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Abstract

:

Although the roots and flowers of P. thunbergiana are known to have various physiologically active effects, studies on the anti-melanin production and anti-photoaging effects of its leaf extracts and cellular mechanisms are still lacking. In this study, we evaluated the possibility of using Pueraria thunbergiana leaves as a natural material for skin whitening and anti-aging-related functional cosmetics. The 30% ethyl alcohol (EtOH) extract from P. thunbergiana leaves was fractionated using n-hexane, ethyl acetate (EtOAc), butanol, and aqueous solution to measure their whitening, and anti-aging effects. The EtOAc fraction contained a high content of phenolic and flavonoids and showed higher 1,1-diphenyl-2-picryhydrazyl (DPPH) and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) radical scavenging activities than the other fractions. It was also confirmed that the EtOAc fraction markedly inhibited α-melanocyte stimulating hormone (α-MSH)-induced melanogenesis in B16F10 melanoma cells. In addition, the EtOAc fraction showed a protective effect against ultraviolet B (UVB) in HaCaT cells and increased the collagen synthesis that was decreased due to UVB exposure. Matrix metalloproteinase-1 (MMP-1) activity and MMP-1 protein expression were reduced in human epidermal keratinocytes (HaCaT) cells. These results indicate that the EtOAc fraction has superior antioxidant activity, anti-melanogenesis, and anti-photoaging effects compared to the other fractions. Therefore, in this study, we confirmed the potential of P. thunbergiana leaf extract as a functional cosmetic ingredient, and it can be used as basic data for the physiological activity of P. thunbergiana leaf extracts.
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1. Introduction


Mammalian skin acts as a barrier to protect the body from external stimuli, such as fine dust, ultraviolet irradiation, and chemicals caused by environmental pollution [1,2,3]. Ultraviolet (UV) rays are a major environmental factor that causes skin damage, and repeated exposure to UV rays generates reactive oxygen species (ROS). Repeated exposure to UV rays induces skin aging and melanin production, which causes pigmentation [4,5].



Skin aging is divided into two types. Intrinsic aging is a phenomenon that occurs naturally as the physiological and structural functions of the skin decline, while extrinsic aging, also called photoaging, occurs due to repeated exposure to UV rays [6,7]. The main cause of skin aging is photoaging; upon exposure to UV rays, matrix proteins, such as collagen and elastin, are damaged, causing collagen deficiency and elastin denaturation [8,9]. In addition, skin aging and collagen loss are closely related. Matrix metalloproteinase-1 (MMP-1) is known as a collagen-degrading enzyme in the skin that degrades collagen in the dermal layer due to exposure to UV rays; therefore, matrix metalloproteinases (MMPs) play a very important role in exogenous aging [10,11,12]. As aging progresses due to exposure to UV rays, it induces the reduction and degradation of matrix proteins such as hyaluronic acid, elastin, and collagen, which are substances that constitute the skin, thereby reducing skin elasticity, and causing wrinkles.



Melanin is a natural pigment in animals and plants and is a main factor in deciding the color of the hair, eyes, and skin. It also plays an important role in protecting the skin because it inhibits injury to skin cells from UV rays and ROS [13,14,15,16]. However, excessive production of melanin causes various abnormal pigmentation-related conditions, such as inflammation, age spots, freckles, and melasma, and promotes skin aging by causing serious skin diseases, such as skin cancer [17,18,19].



Melanin is synthesized in melanocytes, which contain structures called melanosomes. The process of melanogenesis is regulated by several mechanisms, including transcriptional and enzyme control mechanisms [20]. In the first step of melanogenesis, the oxidative enzyme tyrosinase (TYR) catalyzes the oxidation of L-tyrosine to L-3,4-dihydroxy phenylalanine (L-DOPA) and oxidizes L-DOPA to DOPA quinone. Tyrosinase-related protein-2 (TRP-2) changes DOPA chrome to 5,6-dihydroxyindole-2-carboxylic acid (DHICA). Finally, DHICA is oxidized by tyrosinase-related protein-1 (TRP-1) to produce melanin [21] (Figure 1). In this process, tyrosinase, TRP-1, and TRP-2 are the major melanogenesis enzymes. Microphthalmia-associated transcription factor (MITF) is involved in the survival, proliferation, and differentiation of melanocytes, and it has been reported to regulate the expression of the genes involved in melanogenesis [22,23,24,25,26].



