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DANE O KANDYDACIE

Data uzyskania tytutu magistra: 16.07.2018 r.

Nazwa jednostki organizacyjnej, w ktoérej nadany zostat tytut: Wydziat Wychowania Fi-
zycznego, Sportu i Rehabilitacji Akademii Wychowania Fizycznego im. Eugeniusza Pia-
seckiego w Poznaniu.

Kandydat nie ubiegat sie uprzednio o nadanie stopnia doktora.
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WYKAZ SKROTOW

ALAT (ang. alanine transaminase) - aminotransferaza alaninowa

ALP (ang. alkaline phosphatase) - fosfataza alkaliczna

ANOVA (ang. analysis of variance) - analiza wariancji

ASAT (ang. aspartate transaminase) - aminotransferaza asparaginowa

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

CHOL - cholesterol

CK (ang. creatine kinase) - kinaza kreatynowa

CK-MB - kinaza kreatynowa - izoenzym sercowy

ELISA (ang. enzyme-linked immunosorbent assay) - test immunoenzymatyczny
GGT (ang. gamma glutamyl transferase) - gamma-glutamylotransferaza
IL-1 - interleukina 1

IL-6 - interleukina 6

INS - insulina

LDH (ang. lactate dehydrogenase) - dehydrogenza mleczanowa

LDL (ang. low-density lipoprotein) - lipoproteina o niskiej gestosci
LEPT - leptyna

TG - troéjglicerydy

Trk-B (ang. tyrosine receptor kinase B) - receptor kinazy tyrozynowej B
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STRESZCZENIE

Wstep. Neurotroficzny czynnik pochodzenia mézgowego (BDNF) to plejotropowe biat-
ko z rodziny neurotrofin, kluczowe dla wzrostu, rozwoju i przezycia neuronéw. Odgrywa
wazna role w plastyczno$ci synaptycznej, zwtaszcza w obszarach moézgu, takich jak hipo-
kamp, kora wzrokowa, istota czarna oraz prazkowie. BDNF odgrywa réwniez istotng role
w metabolizmie watroby i serca, jednak jego funkcja modulatora proceséw i szlakow me-
tabolicznych w tych narzadach jest stabo poznana. Stad gtéwnym celem wykonanych eks-
perymentéw byto poznanie zwigzku miedzy osig sygnalizacyjng BDNF/Trk-B a biomarke-
rami wskazujgcymi efektywno$¢ procesOw metabolicznych watroby i mie$nia sercowego
u szczuréw. W badaniach okreslano koncentracje BDNF, receptora kinazy tyrozynowej B
(Trk-B), jak réwniez stezenia oraz aktywno$¢ podstawowych biomarkeré6w metabolicz-
nych watroby i mie$nia sercowego u szczuré6w pozbawionych jednego allela genu BDNF
oraz u niemodyfikowanych genetycznie szczuréw. Ponadto oceniano wptyw 5-tygodnio-
wego treningu wytrzymato$ciowego o umiarkowanej intensywnosci jako czynnika modu-
lujacego poziom BDNF we krwi i tkankach oraz normujgcego potencjalne zmiany metabo-
liczne w obu analizowanych narzadach wewnetrznych.

Materialy i metody. Badania przeprowadzono na czterech grupach zwierzat: niemody-
fikowanych genetycznie (n = 11), o zmienionym genotypie BDNF (n = 11), trenowanych
niemodyfikowanych genetycznie (n = 10) oraz trenowanych o zmienionym genotypie
BDNF (n = 9). Po zakonczeniu procedury treningowej szczury u$miercano, a nastepnie
pobierano od nich watroby i serca. Pozyskane tkanki homogenizowano w celu wykonania
oznaczen za pomocg testu immunoenzymatycznego (ELISA) i analizatora chemicznego
w nadsgczu tkanek. Oznaczono stezenia: BDNF i Trk-B, lipidéw i lipoprotein - choleste-
rolu (CHOL), tréjglicerydéw (TG) oraz lipoproteiny o niskiej gestosci (LDL), jak rowniez
aktywno$¢ enzymow metabolicznych - aminotransferazy alaninowej (ALAT), aminotrans-
ferazy asparaginowej (ASAT), gamma-glutamylotransferazy (GGT) i dehydrogenazy mle-
czanowej (LDH). Dodatkowo w watrobie mierzono aktywnos¢ fosfatazy alkalicznej (ALP),
a takze stezenia i aktywnos$ci hormonéw - insuliny (INS) i leptyny (LEPT) oraz interleu-
kiny 6 (IL-6). Natomiast w sercu mierzono aktywno$¢ kinazy kreatynowej (CK) i kinazy
kreatynowej - izoenzymu sercowego (CK-MB) oraz stezenia interleukiny 1 (IL-1). Do sta-
tystycznego poréwnania wynikéw uzyskanych we wszystkich badanych grupach szczu-
réw zastosowana zostata dwuczynnikowa analiza wariancji (ANOVA).

Wyniki. W watrobie szczuréw z grupy BDNF knockout wykazano statystycznie nizsze
stezenia BDNF, Trk-B, lipidow i lipoprotein (CHOL i LDL) oraz aktywno$ci enzymdéw me-
tabolicznych (ALAT i GGT), jak rowniez wyzsze stezenia TG i masy omawianego narzgdu
w poréwnaniu ze szczurami niemodyfikowanymi genetycznie. Natomiast w sercu szczu-
row z grupy BDNF knockout stwierdzono statystycznie zard6wno nizszy poziom receptoréw
Trk-B, jak i nizsze stezenia CHOL i LDL oraz nizsze aktywnoSci enzymoéw metabolicznych
(ALAT, ASAT, GGT, CK i CK-MB) w poréwnaniu z grupami szczuréw niemodyfikowanych
genetycznie.

Po treningu wytrzymato$ciowym szczury z grupy BDNF knockout charakteryzowaty
sie wyzszymi aktywnos$ciami enzymoéw metabolicznych (ALAT i ASAT) oraz stezeniami

6 ROZPRAWA DOKTORSKA AWF



IL-6 w watrobie. Dodatkowo trening wytrzymato$ciowy powodowat wyzsze stezenia i ak-
tywnosci INS i LEPT oraz nizsze aktywnos$ci LDH w watrobie, a takze wyzsza aktywnos¢
CK w sercu wszystkich zwierzat niezaleznie od ich genotypu w poréwnaniu z grupami
nietrenowanymi.

Whioski. W watrobie i mie$niu sercowym szczuréw z ubytkiem genu BDNF wykazano
znaczaco nizsze stezenie lipidéw i lipoprotein (CHOL i LDL) oraz nizszg aktywno$¢ en-
zymOw metabolicznych (ALAT, ASAT i GGT). Wspomniane powyzej zmiany byty powig-
zane z roznicami w koncentracji BDNF oraz receptora Trk-B zaré6wno w watrobie (nizsza
zawarto$¢ BDNF/Trk-B), jak i sercu (wzrost poziomu receptoréw Trk-B) tych zwierzat.
Takie wyniki sugeruja, Ze delecja genu BDNF powoduje zaburzenia w osi sygnalizacyjnej
BDNF/Trk-B, co skutkuje zmianami w metabolizmie lipidéw oraz aktywnoSci enzymoéw
w watrobie i sercu szczuréw z grupy BDNF knockout. Zmiany te moga wskazywac na roz-
woj sttuszczenia watroby oraz na niedotlenienie lub niedokrwienie mie$nia sercowego,
co w konsekwencji moze prowadzi¢ do wystapienia zespotu metabolicznego.

U szczuréw z ubytkiem genu BDNF trening poprawiat wydajno$¢ szlakéw metabo-
licznych w watrobie, a wytwarzana przez mie$nie IL-6 mogta wspierac regeneracje tego
organu. U wszystkich trenowanych szczuréw zaobserwowano lepsza regulacje metabo-
lizmu, spadek masy ciata i zwiekszong efektywnos¢ szlakow energetycznych w mie$niu
sercowym.
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ABSTRACT

Introduction. Brain-derived neurotrophic factor (BDNF) is a pleiotropic protein of the
neurotrophin family, crucial for the growth, development and survival of neurons. It plays
an important role in synaptic plasticity, especially in brain areas such as the hippocampus,
visual cortex, substantia nigra and striatum. BDNF also plays an important role in liver
and heart metabolism, but its function as a modulator of metabolic processes and path-
ways in these organs is poorly understood. Hence, the main purpose of the experiments
performed was to recognize the relationship between the BDNF /Trk-B signalling axis and
biomarkers indicating the efficiency of hepatic and myocardial metabolic processes in
rats. In the study, the concentrations of BDNF, tyrosine receptor kinase B (Trk-B) as well as
the concentrations and activities of basic metabolic biomarkers of liver and myocardium
were determined in rats lacking one allele of the BDNF gene (BDNF knockout, SD-BDNF)
and in non-genetically modified rats. In addition, the effect of 5-week moderate-intensity
endurance training was evaluated as a factor modulating BDNF levels in blood and tissues
and normalizing potential metabolic changes in both internal organs analyzed.

Materials and Methods. The study was conducted on four groups of animals: non-geneti-
cally modified (n = 11), BDNF knockout genotype (n = 11), non-genetically modified tra-
ined (n = 10) and BDNF knockout genotype trained (n = 9). After the training procedure,
the rats were sacrificed and their livers and hearts were collected. The extracted tissues
were homogenised for determination by enzyme-linked immunosorbent assay (ELISA)
and chemical analyser in the tissue filtrate. Concentrations were determined for: BDNF
and Trk-B, lipids and lipoproteins - cholesterol (CHOL), triglycerides (TG) and low-densi-
ty lipoprotein (LDL), as well as metabolic enzyme activity - alanine transaminase (ALAT),
aspartate transaminase (ASAT), gamma-glutamyltransferase (GGT) and lactate dehydro-
genase (LDH). In addition, alkaline phosphatase (ALP) - enzyme activity - was measured
in the liver, as well as hormone concentrations and activities - insulin (INS) and leptin
(LEPT), and interleukin (IL-6). On the other hand, creatine kinase (CK) and creatine kina-
se — cardiac isoenzyme (CK-MB) - enzyme activities - and interleukin (IL-1) concentra-
tions were measured in the heart. A two-factor analysis of variance (ANOVA) was used to
statistically compare the results obtained in all the rat groups studied.

Results. The liver of rats in the BDNF knockout group showed statistically lower concen-
trations of BDNF, Trk-B, lipids and lipoproteins (CHOL and LDL) and metabolic enzyme
activities (ALAT and GGT), as well as higher TG concentrations and weight in this organ
compared to rats in the control group. Meanwhile, the hearts of rats in the BDNF knockout
group had statistically lower concentrations of both Trk-B receptors and CHOL and LDL,
as well as lower metabolic enzyme activities (ALAT, ASAT, GGT, CK and CK-MB) compared
to the control group.

After endurance training, rats in the BDNF knockout group had higher metabolic en-
zyme activities (ALAT and ASAT) and liver IL-6 concentrations. In addition, endurance
training resulted in higher INS and LEPT concentrations and activities, and lower LDH
activities in the liver and higher CK activity in the heart of all animals, regardless of their
genotype, compared to the untrained groups.
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Conclusions. The liver and myocardium of rats with BDNF gene deficiency showed sig-
nificantly lower concentrations of lipids and lipoproteins (CHOL and LDL) and lower acti-
vity of metabolic enzymes (ALAT, ASAT and GGT). The aforementioned changes were
associated with differences in BDNF and Trk-B receptor concentrations in both the liver
(lower BDNF/Trk-B content) and heart (increased Trk-B receptor levels) of these animals.
Such results suggest that deletion of the BDNF gene causes disruption of the BDNF/Trk-B
signaling axis, resulting in changes in lipid metabolism and enzyme activity in the liver
and heart of BDNF knockout rats. These changes may indicate the development of hepatic
steatosis and myocardial hypoxia or ischemia, resulting in metabolic syndrome.

In rats with BDNF gene defects, training improved the efficiency of metabolic pathways
in the liver; and muscle-produced IL-6 could promote regeneration of this organ. In all tra-
ined rats, better metabolic regulation, weight loss and increased efficiency of myocardial
energy pathways were observed.
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1. wsTEP

Udziat BDNF w procesach fizjologicznych organizmu

Neurotroficzny czynnik pochodzenia mézgowego (BDNF) jest jednym z najwazniejszych
biatek, odgrywajacym istotng role w wielu procesach biologicznych zaré6wno w osrod-
kowym, jak i obwodowym uktadzie nerwowym. Najwieksza ekspresja BDNF wyste-
puje w: hipokampie, korze wzrokowej, istocie czarnej oraz prazkowiu (Li i in. 2022b).
W tych strukturach BDNF wspiera wzrost, rozwoj i przezywalno$¢ neuronéw (Bathina
i Das 2015), uczestniczy w procesach plastycznosci synaptycznej (Jiiin. 2010), dtugotrwa-
tego wzmocnienia synaptycznego (Schinder i Poo 2000), zdolnoSci uczenia sie i zapamie-
tywania (Vicario-Abejon i in. 2002), formowania potgczen nerwowych (Wang i in. 2022)
oraz regeneracji aksonéw (Gordon 2009; Lindsay 1988; Richner i in. 2014). Te r6zno-
rodne funkcje sprawiajg, ze BDNF odgrywa kluczowg role w zapewnieniu prawidlowego
funkcjonowania uktadu nerwowego.

BDNF oddziatuje rowniez na inne uktady i tkanki, takie jak mie$nie poprzecznie praz-
kowane (Mousavi i Jasmin 2006), mie$nie gtadkie (Aravamudan i in. 2016) oraz uktad
endokrynny (Podymaiin. 2021). Ponadto BDNF wptywa na metabolizm tkanki ttuszczo-
wej (Nakagomi i in. 2015) oraz na funkcjonowanie kluczowych organéw, w tym trzustki
(Fulgenzi i in. 2020), watroby (Genzer i in. 2017) i serca (Pius-Sadowska i Machalin-
ski 2017).

BDNF uczestniczy w licznych procesach fizjologicznych, wywierajac swoje dziatanie
przede wszystkim przez receptor kinazy tyrozynowej B (Trk-B) (Schiro i in. 2022; Tessa-
rollo i Yanpallewar 2022). Interakcja BDNF z receptorem Trk-B tworzy funkcjonalng o$
sygnalizacyjna, ktora odgrywa kluczowa role w regulacji wielu proceséw biologicznych,
takich jak metabolizm lipidéw i glukozy (Han i in. 2016; Park i in. 2007), funkcjonowanie
szlakéw metabolicznych i energetycznych (Genzeriin.2017; Iui Chan 2022) oraz synteza
biatek i ich pochodnych (Canbay i in. 2007).

Rola osi sygnalizacyjnej BDNF/Trk-B w metabolizmie wqtroby

W watrobie gtéwnym miejscem wystepowania BDNF oraz Trk-B s3 komorki gwiazdzi-
ste (Cassiman i in. 2001) oraz hepatocyty, ktére stanowig dominujacy rodzaj komérek
omawianego narzadu, odpowiadajac za jego podstawowe funkcje (Genzeriin. 2017). Wy-
kazano, ze BDNF wigze sie ze swoimi receptorami w hepatocytach, co aktywuje szlaki
metaboliczne odpowiedzialne za utlenianie kwaséw ttuszczowych przy jednoczesnym
hamowaniu glukoneogenezy i zwiekszonym magazynowaniu glikogenu (Genzer i in.
2017). Ponadto udowodniono, ze BDNF wzmacniat sygnalizacje insulinowa w watrobie
oraz wykazywal dziatanie hipoglikemiczne u myszy z indukowang cukrzycg (Tsuchida
i in. 2001) oraz ze 3-tygodniowa iniekcja BDNF prowadzita do zmniejszenia zawartos$ci
tréjglicerydow i sttuszczenia watroby, a w konsekwencji - do obnizenia masy tego organu
(Tsuchida i in. 2002).

Pomimo tych odkry¢ rola BDNF w metabolizmie watrobowym jest nadal stabo zrozu-
miana. Wynika to z faktu, Ze dotychczasowe badania skupiaty sie gtdwnie na okreslaniu
pozioméw BDNF i biomarkeréw we krwi, podczas gdy wpltyw osi sygnalizacyjnej BDNF/
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Trk-B na enzymy watrobowe, szlaki metaboliczne, lipoproteiny oraz zmiany hormonalne
w hepatocytach nie zostatl szczeg6towo poznany.

Rola osi sygnalizacyjnej BDNF/Trk-B w funkcjonowaniu serca

BDNF oraz jego receptor Trk-B sg obecne w réznych typach komérek serca, w tym w kar-
diomiocytach i komoérkach srédbtonka tetnic wiencowych (Feng i in. 2015; Fulgenzi i in.
2015; Kermani i Hempstead 2007; Li i in. 2022a). Badania wykazaty, Ze 0$ sygnalizacyj-
na BDNF/Trk-B odgrywa kluczowa role w utrzymaniu prawidtowej funkcji uktadu ser-
cowo-naczyniowego, m.in. poprzez zwiekszenie zywotnosci kardiomiocytéw (Okada i in.
2012), poprawe funkcji serca zwigzanej z jego skurczem i rozkurczem (Feng i in. 2015)
oraz wspomaganie rozwoju naczyn krwiono$nych w sercu (Kermani i Hempstead 2007).
Ponadto wykazano, zZe zmiany w osi sygnalizacyjnej BDNF/Trk-B s3 silnie zwigzane z roz-
wojem wielu choréb sercowo-naczyniowych, a poziom BDNF we krwi uznano za poten-
cjalny biomarker tych choréb (Bahls i in. 2019). Obecnie wiadomo, Ze nizsze stezenie
BDNF w surowicy i osoczu krwi wystepuje u pacjentow z chorobami serca, takimi jak
niedokrwienna choroba serca, ostry zesp6t wienicowy, niestabilna dtawica piersiowa, na-
czyniowe uszkodzenie mdzgu, przewlekta niewydolnos¢ serca, oraz u oséb zagrozonych
udarem (Ejiriiin. 2005; Kadowaki i in. 2016; Manni i in. 2005; Pikula i in. 2013). Badania
wykazaty réwniez, ze niski poziom BDNF wiaze sie z wyzsza Smiertelnos$cia i czestszym
wystepowaniem choréb sercowo-naczyniowych (Kaess i in. 2015). Dodatkowo ekspe-
rymenty polegajgce na usunieciu receptorow Trk-B u myszy prowadzity do zaburzenia
funkcji skurczowej i rozkurczowej serca (Fengiin. 2015).

Mimo tych odkry¢ nadal nie wyjasniono, czy sygnalizacja BDNF/Trk-B w mie$niu ser-
cowym wptywa na enzymy metaboliczne, enzymy specyficzne dla mie$nia sercowego, czy
lipoproteiny oddziatujgce na funkcje metaboliczne serca.

Zwiqzek pomiedzy treningiem wytrzymatosciowym a BDNF w chorobach
sercowo-naczyniowych i metabolicznych

Aktywnos¢ fizyczna o charakterze wytrzymato$ciowym wptywa na modulacje stezenia
BDNF w surowicy i osoczu krwi, co potwierdzity liczne badania (Dinoffiin. 2016; Szuhany
iin. 2015). W przypadku ludzi zaobserwowano, Ze regularny trening wytrzymatosciowy,
trwajacy kilka tygodni, prowadzi do zwiekszenia poziomu BDNF w surowicy krwi (Ra-
smussen i in. 2009; Tang i in. 2008). Eksperymenty na szczurach rowniez wykazaty, ze
umiarkowanie intensywny trening wytrzymatosciowy prowadzit do zwiekszenia steze-
nia BDNF w osoczu oraz poprawy tolerancji insuliny. Efekty te byly jednak hamowane
u zwierzat otrzymujacych codzienne dootrzewnowe dawki blokerow receptoréw Trk-B
(Jiménez-Maldonado i in. 2014).

