetables,
fruit, eggs, milk and milk products, butter and cream, fish and meat (Figure 2).

In turn, the following products are most often consumed by climbers: sugar and
sweets (85.7%), nuts and seeds (67.9%), wholegrain cereal products (64.3%) and refined
cereal products (57.1%). Among the climbers surveyed, 7.1% of them realized the correct
dietary recommendations regarding the frequency of consumption of vegetable oils (daily
intake), 17.9% took 1-2 servings of fruit daily, 17.9% took cereal products daily, and 25% of
people took fish 1-2x a week.

The freeze-dried products most often consumed by climbers during the expedition
include lunch dishes, soups, porridges, oatmeal, desserts and fruit. Freeze-dried food
is willingly eaten by 57.1% of the respondents, and as many as 50% of climbers declare
the occurrence of digestive discomfort (flatulence, abdominal pain, diarrhea) after eating
freeze-dried food. The vast majority of climbers (92.9%) declare that the amount of food
affects their well-being in the mountains, and 96.4% of people emphasize that the quality of
food is also very important. Despite this, as many as 57.1% of climbers do not take the right
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amount of food with them to the mountains. This is due to logistical errors or an attempt to
minimize the weight of the backpack. Regeneration after the end of the mountain action
lasts, depending on the difficulties the climbers encountered, from 1 to 7 days.

Sugar and sweets

Nuts and seeds

Refined cereal products
Meat preparations
Vegetable oils

Dry legume seeds

Whole grain cereal products

0 (0%)

S 2 (7.1%)

— 2(17.9%)
— 3(46.4%)
I 5 (17.9%)
L) 5(60.7%)
5 (39.3%)

Meat i 10 (10.7%)
Fish | 11 (35.7%)
Butter and cream [ 13 (57.1%)
Milk and milk products | EEG—G—— 16 (7.1%)
Eggs G 17 (17.9%)
Fruits | 23 (82.1%)
Vegetables | EG_—_—_— e — 26 (92.9%)

0 5 10 15 20 25 30

Figure 2. Declarations (percentage of climbers) concerning food groups consumed in high mountain
conditions with low frequency.

Climbers most often take isotonic drinks (78.6%), tea (60.7%), water (53.6%), coffee
(14.3%) or juices (10.7%) with them in the mountains, as well as beer (3.6%), electrolyte
solution (3.6%) and also kissel (3.6%). The amount of fluids consumed by climbers in the
mountains is shown in Figure 3.

<tliter [l 3.60%

1-2liters N 39.30%
2-3liters [ 46.40%
3-4liters [ 7.10%
>dliters [l 3.60%
0% 10% 20% 30% 40% 50%
m >4 liters ® 3-4liters m2-3liters = 1-2liters =<1 liter

Figure 3. The amount of fluids consumed by climbers in the mountains (per day).

The respondents (57.1%) believe that the amount of fluids they drink in the mountains
is not sufficient. Among the group of respondents, 85.7% of people use electrolytes as an
addition to water. Only 14.3% of respondents use water purification tablets when drinking
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water from glaciers. 20% of the respondents experienced acute mountain sickness. As
many as 94.4% of climbers claim that one of the causes of their high-altitude sickness could
be inadequate hydration of the body.

Dietary supplements used by climbers include protein and protein-carbohydrate sup-
plements, caffeine, probiotics, omega-3 fatty acids, as well as some vitamins (multivitamins,
vitamin B, vitamin D, vitamin C, vitamin K2) and minerals (iron, magnesium) (Figure 4).

Beetroot juice HEE 3.6%
Protein-carbohydrate supplement I 7.1%
Probiotics I 7.1%
Omega-3 fatty acids 14.3%
Other (vitamins, minerals) I 28.6%
Protein supplement IEEEEEEGEG—G—G——— 28.6%
Caffeine G  39.3%

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Figure 4. Percentage of climbers using dietary supplements during the expedition.

After returning from the expedition, 73.3% of the respondents observed a decrease in
body weight.

3.2. Analysis of Nutritional Value of Diet

The energy demand of the study participants was 4559.5 + 425 kcal, and the energy
supply was 2776.8 + 878 kcal. Climbers were supplied with supplementation an average
of 588 kcal, which accounted for 21.2% of their energy supply. Generally, only 2 people, i.e.,
13.33% of the respondents, covered their needs in accordance with the standard (Table 2).

Table 2. Differences between energy supply and demand analyzed with the Student’s t-test for
related variables.

Digtay Energy Supply Energy Requirements [kcal]
[kcal]
Arithmetic mean 2776.84 4559.50
Standard error 234.67 113.60
Standard deviation 908.87 439.96
—95% CI (confidence interval) 2273.53 4315.86
+95% CI 3280.15 4803.14
Mean of differences —1782.66
Standard error 262.4959
Standard deviation 1016.6423
—95% CI —2345.6578
+95% CI —1219.6623
T statistic —6.7912
Degrees of freedom 14
Two-sided p-value <0.0001

A highly significant (p < 0.01) difference was found between energy supply and
demand. Consumption is much lower than the theoretical requirement.

The average energy and nutritional value of the diet obtained from the analysis of the
food diaries is shown in Table 3. Most climbers (93.3%) met the carbohydrate requirement,
and 46.7% met the protein requirement. All climbers met the requirements for fats, and
33.3% of them exceeded the normative values.
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Table 3. Energy and nutritional value of the daily food ration of mountain climbers in relation to the
recommendations for athletes [34-37].

Nutritional

4 Diet of Climbers
Recommendations for diisinig ehe Bxpedition
Athletes

X SD

Energy [kcal]  Daily energy expenditure 2776.8 878

Protein [%] 15-201 12.1 2.8

Protein [g] - 79.6 18.5

Protein [g/kg bw] 1.2-221 1.1 0.3

Carbohydrates [%] 45-652 52.7 8.1
Carbohydrates [g] = 374.0 164.5

Carbohydrates [g/kg bw] 6-123 53 25
Simple carbohydrates [g] - 147.3 67.1

Fiber [g] 382 24.8 8.2

Fats [%)] 20-35 234 36.8 7.2

Fats [g] - 110.7 31.7

Fats [g/kg bw] 0.5-15" 1.6 0.5

Saturated fatty acids [%] ALAP* 13.8 5.4
Saturated fatty acids [g] ALAP* 40.5 16.5
Sodium [mg] (AI) 1500->10,000 2 3177.0 855.7

1—[37]; 2—{34]; *—[36]; *—[35]. Abbreviations: ¥—mean; SD—standard deviation; bw—body weight; Al—Adequate
Intake; ALAP—as low as possible.

4. Discussion

Covering energy requirements while climbing high mountains is very challenging for
participants in high altitude expeditions. Our study revealed that most climbers did not
meet their energy needs with diet (Table 2). This result is consistent with other studies.
Kasprzak et al. [30] analyzed the diet of nine men participating in an expedition to the
Alps and staying at an altitude of 3200 to 3616 m above sea level. Climbers were supplied
with a diet of 1919.3 + 771.88 kcal /day, which significantly differed from dietary recom-
mendations for this group of physically active persons. In turn, Mariscal-Arcas et al. [29]
conducted a quantitative analysis of the diet of seven climbers in an expedition base camp
at an altitude of 4500 m above sea level. The average energy supply with the diet was
2833 kcal/day, which provided an insufficient supply of energy relative to demand. The
results of another study showed that a group of Italians and Nepalese during an expedition
to the Himalayas supplied, respectively, 2793 kcal/day and 2775 kcal/day, which was not
enough in relation to the demand [28]. The dietary energy supply in our study was similar
to the results presented above (Table 2). According to the recommendations and the level of
physical activity, the energy demand of athletes may range from 40 to 70 kcal/kg bw/day
(2000-7000 kcal/day for a 50-100 kg athlete) [37]. It has also been shown that estimated
energy expenditure increases with increasing climb angle by 1.5-2.0 additional kcal/min
for climbs of 80-90° and 5 additional kcal /min for climbs of 102° [38]. Mountain experi-
ence can affect energy expenditure. Energy expenditure of experienced climbers during
mountain climbing was found to be lower [39].

Increased energy expenditure during long high-altitude hikes may be responsible for
a negative energy balance leading to changes in body composition, namely loss of fat mass
and lean body mass [8,11,40]. Analysis of energy expenditure conducted using the double
labeled water method with Mount Everest climbers indicate that energy expenditure during
physical activity is 1.85-3.0 times higher than resting energy expenditure at sea level [11].
Negative energy balance is the main cause of muscle protein catabolism. After depletion
of glycogen and fat stores, protein stores are catabolized to cover energy expenditure [41].
Climbers lose at least 3% of their body weight after eight days at 4300 m and 15% after
three months at 5300-8000 m [42]. The results of a survey we conducted also showed weight
loss in 73.3% of climbers returning from an expedition. Loss of lean body mass negatively
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affects aerobic capacity [20], muscle strength [21], immune functions of the body [22] at high
altitudes, which may increase the risk of disease and injury in these extreme conditions.
However, muscle breakdown can be beneficial as an adaptation in high altitude conditions
because it increases the density of capillaries relative to the muscle cell [43]. The density
of capillaries within a given area of muscle tissue will greatly contribute to matching the
delivery of oxygen and nutrients with the myofibers’ metabolic needs, particularly during
contractile activity [44].

Mountaineers need to provide carbohydrate sources with their diet during high-
altitude physical activity to maintain body weight, recover adequately and replenish
glycogen stores [45,46]. At sea level, carbohydrate intake before and during prolonged
moderate-to-high-intensity physical activity conserves endogenous carbohydrate stores
and delays the onset of fatigue [47,48]. Nutritional recommendations for people staying at
high altitudes say that carbohydrate intake should account for at least 60% (6-8 g/kg bw/day)
of total energy intake [49,50]. These guidelines are based on research showing that total
carbohydrate oxidation during high-altitude exercise is greater than exercise of the same
intensity at sea level [51], which leads to a faster use of carbohydrate stores in the body
(i.e., muscle and liver glycogen and blood glucose). In our study most climbers met the
carbohydrate requirement (Table 3). The carbohydrate supply was similar to the results
reported by Bondi et al. [28], describing the nutrition of Italian trekkers during an expedition
to the Himalayas. The Nepalese porters consumed larger amounts of carbohydrates
(7 4 2 g carbohydrates/kg bw/day) [28]. In a study by Mariscal-Arcas et al. [29] the
level of carbohydrates in the diet of climbers was too low (39.5%). The climbers in our
study provided more simple sugars with their diet (Table 3) than the group of Italians and
Nepalese in the study by Bondi et al. [28] (45 and 90 g/day, respectively). While total daily
carbohydrate requirements may be elevated when staying at high altitudes, it is unclear
whether additional carbohydrate intake provides an ergogenic performance benefit. At
high altitude, the potential ergogenic effect of carbohydrate supplementation on exercise
performance may be partially modulated by the acclimatization state [52-54]. Bradbury
et al. [55] showed that carbohydrate supplementation during steady-state exercise does not
improve exercise performance in lowland residents acutely exposed to hypoxia or residing
at high altitude (4300 m) for 22 days.

An adequate supply of fiber with the diet is a major challenge for participants in high
altitude expeditions due to limited access outside base camp. The results of the Bondi
et al. [28] study showed that the Nepalese porter group provided 23 g/day of fiber, while
the Italian trekker group provided 43 g/day. The results of our study indicate similar fiber
supply values to the Nepalese group (Table 3). The fiber supply provided with the diet of
the mountaineers in the Kasprzak et al. [30] study was even lower (12.2 g/day). Low intake
of dietary fiber and resistant starch may lead to decreased bowel movements resulting in
decreased bowel function, and also decreased the diversity of gut microbiota [56].

A high-carbohydrate, low-fat diet at altitude increases the respiratory quotient (RQ). If
only fats are used for energy production, this coefficient is 0.7, while using carbohydrates (or
proteins) increases to a value close to 1. The effect of this change in RQ is to increase the par-
tial pressure of oxygen, resulting in an increase in arterial blood oxygen saturation [43,57].
Carbohydrate utilization is also a more efficient process in terms of energy yield per unit of
O, consumed [58]. In the high mountains, a high-fat diet can lead to chronic muscle fatigue
due to insufficient amounts of readily available carbohydrates. Diets rich in fatty acids
require more oxygen during metabolism, slowing down acclimatization [59]. In our study
all climbers met the requirements for fats and part of them exceeded the normative values
(Table 3). The dietary fat supply of the climbers from our study is similar to the dietary fat
supply (38%) of the Nepalese porters studied by Bondi et al. [28]. The percentage of fats in
the diet during the expedition was lower among the Italians trekkers (24%) [28]. In a study
by Mariscal-Arcas et al. [29] the level of fat in the diet of climbers was too high (45.5%). The
diet prepared by the Sherpas at the base during the expedition was characterized by a high
content of saturated fatty acids (derived mainly from meat, butter and cheese) [29]. The
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supply of saturated fatty acids provided with the diet of the mountaineers in our research
was also high (Table 3). Specialists from the Academy of Nutrition and Dietetics, Dietitians
of Canada, American College of Sports Medicine (ACSM) and the International Society of
Sports Nutrition (ISSN) recommend that fat intake by athletes should be in line with public
health guidelines [36,37]. According to the recommendations of the European Food Safety
Authority (EFSA), saturated fatty acids intake should be as low as is possible within the
context of a nutritionally adequate diet [35].

An adequate supply of protein should be provided with the diet during physical
activity at high altitudes to prevent weight loss and to ensure an adequate amount of this
nutrient for tissue construction and repair [45]. The dietary protein intake necessary to
support metabolic adaptation, repair, remodeling and protein turnover typically ranges
from ISSN 1.2 to 2.0 g/kg bw/day to prevent loss of lean mass (FFM) [36], which is
confirmed by the guidelines, which give a range of 1.7-2.2 g/kg bw/day [37]. Protein
intake, especially branched-chain amino acids, is crucial for regulating muscle protein
synthesis [60]. In the study by Bondi et al. [28], a group of Italians and Nepalese during an
expedition to the Himalayas provided 1.2 + 0.4 g of protein/kg of body weight, respectively,
and 1.3 £ 0.3 g protein/kg bw/day. These results are similar to those we presented
(Table 3). In contrast in a study by Mariscal-Arcas et al. [29] climbers were taking in
1.5-2.5 g protein/kg body weight, which is in line with the recommendations for athletes.

Increasing the protein content in the diet during caloric restriction to 1.6 g/kg bw/day
improves nitrogen balance and allows for maintaining lean body mass [61]. These assump-
tions are particularly important for athletes who often need to prevent the loss of lean
body mass. This approach was tested during a stay at high altitude [62]. However, protein
increases the feeling of satiety [63], which is not a beneficial effect at high altitude, where
climbers face high-altitude anorexia [64]. A diet richer in protein may also not align with
the dietary preferences of high-altitude climbers. There are no studies that would evaluate
the effect of protein supplementation on the feeling of satiety at high altitude. The most
practical strategy to protect the body from lowering lean body mass at altitude seems to be
to stimulate MPS and /or reduce proteolysis with a low-volume protein supplement rich
in branched-chain amino acids that promote MPS, especially leucine [27]. A high-protein
diet (2 g protein/kg bw/day) did not spare lean body mass in 4300-metre-altitude military
personnel because doubling protein intake (compared to the standard diet group) resulted
in a parallel increase in whole-body protein oxidation, suggesting that the additional pro-
tein consumed in the high-protein group was mainly used as an energy source during the
21 days of energy deficit at high altitude [65]. Proper nutrition can offset the loss of muscle
mass, but it is not possible to completely prevent muscle atrophy [27].

The increased loss of breathing water and diuresis often seen in the early response to
altitude exposure can result in a significant increase in water requirements, while reduced
thirst and changes in fluid availability in a new environment can alter habitual drinking
practices [45,66,67]. According to ACSM experts, the daily requirement for fluids is 4
to 5 L during altitude training and competition [36], while the ISSN encourages individ-
ual monitoring of hydration status to determine athletes’ fluid needs [37]. At moderate
altitudes up to 4000 m above sea level, water loss from the respiratory tract can be in-
creased to 1900 mL/day in men [45] and in addition, urinary excretion can be increased
by 500 mL/day [59]. Our results show that nearly half of the respondents drink 2-3 L of
fluids per day in the mountains, while the rest of the respondents take in even smaller
amounts of fluids per day (Figure 3), which can lead to dehydration and have a negative
impact on acclimatization. A study by Ladd et al. [24] based on two methods of measuring
hydration status (urine specific gravity and ultrasound measurements of the inferior vena
cava size and collapsibility index) found that about half of the surveyed climbers who had
climbed Denali in Alaska were dehydrated. Water supply was monitored in a group of
Ttalians and Nepalese during an expedition to the Himalayas, reaching 3099 + 462 g/day
and 3240 =+ 310 g/day, respectively [28]. A common custom of the group of Italians and
the group of Nepalese porters participating in the Himalayan expedition was to consume
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tea frequently throughout the trek, more than once a day [28]. The study conducted by
Scott et al. [68] shows that even when drunk at high altitude where fluid balance is stressed,
there is no evidence that tea acts as a diuretic when consumed through natural routes of
ingestion by regular tea drinkers, but that it does have a positive effect on mood. Only
14.3% of respondents in our study use water purification tablets when drinking water from
glaciers. Available ice and snow may be contaminated and unfit for consumption. Giardia
lamblia, an intestinal parasite that causes diarrhea, is found in high-altitude regions [69]. In
the absence of water treatment tablets, there is a high risk of parasitic infection.

The use of supplementation by climbers in high mountains can improve exercise
capacity and recovery, concentration, provide deficient dietary components and also have
a positive effect on immunity. The most commonly used supplement by climbers in our
survey is caffeine (Figure 1). The ergogenic effect of caffeine in sports has been demon-
strated in many scientific studies. Caffeine influences cognitive and physical functions by
blocking adenosine Al and A2a receptors in the central nervous system and peripheral
tissues. Doses of 1-4 mg/kg body weight improve alertness, concentration, and reaction
time [70], while doses of 3-6 mg/kg bw caffeine can enhance cognitive performance, motor
skills, and physical performance in many types of sports [71,72]. These features are espe-
cially important in technically demanding places when climbing and when descending
mountains or rappelling. Another common dietary supplement chosen by climbers in
our survey is protein supplement (Figure 1). The use of a protein supplement rich in
leucine seems to be a reasonable solution to protect the body against the reduction of lean
body mass at high altitude [27]. Other dietary supplements used by climbers in our study
include protein-carbohydrate supplements, probiotics, omega-3 fatty acids, as well as some
vitamins (multivitamins, vitamin B, vitamin D, vitamin C, vitamin K2) and minerals (iron,
magnesium). Overall, a positive association between omega-3 fatty acids supplementation
and reaction time, skeletal muscle recovery, inflammatory markers and cardiovascular
dynamics was reported [73]. Supplementation has also been shown to influence muscle
protein synthesis, especially in conditions such as immobilization and energy restriction,
or when consumed with other nutrients [74,75]. Substances with antioxidant activity, e.g.,
vitamin C, a-tocopherol and a-lipoic acid have a modulating effect on oxidative stress and
AMS symptoms at high altitudes [76]. In order to reduce the frequency of upper respiratory
tract infections, improve intestinal barrier function and reduce inflammation, probiotic
supplementation is recommended [37]. Current evidence points to a potential improvement
in endothelial function at high altitude after NO3 supplementation [77]. Beetroot juice (and
more precisely the nitrates it contains) is not a good prevention of AMS. Nitrates are not
recommended as a prophylactic or ergogenic agent for already existing AMS [78].

A decrease in appetite is most often observed in the first few days after arriving
at altitude. Staying at an altitude below 5000 m above sea level after a few days of
acclimatization, the appetite increases again, while at extreme altitudes the phenomenon of
high-altitude anorexia is particularly acute [43,79]. Our results show that the majority of
respondents assess their appetite in the mountains 3000 m above sea level as good. It is
worthwhile for climbers to also manage their appetite and select snacks in the mountains
according to their own preferences and gastrointestinal tolerance. Karl et al. [80] in their
study proved that exposure to high altitude was closely related to the preference for sweet
foods and the preference for low-protein foods over higher-protein foods. These results
suggest that sweet foods low in protein may be particularly appealing during the initial
period at high altitude. After weight loss and acclimatization, study participants preferred
high-fat foods [80]. In our research, a large percentage of climbers report an excess of
sweet taste due to the high frequency and quantity of carbohydrate snacks consumed.
However, there is still a majority of respondents (78.6%) that mostly prefer sweet snacks
in the mountains. The Aeberli et al. [81] study examined changes in appetite and food
preference after a rapid ascent to 4559 m with a starting altitude of 446 m. Liking of
all food items except for sweet food was reduced after a meal at baseline and at high
altitude. There was a significant increase in palatability of spicy foods at high altitude
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and an interaction between food preference and susceptibility to acute mountain sickness
(AMS). Subjects that develop AMS seem to prefer sweet foods over savory foods [81]. In
our study, salty or acidic products, including meat, cheese, sausages, sandwiches, and
nuts are preferred by 21.4% of respondents. Reducing the available amount of sodium in
humans leads to an increase in salt palatability [82], and high-altitude climbing has been
shown to lead to sodium diuresis associated with suppression of the renin-angiotensin-
aldosterone system [6]. Our results show that climbers are most likely to consume both
sweet and salty snacks and dried or freeze-dried products in the mountains (Figure 1). The
freeze-dried products most often consumed by climbers during the expedition include
lunch dishes, soups, porridges, oatmeal, desserts and fruit. As many as half of climbers
report experiencing digestive discomfort (bloating, abdominal pain, diarrhea) after eating
freeze-dried food. Gastrointestinal complaints are frequently reported during high altitude
climbing (> 2500 m above sea level), although their etiology is unknown. Initial data also
suggest that prolonged hypoxic exposures can compromise the intestinal barrier through
alterations in immunological function, microbiota, or mucosal layers [83].

Among the climbers surveyed in our study, 7.14% followed the correct dietary rec-
ommendations regarding the frequency of consumption of vegetable oils (daily intake),
17.85% took in 1-2 servings of fruit per day, 17.85% took in cereal products several times
a day, and 25% took in fish 1-2x per week with reference to the Swiss food pyramid for
athletes [84]. None of the climbers followed the recommendations for adequate frequency
of consumption of vegetables and dairy products. Vegetables and fruits are the main and
very important sources of vitamins and minerals in a diet of athletes. However, consuming
these products outside of base camp is difficult to accomplish. Taken by mountaineers on
the summit attack or used during climbing, it should be as light as possible and easy to
prepare, and additionally it should not freeze. It is worth considering the use of vegetables
and fruits in the form of lyophilisates. Especially in the base camp, where the availability
of products may be greater, it is worth taking care of the supply of these products.

Our research shows that the vast majority of climbers do not perform blood tests
before an expedition, and do not monitor their iron or ferritin levels. At high altitude, the
process of erythropoiesis is intensified, which increases the need for iron [85]. Therefore,
even before the expedition, it is worth taking blood tests and consulting the result with
a sports medicine doctor who would help choose the right dose of the supplement [86].
Current recommendations suggest assessing the iron level 8-10 weeks before the start of
activity in high mountains [87] and starting appropriate oral supplementation 2-3 weeks
before exposure to altitude and continuing this supplementation [88-90]. Of the climbers
surveyed, only 7.1% of them work with a nutritionist before an expedition. Evidence-based
nutritional strategies and a nutrition plan provided by a dietitian can lead to improved
performance and recovery [91].

The results of the present study may have significance in the cooperation of sports
nutritionists and trainers with climbers, allowing them to prepare more effectively for high
altitude expeditions. The results obtained may also serve as practical guidance for high
altitude climbers themselves.

Limitations and Directions for Future Research

We acknowledge that this study has several potential limitations. In the next such
study, it would be worthwhile to expand the analysis of the energy value of the diet to
include days at base camp (rest days) and to increase the group of subjects. However, it
should be noted that the study group was homogeneous in terms of mountain goals and
level of climbing, so finding more subjects is a challenge. It would be worthwhile for a
nutritionist to also participate in the expedition, so that he or she is in constant contact
with the cooks responsible for preparing the meals and has control over the amount of
food consumed. We also recommend that future studies analyze the micronutrient content
of foods used by climbers so that the analysis is more accurate. In addition, it is worth
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focusing on analyzing the supplements used by climbers in the high mountains and their
effects on health, mood and physical performance.

5. Conclusions

1.  The climbers’ diet was low in calories in relation to the high energy requirements,
the protein supply was too low, and the fat supply was too high. Mountain climbers
should aim to increase the supply of carbohydrates.

2. During climbing, climbers usually take snacks (bars, energy gels, gummies), which
are a great supplement to carbohydrates. Providing adequate fiber outside base
camp during a climb can be a problem, so especially at base camp, where food
availability is greater, it is worthwhile to ensure a supply of foods abundant in this
dietary component.

3. The use of a protein supplement at high altitudes seems to be a practical strategy
that can reduce the loss of lean body mass. There are many supplements with well-
documented effects in sports (e.g., beetroot juice, caffeine, probiotics, omega-3 fatty
acids, essential minerals and vitamins) that are worth considering as a supplement to
the diet.

4. There is a need to develop nutritional and supplementation recommendations that
would serve as guidelines for climbers, improving their well-being and exercise
capacity in severe high-mountain conditions, which would take into account their
individual taste preferences.
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Nutrition, hydration and
supplementation considerations
for mountaineers in high-altitude
conditions: a narrative review
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Staying and climbing in high mountains (>2,500 m) involves changes in diet due to
poor access to fresh food, lack of appetite, food poisoning. environmental
conditions and physiclogical changes. The purpase of this review is to
summarize the cumrent knowledge on the principles of nutrition, hydration and
supplementation in high-altitude conditions and to propose practical
recommendations/solutions based on scientific literature data. Databases such as
Pubmed, Scopus, ScienceDirect and Google Scholar were searched to find
studies published from 2000 to 2023 considering articles that were randomized,
double-blind, placebo-controlled trials, narrative review articles, systematic
reviews and meta-analyses. The manuscript provides recommendations for
energy supply, dietary macronutrients and micronutrients, hydration, as well as
supplementation recommendations and practical tips for mountaineers. In view
of the difficulties of being in high mountains and practicing alpine climbing, as
described in the review, it is important to increase athletes’ awareness of
nutrition and supplementation in order to improve well-being physical
performance and increase the chance of achieving a mountain goal and to
provide the appropriate dietary care necessary to educate mountaineers and
personalize recommendations to the needs of the individual.

KEYWORDS

recommendations, mountaineering nutrition, diet, mountains, himalaism, hydration,
supplementation

1 Introduction

High altitude climbing is alpinism defined as ascending difficult in terrain
using appropriate technique and equipment. It is a sport combining rock dimbing, ice
climbing, ski mountaineering and glacier travel (1). A special variety of dimbing is
Himalayanism i.e., climbing practiced in the highest mountains in the world, whose

peaks exceed 7000 m the (Himalay in ranges, Karakorum, Daxue Shan,
Hindu Kush, Kunlun, Pamir and Tienshan) (2). Interest in high-mountain dimbing is
growing every year, including g mountai at the level. The

Himalayan Database describes all known attempts to climb Nepalese and border peaks
between 1905 and 2019, where 10363 expeditions were recorded, involving 60,162
climbers and 28,587 high-altitude porters (3, 4). Table 1 shows the characteristics of
altitude ranges referred to in the artide (5, 6).

Staying and climbing in high mountains invalves a change in diet due to pooraccess to
fresh food, lack of appetite, food ing, harsh envi tal conditions and
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TABLE 1 Definitions of altitude and asocisted physiological changes (5 6).

10 3389/ tip or 2024 1435494

Alttude | Definition | Physiological changes

1800-2 %0 m | Infermediate aliitude Hpﬂ#:n.ldmlp tkiﬂ:hlk.ﬁllrlﬂnxj.:ﬂ saturation %% Altitode Biness rare but posshle with rapid ascent exerdse, and
susceptible indvidual

003 800 m H“ altinds Altitode iiness commaon when individuals ascend rapidly

3 800- 5500 m \’er_rl*hm.e mliﬂ!mm.:\ltrhlm'_rlﬂlmﬁntm}&ﬂrﬂhnmﬂﬁﬁni‘m_!mnmhnﬂlﬂenfﬁeh@ﬂ
permanent habitation.

5800 m Extreme dititude Marked hypoxasmia at rest. Progressiwe deterioration despite maximal acclimatisation. Permanent surival is not thought s be
paossible

8000 m “Death zome™ Prolongsd acchimatisation (>4 weeks) is essential Most in T e i ¥ oxygen to dimb safefy. Arterial coxpgen

saturations abowut 55% Rapid dederioration is inevitable and time spent abowve this altitode is sin iy Emited

physiological changes (7, 8). According to the definition of altitude
above 2500 m altimde illness common when individuals ascend
rapidly (Table 1) (5, 6). Mountaineers have to deal with reduced
atmospheric pressure, leading to the development of hypoharic
hypoda, intense solar radiation, heavy rain or snow, strong
winds and low temperatures with large diwrnal fluctuations, as
well as the risk of avalanches and falling rocks (1, 9). Physical
performance and aerobic capacity are impaired under hypoda,
and maximal cxygen consumption (VO.max) decreases by 6%
for every 1.000 m of elevation gain (10). Acclimatization to
prolonged hypoxia is regulated at the molecular level by hypoxia-
inducible factor (HIF). HiF-induced genetic reprogramming
inchides increased erythropoiesis, angiogenesis, increased glycolytic
emyme activity and inhibition of oxidative phosphorylation
(11, 12). Physical or mental stressors activate the hypothalamic-
pituitary-adrenal (HPA) axis, resulting in the release of
glucocorticoids that induce the activity of cellular reduction and
oxidation systems (13).

Due to the conditions that prevail in the high mountain
environment, low supply of antioxidant components with food,
heavy physical exertion and mental stress there is an increased
production of reactive axygen species (ROS), which is referred
to as oxidative stress (14-19). The effects of ROS indude
the devdlopment of neurodegenerative processes, which are
recognized in  mountaineers returning from  high-altitude
expeditions, as well as cognitive impairment and the appearance
of pathological changes in brain structures, indicating the
development of vasogenic edema (20) and damage to the
intestinal barrier, leading to consequences such as bacterial
translocation and local/systemic inflammatory reactions (21).
Wisitors to high mountains often experience gastrointestinal
distress and loss of appetite, which can result from hypoxia itself,
but can be exacerbated by infection. Acute short-term exposure
to altitude appears to increase leptin levels through hypoxia-
inducible factor HIF la and contributes to decreased appetite
(22, 23). In addition, several other hormonal markers may
contribute to this effet (24). This appears to be largey
dependent on the duration of exposure to hypoxia, with the
greatest weight loss, due primarily to loss of free fat mass,
observed during the first weeks at altitude (8 25-27), so
maonitoring  energy intake to limit weight loss should be
a priority in mountaineers.

