
Journal of Pharmaceutical and Biomedical Analysis 192 (2021) 113656

Contents lists available at ScienceDirect

Journal  of  Pharmaceutical  and  Biomedical  Analysis

j o ur na l ho mepage: www.elsev ier .com/ locate / jpba

Therapeutic  application  of  cannabidiol  on  UVA  and  UVB  irradiated  rat
skin.  A  proteomic  study
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a  b  s  t  r  a  c  t

UV  phototherapy  used  in chronic  skin diseases  causes  redox  imbalance  and  pro-inflammatory  reac-
tions,  especially  in the  case  of unchanged  skin  cells.  To  prevent  the  harmful  effects  of  UV  radiation,
cannabidiol  (CBD)  has  been  used,  which  has antioxidant  and  anti-inflammatory  properties.  Therefore,
the  aim  of  this  study  was to  evaluate  the effect  of  CBD  on  the metabolism  of skin  keratinocytes  in
nude  rats  exposed  to UVA/UVB  radiation  using  a  proteomic  approach.  The  results  obtained  with  SDS-
PAGE/nanoHPLC/QexactiveOrbiTrap  show  that  exposure  of  rat’s  skin  to UVA/UVB  radiation,  as  well as  the
action  of  CBD,  significantly  modified  the  expression  of  proteins  involved  in  inflammation,  redox  balance
and  apoptosis.  UVA/UVB  radiation  significantly  increased  the expression  and  biological  effectiveness  of
the nuclear  factor  associated  with  erythroid  factor  2 (Nrf2) and  cytoprotective  proteins  being  products  of
its  transcriptional  activity,  including  superoxide  dismutase  (Cu,Zn-SOD)  and the  inflammatory  response
(nuclear  receptor  coactivator-3  and  paralemmin-3),  while  CBD  treatment  counteracted  and  partially
eliminated  these  changes.  Moreover,  cannabidiol  reversed  changes  in  the  UV-induced  apoptotic  path-
ways  by  modifying  anti-apoptotic  and  pro-apoptotic  factors  (apoptosis  regulator  Bcl-2  and  transforming
growth  factor-!).  The  results  show  that  CBD  maintains  keratinocyte  proteostasis  and  therefore  could
be  suggested  as  a  protective  measure  in  the  prevention  of  UV-induced  metabolic  changes  in  epidermal
keratinocytes.

© 2020  The  Author(s).  Published  by  Elsevier  B.V.  This  is an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

UV radiation is a potentially harmful physical factor that can
damage skin tissue. UV rays disrupt the intracellular redox bal-
ance of skin cells, promote inflammation, inhibit cell proliferation,
and can even cause cell death [1]. The cell cycle arrest mediated
by UV radiation has been exploited using phototherapy in the
treatment of skin diseases such as psoriasis [2]. However, the pro-
longed oxidative stress caused by UV radiation can also have an
impact on the cells surrounding the psoriatic lesion, causing chronic
inflammation and metabolic changes [3]. These adverse effects are
particularly relevant for epidermal cells, such as keratinocytes; due
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to their location on the surface of the skin, epidermal cells are
continuously exposed to oxidative stress caused by UV radiation.

Oxidative stress in keratinocytes causes oxidative modifications
of lipids, nucleic acids, and proteins [3]. One of the most signifi-
cant consequences of oxidative stress is lipid peroxidation, which
leads to the oxidation of polyunsaturated fatty acids, as well as
the generation of oxidative fragmentation and cyclization prod-
ucts [4]. Due to their structure and electrophilic nature, oxidative
fragmentation products (such as ",!-unsaturated aldehydes) are
chemically reactive molecules that can easily form adducts with
nucleophilic elements of cellular components, including proteins
[4]. Also, the oxidative conditions favour the oxidative modifica-
tion of proteins by reactive oxygen species (ROS). The resulting
changes in the structure of proteins modify their biological prop-
erties, altering the metabolic and signaling pathways. Moreover,
oxidative modifications play an important role in the functioning
of redox-sensitive transcription factors, including the nuclear fac-
tor erythroid 2–related factor 2 (Nrf2) and the nuclear factor kappa
B (NF-#B), which control the cellular response to UV radiation [5].

https://doi.org/10.1016/j.jpba.2020.113656
0731-7085/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Altered cell metabolism also disrupts unchanged cells in the sur-
rounding skin. Therefore, there is a need for a combination therapy
which combines the therapeutic effects of UV radiation on dis-
eased cells while mitigating the harmful effects of UV radiation on
neighboring cells.

