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2. Wykaz stosowanych skrotéw i oznaczen
2-AG - 2-arachidoniloglicerol

7TM GPCRs - 7-transbtonowe receptory sprzezone z biatkiem G
AD - choroba Alzheimera

AEA - anandamid

Akt - kinaza biatkowa B

ASAH1 — ceramidaza kwasna

ASAH?2 - ceramidaza obojetna

ATP - adenozyno-5'-trifosforan

BCA - kwas bicynchoninowy

BSA - surowicza albumina bydlgca

Ca’" - jony wapnia

CAMP - cykliczny adenozyno-3',5'-monofosforan
CB1R - receptor kannabinoidowy typu 1

CB2R - receptor kannabinoidowy typu 2

CBD - kannabidiol

CDK 5 - kinaza cyklino-zalezna 5

CER - ceramid

eCBome - endokannabinoidom

ECS - ukfad endokannabinoidowy

FAAH - hydrolaza amidowa kwasow tluszczowych
GAPDH - dehydrogenaza aldehydu 3-fosfoglicerynowego
GLC - chromatografia gazowa

GPCRs - receptory sprzg¢zone z biatkiem G

GPR55 - receptor sprze¢zony z biatkiem G55
GSK-3a 1 -3f - kinaza syntazy glikogenu 3a 1 33

HFD - dieta bogatotluszczowa
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HPLC - wysokosprawna chromatografia cieczowa

HRP - peroksydaza chrzanowa

HTR1A - receptor serotoninowy 1A

IR — insulinooporno$¢

IRec — receptor insulinowy

IRS-1 - substrat 1 receptora insuliny

JNK - N-koncowa kinaza biatka C-Jun

LASS4 i LASS6 - syntaza ceramidu 4 i 6

LCFA - dlugotancuchowe kwasy tluszczowe

MAGL - lipaza monoglicerolowa

MAPK - kinaza biatkowa aktywowana mitogenami
N-SMase — sfingomielinaza oboj¢tna

NKT - nienasycone kwasy thuszczowe

OUN - o$rodkowy uktad nerwowy

p38-MAPK - kinaza biatkowa p38 aktywowana mitogenami
pAkt - fosforylowana forma kinazy biatkowej B

pGSK-3a i -3p — fosforylowana forma kinazy syntazy glikogenu 3a i -3
PHCA - ceramidaza zasadowa

PKB - kinaza biatkowa B

PPAR o, B, y - receptory aktywowane przez proliferatory peroksysomow a, f3, y
pTau — fosforylowane biatko tau zwigzane z mikrotubulami
PVDF - polifluorek winylidenu

RIPA - bufor radioimmunoprecypitacyjny

S1P - sfingozyno-1-fosforan

SA1P - sfinganino-1-fosforan

SFA - sfinganina

SFO - sfingozyna
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SM - sfingomielina

SPHK1 i SPHK 2 — kinaza sfingozyny 1, 2

SPTLC1 i SPTLC2 - palmitoilotransferaza serynowa 1 i 2
T2DM - cukrzyca typu 2

Tau — biatko tau zwigzane z mikrotubulami

TBST — sdl fizjologiczna buforowana tris-em z Tween 20
THC — tetrahydrokannabinol

TLC - chromatografia cienkowarstwowa

TRPV1 - receptor waniloidowy przej$ciowego potencjatu
VR1 - receptor waniloidowy 1

A8-THC - delta-8-tetrahydrokannabinol

A9-THC - delta-9-tetrahydrokannabinol
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3. Wstep

Czgstos¢ wystepowania chorob metabolicznych, m.in. cukrzycy typu 2 (T2DM), otytosci oraz
choréb neurodegeneracyjnych, m.in. choroby Alzheimera (AD), zwigkszyta si¢ istotnie w
ciggu ostatnich dwoch dekad, szczegolnie w krajach z tzw. zachodnimi wzorcami
zywieniowymi [1-3]. Powszechnie dostepne dane wskazujg na znaczne rozpowszechnienie
ww. jednostek chorobowych w krajach rozwinigtych, a wielu autorow jednoznacznie
definiuje patologie te jako epidemie XXI wieku [4,5]. AD definiowana jest klinicznie jako
choroba otgpienna charakteryzujgca si¢ postepujacym zanikiem zdolnosci intelektualnych i
poznawczych, stopniowg utratg pamigci oraz zmianami behawioralnymi prowadzacymi
docelowo do niezdolnosci do samodzielnego funkcjonowania [6]. Wieloczynnikowe podtoze
molekularne AD prébujg thumaczyé liczne hipotezy, sposrod ktorych najbardziej uznawang
jest teoria opisujaca odktadanie si¢ W obrgbie komorek nerwowych depozytow B-amyloidu
(APB) w postaci plytek starczych i1 hiperfosforylowanego biatka tau w postaci splatkow
neurofibrylarnych [7]. Wielu autoréw uwaza, iz jednym z wspolnych, kluczowych czynnikoéw
zwigzanych z rozwojem ww. chorob metabolicznych 1 neurodegeneracyjnych jest
insulinooporno$¢ (IR) [8,9]. Insulina pierwotnie definiowana jako gléwny regulator
obwodowego stezenia glukozy, w ostatnich latach zostata uznana takze za kluczowy czynnik
biorgcy udzial w procesach pamigciowych, poznawczych oraz neuroplastycznosci [10-12].
Niektore badania wykazaly, ze rozwdj ogolnoustrojowej insulinoopornosci i ostabionego
dziatania insuliny w obregbie tkanki mdzgowej sa istotnymi czynnikami ryzyka rozwoju
chordb neurodegeneracyjnych m.in. choroby Alzheimera [13]. Co istotne, korelacja pomig¢dzy
IR mo6zgu, otyloscig 1 chorobami otgpiennymi wykazywana byta rowniez w wielu badaniach

klinicznych [14-17].

3.1 Insulinowy szlak przekaznictwa sygnalu w korze mozgowej

Insulina jest hormonem anabolicznym produkowanym i wydzielanym przez komorki B wysp
trzustkowych. Powszechnie wiadomo, Ze jest ona szeroko zaangazowana nie tylko w
metabolizm weglowodanowy, lecz rowniez m.in. posrednio W biosyntezg biatek, nasilenie
lipogenezy, czy procesy mitogenne [18-20]. Dziatanie tego hormonu odbywa si¢ poprzez
potaczenie ze swoistym receptorem insulinowym (IRec), ktory znajduje si¢ w obrgbie btony
komorkowej m.in. hepatocytow, adipocytow, lecz rowniez w obrebie struktur osrodkowego
uktadu nerwowego (OUN) [19]. Badania wykazuja, iz najwicksza ekspresje IRec w OUN
wykazuje kora mozgowa, podwzgorze, hipokamp, prazkowie, opuszka wechowa oraz

mozdzek [21,22]. Receptor insulinowy, zbudowany z dwoch podjednostek o i dwoch
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podjednostek B, nalezy do grupy receptorow o aktywnosci kinazy tyrozynowej. Insulinowe
przekaznictwo sygnatu moze odbywac¢ si¢ dwoma podstawowymi szlakami, ktore sg
wzajemnie ze soba powigzane. Pierwszym jest szlak PI3K/Akt/GSK odpowiedzialny za
wickszos¢ efektow metabolicznych insuliny poprzez generowanie odpowiedzi fizjologicznej
na ten hormon. Drugim jest natomiast szlak Raf/Ras/sMEK/MAPK, znany réwniez jako
MAPK/ERK, ktory odpowiada za regulacje ekspresji gendw oraz, przy wspotudziale szlaku
PI3K/Akt/GSK, bierze udziat w procesach mitogennych i réznicowaniu komoérek [23].
Insulina rozpoczyna swoje dzialanie komorkowe od zwigzania z zewngtrzkomorkowsg
podjednostkg a IRec prowadzac tym samym do zmiany konfiguracji receptora insulinowego i
autofosforylacji reszt tyrozynowych wewnatrzkomorkowej podjednostki B. Nastepnie, przy
udziale adenozyno-5'-trifosforanu (ATP), dochodzi do fosforylacji reszt tyrozynowych, a tym
samym aktywacji biatek substratowych, do ktorych nalezg m.in. substraty 1 i 2 receptora
insuliny (IRS-1, -2) stanowigce kluczowe miejsca przekazywania sygnatu w szlaku
insulinowym. Co istotne, fosforylacja innych reszt aminokwasowych tj. serynowych i
treoninowych, zaréwno receptora insulinowego, jak i IRS, prowadzi do hamowania szlaku
insulinowego [24]. Aktywowana forma IRS-1 doprowadza do pobudzenia szlaku 3-kinazy
fosfatydyloinozytolu (PI3K), ktorego ufosforylowana forma Kkatalizuje konwersje
wystepujacego  w  btonie plazmatycznej difosforanu  fosfatydyloinozytolu  (PIP2,
phosphatidylinositol  4,5-bisphosphate) do trifosforanu  fosfatydyloinozytolu  (PIP3,
phosphatidylinositol 3,4,5-trisphosphate). W nast¢pstwie dochodzi do potaczenia PIP3 z
kinaza-1 zalezng od fosfatydyloinozytolu (PDK-1), do ktorej substratdéw nalezy m.in. kinaza
bialkowa B, zwana rowniez jako biatko Akt (Akt/PKB). Ufosforylowana forma PKB
prowadzi nastepnie do wzrostu fosforylacji m.in. kinazy syntazy glikogenu 3 o/p (GSK-3a/p)
przy specyficznych resztach serynowych w pozycji 21 i 9 (Ser2l i Ser9) oraz spadku
fosforylacji przy resztach tyrozynowych odpowiednio w pozycji 279 i 216 (Tyr279 i Tyr216)
co prowadzi do inaktywacji GSK-3 o/ [25,26].

Wiele publikacji dowiodto, ze insulinowy szlak przekaznictwa sygnatu PI3K/Akt/GSK
poprzez udzial w autofagii, neurogenezie, proliferacji i réznicowaniu neuronéw odgrywa
niezwykle istotng role¢ w osrodkowym uktadzie nerwowym [27,28]. Wieloetapowy,
podlegajacy precyzyjnej regulacji insulinowy szlak przekaznictwa sygnatu moze ulegad
znacznym zaburzeniom, a czynnikami, ktére w niekorzystny sposob mogg z nim interferowac

sa m.in. sfingolipidy.
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3.2 Sfingolipidy i ich metabolizm w korze mozgowej

Powszechnie wiadomo, ze dieta w stylu zachodnim, bogata w dlugotancuchowe kwasy
tluszczowe (LCFA) powoduje nie tylko rozrost tkanki thuszczowej, ale takze ich nadmierny
transport do komorek tkanek docelowych, ktore nie sg przystosowane do akumulacji znacznej
ilosci lipidow tj. tkanki migéniowej, watroby, czy tkanki mézgowej [29,30]. Nadmierna
zawarto$¢ LCFA zaburza szlaki ich utleniania i prowadzi do wzmozonej estryfikacji kwasow
tluszczowych do réznych frakeji lipidowych m.in. sfingolipidow [31]. Ta szeroko badana
klasa lipidow, poza odgrywaniem istotnej roli strukturalnej w btonach komoérkowych, bierze
udzial rowniez w szlakach sygnalizacji komdrkowej, a takze we wzro$cie, réznicowaniu 1
regulacji apoptozy komorek [32]. Wsrod wielu sfingolipidow do najbardziej bioaktywnych
frakcji tej grupy lipidow naleza m.in. ceramid (CER), sfingozyna (SFO), sfinganina (SFA) i
sfingomielina (SM) [33]. W ciagu ostatniej dekady sfingolipidy byty szeroko badane zar6wno
w konteks$cie metabolizmu lipidéow, jak i glukozy, a szczegblng uwage skupiono na
ceramidzie. Frakcja ta jest powszechnie uznawana za prekursor dla wielu innych
sfingolipidow, m.in. sfingozyny, czy sfingozyno-1-fosforanu (S1P), stad uwazana jest za
rdzen 1 podstawowy element szlaku metabolizmu sfingolipidow. Mozemy wyroznié trzy

podstawowe drogi syntezy CER (Ryc. 1).

Kora mézgowa

Ryec. 1. Metabolizm sfingolipidéw w korze mézgowej.
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Pierwszg z nich jest szlak syntezy de novo ceramidu, mozliwy dzieki kondensacji dwoch
sktadowych tj. seryny i palmitoilo-CoA z wykorzystaniem palmitoilotransferazy serynowej
(SPTLC) oraz szlak rozpadu sfingozyny przy udziale kinazy sfingozyny (SPHK), zwany
réwniez szlakiem ratunkowym (ang. salvage pathway). Trzeci szlak powstawania ceramidu
stanowi hydroliza sfingomieliny przy udziale sfingomielinaz [34,35].

Rola ceramidu w procesach zachodzacych w obrgbie osrodkowego uktadu nerwowego jest
szeroko opisywana w literaturze. Poza niezwykle istotng funkcja strukturalng w obrebie
neuronalnych bton komoérkowych, m.in. tworzeniu btonowych tratw lipidowych i
przekazywaniu sygnatu zaréwno pomigdzy, jak i w obrebie neurondéw, ceramid jest rowniez
znacznie zaangazowany w molekularne podtoze neuropatologii. Rola tego sfingolipidu w
formowaniu depozytow B-amyloidu, zaburzeniach mitochondrialnych, dysfunkcji autofagii i
starzeniu komorkowym w istotny sposob przyczynia si¢ do zwigkszenia ryzyka rozwoju
choréb neurodenegeracyjnych, w tym choroby Alzheimera [35-37]. Co wiecej, zjawisko
wzmozonego transportu dokomoérkowego lipidow 1w konsekwencji akumulacji
wewnatrzkomorkowej sfingolipidéw moze doprowadzi¢ do istotnych zaburzen metabolizmu i

klinicznie skutkuje rozwojem m.in. insulinoopornosci [38,39].

3.3 Zjawisko insulinoopornosci mozgowej

Opornos¢ na insuling okresla si¢ mianem stanu patologicznego, w ktérym tkanki docelowe
m.in. tkanka tluszczowa, migsnie czy tkanka moézgowa charakteryzuja si¢ zmniejszong
wrazliwoscig na insuling. W konsekwencji komoérki B wysp trzustkowych produkuja
zwigkszong 1lo$¢ insuliny, aby hormon ten mogt wywota¢ efekt biologiczny w tkankach
docelowych [40]. Co istotne, w przeciwienstwie do mieséni szkieletowych i watroby, gdzie
poszczegolne klasy lipidow, w tym sfingolipidy, ingeruja w szlak sygnalizacji insuliny
poprzez hamowanie stymulowanej insuling fosforylacji Akt/PKB, w tkance moézgowej
otylych zwierzat z rozwinigta insulinoopornoscia wystepuje zwiekszona fosforylacja
Akt/PKB, prowadzaca do wzrostu fosforylacji GSK-3a/p w tyrozynie 279/216 co w
konsekwencji podwyzsza aktywno$¢ GSK-3. Zjawisko to wynika prawdopodobnie z tego, ze
insulina modyfikuje aktywno$¢ Akt poprzez rdézne substraty receptora insuliny w
poszczegolnych tkankach i docelowo prowadzi do ostabienia insulinowrazliwosci, a tym
samym stopniowego rozwoju insulinoopornosci [41,42].

Co ciekawe, Chaurasia 1 Summers zasugerowali, ze to wlasnie ceramid gromadzacy si¢ w
nadmiarze wewnatrzkomérkowo mozna uzna¢ za kluczowy czynnik prowadzacy do rozwoju

insulinoopornosci w réznych tkankach [43]. Ponadto Brozinick i in. wykazali in vivo na
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makakach krolewskich, ze sfingolipidy, gtownie ceramid, ingerujac w szlak sygnalowy
insuliny, moga przyczynia¢ si¢ do zmniejszenia wrazliwosci na insuling i rozwoju
ogoblnoustrojowej insulinoopornosci  [44]. Niektore badania sugerowaly rowniez
zdefiniowanie ceramidu, jako podstawowego biomarkera patologii metabolicznych, w tym
insulinoopornosci [44,45]. Co istotne, Dekker i in. wykazali, Ze hamowanie enzyméw
biorgcych udziat w syntezie de novo sfingolipidow, m.in. palmitoilotransferazy serynowej 1
(SPTLC1), spowodowato poprawg wrazliwosci na insuling i zmniejszenie lipogenezy W
zwierzecym modelu otylosci [51]. Ponadto, liczne dane wykazaty, ze zaburzenia szlaku
sfingolipidowego mogg przyczyniac si¢ do istotnych zmian szlakéw sygnatowych w komorce,
w tym insulinowego szlaku przekaznictwa sygnatu, a tym samym takze rozwoju choréb
neurodegeneracyjnych [46,47]. Dlatego tez wielu autor6w uwaza, iz poszczegolne elementy
metabolizmu sfingolipidow moga stanowi¢ nowe punkty uchwytu do leczenia choréb

zard6wno metabolicznych, jak i neurodegeneracyjnych.

3.4 Rola insuliny i zaburzen insulinowego szlaku przekaznictwa sygnalu w rozwoju
choréb neurodegeneracyjnych

Insulina wydzielana przez komorki B wysp trzustkowych przedostaje si¢ do moézgu poprzez
barier¢ krew-mozg (poza czg¢$ciami podwzgoérza, ktore sa wylaczone) na zasadzie transportu
przezbtonowego opartego na transporcie czynnym zachodzacym przy udziale no$nikéw
biatkowych, a proces ten zachodzi niezaleznie od receptora insulinowego [48]. Badania
wykazaly, iz stosunek stezenia insuliny w ptynie mozgowo-rdzeniowym do st¢zenia insuliny
w osoczu ulega zmniejszeniu w ogolnoustrojowej insulinoopornosci, czy otylosci, ale rowniez
jest on obnizony u pacjentow z chorobami neurodegeneracyjnymi, w tym AD. Uwaza si¢
zatem, iz zmniejszony transport przez barier¢ krew-modzg, a tym samym zmniejszenie st¢zenia
insuliny w obrebie o$rodkowego uktadu nerwowego moze przyczynia¢ si¢ do zaburzen
insulinowego szlaku przekaznictwa sygnalu w obrgbie OUN, a tym samym rozwoju
insulinooporno$ci mézgowia i choréb neurozwyrodnieniowych [21,49].

Dotychczas wielu autorow wykazato istotng korelacj¢ pomigdzy rozwojem insulinooporno$ci
a  wystgpowaniem choréb  neurodegeneracyjnych, m.in.  choroby Alzheimera.
Hiperfosforylacja biatka tau oraz zwigkszone depozyty PB-amyloidu, stanowiace dwie
podstawowe hipotezy rozwoju choroby Alzheimera, byty szczegdlnie czesto analizowane w
konteks$cie zaburzen szlaku sygnatowego insuliny w obrebie tkanki mozgowej [50]. Niektore
badania wskazywaty réwniez na istotne znaczenie dysfunkcji mitochondriow, czy zaburzenia

metabolizmu  lipidow pod postacia wewnatrzkomérkowego  wzrostu  zawarto$ci
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poszczegolnych frakcji lipidowych (diacylogliceroli, triacylogliceroli) i zwigkszonego
utleniania lipidow w wyniku nasilonego stresu oksydacyjnego zwigzanego z
insulinoopornoscia czy tez zaburzenia procesu beta-oksydacji lipidow [11,51,52]. Ze
wszystkich elementéw insulinowego szlaku przekaznictwa sygnatu PI3K/AKt/GSK
szczegblng role w rozwoju neuropatologii przypisywano GSK-3o/f. Badania in vitro i in vivo
wykazaly, ze zwigkszona fosforylacja w Tyr 279/216 GSK-30/p i zahamowana fosforylacja w
Ser 21/9 GSK-3a/p prowadzi do zwigkszonej aktywnosci enzymatycznej GSK, co w
nastepstwie doprowadza do hiperfosforylacji biatka tau, ktoérego nadmierna agregacja

uposledza neurogeneze i procesy pamigciowe oraz ma wlasciwosci prozapalne (Ryc. 2) [53—

57].

Kora mézgowa
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Ryc. 2. Zaburzenia w insulinowym szlaku przekaznictwa sygnalu prowadzace do rozwoju choroby

Alzheimera (AD).

W  regulacji szlaku sygnatowego insuliny PI3K/Akt/GSK i szlaku sfingolipidow w
osrodkowym uktadzie nerwowym bierze udzial roéwniez wysitek fizyczny. Badania
przeprowadzone na modelu zwierzecym wykazaly, ze wysitek fizyczny jest jedng z istotnych

metod przeciwdziatania i leczenia nie tylko otytosci czy cukrzycy typu 2, ale rowniez chordb
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neurodegeneracyjnych, poniewaz moze prowadzi¢ do hamowania hiperfosforylacji biatka tau
i zwickszenia insulinowrazliwo$ci w obrgbie kory mozgowej szczuréw karmionych dieta
bogatottuszczowa [58]. Uktadem biologicznym, ktorego sktadowe podlegaja rowniez
znacznym zmianom pod wptywem wysitku fizycznego czy diety bogatottuszczowej jest uktad

endokannabinoidowy (ECS) [59].

3.5 Uklad endokannabinoidowy i endokannabinoidom

Uktad endokannabinoidowy (ECS), jako istotny regulator homeostazy organizmu, bierze
udziat w licznych procesach fizjologicznych. Wiele badan pokazuje réwniez, ze dysregulacja
tego endogennego systemu sygnatowego moze bra¢ udzial w rozwoju licznych chorob
metabolicznych tj. otylosci, czy cukrzycy typu 2, za$§ regulujac aktywno$¢ czy tez zawartosé
jego komponentow np. poprzez wysitek fizyczny mozna wywota¢ efekty terapeutyczne [60—
63]. Uktad ten obejmuje (1) receptory kannabinoidowe typu 1 i 2 (CB1R, CB2R), (2)
endogenne ligandy tych receptorow, znane jako endokannabinoidy (gtownie anandamid —
AEA oraz 2-arachidoniloglicerol - 2-AG) oraz (3) enzymy zaangazowane w ich biosynteze,
wychwyt zwrotny oraz degradacje endokannabinoidow tj. hydrolaza amidow kwasoéw
ttuszczowych (FAAH) i lipaza monoglicerolowa (MAGL) [64].

Receptory kannabinoidowe typu 1 i typu 2 nalezg do rodziny 7-transbtonowych receptorow
sprzgzonych z biatkiem G (7TM GPCRs), a zatem ich aktywacja poprzez konkretny ligand
prowadzi do zahamowania cyklazy adenylowej 1 zmniejszenia stezenia cyklicznego
adenozyno-3',5-monofosforanu (cCAMP). W rezultacie cAMP nasila aktywno$¢ kinazy
bialkowej aktywowanej mitogenami p42/p44 (MAPK) i N-koncowej kinazy C-Jun (JNK),
ktore aktywuja rozne jadrowe czynniki transkrypcyjne, a tym samym zmieniaja metabolizm
komorkowy. Co  wigcej, receptory kannabinoidowe obecne w  zakonczeniach
presynaptycznych neuronéw aktywuja kanaty potasowe i hamuja wapniowe, co skutkuje
hamowaniem uwalniania innych neuroprzekaznikow (tzw. mechanizm ,,odwrotnego
przekaznictwa”) [65-67]. Co istotne, w przeciwienstwie do klasycznych neurotransmiterow,
endokannabinoidy nie s3 magazynowane w obrebie pecherzykdéw synaptycznych, lecz sa
syntetyzowane w obrebie blony komoérkowej neuronu postsynaptycznego jedynie w
odpowiedzi na podwyzszone wewnatrzkomorkowe st¢zenie jonow wapnia (Ca2+) [68,69].
Receptor kannabinoidowy typu 1 znajduje si¢ gtownie w strukturach mézgu, zwlaszcza w
obrebie kory nowej, hipokampu, jader podstawnych i pnia moézgu, lecz jego obecno$é
stwierdzono rowniez w mie$niach szkieletowych, phlucach, jadrach, przewodzie

pokarmowym, watrobie, trzustce oraz tkance tluszczowej. Z kolei receptor kannabinoidowy
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typu 2 zlokalizowany jest glownie na komodrkach uktadu odpornosciowego (makrofagach,
limfocytach B, limfocytach T), krwiotworczych komorkach macierzystych i progenitorowych
obecnych w szpiku kostnym, a takze w grasicy i weztach chlonnych, dlatego tez aktywacja
CB2R moze wywotywa¢ liczne efekty immunomodulujgce [67,70-72].

Wraz z rozwojem wiedzy na temat ECS, niektorzy badacze zdefiniowali rozszerzony uktad
endokannabinoidowy jako endokannabinoidom (eCBome). Jest on opisywany jako ztozony
lipidowy uktad sygnatowy sktadajacy si¢ z ponad 100 pochodnych kwasow thuszczowych i
ich receptoroéw, a takze enzyméow. eCBome poza podstawowymi elementami wchodzagcymi w
sktad uktadu endokannabinoidowego zawiera réwniez znaczng liczbe réznych receptorow
btonowych i1 jadrowych, m.in. PPAR, receptor waniloidowy przejsciowego potencjatu 1
(TRPV1), rézne receptory sprzezone z biatkiem G (GPCRs), ich endogenne ligandy oraz
wiele enzymow odgrywajacych wazng rolg w endokannabinoidowych szlakach sygnalowych

[65,73].

3.6 Kannabidiol — terapeutyk przyszlosci w leczeniu insulinoopornosci i choréb
neurodegeneracyjnych

Na podstawie licznych badan okazuje si¢, ze wuklad endokannabinoidowy,

endokannabinoidom i poszczegolne fitokannabinoidy, m.in. kannabidiol (CBD), moga w

przysztosci sta¢ si¢ idealnym narzedziem do poszukiwania nowych metod terapeutycznych

zarowno chorob metabolicznych, jak i neurodegeneracyjnych.

