

  antioxidants-10-00402




antioxidants-10-00402







Antioxidants 2021, 10(3), 402; doi:10.3390/antiox10030402




Article



Protective Effects of Cannabidiol on the Membrane Proteome of UVB-Irradiated Keratinocytes



Sinemyiz Atalay[image: Orcid], Agnieszka Gęgotek and Elżbieta Skrzydlewska *[image: Orcid]





Department of Analytical Chemistry, Medical University of Białystok, 15-089 Białystok, Poland









*



Correspondence: elzbieta.skrzydlewska@umb.edu.pl; Tel.: +48-857-485-882







Academic Editor: Mihalis I. Panagiotidis



Received: 17 February 2021 / Accepted: 4 March 2021 / Published: 8 March 2021



Abstract

:

Ultraviolet (UV) radiation contained in sunlight disturbs the redox state of skin cells, leading to changes in the structures and functions of macromolecules including components of biological membranes. Cannabidiol (CBD), which accumulates in biomembranes, may be a promising protective antioxidant compound. Accordingly, the aim of this study was to compare the effects of short-term (24 h) and long-term (48 h) CBD application on the proteomic profile of biological membranes in UVB-irradiated keratinocytes. The data obtained show that UVB radiation quantitatively and qualitatively modified cell membrane proteins, with a particular research focus on adducts of proteins with the lipid peroxidation products malondialdehyde (MDA) or 4-hydroxynonenal (4-HNE). CBD application reduced the UVB-enhanced level of these protein adducts. This was particularly notable amongst proteins related to cell proliferation and apoptosis. Moreover, CBD dramatically increased the UVB-induced expression of proteins involved in the regulation of protein translation and cell proliferation (S3a/L13a/L7a ribosomal proteins), the inflammatory response (S100/S100-A6 proteins), and maintenance of redox balance (peroxiredoxin-1, carbonyl reductase 1, and aldo-keto reductase family 1 members). In contrast, CBD effects on the level of 4-HNE-protein adducts involved in the antioxidant response and proteasomal degradation process indicate that CBD may protect keratinocytes in connection with protein catabolism processes or pro-apoptotic action.
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1. Introduction


Ultraviolet (UV) radiation, as a component of solar radiation to which people are exposed daily, causes redox imbalance and inflammation, which may play a role in initiating chronic skin diseases [1,2,3]. The cells of the epidermis including the basic building blocks such as keratinocytes are particularly exposed to UV radiation [4]. UVB radiation (290–320 nm), which is absorbed mainly by the epidermis, inhibiting apoptosis and enhancing the proliferation of epidermal cells, can intensify mutagenesis, causing skin cancer [5]. UVB radiation may disturb the integrity of the genome, causing various DNA mutations [6] as well as enhancing the biosynthesis of cytokines and vasoactive and neuroactive mediators, causing an inflammatory reaction [2]. In addition, UVB, by changing the metabolism and physiology of keratinocytes, can induce apoptosis by activating the p53 protein [7]. However, after prolonged exposure, keratinocytes, influenced by various growth factors, may begin to multiply strongly in order to protect the skin from deep radiation penetration [8]. By initiating the inflammatory process, UVB promotes increased generation of ROS and the reduction of the antioxidant capacity of cells, which results in oxidative stress and damage to biologically important macromolecules including DNA, lipids, and proteins [9]. Moreover, it has been shown in a model corresponding to the human epidermis that UVB can significantly increase the activity of glucose-6-phosphate dehydrogenase, which initiates glucose catabolism, especially in cells requiring DNA repair [10]. The metabolic consequences caused by UV radiation necessitate the search for protective and/or therapeutic compounds to prevent skin diseases.



One of the increasingly interesting natural compounds with antioxidant and anti-inflammatory properties is cannabidiol (CBD), a non-psychoactive phytocannabinoid found in Cannabis sativa L. [11]. Like endogenous cannabinoids, the biological activity of CBD may manifest through the regulation/activation of membrane receptors, which participate in the regulation of the level of ROS and pro-inflammatory interleukins [12]. In addition, a recent study using an aqueous extract obtained from a cannabis strain that does not produce THC, but contains CBD and other phenolic compounds, showed that this extract restores hydrogen peroxide–reduced gene expression of interleukin-6, which is a key pro-inflammatory cytokine involved in the differentiation, activation, and proliferation of skin keratinocytes [13]. CBD has been shown to modulate the antioxidant capacity of cells by inducing the transcription of cytoprotective compounds including antioxidants by the nuclear factor associated with erythroid 2 (Nrf2) and inhibiting the transcription of nuclear factor kappa B (NF-κB) [12,14]. This situation leads to intensification of antioxidant potential and limits oxidative modification of cell components including biological membranes, which is confirmed, inter alia, by the increased integrity of cell membranes, as demonstrated by their reduced permeability [15].



