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Abstract: The action of UVA radiation (both that derived from solar radiation and that used in
the treatment of skin diseases) modifies the function and composition of keratinocyte membranes.
Therefore, this study aimed to assess the effects of phytocannabinoids (CBD and CBG), used singly
and in combination, on the contents of phospholipids, ceramides, lipid rafts and sialic acid in
keratinocyte membranes exposed to UVA radiation, together with their structure and functionality.
The phytocannabinoids, especially in combination (CBD+CBG), partially prevented increased levels
of phosphatidylinositols and sialic acid from occurring and sphingomyelinase activity after the
UVA exposure of keratinocytes. This was accompanied by a reduction in the formation of lipid
rafts and malondialdehyde, which correlated with the parameters responsible for the integrity and
functionality of the keratinocyte membrane (membrane fluidity and permeability and the activity of
transmembrane transporters), compared to UVA-irradiated cells. This suggests that the simultaneous
use of two phytocannabinoids may have a protective effect on healthy cells, without significantly
reducing the therapeutic effect of UV radiation used to treat skin diseases such as psoriasis.

Keywords: phospholipids; ceramides; lipid rafts; membrane fluidity; membrane electrical charge;
transmembrane transporters; phytocannabinoids

1. Introduction

The skin acts as a barrier separating the interior of the human body from the environ-
ment, and normal skin functions are inextricably linked to the proper functioning of cellular
membranes, especially those of cells that make up the epidermis. The phospholipids that
make up the lipid bilayer play an important role in modulating the immune response and
transducing signals to reach the interior of cells [1]. Within the lipid bilayer, in addition
to phospholipids, there are specialized microdomains called lipid rafts, which are rich in
cholesterol, sphingolipids and gangliosides, as well as proteins. These rafts are heteroge-
neous in both lipid and protein contents, while their structures are dynamic, resulting in
continuous changes in the components that participate in physiological processes with
different roles, including transport and receptor functions [2,3]. Therefore, it is believed that
the disruption of physiological cellular functions results, among other factors, from changes
in the lipid–protein structure of cell membranes and, thus, the number of functional groups
on their surfaces. This causes changes in the electrical properties and fluidity of the skin
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cell membrane, which is also modified by exogenous factors [4], including UVA radiation,
which accounts for up to 95% of all UV radiation and, as a part of sunlight, penetrates
the atmosphere while traveling to the Earth’s surface [5]. UVA radiation reaches both
the basal cells of the epidermis (keratinocytes) and cells of the dermis (fibroblasts) with
blood vessels, also affecting dendritic, endothelial and immune cells [6]. Therefore, this
radiation plays an important role in the proper functioning of the human body, including
the initiation of the biosynthesis of biologically active compounds, as well as the induction
of skin immunoprotection [7].

By increasing the generation of reactive oxygen species (ROS) and reducing the ef-
fectiveness of endogenous antioxidants [8], UVA radiation promotes a pro-inflammatory
environment in keratinocytes [9]. The consequences include oxidative modifications of cel-
lular components, including lipids and cellular proteins [8,10,11]. Among the preferential
targets of ROS action are membrane phospholipids, leading to their peroxidation and, by
increasing the activity of lipolytic enzymes, an increase in their enzymatic metabolism. This
leads to increased levels of lipid mediators, including endocannabinoids and eicosanoids,
which play important roles in redox and inflammatory processes [12,13]. Moreover, in
relation to cell membranes, this disrupts the lipid bilayer structure, which in turn may
contribute to modifications of membrane properties, such as electrical charge and mem-
brane fluidity [14]. Altered membrane fluidity can also affect the functions of membrane
proteins by modifying their lipid microenvironments and their interactions with other
membrane components, thereby altering membrane functionality [15,16]. To prevent such
consequences, there is a constant search for compounds, especially lipophilic compounds
of natural origin, that easily penetrate the lipid bilayer and are characterized by the ability
to prevent metabolic disorders under UVA radiation.

The pharmacotherapeutic potential of secondary metabolites of Cannabis sativa L.,
such as phytocannabinoids, has been of great research interest in the last decade due
to their chemical properties and associated biological effects. One of the best-studied
phytocannabinoids in the context of pharmacotherapy is cannabidiol (CBD), which can
modulate intracellular redox and inflammatory signaling [17,18], both through the direct
regulation of ROS production and by regulating the expression of the transcription factors
Nrf2 and NFκB. In addition, CBD, by influencing the activity of enzymes that metabolize
phospholipids to endocannabinoids, which activate membrane receptors coupled with G
proteins, especially CB1 and CB2, indirectly participates in the regulation of ROS and TNFα
levels [17]. Even more effective appears to be another phytocannabinoid, cannabigerol
(CBG), which effectively reduces UVA/B-radiation-elevated ROS levels [19]. Interestingly,
other metabolic actions of this compound have not yet been as thoroughly studied as
those of CBD. However, CBG has been found to inhibit the release of pro-inflammatory
cytokines in UV-treated cells more potently than CBD [19]. Consequently, the antioxidant
effect of phytocannabinoids promotes a reduction in oxidative stress and its UV-induced
consequences and prevents inflammation [20], ultimately providing photoprotection to
skin cells. This is even more important, as UV radiation is used therapeutically in the
treatment of some skin diseases, including psoriasis [21].

The present study aimed to evaluate the effects of CBD and CBG, both alone and in
combination, on the lipid components of the cell membranes of keratinocytes exposed
to UVA irradiation. The use of these compounds may consequently contribute to the
protection of the intracellular metabolism of these cells.

2. Results

Univariate analysis (one-way ANOVA and Tukey’s post hoc test) was used to assess the
variation in the relative abundance of the phospholipid classes under the study conditions
(Figure 1). We found that PCs were upregulated in non-irradiated keratinocytes treated
with both CBD and CBG. Moreover, a general tendency toward a decrease in relative SM
content was observed after CBD or CBG treatment. However, when compared with control
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cells, a significant downregulation of SM was observed in keratinocytes treated with both
CBD and CBG (Figure 1).
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CBD (5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured with CBD (5 µM) and CBG (1 µM)
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Significant changes in the phospholipid profile were also observed in keratinocytes
irradiated with UVA when compared to control cells. These changes included the up-
regulation of PC and the downregulation of SM. In addition, keratinocytes exposed to
UVA radiation demonstrated an upregulation of both PS and PI. No significant differences
were found between the phospholipid profiles of UVA-irradiated keratinocytes after CBD
or CBG treatment, with the exception of the downregulation of PI (Figure 1). However,
it should be noted that in comparison with non-irradiated keratinocytes, the exposure
of these cells to both phytocannabinoids simultaneously (CBD+CBG) led to the dramatic
downregulation of both PI and SM. In addition to these changes, we also found a significant
upregulation of PC in UVA-irradiated cells following treatment with both CBD and CBG
when compared with UVA-irradiated cells (Figure 1).

