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Objective

Injectable skin fillers offer a wider range of options for cutaneous anti-aging and facial rejuvenation. PLLA microspheres are increasingly favored as degradable and long-lasting fillers. The present study focused solely on the effect of PLLA on dermal collagen, without investigating its impact on the epidermis. In this study, we investigated the effects of PLLA microspheres on epidermal stem cells (EpiSCs).





Methods

Different concentrations of PLLA microspheres on epidermal stem cells (EpiSCs) in vitro through culture, and identification of primary rat EpiSCs. CCK-8 detection, apoptosis staining, flow cytometry, Transwell assay, wound healing assay, q-PCR analysis, and immunofluorescence staining were used to detect the effects of PLLA on EpiSCs. Furthermore, we observed the effect on the epidermis by injecting PLLA into the dermis of the rat skin in vivo.





Results

PLLA microspheres promote cell proliferation and migration while delaying cell senescence and maintaining its stemness. In vitro, Intradermal injection of PLLA microspheres in the rat back skin resulted in delayed aging, as evidenced by histological and immunohistochemical staining of the skin at 2, 4, and 12 weeks of follow-up.





Conclusion

This study showed the positive effects of PLLA on rat epidermis and EpiSCs, while providing novel insights into the anti-aging mechanism of PLLA.
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1 Introduction

Cutaneous aging, a natural and inevitable process of the body, means a reduction in the number and functionality of epidermal cells and fibroblasts, as well as diminished synthesis and atrophy of elastin and collagen (1). The physiological manifestations of skin aging include thinning, atrophy, dryness, progressively prominent wrinkles, loss of elasticity, accompanied by pruritus, irregular pigmentation (2). These changes have increasingly impacted individuals’ pursuit of beauty, particularly in regards to the growing emphasis on facial skin aging. Consequently, strategies for delaying the aging process and achieving facial rejuvenation have become areas of substantial interest within both the beauty and fashion industry as well as among plastic surgeons (3, 4).

Epidermis aging plays a pivotal role in age-related alterations of the skin, as it is crucial for maintaining skin health and resilience against external environmental stressors (5, 6). The epidermis primarily consists of keratinocytes and basal cells, which are instrumental in upholding skin homeostasis and safeguarding against physical, chemical, and infectious damage (7, 8). The epidermal stem cells (EpiSCs), which are located in the basal cell layer, serve as the “seed” cells for self-renewal of the epidermis (9, 10). During the healing process of skin wounds, EpiSCs also have demonstrated a powerful ability to repair injury (11, 12). At the single-cell level, COL17A1Hi basal cells in homeostatic skin can promote basal-spindle cell differentiation and wound healing after activation (13). EGFR-mediated EpiSC motility drives skin regeneration through COL17A1 proteolysis, which provides a new therapeutic method for age-related regeneration of damaged skin (14). A decrease in the number of EpiSCs may lead to reduced differentiation of keratinocytes, resulting in a thinning of the skin (15). The basement membrane band in young skin exhibits waviness, whereas it becomes flat in aged skin, leading to compromised structural integrity and mechanical stability (16).

Filler injection currently serves as the primary approach for facial rejuvenation (17–19). The most commonly employed degradable dermal fillers at present encompass crosslinked hyaluronic acid (HA) and collagen-stimulating fillers (20). The collagen-stimulating fillers, such as Poly-L-Lactic Acid (PLLA), which have a duration of effectiveness for up to 2 years, is highly favored by individuals and has been widely clinical utilized (21, 22). Mechanically, recent study demonstrated that PLLA could induce fibroblasts to produce collagen by continuously inflammatory response and promoting sustained activation of M2 macrophage polarization (23). The supplementary or regenerated collagen can effectively tighten the skin and diminish wrinkles, thus exerting an anti-aging effect (24, 25).

