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Abstract:



Royal jelly (RJ) is a natural product which the honeybee secretes as a special diet for a queen bee. It is one of the natural products in which various functionalities, such as antibacterial effects, immunomodulating properties, and estrogen-like action, were reported. We investigated the effect of the RJ extract on the moisturizing effect by topical application in humans. The stratum corneum moisture was increased significantly after four weeks by using the RJ extract lotion compared to placebo lotion. RJ extract contained a characteristic ingredient, 10-hydroxy-2-decenoic acid (10H2DA) and 10-hydroxydecanoic acid (10HDAA), etc. However, the mechanism of stratum corneum moisture and its contributing ingredient have not yet been elucidated. We have investigated the effects of 10H2DA and 10HDAA on the free amino acids content in the stratum corneum using a cultured human three-dimensional epidermis model. Additionally, the effect of 10H2DA and 10HDAA on the amounts of filaggrin (FLG) and aquaporin 3 (AQP3) were investigated at the mRNA level and by immunohistochemistry using a cultured human epidermis model. It was determined that 10H2DA increases the free amino acids in the stratum corneum of the cultured human epidermis model, and that it increased FLG on both the mRNA and protein levels. On the other hand, these actions are not observed by treatment of 10HDAA. The mRNA and protein level of AQP3 did not increase with 10H2DA or 10HDAA use. It was thought that the increase in the amount of FLG and the increase in the free amino acids of the epidermis and the stratum corneum, respectively, by 10H2DA were participating in the moisturizing function of the stratum corneum by the continuous use of RJ extract lotion.
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1. Introduction


Dry skin is caused by some factors including insufficient in the emollient oil of the skin surface, the decrease in the natural moisturizing factor (NMF) of the stratum corneum, and the fragility of the stratum corneum barrier function by reduction of intercellular lipids and ceramide, etc. [1,2]. It is thought that filaggrin (FLG) is a main protein which produces the NMF in the stratum corneum, and bears the water-retention ability of the stratum corneum [3]. FLG is a protein of epidermal keratinocytes; at first, a precursor of proFLG was made in the cells of the granular cell layer, which becomes the principal ingredient of keratohyalin granules [4]. When the keratinocyte of the granular cell layer turns into the stratum corneum, it is decomposed and the proFLG turns into FLG [4]. FLG has the action which condenses the keratin fiber of the keratinocyte. For this reason, morphologically and much unlike the granule cells, the stratum corneum cell is made flat [5]. Then, it is decomposed into a small molecule and the FLG serves as the NMF in the stratum corneum [6,7]. It was shown clearly by Smith and others in 2006 that the variation of the FLG gene which carries out the code of this FLG caused ichthyosis vulgaris [8]. It is well known that there are many mergers with ichthyosis vulgaris and atopic dermatitis (AD) [9]. FLG variation is recognized in the family line in which the patient suffers from ichthyosis vulgaris and AD. Therefore, examination was performed regarding the possibility that FLG variation is related to the onset of AD. As a result, although FLG variation caused ichthyosis vulgaris, it became clear that it is also a development-of-symptoms factor of AD [9,10]. Eight FLG variations are identified in Japanese people. When the Japanese AD patient was questioned based on the knowledge of these eight FLG variations, and FLG variation was accepted at 27% [11].



Aquaglyceroporin, AQP3, the most abundantly-expressed aquaporin in keratinocytes, plays an important role in the transport of water and glycerol in the epidermis. It is localized to the plasma membrane of the lower basal layer and spinous layer of the epidermis, but is absent from the upper granular layer of keratinocytes [12]. Increased AQP3 expression has been reported in atopic eczema and was proposed to mediate the enhanced trans-epidermal water loss (TEWL) seen in this disorder [13]. Elevated AQP3 expression and levels in AD lesions in patients observed increased TEWL, as well as in two mouse models of this disease [14].



