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Abstract

:

Aging is synonymous with the skin becoming increasingly thin and fragile, which is associated with a decrease in epidermal cell layers. Beyond this intrinsic aging process, the skin is continually exposed to environmental stressors such as UV radiation that accelerate aging. To fight the signs of aging, a comprehensive program was implemented in this study to evaluate the efficacy of an innovative ingredient, Willaertia lysate, through a multi-scale approach encompassing cellular and advanced 3D skin models. The results show that Willaertia lysate, initially sourced from French Alps thermal spring waters, is able to (i) promote cell migration; (ii) improve the quality and abundance of the extracellular matrix in aged skins and in young skins exposed to UV radiation to a similar level to that in unexposed young skins; (iii) decrease tyrosinase activity and melanin content; and (iv) reduce oxidative stress after UV exposure by decreasing exposome markers such as protein carbonylation and lipid peroxidation expression. This complete set of coherent results demonstrates the global protective efficacy of Willaertia lysate against the effects of photoaging. This study is the first to report the use of a protozoan lysate as a natural and biosourced postbiotic active ingredient in the fields of cosmetics and dermocosmetics.
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1. Introduction


With increasing life span, skincare has become an ever-growing sector. As we age, our skin becomes increasingly thin and fragile. The number of epidermal cell layers decreases, as do the size and quantity of dermal fibroblasts. Elastin and collagen fibers, which are essential for maintaining skin structure, fail to assemble properly and become rigid, leading to a loss of elasticity and firmness in the skin. Cells that once played a vital role in synthesis and renewal are now transitioning toward senescence and degradation [1]. Beyond this intrinsic aging process, the skin is continually exposed to environmental stressors that accelerate aging. Among these extrinsic factors, UV radiation is the primary cause of cutaneous aging, known as photoaging [2].



To help maintain youthful and healthy skin over time, the cosmetic industry offers a broad spectrum of antiaging active ingredients with very different modes of action and sourcing. Public demand for improved skin health and beauty products has led to the emergence of a new type of products called cosmeceuticals, which lie at the interface of cosmetics and pharmaceuticals [3]. Cosmeceuticals encompass, for example, vitamins recommended for preventing photoaging, including retinol, which has been the gold standard in antiaging treatments for many years. However, retinol is not always well tolerated [4], despite formulations designed to reduce its toxicity [5]. Moreover, face creams and serums containing more than 0.3% retinol, and body care products containing more than 0.05% retinol, will be banned from over-the-counter sale in Europe from 2026 onwards, following widespread concern about the potentially dangerous side effects of high retinol concentrations (EU Commission Regulation 2024/996 of 3 April 2024).



More recently, bakuchiol, a meroterpene phenol abundant in the seeds and leaves of the plant Psoralea corylifolia, has been used in place of retinol, showing similar effects but with better tolerance even though there is no structural resemblance [4,6]. However, bakuchiol was demonstrated to be allergenic in cosmetics [7]. There is a wide range of other molecules with antiaging and/or antioxidant effects, such as hydroxy acids, growth factors, peptides, microbial compounds, and botanical extracts [3,8,9,10,11]. In recent years, biotechnology has emerged as a key driver of innovation, particularly through the development of numerous functional compounds derived from microorganisms such as bacteria, fungi, and algae. These advancements have played a significant role in promoting and facilitating the sustainable growth of the cosmetic industry [12,13]. Microbial fermentation, thus, has great potential in cosmetics, with prebiotics referring to fermentation metabolites, probiotics containing living microorganisms, and postbiotics corresponding to cell lysates or non-viable microorganisms. Pre/pro/postbiotics are usually used to maintain a healthy skin microbiome [14]; however, postbiotics can have antiaging properties due to the selection of skin microbiota linked with the aging phenotype of the skin [15]. Postbiotics are usually members of the Lactobacillus genera and/or yeasts such as Saccharomyces cerevisiae [16], but to the best of our knowledge, the domain of protozoa has never yet been exploited.



Exploration of the hydrobiome of the thermal waters of Aix-les-Bains (Pr Bodennec, Université Lyon 1, personal communication) has led to the isolation of a microorganism with highly interesting biological properties [17]. Several studies have characterized this organism, deposited with the ATCC under the name Willaertia magna C2c Maky (PTA-7824). In particular, this organism demonstrated an absence of pathogenicity in culture experiments that were corroborated by omics analyses [18,19]. This strain is a unicellular microorganism belonging to the Protista kingdom. It is characterized by a deformable cell body emitting shape-changing extensions called pseudopodia, which enable it to capture microscopic prey via phagocytosis. In its natural environment, it is a natural predator and regulator of populations of environmental bacteria and waterborne microorganisms [19]. These kinds of microorganisms, such as W. magna C2c Maky, are ubiquitous protozoan that inhabit common aquatic environments [19,20].



A novel natural and biosourced ingredient based on the patented use of a lysate of W. magna C2c Maky was developed as a bioactive hydrobiome-derived postbiotic for use in cosmetics and dermocosmetics. The aim of this study was to investigate the intrinsic properties of this Willaertia lysate for use in the field of cosmetics, particularly to fight the signs of aging. An initial study identified promising potential properties associated with the stimulation of specific gene expression. These findings were further confirmed through in vitro experiments, including wound healing, skin lightening, and assessments using three-dimensional (3D) reconstructed skin models. These models were used to study both intrinsic and extrinsic aging factors, enabling an evaluation of the effects of this ingredient on a range of established markers within the epidermis, dermal–epidermal junction, and dermis.