A promising approach for the treatment of several skin diseases
consists in applying natural compounds with potent antioxidant
and anti-inflammatory activity, in parallel with UV phototherapy.
Currently, phytocannabinoids with biological activity similar to
endocannabinoids are often indicated for use in pharmacotherapy.
There is evidence to suggest that phytocannabinoids, directly or
indirectly, by increasing the level of endocannabinoids, act as ago-
nists or antagonists on membrane receptors, including cannabinoid
receptors [6]. One such phytocannabinoid is cannabidiol (CBD),
which is the main non-psychoactive phytocannabinoid found in
Cannabis sativa L, and it can reduce free radical species and
increase the level and activity of non-enzymatic and enzymatic
antioxidant components under oxidative stress conditions [6]. Fur-
thermore, CBD can also increase the antioxidant capacity of cells by
inducing transcription by Nrf2 and by inhibiting NF-#B-mediated
transcription of other genes [5]. Therefore, by regulating these
redox-sensitive transcription factors, CBD alters the expression
of proteins triggered by UVB-irradiated human keratinocytes, as
shown in vitro. These proteins include antioxidant enzymes such
as thioredoxin reductase (TrxR), glutathione peroxidase (GSH-Px),
and catalase (CAT) [5].

CBD also has anti-apoptotic activities, contributing to its cyto-
protective effect. CBD can block iron-induced apoptosis in the rat
brain [7]. Research also suggests that CBD promotes the elimina-
tion of abnormal cells by promoting apoptosis in various types of
cancer cells [8]. Finally, treatment with CBD has recently shown
an unusual protective effect on protein transport. CBD protects
multidrug resistance proteins (MDR), transient receptor potential
(TRP) channels, and cytosol transferases, (including S-glutathione-
M1 transferase), from modification by lipid peroxidation products
such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA)
[9]. Therefore, this study aimed to analyze the proteomic profile of
keratinocytes in the skin of nude rats exposed to chronic irradiation
with UVA or UVB and treatment with cannabidiol.

2. Materials and methods

2.1. Animals and experimental design

The experiment was carried out on nude rats (RH-FOXN1RNU,
males weighing 260–302 g) aged for 8–9 weeks. The rats were kept
under standard conditions (12 h (h) light/12 h dark cycles) and fed a
standard pellet diet, which is a mix  of various dietary constituents,
such as proteins, fibres, and minerals, subject to steam. All the pro-
cedures and experimental protocols were approved by the Local
Ethics Committee for Animal Experiments in Olsztyn, Poland (res-
olution No. 37/2019 of 26.04.2019). The rats were divided into five
groups of five rats each:

Group 1 [CTR]: Control rats were treated topically for 20 min
(min) by application of nontoxic hydrophilic petrolatum to the
animal’s back for 4 weeks every 12 h and then it was  removed.

Group 2 [UVA]: The skin of the rat’s back was exposed to UVA
radiation (365 nm)  in increasing doses from 0.5 to 5 J/cm2 every
48 h for 4 weeks.

Group 3 [UVA + CBD]: Rats were treated topically for 20 min  with
2.5 g cannabidiol (CBD) in 100 g petrolatum, which was applied
to the back of the animal every 12 h for 4 weeks and then it was
removed. Every 48 h, before CBD application, the skin of the back
was exposed to the UVA (365 nm)  radiation in increasing doses
from 0.5 to 5 J/cm2 every 48 h for 4 weeks.

Group 4 [UVB]: The skin of the back was  exposed to UVB radi-
ation (312 nm)  in increasing doses from 0.02 to 2 J/cm2 every 48 h
for 4 weeks.

Group 5 [UVB + CBD]: Rats were treated topically for 20 min  with
2.5 g CBD in 100 g petrolatum, which was applied to the back of the
animal every 12 h for 4 weeks and then it was  removed. Every 48 h,
before CBD application, the skin of the back was exposed to UVB
radiation (312 nm)  in increasing doses from 0.02 to 2 J/cm2 every
48 h for 4 weeks.

The source of UV radiation was the lamp with UVA/UVB emitter
(Cosmedico, Stuttgart, Germany) used in the treatment of human
skin diseases. The constant distance (around 2 cm)  between the
irradiated skin and the radiator was ensured by plastic combs appli-
cation, what allows to maintain a required dose of radiation over a
specific time and protects the skin against burns and overheating.

A group of rats for whose results are not included in the study are
control rats treated with topical cannabidiol in hydrophilic petrola-
tum. The results of this group were intentionally not included here,
as the aim of the work was to compare the protective effect of CBD
against the harmful effects of UV irradiation of the skin. However,
the identified proteins and their levels obtained from these rats are
shown in Supplementary Table 1.