Recently, many studies have been conducted on functional substances related to skin wrinkle improvement and whitening. Currently, functional substances used to prevent or correct wrinkles include ursolic acid, epigallocatechin gallate (EGCG), retinol, retinyl palmitate, adenosine, and polyethoxylated retinamide and substances used as whitening agents include arbutin, kojic acid, and ascorbic acid, which inhibit melanogenesis by downregulating tyrosinase activity [27,28]. However, it has been reported that many of these may cause toxicity and side effects with long-term use [21,29,30]. Therefore, the need for effective functional materials using natural products and medicinal plants with high human safety and few side effects has increased, and research on the development of materials from natural substances is being actively conducted [13,22].



Kudzu (Pueraria thunbergiana) is a creeping plant that belongs to the Fabaceae family and is currently cultivated worldwide [22,31]. Its roots and flowers are used in varying ways because they have various medicinal effects. Puerarin, the main component of the root, is known to have anti-pyretic, antioxidant, anti-hypertensive, and anti-inflammatory effects [32,33,34,35,36,37]. The aerial parts of the plant contain isoflavonoids such as daidzein, daidzin, genistein, and genistin, puerarin, and they have been reported to inhibit melanogenesis and have hepatoprotective effects [38,39,40,41,42]. However, little is known about the anti- melanogenesis and anti-photoaging effects and the cellular mechanisms of the plant leaves’ extracts.



Therefore, the objective of the present study was to explore the antioxidant activity, anti-melanogenesis, and anti-photoaging effects of EtOH extracts of P. thunbergiana leaves and their fractions using B16F10 melanoma cells and HaCaT cells, and to analyze their molecular mechanisms and major components. Through these processes, we attempted to confirm whether they could be applied as physiologically active natural ingredients that exhibit skin whitening and anti-aging effects.




2. Materials and Methods


2.1. Materials


2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), α-melanocyte stimulating hormone (α-MSH), L-3,4-dihydroxy-phenylalanine (L-DOPA), and arbutin were purchased from Sigma-Aldrich (St. Louis, MI, USA). Daidzin and genistin were purchased from LC Laboratories (Woburn, MA, USA). Phosphate-buffered saline (PBS) and Dulbecco’s Modified Eagle Medium (DMEM) were purchased from Lonza (Walkersville, MD, USA). Penicillin/streptomycin (P/S) and fetal bovine serum (FBS) were purchased from Gibco (Thermo Fisher Scientific, Rockford, IL, USA). A Human Pro-MMP-1 Quantikine ELISA Kit (No. PDMP100) was purchased from R&D Systems (Minneapolis, MN, USA). A Procollagen Type I C-peptide (PIP) EIA Kit (No. MK101) was purchased from Takara Bio Inc. (Shiga, Japan). GAPDH was purchased from EnoGene Biotechnology (New York, NY, USA). MITF and MMP-1 antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) and Santa Cruz Biotechnology (Dallas, TX, USA). The purity of all the chemicals used in the experiment was over 97%.




2.2. Preparation of P. thunbergiana L. Extract and Production of Different Fractionations


The P. thunbergiana leaves used in this experiment were grown in Gimhae, and purchased from Daltone (Anseong, Korea). Authentication and identification of samples were carried out for the study by Dr. Sunoh Kim at B&Tech, who has expertise in this area. The dried and pulverized sample (200 g) was placed in a round bottom flask, and 2 L of EtOH (0, 30, 50, 70, 90%) with distilled water was added. Then, the flask was fitted on a heating mantle and reflux extracted at 100 °C for 3 h. The internal temperature was maintained at 90 ± 1 °C. The extract was concentrated using a rotary evaporator (N-1000, EYELA, Tokyo, Japan). After dissolving the concentrate in distilled water, n-hexane (H), ethyl acetate (EtOAc), and butanol (B) were mixed in a 1:1 ratio, and fractionation was repeated for three times for 24 h each (Figure 1). Fractionation of the extract was performed using a separating funnel. The fractions were concentrated, lyophilized, and were stored at −20 °C until use.




2.3. Total Phenolic Content (TPC)


TPC was measured using the Folin–Ciocalteu’s reagent (FCR) method with some modifications [43]. The sample extract was mixed with 500 µL of FCR reagent, reacting for 3 min. Next, 500 µL of 10% Na2CO3 was added to the previous solution and left to react for 1 h. Gallic acid (10–60 μg/mL) was used as the standard (R2 = 0.999). The absorbance was measured at 760 nm using a UV–vis spectrophotometer (Optizen 2120 UV, Mecasys, Daejeon, Korea). A calibration curve was prepared using gallic acid as a standard. TPC was expressed as gallic acid equivalents (GAE) per mL of extract.