Ryc 3. Struktura chemiczna kannabidiolu (CBD).

Konopie siewne (Cannabis sativa L.) znajduja szerokie zastosowanie terapeutycznie od
tysiecy lat i chociaz styng gtoéwnie z tetrahydrokannabinolu (THC), to jest on tylko jednym z
wielu fitokannabinoidow syntetyzowanych przez te rosliny [65]. Kannabidiol jest zwigzkiem
pochodzacym z Cannabis sativa, lecz jest on pozbawiony komponenty psychoaktywnej [66].

Badania wykazuja, ze jest on niezwykle obiecujagcym fitokannabinoidem ze wzgledu na
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doskonaty profil bezpieczenstwa 1 wiele stwierdzonych potencjalnych efektow
terapeutycznych, m.in. w leczeniu schorzen neurologicznych. Co ciekawe, kannabidiol ma
bardzo niskie powinowactwo do receptorow kannabinoidowych. Wspoéldziata jednak z innymi
ztozonymi ukladami sygnalowymi zaliczanymi obecnie do endokannabinoidomu [67,68].
Poszczegolne prace wykazaly, ze mechanizmy dzialania CBD moga by¢ powigzane z
licznymi celami molekularnymi, m.in. z receptorami sprz¢zonymi z biatkiem G, receptorami
serotoninowymi, adenozynowymi, opioidowymi, czy receptorami aktywowanymi przez
proliferatory peroksysoméw y (PPARy). CBD moze rdéwniez prowadzi¢ do hamowania
FAAH, co docelowo powoduje wzrostu stg¢zenia anandamidu w surowicy. Uwaza si¢, ze
réznorodne cele molekularne kannabidiolu s3 w znacznym stopniu skorelowane z jego
istotnym wplywem na wiele réznych szlakéw sygnatowych [69]. Liczne badania in vitro
jednoznacznie wykazaty, ze CBD prezentuje dziatanie antyapoptotyczne, antyzapalne i
antyoksydacyjne jednoczes$nie prowadzac do hamowania proceséw neurotoksycznych [74—
76]. Co wiecej, wyniki badan na liniach komorkowych znalazty roéwniez potwierdzenie na
licznych modelach zwierzecych z  jednoczesnym  stwierdzeniem znacznej poprawy
parametrow neurofizjologicznych m.in. pamigci przestrzennej, zdolnosci poznawczych i
deficytow poznania spotecznego po ekspozycji na kannabidiol [74,77-79]. Badanie
prowadzone przez Libro i in. in vitro na mezenchymalnych komorkach macierzystych
wykazato, ze CBD moze prowadzi¢ do hamowania ekspresji GSK-3p, jednego z gtownych
elementow patogenezy choroby Alzheimera, poprzez intensyfikacje sygnalizacji PI3K/Akt z
jednoczesna regulacja w dot genow kodujacych biatka zaangazowane w tworzenie depozytow
B-amyloidu i fosforylacje biatka tau [80]. Co wiecej, badanie Ozaity i in. wykazato in vivo, ze
jeden z podstawowych fitokannabinoidow, tj. THC, moze wykazywaé wlasciwosci
neuroprotekcyjne rowniez poprzez aktywacje szlaku PI3K/Akt oraz hamowanie aktywnos$ci
GSK-3p w mozgu myszy CD-1 [81]. Niektorzy badacze wykazujg rowniez, ze kannabidiol
moze znalez¢ szerokie zastosowanie w leczeniu poszczegélnych choréb metabolicznych m.in.
cukrzycy typu 2, czy powiktan cukrzycowych [82]. Zapobieganie zaréwno chorobom
metabolicznym 1 neurodegeneracyjnym jest niezwykle alarmujacym, ogodlno$wiatowym
problemem, gdyz liczba oséb cierpiacych na te choroby rosnie rokrocznie we wszystkich
populacjach $§wiata, a insulinooporno$¢, cukrzyce typu 2 i chorobe Alzheimera mozna
okresli¢ mianem wspotczesnych epidemii, ktore bedg wymagaty zastosowania innowatorskich

terapeutykow.
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Szczegélowe powigzanie chorob neurologicznych z ukladem endokannabinoidowym
zostalo przedstawione w pracy przegladowej wchodzacej w sklad rozprawy doktorskiej:

Can Physical Activity Support the Endocannabinoid System in the Preventive and

Therapeutic Approach to Neurological Disorders?

Charytoniuk Tomasz, Zywno H, Konstantynowicz-Nowicka K, Berk K, Bzdega W,

Chabowski A.: 2020, International Journal of Molecular Sciences

Szczegélowe powiazanie chorob metabolicznych z ukladem endokannabinoidowym
zostalo przedstawione w pracy przegladowej wchodzacej w sklad rozprawy doktorskiej:

The Endocannabinoid System and Physical Activity-A Robust Duo in the Novel Therapeutic

Approach against Metabolic Disorders.
Charytoniuk Tomasz, Zywno H, Berk K, Bzdega W, Kolakowski A, Chabowski A,

Konstantynowicz-Nowicka K.: 2022, International Journal of Molecular Sciences
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4. Cel pracy

Rozpowszechnienie otytosci 1 powigzanych z nig insulinooporno$ci oraz chordb
neurodegeneracyjnych istotnie zwigkszylo si¢ w ciggu ostatnich dekad na catym Swiecie
wsrdd réznych grup spotecznych 1 etnicznych, stajgc si¢ ogromnym obcigzeniem zarowno dla
systemOw ochrony zdrowia, jak i ekonomii wielu krajow. Jednym z gléwnych mechanizméow
prowadzacych do rozwoju insulinoopornosci jest nadmierna, przekraczajaca zdolnosci
oksydacyjne komorek podaz kwasow thuszczowych, ktore sg nastepnie estryfikowane do
roznych frakcji lipidowych m.in. sfingolipidéw. Nadmierna wewnatrzkomorkowa akumulacja
tej grupy lipidow prowadzi do istotnych zaburzen w szlaku sygnalowym insuliny czego
efektem jest rozwdj nie tylko insulinoopornosci mig$ni szkieletowych, ale rowniez moézgowia
co ma swoje konsekwencje, nie tylko w rozwoju chordob metabolicznych, ale takze
neurodegeneracyjnych, w tym takze w rozwoju choroby Alzheimera. Pomimo, iz choroby te
sg bardzo rozpowszechnione we wspotczesnym $wiecie, wcigz brakuje skutecznych i
bezpiecznych $rodkow terapeutycznych. Badania wykazujg, ze fitokannabinoidy moga
stanowi¢ niezwykle obiecujacy rodzaj terapii, ktora potencjalnie moze przyczyni¢ si¢ do
niwelowania insulinoopornos$ci z jednoczesnym ograniczeniem jej niepomyslnych skutkow
zarbwno w konteks$cie choréb metabolicznych, jak i neurodegeneracyjnych. Dlatego tez
zasadnym wydawato si¢ okreslenie, czy kannabidiol, jeden z gtownych fitokannabinoidow,
poprzez zmiany w metabolizmie sfingolipidow tkanki mézgowej, wywota korzystny wptyw
na insulinoopornos$¢. Szczegodlowe cele zrealizowanego projektu obejmowaty:

1. Ocen¢ wplywu kannabidiolu na zmiany zawartoSci poszczegdlnych frakcji
sfingolipidow  tj. sfingozyny, sfinganiny, ceramidu, sfingozyno-1-fosforanu,
sfinaganino-1-fosforanu oraz sfingomieliny

2. Ocene wplywu kannabidiolu na zmiany ekspresji i fosforylacji biatek ze szlaku
sygnalowego insuliny w korze modzgowe] szczuréw karmionych dieta
bogatotluszczowa

3. Oceneg zalezno$ci pomigdzy zmianami ilosci sfingolipidow a stopniem fosforylacji
biatek ze szlaku sygnatowego insuliny w korze mozgowej szczuréw karmionych dieta
bogatotluszczowa

4. Ocena wplywu kannabidiolu na stopien fosforylacji biatka tau, zaangazowanego w
rozwdj chordb neurozwyrodnieniowych, w korze moézgowe] szczurOw karmionych
dieta bogatottuszczowa

5. Ocena wptywu kannabidiolu na wybrane elementy endokannabinoidomu w korze

moézgowej szczurdw karmionych dieta bogatotluszczowa
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5. Materialy i metody

Szczegolowe omowienie materialow i metod znajduje si¢ w pracy oryginalnej,
wchodzacej w sklad rozprawy doktorskiej:

Cannabidiol - A phytocannabinoid that widely affects sphingolipid metabolism under

conditions of brain insulin resistance.

Charytoniuk Tomasz, Sztolsztener Klaudia, Harasim-Symbor Ewa, Berk Klaudia,
Chabowski  Adrian, Konstantynowicz-Nowicka Karolina.:. 2021, Biomedicine &

Pharmacotherapy.

5.1 Model doswiadczalny

Badania zostaty przeprowadzone na samcach szczurow szczepu Wistar o masie poczatkowej
60-100 graméw. Zgoda na niniejsze badania zostala wydana przez lokalng Komisje Etyczng
ds. Doswiadczen na Zwierzetach w Olsztynie (nr zgody — 71/2018). Podczas trwania
eksperymentu zwierzgta byly przetrzymywane w pomieszczeniu o regulowanym cyklu
dobowym (12 godzin dzien, 12 godzin noc), temperaturze (22°C + 2) i1 wilgotno$ci powietrza
(35-60%), mialy rowniez zapewniony staty dostep do wybranej paszy i wody. Po 7 dniach
aklimatyzacji zwierzeta zostaty 1losowo rozdzielone do czterech grup do$wiadczalnych, w
kazdej grupie znajdowato si¢ po 10 osobnikow:

)] grupa kontrolna, Control byta karmiona standardowa pasza dla gryzoni
zawierajacg 60% weglowodandéw, 20% thuszczu i 20% biatka (Labofeed B,
,Morawski”, Kcynia, Polska) oraz przez ostatnie 2 tygodnie eksperymentu
otrzymywata dootrzewnowe iniekcje rozpuszczalnika substancji czynnej
sktadajacego si¢ z etanolu/Tween20/0,9%NaCl w stosunku 1:1:8 oraz dawce 1
ml/kg masy ciata na dzien,

) grupa HFD, w ktorej insulinooporno$¢ byta indukowana poprzez podawanie diety
bogatottuszczowej (HFD) zawierajacej 60% ttuszczu, 20% weglowodanow i 20%
biatka (Research Diets, New Brunswick, NJ, USA) oraz otrzymywata przez
ostatnie 2 tygodnie eksperymentu dootrzewnowe iniekcje rozpuszczalnika
substancji czynnej skladajacego si¢ z etanolu/Tween20/0,9%NaCl w stosunku

1:1:8 oraz dawce 1 ml/kg masy ciata na dzien,
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I11) grupa CBD byla karmiona standardows pasza dla gryzoni oraz otrzymywata
dootrzewnowe iniekcje CBD (10 mg/kg masy ciala/dzien) raz dziennie o tej samej
porze przez ostatnie 14 dni (6 i 7 tydzien) eksperymentu,

IV) grupa HFD+CBD, w ktorej insulinooporno$¢ byta indukowana poprzez
podawanie diety bogatottuszczowej (HFD) oraz otrzymywata dootrzewnowe
iniekcje CBD (10 mg/kg masy ciata/dzien) raz dziennie o tej samej porze przez

ostatnie 14 dni (6 1 7 tydzien) eksperymentu.

W powyzszych warunkach zwierzeta ze wszystkich grup byty hodowane tacznie przez 7
tygodni. Pod koniec eksperymentu szczury usypiane byly poprzez wziewne podanie
izofluranu, a nastgpnie od uspionych zwierzat zostaly pobrane probki kory mozgowe;.
Fragmenty przedczolowej kory moézgowej zostaly wyizolowane, a nast¢pnie zamrozone w
cieklym azocie (-196°C) bezposrednio po pobraniu i przechowywane w temperaturze -80°C
do dalszej analizy.

Droga podania CBD, tj. droga dootrzewnowa, oraz dawka zostaty wybrane na podstawie
analizy danych literaturowych, ktore wykazaty, ze iniekcje dootrzewnowe nie powodowatly
powstawania psychoaktywnych pochodnych CBD, takich jak A9-THC i1 A8-THC, ktore byty
obecne po podaniu doustnym, a dawka 10mg/kg masy ciata byta efektywna [83].

Szczegotowe badania objely oceng:

e stopnia ekspresji enzyméw i receptoréw endokannabinoidomu tj. receptora
kannabinoidowego typu | (CB1R), hydrolazy amidéw kwasow thuszczowych 1
(FAAH1), receptora sprzezonego z bialkiem G55 (GPR55), receptora
waniloidowego 1 (VR1), receptoréw aktywowanych przez proliferatory
peroksysoméw a, B, v (PPAR a, B, y), receptora serotoninowego 1A (HTR1A)

metoda Western Blot;

o catkowitej ekspresji biatek i ich fosforylowanych form zaangazowanych w szlak
sygnatowy insuliny tj. substratu 1 receptora insuliny i jego fosforylowanej formy
(IRS-1, pIRS-1 (S302)), kinazy bialkowej B i jej fosforylowanych form (Akt,
pAkt (S473), pAkt (Thr305), pAkt (Thr308), pAkt (S472, S473, S474)), kinazy
syntazy glikogenu 3a i jej fosforylowanych form (GSK-3a, pGSK-3a (Ser21),
pGSK-3a (Tyr279)), kinazy syntazy glikogenu 3a i jej fosforylowanych form
(GSK-3 B, pGSK-3p (Ser9), pGSK-3p (Tyr216) metodg Western Blot;
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e tkankowego stezenia poszczegdlnych sfingolipidow tj. sfingozyny (SFO), sfingozyno-
1-fosforanu (S1P), sfinganiny (SFA), sfinganino-1-fosforanu (SA1P) i ceramidu

(CER) metoda wysokosprawnej chromatografii cieczowej (HPLC);

o tkankowego stezenia sfingomieliny (SM) metoda chromatografii gazowej (GLC)

e catkowitej ekspresji poszczegélnych enzyméw zaangazowanych w metabolizm
sfingolipidow tj. palmitoilotransferazy serynowej 1 i 2 (SPTLC1, SPTLC2),
syntazy ceramidu 4 i 6 (LASS4, LASS6), ceramidazy kwasnej (ASAH1),
ceramidazy obojetnej (ASAH2), ceramidazy zasadowej (PHCA), sfingomielinazy
obojetnej (N-SMase) metodg Western Blot;

e calkowitej ekspresji bialka Tau (ang. tubulin associated wunit) i jego

fosforylowanych form zaangazowanych w choroby neurozwyrodnieniowe tj. pTau
(S202), pTau (S396), pTau (S404), pTau (S416) metoda Western Blot;

5.2 Analiza calkowitej ekspresji wybranych bialek metoda Western blot

Probki kory moézgowej zostaly zhomogenizowane przy uzyciu homogenizatora r¢cznego w
temperaturze 4°C w buforze lizujacym RIPA (radioimmunoprecipitation assay buffer)
zawierajacym inhibitory fosfataz i proteaz (Roche, Szwajcaria), a nastepnie probki z lizatem
byly odwirowywane przy 12000 obr./min przez 20 min w 4°C. W uzyskanym supernatancie
oznaczono catkowite st¢zenie biatka wykorzystujac kwas bicynchoninowy (BCA). Nastepnie
przeprowadzono elektroforetyczny rozdziat biatek w 10% Zelu poliakrylamidowym (Criterion
TGX Stain-Free Precast Gel, Bio-Rad, USA), w ktorym po ekspozycji na S$wiatto
ultrafioletowe (UV) tryptofan obecny w probkach biatek tworzy fluorescencyjny produkt
poddawany transferowi na btony nitrocelulozowe lub btony z polifluorku winylidenu (PVDF).
Nastepnie fluorescencyjne biatko catkowite obecne na btonie jest wykrywane za pomoca
urzadzenia do obrazowania charge-coupled device (CCD) i os$wietlenia UV. W celu
zablokowania niespecyficznych wigzah 1 tym samym zapobiegnigciu niespecyficznemu
taczeniu przeciwcial membrany inkubowano w 5% roztworze surowiczej albuminy bydlecej
(bovine serum albumin, BSA) lub w 5% roztworze odtluszczonego mleka w proszku
rozpuszczonych w buforze TBST (Tris-Buffered Saline with Tween 20) i poddano catonocne;j
inkubacji z odpowiednimi przeciwciatami I-rzgdowymi. Po inkubacji i 3-krotnym
przeplukaniu membran buforem TBST, zostaly one poddane godzinnej inkubacji z
odpowiednim ll-rzedowym przeciwcialem anty-IgG znakowanym peroksydaza chrzanowsg

(HRP). W celu zobrazowania na membranie miejsc wigzania znakowanych przeciwciat
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wykorzystano chemiluminescencyjny substrat (Clarity Western ECL Substrate, Bio-Rad,
Hercules, CA, USA), a nastgpnie otrzymane sygnaly odczytano densytometrycznie w
systemie do wizualizacji ChemiDoc (Image Laboratory Software, Bio-Rad, Warszawa,
Polska). Uzyskany obraz badanego bialka i biatka catkowitego byl naktadany na siebie w

systemie ImageLab w celu normalizacji ekspres;ji biatka.

5.3 Analiza stezenia sfingolipidow w korze mézgowej

Do pomiaru st¢zenia poszczegélnych sfingolipidow tj. sfingozyny, sfingozyno-1-fosforanu,
sfinganiny, sfinganino-1-fosforanu 1 ceramidu zastosowano metode wysokosprawnej
chromatografii cieczowej. Sfingolipidy zostaly wyekstrahowane z zsonifikowanych probek
kory mozgowej przy uzyciu roztworu metanolu z kwasem solnym w obecnos$ci standardow
wewngetrznych (C17-sfingozyny i C17-sfingozyno-1-fosforanu). [los¢ sfingozyno-1-fosforanu
i sfinganino-1-fosforanu oznaczono metodg posrednia po defosforylacji odpowiednio
sfingozyny 1 sfinganiny z uzyciem fosfatazy alkalicznej (ALP, Sigma Aldrich, Saint Louis,
MO, USA). Niewielka ilo§¢ wyekstrahowanych lipidow przeniesiono do nowej probowki
zawierajacej N-palmitoilo-D-erytro-sfingozyne (zasada C17) jako standard wewngtrzny, a
nastgpnie poddano hydrolizie alkalicznej w celu konwersji ceramidu do sfingozyny.
Sfingozyna, sfinganina i defosforylowane zasady sfingoidowe pochodzace z ceramidu zostaly
poddane procesowi derywatyzacji i nastgpnie przeksztatcone do ich o-ftalaldehydowych
pochodnych i nastepnie zanalizowane za pomocg systemu HPLC (Varian ProStar, Agilent
Technologies, Santa Clara USA) wyposazonego w detektor fluoroscencyjny i kolumne w
uktadzie faz odwroconych C18. Stezenie sfingolipidow zostato przedstawione w pikomolach

na miligram tkanki.

5.4 Analiza stezenia sfingomieliny w korze mézgowej

W celu oceny stezen sfingomieliny (SM) lipidy byty ekstrahowane przy pomocy mieszaniny
roztworow chloroform/metanol w stosunku objetosciowym 2:1 zgodnie z metodg Folcha [84].
Sfingomielina zostala oddzielona od innych wyekstrahowanych fosfolipidow za pomoca
chromatografii cienkowarstwowej (TLC). Nastepnie poszczegdlne frakcje kwasow
tluszczowych poddano transmetylacji w 14% metanolowym roztworze trojfluorku boru, a
nastepnie rozpuszczono w heksanie. Zawarto$¢ poszczeg6élnych estréw metylowych kwasow
thuszczowych (FAME, fatty acid methyl esters) zostata oznaczona zgodnie z czasami retencji

odpowiedniego standardu metoda chromatografii gazowej (GLC; chromatograf gazowy
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Helwett-Packard 5890 Series I wyposazony w kolumng kapilarng Hewlett-Packard-
INNOWax oraz detektor ptomieniowo-jonizujacy, Agilent Technologies, Santa Clara, CA,
USA). Catkowite stezenie SM zostata zmierzona jako suma poszczeg6lnych frakcji kwasow

tluszczowych i wyrazona w pikomolach na miligram tkanki.

5.5 Analiza statystyczna

Wszystkie dane przedstawiono jako warto$¢ $érednig + odchylenie standardowe (SD). W
analizie statystycznej zastosowano test Shapiro-Wilka oraz test Bartletta celem zapewnienia
rozktadu normalnego i jednorodnos$ci wynikéw. Roznice statystyczne pomigdzy badanymi
grupami analizowano za pomocg dwuczynnikowej analizy wariancji (two-way ANOVA), a
nastepnie odpowiedniego testu post hoc (test Tukeya i test t-Studenta). W analizie
wykorzystano oprogramowanie GraphPad Prism 5 (La Jolla, CA, USA). Za poziom istotno$ci

statystycznej uznano p < 0,05.
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6. Wyniki

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

Cannabidiol - A phytocannabinoid that widely affects sphingolipid metabolism under

conditions of brain insulin resistance.

Charytoniuk Tomasz, Sztolsztener Klaudia, Harasim-Symbor Ewa, Berk Klaudia,
Chabowski  Adrian, Konstantynowicz-Nowicka Karolina.:. 2021, Biomedicine &

Pharmacotherapy.

W opisie wynikow wykorzystano odniesienia do figur zamieszczonych w wyzej

wymienionej publikacji.

6.1 Wplyw kannabidiolu na st¢zenie sfingolipidow

Stezenie sfingozyny (SFO) w homogenatach kory mézgowe;j istotnie wzrosto w przypadku
grupy karmionej dieta bogatottuszczowa (+29,2%, p < 0,01, ryc. 1A) i grupy, ktéra miata
podawany kannabidiol (+62,7%, p < 0,01, ryc. 1A) w poréwnaniu do grupy kontrolne;.
Ponadto w eksperymencie zaobserwowano znaczne zmniejszenie zawartosci SFO w grupie
HFD + CBD (-31,6%, p < 0,001, ryc. 1A) w poréwnaniu z grupg HFD. Podobnie poziom
sfinganiny (SFA) wzrost wyraznie w grupach HFD (+20,4%, p < 0,05, Ryc. 1B) 1 CBD
(+50,2%, p < 0,01, Ryc. 1B) w pordwnaniu z grupg kontrolng. ZauwazyliSmy istotne
zmniejszenie st¢zenia sfinganiny jedynie w grupie HFD + CBD (- 28,2%, p < 0,01, Ryc. 1B)
w porownaniu z grupg karmiong dietg bogatottuszczowa. Podanie CBD istotnie zmniejszyto
zawarto$¢ ceramidu w korze moézgowej u szczuréow z grupy HFD (-14,3%, p < 0,05, Ryc.
1C). Co wigcej, zaobserwowaliSmy istotny wzrost CER w grupie HFD (+18,9%, p < 0,05,
Ryc. 1C) w stosunku do grupy kontrolnej. U szczurow z grupy CBD wykazaliSmy istotnie
zwigkszong zawarto$¢ sfingozyno-1-fosforanu w stosunku do grupy kontrolnej, jak rowniez w
poréwnaniu z grupg szczuréw karmionych dieta bogatottuszczowa (odpowiednio +65,2%,
+53,9%; p < 0,05, ryc. 1D). We wszystkich grupach do$wiadczalnych zmiana zawartosci
SA1P nie osiggneta istotnosci statystycznej (ryc. 1E). W przypadku sfingomieliny w
porownaniu z homogenatami moézgu uzyskanymi od szczurow z grupy kontrolnej 1

karmionych dietg bogatotluszczows, zaobserwowaliSmy znaczny wzrost zawarto$ci tego
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sfingolipidu w grupie CBD (odpowiednio +13,4%, +17,1%; p < 0,05, ryc. 1F) i HFD + CBD
(odpowiednio +9,9%, p < 0,05; +13,5%, p < 0,01, rys. 1F).

6.2 Wplyw kannabidiolu na ekspresje enzymow szlaku syntezy de novo ceramidu oraz

enzymow wspolnych dla szlaku de novo i ratunkowego

W  korze mobzgowej szczuréw zaobserwowaliSmy istotne zmiany w  ekspresji
palmitoilotransferazy serynowej 1 i 2. OdnotowaliSmy istotny spadek ekspresji SPTLC1 w
grupie CBD (-24,4%, p < 0,01, Ryc. 2A) oraz w grupie CBD+HFD (-29,5%, p<0,05, Ryc. 2
A) w pordéwnaniu z grupg kontrolng i w grupie CBD (-13,8%, p < 0,05, ryc. 2A) w
poréwnaniu z grupg HFD. Podanie dootrzewnowe CBD u szczurow karmionych dietg
bogatotluszczowa spowodowalo zmniejszenie ekspresji SPTLC2 w poréwnaniu z grupg
kontrolng i HFD (odpowiednio — 28,7%, p < 0,01; — 18,6%, p < 0,05, ryc. 2B). Co wiecej,
dieta bogatottuszczowa z iniekcjami CBD spowodowata znaczne zmniejszenie ekspresji
syntazy ceramidowej 6 (LASS6) (—40,0%, p < 0,05, ryc. 2C) w poréwnaniu z grupa kontrolng
oraz (-22,0%, p < 0,01, ryc. 2C) grupg HFD. ZaobserwowaliSmy znaczne zahamowanie
ekspresji syntazy ceramidowej 4 (LASS4) w grupie CBD i HFD+CBD w poréwnaniu z grupa
kontrolng (CBD: -21,9%, HFD + CBD: — 24,4%, p < 0,05, Ryc. 2D) i grupa HFD (CBD: -
23,9%,HFD+CBD:- 26,4%,p<0,05,Rys.2D).

