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Cannabidiol mitigates high-
fat-diet-induced early-stage
inflammation in two adipose tissue
fat depots of Wistar rats

Karolina Konstantynowicz-Nowicka®**, Klaudia Berk?, Katarzyna Hodun?, Algirdas Utkus?,
Ewa Harasim-Symbor! & Adrian Chabowski?

Cannabidiol (CBD) has potential for treating obesity-induced inflammation; thus, we studied the
influence of CBD on the accumulation of lipid precursors of inflammation, the, enzymes, and cytokine
levels in the subcutaneous (SAT) and visceral adipose tissue (VAT) of animals with obesity-induced
early-stage inflammation. Our experiment was performed on rats fed a high-fat (HFD) or control diet,
which received CBD or its vehicle. The accumulation and composition of lipid fractions were assessed
via gas-liquid chromatography, whereas the expression of inflammatory pathway enzymes and the
cytokine content were evaluated via Western blot or multiplexing, respectively. In addition to selective
changes in the content of cytokines, the administration of CBD to HFD-fed rats also decreased the
deposition of all the lipid fractions in VAT, whereas in SAT, only the free fatty acid and diacylglycerol
fractions were affected. Moreover, CBD reduced the deposition of arachidonic acid and the expression
of enzymes associated with the synthesis of lipid precursors of inflammation in both the SAT and

VAT of HFD-fed rats. Although the data revealed the beneficial influence of CBD on lipid precursors of
inflammation metabolism in both fat depots, more pronounced changes were observed in VAT, which
is a tissue that is more predisposed to metabolic disease development.
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Currently, an unhealthy diet and irregular physical activity promote caloric surplus, where energy is stored as
triacylglycerols (TAGs) in subcutaneous (SAT) and visceral (VAT) adipose tissue. Excess adipose tissue mass
leads to increases in fat cell size (hypertrophy) and number (hyperplasia), accompanied by chronic low-grade
inflammation’. These alterations are closely related to metabolic disorders, such as insulin resistance, type 2
diabetes, and cardiovascular diseases®?>. Despite the wealth of research in animal and human models, the precise
triggers of obesity-induced inflammation in adipose tissue remain elusive, although several initiating processes
have been suggested*. One theory assumes that chronic adipose hypertrophy promotes hypoxia, intracellular
oxidative stress, and necrosis, which, in turn, increase the production of various inflammatory mediators,
including interleukin 6 (IL-6), tumor necrosis factor-alpha (TNF-a), and monocyte chemoattractant protein
(MCP-1), and attract proinflammatory macrophages and other immune cells. All of these factors ultimately
result in fibrosis of dysfunctional adipose tissue, increased ectopic fat storage, and the development of insulin
resistance’.

The chronic low-grade inflammatory state in adipocytes is also a consequence of increased production of
proinflammatory lipid mediators derived from arachidonic acid (AA, C20:4), the dietary supply of which is
noticeably increased in overnutrition, especially in high-fat feeding. AA is an essential n-6 polyunsaturated fatty
acid (PUFA) and serves as a precursor to the eicosanoid family of bioactive compounds that control immune
and inflammatory responses in the body®. There is considerable evidence that excessive formation of these AA
derivatives, i.e., prostaglandins, leukotrienes, and thromboxane A2 in adipocytes, may escalate their metabolic
dysregulation through overreactive inflammatory signaling”*.
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Currently, the correlations among obesity, adipose tissue inflammation, and metabolic disease make
inflammatory pathways attractive targets for the treatment of metabolic diseases. However, the clinical efficacy
of drugs targeting these pathways has been disappointing, and new therapeutic alternatives are constantly being
explored®. At present, much attention is being given to Cannabis sativa components due to their beneficial
metabolic properties, which are proposed for use in the treatment of obesity.

CBD is a non-psychotomimetic cannabinoid obtained from medicinal and fiber-type Cannabis sativa
L. plants®. The pharmacokinetics of CBD and the effects observed depend on the formulation and route of
administration'®. CBD is well known for its antipsychotic, anxiolytic, sedative, antiepileptic, and analgesic
properties''2. Moreover, it is among the best-explored phytocannabinoids that positively affect lipid and
glucose metabolism in different tissues!®. In adipose tissue, Silvestri et al.. reported that CBD dose- and time-
dependently reduced intracellular TAG accumulation in oleic acid-treated 3T3-L1 adipocytes'*. In addition, an
in vitro study of 3T3-L1 adipocytes revealed that CBD exerts its antiobesity effect through an increase in oxygen
consumption and activation of the beta-adrenergic signaling pathway, resulting in lower levels of intracellular
fat accumulation'®. Nevertheless, the exact mechanism of CBD action, which induces metabolic changes in
adipocytes, is still poorly defined. Notably, CBD is the most valuable pharmaceutical since it has been found
to possess high antioxidant and anti-inflammatory activities!>!®. However, until now, it has not been entirely
clear whether its action also involves adipose tissue in an overnutrition state. Numerous preclinical reports
have demonstrated the tissue-protective and anti-inflammatory effects of CBD in models of neurodegeneration/
neuroinflammation, arthritis, primary diabetes, diabetic complications, or cancer'”'®, Thus, we speculated
that CBD could be effective in reducing obesity-associated inflammation. In the present study, we aimed to
investigate the impact of CBD on lipid precursors involved in inflammation, the enzymes of the inflammatory
pathway, and selected cytokine levels in the SAT and VAT of rats with obesity induced by a high-fat diet (HFD).

Materials and methods

Animal model and experimental protocol

The entire study involved 40 male Wistar rats weighing between 70 and 100 g before the beginning of the
experiment. The rats were obtained and housed in the Experimental Medicine Centre at the Medical University
of Bialystok in standard laboratory facilities, which included a reversed 12-hour light-dark cycle, a temperature
of 22 + 2 °C, a plastic autoclave, individually ventilated cages, unlimited access to water and suitable chow. After
a week of adaptation to the holding conditions, the rats were allocated into four experimental groups (Fig. 1)
via a randomization method that included online random number generators. The control and CBD groups,
with ten rats in each, were given a standard diet for rodents (Labofeed B, Kcynia, Poland), which contained
62% carbohydrates, 22% protein, and 16% fat and fatty acid composition described by Nowacki et al.'®. In
contrast, the HFD and HED + CBD groups, with ten rats in each, received a high-fat diet (Research Diets, New
Brunswick, NJ, USA, cat. no. D12492) that was composed of 59% fat, 21% protein, and 20% carbohydrates with
a fatty acid composition available in the literature?’. The feeding period lasted for 7 weeks, and during the last 14
days of the experiment, the animals received simultaneously a selected diet and cannabidiol (CBD) (THC Pharm
GmbH, Frankfurt, Germany) or its solvent. CBD was administered intraperitoneally at a dose of 10 mg/kg body
weight once a day at the same time in the CBD and HFD + CBD groups in a volume of 1 ml/kg body weight.
The CBD dose was selected on the basis of the available literature because it is the most effective?!. Moreover, the
intraperitoneal route of administration was selected even though oral CBD administration is more common in
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Fig. 1. The experimental design scheme. The description of every experimental group is provided in the
Animal Model and Experimental Protocol section. The figure was created with the use of Server Medical Art
(https://smart.servier.com), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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the literature. Some studies have shown that oral CBD administration resulted in the formation of psychoactive
CBD derivatives when exposed to a gastric acidic environment, and such psychoactive metabolites were also
present in the brain?>?*, However, in human and in vivo studies such conversion did not occur and the possibility
of psychoactive CBD derivatives formation depends more from purity of CBD, which was high (= 99%) used in
the present study?. In addition, intraperitoneal route of administration offers practical advantages like reduced
procedural stress, lower risk of injury compared with oral savage, and potentially lower intra-day and inter-
animal variability. The CBD solvent consisted of 3:1:16, 70% ethanol:2% Tween-80:0.9% NaCl, and it was also
administered to the control and HFD groups without CBD in the same volume of 1 ml/kg of body weight. The
final CBD solution was prepared from a stock solution where CBD was solubilized in 70% ethanol at 37 °C with
gentle shaking immediately before use and protected from light. The amount of CBD administered was calculated
on the basis of the current body mass of the rats, and the animal weight was monitored throughout the study. The
results depicting increased body weight after HFD and a lack of changes after CBD treatment were shown in our
previous work®. At the end of our experiment and 24 h after the last CBD or vehicle dose was applied, the rats
were sedated via isoflurane inhalation. The samples of SAT (inguinal) and VAT (epididymal) were taken from
sedated animals and immediately frozen in liquid nitrogen with precooled tongs. The collected adipose tissue
samples were stored at —80 °C until use. All the experimental protocols were carried out in accordance with
the relevant guidelines and regulations. The animal experiments adhered to the ARRIVE guidelines and were
approved by the Animal Ethics Committee in Olsztyn (Approval No. 71/2018).

