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Amphibian-derived wound healing peptides thus offer new intervention measures and strategies for skin wound tissue regeneration. As novel drug lead molecules, wound healing peptides can help analyze new mechanisms and discover new drug targets. Previous studies have identified various novel wound healing peptides and analyzed novel mechanisms in wound healing, especially competing endogenous RNAs (ceRNAs) (e.g., inhibition of miR-663a promotes skin repair). In this paper, we review amphibian-derived wound healing peptides, including the acquisition, identification, and activity of peptides, a combination of peptides with other materials, and the analysis of underlying mechanisms, to better understand the characteristics of wound healing peptides and to provide a molecular template for the development of new wound repair drugs.
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1 INTRODUCTION
Skin wound, such as cuts, burns, bites, and other skin wound caused by illness, etc., is a considerable health problem that can cause infection and long-term morbidity and mortality (Zomer and Trentin, 2018; Monavarian et al., 2019). Of note, high-risk patients may develop skin ulcers and may even require amputation due to delayed healing (Aitcheson et al., 2021). Therefore, understanding the mechanisms of skin wound repair is urgent for the development of new repair-promoting drugs (Liu et al., 2019).
The skin of amphibians is directly exposed to different environments and interacts with ambient elements, predators, and microorganisms (Yang et al., 2016; Tong et al., 2019). Given the complex functions of amphibian skin, the need to maintain skin integrity in both aquatic and terrestrial environments, and the fragility of the epidermis, amphibians must protect against skin damage caused by external factors more effectively than other vertebrates (Liu et al., 2021). The bioactive components of amphibian skin secretions, especially bioactive peptides encoded by genes, have been extensively studied in recent decades, showing diverse biological activities, including antibacterial, antioxidant, and repair and renewal activity (Demori et al., 2019; Patocka et al., 2019; Yin et al., 2019). The wound-healing effects of these peptides have received significant attention, possibly due to the fact that scarless repair in amphibians has always been a desirable option for humans (Yokoyama et al., 2018). Therefore, studying wound-healing peptides derived from amphibians deeply can provide valuable information for the development of future wound-healing drugs.
2 MAMMALIAN SKIN STRUCTURE
The skin is the largest organ in the human body and plays a critical role in protection against the external environment (Khan et al., 2022). Mammalian skin is mainly composed of the epidermis and dermis (Kawasumi et al., 2013; Wong et al., 2015). The epidermis is the superficial layer of the skin and consists of the stratum corneum, granular layer, spinous layer, and basal cell layer (from top to bottom) (Moreci and Lechler, 2020). The keratinocyte layer, primarily composed of keratinocytes, is the outermost layer of the skin and participates in protecting the skin surface (Jiang et al., 2020). The granular layer consists of cells containing flat nuclei and granules (Ishida-Yamamoto et al., 2018), while the spinous layer (also known as the suprabasal cell layer) consists of 5–10 layers of cells connected through prickly structures (Wertz, 2018) and the bottom layer is composed of a single layer of basal cells (Joly-Tonetti et al., 2018). Beneath the epidermis lies the dermis, a highly elastic and flexible tissue composed of collagen, reticular, and elastic fibers and divided into the papillary and reticular layers (Kawasumi et al., 2013). The papillary layer is composed of a variety of cells, including fibroblasts, macrophages, and mast cells, as well as extracellular matrix containing collagen fiber, elastic fiber, and glycoproteins (Yousef et al., 2022). In addition to the elastic fiber network composed of fibroblasts and extracellular matrix, the lower reticular layer also shuttles nerves and blood vessels (Yousef et al., 2022).
3 SKIN WOUND HEALING PROCESSES
Skin injury is a complex event that ultimately leads to wound healing (Liu et al., 2019), a dynamic process involving a series of highly overlapping and inter-related stages (Raghavan et al., 2010; Seifert and Maden, 2014; Rodrigues et al., 2019): 1) Hemostasis occurs immediately after wound formation and involves blood component extravasation, platelet aggregation, and blood coagulation to form blood clots that serve as scaffolds for cell migration (Demori et al., 2019). 2) The subsequent inflammatory process encompasses the recruitment of inflammatory cells to the wound site, followed by cytokine release and increased vascular permeability (Cao et al., 2018). During this process, neutrophils, monocytes, and lymphocytes arrive rapidly at the wound site (Li et al., 2018), followed by the secretion of cytokines and chemokines by inflammatory cells to initiate an inflammatory response and facilitate wound repair (Cao et al., 2018). 3) The cell proliferation stage involves the migration and proliferation of keratinocytes, fibroblasts, and endothelial cells, as well as matrix deposition and angiogenesis, leading to re-epithelialization and granulation tissue formation (Gurtner et al., 2008). Keratinocytes and fibroblasts migrate to the wound site, where platelets in the first stage and cytokines in the second stage promote fibroblast and endothelial cell proliferation. These fibroblasts are transformed into myofibroblasts and form granulation tissue at the wound site (Piipponen et al., 2020). 4) In the tissue remodeling stage, the structural integrity and function of the tissue is restored, including the remodeling of the extracellular matrix and scar formation caused by collagen fiber deposition. Interventions at the different stages of wound healing can promote skin wound healing (Wang Y. et al., 2021b).
4 AMPHIBIAN SKIN STRUCTURE
When amphibians first migrated from water to land as vertebrates, their skin tissue structure also became more adaptable to the environment (Haslam et al., 2014). The structure of amphibian skin tissue is more similar to that of mammals than that of fish. The outer epidermal layer is divided into a cuticle, middle layer, and basal layer (outside to inside), beneath which lies the inner dermal layer composed of a loose layer and dense layer (Yokoyama et al., 2018; Feng et al., 2021) (Figures 1A, B). Skin plays an important role in amphibian survival, including but not limited to respiration, camouflage, water regulation, thermoregulation, excretion, and antimicrobial and antibacterial defense (Schempp et al., 2009). Unlike mammals, amphibians are not protected by hair, so the skin is the first line of defense and plays a prominent role in preventing the loss of vital body fluids, mainly due to dermal glands (Kawasumi et al., 2013; Demori et al., 2019; Liu et al., 2021). Amphibian skin glands are primarily divided into granular and mucous glands. Granular glands exist as a dispersion in the dermis and are the sites of compound formation and release (Barros et al., 2021; Liu et al., 2021) (Figure 1). These glands help resist predator attack by causing pain and aversion, and play an important role in fighting bacterial and microbial infections (Barros et al., 2021). The mucous glands secrete mucus to keep skin smooth and moist, deal with mechanical damage, and inhibit and resist microorganisms (Shi et al., 2020). These glands, dispersed throughout the body, synthesize a variety of bioactive compounds that are secreted via ducts and are essential for survival (Mauricio et al., 2021).
[image: Figure 1]FIGURE 1 | Morphology of Odorrana andersonii frog skin. (A) Bromophenol blue staining of back skin. (B) Hematoxylin and eosin, (H&E) staining of back skin. (C) Representative electron microscopy image of back skin.
5 CHARACTERISTIC OF WOUND REPAIR IN AMPHIBIANS