Mesotherapy is an intradermal injection of filler that is believed to enhance skin radiance and vibrancy (26, 27). However, traditional PLLA injections usually target the subdermis rather than the mesoderm. Current studies have predominantly focused on the effects of PLLA on the dermis, with limited exploration of its impact on the epidermal layer, particularly EpiSCs (28). In this study, we investigated the impact of PLLA on the in vitro biological functionality of rat EpiSCs and evaluated the effects of intradermal injection of PLLA on skin aging in rats.




2 Methods



2.1 Degradation of PLLA in vitro

Firstly, PLLA (Loviselle, SinoBiom, Changchun, China; Specification: 340 mg/5 mL) were placed in 1% phosphate buffered saline (PBS, 10010023, Gibco) for 10, 20 and 30 days, and then the morphological changes of the microspheres were observed under an optical light microscope. In addition, the diameter of the microspheres were also statistically measured. Since EpiSCs were used in subsequent experiments, the changes of PLLA microspheres in the EpiSCs specialized medium (keratinocyte serum-free medium, K-SFM, 17005042; Gibco) were also examined.




2.2 Isolation and culture of rat EpiSCs

The back skin of the Sprague–Dawley (SD) rats (six-week-old) were was excised and placed in a 15ml centrifuge tube containing 1% PBS. The fascia layer was excised, leaving only the epidermis and dermis intact. The skin was then cut into 1 × 1 cm2 sections and subjected to digestion in 2 ml of × 10 Tryple (A1217702; Gibco) at 37°C for a duration of 30 min. Following digestion, the skin tissue was carefully separated using sterile blades and tweezers to isolate the epidermis from the dermis.

For EpiSCs, the isolated epidermal tissue was collected and immersed in a 0.25% pancreatic enzyme solution at 37°C for a brief period of digestion lasting approximately 5 minutes. Subsequently, it was gently swirled, shaken, filtered through a 70 μm cell filter at a speed of 1500 rpm, and centrifuged for another five minutes to obtain cell precipitate consisting primarily of epidermal basal cells. These primary representative skin stem cells were then resuspended in K-SFM before being inoculated into fibronectin (FN, 5 μg/cm2, Shanghai Fibronectin Biotechnology, China) -coated culture bottles. After incubation at 37°C for two hours, the adherent cells were identified as primary EpiSCs when changing the medium.

For Fibroblasts, the isolated dermal tissue collected and digested with collagenase type II (S10054, 0.8 mg/ml, Yuanye, China) at 37°C for 6h. Then, after the residual tissue was filtered, the obtained cell suspension was centrifuged, re-suspended using the medium, and transferred to a petri dish for further culture.




2.3 Immunofluorescence staining

EpiSCs were cultured with different treatments in confocal glass bottom for 48 h. Then, the cells were fixed with 4% paraformaldehyde for 20 min, infiltrated with 0.25% Triton-×100 for 20 min, sealed with 0.5% goat serum at 37°C for 1 h, and then incubated at 4°C overnight with primary antibody. After being washed, the bound antibodies were reacted with fluorescent secondary antibodies at room temperature for 1 h and co-stained with DAPI for 15 min. The fluorescent signals were captured under a CLSM (LSM880 Basic Operation, Zeiss). The primary antibodies included anti-Integrin-α6 (1:200, ab235905, Abcam), anti-Cytokeratin 19 (CK19, 1:400, ab84632, Abcam), anti-Cytokeratin 15 (CK15, 1:400, ab80522, Abcam), anti-CD71 (1:400, ab22391, Abcam), anti-CD31 (1:400, ab24590, Abcam), anti-CD34 (1:400, ab81289, Abcam). The second antibodies included Goat Anti-Mouse IgG (1:500, SA00009–1, Proteintech), Goat Anti-Rabbit IgG (1:500, SA00009–2, Proteintech). For identification of EpiSCs, the cells at passage 2 were used.




2.4 Flow cytometry

For identification of EpiSCs, the collected third-generation cells were PBS and then were fixed and permeabilized using the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit. Incubation buffer (3ml) was added to the cells and centrifuged after washing. In each tube, the cells were suspended with 100 μL incubation buffer and blocked at room temperature for 10 min. Next, the primary antibody was incubated at room temperature for 1 h. Cells were then incubated with fluorescently labeled secondary antibodies at room temperature for 30 min. The cells were then centrifugally rinsed in incubation buffer and finally analyzed by flow cytometry. The primary antibodies are as follows: p63, Abcam, ab124762, 1:200; α6-integrin, Abcam, ab77906, 1:200.

