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3. Introduction

3.1 Energy substrates metabolism inthe skeletal muscle

Skeletal muscles play a pivotedle in the utilization of engly substratg, such as glucose
and fatty acidgFAs), due to their highmetabolic activity and large mag&spproximately 40% of
body mass)1]. Muscletissueaccounts for 80% of the insulstependent postprandial glucose
uptake thereforgfollowing a meal glucose serves as the main source of fuel for gneragluction
in skeletal muscle. However, during the fasting statescle glucose uptake sw, and phsma
FAs levelis elevaed thusthe principalenergysourceis fat oxidation [2]. The ability of muscle
tissueto switch from glucose oxidat during the postprandial conditiottsfatty acid oxidation
during the state of starvatias called metabolic flexibility Moreover,the utilization of energy
substrates varies significantly depending on the composition of the skeletal muscle fibers
(oxidative vs. glycolyticdue to the different contenf mitochondria and their capagito axidize
fat, resulting ina variable effect of F&on glucose utilization in red and white skeletal muq&s

The postprandial increase in plasma gluamseentratiorstimulateghesecretiorof insulin,
which throughactivatingthe cell signaling cascadean initiateskeletal muscle glucose uptake
Glucose transport iskeletal muscle occurs mainly via facilitated diffusionolving theglucose
transportes 1 and 4(GLUT1 and GLUT4. GLUTL1 is restricted to the cell surfgcehereas
GLUT4, which is predominantly expressed in skeletal musdscalizedintracellularly from
where it isarerapidly translocatedo the plasmanembranen response texercise, hypoxisand
insulin-triggered series of signaling evertq. Insulin by bindng to alpha subunits of insulin
receptorresults in the autophosphorylation of the intracellular beta subwhish increases the
activity of kinasesand phosphorylates dockingrotein, insuh receptor substrate 1 (IRH [5].
Subsequently, IRS activates its downstream molecular target phosphatidylind3ikihase
(PI3K), which after association with the plasma membrphesphorylates inositol phospholipids
and generategphosphatydilinositol (3,4,5yiphosphate (PK). The next stage of insulin signal
transduction is th@nction of PIPs with 3-phosphoinositide dependent protein kirdsgeDK1)
PDK1 phosphorylates bofitotein kinases B (PKB/Akgndprotein kinases C (PK(9]. PKB/Akt
activationleads tothe phosphorylation ofhe AS160 protein,one ofthe PKB/Akt substrates
involved in the regulation of GLUT4 translocatipr]. The entirecascade of insulin signaling
results inthe translocation of vesiclesontainng GLUT4 from intracellularstores to the cell

surface allowing glucose to enter the cgl.
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Longchain fatty acids (LCFAare transportedcrossthe plasmamembraneof skeletal
musclevia simple diffusioralongtheir concentration gradiemr may be facilitated by membrane
associated protein@]. To date,among the known transporters of fatty acids fatty acid
translocase (FATZD36),plasmamembrane fatty acid binding protein (FABPpmamda family of
fatty acid transport proteingATP14), which are coexpressed in the skeletal mu$t®. The
presence of CD36 not only on tbell surfacebut dso in intracellular storage depgoespecially in
endosomes, has suggested that translocation of CD36 from endosomes to then@asmnane
may enhance FAs uptakd@he aforementioned mechanisim anabgous to the welknown
regulation of glucose uptakehich relies on the translocatiohtbe GLUT4from the intracellular
storageto the cell membrangd]. Moreove, recentstudies haveshown that insulin, through
activation of the signaling pathway related to the PI3K cascadsesranslocation o€D36 from
intracellular compartment® the surface of the cell membramwehich determines the increase in
intracellular LCFAtransport{11]. In addition theexpression of CD36 has been demonstrated
themitochondral membranes, however, its role is get fully understood; probablthis protein
interacts with carnitie plmitoyltransferasé (CPT-I) in the regulation of LCFA transport into the
mitochondr a | matri x and aff ect s-oxidatia proces} ie skedefal L C
muscle[12]. On the inner side of the plasma membramigral sarcolemmal fatty acid transport
proteinscan provide a docking site ftie cytosolic fatty acid binding proteikABPC) or fatty
acid-acting enzymes (such as a€A synthetaseACS), making the fatty ac&lreadily available
for subsequet transport and/or enzymatic conversja8]. Uponenteringthe cellsLCFA forms
complexes with coenzyme QACoA) generatingLCFA-CoA, which are channed toward b-
oxidationin the mitochondria or tbpid storage depending on metabolic requirements

During starvation or exerciseCFA-CoA are transferred to the mitochondridoere they
cross themitochondrial membrane with the participation of CP&nd possiblyFAT/CD36
transporterWithin the mitochondrial matrix, LCFAIndergoesiumerous regulated processes
which they are oxidized to carbon dioxide (§{14]. In particularLCFA aredegradd i n t h.
oxidation process, where the enzyfméydroxyacylCoA dehydrogenaseé #HAD) plays a key
role and isinvolved in the generation afcetylCoA, which enters théricarboxylic acidcycle
(TCA), enablingadenosingriphosphate ATP) synthesis through oxidative phosphorylatjh4].

Under postprandial conditiongn increase in plasma glucose levstsnulates insulin

secretion and the resulting hypeulinemia inhibits lipolysisJeading to areductionin the
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concentration ofFAs in the plasma, followed by decrease in the rate of lipid oxidation
Subsequentlyintracellular LCFA undergos the esgrification process and they achanneled
towards lipid storage in myocytesimarily astriacylglycerols (TAG)in lipid droplets[15]. TAG

is considered to be a relatively safe lipid fraction withimwacellular lipotoxic effectsas some
studies have shown that both the inhibition and activation of intramuscular TAG hydrolysis do not
significantly affect themitochondrial function anghsulin sensitivity of cell$16]. However, in the
course of higHat feeding, gcessive intracellular tresport of LCFA exceeding the oxidative
capacity ofthe mitochondria, results imtramyocellularlipid accumulationnot only in the TAG
fraction but alsan the fractions ofliacylglycerols (DAG), as well axeramides (CER)elonging

to the sphingolipidsfamily [17]. DAG is an intermediate formed in the TAG synthesis process,
resulting from LCFA-CoA esterification to glycerot3-phosphate and the subsequent
dephosphorylation reaction of phosphatidic acid with the participation of the enzyme phosphatide
phosphatas@PAP).The reaction directly leading to the formation of TAG isdbglation of DAG
under the influence of diacylglycerol acyltransferase (DGAB). The DAG acts as an important
second messenger involved in cell signglaithough it is consideredsaamolecule responsible
alsofor insulin resistancéR). It disrupts thalownstreaninsulin signaling pdtway by activating
both classical and atypic&KC, which dephosphorylate IRS1 and thus block further insulin
signaling[15]. Ceramide is another lipid metaboliteat is linked with increasedmuscle lipid
acawmulation and IRIt is produced via de novo synthesis from palmi#O@A or it can be
generated fromphingomyelin, a phospholigh component of plasmaembrane$19]. De novo
CER synthesis takes plasethin the endoplasmic reticulum andedins with a serine and
palmitoyFCoA condensation reaction catalyzedseyinegpalmitoyltransferase (SP19 produce 3
ketosphinganineSubsequentlythe reactions lead to the production of sphingafted), which
after acetylation by ceramiggnthase enzymé€erS16) forms dihydroceramidand furthelCER

with the participation oflehydroceramiddesaturasf0]. Emerging evidence pointautthat CER
interferes with glucose uptake dnmparsthe storage of nutrients such®sG andglycogenas a
result of attenuating insulin signal transmissitimough activation of atypical PKC isoforms

( P K Q eahdaphosphatidyl phosphatase 2A (PR2#&hich inhibits the phosphorylation of
PKB/Akt. In both cases, inactivation of PKB/Akgsults in inhibition of intamuscular glycogen
synthesis as well dslocking the translocation dsLUT-4 to the plasmanembrane, causing a

decrease in insulidependenintracellular glucose transpd&o0].
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Mounting evidence suggests that theewmulation of intrenuscular lipids, in particular:
diacylglycerolsandceramids, is related to the emergence of insulin resistaheeoccurrence of
which strongly correlates with the pathogenesis of numerous chronic diseases such as metabol
syndrome and type 2 diabetesellitus (T2DM). This notice is essentialljmportant as
intramuscular accumulation of bioactive lipids occurs in obesity, suggesting a relationship betweer
intramuscular lipid content an@R. These finding imply that lipid accumulationn the skeletal

muscleis a key ontributor to IR although the exact mbanism remains to be clarified.

3.2 The endocannabinoid systenin the skeletal muscle

The endocannabinoid systéECS) plays a pivotablein the regulation ofhe body's energy
homeostasis and art of a larger family of signaling lipidermed the endocannabinoidome
(eCBome).The eCBome encompassiegdogenous ligandsalled endocannabinoids (e.g.,-N
arachidonoylethanolamine anandamide (AEAand 2arachidonoylglycerol (AG)) and their
numerow longchain fatty aciederived congeneyshe ligand metabolic enzymés.g.,fatty acid
amide hydrolase (FAH) and monoacylglycerol lipasgMIAGL)), as well aghe receptorghat
respond to theomponerd of Cannabisplant [21,22] In addition to the ficlassi® cannabinoid
receptor§CB; and CB), many other molecular targétave been identifiech commonwith ECS,
including thermosensitive transient receptor potential (TRP) channels (swamileid receptor
type-l - TRPV1), orphan G proteitoupled receptors (such as GPR55 and GPR18), and
peroxisome proliferateactivatedreceptors§ u ¢ h  a sa nPdP APRF2&]Rm rgcent years, it
has been shown théite ECSs overactivatedn the course of olsity, which increasg food intake
and promotes energy storag@4]. As a result,higher ECS tonecontributesto body fat
accumulatiorandhasbeen linkedo thedevelopment of obeskgelatedmetabolic abnormalities
[25,26] This is supported by several studies reporting a stroswcegion between highlasma
endocannabinoids levels, and iR a variety of tissues, including skeletal musf@&,28] In
addition, CB; activation has been shown to declimetochondrial biogenesis imuscletissue
reducing their level and negatively affecting oxidative phosphorylg@8h In contrast, recent
studies have shown that decreased ECS activity in skeletal muscle results iseshansalin

sensitivity and glucose uptakg0,31]
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3.3 The role of cannabidiol in the regulation of lipid metabolism inthe skeletal muscle

