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1. Wykaz prac stanowiacych rozprawe doktorska

Przedstawiona rozprawa doktorska pod tytutem: ,,Zmiany steZenia miokin we krwi u kobiet w
odpowiedzi na trening wytrzymatosciowy”, sktada sie z cyklu trzech prac opublikowanych w
czasopismach zagranicznych o sumarycznej punktacji Impact Factor (IF) rownej 12.044 oraz
Ministerstwa Edukacji i Nauki (MEIN) rownej 270 pkt.:

Publikacja I: The beneficial effects of 15 units of high-intensity circuit training in
women is modified by age, baseline insulin resistance and physical capacity (2019)
Micielska Katarzyna, Gmigt Anna, Zychowska Matgorzata, Koztowska Marta,
Walentukiewicz Anna, Lysak- Radomska Anna, Jaworska Joanna, Rodziewicz Ewa,
Duda- Biernacka Barbara, Ziemann Ewa; Diabetes Research and Clinical Practice,
doi:10.1016/j.diabres.2019.05.009; IF= 4.234 MEiN= 100 pkt.

Publikacja I1: Habitually inactive physically - a proposed procedure of counteracting
cognitive decline in women with diminished insulin sensitivity through a high-
intensity circuit training program (2021) Micielska Katarzyna, Kortas Antoni Jakub,
Gmigt Anna, Jaworska Joanna, Kozlowska Marta, Lysak- Radomska Anna,
Rodziewicz- Flis Ewa, Zychowska Matgorzata, Ziemann Ewa; Physiology & Behavior,
d0i:10.1016/j.physbeh.2020.113235; IF= 3.244, MEiIN= 70 pkt.

Publikacja 111: Impact of 12-week moderate-intensity aerobic training on
inflammasome complex activation in elderly women (2022) Gomarasca Marta®,
Micielska Katarzyna', Faraldi Martina, Koztowska Marta, Perego Silvia, Banfi
Giuseppe, Ziemann Ewa, Lombardi Giovanni; Frontiers in Physiology,

doi: 10.3389/fphys.2022.792859; IF= 4.566, MEiN= 100 pkt.

Badania zostaty sfinansowane z:

Grantow Narodowego Centrum Nauki:

PRELUDIUM 12 2016/23/N/NZ7/02479, Publikacja |
OPUS 13 2017/25/B/NZ7/02309, Publikacja Il

OPUS 15 2018/29/B/NZ7/02094, Publikacja 111

fRéwnorzedne pierwsze wspétautorstwo w publikacji



2. Wykaz skrotow

ACSM- Amerykanskie Towarzystwo Medycyny Sportowej (ang. American College of Sports
Medicine)

BDNF- neurotroficzny czynnik pochodzenia mozgowego; (ang. brain-derived neurotrophic factor)
BMI- wskaznik BMI (ang. Body Mass Index)

CATB- katepsyna B (ang. cathepsin B)

CRP- biatko C-reaktywne (ang. C Reactive Protein)

DAMP- struktury molekularne zwigzane z uszkodzeniem (ang. damage associated molecular
patterns)

FGF21- czynnik wzrostu fibroblastow 21 (ang. fibroblast growth factor 21)
GLUT4- transporter glukozy-4 (ang. glucose transporter type 4)
GSDMD- gasdermina D (ang. gasdermin D)

HICT- trening oporowy z wykorzystaniem masy wlasnego ciata jako obcigzenia (ang. high-intensity
circuit training)

HIIT- trening interwatowy o wysokiej intensywnosci (ang. high-intensity interval training)
HMGBL1- biatko o duzej ruchliwosci elektroforetycznej (ang high-mobility group box 1)
HOMA-IR- wskaznik insulinoopornosci (ang. homeostasis model assessment for insulin resistance)
HSP27- biatko szoku cieplnego 27 (ang. heat shock protein 27)

IGF-1- insulinopodobny czynnik wzrostu 1 (ang. insulin like growth factor 1)

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

IL-15- interleukina 15 (ang. interleukin 15)

IL-18- interleukina 18 (ang. interleukin 18)

IL-1B- interleukina 1B (ang. interleukin 1f)

LGI- niski, ogdlnoustrojowy, przewlekty stan zapalny (ang. chronic low-grade inflammation lub
inflammaging)

NF-«B czynnik jadrowy kB (ang. nuclear factor xB)

NLRP3- inflamasom NLRP3/ biatko NOD-podobne 3, zawierajace domeng pirynowa (ang. NOD-like
receptor family, pyrin domain containing 3)

NW- trening Nordic Walking

PAMP- wzorce molekularne zwigzane z patogenami (ang. pathogen associated molecular patterns)
QUICKI- wskaznik insulinowrazliwos$ci (ang. quantitative insulin sensitivity check index)

TNFa- czynnik martwicy nowotwordéw a (ang, tumour necrosis factor o)

TLR- receptor toll- podobny (ang. Toll-like receptor)

T2DM- cukrzyca typu Il (ang. type 2 diabetes mellitus)

VO2max -maksymalny poboér tlenu (ang. maximal oxygen uptake)



3. Wstep

Siedzacy tryb zycia oraz brak podejmowania aktywnosci fizycznej jest wystgpujacym
problemem u ludzi w réznym wieku, powszechnym na calym $wiecie. Wiadomo, ze stan ten
powoduje spowolnienic procesow fizjologicznych oraz zaburzenia metabolizmu, a
w konsekwencji prowadzi do rozwoju choréb przewlektych, a nawet do przedwczesnej Smierci
[1]. Takiemu stylowi zycia towarzyszy nagromadzenie tkanki ttuszczowej oraz nadwaga i
otylos¢, ktore przyczyniaja si¢ do obnizenia wrazliwosci tkanek na dziatanie insuliny, rozwoju
cukrzycy typu Il (T2DM) oraz zaburzen funkcji poznawczych [2]. Istnieje silny zwigzek migdzy
wiekiem, a wystepowaniem cukrzycy typu II. Obecnie wsrdod osob dorostych ze zdiagnozowana
T2DM, prawie polowe stanowig 0soby starsze (zdefiniowane jako osoby w wieku > 65 lat) [3].
Starzenie si¢ jest jednym z czynnikow patogenezy T2DM zardwno bezposrednio poprzez
ostabienie funkcji komorek B-trzustki, ktora uwydatnia si¢ w braku wydzielania insuliny, jak i
posrednio poprzez zwigkszenie insulinooporno$ci poprzez otytos¢ oraz inne czynniki ryzyka
[4]. Jest to o tyle niebezpieczne, iz wraz ze starzeniem si¢ organizmu, rownocze$nie moze
wystepowac tzw. niski, ogolnoustrojowy, przewlekty stan zapalny (LGI) [5]. Dostepne dane,
wskazuja, ze podejmowanie aktywnosci fizycznej jest efektywnym regulatorem przewlektego
LGI, sprzyja poprawie zaburzen metabolicznych (m.in. stanowi prewencje T2DM [6]), ale
rowniez zapobiega wystepowaniu zaburzen zdrowia psychicznego [7,8]. Niemniej jednak, moze
si¢ zdarzy¢, 1z ludzie podejmujacy zaplanowang aktywnos$¢ fizyczng nie osiggaja pozadanych,
prozdrowotnych efektow lub wystepuja okreslone czynniki ograniczajgce zmiany adaptacyjne.
Dlatego, prowadzenie badan w tym zakresie jest ciggle zasadne.

Amerykanskie Towarzystwo Medycyny Sportowej (ACSM), kazdego roku przeprowadza
badanie w celu ustalenia najbardziej skutecznych prozdrowotnych form aktywnosci ruchowe;j
wedlug specjalistow pracujagcych w tym obszarze. Od 2014 roku w czotéwce
rekomendowanych przez ACSM form znajduje si¢ trening interwalowy o wysokiej
intensywnos$ci (HIIT) [9,10]. Jest to wysilek o malej objgtosci czasowej, ale wysokiej
intensywnosci, co sprawia, iz jest to forma oszczedna czasowo dla ¢wiczacych dorostych osob.
Warto podkresli¢, ze badania dotyczace treningu HIIT, wskazuja na jego skuteczno$¢ podobna
do typowego treningu wytrzymalo$ciowego, przejawiajaca si¢ m. in. w poprawie wzglednego
maksymalnego poboru tlenu (VOamax) [11,12], polepszeniu wychwytu glukozy do tkanek [13]
oraz poprawie funkcji poznawczych [7]. Jedna z odmian HIIT jest trening oporowy z
wykorzystaniem masy wtasnego ciata jako obcigzenia (HICT) [14]. Dotychczas dost¢pne dane

wykazaly, ze zastosowanie jednorazowego treningu HICT wpltywa na zmiang funkcji



poznawczych, m. in. koncentracje i pamig¢¢ przestrzenng u kobiet, a zmiany te zalezne sg od
wieku. Istnieja dane, ktore wskazuja na poprawe wymienionych funkcji poznawczych w grupie
mlodych 0s6b i pogorszenie w grupie kobiet w §rednim wieku [15] w odpowiedzi na ten rodzaj
treningu. Pytanie o kierunek zmian w wyniku regularnego powtarzania tej jednostki
treningowej pozostaje otwarte. Drugg popularng formg wysitku jest charakterze
prozdrowotnym jest trening Nordic Walking (NW). Udowodniono, ze trening NW ma
korzystny wptyw na redukcje stanu zapalnego [16], poprawg funkcji poznawczych [17], jakos¢
zycia 0raz rozwoj umiejetnosci motorycznych [18,19].

Istotng role w procesie zmian adaptacyjnych peinig biatka uwalniane do krwiobiegu przez
poszczegolne tkanki, w wyniku podejmowanej aktywnosci fizycznej [20]. Nalezace do tej grupy
bialka migdzy innymi uwalniane sg przez migénie szkieletowe, tzw. miokiny. Dotychczas,
wiadomo o istnieniu ponad 600 miokin, ale tylko nielicznym przyporzadkowano okre§long
funkcje [21]. Ich dziatanie ma charakter zarowno auto, jak i parakrynny. Oznacza to, ze miokiny
posrednicza w komunikacji migdzy mig¢$niami, a innymi narzagdami, takimi jak mozg, tkanka
thuszczowa, kosSci, watroba czy jelita. Dobrze udokumentowane jest przeciwzapalne dziatanie
tych biatek, jak rowniez wptyw na regulacj¢ procesu hipertrofii migsnia (m.in. miostatyna,
dekoryna [22], insulinopodobny czynnik wzrostu 1; IGF-1, interleukina 15; IL-15), procesy
uczenia si¢ i zmiany funkcji poznawczych (m. in. neurotroficzny czynnik pochodzenia
mozgowego; BDNF, katepsyna B; CATB [23]) czy metabolizm glukozy (m, in. iryzyna [24],
interleukina 6; IL-6). Ponadto, IL-6 jest jedng z najlepiej poznanych cytokin, ktora zwicksza
zarowno wychwyt glukozy, jak i translokacje transporteréw glukozy-4 (GLUTA4) [25]. Z drugiej
jednak strony, moze mie¢ charakter cytokiny prozapalnej.

Miokiny maja znaczacy wplyw na regulacj¢ czynno$ci ukladu odpornosciowego,
szczegoOlnie w okresie starzenia si¢ [26]. Utrzymujacy sie¢, hieznacznie podwyzszony poziom
interleukin (IL-1p, IL-6), czy czynnika martwicy nowotworow o (TNFa) jest charakterystyczny
dla LGI. Kluczowa role w produkcji cytokin prozapalnych (IL-1B oraz IL-18) pehnia,
znajdujace si¢ w cytozolu, wewnatrzkomérkowe kompleksy biatkowe: inflamasomy, poprzez
udzial w aktywacji kaspazy-1, ktora reguluje przejscie pro-interleukiny 18 w jej aktywng forme.
Kaspaza-1 nalezy do specyficznych endoproteaz, ktoére zapewniajg potaczenia w komoérkowych
sieciach regulacyjnych kontrolowania stanu zapalnego oraz $mierci komorek [27].

Inflamasomy sa elementem odpornosci nieswoistej, odpowiedzialnymi za wykrywanie
molekularnych wzorcéw wskazujacych zarowno na uszkodzenie komorki (DAMP), jak i na
obecnos¢ patogenow powodujacych infekcje (PAMP) oraz produkcje cytokin prozapalnych.
Stan zapalny wywotany jest przez aktywacj¢ receptorow toll-podobnych (TLR), ktorych
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aktywacja nastepuje w odpowiedzi na PAMP lub DAMP, poprzez sygnalizacje NF-«xB,
prowadzi do zwickszonej ekspresji biatka NOD-podobnego [28] i tworzenia jednego z najlepiej
poznanych inflamasomoéow: NLRP3. Ze wzglgdu na fakt, iz aktywacja inflamasomu jest stanem
zapalnym, proces ten musi by¢ $cisle uregulowany. Z nielicznymi wyjatkami, aktywacje
inflamasomu uwaza si¢ za proces dwuetapowy: najpierw trzeba go zainicjowac, a potem mozna
go aktywowaé. NLRP3 jest biatkiem zawierajacym domen¢ NOD, LRR i piryn¢ 3 i petni rolg
czujnika wewnatrzkomorkowego, ktory wykrywa szeroki zakres endogennych sygnatow
zagrozenia, co skutkuje tworzeniem i aktywacjg inflamasomu NLRP3. Formacja i aktywacja
inflamasomu NLRP3 prowadzi do zaleznego od kaspazy-1 uwalniania prozapalnych cytokin
IL-1p i IL-18, a takze do pyroptotycznej $§mierci komodrek, w ktorej posredniczy gasdermina D
[27]. Ostatnie badania wskazujag na szereg nowych regulatoréw inflamasomu NLRP3.
Aktywacja inflamasomu NLRP3, zwigzana jest z patogenezg stanu zapalnego zwigzanego z
otyloscia i insulinoopornoscia [29,30]. Jego aktywacja wiaze si¢ rOwniez z gromadzeniem biatka
3 amyloidu w chorobie Alzheimera [31]. Wptyw wysitku fizycznego jako inhibitora inicjacji i
aktywacji inflamasomow, nie zostatl jeszcze okreslony. Dlatego podejmowanie badan w tym
obszarze jest zasadne. Biorgc pod uwage powyzszy stan wiedzy, w swojej pracy badawczej
postanowitam zweryfikowac¢ efekt wptywu pojedynczej jednostki jak i catego cyklu
treningowego HICT oraz treningu NW na zmiany adaptacyjne u kobiet z uwzglednieniem
odpowiedzi anty — prozapalnej modyfikowanej przez sekrecje miokin i odpowiedz

immunologiczng.



4. Pytania i hipotezy badawcze

W oparciu o dostepne dane z piSmiennictwa zadatam w swojej pracy badawczej nastgpujace

pytania badawcze:

1. Czy pojedyncza jednostka treningowa oraz regularny trening wytrzymatosciowy w
formie interwalowej i ciaglej zmieni istotnie stezenie wybranych miokin oraz jaki

wpltyw beda miaty te zmiany na homeostaze glukozy oraz funkcje poznawcze?

2. Czy zmiany st¢zenia miokin w odpowiedzi na zastosowany trening bedg uzaleznione

od wieku i poziomu wydolnosci fizycznej uczestniczek?

Dodatkowo, sformutowatam ponizsze hipotezy:

1. Pojedyncza jednostka treningowa HICT jak i jej regularne powtarzanie zwieksza
stezenie decorin w krwioobiegu oraz pobudza sekrecj¢ biatlek zaangazowanych w

proces hipertrofii migsni szkieletowych.

2. Cykl programoéw HICT powoduje poprawe funkcji poznawczych w grupie ¢wiczacych
kobiet, a kluczowa rolg odgrywaja wybrane biatka, ktére w pismiennictwie zostaty

wskazane jako przechodzace przez bari¢ mozg-krew.

3. Program  treningbw NW  wywoluje  odpowiedz antyzapalng  poprzez

redukcje inflamasomow.



5. Materialy i metody

5.1. Charakterystyka os6b badanych

Do badan zrekrutowano 139 kobiet. Badane zostaly zakwalifikowane po wst¢pnej kontroli
medycznej. Byty to osoby zdrowe, prowadzace siedzacy tryb zycia. Z badan wykluczono 9
uczestniczek ze wzgledu na zbyt niskg frekwencje (< 85% i <90% udzialu w sesjach

treningowych).

W poszczego6lnych eksperymentach wzigto udziat

1. Publikacja I: 36 kobiet charakteryzujacych si¢ przecigtnym poziomem wydolno$ci
fizycznej (VOzmax= 29 + 6.8 mL-kg™*-min™t). Zostaty one losowo przydzielone do grupy
trenujacej (HICT; n= 20, wiek: 40 + 11 lat) oraz grupy kontrolnej (CON; n= 13, wiek:
45 + 13 lat). W celu oceny zmian zaleznych od wieku uczestniczek, grupa HICT
podzielona zostata na 0soby mtode (YG; n =11, wiek <30 lat) i w $rednim wieku (MG;
n= 9, wiek >30 lat). Badane przydzielone do grupy HICT wykonaty 5 tygodni
treningdw, ktore dobywaty si¢ 3 razy w tygodniu. Kobiety z grupy CON wykonatly 2
pojedyncze sesje HICT w odstepie 5 tygodniowym.

2. Publikacja 11: 33 kobiety (srednia wieku= 39 + 13 lat) o obnizonej insulinowrazliwosci
(zmierzonej wskaznikiem QUICKI= 0.359 + 0.04). Uczestniczki badan zostaty losowo
przydzielone do dwoch grup: trenujacej (HICT; n= 21) i kontrolnej (CON; n= 12).
Dodatkowo, aby oceni¢ zmiany zalezne od wieku ws$rod ¢wiczacych kobiet,
wyodrgbniono dwie grupy wiekowe. W konsekwencji w grupie powyzej 30 roku zycia
znalazto si¢ dziesig¢ uczestniczek a jedenascie w grupe ponizej 30 roku zycia. Grupa
HICT wykonata 15 jednostek treningowych w czasie 5 tygodni. Uczestniczki z grupy
CON wykonaty jedynie pierwszg i ostatnig jednostke treningowa HICT.

3. Publikacja 111: 70 kobiet w wieku 68 + 8 lat. Zostaly one losowo przydzielone do grupy
eksperymentalnej (EXP) oraz grupy kontrolnej (CTRL; n= 29). Uczestniczki z grupy
EXP wykonaty 12 tygodniowy program treningéw Nordic Walking. Ze wzgledu na zbyt
niskg frekwencje, sze$¢ uczestniczek zostalo wykluczone z analiz (EXP; n= 29).
Kobiety z grupy CTRL nie podejmowaly zadnej aktywnos$ci fizycznej. W celu
zweryfikowania wystgpowania zmian zaleznych od BMI, uczestniczki zostaly

podzielone na dwie podgrupy: o normalnej masie ciata- BMI< 25 kg-m2 (NW; EXP, n=
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14; CTRL, n= 12) oraz z nadwaga/otyloécig- BMI> 25 kg-m2 (OW; EXP, n=15; CTRL,
n=17).

5.2. Metody

W badaniach zastosowatam ponizsze metody i narz¢dzia badawcze:

5.2.1.

5.2.2.

Metody pomiarow antropometrycznych i wydolnosci fizycznej

Pomiary antropometryczne- analiza komponentow sktadu ciata kobiet biorgcych udziat
w badaniach dokonana zostata za pomocg metody spektroskopowej bio-impedancji przy
uzyciu analizatora InBody 720 (Biospace, Korea) [32].

Testy oceny wydolnosci fizycznej u 0s6b ponizej 54 lat wykonany zostat przy uzyciu
testu o progresywnie wzrastajacej intensywnosci na cykloergometrze rowerowym
(884E Sprint Bike Sweden, Monark) z uzyciem analizatora gazow MetaMAx3B
(Cortex) [33].

Do oceny wydolnosci fizycznej osob starszych (powyzej 54 roku zycia) zastosowany

zostat test marszowy na 2000 m [34].

Metody oznaczen biochemicznych 1 zmian w ekspresji genéw we krwi.

Do oznaczenia stgzen wybranych miokin we krwi uzyto metode immunoenzymatyczng
ELISA przy uzyciu gotowych zestawow z firm: R&D i Phoenix Pharmaceuticals Inc,
Abcam, DiaMetra i Cloud-Clone Corp.

W celu okreslenia poziomu ekspresji genow zastosowano metode iloSciowej
tancuchowej reakcji polimerazy (RT-qPCR). Izolacja materialu genetycznego (mRNA)
zostata przeprowadzona na podstawie metody chemicznej Chomczynski i Sacchi [35].
Gen referencyjny stanowita TUBB. W celu wyliczenia relatywnej kopii transkryptow
zastowoano metode Schmitten i Livak [36].

Do zmierzenia aktywacji inflamasomow zastosowano metod¢ RT-qPCR. Dokonano
pomiaru ekspresji mMRNA dla biatek NLRP3 i TLR4 w pelnej krwi. Zastosowano geny
referencyjne PPIB, PGK1 i ACTB do normalizacji danych RT-gPCR. W tym samym
eksperymencie catkowitg ilos¢ RNA wyekstrahowano z pelnej krwi za pomoca zestawu
Direct-Zol (Zymo Research Co., Orange, CA, Stany Zjednoczone) zgodnie z
instrukcjami producenta. Dla kazdego testowanego genu obliczono x-krotnos¢ zmiany,
dzielagc znormalizowang warto$¢ dla probki traktowanej] w stosunku do probki

nietraktowaneyj.

11



Do pomiaru stezenia glukozy (doustnym testem tolerancji glukozy) oraz profilu
lipidowego we krwi uzyto analizatora Cobas INTEGRA 400 Plus firmy Roche
Diagnostics. Co wiecej, obliczono insulinooporno$¢ za pomoca indeksu HOMA
(HOMA-IR = insulina [pU-mL™x glukoza[mmol-L*]/22.5) [37] i insulinowrazliwo$¢
za pomoca wskaznika QUICKI (QUICKI =1/(log insuliny [uU-mL%] + log glukozy
[mg-dL™]) [38].

