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Abstract

:

The skin is constantly exposed to a range of environmental stressors, including ultraviolet (UV) radiation, which can cause damage to the skin. Repairing UV-damaged skin has been a major focus of research in recent years. The therapeutic potential of human umbilical cord mesenchymal stem cells (HUCMSCs) exhibits anti-photoaging properties. In this study, we developed a strategy for concentrating an HUCMSC supernatant, and examined the protective effects of CHS on UVB exposure in vitro and in vivo. Our results demonstrate that CHS repairs UVB exposure by promoting cell viability and migration and reducing senescent and apoptosis cells. We further found that the photoprotective effect of CHS is due to autophagy activation. Moreover, CHS reduces wrinkles and senescent cells, increases collagen expression, and improves immune function in UVB exposure-induced skin damage. In summary, our study provides a new approach for repairing cell damage, and suggests that CHS might be a potential candidate for preventing UVB-induced skin photodamage.
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1. Introduction


Long-term exposure to ultraviolet (UV) irradiation leads to several potentially harmful effects on human skin, including sunburn, skin aging, and skin cancers [1]. UV radiation is typically divided into three wavelength bands: UVA (320–400 nm), UVB (280–320 nm), and UVC (100–280 nm) [2]. Notably, UVB irradiation is the most cytotoxic and mutagenic stress-inducing electro-magnetic wave, and results in pathological alterations such as sunburn, erythema, and edema, ultimately contributing to skin photoaging [3,4]. The harmful effects of UVB irradiation lead to DNA damage, and thus directly affect cells’ proliferation and healing ability, therefore increasing the risk of exposed individuals to develop skin cancer [5,6]. To repair UVB irradiation-induced skin damage, autophagy, a catabolic process that clears damaged proteins and organelles, was activated, thereby reducing cell death [7]. UVB irradiation of skin dermal fibroblasts can induce the formation of autophagosomes to inhibit cell apoptosis and senescence, serving as a protective mechanism against cell death [8,9]. Thus, the potential significance of modulating autophagy levels is an intervention strategy to mitigate the adverse effects of UVB irradiation.



In modern skincare, the application of skin damage-suppressing and self-renewing reagents would be a promising avenue to protect against UVB irradiation-induced skin photoaging and DNA damage [10]. Mesenchymal stem cells (MSCs) are a type of adult stem cell that can self-renew and differentiate into various cell and tissue types, which can be applied to damaged and aged skin based on its strong healing capacities [11,12]. The International Society for Cellular Therapy (ISCT) has suggested at least three conditions that can characterize MSCs: MSCs must adhere to a plastic culture vessel and grow; MSCs should have CD73, CD90, and CD105 as cell surface antigens, and CD11b, CD14, CD19, CD34, CD45, CD79α, and HLA-DR antigens should not exist on MSCs; and MSCs must be able to differentiate into osteoblasts, adipocytes, and chondrocytes in vitro [12,13]. Generally, MSCs have been isolated from numerous tissues, including adipose tissue, skin, dental tissue, umbilical cord (UC) tissue, and umbilical cord blood (UCB) [14]. Human UC-derived MSCs (HUCMSCs) are the most promising and widely used source because of their strong migratory activity, paracrine function, and low immunogenicity [15]. HUCMSC-derived soluble factors have demonstrated therapeutic potential, with anti-photodamage effects to prevent skin aging [16,17]. Based on previous research findings, the utilization of MSC-derived molecules to repair damaged and aging skin exhibits substantial potential within the realm of therapeutic interventions.



In this study, we utilized a concentrated supernatant of HUCMSCs (CHS) to investigate its protective effects on UVB irradiation-induced skin damage and aging. Experimental validation in vitro, including cell viability, cell cycle, cell migration, and cell senescence, was performed to determine the therapeutic effect of CHS on skin photoprotection. We also discussed the photoprotective effects of CHS that correlate with the activation of autophagy. Furthermore, our results revealed that CHS provides significant protection against UVB-induced skin damage in mice. In this study, we aimed to find out the protective effects of CHS application, which could help further research into the mechanisms underlying UVB irradiation-induced skin photodamage therapy.




2. Methods and Materials


2.1. Isolation and Identification of HUCMSCs


HUCMSCs were obtained from the Chuanbei Medical College Ethics Committee. The umbilical cord (UC) was washed with phosphate-buffered saline (PBS), and we then removed the peripheral fascia, arteries, and vein. The UC was then chopped into smaller pieces and cultured in α-MEM media (Gbico, Billings, MT, USA) supplemented with 10% fetal bovine serum (FBS) (PAN, Munich, Germany) in a 5% CO2 humidified incubator at 37 °C. The surface markers of the HUCMSCs were evaluated using flow cytometry with CD73-PE, CD90-FITC, CD105-PE, HLA-DR-FITC, CD19-PE, and CD11b-FITC monoclonal antibodies (Beckman Coulter, Brea, CA, USA). And the cells with specific markers, namely CD105+, CD73+, CD90+, CD11b−, CD19−, and HLA-DR−, were sorted and collected. The differentiation potential of the HUCMSCs was assessed using osteogenic, lipogenic, and chondrogenic induction kits (iCell, Shanghai, China). Accessing the quality of the metaphases of HUCMSCs requires a classical G-banding analysis, which was used to detect chromosomal abnormalities on the HUCMSCs, as previously reported [18].




