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Abstract: The liver is a key metabolic organ that is particularly sensitive to environmental factors,
including UV radiation. As UV radiation induces oxidative stress and inflammation, natural com-
pounds are under investigation as one method to counteract these consequences. The aim of this
study was to assess the effect of topical application of phytocannabinoid-cannabidiol (CBD) on the
skin of nude rats chronically irradiated with UVA/UVB, paying particular attention to its impact
on the liver antioxidants and phospholipid metabolism. The results of this study indicate that
CBD reaches the rat liver where it is then metabolized into decarbonylated cannabidiol, 7-hydroxy-
cannabidiol and cannabidiol-glucuronide. CBD increased the levels of GSH and vitamin A after UVB
radiation. Moreover, CBD prevents the increase of 4-hydroxynonenal and 8-iso-prostaglandin-F
levels in UVA-irradiated rats. As a consequence of reductions in phospholipase A2 and cyclooxy-
genases activity following UV irradiation, CBD upregulates the level of 2-arachidonoylglycerol
and downregulates prostaglandin E2 and leukotriene B4. Finally, CBD enhances decreased level of
15-deoxy-A-12,14-prostaglandin J2 after UVB radiation and 15-hydroxyeicosatetraenoic acid after
UVA radiation. These data show that CBD applied to the skin prevents ROS- and enzyme-dependent
phospholipid metabolism in the liver of UV-irradiated rats, suggesting that it may be used as an
internal organ protector.

Keywords: UV radiation; cannabidiol; liver; oxidative stress; lipid peroxidation; antioxidants;
endocannabinoids; eicosanoids

1. Introduction

The liver is one of the key metabolic organs in animals, and is responsible for the
detoxification of many endogenous and exogenous compounds [1]. Furthermore, it is
also the site of the phospholipid metabolism, which, along with cholesterol, is the main
components of biological membranes [2], whose phospholipid bilayers perform important
structural functions, separating the cell contents from the surrounding environment, creat-
ing subcellular organelles and providing platforms for various cell processes [3]. Previous
studies have demonstrated that liver pathologies such as non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic hepatitis (NASH), contribute to lipid disorders commonly
terms as dyslipidemia [4]. Phospholipids containing polyunsaturated fatty acids (PUFAs)
are particularly susceptible to the action of reactive oxygen species (ROS), which promote
peroxidation based on the classic chain reaction mechanism, resulting in the generation
of low-molecular-weight, reactive o, 3-unsaturated aldehydes and/or cyclic derivatives
such as isoprostanes or neuroprostanes depending on the type of oxidation of the PUFAs
underwent [5,6]. Phospholipid oxidation also takes place under the influence of lipolytic
enzymes such as: phospholipases, lipoxygenases and cyclooxygenases, which activities are
enhanced during oxidative conditions. Consequently, phospholipids are substrates for the
generation of bioactive molecules including endocannabinoids and eicosanoids that are
involved in signal transduction [7,8].

Antioxidants 2021, 10, 1157. https:/ /doi.org/10.3390/antiox10081157

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



Antioxidants 2021, 10, 1157

20f 16

Endocannabinoids are generated from membrane phospholipids through a multi-
step process with the participation of specific enzymes such as: calcium-dependent N-
acylphosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) and diacyl-
glycerol lipase (DAGL) [8]. This biosynthesis takes place on demand, depending on the
metabolic needs of cells [9,10]. On the other hand, the synthesis of all eicosanoids is ini-
tiated by hydrolysis of phospholipids with the release of PUFAs as a result of the action
of cytosolic phospholipase A2 (cPLA2), a widespread and highly conserved esterase. The
precursor of eicosanoid synthesis is arachidonic acid, which is metabolized to eicosanoids
in oxidative reactions catalyzed by cyclooxygenases (COX-1 and COX-2), lipoxygenases
(LOXs) and cytochrome P450 [11]. Arachidonic acid-derived eicosanoids are mainly pro-
inflammatory, but also may act as anti-inflammatory mediators [12]. The eicosanoid profile,
both in serum and liver, is used to assess, e.g., the development of NAFLD [13].

Metabolic changes in the liver, including phospholipid metabolism, depend on patho-
physiological factors affecting the entire body and/or the liver [2,14]. The influence of ex-
ogenous chemical factors, including drugs and food ingredients that modify the metabolism
of liver phospholipids, has been analyzed [14], but there are also reports showing the in-
fluence of physical factors such as UV radiation on changes in liver cell metabolism [15].
Exposure of rat skin to both single and chronic UVA radiation has been found to lead to
oxidative stress. After a single dose of UVA radiation, due to the reduced activity of catalase
(CAT), glutathione reductase (GSSG-R), and the level of glutathione (GSH), a decrease in
the antioxidant effectiveness was observed in the liver [16]. Chronic exposure of animal
skin to UVA radiation also resulted in elevated phospholipid peroxidation with enhanced
production of malondialdehyde [15]. Moreover, it was shown that UV irradiation enhances
inflammation in internal tissues [17].

Due to the fact that UV radiation, as a component of sunlight, accompanies peo-
ple every day and UVA/UVB radiation is used in phototherapy or as an element of
therapy for skin diseases [18], there is a need to identify compounds that may protect
internal organs from exposure to UV radiation. One natural compound with antioxidant
and anti-inflammatory properties that has been highly researched recently is cannabidiol
(CBD)—non-psychoactive phytocannabinoid [19]. In previous studies we showed that
CBD after topical application penetrates into the bloodstream and is present in the blood
plasma [20]. As a consequence, it is relatively quickly distributed to all organs with a
good blood supply, such as the brain, heart, lungs and liver [21]. Currently, the presence
and metabolism of CBD in the liver has been demonstrated after oral or intraperitoneal
(i.p.) administration [22,23]. CBD can influence phospholipid metabolism, which results
in modulation of the levels of endocannabinoids and eicosanoids that are involved in the
modification of oxidative stress and inflammation [19,24,25].

Therefore, the aim of this study was to evaluate the effects of topical CBD applied to
the skin of nude rats, which were chronically irradiated with UVA or UVB, specifically to
observe antioxidant abilities and changes in the hepatic phospholipid metabolism.

2. Materials and Methods
2.1. Materials

Reagents were obtained from the following sources: CBD from THC Pharm GmbH
(Frankfurt, Germany); 8-iso prostaglandin Fy-d4 (8-isoPGF, y—d4), anandamide-d8 (AEA-
d8), 2-arachidonylglycerol-d8 (2-AG-d8), oleoylethanolamide-d4 (OEA-d4), cannabidol-
d9 (CBD-d9), leukotriene B4-d4 (LTB4-d4), 5(S)-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic-
5,6,8,9,11,12,14,15-d8 acid (15-HETE-d8) and prostaglandin D2-d4 (PGD2-d4) from Cayman
Chemical Company (Ann Arbor, MI, USA); x-tocopherol, retinol, L-glutathione reduced
(GSH), glutathione peroxidase (GSH-Px), glutathione reductase (GSSG-R), catalase (CAT),
thioredoxin (Trx), 3-nicotinamide adenine dinucleotide phosphate hydrate (NADP), (3-
nicotinamide adenine dinucleotide phosphate, reduced tetra (cyclohexylammonium) salt
(NADPH), hexane, butylated hydroxytoluene (BHT), ethanol, O-(2,3,4,5,6-pentafluoro-
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benzyl) hydroxylamine hydrochloride (PFBHA-HCI), 4-hydroxynonenal (4-HNE) and
benzaldehyde-d6 from Sigma-Aldrich (Saint Louis, MO, USA)

2.2. Animal Experiment

The experiment was performed using 8-9-week-old male (260-302 g) nude rats
(Hsd:RH-Foxnlrnu; Vivari s.c., Warsaw, Poland). Rats were maintained under standard
conditions in a 12 h light/12 h dark cycles, with free access to pellets containing a mixture
of nutrients such as minerals, fiber and proteins [26]. The animal care and protocols in this
study were reviewed and approved by the Local Ethics Committee for Animal Experiments
in Olsztyn, Poland (Resolution No. 37/2019 of 26 April 2019).