Ponadto wykazano, Ze trening wolincjonalny u szczuréw zwiekszat poziom BDNF nie
tylko we krwi, ale takze w tkance watrobowej i sercu (Belviranli i Okudan 2018). Zosta-
to réwniez udokumentowane, Ze biegi wytrzymato$ciowe posiadajg szeroki potencjat
prozdrowotny, przeciwdziatajgc wielu schorzeniom uktadu sercowo-naczyniowego (Ny-
storiak i Bhatnagar 2018). Tego rodzaju aktywnos$¢ zwiekszata wydolnos$¢ tlenowa serca
(Dickhuth i in. 2004) i obnizata ryzyko Smiertelnosci z przyczyn sercowo-naczyniowych
(Aremiin. 2015). Badania wskazaty rowniez na istnienie korelacji pomiedzy aktywnoscia
fizyczng a wzrostem ekspresji BDNF w mie$niach szkieletowych, sercu oraz mozgu (Alo-
mariiin. 2015; Maroofi i in. 2022; Prigent-Tessier i in. 2013; Wang i in. 2019). Natomiast
wyniki badan Nakano i in. (2020) sugerowaty, Ze produkcja BDNF zalezy zaréwno od
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funkcji mie$ni szkieletowych, jak i rodzaju aktywnosci fizycznej, szczegélnie u pacjentow
z niewydolnoScia serca. Z drugiej strony eksperymenty na myszach z obniZzonym pozio-
mem BDNF wykazaty, ze miaty one podwyzszone tetno, ktoére zostato znormalizowane po
infuzji BDNF bezposrednio do mézgu, co sugeruje, ze BDNF moze regulowac prace serca
poprzez aktywacje neurondw przywspotczulnych w pniu mézgu (Wan i in. 2014).

Zaburzenia osi sygnalizacyjnej BDNF/Trk-B a syndrom metaboliczny

BDNF koordynuje procesy adaptacyjne zaréwno w o$rodkowym uktadzie nerwowym,
jak i w tkankach, takich jak miesnie, watroba czy tkanka ttuszczowa (Di Rosa i in. 2021).
Zaburzenia mechanizmow regulacyjnych zaleznych od BDNF w wymienionych tkankach
prowadza do obniZenia jego stezenia w osoczu i surowicy krwi, co - jak wykazaty ba-
dania Katuriego i in. (2021) oraz Kolevej i Orbetzovej (2022) - towarzyszy rozwojowi
zaburzen metabolicznych. Obecnie wiadomo, Ze obnizony poziom obwodowego BDNF
u ludzi i gryzoni jest zwigzany z dysfunkcjami metabolicznymi, takimi jak otyto$¢, zespot
metaboliczny, cukrzyca czy choroby uktadu krazenia (Chaldakov i in. 2004; Motamedi i in.
2017). Wykazano réwniez, ze egzogenne podawanie BDNF myszom pozbawionych genu
kodujacego biatko tego czynnika neurotroficznego pozwalato na odwrécenie skutkow ze-
spotu metabolicznego (Kernie i in. 2000; Lyons i in. 1999). W zwigzku z tym syndrom
metaboliczny nalezy postrzegac jako nastepstwo choréb metabolicznych i sercowo-na-
czyniowych, a tkankami, ktére najbardziej odczuwaja skutki tych zaburzen, sa watroba
oraz serce. Jednak, jak dotad, nie zbadano zalezno$ci pomiedzy osig sygnalizacyjng BDNF/
Trk-B a biomarkerami odpowiedzialnymi za metabolizm obu tych narzadow.
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2. CELE I HIPOTEZY BADAN

Glownym celem badan byto poznanie zwigzku miedzy osig sygnalizacyjng BDNF/Trk-B
a biomarkerami wskazujgcymi efektywno$¢ proceséw metabolicznych watroby i serca.
Zatozono hipoteze, Ze zaburzenia w sygnalizacji osi BDNF/Trk-B bedg przyczyniaty sie do
dysfunkcji metabolicznych obu tych narzadéw jako gtéwnej przyczyny syndromu meta-
bolicznego. W tym celu przeprowadzono badania poréwnawcze na heterozygotycznych
szczurach z usunietym jednym allelem genu BDNF oraz na szczurach typu dzikiego nie-
modyfikowanych genetycznie.

Dodatkowo u czesci szczuréw z obydwu wymienionych powyzej grup zastosowano
trening wytrzymatoSciowy o umiarkowanej intensywnos$ci w celu potencjalnego zwiek-
szenia poziomu BDNF we krwi obwodowej oraz tkankach jako czynnika normujgcego
ewentualne zmiany metaboliczne w obu wymienionych narzadach wewnetrznych.

Zatozono dwie hipotezy badawcze:

1. Genotyp BDNF (niemodyfikowany vs. knockout) wptywa na modulacje aktywnoSci
i stezen biomarker6w metabolicznych w tkance watrobowej oraz miesniu sercowym
poprzez zmiany w sygnalizacji osi BDNF/Trk-B w watrobie i sercu (publikacja 1, pu-
blikacja 2).

2. Trening wytrzymato$ciowy o umiarkowanej intensywnos$ci wptywa na o$ sygnaliza-
cyjng BDNF/Trk-B w watrobie oraz mie$niu sercowym szczuréw niemodyfikowanych
genetycznie i z genotypem BDNF knockout, co prowadzi do modulacji aktywnosci oraz
stezenn biomarkeréw wskazujgcych na efektywno$¢ proceséw metabolicznych obu
tych narzadéw (publikacja 1, publikacja 2).
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3. CYKL PUBLIKAC]I

Przedtozona dysertacja doktorska to cykl prac pod wspdlnym tytutem: Znaczenie osi
sygnalizacyjnej BDNF/Trk-B w regulacji stezen i aktywnosci biomarkerow zespotu
metabolicznego w watrobie i sercu szczura.

W sktad cyklu wchodza dwa artykuty naukowe:

1. Grzelak N., Kaczmarek D., Mrowczynski W. (2023) Comparison of the effects of BDNF/
TRKB signalling on metabolic biomarkers in the liver of sedentary and trained rats
with normal and knockout BDNF genotypes. Front Physiol, 14, 1268648. https://doi.
org/10.3389/fphys.2023.12686438

punktacja MEiN: 100; Impact Factor: 3,2

2. Grzelak N., Kaczmarek D., Poziemba K.M., Mrowczynski W. (2024) Myocardial disor-
ders in BDNF-deficient rats: limited recovery post-moderate endurance training. Dia-
betes Metab Syndr Obes, 17, 4649-4660. https://doi.org/10.2147/DMS0.5486807

punktacja MNiSW: 100; Impact Factor: 2,8

Lacznie: punktacja MEiN/MNiSW: 200; Impact Factor: 6,0
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4., MATERIAL I METODY BADAWCZE

Zwierzeta

Badania przeprowadzono na 41 szczurach ptci meskiej szczepu Sprague Dawley (SD)
w wieku okoto 4-5 miesiecy, pozyskanych z hodowli SAGE Labs (St. Louis, MO, USA).
W tym celu wykorzystano 21 szczurow typu dzikiego (BDNF wild-type) niemodyfikowa-
nych genetycznie oraz 20 heterozygotycznych szczuréw (BDNF knockout, SD-BDNF) z de-
lecjg genu kodujacego biatko BDNE, ktéry usunieto przy uzyciu technologii targeted zinc
finger nuclease.

Wszystkie zwierzeta do czasu wykonania eksperymentu przechowywano w standar-
dowych klatkach laboratoryjnych (dwa osobniki o tym samym genotypie w jednej klat-
ce) z nielimitowanym dostepem do wody i karmy. Szczury przebywaty w pomieszczeniu
z kontrolowanymi warunkami (odwrécony cykl dzien/noc 12 h: 12 h, wilgotno$¢ 55 1%
i temperatura 22 £2°C).

Przed pobraniem tkanek gryzonie zostaty poddane eutanazji poprzez podanie letalnej
dawki pentobarbitalu sodu (180 mg-kg-1). Odpowiednie biomarkery watroby oraz serca
mierzono w czterech grupach zwierzat: (1) szczurach niemodyfikowanych genetycznie
(Bdnf+/+), (2) heterozygotycznych szczurach z delecja genu BDNF (Bdnf+/-), (3) treno-
wanych szczurach niemodyfikowanych genetycznie (Bdnf+/+T) oraz (4) trenowanych he-
terozygotycznych szczurach z delecjg genu BDNF (Bdnf+/-T).

Doswiadczenia przeprowadzono zgodnie z polska ustawg o ochronie zwierzat, przepi-
sami Unii Europejskiej i wytycznymi ARRIVE. Procedury doswiadczalne zostaly zatwier-
dzone przez Lokalng Komisje Etyczng ds. Badan na Zwierzetach w Poznaniu (numer zgo-
dy: 58/2018).

Trening wytrzymatosciowy

Trening wytrzymato$ciowy o umiarkowanej intensywno$ci przeprowadzano na biezni
elektrycznej dla matych gryzoni (Exer-6M, Columbus Instruments). Protokét treningowy
dla obu grup trenowanych (Bdnf+/+T oraz Bdnf+/-T) sktadat sie z tygodnia adaptacji ru-
chowej oraz 5 tygodni regularnego treningu. Okres adaptacji ruchowej miat na celu przy-
zwyczajenie zwierzat do biezni elektrycznej oraz wysitku o charakterze wytrzymatoscio-
wym. Odbywat sie 2 razy dziennie, trwat od 10 do 45 minut i polegat na bieganiu zwierzat
z predkoscig 10-13 m/min™’. Podczas wtasciwego okresu treningu wytrzymato$ciowego
szczury biegaly przez 45 minut dziennie (5 razy w tygodniu przez 5 tygodni) przy progre-
sywnie zwiekszanej predkosci biezni: 15 m/min™ w pierwszym tygodniu ($redni dzien-
ny dystans: 675 m), 17,7 m/min w drugim tygodniu (Sredni dzienny dystans: 797 m),
19,3 m/min! w trzecim tygodniu ($redni dzienny dystans: 869 m), 21,5 m/min! w czwar-
tym tygodniu ($Sredni dzienny dystans: 963 m) oraz 24 m/min™' w pigtym tygodniu ($red-
ni dzienny dystans: 1080 m). Wedtug klasyfikacji dokonanej przez Lalanze i in. (2015) tre-
ning wytrzymato$ciowy zastosowany w badaniach uznaje sie za trening o umiarkowanej
intensywnosci.
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Pobieranie tkanek

Dzien po ostatniej jednostce treningu wytrzymato$ciowego, po eutanazji zwierzat, wyko-
nywano torakotomie w celu pozyskania watroby oraz serca. Pobrane tkanki wazono, a dalej
umieszczano w fiolkach kriogenicznych odpowiednich dla watroby (Yancheng Huida Me-
dical Instruments, Chiny) oraz serca (NUNC/Thermo Fisher Scientific, USA). Nastepnie
fiolki zanurzono w ciektym azocie i umieszczono je w temperaturze -80°C do czasu po-
miarow.

Homogenizacja tkanek

W przypadku watroby do homogenizacji pobierano mate, dystalne czesci kazdego z pta-
tow. Natomiast w przypadku serca wycinano jego najbardziej zewnetrzne fragmenty
w celu uzyskania czystej tkanki mieSniowej. Pobrane skrawki wazono i dodawano bufor
fosforanowy z inhibitorami enzymé6w (Halt Protease Inhibitor Cocktail EDTA-free [100X];
Thermo Fischer Scientific, USA) proporcjonalnie do masy tkanek (9 : 1). Homogenizacje
przeprowadzano z wykorzystaniem homogenizatora dyspersyjnego (VWR VDI 12, Singa-
pur) w czterech cyklach, z ktorych kazdy trwat 30 sekund (pomiedzy cyklami prébke z ho-
mogenatem chtodzono w lodzie). Tkanke homogenizowano z predkoscig 30 000 rpm, aby
zapewni¢ skuteczng fragmentacje tkanki, natomiast gotowy homogenat odwirowywano
z predkos$cig 5000 rpm przez 5 minut w celu oddzielenia wiekszej czasteczki oraz pozo-
stato$ci komoérkowych od supernatantu. Uzyskany supernatant pobierano i przechowy-
wano w temperaturze -80°C do momentu pomiaréw biochemicznych.

Pomiary za pomocq testu immunoenzymatycznego (ELISA)

W obydwu tkankach sprawdzono stezenie poziomu BDNF (czutos¢ testu: 0,035 ng-ml-1,
nr kat.: SRB-T-81493) oraz receptoréw Trk-B (czutos¢ testu: 12,337 pg/ml; nr kat.: 201-
-11-0426). W przypadku watroby badano rowniez koncentracje leptyny (LEPT; czutos¢ te-
stu: 7,054 pg/ml; nr kat.: 201-11-0456) i interleukiny-6 (IL-6; czuto$¢ testu: 1, 822 pg/ml;
nr kat.: 201-11-0136) oraz aktywnos$¢ insuliny (INS; czutos¢ testu: 0,102 mIU/L; nr kat.:
201-11-0708). Natomiast w sercu dodatkowo oszacowano stezenie interleukiny-1 (IL-1;
czutos$¢ testu: 10,135 ng/L; nr kat.: 201-11-0108). W tym celu przeprowadzono pomiary
za pomocg ELISA zgodnie z instrukcjami zestawdéw producenta (Sunredbio, Chiny). Pod-
czas pomiaru uzyto fali $wiatta o dtugosci 450 nm przy wykorzystaniu wielomodowego
czytnika mikroptytek (Synergy 2 SIAFRT, BioTek, USA).

Analizy biochemiczne za pomocq analizatora biochemicznego

Dla obu tkanek przeprowadzono analize stezen ttuszczéw i lipoprotein, takich jak lipo-
proteina o niskiej gestosci (LDL; czutos$¢ testu: 3,9 mg/dl; nr kat.: 7-280 [Cormay, Polska]),
cholesterol (CHOL; czutos¢ testu: 1,95 mg/dl; nr kat.: 7-204 [Cormay, Polskal]), tréjglice-
rydy (TG; czuto$¢ testu: 1,4 mg/dl; nr kat.:. 7-253 [Cormay, Polska]); enzymdw, wliczajac
aminotransferaze alaninowa (ALAT; czutos$¢ testu: 8 U/L; nr kat.: 7-216 [Cormay, Polska]),
aminotransferaze asparaginowg (ASAT; czutos$¢ testu: 7 U/L; nr kat.: 7-214 [Cormay, Pol-
ska]), gamma-glutamylotransferaze (GGT; czuto$¢ testu: 6,6 U/L; nr kat.: 7-239 [Cormay,
Polska]) i dehydrogenaze mleczanowa (LDH; czuto$¢ testu: 6,6 U/L; nr kat.: 7-239 [Cor-
may, Polska]). Dodatkowo w watrobie zbadano aktywno$¢ fosfatazy alkalicznej (ALP;
czuto$c¢ testu: 7,8 U/L; nr kat.: 7-212 [Cormay, Polska]), natomiast w sercu - aktywnos$¢
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kinazy kreatynowej (CK; czutos¢ testu: 7,4 U/L; nr kat.: 7-220 [Cormay, Polska]) i kinazy
kreatynowej - izoenzymu sercowego (CK-MB; czutos¢ testu: 4 U/L; nr kat.: 7-427 [Cor-
may, Polska]). Pomiary wykonano za pomocg analizatora biochemicznego (Accent 2208,
Cormay, Polska).

Analiza statystyczna

Uzyskane wyniki wszystkich przeprowadzonych pomiaréw zostaty przedstawione jako
$rednia * odchylenie standardowe (SD). W celu poréwnania wszystkich badanych grup
przeprowadzono dwuczynnikowg analize wariancji (ANOVA). Jesli interakcja pomiedzy
zmiennymi niezaleznymi byta istotna statystycznie, przeprowadzono test post-hoc Tu-
keya. Wszelkie analizy statystyczne zostaly wykonane przy uzyciu oprogramowania Stati-
stica 13 (Statsoft, Polska, Krakéw).
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5. WYNIKI

Masa ciata oraz wgtroby

Poprzednie badania przeprowadzone na tych samych grupach zwierzat (Grzelak i in.
2023) wykazaly, ze heterozygotyczne szczury z delecjg genu BDNF (Bdnf+/-) miaty sta-
tystycznie wyzsza mase ciata (o 21,5%) w stosunku do szczuréw niemodyfikowanych
genetycznie (Bdnf+/+), natomiast mniejsza masa ciata charakteryzowata szczury z obu
trenowanych grup (o 12,5%) (Bdnf+/+T, Bdnf+/-T). W niniejszych badaniach wykazano,
ze Srednia masa watroby szczuréw z grupy Bdnf+/- byta o 19% wyzsza w poréwnaniu
ze szczurami niemodyfikowanymi genetycznie (Bdnf+/+). Natomiast miedzy nietrenowa-
nymi (Bdnf+/+ i Bdnf+/-) i trenowanymi szczurami (Bdnf+/+T, Bdnf+/-T) nie wykazano
zadnych istotnych statystycznie r6znic w masach tego narzadu.

Stezenia BDNF i Trk-B w wqtrobie i miesniu sercowym

Stezenia BDNF oraz Trk-B w watrobie byty znaczaco nizsze u obu heterozygotycznych
grup szczuréw z delecjg genu BDNF (Bdnf+/- i Bdnf+/-T) w poréwnaniu z odpowia-
dajacymi im grupami szczuréw niemodyfikowanych genetycznie (Bdnf+/+ i Bdnf+/+T).
Z drugiej strony nie zaobserwowano zadnych réznic w koncentracji watrobowego BDNF
i Trk-B pomiedzy odpowiednimi trenowanymi (Bdnf+/+T i Bdnf+/-T) i nietrenowanymi
(Bdnf+/+ i Bdnf+/-) grupami szczuréw.

Natomiast w mie$niu sercowym nie wykazano zadnych r6znic w poziomie BDNF po-
miedzy odpowiednimi grupami szczuréw niemodyfikowanych genetycznie (Bdnf+/+
i Bdnf+/+T) a grupami heterozygotycznych szczuréow z delecja genu BDNF (Bdnf+/-
i Bdnf+/-T). Jednak w obu grupach heterozygotycznych szczuréw pozbawionych genu
BDNF (Bdnf+/- i Bdnf+/-T) zaobserwowano statystycznie wyzsze stezenie receptorow
Trk-B w poréwnaniu z odpowiadajacymi im grupami szczuréw niemodyfikowanych ge-
netycznie (Bdnf+/+ i Bdnf+/+T). Ponadto poziomy sercowego BDNF i Trk-B nie réznity
sie pomiedzy grupami szczuréw trenowanych (Bdnf+/+T i Bdnf+/-T) i nietrenowanych
(Bdnf+/+ i Bdnf+/-).