Although their skin wound repair process is similar to that of mammals, amphibians show a significantly shorter repair time, indicating stronger repair capacity (Levesque et al., 2010; Feng et al., 2021). This may be because amphibian skin healing is not accompanied by scar formation (unlike that in mammals) but rather by regenerative repair (Tseng and Levin, 2008; Demori et al., 2019). As such, amphibian wound re-epithelialization and closure occurs more rapidly (e.g., 2–3 days in mice compared to <10 h in salamanders) and there is better recovery of tissue function and appearance after repair (Figure 2) (Tseng and Levin, 2008; Mu et al., 2014). This rapid skin repair ability is thought to be the long-term process of natural selection. Due to the complexity of their living environments, amphibian skin is extremely vulnerable to external biological and non-biological damage (Feng et al., 2021). As a result, amphibians have evolved a unique skin defense system to ensure survival (Li et al., 2018; Yin et al., 2019; Wang et al., 2022). After proliferation and differentiation, endogenous stem cells develop into mature cells with specific functions that promote tissue regeneration, and amphibian genes also have beneficial effects on wound repair (e.g., Prx1 gene re-activation in Xenopus adults promotes mesenchymal cell proliferation to promote scar-free wound repair, while Tbx5, Fgf8, and Msx1 are also known to participate in amphibian skin wound healing) (Kumar et al., 2004; Yokoyama et al., 2011; Kawasumi et al., 2013; Liu et al., 2014b). Furthermore, bioactive components in amphibians, especially bioactive peptides, play a very important role in skin protection as well (Liu et al., 2014b; Liu et al., 2021). After external skin damage, peptide molecules are released in high concentrations from storage in the granular glands for repair and protection. Thus, amphibian skin is considered to harbor a pool of bioactive molecules with great drug potential (Barros et al., 2021; Wang Y. et al., 2021b). At present, bioactive peptides secreted from amphibian skin include antimicrobial peptides, antioxidant peptides, wound healing peptides, bradykinins, anti-infective peptides, hypoglycemic peptides, neurotoxins, and neuroprotective peptides (Xu and Lai, 2015; Shang et al., 2017; Mwangi et al., 2019; Yang et al., 2019; Yin et al., 2019; Yin et al., 2020). Since tylotoin was first identified in salamander skin in 2014, a growing number of amphibian-derived peptides have been shown to promote wound repair (Mu et al., 2014). However, given the vast treasure trove of bioactive peptides in amphibians, many more remain to be discovered and studied (Mu et al., 2014), which will provide a deeper understanding of these molecules and their potential development.
[image: Figure 2]FIGURE 2 | Regenerative ability of amphibians. Regeneration of Rana catesbeiana tadpole after tail amputation on days 1, 2, 4, and 7. Red box highlights tail regeneration length.
6 ACQUISITION AND IDENTIFICATION OF WOUND HEALING PEPTIDES
At present, there are several ways to obtain and identify wound healing peptides.
6.1 Separation and purification of peptides
Reverse-phase high-performance liquid chromatography (RP-HPLC) is a useful tool for the separation and analysis of purified peptides. In brief, lyophilized samples are applied to a gel filtration column pre-equilibrated with 25 mm Tris HCl buffer (pH 7.8) containing 0.1 M NaCl, then eluted with the same buffer at a flow rate of 0.1 ml/min. The fractions are then collected by an automatic fraction collector and measured at 280 nm by using a microplate reader. The determined samples are desalted on a C4 column by RP-HPLC, then eluted using a C18 column. Finally, active peaks are collected (Li et al., 2018).
6.2 Primary structure analysis of peptides
Mass spectrometry can be used to analyze the primary structure of peptide molecules, conduct amino acid sequencing of purified peptide molecules, and perform Edman degradation and amino acid residue recognition, thus helping to obtain a complete amino acid sequence (Mu et al., 2014).
6.3 Construction and screening of a cDNA library
The construction of a cDNA library involves in vitro recombination of cDNA and clone vector DNA, transformation of host cells of clone vector DNA, and procurement of bacterial or phage clones containing recombinant DNA. These sequences represent the entire mRNA population of a certain tissue or cell type at a specific stage of development or differentiation. Given its simple operation and low probability of false positives, this method is widely used to obtain complete nucleotide and encoded amino acid sequences and to clarify their structures to facilitate subsequent synthesis of peptides (Mu et al., 2014; Cao et al., 2018; Song et al., 2019).
6.4 Activity tracking of wound-repair peptide molecules
Various experiments can be performed to screen peptide molecules for their wound repair activity, such as calculating cell scratch repair rates, cell proliferation rates, and secretory factor levels after peptide application. The wound healing activity of different peptides can also be assessed by direct application on skin wounds (e.g., whole cortex, scald, and diabetic wound models), with an evaluation of wound healing speed and tissue staining (e.g., H&E and Masson staining) (Liu et al., 2019; Song et al., 2019; Zhang et al., 2022).
7 AMPHIBIAN-DERIVED WOUND HEALING PEPTIDES
A growing number of amphibian-derived wound healing peptides have been reported (Li et al., 2018; Demori et al., 2019; Wang Y. et al., 2021b). These peptides, which exist in skin secretions, greatly contribute to skin repair in amphibians (Yokoyama et al., 2018; He et al., 2019). Given the similarity in wound healing between amphibians and humans, we speculate that these active peptides will exhibit similar effects on wound healing in humans (Demori et al., 2019). Thus, these peptide molecules may provide a new template for the development of effective wound-healing drugs. Various amphibian wound healing peptides are described below (Table 1).
TABLE 1 | Amphibians-derived wound-healing peptides.
[image: Table 1]7.1 Wound-healing peptides
The AH90 peptide (molecular weight 2.6 kDa) identified from the skin of Odorrana grahami is composed of 24 amino acid residues and shows significant efficacy in accelerating whole skin wound re-epithelialization and granular tissue contraction in mice (Liu et al., 2014b). The Ot-WHP peptide identified from the Chinese frog Odorrana tormota consists of 24 amino acid residues and exhibits 83% similarity with the amino acid sequence of AH90 (He et al., 2019). Ot-WHP also shows significant wound healing effects and a mechanism similar to that of AH90. Both AH90 and ot-WHP can activates the mitogen-activated protein kinase (MAPK) and factor-κB (NF-κB) signaling pathways to induce macrophages to produce chemokines, cytokines, and growth factors and activates the transforming growth factor-β (TGF-β)/Smad signaling pathway to promote cell adhesion and integrin expression to induce keratinocyte migration and fibroblast to myofibroblast transformation, thereby enhancing wound healing. In addition, integrin α5 and α6 expression levels are elevated in keratinocytes after AH90 treatment. Given the cross-talk between integrin and the TGF-β signaling pathway, which also affects TGF-β expression, cell adhesion and migration can be mediated by integrin during skin re-epithelialization, and thus AH90 may promote wound healing speed by up-regulating integrin (Liu et al., 2014b). Ot-WHP can also increase the number of neutrophils and macrophages at the wound site, promote neutrophil phagocytosis, and enhance macrophage, keratinocyte, and fibroblast cross-talk, thus inducing skin wound repair (He et al., 2019). The peptide Bm-TFF2 derived from Bombina maxima skin is not only a platelet agonist, but also demonstrated almost an 80% wound closure rate within 36 h in vitro scratch experiments on IEC-6 cells (Zhang et al., 2010).