Staying in  high-altitude conditions poses a risk to
mountaineers’ health and life, and requires them to have

Frontiers in Sports and Active Living

adequate knowledge, preparation and experience to prevent the
negative effects of climbing at high altitude, as well as the ability
to make quick decisions and manage the risks of staying in
exposed terrain. One mistake can cost the loss of life, hence full
focus on the tasks performed during dimbing under conditions
of increasing fatigue is essential. Adequate nutrition, hydration
and appropriately selected supplementation (of micronutrients
that are deficient in high-mountain conditions, antioxidants and
ingredients that improve exercise performance) help optimize
mountain activities and can help prevent nutritional deficencies
that negatively affect health, cognition and physical performance.
Developing nutritional and supplementation recommendations
requires an understanding of the physiclogical adaptations to
altitude that ocour in the human body, as well as the
consequences of staying in an unfavomble high-altitude
environment, which are weight loss and decreased appetite. The
purpose of this review is to summarize current knowledge on
nutrition, hydmtion and supplementation in high-mountain
(»2,500 m} conditions. Previously published studies have
described recommended solutions for mountaineers in the
context of nutrition and hydration. Our review completes this
information with data on supplementation in high mountains in
order to create a compendium of practical knowledge necessary
to develop an optimal nutritional and supplementation strategy
to hdp mountaineers,

2 Materials and methods

The review was conducted wsing the following datahases:
Pubmed, Scopus, Sdencellirect for studies published in English,
from January 2000 to October 2023, Search terms included the
following keywords: “mountains”, “mountaineers”, “himalayans”,
“hypoxia”, “high altitude”, "nutrition”, “hydmtion”, “diet”, “energy
expenditure”, “macronutrients”, “micromotrients”,  “minerak”,
“vitamins”, “supplements”, “nitrates”, “beetmot juice”, “N-
acetyloysteine”, “Ginko  biloba”,  “tart cherry”, “gutamine”,
“urcumin®, “omega-3 fatty acids”, “carbohydrates”, *proteins”,
“fats”, “probiotics”, “prebiotics”, “short-chain fatty acids”, “caffeine”
which were combined with Boolean operators (“AND™ and “OR").
A prliminary search idemtified 2,579 articles. Exchision criteria
induded studies inwolving neonates, newborns, high altitude
natives or animals, permanent sojourns at altitude and/or disease
related hypoda. An additional Google Scholar search was
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conducted to identify other additional studies not identified in the
above databases. Literature lists of artides and books were also
downloaded. The g articls were searched manually.
Reviewed artices related to the search terms were evaluated based
on the titles, abstracts and content of the articles, and in the end,
207 artides were selected. Artides considered were randomized
double-blind, placebo-controlled trials narmtive review artices,
systematic reviews and meta-analyses.

3 Discussion

3.1Energy supply and energy expenditure in
the context of weight loss of mountaineers
during high altitude expeditions

Prolonged exp to high altitudes is associated with an
imbalance between energy expenditure and energy intake,
resulting in a decrease in body fat stores, and this relationship
increases as altitude increases (28). At altitudes above 5000
meters above sea level, negative energy balance may result from
reduced energy intake due to reduced appetite (29) or partly due
to intestinal disorders (28, 30, 31). To offset heat loss and
maintain proper body temperature, there may be an additional
increase in energy expenditure due to involuntary shivering,
activated to increase heat production and use fat stores (32).
Changes in body composition may not only be based on an
adaptive response to hypoxia, but may also depend on genetic
factors (33, 34). Reduction of brown adipose tissue during high-
altitude sojourns does not appear to be desirable due to its
thermoregulatory functions (maintenance of body temperature)
(35, 36) and resulting impairment of physical performance (37).
Natural stressors, such as cold, physical exercise, leptin
expression and interleukin-6 expression, initiate adipocyte
browning towards beige fat, triggering a higher thermogenesis
(38). Especially in long-term altitude sojourns, this might be a
factor which strongly increases energy expenditure. Both
increased leptin expression and increased energy expenditure
decrease with the degree of altitude acclimatization and
presumably subside after complete acdimatization. This initial
period during high-altitude sojourns is characterized by greater
consumption of fatty acids recruited from the body’s reserves
stored in adipocytes (37).

Increased ventilation, due to being in a cold and dry high
altitude environment, can ako contribute to increased water loss
(ie., non-perceptible water loss), also leading to weight loss (27).
Mountaineers lose at least 3% of their body weight after eight
days at 4,300 m above sea level and 15% after three months at
5,300-8,000 m abowe sea lewel (29). In women, altitude-induced
weight changes are smaller compared to men. In a study
involving 12 women who dimbed to an altitude of 5,050 m
above sea lewl and stayed there for 21 days, no changes
were observed in body weight and lean mass compared to
baseline values (39).

Negative energy balance leading to depletion of glycogen and
fat stores is the main cause of musde protein catabolism (40).
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Above 5,000 m abowe sea level, 60%-70% of weight loss is lean
body (41, 42). Its loss negatively affects aerobic capacity
(43), muscle strength (44), and immune function (45), which can
increase the risk of disease and injury in these extreme
conditions. At altitudes above 8000 m, the total number of
muscle fibers decreases by about 17% (46, 47). The mechanisms
of muscle atrophy are largely unknown, but can be attributed in
part to malnutrition and reduced exercise intensity, as well as
loss of appetite and impaired digestion or absorption (48, 49).
On the other hand, the breakdown of musde tissue may be
benefidal as an adaptation under high-altitude conditions
because it increases the density of capillaries in relation to the
muscle cell (50). Being in hypobaric hypoxia decreases leucine
turnover and uptake from musde cells (51), which results in the
arrest of protein synthesis and is associated with a decrease in
mammalian target of rapamycin (mTOR) and is not dependent
on food intake (52). This suggests that proper nutrition can
offset the los of muscle mass, but it is not possible to
completely prevent muscle atmophy when climbing at high
altitudes over time (22).

Analyses using the double-libded water method in
mountaineers ascending Mount E indicate that energy
expenditure is 185-3.0 times that at sea level (53). The
energy requi of ineers while dimbing in the
Himalayas were 4634+ 287 kaal/iday (5900-8,046m) (54),
5394+1565 kecal/day (5300-8848m) (42) and 3248%
407 keal/day (5300-8872 m) (53), while the energy supply was,
respectively, 3,296+ 478 kcal/day (54), 2928+ 968 kcal/day (42)
and 1,791 £ 358 keal/day (53). In the analyzed studies conducted
in the Alps (2400-3800m), the energy requirements of
professional climbers from the French Military Group during an
ultraendurance alpine climbing race were 10413 +287 kcal/day,
and energy supply 3,530 £ 165 kaal/day (55), while in the Cascade
Mountains (2,500-3,100 m) inwlving soldiers during military field
trining, 4,037 + 387 kcal/day and 2,357 + 860 kcal/day, respectively
(56). In our own research among Polish mountaineers during an
expedition to Pakistan in the Shuijerab Mountain Group and Peru
in the Cordillera Blanca (4,000-6,000 m), energy requirements were
4,560 + 425 kcallday and energy supply was 2,777 +878 kaalday
(57). In a study by Miller et al the energy requirement of
mountaineers summiting a Pangaea Peak in Karakoram
Mountains (2,230-6,170m) was 4,173+ 848 kcal/day, but energy
supply was not determined (58). The majority of studies used the
gold standard technique of energy expenditure measurement,
the doubly labeled water method (42, 53, 54, 56). An alternative
method used by many authors to estimate total daily energy
expenditure during mountaineering activities is heart rate
recording (55, 57, 59).

A study by Pulfrey and Jones found that mountain dimbers
staying at extreme altitudes (5.900-8,046 m) covered 70% of their
daily energy requirements with diet (54). The results of Watts
et al. study conducted in the Cascade Mountains (1,636-3,266 m)
showed that technical ice climbing was characterized by
generating the highest energy expenditure of all mountaineering
activities studied (59). A trail hike with a load averaging 45% of
body weight led to an energy expenditure of 7.5+ 1.9 kcal/min in
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2.2 h, with an awrage peak of 134+ 3.0 keal/min. On the other
hand, technical ice dimbing consisting of moving up and down
12 meters in an average time of 143 #26min required an
average energy expenditure of 9.5+ 34 kcal/min, and the peak
average value was 14.6 + 3.5 kaalimin (59). Energy expenditure of
experienced climbers during mountaineering was lower than that
of inexperienced climbers (59). It was also shown that the
estimated energy expenditure increases with increasing slope
angle by additional 1.5-2.0 keal/min for overhangs at 80°-90°
and additional 5 kcal/min for overhangs at 102° (60). According
to the recommendations and the level of physical activity, the
energy mequirements of athletes can range from 40 to 70 keal'kg
of body weight/day (kg of bw.) (Z000-7000 kealiday for a
50100 kg athlete) (61).

Many of the factors influencing weight loss during a high-
altitude expedition are beyond the mourtaineers’ control (loss of
appetite, frequent gastrointestinal distress, increased energy
expenditure due to increased thermogenesis and physiological
processes determined by being in hypoxia, water loss due to
constricted ventilation, loss of lean body mass). The only factor
that mountaineers have a real influence on is energy supply. It is
therefore worth aiming to increase energy supply to cover energy
requirements. This is an important element of an expedition to
plan, especially during the acclimatisation phase and in difficult
technical terrain (ice dimbing), when energy expenditure is higher.

3.2 Recommendations for macronutrient
dietary supply while at high altitude

Staying in high-altitude conditions akers substrate ceddation
for a given level of exercise intensity (62, 63). Modification in
energy substrte utilization at high altitude toward carbohydrates
(CHO) (64) influences increased dietary carbohydrate
requirements for musde glicogen stomge and replenishment,
maintenance of body mass, avoidance of hypoglycemia, adequate
recovery and optimal glycogen resynthesis (65, 66). A higher
intake of CHO is important at every stage of trekking and
climbing in high mountains and has a beneficial effect on
performance (67, 68). Consuming enough carbohydrates is
espedially important when there is cold stress and chills (69).
Heat can be produced by shivering, which is an unconsdous
mechanism activated by the central nervous system, triggered by
a decrease in body temperature (70). Increased muscle
contractions during shivering result in a 25-fold increase in
energy expenditure, most of which is due to increased
carbohydrate oxidation. Cold exposure also results in increased
musde glycogen utilization, resulting from increased plasma
catecholamine concentmtions (71

According to dietary recommendations (72), carbohydrate
supply during low-intensity and technical exercise, should be
3-5g/kg of bow./day. Athletes doing moderate amounts of high-
intensity training (about 1h/day) should provide 5-7g
carbohydrates/kg of b.w.iday, while endurance trainers daing
moderate to high-intensity training (about 1-3 h/day) should
take in 6-10 g carbohydratestkg of how.iday. Extreme endurance
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training (about 4-5 hiday) of moderate to high intensity requires
8-12 g of carbohydrates/kg of b.w./day. In order to improve
glycogen resynthesis, it is recommended to consume 1-1.2 g of
carbohydrates’kg of b.w. in the first 4-6 h after the end of activity.

Carbohydrate supply should be adjusted not only to the
intensity of the exercise, but also to the stage of the expedition.
During base camp at low physical activity, this supply should be
about 3-5g CHO'kg of b.wJday, while during trekking andior
climbing a minimum of & glkg of bw./day. According to the
study by Friedlander et al. (73), carbohydrmte intake in people at
high altitude should be at least 60% (6-8 g'kg bow./day) of total
energy intake. These guidelines are based on studies showing that
total carbohydrate oxidation during high-altitude exercise is
greater than during exercdse of the same intensity at sea level
(74) leading to faster utilization of the body's carbohydrate stores
(ie. muscle and liver glycogen and blood glucose). A high-
carbohydrate, low-fat diet at altimde increases the respiratory
quotient (RQ}). If only fats are used for energy production, this
coefficient is 0.7, while using carbohydrates (or proteins)
increases to a value close to 1. The effect of this change in RO is
to increase the partial pressure of oxygen, resulting in an increase
in arterial blood cxygen saturation (75-77). In addition, at high
altitudes, carbohydrate cxidation was considered the preferred
metabolic pathway for aerobic exercise because it provides the
highest adenosine triphosphate (ATP) yield per mole of oxygen
(78). The study by McClelland et al. shows that carbohydrate
utilization does not change after altitnde acdimatization and that
metabolic fuel utilization is mainly influenced by relative exercise
intensity, as at sea levd (79). In women. unlike men,
carbohydrate utilization decreased while at 4,300 m above sea
level (80). Mckay et al. (£1) showed in a smudy that short-term
CHO restriction increased concentrations of the iron-regulating
hormone, hepcidin, thereby potentially reducing post-exercise
iron absorption. These studies wem not conducted in
mountainous terrain, so it would be appropriate to conduct an
analogous study among mountaineers to assess the impact of a
low-carbohydrate diet on the athletes’ health. Analysis of the
carbohydrate supply in the diet of mountaineers during an
expedition in the Himalayas indicates either too low [39.5% of
the energy supplied (82)] or the right amount [527% (57), 52%
(83), 51.8% and 67.7% (34]].

From a practical poimt of view, environmental conditions in
high mountains should be taken into account espedally low
temperatures, which may prevent the consumption of
carbohydrate snacks such as hars due to their freezing. Based on
our experience, we recommend that snacks taken to the
mountains are first tested &t low temperatures. While food
preparation is not a problem in base camp conditions (it is
possible to take mare time to cook and consume the meal
unhurriedly, reying on valuable sources of complex
carbohydrates), during a summit attack, digestive comfort and
ease of meal consumption is a primary requirement. Snacks must
also be convenient to eat with warm gloves.

Mountaineers practicing high altitude dimbing should provide
adequate amounts of protein to prevent weight loss and ensure
adequate amounts of this nutrient to build and repair tissues
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(85). An adequate supply of protein, especially branched-chain
amino acids, is key to regulating musde protein synthesis (86).
International sports organizations recommend that the protein
intake of physically active individuals should be between 12 and
20gkg of bw/day, as recommended by the Academy of
Nutrition and Dietetics Dietitians of Canada and the American
College of Sparts Medicine (ACSM) (72), which is confirmed by
the guidelines of The Inter | Society for Sports Nutrition
(ISSN), which give a mnge of 14-22 gkg of bw./day (61). The
potein supply of mountaineers’ diets should be adapted to the
stage of the expedition and the intensity of the effort. During an
energy deficit, it is recommended to increase the protein content
of the diet up to 1.6 ghkg of bw./day, which improves nitrogen
balance and maintains lean body mass (87). The protective effect
of higher protein supply on musde and whole-body protein
homeostasis is impaired when the energy deficit is more than 40%
of daily energy requirements. It was found that a high-protein diet
(2g poteinkg of b.w/day) did not spare lean body mass in
military personnel at an altitude of 4,300 m during 21 days of
energy deficit. The doubling of protein intake (compared to the
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(olive oil, flaxseed oil), nuts, seeds. Mountaineers choosing
products in the mountain diet should be guided primarily by
appetite and adjust the supply of this component to the
individual tolerance of the digestive system.

3.3 Prevention of micronutrient deficiencies
in mountaineers’ diets

Due to limited access to fresh vegetables, fruits and many
protein-containing foods, the supply of minerals and vitamins in
mountaineers’ diets may be too low. To our knowledge, there is
a lack of research indicating what the micronutrient
requirements of the diet are in high-altitude conditions, and
studies conducted so far emphasize the role of iron, B vitamins,
antioxidant vitamins and minemls, and vitamin D. Further
research is needed to formulate rec dations for the supply
of micronutrients in high altitude conditions.

Given the importance of haemoglobin levels for aerobic power,

ptimal iron content is particularly important for endurance

standard diet group) resulted in a parallel increase in protein
oxidation, suggesting that a greater proportion of dietary amino
acids were then oxidized for energy production. Consequently, the
availability of amino acids to support protein balance was limited
(88). In studies analyzing the nutrient content of mountaineers’
diets in high-altitude conditions, the protein supply was most
often too low in relation to R« dations for athl ie,
1.1 g/kg of bw./day (57), 1.2 and 1.3 ghkg of b.wJ/day (84) or an

athletes. Furthermore, they are at risk of increased iron loss from
sweat, urine, through the gastrointestinal tract and due to
haemolysis and exercise-related blood loss, through injury and
menstruation (91). At high altitudes, iron requirements are
increased due to erythropoiesis (92). This process may be
impaired in athletes with low iron levels (93). Adequate iron
stores are required to sustain the hypoxia-induced increase in
heme synthesis and iron-dependent enzyme production during

appropriate 1.5-2.5 g/kg of bw./day (82). In view of the endurance
exercise undertaken by mountaineers, the dietary protein supply
should be a minimum of 1.4 g/kg of bw./day, taking into account
high-quality protein and distributing it to the main meals and
snacks during the dimb or approach.

prolonged exp at altitude (94). Iron intake was insufficient
during the stay in the Alps (3,200-3,616 m) and was 10.4+
1.73 mg/day (83) and 14+4 mg/day during an expedition in
the Himalayas (1070-5143m) in the Nepalese group and
24+3mg/day in the Ralian group (84). According to the

Tec dati

Foods rich in fat are high in calories, which in the m
can help prevent weight loss. According to rec
athletes should consume a moderate amount of fats from 20% to
35% of their daily caloric needs, while during regular high-
volume training they can safely take in up to 50% (61, 72, 89). A
high-fat diet appears to be benefical during high-altitude
sojourns (37), due to increased leptin expression, resulting in
decreased appetite and increased B-oxidation of fatty acids. It is
worthwhile for mountaineers to also be guided by their appetite
and select snacks in the mountains according to their own
preferences and tolerance of their digestive system. In the Karl
et al. study, mountain climbers preferred high-fat foods after
weight loss and acclimatization (90). Prolonged exposure to
altitude reduces the consumption of free fatty acids during
physical activity (62). In the studies conducted so far that
analyzed the nutrient content of mountaineers’ diets, the fat
content was too high in relation to the recommendations for
athletes ie., 45.5% (82), 38% (84), 368% (57), 36.1% (83), and
only the Italian group described in the study by Bondi et al. (84)
provided relatively little fat (24%). From our perspective
mountaineers staying in high-mountain conditions should rely
on valuable sources of fat, induding in their diet products rich in
poly- and monounsaturated fatty acids, such as vegetable oils

dations,
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of the International Olympic Committee, 8-10
weeks before the start of training activities above 2000m, ferritin
levels should be assessed (95). It is suggested to increase iron
intake or oral supplementation when serum ferritin levels are less
than 30 nmol/L in women and 40 nmol'L in men (95), however,
these pre-altitude ferritin cut-offs, in combination with iron
supplementation, have not been scientifically validated
According to Stellingwerff et al. (67) it is recommended to
perform pre-altitude blood tests about 4-6 weeks prior to alow
for a more precise assessment of ferritin levels, so that
ppropriate oral suppl ion can be started about 2 weeks
before and during altitude exposure, if necessary.
Recommendations for iron supplementation before mountain
activity were established on ferritin cut-offs of <100, ~100-130
and >130ng/ml and are based on interpolation andjor
extrapolation of existing data (94, 96-98). Current findings
suggest that most athletes in hypoxic environments increase
hemoglobin mass by taking ~100-200 mg of elemental iron per
day orally, with most of the evidence related to iron salts. We
recommend involving a sports medicine physician in the process
of assessing the need for iron supplementation prior to high-
altitude exposure and determining its dose in the event of iron
deficiency or low ferritin concentrations. Excessive imn
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supplementation and dinically elevated endogenous iron stores can
have negative health consequences (67, 99). Ferritin limits need
further scientific validation, as there is cumrently a lack of studies
evaluating the body’s response to iron intake in mountaineers
staying abowe 3,000m abowe sea level. It is important for
mountaineers to include rich sources of iron (meat, fish, pulses,
whole grains, dairy products) in their diet before and during the
expedition. When consuming iron-containing products, it is also
important to consider its bioavailability. Heme iron (from meat)
has a higher absorption capacity (~5%-35%) than non-heme
sources (~2%-20%) (100). The presence of vitamin C and meat,
poultry and fish can increase the absorption of nonheme iron,
while substances such as polyphenals, phytates or calcium that are
part of tea, coffee, whole gmins, legumes and dairy products can
decrease the t of nonheme iron absorbed from a given meal
(101). In addition, it is worth considering a probiotic (102, 103)
and lactoferrin  (104-106) to improwe ion bicavailability.
Lactoferrin increases intestinal iron absorption by binding to iron
and improves hemoglobin and serum iron levels, thus
maintaining iron homeostasis in the body and cells (106).
Optimal levels of vitamin D (30-50ng/ml) and B,
(400-700 pg/ml) can probably help improve iron status and
thus avoid anemia (107-109).

Hypobaric hypoxia leads to reduced oxygen delivery to the
brain, and can subsequently contribute to cognitive impairment

10.3389/fpor2024.1435494

vitamins in high-altitude conditions. Currently, there is insufficient
evidence to recommend supplementation of B vitamins in
high-altitude conditions, given their role in erythropaiesis and
to improve cognitive functions.

Vitamin D plays an important role in immune, muscle and
cardiovascular function, inflammatory response, protein
synthesis, cell growth and regulation of the musculoskeletal
system (116-118). Many athletes have insufficient levels of
vitamin D, and most often serum levels are below 20 ng/ml,
especially during the winter months (119). According to Zhang
et al. (120), to achieve optimal anti-inflammatory effects of
vitamin D, it is important to maintain serum vitamin D levels
>30 ng/ml. According to current recommendations, in normal-
weight adults, cholecaldiferol or calcifediol supplementation
should be impl d and ¢ d under supervision of
a medical doctor until an optimal serum concentration of
>30-50 ng/ml of 25-hydroxyvitamin D (25(OH)D) is achieved
and maintained (116). Kasprowicz et al. (109) have shown that
high doses of vitamin D (10,000 [U/day) can prevent the
decline in serum iron levels after exercise. Kasprzak et al. (83)
have observed a decrease in 25(OH)D serum concentrations
among mountaineers during a 14-day stay at 3.200-36[6m
above sea level, associated with dulation of
processes. This is consistent with a study conducted at an
altitude of 5,400-6,700 m, for about 4 months, involving 221

and increased risk of dementia, induding Alzheimer’s di
(110). High altitude cerebral edema and hypoxia cause cognitive
impairment and dementia associsted with white matter
pathology (111). Whether exposure to hypaxia at high altitudes
causes irreversble brain damage is debatable. In an magnetic
resonance imaging (MRI) study of 35 mountai the auth
condluded that there is sufficient evidence of brain damage after

male vol serving in the Indian Army (121), in whom a
decrease in serum 25(0H)D concentrations was associated with
skeletal deterioration at extreme altitudes (121). Mountaineers
staying in high-altitude conditions with low temperatures and
UV radiation, need to protect their skin from burns, and
additionally use down suits, both of which prevent skin
synthesis of vitamin D. Given how important the role of

high altitude climbing, and that amateur climbers are at higher
risk of brain damage than profe (112). In the
study, Garrido et al. showed that Sherpas highlanders have better
brain protection when exposed to extreme altitude compared to a
group of elite owland mountaineers who had climbed more than
8,000 m, and a control group (113). A study by Tunali et al.
describes the case of a 57-year-old man who dewloped
symptoms of acute mountain sickness after dimbing 5416 m in
Nepal. Several months after descending the mountain, he
developed symptoms such as loss of empathy, impaired speech,
problems with perceiving and expressing emotions, and an
increased interest in sugary foods. The patient’s MRI and PET/
CT results showed frontotemporal neurodegenemtion (111).
Metabolic functions of B vitamins and their role in
neurochemical synthesis can be seen as having a particular
impact on brain function (114). Falic acid, vitamin B,, and iron
play a key role in erythropoiesis (115). Krzywanski et al.
recommended that vitamin B12 serum concentrations in athletes
training at sea level should be mamumwd between 400 and
700 pg/ml to support h globi thesis and imp red
blood cell markers, with rtgu]u momumng to consider
supplementation when vitamin B12 levels are <400 pg/ml (108).
Howewer, there is a lack of studies assessing the optimum serum
concentration of B vitamins and the requirement for these

1 climb
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vitamin D is in the context of the immune system and the fact
that its deficiency is associated with a higher risk of anemia
(107), it is important to the conc of this
vitamin before the expedition, adjust the appropriate dose to
the current serum concentration, and continue supplementation
during the expedition.

Staying at high altitudes, associated with reduced oxygen
pressure, can result in increased production of reactive oxygen
and nitrogen species and the development of oxidative stress
(15). Excessive production of RONS, which exceeds endogenous
antioxidant defenses can lead to damage to lipids, proteins and
DNA, thereby impairing cellular and immune function, causing
delayed post-workout recovery (122). The supply of antioxidant-
rich dietary components can be a helpful intervention in the
fight against altitude-induced oxidative stress. It seems most
prudent to indude a large amount of antioxidant-rich foods,
including vitamin C, beta-camtene, vitamin A, vitamin E,
selenium and zinc in the daily diet of mountaineers. Freeze-dried
fruits, vegetables and their powdered forms can be valuable
sources of antioxidant vitamins in high-altitude conditions. An
intervention at 2,320 meters above sea level to increase the intake
of antioxidant-rich foods, served as snacks between meals, not
only increased the intake of antioxidants, but also improved the
overall amount of macro- and micronutrients in the athletes’
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diets (123). It would be advisable to test such a strtegy in the
higher parts of the mountains as well.

3.4 Importance of hydration and electrolyte
supply during high altitude sojourn

Hypoxia occurring in high-mountain conditions increases
fluid loss through hyperventilation and contributes to
dehydration, which reduces aerobic capacity (124). Dehydration
causes changes in electrolyte concentrations in the body,
resulting in stress on the cardiovascular system as plasma
volume decreases. Impaired cardiovascular function reduces
cutaneous blood flow and the body’s ability to dissipate heat to
the environment (125). In addition to these physialogical
effects, dehydration can impair cognitive function and
concentration (126).

Dehydration has not been shown to increase the risk of acute
mountain sickness (AMS) (124), although control of fluid output
is thought to be important in preventing the onset of AMS, as
clinically, measures to prevent excessive fluid retention are likely
to reduce the symptoms of AMS (127). Fluid requirements in
high-altitude conditions are higher than at sea level also due to
hyperventilation, low humidity, sweat losses (127, 128) and
increased diuresis as a result of down-regulation of the renin-
angiotensin-aldosterone system, especially during the first days of
the stay (129). Optimal hydration may also be limited by the
time and fuel resources needed to prepare potable water, sourced
from the glacier (130). Another factor that contributes to
dehydration is reduced thirst at high altitudes (131).

Urine colour analysis is a simple and convenient method of
determining the whole-body hydration status (132, 133).
Numerous studies using the subjective eight-point colour scale
hawe shown that an increase in dehydmtion of the subject results
in a darker urine colour (134). Fluid supply should be responsi
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smaller amounts of fluids per day, which can lead to
dehydration. Average water supply (per person per day) was
monitored in a study conducted by Bondi et al. (84) in a group
of Italians and Nepalese during an expedition in the
Himalayas (1,070-5,143 m), reaching 3,099 £462g/day and
3,240 £ 310 g/day, respectively.

Mountaineers in high-mountain conditions use glacier water as
a source of hydration and for cooking, dmracurmdbylwmma‘al
content, 5o it is worth idering electrolyte supj An
additional complication that arises in high rnountains is the
reduced boiling point, as a result of which prepared meals must
take longer to cook (139). In the absence of water treatment
tablets, there is a high risk of parasite infection. Giardia lamblia,
an intestinal parasite that causes diarrhea, is found in high-
altitude regions (140). It should be phasized that
recommendations for fluid replenishment at high altitude should
be individualized due to different rates of fluid and eectrolyte
loss, urine color control and symptoms of AMS, which causes
water retention in the body. According to ACSM expert
recommendations, the daily fluid requirement is 4-5L during
altitude training and competition (72), while ISSN encourages
individual monitoring of hydration status to determine athletes’
fluid requirements (61). General recommendations during
mountain activities indude intake of 400-800 ml/h fluids with
0.5-1 g Na/L water (139).

3.5 Recommendations on the use of
dietary supplements during high
altitude expeditions

Due to poor access to food products at high and extreme
altitudes, supplementation may be the only solution to provide
adequate energy and essential nutrients, as well as to improve the
g of the body in harsh environmental conditions. To

functi

to thirt and sufficient to prevent dehydration and avoid

fr dark-coloured uri Attempting to take in large
anmntsofﬂmdsmashm‘t period of time should be avoided
(75). At 4,300 m water loss from the respiratory tract can be
increased to 1,900 ml/day in men (85) and 850 ml/day in women
(135), and urinary excretion by 500 ml/day (136). Water loss in
mountaineers of Mount Everest (5,000-8872 m) was 33 0.6 L/
day (53), while in people with low physical activity, engaged in
cooking, melting snow, repairing tents, stationed at 6,542 m for
21 days, 3.0+ 05 L/day (137). Another study analyzed water
balance at sea level and at an altitude of 4,350 meters. Water loss
decreased from ~4.5 to 3.5L/day, mainly as a result of a
decrease in ambient temperature of ~10°C (138). There was also
a study among mountaineers who dimbed Denali in Alaska.
Based on two methods of measuring hydration status (urine
specific gravity and ultrasound measurements of inferior vena
cava size and IVC-CI collapse index), it was found that about
half of the mountaineers in the study were dehydrated (130). In
contrast, in a survey conducted by Karpecka-Gatka et al. (57),
almost half of mountain dimbers drank 2-3 L of fluids per day
in the mountains, while the rest of the respondents took even
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date, there have been many studies confirming the effects of
ergogenic agents during physical activity (141), however, there
are a limited number of reports on supplementation in hypaxic
or high-altitude conditions. Supplements with potential beneficial
effects on exercise capacity, sleep quality, the immune system, the
intestinal barrier, the gut microbiome and more in high-altitude
conditions are described below. However, most of them require
further research.