The rats were divided into 6 different groups of six rats each and skin of the rat’s back
was exposed to the physical and chemical treatments:

Control group: petrolatum applied topically (20 min) every 12 h for 4 weeks;

CBD group: CBD (120 mg/kg of body weight (b.w.); 2.5% w/w in petrolatum) applied
topically (20 min) every 12 h for 4 weeks;

UVA group: UVA radiation (365 nm) every 48 h (dose increasing from 0.5to 5]/ cm?) for
4 weeks;

UVA+CBD group: UVA radiation (365 nm) every 48 h (dose increasing from 0.5to 5]/ cm?)
and CBD (120 mg/kg of b.w.; 2.5% w/w in petrolatum) applied topically (20 min) every
12 h for 4 weeks;

UVB group: UVB radiation (312 nm) every 48 h (dose increasing from 0.02 to 2 J/cm?) for
4 weeks;

UVB+CBD group: UVB radiation (312 nm) every 48 h (dose increasing from 0.02 to 2 J/ cm?)
and CBD (120 mg/kg of b.w.; 2.5% w/w in petrolatum) applied topically (20 min) every
12 h for 4 weeks.

In order to evaluate the influence of UV light irradiation a Cosmedico lamp (Stuttgart,
Germany), designed for use in phototherapy of human skin diseases was used as a light
source. Plastic combs were used to maintain a constant distance of approximately 2 cm
between the lamp and the skin. To assure constant conditions were required to reproducibly
deliver the specified dose of radiation and at the same time to protect the skin from
overheating/burns.

2.3. Tissue Preparation

At the end of the experiment, rats were anesthetized by inhalation of isoflurane. The
livers were rapidly removed and prepared in two different ways: part of the fresh tissue
samples were frozen in liquid nitrogen and pulverized for determination of CBD and its
metabolites, endocannabinoids, eicosanoids, 8-iso-prostaglandin-F;, (8-iso-PGF«) and
4-hydroxynonenal (4-HNE); the rest of liver was homogenized in 0.9% NaCl solution—
10% homogenates were centrifuged at 20,000 x g for 15 min at 4 °C and aliquots of the
supernatants were taken for the measurement of other biochemical parameters.

2.4. Biochemical Studies
2.4.1. Determination of CBD and Its Metabolites Level

CBD and his metabolites (DCBD, 7-OH-CBD, CBD-glucuronide) level was determined
using liquid chromatography-tandem mass spectrometry—LC-MS/MS (LC-MS 8060, Shi-
madzu, Kyoto, Japan) [27]. Pulverized liver samples (100 mg) were extracted by solid phase
extraction (SPE) method. Compounds were separated on an Agilent Poroshell 120 EC-C18
analytical column (3.0 x 150 mm; 2.7 um particle size). Electrospray ionization (ESI) was
used in both positive (CBD, DCBD) and negative (7-OH-CBD, CBD-glucuronide) mode for
multiple reaction monitoring (MRM) and quantification of each of the analytes. CBD-dg
was used as an internal quantification standard. The transitions of precursor to the gener-
ated ion were as follows: m/z 315.1—193.0 for CBD; 287.2—135.1 for DCBD; 329.1—261.2
for 7-OH-CBD; 489.3—113.0 for CBD-glucuronide and m/z 324.1—202.2 for CBD-dy. CBD
and his metabolites levels are expressed in pmol/mg protein and fmol/mg protein.
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2.4.2. Determination of Antioxidants Activity/Level

Glutathione peroxidase (GSH-Px, EC.1.11.1.6) activity was assessed spectrophotomet-
rically according to the method of Paglia and Valentine [28]. Enzyme activity was measured
at 340 nm and expressed in units representing oxidation of 1 mmol NADPH in 1 min at
25 °C and pH 7.4. Enzyme-specific activity was expressed in U per milligram of protein.

Glutathione reductase (GSSG-R, EC.1.6.4.2) activity was determined spectrophotomet-
rically according to the method of Mize and Langdon [29]. Enzyme activity was measured
at 340 nm and expressed in units representing reduction of 1 umol NADP?* in 1 min at
25 °C and pH 7.4. Enzyme-specific activity was expressed in U per milligram of protein.

Catalase (CAT, EC.1.11.1.9) activity was determined spectrophotometrically according
to the method of Aebi [30]. Enzyme activity was estimated at 240 nm and expressed in
units representing oxidation of 1 umol hydrogen peroxide in 1 min at 25 °C and pH 7.0.
Enzyme-specific activity was expressed in U per milligram of protein.

The thioredoxin reductase (TrxR, EC.1.8.1.9) activity was determined by spectrophoto-
metric measurement using a commercial assay kit (Sigma-Aldrich, St. Louis, MO, USA) [31].
One unit of enzyme activity was specified as the amount that catalyzing the oxidation of
1 pmol NADPH per min at 25 °C and pH 7.0. Enzyme-specific activity was expressed in U
per milligram of protein.

Thioredoxin (Irx) level was determined by ELISA measurement (Enzyme Linked
ImmunoSorbent Assay) [32]. Liver homogenate samples were added to cover the bottom
of a 96-well plate, and incubated overnight at 4 °C with primary antibody against thiore-
doxin (Abcam, Cambridge, MA, USA). Goat anti-rabbit antibodies were used as a labelled
secondary antibody (Dako, Carpinteria, CA, USA). After washing, chromogen substrate
was applied (3,3’ ,5,5’—tetramethyl—benzidine at 0.1 mg/mL) and absorption was measured
at 450 nm. The level of Trx was expressed as umol per milligram of protein.

The level of vitamin A and E was assessed by high-performance liquid chromatog-
raphy (HPLC) according to the method of DeLeenher [33]. The vitamin A and E were
extracted from homogenates using hexane containing 0.025% butylated hydroxytoluene
(BHT), dried and diluted in ethanol. The samples were injected into RP-18 column and
detected at 294 nm. The levels of vitamins are expressed as j1g/mg tissue.

The level of reduced glutathione (GSH) was assessed by capillary electrophoresis
(CE) [34]. The system was equipped with an ultraviolet detector set at 200 nm. The
separations were performed on a fused-silica capillary on a 40 cm effective length at a
constant voltage of 27 kV. The level of GSH was expressed as umol/mg tissue.

2.4.3. Determination of Phospholipid Metabolism and Mediators
Phospholipid Peroxidation Products

Lipid oxidation products were estimated by assessing the level of as 8-isoPGF, by
LC MS/MS (LCMS 8060, Shimadzu, Kioto, Japan) [35] and 4-HNE by GC MS/MS [36]. 8-
isoPGF,« was separated on an Agilent Zorbax Extend-C18 analytical column (2.1 x 50 mm,
1.8 um particle size). Sample was isolated using solid phase extraction (SPE) method.
Electrospray ionization (ESI) in negative mode was used for multiple reaction monitoring
(MRM) and quantification of 8-isoPGF; . 8-is0PGF;,—ds was used as internal standards for
quantification. The precursor to the product ion transition was as follows: m/z 353.2—193.1
for 8-isoPGF;  and 357.2—197.1 for 8-isoPGF; «-d4. 4-HNE was analyzed using a 7890 A
GC-7000 quadruple MS/MS (Agilent Technologies, Palo Alto, CA, USA) equipped with an
HP-5 ms capillary column (0.25 mm internal diameter, 0.25 pm film thickness, 30 m length).
4-HNE was derivatized by the addition of O-(2,3,4,5,6-pentafluoro-benzyl) hydroxylamine
hydrochloride (PFBHA-HCI) and detected by the selected ion-monitoring (SIM) mode.
Quantitation was achieved using an internal standard (benzaldehyde-D6). The ions used
were: m/z 333.0 and 181.0 for 4-HNE-PFB-TMS and m/z 307.0 for IS (benzaldehyde-Dg)
derivatives. Levels of 8-isoPGF,, and 4-HNE were expressed in pg/mg tissue.
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Enzymes Metabolizing Phospholipids

The activity of enzymes involved in the metabolism of phospholipids was examined
spectrophotometrically in accordance with the manufacturer’s instructions: cytosolic phos-
pholipase A2 (cPLA2-EC 3.1.1.4) using cPLA2 Assay Kit (Cayman Chemical Company,
Ann Arbor, MI, USA) [37], while cyclooxygenase 1 and 2 (COX1/2-EC.1.14.99.1) using
a commercial assay kit (Cayman Chemical Company, Ann Arbor, MI, USA) [38]. PLA2
activity was expressed in pmol/min/mg protein, while cyclooxygenases activity was
expressed in U per milligram of protein. One unit is defined as the amount of enzyme that
will cause the oxidation of 1.0 nmol of TMPD per minute at 25 °C.

