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					ABSTRACT  

					ARTICLE INFO  

					The availability of local fish species may play a key role in defining the metabolomic foundation  

					of intangible cultural heritage foods, such as “Pempek Palembang” (a traditional Indonesian  

					fishcake). This study analyzed two commonly used fish in Pempek Palembang—Snakehead  

					(Channa striata, Sample 1) and Mackerel (Scrombero morini, Sample 2)—using liquid  

					chromatography-high-resolution mass spectrometry (LC-HRMS) to identify unique chemical  

					signatures and biomarkers linked to geographic origin and rearing conditions. Fish samples were  

					collected from two distinct regions in Indonesia: Palembang (South Sumatra) and Jambi (Jambi  

					Province). Metabolomic profiling via principal component analysis (PCA) and orthogonal partial  

					least squares discriminant analysis (OPLS-DA) revealed 15 distinct biomarkers, including:  

					Nootkatone; 3,9,10,13-Trihydroxy compounds,- 3-Hydroxybutyric acid, 4-Guanidinobutanoic  

					acid, Stearamide, N-10-Undecenoyl derivatives, Phosphatidylserine PS (21:0/0:0), Mycinonic  

					acid, Phosphatidylethanolamine PE (22:4(7Z,10Z)), Lactamide, Gibberellin A3, Valine,  

					Phosphocholine PC (O-16:1(11Z)), Hydroxycitronellal, L-Norleucine. These biomarkers  

					exhibited significant variation based on aquaculture practices (e.g., diet, contaminant exposure)  

					and storage duration. The findings highlight metabolomics as a powerful tool for geographic  

					authentication and quality control in traditional foods like “Pempek Palembang”. Additionally,  

					this research provides valuable insights into the metabolic traits of Snakehead fish, supporting  

					efforts to preserve regional authenticity and cultural heritage.  
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					Metabolic quality, however, is determined entirely by the biochemical  

					composition of the tissue, which directly affects taste, nutritional value,  

					and other key components. As a result, assessing these quality attributes  

					and comparing them against the full metabolic profile is crucial. 4These  

					variations arise from structural and biochemical changes within cells  

					and the presence of microorganisms.  

					These factors can significantly influence the elemental metabolomics of  

					organisms, particularly fish. Beyond just pre- and post-mortem  

					conditions, the conventional nutritional value of regionally specific  

					foods like fish has grown increasingly important in our globalized  

					world. 5,6 The Snakehead Fish (Channa striata), a tropical species used  

					alongside mackerel (Scrombero morini) as the base for pempek a  

					Introduction  

					Over the past decade, there has been growing recognition of  

					the nutritional value of wild and farmed fish from marine and freshwater  

					sources in the human diet. High-quality fish are characterized by their  

					rich essential amino acids, easily digestible proteins, vitamins (such as  

					A, D, and B complex), minerals, and polyunsaturated fatty acids  

					(PUFAs). 1,2  

					Global demand for fish products has grown significantly over the past  

					fifty years and continues to rise, highlighting their increasing  

					importance. Modern technology-driven aquaculture has largely  

					replaced traditional fishing methods, including advanced breeding  

					techniques, hybridization, and biotechnology. 3 Given its expanding role  

					in the global economy, aquaculture has become a critical industry,  

					requiring focused attention on food security and quality standards.  

					The quality of farmed fish depends on multiple factors, such as  

					developmental stage, environmental temperature, feed management,  

					harvesting methods, and adjusted lipid composition, rather than just  

					inherent traits like species, age, or sex. Because of this, both collection  

					techniques and post-harvest handling (aquaculture practices)  

					significantly influence overall quality.  

					traditional Palembang dish recognized as Indonesian intangible cultural  

					6,7  

					heritage.  

					Its core definition remains adaptable, with regional  

					variations reflecting local environmental resources. In today's  

					globalized era, such geographical distinctions in traditional foods  

					like pempek carry heightened significance. As a fish-and-tapioca-based  

					delicacy with a flexible core recipe, pempek can be produced anywhere  

					with access to local fish resources (particularly snakehead). 7However,  

					this adaptability and competition from similar gel-based foods, risk  

					diluting pempek's geographical identity and quality standards.  