Considering the results obtained in ceramide profiling, we focused on ceramides
containing non-hydroxy fatty acids and sphingosine (CER[NS]) and ceramides containing
non-hydroxy fatty acids and dihydrosphingosine (CER[NDS]). These were the most abun-
dant and represented the two main CER classes among all ceramide species identified in
all examined keratinocyte groups (Figure 2).

Our results demonstrated a significant upregulation of CER[NDS] and CER[NS] in
keratinocytes treated with CBG and with both CBG and CBD, accompanied by an increase
in the activity of SMase observed in these experimental groups compared with the control
group. Interestingly, the treatment of control keratinocytes with CBD led to a significant
increase in the level of CER[NS] but not CER[NDS]. The exposure of keratinocytes to UVA
caused a dramatic increase in both the activity of SMase and the contents of ceramides
belonging to both classes. However, we observed an additional upregulation of CER[NDS]
in UVA-irradiated keratinocytes after treatment with both CBD and CBG (Figure 2).

A similar change was observed in the tendency of lipid rafts to form in keratinocytes.
Phytocannabinoids applied either alone or together did not affect lipid raft formation in the
control keratinocytes (Figure 3). Conversely, a statistically significant increase in the lipid
order parameter was found after UVA irradiation, indicating enhanced lipid raft formation.
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The introduction of either CBG alone or CBD+CBG in keratinocytes after UVA irradiation
reduced the tendency for lipid raft formation. In contrast, the application of CBD alone did
not affect lipid raft formation in either the control or UVA-exposed keratinocytes.
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Fluorescence measurements using cell staining with TMA-DPH (anchored to the polar
parts of the membrane) and DPH (attached deeper in the hydrophobic, non-polar parts of
phospholipids) were used to study the fluidity of keratinocyte cell membranes (Figure 4).
It was shown that UVA irradiation caused a significant decrease in anisotropy in the polar
regions of the keratinocyte membrane, indicating increased fluidity. The introduction of
CBD into the medium after UVA irradiation resulted in a greater decrease in membrane
rigidity (i.e., an increase in fluidity), while the opposite effect was observed after CBG and
CBD+CBG administration compared with cells that were UVA-irradiated only.
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(5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured with CBD (5 µM) and CBG (1 µM) for
24 h; irradiated with UVA (30 J/cm2); irradiated with UVA (30 J/cm2) and cultured with CBD (5 µM)
for 24 h after irradiation; irradiated with UVA (30 J/cm2) and cultured with CBG (1 µM) for 24 h;
irradiated with UVA (30 J/cm2) and cultured with CBD (5 µM) and CBG (1 µM) for 24 h. Values are
mean ± SD, p < 0.05; a, significantly different from control; x, significantly different from UVA group.
The results are presented as the rs/r0 ratio, where rs and r0 are the anisotropy values for the test and
control samples, respectively.

These results confirmed previous reports [4] showing that the UVA irradiation of
keratinocytes is accompanied by a shift in the redox balance toward oxidative condi-
tions, increasing the level of the classic lipid peroxidation product MDA (Figure 5) by
approximately 20% compared with controls. The application of CBD, CBG and CBD+CBG
together reduced MDA levels in unexposed keratinocytes by approximately 30%, 25% and
30%, respectively. However, following UVA irradiation, the phytocannabinoids reduced
MDA levels by approximately 15% and 20% compared to irradiated cells for CBG and
CBD+CBG, respectively. Interestingly, there were no significant changes observed after
CBD administration.
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Figure 5. The levels of lipid peroxidation product (MDA) in the following keratinocyte groups:
control; cultured with CBD (5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured with CBD
(5 µM) and CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2); irradiated with UVA (30 J/cm2)
and cultured with CBD (5 µM) for 24 h after irradiation; irradiated with UVA (30 J/cm2) and cultured
with CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2) and cultured with CBD (5 µM) and CBG
(1 µM) for 24 h. Values are mean ± SD, p < 0.05; a, significantly different from control; x, significantly
different from UVA group.
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The introduction of CBD and/or CBG into control keratinocytes’ media did not affect
the levels of sialic acid, which is one of the main components of cell membrane glycolipids
and glycoproteins. In contrast, and in addition to altering the composition of membrane
phospholipids, UVA radiation increased sialic acid levels by approximately 45% compared
to control cells (Figure 6). However, the application of CBD, CBG and CBD+CBG after
UVA irradiation significantly reduced sialic acid levels compared with UVA-exposed cells
by approximately 20%, 25% and 25%, respectively. The direction of the change in the
level of sialic acid corresponds to the direction of the change in the electric charge of
the keratinocyte membrane (Figure 6). The negative electrical charge of the membrane
increased after the UVA irradiation of cells by approximately 20% compared to the control
cells. By contrast, the introduction of CBD and CBG individually and in combination into
the cell medium after UVA irradiation of cells reduced the negative charge of the membrane
by approximately 15%, 20% and 20%, respectively, compared with cells irradiated with
UVA alone.
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Figure 6. The sialic acid content and the surface charge density of the following keratinocyte groups:
control; cultured with CBD (5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured with CBD
(5 µM) and CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2); irradiated with UVA (30 J/cm2)
and cultured with CBD (5 µM) for 24 h after irradiation; irradiated with UVA (30 J/cm2) and cultured
with CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2) and cultured with CBD (5 µM) and CBG
(1 µM) for 24 h. Values are mean ± SD, p < 0.05; a, significantly different from control; x, significantly
different from UVA group.