Changes to membrane structure and/or signaling pathways caused by such modifications are important to the protective effect of CBD. Recently, it has been shown that CBD’s effect on keratinocyte metabolism including redox balance and the oxidative stress resulting from its disturbance depends on the way in which CBD is administered (i.e., before and after UVB irradiation vs. afterward only) [15]. The mechanism leading to this variation can be observed in the significantly lower levels of CBD in the cytosol than in membranes, especially in keratinocytes subjected to long-term CBD therapy (i.e., before and after UVB irradiation).



Based on the above, the aim of this study was to assess the effect/not of CBD on the proteomic profile of cell membranes in vitro when administered in either of two ways: (1) before and after irradiation of keratinocytes with UVB radiation, or (2) only after irradiation.




2. Materials and Methods


2.1. Cell Culture and Experimental Cell Groups


Human keratinocytes (CDD 1102 KERTr) obtained from American Type Culture Collection (ATCC, Virginia, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM), together with 10% fetal bovine serum (FBS) supplemented with 50 U/mL penicillin and 50 μg/mL streptomycin. Cells were cultured in a humidified atmosphere of 5% CO2 at 37 °C. After keratinocytes were grown to 70% confluence, they were passaged at a ratio of 1:3. After reaching the required confluency for all passages, keratinocytes were divided into two main cell groups as described below:



Control groups of keratinocytes




	
Control cells cultured with standard medium (CTR).



	
Cells cultured in medium containing 4 µM CBD (Sigma-Aldrich, MO, USA—98.5% pure) in 0.2% ethanol for 48 h (CBD(48 h))



	
Cells cultured in medium containing 4 µM CBD in 0.2% ethanol for 24 h (CBD(24 h)).








UVB-irradiated groups of keratinocytes




	IV.

	
Cells irradiated by UVB (312 nm) at 60 mJ/cm2 (Bio-Link Crosslinker BLX 312; Vilber Lourmat, Germany; six lamps at a distance of 15 cm) (UVB).




	V.

	
Cells cultured in medium containing 4 μM CBD in 0.2% ethanol for 24 h before and 24 h after UVB irradiation (pretreatment + treatment) (CBD + UVB + CBD)




	VI.

	
Cells cultured in medium containing 4 μM CBD in 0.2% ethanol for 24 h after UVB irradiation (treatment only) (UVB + CBD).










2.2. Cell Membrane Fractionation


After completion of the experiment at the cell culture level, cells were obtained by centrifugation (300× g, 3 min) and re-suspended in Tris-buffered saline (TBS) supplemented with a mixture of proteasome inhibitors (pH 8.0) before being centrifuged (15,000× g, 10 min). After centrifuging, the pellet was re-suspended in TBS supplemented with 1% Triton X-100 and sonicated. After sonication, samples were centrifuged (15,000× g, 10 min). Next, membrane fractions were harvested for use in downstream proteomic analysis (see below). The total protein content of the samples was measured by the Bradford assay [16].




2.3. Proteomic Analysis


Samples containing 30 µg of protein together with loading buffer (Laemmli buffer containing 5% 2-mercaptoethanol) at a volume ratio of 1:2 were heated at 100 °C for 7 min, then separated using 10% Tris-Glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Following electrophoretic protein separation, gels were fixed in a 4:1:5 mixture of methanol:acetic acid:water for 1 h and stained overnight with Coomassie Brilliant Blue R-250. The lines were cut from the gels and sliced into eight sections. The proteins in each slice were reduced using 10 mm dithiothreitol (DTT) and alkylated with 50 mm iodoacetamide. Overnight in-gel protein digestion was then carried out using trypsin (Promega, Madison, WI, USA). The resulting peptide mixtures were extracted from the gel and dried. Dried peptide mixtures were dissolved in 5% acetonitrile with 0.1% formic acid, then these final peptide mixtures were captured on a 300 µm inside diameter × 5 mm long C18 μ-Precolumn (Dionex, LC Packings) and then loaded onto a 150 mm × 75 mm PepMap RSLC capillary analytical C18 column with 2 µm particle size (Dionex, LC Packings) at a flow rate of 0.3 µL/min using an Ultimate 3000 (Dionex, Idstein, Germany) for separation. Samples were mobilized through the column by application of two eluents over a time gradient. Eluent A consisted of 5% acetonitrile + 0.1% formic acid. The gradient to eluent B, consisting of 90% acetonitrile + 0.03% formic acid was initiated after 3 min, rising over the subsequent 40 min to a final ratio of 40% eluent A/60% eluent B. Eluted peptides were analyzed using a Q Exactive HF mass spectrometer with an electrospray ionization source (ESI) (Thermo Fisher Scientific, Bremen, Germany). The mass spectrometer was calibrated and operated in positive and data-dependent mode. Data were acquired using Xcalibur software (Thermo Fisher Scientific, Bremen, Germany). Peptide identification was conducted by liquid chromatography-tandem mass spectrometry (LC-MS/MS) according to the technique described previously by Gęgotek [17].