Analysis of tissue lipid contents

Using a mixture of chloroform and methanol at a ratio of 2:1, lipids were extracted from VAT and SAT samples
following the procedure detailed precisely in our earlier work?®, which was based on Folch et al.?’. with slight
modifications. An internal standard consisting of heptadecanoic, diheptadecanoic, and triheptadecanoic acids
was added to the tubes containing the obtained extracts. Next, via thin-layer chromatography (TLC), the extracts
were separated into certain lipid fractions, including diacylglycerols (DAGs), triacylglycerols (TAGs), free fatty
acids (FFAs), and phospholipids (PLs), in separation buffer on glass chromatographic plates coated with silica
gel (Silica Plate 60, 0.25 mm; Merck, Darmstadt, Germany). After separation, the lipid fractions were then
transmethylated with the use of 14% boron trifluoride in methanol and subsequently dissolved in hexane. On the
basis of the retention times of the standards, the fatty acid methyl esters in the abovementioned lipid fractions
were assessed via gas-liquid chromatography (GLC, Hewlett-Packard 5890 Series II Gas Chromatograph,
Agilent Technologies, Santa Clara, CA, USA) equipped with a capillary column (Hewlett-Packard-INNOWax)
and flame ionization detector, as previously described by Chabowski et al.8. . The total lipid concentration (FFA,
DAG, TAG, and PL) in adipose tissue was calculated as the sum of individual fatty acid concentrations in the
chosen fraction. The concentrations of the total lipid fractions and arachidonic acid (AA) content are presented
in nanomoles per gram of tissue. Moreover, depending on the fatty acid composition, the activities of the n-3
(20:5 + 22:6)/18:3 and n-6 (20:4/18:2 n-6) pathways in a particular lipid fraction were estimated.

Analysis of protein expression

The expression of proteins involved in the synthesis pathways of eicosanoids and prostanoids was determined
via Western blot (WB) analysis according to the comprehensive protocol outlined in our previous work?. In the
first step, the adipose tissue samples were homogenized via radioimmunoprecipitation assay (RIPA) buffer that
included inhibitors of phosphatases and proteases (Roche, Mannheim, Germany). To assess the total protein
concentration in the homogenates, a bicinchoninic acid (BCA) assay was performed with bovine serum albumin
used as a standard. After the reconstitution of the tissue homogenates in Laemmli buffer (Bio-Rad, Hercules, CA,
USA), an equivalent volume of protein was loaded on Criterion TGX Stain-Free Precast Gels (Bio-Rad; Hercules,
CA, USA). The proteins separated via electrophoresis were transferred onto nitrocellulose or PVDF membranes.
Next, the membranes were subjected to a blocking step with Tris-buffered saline buffer containing Tween-20
(TBST) and either 5% nonfat dry milk or 5% BSA and subsequently immunoblotted overnight with the following
primary antibodies of interest: 5-lipoxygenase (5-LOX, 1:1500; Abcam, Cambridge, UK), 12/15-lipoxygenase
(12/15-LOX, 1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), cyclooxygenase-1 (COX-1, 1:500; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA), and cyclooxygenase-2 (COX-2, 1:500; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). Thereafter, the nitrocellulose membranes were treated with the corresponding horseradish
peroxidase (HRP)-conjugated antibodies. The protein bands were detected via a chemiluminescence substrate
(Clarity Western ECL Substrate; Bio-Rad, Hercules, CA, USA), and the immunoblotting signals were analyzed
via a densitometric visualization system (ChemiDoc, Image Laboratory Software; Bio-Rad, Warsaw, Poland).
The standardization process involved overlapping the images of the obtained protein and the total protein after
membrane transfer in the ImageLab system (Bio-Rad, Warsaw, Poland), with the control group designated 100%.

Analysis of cytokine and chemokine contents

A commercially available multiplex assay kit (Bio-Plex Immunoassay Kit, Bio-Plex Pro Rat Cytokine 23-
Plex Assay, Bio-Rad; Warsaw, Poland) was used to assess the contents of selected cytokines and chemokines,
namely, interleukin 18 (IL-18), interleukin 17 A (IL-17 A), interleukin 13 (IL-13), interleukin 12 p70 (IL-12
p70), interleukin 10 (IL-10), interleukin 7 (IL-7), interleukin 6 (IL-6), interleukin 5 (IL-5), interleukin 4 (IL-4),
interleukin 2 (IL-2), interleukin 1f (IL-1p), interleukin la (IL-1a), interferon y (IFN-y), regulated on activation
normal T-cell expressed and secreted (RANTES), tumor necrosis factor a (TNF-a), macrophage inflammatory
protein 3a (MIP-3a), macrophage inflammatory protein la (MIP-la), granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), growth-regulated oncogenes/
keratinocyte chemoattractant (GRO/KC), and vascular endothelial growth factor (VEGF), as described
previously?.
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In accordance with the manufacturer’s protocol, before the multiplex assay procedure, the SAT and VAT
homogenates were centrifuged twice (at 15,000 x g for 10 min at 4 °C), and the concentration of total protein in
the obtained supernatants was estimated via the BCA method described previously in the Western blot section.
Next, the supernatants, where the total protein concentration ranged between 500 and 900 pig/ml, were collected
in new tubes and stored at —80 °C°C until further use. In the first step, the diluted Bio-Plex Wash Buffer mixture
of beads was placed in each well of a whole 96-well assay plate, and then, the same wash buffer was used to wash
the plate two times. Next, 50 pl of vortexed blanks, standards, or samples were added to particular wells and
incubated at room temperature for 1 h. After a series of consecutive washes, the detection antibodies contained
in the kit were added to each well, and a 30 min incubation was conducted. After three washes, streptavidin-
phycoerythrin (SA-PE) solution was added to each well and incubated for 10 min. After the next three washes,
the resuspended magnetic beads were applied, and the plate was shaken for 30 s. As the last step of the procedure,
the Bio-Plex 200 system (Bio-Rad Laboratories, Inc.; Hercules, CA, USA) connected with Bio-Plex Manager
Software was used to read the plate. The concentrations of selected cytokines and chemokines were assessed
via individual standard curves created for each analyte and are presented in picograms per milliliter of protein.