Changes in the composition of keratinocyte cell membranes following exposure to
UVA affected cell function. We observed that after UVA, the membrane permeability of ker-
atinocytes increased by approximately 30%, based on LDH leakage from the cells (Figure 7).
The introduction of CBG into keratinocyte media individually and in a CBD+CBG system
after UVA irradiation reduced this leakage by approximately 15% and 20%, respectively.
It can therefore be concluded that CBG administered both alone and together with CBD
reduces the degree of membrane damage to keratinocytes following radiation exposure.

After UVA exposure, the activity of multiple ABC-cassette transporters (MDR1, MRP,
BCRP) increased significantly (Figure 8). However, the introduction of CBD and CBG
alone and in combination into keratinocytes after UVA irradiation decreased the activity of
MDR1, MRP and BCRP compared with UVA-irradiated cells.
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Figure 7. The activity of lactate dehydrogenase (LDH) in the media of the following keratinocyte
groups: control; cultured with CBD (5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured
with CBD (5 µM) and CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2); irradiated with UVA
(30 J/cm2) and cultured with CBD (5 µM) for 24 h after irradiation; irradiated with UVA (30 J/cm2)
and cultured with CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2) and cultured with CBD
(5 µM) and CBG (1 µM) for 24 h. Values are mean ± SD, p < 0.05; a, significantly different from
control; x, significantly different from UVA group.
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Figure 8. The activity of ABC-cassette transporters (MDR1, MRP, BCRP) in the following keratinocyte
groups: control; cultured with CBD (5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured
with CBD (5 µM) and CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2); irradiated with UVA
(30 J/cm2) and cultured with CBD (5 µM) for 24 h after irradiation; irradiated with UVA (30 J/cm2)
and cultured with CBG (1 µM) for 24 h; irradiated with UVA (30 J/cm2) and cultured with CBD
(5 µM) and CBG (1 µM) for 24 h. Values are mean ± SD, p < 0.05; a, significantly different from
control; x, significantly different from UVA group.

The decrease in the activity of keratinocyte membrane transporters under the influence
of the phytocannabinoids used was accompanied by an increase in the expression of
G-protein-coupled receptors (CB1/2 and PPARγ) (Figure 9). The exposure of cells to
UVA radiation significantly increased the expression of the above-mentioned receptors.
However, the phytocannabinoids used, especially in the CBD+CBG system, did not affect
the expression of CB1 and CB2, but they significantly reduced the expression of the PRAPγ
receptor in UVA-treated keratinocytes.
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control; cultured with CBD (5 µM) for 24 h; cultured with CBG (1 µM) for 24 h; cultured with CBD
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(1 µM) for 24 h. Values are mean ± SD, p < 0.05; a, significantly different from control; x, significantly
different from UVA group.

3. Discussion

The integrity of cell membranes, resulting from their physiological composition, en-
sures both proper intracellular metabolism and intercellular communication [22]. The
main structural element of the cell membrane is the phospholipid bilayer, containing
sphingolipid- and cholesterol-enriched lipid rafts, which determine its structure and fa-
cilitate signal transduction and intracellular transport [2]. Keratinocytes, which are the
major cell type in the epidermis, are constantly exposed to physicochemical environmental
factors, including solar radiation containing UVA. This environmental insult significantly
affects the metabolism of keratinocytes, including the redox balance and inflammatory
processes [23]. The resulting pro-oxidative conditions promote modifications to the compo-
nents of keratinocyte membranes, including lipids and proteins, resulting in changes to both
the structure and function of cell membranes and impaired intracellular metabolism [24].

Our previous results [25,26] and the present study show that UVA radiation promotes
the upregulation of keratinocyte membrane phospholipids, such as PC, PS and PI, and
the downregulation of SM, with no changes in PE content. The reduction in SM content
under the influence of UVA is related to the increased metabolism of SM because of
increased SMase activity. These observations are consistent with the literature indicating
that UVA radiation increases the mRNA expression of acidic and neutral SMases [27]. Given
the increase in ceramide levels, the stimulation of sphingomyelin–ceramide pathways
may be suggested, since the enzymatic hydrolysis of sphingomyelin is one of the main
mechanisms leading to the formation of ceramides and phosphocholines [28]. In addition,
the phosphocholine formed in these transformations can be further used for the synthesis
of PC [28], which may be the reason for the increase in the relative content of PC observed
following UVA irradiation in this study. Similar effects were also observed when SM
levels were decreased by inhibitors of sphingolipid synthesis or SMase action [29]. The UV
irradiation of keratinocytes also promotes the generation of pro-inflammatory cytokines
(interferon-γ, TNF-α and IL-1ß), which may lead to increased ceramide synthesis resulting
from SMase activation [30,31]. Moreover, previous data confirm that an increase in ceramide
levels is observed as a consequence of the increased activity of acid SMase, which leads
to the increased hydrolysis of SM in human skin cells [32]. In turn, ceramides provide
a platform for the accumulation and activation of cytokine receptors, including TNFR1
receptors and ion channels, specifically the potassium channel Kv1.3 and the calcium-
release-activated calcium channel (CRAC) [33,34].