2.4. Identification and Quantification of Proteins


Raw data generated by LC-MS/MS were analyzed using Proteome Discoverer 2.0 (Thermo Fisher Scientific, Bremen, Germany) and MS Amanda (MS Amanda algorithm, license Thermo Scientific, a registered trademark of the University of Washington, Seattle, WA, USA). In the process of protein identification, the following search parameters were used: peptide mass tolerance 10 ppm; MS/MS mass tolerance 0.02 Da; mass precision 2 ppm; up to two missed cleavages allowed; minimal peptide length of six amino acids; and cysteine carbamidomethylation and carboxymethylation, methionine oxidation, MDA-lysine, and 4-HNE-cysteine/lysine/histidine adduct formation set as a dynamic modification. For each protein, the minimum number of identified unique peptides was set to two. Input data were searched against the UniProtKB-SwissProt database (taxonomy: Homo sapiens, release July 2020). In accordance with the signal intensities of the precursor ions, protein label-free quantification (LFQ) was performed.




2.5. Statistical Analysis


Samples from each experimental cell group were analyzed in three independent experiments. The effects of CBD pre-treatment (CBD + UVB + CBD) and CBD treatment (UVB + CBD) on membrane obtained keratinocytes exposed to UVB were analyzed separately. The results from individual protein label-free quantification were normalized by Z-score and log-transformed using open-source software Perseus (Perseus 1.6.5.0, https://maxquant.net/perseus/ (accessed on 18 September 2020) [18]. Quality control and biostatistical analysis including one-way ANOVA (analysis of variance), post-hoc test (controlling the false discovery rate–FDR, Benjamini–Hochberg adjustment), principal component analysis (PCA), volcano plots, and heat map were completed using Perseus and open-source software MetaboAnalyst 4.0 (http://www.metaboanalyst.ca (accessed 21 September 2020) [19]. Protein annotations were conducted using open-source software PANTHER (http://pantherdb.org/ (accessed on 23 September 2020) [20] and compared against The National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/ (accessed on 28 September 2020) and the open-source database STRING v11 (https://string-db.org/ (accessed on 29 September 2020) [21]. Additionally, for descriptive analysis of proteins found to participate in signaling in critical biological pathways (apoptosis, antioxidant defense, proteasomal degradation, calcium dependent protein binding) and whose expression changes significantly (differences were considered significant when p ≤ 0.05), boxplots were generated using Excel (for the quartile calculation, inclusive median was used). The main stages of all proteomic analysis are shown in Figure 1.





3. Results


In this study, a total of 512 proteins was identified at a detection sensitivity of at least two unique peptides, and their levels were identified in the membrane fractions of all experimental groups. The list of identified proteins, their names, related assigned peptide numbers, sequence coverages as well as their average levels in each group is presented in Table S1. The PCA demonstrated that long-term application of CBD favored more clustering of experimental groups within themselves, with increasing variation in protein expression between cell groups (CBD(48 h)/CBD + UVB + CBD; Component 1–45.2%; Component 2–11.7%; Figure 2). However, in the case of shorter-term application of CBD, all cell groups showed a clustering closer to each other (CBD(24 h)/UVB + CBD; Component 1–37 %; Component 2–15.9%). It was also observed that the CBD(48 h) group clustered more closely to the CTR group than to the CBD(24 h) group. On the other hand, volcano plots comparing the CTR and UVB groups with the groups treated with CBD (CBD(24 h) and CBD(48 h)) showed that UVB irradiation causes a remarkably significant differences in membrane proteome compared to the control cells (CTR), while the application of CBD caused negligible (CBD(48 h)) or no difference (CBD(24 h)) (Figure 3). Moreover, volcano plots comparing CBD treated cell groups (CBD + UVB + CBD and UVB + CBD) with UVB groups showed that the membrane proteomes of UVB-irradiated keratinocytes differed significantly for the two different CBD application times.



Statistical comparison of all cell groups showed 70 proteins with significantly altered expression. These are primarily ribosomal, and are involved in the processes of translation, ubiquitination of proteins, and cell signaling as well as proteasomal, catalytic, DNA/RNA binding, and structural proteins (Table S2). Proteins and their cellular locations under physiological conditions (cytosol, plasma membrane, extracellular exosome, lysosome, mitochondria, Golgi apparatus, endoplasmic reticulum, nucleus) are shown with their fold-changes between cell groups: UVB vs. CTR; CBD(48 h)/CBD(24 h) vs. CTR; CBD + UVB + CBD vs. UVB; and UVB + CBD vs. UVB (Table S2). The overall picture from the heat map and Table S2 showed that UVB irradiation caused a significant increase in the expression levels of almost all 70 proteins, the levels of which changed significantly between cell groups (Figure 4, Table S2). At the same time, it was found that the short-term effect of CBD (UVB + CBD) further enhanced this increase in expression; however, long-term CBD treatment (CBD + UVB + CBD) showed a tendency to compensate for this increased growth (Figure 4, Table S2). On the other hand, when considering the heat map, the primary split in the upper hierarchical dendrogram showed that samples from the groups CBD(48 h) and CBD + UVB + CBD clustered closer, independently from the samples exposed to UVB radiation (Figure 4). Even if the results from the CTR group were not completely clustered, they were separate from the groups of cells exposed to UVB, and clustered more closely to the groups of cells treated with CBD (CBD(48 h) and CBD(24 h)). The heat map clusters indicate that the UVB + CBD group was clustered closer to the UVB group, while the CBD + UVB + CBD group was almost entirely clustered outside the UVB group. Thus, both UVB radiation and the use of CBD (CBD + UVB + CBD or UVB + CBD) significantly changed the proteomic profile of keratinocyte membranes. However, the use of CBD in the CBD(48 h) or CBD(24 h) regimes did not cause significant differences in the membrane proteome compared to the CTR group.