Histological analysis

First, the samples of SAT and VAT isolated from dormant animals were fixed in 10% buffered formalin and
embedded in paraffin blocks, which were cut into 4 pm-thick sections and attached to glass slides (Superfrost
Plus; Menzel Gléser, Braunschweig, Germany). Next, the sections were deparaffinized and hydrated in pure
alcohol. For general histological evaluation, the sections were stained with eosin and briefly rinsed in 50%
ethanol followed by tap water, and the nuclei were stained with Mayer’s hematoxylin for 2 min. After rising in
tap water, the sections were mounted in glycerine jelly. Finally, the results of the staining (five randomly selected
microscopic fields of 0.785 mm?2 from SAT and VAT) were evaluated under an Olympus BX41 light microscope
with an Olympus DP12 camera under a magnification of 200 x (20x lens and 10x eyepiece) equipped with
Olympus CellSens Imaging Software Version 3.1. Each obtained digital image was subjected to morphometric
evaluation via NIS Elements AR 3.10 Nikon software for microscopy image analysis. In each analyzed image, the
circumference of adipocytes was measured in both SAT and VAT in all experimental groups. Approximately 20
adipocytes were assessed per image, and nearly all cells visible within the examined field were included in the
analysis. The results were plotted in GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). The data are
presented as the means + standard deviations; p <0.05.

Statistical analysis

The results are expressed as the mean values + standard deviations (SD) and are derived from ten (GLC, multiplex)
or six (Western blot) separate determinations across all the groups. Bartlett’s test and the Shapiro-Wilk test were
performed to evaluate the homogeneity of the variance and the normality of the data distribution, respectively.
The statistical assessment was conducted via two-way ANOVA followed by the respective post hoc test via
GraphPad Prism 8.2.1 (GraphPad Software, San Diego, CA, USA). The differences were considered statistically
significant at p <0.05. In the statistical analysis, no correction for multiple comparisons was applied; if so, the
significance threshold would be a p value less than 0.01250 when the Bonferroni correction was used.

Results

Effect of CBD treatment on the contents of lipid fractions in the SAT and VAT

SAT

In our study, we observed a substantial increase in the FFA level (+27.3%, p=0.0017; Fig. 2A) in the SAT in the
HFD group compared with that in the control group. Concomitantly, we revealed a decreased content of FFAs
(=23.9%, p=0.0005; Fig. 2A) in the HFD + CBD group compared with the appropriate HFD group. Furthermore,
the DAG content in the HFD group was greater (+45.6%, p=0.0039; Fig. 2B) than that in the proper control
group. Compared with the corresponding HFD group, the HFD group treated with CBD presented a significant
reduction in the DAG concentration (-22.0%, p=0.0185; Fig. 2B). We noticed an elevated content of PL in
both HFD groups (HFD: +41.4%, p=0.0068; HFD + CBD: +69.5%, p=0.0015; Fig. 2D) compared with the
appropriate control group.

VAT

In VAT, the FFA concentration in the HFD + CBD group was lower than that in the appropriate control group
or in the HFD group (-48.7%, p <0.0001, vs. the control group; —52.5%, p <0.0001, vs. the HFD group; Fig. 2A).
Moreover, the DAG concentration in the HFD group was greater (+80.0%, p <0.0001; Fig. 2B) than that in the
corresponding control group. Compared with the proper HFD group, the HFD-induced obesity group treated
with CBD presented a marked reduction in the content of DAG (-49.8%, p <0.0001; Fig. 2B). In the HFD group,
we also demonstrated an increase in the level of TAG (+43.4%, p <0.0001; Fig. 2C) compared with that in the
proper control group. Compared with HFD alone, two-week CBD administration resulted in a considerable
decrease in the level of TAG (-27.7%, p=0.0002; Fig. 2C). In the HFD-induced obesity group, we also observed
an increase in the content of PL (+48.8%, p =0.0001; Fig. 2D) compared with that in the corresponding control
group. Similarly, in the HFD + CBD group, the content of PL was lower (-41.2%, p=0.0185; Fig. 2D) than that
in the proper HFD group.

The activity of the n-3 pathway in the FFA, DAG, TAG, and PL fractions

SAT

In the SAT, we demonstrated an increase in n-3 pathway activity in the FFA and DAG fractions in the CBD group
(+42.2%, p=0.0135, +31.4%, p=0.0068; Fig. 3A and B) compared with the proper control group. Compared
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Fig. 2. Concentrations of (A) free fatty acid (FFA), (B) diacylglycerol (DAG), (C) triacylglycerol (TAG), and
(D) phospholipid (PL) fractions after two weeks of treatment with cannabidiol (CBD) in the SAT and VAT of
rats fed a standard diet (Control) or high-fat diet (HFD). The data are presented as the mean values +SD, n=10
in each group. * p <0.05, significant difference: control group vs. experimental group; # p <0.05, significant
difference: HED vs. experimental group.

with that in the control group, the activity of the n-3 pathway in the TAG fraction was decreased in both the HFD
and HFD + CBD groups (HFD: —46.0%, p <0.0001; HFD + CBD: —56.7%, p <0.0001; Fig. 3C). Furthermore, the
n-3 activity pathway in the PL fraction was greater in the CBD group (+39.6, p=0.0129; Fig. 3D) and lower in
the HFD + CBD group (-39.7%, p <0.0001; Fig. 3D) than in the control group.

VAT

In the HFD + CBD group, we observed a significant increase in the n-3 activity pathway in the FFA fraction
(+42.3%, p=0.0039, vs. the control group; +42.1%, p=0.0005, vs. the HFD group; Fig. 3A). A decrease in
the activity of the n-3 pathway in the TAG fraction was observed in each experimental group (CBD: —22.3%,
p=0.0015; HFD: —65.9%, p <0.0001; HFD + CBD: —55.7%, p=0.0002; Fig. 3C) compared with the control group.
However, the activity of the n-3 pathway was greater in the HFD + CBD group (+29.7%, p =0.0012; Fig. 3C) than
in the corresponding HFD group.

Activity of the n-6 pathway in the FFA, DAG, TAG, and PL fractions

SAT

There was a marked decline in the activity of the n-6 pathway in the FFA fraction in the CBD and HFD groups
(=33.2%, p=0.0001 -37.0%, p=0.0003, vs. the control group, respectively; Fig. 4A). A significant increase
(+49.6%, p=0.0020, vs. the HFD group; Fig. 4A) in the n-6 activity pathway in the FFA fraction was demonstrated
in the HFD + CBD group. In the DAG fraction, we observed an increase in the n-6 activity pathway in the HFD
group (+66.3%, p<0.0001, vs. the control group; Fig. 4B). In turn, in the HFD + CBD group, we demonstrated
a decrease (—29.6%, p=0.0037; Fig. 4B) in the activity of this pathway compared with that in the HFD group.
Compared with that in the control group, the activity of the n-6 pathway in the TAG fraction was lower in the
HFD + CBD group (—32.1%, p <0.0001; Fig. 4C). There were significant alterations in the n-6 activity pathway
in the HFD group (+31.6%, p=0.0269, vs. the control group; Fig. 4D) and in the HED + CBD group (—47.7%,
p<0.0001, vs. the HFD group; Fig. 4D).

