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Abstract

:

The Chaenomeles sinensis fruit is used as an effective antitussive agent, analgesic, and diuretic in traditional Chinese medicine. It has been reported that C. sinensis fruit extracts have antimicrobial and anti-inflammatory effects. However, there are very few reports about the effects of C. sinensis extracts on skin. In this study, we investigated the effect of C. sinensis extracts on skin aging. The results of in vitro assays showed that whole fruit extracts of C. sinensis had superoxide dismutase (SOD)-like activity and inhibited the activity of dermal extracellular matrix proteases: Elastase and collagenase. The inhibitory effect of the whole fruit (containing seeds) extract on elastase activity was higher than that of the sarcocarp (seeds removed) extract. Further, the sarcocarp extract showed a higher level of SOD-like activity and a greater inhibitory effect on collagenase activity than the whole fruit extract. In particular, among the three activities studied, the sarcocarp extract showed the most significant inhibitory effect on collagenase activity at low concentrations. The polyphenol-rich fraction obtained from the sarcocarp showed significant collagenase inhibition. Based on these results, we concluded that phenolic compounds from C. sinensis sarcocarp have the potential to protect against skin aging through anti-collagenase activity.
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1. Introduction


The skin is the largest organ of the human body and plays a major role in protecting the internal organs from the external environment. Skin aging is caused by both intrinsic damage due to chronological aging, and extrinsic damage such as dryness, sunlight, smoking, and environmental pollution. With respect to extrinsic damage, the effect of ultraviolet (UV) irradiation is well known and generally referred to as photo-aging [1]. UV irradiation leads to DNA damage and induces oxidative stress by the production of reactive oxygen species (ROS) [2,3]. These pathways increase the synthesis and activity of proteases that degrade the extracellular matrix (ECM), which comprises collagen and elastin fibers [4]. Takeuchi et al. reported that neutrophil elastase activity was increased in mouse skin following UV irradiation [5]. Fisher et al. reported that collagenase and 92-kDa gelatinase activities were increased in white adult skin after repeated exposure to UV corresponding to varied wavelengths (from 290–800 nm) [6]. In recent years, it has been reported that the effects of skin aging such as darkness, spots, and wrinkles are accelerated even with mild UV irradiation experienced in daily life rather than excessive sunburn, in long-term skin aging studies [7]. In addition to sunscreen agents, which protect skin from UV-irradiation, by absorbing or reflecting UV light, considerable attention is being paid to supplements that suppression of the formation of ROS and the subsequent activation of ECM-degrading proteases.



C. sinensis is a plant species of the family Rosaceae and is native to China. C. sinensis is widely cultivated in Japan, in the Kagawa, Ehime, Yamagata, Nagano, and Nara prefectures [8]. The fruit are not consumed fresh because they are hard and highly acidic. However, it is known that the C. sinensis fruit have a healing effect on cough and are used in the preparation of fruit liquor, jam, and candy. Dried C. sinensis fruit are marketed for their use in traditional Chinese medicine. C. sinensis fruit are rich in triterpenes and phenolic compounds including catechins and procyanidins, which could have antimicrobial, anti-inflammatory, and anti-influenza virus effects [9,10]. The C. sinensis seeds are rich in polysaccharides with high viscosity [11] and are promising, as are moisturizing agents in cosmetics. Moreover, the leaf extract of C. sinensis could inhibit tyrosinase activity, which is closely related to pigmentation [12]. However, there are few reports regarding the effects of the C. sinensis fruit extract on the skin aging process. Hamauzu et al. showed that phenolic compounds from C. sinensis fruit have diphenylpicrylhydrazyl (DPPH) radical scavenging activity and can inhibit lipid oxidation by 2,2′-azobis-(amidinopropane) dihydrochloride (AAPH) [13]. In addition, Strek et al. showed that the extract of C. japonica, which belongs to the same genus as C. sinensis, inhibited the activities of gelatinase matrix-metalloproteases (MMP)-2 and -9 [14]. Thus, the possibility of the anti-aging potential of the C. sinensis extract is promising.



