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3. Introduction 

3.1  Energy substrates metabolism in the skeletal muscle 

Skeletal muscles play a pivotal role in the utilization of energy substrates, such as glucose 

and fatty acids (FAs), due to their high metabolic activity and large mass (approximately 40% of 

body mass) [1]. Muscle tissue accounts for 80% of the insulin-dependent postprandial glucose 

uptake, therefore, following a meal, glucose serves as the main source of fuel for energy production 

in skeletal muscle. However, during the fasting state, muscle glucose uptake is low, and plasma 

FAs level is elevated, thus the principal energy source is fat oxidation. [2]. The ability of muscle 

tissue to switch from glucose oxidation during the postprandial conditions to fatty acid oxidation 

during the state of starvation is called metabolic flexibility. Moreover, the utilization of energy 

substrates varies significantly depending on the composition of the skeletal muscle fibers 

(oxidative vs. glycolytic) due to the different content of mitochondria and their capacity to oxidize 

fat, resulting in a variable effect of FAs on glucose utilization in red and white skeletal muscles [3]. 

The postprandial increase in plasma glucose concentration stimulates the secretion of insulin, 

which through activating the cell signaling cascade can initiate skeletal muscle glucose uptake. 

Glucose transport in skeletal muscle occurs mainly via facilitated diffusion involving the glucose 

transporters 1 and 4 (GLUT1 and GLUT4). GLUT1 is restricted to the cell surface, whereas 

GLUT4, which is predominantly expressed in skeletal muscles, is localized intracellularly from 

where it is are rapidly translocated to the plasma membrane in response to exercise, hypoxia, and 

insulin-triggered series of signaling events [4]. Insulin by binding to alpha subunits of insulin 

receptor results in the autophosphorylation of the intracellular beta subunits, which increases the 

activity of kinases and phosphorylates docking protein, insulin receptor substrate 1 (IRS-1) [5]. 

Subsequently, IRS-1 activates its downstream molecular target phosphatidylinositol 3-kinase 

(PI3K), which after association with the plasma membrane, phosphorylates inositol phospholipids 

and generates phosphatydilinositol (3,4,5)-triphosphate (PIP3). The next stage of insulin signal 

transduction is the junction of PIP3 with 3-phosphoinositide dependent protein kinase-1 (PDK1). 

PDK1 phosphorylates both protein kinases B (PKB/Akt) and protein kinases C (PKC) [6]. PKB/Akt 

activation leads to the phosphorylation of the AS160 protein, one of the PKB/Akt substrates 

involved in the regulation of GLUT4 translocation [7]. The entire cascade of insulin signaling 

results in the translocation of vesicles containing GLUT4 from intracellular stores to the cell 

surface, allowing glucose to enter the cell [8].  
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Long-chain fatty acids (LCFA) are transported across the plasma membrane of skeletal 

muscle via simple diffusion along their concentration gradient or may be facilitated by membrane-

associated proteins [9]. To date, among the known transporters of fatty acids are fatty acid 

translocase (FAT/CD36), plasma membrane fatty acid binding protein (FABPpm), and a family of 

fatty acid transport proteins (FATP1,4), which are coexpressed in the skeletal muscle [10]. The 

presence of CD36 not only on the cell surface but also in intracellular storage depots, especially in 

endosomes, has suggested that translocation of CD36 from endosomes to the plasma membrane 

may enhance FAs uptake. The aforementioned mechanism is analogous to the well-known 

regulation of glucose uptake which relies on the translocation of the GLUT4 from the intracellular 

storage to the cell membrane [9]. Moreover, recent studies have shown that insulin, through 

activation of the signaling pathway related to the PI3K cascade, causes translocation of CD36 from 

intracellular compartments to the surface of the cell membrane, which determines the increase in 

intracellular LCFA transport [11]. In addition, the expression of CD36 has been demonstrated in 

the mitochondrial membranes, however, its role is not yet fully understood; probably this protein 

interacts with carnitine palmitoyltransferase I (CPT-I) in the regulation of LCFA transport into the 

mitochondrial matrix and affects the rate of LCFA oxidation (β-oxidation process) in skeletal 

muscle [12]. On the inner side of the plasma membrane, integral sarcolemmal fatty acid transport 

proteins can provide a docking site for the cytosolic fatty acid binding protein (FABPc) or fatty 

acid-acting enzymes (such as acyl-CoA synthetase - ACS), making the fatty acids readily available 

for subsequent transport and/or enzymatic conversion [13]. Upon entering the cells, LCFA forms 

complexes with coenzyme A (CoA) generating LCFA-CoA, which are channeled toward β-

oxidation in the mitochondria or to lipid storage depending on metabolic requirements.  

During starvation or exercise, LCFA-CoA are transferred to the mitochondria where they 

cross the mitochondrial membrane with the participation of CPT I and possibly FAT/CD36 

transporter. Within the mitochondrial matrix, LCFA undergoes numerous regulated processes in 

which they are oxidized to carbon dioxide (CO2) [14]. In particular, LCFA are degraded in the β-

oxidation process, where the enzyme β-hydroxyacyl-CoA dehydrogenase (β-HAD) plays a key 

role and is involved in the generation of acetyl-CoA, which enters the tricarboxylic acid cycle 

(TCA), enabling adenosine triphosphate (ATP) synthesis through oxidative phosphorylation [14].  

Under postprandial conditions, an increase in plasma glucose levels stimulates insulin 

secretion and the resulting hyperinsulinemia inhibits lipolysis, leading to a reduction in the 
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concentration of FAs in the plasma, followed by a decrease in the rate of lipid oxidation. 

Subsequently, intracellular LCFA undergoes the esterification process and they are channeled 

towards lipid storage in myocytes primarily as triacylglycerols (TAG) in lipid droplets [15]. TAG 

is considered to be a relatively safe lipid fraction with no intracellular lipotoxic effects, as some 

studies have shown that both the inhibition and activation of intramuscular TAG hydrolysis do not 

significantly affect the mitochondrial function and insulin sensitivity of cells [16]. However, in the 

course of high-fat feeding, excessive intracellular transport of LCFA, exceeding the oxidative 

capacity of the mitochondria, results in intramyocellular lipid accumulation, not only in the TAG 

fraction but also in the fractions of diacylglycerols (DAGs), as well as ceramides (CER) belonging 

to the sphingolipids family [17]. DAG is an intermediate formed in the TAG synthesis process, 

resulting from LCFA-CoA esterification to glycerol-3-phosphate and the subsequent 

dephosphorylation reaction of phosphatidic acid with the participation of the enzyme phosphatide 

phosphatase (PAP). The reaction directly leading to the formation of TAG is the acylation of DAG 

under the influence of diacylglycerol acyltransferase (DGAT) [18]. The DAG acts as an important 

second messenger involved in cell signaling, although it is considered as a molecule responsible 

also for insulin resistance (IR). It disrupts the downstream insulin signaling pathway by activating 

both classical and atypical PKC, which dephosphorylate IRS1 and thus block further insulin 

signaling [15]. Ceramide is another lipid metabolite that is linked with increased muscle lipid 

accumulation and IR. It is produced via de novo synthesis from palmitoyl-CoA or it can be 

generated from sphingomyelin, a phospholipid component of plasma membranes [19]. De novo 