VAT

In our study, the activity of the n-6 pathway in the FFA fraction was lower in the CBD and HFD groups (-38.6%,
p<0.0001, —26.7%, p=0.0011, vs. the control group, respectively; Fig. 4A). Concomitantly, in this fraction, we
noticed greater activity in the n-6 pathway in the HFD + CBD group (+55.1%, p=0.0004, vs. the control group;
+111.5%, p<0.0001, vs. the HFD group; Fig. 4A). There were also changes in the activity of the n-6 pathway
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Fig. 3. The activity of the n-3 pathway ((20:5+22:6)/18:3) in (A) free fatty acid (FFA), (B) diacylglycerol
(DAG), (C) triacylglycerol (TAG), and (D) phospholipid (PL) fractions after two-week treatment with
cannabidiol (CBD) in the SAT and VAT of rats fed a standard diet (Control) or high-fat diet (HFD). The data
are presented as the mean values + SD, n=10 in each group. * p <0.05, significant difference: control group vs.
experimental group; # p <0.05, significant difference: HFD vs. experimental group.

in the DAG fraction (CBD: —21.4%, p=0.0025; HFD: +27.3%, p=0.0184; Fig. 4B) compared with that in the
standard diet group. In the TAG fraction in VAT, the activity of the n-6 pathway was elevated in the HFD group
(+37.0%, p=0.0067, vs. the control group; Fig. 4C). In this fraction, there was a significant decrease in the
n-6 activity pathway in HFD-induced obese rats treated with CBD (-47.6%, p <0.0001, vs. the control group;
—-61.7%, p<0.0001, vs. the HFD group; Fig. 4C). In the PL fraction, the activity of the n-6 pathway was elevated
in the HED group (+31.6%, p=0.0016, vs. the control group; Fig. 4D). Additionally, the n-6 activity pathway in
the HFD + CBD group was reduced (-33.7%, p=0.0006; Fig. 4D) compared with that in the appropriate HFD

group.

Effects of two-week CBD treatment on the concentrations of AA in the SAT and VAT

SAT

In the SAT, in the FFA fraction of the rats subjected to the HFD, we observed a significant increase in the content
of AA (+104.7%, p<0.0001; Fig. 5A) compared with that of the rats fed the standard diet. Our study revealed
that the concentration of AA in the FFA fraction was lower during the chronic administration of CBD to rats fed
aHFD (-23.9%, p=0.0017, vs. the control group; —69.2%, p <0.0001, vs. the HFD group; Fig. 5A). Furthermore,
in the DAG fraction, the level of AA significantly decreased in both the CBD and HFD + CBD groups (CBD:
-48.6%, p=0.0001, vs. the control group; HFD + CBD: —49.1%, p=0.0001, vs. the control group; —52.6%,
p<0.0001, vs. the HFD group; Fig. 5B). The concentration of AA in the TAG fraction was significantly increased
in the HFD group (+18.1%, p=0.0368 vs. the Control group; Fig. 5B). Moreover, CBD application to rats fed
standard and HFD led to a marked reduction in the AA level in the TAG fraction (CBD: -62.7%, p<0.0001,
vs. the control group; HFD + CBD: —67.2%, p <0.0001, vs. the control group, —=72.3%, p <0.0001, vs. the HFD
group; Fig. 5C). In our study, we observed a significant increase in the tissue level of AA in the PL fraction in
the CBD, HFD and HFD+ CBD groups (CBD: +102.8%; p=0.0002; HFD: +168.8%, p=0.0001; HFD + CBD:
+19.3%, p=0.0279; Fig. 5D) compared with the control group. Furthermore, in the HFD group treated with
CBD, the concentration of AA was significantly lower than that in the HFD group (-55.6%, p <0.0001; Fig. 5D).

VAT

In our study, we noted a substantially elevated content of AA in the FFA fraction in the VAT of HFD-fed rats
(+76.1%, p=0.0003; Fig. 5A) compared with that in the control group. We also observed a reduction in the level
of AA in the FFA fraction after two weeks of CBD treatment in HFD-fed rats (—11.0%, p=0.0433, vs. the control
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Fig. 4. The activity of the n-6 pathway (20:4/18:2) in (A) free fatty acid (FFA), (B) diacylglycerol (DAG), (C)
triacylglycerol (TAG), and (D) phospholipid (PL) fractions after two-week treatment with cannabidiol (CBD)
in the SAT and VAT of rats fed a standard diet (Control) or high-fat diet (HFD). The data are presented as the
mean values+ SD, n=10 in each group. * p<0.05, significant difference: control group vs. experimental group;
# p <0.05, significant difference: HFD vs. experimental group.

group; —63.7%, p <0.0001; Fig. 5A). In the DAG fraction, the AA content was lower in the CBD and HFD + CBD
groups (CBD: —46.5%, p=0.0002, vs. the control group; HFD + CBD: —52.9%, p <0.0001, vs. the control group;
-56.5%, p <0.0001, vs. the HFD group; Fig. 5B). Furthermore, in the CBD and HFD + CBD groups, we observed
a decrease in the content of AA in the TAG fraction (CBD: —71.1%, p <0.0001; HFD + CBD: —68.3%, p <0.0001
vs. the control group; HFD + CBD: —51.4%, p <0.0001, vs. the HFD group; Fig. 5C) compared with that in the
standard and HFD groups. There was also a significant decrese in the AA concentration in the TAG fraction of
rats with HFD-induced obesity (-72.3%, p=0.0014; Fig. 5C) compared with that in the control group. In the
VAT, we also noticed an increase in the AA content in the PL fraction in the HED group (+47.9%, p=0.0237;
Fig. 5D) compared with that in the control group. Moreover, in the PL fraction, the level of AA significantly
decreased in the HFD + CBD group compared with the proper control and HFD groups (-28.1%, p <0.0001, vs.
the control group, —51.4%, p=0.0009 vs. the HFD group; Fig. 5D).