For the detection of apoptosis, EpiSCs were seeded in 6-well plates and cultured overnight. PLLA microspheres was added to the final concentrations of 0, 250, 500, 2000 µg/mL in each well and cells were incubated in incubator for 6 hours. The EpiSCs were cultured at 37°C for another 24 hours. After washing, they were harvested and stained with Annexin V-FITC and propidium iodide (PI, 4abio, China) in the dark. Subsequently, the stained cells were subjected to examination using flow cytometer.




2.5 Cell Counting Kit-8 assay

EpiSCs (3×103 cells/well) were cultured in 96-well plates overnight and treated in triplicate with different doses of PLLA (0, 50, 100, 250, 500, 750, 1000 and 2000 μg/mL). After incubating the culture for 24–48 hours, cell viability was determined using a CCK8 kit (Fudebio, Hangzhou, China) per the manufacturer’s protocol.




2.6 Cell live/dead staining

EpiSCs were cultured in 6-well plates and when they reached 90% confluence, PLLA (0, 250, 500, 2000 μg/mL) were added. After incubation for 48 hours, cells were washed 3 times with PBS, then incubated with Calcein-AM/propyl iodide (PI) for 30 minutes, and observed under fluorescence microscope.




2.7 Transwell assay

EpiSCs were centrifuged and resuspended in a serum-free medium. A suspension of 200 μL cells (approximately 5000 cells) was added to the transwell chamber (without gel), followed by the addition of 600 μL of 20% FBS medium to the lower cavity of the 24-well plate. After 24 h, the transwell chamber was removed and any unmigrated cells were eliminated. Subsequently, the cells were fixed with paraformaldehyde for a duration of 20 minutes and stained with a solution containing 0.1% crystal violet for an additional period of 30 minutes. Finally, photographs and cell counts were taken under a microscope. As shown in Figure 1A, epidermal stem cells were planted in the upper well, while different treatments were given at the bottom of the culture dish: ① Control group; ②PLLA group; ③ Fibroblast group; ④ Fibroblast +PLLA group. The cells were treated as mentioned above continuously from generation 3 to generation 6.




Figure 1 | Effects of PLLA microspheres on migration and senescence of epidermal stem cells. (A) Schematic diagram, (B) images and (E) statistical analysis of Transwell migration assay of EpiSCs with different treatments. (C) Schematic diagram and (D) images of wound healing results of EpiSCs in different groups and (F) its statistical results. (G) β-Galactosidase (β-Gal) staining images of different groups. (H) qPCR analysis of mRNA expression levels of p16 and p21 in different treatment groups. Data are presented as mean ± SD. * indicates p < 0.05; ** indicates p < 0.01; ns means no significance.






2.8 Wound healing assay

EpiSCs was cultured, and when they reached 90% compatibility, the monolayer cells were scratched with the tip of a straw. After washing out the non-adherent cells with PBS, the remaining cells were cultured for 48 h. The wound healing of cell monolayer in each well was photoimaged and the percent of wound healing was calculated using ImageJ software. For this section (Figure 1C), the bottom of the culture dish was covered with EpiSCs, and different treatments were given in the upper well: (1) Control group; ②PLLA group; ③ Fibroblast group; ④ Fibroblast +PLLA group. The cells were treated as mentioned above continuously from generation 3 to generation 6.




2.9 β-Galactosidase activity assay

EpiSCs were given different treatments and cultured in 6-well plates for 24 hours. Then, according to the procedure of β-galactosidase staining kit (G1580, Solarbio), the cells were fixed and stained and incubated overnight. Next, cells were photographed under a light microscope. The cells were treated as mentioned in “Wound healing assay” continuously from generation 3 to generation 6.