CER synthesis takes place within the endoplasmic reticulum and begins with a serine and 

palmitoyl-CoA condensation reaction catalyzed by serine palmitoyltransferase (SPT) to produce 3-

ketosphinganine. Subsequently, the reactions lead to the production of sphinganine (SFA), which 

after acetylation by ceramide synthase enzymes (CerS1-6) forms dihydroceramide and further CER 

with the participation of dehydroceramide desaturase [20]. Emerging evidence points out that CER 

interferes with glucose uptake and impairs the storage of nutrients such as TAG and glycogen as a 

result of attenuating insulin signal transmission through activation of atypical PKC isoforms 

(PKCζ/λ) and phosphatidyl phosphatase 2A (PP2A), which inhibits the phosphorylation of 

PKB/Akt. In both cases, inactivation of PKB/Akt results in inhibition of intramuscular glycogen 

synthesis as well as blocking the translocation of GLUT-4 to the plasma membrane, causing a 

decrease in insulin-dependent intracellular glucose transport [20]. 
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Mounting evidence suggests that the accumulation of intramuscular lipids, in particular: 

diacylglycerols and ceramides, is related to the emergence of insulin resistance, the occurrence of 

which strongly correlates with the pathogenesis of numerous chronic diseases such as metabolic 

syndrome and type 2 diabetes mellitus (T2DM). This notice is essentially important as 

intramuscular accumulation of bioactive lipids occurs in obesity, suggesting a relationship between 

intramuscular lipid content and IR. These findings imply that lipid accumulation in the skeletal 

muscle is a key contributor to IR, although the exact mechanism remains to be clarified. 

3.2 The endocannabinoid system in the skeletal muscle 

The endocannabinoid system (ECS) plays a pivotal role in the regulation of the body's energy 

homeostasis and is part of a larger family of signaling lipids termed the endocannabinoidome 

(eCBome). The eCBome encompassing endogenous ligands called endocannabinoids (e.g., N-

arachidonoylethanolamine - anandamide (AEA) and 2-arachidonoylglycerol (2-AG)) and their 

numerous long-chain fatty acid-derived congeners, the ligand metabolic enzymes (e.g., fatty acid 

amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)), as well as the receptors that 

respond to the components of Cannabis plant [21,22]. In addition, to the “classic” cannabinoid 

receptors (CB1 and CB2), many other molecular targets have been identified in common with ECS, 

including thermosensitive transient receptor potential (TRP) channels (such as vanilloid receptor 

type-1 - TRPV1), orphan G protein-coupled receptors (such as GPR55 and GPR18), and 

peroxisome proliferator-activated receptors (such as PPARα and PPARγ) [23]. In recent years, it 

has been shown that the ECS is overactivated in the course of obesity, which increases food intake 

and promotes energy storage [24]. As a result, higher ECS tone contributes to body fat 

accumulation and has been linked to the development of obesity-related metabolic abnormalities 

[25,26]. This is supported by several studies reporting a strong association between high plasma 

endocannabinoids levels, and IR in a variety of tissues, including skeletal muscle [27,28]. In 

addition, CB1 activation has been shown to decline mitochondrial biogenesis in muscle tissue, 

reducing their level and negatively affecting oxidative phosphorylation [29]. In contrast, recent 

studies have shown that decreased ECS activity in skeletal muscle results in increased insulin 

sensitivity and glucose uptake [30,31]. 
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3.3  The role of cannabidiol in the regulation of lipid metabolism in the skeletal muscle 

The Cannabis sativa plant has been used for recreational and medical purposes for hundreds 

of years [32]. Cannabidiol (CBD) right after Δ9-tetrahydrocannabinol (Δ9-THC) is the most 

abundant phytocannabinoid in the Cannabis plant [33]. However, CBD has recently emerged as a 

therapeutic agent for many pathological conditions since it is devoid of psychoactive side effects 

and has an excellent safety profile unlike Δ9-THC [34]. In addition, many of its beneficial 

properties have been demonstrated, including anti-inflammatory, anti-oxidant, anti-convulsant, 

anti-cancer, and neuroprotective, suggesting a therapeutic application in numerous diseases, such 

as epilepsy and ischemia [35–37]. Recently, research has also indicated the potential therapeutic 

effect of CBD in the treatment of obesity and its metabolic complications [38–40]. CBD produces 

its effects through many different mechanisms, which illustrates its complex pharmacology, that is 

not yet fully understood. In the case of the cannabinoid receptors CB1 and CB2, CBD has been 

found to have a very low affinity for them, while it affects many other molecular targets to a much 

greater extent [41]. In particular, CBD has been shown to act as an agonist at the TRPV1, serotonin 

receptor 1 (5-HT1A), as well as PPARα and PPARγ, while on the other hand, it substantially 

antagonizes the GPR55 receptor [42,43]. Furthermore, both animal and human studies reported 

that CBD is able to modulate the ECS activity, mainly by inhibiting AEA uptake and preventing 

its hydrolysis by FAAH [33]. Modulating the tone of this system has great therapeutic promise for 

a wide range of diseases, ranging from mental health disorders, pain, and metabolic diseases with 

respect to the treatment of obesity and related disturbances. Overall, the unique pharmacological 

properties of CBD make this compound very attractive for therapeutic applications. 

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

following manuscript included in the dissertation:  

a. Article No. 1 - Bielawiec P., Harasim-Symbor E., Chabowski A.: Phytocannabinoids: 

useful drugs for the treatment of obesity? Special focus on cannabidiol. Frontiers in 

Endocrinology, 2020, 11, 1–11. 
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4. Aims 

Currently, obesity is one of the most common serious medical concerns worldwide. Its 

increasing prevalence has been attributed to a number of factors, including excessive food 

consumption, sedentary lifestyle, as well as environmental and genetic factors. Obesity along with 

IR are risk factors predisposing to T2DM, metabolic syndrome or cardiovascular diseases. In the 

course of obesity, increased availability of FAs in the diet leads to excessive storage of lipids in 

adipocytes and, subsequently, in other metabolically active tissues such as liver, cardiac and 

skeletal muscle. Recent reports indicate that one of the key systems involved in the development 

of obesity is the ECS. It is involved in the regulation of numerous physiological processes, 

including appetite, cellular metabolism, and energy homeostasis. It has also been shown that the 

ECS is the site of interaction of phytocannabinoids, which are compounds of plant origin (Cannabis 

sativa). Among phytocannabinoids isolated from the Cannabis sativa plant, CBD is characterized 

by a great safety profile and lack of psychoactive properties. Research in recent years has 

contributed to understanding CBD's numerous therapeutic effects, including its anti-inflammatory 

and antioxidant effects. It is also considered that CBD may have beneficial effects in the treatment 

of obesity, although its exact mechanisms of action remain unknown. 

