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Abstract: The development of natural cosmetic raw materials as anti-aging agents is one area of research that receives significant attention. Secondary metabolites and extracts from plants have been widely studied and found to possess anti-aging activity. Previous research yielded results showing very strong antioxidant activity of the extract and fractions of namnam leaves. This study aims to analyze the metabolite from the strongest fraction from antioxidant activity and analyze the interaction of flavonoid metabolites with elastase enzymes in silico. Metabolite analysis was performed using LC-HRMS. The molecular docking study was conducted on protein code 5A09 using Autodock Tools 1.4.7. The skin sensitization toxicity study was carried out using the pKCSM website. Ethyl acetate fraction identified 340 metabolites with secondary metabolites constituted the largest proportion of the total area (yield) (75,72%). Molecular docking of 62 flavonoids identified via LC-HRMS revealed that most compounds possess significant binding affinity toward the elastase enzyme. Meanwhile, dihydrocordoin showed the most potent interaction with a binding energy of -8.45 kcal/mol, demonstrating superior stability compared to the reference inhibitor, elastatinal (-5.01 kcal/mol). Compounds dihydrocordoin, 5-(5,7-Dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl beta-D-xylopyranoside, and nobiletin demonstrate potent anti-elastase activity by forming stable interactions and hydrogen bonds with key catalytic triad residues (His-57, Asp-102, and Ser-195), consistently outperforming the reference inhibitor elastatinal. Toxicity test results indicated that none of the identified metabolites possess potential skin sensitization effects. 
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Abstrak: Pengembangan bahan baku kosmetik alami sebagai agen anti-penuaan merupakan salah satu bidang penelitian yang mendapat perhatian signifikan. Metabolit sekunder dan ekstrak dari tumbuhan telah banyak dipelajari dan ditemukan memiliki aktivitas anti-penuaan. Penelitian sebelumnya menunjukkan aktivitas antioksidaan yang sangat kuat dari ekstrak dan fraksi daun namnam. Studi ini bertujuan untuk menganalisis metabolit dari fraksi dengan aktivitas antioksidan terkuat dan menganalisis interaksi metabolit flavonoid dengan enzim elastase secara in silico. Analisis metabolit dilakukan menggunakan LC-HRMS. Studi penambatan molekul dilakukan pada kode protein 5A09 menggunakan Autodock Tools 1.4.7. Studi toksisitas sensitisasi kulit dilakukan menggunakan situs web pKCSM. Fraksi etil asetat mengidentifikasi 340 metabolit dengan metabolit sekuder yang menjadi kandungan terbesar dari total area (75,72%). Penambatan molekul dari 62 flavonoid yang diidentifikasi melalui LC-HRMS mengungkapkan bahwa sebagian besar senyawa memiliki afinitas pengikatan yang signifikan terhadap enzim elastase. Sementara itu, dihydrocordoin menunjukkan interaksi paling kuat dengan energi pengikatan -8,45 kkal/mol, menunjukkan stabilitas yang lebih unggul dibandingkan dengan inhibitor referensi, elastatinal (-5,01 kkal/mol). Senyawa dihydrocordoin, 5-(5,7-Dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl beta-D-xylopyranoside, dan nobiletin menunjukkan aktivitas antielastase yang kuat dengan membentuk interaksi stabil dan ikatan hidrogen dengan residu katalitik utama (His-57, Asp-102, dan Ser-195), secara signifikan lebih unggul dibandingkan inhibitor referensi elastatinal. Hasil uji toksisitas menunjukkan bahwa tidak satupun dari metabolit yang diidentifikasi menunjukkan potensi efek sensititasi kulit.
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INTRODUCTION 
Skin aging is a natural degenerative process that occurs with increasing age and is characterized by a decline in physiological function as well as reduced capacity for repair and regeneration of skin tissue. This process is influenced by both intrinsic and extrinsic factors (Sjerobabski-Masnec & Situm, 2010)
. Intrinsic factors include normal biological mechanisms of the body, such as hormonal changes, cellular metabolic activity, and decreased synthesis of structural skin proteins, particularly collagen and elastin (Zhang & Duan, 2018).
 Which ultimately lead to reduced density and elasticity of the dermal layer. In contrast, extrinsic factors play a significant role in accelerating skin aging, including exposure to ultraviolet (UV) radiation, environmental pollution, and unhealthy lifestyle habits such as smoking and imbalanced dietary patterns. These factors can increase oxidative stress and trigger chronic inflammation in the skin. Exposure to UV radiation, both UVA and UVB, has been shown to enhance the production of proteolytic enzymes, including elastase, which plays a crucial role in elastin degradation Huertas et al., 2016 (
)
.
With the increasing awareness of skin health, the demand for cosmetic products capable of effectively inhibiting elastase activity as a strategy to prevent premature skin aging has also grown. Consequently, the development of natural cosmetic raw materials as anti-aging agents has become a major focus of current research, as plant-derived secondary metabolites have been widely reported to exhibit biological activities associated with anti-aging effects. One plant with considerable potential for development as an anti-aging agent is namnam (Cynometra cauliflora L.), which is naturally distributed across several regions of Southeast and South Asia, including Indonesia, Malaysia, Thailand, and Sri Lanka (Illangasinghe et al., 2024)
. In Indonesia, this plant is commonly found in regions such as Manado, Maluku, Ternate, Makassar, Sunda, Java, and Bali, indicating its strong potential as a locally sourced cosmetic raw material (Komarudin, 2021)
. Previous studies have reported various biological activities of Cynometra cauliflora, including antioxidant, antibacterial, and antidiabetic properties (Sukandar et al., 2017; Ulpiyah et al., 2019)
. A study by (Sukandar et al., 2017)
 demonstrated that the ethyl acetate extract of namnam leaves exhibited very strong antioxidant activity, with an IC₅₀ value of 4.68 ± 0.035 ppm, and successfully isolated apigenin, a flavonoid compound, as the active constituent through spectroscopic and chromatographic analyses using UV–Vis, 1H-NMR, FTIR, and LC–MS techniques. In an in vitro study conducted by (Liswatini, 2025)
 the antioxidant activity of namnam leaf metabolites was evaluated. The ethyl acetate fraction exhibited the strongest antioxidant activity compared to the n-hexane and aqueous fractions, with an IC₅₀ value of 9.10 ± 0.84 µg/mL.
Further exploration of the metabolite profile of Namnam's most active leaf fraction is essential. Identifying these bioactive compounds is necessary to determine their individual and collective potential as anti-aging agents. For metabolite identification, LC-HRMS is the preferred technique for characterizing fractions and extracts, as the target bioactive compounds are non-volatile (Kusuma et al., 2025).

Although Cynometra cauliflora has demonstrated various pharmacological activities, its anti-aging potential, particularly through elastase inhibition, remains largely unexplored. Therefore, this study investigates the anti-aging potential of C. cauliflora leaves by evaluating their elastase inhibitory activity. Elastin is a key extracellular matrix protein responsible for maintaining skin elasticity and resilience (Brahmanti, H & Puspitasari. 2022).
 Increased elastase activity, as a proteolytic enzyme responsible for elastin degradation, results in decreased dermal elasticity, which is clinically manifested by wrinkle formation, skin sagging, and an increased risk of long-term skin damage (Chua & Laurent, 2006).
 Repeated UV exposure can induce an inflammatory response in the skin, characterized by neutrophil infiltration from the bloodstream into the dermal tissue. Activated neutrophils subsequently release neutrophil elastase, which plays a critical role in skin tissue damage through the direct degradation of elastin, thereby impairing the ability of the dermis to maintain its structural integrity and elasticity (Rijken et al., 2006).
 Neutrophil elastase can also indirectly contribute to extracellular matrix degradation by activating matrix metalloproteinases (MMPs), particularly MMP-1 and MMP-2, which are secreted by fibroblasts in an inactive pro-enzyme form. Activation of these MMPs accelerates the degradation of key dermal structural proteins, including collagen and elastin, thereby exacerbating connective tissue damage. The cumulative degradation of these components leads to decreased dermal density and elasticity, ultimately contributing to wrinkle formation and the clinical manifestations of UV-induced skin aging (Takeuchi et al., 2010)
 .

Therefore, metabolite profiling of Cynometra cauliflora fractions using LC–HRMS is conducted to enrich phytochemical information, while in silico molecular docking studies are employed to investigate the potential interactions of active compounds with the elastase enzyme.

MATERIALS AND METHODS 
Materials
This study employed a Thermo Scientific™ Vanquish™ Horizon UHPLC system equipped with a binary pump (Germering, Germany) and an analytical Thermo Scientific™ Accucore™ Phenyl Hexyl column (100 mm × 2.1 mm i.d., 2.6 µm particle size; Lithuania), coupled to a Thermo Scientific™ Orbitrap™ Exploris™ 240 High-Resolution Mass Spectrometer (Bremen, Germany). The instrument was operated in Full MS and data-dependent MS/MS (dd-MS²) acquisition modes with a resolving power of 60,000 FWHM for Full MS and 22,500 FWHM for dd-MS², using an OptaMax™ NG Heated Electrospray Ionization (H-ESI) source.

