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2. Wykaz stosowanych skrotow i oznaczen

2-0G (ang. 2-oleoylglycerol) — 2-oleoiloglicerol

2-LG (ang. 2-linoleoylglycerol) — 2-linoleoiloglicerol

AA (ang. arachidonic acid) — kwas arachidonowy

AEA (ang. N-arachidonoylethanolamine) — N-arachidonoilo-etanoloamina

ASAH (ang. ceramidase) — ceramidaza

ASAHI (ang. acid ceramidase) — kwasna ceramidaza

ASAH2 (ang. neutral ceramidase) — oboje¢tna ceramidaza

ASAH3 (ang. alkaline ceramidase) — zasadowa ceramidaza

BCA (ang. bicinchoninic acid) — kwas bicynchoninowy

BM-MSC (ang. bone marrow mesenchymal stem cells) — mezenchymalne komorki macierzyste szpiku
kostnego

BSA (ang. bovine serum albumin) — surowicza albumina bydlgca

CBIR, 2 (ang. cannabinoid receptor 1, 2) — receptor kannabinoidowy 1, 2

CER (ang. ceramide) — ceramid

CerS2, 4, 6 (ang. ceramide synthase 2, 4, 6) — syntaza ceramidu 2, 4, 6

CoA (ang. coenzyme A) — koenzym A

COX-1, -2 (ang. cyclooxygenase-1, -2) — cyklooksygenaza 1, 2

CPT1 ( ang. carnitine palmitoyltransferase 1) — palmitoilotransferaza karnitynowa
DAG (ang. diacylglycerols) — diacyloglicerole

DGAT1, 2 (ang. diacyglycerol acyltransferase 1, 2) — acylotransferaza diacyloglicerolowa 1, 2
DNL (ang. de novo lipogenesis) — lipogeneza de novo

ECS (ang. endocannabinoid system) — uktad endokannabinoidowy

FA (ang. fatty acids) — kwasy thuszczowe

FAAH (ang. fatty acid amide hydrolase) — hydrolaza amidu kwasu ttuszczowego
FABPpm (ang. plasma membrane fatty acid binding protein) — blonowe biatko wigzgce kwasy
thuszczowe

FAT/CD36 (ang. fatty acid translocase) — translokaza kwasow thuszczowych

FATP2 (ang. fatty acid transport protein 2) — bialko transportujace kwasy thuszczowe 2
FBS (ang. fetal bovine serum) — ptodowa surowica bydleca |

FFA (ang. free fatty acids) — wolne kwasy ttuszczowe

G3P (ang. glycerol 3 phosphate) — glicerolo 3 fosforan

GAPDH (ang. glyceraldehyde 3-phosphate dehydrogenase) — dehydrogenaza aldehydu 3-
fosfoglicerynowego

GLC (ang. gas-liquid chromatography) — chromatografia gazowo-cieczowa
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GLUT4 (ang. glucose transporter 4) — transporter glukozy 4

GSK3p (ang. glycogen synthase 3f) — syntaza glikogenu 383

HFD (ang. high-fat diet) — dieta bogatotluszczowa

HPLC (ang. high-performance liquid chromatography) — wysokosprawna chromatografia cieczowa
HOMA-IR (ang. homeostasis model assessment of insulin resistance)

HRP (ang. horseradish peroxidase) — peroksydaza chrzanowa

HSL (ang. hormone sensitive lipase) — lipaza wrazliwa na hormony

IL-6 (ang. inteleukin-6) — interleukina 6

IR (ang. insulin resistance) — insulinoopornos¢

IRS (ang. insulin receptor substrate) — substrat receptora insulinowego

LCFA (ang. long chain fatty acids) — dtugotancuchowe kwasy tluszczowe

LOX (ang. lipoxygenase) — lipooksynegaza

LPL (ang. lipoprotein lipase) — lipaza lipoproteinowa

MAG (ang. monoacylglycerol) — monoacyloglicerol

MAGL (ang. monoacylglycerol lipase) — lipaza monoacyloglicerynowa

NAFLD (ang. non-alcoholic fatty liver disease) — niecalkoholowa stluszczeniowa choroba watroby
NASH (ang. non-alcoholic steatohepatitis) — niealkoholowe sthuszczeniowe zapalenie watroby
OEA (ang. Oleoylethanolamide) — oleoiloetanoloamina

PEA (ang. palmitoylethanolamide) — palmitoiloetanoloamina

PBS (ang. phosphate-buffered saline) — buforowana fosforanem sol fizjologiczna

PIP3 (ang. phosphatidylinositol-3,4,5-triphosphate) — fosfatydyloinozytolo-3,4,5-trifosforan
PI3K (ang. phosphatidylinositol-3-kinase) — kinaza 3-fosfatydyloinozytolu

PKB/Akt (ang. protein kinase B) — kinaza biatkowa B

PL (ang. phospholipids) — fosfolipidy

PLIN (ang. perlipin) — perlipina

PPARa, vy (ang. peroxisome proliferator-activated receptor) — receptor aktywowany przez
proliferatory peroksysoméw a, y

PUFA (ang. polyunsaturated fatty acids) — wielonienasycone kwasy thuszczowe

RIPA (ang. radioimmunoprecipitation assay buffer) — bufor radioimmunoprecypitacyjny
S1P (ang. sphingosine-1-phosphate) — sfingozyno-1-fosforan

SAI1P (ang. sphinganine-1-phosphate) — sfinganino-1-fosforan

SAT (ang. subcutaneous adipose tissue) — podskorna tkanka thuszczowa

SD (ang. standard deviation) — odchylenie standardowe

SFA (ang. sphinganine) — sfinganina

SFO (ang. sphingosine) — sfingozyna

SPHK (ang. sphingosine kinase) — kinaza sfingozyny
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SPHK1, 2 (ang. sphingosine kinase 1, 2) — kinaza sfingozyny 1, 2

SPT (ang. serine palmitoyltransferase) — palmitylotransferaza serynowa

SPTLCI, 2 (ang. serine palmitoyltransferase 1, 2) — palmitylotransferaza serynowa 1, 2

TAG (ang. triacylglycerols) — triacyloglicerole

TBST (ang. tris-buffered saline with Twween-20) — s6l fizjologiczna buforowana tris-em z Tween-20
TLC (ang. thin-layer chromatography) — cienkowarstwowa chromatografia cieczowa

TNF-a (ang. tumor necrosis factor o) — czynnik martwicy nowotworow o

TRP (ang. transient receptor potential channel) — receptor przejsciowego potencjatu

TRPV?2 (ang. transient receptor potential vanilloid type 2) — receptory waniloidowe przej$ciowego
potencjatu 2

VAT (ang. visceral adipose tissue) — trzewna tkanka thuszczowa

VLDL (ang. very low-density lipoprotein) — lipoproteina o bardzo niskiej gestosci
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3. Wstep

Szczegolowy opis problematyki badawczej zwiazanej z wplywem kannabidiolu na metabolizm
sfingolipidowy w obu typach tkanki thuszczowej u szczuréw z insulinoopornoscia wywolang dieta
bogatotluszczowa znajduje si¢ w nizej wymienionej publikacji wlaczonej do rozprawy:

Distinct Effects of Cannabidiol on Sphingolipid Metabolism in Subcutaneous and Visceral Adipose
Tissues Derived from High-Fat-Diet-Fed Male Wistar Rats. Int J. Mol. Sci. 2022, 23, 5382.
Berk, K. Konstantynowicz-Nowicka, K. Charytoniuk, T. Harasim-Symbor, E. Chabowski, A.

Otylo$¢ definiowana jest jako stan nadmiernej akumulacji lipidow w organizmie cztowieka,
wynikajaca z zachwiania réwnowagi pomiedzy ilo$cig pozyskiwanej 1 wydatkowanej energii.
W XXI wieku otylo$¢ oraz choroby wspétistniejace staly si¢ globalnym problemem zdrowotnym,
co wygenerowato potrzebe nowych i bezpieczniejszych interwencji terapeutycznych [1]. Jedna
z choréb wspotistniejacych jest insulinooporno$¢ (IR). Jest to stan uposledzonej odpowiedzi
biologicznej waznych narzadéw metabolicznych (watroby, mieéni szkieletowych, tkanki
thuszczowej) na dzialanie insuliny krazacej we krwi, co zaburza gospodarke weglowodanéw,
lipidéw 1 biatek [2,3]. Glownym rezerwuarem lipidow w organizmie (ok. 65-70%) jest tkanka
thuszczowa, ktora zostata podzielona ze wzgledu na anatomiczne umiejscowienie przede wszystkim
na podskorng (SAT) i trzewna (VAT) tkanke tluszczowa [4]. Depozyty te wykazuja znaczne roznice
morfologiczne, metaboliczne i funkcjonalne [5]. U zdrowych, szczuptych osob, SAT stanowi okoto
80% depozytow tluszczu oraz jest fizjologicznym ,,buforem dla energii” w okresach ograniczonego
wydatku energetycznego [6]. Ttuszcz zlokalizowany w jamie otrzewnowej zostat sklasyfikowany
jako tkankowy, krezkowy i zaotrzewnowy. Szczupte, zdrowe osoby nie maja duzych ilosci ttuszczu
trzewnego, ktory w duzej mierze nalezy do kategorii ,,thuszczu ekotopowego”. Tkanka thuszczowa
trzewna jest wysoce aktywna metabolicznie, stale uwalnia wolne kwasy tluszczowe (FFA) do
krazenia wrotnego stajac si¢ tym samym zrodtem lipidow dla innych tkanek. Otylo$¢ trzewna
wynikajaca z akumulacji lipidow w VAT przyczynia si¢ do rozwoju zespolu metabolicznego
charakteryzujacego si¢ cechami takimi jak hiperinsulinemia, ogolnoustrojowy stan zapalny,

dyslipidemia i miazdzyca tetnic [7].

3.1. Metabolizm lipidow i sfingolipidow w podskodrnej i trzewnej tkance thuszczowej

Tkanka tluszczowa dziata jako ,.centrum” bilansu energetycznego, ktore integruje wymagania
energetyczne  pozostatych  narzadow  wewnetrznych, takich jak  watroba, mig$nie
szkieletowe, migsien sercowy, trzustka oraz mozg [8]. W okresie dodatniego bilansu

energetycznego adipocyty akumulujag wolne kwasy tlhuszczowe gléwnie (90-99%) pod postacia
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triacylogliceroli (TAG) [9]. Kwasy tluszczowe moga pochodzi¢ z dwoch roznych zrodet tj.
z krazacych TAG 1/lub lipogenezy de novo (DNL) [10]. Krazace TAG sg pierwotnie syntezowane w
watrobie 1 pakowane do lipoprotein o bardzo matej gestosci (VLDL). Kiedy lipoproteiny
przemieszczaja si¢ do tkanki thuszczowej, TAG ulegaja hydrolizie do niezestryfikowanych kwasow
thuszczowych (NEFA) gtéwnie przez stymulowane insuling dzialanie lipazy lipoproteinowej (LPL)
w $rodbtonku naczyn tkanki thuszczowej [11]. Uwolnione NEFA przechodza przez blong
komoérkowsa adipocytéw na drodze biernej dyfuzji lub przy udziale bialek transportowych takich
jak: translokaza kwasow tluszczowych (FAT/CD36), biatka transportujace kwasy ttuszczowe (FATP
1 i 4), blonowe biatko wigzace kwasy tluszczowe (FABPpm) [12,13]. Jednoczasowo, insulina
stymuluje wychwyt glukozy przez adipocyty, co napgdza proces DNL. Kwasy tluszczowe zostaja
przeksztatlcone w TAG w procesie estryfikacji przy uzyciu glicero-3-fosforanu (G3P) — substratu
uzyskanego podczas glukoneogenezy [14]. Podskorna tkanka thuszczowa cechuje sie¢ wigkszym
wspotczynnikiem syntezy TAG przez co magazynuje ich wigcej niz tkanka thuszczowa wisceralna.
Wynika to z faktu obecnosci wigkszej ilosci receptoréw insulinowych, wigkszej aktywnosci LPL
1 mniejszej odpowiedzi lipolitycznej na katecholaminy w adipocytach podskornych depozytow
w porownaniu do komorek thuszczowych zlokalizowanych w okolicach narzadow wewnetrznych
[15,16]. W okresie zwigkszonego zapotrzebowania energetycznego tj. glodzenia i1 wysitku
fizycznego, adipocyty mobilizuja zmagazynowany thuszcz do zaspokojenia potrzeb energetycznych
innych narzadow poprzez lipolize, w ktorej kazda czasteczka TAG ulega hydrolizie do
diacylogliceroli (DAG) 1 monoacylogliceroli (MAG). Koncowymi produktami lipolizy sa trzy
czasteczki kwasow thuszczowych i jedna czasteczka glicerolu [9]. Uwolnione kwasy tluszczowe
moga ulec procesowi B-oksydacji w watrobie, mi¢sniach szkieletowych lub tkance tluszczowej, a
glicerol moze zosta¢ wykorzystany jako prekursor glukoneogenezy w watrobie [17]. W adipocytach
etapem ograniczajacym szybko$¢ B-oksydacji jest transport acyl-CoA do mitochondriow w
obecnosci, palmitoilotransferazy karnitynowej (CPT1). Zmniejszenia aktywnos$ci CPT-1, nadmiar
kwasow ttuszczowych 1/lub inne dysfunkcje mitochondridow skutkujg szkodliwym wplywem na
roznicowanie adipocytéw, metabolizm lipidow, wrazliwos¢ komoérek na insuling, zdolno$¢
oksydacyjna i proces termogenezy co w konsekwencji prowadzi do rozwoju choréb metabolicznych
[18]. Co wigcej, kwasy tluszczowe powstale w procesie hydrolizy TAG, moga by¢ réwniez
substratami do syntezy innych frakcji lipidowych m.in. sfingolipidow, ktére stanowig obligatoryjny
sktadnik wszystkich bton eukariotycznych [19]. Ceramid (CER) uwazany jest za centralny punkt
w procesach przemiany sfingolipidow obejmujacych szlak kataboliczny, anaboliczny i syntezy de
novo [20]. Gléwna drogg powstawania ceramidoéw jest szlak syntezy de novo, w ktorym zachodzi
kondensacja seryny i1 palmitoilo-CoA powstatego z potaczenia kwasu palmitynowego 1 koenzymu A

(CoA). W procesie tym, regulowanym przez aktywno$¢ enzymu palmitoilotransferazy serynowe;j
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(SPT) dochodzi do powstania 3-ketosfinganiny, ktora zostaje przeksztalcona do sfinganiny (SFA)
(reakcja katalizowana przez reduktaze 3-ketosfinganiny) [21]. Nastepnie, poprzez przylaczenie
reszty acetylowej do SFA powstaje dihydroceramid, ktory w procesie desaturacji zostaje
przeksztatcony do ceramidu. Kolejnym szlakiem syntezy ceramidu jest proces hydrolizy btonowe;j
sfingomieliny katalizowany przez oboj¢tng i zasadowa sfingomielinazg (N-SMase i Alk-Smase).
Dodatkowo, CER moze by¢ réwniez wytwarzany z rozpadu sfingozyny (SFO) poprzez dziatanie
syntazy ceramidu (CerS1-6) w tzw. szlaku ratunkowym, ktory odpowiada nawet za 90% catkowitej
biosyntezy sfingolipidéw [22]. Powstaly CER ulega degradacji przy udziale ceramidaz (ASAHI1,
ASAH2) w kierunku sfingozyny (SFO), ktéra moze powroci¢ na szlak sfingolipidowy lub ulec
reakcji fosforylacji katalizowanej przez kinazy sfingozyny (SPHKI1, SPHK2) do sfingozyno-1
fosforanu (S1P) [19] (Ryc. 1). Bioaktywne metabolity sfingolipidow, przede wszystkim ceramid
(CER) 1 sfingozyno-1-fosforan (S1P) reguluja wewnatrzkomorkowe szlaki sygnalizacyjne
1 metaboliczne w adipocytach oraz stanowig wazne mediatory w rozwoju patologicznych nastepstw

otytosci [23,24].
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Ryc. 1 Szlaki metabolizmu sfingolipidéw.
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3.2. Szlak insulinowy IRS1/PI3K/Akt w podskdrnej i trzewnej tkance thuszczowe;j

Wiadomym jest, ze wrazliwo$¢ adipocytow na insuling posrednio reguluje czynno$¢ watroby
1 mig$ni poprzez modulacje ogdlnoustrojowej homeostazy weglowodanowo-lipidowej [25]. Duza
pula lipidow w tkance tluszczowej spowodowana nadmiernym dokomorkowym naptywem
niezestryfikowanych kwasow tluszczowych (NEFA) prowokuje hipertrofi¢ adipocytow
1 hiperlipolityczny fenotyp oporno$ci na insuling zwigzany z dysfuncja wewnatrzkomoérkowego
szlaku IRS1/PI3K/Akt [26]. W biologicznym dzialaniu insuliny w tkance ttuszczowej posrednicza
btonowe, swoiste receptory insulinowe (IR) o aktywnos$ci kinazy tyrozynowej, ktore fosforyluja
reszty tyrozynowe biatek docelowych takich jak substraty receptora insuliny 1 i 2 (insulin receptor
substrate, IRS 1/2) oraz izoformy biatka Shc ktore sa gtéwnie zaangazowane w aktywacje kinazy
biatkowej aktywowanej mitogenem (MAP) 1 sa sprz¢zone z efektami mitogennymi [27].
Fosfotyrozynowe formy IRS1/2 aktywuja szlak sygnatowy 3-kinazy fosfatydyloinozytolu
(phosphoinositide 3-kinase, PI3K), co generuje metaboliczng odpowiedZz na hormon [28].
Fosfatydyloinozytolo-3,4,5-fosforan (PIP3) powstaly przez aktywacje PI3K, reguluje aktywacje
kinazy 1 zaleznej od fosfoinozytydu (PDKI1), ktora z kolei aktywuje biatkowg kinaz¢ B (protein
kinase B, PKB), zwang biatkiem Akt. Fosforylowana w serynie 473 forma Akt (pAkt Serd73),
itensyfikuje translokacje, zakotwiczenie i fuzj¢ w blonie komoérkowej adipocytow pecherzykow z
transporterem glukozy 4 (glucose transporter type 4, GLUT4) co nasila dokomérkowy transport
glukozy [29]. Co wigcej, pAkt hamuje fosforylacje kinazy glikogenu 3 (pGSK3p Ser9). GSK3
reguluje aktywno$¢ enzymatyczng syntazy glikogenu odpowiedzialnej za biosynteze glikogenu, jak
tez katalizuje fosforylacje¢ substratoéw zaangazowanych w syntezg¢ biatek, proliferacji i réznicowanie
komorek [30] (Ryc. 2). Ponadto, pAkt zmniejsza lipoliz¢ tkanki thuszczowej poprzez aktywacje
fosfodiesterazy 3B (PDE3B) obnizajac poziom 3',5'-cyklicznego adenozynomonodifosforanu
(cAMP) i1 hamujac aktywno$¢ kinazy biatkowej A (PKA), ktora fosforyluje dwa kluczowe enzymy
zaangazowane w proces hydrolizy TAG: lipaz¢ hormonowrazliwa (ang. Hormone Sensitive Lipase,
HSL) oraz perliping (PLIN) [15]. Insulina stymuluje réwniez magazynowanie lipidow
w adipocytach poprzez dwa skoordynowane procesy: lipogeneze poprzez aktywacje enzymow
lipogennych, takich jak karboksylaza acetylo-CoA [31] i1 liaza ATP-cytrynianowa [18] oraz
tworzenie szkieletu glicerydowego TAG z glukozy uzyskanej w procesie glikolizy [33].

Do aktywnych biologicznie lipidow, ktore wplywaja na aktywno$¢ enzymatyczng biatek
zaangazowanych w szlak przekaznictwa insulinowego nalezg DAG, CER i S1P. DAG pehnig rolg
wtornych przekaznikow regulujacych procesy proliferacji i roznicowania komorek. Ich nadmierna
akumulacja w adipocytach prowadzi do aktywacji poszczegolnych izoform kinazy biatkowej C

(PKC) co uposledza proces translokacji GLUT4 do btony komorkowej [26]. Zaobserwowano, ze
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u osob otytych oraz otylych z insulinoopornosciag istnieje dodatnia korelacja miedzy catkowita
zawarto$ciag DAG w podskornej tkance tluszczowej a HOMA-IR [34]. Wciaz jednak nie wiadomo,
w jaki sposob diacyloglicerole przyczyniaja si¢ do rozwoju insulinoopornosci tkanki thuszczowe;.
Zwickszona zawarto$¢ ceramidow w hepatocytach, migsniach szkieletowych i adipocytach osob
z otytoscig 1 insulinoopornoscig wynika z nadmiernej ilosci NEFA — substratow w procesie syntezy
ceramidow de novo [35-37]. Wykazano, ze koncentracja ceramidoéw w podskornej tkance
thuszczowej jest wyzsza u otytych pacjentek z T2DM w poréwnaniu z otylymi pacjentkami bez
insulinoopornos$ci [38]. Wiadomo, ze u myszy z otytoscig indukowang dietg bogatottuszczowa po
podaniu inhibitora enzymow szlaku syntezy de novo ceramidu, zahamowanie jego produkcji,
poprawia komorkowa wrazliwo$¢ na insuling w adipocytach [39]. Ceramid hamuje dziatanie szlaku
insulinowego gltownie poprzez interakcje z fosfatazg biatkowa 2A (PP2A) odpowiadajaca za
defosforylacje biatka Akt [34].Inhibicja szlaku sygnatowego Akt/PKB, prowadzi do zmniejszenia
translokacji GLUT4 do btony plazmatycznej co finalnie zmniejsza komorkowy wychwyt glukozy.
Zauwazono takze, ze akumulacja ceramidéw w tkance tluszczowej w otyloSci z towarzyszaca
insulinoopornos$cig zaburza dzialanie insuliny powodujac zmniejszenie hamowania lipazy
hormonowrazliwej (HSL) co skutkuje zwickszonym st¢zeniem FFA w osoczu [41].

Kolejng bioaktywna molekuta z grupy sfingolipidow, ktéra wpltywa na biatka ze szlaku
insulinowego jest S1P. Zwiazek ten dziata poprzez receptory S1PR1-5, ktore sg sprze¢zone
z biatkiem G. Aktywacja receptorow SI1PR moduluje proces adipogenezy, wzrost komorek,
apoptoze jak rowniez eskaluje rozwdj stanu zapalnego w tkance thuszczowej [42]. Zahamowanie osi
S1P/SphK1 w modelu zwierzgcym, promuje adipogenez¢ oraz wzrost ekspresji cytokin
przeciwzapalnych (IL-10 i adiponektyny), zmniejsza infiltracj¢ makrofagdéw tkanki tluszczowej
1 ekspresje cytokin prozapalnych (TNFa, IL-6) co zwigzane jest ze zwigkszeniem sygnalizacji
insulinowej w adipocytach i mig¢éniach szkieletowych oraz poprawa ogoélnoustrojowej wrazliwosci

na insuling i tolerancje glukozy [43].
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Ryc. 2 Interakcja sfingolipidow z insulinowym szlakiem przekaznictwa sygnalu. Czerwonym
kolorem oznaczono ktore elementy w insulinowym szlaku przekaZnictwa sygnalu sg zaburzone
przez sfingolipidy. Linia ciagla oznacza wplyw bezposredni natomiast przerywana posredni za
posrednictwem kilku innych biatek sygnatowych.

