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Abstract

:

This study investigated the effect of natural compounds from Nile tilapia (Oreochromis niloticus) skin on wound healing in IL-10 knockout mice. The healing fraction, Fraction T19, was obtained through hydrolysis with trypsin. In vitro, T19 was not cytotoxic to RAW 264.7 macrophage cells, promoting increased cell proliferation and migration. In vivo, mice (n = 30) were divided into three groups with 12 mm wounds in the dorsal region: control (distilled water), T1 (T19 at 125 μg/mL), and T2 (T19 at 250 μg/mL). Daily applications were performed, with tissue removal after nine days. The results showed that T19 increased the production of nitric oxide (NO) and hydrogen peroxide (H2O2), preventing wound contamination. There was an increase in pro-inflammatory (IL-2 and IFNγ) and anti-inflammatory (IL-4) cytokines, as well as cell proliferation markers (PCNA and KI67). Antibodies CD31, CD163, and COX-2 indicated an increase in the formation of new vessels and a reduction in inflammation. Both groups treated with T19 showed better healing results, with better effects observed at higher doses. It was concluded that T19 can effectively modulate the skin repair process and represent an alternative therapeutic for improving the quality of wound skin, especially in the clinical context. Formulations using tilapia skin are safe and effective for accelerating wound healing.
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1. Introduction


The skin is the largest organ of the human body. It works as a chemical, physical, microbial, and thermoregulatory barrier, in addition to serving immune protection, sensory perception (heat, cold, touch, pain), aesthetic, and hemodynamic regulation roles [1]. Due to these many roles, the skin is exposed to aggression from intrinsic and extrinsic factors, such as wounds, which can cause structural changes. Open wounds involve the rupture of the tissue’s structure, with damage severity varying by depth and extent, potentially leading to functional disability [2]. Currently, the number of patients affected by skin wounds is high worldwide. In addition, data from recent surveys reveal that these lesions affect up to 5% of the adult population of the Western world, leading to high costs for health services [3,4,5]. This is mainly due to the growing number of associated chronic pathologies, such as diabetes and cancer [6]. Skin wounds can be considered a public health issue, since they affect the population in general, regardless of gender, age, or ethnicity, increasing the health system’s costs [7]. When the skin suffers an injury, it is necessary to repair the wound site quickly so that the body is not exposed to the external environment, which can often be hostile [8]. The repair process usually occurs in three distinct but overlapping phases—inflammation, proliferation, and remodeling—which are highly regulated by releasing various growth factors, such as cytokines, chemokines, and inflammatory and matrix cells [9]. In the first phase, there is the hemostasis phenomenon, with the recruitment of neutrophils and macrophages. These cells act as phagocytes, mediating cytokines and antimicrobial substances and releasing proteinase [10]. Thus, bleeding stops during hemostasis due to the intrinsic and extrinsic coagulation cascade. Platelets aggregate and trigger vasoconstriction to reduce blood loss, which results in hypoxia, increased glycolysis, and pH changes [11]. Vasoconstriction, triggered by platelets, helps reduce blood loss and fill the tissue gap with a blood clot that serves as a temporary wound matrix, providing a framework for different cellular factor migration [8,12]. In addition, the blood clot contains molecules of fibrin, fibronectin, vitronectin, and thrombospondins, forming the provisional matrix as a support structure for the migration of leukocytes, keratinocytes, fibroblasts, and endothelial cells supplied with growth factors [13]. Platelets influence leukocyte chemotaxis by releasing cytokines and growth factors. They initiate inflammation, stimulate collagen synthesis, activate fibroblasts into myofibroblasts, start angiogenesis, and support re-epithelialization [14].



In the next phase, known as proliferation, the wound is covered by the migration of fibroblasts along the fibrin network, followed by the restoration of the vascular network by the angiogenesis process. Thus, the temporary wound matrix is replaced [15]. During this phase, fibroblasts synthesize and deposit a new extracellular matrix, which supports cells and new blood vessels, forming granulation tissue [16]. This tissue works as a scaffold for the migration and organization of macrophages, keratinocytes, blood vessels, and collagen fibers, which partially recover the structure and function of the injured skin [15,17]. Restoring the skin’s vascular system involves a complex cascade of cellular, humoral, and molecular events in the wound bed. Growth factors bind to receptors on endothelial cells, triggering intracellular signaling and the secretion of proteolytic enzymes. These enzymes dissolve the basal lamina, enabling cell proliferation and migration to the wound site. By the end of this phase, the total number of cells decreases, especially as they mature into myofibroblasts and undergo apoptosis, ending the proliferative phase [18,19]. Furthermore, the extracellular matrix (ECM) is degraded and synthesized, replacing collagen III with collagen I, especially by the lysyl Oxidase enzyme. This process concludes inflammation and gradual remodeling of granulation tissue to form scar tissue [20,21]. This phase can last for many years after the injury, and there is usually a recovery of 80% of the original tissue strength before the injury [22]. Once a monolayer of keratinocytes covers the surface of the lesion, the epidermal migration of these cells stops, and a new stratified epidermis with an underlying basal lamina is reestablished from the edges of the wound to its inner portion [23].



Currently, several medications are used in wound care, such as silver sulfadiazine and mafenide acetate. However, these drugs have some main drawbacks, such as some serious side effects, ineffectiveness for deep wounds, the formation of visible scars, and a high cost of treatment [24,25]. Since the annual health expenditures are high for treating skin injuries, it is fundamental to develop new therapy options. Biopharmaceuticals have increased enormously since they efficiently promote the healing process and can represent a less costly treatment alternative [26,27,28,29]. Recent studies show positive results using peptides present in the skin of the tilápia Nilo (Oreochromis niloticus) in infected wounds and burns due to their antibacterial [30], antihypertensive [31], and neuroprotective [32] properties, which can also be applied for the treatment of lesions [33]. Thus, tilápia Nilo skin represents a low-cost alternative that can be beneficial for skin wound healing [34]. Tilapia fish skin has a dermis composed of compacted, long, and organized collagen bundles, predominantly type I [35], which stimulate Fibroblast Growth Factors (FGFs) and release Keratinocyte Growth Factor (KGF). These are two crucial and essential cytokines for wound closure [36]. In addition, the fish produce Marine Antimicrobial Peptides (MAPs) as part of their immune systems, such as piscidin, defensin, hepcidin, cathelicidin, and histone, which have antimicrobial effects and are essential for keeping the wound area free of infection [37]. A few studies have explored these peptides’ antioxidant and anti-inflammatory properties, which help speed up dermal healing. In addition, our study is the first to use IL-10 knockout mice. It is essential to highlight that Interleukin 10 (IL-10) is an anti-inflammatory cytokine that controls macrophage signaling to prevent chronic inflammation. In addition, it regulates angiogenesis by inducing the cell-type-dependent expression of both angiogenic and angiostatic factors. Thus, IL-10 knockout mice represent a desirable animal model, which may develop more significant inflammation and present reduced vascularization during the healing process [38]. Therefore, our objective is to study the effect of the new therapeutic formulation obtained from tilapia skin for wound healing; we believe this animal model is very valid because it allows us to examine this pathology in extreme conditions, with low vascularization and a high inflammatory profile.