The changes observed in the composition of the lipid bilayer may be the reason for the
reorganization of the cell membrane structure, including the increased movement of PS
to the outer layer of the cell membrane. This was indicated by the change in the surface
membrane charge and increased cholesterol efflux from the cells, both dependent on and
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independent of the ABCA1 transporter [29]. Regardless of the qualitative and quantitative
changes in the structure of phospholipids, there is an increase in the total level of sialic acid
following UVA exposure. Sialic acid is a component of glycolipids and glycoproteins and
carries a negative charge on the surface of keratinocyte membranes. Previous data support
a link between increased sialic acid levels and the UVA-induced enhancement of membrane
sialylation [35], which plays an important role in cell signaling [36], cell adhesion [37] and
cell–cell communication [38]. Changes in surface glycosylation, especially in terminal sialic
acids, can also directly enhance phagocytosis to regulate apoptotic cell clearance [38]. In
addition, sialic acid can bind to Siglec receptors on the surface of lymphocytes and inhibit
immunoglobulin receptor (BCR)-mediated signaling [39]. A consequence of changes in
both phospholipid composition and sialic acid levels in keratinocyte membranes is a differ-
ent number of functional groups on the membrane surface and, consequently, changes in
the electrical properties of the membrane, which is confirmed by the present and previous
results [4,40]. UVA radiation causes an increase in the negative charge on the surface of
UVA-exposed keratinocytes compared with controls, which corresponds to an increase in
sialic acid content and the higher exposure of phosphatidylserine on the outer surface of the
cell membrane [41]. Changes in the quantity and type of polar groups on the cell membrane
surface and the increased number of lipid rafts [42] contribute to the increased fluidity of
the polar part of the membrane, a finding confirmed by our results. Conversely, the previ-
ous literature and our observations herein indicate that the increased levels of ceramides
and cholesterol lead to an increase in the formation of sphingolipid- and cholesterol-rich
microdomains (lipid rafts) in cell membranes, which promote their integrity [43]. How-
ever, this situation can exacerbate inflammatory processes and immunosuppression [2].
The increase in lipid raft formation under UVA radiation can also be associated with a
mechanism that triggers cell apoptosis, as UV radiation is one of the stimuli that modify
the components of lipid rafts (like the above-mentioned PC and SM) but also affect gene
expression and control apoptosis via the aggregation of the Fas protein and the promotion
of the Death-Inducing Signaling Complex (DISC) [44]. However, other inflammatory mech-
anisms cannot be ruled out, as it is well known that UV induces many pro-inflammatory
factors, including COX-2, TNF-α, IL-6, IL-10, IL-12, iNOS and others [24]. This can lead to
the formation of so-called inflammarafts, which are enlarged lipid rafts [45], as a reaction
to inflammatory factors induced by UV radiation. Although the concept of inflammarafts
has been described for glial cells [45], it cannot be ruled out that they can also be formed in
the keratinocyte membrane, especially given that their development was also observed by
Navia-Pelaez in macrophage cells [46]. The increased generation of ROS accompanying the
exposure of keratinocytes to UVA radiation [23] may also cause an increase in the number
of lipid rafts, which was observed, for example, in T lymphocytes [47]. At the same time,
however, UVA radiation promotes enhanced ROS reactions, both with phospholipid PUFAs,
with the formation of cyclic prostaglandin derivatives, and with free PUFAs, derived from
the reaction of lipolytic enzymes with phospholipids to form low-molecular peroxidation
products, namely, aldehydes, including MDA [48,49], which is confirmed by our current
results. Therefore, the structure and function of cell membranes are modified, including the
disruption of membrane permeability. In turn, the resulting highly reactive protein-binding
unsaturated aldehydes disrupt cellular antioxidant capacity and intracellular signaling,
affecting intracellular metabolism [50,51].

On the other hand, changes in keratinocyte membrane permeability are also associated
with the increased expression of ABC membrane transporters, including BCRP, under
the influence of UVA radiation. The literature data indicate that the oxidative stress
that accompanies the UVA irradiation of keratinocytes [13] promotes the activation of
these ABC transporters. This facilitates the transport of both exogenous and endogenous
substances across membranes, which may additionally disturb cellular metabolism [52].
However, it is known that BCRP, in addition to its protective role against toxins, significantly
stimulates the differentiation of immune cell activation in skin cells in response to harmful
environmental factors [53].
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To prevent the effects of the modified composition and organization of the keratinocyte
membrane structure under the influence of UV radiation, both as a component of sunlight
and as the irradiating agent used in the phototherapy of skin diseases such as psoriasis,
effective therapeutic solutions are sought, especially those based on the use of natural
compounds, such as phytocannabinoids [4,54]. Being predominantly lipophilic, they easily
penetrate the lipid bilayer to protect the components of cell membranes; in addition, by
penetrating the cytosol, they also protect against metabolic disorders [13]. Regardless of the
possibility of the penetration of lipophilic phytocannabinoids through the phospholipid
structures of keratinocyte membranes, they can be transported, like other compounds, by
ABC transporters that participate in the supply–removal of both exogenous and endoge-
nous compounds. The results of this study indicate that the used phytocannabinoids reduce
the transport across the membranes of keratinocytes, both control and, above all, UVA-
irradiated. This reduces the absorption and removal of potentially toxic substances [13].
Therefore, it is natural for the expression of transporters to increase after UVA irradiation
and to decrease after the use of phytocannabinoids. The regulation of protein expres-
sion and transport depends on several factors, including the Nrf2 transcription factor,
the effectiveness of which depends, among others, on activators and inhibitors, as well
as on NFkB [55], the level of which is modified by both UVA radiation and the phyto-
cannabinoids used [56]. Therefore, the presented results also indicate the regulatory role of
phytocannabinoids, especially those acting as a team, in regulating membrane transport.
BCRP deficiency has also been shown to reduce the PPIX distribution in the skin and thus
prevent EPP-related phototoxicity [57].