6.3 Wplyw kannabidiolu na ekspresje enzyméw zaangazowanych w metabolizm
ceramidu

We wszystkich badanych grupach nie wykazaliSmy istotno$ci statystycznej w zmianach
ekspresji ceramidazy kwasowe] (ASAHI1) (ryc. 3A). ZaobserwowaliSmy trend w kierunku
zmniejszenia ekspresji ceramidazy neutralnej (ASAH2) (CBD vs HFD: p = 0,1357, Ryc. 3B) i
ceramidazy zasadowej (PHCA) (HFD vs kontrola: p = 0,1924, CBD vs kontrola: p = 0,0717,
ryc. 3C), jednak rowniez nie osiaggneliSmy istotnosci statystycznej. Co istotne, iniekcje CBD
znacznie zmniejszyly ekspresje neutralnej sfingomielinazy (N-SMazy) w porownaniu z grupa
kontrolng (-38,6%, p < 0,05, ryc. 3D). Ponadto, w poréwnaniu ze szczurami, ktérym
podawano diete HFD, zaobserwowalismy istotny wzrost ekspresji N-SMazy w grupie HFD +
CBD (+99,0%, p < 0,05, Ryc. 3D). Ekspresja kinazy sfingozyny 1 (SPHK1) byta obnizona w
grupie CBD w porownaniu z grupa kontrolng (-35,9%, p < 0,05, Ryc. 3E) oraz w grupie
CBD+HFD w pordéwnaniu z grupg kontrolng i HFD (- 53,5%, — 44,2%, p < 0,01, Ryc. 3E).
Zaobserwowalismy rowniez znaczgce zmniejszenie ekspresji kinazy sfingozyny 2 (SPHK2)
po podaniu CBD w grupie HFD (-37,7%, p < 0,05, ryc. 3F) w poréwnaniu z grupa kontrolng i
(-18,6%, p < 0,05, rys. 3F) grupa HFD.
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6.4 Wplyw kannabidiolu na ekspresje bialek zaangazowanych w szlak sygnalowy
insuliny
W korze moézgowej szczurow karmionych dieta bogatottuszczowa wykazaliSmy znaczny
wzrost wspolczynnika fosforylacji biatek bezposrednio zaangazowanych w szlak sygnatowy
insuliny, wyrazony w stosunku formy fosforylowanej kinazy biatkowej B tj. pAkt (Thr305)
do catkowitej Akt (+362,4%, p < 0,001, Rys. 4A), wspotczynnika pAkt(Thr308):Akt
(+52,6%, p<0,05, Rys. 4B), wspotczynnika pAkt(S472,S473,S474): Akt (+140,8%, p < 0,001,
Rys. 4C) oraz formy fosforylowanej kinazy syntazy glikogenu-3a i 3p tj. pGSK-3a(Tyr279)
do GSK-3a/B (+25,0%, p < 0,05, Ryc. 4G) i wspotczynnika pGSK-3p(Tyr216):GSK-3a/ 3
(+71,1%, p < 0,001, Ryc. 4I) w poroéwnaniu ze Szczurami z grupy kontrolnej. Z Kolei
podawanie HFD spowodowalo wyrazne zmniejszenie wspotczynnika fosforylacji pGSK-
3a(Ser21):GSK-3a /B (- 37,6%, p < 0,001, ryc. 4F, vs grupa kontrolna) i wspotczynnika
pGSK-3B(Ser9):GSK-3a/B (- 80,8%, p < 0,001, ryc. 4B, vs grupa kontrolna). W warunkach
diety bogatotluszczowej wstrzyknigcie CBD spowodowato znaczny spadek wspolczynnika
pGSK-30(Tyr279):GSK-3a/p (-22,0% i -37,0%, p < 0,001, ryc. 4G, vs grupa kontrolna i
HFD) oraz wspoétczynnika pGSK-3B(Tyr216):GSK-30/f (—32,8%, p < 0,05, ryc. 41, vs grupa
HFD). Co wigcej, w grupie HFD+CBD zauwazyliSmy znaczny wzrost wspdtczynnika
fosforylacji Akt(Thr305) (+204,6%, p < 0,01, Ryc. 4A), Akt(S472,S473,5474) (+158,7% , p
< 0,01, Ryc. 4C) w poroéwnaniu do grupy kontrolnej i wzrost wspotczynnika fosforylacji
GSK-3a(Ser21) (+38,2%, p < 0,001, Ryc. 4F), GSK-3p (Ser9) (+481,6% , p < 0,001, Fig. 4H)
w porownaniu do grupy HFD. Jednoczes$nie ekspozycja na CBD powodowata znaczne
zmniejszenie wspétczynnika fosforylacji Akt(Thr305) (- 70,3%, p < 0,001, Rys. 4A),
Akt(S472,5473,5474) (- 34,1%, p < 0,05, ryc. 4C), Akt(S473) (- 36,0%, p < 0,01, ryc. 4D),
GSK-3a (Tyr279) (- 23,5%, p < 0,05, ryc. 4G) i GSK-3p (Tyr216) (-28,1%, p < 0,05, ryc. 4l)
w porownaniu do grupy HFD. CBD rowniez spowodowal zwigkszenie wspotczynnika
pAkt(S472,5473,S474):Akt (+58,7%, p < 0,05, ryc. 4C, w pordwnaniu z grupa kontrolng),
pGSK-3a(Ser21):GSK-3a/f (+25,2%, p < 0,05, Ryc. 4F, vs. grupa HFD) i zwigkszenie
wspotczynnika pGSK-3p(Ser9):GSK-3a/p (+288,3%, p < 0,001, Ryc. 4H, vs. grupa HFD). W
grupie otrzymujace] CBD w pordéwnaniu ze szczurami z grupy kontrolnej zauwazyliSmy
znaczny spadek wspotczynnika fosforylacji pAkt(S473):Akt (—38,4%, p < 0,01, ryc. 4D). Co

ciekawe, poziom zmian wspotczynnika formy fosforylowanej substratu receptora insuliny-1
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tj. pIRS-1 (S302) do IRS-1 nie osiggnal istotnoSci statystycznej we wszystkich badanych
grupach (ryc. 4E).

6.5 Wplyw kannabidiolu na ekspresje¢ bialtka Tau

Karmienie szczurow dieta bogatottuszczowa spowodowalo znaczny wzrost wspdtczynnika
fosforylacji wyrazony w stosunku formy fosforylowanej biatka Tau, tj. pTau(S202) (+23,9%,
p < 0,001, ryc. 5A), pTau(S396) (+17,6%, p < 0,0001, ryc. 4B), pTau(S404) (+20,0%, p <
0,0001, ryc. 5C) i pTau(S416) (+23,5%, p < 0,05, ryc. 5D) do formy nieufosforylowanej
biatka Tau. Po podaniu CBD szczury karmione dieta bogatotluszczowa wykazaty znaczne
zmniejszenie wspotczynnika fosforylacji pTau(S202):Tau (-22,8%, p < 0,001, Ryc. 4A), pTau
(S396):Tau (- 13,5%, p < 0,05, Ryc. 4B) i pTau(S416):Tau (-16,5%, p < 0,05, Ryc. 4D) w
porownaniu z grupa kontrolng. Fosforylacja pTau(S396) wzrosta w grupie CBD w stosunku
do grupy kontrolnej oraz HFD (odpowiednio +41,0% i +19,9%; p < 0,01, Rys. 5B).
Podawanie CBD znaczgco zmniejszylo fosforylacje pTau(S416) u szczuréw z grupy
kontrolnej (-18,4%, p < 0,05, ryc. 5D, w poréwnaniu z grupg HFD).

6.6 Wplyw kannabidiolu na ekspresje wybranych skladowych endokannabinoidomu
kory mézgowej

We wszystkich grupach zmiana ekspresji receptora CB1 i receptora VRI1 nie osiggneta
istotno$ci statystycznej (ryc. 6A i B). Podawanie diety bogatotluszczowej spowodowato
znaczny spadek ekspresji PPARa i PPARY (odpowiednio — 37,8% 1 — 26,3%, p < 0,05, ryc.
6F i H) oraz znaczny wzrost ekspresji 5-HTR1A (+59,0%, p < 0,05, Fig. 6C). Co ciekawe,
zauwazyliSmy znaczne zmniejszenie ekspresji S-HTR1A u szczuréw, ktorym podawano CBD
karmionych dietg standardowa (CBD: — 36,3%, p < 0,05; ryc. 6C) oraz karmionych dieta
bogatottuszczowa (HFD + CBD: — 58,3%, p < 0,001; ryc. 6C) w poroéwnaniu z grupa
kontrolng oraz (CBD: - 59,9%, p < 0,01; HFD + CBD: - 73,8%, p < 0,001; Ryc. 6C) grupa
HFD. Po podaniu CBD ekspresja PPARy zmniejszyla si¢ u szczuréw z grupy kontrolnej (-
23,7%, p < 0,05, ryc. 6H, w porownaniu z grupa kontrolng) 1 wzrosta w trakcie karmienia
dieta bogatottuszczowa (+30,3%, p < 0,05, ryc. 6H, w pordwnaniu z grupg HFD). Co wigcej,
ekspresja PPARa wzrosta w grupie CBD (+33,0%, p < 0,05, Rys. 6F) w poréwnaniu z grupa
HFD. W poréwnaniu ze szczurami z grupy kontrolnej, zaobserwowali§my zmniejszong
ekspresje receptora GPR55 w grupie HFD + CBD (-30,4%, p < 0,05, ryc. 6D). Zmiana
ekspresji FAAHI 1 receptora PPARP nie osiagne¢ta istotno$ci statystycznej we wszystkich
badanych grupach (ryc. 6E i G).
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7. Whnioski

Z przeprowadzonych badan wynika, iz:

1.

Podanie kannabidiolu w zwierzecym modelu insulinoopornosci indukowanej dieta
bogatottuszczows, prowadzi do obnizenia zawartosci ceramidu, sfingozyny i
sfinganiny poprzez hamowanie zarowno enzymow Szlaku syntezy de novo ceramidu,
jak 1 enzymow ze szlaku ratunkowego (ang. salvage pathway) w korze mozgowe;j
SZCZUrow.

Zastosowanie kannabidiolu w wyzej wymienionych warunkach powoduje inaktywacje
kinazy syntazy glikogenu 3 o/p poprzez obnizenie wspotczynnika fosforylacji GSK-3
przy specyficznych resztach tyrozynowych odpowiednio w pozycji 279 i 216 (Tyr279
I Tyr216) oraz wzrost wspotczynnika fosforylacji przy specyficznych resztach
serynowych w pozycji 21 i 9 (Ser21 i Ser9), a tym samym skutkuje zmniejszeniem
stopnia insulinoopornosci kory mézgowe;j.

Rownocze$nie wyzej wspomniane zmniejszenie stopnia insulinoopornosci kory
mozgowej byto powigzane ze spadkiem akumulacji sfingolipidow.

Zastosowanie kannabidiolu w warunkach rezimu diety bogatotluszczowe;j
spowodowato takze wzrost ekspresji PPARy i zmniejszenie fosforylacji biatka tau, co
w dalszej konsekwencji, prawdopodobnie doprowadza do zmniejszenia produkcji i
odktadania depozytow B-amyloidu, a tym samym ukazuje potencjalne wykorzystanie
kannabidiolu w terapii chorob neurodegeneracyjnych.

Dodatkowo podanie kannabidiolu spowodowato znaczny spadek ekspresji receptora
serotoninowego 1A (HTR1A), ktory jest posrednio zaangazowany w rozwoj stresu
oksydacyjnego, utrate neuronéw i pogorszenie pamigci w zwierzecych modelach
choroby Alzheimera. Mimo tego, iz rola HTR1A w insulinooporno$ci mozgowia nie
zostala jeszcze dobrze poznana, powigzanie CBD z receptorem HTRI1A moze
stanowi¢ kolejny istotny element poszukiwan nowych metod leczenia chorob

neurodegeneracyjnych.
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ARTICLE INFO ABSTRACT

Keywords: Obesity-related insulin (IR) and at i brain insulin signaling are significant risk factors for
Cannabidiol 1 ive disorders, e.g.,, Alzheimer’s disease. IR and type 2 diabetes correlate with an increased
Insulin resistance concentration of sphingolipids, a class of lipids that play an essential structural role in cellular membranes and
f?"_’;so::p‘::l_ cell signaling pathways, Cannabidicl (CBD) is a nonpsychoactive constituent of Cannabis sativa plant that in-
SBocmabiseid sy teracis with the endocannabinoidome. Despite known pasitive effects of CB on improvement in diabetes and is
aftermath, e.g., anti-infl y and anti-oxid el’fects, there are no smdies evaluating the effect of phyto-
cannabinoids on the brain insulin resi e and lipid holism. Our experiment was carried out on
Wistar rats that received a high-fat diet and/or mtmpentoneal CBD injections. In our study, we indicated in-
hibition of de novo synthesis and salvage pathways, which resulted in significant changes in the concentrarion of
sphingolipids, e.g., ceramide and sphingomyelin. Furthermore, we observed reduced brain IR and decreased tau
protein phosphorylation what might be protective against pathologies develop We believe that our
research will concern a new possible therape’utlc approach wlth Cannabis - })J.ant derived compounds and within a
few years, c&.nnabmmds would be consid as p b es for targeting both metabolic and
ive | .
1. Introduction dementia with cognitive impairment, was widely demonstrated [6-5].

Nowadays, metabolic pathologies, e.g., obesity or type 2 diabetes
mellitus (T2DM) are some of the major medical concerns that widely
occur among different populations, especially those with a predomi-
nance of the Western dietary pattern [1,2]. Consequently, obesity and its
associated disorders constitute a serious threat to global health and
might be regarded as a worldwide epidemic. Insulin resistance (IR), a
condition with impaired insulin response in both peripheral tissues (e.g.,
liver or skeletal muscles) and the central nervous system, including the
brain, is a primary pathology leading to the development of metabolic
disorders (3], It is also known that obesity-related systemic insulin
resistance, its aftermath, e.g., oxidative stress and inflammation, as well
as attenuated brain insulin signaling, are common features and signifi-
cant risk factors for the occurrence of diabetic neuropathy, dementia or
Alzheimer's disease (AD) [4.5]. A significant correlation between
metabolic disorders such as IR or T2DM and neuropathologies, e.g.,
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Insulin resistance and T2DM correlate with an increased tissue con-
centration of sphingolipids, a class of lipids that besides playing an
essential structural role in cellular membranes, are also known to be
significantly involved in cell signaling pathways or cell-to-cell both
recognition and interaction [9,10]. Moreover, some studies (both in
vitro and in vivo), as well as clinical trials demonstrated that distur-
bances in sphingolipid pathway might contribute not only to the
development of insulin resistance, but also neurodegenerative disorders
by changes in tau protein phosphorylation [11]. Furthermore, modula-
tions in sphingolipid metabolism might constitute a novel possible
therapeutic approach for those pathological conditions that widely
affect the central nervous system [12,14], The endocannabinoid system
(ECS) is a crucial factor in maintaining energy | is, subse-
quently participating in numerous metabolic and neurodeg ative
pathologies [14,15]. Interestingly, some researchers defined an
expanded endocannabinoid system as an endocannabinoidome
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(eCBome) — a complex lipid signaling system composed of more than
100 fatty acid-derived mediators and their receptors, as well as its
anabolic and catabolic enzymes of more than 50 proteins [16]. The
expanded endocannabinoid pathway includes G-protein-coupled re-
ceptors, known as cannabinoid receptors 1 and 2 (CB1, CB2) and the
endogenous agonists of these receptors, known as endocannabinoids,
mainly anandamide (AEA) and 2- arachidonoylglycerol (2-AG) [17]. Itis
known that both CB1 and CB2 receptors are diffusely distributed
throughout the organism, i.e., in the central nervous system, gastroin-
testinal tract or cardiovascular system [18,19]. Moreover, other re-
ceptors  such as  vanilloid receptor subtype 1  (VR1),
5-hydroxytryptamine  receptor 1A (5-HTR1A), peroxisome
proliferator-activated nuclear receptors (PPARs) and G-protein-coupled
receptor 55 (GPR5S5) are part of the endocannabinoidome [20].
Considering the molecules that are widely known to interact with the
eCBome, one of the most distinguishable is a nonpsychoactive constit-
uent of Cannabis sativa plant — cannabidiol (CBD). Despite the presented
in literature positive effects of cannabinoids such as CBD on improve-
ment in diabetes and its aftermath, e.g., anti-infl ory, anti-oxid
and tissue-protective effects, no studies evaluate the effect of phyto-
cannabinoids on the brain insulin resistance [21,22], Moreover, none of
the research presented a correlation between cannabidiol and sphingo-
lipid metabolism in the brain tissue. Thus, our research will introduce a
comprehensive assessment of cannabidiol action on insulin resistance
development and sphingolipid metabolism in the cerebral cortex, what
would present a base for novel possible tri hods of both
metabolic and neurodegenerative pathologies.

2. Materials and methods
2.1. Animal model

The experiment was carried out on four weeks male Wistar rats
weighing initially 60-100 g. During the experiment, the animals were
maintained at 22 + 2 °C, relative humidity of 35-60% and ona 12/12-h
light/dark cycle with libitum access to food and water. The experiment
was conducted after 5 days of acclimatization. Next, all the animals were
randomly divided into experimental groups consisting of 10 animals
each. The first group (control) received certified standard chow con-
taining 60% carbohydrate, 20% fat and 20% protein. The second high-
fat diet (HFD) group was fed with chow composed of 60% fat, 20%
carbohydrate, 20% protein. All the animals from a particular group were
maintained at the above-described conditions for 7 weeks. In both
groups, half of the animals was receiving a solvent of an active sub-
stance, ie. ethanol/Tween20/0.9NaCl (1:1:8 v/w, 1 ml/kg of body
weight/day for the last 2 weeks of the experiment). Moreover, the rest of
animals in both groups were admini d intraper lly CED in-
jections (10 mg/kg of body weight/day) once a day at the same time for
the last 14 days (6th-7th week of the experiment). The route of CBD
administration was based on studies conducted by Merrick et al. who
showed that intraperitoneal injections did not cause formation of psy-
choactive CBD derivatives such as A9-THC and A8-THC which were
present after oral administration [23]. Moreover, according to studies
conducted on mice suffering from diabetes, which showed that treat-
ment with higher doses of cannabidiol (20 mg/kg of body weigh/day)
exerted the same or comparable effects as 10 mg of CBD in diabetic heart
muscle, the dose of 10 mg/kg of body weight/day CBD was chosen [24].
At the end of the experiment, rats were anesthetized with inhalation of
isoflurane. The cerebral cortex was isolated, and the tissue was quickly
frozen (clamped with aluminum tongs pre-cooled in liquid nitrogen) and
kept at — 80 "C until further analysis. In this study, all the animal pro-
cedures were complied with the standard ethical guidelines and
approved by the Animal Ethics Committee of the Medical University of
Bialystok (approval number - 71/2018).

Biomedicine & Pharmacotherapy 142 (2021) 112057
2.2, Sphingolipids determination

The high performance liquid chromatography methed was used to
measure the concentration of sphingosine, sphingosine-1-phosphate,
phingani ;phinganine-1-phosphate and ceramide. This procedure
was described in details by Baranowski et al. [25]. In brief, in the
presence of C17-sphingosine as a standard, lipids were extracted from
ultrasonicated samples of the cerebral cortex. An obtained lipid extract
was transferred to a fresh tube containing N-palmitoyl-D-ery-
thro-sphingosine (C17 base) and afterwards, was alkaline hydrolyzed to
deacylate ceramide to sphingosine. Released from CER free SFO and SFA
were converted to their o-phthalaldehyde derivatives and then analyzed
by HPLC system (Varian ProStar, Agilent Technologies) with a fluores-
cence detector and C18 reversed-phase column. The sphingolipids
contents were presented in picomoles per milligram of tissue.

2.3, Sphingomyelin deter

In brief, according to the Folch method lipids were extracted from,
homogenized by ultrasonication, samples using a chloroform:methanol
solution (2:1, vol/vol) [26]. In order to obtain sphingomyelin fraction,
extracted lipids were separated with the use of thin-layer chromatog-
raphy (TLC) [27]. Next, the particular fatty acids fraction was methyl-
ated by solution of boron fluoride and 14% methanol. Gas liquid
chromatography — GLC method (Hewlett-Packard 5890 Series Il gas
chromatograph, containing a capillary column and flame ionization
detector, HP-INNOWax) was used to detect and quantify sphingomyelin
fraction content in relation to appropriate retention times of standards,
The concentration of sphingomyelin was measured as the sum of indi-
vidual fatty acids in the specified fraction. The sphingomyelin content
was presented in nanomoles per gram of tissue.

2.4, Proteins determination

Before the immunoblotting procedure, the cerebral cortex was ho-
mogenized in radioi precipitation assay (RIPA) buffer at 4 “C
with protease and phospl inhibitors. Then, the g were
centrifuged, and the obtained supernatants were used for the analysis.
Total protein concentration was estimated with bicinchoninic acid
(BCA) assay.

All the samples were separated using 10% Critetion TGX Stain — Free
Precast Gel (Bio Rad, Poland) electrophoresis and transferred onto
nitrocellulose or polyvinylidene fluoride (PVDF) membranes. Then, the
membranes were blocked with 5% BSA or 5% not-fat dry milk and
immunoblotted with primary antibodies. Afterwards, the blots were
incubated with secondary antibodies conjugated to horseradish peroxi-
dase. Obtained signals were quantified densitometrically using a
ChemiDoc visualization system (BioRad) and were detected and
analyzed with ImageLab software (BioRad), where the image of total
protein and protein of interest overlapped in order to receive normalized
proteins expression and the control was set at 100%.

The antibodies were used to detect the expression of sphingolipid
pathway enzymes: SPTLC1 (Abcam, UK), SPTLC2 (Santa Cruz Biotech-
nology, USA), SPHK1, SPHKZ, LASS4 (Sigma Aldrich, GER), LASS6
(Abcam), PHCA (Sigma Aldrich), ASAH1, ASAH2, N-SMase (Santa Cruz
Biotechnology), endocannabinoidome enzyme and receptors: CBI,
FAAHL, GPRS5 (Abcam), VR1, PPARa, PPARpP, PPARy (Santa Cruz
Biotechnology), 5-HTR1A (Thermo Fisher Scientific, USA), proteins and
their phosphorylated forms directly involved in insulin signaling
pathway: IRS-1, pIRS-1 (5302), Akt, pAkt (5473) (Cell Signaling), pAkt
(Thr305), pAkt (Thr308) (Santa Cruz Biotechnology), pAkt (S472, 5473,
5474) (Abcam), GSK-3a/p, pGSK-3p (Ser9) (Thermo Fisher Scientific),
DPGSK-3at (Ser21) (Cell Signaling), pGSK-3a (Tyr279), pGSK-3p (Tyr216)
(Santa Cruz Biotechnology) as well as phosphorylation state of proteins

lved in deg ive di Taw, pTau (5202), pTau (S396),
pTau (5404), pTau (5416) (Cell Signaling).
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2.5. Data analysis

The data from the experiment are presented as the mean 4 SD. The
statistical software GraphPad Prism 5 was used in our analysis. The
normality of the data distribution and homogeneity of the variance were
examined using Shapiro-Wilk and Bartlett's tests, respectively. Statisti-
cal differences were determined based on one-way ANOVA followed by
an appropriate post-hoc test (Tukey, pairwise student’s t-test), P < 0.05
was considered statistically significant in all the cases.

3. Results

3.1. Effects of CBD treatment on the cerebral cortex sphingolipids and
10 fin (SM)

SPYHITE

The concentration of sphingosine (SFO) in the cerebral cortex ho-
mugenates increased significantly in high-fat feeding (+29.2%, p <
0.01, Fig. 1A) and CBD-treated (+62.7%, p < 0.01, Iig. 1A) groups in
mmpmson to the standard fed chow group. Moreover, we observed a
considerable reduction in the SFO content in high-fat diet (HFD) + CBD
(—31.6%, p < 0,001, Fiz. 1A) compared with the HFD group. Similarly,
the level of sphinganine (SFA) rose markedly in the HFD (+20.4%, p <
0.05, I'ig. 1B) and CBD-treated (+50.2%, p < 0.01, Fig. 1B) groups in
comparison with the control group. We noticed a relevant diminishment
in sphinganine concentration only in HFD + CBD (-28.2%, p < 0.01,
Fig. 1B) compared with the high-fat diet group. Treatment with CBD
significantly decreased ceramide (CER) in HFD rats (—14.3%, p < 0.05,
Fig. 1C). We cbserved a significant increase in CER in HFD group
(+18.9%, p < 0.05, Fig. 1C). In rats injected with CBD, we revealed a

Biomedicine & Fharmacotherapy 142 (2021) 112057

considerably elevated content of sphingosine-1-phosphate (S1P) in
relation to the control group, as well as compared to the high-fat feeding
group (+65.2%, +53.9%, respectively: p < 0.05, Fig. 1D). In all the
experimental groups, content of sphinganine-1-phosphate (SA1P)
remained unchanged (¥iz 1E). Compared to the brain homogenates
obtained from the control and high-fat feeding rats, we observed a
notable increase in the sphingomyelin content after CBD treatment
(+13.4%, +17.1%, respectively; p < 0.05, Fig. 1F) and HFD + CBD
(4+9.9%, p = 0.05; +13.5%, p < 0.01, respectively, Fig. 1F).

