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Abstract

:

Oxidative stress is the leading cause of skin aging damage. Excessive accumulation of reactive oxygen species (ROS) in cells induced by hydrogen peroxide (H2O2) triggers a decrease in collagen synthesis and an increase in collagen degradation, which are biomarkers of skin aging. We evaluated the potential protective mechanism of Sea buckthorn proanthocyanidins (SBP) against the oxidative stress-induced skin aging process from multiple aspects. We treated human skin fibroblasts (HSFs) with 300 µmoL/L of H2O2 for 24 h, followed by 25, 50, and 100 µg/mL of SBP for 24 h. The results showed that SBP could enhance the activities of superoxide dismutase (SOD) and glutathione (GSH), effectively remove excess ROS, and significantly improve the changes in cell morphology and viability caused by excessive ROS in skin cells. In addition, SBP could promote the synthesis of Col I in aging HSFs through the TGF-β1/Smads pathway and inhibit the degradation of Col I by regulating the MMPs/TIMPs system, thereby maintaining the stability of the ECM structure to achieve anti-aging purposes. Finally, we studied the migration ability of SBP, and the results showed that 100 µg/mL of SBP was most conducive to the cell migration of senescent cells, laying a foundation for follow-up animal experiments. These results will increase the application value of SBP in the cosmetic and antioxidative functional food industries.
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1. Introduction


Skin aging is a skin problem that is gaining increasing concern. Two reasons cause the process of skin aging: one is natural aging that occurs over time and the other is extrinsic aging, a process that occurs due to environmental conditions, such as prolonged sunlight exposure and smoking, which increase reactive oxygen species (ROS) in cells, resulting in oxidative stress. This affects the contents of antioxidants and oxidative enzymes in cells, such as glutathione (GSH) and superoxide substance dismutase (SOD), which will cause damage to cells, thereby accelerating cell aging [1]. Hydrogen peroxide (H2O2), as a ROS that readily induces free radical production and lipid peroxidation through cell membranes, is often used to induce oxidative stress and cellular senescence in in vitro models [2]. Fibroblasts are the main cells in the dermis that can synthesize collagen (percentage of type I collagen (Col I) can reach up to 90%), which delays cell aging and maintains and provides skin elasticity [3]. Therefore, assessing collagen changes in cells, either reduced synthesis or increased degradation, is a critical factor to analyze. The TGF-β/Smads pathway is a major regulator in type I procollagen synthesis in human skin. TGF-β initiates cellular action by binding to specific cell surface receptor complexes, thereby phosphorylating the transcription factor Smad3. Phosphorylated Smad3 (p-Smad3) binds to Smad4, thereby affecting the transcription and expression of type I procollagen, which in turn affects the content of Col I [4].



On the other hand, related studies have found that normal collagen degradation is led by matrix metalloproteinases (MMP), a family of zinc-containing proteases that specifically degrade extracellular matrix proteins, including connective tissue [5]. An increased ROS content in cells stimulates the overexpression of MMP, and the degradation of type I collagen is initiated by MMP-1 and continued by MMP-3 [6]. Furthermore, the effects of MMP-1 and MMP-3 are inhibited by tissue inhibitor of metalloproteinase-1 (TIMP-1) [7]. Therefore, studying the synthesis and degradation of Col I may serve as a new method for preventing and treating skin aging.



Sea buckthorn (Hippophae, Elaeagnaceae) is widely cultivated in Europe, Canada, and the United States. It is popular in the food and pharmaceutical industries due to its richness in various bioactive components, such as vitamins, amino acids, and flavonoids [8]. High concentrations of proanthocyanidins are found in Sea buckthorn seeds, roots, flowers, green berries, and stems [9]. In recent years, related studies discovered that proanthocyanidins have a variety of physiological functions and can thus be used to treat cancer and cardiovascular diseases [10], protect retinal cells from photodamage [11], prevent or treat diabetic nephropathy [12], promote weight loss through modulating adipose thermogenesis and gut microbiota [13], as well as inhibit capillary hyperpermeability, lipid peroxidation, and platelet aggregation [14]. A few studies are focusing on the use of SBP in delaying skin aging. Zhu [15] from our team found that SBP provides significant protection against oxidative stress in RAW264.7 cells caused by an excessive ROS content in the cells via reacting with excessive H2O2, but the mechanism is still unclear. Therefore, we established an aging model by treating human skin fibroblasts (HSFs) with different concentrations of H2O2 to study the protective effect and mechanism of SBP on the aging of HSFs induced by H2O2 and to investigate its role in preventing cell aging. This paper will discuss possible SBP applications and their market value in the cosmetic industry and healthcare products industry.




