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Abstract

:

Royal jelly (RJ) is secreted by honeybees and has been used as an apitherapy to obtain healthy skin since ancient times. However, the mechanism of the protective effects of RJ against skin aging and skin diseases caused by skin stress and its components have not been clarified. In this study, we attempted to understand the effect of RJ on epidermal function and observed that NAD(P)H quinone dehydrogenase 1 (NQO1) is significantly induced by RJ in keratinocytes. The expression of NQO1 was also increased in the 3D epidermal skin model. NQO1 is involved in antioxidation and detoxification metabolism, and we found that RJ protects against the epidermal stress caused by UVB and menadione through the upregulation of NQO1. We identified 10-hydroxy-2-decenoic acid (10H2DA), a major fatty acid in RJ, as an active compound in this reaction as it induced the expression of NQO1 and protected the skin against oxidative stress. We demonstrated that the protective effect of RJ against epidermal stress is mediated through the upregulation of NQO1 by 10H2DA.
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1. Introduction


The skin protects us from the outside environment and is continuously exposed to various stresses, such as ultraviolet radiation, air pollution, and pathogens. The epidermis is the outermost tissue directly exposed to these stresses. The functions of the epidermis include a barrier function, moisturizing function, and immune function. It has been reported that the ability to perform these functions declines with age [1,2]. Skin aging is classified as endogenous aging, also known as chronological aging, and exogenous aging affected by UV, air pollution, alcoholism, and nutritional imbalance [3]. The major characteristics of aging skin are thinning and reduced turnover of the epidermis, caused by a delayed recovery of skin damage [4]. Food and cosmetic products have been used to maintain skin health and prevent aging [5,6,7].



Honeybee products such as honey, propolis, royal jelly, and beeswax have been used as apitherapy since ancient times [8]. It has been said that beekeepers have more beautiful hands than other agricultural workers because they are exposed to honeybee products daily. In fact, honeybee products are used as ingredients in medicines and cosmetics for wound healing and moisturizing [9].



Royal jelly (RJ) is a yellowish-white creamy substance secreted by honeybees (Apis mellifera). RJ is an essential nutrient for the maturation of bee larvae into queen bees. Therefore, RJ has been used as an anti-aging factor since ancient times [10,11]. Recent clinical studies have demonstrated that RJ ingestion improves skin moisturizing [12,13] and skin pigmentation [12]. In addition, the topical application of RJ is widely used in dermatology and skin care [9]. Topical application of RJ alleviates the pruritus in the allergic contact dermatitis model [14]. It has also been reported that the topical application of RJ promotes the wound healing model. A clinical trial was conducted to evaluate the efficacy of topical royal jelly on healing diabetic foot ulcers [15].



Fresh royal jelly chemically contains water (60–70%), carbohydrates (11–23%), proteins (9–18%), lipids (4–8%), and other low compounds such as vitamins and minerals [16]. Studies exploring the active components of RJ have been conducted. It has been reported that defensin, an antibacterial peptide in RJ, promotes tissue remodeling during wound healing in the mouse epidermis by inducing MMP-9 expression [17], and the major royal jelly protein (MRJP) enhances keratinocyte migration [18]. Furthermore, 10-hydroxy-2-decenoic acid (10H2DA), a unique medium-chain fatty acid in RJ, promotes the differentiation of epidermal keratinocytes and affects the moisturizing function of the epidermis [19]. However, the effect of royal jelly on epidermal stress, a direct cause of skin aging, and its mechanism of action and active components, have not been elucidated.



In this study, we explored the protective effect of RJ against skin stress. We identified that NQO1 was upregulated in primary skin keratinocytes cultured with RJ. As NQO1 is a stress-responsive gene, we investigated the effect of RJ on stress protection of the epidermis and found that 10H2DA in RJ induces the expression of NQO1 and protects the skin from stress.




2. Results


We first explored the changes in gene expression related to epidermal function following exposure to RJ. A heatmap analysis revealed that lyophilized raw royal jelly (nRJ) treatment induced the expression of some of the genes related to keratinocyte differentiation (Supplemental Figure S1). However, the expression pattern was different from that induced by CaCl2, a well-known inducer of epidermal differentiation (Supplemental Figure S1). We analyzed genes whose expression was significantly different (more than two-fold changed) after RJ treatment. NQO1 showed the most significant change in expression. NQO1 is an enzyme that regulates anti-oxidation and immunoreaction in the skin. Therefore, we investigated the change in NQO1 expression after nRJ exposure in detail. NQO1 was upregulated from day one after nRJ stimulation until day 3 (Figure 1A). As NQO1 is downstream of the Nrf2 pathway, we investigated the effect of RJ on other genes downstream of Nrf2. No change in the expression of Homx1 and Txn1 was observed following exposure to RJ, although the expression of Gclc was significantly increased after the first and second day of stimulation with nRJ (Supplemental Figure S2). These results suggest that nRJ induces the expression of NQO1 in keratinocytes. We confirmed that the protein expression of NQO1 in keratinocytes was also upregulated after three days in nRJ-treated keratinocytes compared to that in the control (Figure 1B). We also demonstrated that nRJ induced the expression of NQO1 in a dose-dependent manner (Figure 1C). We confirmed that the induction of NQO1 by nRJ was independent of the keratinocyte lot and nRJ lot (Supplementary Figure S3).