Based on the previous literature, it can be suggested that the presence of hydroxyl
groups at positions 1 and 3 of the phenolic ring in the structures of CBD and CBG provides
the ability to interrupt free radical chain reactions by trapping free radicals or convert-
ing radicals into less active forms [58,59]. It is also known that CBD, by chelating the
transition metal ions involved in the Fenton reaction, also reduces the UVA-enhanced
generation of extremely reactive hydroxyl radicals [60]. In addition to the direct reduction
in ROS levels and the stabilization of the redox balance, both CBD and CBG also act indi-
rectly through the modulation of endocannabinoid metabolism (anandamide, AEA, and
2-arachidonoylglycerol, 2-AG) and the activation of G-protein-coupled and peroxisome
proliferator-activated membrane receptors, which may play a key role in the regulation of
both the redox balance and inflammation [58,61–63]. CBD and CBG are known to have a
weak affinity for the cannabinoid receptor CB1, whose activation results in the increased
production of ROS and TNFα and promotes oxidative stress and inflammation [64]. In
contrast, as CBG is a strong agonist and CBD is a weak CB2 antagonist, these two phyto-
cannabinoids have different abilities to activate these receptors [59,65]. Consequently, CBG
promotes a reduction in ROS and TNFα generation, thereby enhancing the antioxidant and
anti-inflammatory responses [66]. This may be the reason for the varied responses of mem-
brane components to the application of CBD, CBG and CBD+CBG. Since phospholipids,
belonging to the PC class, are the main reservoir of unsaturated fatty acids susceptible to
oxidation, the increase in PC content observed in UVA-irradiated keratinocytes treated
with CBD and CBG may be a result of the antioxidant properties of these compounds and
decreased lipid peroxidation in these cells. The treatment of UVA-irradiated keratinocytes
with phytocannabinoids (CBD and CBG, separately and together) partially prevented the
upregulation of PI resulting from irradiation. Interestingly, the greatest PI reduction was
observed after the exposure of cells to both phytocannabinoids simultaneously, and similar
changes were observed in the content of sialic acid. Reducing the amount of this acid
caused changes in the number of negatively charged groups on the membrane surface and
thus reduced the negative charge of the keratinocyte membrane and membrane fluidity,
especially in the polar portion. Both the results of this work and the previous literature [67]
show that CBG has slightly (but often statistically significantly) better protective proper-
ties than CBD. It is believed that CBG’s ability to regulate lipid metabolism is primarily
related to its effect on PPAR receptors. CBG has been shown to have a greater affinity for
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the PPARγ receptor than CBD [68,69], which would explain the intense changes in the
phospholipid profile of keratinocytes treated with this compound. In addition, the action of
phytocannabinoids on cannabinoid receptors inhibits adenylyl cyclase and voltage-gated
calcium channels, as well as kinases and potassium channels, including mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-phosphatidyl kinase (PI3K)/AKT [70].
It should be stressed that the PI3K/AKT/mTOR pathway is one of those required for
protein synthesis and the induction of other intercellular pathways, such as the MAPK
pathway, which plays an important role in the regulation of cell survival, proliferation and
apoptosis [71]. The phytocannabinoids used in the present study exhibit antioxidant and
anti-inflammatory effects [58,66,72], which can be used in the treatment of skin diseases
such as psoriasis [55,62]. The results of this study confirm that the application of CBD
and CBG separately and in combination reduces the severity of oxidative stress, which
was assessed based on the level of MDA, which was decreased in both unexposed and
UVA-irradiated keratinocytes.

Other studies [73] have shown that CBD incorporated into cell membranes changes
the orientation of cholesterol in the phospholipid environment and reduces its transverse
diffusion. This, in turn, alters the biophysical properties of cell membranes, including their
fluidity, as shown in this study, and affects the function of proteins, especially transmem-
brane proteins, which are regulated by lipid rafts and whose formation in UVA-irradiated
keratinocytes is inhibited specifically by the use of CBG and CBG+CBD. This may suggest
the higher effectiveness of CBG, especially in a lipophilic environment. This effect is also
confirmed by changes in the levels of the phospholipid classes and peroxidation product
(MDA) observed in our studies. This is also confirmed by more intense changes in the ac-
tivity of membrane transporters (ABC). This assumption can be considered consistent with
literature data, including, e.g., a study showing that the release of pro-inflammatory cy-
tokines induced by UVA radiation in human dermal fibroblasts (HDFs) and normal human
epidermal keratinocytes (NHEKs) was inhibited more strongly by CBG than by CBD [19].
Also, CBG, compared to CBD, showed a stronger antibacterial effect [74]. The effect of
phytocannabinoids on proteins may relate to both transcriptional and post-transcriptional
interactions, which may partly explain the higher expression of collagen I, elastin and
fibronectin found after the use of CBD [19]. In addition, the enhanced effects of both
tested phytocannabinoids can be attributed to the synergistic or additive effects of these
two compounds, as confirmed by changes in the levels of phospholipid classes and their
peroxidation product. This is confirmed by the results of other authors indicating that
CBD promotes the anti-inflammatory effect of CBG [75], and the interaction between both
phytocannabinoids reduces the viability of glioblastoma cells [76].

4. Materials and Methods
4.1. Cell Culturing and Treatment

Studies were performed on immortalized human keratinocytes (CDD 1102 KERTr), which
were purchased from the American Type Culture Collection ATCC® (Manassas, VA, USA).
Keratinocytes from passage 10 were used for the study. Keratinocytes were cultured in
Keratinocyte Serum-Free Medium (Gibco, Grand Island, NY, USA) containing epidermal
growth factor (EGF 1-53) (5 µg/L), fetal bovine serum (10%) and antibiotics (50 U/mL
penicillin and 50 µg/mL streptomycin). All cell culture experiments were performed under
sterile conditions, including sterile plastics and cell culture reagents purchased from Gibco
(Grand Island, NY, USA). After reaching 70% confluence, the keratinocytes were exposed to
UVA radiation (365 nm, 30 J/cm2) (Bio-Link Crosslinker BLX 365, Vilber Lourmat, Germany).
The above dose of UVA reduced cell survival to about 70% (measured by the MTT test using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [77] and created pro-oxidative
conditions [8]. In order to prevent heat stress, the surroundings of the plates were cooled with
ice, and the cells to be irradiated were suspended in phosphate-buffered saline (PBS, 4 ◦C);
the distance of the culture plates from the lamps was kept at 15 cm.
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In order to study the effects of CBD (THC Pharm GmbH, Frankfurt, Germany) and/or
CBG (Cayman Chemical Company, Ann Arbor, MI, USA) on keratinocytes (inspection
and UVA irradiation), the following solutions of these phytocannabinoids were prepared:
stock solution of CBD (32mM) was prepared by dissolving 1mg of CBD in 99.4 µL of
ethanol (99.8%) and then diluting the prepared solution with ethanol to a concentration
of 1.6 mM, which was added to the culture medium (3 µL/1ml of medium) to obtain
a concentration of 5 µM, used into the keratinocyte culture medium; stock solution of
CBG (32 mM) was prepared by dissolving 1 mg of CBG in 98.7 µL of ethanol (99.8%)
and then diluting this solution with ethanol to a concentration of 0.33 mM, which was
added to the culture medium (3 µL/1ml of medium) to obtain a concentration of 1 µM,
used into the keratinocyte culture medium. To obtain a solution containing CBD and
CBG, 10 µL of CBD stock solution and 2µL of CBG stock solution were mixed in 190µL of
ethanol and further proceeded as above. Cells were cultured for 24 h in media containing
CBD and/or CBG at concentrations of 5 µM and 1 µM, respectively, which were selected
according to at least 85% viability checked by the MTT test [77]. Phytocannabinoid solutions
were prepared in ethanol with a final concentration in the medium of 0.3%. After 24 h
of incubation, control keratinocyte cells (control), UVA-irradiated keratinocytes (UVA)
and phytocannabinoid-treated keratinocytes (including CBD; CBG; CBD+CBG group)
and groups of keratinocytes irradiated with UVA and treated with phytocannabinoids
(UVA+CBD; UVA+CBG; UVA+CBD+CBG) were washed 3 times with PBS (4 ◦C), collected
by scraping and sonicated in cold PBS (4 ◦C) on ice. The samples were then centrifuged,
and the resulting precipitate was used for further research. The total protein content of the
cell lysate was measured by the Bradford test [78]. Experiments were carried out on eight
research groups, with cells from the same group grown in 6 different plates/wells to obtain
6 replicates (n = 6).

