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Abstract

:

Previous studies found that both oral and topical administration of enzymatic digestion products < 3 K Da ultrafiltration fractions of Pinctada martensii mantle (PMPs) had pro-healing effects. Thus, we further purified them by Sephadex-G25 and screened them by cellular assays to obtain Pinctada martensii purified peptides (PMPPs). In this study, we explored the mechanism of PMPPs on wound healing by in vivo, in vitro, and in silico experiments. LC-MS/MS results showed that PMPPs consisted of 33 peptides with molecular weights ranging from 758.43 to 2014.04 Da, and the characteristic peptide was Leu-Asp. The results of cellular assays showed that PMPPs promoted the proliferation of human skin fibroblasts (HSF) (135%) and human immortalized keratinocyte (HaCaT) cells (125%) very significantly at 12.5 μg/mL. The in vivo results showed that PMPPs could achieve scarless healing by inhibiting the inflammatory response, accelerating the epithelialization process, and regulating collagen I/III ratio. The optimal peptide sequence FAFQAEIAQLMS of PMPPs was screened for key protein receptors in wound healing (EGFR1, FGFR1, and MMP-1) with the help of molecular docking technique, which also showed to be the key pro-healing active peptide sequence. Therefore, it may provide a therapeutic strategy with great potential for wound healing.
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1. Introduction


Wound repair involves three cross-linking phases: inflammatory response, cell proliferation, and tissue reconstruction [1]. After the skin is traumatized, an inflammatory reaction period begins, which lasts 3–5 days. Neutrophils accumulate at the wound site, cleaning up tissue debris and bacteria [2], which can lead to cell migration, proliferation and differentiation, and form granulation tissue, as well as promote the regeneration of collagen products and endothelial cells [3]. Finally, in the post-traumatic tissue remodeling period, a large amount of extracellular matrix (ECM) and type III collagen is gradually degraded, and type I collagen is meanwhile generated [4]. However, if wounds are not treated in time, it can cause wound infection, pain, the formation of thickened scars, and slow wound healing to affect esthetics and quality of life [5]. Therefore, accelerating skin wound closure and suppressing scarring are essential for patients with tissue defects.



Marine active substances have unique functions due to marine biodiversity and extremely complicated living environments [6]. Hence, these substances have great potential of use in the fields of food, medicine, health care, and cosmetics [7,8,9]. Presently, marine active substances are extracted from marine organisms such as fish, shrimp, sponges, seaweed, fungi, and so on [10] to develop marine drugs [11]. For example, oral salmon collagen peptides promote skin wound healing and angiogenesis in mice [12,13]. Oral low-molecular-weight peptides from Theragra chalcogramma can promote skin wound healing [14]. In addition, our previous study showed that oral and topical active peptides of Pinctada martensii could accelerate skin wound healing [15,16]. However, there is still a lack of reports of natural peptide drugs and products with clear structures that promote healing, which is hampered by the complex process of drug discovery. Excitingly, application of molecular docking technology can efficiently screen drug candidates, and save time and cost [17].



Noteworthy, purified peptides derived from Pinctada martensii or even marine shellfish to promote healing had received less reports and attention. In this study, we further separated and purified the obtained ultrafiltration fractions through gel chromatography and verified the activity using cellular experiments. The peptides fractions were identified by LC-MS/MS, and animal experiments were selected to investigate their healing-promoting mechanisms. Finally, the optimal peptide sequences were screened by molecular docking and their molecular mechanisms were analyzed. The aim is to provide new drugs and new ideas for wound healing treatment.




2. Results


2.1. Screening and Purification of Peptides Fractions


In vitro cellular experiments are an effective means of activity verification and fraction screening [15,16]. Firstly, effect of the obtained PMPs on HSF and HaCaT cells proliferation were explored (Figure 1A,B). Figure 1A showed that the positive control group (Human FGF-basic) and each concentration of PMPs significantly promoted the proliferation of HSF cells (p < 0.01). At the concentration of 100 μg·mL−1, the proliferation rate of HSF cells (165.31%) was the highest and significantly higher than that of the positive control group (p < 0.01). Simultaneously, at the concentration of 25 μg·mL−1, the proliferation rate of HaCaT cells (142%) was significantly different (p < 0.05) and significantly higher than that of the positive control group (rhEGF) compared with the blank control group (p < 0.01) (Figure 1B).



Therefore, Sephadex G-25 gel chromatography was selected for separation and purification of PMPs (Figure 1C). Four components were respectively collected and named as PMPs-1, PMPs-2, PMPs-3, and PMPs-4 (protein contents were 3.087 mg·mL−1, 3.395 mg·mL−1, 3.494 mg·mL−1, and 3.912 mg·mL−1). Samples were lyophilized and reserved for cell experiments.



Figure 1D showed that the positive control group (Human FGF-basic) significantly promoted the proliferation of HSF cells (p < 0.01), and the proliferation rate was higher than in other groups. In addition, all groups of PMPs also significantly promoted the proliferation of HSF cells, with the PMPs-4 component being the most effective in promoting the proliferation of HSF cells.



Figure 1E showed the positive control group (rhEGF) (administration concentration of 10 μg·mL−1, the proliferation rate of 130%) significantly promoted the proliferation of HaCaT cells (p < 0.01). The proliferation rate of PMPs-1, PMPs-2, and PMPs-3 components were the highest at the concentration of 50 μg·mL−1. However, when the concentration of PMPs-4 was 12.5 μg·mL–1, the increment rate was 125%, which was higher than that of F1, F2, and F3. So, the PMPs-4 component has the best effect in promoting the proliferation of HaCaT cells. Accordingly, PMPs-4 component as Pinctada martensii purified peptides (PMPPs) was selected for subsequent studies in this study.




2.2. Identification of PMPPs Peptide Sequences by LC-MS/MS


By primary mass spectrometry, it was found that PMPPs of 33 peptides had molecular weight ranging from 758.43 to 2014.04 Da (Figure 2).



