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Abstract

:

Pomegranate extract (PG-E) has been reported to exert a protective effect on the skin due to its antioxidant activity. Ingredients rich in phenolic compounds are unstable in extract solutions, and, therefore, the use of a suitable nanosystem to encapsulate this type of extract could be necessary in different biotechnological applications. Thus, we investigated the capacity of Brassica oleracea L. (cauliflower) inflorescence vesicles (CI-vesicles) to encapsulate PG-E and determined the stability and the antioxidant capacity of the system over time. In addition, the protective effect against UV radiation and heavy metals in HaCaT cells was also tested. The CI-vesicles had an entrapment efficiency of around 50%, and accelerated stability tests did not show significant changes in the parameters tested. The results for the HaCaT cells showed the non-cytotoxicity of the CI-vesicles containing PG-E and their protection against heavy metals (lead acetate and mercuric chloride) and UV-B radiation through a reduction of oxidative stress. The reduction of the percentage of deleted mtDNA (mtDNA4977, “common deletion”) in UV-treated HaCaT cells due to the presence of CI-vesicles containing PG-E indicated the mechanism of protection. Therefore, the effects of CI-vesicles loaded with PG-E against oxidative stress support their utilization as natural cosmeceuticals to protect skin health against external damage from environmental pollution and UV radiation.
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1. Introduction


Pomegranate (Punica granatum L.), a fruit of the Punicaceae family, is considered a fruit with high pharmaceutical value since its bioactive compounds have been shown to have biological activities in the treatment of several human diseases [1]. The main benefit is due to the antioxidant potential derived from the high concentrations of phenolic compounds, such as galloylglucose, punicalagin, punicalin, ellagic acid, and gallic acid [2,3]. Besides, anthocyanins and other nutraceutical components, such as sterols, γ-tocopherol, punicic acid, and hydroxybenzoic acids, have been found in the different parts of pomegranate [4,5]. Thus, functional products enriched with pomegranate extract (PG-E) have been reported to be useful for the treatment of certain diseases—such as diabetes mellitus, obesity, and cardiovascular and gastrointestinal diseases [1,6,7]—since their antioxidant potential gives protection from inflammation because it reduces the activity of cytokines, such as tumor necrosis factor-α (TNF-α) or interleukin-6 (IL-6) [8,9,10], as well as the levels of total cholesterol, low density lipoprotein (LDL), and lipid peroxidation [11]. Further, beneficial and protective effects of PG-E in the skin are also due to antioxidant activity, as reported in different studies [12,13]. In this regard, it is important to focus on the keratinocytes, as they comprise much of the outermost layer of skin (epidermis) [14]. Therefore, keratinocytes suffer damage due to extrinsic stimuli (UV exposure or pollutants, such as heavy metals) [15,16]. These stimuli trigger an excessive production of reactive oxygen species (ROS), which entails a loss of cellular functions and even cell death [17,18]. It is well known that ROS is a threat to cellular integrity, as it causes damage to essential macromolecules, including DNA, lipids, and proteins [19]. Regarding DNA damage, it has been observed to be more persistent in mitochondrial DNA (mtDNA) than in nuclear DNA due, among other causes, to limited repair mechanisms [20]. An indicator of DNA damage is a large deletion of 4977 bp from mtDNA called “common deletion”, which is considered an early marker for mutations induced by high levels of ROS [21,22]. It has been reported that PG-E can reduce the H2O2 overproduction as well as the cytotoxicity and the inflammatory stress induced by UV exposure [13,23].



Based on the above, this type of extract is of great interest as a natural cosmeceutical for skin health. But, one problem is that phenolic compounds are unstable in extract solutions, and, therefore, it is necessary to remove the solvents of the extracts to stabilize them. The shelf life of the phenolics could be enhanced in the dry extracts, but the stability of the formulated liquid extracts is very limited. Thus, procedures to prolong the stability of the final product, such as the addition of pectins for jelly formation, have been investigated [24]. Similarly, microencapsulation has been reported as a suitable option to stabilize the phenolics of the PG-E [25]. In this procedure, the phenolics are surrounded by a maltodextrin matrix in order to produce small capsules, with significant improvement of the antioxidant and α-glucosidase inhibitory activities.



Recently, new technologies of encapsulation, such as the use of membrane vesicles derived from natural sources, have been studied for different applications, such as cosmetics or therapy, such as treatment of colitis or melanoma [26,27,28,29,30]. The most profitable sources may well be those of plant origin since, in many crops, by-products are produced, which can be used to obtain membrane vesicles. The latest research in our group has focused on the study of stable natural membrane vesicles from brassicas. Plasma membrane vesicles from broccoli (Brassica oleracea L. var. italica) are characterized by their potential to stabilize the bioactive glucosinolate glucoraphanin [31]; the stability of this type of vesicle was studied in other work [32] and was found to be related to aquaporins. Recent work confirmed the potential of these vesicles as carriers in cosmetic or therapeutic applications [28]. Besides, in this study, an interaction between plant and human cell membranes was shown, revealing their potential in numerous applications in nanotechnology. In addition to broccoli-derived vesicles, membrane vesicles from cauliflower inflorescence have been well characterized [33]. The vesicles described in this study had sizes between 300 and 400 nm, appropriate for use in various biotechnological applications [34]. Besides, the osmotic permeability (Pf) values are related to vesicle functionality and membrane integrity, and high values of Pf have been determined in vesicles from Brassica oleracea L. var. botrytis inflorescences [33]. These types of vesicles are defined by their versatility since, in addition to their use in cosmetics, applications in agriculture are being studied [35,36]. All these findings lead us to propose these membrane vesicles as nanocarriers, whose advantages are based on their specific lipid/protein composition, their biodegradability, and their ability to carry the encapsulated substance to the target cells.



