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Oxidative stress-related diseases drive the demand for natural antioxidants, with plant-derived peptides emerging as promising candidates. This study focused on identifying and characterizing a novel antioxidant peptide from black soybean (Glycine max) aqueous extracts, targeting myeloperoxidase (MPO), a key enzyme in oxidative damage. Peptide components were profiled by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The candidate peptide VPNHFNAP was selected via molecular docking and dynamics simulations against MPO, followed by binding affinity validation using surface plasmon resonance (SPR). Antioxidant capacity was assessed through DPPH/ABTS radical scavenging assays (IC50: 12.3 ± 0.8 μM and 9.7 ± 0.5 μM, respectively). Cytoprotective effects were evaluated in HaCaT cells under H2O2-induced oxidative stress (viability by MTT assay, ROS by DCFH-DA fluorescence). VPNHFNAP exhibited strong MPO binding (KD = 1.2 × 10−7 M, SPR) and radical scavenging activity (DPPH: 82.4 ± 3.1%; ABTS: 88.6 ± 2.7% at 100 μM). Molecular docking revealed hydrogen bonds with MPO’s His95 and Arg239. In cellular models, 50 μM VPNHFNAP increased viability by 2.1-fold (p < 0.001 vs. H2O2 group) and reduced ROS levels by 58 ± 4%. This study establishes VPNHFNAP as a potent MPO-targeted antioxidant peptide through an integrated computational-experimental strategy. Its dual function (direct radical scavenging + cellular protection) highlights potential applications in functional foods or cosmeceuticals. The screening framework also advances plant peptide discovery by combining bioinformatics with multi-level validation.
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1 Introduction

Reactive oxygen species (ROS) are highly reactive molecules generated as byproducts of cellular metabolism, including hydrogen peroxide (H₂O₂), hydroxyl radicals (·OH), and others. Under physiological conditions, ROS play essential roles in various biological processes such as cell signaling, immune defense, and regulation of cell proliferation. However, when ROS production exceeds the capacity of the endogenous antioxidant defense system, oxidative stress occurs (1, 2). Excessive ROS can induce oxidative modifications of biomacromolecules, including lipid peroxidation, protein carbonylation, and DNA damage, ultimately disrupting cellular structure and function (3). Increasing evidence has demonstrated that oxidative stress is closely associated with the onset and progression of numerous chronic diseases. In particular, the excessive accumulation of ROS contributes to neuronal damage and promotes the development of neurodegenerative disorders such as Alzheimer’s disease, and also plays a key role in the pathogenesis of atherosclerosis by inducing endothelial dysfunction and inflammatory responses (4, 5).

Myeloperoxidase (MPO), an endogenous peroxidase enzyme, is predominantly expressed and secreted by activated neutrophils and plays a critical role in the host immune defense system (6). However, excessive activation of MPO can lead to the overproduction of ROS, overwhelming the body’s antioxidant defense mechanisms and contributing to the progression of various chronic diseases mentioned above. To counteract MPO-mediated oxidative damage, two major intervention strategies have been proposed: inhibition of MPO activity and scavenging of free radicals. MPO inhibitors can directly block its catalytic activity, thereby reducing the generation of harmful oxidative products, while their antioxidant potential can also contribute to redox homeostasis by directly scavenging already-formed ROS (7).

Black soybean [Glycine max (L.) Merr.], belonging to the family Fabaceae, subfamily Faboideae, genus Glycine, and subgenus Soja, is a traditional legume crop characterized by its black seed coat. It has been cultivated in China for thousands of years, and China remains the largest producer and consumer of soybeans globally, with substantial production and consumption of black soybean in particular (8). Black soybean exhibits a higher protein content and a more essential amino acid profile compared to yellow soybean, with protein levels ranging from 41.38 to 44.32%, making it a valuable resource for the development of bioactive peptides (9). Owing to its superior nutritional properties and associated health benefits—particularly its potent antioxidant activity—black soybean has garnered increasing attention. Several studies have reported that black soybean extracts possess significant antioxidant activities, including strong DPPH and ABTS radical scavenging abilities (10). In comparison with synthetic antioxidants such as butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA), naturally derived antioxidant peptides are more readily absorbed and exhibit fewer adverse effects (11). Antioxidant peptides derived from black soybean have also been reported in previous studies. For example, Chen et al. performed ultrafiltration and RP-HPLC on black soybean processing by-products, and subsequently identified two peptides, LVPK and IVPK, which exhibited antioxidant activity and free radical scavenging capacity (12). Molecular docking is an in silico method used to predict the binding mode and affinity between a ligand and its target receptor, and to identify key interacting residues. The binding energy calculated from docking reflects the stability of the ligand–receptor complex, and a lower binding energy generally indicates stronger and more stable interactions, which can be used as a criterion for prioritizing candidate antioxidant peptides. Owing to its high efficiency and low cost, this technique is widely applied in screening bioactive peptides from natural products (13). For instance, Cai et al. identified two novel antioxidant peptides, ACGSDGK and KFCSGHA, from Thunnus albacares protein hydrolysates through molecular docking with MPO, demonstrating both strong binding affinity to the MPO protein and significant radical scavenging activity (14). Similarly, Gao et al. used LC–MS/MS to identify peptides from sturgeon ovarian protein hydrolysates and, based on molecular docking with MPO, screened out two novel antioxidant peptides, FDWDRL and FEGPPFKF, with demonstrated antioxidant bioactivity (15). However, despite the advantages of computational approaches, limitations remain when it comes to simulating physiological regulation and accurately modeling peptide–protein interactions. Many studies using molecular simulation to explore interactions between peptides and MPO proteins have primarily remained at the computational level, or have relied on indirect evidence—such as changes in cellular antioxidant enzyme levels (e.g., SOD, CAT)—to infer downstream biological effects potentially resulting from MPO inhibition by peptides, rather than providing direct experimental validation of peptide–MPO binding interactions (16–18).

In this study, black soybean was selected as the research subject due to its promising potential as a source of novel antioxidant peptides. A candidate peptide with the strongest predicted binding affinity to MPO was first screened through molecular docking, and its interaction was further evaluated using molecular dynamics simulation. The direct binding interaction between the synthetic peptide and MPO protein was then validated using SPR analysis. Finally, the antioxidant activity of the peptide was assessed through chemical antioxidant assays and cellular experiments, in order to further investigate the antioxidant potential of black soybean and elucidate the underlying mechanism of action of its antioxidant peptides.



2 Materials and methods


2.1 Materials

Black soybeans were purchased from the local market in Hubei Province, China. Ultrafiltration membranes were obtained from Shanghai Langji Co., Ltd. HaCaT cells were purchased from Dudi Biology (Shanghai, China). DPPH radical scavenging assay kits and ABTS radical scavenging capacity assay kits were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. CCK-8 cell viability assay kits and ROS detection kits were obtained from Beyotime Biotechnology (China). The peptide used in this study was synthesized by C-Peptide (Wuhan) Biotechnology Co., Ltd., and its molecular weight and purity (≥98%) were confirmed by HPLC and UPLC–MS/MS analysis. Consumables used in cell experiments were purchased from Nest Biotechnology, Biosharp, and GIBCO.



2.2 Pretreatment of black soybeans

The pretreatment of black soybeans was performed following the method described by Huang et al., with some modifications (19). Black soybeans were thoroughly washed and soaked in water for 8 h. A total of 250 g of soaked beans were mixed with water at a solid-to-liquid ratio of 1:3 and subjected to high-pressure cooking at 70 kPa and 121 °C for 1 h. After cooking, the broth and softened beans were separated. The cooked beans were then homogenized using a high-speed blender for 5 min and returned to the separated broth for an additional high-pressure cooking cycle under the same conditions (70 kPa, 121 °C, 1 h). The resulting mixture was filtered through coarse gauze to remove solid residues, and the filtrate was centrifuged at 10,000 rpm for 10 min at 4 °C to collect the supernatant.