2. Materials and Methods (Supplementary Figure S1)


2.1. Tilápia Nilo (Oreochromis niloticus) Preparation for Skin Extraction


Fourteen male tilápia Nilo specimens, 240 days (8 months) old, from the Nursery of the Fish Farming Sector DBA/UFV, with an average weight of 210 g, were used in the study. These animals were kept in a 250 L aquarium equipped with a mechanical and biological filter at 26 ± 1 °C for an acclimatization period of seven days. The fish were fed thrice daily, extruded commercially with 32% crude protein (CP). All experiments were approved by the Animal Ethics Committee of the Federal University of Viçosa (CEUA/UFV: 02/2020). The tilápia Nilo were weighed and euthanized at the Laboratory of Experimental Pathology (LAPEX) with an excess anesthetic of 400 mg of clove oil/L of water and a 1:9 anesthetic solution of clove oil–absolute alcohol [39]. After euthanasia, the skins were removed from the tilápia Nilo and sectioned into 12 cm2 segments at the base of the dorsal fin and washed in Hickman’s sterile saline solution (NaCl at 6.42 g/L; KCL at 0.15 g/L; CaCL2 at 0.22 g/L; MgSO4 at 0.12 g/L; NaHCO3 at 0.084 g/L, and NaH2PO4 at 0.06 g/L), the same solution as suitable for freshwater teleosts [40]. They were then stored in a freezer at −80 °C until use. The remaining carcasses of the animals were stored in a −20 °C freezer and later collected by the Waste Management Division of UFV.




2.2. Preparation of Tilápia Nilo Skin Hydrolysate for Peptide Recovery


Clean skins were homogenized with a manual homogenizer in the proportion of 1 g of clean skin to 3 mL of distilled water. Then, the homogenate was centrifuged at 10,000× g, 4 °C, for 10 min and lyophilized. The lyophilized extract was resuspended in buffer solution (0.6 g Tris-HCl and 0.01g CaCl2 prepared in 100 mL of distilled water) in a 1:1 ratio (5 mg of lyophilized extract + 5 mL of sample buffer) and centrifuged at 2500× g for 12 min. Following this, the supernatant was collected, and trypsin enzyme was added to the mixture in a 1:0.2 ratio (1000 μL of the extract + 200 μL of enzyme) and incubated in a water bath at different times (0 h, 2 h, 4 h, 6 h, and 19 h) at 38 °C, for digestion. The enzyme was deactivated by heating the mixture to 100 °C for 15 min. The mixture was cooled to room temperature and centrifuged at 9000× g for 10 min to remove debris. The supernatant was collected and stored in a −80 °C freezer until use. The peptide concentration in the hydrolysates was measured using Bradford’s method [41].




2.3. LC/MS-MS Analysis


An Amazon Ion Trap® mass spectrometer (AmaZon Speed, Bruker Daltonics, Bremen, Germany) and a Waters nanoAcquity UPLC system (Waters Corporation, Milford, MA, USA) made up the LC-MS/MS system to analyze the T19 hydrolysate sample. Chromatographic analysis was performed on the sample using a trap column and a C18 BEH130 capillary column, measuring 1.7 μm to 100 μm × 100 mm and running at a flow rate of 0.400 μL/min. With the use of a nanoESI ionization needle, the peptides were automatically eluted and fed into an online mass spectrometer. The gradient program in this step was carried out using the following mobile phase solutions: (A) water and 0.1% formic acid (v/v) and (B) acetonitrile and 0.1% formic acid (v/v). The chromatographic setup began with a desalination step that maintained 5% of (B) for five minutes. Next, a gradient was established, which consisted of a linear ascent from 50% to 90% of (B) for ten minutes, 90% of (B) for five minutes, a linear descent from 90% to 10% of (B) for five minutes, and maintenance at 10% of (B) for five minutes. Positive mode scanning was used to scan the ions for the MS1 and MS2 mass ranges, 300–1500 m/z and 70–3000 m/z, respectively. The process of acquiring the data took about 75 min. To obtain MS2 spectra for the most intense ions in each complete scan spectrum—aside from the single-charged ions—the IonTrap spectrometer was run in auto-MSn mode. The Bruker Daltonics (Germany) Hystar application, version 3.2, was used to oversee data collecting. Data Analysis, version 4.0 (AmaZon Speed, Bruker Daltonics, Bremen, Germany) was used to process the mass spectra using the normal proteomics parameters. The peak lists were produced using the CompassXport tool, version 3.0 (AmaZon Speed, Bruker Daltonics, Bremen, Germany), in extensible mark-up language format (*mzXML).



2.3.1. Protein Identification


The list masses were compared against protein sequences belonging to the Oreochromis niloticus species (uploaded on 13 September 2021, with 75,971 entries). The comparison was performed using the PEAKS software, version 7.0 (Bioinformatics Solutions Inc., Waterloo, ON, Canada) [42]. The parameters used for the research were enzymatic digestion by trypsin, not considering the occurrence of lost cleavage; carbamydomethylation of cysteine as a fixed modification; and methionine oxidation as a variable modification. Error tolerance for the parent ion and fragments was 0.2 Da, with the analysis of ions with +2, +3, and +4 charges. Proteins were considered ‘identified’ when they had at least two unique peptides with an FDR (False Discovery Rate) of less than one percent. The peptide sequences that did not align with any of the proteins were predicted by the de novo sequencing method, using the only algorithm inserted in the PEAKS application platform, version 7.0 [43].




2.3.2. Characterization of the Amino Acid Composition of MCPs


The amino acid sequences of marine collagen peptides (MCPs), obtained from mass spectrometry data, were submitted to amino acid quantification by the ProtParam—ExPASy tool (SIB Swiss Institute of Bioinformatics, Geneva, Switzerland).





2.4. In Vitro Assays


2.4.1. Cytotoxicity/Proliferation Assays


The cytotoxicity/proliferation assays were performed in triplicate with the RAW 264.7 macrophage cell line to define the compounds extracted from tilapia fish with the most promising effects for the cell proliferation and migration assay. Cells were supplemented with Dulbecco’s Modified Eagle’s Medium (DMEM, supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin) at 37 °C in an atmosphere with 5% CO2. Cells were counted in Neubauer’s chamber and plated to a 96-well culture dish for 24 h at 37 °C and 10% CO2. The cells were treated with homogenate with different hydrolysis times (0 h, 2 h, 4 h, 6 h, and 19 h) and diluted in a medium supplemented with 10% SFB for 24 h. These different hydrolysates are called T0, T2, T4, T6 and T19.



After this, the MTT assay, previously described by [44], was performed to verify cell viability. For MTT analysis, the media were removed from the wells after 22 h, and 50 μL of methylthiazolyldiphenyltetrazolium bromide (MTT) was added per well, being incubated again for 2 h at 37 °C and 5% CO2. After this period, 100 μL of the supernatant was removed, and 90 μL of DMSO was added per well. The plates were homogenized for 5 min, and the absorbance was determined at 570 nm using a Multiskan™ FC plate reader (Thermo Fisher Scientific, Waltham, MA, USA). The cell viability rate is calculated by


Cell viability − OD570 (sample)/OD570 (control) × 100%



(1)




where the optical density (OD) values of the samples and control are coded as OD570 (sample) and OD570 (control).