Effect of two-week CBD treatment on the expression of proteins from the eicosanoid
synthesis pathway in the SAT and VAT

SAT

There was a decrease in COX-1 expression (—49.8%, p=0.0016, vs. the control group; Fig. 6A) during chronic
CBD administration in rats fed standard chow. Compared with those in the control group, the total expression
of COX-1 in HFD-fed animals was elevated (+28.3%, p=0.0132; Fig. 6A). Moreover, in the HFD + CBD group,
we demonstrated a decrease in the expression of COX-1 (-42.0%, p =0.0003; Fig. 6A) compared with that in the
HFD group. The expression of COX-2 in the adipose tissue of rats from both the CBD alone and CBD with HFD-
treated groups was lower (CBD: —46.4%, p=0.0120; HFD + CBD: —44.6%, p=0.0092; Fig. 6B) than that in the
proper control group. In our study, in the HFD group, we observed a marked increase in the expression of COX-
2 (+42.4%, p=0.0221; Fig. 6B) compared with that in the control group. Concomitantly, we found a decrease
in the expression of COX-2 in the CBD-treated group fed a HFD (-61.1%, p <0.0001; Fig. 6B) compared with
the experimental model of HFD-induced obesity. Moreover, we detected a decrease in the expression of 5-LOX
in the CBD alone group (—-31.6%, p=0.0294; Fig. 6C) compared with that in the control group. Compared with
the control, HFD-induced obesity caused elevated expression of 12-/15-LOX (+150.8%, p <0.0001; Fig. 6D). On
the other hand, we revealed that CBD administration to HFD-fed rats decreased the expression of 12-/15-LOX
(—63.1%, p=0.0002; Fig. 6D) compared with that in the HFD group.
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Fig. 5. Concentration of arachidonic acid (20:4) in the (A) free fatty acid (FFA), (B) diacylglycerol (DAG), (C)
triacylglycerol (TAG), and (D) phospholipid (PL) fractions after two-week treatment with cannabidiol (CBD)
in the SAT and VAT of rats fed a standard diet (Control) or high-fat diet (HFD). The data are presented as the
mean values + SD, n=10 in each group. * p <0.05, significant difference: control group vs. experimental group;
# p<0.05, significant difference: HFD vs. experimental group.

VAT

Compared with that in the appropriate control group, the expression of COX-1 in the CBD group was lower
(—41.6%, p=0.0183; Fig. 6A). Interestingly, compared with HFD consumption, CBD administration resulted in
a decrease in the total expression of COX-1 (-48.4%, p=0.0079; Fig. 6A). The expression of COX-2 in the CBD-
treated HFD group decreased (-26.8%, p=0.0216; Fig. 6B) compared with that in the rats fed the HFD alone.
Compared with those in the control group, the total expression of 5-LOX in the HFD-fed group was significantly
lower (-36.3%, p=0.0161; Fig. 6C). In addition, we observed an increase in the expression of 12-/15-LOX in the
HFD + CBD group (+35.2%, p =0.0425; Fig. 6D) compared with that in the HFD group.

Effects of two-week CBD treatment on the concentrations of lipid cytokines in the SAT and
VAT

SAT

Compared with control rats, CBD-treated rats fed a standard diet presented alterations in the concentrations
of G-CSE, IEN-y, M-CSF, and VEGF (-44.0%, p=0.0119; +54.4%, p=0.0457; +221.2%, p<0.0001; +112.2%,
Pp=0.0023, respectively; Table 1). Compared with those in the control group, we detected significant changes
in HFD group in the levels of cytokines, namely, G-CSF, IFN-y, IL-10, IL-13, and TNF-a (-35.9%, p=0.0035;
+89.6%, p=0.0120; +70.3%, p=0.0074; —43.4%, p=0.0061; +76.0%, p=0.0021, respectively; Table 1). In turn,
in the HFD + CBD group, we observed increases in the content of GM-CSF (+59.4%, p=0.0155, vs. the control
group; Table 1), IL-1a (+34.3%, p=0.0245, vs. the control group; +48.2%, p=0.0098, vs. the HFD group;
Table 1), IL-4 (+68.4%, p=0.0128, vs. the control group; +60.8%, p=0.0239, vs. the HFD group; Table 1), IL-
12 p70 (+52.0%, p=0.0176, vs. the HFD group; Table 1), MCP-1 (+70.0%, p=0.0071, vs. the control group;
Table 1), M-CSF (+80.6%, p=0.0062, vs. the control group; Table 1), and VEGF (+86.5%, p=0.0019, vs. the
control group; +88.4%, p=0.0017, vs. the HFD group; Table 1). Additionally, there were significant decreases in
the content of G-CSF (—47.0%, p=0.0021, vs. the control group; Table 1), IL-10 (-32.2%, p=0.0359, vs. the HFD
group; Table 1), and IL-18 (-60.9%, p=0.0002, vs. the control group; —63.9%, p=0.0003, vs. the HFD group;
Table 1) in the CBD-treated rats receiving a HFD.

VAT
In the CBD group, we observed marked changes in the concentrations of IFN-y (+81.8%, p=0.0001; Table 2),
IL-4 (+72.6%, p=0.0022; Table 2), IL-6 (+77.1%, p=0.0161; Table 2), IL-7 (-27.1%, p=0.0400; Table 2), IL-10
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Fig. 6. The expression of proteins from the eicosanoid and prostanoid synthesis pathway: (A) 5-lipoxygenase
(5-LOX), (B) 12/15-lipoxygenase (12/15-LOX), (C) cyclooxygenase-1 (COX-1), and (D) cyclooxygenase-2
(COX-2) after two-week treatment with cannabidiol (CBD) in the SAT and VAT of rats fed a standard diet
(Control) or high-fat diet (HFD). The total expression of the above proteins was standardized to the total
protein expression, and the control group was set to 100%. The data are presented as the mean values + SD,
n=6 in each group. * p <0.05, significant difference: control group vs. experimental group; # p <0.05,
significant difference: HFD vs. experimental group.

(—36.7%, p=0.0051; Table 2), and IL-13 (+894.8%, p<0.0001; Table 2) compared with those in the standard
rodent chow group. After HFD feeding, we observed altered concentrations of IL-7 (-37.9%, p =0.0041; Table 2),
IL-10 (=35.2%, p=0.0098; Table 2), M-CSF (+86.9%, p=0.0011; Table 2), and RANTES (~39.7%, p=0.0018;
Table 2) in comparison with those in the control group. Moreover, in the HFD + CBD group, we detected
elevated levels of G-CSF (+42.0%, p=0.0099, vs. the control group; Table 2), GRO/KC (+34.0%, p=0.0003, vs.
the HFD; Table 2), IFN-y (+93.0%, p<0.0001, vs. the control group; +43.6%, p=0.0021, vs. the HFD group;
Table 2), IL-4 (+150.4%, p <0.0001, vs. the control group; +70.5%, p=0.0081, vs. the HFD group; Table 2), IL-5
(+37.6%, p=0.0004, vs. the control group; Table 2), IL-6 (+55.1%, p=0.0085, vs. the HFD group; Table 2),
IL-13 (+757.8%, p<0.0001, vs. the control group; +324.6%, p <0.0001, vs. the HFD group; Table 2), and IL-
17 A (+43.2%, p=0.0053, vs. the control group; +52.3%, p=0.0008, vs. the HFD group; Table 2), and M-CSF
(+204.4%, p<0.0001, vs. the Control group; +62.8%, p=0.0041, vs. the HFD group; Table 2). However, also
in the HFD + CBD groups, we observed a substantial reduction in the concentrations of GM-CSF, IL-7, IL-
10, RANTES, and TNF-a (-30.1%, p=0.0196; —53.1%, p<0.0001; —51.2%, p <0.0001; —32.1%, p=0.0088; and
—27.0%, p=0.0080, respectively; Table 2) compared with those in the standard diet group.