					Meanwhile, rising consumer awareness has created links between  

					product quality/safety and geographical indicators, especially for  

					tropical fish products.8,9 This makes preserving snakehead fish's  

					regional quality crucial for safeguarding cultural heritage and  

					maintaining the economic value of this traditional speciality.  

					Traditional quality assessment methods primarily depend on sensory  

					evaluation and chemical analysis. 10,11 However, these approaches have  

					limited accuracy and reliability in determining precise geographic  

					origins. With recent technological advancements, high-resolution mass  

					spectrometry (HRMS)—particularly Orbitrap technology—has  

					emerged as a more effective solution, enabling comprehensive profiling  

					of food chemical composition. 12,13 This method has proven valuable for  
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					food authentication, as demonstrated in studies of Poria cocos14, tea15,  

					and cod16, where it identified unique metabolomic signatures tied to  

					geographic origin. In recent study, base metabolomics was applied to  

					compare the metabolomic profiles of snakehead fish (the primary  

					ingredient in pempek) across different regions against mackerel  

					(control), identify potential biomarker compounds that could serve as  

					geographic indicators, and establish a reference metabolomic profile for  

					authentic, tropical snakehead-derived pempek. The findings aim to  

					develop a robust tool for Geographical authentication of pempek  

					Palembang, quality control and safety assurance, and preservation of  

					cultural heritage and economic value by distinguishing region-specific  

					metabolomic fingerprints. This approach addresses challenges in  

					protecting traditional foods from quality dilution in globalized markets.  

					Accucore™ C18 analytical column (100 mm length × 2.1 mm internal  

					diameter × 2.6 μm particle size) maintained at 40°C. The separation  

					process was performed as described by Supriadi et al. with  

					modifications. 18  

					Data Processing and Chemometric Analysis  

					Compound Discoverer 3.3 software (Thermo Fisher Scientific, San  

					Jose, USA) was used to process the data. Each potential peak was  

					scanned 20 times, and identified chromatographic features were  

					processed using MS1 as a precursor for compound detection with a  

					mass tolerance of 5 ppm. Compounds were classified based on preferred  

					ions [M+H]+1, [M+NH4]+1, and [M-H]-1 with a mass tolerance of 5  

					ppm and a retention time (RT) tolerance of 0.2 minutes for polarity  

					switching of ionisation. MS2 was set for data-dependent analysis  

					(DDA) of preferred ions. Detected features with peak widths less than  

					1 minute were discarded at half the peak height. An annotation was  

					performed with a delta mass tolerance of -5 to 5. The workflow was  

					configured for food surveys of unknown identity using online and local  

					database searches. Key features were filtered based on chromatographic  

					peak areas with intensity counts >1,000,000, presence of compound  

					names, and matches with mzCloud annotation sources. Queries were  

					searched against multiple ChemSpider databases, including ACToR,  

					FDA UNII, and FooDB. Additionally, the EFS HRAM compound  

					database (Thermo Fisher), LipidMaps structural database, and Arita  

					6549 database were used with a mass tolerance of 5 ppm. Due to the  

					unavailability of pure reference standards, the highest confidence level  

					of identification was 2 (presumptive identification, MS2 match).  

					Materials and Methods  

					Sample Collection  

					Samples were collected from key geographic regions historically linked  

					to the Srivijaya Kingdom - an area renowned for its culinary tradition  

					of using snakehead fish (Channa striata), a tropical species essential for  

					authentic pempek production. The samples were collected in two  

					locations based on the native habitats of the fish during March 2025:  

					Palembang Snakehead (GP) from Musi River and Jambi Snakehead  

					(GJ) from Batanghari River. As shown in Figure 1.  

					To ensure geographic diversity, samples were collected from  

					representative locations. Mackerel (Scomberomorus trachysoma, TG)  

					was the control group to establish a comparative baseline. All  

					specimens were randomly selected without consideration of age, sex,  

					weight, or specific regional origin. Samples were categorized by their  

					primary use in pempek production: Snakehead fish (Channa striata;  

					designated as Group 1), Mackerel (defined as Group 2). After  

					collection, all samples were vacuum-sealed, stored at -18°C, and  

					thawed at 4°C before analysis.  