2. Materials and Methods


2.1. Materials


Sea Buckthorn proanthocyanidins (SBP, Purity: 91.5%) were provided by Puredia Limited (Qinghai, China). The SBP was extracted from Sea buckthorn by water extraction and macroporous resin column chromatography (MRCC), trademarked as CyanthOx™. HSFs (derived from human superficial skin tissue), fetal bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM), phosphate-buffered saline (PBS), penicillin–streptomycin solution (double antibody) 100×, and 0.25% trypsin solution were purchased from Xiamen Immocell Biotechnology Co., Ltd. (Xiamen, China). A Cell Counting Kit 8 (CCK-8) ROS detection kit was purchased from Beijing Solar Science & Technology Co., Ltd. (Beijing, China). A senescence β-galactosidase staining kit, SOD assay kit and WST-8, GSH assay kit, malondialdehyde (MDA) assay kit, and particular fixative solution, washing solution, blocking solution, Alexa Fluor 488-labeled Goat Anti-Rabbit IgG(H+L), and antifade mounting medium with DAPI for immunofluorescence staining were all purchased from Beyotime Inc. (Shanghai, China). Primary antibodies, including anti-TGF-β1, anti-Smad 3, anti-phospho-Smad 3 (Ser425), anti-Smad 4, anti-type I collagen, and β-actin, were obtained from Affinity Biosciences (OH, USA). MMP-1, MMP-3, and TIMP-1 Elisa assay kits were obtained from Elabscience Biotechnology Co., Ltd. (Wuhan, China).




2.2. Cell Culture


After resuscitation, HSFs were placed in a high-glucose DMEM medium supplemented with 10% PBS and 0.1% penicillin–streptomycin; then, they were incubated at a constant temperature of 37 °C with a 5% CO2 cell incubator. Cell passage or subsequent experiments were conducted when the cell confluency was greater than 80%.




2.3. Cell Viability Assay


A Cell Counting Kit 8 was used to measure the cell viability. The drugs were added to the cells, and after culturing for 24 h, 10 μL of CCK-8 reagent was added to each well. The culture plate was incubated in a cell incubator (37 °C with 5% CO2) for 2 h. To calculate the cell viability, the absorbance at 450 nm was measured with a microplate reader (PowerWave XS, Bio-Tek, Winooski, VT, USA).




2.4. Cytotoxicity Assay of SBP


HSFs in the logarithmic growth phase were seeded in 96-well plates (100 μL per well), and the cell concentration was 1.0 × 105 cells/mL. The 96-well plate loaded with cells was placed in a carbon dioxide constant-temperature incubator at 37 °C with 5% CO2 for 24 h, followed by PBS washing twice. The supernatant was discarded before washing. An amount of 100 μL of the samples in different concentrations (50, 100, 200, 400, and 800 μg/mL) was added accordingly. The control group contained the culture medium only. The cell viability was then detected by a CCK-8 assay after culturing for 24 h.




2.5. Establishment of Senescent Cell Models


HSFs in the logarithmic growth phase were seeded in 96-well plates at 100 μL per well and the cell concentration was 1.0 × 105 cells/mL. The cells were cultured at 37 °C under 5% CO2 for 24 h until the cells adhered, followed by PBS washing twice. The supernatant was discarded before washing. H2O2 solutions in different concentrations prepared in medium were added. The following 9 concentration gradient groups were set: 0 (blank), 100, 200, 300, 400, 500, 600, 700, and 800 µmol/L, and three replicate wells were set for each concentration gradient. After 24 h of cell cultivation, the cell viability was detected by a CCK-8 assay.




2.6. Cell Treatment


HSFs in the logarithmic growth phase were seeded in a 96-well plate at 100 μL per well and the cell concentration was 1.0 × 105 cells/mL. The cells were cultured at 37 °C under 5% CO2 for 24 h until the cells adhered, and the supernatant was discarded, washed twice with PBS, and then treated with drugs. A total of five experimental groups were divided: (1) control group, with only a culture medium added; (2) in the aging model group, 300 µmol/L of H2O2 was added to the culture medium; (3) 300 µmol/L of H2O2 and 25 µg/mL of SBP were added to the culture medium; (4) 300 μmol/L H2O2 and 50 μg/mL SBP were added to the culture medium; and (5) 300 µmol/L of H2O2 and 100 µg/mL of SBP were added to the culture medium.




2.7. Effects of SBP on H2O2-Induced Senescent HSFs


The five groups of cells were treated with drugs and cultured for 24 h. The cell viability was detected by the CCK-8 method, and the cell morphology of each group was observed under an inverted microscope.




2.8. β-Galactosidase Staining Method to Verify the Effect of SBP on H2O2-Induced Senescent HSFs


β-Galactosidase staining is a method for staining senescent cells or tissues based on the up-regulation of SA-β-Gal activity in senescent cells [16]. The specific experimental steps were carried out following the kit’s instructions. The cells were fixed in the fixative solution for 15 min, washed with PBS, and then 1 mL of freshly prepared SA-β-gal staining solution (containing 10 µL β-galactosidase-stained solutions A and B, 930 µL solution C, and 50 µL X-gal solution) was added. The cells were then rinsed with PBS for 10 min after being protected from light overnight at 37 °C. An inverted light microscope was then used to observe the treated cells.