The Cannabis sativplanthas been used foecreational ath medical purposes for hundreds
of years[32]. Cannabidiol(CBD) right after g Stetrahydrocannabinolp 9THC) is the most
abundanphytocannabinoid in th€annabisplant[33]. However,CBD hasrecently emerged as a
therapeutic agent for many pathological conditisimeeit is devoid of psychoactive side effects
and has an excellent safety profile unlige9THC [34]. In addition, many of its beneficial
properties have been demonstrated, including-iafidimmatory, antioxidant, anticonvulsant,
anticancer and neuroprotectivesuggesting #sherapeutic applicatiom numerous diseases, such
as epilepsy and ischemidsi 37]. Recently, research has also indicated the potential therapeutic
effect of CBD in the treatment of obigsand its metabolic complicatiofid8i 40]. CBD produces
its effects through many different medsams, which illustrates its complex pharmacoldbstis
not yet fully understoadn the case of theannabinoid receptors GBnd CB, CBD has been
found to have a very low affinitipr them while it affects many other molecular targets to a much
greater exterjgd1]. In particular,CBD has been shown to act as an agoniteal RPV 1, serotonin
receptor 1 HT1A), as well as®P P AR U a n dwhikR P tReother hand, substantially
antagonizeshe GPR55 receptof42,43] Furthermorepoth animaland humarstudiesreported
that CBD is able to modulate the E@&ivity, mairy by inhibiting AEA uptake and preventing
its hydrolysis by FAAH33]. Modulating the tonef this system has great therapeutic promise for
a wide range of diseases, rargginom mental health disordensain, andnetabolic diseasesith
respect to the treatment of obesity and related disturbabeesall, the unique pharmalogical

properties of CBD make this compound veattractive for therapeutic applications

Detailed information on the endocannabinoid system and cannabidiol can be found the

following manuscript included in the dissertation:

a. Article No. 1- Bielawiec P., HarasinBymbor E.,ChabowskiA.: Phytocannabinoids:
useful drugs for the treatment of obesity? Special focus on cannaldtdaitiers in
Endocrinology, 2020, 11,i11.
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4. Aims

Currently, obesity is one of the most commsgrious medical concerns worldwidis
increasingprevalence has been attributed to a number of factors, includiressexe food
consumption, sedentalijestyle, as well as environmental and genetic facOtesity along with
IR are risk factorgpredisposing to T2DMmetabolic syndrome or cardiovascular disedsethe
course of obesity, incread availability of FAs in the diet leads to excessive storage of lipids in
adipocytes and, subsequently, in othestabolically activetissues such as liver, cardiac and
skeletal muscleRecent reports indicate that one of the key systems involved in the development
of obesityis the ECS.It is involved in the regulation of numerous physiological processes,
including gpetite, cellular metabolisnand energy homeostasis has also been shown that the
ECSis the site of interaction of phytocannabinoihjch are compounds of plant origi@gnnabis
sativgd. Among phytocannabinoids isolated from tbannabis sativglant CBD is chaacterized
by a great safety profile and lack of psychoactive propertiBesearch in recent years has
contributed to understanding CBD's numerous therapeutic effects, includamg-itslammatory
and antioxidant effects. It is alsonsideredhat CBD may have beneficial effects in the treatment

of obesity, althouglits exact mechanisms of action remain unknown

Taking the above into account, the aim of the conduetselarch was:

1. Assessment of cannabidimifluenceon the plasma concentratioh glucose and insulin,
the total expression aflucose transporters, as well @®teins and their phosphorylated
formsinvolved in theinsulin signaling pathwain skeletal muele in a rat model of high
fat dietinduced obesity,

2. Assessment of cannabidiofluenceon the content of selected lipid fractions (FFA, DAG,
TAG, PL) and phingolipids (including CER) as well dke total expression of selected
fatty acidtransporters irskeletal musclén a rat model of higifat dietinduced obesity,

3. Assessment of cannabidiafluenceon the composition of individual lipid fractions (FFA,
DAG, TAG, PL)in skeletal muscle a rat model of higiat dietinduced obesity

15



5. Materials and methods

Detailed information on the applied experimental model and research methodology can be
found in the following manuscripts included in the dissertation

a. Article No. 2 - Bielawiec P., Harasirsymbor E., KonstantynowicAZNowicka K.,
Sztolsztener K., Chabowski AChronic cannabidiol administration attenuates skeletal
muscle de novo ceramide synthesis pathway and related metabolic effects in a rat model c
high-fat dietinduced obesityBiomolecules, 2020,0(9),1241, 116.

b. Article No. 3 - Bielawiec P., Harasirsymbor E., Sztolsztener.KKonstantynowicz
Nowicka K., Chabowski A.Attenuation of oxidative stress and inflammatory response by
chronic cannabidiol administration is associated with improvéile3 PUFA ratio in the
white and red skeletal muscle in a rat model of Hafhdietinduced obesityNutrients
2021, 13(5), 1604

5.1 Animals and experimental protocol

The experiment was conducted on male Wistar (&sghing approximately 761,00 9
purchased from the Center for Experimental Medicine of the Medical University of Bialystok,
Poland.The animals were housed in standard plastic cageer controlled animal holding
conditions (22 2 °C with a reversd light-dark cycle of 12 h/12 hyith unlimited accessd
drinking water and commercidhboratory chow (Labofeed B, Animal Feed Manufacturer
AMor awski o, KThg protacql of Ehe sty wask ¢valuated and approved liye
Animal Ethics Committee in Olsztyn (No. 71/2018)he animals, after one week period of
acclimatization, wereandomly assigned to four experimental groyf$¥ control group rats fed
a standardodentdiet (kcal digribution: 12.4% of energy frorat, 57.1% from carbohydrates,dan
30.5% protein), (2) CBD grouprats fed a standard diet atrdatedwith CBD, (3) HFD group-
rats fed a higHat diet (kcal distfbution: 60% of energy from fa0% from carbohydrates, and
20% potein), and (4) HFD + CBD grouprats fed a higHat diet andtreatedwith CBD. Each
experimental group includetiO ratsandthe total time course of feeding ratséth the standard
laboratay chow or a higkat dietlasted seven weeks. The animatartingat the beginning ahe
sixth week, received injections @BD or its vehicle for the consecutive 14 days of the experiment.

Respective contrchnd HFDfed groups received intraperitothdap.) injections(once a daypf
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syntheticCB D ( p u98%; THC:Pha@n GmbH, Frankfurt, @eany) in a dose of 10 mg/kg of
body massor its solvent(3:1:16, ethanol, Twee80, and 0.9% NaCl)Throughout the whole
experimentbody mass wamionitored 24 hours affer the last dose of CBD or g®lventrats were
anesthetized by i.p. injgohs of pentobarbital (80 mg/kgf body weight) Thereafter, blood
samples were collected into test tubes with heplarough thanferior vena cava and o#ifuged,
and plasma was separatbtliscle samples (red gastrocnemiussoie with predominant oxidative
metabolism and white gastrocnemius muscle with largeesbic metabolism) were collected
and visible fatty tissue was mechanically removidte obtained samples were immediately frozen

in liquid nitrogenusingprecooledaluminum tongs anthen storedintil further analysis a80 °C

5.2 Analysis of gdasma glucose and insulin concentrations

Plasma tucose and insulin levels wedeterminedusing a Glucose Colorimetric Asskyt
II (BioVision Inc., Milpitas, CA, USA) and Rat Insulin ELISA KiftMercodia AB, Uppsala,
Sweden),r espectively, foll owi ng Thehietensityaal veftianc t u r
products wasmeasuredn a hybrid multimode microplateeader (Synergy H1TM, BioTek
Instruments, Winooski, VT, USAgnd, for each measurement, calculated values were based on a
separate standard curMdoreover,the insulin sensitivity was assessed using the homesstasi
model assesment of insulin resistancHOMA-IR), where fasting plasma glucose (FPG)
concentration was expressed in millimoles per bted fasting plasma insulin was expressed in
microunitsper milliliter (HOMA-IR = (FPG xFPI1)/22.5).

5.3 Analysis of sphirgolipids content in muscle tissue

Sphingolipds were extracted from the muscle tissigng a mixture ofmethanol and
hydrochloric acidsolutions in the presence of internal standards {§ihiihgosine and C17
sphingosinel-phosphate)The total amount of phingosinel-phosphat€S1P)and sphinganine
1-phosphate(SFA1P) was determined bythe indirect method after dephosphorylation of
sphingosine and sphinganine, respectively, with alkaline phospl{ataBeSigma Aldrich, Saint
Louis, MO, USA) The lipid extracts wergansferred to a fresh tube with prdded 40 pmol of N
palmitoykd-erythrosphingosine (C17 basa$ an internal standafalowed by alkaline hydrolysis
to convert ceramide to sphingosinéfterward sphinganine(SFA), sphingosine(SFO)
dephosphorylated sphingoid basesid ceramidelerived sphingosinewere derivatized.The
obtained ephthalaldehyde derivatives of sphingolipids were analyzed usingpeigormance
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liquid chromatographyfHPLC; Varian ProStarAgilent TechnologiesSanta Clara, CA, USA)
equipped with a fluorescence detector and C18 rewgisase column (Varian Inc. OmniSpher 5,
4.6 x 150 mm).

5.4 Analysis of the concentration and fatty acid composition of selected lipid fractions in
muscle tissue and plasma
Lipids from the musde tissue and plasmawere extracted with a mixture of
chloroform/methanolsolution in a volume ratio of 2: An internal standard containing
heptadecanoic acid, 2@heptadecanoiacid and trihneptadecanoic acid wadded to the obtained
extracts Subsequentlythe extracts were developed on chromatographic glass plates covered with
silica gel and separated into individual lipid fracsorFA, DAG, TAG and PL by thidayer
chromatography (TLC) in a heptaediierisopropylacetic acid separatidsuffer in a volume ratio
of 60:403. Particular fractions were visualized sing a methanolic solution of 2%
dichlorofluorescein, identified under UV light on the basis of appropriate standards, and then
scraped int@eparate test tubdsluents containing individual lipid fractions were transmethylated
in 14% methanolic trifluoride solution and then dissolved in hex@asdicularfatty acid methyl
esters (FAME) in each lipid fraction were quantified depending orrdtemtion time of the
standards by gdguid chromatographyGLC; HewlettPackard B90 Series Il gas chromatograph
equipped with a HPNNOWax capillary columnand a flame ionization detectorAgilent
Technologies, Santa Clara, CA, USAhe total concenditions of lipid fractions werestimated

as he sum of individual fatty acigpecies contentithin each of the assessed lipid fractions