The aim of this study was to determine the anti-aging efficacy of the C. sinensis fruit extract. We tested whether the C. sinensis extracts inhibited collagenase and elastase activity, and whether it exhibited superoxide dismutase (SOD)-like activity. In addition, these activities were compared between the extracts of the whole fruit and the sarcocarp (seeds removed) in order to ascertain whether the effects were due to the polysaccharides in the seeds or the phenolic compounds in the sarcocarp.




2. Materials and Methods


2.1. Plant Material


The fruit of C. sinensis were obtained from Nara Prefectural Pharmaceutical Research Center (Nara, Japan).




2.2. Reagents


Trizma® base, Triton X-100, trypsin from bovine pancreas, and trypsin inhibitor from Glycine max (soybean) were purchased from Sigma-Aldrich Co., LLC. (St. Louis, MO, USA). Folin–Ciocalteu’s phenol reagent was purchased from MP Biomedicals, LLC. (Santa Ana, CA, USA). (+)-Catechin and cyanidin chloride were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Procyanidin B1 and procyanidin B2 were purchased from EXTRASYNTHESE (Genay Cedex, France). N-methoxysuccinyl-l-alanyl-l-alanyl-l-prolyl-l-valine 4-methylcoumaryl-7-amide (MeO-Suc-Ala-Ala-Pro-Val-MCA) was purchased from Peptide Institute (Osaka, Japan). Ethylenediamine-N,N,N’,N’-tetraacetic acid disodium salt dehydrate (EDTA) and o-phenanthroline were purchased from Dojindo Laboratories (Kumamoto, Japan). Human neutrophil elastase (HNE: EC 3.4.21.37) and xanthine oxidase from buttermilk (EC 1.1.3.22) were purchased from Merck (Darmstadt, Germany). Collagenase from Clostridium histolyticum and fluorescein isothiocyanate (FITC)-labeled bovine type I collagen were obtained from Worthington Biochemical Corp. (Lakewood, NJ, USA) and the Collagen Research Center (Tokyo, Japan), respectively. All the other chemicals used were purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan).




2.3. Extracts Preparation


C. sinensis extracts were prepared from two forms of the fruit: the whole fruit and sarcocarps (in which the seeds were removed from whole fruit). Whole fruit and sarcocarps of C. sinensis were dried, powdered, and extracted with water at 100 °C for 30 min under reflux. The resulting extracts were filtered (300 mesh gauze) and lyophilized to remove the solvent.




2.4. Isolation of Compounds from an Extract of C. sinensis sarcocarp


The extract of the C. sinensis sarcocarp was chromatographed using Diaion HP20 (Mitsubishi Chemical Corp., Tokyo, Japan) and successively eluted with water (Fr.1), 30% methanol (Fr.2), 50% methanol (Fr.3), 60% methanol (Fr.4), 80% methanol (Fr.5), and 100% methanol (Fr.6). To remove the solvent, the resulting fractions were lyophilized or evaporated or both.




2.5. Elastase Inhibition Assay


The elastase inhibition assay was performed as described previously [15]. The reaction mixture contained the extracts, 0.2 M Tris-HCl buffer (pH 8.5), 1 µg/mL HNE, and 25 µM MeO-Suc-Ala-Ala-Pro-Val-MCA. The mixtures were incubated at 37 °C for 60 min, and fluorescence was measured at 365 nm excitation and 410–460 nm emission using a 96-well microplate reader (Glomax®-Multi Detection System, Promega, Tokyo, Japan). The percentage inhibition for this assay was calculated as follows:


Elastase inhibition (%) = {[(A − B) − (C − D)]/(A − B)} × 100



(1)




where A is the fluorescence intensity without the extracts (control), B is the fluorescence intensity without the extracts and enzyme (blank of A), C is the fluorescence intensity with the extracts, and D is the fluorescence intensity with the extracts and without the enzyme. Phenylmethylsulfonyl fluoride (PMSF; FUJIFILM Wako Pure Chemical Corp.) was used as a positive control in this assay.