Therefore, the objective of this work was to test the capacity of B. oleracea var. botrytis inflorescence vesicles (cauliflower inflorescence vesicles: CI-vesicles) to encapsulate PG-E and to determine the stability of the vesicles-extract system and its antioxidant capacity over time. Besides, the protective effect of PG-E against UV radiation and heavy metals was determined in a cell line of immortalized keratinocytes (HaCaT), and the protective mechanism was studied through mtDNA4977 deletion.




2. Materials and Methods


2.1. Materials


Brassica oleracea L. var. botrytis inflorescences were collected from a commercial farm sited in the Region of Murcia (Lorca, Murcia, Spain), and pomegranate extract (PG-E) was obtained from MitraSol Technologies S.L. (NUTRAGRANATE®, Elche, Alicante, Spain).




2.2. Cauliflower Inflorescences Vesicles (CI-Vesicles)


Cauliflower inflorescences were cut into small pieces before vacuum-filtering, at a 1:1.6 (w/v) ratio, with an extraction buffer (0.5 M sucrose, 1 mM DTT, 50 mM HEPES, and 1.37 mM ascorbic acid, at pH 7.5) and 0.5 g of Polyvinylpyrrolidone (PVP). The mixture was homogenized using a blender and filtered through a nylon mesh (pore diameter of 100 µm). The filtrate was centrifuged at 10,000× g for 30 min at 4 °C. The supernatant was recovered and centrifuged for 35 min at 100,000× g and 4 °C, and the pellet obtained was suspended in 500 µl of FAB buffer (5 mM PBS and 0.25 M sucrose, pH 6.5) for storage at −80 °C. The protein concentration in this microsomal fraction was determined by the Bradford method [37], using bovine serum albumin as the standard.




2.3. Particle Size, Zeta Potential, and Polydispersity Index Analysis of Cauliflower Inflorescences Vesicles (CI-Vesicles)


Dynamic light scattering (DLS) was used to detect particle size, zeta potential, and polydispersity index at a temperature of 20 °C using a Zetasizer Nano (Malvern Instruments, Malvern, UK) in a similar way as previously was reported [38,39,40]. Transmission electron microscopy (TEM) was performed as described previously [41].




2.4. Pomegranate Extract Encapsulation and Entrapment Efficiency (EE)


For encapsulation of the PG-E, enriched in punicalagin, in CI-vesicles, the microsomal fraction pellet was resuspended in FAB buffer containing 30% PG-E. The mixture was shaken vigorously and then stabilized in a glycerol solution, with a concentration of 0.015% (w/w) protein and 0.15% (w/w) PG-E. Free PG-E was prepared in the same way but without CI-vesicles. For the experiments conducted, different concentrations were produced based on the initial concentration. The entrapment efficiency (EE) was measured with a method based on the separation of particles by size and physicochemical nature in Sephadex G25 columns. The columns were equilibrated at room temperature with a solution of glycerol:water (1:3) at least 3 h before use. PG-E, free in glycerol and encapsulated in CI-vesicles in glycerol (2.5 mL), was loaded onto the Sephadex columns after dilution in water (1:3). The samples were eluted by passing 10 mL of glycerol:water (1:3) solution and 5 mL of 0.2 N NaOH to disrupt the vesicles. Fractions of 1 mL were collected to measure the protein content and the absorbance at 370 nm to determine the PG-E content. The absorbance (370 nm) corresponding to each fraction (1–38) is represented in Figure 1, and the area under the graph was calculated with the program Image J [42]. EE percentage was calculated through a relationship between the total area (considered 100%) and the encapsulated area. The experiments were performed in triplicate.




2.5. Protein Content


The protein content in CI-vesicles with PG-E was measured by the Bradford method [37]. Measurements were carried out every 15 days on samples stored at 20 °C, 4 °C, or 40 °C for 3 months.




2.6. Color


The color of the product (CI-vesicles with PG-E) was determined by measuring the visible absorbance spectrum. The maximum absorbance of the samples in the visible spectrum was at 370 nm. Measurements were carried out every 15 days on samples stored at 20 °C, 4 °C, or 40 °C for 3 months.




2.7. Antioxidant Capacity


The antioxidant capacity was determined by the DPPH radical (2,2-diphenyl-1-picryldhydrazyl) assay [43,44]. The DPPH solution was prepared in methanol and had an absorbance of 1 at 517 nm. A 96-well plate was used to carry out the assay. An initial measurement at 517 nm was made for 250 µL of DPPH solution, using methanol as the blank. Two microliters of each sample or standard (prepared with Trolox) were added to the wells containing the DPPH solution. The plate was shaken, left for 30 min in the dark, and the final absorbance was measured again at 517 nm. To determine the stability of the antioxidant activity of the CI-vesicles with PG-E, measurements were carried out every 15 days on samples stored at 20 °C, 4 °C, or 40 °C for 3 months.