351 Carbohydrate supplements

Carbohyd PP tation during exercise by non-
acdlmamed men has improved performance in a test conducted
after 3 days of exposure at an altitude of 4300m, with a
simultaneous 30% deficit in delivered energy applied (68). In a
study involving men acclimated to altitude and in a state of
energy balance, there was no beneft of carbohydrate
supplementation on time-trial performance during the first and
third days of altitude exposure (142). From the above studies,
despite many differences in methodology, it can be conduded
that the potential ergogenic effect of supplemented carbohydrates
on exercise capacity may be modulated by acdi jon. In a
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recent study evaluating the effect of carbohydrate supplementation
on aerobic exercise performance in non-acclimated men after 5h
of exposure to an altimde of 4300 m and after 12 days of
acclimatization with an accompanying 40% energy deficit, there
was no improvement in aerobic capacity (143). Based on the
results of the study by Bradbury et al. (143), i is recommended
that people planning to stay or engage in physical activity (e.g.
alpine climbing) in high mountains prioritize carbohydrate
intake while still at sea level in order to optimize glycogen stores
before going into the mountains,

Although carbohydmte requirements to meet energy
expenditure at high altitude increase, there is a paradoxical
impairment in the ability to utilize exogenous carbohydrates for,
at least, the first day after ascent. The inability to oxidize and
functionally benefit from exogenous carbohydrate intake during
high-altitude activity coincides with hyperinsulinemia, accelerated
glyoogenolysis and reduced peripheral ghicose uptake These
responses are consistent with hypoxia-mediated deregulation of
metabolism, reflecting insulin resistance. The findings also
suggest a role for the gut microbiome in host metabolism,
bioenergetics= and physiological responses at high altitude,
suggesting that the gut microbiome is a potential mediator of
hypoxia-mediated metabolic deregulation (144). Pasiakos et al.
(144} have indicated a lack of ergogenic effects of carbohydrate
supplementation at altitude, which questions the effectiveness of
recommending carbohydrate supplementation to  maintain
physical performance after ascending to high akitude. Thus,
mare research is needed to develop appropriste carbohydrate
supply strategies that take into account the effects of hypoxia on
insulin sensitivity and substrate oxidation to optimize the
activities performed in  high-altitude conditions.
perspective, given the challenging conditions during high-
mountain  climbing, it is worthwhile for mountsineers to
consider carbohydratesupplying  supplements (energy gels,
gummies, carbohydrate jellies, carbohydrate bars, isotonic drinks)
that are Jow in weight and easy to open at low temperatures in
order to increase dietary carbohydrate supply, as wel as to
increase energy intake.

From our

3.5.2 Protein supplements

If the protein supply does not cover the body's need for this
nutrient, supplementation with a protein can be considered.
Stimulation of muscle protein synthesis and/or reduction of
proteolysis with a low-wolume prmotein supplement rich in
branched-chain amino acids, especially leucine, seems to be the
best strategy to protect the body of a high altitude climber from
an undesirable decrease in lean body mass (12). However, the
results of studies conducted so far have not shown a benefit in
this aspect when mountaineers supplemented their diet with a
preparation of branched-chain amino acids (145, 146). Protein
increases feelings of satiety (147), which is not a beneficial effect
at high altitude, where mountaineers struggle with altitude
anorexia (148). There is still a ladk of studies evaluating the effect
of protein supplementation on fedings of satiety at high altitude.
Based on our experience, a diet rich in protein may not meet the
expectations and dietary preferences of high altitude climbers, so

Frontiers in Sports and Active Living

10 33859/ tip or 2024 14 35454

when staying in high mountains above hase camp, it is worth
cansidering supplementation with a protein supplement to cover
the daily requirement of this component, which also gains
justification given the lower availability of food products that are
sources of protein.

3.5.3 Antioxidants

Exogenous antioxidants neutralize free radicals, so it would
seem logical that supplementation with these compounds could
be a helpful intervention against altitude-induced antioxidant
stress, While some studies haw shown that antioxidant
supplements have a modulating effect on oxidative stress and
AMS symptoms at high altitude (149), more recent studies
indicate that there is no such effect (150). After all,
supplementation with anticwidants, especially in the early phase
of the altitude exposure, can be counterpoductive and
potentially weaken or deay acclimatization to altitude (151). On
the other hand, the results of the study of Koivisto et al. indicate
that increasing the intake of antioxidant-rich foods during
altitude exposure caused the expedted increase in antioxidant
capacity and attenuated some altitude-induced systemic
inflammatory biomarkers in athletes (152). Undeniably, pro-
oxidant-antioxidant paramount  for  altitude
acclimatization, but the question of planning an appropriate
antioxidant-related nutritional and supplementation  strategy
remains unclear.

balance is

3.5.4 Caffeine

Caffeine is a supplement with a very well-documented effect,
used to improve exercise capacity, newromuscular function,
alertness and concentration, as well as reduce perceived fatigue
during exercise (152). The benefits of its supplementation are
observed in sports of an endurance nature, requiring dexterity
and precsion, as well as short-duration, supramaximal or
repeated high-intensity efforts (141). Mountaineering is an
endurance sport with elements of intensive effort of a strength
(55)., Thus, it considering  caffeine
supplementation among mountaineers, given the nature of the
sport and the extreme fatigue and impaired concentration
resulting from the harsh high-altitude conditions. Caffeine
supplementation can alko have a positive effect on cognitive
function, and according to a study by Zhang et al. (154) low
doses of caffeine (3 mg'kg of baw.) have better effects in terms
of improving cognitive function and brain activation. In a
study conducted by Tian et al. (155), caffeine alleviated high
altitude pulmonary edema (HAPE) and reduced oxidative
stress and stabilized mitochondrial morphology in alveolar type
1 cells under hypoxic conditions. The results of the study
presented here suggest that caffeine may be a potential
treatment for abnormal acclimatization resulting in HAPE
(155)., Due to the need for mountaineers to remain focused
despite extreme exhaustion throughout the expedition, caffeine
could be used in high-altitude conditions. It is worth
considering caffeine supplementation about &0 min before
situations requiring sharpened attention (blood caffeine
concentrations peak at this time) (156) such as technically

nature is  worth
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difficult sections of the route, before rappelling after the climb or
on the way back from the summit. However, further research is
needed to confirm this hypothesis.

3.5.5 Beetroot juice

Beetroot juice (the nitrates it contains) isa supplement that has
attracted a lot of interest in recent years for its effects in improving
the ability to perform long-term moderate-intensity exercise and
repeated high-intensity shart-term exercise. The mechanism of
action of nitric oxide (NO) is based on improved blood flow
through blood vessels, lower ATP consumption during force
generation by muscles, reduced aerchic cost of effort, and
increased biogenesis and mitochondrial performance (141, 157-
159}, which can potentially improve athletic performance. It is
recommended to consume a dose of 6-8 mmol (~350-500 mg)
of nitrates 2-3 h before exercise. Another possible strategy is to
consume 68 mmol of nitmtes per day for several days prior to
competition (160}

There are studies confirming increased exercise economy by
about 5%-10% in hypoxic situations and'or better performance
in recreational athletes after nitrate supplementation (161-163).
In high-performance endurance athletes in hypoxic conditions,
beetroot juice supplementation was not beneficial (164-167), but
there is also a study supporting its effectiveness (168). Current
evidence suggests potential improvement in endothelial function
at high altitude after nitrate supplementation (169). In another
study camied out in hypoxia assessed that the nitrates in beet
juice do not prevent altitude sickness and should not be
recommended as a preventive or ergogenic measure for aready
existing altitude sickness (170). Hannis et al. (171) in a study
conducted with young men while trekking to Everest Base Camp
showed that oral nitrate supplementation using beetroot juice
was safe and feasible at altitude, and that dietary nitrate did not
change mountain sickness symptoms or alter physiclogy. These
results are consistent with a study performed by Cumpstey et al.
(172) in the Alps (4559 m), in which dietary nitrate
supplementation was shown to be well tolerated at high altitude
and to significantly increase ling NO availability and NO
metabolite concentrations in saliva and exhaled breath condensate,
and was not associated with changes in haemodynamics, oxygen
saturation or the development of AMS. Similarly, a study
conducted by Marshall et al. (173) with the British Military
during a trek in the Himalayas (1.400-5.755 m) confirmed that
dietary nitrate supplementation may ameliorate the decline in
physcal performance associated with staying at high aktimde and
has no effect on the incidence of high altitude illness. In the
study by Bakker et al. (174), acute dietary nitrate ingestion offset
the decline in endothelial function in healthy young participants
during an expedition in Nepal (28 days »2500 m, including a
peak of 3,700 m).

Most of the published studies have examined the effects of
nitrate supplementation at simmlated altitude (161-168), which is
often comsidered an incomplete substitme for “real” akitude.
There is ongoing debate about potential differences in the
physiological response to normobaric hypoxia and terrestrial
altitnde (175), inchiding potential disparities in NO' metabolism
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(176). The research conducted so far at terrestrial altitude is
promising (171-174). Further studies are needed to evauate the
effects of nitrate—at terrestrial altitude andfor contmsting the
effects of nitrate—supplementation between terrestrial and
simulated altitnde.

3.5.6 Prebiotics and probiotics

Gastrointestinal complaints are often reported during climbing
at high altitudes (2,500 m}, although their eticlogy i unknown.
Hypoxia and oxidative stress can damage the intestinal barrier,
consequently leading to bacterial translocation and local/systemic
inflammatory reactions. Preliminary data suggest that prolonged
exposure to hypoxia can damage the intestinal barrier through
changes in immune function, microbiota or mucosal layers.
Exercise may worsen the intestinal damage associated with high
altitude through additional reductions in visceral circulation and
greater hypoemia (21) Kleessen et al. analyred fecal samgples
and serum from 7 mountaineers participating in a 47-day
expedition to the Himalayas. The results of the study indicate a
change in the composition of the gut microbiota after exposure
to very high atitudes (»5,000 m). The number of bifidobacteria
and spedes belonging to the Atopobium, Coriobacterium and
Eggerthella lenta groups decreased, while the number of potential
pathogenic bacteria from the gamma Proteobacteria subgroup
and specific Enterobacteriacene, such as Escherichia coli,
increased. Changes in the composition of the microbiota may be
associated with changes in indicators of the immune system and
result in the deterioration of mountaineers’ health (177) Karl
et al. (178) have observed increased intestinal permeability in a
group of healthy, physically active but non-acclimated men after
a rapid (transported by airplane and car), 22-day exposure to an
altitude of 4300 m. The findings are consistent with Dinmaore
et al. (179); however, they should be interpreted with caution due
to the limitations of the ongoing projects.

Acetate, propionate and butymte, shortchain fatty acids
(SCFAs) that are produced by some gut microbes mainly during
the fermentation of dietary fiber, are key mediators of intestinal
permeability and may protect the intestinal barrier from hypaoxia-
induced dysfunction (180). Adequate dietary fiber supply is a
major challenge for participants in high altitude expeditions due
to limited access to fresh food outsde base camp. In the studies
conducted so far, mountaineers most often did not cover the
dietary requirements for this component for adults ie. the values
did not exceed 25 giday (57, 83, £4). Recommended dietary fiber
supply in athletes is 38 g (71). Insufficient intake of dietary fiber
can result in a deterioration of intestinal function, as well as a
reduction in the diversity of the microbiota (181). Frebictics
(galacto-cligosaccharides, fmcto-cligosaccharides, human milk
oligosaccharides, xylo-oligosaccharides, mannano-cligosaccharides,
inulin), which are one type of fiber, are substrates selectively
utilized by host microorganisms (182, 183).  Prebiotic
supplementation in high-altitude conditions is waorth considering
in view of the low dietary fiber supply, and the well-documented
effect of prebiotics in promoting $CFA produdion.

Similarly, probiotics, or live microorganisms, when consumed
in adequate amounts, can provide health benefits (184). Long-term
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intake of probiotics Bulgaricus 2038 and Streptococcus thermophilus
1131 can increase ﬂie abundance of Bactemides closely related to
t and prop production (185). Increasing iron
ahsurpmn may be a valuable strategy for improving iron status
while at high altitudes and before going on an expedition. The
pmbiotic strain Lactobacillus plantarum 299v (Lp299v, LP299V®)
has been shown to improve iron ahsorption in meal studies
(186, 187). The msults of the study indicate that ingestion of
Lp299v with 20 mg of iron may result in a more significant and
faster improvement in iron lewels compared to iron alone (102).
The study was conducted in female athletes with low iron stores at
sea level, so the effectiveness of the strategy would also need to be
tested in high-altitude conditions More studies usng prebiotics

10.3389/fpor2024.1435494

3.5.9 Glutamine

Glutamine is an amino acid with potent anti-inflammatory
effects, a key energy fuel for rapidly growing cells (such as
immune cells and enterocytes), a precursor to glucose, proteins
and nucleic acids (201). It has a variety of functions in the body,
including being a key comp t for the synthesis of cytokines,
hormones, maintenance of acid-base balance, ammonia transport
and cell proliferation (202). Under hypoxic conditions, glutamine
synthesis in the body may be insufficient to meet the increased
demand for this amino acid. Findings indicate that glutamine
supplementation reduces the risk of upper respimtory tract
mﬁdwns afur prolonged low-ahm.lck (1,640 m) exercise, thereby

and probiotics in high-altitude conditions are needed to
their effectiveness in protecting the intestinal barrier against
hypoxia-induced stress

3.5.7 Omega-3 fatty acids

Long-chain omega-3 polyunsaturated fatty acids, such as
docosahexaenoic acd (DHA), eicosapentaenoic acid (EPA) and
alpha-linolenic acid (ALA), show anti-inflammatory effects
(188). According to the recommendations of the European
Food Safety Agency (189), their intake by adults should be
250 mg for EPA and DHA and 0.5% of total energy intake for
ALA. EPA/DHA are considered safe in doses of up to 5 g/day
(190). The results of some studies suggest that EPA/DHA may
improve endurance, delay the onset of muscle soreness and
promote recovery in athletes (191, 192). It has also been shown
that supplementation affects muscle protein synthesis,
especially under conditions of immobilization and energy
restricion or when taken with other nutrients (193, 194). A
study using cell cultures assessed that DHA attenuates the
increase in total ROS production and lipid peroxidation in
mature adipocytes. The importance of such changes observed
in response to DHA may reduce the deleterious effects of
excessive ROS production caused by severe hypoxia and
prevent lipid peroxidation and damage (195). In high-altitude
conditions, the provision of adeq omega-3 fatty acids may
be inadequate especially above the base camp due to limited
access to foods abundant in omega-3 fatty acids. However,
further human studies conducted under hypoxic conditions and
at terrestrial altitude are needed to unequivocally recommend
omega-3 fatty acid supplementation in high-altitude conditions.

3.5.8 Curcumin

Polyphenol curcumin derived from the Curcuma longa plant
provides protection of the intestinal barrier by reducing oxidative
stress and apoptosis (196). In the situation of HAPE, curcumin
supplementation increases the integrity of the alveolar epithelial
barrier (197). Curcumin supplementation may lead to lower
levels of pro-inflammatory cytokines or indirect markers of
musde damage under normoxia (198-200). However, more
studies conducted under hypoxic conditions and at terrestrial
altitude are needed to demonstrate the efficacy of curcumin
supplementation to justify its use in mountaineers.
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etence in h ia (203). We evaluated
the eﬁcas of glutamme supplemenuuon on the regulation of
lymphocyte-mediated immune responses and inflammation in
humans exposed to 6h of simulated hypaxia at 4,500 m in a
normobaric chamber, with and without exercise (204).
Glutamine (at a dose of 20g) was administered to study
partu:lpants for 6 days before exposure to atitude. Glutamine
PP lated both T helper 1 lymphocyte
responses, inhibiting T helper 2 lymphocyte responses, and
attenuated the release of IL6 and TNF-a (204). Glutamine may
have a positive effect on the function of enterocytes and immune
cells in the gut and improve defense mechanisms. Moreover, it
can be an energy substrate for the intestinal microbiota, reducing
the infla ¥ process accompanied by increased intestinal
permeability, thereby improving cognitive function and mood
(205, 206). Glutamine administered to rats at a dose of 5 g/kg of
bw. 3 days before and 5 days during a simulated 7000 m
altitude had the effect of reducing hypoxia-induced damage to
the intestinal structure and regulating the intestinal microbiota
(207). Glutamine can directly modify neurotransmitter activity in
the brain, affecting mood and cognitive function (208).
McMorris et al. showed in a meta-analysis that hypoxia harms
cognitive processes (209), and this condition can probably be
alleviated by glutamine supplementation (210), but there is a lack
of human studies using glitamine supplementation in high-
altitude conditions to confirm this hypothesis. Studies in hypoxia
and at terrestrial altitude, with and without glutamine
supplementation, should be performed to experimentally
correlate the relationship between glutamine and cognitive
function, mood, immune response in hypoxia.

ation sti

3.5.10 N-acetylcysteine (NAC)

N-acetykysteine (NAC) is used for its antioxidant and anti-
inflammatory effects. NAC supplementation appears to be safe
and may regulate glutathione homeostasis, have antioxidant
effects and improve physical performance (211). In studies
conducted to date, NAC has increased resistance to fatigue (212),
improved immune function (213), as well as hemodynamics and
muscle blood flow (214) and modulated EPO production (215).
The dosage of NAC in the conducted studies ranged from 600 to
1,200 mg per day, and supplementation was applied for 5-9 days
(214, 215). There is a lack of studies confirming the validity of
NAC supplementation in hypoxic conditions. Moreover, there
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are dlso studies available that do not confirm a positive effect of
NAC on EPO production (216) and even indicate a pro-cxidant
effect when taken in high doses before a prolonged period of
time (ie. 1,200 mgiday for 4 weeks, then 2400 mg/day for
another 2 weeks) (217). Thus, further research is needed to
evaluate NAC as a useful supplement for use before or during
altitude exposure.

3.5.11 Tart cherry juice

Supplementation with tart cherry taken in many forms
can improve muscle recovery from exercise-induced damage
(218-220), physical performance (221, 221} and sleep quality
(223-225) It is recommended to use tart cherry juice at a dose
of about 250-350 ml (30 ml for concentrate), twice a day, for 4-5
days before sports competition or for 2-3 days afterwards to
support recovery (141). The results of a study conducted by
Horiuchi et al. (226) indicate that a 5-day supplementation with
tart cherry {(a capsule containing 100mg of anthocyanins)
improves exercise tolerance in hypoda. However, more studies
are needed to unequivocally recommend supplementation with
this preparation in hypoxia.

Mew arrivals to altitnde commonly experience poor-quality
sleep. At high altitudes, reduced oxygen content in the blood @n
cause sleep disturbances with frequent awakenings and feelings
of shortness of breath (227). De Aquino Lemos et al. (228) have
found that hypoxia reduces total sleep time, sleep effidency and
causes rapid eye movements, Changes in sleep patterns can affect
mood and cognitive function after 24 h (228). In mountaineers
rapidly dimbing to high ahtitudes, sleep quality is initially
impaired, but improves with acclimatization due to improved
oygen saturation (229). Given the positive effects of tart cherry
juice on skeep duration and efficiency, the use of this supplement
in high-altitude conditions seems an interesting strategy. Further
studies need to be conducted in hypoxia and at terrestrial
altitude, with and without tart cherry juice supplementation, to
experimentally correlate the relationship between tart cherry juice
and physical performance and sleep quality in hypoxia

3.5.12 Ginko biloba

Ginko biloba herb extract has been found to reduce tissue
hypaoxia, induce vasodilation, and reduce free radical generation
and lung leakage, which in turn may prevent AMS (230). A
meta-analysis conducted by Tsai et al yidded incondusive
results regarding the effect of Ginko biloba on AMS prevention
(230). In the study, Moraga et al. showed that 24 h pretreatment
with Ginko biloba and subsequent maintenance during high-
altitnde exposure was sufficient to reduce the incidence of AMS
in participants with no prior high-aktitude experience (231).

3.6 Practical tips for nutrition at different
stages of a high altitude expedition

Staying at high altitudes in the mountains requires advance
phnning of nutrition, hydration and  supplementation.

Depending on the direction of activities, expeditions vary in the
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location of the base camp and its supplies, so it is necessary to
have knowledge of the expedition’s logistics. Mountaineers can
procure food on their own or use the hep of an epedition
agency, which organizes kitchen fadlities at base camp and
provides food, and is responsible for obtaining drinking water
(139). Much of the food that will be consumed during the
expedition is obtained in the country where the mountain
activities are undertaken Cultuml differences, religious aspects
and the availability of products in a country should be taken into
account. In Buddhist countries, such as Nepal, it can be difficult
to purchase meat products,

Depending on the stage of the expedition, mountaineers face
some difficulties regarding nutrition and hydmtion. The first is
trekking and acclimatization. This stage usmally ends with an
approach to hase camp at an altitude of about 3,500-4,500
meters above sea level, depending on the mountain range
this time wusually enjoy overnight
accommodations in high mountain villages. Eating in local
restaurants, tasting street food and drinking water can cause food
poisoning and contagious diarrhea. Therefore, extreme caution
should be applied and care should be taken to emsure the
hygiene of the meals consumed.

At base camp (for peaks 5,000 m), mountaineers are usually
located at an altitude between 4,500 and 5,000 meters above sea
level. This is the place where mountain climbers can enjoy a
well-halanced diet, laden with fresh foods for the last time before
setting off on a summit attack. Expeditions without the help of
mountain travel agencies and hired porters are forced to properly
plan the distribution of transported food. Food supplies should
secure the mountaineers’ stay at altitnde for several weeks, which
Tequires an appropriate weight and volume strategy, such as low-
weight high-energy foods and freeze-dried products, to transport
the maximum amount of high-quality and tasty food. Trying to
avoid diet monotory is hard waork, but it helps motivate
mountaineers to eat. Storage of fruits and vegetables is a problem
due to Jow temperatures Animal products, such as eggs and
meat (poultry and yak meat), are good sources of protein during
the expedition, but their availahility is limited. Another source of
protein is fish, wsually in canned form. In Buddhist countries,
base camps usually use vegetable protein from pulses such as
lentils and chickpeass. To maintain nutritional hygiene, latrines
should be placed away from kitchens and water sources.

Above the base camp, mountaineers use glacial water for
hydration and for cooking. At this stage, mountain dimbers
move to the next point, the intermediate base camp. gaining
more and more altitude on their way to the summit
Mountaineers also descend to these points after gaining altitude
to acclimatize above base camp for better recovery and sleep. It
is essential to properly plan and pack freeze-dried and
dehydrated foods, carbohydrate snacks and supplements to
ensure an adequate supply of energy on the way to the summit,
Reduced appetite, low temperatures and the problem of cooking
meaks and water at high altitude in an unfavorable environment
pose majar challenges for mountaineers, which increase with the
altitude gained. Regardless of appetite, it is necessary to eat
regular meals and high-energy snacks throughout the day.

Mountaineers  during
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During a summit attack there is an accumulation of
unfavorable factors. Fatigne and weakness increase, aerobic
capacity decreases due to staying at very high or extreme
altitudes (often in the death zone ie. >&000m), and in
addition, mountaineers are exposed to very low temperatures,
the consequence of which is sometimes frosthite (232).
Throughout the year, the typical chill equivalent temperature
near the summit of Everest is always <=30°C, and the typical
facial frosthite time is less than 20 min (232). Bad weather is
estimated to contribute to 25% of deaths in the mountains
(233). The summit attack, including the return to intermediate
camp, may take 12-24h (139), and this time depends on the
mountain range and the logistics of this stage. The food taken
by mountaineers must be at this stage as light as possible, high-
energy, and also easily digestible in order not to burden the
weakened digestive system. Drinks and food taken should be
properly protected from freezing, preferably by keeping them
close to the body in the inner pockets of the suit. It is worth
considering energy gels, gummies, carbohydrate jellies and water
with added carbohydrates i.e., high-energy, high-carbohydrate,
low-weight products and supplements. Due to the described
difficulties of staying in high mountains and climbing, it is
important to increase athletes’ awareness of nutrition, hydration
and supplementation in order to improve body function,
general wellbeing, exercise performance and increase their
chances of success.

4 Summary and further directions

Due to the negative effects of weather and environmental
conditions in high mountains, mountaineers are at risk of
compromised health and even loss of life. Adequate preparation
for an epedition, especially attention to factors that
mountaineers have contral over, induding nutrition, hydration
and supplementation, can help prevent the development of
nutritional deficiencies that affect the deterioration of health and
performance. Energy requirements during climbing in high-
altitude conditions can vary significantly depending on the load
in the form of equipment transported in the backpack, the
experience of the climber, as well as the diffimlties encountered
during the dimb. Mountaineers, while at high-edreme akitudes,
are at risk of energy deficiency, and consequently loss of body
weight and lean body mass. Despite the lack of appetite, care
should be taken to ensure regularity in the meals eaten and
snacks taken.

The supply of carbohydrates in the diet of mountaineers should
be adapted to the stage of the expedition and the intensity of the
effort. Staying at base camp, with low physical activity, this
supply should be about 3-5g CHO per kg of bw./day, while
during trekking and/or climbing—a minimum of &g/kg of
bow./day. In view of the endurance physical effort mountaineers
undertake, dietary protein supply should be a minimum of
1.4 g'kg of bow./day, taking into account high-quality protein
and distributing it to main meals and snacks during dimbing
and ascent to the summit Mountaineers should rdy on
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valiable sources of fat, including in their diet products rich in
poly- and monounsaturated fatty acids such as vegetable oils
(olive cil, flaxseed oil), nuts, seeds. It is recommended that the
supply of fat in the diet of mountaineers should be in addition
to energy after the carbohydrate and protein requirements are
met, and should be 20%-35% of the total energy supply.
Mountaineers choosing products in the mountain diet should
be guided primarily by appetite and adjust the supply of this
component to the individual tolerance of the digestive system.

Limited access to fresh fruits and vegetables and protein-
containing foods in high-mountain conditions may be asociated
with an inadequate supply of minerals and vitamins, Ferrtin and
vitamin D serum concentmtion should be assessed before the
expedition. If there is a deficiency of micronutrients, such as iron
and wvitamin D, supplementation should be implemented to
optimize health and continued under supervision of a medical
doctor. It is worth including foods rich in iron in the diet and
ensuring adequate iron bicavailability. It is advisable to adjust the
appropriate dose of vitamin D supplementation to the current
serum concentration and continue supplementation during the
expedition. Mountaineers should comsume producs rich in
antioxidants, including sources of vitamin C, beta-carotene,
vitamin E, selenium and zinc while at high altitude. Freeze-dried
fruits, vegetables and their powdered forms can be wahable
sources of antioxidant vitamins in high-atitude conditions,
Further research is needed to formulate recommendations for the
supply of micronutrients in high altitude conditions.

Fuid supply at high altitude should be individualized due to
different rates of fluid and electrolyte loss, urine color contml
(dehydration results in a darker urine colour) and symptoms of
AMS, which causes water retention in the body. A regular supply
of fluids is necessary to prevent dehydmtion.

Due to poor access to food products at high and extreme
altitudes, supplementation may be the only sclution to provide
adequate energy and essential nutrients, as well as to improve the
functioning of the body in harsh envimnmental conditions. The
potential ergogenic effect of supplemented carbohydrates on
exercise capacity in high-mountain conditions may be modulated
by acclimatization. Momwe research is needed to develop appropriate
carbohydrate supply strategies that take into account the effects of
hypoxia on insulin senstivity and substrate oxidation to optimize
the activities performed in high-altitnde conditions & is worth
considering supplementation with a protein supplement to cover
the daly requirement of this ingredient due to the lower
availahility of food products that are sources of protein in high-
altitude conditions, especially above base camp. There is still a lack
of studies evaluating the effect of protein supplementation on
feelings of satiety at high altiude. Pro-oxidant-antioxidant balance
is paramourt for atitude accdimatization, but the question of
planning an apprmopriate antioxidant-related nutritional and
supplementation strategy remains unclear.

Caffeine administered in low doses (3 mg/kg of bow.) has the
potential to positively affect mountaineers’ cognitive function.
Prliminary data suggest that caffeine may be a potential
treatment for high altitude pulmonary edema However, further
studies are needed to assess the efficacy of caffeine
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supplementation in hypoxic conditions. Nitrates supplemented in
the form of beet juice may improve endothelial function at high
altitude, but nitrates are not recommended as a prophylactic or
ergogenic agent for already existing altitude disease. Further
studies are needed to evaluate the validity of beet juice
supplementation in high-altitude conditions. In view of the
gastrointestinal complaints reported during high altitude
climbing, probiotics and prebiotics have the potential to protect
mountaineers’  intestinal  barrier from  hypoxia-induced
dysfunction. However, further research focusing on the use of
specific probiotic strmins and their effects on the state of the gut
microbiota in high-mountain conditions is needed. In high-
altitude conditions, the provision of adequate omega-3 fatty acids
may be inadequate especially above base camp due to limited
access to foods abundant in omega-3 fatty acids. Further research
is needed to assess the validity of omega-3 supplementation in
hypoxic conditions. Glutamine may hawe a paositive effect on the
function of enterocytes and immune cells in the gut. Moreover, it
may be an energy substmte for the intestinal microbiota,
reducing the inflammatory process accompanied by increased
intestinal permeability, thereby improving cognitive function and
mood. Further research is needed with hu using gl i

ppl ion in high-altitude conditions. There are several
supplements, such as curcumin, Ginko biloba, NAC and tart
cherry juice, that need further research to evaluate their
effectiveness in high-altitude conditions. Given the positive
effect of tart cherry juice on sleep quality and physical
performance, the use of this supplement in high-altitude
conditions seems an interesting strategy. There is a lack of
well-designed studies examining the relationship between the
use of dietary supplements and improved athletic performance
and health at high-extreme altitudes. Therefore, there is a need
for controlled, randomized studies involving mountaineers.

5 Conclusions

In view of the difficulties of being in high mountains and
practicing alpine dimbing, as described in the review, it is
important to increase athletes’ awareness of nutrition, hydration
and supplementation in order to improve well-being, physical
performance and increase the chance of success in high altitude
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Abstract: Objective: The aim of the study was to determine the effect a mountain ex-
pedition (>3000 m) would have on the physical performance and nutritional indices of
alpinists’ health status. Methods: The study included 17 men aged 30.29 + 5.8 years
participating in mountain expeditions to peaks of 5000-8000 m, lasting an average of
34 £ 6 days. The following were assessed: aerobic and anaerobic capacity, body com-
position and the values of selected biochemical and hematological indices of blood and
urine before and after returning from the expeditions and a quantitative analysis of the
alpinists’ diet. Results: There was a statistically significant decrease (p < 0.05) in aerobic
capacity, anaerobic capacity, subjects’ body mass, muscle mass and the lean body mass of
the upper and lower extremities. There was a significant increase (p < 0.05) inerythrocytes,
hemoglobin, hematocrit, lkeukocytes, platelets, neutrophils, monocytes and a significant
decrease {p < 0.05) in total and high-density lipoprofein cholesterol, total bilirubin, albumin
and total protein. A small percentage of the subjects met the requirements for iron (29.41%},
folate (35.29%) and vitamin D (17.65%) supply with diet, as reflected in the blood test
results. Conclusions: Despite the observed positive effect of three-week hypoxic exposure
on the climbers’ health, the deterioration of aerobic and anaerobic capacity was shown,
which, in addition to environmental conditions and systemic inflammation, may have been
influenced by adverse changes in body compesition. To improve the nutritional status of
the body during the expedition and upon return, alpinists should consider including the
necessary supplementation of deficient components.