The materials used for metabolite analysis included the ethyl acetate fraction of namnam (Cynometra cauliflora) leaves, mobile phase A consisting of LC–MS grade water containing 0.1% formic acid, mobile phase B consisting of LC–MS grade acetonitrile containing 0.1% formic acid, and nitrogen gas as the collision gas.

In silico analyses were performed using the Human Neutrophil Elastase protein (PDB ID: 5A09) obtained from the RCSB Protein Data Bank and ligand SMILES retrieved from the PubChem database. Computational studies were conducted on a Huawei MateBook X Pro laptop (Intel® Core™ i7-8550U processor, 16 GB RAM, Windows® 11, 64-bit). The software and online resources used included NCBI, MolView, Protein Data Bank, PubChem, KingDraw®, Gaussian®, GaussView®, AutoDock Tools® v1.5.7, pKCSM, and Discovery Studio Visualizer® 2021.
Sample preparation
The compound profile of the ethyl acetate fraction of Cynometra cauliflora leaves was analyzed using LC-HRMS at Corpora Science (Yogyakarta, Indonesia). A total of 10 mg of the ethyl acetate fraction was dissolved in 1 mL of HPLC-grade methanol, vortexed for 2 minutes, and ultrasonicated for 30 minutes. The solution was then centrifuged at 1400 × g for 10 minutes, and the resulting supernatant was filtered through a 0.2 µm nylon membrane before injection into the autosampler vial.

LC-HRMS analysis

LC-HRMS analysis was performed using a Thermo Scientific™ Vanquish™ Horizon UHPLC coupled to a Thermo Scientific™ Orbitrap™ Exploris 240 HRMS equipped with an OptaMax™ NG Heated-ESI source, with chromatographic separation carried out on a Thermo Scientific™ Accucore™ Phenyl Hexyl column (100 mm × 2.1 mm, 2.6 µm). The LC system employed water and acetonitrile (both containing 0.1% formic acid) as mobile phases under a gradient from 5% to 90% B over 16 minutes, held for 4 minutes, and returned to 5% B by 25 minutes, with a flow rate of 0.3 mL/min, a column temperature of 40°C, and an injection volume of 5 µL. The HRMS operated in Full MS and data-dependent MS² modes with polarity switching, using resolutions of 60,000 FWHM (Full MS) and 22,500 FWHM (dd-MS²), a scan range of 70–800 m/z, and a mass tolerance of 5 ppm. Normalized collision energies of 30, 50, and 70 were applied with nitrogen as the collision gas, while the H-ESI source was set to spray voltages of 3500 V (positive mode) and 2500 V (negative mode), with an ion transfer tube temperature of 300°C, vaporizer temperature of 320°C, and gas flows of 35 (sheath), 7 (auxiliary), and 1 AU (sweep). 

Data Processing

The LC-HRMS analysis data was processed using Thermo Scientific Compound Discoverer 3.3 software. Flavonoid compound identification was performed by comparing the mass spectra with several databases, namely mzCloud, Arita Lab Flavonoid Structure Database, Natural Products Atlas, Lipid Maps, KEGG, and ChemSpider.

Protein and ligand preparation

The crystal structure of the Human Neutrophil Elastase protein (PDB ID: 5A09) was downloaded from the RCSB Protein Data Bank (https://www.rcsb.org/) with the criteria of Homo sapiens, no mutation, and a resolution of < 3 Å, downloaded in (.pdb) format, and prepared using AutoDock® by removing water molecules, separating the co-crystallized ligand (JJD), and deleting non-protein small molecules, saving in (.pdb) format and the co-crystallized ligand was stored separately (Sari et al., 2020).
 For the ligand, flavonoid compounds detected in the ethyl acetate fraction of namnam leaves were selected as a ligand and the structures were obtained by downloading them from MolView or by drawing them using the KingDraw software. The collected ligands were optimized by Gaussian® and GaussView® (Dwi et al., 2020).
 Compound optimization was performed using Density Functional Theory (DFT) method with the B3LYP/6-31G basis set (Kadir et al., 2020).

Method Validation

Protein validation was performed by redocking the separated protein chain with its co-crystallized ligand using AutoDock® with grid box size 24×22×32 and the coordinates of central grid point x = -6.835; y = 36.410; and z = -3.989. And the docking method was considered valid when the RMSD value was below 2 Å (Sari et al., 2020).

Molecular Docking

Molecular docking was performed using AutoDock® with the Lamarckian Genetic Algorithm 100 conformations and the grid box obtained from protein validation, generating with (.dlg) format which is containing binding energy (ΔG) and inhibition constant (Ki) values to analyze ligand-protein interactions, with compounds showing the lowest binding energy selected for further analysis (Sari et al., 2020).

Visualization of Docking Results

Visualization was performed using Biovia Discovery Studio Visualizer® 2025 to determine the types of interactions, the percentage (%) similarity of amino acid residues with the co-crystallized ligand, binding free energy, and bond distances.

Toxicity Predictions

Compound toxicity prediction was performed by pkCSM web server (https://biosig.lab.uq.edu.au/pkcsm/) by copying the SMILES codes of the compounds from the PubChem database and entering them into the web server (Dwi et al., 2020).
 The toxicity prediction parameter used skin sensitisation to know a possibility of an irritation occurring when applied to the skin (Pires et al., 2015)

Data Analysis

Metabolite analysis of the ethyl acetate fraction of Cynometra cauliflora L. leaves was carried out using LC-HRMS to obtain a comprehensive metabolite profile. The detected metabolites were tentatively identified and classified based on their chemical structures, with emphasis on flavonoid compounds, which were then selected as test ligands. These ligands were subjected to molecular docking to evaluate their binding affinity toward the target protein, as indicated by binding free energy and inhibition constant values. The docked complexes were further visualized and analyzed to identify key amino acid residues involved in the interactions as well as the types of non-covalent interactions formed, including hydrogen bonds, electrostatic interactions, and hydrophobic interactions. In addition, in silico toxicity prediction was performed to assess the safety profile of the selected ligands, providing an integrated evaluation of their potential as antidiabetic candidates.

RESULTS AND DISCUSSION
Metabolite Analysis 
Metabolomic analysis with LC-HRMS using the Thermo Scientific™ Vanquish™ Horizon UHPLC-Orbitrap™ Exploris 240 HRMS system produced metabolite profiles with high accuracy and resolution. It will reveal considerable compound diversity which belongs to the secondary metabolite class. Based on the results of the analysis of metabolites contained in the ethyl acetate fraction of namnam leaves, a total of 340 compounds were identified and presented in Table 1. 
Table 1. Metabolite profile of the ethyl acetate fraction of namnam leaves obtained by LC-HRMS analysis
	Metabolite Class
	Subclass
	Number of compounds
	% Area (yield)

	Primary metabolites
	Amino acids and derivates [2-amino-tetradecanoic acid; asp-asp-his-met;  L-Phenylalanine; N-heptanoyl-homoserine lactone;  N-jasmonoyl-isoleucine]
	5
	0.19

	
	Sugars and sugar derivatives [3(Diethoxymethyl)2-ethoxytetrahydro2H-pyran; ascr#14; Gingerglycolipid A; α,α-Trehalose]
	4
	0.52