2. Materials and Methods


2.1. Expression of Genes of Interest


Target gene induction analysis was performed on human epithelial cells (ATCC CCL-2) cultured in DMEM (Thermo-Fisher Scientific, Waltham, MA, USA) supplemented with fetal calf serum (10%), with penicillin and streptomycin (5000 U/mL and 5000 μg/mL, respectively) at 37 °C and under 5% CO2 atmosphere in a 6-well plate with a flat bottom.



Cells at a concentration of 1 × 106 cells/well were either stimulated or not stimulated with Willaertia lysate lot 22.LY.040 (Amoéba, Chassieu, France) containing 7.79% dry matter (w/v) after its dilution at 0.2% and 0.1% for 8 h at 37 °C under 5% CO2 atmosphere.



Total RNA was isolated using Qiagen’s RNAeasy protocol, quantified via NanoDrop (260 nm), and normalized to 100 ng/µL (stored at −20 °C). Only samples with a 260/280 ratio above 2 were used for analysis.



The mRNA contained in the total RNA samples was transformed into cDNA via reverse transcription using oligo-dt 18 and then stored at −20 °C. Quantitative PCR was performed on a CFX96 Bio-Rad using the sybergreen method with primers specific to the targeted genes of interest. The results were expressed as the fold change (FC) according to Formula (1) (n = 3, mean ± standard deviation):


FC = 2−∆∆Ct



(1)




where ∆∆Ct = (Ct target gene − Ct constitutive gene)test − (Ct target gene − Ct constitutive gene)control.



The constitutive gene was GAPDH and the target genes were TLR2 (immunity), TGF-beta (cell multiplication, anti-inflammation), RunX1 (cell multiplication, tissue cohesion, cell differentiation), PiwiL1 (cell renewal), SGK1 (UV protection, antioxidative stress, photoaging), FOXO1 (UV protection, antioxidative stress, photoaging), BCL2 (anti-cell death), HMMR (hyaluronic acid receptor, cell mobility), HAS (hyaluronic acid synthesis), COL1A1 (collagen synthesis), and FBL5 (wound healing).




2.2. Antioxidant Activity


The antioxidant activity was measured using the 2,2-diphenyl-1-picrylhydrazil (DPPH) method [21,22,23].



	
Amoeba Extracts






Willaertia lysate lot 22-LY-130 (Amoéba, Chassieu, France) containing 10.64% dry weight of the active substance was mixed with methanol at 4 concentrations (1, 5, 10, and 15 mg dry weight/mL). The mixtures were then shaken for 30 s and extracted with ultrasound (45 kHz) for 30 min (Ultrasonic cleaner, USC600-TH—VWR). The mixtures were centrifuged at 10,000× g for 15 min. The supernatants were stored at −20 °C until use.



	
DPPH Assay






The DPPH reagent (Sigma–Aldrich, Saint Quentin Fallavier, France) was dissolved in methanol to a concentration of 0.1 mM. A volume of 50 µL of Willaertia lysate extracts was placed in a microplate (with 96 flat-bottomed wells), and the procedure was performed in triplicate. Then, 200 µL of DPPH at 0.1 mM was added to the wells. As a positive control, 50 µL of ascorbic acid solution mixed with methanol at 4 concentrations ranging from 10 to 25 µg/mL was placed in the microplate, and 200 µL of DPPH was added. As a blank control, 50 µL of methanol was used, and 200 µL of DPPH was added. Finally, the plate was incubated in a microplate reader (Victor® Nivo, PerkinElmer, Villebon-sur-Yvette, France), and the absorbance was recorded every minute at 521 nm for 30 min at room temperature in the dark.



The inhibition percentage (I%) corresponding to the quantity of DPPH radicals reduced by the extract at a given concentration was calculated according to Formula (2):


  I % =      A B − A S   A B      × 100  



(2)




where AB is the absorbance of the blank, and AS is the absorbance of the sample.



The inhibitory concentration IC50, which is the concentration of the sample required to eliminate 50% of DPPH free radicals, was also calculated graphically using a linear regression analysis.



The results were expressed as the mean of three independent replicates.




2.3. Dermal Fibroblast and Keratinocyte Cell Migration Measure


	
Cell culture






Normal human dermal fibroblasts (NHDFs) in primary culture were seeded with fibroblast basal medium (Innoprot, Derio, Spain), and the human epidermal keratinocyte cell line HaCaT was seeded with DMEM-F12 (VWR, Radnor, PA, USA), both supplemented with 2% fetal bovine serum, 1% fibroblast growth supplement, and 1% penicillin/streptomycin. Cell incubation was conducted in a humidified cell incubator set at 37 °C and 5% CO2.