Peptide fingerprinting of 20 characteristic peptides in the PMPPs was analyzed using an LC-MS/MS. The molecular weight of PMPPs was in the range 947.43–1992.06 Da (amino acid residue 7–17) (Table 1). One peptide fragment of Leu-Asp recurred in the 20 characteristic peptide sequences of PMPPs; Phe, Lys, and Arg recurred at the beginning of the characteristic peptide; and Glu reappeared at the tail of the characteristic peptide. Additionally, Leu, Ser, and Lys were found in the middle of PMPPs characteristic peptides.




2.3. Effect of PMPPs on Wound Healing in Mice


2.3.1. Macroscopic Effects of PMPPs on Wound Healing


Figure 3A,B visualized the healing process of each group of wounds, in which the topical administration of PMPPs significantly accelerated the wound healing. Figure 3C showed that there was no significant difference in the wound healing rate among the groups 4–6 days after modeling (p > 0.05). On days 8–14, topical administration of PMPPs significantly promoted the epithelialization process of the wounds compared with the control group and completed wound healing on day 14 (p < 0.05). However, wound healing was achieved in the control group on day 18, also demonstrating the advantages of topically administered PMPPs.




2.3.2. Effects of the PMPPs on Wound Cytokines in Mice


The results of the inflammatory factor assay in Figure 4A,B showed that the topical administration of PMPPs at day 3 achieved an anti-inflammatory effect by inhibiting the secretion of the pro-inflammatory factor IL-1β (p > 0.05) and significantly promoting the secretion of the anti-inflammatory factor IL-10 (p < 0.05), while matching and decreasing the trend at day 5.



Moreover, the results of growth factors assay showed that topical administration of PMPPs significantly promoted the secretion of CCND1 and FGF-2 compared with the two control groups (p < 0.05) (Figure 4C,D).




2.3.3. Effects of PMPPs on Wound Tissue Regeneration


Figure 5 and Figure S1 demonstrate the effect of topical administration of PMPPs on skin wound healing in mice by H&E staining microscopy results. On day 3, inflammatory cells from the two control groups infiltrated the wounds. However, the inflammatory response was weaker in the PMPPs group, which is consistent with the results in Figure 4A,B. At 7th days, the epidermal layer of the wounds in the negative control group was not completely healed, and collagen fibers in the dermis were sparse and few. In the positive control and PMPPs groups, the wounds formed a coherent epidermis and more granulation tissue in the dermis. Eighteen days after mock-up, the epidermis and dermis of the positive control and PMPPs groups were repaired similarly to normal skin compared to the negative control group, which is consistent with the results in Figure 3A.



As shown in Figure 6, immunohistochemistry was chosen to evaluate fibroblasts (FGF), epidermopoietic cells (EGF), and vascular regeneration (CD31) during trauma repair. Topical administration of PMPPs significantly promoted the expression of FGF and CD31 at day 7 compared with the control and positive control groups (p < 0.05), which is consistent with the results in Figure 4C,D. However, at day 18, the groups gradually converged, which is consistent with the results in Figure 3 and Figure 5. However, there was no significant difference in the expression of EGF in the PMPPs group at day 7 compared to the other groups (p > 0.05). This suggests that topical administration of PMPPs accelerates the process of wound epithelialization by promoting fibroblast proliferation and vascular regeneration.





2.4. Effects of PMPPs on Wound Collagen and Scar Formation


The scar reduction rate, the image of Sirius red staining, and the ratio of type I/III collagen were analyzed as the important basis for the degree of scar reduction in each experimental group. Under a polarized light microscope, type I fibers are tightly packed, show strong birefringence, and appear as yellow or red fibers. Type III fibers show weak birefringence and appear green.



Firstly, Figure 7A,B visualize the effect of each group on the scar residue on the wounds; compared with the control group, all the administered groups effectively inhibited the scar residue, which is consistent with the results in Figure 7C. Then, Figure 7D showed the microscopic results denoting that compared with the two control groups, the I/III collagen in the PMPPs group was uniform in composition, and the collagen was knitted orderly and densely on day 18. Figure 7E showed that the I/III collagen ratio in the PMPPs group was significantly lower than that in the negative control group on the 18th day (p < 0.05).



By measuring the content of TGF-β1, TβRII, and Smad 7 (It was an important inhibitory regulatory protein), the effect of PMPPs on the TGF-β/Smad signaling pathway was studied. ELISA results revealed that the protein expression levels of TGF-β and TβRII in the PMPPs group were significantly higher than those in the negative control group (p < 0.05) (Figure S2). Figure S2C showed that the Smad 7 content of the PMPPs group was significantly lower than that of the positive control group (p < 0.05). Although there was no significant difference in the content of Smad 7 among the groups, the PMPPs group had the lowest content of Smad 7 (p > 0.05). This indicated that topical administration of PMPPs could promote collagen secretion through the TGF-β/Smad signaling pathway.




2.5. Molecular Docking


Based on the results in Table 1, we selected a total of eight peptide sequences with scores ≥ 40 (the higher the peptide sequence score in the mass spectrometry results, the higher the reliability) in PMPPs and docked them with wound healing-related protein receptors EGFR1, FGFR1, and MMP-1 for the purpose of screening key peptide sequences and further elucidating the healing-promoting mechanism of PMPPs.



The optimal binding model of PMPPs (FAFQAEIAQLMS)—MMP-1 is shown in Figure 8A, with a minimum binding energy of 5.12 kcal/mol, indicating that a stable complex was formed between PMPPs (FAFQAEIAQLMS) and MMP-1, as lower energy indicates that ligands and proteins form a complex with a higher binding affinity and greater stability. The docking interaction diagram of the optimal active site of the enzyme is shown in Figure 8A1,A2, and in 2D and 3D docking views, the interaction of MMP-1 amino acid residues with PMPPs is revealed (Figure 8).