Effects of two-week CBD treatment on histological changes in SAT and VAT

Quantitative (Table 3) and qualitative (Fig. 7) analyses of adipocyte circumference were performed by two
experienced histologists (independent of each other). The measurements revealed a statistically significant
increase in adipocyte size in both SAT and VAT in the group fed a HFD compared with those in the animals fed
a standard diet (+ 111.8%, p=0.0246; +95.3%, p=0.0004, respectively; Table 3). The enlargement of adipocytes in
both fat depots was observed in the group simultaneously treated with CBD and the HFD relative to the control
group (SAT: +142.1%, p=0.0088; VAT: +79.1%, p=0.0197; Table 3). However, compared with those of the HFD
group, the observed changes did not reach the level of significance after combined CBD and HFD treatment
(SAT: +14.3%, p=0.5785; VAT: —8.3%, p=0.6100; Table 3).

Discussion
The intracellular metabolism of adipocytes is highly important for the whole organism because of the storage
of energy such as TAG, as well as the mobilization of energy reserves such as FFAs. White adipose tissue is
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Control CBD HFD HFD + CBD
G-CSF 4,04+1.19 2.26+0.63" 2.59+0.62" 2.14+0.38
GM-CSF | 110.46+31.08 | 90.90+23.32 148.39+40.81 176.07 +53.14"
GRO/KC |57.94+10.51 71.93+17.35 76.98+19.26 71.66+14.99
IFN-y 1952245691 |301.47+82.82° |370.24+106.82° | 339.27+79.19
IL-1a 126.99+31.12 | 81.99+22.82 115.06 +34.00 170.57 +46.08"*
IL-1p 141.40+28.13 [ 159.63+39.59 | 146.89+24.92 161.28+37.16
IL-2 3959.27+916.92 | 3672.89+866.75 | 3582.71£1032.73 | 2863.21+750.80
IL-4 45.03+8.03 41.42+10.73 47.16+11.95 75.83+20.83"
IL-5 519.63+150.64 |445.54+97.89 | 458.44+121.97 | 532.19+130.26
IL-6 192.23+52.57 | 236.24+62.52 | 208.36+37.53 252.38+35.16
IL-7 29423+77.64 | 299.97+61.45 |368.22+101.63 | 333.98+94.93
IL-10 282.05+72.86 | 250.01+68.94 |480.30+125.32° | 325.50+93.75"
IL-12p70 |278.97+63.01 |221.09+65.70 | 262.32+78.28 401.16+118.21%
IL-13 3424349446 | 31549+94.03 | 193.93+54.83 343.56+89.33"
IL-17A | 27.53+7.74 41.55+10.69 38.10+10.91 35.60+9.67
IL-18 1699.93+411.30 | 1564.85+352.14 | 1842.60+468.56 | 665.49+167.71"*
MCP-1 | 652.97+186.58 |842.22+172.64 |905.91+262.04 | 1109.78+323.09"
M-CSF | 5.79+1.72 18.58 +4.15" 9.50+2.47 10.45+2.83"
MIP-la | 12.22+3.06 18.05+3.83 17.87+5.18 15.50 £4.08
MIP-3a | 34.53+9.29 23.3546.05 26.76+6.99 31.05+9.29
RANTES |104.58+2539 | 67.61+16.70 121.77 +34.84 136.93+37.94
TNF-a 655.89+171.52 | 705.59+208.67 | 1154.47+290.98" | 848.70+215.44
VEGF 154.88+43.36 | 328.61+83.13" | 153.26+42.65 288.82+49.76™*

Table 1. The concentrations of selected cytokines, i.e., granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), growth-regulated oncogene/keratinocyte
chemoattractant (GRO/KC), Interleukin la (IL-1a), Interleukin 1p (IL-1p), Interleukin 2 (IL-2), Interleukin
4 (IL-4), Interleukin 5 (IL-5), Interleukin 6 (IL-6), Interleukin 7 (IL-7), Interleukin 10 (IL-10), Interleukin

12 p70 (IL-12 p70), Interleukin 13 (IL-13), Interleukin 17 A (IL-17 A), Interleukin 18 (IL-18), interferon y
(IFN-y), macrophage inflammatory protein 1a (MIP-1a), and macrophage inflammatory protein 3a (MIP-
3a), are regulated on activation, normal T-cell expressed and secreted (RANTES), tumor necrosis factor a
(TNF-a), and vascular endothelial growth factor (VEGF) after two-week treatment with Cannabidiol (CBD)
in the SAT of rats fed a standard diet (Control) or high-fat diet (HFD). The results are presented in picograms
per milliliter of protein, n=10 in each group. * p <0.05, significant difference: control group vs. experimental
group; # p <0.05, significant difference: HFD vs. experimental group.

compartmentalized into two main depots, VAT and SAT, which differ in terms of morphology and functionality,
including the secretion of adipokines and inflammatory cytokines or lipolysis rates®®. SAT fat depots, called
metabolic “sinks” for excess lipid storage, constitute ~ 80% of the body fat in lean, healthy individuals and may
have a more beneficial effect on whole-body lipid metabolism than VAT does®!. VAT fat is highly metabolically
active, and its excessive content, which is a main source of inflammatory cytokines, contributes to several
conditions of metabolic syndrome?2. Thus, understanding the early changes in these two types of adipose tissue
that may be induced by phytocannabinoids is a promising future treatment. In this study, we focused on the
effect of CBD on fat recomposition in obese adipose tissue during early-stage inflammation. In our study, obesity
and early-stage inflammation were induced by a HFD, which was confirmed by increased deposition of the lipid
precursor of inflammation, namely, AA, in the HFD group. In our previous paper on the same animal model,
the induction of obesity was confirmed by increased body weight in HFD-fed animals®. Unfortunately, CBD
treatment in HFD-fed animals did not decrease body mass; thus, a more comprehensive analysis of CBD’s effect
on two adipose tissue depots seems to be reasonable.