2.8. HaCaT Cells Culture


HaCaT cells, a spontaneously immortalized human keratinocyte line [45], were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% FBS, 1% penicillin-streptomycin, and 1% l-glutamine at 37 °C and 5% CO2. The subcultures were carried out when the cells reached 70–90% confluence.




2.9. Applied Treatments and Stresses (Heavy Metals and UV-B Radiation)


When the cells reached 60–70% confluence, they were washed with PBS buffer (37 °C), and treatments with PG-E, in CI-vesicles and free (0.01, 0.005, 0.001, and 0.0005%, prepared using 0.15% w/w PG-E in glycerol), were applied for 24 h. Then, the cells were subjected to the stresses. Different concentrations of lead acetate and mercuric chloride (0 µM, 90 + 30 µM, 500 + 50 µM, 1000 + 70 µM, and 2000 + 90 µM) were applied for 24 h. HaCaT cells were exposed to UV radiation (20 J/cm2) using a Bio-Link Crosslinker BLX 312. Control cells were incubated in parallel without irradiation.




2.10. Cell Viability (MTT Assay)


The effect of different concentrations of PG-E free and encapsulated in CI-vesicles and of stresses on the viability of HaCaT cells was determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [46]. Cells were plated at 3200 cells/well in 198 µL of DMEM complete medium in a 96-well plate and were cultivated at 37 °C and 5% CO2 until 60–70% confluence. Then, 2 µL of different dilutions of samples was added to the wells (each sample was repeated in 6 wells), and, after 24 h of incubation, cell viability was determined. Briefly, 200 µL of MTT (1 mg/mL in DMEM) was added after complete removal of the medium from the wells, and the cells were incubated for 4 h at 37 °C and 5% CO2. The MTT solution was then removed and replaced with 100 µL of DMSO, and the plate was shaken. The absorbance at 570 nm was recorded using a microplate reader (BMG Labtechnologies, Fluostar Omega, Ortenberg, Germany). The percentage viability of the treated cells and the protection from mortality were calculated as follows:


   Cell   viability     ( % )  =       (   Abs   570 nm   )    sample          (   Abs   570 nm   )    control        ×   100  



(1)






   Protection   from   mortality     ( % )  = 100 −   (         Cell   mortality    treated      ( % )    × 100        Cell   mortality    untreated      ( % )     )      



(2)






   Cell   mortality     ( % )  = 100 −  cell   viability     ( % )   



(3)








2.11. Lipid Peroxidation Levels


Lipid peroxidation was evaluated, with the thiobarbituric acid reactive substances (TBARS) assay [47], in the cell culture medium and cells after UV radiation exposure. The treated cells were washed with cooled PBS, scraped into trichloroacetic acid (TCA) (2.8%, w/v), and disrupted by grinding with a pestle. Total protein was determined by the Bradford assay [37]. The cell suspension or cell culture medium was mixed with thiobarbituric acid (TBA) (0.5% w/v) in TCA (20% w/v), heated (20 min, 90 °C), and centrifuged (10,000 rpm, 5 min). TBA reacts with the oxidative degradation products of lipids to yield red complexes that absorb at 532 nm. The amount of TBA reactive substances was determined using a spectrophotometer, and the absorbance at 600 nm was subtracted to eliminate the effect of turbidity. The amount of the malondialdehyde (MDA)-TBA complex present was calculated using an extinction coefficient (ε) of 155 mM−1 cm−1.




2.12. DNA Extraction and Analysis and Quantitative PCR


Genomic DNA extraction from HaCaT cells was performed using the QIAamp® DNA Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocols. These ensured the isolation of total (nuclear and mitochondrial) DNA. The total DNA concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).



Quantitative PCR was carried out using an Applied Biosystems™ 7500 Real-Time PCR System (Thermo Fisher Scientific), in 10-μL assay volumes, with 2X Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA) and a ROX passive reference dye. The volumes and concentrations for the SYBR Green reaction mixes were 5 μL of SYBR Green reaction mix, 0.5 μM forward and reverse primer, and 10 ng of DNA template. The primer sequences are listed in Table 1. The amplification conditions were 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Quantitative PCR reactions were carried out using primers designed to amplify a highly conserved region of mtDNA essential for cell survival and another region known to be affected by large-scale deletions due to sunlight exposure, the mtDNA4977 deletion, in a similar way to Koch et al. [48]. Reactions were also carried out to quantify the nuclear housekeeping gene Beta-actin, which was chosen because it has been validated for human skin DNA analysis and has been found to be stable under these conditions [49].



By comparing the cycle threshold (Ct) number of the mtDNA4977 with the average Ct number of the nuclear housekeeper (Beta-actin), the average number of deletion-bearing mtDNA genomes could be calculated in a manner similar to that shown in Powers et al. [50]: A) Efficiency of Beta-actin ^ Ct of Beta-actin for sample/Efficiency of mtDNA4977 ^ Ct of mtDNA4977 for sample; B) Efficiency of Beta-actin ^ Ct of Beta-actin for sample/Efficiency of mitochondrial conserved region ^ Ct of the conserved region for sample; C) Percentage of genomes carrying the mtDNA4977 = ((A × 100)/B).