Taking the above into account, the aim of the conducted research was: 

1. Assessment of cannabidiol influence on the plasma concentration of glucose and insulin, 

the total expression of glucose transporters, as well as proteins and their phosphorylated 

forms involved in the insulin signaling pathway in skeletal muscle in a rat model of high-

fat diet-induced obesity, 

2. Assessment of cannabidiol influence on the content of selected lipid fractions (FFA, DAG, 

TAG, PL) and sphingolipids (including CER) as well as the total expression of selected 

fatty acid transporters in skeletal muscle in a rat model of high-fat diet-induced obesity, 

3. Assessment of cannabidiol influence on the composition of individual lipid fractions (FFA, 

DAG, TAG, PL) in skeletal muscle in a rat model of high-fat diet-induced obesity. 
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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., Harasim-Symbor E., Konstantynowicz-Nowicka K., 

Sztolsztener K., Chabowski A.: Chronic cannabidiol administration 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(9),1241, 1-16. 

b. Article No. 3 - Bielawiec P., Harasim-Symbor E., Sztolsztener K., Konstantynowicz-

Nowicka K., Chabowski A.: Attenuation of oxidative stress and inflammatory response by 

chronic cannabidiol administration is associated with improved n-6/n-3 PUFA ratio in the 

white and red skeletal muscle in a rat model of high-fat diet-induced obesity. Nutrients, 

2021, 13(5), 1604. 

 

5.1 Animals and experimental protocol 

The experiment was conducted on male Wistar rats (weighing approximately 70-100 g) 

purchased from the Center for Experimental Medicine of the Medical University of Bialystok, 

Poland. The animals were housed in standard plastic cages under controlled animal holding 

conditions (22 ± 2 °C with a reversed light-dark cycle of 12 h/12 h) with unlimited access to 

drinking water and commercial laboratory chow (Labofeed B, Animal Feed Manufacturer 

“Morawski”, Kcynia, Poland). The protocol of the study was evaluated and approved by the 

Animal Ethics Committee in Olsztyn (No. 71/2018). The animals, after one week period of 

acclimatization, were randomly assigned to four experimental groups: (1) control group - rats fed 

a standard rodent diet (kcal distribution: 12.4% of energy from fat, 57.1% from carbohydrates, and 

30.5% protein), (2) CBD group - rats fed a standard diet and treated with CBD, (3) HFD group - 

rats fed a high-fat diet (kcal distribution: 60% of energy from fat, 20% from carbohydrates, and 

20% protein), and (4) HFD + CBD group - rats fed a high-fat diet and treated with CBD. Each 

experimental group included 10 rats and the total time course of feeding rats with the standard 

laboratory chow or a high-fat diet lasted seven weeks. The animals, starting at the beginning of the 

sixth week, received injections of  CBD or its vehicle for the consecutive 14 days of the experiment. 

Respective control and HFD-fed groups received intraperitoneal (i.p.) injections (once a day) of 
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synthetic CBD (purity: ≥99%; THC Pharm GmbH, Frankfurt, Germany) in a dose of 10 mg/kg of 

body mass or its solvent (3:1:16, ethanol, Tween-80, and 0.9% NaCl). Throughout the whole 

experiment, body mass was monitored. 24 hours after the last dose of CBD or its solvent, rats were 

anesthetized by i.p. injections of pentobarbital (80 mg/kg of body weight). Thereafter, blood 

samples were collected into test tubes with heparin through the inferior vena cava and centrifuged, 

and plasma was separated. Muscle samples (red gastrocnemius muscle with predominant oxidative 

metabolism and white gastrocnemius muscle with largely anaerobic metabolism) were collected, 

and visible fatty tissue was mechanically removed. The obtained samples were immediately frozen 

in liquid nitrogen using precooled aluminum tongs and then stored until further analysis at -80 °C. 

5.2 Analysis of plasma glucose and insulin concentrations 

Plasma glucose and insulin levels were determined using a Glucose Colorimetric Assay Kit 

II (BioVision Inc., Milpitas, CA, USA) and Rat Insulin ELISA Kit (Mercodia AB, Uppsala, 

Sweden), respectively, following the manufacturer’s instructions. The intensity of reaction 

products was measured in a hybrid multimode microplate reader (Synergy H1TM, BioTek 

Instruments, Winooski, VT, USA) and, for each measurement, calculated values were based on a 

separate standard curve. Moreover, the insulin sensitivity was assessed using the homeostasis 

model assessment of insulin resistance (HOMA-IR), where fasting plasma glucose (FPG) 

concentration was expressed in millimoles per liter and fasting plasma insulin was expressed in 

microunits per milliliter (HOMA-IR = (FPG x FPI)/22.5). 

5.3 Analysis of sphingolipids content in muscle tissue 

Sphingolipids were extracted from the muscle tissue using a mixture of methanol and 

hydrochloric acid solutions in the presence of internal standards (C17-sphingosine and C17-

sphingosine-1-phosphate). The total amount of sphingosine-1-phosphate (S1P) and sphinganine-

1-phosphate (SFA1P) was determined by the indirect method after dephosphorylation of 

sphingosine and sphinganine, respectively, with alkaline phosphatase (ALP; Sigma Aldrich, Saint 

Louis, MO, USA). The lipid extracts were transferred to a fresh tube with pre-added 40 pmol of N-

palmitoyl-d-erythro-sphingosine (C17 base) as an internal standard followed by alkaline hydrolysis 

to convert ceramide to sphingosine. Afterward, sphinganine (SFA), sphingosine (SFO), 

dephosphorylated sphingoid bases, and ceramide-derived sphingosine were derivatized. The 

obtained o-phthalaldehyde derivatives of sphingolipids were analyzed using high-performance 
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liquid chromatography (HPLC; Varian ProStar, Agilent Technologies, Santa Clara, CA, USA) 

equipped with a fluorescence detector and C18 reversed-phase 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 muscle tissue and plasma were extracted with a mixture of 

chloroform/methanol solution in a volume ratio of 2:1. An internal standard containing 

heptadecanoic acid, 1,2-diheptadecanoic acid, and triheptadecanoic acid was added to the obtained 

extracts. Subsequently, the extracts were developed on chromatographic glass plates covered with 

silica gel and separated into individual lipid fractions: FFA, DAG, TAG, and PL by thin-layer 

chromatography (TLC) in a heptane/ether isopropyl/acetic acid separation buffer in a volume ratio 

of 60:40:3. Particular fractions were visualized using a methanolic solution of 2',7'-

dichlorofluorescein, identified under UV light on the basis of appropriate standards, and then 

scraped into separate test tubes. Eluents containing individual lipid fractions were transmethylated 

in 14% methanolic trifluoride solution and then dissolved in hexane. Particular fatty acid methyl 

esters (FAME) in each lipid fraction were quantified depending on the retention time of the 

standards by gas-liquid chromatography (GLC; Hewlett-Packard 5890 Series II gas chromatograph 

equipped with a HP-INNOWax capillary column and a flame ionization detector, Agilent 

Technologies, Santa Clara, CA, USA). The total concentrations of lipid fractions were estimated 

as the sum of individual fatty acid species content within each of the assessed lipid fractions. 