3.2, Effects of CBD treatment on the ceramide de novo synthesis pathway

In the cerebral cortex homogenates, we observed a substantial
changes in the expression of serine palmitoyltransferase 1 (SPTLC1) and
2 (SPTLC2). There was a significant decrease in SPTLC1 after CBD in-
jection (—24.4%, p < 0.01, Fig. 2A) and during high-fat feeding with
CBD (—29.5%, p < 0.05, A) compared to the control and after CBD
injection (-13.8%, p < 0.05, Fig. 2A) compared to the HFD group. The
CBD injection in HFD group provoked a reduction in SPTLC2 expression
compared to the control and HFD groups (—28.7%, p < 0.01; —18.6%,
p = 0.05, respectively, I'iz. 2B). What is more, the high-fat feeding with
the exposure to the CBD resulted in a considerable reduction in ceramide
synthase 6 (LASS6) expression (—40.0%, p < 0.05, Fig. 2C) in com-
parison with the standard chow fed and (-22.0%, p = 0.01, Fig. 2C)
HFD groups. We noticed a substantial decrease in CBD alone and CBD
with HFD groups in the expression of ceramide synthase 4 (LASS4)
(CBD: —21.9%, HFD 4 CBD: —24.4%, p < 0.05, Fiz. 2D) compared to
the control and (CBD: —23.9%, HFD + CBD: —-26.4%, p < 0.05, Fig. 2D)
rich in fat diet groups.
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3.3, Effects of CBD
metabolism pathway

on the from sphingolipid

In all the examined groups, we did not show a significant changes in
the expression of acid ceramidase (ASAH1) (Fig. 3A). We observed a
trend towards decrease in the expression of neutral ceramidase (ASAH2)
(CBD vs. HFD: p = 0.1357, Fig. 3B) and alkaline ceramidase (PHCA)
(HFD vs. control: p = 0.1924, CBD vs. control: p = 0.0717, Fig. 3C).
Injection with CBD reduced the expression of neutral sphingomyelinase
(N-SMase) markedly compared to the control rats (—38.6%, p < 0.05,
Fig. 3D). Moreover, compared to the rats administered with HFD, we
observed a significant increase in N-SMase expression in HFD + CBD
group (+99.0%, p < 0.05, Fig. 3D). The expression of sphingosine ki-
nase 1 (SPHK1) was decreased in CBD group compared to the control
(—35.9%, p < 0.05, Fig. 3E) and in CBD combined with HFD group in
comparison with the control and HFD groups (-53.5%, —44.2%,
respectively; p < 0.01, Fig. 3E). However, there was a notable reduction
in the expression of sphingosine kinase 2 (SPHK2) after CBD injection in
high-fat feeding group (—37.7%, p < 0.05, Fig. 3F) compared with the
control and (—18,6%, p < 0.05, Fig. 2F) HFD groups.

3.4. Effects of CBD treatment on the insulin signaling pathway

In the cerebral cortex homogenates, rats fed a high-fat diet revealed a
significant increase in the phosphorylation state of proteins directly
involved in insulin signaling pathway, i.e., protein kinase B (pAkt
(Thr305):Akt ratio (+362.4%, p < 0.001, Fig. 4A), pAkt(Thr308):Akt
ratio (+52.6%, p < 0.05, Fig. 4B), pAkt(S472,5473,5474):Akt ratio
(+140.8%, p < 0.001, Fig. 4C)), glycogen synthase kinase — 3a/p
(pGSK-3a{Tyr279):GSK-3a/p ratio (+25.0%, p < 0.05, Fig. 4G), pGSK-
3p(Tyr216):G5K-3u/f ratio (+71.1%, p < 0.001, Fig. 4I) compared to
the appropriate control rats. On the other hand, HFD administration
resulted in a pronounced reduction in inactivating phosphorylation ratio
of the pGSK-3a(Ser21):GSK-3a/p (—37.6%, p < 0.001, Fig. 4F, vs,
control group) and pGSK-3(5er9):GSK-3u/fi ratio (—80.8%, p < 0.001,
Fig. 4B, vs. control group), In lipid overload condition, CBD injection
induced a substantial decrease in the pGSK-3u(Tyr279):GSK-3u/ ratio
(—22.0% and -37.0%, p < 0.001, Fig. 4G, vs. control and HFD groups,
respectively) and pGSK-38(Tyr216):GSK-3a/p ratio (-32.8%, p < 0.05,
Fig. 41, vs. HFD group). What is more, in HFD group treatment with
¢ bidiol caused a sul ial increase in the phosphorylation ratio of
the Akt(Thr305) (+204.6%, p < 0.01, Fig. 4A), Akt(S472 5473,5474)
(+158.7%, p =< 0.01, I'ig. 4C) from that in the appropriate control group
and ratio of the GSK-3a(Ser21) (+38.2%, p < 0.001, I'ig. 4F), GSK-3p
(Ser9) (+481.6%, p < 0.001, Fig. 4H) from that in the appropriate HFD
group. Concomitantly, the exposure to the CBD alone resulted in a
considerable reduction in the phosphorylated ratio of the Akt(Thr305)
(-70.3%, p < 0.001, Fig. 4A), Akt(5472,5473,5474) (-34.1%,
p < 0.05, Fig. 4C), Akt(S473) (-36.0%, p < 0.01, Fig. D), GSK-3a
(Tyr279) (—23.5%, p < 0.05, Fig. 4G) and GSK-3p(Tyr216) (—28.1%,
p = 0.05, Fig. 41) compared to the rich in fat diet group. CBD alone also
provoked an elevation of the pAkt(5472,5473,5474): Akt ratio (458.7%,
p = 0.05, Fig. 4C, vs. control group), pGSK-3a(Ser21):GSK-3a/j} ratio
(+25.2%, p < 0.05, Fig. 4F, vs. HFD group) and pGSK-3p(Ser9):GSK-
3oe/f) ratio (+288.3%, p < 0.001, ig. 4H, vs. HFD group). In compari-
son with rats fed a standard diet, we noticed a substantial decrease in the
phosphorylation ratio of Akt(S473) (—38.4%, p < 0.01, Fig. 4D).
Moreover, the phosphorylated insulin receptor substrate — 1{8302):in-
sulin receptor substrate — 1 ratio (pIRS-1(5302):IRS-1 ratio) remained
unchanged in all of the examined groups (Fig. 4E).

3.5. Effects of CBD treatment on the Tau phosphorylation state

Lipid overload condition resulted in a significant increase in the
phosphorylation of Tau protein, e, Tau(5202) (+23.9%, p < 0.001,
Fig. 5A), Tau(5396) (+17.6%, p < 0.0001, Fig. 4B), Tau(5404)
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(+20.0%, p < 0.0001, Fig. 5C) and Tau(S416) (+23.5%, p < 0.05,
Fig. 5D). After CBD injection, rats fed a HFD revealed a substantial
reduction in pTau(5202);Tau ratio (-22.8%, p < 0.001, Fig. 4A), pTau
(5396):Tau ratio (—13.5%, p < 0.05, Fig. 4B) and pTau($416):Tau ratio
(~16.5%., p < 0,05, Fig. 4D) compared to the control group. In addition,
the phosphorylation of Tau($396) rose markedly in the CBD-treated
group in relation to the control as well as HFD groups (+41.0% and
+ 19.9%, respectively; p < 0.01, Fig. 5B). Treatment with CBD signifi-
cantly decreased Tau(8416) phosphorylation in rats fed standard chow
(—18.4%, p < 0.05, l'ig. 5D, vs. HED group).

3.6. Effects of CBD tr on the endoc i [ s

In all the experimental groups, the expression of cannabinoid re-
ceptor type 1 (CB1) and vanilloid receptor subtype 1 (VR1) remained
unchanged (Fig. 6A and B), The high-fat feeding resulted in a substantial
decrease in peroxisome proliferator-activated receptors ¢ and y (PPARx
and PPARy) expression (—37.8% and —26.3%, p = 0.05, Fig. 6F and H,
respectively) and a substantial rise in 5-hydroxytryptamine receptor 1A
(5-HTR1A) expression (+59.0%, p < 0.05, Fig. 6C). Furthermore, we
noticed a substantial reduction in the expression of 5-HTR1A in rats
injected with CBD (CBD: —36.3%, p < 0.05; HFD + CBD: —58.3%,
p = 0.001; Fig. 6C) compared to the control and (CBD: —59.9%,
p < 0.01; HFD + CBD: —73.8%, p < 0.001; g, 6C) high-fat feeding
groups. After CBD injection, PPARy expression was diminished in rats
fed a standard diet (-23.7%, p < 0.05, Fig. 6H, vs. control group) and
increased during high-fat feeding (+-30.3%, p < 0.05, Fig. 6H, vs. HFD
group). Additionally, the expression of PPARx was increased in CBD
group (+33.0%, p < 0.05, Vig. 6F) compared to the HFD group.
Compared to the brain homogenates obtained from the control rats, we
observed a noticeably reduced expression of the G-protein-coupled re-
ceptor 55 (GPR55) in HFD combined with CBD group (—30.4%,
p < 0.05, Fig. 6D). What is more, the expression of fatty acid amide
hydrolase 1 (FAAH1) and peroxisome proliferator-activated receptor p
(PPAR[) showed no significant changes in all the examined groups
(Fig. 6E and G).

4. Discussion

Cannabis sativa plant has been used therapeutically for thousands of
years worldwide. Although it is primarily known for tetrahydrocan-
nabinol (THC), this is just one of the dozens of cannabinoids produced
by this herbaceous plant. Over the last decade, phytocannabinoids were
considered as prominent compounds that might be applied with bene-
ficial effects in the treatment of various metabolic, as well as neurode-
generative disorders. One of the most common representatives of this
plant-derived group and one of the principal constituents of Cannabis
sativa is ¢ bidiol — a comp d lacking the psychotropic effects
typical for THC and with promising effects on a multitude of various cell
functioning aspects [28-30]. However, even though numerous studies
demonstrated the effects of phytocannabinoids on the metabolism of
brain structures, e.g., cerebral cortex, hypothalamus, there is a lack of
data concerning the effect of cannabinoids on brain concentration of
phingolipids, its bolism, as well as brain insulin resistance. Thus,
our research was undertaken in order to assess, whether cannabidiol
affects the concentration of sphingolipids and insulin signaling pathway
in the cerebral cortex of obese Wistar rats. Despite a very limited amount
of data, some studies indicated that phytocannabinoids, as well as other
agonists of CB1 or CB2 receptors, might affect sphingolipid metabolism
in different tissues. However, these studies concerned the correlation
between ceramides and cell apoptosis, not insulin signaling pathway, as
well as were not performed on brain tissue [21,32]. The Western pattern
diet, greatly rich in harmful saturated fatty acids, enhances uptake and
storage of various lipid classes including sphingolipids and their essen-
tial fractions - ceramide, sphingosine, sphinganine and sphingomyelin.
Interestingly, some researchers indicated a broad correlation between
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Fig. 4. The phosphorylation ratio of the protein kinase B (pAkt(Thr305):Akt ratio, A; pAkt(Thr308):Akt ratio, B; pAkt(S472,5473,5474):Akt ratio, C; pAkt(S473):Akt
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based on proteins expression measured by Western blot method. The results are presented as mean =+ SD. *p < 0.05 significant difference vs. control group,
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and neurod tive pathologies [12]. Our

analysns conduc(ed on Wistar rats brain demonstrated notable changes
in concentration of all four sphingolipids mentioned above in the group
of rats after exposure to CBD and HFD. However, we did not observe any
sngmﬁcam differences in concentrations of two other sphingolipids —

hingolipids were ively i igated in aspects of both
glucose and lipid metabolism, whereas the substantial focus in the
studies was placed on ceramide. This sphingolipid fracnon is widely
known to be a precursor for other sphingolipids, e.g., sphingosine or

sphingomyelln hence it is considered as a mjor element and a core of

1-phosphate and sphi ine-1-phosphate after admini

tration of cannabidiol in rats being exposed to a high-fat diet. Recently,

the sp lipid bolism pathway. We may distinguish two funda-
mental ways of CER synthesis — de novo ceramide synthesis route, due to
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receptor 1A (HTRI1A, C), G-protein-coupled receptor 55 (GPRSS5, D), fatty acid amide hydrolase 1 (FAAH1, E) and peroxisome proliferator-activated receptors
(PPARGq, F; PPARJ, G; PPARy, H) in the cerebral cortex homogenates. The expression of proteins was measured by Western blot method. The results are presented as
mean + SD. *p < 0.05 significant difference vs. control group, #p < 0.05 significant difference vs. high-fat feeding group; HFD - high-fat diet, CBD — cannabidiol,
HFD + CBD - high-fat diet + cannabidiol.

cond ion of two comp - serine and palmitoyl-CoA, and a injections in the CBD alone group. Our findings are in accordance with
second pathway - a sphingosine breakdown, also called the salvage the results of Gustafsson et al., who indicated on Mantle Cell Lymphoma
pathway [33]. Although our analysis indicated a significant decrease in cells that meth damide, an logue of damide that is an
ceramide concentration after exposure to CBD and the high-fat diet, a agonist of both CB receptors, increased mRNA levels of ceramide syn-
trend towards an increase in ceramide concentration was observed after thases 3 and 6, led to the enhanced de novo ceramide synthesis pathway

46



T. Charytoniuk et al.

and, subsequently, elevated its concentration [34], We may assume that
cannabidiol led to a decrease in ceramide concentration only under
conditions of elevated farty acids availability in a rodent model of
obesity. On the other hand, although observed in ceramide content
trend, the expression of enzymes from de novo synthesis pathway was
significantly decreased after CBD treatment, which may indicate that
under normal conditions, CBD is able to reduce ceramide levels as well.
Additionally, we observed a notable decrease in the expression of en-
zymes involved in de novo hesis p ly serine palmi-
toyltransferase 2, as well as ceramide synlhase 4 and 6 in rats after HFD
together with CBD treatment. Moreover, our data indicated that a
high- fat diet with cannabidiol led to lower expression of proteins from
the salvage pathway. I ingly, observed changes in the expression
of enzymes are in accordance with decreased concentration of two
sphingolipid fractions (SFO and SFA), which are precursors of ceramide
— 5FA in de novo synthesis pathway and SFO in salvage pathway. Our
findings unequivocally indicated that CBD in the high availability of
fatty acids led to an inhibition of two possible routes of ceramides
synthesis. In turn, considering the effect of cannabidiol on sphingo-
myelin hydrolysis, the third possible pathway of ceramide formation, we
found a significant increase in the concentration of SM after treatment
with CBD alone, as well as CBD and the high-fat diet. Our data are in
contrast with studies conducted by Burstein et al., who evaluated the
effect of cannabidiol on sphingomyelin concentration in fibroblasts and
indicated a considerable decrease in this sphingolipid content after
exposure to CBD [35]. It is known that alterations in SM brain concen-
tration play an essential role in the pathe
disorders. However, the exact role and unequivocal pattern of sphin-
gomyelin action are not yet determined [36]. He et al. indicated in the
postmortem brain tissues of Alzheimer's disease patients a reduction in
SM concentration and elevation of ceramide [37]. In contrast, Lu et al.
demonstrated that SM synthase 1 (SMS-1) knockout in the hippocampus
of amyloid precursor protein/ presenilin-1 (APP/P51) transgenic mice
might lead to the attenuation of Alzheimer-like pathology [28].
Considering the enzymes involved in sphingomyelin bolism, our
research showed that neutral sphingomyelinase (N-SMase), which hy-
drolyzes SM to ceramide, is slightly lower in cannabidiol alone and
notably higher in CBD and HFD groups. Interestingly, Filippov et al.
demonstrated that the gene expression of N-SMase, as well as A-SMase
(acid sphingomyelinase), might be overexpressed in the human AD brain
specimens [39]. Furthermore, Dinkins et al. indicated that genetic
N-SMase2 deficiency in an AD mouse model improves memory and
learning functions [40]. It is noteworthy that some researchers place
hope on targeted inhibition of N-SMase, which may be clinically bene-
ficial in the treatment of neurodegenerative disorders [41]. On the
contrary, some studies indicated that N-SMase, widely present in the
hippocampus, modulates the postsynaptic function, which is signifi-
cantly impaired in neuropathologies [42]. This might provide a
conclusion that cannabidiol, which led to a higher expression of
N-SMase, under conditions of higher availability of fatty acids (ie.,
model of obesity with insulin resistance), might improve the post-
synaptic function. As there is no uniform view on SM metabolism, its
concentration and enzymes, in Alzheimer disease, it is not possible to
ascertain if cannabidiol via its enhancement of sphingomyelin concen-
tration and neutral sphingomyelinase expression might contribute to the
impairment or augmentation of neuropathologies. This issue needs
profound clarification and further studies on AD models.

Various groups of lipids, including sphingolipids, greatly interfere
with the insulin-signaling pathway via inhibition of insulin-stimulated
protein kinase B (Akt/PKB) phosphorylation in skeletal muscles and
the liver, which constitutes an intermediary process for the anabolic
metabolism. Consequently, it is known that the suppression of Akt/PKB
phosphorylation contributes to inhibited inactivating phosphorylation
of glycogen synthase kinase 3 a/p in Ser 21/Ser 9 respectively, which
leads to the impairment in insulin sensitivity (IS) [43]. Interestingly,
some studies considered inhibition of GSK-3 as a promising target in the

is of neurod ative
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treatment of type 2 diabetes [44]. However, unlike in muscles and the
liver, phosphorylation of Akt/PKB in the brain of insulin resistant obese
mice was increased followed by increased activity of GSK-3 [45].
Considering changes in the expression of insulin signaling pathway
proteins, we observed a significant increase in phosphorylated protein
kinase B/protein kinase B ratio (pAkt/Akt) in Thr 305 and 308 as well as
Ser 472, 473 and 474 phosphorylation sites after HFD, which is in
accordance with scientific literature [45]. The CBD treatment in HFD
group showed only a trend toward a decrease in Thr 305 and 308
phosphorylation sites of pAkt/Akt ratio, but it did not reach the level of
significance. In order to definitively assess insulin signaling pathway, we
measured changes in phosphorylation of glycogen synthase kinase-3 «
and p, which is able to affect phosphorylation of tau protein, important
in neuropathologies development [46]. In the HFD group, we noticed a
significant increase in the phosphorylated glycogen synthase kinase-3
a/f /glycogen synthase kinase-3 o/ ratio (pGSK-3/GSK-3) at Tyr 279
and Tyr 216 and a notable decrease in phosphorylation at Ser 21 and Ser
9. CBD injections in the high-fat diet group reversed phosphorylation at
all the four sites in comparison with the HFD group. Thus, it might be
said that cannabidiol inactivated GSK-3 in HFD group and led to
augmented insulin sensitivity, and subsequently reduced the develop-
ment of brain insulin resistance. The phenomenon of reduced insulin
resistance in our study might have been developed indirectly via inter-
ference of cannabidiol with sphingolipid metabolism, under conditions
of the high-fat diet. However, we are aware that the main limitation of
our study is lack of clear link between CBD treatment, sphingolipid
accumulation and brain insulin resistance attenuation. Thus, in future
perspective it is important to conduct experiments with selective in-
hibitors of ceramide de nove pathway such as Myriocin in order to
confirm our findings. It is known that the excessive storage of sphin-
golipids is associated with various disturbances in metabolism and
might result in the development of insulin resistance [47,48]. Based on
our research, it might be said that cannabidiol via lower sphingolipid
accumulation may reduce brain insulin resistance. Interestingly,
Chaurasia and Summers suggested that ceramide, among other sphin-
golipids, may be considered as a crucial factor that contributes to the
development of insulin resistance in different tissues [49]. Moreover,
Brozinick et al. indicated in vivo that sphingolipids, mainly ceramide,
widely affect insulin sensitivity and, therefore, may be considered as a
biomarker of systemic insulin resistance [50]. Most importantly, Dekker
et al. demonstrated that the inhibition of enzymes involved in sphin-
golipids synthesis, e.g., SPTLCI resulted in improved insulin sensitivity
and reduced lipogenesis in an animal model of obesity [51]. Therefore,
our findings might provide a conclusion that cannabidiol under condi-
tions of high-fat availability led to an improvement in insulin sensitivity
and, subsequently, impaired the development of insulin resistance in a
rodent model of obesity. These results may be a base for the novel po-
tential use of cannabidiol in the treatment of metabolic disorders,
including insulin resistance.

The eCBome is considered to be involved in the control of energy
I is and, therefore, might modify the development of metabolic
as well as neurodegenerative pathologies [16,52|, Early studies exam-
ining CBD targets showed a lack of its affinity for CB1 and CB2 receptors
| 53]. However, recent reports explained that CBD is a negative allosteric
modulator of CB1 receptors [54 . Thus, in order to elucidate the effect of
CBD on endocannabinoid receptors, we assessed the expression of CB1
receptor but we did not observe significant changes. Another way how
CBD may target the endocannabinoid system is inhibition of ananda-
mide degradation through fatty acid amide hydrolase 1 enzyme [55].
However, in our study the expression of FAAH1, the enzyme responsible
for the endocannabinoid degradation, also remained unchanged. Thus,
in order to elucidate which one from multiple molecular CBD targets
was affected in our study, we also examined GPR55, 5-HTR1A and VR1.
Cannabidiol is known to have a deep affinity to G-protein-coupled re-
ceptor 55 — a novel cannabinoid receptor that might be found primarily
in the cerebellum, frontal cortex and hypothalamus [56,57].

47



T. Charytoniuk et al

Interestingly, Lipina et al. indicated in vivo that GPR55 deficiency in
mice might increase adiposity and impair insulin signaling in skeletal
muscles, adipose tissue, and the liver [54]. Although our findings indi-
cated a reduced expression of GPRSS after treatment with CBD in the
high-fat diet group in comparison to the control, we did not observe any
significant changes in the expression of vanilloid receptor subtype 1.
Another important CBD target is peroxisome proliferator-activated nu-
clear receptor, especially PPARy isoform, for which CBD works as an
agonist [59]. In our study we observed a significant increase in the
expression of PPARy after CBD treatment in HFD group compared to
HFD alone group. It seems to be very important because activation of
PPARy reduces inflammation through impairment in NF-kB pathway
and prevents neuropathology development or progression |60]. Studies
conducted by Scuderi et al. revealed, similarly to our studies, that CBD in
neurons activated PPARy receptors, Moreover, they showed that this
activation resulted in decreased amyloid precursor protein levels, which
caused reduced amyloid beta deposition in these cells [61]. We suspect
that observed in our studies diminishment in tau phosphorylation after
CBD treatment in HFD group, induced by inactivation of GSK, may be
the result of PPARy receptors activation.

Furthermore, our data indicated a substantial decrease in the
expression of 5-hydroxytryptamine receptor 1A in both CBD alone and
CBD with high-fat diet groups. In vivo study conducted by Afshar et al.
indicated that 5-HTR1A antagonists might reduce oxidative stress and
neuronal loss in a Wistar rat model of Alzheimer's disease and may
prevent its progression (621, Moreover, it is known that antagonism of
the 5-hydroxytryptamine receptor 1A ameliorates memory retention
and certain types of learning [63]. Thus, it might be speculated that
c bidiol might the develop of hologies via
its interference with 5-HTR1A receptors. This might consdmte ancther
essential target of novel treatments methods for neurodegenerative
disorders. However, the exact role of 5-HTR1A in brain insulin resis-
tance is still not well known. There is indirect evidence that indicates
that activation of 5-HTR1A receptors may regulate MAPK and Akt
signaling pathways in the mammalian brain [64]. The changes in Akt
phosphorylation results in modulation of GSK-3 activity, which is a
constitutively active kinase, inactivated by phosphorylation at serine 9
or 21 and activated by phosphorylation at tyrosine 216 or 279 [65]. The
activated GSK-3 promotes tau protein hyperphosphorylation which may
cause increased production of amyloid f and finally leads to cognitive
dysfunction [66]. In our study, we observed inactivation of GSK-3 and,
as a result decreased phosphorylation of tau protein after CBD admin-
istration in HFD group, which showed that this cannabinoid may be
effective in treatment of the neurodegenerative diseases. Moreover, we
may speculate that the interaction of CBD with this receptor may be a
possible mechanism through which this phytocannabinoid affected the
sphingolipid metabolism and accumulation in the cerebral cortex.

5. Conclusion

In conclusion, our study demonstrated a wide range of cannabidiol
action on sphingolipid metabolism in insulin resistant brain tissue. The
main routes ch d by this phytoc bineid, under condition of high-
fat diet, were ceramide de novo synthesis and salvage pathways. We
indicated innovatively that CBD might be considered as an essential
factor that leads to the reduction of brain insulin resistance and tau
protein phosphorylation, two main factors predisposing to the neuro-
pathologies occurrence. The novelty and originality of this project are
compounded by the fact that preventing metabolic and neurodegener-
ative pathologies is a very alarming lssue since the number of in-
dividuals suffering from those di lly among
different populations, Thus, we believe that our research will concern a
new possible therapeutic approach with a Cannabis-plant derived com-
pounds and within a few years, those substances would be considered as
prominent compounds for targeting both metabolic and neurodegener-
ative pathologies.
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Abstract: The worldwide prevalence of neurological and neurodegenerative disorders, such as depression
or Alzheimer’s disease, has spread extensively throughout the last decades, becoming an enormous health
issue. Numerous data indicate a distinct correlation between the altered endocannabinoid signaling and
different aspects of brain physiology, such as memory or neurogenesis. Moreover, the endocannabinoid
system is widely regarded as a crucial factor in the development of neuropathologies. Thus, targeting
those disorders via synthetic cannabinoids, as well as phytocannabinoids, becomes a widespread
research issue. Over the last decade, the endocannabinoid system has been extensively studied for its
correlation with physical activity. Recent data showed that physical activity correlates with elevated
endocannabinoid serum concentrations and increased cannabinoid receptor type 1 (CB1R) expression
in the brain, which results in positive neurological effects including antidepressant effect, ameliorated
memory, neuroplasticity development, and reduced neuroinflammation. However, none of the
prior reviews presented a comprehensive correlation between physical activity, the endocannabinoid
system, and neuropathologies. Thus, our review provides a current state of knowledge of the
endocannabinoid system, its action in physical activity, as well as neuropathologies and a possible
correlation between all those fields. We believe that this might contribute to finding a new preventive
and therapeutic approach to both neurological and neurodegenerative disorders.