2.10 Real-time quantitative PCR

Total RNAs were extracted from EpiSCs using RNA Easy Fast Tissue/Cell kit (TIANGEN, China) and reversely transcribed into cDNA using the Thermo Scientific RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA), according to the manufacturer s instructions. The relative levels of interesting gene mRNA transcripts to the control GAPDH were quantified by RT-qPCR using specific primers and SYBR Green PCR master mix (Toyobo, Osaka, Japan) on a Bio-Rad CFX96 Real Time PCR system (Bio-Rad, Hercules, USA). The cells were treated as mentioned in “Wound healing assay” continuously from generation 3 to generation 6. The sequences of primers are as follows (29, 30):

P16- Forward: 5’-TCCTTGGCTTCACTTCTGGCAAC-3’

P16-Reverse: 5’-TCCTTGGCTTCACTTCTGGCAAC-3’

P21- Forward: 5’-GAAAACGGAGGCAGACCAG-3’

P21-Reverse: 5’-TTCAGGGCTTTCTCTTGCAG-3’

Integrin-α6- Forward: 5′-GTCACCTTTGACACCCCAGATC-3′

Integrin-α6-Reverse: 5′-CAACTGTACCTCCAAAATACACC-3′

GAPDH- Forward: 5’-GACATGCCGCCTGGAGAAAC-3’

GAPDH -Reverse: 5’-AGCCCAGGATGCCCTTTAGT-3’




2.11 Animals and molding

Sixteen SD rats (male, six-week-old, weighing 280–300 g) were randomly divided into 2 groups. Rats were anesthetized intraperitoneally with 2% sodium pentobarbital (0.25 mL/100 g). After the hair was removed from the back of the rat, the labeled zones, as shown in Figures 2A and B, were injected with PLLA in the three zones on the left and saline on the right. Four points were injected into each zone, and 0.1 mL PLLA or saline was used at each point. The rats in each group were killed at the 0, 2, 4 and 12 weeks, respectively, and the skin tissues were harvested and stained. In this study, the injection depth was within the dermis, that is, the mesoderm. And it is different from conventional subdermal injection.




Figure 2 | Mesodermal injection of PLLA in rats. (A) Photos of SD rats injected with PLLA. (B) Schematic diagram of mesoderm injection and animal experiments. (C) HE staining images of rat skin after subdermal injection (normal injection) and intradermal injection (mesotherapy) of PLLA microspheres.






2.12 Histological assay

The dissected ear tissues were fixed in 10% of formalin overnight and paraffin-embedded. The tissue sections (5 µm) were regularly stained with H&E staining and Immunohistochemical (IHC) staining. The stained tissue sections were photoimaged and observed under a light microscope (Digital pathology section scanner, KFBIO, China, KF-PRO-020-HI). The primary antibodies of IHC included anti-CK19 (1:400, ab76539, Abcam). The ready-to-use type second antibody was HRP labeled goat anti-mouse secondary antibody (PR30012, Proteintech).




2.13 Statistical analysis

The difference between the two groups was analyzed by the unpaired t-test analysis and the difference among multiple groups was analyzed by one-way ANOVA and post hoc Bonferroni’s correction using SPSS 24.0 software. A P-value of < 0.05 was considered statistically significant.





3 Results



3.1 Release of PLLA microspheres

The release of PLLA microspheres in vitro was observed initially. The microspheres, when placed in PBS on days 10, 20, and 30, retained their spherical shape predominantly (Figures 3A, D). Then, the diameter of PLLA microspheres was measured revealing that the percentage of microspheres with a diameter ranging from 31–40μm decreased from 31.0% to 14.7%, while the proportion of microspheres with a diameter less than 20μm increased from 30.7% to 52.0% (Figure 3B). The aforementioned findings suggest a gradual reduction in the diameter of the PLLA microsphere over time, potentially indicating a slow degradation process similar to the previously reported mode of sustained release. Further, the release of PLLA microspheres in K-SFM was also measured, with results similar to those in the PBS group (Figures 3D, E). However, PLLA microspheres in K-SFM showed a faster degradation rate.