Stezenia lipidéw w wqtrobie i miesniu sercowym

Wykazano statystycznie nizsze stezenia lipidéw CHOL i LDL (oraz wyzsze stezenie TG)
w watrobie szczuréw z delecja genu BDNF (Bdnf+/-1iBdnf+/-T) w poréwnaniu z odpowia-
dajacymi im grupami szczuréw niemodyfikowanych genetycznie (Bdnf+/+ i Bdnf+/+T).
[stotnie nizsze stezenie CHOL i LDL (oraz brak zmian stezen TG) wykazano réwniez
w miesniu sercowym obu grup szczuréw z delecjg genu BDNF (Bdnf+/-iBdnf+/-T) w po-
réwnaniu z populacjg szczuréow niemodyfikowanych genetycznie (Bdnf+/+ i Bdnf+/+T).
Natomiast nie zaobserwowano zadnych réznic w stezeniach CHOL, LDL i TG pomiedzy
grupami szczuréw trenowanych (Bdnf+/+T i Bdnf+/-T) i nietrenowanych (Bdnf+/+
i Bdnf+/-) zar6wno w watrobie, jak i mieSniu sercowym.
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Aktywnos¢ enzymdéw w wqtrobie i miesniu sercowym

Zaobserwowano znaczgco nizsze aktywnos$ci enzymoéw ALAT i GGT w watrobach oraz
ALAT, ASAT i GGT w mie$niu sercowym w obu grupach szczuréw z delecjg genu BDNF
(Bdnf+/- i Bdnf+/-T) w porownaniu z odpowiadajacymi im grupami szczuré6w niemo-
dyfikowanych genetycznie (Bdnf +/+ i Bdnf +/+T). Natomiast nie wykazano istotnie
statystycznych réznic w aktywnoSciach pozostatych enzyméw (LDH i ALP) badanych
w watrobie i sercu pomiedzy szczurami o genotypie BDNF knockout a szczurami niemo-
dyfikowanymi genetycznie (Bdnf +/- i Bdnf +/-T vs. Bdnf +/+ i Bdnf +/+T).

W watrobie umiarkowany trening wytrzymato$ciowy powodowat, Ze aktywnosci
ALAT i ASAT w grupie heterozygotycznych szczurow z delecjg genu BDNF (Bdnf+/-) bytly
wyzsze, a aktywnosci LDH w obu grupach trenowanych szczuréw (Bdnf+/+T i Bdnf+/-T)
- istotnie nizsze w poréwnaniu z odpowiadajacymi im grupami (Bdnf+/+ i Bdnf+/-). Na-
tomiast nie wykazano réznic w aktywnos$ciach pozostatych badanych w watrobie enzy-
mow (ALP i GGT) miedzy grupami szczuréw trenowanych (Bdnf+/+T i Bdnf+/-T) i nie-
trenowanych (Bdnf+/+ i Bdnf+/-).

Jednocze$nie w mie$niu sercowym nie wykazano zadnych istotnych statystycznie roz-
nic w aktywnos$ciach omawianych enzymoéw (ALAT, ASAT, GGT i LDH) pomiedzy grupami
szczurow trenowanych (Bdnf+/+T i Bdnf+/-T) i nietrenowanych (Bdnf+/+ i Bdnf+/-).

Aktywnosc¢ INS oraz LEPT w wqtrobie

Dodatkowe pomiary hormonéw w watrobie nie wykazaty zadnych istotnych réznic w ak-
tywnoSci INS i stezeniu LEPT pomiedzy grupami szczuréw o odmiennych genotypach
BDNF (Bdnf +/- i Bdnf +/-T vs. Bdnf +/+ i Bdnf +/+T). Natomiast zaobserwowano zna-
czaco wyzsze stezenia i aktywnosci badanych hormonéw u szczuréw z obu trenowanych
grup (Bdnf+/+T i Bdnf+/-T) w poréwnaniu ze szczurami z grup nietrenowanych (Bdnf+/+
i Bdnf+/-).

Stezenie IL-6 w wqtrobie

Zaobserwowano wyzsze stezenie IL-6 u szczuréw z populacji BDNF knockout (Bdnf+/-
i Bdnf+/-T) w poréwnaniu ze szczurami niemodyfikowanymi genetycznie (Bdnf+/+
i Bdnf+/+T). Jednak w tym przypadku wystgpita istotna statystycznie interakcja pomie-
dzy genotypem a treningiem, stad ta réznica byta spowodowana znaczaco wyzszym ste-
zeniem IL-6 u trenowanych szczuréw z usunietym genem BDNF w poréwnaniu z pozosta-
tymi badanymi grupami.

Stezenie IL-1 w mie$niu sercowym

W przypadku IL-1 nie wykazano zadnych istotnych réznic pomiedzy grupami szczurow
z delecjg genu BDNF (Bdnf+/- i Bdnf+/-T) a odpowiadajgcymi im grupami szczurow
niemodyfikowanych genetycznie (Bdnf+/+ i Bdnf+/+T), jak rowniez pomiedzy grupami
szczuréw trenowanych (Bdnf+/+T i Bdnf+/-T) i nietrenowanych (Bdnf+/+ i Bdnf+/-).

Stezenie CK i CK-MB w miesniu sercowym

Aktywno$¢ CK i CK-MB w mie$niu sercowym u szczuréw z grup o zmienionym genotypie
BDNF (Bdnf+/- i Bdnf+/-T) byta istotnie niZsza w poréwnaniu z odpowiednimi grupa-
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mi szczuréw niemodyfikowanych genetycznie (Bdnf+/+ i Bdnf+/+T). Ponadto wykaza-
no, ze szczury z obu grup trenowanych (Bdnf+/+T i Bdnf+/-T) miaty wyzsze stezenie CK
w sercu niz zwierzeta z grup nietrenowanych (Bdnf+/+ i Bdnf+/-). Natomiast aktywnos$¢
CK-MB nie réznita sie pomiedzy nietrenowanymi (Bdnf+/+ i Bdnf+/-) a trenowanymi
(Bdnf+/+T i Bdnf+/-T) szczurami.
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6. DYSKUSJA

Konsekwencje delecji genu BDNF dla metabolizmu wqtroby i miesnia sercowego

W dotychczasowych badaniach wykazano, Ze hepatocyty watroby sg gtdwnym miejscem
syntezy czasteczek CHOL (Zhou i Sun 2021) oraz formowania LDL (Feingold 2022), ktéry
transportuje CHOL z watroby do komorek innych narzadow obwodowych (von Eckard-
stein 2020). Stad badania przeprowadzone przez Abdel-Gayouma i Ahmide (2017) oraz
Ogunmoyole i in. (2019) wykazaty odwrotnie proporcjonalng zalezno$¢ stezenia CHOL
i LDL w watrobie w odniesieniu do ich stezen we krwi.

Przeprowadzone przez nas eksperymenty udowodnity, ze heterozygotyczne szczury
z delecjg genu BDNF (Bdnf+/- i Bdnf+/-T) miaty znaczaco nizsze stezenia niektoérych
lipidéw (CHOL i LDL) w watrobie w poréwnaniu ze szczurami niemodyfikowanymi ge-
netycznie (Bdnf+/+ i Bdnf+/+T). Taki wynik wskazuje na zaburzenia akumulacji i maga-
zynowania CHOL w watrobie oraz sugeruje jego wyciek i akumulacje do naczyn krwio-
nos$nych u szczuréw pozbawionych jednego allela genu BDNF, ktory moze przyczyniac
sie do tworzenia miazdzycy (Subczynski i Pasenkiewicz-Gierula 2020). W zwigzku z tym
mozna s3dzi¢, ze zwierzeta te charakteryzuja sie zwiekszonym ryzykiem rozwoju choréb
sercowo-naczyniowych. Taki wniosek potwierdzity nasze badania wykonane na mie$niu
sercowym, ktére rowniez wykazaty obecnos$¢ znaczaco nizszych pozioméw CHOL i LDL
w tym narzadzie, wskazujaca na wyciek lipoprotein do krwiobiegu, ktéra prowadzi do
miazdzycy tetnic sercowych i powoduje w rezultacie niedotlenienie tkanek organizmu
(Abeiin. 2017; Choyiin. 2001; Hou i in. 2023; Pober i Sessa 2007).

Dodatkowo heterozygotyczne szczury z delecja genu BDNF (Bdnf+/-i Bdnf+/-T) cha-
rakteryzowaly sie mniejszg aktywnos$cig niektérych enzyméw metabolicznych watroby
(ALAT i GGT) w poréwnaniu ze szczurami niemodyfikowanymi genetycznie (Bdnf+/+
i Bdnf+/+T). ALAT jest kluczowy dla przemian aminokwaséw (Glinghammar i in. 2009),
podczas gdy GGT bierze udzial w metabolizmie glutationu (Hanigan i in. 2015). W zwigz-
ku z tym nizsza aktywno$¢ wymienionych enzymoéw wskazuje na ich mniej wydajne
dziatanie w watrobie, prawdopodobnie zwigzane z ich uwalnianiem z cytoplazmy he-
patocytow do krwi, ktére obserwuje sie w roznych dysfunkcjach watroby (Deoras i in.
1997; Ogunmoyole i in. 2019; Vermeulen i in. 1992). Nalezy podkresli¢, ze okreslenie
aktywnosci ALAT i GGT we krwi ma znaczenie w diagnostyce chor6b watroby (Carobene
iin. 2013; Green i Flamm 2002) powigzanych z nadwagg, otytoscia, syndromem metabo-
licznym oraz chorobami sercowo-naczyniowymi (Johansen i in. 2020; Sookoian i Pirola
2015).

Ponadto w naszych badaniach zaobserwowano znaczaco nizszg aktywnos$¢ enzymoéow
metabolicznych, takich jak ALAT, ASAT i GGT, w mie$niu sercowym heterozygotycznych
szczuréw z delecjg genu BDNF (Bdnf+/- i Bdnf+/-T). Wedtug Abdulkareema i in. (2019)
zmniejszona aktywnos$¢ tych enzyméw w okres$lonej tkance wynika z ich wycieku do
krwiobiegu, gdzie widoczna jest ich zwiekszona aktywnos¢. W zwigzku z tym zaobserwo-
wany w naszych eksperymentach spadek aktywnosci enzymoéw metabolicznych w sercu
szczurow z delecja genu BDNF mogt skutkowac ich zwiekszong aktywnos$cig we krwi ob-
wodowe;j. Jiang (2013), Ndrepepa (2021), Ndrepepa i Kastrati (2016), Raval i in. (2019)
oraz Washington i Van Hoosier (2012) wykazali, Ze podwyzszone poziomy aktywnosci
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ALAT i ASAT we krwi moga $wiadczy¢ o uszkodzeniu serca oraz chorobie sercowo-naczy-
niowej, natomiast podwyzszona aktywnos$¢ GGT jest powigzana z wystepowaniem choro-
by wiencowej (Jiang i in. 2013).

Podobienstwo uzyskanych przez nas wynikéw badan przeprowadzonych w watrobie
i mieSniu sercowym heterozygotycznych szczuréw z ubytkiem jednego allela genu BDNF
(spadek stezenn CHOL i LDL oraz obnizenie aktywnos$ci ALAT, ASAT i GGT) sugeruje silng
interakcje pomiedzy czynno$cig watroby i serca tych zwierzat, wskazujac na istnienie osi
serce-watroba, zidentyfikowanej wczes$niej u pacjentéw ze wspotistniejaca chorobg serca
i watroby (Mgller i Bernardi 2013). Jednocze$nie wykazane powyzZej nieprawidtowos$ci
w metabolizmie watroby i serca wyraZznie wskazuja na mozliwo$¢ pojawienia sie symp-
tomow syndromu metabolicznego u zwierzat zmodyfikowanych genetycznie. Dodatkowo
$wiadczy o tym podwyzszony poziom TG obserwowany w watrobie szczuréw z ubytkiem
jednego allela genu BDNF. TG s3 pozyskiwane ze Zrédet pokarmowych oraz syntetyzowa-
ne w watrobie i magazynowane w hepatocytach (Alves-Bezerra i Cohen 2017). U zwie-
rzat z ubytkiem jednego allela genu BDNF zaobserwowano zwiekszone spozycie pokar-
mu, ktére mogto by¢ przyczyng podwyzszenia stezenia TG w watrobie, prowadzacego do
powiekszenia masy oraz sttuszczenia tego narzadu (Garnol i in. 2016). W konsekwencji
u szczuréw z ubytkiem genu BDNF zanotowano znaczacy wzrost $redniej masy watroby
(0 4,6 g) w poréwnaniu ze zwierzetami o normalnym genotypie BDNF. Dodatkowo we-
dtug Ahmadian i in. (2009) zwiekszony poziom TG w watrobie moze by¢ powigzany z aku-
mulacjg TG w tkance ttuszczowej i w konsekwencji prowadzi¢ do wzrostu masy ciata, kto-
ry réwniez odnotowano u badanych szczuréw pozbawionych jednego allela genu BDNF
(0 138,43 g). Warto podkreslic, ze eksperymenty, w ktérych dokonywano podskornej iniek-
cji BDNF, skutkowaly zmniejszeniem masy i stezenia TG w watrobie otytych myszy z cu-
krzyca (Tsuchida i in. 2002).

Kolejnym argumentem Swiadczacym o mozliwo$ci wystgpienia objawéw zespotu
metabolicznego u heterozygotycznych szczuréw z delecja genu BDNF byta zmniejszo-
na aktywno$¢ enzymow CK i CK-MB obserwowana w mie$niu sercowym tych zwierzat.
W dotychczasowych badaniach mniejsza aktywno$¢ wymienionych enzymow wskazywa-
ta réwniez na niewydolnosc¢ lub dysfunkcje serca (Lygate i in. 2007; Nascimben i in. 1996)
wynikajaca z jego niedokrwienia, martwicy lub zawatu (Patel i in. 2010; Sammeturi i in.
2019; Sheniin. 2019).

Zmianom stezen oraz aktywnoSci specyficznych biomarkeré6w metabolicznych w wa-
trobie i sercu heterozygotycznych szczuréw z delecja genu BDNF towarzyszyty réwniez
réznice w koncentracji BDNF oraz odpowiedniego dla tego czynnika neurotroficznego
receptora Trk-B, a wiec zaburzenia osi sygnalizacyjnej BDNF/Trk-B. W zwigzku z tym na
podstawie naszych badan mozna zaproponowac nastepujaca $ciezke negatywnych kon-
sekwencji metabolicznych/zdrowotnych zwigzanych z delecjg genu BDNF: znaczaco niz-
sze stezenia BDNF i Trk-B w watrobie szczuréw BDNF knockout (Bdnf+/- i Bdnf+/-T)
w poréwnaniu ze szczurami niemodyfikowanymi genetycznie (Bdnf+/+ i Bdnf+/+T),
czyli zaburzenie osi sygnalizacyjnej BDNF/Trk-B, przyczynia sie do zmiany metaboli-
zmu lipidéw i aktywno$ci enzymdéw watrobowych, prowadzac w efekcie do sttuszcze-
nia watroby oraz otytoS$ci. Nasze obserwacje potwierdzaja wcze$niejsze badania, ktére
wykazaly znaczaco nizsze stezenie BDNF w osoczu krwi tych zwierzat w poréwnaniu
ze zwierzetami niemodyfikowanymi genetycznie (Grzelak i in. 2023), jak réwniez z ba-
daniami Belviranlego i Okudan (2018), Chaldakova i in. (2004) oraz Sustar i in. (2019)
wskazujacych na zwigzek obnizonego poziomu BDNF we krwi z czestszym wystepowa-
niem otytosci oraz choréb sercowo-naczyniowych, ktére sg uwazane za wskazniki zespo-
tu metabolicznego.
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W niniejszych badaniach wykazano, Ze w mie$niu sercowym heterozygotycznych szczu-
row z delecja genu BDNF (Bdnf+/- i Bdnf+/-T) nie ma istotnych réznic w stezeniu BDNE,
ale istnieje znaczaco wyzszy poziom receptoréw Trk-B tych zwierzat w poréwnaniu ze
szczurami niemodyfikowanymi genetycznie (Bdnf+/+ i Bdnf+/+T). Wyniki te sg zgodne
z tymi uzyskanymi przez Fenga i in. (2015) oraz Gonga i in. (2020), ktore wykazaty pod-
wyzszone poziomy Trk-B w niewydolnych miocytach myszy pozbawionych allela genu
BDNF oraz w mie$niu sercowym szczura po indukowanym niedotlenieniu. Wzrost pozio-
mu receptoréw Trk-B w mie$niu sercowym u szczuréw z delecjg genu BDNF mogt wyni-
ka¢ z obnizenia poziomu BDNF we krwi i kompensowa¢ niedobory BDNF w krwiobiegu
(Okadaiin. 2012). Innym wyjasnieniem tego zjawiska moze by¢ zmniejszona skutecznos¢
sygnalizacji receptorow Trk-B, ktora nastepuje w wyniku obnizenia poziomu CHOL w bto-
nie kardiomiocytéw, prowadzacego do zmiany ich Srednicy (Casarotto i in. 2021).

Ponadto wykazano, Ze poziom IL-1, kluczowej ogdlnoustrojowej cytokiny prozapalnej
(Dinarello 2011; Dinarello i van der Meer 2013; Javan i in. 2022), nie ulegat zmianie w sercu
zmodyfikowanych genetycznie zwierzat. Stad zaobserwowany brak stanu zapalnego mies-
nia sercowego u szczuréw z delecjg genu BDNF mégt wynika¢ z odnotowanego zwieksze-
nia poziomu receptoréw Trk-B, ktére wedtug Hanga i in. (2015) stabilizujg dziatanie osi
BDNF/Trk-B, przeciwdziatajac uszkodzeniom mie$nia sercowego oraz hamujac apoptoze
kardiomiocytow.

Wptyw treningu wytrzymatosciowego na metabolizm wqtroby i serca szczuréw
z delecjg genu BDNF

Cwiczenia aerobowe s3 rekomendowane w celu poprawy profilu lipidowego (Mann i in.
2014), poprawy stanu zdrowia (Moreira i in. 2020), optymalizacji czynnosci serca (Verbo-
ven iin. 2019) oraz przeciwdziatania objawom syndromu metabolicznego (Mréwczynski
2019). Nasze wczes$niejsze badania wykazaty, Ze trening wytrzymatoSciowy o umiarko-
wanej intensywno$ci zwiekszat stezenie BDNF, Trk-B, neurotroficznego czynnika pocho-
dzenia glejowego oraz wybranych miokin (mioglobina i interleukina 15) w mie$niach
konczyn tylnych trenowanych szczurow, a takze wptywat na pobudliwo$¢ szybkich mo-
toneuronéw rdzenia kregowego (Grzelak i in. 2023). Jednocze$nie trening nie powodo-
wat wzrostu stezenia BDNF we krwi obwodowej, co byto zgodne z wynikami Gaitan i in.
(2021), ktdérzy réwniez nie odnotowali zmian poziomu BDNF we krwi po 26 tygodniach
¢wiczen aerobowych u dorostych ludzi.

Uzyskane wyniki wykazaty, ze 5-tygodniowy trening wytrzymato$ciowy o umiarkowa-
nej intensywnosci nie wptynat na poziomy BDNF oraz Trk-B w watrobie i sercu ani na ste-
zenia CHOL, LDL i innych biomarkeréw (lipidéw, lipoprotein i enzyméw metabolicznych)
w mie$niu sercowym szczurdow z obu trenowanych grup (Bdnf+/+T i Bdnf+/-T). Sugeruje
to, ze taki rodzaj treningu jest mniej skuteczny w modulowaniu osi sygnalizacyjnej BDNF/
Trk-B, zwiekszaniu poziomu BDNF we krwi oraz poprawie profilu lipidowego watroby
w poréwnaniu z treningiem interwatowym o wysokiej intensywnosci (Cao i in. 2022; Ma-
roofiiin. 2022).

Trening wytrzymatos$ciowy zwiekszat jednak aktywno$¢ ALAT i ASAT w watrobie he-
terozygotycznych szczuréw z delecjg genu BDNF (Bdnf+/-), co moze wskazywac na po-
prawe funkcjonowania tego organu. Podobne wnioski przedstawili Haukeland i in. (2008)
oraz Skrypnik i in. (2016), ktérzy zaobserwowali obnizenie pozioméw tych enzymow we
krwi u 0s6b z otytoscig lub zespotem metabolicznym.