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

In order to determine the total protein expression of proteins directly involved in glucose and 

sphingolipid metabolism, inflammatory pathway, as well as components of the 

endocannabinoidome, skeletal muscle samples were homogenized in RIPA buffer containing the 

cocktail of protease and phosphatase inhibitors (Roche Diagnostics GmbH, Manheim, Germany). 

The bicinchoninic acid method (BCA), with bovine serum albumin (BSA) as a standard, was used 

to evaluate protein concentration in the homogenates. Subsequently, the homogenates were diluted 

with Laemmli buffer, and electrophoretic separation of proteins was performed on 10% 

polyacrylamide gel (CriterionTM TGX Stain-Free Precast Gels, Bio-Rad, Hercules, California, 

USA). Thereafter, the proteins were transferred onto nitrocellulose or polyvinylidene fluoride 
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(PVDF) membranes in wet and semi-dry conditions, respectively. Then, to block non-specific 

bonds, the membranes were incubated in 5% non-fat dry milk or 5% BSA dissolved in Tris-

buffered saline with Tween-20 (TBST) buffer and incubated overnight with the appropriate 

primary antibodies. The next day, the membranes were incubated with the corresponding secondary 

antibody conjugated with horseradish peroxidase (HRP) (Cell Signaling Technology). Afterward, 

the protein bands were visualized using the chemiluminescence substrate (Clarity Western ECL 

Substrate; Bio-Rad, Hercules, CA, USA), and then the obtained signals were quantified 

densitometrically with the use of the ChemiDoc visualization system (Image Laboratory Software 

Version 6.0.1; Bio-Rad, Warsaw, Poland). The expression of selected proteins was quantified with 

stain-free gels and the total protein normalization method (Bio-Rad, Hercules, CA, USA). 

5.6 Analysis of oxidative stress parameters using commercially available kits 

In order to evaluate the oxidative stress parameters, samples of the white and red skeletal 

muscles were homogenized in RIPA or PBS buffers. The concentrations of selected parameters in 

skeletal muscle homogenates were determined using commercial colorimetric test kits and ELISA 

tests. The absorbance of these biomarkers was measured spectrophotometrically using a hybrid 

multimode microplate reader (Synergy H1TM, BioTek Instruments, Winooski, VT, USA). Then, 

from the obtained standard curves, concentrations of oxidative stress markers were calculated 

according to the manufacturer’s protocols. 

5.7 Statistical analysis 

All the experimental data are presented as mean values ± standard deviation (SD) or percentage 

of the control group based on six independent determinations. The obtained results were subjected 

to the Shapiro-Wilk and Barlett’s test to assess the distribution of values and the homogeneity of 

the variance. The statistical differences between the study groups were analyzed using the ANOVA 

test, followed by the appropriate post hoc test (Tukey's test and t-test). Statistical analysis for all 

determinations was performed using the GraphPad Prism version 7.0 (GraphPad Software, La 

Jolla, CA, USA). The results were considered to be statistically significant at p < 0.05. 
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6.  Results 

Detailed information on the applied experimental model and obtained research results can 

be found in the following manuscripts included in the dissertation:  

a. Article No. 2 - Bielawiec P., Harasim-Symbor E., Konstantynowicz-Nowicka K., 

Sztolsztener K., Chabowski A.: Chronic cannabidiol administration 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(9),1241, 1-16. 

b. Article No. 3 - Bielawiec P., Harasim-Symbor E., Sztolsztener K., Konstantynowicz-

Nowicka K., Chabowski A.: Attenuation of oxidative stress and inflammatory response by 

chronic cannabidiol administration is associated with improved n-6/n-3 PUFA ratio in the 

white and red skeletal muscle in a rat model of high-fat diet-induced obesity. Nutrients, 

2021, 13(5), 1604. 

The description of the results uses references to figures and tables from the above-mentioned 

manuscripts included in the dissertation. 

 In the experimental model of HFD-induced obesity, we noticed a substantial decrease in 

plasma glucose level in rats fed a standard diet after CBD application (-11.9%, vs. the control 

group, p < 0.05; Table 1, respectively; Article No. 2). Moreover, we observed in both HFD-fed 

groups (untreated and treated with CBD) a significantly elevated concentration of insulin (+89.9% 

and +45.2%, vs. the control group, p < 0.05; Table 1, respectively; Article No. 2) and significantly 

increased HOMA-IR index (+59.9% and +39.0%, vs. the control group, p < 0.05; Table 1, 

respectively; Article No. 2). Importantly, we reported that CBD treatment caused a considerable 

reduction in insulin concentration in the HFD group (-23.5%, vs. the HFD group, p < 0.05; Table 1; 

Article No. 2).  

 In the case of the sphingolipid pathway, we observed that a HFD caused a substantial 

intensification of the de novo ceramide synthesis pathway, which resulted in an increase in 

intramuscular content of SFA, SFA1P, CER and SFO (+21.2%,+231.1%, +25.7% and +14.8%, vs. 

the control group, p < 0.05; Figure 1 A, B, C and D, respectively; Article No. 2). As expected, in 

the red gastrocnemius muscle chronic CBD treatment of HFD-fed rats significantly reduced the 

content of the above-mentioned components of the sphingolipid pathway, i.e., SFA, CER and SFO 
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(–72.9%, -14.9%, -24.3%, vs. the HFD group, p < 0.05; Figure 1 A, C and D, respectively; 

Article No. 2). Only intramuscular content of SFA1P was substantially enhanced after the 

introduction of CBD in rats fed either the standard chow or the HFD (+306.7% and +325.0%, 

vs. the control group, p < 0.05; Figure 1 B, respectively; Article No. 2). Concomitantly, two-week 

CBD administration to rats fed the standard diet considerably reduced the content of both SFA and 

SFO (-53.6% and -26.3%, vs. the control group, p < 0.05; Figure 1 A and D, respectively; 

Article No. 2). Furthermore, we observed significantly decreased intramuscular content of S1P in 

rats subjected to high-fat feeding (-21.8%, vs. the control group, p < 0.05; Figure 1 E; 

Article No. 2), which was subsequently enhanced by CBD treatment in the same HFD group 

(+22.4%, vs. the HFD group, p < 0.05; Figure 1 E; Article No. 2). Similarly, the value of S1P/CER 

ratio was restored after CBD introduction in the HFD group (-27.3%, vs. the control group, 

p < 0.05; Figure 1 F; +20.9%, vs. the HFD group, p < 0.05; Figure 1 F; Article No. 2). 