Figure 3 | Degradation of PLLA microspheres in PBS and K-SFM. (A) Optical microscope photographsand (B) statistical analysis of the proportion of diameter distribution of PLLA microspheres at day 0, 10,20, and 30 in PBS. (C) Statistical analysis of the proportion of cup-shaped microspheres in PBS. (D) Optical microscope photographs and (E) statistical analysis of the proportion of diameter distribution of PLLA microspheres at day 0, 10,20, and 30 in K-SFM. (F) Statistical analysis of the proportion of cup-shaped PLLA microspheres in K-SFM. Yellow arrows: cup-shaped PLLA.



Additionally, a portion of PLLA microspheres exhibited a concave or cup-shaped morphology over time, and the proportion of cupped gradually increased (Figures 3C, F). Those findings imply that apart from exhibiting sustained release properties, PLLA microspheres may also undergo degradation through the occurrence of cracks (31).




3.2 Characterization and identification of EpiSCs

The method described in our previous study has demonstrated successful isolation of rat EpiSCs (32, 33). Then, the isolated epidermal stem cells were characterized. As shown in Figure 4A, following a 3-day culture of primary EpiSCs in K-SFM medium, the cells showed a pebble-shaped morphology and large nucleus under optical microscopy. By day 7, the EpiSCs displayed an arrangement resembling paving stones with tight intercellular connections (Figure 4B). The currently recognized markers for the identification of EpiSCs include Integrin-α6, CK15, CK19, and p63 (34–36). After the extracted EpiSCs were cultured to the third generation, immunofluorescence and flow cytometry were used to identify the specific marker and purity of cells. The immunofluorescence analysis revealed a high expression of basal cell membrane-related markers, including intergrain-α6, CK15, CK19, CD71 in EpiSCs (Figure 4C). Additionally, the absence of CD31 and CD34 staining in the negative control confirmed that the isolated cells were not vascular endothelial cells (Figure 4C). The flow cytometry results revealed that the population of intergrain-α6 and p63-double positive cells exhibited a remarkable purity level of 95.59% (Figure 4D). The above data validate the successful isolation of EpiSCs.




Figure 4 | Identification of epidermal stem cells (EpiSCs) derived from rat skin. Light microscope photographs of the growth of EpiSCs on (A) day 3 and (B) day 7 after extraction. (C) Fluorescent confocal microscopic images of characteristic positive (Intergrin-α6, CK19, CK15, CD71) and negative markers (CD31, CD34) of EpiSCs. (D) Flow cytometry results of p63 and Intergrin-α6 in EpiSCs.






3.3 PLLA enhances the proliferation of EpiSCs

To investigate the impact of PLLA on EpiSCs, we first assessed the effects of various concentrations of PLLA (0, 50, 100, 250, 500, 750, 1000, and 2000 μg/mL) on cell viability. As depicted in Figure 5A, EpiSCs were exposed to PLLA microspheres at varying concentrations for 24 and 48 hours, resulting in favorable cellular growth. The analysis of cell viability using CCK8 demonstrated that only 500μg/mL of PLLA exerted a significant impact on cell viability after 24 hours (Figure 5B). After 48 hours, the cell viability at concentrations of both 250μg/mL and 500μg/mL reached levels of 116.7% and 126.3%, respectively, compared to the control group (0 μg/mL) with a viability rate of 100% (Figure 5C).




Figure 5 | Effect of PLLA microspheres on viability and apoptosis of EpiSCs. (A) Photoscopic images of EpiSCs treated with 0–2000 μg/mL PLLA microspheres for 24 hours and 48 hours. Cell viability of EpiSCs was assessed using the CCK8 assay after treatment with PLLA microspheres at different concentrations for 24 h (B) and 48 h (C). (D) Fluorescent images of epidermal stem cells in different treatment groups (Green for Live, Red for Dead). (E) Flow cytometry images and (F) statistical results of apoptotic EpiSCs treated with different concentrations of PLLA microspheres. Data are presented as mean ± SD. *indicates p < 0.05, **indicates p < 0.01, *** indicates p < 0.001; ns means no significance.