2.9. ROS Assay


The five groups of cells were treated with drugs and then harvested after 24 h of culturing. First, the supernatant was discarded from the cell culture medium. Then, after washing twice with PBS, culture medium (serum-free) containing DCFH-DA (10 μM) was added to each well. The cells were then observed with a green fluorescence microscope (observed via fluorescence microscopy IX71-F22FL/PH, Olympus, Tokyo, Japan). After the cells in each well were pipetted, an F-7000 fluorescence spectrophotometer was used for detection (emission wavelength: 530 nm; excitation wavelength: 485 nm).




2.10. Determination of SOD Activity, GSH, and MDA Content


Drugs were added to the five groups of cells and they were then cultured for 24 h. After incubation, the supernatant was discarded and 200 µL of cell lysate was added to each well. Then, the lysate was collected and centrifuged at 12,000 rpm and 4 °C for 10 min, and the supernatant was collected as a sample for testing. Specific experimental steps were followed to determine the SOD activity, GSH, and MDA content following the kit’s instructions.




2.11. Col I Immunofluorescence Staining


The five groups of cells were treated with drugs for 24 h, followed by immunofluorescence experiments. First, the old culture medium was aspirated and discarded. Next, the cells were washed three times with PBS and fixed with a special fixative for immunofluorescence for 10 min; after removing the fixative, they were washed three times with a washing solution for 3–5 min each time. Next, a blocking buffer was added (blocking time: 60 min), followed by the primary antibody Col I antibody (1:200) for another 60 min. After removing the primary antibody, the cells were washed, 1 mL of fluorescently labeled secondary antibody was added (Alexa Fluor 488-labeled Goat Anti-Rabbit IgG(H+L), 1:200), and the cells were incubated at 37 °C for 60 min in the dark. Finally, the cells’ nuclei were stained and blocked with an anti-fluorescence quenching agent (DAPI containing). The result was observed and photographed with an inverted fluorescence microscope. The mean fluorescent intensity of each group was expressed with the help of ImageJ software (Rawak Software, Inc., Stuttgart, Germany).




2.12. Measurement of MMP-1, -3, and TIMP-1 Production


An enzyme-linked immunosorbent assay (ELISA) was used to detect the amounts of MMP-1, MMP-3, and TIMP-1 in each group of cells. The specific experimental steps were carried out following the kit’s instructions.




2.13. Western Blotting


According to Menicacci, B. et al. [17], five groups of cells were treated with drugs, and the cells were harvested after 24 h of culturing. Radioimmunoprecipitation assay buffer (RIPA buffer) (Bioworld technology, St. Louis Park, MN, USA)-induced lysis was performed for 30 min, and the supernatant was collected after centrifugation at 12,000 rpm for 5 min. The protein content of the lysates was measured using a BCA protein assay kit (Biotopped, Beijing, China) following the manufacturer’s protocol. Equal amounts of protein standard solutions were loaded into the corresponding lanes, run under 10% SDS polyacrylamide gel electrophoresis, then transferred to polyvinylidene fluoride membranes and blocked for one hour at room temperature (25–36 °C). The membranes were then mixed with specific primary antibodies—anti-TGF-β1 (1:2000), anti-Smad3 (1:2000), anti-phospho-Smad3 (Ser425) (1:2000), anti-Smad4 (1:2000), Type I collagen (1:1000), and anti-β-actin (1:5000) antibodies—overnight at 4 °C. The membrane was then incubated with secondary antibody HRP-conjugated Goat Anti-Rabbit IgG(H+L) (1:5000, Proteintech Group, Wuhan, China) for one hour at room temperature. Protein bands were visualized using an ECL Western Blot Detection Kit (1:5000, Gsebio, Xi’an, Shanxi, China).




2.14. Cell Wound Scratch Assay


Scratch experiments were conducted to analyze the migration ability of SBP-treated HSFs. Simplifying the method from Pan et al. [18], the HSFs in the logarithmic growth phase were seeded into 6-well plates at a concentration of 1.0×105 cells/well. After 24 h of culturing, cell scratches were created with a 10 µL pipette tip perpendicular to the plate, and the width of each scratch was as consistent as possible. Then, each well was washed twice with PBS to remove loose cell debris. Finally, a serum-free medium containing 300 µmol/L H2O2 or 100 µg/mL SBP drug was added. After 24 h, cell migration was observed using an inverted microscope (magnification, ×20), and the scratch area was analyzed using ImageJ software. We calculated the cell migration rate as follows:


   Cell   migration   rate  =   0    h   scratch   width  −  scratch   width   after   culture    0    h   scratch   width      × 100 %  



(1)








2.15. Statistical Analysis


All data were entered into and analyzed using SPSS 22.0 software (SPSS Inc., Chicago, IL, United States). After the data had been tested for normal distributions, one-way analysis of variance (ANOVA) and Tukey post hoc tests were used to compare the differences between the overall groups. All trials were conducted in triplicate, and the statistical means and standard deviations were calculated.