Keywords: endocannabinoid system; ECS; cannabinoids; phytocannabinoids; physical activity;
neurological disorders; neurodegenerative disorders

1. Introduction

The worldwide prevalence of neurological and neurodegenerative disorders has spread extensively
in the past two decades among various social groups, races, and ethnicities, becoming a common
morbidity and an enormous burden [1-3]. Chronic pain, Parkinson’s disease (PD), depression,
and anxiety are a tremendous reality with unfavorable prognosis for many individuals. In 2016,
the global number of patients who suffered from dementia and Alzheimer’s disease (AD) was about
43.8 million. It increased from 20.2 million in 1990 and will almost double every 20 years, reaching
74.7 million in 2030 and 131.5 million in 2050 [4,5]. Data from numerous studies indicate a substantial
correlation between the endocannabinoid system (ECS), a key regulator of energy homeostasis, and the
development of neurophysiological processes, such as modulation of neurogenesis, synaptic plasticity,
as well as emotions and memory. It was widely demonstrated that the ECS, cannabinoids, and its
receptors correlate not only with umpteen physiological aspects, but also are associated with the
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development of certain neuropathologies, such as pain, depression, as well as neurodegenerative
disorders [6,7]. Furthermore, our review will also present a current state of knowledge on the correlation
between the endocannabinoid system and physical activity (PA). Although present times are much
overwhelmed with a vast amount of research that provides indisputable evidence of the beneficial effects
of exercises on neurological pathologies, the exact biological systems and their mechanisms involved
in this process are still questionable and widely discussed. Over the last decade, the endocannabinoid
system was extensively studied for its correlation with physical activity, which was recognized as a
factor that notably modifies this essential biological system and its related molecular pathways [8,9].
Some recent studies demonstrated that plasma levels of endocannabinoids are notably higher after
physical activity and might be associated with the long-term beneficial effects on neurophysiology,
namely, mood, appetite, mental health, memory, as well as cognitive processes [10-12]. Interestingly,
some studies indicate that physical activity significantly increases the expression of cannabinoid receptor
CB1 (CBIR), a cannabinoid receptor that widely occurs in the striatum, and endocannabinoids, such as
anandamide, which both might be correlated with the attenuation of neurological pathologies [10,13].
Several studies revealed that physical activity is associated, at least partially, with its positive results on,
for example, metabolic diseases via normalization of the ECS. Furthermore, none of the ECS reviews
present a comprehensive correlation between physical activity, its effect on the endocannabinoid
system, and subsequently on neurological disorders. Thus, our review significantly contributes to this
area of research as it presents many multifaceted aspects of the endocannabinoid system, including its
action in physical activity, neurological and neurodegenerative disorders, and a possible correlation
between all these fields.

2. An Overview of the Endocannabinoid System—From Endo to Phytocannabinoids

The endocannabinoid system is defined as a widespread biological lipid system that plays an
essential modulatory role in the endocrine, immune, and brain tissue [14,15]. The endocannabinoid
pathway includes elementarily G protein-coupled receptors, known as cannabinoid receptors CB1
and CB2 (CB2R), and the endogenous agonists of these receptors, known as endocannabinoids,
principally anandamide (AEA, N-arachidonoylethanolamine) and 2-arachidonoylglycerol (2-AG) [16].
It is known that CBIR is predominantly found in the brain (cerebral cortex), whereas CB2R is
principally expressed in a number of immune system cells [17]. Considering endocannabinoids,
those molecules are synthesized from omega-3 (docosahexaenoic acid, DHA and eicosapentaenoic

acid, EPA) or omega-6 (arachidonic acid, AA) long-chain polyunsaturated fatty acids (LC-PUFAs) [18].

Anandamide is a molecule generated from N-arachidonoyl phosphatidylethanolamine (NAPE), an AEA
membrane precursor, whereas the fatty-acid amide hydrolase (FAAH) catalyzes the hydrolysis of AEA
to arachidonic acid and ethanolamine [19]. Although anandamide is a ligand for CB1R, it might interact
with non-classic cannabinoid receptors, such as transient receptor potential vanilloid type 1 (TRPV1)
or peroxisome proliferator-activated receptors o and v (PPARx and PPARy) [20,21]. On the contrary,
2-arachidonoylglycerol, a ligand for both CB1R and CB2R is mainly formed from the degradation of
diacylglycerols (DAGs) by diacylglycerol lipases o and 5 (DAGLa and DAGL) and subsequently
hydrolyzed by the monoacylglycerol lipase (MAGL) to AA and glycerol [14]. It is worth mentioning
that some researchers define an expanded endocannabinoid system as an endocannabinoidome
(eCBome)—a complex lipid signaling system composed of more than 100 fatty acid-derived mediators
and their receptors, as well as the anabolic and catabolic enzymes of more than 50 proteins. Thus,
a vast number of studies reported that eCBome is deeply involved in the control of energy metabolism

and its disturbances that may lead to the development of numerous metabolic pathologies [22,23].

Although endocannabinoids constitute a large group of cannabinoids, we may also distinguish
two other classes—synthetic cannabinoids and phytocannabinoids—as essential modulators of the
endocannabinoid system.
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Phytocannabinoids—Compounds with Dualistic Nature

Cannabis sativa L. has been known for both its healing and psychoactive properties for thousands
of years. The first reports of pharmacological usage of cannabis came from ancient China, around
~3000 B.C.E., where it was used in the treatment of such conditions as gout, constipation, or rheumatism.
In the Medieval Era, C. sativa was widely used in the treatment of pain, inflammation, vomiting, and fever.
Although the antiepileptic attributes of cannabis were described in the 19th century by Irish physician
William OrShaughnessy, its first use in this pathology was in the Islamic world 100 years prior [24].
Currently, C. sativa is the most popular illicit drug in the world, used by approximately 4% of the global
population. Still, it is an object of interest to many researchers around the world due to its large potential
as a therapeutic agent [25,26]. Phytocannabinoids are a different group of more than 90 terpenophenolic
derivatives produced by C. sativa. These compounds originate mostly from non-enzymatic reactions of
decarboxylation, oxidation, and isomerization of the cannabinoid precursors. In the biosynthesis of
phytocannabinoids that occurin C. sativa only three enzymes have an essential significance: cannabinoid
acid synthase (CBDA), cannabichromenic acid synthase (CBCA), and tetrahydrocannabinolic acid
synthase (THCA). These enzymes are responsible for the conversion of a primary phytocannabinoid
precursor—cannabigerolic acid (CBGA)—into final products [27,28]. The most abundant component of
C. sativa is tetrahydrocannabinol (THC), which comprises ~17% of the total phytocannabinoid content
and is represented by different isomers, including the most well-known—A9-THC. It was proven that
A9-THC has anticonvulsant, neuroprotective, and anti-inflammatory effects, but its psychoactive and
addictive properties cause limitations in its clinical usage. Other phytocannabinoids that may be found
in the plant are, for example, cannabidiol (CBD) and cannabinol (CBN) [29-31]. The main chemotypes
of cannabis preparations are divided into three types: THC predominant (Type I); mixed THC and
CBD (Type II, THC and CBD are mixed in 1:1 ratio); and CBD predominant (Type III) [24]. CBD, CBN,
and other compounds from this group do not express such psychoactive effects as A9-THC [32]. CBD is
a much more interesting phytocannabinoid due to its excellent safety profile, and many reported
therapeutic effects, especially in the treatment of neurological conditions. Cannabidiol has a very low
affinity to cannabinoid receptors. However, it interacts with other complex signaling systems [25,31].
The recent data showed that mechanisms of CBD action might be associated with many molecular
targets, including orphan G protein-coupled receptors, serotonin, adenosine, opioid or PPARYy receptors,
as well as transient receptor potential (TRP), glycine or sodium channels. CBD also inhibits FAAH
which leads to elevation of AEA concentration in serum. The variety of molecular targets for CBD may
be correlated with its influence on many different signaling pathways [33]. Furthermore, CBD interacts
with cytochrome P450 isoenzymes which may lead to the altered metabolism of other drugs [34].

3. Physical Activity and Its Correlation with the Endocannabinoid System and Neurophysiology

3.1. PA and the Endocannabinoid System

Physical activity can be defined as repetitive and planned muscle movements that result in energy
disbursement. Some researchers broadly portray PA as an essential, cost-saving, and effective factor
in terms of prevention, treatment, and management of numerous pathologies [35]. Although the
positive effects of physical exercise in the pathophysiology of various diseases are widely known,
the molecular mechanisms are still widely discussed. However, one of the most probable and examined
mechanisms that is changed during PA is the endocannabinoid system. Physical activity was presented
as a significant factor that might lead to the activation of the endocannabinoid-signaling pathway,
and a clear mutual correlation between them was indicated in several studies. Based on various research,
it is worth noting that PA was demonstrated to modulate the ECS in different ways. Several studies
conducted on both animal- and human-based models described significant alterations in blood levels of
cannabinoid receptors agonists (i.e., AEA and 2-AG) after exercise. In addition to the endocannabinoids
mentioned above, OEA and PEA, the analogous endocannabinoid (eCB) compounds that do not act
directly on cannabinoid receptors, were also significantly altered during exercise. Sparling et al. were
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the first to describe the correlation between acute exercise and higher AEA and 2-AG levels in the
blood in human-based models. The elevation of AEA levels may be associated with its acting on
peripheral sensory fibers and pain relief as well as the occurrence of “runner’s high” in many regions
of the brain, especially in the right anterior lobe and left caudate nucleus [36]. Moreover, the increase
in AEA concentration is supposed to be triggered by higher cortisol secretion during acute exercise
performance [37,35]. Interestingly, a study by Fuss et al. indicated that exercise-mediated runner’s high
might occur due to the interference between physical activity and peripheral CB1 and CB2 receptors,

as well as activation of CB1 receptors on forebrain GABAergic (y-aminobutyric acid) neurons [39].

A large number of studies indicated that moderate and acute physical activity resulted in increased
levels of serum concentrations of AEA, OEA, PEA, and 2-AG. Recently, Brellenthin et al. indicated that
both AEA and 2-AG circulating levels are significantly higher after exercise, but the increase in AEA
is more substantial in the prescribed (approx. 70%-75% max. activity), in comparison to preferred
(i.e., self-selected), aerobic exercise [40]. A recent in vivo study conducted by Thompson et al. on
mice demonstrated that voluntary physical activity significantly affected circulating endocannabinoid
levels differently depending on recent activity and genetic background in comparison to high runner
mice (acute PA), which had significantly lower AEA levels. Interestingly, the same study revealed
differences in AEA and 2-AG levels between the sexes: males tended to have increased 2-AG levels,
whereas AEA levels were higher in females [41]. Recently, Stensson et al. conducted a study on women
with fibromyalgia; they indicated that a 15-week person-centered resistance exercise program led to a
significant increase in AEA and 2-AG concentration, and therefore might increase muscle strength
and provide some neurological alterations, such as analgesia or antidepressant effects [42]. On the
contrary, some studies report the constant levels of 2-AG concentration in response to moderate or
acute exercises performed by humans [43,44]. Moreover, lower circulating levels of 2-AG after both
moderate and preferred physical activity were also demonstrated in some recent research conducted
on women with major depressive disorders [11]. Perhaps, alterations in the circulating 2-AG levels

depend on the type of physical activity, its intensity, and duration, as well as possible comorbidities.

However, further research is necessary to clarify this issue. It is commonly known that physical activity
may also affect the expression of cannabinoid receptors, both CB1R and CB2R. Some studies indicated
that chronic exercises might be correlated with the upregulation of CB1R expression and density in
mice, most notably in the hippocampus [45,46]. Interestingly, a recent study by Crombie et al. revealed
that isometric handgrip exercise for three minutes led to significant alterations in the ECS; not only
in higher blood circulating levels of AEA, 2-AG, OEA, and PEA, but also increased expression of
cannabinoid receptor type 1, which resulted in significant analgesic effects [47]. Itis broadly known that
the endocannabinoid system and its signaling pathway might be remarkably involved in the dopamine
neurotransmission in synapses at midbrain and striatal sites [48]. Furthermore, the activation of
cannabinoid receptor type 1 in GABAergic neurons of the human ventral tegmental area (VTA) in the
midbrain may result in disinhibition of VTA dopamine release, involved in reward-directed processes
that occur during physical activity (mainly voluntary). Thus, this demonstrated a significant and
promising correlation between the expression of CBIR, GABA, and dopamine [44,49]. Interestingly,
Merill et al. using an animal model indicated that ventral tegmental area GABAergic and DAergic
cells are able to produce various eCBs, and therefore might be involved in the alterations in the
neuronal activity or plasticity in adaptive reward processing or addiction [50]. These studies might be
considered, at least partially, as a way to answer the firm doubts concerning the molecular effects of
physical activity on the ECS and higher motivation via the reward system. It is worth mentioning,
in terms of physical activity, that stimulation of the CBIR at the nerve terminals of neuromuscular
junction might lead to the inhibition of acetylcholine (ACh) release and Ca?* flux that causes decreased
muscular tension [35]. Interestingly, there is a lack of findings focused on the interaction between
physical activity and phytocannabinoids (e.g., CBD or CBN). Few studies present the action of CBD in
muscle recovery by reducing inflammation in the tissue and alleviating pain. However, it underlines
the potential usage of phytocannabinoids in the rehabilitation and restoration process after severe
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physical activity [17,51]. The area of correlation between physical activity and the endocannabinoid
system is still unexplored and needs fulfillment by further studies. In addition, novel research should
examine the exact mechanism involved in the effect of PA on endocannabinoid signaling, as well as
investigate conditions such as the PA type, exercise duration, intensity, age, and sex, which are the
most effective in inducing ECS changes.

3.2. PA and Neurophysiology—Interference with the Endocannabinoid System

The involvement of physical activity in the neurophysiology components, including mood, pain,
cognition, and neurogenesis, is indisputable, as indicated in a vast number of studies. Nevertheless,
the mutual relationship between physical activity, the endocannabinoid system, and human
neurophysiology remains not well discovered and needs proper fulfillment. The molecular alterations
in the endocannabinoid signaling triggered by physical activity mentioned above may directly correlate
with systemic effects. Starting with the influence on mood, various types of exercise, both acute and
chronic, and ending with resistant and aerobic training, all activate the endocannabinoid signaling and
result in signiﬁcant mood improvements, antidepressant effect, reduced anger, and tension, as well as
increased vigor and motivation [35,40,44,52]. Euphoric and analgesic phenomena widely described
by athletes that occur during a forced and prolonged physical activity called “runner’s high” are the
result of the activity of endorphins, monoamines, and endocannabinoids and their influence on the
reward system in the brain [36,53]. Therefore, the “runner’s high” may lead to heavy exercise addiction
probably, due to endogenous opioids release, which may be augmented by the ECS [54,55]. On the
other hand, the endocannabinoid system is actively involved in the “runner’s high” associated with
exercise-induced hypoalgesia. However, the mechanism of this phenomenon is not yet fully understood.
Most of the data describe possible interaction between the ECS and the endogenous opioid system in
reducing pain sensitivity associated with physical activity. Studies conducted on healthy individuals
revealed that short-time isometric exercise produced a significant analgesic effect, which was associated
with increased serum concentrations of AEA, 2-AG, and B-endorphins. Moreover, transiently increased
pain thresholds in exercising limbs were observed [47,56,57]. On the contrary, a recent study performed
by Hughes et al. showed expanded (-endorphin concentrations, whereas 2-AG remained unchanged
during forced resistant exercises [58]. The body of evidence suggests that interplay between PA and
ECS may influence cognition processes such as memory and learning and may be associated with
the development of adult neurogenesis in some regions of the brain. The activation of the HPA
(hypothalamic—pituitary-adrenal) axis during stressful situations, which physical activity admittedly
is, leads to augmented endocannabinoid synthesis in the peripheral blood and, subsequently, increased
activation of postsynaptic f-adrenoceptors which facilitate memory consolidation especially during
emotional events [49,59]. Furthermore, a recent article by Wang et al. showed that CB1R signaling
in glutamatergic neurons, enhanced by treadmill running, played an essential role in memory and
learning improvement and resulted in increased synthesis of neurotrophins and spine density of the
hippocampal neurons in mice [60]. Many studies indicate a significant influence of PA and ECS on
neurogenesis. Physical activity constitutes a significant factor that leads to enhanced synthesis of BDNF
(brain-derived neurotrophic factor), which is a crucial player in the modulation of neurogenesis in the
dentate gyrus of hippocampus and subventricular zone. The increased levels of BDNF correlated with
expanded AEA and 2-AG levels and CBIR expression within neural progenitor cells. These findings
indicate a clear interaction between BDNF and the ECS; what results is the overall promotion of
proliferation, regeneration, and viability of neurons [61-63]. Interestingly, Heyman et al. showed
that intense and prolonged physical activity resulted in enhanced synthesis of BDNF among male
cyclists, probably due to elevated circulating levels of endocannabinoids (i.e., AEA among male
cyclists). These findings correlate with neuroplasticity development and antidepressant effect induced
by exercise [37]. In summary, the activation of the endocannabinoid system through various types
of physical activity may provide a promising influence on neurophysiology aspects. The popularity
of physical activity as a cheap, plausible, and effective method of maintaining a healthy lifestyle and
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prophylaxis of an enormous number of disorders, including neurological, is increasing tremendously
worldwide. Therefore, we believe that more data focused on positive outcomes of different types of
exercise may even increase awareness among people and, at least partially, contribute to decreased
prevalence of neurological and neurodegenerative conditions. The large number of studies conducted
both on animal- and human-based models shows that targeting the ECS by physical activity may
provide promising results in the treatment of neurological conditions; they have been gathered and
examined and are presented in Table 1.

Table 1. A summary of studies analyzing the correlation between physical activity, the ECS, and possible
positive outcomes on brain physiology and various neurological disorders.

Subjects Performed Activity Main Outcomes Reference
ECS alterations:
Healthy men runners Running on a treadmill/cycling TAEA
(n = B), cyclist (n = 8), on an ergometer for 45 min Brain physiol BT [26]
= - physiology and gical
tantiols (n=4) (HRpa = 70%-80%) Anxiolytic and analgesic effect, sense of well-being —
“runner’s high”
Moderate cycling on an TECSE al;r:ioonéej\
Well trained male cyclist ergometer for 60 min .4 7]
(n=11) (55% Winay) followed by intense Brain physiology and neurological alterations: P
cycling for 30 min (75% Wyax)  Increased BDNF and cortisol levels, antidepressant and
reward effect, possible p ion of neuroplasticity
ECS alterations:
Women with 15-week 4 TAEA, 2-AG
fibromyalgia (:' =37), resistance :xefcise program Brain physiology and neurological alterations: 2]
controls (n = 33) Antidef i Igesic effect, i g
muscle strength
PR s ¢ ECS alterations:
L 10 min p
Patients with PTSD  (HRmax = 40%-60%) followed by TAEA:2-AG; ORA o
(n=12), controls (n =24) 30 min of moderate walking or Brain physiology and logical alterati
running on a treadmill Antidep effect, analgesic effect, reduced stress,
(HRmax = 70%~75%). fatigue, confusion, anger, and anxiety
3 : ECS alterations:
A A 2 12 week aerobic exercise
Patients .w“h ef';gdic program—40 min of LAEA (651
nugr;:;e (n 5 28)). walking/running on a treadmill Brain physiology and neurological alterations: '
controls (it = 3 times per week Amelioration of migraine headaches, reduced
frequency of migraine attacks
ECS alterations:
Women with MDD 30 min of moderate cycling TAfi;\%EA’
(n=17) followed by 30 min of [11]
preferred exercise Brain physiology logical al
Minimal antidepressant effect
ECS alterations:
" 2 Different polymorphisms in CNR1 gene lead to various
Patients with Zeeks nf‘lherapcuml: Exeioee on physical therapy associated with altered
relapsing-remittingMS T hiof serobic Clrllk density in motor cortex. [66]
psing =30 i followed by 1 h of swimming y =
= in the pool. Brain physiology and neurological alterations:
1 cortical plasticity and response to physiotherapy
ECS alterations:
TAEA, 2-AG, OEA, PEA
; s . 1CBIR
Healthy men (1 = 29) Isometric handgrip exercise for 471
and women (1 = 29) 3 min (MVC = 25%) Brain physiology and gical al
Signifi Igesic effect; ECS interplays with
endogenous opioid release — "exercise-induced
antinociception”
ECS alterations:
1 day—30 min of dancing TOEA (only while dancing)

Healthy women (n =9)

2 day—30 min of cycling
on ergometer

Brain phy;iology and neurological alterations:
Reduced appetite, d d i i

. &
“runner’s high”

o]
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Table 1. Cont.

Subjects Performed Activity Main Outcomes Reference
ECS alterations:

Cannabis users (n = 37), natdescribed
controls (n = 42) Treadmill running Brain physiology and neurological alterations: [67]
Improved psychomotor speed, visual memory,
sequencing ability among cannabis users — possible
interplay between binoids and physical activity

ECS alterations:
Male Sprague-Dawley TABA/CHIR
rats Wheel running Brain physiology and logical alterations: 1611
(n=40) Increased progenitor cell proliferation within dentate

gyrus, promotion of neurogenesis
ECS alterations:

M_alc Wi.sm' Tats treated Forced treadmill running for 12-AG,CBIR
wn(hLPS(.ammal model 8 weeks 5 times per week. Brain physiology and logical al r 1651
presenting signs of MWT performed. Improved memory and cognitive function, reduced
neuroinflammation) inflammatory effect
1COX-2
ECS alterations:
TCBIR
Male Silas tice Sminof treadinill running Brain physiology and neurological alterations: [46]
(n=72) for 3 days I Ged A
Increased spatial memory
TBDNF

ECS alterations:

o s 4 . TAEA, CBIR
g . High-intensity g )
Male Swiss miice exercise (HISE) Brain physiology and logical alterations: [69]
Significant analgesic effect — “exercise-induced

antinociception”, reduced inflammation

52-AG: 2-arachidonoylglycerol, AEA: anandamide, BDNF: brain derived neurotrophic factor, CB1R: cannabinoid
receptor type 1, ECS: endocannabinoid system, HR s maximum heart rate, MDD: major depressive disorder,
HISE: high-intensity swimming exercise, MS: multiple sclerosis, MVC: maximum ventilatory capacity, MWT: maze
water test, OEA: N-oleoylethanolamine, PEA: palmitoylethanolamide, W,y maximal trial power output, LPS:
lipopolysaccharide. T—increase, |—decrease, ——further step.

4. The Endocannabinoid System and Its Correlation with Neuropathologies

The endocannabinoid system constitutes a crucial player in the development of various
neuropathological states, including depression, Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, and epilepsy. These conditions probably may also be caused by dysregulations that occur
in the endocannabinoid signaling pathway. The background of these disturbances seems to be very
complex and includes altered cannabinoid receptors signaling and expression as well as fluctuations in
endocannabinoid concentrations in serum [70,71].

4.1. Depression and Anxiety

Significant alterations in cannabinoid receptors expression occur in depression and anxiety.
The genetic overexpression of the CB2R resulted in decreased depressive-like behavior, whereas CBIR
deficiency was correlated with the development of depressive symptoms in rodents. In human studies,
patients with depression had lower levels of AEA and 2-AG in serum [72-74]. Studies conducted
on the brains of patients with depression who committed suicide showed an increased density of
CBIR in the prefrontal cortex. The density of CB2R remained unchanged [75]. This evidence suggests
that the ECS hypoactivity may result in the development of depression and depression-like states.
Certain polymorphisms in the CBIR coding gene—CNRI1—seem to be associated with susceptibility
to depression and its treatment-resistance development. In turn, the knockout of the CBIR in mice
resulted in anxiety-like behavior [72,76,77]. Moreover, a study conducted by Kong et al. revealed
that certain polymorphisms in CNR2 coding CB2R also correlated with increased susceptibility to
depression development among patients [78]. Furthermore, overexpression of CBIR was detected in
anxiety-related brain areas such as the amygdala, hippocampus, and striatum among posttraumatic
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stress disorder (PTSD) diagnosed patients [75]. Additionally, decreased levels of AEA and 2-AG were
described in the blood of patients with PTSD [79].

4.2. Alzheimer’s Disease (AD)

In the animal models that expressed a mutant form of amyloid precursor protein (APP), including
Tg2576 transgenic mice and APP/PS1 mice, significant alterations in the ECS were observed. Most of
the studies showed the downregulation and impaired signaling within CB1R in microglial cells of
the hippocampus and prefrontal cortex of transgenic mice [80-82]. In turn, the upregulation of
CB2R that occurred in mice models may be associated with neuroprotective and anti-inflammatory
properties resulting from CB2R activation [70,81]. The higher serum levels of 2-AG were associated
with hippocampal degradation induced by amyloid-§ peptide [70,580]. Altmura et al. revealed that the
elevated levels of 2-AG might be associated not only with neuroprotective mechanisms but also with
amelioration in cerebral circulation [83]. Furthermore, overexpression of FAAH was revealed in the brains
of people with AD and may correlate with exacerbated inflammatory processes [80,84,85]. The results
of the clinical trials or post-mortem studies also showed elevated levels of the endocannabinoids

and higher expression of CB2R. However, the expression changes in CB1R remained inconsistent.