2.4. Total Flavonoid Content (TFC)


TFC was measured by the aluminum chloride colorimetric assay [44]. Samples (200 µL) were diluted to an appropriate concentration; 800 µL of 80% ethanol and 60 µL of 5% NaNO2 were added and left to react for 5 min. Then, 10% AlCl3 was mixed into the solution and allowed to react for another 5 min. Then, 400 µL of 1 M NaOH solution was added to the solution, and the absorbance was measured at 510 nm using a UV–vis spectrophotometer (Optizen 2120 UV, Mecasys, Daejeon, Korea). A calibration curve was prepared using catechin (50–600 μg/mL) as the standard (R2 = 0.999).




2.5. Antioxidant Activity Evaluation


DPPH radical scavenging activity was examined using the Blois method, with modifications [45]. Diverse concentrations of the extract and ascorbic acid, used as a positive control, were added to a 0.2 mM DPPH solution. The solution was mixed and incubated for 30 min. Absorbance was measured at 515 nm using a microplate spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea).



ABTS radical scavenging activity was examined through a revision of the Lin Zheng method [46]. To generate ABTS radicals, 2.45 mM potassium persulfate was mixed with 7.4 mM ABTS stock solution in a 1:1 ratio. The mixture was incubated for 24 h, until ABTS radicals were generated. After this, a working solution was prepared by mixing distilled water and ABTS solution until the solution had an absorbance of approximately 0.7 (±0.2). Various concentrations of the extract and ascorbic acid, used as a positive control, were added to the ABTS working solution. The solutions were then mixed and incubated for 30 min. Absorbance was measured at 734 nm using a microplate spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea).




2.6. Cell Culture


B16F10 melanoma cells and human epidermal keratinocytes (HaCaT) cells were purchased from the American Type Culture Collection (Rockville, MD, USA). B16F10 melanoma cells and HaCaT cells were cultured in DMEM containing 10% FBS and 1% penicillin and streptomycin (P/S) in a humidified atmosphere containing 5% CO2 at 37 °C.




2.7. Cell Viability Assay


Cell viability was examined using the MTT method [47]. B16F10 melanoma cells and HaCaT cells were seeded at densities of 1 × 104 cells/well of 96-well plates and incubated with various concentrations of extracts and fractions for 48 h, at 37 °C. After incubation, the cells were treated with 0.5 mg/mL MTT for 3 h. The media were removed and 200 µL of DMSO was added to the cells, gently shaking the plates for 15 min. Absorbance was measured at 570 nm using a microplate spectrophotometer spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea).




2.8. Measurement of Melanin Content


Measurement of the inhibition of melanin biosynthesis using B16F10 cells was carried out by modifying the research method of Hosoi et al. [48]. B16F10 melanoma cells were seeded at densities of 2 × 105 cells/dish in 60 mm dishes and incubated for 24 h at 37 °C. After incubation, the spent medium was replaced with fresh medium that included diverse concentrations of extracts (50–500 µg/mL), α-MSH (100 nM), and arbutin (100 µg/mL), and incubated for 48 h. The pellet obtained via centrifugation (12,000 rpm, 15 min, 23 °C) was dissolved in 1N NaOH, containing 10% DMSO, at 80 °C for 1 h. Absorbance was measured at 475 nm using a microplate spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea).




2.9. UVB Protection Assay


Measurement of UVB protection using HaCaT cells was measured by modifying the research method of Wang et al. [49]. HaCaT cells were seeded at densities of 5.5 × 104 cells/well of 24-well plates and incubated for 24 h at 37 °C. The extracts of various concentrations were added to the cells, irradiated with UVB (20 mJ/cm2), and incubated for 24 h. After incubation, cells were treated with 0.5 mg/mL MTT for 3 h. The media were removed and 500 µL DMSO was added, gently shaking the plate for 15 min. Absorbance was measured at 570 nm using a microplate spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea).




2.10. Measurement of Type 1 Pro-Collagen Synthesis


Type 1 pro-collagen biosynthesis was examined using a Procollagen Type I C-peptide (PIP) EIA Kit. Measurements of type 1 procollagen synthesis were performed according to the kit manufacturer’s protocol. HaCaT cells were seeded at densities of 3 × 105 cells/well in 6-well plates and incubated for 24 h at 37 °C. After UVB irradiation (10 mJ/cm2), the extract was incubated for 72 h. After diluting the supernatant, the antibody-POD conjugate solution and the sample were added to the wells of the plates and incubated for 3 h. The substrate solution was added, and the cells were incubated for 15 min. Finally, the reaction was stopped by adding a stop solution. Absorbance was measured at 450 nm using a microplate spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea).