4.2. Analysis of Keratinocyte Membrane Component Phospholipids
4.2.1. Lipid Extraction and Quantification of Total Phospholipid Content

Total lipids were extracted from cell pellets with the use of the Bligh and Dyer
method [79]. Quantification of the amounts of phospholipids in each extract was per-
formed according to the Bartlett and Lewis method [80]. All experimental procedures for
lipid extraction and phospholipid quantification were described in detail in a previously
published paper [25].

4.2.2. Phospholipid Profiling by Hydrophilic Interaction Liquid Chromatography Coupled
with High-Resolution Tandem Mass Spectrometry

Phospholipids were separated by hydrophilic interaction liquid chromatography using
a UPLC system (Agilent 1290; Agilent Technologies, Santa Clara, CA, USA) coupled with
a QTOF mass spectrometer (Agilent 6540; Agilent Technologies, Santa Clara, CA, USA).
Internal standards of PC (14:0/14:0), LPC (19:0), PE (14:0/14:0), PI (16:0/16:0) and PS
(14:0/14:0) were used for the quantification and assessment of the ion variations. The
mixture composed of solvent A (ACN/MeOH/water 50:25:25 (v/v/v) with 1 mM ammo-
nium acetate) and solvent B (ACN/MeOH 60:40 (v/v) with 1 mM ammonium acetate) was
used as the mobile phase. Gradient elution was applied starting with 0% A, increased
linearly to 100% A within 20 min and held for 15 min, and then returned to 0% A in 10 min.
Then, 25 µg of each phospholipid extract corresponding to a volume of 10 µL was mixed
with 90 µL of the mobile phase (60% of A and 40% of B). A volume of 10 µL of the diluted
sample was loaded into an Ascentis Si column (15 cm × 1 mm, 3 µm, Sigma-Aldrich) with
a mobile-phase flow rate of 40 µL per min. The QTOF mass spectrometer was operated
using the negative-ion mode (electrospray voltage, −3000 V) with a capillary temperature
of 250 ◦C and a sheath gas flow of 13 L/min. The data-dependent acquisition mode (DDA)
was used for data collecting in the range of m/z 100–1500 with a fixed collision energy
of 35 eV. The LPE, PE, PI and PS species were analyzed as [M − H]− ions, while LPC,
PC and SM species were analyzed as [M + CH3COO]− adducts. Data acquisition was
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carried out with the use of Mass Hunter data software (version B0.8.0, Agilent Technologies,
Santa Clara, CA, USA). The relative content of each phospholipid ion species was achieved by
normalizing the area of each peak to the peak area of the corresponding internal standard. The
retention times and obtained MS/MS spectra were the basis of phospholipid identification.

4.2.3. Ceramide Profiling by Reversed-Phase Chromatography Coupled with
High-Resolution Tandem Mass Spectrometry RPLC-MS/MS Analysis of Ceramides

An Agilent UPLC-ESI-QTOF-MS system (Agilent 1290; Agilent 6540; Agilent Technolo-
gies, Santa Clara, CA, USA) was used to characterize the CER profiles. The mobile phase
was composed of solvent A (water with 20 mM ammonium formate, pH 5) and solvent B
(methanol). Initially, 70% B was held isocratically for 1 min, followed by a linear increase
to 100% B within 75 min and a return to initial conditions in 5 min. The ceramides were
separated on an RP C18 column (Acquity BEH Shield 2.1 mm × 100 mm; 1.7 µm; Waters,
Milford, MA, USA) with a flow rate of 0.5 mL/min. The QTOF mass spectrometer was
operated in positive-ion mode (electrospray voltage 3.5 kV) with a capillary temperature
of 300 ◦C and a sheath gas flow rate of 8 L/min. The data were collected in DDA mode.
Identification of ceramide species was based on the presence of the [M + H]+ molecular
ion, retention time and characteristic fragmentation patterns observed in MS/MS spectra,
which were previously described in detail [81].

4.2.4. Determination of Sialic Acid Level

The modified Svennerholm’s resorcinol method was used to determine the total sialic
acid content in keratinocyte membranes [82]. Color intensity was measured at 630 nm using
a diode array spectrophotometer (Hewlett Packard, Palo Alto, CA, USA). The sialic acid
concentration was read from the standard curve of the N-acetylneuraminic acid solution
and recalculated as mg of protein.

4.3. Evaluation of Lipid Peroxidation

Lipid peroxidation was evaluated by measuring the level of malondialdehyde (MDA).
This aldehyde was determined and quantified as the O-(2,3,4,5,6-pentafluoro-benzyl)-
oxime-trimethylsilane (O-PFB-oxime-TMS) derivative by gas chromatography–tandem
mass spectrometry using a modified method from Luo et al. [83]. In short, the cell lysates
were incubated for 60 min at room temperature with O-(2,3,4,5,6-pentafluoro-benzyl)
hydroxylamine hydrochloride (0.05 M in PIPES buffer, 200 µL), and benzaldehyde-D6 was
used as an internal standard (ISTD). The GC-MS system included a GC-7000 quadrupole
tandem mass spectrometer, 7890A (Agilent Technologies, Palo Alto, CA, USA), equipped
with an HP-5 ms capillary column (30 m × 0.25 mm × 0.25 µm). Analyses were performed
by monitoring m/z 204.0 and 178.0 ions for MDA-PFB-TMS and the m/z 307.0 ion for the
ISTD derivative [40,84]. Any results obtained were recalculated as mg of protein.