	
In vitro scratch test






NHDF or HaCaT cells were seeded in Ibidi® 2-well silicone culture inserts (ibidi GmbH, Gräfelfing, Germany) in a 24-well plate. The growth area of each well insert was 0.22 cm2, the width of the cell-free gap was 500 µm ± 100 µm, the cell density was 70,000 cells per well insert, and the volume of the culture medium was 70 µL per well insert. The NHDF and HaCaT cells were allowed to proliferate until confluency for 24 h in the humidified cell incubator set at 37 °C and 5% CO2.



The Ibidi culture inserts were then removed, and the cells were exposed to different treatments (500 µL/well of 24-well plate) for 25 h or 50 h, with three replicates per treatment condition (n = 3). The three treatments—the control (untreated group), and the Willaertia lysate lot 22.LY.077 (Amoéba, Chassieu, France) containing 9.24% of dry matter (w/v) diluted at 1 × 10−5% and at 1 × 10−4%—were compared.



	
Image acquisition






The culture plate was placed on a CytoSMART OMNI brightfield device (Axion Biosystems, Atlanta, GA, USA) inside the culture incubator. Photographic images were captured every hour over the culture period using the CytoSMART OMNI brightfield live-cell imager equipped with a high-resolution digital camera



The results were expressed as the closure area and the area under the curve (AUC).



	
Statistical analysis






Statistical significance was determined through analysis of variance (ANOVA single factor). Statistically significant differences were indicated by asterisks as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001).




2.4. Murine Melanoma Cell Pigmentation Assays


	
Cell culture






Cells from the murine melanoma cell line B16-F10 were cultured in DMEM supplemented with fetal calf serum (10%) and with penicillin and streptomycin (5000 U/mL and 5000 μg/mL, respectively) at 37 °C and under 5% CO2 atmosphere. The cells were seeded in a 24-well plate at a cell density of 50,000 cells/well and a volume of culture medium of 500 µL per well. The cells were allowed to proliferate until confluency in a humidified cell incubator set at 37 °C and 5% CO2.



	
Tyrosinase enzyme activity and pigmentation assays






B16-F10 cells were exposed to different treatments (500 µL/well of 24-well plate) for 48 h. The different treatment conditions, with three replicates per treatment condition (n = 3), were tested as follows:



- Control (untreated group);



- 3-isobutyl-1-methyl-xanthine (IBMX) at 100 µM (Sigma–Aldrich, Saint Quentin Fallavier, France);



- IBMX + kojic acid at 200 µM (Sigma–Aldrich);



- IBMX + Willaertia lysate at 1 × 10−5%;



- IBMX + Willaertia lysate at 1 × 10−4%;



- IBMX + Willaertia lysate at 1 × 10−3%.



Melanin content was evaluated on BF16-F10 cells lysed in 1N NaOH (200 µL/well of 24-well plate) and incubated at 80 °C for 1 h via optical density measurement at 405 nm.



Tyrosinase enzyme activity was determined on B16-F10 cells lysed in 1% Triton X-100 (100 µL/well of 24-well plate). The cell lysate (20 µL) was incubated with 2 mM of L-DOPA (100 µL) at 37 °C for 1 h, and the kinetics of formation of dopachrome was monitored at 490 nm.



	
Statistical analysis






Statistical significance was determined through analysis of variance (ANOVA single factor). Statistically significant differences were indicated by asterisks as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001).




2.5. Aging Studies on Reconstructed Skins


	
Ethical considerations and human cutaneous cell isolation






Human skin tissue was collected according to the principles of the Declaration of Helsinki, and its use was declared to the French Research Ministry (declaration no DC-2020-4346). Written informed consent was obtained from the donor according to the French bioethical law of 2014 (loi 94–954 du 29 Juillet 1994). Primary cultures of human fibroblasts, keratinocytes, and melanocytes were established from the healthy skin biopsy obtained from an infant donor (<5 years old) or an adult donor (>40 years old). Normal human epidermal keratinocytes (NHEKs), melanocytes (NHEMs), and dermal fibroblasts (NHDFs) were isolated from human skin, as previously described [24].



	
Three-dimensional reconstructed aged skin for intrinsic aging study






Three-dimensional (3D) full-thickness reconstructed skin models were obtained by culturing NHDFs (>40 years old) in a scaffold made of collagen, glycosaminoglycans, and chitosan (LabSkin matriXTM, Lyon, France) for 21 days under optimized cell culture conditions for ECM neo-synthesis, as previously described [25]. NHEKs were then seeded on the top of the dermal equivalent constructs and raised at the air/liquid interface to allow the formation of the epidermal compartment.



From day 10 until the end of the culture period, the 3D reconstructed skin models were treated in a systemic way with Willaertia lysate lot 22-LY-040 containing 7.79% dry matter (w/v) diluted at 0.1 × 10−3%. The treatments were renewed at every medium renewal each week. Skin equivalent samples harvested on day 42 of total cell culture were immediately fixed in 4% neutral-buffered formalin (Diapath) for 24 h and then embedded in paraffin or in an optimal cutting temperature (OCT) compound and frozen at −80 °C for histological and immunohistological analysis, respectively. For each cell culture condition and analysis, 3D skin equivalents were produced in triplicate.