We have reported that the topical application and oral administration of RJ extract improved dry skin in the double-blind placebo control study [15,16]. FLG mRNA rose significantly compared to the control by 10 μg/mL and 20 μg/mL RJ extract in the culture human epidermis model [15]. RJ is a natural product of the white milk which the honeybee secretes as special diet of a queen bee, and contains 10-hydroxy-2-decenoic acid (10H2DA) as a characteristic ingredient [17]. Furthermore, 10-hydroxydecanoic acid (10HDAA), proteins, amino acids, vitamins, minerals, etc., are contained in RJ [16], and it is widely used for food or cosmetics. RJ and 10H2DA reported anti-microbial effects [18], anti-tumor effects [19], immunomodulatory effects [20], anti-rheumatic effects [21], estrogen-like action [22,23,24], anti-angiogenesis [25], a stiff shoulder improvement effect [26], improvement of the lipid profile of postmenopausal women [27], and a poor circulation improvement effect in young women [28], etc. On the other hand, it is related to the skin, such as the inhibition of androgen-induced sebaceous gland hyperplasia [29], the improvement action of the skin condition of an atopic dermatitis mouse model [30], the anti-inflammatory effect in lipopolysaccharide-stimulated RAW 264.7 macrophages [31], the release control of the inflammatory cytokine of thymic stromal lymphopoietin-(TSLP)-induced inflamed epidermis by 10H2DA [32], and the collagen production promotion action of the cultivated human fibroblast by 10H2DA [33] are reported. However, there is no report the effect of 10H2DA or 10HDAA to the amino acid content of the stratum corneum, FLG, and AQP3 in the epidermis in cultures.



Thus, in order to clarify the mechanism of the moisturizing effect of RJ extract, we examined the effect of 10H2DA and 10HDAA on the amount of free amino acids, FLG, and AQP3 in the cultured human three-dimensional epidermis model.




2. Materials and Methods


2.1. Test Material


For the examination using the cultured human three-dimensional epidermis model, the RJ extract (Yamada Bee Company, Inc., Okayama Japan) was used. Moreover, 10H2DA and 10HDAA of more than 98% purity, supplied from Yamada Bee Company, Inc. were used. 10H2DA and 10HDAA were dissolved in 10 mmol/L, 20 mmol/L, and 40 mmol/L of ethanol. JTC-801 [N-(4-amino-2-methylquinolin-6-yl)-2-[(4-ethylphenoxy) methyl] benzamide] was used as a positive control (AdooQ BioScience, Irvine, CA, USA) [34] dissolved in 10 μmol/L of ethanol.




2.2. Measurement of the Amounts of FLG and AQP3 mRNA in the Human Three-Dimensional Epidermis Model Cultured with 10H2DA and 10HDAA


The human three-dimensional epidermis model was cultured for 24 h in the culture medium with 10H2DA and 10HDAA added at concentrations of 10, 20, and 40 μmol/L. JTC-801 was used as a positive control of the increase in FLG at the concentration of 10 nmol/L. Total RNA was isolated from cells after 24 h of culture using an mRNA extraction kit (QIAGEN K.K., Tokyo, Japan) according to the manufacturer’s instructions. The amounts of both FLG and AQP3 were measured using a real-Time RT-PCR Kit (Takara Bio Inc., Shiga, Japan) and ABI PRISM 7900HT system (Applied Biosystems, Forster City, CA, USA) according to the manufacturers’ instructions. The β-actin was used as an endogenous reference. The primers of FLG, AQP3, and β-actin were purchased from QIAGEN. Using the ΔΔCt method, relative changes in mRNA expression were calculated and normalized to that of β-actin. The examination was done with n = 3.




2.3. Measurement of the Amount of Amino Acids in the HumanThree-Dimensional Epidermis Model Cultured with 10H2DA and 10HDAA


The human three-dimensional epidermis model was cultured in the culture medium, which added 10H2DA and 10HDAA at concentrations of 20 and 40 μmol/L, and culturing was performed for five days. JTC-801 was used as a positive control for the increase in FLG at the concentration of 10 nmol/L. The epidermis model was processed with 0.25% trypsin-EDTA solution, and the residual sheet was made into the stratum corneum. The residual sheet was freeze-dried and its weight was measured. The residual sheet was immersed in 10 mmol/L HCl at room temperature 24 h, and free amino acid was extracted. The amino acid for analytical curves (Thermo Fisher Scientific, Waltham, MA, USA) and the extracted free amino acids were made to react by alt. ortho-phthalaldehyde (OPA; Thermo Scientific). Free amino acids were determined by a fluorescence plate reader (Ex. 335 nm, Em. 440 nm).