5.2.3. Metody treningu wytrzymato§ciowego

o Kobiety mlodsze wykonaly 5  tygodniowy program  treningu
wytrzymato§ciowego o charakterze interwalowym. Jednostke treningowa w tym
cyklu stanowit pojedynczy HICT, z wykorzystaniem wilasnego ciata jako
obciagzenia[15]. Trening sktadat si¢ z 15 jednostek HICT wykonanych w 5
tygodniowym okresie czasu. W ciggu kazdego tygodnia uczestniczki
wykonywaty 3 treningi (poniedziatek, srode i piagtek). Podczas pojedynczej sesji
wykonane zostaty 3 serie 9 ¢wiczen z 2 minutowg przerwg pomiedzy seriami.
Czas trwania pojedynczego ¢wiczenia wynosit 30 sekund, a przerwa pomiedzy
kolejnymi 10s.

o Seniorki wykonaty 12 tygodniowy cykl treningowy Nordic Walking.
Zastosowane zostaly formy jednostek treningowych o charakterze ciagltym,
uwzgledniajace: 10 min rozgrzewke, 40 min czgsci gtownej i 10 min
rozprezenie. Obcigzenie zastosowane podczas czes¢ gldwnej treningu wynosito
60-70% mozliwosci maksymalnych zmierzonych w trakcie testu 2 km marszu
zgodnie z opublikowanymi wytycznymi [39]. Uczestniczki badan wyposazone
byty w standardowe kije do Nordic Walking oraz zegarki sportowe Garmin
Forerunner 405 z funkcja GPS monitorujace czgsto$¢ skurczéw serca oraz

pokonany dystans.

5.2.4. Metody oceny funkcji poznawczych

Testy funkcji poznawczych przeprowadzone zostaty z wykorzystaniem komputerowe;j
wersji Wiedenskiego systemu Testow firmy SCHUHFRIED (Austria), mianowicie:
Test Rozpigtosci Pamigci (Block-Tapping-Test- CORSI S3) oraz test interferencji
Stroopa. Dodatkowo, przeprowadzono numeryczny test na koncentracjg¢ oraz oceniono

jako$¢ zycia przy uzyciu Kwestionariusza Jakosci Zycia (SF-36).
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6. Glowne wyniki

6.1. Gtéwne wyniki badan opublikowane w pracy pt. The beneficial effects of 15 units of
high-intensity circuit training in women is modified by age, baseline insulin resistance

and physical capacity.

Zastosowany 5 tygodniowy trening obwodowy o wysokiej intensywnosci HICT wptynat na
poprawe metabolizmu glukozy, ktory przejawit si¢ spadkiem stezenia insuliny (-20%, CI: -42%
do 10%) i glukozy (-1%, CI: -11 do 10%) we Krwi, oraz obnizeniem wskaznika HOMA-IR
(-11%, CI: -27% do 9%). W grupie CON nie zaobserwowano tych zmian. Dodatkowo, w grupie
HICT odnotowano poprawe wydolnosci fizycznej ze $redniego poziomu VOomax= 28.6 £ 5.1
mL-kgt-min 0 20 + 9% oraz nieznaczny spadek tkanki ttuszczowej -3% (+ 4%). Co wigcej,
zastosowany protokot treningdéw HICT wptynat istotnie na zmiany stezenia miokin w
krwioobiegu. 5 tygodniowy cykl treningowy HICT obnizyt istotnie st¢zenie miostatyny we
krwi ¢wiczacych kobiet. Spadek ten w szczegdlnosci zaobserwowano u starszych uczestniczek
(powyzej 30 roku zycia), z nizszg wydolnoécig fizyczng (VOamax< 28 mL-kgtmin?) i
insulinoopornoscia (HOMA-IR> 2.36). Dodatkowo, po zakonczonym cyklu treningéw, w
grupie HICT odnotowano istotny wzrost st¢zenia IGF-1 34% (+ 45%) w surowicy. Z kolei, w
grupie CON wystapita przeciwna tendencja -29% (+ -58%) a skorygowany efekt wynosit 87%,
Cl: 34% do 162%. Co ciekawe, zaobserwowano rOwniez znaczacg redukcje stosunku pomigdzy
insuling, a IGF-1 -21% (+ 54%) wsrod ¢wiczacych kobiet. Po uptywie 5 tygodni, nie
zaobserwowano zadnych istotnych zmian w obwodowym stezeniu biatka szoku cieplnego 27
(HSP27), iryzyny, dekoryny oraz w ekspresji genow (HSPBL1, decorin, TNF ) w zadnej z grup.
Stezenie decorin w osoczu nie ulegto zmianie W Stosunku do stezenia wyjSciowego, ktore
wynosito odpowiednio: 9.91 + 1.9 ng-mL* w grupie HICT i 9.44 + 1.7 ng-mL™ w grupie CON.

Analiza pojedynczych jednostek treningu HICT wykazata, ze zarowno pierwsza jak i
ostatnia jednostka treningowa spowodowata obnizenie stezenia iryzyny u kobiet z grupy HICT.
Co ciekawe, spadek ten zalezny byt od wieku uczestniczek a skorygowany efekt pomiedzy
mlodszymi i starszymi kobietami wynosit: -27%, Cl: -52% do 10%. Interesujacy jest fakt, ze
pierwsza jednostka treningowa HICT spowodowata istotne obnizenie IL-15. Z kolei, w wyniku
ostatniej sesji treningowej zaobserwowano wzrost stezenia tego biatka oraz HSP27 15% (+
13%), a zmiany te utrzymywaty si¢ do 24 godzin po zakonczonym treningu. W grupie CON
odnotowano odwrotne tendencje: obnizenie IL-15 i HSP27, a skorygowany efekt wynosit
odpowiednio 24%, Cl: 9% do 40% dla IL-15 oraz 60%, Cl: 29% do 99% dla HSP27. Poziom
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stezenia pozostatych miokin nie ulegl istotnej zmianie w odpowiedzi na pierwsza i ostatnia

jednostke treningowa.

6.2. Gtéwne wyniki badan opublikowane w pracy pt. Habitually inactive physically - a
proposed procedure of counteracting cognitive decline in women with diminished

insulin sensitivity through a high-intensity circuit training program.

Ze wzgledu na fakt, iz w pierwszym eksperymencie nie zaobserwowano istotnych réznic w
zmianie funkcji poznawczych postanowitam przeprowadzi¢ kolejny eksperyment z
uwzglednieniem oznaczenia bialek zaangazowanych w regulacj¢ czynnosci komorek
nerwowych. Tym razem, 15 jednostek treningowych HICT spowodowalo znaczaca poprawe
funkcji poznawczych u kobiet z obnizong isulinowrazliwosciag (QUICKI= 0.359+ 0.04).
Zmiany te zaobserwowano godzing po ostatniej jednostce treningowej. W tescie CORSI
zwigkszyla si¢ liczba poprawnie udzielanych odpowiedzi z 9.9+ 3.0 do 12.0+ 2.7, a w tescie
interferencji Stroopa trening wptynat istotnie na czas udzielanych odpowiedzi. Skorygowany
efekt pomiedzy wynikami grup HICT i CON, wynosit 17%, Cl: 7% do 43% w tescie CORSI
oraz -24%, -51% do 17% w tescie Stroop. Dodatkowo, program treningowy HICT wptynat
korzystnie na jako$¢ zycia ¢wiczacych uczestniczek, w szczeg6lnosci na funkcjonowanie
fizyczne. Przeciwny efekt zaobserwowano w grupie CON, relacja zaobserwowana pomi¢dzy
grupami byla istotne statystycznie (p = 0.03, n; = 0.15). Dodatkowo, zmianom funkcji
poznawczych towarzyszyly zmiany stezen: czynnika wzrostu fibroblastow-21 (FGF21),
BDNF, iryzyny, IL-6 i CATB, a zmiany te zalezne byty od indywidualnej odpowiedzi
uczestniczek.

Po zastosowaniu cyklu treningdéw HICT odnotowano zmiany stezenia FGF21 w obu
grupach (HICT: aX=20.75 pgrmL™ i CON: AX=77.90 pg'mL). Wéréd uczestniczek z grupy
HICT zaobserwowano niejednoznaczny kierunek zmian, zarowno spadek 0 43,5% jak i wzrost
0 157,3%, tego czynnika. Zaobserwowano roéwniez znaczaca roéznicg miedzy grupami
wiekowymi (skorygowany efekt wynosit: -53%, Cl: -75% do 11%). Obnizone st¢zenie FGF21
odnotowano u kobiet powyzej 30 roku zycia, a u kobiet mtodszych- wzrost. Efekt tych zmian
byt maty i prawdopodobny. Interesujacy byt fakt, iz poprawa funkcji poznawczych byta
bardziej wyrazna wsrdd kobiet, ktore charakteryzowat spadek FGF21 w odpowiedzi na trening.
Przede wszystkim poprawita si¢ koncentracja o 17% (+ 27%) oraz wzrosta liczba udzielanych
poprawnie odpowiedzi w tescie CORSI o 28% (£ 36%). Wyjsciowa wartos¢ FGF21 byla

réwniez zalezna od insulinowrazliwos$ci uczestniczek. Spoczynkowe stezenie FGF21 przed
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rozpoczeciem treningdéw wynosito $rednio 170.68 + pgrmL? u kobiet ze wskaznikiem
QUICKI< 0.357 1 wzrosto o 17% (£172%) po 5 tygodniach treningéw. Z kolei u kobiet z
QUICKI> 0.357 poczatkowo stezenie FGF21 wynosito $rednio 226.94 = 110.06 pg'mL™ i
spadto o 19% (£ 136%). Niezaleznie od zmian FGF21 wywotanych 5 tygodniowym cyklem
treningowym, zaobserwowano wzrost stezenia BDNF 37% (+ 139%) w surowicy Krwi u kobiet
z grupy HICT. Spadek stgzenia iryzyny o -10% (& 62%) odnotowano u mtodych uczestniczek,
z kolei u starszych wzrost 0 21% (£ 100%). Skorygowany efekt byt maty i prawdopodobny.
Dodatkowo, zaobserwowano wzrost 0 12.55% (+ 12.55%) iryzyny jedynie u kobiet z grupy
HICT u ktérych odnotowano réwniez wzrost stezenia FGF21. 15 jednostek treningowych HICT
nie wptyneto istotnie na zmiany obwodowego stezenia IL-6 3% (£ 63%) i CATB 11% (+ 20%).
Dodatkowo, po zastosowanym cyklu treningéw HICT zaobserwowano dodatnig korelacje
pomiedzy stezeniem irizyny i CATB (r = 0.55, p = 0.01) oraz tendencj¢ obnizenia ekspresji
chemokiny CCL2.

Ostatnia sesja treningowa HICT wplyngta istotnie na obnizenie st¢zenia FGF21
zarowno w grupie HICT jak i CON. Zaobserwowany spadek FGF21 w grupie HICT
odnotowano w szczegdlnosci u kobiet ponizej 30 roku zycia 0 -10% (£ 43%). W tym samym
czasie, zaobserwowano wzrost stezenia BDNF, a skorygowany efekt pomigdzy grupami
wynosit 48%, CI: 4% do 128%. Uzyskane wyniki nie byly zalezne od wieku uczestniczek. Nie
zaobserwowano istotnych zmian w st¢zeniu IL-6 i CATB w wyniku ostatniej jednostki treningu
HICT.

6.3. Glowne wyniki badan opublikowane w pracy pt. Impact of 12-week moderate-intensity

aerobic training on inflammasome complex activation in elderly women

12 tygodniowy program treningéw nie wptynat na zmiany masy ciata (p= 0.46), ani BMI (p=
0.99) ¢wiczacych kobiet. Wptyw treningu na aktywacj¢ inflamasomdéw zmierzono, poprzez
okreslenie stezenia IL-1P i IL-18 oraz TNFa i IL-6 jako markerow odpowiedzi metabolicznej.
Po wykonaniu 36 jednostek treningowych zaobserwowano istotne obnizenie stezenia IL-13 u
¢wiczacych uczestniczek, w stosunku do wartosci poczatkowych (p< 0.05). Podobne zmiany
zaobserwowano rowniez w wartosciach srednich w podziale, ze wzgledu na BMI (NW: przed
0.130 pgrmL* do po 0.110 pg-mL*; OW: przed 0.130 pg'mL" do po 0.080 pg'mL™). W Zadnej
zZ grup, nie zaobserwowano istotnych zmian w stezeniu spoczynkowym pozostatych cytokin po
uptywie 12 tygodni. Co ciekawe, poziom mRNA NLRP3 i TLR4 u uczestniczek z grupy EXP
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znaczaco obnizyl sie¢ w odpowiedzi na zastosowany cykl treningowy i wynosita: 0.172 i 0.090
dla NLRP3 oraz 0.184 1 0.087 dla TLR4; odpowiednio przed i po zakonczeniu programu.

Pierwsza jednostka treningowa nie spowodowata zmian w ekspresji MRNA NLRP3 i
TLR4. Nie zaobserwowano réwniez zmian w stezeniu markeréw odpowiedzi metabolicznej w
zadnej z grup. Jednak, istotny wzrost stezenia IL-1B (przed 0.130 pg'mL™ po 0.180 pg'mL™?)
zaobserwowano u uczestniczek z grupy EXP z BMI ponizej 25 kg-m. Z kolei, istotny wzrost
stezenia IL-1P (p<0.0001) i TNFa (p<0.01) zaobserwowano po ukonczeniu ostatniej jednostki
treningowej wérdd uczestniczek z grupy EXP z BMI powyzej 25 kg:-m™. Srednie wartosci
zmierzone przed i po wykonaniu ostatniego treningu NW wynosity kolejno: dla IL-1p: od 0.090
pg'mL*do 0.180 pg'mL* oraz dla TNFa: od 2.450 pg'-mL™ do 4.490 pg-mL?. Dodatkowo w
odpowiedzi na ostatnig sesj¢ NW zauwazono istotny wzrost ekspresji mMRNA NLRP3 (przed:
0.090 po 0.237) oraz mRNA TLR4 (przed 0.087 po 0.256) u kobiet z grupy EXP.
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7. Dyskusja

Badania ostatnich lat, ktére doprowadzity do poznania biatek uwalnianych do krwiobiegu
w odpowiedzi na wysitek fizyczny umozliwity wykorzystanie ich w profilaktyce chorob
przewlektych [40]. Miokiny mogg by¢ znaczgcymi bio-markerami w monitorowaniu rodzaju i
intensywnosci ¢wiczen odpowiednimi do zalecenia osobom z zaburzeniami metabolizmu,
takimi jak cukrzyca, choroby neurodegeneracyjne czy nowotwory [41]. Dlatego celem
powyzszej rozprawy doktorskiej byla weryfikacja efektu zastosowania réznych programow
treningdw wytrzymatosciowych o charakterze interwatowym (HICT) i cigglym (NW) u
nieaktywnych kobiet.

Wyniki przeprowadzonych eksperymentow wskazuja, iz program treningu HICT wptywa
korzystnie na homeostaz¢ glukozy w grupie nieaktywnych kobiet. Poprawie wskaznikow
$wiadczacych o insulinoopornosci, towarzyszyt istotny spadek stezenia w surowicy,
miostatyny- czynnika negatywnie regulujacego przyrost tkanki miesniowej [42]. Spadek ten byt
szczegolnie widoczny wlasnie w grupie starszych kobiet (pomigdzy 30 a 54 rokiem zycia) z
insuliooporno$ciag i nizszym poziomem wydolnosci fizycznej. U kobiet w wieku 76-96 lat,
wykazano podwyzszony poziom miostatyny w osoczu [43], co wskazuje na zwigkszenie si¢ jej
stezenia wraz z wiekiem i moze $wiadczy¢ o powigzaniu z utrata masy mie$niowej. Badania
dotyczace zastosowania treningu NW, wykazuja jego korzystny wplyw na obnizenie st¢zenia
miostatyny w grupie osob w wieku 61+ 12 lat. Jak rowniez, wystgpowanie istotnej, odwrotne;j
korelacji pomiedzy stezeniem miostatyny a stezeniem miokiny o dziataniu do niej
antagonistycznym- dekoryny [44]. Dekoryna, moze bra¢ udziat w regulacji procesu hipertrofii
tkanki migéniowej [22], a badania na modelach komoérkowych wykazatly, iz moze hamowac
tworzenie metastaz w procesie nowotworowym [45]. Zastosowanie cyklu treningéw HICT nie
wplyneto na zmiany stezenia 1 ekspresji dekoryny we krwi trenujgcych kobiet.

Dane dotyczace zastosowania pojedynczej jednostki treningu wytrzymatoSciowego na
zmiany funkcji poznawczych, wykazuja korzystny wplyw na koncentracje i proces
przetwarzania informacji [46,47]. Poprawe funkcji poznawczych odnotowano w wyniku
zastosowania pojedynczej jednostki treningu HICT, lecz zmiana ta zalezna byta od wieku
kobiet i towarzyszylo jej obnizenie stezenia BDNF w surowicy krwi [15]. Efekt zastosowania
programu treningu interwalowego z wykorzystaniem obcigzenia masg wlasnego ciata na
funkcje endokrynng tkanki migsniowej i towarzyszace zmiany w funkcji mézgu, nie sg do
konca poznane. Przedstawione w powyzszej rozprawie doktorskiej wyniki badan, dowodza, ze

regularny trening HICT (minimum 3 razy w tygodniu, przez 5 tygodni) wptywa znaczaco na
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poprawe funkcji poznawczych m. in. pamig¢ krotkotrwalg oraz jako$¢ zycia. Co ciekawe,
zmianom tym towarzyszyto obnizenie stezenia FGF21, na ktorg to redukcje mial wptyw wiek
kobiet i wrazliwosci tkanek na insuling. Zaobserwowano cickawg tendencje: w grupie kobiet w
ktorych odnotowano wzrost FGF21, funkcje poznawcze nie poprawity si¢, hatomiast badane,
ktore charakteryzowaly sie obnizeniem FGF21, odnotowaty rownoczesnie poprawe funkcji
poznawczych. 5 tygodniowy program HICT spowodowat wzrost obwodowego stezenia BDNF
i CATB. Wzrost BDNF we krwi byt prawdopodobnie rezultatem jego uwalniania przez
komorki nerwowe moézgu lub ptytki krwi. Mimo wielu lat badan nie stwierdzono, iz tkanka
mig$niowa moze by¢ zroédlem BDNF. Mierzone stezenie we krwi jest raczej wynikiem
uwalniania BDNF przez ptytki krwi lub przechodzenia tego czynnika przez barier¢ mozg-krew.
Zaobserwowany wzrost miokiny CATB mial zwigzek ze wzmozong czynno$cig migs$ni
szkieletowych. Ze wzgledu na fakt, iz CATB jest biatkiem, ktore moze przekracza¢ barierg
krew- moézg [23], odnotowana poprawa funkcji poznawczych mogta by¢ kompensowana
rowniez przez t¢ mioking. Uzyskane wyniki wskazuja, iz zmiany funkcji poznawczych i
stezenia bialek sa zalezne od indywidualnej odpowiedzi uczestniczek i dlatego w badanej
grupie wyrdéznitam w przypadku jakich miokin ta zindywidualizowana odpowiedz byla
najwieksza.

Z kolei, jak dowodzg, wczesniejsze badania pojedyncza sesja treningu NW wplywa na
zmiany w stezeniu obwodowego BDNF 1 obniza poziom glukozy we krwi u kobiet z dlugim
stazem treningowym, a zastosowanie 12 tygodniowego cyklu treningdw NW wplywa
korzystnie na poprawe funkcji poznawczych wraz z towarzyszacym wzrostem BDNF u kobiet
w wieku 68+ 5 lat [17]. Ten rodzaj aktywnosci fizycznej zmniejszyt stezenie biatka regulujgcego
proces autofagii HMGBI, a istotnym czynnikiem, ktory regulowat ta redukcje byl zarowno
poziom witaminy D (>20 ng-mL™), jak i wzrost miokiny- iryzyny [48].

Aktualne dane dotyczace zmiany statusu zapalanego 1 zmian stezenia miokin w
krwioobiegu w wyniku zastosowania programu treningu NW, sa dobrze udokumentowane
[44,48,49]. Jednak, brak jest badan zwigzanych z wptywem tego rodzaju aktywnosci fizycznej
na aktywacj¢ inflamasomow. Dotychczas, udokumentowano, ze 8 tygodniowy trening sitowy
obniza ekspresje biatka TLR2 i TLR4, jak rowniez ekspresje kilku czasteczek zwigzanych z
sygnalizacjag TLR (np. MyD88, TRIF, NF-«B, MAPK) i poziom biatka C-reaktywnego (CRP)
[50]. Z kolei, 8 tygodniowy cykl treningu wytrzymatosciowego u 0sob starszych, wykazujg brak
zmian w ekspresji TLR2, TLR4, MyD88 i TRIF w jednojadrzastych komoérkach krwi [51], co
moze Swiadczyé o przeciwzapalnym efekcie tego treningu. Badania przeprowadzone w

ostatnich latach, wykazaty, ze regularny trening wytrzymatosciowy 0 umiarkowanej
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intensywnosci, ¢wiczenia oporowe 1 HIIT znaczgco obnizajg aktywacje inflamasomu NLRP3,
indukowang przez rézne czynniki patologiczne, poprawiajac w ten sposob wrodzong odporno$é
[52]. Przedstawione w powyzszej rozprawie doktorskiej wyniki, przedstawig znaczace
obnizenie ekspresji MRNA dla TLR4 i NLRP3 pod wptywem 12 tygodniowego programu
treningdw NW. Aktywacja inflamasomu moze stanowi¢ zmiane adaptacyjng, nabywang w
trakcie wykonywania programu treningowego. Zastosowany protokol wysitkowy obnizyt
stezenie prozapalnej cytokiny IL-1p, a zmiana ta widoczna byta u kobiet, niezaleznie od BMI.
Intersujacy jest fakt, ze wzrost stezenia IL-1B zaobserwowano w odpowiedzi na pierwsza
jednostke treningu NW u kobiet z BMI ponizej 25 kg-m?. Ostatnia sesja treningowa
spowodowata wzrost stezenia tej cytokiny i TNFo. u kobiet otylych (BMI> 25 kg-m2). Wyniki
te moga Swiadczy¢ o korzystnym wplywie regularnego podejmowania treningu NW na
obnizenie stgzenia IL-1B, jako markera aktywacji inflamasoméw, u kobiet bez wzgledu na
BMI.