	
Three-dimensional reconstructed young skin for extrinsic aging study






Three-dimensional full-thickness reconstructed skin models were obtained by culturing NHDFs (<5 years old) in a scaffold made of collagen, glycosaminoglycans, and chitosan (LabSkin matriXTM) for 21 days under optimized cell culture conditions for ECM neo-synthesis as previously described [25]. NHEKs and NHEMs were then seeded on the top of the dermal equivalent constructs and raised at the air/liquid interface to allow the formation of the epidermal pigmented compartment. For each cell culture condition and analysis, 3D skin equivalents were produced in triplicate.



From day 10 until the end of the culture period, the 3D reconstructed skin models were treated in a systemic way with Willaertia lysate diluted at 0.2 × 10−3%. The treatments were renewed at every medium renewal each week. On day 40, the tissue constructs were exposed to 100 mJ/cm2 UVB with UV Stratalinker® 1800 (Stratagene, La Jolla, CA, USA). Skin equivalent samples harvested on day 42 of total cell culture were immediately fixed in 4% neutral-buffered formalin (Diapath, Martinengo, Italy) for 24 h and then embedded in paraffin or in an optimal cutting temperature (OCT) compound and frozen at −80 °C for histological and immunohistological analysis, respectively.



	
Histological analysis






To evaluate the global cutaneous structure of the samples, hematoxylin phloxine saffron (HPS) staining was performed. For each condition, paraffin sections of 5 µm were cut. After dewaxing and rehydration, the samples were stained with HPS. After rinsing, the samples were dehydrated before being mounted on slides using a hydrophobic mounting medium.



	
Immuno-histological analysis






To detect immunofluorescence on the paraffin sections, after the heat-mediated antigen retrieval treatment, non-specific binding was blocked in PBS containing 4% BSA. The sections were then incubated with the primary antibodies of interest diluted in PBS containing 4% BSA overnight at room temperature.



After incubation for 1 h with an AlexaFluor-568-conjugated anti-mouse/rabbit secondary antibody (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA), nuclear counterstaining using DAPI was carried out routinely. As a negative control, the primary antibody was replaced by the corresponding IgG class.



For immunohistochemistry on the paraffin sections, after the heat-mediated antigen retrieval treatment, non-specific binding was blocked in PBS containing 4% BSA. The sections were then incubated with the primary antibodies of interest diluted in PBS containing 4% BSA overnight at room temperature. The studied markers were the following:




	
Ki67, loricrin, and filaggrin for epidermis;



	
Collagen-7 for the dermal–epidermal junction (DEJ);



	
Hyaluronic acid for dermis.



	
Malonyl dialdehyde (MDA) and carbonylation for antioxidative stress








After incubation for 1 h with EnVision anti-mouse/rabbit-HRP secondary antibody (Dako EnVision+, HRP) and applying DAB+ substrate solution to the sections, the color of the antibody staining was revealed. The slides were counterstained by immersing them in a 25% Harris hematoxylin counterstaining solution. As a negative control, the primary antibody was replaced by the corresponding IgG class.



	
Image acquisition and analysis






The specimens stained in HPS were observed using an Axio Observer A1/D1 optical microscope, and images were captured using AxioCam HRc and ZEN 2 pro (Carl Zeiss SAS, Marly-le-Roi, France). Sixteen-bit images were saved in an uncompressed tagged image file format (tiff). Nine representative images were captured for each condition in the same manner. The immunostained specimens were observed using a Zeiss Axio Observer D1 microscope. Sixteen-bit images were saved. Three representative images were captured for each condition in the same manner (n = 9 in total).



For the markers of interest, positive red-stained tissue areas were automatically detected. The surface area of interest was measured automatically. The data were normalized based on the dermal–epidermal junction length for dermal–epidermal markers and based on the dermal area for dermal markers (for example loricrin/DEJ length).



The data were expressed in percentage of density.



Statistical analysis was performed with R (R Foundation for Statistical Computing, Vienna, Austria), and normality was checked using the Shapiro–Wilk normality test. The normal distribution led to a parametric test. Analysis of variance was performed using an ANOVA test, then the conditions were compared with each other using pairwise t-tests as post-hoc tests. The absence of a normal distribution led to a non-parametric test. Analysis of variance was therefore performed using a non-parametric Kruskal–Wallis test, and then the conditions were compared with each other using a non-parametric Wilcoxon–Mann–Whitney test as post hoc tests.



For all data, statistical significance was assessed via a one-way Student’s t-test, and statistically significant differences were indicated by asterisks as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.





3. Results


3.1. Preliminary Test to Evaluate the Potential Activity of Willaertia Lysate


Willaertia lysate at two dilutions was tested to evaluate its potential activity on 11 genes involved in the cellular repair process (Table 1).



A moderate stimulation (1.5- to 1.99-fold increase) was observed in genes related to wound healing (FBL5) and hyaluronic acid synthesis (HAS) at a 0.2% dilution of Willaertia lysate (1.6 × 10−2% dry weight), and a strong stimulation (≥2-fold increase) was noted for genes associated with anti-apoptosis (BCL2), cellular renewal (PIWI1L), UV protection, and antioxidative stress (FOXO1 and SGK1), with maximum expression observed at a 0.2% dilution, whereas the highest expression of the BCL2 gene was achieved with a 0.1% dilution of Willaertia lysate (Figure 1).