Dodatkowo nasze badania wykazaty, ze trening wytrzymato$ciowy powodowat znacz-
nie nizszg aktywno$¢ watrobowego enzymu LDH, kluczowego dla metabolizmu komorko-
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wego (glikolizy beztlenowej) (FarhanaiLappin 2023), u szczuréw z obu trenowanych grup
(Bdnf+/+T i Bdnf+/-T). Wynik ten sugerowat wiec pozytywny wptyw treningu wytrzyma-
toSciowego na funkcje metaboliczne watroby, Swiadczac o potreningowym zmniejszeniu
ryzyka wystapienia zaburzen metabolicznych watroby (Lupa i in. 1994), niezaleznie od
genotypu badanych zwierzat. Ponadto po treningu wytrzymato$ciowym obserwowano,
rowniez niezaleznie od genotypu zwierzat, odpowiednio wyzsze stezenie INS i aktywnos$¢
LEPT w watrobie, ktére uwaza sie za czynniki regulujgce mase ciata i poziom glukozy
(Karacabey 2009). Natomiast jedyng zmiang obserwowang w mie$niu sercowym Szczu-
row z obu trenowanych grup (Bdnf+/+T i Bdnf+/-T) byta wyzsza aktywnos¢ CK, ktéra
z kolei sugerowata zwiekszona produkcje i zuzycie energii w mie$niu sercowym, co praw-
dopodobnie $wiadczyto o poprawie czynnoSci serca trenowanych zwierzat (Zervou i in.
2015). W zwiazku z tym zastosowanie treningu wytrzymato$ciowego wydaje sie obie-
cujagcym zabiegiem terapeutycznym w zapobieganiu i leczeniu niedokrwiennej choroby
sercowo-naczyniowej (Kitzenbergiin 2016).

Warto podkresli¢, Zze u trenowanych szczuréw z niedoborem BDNF (Bdnf+/-T) wy-
kazano wyzsze stezenie IL-6 w watrobie w stosunku do szczuréw nietrenowanych z nie-
doborem BDNF (Bdnf+/-). Wiadomo, Ze nawet pojedyncza iniekcja IL-6 moze przywro-
ci¢ ekspresje genu u myszy z niedoborem genu IL-6, skutkujac proliferacjg hepatocytow
i hamowaniem procesu uszkodzenia watroby (Cressman i in. 1996). Garnol i in. (2016)
wykazali podwyzszony poziom IL-6 w watrobie po cze$ciowej hepatektomii, co wska-
zywato, zZe jest on czynnikiem inicjujgcym regeneracje watroby. W zwigzku z tym uwa-
za sie, ze IL-6 odgrywa kluczowa role w promowaniu proliferacji hepatocytéw i rege-
neracji watroby. Ponadto wiadomo, ze produkcja IL-6 odbywa sie przede wszystkim
w komorkach miesniowych podczas aktywnosci fizycznej (Steinbacher i Eckl 2015),
z ktérych jest ona uwalniana do krwiobiegu (Fischer 2006) i wychwytywana przez wa-
trobe (Febbraio i in. 2003). Stad uzyskany wynik sugeruje, Ze trening wytrzymatos$ciowy
o umiarkowanej intensywnos$ci prowadzit do zwiekszenia proliferacji hepatocytéw oraz
inicjowal regeneracje watroby zwierzat z obnizonym poziomem BDNF i Trk-B w tym na-
rzadzie.

Podsumowujac, w watrobie i mie$niu sercowym heterozygotycznych szczuréw z ubyt-
kiem jednego allela genu BDNF wykazano znaczaco nizsze stezenia lipidéw i lipoprote-
in (CHOL i LDL), jak réwniez nizsze aktywnos$ci niektdrych enzymoéw metabolicznych
(ALAT, ASAT i GGT) niz u zwierzat niemodyfikowanych genetycznie, co sugeruje niepra-
widtowosSci w metabolizmie watroby i serca oraz wskazuje na mozliwo$¢ pojawienia sie
symptoméw syndromu metabolicznego u zwierzat zmodyfikowanych genetycznie. Spdj-
no$¢ uzyskanych wynikéw sugeruje silng interakcje pomiedzy czynnoscig watroby i mies-
nia sercowego u heterozygotycznych szczuréw z ubytkiem jednego allela genu BDNF
(Bdnf+/-), wskazujac na istnienie osi serce-watroba. Nalezy podkresli¢, Ze znaczna licz-
ba genéw odpowiedzialnych za rozwdj syndromu metabolicznego znajduje sie w poblizu
region6w wystepowania genow BDNF podczas gdy szerokie spektrum szlakéw sygna-
towych kontrolujacych rozwoj zespotu metabolicznego jest regulowane przez ekspresje
BDNF (Todosenko i in. 2024). Zatem szczury z delecjg genu BDNF mogg charakteryzowac
sie zaburzong homeostaza proces6w metabolicznych, ktore przyczyniajg sie do rozwoju
zespolu metabolicznego.

Trening wytrzymato$ciowy o umiarkowanej intensywnosci indukowat przede wszyst-
kim wzrost aktywnos$ci watrobowej ALAT i ASAT oraz stezenia IL-6 u szczuréw z delecja
BDNF. Takie wyniki wskazywatly na poprawe wydajnosci szlakow metabolicznych w wa-
trobie oraz sugerowaty udziat wytwarzanej przez miesnie szkieletowe IL-6 w procesie
regeneracji tego organu. Dodatkowo zastosowany trening wytrzymato$ciowy powodowat
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wzrost stezen INS i LEPT w watrobie oraz zwiekszenie aktywnos$ci CK w mie$niu serco-
wym wszystkich trenowanych szczuréw, co sugerowato odpowiednio polepszenie meta-
bolizmu ttuszczéw prowadzgce do obserwowanego ubytku masy ciata oraz poprawe efek-
tywnoSci dziatania szlakéw energetycznych, niezaleznie od genotypu badanych zwierzat
doswiadczalnych.
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7 . WNIOSKI

1.

Delecja jednego allela genu BDNF przyczyniata sie do zaburzenia osi sygnalizacyjnej
BDNF/Trk-B zar6wno w watrobie (gdzie obserwowano nizsza koncentracje BDNF
i Trk-B), jak i w mie$niu sercowym (gdzie obserwowano znaczgco wyzsze stezenie
poziomu receptoréw Trk-B przy zachowanym stezeniu BDNF). W przypadku mie$nia
sercowego zanotowany wzrost poziomu receptoréow Trk-B mogt by¢ mechanizmem
kompensacyjnym w odpowiedzi na nizsze stezenie BDNF w krwiobiegu lub na zmiane
konformacji receptoréw Trk-B wywotang niskim stezeniem CHOL w btonie kardiomio-
cytow.

Zaktocenia osi sygnalizacyjnej BDNF/Trk-B byty powigzane gtéwnie z zaburzeniami
gospodarki lipidowej i metabolizmu watroby (nizsze stezenia LDL i CHOL, wyzszy po-
ziom TG, wyzsza aktywno$¢ ALAT i GGT) oraz mie$nia sercowego (nizsze stezenia LDL
i CHOL, mniejsza aktywnos$¢ enzymow: ALAT, ASAT, GGT, CK i CK-MB). Podobienstwa
zmian metabolicznych wystepujacych w obu tych narzadach sugerowaty silng interak-
cje pomiedzy czynno$cig watroby i mie$nia sercowego u heterozygotycznych szczuréw
z ubytkiem jednego allela genu BDNF (Bdnf+/-). Lacznie uzyskane wyniki sugerowaty
mozliwo$¢ wystapienia sttuszczenia watroby oraz niedokrwienia lub niedotlenienia
mies$nia sercowego, ktére moga prowadzi¢ do powstania syndromu metabolicznego
u zmodyfikowanych genetycznie zwierzat.

Gtownym efektem zastosowanego treningu wytrzymatoSciowego byto wyzsze steze-
nie IL-6, zanotowane u szczuréw z grupy BDNF knockout, co sugeruje powysitkowa
regeneracje watroby tych zwierzat. Natomiast trening przyczynit sie rowniez do wiek-
szej koncentracji INS i LEPT oraz nizszej aktywnoS$ci LDH w watrobie, a takze wyzszej
aktywnosci CK w mie$niu sercowym badanych zwierzat, niezaleznie od genotypu, kté-
re tacznie sugeruja potreningowa poprawe regulacji proceséw metabolicznych pro-
wadzacych do niZszej masy ciata oraz efektywnosci dziatania szlakéw energetycznych
mies$nia sercowego.
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Praca opublikowana poza cyklem

Grzelak N., Krutki P, Baczyk M., Kaczmarek D., Mrowczynski W. (2023) Influence of alte-
red serum and muscle concentrations of BDNF on electrophysiological properties of spi-

nal motoneurons in wild-type and BDNF-knockout rats. Sci Rep, 13, 4571. https://doi.
org/10.1038/s41598-023-31703-8.

punktacja: MEiN: 140; Impact Factor: 3,8

Bibliometryczne podsumowanie osiggnie¢

Indeks H: 2
Liczba cytowan: 8
taczny Impact Factor: 9,8

Lacznie punktacja MEiN/MNiSW: 340

Staze naukowe

30-dniowy staz z programu PROM organizowany przez Narodowg Agencje Wymiany Aka-
demickiej - Department of Pharmacology and Anaesthesia, Dalhousie University (Halifax,
NS, Kanada)

30-dniowy staz z programu PROM organizowany przez Narodowa Agencje Wymiany Aka-
demickiej - Department of Experimental Biochemistry and Molecular Biology, IRCCS In-
stituto Ortopedico Galeazzi (Mediolan, Wtochy)

Udzial w realizacji projektéw badawczych

Wykonawca: projekt badawczy w ramach grantu OPUS finansowanego z Narodowego Cen-
trum Nauki pt. Adaptacja cech elektrofizjologicznych motoneurondéw rdzenia kregowego
szczura do zmian stezen czynnikéw neurotroficznych w osoczu krwi i miesniach szkieletowych

Wykonawca: projekt badawczy finansowany z programu Uczelni ,Rozwo6j Mtodych Pra-
cownikow Nauki” pt. Rola stezenia BDNF w wqtrobie i miesniu sercowym szczura w modu-
lowaniu czynnikéw ryzyka syndromu metabolicznego

Udzial w konferencjach naukowych

XVI Miedzynarodowy Kongres Polskiego Towarzystwa Badan Uktadu Nerwowego, 20-
23.09.2023, Torun. Aktywny udzial w sesji posterowej, wspdtautor plakatu pt. Changes
in electrophysiological properties of spinal motoneurons in response to altered levels of Bdnf
in blood serum and hindlimb muscles. Studies on wild-type and Bdnf knockout rats. Autorzy:
N. Grzelak, P. Krutki, M. Baczyk, D. Kaczmarek, W. Mréwczynski.
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ZALACZNIK 1. 0SWIADCZENIA

Poznan, 24.01.2025
miejscowosc, data

Narbert Grzelak
imie | nazwisko kandydatki/kandydata

Odwiadczenie autorkifautora o oryginainodcl rozprawy doktorskiej,
samodzielnoici jej przygotowania i nienaruszeniu praw autorskich

Ja, nizej podpisana/podpisany oswiadczam, ke:

a) rozprawa doktorska pt. . Znaczenie osi sygnalizacyjne] BONF/Trk-B w regulacii stezen | aktywnosci
blomarkeréw zespolu metabolicznego w watrobie i sercu szczura” jest wynikiem mojej dzlatalnodci tworczej i
powstata bez niedozwoloneago udziatu oséb trzecich;

b) wszystkie wykorzystana prze2e mnie materialy frodtowe | opracowania zostaty w niej wymienione, a
napisana przez mnie praca nie narusza praw autorskich oséb trzecich;

¢) zalgczona wersja elektroniczna pracy jest tozsama z wydrukiem rozprawy;

d) praca nie byla wezedniej podstawg nadania stopnia innej osobie.

Mam Swiadomoéd, te zlotenie nieprawdziwego oswiadczenia skutkowal bedzie niedopuszczeniem do
dalszych czynnosci postepowania w sprawie nadania stopnia doktora lub cofnigciem decyz]i o nadaniu mi stopnia
doktora oraz wszczeciem postepowania dyscyplinarnego/karnego

wniiidad Ve la....
podpis kandydatki/kandydata
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Poznan, 24.01.2025
migjscowose, data

Norbert Grzelak

imie | nazwisko kandydatki/kandydata

Dotyczy: postepowania w sprawie nadania Pani/Fanu mgr Norbert Grzelak

stopnia doktora w driedzinie nauk medycznych i nauk o zdrowiu, w dyscyplinie nauk o kulturze fizycanej w

Akademii Wychowania Fizycznego w Poznaniu.

Diwiadczenie kandydatkif/kandydata

Oswiadczam, 22 maj wkiad w powstanie przediozone] rozprawy doktorskiej pt. ., Znaczenie osi
sygnalizacyjnej BONF/Trk-B w regulaci stgien i aktywnosci biomarkerdw zespolu metabolicznego w
watrobie | sercu szczura”

polegal na*:
- publikacja 1 - Grzelak N., Kaczmarek D., Mrdwezyriski W. Comparison of the effects of BDONF/TRKE signalling
on metabolic bicmarkers in the liver of sedentary and trained rats with normal and knockout BDNF genotypes.
Frontiers in Physiology, 2023, doi: 10.3389/fphys.2023.1268648.

- zaplanowanie badan,

- udziat w wykonywanych badaniach biochemicznych,

- udzial w analizie uzyskanych wynikdw,

- opracowanie statystyczne wynikdw,

- praygotawanie rycin,

- udzial w pisaniu wersji oryginalnej pracy oraz odpowiedzi na recenzje.

- publikacja 2 - Grzelak N, Kaczmarek [, Poziemba KM, Mréweczyriskl W, Myocardial Disorders in BONF-
Deficient Rats: Limited Recovery Post-Moderate Endurance Training. Diabetes, Metabolic Syndrome and
Obesity, 2024:17 4645-4660. https://doi.org/10.2147/DMS0.5486807

- taplanowanie badar,

- udziat w wykonywanych badaniach biochemicznych,

- udzial w analizie uzyskanych wynikow,

- opracowanie statystyczne wynllkdw,

- przygotowanie rycin,

- udziat w pisaniu wersji oryginalnej pracy oraz odpowiedzi na recenzje.

podpis kandydatki/xandydata
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dr hab, prof. AWEF Whixdeinmiers Mrowezyiski Pozian, 27.01.2025
Zaklud Neurobinlogii
Akademin Wychowania Fizyeznego

im, E. Piaseckiego w Poznaniu

{Mwiadcrenie
wskazujace madania jaki pelnil promotor rozprawy doktorskiej mgr Norberta Grzelaka aatytulowanej:
. Znuczenie osi svenalizacying] BDNF/Trk-B w regulacji steed | aktywnosei biomarkerdw zespolu
metabolicznegn w watrohie i sercu szczura”

Juko osoba powolana na promotora pracy doktorskie] mgr Norberta Grzelaka:
1. od strony formalnej:

- udzielalem doktorantowi pomocy merviorveznej | metodycane).

- pomugatem w praygotowaniu, modyfikowaniu i realizoweniu Indywidualnego Planu Badawczego.
- ocenialem stan ragwansowania pracy doktorskiej,

- opiniowalem waioski dotyezgee linansowania

- opiniowalem waioski dotyeegee wyjaedu na stad naukowy,

= opiniowalem winioski dotyezace praediudenin procesu ksztaleenia w Studium Doktoranckim,
2. od strony naukowej:

- organizowalem i planowalem badania,

- prowadzilem dyskusje i konsultacje naukowe,

= pomagalem w opracosaniu koneepeji | metody ki badaweze).

- wspdluczestniceylem w interpretac)i uzyskanych wamikow badan,

- wapaluczestniczylem w pisanio oraz korekcie przygotowywanych manuskryplow,
- wapoluczestniczylem w przygotowaniach odpowiedzi na recenzje.

- wspoluceestniceylem w preygotowaniach ostaleczne) wersji manushkrypiow.

-
'ﬁ-‘:ﬂ‘ '-'"[‘in'.-t b B "!:f:ri" u’ﬁ'& :

Wiodzimierz Mrowczyniski
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Poznan, 24.01.2025
miejscowast, data

Wiodzimierz Mrawczynski
imie | nazwisko wspdtautorkl 'wspdfautora

Akademia Wychowania Fizycznego w Poznaniu, Zaktad Neurobiologii

miejsce zatrudnienia (uczelnia, jednostka)

Dotyczy: postepowania w sprawle nadania Pani/Panu mgr Norbert Grzelak

stopnia doktora w dziedzinie nauk medycznych | nauk o zdrowiu, w dyscyplinie nauk o kulturze fizyczne] w

Akademii Wychowania Fizycznego w Poznaniu,

adczenie ws utorkl/ws utora

Oéwiadczam, ze moj whiad w powstanie rozprawy doktorskiej pt.
« EZnaczenie osi sygnalizacyjne] BDNF/Trk-B w regulacji stezen i aktywnosci biomarkeréw zespotu
metabolicznego w watrobie i sercu szczura®

polegat na*:
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Physlology and Bio

Introduction: The effect of brain-derived neurctrophic factor (BDNF) on the
modulation of metabolic processes in the liver is poorly understood. Therefore,
the aim of this study was to investigate whether hepatic concentrations or
activities of metabolic biomarkers depend on altered BDNF/TrkB content in the
liver, resulting from different BDNF genotypes of rats. In addition, it was assessed
whether 5-week moderate endurance training modifies the levels of BDNF/Trk-B
signaling and studied hepatic markers,

Methods: Experiments were performed on wild-type and heterozygous BDNF
knockout (HET, SD-Bdnf] rats, which were divided into four groups: control with
normal genotype (Bdnf+/+), control with BDNF knockout genotype (Bdnf+/-),
trained with normal genotype (Bdnf+/4T} and trained with BDNF knockout
genotype (Bdnf 4+/-T). BDNF/TrkB concentrations as well as selected metabolic
biomarkers including lipids—total cholesterol (CHOL), low-density lipoprotein
(LDL), triglycerides (TG); enzymes—alanine aminotransferase (ALAT), aspartate
aminotransferase  (ASAT), gamma-glutamyl transferase (GGT), lactate
dehydrogenase (LDH), alkaline phosphatase (ALP); hormones—insulin (INS) and
leptin (LEPT) as well as interleukin-6 (IL-6) as regeneration indicator were
measured directly in liver homogenates.

Results and Discussion: The study showed that Bdnf+/— rats exhibited reduced
BDNF/TrkB signaling (BDNF, p < 0.0001; Trk-B, p = 0.0005), altered lipid levels
(CHOL, p<0.0001, LDL, p < 0.0001: TG, p = 0.0006) and reduced hepatic ALAT
(p = 0.0004) and GGT (p < 0.0001) activity, which may contribute to hepatic
steatosis and obesity, as well as indicate impairment of specific metabolic
pathways in the liver. Interestingly, endurance training did not alter hepatic
BODNF and TrkB content, but improved ALAT (p = 0.0366) and ASAT {p = 0.0191)
activities and increased hepatic IL-6 (p = 0.0422) levels in Bdnf +/- rats,
suggesting enhanced liver regeneration in animals with BDNF allele loss.