2.6. Assay for SOD-Like Activity


Assay for SOD-like activity was performed as described previously [15]. The reaction mixture contained the extracts, 0.2 M Tris-HCl buffer (pH 7.8), 0.1 mM EDTA-2Na, 0.1 mM xanthine, 0.05 mM nitro blue tetrazolium, and 0.05 U xanthine oxidase. The mixture was incubated at 37 °C for 25 min and absorbance was measured at 560 nm using a U-3010 UV/vis spectrophotometer (Hitachi High-Technologies Co., Ltd., Tokyo, Japan). SOD-like activity was calculated as follows:


SOD-like activity (%) = {[(A − B) − (C − D)]/(A − B)} × 100



(2)




where A is the absorbance without the extracts (control), B is the absorbance without the extracts and enzyme (blank of A), C is the absorbance with the extracts, and D is the absorbance with the extracts and without enzyme. SOD (human, recombinant; FUJIFILM Wako Pure Chemical Corp.) was used as a positive control in this assay.




2.7. Assay of Inhibition of Collagenase from Clostridium histolyticum


The collagenase inhibition assay was performed, as described previously [15]. The reaction mixture contained the extracts or Fr.1−6 samples, 0.025 M Tris-HCl buffer (pH 7.5), 0.25 mg/mL FITC-labeled collagen, and 0.05 U collagenase. Mixtures were incubated at 37 °C for 2 h, and o-phenanthroline was then added (2 mM) to stop the reaction. Extraction buffer (70% EtOH in 0.05 M Tris-HCl, pH 9.5) was added, and the mixtures were centrifuged at 1750× g for 10 min. Fluorescence was measured in the supernatants at 490 nm excitation and 510–570 nm emission wavelengths using a 96-well microplate reader (Glomax®-Multi Detection System). The percentage inhibition for this assay was calculated as follows:


Collagenase inhibition (%) = {[(A − B) − (C − D)]/(A − B)} × 100



(3)




where A is the fluorescence intensity without the samples (control), B is the fluorescence intensity without the samples and enzyme (blank of A), C is the fluorescence intensity with the samples, and D is the fluorescence intensity with the samples and without enzyme. EDTA was used as a positive control in this assay.




2.8. 3D Human Skin Model and Assay for Collagenase Activity


EpiDermFT full-thickness reconstituted skin tissue (EFT-400, MatTek Corp., Ashland, MA, USA) was a multilayered model of human epidermis and dermis. EFT-400 was pretreated with the sarcocarp extract for 16–18 h at 37 °C in a humidified atmosphere (5% CO2). The sample was removed, and then EFT-400 was irradiated with NTM-20 transilluminator (UVP, CA, USA) at 365 nm. After UV irradiation, EFT-400 was re-treated with the sample for 24 h at 37 °C in a humidified atmosphere (5% CO2). EFT-400 was lysed in a lysis buffer (0.2 M NaCl, 5 mM CaCl2, 0.1% Triton X-100, pH 7.4). The lysate was centrifuged at 1300× g for 10 min. Ten microliters of trypsin (4 mg/mL) was added to 80 µL of the supernatant and incubated for 5 min at 37 °C. Next, 10 µL of trypsin inhibitor (20 mg/mL) was added. The resultant solution was used in the assay for collagenase activity. The reaction mixture contained the lysate solution, 0.025 M Tris-HCl buffer (pH 7.5), and 0.25 mg/mL FITC-labeled collagen. Mixtures were incubated at 37 °C for 2 h, followed by the addition of o-phenanthroline (2 mM) to stop the reaction. Extraction buffer (70% EtOH in 0.05 M Tris-HCl, pH 9.5) was added, and the mixtures were centrifuged at 1750× g for 10 min. Fluorescence of the supernatants was measured at 490 nm excitation and 510–570 nm emission wavelengths using a 96-well microplate reader (Glomax®-Multi Detection System). The percentage collagenase activity for this assay was calculated as follows:


Collagenase activity (%) = {(C − B)/(A − B)} × 100



(4)




where A is the fluorescence intensity of non-treat cell lysate (control), B is the fluorescence intensity without cell lysate (blank of A), and C is the fluorescence intensity of cell lysate treated with UV irradiation or the sample or both.