Salamanders are the only adult vertebrates capable of regenerating structurally and functionally intact limbs, signifying excellent wound repair capabilities (Tseng and Levin, 2008; Barros et al., 2021). Tylotoin, the first salamander-derived peptide, induces the formation of endothelial cell tubes, promotes α-SMA expression and angiogenesis, accelerates the transformation of fibroblasts into myofibroblasts, and promotes skin wound healing. In cells, tylotoin induces macrophage migration, stimulates TGF-β1 and Interleukin 6 (IL-6) secretion in macrophages, and activates the Smad and MAPK signaling pathways to regenerate skin tissue (Mu et al., 2014). TK-CATH, another salamander-derived bioactive peptide consisting of 55 amino acid residues, shows similar wound healing activity. Notably, TK-CATH induces macrophages to produce cytokines, growth factors, and chemokines by activating the MAPK signaling pathway and promotes the migration and proliferation of keratinocytes, thereby improving the inflammatory process and tissue remodeling during skin wound healing (Luo et al., 2021).
As a unique amphibian in China (Yin et al., 2020), O. andersonii is highly susceptible to skin damage due to the harsh environment in which it lives, thus requiring rapid repair for survival (Bian et al., 2018). As such, O. andersonii skin is an important source of potential wound healing peptides, most of these peptides can promote cell scratch repair in a time and dose dependent manner, and exhibit strong healing ability in mouse skin wound models. OA-GL21 (2.2 kDa, 21 amino acid residues) is a bioactive amphibian peptide with wound healing activity but without a disulfide bond or free cysteine residue (Bian et al., 2018). Studies have shown that OA-GL21 Research shows that OA-GL21 can affect cell migration rather than direct proliferation to help wound repair, and form fewer scars during the repair process. Compared with the positive control drug KangFuXin (KFX), OA-GL21 also shows significant effects on mouse skin wounds, with faster and higher healing rates (Bian et al., 2018). The OM-LV20 peptide (1.9 kDa) contains a pair of intramolecular disulfide bonds. In the skin wound healing process, OM-LV20 treatment has a better proliferate effect on HaCaT cells than fibroblasts (Li et al., 2018). OA-GL12, a peptide with one cysteine, may recruit more macrophages to migrate to the wound site by promoting the expression of TNF and TGF-β1 in RAW264.7 cells. In addition, the pronounced free radical scavenging activity of OA-GL12 may also play a role in wound healing (Song et al., 2019). OA-FF10, which is only 10 amino acid residues in length and contains an intramolecular disulfide bridge (Rana box), was found to have higher sensitivity to HaCaT cells. This characteristic enables OA-FF10 to accelerate the migration and proliferation of HaCaT cells without affecting HSF cells. Moreover, OA-FF10 (1 μM) also displays better activity than KFX (100 mg/L), thus showing the potential as a wound healing molecule (Liu et al., 2019). The CW49 peptide is very effective in promoting chronic wound healing (Liu et al., 2014a). Chronic diabetic wounds often remain in the inflammatory stage for a long time and inhibiting excessive inflammatory responses can hinder disease progress (Zhao et al., 2016). In diabetic wounds, CW49 application results in significant anti-inflammatory effects (inhibiting IL-6 and TNF-α expression) and angiogenesis (stabilizing HIF-1α expression and up-regulating NO production), thereby preventing excessive inflammatory responses (Liu et al., 2014a). As the first identified natural peptide homodimer shown to promote wound repair, OA-GP11d not only promotes the migration of HaCaT cells but also inhibits the release of inflammatory factors by activating the MAPK and NF-κB signaling pathways. In mouse skin burn and injury models, OA-GP11d also exhibits strong repair ability (Fu et al., 2022). The other natural repair-promoting homodimer peptide OA-GL17d (OA-GL17 dimer) has a half-life of 1.86 h (longer than some peptides), this means that it may have more advantages in the effective time than other similar wound-healing peptides. OA-GL17d shows strong repair ability in many animal wound models (e.g., mouse whole skin and scald wound models). This repair effect may occur by reducing miR-663 levels, increasing TGF-β1 levels, activating the TGF-β1/Smad signaling pathway, and ultimately accelerating re-epithelialization and granular tissue formation in skin wounds (Zhang et al., 2022).
Despite its wide distribution in Southeast Asia, little research has been conducted on the Rana limnocharis frog species and its peptides (Sumida et al., 2002). RL-RL10, an active peptide molecule with a molecular weight of only 1.3 kDa, has been shown to improve the proliferation and migration of HaCaT cells in a concentration-dependent manner, and enhance full-thickness wound healing in mice (Wang S. et al., 2021a). RL-QN15, another short peptide derived from skin secretions of R. limnocharis, also shows potent repair effects in various wound models (chronic wounds, skin fibrosis, and oral ulcers). RL-QN15 can induce keratinocyte migration and proliferation, which are crucial for initial wound healing. RL-QN15 can also significantly inhibit the pro-inflammatory factor TNF-α and promote IL-1β to recruit macrophage migration to the wound. During wound healing, excessive inflammation can lead to scar formation, thus inhibiting TNF-α levels may contribute to scar reduction (Kumar and Yin, 2018). In addition, different release levels of TGF-β1 and TGF-α in different periods caused by RL-QN15, can help balance the TGF-β1 and TGF-α ratio during wound repair, which is also one of the reasons for faster wound healing and reduction of scar formation. This above phenomenon may be caused by the activation of the MAPK and Smad signaling pathways in wound skin (Wang Y. et al., 2021b). RL-QN15 also shows improved wound healing ability in combination with nanomaterials, as discussed later in this review.
7.2 Antimicrobial peptides with wound-healing activity
In the process of wound healing, endogenous infection caused by microorganisms can directly damage wound epithelialization, which is an important factor hindering wound repair (Ki and Rotstein, 2008). Therefore, enhancing the antibacterial effects of skin during wound infection should promote the healing speed of skin wounds.
The cathelicidin-NV peptide from the plateau frog Nanorana ventripunctata belongs to the cathelicidin family and consists of 24 amino acid residues (Wu et al., 2018). The cathelicidin family, which only participates in vertebrate humoral immunity, is an antibacterial and immunostimulatory family and plays an important role in immunoregulation, wound healing, and angiogenesis (Cao et al., 2018). Peptide tylotoin, TK-CATH (both derived from salamanders), and cathelicidin-OA1 (isolated from O. andersonii) also belong to this family (Mu et al., 2014; Liu et al., 2019; Luo et al., 2021). As the first frog species-derived peptide to show wound healing activity (Cao et al., 2018), cathelicidin-OA1 also exhibits antioxidant activity. Because the oxidative stress is detrimental to wound repair, so the healing effects of cathelicidin-OA1 are achieved not only by direct intervention in the wound healing process but also via antioxidant activity (Cao et al., 2018). Local application of cathelicidin-NV in whole skin wounds promotes wound re-epithelialization and accelerates healing. Cathelicidin-NV can also induce fibroblasts to produce collagen and promote keratinocyte proliferation to facilitate granulation tissue formation. Furthermore, cathelicidin-NV treatment can increase the levels of Monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor, -α (TNF-α), vascular endothelial growth factor (VEGF), and TGF-β1 in skin, which is favorable for the formation of blood vessels (Park et al., 2017; Wu et al., 2018).