	
	Fatty acids and lipids [2R,3R,4R,5R)2,3,5,6Tetrahydroxy-Noctadecyl-4{[(2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6(hydroxymethyl)tetr ahydro-2H-pyran2yl]oxy}hexanamide; (2R,3R)-2-(4-{(1E)3-[(1R)-1-Carboxy2-(3,4dihydroxyphenyl)et hoxy]-3-oxo-1propen-1-yl}-2hydroxyphenoxy)-3(3,4dihydroxyphenyl)3hydroxypropanoic acid; (2R)-3-{(2R)-3[(2R)-2,3Dihydroxypropoxy]-2hydroxypropoxy}2(pentanoyloxy)prop yl nonanoate; 1-Hydroxy-2,2,6,6tetramethyl-4piperidinyl stearate; 1palmitoylglycerol; MAG(16:0); 1Palmitoylglyceroph osphocholine; 1-Stearoylglycerol; 1,2dihydroxyheptadec16-yn-4-yl acetate; 10-oxononadecanoic acid; 10,11-dihydro-20trihydroxyleukotriene B4; 11-Methyl-2Z,5Zdodecadienoic acid; 11-oxo-undeca-5,8-dienoic acid; 12-oxo-14,18-dihydroxy-9Z,13E,15Z-octadecatrienoic acid; 12,13-dihydroxy-11-methoxy-9-octadecenoic acid; 16-Hydroxyhexadecanoic acid; 18-fluoro-oleic acid; 2-Amino-1,3,4-octadecanetriol; 2-hydroxy-tridecanoic acid; 2-methyl-2-dodecenoic acid; 2-methyl-2Z-hexenoic acid; 2-tridecenal; 2-tridecene-4,7-diynal; 2,3-dihydroxypropyl 12-methyltridecanoate; 2E,4E-undecadienoic acid; 3-(2,2-Dimethyl-1-stearoylhydrazino)propanamide; 3-(tetradecyloxy)propylamine; 3-Acetoxy-eicosanoic acid; 4,4'-Methylenebis{2-[(E)-(4-nitrobenzylidene)amino]phenol}; 4,7-dioxo-octanoic acid; 6-[1]-ladderane hexanol; 6-[1]-ladderane hexanol; 7,7'-(6,7,9,10,17,18,20,21-Octahydrodibenzo[b,k][1,4,7,10,13,16]hexaoxacyclooctadecine-2,13-diyl)bis(7-oxoheptanoic acid); 9,12-Dioxododecanoic acid; 9,10,13-trihydroxy-Octadecanoic acid; 9,12-hexadecadienoic acid; 9,12,15-Octadecatrien-1-ol; 9Z,11E,13-Tetradecatrienal; ArachidoylEthanolamide; Auricolic acid; 6-hydroxytrideca-7,8-dien-10,12-diynoic acid; Cer(d14:1(4E)/20:1(11Z)(2OH)); Cer(t18:0/14:0); Chrysogeside C; Daumone-3; DG(18:2(9Z,12Z)/18:2(9Z,12Z)/0:0); DG(18:2(9Z,12Z)/18:3(9Z,12Z,15Z)/0:0)[iso2]; DG(18:3(9Z,12Z,15Z)/18:3(9Z,12Z,15Z)/0:0); Diethylene glycol n-butyl ether; Docosanamide; Erucamide; Glycerophospho-N-palmitoyl ethanolamine; ibha#10; Icosanamide; Isononadecasphinganine; Japanic acid; Malyngic acid; Mycinonic acid III; Mycolipanolic acid (C24); Mycolipanolic acid (C26); Myristic acid; n-(2-hydroxyhexadecyl)diethanolamine oxide; N-dodecanoylsphinganine; N,N-dimethyl-Safingol; Nervonic acid; [2-hydroxy-3-[(2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxypropyl] (9Z,12Z)-octadeca-9,12-dienoate; 3-[(1E,3E)-hepta-1,3-dienyl]pentanedioic acid; (Z)-3-hydroxydodec-5-enoic acid; O-[(2R)-2,3-Bis(palmitoyloxy)propyl] O-[2-(triethylammonio)ethyl] phosphorothioate; Octadecylacrylamide; PALMITYLSTEARYLAMINE; Pantheric Acid C; PC(18:3(9Z,12Z,15Z)/0:0); PE(18:3(6Z,9Z,12Z)/0:0); Pentaerythritol monobehenate; PG(16:0/0:0); PG(16:1(9Z)/0:0); PG(18:1(9Z)/0:0); PI(16:0/0:0); PI(18:3(6Z,9Z,12Z)/0:0); Pipericine; Spisulosine; SQMG(16:0/0:0); Stearamide; Stearyldiethanolamine; t17:0 phytosphingosine; Tetradecanedioic acid; Tiglic acid; Tripropyl citrate; Xestoaminol C; Dicetylamine; Axillarenic acid; 2-amino-tetradecanoic acid; asp-asp-his-met; L-Phenylalanine; N-heptanoyl-homoserine lactone; N-jasmonoyl-isoleucine]

	92
	19.85

	
	Vitamin [Reducedriboflavin]
	1
	0.03

	
	Peptide [Benzyl 5-({1-[(1amino-3-methyl-1oxo-2pentanyl)amino]-3methyl-1-oxo-2pentanyl}amino)-4({[(2-methyl-2propanyl)oxy]carbo nyl}amino)-5oxopentanoate; ile-ile-met-lys; N[(Benzyloxy)carbon yl]-L-leucyl-N{(2S)-4-methyl-2[(4-methyl-2-oxo2H-chromen-7yl)amino]pentanoyl }-L-leucinamide; N[(Benzyloxy)carbon yl]-O-(2-methyl-2propanyl)-Lthreonyl-N-{(2S)-1oxo-3-[(3S)-2-oxo3-pyrrolidinyl]-2-propanyl}-Lleucinamide; N-{[(2S,3S)-3(Ethoxycarbonyl)2oxiranyl]carbonyl}L-isoleucyl-Lisoleucine; Trichopeptide A]
	6
	0.28

	
	Primary aliphatic amines [Laurylamine]
	1
	0.04

	
	Aminopolycarboxylic acid [3,3′,3″,3‴-(1,3Propanediyldinitril o)tetrapropanoic acid]
	1
	0.01

	
	Turunan sikloheksadiena [3,4-Dioxo-1,5cyclohexadiene-1carboxylic acid]
	1
	0.51

	
	Asam sitrat [Citric acid]
	1
	0.08

	
	Butanedioic acid [Methylsuccinic acid]
	1
	2.20

	
	Ketokarbonat [Asperitaconic acid C]
	1
	0.04

	
	Asam konjugat azelat [Azelaic acid]
	1
	0.14

	
	Dodekana [Dodecanedioic acid]
	1
	0.02

	
	Poliketida [Pestalotiopamide E]
	1
	0.04

	
	Asam glutarat [3-Methylglutaric acid; 2-Methylglutaric acid]
	2
	0.57

	
	Benzamida [2-Hydroxy-3,5dinitro-Noctadecylbenzamid e]
	1
	0.03

	Total of primary metabolites
	120
	24.62

	Secondary metabolites
	Flavonoid [(+) -Gallocatechin; (2R,3S)-2-(3,4-Dihydroxyphenyl)-3,5-dihydroxy-3,4-dihydro-2H-chromen-7-yl pentopyranoside; (2R,3S)-7-{[(2S,3R,4R,5S)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]oxy}-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3,5-diol; 2,3,4,2',4',6'-Hexamethoxychalcone; 3,5,6-Trimethoxy-3',4'-methylene-dioxyfurano [ 2,3:7,8 ] flavone; 5-(5,7-Dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl beta-D-xylopyranoside; 5-hydroxy-2-(4-hydroxy-3-methoxyphenyl)-6-methoxy-7-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-4-one; 5,7-dihydroxy-2-(4-hydroxy-3-methoxyphenyl)-3-{[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-4-one; 5,7-Dihydroxy-2-(4-hydroxyphenyl)-4-oxo-4H-chromen-3-yl 2,3,4-tri-O-acetyl-6-deoxy-α-L-mannopyranoside; 5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-chromen-4-one; 5,7-Dihydroxy-6-C-methylflavone 7-xylosyl- (1->3) -xyloside; 5,7,2',5'-Tetrahydroxy-6-methoxyflavanone; 5,7,3',6'-Tetrahydroxy-8,2'-dimethoxyflavone 6'-glucoside; 6-Methoxyluteolin 7-glucoside; 9,10-Dihydro-10- (4-hydroxyphenyl) -pyrano [ 2,3-h ] epicatechin-8-one; Apigenin; Aromadendrin 3-beta-L-arabinopyranoside; Artonin L; Astilbin; Butein; Catechin; Chalconaringenin 2'-xyloside; Daidzein; Dihydrocordoin; Diosmetin; Epicatechin; Epilumaflavanone B; Eriodictyol; Fisetin; Formononetin; Gambiriin C; Gericudranin C; Glycitein; Isoliquiritigenin; Isoliquiritigenin 4-methyl ether; Isorhamnetin; Leptosidin 6-glucosyl- (1->4) -rhamnoside; Leptosin; Luteolin; Maritimetin 6- (6"-p-coumarylglucoside); Myricitrin; Naringenin; Nobiletin; Kaempferide; Pectolinargenin; Eupatilin; (2S,3S)-2-(3,4-dihydroxyphenyl) 3,5,7-trihydroxy-6-methyl-2,3 dihydrochromen-4-one; 2-(3,4-dihydroxyphenyl)-5,7 dihydroxy-3-(3,4,5-trihydroxyoxan-2 yl)oxy-2,3-dihydrochromen-4-one; Orientin; Phloretin; Pongamoside A; Pongamoside B; Prunin; Quercetagetin 7- (6"-acetylglucoside); Quercetin; Silandrin; Tangeritin; Taxifolin; Taxifolin 3-apioside; Vitexin; Vitexin 2"-O- (2"'-methylbutyryl); Vitexin 2"-O-p-coumarate]
	62
	53.31

	
	Fenol [Cyclobisdemethoxycurcumin; 1,1′-[1,2-Ethanediylbis(oxy-2,1-ethanediyl)]bis[1-butyl-3-(2-fluorophenyl)urea]; 2-Aminophenol; 2-Hydroxycinnamic acid; 2,4-Dihydroxybenzoic acid 3-(2-Hydroxyphenyl)propanoate; 3-(4-Hydroxyphenyl)dibenzo[b,d]furan-1,2,4,7,8-pentayl pentaacetate; 3,4-Dihydroxybenzaldehyde; 3,4-Dihydroxyphenylacetic acid; 3Z,13Z-octadecadien-1-ol; 4-Hydroxybenzaldehyde; 4-Hydroxybenzoic acid; 4,5,7-Trihydroxycoumarin; 4,6,11-hexadecatrienal; 5-[4,5-dimethoxy-2-(methoxycarbonyl)anilino]-5-oxo-3-(3,4,5-trimethoxyphenyl)pentanoic acid; 5-Hydroxyconiferaldehyde; 5-Hydroxyferulate 7_8-Dihydroxycoumarin; Anadanthoside; Aspergilol F; bis(4-Octylphenyl)amine; Ceriporic acid B; Ceriporic acid C; Curcumin; demethylsuberosin; Diaporol B; Esculetin; Esuprone; Ferulic acid; Fraxin; Gentisic acid; Isovanillic acid; Peniisocoumarin I; Phenol; Scopoletin; Urolithin B]
	36
	7.77