2.13. Statistical Analyses


R software [51] was used to analyze all the data. When multiple comparisons were performed, evaluation involved one-way or two-way ANOVA, followed by the Tukey HSD test or Student t-test. Differences were considered to be significant at p < 0.05. All results are presented as the means ± SE.





3. Results


3.1. Physicochemical and Morphological Characterization


Table 2 shows DLS analysis performed in a similar way to that previously reported [38,39,40]. The CI-vesicles had an average hydrodynamic diameter around 620.7 nm, which increased when PG-E was encapsulated in CI-vesicles (797.5 nm). TEM picture of the shape of CI-vesicles with PG-E is shown in Supplemental material (Figure S1). Zeta potential values of −21 mV were obtained in both CI-vesicles and CI-vesicles with PG-E, indicating adequate stability of the formulations [52] and a negative electric charge on the surface of the vesicles. Regarding free PG-E, it was not possible to measure the size by DLS, and the zeta potential value was −15 mV.




3.2. Pomegranate Extract Entrapment Efficiency (EE)


The entrapment efficiency (EE) was determined by absorbance measurements at 370 nm, the wavelength in the visible spectrum at which the absorbance by samples containing PG-E is maximum. Both free PG-E and PG-E encapsulated in CI-vesicles were passed through a Sephadex column, and different fractions were collected to measure the absorbance. The CI-vesicles were disrupted to allow the release of the encapsulated extract. Figure 1 shows the absorbance at 370 nm of different fractions collected after passing free PG-E and CI-vesicles containing PG-E through a Sephadex column. The free PG-E appeared in fractions 13 to 19. For the samples with vesicles, absorbance also appeared from fraction 13 but remained until fraction 24, with a second peak between fractions 30 and 36. The colored areas correspond to fractions where proteins appeared, that is, those fractions containing the CI-vesicles with encapsulated PG-E. The first colored area corresponds to small vesicles that appeared together with the last molecules of the free PG-E, and the second area corresponds to vesicles retained in the column and disrupted by chloroform.



The data regarding the areas under the curves and the protein concentration are shown in Table 3. Taking into account the total area under the free PG-E curve and corresponding to fractions with proteins, an EE of 46.50 ± 1.62% was estimated. No significant differences appeared between the total areas under the curve of the two samples, and, therefore, no extract residues were retained in CI-vesicles without being determined. Besides, the sum of the protein contents of all the fractions collected was the same as the protein content in the sample previous to elution through the Sephadex column. Thus, both the entire extract and all the vesicles passed through the column.




3.3. Stability of CI-Vesicles with Encapsulated PG-E


The stability of the CI-vesicles with encapsulated PG-E was measured in different ways: (1) protein concentration, (2) color of the solution, and (3) antioxidant activity. The concentration of proteins in the vesicles was measured over 3 months under different storage conditions, and no significant changes were observed in the amount of protein in the product over time under any of the storage conditions (Figure 2a). Besides, the color of the product (CI-vesicles with encapsulated PG-E) was followed for the same storage time and temperature conditions, and no significant changes in the absorbance at 370 nm (the wavelength of maximum absorbance in the visible spectrum for the product) were observed in any sample (Figure 2b). The antioxidant activity was measured every 15 days for 3 months, and no significant differences were recorded (Figure 2c). The stability of the free extract was also determined with no differences in absorbance and trolox equivalent (TE) for over 90 days at different temperatures. Besides, similar values to those obtained from the encapsulated samples were observed (data not shown). The release with chloroform was performed with similar results as with ethanol used in the measurement of antioxidant activity (Table S1).




3.4. Antioxidant Activity


The antioxidant activity of PG-E diluted in glycerol (free) and encapsulated in CI-vesicles was determined, and no significant differences were found. Thus, encapsulation did not affect the antioxidant properties of PG-E. Besides, the antioxidant activity of CI-vesicles without PG-E was determined, and no activity was measured (Table 4).



Figure 3 shows the percentage loss of antioxidant activity of PG-E, both free and encapsulated in CI-vesicles, after 90 days of storage at different temperatures. At 4 °C and 40 °C, surprisingly similar results were obtained, with a loss of 8.13% and 9.60%, respectively, of the antioxidant activity of PG-E encapsulated in CI-vesicles. Regarding free PG-E, the losses were also similar at 4 °C and 40 °C: 15.96% and 14.45%, respectively. At room temperature (20 °C), no significant differences were found between the loss of antioxidant capacity of the free and encapsulated extract; in both cases, around 11% was lost. Hence, the storage temperature did not influence the loss of antioxidant capacity of the free or encapsulated extract.




3.5. Cytotoxic Effects in HaCaT Cells of PG-E Encapsulated in CI-Vesicles


The cytotoxic effects of CI-vesicles with encapsulated PG-E were evaluated at different concentrations (0.01%, 0.005%, 0.001%, and 0.0005%), in comparison with free PG-E, 24 h after application, in HaCaT cells. As shown in Figure 4, CI-vesicles with PG-E at the two highest concentrations showed significant differences with respect to the control, but cell viabilities around 80% are not considered cytotoxic [53]. On the other hand, the application of free PG-E produced a significant increase in the viability of HaCaT cells, to values higher than the control. Hence, neither the free nor the encapsulated extract, at the applied concentrations, decreased the viability of HaCaT cells.