 The induction of obesity by a HFD also induced significant changes in the expression of 

enzymes involved in the regulation of the sphingolipid pathway. The studies showed significantly 

increased expression of SPTLC1 and LASS5 (+25.9% and +41.2%, vs. the control group, p < 0.05; 

Figure 2 A and B, respectively; Article No. 2), which was further declined by two-week CBD 

treatment (-18.2% and -66.4%, vs. the HFD group, p < 0.05; Figure 2 A and B, respectively; 

Article No. 2). Simultaneously, we did not observe any substantial alternations in the total 

expression of ASAH1 and SPHK2 enzymes (p > 0.05; Figure 2 C and D, respectively; 

Article No. 2) in the HFD group compared to the control conditions. Interestingly, the chronic 

presence of CBD caused a significant increase in the total expression of the above-mentioned 

enzymes, i.e., ASAH1 and SPHK2 in the group of rats fed the high-fat diet (+54.6% and +28.7%, 

vs. the HFD group, p < 0.05; Figure 2 C and D, respectively; Article No. 2). Moreover, the opposite 

effect of CBD was observed in rats subjected to the standard diet, where it reduced the expression 

of ASAH1 (-47.6%, vs. the control group, p < 0.05; Figure 2 C; Article No. 2). 

 In the skeletal muscle during the course of high-fat feeding, we noticed a considerable 

decrease in the phosphorylation of proteins involved in the insulin signaling pathway, i.e., IRS-1 

and GSK-3 (-13.8% and -24.1%, vs. the control group, p < 0.05; Figure 3A and D, respectively; 

Article No. 2). Concomitantly, two-week CBD administration resulted in a substantial restoration 

in intramuscular phosphorylation of Akt (Ser-473) and GSK-3 (+59.5% and +38.4%, vs. the 

HFD group, p < 0.05; Figure 3B and D, respectively; Article No. 2). On the other hand, in the case 
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of glucose transporters GLUT1 and GLUT4, we reported a significant increase in the total muscular 

expression in the HFD group (+62.9% and +56.4%, vs. the control group, p < 0.05; Figure 3 E 

and F, respectively; Article No. 2), whereas two-week administration of CBD to animals being on 

a HFD resulted in a considerable reduction in the total expression of both GLUT1 and GLUT4 

(-32.9% and -30.8%, vs. the HFD group, p < 0.05; Figure 3 E and F, respectively; Article No. 2). 

The above-mentioned effects of chronic CBD treatment in rats fed a high-fat diet were completed 

by significantly increased total expression of PDH (+37.9%, vs. the HFD group, p < 0.05; 

Figure 3 G; Article No. 2). 

 In the case of eCBome components, our study showed that rats subjected to a high-fat diet 

presented significantly increased total expression of receptors belonging to the ECS system, i.e., 

CB1, TRPV1 and 5-HT1A (+47.9%, +61.9% and +93.3%, vs. the control group, p < 0.05; Figure 

4 A, C and D; respectively; Article No. 2). Unexpectedly, the total muscular expressions of the 

above-mentioned receptors in HFD groups treated with CBD were considerably decreased 

(CB1: -33.9%, TRPV1: -35.4%, 5-HT1A: -62.2%, vs. the HFD group, p < 0.05; Figure 4 A, B 

and D, respectively; Article No. 2). Conversely, the total expression of the CB2 receptor was 

markedly enhanced after CBD application in rats fed either standard and high-fat diet (+40.6%, vs. 

the control group; +43.5%, vs. the HFD group, p < 0.05; Figure 4 B, respectively; Article No. 2). 

 Our study demonstrated that induction of obesity by a high-fat diet caused a relevant 

reduction of the n-6/n-3 PUFA ratio in the FFA and DAG fractions (-14.2% and -27.6%, vs. the 

control group, p < 0.05; Figure 1 A and B, respectively; Article No. 3) in the white gastrocnemius 

muscle, whereas two-week CBD treatment considerably enhanced it (+41.7% and +49%.0%, vs. 

the HFD group, p < 0.05; Figure 1 A and B, respectively; Article No. 3). Moreover, in the same 

muscle type, we also found that two-week CBD injections markedly elevated the n-6/n-3 PUFA 

ratio during standard and high-fat feeding conditions in the FFA fraction (+11.6% and +21.6%, vs. 

the control group, p < 0.05; Figure 1 A, respectively; Article No. 3). Conversely, in the red 

gastrocnemius muscle, we observed that high-fat feeding profoundly increased the n-6/n-3 PUFA 

ratio in the FFA fraction (+12.9%, vs. the control group, p < 0.05; Figure 1 A; Article No. 3). In 

addition, in the same type of skeletal muscle, the chronic presence of CBD caused a significant 

decrease in the n-6/n-3 PUFA ratio in rats fed either the standard chow or the HFD in the DAG 

(-6.6% and -13.7%, vs. the control group; -11.6%, vs. the HFD group; p < 0.05; Figure 1 B, 

respectively; Article No. 3) and PL fractions (-21.0% and -21.2%, vs. the control group; -13.1%, 
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vs. the HFD group; p < 0.05; respectively, Figure 1 D; Article No. 3). Regarding the TAG fraction, 

in both white and red gastrocnemius muscles, we noticed that the rats during high-fat feeding 

conditions exhibited a markedly elevated n-6/n-3 PUFA ratio (+66.8% and +28.1%, vs. the control 

group, p < 0.05; Figure 1 C, respectively; Article No. 3) with a concomitant reduction of this ratio 

after a prolonged CBD treatment (-14.9% and -30.1%, vs. the HFD group, p < 0.05; Figure 1 C, 

respectively; Article No. 3). Furthermore, in the TAG fraction, we observed that the n-6/n-3 PUFA 

ratio was significantly reduced in rats fed a standard chow after CBD application in the white 

gastrocnemius muscle (-9.5%, vs. the control group, p < 0.05; Figure 1 C; Article No. 3) and, 

conversely, in the HFD-fed rats it was considerably enhanced (+42.0%, vs. the control group, 

p < 0.05; Figure 1 C; Article No. 3). Concomitantly, in the PL fraction, the rats subjected to high-

fat feeding exhibited a relevant decrease of the n-6/n-3 PUFA ratio in both the white and red 

skeletal muscle (-23.8% and -9.3%, vs. the control group, p < 0.05; Figure 1 D, respectively; 

Article No. 3). Moreover, after a prolonged CBD treatment of the HFD-fed rats, we observed 

a substantially reduced n-6/n-3 PUFA ratio in the PL fraction (-13.9%, vs. the HFD group, p < 0.05; 

Figure 1 D; Article No. 3).   