	
	Alkaloid [(2Z,2′E)-N,N′-1,2-Phenylenebis(1-butyl-2-pyrrolidinimine); 1-[4-(Difluoromethoxy)phenyl]-3-(4-methyl-1-piperazinyl)thiourea; 1,1′-(Octylimino)dipropan-2-ol; 1,3,7-Trimethyl-8-(4-methyl-piperazin-1-yl)-3,7-dihydro-purine-2,6-dione; 14-Hydroxy-3,6-dimethyl-9-[6-(2-oxiranyl)-6-oxohexyl]decahydropyrrolo[1,2-a][1,4,7,10]tetraazacyclododecine-1,4,7,10-tetrone; 14,20-Dideoxy-thaxtomin A; 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-{[(2S,3R,4S,5S)-3,4,5-trihydroxyoxan-2-yl]oxy}-4H-chromen-4-one; 2-(3,4-dimethoxyphenyl)-N-(4-(dimethylamino)phenyl)-2-(2-(2,3-dioxoindolin-1-yl)-N-(2-methylbenzyl)acetamido)acetamide; 2-[(1H-Benzimidazol-2-ylmethyl)sulfanyl]-4,6-diphenylnicotinonitrile; 2-[(2-Isopropyl-5-methylcyclohexyl)oxy]-2-oxoethyl 3-(3,4-dihydro-2(1H)-isoquinolinylsulfonyl)benzoate; 2-[(4-{2-[(2,4-Difluorophenyl)amino]-2-oxoethyl}-1,4-diazepan-1-yl)carbonyl]-N,N-diethyl-3,6-difluorobenzamide; 2-[(4-Allyl-5-cyclohexyl-4H-1,2,4-triazol-3-yl)sulfanyl]-N-[2-(difluoromethoxy)phenyl]acetamide; 2-[1-(tert-Butoxycarbonyl)-3-fluoropiperidin-4-yl]aceticacid; 2-[4-(2-Methoxyphenyl)-1-piperazinyl]-5-[(phenylacetyl)amino]-N-(1-phenylethyl)benzamide; 2-[5-(2-Fluorophenyl)-2-furyl]-3-(2-methoxyphenyl)-2,3-dihydro-4(1H)-quinazolinone; 5-{[1-(3-Nitrophenyl)-1H-pyrrol-2-yl]methylene}pyrimidine-2,4,6(1H,3H,5H)-trione; Actinozine A; Adenine; Lansai D; Marinacarboline D; Naldemedine; Psychrophilin I; trans-3-Indoleacrylic acid; Tryptoquialanine A; Tryptoquivaline T; Versiquinazoline P; Zinnimidine; Laurixamine]
	28
	2.58

	
	Terpenoid [(±)-Abscisic acid; (1'S,2'S)-3',11'-dihydroxy-1',2',5'-trimethyl-8'-oxaspiro[oxirane-2,12'-tricyclo[7,2,1,0Â?,â�·]dodecan]-5'-en-4'-one; (1S,2R,4S,5R,6R,7S,9R,12R)-4,5,12-Triacetoxy-6-(acetoxymethyl)-2,10,10-trimethyl-11-oxatricyclo[7,2,1,0~1,6~]dodec-7-yl (2E)-3-phenylacrylate; (2S,3S,4S,8R,9S,13R,14R,15R,16R)-3,4,8,14,15-pentahydroxy-2,13,16-trimethyl-6-methylidene-10-oxatetracyclo[7,6,1,0Â?,â�·,0ÂaÂ?,Âaâ�¶]hexadecan-11-one; 1,3,6-Octatriene; 1,7,7-Trimethylbicyclo[2,2,1]hept-2-yl trifluoroacetate; 2,7-dimethyl-6-nonenoic acid; 2beta-Acetoxy-14-deoxy-15beta,16beta-epoxymelianthusigenin; 3-methyl-1-heptene; 4_4'-Diapophytoene; 5,6,7,3',4',5'-Hexamethoxyflavanone; 8-Acetoxyroridin H; Alcyopterosin B; all-trans-Dehydroretinal; beta-Ionone; Cedrinoside; Cerarvensin; Curtisian N; D-α-Tocopherol; Dihydrophaseicacid; (2Z,4E)-3-Methyl-5-[(1S)-1alpha-hydroxy-2,6-dimethyl-2alpha,6alpha-(epoxymethano)-4beta-hydroxycyclohexane-1-yl]-2,4-pentadienoic acid; (1S,2R,4aS,6aS,6bR,10S,11R,12aR,14bS)-10,11-dihydroxy-1,2,6a,6b,9,9,12a-heptamethyl-2,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-tetradecahydro-1H-picene-4a-carboxylic acid; 8,9-Dihydroxy-2,10,10-trimethyltricyclo[6,3,0,01,5]undec-6-ene-6-carboxylic acid; OxidizedLatialuciferin; p-Cymene; Phoenicoxanthin/Adonirubin/3-Hydroxycanthaxanthin; Piptolinic acid A; Rishitin; Ubiquinone-2(CoQ2); Ursolic acid; 3-[4-methyl-1-(2-methylpropanoyl)-3-oxocyclohexyl]butanoic acid; 4-[(9-Fluoro-11,17-dihydroxy-16-methyl-3,20-dioxopregna-1,4-dien-21-yl)oxy]-4-oxobutanoic acid; Jasmone]
	33
	4.82

	
	Steroid [(24ξ)-Ergosta-3,5-diene; [ST(2:0)]5beta-Cholestane-3alpha_7alpha-diol; [STdimethyl(2:0)]4_4-dimethyl-cholesta-8_24-dien-3beta-ol; 4-[2-Amino-3-cyano-7-(2-furyl)-5-oxo-5,6,7,8-tetrahydro-4H-chromen-4-yl]-2-ethoxy-6-nitrophenyl 4-morpholinecarboxylate; Arthriniumsteroid A; Cortolone-3-glucuronide; Inflatin B]
	7
	0.45

	
	Benzimidazole [5-(Carboxymethoxy)-1-(carboxymethyl)-N-{[1-cyclohexyl-2-(3-furyl)-1H-benzimidazol-5-yl]carbonyl}-L-tryptophan; N-Benzyl-N~2~-[(2,4-difluorophenyl)carbamoyl]-N-[(5-methyl-2-furyl)methyl]-N~2~-[3-(4-morpholinyl)propyl]glycinamide]
	2
	0.09

	
	Quinoline [N-{(E)-[3-(2,4-Dinitrophenoxy)phenyl]methylene}-4-(4-methyl-1,3-benzoxazol-2-yl)aniline; N-Cyclododecyl-2-(2,4-dimethoxyphenyl)-4-quinolinecarboxamide; N-(4-Phenoxyphenyl)-2-phenyl-4-quinolinecarboxamide; N~4~-[5-(Diethylamino)-2-pentanyl]-N~6~,N~6~,2-trimethyl-4,6-quinolinediamine]
	4
	0.05

	
	Tetrahydrofuran [Dimethyl 5-oxotetrahydro-2,3-furandicarboxylate]
	1
	0.13

	
	Aliphatic alcohol [3-(5,6-dihydroxyheptyl)-4-methyl-2H-uran-5-one]
	1
	0.40

	
	Butenolide [5-(6-hydroxy-6-methyloctyl)-2,5-dihydrofuran-2-one]
	1
	0.18

	
	Furoate ester [Ethyl 5-{[(4,5-dicyano-2-nitrophenyl)amino]methyl}-2-furoate]
	1
	0.07

	
	Naphthalene ether [2-Butoxynaphthalene]
	1
	0.01

	
	Polycyclic aromatic hydrocarbon (PAH) [Naphthalene]
	1
	0.04

	
	Aliphatic diene [Nona-1,8-diene]
	1
	0.01

	
	Cyclohexenones [Cohaerin C]
	1
	0.01

	
	Chrome derivatives [N-(2-{(4-Fluorobenzyl)[(4-oxo-4H-chromen-3-yl)methyl]amino}-2-oxoethyl)-N-(3-methylbutyl)octanamide]
	1
	0.02

	
	Hydrazinecarbothioamide [N-Ethyl-2-[(5-methyl-3-nitro-1H-pyrazol-1-yl)acetyl]hydrazinecarbothioamide]
	1
	0.01

	
	Dihydropyran derivatives [Methyl 4-{6-[(2,2-dimethoxyethyl)(methyl)carbamoyl]-2-[2-(2-hydroxyethoxy)ethoxy]-3,4-dihydro-2H-pyran-4-yl}benzoate]
	1
	0.17

