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Thesis abstract 

Lipids are fundamental components of food that serve not only as a source of 

energy but also as essential molecules involved in cellular structure, signaling, and 

regulation of metabolic processes. In recent years, the nutritional importance of specific 

lipid classes, such as polyunsaturated fatty acids (PUFAs), sterol lipids (STs), and 

bioactive lipid derivatives, has gained increasing attention for their roles in promoting 

health and preventing lifestyle-related diseases, including obesity, diabetes, and 

cardiovascular disorders. Despite this growing interest, much of the existing lipidomic 

research has focused on animal and clinical systems, while the diversity and function of 

plant-derived lipids, particularly those found in traditional herbs and whole grains, remain 

underexplored. This study addresses the gap by applying untargeted lipidomics to identify 

and characterize novel lipid species in Japanese herbs, sorghum, and rice cultivars. It asks 

how lipid profiles vary across plant types, what new bioactive lipids can be uncovered, 

and how these relate to nutritional function and potential agricultural applications. Using 

high-resolution liquid chromatography-mass-spectrometry, the study identified hundreds 

of lipid molecules and discovered several novel species such as fatty acid esters of 

hydroxy fatty acids (FAHFAs) and N-acyl-lysophosphatidylethanolamines (LNAPEs). 

Functional assays, including glycemic index prediction, confocal imaging, and gene 

expression studies, linked lipid profiles to health-related traits and plant physiological 

responses. The findings highlight the value of lipidomics in food science, uncovering 

unique plant lipids with potential nutritional and agronomic significance. Chapter one 

presents an overview of dietary lipids, their classifications, occurrence in food, and the 

emerging role of foodomics in comprehensively analyzing these compounds. The chapter 

addresses the limitations in current lipidomics methodologies, particularly the lack of 

standardized protocols for food lipid analysis. It highlights future trends integrating 

lipidomics with other omics technologies for precision nutrition. 

In Chapter two, a non-targeted lipidomic study was performed on four traditional 

Japanese herbal teas. Using high-resolution LC-Orbitrap-MS analysis, a total of 344 lipid 

molecular species were identified across various lipid classes, including fatty acyls (FAs), 

glycerophospholipids (GPs), glycerolipids (GLs), sphingolipids (SPs), and STs. 

Importantly, four novel short-chain fatty acid esters of hydroxy fatty acids (SFAHFAs) 

were discovered for the first time in these herbal teas. Multivariate statistical analysis 

revealed distinct lipidomic profiles between tea species, demonstrating both 

compositional diversity and potential health-promoting lipid content in herbal beverages. 

Chapter three extends lipidomic profiling to six commercial sorghum cultivars 

grown under controlled field conditions in Australia. A total of 194 lipid molecular species 
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were annotated, highlighting significant differences among cultivars in total lipid content 

and fatty acid composition. Cultivars such as MR43 and Bazley displayed higher levels 

of PUFAs and fatty acid esters of hydroxy fatty acids (FAHFAs), offering promising 

dietary and health benefits. The study also identified five novel FAHFAs in sorghum grain 

for the first time. It also utilized derivatization techniques to confirm hydroxyl positions 

in these molecules. This chapter establishes the unique lipidomic signatures of sorghum 

cultivars, emphasizing their nutritional potential and functional application in health-

oriented grain products. 

Chapter four presents an integrated analysis of lipidomics and glycemic response 

in 56 pigmented japonica rice cultivars. A total of 198 lipid species across five categories 

were profiled, leading to the identification of novel bioactive lipids, including FAHFAs 

and LNAPEs. Among the selected cultivars, black and green rice varieties exhibited 

healthier lipid profiles, with higher polyunsaturated to saturated fatty acid ratios, 

increased health promotion indices, and lower estimated glycemic index (eGI) values. 

Multivariate analysis further revealed that fatty acyls and glycerophospholipids were key 

markers distinguishing farming practices. These findings offer valuable molecular 

insights into the nutritional quality of pigmented rice and support the development of low-

eGI rice cultivars for better metabolic health. 

Chapter five explored the agricultural application of hijiki-derived carbon 

nanodots (CND-H) on rice seedling growth. The study confirmed the successful uptake 

of CND-H in germinating rice grains using confocal microscopy and emission spectral 

matching. Seed germination studies demonstrated enhanced shoot and root elongation in 

CND-H-treated seedlings compared to controls. Furthermore, gene expression analysis 

revealed a significant upregulation of OsDGAT1, a key enzyme in triacylglycerol 

biosynthesis, indicating a possible lipid accumulation-promoting effect of CND-H 

treatment in rice seedlings. While no significant change was observed in OsACBP4 

expression, these preliminary results suggest a beneficial role of nanomaterials in 

promoting seed vigor and lipid metabolism. 