2.2. CHS Collection and Treatment


The HUCMSCs were cultured in α-MEM media supplemented with 5% human platelet lysate (Compass Biomedical, Hopkinton, MA, USA) to obtain a supernatant. The cell supernatant was concentrated using a dialysis bag and then inserted into a beaker filled with polyethylene glycol (PEG) 8000 at 4 °C. The concentrated HUCMSC supernatant (CHS) was shrunk to 1/45 of its original volume. The CHS was filtered using a 0.22 μm filter tip, collected in sterile centrifuge tubes, and frozen at 4 °C for short-term storage or −20 °C for long-term storage. The protein content of the CHS was determined via a BCA assay (Thermo Fisher, Pleasanton, CA, USA). The CHS was diluted to different concentration for cell experiments, including 0%, 2.5%, 5%, 10%, and 20%.




2.3. UVB-Damage Cell Model Establishment and Cell Viability Measurement


The immortalized human keratinocyte cell line (HaCaT) was cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Cytiva, Amersham, UK) supplemented with 10% FBS (PAN, Munich, Germany), 100 μg/mL of penicillin, and 100 μg/mL of streptomycin at 37 °C in a humidified atmosphere of 5% CO2/95% air. For UVB irradiation, equipment with a power of 1282 μW/cm2 (Sigma, Burlington, MA, USA) was used. UVB irradiation groups with various doses, including 0, 50, 100, 150, 200, 250, and 300 mJ/cm2, were set to assess cell viability. HaCaT cells were seeded in 96-well plates (8 × 103 cells/well) for 24 h, and treated with CHS after UVB irradiation. Cell viability was measured after 24 h and 48 h, and determined via a CCK8 assay (APExBIO, Houston, TX, USA). A total of 10 μL of the CCK-8 reagent was added to each well and then cultured for 2 h. The absorbance was measured at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA), and the data were used to calculate cell viability. Each sample had 4 replications.




2.4. Wound-Healing Measurement


HaCaT cells were seeded at a density of 3 × 105 cells in 6-well plates overnight. The monolayer was scratched with a 10 μL pipette tip to create a wound. Subsequently, the cells were exposed to UVB (100 mJ/cm2) and then treated with different concentrations of CHS for 0 h, 12 h, and 24 h. The migration of the cells was observed and recorded using a microscope, and the area was quantified with the ImageJ software 1.8.0.




2.5. Cell Cycle Measurement


HaCaT cells were treated with different concentration of CHS for 24 h. The cells were then fixed in 70% ethanol overnight, stained with a propidium iodide (PI)/RNase A solution, and analyzed via flow cytometry (BD FACSCalibur, San Jose, CA, USA) at an excitation wavelength of 488 nm.




2.6. SA-β-Gal, AO/EB and Monodansylcadaverine (MDC) Staining


HaCaT cells were exposed to UVB (100 mJ/cm2) radiation, then treated with CHS for 24 h. For SA-β-Gal (senescence-associated β-galactosidase) staining, the cells were fixed and incubated with a staining solution containing X-gal at 37 °C for two days. For the AO/EB (acridine orange/ethidium bromide) double-staining assay, the cells were stained with a mixture of AO and EB (5 μg/mL) for 10 min in PBS buffer. The MDC (monodansylcadaverine) staining was measured at an excitation wavelength of 335 nm and an emission wavelength of 512 nm. And the fluorescence images were captured using a fluorescence microscope (Zeiss, Oberkochen, Germany).




2.7. Western Blotting


To evaluate the protein expression levels of Beclin 1 and LC3, HaCaT cells were harvested and dissolved in a lysis buffer. The total protein content was determined via a BCA assay (Thermo Fisher, Pleasanton, CA, USA). The samples were separated on a 10% sodium dodecyl sulfate–polyacrylamide gel, and probed with primary antibodies (1:500 dilution; Abcam, USA) at 4 °C overnight. The second antibody was administered at room temperature for one hour with goat anti-rabbit IgG (H + L) (1:10,000 dilution; Abcam, Waltham, MA, USA). And the protein expression level was measured using a chemiluminescence detection kit (Beyotime, Shanghai, China). Each sample had 3 replications.




2.8. Animal Study


Experiments were conducted on eight-week-old female Kunming mice purchased from the Chengdu Dashuo Experimental Animal Company (Chengdu, China). The mice were randomly assigned to four groups: control, UVB, UVB + Solvent, and UVB + Solvent + CHS. Each group had six mice. The solvent consisted of a matrix solution containing water, EDTA, collagen powder, hyaluronic acid, butylene glycol, and niacinamide. For the treatment, 1% CHS (v/v) mixed with the solvent was prepared. To build a UVB-damaged skin model, the mice were exposed to UVB (100 J/cm2) for seven weeks (5 days per week; 20 min per day for the first week, 30 min per day for the second week, 40 min per day for the third and fourth weeks, and 60 min per day for the last three weeks). From the second week, 200 μL of the solvent (with or without CHS) was applied to the dorsal skin before UVB radiation. Blood tests were conducted from the inguinal veins in EDTA anticoagulation tubes to identify the number of WBCs (white blood cells) and the LPR (lymphocyte percentage).




2.9. Skin Histology Examinations


The samples of mice skin and thymus tissue were fixed in 10% paraformaldehyde for 24 h, embedded in paraffin, and cut into 4 μm sections. The sections were deparaffinized with xylene, hydrated with graded ethanol, and stained with hematoxylin–eosin (HE) and Masson’s trichome using a conventional staining technique. The skin tissue samples were embedded in an OTC encapsulant overnight at −80 °C, then cut into 5 μm thick slices using a frozen sectioning machine (Leica, Wetzlar, Germany), stained with a β-Galactosidase staining solution overnight at 37 °C, and then re-stained with eosin.