Furthermore, we analyzed the induction of NQO1 by nRJ using a 3D skin epidermal model. The results showed that the expression level of NQO1 was increased in cells from the basal layer to the granular layer in the 3D skin epidermal model (Figure 2), suggesting that nRJ induces NQO1 expression in the epidermis.



Next, we attempted to understand the functional significance of the induction of the NQO1 expression by RJ in the epidermis. As NQO1 is an enzyme involved in anti-oxidation and detoxification [20], we investigated the protective effects of RJ against skin stressors, such as UVB irradiation and oxidative stress. Cytotoxicity was observed in a dose-dependent manner when keratinocytes were irradiated with UVB (Figure 3A). In contrast, cells treated with nRJ showed lower UVB-induced cytotoxicity (Figure 3A). Next, we examined the effects of RJ on menadione-induced cytotoxicity. We used menadione, an oxidative stress inducer, as a quinone model, an air pollutant [21,22,23]. We confirmed dose-dependent keratinocyte cytotoxicity following exposure to menadione. In contrast, a significant protective effect against menadione-induced cytotoxicity was observed in the nRJ-treated keratinocytes (Figure 3B). To check whether the suppression of reactive oxygen species mediated this cytoprotective effect, we analyzed the level of oxidative stress after menadione treatment using CellROX green. We observed that treatment with RJ suppressed menadione-induced morphological changes in keratinocytes and oxidative stress, as indicated by CellROX green (Figure 3C). These results suggest that RJ has a protective effect on the epidermis of the skin by preventing oxidative stress.



Next, we examined whether the cytoprotective effect against menadione was mediated by the increased expression of NQO1 induced by RJ using an NQO1 inhibitor, ES936, which has been reported to inhibit NQO1 activity at the cellular level [24]. The treatment of keratinocytes with ES936 for 1 h before menadione treatment decreased the cytoprotective effect of nRJ in a dose-dependent manner (Figure 4). ES936 treatment at 10 nM or higher reduced the RJ-mediated cytoprotective effect to the same level as the control (Figure 4). This result indicated that the increased expression of NQO1 by nRJ contributed to the protective effect against menadione-induced cytotoxicity.



Next, we tried to identify the factors in RJ which induce NQO1 expression. RJ is a mixture of various components, including proteins and lipids. Since it has been reported that peptides in RJ, such as defensin-1 and MRJP, are involved in keratinocyte migration and wound healing, we first investigated whether protease-hydrolyzed RJ (pRJ) [25] increases NQO1 expression. The pRJ showed temporal and concentration-dependent NQO1 expression and protein induction activities (Figure 1A–C), suggesting that the induction of NQO1 expression is not dependent on a protein component in RJ. Therefore, we investigated the effects of 10H2DA and 10-hydroxydecanoic acid (10HDAA), which are medium-chain fatty acids characteristic of royal jelly, and their dicarboxylic acids, decenedioic acid (2DA), and sebacic acid (SA) [26] on the expression of NQO1. We observed that only 10H2DA induced NQO1 mRNA expression one day after stimulation with RJ (Figure 5A). We compared the effects of 10H2DA and 10HDAA on the expression of NQO1 expression and their cytoprotective activities. 10H2DA significantly induced NQO1 expression three days after stimulation, whereas 10HDAA did not show induce NQO1 upregulation (Figure 5B). We further compared the effects of 10H2DA and 10HDAA on menadione-induced keratinocyte toxicity (Figure 5C). We observed a concentration-dependent cytoprotective effect in the presence of 10H2DA. However, no cytoprotective effect was observed in the presence of 10HDAA (Figure 5C). These results suggested that 10H2DA was the active compound showing the cytoprotective effect of RJ through upregulation of NQO1.




3. Discussion


In this study, we found that NQO1 expression was increased by 10H2DA in normal human epidermal keratinocytes and its 3D epidermal model. Furthermore, we demonstrated that the upregulation of NQO1 by RJ exerts protective effects against skin stresses, such as UV irradiation and menadione-induced oxidative stress. These results indicate that the induction of NQO1 by RJ has a protective effect on the epidermis. NQO1 is the major quinone reductase and has a superoxide reductase activity that regulates detoxification and redox metabolism [20]. In NQO1 knockout mice, increased toxicity against menadione was reported [27]. It has also been reported that NQO1 knockout mice showed sensitivity to carcinogens in the skin resulting in cancer [27,28]. The induction of the NQO1 gene expression has been reported to show protective effects against UV stimulation and environmental pollution on the skin [29,30] in cooperation with other antioxidant genes. This skin protective effect of RJ found in this study will need to be further investigated in clinical trials.