KEYWORDS

BDNF, knockout genotype, endurance training, liver, rats
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Introduction

Brain-derived neurotrophic factor (BDNF) is a protein
invalved in the modulation of numerous biclogical processes
occurring in the central and peripheral nervous systems in
mammals (Li et al., 2022). BDNF has been shown to have the
ability to activate transmembrane tyrosine kinase B (Trk-B)
receptors in neurons (Guo et al, 2014; Jin, 2020), which
triggers various intracellular signaling pathways to alter
specific neuronal functions (Yoshii and Constantine-Paton,
2010). However, BDNF and its high-affinity receptors have
also been found in skeletal (Mousavi and Jasmin, 2006) and
smooth muscles (Aravamudan et al,, 2016), the endocrine system
(Podyma et al., 2021), adipose tissue (Nakagomi et al., 2015) as
well as some inner organs such as the heart (Pius-Sadowska and
Machalinski, 2017), pancreas (Fulgenzi et al., 2020) and liver
(Genzer et al., 2017), which plays a vital role in many biological
processes, including metabolism (Han et al,, 2016), detoxification
{Grant, 1991), and the production of various hormones and
proteins (Canbay et al,, 2007).

In the liver, the sources of several neurotrophins and their receptors
{including BDNF and Trk-B) are hepatic stellate cells (Cassiman et al,
2001) and hepatocytes (Genzer et al, 2017), which are the main cell
types in this organ. The hepatic BDNF/Trk-B axis has been shown to
play a key role in maintaining liver innervation and haematopoietic
function (Garcia-Sudrez et al, 2006) and biliary remodelling during
cholestasis (Vivacqua et al, 2014). In addition, it has been shown that
hepatic BDNF levels can be useful for diagnosing liver function in
patients with cirrhosis (Shu et al, 2019), and associated with liver
fibrosis in alcchol use disorders (Girard et al., 2021). Studies in rodents
and humans (Chaldakov et al., 2004; Motamedi et al., 2017) have shown
that low levels of crculating BDNF are associated with metabolic
dysfunctions  such as obesity, metabolic syndrome and related
disorders (eg. diabetes, cardiovascular disease). Experiments on
mice lacking the gene encoding BDNF (Lyons et al, 1999; Kernie
et al, 2000) have shown that exogenous administration of BDNF can
reverse the effects of metabolic syndrome. Furthermore, Genzer et al.
(2017) showed that BDNF binding to specific receptors in ral liver
hepatocytes activates catabolic pathways, such as fatty acid oxidation, in
parallel with inhibition of gluconeogenesis and increased glycogen
storage. All these reports indicate an important regulatory role for
BDNF/TrkB axis in liver tissue (Hang et al, 2021).

It is well known that physical activity, especially of endurance
nature, ¢an modulate serum/plasma concentration of BDNF
(Szuhany et al, 2015; Dinoff et al, 2016). The results of most
suggest of BDNF
concentration in blood serum after acute endurance training
lasting several weeks (Tang et al, 2008; Rasmussen et al,, 2009;
Arazi et al., 2021; Ribeiro et al, 2021). Moreover, Belviranh and
Okudan (2018) showed that voluntary wheel training in rats
increased not only BDNF levels in plasma but also in liver tissue.
In addition, another study in rats showed that the application of
moderate to high-intensity training leads to both increased plasma
BDNE levels and insulin tolerance, which are suppressed by daily
intraperitoneal administration of the Trk-B blocker (Jiménez-
Maldonado et al,, 2014).

Hence, existing evidence suggests that there may be a strong
association between BDNF/Trk-B axis and metabolic products in

human studies considerable  elevation
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the liver and physical activity. The purpose of this study was to
investigate the potential link between changes in the hepatic BDNF/
TrkB axis induced by different BDNF genotype (normal vs.
knockout tats) and endurance training (trained vs. untrained
rats) and the activity and concentration of metabolic biomarkers
in the liver. Knockout rats were selected due to their reduced serum
BDNF levels ranging from 20% (Grzelak et al., 2023) to 73% (Harris
et al, 2016), while 5-week endurance training was used to increase
BDNF levels in the rat liver.

For this reason, two types of rats were used in this study: wild-type
and BDNF heterozygous knockout (HET, SD-Bdnf), some of which
were subjected to an endurance training procedure. The following four
groups of rats were studied in the experiments conducted: 1) with
typical hepatic BDNF levels (control with a normal genotype, Bdnft/+),
2) with altered hepatic BDNF levels [control with BDNF knockout
genotype (HET, SD-BDNF, Bdnf+/-)], and (3, 4) trained with normal
(Bdnf+/+T) and knockout genotype {Bdnf+/-T) that underwent 5-week
endurance training procedure.

In liver homogenates of these rats levels of BDNF, Trk-B as well
as concentrationfactivity of some lipids: total cholesterol (CHOL),
low-density lipoprotein (LDL) and triglycerides (TG), enzymes:
lactate dehydrogenase (LDH), alanine aminotransferase (ALAT),
aspartate aminotransferase (ASAT), gamma-glutamy] transferase
(GGT) and alkaline phosphatase (ALP) and hormones: insulin
(INS) and leptin (LEPT) were measured. In addition, levels of
hepatic interleukin-6 (IL-6) which is an essential factor indicating
liver homeostasis, regeneration, infection defence and fine tuning of
metabolic functions (Schmidt- Arras and Rose-John, 2016) were also
measured in all four studied groups of animals.

Relationships between hepatic amounts of both BDNF/Trk-B
and the aforementioned specific metabaolic factors were determined
separately for each group and then compared among all studied
populations, We hypothesised that this approach would allow us to
demonstrate how genotype and physical activity affect the
association between BDNF/Trk-B axis and metabolic factors in
the rat liver.

Materials and methods
Animals

Experiments were carried out in 41 Sprague-Dawley male rats aged
4-5 months, obtained from a breeding colony at SAGE Labs (St. Louis,
MO, United States). 21 animals were wild-type and had the typical
BDNF genotype (Bdnf-wild type), while the remaining 20 animals were
heterozygotes, in which Bdnfwas knocked out using targeted zinc finger
nuclease technology (Bdinf-knockout, SD-BDNF). The respective liver
biomarkers were measured separately in rats from four different
randomly selected groups: control normal genotype rats (Bdnft/+,
n = 11, average weight before experiment—524 g), control knockout
genotype  rats  (Bdnft/—, n = 11, average weight before
experiment—681 g), trained normal genotype rats (Bdnf+/+T, n =
10, average weight before experiment—484 g) and trained knockout
rats (Bdnf+/-T, n = 9, average weight before experiment—588 g). All
animals were kept in standard laboratory cages (2 rats of the same
genotype per cage) with ad libitum access to food and water. The room
in which the animals were housed had controlled environmental
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conditions (a reverse 12 h:12 h light/dark cycle, 55% + 1% humidity,
and 22°C £ 2'C). The animals were euthanized with an overdose of
sodium pentobarbital (180 mgkg™) prior to liver collection. The
experiments were conducted in accordance with the Polish Animal
Protection Act, Furopean Union regulations and ARRIVE guidelines.
The experimental procedures were approved by the Local Ethics
Committee for Animal Research in Poznan (approval number
58/2018).

Endurance training protocol

In order to examine the effect of endurance training on BDNF/Trk-
B signaling and metabolic biomarkers in the liver, moderate intensity
training on an electric treadmill for small rodents (Exer-6M, Columbus
Instruments) was used in groups of Bdnf+/+T and Bdnf+/-T rats. The
training regimen consisted of 1 week of adaptation and 5 weeks of core
training (45 min per day, 5 days per week of continuous running with
gradually increasing speed up to 25 m/min at the last week of the
training session (Grzelak et al, 2023).

Liver collection and homogenization

After anaesthesia, livers of experimental animals were collected,
weighed and then placed in eryogenic vials (Yancheng Huida Medical
Instruments, China), which were frozen by immersion in liquid nitrogen
at-80°C and stored for further measurements. Small distal portions of
each lobe of the collected livers were cut off for homogenization. The
obtained tissue sections were weighed, and depending on their weight, an
appropriate amount (at a ratio of 1:9) of Phosphate Buffered Saline (PBS)
with Halt Protease Inhibitor Cocktail EDTA-free (100X) (Thermo
Fischer Scientific, United States) was added. Tissue samples were
homogenised with the prepared buffer using a dispersion
homogenizer (VWR VDI 12, Singapore) in four cycles (each 30s,
with 1 min cooling in ice between cydes) to 30.000 revolutions per
minute (rpm). The homogenate was centrifuged at 5,000 rpm by 5 min
and the obtained supernatant was kept at—80'C.

Enzyme-linked immunosorbent assay

Levels of BDNF (sensitivity test: 0.035 ng ml™, cat. number:
SRB-T-81493), TrkB (sensitivity test: 12.337 pg/mL; cat. number:
201-11-0426), LEPT (sensitivity test: 7.054 pg/ml; cat number: 201-
11-0456), [L-6 (sensitivity test: 1.822 pg/mL; cat number: 201-11-
0136) and activity of INS (sensitivity test: 0.102 mIU/L; cat number:
201-11-0708) were determined in liver by commercial ELISA kits
according to descriptions of producent (Sunredbio, China). A multi-
mode microplate reader (Synergy 2 SIAFRT, BioTek, United States)
was used for read of absorbance at 450 nm.

Biochemistry analyses
Levels of LDL (sensitivity test: 3.9 mg/dL; cat. number:

7-280 [Cormay, Poland]), CHOL (sensitivity test: 1.95 mg/dL;
cat, number; 7-204 [Cormay, Poland]), TG (sensitivity test:

Frontiers In Physiology
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L4 mgfdL; cat. number 7-253 [Cormay, Poland]), activities of
ALAT (sensitivity test: 8 U/L; cat. number 7-216 |Cormay,
Poland]), ASAT (sensitivity test: 7 U/L; cat. number
7-214 [Cormay, Poland]), LDH (sensitivity test: 6.6 UJ/L; cat
number. 7-239 [Cormay, Poland]), GGT (sensitivity test: 8 U/L;
cat number 7-224, [Cormay, Poland]), and ALP (sensitivity test:
7.8 U/L; cat number 7-212 [Cormay, Poland]) were measured with
clinical chemistry analyzer (Accent 2208, Cormay, Poland).

Statistical analysis

Statistical analyses were carried out with Statistica 13 software
(Statsoft, Poland, Cracow). Data were presented as the mean +
standard deviation (SD) for all obtained results. Two-way analysis of
variance (ANOVA) was used in order to perform inter-group
comparison of molecules concentrations as well as enzymes and
hormone activities. Tukey's HSD post Jioc test was employed for
determination of statistical significance between compared groups
when the interaction between effects was statistically significant,

Results
Liver and body weights

The study showed that the average liver weight of knockout rats
was 19% greater than rats with the normal genotype. However, the
applied endurance training on treadmill led to a loss of liver weight
only in normal genotype rats (by an average of 12%) and did not
cause a reduction in the weight of this organ in the group with BDNF
knockout genotype. Moreover, our previous study, performed on the
same groups of animals (Grzelak et al,, 2023), showed that knockout
rats had a higher body mass than the normal genotype rats and also
indicated that moderate-intensity running training caused weight
loss in both trained normal (Bdnf+/+T) and knockout (Bdnf+/-1T)
rats. A detailed comparison of both body weight and liver weight in
the four groups of rats tested (Bdnf+/+, Bdnf+/—, Bdnf+/+T, Bdnf+/
=T) is shown in Figure 1,

Genotype and training effects

BDNF and Trk-B There was a statistically significant reduction
in liver levels of both BDNF and Trk-B in rats from the knockout
population (Bdnf+/~ and Bdnf+/~T) when compared to rats from
normal genotype populations (Bdif+/+ and Bdnf+/+T) (Figures 24,
B; Table 1). Significantly lower level of Trk-B was found in Bdnft/—
group of rats in relation to either Bdnf+/+ or Bdnf+/+'T groups of
rats (Figure 2B; Table 1). However, no changes in hepatic BDNF and
TrkB were found when populations of control (Bdnf+/+ and Bdnf+/
—) and trained (Bduf+/+T and Bdnf+/-T) rats were compared
(Figures 2A,B; Table 1).

Lipids CHOL and LDL levels were significantly lower, (but
significantly higher for TG) in the population of knockout rats
(Bdnf+/— and Benf+/-T) compared to the population of rats with
typical genotype (Bdnf+/+ and Bdnf+/+T) (Figure 3; Table 1).
Endurance training did not change the liver contents of CHOL,
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LDL and TG. Their concentrations were similar in control (Bdnf+/+
and Bdnf+/-) and trained (Bdnf+/+T and Bdnf+/~T) populations
(Figure 3; Table 1), However, there was a clear downward trend in
TG concentration in trained rats (Bdnf+/+T and Bdnf+/-T).
Enzymes Significantly lower activities of ALAT and GGT were
observed in the population of knockout rats (Bdnf+/— and Bdnf+/
-T) compared to the corresponding population of normal genotype
rats (Bdnf+/+ and Bdnf+/+T) (Figures 4A.D; Table 1). However,
ALAT activity was lower in the control group of knockout rats
compared to the other groups (Figures 4B,CFE; Table 1). In contrast,
there was no statistically significant difference in hepatic ASAT,
LDH, and ALP activities between normal genotype rats (Bdnf+/+
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and Bdnf+/+T) and knockout genotype rats (Bdnf+/— and Bdnf+/
~T}). There were no differences in hepatic ALP and GGT activities
between the control (Bdnf+/+ and Bdnf+/-) and trained (Bdnf+/+7T
and Bdnf+/-T) populations of rats (Figures 4A,C,D; Table 1). On the
other hand, there was increase in both ALAT (not significant) and
ASAT activities (Figure 21; Table 1) as well a statistically significant
decrease in LDH activity (Figure 4E; Table 1) in the liver of trained
(Bdnf+/+T and Bdnf+/~T) in compare to control rat population
(Bdnf+/+ and Bdnf+/-). However, this post-training elevation of
ALAT and ASAT activities resulled from an increase of these
enzymes activities the only in trained group of rats with BDNF
knockout genotype (Figures 4A,B; Table 1)
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TABLE 1 (Continued) Results of significance (p), effect size (qp2) and test power (F) for particular effects and interactions regarding studied blomarkers such as:
BDNF and Trk-B (Figures 2A,B), lipids-CHOL, LDL and TG (Figures 3A-C}, enzymes—ALAT, ASAT, ALP, GGT, LDH (Figures 4A-E], hormones-INS, LEP [Figures 5A,B)
and IL-6 (Figure 6A). Two-way analysis of varlance (ANOVA) was performed. G pe (Bdnfil+ g pe vs. Bdnf+/- g ypel; Training | | group vs.

trained group); Genotype/Training (the interaction between genotype and training).

Studied biomarkers Genotype Training Genotype/Training
LEPT Fias 0.69 2122 298
p . 04131 <0.0001 0.0938
' . 0.02 0.39 0.08
16 Fian 548 324 498
p 0.0249 0.0801 0.032
n 03 08 Lz

Hormaones The concentrations and activities of INS and LEPT in
the liver did not differ when the population of typical genotype rats
(Bdnf+/+ and Bdnf+/+T) was compared with the corresponding
population of knockout genotype rats Bdnf+/— Bdnf+/=T) (Figure 5;
Table 1), Liver concentrations of INS and LEPT were significantly
higher in the population of trained rats (Bdnf+/+T and Bdnj+/-T)
compared to the corresponding population of control rats (Bdnf+/+
and Bdnf+/-) (Figure 5; Table 1).

IL-6 The concentration of I1L-6 in the liver of rats from the
knockout population (Bdnf+/— and Bdnf+/-T) was demonstrated to
be statistically higher than that of rats from the normal genotype
population (Bdnf+/+ and Bdnf+/+T) (Figure 6; Table 1). However,
thig difference in IL-6 levels shown belween rat populations with
different genotypes was caused by a significant increase in IL-6
concentration in the group of trained animals with BDNF gene
knockout (see Figure 6 and Table 1) Comparing 11.-6 levels in the
liver between the control (Bdnf+/+ and Bdnf+/-) and trained
(Bdnf+/+T and Bdnf+/-T) populations, no significant difference
in IL-6 levels was observed. However, the Bdnf+/—T group showed a
significant increase in IL-6 levels compared to the other groups
(Figure 6; Table 1).

Discussion

In the current study, there was an increase in body and liver
weight, as well as a decrease in liver BDNF and Trk-B concentrations
in BDNF knockout rats (Bdnf+/- and Bdnf+/-T) compared to normal
genotype rats (Bdnf+/+ and Bdnf+/+T) (Figures 1AB; Table 1),
Moreover, previous research (Grzelak et al, 2023)
demonstrated that BDNF knockout rats had significantly lower
serum BDNF levels than rats with normal genotype. Taken
together, these results showed that rats with hemizygous deletion
of the BDNF gene exhibited reduced serum BDNF levels and impaired
hepatic BDNF/TrkB signaling in the liver. These both findings provide
evidence to support the use of these rats as a genetic model to study
metabolic syndrome. Moreover, this seems to be consistent with the
report by Belviranli and Okudan (2018), which suggests a strong
connection between BDNF levels in the liver and circulating blood.

Additionally, our study indicated that reduced BDNF and Trk-B
signaling in the liver, resulting from the absence of one BDNF allele,

our
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has a particularly important impact on lipids metabolism in
hepatocytes. Differences in lipid concentrations, including CHOL,
LDL and TG, were evident when comparing the knockout with
normal genotype rat populations. In particular, hepatic CHOL and
LDL levels were significantly reduced in BDNF knockout rats
(Bdnf+{— and Bdnf+/-T) compared to those with normal
genotypes (Bdnf+/+ and Bdnf+/+T). CHOL is synthesised directly
by hepatocytes in the liver (Zhou and Sun, 2021), while LDL is
formed in the liver from particles of very low-density lipoproteins
(Feingold, 2022}, LDL plays a key role in transporting chelesterol
from the liver to peripheral cells, according to previous research
(Eckardstein, 2020). Moreover, several studies have demonstrated
an inverse relationship between the concentration of CHOL (Abdel-
Gayoum and Ahmida, 2017) and LDL (Ogunmoyole et al,, 2019) in
the liver and their corresponding levels in serum. Thus, our results
suggest that CHOL accumulation and storage in the liver may be
impaired in rats with hemizygous BDNF deletion. This also indicates
that knockout rats may be subject to CHOL accumulation in the
arteries, which may lead to the formation of atherosclerotic
plagues—a major contributor to atherosclerosis (Subczynski and
Pasenkiewicz-Gierula, 2020). It is therefore
knockout rats may have an increased risk of developing
cardiovascular. Such a suggestion is in line with previous human
studies that have linked reduced serum or plasma BDNF levels to a
higher incidence of various cardiovascular diseases (Chaldakov
et al, 2004; Sustar et al, 2019),

We also found that liver TGs levels were significantly higher in
knockout rats compared to normal genotype rats. TGs are obtained
from dietary sources as well as synthesised in the liver as part of the
process of lipid metabolism, where they are stored in hepatocytes
{Alves-Bezerra and Cohen, 2017). Elevated levels of TGs in the liver
caused by increase food intake, as observed in knockout rats, can
lead to increase liver weight and eventually induce fatty liver (Garnol
¢t al,, 2016). This may explain the considerable increase in liver
weight observed in knockout rats. Furthermore, it can be supposed
that elevated hepatic TGs levels may be responsible for increased
body weight in these rats, as excess TGs are stored in adipose tissue,
leading to obesity (Ahmadian el al, 2009). Based on all the
aforementioned observations, it can be strongly inferred that the
significant reduction in BDNF/Trk-B signaling in the liver, observed
in genetically modified rats, plays a key role in inducing substantial

reasonable that
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changes in hepatic lipid metabolism. This finding is also supported
by the study conducted by Tsuchida el al. (2002), which
demonstrated that subcutaneous administration of BDNF could
lead to significant reductions in liver weight, TG concentrations,
and the development of fatty liver in obese diabetic mice. Therefore,
it can be concluded that a decrease in BDNF/Trk-B signaling in the
liver is a crucial factor that contributes to the onset of metabolic
syndrome symptoms,

The moderate-intensity endurance training applied in our
research did not alter cither the BDNF and Trk-B content
(Figure 1 A and B; Table 1) or the CHOL and LDL
concentrations in the liver of the studied rats. Long-term aerobic
exercise, particularly at high intensity, is recommended as an
effective therapy for improving lipid profiles (Mann et al, 2014])
or to counteract metabolic syndrome (Mrowczynski, 2019),
However, 5-weeks endurance training of graduate increasing
intensity, utilized in the present study, did not result in elevated
levels of BDNF and Trk-B in the liver, suggesting that it may have
been insufficient to induce significant improvement in the lipid
profile, It is important to emphasise that our previous research has
shown that training at such intensity can lead to an increase in both
BDNF and Trk-B levels in some fast hindlimb muscles (Grzelak

Frontiers in Physiology

et al, 2023), However, there is no a significant effect on circulating
levels of BDNF what seems to be in line with results of Gaitan et al.
{2021) who found no increase of BONF level in the blood of adult
humans even after 26 weeks of aerobic exercise. However, it cannot
be ruled out that the implementation of high-intensity or prolonged
endurance activity may evoke increase in BDNF levels in both the
serum and the liver which could improve of the lipid profile. It has
been reported that high-intensity interval training has a particularly
desirable effect on lipid metabolism by reducing their
concentrations in the blood, including levels of CHOL, TGs and
cthers (Cao et al,, 2022).