The obtained supernatant was subjected to sequential ultrafiltration to isolate low-molecular-weight components. To prevent membrane damage, ultrafiltration was first performed using a 10,000 Da cutoff membrane, followed by further filtration with a 3,000 Da cutoff membrane. The final filtrate, containing peptides with molecular weights ≤3,000 Da, was concentrated by rotary evaporation and lyophilized to obtain the test sample powder.



2.3 Peptide identification by LC–MS/MS

Peptide identification was performed using a Thermo Scientific Ultimate 3,000 UHPLC system coupled with a Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap mass spectrometer. The sample powder was reconstituted in 0.1% formic acid aqueous solution, followed by centrifugation at 10,000 rpm for 10 min at 4 °C. The supernatant was subjected to desalting using a solid-phase extraction column prior to LC–MS/MS analysis. Peptide separation was carried out on a C18 reversed-phase column. The mobile phase consisted of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile). The mass spectrometer operated in data-dependent acquisition mode, with both MS1 and MS2 spectra collected. Raw data were analyzed using PEAKS Studio software, with peptide sequences identified by searching against the UniProt database combined with de novo sequencing. The identified peptides were further analyzed using Excel, and MS/MS spectra of the target peptides were exported from PEAKS for further analysis.



2.4 Molecular simulation


2.4.1 Molecular docking of peptides with the MPO receptor

Molecular docking was performed following the method described by He et al. (20). The selected protein receptor was myeloperoxidase (MPO, PDB ID: 3F9P). The original crystal structure was processed using PyMOL to remove water molecules and small ligands. The cleaned structure was then converted from.pdb to.pdbqt format using AutoDockTools. Peptides identified with molecular weights less than 1,500 Da were modeled and subjected to energy minimization using ChemDraw3D. The optimized structures were then imported into AutoDockTools for torsion bond detection and file format conversion. Molecular docking was conducted using AutoDock Vina, with the docking grid covering the entire MPO receptor. For each peptide, nine docking conformations were generated by default, and the one with the lowest binding energy was selected to construct the peptide-receptor complex for further analysis. The resulting complex was then analyzed using PyMOL and Discovery Studio to visualize and characterize the receptor–ligand interactions.



2.4.2 Molecular docking analysis between VPNHFNAP and DPPH/ABTS free radicals

The 3D structures of DPPH and ABTS were obtained in.sdf format from the PubChem database,1 with their respective compound IDs being 15,911 and 5,360,881. The ligand structures were converted to.pdbqt format and torsional bonds were defined using AutoDockTools. The selected peptides were prepared as receptors following the procedure described in Section 2.4.1, including conversion to.pdbqt format. Molecular docking between each peptide and DPPH or ABTS was performed separately, and the docking results were further analyzed accordingly.



2.4.3 Molecular dynamics simulation

Molecular dynamics simulation was conducted with reference to the method of Aamir Mehmood et al., with some modifications (21). The peptide–MPO complex showing the strongest binding affinity from molecular docking (see section 2.4.1) was selected for simulation using GROMACS2022. The complex was topologized using UCSF Chimera and SwissParam, then placed in a cubic simulation box with a minimum distance of 10 Å from any atom to the box boundary. The system was solvated with flexible SPC water molecules, and Na+ and Cl− ions were added to neutralize the total charge. After energy minimization using the steepest descent algorithm for 50,000 steps, the system underwent NVT and NPT equilibration, followed by a 25 ns production run. Root mean square deviation (RMSD), number of hydrogen bonds (HB), and solvent-accessible surface area (SASA) were analyzed, and the Gibbs free energy landscape was calculated using the g_sham tool and xpm2txt.py script. Visualization of results was performed using Origin.




2.5 Surface plasmon resonance assay

The receptor protein human myeloperoxidase (MPO) was purchased from Biodragon company and verified by SDS-PAGE to have a molecular weight consistent with the theoretical value predicted from its amino acid sequence, with a purity of ≥90%. The synthetic peptide VPNHFNAP was obtained from C-Peptide (Wuhan) Biotechnology Co., Ltd., and its molecular weight and purity (≥98%) were confirmed by HPLC and UPLC-MS/MS. SPR analysis was performed using a CM5 sensor chip. The surface of the carboxymethylated dextran matrix was activated using EDC/NHS chemistry, followed by immobilization of the MPO protein; a reference channel without MPO was used as the control. The peptide VPNHFNAP was diluted in running buffer to prepare a series of concentrations and injected at a flow rate of 20 μL/min. The association and dissociation phases were recorded, and after each injection cycle, the chip surface was regenerated with 10 mM glycine-HCl (pH 2.0). All experiments were conducted at 22 °C. Data were analyzed using Biacore T200 Evaluation Software to calculate the kinetic binding parameters.



2.6 DPPH and ABTS radical scavenging assays

Prior to the assay, the microplate reader was preheated for 1 h. The peptide samples were dissolved in sterile water to prepare a concentration gradient of 0.1, 1, 5, and 10 mg/mL. For the DPPH assay, 50 μL of sterile water and 450 μL of DPPH solution (0.1 mM in anhydrous ethanol) were added to the blank tube. For the control tube, 50 μL of peptide solution and 450 μL of anhydrous ethanol were mixed. For the sample tubes, 50 μL of peptide solution and 450 μL of DPPH solution were combined. All mixtures were incubated in the dark at room temperature for 30 min. Absorbance was measured at 517 nm using a UV–visible spectrophotometer.

For the ABTS assay, ABTS radical solution was prepared by mixing Reagent A and Reagent B (from the assay kit) at a 1:1 volume ratio, followed by incubation in the dark for 12 h. The resulting ABTS solution was diluted 20-fold with anhydrous ethanol before use. The blank, control, and sample solutions were prepared in the same manner as in the DPPH assay, followed by 30 min of dark incubation. Absorbance was measured at 734 nm. The radical scavenging activity was calculated using the formula reported by Thanyaporn Aursuwanna et al. (22).



2.7 HaCaT cell experiments


2.7.1 Recovery, culture, and subculture of HaCaT cells

HaCaT cell recovery, culture, and subculture were performed with reference to the method described by Yusha Zi et al., with some modifications (23). For recovery, cryopreserved HaCaT cells were retrieved from liquid nitrogen storage and quickly thawed in a 37 °C water bath with gentle shaking. Just before complete thawing, the tube was removed from the water bath, and the cell suspension was immediately transferred into a 15 mL centrifuge tube containing 9 mL of pre-warmed complete medium. The complete medium consisted of DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (P/S). Cells were centrifuged at 800 rpm for 5 min at 4 °C. After discarding the supernatant, the cell pellet was resuspended in 5 mL of fresh complete medium and transferred to a culture flask equipped with a ventilated cap. Cells were incubated in a humidified incubator at 37 °C with 5% CO₂ and 95% humidity.

For subculturing, when cell confluence reached approximately 80%, the medium was discarded, and the cells were gently rinsed three times with 2 mL of PBS. Then, 1 mL of 0.25% trypsin solution was added, and the flask was incubated at 37 °C for about 1 min. Once the cells became round and partially detached (as observed under a microscope), 3 mL of complete medium was added to terminate the digestion. The cell suspension was gently pipetted to disperse the cells and transferred to a 15 mL centrifuge tube. After centrifugation at 800 rpm for 5 min at 4 °C, the supernatant was discarded. The pellet was resuspended in fresh medium and seeded into new culture flasks at a ratio of 1:3, followed by incubation under the same culture conditions.



2.7.2 CCK8 cell viability assay

After digestion and resuspension, HaCaT cells were seeded into a 96-well plate at a concentration of 1 × 10^4 cells/ml, with 100 μL of complete culture medium added to each well. Three wells with no cells were treated with an equal volume of complete culture medium as the blank group. The cells were incubated for 24 h to allow attachment. For the experiment, the control and blank groups were replaced with an equal volume of fresh medium, while the treatment groups were treated with a concentration gradient of 100, 200, 500, 1,000, and 1,500 μg/mL H2O2 and peptide samples. The H2O2 group was incubated for 1 h, while the peptide sample group was incubated for 24 h. After incubation, the original medium was discarded, and 100 μL of CCK8 working solution (prepared from 90% DMEM + 10% CCK8 reagent) was added to each well. The blank group, which contained no cells, was used as the reference. The plate was incubated for an appropriate period, and the absorbance at 450 nm was measured using a microplate reader. Cell viability was calculated using the following formula:
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Based on the cell viability results corresponding to the concentration gradient, the experimental concentration was set to 500 μg/mL for H2O2 and 1,000 μg/mL for the peptide. In the experimental groups, the cells were first incubated with peptides for 24 h (the control group did not receive the peptide), and then H2O2 was added for 1-h incubation. After incubation, the original medium was removed, and 100 μL of CCK8 working solution was added. The absorbance was measured and cell viability was calculated under the same conditions.