Podsumowujgc, wyniki moich badan wykazuja, ze zarowno program treningdw HICT jak i
NW moga stanowi¢ skuteczng metod¢ prewencji przed rozwojem zaburzen metabolicznych.
Efekt podejmowanych form aktywno$ci ruchowej nie ogranicza si¢ do poprawy sprawnosci
uktadu krazeniowo-oddechowego, ale rowniez istotng role odgrywaja w tej regulacji miokiny i
zmiany ich stezen. Nalezy podkresli¢, ze zaproponowany, nowatorski cykl treningow HICT ze
wzgledu na bezpieczenstwo wykonania oraz przystepna metodyke ¢wiczen umozliwia

podejmowanie regularnie, prozdrowotnej aktywnosci fizycznej w domowych warunkach.
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8. Whnioski

Wyniki przeprowadzonych przeze mnie badan dowodza, ze:

1. Zmiany stgzenia biatek/miokin we krwi kobiet, widoczne sg po zastosowaniu

treningdw o charakterze wytrzymato§ciowym.

2. 5 tygodniowy cykl treningdw interwatowych HICT powoduje poprawe homeostazy
glukozy oraz obnizenie st¢zenia miostatyny we krwi kobiet. Efekt ten widoczny byt

szczegolnie u kobiet powyzej 30 roku zycia z insulinoopornoscia.

3. Zastosowanie 15 jednostek treningu HICT poprawia funkcje poznawcze oraz jakos¢
zycia trenujacych kobiet. Zmiany te zalezne sg od stezenia FGF21 oraz od

indywidualnej odpowiedzi uczestniczek badan.

4. 12 tygodniowy cykl treningdw NW o charakterze ciggltym zredukowatl ekspresje
MRNA inflamasomu NLRP3, w konsekwencji czego obnizyt si¢ spoczynkowy poziom

prozapalnej cytokiny IL-1p u ¢wiczacych kobiet.
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9. Streszczenie

Wiedza na temat prozdrowotnego wptywu treningu fizycznego jest coraz bardziej obszerna.
Jednak mechanizmy zwigzane ze zmianami adaptacyjnymi indukowanymi przez rézne formy
wysitku fizycznego nie sg dostatecznie zweryfikowane i wyjasnione. Szczegdlng rolg w tych
procesach przypisuje si¢ miokinom- biatkom uwalnianym do krwioobiegu przez tkanki
poddawane obcigzeniu fizycznemu.

Celem przeprowadzonych przeze mnie badan byta ocena wptywu réznych form treningéw
wytrzymatosciowych w formie pojedynczej jednostki treningowej oraz cyklu treningdw u
kobiet w roznym wieku na poziom wybranych miokin. Oraz zweryfikowanie jak zastosowane
programy treningowe maja wpltyw na zmiany metabolizmu ogo6lnoustrojowego.

W badaniach wzieto udziat 130 kobiet w wieku 21-75 lat. Uczestniczki losowo
przydzielone zostaty do grup trenujacych i1 kontrolnych. Osoby z grupy trenujacej majace
powyzej 54 lat zostaty objete 12 tygodniowym programem treningdw o charakterze ciggtym-
Nordic Walking (NW). Z kolei mtodsze uczestniczki wykonaty 5 tygodniowy cykl treningdow
oporowych z wykorzystaniem masy wlasnego ciala jako obcigzenia (HICT). Jednostki
treningowe odbywaty si¢ 3 razy w tygodniu. W grupie kontrolnej znajdowaly si¢ zar6wno
osoby miodsze, jak i seniorki. Przed przystapieniem do eksperymentu uczestniczki zostaly
poddane badaniu lekarskiemu w celu zakwalifikowania ich do dalszych badan na podstawie
wywiadu 1 wynikow morfologii krwi. Przed rozpoczeciem 1 po zakonczeniu kazdego z cykli
treningowych oraz pierwszej i ostatniej jednostki treningowej, pobrano krew w celu zmierzenia
stezenia wybranych cytokin.

Wyniki przeprowadzonych badan wykazaty, ze zaproponowane protokoly treningdw
wytrzymatosciowych, wptywaja znaczaco na zmiany obwodowego stezenia miokin we krwi
kobiet w roéznym wieku. Zastosowanie 15 jednostek treningu HICT poprawia
insulinowrazliwos¢, przejawiajaca si¢ spadkiem obwodowego stezenia insuliny (-20%, CI: -
42% do 10%) i glukozy (-1%, CI: -11 do 10%) we krwi, oraz obnizeniem wskaznika HOMA -
IR (-11%, CI: -27% do 9%), w poréwnaniu do grupy CON. A zmianom tym towarzyszy
obnizenie st¢zenia miostatyny. Trening HICT poprawil rowniez jakos$¢ zycia u kobiet (p =0.03,
1712, = 0.15), niezaleznie od wieku. Interesujacy jest fakt, ze poprawa funkcji poznawczych
zalezna byta od stezenia czynnika wzrostu fibroblastow 21 (FGF21), a poprawe funkcji
poznawczych zaobserwowano u kobiet, ktore charakteryzowat spadek FGF21. 5 tygodniowy
trening HICT spowodowal wzrost stezenia neurotroficznego czynnika pochodzenia

mozgowego (BDNF) o 37% (£ 139%) we krwi trenujacych uczestniczek. Efekt ten
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zaobserwowano réwniez w wyniku pojedynczej sesji treningowej, a skorygowany efekt
pomiedzy uczestniczkami z grupy HICT i CON wynosit 48%, CI: 4% do 128%. Z kolei, 12
tygodniowy cykl treningow NW wptywa na znaczng redukcje stgzenia prozapalnej cytokiny
IL-1pB (p< 0.05) i ekspresji TLR4 i NLRP3 u ¢wiczacych kobiet. Co ciekawe zauwazono istotny
wzrost ekspresji TLR4 (p< 0.05) i NLRP3 (p< 0.05) w odpowiedzi na ostatnig sesje treningowg
NW u kobiet z grupy EXP. Zmian tych nie odnotowano u kobiet z grupy kontrolnej.
Podsumowujac, powyzsze wyniki dowodza skuteczno$ci zastosowania cyklu programow
HICT 1 NW na poprawe metabolizmu ogdlnoustrojowego w grupie kobiet. Zaproponowane
protokoty programéw treningowych indukujg zmiany adaptacyjne, a istotng rol¢ w osigganiu

korzystnych, prozdrowotnych efektow odgrywaja miokiny.
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10. Abstract

Current knowledge about the health-promoting effects of physical training is becoming
more extensive. However, the mechanisms related to adaptive changes induced by various
forms of physical exercise are not sufficiently verified and explained, yet. A special role in
these processes is assigned to myokines - proteins released into the bloodstream by tissues
during performing physical activity.

The aim my study was to verify the impact of various types of endurance training (as well
single training unit as whole training program) in women different age, on the selected
myokines concentration. The second purpose of the study was to determine an impact on
applied training programs on changes in glucose homeostasis and inflammatory response.

130 women (aged 21 to 75 years), participated in the research. Subjects were randomly
assigned to training and control groups. Women from the training group aged over 54
performed 12-week continuous training program - Nordic Walking (NW). Whereas, the
younger participants performed a 5-week resistance training program, using their own body
weight as a workload (high-intensity circuit training; HICT). Each program, was held 3 times
a week. The control group included women different age. Before beginning of the experiment,
all participants underwent a medical examination and based on the interview and blood count
results they were included to the study program. Blood was collected before and after each
training cycle, and first and last training unit to measure the concentration of selected cytokines.

The results showed that the proposed endurance training protocols induced significant
changes in the myokines concentration in women of all ages. The 15 units of HICT training
improves insulin sensitivity, which was manifested by a decrease in the concentration of insulin
(-20%, CI: -42% to 10%) and glucose (-1%, CI: -11 to 10%) in the blood, and a decrease in the
HOMA-IR (-11%, CI: -27% to 9%), compared to the CON group. These changes were
accompanied by a decrease in the myostatin concentration. HICT training also improved the
quality of life in women (p = 0.03, n; = 0.15), regardless of age. Interestingly, the improvement
of cognitive functions was dependent on the concentration of fibroblast growth factor 21
(FGF21), and this effect was observed in women characterized by a decrease in FGF21. The 5-
week HICT training increased the concentration of brain-derived neurotrophic factor (BDNF)
by 37% (+ 139%) in training women. This effect was observed as well after single training
session, and the adjusted effect between HICT and CON participants was 48%, CI: 4% to 128%.
On the other hand, 12-week NW training program significantly reduced the pro-inflammatory
cytokine blood concentration IL-1B (p< 0.05) and the expression of mRNA of TLR4 and
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NLRP3 in exercising women. Interestingly, a significant increase of TLR4 (p< 0.05) and
NLRP3 (p< 0.05) expression was noticed in response to the last NW training in women from
the EXP group. However, these changes were not noted in women from the control group.
Overall, abovementioned results prove the effectiveness of the application of the HICT and
NW training programs in the improvement of systemic metabolism in women and myokines

induced by different training protocols modified beneficial, pro-health effects.
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Aim: To investigate the effect of a single and 15 units of high-intensity circuit training
(HICT) programme on glucose metabolism, myokines’ response and selected genes’ expres-
sion in women.
Methods: Thirty-three, non-active women (mean age: 38 + 12) were split into a HICT (n = 20)
or a control group (CON, n = 13). The training protocol included three circuits of nine exer-
cises with own body weight as a workload performed 3 times a week for five weeks. The
CON group performed HICT twice. Blood samples were taken before, 1h and 24 h after
the first and last unit to determine IGF-1, myostatin, irisin, decorin, HSP27, interleukin-
15 concentrations using the ELISA immunoenzymatic method. To evaluate HSPB1, TNF-«
and DCN mRNA, real-time PCR was used. Pre- and post-intervention, the oral glucose test
and body composition assessment were completed.
Results: The following parameters tended to decrease after the 5-week HICT program: insu-
lin and HOMA-IR Training diminished insulin/IGF-1 ratio (51% CI: —63% to —34%) and
induced the drop of myostatin concentration but significantly only among middle-aged
women and at baseline insulin resistance.
Conclusion: Obtained data revealed that HICT improved an insulin sensitivity and dimin-
ished myostatin concentration among older, insulin-resistant women with lower baseline
physical capacity.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Physical activity deficit has become an important public
health issue in recent years. In the long-term, a sedentary
lifestyle is associated with an increased risk of mortality, car-
diovascular disease, and type 2 diabetes mellitus (T2DM),
which is commonly registered among adults as well as young
patients [1]. At the same time, physical activity promotes bet-
ter functioning of the human body through adaptive changes.
Regular exercise supports improved insulin sensitivity, thus,
helping to prevent diabetes [2].

The most common reason for not engaging in physical
activity is lack of time. Since 2014, the American College of
Sports Medicine (ACSM) has been consistently recommending
high-intensity interval training (HIIT) as the most effective
and time-efficient form of exercise [3,4]. Not only is HIIT
thought to induce similar changes as moderate-intensity con-
tinuous training, but it can be practiced by people with an
impaired glucose tolerance and T2DM [5]. Furthermore, a
modification of HIIT, high-intensity circuit training (HICT)
using one’s own body weight as a workload, is considered
as a safe way of practicing resistance training [6].

Data published by Gmiat et al. showed that in a group of
women, a single session of HICT had a positive impact on cog-
nitive function and immunological response, modulated by
circulating myokines. Still, the effect depended on partici-
pants’ age [7]. These findings carry a particular importance,
as few studies so far have investigated the combined effect
of resistance training and endocrine function of muscle mass
(myokines released during contractions) [8].

It is worth noting that skeletal muscles are responsible for
>75% of insulin-mediated glucose metabolism [9]. Moreover,
reduced muscle mass contributes to skeletal muscles’ insulin
resistance [10]. Considering this observation and the anabolic
action of some myokines (IL-15), during maintenance or
development of muscle mass through resistance training
[11], it appears to be crucial for counteracting adverse meta-
bolic changes. Nonetheless, a recently published review
emphasised that among 51 published papers relating to resis-
tance training, only 12 involved female participants [12].

The potential treatment and prevention of metabolic dis-
eases associated with regular physical activity is ascribed to
the myokines released during exercise. Another protein, dec-
orin, secreted during exercise, has been shown to have an
inhibitive impact on breast cancer progression [13] and a
blinding effect on myostatin that consequently conduces to
muscle hypertrophy [14].

Myostatin as a member of the TGF-f superfamily is a neg-
ative regulator of muscle development [15], and is also men-
tioned to be involved in energy expenditure and glucose
homeostasis [16]. Higher expression of myostatin mRNA in
skeletal muscles has been observed in obese, insulin-
resistant subjects [17]. Moreover, a study on mice has indi-
cated that the animals lacking the myostatin gene (Mstn ~/~)
have exhibited an improved glucose uptake and insulin
sensitivity [18]. Data published by Dong et al. revealed that
inhibition of myostatin improves insulin sensitivity via
irisin-mediated crosstalk between muscles and adipose
tissue [9]. Involvement of irisin in glucose homeostasis [19]

may be modified by signalling between insulin and insulin-
like growth factor 1 (IGF-1) [20].

Interestingly, insulin resistance (IR) may be affected by
heat shock protein beta 1 (gene expression as HSPB1), also
known as heat shock protein 27 (HSP27). Yuan et al. have
demonstrated that AMPK-mediated HSPB1 expression
enhanced insulin sensitivity in skeletal muscles [21]. Hence,
the increase of HSP27 24 h after a single bout of HICT recorded
by Gmiat et al. should encourage further investigations to ver-
ify this form of exercise as an effective, health-promoting
strategy [7].

We have decided therefore to investigate the effect of a
single session as well as a 5-week HICT programme applied
in adult women on glucose homeostasis and myokines’ secre-
tion, which can modulate and enhance the response to train-
ing. Given that blood cells are known to be the best way of
describing the whole-body response to exercise [22], together
with proteins: HSP27, IGF-1, IL-15, irisin, myostatin and dec-
orin, a genetic assessment of HSPB1, DCN and TNF-o mRNA
was also evaluated.

2. Materials and methods

2.1.  Subjects

Thirty-six healthy, inactive women (within last year) without
diabetes characterised by a fair level of relative maximal oxy-
gen uptake (average VOymax 29 + 6.8 mL-kg~*min~%) [23] par-
ticipated in the experiment. At baseline women were
examined by a doctor in order to eliminate those with medi-
cal contraindications. Written, informed consent was
obtained from all participants. Based on the values of relative
maximal oxygen uptake, women were divided into two
groups trained HICT (n=20, age: 40 + 11 years) or control
CON (n=13, age: 45+ 13 years). Women were additionally
divided according to the young (YG n=11, age <30 years)
and middle-aged (MG n =9, age >30 years) group, in order to
assess age-depended changes [7]. Only women whose train-
ing attendance exceeded 85% were included in to statistical
analysis and three women were therefore excluded in final
analysis.

One week prior to the start of the experiment and directly
(within four days) after 5 weeks of completed training the fol-
lowing tests were performed: body composition, aerobic
capacity assessment, blood collection and functional move-
ment screen (FMS).

Women were asked to not change their daily habits. The
study was approved by the Bioethical Committee of the Regio-
nal Medical Society in Gdansk KB-14/17 in accordance with
Declaration of Helsinki.

2.2.  Preliminary testing

2.2.1. Body composition assessment

Skeletal muscle mass (SMM), body fat mass (BFM), and per-
cent body fat (PBF) were evaluated by using a multi-
frequency impedance Analyser In Body 720 (Biospace, Korea).
Impedance of segments of the body parts (trunk, arms and
legs) was measured at diverse 6 frequencies (1, 5, 50, 250,
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500, and 1000 kHz) using an eight-polar tactile-electrode.
Percent of body fat mass repeated measurement precision
was expressed as the coefficient of variation, which was on
average, 0.6% [24]. Additionally, the amount of the visceral
fat area (VFA) expressed in cm? was determined [25,26].

2.2.2. Cardiorespiratory fitness measurement

To assign a VOjmax Value participants performed a graded
cycle test on an electromagnetically-braked, cycle ergometer
(884E Sprint Bike Monark, Sweden). The test began with
5-minute warm up with the intensity 1 W-kg * and pedalling
cadence 60rpm. Directly after the warm up, participants
began VO,max testing by cycling with the same pedalling
cadence but with progressively increased workload by
25 W-min~! until the subject reached the point of volitional
exhaustion. During testing breath by breath pulmonary gas
exchange was measured (MetaMax 3B, Cortex, Germany)
[27]. The highest values of relative oxygen uptake were con-
sidered to calculate maximal aerobic power. Participants were
identified according to cardiorespiratory fitness level. The cut-
off point was set at the level of 28 mL-kg "min~", women
above were described as high fitness level (VO,max) and those
below as low fitness level (VOsmax)-

2.2.3. Functional Movement Screen (FMS)

FMS was used to assess participants’ movement patterns, the
mobility and stability of certain joints and the coordination of
certain kinetic chains. It includes seven tasks: deep squat,
hurdle step, inline lunge, shoulder mobility, active straight
leg raises, trunk stability push-up and rotary stability. Each
task is evaluated by the quantity and the quality of the move-
ment by the scale from 0 to 3. The sum score of all tasks is cal-
culated [28].

2.3.  Training procedure

HICT training protocol was the same as in our previous study
[7] based on ACSM recommendations and the original proto-
col [6]. Before the main experiment we recorded a movie with
instructions (whole units of training) with music and time
visualisation, that was easy to play on mobile devices. One
week before beginning the experiment, participants had been
familiarised with the protocol in order to perform each exer-
cise correctly at an appropriate intensity (80%—90% of maxi-
mal heart rate HRpmayx). The first and last unit of HICT were
performed under instructor's supervision, in case of the need
to correct and control the quality of the training. Directly after
the first and the last HICT sessions participants were asked to
assess the rating of perceived exertion (RPE), based on the
Borg scale [29]. During the training programme participants
were allowed to train individually at home, and they were
also asked to train always at the same time of a day. Each
week the instructor called (or directly asked) to confirm the
attendance of HICT sessions and assess the RPE values. After
2 weeks of training the additional series were added. Subjects
from training group completed 15 HICT sessions 3 times per
week (on Monday, Wednesday and Friday) within 5 weeks.
One HICT session consisted of 3 circuits with 2-minute break
between. Each HICT training consisted 9 exercises with one’s

body as a workload performed as follow: jumping jacks, push-
ups, sit-ups, side plank, squats, plank, running in place,
lunges and push-ups with rotation. Subjects from the CON
group completed HICT twice at the baseline and after
5 weeks. Supplementary Material 1 shows the schedule of
the study.

2.4. Blood collection

Blood samples were taken at two time points during the
experiment: before and after the whole intervention and also
before and after single bout of HICT. A professional nurse col-
lected the blood from the antecubital vein into the vacutainer
tubes: with EDTAKj; for plasma analysis, Vacutainer SST™ II
Advance for serum analysis and into the vacutainer tubes
with sodium fluoride to estimate glucose concentration. One
week before and two days after 5weeks of training blood
samples were collected to perform oral glucose tolerance test
(OGTT). Before, 1h and 24 h after the first and last HICT ses-
sions blood samples were collected. Samples were cen-
trifuged at 2000 g for 10 min at 4 °C then stored at —80 °C by
the time of immunoenzymatic analysis. Serum concentra-
tions of irisin, IL-15, myostatin, IGF-1, HSP27 and plasma level
of decorin were measured. Additionally, gene expression was
performed.

Serum IL-15, myostatin, and IGF-1 were evaluated using
ELISA kits (R&D Systems, USA, catalogue no. D1500, DGDF80,
and DG100 respectively) in accordance with manufacturer’s
instructions. The maximal intra-assay coefficient of variabil-
ity (CV) for IL-15 was 5.3%, for myostatin was 5% and for
IGF-1 4.3%. The inter-assay coefficient and detection sensitiv-
ity were as follows: 9.1% and 2 pgmL~" for IL-15; 6% and
5.32 pgmL~" for myostatin and 8.3% and 0.056 ng-mL ' for
IGF-1. The serum concentration of irisin was evaluated using
competitive enzyme immunoassay sandwiches from Phoenix
Pharmaceuticals Inc (catalog no EK 067-16). Intra-assay CV
was 4%—6% and inter-assay CV was 8%—10%. The procedure
was the same as described previously [7].

Quantification of plasma decorin was determined via
Human Decorin DuoSet ELISA (R&D Systems, USA, catalogue
no. DY143) and DuoSet ELISA Ancillary Reagent Kit (catalogue
no. DY008) according to the manufacturer’s protocol.

Serum HSP27 was evaluated using a Cloud-Clone Corp.
ELISA kit (USA). The minimum detection limits were
0.31ngmL™! and the intra-assay and inter-assay CV were
<10% and <12% respectively.

Glucose level was assessed using the Cobas 6000 analyser.
To evaluate insulin values the immunoassay kit from
DiaMetra (catalogue no DKOO076) was used. The within
intra-assay CV was <5% and the inter-assay CV was <10%.

Homoeostasis model assessment HOMA-IR (fasting serum
insulin pU-mL™! x fasting plasma glucose mmol-L~%/22.5),
was calculated [30].

2.5. Genetic research

Genetic methodology was conducted according to a protocol
described previously by Zychowska et al. [31].
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2.5.1. RNA isolation

During analysis 2 mL of blood was collected into the vacu-
tainer tube with EDTAK; and used for mRNA extraction. Ery-
throcytes were lysed and discarded using RBCL buffer (A&A
Biotechnology, Poland) and the obtained leukocytes were
lysed using Fenozol (A&A Biotechnology, Poland). Further iso-
lation of RNA was performed according to the methodology
described by Chomczynski and Sacchi [32].

2.5.2. Reverse transcription and quantitative real-time
polymerase chain reaction

Quality and quantity obtained RNA was analised using spec-
trophotometery (photometer, Eppendorf, BioPhotometer Plus,
Germany), and 1000 ng of total RNA were used to reverse tran-
scription (Transcriptor First Strand c¢DNA Synthesis Kit,
Roche, Poland).