Collectively, this thesis advances the understanding of plant lipid diversity, 

reports several novel lipid molecular species for the first time, and demonstrates the 

potential of lipidomics combined with functional studies in both nutritional science and 

agriculture. The findings emphasize the importance of untargeted lipidomics in 

identifying health-relevant lipids in food crops and herbal products and propose 

innovative strategies, including nanotechnology, for improving crop performance and 

lipid quality. 
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1.1 Overview and classification of dietary lipids  

Lipids are chemically defined as hydrophobic or amphipathic molecules that are insoluble 

in water but soluble in non-polar organic solvents1. Biologically, they are vital 

components of food and living systems, serving as a dense source of energy, essential 

fatty acids, and fat-soluble vitamins2. Lipids are present across a wide range of food items, 

such as oils and fats, and are also found in varying levels in animal products, grains, 

vegetables, and herbs3. 

Certain lipids, such as specific fatty acids (e.g., linoleic and alpha-linolenic acid) 

and fat-soluble vitamins (A, D, E, and K), are classified as essential nutrients due to the 

human body’s inability to synthesize them endogenously3. Beyond their nutritional 

importance, dietary lipids exert diverse biological functions, including modulation of 

inflammation, cellular signaling, and regulation of metabolic health. Their functional 

significance underscores their role as integral components of a balanced and health-

promoting diet4. According to the widely adopted classification system proposed by the 

Lipid Metabolites and Pathways Strategy (LIPID MAPS) project, lipids are organized 

into eight main categories based on structural and biosynthetic criteria: fatty acyls (FA), 

glycerolipids (GL), glycerophospholipids (GP), sphingolipids (SP), sterol lipids (ST), 

prenol lipids (PR), saccharolipids (SL), and polyketides (PK) (Figure 1). As of 2025, 

more than 49,000 lipid species have been identified under this classification, highlighting 

the immense structural diversity within the lipidome. This complexity presents significant 

analytical challenges, necessitating the use of high-resolution analytical platforms such 

as liquid chromatography coupled with high-resolution mass spectrometry (LC-HRMS)5. 

Biologically, lipids serve a wide array of functions beyond energy storage. They 

are integral components of cellular membranes, contributing to membrane structure, 
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fluidity, communication, and intracellular transport. Lipids also play critical roles in 

maintaining homeostasis and act as signaling molecules involved in various physiological 

and pathological pathways, including metabolic disorders, cardiovascular disease (CVD), 

cancer, and neurodegeneration4,6 (Figure 2).  

Figure 1: The common structures and functions of eight major lipid classes.  

Historically, lipids were primarily regarded as energy sources and membrane constituents. 

However, important discoveries, such as the identification of platelet-activating factor 

(PAF) in 1979, have since revealed the dynamic roles of lipids in cellular signaling and 

disease modulation. These discoveries gave rise to the concept of bioactive lipids, which 

are specific lipid molecules that influence biological functions beyond basic nutrition7. 

Bioactive lipids such as polyunsaturated fatty acids (PUFAs), phytosterols, fat-soluble 

vitamins, and carotenoids have gained increasing attention for their potential to promote 

health and reduce disease risk. They are naturally present in diverse food matrices, 

including oilseeds, grains, nuts, dairy, eggs, and herbs. Additionally, bioactive lipids can 

be incorporated into functional foods and nutraceutical formulations to enhance their 
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health-promoting properties6. Building on this foundational understanding of lipids, the 

following sections delve into their occurrence in food systems and their functional roles. 

 

Figure 2: Applications of bioactive lipids in human health. 

1.2 Lipids in food 

1.2.1 Fatty Acyls 

FAs include a wide range of fatty acids, which may be saturated (SFAs), monounsaturated 

(MUFAs), or PUFA, as well as their oxidized and conjugated derivatives8. They are 

essential components of edible fats and oils and play significant roles in flavor, texture, 

and nutritional quality3. Short-chain fatty acids (SCFAs), medium-chain fatty acids 

(MCFAs), and long-chain fatty acids (LCFAs) are present in dairy, coconut oil, and animal 

fats, respectively3,9,10. PUFAs such as linoleic acid (C18:2) and α-linolenic acid (C18:3) 

are essential nutrients found in plant oils, while longer-chain ω-3 PUFAs like DHA 
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(C22:6) and EPA (C20:5) are predominantly found in marine foods3. Oxidation products 

such as eicosanoids also fall into this category, contributing to both health effects and 

flavor compounds11. 