					Chemical Analysis  

					All LC-HRMS data were processed using Compound Discoverer 3.3  

					(Thermo Fisher Scientific, San Jose, CA) with the following workflow:  

					Chemical analysis was conducted using MetaboAnalyst 6.0. Data  

					normalization was performed by summation followed by log-  

					transformation. Differential metabolomic profiling was carried out  

					using pairwise orthogonal partial least squares-discriminant analysis  

					(OPLS-DA) to compare three fish groups classified by geographic  

					origin: GP vs. GJ, TG vs. GJ, and GP vs. TG. Discriminatory  

					metabolites were identified based on a variable importance in  

					projection (VIP) score >2. Pathway enrichment and topology  

					analysis were performed to predict metabolic pathway biomarkers  

					(serving as unique metabolic signatures). For biomarker identification,  

					a customized  

					version  

					of  

					MetaboAnalyst  

					6.0 (http://www.metaboanalyst.ca) was used, with TG samples set as  

					the control group for comparison against GP and GJ fish groups.  

					Results and Discussion  

					Differential Metabolomic Identification  

					Metabolomics involves comprehensively analyzing all metabolites—  

					endogenous low-molecular-weight molecules within an organism.  

					These small-molecule metabolites provide detailed biochemical  

					insights into physiological states. 19 In this study, data collection was  

					based on the geographical origin of fish (Jambi and Palembang regions)  

					Figure 1 : Map of representative regions sample collection site  

					7

					for  

					model  

					analysis.  

					The  

					first  

					step  

					in metabolite  

					.

					identification employed Principal Component Analysis (PCA),  

					a

					method that reduces data dimensionality, summarizes key patterns, and  

					generates a visual representation of the dataset (see Figure 2).  

					Sample Preparation for Metabolomic Assay  

					For metabolomic analysis, 100 mg of fresh fish flesh was homogenized  

					with 1 mL of HPLC-grade methanol for 2 minutes. Following  

					homogenization, samples underwent sonication at 25°C for 30 minutes.  

					We then centrifuged the samples at 5,000 rpm for 10 minutes. Before  

					analytical system injection, the supernatant was filtered through a 0.2  

					μm nylon membrane. This protocol was adapted from Bozza et al. with  

					minor modifications. 17  

					From PCA Patterns (Figure 2), the score plot reveals the dataset's  

					groupings, trends, and outliers, while the loadings plot illustrates how  

					different factors influence sample distribution. These analyses  

					distinguished two distinct classes: Snakehead (GP and GJ,  

					75.9%) and Mackerel (TG, 24.1%). To predict the metabolic class  

					origins of the fish samples, we performed PLS-discriminant analysis  

					(PLS-DA). This method extracted and correlated relationships between  

					blocks of LC-HRMS data, retaining variables with a VIP score > 1.0.  

					Based on Figure 2, PLS-DA identified 15 key metabolite compounds  

					i.e. Nootkatone-3 ; 9,10,13-Trihyd ; 3-Hydroxybutyric acid (HBAS#3)  

					;4-Guanidinobut ; Stearamide-1; N-10-Undercony ; Phosphatidylserine  

					PS (21:0/0:0)-5 ; Mycinonic acid ; Phosphatidylethanolamine PE  

					Metabolomic Analysis  

					Metabolomic analysis was performed using a Thermo Scientific™  

					Vanquish™ Horizon UHPLC system coupled with an Orbitrap™  

					Exploris 240 high-resolution mass spectrometer (HRMS).  

					Chromatographic separation was achieved using a Thermo Scientific™  

					(22:4(7Z,10Z))  

					;

					Lactamide  

					;

					Gibberellin A3  

					;

					Valine-1  

					;
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					Phosphocholine PC (O-16:1(11Z)) ; Hydroxycitrone ; L-Norleucine.  

					These metabolites are further detailed in Figure 3.  

					investigation and significantly drive observed variations between  

					groups or treatments.  

					Dendrograms provide a visual representation of relationships between  

					organisms or other entities. These diagrams can illustrate evolutionary  

					trees, genealogical relationships, or genetic connections within groups.  