2.4.2. Scratch Assay


For the scratch assay, the RAW 264.7 Macrophage cell line was cultured in Dulbecco’s Modified Eagle medium (DMEM, supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin) at 37 °C in atmosphere with 5% CO2. Cells were deposited in 24-well plates at a density of 5 × 103 cells/well and then cultured for 24 h in cell monolayers. A 1000 μL pipette tip was used to create an even scratch on the monolayer of cells. The residues of non-adhered cells were removed by washing with PBS twice. The control group was treated with DMEM + 10% FBS, and the test groups were analyzed with (the compounds T0, T2, T4, T6, and T19). Scratch closure was observed using a Leica inverted light microscope, and the scratch area was calculated using ImageJ software. The following formula calculated the scratch closure rate:


Scratch Closure Rate (%) = (A 0 − A t)/A 0 × 100%



(2)




where A 0 is the area of the scratch at time 0, and A t is the area of the scratch at the designated time.





2.5. In Vivo Assays


2.5.1. Animals


A total of 30 (C57) IL-10 knockout mice were used, with an average weight of 28 ± 2 g at 20 weeks of age. The animals were randomly allocated in groups at the Vivarium of the Department of Nutrition (Animal Nutrition Laboratory/UFV). The animals were kept in individual cages with cycles of 12 h of light and 12 h of darkness and controlled temperature (24 ± 2 °C; 60–70% humidity). The animals had access to water and commercial feed ad libitum. All procedures were approved by the Animal Ethics Committee for the Use of Animals in Research, adopted by the Federal University of Viçosa (CEUA/UFV: 02/2020).




2.5.2. Experimental Design


The animals were randomly assigned to three groups, with 10 animals in each. Group C received 50 μL distilled water (control); T1 received 25 μL of the T19 peptide compound (18.75 μg/mL); and T2 received 50 μL of the T19 peptide compound (37.5 μg/mL). Doses were chosen based on literature studies and in vitro analyses. The treatments were administered topically for nine days. After this period, the animals were euthanized due to excessive anesthetic (Figure 1).




2.5.3. Surgical Wounds


Animals were anesthetized with an intraperitoneal injection dose of the compound containing ketamine and xylazine (10 mg/kg). After anesthesia, the dorsolateral hair removal of the mice was performed using a cutting machine, and the area was cleaned with 70% alcohol. The wound area was marked with a violet crystal and measured with an analog caliper (Mitutoyo Sul Americana Ltda®, São Paulo, Brazil) [45]. A circular second intention wound of 12 mm2 in diameter was made in the dorsolateral region of each mouse until the dorsal muscle fascia was exposed using surgical scissors. Tissue samples were obtained from the wound on days 0 and 9 after the injury. These samples were used for histological, biochemical, and immunohistochemical analyses.




2.5.4. Measure of Wound Area and Contraction Rate


The wound area and contraction rate were assessed at nine days using scanned photos with 4032 × 3024 pixels (dual camera 12 MP + 12 MP) captured by the Samsung Galaxy S9 Plus smartphone (Samsung Eletrônica da Amazônia Ltda, Manaus, Amazônas, Brazil). To calculate the ICF wound contraction index (%) [45], the following equation was used:


initial wound area (Ao) − area on a given day (Ai)/initial wound area (Ao) × 100












2.5.5. Histological Analysis


Samples taken from the wounds were fixed in Karnovsky’s solution, dehydrated in ethyl alcohol, diaphanized in xylol, and submerged in paraffin. The samples included tissue from the center of the damage and some tissue surrounding the edges of the lesions. Using a rotating microtome (Leica Multicut® 2045, Reichert-Jung Products, Jena, Germany), histological slices (4 μm thick) were produced. Hematoxylin and eosin (HE) staining was applied to the slices to analyze the cells and blood vessels [46]. A Leica DM 750 light microscope and a Leica MC170 HD digital camera were used to examine the slides and take pictures. At a 20× magnification, ten randomly selected photos with a resolution of 2048 × 1536 pixels were acquired for every HE-stained area. Using a grid of 216 intersections connected to the image analysis program Image Pro-plus 4.5 software (Media Cybernetics Corporation, Silver Spring, MD, USA), blood vessel counts were carried out.





2.6. Analysis of Oxidative Stress Markers and Antioxidant Defenses


Each wound’s tissue fragments were removed, instantly frozen in liquid nitrogen (−196 °C), and then kept in a freezer at −80 °C. After homogenizing the samples in 100 mg of phosphate-buffered saline (PBS) and 1 mL of PBS, the samples were centrifuged for 5 min at 10,000× g (12,000 rpm) while being refrigerated at 5 °C [47].



2.6.1. Hydrogen Peroxide Production


In tissue homogenate supernatants, the generation of hydrogen peroxide (H2O2) was quantified. A total of 50 μL of supernatant was treated with an equivalent volume of type II peroxidase (15 mmol/L) and 50 μL of o-phenylenediamine (OPD). Using a known concentration of H2O2, a standard curve was used to quantify the conversion of absorbance to micromolar quantities of H2O2. The findings were presented in terms of μmol/L [48].




2.6.2. Nitric Oxide Analysis


By using the conventional Griess reaction to detect the amounts of nitrite/nitrate (NO2−/NO3−), nitric oxide (NO) was indirectly measured [48]. For ten minutes, 50 μL of supernatants were incubated at room temperature with an equal volume of Griess reagent (1% sulfanilamide, 0.1% N-(1-Naphthyl) ethylenediamine, and 2.5% H3PO4). Using a standard sodium nitrite curve (0–125 μM), absorbance conversion in NO micromolar concentrations was achieved and reported as NO concentrations (μmol × L−1).




2.6.3. Determination of TBARS


Tissue fragments were collected from each wound, frozen in liquid nitrogen (−196 °C), and stored at −80 °C. Samples were homogenized in phosphate buffer and centrifuged at 5 °C at 3500× g for 10 min, and the supernatant was used for analysis of thiobarbiturate reactive substances (TBARSs) and quantified using an ELISA reader set at 532 nm. The step-by-step procedure is described below [49,50].



Preparation of solutions



TBARS Solution (Thiobarbituric Acid Reactive Substance)



	
0.375% TBA solution (Reagent: 2-thiobarbituric acid 98%, Sigma-Aldrich, St Louis, MO, USA)




	-

	
Weigh 0.0375 g of TBA.




	-

	
Dilute in 10 mL of distilled water.




	-

	
Homogenize in a heated magnetic stirrer, as the solution requires diluting time.









	
0.25 M HCl solution (Reagent: Hydrochloric Acid 37% P.A.)




	-

	
Pipette 214.6 µL of HCl.




	-

	
Complete the volume with 10 mL of distilled water.




	-

	
Homogenize with a magnetic stirrer.









Note: HCl must be pipetted into the Gas Exhaust Hood.



	
15% TCA solution (Reagent: Trichloroacetic Acid ≥ 99%; Sigma-Aldrich)




	-

	
Weigh 1.5 g of TCA.




	-

	
Complete the volume with 10 mL of distilled water.




	-

	
Homogenize with a magnetic stirrer.