Free amino acid quantitative values were divided by the weight of the stratum corneum, and the amount of free amino acids per 1 mg of stratum corneum was calculated. Moreover, the residual substance to which the total amount of amino acids immersed the stratum corneum in 10 mmol/L HCl at room temperature for 24 h, was made to react to OPA after neutralization by an equivalent amount of 6 mol/L HCl after hydrolysis, and the amount of all amino acids was determined by the fluorescence plate leader (Ex. 335 nm, Em. 440 nm). Free amino acid quantitative values were divided by the total amino acid quantitative values, and the amount of free amino acids per all the amino acids was calculated. The examination was done with n = 3. A 1/1000 ethanol concentration in the culture medium was made.




2.4. Immunohistochemical Staining of FLG and AQP3 in the Human Three-Dimensional Epidermis Model Cultured with 10H2DA and 10HDAA


The epidermis model was cultured in assay medium. One hour later, culture medium was added to wells with or without (control) 40 μg/mL 10H2DA or 40 μg/mL 10HDAA. After five days of culture, an OCT compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) was added to prepare the frozen sections. The frozen sections were immersed in methanol and allowed to stand for 5 min at 0 °C. The sections were sufficiently dried and washed three times with PBS containing 0.01% BSA. Next, goat serum diluted to 10% using PBS was dropped onto the sections. The glass slides were placed in a moisture chamber and allowed to stand for 1 h at room temperature. The slides were washed three times with PBS containing 0.01% BSA. Following this, anti-FLG polyclonal antibody (Biolegend Inc., San Diego, CA, USA) and anti-aquaporin 3 polyclonal antibody (LifeSpan Biosciences, Inc., Seattle, WA, USA), diluted 500-fold with PBS containing 0.01% BSA, was dropped onto the slides. The slides were allowed to stand overnight in a moisture chamber at 4 °C. They were then washed three times with PBS containing 0.05% Tween 20. Subsequently, Alexa Fluor 488 F(ab’) frag of goat anti-mouse IgG IgM(H + M) and Alexa Flour 546 goat anti-rabbit IgG, IgM (H + M) (Invitrogen, Life Technologies, Rockville, MD, USA), diluted 1000-fold with PBS containing 0.01% BSA, was dropped onto the slides. The slides were allowed to stand overnight in a moisture chamber at 4 °C. They were subsequently washed five times with PBS containing 0.05% Tween 20 and once with PBS. Fluoromount (Japan Tanner Corp., Osaka, Japan) was dropped onto the slides, and coverslips were mounted on them. Finally, the slides were examined using a fluorescence microscope (BX51, Olympus Corporation, Tokyo, Japan).



JTC-801 was used as a positive control of the increase in FLG at the concentration of 10 nmol/L. Nuclear dyeing (DAPI, Thermo Scientific) was also performed simultaneously. The examination was done with n = 3. A 1/1000 ethanol concentration in culture medium was made.



Moreover, we analyzed three fluorescence intensities of an antibody-positive part at a time in Image J from the picture of three sheets. Furthermore, we analyzed the area of the antibody-positive part of the picture of three sheets with Image J, which was divided by the area of the whole specimen except a membrane was compared as an area ratio.




2.5. Data Analysis


The amount of mRNA was analyzed by the 2−ΔΔCt method, which is expressed as the mean ± standard deviation. An unpaired t-test was performed and the result with p < 0.05 being considered statistically significant. The measurement of the amount of amino acid was expressed as the mean ± standard deviation. An unpaired t-test was performed to the result with p < 0.05 being considered statistically significant.





3. Results


3.1. Effects of 10H2DA and 10HDAA on mRNA Expression of FLG and AQP3 in the Cultured Human Three-Dimensional Epidermis Model


The result is shown in Figure 1. Although the amount of mRNA of FLG increased with 10H2DA at a concentration of 20 and 40 μmol/L, it did not increase with 10HDAA even at a concentration of 40 μmol/L. In addition, JTC-801, used as a positive contrast, made FLG increase by 10 nmol/L. Although AQP 3 mRNA also increased by 10 nmol/L with JTC-801, the increase was not seen with 10H2DA or 10HDAA at concentrations of 10, 20, or 40 μmol/L.