5.5 Analysis of the total expression of selected proteins by Western Blot method

In order to determintnetotal protein expressiaof praeins directly involved in glucose and
sphingolipid metabolism, inflammatory pathway as well as components of the
endocannabmdome, skeletal muscle sampleere homogenized in RIPA buffer contaigithe
cocktailof protease and phosphataskibitors (Roche Diagnostics GmbH, Manheim, Germany).
The bicinchoninic acignethod(BCA), with bovine serum albumin (BSA) astandard, was used
to evaluatgrotein concentratiom the homogenateSubsequenyl the homogenates were diluted
with Laemmli buffer and electrophoretic separation of proteins was performed on 10%
polyacrylamide ge[CriterionTM TGX StainFree Precast Gel®&io-Rad, Hercules, California,
USA). Thereafter the proteinswere transferrednto nitrocellulose or polyvinylidene flumie
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(PVDF) membranes in wet argémidry conditions, respectivelylhen, to block nonrspecific
bonds, the membrasewvere incubated in 5% ndat dry milk or 5% BSAdissolved inTris-
buffered salie with Tweer20 (TBST) buffer and incubated overnight with the appropriate
primary antibodiesThe next day, themembranes were incubated with the corresponding secondary
antibody conjugated with horseradigéroxidase (HRP) (Cell Signaling Technologijterward

the proteinbands were visualized using the chemiluminescenbstrate (Clarity Western ECL
Substrate; Bie€Rad, Hercules, CA, USA)and then the obtained signals were difieal
densitometrically witithe use of the ChemiDoc visualization sys{émage Laloratory Software
Version 6.0.1Bio-Rad,Warsaw, Poland)'he expression of selected protewas quantified with
stainfreegels and the total protein normalization method {Baxl, Hercules, CA, USA)

5.6 Analysis of oxidative stresparameters using commercially available kits

In order to evaluat the oxidative stress parameteamples of the white and re#eletal
muscles were homogenized in RIPA or PBS buffEine concentrations of selected parameters in
skeletal muscl@omogenates were determined using commercial colorimetric test kits and ELISA
tests.The absorbance of these biomarkers was measured spectrophotometrically lngbrigl
multimode microplateeader (Synergy H1TM, BioTek Instruments, Winooski, VT, USKjen,
from the obtained standard curves, concentrations of oxidative stress markers were calculate

accordingtothena n u f a rotacole r 0 s

5.7 Statistical analysis

All the experimental data are presented as mean values + standard deviation (SD) or percenta
of the control group based on six independktérminationsThe obtained results were subjected
to the ShapireNi | k a n dtesBta assesstthe disdribution of values and the homogeneity of
the variance. The statistical differentegween the study groups were analyzed using the ANOVA
test, followed by the appropriate post hoc test (Tukey's testtmst) (Statistical analyss for all
determinations was perimed using the GraphPad Prism version (GoaphPad Software, La
Jdla, CA, USA). The results wermnsidered to be statistically significant at p < 0.05.
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6. Results

Detailed information on the appliedexperimentd model and obtained researclresults can

be found in the following manuscrips included in the dissertation:

a. Article No. 2 - Bielawiec P., Harasirsymbor E., Konstantynowielowicka K.,
Sztolsztener K., Chabowski AChronic cannabidiol administration attenuates skeletal
muscle de novo ceramide synthesis pathway and related metabolic effects in a rat model c
high-fat dietinduced obesityBiomolecules, 2020, 10(9),124118.

b. Article No. 3 - Bielawiec P., Harasirsymbor E., 3tolsztener K Konstantynowicz
Nowicka K., Chabowski A.Attenuation of oxidative stress and inflammatory response by
chronic cannabidiol administration is associated with improvéim3 PUFA ratio in the
white and red skeletal muscle in a rat modehigfh-fat dietinduced obesityNutrients
2021, 13(5), 1604

The description of the results uses references to figuraad tablesfrom the abovementioned
manuscripts included in the dissertation

In the experimental model of HFiDduced obesityywe noticed asubstantiadecrease in
plasmaglucose level in rats fed a standard diet after CBD applic4tidh9%, vs. the control
group p < 0.05; Table 1, respectively; Article No. Boreover,we obsevedin both HFDfed
groups (untreated and treated with CB3jgnificantly eleva@dconcentration of insulift+89.9%
and +45.2%vs.thecontrolgroup p < 0.05; Table lrespectivelyArticle No. 2 andsignificantly
increased HOMAR index (+59.9% and +39.0%vs. the control group p < 0.05; Table 1
respectively Article No. 2) Importantly, we repodd that CB treatment caused a considerable
reducton in insulin concentration ithe HFD group{23.5%,vs.theHFD group p < 0.05; Tabld,;
Article No. 2.

In the case of the sphingolipid pathwaye observed that IFD caused aubstantial
intensification of thede novoceramide synthesis pathwawhich resulted inan increase in
intramuscular contertf SFA SFAL1P, CER and SFO (+21.29231.1%,+25.7% and +14.8Ws.
the controlgroup p < 0.05;Figure 1A, B, C and D, respectivelyrticle No. 2).As expectedin
the red gastrocnemius musdleronic CBD treatment dfiFD-fed ratssignificantly reduced the

content of the abovmentioned components of the sphingolipid pathway, i.e.,, R and SFO
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(172.9%,-14.9%, -24.3%, vs. the HFD group p < 0.05; Figure 1A, C andD, respectively;
Article No. 2. Only intramuscular content of 3P was substantially enhanced after the
introduction of CBDin rats fedeither the standard chow or the HFEB(6.7% and 325.0%,
vs.thecontrol group p < 0.05; Figure 1 BrespectivelyArticle No. 2).Concomitantly, tweweek
CBD administratiorio ratsfedthe standard diet considerably reducedcthretent of both SFA and
SFO (-53.6% and26.3%, vs. the control group, p < 0.0%igure 1A and D, respectively
Article No. 2). Furthermore, we observed significantly decreasedmuscular content of SiR
rats subjected tdiigh-fat feeding (-21.8%, vs. the control group p < 0.05; Figure 1E;
Article No. 2), which was subsequently enhanced by CBD treatment in the Id&mDegroyp
(+22.4%, vstheHFD group p < 0.05; Figure E; Article No. 2. Similarly, the value of S1IP/CER
ratio was restored after CBD introduction in the HEBup €27.3%, vs. the control group,
p < 0.05; Figure 1 F+20.9%,vs. the HFD groupp < 0.05; Figuredl F; Article No. 2.

The nducton of obesity by a HFlso induced significant changesthe expression of
enzymes involved in the regulationtbe sphingolipid pathwayhe studies showed significantly
increased exssion of SPTLC1 andASS5(+25.9%and+41.2%,vs. the control group < 0.05;
Figure 2A and B respectively Article No. 2, which was further declined byo-week CBD
treatment(-18.2% and-66.4%, vs. the HFD group p < 0.05; Figure 2 A and Bespectively;
Article No. 2. Simultaneously, we did nobbserveany substantiablternations in the total
expression of ASAH1 and SPHK2nzymes(p > 0.05; Figure 2C and D, respectively;
Article No. 2) in the HFD group compared to the control conditidnserestingly, the chronic
presence of CBD caused a significant increase entdkal expression of the abeweentioned
enzymesi.e.,ASAH1 and SPHK2n the group of rats fed the highat diet(+54.6% and+28.7%,
vs.theHFD group p < 0.05; Figure £ ard D, respectively; Article No. 2Moreover, the opposite
effectof CBD was observed in rats subjectedhe standard diet, where it reduced the expression
of ASAH1 (-47.6%,vs. the control group, p < 0.0Bigure 2C; Article No. 2.

In the skeletal mude during the course ohigh-fat feeding, we notice@ considerable
decrease ithe phosphorylation of proteins involvedthe insulin signaling pathway, i.e., IRS
andGSK-3 (-13.8%and-24.1% vs. the control grou < 0.05;Figure 3A and Drespectively;
Article No. 2. Concomitantly, tweweek CBD administration resulted in a substamgatoration
in intramuscular phosphorylation of Akt (S4r3) and GSK3 (+59.5% and +38.4%, vs. the
HFD group p < 0.05;Figure 3B and DrespectivelyArticle No. 2. On the other handh the case
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of glucose transporte@LUT1 and GLUT4 we reported a significant increase in the total muscular
expressionn the HFD group(+62.9% and +56.4%ys. the control grou < 0.05; Figure E
andF, respectively Article No. 2) whereagwo-week administrationf CBD to animas being on

a HFD resulted in a considerabileduction in theotal expression of both GLUT1 and GLUT4
(-32.9% and30.8%, vs. the HFD group, p < 0.05; Figure 3 E anckgpectiely; Article No. 2.

The abee-mentioned effects of chronic CBD treatment in rats fed a-fagHdiet werecompleted

by significantly increased total expressiof PDH (+37.9%,vs. the HFD group, p < 0.05;
Figure3 G; Article No. 2.

In the case oéCBome components, our study showed that rats subjected to-fathatdt
presented significantly increased total expressiorecéptors belonging to the EG8stemi.e.,
CBy, TRPV1 and BHT1A (+47.9%, +61.9% and +93.3%, vs. the control group, p < Gigbre
4 A, C and D; respectively; Article No).2Jnexpectedly, the total muscul&xpressions of the
abovementioned receptors itFD groupstreated with CBDwere considerably decreased
(CBu1: -33.9%, TRPV1:-35.4% 5-HT1A: -62.2%,vs. the HFD groupp < 0.05;Figure 4A, B
andD, respectively; Article No. 2 Conversely, the total expression thie CB; receptor was
markedly enhanced after CBD application in rats fed either standard arihhdtybt(+40.6% vs.
the control group+43.5%,vs. the HFD group < 0.05; Figure 4B, respectivelyArticle No. 2.

Our study demonstratetthat induction of obesity by a highat diet caused a relevant
reduction of the #6/n-3 PUFA ratio in the FFA and DAG fractios4.2% and27.6%,vs. the
control groupp < 0.05; Figure A andB, respectively Article No. 3 in the white gastrochemius
muscle whereas twaveek CBDtreatmentconsiderably enhanced(i#41.7% and +49%.0%s.
the HFD groupp < 0.05; Figure 1A and B,respectively Article No. 3. Moreover, in the same
muscle type, we also found that tmeek CBD injectionsnarkedly elevated the-6/n-3 PUFA
ratioduring standard artigh-fat feeding conditionén the FFA fraction(+11.6% and +21.6%s.
the control groupp < 0.05; Figure 1A, respectively Article No. 3. Conversely, in the red
gastrocnemius musclese observed thdtigh-fat feedingprofoundly increasethen-6/n-3 PUFA
ratio in the FFA fraction+12.9%, vs. the control group < 0.05;Figure 1A; Article No. 3).In
addition,in the same type of skeletal musdiee chronic presence of CBD caused a significant
decrease in the-8/n-3 PUFA ratio in rats fed either the standalebw or the HFD in the DAG
(-6.6% and -13.7%, vs. the control group-11.6%,vs. the HFD groupp < 0.05; Figure 1B,
respectively; Article No. 3and PL fractions-21.0% and21.2%,vs. the control group:13.1%,
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vs. the HFD groupp < 0.05;respectivelyFigure 1D; Article No. 3. Regarding thdAG fraction,

in both white and red gastrocnemius muscles, we noticed that the rats lightfgt feeding
conditionsexhibited a markedly elevateedin-3 PUFA ratio(+66.8% and +28.1%ss. the control
group,p < 0.05;Figure 1C, respectively; Article No. 3)ith a concomitant reduction of this ratio
after aprolonged CBD treatmer(t14.9% and-30.1%,vs. the HFD groupp < 0.05 Figure 1C,
respectivelyArticle No. 3).Furthermore, in the TAG fraction, we observed thatteénr-3 PUFA
ratio was significantly reduced in rats fed a standard chow after CBD application in the white
gastrocnemius muscle9(5%, vs. the catrol group,p < 0.05; Figure IC; Article No. 3 and,
conversely, in the HFBed rats it wasconsiderably enhancgdé42.0%,vs. the control group,

p < 0.05; Figure IC; Article No. 3. Concomitantly, in the PL fraction, the rats subjected to-high
fat feeding exhibited a relevant decrease of t&n8 PUFA ratio in both the white and red
skeletal muscle-23.8% and-9.3%, vs. the control group, p < 0.05jgure 1D, respectively;
Article No. 3). Moreover, after grolonged CBD treatment of theFD-fed rats,we observed
asubstantially reduced®n-3 PUFA ratio in the PL fractiof13.9%, vs. the HFD group <0.05
Figure 1D; Article No. 3.