To quantitative real-time PCR (qRT-PCR) 10-fold diluted
cDNA was applied. To amplify tested genes, a reaction mix
containing the following was used: 5 uL polymerase (Light-
Cycler polymerase; Roche, Poland), 0.4 pL reverse and forward
primers and 2.2 pL. H,O for each reaction. The thermal profile
was used according to the manufacturer’s instructions. gRT-
PCR was applied using AriaMx real-time PCR System (Agilent,
Department Poland) and amplification of tested genes was
performed in three replications for each sample. DCN (dec-
orin) and TNF-o (tumor necrosis factor o) expression were
checked using two different primer pairs.

For amplification of tested genes following the primers
were used:

For TUBB: R:-TCTGTCGGCTCCGCTCTGAGAT and F:ACTCCC
GTTGTCCCAAGGCTCT

For DCN: F: AAGTTCCTGATGACCGCGACTT and

R: TTGCAGGTCTAGCAGAGTTGTG (F: GATGAGGCTTCTGGG
ATA

and R: CAATGCGTGAAGGTTCTT)

For TNF-o: F:GCCATTGGCCAGGAGGGC and

R:CGCCACCACGCTCTTCTG (F:TTCTCCTTCCTGATCGTGCA
R:TACAGGCTTGTCACTCGG)

For HSPB1: F: AAGGATGGCGTGGTGGAGATCA and

R: GAGGAAACTTGGGTGGGGTCCA

Target genes expression were calculated to the expression
of the reference gene TUBB according to the delta Ct method
[33].

2.6. Statistical calculation

All measures were compiled in a spreadsheet for the analysis
of parallel-group trials and the effects were interpreted using
magnitude-based inferences [34]. All data were log- trans-
formed to reduce bias arising from non-uniformity of the
error. To improve precision of estimates, mean changes were
adjusted to the overall mean of baseline in the CON and HICT
groups. Baseline values were expressed in measurement
units. Means of the observed and adjusted changes, standard
deviations of the observed changes, and adjusted effects (dif-
ferences in changes of the means and their confidence inter-
vals) were back-transformed to percentages. Magnitudes of
the effects were evaluated with the log-transformed data by
standardizing with the standard deviation of the overall

baseline values. Threshold values for assessing magnitudes
of standardised effects were 0.20, 0.60, 1.2 and 2.0 for small,
moderate, large and very large respectively Asterisks indicate
effects clear at the 5% level and likelihood that the true effect
is substantial or trivial as follows: * — possible, ** - likely,
** — very likely and *** — most likely [35].

sk

3. Results

Overall, data obtained from thirty-three participants were
evaluated. Table 1 presents the anthropometrical and physio-
logical data. Although any significant changes were recorded
in body composition, it is worth noting that the applied HICT
programme reduced body fat content expressed in kg as well
as in percentage of body mass. Women who completed 15
training sessions gained better results in FMS and were char-
acterised by the elevated relative maximal oxygen consump-
tion (VOsmax) compared to the baseline values (Table 1).
Ratings of perceived exertion differed between groups.
Among the HICT group values of RPE decreased from 18 + 3
after the first to 16 + 2 after the last training session, whereas
in the CON group values remained unchanged (16 + 2 and 16
+ 8, respectively).

The training programme tended to improve glucose home-
ostasis in the HICT group. The 15th units of HICT caused
some decrease in resting glucose, insulin concentrations
and diminished the HOMA-IR (insulin —20% CI: —42% to
10%,; glucose —1% Cl: —11 to 10% and HOMA-IR —11% CI:
—27% to 9%, respectively) as depicted in Fig. 1 which in fact
only shows a slight difference among the two groups. Still,
in the CON group those indicators remained unchanged or
presented an opposite tendency.

The applied training programme induced a significant 34%
+45% rise of IGF-1, whereas in the CON group the decrease
(—29% +58%) of this protein was noted and the adjusted effect
for this change was 87%, CI: 34% to 162%. This effect was
firstly noted after single HICT, especially prominent 24 h post
training. Furthermore, the ratio insulin to IGF-1 declined sig-
nificantly (—21% +54%) only in the HICT group (Fig. 1d). These
alterations were independent of participants age, VOopax and
IR. The exercise-induced changes of myostatin in response to
a single session of HICT were small, nonsignificant and regis-
tered only 24 h after effort. Still, the whole HICT program
caused a decrease in resting serum myostatin (Fig. 2a). Inter-
estingly, the drop in resting values of myostatin, recorded
after 5 training weeks, was much more pronounced and sig-
nificant among the MG than YG group (Fig. 2b). Based on
diversification of HOMA-IR in the HICT group, the higher
decline of myostatin was observed in women, who were clas-
sified at baseline as IR and the range of changes was higher
compared to non-insulin-resistant group (nonlIR) (Fig. 2c).
Moreover, when considering individual values of relative oxy-
gen uptake of women from the HICT group, a higher and sig-
nificant decrease of myostatin was registered in participants
with VO,may below 28 mL-kg *min~* (Fig. 2d).

The intervention did not modify the resting concentration
of decorin in either group (9.91+1.9ngmL' and 9.44
+1.7ng-mL~" in HICT and CON group, respectively). Values
recorded at rest as well after first and last training session
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Table 1 — Characteristic of participants divided into groups.

Group Baseline Adjusted change Adjusted effect

Mean CI Inference

Anthropometric parameters

BEM (kg) CON 25.9+10.5 4+3% —8% —10 to —5% Trivial
HICT 20.5+9.6 —4+5%

SMM (kg) CON 26.4 +3.3 —1+3% 2% 0 to 3% Trivial
HICT 26.6 +3.5 1+3%

PBF (%) CON 33.9+84 4+3% 7% —9to —5% Small’
HICT 28.6 +8.5 —3+4%

VFA (cm®) CON 110.9 + 48.9 —1+4% 0% —3 10 3% Trivial
HICT 80.8 + 35.4 )i

Physiological performance

VO,max CON 30.2+8.7 5+ 5% 15% 10 to 20% Moderate”™

(mLkg min~?) HICT 28.6+5.1 20 + 9%

AP CON 2.03+0.6 —1+10% 9% 2 to 16% Small”

(Wkg?) HICT 2.25+0.5 8+ 12%

FMS CON 13.5+2.1 6+9% 6% 1to 11% Small”
HICT 14.9+1.5 12 +5%

HICT - high intensity circuit training group, CON - control group, BFM - body fat mass, SMM - skeletal muscle mass, PBF - percentage body fat,
VFA - visceral fat area, VO,max — maximal oxygen uptake, AP — aerobic power, FMS - functional movement screen. Asterisks indicate effects
clear at the 5% level (90% CL) and likelihood that the true effect is substantial or trivial. as follows: * possible, ** likely, **** most likely. Magnitude
thresholds (for difference in means divided by SD of HICT group): <0.20, trivial; 0.20-0.59, small; 0.60-1.19, moderate; >1.20, large.
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Fig. 1 - Adjusted changes in indicators of glucose homeostasis in response to 5 week high- intensity circuit training in high-
intensity interval in group (HICT) and control group (CON): (a) Glucose level. (b) Insulin level. (c) the Homeostasis Model
Assessment (HOMA-IR). (d) Insulin/IGF-1 ratio. Asterisks indicate effects clear at the 5% level and likelihood that the true
effect is substantial: * - possible, ** - likely, *** - very likely, **** - most likely.

remained unchanged. On the other hand, the single HICT unit (Fig. 3a), whereas after the last HICT training session, concen-
significantly altered IL-15 concentration, and this change was tration of IL-15 increased only in the HICT group with the ten-
different among groups. The first HICT session involved a dency being opposite in the CON (24%, CI: 9% to 40%) (Fig. 3b).
decrease of IL-15 in the HICT as well as in the CON group Notably, obtained changes were sustained 24 h post exercise.
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The first and last session of HICT caused a decline of irisin,
especially visible 24 h after effort in the trained group. This
range was also depended on age, IR and the level of relative
oxygen uptake of women. The adjusted effect between YG
and MG was —27%, CI: —52% to 10%. Interestingly, IR women
from the HICT group had significantly lower baseline values
of irisin (3.2 +2.58 ngmL ") compared to those without IR
(9.01 = 8.44 ngmL™"). Moreover, shifts of irisin were depen-
dent on oxygen uptake and the adjusted effect was 54%, CI:
—7% to 54%. In women with higher fitness level a drop of iri-
sin was noted (-13% +40%), whereas in women with a VOzmax
below 28 mLkg ' min~"! the adverse shift was noted (34%
+100%). This change was significant. After 5 weeks of HICT
independently from the age and insulin resistance, resting

irisin concentration significantly correlated with HOMA-IR
(r=0.48, p=0.03). At the same time point measurements of
resting decorin in exercising women correlated with glucose
(r=0.46, p=0.04). Similar to irisin, at the beginning of the
intervention, this correlation was inverse. In the CON group
the above described relationships were not presented.
Resting serum HSP27 values remained unchanged after
5 weeks, in both groups. Interestingly, the last HICT session
contributed a significant increase in HSP27 in the HICT group
(15% +13%), whereas in the CON group the tendency was
opposite (—28% +42%). The adjusted effect was moderate
and most likely (60%, CI: 29% to 99%). Still, those changes
were most pronounced 24h post training. To assess the
whole-body response to the exercise, genes analyses in blood



162

DIABETES RESEARCH AND CLINICAL PRACTICE I52 (201I9) I56-165

cells were performed. Any significant differences were
observed in HSPB1 expression in response to intervention
(Fig. 4a). Still, in HICT group the HSPB1 mRNA was higher than
in the CON group (270.59+0.50 and 270.24 +0.19, respec-
tively). This effect was also visible at the transcriptional level
of HSPB1 mRNA, but these changes in leukocytes were
insignificant. Low expression of pro-inflammatory cytokine
TNF-« was detected in response to the first and last HICT ses-
sion (Fig. 4c, 4d). Despite no significant changes and a low
number of copies of TNF-« mRNA after the last HICT session,
a slight average reduction of TNF-« mRNA (from 270.06 to
270.02 in HICT and from 270.05 to 270.02 in CON) was
observed. However, large individual differences in TNF-o
expression between individuals were noted. Additionally,
DCN mRNA was assessed. Only below cut-off DCN mRNA
was detected in leukocytes in all participants at every stage
of the experiment (mean value for groups was 0.001 and in
many participants no Qt was received).

4, Discussion

Our study shows that 15 sessions of HICT significantly
improved glucose homeostasis, with the effect being accom-
panied by shifts in myokines. Although muscle mass did
not change significantly, all indicators of characterised mus-
cle sensitivity on insulin were ameliorated. The drop of glu-
cose, insulin, and HOMA-IR was accompanied by a decrease
of serum myostatin concentration. Notably, this alteration
depended on age and IR at the baseline. Sharma et al. have
pointed out that myostatin is associated with obesity and
T2DM [36]. Data from an animal study indicated that inhibi-
tion of myostatin improves insulin sensitivity [9]. Moreover,
in humans (advanced-aged women) there was reported eleva-
tion of serum myostatin, compared with younger subjects
[37]. Thus, this observation may explain the potential role of
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increased myostatin concentration, occurring along with age-
ing, in muscle-wasting processes. Neither Peng et al. has not
proven myostatin age-related dependence in elderly women
[38]. According to this myokine secretion during exercise, Hit-
tel et al. have claimed that in insulin-resistant men, 6 months
of low intensity endurance training contributed to a decrease
in the expression of and plasma myostatin concentration,
with the effect correlating with an improvement of insulin
sensitivity [39]. In our experiment, 15 units of the applied
training programme, using subjects’ body weight as a work-
load, contributed to a decrease of myostatin. This effect was
mostly visible among the women characterised by higher
age, IR and lower VO2max. This response may suggest the
anti-inflammatory effect of the applied procedure. Moreover,
the lower expression of TNF-u can support this reasoning.
The action of myostatin can be modified by IGF-1 and irisin
concentration [9,40]. Recent studies have shown that IGF-1
stimulated beneficial glucose metabolism and its level
increased post-exercise [41-43]. Gregory et al. have shown
that 8 weeks of resistance training (3 RM to 12 RM, 90-180 s
rest between sets) caused the level of IGF-1 to rise in young
women, whereas no similar effect occurred in participants
who attended endurance training instead [41]. In our study,
based on using body weight as a workload, 15 units of HICT
caused a significant elevation of IGF-1. This rise was accom-
panied by an improvement of glucose and HOMA-IR, with
such a beneficial effect absent in the CON group. Until now,
the assessment of IGF-1 in glucose homeostasis has been
focused on patients with type 1 diabetes [42,43]. A reduction
of physical activity induced IR [44] and contributed to T2DM
development [10]. Thus, the pursuit of effective preventative
methods is justified. Furthermore, we noted a statistically sig-
nificant decline of the insulin/IGF-1 ratio after completion of
the training programme. To our knowledge, the decrease of
this ratio reported in this study is to the first observed in
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in HICT group. (b) HSPB1 expression in CON group. (c) TNF-« expression in HICT group. (d) TNF-« expression in CON group.
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human subjects. Most available data about insulin/IGF-1 sig-
nalling are based on animal studies [45]. Thus, further inves-
tigations are needed to verify our results.

Together with IGF-1, another myokine, irisin, is the link
between myostatin and glucose metabolism [9]. Recent stud-
ies have demonstrated that irisin was not only involved in
maintaining glucose homeostasis [19], but it could also regu-
late exercise-induced adaptation [46]. Results obtained in our
experiment appear ambiguous. Still, both the first and the last
training session caused a drop of irisin in both groups and
changes recorded after the last session of training were sig-
nificant only in the HICT group. The small decrease of irisin
was noted among training women with a higher level
expressed in VOymax, Which suggests applied training is insuf-
ficient for inducing adaptive changes in women who had pre-
sumably better cardiovascular fitness and higher muscle
capacity. It might suggest that active women have lower cir-
culating irisin concentration due to muscle adaptation pro-
cess. On the other hand, obtained results revealed that
decreased irisin was characteristic at the baseline for subjects
with IR and the HICT program did not affect its circulating
concentration. Nonetheless, irisin values correlated signifi-
cantly and positively with HOMA-IR results. Previously
published data indicated that differences in HOMA-IR are
age-and sex-dependent in subjects, who do not suffer from
diabetes. However, the HOMA-IR threshold is not clearly
established, and the consideration is needed in relationship
to the population. Following Gayoso-Diz et al. averaged
smooth HOMA-IR on 75 percentile for Caucasian women aged
30-39 years is 2.36 [47] and this value was considered as a cut-
off level in our study. To validate the accuracy of our results,
we have also checked individual shifts in analysed blood pro-
teins. It transpired that in women with IR, who attended 15
HICT units, there was a significant correlation between insu-
lin and irisin level.

Modulations of glucose metabolism are known to be con-
nected with circulating irisin [19]. It is worth establishing that
irisin modulations induced by training might be crucial in the
prevention of many metabolic disease due to the fact that iri-
sin is a well-known metabolic biomarker and even a detector
of breast cancer [48]. According to the latest data, patients
with T2DM exhibited lower levels of irisin [49]. This condition
may be modified by lifestyle habits such as physical activity
[19]. Thus, a drop of HOMA-IR and irisin in women might have
had an influence on an improvement of tissue’ insulin sensi-
tivity via better muscle endocrine function promoting glucose
uptake after the applied training. So far, the tissue mecha-
nism of irisin uptake remains unknown. Loffer et al have
recorded an increase of irisin, detectable only immediately
after the exercise. It dissipated considerably within 30 min
time following the exercise, suggesting a growing uptake of
this myokine. According to the results presented by Loffer
et al.,, we cannot rule out a possibility that the training period
was too short to achieve significant resting rise of irisin [50].

Previous studies have demonstrated that irisin, myostatin
and IL-15 are all exercise-modulated myokines that partici-
pate in the regulation of glucose metabolism [51,52]. While
Nadeau and Aguer have reported that IL-15 treatment pro-
tected against the development of IR in rodents, the link
between circulating IL-15 levels and IR in humans remains

unclear [51]. Some data showed that circulating IL-15 levels
increased after resistance exercise [53,54]. In our study, the
first session of HICT induced a drop, while the last session
induced a rise of IL-15 among women in the HICT group. This
inconsistent response to exercise of IL-15 may have resulted
from not completely understood secretion and regulation of
IL-15, which can be released by several kinds of tissues and
regulated by its receptor isoforms in diverse responsible
[11]. still, elevated circulating IL-15 is considered to be a
response to muscle contraction [51].

Moreover, our study verifies if HICT sessions may have
induced changes of HSP concentration and expression. Exer-
cise stimulates an increase of HSP expression and this
response may contribute to beneficial metabolic effects in
insulin-resistant tissues [21]. In the current experiment,
increased HSP27 concentration was recorded in the HICT
group after the whole HICT programme along with the higher
expression in leukocytes. In contrast, serum HSP27 was
observed to be significantly lower in subjects with T2DM com-
pared to normal glucose tolerance [55]. It has also been postu-
lated that changes in the expression of HSPBI in leukocytes
can be associated with the intensity and duration of exercise
[56]. However, high stability of HSPB1 mRNA was noted after
moderate exercise [57].

To the best of our knowledge our study is the first, to inves-
tigate the effect of high intensity circuit training protocol on
decorin secretion and blood cells DCN expression in women.
Available data showed that a single resistance training ses-
sion caused an elevation of circulating decorin and an
increase of the muscle expression of DCN in response to
12 weeks of combined resistance and endurance training in
T2DM men [14]. On the other hand, previously published data
revealed that decorin might be a good marker of pathophysi-
ology of breast cancer [13] or obesity and accompanying its IR
[58]. The higher expression of DCN was documented only in
chronic lymphocytic leukaemia patients [59]. This discrep-
ancy might be caused by different time points of blood collec-
tion and diverse physical workload of exercise. In our study
blood samples were collected 1 h and 24 h after training and
women performed exercise without extra weights, whereas
among T2DM men, who performed strength training with
an 8 RM load blood samples were taken during 3 set of exer-
cise, directly after training and every half hour to 2 h after
exercise. Thus, further investigations are needed, to assess
the appropriative mode, frequency and duration of exercise
to find out the best stimuli to elevate/or diminish decorin con-
centration among women. Moreover, the optimal time point
of blood collection is required to determine to assess the dec-
orin changes because data are inconsistent.

A few limitations of this study must to be mentioned.
Firstly, women from the HICT group were allowed to train at
home, with the indirectly supervision. Secondly, the number
of participants might have impacted on the statistical power
and disturbed detection of significant differences between
the groups, hence further investigations are needed.

To summarize, 15 units of HICT led to an improved glucose
homeostasis via a reduction of resting glucose concentration,
insulin level and HOMA-IR. Induced changes were modified
by myostatin, IGF-1 and irisin shifts. Myostatin dropped
mainly in older women and especially among those with IR
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and low cardiorespiratory fitness at the baseline. Moreover,
the insulin/IGF-1 ratio decreased after the applied training
program, suggesting that it may be a good predictor for future
investigations of any improvements of insulin sensitivity
mechanism after training. Consequently, HICT programme
with own body weight as a workload can be considered a
time-efficient and health-promoting form of physical activity.
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This study verified the impact of five weeks of high-intensity circuit training (HICT) on changes in concentration
of exerkines in relation to cognitive functions. Sedentary women (n = 33; age=39+13 years) were randomly
assigned into the HICT (n = 21) group or the control group (n = 12). The HICT group performed 15 training
sessions; meanwhile, the control group performed the HICT twice, only at baseline and at the end of the
experiment. Blood samples were collected before, 1 h and 24 h after the first and last HICT, to evaluate the
concentration of exerkines: brain-derived neurotrophic factor (BDNF), irisin, fibroblast growth factor-21 (FGF-
21), interleukin-6 (IL-6) and cathepsin B (CATB) using enzyme immunoassay method. Cognitive functions and
quality of life were assessed using the Vienna Test System and the Short Form Health Survey. HICT induced
improvement of cognitive function and quality of life, and these changes were accompanied by an increase of
BDNF and shifts in CATB concentration. HICT program caused a decrease in FGF-21 concentration, which was
modified by age and insulin sensitivity. The improvement of cognitive functions was more pronounced in fe-
males, who experienced a drop in FGF-21. In summary, HICT program, that can be performed during pandemic,
enhanced cognitive functions and this response was related to changes in exerkines.

1. Introduction

Diminished insulin sensitivity is growing and becoming a global
health burden among children, teenagers as well as adults. It is a result
of fat tissue accumulation, obesity and particularly physical vasculature,
and consequentially results in a decline in cognition [1]. Thus, skeletal
muscle metabolic response induced by exercising can be responsible for
counteracting of the progression of these dysfunctions [2,3]. Available
data shows that exercise-induced outcomes might be considered ac-
cording to the inter-individual response to training [4]. Recently, it was
reported that responsiveness and glucose homeostasis modulation are
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dependent on the type of physical performance [5]. Therefore, the
effectiveness of varied training programs with different durations and
intensities should be still verified. Similar to typical endurance training,
high-intensity interval training (HIIT), is recognized as a powerful factor
to ameliorate a relative maximal oxygen uptake (VOamax) [6,7] as well
as a beneficial metabolic stimulus for better glucose uptake [8,9] and
cognitive functions improvement [10,11]. One of HIIT variations is the
high-intensity circuit training (HICT), using a person’s own body weight
as a workload [12]. Our previous data revealed that a single session of
HICT improved concentration and special memory among young
women. Meanwhile, among older females, these functions were
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deteriorated. At the same time, HICT caused a significant drop of
brain-derived neurotrophic factor (BDNF) [11]. BDNF belongs to the
neurotrophins that regulate neurogenesis and synaptic plasticity,
particularly in the hippocampus [13,14]. It is found to be an important
factor, both in central and peripheral metabolism regulations [15].
Recently it was shown that both myokines, FNDC5/irisin and cathepsin
B (CATB), contribute to the modification of BDNF concentration [16]
and are involved in brain function improvement [17]. A significant
correlation between BDNF and irisin was recorded in animal models,
whereas such a relationship is inconsistent among human participants
[18]. Previous studies indicated that irisin may improve -car-
diovascular/endothelial function and is involved in glucose homeostasis
[19,20,21]. It was also suggested that in sedentary subjects, irisin is
positively associated with insulin resistance [20]. Prediabetic stage and
an impairment in glucose tolerance are also associated with elevated
blood fibroblast growth factor-21 (FGF-21), which regulates glucose and
lipid metabolism in type 2 diabetes mellitus [22]. A recent study in
rodent’s brain tissue demonstrated that FGF-21 is expressed in the brain,
specifically the midbrain regions, which involves dopaminergic neurons
located in the substantia nigra, striatum, hippocampus, and cortex [23]
and it can easily cross the blood-brain barrier [24]. Previous published
study showed that high levels of targeting chemokine (C—C motif) ligand
2 (CCL2) could be also associated with a faster rate of cognitive decline
in early stages of Alzheimer’s disease [25]. It is also involved in neu-
roinflammatory processes characterized by neuro-degradation of the
central nervous system [26].