	
After preparation, combine the 3 solutions in a single bottle covered with aluminum foil to create a TBARS solution with a final volume of 30 mL. This step must be performed in a dark environment, and the solution must be prepared for use on the same day, as TCA turns to water and TBA oxidizes). The TBARS solution is transparent in color.






Construction of the Standard Curve



	
To construct the curve, a 10 mM TMPO stock solution must be prepared.



	
Pipette 16.47 µL of the reagent 1,1,3-Tetramethoxypropane (TMPO) [MW: 1645.2; Density: 0.997, Sigma-Aldrich].



	
Dilute in 10 mL of distilled water in an amber bottle or a bottle lined with aluminum foil.



	
Homogenize and store at −20 °C (in 10 mM stock solution) until the next day.



	
Assemble the Standard Curve.






Sample procedure



Identify three 1.5 mL microtubes for each sample to be analyzed (the assay is carried out in triplicate). Prepare only eight samples at a time.



	-

	
Add 200 µL of the sample (tissue or plasma) to each microtube (leave it on ice).




	-

	
Perform the following steps for all microtubes (samples and standard):




	(1)

	
Pipette 400 µL of the previously prepared solution (TBARS).




	(2)

	
Mix in the vortex for at least 10 s.




	(3)

	
Place in a water bath for 40 min at 90 °C (be careful not to let water enter).




	(4)

	
Place in an ice bath for 5 min.




	(5)

	
Add 600 µL of n-Butanol.




	(6)

	
Vortex for 1 to 2 min to invert the phase (the upper part becomes pink, and the lower part clear).




	(7)

	
Centrifuge at 3500 rpm for 10 min at 15 °C.




	(8)

	
CAREFULLY remove 200 µL of the supernatant (upper liquid phase—light pink color).




	(9)

	
Aliquot into each well of the 96-well plate (check the plate design in the diagram below).




	(10)

	
Perform the reading on a plate spectrophotometer at 540 nm.




	(11)

	
Expected absorbance values are between 0.1 and 1.




	(12)

	
The biochemical data are normalized to total protein levels in the supernatant. The total protein levels are quantified in all homogenates [41].














2.6.4. Superoxide Dismutase Activity


Superoxide dismutase (SOD) activity was determined by the reduction of superoxide (O−2) and hydrogen peroxide, thereby decreasing the auto-oxidation of pyrogallol [51]. SOD activity was calculated as units per milligram of protein, with one unit (U) of SOD defined as the amount that inhibited the rate of pyrogallol autoxidation by 50%.





2.7. Cytokine Expression Analysis


Scar tissue samples collected on days 0 and 9 were frozen at −80 °C, homogenized in PBS buffer (pH 7.4) containing 0.05% Tween, and centrifuged at 3500× g for 30 min. The supernatant was analyzed using immunoassay kits by the BD Cytometric Bead Array (CBA)/Th1/Th2 Mouse of the BD Cytometry Notes (CBA) segment (BD Biosciences, San Diego, CA, USA). Data were collected using FACSCalibur and analyzed using the FCAP 3.0 software system (BD Biosciences, San Diego, CA, USA). The cytokines IL-2 (interleukin-2), IL-4 (interleukin-4), and IFN-γ (interferon-γ) were used for flow cytometry, according to the manufacturer’s recommendations.




2.8. Immunohistochemistry Analysis


For immunohistochemical analysis, the tissue samples were cut into small fragments and placed in buffer solution, PBS-T (1%), for 1 h and 30 min, changing the solution every 30 min to open the membrane, thus allowing the antibody’s entrance. After this step, all the buffer solution was removed, and 40 μL of diluted antibody was added, which was then stored in the refrigerator for 48 h. Primary antibody solutions were used in the following proportions (Anti-CD31—1/500, Anti-CD 163—1/500, Anti-MMP (PCNA)—1/500, Anti-COX-2—1/1000, Anti-Ki 67—1/500). Soon after, the vials were washed with TBS to remove the primary antibodies and prevent over-marking.



Then, 40 μL of fluorescein isothiocyanate (FITC) was added as a secondary antibody and left overnight. Moreover, the samples went through the process of dehydration and inclusion in the resin. All steps were carried out in the dark. After completing the immunohistochemical protocol, images were obtained using the Thermo Fisher Scientific EVOS™ M5000 Imaging System microscope. Subsequently, images were edited using GIMP version 2.10.24, so that only the structures marked by the immunohistochemistry technique remained in the images. Then, the already edited images were analyzed in the Image J program, version 1.42q, to count the marked structures.




2.9. Statistical Analysis


Each experimental group contained ten animals from 30 animals used (2 tested doses and one control group). A circular second intention wound of 12 mm2 in diameter was made in the dorsolateral region of each mouse. The total tissue collected was 30 samples cut into small fragments, and three fragments were obtained for each analysis. In addition, the analyses were done in triplicate. Statistical analysis was performed using GraphPad Prism 7 software (GraphPad Software Inc., San Diego, CA, USA). The results were expressed as mean and standard deviation (mean ± SD), and a one-way analysis of variance (ANOVA) was performed followed by the Student–Newman–Keuls parametric test. Statistical significance was set at p < 0.05.





3. Results


3.1. Enzymatic Hydrolyse


After enzymatic hydrolysis with the trypsin enzyme, five different compounds were obtained according to their incubation time: T0, T2, T4, T6, and T19. The objective was to observe if there was a dose response regarding the amount of peptides. T0 is without hydrolysis, and T19 is overnight hydrolysis–complete hydrolysis. T2, T4, and T6 were to obtain partial hydrolysis. At each point, there are different amounts of peptides.



Bradford’s analysis determined the level of peptide concentration in the dosages of 25 and 50 microliters of the T19 peptide compound, which was 18.75 μg/mL and 37.5 μg/mL, respectively.




3.2. LC/MS-MS Analysis


3.2.1. Peptide Characterization


After the T19 peptide composition analysis, a report was generated describing the proteins and amino acid sequences present in the sample. The protein/peptide ratio contains 16 proteins (identified with one or more peptides, with molecular weights less than 2 kDa) (Table 1), 2 uncharacterized proteins identified by BLASTp (Table 2), and 136 TAGs (sequences that did not align with the identified proteins) (Supplementary Materials).




3.2.2. Amino Acid Composition of MCPs


Type I collagen peptides (alpha 1, 2, and 3) from tilápia Nilo skin were analyzed in terms of composition, quantification, and the proportion (%) of amino acids, and the results are shown in Table 3. The MCPs (Marine Collagen Peptides) from the skin of tilápia Nilo contained nine essential amino acids, of which five had residues (11.76%), and thirteen non-essential amino acids, of which nine had residues (88.24%). The amount of glycine, proline, and alanine as the primary amino acids in MCPs represented 33.6%, 16%, and 16%, respectively. These were consistent with the Gly-Pro-Wing sequence. The amino acid content (glycine, proline, and alanine) in MCPs was 78 residues per 119 total amino acids. From the amino acid composition, most of the residues in MCPs were hydrophilic, such as glycine, glutamic acid, arginine, aspartic acid, lysine, serine, valine, leucine, and isoleucine, which represented more than 56% of the total residues.