2.9. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay


EFT-400 was treated with UV irradiation or the sarcocarp extract or both and was placed in 1.5 mL tube containing 2.5 mg/mL MTT solution. After 3 h of incubation at 37 °C in a humidified atmosphere (5% CO2), EFT-400 was immersed in an extraction solution (isopropyl alcohol), and then incubated overnight at 4 °C. After overnight extraction, the absorbance was measured at 570 nm using a 96-well microplate reader (iMarkTM Microplate Reader, Bio-Rad Laboratories Inc., Hercules, CA, USA). The percentage viability was calculated as follows:


Viability (%) = {(C − B)/(A − B)} × 100



(5)




where A is the absorbance intensity of non-treat cell lysate (control), B is the absorbance intensity without cell lysate (blank of A), and C is the absorbance intensity of cell lysate treated with UV irradiation or the sample or both.




2.10. Total Phenolic Content


The total phenolic content was determined in accordance with our previous study [15], which uses the Folin–Ciocalteu reagent. The reaction mixture contained the Fr.1–6 samples, 0.5 N Folin–Ciocalteu reagent, and 0.29 M sodium carbonate. After the mixture was incubated at 50 °C for 5 min, the absorbance at 765 nm was measured using a U-2000 spectrophotometer (Hitachi High-Technologies Co., Ltd., Tokyo, Japan). The total phenolic content was calculated from standard curves of absorbance against the concentration of standard gallic acid monohydrate solutions and expressed as gallic acid monohydrate equivalents.




2.11. Total Condensed Tannin Content


The Fr.1−6 samples (500 µL) were mixed with 3 mL of vanillin reagent (4% vanillin in methanol) and 1.5 mL sulfuric acid. The mixture was incubated at room temperature (from 20 to 25 °C) for 15 min, and then the absorbance at 500 nm was measured using a U-3010 UV/vis spectrophotometer (Hitachi High-Technologies Co., Ltd.). The condensed tannin content was calculated from standard curves of absorbance against the concentration of standard catechin solutions and expressed as catechin equivalents.




2.12. Sample Acetylation and Gel Permeation Chromatography (GPC)


The Fr.3 sample was acetylated overnight at room temperature (from 20 to 25 °C) with acetic anhydride/pyridine (1:1) solution. After completion of the reaction, the acetylated sample was precipitated by the addition of water, and then centrifuged at 2000× g for 10 min. The precipitation was dried under nitrogen and then dissolved in tetrahydrofran (THF). This solution was used in GPC analysis. The analysis of molecular size was performed by GPC analysis using a Waters 2690 separation module (Waters Co., Milford, MA, USA) coupled to a Waters 996 photodiode array detector (Waters Co.). Separation was conducted using Inertsil® WP300 Diol column (5 µm, 4.6 × 250 mm, GL Science, Inc., Tokyo, Japan) with a Cartridge Guard Column E Inertsil® WP300 Diol (5 µm, 4.0 × 10 mm, GL Science, Inc.). The mobile phase was THF, with a flow rate of 0.35 mL/min and a column temperature of 40 °C. UV detection was performed at 254 nm. Polystyrene standards (Shodex Standard SM-105, Showa Denko KK, Tokyo, Japan) were used to calibrate standards for GPC. The mean polymerization degree of the sample was calculated as follows:


Mean polymerization degree = A/B



(6)




where A is the peak-top molecular size from GPC, and B is the molecular weight of catechin (MW = 290.27).




2.13. Decomposition and Analysis of Phenolic Composition of Sample Using High Performance Liquid Chromatography (HPLC) Analysis


Phenolic composition of the Fr.3 sample was analyzed using HPLC. HPLC analysis was carried out on a Waters 2690 separation module coupled to a Waters 996 photodiode array detector. Separation was conducted using Luster® C18 (5 µm, 4.6 × 150 mm, Dikma Technologies, Inc., Foothill Ranch, CA, USA). Solvents used for the analysis of polyphenols were 0.1% phosphoric acid (A) and 0.1% phosphoric acid in acetonitrile (B). The gradient program was started with 5% B and then changed to obtain 15% B at 30 min, 32% B at 35 min, and 36% B at 40 min, with a flow rate of 1 mL/min and a column temperature of 40 °C. UV detection was performed at 280 nm.