Peptide B-2Ta, identified from the European frog Pelophylax kl. esculentus, is an effective antibacterial peptide. B-2Ta administration suppresses the inflammatory response and promotes angiogenesis in injured rats. Treatment of infected granulation tissue with B-2Ta inhibits inflammation of injured tissue, promotes angiogenesis and epithelial migration, and accelerates wound healing. Thus, B-2Ta is both an antimicrobial and wound healing peptide (Liu et al., 2017). The antimicrobial peptide fragment Esculenti-1a (1-21) NH2, isolated from the skin of Pelophylax lessonae/ridibundus, also promotes wound healing, especially in chronic skin ulcers. In vitro, Esculenti-1a (1-21) NH2 promotes HaCaT cell and primary epidermal keratinocyte migration to enhance wound epithelialization. In mice, Esculenti-1a (1-21) NH2 releases TGF-β1 and activates the EGFR signaling pathway to promote wound repair (Di Grazia et al., 2015). Temporins A and B, antimicrobial peptides derived from Rana temporaria, also exhibit skin wound healing activity. Notably, temporins A and B can reduce Staphylococcus aureus in HaCaT cells in a dose-dependent manner to induce cell proliferation, thereby promoting keratinocytes to initiate wound closure. These peptides can also induce HaCaT cell migration to the wound by activating the EGFR signaling pathway (Di Grazia et al., 2014). Cathelicidin-DM, an antibacterial peptide derived from Duttaphrynus melanostictus, also has wound healing properties. In mice, cathelicidin-DM markedly accelerates skin infection wound healing, with a stronger effect than that of the aminoglycoside antibiotic gentamicin (Shi et al., 2020).
8 FUTURE OF WOUND HEALING PEPTIDES: EXPERIMENTS TO CLINICS
Given the global aging population, the occurrence of accidents and sequelae of various diseases such as diabetes will likely lead to an increase in acute and chronic wounds (Cao et al., 2018; Li et al., 2018; Bai et al., 2020). Wound repair is a highly complex process, thus interfering with different stages of wound healing, such as reducing inflammation, enhancing cell proliferation, and improving tissue remodeling, is an effective way to promote wound repair (Pazyar et al., 2014). At present, clinical wound treatment primarily relies on growth factor drugs such as VEGF and erythropoietin, which have high production, storage, and transportation costs and may exhibit tumor promoting effects with continuous use, and thus fail to achieve ideal therapeutic effects (Hamed et al., 2010; Julier et al., 2017; Cao et al., 2018). Furthermore, existing drugs are insufficient compared to the huge clinical demand. Therefore, how to heal wounds effectively and quickly and how to develop new wound healing drugs remain hot issues in the scientific community.
Compared with conventional chemical drugs, peptides show higher specificity, safety, and efficiency, but are not easily accumulated in the body, making them attractive in the development of new drugs (Hancock et al., 2016; Zhao et al., 2022). However, peptides also have some disadvantages, such as unstable chemical properties, short half-life, fast clearance, and easy enzymatic hydrolysis (Fosgerau and Hoffmann, 2015; Lee A. C. et al., 2019a). Despite their high bioactivity, short sequences, and ease of synthesis, there is still a long way to go before the clinical use of peptides (Lee A. C. et al., 2019a), although many studies have explored how to better use and promote their application.
8.1 Structural modification of existing peptides
Modification of peptides can not only improve peptide activity but also reduce production costs. Peptide molecules are generally composed of several to dozens of amino acid residues (Bolhassani, 2019; Sun Z. G. et al., 2021b) and can be transformed by directly modifying the peptide chain skeleton, shortening the length of the peptide chain skeleton, and intercepting the final effective peptide segment.
8.2 Synthesis and screening of new peptide molecules based on existing peptides
Tiger17, an 11 amino acid residue peptide synthesized base on peptides tigerinins (from the skin secretions of Fejervarya cancrivora), shows potent skin wound healing activity in mice. This promotion ability may occur by inducing macrophages to re-aggregate to the wound site and promoting keratinocyte and fibroblast migration and proliferation, leading to re-epithelialization and granulation tissue formation, activation of the MAPK signaling pathway, and transfer of TGF-β1 and IL-6 in macrophages. Compared with basic peptide molecules, these peptides tend to have shorter sequences, higher activity, and wider application potential (Tang et al., 2014).
8.3 Combining peptides and emerging materials
8.3.1 Peptides combined with nanomaterials
Nanomaterials are important therapeutic agent carriers in wound therapy (Ashraf et al., 2016). Loading therapeutic molecules into nanomaterials for continuous release at the application site can significantly improve therapeutic efficacy (Huh and Kwon, 2011). For example, RL-QN15 shows higher wound repair activity when combined with HPDA nanoparticles (HPDAIR) and mesoporous polydopamine (MPDA) nanoparticles than when used alone. Notably, these peptide nanomaterial composites show improved regeneration-promoting ability in mouse full-thickness skin wound and rat oral ulcer wound models, as well as increased wound healing activity in mouse scald and porcine full-thickness skin wound models (Sun H. et al., 2021a; Qin et al., 2021). Furthermore, compared to the application of the peptide alone, Esculen-tin-1a (1-21) NH2 composites [synthesis: AuNPs@Esc (1-21)] not only inhibit Pseudomonas aeruginosa, but also increase re-epithelialization activity of keratinocytes to help accelerate the healing of chronically infected wounds (Casciaro et al., 2017).
8.3.2 Peptides combined with other materials for wound dressings
Wound dressings are important interventions to promote and accelerate wound healing, reduce scar formation, and inhibit microbial invasion (Salehi et al., 2013; Morgado et al., 2015). The binding of the RL-QN15 peptide with hollow silica nanoparticles (HSN) and zinc alginate (ZA) gel to form an HSN@RL-QN15/Za hydrogel promotes cell proliferation and keratinocyte scratch repair, regulates angiogenesis, reduces inflammation, accelerates skin re-epithelialization and granulation tissue formation, ultimately leading to the rapid healing of full-thickness skin wounds and methicillin-resistant Staphylococcus aureus biofilm-infected wounds in mice (Qin et al., 2022). Furthermore, combining the RCSP peptide (derived from R. limnocharis skin) with electrospun poly (L-lactide)/zein nanofiber mats can significantly improve the mechanical properties of the mats and ameliorate cell survival, adhesion, and proliferation rates, suggesting potential as an ideal wound dressing (Zhang et al., 2016). Similarly, coaxial electrospinning of RCSP and sodium alginate (SA) to form composite nanofiber SA@Ca2+/Rcsps gel can promote collagen deposition, rapid wound hemostasis, and epidermal regeneration (Li et al., 2019).
9 PEPTIDES AS MOLECULAR PROBES FOR ANALYZING SKIN WOUND REPAIR MECHANISMS
As molecular probes, amphibian-derived peptides have become an important link in helping to understand the wound healing process and elucidate related mechanisms (Zhang et al., 2022). Based on the above peptides, most wound repair mechanisms appear to be related to the activation of various signaling pathways, such as the TGF-β1/SMAD, MAPK, and NF-κB signaling pathways (Liu et al., 2014b; Wang Y. et al., 2020b; Fu et al., 2022), although the importance of competitive endogenous RNA (ceRNA) in skin wound repair is also emerging (Zhang et al., 2022) (Figure 3).
[image: Figure 3]FIGURE 3 | Common signaling mechanisms of Amphibian-derived wound healing peptides.
9.1 Activation of signaling pathways
TGF-β is an important growth factor in the body and is essential for wound healing, particular the TGF-β1, 2, and 3 subtypes (Lichtman et al., 2016). TGF-β1 is often released during the acute reaction period of trauma, which helps macrophages and fibroblasts to become chemotactic towards the wound and promotes keratinocyte proliferation (Peplow and Chatterjee, 2013). TGF-β 3 also shows an important influence on cell migration regulation (Le et al., 2012). SMAD is the downstream effector of TGF-β, and TGF-β/SMAD signaling pathway activation can increase skin angiogenesis, promote wound contraction, and inhibit inflammation by inducing fibroblast transformation and integrin expression (Wang Y. et al., 2021b). The MAPK and NF-κB signaling pathways form the intersection of various signaling pathways in wound repair. They are closely related to inflammation and inhibiting their phosphorylation can help reduce inflammatory factor levels and inflammation during wound healing (Fu et al., 2022). Furthermore, studies have identified cross-talk between the TGF-β and MAPK signaling pathways (Liu et al., 2014b).
9.2 Mechanism of ceRNAs