1.2.2 Glycerolipids 

GLs are esters of glycerol and fatty acids, including mono-, di-, and triacylglycerols 

(MAGs, DAGs, and TAGs). TAGs are the main storage form of energy in many foods 

and constitute the bulk of lipids in plant and animal fats and oils. In addition, glycolipids 

and betaine lipids also belong to this class, with roles in membrane structure and 

functionality, particularly in microbial and plant systems3. 

1.2.3 Glycerophospholipids  

GPs are composed of glycerol, two fatty acids, and a phosphate-containing headgroup. 

Key examples include phosphatidylcholine (PC), phosphatidylethanolamine (PE), and 

phosphatidylinositol (PI). These lipids are fundamental components of cell membranes 

and are also found in significant quantities in foods such as egg yolk, meat, and milk3. 

They influence food texture, emulsification properties, and have nutraceutical value, 

particularly in brain and cardiovascular health13. 

1.2.4 Sphingolipids  

SPs are composed of a sphingoid base backbone, often with a fatty acid and a polar head 

group. Ceramides, sphingomyelins, and glycosphingolipids such as glucosylceramides 

are important subtypes14. These are prominent in animal-derived foods like meat and milk 

and have bioactive properties related to skin integrity, inflammation modulation, and cell 

signaling15. 
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1.2.5 Sterol Lipids  

STs include cholesterol and plant sterols (phytosterols), along with secosteroids like 

vitamin D3. Cholesterol is abundant in animal-derived foods, while phytosterols are 

present in nuts, seeds, and vegetable oils16,17. These compounds are critical for hormone 

synthesis, membrane fluidity and are associated with cardiovascular health when used as 

dietary cholesterol-lowering agents3. 

1.2.6 Prenol Lipids  

Prenol lipids are derived from isoprene units and encompass important subgroups such 

as carotenoids, retinoids (vitamin A), and quinones (including vitamins K, E, and 

coenzyme Q10). These compounds are richly present in fruits, vegetables, and marine 

foods, contributing to color, antioxidant activity, and vitamin functionality3. For instance, 

β-carotene in carrots and astaxanthin in seafood are key representatives18,19. 

1.2.7 Saccharolipids  

SLs are a unique class where fatty acids are directly linked to sugar backbones. They are 

less common in typical foods but are integral components of bacterial membranes, 

including those found in fermented foods. Their structural diversity contributes to the 

functionality and integrity of microbial cell envelopes, with implications for food 

microbiota and fermentation3. 

1.2.8 Polyketides  

Polyketides are secondary metabolites synthesized by repeated condensation of acetyl-

CoA or propionyl-CoA units20. While not traditionally abundant in major food lipids, they 

are found in food-derived fungi and bacteria and include important bioactive compounds 

such as antibiotics, pigments, and mycotoxins. Some also serve as nutraceuticals and are 
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under exploration for functional food applications3. 

1.3 Foodomics: A modern approach to lipid research 

In recent years, food research has undergone a paradigm shift through the integration of 

advanced analytical technologies and systems biology, giving rise to a field known as 

foodomics. First introduced by Cifuentes in 2009, foodomics refers to the application of 

omics technologies, such as genomics, transcriptomics, proteomics, metabolomics, and 

lipidomics, to study food and nutrition in a comprehensive and holistic manner21. It is 

used to evaluate food safety, quality, traceability, and functionality, and to better 

understand how food components interact with biological systems22. Within this 

framework, lipidomics, a branch of metabolomics, is emerging as a critical tool for 

understanding the role of lipids in food and health. The lipidome refers to the complete 

set of lipid species in a biological system. Lipidomics involves the systematic 

identification and quantification of lipids and their associated metabolic pathways, 

enabling researchers to detect changes in lipid composition resulting from processing, 

storage, cultivar differences, or physiological conditions. 

Lipidomics can be broadly classified into untargeted and targeted approaches23. 

Untargeted lipidomics aims to detect as many lipid species as possible in a given sample 

without prior knowledge, making it ideal for discovering novel compounds such as fatty 

acid esters of hydroxy fatty acids (FAHFAs). In contrast, targeted lipidomics focuses on 

quantifying specific known lipids, typically using internal standards and predefined 

multiple reaction monitoring (MRM) methods. 

Technological advancements, particularly in liquid chromatography-mass 

spectrometry (LC-MS), have been central to the development of lipidomics. High-
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resolution mass spectrometers such as Orbitrap, quadrupole time-of-flight (Q-TOF), and 

triple quadrupole (QqQ) systems offer enhanced sensitivity, resolution, and mass 

accuracy. These systems allow for comprehensive profiling of a wide range of lipids, 

including fatty acids, glycerolipids, phospholipids, sterols, and oxidized lipid species. 