In this study, we found that 10H2DA was a promising candidate involved in the increase in NQO1 expression in RJ and its association with the protective effect of keratinocytes. To clarify the active compound, we first investigated the involvement of the proteins and peptides in RJ in inducing NQO1 expression. Although we used pRJ, in which proteins were degraded by alkaline peptidase [25], no difference was observed in the induction of NQO1 expression compared to nRJ (Figure 1). Therefore, we focused on the fatty acids present in RJ. It has been reported that RJ contains approximately 4.2% 10H2DA and approximately 1.5% 10HDAA, which are unique medium-chain fatty acids. These fatty acids are not affected by alkaline peptidase treatment [26]. In this study, the maximum concentration of RJ used in the culture was 1 mg/mL. The concentration of 10H2DA, the most abundant fatty acid in RJ, in 1 mg/mL of RJ was calculated to be approximately 230 μM. Therefore, we treated keratinocytes with 200 μM of each fatty acid (10H2DA, 10HDAAA, 2DA, and SA). We found that only 10H2DA induced the expression of NQO1. Furthermore, after comparing the results of the NQO1 gene expression and the cytoprotective effects of the fatty acids in RJ, 10H2DA was found to be the primary active component. However, other traceable compounds including, C8, C10, and C12 fatty acids, have been found in RJ by gas chromatography-mass spectrometry [31]. To fully explain the effect of RJ on NQO1 expression, we need to explore the suitable combination of RJ fatty acids.



In this study, we found that 10H2DA induced NQO1 expression, but 10HDAA did not. Several studies have been reported on fatty acids in RJ that exert various physiological functions. For example, 10H2DA and 10HDAA have been reported to have an agonist activity for TRPA1, a receptor involved in heat production and energy expenditure [32]. Recently, it was reported that 10H2DA has an agonist activity against FFAR4, a known fatty acid receptor [33], but there are no reports on whether 10HDAA binds FFAR4. 10H2DA and 10HDAA have been shown to bind specifically to ERβ [34]. In addition, other RJ fatty acids, such as 3,10DDA, SA, and 10H2DA, have been reported to regulate the recruitment of ERα and ERβ to the binding region of their target genes during transcription [35]. As these effects differ in the presence and absence of estrogen, analyzing the effects of fatty acids on estrogen receptor modulation is not straightforward. We have also recently reported that 10H2DA, 10HDAA, 2DA, and SA all regulated the myogenesis of C2C12 cells, murine myoblast cells [36]. In addition, the clear differences in the activity of different types of fatty acids in RJ are not reported. In this study, we found a clear difference in the induction of NQO1 by 10H2DA and other major RJ fatty acids (10HDAA, 2DAA, and SA). These results suggest that the induction of the NQO1 expression by 10H2DA in keratinocytes might be different from the receptor-mediated mechanism of the action reported so far. Further studies are required to address these points.



The induction of NQO1 expression in the epidermis has been reported to be mediated by the AhR and Nrf2 pathways [37,38,39], and, likely, the induction of the NQO1 expression by RJ and 10H2DA is also mediated through these pathways. In a study on fatty acids in Coriandrum sativum L., Abiko et al. reported that covalent modification by the 2-alkenyl group of aliphatic electrophiles activated Nrf2/Keap1 and increased the expression of Gclm and HO-1, which are downstream of Nrf2 in HepG2, in a liver cancer cell line. In the present study, 10H2DA with 2-alkenyl modification induced the NQO1 expression, while 10HDAA, 2DA, and SA showed no effects, suggesting that 10H2DA induces NQO1 via the Nrf2 pathway. We also revealed that 2DA, dicarboxylic acid with 2-alkenyl did not induce NQO1 mRNA (Figure 5A). The structural difference between 10H2DA and 2DA is the terminal functional group. Although the terminal functional group of 10H2DA is the hydroxyl group, the terminal group of 2DA is the carboxyl group. The terminal functional group is known to affect membrane permeability. For instance, Log P is one of the indicators of membrane permeability. The estimated Log P value of 10H2DA and 2DA in the PubChem database is 2.2 and 2.0, respectively. These results suggested that 2DA is less membrane-permeable than 10H2DA. Further studies are required about the structural−activity relationship among RJ fatty acids.



On the other hand, as RJ did not induce the expression of HO-1 and Txn, which are representative genes downstream of Nrf2, RJ might induce NQO1 expression via other unknown mechanisms. The AhR-mediated pathway has also been reported to induce NQO1 expression in the skin. For example, coal tar, used as a treatment for atopic dermatitis, has been reported to increase the expression of NQO1 and Filaggrin via AhR [37]. In the present study, we revealed that RJ significantly increased both Flg and NQO1 (Supplemental Figure S1). These results suggest that RJ might exert its effects via the AhR pathway. The molecular mechanism that triggers the induction of the epidermal NQO1 expression by RJ and 10H2DA needs to be investigated further in future studies.



RJ has been used in skincare as an apitherapy agent. However, the molecular mechanism underlying the benefits provided by RJ are not yet fully understood. In this study, we showed that RJ protects against epidermal stressors, such as UVB and oxidative stress inducers. As UVB and oxidative stress are direct causes of epidermal aging, RJ is considered useful for skin aging protection.