3.3. Rola endokannabinoidomu w modulowaniu gospodarki weglowodanowo-lipidowej

W ciggu ostatniej dekady endokannabinoidom (eCBome) wzbudzit duze =zainteresowanie
w kontek$cie choréb metabolicznych [44]. Jest to wewngtrzny system sygnalizacyjny
zaangazowany w wiele proceséw fizjologicznych, w tym funkcje kognitywne, proces
zapamigtywania, odczuwanie bolu, regulacje snu, termogeneze, modulacj¢ odpowiedzi
immunologicznej oraz kontrole gospodarki energetycznej [45]. Endokannabinoidom odgrywa
kluczowa rol¢ w fizjologicznej regulacji homeostazy organizmu, pobudzaniu faknienia, a takze
przesuwaniu bilansu energetycznego w kierunku magazynowania energii, poprzez dzialanie na
osrodkowy uklad nerwowy oraz na tkanki obwodowe takie jak adipocyty, hepatocyty, komorki
wysp trzustkowych, przewod pokarmowy i migsnie szkieletowe [46,47]. Konserwatywng czes$¢

endokannabinoidomu stanowi uklad endokannabinoidowy (ang. endocannabinoid System, ECS)
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obejmujagcy  receptory  kannabinoidowe CBIR 1 CB2R, ich lipidowe ligandy,
N-arachidonoilo-etanoloaming (AEA) i 2-arachidonoyl glicerolu (2-AG), a takze enzymy biorace
udzial w ich metabolizmie [48]. AEA 1 2-AG wytwarzane sg w mi¢dzy innymi w blonie komorek
neuronu postsynaptycznego z omega 6 wielonienasyconych kwaséw thuszczowych. W ich
biosyntezie bierze udziat fosfolipaza, a w inaktywacji tych zwiazkéw odpowiednio: hydrolaza
amidu kwasu tluszczowego (FAAH) i lipaza monoacyloglicerynowej (MAGL). Produktem
degradacji sg kwas arachidonowy (AA) i etanoloamina. AEA i1 2-AG dzialajg para- 1 autokrynnie
poprzez receptory CB1R i CB2R, ktore sa receptorami sprz¢zonymi z biatkiem G (ang. G protein
coupled receptors, GPCRs) [49]. CBIR jest najczestszym receptorem GPCR w o$rodkowym
ukladzie nerwowym ssakow [50]. Najwicksze zageszczenie CBIR wystepuje w strukturach
wechowych mozgu 1 hipokampie. Dodatkowo, CB1R jest obecny w korze zakretu obreczy oraz
korze czotowej 1 ruchowej. W jadrze migdalowatym, prazkowiu, glebokich jadrach moézdzku, pniu
moézgu, rdzeniu kregowym, migdzymodzgowiu i podwzgorzu, kumulacja CBIR jest stosunkowo
niska [51]. Poza tym, CBIR znajduje si¢ w adipocytach, mi¢$niach szkieletowych, nadnerczach,
trzustce, watrobie, komorkach przewodu pokarmowego 1 innych tkankach obwodowych [52].
Historycznie, CB2R uwazany byt za receptor obwodowy zlokalizowany glownie w komodrkach
odpornosciowych. Jednakze, na poczatku XXI wieku potwierdzono obecno$¢ CB2R w strukturach
moézgu, takich jak prazkowie, podwzgorze, kora mézgowa, hipokamp, ciato migdatowate i istota
czarna [53]. Niemniej jednak, CB2R wystepuje przede wszystkim na powierzchni makrofagow,
osteocytow, osteoklastow, komorek Kupffera i limfocytow B przez co odgrywa istotng role
w procesach zapalnych [44,45]. Poszerzenie koncepcji ukladu endokannabinoidowego do
endokannabinoidomu byto spowodowane odkryciem wielu innych mediatoréw pochodzacych
z kwasow thuszczowych, takich jak N-palmitoilo-, N-oleoilo-etanoloamina (PEA, OEA), 2-oleoilo-,
2-linoleoiloglicerol (2-OG, 2-LG), i eter 2-arachidonoilogliceryny (2-AGE, eter noladyny), ktore
dzialaja m.in na receptory sprzezone z biatkiem G takie jak GPRS5S5, receptory waniloidowe
przejsciowego potencjalu (TRPV) i receptory aktywowane przez proliferatory peroksysomow o i y
(PPARa 1 PPARY) [45,56]. Wiadomo, ze diety bogatotluszczowe (~40% energii pochodzace]
z tluszczu) niezaleznie od skladu poszczegdlnych kwasow tluszczowych moduluja
endokannabinoidom poprzez modulacj¢ ekspresji receptordw, poziomu endokannabinoidow oraz
powodowanie specyficznych w zaleznosci od rodzaju tkanki zmian w ekspresji enzyméw
anabolicznych 1 katabolicznych [57,58]. Wykazano, ze poziom krazacego 2-AG jest podwyzszony
u osob z otyloScig co koreluje z akumulacja trzewnej tkanki thuszczowej, ktora cechuje sig
zwigkszong ekspresja CB1R oraz obnizong ekspresja FAAH w poréwnaniu do tkanki thuszczowe;j
podskérnej [59]. Aktywacja receptora CB1 w tkance tluszczowej wykazuje wielokierunkowe

efekty. Jednym z nich jest udzialt w promowaniu réznicowania i dojrzewania adipocytéw czemu
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towarzyszy wzrost ekspresji receptorow PPAR-y [60]. W kontek§cie metabolizmu lipidowego,
eksperyment przeprowadzony na modelu mysim wykazal ze stymulacja CB1R aktywuje dziatanie
lipazy lipoproteinowej, ktora dostarcza egzogenne kwasy tluszczowe do syntezy triacylogliceroli
[61]. Z drugiej strony, zahamowanie aktywnosci cAMP za posrednictwem receptora CB1 zmniejsza
lipoliz¢ 1 stymuluje produkcje TAG [60]. Co wigcej, badania in vitro ujawnily, ze aktywacja CBIR
zwigksza zarowno podstawowy jak i stymulowany insuling wychwyt glukozy przez wyizolowane
komorki z trzewnej tkanki thuszczowej m.in. wptywajac bezposrednio na translokacje transportera
glukozy typu 4 (GLUT4) do blony komorkowej [62,63].Wszystko to w warunkach nadmiernej
aktywacji ECS prowadzi do dyslipidemii tj. wzrostu TAG i lipoprotein o matej gestosci (LDL)
w surowicy i odgrywa kluczowa rolg w rozwoju insulinoopornosci (IR) a w konsekwencji takze
1 zespotu metabolicznego [64]. Dlatego tez stale poszukuje si¢ substancji mogacych poprzez
interakcj¢ z eCBome leczy¢ choroby zwigzane 2z nadmierng akumulacja lipidow.
W ostatniej dekadzie, pojawity si¢ doniesienia literaturowe o wplywie fitokannabinoidow na
poszczegolne sktadniki endokannabinidomu [45] co zwigkszylo zainteresowanie potencjalnym

dzialaniem terapeutycznym tych zwigzkéw w leczeniu otytosci.

3.4. Rola kannabidiolu w regulacji metabolizmu weglowodanowo-lipidowego komérek
podskornej i trzewnej tkanki thuszczowej

Kannabidiol (CBD) jest organicznym zwigzkiem chemicznym z grupy fitokannabinoidow
pochodzacym z konopii siewnej (Cannabis sativa), pozbawionym potencjalu uzalezniajacego [65].
Farmakokinetyka CBD oraz obserwowane efekty zaleza od postaci i drogi podania. Podawany
doustnie jest metabolizowany przez szereg watrobowych izoenzymow cytochromu P450. Ze
wzgledu na swoj wysoce lipofilny charakter, moze gromadzi¢ si¢ w tkance tluszczowej, z ktorej
zostaje powoli uwalniany do krwioobiegu w dawce subterapeutycznej aby zosta¢ zmetabolizowany
przez uktad zoétciowy i nerkowy [66]. Kannabidiol (CBD) jest dobrze znany ze swoich wiasciwos$ci
przeciwpsychotycznych, przeciwlekowych, uspokajajacych, przeciwpadaczkowych
1 przeciwbdlowych [67,68]. Jest rowniez jednym z najlepiej poznanych fitokannabinoidow, ktory
moduluje homeostaze weglowodandéw 1 lipidow glownie poprzez interacj¢ z receptorami
endokannabinoidomu [69]. Szerokie spektrum dzialania CBD obejmuje receptory CB1 i CB2 oraz
GPR18, GPR55, GPR 119, SHT1A 1 TRPV2 [69]. W kontek$cie bezposredniego dzialania na
tkanke thuszczowa, Silvestri 1 wsp. wykazali, ze CBD w sposob zalezny od dawki 1 czasu zmniejsza
akumulacje wewnatrzkomoérkowych triacylogliceroli w adipocytach 3T3-L1 poddanych dziataniu
kwasu oleinowego [70]. Ponadto, badanie in vitro przeprowadzone roéwniez na adipocytach 3T3-L1
potwierdzito, ze CBD poprzez nasilenie procesu mitochondrialnego utleniania kwasow

thuszczowych oraz aktywacje szlaku beta adrenergicznego zmniejsza ilo$¢ lipidow
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magazynowanych w komoérkach thuszczowych [71]. W aspekcie gospodarki weglowodanowej
wykazano, ze syntetyczny analog CBD poprawia kontrole glikemii w mysim modelu cukrzycy typu
1, powodujac zmniejszenie stezenia glukozy 1 glukagonu oraz normalizujac poziom insuliny 1 profil
lipidowy w osoczu [72]. Co wigcej, wiadomo, ze CBD znacznie zmniejsza wystgpowanie i opdznia
poczatek jawnej cukrzycy u samic myszy szczepu NOD z cukrzyca o podiozu
autoimmunologicznym [73]. Dodatkowo, badanie in vitro wykazalo, ze CBD zapobiega
uposledzeniu szlaku insulinowego wywolanego palmitynianem w adipocytach pochodzacych
z mezenchymalnych komoérek macierzystych szpiku kostnego (BM-MSC) [74]. Biorac pod uwage
potencjalnie korzystne dziatanie CBD, moze on znalez¢ szerokie zastosowanie w leczeniu nie tylko

otyto$ci ale takze chordéb metabolicznych z nig zwigzanych.

4. Cele pracy

Rosngca w ciggu ostatnich dekad globalna epidemia otylosci oraz powigzanej z nig insulinopornosci
stanowi wielowymiarowy problem zdrowotny. Jednym z kluczowych mechanizméw
przyczyniajacych si¢ do rozwoju insulinoopornos$ci jest nadmierna podaz kwaséw ttuszczowych
w diecie. Gtéwnym magazynem lipidow w organizmie jest podskorna i trzewna tkanka ttuszczowa.
Wrazliwo$¢ na insuling obu tkankowych depozytow thuszczu reguluje posrednio ogdlnoustrojowsa
gospodarke  weglowodanowo-lipidowa. Zgromadzone w nadmiarze kwasy tluszczowe,
estryfikowane sg do zlozonych frakcji lipidowych m.in. sfingolipidéw. Do tej grupy zwiazkow
nalezg dwie gléwne bioaktywne czastki sygnatowe: ceramid (CER) i sfingozyno-1-fosforan (S1P).
Ich nadmierna wewnatrzkomérkowa akumulacja indukuje dysfunkcyjny fenotyp adipocytow
poprzez blokowanie szlaku przekaznictwa insulinowego oraz promowanie przewlektego stanu
zapalnego. Brak skutecznego leczenia otylosci i chordb wspdttowarzyszacych doprowadzit do
szczegblowych badan farmakologicznych 1 fizjologicznych nad organicznymi zwigzkami
chemicznymi z grupy fitokannabinoidow pochodzacych z konopii siewnej (Cannabis sativa).
Badania sugeruja, ze substancje te, moga stanowi¢ cenne narzedzie terapeutyczne
w  minimalizowaniu niepomyS$lnych skutkow insulinoopornosci w  kontek$cie chorob
metabolicznych. Dlatego tez, istotne wydato si¢ okreslenie czy kannabidiol, jeden z najlepiej
przebadanych fitokannabinoidéw, poprzez wptyw na metabolizm sfingolipidow wywola korzystny
wpltyw na insulinowrazliwo$¢ tkanki thuszczowej. Biorgc pod uwage rozng aktywnos$¢ metaboliczng
trzewnej 1 podskornej tkanki tluszczowej, dziatanie kannabidiolu na opisywane parametry zostalo
oznaczone w obu depozytach tkanki tluszczowej. Szczegdétowymi celami wykonanego projektu

byta ocena:
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1. Wptywu podazy kannabidiolu na akumulacj¢ wybranych frakcji sfingolipidowych tj. sfingozyny
(SFO), sfinganiny (SFA), ceramidu (CER), sfingozyno-1-fosforanu (S1P) i sfinganino-1-fosforanu
(SFA1P) w depozytach tkanki thluszczowej podskornej 1 trzewnej u szczuréw karmionych dietg

bogatotluszczowa.

2. Wplywu podazy kannabidiolu na ekspresje¢ biatlek enzymatycznych zaangazowanych
w sfingolipidowy szlak syntezy de novo ceramidu (SPTLCI1, SPTLC2), bialek wspolnych dla
szlaku ratunkowego 1 szlaku syntezy de novo (Cers2,4,5,6) oraz biatek enzymatycznych ze szlaku
katabolicznego ceramidu (ASAHI1,ASAH2, SPHKI, SPHK2) w obu depozytach tkanki

thuszczowe;.

3. Zmiany stopnia ekspresji biatek catkowitych i ich form fosforylowanych z insulinowego szlaku
przekaznictwa sygnatu pod wptywem dzialania kannabidiolu w depozytach tkanki tluszczowej

podskoérnej i trzewnej u szczuréw karmionych dietg bogatottuszczows.

5. Materialy i metody

Szczegolowy opis metodyki badan w zastosowanym modelu eksperymentalnym znajduje sie
w niZej wymienionej publikacji wlaczonej do rozprawy:

Distinct Effects of Cannabidiol on Sphingolipid Metabolism in Subcutaneous and Visceral Adipose
Tissues Derived from High-Fat-Diet-Fed Male Wistar Rats. Int J. Mol. Sci. 2022, 23, 5382.
Berk, K. Konstantynowicz-Nowicka, K. Charytoniuk, T. Harasim-Symbor, E. Chabowski, A.

5.1. Model zwierzecy

Zgode na wykonanie badan na zwierzetach uzyskano od Lokalnej Komisji Etycznej do spraw
doswiadczen na zwierzetach przy Uniwersytecie Warminsko-Mazurskim w Olsztynie (nr zgody
71/2018). Badanie zostato przeprowadzone na samcach szczurow szczepu Wistar, o poczatkowe;]
masie 70-100g, ktére byly przetrzymywane w pomieszczeniu o regulowanym cyklu dobowym (12h
dzien, 12h noc), temperaturze (23°C £ 2) i wilgotnosci powietrza 35-60% z nieograniczonym
dostepem do wody i standardowej diety dla gryzoni. Doswiadczenie zostato wykonane po tygodniu
aklimatyzacji. Zwierzgta podzielono losowo na 4 grupy eksperymentalne gdzie kazda z grup
sktadata si¢ z 10 osobnikow. Liczebnos¢ grupy zostata obliczona przy pomocy analiz
wykonywanych w serwisie internetowym (http://www.biomath.info, dostep 1 stycznia 2021 r.).

Wyodrebniono nastepujace grupy eksperymentalne:
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I) kontrolna karmiona standardowa pasza dla gryzoni (rozktad kcal = 62% weglowodanow, 16%
thuszczu 1 22% biatka, Labofeed B, Kcynia, Polska),

IT) badana z insulinoopornoscia indukowana poprzez podawanie diety bogatottuszczowej (HFD,
rozktad kcal = 20% weglowodanow, 59% tluszczu 1 21% biatka; Research Diets, New Brunswick,
NJ, USA) przez okres 7 tygodni, w ilo$ci odpowiadajacej dziennemu spozyciu kalorii zwierzat
otrzymujacych standardowg karme,

IIT) kontrolna otrzymujaca dootrzewnowo kannabidiol w stezeniu 10 mg/kg m.c. w objetosci
1 ml/kg,

IV) badana z insulinooporno$ciag indukowang dieta bogatottuszczowa (HFD) otrzymujaca

dootrzewnowo kannabidiol w stezeniu 10 mg/kg m.c. w objetosci 1 ml/kg.

Iniekcje dootrzewnowe syntetycznego CBD (THC Pharm GmbH, Frankfurt, Niemcy) byty
wykonywane raz dziennie o tej samej porze dnia przez okres 14 nastgpujacych po sobie dni (szosty
1 siodmy tydzien eksperymentu). Bezposrednio przed podaniem, CBD rozpuszczano w no$niku
sktadajacym si¢ z etanolu, Tweenu-80 1 0,9% NaCl w ilosciach odpowiednio 3:1:16. Na koniec
eksperymentu szczury poddano anestezji poprzez wziewne podanie izofluranu. Probki podskornej
1 trzewnej tkanki tluszczowej pobrane od us$pionych zwierzat, zostaly zamroZzone w temperaturze

ciekltego azotu (-196°C) i byly przechowywane do dalszej analizy w -80°C.

Szczegotowe analizy probek trzewnej 1 podskornej tkanki thuszczowej uzyskanych od zwierzat

eksperymentalnych objety badanie:

1. tkankowego stezenia sfinganiny (SFA), ceramidu (CER), sfingozyny (SFO),
sfingozyno-1-fosforanu (S1P) 1 sfinganino-1-fosforanu (SFA1P) metoda wysokosprawnej
chromatografii cieczowej (HPLC),

2. calkowitej ekspresji enzymow sfingolipidowego szlaku syntezy de novo: palmitoilotransferazy
serynowej 112 (SPTLC1, SPTLC2) metoda Western Blot

3. catkowitej ekspresji enzymow sfigolipidowego szlaku katabolicznego: kinazy 1 i 2 sfingozyny
(SPHK1 i SPHK2), kwasnej 1 obojetnej ceramidazy (ASAHI1, ASAH2) metodg Western Blot

4. calkowitej ekspresji enzymdéw zaangazowanych w sfingolipidowy szlak syntezy de novo jak
1 szlak ratunkowy: syntazy ceramidu 2, 4, 51 6 (CerS2, CerS4, CerS5 i1 CerS6) metoda Western Blot
5. catkowitej ekspresji biatek: kinazy biatkowej B (Akt) 1 kinazy syntazy glikogenu 3 (GSK3p)
z sygnalowego szlaku insulinowego oraz ich fosforylowanych form: fosfokinazy biatkowe; B

(pAkt (Serd73)) 1 fosfokinazy syntazy glikogenu 3 (pGSK3p (Ser9)) metoda Western Blot.
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5.2. Analiza ekspresji enzymow ze szlaku metabolizmu sfingolipidow oraz wybranych bialek

i ich fosforylowanych form ze szlaku sygnalizacyjnego insuliny metoda Western Blot

W celu okreslenia catkowitej ekspresji biatek ze szlaku sygnalizacji insuliny, ich fosforylowanych
form oraz enzymow szlaku sfingolipidowego tkanka tluszczowa trzewna 1 podskdrna zostata zalana
buforem lizujacym RIPA (bufor radioimmunoprecypitacyjny) z dodatkiem inhibitoréw proteaz i
fosfataz i poddana zostata homogenizacji r¢cznej przy uzyciu homogenizatora w temperaturze 4°C.
Stezenie biatka w supernatancie uzyskanym po odwirowaniu probek zostalo oznaczone metoda z
uzyciem kwasu bicynchoninowego (BCA) stosujac jako wzorzec albuming surowicy bydlecej
(BSA). W pierwszej kolejnosci, biatko zostato rozdzielone z zastosowaniem elektroforezy na 10%
zelu poliakrylamidowym Criterion TGX Stain-Free (BioRad, Hercules, CA, USA), w ktéorym po
ekspozycji na $wiatlo ultrafioletowe (UV) tryptofan obecny w probkach biatek utworzyt
fluorescencyjny produkt, ktory zostal poddany transferowi na btony nitrocelulozowe lub btony z
polifluorku winylidenu (PVDF). Nastepnie fluorescencyjne biatko catkowite obecne na btonie byto
oswietlane swiattem UV i ulegalo detekcji za pomoca urzadzenia do obrazowania charge-coupled
device (CCD). Nastepnie celem zablokowania wigzan niespecyficznych, blony poddano inkubacji w
buforze soli fizjologicznej buforowanej tris-em z Tween 20 (TBST) zawierajacym 5% odttuszczone
mleko w proszku lub BSA przez 90 min. w temperaturze pokojowej. Po tym czasie, blony zostaty
poddane dwunastogodzinnej inkubacji z odpowiednimi przeciwciatami I-rzedowymi. Nastepnego
dnia membrany, po 3-krotnym przeptukaniu buforem TBST, inkubowano przez godzing z
przeciwcialami Il-rzedowymi znakowanymi peroksydaza chrzanowa (HRP). Aby zobrazowaé
miejsce wigzania znakowanych przeciwcial na membranie, w ostatnim etapie bton¢ inkubowano z
chemiluminescencyjnym substratem (Clarity Western ECL Substrate, BioRad, Hercules, CA, USA).
Nastepnie, ekspresje bialek oznaczano densytometrycznie przy uzyciu systemu do wizualizacji
ChemiDoc (Image Laboratory Software Version 6.0.1; BioRad, Warszawa, Polska). Otrzymany
obraz badanego biatka i biatka catkowitego byt nakladany na siebie w systemie do wizualizacji
bton Imagelab w celu normalizacji ekspresji badanego biatka. Ekspresje biatek przedstawiono jako

procent zmian w stosunku do grupy kontrolnej w ktorej ekspresje ustalono jako 100%.

5.3. Analiza st¢zenia sfingolipidow trzewnej i podskornej tkance tluszczowej metoda HPLC

Proces homogenizacji i ekstrakcji sfingolipidow przeprowadzano w temperaturze 4°C za pomoca
wczesniej schlodzonych odczynnikéw w celu uniknigcia hydrolizy S1P. Ze wszystkich prob
pobrano 20-30 mg tkanki, ktora byta homogenizowana w lodzie w obecno$ci mieszaniny 25mM
HCl i IM NaCl. Nastepnie, do prob zostat dodany metanol (Merck) zakwaszony HCI oraz standard
wewnetrzny (10pmol C17-sfingozyny, Avanti Polar Lipids) po czym powtarzano homogenizacje.