2.7.3 Quantification of ROS

After digestion and resuspension, HaCaT cells were seeded into a 6-well plate at a concentration of 1 × 10^4 cells/ml, with 2 mL of culture medium added to each well. The cells were incubated for 24 h to allow attachment and adaptation. After 24 h, the cells were divided into treatment groups. The control and blank groups were replaced with an equal volume of normal culture medium, while the treatment group was incubated with a 1,000 μg/mL peptide solution for 24 h. After that, both the control and treatment groups were treated with 500 μg/mL H2O2 and incubated for an additional 1 h.

After incubation, the medium was discarded, and DCFH-DA probe was diluted in serum-free medium at a 1:1000 ratio. Then, 1.5 mL of the diluted solution was added to each well, and the cells were incubated at 37 °C in the dark for 20 min. The blank group was treated with an equal volume of serum-free medium. After incubation, the probe solution was discarded, and the cells were washed by gently pipetting with PBS to detach them completely. The cell suspension was collected into a 1.5 mL centrifuge tube and centrifuged at 800 rpm/min for 5 min at 4 °C. The supernatant was discarded, and the cells were resuspended in 1 mL PBS solution. The fluorescence intensity was measured using a fluorescence spectrophotometer with an excitation wavelength of 488 nm and an emission wavelength of 525 nm. The total protein concentration of each sample was determined using the BCA method. The fluorescence value was then normalized to the fluorescence intensity per milligram of protein, and the results were statistically analyzed.




2.8 Statistical analysis

All experiments were independently repeated three times, and the data are presented as the mean ± standard deviation (Mean ± SD). Statistical analysis was performed using GraphPad Prism 9.0 software. For comparisons between groups, one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc multiple comparison test was used. The significance levels were set as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****).




3 Results and discussion


3.1 in silico screening of peptides via molecular simulation


3.1.1 Molecular docking of identified peptides

A total of 3,121 peptides were identified from the <3,000 Da lyophilized fraction of the aqueous extract of black soybean using LC–MS/MS. To efficiently identify peptides with potential antioxidant activity, further screening was performed. According to previous reports, peptides with molecular weights below 1,500 Da generally exhibit stronger antioxidant activity than those above 1,500 Da, and most known antioxidant peptides consist of 2–10 amino acid residues (24, 25). Based on these criteria, 1,145 peptides from the initial 3,121 identified peptides met the requirements of both molecular weight and sequence length (Supplementary Table 1).

Peptides can inhibit the catalytic activity of myeloperoxidase (MPO) by occupying its active site or blocking its access channel, thereby reducing the generation of strong oxidants such as hypochlorous acid (HOCl). This inhibition leads to a decrease in MPO-dependent reactive oxygen species (ROS) bursts, thereby alleviating oxidative stress damage caused by excessive ROS, and such peptides often exhibit significant antioxidant activity (26, 27). A total of 1,145 peptides were subjected to molecular docking modeling and individually docked with the MPO receptor protein. Peptides with lower binding energy are generally considered to have a stronger interaction with the target protein and are more likely to trigger downstream biological effects (28). Based on the docking scores, the peptides were ranked according to their binding energy with MPO. The peptide VPNHFNAP exhibited the strongest binding affinity, with a docking energy of −12.04 kcal/mol. This peptide was therefore selected as a potential potent antioxidant peptide that may act as an MPO inhibitor. Its MS/MS fragmentation spectrum and 2D chemical structure are shown in Figures 1A,B, respectively.
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FIGURE 1
 Identification and molecular docking of the target peptide VPNHFNAP. (A) MS/MS spectrum of VPNHFNAP. (B) 2D chemical structure of VPNHFNAP. (C) Overview of the docking complex between VPNHFNAP and MPO receptor protein. (D) Detailed interaction between VPNHFNAP and MPO, showing the MPO receptor as a gray cartoon structure and VPNHFNAP as yellow sticks.


A detailed analysis of the molecular docking results revealed that VPNHFNAP successfully docked into the core pocket of the MPO receptor protein (Figure 1C), occupying the same active site as antioxidant peptides previously identified from hemp seed protein (29). VPNHFNAP formed multiple interactions with surrounding amino acid residues at the binding site, involving five types of intermolecular forces: conventional hydrogen bonds, carbon hydrogen bonds, alkyl interactions, pi-alkyl interactions, and unfavorable donor–donor interactions.

Specifically, conventional hydrogen bonds were formed with ASN162 and ARG323 of chain C, and ASP321 and ARG323 of chain D. Carbon hydrogen bonds were observed with ALA28 and LEU33 of chain B, and ILE160 of chain C. Alkyl and pi-alkyl interactions (categorized as hydrophobic interactions) were formed with VAL30, ARG31, and ALA35 of chain A, PRO34 and ALA35 of chain B, and ILE160 of chain D. Additionally, an unfavorable donor–donor interaction was observed between VPNHFNAP and ARG31 of chain B (Figure 1D). This type of unfavorable interaction may slightly weaken the overall binding efficiency. As reported by Sidali Zaidi et al., a similar unfavorable donor–donor interaction was observed between myricetin-galactoside and an ARG residue in MPO. The guanidinium side chain of ARG contains multiple hydrogen bond donors, and when in proximity to other strong donor groups such as –OH or –NH₂, repulsive electronic interactions may occur, leading to such unfavorable effects. Nevertheless, their reported docking energy was still as low as −8.9 kcal/mol, suggesting that favorable interactions elsewhere in the binding site can compensate for the unfavorable forces (30).

Through the synergistic effect of multiple intermolecular interactions, VPNHFNAP formed a stable binding conformation within the catalytic pocket of the MPO receptor. Notably, the interaction mode observed here is highly consistent with the binding patterns of antioxidant peptides derived from Atlantic sea cucumber, where conventional hydrogen bonding and hydrophobic interactions are identified as the primary driving forces contributing to the peptide–MPO binding (31). It is worth highlighting that this binding pattern is not exclusive to peptides from sea cucumber. Similar interaction modes have also been reported for antioxidant peptides derived from glycinin and conglycinin (32). In particular, the carbonyl oxygen (C=O) on the peptide backbone and –NH₂ side chains of the amino acids tend to form strong hydrogen bonds with the MPO receptor. These hydrogen bonds not only facilitate specific molecular recognition between the peptide and the MPO protein, but also contribute to the thermodynamic stability of the peptide–receptor complex (33). Furthermore, recent studies on antioxidant peptides identified from foxtail millet prolamin have demonstrated that hydrogen bonding interactions are the major contributors to their effective binding with MPO (32).



3.1.2 Molecular dynamics simulation of the VPNHFNAP-MPO complex

To validate the molecular docking results and assess the potential induced-fit effects on the stability of the VPNHFNAP-MPO complex, a 25 ns molecular dynamics simulation was performed. This approach aimed to overcome the limitations of semi-flexible docking, in which the receptor is typically treated as rigid, thereby enabling a more comprehensive evaluation of the dynamic stability of protein–peptide interactions (18).