Decomposition of sample was conducted using hydrochloric acid solution. The Fr.3 sample was acid treated with 30% hydrochloric acid solution at 95 °C for 2 h. After reaction, the acid sample was stirred with the addition of acetonitrile (final concentration; 17%), and then filtered at 0.2 μm. HPLC analysis was carried out on a Waters 2690 separation module coupled to a Waters 996 photodiode array detector. Separation was conducted using Luster® C18 (5 µm, 4.6 × 150 mm, Dikma Technologies, Inc.). Solvents used for analysis of polyphenols were 4% phosphoric acid (A) and acetonitrile (B). The gradient program was initiated with 10% B and then changed to obtain 17% B at 15 min, with a flow rate of 1 mL/min and a column temperature of 35 °C. UV detection was performed at 280 nm.




2.14. Statistical Analysis


The experimental data was evaluated for statistical significance using Student’s t-test. A value of p < 0.05 was considered statistically significant.





3. Results


3.1. Extract Preparation


Extracts from the C. sinensis were prepared with water. When the extract from C. sinensis was prepared and filtered through a mesh, the extract of the whole fruit showed an increased viscosity as the extraction temperature decreased. After removing the solvent, the extract was weighed and the yield was calculated. The results are expressed in mg/g. The yield of the sarcocarps (32.5 ± 9.4, n = 7) was higher than that of the whole fruit (16.0 ± 0.8, n = 3).




3.2. Analysis of Elastase Inhibition Effect Using Human Neutrophil Elastase


Extracts were tested for inhibitory effects on elastase using human neutrophil elastase. For the positive control, the known elastase activity inhibitor PMSF, which has serine at the active center, was used. PMSF decreased enzymatic activity in a concentration-dependent manner. Both sarcocarps and whole fruit showed elastase inhibition, with the whole fruit extracts (80% inhibitory concentration; IC80 = 0.022%) showing better effect than that of the sarcocarps (seeds removed, IC80 > 0.05%) (Figure 1). It was revealed that the seeds contained many components with inhibitory effects on elastase.




3.3. Analysis of SOD-Like Activity Using Xanthine Oxidase


Extracts were tested for SOD-like activity using xanthine oxidase. SOD was used as a positive control, and its activity increased in a concentration-dependent manner. The C. sinensis sarcocarps (IC80 = 0.0039%) had higher SOD-like activity than the whole fruit (IC80 > 0.01%) (p < 0.01) (Figure 2). It was revealed that the sarcocarps, not the seeds, contained ingredients with SOD-like activity.




3.4. Analysis of Collagenase Inhibition Effect Using Clostridium histolyticum Collagenase


Extracts were tested for inhibitory effects on collagenase using collagenase from Clostridium histolyticum. EDTA is a well-known collagenase inhibitor and decreases the enzymatic activity in a concentration-dependent manner. The inhibitory effect of the sarcocarps (IC80 = 0.0022%) on collagenase was greater than that of the whole fruit (IC80 = 0.21%) (Figure 3). It was revealed that the sarcocarps, not the seeds, contained components with inhibitory effects on collagenase.




3.5. Analysis of Inhibition Effect on Collagenase Activity Induced by UV Irradiation


The UV exposure activates skin collagenase often via the activation of neutrophil elastase and ROS generation. The extracts of C. sinensis whole fruit and sarcocarps had inhibitory effects against elastase, collagenase, and SOD-like activity (Figure 1, Figure 2 and Figure 3) in the enzyme reaction assays in cell-free systems. In particular, the sarcocarp extract showed high SOD-like activity as well as a considerable inhibitory effect on collagenase at a low concentration. Therefore, we used a human skin model and evaluated the effect of the sarcocarp extract on collagenase activity induced by UV irradiation. The experiment was designed to characterize the cell viability and collagenase activity of the human skin model exposed to UV irradiation (60 J/cm2). Compared to the untreated human skin model, the collagenase activity of the UV-irradiated human skin model (without C. sinensis sarcocarps) was enhanced. In contrast, the collagenase activity of the UV-irradiated skin model treated with the C. sinensis sarcocarps showed a decline compared to that not treated with C. sinensis (Figure 4a). The viability of the skin models, which were UV-irradiated or treated with C. sinensis or both, was not reduced. (Figure 4b). In addition to inhibition of collagenase derived from Clostridium histolyticum, it was revealed that the sarcocarps contained components that inhibited collagenase activity by UV irradiation.