Keywords: alpinism; body composition; climbing; health status; mountaineering; physical
performance

1. Introduction

Alpinism is a discipline combining rock climbing, ice climbing, ski mountaineering and
moving on glaciers [1]. A special variety of climbing is Himalayanism—that is, climbing
practiced in the highest mountains in the world whose highest peaks exceed 7000 m—
these are the mountain ranges of the Himalayas, Karakorum, Daxue Shan, Hindu Kush,
Kunlun, Pamir and Tianshan [2]. Interest in mountaineering is growing every year, also
among amateur climbers [3]. It is an endurance sport with elements of high-intensity
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strength training. Exercise typically involves short periods of high intensity and long
periods of submaximal intensity that require anaerobic and aerobicenergy pathways [4].
During climbing, oxygen consumption and heart rate increase, suggesting that it requires
an optimal level of aerobic capacity [5,6]. In the high-altitude environment, mountaineers
must contend with intense sunlight, heavy rain or snow and strong winds and temperature
drops (an average of 0.6° for every 100 m of altitude) with large fluctuations throughout
the day, as well as the risk of avalanches and falling rocks [1,7]. Staying in hypobaric
hypoxia (>3000 m) causes a number of deleterious effects on alpine climbers, such as a
decreased exercise capacity [8], impaired post-exercise recovery [9], slkeep deprivation [10],
cognitive impairment [11] and body mass loss [12]. Acclimatization to long-term hypoxia is
regulated at the molecular level by hypoxia-inducible factor-1 (HIE-1), which is responsible
for mobilizing hundreds of genes in response to oxygen limitation [13]. Table 1 shows the
characteristics of the altitude ranges referred to in the article [14,15].

Table 1. Definitions of altitude and associated physiological changes [14,15].

Altitude Definition Physiological Changes
Physiological changes detectable. Arterial oxygen saturation > 90%

1500-2500 m emedii Altitude illness rare but possible with rapid ascent, exercise and a
susceptible individual.
2500-3500 m High altitude Altitude illness common during rapid ascents.
Altitude illness common. Arterial oxygen saturation < 90%. Marked
3500-5800 m Very high altitude hypoxemia during exercise. A total of 5800 m is the highest altitude of
permanent human settlements.
: Marked hypoxemia at rest. Progressive deterioration despite maximal
=300 Exteama alituda acclimatization. Permanent survival is considered impossible.
Prolonged acclimatization (>6 weeks) is essential. Most mountaineers
8000 m “Death zone” require supplementary oxygen to climb safely. Arterial oxygen

saturations about 55%. Rapid deterioration is inevitable and time
spent above this altitude is strictly limited.

A number of studies have evaluated the aerobic and anaerobic capacity of Polish
professional athletes [16-20], as well as the effect of training in hypoxia on aerobic and
anaerobic capacity [21,22]. On the other hand, few studies have addressed the issue of
changes in physical performance before and after a stay at high altitude (>3000 m) [8,23].
Poor athlete health, including low levels of iron and ferritin or red blood cell indices,
is associated with decreased physical performance [24], while an increase in red blood
cell mass improves aerobic capacity [25,26]. Altitude training, due to the intake of less
oxygen during respiration, can be conducted to improve cardiorespiratory indices. The
optimal altitude for this type of training is unknown; however, most scientific studies have
been performed at intermediate and high altitudes (2000-3000 m) [27], where increases in
ery thropoietin levels have been observed with minimal side effects [28,29]. Altitudes above
3000 m can resultin the loss of training intensity and subsequent muscle atrophy [30]. The
main reasons for hypoxia-induced reduction in body and muscle mass are low energy
intake, increased energy expenditure, unfavorable climatic conditions and the type of
muscle fiber structure [31-33]. At altitudes above 5000 m above sea level, 60-70% of weight
loss concerns lean body mass [34,35]. A reduction in lean body mass negatively affects
aerobic capacity [36], muscle strength [37] and immune function [38], which can increase
the risk of disease and injury under these extreme conditions. A decrease in muscle mass,
the reduction of the fiber cross-sectional area and mitochondrial density in muscle fibers
are the main causes of deterioration in physical performance after chronic hypoxia [8].
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HIF-1, in response to hypoxia and increased free radical levels, initiates mechanisms to
reduce free radicals in mitochondria [39]. Mechanisms induced by HIF-1 reduce oxidative
stress, along with the apoptosis of muscle fibers [39]. However, compensation for the
effects of hypoxia by HIF-1 is limited by the dose of hypoxia. Exercise capacity, including
acrobic capacity, is impaired under hy poxic conditions, and maximal oxy gen consumption
(VOy ) decreases by &% for every 1000 m of elevation (from 300 to 2800 m) [40]. Humans
demonstrate a compensatory physiological and biochemical response to staying at high
altitudes, especially in its early stages [41]. An increase in the concentration of red blood
cells in the blood is an important feature of acclimatization to high altitudes [42,43]. Hypoxic
kidney and liver cells release the hormone erythropoietin, which, in turn, stimulates the
bone marrow to produce red blood cells [44]. Prolonged exposure to high and very high
altitudes {in the range of 2800 to 5800 m) increases hematocrit levels, and this increase
is acoompanied by an increase in hemoglobin levels and blood viscosity [45] Proper
nutrition, hydration and appropriately selected supplementation {of micronutrients that
are deficient in high-mountain conditions, antioxidants and ingredients that improve
exercise performance) all help optimize mountain activities and can help prevent nuiritional
deficiencies that negatively affect health, cognition and phy sical performance [46-48].

The purpose of the study was to determine the effect of a 3-week stay at an altitude
above 3000 m on the physical performance and nutritional indices of the health status of
mountaineers participating in high-altifude expeditions. The following research hypotheses
were put forward: (1) staying in high altitude conditions improved the performance of
climbers due to improved red blood cell indices and (2) the high-altitude expedition nega-
tively affected health indices. The results of the study will serve to deepen the knowledge
of physiclogical and biochemical adaptations of high-altitude climbers and the possibil-
ity of using these adaptations to increase athletic performance, as well as appropriate
training programming.

2. Materials and Methods
2.1. Study Participants

The study group consisted of 17 Polish male mountaineers bebween the ages of 23
and 40, who participated in mountain expeditions at least once a year, during which they
stayed at altitudes above 3000 m for at least 3 weeks. Individuals who qualified for the
study were members of high-mountain clubs affiliated with the Polish Mountaineering
Association. The group’s anthropometric and BMI data are shown in Table 2.

Table 2. Anthropometric data and BMI of dimbers participating in the research (n = 17).

Men (7 = 17)
¥ 5D
Apge [years] 30.29 58
Body height [cm] 18047 8.36
Body weight [kg] 74.96 5.03
BMI [kg/m?] 22.83 21

Abbreviations: ¥—mean; SD—standard deviation; BMI—body mass index.

The climbers participating in the study were characterized by extensive climbing
experience (10 £ 5 years) in sport climbing and mountaineering. The average climbing
level of participants, as measured by the [RCRA {The International Rock Climbing Research
Association) scale, was 20,69 + 2.8, which, according to the proposed criteria, places them
in the advanced (level 3) category [49]. The climbers who qualified for the study spentan
average of 8 + 3 h per week training. The climbers stayed at an altitude of 3000-8167 m
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above sea level during their expedition. In total, the high-altinde expeditions lasted an
average of 34 + 6 days, of which participants spent an average of 22 + 4 days actively
climbing in the mountains and 11 £ 8 days resting in base camps or mountain towns.
Because some of these sites were located above 3000 m, the participants spent a total of
26 + 6 days at altitudes abowve 3000 m.

The mountaineers recruited for the study traveled in small groups or individually to
pursue their mountain aims, which are shown in Table 5.

Table 3. The mountain goals of mountaineers.

Number of Climbers
Participating
in the Expedition

Mh;'[:;':‘:fm Countey Mountain Goal
the 800-m Cruz del Sur route on the La Esfinge
rock monolith (5325 m);
. new route on Ocschapalea (5888 m);
Cordillera Blanca Peru Nevado Churup (5495 m);
ascents on Artesonraju (6025 m) and
Alpamayo (5947 m)
Shuijerab, North Pakistan virgin peaks: Trident Peak (6150 m)
Karakorum i and Sakwa Sar (6050 m)
! attempted virgin peaks, but failed due to
Gcm::hya?, India weather conditions (the highest point of the
o= s expeditions—5000 m)
Western and i o
s Norbem oot atonptiodinb s psk
Nepal : pe
Annapuma (8091 m)
Himalaya Nepal and Dhaulagiri (8167 m)
Himalaya Nepal Ama Dablam (6812 m)
Lailak Valley, K stan ascent via Troschenko route on the north face
Pamir-Alai YIBY= of Ak-su (5217 m)

Prior to the start of the project, the mountaineers had a consultation with a sports
medicine doctor, during which they were qualified to participate in the project based
on the results of previous tests (ECG, blood and urine tests). The presence of chronic
diseases and age over 45 wene disqualifying factors for participation in the project. The
Bicethics Committee of the Cracow Regional Medical Chamber approved the research
project (67 /KBL/OIL/2021), which was conducted in accordance with the Declaration of
Helsinki. After learning about the risks and benefits of taking part in the study, all climbers
gave written informed consent to participate.

2.2 Study Design
2.2.1. Analysis of Aerobic and Anaerobic Capacity

Aerobic capacity was assessed during a test with gradually increasing load, performed
until failure due to extreme fatigue, while anaerobic capacily was assessed during the
Wingate test for the lower and upper extremities. Exercise tests were performed twice. The
first test was performed about two weeks before the expedition, and the second up to four
days after reburning from the expedition at an altitude of about 383 m above sea level The
study was conducted as soon as possible after return to catch hypoxia-induced changes in
health, body composition and physical performance.
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1.  Aerobic performance

The test was performed on anh/p/Cosmos Saturn mechanical treadmill (h/p/Cosmos
Sports & Medical GmbH, Germany) according to the following scheme: a 2 min recording
of baseline cardiorespiratory indices in a standing position, a 4 min run at a constant speed
of 8 km/h and a treadmill incline angle of 1°, followed by a 1.1 km/h increase in running
speed every 2 min until a running speed of 16.8 km/h was reached. In the remaining part
of the test, the running speed did not change, and an increase in exercise intensity was
obtained by raising the angle of the treadmill by 1° every 2 min. The test was continued
until exhaustion, subjective to the test participant. Respiratory indices were monitored
continuously using a Cortex Metalyzer 3B ergospirometer (CORTEX Biophysik GmbH,
Leipzig, Germany), and heart rate was recorded using a Polar 5410 cardiac monitor (Polar-
Electro, Helsinki, Finland). A number of cardiorespiratory indices were recorded during
the test, including heart rate (HR), minute oxygen uptake (VOz), minute carbon dioxide
excretion (VCO,), minute pulmonary ventilation (VE), percentage of oxygen and carbon
dioxide in exhaled air (FEO; and FECO,) and respiratory quotient (RER). Based on the
changes in respiratory indices during the test, the magnitude of maximum minute oxygen
uptake (VOzmax) and the level of ventilation threshold Il were determined. The maximum
percentage of carbon dioxide in exhaled air (FECO5), the minimum value of the respiratory
equivalent for carbon dioxide (VE/VCO;) and a sharp increase in minute pulmonary
ventilation (VE) were used as criteria for determining the second ventilation threshold.

2. Anaerobic performance

This test was performed in a sitting position without getting up from the saddle on a
Monark 8Me cycloergometer for the lower limbs (Monark Sports & Medical, Vansbro, Sweden)
and Monark 834e for the upper limbs (Monark Sports & Medical, Vansbro, Sweden) in a
modified 20-s version. The test participants’ task was to perform crank turns at maximum
rhythm throughout the test. Both tests were preceded by warm-ups, with the lower limb
test lasting 5 min with a 100-wattload, and the upper limb test lasting 4 min with a 60-watt
load. The pedaling rhythm was 60 rpm. During the warm-up for the lower limb test, brief
5 s accelerations of the pedaling rhythm to about 80% of subjective maximum capacity
occurred in the 2nd, 4th and 5th min, and in the warm-up for the upper limb test in the
2nd and 4th min, respectively. After the warm-up, the participants performed stretching
exercises for 2-3 min, after which the test proper was started. The test load was set at
7.5% and 4.5% of body weight for the lower and upper limb tests, respectively. During
both tests, the course of power changes was monitored continuously, which allowed the
determination of the following indices: maximum anaerobic power (MAP), total work (Wy),
mean anaerobic power (Pmean), time to reach maximum power (t:) and time to maintain
maximum power (tm).

2.2.2. Analysis of Health Status
1.  Anthropometric measurements and body composition analysis

The body height of the participants was measured before the expedition using a Seca
217 anthropometer (Seca GmbH & Co., KG, Hamburg, Germany) with an accuracy of
1 mm. The climbers’ body weight was determined using an InBody 120 body composition
analyzer (Inbody Bldg., Seoul, Republic of Korea) in the morning after a standardized meal
between 7:45 and 8:30 am.

Body composition analysis was performed using dual-energy X-ray absorptiometry
(DXA), with the Lunar iDXA™ instrument (GE HealthCare, Chicago, IL, USA). The DXA
method used the phenomenon of attenuation occurring when a beam of ionizing radiation
passes through various tissues of the body. The radiation dose was very low, so the test
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was safe. The Lunar iDXA used fan beam technology with a 64-channel solid-state detector.
Each body composition analysis provided information on body mass (BM) [kg] and body
mass index (BMI), as well as individual components of body structure: body fat (FM)
[% and kg], fat free mass (FEM) [% and kg], lean body mass, i.e., body mass without
body fat and bone mineral (LBM) [% and kg], bone mineral content (BMC) [g] and bone
mineral density (BMD) [g/cm?]. The amount of LBM [kg] in both the upper limbs (arms)
and lower limbs (legs) was also assessed. The values obtained additionally allowed for
the estimation of the sum of appendicular lean soft tissue (ALST) weight. The ALST
index was the sum of the lean body mass of the upper and lower limbs (ALST = LBM
arms + LBM legs). With this, muscle mass (MM) [kg and %] was calculated. Kim's formula
was used to calculate muscle mass in kilograms, with a value of 1 for the male gender:
MM =(1.13 x ALST) — (0.02 x age) +(0.61 x gender) + 0.97 [50]. Composition analysis
and weight measurement were performed twice. The first analysis was performed about
two weeks before the expedition, and the second analysis was performed up to four days
after returning from the expedition at an altitude of about 383 m above sea level

2.  Blood and urine tests

For health status analysis, blood samples were taken from veins in the elbow pit to
determine hematological and biochemical blood indices, i.e., peripheral blood count (hema-
tocrit (HCT), hemoglobin concentration (HGB), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
red blood cell distribution (RDW), erythrocyte count, platelets count, mean platelet vol-
ume (MPV), white blood cell count—leukocytes, leukocyte differentiation: lymphocytes
(LYMPH), monocytes (MON), basophils (BASO), eosinophils (EOS), neutrophils (NEU), ery-
throcy te sedimentation rate (ESR), glucose, total cholesterol (TC), high-density lipoprotein
cholesterol (HDL), low-density lipoprotein cholesterol (LDL), triglycerides (TG), creatinine,
urea (U), uric acid (UA), total protein, sodium, potassium, chloride, calcium, magnesium,
phosphorus, iron, ferritin, vitamin D, vitamin B12, liver enzymes: alanine aminotransferase
(ALT), aspartate aminotransferase (AST), acid phosphatase, gamma-glutamyl transpep-
tidase (GGTP), albumin and total bilirubin. The determinations were carried out in the
morning and on an empty stomach, about two weeks before the expedition and within two
days after the expedition.

In addition to the blood test, a general urine test was performed, i.e., specific gravity,
PH, leukocytes, nitrites, protein, glucose, ketones, urobilinogen, bilirubin, blood (erythro-
cytes/hemoglobin), color and transparency. The urine for testing was delivered to the
laboratory at the same time as the blood draws were performed. Measurements were
made by flow cytometry (blood count), kinetic-photometric (ESR), indirect potentiom-
etry (Na, K, chloride), spectrophotometry (total protein, calcium, phosphorus, magne-
sium, TC, HDL, TG, U, UA, iron, AST, ALT, creatinine, total bilirubin, GGTE, glucose),
direct chemiluminescence (vitamin B12, vitamin D, ferritin) and by strip testing (urinal-
ysis). Laboratory determinations were performed using the following devices: Alinity
HQ (Abbott, Singapore, Singapore), Roller 20 (Alifax, Polverara, Italy), Alinity C (Abott,
Singapore, Singapore), Alinity I (Abbott, Singapore, Singapore) and Atellica 1500 (Siemens,
Munich, Germany), and were commissioned as an external service, performed by Alab
Laboratories (Warsaw, Poland).

2.2.3. Nutritional Analysis of Diet

The supply of selected macronutrients during the mountaineering expedition was
determined by analyzing the whole-day rations obtained using the 3-day food diary method.
The expedition participants were asked to note down all the foods, meals and supplements
eaten and fluids drunk during 3 days during the expedition (2 days of sports activity, 1 day
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of rest). These were days of acclimatization and alpine climbing on the way to the summit,
and the activities noted during this time were mainly hiking with climbing elements.
Climbers were given detailed instructions on how to keep food diaries before kaving for
the expedition in order to minimize recording errors. The diaries contained commercially
available products, so the necessary data for analysis were read from labels and nutritional
tables. In the case of food products such as bars, energy gels and freeze-dried products,
climbers were asked to provide the product name, manufacturer and product weight.

The data from the diaries weme meticulously entered into the Aliant Dietetic Calcu-
lator program {Anmarsoft Marcin Olech, Gdafisk, Poland; version: 85; database: 6.2) for
quantitative analysis of the climbers’ diets during the expedition. The program used the
“Tables of food compesition and nutritional value” [51] as a database, taking into account
food recipes and losses due to product processing,

2.2.4. Measurement of Energy Expenditure

Measurements of energy expenditure during the expedition were made by the researchers
using a Polar M430 monitor recording heart rate (Polar-Electro, Kempels, Finland), which
was recorded 24/7 for 3 days (2 days of sports activity, 1 day of rest). The pulsometers
consisted of watches (receiver) and transmitter straps with the Polar H10 sensor (Polar-
Hlectro, Kempele, Finland), worn on the chest at the level of the me tasternum in the anterior
midline. The watches were placed on the wrist, so that they were adjacent to the body
just below the wrist bone. Before the measurement began, the required data were entered
into the device for each athlete: gender, age, body weight and height. Before the start
of physical activity, the subjects were instructed to put on the transmitter strap, start the
physical activity recording option on the device (climbing outdoors), and when the physical
activity was over, to turn off the recording by pressing the corresponding button on the
watch. In case of recording activity during acclimatization or when reaching the climbing
starting point, the training option was not enabled. All dimbers were advised not to remove
the devices from their wrists for the entire duration of the energy expenditure recording
(sleep, daytime activity, physical activity). Energy expenditure was recorded in the Polar
Flow app.

2.1.5. Statistical Analysis

Basic statistical measures in the form of arithme tic mean (¥), standard deviation (SD),
median (Me) and quartiles (Q1, Q3) were used to characterize the weceived results. The
obtained research results were tested by checking for normal distribution of variables with
the W Shapiro-Wilk test. For normal distributions, differences in the mean values of the ob-
served indicators were tested using the Student’s i-test for dependent groups, and for other
distributions {deviating from the normal distribution), non-parame tric statistics were used,
with the Wilcoxon paired rank-order test for dependent groups. The significance level was
taken as p < 0.05. The statistical analysis package Statistica 13.1 (StatSoft, Tulsa, OK, USA)
was used for statistical analy ses.

A binary classification approach was used to assess the implementation of nutritional
standards. For each nutrient, a value of 1was assigned if the subject’s intake of the nutrient
met the recommended standard, and 0 if it did not. Then, based on these data, the per-
centage of subjects who met the standards for each nutrient was calculated. The analysis
was carried out using an Excel spreadsheet (Microsoft Corporation, Washington, DC, USA).
The median intake of macronutrients (protein, fat, total carbohy drates), dietary fiber, sim-
ple carbohydrates, saturated fatty acids, and micronutrients over 3 days was referred to
recommendations for athletes [52-56]. The results were presented in the form of percent-
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ages, which made it possible to assess the degree to which the shudy group implemented
the standards.

3. Results

The level of indices characterizing the aerobic capacity of climbers {maximum minute

oxygen uptake globally and relatively, maximum minute pulmonary ventilation, maxinum
heart rate, effort duration) decreased after returning from the expedition. The described
changes were statistically significant [Table 4].

Table 4. Aerobic performance indices meastired before and after a stay at high altitude > 3000 m,

Before Chronic Hypoxia After Chronic Hypoxia Statistical

Aerobic Perfformance Indices = r
% SD E3 SD Test
VOomay [L/min] 407 0.37 385 0.39 1) 0.0006
VOomay [mL/kg,/min] 54.53 5.96 5238 5.49 T 0.0232
VEmay [L/ min] 149.34 15.88 138,05 14.43 T 0.0003
HRmax [beats/min] 190 10 187 1 T 0.0397
tmax [mnin] 20.38 195 18.82 2.16 T 0.0001

Abbreviations: ¥—mean; SD—standard deviation; T—5Student’s i-test for vadables with parametric distribution;

p—etatistical significance; ‘i’Og_nm—mmr.Lmummygm up'lah,—‘;'Em—mmrjmum minute pulmenary ventilation;
HEp p—maximum heart rate; g, ,—effort duration.

The indices characterizing the level of the second ventilatory threshold after the
expedition did not change significantly, as shown in Table 5. The only statistically significant
change was observed in the level of heart rate, which decreased during the study, as
measured after the rehurn from the expeditions.

Table 5. Aerobic performance indices associated with the reaching of second ventilatory threshald
measiired before and after a stay at high altitude > 3000 m.

Aerobic Performance Indices ~ Before Chronic Hypoxia After Chronic Hypoxia Statistical

at VT2 5 sD ¥ sD Test P
VO, at VT2 [L/min] 2.96 0.24 29 034 T 0.2545
VO, at VT2 [mL/kg,/ min] 39.65 3.50 3945 4.62 T 07722
YV O at VT2 73.06 5.65 75.37 4.87 T 0.0642
VE at VT2 [L/min] 78.35 8.81 a0.71 8.46 T 0.2824
HR at VT2 [beats/min] 159 10 155 10 T 0.0358
YoHRma: at VI2 73.06 5.65 75.36 4,87 T 0.6418
tat VT2 [min] 1111 215 11.08 233 T 09330

Abbreviations: ¥—mean; SD—standard deviation; T—Student’s i-test for vadables with parametric distribubion;
p—statistical significance; WT2—eecond ventilatory threehold; Y;’Dz at VT2—maximum oxy gen uptake at VT2;
YW Olyyryg 8t VT2—percentage of maximum cxygen uptake at VT2; VE at VT2—pulmenary ventilation at VT2, HR

at VT2—heart rate at VT2; %HEmac at VT2—percentage of maximum heart rate at VT2; t at VT2—effort duration
to reach VT2,

The level of indices characterizing the participants’ anaerobic capacity generally de-
creased after returning from the expedition [Table 6]. In the lower limb test, maximum
anaerobic power and mean anaerobic power expressed in global and relative values de-
creased. The values of total work and time of maintaining maximum power were also
lower during the tests conducted after returning from the expeditions. The time of reaching
maximum power decreased, but this change was not statistically significant compared to
the other indicators mentioned
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Table 6. Anaerobic performance indices of the lower limbs meastired before and after a stay at high
altitude > 3000 m.

Anaerobic Performance
Indices (Legs)

MAP [W]
MAP [W/kg]
Prnaan [W]
Prmean [W/kg]
W, [K]

t [s]
tm [£]

Before Chronic Hypoxia After Chronic Hypoxia Statistical

*Me SD/(Q1; Q3 xMe SDV/(QL; Q3) Test J

807.45 73.66 76743 7852 T 0.0015
1073 0.77 104 071 T 0.0130

668.24 49,57 629.66 45.85 T 0.0004
8.89 0.64 8.5 0.49 T 0.0022
13.36 0.99 12.59 0.91 T 0.0004
5.67 0.63 546 1.06 T 0.3053
3.69 {2.90; 4.42) 344 (251;3.62) w 0.0024

Abbreviations: ¥—mean; SD—standard deviation; Me—median; (f1—first quartile; Q3 —third quartile;
T—Student’s f-test for variables with parametric distribution; W—Wilcoxen rank test for variables with nonpara-
metric distribution; p—statistical significance; MAP—maximum anserobic power; Fosan—mean anaembic power;
Wi—total work performed; t—time of raching madmum pow er; tm—time of maintaining maximum power.

In the upper imb test, the changes in the analyzed indices were slightly different.
Maximal anaerobic power, both globally and relatively, decreased but the observed changes
were not statistically significant. Similarly, changes in the time to reach and maintain
maximal power were also not statistically significant. In the upper limb test, the values of
mean anaercbic power from the test and total work decreased in a statistically significant
way [Table 7].

Table 7. Anaerobic performance indices of the upper limbs measured before and after a stay at high
altitude > 3000 m.

Anaerobic Performance Before Chronic Hypoxia After Chronic Hypoxia Statiskical
Indices (Arms) : . Test P
*Me SDV(Q1; Q3) x/Me SDNQ1: Q3) es
MAP [W] 556.64 79.45 536.67 90.53 T 0136
MAP [W/kg] 7.38 0.8 725 0.86 T 0.4472
Prean [W] 439,51 44,65 41432 47.45 T 0.0015
Pmean [W/kg] 6.02 {5.55; 6.15) 564 (5.41;5.81) w 00245
W, [K 879 0.89 829 0.95 T 0.0015
t [5] 5.56 {3.99; 8.46) 407 (3.46;7.20) w 0.0683
tem [8] 3.95 {2.23; 5.02) 253 (2.16;4.55) w 01239
Abbreviations: ¥—mean;, SD—standard deviation; Me—median; (l—first quartile; Q3—third quartile;
T—Student’s f-test for variables with parametric distribution; W—Wilooxon rank test for variables with nonpara-
metric distribution; p—statistical significance; MAP—maximum ansercbic power; P o, —mean anaemobic power;
Wi—total work performed; tr—time of raching madmum pow er; tlm—time of maintaining max imum power.
A prolonged stay in high-altitude conditions resulted in a statistically significant
decrease in body weight and muscle mass. There was also a significant decrease in lean
body mass in the upper and lower limbs, as well as the ALST index. Analysis of BMI, fat
mass, lean mass, muscle mass [%], lean body mass and bone mineral content and bone
mineral density showed no significant changes after chronic hypoxia [Table &].
Table 8. Anthropometric indices meastired before and after a stay at high altitude > 3000 m.
K e Before Chronic Hypoxia After Chronic Hypoxia Statistical £
; xMe SD/(Q1; Q3) x/Me SD/(Q1; Q3) Test
BM [kg] 74.96 503 7379 553 T 0.0149
BMI [kg/ m?] 22.83 210 2243 1.43 T 0.1606
FM [kg] 964 (8.42;12.62) 930 (7.99; 10.47) w 01024
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Table 8. Cant.

Before Chronic Hypoxia After Chronic Hypoxia Statistical

Anthropometric Indices . SDI(Q1; Q3) Me SD/(Q1; Q3) Test P
FM [%] 12.80 (11.50; 17.60) 12.90 (11.60; 16.20) w 0.1626
FFM [kg] 64,51 5.09 63.99 490 T 0.1330
FFM [%] 87.78 (83.05; 88.89) 87.66 (84.46; 88.99) w 0.1488
MM [kg] 3372 291 33.10 273 T 0.0071
MM [%] 44.97 2.05 44.88 2.15 T 07851
LBM [kg] 61.35 4.83 61.01 474 T 0.4437
LBM [%] 83.39 (79.00; 84.64) 8343 (80.73; 84.69) w 0.1626
LBM Arms [kg] 8.25 076 8.08 073 T 0.0224
LBM Legs [kg] 2072 2.00 20.35 1.80 T 0.0391
ALST [kg] 28.98 2.58 2843 243 T 0.0071
BMC [g] 3.16 0.33 3.16 033 T 0.7562
BMD[g/cm] 130 0.07 129 0.05 T 0.1054
Abbreviations: - tandard deviation; Me—median; Ql—first quartile; Q3—third quartile;

T—Student’s t-test for vniables with pammetdc distribution; W—Wilcoxon rank test for variables with nonpara-
metric distribution; p—statistical significance; BM—body mass; BMI—body mass index; FM—fat mass; FFM—fat—
free mass; MM—muscle mass; LBM—lean body mass; ALST—appendicular lean soft tissue; BMC—bone mineral
content; BMD—bone mineral density.

The analysis of the hematological indices showed a significant increase in the number
of leukocy tes, erythrocytes and platelets and an increase in the values of hemoglobin and
hematocrit, as well as neutrophils and monocytes Table 9. A significant decrease in total
cholesterol, HDL cholesterol, total bilirubin, albumin and total protein was observed. There
was a statistically significant increase in the levels of total acid phosphatase and inorganic
phosphorus. All of the urine indicators remained within the reference values both before
and after the expedition.

Table 9. Health status indices measured before and after a stay at high altitude > 3000 m.