A comparison of proteins whose levels changed statistically between groups showed many changes in the ribosomal protein family (Table S2). UVB radiation remarkably enhanced the level of all identified ribosomal proteins (mainly related to membranes: nuclear, cytosolic or extracellular exosome) including: 40S RPs (S15a (P62244), S19 (P39019), S3 (P23396), S3a (A8K4W0), S25 (P62851)); 60S RPs (L7a (P62424), L13a (M0QYS1), L31(B7Z4C8), L22 (P35268)); ribosomal protein L5 variant (Q59GX9); and eIF4G1 variant protein (Q4LE58). Additionally, treatment with CBD for 24 h generally increased the levels of these proteins, unlike CBD treatment for 48 h, which did not cause significant differences in the levels of most of these proteins compared to the CTR group. CBD + UVB treatment additionally increased the UVB-induced level of these proteins, but CBD + UVB + CBD treatment caused a lesser increase (or even decrease) in the proteins listed above (with the exception of S15a) (Table S2). The level of transitional endoplasmic reticulum ATPase (P55072) increased after UVB irradiation, but CBD treatment (both CBD + UVB and CBD + UVB + CBD) lowered its levels. For proteins of membrane fractions, mainly elevated levels were observed in the UVB + CBD group, with decreased (or less elevated) levels in the CBD + UVB + CBD group. This also applied to DNA/RNA binding proteins such as RNA-binding motif protein (P381590), histone H2B (B4DR52), and histone H2A.Z (P0C0S5).



According to the box plots (Figure 5), the intra-group variations in protein expression from the CTR and CBD(48 h) groups were small (for protein groups indicated in the figure: pro-apoptotic ribosomal proteins, antioxidant enzymes). In contrast, the intra-group variability of these proteins was extremely high in groups UVB + CBD, CBD + UVB + CBD, and CBD(24 h). Additionally, in the group of proteins participating in calcium-dependent binding, high variability was found in the UVB + CBD and CBD + UVB + CBD groups. Proteasomal subunits showed the highest intra-group variations for all keratinocyte groups. Comparison of medians indicated that variation between the CTR and CBD(48 h) groups was negligibly less in the protein group of pro-apoptotic ribosomal proteins and antioxidant enzymes. Furthermore, in the same protein groups, there was inter-group variation between both of the CTR and CBD(48 h) groups and other cell groups. Particularly in the group of pro-apoptotic ribosomal proteins, there was an obvious significant variation between the groups CBD + UVB + CBD, UVB + CBD, and UVB alone.



Detailed analysis showed that UVB radiation increased the levels of HCG2044781 (I3L0A0), proteasome activator complex subunit 2 (A0A087X1Z3), proteasome subunit alpha type-3 (P25788), and the Hsc70-interacting protein (P50502). All CBD + UVB + CBD and UVB + CBD groups had elevated levels of proteasome activator complex subunits 2 and alpha type-3 relative to the UVB-only group, while levels of HCG2044781 and Hsc70 interacting proteins were significantly reduced. Additionally, levels of aldo-keto reductase family 1 members A1 (P14550), B1 (P15121), B10 (O60218), and C3 (A0A0A0MSS8) were significantly increased in the UVB group. Overall, while UVB + CBD treatment resulted in an additional increase in these enzymes, there was a reduction in their levels in the CBD + UVB + CBD group. However, in the case of other antioxidant enzymes—carbonyl reductase (NADPH)1 (P16152), NAD(P)H quinone 1 dehydrogenase (P15559), and peroxiredoxin-1 (Q06830)–short-term CBD treatment (UVB + CBD) increased upon their UVB-elevated levels. Conversely, UVB-increased levels of these enzymes were reduced (or were less elevated) than in the CBD + UVB + CBD group. In addition, a large increase in the level of these antioxidant enzymes was observed in the CBD(24 h) group, and either a reduction, no change, or only a slight increase was observed in the CBD(48 h) group compared to the CTR group (Table S2).



Moreover, it has also been observed that UVB radiation increased the level of the S100 protein (V9HWH9), especially the S100-A6 protein (P06703), in comparison to the CTR cells. These UVB-increased levels were maintained in the UVB + CBD group. However, elevated levels of S100/-A6 protein were reduced in the CBD + UVB + CBD group. In addition, it was observed that a short application of CBD(24 h) induced the level of these proteins, while the levels of these proteins did not change significantly (S100-A6) or slightly changed (S100) in the CBD(48 h) group (Table S2).