3. Results


3.1. Cytotoxicity Assay of SBP on HSFs and Establishment of Senescent Cell Models


To examine the toxic effects of SBP on HSFs, we set the non-toxic concentration range to be 80% of the HSFs being alive after different experimental treatments. We selected the concentration range of SBP from 0 to 800 µg/mL to detect the cell viability of HSFs using the CCK-8 method. The results are shown in Figure 1A, and indicate that SBP can promote the proliferation of HSFs at concentrations of 400 and 800 μg/mL, and the cell viability reached about 128% and 131%, respectively, indicating that SBP may favor the growth of skin cells. When the SBP concentration reached 50 μg/mL and 100 μg/mL, the effect on the viability of HSFs cells was not significantly different from that of the blank control group. Therefore, we speculated that the SBP concentration of 25 μg/mL was consistent with the effects of the 50 μg/mL and 100 μg/mL concentrations on cell viability. To achieve cell non-toxicity and ensure cell number consistency in subsequent experiments, we selected 25, 50, and 100 μg/mL SBP as the concentrations for subsequent studies.



To verify the positive effect of SBP on senescent cells, we treated HSFs with H2O2 in the concentration range of 0 to 800 µmol/L to establish a H2O2-induced senescence model and detected their cell viability using the CCK-8 assay. As shown in Figure 1B, the cell viability decreased gradually with the increase in the H2O2 concentration from 100 μmol/L to 600 μmol/L. For example, when the H2O2 concentration reached 300 µmoL/L, the cell viability reached 61.45%. When the H2O2 concentration reached 400 µmoL/L, the cell viability decreased to 36.58%. Therefore, the half inhibitory concentration of H2O2 should lie between 300 and 400 µmoL/L. For the convenience of subsequent experiments, we selected 300 μmol/L H2O2 to establish a H2O2-induced senescence model.




3.2. SBP Favors the Restoration of Cell Morphology and Cell Viability in H2O2-Induced Senescent Cells


Cellular senescence alters cell morphology. As shown in Figure 2A,C, cells in the blank control group had large cell bodies. They were spindle- or star-shaped flat cells with multiple protrusions. In addition, regular oval nuclei with unclear cell outlines were observed. The β-galactosidase-positive cells in the aging model group were the blue-stained senescent cells. The cell morphology also changed significantly compared with the blank control group, which reduced the cell viability. In the experimental group, with the gradual increase in the SBP concentration, the cell morphology gradually returned to normal, the blue senescent cells were significantly reduced, and the number of abnormally shrunken cells within the visual field was also considerably reduced. Figure 2B shows that, compared with the control group, the cell viability of the H2O2-induced senescence model was significantly reduced. At the same time, the SBP experimental group could significantly improve the decreased cell viability induced by H2O2, and the effect was better at concentrations of 50 μg/mL and 100 μg/mL. This indicates that SBP could resist H2O2-induced cell senescence, mitigating the effects of aging on cell morphology and reducing the number of senescent cells.




3.3. Effects of SBP on ROS, SOD Activity, GSH, and MDA in H2O2-Induced Senescent HSFs


The intracellular oxidative stress response due to the increase in ROS is closely related to cellular senescence [19]. To explore the antioxidant effect of SBP in cell aging models, we detected the activity of SOD and the contents of GSH, MDA, and ROS in cells. As shown in Figure 3A–C, when compared with the blank control group, the SOD activity and GSH content in the cell senescence model were higher, while the MDA was much lower. SBP intervenes in the H2O2-induced senescence model by gradually increasing the SOD activity and GSH content with the increase in the SBP concentration. On the other hand, the MDA content showed a dose-dependent decrease. The ROS content was calculated by fluorescence spectrophotometry. Figure 3D,E shows that the H2O2-induced senescence model had the highest level of intracellular ROS and the brightest field of view. When compared with the H2O2-induced senescence model, the fluorescence intensity of the SBP experimental group and the blank sample group was darker, indicating that the intracellular ROS content was lower. These results suggest that the antioxidant properties of SBP can alleviate cellular senescence caused by H2O2-induced oxidative stress.




3.4. SBP Up-Regulates the Expression of Col I in H2O2-Induced Aging HSFs and Inhibits Col I Degradation by Regulating the Expressions of MMP-1, -3, and TIMP-1


We verified that SBP positively affects Col I expression in H2O2-induced senescent HSFs by immunofluorescence staining. By combining Figure 4A,B, it can be concluded that Col I in the H2O2-induced senescence model had lower fluorescence intensity when compared with the blank control group. As for the experimental group, low to medium SBP concentrations (25 µg/mL and 50 µg/mL) did not affect the expression of Col I in senescent cells, while a high SBP concentration (100 μg/mL) could promote the expression of Col I in senescent cells. This indicated that a high concentration of SBP (100 µg/mL) could increase the expression of Col I in senescent cells.



The expression of MMP-1 and MMP-3 can affect the degradation of Col I, and their expression can be inhibited by TIMP-1. According to Figure 4C–E, the concentrations of MMP-1 and MMP-3 in the cellular aging model group increased significantly compared with the blank control group, while TIMP-1 decreased significantly. In the experimental groups, MMP-1 and MMP-3 decreased gradually with the gradual increase in the SBP concentration. On the contrary, the concentration of TIMP-1 in cells increased in a concentration-dependent manner with the gradual rise in the SBP concentration. Therefore, SBP can regulate the degradation of Col I through the expression of MMP-1, MMP-3, and TIMP-1 in cells.