W dalszej kolejnosci, probki byly sonifikowane przez Imin. w wodzie z lodem. Z uzyskanych
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probek wyekstrahowano lipidy poprzez dodanie 750ul chloroformu (Merck), 750ul 1M NaCl
(Merck) 1 75ul 3N NaOH (Sigma Aldrich). Po dokladnym wymieszaniu i odwirowaniu prébki,
gbérng faz¢ wodng zawierajagcg S1P przenoszono do nowych probdéwek. Kolejno, do warstwy dolne;j
(chloroformowej) dodawano 750ul mieszaniny metanol: 1M NaCl (1:1, v/v) oraz 39ul 3N NaOH w
celu wyekstrahowania pozostato$ci SIP. Po odwirowaniu faz¢ wodna dolaczono do uzyskanej
wczesniej 1 powtdrzono caty proces. Nastepnie, do warstwy chloroformowej, zawierajacej SFO i
SFA, dodano 1,2ml 0,15M roztworu KOH w metanolu (Merck) po czym poddano probki godzinne;j
inkubacji w temperaturze 37°C. Po tym czasie, dodano mieszaning 1,2ml chloroformu, 1,5ml wody
alkalicznej oraz 300ul 2N NH40OH (Merck). Po doktadnym wymieszaniu i odwirowaniu, warstwe
wodng usunig¢to a warstwa chloroformowa byta trzykrotnie przemywana wodg alkaliczna, po czym
przenoszono ja do nowej proboéwki. Do potaczonych faz wodnych zawierajacych S1P dodawano
390ul buforu reakcyjnego (200mM Tris-HCI, 75mM MgCI2x6H20, 2M gilcyna, Sigma) oraz 50 ul
fosfatazy alkalicznej (Fluka). Po doktadnym wymieszaniu na dnie probowki ostroznie umieszczano
600ul chloroformu. Po godzinnej inkubacji w temperaturze 37°C, chloroformowa warstwa
zawierajaca SFO byla nastepnie przenoszona do nowej proboéwki. Pozostalosci SFO byly
dwukrotnie ekstrahowane z warstwy wodnej przy pomocy 900ul CHCIls. Polaczone warstwy
chloroformowe trzykrotnie przemywano 1,5ml wody alkalicznej, po czym przenoszono je do nowe;j
proboéwki. Wszystkie probki byty nastepnie odparowywane pod strumieniem azotu, po czym
zalewano je 120ul etanolu absolutnego (POCH) i inkubowano 25min. w temperaturze 67°C. Po
ostygnieciu dodawano 15ul OPA-reagentu (10mg o-ftalaldehydu (Fluka), 200ul etanolu, 20ul 2-
merkaptoetanolu (Sigma) i 10ml 3% kwasu borowego (Merck) o pH 10,5 uzyskanym przez dodanie
KOH) a nastgpnie inkubowano proby przez 20min. w temperaturze pokojowej bez dostepu swiatta.
Zawarto$¢ uzyskanych w ten sposob o-ftalaldehydowych pochodnych sfingozyny i sfinganiny byta
nastepnie okreslana przy pomocy chromatografu cieczowego Varian ProStar wyposazonego w
kolumn¢ Varian OmniSpher 5 C18 (4,6mm x 150mm) oraz detektor fluorescencyjny. Analiza
ilosciowa zostala wykonana w oparciu o krzywe wzorcowe sporzadzone na bazie komercyjnie
dostepnych wzorcow sfingozyny, sfinganiny (Sigma) oraz sfingozyno-1-fosforanu (Avanti Polar
Lipids). Zawarto$¢ ceramidu okreslano w tym samym ekstrakcie chloroformowym, ktéry byt
uzywany do oznaczania poziomu SFO i SFA. 50ul chloroformu przenoszono do nowej probowki do
ktorej nastepnie dodawano standard wewnetrzny (40pmol ceramidu zawierajacego kwas
palmitynowy 1 C17-sfingozyne). Po odparowaniu pod strumieniem azotu dodawano 1,2ml 1M
KOH w 90% roztworze metanolu a nastgpnie inkubowano probki przez 1 godzing w temperaturze
90°C. SFO uwolniong w trakcie reakcji alkalicznej metanolizy ceramidu oznaczano pdzniej w

sposob identyczny z wyzej opisanym. Analiza ilo§ciowa zostata wykonana w oparciu o krzywa
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wzorcowg sporzadzong na bazie C18-ceramidu (Avanti Polar Lipids). Stezenie badanych frakcji

sfingolipidowych zostato wyrazone w nanomolach na miligram tkanki.

5.4. Analiza statystyczna

Uzyskane dane wyrazono jako wartosci Srednie + odchylenie standardowe (SD). Jednorodnos$¢
wariancji oraz normalnos$¢ rozkladu danych oceniono odpowiednio za pomocq testu Bartletta i testu
Shapiro-Wilka. Ocene statystyczng przeprowadzono za pomoca dwukierunkowej analizy ANOVA,
a nastepnie odpowiedniego testu post-hoc (tj. test t-Studenta dla par) przy uzyciu GraphPad Prism 8.2.1
(GraphPad Software, San Diego, CA, USA). R6znice uznano za istotne statystycznie przy p < 0,05.

6. Wyniki

Szczegolowy opis uzyskanych wynikéw znajduje sie w nizej wymienionej pracy wlaczonej do
rozprawy:

Distinct Effects of Cannabidiol on Sphingolipid Metabolism in Subcutaneous and Visceral Adipose
Tissues Derived from High-Fat-Diet-Fed Male Wistar Rats. Int J. Mol. Sci. 2022, 23, 5382.
Berk, K. Konstantynowicz-Nowicka, K. Charytoniuk, T. Harasim-Symbor, E. Chabowski, A.

W opisie wynikow wykorzystano odniesienia do figur zamieszczonych w wyzej wymienionej
publikacji.

6.1 Wplyw kannabidiolu na stezenie sfingolipidow

W podskornej tkance tluszczowej zauwazyliSmy znaczny wzrost SFO, SFA, S1P i ceramidu w
grupie HFD (+106,9%; +36,2%; +72,4%; +41,5%; p < 0,05; Figura 1A, B, C, Publikacja nr 2).
W grupie szczurdw, ktorym wstrzyknieto CBD, poziom SFO byt istotnie podwyzszony (+66,4%; p
< 0,05; ryc. 1A, Publikacja nr. 2) w poréwnaniu ze szczurami karmionymi standardowa dieta.
Po jednoczesnym podaniu HFD i CBD zaobserwowali$my znaczny wzrost pozioméw SFO i S1P
W porOwnaniu ze zwierzgtami z grupy kontrolnej (+47,0%, +35,8%; p < 0,05; Figura 1A, C,
Publikacja nr 2) oraz znaczny spadek zawarto$ci SFO, SFA i CER w poroOwnaniu ze szczurami
karmionymi HFD (odpowiednio -59,9%, -41,6%, -48,8%; p <0,05; Figura 1A, B, E, Publikacja nr
2).

W trzewnej tkance tluszczowej dieta bogatottuszczowa spowodowata znaczne obnizenie poziomu
SFO (-152,7%; p < 0,05; Figura 1A, Publikacja 2) i wyrazny wzrost SFA, S1P, SFA1P i CER
(+70,6%; +200,4%; +43,9%; +32,6%; p < 0,05; Figura 1B, C, D, E, Publikacja nr 2). W grupie
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szczurdw, ktorym wstrzykiwano CBD wykazano znaczny spadek pozioméw SFO i SFA
w porownaniu z grupa kontrolng (-100,4%; -43,4% p < 0,05, Figura 1A, B, Publikacja nr 2).
Jednoczesne podawanie diety bogatotluszczowej 1 CBD spowodowato obnizenie pozioméw SFO,
SFA, S1P i SFA1P w poréwnaniu z grupa kontrolng (-84,7%, -67,2%; -100,6%, -25,1%; p < 0,05;
Figura 1A, B, C, D, Publikacja nr 2). Ponadto, w tej grupie szczurdw wykazano znacznie obnizone
poziomy SFA, S1P, SFA1P i CER (-137,7%; -301,2%; -68,9%; -42,2%; p < 0,05; FiguralB, C, D,
E, Publikacja nr 2), za$§ poziom SFO zostal istotnie podwyzszony w poréwnaniu z grupg HFD

(+68%; p < 0,05; Figura 1A, Publikacja nr 2).

6.2. Wplyw kannabidiolu na ekspresje¢ bialek zaangazowanych w sfingolipidowy szlak syntezy
de novo ceramidu

Analiza Western Blot wykazata istotne zmiany w ekspresji bialek zaangazowanych w szlak
sfingolipidowy. W SAT ekspresja SPTLC1 byta znaczaco zmniejszona we wszystkich grupach
eksperymentalnych w poréwnaniu z grupa kontrolng (HFD: -32,2%; CBD: -65,4% ; HFD+CBD:
-76,6%; p <0,05; Figura 2A, Publikacja nr 2). W VAT zaobserwowaliSmy jedynie znaczny spadek
ekspresji SPTLC1 w grupie HFD + CBD w poréwnaniu z grupg szczuréw karmionych HFD (-30,
5%; p <0, 05; Figura 2A, Publikacja nr 2). Dodatkowo, dieta bogatottuszczowa spowodowata
wzrost ekspresji SPTLC2 zaréwno w podskornej (+203%), jak i trzewnej (+76,9%) tkance
thuszczowej w poréwnaniu z kontrola (p <0,05) (Figura 2B, Publikacja nr 2). Ponadto,
jednoczasowa podaz CBD 1 HFD spowodowala znaczny spadek ekspresji SPTLC2 w SAT (-
209,3%) 1 VAT (-72,5%) w porownaniu z grupg szczurOw karmionych wylacznie dietg
wysokottuszczowa (p < 0,05) (Figura 2B, Publikacja nr 2).

6.3. Wplyw kannabidiolu na ekspresje bialek zaangazowanych zarowno w sfingolipidowy

szlak ratunkowy jak i syntezy de novo ceramidu

Ekspresja biatkowa enzymu CerS2 byla znaczaco podwyzszona tylko w SAT w grupie szczurow
karmionych HFD w poréwnaniu ze szczurami karmionymi standardowa karma (+47,2%; p <0,05,
Figura 3A, Publikacja nr 2). W VAT ekspresja CerS2 byta zmniejszona w grupie HFD + CBD
w porownaniu ze szczurami karmionymi HFD (-27,9%, p <0,05, Figura 3A, Publikacja nr 2).
Z drugiej strony zauwazyliSmy znaczny wzrost ekspresji biatkowej enzymu CerS4 we wszystkich
grupach eksperymentalnych w porownaniu z kontrola (HFD: +139,5%; CBD: +135,5%;
HFD+CBD: 139,6%; p < 0,05; Figura 3B, Publikacja nr 2). W trzewnej tkance tluszczowe;j

wykazaliSmy znaczny wzrost ekspresji CerS4 w grupach HFD i HFD+CBD w poréwnaniu do
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grupy kontrolnej (+53,5% 1 +73,4%; p <0,05; Figura 3B, Publikacja nr 2). W przypadku CerS5
zauwazyliSmy, ze tylko bogatotluszczowa karma powodowata wyrazny wzrost ekspresji tego
biatka, co bylo widoczne w dwoch typach tkanki thuszczowej (VAT: +26,2%; SAT: +34,1%; p <
0,05%; Figura 3C, Publikacja nr 2). Co wigcej, w VAT wzrost ten zostal znacznie zmniejszony
przez podaz CBD w poréwnaniu do tego w grupie HFD (-27,4%, p <0,05; Figura 3C, Publikacja nr
2). Catkowita ekspresja CerS6 w SAT znacznie wzrosla w porownaniu z grupa kontrolng
w przypadku zwierzat karmionych bogatotluszczowg dieta 1 zwierzat karmionych dietg
standardowa, ktorym wstrzyknieto CBD (+78,3% 1 +72,5%; p < 0,05; Figura 3D, Publikacja nr 2).
Jednoczesne podawanie HFD i CBD spowodowato znaczny spadek ekspresji CerS6 w poréwnaniu
do szczuréw karmionych HFD (-84, 3%, p <0, 05; Figura 3D, Publikacja nr 2). Co ciekawe,
catkowita ekspresja CerS6 w VAT byla wyraznie podwyzszona tylko w grupie HFD+CBD
Ww porownaniu ze szczurami karmionymi standardowa lub wysokottuszczowa dieta (+55%, p <0,05

w porownaniu z grupa kontrolng; +63,4%, p < 0,05 vs. grupa HFD; Figura 3D, Publikacja nr 2).

6.4. Wplyw kannabidiolu na ekspresje¢ bialek zaangazowanych w sfingolipidowy szlak

kataboliczny

W tkance podskornej wzrost catkowitej ekspresji ASAH1 (+58,6%, p < 0,05; Figura 4A, Publikacja
nr 2) nastgpil w grupie szczuréw karmionych HFD w poréwnaniu ze szczurami karmionymi
standardowg karmg. Wzrost ten zostat istotnie obnizony po dwoch tygodniach iniekcji CBD (-63%,
p < 0,05; Figura 4A, Publikacja nr 2). Wyrazny wzrost ekspresji ASAH2 zostal zauwazony
u szczurow karmionych HFD, jak réwniez u zwierzat karmionych HFD ktérym podawano CBD, w
poréwnaniu z grupg kontrolng (+45,1% 1 +59%, p < 0,05; Figura 4B, Publikacja nr 2). W trzewnej
tkance thuszczowej zanotowano istotny wzrost ekspresji SPHK1 u szczuréw karmionych HFD 1 u
szczuréw karmionych dietg bogatottuszczowg ktérym podano CBD (+ 76, 9% 1+ 37, 5%, p <0, 05;
Figura 4C, Publikacja nr 2). Zaobserwowano takze, ze dwutygodniowe podawanie CBD szczurom
karmionym HFD spowodowato widoczny spadek ekspresji SPHK1 w poréwnaniu do grupy

zwierzat karmionej tylko HFD (-65,6%, p <0,05; Figura 4C, Publikacja nr 2).

6.5. Wplyw kannabidiolu na ekspresje¢ bialek ze szlaku sygnalowego insuliny

Analizujac ekspresje biatek zaangazowanych w insulinowy szlak sygnatowy, zauwazono
w podskornej tkance ttuszczowej znaczne zmniejszenie stosunku pGSK3B/GSK3 (-74, 3%, p <0,
05; Figura 5B, Publikacja nr 2) w grupie szczurdw karmionych HFD oraz istotny statystycznie
wzrost stosunku pGSK3p/ GSK3B w grupie leczonej CBD w poréwnaniu do grupy kontrolnej
(+121,9%, p < 0,05; Figura 5B, Publikacja nr 2). W trzewnej tkance tluszczowej sama
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bogatottuszczowa karma wyindukowata spadek wspotczynnika fosforylacji Akt (-48, 8%; p <0, 05;
Figura 5A, Publikacja nr 2) w poréwnaniu z grupa kontrolng. Jednak podczas podawania diety
bogatotluszczowej podawanie CBD spowodowato odwrotny skutek czyli podniesienie stosunku
pAkt/Akt w porownaniu z grupa kontrolng (+47,3%, p < 0,05; Figura 5A, Publikacja nr 2) i HFD
(+96,4 %, p < 0,05; Figura 5A, Publikacja nr 2). Podobnie, stwierdziliémy zmniejszony stosunek
pGSK3B/GSK3p u szczurow karmionych dieta bogatottuszczowa (35,5%, p < 0,05; Figura 5A,
Publikacja nr 2) w poréwnaniu do tego w grupie kontrolnej, a dodatkowo byl on znacznie

zwigkszony u szczuréw po dootrzewnowej iniekcji CBD.

7. Wnioski

Z przeprowadzonych badan wynika iz:

1. Podaz kannabidiolu zmniejsza zawarto$¢ sfinganiny i ceramidu w podskornej i trzewnej tkance
thuszczowej szczuréw z insulinoopornoscia indukowang dieta bogatottuszczows. Ponadto
kannabidiol w trzewnej tkance tluszczowej zmniejszyt rowniez akumulacje sfingozyno-1-fosforanu
1 sfinganino-1-fosforanu, za§ w podskornej tkance tluszczowej zmniejszeniu ulegta depozycja
sfingozyny.

2. Zastosowanie kannabidiolu w szczurzym modelu insulinooporno$ci zmniejsza ekspresj¢ biatek
enzymatycznych zaangazowanych w szlak syntezy de novo zar6wno w trzewnej jak 1 podskornej
tkance thuszczowej. Natomiast wykazuje r6zny efekt na pozostate szlaki metaboliczne
sfingolipidow. W trzewnej tkance tluszczowej kannabidiol zwigksza ekspresj¢ enzymow ze szlaku
katabolicznego a w podskérnych depozytach, kannabidiol zmniejsza ekspresje biatek
enzymatycznych uczestniczacych w tzw. szlaku ratunkowym. Wszystkie wyzej wymienione zmiany
w szlakach enzymatycznych sfingolipidow, finalnie prowadzg do obnizenia zawartosci ceramidu

w obu typach tkanki tluszczowe;j.

3. Zastosowanie kannabidiolu w szczurzym modelu insulinoopornosci powoduje uwrazliwienie na
insuling adipocytow trzewnej tkanki tluszczowej poprzez podwyzszenie wspdiczynnika ekspresji
pAkt (Serd73)/Akt i pGSK3B (Ser9)/GSK3p co koreluje ze zmniejszeniem zawarto$ci wiekszosci
wewnatrzkomorkowych frakceji sfingolipidowych czyli sfinganiny, ceramidu,
sfingozyno-1-fosforanu i sfinganino- 1 -fosforanu.

4. Zmniejszenie stopnia insulinoopornosci adipocytow wynikajace z podawania kanabidiolu jest
bardziej wyrazone w trzewnej tkance thuszczowej w porownaniu do tkanki ttuszczowej podskorne;j

1 stanowi asumpt do dalszych badan nad korzysciami terapeutycznymi kannabidiolu w leczeniu

insulinoopornosci.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most frequent chronic liver disease in
adults in developed countries, with a global prevalence as high as one billion. The pathogenesis of
NAFLD is a multifactorial and multi-step process. Nowadays, a growing body of research suggests
the considerable role of the endocannabinoid system (ECS) as a complex cell-signaling system in
NAFLD development. Although increased endocannabinoid tone in the liver highly contributes to
NAFLD development, the complex effects and impacts of plant-derived cannabinoids in the aspect of
NAFLD pathophysiology are yet not fully understood, and effective medications are still in demand.
In our review, we present the latest reports describing the role of ECS in NAFLD, focusing primarily
on two types of cannabinoid receptors. Moreover, we sum up the recent literature on the clinical
use of natural cannabinoids in NAFLD treatment. This review is useful for understanding the
importance of ECS in NAFLD development, and it also provides the basis for more extensive clinical
phytocannabinoids testing in patients suffering from NAFLD.

Keywords: endocannabinoid system; endocannabinoid receptors; NAFLD; phytocannabinoids;
manijuana; cannabidiol

1. Introduction

The term “non-alcoholic fatty liver disease” (NAFLD) involves simple fat accumu-
lation in the liver and may progress to steatohepatitis, fibrosis, cirrhosis, and, in some
cases, hepatocellular carcinoma (HCC) [1]. Over the past decade, the prevalence of NAFLD
(nearly 30% in the general adult population) is increasing worldwide with each passing
year due to sedentary lifestyles and the unlimited availability of fat- and calorie-rich diets
in modern western society [2]. The incidence of NAFLD increases with age, with a tendency
to occur in men before 50 years of age and women after 50 years of age [3]. NAFLD is
considered the most frequent liver disease in the world, the second most common cause of
liver transplantation, and a primary cause of the development of hepatocellular carcinoma.
Given these facts and the lack of effective treatment, NAFLD is a relevant problem for
all health systems. Unsurprisingly, the pathogenesis of NAFLD is associated with fat
deposition in the liver. Particularly, increased accumulation of triacylglycerols (TAG) is
characteristic of NAFLD development. Steatosis occurs as a result of the imbalance between
lipid storage (from accelerated free fatty acids (FFA) influx and de nove synthesis) and
hepatic lipid clearance (decreased oxidation of FFA in the liver and decreased synthesis of
low-density lipoproteins (VLDLs)). The complex and multifactorial process of NAFLD de-
velopment was explained initially by the “two hits” model. The “first hit” included hepatic
steatosis as a consequence of metabolic syndrome and excessive TAG deposition in hepato-
cytes. The “second hit” seemed to be necessary to develop non-alcoholic steatohepatitis
(NASH) from NAFLD. However, this model was too simple to fully describe the complex-
ity of NAFLD. In 2010, Tilg and Moschen proposed the “multiple hit” model, suggesting
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that different risk factors such as insulin resistance, adipocytes dysfunction, nutritional
factors, gut microbiota, and genetic and epigenetic factors act simultaneously on both in-
trahepatic and extrahepatic pathways, which finally leads to steatosis or inflammation [4].
The previous model assumed that NAFLD always precedes inflammation. According to the
“multiple hit” model, depending on which signaling pathways are activated by risk factors,
hepatic lipid overload or NASH development may occur [5]. Currently, there are only
a few specific pharmaceutical strategies available to treat NAFLD. However, none of them
is ideal. Many of the promising results from rodent studies on phytocannabinoids and
the endocannabinoid system (ECS) have fueled hopes of implementing novel therapeutic
approaches and targets in humans. In our review, we aim to discuss the latest reports
describing the changes in the ECS and its components on the development and progression
of NAFLD. Furthermore, we will summarize the clinical studies analyzing the effects of
natural cannabinoids in NAFLD treatment.

2. Endocannabinoid System (ECS)

The endocannabinoid system is described as a widespread cellular signaling machine
with an active physiological role in nearly all the organs and tissues. Initially, scientists
distinguished two types of cannabinoid receptors (CBRs) and their endogenous ligands
(anandamide, AEA, and 2-arachidonoyl glycerol, 2-AG) as well as two enzymes (fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)) responsible for ligand
metabolism. In the current literature, ECS has been expanded to an “-ome”; the concept of
the endocannabinoidome (eCBome) includes not only endogenic ligands (eCBs) but also
approximately 50 receptors and metabolic enzymes and more than 20 congeners of AEA
and 2-AG with important physiopathological activities [6].

One of the major substances that may affect ECS activity are phytocannabinoids—
chemicals found in Cannabis plants (marijuana). Despite the first reports of marijuana as
an appetite inducer and pain killer derived from ancient civilizations, medical interest in
marijuana usage in the context of ECS increased after isolation and characterization of
the Cannabis major psychoactive component A9-tetrahydrocannabinol (THC) in 1964 [7].
After nearly 30 years, the main endogenously produced cannabinoids, AEA and 2-AG,
were uncovered [7]. So far, their effects have been most widely studied in the central
nervous system, where they modulate cognition, memory, learning, or energy balance [8,9].
Due to considerable advances in biotechnology, ECS components were detected in periph-
eral organs, including the liver.