3.3. In Vitro Assays


3.3.1. Cytotoxicity/Proliferation Assays


No cytotoxicity was observed after exposure of macrophage cells to lyophilized homogenate and T19. In addition, the highest cell proliferation and migration (37.5 μg/mL) was observed after a 24 h incubation after T19 exposure (Figure 2a,b).




3.3.2. Effect of T19 on the Scratch Assay


The effects of different hydrolysis times (T0, T2, T4, T6, and T19) on the healing process were investigated using the in vitro scratch assay with RAW 264.7 macrophage cells. The closure rate was calculated after 24 h; the result is shown in Figure 3. The non-hydrolyzed sample (T0) did not show significant results compared to the control group. Samples hydrolyzed at T2, T4, T6, and T19 potentiated cell proliferation and migration. Moreover, it was in T19 hydrolysis that the compound showed the most significant migratory potential when compared to the other groups.





3.4. In Vivo Assays


3.4.1. Wound Area and Wound Contraction Index


The wound area was smaller in the T2 group, treated with 50 μL of the T19 peptide compound (37.5 μg/mL), and T1, treated with 25 μL of the T19 peptide compound (18.75 μg/mL) when compared to the control group treated with 50 μL of distilled water (Figure 4a). The rate of wound contraction was higher in the T2 and T1 groups, respectively, compared to the control group on the 9th day (Figure 4b).




3.4.2. Histopathological Results


On day 9, the proportion of cells and blood vessels in the T1 and T2 groups was higher than in the control group. However, the most expressive result was observed in the T2 group (Figure 5a,b). The representative distribution of cells and blood vessels in the scar tissue of the different groups is shown in Figure 5c.





3.5. Results of Oxidative Stress Markers and Antioxidant Defenses


3.5.1. Antioxidant Enzyme


The values for the antioxidant enzyme superoxide dismutase (SOD) were not different among the groups after exposure to the compounds (T1 and T2) compared to the control group (Figure 6).




3.5.2. Evaluation of Oxidative Stress Markers


On day 9, H2O2 levels were higher in the T1 and T2 treated groups than in the control group (Figure 7a). Nitric oxide (NO) concentrations were higher in the T1 and T2 groups compared to the control group on day 9. However, the most expressive result is observed in the T2 group (Figure 7b). Secondary lipid oxidation compound levels (substances able to react with TBA) were not significantly different during the test period (Figure 7c).





3.6. Analysis of Pro- and Anti-Inflammatory Cytokines in Scar Tissue


Regarding the inflammatory profile, the pro-inflammatory cytokines (IL-2 and INFγ) were higher in the T2 group on day nine compared to the other groups (Figure 8a,b). When analyzing the anti-inflammatory marker (IL-4) on day 9, the animals that received T2 had higher levels compared to T1 and the control group on the same day (Figure 8c).




3.7. Immunohistochemistry


On day 9, CD31 and PCNA marker levels were higher in the T1 and T2 groups than in the control group (Figure 9a,e). The levels of CD163 and COX-2 markers were lower in the T1 and T2 groups compared to the control group on day 9, with the greatest difference observed in T2 (Figure 9b,c). The level of the Ki67 marker was higher in the T2-treated group when compared to the T1 and the control group (Figure 9d).





4. Discussion


Identifying animal peptides with healing properties has opened a new perspective for treating skin wounds [29,52,53]. In our study, the hydrolyzed compound of tilápia Nilo fish skin (T19) showed effective results in the skin repair process. According to Alves et al. (2020), positive results regarding the decrease in wound area were observed after peptides obtained from tilápia Nilo were applied to infected wounds [54]. This result possibly occurred because some AMPs (Antimicrobial Peptides), present in the skin of tilapia Nilo fish, have a potent microbicidal effect, in addition to participating in the indirect modulation of the host’s defense system through the enhancement of the immune system and cellular response [55]. This characteristic has been associated with the presence of the peptides piscidin 3 (TP3) and piscidin 4 (TP4), both originating from the species O. niloticus [56]. In addition, recent studies have suggested that peptides obtained from the hydrolysis of tilápia Nilo skin also exhibit anti-inflammatory, proliferative, antioxidant, antibacterial, and antihypertensive activities that can positively alter tissue repair [34]. The implications of these findings extend to the prospect of developing targeted therapies in the future. Understanding the pathways activated after tilapia skin exposure can improve the treatment of wounds, allowing for more precise and personalized approaches to treatment. These insights open avenues for the advancement of regenerative medicine strategies, offering hope for improved therapeutic outcomes.



Various peptide groups can be obtained at different digestion times through the enzymatic hydrolysis of the collagen from the tilápia Nilo skin [57]. Of the 16 proteins in T19, type I collagen peptides (alpha 1, 2, and 3), known as MCPs (Marine Collagen Peptides), were identified. Different enzymes are involved in the production of peptides from collagen, namely bromelain, ficain, papain, pepsin, trypsin, and chymotrypsin [58]. Gbogouri et al., 2004, and Hu et al., 2017, analyzed the peptides extracted from the tilápia Nilo skin and described components with less than 1, 3, and 5 kDa, representing 73.92%, 95.84%, and 99.14%, respectively, which showed that the collagen peptides of the tilapia skin were mainly composed of a series of polypeptides with small molecular weights [34,58]. Collagen generally contains about 30% glycine, 12% proline, and 11% alanine [59,60,61,62]. In the present study, the amount of glycine, proline, and alanine as the primary amino acids in MPCs represented 33.6%, 16%, and 16%, respectively [59,60,61,62]. These were consistent with the Gly-Pro-Ala sequence often observed in collagen sequences (3.4–5.5%) [61,63]. The hydrophilic properties of MCPs can be used to improve histocompatibility and absorption [34,59]. In the procedure of preparation and identification of MCPs, so far, no studies have been found using only the enzyme trypsin, only a protease complex containing 7% trypsin, 65% papain, and 28% alkaline protease, to extract peptides from the skin of Chum Salmon (Oncorhynchus keta) [26]. In another study, as mentioned above, neutral protease and papain enzymes were used to extract MCPs from the skin of tilápia Nilo (O. niloticus) [34]. Trypsin is a serine protease that acts by cleaving at the C-terminal end of lysine and arginine amino acids [64]. In the present study, only the trypsin potential for MCP production was evaluated. In both the present study and previous studies, the composition of collagen peptides includes a high percentage of glycine, proline, and alanine. This consistency in composition suggests that MCPs (Marine Collagen Peptides) from different collagen sources share similar structural and functional properties. Collagen peptides extracted from Nile tilapia skin have small molecular weights (<1, 3, and 5 kDa). This characteristic is a standard feature found in other studies, indicating that efficient enzymatic hydrolysis produces low-molecular-weight peptides, which are desirable due to their high bioactivity and ease of absorption by the body. In summary, methodological differences, mainly focusing on the exclusive use of trypsin, may highlight new properties and benefits of Nile tilapia-derived MCPs. Potential advantages include improved biocompatibility, absorption efficiency, and a sustainable source of bioactive peptides.