Regardless of the changes in the level of proteins under the influence of both UVB radiation and CBD treatment, changes were found in the level of adducts formed between the analyzed proteins and lipid peroxidation products (4-HNE and MDA). It was shown that the use of CBD (both UVB + CBD and CBD + UVB + CBD) caused a reduction in UVB-elevated levels of 4-HNE-protein and MDA-protein adducts. Additionally, long-term application of CBD (CBD + UVB + CBD) led to a greater reduction in the level of protein adducts with MDA than with 4-HNE. At the same time, it was found that CBD (both CBD(24 h) and CBD(48 h)) reduced the level of MDA-protein adducts more effectively than the level of 4-HNE-protein adducts (Figure 6).



Detailed analysis of the MDA/4-HNE modified proteins showed interesting relationships (Tables S3 and S4). The acidic leucine-rich nuclear phosphoprotein belonging to the B family (Q92688) was found to form adducts with MDA only in the CBD + UVB + CBD cell group (Table S3). However, some ribosomal proteins were modified by 4-HNE including 40S ribosomal protein S7 (P62081) and 60S ribosomal protein L35a (P18077) in the UVB + CBD group and 40S ribosomal protein SA (A0A0C4DG17) in the CBD + UVB + CBD group. On the other hand, the antioxidant enzymes peroxiredoxins -1, -4, -5, and -6 (Q06830, A6NJJ0, P30044, P30041) were found in the form of adducts with 4-HNE in both groups irradiated with UVB and treated with CBD (UVB + CBD, CBD + UVB + CBD, and UVB). In the CBD(24 h) group, adducts of peroxiredoxin-4 (A6NJJ0) with 4-HNE were also found. In contrast, in the groups treated with both UVB and CBD, adducts of the beta proteasome subunit (A0A384NL22) with 4-HNE were found as well as adducts of several proteases (sentrin-specific protease 6 (Q9GZR1), transmembrane protease serine 4 (Q9NRS4), 11E (Q9UL52), and 13 (Q9BYE2) as well as mannan-binding lectin serine protease 1 (P48740)) with both MDA and with 4-HNE, simultaneously.




4. Discussion


The epidermis, the basic cells of which are keratinocytes, is an effective barrier that protects the organism against physical and chemical environmental stressors including UV radiation [22]. Every day, the skin is exposed to UVB radiation, which is a component of sunlight. This high-energy radiation is absorbed mainly by the epidermis, and its action promotes the development of a pro-inflammatory response and the formation of oxidative stress, promoting damage to DNA and other biologically important cell compounds, which may lead to the development of various skin diseases including cancer [23]. Cell membrane components (including phospholipids and proteins that are responsible for maintaining the stability of the composition and functionality of keratinocytes) are particularly exposed to UV radiation. The integrity of cell membranes ensures proper metabolic and functional activity of keratinocytes including intra- and intercellular signaling, which determines the transmission of important information in cells and to the deeper layers of the skin/organism [24]. Earlier in vivo and in vitro studies have shown that UVB radiation qualitatively and quantitatively modifies keratinocyte components including cellular proteins [4,25,26]. Through the increased generation of ROS, UVB radiation promotes ROS- and enzyme-dependent modifications of the metabolism of membrane phospholipids [15,27,28]. ROS-dependent modifications lead to significant increase in the generation of extremely reactive lipid peroxidation products (α,β non-saturated aldehydes and prostaglandin derivatives) and reduce the level of sialic acid, resulting in disturbance of cell membrane integrity [15,29]. Moreover, it has been indicated that UVB radiation leads to the induction of activity of ABC transmembrane transporters [15] as well as bilitranslocase [30]. However, another study showed that UVB radiation could significantly reduce the levels of Rac1 and atypical active forms of protein kinase C, which are involved in the continuity of tight junctions by controlling the permeability of cell membranes [31]. In addition, it is known that UVB radiation enhances protein carbonylation and keratinocyte proliferation [32] as well as increases the formation of adducts of proteins with lipid peroxidation products, mainly 4-HNE, which are involved in molecular transport and transduction [33].



Consequently, by modifying cell membrane components, UVB radiation induces depolarization of the mitochondrial membrane, which may mediate the induction of cell death [34]. Moreover, changes in redox status as well as inflammation resulting from changes in the expression of transcription factors (including the interacting pair Nrf2 and NF-κB) modify cellular metabolism [14]. This modulates the levels of cytoprotective proteins such as thioredoxin and glutaredoxin [35], and pro-inflammatory mediators such as TNF-α [Na, 2018]. Data from the literature [15,27,30,36] as well as the results obtained in this study show that UVB also affects biological membranes of keratinocytes regardless of the modification of membrane lipid components [37,38]. UVB radiation has been shown to modify important membrane proteins including antioxidant, apoptosis-related, proteasomal, and calcium-ion-binding proteins. Accordingly, the use of CBD has proved beneficial for the proper expression of these proteins in UVB-irradiated keratinocytes. In addition, since previous studies have shown that the course of action and effectiveness of CBD depend on the duration of its use, and that applying CBD before and after irradiation is more effective in reducing the negative effects of UVB radiation [15], this study compared both methods of CBD application.