3.5. SBP Promotes the Synthesis of Type I Procollagen through the TGF-β1/Smads Pathway


TGF-β1/Smads can regulate the synthesis of type I procollagen in cells, thereby affecting the synthesis and expression of Col I. Therefore, we investigated whether SBP stimulates the production of type I procollagen induced by TGF-β1 and its downstream effector Smads protein. As shown in Figure 5B–F, H2O2 inhibited the expressions of TGF-β1, Smad3, p-Smad3, Smad4, and type I procollagen and the ratio of p-Smad3/Smad3 in cells. However, as shown in the same figures, SBP reversed the effect of H2O2 on the above proteins. With the increase in the SBP concentration in the experimental group, the expression of the mentioned proteins in cells gradually increased. On the other hand, Figure 5G shows the inhibitory effect on the phosphorylation of Smad3. The low concentration of SBP (25 µg/mL) did not alleviate this inhibitory effect, while the medium and high concentrations (50 and 100 µg/mL) did(the higher the concentration of SBP, the better the effect). This result aligns with the conclusion of the previous part, proving that a high concentration of SBP (100 µg/mL) can increase the expression of Col I in senescent cells.




3.6. SBP Enhances the Migration Ability of H2O2-Induced Senescent HSFs


This cell scratch experiment simulated the process of cell migration in vivo to a certain extent. By observing the peripheral cells’ growth (repair) to the central scratch area, we could determine the cells’ ability to grow, migrate, and repair. After 24 h, the cell migration rate was quantified. As shown in Figure 6 A–F, the migration rate of the H2O2-induced senescence model group was lower than that of the blank control group by 62%. The addition of 100 µg/mL SBP significantly improved the mobility of the aging model and approached the level of the blank control group. However, if 100 µg/mL SBP was added alone, the cell migration rate was about 43% lower than that of the blank control. This indicates that a high concentration of SBP (100 µg/mL) was beneficial to the growth and migration of senescent cells, but the effect was less significant on normal cells.





4. Discussion


Oxidative and inflammatory responses accompany the entire life process of the human body. When the accumulation of ROS exceeds the scavenging ability of the antioxidant defense system, peroxidative damage to tissue cells occurs [20]. The skin is part of the human body exposed to various external stimuli, such as smoke, alcohol consumption, ultraviolet radiation, and common pollutants. Excessive accumulation of ROS in cells leads to wrinkles, irregular hyperpigmentation, and accelerated skin aging [21]. Therefore, more and more research is focusing on the resistance effectiveness of natural substances toward oxidative stress damage to postpone aging. SBP is the most critical antioxidant component of Sea buckthorn, and our team’s previous research proved that SBP has an excellent free-radical-scavenging ability [15]. However, no studies have yet determined the ability of SBP to delay skin aging caused by oxidative stress. In order to further extend the use of SBP, the underlying mechanism of SBP’s anti-aging effect was explored. We used low, medium, and high concentrations (25, 50, 100 µg/mL) of SBP to treat senescent HSFs (induced by H2O2) and observed their effect on senescent HSFs, cell morphology, and cell viability with the help of the β-galactosidase staining method. SBP was found to reduce the number of senescent cells significantly. In addition, cell morphology was restored, and cell viability was increased with the help of SBP. To further verify the underlying mechanism, follow-up experiments were conducted.



We experimentally verified that SBP could achieve anti-aging effects by enhancing antioxidant enzyme activity and many non-enzymatic defense mechanisms to eliminate excess ROS generated by H2O2-induced cellular oxidative stress. SOD and GSH are critical body defense systems against oxidative stress. They are also crucial enzymes and antioxidants for scavenging ROS [22]. SOD is a strong superoxide anion (O2–) scavenger [23]. The unique structure of GSH makes it an important free radical scavenger in the body, and it plays a vital role in antioxidant, detoxification, immunity enhancement, and antitumor activity. Both of the above substances can protect the structure and function of the cell membrane from oxide damage and interference [24]. MDA is the product of lipid peroxidation. After excess ROS oxidizes saturated fatty acids in cells, they first form conjugated diene hydroperoxides (CD-POV), which are further oxidized to epoxides and then decomposed to MDA. Upon further oxidation, the concentration of MDA gradually increased [25]. The CD-POV, MDA, and oxidation product concentrations are often used as biomarkers of cellular oxidation [26]. Proanthocyanidins have a more powerful ROS scavenging capability than vitamin C, vitamin E, and beta-carotene, which can quickly neutralize ROS and reduce the damage to cells caused by excessively elevated ROS [27]. In our study, we found that H2O2 treatment increased the MDA content of HSFs and decreased the antioxidant capacity of SOD and GSH, resulting in excess reactive oxygen species in cells. After treatment with different concentrations of SBP, the up-regulation of the intracellular ROS level induced by H2O2 was significantly decreased, the contents of SOD and GSH increased, and the content of MDA decreased. These results suggest that SBP can enhance the activities of antioxidant enzymes and antioxidants, remove excess ROS effectively, reduce the oxidative stress-stimulated response in cells, and exert anti-aging effects.