Figure 1. Effects of 10H2DA and 10HDAA on the mRNA expressions of FLG and AQP3 in the human epidermal model cultured for 24 h. The concentrations of 10H2DA and 10HDAA were 10 μg/mL, 20 μg/mL, and 40 μg/mL. JTC-801 (10 ng/mL) was used as a positive control. The result was analyzed by the 2−ΔΔCt method relative to the internal control gene (β-actin), fold changes in gene expression expressed with the mean ± standard deviation of three experiments. * p < 0.05 vs. control, and ** p < 0.01 vs. control.
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3.2. Effect of 10H2DA and 10HDAA on the Amino Acid Level in the Three-Dimensional Skin Model


The result is shown in Figure 2. Although the amount of amino acid increased by 10H2DA at the concentration of 40 μmol/L, it did not increase by 10HDAA even at the concentration of 40 μmol/L. In addition, JTC-801, used as positive contrast, made the amount of amino acid increase by 10 nmol/L.


Figure 2. Effects of 10H2DA and 10HDAA on the amount of amino acid of stratum corneum in the human epidermal model cultured for five days. The concentrations of 10H2DA and 10HDAA were 20 μg/mL and 40 μg/mL. JTC-801 (10 ng/mL) was used as a positive control. The result was expressed in the ratio of free amino acid to total amino acid in the stratum corneum with the mean ± standard deviation of three experiments. * p < 0.05 vs. control.
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3.3. Immunohistochemical Staining of FLG in the Three-Dimensional Skin Model Treated with 10H2DA or 10HDAA


The effect of 10H2DA or 10HDAA on anti-FLG antibody-positive proteins in the cultured human skin model was examined and is shown in Figure 3. JTC-801 was used as a positive control. Anti-FLG antibody-positive protein mainly existed in the granular layer, and it increased with 40 μmol/L 10H2DA and 10 nmol/L JTC-801. It did not increase with 10HDAA at 40 μmol/L.


Figure 3. Effects of 10H2DA and 10HDAA on the anti-FLG antibody-positive protein in the human epidermal model cultured for five days. The concentrations of 10H2DA and 10HDAA were 40 μg/mL. JTC-801 (10 ng/mL) was used as a positive control. The nuclei are represented by blue staining. Green fluorescence in FLG in the granule cell layer appear as lines. The membrane was strongly nonspecifically stained in green.
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The fluorescence intensity and the area ratio of the anti-FLG antibody-positive part are shown in Figure 4. The fluorescence intensity of the granular layer increased intentionally, compared with the control, with 40 μmol/L 10H2DA and 10 nmol/L JTC-801. On the other hand, there was no significant difference between 40 μmol/L10HDAA and the control. In the area ratio of the anti-FLG antibody-positive part, the dyeing part of the granular layer increased intentionally, compared with the control, with 40 μmol/L 10H2DA, 40 μmol/L 10HDAA, and 10 nmol/L JTC-801.


Figure 4. The fluorescence intensity and the area ratio of an anti-FLG antibody-positive part. Every three-fluorescence intensity per picture of one sheet were measured, the result of the picture of three sheets was calculated. In addition, the area ratio was calculated by having measured the area of the part which strongly exhibits fluorescence in the area of the whole specimen without the membrane. The result was expressed with the mean ± standard deviation. * p < 0.05 vs. control, and ** p < 0.01 vs. control.
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3.4. Immunohistochemical Staining of AQP3 in the Three-Dimensional Skin Model Treated with 10H2DA or 10HDAA


The effect of 10H2DA or 10HDAA on anti-AQP3 antibody-positive proteins in cultured human skin model was examined and is shown in Figure 5. The basal layer was mainly dyed by anti-AQP3 antibody, butthe increase was not seen with 40 μmol/L 10H2DA or 40 μmol/L 10HDAA. The protein levels of immunoreactive AQP3 was increased with 10 nmol/L JTC-801, in the same way as the increase was seen in mRNA levels by 10 nmol/L JTC-801.


Figure 5. Effects of 10H2DA and 10HDAA on the anti-AQP3 antibody-positive protein in the human epidermal model cultured for five days. The concentrations of 10H2DA and 10HDAA were 40 μg/mL, and JTC-801 (10 ng/mL) was used as a positive control. The nuclei are represented by blue staining. Green fluorescence in AQP3 shows the presence of the basal cell layer.
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The fluorescence intensity and the area ratio of the anti-AQP3 antibody-positive part are shown in Figure 6. There was no significant difference between 10 nmol/L JTC-801 or 40 μmol/L 10H2DA, 40 μmol/L 10HDAA, and control. At an area ratio, there was no significant difference between 10 nmol/LJTC-801 or 40 μmol/L 10H2DA, 40 μmol/L 10HDAA, and control.