Studies conducted by Silvestri et al.. in an in vitro model of adipocytes and hepatocytes incubated with oleic
acid revealed that CBD treatment decreased the accumulation of TAG in those cells'%. These findings are only
partially consistent with our study because we observed a decrease in TAG deposition only in VAT, without
any changes in SAT. The other lipid fractions, namely, FFA and DAG, were decreased in both types of adipose
tissue, which explains why some researchers noticed decreased levels of total fat after CBD treatment®*. Most
importantly, CBD administered to HFD-fed rats lowered the level of PL, which is known to be the main source
of AA, the lipid precursor of inflammation. Thus, the observed changes clearly showed that lowering the level of
all the lipid fractions by CBD in more disease-susceptible VAT creates this phytocannabinoid, a substance that
may improve excessive lipid deposition, a main factor in the development of metabolic complications. Although
there was a significant decrease in lipid fraction deposition in both fat depots, histological studies revealed a
similar direction of change, but the difference did not reach the level of significance. Thus, we may only speculate
that longer CBD treatment may be needed for more pronounced changes, where the size of adipocytes in SAT
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Control CBD HFD HFD + CBD
G-CSF 3.97+1.16 3.86+0.98 4.46+1.26 5.65+1.43"
GM-CSF | 157.58+43.83 144.44+34.10 132.26+30.68 | 110.17+30.57"
GRO/KC | 144.17+39.44 158.69+35.64 131.61421.27 | 176.31+19.46%
IFN-y 447.45+64.98 813.30+203.61° | 601.32+164.67 | 863.49+139.07"
IL-1a 200.65+57.86 221.60+59.42 247.30+67.06 | 324.51+57.77
IL-1§ 341.99+96.14 335.97+50.77 267.28459.58 | 299.83+74.72
IL-2 5238.61+1359.21 | 5004.37+1424.89 | 4693.35+651.90 | 5951.58 +1290.14
IL-4 109.73 +25.50 189.44+52.49" 161.19+41.82 | 274.76+76.76™*
IL-5 608.28+124.15 | 646.96+133.58 |706.31+185.50 |837.26+109.72"
IL-6 230.95+64.04 408.99+120.67° | 211.21+£57.74 | 327.64+86.53"
IL-7 757.13+200.51 | 533.01+157.69° | 470.10+125.95" | 355.25+80.83"
IL-10 924.92 £274.61 585.18£106.10° | 599.17+154.56" | 451.06+84.46
IL-12p70 | 456.99+117.47 | 441.05+10536 | 455.86+80.03 | 574.98+96.82
IL-13 162.27 +35.44 1614.25+436.54° | 327.80+91.80 | 1391.91+266.27"*
IL-17A | 53.58+15.84 63.98+14.67 50.38+6.75 76.75+16.85%
IL-18 1025.35+273.62 | 1045.304296.91 | 1255.83+334.75 | 876.06+234.11
MCP-1 | 3709.34+1030.66 | 3707.22+1042.41 | 3017.24+723.17 | 3134.47+778.47
M-CSF | 8394235 10.35+2.89 15.69+3.84" 25.55+6.77"*
MIP-la | 52.67+14.37 57.75+16.05 52.13+13.08 46.94+11.93
MIP-3a | 45.78+13.28 52.41+13.45 42.48+10.76 57.76+8.14
RANTES |1304.84+293.13 | 1265.40%£299.49 |786.54+179.70° | 885.39+234.88
TNF-a 1442.95+376.59 | 1171.35+157.21 | 1173.40+349.47 | 1053.75+156.52"
VEGF 192.88+79.87 255.30+40.59 142.59+31.87 | 248.02+74.58

Table 2. The concentrations of selected cytokines, i.e., granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), growth-regulated oncogene/keratinocyte

chemoattractant (GRO/KC), Interleukin la (IL-1a), Interleukin 1p (IL-1p), Interleukin 2 (IL-2), Interleukin
4 (IL-4), Interleukin 5 (IL-5), Interleukin 6 (IL-6), Interleukin 7 (IL-7), Interleukin 10 (IL-10), Interleukin

12 p70 (IL-12 p70), Interleukin 13 (IL-13), Interleukin 17 A (IL-17 A), Interleukin 18 (IL-18), interferon y
(IFN-y), macrophage inflammatory protein 1a (MIP-1a), and macrophage inflammatory protein 3a (MIP-
3a), are regulated on activation, normal T-cell expressed and secreted (RANTES), and tumor necrosis factor
a (TNF-a) and vascular endothelial growth factor (VEGF) after two-week treatment with Cannabidiol (CBD)
in the VAT of rats fed a standard diet (Control) or high-fat diet (HFD). The results are presented in picograms
per milliliter of protein, n=10 in each group. * p <0.05, significant difference: control group vs. experimental

group; # p <0.05, significant difference: HFD vs. experimental group.

Control CBD HFD HFD + CBD
SAT | 415.31£217.91 | 664.98+330.27 | 879.68+371.11* | 1005.61 +388.33*
VAT | 960.22+232.03 | 977.52+296.93 | 1875.69 +355.32* | 1720.21 +630.02*

Table 3. Morphometric analysis of adipocyte size in the VAT and SAT of rats fed a standard diet (control)

or high-fat diet (HFD) after two weeks of Cannabidiol (CBD) treatment. The data are presented as the
means * standard deviations, n=6 in each group. * p <0.05, significant difference: control group vs.

experimental group; # p <0.05, significant difference: HFD vs. experimental group.

would be significantly increased. However, in VAT, only a slight decreasing tendency in the morphometric
measurement of cell size in the HFD + CBD group was observed, which may be explained by the generation of

new, small adipocytes.

However, AA derived from the PL fraction is also a precursor of two major endocannabinoids, anandamide
(AEA) and 2-arachidonoylglycerol (2-AG), which belong to the N-acylethanolamines (NAEs) family and may
be degraded by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), respectively, and are
part of a large system known as the endocannabinoidome®%. CBD can interact with several molecular targets,
including the endocannabinoidome, via direct and indirect mechanisms. CBD may act as an allosteric modulator
of cannabinoid receptors (CB1, CB2), and through the inhibition of FAAH, it may increase the levels of the
endogenous ligand AEA®. As a result, CBD may enhance the anti-inflammatory effect of AEA®®. Moreover, the
inhibition of FAAH and fatty acid-binding proteins (FABPs), which transport NAEs across the cell membrane
to the intracellular FAAH enzyme for degradation, by CBD also causes the deposition of NAEs other than AEA,
namely, palmitoylethanolamide (PEA) and oleoylethanolamide (OEA)*”3%. Studies conducted on diet-induced
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Fig. 7. Representative microphotographs of SAT and VAT after two weeks of cannabidiol (CBD) treatment in
the SAT and VAT of rats fed a standard diet (control) or high-fat diet (HFD). The samples were stained with
hematoxylin and eosin (H&E), n=6 in each group. Images were taken at 200x magnification. Bars, 50 um, as
indicated.

obese mice supplemented with OEA revealed decreased body mass, hepatic and body lipid accumulation, and
diminished inflammation?’. Moreover, PEA, when administered to HFD-fed mice, reduced lipid deposition and
insulin resistance in the liver, and in isolated form, the liver mitochondria also decreased oxidative stress*’. Thus,
increased deposition of these NAEs by CBD may also be a way to exert beneficial effects under HFD conditions.

Although CBD has a low binding affinity for cannabinoid receptors, a main component of the
endocannabinoidome, some desirable effects are observed through interactions with these receptors even at low
concentrations®!. The best example may be a study where chronic administration of low doses of CBD for 14
days decreased the body weight gain of rapidly growing male rats in a CB2-dependent manner®. According to
the cited literature, CBD’s interaction with various molecular targets of the endocannabinoidome may explain
the route by which CBD exerts its effects in our study.

In this study, we observed that under HFD conditions, CBD affects not only the content of accumulated lipid
fractions but also their fatty acid compositions in two different manners depending on the type of fat depot. The
increased availability of fatty acids in the diet is connected with disrupted intracellular lipid metabolism, i.e.,
with increased AA content in the PL of the adipocyte membrane??, which was also corroborated in our study
in two types of fat depots. Notably, the elevated AA level induced by HFD was reduced by CBD treatment,
both in SAT and VAT, in all the lipid fractions. The reduction in the level of AA, which acts as a trigger for an
inflammatory response, may indicate the anti-inflammatory effect of CBD in adipose tissue. AA is metabolized
into lipid proinflammatory molecules, i.e., prostaglandin series 2, via two isoforms of cyclooxygenase, COX-
1 and COX-2%. COX-1 is expressed constitutively in most tissues, including adipose tissue, whereas COX-2
expression is induced in an inflammatory state**.