After the experiment, the animals were anaesthetized using
inhaled isoflurane and sacrificed by cardiac excision. The skin from
each animal’s back was immediately placed in isotonic phosphate-
buffered saline (PBS). After 1 h of washing in PBS, the skin was
fragmented and incubated overnight at 4 "C in dispase (1 mg/mL)
to separate the epidermis from the dermis. The epidermis was
digested in 2.5 % trypsin (20 min  incubation at 37 "C) to release the
cells from the tissue and isolate the clear fraction of keratinocytes.
The cells were obtained after centrifugation (300 x g, 3 min) and re-
suspended in PBS containing a mixture of proteasome inhibitors.
They were then sonicated and used for downstream proteomic
analysis. The total protein content of the samples was  measured
by Bradford assay.

2.2. Proteomic analysis

Samples containing 30 $g of protein were mixed with a sample
loading buffer (Laemmli buffer containing 5% 2-mercaptoethanol),
in a volume ratio of 1:2, heated at 100 "C for 7 min, and separated
using 10 % Tris-Glycine SDS-PAGE gels. After electrophoretic sepa-
ration, the gels were fixed in methanol: acetic acid: water (4:1:5;
for 1 h) and stained overnight with Coomassie Brilliant Blue R-250.
Entire lanes were cut from the gels and sliced into six sections.
The proteins in each slice were reduced with 10 mM DTT, alky-
lated by incubation with 50 mM iodoacetamide, and in-gel digested
overnight with trypsin (Promega, Madison, WI,  USA). The isolated
peptide mixture was extracted from the gel, dried, and dissolved in
5% acetonitrile with 0.1 % formic acid.

The final peptide mixture was  separated using an Ultimate 3000
high-performance liquid chromatography (HPLC) system (Dionex,
Idstein, Germany) on a 150 mm # 0.075 mm PepMap RSLC capillary
analytical C18 column with 2 $m particle size (Dionex, LC Packings)
at a flow rate of 0.300 $L/min. The gradient started at 3 min and
increased to 60 % eluent B (90 % acetonitrile + 0.03 % formic acid)
for 40 min. Eluent A contained 5% acetonitrile with 0.1 % formic acid.
The peptides were analysed using a Q Exactive HF mass spectrom-
eter with an electrospray ionization source (ESI) (Thermo Fisher
Scientific, Bremen, Germany). The conditions of the analysis by liq-
uid chromatography-tandem mass spectrometry (LC–MS/MS) for
peptide identification have been described in detail previously [10].
The main stages of the proteomic analysis are shown in Fig. 1.
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Fig. 1. Main experimental steps for proteomic analysis of rat keratinocytes.

2.3. Protein identification, grouping, and label-free quantification

The raw data generated from LC–MS/MS were analyzed using
Proteome Discoverer 2.0 (Thermo Fisher Scientific) and Sequest
HT (Sequest HT algorithm, license Thermo Scientific, a registered
trademark of the University of Washington, Seattle, WA,  USA).
Protein label-free quantification was performed according to the
signal intensities of the precursor ions. For the identification of pro-
teins, the following search parameters were used; peptide mass
tolerance set to 10 ppm, MS/MS  mass tolerance set to 0.02 Da,
up to two missed cleavages allowed, cysteine carbamidomethy-
lation and carboxymethylation as well as methionine oxidation
set as a dynamic modifications. Input data were searched against
the UniProtKB-SwissProt database (taxonomy: Rattus norvegicus,
release 2018$08).

2.4. Statistical analysis

Samples from each experimental group were analysed in three
independent experiments. The effects of CBD on keratinocytes
from rats exposed to UVA and UVB were analysed separately. The
results from individual protein label-free quantification were z-
score normalized by and log-transformed using RStudio software
(R version 3.6.2, http://www.metaboanalyst.ca). Quality control
and biostatistical analysis, including univariate analysis (one-way
ANOVA) and principal component analysis (PCA), were performed
using the open-source software MetaboAnalyst 4.0 (http://www.
metaboanalyst.ca). Perseus (Perseus 1.6.5.0, https://maxquant.net/
perseus/) was used to create volcano plots. Venn diagrams were
generated in R using ‘VennDiagram’ package (Rstudio 1.2.5033,
https://string-db.org). Heat maps and clustering were generated
in R, while the molecular functions of proteins were annotated
according to the database available in STRING (version 11.0, https://
string-db.org).

3. Results

In this study, we examined the effect of topical application of
CBD on rat skin exposed to UVA and UVB radiation on the ker-
atinocyte proteome. The list of proteins identified (148 proteins)
and their level in each experimental group are presented as sup-
plementary material (Supplementary Table 1). The PCA showed an

apparent clustering; all experimental groups were clustered into
separate groups in the case of UVA irradiation (Component 1–38
%; Component 2–13.6 %; Fig. 2) and UVB irradiation (Component
1–33.4 %; Component 2–21 %; Fig. 2). The volcano plots comparing
the control groups to the groups treated with CBD and subjected
to UVA and UVB irradiation, and between UVA and UVB irradiation
groups, showed that the keratinocyte proteomes were significantly
different between the groups (Fig. 3).