4. Materials and Methods


Lyophilized raw royal jelly (nRJ) and lyophilized protease-treated royal jelly (pRJ) were prepared by Yamada Bee Company, Inc. (Okayama, Japan). RJ was standardized with the amounts of specific fatty acids (E)-10-hydroxy-2-decenoic acid (10H2DA) and 10-hydroxydecanoic acid (10HDAAA): nRJ contained a minimum of 3.8% of 10H2DA and a minimum of 0.6% of 10HDAA, while pRJ contained a minimum 3.5% of 10H2DA and a minimum 0.6% of 10HDAA. 10H2DA was purchased from Hangzhou Eastbiopharm, Co., Ltd. (Hangzhou, China), and 10HDAA was purchased from Combi-Blocks, Inc. (San Diego, CA, USA). 2-Decenedioic acid (2DA) was purchased from Sundia MediTech Co., Ltd. (Shanghai, China), and sebacic acid (SA) was purchased from Sigma-Aldrich Co., LLC. (St. Louis, MO, USA). The antibodies used in this study are listed in Supplementary Table S1.



4.1. Normal Human Epidermal Keratinocyte Culture


The normal human epidermal keratinocytes (NHEK) used in this study are shown in the Supplementary Table S2. NHEK cells were maintained in keratinocyte growth medium 2 (KGM2, Promocell, Heidelberg, Germany) and used under nine passages. The cultured NHEKs were detached with TrypLE™Express Enzyme (Thermo Fisher Scientific, Waltham, MA, USA) and then inoculated at a density of 3 × 104 cells/cm2. nRJ (Lot YDP-M-180120, YDP-M-190801, and YDP-M-200225) and pRJ (Lot YRP-M-181030) were suspended in KGM2 at 1 mg/mL and then extracted by sonication for 30 min. The concentration of 10H2DA in royal jelly using in this study was described in Supplemental Table S3. Before adding it to the culture, the RJ solution was filtrated through a 0.20 µm filter (DISMIC-25, Advantec, Tokyo, Japan). Royal jelly fatty acids 10H2DA, 10HDAA, SA, and 2DA were dissolved in DMSO to make 200 mM solutions and were diluted to 200 μM in KGM2 before adding it to the culture. Two millimoles of CaCl2 were used to differentiate the keratinocytes.




4.2. 3D Epidermis Keratinocyte Culture


A 3D epidermal keratinocyte culture was performed using the CnT-3D Epithelial Starter Kit (Cellntec, Bern, Switzerland) and according to the manufacturer’s protocol. Eleven days after the initiation of 3D culture, nRJ was added to the medium and cultured for another three days. The samples were then harvested and used for analysis.




4.3. Quantification of mRNA Expression Using qRT-PCR


Total RNA was extracted from NHEKs using the NucleoSpin® RNA Plus kit (Takara, Shiga, Japan). The concentration of total RNA was determined using Nanodrop One (Thermo Fisher Scientific). The total RNA (500 ng) was reverse transcribed using the ReverTra Ace® qPCR RT Master Mix (Toyobo, Osaka, Japan). Real-time polymerase chain reaction (PCR) was performed using the SYBR Green method with SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and a CFX Opus real-time PCR system (Bio-Rad Laboratories). The primer pairs used in this experiment are listed in Supplementary Table S4. We selected Rplp0 as a housekeeping gene from 15 human housekeeping gene primer sets (Takara) after evaluating the stability using CFX Maestro™ software (Bio-Rad Laboratories Inc.).




4.4. Stress Induction in Keratinocytes


We used a UVB irradiation model and a menadione-induced oxidative stress model. Stress induction was performed after exposing NHEK to RJ for three days. In the UVB irradiation model, NHEK cells were washed with PBS and irradiated by using a UV transilluminator (95-0343-01, Analytik Jena AG, Jena, Germany). The intensity of UVB was monitored using a UV meter (UV-340A, Kenis, Tokyo, Japan). After irradiation, the medium was replaced with fresh KGM2 containing RealTime-Glo™ MT Cell Viability Assay (Promega, Madison, WI, USA) components. Luminescence was measured after 24 h using an Envision plate reader (PerkinElmer, Waltham, MA, USA).



NHEK cells were treated with menadione (Sigma-Aldrich) for 1 h and then washed with PBS for the menadione-induced oxidative stress model. The NHEK cells were further cultured in KGM2 containing RealTime-Glo™ MT Cell Viability Assay (Promega) components. Luminescence was measured after 24 h using an Envision plate reader (PerkinElmer). For evaluating the NQO1 activity in menadione-stimulated oxidative stress, the NQO1 inhibitor, ES936, was added 30 min before menadione treatment. Viability was measured using a WST-8 based assay with Cell Count Reagent SF (Nacalai Tesque, Kyoto, Japan).




4.5. Detection of Oxidative Stress


Keratinocytes were plated on cell imaging slides (Eppendorf, Hamburg, Germany) at a density of 6 × 104 cells/cm2 and cultured for 24 h. Next, the medium was replaced with KGM2 containing 1 mg/mL nRJ. After three days of cultivation, CellROX® Green (Thermo) was added to the culture at a concentration of 5 μM and was incubated for 30 min. Cells were washed twice with Live Cell Imaging Solution (Thermo) and then incubated with KGM containing 30 μM menadione to induce oxidative stress for 1 h. After menadione stimulation, the cells were washed twice with Live cell imaging solution, fixed with 4% paraformaldehyde (Nacalai Tesque) for 10 min, and then overlayed with Fluoromaunt G. Images were obtained using BZ-X800 (Keyence, Tokyo, Japan).