 In the plasma, we noticed a considerable increase in the n-6/n-3 PUFA ratio in both HFD-

fed groups (untreated and treated with CBD) in the FFA (+47.3% and +37.3%, vs. the control 

group, p < 0.05; Figure 2 A, respectively; Article No. 3) and TAG (+57.1% and +49.1%, vs. the 

control group, p < 0.05; Figure 2 B, respectively; Article No. 3) fractions. Importantly, there was 

a considerable decline in the n-6/n-3 PUFA ratio in the HFD + CBD group (-6.8%, vs. the HFD 

group, p < 0.05, Figure 2 A; Article No. 3) in the case of the FFA fraction. Concomitantly, in the 

plasma of the rats fed a standard diet in response to CBD treatment we observed a substantially 

declined n-6/n-3 PUFA ratio in the FFA and TAG fractions (-7.4% and -6.9%, vs. the control 

group, p < 0.05; Figure 2 A and B, respectively; Article No. 3).  

 During the course of high-fat feeding, we observed significant alternations of oxidative 

stress parameters. Regarding CAT concentrations, we noticed a considerable decline in 

HFD + CBD group only in the red gastrocnemius muscle (-12.8%, vs. the HFD group, p < 0.05; 

Figure 3 A; Article No. 3), whereas we did not observe any changes in catalase values in the white 

gastrocnemius muscle (p > 0.05; Figure 3 A; Article No. 3). Moreover, prolonged CBD treatment 

during standard and high-fat feeding conditions resulted in a relevant increase in SOD2 levels in 

the white gastrocnemius muscle (+9.9% and +8.8%, vs. the control group, p < 0.05; Figure 3 B, 
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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 feeding (+7.4%, 

vs. the control group, p < 0.05; Figure 3 B; Article No. 3). Importantly, in both white and red 

skeletal muscles, two-week CBD treatment resulted in a considerable increase in SOD2 levels in 

the rats fed the high-fat diet (+7.1% and +3.9%, vs. the HFD group, p < 0.05; Figure 3 B; Article 

No. 3). In relation to the total antioxidant capacity, we noticed a marked elevation in the HFD 

group after CBD injections only in the white gastrocnemius muscle (+9.1%, vs. the control group, 

p < 0.05; Figure 3 C; Article No. 3). Concomitantly, we did not observe any significant alterations 

in TAC levels (p > 0.05; Figure 3 C; Article No. 3) in the red gastrocnemius muscle. As expected, 

we noticed significantly elevated AGE levels in both white and red gastrocnemius muscles (+13.3% 

and +32.1%, vs. the control group, p < 0.05; Figure 3 D, respectively; Article No. 3), which was 

further declined by two-week CBD treatment (-38.8% and -28.0%, vs. the HFD group, p < 0.05; 

Figure 3 D, respectively; Article No. 3). Consequently, the intramuscular MDA concentration was 

considerably enhanced in the animals being on a high-fat diet in the red skeletal muscle (+45.6%, 

vs. the control group, p < 0.05; Figure 3 E; Article No. 3) with subsequent reduction after 

administration of CBD (-26.9%, vs. the HFD group, p < 0.05; Figure 3 E; Article No. 3). On the 

other hand, in the white gastrocnemius muscle, the MDA content was markedly diminished after 

CBD implementation during the course of high-fat feeding (-16.7%, vs. the control group; -22.9%, 

vs. the HFD group, p < 0.05; Figure 3 E; Article No. 3). Moreover, in both white and red skeletal 

muscles, we observed that high-fat feeding significantly elevated the 4-HNE content (+43.7% and 

+115.7%, vs. the control group, p < 0.05; Figure 3 F, respectively; Article No. 3). Most importantly, 

after a prolonged CBD treatment of the standard chow-fed rats, we observed a substantial decrease 

in the 4-HNE concentration in the white skeletal muscle (-39.8%, vs. the control group, p < 0.05; 

Figure 3 F; Article No. 3), while, conversely, we noticed a concomitant increase in its concentration 

in the same experimental group in the red gastrocnemius muscle (+124.6%, vs. the control group, 

p < 0.05; Figure 3 F; Article No. 3). 

 As expected, lipid overload conditions significantly alter the total expression of proteins 

involved in the inflammatory pathway in both muscle types. We observed a pronounced increase 

in the total intramuscular expression of COX-2 and 5-LO in rats being on a high-fat diet in the red 

skeletal muscle (+22.3% and +8.9%, vs. the control group, p < 0.05; Figure 4 B and C, respectively; 

Article No. 3). Importantly, the effects of the high-fat feeding in rats were abolished by the two-
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week CBD injections in both white and red gastrocnemius muscles, i.e., COX-1 (-49.5% 

and -39.0%, vs. the HFD group, p < 0.05; Figure 4 A, respectively; Article No. 3) and COX-2 

(-39.5% and -28.4%, vs. the HFD group, p < 0.05; Figure 4 B, respectively; Article No. 3). 

Moreover, we noticed similar effects of the CBD administration in the rats subjected to high-fat 

feeding in the case of the total intramuscular expression of 5-LO in the white skeletal muscle 

(-19.1%, vs. the control group; -26.9%, vs. the HFD group, p < 0.05; Figure 4 C; Article No. 3). 

Simultaneously, after a chronic CBD treatment of the standard diet-fed rats, we observed 

a markedly diminished total expression of COX-1 and 5-LO in the red skeletal muscle (-32.8% and 

-17.5%, vs. the control group, p < 0.05; Figure 4 A and C, respectively; Article No. 3). Interestingly, 

CBD treatment of HFD-fed rats enhanced the total expression of anti-inflammatory 15-LO in the 

white gastrocnemius muscle (+43.2%, vs. the HFD group, p < 0.05; Figure 4 D; Article No. 3). 