Available data propose physical activity as a strategy to improve
metabolic as well mental health [10,27]. New insight into factors
modifying connection between physical effort and cognitive functions
was obtained by identifying proteins called exerkines and myokines
[28]. While there is no doubt that endurance training has a
health-promoting effect, data regarding the effectiveness of resistance
training programs are limited, especially including individual response.
Thus, we hypothesized that in women with diminished insulin sensi-
tivity, regular performed HICT with resistance of own body, will have
beneficial effect on cognitive functions, but the effect will be regulated
by shifts in myokines and exerkines concentration. Therefore, this study
aimed to assess, which proteins (BDNF, IL-6, irisin, FGF-21 or CATB) will
have the highest impact on obtained results.

2. Materials and methods
2.1. Subjects

Thirty-tree healthy, sedentary, adult females (age =39+13 years)
with diminished insulin sensitivity, calculated by a quantitative insulin
sensitivity check index (QUICKI = 0.359 + 0.04) [29,30], were enrolled
into the study. The recruitment was carried among office-working
women and the participants by local journal announcement and
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telephone contact. Before the experiment started, each participant was
medically examined. Subjects with any cardiovascular disease, diabetes
or other acute or chronic disease, and those who train regularly were
excluded from the study. The female participants were non-smokers and
did not take any medications. Throughout the experiment, it was rec-
ommended that participants not to change their daily diet and habits. All
participants were characterized by their age (30 years was the cut-off
point for the young/old-age group) and according to Heyward, by fair
level of relative maximal oxygen uptake (VOgmax 28-30
mLekg lemin~!, respectively for age) [31]. The participants were
divided randomly into two groups: the HICT group (n = 21) and the
control (CON) group (n = 12). Anthropometric data of participants are
shown in Table 1. In order to verify age-dependent response to the
training program, women from HICT group were divided into young (n
=11) and old (n = 10) group.

2.2. Ethics statement

This study was approved by the Bioethical Committee of the
Regional Medical Society in Gdansk KB-28/17 according to Declaration
of Helsinki. Before the study initiation, the participants received the
description of training program (verbal and short movie). Prior to
commencing the experiment, the subjects were informed about the
procedures, risks and benefits of the study. Eligible subjects were asked
to give their written inform consent to participate and underwent a
medical examination. The experiment was carried out as a part of clin-
ical trials registered ClinicalTrials.gov (identifier: NCT04375969).

2.3. Experimental design

Body composition, blood analysis, quality of life and daily activities
assessments were determined one week before the experiment started
and after five weeks of training. Additionally, blood samples were
collected a total of six time in the experiment: three times at the first
training session (before, 1 hour after, and 24 h after the first session) and
three times at the final training session (before, 1 h after, and 24 h after
the final training session). Additionally, cognitive functions were
assessed before and 1 hour after the first and last training sessions. On
experimental days all participants followed the same light-breakfast and
routine.

2.4. Training program

The HICT training program was based on a previous study [9] and
contained nine exercises chosen from the original HICT protocol [12].
Women from training group completed 15 HICT sessions during the
five-week period (three training sessions per week). Women from CON
group completed two HICT sessions (at the beginning and the end of the
experiment). One week before the experiment started, all participants

Table 1
Characteristic of participants.
HICT n =21 CONn=12
Before After 5 weeks Before After 5 weeks
X+SD cv X+SD cv X+SD cv X+SD cv
BM (kg) 69.5 + 13.6 20% 69.3 £ 13.5 19% 71.3 £13.5 19% 71.7 £ 13.8 19%
SMM (kg) 26.7 £ 3.5 13% 26.9 + 3.7 14% 26.0 +£3.3 13% 25.6 + 3.3 13%
BFM (kg) 21.2+9.9 47% 20.5 +£9.7 47% 24.1 £10.6 44% 249 +£10.1 41%
BMI (kgem ~ 2) 249 + 3.9 16% 24.7 £ 3.9 16% 26.5 + 4.9 18% 26.6 £ 5.1 19%
PBF (%) 29.2 + 8.9 30% 28.4 + 8.8 31% 32.7 £ 8.5 26% 337 +£8.1 24%
Glucose homeostasis indicators
Fasting glucose (mgodel) 94.4 +11.7 12% 91.0+7.1 8% 93.3 £ 12.6 14% 93.5 £ 11.5 12%
Fasting insulin (onmL’l) 7.7 £4.2 55% 7.7 £ 3.5 45% 8.0 + 4.0 50% 8.0 3.5 44%
QUICKI 0.362 + 0.05 14% 0.360 + 0.03 8% 0.356 + 0.03 8% 0.356 + 0.02 6%

Values are expressed as mean+ standard deviation (SD), CV-coefficient of variation, HICT-high-intensity circuit training group, CON- control group, BM- body mass,

SMM-skeletal muscle mass, BFM- body fat mass, BMI- Body Mass Index, PBF- percentage body fat, QUICKI- quantitative insulin sensitivity check index.
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were familiarized with the experiment design. Participants also received
a link to the online film with exercise instructions (whole single bout of
training procedure) with music and time feedback. Before beginning the
exercise protocol, research team and all participants had watched the
movie and discussed correct performance, pointing mistakes that can be
made. During each exercise session, participants were encouraged to
make as many repetitions as possible to achieve the highest intensity.
Each HICT training session consisted of three circuits with a two-minute
break in between. Following two weeks of training, additional series
were added. The data of participants with training attendance less than
80% were not included in the statistical analyzes.

2.5. Anthropometric and fitness level measurement

Body mass and body composition (fat expressed in kg and percent-
age, and skeletal muscle mass) were measured by a multi-frequency
impedance analyzer (In Body 720, Biospace, Korea) [32]. The body
mass index (BMI) was also calculated. The measurements were per-
formed twice, before and after the entire intervention, except the
cardiorespiratory fitness measurement. Level of relative maximal oxy-
gen uptake (VOzpmax) Was evaluated only at the beginning of the exper-
iment, using a graded cycle ergometry test. Maximal oxygen uptake was
measured (breath by breath) by an ergo spirometer (Cortex Metamax3B
R2, Leipzig, Germany) and analyzed using Metasoft Studio v. 5.1.0
Software [33].

2.6. Assessment of cognitive functions and quality of life

The battery of cognitive tests was the same as in previous published
study [11] and involved:

1) response inhibition based on the color-word interference tendency
(Stroop Interference Test — Stroop S8);

2) storage capacity of spatial short-term memory, learning in spatial
middle-aged memory (Corsi Block-Tapping-Test — CORSI S3), and
cognitive control, including selective attention;

3) the ability to concentrate was tested using the Grid exercise by Harris
(2 min Arithmetic Distraction Test).

The CORSI and Stroop tests were taken from the computerized bat-
tery Vienna Test System offered by SCHUHFRIED Company.

The quality of life was assessed using the Short Form Health Survey
(the SF-36) questionnaire. This questionnaire detects the amount of
change in participants’ general health and comprised of both physical
and mental aspects of health. The questionnaire comprises eight scored
subscales such as vitality, bodily pain, general health, physical func-
tioning, social functioning, physical role functioning, emotional role
functioning and mental health [34].

2.7. Blood samples

The blood samples were taken by a professional nurse into vacu-
tainer tubes with EDTAK3 (BD Vacutainer catalog no 368,860) for
plasma analysis, Vacutainer SST™ II Advance (catalog no 367,955) for
serum analysis and into the vacutainer tubes with sodium fluoride to
estimate glucose concentration (BD Vacutainer catalog no 368,920).
One of the samples was immediately transferred to centrifuge tubes with
aprotinin for irisin measurement. The blood was centrifuged (2000 x g at
4 °C) for 10 min to get plasma and serum. The received samples were
frozen at —80 °C till immunoenzymatically analysis.

To evaluate the concentration of serum irisin, the competitive
enzyme immunoassay kits from Phoenix Pharmaceuticals Inc. (catalog
no. EK 067-29) was used. Intra-assay coefficients of variability (CVs)
and inter-assay CVs reported by the manufacturer were <10% and
<15%, respectively.

The concentration of serum FGF-21, BDNF and IL-6 were assessed

Physiology & Behavior 229 (2021) 113235

using sandwich ELISA, according to manufacturers’ instructions (R&D
Systems, USA, catalog no. DF2100, DBDOO and HS600B, respectively).
The precision of intra-assay and inter-assay CV were as follows: 3.9%
and 10.9% for FGF-21; 6.2% and 11.3% for BDNF and 7.8% and 9.6% for
IL-6. The detection sensitivity was as follows: 8.69 pgemL ! for FGF-21;
20 pg mL! for BDNF and 0.11 pg mL™ for IL-6. The plasma CATB con-
centration was measured using Cathepsin B Human ELISA Kit (Abcam,
catalog no. ab119584). The sensitivity was <5 pg mL™.

In order to assess the glucose concentration, analyzer Cobas INTE-
GRA 400 Plus Roche was used. To assess insulin, the insulin- immuno-
assay kit from DiaMetra (catalog no. DKO076) with the intra-assay CV
<5% and the inter-assay CV <10% was used.

The quantitative insulin sensitivity check index QUICKI (QUICKI =
1/(log serum insulin pU mL™' + log fasting plasma glucose mgedL ™)
was estimated as insulin resistance assessment methods [29].

2.8. Genetic research

A total of 2 mL of venous whole blood was collected to special tubes
with EDTA as a coagulant. To eliminate erythrocytes, red blood cell
buffer (RBCL, AA Biotechnology, Gdynia, Poland) was used immediately
after the collection. Obtained leukocytes were lysed using fenozol (AA
Biotechnology, Gdynia, Poland). RNA isolation was carried out ac-
cording to the Chomczynski and Sacchi method [35]. The purity and
quality of RNA was marked using a spectrophotometer (Eppendorph,
Germany). Altogether 1000 ng of pure RNA (A260/A230 > 1.7) was
used for reverse transcription (Transcriptor First Strand cDNA Synthesis
Kit, Roche, Department Poland) with oligo dT primers, according to
manufacturer’s instruction. 10-fold diluted cDNA was used to qRT-PCR.
In order to assess the CCL2 and housekeeping gene expression, the
following primers were used:

For TUBB: F: CTA GAA CCT GGG ACC ATG GA

R: TGC AGG CAG TCA CAG CTC T

For CCL2: F: CAG CCA GAT GCA ATC AAT GCC

R: CTT GGC CAC AAT GGT CTT GAA

The reaction mixture contained: 2 L of diluted cDNA; 0.4 uL of each
primer; 5 pL polymerase (Fast Start Polymerase, Roche, Department
Poland); and 2.2 uL of water. Temperature-time profile was compatible
to the manufacturer’s instruction. The method was based on previously
published papers [36,37].

2.9. Statistical analysis

The efficacy of the applied training program and the direction of
causality between obtained results were interpreted using magnitude-
based decision (MBD) [38,39-40]. All data were log-transformed for
analysis to reduce the bias arising from the non-uniformity of errors and
after analysis were back-transformed to percent units. Threshold values
for assessing the magnitude of standardized effects were 0.20, 0.60, 1.2
and 2.0 for small, moderate, large and very large, respectively. The
uncertainty of each effect was expressed as 90% confidence limits and as
probabilities that the true value of the effect was beneficial, trivial or
harmful [41]. Effects were deemed clinically clear and were expressed as
the chance of the true effect being trivial, beneficial or harmful using the
following scale: 25-75%, possibly; 75-95%, likely; 95-99.5%, very
likely; >99.5%, most likely.

Statistical analysis of psychometrics from questionnaires was per-
formed using the Statistica 13.1 software (StatSoft, Tulsa, OK, USA).
Separate 2 (group: HICT, CON) x 3 (time: before, 1 h and 24 h after the
first and the last HICT session) repeated analyzes of variances (ANOVA
Friedman) with the Dunn-Bonferroni post-hoc method were applied.
Effect sizes (partial eta—squared,qg) were additionally calculated with

11520.01 indicating small, > 0.059 indicating medium and >0.138

indicating large effects [42].
In order to calculate the gene expression, the Schmitten's and Livak's
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method [43] was applied (Microsoft Excel 2016). Next, all data was
transformed to linear values (GraphPad Prism 6.0). The normality of all
data was analyzed with the Shapiro-Wilk normality test. The paired
t-test and ANOVA 2-way were calculated.

2.10. Classification of responders and non-responders

To evaluate participants in terms of their inter-individual variability
and responsiveness to the exercise the typical error measurement was
used. Women in the HICT and CON group were classified by their inter-
individual variability in the response and recognized as responders and
non-responders. A non-responder was defined as one who did not reveal
of any rise nor drop higher than two times the typical errors away from
zero. A change beyond two times the typical error means there is a high
probability that this response is a true physiological adaptation beyond
what might be expected to result from a technical and/or biological
variability [4,5].

3. Results
3.1. Anthropometric measurement and glucose homeostasis indicators

Anthropometric characteristics of both groups (HICT and CON) did
not reveal any significant differences between the exercising females
before and after the intervention (Table 1). Insulin resistance indicator
(QUICKI) did not express any significant changes between both groups
(24%, CL: —15% to 80%). The five-week HICT program caused a
decreasing tendency in the resting glucose concentration. This change
was noted only among exercising females —3% (+ 7%).

3.2. Cognitive function measurement

The applied training program consisting 15 HICT units caused a
significant improvement in cognitive functions (17%, CI: 7 to 43% and
—24%, CI: —51 to 17% in CORSI and Strop tests, respectively). However,
the whole intervention did not improve concentration (Table 2). After
five weeks of training, better resting results in an immediate block span
and the number of correct answers in the CORSI test were noted
(Table 2). Diversification by age indicated that the applied HICT pro-
gram induced better results in reading and naming interference in the
Stroop test among older females (—42%, CI: —67% to 1% and —17%, CI:
—53% to 49%, respectively). This effect was moderate and likely, and it
was recorded 1 h after the last HICT. The first single HICT improved
results significantly in the CORSI task among all women. The number of
better answers recorded 1 h after the exercise increased in both groups in
the CON group 7% (+ 23%) and in the HICT group 22% (+ 23%). The
last training session induced a significant amelioration in the HICT
group in their ability to concentrate (13%, CL: —4% to 39%), meanwhile
in the CON group these results were unchanged.

3.3. Quality of life measurement

The SF-36 questionnaire score calculations showed significant
changes in physical functioning of participants after five weeks. The
opposite significant result between the groups was noted in physical
functioning (p = 0.03, ;73:0.15); elevation in HICT group, whereas in
the CON group the decrease of this aspect was noted. No more signifi-
cant changes were recorded after 5 weeks of training in quality of life
measurements (Table 3).

3.4. Serum and plasma metabolic markers

3.4.1. FGF-21
Data obtained after five weeks of HICT indicated that the change of
baseline FGF-21 concentration was recorded in both groups (HICT: AX
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Table 2
Changes in cognitive functions in response to five weeks of the high-intensity
circuit training among exercising and control group.

Before After 5 weeks Adjusted
effect
X+SD 95% CI X+SD 95% CI mean,
90% CI
Concentration CON 15.50 12.18 17.80 15.28 —4, -14
+5.23 to + 3.89 to to 7%
18.82 20.22
HICT 16.90 14.40 18.00 15.59
+ 5.50 to + 5.05 to
19.41 20.31
CORSI 1 CON 5.00 + 451to 5.60+ 4.73 to 8, —7to
0.90 5.66 1.21 6.36 25%
(immediate HICT 5.70 + 5.26 to 6.10 + 5.60 to
block span) 1.00 6.17 1.20 6.69
CORSI 2 CON 9.10 + 7.10 to 9.80 + 7.57 to 17,7 to
3.10 11.06 3.34 12.06 43%"**
(correct HICT 9.90 + 8.58 to 12.00 10.77
answers) 3.00 11.32 + 270 to
13.23
STROOP 1 CON 0.15 + 0.00to  0.09 + 0 to 26, 28 to
0.24 0.31 0.13 0.18 46%
(reading HICT 0.07 £ 0.05 to 0.07 £ 0.06 to
interference) 0.04 0.08 0.04 0.09
©]
STROOP 2 CON 0.07 £ 0.04 to 0.10 £ 0.05 to —24, —51
0.04 0.10 0.08 0.15 to 17%"*
(naming HICT 0.05 £ 0.03 to 0.06 + 0.04 to
interference) 0.03 0.06 0.04 0.08

O]

HICT-high-intensity circuit training group, CON- control group.
90% CI, 90% confidence interval. Asterisks indicate effects clear at the 5% level
(90% CL) and likelihood that the true effect is substantial, as follows:

" possible,

" likely.Effects in bold are clear at the 0.5% level.

=20.75 pg-mL~land CON: AX = 77.90 pg-mL-1). Interestingly, among
participants in the HICT group, the 43.5% drop, as well the 157.3%
increase, were noted in FGF-21 concentration (Fig. 1A). What is more,
the amelioration of cognitive functions was more pronounced among
those participants who experienced a drop of FGF-21. This was observed
especially in adjusted changes of improvement of concentration 17%
(£27%) and number of better answers in the CORSI task 28% (4 36%),
respectively. Moreover, a significant change was observed in vitality
between women with elevated and decreased FGF-21 in response to the
HICT program (28%, CI: —7 to 75%), and this effect was small and
likely. Additionally, in the HICT group, a discrepancy between young
and old participants was observed (—53%, CI: —75% to 11%). It was
registered that in women over 30 years old (older participants) the FGF-
21 decreased, but increased in younger participants. Interestingly, ac-
cording to participants baseline insulin resistance, the FGF-21 concen-
tration was lower in participants with QUICKI (0.357 than those with
QUICKI )0.357 (170.68 + 77.36 pg mL‘and 226.94 + 110.06 pg-mL™?,
respectively). After five weeks of HICT, an 17% elevation (+172%) of
FGF-21 was observed only in women with impaired insulin sensitivity.
In participants with QUICKI > 0.357, a —19% decrease (+ 136%) was
noted.

The first HICT unit did not change the FGF-21 concentration in both
groups. Interestingly, 24 h after the first session, the significant decrease
in HICT as well in CON group (26%, CI: —7% to 72%) was recorded.

The last HICT unit deteriorated FGF-21 concentration 1 h after
training and the change between the groups was significant (Fig. 2A).
Decrease of this factor noted 1 h post last training was more pronounced
among the younger than older HICT participants (Fig. 2B). The drop of
FGF-21 recorded 24 h after last HICT was noted only among older
women —13 (& 96%).
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Table 3
The quality of life changes reported after 5 weeks in women from high-intensity
circuit training (HICT) and control (CON) groups."

Before After 5 weeks ANOVA p
)
X + SD 95% X+SD 95% Group x
CI CI Time
Interaction
Vitality CON 51.0 + 39.3 56.6 + 44.2 0.48 (0.02)
18.4 to 17.9 to
62.8 68.3
HICT 56.5 + 47.7 66.3 + 58.3
19.4 to 17.0 to
65.4 74.2
Bodily pain CON 56.9 + 45.2 63.9 + 51.2 0.16 (0.07)
18.7 to 18.9 to
68.8 76.6
HICT 70.0 + 60.6 69.9 + 61.0
20.1 to 19.0 to
79.4 78.7
General CON 59.9 + 52.2 68.2 + 54.6 0.19 (0.01)
health 12.1 to 20.2 to
67.6 81.7
HICT 746+ 68.7 80.4 74.8
12.9 to +11.9 to
80.5 86.0
Physical CON 94.6 + 92.1 93.2 + 88.9 0.03 (0.15)
functioning 4.0 to 6.4 to
97.1 97.5
HICT 94.8 + 92.0 97.4 + 95.3
6.0 to 4.4* to
97.5 99.4
Social CON 59.4 + 44.2 70.0 + 55.3 0.11 (0.09)
functioning 23.9 to 21.9 to
74.6 84.7
HICT 887 + 82.5 88.1 + 79.1
13.6 to 19.2 to
94.9 97.1
Physical role CON 75.3 + 69.6 77.0 + 69.0 0.19 (0.02)
functioning 9.0 to 11.9 to
80.9 85.1
HICT 83.6 + 79.5 86.2 + 82.1
9.1 to 8.8 to
87.7 90.3
Emotional CON 57 + 46.1 64.9 + 54.6 0.26 (0.01)
role 17.2 to 15.4 to
functioning 67.9 75.3
HICT 72.7 £ 67.9 76.4 + 69.7
10.9 to 14.4 to
77.7 83.2
Mental health CON 53.7 + 40.5 65.9 + 56.4 0.16 (0.08)
21.0 to 14.1 to
67.0 75.4
HICT 70.9 + 65.5 74.0 + 67.0
12.0 to 15.0 to
76.4 81.0

Values are presented as mean + SD; 95% CI - confidential interval, CON —
control group, HICT - high-intensity circuit training;.

" significant differences from before measurement, p < 0.05. Eta squared ef-
fects (n‘f)for interaction are presented in brackets.

3.4.2. BDNF

The resting BDNF concentration did not change in response to the
complete training program. In participants in the HICT group, the
elevation of this factor was observed regardless of FGF-21 changes
(Fig. 1B). The first unit of HICT did not induce any significant changes in
BDNF concentration, whereas the last HICT unit increased BDNF con-
centration 1 h after session (Table 4) and its elevated concentration was
maintained also 24 h after the exercise. Similar shifts were registered in
both groups 24 h after last HICT: 12% (+ 135%) in the HICT group and
21% (& 70%) in the CON group and were significant. Still, the range of
changes was age-independent.
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3.4.3. Irisin

There were no significant differences in the baseline values of irisin
before and after five weeks (Table 4). The 15 units of HICT training
caused changes only relevant to the age of the participants. In young
participants in the HICT group, adjusted change indicated on reduction
—10% (£62%), meanwhile in the old participant the same effect
revealed an increase 21% (+100%). This effect was small and possible.
This change was not registered in participants in the CON group. At the
same time, in women, who finished the applied training program with
an increment of FGF-21, the elevation 12.55% (4+12.55%) of irisin was
observed. The opposite tendency, occurred in participants with
decreased FGF-21 concentrations (Fig. 1C). In the HICT group, a slight
drop of irisin was noted 1 h after the last training session (Table 4) and it
maintained until 24 h —26 (£71%). Although the drop was not signif-
icant, an opposite correlation between irisin and CORSI task results was
recorded (r = —0.45, p = 0.03).