4.4. Determination of Surface Charge Density

The electrophoretic mobility of keratinocyte cell membranes was determined us-
ing the Zetasizer Nano ZS apparatus (Malvern Instruments, Malvern, UK), as described
previously [85]. The surface charge density was determined from electrophoretic mobility
using the following formula:

δ =
η·u
d

where u is the electrophoretic mobility, η is the viscosity of the solution, and d is the diffuse
layer thickness. The diffuse layer thickness was determined from the following formula

d =
√

ε·ε0·R·T
2·F2·I , where ε·ε0 is the permeability of the electric medium, R is the gas constant,

T is temperature, F = 96,487 (C·mol−1) is the Faraday constant, and I is the ionic strength of
0.9% NaCl.
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4.5. Measurements of Membrane Fluidity

Changes in membrane fluidity in the analyzed cells were studied using fluores-
cence staining by TMA-DPH (staining hydrophilic parts of the cell membrane) and DPH
(anchored in the deeper, hydrophobic chains of cell membrane phospholipids). Fluores-
cence labels were dissolved in methanol (TMA-DPH) and THF (DPH). Labeled probes were
well vortex-mixed and incubated for 20 min (t = 25 ◦C). Then, fluorescence anisotropy (r)
was measured for both TMA-DPH (λexc. = 340 nm, λem. = 430 nm) and DPH (λexc.= 348 nm,
λem. = 426 nm). The values of fluorescence anisotropy were automatically calculated by
the Perkin-Elmer (LS-55B) spectrofluorometer software (FL WINLAB version. 4.00.02)
according to the Jablonski equation (Equation (1)) [86,87]:

r =
IVV − GIVH

IVV + 2GIVH
(1)

where IVH and IVV are, respectively, the vertical values of the fluorescence intensity of the
horizontal and vertical polarizations of the excitation light beam, while the G factor is the
grating correction factor correcting the polarizing effects of the monochromator.

4.6. Analysis of Lipid Raft Formation Using Fluorescence Technique

To study lipid raft formation in the investigated cells, the d-4-ANEPPDHQ (dissolved
in DMSO) fluorescent marker was used, which binds to the polar region of phospholipids.
The label was added to cells suspended in 10 mM PBS (pH = 7.4) at a final concentration of
1 µM. The prepared samples were well vortex-mixed and incubated for 20 min at 25 ◦C.
Lipid raft formation was analyzed according to Czajkowska-Szczykowska et al. [87].

4.7. Membrane Permeability

In order to assess changes in the permeability of the keratinocyte membrane under the
influence of physical (UVA) and chemical (phytocannabinoids) factors, the efflux of lactate
dehydrogenase (LDH) from the cells into the medium was determined [77]. LDH activity
in the medium was determined based on changes in the NADH level in the presence
of pyruvate, measured spectrophotometrically (340 nm using Multiskan GO Microplate
Spectrophotometer, Thermo S. Scientific, Waltham, MA, USA). The amount of LDH released
from the cells was calculated by comparing the activity in the medium with that of the
whole-cell lysate.

4.8. Transmembrane Transporter Activity

The activity of membrane ABC-cassette transporters (human multidrug resistance 1
(MDR1), multidrug resistance protein (MRP1) and breast cancer resistance protein (BCRP))
was determined using the MDR test according to the manufacturer’s protocol (eFluxx-
ID Multidrug resistance assay kits, Enzo LifeSciences, Exeter, UK). Keratinocytes with
inhibitors of ABC transporters in DMSO and cells without inhibitors (PBS and DMSO
contained in the buffer were approx. 1%) were incubated in dark 96-well plates for 5 min
(37 ◦C). Then, green detection reagent was added, and after 30 min (37 ◦C) incubation,
the fluorescence was measured (λex485 nm/λem535 nm) using the EnSpire 2300 Multil-
abel Reader (PerkinElmer, Waltham, MA, USA). The activities of MDR1, MRP and BCRP
were normalized to the level of total protein, and the final results were expressed as the
percentage of the activity of transporters compared to control cells.

4.9. Membrane Receptor Levels

An immunosorbent assay (ELISA) was used to measure protein expression in ker-
atinocytes [13]. Keratinocyte lysates were incubated in an ELISA plate (Nunc Immuno
MaxiSorp, Thermo Scientific, Waltham, MA, USA) for 3 h at 40 ◦C with blocking so-
lution (skim milk—5% in carbonate binding buffer). Lysate supernatants were washed
with PBS (with 0.1% Tween 20) and then incubated with primary antibodies at 40 ◦C
for 24 h (CB1, CB2—host—mouse (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
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PPARγ—host—rabbit (Invitrogen, Waltham, MA, USA)). Samples were washed with PBS
(with 0.1% Tween 20) and then incubated with peroxidase blocking solution (3% H2O2)
at room temperature for 30 min. After 1h incubation (1 h) with secondary goat anti-
rabbit/mouse EnVision+ Dual Link/HRP solution (1:100) (Agilent Technologies, Santa
Clara, CA, USA) at room temperature, antibodies were removed, and samples were in-
cubated for 40 min with substrate solution (0.1 mg/mL TMB, 0.012% H2O2). Then, 2M
H2SO4 was added to the samples to block the reaction. Absorbance (450 nm) was read after
10 min. Protein levels were determined from a calibration curve (CB1: Abcam, Cambridge,
UK; CB2: Abnova, Taipei, Taiwan; PAPRγ: Sino Biological, Beijing, China).

4.10. Statistical Analysis

The data obtained in this study are expressed as median ± SD. Data were analyzed
using the Kruskal–Wallis test with post hoc Dunn’s multiple comparison tests for multiple
comparisons to identify significant differences between groups. p values < 0.05 were
considered significant. Statistical analyses were performed using GraphPad Prism for
Windows version 7.0.0 (GraphPad software, San Diego, CA, USA).