	
	Pyridine derivatives [3-Pyridinol]
	1
	0.20

	
	Phenylacetaldehyde [Phenylacetaldehyde]
	1
	0.05

	
	Alkylamine [Hexadecylamine]
	1
	0.02

	
	Phthalic acid [Monobenzyl phthalate]
	1
	0.01

	
	Azaphilone [Geumsanol C]
	1
	0.19

	
	Benzyl ester [Benzyl(2R_3S)-2-methyl-3-hydroxybutanoate]
	1
	0.03

	
	Benzohydrazide [N′-[4-(Benzyloxy)benzoyl]-3,5-dinitrobenzohydrazide]
	1
	0.49

	
	Difurocumarolactoneb [Aflatoxin G2]
	1
	1.51

	
	Diketopiperazine [cyclo[DL-Asu-DL-Phe-DL-xiIle-DL-Pip]]
	1
	0.01

	
	Cyclic ketone [Muscone]
	1
	0.10

	
	Ocyclic [3,8,9-trihydroxy-10-propyl-3,4,5,8,9,10-hexahydro-2H-oxecin-2-one]
	1
	0.15

	
	Pyrenes [Phenanthrindene]
	1
	0.07

	
	Tetraline [ionene]
	1
	0.52

	
	Trichothecene [T-2 Triol]
	1
	0.04

	
	Isatin derivatives [N-benzyl-N-(2-(4-(dimethylamino)phenylamino)-2-oxo-1-(3,4,5-trimethoxyphenyl)ethyl)-2-(2,3-dioxoindolin-1-yl)acetamide]
	1
	0.01

	Total of secondary metabolites
	199
	75.72

	Other compounds
	Aliphatic alcohol [Cytospolide Q; Sclerketide D]
	2
	0.05

	
	Dihydric alcohol [3,3′(dodecylimino)bispropa ne-1,2-diol]
	1
	0.02

	
	Amino alcohol [Triisopropanolamine]
	2
	0.40

	
	Bis-acetamide [N,N′-4,4′Biphenyldiylbis[2-(2naphthyloxy)acetamide]]
	1
	0.03

	
	Organophosphorus compound [Diethyl (2hydroxyadamantan-2yl)phosphonate; Diethyl (4morpholinylmethyl)phos phonate]
	2
	0.01

	
	Cycloalkane [Cyclopentane]
	1
	0.03

	
	Fluorinated ester [Methyl 4,4,4-trifluoro3,3-dimethoxybutanoate]
	1
	0.01

	
	Oxanorbornadiene [Tetramethyl 5-[2,3bis(methoxycarbonyl)-2cyclopropen-1-yl]-4methoxy-7oxabicyclo[2,2,1]hepta2,5-diene-1,2,3,6tetracarboxylate]
	1
	0.06

	
	Citrate ester [Dilauryl citrate]
	1
	0.01

	
	Aza-crown ether derivative [Ethyl 5-oxo-5-(1,4,7trioxa-10azacyclododecan-10yl)pentanoate]
	1
	0.01

	
	Heterocyclic piperidine [N-Boc-piperidine-3methanol]
	1
	0.04

	
	Piperazine derivative [tert-butyl 4-(3aminopropyl)piperazine-1-carboxylate]
	1
	0.04

	
	Pyrazole carboxamidine [N,N′-Di-Boc-pyrazole1-carboxamidine]
	1
	0.07

	
	Benzisothiazole [(1,1-Dioxido-3-oxo-1,2benzothiazol-2(3H)yl)acetic acid]
	1
	0.03

	
	Benzotriazole [N,N-Bis(2-ethylhexyl)-4methyl-1Hbenzotriazole-1methylamine]
	1
	0.01

	
	Polyethylene glycol [Pentaglycol]
	1
	0.04

	
	p-Phenylenediamine [N-(1,3-Dimethylbutyl)N′-phenyl-1,4phenylenediamine]
	1
	0.04

	
	Tetrapyrrole [Tolyporphin F]
	1
	0.07

	
	Unidentyfying compound [FL64DBGM0001_a]
	1
	0.20

	Total of the other compounds
	22
	1.76


Based on the results, the metabolites identified from the ethyl acetate fraction of namnam leaves which were analyzed using LC-HRMS metabolomics were classified into three groups. Secondary metabolites constituted the largest proportion of the total area (78,50%), followed by primary metabolites (24,62%), and other compounds (1,71%). This shows that secondary metabolites contained in plants often have a variety of structures that produce many different peaks so that they are easy to identify in the LC-HRMS spectrum. In addition, secondary metabolites have a more complex and diverse chemical structure compared to primary metabolites which facilitates the formation of different ions and various fragmentation patterns so that they produce signals that are easier to identify by the LC-HRMS instrument (Bueschl et al., 2013).
 The sample preparation process also affects the results of metabolite removal because there is a filtration process that aims to remove unwanted component matrices so that large molecules such as primary metabolites are not filtered because they have a larger size which causes primary metabolites to not be identified in many fractions (Lebeau-Roche et al., 2021).
 Among the identified compounds, a subclass of flavonoids represented the dominant class, followed by lipids which consist of various types of fatty acids and derivatives. Its consistent with previous studies on the chemical profile from the ethyl acetate fraction of namnam leaves, which reported the presence of flavonoids were identified using LC-MS (Ado et al., 2015). 
 
The accuracy of metabolite identification was supported by the high mass accuracy of the LC-HRMS analysis. It mostly showed the low of ΔMass values, that indicated the molecular formula assignments were reliable, were mostly below ±3 ppm, indicating the measured m/z value and high mass accuracy to supporting reliable metabolite annotation using LC-HRMS (Simader et al., 2015).
 One of the compounds was vitexin, the highest relative abundances among the detected metabolites. Vitexin is a flavonoid compound with the molecular formula C21H20O10. It was detected as a protonated ion [M+H]⁺ at an m/z value of 433.11325, which is consistent with its calculated molecular weight of 432.10595. The annotation showed a ΔMass value of 0.71 ppm, indicating very high mass accuracy and supporting reliable identification of this compound by LC-HRMS analysis. Vitexin was eluted at a retention time of 4.067 minutes, suggesting good chromatographic behavior under the applied analytical conditions. Among the identified metabolites, vitexin exhibited one of the highest area fractions (3,817,459,451) that indicates that this compound was present in relatively high abundance in the ethyl acetate fraction.

The fraction of ethyl acetate from namnam leaves showed the highest antioxidant activity among different solvent fractions such as n-hexane and aquadest fraction (Liswatini, 2025).
 The dominance of secondary metabolites observed in this study supports the suitability of ethyl acetate as a solvent for extracting semi-polar bioactive compounds from namnam leaves such as flavonoids, phenol, terpenoids. Flavonoids contribute significantly to the biological activities of plant fractions, including the antioxidant and enzyme inhibitory effects (Ghasemzadeh et al., 2015)
. Flavonoid compounds have great potential to be developed as lead compounds that inhibit human neutrophil elastase (HNE). As polyphenolic compounds, flavonoids can interact with both the active and allosteric sites of the HNE enzyme, thereby inhibiting the release of HNE from neutrophil granules and reducing the proteolytic activity of the released enzyme. Furthermore, flavonoids are also known to possess antioxidant activity, playing a role in neutralizing free radicals (reactive oxygen species/ROS), which can trigger increased antielastase activity (Jakimiuk et al., 2021)
. Based on the metabolite profiling results, flavonoid as selected compounds were further evaluated using a docking molecular and prediction of the skin toxicity to investigate their anti-elastase activity.

Docking Analysis 

One of the key processes involved in skin aging is wrinkle formation. Skin wrinkles represent one of the most evident manifestations of aging, which occurs as a result of a decrease in elastin protein fibers. Elastin is a major component of the extracellular matrix (ECM) that plays a crucial role in maintaining skin elasticity and resilience (Chaudhary et al., 2020).
 The reduction in elastin fibers is primarily attributed to the hyperactivity of elastase enzymes, which are proteolytic enzymes involved in inflammatory processes. Excessive elastase activity can be triggered by increased production of reactive oxygen species (ROS), one of which results from exposure to ultraviolet (UV) radiation. One of the elastase types that plays a significant role in wrinkle formation is human neutrophil elastase (HNE). HNE is mainly produced by neutrophils and stored in azurophilic granules. Under conditions of inflammation and oxidative stress, HNE is released and distributed into the dermal layer, where it contributes to ECM degradation (Voynow & Shinbashi, 2021).
 

The mechanism by which HNE reduces skin elasticity occurs through several pathways. First, HNE directly degrades dermal elastin fibers into small fragments that no longer retain their mechanical function. The loss of elastin integrity leads to reduced skin resilience, causing the skin to appear sagging and more prone to wrinkle formation (Ocampo‐Gallego et al., 2024).
 Second, HNE can activate matrix metalloproteinases (MMPs), particularly MMP-1 (collagenase-1) and MMP-2 (gelatinase A), which are initially synthesized by dermal fibroblasts in an inactive form (pro-domain). Activation of MMP-1 and MMP-2 accelerates the degradation of structural components of the ECM, weakens the dermal connective tissue, and results in the loss of skin integrity and elasticity (Takeuchi et al., 2010).
 The combined effects of direct degradation by HNE and MMP activation lead to significant dermal matrix damage, characterized by alterations in elastin structure, collagen fragmentation, and reduced tissue density. Consequently, the skin becomes lax, loses elasticity, and undergoes wrinkle formation as a primary hallmark of UV-induced skin aging (photoaging). Thus, neutrophil elastase serves as a key mediator in the pathogenesis of UV-induced skin damage through extracellular matrix degradation, both directly and indirectly via MMP activation (Ocampo‐Gallego et al., 2024)
. 