Therefore, Willaertia lysate showed significant potential in enhancing cellular functions linked to aging, including cell protection, cell renewal, UV protection, and antioxidative stress. The findings support the potential efficacy of Willaertia lysate in promoting cellular health and longevity.




3.2. Wound Healing Assay


Considering the overexpressed genes, the potential of Willaertia lysate in promoting cell migration was evaluated via a scratch test on human dermal fibroblast cells and the human keratinocyte cell line.



Regarding the control curve, the wound closure area increases gradually over time, indicating the occurrence of basal cell migration and natural wound healing processes (Figure 2). NHDF cells treated with 10−4% of Willaertia lysate (9.2 × 10−6% dry weight) exhibit a higher wound closure area compared to the control and the 10−5 treated cells (Figure 2). This result demonstrates the dose-dependent efficacy of the lysate in promoting cell migration, thereby improving the wound-healing process.



The area under the curve (AUC) is a measure of the total extent of cell migration over time. The treatment of NHDF cells with Willaertia lysate solution (10−4% dilution) increased the AUC significantly by 20% (p < 0.05) compared to the control group under normal culture conditions, suggesting that it promoted cell migration in a dose-dependent manner (Figure 3).



On human keratinocytes (HaCat cells), the treatment with 10−4% Willaertia lysate resulted in an increase in the AUC by +14% compared to the control group. This difference was visualized through image acquisition (Figure 4).



These results demonstrate that Willaertia lysate promotes cell migration in both keratinocyte and fibroblast cell types.




3.3. Pigmentation Assay


The objective of this assay was to evaluate the potential effect of Willaertia lysate on pigmentation using the B16-F10 murine melanoma cell line, both by measuring its capacity to decrease tyrosinase enzyme activity and melanin content.



3.3.1. Tyrosinase Activity


Tyrosinase activity increased significantly by 49% in the presence of IBMX, known to stimulate pigmentation mechanism, compared to the control group. This increase was significantly reduced by 15% with the addition of kojic acid, known to inhibit tyrosinase activity, and by 7%, 11%, and 9% with treatment with Willaertia lysate diluted at 10−5%, 10−4%, and 10−3%, respectively (Figure 5). These data suggest that Willaertia lysate inhibited the tyrosinase activity in B16-F10 melanocytes when used between 10−5% and 10−3%. It is worth noticing that, at 10−4% dilution, the decrease in tyrosinase activity was not significantly different from that under the kojic acid condition (p = 0.1), meaning that the efficacy of the Willaertia lysate at this concentration was as good as the effect of kojic acid.




3.3.2. Melanin Synthesis


In B16-F10 cells treated with IBMX and kojic acid, the melanin content decreased significantly by 24% (Figure 6) compared to the IBMX group (p < 0.001). This confirmed the effect of kojic acid on melanin synthesis, thereby validating the pigmentation assay as kojic acid represented the positive control. These results clearly show that Willaertia lysate induced a concentration-dependent decrease in melanin synthesis in B16-F10 melanocytes. It significantly decreased the melanin content by 12% (p < 0.05) and 22% (p < 0.01) at 10−4% and 10−3% dilutions, respectively.



The treatment of murine melanoma B16-F10 cells with Willaertia lysate showed a concentration-dependent decrease in both tyrosinase activity and melanin content. These two combined effects indicated that Willaertia lysate was effective in reducing pigmentation.





3.4. Intrinsic Aging Study


The objective of this investigation was to evaluate the effects of Willaertia lysate on the histological characteristics of 3D reconstructed aged skin models, more precisely on different specific cutaneous markers using immunohistological techniques.



3.4.1. Histological Analysis of 3D Young vs. 3D Aged Untreated and Treated Skin Models


The global structure of the reconstructed aged skin model was consistent at both the epidermal and dermal levels, showing a pluristratified epidermis that was well differentiated from the basal layer to the stratum corneum, and well anchored on top of the dermal equivalent filled with fibroblasts and a neosynthesized extracellular matrix (ECM). The dermal–epidermal junction (DEJ) seemed cohesive and regular. However, compared with the young condition (Figure 7a), aging had an impact on both dermal and epidermal compartments. The extracellular matrix was less dense and abundant, and it was disorganized, impacting tissue elasticity and hydration. The epidermal thickness decreased with fewer layers of living cells. Moreover, the terminal differentiation was disrupted, with thinner stratum granulosum and stratum corneum, thereby impacting barrier function (Figure 7b).



The histological observations showed some beneficial effects of Willaertia lysate on the 3D reconstructed aged skin model. Compared with the untreated aged condition, the treatment with Willaertia lysate diluted at 0.1 × 10−3% (7.8 × 10−6% dry weight) increased the epidermal thickness. Moreover, there was a recovery of terminal differentiation after the treatment compared with the untreated condition. Concerning the dermal compartment, the Willaertia lysate treatment improved the quality and abundance of the ECM (Figure 7c).