Collagen is a ubiquitous natural substance in the human body that is responsible for maintaining much of the body’s structural integrity [28]. Col I is the main component secreted by fibroblasts into the extracellular matrix (ECM), which accounts for 70% of the dermis. It can maintain the elasticity and firmness of the skin [29,30], and acts as mechanical structural support for many human parts, such as bones, skin, tendons, ligaments, and blood vessels. It also facilitates the creation of a microenvironment for the development of immune responses in lymphoid organs. Moreover, it plays a vital role in regulating physiological processes, such as cell adhesion, proliferation, and differentiation [31]. One of the manifestations of human skin cell aging is the loss of Col I. Therefore, we verified the effect of SBP on the synthesis and degradation of Col I in H2O2-induced aging HSFs by two methods. On the one hand, we confirmed that SBP could facilitate the synthesis of Col I in H2O2-induced aging HSFs through the TGF-β1/Smads pathway. TGF-β1/Smads is a representative signaling pathway involved in collagen synthesis. TGF-β1 receptors can be divided into two types: TβRI and TβRII. When the ligand binds to the receptor, TβRI and TβRII combine to form a dimer. Then, TβRI is phosphorylated by TβRII. The activated TβRI recognizes and phosphorylates Smad3. Phosphorylated Smad3 forms a complex with Smad4 and then transfers to the nucleus to promote the synthesis of type I procollagen, which further promotes the synthesis of Col I [32]. The study by Cavinato and Jansen-Dürr et al. found that UVB irradiation increased the amount of ROS in cells, which in turn reduced TβRII to downregulate Smad3 phosphorylation and reduce collagen synthesis [33]. Therefore, we found that SBP restored the expression of TGF-β1 downregulated by the abnormal increase in ROS. SBP also stimulated the phosphorylation of Smad3, but we found that the effect of a low dose of SBP on the phosphorylation of Smad3 was not noticeable. Despite the less apparent effect of a low dose of SBP on Smad3 phosphorylation, the result is consistent with the quantitative determination of the Col I content in senescent HSFs by immunofluorescence staining. Therefore, we concluded that SBP positively affected the synthesis of Col I in senescent cells and was dose-dependent.



On the other hand, we wondered if SBP affected the degradation of Col I. MMPs are a multigene family of metal-dependent endopeptidases that play important and diverse roles in normal physiological and pathological processes involving cell differentiation, proliferation, apoptosis, angiogenesis, and wound healing. Moreover, they can also modulate the activity of other proteases, growth factors, cytokines, and cell surface ligands and receptors [34]. The expression activity of MMPs is affected by the MAPK signaling pathway and inhibited by TIMP. The MAPK signaling pathway includes three critical proteins: ERK, JNK, and p38. Phosphorylated MAPK protein can upregulate the expression of c-Fos and c-Jun, and induce the activation of activator protein 1 (AP-1). The activated AP-1 acts as a nuclear transcription factor and binds to the promoter of MMPs to induce MMP gene transcription [35]. Heo and Lee et al. [36] found that the treatment of Hs68 cells with ginseng seed extract attenuated the UV-induced MMP-1 and MMP-3 increments through the MAPK signaling pathway to decrease collagen degradation. Since the primary function of MMPs is to degrade ECM, Col I degradation is initiated by MMP-1 and continued by MMP-3 [6]. The expression of MMP-1 and MMP-3 will be inhibited by TIMP-1 [7]. Therefore, the MMP/TIMP system is crucial in maintaining the ECM structure [37]. Thus, natural ingredients that can manipulate these biomarkers help improve cellular aging. In our study, we found that SBP could reduce the amounts of MMP-1 and MMP-3 by regulating the content of TIMP-1 in cells (caused by the excessive increase in ROS in cells), thereby inhibiting collagen degradation in senescent cells. In conclusion, our experiments found that SBP could upregulate collagen synthesis through the TGF-β1/Smads pathway and inhibit collagen degradation by regulating the MMP/TIMP system. Thus, it effectively prevents cellular senescence due to excessive ROS in cells (Figure 7).