Some studies showed no alterations in the expression and density of CB1R. In contrast, a signjficant
decrease in the expression of this receptor in the brain cortex of AD patients was found. Thus, these
contradictory data should be clarified by future research [81,84].

4.3. Parkinson’s Disease (PD)
In Parkinson’s disease, considerable changes within the ECS were observed and well described

in studies conducted on animal models as well as shown in the post-mortem brains of PD patients.

These changes included both hyper- and hypoactivity of CB1R signaling, increased levels of 2-AG and
AEA, and altered expression of CBIR and CB2R in the basal ganglia of people with PD and transgenic
mice including 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mouse models and
lipopolysaccharide (LPS) rat models [85-87]. A recent study conducted on brain samples of patients
with PD revealed a significant decrease in MAGL expression [88]. Ceccerini et al. showed that
individuals with PD-related cognitive impairment had decreased expression of CBIR, especially
in the midcingulate and superior frontal gyrus [89]. Furthermore, this receptor is supposed to be
involved in motor disturbances that occur in PD. The administration of CBIR antagonists, such as
rimonabant, resulted in ameliorated dyskinesia and motor impairment in experimental models
(i.e., 6-hydroxydopamine (6-OHDA) or MPTP-lesioned rats) [90]. The upregulation of CB2R may
be associated with the anti-inflammatory process and reduction of the degradation of dopaminergic
neurons, whereas the downregulation of these receptors results in exacerbation of these processes [80,55].

4.4. Multiple Sclerosis (MS)

Studies conducted on mice with experimental autoimmune encephalomyelitis (EAE}—a preclinical
model of MS—showed that complex alterations in CB1R and CB2R signaling occur. The activation of
these receptors was correlated with neuroprotective and anti-inflammatory effects [86]. The CB1R and
CB2R knockout mice showed enhanced inflammation and reduced neurodegeneration [91]. In turn,
the concentration of AEA was significantly increased, whereas, 2-AG remained unchanged or either
increased in mice with EAE [48,87]. Human studies revealed significant elevation of serum AEA, OEA,
and PEA concentrations. As in the animal data, 2-AG remained unchanged. Furthermore, the levels of
anandamide were increased in the cerebrospinal fluid (CSF), brain, and peripheral tissues of MS patients.
The mRNA of both CB1R and CB2R was increased among, patients with primary-progressive M5
which might suggest possible compensating mechanisms [92-94]. Moreover, an increased expression
and activity of FAAH were detected [95]. These findings show that the ECS is involved in multiple
sclerosis pathogenesis and targeting the ECS may be a promising treatment method for relapsing or
acute multiple sclerosis.

58



Int. J. Mol. Sci. 2020, 21, 4221 9of 16

4.5. Epilepsy

Interestingly, there is a lack of data that describes the involvement of the ECS in epilepsy
pathogenesis. In most preclinical studies, the injection of kainic acid or pentylenetetrazole, as well
as an electric shock, were used to induce an acute seizure attack in animal models. In the studies
conducted on animals, overexpression of CB1R, and elevated concentrations of 2-AG in blood after
induction of seizures were described [96,97]. A significant decrease in expression of CBIR and
DAGL-x was revealed in the human epileptic hippocampus. Moreover, the concentration of AEA in
the cerebrospinal fluid of epileptic patients was also decreased. All these changes were associated
with impaired GABA signaling in the brain [96,98]. Nowadays, the usage of cannabinoid-derived
compounds in the treatment of epilepsy, especially the drug-resistant kind, is becoming more common
worldwide. The majority of studies showed notable relieving effects after cannabis treatment on
epilepsy management, mainly drug-resistant ones [99]. Jessberger et al. described a possible correlation
between seizure-generated new granular cells and the promotion of neurogenesis in the adult brain,

particularly in the hippocampus in what may be a compensating mechanism of “brain recovering”

after an injury caused by seizure [100].

5. The Triad—Physical Activity, the Endocannabinoid System, and a Novel Therapeutic
Approach to Neurological Pathologies—How Might All These Be Linked?

The summary of the correlation between physical activity, its effect on the endocannabinoid
system, and subsequently neuropathologies is presented in Figure 1.

Physical
activity
(PA)

]

A g
recqmr cm (CB! Eamal apnlst
och. ol PPAR-s(a g

- xor 1 2-arachidonoylglycerol
2-AG)
-1 expression of CBIR

Figure 1. The effect of physical activity on the endocannabinoid system components and, subsequently,
its possible impact on the attenuation of neuropathologies. PA: physical activity, ECS: endocannabinoid
system, AEA: anandamide, CBIR: cannabinoid receptor type 1, TRPV-1: transient receptor potential
vanilloid type 1, PPAR: peroxisome proliferator-activated receptors x, 2-AG: 2-arachidonoylglycerol.
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There is no doubt that the involvement of the ECS in the pathogenesis of both neurological and
neurodegenerative disorders is crucial. The targeting of many ECS components, including cannabinoid
receptors, endocannabinoids, or enzymes responsible for their degradation by both natural and synthetic
agents, may be a promising and effective treatment method for these conditions and accompanying
symptoms. However, despite some studies, there is still a number of undiscovered areas in this
field. Furthermore, a broad correlation between the endocannabinoid system and physical exercises,
both acute and chronic, was indicated in a number of both animal- and human-based models [8,35].
Understanding the effects of physical activity on the ECS may contribute towards considering exercise
as an alternative approach to the clinical management of neuropathologies. Although there is a limited
amount of evidence demonstrating positive ECS-related effects of physical activity on the attenuation
of, for example, obesity and type 2 diabetes mellitus (T2DM), the involvement of physical activity
in the treatment of neurological diseases by affecting the endocannabinoid signaling is not yet well
discovered [38,101,102]. Interestingly, studies conducted on animal models after one weak treadmill
running revealed ameliorated spatial memory results in a common memory test with an increased
CBIR expression in the hippocampus [46]. Furthermore, the activation of the ECS by physical activity
is widely considered to suppress inflammation and oxidative stress in neuronal tissue by affecting
cannabinoid receptors signaling and modulating the function of lymphocytes [35,44]. Thus, targeting
the ECS by physical activity might provide auspicious treatment results of various neurological
disorders. We believe that this uncharted territory with excellent research potential may constitute
a field that will be broadly explored within the next few years. Moreover, physical activity will be
considered, at least partially, as a novel therapeutic approach to the attenuation of neuropathologies.

6. Conclusions

In conclusion, our review comprehensively summarizes substantial studies that describe precisely
the endocannabinoid system from its molecular structure and compounds to its correlation with
physical activity. Moreover, we profoundly demonstrate the ECS action in various neurological and
neurodegenerative pathologies, as well as point out mechanisms that might be investigated in further
studies. The development and worldwide prevalence of neuropathologies are very alarming, and their
prevention has become a substantial issue. Therefore, it is essential to find new therapeutic targets,
which may probably contribute to a reduction in the annual increase of individuals suffering from
these diseases among all of the global populations. Consequently, researchers have great hope for the
endocannabinoid system, its elements, pathways, and ligands, and consider the ECS as a possible
preventive and therapeutic approach for both neurological and neurodegenerative pathologies, which
might be correlated, at least partially, with physical activity.
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Abstract: Rapidly increasing worldwide prevalence of obesity and related pathologies encompassing
coronary heart disease, hypertension, metabolic syndrome, or type 2 diabetes constitute serious
threats to global health and are associated with a significantly elevated risk of premature death.
Considering the enormous burden of these pathologies, novel therapeutic and preventive patterns
are indispensable. Dysregulation of one of the most complex biological systems in the human body
namely, the endocannabinoid system (ECS) may result in metabolic imbalance and development of
insulin resistance, type 2 diabetes, or non-alcoholic fatty liver disease. Furthermore, many studies
showed that physical exercises, depending on their type, intensity, and frequency, exert various
alterations within the ECS. Emerging evidence suggests that targeting the ECS via physical activity
may produce robust beneficial effects on the course of metabolic pathologies. However, the data
showing a direct correlation between the ECS and physical activity in the aspect of metabolic health are
very scarce. Therefore, the aim of this review was to provide the most up-to-date state of knowledge
about the interplay between the ECS activity and physical exercises in the novel therapeutic and
preventive approach toward metabolic pathologies. We believe that this paper, at least in part, will
fulfill the existing gap in knowledge and encourage researchers to further explore this very complex
yet interesting link between the ECS, its action in physical activity, and subsequent positive outcomes
for metabolic health.

Keywords: endocannabinoid system; physical activity; obesity; cannabinoid receptor; anandamide;
2-arachidonylglycerol

1. Introduction

Nowadays, metabolic disorders, e.g., obesity, metabolic syndrome, or type 2 diabetes
mellitus (T2DM) are some of the major medical concerns that occur among different pop-
ulations, especially those with a predominance of the Western dietary pattern [1,2]. Itis
estimated that about 2 billion people across the world are overweight or obese. Conse-
quently, obesity and its associated pathologies constitute serious threats to global health and
are widely regarded as a worldwide epidemic, thereby posing as one of the leading causes
of death in well-developed countries [3]. Various and complex molecular mechanisms
are involved in the pathogenesis of these disorders, including insulin resistance, chronic
inflammation, defective metabolism within adipose tissue, excessive oxidative stress, and
alterations in the endocannabinoid system (ECS) [4,5]. The ECS constitutes a versatile and
complex regulator of human energy homeostasis, which is involved in metabolic health
functions, for instance, appetite, food intake, energy expenditure, metabolism of carbo-
hydrates and lipids, likewise hedonic rewards such as palatability [6,7]. Recent studies

Int. J. Mol. Sci. 2022, 23, 3083. https:/ /doi.org/10.3390/ijms23063083

https:/ /www.mdpi.com /journal /ijms

67



Int. ]. Mol. Sci. 2022, 23, 3083

2o0f15

indicate that dysregulation in the components of ECS is linked with the metabolic imbal-
ance and, subsequently, the development of obesity and related disorders. Interestingly,
the ECS is widely known for its interplay with physical activity (PA) [7,8]. Although the
correlation between the ECS and PA was described in the literature, underlying molecular
alterations remain unknown and deserve to be reviewed more extensively. A body of
evidence suggests that targeting the ECS signaling via exercise may result in significant
beneficial outcomes either in the supportive treatment or prophylaxis of metabolic disor-
ders [9,10]. Therefore, considering the scarcity of studies showing this relationship, this
review aimed to provide the most up to date state of knowledge about the interplay be-
tween the ECS and PA in the novel therapeutic and preventive approach towards metabolic
pathologies, such as obesity, insulin resistance, type 2 diabetes mellitus, and non-alcoholic
fatty liver disease (NAFLD).

2. The Endocannabinoid System—A Brief Overview of the Key Functions
and Elements

The ECS constitutes one of the most complex biological systems in the human body,
creating a milieu responsible for the plethora of essential functions, including maintaining
metabolic and cardiovascular homeostasis, mediating immune responses, and modulating
the signaling within reward systems, as well as playing a relevant role in the brain physiol-
ogy components, such as mood, cognition, and neurogenesis [11-13]. Furthermore, the ECS
is involved in fertility, reproduction, and pregnancy [14]. In general, the ECS comprises (1)
cannabinoid receptors (CBRs), (2) endocannabinoids (eCBs)—lipid ligands of cannabinoid
receptors originating from omega-3 and omega-6 polyunsaturated fatty acids, among which
anandamide (N-arachidonoyl-ethanolamine, AEA) and 2-arachidonoylglycerol (2-AG) re-
ceived the most attention and were best described in the literature, (3) enzymes involved in
bioformation and degradation of eCBs [15,16]. Cannabinoid receptors type 1 and type 2
(CB1R and CB2R) belong to the family of 7-transmembrane G-protein-coupled receptors
(GPCRs) (Gi/0); thus, their activation, by suitable ligand, leads to the inhibition of adenyl
cyclase and decreases in the concentration of cyclic adenosine monophosphate (cAMP).
As a result, cAMP intensifies the activity of p42/p44 mitogen-activated protein kinase
(MAPK) and Jun N-terminal kinase (JNK) which activate divergent nuclear transcription
factors and alter the cellular metabolism. Additionally, cannabinoid receptors activate
potassium and inhibit calcium channels in the presynaptic end of neurons that results in the
overall inhibition of neurotransmitter release [17-19]. The distribution of CB1R is mainly
clustered within brain structures, especially the neocortex, hippocampus, basal ganglia,
and brain stem; likewise, its presence was confirmed in the skeletal muscles, lungs, testes,
gastrointestinal tract, liver, pancreas, and adipose tissue. In turn, CB2R is mainly expressed
on the immune cells (macrophages, T lymphocytes, B lymphocytes), hematopoietic stem,
and progenitor cells present in bone marrow, as well as in the thymus and lymph nodes;
thereby its activation triggers wide-range of immunomodulatory effects (Figure 1) [19-22].
Endocannabinoids are synthesized on demand in response to the elevated intracellular Ca®*
concentration [18]. 2-AG, which is synthesized from diacylglycerol (DAG), acts as a full
agonist with a moderate affinity of cannabinoid receptors, whereas is hydrolyzed by monoa-
cylglycerol lipase (MAGL) [23,24]. In turn, AEA constitutes a partial agonist of cannabinoid
receptors synthesized from N-arachidonoyl phosphatidylethanolamine (NAPE) coordi-
nated by N-acyl-phosphatidylethanolamine phospholipase D-like esterase (NAPE-PLD)
and is degraded to arachidonic acid (AA) by the activity of fatty acid amid hydrolase
(FAAH) [15,18]. Next to the well-known eCBs, analogous “endocannabinoid-like” lipid
ligands were described namely oleoylethanolamine (OEA) and palmitoylethanolamide
(PEA). Although OEA and PEA do not bind typical cannabinoid receptors, they possess
a high affinity toward peroxisome proliferator-activated receptor alpha (PPARa) and or-
phan GPCRs. These compounds play an important role in hypoxia-induced intestinal
permeability and suppression of the inflammation within the gastrointestinal tract, which
highlights their potential importance in the aspect of cancer research [25,26]. Recently some
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researchers provided the term “endocannabinoidome” (eCBome), which refers to the broad
and expanded signaling system that, apart from the aforementioned elements, contains a
large number of different membrane and nuclear receptors, i.e., PPARs, transient receptor
potential vanniloid 1 ion channel (TRPV1), various GPCRs, their endogenous ligands, and
dozens of enzymes playing important roles in endocannabinoid signaling. Endocannabi-
noidome may constitute a promising target in the therapy of various pathologies in which
the components of ECS seem to be involved; therefore, further research on the emerging
new metabolic implications of eCBome remains in high demand [16,17,27,28].

. CBIR
@ cux

Figure 1. The distribution of cannabinoid receptors within the human body. CB1R—cannabinoid
receptor type 1, CB2R—cannabinoid receptor type 2, HSC—hematopoietic stem cell (some graphic
was acquired from vecteezy.com, accessed date: 1 November 2021).

3. The Endocannabinoid System and Metabolic Pathologies

Many researchers indicated that ECS might be widely involved in the regulation of
energy balance and feeding behavior through both central and peripheral mechanisms [27].
Central mechanisms include hedonic energy regulation in the nucleus accumbens (NAc)
and the ventral tegmental area that results in a higher motivation via the reward system.
Moreover, another essential mechanism that leads to an increased appetite and higher
food intake is homeostatic regulation in the hypothalamus, a major site of ECS action.
Conversely, in the peripheral levels of action, ECS is widely associated with reduced
expression of adiponectin, a protein hormone involved in suppressing glucose production
in the liver and enhancing fatty acid oxidation in skeletal muscles. Another mechanism of
ECS action is decreased AMPK activity (5’ AMP-activated protein kinase), which is involved
in insulin sensitivity, and its inhibition regulates lipogenesis and fatty acids or cholesterol
synthesis in both the liver and adipose tissue [28]. Interestingly, the concentration of
anandamide might be decreased via leptin action (an appetite-reducing adipose tissue-
origin hormone that plays an essential role in food intake, body weight control, and
metabolism), which enhances FAAH expression and leads to a lower concentration of
anandamide in adipose tissue [29,30]. It is commonly known that low circulating levels of
the leptin, as well as leptin resistance, are widely correlated with a higher risk of obesity and
its aftermath [31,32]. Interestingly, a recent study conducted by Tam et al. indicated that a
peripheral inhibition of CBIR in mice with diet-induced obesity (DIO) leads to an increase
in the leptin sensitivity, which results in hypophagia via the reactivation of melanocortin
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signaling in the arcuate nucleus (ARC) in the hypothalamus [33]. Some studies reported that
anandamide may lead to increased liver lipogenesis via the CB1R [34,35]. Another study by
Karaliota et al. demonstrated that AEA may act as a PPAR-y agonist and subsequently leads
to the development of ECS-related adipogenesis in primary rat preadipocytes isolated from
epididymal adipose tissue of male Wistar rats [36]. Numerous studies have indicated that
endocannabinoids widely affect proliferation, as well as differentiation of adipocytes [33,37,38].
Amidst various components of endocannabinoidome, researchers point out the relevance
of the link between the ECS and ion channel TRPV1 in ensuring undisturbed energy
homeostasis. It is highly expressed within the central nervous system as well as peripheral
tissues, including stomach and adipose tissue. TRPV1 is a non-selective cation channel
activated by capsaicin, high temperature, and acidosis that belong to the transient receptor
potential protein superfamily [39]. Moreover, among various stimuli which interact with
TRPV1, N-acyldopamines, leukotriene B4 and N-acylethanoloamines (e.g., AEA) may
be distinguished as TRPV1 agonists. The effect of endocannabinoids on TRPV1 may be
exerted through direct activation on this channel or indirectly through activation of the
CBI1R that activates the phospholipase C-PKC pathway. However, endocannabinoids may
also activate CBIR, which leads to the inhibition of the adenylate cyclase-PKA pathway,
resulting in diminished TRPV1 activity. Those correlations are still unclear and, at least
in part, depend on the concentration of AEA [37,40]. The metabolic functions of TRPV1
include its influence on glucose metabolism and lipid oxidation, regulation of the appetite
(via interaction with appetite-regulating hormones e.g., ghrelin and leptin) as well as
activation of thermogenesis [40]. Numerous studies highlighted that impaired signaling
within TRPV1 may contribute to the development of various metabolic disorders, including
obesity and T2DM [38,41]. Therefore, the complex interactions between the ECS and TRPV1
are still a subject of discussion and should be clarified in future studies.

3.1. Obesity and Non-Alcoholic Fatty Liver Disease (NAFLD)

A substantial correlation between metabolic disturbances and endocannabinoid sys-
tem overactivation was unequivocally demonstrated in both in vivo animal studies and
clinical trials [42,43]. So far, a vast number of studies have linked obesity with higher circu-
lating levels of endocannabinoids [44,45]. It is known that obesity and higher food intake
might lead to an overactivation of ECS by increased cannabinoid receptor activity. More-
over, this might become a vicious circle—obesity-related ECS activation might contribute to
an intensified lipogenesis, higher food intake, and consequently lead to further fat storage.
Increased fat accumulation in adipose tissue might be associated with activation of CBIR
since it was indicated that those receptors might increase the activity of lipoprotein lipase,
a key enzyme regulating triglyceride hydrolysis to free fatty acids, which are subsequently
transported and deposited in the liver [46]. Thus, inhibition of CB receptors seems to be
relevant.

Interestingly, rimonabant was the first CB1R antagonist approved for the treatment
of obesity since clinical trials revealed that it might promote weight loss in obese patients.
However, due to a number of serious psychiatric adverse effects, e.g., anxiety or depression,
the clinical use of rimonabant was discontinued, and the drug was withdrawn from the
worldwide market [47]. A human-based study by Bennetzen et al. demonstrated that
levels of 2-arachidonoylglycerol were significantly reduced in the abdominal adipose tissue,
whereas weight loss led to a normalization of this endocannabinoid. Furthermore, the same
study indicated that the low expression of CB1 in abdominal adipose tissue was normalized
after weight loss, whereas in gluteal adipose tissue the CB1 expression was decreased after
weight loss. Thus, this research, together with other related studies, presented substantial
results that ECS is widely dysregulated among individuals suffering from obesity [48,49]
Moreover, it indicates that not only CB receptor expression is affected by obesity but also
levels of ECs. Indeed, some researchers reported that in obese patients, both AEA and 2-AG
levels are increased, and elevated plasma concentrations of endocannabinoids (ECs) might
be correlated with obesity aftermath, e.g., cardiovascular diseases, as well as non-alcoholic

70



Int. ]. Mol. Sci. 2022, 23, 3083

5o0f15

fatty liver disease (NAFLD) [50-52]. Moreover, increased concentrations of endocannabi-
noids observed in small intestinal mucosa and plasma of high-fat diet-fed obese mice
inhibited may change TRPV1 activity, which is involved in energy homeostasis [53]. How-
ever, because of various interactions of this channel with other systems, the precise role of
TRPV1 in regulating of food intake and energy expenditure needs further investigation. All
these outcomes highlight those alterations in dysregulated ECS signaling are very complex
and should be investigated in depth.

Non-alcoholic fatty liver disease is an obesity-related metabolic pathology induced
by enhanced triacylglycerols accumulation leading to hepatic steatosis, excluding alcohol
abuse as a pathogenic factor [54]. Numerous studies have indicated that NAFLD occurrence
is widely correlated with the dysfunction of the endocannabinoid system because lipid
accumulation in the liver might be mediated via alterations in ECS [55,56]. It is known
that the basal hepatic expression of cannabinoid receptors is indistinct, with low levels
of both CBIR and CB2R. However, an increased expression of the cannabinoid receptors
was proven in NAFLD. Moreover, CB1R was shown as a key mediator of insulin resistance
development, increased liver lipogenesis, and steatosis in both animal and human studies,
whereas CB2R might be considered as a promoter of inflammatory processes underlying
the pathogenesis of liver steatosis [57]. It is known that blockage of cannabinoid receptor
type 1 may result in attenuation of hepatic oxidative stress, as well as the impairment of
inflammatory response by inhibiting the production of pro-inflammatory cytokines [58,59]
Furthermore, Irungbam et al. recently demonstrated in both in vitro (AMLI12 liver cell
line) and in vivo studies on mice with a global CBIR receptor knockout that lower CB1R
signaling reduced liver steatosis via downregulation of perilipin 2—the protein that is
involved in the suppression of lipolysis and lipid accumulation [60]. Shi et al. conducted
in vitro studies in which application of CBIR antagonist in HepG2 cells resulted in a
significant decrease in factors widely invalved in lipogenesis, i.e., sterol regulatory element-
binding protein (SREBP1c), carbohydrate responsive element-binding protein (ChREBP),
liver X receptors (LXRs), acetyl-CoA carboxylase (ACC1) and fatty acid synthase (FAS) [61].
Moreover, Deveaux et al. conducted a study on mice which indicated that the inactivation
of cannabinoid receptor type 2 reduced steatosis, liver triacylglycerol concentration, and
obesity-associated inflammation caused by a high-fat diet [62]. Interestingly, CB1R was
defined as a pro-fibrogenic activator, while cannabinoid receptor type 2 was proposed to
have anti-fibrogenic properties in the liver [35,63]. Thus, ECs and their receptors might be
considered as a possible and promising target for the treatment of liver steatosis and its
metabolic aftermath.

3.2. Insulin Resistance and Type 2 Diabetes

Insulin resistance (IR), defined as a condition with impaired insulin action and re-
sponse in tissues, is widely considered to be one of the most fundamental factors associ-
ated with the development of many metabolic disorders, e.g., type 2 diabetes mellitus or
metabolic syndrome [64,65]. A vast number of studies has provided evidence indicating
that activation of peripheral CBI1R located in insulin-dependent tissues, i.e., liver, adipose
tissue, or skeletal muscles, is widely associated with the development of dyslipidemia,
insulin resistance, and type 2 diabetes [66]. Additionally, plenty of studies reported that
CBIR blockage leads to increased insulin sensitivity and, subsequently, improves both
glucose and lipid metabolism [67,68]. Considering the pathophysiological basis of IR devel-
opment, Liu et al. demonstrated that it is correlated with activation of CBIR that inhibits
insulin signaling via endoplasmic reticulum stress-dependent suppression of enzymes
involved in the insulin signaling pathway, e.g., PKB/ Akt [69]. Interestingly, further Liu etal.
studies provided notable results that blockage of CB1R in obese mice improved glycemic
control through the hepatic Sirtl/mTORC2/ Akt pathway, as well as increased fatty acid
B-oxidation via LKB1/AMPK signaling route [70]. A study conducted by Jourdan et al.
demonstrated that intravenous administration of B-D-glucan-encapsulated siRNA to knock
down CBIR gene expression, improved insulin sensitivity in Kupfer cells of mice with
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obesity. Thus, it might be said that the CB1R played a significant role in the development of
liver insulin resistance via Kupffer cell-related inflammatory mechanisms [71]. Considering
the CB2R, principally expressed in immune tissues, several in vitro and in vivo studies
demonstrated CB2R-mediated anti-inflammatory effects of endocannabinoids, i.e., AEA
and 2-AG, as well as synthetic CB2R agonists in models of various metabolic diseases, e.g.,
obesity [72-74]. Furthermore, Verty et al. reported that activation of CB2R reduced the
inflammatory response and promoted anti-obesity effects by reducing body weight, while
not changing mood-related behaviors [75]. Although plenty of studies support the claim
that endocannabinoids are anti-i.nﬂammatory mediators, a limited amount of evidence
demonstrated the pro-inflammatory action of endocannabinoids via CB2R activation [76,77].
Moreover, Turcotte et al. showed that most of the pro-inflammatory effects involve 2-AG,
but not AEA [78].