In the plasma, we noticed a considerabtzease in the-6/n-3 PUFA ratio in both HFD
fed groups (untreated and treated with CBD) in the FFHV.3% and +37.3%, vs. the control
group,p < 0.05; Figure 2\, respectively; Article No. Band TAG(+57.1% and+49.1%, vs. the
control group p < 0.05; Figure B, respectively; Article No. Bfractions Importantly,there was
a considerable declinm the n6/n-3 PUFA ratio in theHFD + CBD group(-6.8%,vs. the HFD
group,p < 0.05 Figure 2A; Article No. 3 in the case of the FFA fractio@oncomitantly,n the
plasma 6the rats fed a standard diaetresponse to CBD treatmene observed substantilly
declired n6/n-3 PUFA ratio in the FFA and TAG fractions/(4% and-6.9% vs. the control
group,p < 0.05; Figure A and B,respectively; Article No. 3).

During the course of higfat feeding we observedignificant alternation®f oxidative
stress parameterRegarding CAT concentrations, we noticed considerable declinen i
HFD + CBD group only in the red gastrocnemius musel®.8%, vs. the HFD group, p < 0.05;
Figure3 A; Article No. 3), whereas we did not observe any changes in catalase values in the white
gastrocnemius musc{p > 0.05; Figure &; Article No. 3. Moreover, prolonge€BD treatment
during standard and higfat feeding conditionsesulted in a relevant increase in SOD2 leuels
the white gastrocnemius mus¢hk9.9% and +8.8%ys. the control grou < 0.05; Figure 3B,
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respectively;Article No. 3. Similarly, in the red gastrocnemius muscle, CBD administration
substantially elevated SOD2 concentrations in the rats subjected to standard chow(+&edi¥g
vs. thecontrol group p < 0.0% Figure 3B; Article No. 3. Importantly, in bothwhite and rd
skeletal muscledswo-week CBD treatment resulted in a considerable increase in SOD2ilevels
the rats fed the higfat diet(+7.1% and +3.9%ys. the HFD groupp < 0.05; Figure B8; Article
No. 3).In relation to the total antioxidant capacitye noticed a marked elevation in the HFD
group after CBD injections only in the white gastrocnemius mis8d %, vs. the control group
p < 0.05;Figure 3C; Article No. 3. Concomitantly, we did not observe any significant alterations
in TAC levels (p >0.05; Figure ; Article No. 3)in the red gastrocnemius musadies expected,
we noticedsignificantly elevatedGE levelsin both white and red gastrocnemius musgtés.3%
and +32.1%, vs. the control grayp< 0.05;Figure 3D, respectivelyArticle No. 3, which was
further declined by twaveek CBDtreatment-38.8%and-28.0%, vs. the HFD grouyp < 0.05
Figure 3D, respectivelyArticle No. 3).Consequently, the intramuscular MDA concentration was
considerably enhanced inetlanimals being on a hight diet in the red skeletal mus¢tet5.6%,
vs. the control groupp < 0.05 Figure 3E; Article No. 3) with subsequent reduction after
administration of CBD-6.9% vs. the HFD groupp < 0.05 Figure 3E; Article No. 3. On the
other hand, in the white gastrocnemius muscle, the MDA content was markedly diminished after
CBD implementation dring the course of higfat feeding(-16.7%,vs. the controgroup;-22.9%,
vs. the HFD groupp < 0.0% Figure 3E; Article No. 3).Moreover, in both white and red skeletal
muscleswe observedhat highfat feeding significantly elevated theHNE conteni(+43.7% and
+115.7%ys. the control group < 0.05; Figure ¥, respectivelyArticle No. 3. Most mportantly
after aprolongel CBD treatment of the standarkow-fedrats, we observed alsstantial decrease
in the 4HNE concentratiorin the whiteskeletalmuscle(-39.8%,vs. thecontrol groupp < 0.05
Figure 3F; Article No. 3, while, conversely, we noticeccancomitantncrease in its concentration
in the same experimental group in the red gastrocnemius n{ud@4.6% vs. thecontrol group
p < 0.05; Figure F; Article No. 3.

As expected, lipid overloadonditions significantly alter the total expression of proteins
involved in the inflammatory pathway in both muscle types. We obde@ryeonouncedhcrease
in the total intramuscular expression of C@Xnd 5L0O in rats being o high-fat dietin thered
skeletal musclé+22.3% and +8.9%s. the control groug < 0.05; Figure 8 andC, respectively;
Article No. 3. Importantly, the effectsf the highfat feeding in rats were abolished by the two
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week CBD injections in both white and red gastrocmsmmuscles,.e., COX-1 (-49.5%
and-39.0%,vs. the HFD groupp < 0.05; Figure 4A, respectively;Article No. 3 and COX2
(-39.5% and-28.4% vs. the HFD groupp < 0.05; Figure 4B, respectively;Article No. 3.
Moreover, we noticed similaffects of the CBD administration in the rats subjected to-fagh
feeding n the case of the total intramuscular expression-b©5n the white skeletal muscle
(-19.1%, vs. the control group26.9%,vs. the HFD groupp < 0.05;Figure 4C; Article No. 3).
Simultaneously, after a chroni€BD treatment of the standard dfed rats, we observed
amarkedly diminished total expression of CQ>Xand 5L0O in the red skeletal muse32.8% and
-17.5% vs. the control groupp < 0.0% Figure 4A andC, respectiely; Article No. 3. Interestingly,
CBD treatment of HFBed rats enhanced the total expression ofiaflammatory 15LO in the
white gastrocnemius musce43.2%,vs. the HFD groupp < 0.05; Figure D; Article No. 3.
Furthermore, in the fatty acids overload conditiorss tht ot a | i ntramuscul ar
considerably decreased in the white and red skeletal mus285%and-28.8% vs. the control
group,p < 0.05; Figure &, respectively; Article No.)3and subsequently in the chronic presence
of CBD it was retred in both muscle types44.2% and +25.0%s. the HFD groupp < 0.05;
Figure 4E, respectivelyArticle No. 3. Moreover, in the red gastrocnemius mustiie rats fed a
high-fat diet demonstratesignificantly elevated total NFB expression (+81.5%s. the control
group p < 0.0% Figure 4F; Article No. 3), whereas tweveek CBD treatment substantially
diminished its muscular expression-39.4%, vs. the HFD groupp < 0.05; Figure 4F;
Article No. 3). Regarding white skeletal mels, in the case of NfFB expressiorwe observed
similar effects of CBD injections in rats subjected to either standard oifdtigéeding {27.8%
and-35.8%,vs. the control groump < 0.05;respectively-30.3%,vs. the HFD groupp < 0.05;
Figure 4F; Article No. 3. As expected, we reported a pronounced elevation in the totalOrNF
expression in the HFD groyp26.6%,vs. the controgroup p < 0.05 Figure 5A; Article No. 3),
which was subsequently decreased by CBD applictith 7%, vs.the HFD group p < 0.0%
Figure 5A; Article No. 3 in the white gastrocnemius muscBmultaneously, we didot notce
any significant alterations TNF-U expr essi on i n t he I(Figue5&akel €
Article No. 3. In addition, CBD reduced the total muscular expression-6fduring both standard
and highfat feeding conditiongn the white gastrocnemius musci84.7% and-39.7%,vs. the
control group p < 0.05, respectively-29.9%, vs. the HFD group p < 0.05 Figure 5 B;
Article No. 3). Furthermore, in the course of hifgit feeding, we reported significantly reduced
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total expression of Nrf2 in the red gastrocnemius mus2&3%,vs. the control groupp < 0.05;
Figure 5C; Article No. 3) and BcR in both muske types (21.5% and-31.3%,vs. the control
group p < 0.05 respectively; Figure B; Article No. 3).Interestinglywe noticed a considerable
difference in theotal muscular expression of Nri2 the white gastrocnemius muscle (+30.1%,
vs. the control groupp < 0.0% Figure 5C; Article No. 3 and Bcl2 in the red skeletal muscle
(+38.1%,vs. the control group < 0.05 respectively Figure 5D; Article No. 3)in response to
CBD treatment during standard feeding conditidvisreover prolonged CBD injectionsiarkedly
increased the total B& expression in both white and red gastrocnemius muselnmals being
on a highfat diet(+29.5% and +50.9%ys. the HFD groupp < 0.05; Figure B, respectively
Article No. 3. Concomitantly,in both muscle types, we noticéaat high-fat feeding caused a
considerablencrease in the total expressionMMP-2 (+37.9%,vs. the control groupp < 0.05;
Figure 5E; Article No. 3 and MMR9 (+19.1% and +27.2%s. the control groupp < 0.05;
Figure5 F, respectively;Article No. 3. In addition, h the red skeletal muscle odts during
standard or higlfiat feeding conditions, we reportedsignificantly declined the total MMR
expression after CBD treatmenr2{.6%and-21.8%, vs. the control group < 0.05 respectively
-33.2%,vs. the HFDgroup p < 0.05;Figure 5E; Article No. 3. Most importantly, prolonged
application of CBD also noticeably lowerede total expression of MMB in both white and red
skeletal musds (-21.3%6 and-16.4%,vs. the HFD groupp < 0.05; Figure T, respectively;
Article No. 3).
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7. Conclusions

1. Chronic CBD treatment prevented intramyocellular accumulation of CER (de novo
synthesigpathway) and elevated S1P in fatty amdsrsupply conditions.

2. CBD improves downstream insulin signalingainly by enhancing the phosphorylation
ratio of proteins involved in thénsulin signal transmissiomxidative metabolism of
glucose and restores glycogen depletion in the myocytesidinigh-fat feeding.

