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For pets, healthy hair not only represents their beautiful appearance, but also reflects their overall health status. Nutritional imbalance, skin parasites, and stress can all cause a large amount of hair loss in pets, leading to skin-related diseases and posing a threat to their health. So, it is very important to understand and find solutions to alleviate or treat pet hair loss. The Wnt/β-catenin signal plays a core role in the hair regeneration process. Here, we report that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide promote β-catenin nuclear translocation and significantly enhance the expression of their target genes in canines and cats skin cell lines, indicating that these nutrients are likely to play a beneficial role in promoting hair regeneration in canines and cats.
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Introduction

Pets contribute to human physical and mental health, alleviate life stress, and promote family harmony. The health of pet hair is increasingly valued by people, and the health of pet hair is crucial to their overall health and happiness. A healthy hair not only makes pets look more beautiful, but also reflects their physical condition and quality of life. Therefore, it is the responsibility of every pet owner to understand the importance of healthy pet hair. Pets such as canines and cats form a steady cycle of hair shedding and regeneration, ensuring the renewal of hair. However, many pets experience frequent hair loss due to various reasons, such as nutritional imbalance (1), skin parasites (2), and stress (3), ultimately leading to a series of skin diseases (4). So, finding effective solutions to maintain pet hair health is very important.

Wnts are a key driving factor for most types of tissue stem cells in adult mammals (5). The downstream effector protein of canonical Wnt signal transduction is β-catenin. After Wnt signal activation, β-catenin enters the nucleus, where it binds to DNA-bound TCF (T cell factor) transcription factors and affects gene transcription (6, 7). In hair follicles, Wnt signaling plays multiple roles in the biology of stem cells and progenitor cells (8). By overexpressing Dickkopf (DKK, Wnt inhibitor) to block Wnt signaling, hair follicles and other skin appendages can be eliminated (9). The activation of Wnt signaling by β-catenin can lead to the expansion of stem cells in the hair follicle system (10). In recent years, significant progress has been made in understanding the molecular basis of hair loss and identifying effective intracellular targets to design effective hair loss treatment methods (11). Although multiple growth factors and signaling pathways are involved in hair regeneration, the activation of the Wnt/β-catenin signaling pathway plays a core role in hair regeneration (12).

Keratin hydrolyzed (13), egg yolk lecithin (14), cysteine (15), fish collagen peptide (16), and cow bone collagen protein are commonly used cosmetic and health-promoting ingredients aimed at enhancing skin and hair health. However, it remains unclear whether these nutrients have an impact on hair growth in canines and cats. Therefore, we conducted studies using a canines and cats skin cell model to investigate their effects. We found that several nutrients, including hydrolyzed keratin, egg yolk phospholipids, and fish collagen peptides, enhance the localization of β-catenin in the nucleus and promote the expression of its target genes, which are crucial for the proliferation of skin cell lines and hair regeneration in canines and cats. This indicates that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide are likely to promote hair regeneration in canines and cats.



Materials and methods


Cell culture

Canines skin cell lines PETCC167 and cats skin cell lines PETCC172 were purchased from the PETCC (Nourse, Wuhu, China) and were cultured in DMEM medium containing FBS (10%) and penicillin/streptomycin (P/S, 1%). PETCC 167 is a canine skin tumor cell collected by PETCC in 2023, it is extracted from a 10-year-old female Toy Poodle. PETCC 172 is a feline skin tumor cell collected by PETCC in 2023, it is extracted from an 8-year-old male American Shorthair. All cells were cultured in a 37°C constant temperature incubator containing 5% CO2.



Cell proliferation assay

Cells were inoculated into 96-well plates with a density of 2,000 cells per well. Subsequently, cells were treated with keratin hydrolyzed (2 mg/mL), egg yolk lecithin (0.25 mM), cysteine (1 mM), fish collagen peptide (5 mg/mL), and cow bone collagen protein (5 mg/mL) for 24 h, 48 h or 72 h, and the OD value was measured at each time point. After incubation with CCK8 reagent (Meilunbio, MA0218) at 37°C for 2 h, the absorbance at 450 nm was measured with Multiscan Spectrum (Thermo) every day to detect cell proliferation.