The root mean square deviation (RMSD) value reflects the deviation of the complex from its initial conformation over the course of the simulation. RMSD fluctuations are directly indicative of conformational stability, with deviations below 0.5 nm generally considered acceptable (34). As shown in Figure 2A, the RMSD displayed significant fluctuations during the initial phase (0–5 ns), likely due to induced-fit adjustments between MPO and VPNHFNAP. However, after 5 ns, the RMSD stabilized around 0.23 ± 0.057 nm, suggesting the complex had reached a dynamically equilibrated and structurally stable state. Hydrogen bonds, as key driving forces in protein-peptide interactions, offer insights into binding stability (35). The number of hydrogen bonds formed during the simulation closely paralleled the RMSD trend (Figure 2B), initially decreasing during 0–5 ns, followed by stabilization at approximately 5 ± 1 hydrogen bonds. This indicates the formation of a stable interaction network between VPNHFNAP and the MPO receptor during the equilibrium phase. A comparable simulation conducted on the antioxidant peptide LYSPH, derived from cherry seeds, revealed a docking binding energy of −7.9 kcal/mol, 3 ± 1 hydrogen bonds, and an RMSD fluctuation of ±0.047 nm (36), showing similar patterns to those found in this study.
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FIGURE 2
 Results of a 25 ns molecular dynamics simulation of the VPNHFNAP–MPO complex. (A) Root-mean-square deviation (RMSD). (B) Number of hydrogen bonds. (C) Solvent-accessible surface area (SASA). (D) Three-dimensional Gibbs free energy landscape.


The solvent-accessible surface area (SASA) further illustrated the dynamic binding behavior and solvent exposure of the complex. As shown in Figure 2C, SASA value increased significantly during the early simulation stage, likely due to two main factors: (1) the bulky hydrophobic aromatic ring of VPNHFNAP may not have fully penetrated the hydrophobic core of MPO owing to steric hindrance and hydrophobic effects, leaving portions exposed to solvent (37); and (2) the formation of an initial hydration layer due to strong interactions between polar residues on the MPO surface and surrounding water molecules (38). As the simulation progressed, both protein and peptide conformations adjusted, and solvent distribution around the protein became more uniform, ultimately leading the system to equilibrium. Although the final SASA remained approximately 5 nm2 higher than the initial value, its low fluctuation range confirmed the relative stability of the complex.

To further evaluate the thermodynamic profile of the complex, the g_sham module of GROMACS2022 was used to calculate the Gibbs free energy landscape based on RMSD and radius of gyration (Rg) values, generating a 3D free energy landscape (Figure 2D). In this surface, blue to white regions indicate low free energy value, whereas yellow to red regions reflect higher energy states. A scattered, rugged energy surface suggests weak or unstable interactions, whereas a single, smooth, concentrated energy basin represents strong and stable interactions (39). For the MPO–VPNHFNAP complex, the energy projection was focused in a small, defined region on the lower right of the plot, with a distinct and well-defined energy basin, indicating a thermodynamically stable binding conformation. This observation was consistent with the RMSD, hydrogen bond, and SASA results. Similarly, in a study conducted by Yan et al., antioxidant peptides GWY and QWY exhibited RMSD fluctuations of approximately 0.19 ± 0.01 nm during 25 ns simulations, and their corresponding free energy landscapes displayed well-confined energy basins within strict boundaries (40). Taken together, these results indicate that VPNHFNAP forms a stable intermolecular interaction network within the MPO binding pocket, resulting in a thermodynamically favorable binding conformation characterized by low Gibbs free energy. These findings highlight the potential of VPNHFNAP as a strong MPO-binding antioxidant peptide.




3.2 SPR analysis of the interaction between VPNHFNAP and MPO protein

To further validate the molecular simulation results and clarify the biological activity of VPNHFNAP, a SPR experiment was conducted using purified human MPO receptor protein and synthetic peptide VPNHFNAP. As shown in Figure 3A, the response unit (RU) values increased progressively with peptide concentrations ranging from 3.13 μM to 200 μM, indicating a dose-dependent binding affinity between VPNHFNAP and MPO. The RU values increased from approximately 0.79 RU to around 24.51 RU with increasing concentrations. The binding and dissociation processes were both rapid, suggesting that the molecular recognition and association between VPNHFNAP and MPO are facilitated by favorable intermolecular interactions, as previously observed in molecular simulations. Similarly, Bakytzhan et al. investigated the interaction between MPO and ceruloplasmin (Cp), a physiological MPO inhibitor, using SPR, and further explored Cp-derived peptides for their MPO-binding potential. Their results also demonstrated clear dose-dependent binding effect (41).
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FIGURE 3
 SPR analysis of the interaction between the peptide VPNHFNAP and the MPO receptor protein. (A) The response signals of VPNHFNAP at different concentrations. (B) Steady-state fitting diagram of VPNHFNAP binding to MPO. The KD and Chi2 values were calculated based on the fitted response curve.


The kinetic fitting parameter Chi2 (RU2) was used to evaluate the quality of the fitting, with lower values indicating better agreement between the fitted curve and experimental data. Typically, a Chi2 value below 10RU2 is considered indicative of a reliable fit (42). In this study, the Chi2 value for the interaction between VPNHFNAP and MPO was 0.98RU2, suggesting a good fitting quality. The dissociation constant (KD) was determined to be 1.83 × 10−4 M (Figure 3B), indicating a moderate binding affinity. Notably, De Jong et al. employed SPR to investigate the binding interaction between staphylococcal peroxidase inhibitory protein (SPIN) and MPO. Compared to VPNHFNAP, SPIN is a larger molecule with a rigid α-helical framework and an N-terminal β-hairpin structure that deeply inserts into the MPO active site, forming a “molecular plug” that sterically hinders substrate molecules such as H₂O₂ from accessing the MPO catalytic site. The KD value for the SPIN–MPO interaction was reported as 1 × 10−8 M, which reflects a typical high-affinity antigen–antibody interaction (43). Although the KD value of VPNHFNAP is higher than that of SPIN, indicating a lower affinity, it still falls within the acceptable range for small-molecule drug candidates. This is consistent with the molecular simulation results, which predicted a favorable interaction between VPNHFNAP and MPO, supporting the hypothesis that VPNHFNAP may exert its inhibitory effect by binding to the active site of MPO and interfering with its catalytic activity (20).

Gao et al. identified key antioxidant peptides from hemp seed that exhibited free radical scavenging and cytoprotective effects against oxidative stress. These peptides were shown to bind tightly to the active site pocket of MPO, suggesting that VPNHFNAP may exert similar antioxidant effects through a comparable binding mechanism (29). The antioxidant activity of peptides is strongly influenced by their length, amino acid composition, and sequence (44). It has been reported that antioxidant peptides often contain hydrophobic residues such as G, A, V, L, I, P, F, and M (45), Notably, five out of the eight residues in VPNHFNAP are hydrophobic, accounting for 62.5% of the sequence. Additionally, Wen et al. demonstrated that the presence of V(Val) at either the N- or C-terminus significantly enhances antioxidant activity (46), while the inclusion of aromatic amino acids like F(Phe) has also been associated with improved radical scavenging potential (47). Taken together, these features also suggest that VPNHFNAP possesses strong potential as an effective antioxidant peptide.



3.3 Free radical scavenging assay

To directly characterize and verify the antioxidant activity of VPNHFNAP, in vitro free radical scavenging assays were performed based on the method described by Luan et al., with some modifications (48). Glutathione (GSH), a widely recognized antioxidant peptide, was employed as a positive control to evaluate the antioxidant potential of VPNHFNAP (49).


3.3.1 DPPH and ABTS radical scavenging activities

As shown in Figure 4A, in the DPPH radical scavenging assay, VPNHFNAP exhibited dose-dependent scavenging activity, with scavenging rates of 12.48 ± 2.62%, 26.23 ± 1.97%, 38.59 ± 1.65%, and 45.85 ± 5.55% at concentrations of 0.1, 1, 5, and 10 mg/mL, respectively. In comparison, GSH displayed scavenging rates of 27.72 ± 2.86%, 54.36 ± 3.61%, 69.01 ± 4.68%, and 84.87 ± 1.39% at the corresponding concentrations. Similarly, as illustrated in Figure 4B, VPNHFNAP showed increasing ABTS radical scavenging activity with rising concentrations, with scavenging rates of 8.3 ± 1.28%, 17.79 ± 1.86%, 28.82 ± 1.03%, and 40.4 ± 3.19% at 0.1, 1, 5, and 10 mg/mL, respectively., GSH achieved scavenging rates of 24.52 ± 4.01%, 40.76 ± 3.01%, 60.28 ± 3.58%, and 82.92 ± 1.27% at the same concentrations. Both VPNHFNAP and GSH demonstrated a clear dose–response trend in their radical scavenging capacities. Notably, VPNHFNAP consistently achieved approximately half the scavenging efficiency of GSH at equivalent concentrations, suggesting that VPNHFNAP possesses appreciable free radical scavenging activity.