In the groups of cells irradiated with UVA/UVB and treated with
CBD (group 3/5), statistical analysis identified 54 and 47 proteins (in
the case of UVA and UVB radiation, respectively) with significantly
changed protein expression. However, no significantly differenti-
ated proteins were found as a specific for UVA/UVB radiation and
one protein was  found in each irradiated group (UVA and UVB)
with increased expression as a result of CBD treatment (group 3/5,
Fig. 4).

The peroxisome assembly protein 12 (O88177) participates in
the importation of proteins into the matrix of peroxisomes and
protein monoubiquitination, was identified as being significantly
upregulated in the UVA + CBD group compared to control group.
The voltage-dependent calcium channel protein (Q8VHW9) depo-
larizes/activates voltage-gated calcium channels, was identified as
significantly upregulated in the UVB + CBD group (Fig. 4, Supple-
mentary Table 2).

A heat map  was  created using a three-dimensional hierarchi-
cal grouping, using all the significantly altered proteins of the
keratinocytes, compared to the control group. The primary split
in the upper hierarchical dendrogram showed that the samples
were clustered independently as a control group, UVA group,
and CBD-treated (and UVA-irradiated) group (Fig. 5). The con-
trol group and the UVB group, as well as the group treated
with CBD and UVB, included samples that were not assigned to
the correct group (one of the rats from UVB-irradiated group
was in the CBD-treated (and UVB-irradiated) group, and one
of the rats from the CBD-treated and UVB-irradiated group
was in the control group). Moreover, in Fig. 5, the individual
proteins were clustered according to their molecular functions
in biological processes, including antioxidative activity, apopto-
sis, apoptosis-ubiquitination, catalytic activity, G protein-coupled
receptor signaling pathway (G-coupled. rec. sign.), inflammation,
inflammation-apoptosis, intracellular signaling, lipid biosynthesis,
cellular response to UV radiation (resp. to UV), structural, and ubiq-
uitination.
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Fig. 2. Principal component analysis (PCA) of skin keratinocytes from control group 1 (control; CTR), group 2 (UVA; increasing doses from 0.5 to 5 J/cm2), group 3 (UVA + CBD;
2.5  g CBD in 100 g petrolatum), group 4 (UVB; increasing doses from 0.02 to 2 J/cm2) and group 5 (UVB + CBD; 2.5 g CBD in 100 g petrolatum).

Fig. 3. Volcano plots comparing the effect of cannabidiol (2.5 g CBD in 100 g petrolatum) on keratinocytes from control and UVA (increasing doses from 0.5 to 5 J/cm2) or
UVB  (increasing doses from 0.02 to 2 J/cm2) irradiated groups. Significant features (in red) had p < 0.05 (For interpretation of the references to colour in this figure legend,
the  reader is referred to the web  version of this article).

Analysis of the antioxidant response in keratinocytes using a
Venn diagram (Fig. 4) showed that Nrf2 (O54968), a cytoprotec-
tive and redox-sensitive transcription factor, was detected in UVA
and UVB-irradiated rats, as well as in CBD-treated groups. The
irradiation with UVA and UVB induced a dramatic increase in the
expression of Nrf2, while treatment with CBD reduced this effect, as
shown in the heat map  (Fig. 5) and Supplementary Table 2. Addi-
tionally, the level of NADPH-dependent diflavin oxido reductase
1 (D4ABT4) and extracellular superoxide dismutase (Cu-Zn, SOD,
Q08420), which participate in the cellular response to oxidative
conditions, increased significantly in keratinocytes irradiated with

UVA compared to the control group. In contrast, CBD-treated (and
UVA-irradiated) cells had a slightly reduced expression of these
enzymes (Fig. 5, Supplementary Table 2).

Changes in the expression of proteins involved in apoptosis and
inflammation were observed in keratinocytes treated with CBD and
UV. The transforming growth factor-beta (G3V6B1), which is a pro-
tein associated with positive regulation of the apoptotic process,
was highly expressed in UVA and UVB-irradiated groups (Fig. 5).
However, it was significantly reduced in the CBD-treated groups
following UVA and UVB irradiation. Moreover, treatment with CBD
lowered the level of the anti-apoptotic protein Bcl-2 (F1LNV0)
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Fig. 4. Venn diagrams of significant proteins from skin keratinocytes of control group 1 (control; CTR), group 2 (UVA; increasing doses from 0.5 to 5 J/cm2), group 3 (UVA + CBD;
2.5  g CBD in 100 g petrolatum), group 4 (UVB; increasing doses from 0.02 to 2 J/cm2) and group 5 (UVB + CBD; 2.5 g CBD in 100 g petrolatum) as well as identified proteins
observed together for each other.