Furthermore, at the morphological level, no changes were seen after the treatment of HaCaT cells with CI vesicles containing PG-E; the cells were tightly connected, exhibited regular morphology, and had the same abundance compared to control cells (Figure 5).




3.6. Effect of CI-Vesicles Containing PG-E Against Heavy Metals in HaCaT Cells


After testing different concentrations of lead acetate and mercuric chloride (data not shown), distinct combinations of both compounds at different concentrations were chosen for application to HaCaT cells in order to determine the protective effect of CI-vesicles with PG-E against heavy metals. The effect of these combinations of heavy metals on the viability of HaCaT cells was dose-dependent, as shown in Figure 6a. The lowest concentration (90 µM lead acetate +30 µM mercuric chloride) did not affect cell viability, whereas the highest concentration (2000 µM lead acetate + 90 µM mercuric chloride) showed strong cytotoxicity. The effect of PG-E on the cell mortality caused by a combination of lead acetate and mercuric chloride was tested in HaCaT cells by applying 1000 µM lead acetate +70 µM mercuric chloride for 24 h after treatment with PG-E, free or encapsulated in CI-vesicles, also for 24 h. The chosen heavy metal concentrations caused high cytotoxicity but allowed for a possible improvement (Figure 6a). Figure 6b shows the viability of HaCaT cells after treatment with PG-E (in CI-vesicles or free) and then the heavy metals. A significant increase in viability appeared when CI-vesicles containing PG-E were applied, compared to the viability of untreated cells and cells treated with free PG-E.



A summary of the effects of the CI-vesicles with PG-E on the viability of HaCaT cells under heavy metals stress is shown in Table 5. A 17% increase in cell viability occurred with the CI-vesicles containing PG-E, but no increase was detected for cells treated with free PG-E. Treatment of cells with CI-vesicles containing PG-E gave 27% protection against mortality, but there was no protection when free PG-E was applied.




3.7. Effect of CI-Vesicles Containing PG-E in UV-Irradiated HaCaT Cells


To investigate the effects of CI-vesicles containing PG-E on the proliferation of cells exposed to UV-B radiation, the MTT assay was performed with HaCaT cells. As shown in Figure 7a, the viability of UV-irradiated HaCaT cells was significantly decreased compared to non-irradiated cells. Cells treated with PG-E encapsulated in CI-vesicles prior to UV-B irradiation showed an increase in viability compared to untreated cells. Besides, the morphological changes induced by UV-B radiation are shown in Figure 8.



UV radiation causes oxidative stress in skin cells and the formation of free radicals and ROS, associated with lipid peroxidation in cell membranes. The ability of CI-vesicles with PG-E to decrease lipid peroxidation caused by UV radiation was assayed in HaCaT cells. The thiobarbituric acid reactive substances (TBARS) produced by HaCaT cells, as a by-product of lipid peroxidation, were analyzed inside of HaCaT cells (Figure S2) and in the culture medium (Figure 7b), since after UV radiation exposure, most of the TBARS are released by the cells [54]. For cells subjected to UV radiation, the 24-h PG-E pre-treatment significantly reduced the release of TBARS into the medium.




3.8. Effect of CI-Vesicles with PG-E on MtDNA Common Deletion in UV-Irradiated HaCaT Cells


The percentage of deleted mtDNA (mtDNA4977, “common deletion”) in HaCaT cells that were untreated or were treated with CI-vesicles containing PG-E (0.01%; 24 h) before being exposed to UV radiation was determined (Figure 9). Non-irradiated HaCaT cells displayed a small and similar amount of mtDNA4977 regardless of whether or not they had been treated with CI-vesicles containing PG-E. Cells that had not been treated with CI-vesicles containing PG-E showed an increase in the percentage of common deletion (mtDNA4977) when irradiated with UV, while cells treated with CI-vesicles containing PG-E for 24 h before UV radiation exposure showed an amount of mtDNA4977 comparable to that of non-irradiated control cells (Figure 9).





4. Discussion


Due to the variety of beneficial effects of pomegranate extract (PG-E) enriched in punicalagin [1,55], a vehicle is needed to improve its functionality in therapeutic and cosmetic applications, with the focus on its use as a protective agent against damaging environmental factors, such as UV radiation or pollution [56,57]. In the last few years, the use of vehicles or carriers from natural sources has been an object of study [58,59]; specifically, the use of membrane vesicles from plant materials as nanocarriers has shown promising results in different fields, such as cosmetics [28], medicine [26], or agriculture [35,36].