Furthermore, Live and Dead staining was conducted on the cells using Calcein-AM (green fluorescence indicating live) and PI (red fluorescence indicating death). It was observed that PLLA concentrations of 0, 250, 500, and 2000g/mL did not induce cell death as evidenced by minimal red fluorescence (Figure 5D). Then, apoptotic flow cytometry analysis revealed comparable apoptosis rates among the different treatment groups (Figure 5E): 3.10% (0 μg/mL), 3.37% (250 μg/mL), 3.12% (500 μg/mL), and 2.77% (2000 μg/mL). No significant differences were observed between these groups (Figure 5F). Above, we found that PLLA played a potential role in facilitating cellular proliferation, and subsequently determined 500 μg/mL as the optimal concentration for subsequent experiments.




3.4 PLLA slows the aging of EpiSCs

The anti-aging effects of PLLA microspheres on the skin have been previously reported. We investigated whether PLLA microspheres had an impact on senescence in rat EpiSCs. Normally, EpiSCs in vitro maintain good stemness until the 3rd generation, but exhibit signs of senescence and terminal differentiation towards keratinocytes by the 6th generation. Therefore, for this experiment, we utilized the 6th generation of EpiSCs. Stem cells are known for their strong proliferation capacity; hence, we assessed the proliferation and migration abilities of EpiSCs through Transwell and wound healing assay. To simulate the effect of intradermal injection of PLLA on the epidermal layer in vivo, we established an in vitro co-culture system consisting of epidermal stem cells and fibroblasts (Figures 1A, C).

The migration ability of EpiSCs was enhanced by PLLA, with a more pronounced effect observed in the fibroblast + PLLA group (Figures 1B, E). No difference was observed in the co-culture of EpiSCs and fibroblasts compared to the control group (Figures 1B, E). Additionally, PLLA promoted both proliferation and migration of epidermal EpiSCs in wound healing assay (Figures 1D, F). The presence of fibroblasts further enhanced the proliferative ability induced by PLLA (Figures 1D, F). Moreover, β-GAL (a senescence indicator) staining revealed a deeper blue-green color in the 6th generation EpiSCs, while addition of PLLA delayed cell senescence (Figure 1G). In Figure 1H, mRNA levels of p16 and p21 (cellular senescence markers) were also reduced by PLLA treatment. Collectively, these results indicate that PLLA promotes proliferation and delays senescence phenotype in EpiSCs with involvement from fibroblasts.




3.5 PLLA decreases the differentiation of EpiSCs

In Figure 6A, EpiSCs cultured up to the 6th generation in vitro exhibited a pronounced expression of keratin 10, indicating their terminal differentiation into keratinocytes following mitosis. However, the expression of keratin 10 was comparatively lower in PLLA+ fibroblasts group (Figure 6D). Integrin-α6 serves as a crucial protein for EpiSCs’ adherence to the basement membrane and acts as an important marker for their stemness. We observed that the untreated cells displayed significantly diminished levels of integrin-α6 compared to the PLLA group (Figures 6B, E), suggesting that PLLA mitigates cell differentiation while preserving stemness. Recent studies have found that COL17A1 plays an important role in maintaining epidermal stem cell activity and anti-aging (15, 37). PLLA maintained the low levels of COL17A1, a marker of basement membrane attachment, within EpiSCs compared to the control group (Figures 6C, F). The elevated expression of CK19 pairs in EpiSCs suggests a slow periodicity. As depicted in Figures 6C and G, the level of CK19 was reduced in the sixth generation of EpiSCs, while the PLLA+ fibroblast group demonstrated significantly heightened expression.




Figure 6 | Impact of PLLA microspheres on the process of differentiation in EpiSCs. Representative fluorescence images of (A) Keratin 10, (B) integrin-α6, (C) COL17A1 and CK19 with different treatments. (D-G) Quantitative analysis results of fluorescence intensity. Data are presented as mean ± SD. *indicates p < 0.05, **indicates p < 0.01; ns means no significance.