The results of this study show that, depending on the duration of application, CBD modifies redox balance, either preventing a decrease or intensifying a decrease in the level of antioxidant proteins, which in turn modulates the level of oxidative stress and the level of lipid peroxidation products (MDA and 4-HNE) formed as a result of UVB-dependent stress. Consequently, this lowers the level of protein adducts with these lipid peroxidation products. The use of CBD has been shown to enhance the level of cytoprotective proteins from the aldo-keto reductase family 1 (A1, B1, B10, C3) [39], the transcription of which is regulated by a signaling pathway mediated by Nrf2, which provides living organisms with an effective defense against endogenous and environmental stressors, as demonstrated previously [40]. Moreover, cells treated with CBD only after UVB irradiation showed a higher increase of the above-mentioned enzymes than keratinocytes treated with CBD both before and after UVB irradiation. We also found such a tendency in another antioxidant protein, NAD(P)H (quinone) dehydrogenase 1, which exhibits both superoxide oxidoreductase and dismutase activity by participating in the regulation of redox homeostasis [41] and promotes the accumulation of p53 protein which, as a transcriptional activator, plays a role in apoptosis induction [42]. A previous study showed that overexpression of this enzyme can promote apoptosis in hepatocellular carcinoma cells and inhibit proliferation [43]. On the other hand, exposure of keratinocytes to CBD before and after UVB can cause the opposite effect, intensifying the pro-apoptotic effects, which may indicate the protection of keratinocytes (e.g., against pathological cell proliferation and carcinogenesis), as shown previously [44,45]. Taking into account the above, and the fact that long-term application of CBD reduces the severity of the antioxidant response, this may indicate a pro-apoptotic effect of this CBD application. Additionally, the increase in the levels of peroxiredoxin −1, −4, −5, and −6 adducts with 4-HNE in cells treated with CBD and UVB observed in this study may indicate dysfunction of these enzymes [46], which, according to the literature [47], may intensify pro-apoptotic signaling.



Keratinocytes treated with CBD after UVB irradiation are also characterized by an increase in the levels of other antioxidant enzymes such as carbonyl reductase 1 and peroxiredoxin-1, while the use of CBD before and after UVB irradiation decreases the levels of the above-mentioned enzymes. However, carbonyl reductase 1, a member of the NADPH-dependent short-chain dehydrogenase/reductase superfamily, is known to play a key role in cell survival under oxidative stress due to its antioxidant activity [48]. On the other hand, peroxiredoxin-1, in addition to its antioxidant effect, can inhibit ROS-induced apoptosis [49]. Moreover, this enzyme exhibits anti-inflammatory properties due to its interaction with the DNA repair protein APE1, which may affect the efficiency of DNA-NF-κB binding [50]. However, it has been shown that inhibition of APE1 activity also increases the level of Nrf2 target genes in pancreatic cancer cell lines [51]. The results of this study showed that the antioxidant and anti-inflammatory responses of keratinocytes to oxidative stress induced by UVB radiation can be induced by application of CBD only after UVB irradiation. A similar trend to lower the expression of antioxidant proteins (Nrf2 and superoxide dismutase) as well as proteins involved in the regulation of NF-κB signaling such as arginine succinate synthase was observed in rat skin keratinocytes exposed to UVA/B radiation and CBD treatment for 28 days [25]. It can be suggested that the differentiation of the metabolic response of keratinocytes to different periods of CBD application may confirm its dependence simultaneously on two transcription factors (Nrf2 and NF-κB) that interact with each other [14,52]. Consequently, CBD can modify both antioxidant and inflammatory effects as well as influence other metabolic reactions, as described below.



Oxidative stress induced by UVB radiation promotes the formation of protein adducts with MDA and 4-HNE, which may alter protein folding, function, and even modulation of various intra- and intercellular signaling pathways [33,53]. Since long-term use of CBD does not reduce the level of protein-4-HNE adducts as effectively as in the case of protein-MDA adducts, the changes observed after CBD exposure can be interpreted as a positive effect of CBD on the survival of keratinocytes, as the presence of MDA epitopes in apoptotic cells has been demonstrated previously (adducts resulting from covalent modification of primary amino groups in proteins and lipids) [54]. The literature data clearly indicate that, due to the ability of 4-HNE to form protein adducts and promote oxidative stress (especially in the mitochondria), 4-HNE can indeed be considered a special inducer of apoptosis [55].



Moreover, another target for modification by 4-HNE is the ubiquitin-related proteasomal system, wherein the intensive modification combined with the cross-linking of protein molecules may lead to the formation of protein aggregates resistant to degradation and thus inhibit the proteasomal system [56]. Aggregation may also be promoted by Ca2+ ion accumulation [57] and the resulting aggregates may disrupt cellular electrolytic homeostasis and even induce an apoptotic response that may be accompanied by the formation of pores in the membranes [57]. The results of this work showed a significant increase in the level of 4-HNE adducts with the beta subunit of the proteasome in keratinocyte membranes subjected to UVB and long-term CBD application. There are no literature data on the influence of such modifications on the biological activity of this protein, but taking into account similar situations in other conditions, a reduction in proteolytic efficiency may be suggested. However, long-term application of CBD combined with UVB irradiation also favors the formation of adducts of MDA with the acidic, leucine-rich nuclear phosphoprotein from the B 32 family, which has been identified as an anti-apoptotic protein in leukemic cells [58]. It can therefore be suggested that CBD, by modifying the level of protein adducts with lipid peroxidation products, may alter the cellular response to pro-oxidative factors (UVB) by regulating proteostasis and intracellular signaling including apoptosis.