Fig. 5. Heat map  and clustering for significant proteins from control and UVA (increasing doses from 0.5 to 5 J/cm2) or UVB (increasing doses from 0.02 to 2 J/cm2) irradiated
and  CBD treatment groups (2.5 g CBD in 100 g petrolatum). (abbreviations: G-coupled. rec. sign - G protein-coupled receptor signaling pathway; resp. to UV - cellular response
to  UV radiation).

in the UVA-irradiated group. In contrast, Bcl-2 was significantly
induced in the UVB-irradiated group.

Moreover, it was observed that the levels of several pro-
teins tend to increase or decrease after keratinocytes treatment
with CBD and UVA/UVB compared to proteins from cells irradi-
ated with UVA and UVB rays only. There was  a decrease in the
level of the protein Zc3hc1 (B2RYM6) and the serine/threonine
kinase PLK (D3ZY07) after treatment with CBD, UVA-irradiated

keratinocytes, while the level of recruitment of caspases from the
family (member 14) (M0R6R8) and the following proteins: Kelch-
like D3Z8N4), mediator RNA polymerase II (D3ZRN2) transcription
subunit 1 (D3ZRN2) and NK-3 transcription factor (Q497B7) in
UVB-irradiated cells decreased after treatment with CBD. How-
ever levels of PLK serine/threonine kinase (D3ZY07) increased
after treatment with CBD (Supplementary Table 2). Also, reduced
levels of paralemmin-3 (D4A1J3), a protein involved in the reg-
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ulation of cytokine-mediated signaling, and significantly higher
levels of nuclear receptor coactivator-3 (Q9EPU2), as well as pre-
mRNA processing factor 8 (G3V6H2), were found in UVA-irradiated
and CBD-treated keratinocytes compared to the UVA-irradiated
cells (Fig. 5, Supplementary Table 2). In contrast, increased lev-
els of paralemmin-3 and reduced levels of the nuclear receptor
coactivator-3 were found in the UVB-irradiated and CBD-treated
groups. However, the interleukin 18 receptor (D3ZRM2), which
is involved in the activation of interferon-gamma production,
and arginine succinate synthase (P09034), which regulates NF-#B
signaling, were increased and reduced, respectively, in the ker-
atinocytes of skin irradiated with UVB compared to the control
group. In contrast, in the CBD and UVB-treated group, arginine suc-
cinate synthase levels increased significantly, and interleukin 18
receptor levels were slightly induced (Supplementary Table 2).

Moreover, the G-protein coupled receptor 6 (P51651) and
plasma membrane calcium-transporting ATPase 2 (P11506) were
abundant in the keratinocytes of rats with UVA-irradiated skin
and were noticeably reduced in the group treated with CBD
and UVA radiation (Fig. 5). Additionally, 1-phosphatidylinositol
4,5-bisphosphate phosphodiesterase epsilon-1 (Q99P84), voltage-
dependent calcium channel gamma-4 subunit (Q8VHW9), sar-
coplasmic/endoplasmic reticulum calcium ATPase 3 (P18596) and
plasma membrane calcium-transporting ATPase 2 (P11506) were
detected in the keratinocytes irradiated with UVB and treated with
CBD (Supplementary Table 2). However, the level of plasma mem-
brane calcium-transporting ATPase 2 was increased in the group
treated with CBD and UVB radiation, which is the opposite of what
we observed in keratinocytes treated with CBD and UVA radiation
(Supplementary Table 2). On the other hand, voltage-dependent
calcium channel gamma-4 subunit was higher in the groups treated
with CBD and UVB versus the control group. Moreover, CBD
treatment slightly reduced the level of 1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase epsilon-1 in UVB-irradiated cells.
In the analysis of protein functions in biological processes, it was
determined that these proteins (mentioned in this paragraph), par-
ticipate in the regulation of the concentration of cytosolic calcium
ions (Supplementary Table 2).

The results of this research have also highlighted significant
changes in several proteins (via CBD treatment) which are involved
in the regulation of protein ubiquitination. Ankyrin repeat and
SOCS box-containing 6 (Q6AYC9) and peroxisome assembly protein
12 had higher levels in the group treated with CBD following UVA
irradiation compared to the UVA-irradiated group. Furthermore,
CBD treatment increased the level of ankyrin and SOCS 6 containing
box in UVB-irradiated keratinocytes (Fig. 5, Supplementary Table
2).