Health Status Indices

Leukocytes [10°/L]
Erythrocytes [1012/L]
HGB [g/dL]
HCT [%]
MCV [fL]
MCH [pg]
MCHC [g/dL]
RDW [% 2
Platelets [10°/L]
MPV [fL]
NEU [%]
NEU [10°/L]
LYMPH [%)]
LYMPH [10°/L]
MON [%]
MON [10%/L]
EOS [%]

Before Chronic Hypoxia After Chronic Hypoxia Statistical

®¥Me  SDIQLQ3)  ©Me  SD/QLQ3)  Test P
Blood counts

565 1.05 668 2 T 0.0066
518 031 543 036 T 0.0007
15.39 0.86 1616 0.88 T 0.0004
7.2 272 12961 341 T 0.0025
9134 284 o1.53 28 T 07862
2979 143 20.87 141 T 07134
3261 108 3264 128 T 09402
13.25 1.00 1325 0.90 T 0.9986
2038 (1932;256.8) 240 (222; 260) w 0.0075
86 156 851 147 T 0.8161
5510 (4610;5727) 5716 (49.58;6115) W 07583
3 (275:3.19) 362 (2.5:5.5) W 0.0442
3445 651 20,55 10,06 T 0.1687
181 (1.6132.00) 2 (183;2.15) w 0.0929
818 179 8.13 292 T 09267
0.45 (0.40; 0.51) 0.54 (0.49;071) w 0.0064
31 212 231 1.44 T 01393
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Table 2. Cont.
Before Chronic Hypoxia After Chronic H ia sk
Health Status Indices L Y Statistical
x/Me SD/(Q1; Q3) x/Me SD/(Q1; Q3) Test
EOS [lﬂgfL] 011 (0.08; 0.27) 015 (0.10; 0.24) w 09382
BASO [%] 111 034 0.54 0.58 T 01018
BASO [10°/1] 0.06 (0.05; 0.07) 0.06 (0.04; 0.08) w 06592
ESR [mm/h] 2 {2:2) 2 (2:5) w 0.0759
Electrolytes
Sodium [mmol/L] 140.41 1.09 140.71 2.2 T 06071
Potassium [mmel,/ L] 433 016 442 024 T 0.1139
Chlorides [mmol/L] 102 (100; 104) 104 (102; 104) w 02115
Calcium [mmol/L] 236 01z 236 013 T 0.9379
Magnesium [mmeol/ L] 0.85 0.04 0.85 0.08 T 0.8599
Lipid profile
TC [mmeol/L] 449 079 413 077 T 0.0197
LDL [mmel/ L] 259 .66 2.37 0.6 T 00942
HDL [mmaol /1] 1.56 0.25 1.38 03 T 0062
TG [mmeol /L] 070 (0.57; 0.81) 062 (0.55; 0.99) w 0.2659
Kidney parameters
Creatinine [pmol/L] 7883 a8 75.20 10.48 T 0.1855
Urea [mmol/L] 5.23 07 4.85 12 T 0.3155
Uric acid [umel/L] 308,17 57.15 32712 62.90 T 0.1317
Urine pH 5.88 047 6.26 079 T 0.072
Urine specific gravity 102 (1.02; 1.03) 1oz (1.01;1.02) w 0.125
Liver parameters
AST [U/L] 23 442 20.06 4.49 T 0.0710
ALT[U/L] 21 {16;23) 21 (16;26) w 0.3636
Total bilirubin [umel /L] 19.81 7.98 11.66 541 T 0.0001
GGTF [U/L] 17 {16;19) 19 (17; 20) w 0.0501
Albumin [g/L] 47 (45;4; 49.3) 4559 (43.5; 46.6) w 0.0171
Tatal acid phosphatase [U/L] 36 (3:4) 43 (4.0;4.4) w 0.0151
Another indices
Total protein [g/L] 72.36 3.52 68.62 574 T 0.0029
Ghucose [mmeol/L] 501 (4.68; 5.24) 4.88 (4.72;5.04) w 0.2659
Inorganic phosphorus
[ /1] 1.09 014 126 012 T 0.0003
Iron [umaol /L] 26.67 a0 21.02 7.85 T 0.0567
Ferritin [ng/mL] 70.82 3219 66.82 36.29 T 0.4492
Vitamin [ {20 o6 3176 7.93 3l: 7:31 T 0.8941
[ng/mL]

Vitamin B12 [pg/mL] 402 (329; 449) 409 (337;433) w 0.4074

Abbmviations: ¥—mean; SD—standard deviation; Me—median; (Jl—first quartile; Q3—third quartile;
T—Student’s f-test for variables with parametric distributicn; W—Wileoxon rank test for varables with none
parametric distribution; p—statistical significance; HGB—hemoglobin; HCT—hematocrit; MCV—mean corpus-
cular velume; MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular hemoglobin concentration;
RDW-—red blood cell digtribution; MPV—mean platelet volume; NEU—neutrophils; LYMPH—Ilymphocytes;
MON—monocytes; BOS—eosinophils; BASO—basophils; ESR—erythrocyte sedimentation rate; TC—total dholes-
terol; LDL—Ilow-density lipoprotein cholesterol; HDL—high-density lipoprotein choles terol; TG—triglycerides;
AST—aspartate aminotransferase; ALT—alanine aminotransferase; GGTP—gamma-glutamy] transpeptidase.

The median energy demand of the study participants was 3897.95 & 521 keal, and the

energy supply was 2715.71 £ 794 kcal. The cdlimbers were equipped with supplementation
of 325 + 220 keal on average, which accounted for 11.99% of their energy supply. Generally,
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only one person, i.e., 5.88% of the respondents, covered their needs in accordance with
the standard. Most climbers (94.14%) met the carbohydrate requirement, and 58.82% met
the protein requirement. All climbers met the requirements for fats, and 23.53% of them
exceeded the normative values. The median energy and nutritional value of the diet
based on analysis of the food diaries is shown in Table 10. Compared to the standards for
athletes [53-56], mountaineers did not provide adequate amounts of potassium, calcium,
magnesium, iron, zinc, selenium and iodine, as well as vitamins A, D, C, folate and
vitamin K.

Table 10. Energy and nutritional value of the daily food ration of mountain climbers in relation to the
recommendations for athletes [53-56].

Diet of Climbers S e
During the Expedition ecommendations for
& pe Athletes
Me (Q1;Q3) RDA/AI
Energy and macronutrients intake
Energy [kcal] 2700.8 (2023.6; 3036.9) Daily energy exPenditune
Protein [%] 13.8 (11.7; 15.5) 15-20
Protein [g] 90.2 (72.4; 105.4) -
Plant protein [g] 48.90 (36.9; 51.6) -
Animal protein [g] 33.3(32.3;54.4) -
Protein [g/kg bw] 1.16(1.01; 1.34) 12-22!
Carbohydrates [%] 52.2 (49.8; 54.4) 45-652
Carbohydrates [g] 332.2(268.2;443.4) -
Carbohydrates [g/kg bw] 4.37 (3.81;5.91) 6-123
Simple carbohydrates [g] 102 (84.8; 136.3) -
Simple carbohydrates [%] 16.77 (13.26; 23.33) <204
Fiber [g] 26.7 (21.8;33.2) >254
Fats [%] 32.8 (27.9; 36) 20-3523
Fats [g] 96.6 (78.6; 114.8) -
Fats [g/kg bw] 1.23 (1.04; 1.56) 05-151
SFA [%] 11.56 (8.42; 14.4) <103; ALAP¢
SFA [g] 347 (28.3;38.9) ALAP*
MUFA [g] 23.2(10.1; 32.6) -
PUFA [g] 124 (10; 12.8) ALA 0.5%, LA 4%
Cholesterol [mg] 2252 (144; 271.5) <300°
Micronutrients intake
Sodium [mg] (AT) 2832 (2070; 2897.3) 1500->10,000 2
Potassium [mg] (AT) 2039.7 (1358.1; 2715.4) 3500 447002
Calcium [mg] 4453 (349.4; 611) 1000 120003
Phosphorus [mg] 866.2 (587.2; 901.9) 700 1-15002
Magnesium [mg] 278.8 (201.5; 398.7) 4201
Iron [mg] 7.8(4.8;104) 14
Zinc [mg] 5.4(4.8;7.1) 11-152
Copper [mg] 1(0.7;1.7) 0.92-1.64
Selenium [ug] 5.1(1.6;12.2) 50-552
Iodine [ug] 22.8(13.8;39.1) 120-1502
Vit A [ug] 729.2 (473.1; 1570.8) 9001
Vit. D [ug] 2.6(1.2;4.8) 1524
Vit. E [mg] 14.2(9.9; 17.8) 1512
Vit. C [mg] 90.5 (74.5; 164.5) 11042002
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Table 10. Cont.

2 A Nutritional

Du?:; DﬂfmcEL;?eiI:mn Recommendations for
Athletes

Vit. By [mg] 14(1.2;1.7) 121
Vit. By [mg] 1.4(0.8;22) 134
Vit. By [mg] 13.7 (5.1; 20.1) 14202
Vit. B [mg] 1.8(1.2;2.3) 1527
Vit. B9 [pg] 325.4 (203.9; 477.1) 40012
Vit. Byz [ugl 2.8 (L6; 4.1) 2.41-44
Vit. K [ug] 42(2.2;14.4) 120 17002

Abbmviations: '—[55]; 2—[52]; 3—[55]; *—[54]; >—[57]; Me—median; Ql—Eirst quartile; Q3—third quartile;
RDA—mecommended dietary allowance; Al—adequate intake; ALA— erlinolenic acid; ALAP—as low as possible;
b —body weight; LA—linoleic acid; MUBA—monounsaturated fatty acid; PUBA—poly unsaturated fatty acid;
SPA—saturated fatty acids.

Table 11 shows the percentages of climbers whose results of nutritional indices of
health status after chronic hypoxia were in accordance with laboratory standards and which
were realizing the requirements for selected macro- and micronutrient components of the
diet. Most climbers had test results in line with the laboratory standard. The exception
is the climbers” vitamin D levels, which were too low in 52.94% of those tested. Most
climbers covered their macronutrient requirements with diet and supplementation. A small
percentage of the subjects (<50%) covered the needs for iron, folate, potassium, calcium,
vitamin D, vitamin C and vitamin A. If there was an inadequate supply of iron, folate
and vitamin D, this was reflected in the blood test results. None of the climbers surveyed
provided adequate calcium and vitamin K relative to standards.

Table 11. Percentage of climbers whose selected test results of nutritional indices of health status after
chronic hypoxia were in accordance with laboratoty standards and percentage of climbers realizing
the requirements for selected macro- and micronutrient components of the diet.

i E Percentage of Climbers Whose Percentage of Climbers
Nﬁf&%ﬁmﬁf Test Results of Health Macro- and Realizing the
C H 5 Indicators Were Consistent Micronutrients of the Diet Require ment for a Given
hronic Hypoxia  oiith Laboratory Standards [%] Dietary Nutrient [%]
Erythrogytes [102/1] 100
HGE [g/dL] 100
HCT [%] 7647
MCV [fL] 9412 Iron [mg] 29.41
MCH [pgl 94,12 Vitamin B9 [ug] 35.29
MCHC [g/dL] 70.59 Vitamin B12 [pg] 58.82
Iron [umol/ L] 94,12
Ferritin [ng/mL] 7647
Vitamin B12 [pg/mL] 94,12
Sodium [mmol/L] 100 Sodium [mg] 100
Potassium [mmol /L] 100 Potassium [mg] 2353
Calcium [mmeol/ L] 8235 Calcium [mg] 0
Magnesium [mmol /L] 100 Magnesium [mg] 1178
Vitamin D (25(0OH)D} .
toéal frg/mi] 52.94 Vitamin D [ug] 17.65
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Table 11. Cont.
s 3 Percentage of Climbers Whose Percentage of Climbers
N;::ﬁ:‘;t}:?&gf Test Results of Health Macro- and Realizing the
Chronic H . Indicators Were Consistent Micronutrients of the Diet Requirement for a Given
e HypoXia  ith Laboratory Standards [%] Dietary Nutrient [%]
TC [mmol/L] 8235 Cholesterol [mg] 82.35
LDL [mmol/L] 8235 Fibre [g] 58.82
HDL [mmol/L] 88.24 Simple carbohydrates [%] 70.59
TG [mmol/L] 88.24 Vitamin C [mg] 3529
Glucose [mmol/L] 100 Vitamin E [mg] 52.94
Vitamin A [pg] 4118
Abbreviati HGB—h lobin; HCT—h Tit; MOl—lmanco:puscularvolume, MCH—mncoxpmcu
lar hemoglobin; MCHC—mean corpuscular hemogl tration; TC—total cholesterol; LDL—low-density

lipoprotein cholesterol; HDb—hnsh-denmty hpopmbem cho)esﬁeml TG—triglycerides.

4. Discussion
4.1. Main Findings

In our study, a decrease in aerobic capacity in climbers was observed, expressed as a
statistically significant decrease in maximal oxygen uptake (VOzmax), maximum minute
pulmonary ventilation (V Emax), a decrease in the duration of the performance test (tmax)
and a decrease in the value of the maximal heart rate (HRmax). Similar results were ob-
served by Hoppeler et al. [8], describing a 5% decrease in aerobic capacity expressed as
VOymax in subjects after a minimum of 6 weeks of exposure above 5200 m. A study by
Szymezak et al. [23] showed no significant changes in aerobic capacity parameters in alpin-
ists after 4 weeks of being in hypoxia at an average altitude of 4900 m. In our study, there
were no significant changes in the indices characterizing the level of second ventilatory
threshold. Changes in oxygen uptake at the threshold, minute pulmonary ventilation and
time of threshold onset were small and not statistically significant. Different results were
obtained in their study by Szymczak et al. [23], who reported a significant decrease in
anaerobic threshold and heart rate levels after a month of staying at an average altitude
of 4900 m; similarly, in our study, a significant decrease in the value of heart rate at the
level of the second ventilation threshold was observed. An interesting observation was
made in a study by other authors [40], showing that exercise capacity and aerobic capacity
are impaired under conditions of simulated hypoxia, with VOM decreasing linearly by
6% for every 1000 m of elevation (from 300 to 2800 m). In our study, VOzm levels were
determined before and after the expeditions, and a 3.95% decrease was noted.

The level of indices characterizing the anaerobic capacity of the subjects generally
decreased after returning from the expedition. Such changes are confirmed by studies of
other authors [23], who indicate a decrease in total anaerobic work and maximum anaerobic
power after 1 month at altitudes above 3500 m (average 4900 m) [23]. Doria et al. [58]
observed a decrease in the mechanical and metabolic indices of the Wingate test after
a 43-day expedition to the Himalayas (23 days above 5000 m). Grassi and co-workers
observed that, after 10 days of acclimatization to 5050 m, muscle power output and blood
lactate accumulation were unaffected by chronic hypoxia during short supra-maximal
exercise [59,60]. Other studies have shown decreases in lower limb peak power at altitude
and after return from high altitude when compared to before departure [61,62]. In our
study, there was a statistically significant decrease in MAP (4.91%), average power (5.77%)
and total work (5.77%) performed in the test. The change in the time to reach MAP was not
statistically significant, while the time to maintain maximum power significantly decreased
(6.98%). In the upper limb power tests, the only significant changes were noted in the values
of mean anaerobic power and total work, which decreased by 5.73% and 5.74%, respectively.
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Kayser et al. [63] measured the upper and lower limb maximum alactic anaerobic power of
healthy Caucasians both at sea level and during a one month stay at 5050 m. Anaerobic
alactic performance was unaltered by a sojourn at very high altitude in this study [53].

In the study, the participants were exposed to adverse enwvironmental conditions while
staying at high altitudes (>3000 m) for relatively long periods (>3 weeks). The average
climbing speed corresponded to an exercise intensity of 50% VOomay [64]. This type of effort
and the type of mountain activities performed may explain the reduction in muscle strength
during the Wingate test [65]. The muscle fibers of the vastus lateralis likely changed from
fast-twitch (type 2) to slow-twitch (type 1) fibers [65]. In general, type 1 fibers have lower
mechanical power than type 2 fibers, which is the reason behind the reduced ability of
leg muscles to perform extremely powerful movements that require mainly anaerobic
sources [66]. A reduction in the number of fast-twitch fibers rebuilt at altitude may resultin
a decrease in anaercbic capacity at sea level, which we observed in climbers returning from
high-altitude expeditions. The lower strength of contraction after staying at high altitude
would explain the reduced maximal anaerobic power and total anaerobic work observed in
the Wingate test in our study. Additionally, the decrease in muscle mass observed in our
study may have led to weaker muscles and reduced muscle function [67] and power [61].

In our own study, there was a statistically significant decrease in body mass (1.56%)
and muscle mass (1.84%) in a group of alpinists staying a minimum of 3 weeks at altitudes
above 3000 m. These results are consistent with a study by Hoppeler et al. [8], in which the
researchers noted a 5% decrease in size of body mass in climbers after a minimum &week
stay at altitudes > 5200 m. A significant reduction in muscle fiber size (—20%) and loss of
muscle oxidative capacity (—25%) were observed. Cygen supply to muscle mitochondria
was found to improve after exposure to high altitude. Body mass loss has been considered
to be due to both the loss of muscle mass and loss of total body fat [5]. Hypoxda occurring at
high altitudes (>5500 m} leads to a loss of lean body mass of up to 15% [68], with consequent
muscle weakness and reduced muscle function [67] and power [61]. Also, Bondi et al. [69]
showed a reduction in muscle mass in participants trekking in the Himalayas at an altitude
of 1070-5143 m over 19 days. A study by Szymezak et al. [23] showed no significant changes
in lean body mass in alpinists after 4 weeks of being in hypoxia at an average altitude of
4900 m. The dose of hypoxia experienced by the mountaineers was likely insufficient to
cause significant deterioration of their muscle structure, which, in turn, may explain the
slight changes in their aerobic indices [23]. In our study, there was a significant decrease in
muscle mass (MM), which may have affected the magnitude of maximal minute oxygen
uptake. Other data from the literature also showed no significant loss of muscle mass [70,71].
Differences in hy poxic doses may explain this discrepancy. It has been suggested that a
minimum hypoxic exposure of 5000 km hours (km-h) [72] is required for the development
of hypoxia-induced muscle atrophy [70]. Given the statistically significant loes of muscle
mass in climbers, it can be supposed that the hypoxic dose was sufficient to induce the
described change. This appears to be largely dependent on the duration of exposure to
hypoxia, with the greatest body mass loss observed during the first weeks at altitude [73,74].
The factors responsible for changes in body compoesition mainly include increased basal
metabolism and negative energy balance {i.e, a mismatch between energy intake and
energy expenditure, often increased due to intensive hiking or alpine climbing) [75,76]. In
addition to increased basal metabolism, at least at altitudes above 5000 m, a negative energy
balance may result from decreased energy intake due to reduced appetite [77] or, in part,
from impaired gut function [33]. Meta-analysis of data on body composition and body mass
changes at different altitudes revealed that diet (21%) and duration of altitude exposure
(20%) determined most of the heterogeneity inweight changes between studies [12]. The
studies that revealed the largest cumulative average weight reductions at high altitude
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ranged from 22 to 42 days [12]. In our study, as many as 94.12% of the subjects did not meet
the energy supply requirement with diet and supplementation.

Our study showed a statistically non-significant decrease in fat mass (from 14.51% to
13.82%) in climbers after a 3-week stay at altitudes above 3000 m. These data are consistent
with the results of Kasprzak et al. [78], who conducted a study with men participating in
an expedition in the Alps at an altitude of 3200-3616 m for 16 days. The observed decrease
in body fat in the study above (from 16.54% to 16.28%) was not statistically significant.
Similar results have also been described in other studies [79,80]. On the other hand, the data
obtained in our own study are inconsistent with the results of Szymeczak et al. [23], who
showed a significant reduction in fat mass from 14% of body weight before the expeditions
to 11.5% after 1 month at altitudes above 3500 m (average 4900 m). Other studies have
also shown a decrease in body fat after a sojourn at high altitudes [12,34,51,82]. According
to the results of a meta-analysis of data on body composition and body mass changes at
different altitudes, it is diet and type of exposure {active/ passive) that explain 25% and 30%
of the helerogeneity in fat mass changes between studies, respectively [12]. The statistically
insignificant decrease in body fat observed in our study may have been due to the negative
caloric balance observed in climbers

The analysis of bone mineral content and bone mineral density showed no significant
changes after a period of chronic hypexia in our study. The analysis was based on dual
energy X-ray absorpliometry (DXA) measurements. Other studies to assess bone density
using the method above were conducted using laboratory animals {mice and rats) [53,64].
Further studies involving humans would need to be performed to compare the results.
A study involving mountaineers showed that exposure to a very high altitude (>3700 m)
reduced bone mineral density and that the deleterious effects of hypobaric hypoxia on the
skeleton were not completely eliminated after 12 months [55].

HIF-induced genetic reprogramming includes, among other things, increased erythro-
poiesis [86]. In our study, we reported a significant increase in ery throcyte count (4.78%)
and an increase in hemoglobin (5%} and hematocrit values (4.98%) in climbers staying
above 3000 m for a minimum of 3 weeks. The results obtained are consistent with the
study of Reynafarje et al. [87], whose results show a 10% increase in red blood cells after
4 weeks at 4500 m. Similarly, Ferretti et al. [85] noted that staying at altitudes above 5200 m
for a minimum of 6 weeks resulted in a significant increase in hemoglobin of 14.1% and
hematocrit of 12.2%. Also, the results of Kurdziel et al. show a significant increase in red
blood cell, hematocrit and hemoglobin levels in climbers after staying at altitudes above
4900 m for 36 to 44 days [59]. The results of a meta-analysis by Ramussen et al. indicate
that, at altitudes above 4000 m, exposure ime must exceed 2 weeks to produce a significant
effect, and the magnitude of the erythropoietic response depends on the initial volume of
red blood cells [90]. In addition, hemoglobin mass refurms to baseline values at sea level
within 2-3 weeks after descending to sea level [91].

Iron requirements are increased at high altitudes due to enhanced erythropoiesis [92].
Adequale iron stores are necessary to sustain the hypoxia-induced increase in heme
synthesis and iron-dependent enzyme production during prolonged exposure at alti-
tude [93]. Our study showed a statistically insignificant decrease in iron and ferritin levels.
Kasprzak et al. [78] noted a significant decrease inironlevels in climbers staying at altitudes
of 3200-3616 m for 2 weeks. In turn, Kurdziel et al. [89] showed a significant increase in
iron and ferritin levels after staying above 4900 m for 36 to 44 days. The researchers also
observed significantly reduced hemoglobin content in red blood cells, indicating functional
iron deficiency among climbers participating in expeditions to K2 and Broad Peak. This
change may be a result of prolonged exposure to a hypoxic environment [89]. The results
of our own study indicate a non-significant increase in the hemoglobin content of red
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blood cells, and these data are inconsistent with the results of the above studies. This
may be due to the shorter duration of the expedition and the lower altitudes at which the
mountaineers stayed, compared to the results of the Kurdziel et al. study [59]. The iron
supply with diet and supplementation in 29.41% of the climbers surveyed in our shudy
wis not in accordance with recommendations. The blood iron concentration in 94.12% of
climbers after the expedition was normal, while ferritin levels were not adequate in 23.53%
of subjects. Due to an insufficient supply of iron and folic acid and a low percentage of
people covering their vitamin B12 requirements {58.82%) with diet and supplementation,
there is a risk of iron deficiency during or after returning from a high-mountain expedition
Iron deficiency is associated with reduced physical performance in athletes [94], so it is
important to monitor iron and ferritin levels after refurning from expeditions.

Monocytes, neutrophils and Hssue macrophages are responsible for the phagocytosis
processes of pathogens [95]. In our study, we observed a statistically significant increase
in monocyte (20%) and neutrophil lkevels (20.67 %) after high-altitude expeditions. Similar
results were obtained in a study by Pham et al. [96], who showed that the total flequency
of monocytes as a percentage of the total number of white blood cells was significantly
elevated on the first day of acute exposure at very high altitude (after a night of arrival
at 3800 my}, compared to values at sea level However, thase studies differed significantly
in the time of exposure to altitude. Long-term hypoxia led to adaptive changes in the
immune system, including increased numbers of monocytes and neutrophils, which can
be interpreted as a response to altitude stress and hypoxia. A recent study showed that
exposure to high altitudes with pre-acclimation induces the expression of genes involved
in neutrophil activation. This finding indicates that neutrophil activation contributes to an
important biclogical function that promotes human acclimatization at high altitudes [97].

A statistically significant increase in platelet count (17.76%) was observed in our study.
These results are consistent with those obtained by Rocke et al. in a study involving
63 healthy lowland volunteers acclimatizing to very high altitude {5200 m) [95] and with
those of Hudson et al. who showed a significant and sustained increase in platelet count in
26 healthy individuals 48 h and one week after ascending to very high altitude (3600 m) [99].
Possible explanations for the increase in platelet count that potentially need to be considered
include increased physical exertion while at altitude, medication or a change in diet, all
of which can interfere with platelet production and function [100]. In contrast, other
researchers have observed a decrease in platelet counts after exposure to altitudes of 3200
m and 3771 m [101]. The results of a data meta-analysis by Wang et al. [102] showed that
chronic high-altitude hypoxia (=1 month) results in a significant decrease in platelet count,
while acute high-altitude exposure has no significant effect on platelets.

In our study, there was a significant decrease in the serum albumin concentration
(0.88%) in climbers after returning from expeditions. These results am consistent with
those of Kurdziel et al [39], who studied climbers participating in expeditions to K2
and Broad Peak. The Smolichev study also confirms the above results [103]. In this
study, the relative and absolute content of serum albumin decreased immediately after
the ascent and remained low for a month after the descent from 4200 m to 850 m [103].
The body responds to each extreme and abnormal stimulus with a decrease in serum
albumin and an increase in serum globulin, The transition from normal atmospheric
pressure to conditions of reduced atmospheric pressure and back again is considered a
stress, which causes an internal functional reorganization of the entire physiological system
of the organism [103]. Apparently, albumin synthesis is impaired under these conditions.
Inflammatory conditions, particularly high concentrations of the cytokines interleukin-6
(IL-6) and tumeor necrosis factor (TNF-alpha), reduce serum albumin levels [104]. The results
of a study conducted by Hartmann et al. [100] indicate that circulating IL-6, IL-1ra and CRP
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are up-regulated in response to hypobaric hypoxic conditions at high altitude, and moderate
increases in these inflammatory markers may reflect significant local inflammation. Our
own study showed a statistically significant reduction in total blood protein concentration
(5.17%) after 26 + 6 days above 3000 m, so these results are inconsistent with those of the
study described above. The results of the study [103] indicate that, during the first month
of the mountaineers’ stay in the Pamir, the protein concentration increased significantly.
After four months at an altitude of 4200 m, the concentration of protein in the blood
decreased slightly, but remained above the initial level. In the first month after the descent,
serum protein concentrations remained high [103]. The levels of acid phosphatase and
organic phosphorus, determined in our study, increased significantly, while bilirubin levels
decreased (41.15%) after 26 =+ 6 days above 3000 m. However, all of the aforementioned
indicators remained within reference values both before and after the expedition. The
results of the study by Liu et al. [41], on the other hand, indicate an increase in bilirubin
levels in subjects subjected to acute exposure from an altitude of 200 m to an altitude of
3648 m (36 h of train travel).

Our study showed a statistically significant reduction in total cholesterol (8.04%) and
HDL cholesterol (11.49%), as well as a decrease in LDL cholesterol, but the change was not
substantial. Verratti et al. [105] in their study involving 12 climbers who spent 6 days at
900-5895 m observed similar changes, namely, a significant decrease in total cholesterol
and LDL levels, while HDL changes were not considerable. Ferezou et al. [106] studied
the effects of a high-altitude sojourn on plasma lipids in subjects who spent 3 weeks at
base camp below Annapurna IV (4800 m) after 12 days of hiking, The researchers observed
a marked and sustained reduction in plasma cholesterol and phospholipids. The low
plasma cholesterol levels at high altitude were mainly due to a reduction in low-density
lipoprotein (C-LDL) cholesterol [106]. The effects described above likely depend on both
altitude hypoxia and physical activity as consequences of hypoxia- and exercise-related
adaptations [107]. In our study, the levels of total cholesterol, HDL, LDL fractions and
trigly cerides in most of the subjects were in accordance with the laboratory standard. This is
confirmed by the supply of cholesterol levels with the diet, which was adequate in 82.35% of
the subjects. The lipid profile may also have been influenced by the supply of fiber, as well
as SFAs, PUFAs and MUFAs. The median fiber supply in the self-reported study was 26.7 g,
which is in line with the standards for this nutrient, while the requirement for this nutrient
was met by only 58.82% of the subjects. Dietary fiber reduces the absorption of gastric acid
molecules, and this is the main mechanism of fiber’s blood cholesterol-lowering e ffect [108].
The median supply of saturated fatty acids was 11.56%. Current recommendations from
The European Food Safety Authority suggest that the supply of SFAs should be as low as
possible [54]. In contrast, the position statement of the Academy of Nutrition and Dietetics,
Dietitians of Canada and the American College of Sports Medicine [55] suggests limiting
SFA supply to <10% of energy requirements. However, the supply of monounsaturated
and polyunsaturated fatty acids in the mountaineers’ diets slightly exceeded the supply of
saturated fatty acids, which may have affected lipid indices. When replacing 1% of energy
from SFAs with PUFAs, MUFAs, complex carbohydrates and/or plant protein, a 4% to 8%
reduction in cardiovascular disease (CVD) risk has been reported [109]. The most important
thing for reducing LDL cholesterol in the blood is not to reduce dietary cholesterol dietary
cholesterol, but to replace SFAs (animal fats) with vegetable fats. Kim et al. [110], in their
study, estimated that the risk of death from cancer increased by 4% for every 5% increase in
energy from SFAs. Therefore, in the diet of healthy adults, the intake of saturated fatty acids
should be limited in cancer prevention [111]. The median supply of simple carbohydrates
with the climbers’ diet and supplementation was 16.77% of the diet’s energy value, and in
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70.59% of them, the supply was within the norm. All of the subjects had normal fasting
glucose results after returning from the expedition.

Owr study showed a statistically significant increase in leukocy te levels (18.14%) and a
slight increase in vitamin D levels, but these changes were not statistically significant. These
data are inconsistent with the results of Kasprzak et al [78] who observed a significant
decrease in 25(0H)D concentrations and a statistically insignificant decrease in leukocyte
levels in men after they returned from an expedition to the Alps, during which they stayed
at altitndes of 3200-3616 m. In our study, an adequate blood concentration of vitamin I
was observed in a small percentage of dimbers (52.94%). The supply of this vitamin with
the diet was too low (median intake: 2.6 pg), and the percentage of subjects covering the
requirement according to standards was only 17.65%. Given how important a role vitamin It
plays in the context of the immune system and the fact that its deficiency is associated
with a higher risk of anemia [24,112,113], it is important to monitor the concentration
of this vitamin before the expedition, adjust the appropriate dose to the current serum
concentration and continue supplementation during the expedition [46].

Compared to standards for athletes [50-53], mountaineers did not provide adequate
amounts of potassium, calcium, magnesium, iron, zinc, selenium and iodine, as well
as vitamin A, D, C, folate and vitamin K. Momover, a small percentage of the subjects
(<50%) met their needs for iron, folic acid, potassium, calcium, vitamin D, vitamin C
and vitamin A, and none of the participating climbers provided adequate amounts of
calcium and vitamin K relative to standards. While staying in high-mountain conditions,
alpinists should consider including the necessary supplementation of deficient components,
especially iron, calcium, potassium, magnesium, zine, selenium, iodine, B vitamins, as
well as vitamin D, C, A, E and K Appropriate supplementation should be determined
individually with specialists—a physician and a nutritionist.