Figure 8A3 show the interactions between PMPPs and the conventional hydrogen bonds, pi-alky and pi-sulfur bonds formed by PMPPs with amino acid residues His 228 were found. Van der Waals forces were also observed between AAPs and amino acid residues: Gln 186, Thr 230, Ser 229, Ser 227, Asn 160, Ser 172, Asn 171, Pro 173, and His 183. In addition, the alky was also observed between Pro 238 and PMPPs.



The optimal binding model of PMPPs (FAFQAAEIAQLMS)-EGFR1/FGFR1 is shown in Figure S3 with minimum binding energies of 8.76 kcal/mol and 7.93 kcal/mol, respectively (the lower the energy, the easier the pep-tide binds to the receptor protein). Therefore, it can be concluded that hydrogen bonding, Van der Waals forces, and covalent bond interactions are the primary interaction forces involved in the binding of PMPPs and MMP-1. These findings support and further confirm the results of tests conducted in vivo and in vitro.





3. Discussion


Wound repair is a complex and distinct process involving multiple cells and cytokines. The skin as a human body barrier is damaged for a series of complications such as ulcers, infections, scars, and even chronic wounds [18]. Clearly, this has prompted the need to develop drugs or products that meet the functional requirements of each stage of the healing process. At the same time, our results showed that topical and oral PMPs could both promote wound healing and inhibit scar formation, which was closely related to shortening the time of hemostasis and epithelialization, promoting angiogenesis, regulating cytokines, depositing collagen, and remodeling collagen fiber [15,16]. Hence, we purified the PMPs by gel chromatography, their biological activities were demonstrated by in vitro cellular assays, and the best fraction PMPs-4 (PMPPs) was screened by this method (Figure 1). This is closely related to the peptide sequence composition of PMPPs (Table 1), which is beneficial for promoting cell proliferation and laying a solid foundation for subsequent studies.



Molecular docking is an effective and reliable computational technique for predicting possible binding modes and studying the ligand binding mechanism between small molecules and proteins. Molecular docking is widely used in structural molecular biology and drug discovery [19], which is a useful technology to identify the binding mode or force of ligand protein complexes. Binding energy is also an important criterion for considering the interaction between proteins and ligands, and the lowest binding energy is considered to be more stable. Epidermal growth factor receptor (EGFR1), fibroblast growth factor (FGFR1), and matrix metalloproteinase (MMP-1) play important roles in cell proliferation, tissue remodeling, and wound healing [20]. Thus, it not only helped us to screen for the best peptide sequence FAFQAEIAQLMS, but also further elucidated the mechanism of the significant cell proliferation promotion by PMPPs.



Wound healing includes three phases that are intertwined in space and time, namely the inflammatory phase, the proliferative phase, and the tissue remodeling phase [21,22]. During the inflammatory period, macrophages secrete pro-inflammatory factors (IL-1β, TNF-α, IL-6, etc.) and anti-inflammatory factors (IL-10) to clear the necrotic tissue and prevent infection at the wound site [23,24]. On the third day after the trauma, macrophages in the skin tissue entered the injured area. Besides phagocytosing pathogens, they also secreted various growth factors and cytokines, as well as neutrophils [25]. Furthermore, the H&E microscopy showed that compared with the two control groups, the PMPPs group significantly inhibited the inflammatory response (Figure 5), which was closely related to the significant promotion of IL-10 secretion in the PMPPs group (Figure 4A,B).



The greatest feature of the proliferative period is the granulation tissue formed by fibroblasts, endothelial cells, and keratinocytes [26]. Meanwhile, at this stage, macrophages induce fibroblast proliferation by secreting TGF-β, and then some skin tissues produce collagen under the stimulation of TGF-β and regulate tissue repair by depositing the type III collagen [27,28]. The TGF-β/Smad signaling pathway plays an important role in cell growth, differentiation, migration, apoptosis, and repair after injury [29]. In addition, fibroblast growth factor-2 (FGF-2) and cyclin 1 (CCND1) play important roles in cell proliferation and tissue regeneration [30]. In this study, coated administration of PMPPs was effective in accelerating the process of wound epithelialization (Figure 5), and this was closely related to its significant promotion of the secretion of growth factors TGF-β, FGF-2, and CCND1, thereby favoring fibroblasts, epidermopoietic cells, and angiogenesis (Figure 4 and Figure 6). Importantly, the topical administration of PMPPs showed great potential to meet the functional requirements of all phases of wound healing, which are verified with the results of tissue remodeling (Figure 8 and Figure S3).



During the tissue remodeling period, macrophages secrete metalloproteinases, degrade excess fibers in the wound, induce apoptosis, and clear fibroblasts [31]. Meanwhile, collagen III levels increased significantly after the inflammatory phase, which can reduce scar formation. Type III collagen in the connective tissue is replaced by type I collagen in the remodeling period [32,33]. This was closely related to the fact that the PMPPs group significantly promoted the proliferation of CD31 and FGF (Figure 6), and enhanced collagen synthesis through the TGF-β/Smad signaling pathway (Figure S2). In addition, by shortening the inflammatory period, the PMPPs significantly promoted the secretion of TGF-β and cleverly coordinated the proportion of collagen in the wound, thereby inhibiting scar formation in PMPPs-treated mice, as evidenced through the results summarized in Figure 3 and Figure 7 [34]. Although positive drugs could promote skin wound healing and inhibit scar residue, the mechanism of action was different from PMPPs, which is consistent with the main efficacy reported: it was suitable for mild wound healing, and had the functions of promoting blood circulation, detoxification, pain relief, etc.