4.6. Western Blot Analysis


Total cellular protein was extracted in RIPA buffer (Nacalai Tesque) containing a protease inhibitor cocktail (Nacalai Tesque). The protein concentration was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific). Ten micrograms of the total protein extract were subjected to SDS–PAGE. After electrophoresis, the proteins were transferred onto a PVDF membrane using the Trans-Blot Turbo transfer system (Bio-Rad). Immunoreaction was performed using Immobilon® GO (Millipore, Billerica, MA, USA) according to the manufacturer’s protocol. Anti NQO1 antibody (Cell Signaling, Danvers, MA, USA) and HRP-conjugated anti-rabbit IgG were used in the immunoreaction. The protein bands were visualized using Western Lightning Clarity Western ECL Substrate (Bio-Rad). The intensity of each band was quantified using an image analyzer (LAS-2000, Fujifilm, Tokyo, Japan).




4.7. Histological Analysis


The 3D epidermal culture was fixed with a cold 4% paraformaldehyde (Nacalai Tesque) solution overnight, and the ethanol was replaced with G-NOX (GenoStaff, Tokyo, Japan). Afterward, the cultures were paraffin-embedded. Sections (10 μm thickness) were prepared using a microtome. The epidermal integrity was confirmed after staining with hematoxylin-eosin and the anti keratin14 antibody (for basement membrane) and anti keratin10 antibody for stratum granulosum and stratum spinosum. The expression of NQO1 was analyzed using an NQO1 antibody. Briefly, the prepared sections were blocked with TNGS (0.3% Triton X-100, 1% normal goat serum) at room temperature for 1 h. Subsequently, an anti-NQO1 primary antibody (mouse; 1:400), an anti-KRT10 primary antibody (rabbit; 1:250), and an anti-KRT14 primary antibody (mouse; 1:1000) were incubated with the sections overnight at 4 °C. The sections were washed with T-PBS and incubated with goat anti-mouse IgG 555 (1:2000) and anti-rabbit IgG 488 (1:2000) for 1 h at room temperature. After washing with T-PBS, the sections were stained with DAPI-Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Images were obtained using a BZ-X800 microscope (Keyence).




4.8. Statistical Analysis


All of the statistical analyses were performed using Excel and GraphPad Prism7. The experimental replicate number is demonstrated in the figure legends. The data are represented as mean ± standard error of the mean (SEM). The statistical differences among groups were analyzed by the non-parametric Kruskal–Wallis test (post-hoc Dunn’s multiple comparisons test) or parametric one-way analysis of variance (post-hoc Tukey’s or Dunett’s multiple comparisons test). If two groups were analyzed, the significance was determined by the Mann–Whitney’s U test (non-parametric) or Student’s t-test (parametric). Statistical significance was set at p < 0.05.









Supplementary Materials


The following are available online at www.mdpi.com/article/10.3390/ijms222312973/s1.





Author Contributions


N.O., T.I. and T.D. performed the experiments. N.O., M.M. and H.M. designed the study and interpreted the data. N.O., T.I., T.D., M.M. and H.M. reviewed the intermediate draft. N.O. performed the literature review, prepared the initial and final versions of the article, and submitted the document. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Hiroshi Kawabe, Hideto Okamoto, Chinatsu Tani, and Haruki Endo (Yamada Bee Company Inc.) for their technical assistance.




Conflicts of Interest


Nobuaki Okumura, Takashi Ito, and Tomomi Ishikawa are employees of Yamada Bee Company, Inc.




References


	



Chambers, E.S.; Vukmanovic-Stejic, M. Skin barrier immunity and ageing. Immunology 2020, 160, 116–125. [Google Scholar] [CrossRef]

	



Rittié, L.; Fisher, G.J. Natural and sun-induced aging of human skin. Cold Spring Harb. Perspect. Med. 2015, 5, a015370. [Google Scholar] [CrossRef]

	



Ansary, T.M.; Hossain, M.R.; Kamiya, K.; Komine, M.; Ohtsuki, M. Inflammatory molecules associated with ultraviolet radiation-mediated skin aging. Int. J. Mol. Sci. 2021, 22, 3974. [Google Scholar] [CrossRef]

	



Gruber, F.; Kremslehner, C.; Eckhart, L.; Tschachler, E. Cell aging and cellular senescence in skin aging—Recent advances in fibroblast and keratinocyte biology. Exp. Gerontol. 2020, 130, 110780. [Google Scholar] [CrossRef]

	



Michalak, M.; Pierzak, M.; Kręcisz, B.; Suliga, E. Bioactive compounds for skin health: A review. Nutrients 2021, 13, 203. [Google Scholar] [CrossRef] [PubMed]

	



Cao, C.; Xiao, Z.; Wu, Y.; Ge, C. Diet and skin aging-from the perspective of food nutrition. Nutrients 2020, 12, 870. [Google Scholar] [CrossRef]

	



Jadoon, S.; Karim, S.; Bin Asad, M.H.H.; Akram, M.R.; Khan, A.K.; Malik, A.; Chen, C.; Murtaza, G. Anti-aging potential of phytoextract loaded-pharmaceutical creams for human skin cell longetivity. Oxid. Med. Cell. Longev. 2015, 2015, 709628. [Google Scholar] [CrossRef]

	



Cornara, L.; Biagi, M.; Xiao, J.; Burlando, B. Therapeutic properties of bioactive compounds from different honeybee products. Front. Pharmacol. 2017, 8, 412. [Google Scholar] [CrossRef]