4.2 Limitations and Strengths

Our study is one of the few to analyze aerobic and anaerobic capacity, body weight
and composition and the hematological and biochemical parameters of climbers’ blood and
urine before and after a minimum 3-week stay at altitudes above 3000 m. Our results show
how prolonged exposure to hy poxia affects physical performance at sea level These data
can be used by many climbers and alpine tourists planning their expeditions at altitudes
above 3000 m.

Limitations of the study include the fact that the climbers’ fitness was tested on average
on the third or fourth day after their return from the expedition, as they had to travel from
another country and distant mountains to the corresponding laboratory in Poland. This
makes it impossible to compare the results with other studies, which differ in the number
of days between the end of exposure to hypoxia and when the sea level measurements
wemne taken. The climbers did not constitute a single group, led by a single climbing goal
in the territory of a single country and mountain range. Climbers, characterized by the
characteristics described in the study, constitute a small but elite group in Poland, hence the
several distinct expedition groups, climbing at similar altitudes and with similar sporting
goals, but in different parts of the world that qualified for the study. Collecting and
encouraging participants was one of the most challenging stages of the ongoing project.

In addition to the level of hypoxia, other factors, such as nutrition and the type of
physical activity performed in the mountains, aswell as the number of active days versus
the number of st days, may contribute significantly to the observed changes in body
composition. Climbing groups active in Peru could have used the downtime between
several days of mountain activity to descend to a town at the foot of the mountains to
compensate for the negative energy balance there, while expedition groups in Kyrgyzstan,
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Nepal or Pakistan were dependent on the food they took into the mountains or that the
expedition agency offered them. The dose of hypoxia was not measured in our study, but,
given the statistically significant loss of muscle mass in climbers, it can be assumed that
the hypoxic dose was sufficient to induce the described change. It would be worthwhile to
measure this indicator in future studies to be able to clearly assess the value of hypoxia
that correlates with the decrease in muscle mass in test subjects.

In the future, it would also be advantageous to improve the conduct of dietary analysis.
It would also be worthwhile for a nutritionist to participate in the expedition, so that he
or she is in constant contact with the cooks responsible for preparing the meals and has
control over the amount of food consumed.

5. Conclusions

More than three weeks of hypoxicexposure (>3000 m) had adverse effects on aerobic
capacity, lower limb anaerobic capacity and some indices of upper limb anaerobic capacity
of the climbers, despite the observed erythropoietic effect. Being in high altitude conditions
did not adversely affect the alpinists” health other than by lowering HDL cholesterol lev-
els. Adverse changes in the body composition of climbers may have worsened physical
performance, so in view of the negative environmental factors observed in high altitude con-
ditions and increased me tabolism, emphasis should be placed on optimizing energy supply
and tailored supplementation to reduce the described effects. To improve the nutritional
status of the body both during the expedition and upon return, alpinists should consider
necessary supplementation of deficient components. Appropriate supplementation should
be determined individually with specialists—a physician and a nutritionist.
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Abstract: The purpose of this study is to investigate selected aspects of habitual diet and levels of
intestinal permeability markers in a group of Polish mountaineers. The study included 17 men aged
30.29 * 5.8 years characterized by long climbing experience (10 + 5 years) in sport climbing and
mountaineering. The study included a quantitative analysis of the alpinists’ diet and the
determination of zonulin and alpha-1-antitrypsin levels in fecal samples using the ELISA technique.
Less than half of the group covered their energy needs in accordance with the recommendations.
Most climbers (70.59%) met the carbohydrate requirement, however, the fiber supply was not
provided at an adequate level in 23.53% of individuals. All climbers met the requirements for
protein and fats. More than one-fifth (23.53%) of them exceeded the normative values for fats,
while 5.88% for protein. Mountaineers did not provide adequate amounts of selenium and iodine,
as well as vitamins D and K. Fecal zonulin values were elevated in 35.29% of the climbers tested,
while fecal alpha-1-antitrypsin values were normal in all subjects. Individuals engaged in climbing
and alpine activities are at risk of energy restriction and/or low energy availability. The climbers
mostly provided adequate amounts of macro- and micronutrients with their diets. In most of the
climbers studied, intestinal permeability was adequate, although elevated zonulin values were
observed in some individuals with normal AAT concentrations. These preliminary findings indicate
the need for nutritional education and further studies in larger cohorts.
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INTRODUCTION

Diet is a key component of lifestyle influencing both gut microbiota composition
and intestinal permeability. Dietary factors and exposure to psychological stress are
among the causes of intestinal disorders [1]. Dietary patterns rich in fiber, polyphenols,
and omega-3 fatty acids tend to support barrier integrity by fostering beneficial microbial
populations and anti-inflammatory pathways. In contrast, diets high in saturated fats,
refined sugars, and food additives have been associated with increased gut permeability,
microbial imbalance, and endotoxemia [2]. The habitual diet, therefore, plays a central role
in shaping both the microbial environment and the function of the intestinal barrier.

The gut microbiota exerts a critical influence on the preservation of human health
through its multifaceted interactions with host physiological processes. This complex
microbial ecosystem contributes to essential functions such as nutrient metabolism,
modulation of the immune system, and maintenance of intestinal barrier integrity [3].
Alterations in the composition and metabolic activity of the gut microbiota have been
associated with changes in nutrient absorption, energy metabolism, inflammatory
responses, and recovery - all of which are fundamental to achieving optimal athletic
performance and overall well-being [4].

The intestinal epithelium acts as a selective barrier, permitting nutrient absorption
while preventing penetration of pathogens and harmful components of the external
environment [5]. Disturbances in microbial diversity and function, collectively referred to
as dysbiosis, have been implicated in a wide range of health disorders, including
gastrointestinal diseases, metabolic syndrome, and systemic inflammation [6]. One of the
critical consequences of dysbiosis is an increase in intestinal permeability (IP), increasing
the risk of leaky gut syndrome, stimulates the immune system, increasing the risk of
developing inflammation and allergic and autoimmune diseases [5]. Intestinal
permeability is assessed using zonulin and alpha-1-antitrypsin (AAT), among other tests.
Zonulin is a physiological modulator of tight intercellular junctions in the gut, reversibly
regulating intestinal barrier permeability [7]. AAT is a protease inhibitor that would be
increased during the disruption of the mucosal barrier and increased permeability [8].

In athletes, particularly those exposed to extreme environmental or physiological
stress, such as endurance athletes or alpinists, gastrointestinal function is of particular
interest. Intense physical activity, heat stress, hypoxia, and energy deficits have all been
linked to impaired gut barrier function and elevated intestinal permeability markers [9,
10]. Increased gut permeability in athletes has been associated not only with
gastrointestinal symptoms but also with systemic inflammation and impaired recovery,
potentially affecting training adaptations and performance outcomes [11]. Despite
growing recognition of these associations, data on intestinal permeability markers and
their correlation with nutrient intake from the habitual diet among Polish alpinists remain
limited.

The purpose of this study is to investigate selected aspects of the habitual diet and
the levels of intestinal permeability markers - zonulin and alpha-1-antitrypsin-in a group
of Polish mountaineers. The following research hypotheses were put forward: (1) Polish
alpinists are at risk of low energy availability, even though their macronutrient intake is
within range and (2) intestinal permeability is increased in alpinists. Nutritional
knowledge empowers athletes to meet their energy and nutrients requirements [12].
Understanding the interaction between diet and intestinal barrier integrity in this unique
population of athletes may offer new insights into optimizing dietary habits and overall
health to enhance performance and well-being at high altitudes.
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MATERIAL AND METHODS

Study Participants

The study group consisted of 17 male mountaineers from Poland between the ages
of 23 and 40 (mean 30.29+5.8 years) with a body weight of 74.96+5.03 kg and a height of
180.47+8.36 cm. A body mass index (BMI) was calculated from the height (cm) and weight
(kg) data and was 22.83%#2.1 kg/m2 The study participants took part in mountain
expeditions at least once a year, during which they stayed at an altitude of over 3,000
meters for at least three weeks. Individuals qualified for the study were members of high-
mountain clubs affiliated with the Polish Mountaineering Association.

The alpinists participating in the study were characterized by long climbing
experience (10 + 5 years) in sport climbing and mountaineering. The average climbing
level of participants, as measured by the IRCRA (The International Rock Climbing
Research Association) scale, was 20.69 * 2.8, which according to the proposed criteria,
places them in the advanced (level 3) category [13]. The climbers spent an average of 8 + 3
hours per week training.

Before the start of the study, all participants underwent a consultation with a
sports medicine physician and were deemed eligible to participate based on the results of
the previous standard medical tests, including ECG, and blood and urine analyses. The
presence of chronic diseases and age over 45 were disqualifying factors for participation
in the project. The Bioethics Committee of the Cracow Regional Medical Chamber
approved the research project (67/KBL/OIL/2021), which was conducted in accordance
with the Declaration of Helsinki. After learning about the risks and benefits of
participating in the study, all climbers gave written informed consent to participate in this
study.

Study Design

Nutritional Analysis of Diet

The supply of selected macronutrients was determined by analyzing whole-day
rations obtained using the 3-day food diary method. Mountaineers were asked to note all
food, meals and supplements consumed and fluids drunk during a standard 3-day period
in the 2 weeks prior to the expedition (2 days of sports activity, 1 day of rest). Sports
activity days included climbing in a climbing wall, rock or mountain climbing, running and
weight training. Climbers were given detailed instructions on how to keep food diaries
before leaving for the expedition in order to minimize recording errors. The diaries also
included market foods, so the data needed for analysis was read from labels and
nutritional tables. For food products such as bars, energy gels and isotonic drinks, among
others, climbers were asked to provide the product name, manufacturer and weight of the
product.

Data from the diaries were meticulously entered into the Aliant Diet Calculator
program (Anmarsoft Marcin Olech, Gdansk, Poland; version: 85; database: 6.2) to perform
a quantitative analysis of the climbers' habitual diet. The program used the “Tables of food
composition and nutritional value” [14] as a database, taking into account food recipes and
losses due to product processing.

Measurements of energy expenditure were made by the researchers using a
monitor recording heart rate Polar M430 (Polar-Electro, Kempele, Finland), which was
recorded 24/7 for 3 days (2 days of sports activity, 1 day of rest). Pulsometers consisted of
watches (receiver) and straps with transmitters Polar H10 sensor (Polar-Electro,
Kempele, Finland), worn on the chest at the level of the gladius process in the anterior
midline. The watches were placed on the hand so that they were adjacent to the body just
below the wrist bone. Before the measurement began, the required data were entered into
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the device for each athlete: gender, age, body weight and height. Before the start of
physical activity, the subjects were instructed to put on the transmitter strap, start the
physical activity recording option on the device (climbing indoors, outdoors, running oraz
gym), and when the physical activity was over, to turn off the recording by pressing the
corresponding button on the watch. All climbers were advised not to remove the devices
from their wrists for the duration of the energy expenditure recording being carried out
(sleep, daytime activity, physical activity). Energy expenditure was recorded in the Polar
Flow app.

Body height of participants was measured using a Seca 217 anthropometer (Seca
GmbH & Co., KG, Hamburg, Germany) with an accuracy of 1 mm. The climbers' body
weight was determined using InBody 120 body composition analyzer (Inbody Bldg., Seoul,
Republic of Korea) in the morning after a standardized meal between 7:45 and 8:30 am.

Intestinal permeability analysis

In order to determine the levels of intestinal permeability markers (alpha-1-
antitrypsin and zonulin), a stool sample was collected from the athletes. The athletes were
informed about the correct collection of material (faeces) from 3 different locations to
standardise the samples. The material was placed in sterile containers and stored in a cool
place until delivery to the ALAB laboratory. The correct reference range for the intestinal
permeability markers analysed is, for alpha-1-antitrypsin below 27.5 ng/ml and for
zonulin below 60 ng/ml. The tests were performed using the ELISA technique and
commissioned as an external service by ALAB Laboratories (Warsaw, Poland).

Statistical analysis

The Shapiro-Wilk test was performed indicating non-normality of the distribution.
Basic statistical measures in the form median (Me) and quartiles (Q1, Q3) were used to
characterize the received results. Correlations between quantitative variables were
analyzed using the Spearman-rho correlation coefficient. The significance level was taken
as p<0.05. The statistical analysis package JASP (University of Amsterdam, Amsterdam,
The Netherlands; version: 0.19.3) was used for statistical analyses.

A binary classification approach was used to assess the implementation of
nutritional standards. For each nutrient, a value of 1 was assigned if the subject's intake of
the nutrient met the recommended standard, and 0 if it did not. Then, based on these data,
the percentage of subjects who met the standards for each nutrient was calculated. The
analysis was carried out using an Excel spreadsheet (Microsoft Corporation, Washington,
DC, USA). The median intake of macronutrients (protein, fat, total carbohydrates), dietary
fiber, simple carbohydrates, saturated fatty acids, and micronutrients from 3 days was
referred to recommendations for athletes [15-20]. The results were presented in the form
of percentages, which made it possible to assess the degree to which the study group
implemented the standards.

RESULTS

The median energy demand of the study participants was 2951 (2731; 3318) kcal,
and the energy supply was 3031.4 (2470.7; 3702.8) kcal [Table 1]. Dietary
supplementation accounted for 1.98% of the total energy supply. More than half of the
climbers surveyed (52.94%), maintained a negative energy balance [Figure 1]. The median
percentage coverage of energy requirements with diet in the surveyed climbers was 92.64
(85.55; 113.62) %. Most climbers (70.59%) met the carbohydrate requirement; however,
the fiber supply was not provided at an adequate level in 23.53% of individuals [Figure 1].
All climbers met the recommended intake levels for protein and fats [Figure 1]. However,
23.53% exceeded the recommended values for fat intake, and 5.88% exceeded those for
protein. Less than half of the climbers surveyed met the recommendations for saturated
fatty acid intake, and slightly more than a third met the recommendations for dietary
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cholesterol intake [Figure 1]. The median energy and nutritional value of the diet obtained
from the analysis of the food diaries is shown in Table 1. Compared to standards for
athletes [16-20], mountaineers did not provide adequate amounts of selenium and iodine,
as well as vitamins D and K. All climbers met the requirements for sodium, phosphorus,

vitamins: A, By, Bz and Bz [Figure 2].

Table 1. Energy and nutritional value of the daily food ration of mountain climbers in relation to the
recommendations for athletes [16-20]

Diet of alpinists

Nutritional recommendations

Nutrients for athletes
Me (Q1; Q3) RDA/AI
Energy [kcal] 3031.4 (2470.7; 3702.8) EnExp*
Protein [%] 15.5 (14.1; 18.4) 15-201!
Protein [g] 111.8 (104.5; 147.9) -
Protein [g/kg bw] 1.53 (1.33; 1.91) 1.2-2.21
Plant protein [g] 47.90 (39.5; 56.2) -
Animal protein [g] 68.4 (49.8; 81.0) -
Carbohydrates [%] 47.6 (43.7, 53.2) 45-652
Energy and Carbohydrates [g] 406.6 (292.6; 446.8) =
ACEOHEIBHES) C?rbohydrates [g/kg bw] 5.39 (3.72; 5.67) 6-123
p Simple carbohydrates [g] 98.8 (70.1; 126.2) -
fiber, fatty acids g hle carbohydrates [%] 13.34 (10.14; 14.86) <204
and cholesterol  ["Eiber [g] 36.3 (24.2; 48) >25 4
intake Fats [%] 33.5 (29.6; 36.5) 20-35 234
Fats [g] 105.3 (87.1; 131.4) 2
Fats [g/kg bw] 1.44 (1.17;1.52) 0.5-1.51
SFA [%] 11.32 (9.7; 12.57) <103; ALAP *
SFA [g] 36.6 (34.3; 40.4) ALAP 4
MUFA [g] 32.1(25.2;37.9) :
PUFA [g] 14.5 (10.4; 19) ALA 0,5%, LA 4%

Cholesterol [mg]

403.6 (321.9; 611.6)

<3005

Sodium [mg] (AI)

2990.3 (2464.3; 3344.4)

1500 ->10,000 2

Potassium [mg] (Al)

4488.4 (2882.6; 4780.7)

35004-47002

Calcium [mg]

1160.6 (912; 1493.9)

1000 !-20003

Phosphorus [mg] 1693 (1600.6; 2023) 7001-15002
Magnesium [mg] 504.7 (432.2; 612.8) 4201
Iron [mg] 17 (14; 20) 114
Zinc [mg) 13.5 (11.6; 16.1) 11-152
Copper [mg] 2.0 (1.5; 2.5) 092-1.64
Selenium [pg] 13.2 (7.7; 22.7) 50-552
. . lodine [pg] 67.2 (45.9; 76.6) 120- 1502

MiGronuiIents e AT 1323.2 (1072.7; 2140.5) 900 !

intake Vit. D [ng] 3.8(2.7,7) 1524
Vit. E [mg] 16.8 (13.7; 26.5) 1512
Vit. C [mg] 247 (179.9; 327.3) 1104-2002
Vit. B; [mg] 1.8 (1.5; 2.1) 1.21
Vit. B, [mg] 2.5 (2.3;2.9) 1.3 14
Vit. B; [mg] 22.8 (16.6; 29.7) 14-202
Vit. Bs [mg] 3(1.6;3.9) 15-22
Vit. By [ug] 494.8 (375.1; 751.4) 40012
Vit. By [ug] 53 (3.2;7.5) 241-4+4
Vit. K [ug] 27.8 (11.4; 65.7) 1201-7002

Abbreviations: *- energy expenditure; 1—[18]; 2—[19]; 3—[17]; 4—[16]; 5—[20]; ME - median; Q1 - first
quartile; Q3 - third quartile; RDA - recommended dietary allowance; Al—adequate intake; ALA - o-linolenic acid;
ALAP—as low as possible; bw—body weight; LA - linoleic acid; MUFA - monounsaturated fatty acid; PUFA -
polyunsaturated fatty acid; SFA - saturated fatty acids
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Energy [kcal] I 47.06
Protein [g] /R 100
Carbohydrates [g] I 70.59

Nutrients
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Fats [ ]/ 100
SFA [%] N 47.06

Cholesterol [mg] I 35.29
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Figure 1. Percentage of alpinists realizing the requirement for energy, macronutrients, fiber, saturated
fatty acids (SFA) and cholesterol [%)].

Sodium [mg]
Potassium [mg]
Calcium [mg]
Phosphorus [mg]
Magnesium [mg]
Iron [mg]

Zinc [mg]
Copper [mg]
Selenium [pg]
Iodine [pg]

Vit. A [ug]

Vit. D [pg]

Vit. E [mg]

Vit. C [mg]

Vit. B1 [mg]
Vit. B2 [mg]
Vit. B3 [mg]
Vit. B6 [mg]
Vit. B9 [pg]

Vit. B12 [pg]
Vit. K [ug]

Micronutrients

I 23.53

I 6471
I 58.24
e e e s — | ()()
w00
I 0412
. 9412
I 76.47
T EEEEmmmmmmmmmmmmmmmmmmmmmmmmmmmimmmmmia 00
I 11.76

0 10 20 30 40 50 60 70 80 90 100
%

Figure 2. Percentage of alpinists realizing the requirement for specific micronutrients [%)].
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The median value of fecal zonulin in climbers was 28.40 (14; 193.7) ng/ml, while fecal
alpha-1-antitrypsin was 5.95 (4.10; 6.86) ng/ml. Fecal zonulin values were elevated in
35.29% of the climbers tested, while fecal alpha-1-antitrypsin values were normal in all
subjects. All correlations between nutrients of the habitual diet of alpinists and levels of
intestinal permeability markers among alpinists were not statistically significant [Table 2].

Table 2. Correlations between nutrients of the habitual diet of alpinists and levels of intestinal

permeability markers among alpinists
Intestinal permeability markers
Nutrients Zonulin Alpha-1-antitrypsin
S-rho p S-rho p

Energy [kcal] -0.036 0.920 0.371 0.291
Protein [%] -0.268 0.454 -0.237 0.510
Protein [g] -0.600 0.073 0.067 0.865
Plant protein [g] 0.139 0.707 0.079 0.838
Animal protein [g] -0.152 0.682 -0.127 0.733
Protein [g/kg bw] -0.539 0.113 0.261 0.470
Carbohydrates [%] -0.188 0.608 0.212 0.560
Carbohydrates [g] -0.006 1.000 0.321 0.368
Carbohydrates [g/kg bw] -0.079 0.838 0.380 0.279
Simple carbohydrates [g] 0.210 0.560 0.140 0.707
Fiber [g] 0.236 0.514 0.224 0.537
Fats [%] 0.333 0.349 -0.236 0.514
Fats [g] 0.152 0.682 -0.055 0.892
Fats [g/kg bw] 0.200 0.584 0.000 1.000
SFA [g] 0.224 0.537 0.079 0.838
MUFA [g] 0.200 0.584 -0.127 0.733
PUFA [g] 0.219 0.544 -0.164 0.657
Cholesterol [mg] -0.236 0.514 0.030 0.946
Sodium [mg] (AI) -0.115 0.759 0.067 0.865
Potassium [mg] (Al) 0.042 0.919 0.079 0.838
Calcium [mg] -0.018 0.973 0.309 0.387
Phosphorus [mg] -0.042 0.919 -0.176 0.632
Magnesium [mg] 0.055 0.892 -0.127 0.733
Iron [mg] 0.055 0.892 -0.103 0.785
Zinc [mg] 0.127 0.733 -0.248 0.492
Copper [mg] 0.139 0.707 -0.067 0.865
Selenium [pg] -0.321 0.368 -0.370 0.296
lIodine [pg] 0.176 0.632 -0.576 0.088
Vit. A [pg] -0.261 0.470 0.176 0.632
Vit. D [pg] -0.370 0.296 -0.018 0.973
Vit. E [mg] 0.030 0.946 -0.115 0.759
Vit. C [mg] -0.152 0.682 -0.067 0.865
Vit. By [mg] -0.213 0.554 -0.116 0.750
Vit. B2 [mg] -0.486 0.154 -0.012 0.973
Vit. B3 [mg] -0.455 0.191 -0.012 0.973
Vit. B¢ [mg] -0.055 0.881 -0.286 0.424
Vit. By [ug] -0.079 0.838 -0.115 0.759
Vit. B12 [ug] -0.333 0.349 -0.224 0.537
Vit. K [pg] 0.273 0.448 -0.503 0.143

Abbreviations: bw—body weight; MUFA - monounsaturated fatty acid; p - statistical significance; PUFA -
polyunsaturated fatty acid; S-rho - Spearman'’s correlation coefficient; SFA - saturated fatty acids
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DISCUSSION

Main Findings

The present study evaluated the habitual dietary intake and selected markers of
intestinal permeability in a group of Polish alpinists. More than half of the alpinists
surveyed maintained a negative energy balance, indicating a notable discrepancy between
energy demand and intake, and suggesting a risk of chronic low energy availability (LEA).
Low energy intake can result in loss of muscle mass and bone density, as well as an
increased risk of fatigue, injury, and illness [21]. The failure to meet energy requirements
may exacerbate gut barrier dysfunction [22]. Inadequate energy supply relative to demand
can potentially have a negative impact on recovery, immune function and overall
performance during training, as well as during planned high-altitude activities [23, 24].
The results of another study involving sport climbers also indicate an inadequate dietary
energy intake. Overall, 77.5% of the climbers studied did not meet the predicted energy
requirements necessary to maintain a “moderate” level of physical activity [25].
Individuals engaged in climbing and alpine activities are at risk of energy restriction
and/or low energy availability, evidenced by suboptimal energy intakes, and a lack of
adjustment of energy intake in relation to exercise volume.

Carbohydrate (CHO) intake was adequate in the majority of study participants
(70.59%), aligning with the recommendations for athletes engaged in endurance sports
[17]. However, dietary fiber intake was insufficient in almost a quarter of respondents.
Dietary fiber can significantly influence the composition, diversity, and richness of the
microbiome, offering a wide array of substrates for fermentation processes conducted by
particular microbial species that possess the requisite enzymatic capabilities to break
down these intricate carbohydrates [26]. Low intake of dietary fiber and resistant starch
may lead to decreased bowel movements resulting in decreased bowel function, and also
decreased the diversity of gut microbiota [27]. Given the role of dietary fiber in supporting
gut microbiota diversity and intestinal barrier function, this may have implications for gut
health, especially in the context of exposure to hypoxic conditions and physical stress. A
proper intestinal barrier is crucial for mountaineers, as hypobaric hypoxia can increase
permeability and lead to gastrointestinal distress [28]. Maintaining gut health before
expeditions helps prevent symptoms like nausea and diarrhea, ensuring better
performance and overall well-being at high altitudes [29].

All mountaineers met the requirements for protein and fats with their diets, with
23.53% of them exceeding the normative values for fats and 5.88% for protein. These
findings hold physiological relevance when considering the impact of macronutrient
intake on intestinal permeability - a key factor in maintaining gut barrier integrity under
environmental and physical stressors. Excessive supply of protein with the diet, though
observed in a minority, is less directly implicated in intestinal permeability but may
modulate gut microbial activity in ways that affect mucosal health. High protein intake
increases the delivery of undigested proteins to the colon, where they undergo microbial
fermentation. This process produces potentially harmful metabolites such as ammonia,
hydrogen sulfide (H:S), and phenolic compounds, which have cytotoxic and pro-
inflammatory properties. These metabolites can impair epithelial cell respiration, damage
DNA, and compromise tight junction integrity, contributing to gut barrier dysfunction [30,
31]. Currently, an increasing body of evidence suggests that the ingestion of excessive
dietary lipids can differentially augment intestinal permeability. For instance, dietary
lipids influence the expression and localization of tight junctions (TJs), promote a
transition towards barrier-compromising hydrophobic bile acids, and additionally
provoke oxidative stress and apoptosis in intestinal epithelial cells (IECs) [32]. Another
study shows that 6-day ketogenic low-CHO, high-fat dietary intervention combined with a
high-fat preexercise meal resulted in greater exercise-associated perturbations to markers
of intestinal integrity than a high CHO diet and even low energy availability [33].
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The median intake of saturated fatty acids (SFA) with the mountaineers' diet was
11.32%, exceeding the established recommendations. Current guidelines from the
European Food Safety Authority advise that SFA intake should be as low as possible [16].
In contrast, the position statement of the Academy of Nutrition and Dietetics, Dietitians of
Canada, and the American College of Sports Medicine [17] recommends limiting SFA
intake to less than 10% of total energy intake. However, the correlation between SFA
intake and fecal zonulin and alpha-1-antitrypsin levels was not statistically significant. The
intake of monounsaturated and polyunsaturated fatty acids in the mountaineers’ diets
slightly exceeded that of saturated fatty acids. Available scientific evidence indicates that a
diet with high nutrient density - rich in polyphenols, omega-3 fatty acids, dietary fiber, and
probiotics - has a beneficial effect on the composition and function of the intestinal
microbiota. In contrast, a diet rich in highly processed foods, saturated fatty acids, and
simple sugars is associated with adverse changes in the gut microbiota [34].

Micronutrient analysis revealed dietary inadequacies in selenium, iodine, and
vitamins D and K - nutrients essential for immune function, antioxidant defense, and bone
health. Emerging evidence suggests that deficiencies in these micronutrients may
contribute to increased intestinal permeability, often referred to as "leaky gut", which can
lead to systemic inflammation and impaired immune defense - factors particularly
detrimental during high-altitude exposure. Vitamin D, beyond its well-established role in
calcium homeostasis and immune regulation, has been shown to modulate the expression
of tight junction proteins (e.g,, occludin and claudins) in intestinal epithelial cells [35]. Its
deficiency has been associated with compromised mucosal barrier function and increased
translocation of endotoxins into the bloodstream, which may exacerbate systemic
inflammation [35]. Given the important role of vitamin D in immune function and its
association with an increased risk of anemia when deficient [36], it is essential to monitor
serum vitamin D levels before an expedition and adjust supplementation accordingly.
Selenium, a crucial cofactor for antioxidant enzymes such as glutathione peroxidase, also
plays a protective role in gut health by counteracting oxidative stress-induced epithelial
damage [37]. Inadequate selenium intake may impair redox balance and increased
epithelial permeability, thereby contributing to greater susceptibility to infections and
reduced tolerance to hypoxic stress [38]. Similarly, iodine is a critical micronutrient for
thyroid hormone synthesis, which affects metabolic rate and energy balance, but also
modulates mucosal immunity and epithelial turnover. Subclinical hypothyroidism, often
observed with low iodine intake, can impair gastrointestinal motility and barrier
maintenance [39]. Vitamin K has also been implicated in the regulation of inflammation
and mucosal immunity. By downregulating expression of cytokines such as TNF-« and IL-
6, vitamin K may help mitigate inflammation-induced disruption of tight junction proteins
(e.g., occludin, claudin-1, zonula occludens 1), which are critical to the structural integrity
of the gut barier [40]. The observed deficiencies in the habitual diets of the studied
alpinists raise concerns about suboptimal gut resilience and systemic immune competence
prior to and during expeditions.

Referring to the levels of the analysed intestinal permeability markers, elevated
levels of zonulin (28.40 (14; 193.7) ng/ml) were found in the studied group of alpinists,
with concentrations exceeding the reference values in approximately 35.29%. The results
may indicate a disturbed intestinal microbiota and a potential state of dysbiosis,
associated with increased permeability of the intestinal barrier. Similar trends of
increased intestinal permeability and elevated levels of relevant markers in athletes have
also been found in other studies. Increased intestinal permeability and elevated levels of
zonulin have been observed in Polish athletes [41], and increased levels of circulating
zonulin (tight junction modulator), occludin (tight junction protein) and LPS translocation
have been confirmed in elite Italian soccer players [42]. In a study involving Finnish
runners, a significant increase in intestinal permeability (as determined by zonulin and
LPS levels) was observed after 90 minutes of intense exercise [43]. Elevated levels of
zonulin were also observed in Polish triathletes after completing a race [44]. Changes in
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markers of muscle cell damage correlated strongly with changes in zonulin concentration
at different stages of the study [44]. The elevated zonulin levels observed in some alpinists
may suggest disturbances in the gut microbiota and increased intestinal permeability;
however, our analyses did not show significant correlations with nutrient intake. This
interpretation should be treated with caution and requires confirmation in studies with
larger groups and the use of additional permeability markers.