3.4.4. IL-6

According to our expectation, the first session of HICT induced a
significant rise of IL-6 in CON 47% (£62%) and in HICT group 20%
(+£42%), respectively. The effect of change was small and possible. Still,
this change was not significant after 24 h. The whole training program
did not alter the resting IL-6 concentrations (Table 4). Additionally, in
the same table, the effect of last session of training is presented. In
regularly trained group, the 20% elevation of IL-6 was noted, whereas
among female CON group, the 17% drop was registered.

3.4.5. CATB

The average baseline plasma mean value of CATB in all participants
was 31.08 + 12.40 ng-mL~'. After applied training program CATB
concentration was slightly elevated 11% (+20%) in HICT group, and 4%
(£22%) in CON, still this change was not significant. The age-
diversification of training participants showed that the increase was
observed both in young 5% (£24%) and in older 10% (+18%) women.
The significant correlation between baseline values CATB and irisin was
noted after 15 training units (r = 0.55, p = 0.01) in exercising women.
Among participants from HICT group, who experienced the increase of
FGF-21, the CATB elevated 20.9%, whereas among them with the drop
of FGF-21, CATB declined —3.2% (Fig. 1D).

3.5. Responders and non-responders

Fig. 3 shows the inter-individual variability in cytokines and cogni-
tive function, and the percentage of responsiveness to apply the five-
week HICT training program of exercising women. Cognitive function
had a better positive response than circulating proteins.

3.6. CCL2 gene expression

Before the intervention the expression of CCL2 mRNA was compa-
rable in both groups (p = 0.5) (Fig. 4A). After applied training program
the tendency to decrease in CCL2 mRNA was observed only in HICT
group (resting values at baseline vs post p = 0.24; 1 h post first vs 1 h
post last session of HICT p = 0.24; and 24 h post first and last HICT unit p
= 0.35) (Fig. 4B). Still data was not significant.

4. Discussion

The obtained results revealed that the applied five-week resistance
training program significantly improved the cognitive functions and
quality of life in the exercising women. Moreover, this study showed that
the effect size of information processing and attention depended on the
percentage of responsiveness to the applied HICT program. This is the
first study to assess an individual approach and the rate of individual
response of cognitive functions in response to the specific training pro-
gram using the load of own body. Different types of regular interval
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Fig. 1. The individual values registered before and after five weeks of HICT among women from control (CON) and high-intensity circuit training (HICT) group.
HICT participants were divided into those who experienced the increase and drop of FGF-21. (A) Fibroblast-growth factor 21 (FGF-21) (B) Brain-derived neurotrophic
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Fig. 2. Changes of the fibroblast growth factor-21 concentration in response to High- Intensity Circuit Training. (A) the effect of single training in women from HICT
and control group (CON) (B) the effect of single training in women different age from HICT group: ** Asterisks indicate effects clear at the 5% level (90% CL) and

likelihood that the true effect is substantial or trivial ** likely.

training are known as non-drug strategies to inhibit disease progression
connected to glucose metabolism impairment [8] or brain dysfunction
[44,45]. However, the impact of resistance training and muscle activity
on brain function remains unclear. There are still doubts whether this
type of training could affect cognitive functions. In order to define if
regular HICT might affect executive functions, such as information
processing speed, learning, short-term memory processes and concen-
tration ability among healthy participants, we used particular tests [11]
. Previous studies have shown that acute exercise had a positive impact
on cognition and information processing [46,47]. However, significant
changes in the Stroop test were only noted in adolescents in response to
high intensity intermittent sprint exercise (ten sessions of 10 s sprints
with 50 s break between each sprint) [48]. Among our exercising adult
women, the correct answers have increased together with the reduced
time needed to achieve them [49,50], what is expressed in drop of

STROOP 2 results. At the same time, the amelioration of cognition was
accompanied by FGF-21 shifts. Interestingly, the improvement of
cognitive functions and vitality, were more pronounced among exer-
cised participants who have experienced a drop of FGF-21. FGF-21 is
primarily expressed and produced by the liver, however, its expression is
also induced in skeletal muscle during exercise [51]. As we mentioned
before, it is known that FGF-21 can easily cross the blood-brain barrier
[24] and correlates with reduced dopamine neurotransmission within
the nucleus accumbens [16]. He and co-workers showed that in men,
resistance training induced more significant changes in FGF-21 than a
high-intensity interval training [4]. Cuevas-Ramos et al. reported that in
healthy, young women, an increase in FGF-21 was noted after two weeks
of five times a week supervised daily physical activity. Additionally, the
same author contended that serum FGF-21 concentration positively
correlated with age [52]. In our study, FGF-21 baseline values recorded
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Table 4
The concentration of proteins induced by 5 weeks HICT program and single session.
Baseline values before and after 15 units of HICT The effect of last unit of HICT recorded 1 h after
Group  Baseline Adjusted change Adjusted effect Group  Before HICT Adjusted change Adjusted effect
Mean CI Mean CI
BDNF CON 10.7 + 9.2 15 + 212% 19% 40 to CON 15.5 + 9.6 28 + 91% 48%** 4 to 128%
(ng-mL™") 136%
HICT 15.2 + 9.7 37 + 139% HICT 17.4 + 10.5 6 + 114%
Irisin CON 12.1 + 16.3 8 + 61% —4% —30 to CON 13.8 + 21.5 4 + 47% —26% —42to —4%
(pg-mL™") 32%
HICT 6.8 + 7.3 3 + 74% HICT 10.9 + 20.6 —-23 + 49%
IL-6 (pg-mLfl) CON 1.3 + 0.6 6 + 40% —3% —26 to CON 1.5 + 0.5 -17 + 248% 45% —29to
27% 193%
HICT 2.1 + 1.4 3 + 63% HICT 2.1 + 1.9 20 + 43%

HICT-high- intensity circuit training, group, CON- control group, BDNF-brain-derived neurotrophic factor, IL-6- interleukin-6. Asterisks indicate effects clear at the 5%
level (90% CL) and likelihood that the true effect is substantial or trivial as follow as
likely. Effects in bold are clear at the 0.5% level (99% CL).
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Fig. 3. Percentage of responsiveness to HICT in participants from high-intensity circuit training (HICT) and control (CON) group: positive change greater than the
smallest worthwhile change was calculated as responsiveness (for each indicator, based on measurement of twice the typical error -expressed as a percentage). Asterisks indicate
the significant change observed in response to training in HICT group. Corsi 1- immediate block span; Corsi 2- correct answers; Stroop 1- reading interference; Stroop 2- naming
interference; FGF-21- fibroblast growth factor 21; BDNF-brain-derived neurotrophic factor; IL-6- interleukin-6; CATB- cathepsin B.
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Fig. 4. Changes in CCL2 mRNA before (A) and after (B) 15 units of High Intensity Circuit Training: dark bars — before training unit, gray bars — 1 h after training,
white bars — 24 h after training, HICT- high- intensity circuit training group, CON- control group.

after five weeks of HICT were different between older and younger
participants. Interestingly, in response to an applied training program,
the FGF-21 concentration of participants above 30 years old reduced
significantly, opposite to that of younger women. The lack of changes in
FGF-21 concentration recorded 24 h post exercise could be related to its
short half-life in blood [53]. We wanted to find out which factor
contributed the most differentiation in response to the training
expressed in FGF-21 changes. The analysis showed that, particularly in
women with an elevated visceral fat area, elevated glucose level and low
physical performance, a drop in FGF21 was noted. Still, none of these
factors exhibited statistically significant correlation. Our participants
with insulin resistance had exhibited a lower concentration of FGF-21 at
baseline, and the later-recorded increase of this growth factor was
smaller in comparison to women without this syndrome.

In order to find a link between changes in mental health, cognitive
functions, and muscle activity, the concentrations of BDNF, CATB and
irisin were measured. It is known that CATB can cross the blood-brain
barrier [54] and modulate BDNF synthesis [16,55], but there is a
limited data regarding irisin. In this study, the increment of CATB was
observed after five weeks of HICT- a shorter time than the four months
of treadmill running applied previously in healthy young adults [54].
Moreover, to the best of our knowledge, this is the first study to assess
CATB shifts and verify its impact on cognitive functions in response to
resistance training. Interestingly, in the HICT group, among women who
was characterized by decrement of FGF-21 after five weeks, a drop in
CATB was noted in contrast to those who experienced an increase of
FGF-21. This drop was accompanied by the improvement of cognitive
functions. It is worth adding that a significant positive correlation be-
tween CATB and irisin among women after 15 HICT units was observed.
A previous study considered FNDC5, as a precursor of irisin, in the
formation of dendrites [56] that suppresses neurodegenerative diseases
by increasing the BDNF mRNA level in the hippocampus. It also pro-
motes the expression of the BDNF gene in the cerebral cortex [14]. This
study results indicate that a single HICT session led to increased circu-
lating concentrations of BDNF in all women. In contrast, a previous
study showed that in men immediately after a single bout of
high-intensity training, a decrease of BDNF was noted [57]. As recently
reviewed by Dinoff et al., BDNF response to a single training can be
different between sexes [58], however, the authors assumed that the
increment in BDNF was observed mostly in male participants. This study
showed that an elevation of BDNF was also significant in women.

Regular aerobic exercise is also known to correlate with reduced
anxiety and increased levels of irisin in the brain of rats [55]. In this
study, we noted a drop of serum irisin in parallel with a significant
correlation between the irisin and results of the Corsi Block Tapping
Test. We could not rule out that uptake of irisin had taken place trig-
gering an improvement of participants’ attention. Recently, Li et al.
revealed that irisin protects against neuronal injury via activation of the

Akt and ERK1/2 signaling pathways, which contributes to the neuro-
protection of physical exercise [59]. Moreover, an integrin aV/p5 was
identified as a receptor for irisin however, its presence was only noted in
the osteocytes [60]. Owing the fact that positively associated to the irisin
in obese people [61], its concentration in response to applied procedures
was assessed.

Inseparably, exercise has an impact on inflammation and can
modulate neuroinflammation throughout pro-inflammatory cytokines
and its genes expression, such as IL-6 or CCL2 mRNA [62]. In this study,
an increase of IL-6 in response to a single HICT unit was noted in
agreement with the previous published data. Recently, it was reported
that in middle-aged people, IL-6 is significantly associated with
depression and anxiety symptoms, still the role of IL-6 pathogenesis in
such dysfunctions is not clear [63]. There is no correlation between IL-6
and the mental health aspects assessed observed in this study.

In order to evaluate how the applied procedure affects induction of
macrophages, changes in CCL2 gene expression was assessed. It was
reported that protein and RNA levels correlate with neuronal, especially
cognitive function. An animal-based study demonstrated that the
astrocyte expression of CCL2 can influence the synaptic function within
the hippocampus, which plays a very important role in cognitive func-
tions [64]. Xu et al. suggested that CCL2 released by astrocytes has an
impact on cognitive dysfunctions and brain inflammation [65]. This
study’s results demonstrated a clear tendency of CCL2 expression to
decrease in the leukocytes after 15 units of HICT. It is possible that a
lower mRNA level of this cytokine could be associated with improved
cognitive functions. Still, those changes were statistically insignificant.
Thus, more research is needed to investigate if obtained results of CCL2
expression are consist or temporary.

Still, some limitations of the study should be mentioned. One of them
is the small sample size of subjects especially when individual response
was evaluated. Thus, in the future investigations it is need to expand the
number of responders. Moreover, further limitation is unbalanced par-
ticipants distribution among groups as well as the wide range of age in
both study groups. It is necessary for future investigations to increase the
number of participants to support obtained results. At the same time, it is
worth mentioning that although we had not performed any depression
questionnaire, the subjective mood assessment among the exercising
women indicted a significant improvement to their well-being. Addi-
tionally, the SF-36 questionnaire revealed a significant improvement in
physical functioning only among exercising participants. Thus, this
observation proved a beneficial impact of the HICT program on both
metabolic and mental aspects of health.

5. Conclusion

Overall, the obtained results revealed that a simple procedure of
resistance training, which can be performed anywhere especially
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considering home conditions, had induced an improvement in cognition
and quality of life among females exhibiting impaired insulin sensitivity.
This improvement was supported by changes in FGF-21 concentration,
especially by its drop. Given the growing number of insulin resistance
and depression cases in modern society, it can be considered as a simple
treatment. The proposed training program could be universally prac-
ticed, requiring no access to a gym or specialized equipment. Due to the
COVID-19 pandemic it is particularly important that proposed home-
based exercise can be a simple strategy not only for metabolic
dysfunction but also for brain health.
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into EXP (n = 29) that completed 12 weeks of the moderate-intensity aerobic training
program and CTRL (n = 29), performing no activity. Blood samples were taken before
and after the first (T1-pre and T1-post, respectively) and last (T2-pre and T2-post,
respectively) exercise unit. Infammasome activation status was assessed by whole
blood NLRP3 and TLR4 expression by RT-gPCR. Serum levels of IL-18, IL-6, TNFa,
and IL-18 cytokines were assayed by multiplex fluorescent beads-based immunoassays
or ELISA. NLRP3 and TLR4 levels were reduced 2 folds between T1-pre and T2-
pre and induced at T2-post, compared to T2-pre, by 2.6- and 2.9-fold, respectively.
A single exercise bout elicited a 1. 38-, 1. 5-, and 1.36-fold rise of IL-18, TNFa, and
IL-6 concentration, respectively, although not significant, at the beginning of the training
(T1-pre vs. T1-post), a 1.4-fold decrease for IL-1p and TNFa at the end of the training
(T1-pre vs. T2-pre), and a 2-, 1.8- and 1.26-fold increase after the last exercise session
(T2-pre vs. T2-post) for the three cytokines. When stratifying the population based on
BMI in normal weight (NW) and overweight (OW), NLRP3 and TLR4 expression was
affected only in NW. As for inflammatory cytokines, IL-1p was modulated in NW at
the beginning of the training, whereas in OW at the end of the training; for TNFa, this
time-dependent modulation was significant only in OW. Applied aerobic training affected
the resting expression of inflammasome constituents (NLRP3 and TLR4) and levels of
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downstream effectors (IL-18, TNFa, and IL-6). However, at the end of the program,
participants acquire an acute inflammatory response to exercise that was absent at
baseline. Future studies would have to define the molecular mechanisms associated
with, and how to potentiate, the exercise-associated inflammatory response.

Keywords: aging, NLRP3 inflammasome, pro-inflammatory cytokines, physical activity, aerobic exercise

INTRODUCTION

Aging is associated with several biological changes that
profoundly affect cell and tissue functions and hesitates in
the increased risk of developing diseases, frailty, injuries,
disability, hospitalization, and, consequently, mortality. Among
the plethora of altered functions, aging associates with a
persistent state of chronic low-grade inflammation (LGI),
also referred to as inflammaging (Franceschi et al, 2000).
LGI is, in turn, associated with onset and development of
most diseases including metabolic dysfunctions (e.g., obesity,
impaired glucose tolerance, metabolic syndrome, and type 2
diabetes), muscle-skeletal failure (e.g., osteopenia, osteoporosis,
and sarcopenia), cancers, neurodegenerative diseases, and aging
itself (Franceschi et al., 2007).

Inflammation is a complex homeostatic response to harmful
stimuli that protects the organism and promotes tissue repair
and regeneration after injury, by orchestrating the innate
immune response (Franceschi et al., 2007). The innate immune
response is primed by the activation of pattern-recognition
receptors (PRRs), as the Toll-like receptors (TLRs), C-type
lectin receptors (CLRs), retinoic acid-inducible gene (RIG)-
I-like receptors (RLRs), and NOD-like receptors (NLRs), by
pathogen-associated molecular patterns (PAMPs). Injured cells
can also activate the innate inflammatory response through
the release of endogenous damage-associated molecular patterns
(DAMPs), in the absence of pathogens (Gomarasca et al,
2020). During aging, alterations in T cell function, immune-
senescence, extracellular matrix alterations, unfavorable changes
in body composition (increased fat mass), and foci of chronic
infections feed the presence of DAMPs and PAMPs into the
circulation and keep the inflammatory response chronically
activated (Franceschi et al., 2007; Mejias et al., 2018). This
condition, known exactly as the LGI, is characterized by slightly
and chronically increased plasma levels of pro-inflammatory
cytokines, such as interleukin (IL)-6, IL-1p, tumor necrosis factor
(TNF)a, and C-reactive protein (CRP). This pro-inflammatory
state is caused by the activation of TLRs, upon PAMPs
and DAMPs recognition, and the downstream signaling that
culminates in the activation of NF-kB and MAPK pathways
that promotes the expression of pro-inflammatory cytokines
(Kawasaki and Kawai, 2014).

A key modulator of age-related systemic LGI is the NLR
family pyrin domain containing 3 (NLRP3) inflammasome.
Inflammasomes are multimeric protein complexes that assemble
in the cytosol after sensing both PAMPs and DAMPs.
Inflammasomes are involved in the activation of caspase-1
that in turn processes the pro-inflammatory cytokines IL-
18 and IL-18 into their bioactive mature forms. The NLRP3

inflammasome needs to be primed by the activation of the
TLR4 that, throughout NF-kB signaling, leads to the increased
expression of the NLRP3 protein (Guo et al, 2015). Among
others, aging is associated with elevation of intracellular and
extracellular levels of uric acid, reactive oxygen species (ROS),
free fatty acids (fFAs), ceramides, free cholesterol, oxidized low-
density lipoproteins (LDL), advanced glycation end products,
as well as with the alteration of the microbial community
and the consequent increase in the level of microbial-derived
constituents in blood. All these age-associated danger signals,
contribute to the activation of the NLRP3 inflammasome
and the subsequent triggering of the so-called age-related
inflammation (or inflammaging) (Gritsenko et al., 2020). Thus,
the NLRP3 inflammasome is a major sensor of age-related
accumulation of DAMPs, in absence of apparent infection
(Youm et al., 2013).

Powerful and effective regulators of chronic LGI are physical
exercise and training. Both aerobic and resistance chronic
exercises exert beneficial effects on the modulation of the
inflammatory response (Gerosa-Neto et al., 2020; Padilha et al.,
2021), reduction of chronic LGI in the elderly population
(Dalle et al., 2017; Duggal et al, 2019), as well as, on the
improvement of the metabolic profile (Lira et al, 2017; Da
Silva et al, 2020). Exercise, which is defined as a planned,
structured, and repeated physical activity (PA), can reduce
not only the baseline inflammatory status of chronic LGI but
also the acute inflammatory response against harmful stimuli
(Beyer et al., 2012). However, only a few studies investigated
the effects of PA on inflammasome activation and none has
focused on Nordic walking. A resistance training (RT) program
in healthy elderly reduced the protein expression of TLR4
and its downstream signaling effectors, leading to an overall
improvement of the inflammatory status (Rodriguez-Miguelez
et al., 2014). Similarly, another study related to RT intervention
in elderly demonstrated the downregulation of NLRP3 protein
and a decreased caspase-1-to-pro-caspase-1 ratio in peripheral
blood mononuclear cells (PBMCs), highlighting the possible
beneficial effect of RT in limiting the inflammatory reactivity
(Mejias-Pena et al,, 2017). A recent study has demonstrated
that also moderate-intensity chronic aerobic exercise may reduce
TLR4 and NLRP3 mRNA expression in PBMCs and circulating
levels of IL-1f and IL-18 in young males (Khakroo Abkenar
et al, 2019). Moreover, it was revealed that 12 weeks of
moderate-intensity aerobic training combined with RT brought
cardiometabolic benefits in adults with metabolic syndrome
(Da Silva et al., 2020). Previously published papers indicated
that Nordic walking training induces a reduction in circulating
levels of the autophagy protein high mobility group box 1
(HMGB1) in elderly women and an increase the myokine
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irisin (Gmiat et al., 2017). Thereby, moderate-intensity aerobic
training, as Nordic walking, seems to positively affect the
inflammatory status and it happens mainly throughout the
modulation of the innate immunity function (Padilha et al,
2021), whose activation mainly relay on TLR4 signaling and
the consequent inflammasome activation, especially in the
elderly subjects that experience an age-associated deregulation
of the TLR4-associated inflammatory pathways (Kawasaki and
Kawai, 2014; Mejias et al., 2018). Nordic walking, also known
as “Scandinavian walking with poles,” is a popular outdoor
activity based on specially designed poles for the purpose
of activating the upper body during walking. It combines
and stimulates skiing, sport walking, and trekking skills: by
activating the upper body muscles, the use of poles may
increase the length of each step, finally resulting in a faster gait
and improved metabolism. Elderly are the most enthusiastic
performers maybe because of its open-air, nature friendly,
and social behaviors but also because perceived exertion and
joint overload are limited thanks to the use of poles, despite
the higher heart rate and oxygen consumption compared
to a standard walk (Skorkowska-Telichowska et al., 2016).
Interestingly, although the moderate intensity, Nordic walking
is emerging as a powerful and effective strategy to counteract
frailty and, particularly, metabolic- (Muollo et al., 2019) and
mobility-associated aspects of frailty, as increased risk of
fracture and skeletal muscle wasting (Ossowski et al., 2016; Xu
et al, 2016). Within this context, this study aims to unravel
the effect of a 12-week Nordic walking moderate aerobic
training program on the expression of the main components of
inflammasome complex (TLR4 and NLRP3) in whole blood and
the downstream cytokine effectors (IL-1p, IL-18, TNFa, and IL-6)
in elderly women.