The ceRNA mechanism has attracted considerable attention and has helped to reveal the interactions between RNAs. Notably, ceRNAs can change the expression of target genes by competing for shared microRNAs (miRNAs) at the post-transcriptional level (Wu et al., 2020). In the human genome, most DNA is transcribed into RNA to become non-coding RNA, which cannot encode proteins. Among them, miRNAs play a variety of important regulatory roles in cells, including repression of target protein translation (Lu and Rothenberg, 2018). In recent years, the ceRNA mechanism has been implicated in many diseases, implying important biological significance. As miRNAs participate in almost all stages of wound healing, they are considered important targets in the intervention of skin wound healing. For example, miR203 is associated with the promotion of keratinocyte proliferation and migration (Liu et al., 2022), and miR19a and 20a are involved in the activation of the NF-κB signaling pathway (Li et al., 2021). However, although certain miRNAs appear to be involved in wound healing, research remains poor in comparison to the huge miRNA family, and exploration of miRNA functions and the ceRNA mechanism is also limited. As mentioned above, miR-663a is the first wound healing miRNA identified using an amphibian-derived peptide (OA-GL17d) as a molecular probe. Inhibition of miR-663a can improve TGF-β levels and activate the TGF-β/SMAD signaling pathway, thereby accelerating wound repair (Zhang et al., 2022). Thus, these findings suggest that ceRNAs are important for a deeper understanding of the mechanisms underpinning wound healing and emphasize the importance of peptides as molecular probes to analyze such mechanisms.
10 DISCUSSION AND CONCLUSION
Amphibians are an important source of peptide molecules (Yang et al., 2016). These peptides are not only expected to become new drug candidates for treatment but also molecular probes to analyze various mechanisms underlying human diseases. As an exogenous molecular probe, OA-GL17d has been used to explore and analyze the importance of the ceRNA mechanism, while nerve growth factor (NGF) derived from snake venom has been used to clarify related diseases, such as pheochromocytoma and hereditary sensory neuropathy (Yang et al., 2019; Zhang et al., 2022). Although a number of natural wound healing peptides have been explored, our understanding, discovery, and development of amphibian-derived peptides remain limited, especially given the huge drug resource pool with development potential (Figure 4), (Cao et al., 2018; Song et al., 2019). At present, 20 peptide-based clinical trials currently underway conducted, with more than 400 peptide drugs developed each year. Although the potential application value of peptides, especially those from amphibians, is increasingly recognized (Lee A. C. et al., 2019a; Lee C. L. et al., 2019b), based on our knowledge, there are still don't have current or completed clinical trials on amphibian-derived wound-healing peptides. The exploration of amphibian wound repair-promoting peptides and related mechanisms requires further research, and the peptides are also believed to have potential for clinical application.
[image: Figure 4]FIGURE 4 | Benefit effects of amphibian-derived wound-healing peptides in skin wound repair process.
AUTHOR CONTRIBUTIONS
SY wrote the manuscript and assisted with the data collection; XY and YW made critical revision for the manuscript and co-correspond for the whole project. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by grants from the Key Project of Yunnan Applied Basic Research (202301AS070036), Outstanding Youth Program of Yunnan Applied Basic Research Project-Kunming Medical University Union Foundation (202301AY070001-301), National Natural Science Foundation of China (81760648 and 32060212), Key Project of Yunnan Applied Basic Research Project-Kunming Medical University Union Foundation (202101AY070001-006), Youth Program of Yunnan Applied Basic Research Project Foundation (202301AU070218) and Project of Yunnan Applied Basic Research Project-Kunming Medical University Union Foundation (202301AY070001-165).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aitcheson, S. M., Frentiu, F. D., Hurn, S. E., Edwards, K., and Murray, R. Z. (2021). Skin wound healing: Normal macrophage function and macrophage dysfunction in diabetic wounds. Molecules 26 (16). doi:10.3390/molecules26164917
 Ashraf, S., Pelaz, B., del Pino, P., Carril, M., Escudero, A., Parak, W. J., et al. (2016). Gold-based nanomaterials for applications in nanomedicine. Top. Curr. Chem. 370, 169–202. doi:10.1007/978-3-319-22942-3_6
 Bai, Q., Han, K., Dong, K., Zheng, C., Zhang, Y., Long, Q., et al. (2020). Potential applications of nanomaterials and technology for diabetic wound healing. Int. J. Nanomedicine 15, 9717–9743. doi:10.2147/IJN.S276001
 Barros, A., Hamed, A., Marani, M., Moreira, D. C., Eaton, P., Placido, A., et al. (2021). The arsenal of bioactive molecules in the skin secretion of urodele Amphibians. Front. Pharmacol. 12, 810821. doi:10.3389/fphar.2021.810821
 Bian, W., Meng, B., Li, X., Wang, S., Cao, X., Liu, N., et al. (2018). OA-GL21, a novel bioactive peptide from Odorrana andersonii, accelerated the healing of skin wounds. Biosci. Rep. 38 (3). doi:10.1042/BSR20180215
 Bolhassani, A. (2019). Improvements in chemical carriers of proteins and peptides. Cell Biol. Int. 43 (4), 437–452. doi:10.1002/cbin.11108
 Cao, X., Wang, Y., Wu, C., Li, X., Fu, Z., Yang, M., et al. (2018). Author Correction: Cathelicidin-OA1, a novel antioxidant peptide identified from an amphibian, accelerates skin wound healing. Sci. Rep. 8 (1), 15906. doi:10.1038/s41598-018-33558-w
 Casciaro, B., Moros, M., Rivera-Fernandez, S., Bellelli, A., and Mangoni, M. L. (2017). Gold-Nanoparticles coated with the antimicrobial peptide Esculentin-1a(1-21)NH2 as a reliable strategy for antipseudomonal drugs. Acta Biomater. 47, 170–181.
 Demori, I., Rashed, Z. E., Corradino, V., Catalano, A., Rovegno, L., Queirolo, L., et al. (2019). Peptides for skin protection and healing in Amphibians. Molecules 24 (2). doi:10.3390/molecules24020347
 Di Grazia, A., Cappiello, F., Imanishi, A., Mastrofrancesco, A., Picardo, M., Paus, R., et al. (2015). The frog skin-derived antimicrobial peptide esculentin-1a(1-21)NH2 promotes the migration of human HaCaT keratinocytes in an egf receptor-dependent manner: A novel promoter of human skin wound healing?PLoS One 10 (6), e0128663. doi:10.1371/journal.pone.0128663
 Di Grazia, A., Luca, V., Segev-Zarko, L. A., Shai, Y., and Mangoni, M. L. (2014). Temporins A and B stimulate migration of HaCaT keratinocytes and kill intracellular Staphylococcus aureus. Antimicrob. Agents Chemother. 58 (5), 2520–2527. doi:10.1128/AAC.02801-13
 Feng, G., Wu, J., Yang, H. L., and Mu, L. (2021). Discovery of antioxidant peptides from Amphibians: A review. Protein Pept. Lett. 28 (11), 1220–1229. doi:10.2174/0929866528666210907145634
 Fosgerau, K., and Hoffmann, T. (2015). Peptide therapeutics: Current status and future directions. Drug Discov. Today 20 (1), 122–128. doi:10.1016/j.drudis.2014.10.003
 Fu, Y., Li, C., Li, X., Zeng, L., Wang, Y., Fu, Z., et al. (2022). Amphibian-derived peptide homodimer promotes regeneration of skin wounds. Biomed. Pharmacother. 146, 112539. doi:10.1016/j.biopha.2021.112539
 Gurtner, G. C., Werner, S., Barrandon, Y., and Longaker, M. T. (2008). Wound repair and regeneration. Nature 453 (7193), 314–321. doi:10.1038/nature07039
 Hamed, S., Ullmann, Y., Masoud, M., Hellou, E., Khamaysi, Z., and Teot, L. (2010). Topical erythropoietin promotes wound repair in diabetic rats. J. Invest. Dermatol 130 (1), 287–294. doi:10.1038/jid.2009.219
 Hancock, R. E., Haney, E. F., and Gill, E. E. (2016). The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev. Immunol. 16 (5), 321–334. doi:10.1038/nri.2016.29
 Haslam, I. S., Roubos, E. W., Mangoni, M. L., Yoshizato, K., Vaudry, H., Kloepper, J. E., et al. (2014). From frog integument to human skin: Dermatological perspectives from frog skin biology. Biol. Rev. Camb Philos. Soc. 89 (3), 618–655. doi:10.1111/brv.12072
 He, X., Yang, Y., Mu, L., Zhou, Y., Chen, Y., Wu, J., et al. (2019). A frog-derived immunomodulatory peptide promotes cutaneous wound healing by regulating cellular response. Front. Immunol. 10, 2421. doi:10.3389/fimmu.2019.02421