This work highlights the potential use of cauliflower inflorescence membrane vesicles (CI-vesicles) to encapsulate PG-E for cosmetic applications. The preparation of these vesicles consists of the purification of the plant membrane fraction, as described in Rios et al. [35], which allows a reproducible preparation of vesicles in terms of yield and size. The entrapment efficiency (EE) of the nanocarrier will depend on factors, such as the integrity and chemical composition of the vesicles, but also on the chemical and physical properties of the encapsulated compound [34,60]. In this work, an EE of 46.5% was obtained for PG-E encapsulated in CI-vesicles, similar to that reported previously with broccoli-derived plasma membrane vesicles, for which EE values around 50% were obtained when encapsulating two dyes [28]. Regarding other works where PG-E was encapsulated in nanocarriers, values of EE similar to that obtained in our study were reported. Marin et al. [61] showed an EE of 63% for a PG-E encapsulated in liposomes and established that punicalagin (a polar phenolic compound of PG-E) is located in the aqueous core of the liposomes, while ellagic acid intercalates into the aliphatic-chain zone of the membrane since it is poorly soluble in polar solvents. Besides, it is known that phenolic compounds interact with the polar head and also intercalate into the bilayer membrane [62]. This knowledge, together with the EE percentages, gives us an idea of how our system, based on membrane vesicles and a PG-E, is composed and arranged.



After obtaining acceptable EE data, the stability over time of the system (CI-vesicles with PG-E) was the next point to study. The stability was addressed on several fronts: protein content, color, and antioxidant activity. None of these parameters was affected by the passage of time (3 months) at any of the storage temperatures (20 °C, 4 °C, and 40 °C), which evidences the suitability of the system for its final purpose. The CI-vesicles with PG-E are maintained in a solution based on a polyalcohol protector, which promotes high stability during storage as it decreases the surface tension of water [63]. In this way, the polyalcohol also protects the non-encapsulated extract. This type of assay is an accelerated storage-stability test and is commonly used to determine the long-term behavior of the system [64]. Other studies also demonstrated that the antioxidant activity of materials derived from pomegranate persists over time without changes. Mali et al. [65] showed that the antioxidant activity of pomegranate peel powder had not changed after 90 days at room temperature, but degradation had occurred in aqueous solutions. The color stability is related to oxidation, with the concomitant implications for cell functionality. Therefore, our stability assays showed that this is a system suitable for use in further cosmeceutical applications.



The protective effect of PG-E encapsulated in CI-vesicles was assayed in a keratinocyte cell line (HaCaT). Keratinocytes form the majority of the epidermis, the outermost layer of the skin; therefore, these cells are part of the first defense barrier against harmful external stimuli, such as UV radiation or pollution [66]. The cytotoxicity of CI-vesicles containing PG-E was assayed at different concentrations to find the working concentration. Application of the highest concentration induced a significant decrease in viability with respect to the control, but in such trials, cell viabilities around 80% are not considered to represent cytotoxicity [53]. Hence, this concentration was chosen to ensure clear effects in subsequent assays. This cytotoxicity was due to the CI-vesicles because free PG-E did not show cytotoxicity and even increased cell viability. There are no previous reports of cytotoxicity caused by this type of membrane vesicle, and several works have reported that such vesicles have zero cytotoxicity at suitable concentrations in cell cultures [67,68]. In other studies, null cytotoxicity of PG-E has been reported for HaCaT cells; for example, in Liu et al. [13], for concentrations of PG-E from 6.25 to 100 µg/mL. In our work, the highest concentration of PG-E was 13 µg/mL; thus, our results are in line with what has been reported previously. These good results obtained in the cytotoxicity tests, together with previous results from our group, confirm the suitability of the system. Previous work [28] showed an interaction between plant and human cell membranes, with plasma membrane vesicles from broccoli exhibiting a high fusion ability with human keratinocytes.



The protective effect of our system (PG-E encapsulated in CI-vesicles) against heavy metals and UV-B radiation was determined in this work. Heavy metals like lead and mercury are common air pollutants and have been shown to trigger health risks [69]. To analyze the effectiveness of CI-vesicles containing PG-E with regard to decreasing the damage caused by heavy metals in keratinocytes, different concentrations of lead acetate and mercuric chloride and a mixture of both were applied to HaCaT cells. Individually, both metals caused a reduction in cell viability (data not shown), as reported previously in other studies [70,71], but in this work, assays were also carried out with a mixture of lead acetate and mercuric chloride. An important reduction in cell viability was shown after 24 h of incubation of HaCaT cells with different concentrations of the metals and in the same way as previously reported, the reduction being highly dose-dependent [71]. Oxidative stress has been revealed as one of the actors in heavy metal-induced cytotoxicity [18,72,73]; thus, due to their antioxidant capacity, the protective effects of CI-vesicles with PG-E against heavy metals were tested. As described in the Results section, an improvement in cell viability appeared when PG-E was applied in encapsulated form. This could be due to a better entry of the extract into the cells when it is encapsulated due to the fusion of the vesicles with the cell membranes [28]. Studies were carried out to determine the effectiveness of CI-vesicles with PG-E against UV-B radiation (290–320 nm), which is the main UV component that causes a wide variety of skin disorders, including skin cancers [74]. The cell viability after irradiation with UV-B was higher when CI-vesicles with PG-E were applied 24 h before irradiation. In addition, the TBARS release into the medium after irradiation with UV-B was lower for cells previously treated with PG-E encapsulated in CI-vesicles than for untreated cells, and this response is probably related to the antioxidant capacity of the PG-E. A cellular environment with increased lipid peroxidation can produce immune and inflammatory responses [75]. The reduction of these inflammatory responses, thereby maintaining or restoring cell homeostasis, could be achieved with our PG-E treatment. The results obtained in our experiments showed that the encapsulated PG-E provided protective effects against the UV-B-induced oxidative stress, suggesting prevention of membrane damage. In this way, our results with encapsulated PG-E are similar to those obtained in other work with free pomegranate extracts but using higher concentrations [76]. These previous studies also showed promising results regarding protection against UV-B radiation: the protection by CI-vesicles with PG-E against the oxidative stress triggered by UV-B radiation in HaCaT cells coincided with higher cell viability, an enhanced intracellular glutathione (GSH) content, and a decline in membrane damage (analyzed as lipid peroxidation). Besides, in other work, inhibition of UV-B-mediated activation and phosphorylation of the mitogen-activated protein kinase (MAPK) and factor nuclear kappa B (NF-κB) pathways by a pomegranate fruit extract was revealed [77].