The in vitro assay to evaluate cells’ cytotoxicity/proliferation and migratory potential is an essential tool for understanding the action of a compound in the wound healing process. Thus, it has been used as a guide concerning the dose and exposure time of the compounds, serving as a model for conducting in vivo studies [27,65]. In our research, the T19 fraction showed greater proliferative and migration capacity in these cells than the other hydrolysates; this compound did not show a cytotoxic effect. Furthermore, a higher proliferative and migratory capacity was also observed after exposure to 50 μL (37.5 μg/mL). We observed that the in vivo analyses showed that the dose of 50 μL (37.5 μg/mL) administered in the T2 group provided (1) a more effective wound closure; (2) an increase in the wound contraction rate index; and (3) corroboration of the in vitro results. This finding is possibly associated with inflammatory modulation promoted by the compound [28,29,30,66].



As mentioned earlier, the wound healing process is based on three different phases overlapping each other. In the initial phase, we observe an increase in the number of cells essential for mediator synthesis that promotes the evolution of the healing process [9]. In this step, cells have high metabolic activity and need to receive nutrients and oxygen for cellular functions to be maintained; the tissue also has many blood vessels that maintain cellular homeostasis [67,68]. In the present study, it was observed that on day nine, there was an increase in cellularity and tissue vascularization after exposure to 50 μL of T19 at the dosage of (37.5 μg/mL) compared to the other groups.



These results demonstrate the promising effect of T19, especially in the inflammatory and proliferation phases of the healing process, where cell recruitment and good tissue vascularization are essential for the correct closure of the injury, as well as for the synthesis of granulation tissue, an important framework for the synthesis of other components of the extracellular matrix [69,70]. Nile tilapia peptides can stimulate cell proliferation and migration, essential for wound healing, and act in the inflammatory, proliferative, and remodeling phases. Unlike many synthetic or mammal-derived agents, Nile tilapia peptides have a lower risk of transmitting zoonotic diseases and causing allergies. Its specific amino acid sequences confer unique bioactive properties that can improve cellular response. Nile tilapia is a fish farmed on a large scale that offers a sustainable and economical alternative to the production of peptides. The use of Nile Tilapia skin in burn treatments has already demonstrated safety and biocompatibility, favoring its acceptance in new clinical contexts. Furthermore, Nile tilapia peptides can accelerate healing more effectively and with a lower risk of adverse effects, making it a safe and low-cost option compared to expensive biotechnological treatments.



Immunohistochemistry data corroborated our results on the cellularity on day nine, since CD31, Ki67, and PCNA marker rates increased in the T1 and T2 groups. CD31 is a platelet endothelial adhesion molecule (PECAM-1), generally considered a sensitive endothelial-specific marker [71]. These markers’ augmentation show that T19 stimulates neoangiogenesis. Consequently, this also provides a suitable environment for cellular metabolism in the early stages of the wound-healing process. In addition to adequate nutrition and oxygenation, increased CD31 expression is closely related to the synthesis of matrix components, especially granulation tissue, which provides the wound with a favorable matrix for the synthesis and deposition of other essential compounds for the formation of a solid and resistant tissue [72,73]. The morphological increase in cellularity was supported by the increase in the Ki67 marker, an essential marker of cell proliferation [74], which was also increased after exposure to T19. This marker’s increase is associated with the CD31 increase; for the cell to divide and repopulate a particular tissue, it needs nutrients and oxygen. In addition, our compound also promoted an increase in the expression of PCNA. This non-histone nuclear protein is actively expressed in the cell cycle, especially in the S phase of the process. This protein functions as an auxiliary protein for DNA polymerase, aiding in the regulation of passages through the different stages of the cell cycle. An increase is related to the cell’s greater capacity to cycle and, consequently, to divide [75,76]. The critical role of these proteins in the evolution of the cell cycle is already known. However, the increase in their expression after exposure to compounds obtained from tilapia skin has never been reported before, which shows the innovative potential of our study. These results show that T19 is effective in skin injury therapy, especially in the early stages of the wound healing process.



Interestingly, after exposure to T1 and T2 compounds, a decrease in CD163 and COX-2 markers was observed. CD163 is a unique marker of monocyte/macrophage cells, often expressed in activated macrophages [77]. CD163-positive macrophages are known to be found during acute inflammation and in chronic inflammation [78]. According to Akila et al. (2012), CD163-positive macrophages are essential in resolving inflammation, since they are found at high rates in inflamed tissues. The CD163 protein and mRNA expression are upregulated during the phagocytic period, most commonly in the resolution of inflammation [79]. Our findings show that CD163 expression was significantly reduced in the T2 group on day nine compared to the control group. This reduction may indicate that T19 promoted the resolution of the inflammatory process quickly and effectively, since the control group showed a considerable increase in CD163 in 9 days. Corroborating this result, we also observed a decrease in the expression of COX-2, which is predominantly expressed in inflammatory cells and upregulated in chronic and acute inflammation [80]. COX-2 expression is stimulated by different growth factors, such as cytokines and prostaglandins, related to the inflammatory response [81]. When analyzed together, CD163 and COX-2 showed significant control of the inflammatory process, meaning that our compound was effective in preventing the development of chronic inflammation and consequently promoted a control of cytokines and other compounds that are important for the early phases of the inflammatory process; however, if they persist, they can cause tissue damage and thus compromise the tissue healing process.



During phagocytosis, inflammatory cells, especially macrophages and neutrophils, produce several mediators, cytokines, free radicals, and ROSs. These are important to enhance the microbicidal capacity of phagocytes [82,83]. However, if this process persists, some harmful compounds can leak out and damage adjacent tissues [84]. Among the ROSs released into the tissue is hydrogen peroxide (H2O2), which can cause degenerative processes and cell death in the tissues, promoting their function [85,86]. Surprisingly, there was an increase in H2O2 and NO after exposure to T19. Nevertheless, when analyzing the action of lipid peroxidation in the tissue, we did not observe significant differences among the groups. This probably occurred because the H2O2 and NO produced were retained within the phagocytes to increase their microbicide potential and were not extravasated into the tissues and thus not damaging to the cell membranes of the tissues analyzed. Nonetheless, studies on the gene expression of these compounds and other tissue injury markers and antioxidant compounds are essential to confirm this hypothesis. This could establish a possible mechanistic pathway that justifies these findings. These potential advantages highlight the novelty of Nile tilapia skin-derived peptides as therapeutic agents and suggest that they represent a promising approach to treating infections and inflammation. However, more studies are needed to fully understand the mechanisms of action and evaluate the clinical effectiveness.



Cytokines are another critical mediator and an essential marker in skin repair. They are fundamental to driving the inflammatory response to the sites of infection and injury, favoring proper wound healing [87]. IL-2 is a 15 kDa protein produced mainly by CD4-T cells and, to a lesser extent, by CD8+ T-cells. It acts through IL-2Rα, IL-2Rβ, and IL-2Rγ receptors, using the intracellular pathway JAK/STAT (Janus family of tyrosine kinases/transcription factors) to stimulate the growth and proliferation of T-lymphocytes and B-cells. It also induces the production of other cytokines, such as IFNγ (interferon-gamma) and TNFβ (tumor necrosis factor-beta), which results in the activation of monocytes, neutrophils, and NK cells [87]. Thus, it is evident that IL-2 contributes to generating and propagating antigen-specific immune responses and promoting the inflammatory process [88,89]. Our results showed an increase in the production of IL-2 and IFN-gamma after nine days of exposure to T19. Intriguingly, animals used in our research were knockout for IL-10, a cytokine that is mainly produced by activated CD8+ cells. The primary function of IL-10 is to inhibit the production of IL-2, IL-12, and IFN. Our results showed that even though the animals were knockout, there was an increase in the production of IL-2 and IFN-gamma, which demonstrates the potential of T19 to promote tissue inflammation, especially in the early stages of the process.