[image: Graphs A and B display the radical scavenging rates for VPNHFNAP and GSH at various concentrations. Graph A focuses on the DPPH radical scavenging rate, while Graph B highlights the ABTS radical scavenging rate. Both graphs show that GSH has a higher scavenging rate than VPNHFNAP across 0.1, 1, 5, and 10 milligrams per milliliter concentrations. Each bar is marked with error bars indicating variability.]

FIGURE 4
 Free radical scavenging activity of VPNHFNAP, with GSH as the positive control. (A) DPPH radical scavenging activity. (B) ABTS radical scavenging activity.


Similarly, Zhang et al. identified two antioxidant peptides, VVFVDRL and VIYVVDLR, from Glycine max hydrolysate, both of which contain N-terminal valine residues. At a concentration of 1 mg/mL, their DPPH and ABTS radical scavenging rates reached approximately 40 and 50%, respectively, which are markedly higher than those of VPNHFNAP (26.23 ± 1.97% and 17.79 ± 1.86%) at the same concentration (25). This enhanced activity was attributed to the presence of repeating amino acids within the peptide sequences, a feature that has also been associated with stronger bioactivity in antioxidant peptides derived from Parkia speciosa seeds (50). In addition, Fu et al. reported an antioxidant peptide, VLIPMP, from foxtail millet prolamin, which also features valine at the N-terminus and proline at the C-terminus. This peptide exhibited strong binding affinity to MPO in molecular docking studies, mainly via hydrogen bonding and other intermolecular interactions. Molecular dynamics simulations further confirmed the stability of the VLIPMP–MPO complex. In radical scavenging assays, VLIPMP showed notable activity, with IC₅₀ values of 4.45 mg/mL (DPPH) and 2.33 mg/mL (ABTS). Moreover, its binding free energy calculated by MM-PBSA was −40.83 ± 7.64 kcal/mol, and the number of hydrogen bonds formed with MPO was higher than that observed for VPNHFNAP (51).

Despite being derived from similar plant seed sources and possessing structurally related features, antioxidant peptides such as VLIPMP and VPNHFNAP exhibit significant differences in their MPO-binding affinities and radical scavenging capacities. These disparities may be attributed to differences in amino acid composition, highlighting the importance of sequence-specific features in determining antioxidant efficacy and warranting further investigation.



3.3.2 Molecular docking of VPNHFNAP with free radicals

Following the observation of the free radical scavenging activity of VPNHFNAP, molecular docking studies were conducted to elucidate the potential mechanisms underlying its interactions with DPPH and ABTS radicals. As shown in Figure 5, VPNHFNAP formed strong interactions with both radical species. The docking binding energies with DPPH and ABTS were −4.231 kcal/mol and −4.486 kcal/mol, respectively. Similarly, Wang et al. employed AutoDock Vina to investigate the interactions between antioxidant peptides and free radicals, and reported that the binding energies of 16 antioxidant peptides with DPPH ranged from −3.3 to −4.4 kcal/mol, and with ABTS ranged from −3.2 to −4.7 kcal/mol (52). The binding energies of VPNHFNAP with DPPH and ABTS in the present study fall within this reported range, indicating comparable interaction strength. The strong binding affinities observed in the docking simulations are consistent with the dose-dependent radical scavenging activity of VPNHFNAP demonstrated in experimental assays. These results support the hypothesis that VPNHFNAP exerts its antioxidant effects by forming stable complexes with DPPH and ABTS radicals, thereby scavenging them.

[image: Molecular docking study showing interactions between VPNHFNAP with DPPH radical in image A and ABTS radical in image B. Image A has a binding affinity of negative four point two three one kilocalories per mole, and image B has a binding affinity of negative four point four eight six kilocalories per mole. Both structures highlight hydrogen bonds with yellow dotted lines.]

FIGURE 5
 Molecular docking results of VPNHFNAP with free radical molecules. Green sticks represent free radical molecules, gray sticks represent VPNHFNAP, and yellow dashed lines indicate hydrogen bond interactions. (A) VPNHFNAP with DPPH radical. (B) VPNHFNAP with ABTS radical.





3.4 Cellular antioxidant activity assay using H₂O₂-induced HaCaT cells


3.4.1 Concentration screening for H₂O₂ and VPNHFNAP in HaCaT cells

Following the demonstration of free radical scavenging activity in chemical assays, the antioxidant activity of VPNHFNAP was further evaluated using a cell-based model. An oxidative stress model was established by H₂O₂-induced damage in HaCaT cells. As immortalized human keratinocytes, HaCaT cells possess a complete oxidative stress signaling pathway and a stable expression profile of antioxidant enzymes, making them an ideal model widely used in studies assessing the protective effects of antioxidant peptides (53, 54). Excessive concentrations of synthetic peptides may cause cytotoxicity (55), and the degree of cellular damage induced by H₂O₂ also varies with its concentration. To determine appropriate experimental concentrations for H₂O₂ and VPNHFNAP, we first investigated the effects of their respective concentrations on cell viability.

As shown in Figure 6, with increasing concentrations of H₂O₂, cell viability gradually decreased compared to the control group. A significant reduction (p < 0.01) was observed at 200 μg/mL, and over 90% of the cells were dead at 1500 μg/mL. At 500 μg/mL, the cell viability was 49.05 ± 4.24%, which was considered suitable for subsequent peptide activity evaluation (56). Therefore, 500 μg/mL H₂O₂ was selected as the modeling concentration for inducing oxidative damage. For VPNHFNAP, concentrations ranging from 100 to 1,000 μg/mL did not cause significant changes in cell viability compared to the control group, whereas a marked decrease was observed at 1500 μg/mL. Thus, 1,000 μg/mL was chosen as the treatment concentration for evaluating antioxidant effects. Similarly, Huang et al. reported that antioxidant peptides exhibited no significant toxic effects on HepG2 cells within the 25–1,000 μg/mL concentration range (57).

[image: Line graph showing cell viability percentage versus concentration in micrograms per milliliter. Black line represents VPNHFNAP, maintaining near 100% viability. Red line represents H2O2, showing a significant decrease in viability with increasing concentration. Data points marked with asterisks indicate significant differences.]

FIGURE 6
 Line chart showing the effects of different concentrations of VPNHFNAP and H₂O₂ on the viability of HaCaT cells.




3.4.2 Effects of VPNHFNAP on cell viability and ROS levels

To investigate the protective effect of VPNHFNAP against oxidative damage, we evaluated the influence of VPNHFNAP on cell viability in HaCaT cells subjected to H₂O₂-induced oxidative stress. As shown in Figure 7A, treatment with 500 μg/mL H₂O₂ significantly decreased cell viability to 47.82 ± 1.87% compared with the control group (p < 0.0001). However, cells pretreated with 1,000 μg/mL VPNHFNAP exhibited a markedly higher viability of 64.38 ± 4.22%, indicating a significant improvement compared to the H₂O₂ group (p < 0.01). Oxidative stress leads to intracellular accumulation of ROS, and the level of ROS is a key indicator of oxidative damage. As shown in Figure 7B, the ROS level increased significantly from 541.25 ± 25.03 AU in the control group to 2128.33 ± 127.37 AU after treatment with 500 μg/mL H₂O₂ (p < 0.0001). In contrast, cells treated with VPNHFNAP showed a significantly reduced ROS level of 1863.16 ± 193.37 AU compared to the H₂O₂ group (p < 0.0001).

[image: Graph A shows cell viability percentages for control, H2O2 (500 micrograms/milliliter), and VPNHFNAP (1000 micrograms/milliliter), with H2O2 significantly lower. Graph B shows ROS levels (AU/mg protein) with control, H2O2, and VPNHFNAP, where H2O2 is markedly higher. Statistically significant differences are indicated by asterisks.]