In the neurons, eCBs produced “on-demand” are the retrograde synaptic messengers
that, by preventing the development of excessive neuronal activity, play an important
regulatory role. AEA and 2-AG are also present in the liver at concentrations comparable
to the brain [10]; eCBs act as autocrine or paracrine agents through synthesis in a different
or the same cell type, expressing cannabinoid receptor type 1 (CB1R). There is no doubt
that AEA is synthesized from membrane phospholipid precursors, mainly by the sequen-
tial action of N-acyltransferase (NAT) and N-acyl-phosphatidylethanolamines-specific
phospholipase D (NAPE-PLD), whereas the synthesis of 2-AG is regulated by two diacyl-
glycerol lipases (DAGLa and B). The enzyme responsible for AEA degradation is FAAH,
while 2-AG is hydrolyzed by MAGL. It is worth noting that eCBs also have biological
features that extend beyond interaction with cannabinoid receptors. As an alternative path-
way, eCBs may be oxidized by cyclooxygenase-2 (COX-2), distinct lipoxygenases (LOXs),
or cytochromes P450 (CYPs) and therefore they may participate indirectly in inflammatory
mediation [11,12]. Cannabinoids regulate biological processes by binding with different
affinities to 7-transmembrane G protein-coupled-receptors, mainly cannabinoid receptors
(CBRs) type 1 and type 2. The CB1 receptor was originally described as the “brain type”
cannabinoid receptor because its levels of expression were high in the brain and central
nervous system (CNS) [13]. However, in recent studies, lower levels of CB1R expressions
were also found in peripheral nerves, the gastrointestinal tract, the cardiovascular sys-
tem, and reproductive systems as well as in other tissues [14]. CB2 receptors are largely
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restricted to immune and hematopoietic cells, although functionally relevant expression
has been found in specific regions of the brain and in the myocardium, the gastrointestinal
tract, or reproductive cells [15]. CBRs constitute a family of transmembrane proteins that
mediate many cellular processes. Stimulation of both CBIR and CB2R leads to activation of
Gi/o proteincoupled receptors that, through inhibition of adenylyl cyclase activity, lead to
a decrease in cAMP levels. They may also activate mitogen-activated kinases (MAPKs),
including extracellular signal-regulated kinases 1/2 (ERK1/2), p38 mitogen-activated pro-
tein kinases, and ¢-Jun N-terminal kinase (JNK), as well as the phosphoinositide 3-kinase
(PI3K)/ protein kinase B (Akt) pathway. Depending on the circumstances, the outcome of
CBR-mediated signaling could be the promotion of cell survival or cell death [16].

To date, we also know that several putative cannabinoid receptors mediate in the
metabolic actions of cannabinoids. These include non-CBIR and non-CB2R cannabinoid-
related orphan G protein-coupled receptors (GPCRs): GPR18, 55, and 119 [17-19].

Few investigations underlie the molecular mechanisms of GPCRs functions in the liver.
GPR55 has been deeply explored in adipocytes. However, the direct signaling pathways
of this receptor in hepatocytes have been unknown until recently. Studies on mice imply
that GPR55 helps to sustain and /or reinforce insulin action in the liver cells [20]. Moreover,
GPR55 might interact with CB2 in immune cells [21]. Considering this, researchers assumed
that crosstalk between GPR55 and CB2 signaling may appear in tissues where both CB2 and
GPR55 are co-expressed, including the liver, which may have an impact on hepatic glucose
metabolism [22]. In the case of GPR119, it was presented that this receptor inhibited hepatic
lipid accumulation by stimulating the phosphorylation of AMPK and consequently reduced
the expression of transcription factors and enzymes involved in lipogenesis [23]. In contrast
to GPR55 and 119, GPR18 is engaged in obesity-mediated inflammation, but there is a lack
of evidence of its direct effects on hepatocytes [24].

Despite many inaccuracies in the understanding of the exact mechanisms of GPCR
action, recent advances in research concerning pharmacological manipulation of these
receptors assume that GPR18, 55, and 119 may be promising therapeutic targets for the
prevention and treatment of metabolic disorders, including NAFLD [25,26].

CBIR and CB2R occur in high abundance in the central nervous system but have also
been identified in human liver tissue. The major cannabinoid receptor present in hepato-
cytes, hepatic sinusoidal cells, or stellate cells is CBIR [27]. Currently, special attention has
been paid to the CB1R isoform b (CB1Rb), which is absent in the brain and prominently
expressed in hepatocytes and in pancreatic B-cells [28]. Generally, CB2R is widespread
among cells of the immune system and is responsible for the immunomodulatory effects of
cannabinoids and endocannabinoids [29]. Considering it in the liver, CB2R was identified
mainly in Kupffer cells and stellate cells, and it is up regulated during pathology, especially
occurring with inflammation such as NASH. However, the expression of this receptor
in healthy hepatocytes is weak [30]. Although CBRs were believed to be functional only
at plasma membranes, it is currently known that they are also expressed in intracellular
organelle, e.g., mitochondria, where their role is not fully understood [31]. Experimental
Wistar rats showed that expression of hepatic CBRs has a rhythmic daily pattern, with a
higher expression of cannabinoid receptors during the light period [32]. What is more,
plasma endocannabinoid concentrations also show a circadian rhythm, which could cause
different CBR activation depending on the time of day [33].

Interestingly, the molecular basis of diurnal changes in cannabinoid receptors may
be impacted by functional interactions with other receptor systems, such as orexin and
other receptors [34]. For further consideration, it should be mentioned that both CBRs
are species-dependent, which explains the discrepancy between their pharmacological
effects in mice, rats, and humans. Therefore, their effects in one species cannot be directly
extrapolated to others [35].
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3. Cannabinoid System in Non-Alcoholic Fatty Liver Disease (NAFLD) Development
and Progression—The Role of CBIR and CB2R and PPARs

By virtue of low CBR expression in the healthy liver, the endocannabinoid system in
this tissue was considered to be non-meaningful. Nonetheless, various studies conducted
on animal models and samples from the human liver revealed changes in CBR expression
in many liver pathologies, prompting ECS to be recognized as a causative factor of this
organ'’s dysfunction [36].

The action of ECS, by inducing lipogenesis and inhibiting lipolysis in peripheral
tissues as well as increasing appetite by anandamide and 2-arachidonoylglycerol, pro-
motes fat accumulation that is the main feature of NAFLD occurrence [37-39]. Therefore,
ECS overactivation accompanies metabolic pathologies such as obesity or hepatic steatosis.
As shown in a rat model, the first changes in the endocannabinoid system that repre-
sent a higher risk of NAFLD development may already occur in prenatal life. Maternal
high-fat diet feeding during the perinatal phase induced sex-specific long-term changes
in the liver ECS components (i.e., increased protein expression of CBIR and CB2R) of
the adult offspring [40]. The upregulation of hepatic CB1R in liver steatosis and fibrosis
was repeatedly confirmed by human, animal, and in vitro studies [41,42]. What is more,
the inhibition of CBIR eliminated these abnormalities, which is the ultimate proof for the
significant participation of CBIR in the development of the above-mentioned disease [43].
CBIR affects lipid metabolism in the liver in many different ways. The activation of hepatic
CBIR stimulated de novo lipogenesis through induction of the lipogenic transcription
factor SREBP1c and its targets [41]. What is more, CBIR is also linked with stearoyl-CoA
desaturase-1 (SCD1) activity. According to Liu et al,, high fat diet induced (HFD) hepatic
steatosis and insulin resistance development occurred bidirectionally. HFD upregulated
SCD1 activity and, as a result, increased the production of monounsaturated fatty acids
(MUFA), which inhibited FAAH activity and increased hepatic AEA levels. Moreover,
increased endogenous levels of MUFA activated CBIR, which promoted de novo lipogen-
esis through induction of lipogenic gene expression including SCD1, creating a positive
feedback loop [44]. Additionally, CBIR also regulates fatty acid oxidation. CBl —/—
mice had higher basal CPT1 mRNA levels than wild-type mice, and treatment with CB1R
antagonist decreased the CPT1 activity [45]. Interestingly, the inhibition of CBIR dimin-
ished hepatic fatty acid uptake by the regulation of FAT/CD36 expression [46]. Otherwise,
recent studies conducted on mice demonstrated a novel molecular mechanism of CBIR
action—downregulation of perlipin 2 (PLIN2) by CB1R knockout leads to suppression of
lipogenesis and TAG synthesis [47]. These findings prompt further research exploring phar-
macologic modulation of the CB1-PLIN2 axis, which might represent a novel therapeutic
approach for NAFLD treatment.

The role of CB1R has also been described in insulin resistance (IR), which is one
of the most common metabolic abnormalities associated with NAFLD. Considering the
epidemiological data, nearly 70-80% of individuals with obesity or type 2 diabetes mellitus
(T2DM) suffer from simple steatosis [1,48]. As one of the “multiple hits”, IR plays a crucial
role in the establishment of lipotoxicity, oxidative stress, and inflammation development
in the liver [49]. Consequently, in patients suffering from NAFLD, genetic, extracellular,
and intracellular factors disturb insulin signaling pathways, contributing to maintenance
and worsening the inappropriate response of cells to insulin [50]. It still remains an
open question of whether insulin resistance is the cause or consequence of hepatocytes
lipid overload [49].

As shown by O’Hara et al,, CB1R activation in the central nervous system is sufficient
for the induction of insulin resistance in the liver [51]. However, several studies showed
that treatment with non-brain penetrant CBIR antagonists favoring the peripheral CBIR
action improved glycemic control, body weight, and metabolic profile in obese patients.
Undoubtedly, CBIR is involved in the modulation of basal insulin secretion and glucose-
stimulated insulin secretion from B pancreatic cells [52]. Furthermore, CB1R-mediated
increase in glycogenolysis and /or gluconeogenesis resulted in the increased hepatic glucose
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production that is revealed in primary hepatocytes [53]. Moreover, CB1R overexpression
interrupted insulin signaling and clearance, leading to insulin resistance development in
mouse livers [54]. Because changes in CBIR expression interfere with the insulin transmis-
sion pathway, they may also indirectly contribute to liver steatosis. Scientists suspect that,
in obesity, CB2R may also magnify fatty liver progressionby inducing adipose tissue inflam-
mation and insulin resistance development in peripheral tissues [55]. Studies conducted on
diet-induced obesity (DIO) mice showed that knocking out the Cnr2 gene encoding CB2R
declined hepatic steatosis and improved peripheral insulin sensitivity [38].

Studies on CB2R focus on its immune-modulatory character, but this receptor may
also be involved in diet-induced metabolic changes [56]. However, the exact CB2R role
in NAFLD and metabolic disorder development is unclear because literature data in this
context are contradictory [55]. The changes in CB2R-dependent pathways significantly
contribute to the development of insulin resistance and NAFLD but with a different mech-
anism of action than the CBIR [57]. Because of the peripheral localization (immune system,
bones, lungs, gastrointestinal tract, testicles) of CB2R, its action in the central nervous
system is less pronounced than CB1R [58,59]. As shown in in vitro experiment on HepG2
cells, CB2R directly modulated lipid metabolism by targeting genes involved in lipid
synthesis and by elevating the expression of CBIR [42]. What is more, the genetic inac-
tivation of CB2R reduced the steatosis and liver triacylglycerol concentration caused by
high-fat diet in mice [57]. Interestingly, tissue fractionation in this study revealed that,
during obesity development, the elevated expression of the Cnr2 gene was derived mainly
from the non-parenchymal liver cells, while the expression of this gene in hepatocytes
was inappreciable [57]. However, research on human liver biopsies uncover the CB2R
expression on hepatocytes in NAFLD patients but not in the healthy liver [60]. Therefore,
whether Cnr2 gene expression or CB2R expression is present in healthy hepatocytes re-
mains an open question. There is no doubt, however, that the expression of CB2R varies in
a state of impaired lipid metabolism in humans. Currently, it is known that CB2R mRNA
level correlates positively with key hepatic lipogenic enzyme gene expression from fatty
acid de novo synthesis pathway, namely Acetyl-coenzyme A carboxylase 1 (ACC1) in
the liver-derived from an obese woman [61]. These data showed that activation of CB2R
caused lipotoxicity and took part in NAFLD progression. However, this research did not
answer the question of whether CB2R modulated lipid uptake and fatty acid transport. In-
terestingly, increased CB2R mRNA is linked with the elevation of hepatic pro-inflammatory
molecules (IL6, TNFa, resistin) as well as anti-inflammatory adiponectin, suggesting a dual
role of CB2R in liver pathologies [61].

In addition to reversible hepatic steatosis, CBRs are also involved in the further
mechanism of NAFLD deterioration such as innate immune activation, inflammation,
cell death, or fibrosis leading to progressive liver damage [19]. Most studies used CBRs
agonists/antagonists to interrogate the important role of these receptor isoforms in liver
failure [62]. In the case of CBIR, it was reported that antagonism of this receptor diminished
hematopoietic stem cell (HSC) activation and proinflammatory cytokine production in
mice with HFD-induced NAFLD [63,64]. Additionally, in a rodent study, it was noted
that inhibition of CB1R reduced hepatic fibrosis through decreased TGF-8 production or
collagen deposition in cirrhotic livers [64]. However, by CB2R occurrence in immune cells,
its role in the inflammation was more widely discussed. Antifibrogenic CB2R properties
in the human liver were first presented by Boris Julien et al. [65]. Studies conducted by
Guillot et al. on cultured Th17 lymphocytes revealed that activation of CB2R reduced
profibrogenic cytokine, namely interleukin 17 production (IL-17), but not antifibrogenic
interleukin 22. Moreover, in macrophages and hepatic myofibroblasts, which also express
CB2R, activation of this receptor reduced the proinflammatory response. Knowing that
progression of NAFLD is connected with various events, the antifibrogenic properties of
CB2R result from not only antiproliferative and antiapoptotic effects on myofibroblasts
and inhibited Kupffer cell proinflammatory response but also on inhibition of IL-17 release
that induces immune and fibrogenic effects in the liver [66]. In line with this conclusion are

36



J. Clin. Med. 2021, 10,393

6 of 21

studies where chronic CB2R stimulation with selective agonist contributed to the regression
of liver fibrosis. Observed changes were associated with diminished liver inflammation
and collagen deposition, and consequently reduced fibrosis [67].

In recent years, it has been suggested that non-cannabinoid receptors such as per-
oxisome proliferator-activated receptors (PPARs) are also part of the endocannabinoid
system [68]. These nuclear factors have three isotypes (PPAR«, PPARB/6, PPARY), and they
are characterized by different tissue distribution patterns and ligand specificities, which high-
light their distinct functions [69]. In general, PPARs are crucial in the genetic regulation
of the complex pathways of mammalian metabolism, including lipid and glucose home-
ostasis, inflammation, and cell proliferation [70]. Preclinical as well as clinical studies have
demonstrated that PPARs play a key role in regulating adipogenesis and inhibiting liver
fibrosis and, through them, NAFLD development [19].

Since 2002, evidence has existed that endocannabinoids, endocannabinoid-like com-
pounds, phytocannabinoids, and synthetic cannabinoid ligands bind to and activate
PPARSs [68]. The mechanisms of PPAR activation by individual phytocannabinoids have
been summarized by O'Sullivan et al., who revealed that THC and CBD activate PPAR y
and do not activate PPAR« [69]. Importantly, there are still many cannabinoids whose activ-
ity regarding PPARs is not clear. What is more, it is still unknown why some cannabinoids
exert the same physiological effects, one through the PPAR action and the other through a
different receptor, although both have the same ability to activate PPARs. It appears that
there are still many unestablished factors that could influence the interactions between
cannabinoids and PPARs [69].

4. Phytocannabinoids

The Cannabis sativa plant is rich in a broad spectrum of phytochemicals including
cannabinoids, terpenoids, sterols, and flavonoids. Phytocannabinoids (natural cannabi-
noids contained in the Cannabis plant) are considered to be the most active ingredients of
marijuana that may be found in the human body of all the above mentioned. Most of the
phytocannabinoids are found in female Cannabis inflorescence [70].

Among many phytocannabinoids found in Cannabis, the most studied agents are A9-
tetrahydrocannabinol (THC), cannabidiol (CBD), and tetrahydrocannabivarin (THCV) [71].

There are plenty of Cannabis sativa varieties (cultivars) existing, and each one has
an individual combination of bicactive compounds. In this case, especially important is
the proportion of THC:CBD:THCV, which is the cause of the unique and different phar-
macodynamic and medicinal properties of various Cannabis extracts [72]. Cannabis also
contains a large number of acidic precursors of the aforementioned molecules, respec-
tively: A9-tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA), and tetrahy-
drocannabivarinic acid (THCVA). These compounds may reveal interesting therapeutic
properties, such as attenuation of body weight gain and amelioration of glucose-insulin
homeostasis in a mouse model of HFD-induced obesity after administration of THCA [73].
However, the current knowledge in the field of phytocannabinoid acids is limited and
requires further examination [74]. Therefore, the effect of medicinal Cannabis should be
considered as the “entourage effect” of cannabis as a whole [70]. When analyzing the effects
of the individual phytocannabinoids presented in our review, their complex pharmacology
should be considered. The different effects on the response of several phytocannabinoids
studied in vive are possibly related to the competition and displacement of endogenous
cannabinoids, with the different centers (orthosteric and allosteric) and with the biased
signalling of cannabinoid target receptors [72]. Additionally, phytocannabinoids interact
with each other. For instance, CBD has the ability to antagonize THC effects by CBR1 and
non-CB1 receptor mechanisms of action. However, CBD may also potentiate some THC
effects in an additive or synergistic fashion [75].

Promising research results regarding clinical application of cannabinoids in many
morbidities and increasing acceptance of the clinical use of marijuana and its derivatives
has led the pharmaceutical industry to research new compounds based on Cannabis [76].

37



J. Clin. Med. 2021, 10,393

7 of21

This was accompanied by a growing awareness of the role of the endocannabinoid system

in our body. Currently, THC and CBD are the two major active compounds of Cannabis.

Table 1 provides a summary of the main opposing characteristics of these substances that
account for the differential effects exerted on the human body.

Table 1. Comparison of selected features of tetrahydrocannabinol (THC) versus cannabidiol (CBD).

Feature THC CBD Reference
Interaction with

- (negative allosteric

receptors: + (partial agonist) . o
a) CBIR - (weak antagonist) L i gl
b) CB2R erse agonis
Psychoactive effect Yes No [80]
Appetite stimulation Yes No [80]
Cardiovascular
stimulation (inducing
tachycardia and L AL (501
hypertension)
Anticonvulsant effect Yes No [80]
Anorexia asodat%d with
Therapeutic gl los n Al patlens Lennox-Gastaut
AT Nausea and vomiting
indications appr:)ved Aok bl with anhcander syndrome [81-84]
by the FDA chemotherapy Dravet syndrome
Multiple sclerosis spasticity
Nabilone (trade name
Cesamet) synthetic THC
analog aviable as oral capsule
A AT
Rk Drona!)mol (trade mtme Epidiolex =
TR Marinol)}—synthetic pharmaceutical [82-84]
pma ket formulation of the main THC formulation of CBD -
constituent enantiomer found as an oral solution
in Cannabis: [(—)-trans-A9-
tetrahydrocannabinol] as an
oily resin in capsules
Combination drugs Nabiximol (trade name Sativex)—oral spray
available on US < standardized in composition, formulation, and dose, [85]
pharmaceutical market  delivering of 2.7 mg THC and 2.5 mg CBD per dose.
! FDA, Food and Drug Administration; > US, United States; > AIDS, Acquired I deficiency Synd

5. Effects of Prolonged Cannabis Use in the Context of NAFLD and its Comorbidities

Progressive legalization of marijuana across the world allowed researchers to observe
its interesting properties in encouraging or counteracting many metabolic and psychiatric
diseases. Although Cannabis use is generally considered an unhealthy, addictive habit,
there is growing strong evidence that it can be protective against the development of
metabolic disturbances leading to hepatic steatosis and its progression.

This is a particularly interesting fact because dysregulation of the endocannabinoid
system is undoubtedly one of the most important factors in the development of NAFLD.
Moreover, Cannabis use is expected to increase over the coming years as a new therapeutic
agent for many disorders.

On the other hand, it is well documented that chronic cannabis use (CCU) has been as-
sociated with metabolic disturbances ascertained as detrimental factors leading to NAFLD
development. Firstly, CCU is undoubtedly linked with increased appetite and calorie
overconsumption [86,87]. What is more, this appetite dysregulation is augmented by
a higher intake of highly-palpable, unhealthy foods that are rich in refined sugar and
fat [88-90]. On the other hand, a multitude of studies analyzing the metabolic effects of
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CCU observed plenty of beneficial effects that could counteract the development of NAFLD.
It has been shown that prolonged Cannabis use is linked with decreased prevalence of
insulin resistance [91,92] and hyperlipidemia and metabolic syndrome [93,94], as well as
decreased frequency of diabetes mellitus occurrence [89]. In the aspect of CCU and obesity,
an overwhelming majority of studies have shown a decreased prevalence of obesity among
marijuana users. However, one study showed increased visceral adiposity in Cannabis
smokers, but this study considered only 30 cannabis smokers [95-97]. Mounting evidence
indicates that current or past marijuana use is associated with a lower risk of NAFLD de-
velopment, regardless of the presence of metabolic risk factors [95,98-100]. At first glance,
this association is contradictory to the role of ECS in NAFLD development. Although it is
clearly proven that increased endocannabinoid tone in liver and brain relates to obesity and
metabolic syndrome and contributes to the development of NAFLD, the complex effects
and impact of phytocannabinoids in relation to NAFLD pathophysiology are not yet fully
clear (Figure 1).

Chronic cannabis use (CCU)

Figure 1. The opposite metabolic effects of chronic Cannabis use (CCU).

One of the possible mechanisms responsible for the positive influence of Cannabis use
on the prevalence of NAFLD and other metabolic diseases may include the antagonistic
action of CBD and THCV on CB1R [101,102]. Additionally, CBD has been described as
acting as a negative allosteric modulator of CBIR in HEK 293A and in STHdhQ7/ Q7 cells,
two model systems that highly express CBIR [90]. Antagonism of CBIR improves the
insulin sensitivity of hepatocytes [45], decreases intrahepatic triglyceride synthesis [41],
and decreases secretion of very-low-density lipoprotein (VLDL) [27]. Diminished IR may
contribute to improved hepatic steatosis, hepatomegaly, and metabolic syndrome by restor-
ing the optimal hepatic glucose metabolism and decreasing liver fat accumulation [49].

Moreover, the anti-inflammatory effects of phytocannabinoids should be emphasized,
as they can inhibit secretion of pro-inflammatory cytokines (TNF-a, [L-6) and adipokines
(leptin) and lead to the upregulation of inflammatory mediators such as cell transcription
factor (NF-kB) [63]. Excessive inflammatory response plays a robust role in NAFLD
development and progression to NASH [103]. CBD has been shown to alleviate liver
inflammation induced by a high fat-cholesterol (HFC) diet in mice by inhibition of NF-kB
and can likewise restrain NLRP3 inflammasome activation, which both lead to a reduction
in inflammatory response [104-106]. Another possible mechanism that is involved in
the beneficial properties of Cannabis is development of tolerance and down-regulation
of CBIR from repetitive THC use. THC should theoretically induce or worsen NAFLD
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by its agonistic role regarding CB1R. However, it has been proven that repetitive use of
THC may result in decreased CBIR density, which may contribute to a dose-dependent
inverse relationship between marijuana use and NAFLD occurrence [78,93,107]. Finally,
the most important factor is that Cannabis is a source of not only THC, CBD, and THCV
but also various other phytocannabinoids such as cannabidivarin (CBDV), cannabigerol

(CBG), cannabigerovarian (CBGV), cannabigerolic acid (CBGA), and cannabinol (CBN).