The above changes are also accompanied by an increase in pro-apoptotic ribosomal proteins in the membranes of CBD-treated keratinocytes before and after UVB irradiation. It can be concluded that CBD increases the UVB-induced levels of 40S ribosomal proteins (S15a, S3a), all of which may promote cell differentiation, neoplastic transformation, and anti-apoptotic activity [59]. At the same time, however, there is also a significant increase in the level of other ribosomal proteins such as the 40S ribosomal proteins S3 and S19 (involved in the direct/indirect regulation of the tumor suppressor protein p53) as well as the 60S ribosomal protein and the proteins L13a and L7a, which can induce apoptosis through participation in the cell cycle and translation by accumulation of the p53 protein [60,61]. Since UVB radiation is one of primary reasons for malignant transformation in skin cells, it can be suggested that CBD, through its probable pro-apoptotic effect, can protect cells against metabolic changes caused by UVB, which are unfavorable for the cell, as they may, for example, lead to neoplastic transformation.



In contrast, our previous study, in vivo, showed, that CBD was able to reverse UV-induced pro-apoptotic pathways by modifying anti-apoptotic and pro-apoptotic factors such as the apoptotic regulator Bcl-2 in the cytosol of keratinocytes from UVA/UVB-irradiated skin of nude rats [25]. It is known, however, that not only does the quantitative level of Bcl-2 determine the metabolic importance of CBD, but post-translational modifications also affect the stability, localization, and function of this protein, and this may ultimately enhance or inhibit apoptosis [62]. It is also known that the level of NF-κB and the signaling pathways it promotes are important for the induction of apoptosis. It has been shown, inter alia, that there is an interaction between the S3 protein and the IκBα inhibitor NF-κB in HEK293 cells [63,64]. Moreover, it was found that the S3 protein can bind to the p65 subunit of NF-κB, which promotes accumulation in the nucleus and increases the binding affinity of the NF-κB complex. Thus, CBD can induce the expression of pro-inflammatory proteins, possibly by activating the NF-κB transcription factor and/or modulating the interaction of Nrf2 and NF-κB, as previously demonstrated [25]. Such a situation may trigger the activation of elimination processes of proteins with a pathologically altered structure, which may interfere with physiological processes in keratinocytes. Moreover, the pro-apoptotic effect of CBD, through its demonstrated tendency to lower peroxiredoxin-1 levels and possibly also through its modification by 4-HNE, may also support the long-term proliferation protection effect of keratinocytes. This situation is enhanced by the increased level of pro-apoptotic factors as above-mentioned such as the ribosomal protein L7a [61].



In the regulation of cell survival including growth, differentiation, and metabolism, Ca2+ ions are also involved [65], which simultaneously play a key role in apoptosis, but also in the anti-inflammatory response and in driving phagocytes to apoptosis [66,67]. The present results indicate that UVB radiation increased the level of the protein S100-A6, which is involved in the regulation of calcium-binding proteins, cell proliferation, and apoptosis [68]. Thus, there is big interest in the S100 family members because of their potential crucial role in tumor development and progression [69]. The literature indicates that the transcription factors Nrf2 and NF-κB activate the S100-A6 gene promotor [68]; therefore, the increase in the level of S100-A6 caused by CBD may be a result of the increase in the expression of the above transcription factors by this phytocannabinoid. Although an anti-apoptotic effect of S100-A6 was found in the literature, some studies also showed that S100-A6 can favor apoptosis in HEp-3B cells [70] and HEp-2 cells [71]. Moreover, it has been indicated that S100-A6 can trigger neuronal apoptosis by causing ROS-dependent activation of JNK and of caspases −3 and −7 in SH-SY5Y neuroblastoma cells [72]. Therefore, the suggested tendency to modify cell metabolism toward apoptosis may also be related to the effect of CBD on the level/activity of S100-A6.




5. Conclusions


This study showed that CBD affects the membrane proteins of keratinocytes exposed to UVB radiation in various ways, and may suggest that the observed metabolic response is time-dependent in relation to CBD application. CBD used only after UVB irradiation enhances the antioxidant response initiated by UVB radiation. Despite the increase in the proteasomal degradation efficiency upon the modified proteins, their level is not completely reduced, and the accumulation of adducts of protein-lipid peroxidation products is constantly observed. In contrast, when CBD is used before and after UVB irradiation of cells, the accumulation of modified proteins may occur due to the reduced efficiency of proteasomes (possibly with increased protein aggregation), which disrupts signaling pathways in keratinocytes, and thus leads to activation of proteins involved in the process of apoptosis. Thus, with both short-term and long-term use of CBD, this phytocannabinoid triggers cellular protective mechanisms related to either the degradation of modified proteins or the apoptosis of pathologically altered cells.
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Figure 1. The main stages of proteomic analysis of keratinocyte membranes: I. Preparation of keratinocytes (six groups as described above) for obtaining cell membranes and extraction membrane proteins; II. Preparation of proteins for proteomic analysis; III. Proteomic qualitative–quantitative analysis. 