The development of inflammation is the basis for the skin repair process to occur harmoniously and safely, so the inflammatory process should happen in a coordinated and controlled manner [90,91]. Thus, the release of IL-2 and IFN is desirable in the early stages of the process, acting on the modulation of the immune response from Th1 to Th2. Th1 cells are responsible for synthetizing IL-2, IFN-gamma, IL-12, IL-16, and IL-18. This process increases inflammatory response, while Th2 produces IL-4, IL-5, IL-6, IL-10, and IL-13, which can act in defense against parasites. Furthermore, IFN-γ can induce IL-2 production by acting on the Th2 to Th1 immune response profile [88]. All these interactions demonstrate the important role that modulation in producing these cytokines can play in controlling inflammation and, consequently, in the tissue repair process. Thus, the development of new compounds, such as T19, that promote modulation in the inflammatory process is very desirable, as they indirectly promote a modulation in cell proliferation and migration as well as in matrix synthesis and result in improvement in the innate immune response in the wound area [92,93,94,95].




5. Conclusions


Thus, our results indicated that the hydrolyzed tilápia Nilo skin compound T19 is effective for tissue repair through its proliferative potential, accelerating wound healing in IL-10 knockout mice (C57). The hydrolyzed compound T19 effectively modulated the inflammatory phase by reducing COX-2 and increasing IL-4, thus accelerating the remodeling phase. In addition, T19 increased the expression of markers of cell proliferation and angiogenesis, which are fundamental in the healing of skin wounds. Further molecular analyses should be performed to understand better the additional mechanisms of the cellular processes involved.
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Figure 1. Representation of the experimental model of second intention wound healing and wound evolution concerning the time of exposure to the T19 peptide compound. The upper image shows the distribution of the excisional wound on the animal’s dorsum (F1). Photomicrographs represent the general appearance of the initial wound (day 0) and the evolution of healing on (day 9) after receiving T19. Based on scanned images, the wound area was calculated on days 0 and 9 (mean ± SD). 
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Figure 2. Effects of hydrolysates in RAW 264.7 macrophage culture on cytotoxicity/proliferation assay. (a) Statistical graph of cell viability. (b) Photomicrographs illustrating the confluence of RAW 264.7 macrophage cells in C (control group: cells cultivated in DMEM w/10% SFB) and T19 group. Bar = 100 μm. In the graph, data are represented as mean and standard deviation. The # symbol represents a statistical difference between C (control), HL (lyophilized homogenate), T0, T2, T4, and T6. The dotted line marks the zero point between the samples, above are the significant results. Student–Newman–Keuls parametric test, p < 0.05. 
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Figure 3. Effects of different hydrolysis times in the in vitro scratching assay with RAW 264.7 macrophages. C: control group (cells cultivated in DMEM c/SFB 10%) T0, T2, T4, T6, and T19 (test groups treated with lyophilized tilápia Nilo skin homogenate at different hydrolysis times of 0 h, 2 h, 4 h, 6 h, and 19 h). Contraction was evaluated after 24 h. In the graph, data are represented as mean and standard deviation. The symbol * represents a statistical difference to C (control), and # represents a statistical difference to T0. Student–Newman–Keuls parametric test, p < 0.05. 
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Figure 4. Representation of wound area (mm2) (a). WCI (%) = wound contraction index in percentage (b). Group C received 50 μL of distilled water (control); T1 received 25 μL of the T19 peptide compound (18.75 μg/mL), and T2 received 50 μL of the T19 peptide compound (37.5 μg/mL). Topical dose administration. In the graphs, data are represented as mean and standard deviation. The * symbol represents the statistical difference to the C (control) group. Student–Newman–Keuls parametric test, p < 0.05. 
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Figure 5. (a) Cellularity, (b) blood vessels results, and (c) photomicrographs showing blood vessels (arrows) in the scar tissue of IL-10 knockout mice (C57) treated with tilápia Nilo skin hydrolysate on the ninth day; bar = 100 μm. Group C: received 50 μL of distilled water (control); T1: received 25 μL of the T19 peptide compound (18.75 μg/mL); and T2: received 50 μL of the T19 peptide compound (37.5 μg/mL). In the graphs, data are represented as mean and standard deviation. The * symbol represents the statistical difference to C (control). Student–Newman–Keuls parametric test, p < 0.05. 
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Figure 6. Levels of superoxide dismutase (SOD) in the scar tissue of knockout IL-10 mice (C57) treated with tilápia Nilo skin hydrolysate. Group C: received 50 μL of distilled water (control); T1: received 25 μL of the T19 peptide compound (18.75 μg/mL); and T2: received 50 μL of the T19 peptide compound (37.5 μg/mL). In the chart, data are represented as mean and standard deviation. There was no statistical difference among the groups. Student–Newman–Keuls parametric test, p > 0.05. 
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Figure 7. Levels of (a) hydrogen peroxide (H2O2), (b) nitric oxide (NO), and (c) TBARS reaction in the scar tissue of IL-10 knockout mice (C57) treated with tilápia Nilo skin hydrolysate. Group C: received 50 μL of distilled water (control); T1: received 25 μL of the T19 peptide compound (18.75 μg/mL); and T2: received 50 μL of the T19 peptide compound (37.5 μg/mL). In the graph, data are represented as mean and standard deviation. The * symbol represents a statistical difference between C (control), and # represents a statistical difference to T1. Parametric Student–Newman–Keuls test. p < 0.05. 
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Figure 8. Levels of pro-inflammatory cytokines: (a) Interleukin-2 (IL-2), (b) Interferon-gamma (INF-gamma) and anti-inflammatory cytokines, and (c) Interleukin-4 (IL-4) in the scar tissue of IL-10 knockout mice (C57) on day 9. Group C: received 50 μL of distilled water (control); T1: received 25 μL of the T19 peptide compound (18.75 μg/mL); and T2: received 50 μL of the T19 peptide compound (37.5 μg/mL). In the chart, data are represented as mean and standard deviation. The * symbol represents a statistical difference to C (control), and # represents a statistical difference to T1. Student–Newman–Keuls parametric test, p < 0.05. 
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Figure 9. Levels of positive markings. (a) CD31+; (b) CD163+; (c) COX-2+; (d) Ki67+; (e) PCNA+; and (f) photomicrograph illustrating the markers in the tissue of IL-10 knockout (C57) mice on days 0 and 9. Group C: received 50 μL of distilled water (control); T1: received 25 μL of the T19 peptide compound (18.75 μg/mL); and T2: received 50 μL of the T19 peptide compound (37.5 μg/mL). The results are presented as the number of pixels per mm2 per field analyzed. In the chart, data are represented as mean and standard deviation. The symbols *, **, *** and **** represent the levels of statistical difference to C (control), and # represents a statistical difference to T1. Student–Newman–Keuls parametric test, p < 0.05. 
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Table 1. Peptide sequences that aligned with proteins from the tilápia Nilo skin hydrolysate.
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Database Identification