Considering the correlation between the endocannabinoid system and oxidative stress,
a study conducted by Mendizabal-Zubiaga et al. showed that the mitochondrial activation
of CBIR in muscle cells might be correlated with the mitochondrial regulation of oxidative
activity. Thus, this might be highly associated with the development of insulin resistance,
since mitochondrial dysfunction is correlated with a loss of muscular oxidative capacity in
response to a high intake of fatty acids, and therefore may be involved in the development
of metabolic disorders [79,50]. Notably, Dipanjan et al. demonstrated that activation of the
CB1R is involved in gluconeogenesis via direct activation of an endoplasmic reticulum (ER)
membrane-localized stress-dependent liver-specific transcription factor called CREBH—
cyclic AMP-responsive element-binding protein H, which is considered to be one of the
key mediators in both glucose and lipid metabolism [81,82]. Thus, it may be said that there
is a molecular association between the activation of the endocannabinoid system and levels
of circulating glucose.

An endocannabinoid-related study conducted by Jourdan et al. on the Zucker diabetic
rats indicated that the loss of pancreatic beta cell functions and its amount is associated with
the release of pro-inflammatory cytokines, i.e., IL-1p and IL-18. Those molecules, acting
as paracrine substances that induce beta-cell apoptosis, are released from infiltrating M1
macrophages as a result of macrophages-origin CB1R signaling that participates in selective
activation of the Nlrp3-ASC inflammasome [83]. Moreover, a recent study by Kim et al.
conducted on pancreatic beta-cell lines MIN6 and BTC6 incubated with synthetic CB1R
agonist WIN55,212-2 showed a decreased expression of anti-apoptotic protein Bel-2 and
cell cycle regulator cyclin D2, together with caspase-3-dependent apoptosis afterward [84].
Thus, these two studies unequivocally determine the effect of CBIR activation in beta-cell
apoptosis and therefore insulin signaling deficiency and the development of type 2 diabetes.
It is commonly known that insulin resistance, as well as T2DM, are widely associated with
an increased tissue concentration of sphingolipids—a class of lipids whose fractions are
also involved in cellular growth, differentiation, and regulation of apoptosis in addition
to playing an essential role as structural molecules in cellular membranes [85,56]. Cinar
etal. linked the action of the endocannabinoid system and insulin resistance development
together with excessive sphingolipids deposition. It was indicated in a study conducted
on C57Bl6/] mice with high-fat diet-induced obesity (DIO) that the factor, which is widely
involved in the development of hepatic IR, is increased de novo ceramides synthesis, which
is mediated by endoplasmic reticulum (ER) stress-dependent activation of CBIR [87]. Thus,
it may be assumed that changes in CB receptors and other components of the ECS may be
associated with a favorable prognosis not only of obesity and NAFLD but also IR and type
2 diabetes.

4. The Endocannabinoid System and Physical Activity

Physical activity is broadly portrayed as one of the most popular, potent, cost-friendly,
and pleasant ways to maintain a prolonged and healthy life. It constitutes a major pillar in
the treatment of metabolic disorders next to the proper diet, pharmacotherapy, chemopre-
vention, and in the most severe cases, bariatric interventions [88]. What is more, it affects
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human mental health, leading to mood, perception, concentration, and creativity improve-
ment as well as producing a very interesting phenomenon called “runner’s high” [89].
Despite widely known positive effects in the therapy of various diseases, the exact molecu-
lar mechanisms induced by PA are still a subject of discussion. Interestingly, many studies
outlined the influence of different types of physical activity on endocannabinoid signal-
ing. These results, however, seem to be partially unclear and confusing; therefore, they
deserve to be gathered and described comprehensively. The study conducted by Sparling
et al. was arguably the first showing that moderate exercises led to the increased level
of AEA but not 2-AG in the sera of healthy subjects after 50 min of treadmill running
or cycling on a stationary bike at the level of 70-80% of maximum heart rate [90]. Other
studies also indicated that PA, especially at medium intensity, led to the increased blood
level of AEA, whereas 2-AG remained unchanged [91-94]. Heyman et al. revealed the
link between significantly increased plasma AEA, OEA, and PEA levels during intense
exercise followed by 15 min of recovery and elevated serum brain-derived neurotrophic
factor (BDNF) levels, thereby indicating an important role of the ECS in the production of
neuroplastic and antidepressant effects triggered by PA. A simultaneous increase in OEA
and PEA along with AEA probably comes from the fact that these compounds share similar
synthesis pathways, whereas 2-AG formation seems to be regulated by different metabolic
routes [95]. Conversely, the study conducted by Cedernaes et al. showed elevated blood
2-AG and OEA levels after acute ergometer exercises, while AEA remained stable [96].
The possible reason for this discrepancy may lie in the fasted status of the participants
before activity [97]. Brellenthin et al. observed that both AEA and 2-AG are increased after
aerobic exercises in the blood of healthy individuals, but the increase in AEA was more
substantial in the prescribed by the investigator activity in comparison with self-selected
ones, based on personal preferences [98]. Thompson et al. in their study on mice showed
that males after exercise tended to have more increased 2-AG serum levels, whereas AEA
content was higher in female subjects. These results raised an interesting concern that
alterations in the circulating eCBs induced by PA may be at least partially, sex-dependent;
however, more data is needed to clarify this issue [99]. It may be suspected that various
changes in the levels of eCBs may be a result of different type and time of exercise, but
they all exerted changes in the nervous system. Furthermore, Crombie et al. showed that
acute isometric activity led to the elevated plasma levels of both AEA and 2-AG as well as
OEA and PEA, which resulted in overall analgesic effects [100]. On the other hand, most
animal studies pointed out that aerobic activity, i.e., swimming or treadmill running, was
associated with increased expression and density of both CBIR and CB2R within the central
nervous system, namely the hippocampus, striatum, and spinal cord, that were associated
with positive neurological outcomes, including improved cognition, analgesia, and reduced
neuroinflammation [101-103]. Nevertheless, there is evidence, that PA may lead to the
downregulated expression of cannabinoid receptors in the aforementioned structures which
suggests that further investigation is required to elucidate these discrepancies [101,104].
Physical activity, depending on such factors as type, frequency, intensity, and duration
leads to the (I) activation of the ECS signaling, (II) significantly affects circulating blood
levels of the endocannabinoids, mainly AEA and 2-AG, as well as (III) change in expression
of the cannabinoid receptors (CB1R and CB2R). Despite the fact, that molecular interaction
between the ECS and PA has been well described in the literature, it is still difficult to point
out clear, unequivocal changes within endocannabinoid signaling induced by various types
of exercise; thus, this topic needs further investigation in future studies.

5. The Triad—Physical Activity, the Endocannabinoid System, and the Novel
Therapeutic Approach to Metabolic Disorders—How All These Components May
Be Linked?

The summary of the correlation between physical activity, its effect on the ECS, and
subsequent metabolic pathologies is presented in the Figure 2.
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Effects of the ECS
mﬂm
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Figure 2. The effect of physical activity on the endocannabinoid system components and, subse-
quently, its possible impact on the attenuation of metabolic pathologies. PA: physical activity, ECS:
endocannabinoid system, AEA: anandamide, CB1R: cannabinoid receptor type 1, ECS: the endo-
cannabinoid system, TRPV-1: transient receptor potential vanilloid 1 ion channel, PPAR: peroxisome
proliferator-activated receptors , 2-AG: 2-arachidonoylglycerol.

There is no doubt that the involvement of the ECS in the pathogenesis of metabolic
pathologies is crucial [105]. Therefore, targeting the elements of ECS, including receptors,
endocannabinoids, and enzymes, by physical exercises and a healthy diet may exert
robust beneficial outcomes in either prevention or supportive treatment of metabolic
disorders [9]. To date, only a few studies conducted on humans (Table 1) and animal
models, namely Wistar rats and C57B1/6] mice (Table 2), showed the positive influence
of chronic and acute PA (e.g., treadmill running, swimming, and aerobic exercises) or
combined with the appropriate caloric restriction on the endocannabinoid signaling and
subsequently, auspicious course of the metabolic syndrome, for instance, body weight
loss, decreased waist circumference and visceral adipose tissue percentage, improved
insulin signaling, or enhanced lipid profile. Additionally, it is noteworthy that physical
exercises and accompanying increased concentration of eCBs significantly improved mood,
sense of well-being, and increased motivation through reward systems that may constitute
important factors for maintaining patient cooperation with a physician, thereby providing
efficient patient compliance, which is crucial during therapy targeting metabolic diseases.
These effects probably arise from the fact that CB1R shares similar localization in the
midbrain with dopamine receptors and may enhance the activity of dopaminergic neurons
in ventral tegmentum and substantia nigra [106]. Interestingly, observed decreased blood
eCBs levels after PA among obese individuals are opposite to those described in the
studies involving healthy patients, which, as was mentioned above, indicated increased
concentrations of AEA and/or 2-AG [91-94,98,99]. A similar concern deals with the altered
expression of cannabinoid receptors. Indeed, a lot of experts suggested that PA in healthy
animals was correlated with upregulated CB1R expression within brain structures which,
on the contrary, was lowered in the brain and subcutaneous/visceral adipose tissue of
obese mice. Neither animal nor human studies revealed consistent outcomes concerning
the expression of genes encoding both cannabinoid receptors and enzymes involved in
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eCBs metabolism like FAAH, DAGL, MAGL, and NAPE-PLD (Tables 1 and 2). However,
Schonke et al., using the online tool MetaMEx, found downregulated skeletal muscle
expression of DAGL as well as catabolic enzymes, namely MAGL and FAAH, in healthy
individuals and patients with metabolic syndrome who underwent chronic aerobic or
resistant exercises [107]. Tt is noteworthy that in vivo studies conducted by Gamelin
et al. revealed that obese Wistar rats after a 12-week running period showed an increased
expression of TRPV1 and CBIR both in the hippocampus or subcutaneous adipose tissue,
which suggests potentially enhanced signaling within this ion channel and may result
in the favorable course of obesity and other metabolic conditions [10,108]. In conclusion,
all discrepancies and concerns related to ECS signaling suggest unclear and paradoxical
involvement of the ECS in both physiological and impaired energy balance and might
indicate possible compensation mechanisms in response to the significantly diminished
metabolic homeostasis. [t strengthens the evidence that the ECS itself constitutes a complex
molecular apparatus that may be involved in producing beneficial therapeutic effects and
may act as a culprit due to confirmed dysregulation in metabolic diseases [107]. A mutual
correlation between the ECS and PA should be discussed more in-depth in the future
considering the significant deficit of the studies in this area.

Table 1. A summary of the clinical studies showing the correlation between physical activity, alter-
ations in the endocannabinoid system, and subsequent beneficial therapeutic effects in metabolic
pathologies.

Subjects Performed Activity Main Outcomes Reference
ECS:
e ; lificati | plasma AEA and 2-AG
Viscerally obese :nﬁfa;h'f eatyle h c\::lt;])r;gjm_gra:lnd Metabolic effects: [109]
men (1 = 49) o mg'regw.dar physic iy | body weight and waist circumference
healthy diet . ; :
| visceral adipose tissue
+HDL; C
ECS:
T cb1r gluteal adipose tissue gene expression
Overweight or 20 wesks Dl'.moderate (H.Rmax = ) faah an:dDmmaJ adipose tissue gene
chese v cmen 45-50%) or intense aerobic exercises expression [110]
(n =30) {HRmax = 70-75%) combined with Metabolic effects:
=g caloric restriction | body weight and waist circumference
1 glucose
} insulin
ECS:
| plasma 2-AG
6 days of normal, daytime physical T plasma AEA and OEA (only for
Ob?:e_w?ng activity and 6 days of moderate-vigorous physical activity) [111]

moderate-vigorous physical activity Metabolic effects:

} BMI and waist circumference (only for
moderate-vigorous physical activity)

2-AG—2-arachidonylglycerol, AEA—anandamide, BMI—body mass index, cb1r—cannabinoid type 1 receptor
gene, ECS—endocannabinoid system, fash—fatty acid amide hydrolase gene, HDL;-C—high density lipoprotein—
cholesterol, HR ma,—maximum heart rate, OEA—oleoylethanolamide, T—increase, |—decrease.
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Table 2. A summary of the animal studies showing the correlation between physical activity, alter-
ations in the endocannabinoid system, and subsequent beneficial therapeutic effects in metabolic
pathologies.

Subjects

Male Wistar rats
fed with HFD

1 h of swimming, 3 times a week for 6

months

Performed Activity Main Qutcomes Reference

ECS:

. expression of CBIR in VAT and SAT

1 expression of PPARS in VAT

Metabolic effects: [112]
| body weight

| visceral adipose tissue percentage

| blood pressure

C57B1/6] male
mice fed with

HFD

1 h of treadmill running, 6 times a week  expression in the brain and epididymal fat
for 6 weeks Metabolic effects:

ECS:

| plasma AEA and 2-AG

L CBIR and CB2R expression in the brain

| CB2R expression in the epididymal fat

1L MAGL, DAGL- & and 3, FAAH, and NAPE-PLD
[113]
| body weight

| body fat percentage

J LDL-C

L TG

+HDL-C

Male Wistar rats
fed with HFD

1 h of treadmill running, 5 times a week
for 12 weeks (70-80% MAV)

ECS:

no effect on AEA and 2-AG in SAT and VAT

1+ DAGL-a and FAAH expression in SAT

1 cblr and trpel gene expression in SAT [10]
Metabolic effects:

1 body weight

|} fasting plasma glucose

Male Wistar rats
fed with HFD

1 h of treadmill running 5 times a week
for 12 weeks (70-80% MAV)

ECS:

1 cblr and trpol gene expression in hippocampus

T DAGL-x expression in hippocampus

1 faah gene expression in hippocampus [108]
1 napepld gene expression in hippocampus

Metabolic effects:| body weight

| fasting plasma glucose

2-AG—2-arachidonylglycerol, AEA—anandamide, cblr—cannabinoid receptor type 1 gene, CB1R—cannabinoid
receptor type 1, CB2R—cannabinoid receptor type 2, DAGL « and f—diacylglycerol lipase o and p, ECS—the
endocannabinoid system, faah—fatty acid amide hydrolase gene, FAAH—fatty acid amide hydrolase, HDL-C—
high-density lipoprotein cholesterol, I-l'FD—Iﬁgh—fat diet, LDL-C—low-density lipoprotein cholesterol, MAGL—
monoacyl glycerol lipase, MAV—maximal aerobic velocity, NAPE-PLD—N-Acy] phosphatidylethanolamine
phospholipase D, napepld—N-acyl phosphatidylethanolamine phospholipase D gene, PPARS—peroxisome pro-
liferator activation receptor §, SAT—subcutaneous adipose tissue, TG—triglyceride, trprl—transient receptor
potential vanniloid 1 ion channel gene, VAT—visceral adipose tissue, T—increase, |—decrease.

6. Conclusions

To the best of our knowledge, this is the first review directly and comprehensively
discussing the uncharted link between physical activity and its influence on the endo-
cannabinoid signaling in the aspect of beneficial effects in the management of metabolic
disorders. Considering the very alarming worldwide prevalence of these diseases as well
as the unexplored potential of the topic, we believe that this paper, at least in part, will
encourage researchers toward investigating this interesting, yet very complicated interplay.
ECS and physical activity constitute robust and valuable therapeutic and preventive ap-
proaches that may significantly contribute to the decreased socioeconomic burden and the
reduced annual number of patients suffering from obesity and other metabolic disorders.
The future investigation should primarily encompass further discovery of the link between
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physical activity, alterations within endocannabinoid signaling and subsequently improved
metabolic status of overweight, obese, and diabetic individuals.
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11. Streszczenie w jezyku polskim
Wspotczesnie choroby metaboliczne, m.in. otylo$¢ i cukrzyca typu 2 (T2DM), naleza do

najczestszych jednostek klinicznych, ktore powszechnie wystepuja w réznych populacjach.
Otylos¢, jak 1 powigzane z nig inne zaburzenia metaboliczne stanowig powazne zagrozenie
zdrowotne na calym $wiecie 1 moga by¢ uwazane za ogolno$Swiatowa epidemig.
Insulinooporno$¢ (IR) definiowana jako stan nieprawidlowego funkcjonowania szlaku
sygnalowego insuliny zaréwno w tkankach obwodowych, m.in. watrobie, czy migs$niach
szkieletowych, jak i osrodkowym uktadzie nerwowym, m.in. w korze mozgu, jest jednym z
glownych czynnikow prowadzacych do rozwoju choréb metabolicznych. Po raz pierwszy
zdefiniowana jako gléwny regulator obwodowego stezenia glukozy, insulina zostata rowniez
uznana za czynnik pelnigcy istotng rolg w przewodnictwie synaptycznym, regulowaniu
procesOw pamieciowych i procesach poznawczych.

Choroba Alzheimera stanowi najczestszy typ otepienia powodujacy jego ok. 60-70%
przypadkéw. W 2020 roku liczba pacjentow cierpigcych na choroby otepienne na catym
Swiecie wynosita okoto 55 milionéw. Rozwo6j ogolnoustrojowej opornos$ci na insuling i
ostabienie szlaku sygnatlowego insuliny w mozgu sa wspolnymi cechami choroby Alzheimera
(AD), T2DM i otytosci. W ostatnich latach, wykazano istotng Korelacj¢ pomigdzy rozwojem
insulinoopornoséci moézgowia, cukrzycy typu 2 i otgpienia w licznych badaniach
podstawowych, a takze w probach klinicznych.

Insulinooporno$¢ i T2DM sg istotnie powigzane z nadmierng zawartoscig sfingolipidow, klasy
lipidow, ktora poza istotng funkcja strukturalng w obrebie bton komorkowych, jest rowniez
zaangazowana w szlaki sygnalizacji wewnatrzkomorkowej. Niektore badania wykazaty, ze
zaburzenia szlaku sfingolipidowego moga przyczynia¢ si¢ do rozwoju nie tylko
insulinoopornosci, ale takze chordb neurodegeneracyjnych poprzez zmiany w fosforylacji
biatka tau. Uwaza si¢, ze zmiany w metabolizmie sfingolipidow moga stanowi¢ unikalng
strategi¢ leczenia zarowno zaburzen metabolicznych, jak i neurodegeneracyjnych.

Dane z licznych badan wskazujg rowniez na istotng korelacje pomiedzy ukladem
endokannabinoidowym, kluczowym regulatorem homeostazy energetycznej, a rozwojem
patologii  metabolicznych m.in.  otyloéci, cukrzycy typu 2 (T2DM). Szlak
endokannabinoidowy obejmuje gltownie receptory sprzezone z bialkiem G, znane jako
receptory kannabinoidowe typu 1 i 2 (CB1R i CB2R) oraz endogennych agonistow tych
receptorow, znanych jako endokannabinoidy, gléwnie anandamid (AEA) 1 2-
arachidonoiloglicerol (2-AG). Wiadomo, ze CB1R znajduje si¢ gtownie w obregbie mézgowia,

podczas gdy ekspresja CB2R zachodzi glownie w komorkach uktadu odpornosciowego.
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Dotychczas wiele badan wykazato, ze kannabidiol (CBD), niepsychoaktywny zwigzek
pochodzenia roslinnego i jednoczes$nie rdzen tego projektu, wykazuje istotne wlasciwosci
neuroprotekcyjne.

W celu oceny wplywu kannabidiolu na metabolizm sfingolipidéw, insulinoopornos¢ i jej
nastepstwa, badania przeprowadzono na samcach szczuré6w rasy Wistar. Otylo$¢ i
insulinooporno$¢ wywotano poprzez karmienie zwierzat dietg bogatottuszczowa (HFD) przez
7 tygodni. Szczury podzielono i losowo przydzielono do czterech grup — (1) grupa kontrolna
karmiona standardowg pasza dla gryzoni, (2) grupa HFD karmiona dietg bogatottuszczowa,
(3) grupa CBD z dootrzewnowymi iniekcjami kannabidiolu karmiona standardowg pasza dla
gryzoni, (4) grupa HFD+CBD karmiona dieta bogatottuszczowa z dootrzewnowymi
iniekcjami kannabidiolu. W badaniu zastosowano ro6zne techniki analityczne, m.in. Western
Blot, wysokosprawng chromatografi¢ cieczowg i chromatografi¢ gazowa.

Badanie wykazato, ze kannabidiol w zwierzgcym modelu insulinoopornos$ci, indukowanej
dieta bogatotluszczowa, prowadzi do znacznych zmian w zawarto$ci gtownych sfingolipidow,
takich jak ceramid, sfingozyna, sfinganina i sfingomielina w obrgbie kory modzgowej
szczurOw. Fitokannabinoid ten w istotny sposob zmodyfikowal glowne szlaki
sfingolipidpowe w warunkach diety bogatotluszczowej, tj. syntezy de novo ceramidéw oraz
szlak ratunkowy. Ponadto wykazano, ze CBD mozna uzna¢ za istotny czynnik prowadzacy do
zmniejszenia insulinoopornosci kory moézgowej, a takze fosforylacji biatka tau, tj. dwéch
istotnych czynnikéw predysponujacych do rozwoju chordb neurodegeneracyjnych, w tym
choroby Alzheimera.

Przeprowadzone badania przedstawity szczegétowa ocene dzialania kannabidiolu na rézne
elementy metabolizmu tkanki mozgowej. Oryginalno$¢ tego projektu poteguje fakt, ze
zapobieganie zard6wno chorobom metabolicznym, jak i neurodegeneracyjnym jest niezwykle
istotng kwestia, gdyz liczba pacjentéw cierpigcych na te choroby ros$nie z roku na rok w
réznych populacjach. Jak dotad nieliczne publikacje wykazaty wptyw fitokannabinoidow na
metabolizm glukozy i lipidow w obrebie tkanki mozgowej. Dlatego wydaje si¢, ze badania te
beda stanowity podstawe do stworzenia nowego podejscia terapeutycznego ze zwigzkami
pochodzacymi z konopi indyjskich, a by¢ moze w kolejnych latach substancje te beda
uwazane za istotne zwigzki w kontek$cie wspomagania leczenia chordb zaré6wno

metabolicznych, jak i neurodegeneracyjnych.
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12. Streszczenie w jezyku angielskim

Nowadays, metabolic pathologies, e.g., obesity or type 2 diabetes mellitus are one of the
major medical concerns that widely occur among different populations. Consequently,
obesity and its associated disorders constitute a serious threat to global health and might be
considered as a worldwide epidemic. Insulin resistance, a condition with impaired insulin
action and response in both peripheral tissues, e.g. liver or skeletal muscles, and central
nervous system, e.g. brain cortex, is one of the major factors leading to the development of
metabolic disorders. First defined as a main regulator of peripheral glucose concentration,
insulin also was recognized as a key factor in synaptic transmission, memory and other
cognitive processes.

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that is the most common
type of dementia causing 60—70% of dementia cases. In 2020, the global number of patients
who suffered from dementia was about 55 million. The development of systemic insulin
resistance and attenuated brain insulin signaling are common features of AD, T2DM and
obesity. A substantial correlation between brain IR, type 2 diabetes mellitus and dementia
with cognitive impairment was widely demonstrated in numerous basic studies, including
clinical trials.

Insulin resistance and T2DM are associated with higher tissue concentration of
sphingolipids, a class of lipids that, in addition to having an important structural function in
cellular membranes, are also known to be widely involved in intracellular signaling
pathways. Moreover, certain research, both in vitro and in vivo, as well as clinical trials
showed that disturbances in the sphingolipid pathway may contribute to the development of
not only insulin resistance, but also neurodegenerative disorders via alterations in the
phosphorylation of tau protein. It is believed that changes in metabolism of sphingolipids
may provide a unique treatment strategy for both metabolic and neurological disorders.

Data from numerous studies indicated a substantial correlation between the
endocannabinoid system (ECS), a key regulator of energy homeostasis, and the
development of metabolic pathologies e.g. obesity, type 2 diabetes mellitus (T2DM). The
endocannabinoid pathway includes elementarily G-protein-coupled receptors, known as
cannabinoid receptor type 1 and 2 (CB1R and CB2R) and the endogenous agonists of these
receptors, known as endocannabinoids, mainly anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). It is known that the CB1 receptor is predominantly found in

the brain, whereas CB2 principally expressed on the cells of the immune system.
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Cannabidiol (CBD), a non-psychoactive Cannabis plant-derived compound and a core of
this project, was widely found to show neuroprotective properties.

In order to assess the outcomes of cannabidiol effect on sphingolipids metabolism, insulin
resistance, and its aftermath, this project was carried out on male Wistar rats. An obesity
and insulin resistance in this animal model was induced by feeding animals with a high fat
diet (HFD) for a period of 7 weeks. The rats were divided and randomly assigned to four
groups — (1) Control group fed with a standard chow for rodents, (2) HFD group fed with a
high fat diet, (3) CBD group treated with cannabidiol with standard chow feeding (4)
HFD+CBD group fed with high fat diet feeding. In this project different analytical
techniques, including Western Blot, high performance liquid chromatography, and gas
liquid chromatography, were used.

This study demonstrated that cannabidiol in an animal model of high-fat diet-induced
obesity leads to significant changes in the content of the major sphingolipids such as
ceramide, sphingosine, sphinganin and sphingomyelin in the brain cortex of insulin resistant
Wistar rats. The main routes affected by this phytocannabinoid, under condition of high-fat
diet, were ceramide de novo synthesis and the salvage pathway. Moreover, we indicated
innovatively that CBD might be considered as an essential factor that leads to the reduction
of brain insulin resistance, as well as tau protein phosphorylation, two essential factors
predisposing to the occurrence of neuropathologies, e.g. Alzheimer’s disease.