3. Result


3.1. Identification of HUCMSCs and Preparation of CHS


Primary HUCMSCs were isolated from human UC tissue. To confirm the immunophenotype of the HUCMSCs, the HUCMSCs were identified based on their expression of a specific panel of cell surface markers and sorted via flow cytometry (Figure 1a). The positivity rates for CD73, CD90, and CD105 (mesenchymal cell-specific markers) exceeded 99%, while the expression rates of CD11b, CD19, and HLA-DR (mesenchymal cell-negative markers) were less than 1%. The multipotential differentiation properties of the HUCMSCs were confirmed through osteogenesis, adipogenesis, and chondrogenesis experiments in response to appropriate inducement (Figure 1b). We further examined the chromosomal karyotype of the HUCMSCs which could be used for generational cultivation. The results showed that the chromosome structure, number, and shape of the selected cells were similar to typical HUCMSCs (Figure 1c). The supernatant of the HUCMSCs, CHS, was concentrated to remove protein and other macromolecules (Figure 1d). The content of the CHS was 183.18 mg/mL, which can be used in further experiments.




3.2. CHS Improved UVB Irradiation-Induced Decrease in Cell Viability and Migration


UVB is absorbed by the skin layers and leads to direct DNA damage in epithelial cells. After the HaCaT cells were exposed to UVB irradiation for 24 h and 48 h, the cell viability decreased in a dose-dependent manner (Figure 2a,b). Compared to the control group, we found a significant decrease in cell viability in the 24 h and 48 h groups after having been treated with a UVB dose of 100 mJ/cm2 (Figure 2a,b). In addition, we measured the activity of senescence-associated β-galactosidase (SA-β-gal), which is widely used as a major characteristic of senescent cells. The number of senescent cells was significantly increased when treated with a UVB dose of 100 mJ/cm2 (Figure 2c,d). These results suggest that exposure to 100 mJ/cm2 of UVB irradiation inhibits cell proliferation and promotes cell senescence.



To evaluate the safety of the CHS, HaCaT cells were treated with different concentrations of CHS (0%, 2.5%, 5%, 10%, and 20%) for 24 and 48 h. The CCK8 assay showed that treatment with 2.5%, 5%, and 10% CHS promotes cell growth after 24 h, while being treated with 20% CHS had no effect on cell viability (Figure 3a). The 48 h treatment with 10% CHS had a positive impact on cell viability (Figure 3b). We further examined the effect of CHS on cell viability and cell migration after UVB irradiation. After UVB radiation, the viability of the HaCaT cells was significantly decreased, which could be rescued by treatment with 5%, 10%, and 20% CHS for 24 h (Figure 3c). Similarly, the protective effect of CHS on repairing UVB irradiation-induced cell damage was also observed after 48 h (Figure 3d). The wound-healing assay was used to determine the effect of CHS on the migratory ability of UVB-irradiated HaCaT cells. The wound-healing rates in the CHS treatment groups were significantly higher than those without CHS treatment (Figure 3e,f). Notably, a low concentration of CHS (2.5%) had a protective effect on UVB irradiation-suppressed cell migration. These results indicate that CHS enhances cell survival and migratory potential after UVB irradiation.




3.3. CHS Rescues UVB Irradiation-Induced G1 Phase Arrest in Cell Cycle


The UVB-induced decrease in cell proliferation could be associated with the modulation of cell cycle progression, which would allow cells to repair DNA damage, consequently resulting in apoptotic death [5,6]. Our studies have demonstrated that the DNA-damaging effect of UVB on HaCaT cells results in G1 phase arrest (Figure 4a,b). The exposure of HaCaT cells to UVB for 24 h resulted in the arrest of 58.43% of cells in the G1 phase, compared with 52.48% of cells in the control; however, CHS treatment reversed the UVB irradiation-induced decrease in the G1-phase cell population (Figure 4a). But CHS treatment did not show any significant difference for the S-phase cell population (Figure 4b). In the HaCaT cells, UVB exposure after 24 h resulted in a 29.28% G2/M-phase cell population compared, with 33.63% in the control, and was increased to the range of 42.16% to 48.59% (p < 0.001) with various concentrations of CHS. The CHS treatment groups had a higher proportion of cells in the G2/M phase compared to the control and UVB irradiation group (Figure 4b). CHS treatment directly affects the DNA repair process and regulates the cell cycle, thereby contributing to the promotion of cell proliferation.




3.4. CHS Reverses UVB Irradiation-Induced Cellular Senescence and Apoptosis


We next evaluated the protective effects of CHS in attenuating UVB irradiation-induced cell senescence via SA-β-Gal staining. The UVB group had more senescent cells than the control group, indicating that UVB irradiation induces cellular senescence (Figure 4c,d). Few senescent cells could be detected with CHS treatment in the HaCaT cells, demonstrating that CHS treatment decreased the number of senescent cells after UVB radiation (Figure 4c,d). Remarkably, CHS treatment led to a complete reversal of cell senescence, and exhibited a superior protective effect compared to the control group (Figure 4c,d). Moreover, AO/EB staining was used to identify cell apoptosis. Necrotic cells increased in volume and showed uneven red fluorescence at their periphery. We found that necrotic cells were dramatically increased following UVB irradiation compared to the control group (Figure 4e). The apoptotic rate of HaCaT cells in the CHS treatment group was decreased compared to that of the group without CHS treatment after UVB exposure (Figure 4f). And the increase in the apoptotic cell number was reversed after CHS treatment, with a dose-dependent improvement from 2.5% to 10% (Figure 4e,f). These results suggest that CHS treatment significantly decreased the cell death of UVB-irradiated cells through the inhibition of cellular senescence and apoptosis.