Eicosanoids

Liquid chromatography-tandem mass spectrometry—LC-MS/MS (LC-MS 8060, Shi-
madzu, Kyoto, Japan) method was used to identify and quantify the eicosanoids level in rat
liver [39]. Pulverized liver samples (100 mg) were extracted by solid phase extraction (SPE)
method. Analytes were separated on an Eclipse Plus C18 analytical column (2.1 x 100 mm,
1.8 um particle size). Electrospray ionization (ESI) in negative mode was used for multiple
reaction monitoring (MRM) and quantification of analytes. 15-HETE-dg LTBy4-d4, and
PGD,-d4 were used as internal standards for quantification. The precursor to the product
ion transition was as follows: m/z 335.2—195.1 for LTBy, m/z 351.3—271.2 for PGE,,
315.2—271.2 for15-d-PGJp, m/z 319—301.2 for 15-HETE, m/z 339.1—197.1 for LTB4-dy,
m/z 355.0—275.3 for PGD,-d4 and 327.0—226.2 for 15-HETE-dg. Levels of eicosanoids
were expressed in pmol/g tissue.

Endocannabinoids

Liquid chromatography-tandem mass spectrometry—LC-MS/MS (LC-MS 8060, Shi-
madzu, Kyoto, Japan) method was used to identify and quantify the endocannabinoids
level in rat liver [27]. Pulverized liver samples (100 mg) were extracted using solid phase
extraction (SPE) method. Analytes were separated on an Agilent Poroshell 120 EC-C18 ana-
lytical column (3.0 x 150 mm, 2.7 um particle size). Electrospray ionization (ESI) in positive
mode was used for multiple reaction monitoring (MRM) and quantification of analytes.
AEA-dg 2-AG-dg and OEA-d4 were used as internal standards for quantification. The
most sensitive molecular ion—product ion transitions were monitored for quantitation for
all endocannabinoids: m/z 348.3—62.15 for AEA, m/z 379.3—287.25 for 2-AG, 326.3—62.0
for OEA, m/z 300.3—62.0 for PEA, m/z 356.2—63.05 for AEA-d8, m/z 387.3—294.0 for
2-AG-d8 and m/z 330.20—66.15 for OEA-d4. Levels of endocannabinoids were expressed
in pmol/g tissue for AEA, OEA, PEA and nmol/g tissue for 2-AG.

2.5. Statistical Analysis

Data are expressed as mean + SD, and were analyzed by one-way analysis of variance
(ANOVA) followed by post hoc Tukey testing using Statistica software (Statistica 13.3, Stat
Soft, Polska, Poland). Values of p < 0.05 were considered significant, and only these results
were discussed in detail.

3. Results

The obtained results indicate that cannabidiol (CBD) penetrated through the skin
layers into the blood and with it reached the liver, as evidenced by its presence and its
metabolites in the liver (Figure 1). Of the CBD metabolites at the quantification level,
decarbonylated cannabidiol (DCBD), 7-hydroxycannabidiol (7-OH-CBD) and cannabidiol-
glucuronide were found. It was shown that after exposure of rats to UVA/UVB radiation,
there was a decrease in the level of CBD in the cytosolic fraction of liver cells, and an
increase in the membrane fraction. After exposure to UVA radiation, the levels of DCDB
and CBD-glucuronide in the cytosolic fraction decreased. On the other hand, both UVA
and UVB radiation increased the level of 7-OH-CBD in the membrane fraction of liver
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cells, while only UVB radiation led to a decrease of this metabolite in the cytosolic fraction
(Figure 1).
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Figure 1. The level of cannabidiol (CBD) (A) and CBD metabolites (decarbonylated cannabidiol (DCBD), 7-
hydroxycannabidiol (7-OH-CBD), cannabidiol-glucuronide) (B) in the liver (cytoplasm and membranes fraction) of nude
rats in the following groups: treated with CBD (every 12 h) for 4 weeks; irradiated with UVA (every 48 h) and treated with
CBD (every 12 h) for 4 weeks; irradiated with UVB (every 48 h) and treated with CBD (every 12 h) for 4 weeks. The mean
values for six rats in each group =+ SD are shown: x—differences vs. CBD group, p < 0.05; a—differences vs. cells irradiated
with UVA (every 48 h) and treated with CBD (every 12 h) for 4 weeks, p < 0.05.

It was previously shown [20] that UVA/UVB irradiation of rats enhances the sys-
temic production of ROS and lowers the antioxidant defense, which is conducive to the
formation of oxidative stress. A similar situation is observed at the liver level of rats
(Figures 2 and 3). It manifested after exposure of rats to UVA /UVB radiation, lowering the
activity of antioxidant enzymes (CAT, TrxR) as well as the activity /level of components of
the glutathione-dependent system (GSH-Px; GSH), and the level of other non-enzymatic
antioxidants, such as vitamins A and E, cooperating with GSH in protecting biomembranes.
Topical administration of CBD partially prevented the impairment of reduced antioxidant
protection in the liver of rats exposed to UV radiation. CBD significantly increased the
activity of CAT and the levels of some of the analyzed antioxidants, such as GSH and
vitamin A, in the liver of rats irradiated with UVB rays, as well as vitamin A in the liver of
animals exposed to UVA radiation.
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Figure 2. The activity of antioxidant enzymes [glutathione peroxidase (GSH-Px), glutathione reductase GSSG-R), catalase
(CAT), thioredoxin reductase (TrxR)] and the level of glutathione (GSH) and thioredoxin (Trx) in the liver of nude rats in the
following groups: treated with CBD (every 12 h) for 4 weeks; irradiated with UVA (every 48 h) and treated with CBD (every
12 h) for 4 weeks; irradiated with UVB (every 48 h) and treated with CBD (every 12 h) for 4 weeks. The mean values for six rats
in each group + SD are shown: x—differences vs. control group, p < 0.05; b—differences vs. UVB treated group, p < 0.05.
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Figure 3. The level of non-enzymatic antioxidants (Vitamin A, Vitamin E) in the liver of nude rats in
the following groups: treated with CBD (every 12 h) for 4 weeks; irradiated with UVA (every 48 h)
and treated with CBD (every 12 h) for 4 weeks; irradiated with UVB (every 48 h) and treated with CBD
(every 12 h) for 4 weeks. The mean values for six rats in each group + SD are shown: x—differences
vs. control group, p < 0.05; a—differences vs. UVA treated group, p < 0.05; b—differences vs. UVB
treated group, p < 0.05.
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Antioxidants prevent, reduce or retard the oxidation of compounds, especially high
molecular weight compounds such as lipids. Therefore, in the liver of rats irradiated with
more penetrating UVA radiation, the effects of oxidative stress were observed in the form
of an increase in the level of lipid peroxidation products, including oxidative fragmentation
of phospholipids—4-HNE, and the product of oxidative cyclization of phospholipids —8-
iso-PGF, (Figure 4). In contrast, topical application of CBD prevented increase in the level
of 4-HNE and 8-iso-PGF,,, in the liver of UVA-irradiated rats and decreased the level of
8-iso-PGF,, in control rats.

8-is0-PGF,, 4-HNE
8 4
X x
6 3 Ocontrol
7 RCBD
o n
? = EUVA
n o
b =
g) 4 E 2 OUVA+CBD
E ‘ zUVB
aUVvVB+CBD

0 0

Figure 4. The level of 8-isoprostanes (8-iso-PGF, ) and 4-hydroxynonenal (4-HNE) in the liver of
nude rats in the following groups: treated with CBD (every 12 h) for 4 weeks; irradiated with UVA
(every 48 h) and treated with CBD (every 12 h) for 4 weeks; irradiated with UVB (every 48 h) and
treated with CBD (every 12 h) for 4 weeks. The mean values for six rats in each group & SD are
shown: x—differences vs. control group, p < 0.05; a—differences vs. UVA treated group, p < 0.05.