Another less common marker of intestinal permeability is fecal alpha-1-
antitrypsin, the levels of which were normal in the group of alpinists studied. AAT is a
protease inhibitor that would be increased during the disruption of the mucosal barrier
and increased permeability [8]. It was shown that AAT reduces the production of pro-
inflammatory cytokines, inhibits apoptosis and inflammatory reactions [45]. Several
studies reported that AAT activity is increased post-exercise [46-48]. Another study
reported post-exercise increase of both IL-6 concentration and AAT activity, which may
confirm that the release of pro-inflammatory cytokines stimulates the release of acute-
phase proteins [49]. There is a lack of studies in athletes in which intestinal permeability
was  determined using  alpha-l-antitrypsin. The  anti-inflammatory  and
immunomodulatory properties of AAT can be used therapeutically to treat pulmonary,
infectious diseases and autoimmune diseases [50]. In the studied group, alpha-1-
antitrypsin levels remained within the normal range. Possible explanations include
insufficient intensity of training stimuli to induce an increase in this marker, or substantial
inter-individual variability that may have masked subtle changes. Further studies with
larger samples are needed, including additional markers of inflammation and intestinal
barrier integrity.

Limitations

The limitations of the study include the limited sample size and lack of a control
group and limited statistical power. Moreover, the assessment of intestinal permeability
was limited to selected fecal biomarkers, which may not capture the full complexity of gut
barrier dynamics. Importantly, other established markers of intestinal integrity, such as
lipopolysaccharide (LPS), intestinal fatty acid binding protein (I-FABP), or occludin, were
not included.

Another limitation is the lack of detailed validation data regarding the 3-day food
diaries, which may be subject to potential reporting errors. Furthermore, possible
confounding variables, such as vitamin D supplementation or previous gastrointestinal
complaints, were not considered. Future studies should address these limitations,
including a more comprehensive set of intestinal permeability markers, validated dietary
assessment methods, and the evaluation of additional determinants of gut microbiota as
well as psychological aspects.

CONCLUSION

1. Individuals engaged in climbing and alpine activities are at risk of energy restriction
and/or low energy availability. The climbers mostly provided adequate amounts of macro-
and micronutrients with their diets in exception to selenium, iodine, vitamin D and K.

2. In most of the climbers studied, intestinal permeability was predominantly within the
normal range. In some individuals, elevated zonulin values were observed, while AAT
concentrations remained within the normal range. Due to the small sample size and the
lack of significant correlations with diet, the results should be considered preliminary and
require further verification in studies with larger groups.

3. There is a need for nutritional and supplementation education by qualified sports
nutritionists to increase awareness among this group of athletes about energy balance and
sports nutrition in the preparatory stage before trips to the high mountains.

4. Future research should explore the longitudinal relationship between diet, gut health, and
performance at altitude in larger cohorts.
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induces adaptive gut microbiome
shifts associated with dietary
intake and performance markers

Ewa Karpecka-Gatkal™, Kinga Zieliiska?, Barbara Fraczek?, Pawet P. tabaj?,
Tomasz Koscidtek* & Kinga Huminiska-Lisowska®

This study examined how high-altitude exposure and expedition-specific dietary changes influence gut
microbiome composition, functional pathways, and their relationships with performance and health
markers in alpinists. Seventeen male mountaineers (age 30.29 + 5.8 years) participating in multi-

week expeditions (>3,000 MASL) were assessed before and after their climbs. Assessments included
dietary intake analysis, blood and urine biomarkers, aerobic and anaerobic performance tests, and
metagenomic sequencing of the gut microbiome. Bioinformatic and statistical analyses evaluated
changes in microbiome composition and function and their correlations with physiological and dietary
parameters. High-altitude exposure was associated with significant shifts in gut microbial composition
and functional capacity. While the total number of bacterial species and functions remained stable, the
glucose degradation pathway increased post-expedition. Participants with greater microbiome shifts
showed improved performance and had richer baseline microbiomes. Pre-expedition, certain microbial
functions were associated with vitamin Bg and C intake, while post-expedition correlations involved
specific macronutrients and micronutrients. Additionally, some microbiome changes correlated with
blood markers, indicating links to nutrient metabolism and electrolyte balance. The gut microbiome of
alpinists adapts to extreme environmental stress and dietary changes, influencing metabolic, immune,
and performance-related processes. Optimizing dietary strategies to support a beneficial microbiome
profile may enhance resilience and performance in challenging high-altitude environments.

Keywords Gut microbiome, High-altitude mountaineering, Dietary intake, Performance markers,
Metagenomics, Physiological adaptation

During climbing at high altitudes (> 2,500 MASL), alpinists must deal with reduced atmospheric pressure,
leading to the development of hypobaric hypoxia, intense solar radiation, variable weather conditions, strong
winds and low temperatures with large fluctuations throughout the day, as well as the risk of avalanches and
falling rocks"2 During high-altitude expeditions, dietary changes occur due to poor access to fresh food, lack of
appetite, food poisoning, harsh environmental conditions, and physiological changes™*. Reactive oxygen species
(ROS) production is accelerated with mountainous elevation, which may play a role in developing serious health
crises. Exposure to increasing altitude leads to a reduction in ambient O, availability in cells, contributing to
hypoxic oxidative stress and disturbed redox homeostasis, potentially impairing exercise performance and
recovery™®. As a result of increased ROS production, alpinists may experience cognitive decline, development
of neurodegenerative processes, pathological changes in brain structures, including vasogenic edema’, as well as
damage to the intestinal barrier. This intestinal barrier disruption may lead to bacterial translocation and local or
systemic inflammatory reactions, further impacting both general health and physical performance®. A damaged
intestinal barrier may impair absorption of nutrients, which could explain some of the weight loss observed
during prolonged exposures to high altitude®'”.
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In addition to these physiological stresses, blood parameters and body composition can be altered by high-
altitude conditions and changes in dietary intake. This may affect red blood cell counts, iron status, and markers
of metabolic and immune function!!~'°. Similarly, adjustments in macronutrient and micronutrient intake
before and during the expedition can affect an athlete’s energy availability, leading to shifts in body mass and
composition'®, and potentially affecting maximum oxygen uptake (VO,, ), anaerobic power, and other key
performance indicators. Such high-altitude exposures thus serve as a natural experimental setting to assess how
nutrition, physiology, and microbial ecology interact to shape athletic performance, health status, and adaptation
to extreme environments.

In recent years, the gut microbiome has emerged as a critical factor influencing human health, immune
function, and athletic performance. Alterations in gut microbial composition and metabolic capacity have
been linked to changes in nutrient absorption, energy metabolism, inflammation, and recovery, all of which
are central to optimal athletic performance and well-being'”""’. In addition, the gut microbiota can respond
dynamically to dietary changes, and high-altitude expeditions often require consumption of processed, freeze-
dried, or supplemental foods due to limited access to fresh produce®. The use of functional foods has important
advantages for athletes, such as the fact that they can be easily ingested, transported and stored, and they also
taste good. However, when consumed in excess, these products may disrupt gut microbiota balance due to the
chronic effects of their food additives*'~?*. Understanding how these dietary and environmental stresses shape
gut microbial communities is essential for informed nutritional strategies that support health, performance, and
safe acclimatization to challenging conditions.

The present study aimed to analyze the structure and functional characteristics of the microbiome of
climbers before and after a high-mountain expedition. By integrating detailed dietary records, blood and urine
analyses, and measures of aerobic and anaerobic exercise capacity, we sought to determine how high-altitude
exposure and associated dietary changes affect the gut microbiome and, in turn, how these microbial shifts
correlate with health markers and performance outcomes. Such insights could provide evidence-based guidance
for optimizing dietary composition, supplementation, and overall expedition planning. Ultimately, identifying
specific microbial signatures and metabolic pathways that are modifiable through diet and supplementation may
help practitioners develop tailored nutritional interventions to improve both health and athletic performance of
climbers operating under extreme environmental conditions.

Materials and methods

Study participants

The study group consisted of 17 male mountaineers from Poland between the ages of 23 and 40, participating
in mountain expeditions at least once a year, during which they stayed at altitudes above 3,000 m for at least
3 weeks. Individuals qualified for the study were members of high-mountain clubs affiliated with the Polish
Mountaineering Association. The group’s anthropometric and BMI (body mass index) data are shown in Table 1.

The climbers participating in the study were characterized by extensive climbing experience (10 + 5 years) in
both sport climbing and mountaineering. The average climbing level of participants, as measured by the IRCRA
scale, was 20.69 + 2.8, which according to the proposed criteria, places them in the advanced (level 3) category®.
The climbers spent an average of 8 + 3 h per week training. Climbers qualified for the study stayed at an altitude
of 3,000-8,167 m above sea level at the time of their expedition. In total, the high-altitude expeditions lasted an
average of 34 + 6 days, of which climbers spent an average of 22 + 4 days actively climbing in the mountains and
11 + 8 days resting in base camps or mountain towns. Because some of these sites were located above 3,000 m,
participants spent a total of 26 + 6 days at altitudes above 3,000 m.

The mountaineers recruited for the study traveled in small groups or individually to pursue their mountain
goals. Specifically, the objective of the group of climbers (1=6) exploring the White Cordillera massif in Peru
was to climb the 800-meter Cruz del Sur route on the La Esfinge rock monolith (5,325 m). A new route was also
established on Ocschapalca (5,888 m) and Nevado Churup (5,495 m), and ascents were made on Artesonraju
(6,025 m) and Alpamayo (5,947 m). Climbers (n=3) targeting peaks from the Shuijerab mountain group in
North Karakorum, Pakistan, made a route on the west face of the virgin peak of Trident Peak (6,150 m), and
climbed the virgin peak of Sakwa Sar (6,050 m). Climbers (n=3) exploring the Gangotria Valley in India’s
Garhwal Himalaya and mountaineers (n=2) climbing in the Himalayas in Western Nepal and Northern Nepal
attempted virgin peaks, but failed due to weather conditions (the highest point of the expeditions —5,000 m).
There were also two independently active climbers in the Himalayas - one of them made ascents of Annapurna
(8,091 m) and Dhaulagiri (8,167 m) in Central Nepal, while the other climbed Ama Dablam (6,812 m). In the
western Pamir-Alay in Kyrgyzstan's Lailak Valley, an ascent was made by the Troschenko route on the north face
of Ak-su (5,217 m).

Age [years]
Body height [cm] | 180.47 | 8.36
Body weight [kg] | 74.96 |5.03
BMI [kg/m?] 22.83 |21

Table 1. Anthropometric data and BMI of climbers participating in the research (1 =17). Abbreviations: BMI
- body mass index.
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Before taking part in the project, the climbers had a consultation with a sports medicine doctor. The climbers’
fitness for mountaineering and participation in the project was assessed based on previous examinations
(ECG, blood and urine tests). The presence of chronic diseases and age over 45 were disqualifying factors for
participation in the study. The Bioethics Committee of the Cracow Regional Medical Chamber approved the
research project (68/KBL/OIL/2022; date: 11/04/2022), which was conducted in accordance with the Declaration
of Helsinki. After learning about the risks and benefits of taking part in the project, all climbers gave written
informed consent to participate in this study.

Study design

Nutritional analysis of diet

The supply of selected macronutrients before and during the mountaineering expedition was determined by
analyzing the whole-day rations obtained using the 3-day food diary method. The expedition participants were
asked to note down all the foods, meals and supplements eaten and fluids drunk during the 3 days before the
expedition (2 days of sports activity, 1 day of rest) and 3 days during the expedition (2 days of sports activity,
1 day of rest). In the mountain conditions, these were days of acclimatization and ascending towards the summit,
and the activities noted during this time included mainly hiking with elements of climbing. Climbers were
given detailed instructions on how to keep food diaries before leaving for the expedition in order to minimize
recording errors. The instructions included written guidelines (the table of household measures of popular
foods with equivalent weights to make it easier to determine product measures and an example of a completed
diary) along with a briefing session explaining how to record all foods, beverages, and supplements consumed.
Participants were asked to specify product names, manufacturers, quantities (in grams, milliliters, or standard
household measures), preparation methods (if applicable), and the time of consumption. Special attention was
given to recording commercially packaged products such as energy gels, bars, and freeze-dried meals, for which
climbers were instructed to note the exact product name, brand, and weight to allow analysis based on the
product’s label data and nutritional table.

The data from the diaries were meticulously entered into the Aliant Dietetic Calculator program (Anmarsoft,
Gdansk, Poland; version: 85; database: 6.2) for quantitative analysis of the climbers’ diets before and during the
expedition. The program used the “Tables of food composition and nutritional value™®® as a database, taking into
account food recipes and losses due to product processing.

Anthropometric measurements

Body height of participants was measured before the expedition using a Seca 217 anthropometer (Seca GmbH
& Co. KG, Hamburg, Germany) with an accuracy of 1 mm. The climbers’ body weight was determined using
InBody 120 body composition analyzer (Inbody Bldg., Seoul, Korea) in the morning after a standardized meal
between 7:45 and 8:30 am.

Health status analysis

For health status analysis, blood samples were taken from veins in the elbow pit to determine hematological
and biochemical blood indices, i.e. peripheral blood count (hematocrit, hemoglobin concentration, erythrocyte
volume (MCV), erythrocyte hemoglobin content (MCH), erythrocyte hemoglobin concentration (MCHC),
erythrocyte anisocytosis index (RDW), erythrocyte count, platelets, platelet volume (MPV), white blood cell
count - leukocytes, leukocyte differentiation: lymphocytes, monocytes, basophils, eosinophils, neutrophils),
erythrocyte sedimentation rate (ESR), glucose, total cholesterol, high-density lipoprotein cholesterol (HDL),
low-density lipoprotein cholesterol (LDL), triglycerides (TG), creatinine (Cr), urea (U), uric acid (UA), total
protein, sodium, potassium, chloride, calcium, magnesium, phosphorus, iron, ferritin, vitamin D, vitamin B, ,,
liver enzymes: alanine aminotransferase (ALT), aspartate aminotransferase (AST), acid phosphatase, gamma-
glutamyltranspeptydase (GGTP), albumin and total bilirubin. The determinations were carried out in the
morning and on an empty stomach, up to two weeks before the expedition and within two days (1.41+0.69
days) after the expedition.

In addition to the blood determinations, a general urinalysis (specific gravity, pH, leukocytes, nitrites, protein,
glucose, ketones, urobilinogen, bilirubin, blood (erythrocytes/hemoglobin), color, clarity) was performed, as
well as a fecal examination (general fecal examination, test for parasites, lamblia, Helicobacter pylori, levels of
zonulin and antitrypsin). Study participants were given a uniform procedure for collecting urine and stool
samples on their own. After a plum-sized stool sample was gathered, it was placed in a tube and stored in a
refrigerator (temp. 2-4° C) and then delivered to the laboratory within 24 h after the collection. The samples of
urine and feces were submitted for testing to the laboratory at the same time as blood was collected.

Measurements were made using flow cytometry (blood count), kinetic-photometric method (ESR),
indirect potentiometry (sodium, potassium, chloride), spectrophotometry (total protein, calcium, phosphorus,
magnesium, total cholesterol, HDL, triglycerides, U, UA, iron, AST, ALT, creatinine, total bilirubin, GGTP,
glucose), direct chemiluminescence (vitamin B,,, vitamin D, ferritin), strip tests (general urinalysis),
immunochromatographic method with Giardia test from Hydrex Diagnostics (Giardia lamblia in feces), and by
H. pylori Ag by nal von minden (Helicobacter pylori in feces) and microscopically (general fecal examination and
evaluation of food debris, testing for parasites, lamblia). All laboratory analyses described here were performed
using the following equipment: Alinity HQ (Abbott, Singapore), Roller 20 (Alifax, Italy), Alinity C (Abott,
Singapore), Alinity I (Abott, Singapore) and Atellica 1500 (Siemens, Germany) and were commissioned as an
external service, performed by Alab Laboratories (Warsaw, Poland).

Scientific Reports | _##### ###### ##########_| https://doi.org/10.1038/s41598-025-22848-9 nature portfolio

131



www.nature.com/scientificreports/

Clinical event monitoring

Throughout each expedition, the climbers prospectively logged gastrointestinal (GI) complaints and symptoms
suggestive of acute mountain sickness (AMS) in individual food diaries. Two participants reported transient
diarrhea that was treated with a short course of oral nifuroxazide, and one additional episode occurred after
returning to low altitude. One climber experienced AMS during the ascent. After an immediate descent to base
camp, he received a single intramuscular dose of dexamethasone. No other antibiotics, proton pump inhibitors,
or nonsteroidal anti-inflammatory drugs were taken during the study period.

Aerobic and anaerobic performance testing

Aerobic capacity was assessed during a test with gradually increasing load performed until exhaustion, while
anaerobic capacity was assessed during the Wingate test for the lower and upper limbs. Exercise tests were
performed twice. The first test was performed about two weeks before the expedition, and the second test was
performed up to four days (3.88+ 1.49 days) after returning from the expedition at an altitude of about 383 m
above sea level.

Graded treadmill test

The test was performed on a mechanical treadmill h/p/Cosmos Saturn (h/p/Cosmos Sports & Medical GmbH,
Germany) according to the following scheme: 2-minute recording of baseline cardiorespiratory indices in
a standing position, a 4-minute run at a constant speed of 8 km/h with a treadmill angle of 1°, followed by
a 1.1 km/h increase in running speed every 2 min until a running speed of 16.8 km/h was reached. In the
remaining part of the test, the running speed did not change and an increase in exercise intensity was obtained
by raising the angle of the treadmill by 1° every 2 min. The test continued until exhaustion, subjective to the
test participant. Respiratory indices were monitored continuously using a Cortex Metalyzer 3B ergospirometer
(CORTEX Biophysik GmbH, Germany), heart rate recorded using a Polar S-410 cardiac monitor (Polar-Electro,
Finland).

Wingate anaerobic test

This test was performed in a sitting position without getting up from the saddle on a Monark 894e cycloergometer
for the lower limbs (Monark Sports & Medical, Sweden) and Monark 834e for the upper limbs (Monark Sports
& Medical, Sweden) in a modified 20-second version. The participants’ task was to perform crank turns at a
maximally high rhythm throughout the test. Both tests were preceded by warm-ups, with the lower limb test
lasting 5 min with a load of 100 watts and the upper limb test lasting 4 min with a load of 60 watts. The pedaling
rhythm was 60 rpm. During the warm-up for the lower limb test, brief 5-second accelerations of the pedaling
rhythm to about 80% of subjective maximum capacity occurred in 2nd, 4th and 5th minute and in the warm-
up for the upper limb test in 2nd and 4th minute, respectively. After the warm-up, the participants performed
stretching exercises for 2 to 3 min, after which the test proper was started. The test load was set at 7.5% and 4.5%
of body weight in the lower and upper limb tests, respectively.

Assessment of lactate concentration

Before the start (5 min before exercise) and at the end of all tests (3 and 20 min after exercise), blood was
drawn from the fingertip capillaries into tubes containing a glycolysis inhibitor to determine plasma lactate
concentration. Lactate concentration was determined using LC2389 reagent (Randox Laboratories Ltd., UK) by
an enzymatic colorimetric method, which allows the determination of biochemical markers by using a specific
enzymatic reaction that yields a colored product. The concentration of lactate was determined by the color
change of the solution, assessed by reading the absorbance at 550 nm using a Thermo Scientific Nicolet Evolution
201 PC Control dual-beam UV/VIS spectrophotometer (Thermo Fisher Scientific, USA). The absorbance results
were recorded electronically, and were then used to calculate the concentration of lactate in each sample.

Microbiome analysis

Sample collection

Stool was collected and immediately placed in stool storage containers, and these were placed in a Styrofoam
box with a cooling insert. The box with the stool sample was kept in the refrigerator (temp. 2-4° C) and then
transferred within 24 h of collection to the project contractor. The stool was then placed in the freezer (temp.
-80° C). The fecal samples were collected from participants in the same rounds as described in the section
describing the health analysis (before and after the expedition).

DNA isolation, quantitation and quantification

Approximately 200 mg of each frozen stool sample was processed for DNA isolation using the QIAamp
PowerFecal Pro DNA Kit (Qiagen, Germany) following a modified protocol designed to enhance microbial
cell disruption. This procedure combined physical, mechanical (bead-beating with a Bead Ruptor Elite; Omni
International, USA), and chemical lysis steps. Homogenization involved short, high-speed cycles with cooling
intervals. Key modifications included the following steps: after adding Solution CD1, the sample was incubated
at 55 °C for 10 min with 500 rpm shaking and vortexing every 2 min. Further, bead beating was performed
for 15 s at 6 m/s, repeated 4 times with a 2-minute break after each cycle, followed by a short spin. Next, 40 pl
of proteinase K was added, and the mixture was incubated at 25 °C for 10 min. A final, 5th round of bead
beating was performed for 15 s at 6 m/s. The extracted DNA was assessed for concentration and purity using
a NanoDrop spectrophotometer (Thermo Scientific, USA), and the integrity of the DNA was verified on 1%
agarose gels. Only the DNA samples with sufficient quality and yield were selected for further processing. The
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DNA concentration was then re-evaluated and standardized using a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, USA) and the Qubit DNA BR assay, ensuring accurate normalization prior to library preparation.

Library preparation and sequencing

Metagenomic libraries were prepared from 100 ng of input DNA per sample, using the KAPA HyperPlus Library
Preparation Kit (Roche, Basel, Switzerland) as described in our previous papers*”?*. The fragmentation step was
optimized to produce fragments with an average size of 300-500 bp. Indexed adapter ligation was performed
using KAPA Universal dual-indexed adapters at a controlled concentration to maintain efficient ligation and
minimize adapter dimer formation. Libraries were then purified with KAPA Pure Beads (Roche, Switzerland),
and library amplification was limited to six PCR cycles to reduce amplification bias. After PCR, a final clean-up
step was performed to remove any residual primer dimers and non-target fragments. The resulting libraries
were assessed for quality and fragment size distribution using a 4150 TapeStation system (Agilent Technologies,
USA).

All libraries were then normalized to 20 nM, pooled in equimolar amounts, and subjected to 150 bp paired-
end sequencing on an Illumina NovaSeq platform (Illumina, CA, USA). Each library generated approximately
13 million paired-end reads. This deep sequencing strategy provided a comprehensive snapshot of the microbial
communities and their genomic characteristics.

Statistics and bioinformatics analysis

The raw fastq sequences were subjected to quality control with TrimGalore version 0.6.10%°. Three samples were
rejected from further analysis due to poor reading quality. To remove human contaminants, any reads mapping
to the human reference genome build 38 with bowtie2 version 2.2.3%° were removed. Taxonomic and functional
profiles were calculated via MetaPhlAn 4.0 and HumanN 3.7°%. Differential enrichment analysis was performed
using the Linear Discriminant Analysis Effect Size analysis (LEfSe)*’. The LEfSe analysis was implemented in
Python, leveraging functions from the scipy.stats module (version 1.11.1) for non-parametric statistical tests,
specifically kruskal for identifying features with significant differential abundance. Subsequently, sklearn.
discriminant_analysis.LinearDiscriminantAnalysis (Scikit-learn version 1.3.0) was utilized to calculate the
Linear Discriminant Analysis (LDA) score, which estimates the effect size of each differentially abundant feature.
Alpha diversity (Shannon, Simpson, species richness) was calculated using the scipy module (version 1.11.1).
Beta diversities (Bray-Curtis) were calculated using the QIIME 2* amplicon-2024.2 version diversity packages
and the PERMANOVA test was used to identify statistical significance. Finally, to investigate relationships
between microbiome features and metadata variables, Spearman’s rank correlation coefficients were calculated.
This analysis was performed using the spearmanr function from the scipy.stats module (version 1.11.1). To
control for the false discovery rate arising from multiple comparisons, the resulting p-values were adjusted using
the Benjamini-Hochberg (BH) correction. This multiple testing correction was applied via the multipletests
function from the statsmodels.stats.multitest submodule, part of the statsmodels package (version 0.14.1)**. The
entire analysis was conducted within a Python 3.11.9 environment and visualized using the matplotlib 3.7.2 and
seaborn 0.12.2 packages.

Results

Cohort overview

In this study, we investigated 17 experienced Polish male mountaineers (23-40 years old) who undertook
high-altitude expeditions lasting more than three weeks at altitudes above 3,000 MASL. Before and after their
expeditions, we collected comprehensive data including dietary intake, blood and urine parameters, aerobic and
anaerobic performance measures, and detailed metagenomic analyses of their gut microbiomes. By integrating
these multidimensional datasets, our goal was to characterize how exposure to extreme mountain environments
and dietary changes influence gut microbial community structure, functional pathways, and potential health
and performance outcomes.

Clinical events during the expeditions

Two participants experienced self-limited diarrhea that resolved within 48 h after taking nifuroxazide orally.
One climber reported diarrhea upon returning to a lower altitude. One participant developed acute mountain
sickness, which was managed by descending to base camp and administering a single intramuscular dose of
dexamethasone. No additional gastrointestinal complaints were recorded.

Microbiome changes after the mountaineering expedition

All participants exhibited generally diverse microbiomes both before and after the expedition (Fig. la,
Supplementary Fig. 1). While the relative abundance of the most plentiful species did not change much in some
individuals (A3), others experienced greater shifts in the microbiome (A10). There were on average 200+ 69
bacterial species identified per participant before and 179+ 53 species per participant after the expedition. In
contrast, we found 76 + 8 bacterial functions per participant before and 77 + 8 functions after the expedition. The
differences in the numbers of species and functions before and after the expedition were not significant.

Across all participants, the prevalence of species remained stable after the travel (Fig. 1b, left). This was
particularly true for species occurring with low prevalence (present in less than a third of individuals), and any
differences could be attributed to changes in only up to two individuals. We observed a slightly different trend in
the comparison of functions - this time, the most stable functions were highly prevalent. There was one outlier,
however; it was the GLUCOSEIPMETAB-PWY: glucose and glucose-1-phosphate degradation pathway. This
function, present in a half of individuals before the expedition, was found in almost everyone upon their return.
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Fig. 1. Comparison of gut microbiome compositions before and after the expedition. (a) Barplots with family-
level composition of each sample before and after the expedition. (b) Prevalence of species (left) and functions
(right) before versus after the expedition. The GLUCOSEIPMETAB-PWY: glucose and glucose-1-phophate

degradation pathway, which substantially changed in prevalence as a result of the travel, is marked with a black

arrow.
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Fig. 2. Species enriched in the participants before and after the expedition.
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We observed a statistically significant increase in the abundance of this function as a result of the expedition
(Wilcoxon signed-rank test, p <0.05).

A differential enrichment analysis performed using LEfSe revealed two species enriched after the expedition
and one before (Fig. 2). The two species which increased in abundance after the expedition were Lactococcus
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Bray-Curtis distance between pre and post

07

lactis and a species belonging to the Phocaeicola genus. On the other hand, there was a depletion trend of the
Clostridiaceae bacterium. We found no statistically significant alterations in microbial functions.

Correlating microbiome features with dietary information revealed an association of a PWY-6703: preQ0
biosynthesis pathway with vitamin B, and C intake before the expedition (Spearman correlations 0of 0.83 and 0.86,
respectively, adjusted p-values <0.05). We observed a decrease in the intake of the vitamins after the expedition,
which was significant for vitamin C (vitamin B: 6.1 mg to 2.6 mg, T-test p-value > 0.05; vitamin C: 325.7 mg to
149.2 mg, T-test p-value<0.01). Similarly, the average abundance of the PWY-6703: preQ0 biosynthesis pathway
showed a notable, but statistically insignificant decrease (from 18% to 15%). No other associations of functions
or species with dietary parameters before or after the expedition passed multiple testing corrections.

Varying degrees of Microbiome alterations among participants

Following our observation that the microbiomes were altered in individuals to different degrees (Fig. 1a), we
calculated Bray-Curtis distances between matched samples from the same individual, collected before and after
the intervention (Fig. 3a, Supplementary Fig. 2). We observed a range of distances between the samples, with
samples from the individual A12 being visibly more differentiated than the rest.

Separating the individuals based on their second ventilatory threshold (VT2) pace change after the expedition
revealed that individuals who experienced an improvement in fitness experienced a notably yet not significantly
greater microbiome alteration (Fig. 3b). In addition, participants whose microbiomes changed more (Bray-
Curtis distance = 0.36, chosen based on the median) had significantly richer microbiomes before the intervention
in comparison to those who experienced subtle shifts (Fig. 3c-e). This was accompanied by insignificant but
notably higher intakes of manganese, calcium, vitamin A, magnesium and phosphorus (mean manganese intake
9.2 and 3.9 mg, calcium 1520.7 and 973.3 mg, vitamin A 2246.0 and 1291 pg, magnesium 687.7 and 397.6 mg,
phosphorus 2021.5 and 1545.7 mg in participants with and without substantial gut alterations, p <0.05, adjusted
p-values>0.05).

A LEfSe differential enrichment analysis of species and functions at baseline revealed statistically significant
differences between the two groups (Fig. 3f). The microbiomes of individuals who experienced alterations were
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Fig. 3. A comparison of participants with greater and smaller gut microbiome alterations after the high-
altitude travel. (a) Bray-Curtis distance between matched samples (before and after the expedition) from

the same participant. (b) Individuals who observed an improvement in the VT2 pace after the expedition
experienced greater microbiome alterations. (c),(d),(e) The microbiome of individuals who experienced greater
microbiome alterations was significantly richer before the expedition. (f) LEfSe differential enrichment analysis
comparing species and functions in individuals with and without large microbiome alterations at baseline.
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enriched in Clositridium fessum, Streptococcus salivarius and the inosine 5-phosphate degradation pathway. On
the other hand, they appeared to have lower abundances of, among others, a bacterium from the Clostridiales
family as well as the folate transformations and tRNA charging pathways.

Microbiome correlations with blood markers, anaerobic capacity physiological markers and
diet in participants exhibiting the strongest Microbiome shifts

Investigating the subset of individuals with large microbiome alterations revealed shifts in prevalence of species
were more varied than that of functions (Fig. 4a and b). The taxa with the greatest alterations included Dorea
sp AF36_I5AT, present in 57% of individuals before and in 100% after the expedition, as well as GGB9758_
SGB15368 from the Firmicutes phylum, found in 43% before and 86% of individuals after. While the prevalence
of functions remained relatively stable, with most functions being present both before and after the expedition, a
few functions experienced a substantial prevalence drop. They were tetrapyrrole biosynthesis I (from glutamate),
UDP-N-acetyl-D-glucosamine biosynthesis I and O-antigen building blocks biosynthesis (E.coli), all present in 43%
before and 14% of individuals after the expedition.

A differential enrichment analysis with LEfSe identified 3 species, namely Blautia luti, Romboutsia timonensis
and GGB4569_SGB6310 from the Lactobacillaceae family, enriched in abundance after the expedition. We found
no species enriched before, as well as no statistically significant alterations of abundance in functions.