	



Kurek-Górecka, A.; Górecki, M.; Rzepecka-Stojko, A.; Balwierz, R.; Stojko, J. Bee products in dermatology and skin care. Molecules 2020, 25, 556. [Google Scholar] [CrossRef]

	



Fratini, F.; Cilia, G.; Mancini, S.; Felicioli, A. Royal jelly: An ancient remedy with remarkable antibacterial properties. Microbiol. Res. 2016, 192, 130–141. [Google Scholar] [CrossRef] [PubMed]

	



Bălan, A.; Moga, M.A.; Dima, L.; Toma, S.; Elena Neculau, A.; Anastasiu, C.V. Royal jelly—A traditional and natural remedy for postmenopausal symptoms and aging-related pathologies. Molecules 2020, 25, 3291. [Google Scholar] [CrossRef]

	



Asama, T.; Okumura, N.; Yamaki, A.; Okuma, A.; Numano, K. Effect of protease-digested royal jelly supplementation on skin conditions and safety in healthy Japanese adults—A randomized, double-blind, placebo-controlled, parallel-group comparison study. Jpn. Pharmacol. Ther. 2020, 48, 79–88. [Google Scholar]

	



Nakashima, C.; Otsuka, A.; Seidel, J.A.; Kabashima, K. The effect of oral royal jelly administration on skin barrier function: A double-blind randomized placebo-controlled trial. Eur. J. Dermatol. 2018, 28, 563–564. [Google Scholar] [CrossRef]

	



Yamaura, K.; Tomono, A.; Suwa, E.; Ueno, K. Topical royal jelly alleviates symptoms of pruritus in a murine model of allergic contact dermatitis. Pharmacogn. Mag. 2013, 9, 9–13. [Google Scholar] [CrossRef]

	



Siavash, M.; Shokri, S.; Haghighi, S.; Mohammadi, M.; Shahtalebi, M.A.; Farajzadehgan, Z. The efficacy of topical Royal Jelly on diabetic foot ulcers healing: A case series. Int. Wound J. 2015, 12, 904–909. [Google Scholar] [CrossRef]

	



Jagua-Gualdrón, A.; Peña-Latorre, J.A.; Fernadez-Bernal, R.E. Apitherapy for osteoarthritis: Perspectives from basic research. Complement. Med. Res. 2020, 27, 184–192. [Google Scholar] [CrossRef]

	



Bucekova, M.; Sojka, M.; Valachova, I.; Martinotti, S.; Ranzato, E.; Szep, Z.; Majtan, V.; Klaudiny, J.; Majtan, J. Bee-derived antibacterial peptide, defensin-1, promotes wound re-epithelialisation in vitro and in vivo. Sci. Rep. 2017, 7, 7340. [Google Scholar] [CrossRef]

	



Lin, Y.; Shao, Q.; Zhang, M.; Lu, C.; Fleming, J.; Su, S. Royal jelly-derived proteins enhance proliferation and migration of human epidermal keratinocytes in an in vitro scratch wound model. BMC Complement. Altern. Med. 2019, 19, 175. [Google Scholar] [CrossRef]

	



Duplan, H.; Questel, E.; Hernandez-Pigeon, H.; Galliano, M.F.; Caruana, A.; Ceruti, I.; Ambonati, M.; Mejean, C.; Damour, O.; Castex-Rizzi, N.; et al. Effects of Hydroxydecine® (10-hydroxy-2-decenoic acid) on skin barrier structure and function in vitro and clinical efficacy in the treatment of UV-induced xerosis. Eur. J. Dermatol. 2012, 21, 906–915. [Google Scholar] [CrossRef]

	



Ross, D.; Siegel, D. The diverse functionality of NQO1 and its roles in redox control. Redox Biol. 2021, 41, 101950. [Google Scholar] [CrossRef]

	



Loor, G.; Kondapalli, J.; Schriewer, J.M.; Chandel, N.S.; Vanden Hoek, T.L.; Schumacker, P.T. Menadione triggers cell death through ROS-dependent mechanisms involving PARP activation without requiring apoptosis. Free Radic. Biol. Med. 2010, 49, 1925–1936. [Google Scholar] [CrossRef]

	



Collins, J.A.; Wood, S.T.; Nelson, K.J.; Rowe, M.A.; Carlson, C.S.; Chubinskaya, S.; Poole, L.B.; Furdui, C.M.; Loeser, R.F. Oxidative stress promotes peroxiredoxin hyperoxidation and attenuates pro-survival signaling in aging chondrocytes. J. Biol. Chem. 2016, 291, 6641–6654. [Google Scholar] [CrossRef]

	



Yang, M.; Ahmed, H.; Wu, W.; Jiang, B.; Jia, Z. Cytotoxicity of air pollutant 9,10-phenanthrenequinone: Role of reactive oxygen species and redox signaling. BioMed Res. Int. 2018, 2018, 9523968. [Google Scholar] [CrossRef]

	



Dehn, D.L.; Siegel, D.; Swann, E.; Moody, C.J.; Ross, D. Biochemical, cytotoxic, and genotoxic effects of ES936, a mechanism-based inhibitor of NAD(P)H:quinone oxidoreductase 1, in cellular systems. Mol. Pharmacol. 2003, 64, 714–720. [Google Scholar] [CrossRef]