By causing oxidative stress in the liver cells of irradiated rats, UV radiation promoted
disorders of liver phospholipid metabolism by changing the activity of enzymes metaboliz-
ing phospholipids, including phospholipase Al as well as isoenzymes of cyclooxygenase
(Figures 5-7). Both UVA and UVB radiation increased the activity of phospholipase A2
and the induced cyclooxygenase isoform (COX2). On the other hand, the activity of the
constitutive isoform COX (COX1) was increased only as a result of UVA irradiation of
rats (Figure 5). The above enzymes participate both in the generation of eicosanoids and
endocannabinoids. It has been shown that both UVA and UVB radiation significantly
increase the level of the pro-inflammatory eicosanoid, PGE2 (Figure 6). Moreover, the
levels of two basic endocannabinoids, AEA and 2-AG, as well as related compounds, PEA
and OEA, were significantly increased in the liver after UVA /UVB radiation (Figure 7).
Topical application of CBD decreased activity of all above enzymes (PLA2, COX1, COX2)
in the liver of rats irradiated with UVA and UVB (Figure 5). The consequence of this was
a reduction in the level of pro-inflammatory lipid mediators, such as PGE2 and LTB4, in
the liver of both control rats and rats irradiated with UVA and UVB radiation (Figure 6).
However, the direction of the changes in anti-inflammatory eicosanoids level was the
opposite. CBD enhanced the level of 15-d-PGJ2 in the liver of UVB-irradiated rats and
15-HETE in the liver of UVA-irradiated rats. Furthermore, administration of CBD to the
skin of control rats and irradiated with UVA /UVB increased only the level of 2-AG in the
liver of rats (Figure 7).
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Figure 5. The activity of enzymes involved in the metabolism of eicosanoids (phospholipases A2 (PLA2), cyclooxygenase
1 (COX1), cyclooxygenase 2 (COX2)) in the liver of nude rats in the following groups: treated with CBD (every 12 h) for
4 weeks; irradiated with UVA (every 48 h) and treated with CBD (every 12 h) for 4 weeks; irradiated with UVB (every 48 h)
and treated with CBD (every 12 h) for 4 weeks. The mean values for six rats in each group + SD are shown: x—differences
vs. control group, p < 0.05; a—differences vs. UVA treated group, p < 0.05; b—differences vs. UVB treated group, p < 0.05.
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Figure 6. The level of pro-inflammatory eicosanoids (prostaglandin E2 (PGE2), leukotriene B4 (LTB4)) (A) and anti-
inflammatory eicosanoids (15-deoxy-deltal2,14-prostaglandin ]2 (15d-PGJ2), 15-hydroxyeicosatetraenoic acid (15-HETE))
(B) in the liver of nude rats in the following groups: treated with CBD (every 12 h) for 4 weeks; irradiated with UVA
(every 48 h) and treated with CBD (every 12 h) for 4 weeks; irradiated with UVB (every 48 h) and treated with CBD (every
12 h) for 4 weeks. The mean values for six rats in each group + SD are shown: x—differences vs. control group, p < 0.05;
a—differences vs. UVA treated group, p < 0.05; b—differences vs. UVB treated group, p < 0.05.
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Figure 7. Endocannabinoids level (anandamide (AEA), 2-arachidonylglycerol (2-AG)) (A) and related compounds (palmi-
toylethanolamide (PEA), oleoylethanolamide (OEA)) (B) in the liver of nude rats in the following groups: treated with CBD
(every 12 h) for 4 weeks; irradiated with UVA (every 48 h) and treated with CBD (every 12 h) for 4 weeks; irradiated with
UVB (every 48 h) and treated with CBD (every 12 h) for 4 weeks. The mean values for six rats in each group =+ SD are
shown: x—differences vs. control group, p < 0.05; a—differences vs. UVA treated group, p < 0.05; b—differences vs. UVB
treated group, p < 0.05.
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4. Discussion

On an almost daily basis, individuals are exposed to UV radiation from sunlight.
Moreover, UV radiation is quite commonly used in phototherapy to treat skin diseases,
such as psoriasis [18]. Earlier studies on the effects of UV radiation on living organisms
have focused on metabolic changes in the skin and skin cells after in vivo or in vitro irradi-
ation [40—42]. It is known that UVA /UVB radiation intensifies the production of ROS and
reduces the level/activity of antioxidants, both in the skin and internal tissues, including
blood and liver, which contributes to the formation of oxidative stress, inflammation and
consequent metabolic disturbances [15,16]. Therefore, compounds with antioxidant and
anti-inflammatory properties are widely searched for in order to prevent disorders caused
by UV radiation, both in the skin and internal organs [15,43]. It is especially important to
find the possibility of counteracting metabolic disorders of the liver due to its detoxifying
role in relation to the whole body.

4.1. Effect of UV Radiation on the Metabolism of Liver Phospholipids

In this study, a significant down-regulation of the antioxidant protection of mem-
brane phospholipids in the liver of rats whose skin was chronically exposed to UVA/UVB
radiation was found. This reduction is manifested by a decrease in the activity of en-
zymatic antioxidants such as CAT, TrxR and GSH-Px and the level of non-enzymatic
antioxidants including GSH, vitamins A and E. Consequently, the effectiveness of the
glutathione-dependent system (GSH-Px; GSH) responsible for the protection of mem-
brane phospholipids decreases, which results in increased lipid peroxidation, as observed
in this study. The level of GSH cooperators is also reduced; vitamins A and E, which,
by co-working with glutathione, counteract phospholipid modifications. Additionally,
Hasegawa [44] observed a decrease in GSH-Px activity and an increase in the level of
lipid peroxidation products, but found no changes in superoxide dismutase activity in the
livers of mice exposed to a single dose of UVB radiation. A similar situation is observed in
our study. Antioxidants prevent, reduce or retard the oxidation of compounds, especially
macromolecular compounds such as proteins, lipids and nucleic acids [45], thus preventing
metabolic modifications at the cellular level. Therefore, in the liver of rats irradiated with
more penetrating UVA radiation, the effects of oxidative stress were observed in the form of
an increase in the level of the phospholipid oxidative fragmentation product, 4-HNE, along
with the phospholipid oxidative cyclization product—8-iso-PGF, . The electrophilic nature
of 4-HNE contributes to its exceptional chemical reactivity and a tendency to form bonds
with compounds having nucleophilic groups, including DNA, lipids and proteins [46].
Therefore, 4-HNE acts as an inhibitor of many antioxidants (e.g., thioredoxin, thioredoxin
reductase, glutathione peroxidase, catalase) through the formation of adducts with these
proteins [46]. 4-HNE has also been observed to stimulate the cytoprotective transcription
factor N1f2, as well as a cooperator of pro-inflammatory transcription factor NF«B [47]. All
these metabolic responses promote the disruption of cell signaling, thereby stimulating
metabolic dysfunctions, which in the event of proteasomal degradation/autophagy dis-
turbed by oxidative stress, may eventually lead to the accumulation of modified proteins
and, consequently, altered cell functionality and/or apoptosis [48].

UV radiation not only promotes ROS-dependent modifications of phospholipids,
but also activates enzymes involved in phospholipids metabolism, such as PLA2, COXs,
LOXs, leading to their enzyme-dependent oxidation [49,50]. Endogenous bioactive lipid
metabolites such as endocannabinoids and eicosanoids are part of a complex network that
modulates many cellular processes with pathophysiological consequences [51]. Endoge-
nous free arachidonic acid is a product of phospholipase A2 (PLA2) activity on membrane
phospholipids, and this enzyme activity is increased in the liver after irradiation of rats with
UVA /UVB radiation. Arachidonic acid undergoes enzymatic metabolism that produces
a wide variety of bioactive eicosanoids [51,52]. On the other hand, both cyclooxygenases
and lipoxygenases are capable of converting PUFAs, including arachidonic acid, into lipid
hydroperoxides [53]. Therefore, in response to UVA and UVB radiation, the biosynthesis of
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prostaglandin E2 (PGE2) is intensified in the liver, which, through the activation of EP2
and EP4 receptors, reveals a pro-inflammatory effects [54]. Recent studies have shown
that the COX2/PGE2-EP2/EP4 axis may be a good target for drugs against liver fibrosis
caused by Schistosoma japonicum infection [55]. Moreover, the level of other eicosanoids,
pro-inflammatory (LTB4) and anti-inflammatory (15-d-PGJ2, 15-HETE), were not changed
significantly after UVA /UVB irradiation.

Regardless of the modified generation of eicosanoids under the influence of UVA/UVB
radiation, the increased activity of enzymes involved in the metabolism of fatty acids pro-
motes the upregulation of key endocannabinoid representatives such as anandamide (AEA,
N-arachidonoethylethanolamine), and 2-arachidonoylethanolamine (2-AG) and the struc-
turally similar oleic acid ethanolamide (OEA), and palmitic acid ethanolamide (PEA) [8],
which are synthesized in response to UVA /UVB radiation. Endocannabinoids and their
lipid analogues can modulate oxidative stress and inflammation mainly by activating
G-protein coupled receptors, among which CB1 is responsible for the generation of ROS
and TNF-«, while CB2 and PPAR« inhibit ROS/TNF-o production [25]. Importantly, the
interaction of ECS and redox homeostasis is particularly involved in the regulation of
metabolic tissues, including the liver [56].