4. Materials and Methods


4.1. Materials


Pinctada martensii mantle were purchased from Dongfeng Market, Zhanjiang City, China. Neutral protease (3 × 104 U/g) was purchased from Pangbo Biological Engineering Co., Ltd. (Nanning, China). Jing Wanhong ointment (Chinese medicine certificate Z20023137) was provided by Tianjin Da Rentang Jing Wanhong Pharmaceutical Co., Ltd. ELISA kits (Nanjing Jiancheng Biotechnology Research Institute); HaCaT and HSF cells were purchased from Beijing Beina Chuanglian Biotechnology Research Institute. IL-1β (interleukin-1β), TGF-β (transforming growth factor β1), TβRII (transforming growth factor beta 1 type II receptor), and Smad 7 (signal transduction molecule 7) were purchased from Mlbio, Shanghai, China. IL-10 (interleukin-10) was purchased from Nanjing Institute of Bioengineering, Nanjing, China. Human FGF-basic, purchased from Pepro Teck Company, USA. rhEGF was purchased from Meilun Biotechnology Co., Ltd., Dalian, China. Iodoacetamide, dithiothreitol, ammonium bicarbonate, and formic acid were purchased from Sigma Company, USA. Acetonitrile (>99.9%) was purchased from Fisher Chemical Company, USA. Fetal bovine serum, DMEM medium, PBS, 2.5%. Trypsin-EDTA, and penicillin-streptomycin double antibody were purchased from Thermo Fisher Scientific, USA. Sephadex G-25 was purchased from GE, USA. RPMI 1640 medium was purchased from Gibco, USA. BCA protein concentration determination kit (enhanced) was purchased from Shanghai Biyuntian Biotechnology Co., Ltd., China. The other chemicals used in this experiment were of analytical grade and are commercially available.




4.2. Preparation of PMPs


The preparation methods of PMPs were as reported by Yang et al. [16]: the Pinctada martensii mantle were washed, drained, and ground before being dissolved in water with a ratio of 1:3 (mantle: water). The hydrolysis reaction was carried out using neutral protease at 1000 U/g (raw material) at 53 °C, pH 7 for 3–5 h while stirring was carried out. Next, the mixture was incubated in boiled water for 10 min and cooled immediately to inactivate the enzymes. Following inactivation, the hydrolysate was fractioned into <3 K Da group using ultrafiltration system (XX42PMINI, Millipore, Burlington, MA, USA) and the ultrafiltration membranes (Mili Pellicon, Millipore, Burlington, MA, USA) and CNPs were obtained by rotary evaporation (N-1300V, EYELA, Tokyo, Japan) and freeze-drying (FDU-2110, EYELA, Tokyo, Japan) in sequence.




4.3. Gel Permeation or Ultrafiltration Purification of PMPPs


A suitable amount of Sephadex G-25 dry gum (GE, Boston, MA, USA) was soaked in 20% ethanol for 24 h to activate it. A 65 cm × 2.6 cm (long × inner diameter) gel column was filled it by the AKTA Purifier protein purification instrument (AKTA Purifier, Thermo, Waltham, MA, USA). Ultrapure water as the eluent was used to balance the pressure of gel column for 24 h when the gel column pressure was stable. After the ultrafiltration component of PMPs was passed through 0.22 μm membrane, the elution was 5 mL at a fixed flow rate of 1.0 mg·mL−1, and detected at 280 nm to obtain the small molecular purified peptides (PMPPs). The collected components were lyophilized for cell proliferation test.




4.4. Cell Proliferation Assay In Vitro


HaCaT (Human immortalized keratinocytes) and HSF (Human Skin fibroblast) cells were cultured in 25 cm2 cell culture flasks. Complete medium consisted of 90% DMEM, 10% fetal bovine serum, and 1% double antibody. The cultured HaCaT and HSF cells were diluted into 2 × 105 cells·mL−1 and 100 μL per well was added into 96-well microplates and cultured at 5% CO2 and 37 °C saturated humidity for 4 h. After the cells were completely adherent, the PBS was used to gradient formulation of SMPs and purified components of different concentrations. After passing the samples through 0.22 μm filter membrane, 10 μL of each was added to the adherent cells. WST-8 (tetrazolium salt 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl) -2H-tetrazolium, monosodium salt (CCK-8)) diluted with 100 μL of culture medium was added after 24 h of culture for reaction for 1 h and then OD value was measured at 450 nm.




4.5. Peptide Sequence Analysis of PMPPs


The major peptide sequence analysis of PMPPs was as reported by Yang et al. [16]: The PMPPs lyophilized powder were reduced by 10 mM DTT for 1 h at 56 °C, then alkylated by 50 mM IAA in dark for 40 min at room temperature. Following the addition of the enzyme, the solution was incubated overnight at 37 °C. Salt from the peptide solution was removed using a C18 tip, and peptides were then lyophilized to near dryness. Finally, Peptide sequences were identified by electrospray ionization mass spectrometry and tandem mass spectrometry (ESI-MS/MS) in positive ion mode. After chromatography, ESI-MS/MS was carried out using a Q Exactive™ triple quadrupole instrument (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an ESI source. Sequences of characteristic peptides were determined by analysis and comparison with secondary fragments of peptides from the collision-induced dissociation spectrum of the protonated molecule [M + H] + in the Uniprot database.




4.6. Animal Grouping and Establishment of Trauma Model


The study was approved by the Guangdong Ocean University (Zhanjiang, China), Experimental Animal Care Ethics Committee (Approval No.: 20190001, Approval Date: 17 June 2019). SPF male mice (4-weeks-old) were purchased from Pengyue Experimental Animal Breeding Co., Ltd. (Jinan, China) and the production license number was SCXK 20190003, Shandong, China. The laboratory license number was SYXK 2019-0204, Guangdong, China. All experiments were in accordance with the ARRIVE guidelines and were conducted in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals (NIH Publication 8023, revised 1978).



The dorsal hair was shaved and sterilized before the experiment, and 1% pentobarbital was administered as sodium (50 mg/kg) to anesthetize the mice. A full skin defect model of 8 mm in diameter was made on the back of each SPF grade KM male mice (20.0 ± 2.0 g, 4 weeks old). Fifty-seven model mice were randomly divided into three groups: negative control group, positive control group (Jing Wanhong ointment was selected as the positive control drug, which has the effects of activating blood circulation, detoxifying, detumescence and pain relieving, and removing saprophytic muscles. The active ingredients are mainly Ampelopsis radix, Angelica dahurica and other traditional Chinese medicines; dose: 2–3 mg/day, administration method: Topical use), and PMPPs group (Topical use, peptides dose: 0.5–1 mg/day), and 19 rats were in each group. The negative control group was not administered after modeling, and the positive control group and the PMPPs group were administered on the day of modeling, and were applied once a day for 18 days.