3.4.2. Immuno-Histological Analysis of Specific Markers in 3D Young Untreated vs. 3D Aged Untreated and Treated Skin Models


To gain a deeper understanding of these effects, further investigations were carried out to decipher more precisely the cellular mechanisms underlying the effects of Willaertia lysate at both the epidermal and dermal levels. To conduct such investigations and confirm the histological observations, different cutaneous markers were selected to be explored by means of immuno-histological analysis. The selected markers were Ki67 (Figure 8a), filaggrin (Figure 8b), and loricrin (Figure 8c) for the epidermis; collagen-7 (COL VII) (Figure 8d) for the dermo-epidermal junction (DEJ); and hyaluronic acid (HA) for the dermis (Figure 8e).



Compared with the young untreated model, the expression levels of the three main cutaneous markers of the skin barrier—Ki67, loricrin, and filaggrin—were significantly decreased in the aged untreated model by −34%, −33%, and −81%, respectively. Compared with the young untreated model, COL VII, and HA were also significantly decreased in the aged untreated model by −96% and −27%, respectively. These results were expected and validate the experiment (Figure 8).



Compared with the aged untreated control, the treatment with 0.1 × 10−3% of Willaertia lysate resulted in a significant increase in Ki67, filaggrin, loricrin, COL VII, and HA by +68%, +361%, +48%, +7170%, and +38%, respectively, in the 3D reconstructed aged skin model. The expression level of these cutaneous markers returned to a similar level to that of the untreated young skin model, except for COL VII, which increased significantly by 64% (Figure 8).





3.5. Extrinsic Aging Study


The objective of this investigation was to evaluate the effects of Willaertia lysate on different specific cutaneous markers in 3D UV-irradiated reconstructed young skin using immuno-histological techniques.



3.5.1. Histological Analysis of 3D Unirradiated Untreated Young Skin vs. 3D Irradiated Untreated and Irradiated Treated Young Skins


The global structure of the UVB-exposed reconstructed skin was consistent at both the epidermal and dermal levels, showing a pluristratified epidermis that was well differentiated from the basal layer to the stratum corneum and well anchored on top of the dermal equivalent filled with fibroblasts and a neosynthesized ECM. The DEJ seemed cohesive and regular (Figure 9a). However, compared with the unexposed condition, UVB stress had an impact on both the dermal and epidermal compartments. The extracellular matrix was less dense and abundant and was disorganized, impacting tissue elasticity and hydration. The extracellular matrix was also disorganized. The epidermal thickness decreased with fewer layers of living cells, impacting barrier function (Figure 9b). Compared with the untreated and UVB-exposed condition, the treatment with Willaertia lysate diluted at 0.2 × 10−3% (1.6 × 10−5% dry weight) improved ECM quality and abundance. Moreover, the treatment induced an increase in epidermal thickness (Figure 9c).




3.5.2. Immuno-Histological Analysis of Specific Markers in 3D Unirradiated Untreated Young Skin vs. 3D Irradiated Untreated and Irradiated Treated Young Skins


To gain a deeper understanding of these effects, further investigations were carried out to decipher more precisely the cellular mechanisms underlying the effects of Willaertia lysate on the epidermis with filaggrin (Figure 10a) and loricrin (Figure 10b) as the markers; on the DEJ with laminin-332 (Figure 10c) and COL VII (Figure 10d) as the markers; and on the dermis with HA (Figure 10e), collagen-1 (COL I) (Figure 10f), and elastin (Figure 10g) as the markers.



Compared with the untreated and unirradiated control, significant decreases in filaggrin, loricrin, laminin-332, COL VII, total HA, COLI, and elastin expression by −56%, −19%, −12%, −30%, −17%, −14%, and −19%, respectively, were observed after UVB irradiation. These results were expected. Compared with the untreated and UVB-irradiated control, significant increases in filaggrin, loricrin, laminin-332, COL VII, HA, COLI, and elastin expression by +57%, +27%, +28%, +32%, +31%, +28%, and +69%, respectively, were observed with the addition of the Willaertia lysate treatment diluted at 0.2 × 10−3% (Figure 10).



It is interesting to note that the expression level of loricrin, COL VII, HA, and COL I returned to a similar level as that of the untreated and unirradiated control, and that the expression level of laminin-332 and elastin increased significantly by +13% and +36%, respectively.



Finally, considering UV exposure, the level of oxidative stress was also evaluated by determining the level of lipid peroxidation via malondialdehyde (MDA) measure (Figure 11a) and protein carbonylation (Figure 11b). Compared with the untreated and unirradiated control, a significant increase of +682% and +26% in MDA and protein carbonylation expression, respectively, was measured after UVB irradiation of the untreated young skin. Compared with the untreated and UVB irradiated control, a significant decrease of −86% and −25% in MDA and protein carbonylation expression, respectively, was observed with the addition of the Willaertia lysate treatment diluted at 0.2 × 10−3%. The level of MDA expression after treatment with Willaertia lysate was similar to that of the untreated and unirradiated control, while protein carbonylation decreased significantly by 5%.



An additional in vitro test was conducted to evaluate the antioxidative properties of Willaertia lysate. Strong activity was observed at 15 mg/mL dry weight with 83% inhibition, and the IC50 was determined to correspond to a concentration of 8.02 mg/mL. In comparison, Moringa oleifera seed oil, known for its antioxidant properties [54] has an IC50 of 121.9 mg/mL, and thus fifteen less fold efficient than Willaertia lysate.