Our results showed a protective effect of CI-vesicles with PG-E against the mutations in mtDNA induced by UV-B radiation, measured as common deletion mtDNA4997. These types of mutations are considered as markers for ROS-mediated genotoxicity [78], and several previous studies have shown an increase in these mutations (deletions) in the mtDNA of cells exposed to UV-B radiation [48,50]. This is in accordance with our results because an increase in mtDNA4997 in HaCaT cells that were not treated with the protective agent was found after UV irradiation. The antioxidant capacity of PG-Es could play an important role in preventing the deletion since, as we stated above, this mutation is related to an increase in ROS generation. In this sense, melatonin, an endogenous antioxidant, has been reported to prevent mtDNA4997 under both basal conditions and induced oxidative stress in cybrids [79]. Our results, along with others published previously [77,80], support the capacity of antioxidant compounds to prevent damage related to aging and UV-B exposure [81]. The fact that the protective effect was higher for encapsulated PG-E could be due to its greater penetrability in cells, as reported previously [28].




5. Conclusions


We have shown that vesicles derived from cauliflower inflorescences could serve as nanocarriers for PG-E by demonstrating their stability and their relatively high entrapment efficiency. The results for keratinocyte culture cells (HaCaT) show the non-cytotoxicity of the system (PG-E encapsulated in CI-vesicles) and its protection against heavy metals and UV-B radiation through a reduction of oxidative stress—which entails a decrease in membrane damage due to a reduction of lipid peroxidation and the prevention of mutations in DNA, such as deletions in mitochondrial DNA. The HaCaTs, a spontaneously immortalized human keratinocyte cell line, have been used widely to investigate different toxicities and molecular mechanisms related to skin, and, therefore, the results obtained with this cell line can reliably be extrapolated to what could happen in real skin. Thereby, this work represents a further advance in the use of vesicles obtained from plant material as nanocarriers for topical applications, with promising results for the encapsulation of antioxidant extracts; in this case, PG-E, which protected keratinocyte cells from UV and heavy metal damage at very low concentrations.
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Figure 1. Absorbance (370 nm) of each fraction obtained after passing through a Sephadex column the samples of free PG-E (blue line) and CI-vesicles with encapsulated PG-E (red line). The grey area indicates the proportion of PG-E encapsulated in CI-vesicles. PG-E, pomegranate extract; CI-vesicles, cauliflower inflorescence vesicles. 
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Figure 2. Protein (mg/mL) stability (a), color (absorbance at 370 nm) stability (b), and antioxidant activity (µM Trolox Equivalents (TE)) (c). Measurements were carried out over 90 days, at 4 °C (blue), 20 °C (grey), and 40 °C (red), for cauliflower inflorescence vesicles (CI-vesicles) with encapsulated PG-E. Data are means ± SE (n = 3). 
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Figure 3. Loss of antioxidant activity (%) with respect to the initial time for pomegranate extract (PG-E), encapsulated in CI-vesicles or free, after 90 days of storage at 4 °C, 20 °C, or 40 °C. Data are means ± SE (n = 3). *, significant differences compared to the respective control (p < 0.05). n.s., not significant. 
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Figure 4. Viability of HaCaT cells incubated for 24 h with different concentrations of pomegranate extract (PG-E), encapsulated in cauliflower inflorescence vesicles (CI-vesicles) or free, as determined by the MTT assay. The results were normalized as a function of the glycerol cytotoxicity. Data are means ± SE (n = 6). * p < 0.05, significantly different compared to the control group. 
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Figure 5. Phase-contrast microscopy images of HaCaT cells: untreated (a) and treated for 24 h after reaching 60–70% confluence with cauliflower inflorescence vesicles (CI-vesicles) containing pomegranate extract (PG-E) at a concentration of 0.01% (b). Scale bars = 100 µm. 
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Figure 6. Viability (determined by the MTT assay) of HaCaT cells incubated for 24 h with different combinations of lead acetate and mercuric chloride (µM) (a) and treated for 24 h with cauliflower inflorescence vesicles (CI-vesicles) with pomegranate extract (PG-E) or free PG-E previous to the application of heavy metals (1000 µM lead acetate + 70 µM mercuric chloride) (b). The results were normalized as a function of the control cytotoxicity. Data are means ± SE (n = 6). Different letters indicate significant differences between groups. *, significant differences compared to the respective control (p < 0.05). 
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Figure 7. Viability of HaCaT cells after UV-B exposure, determined by the MTT assay. The results were normalized as a function of the control cytotoxicity (a). TBARS (thiobarbituric acid reactive substances, nM) was released into the culture medium by HaCaT cells (b). The HaCaT cells were exposed to UV radiation after treatment for 24 h with cauliflower inflorescence vesicles (CI-vesicles) with pomegranate extract (PG-E) (0.01%). Data are means ± SE (n = 6). Different letters indicate significant differences between groups. *, significant differences compared to the respective control (p < 0.05). 
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Figure 8. Phase-contrast microscopy images of HaCaT cells without cauliflower inflorescence vesicles (CI-vesicles) and UV-B treatment (a), with CI-vesicles and without UV-B treatment (b), without CI-vesicles and with UV-B treatment (c), and with CI-vesicles and UV-B treatment (d). Scale bars = 100 µm. 