3. Two-week CBD treatment effectively reduced the accumulation of FAs in the muscular
lipid pools and shifted the equilibrium ofthto n3 PUFAs in favor of artinflammatory
n-3 PUFAs, alleviated ifilammation and oxidative streby redicing the concentratioof
proinflammatory mediator®.g., TNFUand IL-6, thetranscriptional activity oNF-HuBand
AGE and MDA content as well aslevated the antioxidative capacity of the skeletal

muscles through increasing timracellular level of SOD2.
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Phytocannabinoids: Useful Drugs for
the Treatment of Obesity? Special
Focus on Cannabidiol

Patrycja Bielawiec*, Ewa Harasim-Symbor and Adrian Chabowski

Department of Physiology, Medlical University of Bialystok, Bialystok, Poland

Currently, an increasing number of diseases related to insulin resistance and obesity
is an alarming problem worldwide. It is well-known that the above states can lead
to the development of type 2 diabetes, hypertension, and cardiovascular diseases.
An excessive amount of triacylglycerols (TAGs) in a diet also evokes adipocyte
hyperplasia and subseguent accumulation of lipids in peripheral organs (liver, cardiac
muscle). Therefore, new therapeutic methods are constantly sought for the prevention,
treatment and alleviation of symptoms of the above mentioned diseases. Currently,
much attention is paid to Cannabis derivatives—phytocannabinoids, which interact
with the endocannabinoid system (ECS) constituents. A%-tetrahydrocannabinol (A%-THC)
and cannabidiol (CBD) are the most abundant compounds of Cannabis plants and
their therapeutic application has been suggested. CBD is considered as a potential
therapeutic agent due to its anti-inflammatory, anti-oxidant, anti-tumor, neuroprotective,
and potential anti-obesity properties. Therefore, in this review, we especially highlight
pharmacological properties of CBD as well as its impact on obesity in different tissues.

Keywords: cannabidiol, diabetes, drugs, glucose metabolism, obesity, phytocannabinoids

INTRODUCTION

A well-known ancient plant Cannabis sativa has been a subject of scientific interest for over 50
years (1). Moreover, it has been used for recreational and medical purposes for thousands of years.
The plant comprises about 100 phytocannabinoids, which are C; terpenophenolic constituents
(2). Nowadays, the most-studied phytocannabinoids are: A’- tetrahydrocannabinol (A°-THC),
A9—tetrahydrocannabivarin (A’-THCV), cannabinol (CBN), cannabidiol (CBD), cannabidivarin
(CBDV), cannabigerol (CBG), and cannabichromene (CBC) (1). So far, many studies have shown
therapeutic properties of the above mentioned Cannabis compounds. Therefore, the aim of the
current review is to focus on the emerging potential of CBD and other phytocannabinoids, which
act as novel therapeutic agents in obesity treatment.

THE EXPANDED ENDOCANNABINOID SYSTEM (ECS)

The canonical endocannabinoid system consists of the endocannabinoids (ECs), enzymes
responsible for their production and metabolism as well as specific receptors (3). The most studied
ECs, i.e., anandamide (AEA) and 2-arachidonoylglycerol (2-AG), are bioactive lipid mediators
derived from long-chain polyunsaturated fatty acids (4, 5). It is known that they are released
on demand and act through cannabinoid CB; and CB; receptors, which are G-protein-coupled
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receptors (GPCRs) (4-7). Interestingly, in the past the CB;
receptor was thought to be present only in the brain structures,
whereas the CB; receptor expression was limited to immune
cells (8). However, recent research revealed that both CB;
and CB; receptors are expressed in the brain and peripheral
tissues, including the liver, skeletal muscle, heart, gut, bones,
and adipose tissue (9-13). ECS mediators, AEA and 2-AG, are
degraded by two enzymes: fatty acid amide hydrolase (FAAH)
and monoacylglycerol lipase (MAGL), respectively (14). In
addition the existence of many fatty acid-derived mediators,
such as N-palmitoyl-, N-oleoyl-ethanolamine (PEA, OEA), 2-
oleoyl-, 2-linoleoyl-glycerol (2-OG, 2-LG), and 2-arachidonoyl
glyceryl ether (2-AGE, noladin ether), has been discovered
recently (more than 100) (15, 16). These several congeners often
share common molecular targets and are inactivated by the
same enzymes as ECs. Among these novel targets we include
some orphan GPCRs such as GPR55, thermosensitive transient
receptor potential (TRP) channels and peroxisome proliferator-
activated receptors o and y (PPARa and PPARy) (17). The
aforementioned discoveries have extended the concept of this
inner signaling system from ECS itself to the expanded ECS or
endocannabinoidome (eCBome). The expanded ECS is involved
in controlling various processes, including appetite, energy
balance, metabolism, thermogenesis, inflammation, nociception
as well as regulation of stress, and emotions (18). Recent
data have shown that different phytocannabinoids interact with
several components of endocannabinoidome by affecting either
cannabinoid receptors (to a lesser extent), non-cannabinoid
receptor targets and/or enzymes involved in the metabolism
of endogenous ligands (11, 15). Hence, the interest on their
regulatory mechanisms and a potent therapeutic action has risen
greatly in the last few years.

A°-Tetrahydrocannabinol (A°-THC)

N°-THC is a major psychoactive constituent of Cannabis sativa
(1). It was shown that A’>-THC acts as a partial agonist of both
CB; and CB; receptors (19). Throughout such activation A’-
THC is able to trigger many different physiological processes, i.e.,
regulation of gastrointestinal, liver and cardiovascular functions,
pain perception along with modulation of neurotransmitters
release in the nervous system (20, 21). Now, it is clearly
established that, A’-THC exerts a well-known psychoactive
effect, which is mediated by the activation of CB; receptor in
the central nervous system (CNS) (22). Additionally, A’>-THC
by activating CB; receptors, located in the limbic (enhancing
motivational properties of food) and hypothalamic (increasing
appetite) structures, causes the orexigenic effects (Figure 1) (23).
Apart from the above implications, A’-THC has also the ability to
bind to eCBome receptors including GPR55 (G protein-coupled
receptor 55), 5- HT34 (serotonin receptor subunit), TRPV2, 3,
4 receptors (transient receptor potential channels of vanilloid
type 2, 3, 4), which produce some of its pharmacological effects
(22). Lauckner et al. revealed that A’-THC activates the GPR55
receptor in HEK293 and CHO cells, which resulted in increased
intracellular calcium level (24). Another study conducted on
HEK293 cells showed that A’-THC acts as a 5- HT3a receptor
antagonist, whereas several reports demonstrated that A’-THC
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FIGURE 1 | Metabolic effects of different phytocannabinoids. 1, increase; |,
decrease; A%-THC, A%- tetrahydrocannabinol; A®-THCV,
Agvtetrahydrocannabivarin; CBN, cannabinol; CBDV, cannabidivarin; CBG,
cannabigerol; CBC, cannabichromene.

has agonistic effects on the TRPV2, 3, 4 channels (25-28).
Furthermore, A’-THC was reported to exhibit a beneficial impact
on the regulation of insulin sensitivity in the insulin resistant
adipocytes. The authors have demonstrated that natural extract
containing A’-THC decreased the TAGs content and improved
the glucose uptake in the insulin resistant 3T3-L1 cells in a
concentration-dependent manner (29). In the same study it was
shown that the level of tumor necrosis factor alpha (TNF-a)
in the 3T3-L1 cells was substantially decreased in the presence
of A’-THC, which also improved sensitivity of the cells to
insulin (29). The above mentioned studies also revealed that in a
differentiated 3T3-L1 cells A’-THC treatment enhanced glucose
transporter type 4 (GLUT4) and insulin receptor substrate 1 and
2 (IRS-2) gene expressions, which play key roles in the insulin
signaling pathway (29). However, we have to keep in mind that
in the above experimental models natural extract were applied
and no information upon their purity was provided, therefore, it
can be considered as the limitation of such studies in the face of
stating pharmacological properties of examined substances.

On the other hand, in comparison to the well-documented
orexigenic effect of A°>~THC, many studies have also shown a
potential anti-obesity effect of this phytocannabinoid derivative.
Cluny et al. (30) using the in vivo model have demonstrated that
chronic administration of A’-THC to diet-induced obesity (DIO)
mice for 3 and 4 weeks treatment (intraperitoneal injections
of A’-THC in a dose of 2 or 4 mg/kg and vehicle) prevented
weight gain due to reduced energy intake (30). This effect
might have been associated with the fact that A’-THC is
a partial agonist of CB; and CB, receptors. Since, A’-THC
does not produce maximal stimulation of the above receptors,
the background of such changes could result from blocking
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endogenous full agonist, i.e., anandamide from binding to CB;
receptor, especially, when the endocannabinoid tone is high
(e.g., obesity) (30, 31). However, potential positive influence of
N’-THC in the prevention and treatment of obesity requires
further investigation.

A°-Tetrahydrocannabivarin (A°~-THCV)
N-THCV is a propyl A’-THC analog, which binds to the
cannabinoid CB; and CB, receptors (32). So far, data indicate
that A’°-THCYV is a neutral antagonist at low doses and agonist
at high doses of CB; and CB, receptors (2, 32, 33). Little
evidence exists upon the activation of various eCBome receptors
by N-THCV. Nevertheless, it has been established that A’-
THCV acts as an agonist of human TRPV1, rat TRP channels
of ankyrin type-1 (TRPA1) and TRPV2, 3, 4 channels as well as
an antagonist of rat's TRP channel of melastatin type-8 (TRPMS)
(26). In one study it was demonstrated that A’-THCV activated
5-HT) A receptor in the rat brain and human 5-HT; receptor-
transfected CHO (Chinese hamster ovary) cells, and thereby
exerted antipsychotic effects (34). Interestingly, recent research
has shown that this non-psychotropic phytocannabinoid has
a potential therapeutic effect in the treatment of diabetes
associated with obesity. Wargent et al. (35) revealed that
N°-THCV increased insulin sensitivity and improved glucose
tolerance in DIO mice as well as genetically obese ob/ob mice
(Figure 1). However, it did not substantially affect food intake
and body weight gain in the above models, whereas body fat
content was decreased (35). In the same experiment, the authors
investigated the impact of A’°-THCV on the insulin resistant
C,Cy myotubes and HL-5 hepatocytes showing that A>-THCV
restored intracellular insulin signaling pathway (35). Other
studies have also displayed that A-THCV (1-10 pM) decreased
lipid accumulation in the in vitro model of hepatosteatosis in
HHL-5 (Human Hepatocyte Line 5) cells and adipocytes (3T3-L1
cells) (36). According to the above results, a pilot study in patients
with type 2 diabetes showed that A’>-THCV reduced fasting
plasma glucose with parallel improvement in p-cell function as
well as increased Apo A (apolipoprotein A) and adiponectin
concentrations compared with placebo, which was well-tolerated
in patients (37). Nonetheless, further research is necessary to
confirm the potential therapeutic properties of A’>-THCV in the
treatment of obesity, metabolic syndrome and type 2 diabetes.