To conclude, we demonstrated that treatment of the 3D reconstructed skin model exposed to UVB with Willaertia lysate improved the quality and abundance of the ECM and increased the epidermal thickness. By stimulating epidermal markers such as loricrin and filaggrin, the Willaertia lysate treatment demonstrated its protective effects on the skin barrier; by stimulating DEJ markers such as COL VII and laminin-332, and dermal markers such as COL I, elastin, and hyaluronic acid, the Willaertia lysate treatment demonstrated its efficacy in improving skin firmness, elasticity, architecture, and hydration.



Moreover, the antioxidant activity of the Willaertia lysate treatment was demonstrated through an efficient reduction in the quantity of DPPH radicals and its efficacy in reducing oxidative stress after UV exposure was shown by the decreases in exposome markers such as protein carbonylation and lipid peroxidation expression. This complete set of coherent results demonstrated the global protective efficacy of Willaertia lysate against the effects of photoaging.






4. Discussion


Thermal spring waters have long been revered for their medicinal and wellness properties, showing benefits in treating a variety of conditions related to rheumatology, gastroenterology, pulmonology, and dermatology. To date, twelve samples of thermal spring water have been recognized to have potential as active ingredients in cosmetic formulations [55,56]. To the best of our knowledge, this is the first study to investigate an ingredient sourced from the thermal spring waters of Aix-les-Bains. These thermal spring waters are unique because of their origin from two different boreholes: Chevalley and Reine Hortense. The Chevalley borehole reaches a depth of 2200 m with a temperature of 71 °C, while the Reine Hortense borehole extends to 1100 m with a temperature of 38 °C. Although nearly identical in composition, the waters from these two boreholes were blended, with 36% sourced from Reine-Hortense and 34% from Chevalley. Since Roman times, the thermal spring waters of Aix les Bains have been renowned for their richness in trace elements, including calcium bicarbonate, sulfate, and sulfur. These mineral-rich waters are recognized for their therapeutic virtues, particularly in alleviating and treating rheumatic, respiratory, dermatological and circulatory conditions [57,58]. However, the mineral composition of these waters alone does not fully explain their positive effects on atopic skin. Therefore, it is worth exploring the interactions between the biological components of thermal waters and the skin, an area that has been relatively under-researched.



The living microbiota present in thermal spring waters, referred to as “hydrobiome”, is increasingly recognized for its therapeutic effects on skin health. The bioactive compounds extracted from the hydrobiome help prevent skin aging by enhancing protection against UV exposure, strengthening the skin barrier function, maintaining homeostasis of skin defenses, repairing damaged skin, promoting wound healing, and reducing uneven skin pigmentation [59]. Willaertia lysate demonstrates all of these properties. In this study, it was demonstrated to promote cell migration in primary cultures of human dermal fibroblasts and keratinocytes, decrease the tyrosinase activity and melanin content of murine melanoma cells, and improve the quality and abundance of the extracellular matrix in aged skins to a similar level as that in young skins by stimulating epidermal markers such as Ki67, loricrin, and filaggrin, dermo-epidermal junction markers such as COLVII, and dermal markers such as hyaluronic acid. Hyaluronic acid (HA) is known to play a key role during the aging process by maintaining skin moisture. Treatment of cultured cells with Willaertia lysate induced a 1.8-fold increase in the expression of HAS gene responsible for HA synthesis at a dilution of 0.2%, corresponding to 1.6 × 10−2% dry weight of the active substance. Comparatively, retinol at 0.1% can induce a six-fold increase in HAS gene expression [60]. The expression stimulation with Willaertia lysate was confirmed by a significant increase of 38% in HA content in the 3D aged skin model treated with 0.1 × 10−3% of lysate, corresponding to the 9.2 × 10−5% dry weight of the active substance, compared with the untreated aged skin. The HA content of the treated aged skin was not significantly different from that of the young skin. Therefore, even if the gene stimulation by Willaertia lysate is less efficient than retinol, it is sufficient to restore the skin’s properties, and the Willaertia lysate concentration used is ten-fold lower than the retinol concentration to obtain a similar result. Finally, based on the provided evidence, Willaertia lysate appears to promote cell migration by creating a favorable environment for cell movement through extracellular matrix (ECM) remodeling. The lysate’s ability to improve the quality and abundance of the ECM in the 3D skin model suggests that it can create a more favorable environment for cell migration.



In the case of the reconstructed young skin exposed to UVB, we demonstrated that the Willaertia lysate treatment improved the quality and abundance of the extracellular matrix, and increased the epidermal thickness. By stimulating epidermal markers such as loricrin and filaggrin, the Willaertia lysate treatment demonstrated its protective effects on the skin barrier; by stimulating dermo-epidermal junction markers, such as COLVII and laminin-332, and dermal markers, such as COL I, elastin, and HA, the Willaertia lysate treatment demonstrated its efficacy in improving skin firmness, elasticity, architecture, and hydration. Moreover, the efficacy of this treatment in reducing oxidative stress after UV exposure was shown by the decreases in the levels of exposome markers such as protein carbonylation and lipid peroxidation. The exposome is a concept encompassing the totality of exposures to environmental factors, i.e., non-genetic factors, that a human organism undergoes from conception to the end of its life. Thus, the reduction in DPPH radicals and markers of oxidative damage (protein carbonylation and lipid peroxidation) indicates that Willaertia lysate possesses direct antioxidant properties.