5. Conclusions

Since UVA radiation modifies the composition, structure and functionality of the lipid
bilayer of keratinocyte membranes, the use of natural compounds, especially lipophilic
compounds such as phytocannabinoids, is important for maintaining the proper condition
of the skin and, consequently, for the proper functioning of the skin over the entire human
body. Phytocannabinoids (CBD and CBG) have a protective effect on the structure and
function of the cell membrane of keratinocytes exposed to UVA radiation. In addition, the
reactions of the structural components of the lipid bilayer of the keratinocyte membrane,
and thus changes in membrane fluidity, depend on the phytocannabinoids used. Based
on the obtained results, it can also be suggested that the reduction in changes in the
levels of phospholipid components of keratinocyte membranes may also be the result of
reducing pro-oxidative conditions and lipid peroxidation by the phytocannabinoids used.
The consequence of these structural changes is the reduction in functional changes in the
permeability of cell membranes, especially under the influence of CBG and the CBG-CBD
system. Phytocannabinoids have also been found to modify the activity of membrane
transporters (ABC) in various ways, with CBG alone or in combination with CBD being
particularly potent. Therefore, attention should be paid to the potentially protective effect of
both phytocannabinoids on the membranes of keratinocytes irradiated with UVA radiation,
while it should be emphasized that the action of CBG is multidirectional, in relation to
both lipids and membrane proteins. This effect may be taken into account in the future for
the design of new therapeutic preparations for application to the skin. However, before
that, additional studies with a broader methodological aspect will be needed to confirm the
potentially beneficial effects of phytocannabinoids, including in vivo studies.
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Abbreviations

2-AG 2-Arachidonoylglycerol
AEA Anandamide
ANOVA Analysis of variance
BCRP Breast cancer resistance protein
CBD Cannabidiol
CBG Cannabigerol
CER[NDS] Ceramides containing non-hydroxy fatty acids and dihydrosphingosine
CER[NS] Ceramides containing non-hydroxy fatty acids and sphingosine
COX-2 Cyclooxygenase-2
CRAC Calcium-release-activated calcium channel
DPH 1,6-Diphenyl-1,3,5-hexatriene
HDF Human skin fibroblasts
IL Interleukin
iNOS Inducible nitric oxide synthase
Kv1.3 Potassium channel
LDH Lactate dehydrogenase
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde
MDR1 Multidrug resistance protein 1
MRP Multidrug-resistance-associated proteins
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NHEK Normal human epidermal keratinocytes
factors Nrf2 Nuclear factor erythroid 2-related factor 2
PC Phosphatidylcholine
PI Phosphatidylinositol
(PI3K)/AKT Phosphatidylinositol 3-phosphatidyl kinase
PS Phosphatidylserine
ROS Reactive oxygen species
SM Sphingomyelin
TMA-DPH N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium p-Toluenesulfonate
TNF-α Tumor necrosis factor alpha
TNFR Tumor necrosis factor receptor
UVA Ultraviolet A
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11. Gęgotek, A.; Atalay, S.; Domingues, P.; Skrzydlewska, E. The differences in the proteome profile of cannabidiol-treated skin

fibroblasts following UVA or UVB irradiation in 2D and 3D cell cultures. Cells 2019, 8, 995. [CrossRef]
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56. Jastrząb, A.; Gęgotek, A.; Skrzydlewska, E. Cannabidiol regulates the expression of keratinocyte proteins involved in the

inflammation process through transcriptional regulation. Cells 2019, 8, 827. [CrossRef]
57. Wang, P.; Sachar, M.; Lu, J.; Shehu, A.I.; Zhu, J.; Chen, J.; Liu, K.; Anderson, K.E.; Xie, W.; Gonzalez, F.J.; et al. The essential role of

the transporter ABCG2 in the pathophysiology of erythropoietic protoporphyria. Sci Adv. 2019, 5, eaaw6127. [CrossRef]
58. Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and anti-inflammatory properties of cannabidiol. Antioxidants

2019, 9, 21. [CrossRef]
59. Nachnani, R.; Raup-Konsavage, W.M.; Vrana, K.E. The pharmacological case for cannabigerol. J. Pharmacol. Exp. Ther. 2021,

376, 204–212. [CrossRef]
60. Hamelink, C.; Hampson, A.; Wink, D.A.; Eiden, L.E.; Eskay, R.L. Comparison of cannabidiol, antioxidants, and diuretics in

reversing binge ethanol-induced neurotoxicity. J. Pharmacol. Exp. Therapeut. 2005, 314, 780–788. [CrossRef]
61. Borges, R.S.; da Silva, A. Cannabidiol as an antioxidant. In Handbook of Cannabis and Related Pathologies: Biology, Pharmacology,

Diagnosis, and Treatment; Preedy, V.R., Ed.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 123–130.

https://doi.org/10.1002/tox.21874
https://doi.org/10.3892/ijo.2014.2319
https://doi.org/10.1242/jcs.066696
https://doi.org/10.3389/fimmu.2011.00096
https://doi.org/10.3390/ijms21239129
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.1016/j.bbamem.2012.08.013
https://www.ncbi.nlm.nih.gov/pubmed/22940500
https://doi.org/10.1111/j.1751-1097.2011.01038.x
https://www.ncbi.nlm.nih.gov/pubmed/22077874
https://doi.org/10.1111/j.1600-0625.2012.01547.x
https://www.ncbi.nlm.nih.gov/pubmed/22776003
https://doi.org/10.1194/jlr.TR119000468
https://www.ncbi.nlm.nih.gov/pubmed/31862695
https://doi.org/10.1161/ATVBAHA.122.318006
https://doi.org/10.1016/j.freeradbiomed.2006.11.027
https://doi.org/10.3390/antiox10081260
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/j.chemphyslip.2019.03.011
https://doi.org/10.3934/genet.2017.2.103
https://doi.org/10.1046/j.1523-1747.2001.01298.x
https://doi.org/10.1038/icb.2011.25
https://doi.org/10.1016/j.redox.2020.101613
https://doi.org/10.3390/cells8080827
https://doi.org/10.1126/sciadv.aaw6127
https://doi.org/10.3390/antiox9010021
https://doi.org/10.1124/jpet.120.000340
https://doi.org/10.1124/jpet.105.085779


Int. J. Mol. Sci. 2023, 24, 12424 19 of 20

62. Zhao, X.R.; Gonzales, N.; Aronowski, J. Pleiotropic role of PPARγ in intracerebral hemorrhage: An intricate system involving
Nrf2, RXR, and NF-κB. CNS Neurosci. Ther. 2015, 21, 357–366. [CrossRef]
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