3.5. CHS-Induced Autophagy Activation after UVB Exposure


Autophagy is a stress defense mechanism which maintains the balance of cells through the degradation of damaged cells by forming autophagosomes [19]. We investigated the effects of CHS on the formation of autophagosomes, as well as the expression of the autophagy-related factors Beclin-1 and LC3, in the HaCaT cells. Compared to the control group, treatment with 5%, 10%, and 20% CHS significantly enhanced the protein expression level of Beclin 1 and LC3-II (Figure 5a). The MDC staining results showed an increase in fluorescence intensity in the cells treated with CHS at concentrations of 2.5%, 5%, and 10% (p < 0.01, Figure 5b,c). Then, we examined the protein expression levels of Beclin 1 and LC3 in the HaCaT cells at 24 h after CHS treatment. Treatment with CHS upregulates cellular autophagy-related protein expression levels after UVB exposure (Figure 5d). A higher positive cell rate and more autophagosomes were observed in the CHS treatment groups after UVB exposure (p < 0.01, Figure 5e,f), which indicated that CHS treatment increased the level of autophagy. These results suggest that CHS treatment repairs UVB irradiation-induced cell damage through autophagy activation.




3.6. CHS Protects UVB Irradiation-Induced Skin Damage and Inflammatory Response


The protective effect of CHS against UVB irradiation was observed in HaCaT cells. We next established a long-term UVB exposure for seven weeks to induce skin injury in the mouse skin model. A solvent with CHS was applied to repair skin injury in mice for six weeks after one week of UVB exposure (Figure 6a). Macroscopic images showed that the UVB-irradiated dorsal skin was considerably drier and paler than that of the control, whereas the morphological changes were markedly improved with CHS application (Figure 6b). CHS treatment rescued the increased scales observed with UVB irradiation-induced skin damage (Figure 6b). A histological analysis using HE staining showed that the UVB irradiation-induced increase in skin thickness, epidermal hyperplasia with enlarged sebaceous glands, and hyperkeratosis in mice could be rescued with the application of CHS (Figure 6c). Collagen, abundant in the skin dermis, can be measured using Masson’s trichrome staining. A reduction in collagen loss, fragmentation, and breakage was observed in the UVB-irradiated mice with CHS application (Figure 6c). In addition, β-Galactosidase staining showed a significant decrease in the number of senescent cells with CHS application after UVB exposure (Figure 6c). This suggests that topical treatment with CHS exhibited protective and therapeutic effects on reversing UVB irradiation-induced skin damage.



To test whether CHS could immediately protect against UVB irradiation-induced inflammatory responses, we measured the number of white blood cells (WBCs) and Langerhans cell precursors (LPRs). In all groups, WBC and LPR in normal range, indicated that treated with CHS on skin was safety (Figure 6d,e). Notably, we analyzed the morphology of the thymus, a primary lymphoid organ and the initial site for the development of immunological functions [20]. The thymus of the UVB-irradiated mice was significantly atrophied; the boundaries of the cortex and medulla were less clear than in normal mice, while the application of CHS could improve the pathological changes to the thymus (Figure 6f). The cortico/medullary ratio was decreased significantly after UVB exposure compared to the control group (Figure 6g). But groups treated with solvent, with or without CHS, had a higher cortico/medullary ratio than the UVB-irradiated group (Figure 5h). Taken together, these results suggest that the CHS had a positive effect on the improvement of the immune system.





4. Discussion


UVB irradiation is particularly harmful to human skin, leading to redness and a reduction in the skin’s elastic properties, and contributes to photodamage [21]. Repairing direct UVB irradiation damage is relevant to a number of skin conditions, including aging or photo-sensitive atopic dermatitis [22,23]. The application of stem cell factors exhibited a healing effect on UVB irradiation-damaged cells [24,25]. HUCMSCs are the most frequently used form of stem cell secretome, serving as a source of diverse growth factors associated with skin regeneration, such as growth differentiation factor 11 (GDF11), cell growth-stimulating factor (C-GSF), and collagen [26]. GDF11 contributes to the proliferation of human dermal fibroblasts (HDFs) and the improvement of skin structure [27], and C-GSF delivered from human amniotic MSCs exerts anti-inflammatory, pro-migrative, and proliferative effects on skin tissue [28]. To clarify the effects of the growth factors of HUCMSCs, we investigated the protective effects of a supernatant of HUCMSCs (abbreviated as CHS) on UVB-induced photodamage. The cell viability exhibited an increasing trend with different concentrations of the CHS treatment (less than 10%), indicating that CHS promotes cell growth in a dose-dependent manner. After exposure to 100 mJ/cm2 of UVB irradiation, 10% CHS was found to be the most efficient at restoring cell viability and enhancing cell migration. Keratinocyte migration is a critical step in wound healing, suggesting the regenerative efficacy of CHS against UVB irradiation in HaCaT cells.



In the present study, a substantial increase in the number of senescent cells was observed after UVB irradiation, while treatment with CHS significantly reduced the number of senescent cells. Cellular senescence, which is characterized by an irreversible cell cycle arrest, might cause functional problems [29]. Consistent with our results, UVB irradiation-induced cellular senescence results from the slippage of long-term G2-arrested cells into the G1 phase [30]. We demonstrated the potential of CHS in regenerative medicine and highlighted the importance of the G2/M phase in preventing the transmission of DNA damage. DNA damage normally limits cellular proliferation through a temporary cell cycle arrest that facilitates the initiation of repair mechanisms to prevent the propagation of mutagenic lesions [31]. This indicates that CHS contributes to DNA repair and prevents the propagation of damaged DNA molecules. The stem cell secretome contains various biomolecules that contribute to tissue repair, such as exosomes [32]. Notably, it has been reported that MSC-secreted exosomes from culture media accelerate skin cell proliferation, migration, and the cell cycle [33]. Whether CHS exerts its protective effects on DNA damage through exosomes needs further investigation.