Figure 6. The fluorescence intensity and the area ratio of an anti-AQP3 antibody-positive part. Every three-fluorescence intensity per picture of one sheet were measured, and the result of the picture of three sheets was calculated. In addition, the area ratio was calculated by having measured the area of the part which is strongly exhibiting fluorescence in the area of whole specimen without the membrane. The result was expressed as the mean ± standard deviation. * p < 0.05 vs. control, and ** p < 0.01 vs. control.
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4. Discussion


Since the amount of stratum corneum moisture of the forearm skin had improved in four weeks by the application of RJ extract, it became clear that the consecutive use of the RJ extract increased the amount of moisture of the stratum corneum in humans and induced the amount of mRNA of FLG using the cultured human three-dimensional outer skin model [15]. The pro-FLG is expressed in the granule cell layer of the skin keratinocytes. FLG receives hydrolyzation by more than one enzyme, and becomes definitive in amino acids and its derivatives, which accounts for the majority of NMF. NMF shows an effect important for the moisture of the stratum corneum [3]. This mechanism is also supported with loss-of-function mutations in the FLG gene of atopic dermatitis patients’ decreased levels of the stratum corneum NMF [6,7]. It was revealed that RJ increased the FLG expression which participated in maintaining the stratum corneum moisture. Furthermore, in order to explore the ingredient which is participating in the increase in the amount of stratum corneum moisture by RJ extract, the effects of 10H2DA and 10HDAA on the amount of mRNA of FLG were investigated using the cultured human three-dimensional outer skin model. As a result, expression of the mRNA of FLG is increased by the addition of 10H2DA at a concentration of 40 μmol/L. On the other hand, the amount of mRNA of FLG did not increase by 10HDAA addition at the same concentration.



Since the amount of 10H2DA included in RJ extract is more than 2%, at least 3.6 μg of 10H2DA exists in 1 g of lotion containing 1.8% RJ extract [15]. The action concentration which 10H2DA promotes FLG in the epidermis and increases the amino acids in the stratum corneum is approximately at the same level as the concentration of 10H2DA contained in the RJ extract lotion. Moreover, the percutaneous effect of 10H2DA on the stratum corneum is good. From these aspects, it was thought that 10H2DA contained in RJ extract participated in the increase in the amount of stratum corneum moisture.



On the other hand, even when the oral administration of 7.2 g of RJ one time per day is carried out for eight weeks, the amount of stratum corneum moisture was increased [16]. Since the amount of blood of a 55 kg woman is 4.6 kg when intestinal absorption of 10H2DA is assumed to be the same 60% as general unsaturated fatty acid, the amount of 10H2DA in blood serves as 20 μg/mL. This concentration is the same level as the concentration of 10H2DA, which increased the FLG and stratum corneum amino acids of the cultured human epidermis model in this study. Therefore, even when a tablet containing 7.2 g RJ is taken, it is thought that 10H2DA is participating in the moisturizing of the stratum corneum in humans.



This study also examined the action of 10H2DA and 10HDAA to AQP3 mRNA in the cultured human epidermal model, and the amount of AQP3 is not affected by 10H2DA or 10HDAA. AQP3 is a water/glycerol-transporting protein expressed in keratinocytes of the epidermis. It is reported that AQP3 expression was increased in the AD skin [13] and AQP3 was involved in epidermal hyperplasia [14]. Therefore, it was thought that there was no concern of causing an epidermal hyperplasia by topical application of RJ extract.



JTC-801, used as a positive control, increased FLG in the granular layer at the mRNA level, and increased the free amino acids in the cultured epidermal model at the concentration of 10 nmol/L. In addition, JTC-801 increased AQP3 in the mRNA and protein levels at a concentration of l0 nmol/L in the cultured epidermal model.




5. Conclusions


The moisturizing function of the stratum corneum improved by the topical application of the RJ extract, and it became clear that 10H2DA, which is contained in RJ extract, is involved in its mechanism by increasing the amount of FLG of the epidermis and increasing the free amino acid of the stratum corneum in the skin.
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