FIGURE 7
 Effect of VPNHFNAP on H2O2-induced oxidative damage in HaCaT cells. (A) Cell viability of HaCaT cells. (B) ROS levels in HaCaT cells.


These results indicate that H₂O₂ treatment significantly elevated ROS levels in HaCaT cells, disrupting redox homeostasis and leading to pronounced oxidative stress, as evidenced by decreased cell viability (p < 0.0001). Conversely, VPNHFNAP effectively attenuated H₂O₂-induced oxidative damage, significantly improving cell viability (p < 0.01). The protective effect of VPNHFNAP may be attributed to its amino acid composition. The presence of hydrophobic residues such as V, P, F facilitates interaction with the hydrophobic regions of the cell membrane lipid bilayer, potentially enhancing cellular uptake of the peptide (58). Additionally, these amino acids may contribute to antioxidant activity through proton donation, thereby terminating free radical chain reactions. Aromatic amino acids, particularly Pro, are also considered antioxidant residues, capable of directly donating electrons to electron-deficient radicals, further enhancing the peptide’s antioxidant potential (59).





4 Conclusion

In this study, peptide components from aqueous extracts of black soybean were identified using LC–MS/MS. A novel antioxidant peptide, VPNHFNAP, was screened by targeting myeloperoxidase (MPO) protein through molecular docking combined with molecular dynamics simulations. Surface plasmon resonance (SPR) analysis confirmed the specific binding affinity of VPNHFNAP to MPO, validating the computational prediction results. In vitro chemical assays demonstrated that VPNHFNAP possesses significant DPPH and ABTS radical scavenging activity, and its underlying mechanism was further elucidated through molecular docking studies. In a HaCaT cell model of oxidative stress induced by H₂O₂, VPNHFNAP showed potent cytoprotective effects, significantly improving cell viability and reducing intracellular ROS levels. This work provides a theoretical basis for the high-value utilization of black soybean by-products, expands the current database of plant-derived antioxidant peptides, and proposes a screening strategy for antioxidant peptides based on the integration of computational simulation, molecular interaction validation, and biological evaluation.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

DZ: Data curation, Formal analysis, Writing – review & editing, Conceptualization, Investigation, Methodology, Software, Writing – original draft. HZ: Formal analysis, Methodology, Investigation, Data curation, Writing – review & editing. XX: Software, Investigation, Resources, Writing – review & editing, Supervision, Methodology, Validation. BZ: Resources, Data curation, Investigation, Validation, Conceptualization, Project administration, Visualization, Methodology, Supervision, Writing – review & editing, Writing – original draft, Software, Funding acquisition, Formal analysis.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by grants from Hubei University of Traditional Chinese Medicine doctoral innovation project (no.2025BSCX10 to Bingqi Zhang).



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.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1649684/full#supplementary-material