					Figure 4 showed that similarities between morphometrically variable  

					traits generally have a similarity value of 59.60%, no difference  

					between GP and GJ, and that the region was not significant. In this  

					research, snakehead fish (GP and GJ) exhibited a distinct 15-base  

					metabolic profile that serves as a biomarker.  

					The fish samples, snakehead and mackerel, commonly used as raw  

					materials for pempek, were extracted and analyzed using LC-HRMS  

					(Liquid Chromatography-High-Resolution Mass Spectrometry).  

					Multivariate statistical approaches, including Principal Component  

					Analysis (PCA), Projection to Latent Structures Discriminant Analysis  

					(PLS-DA), and Hierarchical clustering (see Figures 2 and 3), are  

					applied to simplify data interpretation and identify patterns, group  

					structures, and metabolic correlations. The observed differences in  

					metabolic pathways likely stem from variations in feed  

					composition and environmental contaminant exposure in their  

					freshwater and aquatic habitats. 17,18  

					Gene expression and genetic interactions with the environment play a  

					21  

					significant role in shaping phenotypic variation.  

					Fish exhibit  

					considerable diversity both within and between populations. Migration  

					and gene flow will persist if populations share the same habitat or  

					maintain continuous contact. While genetic and phenotypic traits often  

					align, populations in highly contrasting environments—or those with  

					limited migration—are more likely to undergo structural changes. 22,23  

					These shifts can influence the original population's genetic diversity,  

					size, and heterozygosity. Typically, fish species are classified based on  

					distinct segregations.  

					Figure 2: Principal component analysis (PCA) of Snakehead  

					(red, 1), and Mackerel (green,2).  

					Principal component analysis (PCA) is a widely used chemometric tool  

					that simplifies multivariate data into a few interpretable dimensions.  

					Instead of dealing with thousands of variables (spectral data points),  

					each sample (spectrum) can be represented by a small set of values (PC  

					scores). These scores can then be plotted, visually assessing similarities  

					and differences between samples and identifying significant patterns.  

					PCA is primarily an exploratory technique, helping to discern how  

					samples differ and which variables drive those differences. 24 However,  

					its flexibility must be considered alongside factors like fish competition  

					with similar gel-based products. On the other hand, growing consumer  

					awareness of food authenticity has linked product quality and safety  

					to geographic origin. 24,25  

					Figure 3: PLS-DA of Snakehead (red, 1), and Mackerel  

					(blue,2) metabolites  

					Both snakehead fish (GP and GJ, labelled as Group 1) and mackerel  

					(TG, labelled as Group 2) contain a full range of metabolic compounds.  

					However, unlike snakehead fish, mackerel exhibits lower  

					concentrations of all metabolites. Fish metabolite identification focuses  

					on detecting statistically significant differences between sample  

					conditions and substantial variances in the dataset. 19,20 To analyze these  

					differences, we employed Principal Component Analysis (PCA, Figure  

					1). This dimensionality reduction technique simplifies large datasets by  

					condensing numerous variables into a smaller set while preserving most  

					of the original information. Building upon PCA, Partial Least Squares-  

					Discriminant Analysis (PLS-DA) incorporates group information,  

					enabling supervised data clustering. This makes PLS-DA particularly  

					valuable for differential metabolite screening, as it enhances the ability  

					to intuitively distinguish between different groups. Furthermore, PLS-  

					DA analysis helps pinpoint key metabolites that require further  

					Figure 4: Dendogram of snakehead fish (GP, GJ) and  

					mackerel (TG) metabolites  

					Metabolist pathways analysis  

					All samples contained 15 identified metabolic compounds (Figure 3).  

					However, sample 1 (GP and GJ) exhibited higher concentrations of all  
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					metabolites than sample 2 (TG). Notably, the primary metabolic  

					biomarkers detected were Nootkatone and 9,10,13-Trihyd, which  

					belong to the sesquiterpenoid class of organic compounds. Those  

					natural prey of wild fish. 27 These diets provide high-quality proteins  

					and lipids, fulfilling essential fatty acid requirements, particularly  

					for marine species. Metabolite profiles often vary with environmental  

					conditions, and significant differences arise due to aquaculture  

					practices (diet, pollutants) and storage duration. In some cases, fish may  

					accumulate pollutants by consuming contaminated prey, altering their  

					metabolic signatures. 27,28  

					metabolites in samples  

					1

					and  

					2

					were classified as untargeted  

					compounds, suggesting that the elevated levels in the fish samples could  

					serve as a potential biochemical marker or unique chemical signature.  