The therapeutic potential of these compounds remains largely unexplored. Thus, there is a
need for further research directed at establishing whether phytocannabinoids are indeed ‘a
neglected pharmacological treasure trove’ [78,108]. Perhaps, without knowledge about the
exactamount and the strain of cannabis used by study participants, it will not be possible to
clearly assess which of the phytocannabinoids contained in marijuana are responsible for
the beneficial or harmful effects related to the pathogenesis of NAFLD (Table 2). Therefore,
more research is needed to evaluate which of the phytocannabinoid and non-cannabinoid
receptors are responsible for those positive effects related to prolonged marijuana use and
NAFLD occurrence [98,109].

Table 2. Clinical studies analyzing the effects of Cannabis use on Non-alcoholic fatty liver disease (NAFLD) progression and

development.

Main Outcome Research Model Participants Method Reference
Presence of NAFLD
Population-based 5,950,391 Cannabis users from 8 g
R the HCUP-NIS 7 database. d’ag::f:n";“"“g (110]
22,366 adult participants of
USNHANES® and
NHANES Il surveys.
Healthy adults (>20 years)
with no history of excessive Hepatic steatosis
alcohol abuse, viral hepatitis examination:
| prevalence of NAFLD  Cross-sectional study or pregnancy. Serum alanine [97]
Age, gender, and aminotransferase (ALT)
ethnicity-adjusted analysis. Liver ultrasonography
Current and past users of
Cannabis compared to
non-users, independent of
metabolic risk factors
60 patients of JH-BPRU? in "
Nodifference in Baltimore and CRC-NIH 10~ Abdominal and
3 = g intrahepatic fat content
intrahepatic fat content i in Bethesda
3 Cross-sectional, X were assesed by MRI and
and OGTT". trol stud Cannabis smokers (n = 30) MRS 4 ’ [82]
T % of abdominal Ao sy and control subjects (n =30) . W
N Insulin-sensitivity was
visceral fat matched for age, sex, .
ethnicity, and BMI iy evaluated with OGTT.
8478 adult participants of :m‘ﬁs\fe(;;:?:g}l; .
| prevalence of ; NHANES survey. 0 : y
& Cross-sectional study = biochemical markers, BP [81]
metabolic syndrome Current and past 14 :
e and waist
Cannabis users .
circumference
A Prevalence of insulin
| fasting insulin levels e oy et resistance by HOMA-IR 3
| prevalence of IR ! Cross-sectional study 4 calculation. [78]

| waist circumference

Current and past
Cannabis users

Assesment of waist
circumference.
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Table 2. Cont.
Main Outcome Research Model Participants Method Reference
52,375 participants of
12 13
DESARc ”jrs‘d l\tIlCS-l} Prevalence of obesity
| prevalence of obesity Cross-sectional study Lt Al b e ly examined by [80]
representative samples. BMI calculation
Current and past 3
Cannabis users
838 HIV-HCV ' coinfected
patients,
= ) adjusted for BMI, h-azardous NAFID  oniabe
ospective cohort alcohol consumption and e
|} prevalence of NAFLD e using liver [99]
study current or lifetime use of ey
lamivudine/zidovudine. BIapY.
Current and past
Cannabis users
703 HIV-HCV coinfected . "
patients Prevalence of insulin
| prevalence of IR Follow-up study resistance by [79]
pcect o post HOMA-IR calculation.
Cannabis users
| prevalence of
- NAFLD| overnme- 390 patients ‘wﬂh dlagn(-)sed NAFLD and NASH
increment of steatosis non-affective psychosis. S 5
Follow-up study examination using [86]
score Current and past clinical FLI 6
Nodifference in Cannabis users e paihe
fibrosis score
10,896 adult participants of Prevalence of T2DM
2 %
Ik pfevalence f’f T2DM Croe tional study NHANES III survey. defined based on 176]
in Cannabis users Current and past self-report or abnormal
Cannabis users glycaemic parameters
5,973,595 participants of 9
No increase in studies mc‘l:ni«::}l? § patients Prevalence and
FEEItes oo Meta-analysis NAFLD/HCV/HCV-HIy ~ Progression of hepatic [100]
progression of conhechie fibrosis among
hepatic fibrosis Cannabis users

Current and past
Cannabis users

'IR, Insulin resistance; 2 T2DM, Diabetes mellitus type 2; > OGTT, Oral glucose tolerance test; * MRS, Magnetic resonance spectroscopy; >

HOMA-IR, Homeostatic model

t for insulin

e;® FLI, Fatty liver index; 7 HCUP-NIS, Healthcare Cost and Utilization

Project-National Inpatients Sample database; 5 NHANES, The National Health and Nutrition Examination Survey; 9 JH-BPRU, Johns Hop-
kins Behavioral Pharmacololgy Research Unit in Baltimore; ' CRC-NIH in Bethesda-Clinical Research Center, The National Institute of

Health Center in Bethesda; !

BMI, Body Mass Index;

!2 NESARC, National Epidemiologic Survey on Alcohol and Related Conditions; *

NCS-R, National Comorbidity Survey Repliation; 14 BP, Blood Pressure; !> HIV/HCV, Human Immunodeficiency Virus/Hepatitis C Virus;

|, decrease; T, increase.

6. THC and NAFLD

A9-tetrahydrocannabinol (THC) is the main active compound of Cannabis sativa and
is responsible for its psychoactive effect. THC acts as a partial agonist at CBIR and CB2R
and as an agonist of the transient receptor potential channel of the vanilloid 2 subtype
(TRPV-2) [79]. THC is useful in the treatment of many diseases associated with a lack of
appetite such as chemotherapy-induced nausea, AIDS, and anorexia nervosa due to its
antivomitic and orexigenic effect. It is also used in the treatment of non-cachexic diseases
such as chronic pain, neuropathic pain, spasticity due to multiple sclerosis, and other
neurological disorders [80,86,111,112].

In some of the medical conditions listed above, the orexigenic properties of THC
are extremely useful. Conversely, in individuals suffering from obesity and metabolic
syndrome, the action of THC will be highly undesirable because, acting as a CBIR agonist
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in the central nervous system, THC increases the qualitative ratings of hunger, leading to
calorie overconsumption [113,114]. THC exacerbates endocannabinoid tone in the liver
not only by direct agonism at CB1R/CB2R, but also by increasing total AEA and 2-AG
levels in hepatocytes by competing with them in binding to fatty acid binding protein-1
(FABP-1), making eCBs less available for enzymatic degradation and hydrolysis [115].
In the light of the cited studies, it is highly probable that THC promotes development
of NAFLD, although there is a lack of studies focusing strictly on THC. Considering the
impact of marijuana on the liver and the pro-steatotic effects of THC as a constituent of
Cannabis, it may be suspected that protective properties are exerted by factors other than the
THC phytocannabinoids present in Cannabis. Given the cumulative impact of marijuana,
the alleged adverse, pro-steatotic effects of THC as a constituent of Cannabis are apparently
offset by other phytocannabinoids [116].

7. CBD and NAFLD

The second abundant component of Cannabis extracts, CBD, functions as a non-
competitive negative allosteric modulator of CB1R and an inverse antagonist of CB2R [77,101].
CBD is also an inverse agonist for the orphan G-protein coupled receptors 3, 6, 12, 18, and
55 (GPR3, GPR6, GPR12, GPR 18, and GPR55) [79,117].

Despite crossing the blood-brain barrier (BBB), CBD does not cause psychoactive
effects (distinct like CB1R agonists such as THC); consequently, it lacks abuse potential.
Additionally, though its agonistic influence on CBIR, CBD does not cause depressive effects
characteristic of rimonabant, a withdrawn antiobesity drug, acting as an inverse antagonist
of CB1R [75]. CBD, due to its easy availability on the market (there are plenty of unverified
formulations sold as dietary supplements), is widely advertised as a potentially supportive
factor in the treatment of various diseases, although its properties in suggested indications
are often questionable, except for the control of refractory seizures [118]. Cannabidiol gen-
erally exerts no serious side effects, but if any of these appear, the ones most often reported
are gastrointestinal problems or somnolence [119,120]. It seems that the only particular
concern about acute high dosing of CBD is the risk of hepatotoxicity and drug interac-
tions. These effects were clearly demonstrated in a mouse model where CBD induced
hepatotoxicity in doses that were scaled for mouse equivalent doses from the maximum
recommended human CBD dose in EPIDIOLEX® (20 mg/kg) [121]. In fact, the clinical
characteristic of EPIDIOLEX® (a drug containing an oral solution of CBD) confirms mild
risk of hepatic enzymes elevation, especially in patients with coexisting moderate to severe
hepatic impairment and /or were being treated in combination with hepatotoxic drugs [84].
However, in in vivo studies on murine models of NAFLD, CBD havs shown an anti-
oxidative, anti-inflammatory, and hepatoprotective effect [122-124]. Studies conducted by
Silvestri et al. have shown its substantial antisteatotic effectiveness, as CBD was able to
directly dose and time dependently reduce a ccumulated intracellular lipid levels [125].
In the cited study, a human hepatosteatotic model was established using liver Human
Hepatocyte Line 5 (HHL-5) cells, where steatosis was induced by incubation with oleic
acid. What is more, the observed effects were independent of CB1 or TRPV1 receptor
activation but were probably caused by post-translational modification of various proteins:
extracellular signal-regulated kinases 1/2 (ERK1/2), the cAMP-response element binding
protein (CREB), the proline-rich Akt substrate of 40 kDa (PRAS40), AMP-activated protein
kinase alpha2 (AMPKa2), and the signal transducer and activator of transcription proteins
(STATSs), which are the key factors controlling hepatic lipid metabolism [125].

Th antisteatotic effect of CBD in the liver has also been confirmed by an in vivo model
of ob/ ob mice, where CBD administration at a dose of 3 mg/kg for 4 weeks substantially
reduced liver TAG content [125].

High anti-inflammatory efficiency of CBD was confirmed in high-fat /high-cholesterol
(HFC) fed mice, where CBD alleviated liver inflammation through decreased inflamma-
tion pathway protein expression, namely NF-kB, p65, and NLRP3 inflammasome [105].
Another study confirmed that CBD can reduce the extent of liver inflammation, oxida-
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tive/nitrative stress, and cell death triggered by the ischemia/reperfusion mechanism.
CBD suppressed the acute inflammatory response by the inhibition of Kupffer cells and liver
sinusoidal endothelial cell activation (ICAM-1), which led to decreased pro-inflammatory
cytokines (TNF-«) and chemokine (CCL3, CXCL2) expression, and likewise diminished
the delayed inflammatory cell infiltration [126]. To sum up (Table 3), numerous studies
pronounced that CBD treatment may give dual benefits in dealing with NAFLD, not only
by decreasing hepatosteatosis but also by relieving associated inflammation, which would
protect from NAFLD progression and complications in which excessive inflammation plays
a crucial role [127]. Additionally, it has been proposed that targeting NF-xB and NLRP3
inflammasome pathways in macrophages, with the use of CBD, might be a novel treatment
method for the fibrotic complication, NASH [110].

Table 3. Studies analyzing the in vitro and in vivo effects of CBD in NAFLD and related diseases.

Research Model Dose of CBD Reference

Main Outcome

Reduced TAG levels in HHL5 ! cells,

HHLS5 cell culture

10 uM of CBD for 3 days

independently of CB1R or TRPVIR action Sty 5
Reduced TAG content of larvae yolk sacs ngm;;zt‘“a; n:)bbr/y(())]: ::ilarvae 5 ;I;‘l o/ka Bf([))rf::\?e::;’ . (125]
Reduced liver TAG ® content in ob/ob mice BaS
CBD alleviated lipid accumulation and
steatohepatitis induced by HRC 5 diet (| of Male C57BL /6] mice fed with
serum ALT and TAG concentration, | of HFC diet and normal diet 5 mg/kg of CBD for 8 weeks [92]
hepatic TAG content in group treated with as control
HFC+CBD versus HFC-only)
CBD attenuated markers of I/R-induced
hepatic injury: ALT ¢, AST7, Male C57BL /6] mice
proinflammatory chemokine, cytokine, and CB2 —/— mice .
adhesion molecule expression, NF-xB * exposed for e s e (12
activation, cell necrosis and inflammatory hepatic I/R 3
cell infiltration.
Dose-dependent decrease in rats Male Wistar rats 2.5 and 511;\%;g/day for [124]

weight gain

! HHL5, Human hepatocyte line 5; 2 Zebrafish, Danio rerio; * I/R, ischemia/rq:zrﬁxsi(:n; 4 NF-kB, nudear factor kappa-lig ht-chain-enhancer
of activated B cells; > HFC diet, high-fat cholesterol diet; © ALT, alanine transaminase; 7 AST, aspartate transaminase, 5 TAG, triacylglycerols;

1, decrease.

Despite the very promising results of in vitro and in vivo animal studies, clinical stud-
ies have not confirmed any spectacular properties of CBD in relation to NAFLD treatment.

Important data about the possible positive influence of CBD comes from the com-
pleted phase II of a clinical study that evaluated the effects of GWP42003 (which is an
acronym of CBD, a title given by GW Pharma—the company responsible for the study) on
liver fat accumulation and other metabolic parameters in patients with fatty liver disease,
compared to a placebo group. Participants self-administered CBD orally, in a daily dose of
200/400/800 mg (depending on the group) for 8 weeks. At the end of the investigation,
liver triacylglycerol levels measured by MRI scan did not differ significantly. Moreover,
mean total serum cholesterol concentration and total serum triacylglycerol were not signifi-
cantly decreased, and there was no change in the ratio of HDL-C to LDL-C. During the
trial, serious adverse effects were not disclosed, and the main reported mild adverse effects
were diarrhea, dyspepsia, and nausea [128].

Another pilot clinical study determined the efficacy and safety of CBD alone, or in
combination with THCV in patients with type 2 diabetes. Patients were divided into five
groups that administered, respectively, 100 mg of CBD, 100 mg of CBD combined with5 mg
of THCV, 5 mg of CBD and 5 mg THCV, only 5 mg THCV, or only placebo. After 13 weeks
of treatment, in the groups treated with CBD alone or in combination with THCV, the liver
triacylglycerol accumulation measured by MRI scan did not differ significantly. There was
also no significant difference in mean total serum triglyceride or cholesterol concentration.
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However, in a group of subjects treated with 100 mg of CBD or 5 mg CBD + 5 mg THCV,
mild deterioration occurred, as participants significantly gained in subcutaneous and
internal fat [129] (Table 4). These cases demonstrate that studies on cell /animal models do
notalways predict direct clinical effects and pharmacology in humans, which underlies the
need for clinical testing compounds in vivo before stating a conclusion on their suitability

for a given purpose [75].

Table 4. Clinical studies analyzing the effects of CBD on liver fat accumulation.

Participants and

Main Outcome  Research Model CBD Dose Method Reference
T 1
Nosignificant  Randomized,  62subjectswith M1/ MRS
e doubleblind,  T2DM treated SN !0 examine
visceral : the liver fat
N R g i placebo- with 200 mg ’
adiposity or liver : content at the [126]
controlled, CBD daily or S
TAG assessed by parallel group placebo for 13 beginning and at
MRI/MRS after ilol d ool end of treatment
treatment. plotsucy kb visit
Mean liver TAG Randomized, 25 participants MRI/MRS !
levels did not partially blind, with NAFLD scan to examine
significantly (p > placebo- treated with the liver fat
0.05) differ controlled, 200/400/800 mg content at the [125]
between the dose-ranging of CBD daily or  baseline and at
CBD and phase 2 clinical placebo for 8 end of treatment
placebo groups. study weeks visit
Mean %ofliver ~ ondOmiZed, 45 dicpants  MRI/MRS’
i double blind, 4 :
fat did not b with T2DM scan to examine
change E trolled treated with 100 the liver fat 105
significantly (p > le\l T) 7 mg CBD daily or content at the (105]
0.05) after p;:;a ; gl:O.uPi placebo for 13 baseline and at
treatment. P s:m(ciymca weeks end of treatment

T MRI/MRS, Magnetic Resonance Imaging/Magnetic Resonance Spectroscopy.

The possible reason for the lack of a decent therapeutic effect in clinical studies may
be the low dose of CBD. The doses used in the cited clinical studies ranged from 100 to
800 mg/day, which, in the case of a 70 kg individual, will equal 1.4 to 11.4 mg/kg/day.
Moreover, plasma concentrations were not measured in any study, thus it is not clear
how much administered CBD reached the bloodstream. Rodent studies typically used
2.5 to 10 mg/kg/day, and most of the metabolic positive effects were seen at higher
doses [130,131]. However, the question should be asked whether increasing the dose of
CBD to one that caused a metabolic effect in mice will not cause unacceptable side effects,
which would affect inpatient’s low compliance.

Finally, it is worth noting that the mechanism of CBD activity observed in some of the
cited studies may be not associated with the direct effects on CB receptors, but through in-
verse agonism for non-CB1R and non-CB2R cannabinoid-related orphan G protein-coupled
receptors (GPCRs), GPR3 and GPR12, or by agonism of GPR55. [117,132] All of these recep-
tors are expressed in the liver and despite the fact that their exact function in hepatic lipid
metabolism is currently not fully known, it is worth mentioning. For instance, GPR3 or
GPR12 knock-out mice displayed increased adiposity and liver fat accumulation [117].
Studies on GPR55 have an ambiguous character. In an experiment conducted by Lipina
etal, GPR55 knock-out mice developed obesity, and it displayed a reduction in insulin
signaling capacity [20]. On the other hand, in some research, no tendency to increased
adiposity was seen in GPR55 knock-out mice compared to wild type mice [133,134]. Devel-
opment of agents affecting these orphan receptors may be an approach that could provide
new therapeutic possibilities [117].
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8. THCV and NAFLD

Tetrahydrocannabivarin (THCV), after CBD, is known as a non-psychoactive analog
of THC presented in Cannabis. It has interesting pharmacodynamic properties in humans,
as it can acton cannabinoid receptors in a dose-dependent manner. In low doses, itacts as
a neutral antagonist of CBIR and a partial agonist of CB2R, while in high doses it acts as
a CBIR/CB2R agonist. Moreover, THCV is also acting on GPR55 and transient receptor
potential channels (TRP), but the effects of THCV on this type of receptors are relatively
less well documented [75,80,130]. In the presence of other cannabinoids, THCV acts as
a competitive antagonist of CBIR. It can reverse many of the effects mediated by THC
in vivo, as it was shown to antagonize CBIR and CB2R mediated effects in mice models in
the presence of THC or anandamide [78,102]. Furthermore, THCV was shown to diminish
the THC-mediated tachycardia and psychogenic effects in humans, which confirms its
antagonistic potential on CBIR. At the same time, it does not cause the depressive effects
associated with central CB1R antagonism [135].

There are in vivo studies (Table 5) that have shown that THCV can be a promising
agent in preventing the development of NAFLD and its complications. In research us-
ing obese mice, THCV showed many positive properties in the context of counteracting
NAFLD. Therapy with THCV improved glucose-insulin metabolism, reduced body weight,
decreased appetite, and, most importantly, reduced hepatic lipid accumulation [136]. Sup-
porting this data are studies conducted on human hepatocytes, where THCV was effective
in reducing intracellular triacylglycerol levels [125]. The molecular mechanism of THCV
action that contributes to its therapeutic effect remains unknown. However, in vitro studies
proposed that beneficial effects of THCV were due to antagonism of CB1R, mainly in the
liver and adipose tissue, while other reports claimed that THCV acted directly on hepato-
cytes, without impact on any known receptor [125]. In human hepatocytes, THCV low-
ered intracellular lipid levels and stimulated lipolysis through activation of AMPK2a,
STATs, and ERK1/2, which are the key transcription factors regulating the cellular energy
metabolism [125]. The above mentioned positive properties of THCV have led to the
commencement of several clinical studies in which the effect of this compound on improv-
ing metabolic parameters in diabetic patients was examined [129]. Some improvements
in glycemic parameters have been observed in the group administering 5 mg of THCV
through 13 weeks versus placebo—a decrease in fasting glucose levels and amelioration
in insulin B cell function measured by HOMA2 index [129]. However, none of the cited
clinical studies (Table 6) showed a significant improvement in liver lipid accumulation.
The lack of ameliorating effects in the liver triglyceride accumulation may be a consequence
of low THCV dose (5 mg) [129]. Perhaps the application of a higher dose could bring some
significant effects in lipid metabolism improvement, bearing in mind the fact that doses
that effectively reduced liver steatosis in rats were significantly higher (12.5 mg/kg) [136].
It is worth emphasizing that the use of higher doses of THCV in humans did not cause
any notable side effects [135]. What is more, a study with healthy humans demonstrated
that oral administration of 10 mg THCV can positively modulate brain neuronal regions
that are associated with appetite dysregulation and obesity development. Thus, it could be
suspected that THCV may be an anti-obesity medication [137]. Undoubtedly, more research
is needed (perhaps using higher doses) to determine whether THCV can find a place in
NAFLD therapy.
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Table5. In vitro and rat in vivo studies analyzing the effects of THCV in NAFLD and its comorbidities

development.

Main Outcome

Research Model

Dose of THCV Reference

Reduction of body
mass, an increase of
energy expenditure,

improvement of
glucose tolerance,
and amelioration of
insulin resistance. No
significant effect on
liver TAG content.
Increase of energy
expenditure,
significant reduction
of liver TAG content.

-DIO ! mice
-ob/ob mice

12.5mg/kg of THCV
for 30 days

12.5 mg/kg of THCV
for 30 days

[129]

Reduced TAG levels
in HHLS5 cells,
independently of
CB1R or
TRPV1R action.
Reduced TAG content
of larvae yolk sacs

-HHLS5 2 cell culture
-Zebrafish embryos
and larvae

10 uM of THCV for
3 days [125]
10 uM for 3 days

Decrease in body
weight, hypophagia

Male C57 BL6 mice

3 mg/kg of THCV for

2 days (131]

! DIO, Diet-induced obesity; > HHL5, Human hepatocyte line 5; * Zebrafish, Danio rerio.

Table 6. Clinical studies analyzing the effects of THCV in NAFLD and related disorders development.