4.7. Percentage of Wound Closure and Residual Scar Rate


Photographs were taken at a fixed height every two days, and the image processing software Image J (National Institutes of Health, Bethesda, MD, USA) was used to analyze and calculate the wound healing rate and observe the scab removal time and wound scar formation [15].




4.8. Tissue Preparation for Histological Assessment


Tissues were removed around each mouse wound, immersed in neutral formalin, and then dehydrated with a series of increasing concentrations of alcohol. Dehydrated tissue was embedded in paraffin to prepare sample sections for histopathological and histomorphological observation [16].




4.9. ELISA Analysis


After centrifugation at 10,000 rpm for 15 min at 4 °C, the supernatant of the homogenized tissue was collected as protein extract. Before the index detection, the protein content of each sample (Beyotime Biotechnology Co., Ltd., Shanghai, China) was measured and diluted to the same level. Quantification of IL-1β, TGF-β1, TβRII, Smad7, and IL-10 in 10% (v/v) dorsal skin homogenate supernatant was performed using ELISA kits (Nanjing Jiancheng, Nanjing, China) [15].




4.10. Hematoxylin and Eosin Staining for Microscopic Analysis


The tissue was taken from the injured part of the back of the mouse, and the tissue was immediately fixed in formalin. After dehydration with ethanol solution, the sections were stained with hematoxylin and eosin. In order to observe the histopathological changes, the sections were examined at a magnification of 40 times using Olympus microscope (Olympus IX51, Tokyo, Japan).




4.11. Immunohistochemistry


After dehydration, hydration, and hydrothermal antigen repair, the antigen was extracted with citrate buffer (pH 6.0). Goat serum was added to block the non-specific binding site and incubated at room temperature for 20 min. Next, 50–100 microliters of primary antibody (diluted 1:200, provided by Nanjing Institute of bioengineering, China) were added to the tissue sections drop by drop, and the slides were placed in a humidification chamber at 37 °C for 2 h. Then, 50 μL universal second-class IgG antibody Fab fragment HRP polymer (provided by Nanjing Institute of bioengineering, China), was added, followed by incubation at 37 °C for 30 min, washing with PBS for 3 times. After adding diaminobiphenylamine (DAB) to make it colored, CD31, EGF, and FGF were observed under optical microscope (Olympus IX51, Tokyo, Japan).




4.12. Sirius Red Picric Acid Dyeing


The steps of the Sirius red staining method were as follows [15]: Firstly, the sample was fixed in 10% formalin fixative and routinely dehydrated. Second, sample sections were stained with Sirius Red staining solution for 8–10 min. Subsequently, the running water was quickly rinsed to remove the stained surface of the section. Finally, the anhydrous ethanol was quickly dehydrated to transparency and sealed with a neutral gum.




4.13. Molecular Docking


The crystal structure of protein receptors linked to skin wound healing of EGFR1 (PDB code: 3POZ, resolution: 1.50 Å), FGFR1 (PDB code: 1AGW, resolution: 2.40 Å) [35] and MMP-1 (PDB code: 966C, resolution: 1.90 Å) [36] was obtained from RCSB Protein Data Bank (https://www.rcsb.org/, access on 13 September 2021). The initially crystal structure of EGFR1 was processed with AutoDock Tools 1.5.6 by removing non-polar water molecules, adding polar hydrogen, and saving the original charge of EGFR1/ FGFR1/ MMP-1 before exporting as a .pdbqt file, which was processed with AutoDock Tools 1.5.6 to form the .pdbqt file for the docking study. In the docking process, the receptor was kept rigid while making the ligands more flexibly during simulation.



The probable interaction between SMPPs (FAFQAEIAQLMS) and EGFR1/ FGFR1/ MMP-1 were explored through Autodock 4.2 with the grid box centered at the coordinates of x = 126, y = 126, and z = 126. The grid sizes along the X, Y, and Z axes were set to 60 × 60 × 60 at a grid space of 0.375 Å (since the specific binding site of the peptide to the protein receptor was unknown, to avoid measures of optimal binding sites, a full domain boxing of the receptor was chosen for semi-flexible docking with the peptide). The docking calculations were performed 100 times by Lamarckian genetic algorithm, and the output was sorted by Lamarckian GA module. The protein–ligand complexation possesses the minimum energy scoring was selected for further visualization of the docked conformation with PyMOL and Discovery Studio.




4.14. Data Analysis


The wound area was calculated with Image J software (National Institutes of Health, Bethesda, Maryland, USA), and the experimental data were expressed as means ± standard deviation (mean ± S.D.). SPSS20 software (IBM, Armonk, NY, USA) was used for statistical analysis, and the LSD method was used for multiple comparisons between groups; p-values of less than 0.05 were considered to be statistically significant.





5. Conclusions


Studies showed that the PMPPs screened by gel chromatography purification and cellular assays were composed of 33 peptides that could achieve effective scarless healing though promoting the inhibition of inflammatory response and cytokine secretion, accelerating the epithelialization process, and activating the TGF-β/Smad pathway to coordinate the trauma type I/III collagen ratio. The molecular docking technique not only helped us to screen for the most promising peptide sequence FAFQAEIAQLMS, but also elucidated that FAFQAEIAQLMS played a role in promoting wound healing by docking easily with the protein receptor EGFR1/FGFR1/MPP-1, which enriches the pro-healing mechanism of PMPPs. This research aimed to provide new materials and new methods for the development of wound healing drugs.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md20070417/s1, Figure S1: H&E stain histological analysis (40×); Figure S2: Effects of topical administration of PMPPs on TGF-β/Smad signaling pathway. Figure S3: Docking results of PMPPs (FAFQAEIAQLMS) with protein receptors EGFR1/FGFR1.