Knockout rats (Bdnf+/— and Bdnf+/-T) showed a decrease in liver
metabolic enzyme activities, specifically ALAT and GGT compared to
rats with a normal genotype (Bdnf+/+ and Bdnf+/+T). ALAT is a
specific liver enzyme crucial for amino acid metabolism (Glinghammar
etal,, 2009) while GGT is a key enzyme in the metabolism of glutathione
(Hanigan et al., 2015). Higher activities of these enzymes in the liver
indicate more efficient enzyme function, as their levels in the liver are
inversely proportional to those in the blood. However, liver disorders
can cause the release of these enzymes from hepatocyte cytoplasm into
the blood, where they serve as indicators of impaired metabolic function
in liver disorders (Vermeulen et al, 1992; Deoras et al, 1997;
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genotype (p = 0.0014); 5 = significant difference between trained rats with Bonf+ /- genotype and control rats with Bdnf+/- (o= 0.0366). Detailed results

ot performed tests are given In Table 1

Ogunmoyole et al, 2019). ALAT and GGT levels are routinely
measured in serum or plasma to investigate liver disease (Green and
Flamm, 2002; Carobene et al, 2013) due to these both markers are
particularly relevant in the context of pathogenesis of various liver
diseases related to fat accumulation in liver such as obesity, metabolic
syndrome and the cardiovascular disease (Sookoian and Pirola, 2015).

Frontiers (n Physiology

For example, elevated levels of these markers have been observed in
children as a consequence of liver damage associated with overweight
and obesity (Johansen et al, 2020). Therefore, it is reasonable to
speculate that knockout rats would exhibit increased activities of
ALAT and GGT in circulation, indicating disruptions in metabolic
processes within the liver.
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with Bdnf+/— genctype and trained rats with Banf+/4 genotype [p =
0.0201); S = significant difference between trained rats with Sdnf+/-
genotype and control rats with Bdnf+/- (p = 0.0422). Detailed results
of performed tests are given in Table 1

Our results demonstrated that endurance training led to an
increase in hepatic ALAT activity and a significant elevation in
ASAT activity in knockout rats (Bdnf+/- and Bdnf+/-T).
However, this effect was mainly observed in the group of
trained knockout rats (Figures 5B,C.E; Table 1), It is well-
established that endurance training can improve liver function
and reduce liver enzyme levels in the bloodstream, such as ALAT
and ASAT, particularly in individuals with obesity or metabolic
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syndrome (Haukeland et al., 2008; Skrypnik et al, 2016).
Therefore, our findings demonstrate an increase in ALAT and
ASAT levels in the liver of knockout rats, confirmed previous
observations. The implemented training regimen led to a
significant reduction in hepatic LDH activity in the trained rat
population (Bdnf+/+T and Bdnf+/-T), an enzyme crucial for
cellular metabolism, particularly anaerobic glycolysis (Farhana
and Lappin, 2023). Studies by Lupa et al. (1994), have previously
demonstrated a decrease in hepatic LDH activity in response to
endurance training in young rats, This finding suggests that
endurance training may have a positive impact on liver health
and metabolic function, potentially reducing the risk of liver-
related disorders. Importantly, our results indicate that the
decrease in hepatic LDH activity observed after endurance
training is independent of the BDNF genotype.

No significant differences were observed in INS and LEPT
hormone concentrations in the livers of rats with knockout
(Bdnf+/— and Bdnf+/-T) and normal (Bdnf+/+ and Bdnf+/+T)
genotypes. These findings indicate that liver functions, including
the regulation of glucose metabolism (Chadt and Al-Hasani, 2020)
and maintenance of energy balance (Martinez-Una et al, 2020)
remain unchanged in knockout rats. This can be attributed to the
fact that this liver function is closely related to hormones produced
by other organs and transported to the liver via the circulation,
However, it is worth noting that liver INS and LEPT levels were
significantly higher after endurance training in our study. This
observation is therefore consistent with previous reports
emphasising the importance of regular exercise in regulating
body weight and blood sugar levels in humans (Karacabey,
2009), Interestingly, our results indicate that these training effects
are not dependent on BDNF genotypes, as observed for LDH
activity,

It is important to note that a significant reduction in BDNF and
Trle-B levels in liver of knockout rats (Bdnf+/— and Bdnf+/-T) seems to
be also associated with a higher concentration of hepatic I1.-6 compared
to rats with the normal genotype (Bdnf+/+ and Bdnf+/+T). However,
such difference is caused by significant increase in TL-6 concentration in

frontiersin.org

AWF

ROZPRAWA DOKTORSKA

51



Grzelak et al

the group of trained animals with BDNF gene deficiency (see Figure 2
and Table 1), Cressman et al. (1996) discovered that even a single dose
of [1-6 can restore gene expression in mice lacking IL-6 gene, resulting
in hepatocyte proliferation and inhibition of liver damage. Garnol ef al.
(2016) observed heightened levels of IL-6 in the liver after partial
hepatectomy, considering it as an essential factor for initiating liver
regeneration, Therefore, elevated levels of IL-6 play a crucial role in
promoting hepatocyte proliferation and are commonly regarded as a
key factor in driving liver regeneration. Accordingly, our findings have
demonstrated a significant increase in hepatic 11-6 levels, particularly in
the trained knockout rat group (Figure 2; Table 1), This suggests that
endurance training has the potential to enhance hepatocyte
proliferation and initiate liver regeneration processes, especially in
animals with reduced levels of BDNF and Trk-B in the liver.
Additionally, it is well-established that muscle cells are a major
source of IL-6 production in response to exercise. Steinbacher and
Eckl (2015) proposed that TL-6 produced by muscles during exercise
exerts an anti-inflammatory effect, leading to a reduction in pro-
inflammatory cytokine levels. Moreover, it has been observed that
muscles release a substantial amount of IL-6 into the bloodstream
even after a single exercise session (Fischer, 2006), and this IL-6 can be
captured by the liver (Febbraio et al, 2003). Therefore, our resulls
suggest that the production of TL-6 during training plays a crucial role in
promoting liver regeneration, particularly in animals with metabolic
liver disorders like knockout rats. Furthermore, the elevated 1L-6 levels
in BDNF-deficient rats may be a potential factor contributing to the
increase in ALAT and ASAT activity. This suggests that IL-6 might play
a regenerative role by enhancing the efficiency of some metabolic

pathways.

Conclusion

The study revealed that BDNF knockout rats loss exhibited a
significant reduction in BDNF(Trk-B content within the liver, This
reduction was accompanied by lower levels of lipids, such as CHOL
and LDL, and a simultaneous increase in TGs levels. In addition,
there was a reduction in the activity of two liver enzymes—ALAT
and GGT. These alterations in lipid metabolism and enzyme activity
contributed to increase in obesity, as evidenced by elevated liver
weight and body weight in the rats. Our findings suggest that a
reduction in BDNF/Trk-B signaling contributes to changes in lipid
metabolism that lead to hepatic steatosis and obesity, which are
symptoms of the metabolic syndrome.

Moderate endurance training induced an increase in hepatic
ALAT and ASAT activity in knockout rats, suggesting improved
metabolic pathway efficiency in the liver. Furthermore, a significant
increase in hepatic IL-6 levels was demonstrated in trained animals
with the BDNF knockout genotype, suggesting that the initiation of
liver regeneration is mediated by IL-6 produced by contracting
skeletal muscle. Tt cannot be excluded that it is responsible for
improving the efficiency of metabolic pathways by increasing ALAT
and ASAT activity. On the other hand, the effect of endurance
exercise on LEPT and INS concentrations, as well as LDH activity,
was not dependent on a specific BDNF genotype.

Future studies should focus on investigating the effects of the
BDNF/Trk-B axis on the pathways of the above-mentioned
enzymes, which play a key role in liver metabolic functions.
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Furthermore, upcoming studies should aim to provide a more
complex analysis of the role of IL-6 in liver regeneration.

Limitations

Measurement of the biomarkers tested in blood was not possible
due to the fact that blood samples were collected to assess
neurotrophin levels, as shown in our previous work performed
on the same group of animals (Grzelak et al,, 2023), The volume
of blood samples collected was also limited due to the in vivo
electrophysiology experiment being conducted in parallel. In
addition, we did not conducted immunochemistry research in liver.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the Local Ethics Committee
for Animal Research in Poznan. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

NG: Data curation, Formal Analysis, Investigation,
Methodology, Software, Writing-original draft, Writing-review
and editing. DK: Formal Analysis, Investigation, Methodology,
Writing-original  draft, Writing-review and editing. WM:
Conceptualization, Formal Analysis, Funding acquisition,
Investigation, Methodology, Project administration, Supervision,
Writing-original draft, Writing-review and editing.

Funding
The author(s) declare financial support was received for the
research, authorship, andfor publication of this article. This study

was funded by the Polish National Science Center Grant No. 2017/
27/B/NZ7/01113.

Acknowledgments

The authors thank Dr. Tomasz Podgorski and Dr. Joanna
Kaminska for technical support and meaningful discussion.

Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersinorg

52

ROZPRAWA DOKTORSKA

AWF



Grzelak et al,

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abdel-Gayoum, A_A., and Ahmida, M. FL S, (2017). Changes in the serom, liver, and
renal cortical lipids and electrolytesin rabbits with cisplatin-induced nephrotoxicity.
Turk J. Med. Sct. 47, 1019-1027. doit10.3906/sag- 1602-136

Ahmadian, M., Duncan, R E, and Sul, H. §. (2009). The skinny on fat: lipolysis and
fatty acid utilization in adipocytes. Trends Endocrinol. Metabolism 20, 424-428. doi:10.
1016/ tem_2009.06.002

Alves-Bererra, M., and Cohen, D. E, (2017). Triglyceride metabolismy in the liver.
Compr. Physiol, 8, 1-8. dot10.1002/cphy.c170012

Aravamudan, B, Thompson, M. A, Pabelick, C. M., and Prakash, ¥, S, (2016).
Mect of BDNF fation in asthmatic airway smooth muscle. Ame [ Physiol
Lung Cell Mol Physiol 311, L270-L279, doi:10. 1152fjplung00414.2015

Arazi, H, Babaei, P, Moghimi, M, and Asadi, A, (2021). Acute effects of strength and
endurance exercise on serum BONF and 1GF- 1 levels in older men. BMC Geriatr. 21, 50,
doi:10,1186/512877-020-01937-6

Belviranly, M., and Okudan, N, (2018), Exercise training increases cardiac, hepatic and
cireulating levels of brain-derived neurotrophic factor and irisin in young and aged rats.
Horm. Mol, Biol, Cim. frvestig. 36, doi:10, 1515/ himbei-2018-0053

Canbay, A, Bechmann, L., and Gerken, G, (2007). Lipid metabolism in the liver.
Z Gastroenterol. 45, 35-41. doit10.1055/5-2006-927368

Cao, M., LL 8, Tang, Y., and Zow, Y. (2022}, A meta-analysis of high-intensity interval
training on glyeolipid metabolism in children with metabolic disorders. Framt. Pediatr
10, 887852 doi:10.3389/ped 2022 887852

Carobene, A., Braga, F. Roraas, T Sandberg 8. and HBartlett, W. A (2013}, A
systematic review of data on biclogical variation for alanine aminotransferase, aspartate
aminotransferase and y-glutamyl transferase. Clin. Chem, Lab. Med 51, 1997-2007.
doi:10.1515/ celm-2013-0096

Cassiman, D, Denef, C., Desmet, V. ], and Roskams, T. (zrm) Human and 4t
hepatic stellate cells express and P P Hep g 33,
148-158. dou10. lOSJth:pﬁUDl_ZU?SS

Chadt, A, and Al-Hasani, H. (2020), Glucose transporters in adipose tissue, liver, and
skeletal muscle in metabolic health and disease. Pflugers Arch. 472, 1273-1298. doi:10.
1007/ 5004 24-020-02417-x

Chaldakov, G, N,, Fiore, M., Stankulav, 1. 5., Manni, L, Fristova, M. G,, Antonelli, A,
et ul, (2004), Neurotrophin presence in human coronary atherosclerosis and metabolic
syndrome: a role for NGF and BONF in cardiovascular disease? Prog. Bram Res. 146,
279-289. doi:1 0.1016/50079-61 23(03)46018-4

Cressman, D, E, Greenbaum, L E, DeAngelis, R. A;, Ciliberto, G., Furth, E, E., Poli,
V.o et al. (1996), Liver failure and defective | in interleukin-6-

10,3389/ fphys 2023 1268648

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

late middle-aged adults at risk for alzheimer's disease. Frant. Endocrinol, 12, 660181
doi:10,3389/fendo.2021.660181

Garcla-Swirez, 0., Gonzdlez-Martinez, T., Peres-Perez, M., Germana, A,
Blanco-Gélaz, M. A, Menjil, D. F, et al. (2006). Expression of the
neurotrophin receptor IrkB in the mouse liver. Anat. Embryol, Berl 211,
465475, doi:10.1007/s00429-006-0098-9

Garnol, T., Kuéﬂ'a, 0, Stafkova, P, Lotkowd, H., and Cervinkovd, 2. (2016). Does
simple affect liver ion after partial hepatectomy in rats? Acta Medica
(Hradee Kntlove) 549, 35-42. doi 10114712/ 18059694, 201687

Genzer, Y., Chapnik, N, and Froy, O, (2017), Effect of brain-derived neurotrophic
factor (BDNF) on hepatocyte metabolism. Int, . Biochem, Cell Biol. 88, 69-74, doi:10.
1016/ blocel 2017 05.008

Girard, M., Carrier, P, Loustand-Ratti, V., and Nubukpo, P, (2021). BDNF lovels
and liver stiffness i subjects with aleohol use disorder: evaluation after alcohol
withdrawal. Am, J. Drug Alcohol Abuse 47, 191-198. doi:10.1080/00952990.2020.
1833211

Glinghammar, B, Rafter, 1, Lindsirém; A-K., Hedberg, |. . Andersson, H. B,
Lindblom, P., et al, (2009}, D of the mitochondrial and catalytically active
alanine aminotransferase in human tissues and plasma. fnd. [ Mol Med, 23, 621-631,
dok 103892/ {jmm_D0000173

Grant, D. M, (1991), Detoxification pathways in the liver. | biher Metah Disea 14,
421430, doi 101007/ BEN 797915

Green, B M., and Flamm, 5. [2002); AGA technical review on the evaluation of liver
chemistry tests, Gastroenterolagy 123, 1367-1384, doli10.1053/gast 200236061

Greeluk, N., Krutkl, P, Byeayk, M. Kacemarek, D, and Mrdweryniski, W (1023:
Influence of altered serum and muscle 1ons of BONF on el
praperties of spinal motoneurons in wikd-type and BDNF-knockout rats, . §et Rep, 13,
4571, doi:10.1038/s41598-023-31703-8

Guo, W., Ji, Y., Wang, S, Sun, Y. and Lu, B, (2014}, Newronal activity allers BDNE-
TrkB signaling kinetics and downstream functions, J. Cell Sci. 127, 2249-2260, doi:10.
1242fjcs. 139964

Han, H-5, Kang, G., Kim, |, 5, Choy, B. H,, and Koo, 5.-FL {2016), Regulation of
glucose metabolism fram a liver-centric perspective. Exp. Mol Med. 48, ¢218 doi10.
1038/emm.2015.122

Hang, P.-Z, Zhu, H,, Li, P-F,, L, |, Ge, F-Q., Zhao, [, et al. (2021), The ememging
rale of RONF/TrkB signaling in cardiovascular diseases. Life 11, 70. doi:10.3390/
Lifel 1010070

Hanigan, M. H,, Gillies, E. M, Wickham, 5, Wakeham, N, and Wirsig-

deficient mice. Sclence 274, 1379-1383, doi:10. lm.fmm 27452911379

Deoras, D, P, Young-Curtis; P., Dulvi, R. R., and Tippet. F. E, (1997}, Effect of
gossypol on hepatic and serum gamma-ghitamyltransferase activity in rats. Vet, Res
Commur. 21, 317-323, doi:10,1023/a:1005856119553

Dinoff, A Herrmann, M., Swardfager, W., Liv; C. 8, Sherman; €., Chan, 8, etal
(2016). The effect of exercise training on resting concentrations of peripheral brain-
derived neurotrophic factor (BDNF): a meta-analysis, PLoS One 11, e163037. doiz10,
137 Hjournal. pone.0163037

Echrd:tdn, A \mn (..u"D} CME-lat ¥ hl: new
on idemta. Prax (Bern 1994) 109, 215-220, M]Olﬂl‘t!

1661-81 571a003437

Farhana, A, and Lappin, & L {2023}, “Biocl ¥, lactate dehyd: " i
StatPearls (Treasure Island (FL): StatPearls Publishing). Avallable at: |Illp.l|fl\‘\\w nebi
nlm.nih govibooks!NBRK557536/ (Accessed May 30, 2023).

Febbraio, M. A, Ott, P, Nielsen, HL B, Steensherg, A, Keller, €., Krustrup, P et al

(2003), Hepatosplanchnic clearance of interleukin-6 in humans during exercise. Am.
). Physiol. Endocrinol. Metal. 285, E397-E402. doit10. 1152/ ajpendo.00134.2003

Feingold, 1. 7. (2022). Lipid and lipoprotein metabalism. Endocrinal. Metab. Clin.
North Am, 51, 437-458, doi:10.1016/j.ed.2022.02.008

Fischer, C. P (2006). Inferleukin-6 i acute exercise and traming; what is the
biological relevance? Exerc [mmunol. Rev. 12, 6-33.