Among them, the linear ion trap quadrupole (LTQ-Orbitrap) platform has been widely 

applied in untargeted lipidomics due to its superior performance in detecting unknown 

lipid species22. 

In food research, untargeted lipidomics is particularly valuable for uncovering 

novel lipid structures and understanding the impact of agricultural practices, genetic 

variation, and processing methods on food lipid profiles22. For example, studies have 

shown that roasting flaxseeds significantly alters their lipid composition, including 

oxidation products and changes in polyunsaturated fatty acid content24. Similarly, 

metabolomics-based sensory studies, such as those on stored tea leaves, have helped 

correlate changes in metabolite profiles with flavor and quality deterioration25. Despite 

its power, lipidomics requires robust bioinformatics tools to process large and complex 

datasets. Software like Mass spectrum data independent acquisition-based identification 

and quantification of metabolites and lipidomes (MS-DIAL) facilitates peak detection, 

alignment, and compound identification. However, challenges remain in annotating 

unknown lipids and integrating lipidomic data across multiple platforms. 

1.4 Scope, significance, and objectives of the present study 

Food lipidomics is a rapidly evolving discipline that aims to systematically identify and 

quantify the diverse lipid species present in food matrices, using advanced mass 

spectrometry (MS)-based techniques. Lipids play essential roles in determining the 
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nutritional quality, functional properties, and potential health benefits of food, yet their 

comprehensive characterization in plant-based foods remains limited. This study focuses 

on the application of a non-targeted lipidomics approach to profile the lipid composition 

of staple food crops such as rice and sorghum, along with selected herbal materials. By 

employing liquid chromatography coupled with LTQ-Orbitrap, this research seeks to 

capture a broad spectrum of lipid species, including both abundant and minor bioactive 

components, across different cultivars and food types. 

The significance of this study lies in its potential to expand the existing 

knowledge of lipid diversity in food systems, particularly in traditionally important but 

under-characterized crops. While metabolomics research has made considerable progress 

in recent years, lipidomics in food science is still in its developmental stages, especially 

regarding the identification of health-promoting lipid molecules such as ω-3 and ω-6 fatty 

acids, as well as novel compounds like FAHFAs. These bioactive lipids are increasingly 

recognized for their functional roles in modulating metabolic processes, glycemic 

response, and inflammatory pathways. By elucidating the lipidomic profiles of diverse 

food sources, this study aims to contribute valuable insights into the nutritional and 

functional attributes of these crops, which may support future applications in health-

oriented food development, nutraceutical research, and crop improvement initiatives. 

 The central objective of this research is to develop and implement a 

comprehensive, MS-based lipidomics workflow for the analysis of plant-based food 

materials. This includes optimizing extraction protocols, conducting high-resolution 

lipidomic analysis, and applying advanced multivariate data analysis and visualization 

tools to interpret the resulting data. Through this approach, the study aims to characterize 

lipid composition differences across cultivars, identify potential bioactive lipids, and 
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explore their possible implications for food quality and human health. Ultimately, this 

research seeks to advance the field of food lipidomics by providing a detailed, cultivar-

specific understanding of lipid diversity, while also establishing a methodological 

framework that can be applied in future food chemistry and nutritional studies. 

1.4.1 MS-based lipidomics workflow 

Lipidomics is an advanced field of metabolomics focused on the comprehensive analysis 

of lipids within biological systems. MS-based lipidomics has emerged as a powerful 

technique for characterizing lipid compositions, profiles, and metabolic alterations in 

plant-based food matrices such as rice, sorghum, and herbal plants. This study employed 

an untargeted MS-based lipidomics approach, which includes pre-treatment, MS analysis, 

and data processing, as summarized in Figure 3. 

 

Figure 3: The role of MS-based lipidomics in food research. Lipidomics, as a core part 

of foodomics, enables the discovery of novel lipid species and elucidates their roles in 
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food quality, nutrition, and functionality. This study focuses on the untargeted lipidomics 

of Japanese herbal tea, sorghum, and rice. 

Plant samples, including rice grains, sorghum grains, and herbal leaves, were 

first ground into a fine powder. Lipids were then extracted using a solvent-based 

extraction method, typically involving mixtures of methanol, chloroform, and water, as 

described by Bligh and Dyer26. Following extraction, the lipid-rich layers were separated 

and transferred into microcentrifuge tubes for subsequent analysis. 