3.6. Total Phenolic and Condensed Tannin Content


In order to analyze the main active components, the extracts of the C. sinensis sarcocarps were fractionated (Fr.1–Fr.6) using column chromatography. Fr.2–5 showed the higher phenolic content than sarcocarp (168). Fr.3 (1004) showed the highest phenolic content among all the fractions, followed by Fr.2 (626), Fr.4 (505), Fr.5 (362), Fr.6 (17), and Fr.1 (13). Fr.3 (1004) showed the highest phenolic content amongst all the fractions, followed by Fr.2 (626), Fr.4 (505), Fr.5 (362), Fr.6 (17), and Fr.1 (13) (Table 1).



The total condensed tannin content was measured using the phenol-sulfuric acid method. Condensed tannins were determined in comparison with the absorbance values (obtained in milligrams) of catechin per gram. Fr.2–4 showed the higher total condensed tannin content than sarcocarp (150). Fr.3 (688) showed the highest tannin content among all the fractions, followed by Fr.2 (397), Fr.4 (205), Fr.5 (64), Fr.1 (<25), and Fr.6 (<25) (Table 1).




3.7. Analysis of Collagenase Inhibition Effect Using Clostridium histolyticum Collagenase


In order to analyze the active components in the C. sinensis sarcocarps, the inhibitory effects on collagenase exerted by the sarcocarps and the isolated fractions (Fr.1–6) from the sarcocarps were compared. The collagenase inhibition exerted by the samples was measured by the fluorescence method using Clostridium histolyticum collagenase. The sample concentration was described as sarcocarps equivalent, calculated by comparing the response rate in each fraction. Fr.3 showed the highest inhibitory effect in comparison with the other fractions, followed by Fr.2. In contrast, Fr.1, Fr.4, Fr.5, and Fr.6 showed no collagenase inhibition (Figure 5). The activity of Fr.2 and Fr.3 was close to that of the sarcocarps before fractionation. Further, the activity of Fr.3 was much higher than that of Fr.2. It was revealed that the main active component was present in Fr.3.




3.8. Analysis of Polymeric Polyphenols in Fr.3


Fr.3 was rich in phenolic compounds and condensed tannins and showed high collagenase inhibition (Table 1, Figure 5). The phenolic composition of Fr.3 was analyzed using HPLC. Peaks were characterized by comparing their retention times and UV-spectra with standards. Procyanidin B2 was identified and probable polymeric procyanidins appeared as unresolved, slightly sharp clumps for Fr.3 (Figure 6a). Analysis of the decomposed components of Fr.3 by acid treatment followed by HPLC showed a peak coinciding with the peak of cyanidin chloride (Figure 6b). These results indicated that main phenolic compounds in Fr.3 were cyanidin polymers. The analysis of molecular size was performed by GPC analysis. The peak-top molecular weight of Fr.3 was 1617 g/mol, and the average polymerization degree (calculated by molecular weight of catechin) of the sample was 5.57.



Polymeric procyanidins mainly consist of (+)-catechin and (-)-epicatechin units, which are flavan-3-ol monomers. Fr.3 contained cyanidin dimer, procyanidin B2, and higher polymerization cyanidins. The inhibitory effect on collagenase exerted by monomers ((+)-catechin, (-)-epicatechin), dimers (procyanidin B1 and B2), and Fr.3 were compared. It was observed that procyanidin B1 and B2 showed higher collagenase inhibition than (+)-catechin and (-)-epicatechin, and Fr.3 showed greater activity than procyanidin B1 and B2 (Figure 7).





4. Discussion


Skin aging is a complex process caused by various intrinsic and extrinsic factors. Intrinsic aging is caused by the increase in chronological age, and extrinsic factors such as UV irradiation are known to accelerate the intrinsic aging process. In normal skin, collagen and elastin are produced and decomposed repeatedly in order to maintain the dermal structure. However, UV exposure causes a decrease in collagen and elastin fibers in the connective tissue of the skin. These fibers are degraded by MMP or serine proteinase. Neutrophil elastase, a serine proteinase, is secreted by neutrophils in the acute inflammation phase after UV irradiation. It has been reported that neutrophil elastase is indirectly involved in collagen and elastin degradation through MMP-1 and MMP-2 activation as well as by direct degradation [5]. It has also been reported that exposure to UV and particulate matter 2.5 (PM 2.5) induces excessive ROS generation, leading to DNA damage in normal cells and increased MMP (collagenase) levels, which can promote skin aging [15,16,17,18]. It is considered that supplements that prevent elastase and collagenase activity, as well as superoxide generation, are useful as ingredients in cosmetics that slow down skin aging. In this study, we determined the anti-aging potential of C. sinensis fruit extracts using assays to evaluate their inhibitory effects on these proteases and superoxide dismutase. In addition, the inhibitory effects of the different extracts from the whole fruit and sarcocarps (seeds removed) were also compared.