Main Outcome  Research Model Participants Method Reference
3 1
Mean % of liver Ra.ndnmlz.ed, 13 participants MRI/MRS :
. double blind, 3 scan to examine
fat did not with T2DM #
s placebo teitedwiths the liver fat
s 'ﬁcg i controlled, £ THCV content at the [105]
b - e parallel group, g O baseline and at
(p >0.05) daily or placebo
after treatment phase 2 for 13 weeks end-of-
clinical study treatment
No significant
changes in liver Randomized, 62 subjects with I\!ARI/M@ scut\m
TAG doubleblind,  T2DM treated . Crorine e
: A liver fat content
concentration or placebo- with 5 mg of St [126]
visceral controlled, Ty deiyoe - = 0 SEETRE -
adiposity in any parallel group placebo for okt
of the treatment pilot study 13 weeks e -!en
groups. visi
2
Increase 20 healthy Sl g
of nevg Doublebling _Partidpants  SC 0 RS
responding to dinical study received 10 mg rer\:zﬁdin R [130]
rewarding and of THCV daily '8
aversive stimuli or placebo f(:);esrsﬁrl:\ih

! MRI/MRS, Magnetic Resonance Imaging/Magnetic Resonance Spectroscopy; > fMRI, Functional Magnetic

Resonance Imaging.

9. Conclusions

Our review comprehensively summarized investigations showing the involvement of
two CBR types in NAFLD development and progression. It seems that these components
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of the ECS system may be a valuable target in the treatment of NAFLD and its systemic
complications. Furthermore, based on the presented clinical studies, we demonstrated that
the pharmacological effect of phytocannabinoids counteracting NAFLD exist. However,
the lack of therapeutic methods in hepatosteatosis treatment motivates scientists to investi-
gate the possibilities of ECS action modifications, the system that is strongly engaged in
NAFLD pathophysiology. Extending knowledge about the usefulness of natural cannabi-
noids in NAFLD and its comorbidities treatment seems extremely important, bearing in
mind that obesity and its metabolic sequelae are a 21st-century global epidemic.
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Abstract: Available data suggest that cannabidiol (CBD) may ameliorate symptoms of insulin resis-
tance by modulating the sphingolipid concentrations in particular organs. However, it is not entirely
clear whether its beneficial actions also involve adipose tissues in a state of ovemutrition. The aim of
the study was to evaluate the effect of CBD on sphingolipid metabolism pathways and, as a result, on
the development of insulin resistance in subcutaneous (SAT) and visceral (VAT) adipose tissues of an
animal model of HFD-induced insulin resistance. Our experiment was performed on Wistar rats that
were fed with a high-fat diet and/or received intraperitoneal CBD injections. We showed that CBD
significantly lowered the ceramide content in VAT by reducing its de novo synthesis and increasing
its catabolism. However, in SAT, CBD decreased the ceramide level through the inhibition of salvage
and de novo synthesis pathways. All of these changes restored adipose tissues’ sensitivity to insulin.
Our study showed that CBD sensitized adipose tissue to insulin by influencing the metabolism of
sphingolipids under the conditions of increased availability of fatty acids in the diet. Therefore, we
believe that CBD use may be considered as a potential therapeutic strategy for treating or reducing
insulin resistance, T2DM, and metabolic syndrome.

Keywords: cannabidiol; insulin resistance; sphingolipids; adipose tissue; ceramide

1. Introduction

In the 21st century, obesity and type 2 diabetes mellitus (T2DM) have become a global
health problem, and the need for the development of novel and safer therapeutic interven-
tions is great. Obesity-related comorbidities generate high costs for health systems and
diminish patients’ quality of life. One of these comorbidities is insulin resistance (IR), which
is a pathophysiological state where vital metabolic organs (liver, muscle, adipose tissues)
demonstrate reduced sensitivity to the activity of insulin [1-3]. IR may be distinguished as
arisk factor for the occurrence of T2DM together with chronic inflammation and excessive
visceral fat deposition [4].

Human adipose tissue is commonly divided, according to the regional fat distribu-
tion, into subcutaneous (SAT) and visceral adipose tissue (VAT) [5]. These two classes
of fat deposits have intrinsically distinct gene expression profiles and different lipid
metabolisms [6,7]. VAT exerts higher lipolytic activity and lower insulin sensitivity than
SAT [8]. The accumulation of lipids in VAT impairs insulin sensitivity in metabolically
obese, normal-weight individuals [9]. On the other hand, preferential deposition of fat
in subcutaneous deposits, such as those detected in most women, positively correlates
with metabolically healthy obesity. Itis a condition in which, despite the occurrence of
obesity, individuals may be protected from T2DM and the development of cardiovascular
diseases [10].
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Undoubtedly, adipocytes’ insulin sensitivity indirectly regulates liver and muscle
function by modulating systemic glucose and fatty acid homeostasis [11]. A large lipid pool
in adipose tissue caused by excessive non-esterified fatty acids (NEFAs) influx provokes the
hypertrophy of adipocytes and a hyper-lipolytic phenotype that is resistant to insulin [12].
Furthermore, the disruption of lipid metabolism pathways results in elevated plasma
levels of triacylglycerols (TAGs) [13], ceramide (CER) [14], and sphingosino-1-phosphate
(S1P) [15] in obese individuals [13]. CER and S1P are sphingolipids that are key bioactive
signaling molecules in adipose tissue [16]. Altered sphingolipid metabolism induces a
dysfunctional adipose tissue phenotype by blocking insulin signaling and adipogenesis
and promoting chronic inflammation [17]. Thus, a new therapeutic strategy focused on the
modulation of sphingolipid metabolism is needed in order to restore the regular function
and insulin sensitivity of adipose tissue [18].

The lack of an effective insulin resistance treatment has led to extensive pharmacologi-
cal and physiological research, particularly on non-euphoric phytocannabinoids. One of
them is CRD. which is fornd in medicinal and fiber-tune Cannabis sativa nlants (hemn) and
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Figure 1. The concentrations of sphingolipids in the subcutaneous (SAT) and visceral (VAT) adipose
tissues of rats fed a standard rat chow (control) or high-fat diet (HFD) after chronic cannabid-
iol (CBD) treatment: (A) sphingosine (SFO), (B) sphinganine (SFA), (C) sphingosine-1-phosphate
(S1P), (D) sphinganine-1-phosphate (SFA1P), (E) ceramide (CER). The data are presented as mean val-
ues = SD,n = 10 in each group. * p < 0.05: significant difference: control group vs. experimental group;
b p <0.05: significant difference: HFD vs. HFD+CBD.

The simultaneous administration of the high-fat diet and CBD resulted in a reduction
in the SFO, SFA, S1P, and SFA1P levels compared to the control group (—84.7%, —672%;
—100.6%, —25.1%; p < 0.05; Figure 1A,B,C,D, respectively). Furthermore, the levels of
SFA, S1P, SFA1P, and CER were markedly reduced (—137.7%; —301.2%; —68.9%; —422%;
p < 0.05; Figure 1B,C,D,E, respectively), and the SFO level was significantly elevated com-
pared to the HFD group (+68%; p <0.05; Figure 1A).

2.2. Influence of CBD on the Sphingolipid Metabolism Enzymes in SAT and VAT of Rats Fed with
Standard and High-Fat Diets

A Western blotting analysis revealed that in SAT, the expression of serine palmi-
toyltransferase, long-chain base subunit 1 (SPTLC1) was significantly decreased in all of
the experimental groups compared to the control group (HFD: —32.2%; CBD: —65.4%;
HFD+CBD: —76.6%; p < 0.05; Figure 2A). In VAT, we only observed a significant decline
in SPTLC1 expression in the HFD+CBD group in comparison with that of the HFD-fed
subjects (—30.5%; p < 0.05; Figure 2A). The induction of obesity with the high-fat diet
resulted in an increase in SPTLC2 expression in both subcutaneous (+203%) and visceral
(+76.9%) adipose tissue compared to that of the control (p < 0.05) (Figure 2B). Moreover,
the chronic presence of CBD during the high-fat feeding caused a significant decrease in
SPTLC2 expression in SAT (—209.3%) and VAT (—72.5%) compared with that in the group
of rats fed with only a high-fat diet (p < 0.05) (Figure 2B).
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Figure 2. The total expression of proteins from de novo sphingolipid synthesis, e.g., (A) serine
palmitoyltransferase, long-chain base subunit 1 (SPTLC1) and (B) serine palmitoyltransferase, long-
chain base subunit 2 (SPTLC2), in the subcutaneous (SAT) and visceral (VAT) adipose tissues of
rats fed a standard diet (control) or high-fat diet (HFD) after chronic CBD treatment. The total
expression of the above proteins was standardized to the total protein expression, and the control
group was set to 100%. The data are expressed as mean values = SD, n =6 in each group. * p <0.05:
significant difference: control group vs. experimental group; b p < 0.05: significant difference: HFD
vs. HFD+CBD.

As shown in Figure 3A, the CerS2 expression was significantly elevated only in the
SAT in the group of HFD-fed rats compared to rats fed a standard chow (+47.2%; p < 0.05).
In VAT, the CerS2 expression was reduced in the HFD+CBD group in comparison with that
of the HFD-fed rats (—27.9%, p <0.05).
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Figure 3. The total expression of proteins from both de novo ceramide synthesis and salvage
pathways, e.g., (A) ceramide synthase 2 (CerS2), (B) ceramide synthase 4 (CerS4), (C) ceramide
synthase 5 (CerS5), and (D) ceramide synthase 6 (CerSé), in the subcutaneous (SAT) and visceral
(VAT) adipose tissues of rats fed a standard diet (control) or high-fat diet (HFD) after CBD treatment.
The total expression of the above proteins was standardized to the total protein expression, and
the control group was set to 100%. The data are expressed as mean values = SD, n = 6 in each
group. * p < 0.05: significant difference: control group vs. experimental group; ® p < 0.05: significant
difference: HFD vs. HFD+CBD.
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On the other hand, we noticed a substantial increase in CerS4 expression in all of
the experimental groups in comparison with the control subjects (HFD: +139.5%; CBD:
+135.5%; HFD+CBD: 139.6%; p < 0.05; Figure 3B). In visceral adipose tissue, we exhibited a
significant increase in CerS4 expression in both groups of rats fed with a high-fat chow and
untreated or treated with CBD (+53.5% and +73.4%, respectively; p < 0.05; Figure 3B).

In the case of CerS5, we noticed that only high-fat chow caused a marked elevation
of this protein’s expression, which was visible in the two types of adipose tissues (VAT:
+26.2%; SAT: +34.1%; p < 0.05%; Figure 3C). Moreover, in VAT, this increase was significantly
diminished by CBD injections compared to that in the HFD group (—27.4%, p < 0.05;
Figure 3C).

The total expression of CerS6 in SAT increased considerably compared to that of the
control subjects in the case of animals fed with a high-fat chow and that of the animals
that were injected with CBD (+78.3% and +72.5%, respectively; p < 0.05; Figure 3D). The
simultaneous administration of the HFD and CBD caused a substantial decline in the CerS6
expression in comparison with that in the SAT of the HFD-fed rats (—84.3%, p < 0.05;
Figure 3D). Interestingly, the total CerS6é expression in VAT was elevated prominently only
in the HFD+CBD group compared to the rats fed with a standard or high-fat diet (+55%,
p < 0.05 vs. control group; +63.4%, p <0.05 vs. HFD group; Figure 3D).

The expression of enzymes involved in ceramide metabolism is presented in Figure 4.
In subcutaneous adipose tissue, we observed a significant increase in the total ASAH1
expression (+58.6%, p < 0.05; Figure 4A) in the HFD group compared to the rats with
fed a standard chow, and it further declined during the two weeks with CBD injections
(—63%, p < 0.05; Figure 4A). In VAT, the total ASAH1 expression was unchanged in all
of the examined groups (p > 0.05; Figure 4A). Similarly, significant alterations in ASAH2
expression were visible only in SAT. We noticed that there was pronounced increase in
this protein’s expression after the HFD treatment, as well as the HFD and CBD treatment,
compared to that in the control group (+45.1% and +59%, respectively, p < 0.05; Figure 4B).
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Figure 4. The total expression of proteins from sphingolipid catabolism, e.g., (A) acid ceramidase
(ASAH1), (B) acid ceramidase (ASAH2), (C) sphingosine kinase 1 (SPHK1), and (D) sphingosine
kinase 2 (SPHK2), in the subcutaneous (SAT) and visceral (VAT) adipose tissues of rats fed a standard
diet (control) or high-fat diet (HFD) after chronic CBD treatment. The total expression of the above
proteins was standardized to the total protein expression, and the control group was set to 100%.
The data are expressed as mean values = SD, n = 6 in each group. ? p < 0.05: significant difference:
control group vs. experimental group; b p <0.05: significant difference: HFD vs. HFD+CBD.
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The total SPHK1 expression did not change in subcutaneous adipose tissue. On the
other hand, in visceral adipose tissue, we revealed a marked increase in the SPHK1 expres-
sion in the HFD-fed rats and in the rats treated by CBD (+76.9% and +37.5%, respectively,
p < 0.05; Figure 4C). Importantly, we also observed that the two-week administration of
CBD in the HFD rats resulted in a visible decrease in the SPHK1 expression (—65.6%,
p < 0.05; Figure 4C). The SPHK2 expression level remained unchanged in both the SAT and
VAT of all of the examined groups (Figure 4D).

2.3. Influence of CBD on the Expression of Insulin Signaling Pathway Proteins in SAT and VAT of
Rats Fed with Standard and High-Fat Diets

In subcutaneous adipose tissue, there was a significant diminution in the phospho-
rylated GSK3p to unphosphorylated GSK3p ratio (—74.3%, p < 0.05; Figure 5B) for the
high-fat diet, and there was a substantial elevation of the GSK3p phosphorylation ratio in
the chronic presence of CBD compared to the control animals (+121.9%, p < 0.05; Figure 5B).
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Figure 5. The total expression of proteins belonging to the insulin signaling pathway, e.g., (A) pAkt
(Ser 473)/ Akt and (B) pGSK38 (Ser9)/ GSK38, in the subcutaneous (SAT) and visceral (VAT) adipose
tissues of rats fed a standard diet (control) or high-fat diet (HFD) after chronic cannabidiol (CBD)
treatment. The total expression of the above proteins was standardized to the total protein expression,
and the control group was set to 100%. The data are expressed as mean values = SD, n = 6 ineach
group. * p < 0.05: significant difference: control group vs. experimental group; ® p < 0.05: significant
difference: HFD vs. HFD+CBD.

In visceral adipose tissue, the high-fat chow alone induced a decrease in the Akt
phosphorylation ratio (—48.8%; p < 0.05; Figure 5A) compared to the control. However,
while administering the high-fat diet, the administration of CBD had the opposite effect of
elevating the pAkt to Akt ratio in comparison with those of the control (+47.3%, p < 0.05;
Figure 5A) and HFD groups (+96.4%, p < 0.05; Figure 5A). Similarly, we found a reduced
pGSK3p to GSK3 ratio in the rats fed a high-fat diet (35.5%, p < 0.05; Figure 5A) compared
to that in the control group, and it was further considerably increased with the CBD
injections.

3. Discussion

Over the last decade, phytocannabinoids, including CBD, have become emerging
players in ameliorating the symptoms of insulin resistance, T2DM, and metabolic syn-
drome [26]. The most common features of the above-mentioned metabolic diseases are

disturbances in lipid metabolism and subsequent insulin resistance. This problem is even
more alarming because effective treatment of such diseases does not exist.
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The effects of CBD on adipocyte lipid metabolism were first explored by Silvestri et al.
in an in vitro study, demonstrating that CBD applied simultaneously with oleic acid (OA)
reduced triacylglycerol accumulation in 3T3-L1 adipocytes [21]. Because the deposited
TAGs may be esterified into various fractions, we resolved to evaluate the influence of
CBD on a class of lipids that are more biologically active compared with other lipid
fractions, namely, sphingolipids. Thus, in our experiment, which was performed on a rat
model, the effects of CBD on sphingolipid concentration and their metabolism, e.g., for
ceramide biosynthesis pathway enzymes were assessed. Furthermore, we formulated
a hypothesis that CBD, by interfering with the sphingolipid metabolism pathway, may
modulate adipocyte insulin sensitivity. Our previous study showed that chronic CBD
treatment during excessive fat intake led to the alleviation of de novo CER synthesis,
restored content of S1P, and an enhanced insulin signaling pathway and glycogen recovery
in rat skeletal muscles [27].

The sphingolipid metabolic pathway includes simple molecules, such as ceramide,
and a plurality of more complex sphingolipids, in which ceramide represents the central
node in the biosynthesis and catabolism of sphingolipids [28]. The main route of ceramide
formationis the de novo synthesis pathway, where the condensation of serine and palmitoyl-
CoA by serine palmitoyl transferases (SPTLC1, SPTLC2) takes place [24]. It is well known
that nutrient oversupply specifically, with saturated fatty acids intensifies the de novo
ceramide synthesis pathway, which generates increased levels of CER in several tissues,
including adipose tissue [17,29]. This phenomenon was also demonstrated in the present
study in both types of adipose tissue derived from rats fed with a high-fat diet. Importantly,
the higher CER level induced by the HFD was reduced in response to CBD injections.
Interestingly, the decreased CER content in fat deposits after CBD administration was in
line with the study conducted by Luczaj et al,, who indicated a decrease in CER levels in
keratinocytes after topical application of CBD in UVA-irradiated rats [30].

The beneficial impact of CBD on subcutaneous adipose tissue observed in our ex-
periment on insulin-resistant rats was mainly achieved through the inhibition of de novo
ceramide synthesis, which manifested as a considerable decrease in the ceramide concen-
tration of the precursor sphinganine (SFA). Moreover, this is consistent with the decreased
expression of enzymes involved in sphingolipid synthesis, SPTLC2 and CerSé, after the
CBD and HFD treatment. It is known that high CerS6 expression in the adipose tissue
of obese humans is essential for the formation of unfavorable C16:0 ceramide, which is
correlated with the development of insulin resistance in adipocytes, but not the whole
body [18,31,32]. As we showed, CBD administration during the HFD feeding attenuated
the CerS6 expression induced by lipid oversupply, which strongly suggests its positive
metaboliceffect. Itis worth emphasizing that, in VAT, the inhibition of the de novo ceramide
synthesis route was much more pronounced than in subcutaneous fat deposits. In this type
of tissue, the reduction in SFA concentration was more visible, and a decreased expression
of key de novo ceramide synthesis enzymes SPTLC1, SPTLC2, and CerS2/5 was observed.
It is worth highlighting that CBD may act similarly to myriocin, a selective inhibitor of
SPTLC that, through the inhibition of ceramide biosynthesis, induces profound changes
in skeletal muscle ceramide content with an improvement in systemic insulin action [33].
However, due to the fact that myriocin exerts adverse effects, such as hepatotoxicity [34],
CBD appears to be a more beneficial alternative in the treatment of IR.

In addition to the de novo synthesis and sphingomyelin hydrolysis, CER can also be
produced from the breakdown of sphingosine through the action of ceramide synthases
(CerS1-6) in the salvage pathway, which is even responsible for 90% of total sphingolipid
biosynthesis [28,35]. Once formed, CER can undergo degradation because of the actions of
ceramidases (ASAH1, ASAH2) toward sphingosine, which can return to the sphingolipid
pathway or be transformed by sphingosine kinases (SPHK1, SPHK?2) into sphingosine-1
phosphate (S1P) [36,37]. In SAT, the substantial decrease in the intracellular SFO content
with the simultaneously lowered expression of enzymes involved in the salvage pathway
(CerS6) and CER catabolism (ASAH1) proved the inhibition of both routes after CBD injec-
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tions in IR rats. On the other hand, in VAT, under conditions of high fatty acid availability,
cannabidiol favored ceramide catabolism more than its synthesis in the salvage pathway,
which was reflected by the higher SFO level with increased CerS6 and ASAH1 expres-
sion. This effect seems to be very important because SFO, as a ceramide derivative with
proapoptotic properties, modulates key cellular processes, has thereby been linked with
metabolic disorders [38,39]. However, a further step of sphingolipid catabolism in VAT was
inhibited, as evidenced by the lower SPHK1 expression with a diminished intracellular S1P
content. We hypothesized that the pronounced decline in S1P concentration may also have
resulted from the intensified transport of this molecule outside the cells or the redirection
of S1P to further degradation into hexadecenal and ethanolamide-1-phosphate. However,
at this stage of research, these are just assumptions that should be clarified in the future.
Our findings are in accordance with those of the study conducted by Wang et al., where,
in mice with diet-induced obesity, SPHK1 deficiency was associated with reduced S1P
concentration and enhanced insulin sensitivity in epididymal adipose tissue [40]. More-
over, numerous studies have shown that obese subjects had increased SPHK1 expression
accompanied by raised deposition of S1P not only in adipose tissue, but also several other
tissues [40,41]. Although the specific role played by SIP in metabolic maladies remains
unclear [32], some authors suggested that genetic disturbance of the SPHK1/S1P signaling
pathway in HFD-fed mice led to improved systemic insulin sensitivity [40]. Based on this,
we suspect that inhibition of SPHK1 by CBD may be considered as a potential therapeutic
approach to restoring normal insulin activity in obesity.

Among all of the sphingolipids, there is a particular interest in ceramide because
it promotes the development of adipocyte insulin resistance to the greatest extent [42].
Ceramide disrupts transport of glucose into the cells through the dephosphorylation of
protein kinase B (Akt/PKB), by blocking the transfer of Akt/PKB to the plasma membrane,
or by targeting protein phosphatase 2A (PP2A). Moreover, accumulation ceramide in VAT
more than in SAT is associated with obesity and metabolic syndrome [43,44]. Many recent
publications have summarized that the diminution of ceramide deposition in adipocytes
improved their insulin sensitivity. As a consequence, it contributed to the normalization
of glucose homeostasis in the whole body, which also resolved the progression of hepatic
steatosis [45—47]. In the present study, CBD administration in HFD-fed rats elevated the
pAKkt (Serd73) / Akt and pGSK3p (Ser9) /GSK3p expression ratios, but only in VAT. These
findings corresponded with the reduced ceramide content, which proved the restoration
of insulin sensitivity through the action of the examined phytocannabinoid in visceral fat
deposits. However, we did not observe any crucial changes in the expression of insulin
pathway proteins in SAT between the groups of rats that were fed with a high-fat chow
and were untreated or treated with CBD. In this fat deposit, the only change that was
observed was an increase in the pGSK3p (Ser9)/GSK3p ratio and the trend toward an
increase in the p/Akt (Ser473)/ Akt ratio only after CBD treatment. This may have resulted
from the reduced lipolytic activity and higher insulin sensitivity of the subcutaneous fat
regions, which are specialized to provide long-term storage of excessive fatty acids, thus
protecting other tissues from lipotoxic effects [8,48]. These CBD-dependent changes in
insulin signaling pathway are consistent with our previous study where two-week CBD
administration caused a substantial reduction in insulin plasma concentration and the
trend toward a decrease in HOMA-IR value in the HFD-fed rats [27].

Our observations suggest the distinct effects of CBD on two types of fat deposits
in the context of intracellular insulin signaling, and they complement the reports on the
anti-diabetic properties of CBD [49,50].