Author Contributions


Conceptualization, X.Q.; data curation, T.Z., X.Y. and Z.W.; formal analysis, F.Y.; funding acquisition, X.Q. and C.Z.; investigation, X.Y.; methodology, T.Z., F.Y. and Z.W.; project administration, X.Q.; resources, C.Z. and H.L.; software, F.Y.; supervision, X.Q. and C.Z.; validation, H.L.; visualization, Z.W.; writing—original draft, T.Z. and F.Y.; writing—review and editing, F.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the China Agricultural Research System of MOF and MARA (CARS-49), Guangdong Ocean University “Haizhifan” starting plan for university students’ scientific and technological innovation cultivating project (230419038), Guangdong Ocean University Graduate Education Innovation Program Excellent Dissertation Cultivation Project (521005036), High Value of Aquatic Products in Guangdong’s Ordinary Higher Education Institutions Processing and Utilization Innovation Team Project (GDOU2016030503).




Institutional Review Board Statement


The animal study protocol was approved by the Guangdong Ocean University (Zhanjiang, China), Experimental Animal Care Ethics Committee (Approval No.: 20190001, Approval Date: 17 June 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, M.Z.; Zhai, X.Y.; Ma, T.F.; Huang, Y.K.; Yan, C.H.; Du, Y.P. Multifunctional cerium doped carbon dots nanoplatform and its applications for wound healing. Chem. Eng. J. 2021, 423, 130301. [Google Scholar] [CrossRef]

	



Boniakowski, A.E.; Kimball, A.S.; Jacobs, B.N.; Kunkel, S.L.; Gallagher, K.A. Macrophage-mediated inflammation in normal and diabetic wound healing. J. Immunol. 2017, 199, 17. [Google Scholar] [CrossRef]

	



Yang, F.M.; Zhao, D.; Zhang, K.; Wang, Z.C.; Wang, Y.X.; Wu, C.C.; Cui, S.H.; Guo, T.T.; Chen, L.Q.; Chen, J.D. Oral delivery of marine shellfish supramolecule peptides for skin wound healing. Colloids Surf. B Biointerfaces 2022, 216, 112592. [Google Scholar] [CrossRef]

	



Costa, A.M.A.; Peyrol, S.; Pôrto, L.C.; Comparin, J.-P.; Foyatier, J.-L.; Desmoulière, A. Mechanical forces induce scar remodeling: Study in Non-pressure-treated versus pressure-treated hypertrophic scars. Am. J. Pathol. 1999, 155, 1671–1679. [Google Scholar] [CrossRef]

	



Wu, K.K.; Fu, M.M.; Zhao, Y.T.; Gerhard, E.; Li, Y.; Yang, J.; Guo, J.S. Anti-oxidant anti-inflammatory and antibacterial tannin-crosslinked citrate-based mussel-inspired bioadhesives facilitate scarless wound healing. Bioact. Mater. 2023, 20, 93–110. [Google Scholar] [CrossRef]

	



Cheung, R.C.F.; Ng, T.B.; Wong, J.H. Marine Peptides: Bioactivities and Applications. Mar. Drugs 2015, 13, 4006–4043. [Google Scholar] [CrossRef]

	



Sridhar, K.; Inbaraj, B.S.; Chen, B.H. Recent developments on production, purification and biological activity of marine peptides. Food Res. Int. 2021, 147, 110468. [Google Scholar] [CrossRef]

	



Berthon, J.-Y.; Nachat-Kappes, R.; Bey, M.; Cadoret, J.-P.; Renimel, I.; Filaire, E. Marine algae as attractive source to skin care. Free Radical Res. 2017, 51, 555–567. [Google Scholar] [CrossRef]

	



Khotimchenko, Y. Pharmacological potential of sea cucumbers. Int. J. Mol. Sci. 2018, 19, 1342. [Google Scholar] [CrossRef]

	



Lazcano-Perez, F.; Roman-Gonzalez, S.A.; Sanchez-Puig, N.; Arreguin- Espinosa, R. Bioactive peptides from marine organisms: A short overview. Protein Pept. Lett. 2012, 19, 700–707. [Google Scholar] [CrossRef]

	



Anjum, K.; Abbas, S.Q.; Akhter, N.; Shagufta, B.I.; Shah, S.A.A.; Hassan, S.S.u. Emerging biopharmaceuticals from bioactive peptides derived from marine organisms. Chem. Biol. Drug Des. 2017, 90, 12–30. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wang, J.; Ding, Y.; Dai, X.; Li, Y. Oral administration of marine collagen peptides from chum salmon skin enhances cutaneous wound healing and angiogenesis in rats. J. Sci. Food Agric. 2011, 91, 2173–2179. [Google Scholar] [CrossRef]

	



Sellimi, S.; Maalej, H.; Rekik, D.M.; Benslima, A.; Ksouda, G.; Hamdi, M.; Sahnoun, Z.; Li, S.; Nasri, M.; Hajji, M. Antioxidant, antibacterial and in vivo wound healing properties of laminaran purified from cystoseira barbata seaweed. Int. J. Biol. Macromol. 2018, 119, 633–644. [Google Scholar] [CrossRef]

	



Yang, T.; Zhang, K.; Li, B.; Hou, H. Effects of oral administration of peptides with low molecular weight from alaska pollock (theragra chalcogramma) on cutaneous wound healing. J. Funct. Foods 2018, 48, 682–691. [Google Scholar] [CrossRef]

	



Yang, F.; Qin, X.; Zhang, T.; Zhang, C.; Lin, H. Effect of oral administration of active peptides of pinctada martensii on the repair of skin wounds. Mar. Drugs 2019, 17, 697. [Google Scholar] [CrossRef]

	