Cannabinol (CBN)

An oxidized metabolite of A’-THC, cannabinol, was isolated
in 1896 by Wood and colleagues (38). CBN is a non-
enzymatic oxidative breakdown product of A’-THC due to
aging or light exposure (32). It was shown that CBN binds to
cannabinoid receptors CB; and CB; in the peripheral organs
and central nervous system (CNS), and therefore, it exerts a
weak psychoactive activity (39). CBN also displays the ability
to bind to expanded ECS receptors including agonistic and
antagonistic effects on TRPA1 and TRPMS8 channels, respectively
(26). So far, studies focusing on the impact of CBN on obesity
and feeding behavior have been limited. Only in one of the
recent studies it has been demonstrated that CBN increased
food intake in rats in a dose-dependent manner (Figurel)

(40). Probably, the hyperphagic CBN’s effect was induced by
its interaction with CB; receptor in CNS (40) but it should be
confirmed by additional experiments including for example gene
silencing or knockout animals. Nevertheless, further experiments
are required to completely characterize the role of CBN in food
consumption and body weight control.

Cannabidivarin (CBDV)

Among phytocannabinoids we can find a propyl analog of CBD,
cannabidivarin, which exerts non-psychotropic properties (32).
CBDV has a weak affinity for cannabinoid receptors CB; and
CB;, with simultaneous stronger activation of other molecular
targets related with the ECS (41). Predominantly, anticonvulsant
and other therapeutic CBDV’s properties are associated with
activation of TRP channels (TRPV1, 2 and TRPA1) and TRPM8
inhibition (26, 42). Another pharmacological target for CBDV
is GPR55 receptor, where observed effect is inhibitory (43).
However, currently there is insufficient research on the ground of
CBDV’s effects on obesity, insulin resistance and other metabolic
disturbances (Figure 1).

Cannabigerol (CBG)

Another phytocannabinoid, which lacks psychotropic properties
and occurs only in trace amounts in Cannabis, is cannabigerol
(41). Cannabis plants produce cannabigerolic acid (CBGA),
which is a direct precursor of cannabinoids: AN-THC, CBC and
CBD (44, 45). Preliminary studies, using plasma membranes
isolated from the CHO and HEK-293 cells expressing human
CB; and CB; receptors, have shown that CBG acts as a
partial agonist of both cannabinoid receptors (46). Similarly to
other phytocannabinoids CBG has an ability to interact with
endocannabinoidome receptors, such as TRPV1, 2, TRPA1, and
TRPMS channels (26). Moreover, one study has provided for
the first time evidence upon activation of ay-adrenoreceptors
and 5-HT;a receptor blockage by CBG in the vas deferens
and brain, respectively (47). Furthermore, recent investigation
has revealed that CBG serves as a novel appetite stimulant in
rats and importantly, no side effects were observed during its
administration (Figure 1) (48). However, extensive research is
necessary to determine a more detailed mechanisms of CBG
action with respect to metabolic diseases.

Cannabichromene (CBC)

The discovery of cannabichromene was reported by Izzo et al.
(32). It is a minor component of Cannabis plant, which presents
low affinity for CB; and CB, receptors (49, 50). Nonetheless,
researchers discovered another molecular target of CBC, i.e., TRP
channels. De Petrocellis et al. revealed that CBC is the most
potent agonist of the TRPA1 channels (26). However, it has also
the ability to activate in a lower potency, TRPV3 and TRPV4
channels, and additionally inhibits TRPMS8 receptors, but to a
much lesser extent (26). Although CBC exhibits different medical
properties, its influence on metabolism and obesity has not been
found, yet (Figure 1).
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Cannabidiol (CBD)
Cannabidiol (CBD) is
psychotropic constituent of Cannabis plant (this depends on
the cannabis strain). [t was revealed that CBD induces a wide-
range of pharmacological effects through different mechanisms.
CBD functions as a negative allosteric modulator of CB; receptor
(51). Therefore, it has therapeutic potential in the treatment of
the central nervous system diseases (neurodegenerative diseases,
epilepsy, anxiety, and depression) without concurrent psychotic
side effects (2, 52, 53). Furthermore, it was indicated that CBD
is able to block CB; receptor, thereby producing anti-obesity
effects. Otherwise, CBD unexpectedly exhibited a high affinity
for CB; receptor as an agonist or inverse agonist depending on
the research model (in vitro or in vivo) (54, 55). An interesting
result of the latest studies was the fact that CBD has greater
affinity for various eCBome receptors, including GPR55, al-
adrenoreceptors, 5-HT; o, TRPV channels and PPARy (Figure 2)
(19, 26, 42, 56, 57). Hegde et al. as well as Esposito et al. reported
that CBD significantly induced the transcriptional activity of
PPARy (58, 59). It is known that PPARy is an interesting
therapeutic target due to its crucial role in regulating glucose
homeostasis, lipoprotein metabolism, and inflammation (60, 61).

Moreover, recent research has focused on the therapeutic
properties of CBD, including anti-inflammatory, anti-oxidant,

one of the most common non-

S

CB1, CB2

Tlipolysis Jcardiac fibrosis

mitochondrial activity ~ Joxidative stress
TAMPKa2 linflammation
TERK1/2 lcell death
tSTATS

CBD

FIGURE 2 | Mechanism and effects of CBD action on various tissues during obesity. 1, increase; |, decrease; CBD, cannabidiol; CB+, cannabinoid receptor 1; CB,,
cannabinoid receptor 2; TRPV1, transient receptor potential channel of vanilloid type 1; GPR55, G protein coupled receptor 55; AMPKa2, catalytic subunit of
AMP-activated protein kinase; ERK1/2, extracellular signal-regulated kinase; STATs, signal transducers and activators of transcription; PGC-1a, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PPARy, peroxisome proliferator-activated receptor gamma; TNF-a, tumor necrosis factor alpha; IFN-y,
interferon gamma; COX, cyclooxygenase; NO, nitrogen oxide; PGE;, prostaglandin E2; IL-4, interleukin 4; IL-10, interleukin 10.

anti-tumor, anti-convulsant and neuroprotective effects
(62, 63). In the light of the above mentioned properties,
CBD emerges as a potential therapeutic agent, which can
be used in the treatment of diabetes and its complications,
obesity, ischemia, neurodegenerative diseases as well as pain
relieving and depression. Although CBD’s anti-inflammatory
and neuroprotective properties are well-confirmed, there are
few studies that have investigated anti-obesity effects of this
compound. Wierucka-Rybak et al. have examined the effect of
CBD on food intake, food preferences and weight gain in rats
(64). The authors administered CBD (3 mg/kg) for 3 days to
rats maintained on a standard diet (SD), high fat diet (HED), or
free choice diet (FC; high sucrose). The authors revealed that
CBD injections in the case of rats being on the HFD resulted in
an increase in body weight despite significantly reduced food
intake. On the other hand, in rats fed FC diet CBD did not
cause significant change in food consumption and body weight
(64). Previous studies investigating the impact of CBD on food
intake showed contradictory results. One study demonstrated
CBD-induced (2.5 and 5 mg/kg) decrease in body weight gain
in rats (54), while other studies have shown no significant
impact on food intake and body weight in mice and rats (65, 66).
Importantly, pilot studies were conducted to investigate the effect
of CBD on glycemic and lipid parameters in patients with type

Tenergy expenditure
L TNF-a, IFN-y, COX,
tNO, PGE,

ML-4, 1L-10

Tlipolysis
glucose uptake
mitochondrial activity
GC-1a, PPARY
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2 diabetes (37). The findings from these studies demonstrated
that CBD did not produce any improvement in glycemic and
lipid control despite producing eligible changes in gut hormones
(GIP—glucose dependent insulinotropic peptide) and adipokines
(resistin) concentrations (37). Probably, the reason for the lack
of therapeutic effects seen during CBD administration could
have been too low dosage used in the study. The anti-epileptic
properties of CBD were investigated in many preclinical
studies and in randomized trials (67-71). Data obtained from
these studies confirmed CBD’s anti-seizure properties along
with a good tolerance profile. Currently, the first cannabis based
medicine containing CBD/A’-THC combination for the multiple
sclerosis related spasticity treatment (Sativex/Nabiximols;
GW Pharmaceuticals) has been approved in
countries, including Australia, Canada, New Zealand and
in most European Union countries (72). Furthermore, a drug
composed solely of CBD (Epidiolex; GW Pharmaceuticals)
has been approved in June 2018 in the United States for
the treatment of Dravet and Lennox-Gastaut syndromes in
children (52, 73, 74).

numerous

OVERACTIVATION OF THE ECS IN
OBESITY

Obesity and coexisting disorders such as insulin resistance,
hypertension, and hypertriglyceridemia lead to the development
of metabolic syndrome and type 2 diabetes (75). Whenever,
the excessive fatty acids (FAs) consumption takes place,
simultaneously we can observe an increased differentiation of
pre-adipocytes to mature adipocytes with subsequent stimulation
of their growth as well (76, 77). Over time, at a later stage of
obesity development, adipocytes are overloaded, which results
in the accumulation of lipids in other tissues such as liver,
skeletal, and cardiac muscles (60, 78). Paralell excessive fat
accumulation can be observed in the liver or cardiac muscle,
which contributes to the development of liver steatosis and
cardiomyopathy, respectively (78). Many scientists are looking
for new therapeutic strategies, including expanded ECS, which
can be a useful tool in preventing and treating the above
mentioned diseases. Therefore, the components of eCBome
are emerging as potent therapeutic targets due to their well-
established role in the regulation of food consumption and
energy balance as well as lipid and glucose metabolism (79,
80). Literature data indicated, that ECS is upregulated during
obesity and associated diseases (81-84). It is well-confirmed that
the level of endogenous cannabinoids in the above mentioned
conditions is increased, i.e., in CNS, adipose tissue, pancreas,
skeletal muscle, kidney, liver, and blood of obese rodents and
humans (76, 84-87). The cause of such ECS overactivation may
be due to enhanced synthesis of ECs or their reduced degradation
as well as overexpression of the cannabinoid receptors (88, 89).
Various studies have shown upregulated levels of 2-AG in both
different organs and serum during obesity and hyperglycemia,
which was correlated with body fat content, visceral fat mass
and fasting plasma triacylglyceride and insulin concentrations
(84, 86, 87, 90). On the other hand, the reverse situation was

described for ECs in the liver of DIO mice, where the hepatic
levels of AEA were increased in animals fed HFD, while no
significant difference in 2-AG liver levels was observed (91).
Accordingly, Kimberly et al. revealed substantial association
between AEA level and body mass index (BMI) value, which was
an argument for making it a biomarker of NASH (non-alcoholic
steatohepatitis) (92). In contrast with the above results, other
studies have shown that patients with NAFLD (non-alcoholic
fatty liver disease) had significantly increased levels of 2-AG
without any change in AEA levels (93). Hence, it has been
proposed to attenuate overactivation of ECS as a new approach
for the treatment of obesity and its coexisting disorders. Such
mechanism was used by researchers to create an anti-obesity
drug (rimonabant; SR141716A), which was the first selective
antagonist of CB; receptors expressed in the brain and different
peripheral organs/tissues controlling energetic homeostasis of
the body (liver, muscle, adipose tissue, etc.) (94-96). Several
studies have confirmed the beneficial effect of rimonabant on
cardiometabolic risk markers, body weight as well as lipid and
glucose parameters (97-99). However, rimonabant (Acomplia®;
Sanofi-Aventis) treatment turned out to be harmful so that it was
forbidden in 2009 due to its adverse psychotropic side effects
(100). This contributed to the invention of peripherally restricted
CB receptor antagonists with limited brain penetration. Many
studies investigating the effects of these antagonists (inverse
agonists), such as AM6545, JD5037, have shown their positive
effects against obesity in preclinical studies (101-103). For
instance, AM6545 (10 mg/kg per day) treatment in DIO
and genetically obese (ob/ob) mice attenuated obesity-related
glucose intolerance, insulin resistance, dyslipidemia and reversed
hepatic steatosis (104). Accordingly, Tam et al. demonstrated
the hypophagic and weight-reducing effects of JD5037 (3 mg/kg
per day, 7 days) in DIO mice but not in ob/ob and db/db
mice, indicating leptin-dependent action (102). Importantly,
JD5037 treatment resulted in the attenuation of hyperglycemia,
hyperinsulinemia, insulin resistance, and reduction of hepatic
triacylglycerols in all the above mentioned strains (102).
We can conclude that peripherally restricted CB; receptor
antagonists have great therapeutic potential in the treatment

of obesity.