4. Materials and Methods
4.1. Animal Model

This study was conducted on male Wistar rats (initial body weight: 70-100 g), which
were housed in approved animal-holding facilities (at22 4+ 2 °C, a 12 h/12 h light—dark
cycle, with unlimited access to water and to a selected chow). Experiments were carried
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out after one week of the animals’ acclimatization. In our experiment, we used n = 10
animals in every experimental group, as was counted using an internet service (http:
/ /www.biomath.info, accessed on 1 January 2021). The animals were randomly selected
for particular groups, and their body mass was monitored during the study. To make sure
that the animals did not compensate by eating and drinking less, the amounts of food
and water were monitored. This study was approved by the Animal Ethics Committee in
Olsztyn (approval number 71/2018).

4.2. Study Design

The control group and CBD group were fed with standard rat chow (kcal distribution = 62%
carbohydrates, 16% fat, and 22% protein). In the HFD and HFD+CBD groups, insulin resis-
tance was induced through the administration of a high-fat diet (HFD; kcal distribution = 20%
carbohydrates, 59% fat, and 21% protein; Labofeed B, Kcynia, Poland) for a period of
7 weeks in an amount corresponding to the daily caloric intake of the animals receiving
standard chow. The synthetic CBD (THC Pharm GmbH, Frankfurt, Germany) was adminis-
tered intraperitoneally ata concentration of 10 mg/kg of body mass once a day and, at the
same time, for 14 consecutive days (sixth and seventh weeks of the experiment). The dose
of CBD was chosen based on an analysis of data from the literature [51]. Inmediately before
administration, CBD was dissolved in the vehicle (3:1:16, namely ethanol, Tween-80, and
0.9% NaCl, respectively). The rats were anesthetized through the inhalation of isoflurane,
and then subcutaneous and visceral fat samples were taken from the sleeping animals. The
collected tissues were frozen at the temperature of liquid nitrogen (-196 °C) and stored for
further analysis at —80 °C.

4.3. Sphingolipid Analysis

The ceramide, sphinganine (SFA), sphingosine (SFO), sphinganine-1-phosphate (SFA1P),
and sphingosine-1-phosphate (S1P) contents in the visceral and subcutaneous adipose
tissues were estimated by using high-performance liquid chromatography (HPLC), as
described in the method developed by Min et al. and as previously described [52]. In
brief, the lipids from the homogenates of rat adipose tissue were extracted with the use of
chloroform. Subsequently, an aliquot of the lipid extract was transferred into a fresh tube
containing an internal standard (N-palmitayl-D-erythrospingosine). Then, the samples
were subjected to alkaline hydrolysis to deacylate the ceramide. Two sphingolipid metabo-
lites that were released from ceramide during the analytical process, free sphinganine and
sphingosine, were then converted into their o-phthalaldehyde derivatives and analyzed
by using a standard HPLC system (PROSTAR; Varian Inc., Palo Alto, CA, USA) equipped
with a fluorescence detector and C-18 reversed-phase columns (Varian Inc. Omnispher 5, 4,
6 x 150 mm).

4.4. Western Blotting Analysis

The expression of proteins that were directly engaged in sphingolipid metabolism
and the insulin signaling pathway was detected by using a routine Western blotting
procedure, as previously described [53]. In brief, samples of the visceral and subcutaneous
adipose tissues were homogenized in RIPA buffer with the addition of protease and
phosphatase inhibitors (Roche). Next, the total protein concentration in the homogenates
of the adipose tissues was estimated with a bicinchoninic acid assay (BCA) using bovine
serum albumin (BSA) as a standard. After the dilution of the homogenates, the same
amount of protein (20 ug) was loaded and separated using 10% Criterion TGX Stain-Free
precast gel electrophoresis and shifted into nitrocellulose membranes. Afterwards, the
membranes were blocked with TTBS buffer containing 5% nonfat dry milk or BSA for
phosphorylated proteins for 90 min at room temperature. Subsequently, membranes were
immunoblotted with primary antibodies: serine palmitoyltransferases (SPTLC1, SPTLC2;
1:500; Abcam, Cambridge, UK), ceramide synthases (CerS2, CerS4, CerS5, CerS6; 1:500;
Thermo Scientific, Rockford, IL, USA), sphingosine kinases (SPHK1, SPHK2; 1:500; Sigma
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Aldrich, St. Louis, MO, USA), acid ceramidase (ASAH1, 1:500; Santa Cruz Biotechnology,
Paso Robles, CA, USA), neutral ceramidase (ASAH2, 1:500; Santa Cruz Biotechnology, Paso
Robles, CA, USA), protein kinase B (Akt/PKB, 1:500; Cell Signaling Technology, Danvers,
MA, USA), phosphorylated protein kinase B (pAkt/PKB (Ser473), 1:500; Cell Signaling
Technology, Danvers, MA, USA), glycogen synthase kinase 38 (GSK38 1:500, Santa Cruz
Biotechnology, Paso Robles, CA, USA), and phosphorylated glycogen synthase kinase
38 (p/GSK38 (Ser9) 1:500, Santa Cruz Paso Robles, CA, USA). Then, the nitrocellulose
membranes were incubated with the appropriate horseradish-peroxidase-labeled (HRP)
secondary anti-goat or anti-mouse antibodies. The protein expressions were assayed
densitometrically using the ChemiDoc visualization system (Image Laboratory Software
Version 6.0.1; BioRad, Warsaw, Poland). Equal protein loading was presented by CCD
imager and UV illumination using TGX stain-free system. Next, the image of total protein
and protein of interest overlapped in ImageLab system. The expression of all of the proteins
was standardized to the total protein expression by using the stain-free method, and the
control was set to 100%.

4.5. Statistical Analysis

All data were expressed as the mean and standard deviation. The assumptions of the
methods used in our analysis, that is, the normality of the data distribution (Shapiro-Wilk
test) and homogeneity of the variance (Bartlett’s test), were tested. Statistical differences
were established based on the results of one-way ANOVA followed by an appropriate post
hoc test (i.e., pairwise Student t-test) using GraphPad Prism 7. Differences in the levels of
analyzed parameters were considered at p < 0.05.

5. Conclusions

Our data indicated that, under conditions of overnutrition, CBD injections modulated
sphingolipid metabolism, leading finally to a reduction in the ceramide content in two
types of adipose tissues. In visceral adipose tissue, the action of CBD was more directed
toward the inhibition of the de novo ceramide synthesis pathway and the intensification of
its catabolism. On the other hand, in subcutaneous fat depots, CBD restrained the de novo
ceramide synthesis and salvage synthesis routes. All of these changes ultimately sensitized
adipose tissue to insulin, especially in the visceral deposits. Therefore, CBD use may be
considered as a potential therapeutic strategy for treating or reducing insulin resistance,
T2DM, and metabolic syndrome.

Author Contributions: Conceptualization, E.H.-S. and K.B.; methodology, KK.-N; software, T.C.;
validation, K.B. and KK.-N; formal analysis, A.C.; investigation, K.K.-N.; resources, E.H.-S; data
curation, K.B.; writing—original draft preparation, K.B.; writing—review and editing, KK.-N. and
A.C,; visualization, K.B.; supervision, A.C.; project administration, T.C.; funding acquisition, K.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Science Center [grant number 2017/26/D/NZ3/01119]
and the Medical University of Bialystok [grant number SUB/1/DN/21/007 /1118].

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the animal Ethics Committee in Olsztyn (No. 71/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
carresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

61



Int. J. Mol. Sci. 2022, 23, 5382 110f13

References

1. Czech, MP. Insulin action and resistance in obesity and type 2 diabetes. Nat. Mad. 2017, 23, 804-814. [CrossRef] [PubMed]

2. Abdullah, KM.,; Arefeen, A.; Shamsi, A.; Alhumaydhi, FA.; Naseem, I. Insight into the in Vitro Antiglycation and in Vivo
Antidiabetic Effects of Thiamine: Implications of Vitamin Bl in Controlling Diabetes. ACS Omega 2021, 6, 12605-12614. [CrossRef]
[PubMed]

3. Shahwan, M.; Alhumaydhi, F,; Ashraf, G.M.; Hasan, PM.Z; Shamsi, A. Role of palyphenols in combating Type 2 Diabetes and
insulin resistance. Int. |. Biol. Macromol. 2022, 206, 567-579. [CrossRef] [PubMed]

4. Rains, J.L; Jain, SK. Oxidative stress, insulin signaling, and diabetes. Free Radic. Biol. Med. 2011, 50, 567-575. [CrossRef]
[PubMed]

5. Schoettl, T; Fischer, LP; Ussar, S. Heterogeneity of adipose tissue in development and metabolic function. |. Exp. Bial. 2018, 221,
jeb162958. [CrossRef] [PubMed]

6. Hill, ].H,; Solt, C.; Foster, M.T. Obesity associated disease risk: The role of inherent differences and location of adipose depots.
Horm. Mol. Biol. Clin. Investig. 2018, 33,20180012. [CrossRef]

7.  Passaro, A.; Miselli, M.A; Sanz, ].M.; Dalla Nora, E.; Morieri, M.L.; Colonna, R.; Pidot, R.; Zuliani, G. Gene expression regional
differences in human subcutaneous adipose tissue. BMC Genom. 2017, 18, 202. [CrossRef]

8. Badis, K.; Roden, M. Energy metabolism of white adipose tissue and insulin resistance in humans. Eur. [. Clin. Investig. 2018, 48,
e13017. [CrossRef]

9.  Dvorak, RV, DeNino, WE; Ades, PA.; Poehlman, E.T. Phenotypic characteristics associated with insulin resistance in metaboli-
cally obese but normal-weight young women. Diabetes 1999, 48, 2210-2214. [CrossRef]

10. Kim, J.Y,; Tfayli, H.; Michaliszyn, S.F; Lee, S.; Arslanian, S. Distinguishing characteristics of metabolically healthy versus
metabolically unhealthy obese adolescent girls with polycystic ovary syndrome. Fertil. Steril. 2016, 105, 1603-1611. [CrossRef]

11. Czech, M.P. Mechanisms of insulin resistance related to white, beige, and brown adipocytes. Mol. Metab. 2020, 34, 27-42.
[CrossRef] [PubMed]

12. Fazakerley, D.J; Krycer, ].R.; Kearney, A.L.; Hocking, SL.; James, D.E. Muscle and adipose tissue insulin resistance: Malady
without mechanism? J. Lipid Res. 2019, 60, 1720-1732. [CrassRef] [PubMed]

13. Bowles, N.P; Karatsorecs, LN ; Li, X.; Vemuri, VK;; Wood, J.A.; Li, Z.; Tamashiro, KL K.; Schwartz, G.J.; Makriyannis, A.M.;
Kunos, G.; etal. A peripheral endocannabinoid mechanism contributes to glucocorticoid-mediated metabolic syndrome. Proc.
Natl. Acad. Sci. USA 2015, 112, 285-290. [CrossRef] [PubMed]

14. Haus, ] M.; Kashyap, S.R; Kasumov, T.; Zhang, R.; Kelly, KR.; Defronzo, R.A ; Kirwan, J.P. Plasma ceramides are elevated in
obese subjects with type 2 diabetes and correlate with the severity of insulin resistance. Diabetes 2009, 58, 337-343. [CrossRef]

15.  Samad, F.; Hester, K.D; Yang, G.; Hannun, Y.A.; Bielawski, ]. Altered adipose and plasma sphingolipid metabolism in obesity: A
potential mechanism for cardiovascular and metabolic risk. Diabetes 2006, 55, 2579-2587. [CrossRef]

16. Lambert, ] M.; Anderson, A K,; Cowart, L.A. Sphingolipids in adipose tissue: What's tipping the scale? Adv. Biol. Regul. 2018, 70,
19-30. [CrossRef]

17.  Choi, S.; Snider, AJ. Sphingolipids in High Fat Diet and Obesity-Related Diseases. Mediators Inflamm. 2015, 2015, 520618.
[CrossRef]

18.  Turpin, S.M.; Nicholls, H.T.; Willmes, D.M.; Mourier, A.; Brodesser, S.; Wunderlich, C.M.; Mauer, ] ; Xu, E.; Hammerschmidt,
P.; Bronneke, HS,; et al. Obesity-induced CerS6-dependent C16:0 ceramide production promotes weight gain and glucose
intolerance. Cell Metab. 2014, 20, 678-686. [CrossRef]

19. Rajesh, M.; Mukhopadhyay, P; Btkai, S.; Patel, V,; Saito, K.; Matsumoto, S.; Kashiwaya, Y.; Horvth, B.; Mukhopadhyay, B.;
Becker, L.; et al. Cannabidiol attenuates cardiac dysfunction, oxidative stress, fibrosis, and inflammatory and cell death signaling
pathways in diabetic cardiomyopathy. J. Am. Coll. Cardiol. 2010, 56, 2115-2125. [CrossRef]

20. Bielawiec, P.; Harasim-Symbor, E.; Chabowski, A. Phytocannabinoids: Useful Drugs for the Treatment of Obesity? Special Focus
Cannabidiol. Front. Endocrinol. 2020, 11, 114. [CrossRef]

21.  Silvestri, C.; Paris, D.; Martella, A.; Melck, D.; Guadagnino, I.; Cawthorne, M.; Motta, A.; Di Marzo, V. Two non-psychoactive
cannabinoids reduce intracellular lipid levels and inhibit hepatosteatosis. |. Hepatol. 2015, 62, 1382-1390. [CrassRef] [PubMed]
Kirkham, TC. Endocannabinoids in the regulation of appetite and body weight. Behav. Pharmacol. 2005, 16, 297-313. [CrossRef]
[PubMed]

Noreen, N.; Muhammad, F; Akhtar, B.; Azam, E; Anwar, M.I. Is cannabidiol a promising substance for new drug development?
A review of its potential therapeutic applications. Crit. Rev. Eukaryot. Gene Expr. 2018, 28, 73-86. [CrossRef] [PubMed]

24. Tidhar, R,; Futerman, A.H. The complexity of sphingolipid biosynthesis in the endoplasmic reticulum. Biochim. Biophys. Acta-Mol.
Cell Res. 2013, 1833, 2511-2518. [CrossRef]

25. Fellous, T; De Maio, F; Kalkan, H.; Carannante, B; Boccella, S.; Petrosino, S.; Maione, S.; Di Marzo, V;; lannotti, FA. Phyto-
cannabinoids promote viability and functional adipogenesis of bone marrow-derived mesenchymal stem cells through different
molecular targets. Biochem. Pharmacol. 2020, 175, 113859. [CrossRef]

26. Berk, K ; Bzdega, W.; Konstantynowicz-Nowicka, K.; Charytoniuk, T.; Zywno, H.; Chabowski, A. Phytocannabinoids—A Green

Approach toward Non-Alcoholic Fatty Liver Disease Treatment. . Clin. Med. 2021, 10, 393. [CrossRef]

62



Int. J. Mol. Sci. 2022, 23, 5382 120f13

31.

32,

37.

39.

41.

& &

47.

49.

51.

Bielawiec, P.; Harasim-Symbor, E.; Konstantynowicz-Nowicka, K.; Sztolsztener, K.; Chabowski, A. Chronic cannabidiol adminis-
tration attenuates skeletal muscle de novo ceramide synthesis pathway and related metabolic effects in a rat model of high-fat
diet-induced obesity. Biomolecules 2020, 10, 1241. [CrossRef]

Gault, CR.; Obeid, L.M,; Hannun, Y.A. An overview of sphingalipid metabolism: From synthesis to breakdown. Adv. Exp. Med.
Biol. 2010, 688, 1-23.

Torretta, E.; Barbacini, P; Al-Daghri, N.M.; Gelfi, C. Sphingolipids in obesity and correlated comorbidities: The contribution of
gender, age and environment. Int. |. Mol. Sci. 2019, 20, 5901. [CrossRef]

Luczaj, W.; Domingues, M.D.R.; Domingues, P.; Skrzydlewska, E. Changes in lipid profile of keratinocytes from rat skin exposed
to chronic uva or uvb radiation and topical application of cannabidiol. Antioxidants 2020, 9, 1178. [CrossRef]

Candi, E.; Tesauro, M.; Cardillo, C.; Lena, A.M.; Schinzari, F; Rodia, G.; Sica, G.; Gentileschi, P.; Rovella, V.; Annicchiarico-
Petruzzelli, M.; et al. Metabolic profiling of visceral adipose tissue from obese subjects with or without metabolic syndrome.
Biochem. |. 2018, 475,1019-1035. [CrossRef] [PubMed]

Blachnio-Zabielska, A.U.; Koutsari, C.; Tchkonia, T.; Jensen, M.D. Sphingolipid content of human adipose tissue: Relationship to
adiponectin and insulin resistance. Obesity 2012, 20, 2341-2347. [CrossRef] [PubMed]

Ussher, ].R;; Koves, TR; Cadete, V]J.; Zhang, L,; Jaswal, ].S.; Swyrd, SJ.; Lopaschuk, D.G.; Proctor, S.D.; Keung, W.; Muoio,
D.M_; etal. Inhibition of de novo ceramide synthesis reverses diet-induced insulin resistance and enhances whole-body oxygen
consumption. Diabetes 2010, 59, 2453-2494. [CrossRef] [PubMed]

Salaun, E.; Lefeuvre-Orfila, L.; Cavey, T.; Martin, B.; Turlin, B.; Ropert, M.; Loreal, O.; Derbré, F. Myriocin prevents muscle
ceramide accumulation but not muscle fiber atrophy during short-term mechanical unloading. . Appl. Physiol. 2016, 120, 178-187.
[CrossRef]

Kitatani, K.; Idkowiak-Baldys, J.; Hannun, Y. A. The sphingolipid salvage pathway in ceramide metabolism and signaling. Cell.
Signal. 2008, 20,1010-1018. [CrossRef]

Blachnio-Zabielska, A.U.; Pulka, M.; Baranowski, M.; Nikotajuk, A ; Zabielski, P.; Gorska, M.; Gorski, J. Ceramide metabolism is
affected by obesity and diabetes in human adipose tissue. |. Cell. Physiol. 2012, 227, 550-557. [CrossRef]

Hannun, Y.A.; Obeid, L M. Sphingolipids and their metabolism in physiology and disease. Nat. Rev. Mol. Cell Biol. 2018, 19,
175-191. [CrossRef]

Woodcock, J. Sphingosine and ceramide signalling in apoptosis. IUBMB Life 2006, 58, 462-466. [CrossRef]

Quinville, B.M.; Deschenes, N.M.; Ryckman, A.E.; Walia, ].S. A comprehensive review: Sphingolipid metabolism and implications
of disruption in sphingolipid homeostasis. Int. J. Mol. Sci. 2021, 22, 5793. [CrossRef]

Wang, ].; Badeanlou, L.; Bielawski, ] .; Ciaraldi, T.P; Samad, E Sphingosine kinase 1 regulates adipose proinflammatory responses
and insulin resistance. Am. |. Physiol.-Endocrinol. Metab. 2014, 306, E756-E768. [CrossRef]

Geng, T; Sutter, A.; Harland, M.D,; Law, B.A.; Ross, ].S;; Lewin, D.; Palanisamy, A.; Russo, S.B.; Chavin, K.D.; Cowart, L.A. SphK1
mediates hepatic inflammation in a mouse model of NASH induced by high saturated fat feeding and initiates proinflammatory
signaling in hepatocytes. |. Lipid Res. 2015, 56, 2359-2371. [CrossRef]

Aburasayn, H.; Al Batran, R.; Ussher, ].R. Targeting ceramide metabolism in obesity. Am. |. Physiol. Endaocrinol. Metab. 2016, 311,
E423-E435. [CrossRef] [PubMed]

Choromanska, B.; Mysliwiec, P.; Razak Hady, H.; Dadan, ].; Mysliwiec, H.; Chabowski, A.; Miklosz, A. Metabolic Syndrome is
Associated with Ceramide Accumulation in Visceral Adipose Tissue of Women with Morbid Obesity. Obesity 2019, 27, 444-453.
[CrossRef] [PubMed]

Kotronen, A.; Seppinen-Laakso, T.; Westerbacka, J.; Kiviluoto, T.; Arola, J.; Ruskeepdi, A.L.; Yki-Jarvinen, H.; Oresi¢, M.
Comparison of lipid and fatty acid composition of the liver, subcutaneous and intra-abdominal adipaose tissue, and serum. Obesity
2010, 18, 937-944. [CrossRef] [PubMed]

Sokolowska, E.; Blachnio-Zabielska, A. The Role of Ceramides in Insulin Resistance. Front. Endacrinel. 2019, 10, 577. [CrossRef]
Xia, J.Y.; Holland, W.L.; Kusminski, C.M.; Sun, K,; Sharma, A X_; Pearson, M.].; Sifuentes, A .J].; McDonald, ].G.; Gordillo, R.;
Scherer, PE. Targeted Induction of Ceramide Degradation Leads to Improved Systemic Metabolism and Reduced Hepatic
Steatosis. Cell Metab. 2015, 22, 266-278. [CrossRef]

Chaurasia, B; Tippetts, T.S.; Monibas, RM.; Liu, J.; Li, Y.; Wang, L.; Wilkerson, ].L.; Rufus Sweeney, C.; Pereira, R F.; Sumida, D.H.;
et al. Targeting a ceramide double bond improves insulin resistance and hepatic steatosis. Science 2019, 365, 386-392. [CrossRef]
Tchkonia, T.; Thomou, T;; Zhu, Y.; Karagiannides, I.; Pothoulakis, C.; Jensen, M.D.; Kirkland, J.L. Mechanisms and metabolic
implications of regional differences among fat depots. Cell Metab. 2013, 17, 644-656. [CrossRef]

Horvth, B.; Mukhopadhyay, P.; Hask, G.; Pacher, P. The endocannabinoid system and plant-derived cannabinoids in diabetes and
diabetic complications. Am. |. Pathol. 2012, 180, 432-442. [CrossRef]

Chaves, Y.C,; Genaro, K,; Stern, C.A ; de Oliveira Guaita, G.; de Souza Crippa, ].A.; da Cunha, ] M.; Zanoveli, ] M. Two-weeks
treatment with cannabidiol improves biophysical and behavioral deficits associated with experimental type-1 diabetes. Neurosci.
Lett. 2020, 729, 135020. [CrossRef]

Navarrete, F.; Aracil-Fernandez, A.; Manzanares, ]. Cannabidiol regulates behavioural alterations and gene expression changes
induced by spontaneous cannabinoid withdrawal. Br. |. Pharmacal. 2018, 175, 2676-2688. [CrossRef] [PubMed]

63



10. Streszczenie w jezyku polskim

Otytos¢ jest przewleklym, nawracajacym schorzeniem zwigzanym ze znaczng chorobowoscig
1 $miertelnoscia. Ze wzgledu na globalnie wysoka czgsto$¢ wystepowania 1 jej negatywny wpltyw na
zdrowie, otylo$¢ oraz towarzyszaca jej insulinooporno$¢ stanowia powazne problemy zdrowia
publicznego, a ich zapobieganie i leczenie staly si¢ priorytetem w planach zdrowotnych zar6wno
w krajach rozwinigtych jak 1 rozwijajacych sig.