Footnotes

1   https://pubchem.ncbi.nlm.nih.gov/


References
	 1. Sierra,L, Fan,H, Zapata,J, and Wu,J. Antioxidant peptides derived from hydrolysates of red tilapia (Oreochromis sp.) scale. LWT. (2021) 146:111631. doi: 10.1016/j.lwt.2021.111631
	 2. Banaeeyeh,S, Afkhami-Goli,A, Moosavi,Z, Razavi,BM, and Hosseinzadeh,H. Anti-inflammatory, antioxidant and anti-mitophagy effects of trans sodium crocetinate on experimental autoimmune encephalomyelitis in BALB/C57 mice. Metab Brain Dis. (2024) 39:783–801. doi: 10.1007/s11011-024-01349-0 
	 3. Kaneto,H, Katakami,N, Matsuhisa,M, and Matsuoka,T-a. Role of reactive oxygen species in the progression of type 2 diabetes and atherosclerosis. Mediat Inflamm. (2010) 2010:453892. doi: 10.1155/2010/453892 
	 4. Simpson,DSA, and Oliver,PL. ROS generation in microglia: understanding oxidative stress and inflammation in neurodegenerative disease. Antioxidants. (2020) 9:743. doi: 10.3390/antiox9080743 
	 5. Nowak,WN, Deng,J, Ruan,XZ, and Xu,Q. Reactive oxygen species generation and atherosclerosis. Arterioscler Thromb Vasc Biol. (2017) 37:e41–52. doi: 10.1161/ATVBAHA.117.309228 
	 6. Aratani,Y. Myeloperoxidase: its role for host defense, inflammation, and neutrophil function. Arch Biochem Biophys. (2018) 640:47–52. doi: 10.1016/j.abb.2018.01.004 
	 7. Wong,F-C, Xiao,J, Wang,S, Ee,K-Y, and Chai,T-T. Advances on the antioxidant peptides from edible plant sources. Trends Food Sci Technol. (2020) 99:44–57. doi: 10.1016/j.tifs.2020.02.012
	 8. Li,S, Chen,J, Hao,X, Ji,X, Zhu,Y, Chen,X , et al. A systematic review of black soybean (Glycine max (L.) Merr.): nutritional composition, bioactive compounds, health benefits, and processing to application. Food Front. (2024) 5:1188–211. doi: 10.1002/fft2.376
	 9. Kumar,M, Suhag,R, Hasan,M, Dhumal,S, Radha, Pandiselvam,R , et al. Black soybean (Glycine max (L.) Merr.): paving the way toward new nutraceutical. Crit Rev Food Sci Nutr. (2023) 63:6208–34. doi: 10.1080/10408398.2022.2029825
	 10. Ponnusha,B, Subramaniyam,S, Pasupathi,P, subramaniyam,B, and Virumandy,R. Antioxidant and antimicrobial properties of Glycine Max-a review. Int J Curr Bio Med Sci. (2011) 1:49–62.
	 11. Samaranayaka,AGP, and Li-Chan,ECY. Food-derived peptidic antioxidants: a review of their production, assessment, and potential applications. J Funct Foods. (2011) 3:229–54. doi: 10.1016/j.jff.2011.05.006
	 12. Chen,Z, Li,W, Santhanam,RK, Wang,C, Gao,X, Chen,Y , et al. Bioactive peptide with antioxidant and anticancer activities from black soybean [Glycine max (L.) Merr.] byproduct: isolation, identification and molecular docking study. Eur Food Res Technol. (2019) 245:677–89. doi: 10.1007/s00217-018-3190-5
	 13. Raval,K, and Ganatra,T. Basics, types and applications of molecular docking: a review. IP Int J Comprehensive Advan Pharmacol. (2022) 7:12–6. doi: 10.18231/j.ijcaap.2022.003
	 14. Cai,B, Wan,P, Chen,H, Huang,J, and Ye,Z. Purification and identification of novel myeloperoxidase inhibitory antioxidant peptides from tuna (Thunnas albacares) protein hydrolysates. Molecules. (2022) 27:2681. doi: 10.3390/molecules27092681 
	 15. Gao,R, Zhu,L, Zhang,W, Jin,W, Bai,F, and Xu,P. Novel peptides from sturgeon ovarian protein hydrolysates prevent oxidative stress-induced dysfunction in osteoblast cells: purification, identification, and characterization. J Agric Food Chem. (2024) 72:10076–88. doi: 10.1021/acs.jafc.3c07021 
	 16. Amigo,L, and Hernández-Ledesma,B. Introduction to the special issue: new advances in the research of antioxidant food peptides. Foods. (2020) 9:1810. doi: 10.3390/foods9121810 
	 17. Cui,J, Feng,Y, Yang,T, Wang,X, and Tang,H. Computer-aided designing peptide inhibitors of human hematopoietic prostaglandin D2 synthase combined molecular docking and molecular dynamics simulation. Molecules. (2023) 28:5933. doi: 10.3390/molecules28155933 
	 18. Damjanovic,J, Miao,J, Huang,H, and Lin,Y-S. Elucidating solution structures of cyclic peptides using molecular dynamics simulations. Chem Rev. (2021) 121:2292–324. doi: 10.1021/acs.chemrev.0c01087 
	 19. Huang,R-Y, and Chou,C-C. Heating affects the content and distribution profile of isoflavones in steamed black soybeans and black soybean koji. J Agric Food Chem. (2008) 56:8484–9. doi: 10.1021/jf801488e 
	 20. He,S, Zhang,Y, Sun,H, Du,M, Qiu,J, Tang,M , et al. Antioxidative peptides from proteolytic hydrolysates of false abalone (Volutharpa ampullacea perryi): characterization, identification, and molecular docking. Mar Drugs. (2019) 17:116. doi: 10.3390/md17020116 
	 21. Mehmood,A, Kaushik,AC, Wang,Q, Li,C-D, and Wei,D-Q. Bringing structural implications and deep learning-based drug identification for kras mutants. J Chem Inf Model. (2021) 61:571–86. doi: 10.1021/acs.jcim.0c00488 
	 22. Aursuwanna,T, Noitang,S, Sangtanoo,P, Srimongkol,P, Saisavoey,T, and Puthong,S. Investigating the cellular antioxidant and anti-inflammatory effects of the novel peptides in lingzhi mushrooms. Heliyon. (2022) 8:e11067. doi: 10.1016/j.heliyon.2022.e11067 
	 23. Zi,Y, Zhang,B, Jiang,B, Yang,X, Liang,Z, Liu,W , et al. Antioxidant action and protective and reparative effects of lentinan on oxidative damage in HaCaT cells. J Cosmet Dermatol. (2018) 17:1108–14. doi: 10.1111/jocd.12488 
	 24. Sarmadi,BH, and Ismail,A. Antioxidative peptides from food proteins: a review. Peptides. (2010) 31:1949–56. doi: 10.1016/j.peptides.2010.06.020 
	 25. Zhang,Q, Tong,X, Li,Y, Wang,H, Wang,Z, Qi,B , et al. Purification and characterization of antioxidant peptides from alcalase-hydrolyzed soybean (Glycine max L.) hydrolysate and their cytoprotective effects in human intestinal Caco-2 cells. J Agric Food Chem. (2019) 67:5772–81. doi: 10.1021/acs.jafc.9b01235 
	 26. Vakhrusheva,TV, Sokolov,AV, Moroz,GD, Kostevich,VA, Gorbunov,NP, and Smirnov,IP. Effects of synthetic short cationic antimicrobial peptides on the catalytic activity of myeloperoxidase, reducing its oxidative capacity. Antioxidants. (2022) 11:2419. doi: 10.3390/antiox11122419 
	 27. Zhang,Y, Li,Y, Ren,T, Xiao,P, and Duan,J-a. Novel and efficient techniques in the discovery of antioxidant peptides. Crit Rev Food Sci Nutr. (2024) 64:11934–48. doi: 10.1080/10408398.2023.2245052 
	 28. Auwal,SM, Zainal Abidin,N, Zarei,M, Tan,CP, and Saari,N. Identification, structure-activity relationship and in silico molecular docking analyses of five novel angiotensin I-converting enzyme (ACE)-inhibitory peptides from stone fish (Actinopyga lecanora) hydrolysates. PLoS One. (2019) 14:e0197644. doi: 10.1371/journal.pone.0197644 
	 29. Gao,J, Li,T, Chen,D, Gu,H, and Mao,X. Identification and molecular docking of antioxidant peptides from hemp seed protein hydrolysates. LWT. (2021) 147:111453. doi: 10.1016/j.lwt.2021.111453
	 30. Zaidi,S, Benaida-Debbache,N, Tebbi,SO, Kadi,R, and Saidene,N. Optimization of ultrasound-assisted extraction of phenolic compounds from Populus nigra as potential myeloperoxidase inhibitors. Chem Pap. (2024) 78:2841–54. doi: 10.1007/s11696-023-03275-4
	 31. Zhang,Y, He,S, Bonneil,É, and Simpson,BK. Generation of antioxidative peptides from Atlantic Sea cucumber using alcalase versus trypsin: in vitro activity, de novo sequencing, and in silico docking for in vivo function prediction. Food Chem. (2020) 306:125581. doi: 10.1016/j.foodchem.2019.125581 
	 32. Ningrum,A, Wardani,DW, Vanidia,N, Sarifudin,A, Kumalasari,R, and Ekafitri,R. In silico approach of glycinin and conglycinin chains of soybean by-product (Okara) using papain and bromelain. Molecules. (2022) 27:6855. doi: 10.3390/molecules27206855 
	 33. Eildal,JNN, Hultqvist,G, Balle,T, Stuhr-Hansen,N, Padrah,S, and Gianni,S. Probing the role of backbone hydrogen bonds in protein–peptide interactions by amide-to-ester mutations. J Am Chem Soc. (2013) 135:12998–3007. doi: 10.1021/ja402875h 
	 34. Xiong,Y, Gao,X, Pan,D, Zhang,T, Qi,L, and Wang,N. A strategy for screening novel umami dipeptides based on common feature pharmacophore and molecular docking. Biomaterials. (2022) 288:121697. doi: 10.1016/j.biomaterials.2022.121697 
	 35. Li,D, Wang,X, Qin,Z, Yu,S, Chen,J, and Zhou,J. Combined engineering of l-sorbose dehydrogenase and fermentation optimization to increase 2-keto-l-gulonic acid production in Escherichia coli. Bioresour Technol. (2023) 372:128672. doi: 10.1016/j.biortech.2023.128672 
	 36. Chai,T-T, Koh,J-A, Wong,CC, Sabri,MZ, and Wong,F-C. Computational screening for the anticancer potential of seed-derived antioxidant peptides: a cheminformatic approach. Molecules. (2021) 26:7396. doi: 10.3390/molecules26237396 
	 37. Wu,R, Huang,J, Huan,R, Chen,L, Yi,C, Liu,D , et al. New insights into the structure-activity relationships of antioxidative peptide PMRGGGGYHY. Food Chem. (2021) 337:127678. doi: 10.1016/j.foodchem.2020.127678
	 38. Durojaye,OA, Yekeen,AA, Idris,MO, Okoro,NO, Odiba,AS, and Nwanguma,BC. Investigation of the MDM2-binding potential of de novo designed peptides using enhanced sampling simulations. Int J Biol Macromol. (2024) 269:131840. doi: 10.1016/j.ijbiomac.2024.131840 
	 39. Mukerjee,N, Das,A, Maitra,S, Ghosh,A, Khan,P, Alexiou,A , et al. Dynamics of natural product Lupenone as a potential fusion inhibitor against the spike complex of novel Semliki Forest virus. PLoS One. (2022) 17:e0263853. doi: 10.1371/journal.pone.0263853 
	 40. Yan,W, Lin,G, Zhang,R, Liang,Z, and Wu,W. Studies on the bioactivities and molecular mechanism of antioxidant peptides by 3D-QSAR, in vitro evaluation and molecular dynamic simulations. Food Funct. (2020) 11:3043–52. doi: 10.1039/C9FO03018B 
	 41. Sokolov,AV, Pulina,MO, Ageeva,KV, Ayrapetov,MI, Berlov,MN, and Volgin,GN. Interaction of ceruloplasmin, lactoferrin, and myeloperoxidase. Biochem Mosc. (2007) 72:409–15. doi: 10.1134/S0006297907040074 
	 42. Bonnet,H, Coche-Guérente,L, Defrancq,E, Spinelli,N, Van der Heyden,A, and Dejeu,J. Negative spr signals during low molecular weight analyte recognition. Anal Chem. (2021) 93:4134–40. doi: 10.1021/acs.analchem.1c00071 
	 43. Forero,DA, and Chand,V. Methods in molecular biology and genetics: looking to the future. BMC Res Notes. (2023) 16:26. doi: 10.1186/s13104-023-06298-y 
	 44. Xiang,Z, Xue,Q, Gao,P, Yu,H, Wu,M, and Zhao,Z. Antioxidant peptides from edible aquatic animals: preparation method, mechanism of action, and structure-activity relationships. Food Chem. (2023) 404:134701. doi: 10.1016/j.foodchem.2022.134701 
	 45. Chen,H-M, Muramoto,K, and Yamauchi,F. Structural analysis of antioxidative peptides from soybean beta-conglycinin. J Agric Food Chem. (1995) 43:574–8.
	 46. Wen,C, Zhang,J, Zhang,H, Duan,Y, and Ma,H. Plant protein-derived antioxidant peptides: isolation, identification, mechanism of action and application in food systems: a review. Trends Food Sci Technol. (2020) 105:308–22. doi: 10.1016/j.tifs.2020.09.019
	 47. Rahmawati,I, Amini,HW, and Darmayanti,RF. Molecular modelling of antioxidant agent by QSAR study of caffeic acid derivatives. IOP Conf Ser: Mater Sci Eng. (2020) 823:012001. doi: 10.1088/1757-899x/823/1/012001
	 48. Luan,J, Wang,L, Yang,J, Li,X, Wang,J, Cui,F , et al. Identification, molecular docking, and protective effects on H2O2-induced HEK-293 cell oxidative damage of antioxidant peptides from Pacific saury (Cololabis saira). Food Funct. (2023) 14:160–70. doi: 10.1039/D2FO02910C 
	 49. Gu,L, Zhao,M, Li,W, You,L, Wang,J, and Wang,H. Chemical and cellular antioxidant activity of two novel peptides designed based on glutathione structure. Food Chem Toxicol. (2012) 50:4085–91. doi: 10.1016/j.fct.2012.08.028 
	 50. Siow,H-L, and Gan,C-Y. Extraction of antioxidative and antihypertensive bioactive peptides from Parkia speciosa seeds. Food Chem. (2013) 141:3435–42. doi: 10.1016/j.foodchem.2013.06.030 
	 51. Fu,Y, Wang,H, Liu,Z, Zhang,F, Wang,H, Wu,Z , et al. Changes in physicochemical and digestibility properties of foxtail millet prolamin after cooking, and novel antioxidant peptide identification from cooked foxtail millet prolamin. Future Foods. (2024) 9:100352. doi: 10.1016/j.fufo.2024.100352
	 52. Wang,X, Chen,B, Bhullar,KS, Yang,H, Luo,X, and Fu,J. Investigation of antioxidant mechanisms of novel peptides derived from asian swamp eel hydrolysate in chemical systems and aaph-induced human erythrocytes. Antioxidants. (2024) 13:888. doi: 10.3390/antiox13080888 
	 53. Kong,J, Hu,X-M, Cai,W-W, Wang,Y-M, Chi,C-F, and Wang,B. Bioactive peptides from skipjack tuna cardiac arterial bulbs (ii): protective function on uvb-irradiated hacat cells through antioxidant and anti-apoptotic mechanisms. Mar Drugs. (2023) 21:105. doi: 10.3390/md21020105 
	 54. Ji,Z, Mao,J, Chen,S, and Mao,J. Antioxidant and anti-inflammatory activity of peptides from foxtail millet (Setaria italica) prolamins in HaCaT cells and RAW264.7 murine macrophages. Food Biosci. (2020) 36:100636. doi: 10.1016/j.fbio.2020.100636
	 55. Lima,AM, Azevedo,MIG, Sousa,LM, Oliveira,NS, Andrade,CR, and Freitas,CDT. Plant antimicrobial peptides: an overview about classification, toxicity and clinical applications. Int J Biol Macromol. (2022) 214:10–21. doi: 10.1016/j.ijbiomac.2022.06.043 
	 56. Chen,J, Liang,P, Xiao,Z, Chen,M, Gong,F, Li,C , et al. Antiphotoaging effect of boiled abalone residual peptide ATPGDEG on UVB-induced keratinocyte HaCaT cells. Food Nutr Res. (2019) 63:3508. doi: 10.29219/fnr.v63.3508 
	 57. Huang,P, Miao,J, Li,J, Li,Y, Wang,X, and Yu,Y. Novel antioxidant peptides from pearl shell meat hydrolysate and their antioxidant activity mechanism. Molecules. (2023) 28:864. doi: 10.3390/molecules28020864 
	 58. Khemaissa,S, Walrant,A, and Sagan,S. Tryptophan, more than just an interfacial amino acid in the membrane activity of cationic cell-penetrating and antimicrobial peptides. Q Rev Biophys. (2022) 55:e10. doi: 10.1017/S0033583522000105 
	 59. Sabeena Farvin,KH, Andersen,LL, Otte,J, Nielsen,HH, Jessen,F, and Jacobsen,C. Antioxidant activity of cod (Gadus morhua) protein hydrolysates: fractionation and characterisation of peptide fractions. Food Chem. (2016) 204:409–19. doi: 10.1016/j.foodchem.2016.02.145 