3.6 Mesotherapy of PLLA in rat skin

To test the effect of PLLA microspheres on the epidermis in vivo, an SD rat mesodermal injection model was established. PLLA microspheres (340mg/5mL) were intradermal injected on the left side of the rat’s back, while the right side was injected with an equal volume of saline (Figures 2A, B). Each small area was injected with 4 dots, and each dot was injected with a dose of 0.1mL.

As shown in Figure 2C, the normal injection depth is subdermal, whereas the injection site for mesotherapy is intradermal, in closer proximity to the epidermis, thereby facilitating better observation of PLLA’s impact on EpiSCs. Therefore, the PLLA group in our animal studies received mesoderm injections to assess their impact on the epidermis.




3.7 PLLA affects differentiation of rat EpiSCs in vivo

The skin samples were collected from rats at 2, 4, and 12 weeks post-PLLA injection, followed by histological examination using H&E staining. It can be seen that the diameter of the PLLA microspheres in week 2 was larger, while the diameter of the microspheres in week 12 decreased as time progressed, suggesting that PLLA was degraded in vivo (Figure 7A). In addition, there were dense tissue structures and cells aggregation around the microspheres (Figure 7A). EpiSCs were extracted from the skin of rats at 2,4, and 12 weeks for q-PCR test. The q-PCR results revealed no significant difference in the p16 mRNA level between the two groups at both week 2 and week 4 (Figure 7B). While at the 12th week, p16 mRNA level in the PLLA injection group was observed to be lower than that in the control group, indicating a potential deceleration of rat EpiSCs aging by PLLA treatment (Figure 7B). The mRNA levels of integrin-α6 were higher in the PLLA group compared to the control group at both week 4 and week 12 (Figure 7C). The immunohistochemical staining results revealed no significant difference in CK19 expression during the initial 4-week period. However, at week 12, a distinct population of CK19-positive cells was observed in the basal cell layer of the epidermis in the PLLA group, suggesting that PLLA may induce differentiation of EpiSCs (Figure 7D).




Figure 7 | Effect of PLLA microspheres on rat epidermis in vivo. (A) Hematoxylin-eosin (H&E) Staining images of rat skin at 2,4 and 12 weeks after injection of PLLA microspheres. Q-PCR results of (B) p16 and (C) integrin-α6 in different treatment groups. (D) Immunohistochemical staining of CK19 in control group and PLLA group. Data are presented as mean ± SD. *indicates p < 0.05; ns means no significance.







4 Discussion

Skin aging, especially facial aging, is the consequence of common alterations in the soft and hard tissues of the body, face, and neck (1). The primary manifestations include thinning of facial skin, diminished elasticity, decreased moisture levels, appearance of wrinkles, loss of radiance and pigmentation; reduction in subcutaneous adipose tissue with localized accumulation (38, 39). Skin anti-aging and facial rejuvenation have garnered increasing attention in recent years (6, 40, 41). Herein, in this study, we assessed the anti-aging efficacy of intradermally injected PLLA microspheres on rat skin and conducted a preliminary investigation into the underlying mechanism.

Facial rejuvenation encompasses a range of treatments and approaches aimed at restoring the youthful appearance of an aging face, including both surgical and non-surgical interventions. Non-surgical methods have gained popularity due to their minimally invasive nature, such as botox injections, soft tissue fillers, laser or radiofrequency treatments, autologous fat grafting, and chemical peels, etc. (42–45) The durability of PLLA makes it a preferred choice as it requires less frequent refilling compared to other fillers and has a lifespan of two years or more (22, 43). The PLLA dermal filler is a biodegradable substance that can be injected to restore skin volume, smooth wrinkles, and enhance facial fullness (21). Unlike the immediate effect of hyaluronic acid fillers, the effect of PLLA is gradual (46). However, different PLLA products also have certain differences as the shapes are made into segments, or microspheres (47). Since the initial uneven particle size (20–100 μm) is prone to inflammatory reactions, the U.S. Food and Drug Administration (FDA) strictly controls the diameter of PLLA particles (25–40 μm) (24). PLLA microspheres are highly plastically and functional and controllable. subcutaneous injection of PLLA microspheres into the back skin of rabbits can strongly regenerate type I and III collagen for up to 13 months, and this is closely related to foreign body reaction (31). In terms of mechanism, immune cells, particularly macrophages, may exert a pivotal role in the anti-aging efficacy of PLLA (48, 49). PLLA could induce macrophage M2 polarization and collagen production by upregulating levels of IL-4, IL-13 and TGF-β in aging skin (23).