Western blot

Cell lysate proteins were collected and loaded on SDS polyacrylamide gels as previously described (17). Membranes were incubated with appropriate antibodies against β-catenin (51067-2-AP, Proteintech, 1:2000), β-Actin (66009-1-Ig, Proteintech, 1:20000), Tublin (14555-1-AP, Proteintech, 1:1500) or H3 (17168-1-AP, Proteintech, 1:8000) at 4°C overnight. After washes with PBST saline membranes were incubated with a horseradish peroxidase–linked secondary antibody (1:5000) for 1 h. Immunoreactive bands were detected with an enhanced chemiluminescent plus reagent kit.



Quantitative real-time PCR

RNA purification kit (EZBioscience) and Reverse Transcription Master Mix (EZBioscience) were used to extract total RNA from cells and perform reverse transcription reactions, respectively. Perform qRT-PCR experiment using Applied Biosystem 7,300 plus Sequence Detection System (Applied Biosystems). The endogenous controls for mRNA was β-actin RNA. The relative quantification (2−ΔΔCT) method was used for results analyzing. Primers were shown in Supplementary Table S1. The qPCR reaction procedure was shown in Supplementary Table S2.



Separation of nuclear and cytoplasmic proteins

Separate the nucleus and cytoplasm of cells using the nuclear protein and cytoplasmic protein extraction kit (Beyotime, P0027), and prepare whole cell lysate for WB. All operations are carried out according to the instructions.



Statistical analysis

The experimental data represent the mean ± standard error of three repeated experiments. Statistical software GraphPad prism 9.0 was used for statistical analysis. Comparisons between two groups for difference analysis were performed with two-tailed Student t-test, significance level were indicated as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significance.




Results


Keratin hydrolyzed, egg yolk lecithin, cysteine, and fish collagen peptide promote the proliferation of skin cell lines in canines and cats

Maintaining the proliferation ability of skin cell lines is a fundamental condition for hair regeneration. To investigate the effects of several nutrients on the proliferation of skin cell lines in canines and cats, we selected five nutrients including keratin hydrolyzed, egg yolk lecithin, cysteine, fish collagen peptide, and cow bone collagen protein. The results showed that keratin hydrolyzed (Figure 1A), egg yolk lecithin (Figure 1B), cysteine (Figure 1C), and fish collagen peptide (Figure 1D) significantly promoted the proliferation of skin cell lines in canines and cats, while cow bone collagen protein did not affect cell proliferation (Figure 1E). In summary, keratin hydrolyzed, egg yolk lecithin, cysteine and fish collagen peptide are beneficial for maintaining the proliferation ability of skin cell lines in canines and cats.
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FIGURE 1
 The effects of keratin hydrolyzed, egg yolk lecithin, cysteine, fish collagen peptide, and cow bone collagen protein on the proliferation of skin cells in canines and cats. Canine and cat skin cell lines were treated with keratin hydrolyzed (A, 2 mg/mL), egg yolk lecithin (B, 0.25 mM), cysteine (C, 1 mM), fish collagen peptide (D, 5 mg/mL), and cow bone collagen protein (E, 5 mg/mL) for 24, 48, or 72 h, and the OD value was measured at each time point. Values are means ± SD from n = 3 independent experiments. Statistical differences were determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.




Keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide upregulate protein levels of β-catenin in canines and cats skin cell lines

Given the crucial role of the Wnt/β-catenin signaling pathway in the proliferation and hair regeneration of skin cell lines, we next examined the effects of several nutrients on the β-catenin protein levels in canines and cats skin cell lines. The results showed that keratin hydrolyzed (Figure 2A), egg yolk lecithin (Figure 2B), and fish collagen peptide (Figure 2D) significantly upregulated the protein levels of β-catenin in the canines and cats skin cell lines. However, cysteine selectively affects the protein levels of β-catenin in canines skin cell line, while exhibiting no impact on skin cell line (Figure 2C). Although our results in Figure 1 have shown that cysteine promotes the proliferation of skin cell lines in canines and cats, this effect is not achieved by promoting β-catenin expression. In summary, keratin hydrolyzed, egg yolk lecithin and fish collagen peptide upregulated the protein levels of β-catenin.
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FIGURE 2
 The effects of keratin hydrolyzed, egg yolk lecithin, cysteine, and fish collagen peptide on β-catenin protein levels in canine and cat skin cells. Western blot analysis of β-catenin protein level in canine and cat skin cell lines treated with or without hydrolyzed keratin (A), egg yolk phospholipids (B), cysteine (C), and fish collagen peptides (D) as indicated for 48 h. The bar graph below represents the statistical analysis of β-catenin band density. Statistical differences were determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.




Keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide promote β-catenin nuclear translocation

When the Wnt/β-catenin signal is activated, the β-catenin protein enters the nucleus to promote the expression of target genes, which helps with hair regeneration in hair follicles (11, 18). Our results have demonstrated that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide upregulate the protein level of β-catenin, but it is unclear whether these nutrients can promote the protein level of β-catenin in the nucleus. Next, we examined the localization of β-catenin in the nucleus of skin cell lines from canines and cats treated with keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide. Our results demonstrated that keratin hydrolysate treatment enhanced β-catenin expression in both nuclear and cytoplasmic compartments of PETCC167 and PETCC172 cells (Figures 3A,B). In PETCC167 cells, egg yolk lecithin specifically increased nuclear β-catenin expression without affecting its cytoplasmic levels (Figure 3C). However, in PETCC172 cells, egg yolk lecithin treatment led to elevated β-catenin expression in both nuclear and cytoplasmic fractions (Figure 3D). Similarly, fish collagen peptide selectively enhanced nuclear β-catenin expression in PETCC167 cells (Figure 3E), while in PETCC172 cells, it increased β-catenin levels in both cellular compartments (Figure 3F). Collectively, these findings suggest that keratin hydrolysate, egg yolk lecithin, and fish collagen peptide promote β-catenin nuclear translocation.
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FIGURE 3
 Keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide promote the nuclear localization of β-catenin in canine and cat skin cells. Western blot analysis of the cytosolic and nuclear location of β-catenin in canine and cat skin cell lines treated with keratin hydrolyzed (A,B, 2 mg/mL), egg yolk phospholipids (C,D, 0.25 mM), and fish collagen protein (E,F, 5 mg/mL). The bar graph on the right represents the statistical analysis of β-catenin band density. Statistical differences were determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance.




Keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide promote the expression of β-catenin target genes

When β-catenin enters the nucleus, it causes the expression of target genes (19, 20). Our results have shown that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide significantly promote the nuclear translocation of β-catenin, but it is unclear whether this leads to an increase in its target gene expression. Subsequently, we examined the expression levels of target genes of β-catenin, including c-Myc, CCND1, Axin2, Tcf7, Sox21, and Lef1 in canines and cats skin cell lines treated with keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide. Compared to the control group, keratin hydrolysate treatment significantly upregulated β-catenin target genes in both PETCC167 and PETCC172 cells, with Axin2 and Tcf7 showing the most pronounced elevation in PETCC167 cells, while Sox21 and Lef1 exhibited the highest upregulation in PETCC172 cells (Figures 4A,B). Similarly, egg yolk lecithin treatment demonstrated comparable trends in both cell lines, with Lef7 displaying the most significant upregulation in PETCC172 cells (Figures 4C,D). Consistent with these observations, fish collagen peptide treatment also enhanced the expression of these target genes, particularly Lef7 in PETCC167 cells, while Sox21 and Lef1 showed the most substantial increases in PETCC172 cells (Figures 4E,F). Furthermore, treatment with Wnt/β-catenin inhibitor KYA1797K partially reversed the upregulation of target genes induced by nutrients to varying extents, indicating that nutrients enhance gene expression levels through the Wnt/β-catenin signaling pathway (Figures 4A–F). It is worth noting that the upregulation of c-Myc and CCND1 expression is consistent with the promotion of cell proliferation. More importantly, the Axin2, Tcf7, Sox21, and Lef1 are crucial for hair follicle regeneration, indicating that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide may play a role in hair follicle regeneration in canines and cats.
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FIGURE 4
 Keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide promote the expression of β-catenin target genes in canine and cat skin cells. Canine and cat skin cell lines were treated with keratin hydrolyzed (A,B, 2 mg/mL), egg yolk phospholipids (C,D, 0.25 mM), fish collagen protein (E,F, 5 mg/mL) and KYA1797K (25 μM, Wnt/β-catenin inhibitor) for 24 h and subjected to qRT-PCR. Values are means ± SD from n = 3 independent experiments. Statistical differences were determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significance.