SPECIFIC SITES OF CBD ACTIONS
RELATED TO OBESITY

Liver

In view of the increasing prevalence of obesity, type 2 diabetes
and metabolic syndrome, the development of liver diseases
occurs more often. The above mentioned diseases are associated
with excessive fat accumulation resulting from upregulated
FA influx and de novo lipid synthesis in different cells,
e.g., hepatocytes (105). Alterations in the hepatic fatty acid
oxidation are highly related with the aforementioned metabolic
disturbances, which were shown in many experimental models
together with discrepancies in this field. Studies conducted on
NASH and liver steatosis patients showed an increase (106, 107),
decrease (108), or no change (109) in the fatty acid oxidation

Frontiers in Endocrinology | www.frontiersin.org

March 2020 | Volume 11 | Article 114

33



Bielawiec et al.

Cannabidiol — Drug for Obesity Treatment?

status. On the other hand, the expected consequence of lipid
accumulation in the liver would be simultaneous enhancement in
hepatic oxidation of fatty acids, thus, it seems that certain factors
can also influence this process as well.

In previous studies it was shown that, hepatocytes produce
endocannabinoids, AEA and 2-AG, and possess CB; and
CB, receptors (80, 91). A study carried out by Liu et al
revealed that liver specific CB; receptor knockout mice were
protected from the development of both insulin resistance and
hepatosteatosis but not obesity (55). Silvestri et al. revealed
positive influence of CBD on the liver, namely the reduction
of intracellular lipid content in the in vitro hepatosteatosis
model, possibly by enhancing lipolysis and mitochondrial activity
through increased fatty acids oxidation (36). The authors have
shown that CBD increases the expression of selected proteins
involved in upregulating lipid metabolism, i.e., catalytic subunit
of 5'AMP-activated protein kinase (AMPKa2), extracellular
signal-regulated kinase (ERK1/2) along with signal transducers
and transcription activators (STATs) in hepatocytes (Figure 2,
Table 1) (36). Concomitantly, the authors observed that CBD
enhanced the level of glutathione (GSH), adenosine triphosphate

(ATP), and nicotinamide adenine dinucleotide (NAD), which
supported the assumption that CBD increases intracellular
lipolysis and mitochondrial activity (36). Additionally, the study
carried out by Wang’s research group (119) indicated, in a
murine model, an impact of CBD on alcohol-induced liver
injury. The obtained results displayed that CBD attenuates
liver steatosis (decreased triacylglyceride and fat droplet
accumulation), inflammatory response [reduced the alcohol-
feeding induced mRNA expressions of interleukin 1beta (IL1f),
TNF-a and monocyte chemoattractant protein 1 (MCP1)],
oxidative/nitrative stress (reduced lipid peroxidation, expression
of reactive oxygen species generating enzyme—NADPH oxidase
2 (NOX2) and 3-nitrotyrosine production) and neutrophil
infiltration in the liver (Table 1). This also confirmed the
well-known, whole body anti-inflammatory and antioxidant
properties of CBD (119).

Adipose Tissue

Obesity is associated with chronic low-grade inflammatory
state and excessive fat accumulation (120). The expression
of CB; and CB; receptors, other eCBome molecular targets

TABLE 1 | Summary of the effects of CBD on different tissues during obesity.

Organ ECS overactivation

Brain tfood intake, tmotivation for palatable food

Liver tlipogenesis, tfibrogenesis, thepatic apoptosis,
thepatocyte proliferation, | AMPK,
tdyslipidemia,
tsteatosis,
tMibrosis,
tinsulin resistance

Gastrointestinal tract tfood assimilation,
tpermeability, |satiety, { motility,

linflammation

Adipose tissue tlipogenesis,

1glucose uptake,

JFA oxidation,

Llipolysis,

I mitochondrial biogenesis, |UCP1,
tstoring capacity,

tinsulin resistance,
Jthermogenesis

Endocrine pancreas 1/}insulin secretion,
tinsulin resistance,
1Bad protein activation,

tp-cell death

Muscles linsulin signaling
Jglucose uptake,
LAMPK

Heart +AT1 receptor expression,

1+ROS generation, 1MAPK activation,

1+AGEs accumulation

thypotension, bradycardia, negative inotropy,
tinflammation,

tapoptosis,

linflammatory response

CBD treatment References
Unknown 9, 23)
lliver enzymes level, | steatosis, (83, 110-112)

Jinflammation,
Lliver damage,
Lpro-inflammatory cytokines

1GIP level, |resistin concentration (37, 110, 111)

tlipolysis, (31, 113)
tthermogenesis,
tPGC-1a, UCP1,

PPARy expression, |lipogenesis

tanti-inflammatory cytokines
L pro-inflammatory cytokines

(114-116)

Unknown (9, 83)

linfarct size, linfiltrating leukocytes,
|platelet aggregation,
Jinflammation,

|fibrosis

(1, 117, 118)

1, increase; |, decrease; CBD, cannabidiol; AMPK, AMP-activated protein kinase; GIF, glucose dependent insulinotropic peptide; UCP1, uncoupling protein 1; PGC-1a, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PPARYy, peroxisome proliferator-activated receptor gamma; AT1, angiotensin Il receptor type 1; ROS, reactive oxygen species;

MAPK, mitogen-activated protein kinase; AGEs, advanced glycation end products.
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(i.e., TRPV1,GPR55) and ECs enzymes level in the visceral
and subcutaneous adipose tissue has been found (121, 122).
These additional receptors are the most promising target for
major non-psychogenic constituent of Cannabis plant, which
has well-established anti-inflammatory effects and potential
anti-obesity properties (123). Silvestri et al. (36) pointed
out that CBD, depending on the time and dose, reduced
triacylglycerols accumulation in 3T3-L1 adipocytes treated
with oleic acid (OA). These results emphasize a potential
role of CBD on lipolysis induction (Table 1). However, more
research is necessary to investigate the exact mechanism of this
phenomenon (36). Similarly, Ramlugon et al. (124) revealed
that CBD treatment, in a time-dependent manner, induced the
mitochondrial activation and increased oxygen consumption,
which may be an explanation for the reduced fat accumulation in
adipocytes despite of increased glucose uptake (Figure 2) (124).
Additionally, recent research has shown that CBD inhibited
weight gain in rats subjected to high fat diet (HFD) for 14 days
and this effect was probably mediated by CB, receptor (54).
The authors confirmed the above effect by using a selective CB,
antagonist-AM630, which prevented the reduction in weight gain
due to CBD treatment (54). However, additional studies are
required to uncover the mechanisms by which CBD induces the
above metabolic changes in adipocytes.

Endocrine Pancreas

The pancreas plays a pivotal role in the blood glucose
homeostasis and whole body metabolism through insulin and
glucagon secretion (125). In obesity, secretion of the above
hormones is dysregulated. To date, the expression of cannabinoid
receptors within the endocrine pancreas has been shown (114,
121). However, inconsistent data have been obtained regarding
the expression of CB; and CB, receptors in the pancreas islet
cells. Starowicz et al. (121) demonstrated the expression of
CB; receptor in glucagon-secreting a-cells of mice, while CB,
receptor was found inside mouse a-cells and insulin-secreting p-
cells. Similarly, in the study conducted on human samples it was
determined that CB; receptor was present in glucagon-secreting
a-cells and in a lesser extent in insulin-secreting p-cells, whereas
CB; was only located in somatostatin-secreting delta cells (114).
On the other hand, other studies indicated that B-cells exhibited
the expression of both cannabinoid receptors or only CB;
receptor (84, 115). Interestingly, Levendal et al. (126) investigated
the effect of CBD on B-cell function in obese rats. The authors
found that in a rat model of diet-induced obesity (DIO),
cannabis extract treatment reduced the weight gain (mainly fat
depots) and increased energy expenditure through upregulation
of protein kinase B (PKB), mitochondrial uncoupling protein
2 (UCP2), and glucose transporter 2 (GLUT2) expression in
pancreatic P-cells (rats were injected subcutaneously every
second day for 28 days; the first five treatments containing an
equivalence of 5mg THC/kg body weight and the remaining
treatments an equivalence of 2,5 mg THC/kg body weight) (126).
Moreover, studies conducted by Weiss et al. have shown that
CBD treatment (mice were administered 10-20 intraperitoneal
injections at a dose of 5 mg/kg CBD) decreased the frequency
of type 1 diabetes incidence and development in a model of

non-obese diabetic (NOD) mice (116). Furthermore, the authors
reported that CBD reduced plasma level of the pro-inflammatory
cytokines, i.e., TNF-a and interferon gamma (IFN-y) together
with inflammation mediators, such as nitric oxide (NO),
cyclooxygenase (COX), and prostaglandin E2 (PGE2). Whereas,
anti-inflammatory cytokines—interleukins IL-4, IL-10 levels
were increased (Figure 2, Table 1). Hence, reduced pancreas
islets inflammation was observed in the histological examination
as well as lower B-cell destruction (116). Concluding, it is likely
that CBD has the ability to prevent and reduce the pancreatic
damage associated with obesity and insulin resistance.