 Huh, Ae J., and Kwon, Y. J. (2011). Nanoantibiotics": A new paradigm for treating infectious diseases using nanomaterials in the antibiotics resistant era. J. Control. Release 156 (2), 128–145.
 Ishida-Yamamoto, A., Igawa, S., and Kishibe, M. (2018). Molecular basis of the skin barrier structures revealed by electron microscopy. Exp. Dermatol 27 (8), 841–846. doi:10.1111/exd.13674
 Jiang, Y., Tsoi, L. C., Billi, A. C., Ward, N. L., Harms, P. W., Zeng, C., et al. (2020). Cytokinocytes: The diverse contribution of keratinocytes to immune responses in skin. JCI Insight 5 (20). doi:10.1172/jci.insight.142067
 Joly-Tonetti, N., Wibawa, J. I. D., Bell, M., and Tobin, D. J. (2018). An explanation for the mysterious distribution of melanin in human skin: A rare example of asymmetric (melanin) organelle distribution during mitosis of basal layer progenitor keratinocytes. Br. J. Dermatol 179 (5), 1115–1126. doi:10.1111/bjd.16926
 Julier, Z., Park, A. J., Briquez, P. S., and Martino, M. M. (2017). Promoting tissue regeneration by modulating the immune system. Acta Biomater. 53, 13–28. doi:10.1016/j.actbio.2017.01.056
 Kawasumi, A., Sagawa, N., Hayashi, S., Yokoyama, H., and Tamura, K. (2013). Wound healing in mammals and amphibians: Toward limb regeneration in mammals. Curr. Top. Microbiol. Immunol. 367, 33–49. doi:10.1007/82_2012_305
 Khan, A. Q., Ahmad, F., Raza, S. S., Zarif, L., Siveen, K. S., Sher, G., et al. (2022). Role of non-coding RNAs in the progression and resistance of cutaneous malignancies and autoimmune diseases. Semin. Cancer Biol. 83, 208–226. doi:10.1016/j.semcancer.2020.07.003
 Ki, V., and Rotstein, C. (2008). Bacterial skin and soft tissue infections in adults: A review of their epidemiology, pathogenesis, diagnosis, treatment and site of care. Can. J. Infect. Dis. Med. Microbiol. 19 (2), 173–184. doi:10.1155/2008/846453
 Kumar, A., Velloso, C. P., Imokawa, Y., and Brockes, J. P. (2004). The regenerative plasticity of isolated urodele myofibers and its dependence on MSX1. PLoS Biol. 2 (8), E218. doi:10.1371/journal.pbio.0020218
 Kumar, N., and Yin, C. (2018). The anti-inflammatory peptide Ac-SDKP: Synthesis, role in ACE inhibition, and its therapeutic potential in hypertension and cardiovascular diseases. Pharmacol. Res. 134, 268–279. doi:10.1016/j.phrs.2018.07.006
 Le, M., Naridze, R., Morrison, J., Biggs, L. C., Rhea, L., Schutte, B. C., et al. (2012). Transforming growth factor Beta 3 is required for excisional wound repair in vivo. PLoS One 7 (10), e48040. doi:10.1371/journal.pone.0048040
 Lee, A. C., Harris, J. L., Khanna, K. K., and Hong, J. H. (2019a). A comprehensive review on current advances in peptide drug development and design. Int. J. Mol. Sci. 20 (10). doi:10.3390/ijms20102383
 Lee, C. L., Harris, J. L., Khanna, K. K., and Hong, J. H. (2019b). A comprehensive review on current advances in peptide drug development and design. Int. J. Mol. Sci. 20 (10).
 Levesque, M., Villiard, E., and Roy, S. (2010). Skin wound healing in axolotls: A scarless process. J. Exp. Zool. B Mol. Dev. Evol. 314 (8), 684–697. doi:10.1002/jez.b.21371
 Li, D., Peng, H., Qu, L., Sommar, P., Wang, A., Chu, T., et al. (2021). miR-19a/b and miR-20a promote wound healing by regulating the inflammatory response of keratinocytes. J. Invest. Dermatol 141 (3), 659–671. doi:10.1016/j.jid.2020.06.037
 Li, R., Cheng, Z., Wen, R., Zhao, X., Yu, X., Sun, L., et al. (2019). Novel sa@ca 2+/rcsps core-shell structure nanofibers by electrospinning for wound dressings. RSC Adv. 8, 15558–15566. doi:10.1039/C8RA00784E
 Li, X., Wang, Y., Zou, Z., Yang, M., Wu, C., Su, Y., et al. (2018). OM-LV20, a novel peptide from odorous frog skin, accelerates wound healing in vitro and in vivo. Chem. Biol. Drug Des. 91 (1), 126–136. doi:10.1111/cbdd.13063
 Lichtman, M. K., Otero-Vinas, M., and Falanga, V. (2016). Transforming growth factor beta (TGF-beta) isoforms in wound healing and fibrosis. Wound Repair Regen. 24 (2), 215–222. doi:10.1111/wrr.12398
 Liu, H., Duan, Z., Tang, J., Lv, Q., Rong, M., and Lai, R. (2014a). A short peptide from frog skin accelerates diabetic wound healing. FEBS J. 281 (20), 4633–4643. doi:10.1111/febs.12968
 Liu, H., Mu, L., Tang, J., Shen, C., Gao, C., Rong, M., et al. (2014b). A potential wound healing-promoting peptide from frog skin. Int. J. Biochem. Cell Biol. 49, 32–41. doi:10.1016/j.biocel.2014.01.010
 Liu, L., Chen, R., Jia, Z., Li, X., Tang, Y., Zhao, X., et al. (2022). Downregulation of hsa-miR-203 in peripheral blood and wound margin tissue by negative pressure wound therapy contributes to wound healing of diabetic foot ulcers. Microvasc. Res. 139, 104275. doi:10.1016/j.mvr.2021.104275
 Liu, N., Li, Z., Meng, B., Bian, W., Li, X., Wang, S., et al. (2019). Accelerated wound healing induced by a novel Amphibian peptide (OA-FF10). Protein Pept. Lett. 26 (4), 261–270. doi:10.2174/0929866526666190124144027
 Liu, N., Meng, B., Bian, W., Yang, M., Shu, L., Liu, Y., et al. (2021). The beneficial roles of poisonous skin secretions in survival strategies of the odorous frog Odorrana andersonii. Naturwissenschaften 109 (1), 4. doi:10.1007/s00114-021-01776-4
 Liu, S., Long, Q., Xu, Y., Wang, J., Xu, Z., Wang, L., et al. (2017). Assessment of antimicrobial and wound healing effects of Brevinin-2Ta against the bacterium Klebsiella pneumoniae in dermally-wounded rats. Oncotarget 8 (67), 111369–111385. doi:10.18632/oncotarget.22797
 Lu, T. X., and Rothenberg, M. E. (2018). MicroRNA. J. Allergy Clin. Immunol. 141 (4), 1202–1207. doi:10.1016/j.jaci.2017.08.034
 Luo, X., Ouyang, J., Wang, Y., Zhang, M., Fu, L., Xiao, N., et al. (2021). A novel anionic cathelicidin lacking direct antimicrobial activity but with potent anti-inflammatory and wound healing activities from the salamander Tylototriton kweichowensis. Biochimie 191, 37–50. doi:10.1016/j.biochi.2021.08.007
 Mauricio, B., Mailho-Fontana, P. L., Sato, L. A., Barbosa, F. F., Astray, R. M., Kupfer, A., et al. (2021). Morphology of the cutaneous poison and mucous glands in Amphibians with particular emphasis on caecilians (Siphonops annulatus). Toxins (Basel) 13 (11). doi:10.3390/toxins13110779
 Monavarian, M., Kader, S., Moeinzadeh, S., and Jabbari, E. (2019). Regenerative scar-free skin wound healing. Tissue Eng. Part B Rev. 25 (4), 294–311. doi:10.1089/ten.TEB.2018.0350
 Moreci, R. S., and Lechler, T. (2020). Epidermal structure and differentiation. Curr. Biol. 30 (4), R144–R149. doi:10.1016/j.cub.2020.01.004
 Morgado, P. I., Aguiar-Ricardo, C., and Ilidio, J. (2015). Asymmetric membranes as ideal wound dressings: An overview on production methods, structure, properties and performance relationship. J. Membr. Sci. 490. doi:10.1016/j.memsci.2015.04.064
 Mu, L., Tang, J., Liu, H., Shen, C., Rong, M., Zhang, Z., et al. (2014). A potential wound-healing-promoting peptide from salamander skin. FASEB J. 28 (9), 3919–3929. doi:10.1096/fj.13-248476
 Mwangi, J., Hao, X., Lai, R., and Zhang, Z. Y. (2019). Antimicrobial peptides: New hope in the war against multidrug resistance. Zool. Res. 40 (6), 488–505. doi:10.24272/j.issn.2095-8137.2019.062
 Park, J. W., Hwang, S. R., and Yoon, I. S. (2017). Advanced growth factor delivery systems in wound management and skin regeneration. Molecules 22 (8). doi:10.3390/molecules22081259
 Patocka, J., Nepovimova, E., Klimova, B., Wu, Q., and Kuca, K. (2019). Antimicrobial peptides: Amphibian host defense peptides. Curr. Med. Chem. 26 (32), 5924–5946. doi:10.2174/0929867325666180713125314
 Pazyar, N., Yaghoobi, R., Rafiee, E., Mehrabian, A., and Feily, A. (2014). Skin wound healing and phytomedicine: A review. Skin. Pharmacol. Physiol. 27 (6), 303–310. doi:10.1159/000357477
 Peplow, P. V., and Chatterjee, M. P. (2013). A review of the influence of growth factors and cytokines in in vitro human keratinocyte migration. Cytokine 62 (1), 1–21. doi:10.1016/j.cyto.2013.02.015
 Piipponen, M., Li, D., and Landen, N. X. (2020). The immune functions of keratinocytes in skin wound healing. Int. J. Mol. Sci. 21 (22). doi:10.3390/ijms21228790
 Qin, P., Meng, Y., Yang, Y., Gou, X., Liu, N., Yin, S., et al. (2021). Mesoporous polydopamine nanoparticles carrying peptide RL-QN15 show potential for skin wound therapy. J. Nanobiotechnology 19 (1), 309. doi:10.1186/s12951-021-01051-8