Molecular docking is an in silico method designed to elucidate how a small molecule (ligand), such as a secondary metabolite or drug compound, interacts with biological macromolecules, particularly target proteins. The fundamental principle of this technique is to predict the spatial orientation and interaction strength of a ligand upon binding to the active site of a protein. Consequently, molecular docking provides insights into the potential mechanism of action of a compound at the molecular level (Agu et al., 2023).
 In general, the docking workflow involves several key steps, including preparation of ligand and protein structures, prediction or identification of the protein active site, exploration of the optimal ligand position and conformation within the binding pocket, and evaluation of the ligand–protein complex using a scoring function. The resulting score or binding energy, typically expressed as binding affinity (ΔG, kcal/mol), serves as an indicator of interaction strength, where more negative values correspond to stronger binding affinity. One of the major advantages of this method is its cost- and time-efficiency, as it enables the virtual screening of thousands of bioactive compounds prior to conducting in vitro and in vivo experiments (Aja et al., 2022).
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Figure 1.  (A) Elastase Receptor (5A09) Structure (B) The co-crystallized ligand dihydropyrimidone (JJD) (C) Re-docking co-crystallized ligand result in elastase pocket 
Molecular docking requires the selection of an appropriate target protein and test compounds. The test compounds were obtained from metabolomic analysis of the ethyl acetate fraction of Cynometra cauliflora leaves, with a focus on flavonoid-class compounds. The target protein structure was retrieved from the RCSB Protein Data Bank under PDB ID: 5A09. This structure corresponds to human neutrophil elastase (HNE) and was determined by X-ray crystallography from Homo sapiens in complex with a dihydropyrimidinone-type inhibitor (Nussbaum et al., 2015).
 The selected HNE structure exhibits high structural quality, with a resolution of 1.81 Å, meeting the criterion of high-resolution structures (< 3 Å). This resolution allows for clear visualization of atomic positions and electron density, which is essential for accurate analysis of ligand–protein interactions. Moreover, the use of a high-resolution structure is expected to enhance the accuracy of molecular docking simulations (Lee et al., 2023).
 The HNE structure with PDB ID 5A09 does not contain mutations within the active site region, ensuring that the amino acid residues involved in elastin degradation remain intact and functionally relevant (Hadisoebroto  Syulastri; Al Azzahra, Yunita, 2025).
 The co-crystallized ligand observed in this structure is a dihydropyrimidinone compound, which belongs to the class of heterocyclic organic compounds characterized by a ring framework composed of four carbon atoms and two nitrogen atoms (Nussbaum et al., 2015).
 
Subsequently, the enzyme retrieved from the RCSB Protein Data Bank was prepared using AutoDock Tools version 1.5.6. Protein preparation steps included the removal of crystallographic water molecules, addition of polar hydrogen atoms, assignment of partial charges, removal of non-essential ligands, and separation of the co-crystallized ligand from the target protein. Crystallographic water molecules were removed because their presence may interfere with energy calculations during molecular docking simulations (Forli et al., 2016).
 The addition of polar hydrogen atoms was performed to enable accurate hydrogen bond calculations and to properly represent electrostatic interactions (Madhavi Sastry et al., 2013). Partial charge assignment was carried out to improve the accuracy in determining the optimal ligand position and orientation within the binding site of the target protein (Hou et al., 2013). Non-essential ligands, such as crystallographic ligands, ions, and buffer molecules, were removed to prevent competition with the test ligands and to avoid steric contacts or artificial interactions that could result in inaccurate binding poses and binding energy estimations (Forli et al., 2016).
 After the cleaning process was completed, the co-crystallized ligand was separated from the protein to obtain an apo-protein receptor that was ready for docking of the test ligands as well as for docking validation procedures (Utami et al., 2022).

After protein preparation, the next step was docking method validation. Docking method validation was performed to verify that the computational approach employed was able to accurately reproduce experimental data prior to docking with the test ligands (Rahayu, 2025).
 Protein validation was performed by redocking the co-crystallized ligand into the protein after the ligand had been separated from the protein using AutoDock®. The determination of grid box coordinates and size was adjusted according to the dimensions of the co-crystallized ligand. A molecular docking method is considered valid when the redocking results yield an RMSD (Root Mean Square Deviation) value of less than 2 Å (Sari et al., 2020)
. Based on the validation procedure performed on the protein with PDB ID 5A09 using its co-crystallized ligand (JJD), an RMSD value of 0.734 Å was obtained (Figure 1). This value met the validation criteria for the docking method, indicating that the method was suitable for subsequent docking of the test ligands. A lower RMSD value indicates a closer alignment between the crystallographic ligand position and the redocked ligand position (Nursamsiar et al., 2020).
 The validation results are presented in Figure 1.

After the docking method was validated and met the required criteria, molecular docking of the test ligands was subsequently performed. The test ligands used in this study comprised 62 flavonoid compounds identified from the leaves of Cynometra cauliflora L. through metabolomic analysis using an LC–HRMS instrument. Based on Table 2, in general, most of the 62 compounds exhibited relatively good binding affinity toward the target protein, as indicated by their relatively low binding free energy values, although these values were not as low as that of the co-crystallized ligand, which showed a ΔG value of −9.57 kcal/mol (JJD). 
In addition to the co-crystallized ligand, elastatinal was employed as a reference compound due to its well-known role as a natural elastase inhibitor (Barros et al., 2012).
 with a binding free energy (ΔG) of −5.01 kcal/mol. Based on the docking results of the 62 test ligands, compound dihydrocordoin exhibited the highest binding affinity, with a binding free energy (ΔG) of −8.45 kcal/mol. A more negative binding free energy (ΔG) indicates a more stable interaction between the ligand and the target protein, resulting in stronger binding (Elgamal et al., 2021).
 Although the ΔG value of dihydrocordoin was not lower than that of the co-crystallized ligand, it was the lowest among all flavonoid compounds derived from namnam leaves and was also lower than that of elastatinal used as the reference inhibitor. 
In the molecular docking results, two compounds exhibited positive binding energy values, namely gambiriin C (1.77 kcal/mol) and silandrin (224836.51 kcal/mol). These positive binding energy values were attributed to the presence of unfavorable interactions (unfavorable bonds) observed in the visualization of ligand–enzyme interactions. Unfavorable bonds refer to contacts between atoms or functional groups that are energetically unfavorable, thereby contributing to the instability of the ligand–protein complex and being associated with low inhibitory activity (Xie et al., 2015).
 In the case of gambiriin C, the amino acid residue Ser214 was involved in the formation of an unfavorable bond with the elastase enzyme. Meanwhile, for silandrin, the amino acid residues Phe215 and Asp226 exhibited unfavorable interactions with the elastase enzyme.

To assess the binding affinity of individual metabolites, interaction studies were performed by comparing their interactions with key amino acid residues in the elastase active site as resulted in Table 2. 

Table 2. The value of amino acid residues that bind to the elastase (5A09), binding energy, and toxicity prediction skin sensitisation of metabolites

	Ligand
	Hydrogen Bonds
	Non-Hydrogen Bonds
	% Similarity of Amino Acid Residues on the Co-crystallized ligand
	% Similarity of Amino Acid Residues on the Active Site
	ΔG (kcal/mol)
	Ki
	Skin Sensitisation

	Co-crystallized ligan (JJD)
	VAL-216, HIS-57#, SER-195#
	LEU-99, ASP-194, VAL-190, ALA-213, SER-214
	100%
	67%
	-9.57
	96.75 nM
	No

	Elastatinal (reference compound)
	SER-195*#, HIS-57*#, PRO-96, SER-214*, ASP-102#, VAL-216*, PHE-192
	ALA-213*, VAL-190*, LEU-99*, PHE-215
	88%
	100%
	-5.01
	212.37 uM
	No

	(+) -Gallocatechin
	SER-195*#
	LEU-99*, ASP-102#, HIS-57*#, VAL-216*
	50%
	100%
	-6.17
	29.79 uM
	No

	2,3,4,2',4',6'-Hexamethoxychalcone
	VAL-216*, SER-195*#, PRO-96, LEU-100,
	TYR-94, LEU-99*, HIS-57*#, PHE-192, ALA-213*, VAL-190*
	75%
	67%
	-7.27
	4.73 uM
	No

	3,5,6-Trimethoxy-3',4'-methylene-dioxyfurano [ 2,3:7,8 ] flavone
	PRO-96
	VAL-216*, ALA-213*, VAL-190*, HIS-57*#, ASP-102#, LEU-99*
	63%
	67%
	-7.36
	4.01 uM
	No

	5,7,2',5'-Tetrahydroxy-6-methoxyflavanone
	PRO-96, SER-214*, VAL-216*, SER-195*#
	LEU-99*, HIS-57*#, CYS-220, PHE-192
	63%
	67%
	-6.45
	18.72 uM
	No