5. Conclusions


We concluded that SBP isolated from Sea buckthorn seed meal exerted potent anti-aging activity in H2O2-induced aging HSFs. SBP could enhance the activities of antioxidant enzymes and antioxidants, remove excess ROS effectively, reduce the number of senescent cells, and significantly improve the changes in cell morphology and cell viability caused by excess ROS in skin cells. In addition, SBP could promote the synthesis of Col I in aging HSFs through the TGF-β1/Smads pathway and inhibit the degradation of Col I by regulating the MMPs/TIMPs system, thereby maintaining the stability of the ECM structure to achieve anti-aging purposes. Although 25, 50, and 100 µg/mL of SBP exhibited anti-aging properties, the highest concentration of SBP (100 µg/mL) exerted the best effects on senescent cells. Finally, we studied the migration ability of SBP, and the results showed that 100 µg/mL of SBP was more conducive to the cell migration of senescent cells, laying the foundation for our follow-up animal experiments. This study provides a deeper understanding of the mechanism behind SBP in delaying skin aging. These results will increase the application value of SBP in the cosmetic and antioxidant functional food industries.
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Figure 1. Toxic effects of SBP on HSFs and the establishment of an aging model. (A) The toxic effects of different concentrations of SBP on HSFs were detected by the CCK-8 method; (B) the effect of different concentrations of H2O2 on the cell viability of HSFs was detected by the CCK-8 method. Results are the mean ± SD of three independent experiments. Bars with different letters are significantly different (p < 0.05). 
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Figure 2. Cell morphology and cell viability of SBP in H2O2-induced senescent cells. (A) Effects of different SBP concentrations on cell morphology in H2O2-induced senescence HSFs observed by an ordinary light microscope. (B) CCK-8 method to detect the effects of different SBP concentrations on cell viability in H2O2-induced senescent HSFs. (C) β-galactosidase staining method to verify the anti-aging effect of different SBP concentrations on H2O2-induced senescent HSFs. In the figure “+” means added, “−” means not added. The results are the mean ± SD of three independent experiments. *** p < 0.001 indicate significant differences compared with the various experimental groups. 
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Figure 3. Effects of SBP on the SOD activity, GSH, MDA, and ROS content in H2O2-induced aging HSFs using related kits. (A–D): activity of SOD and contents of GSH, MDA, and ROS in cells treated with different experiments, respectively. (E) Fluorescence images of ROS in cells under different experimental conditions. In the figure “+” means added, “−” means not added. Results are the mean ± SD of three independent experiments. * p < 0.05, *** p < 0.001 indicating significant differences compared with the various experimental groups. 






Figure 3. Effects of SBP on the SOD activity, GSH, MDA, and ROS content in H2O2-induced aging HSFs using related kits. (A–D): activity of SOD and contents of GSH, MDA, and ROS in cells treated with different experiments, respectively. (E) Fluorescence images of ROS in cells under different experimental conditions. In the figure “+” means added, “−” means not added. Results are the mean ± SD of three independent experiments. * p < 0.05, *** p < 0.001 indicating significant differences compared with the various experimental groups.



[image: Antioxidants 11 01900 g003]







[image: Antioxidants 11 01900 g004 550] 





Figure 4. Effects of SBP on Col I expression in H2O2-induced senescent HSFs. (A): Representative immunofluorescence microscopy image showing the Col I levels in cells under different experimental treatments with Col I in green and DAPI-stained nuclei in blue. (B): Mean fluorescence intensity of Col I in cells under the different experimental conditions. (C–E): Concentrations of MMP-1, MMP-3, and TIMP-1 in different experimentally treated cells using the ELISA kit. In the figure “+” means added, “−” means not added. The results are the mean ± SD of three independent experiments. *** p < 0.001 indicate significant differences compared with the various experimental groups. 
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Figure 5. Effect of SBP on the synthesis of Type I procollagen by the TGF-β1/Smads pathway. (A): Protein bands of related proteins in the TGF-β1/Smads pathway. (B–F) TGF-β1, Smad3, p-Smad3, Smad4, and Type I procollagen, respectively. (G) shows the p-Smad3/Smad3 in cells under different experiments. In the figure “+” means added, “−” means not added. The results are the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences compared with the various experimental groups. 
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Figure 6. Effect of SBP on H2O2-induced senescent HSFs’ cell migration. (A): Microscopic observation of the blank control group at an incubation time of 0 h. (B): Microscopic observation of the blank control group at an incubation time of 24 h. (C): Microscopic observation of cells cultured for 24 h after adding 300 µmoL/L H2O2 to the culture medium. (D): Microscopic observation of cells cultured for 24 h after adding 300 µmoL/L H2O2 and 100 µg/mL to the culture medium. (E): Microscopic observation of cells cultured for 24 h after adding 100 µg/mL to the culture medium. (F): Cell migration rate of different experimental treatment groups after 24 h of cultivation. In the figure “+” means added, “−” means not added. The results are the mean ± SD of three independent experiments. ** p < 0.01, and *** p < 0.001 indicate significant differences compared with the various experimental groups. 
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Figure 7. A possible mechanism by which SBP has anti-aging effects on the skin. SBP enhances Col I accumulation by modulating the TGF-β1/Smads pathway in HSFs and inhibits collagen degradation by regulating the levels of MMP-1, -3, and TIMP-1 (diagram was drawn using Figdraw). 






Figure 7. A possible mechanism by which SBP has anti-aging effects on the skin. SBP enhances Col I accumulation by modulating the TGF-β1/Smads pathway in HSFs and inhibits collagen degradation by regulating the levels of MMP-1, -3, and TIMP-1 (diagram was drawn using Figdraw).