In the elastase inhibition assay, the C. sinensis extract inhibited neutrophil elastase activity, and the extract of the whole fruit (80% inhibitory concentration; IC80 = 0.022%) was more effective than that of the sarcocarp (seeds removed, IC80 > 0.05%) (Figure 1). This means that the components in the seeds had a greater inhibitory effect on elastase than those in the sarcocarp. It is known that the C. sinensis seeds are rich in viscous, acidic polysaccharides, which include a β-1,4-xyloglucan main-chain and a side-chain connected to arabinose, glucose, and glucuronic acid [11]. As the whole fruit extract used in this study was viscous, we considered that the extract contained acidic polysaccharides. It has been reported that polysaccharides extracted from Kochia scoparia inhibited neutrophil elastase activity [19]. Hence, it is likely that polysaccharides in C. sinensis seeds inhibited the elastase activity.



For the SOD-like activity assay, the extract of the sarcocarp exhibited higher activity (IC80 = 0.0039%) than the whole fruit extract (IC80 > 0.01%) (Figure 2), in contrast to the elastase activity. The total phenolic content of the sarcocarp extract was four times higher than the whole fruit extract, and most of the phenolic compounds were condensed tannins (data not shown). Phenolic compounds such as catechin, epicatechin, and procyanidin B1 and B2 extracted from various plants have been reported to exhibit SOD-like activity [20,21]. Procyanidin belongs to the flavonoid class of flavan-3-ol and exists as an oligomer or polymer (2 to 15 mer) to which catechin or epicatechin is condensed [22]. Furthermore, dimeric and trimeric procyanidins have stronger antioxidant activity than monomeric catechins [23]. It was suggested that the condensed tannins in the C. sinensis sarcocarp were responsible for the SOD-like activity.