2.11. Measurement of MMP-1 Inhibitory Activity


MMP-1 inhibitory activity was examined using a Human Pro-MMP-1 Quantikine ELISA Kit. Measurements of MMP-1 inhibitory activity were performed according to the kit manufacturer’s protocol. HaCaT cells were seeded at densities of 3 × 105 cells/well in 6-well plates and incubated for 24 h at 37 °C. After UVB irradiation (10 mJ/cm²), the cells were incubated with the extract for 72 h. After diluting the supernatant, diluent RD1-52 and the sample were dispensed into each cell-containing well of the plate and reacted at room temperature for 2 h. The solution contained in each well was then removed, the anti-human pro-MMP-1 conjugate was added, and the cells were allowed to react for 2 h. After removing the solution, the substrate solution was added and was reacted for 20 min. After adding the stop solution, the absorbance was measured at 450 nm and 540 nm using a microplate spectrophotometer (Thermo Fisher Scientific, Multiskan Sky, Boseong, Korea). The final absorbance was calculated by subtracting the absorbance value at 540 nm from the absorbance value at 450 nm.




2.12. Western Blot Analysis


Western blot analysis was measured by modifying the research method of Jeong et al. [50]. B16F10 melanoma cells were seeded at densities of 2 × 105 cells/dish (60 mm) and incubated with the extracts, as well as α-MSH (100 nM). HaCaT cells were seeded at densities of 5.5 × 105 cells/dish (60 mm), incubated with the extracts, and were subjected to UVB irradiation (10 mJ/cm2). Cells were lysed in Pro-Prep lysis solution for 15 min on ice. The cell lysates were centrifuged at 13,000 rpm, 4 °C for 5 min. Lysed supernatant protein was measured by Bradford assay. Protein (20 µg) was subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. The PVDF membranes were incubated for 1 h in blocking buffer (5% skim milk and 0.1% Tween 20 in TBS). Membranes were incubated with primary antibodies (GAPDH, MITF, MMP-1) for 1 h. GAPDH was used as an internal control. After washing four times with TBS containing 0.1% Tween 20, the membrane was incubated with the corresponding horseradish peroxidase (HRP)-conjugated anti-mouse and anti-rabbit secondary antibodies for 1 h. Protein band detection on the PVDF membranes was performed using Western BrighTM ECL reagent and the Davinch-WesternTM Imaging System (Davinch-K, Seoul, Korea).




2.13. High-Performance Liquid Chromatography Analysis


The P. thunbergiana EtOAc fraction had the best antioxidant activity and inhibitory effect on melanin synthesis. We performed the components analysis of the fraction using an Agilent 1100 series HPLC (Agilent Technologies, Santa Clara, CA, USA) system and YMC ODS column (4.6 × 250 mm, Kyoto, Japan). The mobile phase consisted of water that contained 0.1% formic acid (solvent A) and acetonitrile (solvent B) with a gradient elution (a linear gradient from 15% B in 5 min, a linear gradient from 15% to 17% B in 45 min, a linear gradient from 17% to 30% B in 5 min). The injection volume of the sample was 10 μL, and the column flow rate was 0.5 mL/min. Peaks were detected by measuring absorbance at 254 nm.




2.14. Statistical Analyses


The normality test was performed using the Shapiro–Wilk test of the SPSS program. The results are presented as the mean ± standard deviation (SD) of three independent experiments, and statistical significance was determined using Student’s t-test and ANOVA. All statistical analyses were performed using SPSS statistical software 22.0. * p < 0.05, ** p < 0.01 and *** p < 0.001 were considered as significant differences.





3. Results


3.1. Total Phenolic and Flavonoid Content of P. thunbergiana L. Extracts and Fractions


First, the optimal EtOH concentration of the extract for fractionation was selected through a prior experiment. The phenol and flavonoid contents of P. thunbergiana L. EtOH extracts were measured using gallic acid and catechin as standards. Total phenol content (TPC) and total flavonoid content (TFC) were expressed as μg gallic acid equivalents (GAE) and catechin equivalents (CE) per gram of dried extract, respectively.



The 30% EtOH extract showed both the highest TPC (28 ± 0.02 μg GAE/g) and TFC (122 ± 0.80 μg CE/g), as demonstrated in Table 1. The EtOAc fraction showed the highest TPC (29 ± 0.0 μg GAE/g) and TFC (113 ± 0.00 μg CE/g).