Insulinoopornos$¢ to stan uposledzonej odpowiedzi biologicznej waznych narzadéw metabolicznych
(watroby, miegsni szkieletowych, tkanki ttuszczowej) na stymulacj¢ insuliny krazacej we krwi, co
skutkuje zaburzeniem gospodarki weglowodanow, lipidow i bialek. Wiadomym jest, ze tkanka
thuszczowa stanowi ,,centrum” bilansu energetycznego organizmu a wrazliwo$¢ adipocytow na
insuling posrednio reguluje czynno$¢ metaboliczng watroby 1 mieg$ni. Akumulacja nadwyzki
energetycznej w postaci lipidéw w depozytach tluszczu prowadzi do hipertrofii adipocytow i ich
hiperlipolitycznego fenotypu opornosci na insuling. Do aktywnych biologicznie lipidow, ktore
interferujg z wewnatrzkomorkowym szlakiem insulinowym nalezg sfingolipidy, sposrod ktorych
szczegblnym zainteresowaniem cieszg si¢ ceramid 1 sfingozyno-1-fosforan. Wielokrotnie
potwierdzono, ze nadmierna akumulacja tych czastek przyczynia si¢ do rozwoju insulinoopornosci
tkanki thuszczowe;.

Liczne dane literaturowe potwierdzaja, ze endokannabinoidom (eCBome), wewngtrzny system
sygnalizacyjny zaangazowany w regulacje bilansu energetycznego organizmu, odgrywa kluczowa
role w patogenezie choréb metabolicznych m.in. otylosci i cukrzycy typu 2. W sklad
endokannabinoidomu wchodzi uklad endokannabinoidowy (ECS) zbudowany z receptorow
kannabinoidowych CBIR 1 CB2R sprzezonych z biatkiem G, ich lipidowych ligandoéw, N-
arachidonoilo-etanoloaminy (AEA) 1 2-arachidonoyl glicerolu (2-AG), a takze enzymow bioragcych
udziat w ich metabolizmie. Najwigksze zageszczenie CB1R wystepuje w osrodkowym uktadzie
nerwowym, natomiast ekspresja CB2R widoczna jest gléwnie na komorkach uktadu
immunologicznego przez co odgrywa on istotng rolg w procesach zapalnych.Poza ECS, do
sktadowych endokannabinoidomu zalicza si¢ liczne mediatory pochodzace z kwasow thuszczowych,
ktére dzialaja m.in na receptory sprzezone z biatkiem G takie jak GPRSS5, receptory waniloidowe
przejsciowego potencjalu (TRPV) i receptory aktywowane przez proliferatory peroksysomow a iy
(PPARa i PPARY). Wielokrotnie potwierdzono, ze diety bogatotluszczowe prowadza do nadmierne;j
aktywacji  endokannabinoidomu poprzez ~modulacj¢  ekspresji  receptordw, poziomu
endokannabinoidow oraz powodowanie zmian w ekspresji enzymdéw anabolicznych
i katabolicznych co w konsekwencji prowadzi do rozwoju cech zespotu metabolicznego takich jak

dyslipidemia czy insulinoopornos¢.
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Aktualnie wiadomym jest, ze kannabidiol (CBD), fitokannabinoid pozbawiony psychoaktywnych
wlasciwosci, poprzez interakcje z receptorami endokannabinoidomu wykazuje dziatanie
przeciwcukrzycowe oraz w sposob korzystny metabolicznie moduluje gospodarke lipidowa. Wciaz
jednak brak jest doniesien dotyczacych wpltywu tego tego zwigzku na insulinowrazliwos$¢ tkanki
thuszczowe;.

Celem pracy byta ocena wplywu CBD na szlaki metabolizmu sfingolipidow i przekaznictwa
insulinowego w podskérnej (SAT) 1 trzewnej (VAT) tkance tluszczowej w zwierzecym modelu
insulinooporno$ci indukowanej dieta bogatottuszczowa (HFD) przez 7 tygodni.

Badania zostaty przeprowadzone na szczurach rasy Wistar, losowo przydzielonych do czterech grup
— (I) grupa kontrolna karmiona standardowa karma dla gryzoni, (II) grupa HFD karmiona dieta
bogatotluszczows, (III) grupa CBD karmiona standardowg karmg dla gryzoni otrzymujaca
dootrzewnowe zastrzyki z kannabidiolem, (IV) grupa HFD+CBD karmiona dietg HFD otrzymujaca
dootrzewnowe zastrzyki z kannabidiolem. Zawarto$¢ poszczegodlnych frakeji sfingolipidowych
oznaczono za pomocg wysokosprawnej chromatografii cieczowej (HPLC). Oznaczenia ekspresji
biatek ze szlaku sfingolipidowego oraz szlaku przekaznictwa insulinowego wykonano metoda
Western Blot.

Z przeprowadzonego eksperymentu wynika, Ze kannabidiol podany w iniekcji szczurom
z wyindukowang otyto$cig i insulinoopornoscig spowodowatl istotny spadek sfinganiny i ceramidu
w trzewnej 1 podskoérnej tkance tluszczowej. Spadek zawartos$ci sfingolipidow wynikat
z zahamowania szlaku syntezy de novo ceramidow w obu depozytach. Co wigcej, w trzewnej
tkance tluszczowej kannabidiol zwigkszyl ekspresje enzyméw ze szlaku katabolicznego,
a w podskérnych depozytach zmniejszyt ekspresje biatek uczestniczacych w tzw. szlaku
ratunkowym. Obnizona zawarto$¢ ceramidow korelowata z istotng poprawg wrazliwos$ci na insuling
komorek trzewnej tkanki thuszczowe;.

Biorac pod uwage powyzsze obserwacje, mozna stwierdzi¢, ze kannabidiol wywiera potencjalnie
korzystny wplyw na metabolizm podskoérnej i trzewnej tkanki tluszczowej w warunkach
zwigkszonej biodostgpnosci kwasow thuszczowych. Dlatego tez w przysztosci, zasadne wydaje si¢
prowadzenie bardziej szczegdétowych badan nad fitokannabinoidami, ktére to moga okaza¢ sie

cennymi terapeutykami stosowanymi w leczeniu szeroko pojetej grupy zaburzen metabolicznych.

11. Streszczenie w jezyku angielskim
Obesity is a chronic, relapsing disease associated with substantial morbidity and mortality. Due to

the globally high prevalence and its negative impact on health, obesity and the accompanying
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insulin resistance are serious public health problems, and their prevention and treatment have
become a priority in health plans in developed and developing countries.

Insulin resistance is a state of impaired biological response of important metabolic organs (liver,
skeletal muscles, adipose tissue) to the stimulation of insulin circulating in the blood, which results
in disturbances in the metabolism of carbohydrates, lipids and proteins. It is known that adipose
tissue is the "center" of the body's energy balance, and the sensitivity of adipocytes to insulin
indirectly regulates the metabolic activity of the liver and muscles. Accumulation of the energy
surplus in the form of lipids in fat deposits leads to adipocyte hypertrophy and their hyperlipolytic
phenotype, which is resistant to insulin.

Biologically active lipids that interfere with the intracellular insulin pathway include sphingolipids,
of which ceramide and sphingosine-1-phosphate are of particular interest. It has been repeatedly
confirmed that the excessive accumulation of these molecules contributes to the development of
insulin resistance of adipose tissue.

Numerous studies confirm that the endocannabinoid (eCBome), the complex, internal signaling
system involved in the regulation of the body's energy balance, plays a key role in the pathogenesis
of metabolic diseases, e.g. obesity and type 2 diabetes. The endocannabinoidome includes the
endocannabinoid system (ECS) composed of G protein-coupled CBIR and CB2R cannabinoid
receptors, their lipid ligands, N-arachidonoyl-ethanolamine (AEA) and 2-arachidonoyl glycerol
(2-AG), and the enzymes involved in their metabolism. The highest concentration of CBIR occurs
in the central nervous system, while CB2R expression is visible mainly on the immune cells,
therefore it plays an important role in inflammatory processes. In addition to the ECS, the
components of the endocannabinoidom include numerous mediators derived from fatty acids that
act, among others, on G protein-coupled receptors such as GPRS5S5, transient potential vanilloid
receptors (TRPV) and peroxisome proliferator-activated receptors o and y (PPARa and PPARY). It
has been repeatedly confirmed that high-fat diets lead to excessive activation of the
endocannabinoidome by modulating the expression of receptors, the level of endocannabinoids and
causing changes in the expression of anabolic and catabolic enzymes, which in turn leads to the
development of the features of metabolic syndrome such as dyslipidemia or insulin resistance.
Currently, it is known that cannabidiol (CBD), a phytocannabinoid lacks of abuse potential, exhibits
antidiabetic activity and it modulates the lipid metabolism by targeting endocannabinoidome
receptors. However, there are still no reports on the effect of this phytocannabinoid on the insulin
sensitivity of adipose tissue.

The aim of the study was to evaluate the effect of CBD on the sphingolipid metabolism and insulin
signalling pathway in subcutaneous (SAT) and visceral (VAT) adipose tissue in an animal model of

insulin resistance induced by a high-fat diet (HFD) for 7 weeks.
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The study was conducted on Wistar rats, randomly selected for the four groups - (I) control group
fed with standard rodent chow, (II) HFD group fed with a high-fat diet, (III) CBD group fed with
standard rodent chow receiving intraperitoneal injections of cannabidiol, (IV) HFD+CBD group fed
HFD diet receiving intraperitoneal injections of cannabidiol. The content of sphingolipid fractions
was determined by high-performance liquid chromatography (HPLC). The expression of proteins
that were directly engaged in sphingolipid metabolism and the insulin signalling pathway was
detected by using a routine Western blotting procedure.

The performed experiment shows that cannabidiol injected into insulin resistant rats caused a
significant decrease in the concentrations of sphinganine and ceramide in visceral and subcutaneous
adipose tissue. In VAT by reducing its de novo synthesis and increasing its catabolism. However, in
SAT, CBD decreased the ceramide level through the inhibition of salvage and de novo synthesis
pathways. All of these changes restored adipose tissues’ sensitivity to insulin.

Considering all the above observations, it can be assumed that cannabidiol has a potentially
beneficial impact on the metabolism of subcutaneous and visceral adipose tissue in conditions of
increased bioavailability of fatty acids in the diet. Thus, performing more detailed research on CBD
seems reasonable, because it may turn out to be used as a potential therapeutic strategy for treating

or reducing insulin resistance, T2DM, and metabolic syndrome.
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bogatotluszczowsg”” wynoszacy 70% polegal na opracowaniu koncepcji pracy, zebraniu
piSmiennictwa, pisaniu manuskryptu i zarzadzaniu projektem.
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Biatystok, 04/04/2023r.
Wiktor Bzdega
Zaklad Fizjologij

Uniwersytet Medyczny w Bialymstoku
ul. Kilinskiego 1,
15-089 Biatystok

Os$wiadczenie

Oswiadezam, ze moj udzial w przygotowaniu publikacji ,,Phytocannabinoids—A Green Approach
toward Non-Alcoholic Fatty Liver Disease Treatment” autorow: Klaudii Berk, Wiktora Bzdega,
Karoliny Konstantynowicz-Nowickiej, Tomasza Charytoniuk, Huberta Zywno, Adrian
Chabowskiego opublikowany w Jowrnal of Clinical Medicine wchodzacej w sklad rozprawy
doktorskiej ..Ocena wplywu kannabidiolu (CBD) na zawarto$é i metabolizm sfingolipidéw w
podskérnej i trzewnej tkance tluszczowej u szezuréw z insulinoopornoscia indukowang diety
bogatotluszezows™ wynoszacy 10% polegal na graficznej oprawie manuskryptu oraz zebraniu
pismiennictwa.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w postepowaniu
0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki

medyczne. .
P
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Bialystok, 04/04/2023r.
Dr n. med. Karolina Konstantynowicz-Nowicka
Zaklad Fizjologii

Uniwersytet Medyczny w Biatymstoku
ul. Kilinskiego 1.
15-089 Biatystok

Oswiadczenie

Os$wiadczam, ze moj udzial w przygotowaniu publikacji ., Phytocannabinoids—A Green Approach
toward Non-Alcoholic Fatty Liver Disease Treatment” autorow: Klaudii Berk, Wiktora Bzdega,
Karoliny Konstantynowicz-Nowickiej, Tomasza Charytoniuk, Huberta Zywno, Adrian
Chabowskiego opublikowany w Journal of Clinical Medicine wchodzacej w sklad rozprawy
doktorskiej ..Ocena wplywu kannabidiolu (CBD) na zawarto$é¢ i metabolizm sfingolipidéow w
podskérnej i trzewnej tkance thuszezowej u szczuréw z insulinoopornoscia indukowany diety
bogatotluszezowsa” wynoszacy 10% polegal na opracowaniu koncepcji pracy, ocenie merytorycznej
i korekcie manuskryptu.

Jednocze$nie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w postgpowaniu
o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.

Kamwling A{Q/}J/fda,y/gmlu - Mowl clea
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Biatystok, 04/04/2023r.
Hubert Zywno
Zaklad Fizjolegii

Uniwersytet Medyczny w Bialymstoku
ul. Kilinskiego 1,
15-089 Bialystok

Os$wiadczenie

Os$wiadczam, ze moj udzial w przygotowaniu publikacji ,Phytocannabinoids—A Green Approach
toward Non-Alcoholic Fatty Liver Disease Treatment” autorow: Klaudii Berk, Wiktora Bzdega,
Karoliny ~Konstantynowicz-Nowickiej, Tomasza Charytoniuk, Huberta Zywno, Adrian
Chabowskiego opublikowany w Jowrnal of Clinical Medicine wchodzacej w sklad rozprawy
doktorskiej ..Ocena wplywu Kannabidiolu (CBD) na zawarto$é¢ i metabolizm sfingolipidéow w
podskérnej i trzewnej tkance tluszczowej u szezuréw z insulinoopornoscia indukowany dietg
bogatotluszezowy™ wynoszacy 5% polegal na zebraniu piSmiennictwa.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w post¢powaniu

o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.
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Biatystok, 04/04/2023r.
Prof. dr. hab n. med Adrian Chabowski
Zaklad Fizjologii

Uniwersytet Medyczny w Bialymstoku
ul. Kilinskiego 1,
15-089 Bialystok

Os$wiadczenie

Oswiadczam, ze méj udzial w przygotowaniu publikacji ,,Phytocannabinoids—A Green Approach
toward Non-Alcoholic Fatty Liver Disease Treatment” autorow: Klaudii Berk, Wiktora Bzdega,
Karoliny ~ Konstantynowicz-Nowickiej, Tomasza Charytoniuk, Huberta Zywno, Adriana
Chabowskiego opublikowany w Journal of Clinical Medicine wchodzacej w sklad rozprawy
doktorskiej ..Ocena wplywu kannabidiolu (CBD) na zawarto$é¢ i metabolizm sfingolipidow w
podskérnej i trzewnej tkance tluszczowej u szezuréw z insulinoopornoscia indukowang diety
bogatotluszczows™ wynoszacy 5% polegal na ocenie merytorycznej i korekcie manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w postepowaniu
0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.

KIEROWNIK

Z Fuz;olog.v,L
prof. dr hab. Adrian Chabewski
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Bialystok, 04/04/2023r.
lek. Klaudia Berk
Zaklad Fizjologii

Uniwersytet Medyczny w Biatlymstoku
ul. Kilinskiego 1,
15-089 Biatystok

Oswiadczenie

Oswiadczam, ze mdj udzial w przygotowaniu publikacji ,,Distinct Effects of Cannabidiol on
Sphingolipid Metabolism in Subcutaneous and Visceral Adipose Tissues Derived from High-Fat-
Diet-Fed Male Wistar Rats” autorow: Klaudii Berk, Karoliny Konstantynowicz-Nowickiej,
Tomasza Charytoniuk, Ewy Harasim-Symbor, Adrian Chabowskiego opublikowany w Journal of
Clinical Medicine wchodzacej w sktad rozprawy doktorskiej ,,Ocena wplywu kannabidiolu
(CBD) na zawartos¢ i metabolizm sfingolipidéw w podskoérnej i trzewnej tkance tluszczowej u
szczuréw z insulinoopornos$cig indukowang dieta bogatotluszczowa”” wynoszacy 70% polegat
na opracowaniu koncepcji pracy, wspétuczestnictwie w wykonaniu analiz, zarzadzaniu projektem,

zbieraniu pismiennictwa i pisaniu manuskryptu.
%Mp& 2 ﬁ ¢
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Bialystok, 04/04/2023r.
Dr n. med. Karolina Konstantynowicz-Nowicka
Zaklad Fizjologii

Uniwersytet Medyczny w Biatymstoku
ul. Kilinskiego 1.
15-089 Bialystok

Os$wiadczenie

Os$wiadczam, ze moj udzial w przygotowaniu publikacji .Distinct Effects of Cannabidiol on
Sphingolipid Metabolism in Subcutaneous and Visceral Adipose Tissues Derived from High-Fat-
Diet-Fed Male Wistar Rats " autorow: Klaudii Berk, Karoliny Konstantynowicz-Nowickiej, Tomasza
Charytoniuk, Ewy Harasim-Symbor, Adrian Chabowskiego opublikowany w Journal of Clinical
Medicine wchodzacej w sklad rozprawy doktorskiej ..Ocena wplywu Kkannabidiolu (CBD) na
zawartosé i metabolizm sfingolipidéw w podskérnej i trzewnej tkance tluszczowej u szczuréw
z insulinooporno$cia indukowany dieta bogatotluszczowa™ wynoszacy 10% polegal na
wspotuczestnictwie w wykonywaniu analiz, ocenie merytorycznej i korekcie manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w postgpowaniu
o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.

kawbine KanstauTyoni o cha
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Biatystok, 04/04/2023r.
Lek. Tomasz Charytoniuk
Zaktad Fizjologii

Uniwersytet Medyczny w Bialymstoku
ul. Kilinskiego 1,
15-089 Bialystok

Os$wiadczenie

Oswiadczam, ze moj udzial w przygotowaniu publikacji ,,Distinct Effects of Cannabidiol on
Sphingolipid Metabolism in Subcutaneous and Visceral A dipose Tissues Derived from High-Fat-
Diet-Fed Male Wistar Rats " autorow: Klaudii Berk, Karoliny Konstantynowicz-Nowickiej, Tomasza
Charytoniuk, Ewy Harasim-Symbor, Adrian Chabowskiego opublikowany w Jowrnal of Clinical
Medicine wchodzacej w sklad rozprawy doktorskiej ,,Ocena wplywu kannabidiolu (CBD) na
zawartos¢ i metabolizm sfingolipidéw w podskornej i trzewnej tkance tluszczowej u szczuréw
z insulinoopornoscia indukowany dieta bogatotluszezows™ wynoszacy 5% polegal na zebraniu
pismiennictwa.

Jednoczesnie wyrazam zgodg na wykorzystanie przez lek. Klaudie Berk publikacji w post¢gpowaniu
0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki

medyczne.
/ _ ,/ . :/ //.7
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Bialystok, 04/04/2023r.
Dr n. med Ewa Harasim-Symbor
Zaklad Fizjologii

Uniwersytet Medyczny w Bialymstoku
ul. Kilinskiego 1,
15-089 Bialystok

Os$wiadczenie

Oswiadczam, ze mdj udzial w przygotowaniu publikacji ..Distinct Effects of Cannabidiol on
Sphingolipid Metabolism in Subcutaneous and Visceral Adipose Tissues Derived from High-Fat-
Diet-Fed Male Wistar Rats " autoréw: Klaudii Berk, Karoliny Konstantynowicz-Nowickiej, Tomasza
Charytoniuk, Ewy Harasim-Symbor, Adrian Chabowskiego opublikowany w Journal of Clinical
Medicine wchodzacej w sklad rozprawy doktorskiej ..Ocena wplywu kannabidiolu (CBD) na
zawarto$¢ i metabolizm sfingolipidow w podskérnej i trzewnej tkance tluszczowej u szezurow
z insulinoopornoscia indukowany dieta bogatotluszczowa™ wynoszacy 10% polegal na
wspottworzeniu analiz i ocenie merytorycznej manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w postgpowaniu
o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.
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Biatystok, 04/04/2023r.
Prof. dr. hab n. med Adrian Chabowski
Zaklad Fizjologii

Uniwersytet MEd)‘czny w Bialymstoku
ul. Kilinskiego 1,
15-089 Bialystok

Oswiadczenie

Oswiadczam, ze moj udzial w przygotowaniu publikacji ..Distinct Effects of Cannabidiol on
Sphingolipid Metabolism in Subcutaneous and Visceral Adipose Tissues Derived from High-Fat-
Diet-Fed Male Wistar Rats "autoroéw: Klaudii Berk, Karoliny Konstantynowicz-Nowickiej, Tomasza
Charytoniuk, Ewy Harasim-Symbor, Adrian C habowskiego opublikowany w Journal of Clinical
Medicine wchodzacej w sklad rozprawy doktorskiej ..Ocena wplywu kannabidiolu (CBD) na
zawarto$¢ i metabolizm sfingolipidow w podskérnej i trzewnej tkance tluszczowej u szezuréw
z insulinoopornoscia indukowany diety bogatotluszezows™ wynoszacy 5% polegal na

ocenie merytorycznej i korekcie manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Klaudi¢ Berk publikacji w postepowaniu

0 nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.

KIEROWNIK

&;w‘qo'ognl
prof. dr hab. Adrian Chabowski
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13. Uchwala komisji etycznej

UCHWALA NR 71/2018
z dnia 25.09.2018 .
Lokalnej Komisji Etycznej do spraw doswiadczen 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 ttuszczowych (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 doswiadczer na zwierzgtach w zakresie wniosku 72/2018.

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

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

2. Najwyizszy stopien dotkliwosci proponowanych procedur to: tagodna.

Doswiadczenia bedq 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 osrodkiem w: nie dotyczy

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

! Niewtaéciwy zapis usunaé

Zimig i nazwisko osoby, ktora zaplanowata i jest odpowiedzialna za przeprowadzenie do$wiadczenia
* Wypetnié w przypadku dopuszczenia do postepowania organizacji spotecznej.

4 Niewtasciwy zapis usungé

° Nie dtuzej niz 5 lat
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9. Doéwiadczenie nie zostanie’ poddane ocenie retrospektywnej.
§3

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

§4

Integralng czes¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1.

UNIWERSYTET WARMINSKO-MAZURSKI
w Olsztynie
LOKALNA KOMISJA ETYCZNA
do Spraw Doswiadczefi na Zwm:/l;
(Piecﬁ@?o?flﬁ‘é?‘l%rgfsjl etycznej) Podpis pr2éwsdnieraceg kdmisji
prof. dr hab,
Pouczenie:

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

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

Otrzymuje:

2) Organizacja spoteczna dopuszczona do udziatu w postepowaniu (jesli dotyczy)
3) a/a
Uzytkownik kopie przekazuje: Osoba planujaca doswiadczenie; Zesp6t ds. dobrostanu.

7 Niewtasciwy zapis usungé
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