Previous studies have revealed that supernatants of MSCs restore the senescence of HDFs by enhancing cell migration, which is attributed to autophagy inhibition [34]. Autophagy, a conserved mechanism for maintaining intracellular homeostasis, is involved in several physiological processes, including the formation and maturation of the phagophore, autophagosome, and autolysosome [35,36]. Typically, autophagy can be activated by LC3 and Beclin1, both of which are biomarkers for autophagy. After exposure to UVB irradiation, CHS upregulated the autophagy protein expression level of LC3-II and Beclin 1 and increased the number of autophagosomes in the HaCaT cells, which may have contributed to the clearance of UVB-damaged organelles or proteins to maintain intracellular homeostasis. Moreover, autophagy is closely associated with apoptosis, which is crucial for regulating stem cell-dependent regeneration at the early stages of wound healing [37]. We also found that CHS reversed alterations in UVB irradiation-induced skin damage through apoptosis suppression. Other studies found that hucMSC-Ex treatment significantly increased HaCaT cell proliferation and migration in a time- and dose-dependent manner, and suppressed HaCaT apoptosis induced by H2O2 by inhibiting the nuclear translocation of apoptosis-inducing factor (AIF) [32]. These findings indicate that CHS has a repairing effect on UVB-induced damage via protective autophagy and the inhibition of apoptosis.



UVB irradiation damages the integrity of the dermis by enhancing collagenase activity or disrupting procollagen biosynthesis, which leads to fragmented, disorganized collagen and a loss of collagen content [38]. Collagen is the major structural component of skin; its production or degradation could have profound effects on cutaneous functional integrity [21]. Studies have shown that supernatants of MSCs have vital roles in collagen production and skin tissue regeneration [39]. Long-term UVB exposure alters collagen in papillary dermis degradation; thus, we constructed a mouse model to investigate the effects of CHS on the dorsal skin of UVB-irradiated mice. We observed that mice treated with CHS exhibited significant improvements in wrinkle reduction, increased collagen content, and a reduction in senescent cells. Consistent with our result, several studies have found that MSC supernatants can safely and effectively promote the repair of light skin injury [40,41]. This may be associated with a higher content of collagen, transforming growth factor β (TGF-β), and vascular endothelial growth factor (VEGF), as well as its super cytokine transcriptional regulation ability [40]. BMSC-derived exosomes accelerate wound closure, re-epithelization, and collagen deposition through the regulation of the NF-E2-related factor 2 (NRF2) signaling pathway, associated with anti-inflammatory responses [41]. Multilineage-differentiating stress-enduring cells, isolated from human bone marrow-derived MSCs (BMSCs), not only exerted anti-inflammatory effects on lipopolysaccharide (LPS)-induced human HaCat cells, but also promoted wound healing and keratinocyte proliferation [42]. The protective effects of CHS may be associated with the suppression of inflammatory responses induced by UVB exposure. Moreover, ionizing radiation leads to different effects at the level of cells and organisms through inflammatory and immune response activation [43]. MSCs possess the capability to migrate to sites of tissue injury, thereby promoting wound healing through the secretion of paracrine factors that help to regulate immunity [44]. The thymus plays crucial roles in immunological function, and pathological changes in the thymus can significantly impact the immune system, resulting in immune dysregulation [20]. We further explored how CHS improves the pathological changes in the thymus after UVB exposure, suggesting that CHS has potential for tissue repair and regeneration, with improvements in immune function.



In summary, our findings demonstrate that CHS exerts reparative effects on UVB exposure by promoting cell viability, facilitating cell migration, reducing senescent and apoptotic cells, and activating autophagy. Additionally, CHS application reduces wrinkles and senescent cells, increases collagen expression, and improves immune function in UVB exposure-induced skin photodamage. These results suggest that CHS has the potential to be developed as a novel therapeutic agent for UVB-induced skin photodamage. However, the molecular mechanisms of the protective effects of CHS are still unclear. Further investigations are essential to elucidate the underlying molecular mechanisms and optimize the dosage and administration time of CHS for maximum efficacy.




5. Conclusions


This study obtained the secretome from human umbilical cord mesenchymal stem cells (HUCMSCs), and investigated the reparative potential of CHS. We found CHS exhibited protective effects against UVB-induced damage by enhancing cell viability, mitigating senescence and apoptosis, and promoting DNA repair. Autophagy emerged as a key mechanism in CHS-mediated protection, evidenced by increased autophagy proteins post-UVB exposure. Moreover, CHS showed reparative effects on collagen integrity, reducing wrinkles and increasing the collagen content in UVB-irradiated mouse skin. This study extended its impact to immune function, revealing CHS’s potential in improving thymus pathology induced by UVB exposure, indicating its role in immune system regulation. Taken together, these findings underscore CHS as a promising therapeutic candidate for UVB-induced skin photodamage.







Author Contributions


Conceptualization, L.C.; formal analysis, L.C. and Q.W.; writing—original draft preparation, L.C. and J.L.; writing—review and editing, J.L. and L.Z.; funding acquisition, H.H. and L.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Sichuan University and Luzhou project (2021cdlz-7).