MATERIALS AND METHODS
Study Design

In this intervention case-control study, 70 elderly women
(age = 68 * 8 years old), with a sedentary behavior [according
to the American College of Sports Medicine guidelines
(ACSM, 2010)] were recruited among church communities,
senior citizens’ clubs, and universities of the third age.
Participants were randomly assigned to the experimental (EXP,
n = 35) group, engaged in a 12-week Nordic walking training
program, and control (CTRL, n = 35) group, not involved
in any activity. Recruitment and testing of EXP and CTRL
subjects took place at the same period. At enrolment, all
subjects underwent a medical examination and were asked
to provide information regarding prescribed medications.
Exclusion criteria were: uncontrolled hypertension (diastolic
blood pressure > 100 mmHg), history of cardiac arrhythmia,
cardio-respiratory disorders, and orthopedic problems. Body
composition and 2,000 m walking test were determined 1 week
prior to the start of the experiment and after 12 weeks of training.
Participants belonging to the EXP group were familiarized with
the right technique for walking with Nordic walking poles. All
subjects were characterized for weight, BMI, and hematological

and biochemical markers (as reported in the subsection “Blood
Collection and Sample Preparation”).

From the original cohorts, six subjects who either did not
attend one blood sampling or did not meet the compliance
criteria to training (i.e., <90% participation), were excluded. By
the end, 29 subjects were included in the EXP group and 29
in the CTRL group. In order to verify the existence of a BMI-
dependent response to the training program, participants were
sub-grouped in normal weight (NW; EXP, n = 14; CTRL, n = 12),
with BMI < 25 kg/m~2, and overweight/obese (OW; EXP, n = 15;
CTRL, n = 17), with BMI > 25 kg/m~2.

The population was not stratified according to Vitamin D
intake, since many participants used to take this supplement as a
general recommendation from the Ministry of Health for seniors
in Poland. The levels of Vitamin D were measured to be in the
range of 32-55 ng/mL for the whole population.

The study received the official approval of the Bioethical
Committee of the Regional Medical Society in Gdansk
(KB-34/18) and was registered as clinical trial with the
ID: NCTO03417700, in accordance with the Declaration of
Helsinki. All participants were given detailed information about
experiment, procedures, risks, and benefits of the study and gave
their written consent to participation.

Training Protocol

Participants from EXP group met three times a week (Monday,
Wednesday, and Friday), 1 h after eating a light breakfast.
In order to avoid the impact of different diets on training
response, all the participants were given the same breakfast on
the day the tests were collected and were asked not to change
their eating habits during the training period. CTRL subjects
were also asked to maintain unaltered their lifestyle habits and
to keep their PA level below 150 min/week (ACSM, 2010).
Both groups were instructed not to perform any additional
physical activity during the study period. Each training session
lasted 1 h, and consisted of 10-min warm-up, 40-min specific
Nordic walking training, and 10-min cool-down. Subjects
were equipped with standard Nordic walking poles. The same
group of research assistants and coaches checked attendance
of participants, supervised all training sessions, and performed
the tests. Nordic walking training was performed with 60-70%
intensity of the maximal heart rate (HR) obtained during the
supervised 2000 m walking test. This test was performed on
a flat floor, according to the previously described procedure
(Mieszkowski et al.,, 2018). This test, as well as each training
unit, was monitored using Garmin Forerunner 405 with a built-
in GPS in order to record distance. The model of Garmin
Forerunner 405 was equipped with additional HR sensor. The
participants were encouraged to maintain the highest possible
pace during the 2,000 m walking test to achieve the highest
intensity, but they were not allowed to run. Time was measured
using photoelectric cells (Racetime 2 SF, Microgate, Bolzano,
Italy) with an accuracy of 0.001 s. The start of the movement
was signaled by the instructor. The information about 60-
70% HR max intensity achieved during every training session
was monitored for each participant individually by coach. To
evaluate the maximal oxygen capacity a mathematic formula
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was applied: VO, max = 116.2-2.98 Time-0.11HR-0.14Age-
0.39BMI (Laukkanen et al., 2000; Kortas et al., 2015). The
EXP group completed 12 weeks of Nordic walking training,
which included 36 training units. During the entire training
program, participants in the EXP group covered a total distance
of almost 120 km. Only subjects, who attended at least 90%
of the total amount of training units, were considered as
completing the protocol.

Blood Collection and Sample

Preparation

Blood samples were taken from the antecubital vein by two
professional nurses. For the EXP group, blood samples were
collected at baseline, before and after the first session of
Nordic walking (T1-pre and T1-post, respectively), immediately
before the last exercise session, after 12 weeks of training (T2-
pre), and immediately after the last training session (T2-post).
Post-exercise blood drawings were performed within 15 min
from the end of the exercise session. For the CTRL group,
blood was sampled only at T1 and T2, corresponding to
the T1-pre and T2-pre, respectively, of the EXP cohort. The
blood was collected at rest, under fasting condition, between
7:00 and 8:00 a.m. Ethylendiaminotetraacetate dipotassium salt
(K2EDTA)-anticoagulated blood (K2EDTA Vacutainer®, Becton
Dickinson, and Co., Franklin Lakes, NJ, United States) was
used for hematological characterizations and RNA extraction.
The hematological assessment was performed only at T1-pre
and T2-pre for the EXP group and at both T1 and T2 for the
CTRL group, and included: hemoglobin [Hb], hematocrit (Ht%),
red blood cells (RBC), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
content (MCHC), red cells distribution width - coefficient of
variation (RDW-CV), platelets count (PIt), mean platelet volume
(MPV), total white blood cell count (WBC), absolute and relative
counts of neutrophils (Neu), lymphocytes (Ly), monocytes (Mo),
eosinophils (Eo), and basophils (Ba). Serum was obtained
from blood collected into SST II Advance™ tubes with clot
activator (Becton Dickinson, and Co.) and was used for the
characterization of the metabolic [total cholesterol (TChol), high-
density lipoproteins (HDL), low-density lipoproteins (LDL),
triglycerides (TG), iron, and ferritin] and inflammatory (as
described below) profiles, measured only at T1-pre and T2-
pre for the EXP group and at both T1 and T2 for the CTRL
group. Samples were centrifuged at 2,000 x g, for 10 min, at
4°C and stored at —80°C until later analysis. Guidelines for the
correct management of the pre-analytical phase were strikingly
followed (Banfi et al., 2010; Dugue et al., 2018; Faraldi et al,
2020). Since [Hb], Ht%, RBC, MCV, MCH, MCHC, RDW-
CV, PIt, and MPV remained stable during the observation and
did not differ among any of the groups, and are, however,
mostly irrelevant to the aim of the current study, they were not
further discussed.

Further, 25-hydroxy vitamin D [25-(OH)D], the most reliable
marker of vitamin D status (Ferrari et al., 2017), was measured
by high-performance liquid chromatography (HPLC) coupled
with mass spectrometry (MS) on a Shimadzu LCMS 8050 HPLC

system Nexera X2 column with Agilent Eclipse Plus C18 1.8 pm
2.1 x 100 mm columns, according to Gmiat et al. (2017).
The measurement was performed at baseline in order to verify
that all participants were in a state of sufficiency. Importantly,
according to Polish guidelines for seniors, all participants used
to be supplemented with vitamin D.

RNA Extraction

Total RNA was extracted from whole blood using the Direct-Zol
miniprep Kits (Zymo Research Co., Orange, CA, United States),
following manufacturer instructions. Briefly, three volumes of
TRI Reagent® were added to 250 wl of whole blood. After
mixing thoroughly and centrifuging at 12,000 x g for 30 s at
RT, the supernatant was transferred into RNase-free tubes for
the subsequent RNA purification. After adding an equal volume
of ethanol 95% and mixing, the sample was transferred into the
Zymo-Spin™ IC Column and centrifuged at 12,000 x g, for
30 s, at RT. Thereafter, the sample was digested with DNase I
(6 U/ul) for 15 min at RT. The columns were further washed
and the RNA was eluted in 15 pl of DNase/RNase-Free Water
by centrifugation at 12,000 x g for 30 sat RT. RNA concentration
was quantified using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, United States). RNA purity
and integrity were assessed by considering the 260/280 nm
and 260/230 nm absorbance ratios, visualized at NanoDrop
spectrophotometer and through 1% agarose gel electrophoresis.

Gene Expression Analysis in
Whole-Blood

Total RNA was reverse transcribed using the iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
United States). RT-qPCR was carried out on a StepOne
Plus instrument (Applied Biosystems, Foster City, CA,
United States), using TagMan™ Gene Expression Master
Mix and premade 6-Carboxyfluorescein (FAM)-labeled TagMan
assay for TLR4 (Hs00152939_m1), NLRP3 (Hs00918082_m1),
PPIB (Hs00168719_m1), PGKI (Hs99999906_m1l), ACTB
(Hs99999903_m1) (Thermo Fisher Scientific). The thermal
protocol was as follows: 50°C for 2 min, 95°C for 10 min,
followed by 40 amplification cycles at 95°C for 15 s and 60°C for
60 s. Results, reported as quantification cycle (Cq) values, were
analyzed by the GenEx software ver. 6 (Exiqon A/S, Vedbaek,
Denmark). The relative expression of each gene was calculated
by the 2724€4 method, using PPIB and PGKI as reference
genes. Analysis of target genes was performed on the overall
included subjects and on subjects stratified for BMI. Results
on gene expression are reported as median (minimum value
to maximum value).

Selection of Reference Genes

PPIB, PGK1, and ACTB were assayed as reference genes.
Expression level analysis was performed comparing normalized
expression levels calculated as follows:

ACq = Cq rg — geomean rg (1)

Cq rg: quantification cycle of a reference gene in a sample.
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geomean rg: geometrical mean of the Cq of PPIB, PGKI, and
ACTB of all samples.

The heatmap analysis was performed using the tool provided
by GenEx software (Exiqon). An in-depth analysis of the
normalization strategies was performed as previously described
(Faraldi et al., 2019). Expression stability of PPIB, PGK1, and
ACTB, was analyzed using the NormFinder (Andersen et al,
2004) and GeNorm (Vandesompele et al., 2002) algorithms
provided by the GenEx software.

Cytokines Analysis

The pro-inflammatory cytokines IL-1p, IL-6, and TNFa were
quantified in serum with a multiplex customized Human High
Sensitivity Cytokine B Premixed Mag Luminex Performance
Assay (R&D Systems, Minneapolis, MN, United States). Samples
were analyzed in duplicates and read on a MAGPIX® Multiplex
System (Luminex® Co., Austin, TX, United States). The assay
sensitivities were 0.146 pg/mL for IL-1f, 0.135 pg/mL for IL-
6, and 0.250 pg/mL for TNFa. Values under the last point of
the standard curve, but above the blank and the minimum
detectable dose (0.03 pg/mL for IL-1B, 0.08 pg/mL for IL-
6, and 0.13 pg/mL for TNFa) were derived by the Bio-Plex
Manager Software. The intra-assay (CV;) and inter-assay (CVy,)
coefficients of variation of each analyte were 1.7 and 11.1%
for IL-1B, 2.0 and 11.4% for IL-6, and 1.7 and 11.6% for
TNFa, respectively.

IL-18 concentrations were measured in serum by Human
Total IL-18 ELISA (R&D Systems), following manufacturer
instructions. The assay-specific sensitivity was 5.15 pg/mL.
Maximum intra-assay (CV;) and inter-assay (CVy,) coeflicients
of variation were 3.1% and 8.7%, respectively. Readings were
performed at A = 450 nm subtracted of the corresponding
readings at X = 570 nm on a Victor X3 (PerkinElmer, Waltham,
MA, United States). Body mass, body composition, and body
mass index (BMI) were determined using a multi-frequency
impedance analyzer (In Bodyz,9, Biospace, South Korea). The
measurements were performed twice, 1 week before and after the
entire intervention, according to McLester et al. (2020).

Statistical Analysis

The minimum sample size was determined with G*Power
(v3.1.9.7) based on IL-6 serum concentrations as the primary
endpoint index, being this cytokine largely described as the
prototypic mediator of innate immune response and exercise-
dependent metabolic regulation (Chowdhury et al., 2020). For
sample size calculation was assumed a two-tailed type I a error
of 0.05, a power (1-p error probability) > 0.95, a pre-to-post-
intervention difference of 18%, and a standard deviation of
+18.54 pg/mL, according to Gmiat et al. (2018). The total
estimated sample size was 22.

Statistical analysis was performed with Prism® v6.01
(GraphPad Software Inc., La Jolla, CA, United States). The
D’Agostino-Pearson’s normality test (omnibus K2 test) defined
non-parametric distributions for most of the parameters
analyzed. Thereby, in the descriptive analysis, data are reported
as the median and range (minimum to maximum), while the
statistical analysis was conducted with non-parametric tests.

In EXP and CTRL groups, age, height, and Vitamin D were
analyzed by non-parametric Mann-Whitney test.

In the EXP group, time-dependent changes were analyzed by
non-parametric repeated measures Friedman’s test with Dunn’s
multiple comparisons (T1-pre vs. T1-post vs. T2-pre vs. T2-post).
Comparison of time-dependent changes between EXP and CTRL
group and comparison between NW and OW within and between
EXP and CTRL groups were performed by two-way ANOVA with
Sidak’s multiple comparison test. Differences were considered
statistically significant if p-values < 0.05, and only significant data
were discussed in the text.

The effect size has been calculated by Kendal W for Friedman’s
tests, Cohen's eta-squared for two-way ANOVA, and Cohen’s d
for the post hoc tests.

RESULTS

Characterization of the Study Cohort

The characterization of EXP subjects before the beginning (T1-
pre) and before the last exercise session of the 12-week Nordic
walking training (T2-pre), and CTRL subjects over the same
period (T1 and T2, respectively) is detailed in Tables 1, 2 and
Supplementary Table 1. The characterization of the cohorts at
these two time-points allows avoiding the alteration of some
hematological markers due to the effect of acute exercise,
meaning after a session of training, rather than highlighting the
differences due to the chronic exercise.

The two cohorts, compared before and after the intervention
(T2-pre for EXP), resulted homogenous for age and most of the
measured parameters. Within each cohort, NW and OW subjects
differed for weight and BMI at T1 and T2 in both EXP and CTRL.
Basophils were increased in OW subjects at both T1 and T2 of
the CTRL cohort, while they were reduced between T1 and T2 in
the EXP-NW cohort. No time-dependent change was observed
in CTRL, although lymphocyte absolute count increased from
T1 to T2 in the entire group and in the OW cohort. The results
of the ANOVA tests and the related effect size are reported in
Supplementary Table 2.

Considering the metabolic markers, HDL was lower in EXP-
OW compared to EXP-NW at both time-points, and decreased
in NW subject at the end of the training (Supplementary
Table 1). In the EXP group, a time-dependent, although
clinically irrelevant, reduction of serum iron was recorded in
OW subjects, and at T2 compared to CTRL considering the
whole population or the OW subgroup. Importantly, baseline 25-
(OH)D concentrations did not differ among any of the cohorts.

Expression and Stability of PPIB, PGK1,

and ACTB Genes

According to previously published studies (Dheda et al., 2004;
Falkenberg et al., 2011), we selected PPIB, PGK1, and ACTB as
possible candidates reference genes to normalize RT-qPCR data
in whole blood samples. Following a cluster analysis to exclude
co-regulation, ACq analysis revealed a more scattered expression
of ACTB compared to PPIB and PGK1 (Figures 1A-C) and
a more constant of PPIB and PGKI1 in all samples at all
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TABLE 1 | Anthropometrical characteristic of the study cohort.

CTRL (n =29) EXP (n = 29)
T1 T2 p-value T1 vs. T1-pre T2-pre p-value p-value T1 p-value T2
T2 T1-pre vs. CTRL vs. CTRL vs.
T2-pre T1-pre EXP T2-pre EXP
Median p-value NW Median p-value NW Median p-value NW Median p-value NW
(min-to-max) vs. OW (min-to-max) vs. OW (min-to-max) vs. OW (min-to-max) vs. OW
Age (years) 68.0 / / 69.0 / / 0.568 /
(60.00-78.0) (60.0-78.0)
NW 67.5 0.763 / / / 70.0 0.502 / / / 0.446 /
(62.0-76.0) (60.0-78.0)
ow 71.0 / / 67.0 / / 0.836 /
(60.0-78.0) (60.0-76.0)
Height (m) 1.63 / 1.63 / / 0.243 /
(1.50-1.74) (1.63-1.78)
NW 1.64 0.360 / / / 1.65 0.883 / / / 0.962 /
(1.63-1.74) (1.563-1.78)
ow 1.61 / / 1.63 / / 0.398 /
(1.50-1.70) (1.53-1.75)
Weight (kg) 67.80 67.70 0.928 67.35 65.80 0.460 0.731 0.664
(54.40-93.00) (54.10-93.80) (54.40-94.20) (54.80-95.60)
NW 63.90 0.004 63.25 0.004 1.000 58.70 <0.001 57.60 <0.001 0.996 0.966 0.971
(54.40-73.30) (54.10-73.80) (54.40-73.80) (54.80-73.80)
ow 71.80 72.20 0.986 68.50 68.70 0.258 1.000 1.000
(58.50-93.00) (57.70-93.80) (65.80-94.20) (65.10-95.60)
BMI (kg/m?) 26.00 25.90 0.909 25.30 24.80 0.995 0.261 0.280
(20.70-34.60) (20.60-34.90) (19.80-33.00) (19.60-33.10)
NW 23.75 <0.001 23.43 <0.001 1.000 22.60 <0.001 22.20 <0.001 0.941 0.681 0.816
(20.70-24.90) (20.60-25.30) (19.80-24.70) (19.60-24.70)
ow 27.90 27.10 0.992 26.90 26.50 0.915 0.813 0.771
(25.30-34.60) (24.90-34.90) (25.20-33.00 (24.50-33.10)

Description of weight, BMI, and hematologic markers in the entire study cohort and for the sub-cohorts stratified based on BMI (BMI < 25 kg/m?: NW: BMI > 25 kg/m?: OW, as determined at recruitment). Data are
expressed as median (range) since the non-parametric distribution, as assayed by D’Agostino-Pearson’s test. Comparison of age and height between EXP and CTRL were assessed using Mann-Whitney test. Within-
group (EXP and CTRL) time-dependent changes in NW and OW subjects were performed by the means of two-way ANOVA with Sidak’s multiple comparison post hoc test. Statistically significant (p-values < 0.05)
differences are indicated in bold. NW, normal weight subjects; OW, overweight subjects; BMI, body mass index.
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TABLE 2 | White blood cell counts.

CTRL (n =29) EXP (n = 29)
T T2 p-value T1 vs. T1-pre T2-pre p-value p-value T1 p-value T2
T2 T1-pre vs. CTRL vs. CTRL vs.
T2-pre T1-pre EXP T2-pre EXP
Median p-value NW Median p-value NW Median p-value NW Median p-value NW
(min-to-max) vs. OW (min-to-max) vs. OW (min-to-max) vs. OW (min-to-max) vs. OW
WBC (x10%/L) 5.58 5.74 0.475 5.73 5.52 1.000 0.997 0.821
(3.93-7.90) (4.02-9.21) (3.53-8.89) (3.71-10.18)
NW 5.83 0.819 5.69 1.000 0.999 5.30 0.641 4.79 0.232 0.968 0.716 0.577
(5.06-7.90) (4.47-8.80) (3.95-7.56) (3.79-6.86)
ow 5.53 5.74 0.375 6.00 6.25 0.977 0.751 0.985
(3.93-7.41) (4.02-9.21) (3.53-8.89) (3.71-10.18)
Neu (%) 50.80 50.80 0.635 52.60 50.70 0.323 0.905 0.999
(38.40-70.10) (31.90-66.00) (31.70-77.40) (38.10-69.30)
NW 49.30 0.995 50.60 0.974 0.932 51.40 0.998 48.50 0.986 0.747 1.000 1.000
(38.40-65.40) (31.90-66.00) (31.70-77.40) (41.00-67.20)
ow 53.60 51.40 0.977 53.50 52.00 0.874 1.000 1.000
(39.90-70.10) (42.20-65.90) (35.90-67.60) (38.10-69.30)
Ly (%) 35.40 37.10 0.296 34.85 37.95 0.280 0.989 0.995
(19.10-48.20) (21.80-54.90) (13.20-54.90) (20.50-49.20)
NW 38.70 0.964 37.05 0.957 0.834 37.20 0.999 39.00 0.976 0.662 1.000 1.000
(28.10-47.20) (23.80-54.90) (13.20-54.90) (20.50-49.20)
ow 33.80 37.10 0.758 34.10 36.70 0.874 1.000 1.000
(19.10-48.20) (21.80-46.30) (25.80-49.10) (21.50-47.60)
Mo (%) 8.20 8.20 0.431 8.60 8.90 0.889 0.462 0.277
(6.10-11.00) (56.60-11.00) (6.50-13.30) (6.60-13.40)
NW 8.05 1.000 7.70 0.999 0.711 8.50 1.000 8.70 1.000 1.000 0.972 0.709
(6.90-10.70) (56.60-10.90) (6.20-12.00) (56.70-13.40)
ow 8.50 8.30 0.966 8.80 9.30 0.938 0.966 0.978
(6.10-11.00) (56.90-11.00) (5.50-13.30) (56.60-11.90)
Eo (%) 2.90 2.70 0.256 2.70 2.45 0.987 0.154 0.583
(0.90-15.90) (0.80-6.30) (0.60-5.10) (0.70-5.00)
NW 3.00 0.998 2.95 0.988 1.000 2.60 1.000 2.30 1.000 1.000 0.865 0.854
(1.20-8.00) (1.40-5.70) (1.10-56.10) (0.80-5.00)
ow 2.50 2.70 0.196 2.70 2.50 1.000 0.712 1.000
(0.90-15.90) (0.80-6.30) (0.60-5.00) (0.70-4.50)
Ba (%) 0.70 0.70 0.346 0.70 0.60 0.113 0.621 0.381
(0.30-1.60) (0.20-1.50) (0.30-1.30) (0.20-1.10)
NW 0.55 0.050 0.45 0.028 0.756 0.70 0.986 0.60 0.812 0.021 0.793 1.000
(0.30-1.30) (0.20-1.10) (0.40-1.30) (0.20-0.80)
ow 0.80 0.80 0.853 0.70 0.60 1.000 0.166 0.454
(0.40-1.60) (0.40-1.50) (0.30-1.10) (0.30-1.10)
(Continued)
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TABLE 2 | (Continued)