4.2. Effect of CBD on the Metabolism of Liver Phospholipids

Considering that UV irradiation of rats” skin promotes the development of oxidative
stress causing changes in the metabolism of liver phospholipids, in order to prevent
metabolic effects that may affect the whole organism, the effectiveness of phytocannabinoid
with antioxidant and anti-inflammatory properties—cannabidiol in counteracting the
observed changes in phospholipid metabolism—was investigated. The results of previous
studies indicate that cannabidiol applied to the skin penetrates into the blood [57]. However,
it is known that cannabinoids are distributed throughout the body along with the blood,
which allows CBD to penetrate the liver [58].The results of this study further showed that
UVA/UVB radiation promotes the membrane localization of CBD. However, multiomics
analysis has shown that CBD penetrates cell membranes, altering the chemical activity of
cholesterol and increasing lipid order [59]. Cannabidiol is biotransformed in the liver, where
decarbonylated CBD (DCBD) and 7-hydroxycannabidiol (7-OH-CBD) [60,61], observed in
our study, are produced by cytochrome P450 (CYP) isoenzymes. 7-OH-CBD is known to be
one of the metabolites of CBD generated by CYP2C19 of liver microsomes [61] and this
study showed its level increases in the liver membrane fraction after UVA /UVB irradiation.
In addition, studies by other authors have shown that two metabolites of cannabidiol:
7-OH-CBD and 7-COOH-CBD have anti-inflammatory effects in relation to mice organism
and, depending on the dose, they inhibit the in vitro generation of NO, ROS and TNEF-
o [62]. Moreover, the dihydrogenated product of 7-OH-CBD—S8,9-dihydro-7-OH-CBD also
has anti-inflammatory properties indicated in in vitro studies [63]. Both CBD and its phase
I metabolites are glucuronidated as part of a phase II response [22].

The results of this study also show the antioxidant effect of CBD at the liver level. This
is manifested by the partial prevention of CAT activity and oxidation of non-enzymatic
antioxidants, including GSH and vitamin A, which has a positive effect on the protection
of membrane phospholipids in which these antioxidants interact. The effectiveness of
this action is due to the fact that CBD exhibits much greater antioxidant activity (30-50%)
than endogenous antioxidants, such as x-tocopherol or vitamin C [64]. In addition, GSH
protection also improves the function of the GSH-Px-GSH system, which manifests itself in
the prevention of ROS-dependent lipid peroxidation [65,66]. Consequently, in our studies,
we show that topical application of CBD reduces lipid peroxidation, which is revealed by
the decreased levels of 8-iso-PGF,, and 4-HNE in the liver of rats exposed to UVA radiation.
This type of response to CBD has also been observed in other pathologies, including the
liver of C57B/6] mice assessed on the basis of 4-HNE levels [67]. The protective effect of
cannabidiol on phospholipids is also evidenced by its complex pharmacological profile in
relation to phospholipids, indicating the modulation of the activity of enzymes both directly
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and indirectly involved in the metabolism of phospholipids with the target generation
of endocannabinoids and eicosanoids, which is confirmed by the results of this study. It
has been shown that CBD influences the metabolism of arachidonic acid by decreasing
the activity of PLA2 and COX1/2, which is confirmed by the literature data [68]. As a
consequence, a reduction in the levels of pro-inflammatory and pro-oxidative eicosanoids
such as PGE2 and LTB4 is observed. The decrease in PGE2 level may also be related to the
identified in this study, increased GSH level. GSH may affect the activity of PGE synthase
which controls oxidoreduction of prostaglandin endoperoxide H2 (PGH2) to PGE2, which
was observed in the BALF fluid of patients with cystic fibrosis [69]. On the other hand,
the reduction of LTB4 levels may have a beneficial effect on liver metabolism, because
this eicosanoid promotes oxidative stress, the production of pro-inflammatory cytokines,
leukocyte chemotaxis, adhesion and degranulation and the LTB4-BLT2 receptor participates
in the growth and proliferation of neoplastic cells [70-72]. On the other hand, despite the
reduction in the activity of enzymes responsible for the biosynthesis of eicosanoids, the
use of CBD resulted in an increase in the level of anti-inflammatory lipid mediators such
as 15-d-PGJ2 and 15-HETE. This may be due to the fact that one of the main precursors
of 4-HNE is 15-hydroperoxyeicosatetraenoic acid (15-HPETE), which breaks down into
different families of more stable compounds, including 15-HETE [73]. Thus, a reduction
in the level of 4-HNE may be accompanied by an increase in the level of 15-HETE, which
in turn may contribute to the reduction of LTB4 synthesis [74], indicating a potential anti-
inflammatory effect of CBD [75]. The observed upregulation by CBD, 15d-PG]J2, a natural
PPARYy agonist, also seems to be of particular importance, as this prostaglandin exhibits
anti-inflammatory properties by inhibiting the expression of inflammatory cytokines such
as MIP-1p, TNF-« and NOS2 [76]. Moreover, regulating the level of GSH also exhibits
antioxidant properties [77]. At the same time, 15d-PGJ2 also shows antitumor activity [78].

By affecting the metabolism of phospholipids, CBD also regulates the level of en-
docannabinoids, including mainly increased level of 2-AG. Similar relationships were
discovered in blood serum and brain cortex after intravenous administration of hemp
extract [79]. It can be suggested that this is the result of stimulation of one of the enzymes
involved in the biosynthesis of 2-AG, namely diacylglycerol lipase (DAGL) by GSH [80],
which is elevated in the liver after CBD application to the skin of UV-irradiated rats. 2-AG
is one of the most important endocannabinoids due to both its broad spectrum of action and
its high concentration in the liver [10,81]. It has been shown that 2-AG inhibits oxidative
stress and inflammation in the liver tissue after hepatic ischemia reperfusion injury which
was associated with increased expression of the CB2 membrane receptor responsible for
lowering the levels of ROS and TNF-« [82]. Taking into account all the presented results,
it can be concluded that CBD improving antioxidant abilities in rat’s liver prevents lipid
peroxidation and modulates the metabolism of phospholipids towards anti-inflammatory
and antioxidant effects.

5. Conclusions

In this study, we discovered for the first time that CBD when applied to the skin
reaches the liver, where it undergoes metabolism dependent on the action of physical fac-
tors such as UVA /UVB radiation At the same time, it has been shown that CBD application
significantly counteracts the reduction of the antioxidant capacity of the liver caused by UV
radiation, and thus reduces the level of lipid peroxidation products. In addition, by decreas-
ing the activity of enzymes that metabolize phospholipids and fatty acids, CBD reduces
the level of pro-inflammatory and increases the level of anti-inflammatory eicosanoids.
The antioxidant and anti-inflammatory effect are supported by the endocannabinoid—2-
arachidonylglycerol, the level of which is increased. Thus, applying CBD to the skin may
have promising effects in counteracting the negative effects of UV radiation. Thus, the
results obtained may constitute a basis for suggesting topical use of CBD to counteract
the effects of oxidative stress and inflammation associated with various disease states,
especially since CBD has no psychoactive effects.



Antioxidants 2021, 10, 1157 13 of 16

Author Contributions: Conceptualization, E.S.; Data curation, M.B.; Formal analysis, M.B., A.].;
Funding acquisition, E.S.; Investigation, M.B., A.].; Project administration, E.S.; Supervision, E.S.;
Validation M.B., A.].; Writing—original draft, M.B.; Writing—review and editing, E.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science Centre Poland (NCN) grant no. 2016/23/B/
NZ7/02350.

Institutional Review Board Statement: The study was approved by the Local Ethics Committee for
Animal Experiments in Olsztyn, Poland (Resolution No. 37/2019 of 26 April 2019).

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are contained within the article.