Fulgenzi, G, Hong, Z., Tomassoni-Ardori, F,, Barclla, L. F., Becker, 1., Barrick, C.etal
(2020), Novel metabolic role for BDNF in pancreatic -cell insulin secretion, Naf,
Conmre, 11, 1950, doi:10.1038/541467-020-15833-5

Gaitdn, I, M., Moon, H, Y., Stremlau, M., Dubal, D. B, Cnuk D.B. Okunkwu 0 3 BN
etal, (2021), Effects of acrobic Cise Lralning on sy kers and T

Frontiers In Physiology

Wiechmann, C. R. (2015). Immunalabeling of gamma- glulumyl transferase 5 in
normal human tissues reveals that exp and | ion differ from g,
glutamyl transferase 1. Histachem Cell Biol, 143, 505-315. doi:10,1007/500418-
014-1295-x

Harris, A. P, Lennen, R |, Brydges, N. M., Jansen, M. A, Pernet, C. R, Whalley, H.
C..etal. (2016). The role of brain-derived neuratrophic factor in learned fear processing:
an awike rat MR study, Gemes Brain Behav, 15, 221-230, doi:10.1111/gbb 12277

Haukeland, J. W, Schreiner, L. T, Lursm L, Fl‘lE!Hd S. 0., B\ang.C. Rak.n:md M,
et al. (2008). ASAT/ALAT ratio p tly of
Child-Pugh dass, gender and age u: non-alcoholic currhusis, Scand. 1. bnmmirrul'w
43, 1241-1248. doi!10.1080/003655208021 58614

Jiménez-Maldonado, A.. de Alvarez-Buylla, E. R, Montero. 8, Melnikov, V..
Castro-Rodrigues, E., Gamboa-Domingues, A., et al. (2014). Chmrm exercise
increases plasma brain-derived neurotrophic Far:Lnr levels, pancreatic islet size, and
insulin tolerance in a TrkB-dependent manner. PLoS One 9,e115177. doi:10.1371/
journal pone 0115177

Jin, W. (2020). Regulation of BDNF-TrkB signaling and
strategies for Parkinson’s disease. | Clin. Med. 9, 257, doiz10, 3390\1'Jcm901ll?.57

Johansen, M. |., Gade, |, Stender, 5., Frithioff-Bejswe, C., Lund, M. A. V., Chabanova,
E., et al. (2020). The effect of overweight and obesity on liver biochemical markers in
children and adolescents. |, Clin. Endocringl, Metab. 105, dgz010. doi: 101210/ clinem/
dgznilo

Karscabey, K. (2009), The effect of exercise on leptin, insulin, cortisol and lipid
profiles i obese children. [ Int. Med. Res. 37, 1472-1478. doi10.0177/
147323000903700523

Kernie, 5. G, Liebl, D ] and Parada, L. F, (2000), BDNF regulates eating behavior and
locomotor activity in mice. EMBO J. 19, 1290-1300, dox:10.1093 femboj/ 19.6.1290

TR .

frontiersin.org

AWF

ROZPRAWA DOKTORSKA

53



Grzelak et al,

Li, Y., Li, F, Qin, D, Chen, H., Wang, |, Wang, |, et al. (2022}. The role of brain
derived neurotrophic factor in central nervous system. Fromf Aging Newrasch 14,
986443, dol:10.3389/fnagi. 2022946443

Lupa, V. A, Podolin, D. A, Roth, D, A, and Mazeco, R 5. (1994}, Inlluence of aging
and endurance training on lactate dehydrogenase in liver and skeletal muscle. Mech,
Agerg Dy, 75, 191-204. dor10.1016/0047-6374(94)90005-4

Lyons, W, £, Mamounas, L. A, Ricaurte, G. A, Coppola, V., Reid, 5. W,, Bora, 5.
H. et al. (1999), Brain-derived neurotrophic factor-deficient mice develop
aggressiveness and  hyperphagia in conjunction with brain serolonergic
abnormalities. Proc Natl, Acad. Sci, U, 5 A, 96, 15239-15244. doi:10.1073/
Pnas96.26.15239

Mann, 5., Beedie, C,, and Jimenez, A, [2014). Differential effects of aerobic exercise,
resistance training and combined exercise modalities on cf 1 and the lipid
profile: review, hesis and Lt Sports Med. 44, 211-221. doi:10.1007/
s10279-013-01 iﬂ 5

Martines-Ufa, M., Lpez-Mancheno, Y., Didguer, €., Ferndndez-Rojo, M, A, and
Novelle, M. G. (2020). Unraveling the role of leptin in liver function and its relationship
with liver diseases. [IMS 21, 9368, doi:10.3390/ijms21249368

Motamedi, 8, Karimi, 1, and Jafari, F. (2017}, The interrelationship of metabolic
syndrome and neurodegenerative diseases with focus on bran-denved neurotrophic
factor (BDNF): Kill two hirds with one stone, Merab, Brain Dis. 32, 651-665. doi:10,
L007#s1 101 1-017-5897-0

Mousavi, K., and Jasmin, B, ]. (2006). BDNF is expressed in skeletal muscle satellite
cells and inhibits myogenic differentiation. 1. Newrosci. 26, 5739-5749. doi:10.1523/
INEUROSCL5398-05. 2006

Mrdweaynski, W, (2019), Health benefits of endurance training: implications of the
brain-derived neurotrophic factor-A sy i review. Newral Plast. 2019, 5413067,
dioi:10.1155/2019(541 3067

Nakagomi, A, Okada, S, Yokoyama, M., Yoshida, Y., Shimizu; L, Miki, T,
etal. (2015). Role of the central nervous system ind adipose tissue BDNF/TrkB
axes in metabolic regulation, NPI Aging Mech. s 1, 15009, doi:10.1038/
npjamd.2015.9

l)gu.lmloyulh T. Oladele, F, C, Aderibighe, A, and Johnson, O. D, (2019).
ieity of Telfaria occidentalis raot extracts on wistar albine rat. Hefiyon 5,
eﬂIﬁl? doi:10.1016/1.heliyon.2019.e01617

Plus-Sadowska, E.and Machalinski, B. {2017), BDNF - a key player in cardiovascular
system. [ Mol Cell Cardiol, 110, 54-60. dol: 101016/ yjmec.2017.07 007

Podyma, B., Parckh, K. Giler, A. D, and Deppmann, €. . (2021). Metabolic
homeostasis via BDNF and its receptors. Trends Endocrinol, Metab, 32,488-499, dok 10,
1016/.tem.2021 04,005

Rasmussen, P., Brassard, P, Adser, H., Pedersen, M. V.. Leick, L, Hart, E, et al.
(2009}, Evidence for a release of brain-derived neurotrophic factor from the brain
during exercise. Exp. Physiol. 94, 1062-1069. doi:10.1113/expphysial. 2009,
048512

Frontiers in Physiology

12

10.3389/fphys 2023 1268648

Ribeiro, [, Petrigna, L., Pereira, F. €, Muscella, A.. Bianco, A, and Tavares, P.
(2021). The impact of physical exercise on the circulating levels of BDNF and nt 4/5: a
review. [IMS 22, 8814, doi:10.3390/{jims22168814

Sclimidt-Arras, D., and Rose-John, §. (2016), IL-6 pathway in the liver from
physiopathology to therapy. J. Hepatol. 64, 1403-1415. doi:10.1016/i.jhep. 2016.02.004

Shu, H.-C.. Hu, [, Jiang, X.-B. Deng, H.-Q.. and Zhang, K-H, (2019). BDNF gene
polymorphism and serum level correlate with liver function in patients with hepatitis
B-induced cirrhosis. Ine. ] Clin. Exp. Pathol 12, 2368-2380,

Skrypnik, D., Rawjezak, M., Karolkiewlcz, | M.qd.ry E Puprk Musiallk, D
Hansdorfer-Korzon, R, et al (2016). Effects cvf d
exenciss on biochermical parameters of liver function in women wrlh abdominal ubcﬂry
Bicmed, Pharmacother, 80, 1-7, dou10.1016/).biopha. 201602017

Saokoian, 5., and Pirola, C.]. (2015). Liver ensymes, metabolomics and genome-wide
association studies; from systems biology 1o the personalized medicine. WIG 21,
711725, dol: 10,3748/ wigv2Lid 711

Steinbacher, P, and Eckl, P. (2015). Impact of oxidative stress on exercising skeletal
muscle. 8 lecules 5, 356-377. doi:10.3390/biom3020356

Subezynski, W, K., and Pasenkiewicz-Gierula, M. (2020), Hypothetical pathway for
formation of chalesteral miceocrystals initiating the atheroscleratic process. Cell
Biochem. Biophys. 78, 241-247, doi:10.1007/512013-020-00925-2

Sustar, &, Perkovie, M. N, Egaves, G. N Sl.ﬁt.. D. S5, and Prvag, N, (2019), Association
between reduced brain-derived factor ion and coronary heart
disease. Indian |, Med. Res. 150, 43-49, dm.lo A3 ymrlIME_1566 17

Szuhiny, K. L., Bugatti, M., and Otta, M. W, (2015). A meta-analytic review of the
effects of exercise on brain-derived phic factor. . Psychiatr. Res. 60, 56-64.
doi10,1016/).jpsychires.2014,10.003

Tang, 5. W., Chn, £, Hui, T., Helmeste, 1, and Law, C. (2008). Influence of exercise
on serum brain-derived neurotrophic factor concentrations in healthy human subjects.
Newroscr, Lett. 431, 62-65, doi:10,1016/;neulet.2007.1L019

Tsuchida, A., Nonomura, T, Nakagawa, T., ltakura, Y., Ono-Kishino, M., Yamanala,
M., et al. (2002], Brain-derived hic factor amel lipid bolism in
diabetic mice, Diahetes Obes. Metab, 4, 262 269, doi: 10,1046/, 1463~ 326.2002 00206.x

Vermeulen, N. P. E, Bessers, | G. M., and Van De Straat, R. (1992), Molecular
aspects of paracetamol-induced hepatotoxicity and its mechanism-based prevention.
Drug Metab. Rev. 24, 367407, doi:10.3109/03602539208996298

Vivacqua, G., Rens, A, C.arptno. G., Franchitte, A, and Gaudio, E (2014),
Expression of brain deri hic factor and of its receptors: Tri(H and
PISNT in normal and hile duct Hxatedmt liver, fral [ Anat Embryal, 119, 111-129,
dok:10.13128/IJAE-15138

Yoshii, A, and Constantine-Fators, M. (2010), F ic BONE-TrB si i
maturation, plasticity, nd disease. Dev. Netrobial. 70, 34372 dol: mum.'dnamms

Zhou, F, and Sun, X (2021). Cholesterol metabolism: a double-sdged sword in
hepatocellular caranoma. Front. Cell Dev, Biol Y, 762828, dorl0.3389/fcell 2021.762428

frontiersinorg

54

ROZPRAWA DOKTORSKA

AWF



Diabetes, Metabolic Syndrome and Obesity Dove

ORIGINAL RESEARCH

Myocardlal Disorders in BDNF-Deficient Rats:
Limited Recovery Post-Moderate Endurance
Training

Norbert Grzelak', Dominik Kaczmarek®, Krystian Marek Poziemba®, Wtodzimierz Mréowcezyhiski

'Department of Neurobiclogy, Poznari University of Physical Education, Poznan, Poland; Department of Physiology and Biochemistry, Poznan
University of Physical Education, Poznan, Poland

Correspondence: Whodzimierz Mrowczyfiski, Department of Meurcobiology, Poznan University of Physical Education, Poznan, Poland,
Email mrowczynski@awf.poznan.pl

Introduction: The study aimed to determine whether heterozygous BDNF-deficient (BDNF-knockout, SD-BDNF) rats exhibit
pathological changes m the myocardium and to assess whether a 5-week moderate-intensity endurance traming program can reverse
adverse changes in the heart muscle.

Methods: Experiments were conducted on four groups of rats: control wild-type, control BDNF knockout, trained wild-type and
trained BDNF knockout. Knockout rats were selected due to the presence of symptoms resembling metabolic syndrome in serum and
liver while 5-week moderate endurance traiming was used as an intervention targeted at restoring heart function. Measurements of
BDNF/ITrk-B concentrations and molecules levels and activities, such as cardiac specific enzymes like creatine kinase and creatine
kinase myocardial band, lipids as total cholesterol, low-density lipoprotein and triglycerides, metabolic enzymes including alanine
aminotransferase, aspartate aminotransferase, gamma-glutamyl transferase and lactate dehydrogenase and interleukin-1 were carried
out in myocardium homogenates.

Results: In BDNF-deficient rats, the myocardium showed significantly reduced lipid concentrations, decreased metabolic and cardiac
enzyme activity, and elevated Trk-B levels, all of which are indicative of myocardial ischemia or hypoxia. These changes in critical
biomarkers were consistent with those earlier observed in the livers of BDNF-deficient rats. sugpesting a link between the hiver and
cardiac [unction, Moderate endurance training led (o an increase in creatine kinase activity in the myocardium of tramed rats.
suggesting increased production and utilization of energy required for myocardial contraction in trained wild-type and knockout
populations of rats.

Discussion: BDNF-deficient rats exhibited numerous myocardial abnormalities, most of which were not reversible after moderate-
mtensity endurance traming. These findings provide a basis for a deeper understanding of the mechanisms underlying myocardial
disorders in BDNF-deficient rats, which appear to be a suitable model for studying various aspects of metabolic disorders.
Keywords: BDNI'. Trk-B, gene-deficiency rats, heart, endurance training

Introduction
It has been shown that brain-derived neurotrophic factor (BDNF) is a pleiotropic protein belonging to the neurotrophic
factor family.! 1t was first discovered in the mammalian brain,” purified and described as a key factor involved in
neuronal growth, development and survival.’ This neurotrophic factor plays an important role in development and
synaptic plasticity,® particularly in rclation to ncurons located in brain arcas such as the hippocampus, visual cortex,
substantia nigra and striatum.”’ Furthermore, extensive studics have shown that the action of BDNF is mediated by its
specific binding to the tropomyosin-related kinase B receptor (Trk-B), which initiates a cascade of downstream signalling
pathways, finally causing physiological changes in nervous tissue.®

Recent studies have shown that BDNF and it’s the tropomyosin-related kinase B receptor (Trk-B) are also expressed
in various types of cardiac cells such as cardiomyocytes’ ” and endothelial cells lining the coronary arteries.'” Studies
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indicate that the BDNF/Trk-B axis is crucial for maintaining normal cardiovascular function'' by promoting cardiomyo-
cytes survival,'” improving cardiac function related to cardiac contraction and relaxation® and regulating the development
of large blood vessels in hearl fissue.'" On the other hand. dysfunction of BDNF/Trk-B axis is associated with
cardiovascular discase and related disorders,'? while low levels of circulating BDNF have been recognized as an
indicator for diagnosing adverse myocardial changes.'* For example, BDNF levels in peripheral blood (serum or plasma)
were significantly lower in patients with ischaemic heart disease or acute coronary syndrome,'® with unstable angina,'® at
risk of stroke and vascular brain injury,'” and with chronic heart failure'® compared to healthy controls. Furthermore,
Kaess et al'? showed in a large human sample that low blood BDNF levels were associated with higher mortality and
increased incidence of cardiovascular events. In tumn, studies in Trk-B knockout mice have shown that the absence of the
Trk-B receptor leads to impaired cardiac contraction and diastole.”

On the other hand, endurance running is considered as health-promoting therapy against numerous cardiovascular and
heart diseases, as confirmed studies highlighting its beneficial effects*® This type of training increases the aerobic
capacity of the exercised heart,”" leading to a significant reduction in the risk of cardiovascular mortality.” Moreover,
some research indicated a link between exercise training and increased BDNF expression in skeletal muscle, heart, and
brain. > *® Nakano et al’” suggested that BDNF production is dependent on muscle function and activity resulting from
adequate skeletal muscle training in patients with heart failure. Lec et al*® showed that 4-week treadmill running training
significantly increased BDNF protein expression in the left ventricle of rats after myocardial infarction, Moreover, 12
weeks of voluntary wheel running in voung and aged rats resulted in higher levels of BDNF in heart when compared to
the sedentary counterparts.*

The first purpose of the study was to determine pathological changes in the myocardium of heterozygous knockout
rats (BDNF-knockout, SD-BDNF), while the second was to evaluate the effect of a 5-week moderate-intensity endurance
training program as a potential intervention to counteract adverse changes occurring in the myocardium of BDNF-
deficient rats. Hence, the levels of BDNF, Trk-B and key metabolic biomarkers were measured in myocardial homo-
genate and compared between groups of rats with different BDNF genatypes (typical/knockout) and lifestyles (untrained/
trained). Our hypothesis assumed that animals with different genotype and lifestyle would show various BDNF/Trk-B
content and variations in levels of common myocardial biomarkers.

Materials and Methods

Animals

Heart biomarkers were measured in 41 male Sprague-Dawley rais aged 4-5 months, which were obtained from a
breeding colony at SAGE Labs (St. Louis, MO, USA). 21 animals had the normal BDNF genotype (BDNF-wild type),
while the remaining 20 rats had the heierozygous BDNF genotype (BDNF-knockout, SD-BDNF).*

Rats were randomly divided into the following four groups: control rats with the normal genotype (BDNf+/+, n=11),
control rats with the knockout genotype (BDNF+/—, n=11), trained rats with the normal genotype (BDNIF+/+T, n=10) and
trained rats with the knockout genotype (BDNF+/—T, n=9). Prior to the experiments, the animals were kept in standard
laboratory cages, with twao rats of the same genotype housed together and provided with ad libitum access to food and
water. The rais were housed in a room with conirolled conditions, including an inverted 12-hour light/dark cycle,
humidity of 55 = 1% and temperature of 22 = 2°C. To collect hearts, all animals were euthanized by an overdose of
sodium pentobarbital (180 mg kg ).

Ethical Approval

The experiments conducted on animals complied with the regulations of the Polish Animal Protection Act, the European
Union guidelines and the ARRIVE guidelines. Experimental protocols were reviewed and approved by the Local Eihical
Committee in Poznan, with the number 58/2018 assigned.
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Endurance Training Protocol

A moderate-intensity endurance (training was implemented to modulate the concentrations and activity of the tested
biomarkers in heart tissue. Training was conducted using an electric treadmill designed for small rodents (Exer-6M,
Columbus Instruments). The training programme consisted of a preliminary week followed by 5 weeks of the main
training, Each training session lasted 45 minutes and the rats trained 5 days per week. During the training period,
treadmill speed was gradually increased, reaching 25 m/min at the end of the total training time.*!

Tissue Collection

Following an overdose of sodium pentobarbital as an anaesthetic, cardiac muscle was collected. The tissue collected from
the heart muscle was then weighed and transferred into cryogenic vials (NUNC/Thermo Fisher Scientific, USA). To
preserve the tissue. the vials were rapidly frozen using liquid nitrogen and then stored at —80°C until further
measurement.

Homogenization

The rats were killed by an overdose of sodium pentobarbital, a thoracotomy was performed to expose the myocardium,
and the heart muscle was collecied. To obtain pure heart muscle except for struciures from the atria and veniricles, the
most external parts of the heart were excised. The removed tissue sections were weighed and an appropriate amount of
Phosphate-buffered saline (PBS) with the addition of Halt Protease Inhibitor Cocktail EDTA-free (100X) (Thermo
Fischer Scientific, USA) was added in proportion 1o the tissue weight. The tissue sections were then homogenized using a
dispersion homogenizer (VWR VDI 12, Singapore) in four cycles. Each cycle consisted of homogenization for 30
seconds followed by a one-minute cooling period on ice. The homogenization speed was set at 30.000 revolutions per
minute (rpm) fo ensure effective fragmentation of the tissue. After homogenization, the homogenate was centrifuged at
5.000 rpm for five minutes. This centrifugation step separated the cellular debris and larger particles from the super-
natant. The resulting supernatant, containing the desired myocardial components, was carefully collected and stored at
—80°C for further analysis and measurement.