We identified several microbiome feature correlations with blood markers and anaerobic indices (Table 2).
Before the expedition, there were two species associated with potassium, specifically Prevotella copri clade A
(positive correlation) and Bacteroides uniformis (negative correlation), as well as 15 cases of marker associations
with microbial functions. dTDP-f3-L-rhamnose biosynthesis pathway was the only function associated with two
different markers before the expedition, specifically total work performed of lower limbs (W,) and mean anaerobic
power of lower limbs (P can) (positively in both cases). After the investigation, we found one association with
species Agathobaculum butyriciproducens with calcium (strong positive correlation) and 8 with functions. This
time, two functions were associated with at least two markers (NAD de novo biosynthesis I (from aspartate)
positively with basophils and calcium; and superpathway of L-serine and glycine biosynthesis I negatively with
sodium and positively with cholesterol HDL). Finally, two functions had different associations both before and
after the expedition. Guanosine ribonucleotides de novo biosynthesis was positively correlated with sodium before
and negatively with mean platelet volume (MPV) after, while myo-, chiro- and scyllo-inositol degradation was
positively associated with sodium before and with basophils after. Other analyzed correlations of microbiome
features with blood, urine, fecal markers and anaerobic indices were not statistically significant.

Finally, we found a number of microbial function associations with diet after the expedition (all of which
passed the correction for multiple testing, Supplementary Table 1). We identified strong positive correlations
(Spearman correlation>0.90) of coenzyme A biosynthesis with overall calorie and carbohydrate intake,
monounsaturated fatty acid (MUFA) as well as vitamins C, B, ,, B, and B, L-arginine biosynthesis was associated
with overall carbohydrate intake and digestible carbohydrates, while the penthose phosphate pathway with
selenium and plant protein with sucrose biosynthesis. Negative correlations were found between adenine and
adenosine salvage and sodium, as well as between L-rhamnose biosynthesis and animal protein.
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Fig. 4. Prevalence comparison of species (a) and functions (b) in individuals with large microbiome
alterations as a result of the expedition.
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Potassium [mmol/1] Prevotella copri clade A 098
Bacteroides uniformis -097

LA (20") [mmol/1] GGBY642 SGB15119 -0.99
HGB [g/dl] RIBOSYN2-PWY: flavin biosynthesis I (bacteria and plants) 0.96
Sodium [mmol/l] ANAGLYCOLYSIS-PWY: _glycolysis_III_(from_glucose) 094
GLUTORN-PWY: L-ornithine biosynthesis I 0.94

PWY-1042: glycolysis IV 0.94

PWY-2942: L-lysine biosynthesis I 0.94

Before PWY-5097: L-lysine biosynthesis VI 0.94
PWY-7221: guanosine ribonucleotides de novo biosynthesis 0.94

PWY-7237: myo-, chiro- and scyllo-inositol degradation 0.94

HDL [mmol/l] ARGSYN-PWY: L-arginine biosynthesis I (via L-ornithine) -0.96
ARGSYNBSUB-PWY: L-arginine biosynthesis II (acetyl cycle) -0.96

W, - kgl DTDPRHAMSYN-PWY: dTDP-ébeta;-L-rhamnose biosynthesis 0.96
P (W kg!] DTDPRHAMSYN-PWY: dTDP-&beta;-L-rhamnose biosynthesis 0.96
t,, [s] PWY0-1296: purine ribonucleosides degradation 0.96
WSHL [W/kg/s] ILEUSYN-PWY: L-isoleucine bi hesis I (from th ine) 0.96
Calcium [mmol/1] Agathobaculum butyriciproducens -0.99
MPV [fL] PWY-7221: guanosine ribonucleotides de novo biosynthesis -0.96
Basophils [10%/L] PWY-7237: myo-, chiro- and scyllo-inositol degradation 0.96
PYRIDNUCSYN-PWY: NAD de novo biosynthesis I (from aspartate) 0.96

After Sodium (mmol/l] SER-GLYSYN-PWY: superpathway of L-serine and glycine biosynthesis I | -0.96
Calcium [mmol/1] PYRIDNUCSYN-PWY: NAD de novo biosynthesis I (from aspartate) 099
Magnesium [mmol/l] | PWY-6151: S-adenosyl-L-methionine salvage I -0.98
HDL [mmol/1] SER-GLYSYN-PWY: superpathway of L-serine and glycine biosynthesis I | 0.96
Protein total [g/1] HISTSYN-PWY: L-histidine biosynthesis 096

Table 2. Statistically significant correlations (adjusted p-values<0.05) of blood markers and anaerobic
indices with Microbiome features in individuals with Microbiome alterations, before and after the expedition
(n=7). Abbreviations: HDL - high-density lipoprotein cholesterol; HGB — haemoglobin; LA (20°) - lactate
concentration at intake at 20 min after aerobic capacity test; MPV - mean platelet volume; P~ — mean
anaerobic power (lower limbs); t, - time of maintaining maximum power (lower limbs); WSHL - rate of

decrease from the maximum power of the lower limbs; W, - total work performed (lower limbs).

Discussion
Microbiome and nutritional adaptations to High-Altitude stress
The observed changes in gut microbiome compositions before and after the high-altitude mountaineering
expedition indicate adaptive shifts in the gut microbiome and host physiology in response to extreme
environmental and physiological stressors. Our findings demonstrate that exposure to low atmospheric pressure,
hypoxic conditions, and challenging dietary changes can reshape the gut microbiome, potentially affecting host
metabolism, immune function, and overall performance. Similar to previous studies showing that altitude-
induced hypoxia alters energy metabolism and physiological adaptations in athletes***’, we identified functional
shifts in the gut microbiome, such as increased prevalence of the glucose and glucose-1-phosphate degradation
pathway, which was present in half of individuals before the expedition and in almost all participants upon
their return. In addition, the abundance of this pathway increased significantly. The presence of this pathway
likely reflects not only the elevated intake of simple carbohydrates during the expedition - through consumption
of energy gels, sweetened bars, isotonic drinks, and freeze-dried meals®* - but also an adaptive microbial
response to environmental and physiological stressors, including hypoxia and increased energy demand. While
the specific glucose and glucose-1-phosphate degradation pathway has not been directly reported in earlier
hypoxia studies, a number of investigations in altitude-adapted populations suggest broader functional shifts in
microbial carbohydrate metabolism under environmental stress*’-*2. The observed increase in the prevalence of
the glucose and glucose-1-phosphate degradation pathway may indicate both an increase in substrate availability
and a microbiome strategy to maximize ATP yields in the presence of restricted oxygen.

From a nutritional perspective, our results highlight the importance of vitamin intake, particularly vitamins
C and B, in modulating microbial metabolic pathways such as the preQ0 biosynthesis pathway. The observed
association between the preQ0 biosynthesis pathway and dietary intake of vitamins B, and C prior to the high-
altitude mountaineering expedition highlights the intricate interplay between nutrition, microbiome dynamics,
and metabolic adaptation. Vitamin B, known for its role as a cofactor in amino acid metabolism*?, is essential
for the synthesis of nucleotides and neurotransmitters. This vitamin may enhance the efficiency of metabolic
processes involved in preQO0 production, as the pathway is likely reliant on amino acid precursors. Additionally,
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vitamin C serves as a potent antioxidant, crucial for mitigating oxidative stress that can be exacerbated in high-
altitude environments*~*°. Its antioxidant properties may also support beneficial gut microbial populations
capable of metabolizing this vitamin and subsequently influencing pathways like the preQ0 biosynthesis pathway.
The dietary intake of these vitamins may modulate gut microbiome composition, ensuring the availability of
substrates necessary for microbial metabolism, which in turn supports the preQ0 biosynthesis pathway. This
association underscores the significance of adequate vitamin intake in preparing the body for the metabolic
demands of high-altitude exposure, where increased energy expenditure and altered oxygen availability
necessitate robust cellular adaptations”.

An analysis of Bray-Curtis distances between baseline and post-expedition samples revealed varying degrees
of microbiome alterations among the participants. Individuals with greater microbiome shifts responded to
the high-altitude conditions better through improvements in fitness markers such as a higher pace at the VT2.
This observation suggests that greater microbiome plasticity might be associated with improved metabolic
or cardiorespiratory adaptation under environmental stress, such as hypobaric hypoxia'**. Interestingly,
participants with larger microbiome shifts also had significantly richer and more diverse baseline microbiomes.
Greater microbial diversity has been previously linked with enhanced resilience and adaptive capacity of the
gut ecosystem, potentially allowing for more dynamic functional reorganization in response to stressors like
high altitude, changes in diet, or physical exertion**-*!. This was accompanied by insignificant but notably
higher intakes of macronutrients, such as manganese, calcium, vitamin A, magnesium and phosphorus before
the expedition, which have been implicated in supporting microbial diversity, intestinal barrier integrity, and
immune function®-*. Finally, their microbiomes were enriched in Clostridium fessum, Streptococcus salivarius
and the inosine 5-phosphate degradation pathway. S. salivarius has been identified as a commensal species with
immunomodulatory properties and the ability to produce bacteriocins and anti-inflammatory compounds®”*,
while Clostridium fessum may contribute to short-chain fatty acid production, although its role remains
less well understood. SCFAs (e.g., acetate, propionate, butyrate) are key microbial metabolites derived from
fermentation of dietary fibers and play important roles in host energy metabolism, immune regulation, and
gut barrier integrity’®. The presence of the inosine 5-phosphate degradation pathway may reflect increased
nucleotide turnover and energy metabolism potential, which has been observed in microbiomes adapting to
metabolic stress®’. These preliminary findings suggest that baseline microbiome composition and its capacity
to dynamically respond to environmental stressors may influence the physiological outcomes of high-altitude
exposure. Future studies with larger cohorts are needed to explore these associations further and confirm
causality. A similar performance-oriented plasticity is emphasized in our recent narrative review of athletic
gut microbiomes®', which shows that elite performers consistently harbour SCFA- and bile-acid-producing
consortia that safeguard energy supply, immunity and barrier function during heat, hypoxia and prolonged
exertion - paralleling the altitude-driven shifts observed here.

Importantly, several microbial features that differed within our cohort showed significant correlations with
physiological read-outs, suggesting that the compositional shifts we observed may have functional - rather
than purely cosmetic - consequences. Before the expedition, several microbiome-host links converged on the
same theme: a Prevotella-rich, rhamnose-active community was associated with superior lower-limb power and
tighter electrolyte control. Specifically, the dTDP-B-L-rhamnose-biosynthesis pathway showed a strong positive
correlation with both total work and mean anaerobic power of the lower limbs (p = 0.96 for each; Table 2), while
serum potassium related positively to Prevotella copri (p = 0.98) and negatively to Bacteroides uniformis (p =
-0.97). Taken together, these baseline patterns indicate that athletes entering the expedition with a Prevotella-rich
enterotype may enjoy more efficient mineral absorption and rapid carbohydrate utilisation'? - an interpretation
consistent with endurance cohorts in which Prevotella enrichment tracks high-carbohydrate, fibre-dense
diets and long weekly training volumes®?. In our climbers, the same triad - P. copri, elevated potassium, and
the rhamnose nucleotide-sugar route - suggests a microbiome “fitness reserve” that supports energy flux and
electrolyte stability when oxygen becomes limited at altitude.

Consistent with the idea that pre-existing gut configurations modulate later physiological responses, our
recent case-control study in collegiate men performing maximal Wingate and Bruce tests revealed a different, but
conceptually similar, pattern: baseline enrichment of Clostridium phoceensis and Catenibacterium spp. predicted
blunted IL- 1o and TIMP-1 responses to the aerobic (Bruce) protocol, whereas anaerobic testing elicited distinct
microbiome-cytokine couplings driven by ethanolamine- and pyrimidine-related pathways?®. After the climb, a
distinct post-expedition signature emerged. Enrichment of the NAD*de-novo-biosynthesis I pathway correlated
positively with circulating calcium (p = 0.99) and with basophil counts (p = 0.96), whereas the super-pathway
of L-serine/glycine biosynthesis related inversely to sodium (p = — 0.96) but positively to HDL cholesterol (p
= 0.96). In parallel, the myo-,chiro- and scyllo-inositol degradation pathway also tracked with basophils (p =
0.96), and guanosine-ribonucleotide biosynthesis showed an inverse relationship with mean platelet volume
(p = — 0.96). Post-expedition functional read-outs therefore realigned earlier associations: at baseline both
guanosine-ribonucleotide biosynthesis and the myo-/chiro-/scyllo-inositol degradation pathway tracked positively
with serum sodium, whereas after altitude exposure the same routes coupled to MPV and basophils, respectively.
This directional reversal underscores a flexible microbiome contribution to nutrient flux, electrolyte balance
and immune signalling under chronic hypoxia. Taken together, these links connect post-expedition shifts in
nucleotide, redox-cofactor and amino-acid metabolism to haematological (basophils, MPV), electrolyte (sodium,
calcium) and lipid (HDL) read-outs, supporting a role for the gut microbiome in coordinating metabolic and
immune adaptation under prolonged hypoxia and high energy demand®. Importantly, intestinal-permeability
markers (zonulin and a;-antitrypsin) remained unchanged, consistent with recent reports that well-acclimatized
alpinists can maintain epithelial integrity under hypobaric stress®.

A differential enrichment analysis with LEfSe in our study identified 3 species, namely Blautia luti, Romboutsia
timonensis and GGB4569_SGB6310, enriched in abundance after the expedition. Similarly, Su et al. showed
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a relative and absolute increase in Blautia A abundance in men who were exposed to high altitudes (> 3,600
MASL) for more than 2 months*!. Blautia A species were shown to be involved in a module of “cobalamin
biosynthesis” and butyric acid production that are both beneficial to microbial ecosystems and intestinal
epithelial cells*"**, An in vivo animal experiment supported a crucial role of Blautia A species in facilitating
host fitness to hypoxia environments, likely via anti-inflammation and intestinal barrier protection to maintain
intestinal health, thereby suggesting a high translational potential of Blautia A species as a candidate probiotic
agent for the prevention or treatment of hypoxia-associated maladaptation or disorders. Taken together, these
observations of increased abundance of Blautia A imply this genus is a beneficial high-altitude bacterial group
that may play an important role in promoting acclimatization and adaptation to high-altitude conditions*!.

We observed significant microbial functional associations with dietary intake after the expedition. Notably,
strong positive correlations with coenzyme A biosynthesis and various dietary components suggest that these
nutrients may enhance microbial metabolic pathways essential for energy production and lipid metabolism.
Similarly, positive associations of L-arginine biosynthesis with overall carbohydrate intake and the assimilation
of carbohydrates indicate that dietary carbohydrates may support microbial synthesis of this amino acid, which
is crucial for various physiological functions'®!%¢3, Furthermore, associations of the pentose phosphate pathway
with selenium and plant protein with sucrose biosynthesis highlight the potential role of specific micronutrients
and macronutrients in modulating microbial metabolic pathways. On the other hand, negative associations of
adenine and adenosine salvage pathways with sodium intake, as well as between L-rhamnose biosynthesis and
animal protein consumption could suggest competitive inhibition or substrate limitation in these metabolic
processes. Overall, the results emphasize complex interactions between dietary components and microbial
metabolic activities in the gut. However, the sample size for this analysis was limited (n = 7); thus, future
validation of these findings in a larger cohort is necessary.

Practical Implications, Limitations, and future perspectives

From an applied perspective, these findings provide valuable guidance for mountaineers, coaches, and sports
nutritionists. Pre-expedition strategies might include optimizing micronutrient status, particularly for vitamins
and minerals shown here to correlate with beneficial microbial functions and performance markers. During
expeditions, integrating nutrient-dense, microbiome-supportive foods - even if partially in the form of
supplements or freeze-dried products — may help maintain beneficial gut microbiota profiles and associated
metabolic functions. Beyond the athletic context, our findings contribute to a growing body of literature on the
role of gut microbiome in adaptation to extreme environments***1:6>-%_ highlighting opportunities to leverage
nutritional interventions to support both health and performance.

Climbers should avoid taking non-prescribed antibiotics when possible, as agents such as nifuroxazide can
temporarily reduce gut microbial diversity. Gradual acclimatization, along with a diet rich in fiber, polyphenols,
and adequate carbohydrates, may further support gut barrier integrity and mitigate AMS-related inflammation®'.

Future research should aim to confirm these findings in larger cohorts and explore targeted interventions-
such as prebiotics, probiotics, postbiotics, or tailored micronutrient supplementation to promote a beneficial
gut microbiome response in high-altitude environments. Integrating metagenomics with host transcriptomics,
metabolomics, and immune profiling, as well as conducting controlled feeding studies, could further elucidate
the mechanisms linking the gut microbiome, diet, and physiological adaptation in extreme sports and beyond.

Our study has some limitations. The climbers did not constitute a single group, led by a single climbing
goal in the territory of a single country and mountain range. Climbers, characterized by the characteristics
described in the study, constitute a small but elite group in Poland, hence several distinct expedition groups,
climbing at similar altitudes and with similar sporting goals, but in different parts of the world, qualified for the
study. Gathering and encouraging participants was one of the most challenging stages of the project. While all
expeditions involved high-altitude exposure above 3000 MASL, other factors such as temperature, humidity, and
radiation levels were not controlled for and may have contributed to interindividual differences in microbiome
responses. Future studies conducted in more standardized settings are warranted to disentangle the specific
environmental drivers of microbiome changes at altitude.

Due to the small number of GI disturbance (n=3) and AMS (n=1) events, the study lacked the power to
detect reliable microbiome correlates. Exploratory diversity and taxonomic scans did not reveal outliers (see
Supplementary Fig. 3). Likewise, exploratory alpha- and beta-diversity metrics and LEfSe screening (species
and MetaCyc pathways, p<0.05) failed to identify discriminant features. Larger cohorts are needed to clarify
any causal links.

In addition to the level of hypoxia, other factors such as nutrition and the type of physical activity performed
in the mountains, as well as the number of active days versus the number of rest days, may contribute significantly
to the observed changes in microbiome. Climbing groups active in Peru could have used the downtime between
several days of mountain activity to descend to a town at the foot of the mountains to compensate for the
negative energy balance there, while expedition groups in Kyrgyzstan, Nepal or Pakistan were dependent on the
food they took into the mountains or that the expedition agency offered them.

We acknowledge that some participants consumed sports supplements and functional foods for athletes,
which - according to Alvarez-Herms et al.2* - may influence gut microbiota composition and gut barrier integrity
in athletes. Although supplement intake was recorded in our study, we did not specifically analyze the potential
impact of additives commonly found in these products (e.g., emulsifiers, artificial sweeteners, preservatives)
on the gut microbiota. Furthermore, we did not observe a clear association between general supplement use
and microbiome shifts or performance outcomes. Nevertheless, considering the small sample size, individual
variability, and heterogeneous supplement composition, we cannot fully exclude a modulatory effect. Future
studies should incorporate detailed assessments of supplement ingredients, including non-nutritive additives, to
better understand their influence under high-altitude stress conditions.
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Conclusions

In conclusion, our study demonstrates that the gut microbiome is responsive and potentially malleable to the
dietary and environmental stresses encountered during high-altitude mountaineering. The observed changes in
microbial composition and function, their associations with micronutrient intake, and their potential links to
improved athletic performance underscore the integral role of the microbiome as an adaptive partner in extreme
human endeavors®!.

Data availability
The raw fastq sequences have been deposited to the European Nucleotide Archive (ENA) under the accession
PRJEB84244.
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Fizycznego i Sportu im. Jedrzeja Sniadeckiego w Gdansku (Wydzial Kultury Fizyczne;,
Katedra Zdrowia i Nauk Przyrodniczych, Zaktad Biologii Molekularnej) w terminie 25.07.-
28.07.2023. Glownym jego celem bylo podniesienia kwalifikacji naukowych i praktycznych w
tematyce analiz mikrobiomu (izolowanie DNA).

Udzial w projektach naukowych

W charakterze kierownika

Projekt w ramach Konkursu Mtodych Naukowcéw AWF Krakéw pt.: ,,Wplyw miesigcznej
wyprawy wysokogorskiej na stan zdrowia, sposob zywienia i poziom wydolnosci fizycznej
himalaistow” (nr: 147/MN/INB/2021).

W charakterze wykonawcy

1. Projekt w ramach grantu Regionalna Inicjatywa Doskonatosci AWF Krakow pt.:
,Wybrane psychologiczne i genetyczne uwarunkowania preferencji pokarmowych w
grupie oséb rekreacyjnie uprawiajacych sport” (nr: 30/R1D/2025).

2. Projekt w ramach grantu Regionalna Inicjatywa Doskonatosci AWF Krakow pt.:
»Analiza sposobu zywienia, podazy probiotycznych zrédet pokarmowych oraz
suplementacji probiotycznej jako czynnikow modulujacych przepuszczalnos¢ jelitowa
w grupie studentéw aktywnych fizycznie” (nr: 31/RID/2025).
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3.

Projekt w ramach grantu Regionalna Inicjatywa Doskonatosci AWF Krakéw pt:
,»Wplyw miesiecznej wyprawy wysokogorskiej na strukture mikrobiomu wspinaczy”
(nr: 39/PB/RID/2022).

Projekt w ramach badan statutowych AWF Krakow pt.: ,,Ocena poziomu wydolnos$ci
fizycznej, kosztéw energetycznych treningdw oraz sposobu zywienia grupy polskich
wspinaczy wyczynowych” (nr: 238/BS/INB/2020).

Aktywne uczestnictwo w konferencjach naukowych

1.

Karpecka-Gatka E, Fraczek A, Pigta A. Antioxidant Capacity and Oxidative Stress
Response to a Paleolithic Diet in Professional Athletes, konferencja ,,Free radicals in
biology, medicine, sport and nutrition”, Gdansk, 27-28.06.2025 r. (sesja posterowa).
Tyrala F, Pigta A, Szot M, Karpecka-Gatka E, Mazur-Kurach P, Fraczek B. Wartos¢
odzywcza niskoenergetycznych diet roslinnych w kontekscie wphywu Zywienia na
zdrowie. XXX Ogolnopolskie Sympozjum Bromatologiczne oraz III Ogo6lnopolska
Konferencja Naukowa ,,Zywno$¢ i Zywienie w pigutce”. Gdansk, 16-18. 09.2024 r.
(sesja posterowa).

. Karpecka-Gatka E, Fraczek B. Nutritional habits of climbers in high mountain

conditions. 4th World Scientific Congress “Quality of Life in Interdisciplinary
Approach”, Kochcice, 25-27.10.2023 r. (sesja posterowa).

Karpecka-Gatka E. Dieta wspinaczy w czasie wyprawy wysokogorskiej.
Miedzynarodowa Konferencja Naukowa Dni Medycyny Spolecznej 1 Zdrowia
Publicznego Polska 2022. Krakoéw, 15.09.2022 r. (wystgpienie ustne).

Karpgcka-Gatka E, Fraczek B. Eating habits and food attitudes of climbers in high
mountain conditions. 27th Annual Congress of the European College od Sport Science.
Sewilla, 30.08.—2.09.2022 r. (e-poster).

Karpecka-Gatka E. Podaz wybranych makrosktadnikow w diecie wspinaczy podczas
wyprawy wysokogorskiej. 11 Kongres Mlodej Nauki. Gdansk, 7-10.07.2022 r. (sesja
posterowa).

Karpecka E, Tyrata F, Pieta A, Fraczek B. Assessment of antioxidant micronutrient
intake in the group of Polish professional athletes. 25th ECSS Anniversary Congress.
Online, 28-30.10.2020 r. (e-poster).

Praca dydaktyczna
Prowadzenie zaje¢ dydaktycznych w Zaktadzie Medycyny Sportowej i Zywienia Czlowieka
Akademii Kultury Fizycznej w Krakowie od pazdziernika 2024 r.

Dodatkowo dzialalnos¢ sSrodowiskowa
Dziatalno$¢ popularyzatorska
Wybrane prelekcje, prezentacje, warsztaty:

1.

Webinar dla firmy Norsan, ,,Zywienie i suplementacja w warunkach wysokogorskich
oraz zastosowanie omega-3”, 11.09.2025 r.

30. Festiwal Gorski im. Andrzeja Zawady w Ladku Zdroju, ,,Zywienie w gorach z
perspektywy dietetyka, praktyka i naukowca”, 4.09.2025 r.
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10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.

Prelekcja na Sciance wspinaczkowej Mood, ,,Nie popetniaj tych zywieniowych btedow,
jesli si¢ wspinasz”, 15.07.2025 r.

Festiwal Wspinaczkowy Szczytnik Climbing Festiwal, ,,Dieta a trening — z czym to
ugryz¢ i jak osiagnaé najlepsze efekty”, 15.06.2025 r.

Prelekcja dla $cianki wspinaczkowej SLAB, ,,Nie popetniaj tych zywieniowych btedow,
jesli sie wspinasz”, 16.02.2025 r.

Warsztaty w ramach Festiwalu wspinaczkowego na Sycylii, ,,Zrobmy sobie przekaski
w skaty”, 30.10.2024 r.

Prelekcja dla firmy Norsan, ,,Kwasy tluszczowej omega-3 w sporcie”, 11.09.2025 r.
Warsztaty dla pitkarek KS UJ, ,Kobieta i pitka nozna — kluczowe sktadniki diety dla
zdrowia i efektéw w sporcie”, 25.06.2024 r.

Warsztaty na $ciance wspinaczkowej Mood, ,,JJak si¢ nawadnia¢ podczas treningu na
scianie w skatach 1 podczas gorskiej wyprawy?”, 09.07.2024 r.

Prelekcja na §ciance wspinaczkowej Cube, ,,Jak jes¢ przed zawodami”, 15.03.2024 r.
Warsztaty dla mtodych sportowcoéw (lekkoatletyka) — Klub Sportowy VICTORIA
Trzebinia; ,,Zywienie okototreningowe”; 21.02.2024 r.

Prelekcje dla korporacji ,,Zywienie wspieranie odpornosci”; 3.10.2023 oraz 30.10.2023
Warsztaty zywieniowe na $ciance wspinaczkowej Mood, ,Zywienie w czasie
aktywnosci terenowych / w skatach”, 11.07.2023 r.

Warsztaty dla miodych sportowcow (lekkoatletyka) nt. zasad zdrowego zywienia i
zywienia w sporcie, Organizator: Krakowska Akademia Lekkoatletyki, 05.07.2023 r.
Warsztaty zywieniowe “Kobieta 1 wspinanie kluczowe sktadniki diety dla zdrowia i
efektow w sporcie” dla firmy Climb2change, 18.06.2023 r.

Warsztaty zywieniowe dla krakowskiej korporacji,,,10 krokéw do zdrowego zywienia”,
14.06.2023 r.

Wyktad na temat nawodnienia dla Slow Space by Puma w Krakowie, 21.05.2023 r.
Cracovia Maraton, Edukacja i pomiary sktadu ciata dla biegaczy, 21.04.2023 r.
Warsztaty zywieniowe na $ciance wspinaczkowej Mood, ,,Prewencja urazéw 1 kontuzji
poprzez odpowiednie zywienie”, 17.02.2023 r.

Warsztaty Zywieniowe na $ciance wspinaczkowej Mood, ,,Zywieniowe wspieranie
treningu przed sezonem wspinaczkowym”, 30.03.2023 r.

Warsztaty zywieniowe dla krakowskiej korporacji, ,,3 kroki do zdrowego zywienia”,
21.06.2022 1.

Festiwal Wspinaczkowy — Integrowanie przez Wspinanie, ,,Zywienie okolotreningowe
we wspinaczce sportowe]” oraz ,,Zywienie i suplementacja w gorach wysokich”, 21-
22.05.2022 1.

Festiwal Gorski im. Andrzeja Zawady w Ladku Zdroju, ,,Dieta wegetarianska w
Sporcie” oraz ,,Jak zaplanowac¢ zywienie na trekkingu”, 18-19.09.2021 r.

Cube, Krakow ($cianka wspinaczkowa) — warsztaty zywieniowe dla wspinaczy

Temat: ,,.Dieta wegetarianska w sporcie”, 11.02.2022 r.

Reni Sport, Krakow ($cianka wspinaczkowa) — warsztaty zywieniowe dla wspinaczy
,Zywienie okolotreningowe — fakty i mity”, 07.08.2021 r.

BRONX, Krakéw (Scianka wspinaczkowa) — warsztaty zywieniowe dla dzieci,
lipiec/sierpien 2021 r.
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29. Festiwal Gorski im. Andrzeja Zawady w Ladku Zdroju, ,,Zywienie okototreningowe”,

8.-19.09.2020 r.

Dziatalno$¢ organizacyjna
Wspotorganizacja ,,Maratonu Wyktadow - Dietetycy dla Ukrainy”, dzialanie charytatywne,

cykl wyktadow prowadzonych przed dietetykow, ktorego celem byto zebranie srodkow na
pomoc dla walczacych o swdj kraj Ukrainek i Ukraificow. ,,Zywienie w warunkach
wysokogorskich”, 8-22.03.2022.

Publikacje popularnonaukowe

1.

Inne

Artykut dla magazynu Special Ops, ISSN 2300-0724, Wydanie Specjalne 1/2024, s. 32.
,»Skad czerpa¢ energi¢ podczas wedrowek zima?”.

Rozdziat pt.: ,,Co i jak jes¢ w gorach i na via ferratach” w ksigzce ,,Via Ferraty spacer
na wysokos$ci. Praktyczny poradnik dla kazdego™ Pola Kryza, Dariusz Wozniczka,
2022, s. 243-259.

. Artykut dla Miasta Krakow; Dwutygodnik Miejski Krakow.pl, ISSN 1898-9039, Nr 9

(285), 12 maja 2021, s. 13: ,,Zdrowie na talerzu”.

E-BOOK (dzialalno$¢ wiasna), ,,Zdrowe podejécie do $niadania. Wskazoéwki dla
zapracowanych i aktywnych” .

Poradnik dla wspinaczy wydany z firmg GIRMPI, ,,Niezbg¢dnik wspinacza — cate Twoje
wspinanie w jednym miejscu + porady zywieniowe dla wspinaczy”.

Szkolenie online powstate we wspdtpracy z Formg na Szczyt pt.: ,,Zywienie na szlaku
— jak jese w gorach?”; dostepne po linkiem:
https://formanaszczyt.pl/sklepfns/szkolenie-zywienie-na-szlaku-co-jesc-w-gorach/
Wspolpraca z klubem Garbarnia Krakow oraz AZS AGH Krakow — 2021 r.
Wspotpraca z Miastem Krakow w ramach projektu ,,Aktywny Krakow” — 2021 r.

Wspoltprace indywidualne ze sportowcami (w tym przede wszystkim ze wspinaczami
sportowymi, alpinistami 1 biegaczami) z catej Polski
Cztonek Polskiego Towarzystwa Dietetyki —od 2020 r.
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