[image: Antioxidants 11 01900 g007]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
aging promoters
(H:0)

e -

e [ o

|
@

o






media/file4.png
110- — [

e, i, - I
I -~ k& —
=

&

=

..g -—

S

% -

S

0 1 1 T
H,0,(300umol/L) —  +  + * N

SBP(ug/mL) - = I






nav.xhtml


  antioxidants-11-01900


  
    		
      antioxidants-11-01900
    


  




  





media/file2.png
Cell Viahility (%)

1681

1401

1201 o

i <

i1

01

A

S0 v 211 AN
SBT' Concentration{pg/mL)

]

Cell ¥iahility (%o)

120 5

L0y

B

401

20 -

Qi N0 200 300 A00 SN0 SN O ROD
0,0, Concentration (pmeolL)





media/file5.jpg





media/file3.jpg





media/file1.jpg
Cconvisiey 06y

s s

R ————





media/file7.jpg





media/file10.png
TGF-BL
Saead3
p-Smead3
Saadd
Twpel
Procollagen

[-actin

- ea e
g o
-] ] oy 13
=
2 i
= 1.0-
=
%
1
iy
= g5
= 0.5
=
=
7
0.0~
Ha(h {300 pmoll.) — + + +
SBI' pe/ml} — 25 S 100
F 1.5+ _|_—|
—
- ais
E ?l us bea
2 2 1.0
i
£3
=3
I ; D.5
Ta
0.0~

H, 05 ( 300 pmoliT.)
SBP( pg/ml.} —

TGF-plf-actin(Fold changes)

0.0-

Hy0,{ 300 pmoliL)
SHP( pgiml.)

-
wn
1

25 S0 (1]

Y
o
1

Smad3/-actin{liold changes)
=
2]
1

0.0~
} } } H, 05 0 300 pmoliL)  —
25 L1l] 100 SEI'( p/mL) -

E 1.59

o2
E\ = — -:" e
20 J—-—_I_
: —_—
; 1.0 = =
£
a
= 0.5
=
3
”
0.0~
Ha 00 C 300 pmolil) — + + + +
SBI ppd/ml) — — 25 50 100

Q

p-Smad3/Smad3(Fold changes)

4

0.0-

H3 0 4 300 pmalT.) 1 [ f |
SBP( pgrml} — — 25 S0 100

100





media/file12.png
~ )
R

24h-300umol/L H,0,

3

w
o
1

Scretch wound healing (%)
e 9

-

0-

HgOz( 300 pmol/L) —_ + + S
SBP{ 100 pg/mL) — — + +






media/file9.jpg





media/file0.png





media/file14.png
aging promoters SBP ‘I‘ CF 3
(H:20»)

% TPR I bR M

kin fipy. Oblag¢g

T TII\][P-I

MMP-1, MMP-3

|

TType I collagen

}






media/file8.png
A 300 pmol/L H,0,+

f
25 pg/ml. SBP

1
100 pg/ml. SBP

300 pmol/L. H O, 50 pg/ml. SBP
N - - - -
. - - - -
o - - - -
100 - I e — 1300 - ___|_*—|—
= e F——
- s s — e
E’ Bo- i _E-
= ;:; ";h‘f
é i 60 e t8 = et
= =
- o= 2 | \
= g 404 E
S § 3 oo
g T 25Y)
= E l | I
= = | |
0 1 I 1 1 0 T I T
H,0,( 300 pmolL) —  + + + + H,0;{ 300 pmollL) —  + +
SBP( pg/mL) - — 25 50 100 SBP{ pg/mL)} —_ - 25 50 ]l)l]
D L = — E 8- B e —
= = LT
) — =) - e
£ 6 — —s e, E]J 5= —tme _ see
2 g — B
g 47 £ 47
3 g
o o
-
- =~
0 T T T 1 0 T T T 1
H,0,( 300 pmol'L) — + + + + H,0,{ 300 pmol’L) —  + + + +
SBP ( pg/mL) — — 25 50 100 SBI'{ pg/mL) — - 25 50 100





media/file11.jpg
Pr——

Sard 100 i)

O o0ty





media/file6.png
ik
1.5 - 1 e X
..—I_-} f!_u—_l_ 20_ e LLTY
_él von - . _I#}IT
5 __l__ * EX T E . ——
£ 1.0 e ot 3 197
z E
.{ —
E E 10+
= -
E n j
.0 T T T 1 =
- | | 1 1
M,0,( 300 pmol/T.) — + + + + .0, 300 VL)
SBP ( pg/mL) —  — 25 50 100 2l P T oo
SBP ( pg/mL) — 25 50 100
C - D —
15 il E% 1 16 = —_—
h
k% LX)
T _ L -1 —
% T
10- 18

MDA Content{(nmol/mL)

LT

ol 1

&n
1
ROS Fluorescence value

0 T T T ! 0 | T
glzs(l];z(( 390 :'}““ULJ W ; :0 ];0 IL,0,( 300 umol/L.) —  + + + +
: peim - - - SBP( pg/mL) — — 25 50 100

E

300 pmol/L H,0,+25 pg/mL SBP

300 pmol/L H,0,+50 pg/mL SBF 300 pmol/L H,0,+100 pg/mI. SBP