3.2. Antioxidant Activity of P. thunbergiana L. Extracts and Fractions


DPPH radical scavenging activity was confirmed to be high in the 30% and 50% EtOH extracts (Table 2). EC50 values for DPPH radical scavenging activity of 30% and 50% EtOH extracts were 88.1 and 74.8 μg/mL, respectively. The 30% EtOH extract indicated higher ABTS radical scavenging activity than the other extracts at high concentrations and presented similar scavenging activity to ascorbic acid. EC50 values for ABTS radical scavenging activity of 30% and 50% EtOH extracts were 54.2 and 57.0 μg/mL, respectively.



The EtOAc fraction showed higher DPPH and ABTS radical scavenging activity than the other extracts. EC50 values for DPPH radical scavenging activity of EtOAc and butanol were 195.1 and 207.7 μg/mL, respectively. In addition, EC50 values for ABTS radical scavenging activity of EtOAc and butanol were 49.4 and 68 μg/mL, respectively.




3.3. Inhibitory Effect of P. thunbergiana L. Extracts and Fractions on Melanogenesis in B16F10 Cells


Cell viability was measured in B16F10 melanoma cells using the MTT assay to evaluate the effect of treatment with the P. thunbergiana L. extracts and fractions. As a result, it did not reduce cell viability at concentrations of 10–500 µg/mL, and some extracts and fractions showed presumably the stimulation of proliferation at concentrations of 100–250 µg/mL (Figure 2a,b).



Melanin content was measured in B16F10 melanoma cells treated with α-MSH and P. thunbergiana L. extracts, using arbutin as a positive control. In particular, the 30% EtOH extracts reduced melanin content more than the other extracts and showed higher melanogenesis inhibitory activity than arbutin (Figure 2c). To confirm the effect of the P. thunbergiana L. fractions on melanogenesis, melanin content was measured in B16F10 melanoma cells treated with α-MSH and P. thunbergiana L. fractions, with arbutin as a positive control. As a result, when compared with the α-MSH alone treatment group, the groups treated with the P. thunbergiana L. fractions showed a decreased melanin content in a concentration-dependent manner. In particular, the EtOAc fraction showed higher melanogenesis inhibitory activity than the other fractions and presented superior melanogenesis inhibitory activity than arbutin at a concentration of 250 and 500 μg/mL (Figure 2d).



In addition, a color change was visually confirmed through the pellets of the treated groups. Treatment with the EtOAc fraction showed that the color intensity of the pellet decreased in a concentration-dependent manner, and it was similar to the color of the arbutin-treated pellet (Figure 2e). Taken together, the EtOAc fraction of the 30% EtOH extract showed the highest anti-melanogenesis effect.




3.4. Inhibitory Effect of P. thunbergiana L. Fractions on MITF Expression in B16F10 Cells


The effect of the EtOAc fraction on the expression of transcription factors involved in melanin synthesis was determined via Western blotting. As a result, the EtOAc fraction decreased the expression of MITF induced by α-MSH in a concentration-dependent manner (Figure 3).



In addition, it was confirmed that the MITF expression was reduced by about 5 fold compared to the a-MSH treated group at a concentration of 500 ug/mL.




3.5. Effect of P. thunbergiana L. EtOAc Fraction on UVB-Induced Damage in HaCaT Cells


Among the fractions, only the EtOAc fraction was used in the anti-photoaging effect experiment because the EtOAc fraction showed the highest antioxidant activity and melanogenesis inhibitory effect. To assess the effect of the EtOAc fraction of P. thunbergiana L. on photoaging, cell viability of HaCaT cells was measured via the MTT assay. The EtOAc fraction did not affect cell viability at concentrations of 10–250 μg/mL (Figure 4a). Therefore, the subsequent experiments were performed using the leaf extracts at a concentration of 250 μg/mL or less.



To assess the cytoprotective effect of P. thunbergiana L. EtOAc fractions against UVB-induced damage, we confirmed the ability of HaCaT cells to proliferate even when their cell viability was reduced after UVB irradiation (20 mJ/cm2). The EtOAc fractions showed excellent cytoprotective effects against UVB at concentrations of 25 and 50 μg/mL (Figure 4b).




3.6. Effect of P. thunbergiana L. EtOAc Fraction on Anti-Photoaging in HaCaT Cells


To confirm the amount of pro-collagen synthesis in HaCaT cells after treatment with the P. thunbergiana L. EtOAc fraction, the cells were treated with the EtOAc fraction and were subject to UVB irradiation (10 mJ/cm2). The EtOAc fraction significantly increased pro-collagen synthesis. In particular, it was shown to increase the amount of pro-collagen by about 50% after UVB irradiation at the concentration of 50 μg/mL (Figure 5a).