Figure 8. Phase-contrast microscopy images of HaCaT cells without cauliflower inflorescence vesicles (CI-vesicles) and UV-B treatment (a), with CI-vesicles and without UV-B treatment (b), without CI-vesicles and with UV-B treatment (c), and with CI-vesicles and UV-B treatment (d). Scale bars = 100 µm.



[image: Pharmaceutics 13 00271 g008]







[image: Pharmaceutics 13 00271 g009 550] 





Figure 9. Amount of the “common deletion” 4977 in mitochondrial DNA (mtDNA4977) in HaCaT cells exposed to UV radiation without prior treatment or treated for 24 h with cauliflower inflorescence vesicles (CI-vesicles) with pomegranate extract (PG-E) (0.01%) before radiation exposure. Data are means ± SE (n = 3). Different letters indicate significant differences (p < 0.05). 
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Table 1. Primer sets used for quantitative PCR; a from Li [49], b and c from Koch [48].
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	Target Name
	Product Size
	Forward Primer (5′ → 3′)
	Reverse Primer (5′ → 3′)





	Beta-actin a
	205 bp
	GGCGGCAACACCATGTACCCT
	AGGGGCCGGACTCGTCATACT



	Total mtDNA b
	83 bp
	GATTTGGGTACCACCCAAGTATT
	AATATTCATGGTGGCTGGCAGTA



	Common deletion mtDNA4977 c
	107 bp
	ACCCCCATACTCCTTACACTATTCC
	AAGGTATTCCTGCTAATGCTAGGCT










[image: Table] 





Table 2. Characteristics of CI-vesicles, CI-vesicles with PG-E, and PG-E: Particle Size, Polydispersity Index, and Zeta Potential.
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	CI-Vesicles
	CI-Vesicles with PG-E
	PG-E





	Z-average (nm)
	620.72  ±  25.17 a
	797.50  ±  38.93 b
	-



	Polydispersity index (0–1)
	0.70  ±  0.03 a
	0.76  ±  0.12 a
	-



	Z-potential (mV)
	−21.56  ±  0.38 a
	−21.65  ±  0.24 a
	−15.04  ±  0.40 b







PG-E: pomegranate extract, CI-vesicles: cauliflower inflorescence vesicles. Data are means ± SE (n = 3). Different letters indicate significant differences between groups for each variable.
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Table 3. Entrapment efficiency calculated from absorbance data and the protein content (mg) in samples before and after passage through a Sephadex column and fractions collection.
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	Free PG-E
	CI-Vesicles with PG-E





	The total area under the curve (a.u.)
	3160 ± 33.20
	3357 ± 161.40



	Encapsulated area (a.u.)
	-
	1561 ± 234.15



	Entrapment efficiency (%)
	-
	46.50 ± 1.62



	Protein before column (mg)
	0
	0.22 ± 0.02



	Total protein collected (mg)
	0
	0.21 ± 0.01







PG-E: pomegranate extract, CI-vesicles: cauliflower inflorescence vesicles, a.u.: arbitrary unit. Data are means ± SE (n = 3).
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Table 4. Antioxidant activity (µM TE) of cauliflower inflorescence vesicles (CI-vesicles) and pomegranate extract (PG-E), free or encapsulated in CI-vesicles.
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	Antioxidant Activity (µM TE)





	CI-vesicles
	0



	PG-E, free
	5830.25 ± 169.00



	CI-vesicles with PG-E
	5786.29 ± 148.00







TE: Trolox Equivalents. Data are means ± SE (n = 3).
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Table 5. The protection provided by free pomegranate extract (PG-E) and PG-E encapsulated in cauliflower vesicles (CI-vesicles) against heavy metals (1000 µM lead acetate + 70 µM mercuric chloride) in HaCaT cells.
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CI-Vesicles with PG-E

	
Free PG-E






	
Cell Viability (%)

	
Untreated

	
CI-vesicles with PG-E

	
Untreated

	
Free PG-E




	
25.74 ± 1.71

	
43.22 ± 3.97

	
25.74 ± 1.71

	
23.89 ± 2.47




	
Viability improvement (%)

	
74.40 ± 22.14

	
−5.11 ± 11.94




	
Mortality protection (%)

	
27.13 ± 6.31

	
−2.80 ± 4.24








Data are means ± SE (n = 6).
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