Furthermore, in the fatty acids overload conditions the total intramuscular PPARγ expression was 

considerably decreased in the white and red skeletal muscles (-28.5% and -28.8%, vs. the control 

group, p < 0.05; Figure 4 E, respectively; Article No. 3) and subsequently in the chronic presence 

of CBD it was restored in both muscle types (+44.2% and +25.0%, vs. the HFD group, p < 0.05; 

Figure 4 E, respectively; Article No. 3). Moreover, in the red gastrocnemius muscle, the rats fed a 

high-fat diet demonstrated significantly elevated total NF-ĸB expression (+81.5%, vs. the control 

group, p < 0.05; Figure 4 F; Article No. 3), whereas two-week CBD treatment substantially 

diminished its muscular expression  (-39.4%, vs. the HFD group, p < 0.05; Figure 4 F; 

Article No. 3). Regarding white skeletal muscle, in the case of NF-ĸB expression we observed 

similar effects of CBD injections in rats subjected to either standard or high-fat feeding (-27.8% 

and -35.8%, vs. the control group, p < 0.05; respectively; -30.3%, vs. the HFD group, p < 0.05; 

Figure 4 F; Article No. 3). As expected, we reported a pronounced elevation in the total TNF-α 

expression in the HFD group (+26.6%, vs. the control group, p < 0.05; Figure 5 A; Article No. 3), 

which was subsequently decreased by CBD application (-18.7%, vs. the HFD group, p < 0.05; 

Figure 5 A; Article No. 3) in the white gastrocnemius muscle. Simultaneously, we did not notice 

any significant alterations in TNF-α expression in the red skeletal muscle (p > 0.05; Figure 5 A; 

Article No. 3). In addition, CBD reduced the total muscular expression of IL-6 during both standard 

and high-fat feeding conditions in the white gastrocnemius muscle (-34.7% 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 high-fat feeding, we reported significantly reduced 
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total expression of Nrf2 in the red gastrocnemius muscle (-25.3%, vs. the control group, p < 0.05; 

Figure 5 C; Article No. 3) and Bcl-2 in both muscle types (-21.5% and -31.3%, vs. the control 

group, p < 0.05, respectively; Figure 5 D; Article No. 3). Interestingly, we noticed a considerable 

difference in the total muscular expression of Nrf2 in the white gastrocnemius muscle (+30.1%, 

vs. the control group, p < 0.05; Figure 5 C; Article No. 3) and Bcl-2 in the red skeletal muscle 

(+38.1%, vs. the control group, p < 0.05, respectively; Figure 5 D; Article No. 3) in response to 

CBD treatment during standard feeding conditions. Moreover, prolonged CBD injections markedly 

increased the total Bcl-2 expression in both white and red gastrocnemius muscle in animals being 

on a high-fat diet (+29.5% and +50.9%, vs. the HFD group, p < 0.05; Figure 5 D, respectively; 

Article No. 3). Concomitantly, in both muscle types, we noticed that high-fat feeding caused a 

considerable increase in the total expression of MMP-2 (+37.9%, vs. the control group, p < 0.05; 

Figure 5 E; Article No. 3) and MMP-9 (+19.1% and +27.2%, vs. the control group, p < 0.05; 

Figure 5 F, respectively; Article No. 3). In addition, in the red skeletal muscle of rats during 

standard or high-fat feeding conditions, we reported a significantly declined the total MMP-2 

expression after CBD treatment (-21.6% and -21.8%, vs. the control group, p < 0.05, respectively; 

-33.2%, vs. the HFD group, p < 0.05; Figure 5 E; Article No. 3). Most importantly, prolonged 

application of CBD also noticeably lowered the total expression of MMP-9 in both white and red 

skeletal muscles (-21.5% and -16.4%, vs. the HFD group, p < 0.05; Figure 5 F, respectively; 

Article No. 3). 
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7. Conclusions 

1. Chronic CBD treatment prevented intramyocellular accumulation of CER (de novo 

synthesis pathway) and elevated S1P in fatty acids oversupply conditions.  

2. CBD improves downstream insulin signaling, mainly by enhancing the phosphorylation 

ratio of proteins involved in the insulin signal transmission, oxidative metabolism of 

glucose, and restores glycogen depletion in the myocytes during high-fat feeding. 

3. Two-week CBD treatment effectively reduced the accumulation of FAs in the muscular 

lipid pools and shifted the equilibrium of n-6 to n-3 PUFAs in favor of anti-inflammatory 

n-3 PUFAs, alleviated inflammation and oxidative stress by reducing the concentration of 

proinflammatory mediators, e.g., TNF-α and IL-6, the transcriptional activity of NF-ĸB and 

AGE and MDA content as well as elevated the antioxidative capacity of the skeletal 

muscles through increasing the intracellular level of SOD2. 
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11. Summary in polish 

 Mięśnie szkieletowe stanowią ważny organ zaangażowany w regulację licznych procesów 

metabolicznych organizmu poprzez wykorzystanie podstawowych substratów energetycznych 

takich jak glukoza oraz długołańcuchowe kwasy tłuszczowe (LCFA). Stopień utylizacji glukozy 

lub LCFA w warunkach fizjologicznych przez tkankę mięśniową zależy od wielu czynników, 

a w tym od dostępności i dokomórkowego transportu wyżej wymienionych substratów, 

zapotrzebowania energetycznego oraz równowagi hormonalnej organizmu. W warunkach 

zwiększonej dostępności kwasów tłuszczowych (FAs) w diecie, przewyższającej zapotrzebowanie 

energetyczne organizmu oraz zdolności oksydacyjne mitochondriów, dochodzi do magazynowania 

lipidów w tkance tłuszczowej, jak również w innych aktywnych metabolicznie tkankach takich jak 

mięśnie szkieletowe. Nadmierna wewnątrzmięśniowa akumulacja lipidów obserwowana jest 

głównie we frakcjach triacylogliceroli (TAG), diacylogliceroli (DAG) oraz ceramidów (CER). 

Liczne badania wykazały, że zwiększone stężenie bioaktywnych frakcji DAG i CER przyczynia się 

do upośledzenia działania insuliny co skutkuje rozwojem insulinooporności (IR) w tkance 

mięśniowej.  

 Liczne dane literaturowe wskazują, iż podczas rozwoju otyłości dochodzi do zwiększonej 

aktywacji wybranych komponentów układu endokannabinoidowego (ECS). Układ ten 

zaangażowany jest w regulację wielu procesów fizjologicznych, między innymi metabolizmu oraz 

homeostazy energetycznej organizmu. Wykazano, że  ECS stanowi również jedno z miejsc 

docelowych oddziaływania fitokannabinoidów, będących związkami pochodzenia roślinnego 

(Cannabis sativa). Do tej grupy związków zaliczany jest kannabidiol (CBD), który ze względu na 

brak właściwości psychoaktywnych oraz dobry profil bezpieczeństwa stanowi potencjalnie 

terapeutyczny związek. Wiele badań wykazało korzystne działanie CBD, m.in. 

przeciwdrgawkowe, przeciwpsychotyczne, przeciwbólowe, przeciwzapalne oraz antyoksydacyjne. 