To assess the inhibitory effect of the EtOAc fraction of P. thunbergiana L. on MMP-1 activity, it was measured after treatment with the EtOAc fraction and HaCaT cells were subjected to UVB irradiation (10 mJ/cm2). UVB irradiation increased MMP-1 activity, and the EtOAc fraction significantly decreased UVB-induced MMP-1 activity at concentrations of 25 and 50 μg/mL (Figure 5b).




3.7. Inhibitory Effect of P. thunbergiana L. Fractions on MMP-1 Expression in HaCaT Cells


To confirm that the EtOAc fraction of P. thunbergiana L. regulates the expression of aging-related factors, the expression of MMP-1, also known as collagenase, was confirmed via Western blotting. As a result, the EtOAc fraction decreased MMP-1 expression after UVB exposure in a concentration-dependent manner (Figure 6).




3.8. High-Performance Liquid Chromatography (HPLC) Analysis of P. thunbergiana L. EtOAc Fraction


According to the results of previous studies, it was reported that the main components of P. thunbergiana L. extract were daidzin and genistin [51]. Daidzin and genistein have excellent antioxidant activity as natural polyphenols and have been reported to exhibit tyrosinase inhibitory activity in previous reports. Therefore, we analyzed the major components of the P. thunbergiana L. EtOAc fraction by HPLC, using daidzin and genistin as standards. As a result, it was confirmed that these were two main components in the EtOAc fraction, and these results were consistent with previous studies (Figure 7).





4. Discussion


UV-induced skin pigmentation is regulated under the influence of various mechanisms, among which α-MSH binds to melanocortin 1 receptor (MC1R) and increases cytoplasmic cyclic AMP (cAMP) levels. Increased cAMP levels activate protein kinase A (PKA), which induces the expression of MITF through the phosphorylation of cAMP response element-binding protein (CREB) [52]. MITF, a main transcription factor for melanin biosynthesis, increases melanin synthesis by inducing the expression of tyrosinase-related proteins TRP-1, and TRP-2 [53]. Therefore, many studies have been conducted and showed that regulation of MITF expression may suppress melanogenesis [54].



Skin aging is closely related to the decomposition of the skin extracellular matrix. UV light activates the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) to decompose extracellular matrix components and increase the production of matrix metalloproteinases (MMPs), which are collagen-degrading enzymes [55]. The increase in MMP expression caused by UV rays also causes wrinkles and is used as a representative marker of skin inflammation and photoaging [56].



The currently used whitening and anti-aging functional substances cause side effects such as skin erythema and inflammation, and have low safety, which is a problem, given its potential frequent use. Therefore, research on the development of natural materials is being actively conducted to minimize their side effects and increase their safety.



P. thunbergiana is a creeper plant that belongs to the Fabaceae family, which contains isoflavonoids and diverse phenolic compounds, such as genistin, genistein, daidzin, daidzein, and puerarin [57,58]. According to modern pharmacological studies, its flowers and roots have been reported to have diverse biological activities, including antioxidant, hypoglycemic, lipid-lowering, hepatoprotective, hormonal regulation, and anti-inflammatory effects [59,60,61,62,63]. Although many studies on its flowers and roots have been reported, few studies have been conducted on the skin bioactivity of its leaf extracts.



In this study, the antioxidant activity of P. thunbergiana L. EtOAc fractions was measured, and their inhibitory activity, melanin production and MITF protein expression were confirmed in B16F10 melanoma cells. Their UVB cytoprotective effect, pro-collagen synthesis, MMP-1 inhibitory activity, and protein expression were also confirmed in HaCaT cells.



The EtOAc fraction showed a higher antioxidant effect than the other fractions. When the melanin content was measured within a concentration that did not affect cell viability in B16F10 melanoma cells, the EtOAc fraction showed a higher melanogenesis inhibitory effect than the other fractions. The EtOAc fraction reduced the protein expression of MITF, which is a well-known regulator of melanogenesis. Therefore, it was thought that the P. thunbergiana L. EtOAc fraction regulates melanogenesis by reducing the expression of MITF.



The EtOAc fraction showed a high protective effect against UVB by recovering the cell viability decreased by UVB irradiation and increased the decreased pro-collagen synthesis in HaCaT cells. In addition, the EtOAc fraction decreased the activity of collagenase MMP-1. The EtOAc fraction of P. thunbergiana L. was also thought to have an affirmative effect on skin anti-photoaging by inhibiting MMP-1 activity and protein expression.