Yang, F.; Qin, X.; Zhang, T.; Lin, H.; Zhang, C. Evaluation of small molecular polypeptides from the mantle of pinctada martensii on promoting skin wound healing in mice. Molecules 2019, 24, 4231. [Google Scholar] [CrossRef]

	



Crampon, K.; Giorkallos, A.; Deldossi, M.; Baud, S.; Steffenel, L.A. Machine-learning methods for ligand–protein molecular docking. Drug Discov. Today 2022, 27, 151–164. [Google Scholar] [CrossRef]

	



Chouhan, D.; Dey, N.; Bhardwaj, N.; Mandal, B.B. Emerging and innovative approaches for wound healing and skin regeneration: Current status and advances. Biomaterials 2019, 216, 119267. [Google Scholar] [CrossRef]

	



St-Cyr, D.; Ceccarelli, D.F.; Orlicky, S.; van der Sloot, A.M.; Tang, X.; Kelso, S.; Moore, S.; James, C.; Posternak, G.; Coulombe-Huntington, J.; et al. Identification and optimization of molecular glue compounds that inhibit a noncovalent E2 enzyme-ubiquitin complex. Sci. Adv. 2021, 7, eabi5797. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, S.; Wu, T.; Fang, X.; Zhao, L. Discovery of TGFBR1 (ALK5) as a potential drug target of quercetin glycoside derivatives (QGDs) by reverse molecular docking and molecular dynamics simulation. Biophys. Chem. 2022, 281, 106731. [Google Scholar] [CrossRef]

	



Qiu, H.; Liu, S.; Wu, K.; Zhao, R.; Cao, L.; Wang, H. Prospective application of exosomes derived from adipose-derived stem cells in skin wound healing: A review. J. Cosmet. Dermatol. 2020, 19, 574–581. [Google Scholar] [CrossRef] [PubMed]

	



Sorg, H.; Tilkorn, D.J.; Hager, S.; Hauser, J.; Mirastschijski, U. Skin wound healing: An update on the current knowledge and concepts. Eur. Surg. Res. 2017, 58, 81–94. [Google Scholar] [CrossRef] [PubMed]

	



Bhar, B.; Chakraborty, B.; Nandi, S.K.; Mandal, B.B. Silk-based phyto-hydrogel formulation expedites key events of wound healing in full-thickness skin defect model. Int. J. Biol. Macromol. 2022, 203, 623–637. [Google Scholar] [CrossRef]

	



Luo, M.; Wang, M.; Niu, W.; Chen, M.; Cheng, W.; Zhang, L.; Xie, C.; Wang, Y.; Guo, Y.; Leng, T.; et al. Injectable self-healing anti-inflammatory europium oxide-based dressing with high angiogenesis for improving wound healing and skin regeneration. Chem. Eng. J. 2021, 412, 128471. [Google Scholar] [CrossRef]

	



Zheng, G.; Zhang, D.; Tang, Q.; Ma, H.-W.; Dong, X.-Y.; Chen, Y.-L.; Ni, W.-F.; Wang, B.-L.; Xu, H.-Z.; Shen, L.-Y. Charge-switchable, anti-oxidative molecule tuned polyelectrolyte multilayered films: Amplified polyelectrolyte diffusivity and accelerated diabetes wound healing. Chem. Eng. J. 2021, 416, 129521. [Google Scholar] [CrossRef]

	



El Ayadi, A.; Jay, J.W.; Prasai, A. Current approaches targeting the wound healing phases to attenuate fibrosis and scarring. Int. J. Mol. Sci. 2020, 21, 1105. [Google Scholar] [CrossRef]

	



Kiritsi, D.; Nyström, A. The role of TGFβ in wound healing pathologies. Mech. Ageing Dev. 2018, 172, 51–58. [Google Scholar] [CrossRef]

	



Penn, J.W.; Grobbelaar, A.O.; Rolfe, K.J. The role of the TGF-β family in wound healing, burns and scarring: A review. Int. J. Burns Trauma 2012, 2, 18–28. [Google Scholar]

	



Wang, Y.; Feng, Z.; Yang, M.; Zeng, L.; Qi, B.e.; Yin, S.; Li, B.; Li, Y.; Fu, Z.; Shu, L.; et al. Discovery of a novel short peptide with efficacy in accelerating the healing of skin wounds. Pharmacol. Res. 2021, 163, 105296. [Google Scholar] [CrossRef]

	



Lavoie, H.; Gagnon, J.; Therrien, M. ERK signalling: A master regulator of cell behaviour, life and fate. Nat. Reviews. Mol. Cell Biol. 2020, 21, 607–632. [Google Scholar] [CrossRef]

	



Nosrati, H.; Khodaei, M.; Alizadeh, Z.; Banitalebi-Dehkordi, M. Cationic, anionic and neutral polysaccharides for skin tissue engineering and wound healing applications. Int. J. Biol. Macromol. 2021, 192, 298–322. [Google Scholar] [CrossRef] [PubMed]

	



Ling, Z.; Deng, J.; Zhang, Z.; Sui, H.; Shi, W.; Yuan, B.; Lin, H.; Yang, X.; Cao, J.; Zhu, X.; et al. Spatiotemporal manipulation of L-arginine release from bioactive hydrogels initiates rapid skin wound healing accompanied with repressed scar formation. Appl. Mater. Today 2021, 24, 101116. [Google Scholar] [CrossRef]

	



Li, D.; Sun, W.Q.; Wang, T.; Gao, Y.; Wu, J.; Xie, Z.; Zhao, J.; He, C.; Zhu, M.; Zhang, S.; et al. Evaluation of a novel tilapia-skin acellular dermis matrix rationally processed for enhanced wound healing. Mater. Sci. Eng. Mater. Biol. Appl. 2021, 127, 112202. [Google Scholar] [CrossRef] [PubMed]

	