Cardiac Muscle

Chronic inflammatory state associated with obesity reduces the
ability of the adipose tissue to store incoming plasma-borne
fatty acids and leads to their accumulation in other organs,
including cardiac muscle (127). Then, the local inflammatory
state, oxidative stress and hyperinsulinemia can develop and
progress induction of insulin resistance in the heart muscle (128).
Currently, many studies are focused on the effect of CBD on the
lipid and glucose metabolism in the heart, which is dysregulated
during obesity and subsequently can lead to the cardiomyopathy
and cardiac contractile dysfunction development (117). The
impact of CBD on myocardial dysfunction, oxidative/nitrative
stress, inflammation, and cell death has been recently investigated
by Rajesh and coworkers (117). They used a primary human
cardiomyocytes subjected to a high glucose concentration and
a mouse model of type 1 diabetic cardiomyopathy. It was
demonstrated that CBD reduced cardiac fibrosis, myocardial
oxidative/ nitrative stress, inflammation and cell death in diabetic
hearts (in the first set of experiments, 1 week diabetic mice were
treated with CBD 1, 10 or 20 mg/kg intraperitoneal injections for
11 weeks; in the second set of experiments 8 weeks diabetic mice
were treated with CBD for 4 weeks) (Figrue 2, Table 1) (117).
These effects were mediated by decreased intracellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-
1), and TNF-a expression as well as reduced mitogen-activated
protein kinase (MAPK) and nuclear factor-kB (NFkB) activation.
Moreover, CBD attenuated the high glucose-induced enhanced
ROS (reactive oxygen species) generation and cell death in
human cardiomyocytes (117). These findings highlight the role
of CBD in the prevention or treatment of diabetic complications.

CONCLUSIONS

Overweight, insulin resistance and obesity emerged as leading
health concerns all over the world. The above mentioned
disturbances are characterized by excessive or abnormal fat
accumulation, and are major risk factors for a number of
chronic diseases, such as cardiovascular diseases, diabetes, and
cancer. Currently, the non-psychotropic component of Cannabis
sativa—CBD is in the center of interest, due to its well-established
anti-inflammatory, anti-oxidant, anti-convulsant, anti-psychotic
and potential anti-obesity properties. Many studies indicated
that CBD affects both lipid and glucose metabolism through
the action on various receptors as well as several metabolites.
From the existing data, we can conclude that CBD has the
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promising potential as a therapeutic agent and might be effective
in alleviating the symptoms of insulin resistance, type 2 diabetes
and metabolic syndrome.

AUTHOR CONTRIBUTIONS

PB

participated in the design of the work, drafted the

manuscript, prepared figures and tables, and approved final
version submitted. EH-S helped to draft the manuscript and
approved final version submitted. AC participated in the design
of the study, revised manuscript, and approved final version

REFERENCES

3]

1%

17

. Di Marzo V, Piscitelli F.

. Engeli S,

. Di  Marzo

. Aizpurua-Olaizola O,

. Pertwee RG. Cannabinoid pharmacology: the first 66 years. Br | Pharmacol.

(2006) 147(Suppl. 1):5163-71. doi: 10.1038/sj.bjp.0706406

. Hill AJ, Williams CM, Whalley BJ, Stephens GJ. Phytocannabinoids as

novel therapeutic agents in CNS disorders. Pharmacol Ther. (2012) 133:79-
97. doi: 10.1016/j.pharmthera.2011.09.002

. Silvestri C, Di Marzo V. The endocannabinoid system in energy homeostasis

and the etiopathology of metabolic disorders. Cell Metab. (2013) 17:475-
90. doi: 10.1016/j.cmet.2013.03.001

. Lu HC, MacKie K. An introduction to the endogenous cannabinoid system.

Biol Psychiatry. (2016) 79:516-25. doi: 10.1016/j.biopsych.2015.07.028

. Di Marzo V. Endocannabinoids: synthesis and degradation. Rev Physiol

Biochem Pharmacol. (2006) 160:1-24. doi: 10.1007/112_0505
The endocannabinoid system and its

modulation by phytocannabinoids. Neurotherapeutics. (2015)
12:692-8. doi: 10.1007/s13311-015-0374-6
. Wang J, Ueda N. Biology of endocannabinoid synthesis
system.  Prostaglandins ~ Other  Lipid ~ Mediat.  (2009)  89:112-9.

doi: 10.1016/j.prostaglandins.2008.12.002

. Mackie K, Stella N. Cannabinoid receptors and endocannabinoids: evidence

for new players. AAPS J. (2006) 8:E298. doi: 10.1007/BF02854900

. Mazier W, Saucisse N, Gatta-Cherifi B, Cota D. The endocannabinoid

system: pivotal orchestrator of obesity and metabolic disease. Trends
Endocrinol Metab. (2015) 26:524-537. doi: 10.1016/j.tem.2015.07.007
Jordan J. The endocannabinoid system: body
and metabolic regulation.  Clin  Cornerstone.  (2007)
4):824-35. doi: 10.1016/S1098-3597(06)80041-4

Pacher P, Batkai S, Kunos G. The endocannabinoid system as an
emerging target of pharmacotherapy. Pharmacol Rev. (2006) 58:389-
462. doi: 10.1124/pr.58.3.2

weight
8(Suppl

. Brusco A, Tagliaferro PA, Saez T, Onaivi ES. Ultrastructural localization

of neuronal brain CB2 cannabinoid receptors. Ann N Y Acad Sci. (2008)
1139:450-7. doi: 10.1196/annals.1432.037

. Gong JP, Onaivi ES, Ishiguro H, Liu QR, Tagliaferro PA, Brusco A,

et al. Cannabinoid CB2 receptors: Immunohistochemical localization in
rat brain. Brain Res. (2006) 1071:10-23. doi: 10.1016/j.brainres.2005.
11.035

. Clark TM, Jones JM, Hall AG, Tabner SA, Kmiec RL. Theoretical explanation

for reduced body mass index and obesity rates in cannabis users . Cannabis
Cannabinoid Res. (2018) 3:259-71. doi: 10.1089/can.2018.0045
V, Silvestri C. Lifestyle and metabolic
contribution  of the  endocannabinoidome.
11:1-24. doi: 10.3390/nul11081956

syndrome:
Nutrients.  (2019)

. Ramer R, Schwarz R, Hinz B. Modulation of the endocannabinoid

system as a potential anticancer strategy. Front Pharmacol. (2019)
10:430. doi: 10.3389/fphar.2019.00430

Veilleux A, Di Marzo V, Silvestri C. The expanded endocannabinoid
system/endocannabinoidome as a potential target for treating diabetes
mellitus. Curr Diab Rep. (2019) 19:117. doi: 10.1007/s11892-019-1248-9
Elezgarai 1, Rico-Barrio 1, Zarandona I,
Etxebarria N, Usobiaga A. Targeting the endocannabinoid system:

Frontiers in Endocrinology | www.frontiersin.org

submitted. All authors agreed to be accountable for all aspects
of the work.

FUNDING

Publication financed under the Project No. POWR.03.02.00-

00-1051/16  from European
2014-2020 (Grant No.

by

PO WER
supported
No.

Union funds,
01/IMSD/G/2019) and

the National Science Centre of Poland (Grant

2017/26/D/NZ3/01119) and Medical University of Bialystok
(Grant No. N/ST/ZB/18/004/1118).

19.

20.

21.

22

23,

24.

26.

27.

28.

29.

30.

3

32.

33,

future therapeutic strategies. Drug Discov Today. (2017) 22:105-110.
doi: 10.1016/j.drudis.2016.08.005

Pertwee RG. The diverse CB; and CB; receptor pharmacology
of three plant cannabinoids: A’-tetrahydrocannabinol, cannabidiol
and A’-tetrahydrocannabivarin. Br ] Pharmacol. (2008) 153:199-

215. doi: 10.1038/sj.bjp.0707442

Pisanti S, Malfitano AM, Ciaglia E, Lamberti A, Ranieri R, Cuomo G, et al.
Cannabidiol: state of the art and new challenges for therapeutic applications.
Pharmacol Ther. (2017) 175:133-50. doi: 10.1016/j.pharmthera.2017.02.041
Schlicker E, Kathmann M. Modulation of transmitter release via
presynaptic cannabinoid receptors. Trends Pharmacol (2001)
22:565-72. doi: 10.1016/S0165-6147(00)01805-8

Morales P, Reggio PH. An update on non-CB i, non-CB ; cannabinoid
related G-protein-coupled receptors. Cannabis Cannabinoid Res. (2017)
2:265-73. doi: 10.1089/can.2017.0036

Thorens B. Sensing of glucose in the brain. Handb Exp Pharmacol. (2012).
209:277-94. doi: 10.1007/978-3-642-24716-3_12

Lauckner JE, Jensen ]B, Chen H-Y, Lu H-C, Hille B, Mackie K.
GPR55 is a cannabinoid receptor that increases intracellular calcium
and inhibits M current. Proc Natl Acad Sci USA. (2008) 105:2699-
704. doi: 10.1073/pnas.0711278105

Sci.

. Barann M, Molderings G, Briiss M, Bonisch H, Urban BW, Géthert M.

Direct inhibition by cannabinoids of human 5-HT3A receptors: probable
involvement of an allosteric modulatory site. Br ] Pharmacol. (2002)
137:589-96. doi: 10.1038/sj.bjp.0704829

De Petrocellis L, Ligresti A, Moriello AS, Allara M, Bisogno T, Petrosino S,
et al. Effects of cannabinoids and cannabinoid-enriched cannabis extracts
on TRP channels and endocannabinoid metabolic enzymes. Br ] Pharmacol.
(2011) 163:1479-94. doi: 10.1111/j.1476-5381.2010.01166.x

De Petrocellis L, Orlando P, Moriello AS, Aviello G, Stott C, 1zzo AA,
et al. Cannabinoid actions at TRPV channels: effects on TRPV3 and TRPV4
and their potential relevance to gastrointestinal inflammation. Acta Physiol.
(2012) 204:255-66. doi: 10.1111/j.1748-1716.2011.02338.x
Muller C, Morales P, Reggio PH. Cannabinoid
targeting TRP channels. Front Mol Neurosci. (2019)
doi: 10.3389/fnmol.2018.00487

ligands
11:1-15.

Gallant M, Odei-Addo F Frost CL, Levendal R-A. Biological
effects of THC and a lipophilic cannabis extract on normal
and insulin resistant 3T3-L1 adipocytes. Phytomedicine. (2009)

16:942-9. doi: 10.1016/j.phymed.2009.02.013

Cluny NI, Keenan CM, Reimer RA, Le Foll B, Sharkey KA. Prevention
of diet-induced obesity effects on body weight and gut microbiota in
mice treated chronically with A9-tetrahydrocannabinol. PLoS ONE. (2015)
10:¢0144270. doi: 10.1371/journal.pone.0144270

Di Marzo V. The endocannabinoid system in obesity and type 2 diabetes.
Diabetologia. (2008) 51:1356-67. doi: 10.1007/s00125-008-1048-2

Izzo AA, Borrelli F, Capasso R, Di Marzo V, Mechoulam R. Non-
therapeutic  opportunities
Sci. (2009) 30:515-27.

psychotropic ~ plant  cannabinoids:
from an ancient herb. Trends
doi: 10.1016/j.tips.2009.07.006
McPartland JM, Duncan M, Di Marzo V, Pertwee RG. Are cannabidiol
and A(9) -tetrahydrocannabivarin modulators  of the

new
Pharmacol

negative

March 2020 | Volume 11 | Article 114

36



37



































































































































































