The proposed research introduced a comprehensive assessment of cannabidiol action on
various aspects of brain metabolism. The novelty and originality of this project are
compounded by the fact that preventing metabolic and neurodegenerative pathologies is a
very alarming issue since the number of individuals suffering from those diseases increases
annually among different populations. So far, extremely little amount of data demonstrated
the effects of phytocannabinoids on brain both glucose and lipid metabolism. Thus, we
believe that our research will concern a new possible therapeutic approach with a Cannabis-
plant derived compounds and within a few years, those substances will be considered as

prominent compounds for targeting both metabolic and neurodegenerative pathologies.
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Nowicka manuskryptu

Can Physical Activity Support the Endocannabinoid System in the Preventive and
Therapeutic Approach to Neurological Disorders?

Autor Udzial w przygotowaniu publikacji Udzial (%)
Tomasz Charytoniuk Qpraf:owgnle konce'pcp' pracy, zebranie
piSmiennictwa, pisanie manuskryptu, 70%
zarzadzanie projektem
Hubert Zywno Opracowanie  koncepcji  pracy, pisanie 10%

manuskryptu
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Opracowanie  koncepcji  pracy, ocena

Karolina .
Konstantynowicz- merytoryczna i korekta manuskryptu 504
Nowicka

. Zebranie piSmiennictwa 0
Klaudia Berk 5%
Wiktor Bzdega Zebranie piSmiennictwa 504
Adrian Chabowski Ocena merytoryczna i korekta manuskryptu 504

The Endocannabinoid System and Physical Activity-A Robust Duo in the Novel Therapeutic

Approach against Metabolic Disorders

Autor Udzial w przygotowaniu publikacji Udzial (%)

Tomasz Charytoniuk Qpra;owgnle koncequl. pracy, zebranie
piSmiennictwa, pisanie manuskryptu, 36%
zarzadzanie projektem

Hubert Zywno Opracowanie koncepcji pracy, manuskryptu 36%

Klaudia Berk Zebranie piSmiennictwa 1%

Wiktor Bzdega Zebranie piSmiennictwa 50

Adrian Kotakowski Zeb_rame pismiennictwa, zarzadzanie 20%
projektem

Adrian Chabowski Ocena merytoryczna i korekta manuskryptu 1%

Karolina Opracowanie _ koncepcji  pracy, ocena

Konstantynowicz- merytoryczna i korekta manuskryptu 1%

Nowicka

87




Bialystok, 7 listopada 2022r.

Lek. Tomasz Charytoniuk
Zaklad Fizjologii

Uniwersytet Medyczny w Bialymstoku

OSWIADCZENIE

Oswiadczam, iz maj udzial w przygotowaniu publikacji: *Cannabidiol - A phytocannabinoid
‘that widely affects sphingolipid metabolism under conditions of brain insulin resistance.”
autorow: Charytoniuk Tomasz, Sztolsztener Klaudia. Harasim-Symbor Ewa, Berk Klaudia.
Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej w Biomedicine &
Pharmacotherapy wchodzacej w sklad rozprawy doktorskiej: ,,Rola kannabidiolu (CBD) w
niwelowaniu insulinoopornosci mézgowia” wynosit 70% i polegal na opracowaniu koncepcji
pracy, wspoluczestnictwie w wykonywaniu analiz, zarzadzaniu projektem. zbieraniu

pismiennictwa i pisaniu manuskryptu.
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Biatystok. 7 listopada 2022r.

Mgr Klaudia Sztolsztener

Zaklad Fizjologii

Uniwersytet Medyezny w Bialymstoku
Ul Kilinskiego 1

15-089 Bialystok

OSWIADCZENIE

Oswiadezam. iz maj udziat w przygotowaniu publikacji: “Cannabidiol - A phytocannabinoid
that widely affects sphingolipid metabolism under conditions of brain insulin resistance.”
autorow: Charytoniuk Tomasz, Sztolsztener Klaudia, Harasim-Symbor Ewa, Berk Klaudia,
Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej w Biomedicine &
Pharmacotherapy wehodzacej w sklad rozprawy doktorskiej: ,Rola kannabidiolu (CBD) w
niwelowaniu insulinoopornoéci mozgowia™ wynosit 5% i polegal na przygotowaniu rycin,

wspoluczestnictwie w wykonywaniu analiz i pisaniu manuskryptu.

Jednoczeénie wyrazam zgode na wykorzystame przez lek. Tomasza Charytoniuka publikacji w
postepowaniu 0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

Kloudin Suholstew
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Bialystok, 7 listopada 2022r.

Dr n. med. Ewa Harasim-Symbor
Zaklad Fizjologii

Uniwersytet Medvezny w Bialymstoku
Ul Kilinskiego 1

15-089 Biatystok

OSWIADCZENIE

Oswiadczam, iz moj udzial w przygotowaniu publikacji: “Cannabidiol - A phytocannabinoid
that widely affects sphingolipid metabolism under conditions of brain insulin resistance.”
autorow: Charytoniuk Tomasz, Sztolsztener Klaudia, Harasim-Symbor Ewa, Berk Klaudia,
Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej w Biomedicine &
Pharmacotherapy wehodzace] w skiad rozprawy doktorskiej: ,Rola kannabidiolu (CBD) w
niwelowaniu insulinoopornosei mézgowia” wynosil 5% i polegal na wspotuczestnictwie w

wykonywaniu analiz, ocenie merytoryeznej i korekeie manuskryptu,

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postepowaniu 0 nadanie stopnia doktora w dziedzinie nauk medycznyeh i nauk o zdrowiu w

dyseyplinie nauki medyczne.

(}/m/w - 3@»@ Eua
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Biatystok, 7 listopada 2022r.

Lek. Klaudia Berk

Zaklad Fizjologii

Uniwersytet Medyczny w Biatymstoku
Ul. Kilinskiego 1

15-089 Bialystok

OSWIADCZENIE

Oswiadezam. iz moj udzial w przygotowaniu publikacji: “Cannabidiol - A phytocannabinoid
that widely affects sphingolipid metabolism under conditions of brain insulin resistance.”
autoréw: Charytoniuk Tomasz. Sztolsztener Klaudia, Harasim-Symbor Ewa. Berk Klaudia,
Chabowski Adrian. Konstantynowicz-Nowicka Karolina opublikowane] w Biemedicine &
Pharmacotherapy wehodzgee) w sklad rozprawy doktorskiej: ,Rola kannabidiolu (CBD) w
niwelowaniu insulinoopornosei mozgowia” wynosil 5% i polegal na wspaluczesinictwie w

wykonywaniu analiz i pisaniu manuskryptu,

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charvtoniuka publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medyeznych i nauk o zdrowiu w

dyseyplinie naukt medycezne.

(ki ﬁ
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Biatystok, 7 listopada 2022r.

Prof. dr hab. Adrian Chabowski
Zaklad Fizjologii

Uniwersytet Medyczny w Biatymstoku
Ul Kilinskiego |

15-089 Biatystok

OSWIADCZENIE

Oswiadezam. iz moj udzial w przygotowaniu publikacji: “Cannabidiol - A phytecannabinoid
that widely affects sphingolipid metabolism under conditions of brain insulin resistance.”
autordw: Charytoniuk Tomasz, Sztolsztener Klaudia, Harasim-Symbor Ewa, Berk Klaudia,
Chabowski Adrian. Konstantynowicz-Nowicka Karolina apublikowanej w Biomedicine &
Pharmacotherapy wchodzacej w skiad rozprawy doktorskiej: ,, Rola kannabidiolu (CBD) w
niwelowaniu insulinooporno$ei mozgowia” wynosil 5% i polegal na opracowaniu koncepcji

pracy, ocenic merytoryeznej 1 korekeie manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postepowaniu 0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

KLEROWNE
Zaktadu Fizjolog

b, Advian Cliabaw shi

92



Bialvstok, 7 listopada 2022r.

Dr n. med. Karolina Konstantynowicz-Nowicka
Zaklad Fizjologii

Uniwersytet Medyczny w Biatymstoku

Ul Kilinskiego 1

15-089 Bialystok
OSWIADCZENIE

Oswiadezam, iz moj udzial w przygotowaniu publikacji: “Cannabidiol - A phytocannabinoid
that widely affects sphingolipid metabolism under conditions of brain insulin resistance.”
autordw: Charytoniuk Tomasz, Sztolsztener Klaudia, Harasim-Symbor Ewa, Berk Klaudia,
Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej w Biomedicine &
Pharmacotherapy wehodzace] w sktad rozprawy dokiorskiej: wRola kannabidiolu (CBD) w
niwelowaniu insulinoopornogei mazgowia™ wynosil 10% i polegal na opracowaniu koncepcji

pracy. zarzadzaniu projekiem, ocenie merytoryeznej i korekeie manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postepowaniu 0 nadanie stopnia doktora w dziedzinie nauk medycznych 1 nauk o zdrowiu w

dyscyplinie nauki medyczne.

Kensfonfynomo - Noviicka KarolinQ
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Biatystok. 7 listopada 2022r.

Lek. Tomasz Charytoniuk
Zaklad Fizjologii

Uniwersytet Medyczny w Bialymstoku

OSWIADCZENIE

Oswiadczam. iz m6j udzial w przygotowaniu publikacji: ,Can Physical Activity Support the
‘Endocannabinoid System in the Preventive and Therapeutic Approach to Neurological
Disorders?” autorow: Charytoniuk Tomasz. Zywno Hubert. Konstantynowicz-Nowicka
Karolina, Berk Klaudia, Bzdega Wiktor. Chabowski Adrian, opublikowanej w /nrernational
Journal of Molecular Sciences wehodzacej w sklad rozprawy doktorskiej: ,Rola kannabidiolu
(CBD) w niwelowaniu insulinoopornosci mézgowia” wynosil 70% i polegal na opracowaniu

koncepcji pracy. zebraniu pismiennictwa, pisaniu manuskryptu i zarzadzaniu projektem.

<T@
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Bialystok. 7 listopada 2022r.

Hubert Zywno

Zaklad Fizjologii

Uniwersytet Medyczny w Biatymstoku
Ul. Kilinskiego |

15-089 Bialystok

OSWIADCZENIE

Oswiadezam. iz maj udzial w przygotowaniu publikacji: ,Can Physical Activity Support the
Endocannabinoid System in the Preventive and Therapeutic Approach to Neurological
Disorders?” autorow: Charytoniuk Tomasz, Zywno Hubert. Konstantynowicz-Nowicka
Karolina. Berk Klaudia. Bzdega Wiktor, Chabowski Adrian, opublikowanej w International
Jowrnal of Molecular Sciences wehodzacej w sklad rozprawy doktorskiej: ,,Rola kannabidiolu
(CBD) w niwelowaniu insulinoopornosci mozgowia” wynosil 10% 1 polegal na opracowaniu

koncepeji pracy i pisaniu manuskryptu.
Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medyeznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

621t SO
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Biatystok, 7 listopada 2022r.

Dr n. med. Karolina Konstantynowicz-Nowicka
Zaktad Fizjologii

Uniwersytet Medyczny w Bialymstoku

Ul Kilinskiego |

15-089 Bialvstok

OSWIADCZENIE

Oswiadezam. iz moj udzial w przygotowaniu publikacji: ,,Can Physical Activity Support the
Endocannabinoid System in the Preventive and Therapeutic Approach to Neurological
Disorders?” autorow: Charytoniuk Tomasz, Zywno Hubert. Konstantynowicz-Nowicka
Karolina, Berk Klaudia, Bzdgga Wiktor. Chabowski Adrian, opublikowane] w fnternational
Jowrnal of Molecular Sciences wehodzaeej w sklad rozprawy doktorskiej: ,,Rola kannabidiolu
(CBD) w niwelowaniu insulinooporno$ei mozgowia” wynosil 5% i polegal na opracowaniu

koncepeji pracy. ocenie merytorycznej i korekcie manuskryptu.
Jednoczesnie wyrazam zgode na wykorzystanie przez lek, Tomasza Charytoniuka publikacji w

posigpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

kié)f')b?’d:{,-f{t]- AckICL -Nom cea Kb
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Bialystok, 7 listopada 2022r.

Lek. Klaudia Berk

Zaklad Fizjologii

Uniwersytet Medyezny w Bialymstoku
Ul Kilinskicgo |

15-089 Biatystok

OSWIADCZENIE

Oswiadezam, iz moj udzial w przygotowaniu publikacji: ,,Can Physical Activity Support the
Endocannabinoid System in the Preventive and Therapeutic Approach to Neurological
Disorders?” autorow: Charytoniuk Tomasz, Zywno Hubert. Konstantynowicz-Nowicka
Karolina, Berk Klaudia, Bzdg¢ga Wiktor, Chabowski Adrian, opublikowanej w Inrernational
Jowrnal of Molecular Sciences wehodzacej w skiad rozprawy doktorskiej: , Rola kannabidiolu
(CBD) w niwelowaniu insulinoopornosci mozgowia” wynosit 5% i polegal na zebraniu

pismiennictwa.
Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w

postepowaniu 0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

/71{11 Sl "174/7)‘, &
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Biatystok, 7 listopada 2022r.

Wiktor Bzdega

Zaktad Fizjologii

Uniwersytet Medyczny w Biatymstoku
Ul Kilinskiego 1

15-089 Biatystok

OSWIADCZENIE

O$wiadczam, 1z mo] udziat w przygotowaniu publikacji: ,Can Physical Activity Support the
Endocannabinoid System in the Preventive and Therapeutic Approach to Neurological
Disorders?” autorow: Charytoniuk Tomasz, Zywno Hubert, Konstantynowicz-Nowicka
Karolina, Berk Klaudia, Bzdega Wiktor, Chabowski Adrian, opublikowanej w International
Journal of Molecular Sciences wehodzace) w skiad rozprawy doktorskiej: ,,Rola kannabidiolu
{(CBD) w niwelowaniu insulinoopornosci mézgowia” wynosil 5% i polegal na zebraniu

pismiennictwa.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Biatystok, 7 listopada 2022r.

Prof. dr hab. Adrian Chabowski
Zaklad Fizjologii

Uniwersytet Medyczny w Bialymstoku
Ul Kilinskiego |

15-089 Bialystok
OSWIADCZENIE

Oswiadezam. iz moj udzial w przygotowaniu publikacji: ,,Can Physical Activity Support the
Endocannabinoid System in the Preventive and Therapeutic Approach to Neurological
Disorders?” autorow: Charytoniuk Tomasz, Zywno Hubert. Konstantynowicz-Nowicka
Karolina, Berk Klaudia, Bzd¢ga Wiktor, Chabowski Adrian, opublikowanej w International
Journal of Molecular Sciences wehodzacej w sklad rozprawy doktorskicj: ,,Rola kannabidiolu
(CBD) w niwelowaniu insulinoopornosei mézgowia™ wynosil 5% 1 polegal na ocenie

merytorvezne] i korekeie manuskryptu.

Jednoczes$nie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postepowaniu 0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

K1Lks WNIK
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Biatystok, 7 listopada 2022r.

Lelk. Tomasz Charytoniuk
Zaklad Fizjologii
Uniwersytet Medyczny w Bialymstoku

OSWIADCZENIE

Oswiadezam, iZ mdj udziat w przygotowaniu publikacii: “The Endocannabinoid System and

' Physical Activity-A Robust Duo in the Novel Therapeutic Approach against Metaholic
Disorders.” autoréw:; Charytoniuk Tomasz, Zywno Hubert, Berk Klaudia, Bzdega Wiktor,
Kotakowski Adrian, Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej
w International Journal of Molecular Sciences wehodzacej w sklad rozprawy doktorskiej:
»Rola kannabidiolu (CBD) w niwelowaniu insulinooporno$ci mézgowia™ wynosit 36% i
polegal na opracowaniu koncepcji pracy, zebraniu pismiennictwa, pisaniu manuskryptu i
zarzadzaniu projektem.
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Bialystok, 7 listopada 2022r.

Hubert Zywno
Zaklad Fizjologii
Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oé$wiadczam, iz moj udzial w przygotowaniu publikacji: “The Endocannabinoid System
and Physical Activity-A Robust Duo in the Novel Therapeutic Approach against
Metabolic Disorders.” autordw: Charytoniuk Tomasz, Zywno Hubert, Berk Klaudia, Bzd¢ga
Wiktor, Kolakowski Adrian, Chabowski Adrian, Konstantynowicz-Nowicka Karolina
opublikowanej w International Journal of Molecular Sciences wchodzacej w sklad rozprawy
doktorskiej: ,Rola kannabidiolu (CBD) w niwelowaniu insulinooporno$ci mézgowia”

wynosil 36% i polegal na opracowaniu koncepcji pracy i pisaniu manuskryptu.
Jednoczesnie wyrazam zgodg na wykorzystanie przez lek. Tomasza Charytoniuka publikacji

w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.
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Biatystok, 7 listopada 2022r.

Zaktad Fizjologii
Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oéwiadczam, iz moj udziat w przygotowaniu publikacji: “The Endocannabinoid System and
Physical Activity-A Robust Duo in the Novel Therapeutic Approach against Metabolic
Disorders.” autorow: Charytoniuk Tomasz, Zywno Hubert, Berk Kiaudia, Bzdega Wiktor,
Kotakowski Adrian, Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej
w International Journal of Molecular Sciences wchodzacej w skiad rozprawy doktorskiej:
Rola kannabidiolu (CBD) w niwelowaniu insulinooporno$ci mézgowia” wynosit 5% i

polegat na zebraniu piSmiennictwa.

Jednoczeénie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
e
@ Zﬁgjok,

dyscyplinie nauki medyczne.
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Biatystok, 7 listopada 2022r.

Adrian Kolakowski
Zaklad Fizjologii
Uniwersytet Medyczny w Bialymstoku

OSWIADCZENIE

Oswiadczam, iz m6j udzial w przygotowaniu publikacji: “The Endocannabinoid System and
Physical Activity-A Robust Duo in the Novel Therapeutic Approach against Metabolic
Disorders.” autoréw: Charytoniuk Tomasz, Zywno Hubert, Berk Klaudia, Bzdgga Wiktor,
Kolakowski Adrian, Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej
w International Journal of Molecular Sciences wchodzacej w sklad rozprawy doktorskiej:
»Rola kannabidiolu (CBD) w niwelowaniu insulinooporno$ci mézgowia” wynosit 20% i

polegal na zebraniu pismiennictwa i zarzadzaniu projektem.

Jednoczesnie wyrazam zgodg na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

4&&& [@Tmﬁo@? Z«‘
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Biatystok. 7 listopada 2022r.

Prof. dr hab. Adrian Chabowski
Zaklad Fizjologii

Uniwersviet Medyczny w Bialymstoku

OSWIADCZENIE

Oswiadezam, 17 moj udzial w przygotowaniu publikaci: “The Endocannabinoid System and
Physical Activity-A Robust Duo in the Novel Therapeutic Approach against Metabolic
Disorders.” autorow: Charytoniuk Tomasz. Zywno Hubert, Berk Klaudia, Bzdega Wiktor,
Kofakowski Adrian. Chabowski Adnan. Konstantynowicz-Nowicka Karolina opublikowanej
w Iniernational Journal of Molecular Sciences wehodzacej w sklad rozprawy doktorskiej:
.Rola kannabidiolu (CBD) w niwelowaniu insulinoopornosci mézgowia™ wynosil 1% i

polegal na ocenic mervioryceznej 1 korekeie manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyseyplinie nauki medyczne.

K PW NI K

prof dr lib. Adrium Clabo\sil
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Biatystok. 7 listopada 2022r.

Dr n. med. Karolina Konstantynowicz-Nowicka
Zaklad Fizjologii

Unmwersytet Medyczny w Bialymstoku

OSWIADCZENIE

Oswiadczam. iz moj udzial w przygotowaniu publikacji: “The Endocannabinoid System and
Physical Activity-A Robust Duo in the Novel Therapeutic Approach against Metabolic
Disorders.” autorow: Charytoniuk Tomasz, Zywno Hubert, Berk Klaudia, Bzdgga Wiktor,
Kotakowski Adrian. Chabowski Adrian, Konstantynowicz-Nowicka Karolina opublikowanej
w International Journal of Molecutar Sciences wehodzace) w sklad rozprawy doktorskie):
,»Rola kannabidiolu (CBD) w niwelowaniu insulinooporno$ci moézgowia™ wynosit 1% 1

polegat na opracowaniu koncepeji pracy, ocenie merytorycznej i korekcie manuskryptu.

Jednoczednie wyrazam zgode na wykorzystanie przez lek. Tomasza Charytoniuka publikacii w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinic nauki medyczne.

Konstantynomiee - Mamcea Karoking
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14. Uchwala komisji etycznej

UCHWALA NR 71/2018
z dnia 25.09.2018 r.
Lokalnej Komisji Etycznej do spraw doswiadczer na zwierzetach w Olsztynie
§1

Na podstawie art. 48 ust. 1 pkt. 1 / art. 48 ust. 1 pkt. 2* ustawy z dnia 15 stycznia 2015r. o ochronie
zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266), zwanej dalej
»ustawa” po rozpatrzeniu wniosku pt.: ,Ocena roli kannabidiolu w regulacji ekspresji biatkowych
transporteréw kwaséw tluszczowych (FAT/CD36, FABPpm i FATP1,4,6) w miesniu sercowym
szczuréw z insulinoopornoscia indukowang dietg bogatottuszczowg” z dnia 18.09.2018 r., ztozonego
przez Uniwersytet Medyczny w Bialymstoku, Wydziat Lekarski z Oddziatem Stomatologii i
Oddziatem Nauczania w Jezyku Angielskim (0022), adres ul. Kilinskiego 1, 15-089 Biatystok,
zaplanowanego przez Karolina Konstantynowicz-Nowicka?, przy udziale® (nie dotyczy) Lokalna
Komisja Etyczna:

WYRAZA ZGODE*

Na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku 72/2018.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w § , Lokalna Komisja Etyczna ustalita, ze:

1. Whniosek nalezy przypisac do kategorii: badania podstawowe (A), sercowo-naczyniowy
uktad krazenia i limfy.

2. Najwyiszy stopien dotkliwosci proponowanych procedur to: tagodna.

3. Doswiadczenia beda przeprowadzane na gatunkach lub grupach gatunkéw: 144 szt., Szczur
wedrowny (Rattus norvegicus); stado niekrewniacze; Wistar Cmdb:Wi, wiek — 4 tygodnie,
masa ciata - 60-100g.

4. Doswiadczenia beda przeprowadzane przez: Konstantynowicz-Nowicka Karolina, Harasim-
Symbor Ewa, Kozluk Anna, Zabrocka Grazyna, Agnieszka Popielska, Aneta Czeladko,
Matgorzata Mackiewicz, Katarzyna Podtaszczyk, Anna Maraszkiewicz, Julia Szewczyk,
Elzbieta Emilia tapiriska, Ewelina Biatous.

5. Doswiadczenie bedzie przeprowadzane w terminie® od 15.10.2018 do 31.12.2020.

6. Doswiadczenie bedzie przeprowadzone w osrodku®: Uniwersytet Medyczny w Biatymstoku,
Centrum Medycyny Doswiadczalnej (0099).

7. Doswiadczenie bedzie przeprowadzone poza o$rodkiem w: nie dotyczy

8. Uzyte do procedur zwierzeta dzikie zostang odtowione przez .......... , W sposob: nie dotyczy

! Niewtasciwy zapis usunaé

*imie i nazwisko osoby, ktora zaplanowata i jest odpowiedzialna za przeprowadzenie doswiadczenia
* Wypetni¢ w przypadku dopuszczenia do postgpowania organizacji spotecznej.

* Niewfasciwy zapis usungé

5 Nie dtuzej niz 5 lat

© Podac jeéli jest to inny osrodek niz uzytkownik

S =
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9. Dos$wiadczenie nie zostanie’ poddane ocenie retrospektywnej.
§3

Uzasadnienie: Po dokonaniu oceny wniosku zgodnie z art. 47 ust. 1i 2 ustawy z dnia 15 stycznia
2015 r. o ochronie zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz.
266) Lokalna Komisja Etyczna w Olsztynie stwierdza, ze projekt nie budzi zastrzezen pod
wzgledem celowosci jego wykonania, liczby uzytych zwierzat oraz zasadnosci i klasyfikacji
procedur objetych wnioskiem i wyraza zgode na przeprowadzenie doswiadczenia. Osobg
odpowiedzialng za przeprowadzenie badar zgodnie z procedurami opisanymi we wniosku jest
Karolina Konstantynowicz-Nowicka.

§4
Integralng czesé niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1.

UNIWERSYTET WARMINSKO-MAZURSKI

w Olsztynie
LOKALNA KOMISJA ETYCZNA
do Spraw Dofwindczed na Zwierzgtach

(Piecsl ToRITHE] Komist Iety«:zr';at‘egj(i —

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1i 2 oraz 129 §2 ustawy z dnia z dnia 14
czerwca 1960 r. Kodeks postgpowania administracyjnego (Dz. U. 2017, poz. 1257 —t.j.; dalej KPA)
od uchwaly Lokalnej Komisji Etycznej strona moze wnies¢, za jej posrednictwem, odwotanie do
Krajowej Komisji Etycznej do Spraw Doswiadczen na Zwierzetach w terminie 14 od dnia dorgczenia
uchwaty.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwotania strona moze zrzec si¢
prawa do jego wniesienia, co nalezy uczynic¢ wobec Lokalnej Komisji Etycznej, ktora wydata
uchwate. Z dniem dorgczenia Lokalnej Komisji Etycznej oswiadczenia o zrzeczeniu sie prawa do
whniesienia odwotania przez ostatnig ze stron postepowania, decyzja staje sie ostateczna i
prawomocna.

Otrzymuje:

2) Organizacja spoteczna dopuszczona do udziatu w postepowaniu (jesli dotyczy)
3) a/a
Uzytkownik kopie przekazuje: Osoba planujgca doswiadczenie; Zespdt ds. dobrostanu.

7 Niewtasciwy zapis usungc
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