This complete set of coherent results demonstrated the global protective efficacy of Willaertia lysate against the effects of (photo)aging and its potential for well-aging and longevity. The next step will consist of conducting a clinical study to confirm the benefits of Willaertia lysate for human skin care.




5. Conclusions


This is the first study to report the potential application of a non-viable form of Willaertia magna C2c Maky (lysate) in the field of cosmetics as a natural and biosourced postbiotic active ingredient. Significant statistical results may be partly due to natural biological variations; however, the diverse models used and the various experiments conducted all show the same trend toward efficiency. Our study’s findings on the anti-aging effects of Willaertia lysate, a postbiotic isolated from French Alps thermal spring waters, may offer a partial explanation for the broader skin benefits attributed to thermal waters. The positive outcomes observed in our research suggest that the unique components and properties of these natural waters, including potential microbial contributions, could contribute to the therapeutic effects reported in historical and contemporary studies.
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Figure 1. Average fold change in the expression of overexpressed targeted genes. 
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Figure 2. Wound closure area of human dermal fibroblasts treated with two dilutions of Willaertia lysate. Results are expressed as mean ± SD (n = 3 biological replicates). 
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Figure 3. The area under the curve of the closure area of human dermal fibroblasts was treated with two dilutions of Willaertia lysate. Results are expressed as mean ± SD (n = 3 biological replicates), * p < 0.05. 
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Figure 4. Images of HaCat cell migration: (a) at T0 without treatment; (b) at T0 with Willaertia lysate diluted at 10−4%; (c) after 35 h of culturing without treatment; and (d) after 35 h of culturing with Willaertia lysate diluted at 10−4%. The blue color indicates the cell-free scratch area. 
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Figure 5. Area under the curve of tyrosinase activity of B16-F10 melanocytes treated with IBMX, IBMX + kojic acid (KA), and three dilutions of Willaertia lysate (10−5%, 10−4%, and 10−3%). Results are expressed as mean ± SD (n = 3 biological replicates), * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6. Concentration of melanin in B16-F10 melanocytes treated with IBMX, IBMX + kojic acid (KA), and three dilutions of Willaertia lysate (10−5%, 10−4%, and 10−3%). Results are expressed as mean ± SD (n = 3 biological replicates), * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. Histological analysis of 3D reconstructed skins: (a) untreated young skin; (b) untreated aged skin; and (c) aged skin treated with Willaertia lysate diluted at 0.1 × 10−3%. 
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Figure 8. Immuno-histological analysis of 3D reconstructed skins via image automated quantification analysis of (a) Ki67, (b) filaggrin, (c) loricrin, (d) collagen-7 (COL VII), and (e) hyaluronic acid (HA). *** p < 0.001, ** p < 0.01, * p < 0.05, NS: non-significant, UT: untreated. There were 3 experimental replicates and 3 image acquisition replicates for each marker; thus, 9 images were quantified per experimental condition. 
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Figure 9. Histological analysis of 3D reconstructed skins: (a) untreated unirradiated young skin, (b) untreated irradiated young skin, and (c) irradiated young skin treated with Willaertia lysate diluted at 0.2 × 10−3%. 
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Figure 10. Immuno-histological analysis of 3D reconstructed young skins through image automated quantification analysis of: (a) filaggrin, (b) loricrin, (c) laminin-332, (d) COL VII, (e) hyaluronic acid (HA), (f) COL I, and (g) elastin. *** p < 0.001; ** p < 0.01; * p < 0.05; NS: non-significant; UT: untreated; NI: unirradiated. There were 3 experimental replicates and 3 image acquisition replicates for each marker; thus, 9 images were quantified per experimental condition. 
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Figure 11. Immuno-histological analysis of 3D reconstructed young skins through image automated quantification analysis of (a) MDA and (b) carbonylation. *** p < 0.001; * p < 0.05; NS: non-significant; UT: untreated; NI: unirradiated. There were 3 experimental replicates and 3 image acquisition replicates for each marker; thus, 9 images were quantified per experimental condition. 
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Table 1. Targeted genes and their function.
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	Gene Name
	Function
	References





	TLR2
	Immunity
	[26,27,28]



	TGF-beta
	Cellular multiplication, anti-inflammation
	[29,30]



	RunX1
	Cell regeneration regulation, cellular multiplication, cell cohesion, and differentiation
	[31,32,33]



	PiwiL1
	Cell renewal
	[34,35]



	SGK1
	Blood pressure regulation, UV protection, oxidative stress, cell survival
	[36,37,38]



	FOXO1
	Stress resistance, antioxidation
	[39,40,41,42]



	BCL2
	Regulation of apoptosis
	[43,44,45]



	HMMR
	Hyaluronic acid receptor, neoplastic process
	[46]



	COL1A1
	Collagen synthesis
	[47]



	HAS
	Hyaluronic acid synthesis
	[48,49,50]



	FBL5
	Wound healing
	[51,52,53]
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