	



Moriyama, T.; Yanagihara, M.; Yano, E.; Kimura, G.; Seishima, M.; Tani, H.; Kanno, T.; Nakamura-Hirota, T.; Hashimoto, K.; Tatefuji, T.; et al. Hypoallergenicity and immunological characterization of enzyme-treated royal jelly from Apis mellifera. Biosci. Biotechnol. Biochem. 2013, 77, 789–795. [Google Scholar] [CrossRef]

	



Yamaga, M.; Tani, H.; Yamaki, A.; Tatefuji, T.; Hashimoto, K. Metabolism and pharmacokinetics of medium chain fatty acids after oral administration of royal jelly to healthy subjects. RSC Adv. 2019, 9, 15392–15401. [Google Scholar] [CrossRef]

	



Radjendirane, V.; Joseph, P.; Lee, Y.H.; Kimura, S.; Klein-Szanto, A.J.P.; Gonzalez, F.J.; Jaiswal, A.K. Disruption of the DT diaphorase (NQO1) gene in mice leads to increased menadione toxicity. J. Biol. Chem. 1998, 273, 7382–7389. [Google Scholar] [CrossRef]

	



Iskander, K.; Gaikwad, A.; Paquet, M.; Long, D.J., II; Brayton, C.; Barrios, R.; Jaiswal, A.K. Lower induction of p53 and decreased apoptosis in NQO1-null mice lead to increased sensitivity to chemical-induced skin carcinogenesis. Cancer Res. 2005, 65, 2054–2058. [Google Scholar] [CrossRef]

	



Saito, P.; Melo, C.P.B.; Martinez, R.M.; Fattori, V.; Cezar, T.L.C.; Pinto, I.C.; Bussmann, A.J.C.; Vignoli, J.A.; Georgetti, S.R.; Baracat, M.M.; et al. The lipid mediator resolvin D1 reduces the skin inflammation and oxidative stress induced by UV irradiation in hairless mice. Front. Pharmacol. 2018, 9, 1242. [Google Scholar] [CrossRef]

	



De Tollenaere, M.; Meunier, M.; Scandolera, A.; Sandre, J.; Lambert, C.; Chapuis, E.; Auriol, D.; Reynaud, R. Well-aging: A new strategy for skin homeostasis under multi-stressed conditions. J. Cosmet. Dermatol. 2020, 19, 444–455. [Google Scholar] [CrossRef]

	



Isidorov, V.A.; Bakier, S.; Grzech, I. Gas chromatographic-mass spectrometric investigation of volatile and extractable compounds of crude royal jelly. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2012, 885–886, 109–116. [Google Scholar] [CrossRef] [PubMed]

	



Terada, Y.; Narukawa, M.; Watanabe, T. Specific hydroxy fatty acids in Royal Jelly activate TRPA1. J. Agric. Food Chem. 2011, 59, 2627–2635. [Google Scholar] [CrossRef] [PubMed]

	



Tsuchiya, Y.; Hayashi, M.; Nagamatsu, K.; Ono, T.; Kamakura, M.; Iwata, T.; Nakashima, T. The key royal jelly component 10-hydroxy-2-decenoic acid protects against bone loss by inhibiting NF-κB signaling downstream of FFAR4. J. Biol. Chem. 2020, 295, 12224–12232. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.M.; Isohama, Y.; Maruyama, H.; Yamada, Y.; Narita, Y.; Ohta, S.; Araki, Y.; Miyata, T.; Mishima, S. Estrogenic activities of fatty acids and a sterol isolated from royal jelly. Evid. Based Complement. Altern. Med. 2008, 5, 295–302. [Google Scholar] [CrossRef] [PubMed]

	



Moutsatsou, P.; Papoutsi, Z.; Kassi, E.; Heldring, N.; Zhao, C.; Tsiapara, A.; Melliou, E.; Chrousos, G.P.; Chinou, I.; Karshikoff, A.; et al. Fatty acids derived from royal jelly are modulators of estrogen receptor functions. PLoS ONE 2010, 5, e15594. [Google Scholar] [CrossRef]

	



Shirakawa, T.; Miyawaki, A.; Matsubara, T.; Okumura, N.; Okamoto, H.; Nakai, N.; Rojasawasthien, T.; Morikawa, K.; Inoue, A.; Goto, A.; et al. Daily oral administration of protease-treated royal jelly protects against denervation-induced skeletal muscle atrophy. Nutrients 2020, 12, 3089. [Google Scholar] [CrossRef] [PubMed]

	



Van den Bogaard, E.H.; Bergboer, J.G.M.; Vonk-Bergers, M.; Van Vlijmen-Willems, I.M.J.J.; Hato, S.V.; van der Valk, P.G.M.; Schröder, J.M.; Joosten, I.; Zeeuwen, P.L.J.M.; Schalkwijk, J. Coal tar induces AHR-dependent skin barrier repair in atopic dermatitis. J. Clin. Investig. 2013, 123, 917–927. [Google Scholar] [CrossRef] [PubMed]

	