Copyright
 © 2025 Zhu, Zheng, Xie and Zhang. 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/fnut-12-1649684-g005.jpg
Binding Affinity = -4.231 keal/mol B Binding Affinity = -4.486 keal/mol

'VPNHFNAP & DPPH radical VPNHFNAP & ABTS radical





OPS/images/fnut-12-1649684-g006.jpg
Cell Viability(%)

[—=— VPNHFNAP|

—)

150

100

Conrdl 100 0 50 d00 1500
Concentration (ug/ml)





OPS/images/fnut-12-1649684-g003.jpg
Response (R.U.)

200,00 um
100.00 M
50.00 M
25.00 M
1250 uM
625uM
313M

B

Response (R.U)

KDVM)

Chi*(RU?)

1.83X 10+

0.98

-100 B ° E) 100 150 200 %0

Sees ) e

Time (s)





OPS/images/fnut-12-1649684-g004.jpg
g

It

\

VPNHFNAP)
GSH

2

SN -

Concentration(mg/ml)

8 8 2 838 888 2 °

(%) BugBuaneds [wApes SLAV
NN
T L2
!
£
Lo N -
L

o1

EEEN YT R
(%6)orea BuiBuasess [wAPEs Hddd





OPS/images/fnut-12-1649684-g007.jpg
(p104d B/ V) PAYT SO

A h An\ﬂu Amqei >





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A novel antioxidant peptide from black soybean [Glycine max (L.) Merr.] with verified MPO interaction and multi-scale antioxidant activity



		1 Introduction



		2 Materials and methods



		2.1 Materials



		2.2 Pretreatment of black soybeans



		2.3 Peptide identification by LC–MS/MS



		2.4 Molecular simulation



		2.4.1 Molecular docking of peptides with the MPO receptor



		2.4.2 Molecular docking analysis between VPNHFNAP and DPPH/ABTS free radicals



		2.4.3 Molecular dynamics simulation









		2.5 Surface plasmon resonance assay



		2.6 DPPH and ABTS radical scavenging assays



		2.7 HaCaT cell experiments



		2.7.1 Recovery, culture, and subculture of HaCaT cells



		2.7.2 CCK8 cell viability assay



		2.7.3 Quantification of ROS









		2.8 Statistical analysis









		3 Results and discussion



		3.1 in silico screening of peptides via molecular simulation



		3.1.1 Molecular docking of identified peptides



		3.1.2 Molecular dynamics simulation of the VPNHFNAP-MPO complex









		3.2 SPR analysis of the interaction between VPNHFNAP and MPO protein



		3.3 Free radical scavenging assay



		3.3.1 DPPH and ABTS radical scavenging activities



		3.3.2 Molecular docking of VPNHFNAP with free radicals









		3.4 Cellular antioxidant activity assay using H₂O₂-induced HaCaT cells



		3.4.1 Concentration screening for H₂O₂ and VPNHFNAP in HaCaT cells



		3.4.2 Effects of VPNHFNAP on cell viability and ROS levels















		4 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fnut-12-1649684-g001.jpg





OPS/images/fnut-12-1649684-g002.jpg
RVSD (nm)

0 5 10 15 20 25
Time (ns)

10 15 20 25
Time (ns)

Hydrogen Bond Number

0 5 0 15 20 25
Time (ns)

ais
RSD oy O

0 a8
025336





OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

A novel antioxidant peptide from
black soybean [Glycine max (L.)
Merr.] with verified MPO
interaction and multi-scale
antioxidant activity












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