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

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Xiong, X.-F; Chen, D.-D.; Zhu, H.-J.; Ge, W.-H. Prognostic Value of Endogenous and Exogenous Metabolites in Liver Transplanta-
tion. Biomark Med. 2020, 14, 1165-1181. [CrossRef] [PubMed]

Nguyen, P.; Leray, V.; Diez, M,; Serisier, S.; Le Bloc'H, J.; Siliart, B.; Dumon, H. Liver Lipid Metabolism. J. Anim. Physiol. Anim.
Nutr. 2008, 92, 272-283. [CrossRef] [PubMed]

Wang, B.; Tontonoz, P. Phospholipid Remodeling in Physiology and Disease. Annu. Rev. Physiol. 2019, 81, 165-188. [CrossRef]
[PubMed]

Chamulitrat, W.; Jansakun, C.; Li, H.; Liebisch, G. Rescue of Hepatic Phospholipid Remodeling Defect in IPLA2(3-Null Mice
Attenuates Obese but Not Non-Obese Fatty Liver. Biomolecules 2020, 10, 1332. [CrossRef] [PubMed]

Galano, J.-M.; Lee, Y.Y.; Oger, C.; Vigor, C.; Vercauteren, J.; Durand, T.; Giera, M.; Lee, ].C.-Y. Isoprostanes, Neuroprostanes and
Phytoprostanes: An Overview of 25 years of Research in Chemistry and Biology. Prog. Lipid Res. 2017, 68, 83-108. [CrossRef]
Viedma-Poyatos, A.; Gonzalez-Jiménez, P; Langlois, O.; Company-Marin, I; Spickett, C.M.; Pérez-Sala, D. Protein Lipoxidation:
Basic Concepts and Emerging Roles. Antioxidants 2021, 10, 295. [CrossRef] [PubMed]

Reis, A.; Spickett, C.M. Chemistry of Phospholipid Oxidation. Biochim. Biophys. Acta. Biomembr. 2012, 1818, 2374-2387. [CrossRef]
Tsuboi, K.; Uyama, T.; Okamoto, Y.; Ueda, N. Endocannabinoids and Related N-Acylethanolamines: Biological Activities and
Metabolism. Inflamm. Regen. 2018, 38, 28. [CrossRef]

Alger, B.E.; Kim, J. Supply and Demand for Endocannabinoids. Trends Neurosci. 2011, 34, 304-315. [CrossRef]
Bazwinsky-Wutschke, I.; Zipprich, A.; Dehghani, F. Endocannabinoid System in Hepatic Glucose Metabolism, Fatty Liver Disease,
and Cirrhosis. Int. . Mol. Sci. 2019, 20, 2516. [CrossRef]

Hanna, V.S.; Hafez, E.A.A. Synopsis of Arachidonic Acid Metabolism: A Review. J. Adv. Res. 2018, 11, 23-32. [CrossRef]
Gladine, C.; Ostermann, A.I; Newman, ].W.; Schebb, N.H. MS-Based Targeted Metabolomics of Eicosanoids and Other Oxylipins:
Analytical and Inter-Individual Variabilities. Free. Radic. Biol. Med. 2019, 144, 72-89. [CrossRef] [PubMed]

Maciejewska, D.; Drozd, A.; Skonieczna—Zydecka, K.; Skérka-Majewicz, M.; Dec, K.; Jakubczyk, K.; Pilutin, A.; Stachowska, E.
Eicosanoids in Nonalcoholic Fatty Liver Disease (NAFLD) Progression. Do Serum Eicosanoids Profile Correspond with Liver
Eicosanoids Content during NAFLD Development and Progression? Molecules 2020, 25, 2026. [CrossRef] [PubMed]

Heindel, J.J.; Blumberg, B.; Cave, M.; Machtinger, R.; Mantovani, A.; Mendez, M. A ; Nadal, A.; Palanza, P; Panzica, G.; Sargis,
R.; et al. Metabolism Disrupting Chemicals and Metabolic Disorders. Reprod. Toxicol. 2017, 68, 3-33. [CrossRef] [PubMed]
Erden Inal, M.; Kahraman, A. The Protective Effect of Flavonol Quercetin against Ultraviolet a Induced Oxidative Stress in Rats.
Toxicology 2000, 154, 21-29. [CrossRef]

Svobodova, A.R.; Galandakova, A.; Sianska, J.; Dolezal, D.; Ulrichova, J.; Vostalova, J. Acute Exposure to Solar Simulated
Ultraviolet Radiation Affects Oxidative Stress-Related Biomarkers in Skin, Liver and Blood of Hairless Mice. Biol. Pharm. Bull.
2011, 34, 471-479. [CrossRef]

Nishimura, N.; Reeve, V.E.; Nishimura, H.; Satoh, M.; Tohyama, C. Cutaneous Metallothionein Induction by Ultraviolet B
Irradiation in Interleukin-6 Null Mice. J. Investig. Dermatol. 2000, 114, 343-348. [CrossRef]

Vangipuram, R.; Feldman, S.R. Ultraviolet Phototherapy for Cutaneous Diseases: A Concise Review. Oral Dis. 2016, 22, 253-259.
[CrossRef]

Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and Anti-Inflammatory Properties of Cannabidiol. Antioxidants
2019, 9, 21. [CrossRef]

Biernacki, M.; Brzéska, M.M.; Markowska, A.; Gatazyn-Sidorczuk, M.; Cylwik, B.; Gegotek, A.; Skrzydlewska, E. Oxidative
Stress and Its Consequences in the Blood of Rats Irradiated with UV: Protective Effect of Cannabidiol. Antioxidants 2021, 10, 821.
[CrossRef]

Kicman, A.; Toczek, M. The Effects of Cannabidiol, a Non-Intoxicating Compound of Cannabis, on the Cardiovascular System in
Health and Disease. Int. ]. Mol. Sci. 2020, 21, 6740. [CrossRef] [PubMed]



Antioxidants 2021, 10, 1157 14 of 16

22.

23.

24.

25.

26.

27.

28.
29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ujvary, I.; Hanus, L. Human Metabolites of Cannabidiol: A Review on Their Formation, Biological Activity, and Relevance in
Therapy. Cannabis Cannabinoid Res. 2016, 1, 90-101. [CrossRef]

Perucca, E.; Bialer, M. Critical Aspects Affecting Cannabidiol Oral Bioavailability and Metabolic Elimination, and Related Clinical
Implications. CNS Drugs 2020, 34, 795-800. [CrossRef]

Wang, M.-H.; Hsiao, G.; Al-Shabrawey, M. Eicosanoids and Oxidative Stress in Diabetic Retinopathy. Antioxidants 2020, 9, 520.
[CrossRef] [PubMed]

Gallelli, C.A.; Calcagnini, S.; Romano, A.; Koczwara, ].B.; de Ceglia, M.; Dante, D.; Villani, R.; Giudetti, A.M.; Cassano, T.; Gaetani,
S. Modulation of the Oxidative Stress and Lipid Peroxidation by Endocannabinoids and Their Lipid Analogues. Antioxidants
2018, 7, 93. [CrossRef] [PubMed]

Katica, M.; Gradascevic, N. Hematologic Profile Of Laboratory Rats Fed With Bakery Products. Int. ]. Res. Granthaalayah 2017, 5,
221-231. [CrossRef]

Luque-Cérdoba, D.; Calderén-Santiago, M.; Luque de Castro, M.D.; Priego-Capote, F. Study of Sample Preparation for Determi-
nation of Endocannabinoids and Analogous Compounds in Human Serum by LC-MS/MS in MRM Mode. Talanta 2018, 185,
602—610. [CrossRef]

Paglia, D.E.; Valentine, W.N. Studies on the Quantitative and Qualitative Characterization of Erythrocyte Glutathione Peroxidase.
J. Lab. Clin. Med. 1967, 70, 158-169.