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of the West China School of Basic Medical Sciences and Forensic Medicine (Sichuan, China) (no. K2022005 from 30 May 2022).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank the Chengdu Guyue Yongxiang Biotechnology Company for their financial support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schuch, A.P.; Moreno, N.C.; Schuch, N.J.; Menck, C.F.M.; Garcia, C.C.M. Sunlight damage to cellular DNA: Focus on oxidatively generated lesions. Free Radic. Biol. Med. 2017, 107, 110–124. [Google Scholar] [CrossRef]

	



Sinha, R.P.; Hader, D.P. UV-induced DNA damage and repair: A review. Photochem. Photobiol. Sci. 2002, 1, 225–236. [Google Scholar] [CrossRef]

	



Abada, A.; Elazar, Z. Getting ready for building: Signaling and autophagosome biogenesis. EMBO Rep. 2014, 15, 839–852. [Google Scholar] [CrossRef]

	



Matsumura, Y.; Ananthaswamy, H.N. Toxic effects of ultraviolet radiation on the skin. Toxicol. Appl. Pharmacol. 2004, 195, 298–308. [Google Scholar] [CrossRef]

	



Fore, J. A review of skin and the effects of aging on skin structure and function. Ostomy Wound Manag. 2006, 52, 24–35. [Google Scholar]

	



Hsu, W.L.; Lu, J.H.; Noda, M.; Wu, C.Y.; Liu, J.D.; Sakakibara, M.; Tsai, M.H.; Yu, H.S.; Lin, M.W.; Huang, Y.B.; et al. Derinat Protects Skin against Ultraviolet-B (UVB)-Induced Cellular Damage. Molecules 2015, 20, 20297–20311. [Google Scholar] [CrossRef]

	



Hao, D.; Wen, X.; Liu, L.; Wang, L.; Zhou, X.; Li, Y.; Zeng, X.; He, G.; Jiang, X. Sanshool improves UVB-induced skin photodamage by targeting JAK2/STAT3-dependent autophagy. Cell Death Dis. 2019, 10, 19. [Google Scholar] [CrossRef]

	



Ke, B.; Tian, M.; Li, J.; Liu, B.; He, G. Targeting Programmed Cell Death Using Small-Molecule Compounds to Improve Potential Cancer Therapy. Med. Res. Rev. 2016, 36, 983–1035. [Google Scholar] [CrossRef]

	



Lamore, S.D.; Wondrak, G.T. Autophagic-lysosomal dysregulation downstream of cathepsin B inactivation in human skin fibroblasts exposed to UVA. Photochem. Photobiol. Sci. 2012, 11, 163–172. [Google Scholar] [CrossRef]

	



Markiewicz, E.; Idowu, O.C. DNA damage in human skin and the capacities of natural compounds to modulate the bystander signalling. Open Biol. 2019, 9, 190208. [Google Scholar] [CrossRef]

	



Suman, S.; Domingues, A.; Ratajczak, J.; Ratajczak, M.Z. Potential Clinical Applications of Stem Cells in Regenerative Medicine. Adv. Exp. Med. Biol. 2019, 1201, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Vitale, I.; Manic, G.; De Maria, R.; Kroemer, G.; Galluzzi, L. DNA Damage in Stem Cells. Mol. Cell 2017, 66, 306–319. [Google Scholar] [CrossRef]

	



Jo, H.; Brito, S.; Kwak, B.M.; Park, S.; Lee, M.G.; Bin, B.H. Applications of Mesenchymal Stem Cells in Skin Regeneration and Rejuvenation. Int. J. Mol. Sci. 2021, 22, 2410. [Google Scholar] [CrossRef]

	



Mushahary, D.; Spittler, A.; Kasper, C.; Weber, V.; Charwat, V. Isolation, cultivation, and characterization of human mesenchymal stem cells. Cytometry A 2018, 93, 19–31. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Xia, M.; Gao, Y.; Chen, Y.; Xu, Y. Human umbilical cord mesenchymal stem cells: An overview of their potential in cell-based therapy. Expert. Opin. Biol. Ther. 2015, 15, 1293–1306. [Google Scholar] [CrossRef]

	



Liu, S.J.; Meng, M.Y.; Han, S.; Gao, H.; Zhao, Y.Y.; Yang, Y.; Lin, Z.Y.; Yang, L.R.; Zhu, K.; Han, R.; et al. Umbilical Cord Mesenchymal Stem Cell-Derived Exosomes Ameliorate HaCaT Cell Photo-Aging. Rejuvenation Res. 2021, 24, 283–293. [Google Scholar] [CrossRef] [PubMed]

	



Lv, J.; Yang, S.; Lv, M.; Lv, J.; Sui, Y.; Guo, S. Protective roles of mesenchymal stem cells on skin photoaging: A narrative review. Tissue Cell 2022, 76, 101746. [Google Scholar] [CrossRef]

	



Hwang, S.M.; See, C.J.; Choi, J.; Kim, S.Y.; Choi, Q.; Kim, J.A.; Kwon, J.; Park, S.N.; Im, K.; Oh, I.H.; et al. The application of an in situ karyotyping technique for mesenchymal stromal cells: A validation and comparison study with classical G-banding. Exp. Mol. Med. 2013, 45, e68. [Google Scholar] [CrossRef]

	



Han, B.; Wang, K.; Tu, Y.; Tan, L.; He, C. Low-Dose Berberine Attenuates the Anti-Breast Cancer Activity of Chemotherapeutic Agents via Induction of Autophagy and Antioxidation. Dose Response 2020, 18, 1559325820939751. [Google Scholar] [CrossRef]

	



Mauthe, M.; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.J.; Coppes, R.P.; Engedal, N.; Mari, M.; Reggiori, F. Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy 2018, 14, 1435–1455. [Google Scholar] [CrossRef]

	