4. Discussion

UV radiation, a component of sunlight, can modulate the
metabolism of skin cells. Due to their distinct physical character-
istics, UVA and UVB radiation affect cell metabolism in different
ways. UVB is almost entirely absorbed by the epidermis and has
high-energy radiation. Therefore, it has more potential to stimulate
inflammation and create DNA damage. In contrast, UVA radiation
can penetrate deep into the dermis, where it has the potential
to generate ROS and promote the formation of oxidative damage
to cellular macromolecules, including proteins [11]. Exposure to
either type of radiation increases the risk of developing skin can-
cers [12]. The results of this study indicate that the irradiation of
healthy rat skin, using UVA or UVB radiation, alters the keratinocyte
proteome, causing changes in biosynthesis and degradation of pro-
teins. These alterations lead to changes in the expression of proteins
involved in the cellular response to redox imbalance, inflammation,

and apoptosis. Our findings demonstrate that rat skin keratinocytes
exhibit variable changes in their proteome upon exposure to UVA
or UVB radiation.

Protein expression is modulated by physical and chemical fac-
tors at the biosynthesis and degradation stages. As a result of UV
radiation, various types of damage to nucleic acids are observed,
such as photochemical modifications, cross-linking, and oxida-
tive damage. In this study, UVA radiation was  found to enhance
transcription processes in rat keratinocytes, including through
increased expression of DNA-directed RNA polymerase I subunit
RPA2, and to a lesser extent, cytoplasmic serine-tRNA ligase. UVB
increases the expression of proteins, such as RCG37683 and acti-
vating transcription factor 6 beta. All of these changes are reversed
or greatly diminished by CBD treatment.

Previous reports indicate that cell regeneration after UVB  irra-
diation is accompanied by increased transcription and translation
of the genes involved in protein synthesis. In addition, UVB can
mediate cross-linking between RNA and ribosome proteins [13].
UV-induced genes are also involved in regulating the stability of
mRNA; for example, Nedd4 binding protein is induced by UVA [14]
and CREB binding protein is induced by UVB [15]. CBD prevents the
UV-mediated activation of the two proteins.

The cellular response to external signals usually includes
changes in the proteome by altering transcription rates and pat-
terns, as well as transcript stabilities. Research has shown that the
expression of several genes is regulated at the level of mRNA sta-
bility under stress conditions [16]. In our study, we  observed an
increase in the level of ubiquitin-specific peptidase 34 after UVA
radiation, while it was  significantly decreased when CBD was  also
used. These changes indicate that CBD can prevent protein degra-
dation and stimulate protein biosynthesis.

The modification of the proteome by UV radiation also causes
a redox imbalance in the cells by increasing the activity of pro-
oxidant proteins and by decreasing the effectiveness of antioxidant
proteins [17]. However, our data indicate a UV-dependent increase
in the expression of proteins involved in antioxidant activities. This
increased expression could suggest that modifications in the struc-
ture of these proteins lead to their reduced biological efficiency,
and therefore increased protein levels are required. The use of CBD
causes a decrease in the UV-dependent increased expression of
NADPH-dependent diflavin oxidoreductase 1, a cytosolic enzyme
involved in the generation of superoxide anion radicals. CBD also
promotes an increase in the level of extracellular Cu,Zn-SOD, a cen-
tral antioxidant enzyme.

In the cellular response to UVA and UVB radiation, an elevated
level of redox-sensitive transcription factor Nrf2 was also observed.
Nrf2 is one of the critical proteins involved in maintaining the redox
balance of cells at the level of gene expression. Its transcriptional
action results in the biosynthesis of cytoprotective proteins, includ-
ing the mediation of the increased expression of antioxidants in
response to UV irradiation. The level of Nrf2 in the cytosol is reg-
ulated by the actions of the inhibitor KEAP1 [18]. However, under
the influence of oxidative stress caused by UV radiation, KEAP1 thiol
groups form disulfide bridges. These structural changes prevent its
interaction with Nrf2, allowing Nrf2 to dissociate and translocate
to the nucleus, where it can activate the transcription of its target
genes [18]. In contrast, Nrf2 in complex with KEAP1 is ubiquitinated
by the Cullin 3 (CUL3) ubiquitin E3 ligase and subject to degrada-
tion by the ubiquitin-proteasome system, the efficiency of which
may  be reduced by oxidative stress [18].