 Qin, P., Tang, J., Sun, D., Yang, Y., Liu, N., Li, Y., et al. (2022). Zn(2+) cross-linked alginate carrying hollow silica nanoparticles loaded with RL-QN15 peptides provides promising treatment for chronic skin wounds. ACS Appl. Mater Interfaces 14 (26), 29491–29505. doi:10.1021/acsami.2c03583
 Raghavan, K. V., Babu, M., Rajaram, R., and Purna Sai, K. (2010). Efficacy of frog skin lipids in wound healing. Lipids Health Dis. 9, 74. doi:10.1186/1476-511X-9-74
 Rodrigues, M., Kosaric, N., Bonham, C. A., and Gurtner, G. C. (2019). Wound healing: A cellular perspective. Physiol. Rev. 99 (1), 665–706. doi:10.1152/physrev.00067.2017
 Salehi, S. H., As'Adi, K., Mousavi, S. J., and Shoar, S. (2013). Evaluation of amniotic membrane effectiveness in skin graft donor site dressing in burn patients. Indian J. Surg. 77 (2), 427–431.
 Schempp, C., Emde, M., and Wolfle, U. (2009). Dermatology in the Darwin anniversary. Part 1: Evolution of the integument. J. Dtsch. Dermatol Ges. 7 (9), 750–757. doi:10.1111/j.1610-0387.2009.07193.x
 Seifert, A. W., and Maden, M. (2014). New insights into vertebrate skin regeneration. Int. Rev. Cell & Mol. Biol. 310, 129.
 Shang, W., Yang, X., Ju, X., Xie, Y., Zhang, Y., and Lee, W. H. (2017). Characterization of an insulinotropic peptide from skin secretions of Odorrana andersonii. J. Pept. Sci. 23 (9), 707–715. doi:10.1002/psc.3017
 Shi, Y., Li, C., Wang, M., Chen, Z., Luo, Y., Xia, X. S., et al. (2020). Cathelicidin-DM is an antimicrobial peptide from Duttaphrynus melanostictus and has wound-healing therapeutic potential. ACS Omega 5 (16), 9301–9310. doi:10.1021/acsomega.0c00189
 Song, Y., Wu, C., Zhang, X., Bian, W., Liu, N., Yin, S., et al. (2019). A short peptide potentially promotes the healing of skin wound. Biosci. Rep. 39 (3). doi:10.1042/BSR20181734
 Sumida, M., Kondo, Y., Kanamori, Y., and Nishioka, M. (2002). Inter- and intraspecific evolutionary relationships of the rice frog Rana limnocharis and the allied species R. cancrivora inferred from crossing experiments and mitochondrial DNA sequences of the 12S and 16S rRNA genes. Mol. Phylogenet Evol. 25 (2), 293–305. doi:10.1016/s1055-7903(02)00243-9
 Sun, H., Wang, Y., He, T., He, D., Hu, Y., Fu, Z., et al. (2021a). Hollow polydopamine nanoparticles loading with peptide RL-QN15: A new pro-regenerative therapeutic agent for skin wounds. J. Nanobiotechnology 19 (1), 304. doi:10.1186/s12951-021-01049-2
 Sun, Z. G., Zhao, L. H., Yeh, S. M., Li, Z. N., and Ming, X. (2021b). Research development, optimization and modifications of anti-cancer peptides. Mini Rev. Med. Chem. 21 (1), 58–68. doi:10.2174/1389557520666200729163146
 Tang, J., Liu, H., Gao, C., Mu, L., Yang, S., Rong, M., et al. (2014). A small peptide with potential ability to promote wound healing. PLoS One 9 (3), e92082. doi:10.1371/journal.pone.0092082
 Tong, Q., Hu, Z. F., Du, X. P., Bie, J., and Wang, H. B. (2019). Effects of seasonal hibernation on the similarities between the skin microbiota and gut microbiota of an Amphibian (Rana dybowskii). Microb. Ecol. 79 (4), 898–909.
 Tseng, A. S., and Levin, M. (2008). Tail regeneration in Xenopus laevis as a model for understanding tissue repair. J. Dent. Res. 87 (9), 806–816. doi:10.1177/154405910808700909
 Wang, S., Feng, C., Yin, S., Feng, Z., Tang, J., Liu, N., et al. (2020a). A novel peptide from the skin of amphibian Rana limnocharis with potency to promote skin wound repair. Nat. Prod. Res. 35, 1–5. doi:10.1080/14786419.2019.1710702
 Wang, S., Feng, C., Yin, S., Feng, Z., Tang, J., Liu, N., et al. (2021a). A novel peptide from the skin of amphibian Rana limnocharis with potency to promote skin wound repair. Nat. Prod. Res. 35 (20), 3514–3518. doi:10.1080/14786419.2019.1710702
 Wang, S., Yang, M., Yin, S., Zhang, Y., Zhang, Y., Sun, H., et al. (2022). A new peptide originated from amphibian skin alleviates the ultraviolet B-induced skin photodamage. Biomed. Pharmacother. 150, 112987. doi:10.1016/j.biopha.2022.112987
 Wang, Y., Feng, Z., Yang, M., Zeng, L., Qi, B., Yin, S., et al. (2020b). Discovery of a novel short peptide with efficacy in accelerating the healing of skin wounds. Pharmacol. Res. 163, 105296. doi:10.1016/j.phrs.2020.105296
 Wang, Y., Feng, Z., Yang, M., Zeng, L., Qi, B., Yin, S., et al. (2021b). Discovery of a novel short peptide with efficacy in accelerating the healing of skin wounds. Pharmacol. Res. 163, 105296. doi:10.1016/j.phrs.2020.105296
 Wertz, P. (2018). Epidermal lamellar granules. Skin. Pharmacol. Physiol. 31 (5), 262–268. doi:10.1159/000491757
 Wong, R., Geyer, S., Weninger, W., Guimberteau, J. . l., and Wong, J. K. (2015). The dynamic anatomy and patterning of skin. Exp. Dermatol. 25 (2), 92–98.
 Wu, J., Yang, J., Wang, X., Wei, L., Mi, K., Shen, Y., et al. (2018). A frog cathelicidin peptide effectively promotes cutaneous wound healing in mice. Biochem. J. 475 (17), 2785–2799. doi:10.1042/BCJ20180286
 Wu, X., Sui, Z., Zhang, H., Wang, Y., and Yu, Z. (2020). Integrated analysis of lncRNA-mediated ceRNA network in lung adenocarcinoma. Front. Oncol. 10, 554759. doi:10.3389/fonc.2020.554759
 Xu, X., and Lai, R. (2015). The chemistry and biological activities of peptides from amphibian skin secretions. Chem. Rev. 115 (4), 1760–1846. doi:10.1021/cr4006704
 Yang, X., Wang, Y., Wu, C., and Ling, E. A. (2019). Animal venom peptides as a treasure trove for new therapeutics against neurodegenerative disorders. Curr. Med. Chem. 26 (25), 4749–4774. doi:10.2174/0929867325666181031122438
 Yang, X., Wang, Y., Zhang, Y., Lee, W. H., and Zhang, Y. (2016). Rich diversity and potency of skin antioxidant peptides revealed a novel molecular basis for high-altitude adaptation of amphibians. Sci. Rep. 6, 19866. doi:10.1038/srep19866
 Yin, S., Wang, Y., Liu, N., Yang, M., Hu, Y., Li, X., et al. (2019). Potential skin protective effects after UVB irradiation afforded by an antioxidant peptide from Odorrana andersonii. Biomed. Pharmacother. 120, 109535. doi:10.1016/j.biopha.2019.109535
 Yin, S., Yang, M., Li, Y., Li, S., Fu, Z., Liu, N., et al. (2020). Peptide OM-LV20 exerts neuroprotective effects against cerebral ischemia/reperfusion injury in rats. Biochem. Biophys. Res. Commun. 537, 36–42. doi:10.1016/j.bbrc.2020.12.053
 Yokoyama, H., Kudo, N., Todate, M., Shimada, Y., Suzuki, M., and Tamura, K. (2018). Skin regeneration of amphibians: A novel model for skin regeneration as adults. Dev. Growth Differ. 60 (6), 316–325. doi:10.1111/dgd.12544
 Yokoyama, H., Maruoka, T., Aruga, A., Amano, T., Ohgo, S., Shiroishi, T., et al. (2011). Prx-1 expression in Xenopus laevis scarless skin-wound healing and its resemblance to epimorphic regeneration. J. Invest. Dermatol 131 (12), 2477–2485. doi:10.1038/jid.2011.223
 Yousef, H., Alhajj, M., and Sharma, S. (2022). “Anatomy, skin (integument), epidermis,” in StatPearls (Tampa, Florida, United States: StatPearls Publishing). 
 Zhang, M., Li, X., Li, S., Liu, Y., and Hao, L. (2016). Electrospun poly(l-lactide)/zein nanofiber mats loaded with Rana chensinensis skin peptides for wound dressing. J. Mater. Sci. Mater. Med. 27 (9), 136.
 Zhang, Y., Wang, Y., Zeng, L., Liu, Y., Sun, H., Li, S., et al. (2022). Amphibian-derived peptide homodimer OA-GL17d promotes skin wound regeneration through the miR-663a/TGF-beta1/Smad axis. Burns Trauma 10. doi:10.1093/burnst/tkac032
 Zhang, Y., Yu, G., Xiang, Y., Wu, J., Jiang, P., Lee, W., et al. (2010). Bm-TFF2, a toad trefoil factor, promotes cell migration, survival and wound healing. Biochem. Biophys. Res. Commun. 398 (3), 559–564. doi:10.1016/j.bbrc.2010.06.118
 Zhao, J., Pang, A., Yin, S., Yang, M., Zhang, X., Zhang, R., et al. (2022). Peptide OM-LV20 promotes structural and functional recovery of spinal cord injury in rats. Biochem. Biophys. Res. Commun. 598, 124–130. doi:10.1016/j.bbrc.2022.02.017
 Zhao, R., Liang, H., Clarke, E., Jackson, C., and Xue, M. (2016). Inflammation in chronic wounds. Int. J. Mol. Sci. 17 (12). doi:10.3390/ijms17122085
 Zomer, H. D., and Trentin, A. G. (2018). Skin wound healing in humans and mice: Challenges in translational research. J. Dermatol Sci. 90 (1), 3–12. doi:10.1016/j.jdermsci.2017.12.009
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Yin, Wang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1120228-t001.jpg
Species