Bernstein, E.F.; Chen, Y.Q.; Kopp, J.B.; Fisher, L.; Brown, D.B.; Hahn, P.J.; Robey, F.A.; Lakkakorpi, J.; Uitto, J. Long-term sun exposure alters the collagen of the papillary dermis. Comparison of sun-protected and photoaged skin by northern analysis, immunohistochemical staining, and confocal laser scanning microscopy. J. Am. Acad. Dermatol. 1996, 34, 209–218. [Google Scholar] [CrossRef] [PubMed]

	



Csekes, E.; Rackova, L. Skin Aging, Cellular Senescence and Natural Polyphenols. Int. J. Mol. Sci. 2021, 22, 12641. [Google Scholar] [CrossRef] [PubMed]

	



Lowry, W.E. Its written all over your face: The molecular and physiological consequences of aging skin. Mech. Ageing Dev. 2020, 190, 111315. [Google Scholar] [CrossRef]

	



Rani, S.; Ryan, A.E.; Griffin, M.D.; Ritter, T. Mesenchymal Stem Cell-derived Extracellular Vesicles: Toward Cell-free Therapeutic Applications. Mol. Ther. 2015, 23, 812–823. [Google Scholar] [CrossRef]

	



Spees, J.L.; Lee, R.H.; Gregory, C.A. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res. Ther. 2016, 7, 125. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.J.; Seo, D.H.; Lee, S.H.; Lee, S.H.; An, G.H.; Ahn, H.J.; Kwon, D.; Seo, K.W.; Kang, K.S. Conditioned media from human umbilical cord blood-derived mesenchymal stem cells stimulate rejuvenation function in human skin. Biochem. Biophys. Rep. 2018, 16, 96–102. [Google Scholar] [CrossRef] [PubMed]

	



Mazini, L.; Rochette, L.; Admou, B.; Amal, S.; Malka, G. Hopes and Limits of Adipose-Derived Stem Cells (ADSCs) and Mesenchymal Stem Cells (MSCs) in Wound Healing. Int. J. Mol. Sci. 2020, 21, 1306. [Google Scholar] [CrossRef]

	



Li, J.Y.; Ren, K.K.; Zhang, W.J.; Xiao, L.; Wu, H.Y.; Liu, Q.Y.; Ding, T.; Zhang, X.C.; Nie, W.J.; Ke, Y.; et al. Human amniotic mesenchymal stem cells and their paracrine factors promote wound healing by inhibiting heat stress-induced skin cell apoptosis and enhancing their proliferation through activating PI3K/AKT signaling pathway. Stem Cell Res. Ther. 2019, 10, 247. [Google Scholar] [CrossRef]

	



Young, A.R.; Narita, M.; Ferreira, M.; Kirschner, K.; Sadaie, M.; Darot, J.F.; Tavare, S.; Arakawa, S.; Shimizu, S.; Watt, F.M.; et al. Autophagy mediates the mitotic senescence transition. Genes Dev. 2009, 23, 798–803. [Google Scholar] [CrossRef]

	



Ye, C.; Zhang, X.; Wan, J.; Chang, L.; Hu, W.; Bing, Z.; Zhang, S.; Li, J.; He, J.; Wang, J.; et al. Radiation-induced cellular senescence results from a slippage of long-term G2 arrested cells into G1 phase. Cell Cycle 2013, 12, 1424–1432. [Google Scholar] [CrossRef]

	



Barzilai, A.; Yamamoto, K. DNA damage responses to oxidative stress. DNA Repair 2004, 3, 1109–1115. [Google Scholar] [CrossRef]

	



Zhao, G.; Liu, F.; Liu, Z.; Zuo, K.; Wang, B.; Zhang, Y.; Han, X.; Lian, A.; Wang, Y.; Liu, M.; et al. MSC-derived exosomes attenuate cell death through suppressing AIF nucleus translocation and enhance cutaneous wound healing. Stem Cell Res. Ther. 2020, 11, 174. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Lee, S.K.; Kim, H.; Kim, T.M. Exosomes Secreted from Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells Accelerate Skin Cell Proliferation. Int. J. Mol. Sci. 2018, 19, 3119. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Zhou, L.; Fan, M.; Chen, Z.; Yan, L.; Lu, H.; Jia, M.; Wu, H.; Shan, L. Human Umbilical Cord-Derived Mesenchymal Stem Cells Ameliorate Skin Aging of Nude Mice Through Autophagy-Mediated Anti-Senescent Mechanism. Stem Cell Rev. Rep. 2022, 18, 2088–2103. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, D.; Qomaladewi, N.P.; Lee, J.; Park, S.H.; Cho, J.Y. The Role of Autophagy in Skin Fibroblasts, Keratinocytes, Melanocytes, and Epidermal Stem Cells. J. Investig. Dermatol. 2020, 140, 1691–1697. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Chen, X.; Gu, H. The signaling involved in autophagy machinery in keratinocytes and therapeutic approaches for skin diseases. Oncotarget 2016, 7, 50682–50697. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, Y.; Brown, S.; Gorenc, T.; Rodriguez, J.; Fuchs, E.; Steller, H. Sept4/ARTS regulates stem cell apoptosis and skin regeneration. Science 2013, 341, 286–289. [Google Scholar] [CrossRef]

	



Fisher, G.J.; Wang, Z.Q.; Datta, S.C.; Varani, J.; Kang, S.; Voorhees, J.J. Pathophysiology of premature skin aging induced by ultraviolet light. N. Engl. J. Med. 1997, 337, 1419–1428. [Google Scholar] [CrossRef]

	