Figure 1. The main stages of proteomic analysis of keratinocyte membranes: I. Preparation of keratinocytes (six groups as described above) for obtaining cell membranes and extraction membrane proteins; II. Preparation of proteins for proteomic analysis; III. Proteomic qualitative–quantitative analysis.



[image: Antioxidants 10 00402 g001]







[image: Antioxidants 10 00402 g002 550] 





Figure 2. Principal component analysis (PCA) of membrane fractions proteins of keratinocytes from the following groups: CTR—control cells cultured with standard medium; CBD(48 h)—cells cultured in medium containing CBD (4 µM) for 48 h; CBD(24 h)—cells cultured in medium containing CBD (4 µM) for 24 h; UVB—cells irradiated with UVB (312 nm) at 60 mJ/cm2; CBD + UVB + CBD—cells cultured in medium containing CBD (4 µM) for 24 h before and after UVB irradiation; UVB + CBD—cells cultured in medium containing CBD (4 µM) for 24 h after UVB irradiation. 
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Figure 3. Volcano plots comparing the effects of cannabidiol (CBD) on membrane fractions proteins of keratinocytes from the following groups: CTR—control cells cultured with standard medium; CBD(48 h)—cells cultured in medium containing CBD (4 µM) for 48 h; CBD(24 h)—cells cultured in medium containing CBD (4 µM) for 24 h; UVB—cells irradiated with UVB (312 nm) at 60 mJ/cm2; CBD + UVB + CBD—cells cultured in medium containing CBD (4 µM) for 24 h before and after UVB irradiation; and UVB + CBD—cells cultured in medium containing CBD (4 µM) for 24 h after UVB irradiation. [significant features (in blue) had p < 0.05; significant features (in red) had FDR-adjusted p-value < 0.05]. 
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Figure 4. Heat map and clustering for significant proteins from the following groups: CTR—control cells cultured with standard medium (n = 3); CBD(48 h)—cells cultured in medium containing CBD (4 µM) for 48 h (n = 3); CBD(24 h)—cells cultured in medium containing CBD (4 µM) for 24 h (n = 3); UVB—cells irradiated with UVB (312 nm) at 60 mJ/cm2 (n = 3); CBD + UVB + CBD—cells cultured in medium containing CBD (4 µM) for 24 h before and after UVB irradiation (n = 3); UVB + CBD—cells cultured in medium containing CBD (4 µM) for 24 h after UVB irradiation (n = 3). 
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Figure 5. The box plots generated using the average intensities of the proteins in the specified protein groups: (I) Pro-apoptotic ribosomal proteins: ribosomal proteins S3, S19, L13a, L7a; (II) Antioxidant enzymes: aldo-keto reductase family 1 member A1, B1, B10, C3, carbonyl reductase [NADPH] 1, NAD(P)H dehydrogenase [quinone] 1, peroxiredoxin-1; (III) Proteasomal subunits: proteasome subunit alpha type-3, beta type-2, beta type-5; and (IV) Proteins that participate in calcium-dependent binding: EF-hand domain family-member D2, protein S100 and S100-A6. [CTR—control cells cultured with standard medium (n = 3); CBD(48 h)—cells cultured in medium containing CBD(4 µM) for 48 h (n = 3); CBD(24 h) – cells cultured in medium containing CBD(4 µM) for 24 h (n = 3); UVB—cells irradiated with UVB (312 nm) at 60 mJ/cm2 (n = 3); CBD+UVB+CBD—cells cultured in medium containing CBD(4 µM) for 24 h before and after UVB irradiation (n = 3); UVB+CBD—cells cultured in medium containing CBD(4 µM) for 24 h after UVB irradiation (n = 3)]. 
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Figure 6. Effect of CBD and UVB radiation on the formation of adducts of proteins with lipid peroxidation products (MDA and 4-HNE) in keratinocyte membrane fractions. Keratinocytes were prepared as follows: [CTR]—cultured with standard medium; [CBD(48 h)]‚—cultured in medium containing 4 µM CBD for 48 h; [CBD(24 h)]—cultured in medium containing 4 µM CBD for 24 h; [UVB]—irradiated with UVB (312 nm) at 60 mJ/cm2 on standard medium, [CBD + UVB + CBD]—cultured with medium containing 4 μM CBD 24 h before and after UVB irradiation; [UVB + CBD]—cultured with medium containing 4 μM CBD 24 h after UVB irradiation. Mean values ± SD of five independent samples and statistically significant differences for p ≤ 0.05 are presented: a—differences vs. CTR or UVB; b—differences vs. CBD(48 h) or CBD + UVB + CBD; x—differences between UVB and CTR group. 
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