					The dominant compounds in the fish samples were terpenoids—a group  

					of naturally occurring chemicals derived from isoprene (also called  

					Fish livers from urban areas exhibit higher amino acid levels than those  

					from rural locations, potentially indicating enhanced protein  

					catabolism. This increased breakdown of proteins, likely to mobilize  

					amino acids, may provide energy to meet heightened metabolic  

					demands for detoxification and antioxidant processes in response to  

					contaminant exposure. Key metabolites involved in gluconeogenesis  

					26,27  

					isoprenoids).  

					These organic compounds, which include terpenes  

					and isoprene-based molecules with 55 carbons, arise from the  

					metabolism of proteins and fats, as illustrated in Figure 5.  

					Metabolic pathway analysis revealed over thirty distinct pathways  

					involved in metabolic reactions, primarily centered on amino acids,  

					fatty acids, and their derivatives (Figure 5), contributing to primary and  

					secondary metabolite production. 28,29 Key amino acids identified in  

					these metabolites included valine, threonine, leucine, and arginine. The  

					analysis also detected important metabolic intermediates such as  

					phosphoenolpyruvate, 3-phosphoglyceric acid, glycerophospholipid,  

					and succinic acid, which participate in glycolysis and the tricarboxylic  

					acid (TCA) cycle.  

					and  

					glycolysis,  

					including alanine,  

					lactic  

					acid,  

					and  

					phosphoenolpyruvate, were significantly more abundant in urban fish  

					livers than rural samples. 25 These findings suggest adaptive alterations  

					in energy metabolism, consistent with prior studies demonstrating that  

					metal exposure elevates amino acid concentrations, metabolites linked  

					to energy metabolism, aminotransferase levels (enzymes critical for  

					26,27  

					protein catabolism) in fish livers and blood.  

					This metabolic shift  

					likely supports energy-intensive processes such as: antioxidant defense  

					systems, metal detoxification mechanisms (e.g., metallothionein  

					synthesis).  

					Environmental variables such as temperature and food availability may  

					also influence fish metabolism, potentially contributing to observed  

					differences in metabolite profiles and morphological traits across  

					sampling sites. Although further research, including seasonal/yearly  

					sampling and controlled laboratory exposures, is needed to more  

					definitively link metabolic changes to contaminant exposure (along  

					with larger sample sizes), the current findings highlight the significant  

					Purines aQnudaternary Short‐chain  

					purineammonium keto acids and  

					derivativseasl,ts, 4.46 derivatives;  

					Amines, 9.90  

					Amino acids,  

					peptides, and  

					analogues,  

					7.43  

					4.46  

					Phosphate  

					esters, 6.19  

					2.48  

					Lineolic acids  

					and  

					derivatives,  

					3.70  

					Androstane  

					steroids, 6.19  

					Carbohydrates  

					and  

					carbohydrate  

					conjugates,  

					8.66  

					Glycerophosp  

					hoethanolamin  

					es, 11.14  

					promise of metabolomics in detecting early contamination effects in  

					25,26,27  

					wild fish populations.  

					This is particularly relevant given the  

					limited number of metabolomics studies conducted on wild-caught fish,  

					positioning our work as exploratory. Before metabolomics can be  

					consistently implemented as a biomonitoring tool, it remains crucial to  

					understand how confounding factors—including diet, physiological  

					status, and sex—affect fish metabolic responses. 28,29  

					Glycerophosp  

					hates, 4.95  

					Carboxylic  

					acid  

					derivatives,  

					Eicosanoids,  

					5.69  

					Untargeted and targeted metabolomics approaches provide  

					comprehensive insights into metabolic pathways, revealing connections  

					Fatty amides,  

					9.40  

					8.17  

					Fatty alcohols,  

					7.18  

					between an organism's genotype, physiological state, and  

					27,30  

					environmental interactions.  