For the collagenase inhibition assay, the extract of the sarcocarp (IC80 = 0.0022%) inhibited collagenase from Clostridium histolyticum at a much lower concentration than that of the whole fruit extract (IC80 = 0.21%) (Figure 3). Though the extract of the whole fruit showed a greater inhibitory effect on elastase (IC80 = 0.022%) than that of the sarcocarp, a lower concentration of the sarcocarp extract showed a high SOD-like activity (IC80 = 0.0039%) as well as a considerable inhibitory effect on collagenase (IC80 = 0.0022%) (Figure 1, Figure 2 and Figure 3). Therefore, we focused on the sarcocarp extract and investigated its effect on the collagenase activity induced by UV irradiation, using a full-thickness reconstituted skin tissue. As Figure 4 shows, the sarcocarp extract inhibited the collagenase activity induced by UVA. Thus, because the C. sinensis sarcocarp extract also showed inhibitory effects against neutrophil elastase and superoxide generation (Figure 1 and Figure 2), it was considered that the C. sinensis sarcocarp indirectly inhibited the collagenase activity via the inhibition of neutrophil elastase and superoxide generation. However, the results also suggested the presence of a particular constituent in the C. sinensis sarcocarp extract that was directly affecting collagenase because a much lower concentration of the extract was needed to inhibit the Clostridium histolyticum collagenase activity than that required against the neutrophil elastase activity and superoxide generation. Accordingly, we analyzed the active ingredients in the C. sinensis sarcocarp. Fr.3, which was prepared using HP20 from the extract of sarcocarp, was rich in phenolic compounds and condensed tannin, and showed superior collagenase inhibition (Figure 5 and Table 1) compared to the other fractions. Further, it was observed that Fr.3 mainly contained polymeric procyanidins (Figure 6a,b), and the peak-top polymerization degree was 5.57. Therefore, the inhibitory effects on collagenase exerted by the cyanidin monomers, dimers, and Fr.3 were compared. As a result, Fr.3 showed the highest activity, followed by the dimers and, finally, the monomers (Figure 7). It has been reported that green tea catechin inhibited collagenase activity [24]. These reports corresponded with our study. Furthermore, our result showed that the cyanidin polymer, which had higher polymerization degree, and also had higher inhibitory effects on collagenase. Therefore, it was suggested that the main constituents involved in collagenase inhibition were condensed tannins in Fr.3. It has been reported that the flowers and leaves of some Rosaceae plants have inhibitory effects on collagenase [25]. Moreover, to the best of our knowledge, there are very few reports of this activity in Rosaceae fruits. In this study, we found through in vitro assays that the extract of C. sinensis sarcocarp has a high collagenase inhibitory ability. In real human skin, it is considered that the active ingredients may be degraded by many enzymes. Moreover, active ingredients of the extract of C. sinensis, being polymeric components, may exhibit poor penetration of the dermis. However, in the full-thickness reconstituted skin tissue, which is similar to the structure of the human skin, the extract of C. sinensis sarcocarp inhibited collagenase activity when applied on the stratum corneum side, indicating that the active ingredients penetrated the skin tissue. Therefore, it was considered that the active ingredients penetrated to the skin tissue and the effect was exhibited. Thus, our findings in this study could provide new insights into the application of Rosaceae fruits as cosmetic ingredients.
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Figure 1. Elastase inhibition effect of the aqueous extracts from C. sinensis. Equal quantities of sarcocarp and whole fruit extracts were dissolved in the buffer to the appropriate concentration, and the elastase inhibition was determined. The sample concentration is described as the solid concentration. Results are expressed as the mean ± SD (n = 3) (** p < 0.01). 
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Figure 2. SOD-like activity in the aqueous extracts from C. sinensis. Equal quantities of sarcocarp and whole fruit extracts were dissolved in distilled water to the appropriate concentration, and the SOD-like activity was determined. The sample concentration is described as the solid concentration. Results are expressed as the mean ± SD (n = 3) (*** p < 0.001). 
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Figure 3. Collagenase inhibition effect of the aqueous extracts from C. sinensis. Equal quantities of sarcocarp and whole fruit extracts were dissolved in distilled water to the appropriate concentration, and the collagenase inhibition was determined. The sample concentration is described as the solid concentration. Results are expressed as the mean ± SD (n = 3–6). 
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Figure 4. The human skin model was irradiated with UV. (a) The changes in collagenase activity. (b) The human skin model viability. The sample concentration is described as the solid concentration. Results are expressed as the mean ± SD (n = 3) (* p < 0.05, ** p < 0.01). 
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Figure 5. Collagenase inhibition effect of the fractions obtained from the extract of C. sinensis sarcocarp. The sarcocarp extract and fractions were dissolved in distilled water to the appropriate concentration, and the collagenase inhibition was determined. Results are expressed as the mean ± SD (n = 3). The sample concentration is described as the sarcocarp equivalent, calculated by the response rate in each fraction. 
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Figure 6. HPLC chromatograms obtained on a Luster® C18 (5 µm, 4.6 × 150 mm) column at 280 nm. Peaks have been characterized according to their retention times and UV-spectra. (a) Chromatogram of Fr.3 before acid treatment. (b) Chromatogram of decomposed components of Fr.3 after acid treatment. 
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Figure 7. Collagenase inhibition effect of sarcocarps Fr.3, catechins, and procyanidins. Samples were dissolved in distilled water to the appropriate concentration, and the collagenase inhibition was determined. The sample concentration is described as the solid concentration. Results are expressed as the mean ± SD (n = 3–4). 
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Table 1. The total phenolic content.
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	Fraction
	Total Phenolic Content (mg/g extract)
	Total Condensed Tannin Content (mg/g Extract)





	Sarcocarp
	168 ± 5
	150 ± 10



	Fr.1
	13 ± 2
	<25



	Fr.2
	626 ± 14
	397 ± 29



	Fr.3
	1004 ± 38
	688 ± 103



	Fr.4
	505 ± 19
	205 ± 10



	Fr.5
	362 ± 38
	64 ± 4



	Fr.6
	17 ± 1
	<25











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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