In line with previous reports conducted on white adipose tissue obtained from obese patients and on dietary
and genetic models of obesity, we revealed significantly higher expression of both COX-1 and COX-2 in SAT and
a trend toward an increase in VAT after HFD feeding**®. In VAT fat depots, CBD injection affected only COX-1,
leading to a decrease in its expression. Interestingly, more pronounced alterations were observed in SAT, where
CBD administration decreased the expression of both isoforms of COX in the CBD and HFD + CBD groups.
This may point to the possible effectiveness of CBD against early-stage proinflammatory development, especially
in SAT fat depots. Our observations are based on studies conducted on pharmacologically induced animal
models of neuroinflammation as well as inflammation during endometriosis development, which showed that,
in microglia and peritoneal fluids, CBD reduced elevated COX-2 expression driven by inflammation’,

Products of lipoxygenase activity, especially the 12/15-lipoxygenase and 5-lipoxygenase pathways, play a
role in the regulation of adipose tissue inflammation®. Elevated 12/15-LOX gene expression in adipocytes
and adipose tissue in obese Zucker rats was reported in a low-grade inflammatory state®. In our research, we
observed increased 12-/15-LOX protein expression in SATs derived from HFD-fed rats, which was considerably
decreased after CBD administration. Although we observed increased expression of 12/15 LOX in VAT, it was
not affected by a HFD alone. Thus, we speculate that the anti-inflammatory CBD effect is more pronounced in
SAT, where inflammation further develops.

Polyunsaturated fatty acids (PUFAs) are key bioactive lipids that modulate the inflammatory response and
the metabolism of adipose tissue®!. PUFAs include two series of fatty acids: the n-6 and n-3 series. The n-6 PUFAs
serve as precursors of inflammatory molecules. On the other hand, proresolving lipid mediators derived from
n-3 PUFAs are involved in the resolution of adipose tissue inflammation and seem to have positive metabolic
effects®. Thus, assessment of the changes in the n-3 and n-6 activity pathways induced by CBD in adipose
tissue may reveal a lipid shift between proinflammatory n-6 fatty acids and inflammatory n-3 deposition. We
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showed that this phytocannabinoid changed the concentration of PUFAs in both adipose tissue depots. In the
SAT, CBD injected into HFD-fed rats did not affect the activity of the n-3 PUFA pathway, but it decreased the
activity of n-6 in the DAG and PL fractions. Notably, the effect of CBD under conditions of overfeeding was
more pronounced in VAT, where it led to an increase in n-3 and n-6 PUFA activity in the FFA fraction and,
importantly, a significant decrease in n-6 activity in TAG and PL. On the basis of these findings, we may assume
that the anti-inflammatory properties of CBD, expressed in the diminished activity of this pathway, which may
lead to the production of proinflammatory mediators, are evident in both fat depots.

There is universal agreement that increased fat mass during obesity is associated with overproduction of
proinflammatory cytokines and their secretion into the bloodstream in a depot-specific manner®*>3. In our
study, HFD feeding caused an increase in the TNFa concentration only in the SAT, which is considered to
be the main source of TNFa in obese individuals®’. These findings may indicate early-stage inflammation in
high-fat diet-fed rats. Interestingly, we observed a clear trend toward TNFa downregulation in these fat depots
after CBD injection. Our observations are in line with reports summarized in a comprehensive review, which
showed that CBD treatment reduces the tissue expression of TNFa, IL-6, and IL-1p in various animal models of
inflammation®. At present, products that block proinflammatory cytokine release, known as TNFa inhibitors
(such as infliximab), have been used in the clinic to treat more severe inflammatory conditions®. However,
its use may be associated with numerous side effects; thus, its use in low-grade inflammation is not possible.
Therefore, natural substances that inhibit the expression of TNFa, such as CBD, may have therapeutic potential
as supportive drugs for early-stage inflammatory treatment associated with obesity.

IFN-y is another cytokine that seems to promote adipose tissue inflammation, and increased IFN-y mRNA
expression has been reported in the adipose tissue of obese animals and humans®. Accordingly, we found that the
IFN-y protein concentration was increased in SAT and tended to increase in VAT derived from obese rats. Three
animal studies confirmed that CBD administration attenuated plasma IFN-y levels in nonobese animals®”~>°. We
revealed that CBD alone elevated the IFN-y concentration in both fat deposits derived from normal chow-fed
rats but that CBD alone had no significant effect on lipid overload conditions.

The increase in total macrophages and the increased ratio of M1- to M2-polarized macrophages are hallmarks
of adipose tissue inflammation in obese individuals®®. M1 or “classically activated” macrophages are induced
by proinflammatory mediators such as LPS and IFN-y. M1 macrophages have increased proinflammatory
molecule production, aggravating the inflammatory state. M2 or “alternatively activated” macrophages
are promoted by IL-4, IL-13, and macrophage colony-stimulating factor (M-CSF)®"%2. Previous studies on
experimental asthma in animal models have indicated that CBD reduces tissue and plasma levels of IL-4 and
IL-13%*54, Interestingly, CBD increased IL-4, IL-13, and M-CSF concentrations in VAT derived from HFD-fed
rats, which seems to have benign effects, by promoting the anti-inflammatory phenotype of macrophages in
adipose tissue during overfeeding. Another interleukin whose level is important in an inflammatory state is
IL-10. However, reports regarding the effects of CBD on IL-10 expression are contradictory. Experiments in
murine models of pharmacologically induced inflammation have shown that CBD increases anti-inflammatory
IL-10 expression®>%. Similarly, as shown by Britch et al.., CBD administration reduces serum IL-10 levels in rats
with persistent inflammatory pain®’. In contrast, an in vitro study conducted by Yeisley et al.. revealed that CBD
decreased the expression of IL-10 by lipopolysaccharide-activated macrophages®’. In the present study, we found
that CBD administration significantly reduced IL-10 expression only in the SAT of rats receiving high-fat chow.
It seems that different experimental models of inflammation may explain these discrepancies.

The data reported herein largely agree with other literature demonstrating the anti-inflammatory effects of
CBD and provide preliminary evidence that potentially advantageous CBD influences lipid metabolism in the
adipose tissue of obese animals in the context of diet-induced early-stage inflammation. Notably, although the
anti-inflammatory effects of CBD are observed in both fat depots, lipid-lowering CBD activity varies across the
analyzed tissues. In VAT, the observed diminished deposition of all the assessed lipid fractions may indicate that
this adipose tissue may be more susceptible to the adiposity-lowering effect exerted by CBD, but longer exposure
to this phytocannabinoid is likely needed to obtain visible changes in histology. Moreover, in VAT, beneficial
changes in the composition of accumulated lipid precursors associated with inflammation caused by CBD are
extremely valuable in the context of the pathophysiology of metabolic syndrome development. Although the
SAT lipid-lowering effect was observed only in the FFA and DAG fractions, a decrease in AA deposition and a
decrease in the n-6 activity pathway in the DAG and PL fractions without effects on n-3 indicate that this tissue
responds less effectively to CBD treatment. Future studies are needed to elucidate the precise direct or indirect
molecular mechanism by which CBD influences the inflammatory state in adipose tissues under conditions of
lipid overload.

Data availability

The data presented in this study are available upon request from the corresponding author.
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