Mize, C.E.; Langdon, R.G. Hepatic Glutathione Reductase. L. Purification and General Kinetic Properties. . Biol. Chem. 1962, 237,
1589-1595. [CrossRef]

Aebi, H. Catalase in Vitro. Methods Enzymol. 1984, 105, 121-126. [CrossRef]

Holmgren, A.; Bjornstedt, M. Thioredoxin and Thioredoxin Reductase. Methods Enzymol. 1995, 252, 199-208. [CrossRef] [PubMed]
Lovell, M.A.; Xie, C.; Gabbita, S.P.; Markesbery, W.R. Decreased Thioredoxin and Increased Thioredoxin Reductase Levels in
Alzheimer’s Disease Brain. Free. Radic. Biol. Med. 2000, 28, 418-427. [CrossRef]

De Leenheer, A.P,; De Bevere, V.O.; De Ruyter, M.G.; Claeys, A.E. Simultaneous Determination of Retinol and Alpha-Tocopherol
in Human Serum by High-Performance Liquid Chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1979, 162, 408-413. [CrossRef]
Maeso, N.; Garcia-Martinez, D.; Rupérez, E]J.; Cifuentes, A.; Barbas, C. Capillary Electrophoresis of Glutathione to Monitor
Oxidative Stress and Response to Antioxidant Treatments in an Animal Model. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci.
2005, 822, 61-69. [CrossRef]

Coolen, S.AJ.; van Buuren, B.; Duchateau, G.; Upritchard, J.; Verhagen, H. Kinetics of Biomarkers: Biological and Technical
Validity of Isoprostanes in Plasma. Amino Acids 2005, 29, 429-436. [CrossRef]

Luo, X.P;; Yazdanpanah, M.; Bhooi, N.; Lehotay, D.C. Determination of Aldehydes and Other Lipid Peroxidation Products in
Biological Samples by Gas Chromatography-Mass Spectrometry. Anal. Biochem. 1995, 228, 294-298. [CrossRef]

Reynolds, L.J.; Hughes, L.L.; Yu, L.; Dennis, E.A. 1-Hexadecyl-2-Arachidonoylthio-2-Deoxy-Sn-Glycero-3-Phosphorylcholine as
a Substrate for the Microtiterplate Assay of Human Cytosolic Phospholipase A2. Anal. Biochem. 1994, 217, 25-32. [CrossRef]
[PubMed]

Kulmacz, R]J.; Wang, L.H. Comparison of Hydroperoxide Initiator Requirements for the Cyclooxygenase Activities of
Prostaglandin H Synthase-1 and -2. J. Biol. Chem. 1995, 270, 24019-24023. [CrossRef] [PubMed]

Watkins, B.A.; Kim, J.; Kenny, A.; Pedersen, T.L.; Pappan, K.L.; Newman, J.W. Circulating Levels of Endocannabinoids and
Oxylipins Altered by Dietary Lipids in Older Women Are Likely Associated with Previously Identified Gene Targets. Biochim.
Biophys. Acta 2016, 1861, 1693-1704. [CrossRef]

Kremslehner, C.; Miller, A.; Nica, R.; Nagelreiter, [.-M.; Narzt, M.-S.; Golabi, B.; Vorstandlechner, V.; Mildner, M.; Lachner, ].;
Tschachler, E.; et al. Imaging of Metabolic Activity Adaptations to UV Stress, Drugs and Differentiation at Cellular Resolution in
Skin and Skin Equivalents—Implications for Oxidative UV Damage. Redox Biol. 2020, 37, 101583. [CrossRef]
Jarocka-Karpowicz, I.; Biernacki, M.; Wronski, A.; Gegotek, A.; Skrzydlewska, E. Cannabidiol Effects on Phospholipid Metabolism
in Keratinocytes from Patients with Psoriasis Vulgaris. Biomolecules 2020, 10, 367. [CrossRef]

Sanchez-Marzo, N.; Pérez-Sanchez, A.; Barrajon-Catalan, E.; Castillo, J.; Herranz-Lépez, M.; Micol, V. Rosemary Diterpenes
and Flavanone Aglycones Provide Improved Genoprotection against UV-Induced DNA Damage in a Human Skin Cell Model.
Antioxidants 2020, 9, 255. [CrossRef]

Atalay, S.; Dobrzynska, I.; Gegotek, A.; Skrzydlewska, E. Cannabidiol Protects Keratinocyte Cell Membranes Following Exposure
to UVB and Hydrogen Peroxide. Redox Biol. 2020, 36, 101613. [CrossRef]

Hasegawa, T.; Kaneko, F.; Niwa, Y. Changes in Lipid Peroxide Levels and Activity of Reactive Oxygen Scavenging Enzymes in
Skin, Serum and Liver Following UVB Irradiation in Mice. Life Sci. 1992, 50, 1893-1903. [CrossRef]

Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative Stress and Antioxidant Defense. World Allergy Organ. J.
2012, 5,9-19. [CrossRef]

Schaur, R.J.; Siems, W.; Bresgen, N.; Eckl, PM. 4-Hydroxy-Nonenal-A Bioactive Lipid Peroxidation Product. Biomolecules 2015, 5,
2247-2337. [CrossRef] [PubMed]

Luczaj, W.; Gegotek, A.; Skrzydlewska, E. Antioxidants and HNE in Redox Homeostasis. Free. Radic. Biol. Med. 2017, 111, 87-101.
[CrossRef] [PubMed]

Karabowicz, P.; Wroniski, A.; Ostrowska, H.; Waeg, G.; Zarkovic, N.; Skrzydlewska, E. Reduced Proteasome Activity and
Enhanced Autophagy in Blood Cells of Psoriatic Patients. Int. J. Mol. Sci. 2020, 21, 7608. [CrossRef] [PubMed]



Antioxidants 2021, 10, 1157 15 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Gresham, A.; Masferrer, J.; Chen, X.; Leal-Khouri, S.; Pentland, A.P. Increased Synthesis of High-Molecular-Weight CPLA2
Mediates Early UV-Induced PGE2 in Human Skin. Am. ]. Physiol. 1996, 270, C1037—C1050. [CrossRef]

Nicolaou, A.; Masoodi, M.; Gledhill, K.; Haylett, A.K.; Thody, A.J.; Tobin, D.J.; Rhodes, L.E. The Eicosanoid Response to High
Dose UVR Exposure of Individuals Prone and Resistant to Sunburn. Photochem. Photobiol. Sci. 2012, 11, 371-380. [CrossRef]
Leuti, A.; Fazio, D.; Fava, M.; Piccoli, A.; Oddj, S.; Maccarrone, M. Bioactive Lipids, Inflammation and Chronic Diseases. Adv.
Drug Deliv. Rev. 2020, 159, 133-169. [CrossRef]

Law, S.-H.; Chan, M.-L.; Marathe, G.K.; Parveen, F; Chen, C.-H.; Ke, L.-Y. An Updated Review of Lysophosphatidylcholine
Metabolism in Human Diseases. Int. J. Mol. Sci. 2019, 20, 1149. [CrossRef]

Speed, N.; Blair, . A. Cyclooxygenase- and Lipoxygenase-Mediated DNA Damage. Cancer Metastasis Rev. 2011, 30, 437-447.
[CrossRef]

Kabashima, K.; Nagamachi, M.; Honda, T.; Nishigori, C.; Miyachi, Y.; Tokura, Y.; Narumiya, S. Prostaglandin E2 Is Required for
Ultraviolet B-Induced Skin Inflammation via EP2 and EP4 Receptors. Lab. Investig. 2007, 87, 49-55. [CrossRef]

Chen, L, Ji, X.; Wang, M.; Liao, X.; Liang, C.; Tang, J.; Wen, Z.; Dominique, F; Li, Z. Involvement of TLR4 Signaling Regulated-
COX2/PGE2 Axis in Liver Fibrosis Induced by Schistosoma Japonicum Infection. Parasit Vectors 2021, 14, 279. [CrossRef]
Silvestri, C.; Ligresti, A.; Di Marzo, V. Peripheral Effects of the Endocannabinoid System in Energy Homeostasis: Adipose Tissue,
Liver and Skeletal Muscle. Rev. Endocr. Metab. Disord. 2011, 12, 153-162. [CrossRef]

Hammell, D.C.; Zhang, L.P.; Ma, F.; Abshire, S.M.; Mcllwrath, S.L.; Stinchcomb, A.L.; Westlund, K.N. Transdermal Cannabidiol
Reduces Inflammation and Pain-Related Behaviours in a Rat Model of Arthritis. Eur. J. Pain. 2016, 20, 936-948. [CrossRef]
[PubMed]

Gongalves, J.; Rosado, T.; Soares, S.; Simao, A.Y.; Caramelo, D.; Luis, A.; Fernandez, N.; Barroso, M.; Gallardo, E.; Duarte, A.P.
Cannabis and Its Secondary Metabolites: Their Use as Therapeutic Drugs, Toxicological Aspects, and Analytical Determination.
Medicines 2019, 6, 31. [CrossRef] [PubMed]

Guard, S.E.; Chapnick, D.A.; Poss, Z.; Ebmeier, C.C.; Jacobsen, J.; Nemkov, T.; Ball, K.A.; Webb, K.J.; Simpson, H.L.; Coleman,
S.; et al. Multi-Omic Analysis Reveals Cannabidiol Disruption of Cholesterol Homeostasis in Human Cell Lines. bioRxiv 2020.
[CrossRef]

Kraemer, M.; Broecker, S.; Madea, B.; Hess, C. Decarbonylation: A Metabolic Pathway of Cannabidiol in Humans. Drug Test.
Anal. 2019, 11, 957-967. [CrossRef] [PubMed]

Watanabe, K.; Usami, N.; Osada, S.; Narimatsu, S.; Yamamoto, I.; Yoshimura, H. Cannabidiol Metabolism Revisited: Tentative
Identification of Novel Decarbonylated Metabolites of Cannabidiol Formed by Human Liver Microsomes and Recombinant
Cytochrome P450 3A4. Forensic Toxicol. 2019, 37, 449-455. [CrossRef]

Mechoulam, R.; Tchilibon, S.; Fride, E.; Hanus, L.; Breuer, A.; Gallily, R. Pharmaceutical Compositions Comprising Cannabidiol
Derivatives. U.S. Patent 7,759,526, 20 July 2010.