Postuluje się również, iż CBD może wywoływać korzystne efekty w leczeniu otyłości, pomimo 

tego, iż większość mechanizmów jego działania nie jest obecnie poznana. W związku z 

powyższym, celem przeprowadzonych badań było określenie wpływu CBD na metabolizm lipidów 

w mięśniach szkieletowych w szczurzym modelu otyłości indukowanej dietą bogatotłuszczową.  

 Badania zostały przeprowadzone na samcach szczurów rasy Wistar, które były karmione 

standardową karmą lub dietą wysokotłuszczową (HFD) przez 7 tygodni; każda grupa 

eksperymentalna składała się z 10 osobników. Zwierzęta, począwszy od szóstego tygodnia, 
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otrzymywały raz dziennie dootrzewnowe iniekcje z CBD w dawce 10 mg/kg masy ciała lub jego 

rozpuszczalnika przez kolejne 14 dni trwania eksperymentu. W uzyskanym do analiz materiale 

mięśni szkieletowych określone zostało stężenie wybranych frakcji lipidowych i sfingolipidów 

oraz zawartość poszczególnych kwasów tłuszczowych w badanych frakcjach przy użyciu 

chromatografii gazowo-cieczowej (GLC) oraz wysokosprawnej chromatografii cieczowej 

(HPLC). Osoczowe stężenia glukozy oraz insuliny, wewnątrzmięśniowa zawartość glikogenu oraz 

parametry stresu oksydacyjnego zostały oznaczone z użyciem metod kolorymetrycznych oraz 

immunoenzymatycznych (ELISA). Dodatkowo, techniką Western Blot oceniono ekspresję 

wybranych białek. Dane analizowano za pomocą jednokierunkowej ANOVA, a następnie 

odpowiedniego testu post-hoc (p < 0.05 poziom istotności). 

 Wyniki badań wskazują, że w mięśniach szkieletowych szczurów karmionych dietą 

bogatotłuszczową dochodzi do wzmożonej akumulacji niektórych frakcji lipidowych (DAG, TAG) 

oraz sfingolipidowych (CER), co związane jest z pogorszeniem przekaźnictwa sygnału insuliny. 

Jednocześnie dochodzi do zwiększenia stosunku n-6/n-3 PUFA, skutkiem czego jest zwiększona 

odpowiedź zapalna w tkance mięśni szkieletowych. Obiecujące wydają się efekty działania CBD, 

które wskazują na zmniejszenie zawartości wyżej wymienionych lipidów, obniżenie stosunku 

n-6/n-3 PUFA poprzez przesunięcie równowagi na korzyść przeciwzapalnych kwasów 

tłuszczowych n-3 PUFA, jak również poprawę transdukcji sygnału insuliny w mięśniach 

szkieletowych w warunkach indukowanej dietą bogatotłuszczową otyłości. 

 Otrzymane przez nas wyniki badań dostarczają nowych informacji o roli CBD jako 

regulatora metabolizmu lipidów w mięśniach szkieletowych i wskazują, że CBD ma potencjalne 

właściwości terapeutyczne w leczeniu otyłości i związanych z nią zaburzeń. 
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12. Summary in English 

 Skeletal muscles are an important organ involved in the regulation of numerous metabolic 

processes in the body through the use of basic energy substrates such as glucose and long-chain 

fatty acids (LCFA). The degree of glucose or LCFA utilization under physiological conditions by 

the muscle tissue depends on many factors, including the availability and intracellular transport of 

energy substrates, energy requirements, and the hormonal balance of the body. In conditions of 

increased availability of fatty acids (FAs) in the diet, exceeding the body's energy requirements 

and the oxidative capacity of the mitochondria, lipids are stored in adipose tissue as well as in other 

metabolically active tissues such as skeletal muscles. Excessive intramuscular lipid accumulation 

is mainly observed in the triacylglycerol (TAG), diacylglycerol (DAG) and ceramide (CER) lipid 

fractions. Numerous studies have shown that the increased concentration of bioactive DAG and 

CER fractions contributes to the impairment of insulin action, which results in the development of 

insulin resistance (IR) in muscle tissue.  

 Numerous literature data show that during the course of obesity, increased activation of 

selected components of the endocannabinoid system (ECS) is observed. This system is involved in 

the regulation of numerous physiological processes, including the metabolism and energy 

homeostasis of the organism. It has been shown that the ECS is also one of the target sites of the 

phytocannabinoid interactions, which are compounds of plant origin (Cannabis sativa). This group 

of compounds includes cannabidiol (CBD), which, due to its lack of psychoactive properties and 

good safety profile, is a potential therapeutic compound. Many studies have shown the positive 

effects of CBD, including anticonvulsant, antipsychotic, analgesic, and anti-inflammatory actions. 

It is also postulated that CBD may have beneficial effects in the treatment of obesity, despite the 

fact that most of its mechanisms of action are currently unknown. Therefore, the aim of the study 

was to determine the effect of CBD on lipid metabolism in skeletal muscle in a rat model of obesity 

induced by a high-fat diet. 

 All experiments were conducted on male Wistar rats, which were fed a standard diet or 

high-fat diet (HFD) for 7 weeks; each experimental group consisted of 10 individuals. From the 

beginning of the sixth week, the animals received once-daily intraperitoneal injections of CBD at 

a dose of 10 mg/kg of body mass or its solvent for the next 14 days of the experiment. In the 

material of skeletal muscle obtained for analysis, the concentration of selected lipid fractions and 

sphingolipids as well as the content of individual fatty acids in the examined fractions were 
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determined using gas-liquid chromatography (GLC) and high-performance liquid chromatography 

(HPLC). Plasma glucose and insulin levels, intramuscular glycogen content, and parameters of 

oxidative stress were determined using colorimetric and enzyme immunoassay (ELISA) methods. 

Additionally, the expression of selected proteins was assessed by the Western Blot technique. Data 

were analyzed by one-way ANOVA followed by an appropriate post-hoc test (p < 0.05 considered 

significant). 

 The results obtained in our research indicate that in the skeletal muscles of rats fed a high-

fat diet there is an increased accumulation of examined lipid fractions (DAG, TAG) and CER, 

which is related to the deterioration of insulin signaling. Concomitantly, the n-6/n-3 PUFA ratio is 

elevated, resulting in an increased inflammatory response in skeletal muscle tissue. The effects of 

CBD seem highly promising, indicating a reduction in the above-mentioned lipids content, 

lowering the n-6/n-3 PUFA ratio by shifting the balance in favor of the anti-inflammatory n-3 

PUFA, as well as improving insulin signal transduction in skeletal muscles under the conditions of 

high-fat diet-induced obesity. 

 Our data provide a new insight into the role of CBD as a regulator of lipid metabolism in 

skeletal muscle and indicate that CBD presents potential therapeutic properties with respect to the 

treatment of obesity and related disturbances. 
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