The skin is composed of two distinct layers, the epidermis and the dermis, which are interconnected by a delicate extracellular protein known as the basement membrane (50). Epidermal cells undergo continuous renewal, with new cells originating from both epidermal stem cells and other progenitor cells located deeper within the epidermis (9). Under normal circumstances, epidermal stem cells replicate and differentiate to generate fresh cells that replace damaged ones, thereby contributing to the maintenance of youthful skin (51). However, as one ages, these stem cells gradually diminish in number, resulting in a decline in regenerative capacity and subsequent aging of the skin (52). Collagen XVII (COL17A1), a crucial protein responsible for anchoring to the basement membrane, is situated within this specific region of the skin’s basement membrane and plays an essential role in preserving EpiSCs’ activity while safeguarding overall skin health (14). The loss of COL17A1 leads to reduced keratinocyte renewal and thinning of the epidermal layer—both being prominent morphological characteristics associated with age-related changes in the epidermis (15). The results of our study also demonstrated that PLLA maintained the expression of COL17A1 in the 6th generation EpiSCs, as compared to the control group (37).

Due to the protective effect of the epidermis, many treatments are not effectively targeted at the dermis; therefore, mesodermal therapy (intradermal injection) can effectively address this issue (53, 54). Currently, mesoderm therapy has been applied in the treatment of androgenic alopecia (55). Mesotherapy with HA-based fillers is also considered an effective method for restoring skin rejuvenation (56). The practice of PLLA mesoblastic injection, however, remains limited and its impact on the epidermis has yet to be investigated. We administered PLLA microspheres intradermally in rat back skin and observed a gradual degradation of the microspheres, which persisted for at least 12 weeks. The aging indexes of the PLLA group were superior to those of the control group at the 12th week, indicating that PLLA microspheres exhibited notable anti-aging effects.

In vitro, PLLA microspheres are mostly used as drug-loaded tools, and PLLA combined with other molecular materials can significantly promote the proliferation and collagen production of fibroblasts (57, 58). However, limited research has been conducted on the impact of PLLA alone on in vitro fibroblast. It was reported that PLLA could directly stimulate dermal fibroblasts to increase collagen I synthesis by activating p38, Akt and JNK signaling pathways (59). The injection of PLLA into the dermis, rather than the epidermis, results in a spatial separation between PLLA and the basement membrane of EpiSCs. Fibroblasts may establish a relationship with EpiSCs by secreting exosomes (60). Therefore, we established an in vitro co-culture system of EpiSCs and fibroblasts. Indeed, in the co-culture system, the anti-aging effect of PLLA and its ability to delay differentiation were more pronounced, indicating a significant role of fibroblasts in facilitating an “cross-talk” between PLLA and epidermal stem cells. It is worth noting that this interaction between fibroblasts and epidermal stem cells may also be reciprocal, with PLLA acting as a mediator. Further investigation is required to explore these dynamics.




5 Conclusion

In summary, our study is the first to investigate the impact of PLLA microspheres on the biological functionality of epidermal cells, with a specific focus on cellular senescence levels. In vitro experiments revealed that a concentration of 500μg/mL of PLLA microspheres promoted the proliferation and migration of primary rat EpiSCs, while also delaying their senescence and differentiation processes, thereby preserving their stemness. Similarly, in vivo mesodermal injection of PLLA yielded consistent results. These findings provide novel mechanistic insights into the anti-aging properties of PLLA for skin rejuvenation.
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