Long-term application of CBD on the skin of rats irradiated with
UV reduces the UV-enhanced levels of Nrf2 in keratinocytes, thus
reducing the cytoprotective effect of Nrf2, which is reflected in
the reduced expression of superoxide dismutase [Cu, Zn-SOD], the
main antioxidant enzyme whose level is regulated by Nrf2 [19]. In
turn, it was found that in vitro CBD induces the expression of Nrf2
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activators and stimulates the transcriptional activity of Nrf2 both
in normal human epidermal keratinocytes [20] and in human ker-
atinocytes irradiated with UV [5]. It has been shown that CBD, by
modifying the structure of the nuclear inhibitor Nrf2 - BACH1, con-
tributes to the protection of cells against harmful environmental
factors [5,20]. However, chronic Nrf2 activation may  be associated
with an increased risk of malignant cell transformation [21]. Litera-
ture data show that prolonged activation and accumulation of Nrf2
in various neoplastic cells by enhancing the protective-antioxidant
effect (increase in the level of metabolic enzymes such as glucose-6-
phosphate dehydrogenase and phosphogluconate dehydrogenase
as well as glutathione synthesis in cell) can create a favorable envi-
ronment for inducing the growth and proliferation of cell cancer,
as well as chemo-resistance and radio-resistance [21]. Thus, the
Nrf2-mediated antioxidant response may  be a critical cell defense
mechanism and contribute to the development of the malignant
phenotype [22]. Therefore, a reduction in the expression of Nrf2 by
CBD, as observed in this in vivo study, may  indicate a protective
effect of the cells and organism of the rat that is similar to that of
other natural antioxidants [23].

Changes in Nrf2 expression in keratinocytes from UVA and UVB
irradiated skin rats might also be associated with the inflammatory
reaction of these cells. In vitro, Nrf2 has been shown to potentiate
anti-inflammatory expression profiles, which are crucial for initi-
ating healing [24]. Moreover, it has been previously shown that
Nrf2 interacts with another transcription factor - NF-#B - to con-
trol the transcription and functions of different proteins, including
antioxidant and pro-inflammatory factors. The direct or indirect
activation/inhibition of these factors occurs between the members
of the Nrf2 and NF-#B signaling pathways [25]. Additionally, in
UV-and CBD-treated keratinocytes in vitro, the activation of Nrf2
partially inhibits the NF-#B signaling pathway [5]. Therefore, a sig-
nificant increase in the level of pro-inflammatory proteins nuclear
receptor 3 co-activator and a member of the recruitment domain
family of caspase-14, in rats keratinocytes chronically exposed
to UVA and CBD may  be associated with the observed decrease
in the level of Nrf2. However, the use of CBD on UVB-irradiated
rat skin increases the level of other pro-inflammatory proteins,
such as arginosuccinate synthase, which is involved in the reg-
ulation of NF-#B signaling, and interleukin 18 receptor, which
increase the expression of IL-18 that mediates IFN-% production.
On the other hand, proteomic studies on 2D and 3D cultures of
fibroblast irradiated with UVA and UVB have highlighted poten-
tial anti-inflammatory effects of CBD, revealed by reduced levels of
UV-induced NF-#B and prostaglandin G/H synthase and increased
expression of PPAR%, which is involved in an anti-inflammatory
action [9].

The inflammatory process in keratinocytes may  also depend on
calcium ions which regulate the expression of various cytokines
such as IL-2 [26]. Likewise, the calcium gradient and efflux play an
essential role in the regulation of many skin functions, including the
differentiation of keratinocytes [27]. Our study indicates that CBD
treatment modifies the expression of proteins involved in the regu-
lation of calcium ion homeostasis. CBD decreases the level of plasma
membrane calcium ATPase 2, which is enhanced by exposure to
UVA and increases its level after treatment with CBD which is
decreased by UVB. CBD also decreases the expression of sarcoplas-
mic/endoplasmic reticulum calcium ATPase 3, which is enhanced
by UVB radiation. Also, CBD may  regulate the homeostasis of cal-
cium ions through TRP channels [6], which play an important role in
the differentiation/proliferation of keratinocytes and inflammation
[27]. Published data show that calcium-dependent expression and
secretion of cyclooxygenase-2 (COX2), prostaglandin E2, and inter-
leukin 8 (IL-8), via transient receptor potential vanilloid 1 (TRPV1),
activation, occurs in the inflammation of keratinocytes [28]. It is
also known that G protein-coupled receptors can be activated by

inflammation-related molecules and participate in several signal-
ing pathways, including intracellular calcium mobilization. Finally,
CBD can directly modify the mitochondrial capacity of calcium
metabolism [29]. Restoring calcium homeostasis in the mitochon-
dria may  prevent apoptotic signaling.

Regardless of its effects on redox balance and inflammation, CBD
can modulate the effects of oxidative stress by regulating the degra-
dation of oxidatively-modified proteins. The results of this study
show that treatment with CBD promotes the elevated expression of
ubiquitination-related proteins which promote post-translational
modifications associated with many cellular processes, including
transcription regulation, protein degradation, and apoptosis [30].
Ankyrin repeat and SOCS box-containing 6 and peroxisome assem-
bly protein 12, two  factors which participate in the ubiquitination
of proteins were identified with significantly high levels in the
keratinocytes of rats treated with UVA and CBD compared to the
keratinocytes of rats treated with UVA alone. CBD has also increased
the expression of ankyrin repeat and SOCS box-containing 6 protein
in keratinocytes of UVB-treated skin. It has previously been pointed
out that a mild or transient oxidative stress may  induce the func-
tioning of the ubiquitin-proteasome system; however, intense or
persistent oxidative stress may  reduce intracellular proteolysis of
modified proteins by impairing its function [31].