CTRL (n =29) EXP (n = 29)
™ T2 p-value T1 vs. T1-pre T2-pre p-value p-value T1 p-value T2
T2 T1-pre vs. CTRL vs. CTRL vs.
T2-pre T1-pre EXP T2-pre EXP
Median p-value NW Median p-value NW Median p-value NW Median p-value NW
(min-to-max) vs. OW (min-to-max) vs. OW (min-to-max) vs. OW (min-to-max) vs. OW

Neu (x10°/L) 2.92 3.04 0.975 2.84 2.86 0.839 0.936 0.981
(1.58-4.55) (1.74-5.29) (1.80-5.01) (1.69-7.06)

NW 3.02 0.998 3.14 1.000 0.988 2.37 0.820 2.45 0.341 0.857 0.989 0.931
(2.24-4.16) (1.74-4.64) (1.89-5.01) (1.75-4.13)

ow 2.92 2.88 0.953 3.39 3.07 1.000 0.889 0.984
(1.58-4.55) (2.12-5.29) (1.80-4.89) (1.69-7.06)

Ly (x10°/L) 1.93 2.22 0.025 1.82 2.06 0.367 0.986 0.654
(0.98-3.05) (1.24-3.28) (0.83-3.32) (1.11-3.17)

NW 2.34 0.412 217 0.968 0.933 1.78 0.937 2.07 0.878 0.921 0.572 0.576
(1.17-3.05) (1.24-3.28) (0.83-3.32) (1.11-2.91)

ow 1.90 2.24 0.030 2.05 2.19 0.745 0.852 1.000
(0.98-2.92) (1.25-3.193) (1.16-2.95) (1.27-3.17)

Mo (x10°/L) 0.48 0.48 0.903 0.48 0.45 0.910 0.733 0.937
(0.34-0.67) (0.27-0.76) (0.32-0.92) (0.30-0.84)

NW 0.51 0.929 0.47 1.000 0.897 0.47 0.835 0.44 0.770 0.993 0.990 0.999
(0.40-0.61) (0.30-0.76) (0.33-0.69) (0.31-0.84)

ow 0.44 0.50 0.665 0.51 0.49 1.000 0.588 0.952
(0.34-0.67 (0.27-0.76) (0.32-0.92) (0.30-0.78)

Eo (x10%/L) 0.15 0.16 0.341 0.13 0.13 0.994 0.114 0.503
(0.07-1.06) (0.06-0.33) (0.04-0.30) (0.03-0.34)

NW 0.19 1.000 0.21 0.989 0.998 0.13 0.986 0.11 0.971 1.000 0.582 0.642
(0.07-0.48) (0.08-0.27) (0.06-0.27) (0.03-0.23)

ow 0.14 0.15 0.448 0.15 0.15 1.000 0.828 1.000
(0.07-1.06) (0.06-0.33 (0.04-0.30) (0.05-0.34)

Ba (x10°/L) 0.04 0.04 0.740 0.04 0.04 0.374 0.507 0.306
(0.02-0.10) (0.01-0.09) (0.02-0.07) (0.01-0.07)

White blood cell counts in the entire study cohort and for the sub-cohorts stratified based on BMI (BMI < 25 kg/m?: NW: BMI > 25 kg/m?: OW, as determined at recruitment). Data are expressed as median (range)
since the non-parametric distribution, as assayed by D’Agostino-Pearson’s test. Within-group (EXP and CTRL) time-dependent changes in NW and OW subjects were performed by the means of two-way ANOVA
with Sidak’s multiple comparison post hoc test. Statistically significant (p-values < 0.05) differences are indicated in bold. NW, normal weight subjects; OW, overweight subjects; WBC, white blood cell count; Neu,
neutrophils count; Mo, monocytes count; Ly, lymphocytes count; Eo, eosinophils count; Ba, basophils count.
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FIGURE 1 | Expression profile of potential housekeeping genes, ACTB, PGK1, and PPIB, in whole blood. Expression profile of the three selected potential reference
genes (ACTB, PGK1, and PPIB). Expression level of each potential reference gene was analyzed considering (A) samples from all groups (CTRL+EXP), (B) samples
from the EXP (T1-pre, T1-post, T2-pre, and T2-post), and CTRL groups separated, and (C) samples from each time-point separated. (D) Heat-map of the
expression profiles of ACTB, PGK1, and PPIB, from each group (CTRL, T1-pre, T1-post, T2-pre, and T2-post). Different colors represent differential gene expression.
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time-points (Figure 1D). Descriptive characteristics of the
potential reference genes and the relative expression stability
analysis are summarized in Supplementary Tables 3, 4.

The expression stability of candidate genes was evaluated by
NormFinder and GeNorm algorithms: PPIB and PGK1 were the
best ranked genes, by NormFinder, while the combination PPIB-
PGK1 was identified by GeNorm. Therefore, PPIB and PGK1
were used as reference genes.

Effect of Training on NLRP3 and TLR4

Expression in Whole Blood

NLRP3 and TLR4 mRNA expression levels were determined
in whole blood. Both NLRP3 and TLR4 showed similar
expression profiles: while a single bout of aerobic exercise
at the beginning of the training protocol (T1-pre vs. T1-
post) did not induce any significant changes in the expression
of both genes, they were induced at T2-post, compared to
T2-pre [NLRP3 T2-pre: 0.090 (0.049-0.459) vs. NLRP3 T2-
post: 0.237 (0.064-0.594); TLR4 T2-pre: 0.087 (0.046-0.765)
vs. TLR4 T2-post: 0.256 (0.047-0.660)]. Additionally, both
NLRP3 and TLR4 expression levels were significantly reduced
between T1-pre and T2-pre [NLRP3: 0.172 (0.072-1.680) vs.

0.090 (0.049-0.459); TLR4: 0.184 (0.068-1.296) vs. 0.087 (0.046-
0.765)] (Figure 2A).

However, when comparing EXP and CTRL, the two groups
differed at the beginning of the training (T1-pre vs. T1) for both
genes. While in the CTRL group, no time effect was recorded, the
EXP group showed a significant reduction of both genes at T2-pre
compared to T1-pre (Figure 2B).

When analyzing the trained cohort sub-grouped in NW and
OW, no differences were found at any time-point between the
two sub-groups (Figure 2C).

The NW sub-population was affected by the acute
intervention since it showed a significant increase in the NLRP3
gene expression [T1-pre vs. T1-post) (0.180 (0.072-1.679) vs.
0.218 (0.069-0.528), respectively] and this acute effect was seen
also at the end of the training, when comparing T2-pre vs.
T2-post, even though not significantly (Figure 2C). The chronic
exercise, on the other hand, induced a significant decrease in
both NLRP3 and TLR4 expression at the rest time-points (T1-pre
vs. T2-pre) [NLRP3: 0.180 (0.072-1.679) vs. 0.088 (0.062-0.237);
TLR4 0.216 (0.068-1.300) vs. 0.081 (0.046-0.292)] in the NW
cohort (Figures 2C,D).

When comparing the NW and OW cohorts between the EXP
and CTRL groups, besides the lack of differences in NLRP3, the
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FIGURE 2 | Expression of inflammasome-related genes in whole blood samples. Fold change of NLRP3 and TLR4 gene expression, normalized on PPIB and PGK1,
in whole blood from elderly women underwent a 12-week aerobic Nordic walking training program (EXP, n = 29) and untrained controls (CTRL, n = 35).
(A) Expression of NLRP3 and TLR4 in the whole EXP group before and after the first (T1-pre and T1-post) and the last (T2-pre and T2-post) sessions of Nordic
walking. (B) Expression of NLRP3 and TLR4 in the whole EXP group (orange dots), before the first and the last (T1-pre and T2-pre) Nordic walking session, and in
the CTRL (blue squares) over the same observation period (T1, T2). (C) Expression of NLRP3 and TLR4 in the whole EXP cohort, grouped based on BMI in normal
weight (NW, full dots) and overweight (OW, empty dots) subjects. (D) Expression of NLRP3 and TLR4 in the EXP (orange dots) and CTRL (blue squares) cohorts,
grouped based on BMI in normal weight (NW, full symbols) and overweight (OW, empty symbols) subjects. Asterisks indicated significant differences according to
the different statistic tests applied: *p < 0.05; *p < 0.01; **p < 0.001.
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FIGURE 3 | Circulating levels of relevant cytokines associated to inflammasome pathway activation. Concentrations of IL-18, TNFa, IL-6 and IL-18 in sera from
elderly women underwent to a 12-week aerobic Nordic walking training program (EXP, n = 29) and untrained controls (CTRL, n = 35). (A) Circulating levels of the
assayed cytokines in the whole EXP group before and after the first (T1-pre and T1-post) and the last (T2-pre and T2-post) sessions of Nordic walking.
(B) Circulating levels of the assayed cytokines in the whole EXP group (orange dots), before the first and the last (T1-pre and T2-pre) Nordic walking session, and in
the CTRL (blue squares) over the same observation period (T1, T2). (C) Circulating levels of the assayed cytokines in the EXP cohort, grouped based on BMI in
normal weight (N, full dots) and overweight (OW, empty dots) subjects. (D) Circulating levels of the assayed cytokines in the EXP (orange dots) and CTRL (blue
squares) cohorts, grouped based on BMI in normal weight (NW, full symbols) and overweight (OW, empty symbols) subjects. Asterisks indicated significant
differences according to the different statistic tests applied: *p < 0.05; *p < 0.01; ***p < 0.0001.
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expression level of TLR4 resulted slightly higher, but significant,
in EXP-NW than CTRL-NW at the beginning of the training
(Figures 2C,D).

The results of the ANOVA tests and the related effect size are
reported in Supplementary Table 5.

Effect of Training on the Release of
Inflammasome- and Metabolic

Inflammation-Related Cytokines

In order to determine the effect of the aerobic training program
on inflammasome activation and inflammatory status, the
circulating concentrations of related cytokines (IL-1f and IL-
18, as markers of inflammasome activation, and TNFa and IL-6,
as markers of metabolic inflammation) were determined. IL-
18 levels neither were affected by the intervention in the EXP
group, nor were different between EXP and CTRL groups, or
between NW and OW cohorts (Figure 3). A single exercise bout
elicited a rise in blood concentrations of the other cytokines,
although not significant at the beginning of the training, but
highly significant for IL-1p and TNFa at the end of the training
(T2-pre vs. T2-post) [IL-1p: 0.090 pg/mL (0.000-0.200) pg/mL vs.
0.180 pg/mL (0.110-0.360) pg/mL; TNFa: 2.450 pg/mL (0.410-
5.560) pg/mL vs. 4.490 pg/mL (1.380-7.820) pg/mL], while for
IL-6, this increase is not significant (Figure 3A). No changes were
detected between the CTRL and the EXP groups at the two time-
points except for IL-1p that decreased at the beginning of the
training (T'1-pre vs. T1, Figure 3B).

When considering the EXP group divided between NW
and OW sub-cohorts (Figure 3C), a single bout of exercise
induced a general increase of IL-1f in both sub-cohorts, however,
significant at the beginning of the training (T1-pre vs. T1-post)
for NW [0.130 pg/mL (0.100-0.170) pg/mL vs. 0.180 pg/mL
(0.120-0.730) pg/mL] and at the end of the training (T2-pre
vs. T2-post) for OW [0.080 pg/mL (0.000-0.200) pg/mL vs.
0.180 pg/mL (0.110-0.310) pg/mL]. On the other hand, as effect
of the chronic intervention (T1-pre vs. T2-pre), the cytokine
decreased, though not significantly, in both sub-cohorts [NW:
0.130 pg/mL (0.100-0.170) pg/mL vs. 0.110 pg/mL (0.020-0.130)
pg/mL; OW: 0.130 pg/mL (0.100-0.210) pg/mL vs. (0.080 pg/mL
(0.000-0.200) pg/mL]. For TNFa, only the OW subjects were
affected by a modulation of the cytokine, characterized by a
strong increase after the first bout compared to baseline (T1-pre
vs. T1-post) [3.360 pg/mL (0.770-4.670) pg/mL vs. 5.340 pg/mL
(0.660-8.330) pg/mL], a decrease after the 12-week training
(T1-pre vs. T2-pre) [2.740 pg/mL (0.410-3.930) pg/mL], and
an increase after the last bout of exercise (T2-pre vs. T2-post)
[4.830 pg/mL (2.350-7.820) pg/mL]. Additionally, an overall
increase of TNFa was observed between the beginning (T1-pre)
and the end of the training (T2-post). Even though IL-6 followed
the same pattern of the two other cytokines, no differences were
significant. Curiously, no differences were observed between the
NW and OW cohorts (Figure 3C).

Finally, no differences were observed between EXP and CTRL
groups within the stratification in NW and OW (Figure 3D).

The results of the ANOVA tests and the related effect size are
reported in Supplementary Table 5.

DISCUSSION

Our study aimed at analyzing the behavior of inflammasome
activation in post-menopausal women performing 12-week
moderate-intensity aerobic Nordic walking training. Obtained
findings reveal that Nordic walking training program is
associated with a reduced expression of inflammasome
components at rest and, importantly, the acquisition of a
post-exercise pro-inflammatory response at the end of the
training period, as indicated by the modulation of NLRP3 and
TLR4 mRNA, and IL-1f and TNFa levels. Interestingly, when
participants are grouped based on BMI it emerges that NLRP3
response is more pronounced in NW subjects than in OW. The
downstream markers of inflammasome activation status, IL-10,
and of the inflammatory status, TNFa, showed a similar course:
their level increases after the first bout of exercise, decreases after
the 12-week training, and newly increases in response to the last
exercise session. Noteworthy, in case of IL-1f, this modulation
is significant for NW at the beginning of the training, whereas
for OW at the end of the training; in case of TNFa, this time-
dependent modulation was significant only in OW. This suggests
a beneficial effect of Nordic walking in both NW and OW due
to the reduction of inflammasome marker IL-1p. Importantly,
vitamin D status, which is known to potentially affect the innate
immunity response (Arababadi et al,, 2018), was comparable
among the EXP and CTRL groups and the relative sub-cohorts.

The importance of studying inflammasome resides in the fact
that its activation may be the cause of (or may contribute to) the
onset and development of several diseases (Guo et al., 2015) and
particularly, since the involvement of NLRP3 inflammasome in
age-associated chronic LGI, linked to the onset of several age-
related diseases (Mejias-Pena et al., 2017). Aging may represent
a key determinant of the responsivity to aerobic exercise. In
a recent study, an 8-week Nordic walking training reduced
the TLR4 and NLRP3 mRNA expression and circulating levels
of IL-1p and IL-18 in young males (Khakroo Abkenar et al.,
2019) while, in the present study, the most relevant result,
is represented by the (re)acquisition of a post-acute exercise
inflammatory response. In order to investigate whether the
activation status of the inflammasome machinery, in response
to aerobic activity in elderly women, was reflected into the
circulation, mRNA expression level of NLRP3 and TLR4 was
analyzed in whole blood. The choice of whole blood, as the
assay matrix, was driven by the fact that inflammasome pathways
can be activated in virtually all blood cells, but red blood
cells (Tran et al., 2019), other than in other tissues. Therefore,
whole blood expression of inflammasome markers may picture
the integrated innate response potential against danger signals
which may drive, in turn, LGI (Gomarasca et al., 2020). Gene
expression analysis is completed by a normalization study to
determine the best suitable reference genes in RT-qPCR analysis,
in order to obtain the most reliable results (Mahoney et al., 2004;
Faraldi et al., 2018).

Exercise training-dependent alteration of immune function
is associated with the activation of several local and systemic
responses. For instance, exercise activates purinergic signaling
(ATP, ADP, adenosine, related receptors, and enzymes) (Moritz
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FIGURE 4 | Schematic representation of the important findings of this study. A population of 29 elderly women (age 68 + 8 years old) completed 12 weeks of Nordic
walking moderate-intensity aerobic training program (EXP). Blood samples were taken before and after the first (T1-pre and T1-post, respectively) and last (T2-pre
and T2-post, respectively) exercise unit, and inflammasome- and inflammation-related markers were assessed. Aerobic training mildly affected the
inflammasome-related inflammatory response. Participants acquired an acute inflammatory response to exercise, that was absent at baseline, that resulted in the
activation of NLRP3 and TLR4 gene expression and the consequent release in the blood stream of the inflammasome- and inflammation-related cytokines IL-18,
IL-6, TNFa, and IL-18. In particular, a single bout of exercise at the end of the training induced a significant upregulation of IL-18 (+11) and TNFa (11), a
non-significant increase of IL-6 (1), and a non-significant down-modulation of IL-18 ({). The arrows next to the cytokines refer to the entity of the effect of the
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etal,, 2021). The purinergic system has relevance in inflammatory
response and, particularly, in the shift from the pro-inflammatory
response to acute, intense exercise to the anti-inflammatory
response associated with chronic exercise (Cardoso et al., 2021).
Exercise improves immune functions via the stimulation of the
neuroendocrine secretion of catecholamines and the activation of
their signaling (Simpson et al., 2021). Similarly, PA, together with
diet, affects the composition of gut microbiota with profound
effects on immune function, but also on muscle strength and
dynamics (Strasser et al., 2021).

Many pieces of evidence have demonstrated that PA has
inhibitory effects on inflammasome activation. This control
may take place in different ways, indirectly by targeting
pro-inflammatory compounds (fFA, ceramides) that are
increased in LGI and aging (Ringseis et al., 2015) or, as it
happens consequently to neuronal stimulation of myofibers, via
the perturbation of plasma membrane integrity and potassium
gradient across the membrane (Gaidt and Hornung, 2018), and
directly by triggering TLRs expression and their downstream
signaling. For instance, IL-18, the designated marker of NLRP3
inflammasome activation status was decreased by 43% in
men and women with metabolic syndrome in response to
a 12-week aerobic interval training program (three times a
week) (Stensvold et al., 2012). Similarly, IL-18 was decreased in
patients with metabolic syndrome undergone 12-week combined
(endurance and strength) training program (three times a

week) (Troseid et al,, 2009), in T2DM subjects following a
6-month aerobic moderate-intensity exercise training program
(four times/week) (Kadoglou et al, 2007a,b), and 8-week
high-intensity exercise training on a rowing ergometer (three
times/week), in obese subjects (Leick et al., 2007). However,
similarly to our results, other authors failed in evidencing any
putative improvement of the inflammatory status marked by
IL-18. For instance, Christiansen et al. (2010) did not observe any
decrease in circulating IL-18 concentrations in obese men and
women following a 12-week aerobic exercise training program
performed three times a week, possibly because of the relatively
moderate intensity of the exercise. Also, RT has been shown
to target innate immunity and inflammasome activation: in
healthy elderly 8-week RT decreased the protein expression
of TLR2 and TLR4 as well as the expression of several TLRs
signaling-associated molecules (e.g., MyD88, TRIF, NF-kB, and
MAPK) and plasma levels of the CRP (Rodriguez-Miguelez
et al., 2014). On the contrary, Mejias-Pena et al. (2016) did not
record any change in the expression of TLR2, TLR4, MyD88,
and TRIE in peripheral blood mononuclear cells (PBMCs)
from older subjects after 8 weeks of aerobic exercise training,
suggesting the possibility that the type of exercise might be a
determinant of the TLRs-mediated anti-inflammatory effect of
exercise. The lack of control for confounding variables, in the
available studies, prevents a definitive elaboration on potential
benefits of this interventional practice, according to a recently
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published  systematic review (Sanchez-Lastra et al., 2020).
However, Nordic walking is a potentially beneficial exercise
strategy for overweight and obese people. Based on the twelve
good-to-fair quality selected studies, the authors of this study
evidenced that subjects performing Nordic walking experienced
significant improvement in parameters such as fasting plasma
glucose, abdominal adiposity, and body fat compared with the
values recorded at baseline, but no significant improvements
were found when compared with control groups (Sanchez-
Lastra et al., 2020). Notably, adiposity in the elderly may
be associated with a deregulated glucose metabolism, and
hence to an increased risk of T2DM, via a deregulation of
immune cells and, specifically of CD8+ cytotoxic subsets
(Bosslau et al., 2021).

In regards to the inflammasome activation status, our results
revealed that the last bout of exercise determined an increase
of both NLRP3 and TLR4 mRNA, indicating that, possibly,
the ability to activate inflammasome is acquired during the
training program, since such a response was absent after
only one bout of exercise at the beginning of the training.
This effect may be linked to the restoration of whole blood
NLRP3/TLR4 mRNA expression at the end of the program,
compared to the first sampling. As a consequence, these
results demonstrated that although the circulating inflammatory
profile may be fairly affected by the moderate-intensity aerobic
training, the system alertness to endogenous and exogenous
danger signals (TLR4 and NLRP3 mRNA) may be restored
by the activity. Still, few limitations must be mentioned.
The CTRL group, in our study, was not involved in any
training program and, hence, the comparison was made
between Nordic walking and sedentary lifestyle. Therefore,
future investigations should aim at comparing the effect of
different kinds of physical activities. This study lacks an objective
and standardized method of assessment of the participants’
effort, as well as of their baseline physical activity level [e.g.,
via the international physical activity questionnaire (IPAQ)]
and thereby, it is not possible to define if the effects on
inflammasome activation and inflammatory response may be
related to the effort spent. Only females have been considered
and for future research gender-dependent differences should
also be considered. Other limitations are related to the
eventual lack of comparison between subjects with different
inflammatory statuses at the beginning of the training. This
additional comparison would highlight the effect of Nordic
Walking training on inflammation. Further, gene expression
analysis of cytokines would have given additional information
related to the inflammatory status of PBMCs while their
circulating levels represent the net result of their systemic
expression. Finally, body composition analysis would have
a greater significance than anthropometrical measures in
describing the cohorts and, eventually, their intervention-related
changes. An important strength of this study is represented
by the robust study of normalization, based on validated
algorithms, applied to gene expression analysis: indeed, different
normalization strategies may lead to different results and, for
each experimental set, it is recommended to select the most
appropriate method.

CONCLUSION

Despite a fair effect on the resting whole blood expression of
inflammasome constituents (NLRP3 and TLR4) and circulating
levels of the downstream inflammasome related cytokine IL-14,
a 12-week moderate-intensity aerobic training program (Nordic
walking) allows the partial acquisition of the acute exercise-
induced inflammatory response at the end of the training
compared to the total absence of response observed at the
beginning of the program (Figure 4). Specifically, a post-training
acute exercise-induced response was recorded for NLRP3 and
TLR4 expression, while IL-1f and TNFa changes were driven by
the overweight participants.
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