After analyzing the components of the P. thunbergiana L. EtOAc fraction, it was found that the main components were daidzin and genistin. Daidzin and genistin are major isoflavonoids of P. thunbergiana L., which have been reported to contain radical scavengers, anti-proliferic agents against melanomas, and exhibit inhibition activity of melanin formation in vitro [64]. Their effect on tyrosinase inhibition has also been reported [65,66]. Due to these effects of daidzin and genistin, it was thought that the EtOAc fraction showed anti-melanogenesis activity.



Taken together, these results suggest that the P. thunbergiana L. EtOAC fraction inhibits melanogenesis and photoaging by down-regulating the signaling pathways MITF and MMP-1 in B16F10 mouse melanoma cells and HaCaT cells. However, additional studies are needed to fully understand the anti-melanogenesis and anti-photoaging mechanisms of the P. thunbergiana L. EtOAc fraction.




5. Conclusions


In this study, we demonstrated that the P. thunbergiana L. EtOAc fraction demonstrated melanogenesis inhibition and anti-photoaging effects in B16F10 melanoma cells and HaCaT cells. Therefore, these results show that the P. thunbergiana L. EtOAc fraction can potentially be used as an effective ingredient in whitening and anti-aging-related functional cosmetics.



In addition, further studies are needed on the purification of the compounds and their anti-melanogenic and anti-photoaging activities, as well as on their mechanisms of action.
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Figure 1. Extraction and division of fractions from P. thunbergiana L. 
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Figure 2. (a) Effect of P. thunbergiana L. EtOH extracts on the cell viability of B16F10 melanoma cells. Cells were treated with 10–1000 μg/mL P. thunbergiana L. EtOH extracts. (b) Effect of P. thunbergiana L. fractions on cell viability in B16F10 melanoma cells. Cells were treated with 10–1000 μg/mL P. thunbergiana L. fractions. * p < 0.05 and ** p < 0.01 compared with the control. (c) Effect of P. thunbergiana L. EtOH extracts on the melanin content in α-MSH-stimulated B16F10 melanoma cells. (d) Effect of P. thunbergiana L. fractions on melanin content in α-MSH-stimulated B16F10 melanoma cells (Ar: arbutin). Cells were exposed to α-MSH (100 nM) alone or with the different samples or arbutin (100 μg/mL) for 72 h. (e) Visual photographs of the cell pellets formed by B16F10 melanoma cells, after treatment with P. thunbergiana L. fractions (hexane: H, EtOAc: EA, butanol: B, aqueous solution: Aq). The results are expressed as the mean ± SD from three independent experiments. ### p < 0.001 compared with the control; * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with α-MSH. 






Figure 2. (a) Effect of P. thunbergiana L. EtOH extracts on the cell viability of B16F10 melanoma cells. Cells were treated with 10–1000 μg/mL P. thunbergiana L. EtOH extracts. (b) Effect of P. thunbergiana L. fractions on cell viability in B16F10 melanoma cells. Cells were treated with 10–1000 μg/mL P. thunbergiana L. fractions. * p < 0.05 and ** p < 0.01 compared with the control. (c) Effect of P. thunbergiana L. EtOH extracts on the melanin content in α-MSH-stimulated B16F10 melanoma cells. (d) Effect of P. thunbergiana L. fractions on melanin content in α-MSH-stimulated B16F10 melanoma cells (Ar: arbutin). Cells were exposed to α-MSH (100 nM) alone or with the different samples or arbutin (100 μg/mL) for 72 h. (e) Visual photographs of the cell pellets formed by B16F10 melanoma cells, after treatment with P. thunbergiana L. fractions (hexane: H, EtOAc: EA, butanol: B, aqueous solution: Aq). The results are expressed as the mean ± SD from three independent experiments. ### p < 0.001 compared with the control; * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with α-MSH.



[image: Processes 10 02156 g002a][image: Processes 10 02156 g002b]







[image: Processes 10 02156 g003 550] 





Figure 3. (a) Effect of the P. thunbergiana L. EtOAc fraction on MITF expression. (b) Band intensity compared to the control (GAPDH) was determined using TotalLab 1D software (TotalLab, Newcastle, UK). The results are expressed as the mean ± SD from three independent experiments. ### p < 0.001 compared with the control; ** p < 0.01 and *** p < 0.001 compared with α-MSH. 
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Figure 4. (a) Effect of P. thunbergiana L. EtOAc fraction on cell viability in HaCaT cells. Cells were treated with 10–1000 μg/mL P. thunbergiana L. EtOAc fraction. (b) Effect of P. thunbergiana L. EtOAc fraction on cell viability in UVB-irradiated (20 mJ/cm2) HaCaT cells (Nor: normal control; Con: control) The results are expressed as the mean ± SD from three independent experiments. ### p < 0.001 compared with the normal control; * p < 0.05 and *** p < 0.001 compared with the control. 
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Figure 5. (a) Effect of P. thunbergiana L. EtOAc fraction on type-1 procollagen synthesis in UVB-irradiated (10 mJ/cm2) HaCaT cells. (b) Effect of P. thunbergiana L. EtOAc fraction on the inhibition of MMP-1 activity in HaCaT cells. ### p < 0.001 compared with the normal control; ** p < 0.01 and *** p < 0.001 compared with the control. 