					For example, a recent study in  

					Figure 5: Pie diagram of all metabolites in Snakehead (GP,GJ)  

					southeastern Australia demonstrated the power of metabolomics to  

					and Mackerel Fishes (TG)  

					detect metabolic changes in mussel (Mytilus galloprovincialis)  

					26,27  

					populations resulting from environmental degradation.  

					Targeted  

					The study highlighted significant metabolic connections between rural  

					and urban regions, particularly in amino acid metabolism (including  

					glycine, serine, and threonine pathways), energy metabolism  

					(encompassing gluconeogenesis and glycolysis), lipid and fatty acid  

					metabolism (involving arachidonic acid, butanoate, and ether lipids),  

					secondary metabolism (such as ubiquinone and terpenoid-quinone  

					biosynthesis). Additional metabolic pathways identified included  

					taurine, steroid, purine, and sphingolipid metabolism. 24,25  

					The common metabolic compounds observed across fish samples  

					reflect coordinated metabolite transport within shared metabolic  

					networks. Notably, even subtle variations in metabolite abundance can  

					yield substantial system-wide effects. 29,30 While univariate approaches  

					may fail to capture complex metabolite interactions, multivariate  

					analytical methods overcome this limitation by compensating for  

					inherent methodological constraints of single-variable analyses,  

					revealing interconnected relationships among metabolites, and  

					providing complementary data dimensions that enhance result  

					interpretation.  

					metabolomics offers particular advantages when specific pathways are  

					of interest, as it enhances detection sensitivity and can identify  

					metabolic disruptions earlier than traditional physiological or  

					biochemical markers. Such approaches could significantly advance our  

					18,30  

					understanding of fish metabolism and fillet composition.  

					Nutritionally, diets mimicking wild prey - typically composed of  

					fishmeal and oils - provide optimal protein and lipid profiles. These  

					ensure high palatability and meet essential fatty acid requirements,  

					particularly for marine species.  

					Adapting to extreme alkaline conditions offers valuable insights into  

					2,5,30  

					physiological mechanisms for coping with environmental stress.  

					Alkaline exposure induced significant metabolic reprogramming in fish  

					plasma, disrupting pathways involving phenylalanine, glycine, serine,  

					threonine, pyruvate, and tyrosine metabolism. These metabolic shifts  

					may reflect dietary variations among study populations and increased  

					energy demands associated with chronic low-level pollutant exposure,  

					including energetically costly processes like detoxification and  

					antioxidant defense mechanisms. Such factors collectively contribute to  

					fundamental changes in fish metabolomic profiles.  

					Aquaculture metabolomics is a powerful approach for optimizing fish  

					production by evaluating feed efficiency and meeting global demands.  

					This non-targeted analysis of metabolites in tissues or biofluids  

					assesses various factors influencing fish health, including nutrition,  

					metabolic adaptation, growth, and body composition, which serve as  

					key indicators of nutritional status. The success of metabolomic studies  

					Conclusion  

					Identification of 15 distinct biomarkers, with Nootkatone and 9,10,13-  

					Trihyd emerging as primary metabolic biomarkers for Snakehead fish.  

					These sesquiterpenoids, a subclass of terpenoids, were significantly  

					elevated in Snakehead fish, likely reflecting their geographic origin and  

					aquaculture conditions. Over 30 metabolic pathways were delineated,  

					depends on careful consideration of sample preparation, sampling  

					25,26  

					techniques, and analytical methods.  

					A baseline metabolomic  

					approach can elucidate how diet influences fish metabolism and fillet  

					quality. For example, fishmeal and oil-based diets closely mimic the  
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					with amino acid and fatty acid metabolism dominating the metabolic  

					landscape in Snakehead fish. These metabolomic signatures not only  

					differentiate Snakehead fish but also offer a scientific basis for:  
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					13. Rivera-Pérez A, García-Pérez P, Romero-González R,  

					Garrido Frenich A, Lucini L. UHPLC-QTOF-HRMS  

					metabolomics insight on the origin and processing  

					authentication of thyme by comprehensive fingerprinting  

					and chemometrics. Food Chem. 2023; 407: 1-10. Doi:  
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