	5,7,3',6'-Tetrahydroxy-8,2'-dimethoxyflavone 6'-glucoside
	VAL-216*, CYS-191, GLY-193, SER-195*#, HIS-57*#, TYR-94, SER-214*
	PHE-192, PHE-215, LEU-99*
	63%
	67%
	-5.61
	77.61 uM
	No

	5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-chromen-4-one
	CYS-191, VAL-216*
	PHE-192, HIS-57*#
	25%
	33%
	-5.91
	46.74 uM
	No

	5,7-Dihydroxy-6-C-methylflavone 7-xylosyl- (1->3) -xyloside
	VAL-216*, ASP-102#, SER-214*
	VAL-190*, ALA-213*
	50%
	33%
	-7.85
	1.77 uM
	No

	5-(5,7-Dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl beta-D-xylopyranoside
	SER-195*#, SER-214*, ASP-102#, PRO-96
	VAL-216*, HIS-57*#, LEU-99*
	63%
	100%
	-7.28
	4.58 uM
	No

	5-hydroxy-2-(4-hydroxy-3-methoxyphenyl)-6-methoxy-7-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-4-one
	LEU-99*, PRO-96, TYR-94
	VAL-190*, ALA-213*, VAL-216*, PHE-192, HIS-57*#
	63%
	0%
	-5.14
	171.32 uM
	No

	9,10-Dihydro-10- (4-hydroxyphenyl) -pyrano [ 2,3-h ] epicatechin-8-one
	TYR-94
	LEU-99*, SER-195*#, HIS-57*#
	38%
	67%
	-4.14
	920.69 uM
	No

	Apigenin
	TYR-94, VAL-216*, SER-195*#
	LEU-99*, HIS-57*#, PHE-192,
	50%
	67%
	-6.5
	17.17 uM
	No

	Artonin L
	PRO-96, ASP-102#, SER-214*, VAL-216*, CYS-191
	LEU-99*, HIS-57*#, PHE-215, ALA-213*, VAL-190*
	75%
	67%
	-6.12
	32.51 uM
	No

	Astilbin
	VAL-216*
	PHE-192, PHE-215, LEU-99*
	25%
	0%
	-6.29
	24.40 uM
	No

	Butein
	PRO-96
	VAL-216*, PHE-215, LEU-99*
	25%
	0%
	-6.76
	11.07 uM
	No

	Catechin
	VAL-216*, TYR-94
	ASP-102#, LEU-99*, HIS-57*#
	38%
	67%
	-6.33
	22.96 uM
	No

	Chalconaringenin 2'-xyloside
	SER-214*, TYR-94, PRO-96
	VAL-216*, VAL-190*, ALA-213*
	50%
	0%
	-6.71
	12.04 uM
	No

	Daidzein
	SER-214*, CYS-191, VAL-216*
	HIS-57*#, PHE-192
	38%
	33%
	-5.67
	69.81 uM
	No

	(2R,3S)-2-(3,4-Dihydroxyphenyl)-3,5-dihydroxy-3,4-dihydro-2H-chromen-7-yl pentopyranoside
	PRO-96, LEU-99*, SER-214*
	PHE-192, VAL-216*, HIS-57*#, ALA-213*
	63%
	33%
	-6.49
	17.41 uM
	No

	(2R,3S)-7-{[(2S,3R,4R,5S)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]oxy}-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3,5-diol
	TYR-94, PRO-96, SER-214*, HIS-57*#
	PHE-192, VAL-216*, ALA-213*, VAL-190*
	63%
	33%
	-5.64
	73.45 uM
	No

	5,7-dihydroxy-2-(4-hydroxy-3-methoxyphenyl)-3-{[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-4-one
	VAL-216*, CYS-191
	PHE-215, LEU-99*, HIS-57*#, VAL-190*, ALA-213*
	63%
	33%
	-6.61
	14.27 uM
	No

	5,7-Dihydroxy-2-(4-hydroxyphenyl)-4-oxo-4H-chromen-3-yl 2,3,4-tri-O-acetyl 6-deoxy-α-L-mannopyranoside
	SER-195*#
	HIS-57*#, LEU-99*, ASP-102#
	38%
	100%
	-5.99
	40.49 uM
	No

	6-Methoxyluteolin 7-glucoside
	VAL-216*, SER-195*#, SER-214*, ASP-102#, TYR-94
	ALA-213*, VAL-190*
	63%
	67%
	-6.04
	37.35 uM
	No

	Aromadendrin 3-beta-L-arabinopyranoside
	VAL-216*, SER-195*#
	PHE-215, LEU-99*, HIS-57*#, GLY-193
	50%
	67%
	-5.59
	80.15 uM
	No

	Dihydrocordoin
	VAL-216*
	LEU-99*, HIS-57*#, ASP-102#, PHE-215, PHE-192, ALA-213*, VAL-190*
	63%
	67%
	-8.45
	643.87 nM
	No

	Diosmetin
	SER-195*#, VAL-216*
	CYS-220, PHE-192, HIS-57*#, LEU-99*, ASP-102#
	50%
	100%
	-6.91
	8.62 uM
	No

	Epicatechin
	TYR-94, VAL-216*
	ASP-102#, LEU-99*, SER-214*, HIS-57*#, PHE-192
	50%
	67%
	-6.29
	24.60 uM
	No

	Epilumaflavanone B
	PHE-215
	PRO-96, LEU-99*, HIS-57*#, ALA-213*, VAL-190*
	50%
	33%
	-7.26
	4.76 uM
	No

	Eriodictyol
	SER-195*#, HIS-57*#, TYR-94
	PHE-192, VAL-216*, SER-214*, PHE-215, LEU-99*
	63%
	67%
	-6.46
	18.47 uM
	No

	Fisetin
	GLY-193, SER-195*#, TYR-94, PHE-192, VAL-216*
	HIS-57*#, ASP-102#, LEU-99*

PHE-192

VAL-216
	50%
	100%
	-6.83
	9.83 uM
	No

	Formononetin
	PRO-96
	LEU-99*, HIS-57*#, PHE-215, ALA-213*, VAL-190* , VAL-216*, PHE-192
	63%
	33%
	-5.71
	64.93 uM
	No

	Gambiriin C
	SER-195*#, HIS-57*#, LEU-99*, PRO-96
	SER-214*, ASP-102#
	50%
	100%
	1.77
	-
	No

	Gericudranin C
	PRO-96, SER-214*, VAL-216*
	LEU-99*, CYS-191, VAL-190*, PHE-192, ALA-213*
	63%
	0%
	-4.91
	253.85 uM
	No

	Glycitein
	CYS-191, PRO-96
	VAL-216*, PHE-192, HIS-57*#, TYR-94, LEU-99*
	38%
	33%
	-5.51
	90.94 uM
	No

	Isoliquiritigenin
	TYR-94, GLY-193, CYS-191
	LEU-99*, ASP-102#, HIS-57*#, PHE-192, VAL-216*
	38%
	67%
	-6.6
	14.62 uM
	No

	Isoliquiritigenin 4-methyl ether
	PRO-96, LEU-100, PHE-192, SER-195*#, VAL-216*
	HIS-57*#, LEU-99*

TYR-94
	50%
	67%
	-6.65
	13.26 uM
	No

	Isorhamnetin
	SER-195*#, TYR-94
	VAL-216*, PHE-192, ASP-102#, HIS-57*#, LEU-99*
	50%
	100%
	-6.52
	16.73 uM
	No

	Leptosidin 6-glucosyl- (1->4) -rhamnoside
	VAL-216*, PRO-96, ASP-194*
	LEU-99*, HIS-57*#, SER-195*#
	63%
	67%
	-1.54
	74.75 mM
	No

	Leptosin
	TYR-94, SER-214*, SER-195*#, VAL-216*
	VAL-190*, ALA-213*
	63%
	33%
	-6.22
	27.62 uM
	No

	Luteolin
	SER-195*#, TYR-94
	VAL-216*, PHE-192, HIS-57*#, LEU-99*
	50%
	67%
	-6.63
	13.81 uM
	No

	Maritimetin 6- (6"-p-coumarylglucoside)
	SER-214*, VAL-216*, SER-195*#
	LEU-99*, ASP-102#, HIS-57*#
	63%
	100%
	-6.64
	13.50 uM
	No

	Myricitrin
	VAL-216*
	PHE-192, PHE-215, LEU-99*, HIS-57*#
	38%
	33%
	-6.37
	21.26 uM
	No

	Naringenin
	TYR-94, SER-195*#
	LEU-99*, HIS-57*#, PHE-192, VAL-216*
	50%
	67%
	-6.31
	23.57 uM
	No

	Nobiletin
	SER-195*#, SER-214*, ASP-102#, PRO-96, TYR-94
	VAL-216*, VAL-190*, ALA-213*, HIS-57*#, PHE-215, LEU-99*
	88%
	100%
	-6.03
	38.17 uM
	No

	Kaempferide
	VAL-216*
	LEU-99*, HIS-57*#, PHE-192, VAL-190*
	50%
	33%
	-6.57
	15.28 uM
	No

	Pectolinargenin
	TYR-94
	PRO-96, LEU-99*, HIS-57*#, ALA-213*, VAL-190*, VAL-216*, PHE-215, PHE-192
	63%
	33%
	-5.93
	45.17 uM
	No