	
Accession

	
Description

	
Mass (Da)

	
Peptide Sequence






	
I3KV11|I3KV11_ORENI

	
Uncharacterized protein OS = Oreochromis niloticus OX = 8128 GN = LOC100707505 PE = 3 SV = 2

	
1252.6564

	
LFLQNFSASAR




	
1160.644

	
IGVDEFAALVK




	
1165.5503

	
SGFIEEDELK




	
1005.5131

	
AFAVIDQDK




	
G9M6I5|G9M6I5_ORENI

	
Collagen type I alpha 1 OS = Oreochromis niloticus OX = 8128 GN = COL1A1 PE = 2 SV = 1

	
868.4402

	
GPSGAAGAPGK




	
798.3871

	
GDTGPAGPK




	
1114.5002

	
EGTPGNEGAAGR




	
I3JLI3|I3JLI3_ORENI

	
Creatine kinase OS = Oreochromis niloticus OX = 8128 GN = CKM PE = 3 SV = 2

	
1092.5452

	
TDLNFENLK




	
I3JS34|I3JS34_ORENI

	
Nucleoside diphosphate kinase B OS = Oreochromis niloticus OX = 8128 PE = 3 SV = 2

	
1190.5389

	
FVQASEDHMK




	
I3KW15|I3KW15_ORENI

	
Fructose-bisphosphate aldolase OS = Oreochromis niloticus OX = 8128 GN = ald PE = 3 SV = 1

	
1317.6776

	
GILAADESTGSVAK




	
I3J1U5|I3J1U5_ORENI

	
EF-hand domain-containing protein OS = Oreochromis niloticus OX = 8128 GN = LOC100692640 PE = 3 SV = 2

	
1238.5415

	
AFLSAGDSDGDGK




	
A0A669BE09|A0A669BE09_ORENI

	
USP domain-containing protein OS = Oreochromis niloticus OX = 8128 GN = pan2 PE = 4 SV = 1

	
655.4269

	
VINLVV




	
I3JTB6|I3JTB6_ORENI

	
Plasminogen activator urokinase a OS = Oreochromis niloticus OX = 8128 PE = 4 SV = 2

	
905.4971

	
NKPGVYTK




	
A0A669E4X1|A0A669E4X1_ORENI

	
GLOBIN domain-containing protein OS = Oreochromis niloticus OX = 8128 GN = LOC102080222 PE = 3 SV = 1

	
1058.5356

	
SAEIGGEALGR




	
G9M6I7|G9M6I7_ORENI

	
Collagen type I alpha 3 OS = Oreochromis niloticus OX = 8128 GN = COL1A3 PE = 2 SV = 1

	
1095.4945

	
GNNGDPGPSGPK




	
699.3551

	
GVDGAPGK




	
1519.7378

	
GESGPSGPAGPAGPAGVR




	
1280.6472

	
GEAGAVGVAGPSGPR




	
G9M6I6|G9M6I6_ORENI

	
Collagen type I alpha 2 OS = Oreochromis niloticus OX = 8128 GN = COL1A2 PE = 2 SV = 1

	
1126.5002

	
EGPAGPSGQDGR




	
768.3878

	
GASGPAGPR




	
1172.6149

	
TGEIGATGLAGAR




	
B9A9D4|B9A9D4_ORENI

	
Myoglobin OS = Oreochromis niloticus OX = 8128 GN = Mb PE = 2 SV = 1

	
1107.5812

	
VIADLEASYK




	
1155.5996

	
AGLDAAGQQGLR




	
A0A669DS57|A0A669DS57_ORENI

	
Uncharacterized protein OS = Oreochromis niloticus OX = 8128 GN = LOC100702068 PE = 3 SV = 1

	
1187.5417

	
GEVDDAVQEAR




	
A0A669FBF2|A0A669FBF2_ORENI

	
Serotransferrin OS = Oreochromis niloticus OX = 8128 GN = LOC100691316 PE = 3 SV = 1

	
1197.5414

	
FGNTGTDPSFR




	
A0A669DTG7|A0A669DTG7_ORENI

	
HECT domain E3 ubiquitin protein ligase 4 OS = Oreochromis niloticus OX = 8128 GN = HECTD4 PE = 4 SV = 1

	
692.3857

	
LLEYR




	
A0A669CD06|A0A669CD06_ORENI

	
L-lactate dehydrogenase OS = Oreochromis niloticus OX = 8128 PE = 3 SV = 1

	
1190.6217

	
SVADLVESIMK











 





Table 2. Peptide sequences that aligned with tilápia Nilo skin uncharacterized proteins identified through BLASTp.






Table 2. Peptide sequences that aligned with tilápia Nilo skin uncharacterized proteins identified through BLASTp.





	
BLASTp Identification




	
Accession

Uniprot

	
Accession NCBI

	
Description

	
Organism

	
Total Score

	
Query Cover

	
e-Value

	
Per. Ident.






	
I3KV11|

I3KV11_ORENI

	
XP_013129480

	
parvalbumin beta

	
Oreochromis niloticus

	
208

	
70%

	
9 × 1067

	
100.00%




	
A0A669DS57|

A0A669DS57_ORENI

	
XP_019213375

	
myosin heavy chain, fast skeletal muscle

	
Oreochromis niloticus

	
3835

	
100%

	
0.0

	
97.83%











 





Table 3. Composition and quantification of amino acids of peptide samples aligned with type I collagen proteins (alpha 1, 2 and 3) of tilapia Nile skin were done using fourteen male tilápia Nilo specimens.






Table 3. Composition and quantification of amino acids of peptide samples aligned with type I collagen proteins (alpha 1, 2 and 3) of tilapia Nile skin were done using fourteen male tilápia Nilo specimens.





	
Amino Acid Composition




	
Amino Acid

	
Residues Per 119 Total Amino Acid Residues

	
(%)






	
Ala (A)

	
19

	
16.0%




	
Arg (R)

	
6

	
5.0%




	
Asn (N)

	
3

	
2.5%




	
Asp (D)

	
4

	
3.4%




	
Cys (C)

	
0

	
0.0%




	
Gln (Q)

	
1

	
0.8%




	
Glu (E)

	
6

	
5.0%




	
Gly (G)

	
40

	
33.6%




	
His (H) *

	
0

	
0.0%




	
Ile (I) *

	
1

	
0.8%




	
Leu (L) *

	
1

	
0.8%




	
Lys (K) *

	
4

	
3.4%




	
Met (M) *

	
0

	
0.0%




	
Phe (F) *

	
0

	
0.0%




	
Pro (P)

	
19

	
16.0%




	
Ser (S)

	
7

	
5.9%




	
Thr (T) *

	
4

	
3.4%




	
Trp (W) *

	
0

	
0.0%




	
Tyr (Y)

	
0

	
0.0%




	
Val (V) *

	
4

	
3.4%




	
Pyl (O)

	
0

	
0.0%




	
Sec (U)

	
0

	
0.0%




	
Total

	
119

	
100%








Note: * essential amino acids.
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