Park, S.R.; Kim, J.W.; Jun, H.S.; Roh, J.Y.; Lee, H.Y.; Hong, I.S. Stem Cell Secretome and Its Effect on Cellular Mechanisms Relevant to Wound Healing. Mol. Ther. 2018, 26, 606–617. [Google Scholar] [CrossRef]

	



Luo, X.; Yin, J.; Cai, Y.; Lin, S.; Tong, C.; Sui, H.; Ye, M.; Long, Y.; Lin, P.; Lan, T. Cytoplasm or Supernatant: Where Is the Treasury of the Bioactive Antiaging Factor from Mesenchymal Stem Cells? Stem Cells Dev. 2022, 31, 529–540. [Google Scholar] [CrossRef]

	



Wang, L.; Cai, Y.; Zhang, Q.; Zhang, Y. Pharmaceutical Activation of Nrf2 Accelerates Diabetic Wound Healing by Exosomes from Bone Marrow Mesenchymal Stem Cells. Int. J. Stem Cells 2022, 15, 164–172. [Google Scholar] [CrossRef] [PubMed]

	



Fei, W.; Wu, J.; Gao, M.; Wang, Q.; Zhao, Y.Y.; Shan, C.; Shen, Y.; Chen, G. Multilineage-differentiating stress-enduring cells alleviate atopic dermatitis-associated behaviors in mice. Stem Cell Res. Ther. 2021, 12, 606. [Google Scholar] [CrossRef] [PubMed]

	



Georgakilas, A.G.; Pavlopoulou, A.; Louka, M.; Nikitaki, Z.; Vorgias, C.E.; Bagos, P.G.; Michalopoulos, I. Emerging molecular networks common in ionizing radiation, immune and inflammatory responses by employing bioinformatics approaches. Cancer Lett. 2015, 368, 164–172. [Google Scholar] [CrossRef] [PubMed]

	



Wagoner, Z.W.; Zhao, W. Therapeutic implications of transplanted-cell death. Nat. Biomed. Eng. 2021, 5, 379–384. [Google Scholar] [CrossRef]








[image: Cells 13 00156 g001] 





Figure 1. Isolation and identification of HUCMSCs. (a) Isolation of HUCMSCs. HUCMSCs were selected based on surface markers (CD73+, CD90+, CD105+, CD11b−, CD19−, HLA-DR−) using flow cytometry. (b) Images of tri-lineage differentiation induction in HUCMSCs, including osteogenic, adipogenic, and chondrogenic differentiation (100×). (c) Classical G-banding staining of the chromosomal karyotype of P6-generation HUCMSCs. (d) Dialysis concentration of HUCMSC supernatant (CHS). 
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Figure 2. Establishment of UVB-exposure HaCaT cell model. (a,b) Cell viability of HaCaT cells with different dose levels of UVB exposure after 24 h (a) and 48 h (b). (c) SA-β-Gal staining images of HaCaT cells with different dose levels of UVB exposure after 24 h. (d) Statistical data analysis of senescent cells. Scale bar, 50 μm. Results presented as means ± SD of four independent experiments (n = 4). ** p < 0.01, *** p < 0.001, N.S., not significant. 
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Figure 3. Effect of CHS on viability and migratory ability of HaCaT cells following UVB exposure. (a,b) Cell viability of HaCaT Cell treated with CHS after 24 h (a) and 48 h (b). (c,d) Cell viability of HaCaT cells exposed to UVB radiation with CHS treatment after 24 h (c) and 48 h (d). (e) Wound-healing assay of HaCaT cells exposed to UVB radiation with CHS treatment. (f) Scratch-healing rate of HaCaT cells exposed to UVB radiation with CHS treatment. Scale bar, 200 μm. Results presented as means ± SD of four independent experiments (n = 4). * p < 0.05, ** p < 0.01, *** p < 0.001, N.S., not significant. 
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Figure 4. Effects of CHS on cell cycle and cell apoptosis in HaCaT cells following UVB exposure. (a) Flow cytometry was used to detect the cell cycle after PI labeling. The vertical coordinates represent effective cell counts. G1, S, and G2/M represent gap 1 phase, synthesis phase, and gap 2/mitotic phase, respectively. Different concentrations (0%, 2.5%, 5%, 10%, and 20%) of CHS were used after UVB-irradiation. (b) Percentage of live cells in each of the cell cycle phases of HaCaT cells exposed to UVB radiation with CHS treatment. (c) SA-β-Gal staining images of HaCaT cells exposed to UVB radiation with CHS treatment. (d) Number of senescent HaCaT cells exposed to UVB radiation with CHS treatment. (e) AO/EB staining images of HaCaT cells exposed to UVB radiation with CHS treatment. Green color represents live cells, while red color represents dead cells. (f) Number of dead HaCaT cells exposed to UVB radiation with CHS treatment. Scale bar, 50 μm. Results presented as means ± SD of three independent experiments (n = 3). ** p < 0.01, *** p < 0.001. 
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Figure 5. CHS induces cell autophagy in HaCaT cells following UVB exposure. (a) The protein expression levels of Beclin 1 and LC3 in HaCaT cells treated with CHS. (b) MDC staining images of HaCaT cells treated with CHS. (c) Fluorescence intensity of HaCaT cells treated with CHS. (d) The protein expression levels of Beclin 1 and LC3 in HaCaT cells exposed to UVB radiation with CHS treatment. (e) MDC-staining images of HaCaT cells treated with CHS. (f) Fluorescence intensity of HaCaT cells exposed to UVB radiation with CHS treatment. Scale bar, 50 μm. Results presented as means ± SD of three independent experiments (n = 3). ** p < 0.01. 
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