Enzyme-Linked Immunosorbent Assay

To assess the concentrations of BDNF (sensitivity test: 0.035 ng-mL-1, cat. no.: SRB-T-81493), Trk-B (sensitivily test:
12.337 pg/mL; cat. no.: 201-11-0426) and IL-1 (sensitivity test: 10.135 ng/L, cat. no.: 201-11-0108), immunoenzymatic
assays (ELISAs) were performed according to the manufacturer’s instructions provided by Sunredbio, China. The
absorbance of the resulting solution was measured at 450 nm using a multi-mode microplate reader (Synergy 2
SIAFRIT, BioTek, USA).

Biochemistry Analyses

Measurements of LDL concentrations (test sensitivity: 3.9 mg/dl; cat. no.: 7-280 [Cormay, Poland]), CHOL (test
sensitivity: 1.95 mg/dl; cat. no.: 7-204 [Cormay, Poland]), TG (test sensitivity: 1. 4 mg/dl; cat. no.: 7-253 [Cormay,
Poland]). ALAT (sensitivity test: 8 U/L; cat. no.: 7-216 [Cormay, Poland|), ASAT (sensitivity test: 7 U/L; cat. no.: 7-214
[Cormay, Poland]), LDH (sensitivity test: 6.6 U/L; cal. no.: 7-239 [Cormay, Poland]), GGT (sensitivity test: 8 U/L; cat.
no.: 7-224 [Cormay, Poland]), CK (sensitivity test: 7. 4 U/L: cat. no.: 7-220 [Cormay, Poland]) and CK-MB (sensitivity
test: 4 U/L; cat. no.; |Cormay, Poland]|) were performed using a clinical chemistry analyzer (Accent 2208, Cormay,
Poland).

Statistical Analysis

Presented data were expressed as mean + standard deviation (SD) for all studied factors. To compare all the studied
groups, 4 two-way analysis of variance (ANOVA) was performed. If the interaction between the independent variables
was found Lo be statistically significant. Tukey’s posi-hoc test was carried oul. All statistical analyses were conducted
using Statistica 13 software (StatSoft, Poland, Cracow).
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Results
BDNF and Trk-B

There was no significant difference in cardiac BDNF levels between populations of rats with the normal genotype (BDNF
+i+ and BDNF+/+T) and rats with the knockout genotype (BONI++/— and BDNF+/-T) (Figure 1A and Table 1). Despite
this observation, heart Trk-B levels were significantly higher in the knockout rat population (BDNF+/— and BDNF+/-T)
compared to the typical genotype rat population (BDNF+/+ and BDNF+/+T) (Figure 1B and Table 1). On the other hand,
BDNF and Trk-B levels in the heart of the tramned population (BDNF+/+T and BDNF+/-T) were not significantly
different compared to the control population of rats (BDNI*+/+ and BDN#+/-) (Figure 1A, B and Table 1).

-1

There were no changes in IL-1 levels when comparing the typical (BDNF+/+ and BDNF+/+T) and knockout (BDNF+/—
and BDONF+/—T) (Figure 2 and Table 1) as well as the sedentary (BDNF++ and BDNF+/-) and trained (BDNF++T and
BDNF+/-T) populations of rats (Figure 2 and Table 1).

CK and CK-MB

Cardiac CK and CK-MB activily in population of knockout genotype rats (BDNF+/— and BDNF+/—T) was significantly
lower compared to population of rats with the typical genotype (BDNF+/+ and BDNF+/+T) (Figure 3A, B and Table 1).
On the other hand, there was a statistically significant increase in CK activity in the trained population (BDNF+/+T and
BDNF+/—T) compared to the control population of rats (BDNF+/+ and BDNF+/—) (Figure 3A and Table 1). while no
differences in CK-MB activity were found between the aforementioned rat populations (Figure 3B and Table 1).

Lipids

CHOL and LDL concentrations were significantly lower in the population of rats with the knockout genotype (BDNF+/—
and BDNF+/—T) compared to the population of rats with the normal genotype (BDONF+/+ and BDNF+/+T) (Figure 4A. B
and Table 1). Furthermore, interaction analysis for LDL showed significantly lower concentrations in the contrel group of
rats with the knockout genotype (BDNF+/-), compared to the control and trained groups of rats with the normal genotype
(BDNF+/+, BDNF+/+T) (Figure 4B and Table 1), On the other hand, there were no statistically significant difTerences in
TGs levels between rat populations with different BDNF genotypes (Figure 4C and Table 1). Moreover, comparison of
cardiac CHOL, LDL and TG levels between control (BONF+/+ and BDNF+/=) and trained (BDNF+/+T and BDNF+/-T)
rat populations showed no significant changes (Figure 4A—C and Table 1), as well.
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Figure | The values of BDINF (A) and Trk-B (B) concentrations in the heart of studied rats along with their mean values (bold line) and standard deviation (£50) (upper and
lower whiskers). BDNF+/+ - control group with normal genotype, BDMNF+/~ - control group with BDMF knockout genotype; BDNF+/+T - trained group with normal
genotype, BDNF+/-T - trained group with BDNF knockout genotype. Comparisans between groups were made by two-way ANOVA. G - genatype (BDNFH+ genotype vs
BDNF+/— genctype); T - training (control vs training): G % T, the interaction between genotype and training. Mon-significant results are denoted by ns. Datailed results of
performed tests are given in Table |.
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Table | Interactions Between Studied Biomarkers
Studied Biomarkers Genotype Training Genotype/Training
BDNF/Trk-B
BDNF Fis7 0.76 117 1.6l
p 03878 0.2873 02124
np’ 0.02 0.03 0.04
Trk-B Fiaa 6.6 0.02 0
p 0.0143 0.8994 0.9675
np? 0.15 0 0
Interleukin
IL-1 Fias 0.42 0.54 1.34
p 0.52 0.4649 0.2544
np* 0.01 0.0l 0.03
Creatine Kinase
CK Fiss 16.69 5.76 0.32
p 0.0002 0.0215 0.5773
np’ 0.31 0.13 0.0l
CK-MB Fias 8.13 0.24 0.98
p 0.0071 0.6296 0.3296
np* 0.18 0.0l 0.03
Lipids
CHOL Fia3 2761 0.56 22
p <0.0001 0.4604 0.1467
np’ 043 0.0 0.06
LDL Fisg 1347 0.08 471
p 0.0008 0.7838 0.0468
np’ 0.27 0 0.10
TG Fias 3.09 0.28 1.41
p 0.0873 0.6001 0.2418
np 0.08 0.0l 0.04
Enzymes
LDH Fiar 0.69 1.48 0
p 0.4107 0.2312 0.9964
np* 0.02 0.04 0
(Continued)
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Table | (Continued).

Studied Biomarkers Genotype Training Genotype/Training
ALAT Fise 3474 0.38 0.42
P <0.0001 0.5396 05218
e’ 0.48 0.0 0.0l
ASAT Fiae 2293 1.04 0.24
P <0.0001 03149 0.6291
np* 0.38 0.03 0.01
GGT Fiss 532 07 122
p <0.0001 0.4104 02770
np’ 0.59 0.02 0.03

Motes: Results of significance (p), effect size (np2) and test power (F) for particular effects and interactions regarding studied
biomarkers such as: BDNF and Tri-B (Figure |A and B), IL+| {Figure 2), CK and CK-MB (Figure 3A and B), lipids - CHOL, LDL and
TG (Figure 4A-C). enzymes - ALAT, ASAT, GGT, LDH (Figure 5A-D). BDNF/Trk-B. Interleukin, Creatine Kinase, Lipids, Enzymes:
Groups of tested biomarkers. Two-way analysis of variance (ANOVA)] was performed. Genotype (BDNF+/+ genotype vs BEDNF+/—
genotype): Training (control group vs trained group). Genotype/Training (the interaction between genotype and training).

Enzymes

The activities of most of the enzymes tested (ALAT, ASAT and GGT) were significantly lower in the population of rats
with the knockout genotype (BDNF+/— and BDNF+/=T) compared Lo the conlrol population of rats with the normal
genotype (BDNF+/+ and BDNF+/+T) (Figure SA-C, Table 1), with the exception of LDH, whose activity was
comparable in both populations (Figure 5D and Table 1). On the other hand, there were no significant differences in
ALAT, ASAT, GGT and LDH activities when comparing the control population (BDNF+/+ and BDNF+/—) with the
trained ones (BDNF+/+T and BDNF+/-T) (Figure SA-D and Table 1).

G:ns.; T:ns.; Gx T: ns.

Bdnf++  Bdnft/-  Bdnft+T  Bdnf+/-T

Figure 2 The values of IL-| concentrations in the heart of studied rats along with their mean values (bold line) and standard deviation (+5D) (upper and lower whiskers). BDNF+/+
- control group with normal genotype; BOMNF+— - control group with BDMNF knockout genotype; BDINF+/+T- trained group with normal genotype, BDNF+/-T- trained group with
BDNF knockout genotype Comparisens between groups were made by two-way ANOVA. G - genotype (BDNF+/+ genotype vs BDNF+— genotype); T- training (control vs
training); G x T, the interaction between genotype and training. Non-significant results are denoted by ns. Detailed results of performed tests are given in Table |.
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Figure 3 The values of CK (A} and CK-MB (B) activities in the heart of studied rats along with their mean values (bold ling) and standard deviation (£50) (upper and lower
whiskers). BDNF++ - control group with normal genotype: BDNF+/- - control group with BDNF knockout genotype: BDNF+/4T- trained group with normal genotype,
BOIMF+/~T - trained group with BDNF knockout genotype. Comparisons between groups wers made by two-way ANOVA. G - genotype (BDNF+/+ genotype vs BDNF+/—
genotype), T - training (control vs training), G % T. the interaction berween genorype and training. Significant results are denored by p. while non-significant results are
denoted by ns. Detailed results of performed tests are given in Table 1.
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Figure 4 The values of CHOL (A). LDL (B) and TG (C) concentrations in the heart of studied rats along with their mean values (bold line) and standard deviation (5D) (upperand
lower whiskers), BDMF+/+ - control group with normal genotype; BDINF+/— - control group with BDNF knockout genotype; BDNF+/+T- trained group with normal genotype,
BDNF+/-T - trained group with BDNF knockour genotype. Comparisons between groups were made by two-way ANOVA. G - genotype (BDNF+/+ genotype vs BDNF+—
genotype); T- training (control vs training); G = T, the interaction between genotype and training. Significant results are denoted by p, while non-significant results are denoted by ns.
Tukey's post-hoc test was conducted to assess the statistical significance of the interaction between genotype and training. Difference of LDL level bevween BDMNF+/+ group and
BDNF+ - group (p=0.001} and between BDNF+/— group and BDNFH+T group (p=0.036). Detailed results of performed tests are given in Table 1.

Discussion
Our study showed that BDNF-deficient rats (BDNF+/— and BDNF+/—T) exhibit lower myocardial concentrations of CK
and CK-MB compared to control rats (BDNF+/+ and BDNF+/+T). This reduction suggests cardiac dysfunction, as these
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Figure 5 The values of ALAT (A), ASAT (B), GGT (C) and LDH (D} activities in the heart of studied rats along with their mean values (bold line) and standard deviation
(£5D) (upper and lower whiskers). BDNFH/+ - control group with normal genotype; BDNFH- - contral group with BDNF knockout genotype: BDNF+HT - trained group
with normal genotype, BOMNF+/-T - trained group with BDNF knockout genotype. Comparisons batween groups were made by twao-way ANOVA. G - genotype (BDNF++
genotype vs BONF+/— genotype); T- training (control vs training); G x T, the interaction between genotype and training. Significant resules are dencted by p, while non-
significant results are denoted by ns. Detailed results of performed tests are given in Table |.

enzymes tend to decrease in failing hearts™** and may leak into the bloodstream due to myocardial ischaemia, infarction

or necrosis.** 7 In addition, BDNF+/— rats showed significantly lower levels of CHOL and LDL in the heart, suggesting
increased lipoprotein permeability and transport into the bloodstream. This process contributes to the progression of
atherosclerosis and plaque rupture, leading to tissue hypoxia.’” " Significantly lower metabolic enzyme activitics
(ALAT, ASAT and GGT) were also observed in the myocardium of these rats.***! Sammeturi et al®® reported resulis
consistent with ours, showing decreased ALAT, ASAT and GGT activity in the heart, along with their increased serum
levels in rats with isoproterenol-induced myocardial infarction, Abdulkareem et al** suggested that organ damage leads
to the release of enzymes from tissues into the bloodstream, resulting in their decreased activity in tissues and increased
activity in peripheral blood. Hence, the decrease in cardiac enzymes that we demonstrated may contribute to the
increased levels of these enzymes in the peripheral blood. Elevated ALAT and ASAT blood levels may indicate liver
or heart damage,">** while clevated serum GGT levels are associated with coronary artery disease™ Elevated blood
levels of these enzymes are always associated with cardiac damage and cardiovascular disease.*>*® It should be noted
that the reductions in lipoprotein concentrations (LDL, CHOL) and enzyme activities (ALAT, ASAT, GGT) in the hearts
of the studied rats were almost identical to those observed in their livers*’ These similarities suggest a strong interaction
between heart and liver function in BDNF knockout rats. Meller and Bernardi*® reported that such a heart-hepatic axis
has been identified in clinical practice in patients with coexisting heart and liver disease.

Additionally, a significant increase in Trk-B levels was observed in the myocardium of BDNF+/— and BDNF+/-T
rats. This finding is also consistent with previous studies reporting elevated Trk-B levels in failing myocytes from BDNF
knockout mice” and in myocardium under experimentally induced cardiac hypoxia.*” Therefore, all the above observa-
tions suggest that BDNF+/— rats exhibit numerous disorders in the myocardium.
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Results presented have demonsirated that myocardial BDNF levels in the knockout rats (BDNF+/— and BONF+/-T)
were not statistically different from those with normal genotype (BDNF+/+ and BDNF+/+T). In our previous study we
found a significant decrease in BDNF levels in both the blood serum® and liver'” of these rats. However, we did not
observe any changes in BDNF levels in fast-twitch muscles (tibialis, medial gastrocnemius) or slow-twitch muscles
(soleus)”' in BDNF-deficient rats population. Therefore, such results can suggest that the knockout procedure does not
alter BDNF concentrations in the hind limb muscles and heart of BDNF knockout rats.

Therefore, according to obtained results both wild-iype (BDNF+/+ and BDNF+/4+T) and knockout rats (BDNF+/—
and BDNF+/—T) exhibit the same BDNF levels in the myocardium. This may additionally indicate that cardiac BDNF is
not directly involved in the restoration of myocardial dysfunction induced by BDNF gene knockout, as previously
suggested by Okada et al'? in experiments on various animal and cellular models with BDNF and Trk-B knockouts. On
the other hand, the alorementioned authors showed that Trk-B present in the myocardium can be effectively activated by
BDNF from the bloodstream, resulting in improved cardiac function after myocardial infarction. Therefore, it cannot be
ruled out that reduced BDNF levels in peripheral blood*' may be factors responsible for the increase in myocardial Trk-B
levels in BDNF knockout rats, in addition to the previously mentioned CHOL leakage from cardiac tissues.

Reduction in CHOL levels may alter the thickness of myocardial fiber membranes and affect Trk-B receptor
orieniation due fo reduced signaling efficiency.™ This disruption in membrane integrity could impair Trk-B receptor
function, triggering a compensatory increase in Trk-B expression, which is necessary (o maintain adequate signaling
pathways in the myocardium. In addition, the increase in Trk-B levels in the heart may also be a compensatory factor for
the reduced amount of BDNF in the blood,*" which, according to Harris et al,’' and Garner et al,” is due to reduced
BDNF levels in the hippocampus, amygdala and frontal cortex in knockout rats. Therefore, it seems likely that the
increase in cardiac Trk-B in BDNF-deficient rats (BDNF+/— and BDNF+/~T) may complement the BDNF deficiency
required 1o stabilize the BDNF/Trk-B axis. This is confirmed by unaltered levels of 1L-1, a key pro-inflammatory
cytokine indicating systemic and local inflammation, including inflammation in the heart,”° demonstrated in BDNF
+/+T and BDNF+/—T rats. Hence, the lack of inflammation in the myocardium of knockout animals can be attributed to
increased levels of Trk-B, which regulates the stability of the BDNF/Trk-B axis, responsible for attenuating myocardial
ischaemic injury and inhibiting cardiomyocyte apoptosis.*®

For our study, 5-weck moderate-intensity endurance training on a treadmill was chosen because prolonged and
regular physical activity has ofien been recommended as a beneficial strategy for heart health,*” which optimizes cardiac
function®™ and prevents cardiovascular disease.”® Our previous studies have shown that a S-week training regime
increased levels of BDNF, GDNF and selected myokines (myoglobin and [L-15) in hind limb muscles, altered
excitability of fast-type spinal motonecurones, elevated ALAT, ASAT and TL-6 levels, as well as insulin and leptin in
the liver of knockout rats.”'*7 Additionally, according to Wang et al,*® endurance training on a treadmill increases BDNF
protein levels in the circulation and heart and improves vascularization and cardiac function in rats.

The only noticeable aliering observed after the applied training in this experiment was an increase in cardiac CK
activity in both populations of rats with different BDNF genotypes (BDNF+/+ T and BDNF+/-T, respectively).
According to Zervou et al.®! such an increase in CK levels may suggest increased production and energy consumption
in the myocardium, which improves cardiac function and contributes to more efficient cardiac contractions. For this
reason, the creatine/phosphocreatine metabolic pathway catalyzed by CK is emerging as a promising therapeutic
direction for the prevention and treatment of ischacmic cardiovascular disease.”* Hence, a training-induced increase in
CK is undoubtedly an important facior in improving myocardial contractile properties. On the other hand, such a result
suggests that moderate endurance aclivity does not substantially affect the tested levels of BDNF, Trk-B and related
biomarkers in the myocardium. However. such a result is consistent with the observations of Maroofi et al,*® who found
that moderate-intensity endurance training did not increase BDNF and TrkB-T1 expression in the rat myocardium, nor
did it alter systolic cardiac function, in contrast to high-intensity interval training.

In conclusion, our study demonstrates the reduced levels and activitics of cardiac biomarkers (CK and CK-MB),
metabolic enzymes (ALAT, ASAT, GGT), and lipoproteins (CHOL and LDL), along with elevated Trk-B levels in the
myocardium of BDNF-knockoui rats. Therefore, the altered levels of the aforementioned biomarkers clearly indicate
serious disorder in myocardium of these rats. Furthermore, our results confirmed that the same lipoproteins and metabolic
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enzymes are reduced in the heart of BDNF-deficient animals as in their liver'” suggesting functional interaction between
these organs, Therefore, we cannot exclude that the changes observed in heterozygous BDNF-deficient rats suggest the
onsct of metabolic syndrome symptoms in these animals. According to Todosenko et al.** a significant number of genes
involved in the development of metabolic syndrome are located near regions of BDNF genes, while a broad spectrum of
signaling pathways controlling the development of metabolic syndrome are regulated by BDNF expression. Thus, BDNF
knockout rats may have impaired homeostasis of metabolic processes that contribute to metabolic syndrome. Such an
association beiween BDNF content and appetite and obesity (as manifestations of the metabolic syndrome) has already
been demonstrated by Kernie et al®* in mice with BDNF gene ablation. Hence, it seems reasonable to recommend BDNF
deficient rats for in-depth studies on various aspects of the metabolic disorder.

Surprisingly, used endurance training evoked a significant increase in myocardial CK content in both populations of
trained rats, but it had no effect on the Trk-B, BDNF and related lipids and enzymes in cardiomyocytes. Therefore,
moderate-intensity endurance training, which increases CK activity in rat hearts. appears to be responsible for improving
cardiac contraction performance in rats regardless of their genotype.
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