Kozela, E.; Haj, C.; Hanus, L.; Chourasia, M.; Shurki, A.; Juknat, A.; Kaushansky, N.; Mechoulam, R.; Vogel, Z. HU-446 and
HU-465, Derivatives of the Non-Psychoactive Cannabinoid Cannabidiol, Decrease the Activation of Encephalitogenic T Cells.
Chem. Biol. Drug Des. 2016, 87, 143-153. [CrossRef] [PubMed]

Hampson, A.].; Grimaldi, M.; Axelrod, J.; Wink, D. Cannabidiol and (-)Delta9-Tetrahydrocannabinol Are Neuroprotective
Antioxidants. Proc. Natl. Acad. Sci. USA 1998, 95, 8268-8273. [CrossRef] [PubMed]

Zhukova, N.V,; Karaman, Y.K.; Zhukova, N.V. The Effect of High Fat Food on Erythrocyte Phospholipids, Fatty Acids Composition
and Glutathione Redox-System of Rats with Alimentary Dyslipidemia. Health 2010, 2, 45. [CrossRef]

Thomas, J.P.; Maiorino, M.; Ursini, F.; Girotti, A.W. Protective Action of Phospholipid Hydroperoxide Glutathione Peroxidase
against Membrane-Damaging Lipid Peroxidation. In Situ Reduction of Phospholipid and Cholesterol Hydroperoxides. J. Biol.
Chem. 1990, 265, 454-461. [CrossRef]

Wang, Y.; Mukhopadhyay, P.; Cao, Z.; Wang, H.; Feng, D.; Hasko, G.; Mechoulam, R.; Gao, B.; Pacher, P. Cannabidiol Attenuates
Alcohol-Induced Liver Steatosis, Metabolic Dysregulation, Inflammation and Neutrophil-Mediated Injury. Sci. Rep. 2017, 7, 12064.
[CrossRef] [PubMed]

Bih, C.I; Chen, T.; Nunn, A.V.W,; Bazelot, M.; Dallas, M.; Whalley, B.]. Molecular Targets of Cannabidiol in Neurological Disorders.
Neurotherapeutics 2015, 12, 699-730. [CrossRef]

Hartl, D.; Starosta, V.; Maier, K.; Beck-Speier, I.; Rebhan, C.; Becker, B.F,; Latzin, P.; Fischer, R.; Ratjen, F.; Huber, RM.; et al.
Inhaled Glutathione Decreases PGE2 and Increases Lymphocytes in Cystic Fibrosis Lungs. Free. Radic. Biol. Med. 2005, 39,
463-472. [CrossRef] [PubMed]

Choi, J.-A.; Kim, E.-Y; Song, H.; Kim, C.; Kim, ].-H. Reactive Oxygen Species Are Generated through a BLT2-Linked Cascade in
Ras-Transformed Cells. Free. Radic. Biol. Med. 2008, 44, 624—634. [CrossRef]

Kim, E.-Y,; Seo, ].-M.; Cho, K.-].; Kim, J.-H. Ras-Induced Invasion and Metastasis Are Regulated by a Leukotriene B4 Receptor
BLT2-Linked Pathway. Oncogene 2010, 29, 1167-1178. [CrossRef]

Poeckel, D.; Funk, C.D. The 5-Lipoxygenase/Leukotriene Pathway in Preclinical Models of Cardiovascular Disease. Cardiovasc.
Res. 2010, 86, 243-253. [CrossRef]

Massey, K.A.; Nicolaou, A. Lipidomics of Polyunsaturated-Fatty-Acid-Derived Oxygenated Metabolites. Biochem. Soc. Trans.
2011, 39, 1240-1246. [CrossRef] [PubMed]



Antioxidants 2021, 10, 1157 16 of 16

74.

75.

76.

77.

78.

79.

80.

81.

82.

Ternowitz, T.; Fogh, K.; Kragballe, K. 15-Hydroxyeicosatetraenoic Acid (15-HETE) Specifically Inhibits LTB4-Induced Chemotaxis
of Human Neutrophils. Ski. Pharmacol. Physiol. 1988, 1, 93-99. [CrossRef] [PubMed]

Blunder, S.; Riihl, R.; Moosbrugger-Martinz, V.; Krimmel, C.; Geisler, A.; Zhu, H.; Crumrine, D.; Elias, PM.; Gruber, R.; Schmuth,
M.; et al. Alterations in Epidermal Eicosanoid Metabolism Contribute to Inflammation and Impaired Late Differentiation in
FLG-Mutated Atopic Dermatitis. J. Investig. Dermatol. 2017, 137, 706-715. [CrossRef] [PubMed]

Li, W,; Chang, N.; Tian, L,; Yang, J.; Ji, X.; Xie, J.; Yang, L.; Li, L. MiR-27b-3p, MiR-181a-1-3p, and MiR-326-5p Are Involved in the
Inhibition of Macrophage Activation in Chronic Liver Injury. J. Mol. Med. 2017, 95, 1091-1105. [CrossRef]

Abdo, H.; Mahé, M.M.; Derkinderen, P.; Bach-Ngohou, K.; Neunlist, M.; Lardeux, B. The Omega-6 Fatty Acid Derivative
15-Deoxy-A'2,'-Prostaglandin J2 Is Involved in Neuroprotection by Enteric Glial Cells against Oxidative Stress. J. Physiol. 2012,
590, 2739-2750. [CrossRef]

Bie, Q.; Dong, H.; Jin, C.; Zhang, H.; Zhang, B. 15d-PG]J2 Is a New Hope for Controlling Tumor Growth. Am. J. Transl. Res. 2018,
10, 648-658.

Berman, P,; Sulimani, L.; Gelfand, A.; Amsalem, K.; Lewitus, G.M.; Meiri, D. Cannabinoidomics—An Analytical Approach to
Understand the Effect of Medical Cannabis Treatment on the Endocannabinoid Metabolome. Talanta 2020, 219, 121336. [CrossRef]
Bisogno, T.; Howell, E; Williams, G.; Minassi, A.; Cascio, M.G.; Ligresti, A.; Matias, I.; Schiano-Moriello, A.; Paul, P.; Williams,
E.-].; et al. Cloning of the First Sn1-DAG Lipases Points to the Spatial and Temporal Regulation of Endocannabinoid Signaling in
the Brain. J. Cell Biol. 2003, 163, 463—468. [CrossRef]

Artmann, A,; Petersen, G.; Hellgren, L.I; Boberg, J.; Skonberg, C.; Nellemann, C.; Hansen, S.H.; Hansen, H.S. Influence of Dietary
Fatty Acids on Endocannabinoid and N-Acylethanolamine Levels in Rat Brain, Liver and Small Intestine. Biochim. Biophys. Acta
(BBA) Mol. Cell Biol. Lipids 2008, 1781, 200-212. [CrossRef]

Cao, Z.; Mulvihill, M.M.; Mukhopadhyay, P.; Xu, H.; Erdélyi, K.; Hao, E.; Holovac, E.; Hasko, G.; Cravatt, B.F; Nomura, D.K; et al.
Monoacylglycerol Lipase Controls Endocannabinoid and Eicosanoid Signaling and Hepatic Injury in Mice. Gastroenterology 2013,
144,808-817,e2. [CrossRef] [PubMed]