Discussion

The most extensively studied aspect of Wnt is its role in healthy stem cells and cancer. The effector protein downstream of canonical Wnt signaling is β-catenin, which can serve as a bipartite transcription factor for lymphoid enhancer-binding factor 1 (LEF1) and/or T-cell factor (TCF) DNA-binding proteins (21). Wnts have various effects on target cells during development. The Wnt signal can stimulate the maintenance of stem cells in hematopoietic stem cells (22) and embryonic stem cells (23) (ESCs) cultures. In these stem cells, the function of Wnt-β-catenin and LEF1-TCF has a synergistic effect. In hair follicles, Wnt/β-catenin signaling plays multiple roles in the biology of stem cells and progenitor cells (8, 24). The Wnt/β-catenin signal is the initial signal of hair follicle growth, participating in various stages of morphogenesis and cyclic cycling. It plays a key regulatory role in processes such as hair follicle placode development, papillary function, periodic changes in hair follicles, and proliferation and differentiation of skin cells (11). β-catenin is a molecular switch for Wnt signaling, cascading and integrating signals from other pathways, and is a core link in the Wnt signaling transduction pathway. Given the crucial role of the Wnt/β-catenin signaling pathway in hair follicle development and hair regeneration, targeting the Wnt/β-catenin pathway for the treatment of hair loss has become a new strategy. Here, we found that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide can significantly enhance the protein levels of β-catenin, promote its localization in the nucleus, and further upregulate the expression of its target genes, which are closely related to skin cells proliferation and hair regeneration. This indicates that feeding canines and cats food containing keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide is likely to promote their hair regeneration.

β-catenin not only plays a role in the Wnt signaling pathway, but also serves as an important binding partner for the cytoplasmic tail of various cadherins (25). Cadherins and β-catenin play crucial roles in hair follicle growth and development through their involvement in cell–cell adhesion and signaling pathways. β-catenin also binds to the intracellular domain of cadherins, contributing to the stabilization of adherens junctions. In Caenorhabditis elegans, the two functions of β-catenin are, respectively, undertaken by two different b-catenin homologs (26). Although our research has found that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide have regulatory effects on β-catenin, the role of these nutrients in β-catenin in cadherins is still unknown and requires further exploration.

Despite significant efforts by researchers to develop safe and effective treatments for hair loss, their clinical application is limited. The Wnt/β-catenin signaling pathway plays a crucial role in stimulating skin cells and hair regeneration. Therefore, researchers have developed methods for treating hair loss by targeting this signaling pathway. Keratin hydrolyzed provide essential amino acids to canines and cats skin cells, promoting the synthesis of structural proteins and potentially enhancing the sensitivity of canines and cats skin cells to Wnt/β-catenin signaling, thereby stimulating stem cell activity. Egg yolk lecithin may improve the construction and function of cell membranes, facilitating signal transduction in canines and cats skin cells. Additionally, lipid-derived signaling molecules synthesized from these components could activate Wnt/β-catenin signaling, enhancing intercellular communication and supporting the growth and regenerative potential of hair follicles. Fish collagen peptide may directly interact with cell surface receptors or binding motifs, augmenting the transmission of Wnt/β-catenin signaling. These mechanisms warrant further investigation. But in addition to the Wnt/β-catenin signaling pathway, there are also other molecular targets, such as growth factors, notch, Gli, STAT5, etc., which are also targets for designing drugs for treating hair loss (27, 28). It is not yet known whether keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide play a role in other targets besides the Wnt/β-catenin signaling pathway.

In general, our research shows that keratin hydrolyzed, egg yolk lecithin, and fish collagen peptide can regulate the protein level of β-catenin and promote the expression of its target gene in canines and cats skin cell lines, which indicates that these nutrients may play an active role in promoting hair regeneration of canines and cats, but this still needs further in vivo experiments to verify.
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