Wound-healing peptides
Ogutam | a0 ATAWDFGRHGLLIRPIRIPLCG u 26108 [
Ctomoa | ovwwp ATAWDLGPHGIRPLRPIRIRPLCG 2 26k08 Heetal, (019)
Ownkranis | onain GLLSGHYHRVSTASGHYGRG P 22100 . G0t
Oanderomii | OAFFIO FFTTSCRSGE w0 Likoa L etal. Gois)
Oanderonit | OMN® LVGLLKGAVGDVCGLLPIC 0 Lok0n e o
. andersonii | oaGL2 GLLSGINAEWPC 2 13kDa Song et al. (2019)
Oamieroni | iy APERGICTTN W [ Ll Gotte
0. andersonii | oA-GPIId GPLSGINAECM 1 22kDa Fuetal. 2022)
Oonierons | onGUI GLEwHPRCGEEQSWT v 2oy | sega o
R limmocharis | RLRLIO RLEKCWKKDS 10 13kDa Wang et al. 20200)
. lmocrs N QNSYADLCQRITMC s | wangera Qo)
¥ anerra Tiget? WCKPKPKPRCI N2 " Lo Tang . 201)
& masina BT GRPIYEDNRRGCYVDPAERVACAGAGVTKAECKAKGCCHSARRNTIWCHKLKES ADAWKCAVPMNTRVACAGAGVTPA | 101 . Thang et 010
EKGRGCCNSSTYGTVWCHKPE
Antimicrobial peptides with wound-healing activity
Somandes | Tyowin KCVRQNNKRVCK » [y Mact 01y
Solamanders o GGQDTGREGETGRKKKSONWMNLLNKFLELIGLKEAGDD 5 s2in Luo s Gozn)
SEPFCFTCIFDMFSQ
Nvenpuncaa | Cablidin NV ARGRKECKDDRCRLLMKRGSSYV u 20100 Waeral oty
Oanderoni | Cabeiidin OAL IGRDPTWSHLAASCLKCIFDDLPKTHN 5 20101 Cuo st Co18)
P. esculentus. | B2Ta ‘GILDTLKNLAKTAGKGILKSLVNTASCKLSGQC 3 33kDa Liu et al. (2017)
P lsonscratunds | Bceniia 12 N2 e (121, GIFSKLAGKKIKNLLISGLKG N2 2 : | 01 Graisctal oy
D.melaosics | Cabeicdin DM SSRRKPCKGLCKLKLRGGYTLIGSATNLNRPTYVRA » 12100 il @)
Rorpoars | Tomporns & FLpLIGRVLSGIL N2 W . Dt Gl 019
Rinporaia | Temporine LLPIVGNLLSLLNH2 N E D1 Grai k. 014)






OPS/images/fphar-14-1120228-g003.gif
s @






OPS/images/fphar-14-1120228-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Amphibian-derived wound healing peptides: chemical molecular treasure trove for skin wound treatment		1 Introduction

		2 Mammalian skin structure

		3 Skin wound healing processes

		4 Amphibian skin structure

		5 Characteristic of wound repair in amphibians

		6 Acquisition and identification of wound healing peptides		6.1 Separation and purification of peptides

		6.2 Primary structure analysis of peptides

		6.3 Construction and screening of a cDNA library

		6.4 Activity tracking of wound-repair peptide molecules





		7 Amphibian-derived wound healing peptides		7.1 Wound-healing peptides

		7.2 Antimicrobial peptides with wound-healing activity





		8 Future of wound healing peptides: experiments to clinics		8.1 Structural modification of existing peptides

		8.2 Synthesis and screening of new peptide molecules based on existing peptides

		8.3 Combining peptides and emerging materials





		9 Peptides as molecular probes for analyzing skin wound repair mechanisms		9.1 Activation of signaling pathways

		9.2 Mechanism of ceRNAs





		10 Discussion and conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1120228-g001.gif





OPS/images/fphar-14-1120228-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