Figure 5. (a) Effect of P. thunbergiana L. EtOAc fraction on type-1 procollagen synthesis in UVB-irradiated (10 mJ/cm2) HaCaT cells. (b) Effect of P. thunbergiana L. EtOAc fraction on the inhibition of MMP-1 activity in HaCaT cells. ### p < 0.001 compared with the normal control; ** p < 0.01 and *** p < 0.001 compared with the control.



[image: Processes 10 02156 g005]







[image: Processes 10 02156 g006 550] 





Figure 6. (a) Effect of P. thunbergiana L. EtOAc fraction on expression of MMP-1 in HaCaT cells. (b) Band intensity compared to the control (GAPDH) was determined using TotalLab 1D software. The results are expressed as the mean ± SD from three independent experiments. ## p < 0.01 compared with the normal control; *** p < 0.001 compared with the control. 
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Figure 7. HPLC chromatogram shows peaks in extracts of P. thunbergiana EtOAc fraction, with absorbance evaluated at 254 nm. AU indicates the absorbance unit. (a) Daidzin standard, (b) genistin standard; (c) P. thunbergiana EtOAc fraction. 
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Table 1. Total phenolic and flavonoid content of P. thunbergiana L. extracts and fractions. Results are expressed as mean values ± standard deviation (n = 3). Means with different superscript letters (a–e) indicate statistically significant differences (p < 0.05).
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Sample

	
Solvent

Extract/Fraction

	
Extraction

Yield (%)

	
* TPC

	
* TFC




	
µg GAE/g

	
µg CE/g






	
Extracts

	
Aqueous solution

	
18

	
23 ± 0.00 b

	
101 ± 0.00 b




	
30% EtOH

	
16

	
28 ± 0.02 e

	
122 ± 0.80 e




	
50% EtOH

	
8

	
27 ± 0.03 d

	
111 ± 0.22 d




	
70% EtOH

	
12

	
24 ± 0.02 c

	
103 ± 0.67 c




	
90% EtOH

	
7

	
22 ± 0.03 a

	
77 ± 0.44 a




	
Fractions

	
n-Hexane

	
4.5

	
16 ± 0.02 a

	
76 ± 0.22 a




	
EtOAc

	
1.4

	
29 ± 0.00 d

	
113 ± 0.00 d




	
Butanol

	
3.6

	
23 ± 0.03 c

	
88 ± 0.22 c




	
Aqueous solution

	
8.9

	
17 ± 0.07 b

	
86 ± 0.89 b








* TPC: Total phenolic content, * TFC: total flavonoid content.
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Table 2. DPPH and ABTS radical scavenging activity of P. thunbergiana L. EtOH extracts and fractions (ASA: ascorbic acid). Results are expressed as mean values ± standard deviation (n = 3). Means with different superscript letters (a–f) indicate statistically significant differences (p < 0.05).
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Sample

	
Solvent

Extract/Fraction

	
EC50 for DPPH (μg/mL)

	
EC50 for ABTS (μg/mL)






	
Extracts

	
Aqueous solution

	
124 ± 0.67 e

	
62.5 ± 0.84 b




	
30% EtOH

	
88.1 ± 1.34 c

	
54.2 ± 0.57 a




	
50% EtOH

	
73.4 ± 0.91 b

	
57.2 ± 0.8 a




	
70% EtOH

	
94.3 ± 1.2 d

	
63.5 ± 1.03 b




	
90% EtOH

	
166.1 ± 5.23 f

	
85 ± 0.24 c




	
ASA

	
11.4 ± 0.77 a

	
-




	
Fractions

	
n-Hexane

	
290.4 ± 0.85 d

	
79.6 ± 5.45 c




	
EtOAc

	
195.4 ± 1.17 b

	
49.4 ± 1.18 a




	
Butanol

	
199.8 ± 1.13 b

	
67.6 ± 0.43 b




	
Aqueous solution

	
270.1 ± 1.2 c

	
77.1 ± 1.16 c




	
ASA

	
9.1 ± 0.9 a

	
-
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