	Eupatilin
	TYR-94, PRO-96
	HIS-57*#, VAL-216*, ALA-213*, VAL-190*
	50%
	33%
	-5.87
	49.72 uM
	No

	(2S,3S)-2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-6-methyl-2,3-dihydrochromen-4-one
	PRO-96, ASP-102#, SER-214*, VAL-216*, SER-195*#
	LEU-99*, HIS-57*#, PHE-215, CYS-220, PHE-192
	63%
	100%
	-6.68
	12.70 uM
	No

	2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-(3,4,5-trihydroxyoxan-2-yl)oxy-2,3-dihydrochromen-4-one
	VAL-216*, TYR-94, PRO-96
	SER-214*, HIS-57*#, LEU-99*, ASP-102#
	50%
	67%
	-6.23
	26.99 uM
	No

	Orientin
	TYR-94, SER-195*#, CYS-191, VAL-216*
	LEU-99*
	38%
	33%
	-5.67
	69.98 uM
	No

	Phloretin
	VAL-216*, SER-195*#, SER-214*
	PHE-215, PHE-192, HIS-57*#, LEU-99*
	63%
	67%
	-6.18
	29.45 uM
	No

	Pongamoside A
	CYS-191, SER-195*#, ASP-102#, SER-214*
	VAL-216*, LEU-99*
	50%
	67%
	-7.55
	2.92 uM
	No

	Pongamoside B
	VAL-216*, SER-214*, PRO-96, ASP-95
	PHE-215, HIS-57*#, LEU-99*, TYR-94
	50%
	33%
	-4.86
	274.94 uM
	No

	Prunin
	CYS-191, VAL-216*, TYR-94
	VAL-190*, ALA-213*
	38%
	0%
	-5.58
	81.49 uM
	No

	Quercetagetin 7- (6"-acetylglucoside)
	SER-195*#,VAL-216*, SER-214*, TYR-94
	PHE-192
	38%
	33%
	-6.33
	23.07 uM
	No

	Quercetin
	SER-195*#, VAL-216*, TYR-94, PRO-96
	PHE-192, HIS-57*#, LEU-99*
	50%
	67%
	-6.39
	20.53 uM
	No

	Silandrin
	TYR-94, VAL-190*, PRO-225, PHE-192
	VAL-190*, ALA-213*, HIS-57*#, PRO-96
	50%
	33%
	224836.51
	-
	No

	Tangeritin
	SER-214*, ASP-102#, PRO-96
	PHE-192, VAL-216*, PHE-215, HIS-57*#, ALA-213*, TYR-94, LEU-99*
	63%
	67%
	-6.02
	38.51 uM
	No

	Taxifolin
	TYR-94, VAL-216*, CYS-191
	LEU-99*, HIS-57*#, 
	38%
	33%
	-6.18
	29.35 uM
	No

	Taxifolin 3-apioside
	PRO-96, VAL-216*, SER-195*#, PHE-192
	HIS-57*#, LEU-99*, PHE-215
	38%
	67%
	-6.85
	9.60 uM
	No

	Vitexin
	TYR-94, VAL-216*, SER-214*, SER-195*#, GLY-193
	LEU-99*, HIS-57*#
	63%
	67%
	-5.49
	93.80 uM
	No

	Vitexin 2"-O- (2"'-methylbutyryl)
	TYR-94, SER-214*, VAL-216*, HIS-57*#, SER-195*#, CYS-191
	LEU-99*, PHE-215
	63%
	67%
	-6.08
	35.03 uM
	No

	Vitexin 2"-O-p-coumarate
	VAL-216*, SER-214*, SER-195*#, CYS-191, HIS-57*#
	LEU-99*
	63%
	67%
	-6.25
	26.08 uM
	No


Note: *(the same amino acid residues as the co-crystallized ligand)

#(the same amino acid residues as the active site) 
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Figure 2. 2D interactions of 5A09 with (A) co-crystallized ligand (JJD), (B) elastatinal, (C) dihydrocordoin

(D) 5-(5,7-dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl β-D-xylopyranoside (E) nobiletin

Elastatinal acts as an elastase inhibitor by mimicking the structure of the natural elastase substrate (Mechqoq et al., 2022).
 Dihydrocordoin exhibited 63% similarity (five residues) in amino acid interactions with the co-crystallized ligand and formed one hydrogen bond with Val-216 of the elastase enzyme. Hydrogen bonds are interactions formed between highly polar molecules involving a hydrogen atom (Wang, 2025).
 In addition, dihydrocordoin interacted with amino acid residues within the elastase active site, namely His-57 through π–π stacked interactions and Asp-102 through π–anion interactions. The elastase enzyme possesses key amino acid residues in its active site, collectively known as the catalytic triad, consisting of Ser-195, His-57, and Asp-102 (Pitasi et al., 2024; Marinaccio et al., 2022; Desmiaty et al., 2020).
 Ser195 acts as the primary nucleophile that attacks the peptide bond of the substrate, His-57 functions as a catalytic base that activates the serine residue during hydrolysis, and Asp-102 assists in orienting the histidine residue and stabilizing its positive charge  (Ekici et al., 2008)

Meanwhile, (5-(5,7-dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl β-D-xylopyranoside) showed a binding free energy (ΔG) of −7.28 kcal/mol, which, although not as low as that of dihydrocordoin, was still lower than that of elastatinal. This compound exhibited 63% similarity (five residues) in amino acid interactions with the co-crystallized ligand and formed four hydrogen bonds with Ser-195, Ser-214, Asp-102, and Pro-96. This compound also interacted with active-site residues of elastase, including His57 via π–π stacked interactions, as well as Ser-195 and Asp-102 through conventional hydrogen bonds.
Furthermore, compound nobiletin exhibited the highest level of amino acid residue similarity with the co-crystallized ligand, at 88% (seven residues), despite having a higher binding free energy (ΔG) of −6.03 kcal/mol. Nevertheless, this value remained lower than that of elastatinal. Nobiletin formed five hydrogen bonds with Ser-195, Ser-214, Asp-102, Pro-96, and Tyr-94 and interacted with residues of the elastase catalytic triad, namely His-57 through π–cation, π–π stacked, and π–alkyl interactions, as well as Ser-195 and Asp-102 through carbon hydrogen bond interactions.
The in silico study demonstrated that most flavonoid compounds identified in the ethyl acetate fraction of Cynometra cauliflora L. leaves were able to bind favorably to the elastase enzyme binding site, exhibiting relatively low binding free energy values, and therefore show potential for further development as elastase inhibitor candidates.
Toxicity Prediction

Toxicity prediction was performed using the pKCSM software, with skin sensitization as the evaluated parameter. Skin sensitization is defined as a biological process in which a chemical compound, following contact with the skin, is capable of inducing a specific adaptive immune response that upon subsequent exposure may result in allergic skin reactions, known as allergic contact dermatitis (Alves et al., 2015).
 pKCSM is a computational tool used to predict the toxicological potential of compounds in silico based on a structure-based QSAR (Quantitative Structure–Activity Relationship) approach (Pires et al., 2015).
 The QSAR method is an in silico toxicological approach that aims to correlate chemical structure descriptors with biological activities, such as toxicity or other specific biological properties of a compound. This approach is based on the assumption that compounds with similar chemical structures tend to exhibit comparable biological activities or properties, allowing patterns and trends to be analyzed and modeled within a group of molecules (Achar et al., 2024).
 The toxicity prediction results are presented in Table 2.
Based on toxicity prediction results obtained using pKCSM, flavonoid compounds present in namnam leaves were predicted to be non-toxic to the skin. Flavonoids are a class of polyphenolic compounds that generally possess multiple phenolic hydroxyl (–OH) groups, lack strong electrophilic moieties, and are well known for their antioxidant activity (Chiorcea-Paquim, 2023).
 These characteristics make flavonoids relatively unlikely to form covalent bonds with skin proteins, rendering them unsuitable as hapten-forming compounds. Consequently, most flavonoids are classified as non-sensitizers in various QSAR models. This finding is consistent with the requirements for a compound to act as a sensitizing agent, namely the ability to penetrate the skin barrier and bind to skin proteins. Compounds with the potential to induce skin sensitization are typically small molecules (< 500 Da), lipophilic in nature, and contain electrophilic functional groups. Such compounds are referred to as haptens, in which electrophilic moieties can bind to nucleophilic groups on skin proteins, forming protein–hapten conjugates that trigger immune responses and lead to sensitization reactions (Alves et al., 2015).

CONCLUSION 

Based on the result, analysis of the ethyl acetate fraction using LCHRMS identified 340 metabolites, with secondary metabolites accounting for 75.72% of the total area and flavonoid compounds as the largest metabolite. Molecular docking of flavonoids metabolite resulted dihydrocordoin as the most potent elastase inhibitor with binding energy of -8.45 kcal/mol, outperforming elastatinal through stable interactions with key catalytic residues. Notably, compounds Gambiriin C, 5-(5,7-Dihydroxy-3-methoxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl beta-D-xylopyranoside, and Taxifolin 3-apioside showed high anti-elastase potential via targeted binding to the Ser-His-Asp triad, with toxicity screenings indicating no potential for skin irritation across all metabolites
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