Furue, M.; Uchi, H.; Mitoma, C.; Hashimoto-Hachiya, A.; Chiba, T.; Ito, T.; Nakahara, T.; Tsuji, G. Antioxidants for healthy skin: The emerging role of aryl hydrocarbon receptors and nuclear factor-erythroid 2-related factor-2. Nutrients 2017, 9, 223. [Google Scholar] [CrossRef] [PubMed]

	



Takei, K.; Mitoma, C.; Hashimoto-Hachiya, A.; Uchi, H.; Takahara, M.; Tsuji, G.; Kido-Nakahara, M.; Nakahara, T.; Furue, M. Antioxidant soybean tar Glyteer rescues T-helper-mediated downregulation of filaggrin expression via aryl hydrocarbon receptor. J. Dermatol. 2015, 42, 171–180. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 12973 g001 550] 





Figure 1. Effect of RJ on NQO1 expression in keratinocytes. (A) Time-dependent expression of NQO1 mRNA in NHEK (pooled) following stimulation with either 1 mg/mL nRJ or pRJ. Each point represents the mean ± SEM (n = 3–4). * p < 0.05, ** p < 0.01 vs. control. (B) Western blot analysis of NQO1 three days after stimulation with either 1 mg/mL nRJ or pRJ. Representative images from three independent experiments are shown. (C) Dose-dependent expression of NQO1 mRNA in NHEK (pooled) following stimulation with either nRJ or pRJ. Each bar represents mean ± SEM (n = 3–5). * p < 0.05, ** p < 0.01 vs. 0 μg/mL. 
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Figure 2. Effect of RJ on the expression of NQO1 in a 3D epidermis model. The 3D epidermis model was established as described in Materials and Methods. Eleven days after starting the 3D epidermis constriction, it was treated with nRJ for three days. (A) The expression of NQO1 mRNA three days after stimulation with nRJ. Data represent the mean ± SEM of three independent experiments. * p < 0.05. (B–G), Histological analysis of the effect of RJ on NQO1 expression. Panels (B–D) are shown for the control. Panels (E–G) are shown in the 1 mg/mL nRJ treated group. The establishment of the epidermal structure was confirmed by staining with hematoxylin-eosin (B,E) and the immunoreactivity of anti-keratin14 antibody (for basement membrane, red staining in (D,G)) and anti-keratin10 antibody for stratum granulosum and stratum spinosum, green staining in (D,G)). NQO1 was detected using an anti-NQO1 antibody (red staining in (C,F)). The nuclei were visualized using Hoechst staining. 
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Figure 3. Effect of RJ on the cytotoxicity induced by epidermal stressors in keratinocyte. NHEK (pooled) were treated with 1 mg/mL nRJ for 3 days and then the skin stress was induced as indicated. (A) UVB irradiation was carried out at the indicated doses. After 24 h of UVB irradiation, the cell viability was assessed. The value expresses the percentage of UVB irradiation. Data represent the mean ± SEM (n = 3). * p < 0.05, ** p < 0.01 vs. control, Student’s paired t-test. (B) Menadione treatment was performed with the indicated concentrations. One hour after treatment, the cells were washed with PBS and then cultured in fresh medium for 24 h. The viability was measured. The value expresses the percentage of menadione untreated (0 μM). Data represent the mean ± SEM (n = 3). ** p < 0.01 vs. control, Student’s paired t-test. (C) NHEK were pretreated with CellROX green for 30 min and then stimulated with 30 μM menadione for 1 h. The upper panel shows the phase contrast, and the lower panel shows CellROX green. Representative images from three independent experiments are shown. Scale bar indicates 100 μm. 
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Figure 4. Effect of the NQO1 inhibitor, ES936, on the menadione-induced cytotoxicity in keratinocytes. NHEK (23 y) were treated with 1 mg/mL nRJ for three days. NHEK were pretreated with ES936 for 30 min then exposed to 30 μM menadione for 1 h, then the cells were washed with PBS and cultured in the fresh medium for 24 h. The viability was measured with WST-8. The value expressed the percentage of neither the vehicle nor ES936 untreated cells. Data represent mean ± SEM (n = 4). ** p < 0.01 vs. control, Student’s paired t-test. 
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Figure 5. Effect of 10H2DA and 10HDAA on the expression of NQO1 and menadione induced cytotoxicity. (A) Screening of RJ-specific fatty acids responsible for inducing the NQO1 expression. Keratinocytes (23 y) were treated with 200 μM of each fatty acid for 1 d. The NQO1 mRNA expression was analyzed by real-time PCR. Data represent the mean ± SEM (n = 4). The different letters (a, b) above the bars indicate statistical difference. (B) The expression of NQO1 in NHEK (pooled) following stimulation with 200 μM 10H2DA and 10HDAA for 3 days. Data represent mean ± SEM (n = 5). ** p < 0.01. (C) The effect of 10H2DA and 10HDAA on menadione-induced cytotoxicity. NHEK (23 y) were treated with either 10H2DA or 10HDAA for three days. After that, NHEK was treated with 30 μM menadione for 1 h, then, the cells were washed with PBS and cultured in the fresh medium for 24 h. The viability was measured with WST-8. The value expresses the percent of vehicle. Data represents mean ± SE (n = 4). * p < 0.05, ** p < 0.01 vs. control. 
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