Kisling, A.; Lust, R.M.; Katwa, L.C. What is the role of peptide fragments of collagen I and IV in health and disease? Life Sci. 2019, 228, 30–34. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Morales, P.L.; del Corral, R.D.; Olivera-Martínez, I.; Quiroga, A.C.; Das, R.M.; Barbas, J.A.; Storey, K.G.; Morales, A.V. FGF and retinoic acid activity gradients control the timing of neural crest cell emigration in the trunk. J. Cell Biol. 2011, 194, 489–503. [Google Scholar] [CrossRef]

	



Wongrattanakamon, P.; Nimmanpipug, P.; Sirithunyalug, B.; Chaiyana, W.; Jiranusornkul, S. Investigation of the Skin Anti-photoaging Potential of Swertia chirayita Secoiridoids Through the AP-1/Matrix Metalloproteinase Pathway by Molecular Modeling. Int. J. Pept. Res. Ther. 2018, 25, 517–533. [Google Scholar] [CrossRef]








[image: Marinedrugs 20 00417 g001 550] 





Figure 1. Effects of purified peptides on cells proliferation. (A,B) Effects of PMPs on cells proliferation. (C) Gel permeation chromatogram of PMPs on a Sephadex G-25 column. (D,E) Effects of PMPPs on cells proliferation. Note: “*” means significantly different compared with control group (p < 0.05), “**” means highly significant difference compared with control group (p < 0.01), “#” means significantly different compared with positive control group (p < 0.05), “##” means highly significant difference compared with positive control group (p < 0.01). The concentration of the positive control group is 10 ng·mL−1. 
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Figure 2. Total ion chromatogram of PMPPs. 
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Figure 3. Effect of PMPPs on skin wound healing in mice. (A) Photographs of representative wounds on mice on days 0, 4, 6, 8, 10, 12, 14, and 18. (B) The area traces of wound healing in each group on days 0, 4, 6, 8, 10, 12, 14, and 18. (C) Wound healing rate of each group (calculated every two days). Values are expressed as mean ± SD, n = 6. Note: The same superscript letters indicate no significant difference (p > 0.05), and different superscript letters indicate significant differences (p < 0.05). The drug of positive control group was Jing Wanhong ointment. 
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Figure 4. The effect of the PMPPs on wound cytokines in mice. (A) IL-1β content of mice in each experimental group on the 3rd and 5th day after animal model establishment. (B) IL-10 content of mice in each experimental group on the 3rd and 5th day after animal model establishment. (C) CCND1 content of mice in each experimental group on the 7th day after animal model establishment. (D) FGF-2 content of mice in each experimental group on the 7th day after animal model establishment. Note: the same superscript letters indicate no significant difference (p > 0.05). 
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Figure 5. H&E stain histological analysis (4×). Note: Black thick arrows indicate inflammatory cell infiltration. Letters D, E, F, and GT represent the dermis layer, the epidermal layer, fibroblasts, and granulation tissue, respectively. 
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Figure 6. Immunohistochemical analysis of the marine bioactive peptide PMPPs on skin wounds in mice. (A) Representative images of FGF, EGF, and CD31 immunostaining of wounds in each group on days 7 and 18. (B) On the 7th and 18th day, the expression of FGF in wounds of each group after trauma. (C) EGF expression in wounds of each group after 7 days and 18 days of trauma. (D) CD31 expression in wounds of each group after 7 days and 18 days of trauma. Note: the same superscript letters indicate no significant difference (p > 0.05). 
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Figure 7. Effects of topical administration of PMPPs on wound collagen and scar formation. (A) Photographs of representative wounds in mice on days 0 and 18. (B) The area traces of scar reduction in each group on days 0, 4, 6, 8, 10, 12, 14, and 18. (C) The rate of scar reduction in each group. (D) Representative Sirius red-stained photos in collagen synthesis (magnification: ×200). Collagen III was green and collagen I was yellowish red. (E) The expression of collagen I/III after 18 days of modeling. Note: Different superscript letters on the same day indicate significant (p < 0.05) and non-significant (p > 0.05) differences between groups, respectively. 
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Figure 8. The docking results of PMPPs (FAFQAEIAQLMS) with protein receptors MPP-1. (A1,A2) 3D structure of PMPPs—MMP-1 and the process of binding interaction between them. (A3) 2D interaction diagram of PMPPs—MMP-1. 
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Table 1. Main peptide sequences analysis of PMPPs.
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	Sequence
	Peptide Sequence of PMPPs
	Molecular Mass (Da)
	Score





	1
	RGVVDSEDLPLNISRE
	1512.78
	58.46



	2
	KEAFSLFDKDGDGTITTKE
	1843.89
	56.77



	3
	FIMDNCEELIPEYLN
	1653.73
	47.74



	4
	RYESLTDPSKLDSGKD
	1538.75
	46.45



	5
	RELISNSSDALDKIRY
	1559.82
	45.27



	6
	FAFQAEIAQLMS
	1136.56
	42.91



	7
	RELISNSSDALDKI
	1290.63
	41.91



	8
	FAFQAEIAQLMS
	1120.56
	41.40



	9
	KFYEQFSKN
	947.43
	39.76



	10
	KHFSVEGQLEFRA
	1347.66
	39.38



	11
	LISNSSDALDKIRYE
	1480.75
	38.97



	12
	KLTDEEVDEMIRE
	1348.62
	38.78



	13
	FIMDNCEELIPEYLN
	1637.73
	36.49



	14
	KYRHPDGSYSA
	1080.46
	36.41



	15
	FLRELISNSSDALDKIRYE
	1992.06
	33.79



	16
	YSNKEIFLRELI
	1247.69
	33.05



	17
	KLTDEEVDEMIRE
	1364.62
	32.39



	18
	YESLTDPSKLD
	988.51
	31.40



	19
	RHVMTNLGEKL
	1043.51
	30.61



	20
	WEDHLAVKHFS
	1094.55
	30.55







Note: Scores obtained by scoring a known protein database to measure the similarity between theoretical mass spectra and experimental mass spectra. Peptide sequences scoring ≥30 or more were considered to be present with higher confidence.
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