Protein ubiquitination also regulates the level of expression of
proteins involved in apoptosis. E3 ligases regulate the expression of
the anti-apoptotic protein Bcl-2, and overexpression of Bcl-2 may
contribute to the formation of tumours [32]. Bcl-2 - a sensor of intra-
cellular stress - is ubiquitinated by E3 ligases XIAP and IBRDC2, and
is further degraded by the proteasome, which can promote apo-
ptosis via the intrinsic pathway [32]. Our results show that the use
of CBD significantly reduces the level of Bcl-2 in UVA-irradiated
skin keratinocytes, but significantly increases the expression of
Bcl-2 in UVB-irradiated keratinocytes. Additionally, the persistent
use of CBD with UVB radiation leads to a decrease in the level of
anti-apoptotic Kelch-like protein 20. Conversely, in UVA-irradiated
keratinocytes, CBD dramatically increases the level of caspase
recruitment family domain- member 14, which have similar anti-
apoptotic properties together with NF-#B activation. Apoptosis is
controlled by many molecular signals, including kinases (such as
phosphatidylinositol 3%-kinase), the level of which is increased by
UVA radiation and partially decreased by CBD. A study using human
SGC-7901 stomach cancer cells showed that CBD induces apoptosis
by decreasing the expression of anti-apoptotic Bcl-2 and increasing
the expression of pro-apoptotic Bax [33]. Published data indicate
that, depending on the metabolic environment, CBD can intensify
or reduce apoptosis by modifying the expression of activators or
its inhibitors. For example, CBD can induce apoptosis by reducing
the expression of Bcl-2 and increasing the levels of Bax in human
gastric cancer cells [33]. However, CBD also reduces the expres-
sion of pro-apoptotic proteins (transforming growth factor beta and
NK-3 transcription factor), whose levels increase after UV expo-
sure. In this situation, it is challenging to determine the direction
of metabolic changes. However, it should be considered that the
increasing level of pro-inflammatory factors in keratinocytes of skin
treated with UVA and CBD may  be due to the removal of apoptotic
cells by phagocytosis. Phagocytosis can induce inflammation and
trigger autoimmunity due to its prevention of secondary necrosis
and the release of cell contents [34].

5. Conclusion

In summary, UVA and UVB radiation affect the proteomic pro-
file of keratinocytes of healthy rat skin in different ways. Both
types of radiation change the level of proteins involved in the reg-
ulation of cellular redox balance, inflammation, and apoptosis. In
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contrast, topical application of CBD to rat skin, when exposed to
UV radiation, helps normalize the expression of keratinocyte pro-
teins that are metabolically relevant by modeling their biosynthesis
and degradation. Thus, CBD can maintain the proteostasis of ker-
atinocytes. Because UV therapy is a part of the treatment of skin
diseases, e.g. psoriasis, the use of CBD on unchanged skin may  be
suggested as a protective factor to reduce the metabolic changes
caused by UV radiation in unchanged keratinocytes. This suggestion
is particularly important when the beneficial effect of cannabidiol
on psoriasis-induced skin lesions has recently also been confirmed
[35].
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Skrzydlewska: Conceptualization, Writing - review & editing,
Project administration, Funding acquisition.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgments

S.A., co-author of the work, was supported by the project which
has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Sk!odowska-
Curie grant agreement No 754432 and the Polish Ministry of
Science and Higher Education, from financial resources for science
in 2018-2023 granted for the implementation of an international
co-financed project.

Appendix A. Supplementary data

Supplementary material related to this article can be found,
in the online version, at doi:https://doi.org/10.1016/j.jpba.2020.
113656.

References

[1] U. Panich, G. Sittithumcharee, N. Rathviboon, S. Jirawatnotai, Ultraviolet
radiation-induced skin aging: the role of DNA damage and oxidative stress in
epidermal stem cell damage mediated skin aging, Stem Cells Int. 2016 (2016),
7370642, http://dx.doi.org/10.1155/2016/7370642.

[2] P. Zhang, M.X. Wu,  A clinical review of phototherapy for psoriasis, Lasers Med.
Sci. 33 (2018) 173–180, http://dx.doi.org/10.1007/s10103-017-2360-1.

[3]  J. Kruk, E. Duchnik, Oxidative stress and skin diseases: possible role of
physical activity, Asian Pac. J. Cancer Prev. 15 (2014) 561–568, http://dx.doi.
org/10.7314/APJCP.2014.15.2.561.
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