Lipid extracts were analyzed using a high-resolution LC-MS system. The LC 

system was used for lipid separation, while the mass spectrometer, equipped with an 

electrospray ionization (ESI) source, detected the ions in both positive and negative 

modes. Full-scan and MSn data were acquired, allowing for the identification and 

quantification of various lipid classes based on their mass-to-charge ratios (m/z) and 

fragmentation patterns. 

Raw MS data were processed using software such as MS-DIAL, Xcalibur 

(Thermo Fisher Scientific), and LipidSearch (Thermo Fisher Scientific) for peak 

detection, lipid identification, and quantification. Further data normalization and 

multivariate analyses, including principal component analysis (PCA) and hierarchical 

clustering, were performed using MetaboAnalyst, soft independent modelling of class 

analogy (SIMCA), and other statistical tools. Results were visualized through heatmaps, 

box plots, and clustering diagrams to highlight lipid profile variations across different 

cultivars and sample types. 
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2.1 Introduction 

Tea, one of the most widely consumed non-alcoholic beverages globally, has a rich history 

dating back over 2000 years to its origins in China1. As noted by the Japanese author 

Okakura Kakuzo in The Book of Tea, "Tea started as a medication and developed into a 

beverage." Broadly, teas can be classified into two categories: those derived from the 

leaves, buds, and internodes of Camellia sinensis, and herbal teas, which are prepared 

from a diverse range of plant species other than C. sinensis2. Herbal teas, also known as 

tisanes, are infusions made from a mixture of dried leaves, grasses, seeds, fruits, bark, 

flowers, or other plant parts, each contributing to their distinctive flavors and potential 

health benefits3. Herbal teas are valued not only for their sensory qualities but also for 

their various biological activities. Numerous studies have reported their antioxidant, anti-

inflammatory, antibacterial, antiviral, anti-carcinogenic, anti-thrombotic, vasodilatory, 

antimutagenic, anti-aging, and antiglycation effects. Among the wide range of herbal teas 

traditionally consumed in Japan, several are particularly notable for their therapeutic 

properties4. 

Houttuynia cordata (Heart leaf), known as dokudami from the Saururaceae family, has 

been used in traditional medicine for its virucidal effects against herpes simplex virus 

(HSV-1), Human immunodeficiency virus (HIV), and influenza viruses, alongside its 

antioxidative, antibacterial, anti-obesity, and immunomodulatory activities5-7. Sasa 

veitchii (Japanese bamboo grass), referred to as kumazasa from the Gramineae family, 

exhibits anti-cancer, anti-ulcer, antiviral, antioxidant, and anti-inflammatory properties, 

and its extract has been shown to reduce obesity-induced insulin resistance8,9. Equisetum 

arvense (Horsetail), or sugina from the Equisetaceae family, has long been employed for 

its medicinal effects in treating hemorrhage, urethritis, jaundice, and hepatitis, and is 
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recognized for its antioxidant, antimicrobial, anticancer, anti-inflammatory, and 

antidiabetic properties10-12. Lastly, Artemisia princeps (First wormwood), known as 

yomogi from the Asteraceae family, possesses well-documented anti-cancer, anti-

inflammatory, and antioxidant activities13. 

When consumed as tea, the bioactive components of these plants retain many of 

their therapeutic properties. For instance, eupafolin, a flavonoid found in A. princeps, 

induces apoptosis in human cervical adenocarcinoma-derived Henrietta Lacks (HeLa) 

cells through a caspase-dependent mechanism14. A metabolomic study on four South 

African herbal tea varieties has revealed the presence of various bioactive compounds 

such as flavonoids, phenolics, lignans, and megastigmane glycosides, reinforcing the 

potential of herbal teas as health-promoting beverages15. While several studies have 

explored the metabolomic profiles of herbal teas, research specifically focusing on their 

lipid compositions remains limited. 

Lipids are essential components of plants, functioning both as structural 

constituents of cell membranes and as bioactive compounds involved in signaling 

processes16. Bioactive lipids, including PUFAs, carotenoids, phytosterols, polyphenols, 

and fat-soluble vitamins, are of particular interest due to their potential roles in the 

prevention and management of various diseases, such as CVD, hypertension, cancer, and 

diabetes17,18. Our laboratory has previously identified several bioactive lipids in various 

food sources, including salmon, shellfish, seaweed, and adzuki beans19-22. 

In the context of tea, lipidomics studies have primarily been conducted on green 

tea. For example, research demonstrated that lipid-soluble chlorophylls and carotenoids 

contribute to the color of green tea, while unsaturated fatty acids influence its aroma23,24. 

Additionally, it has been observed that significant lipid loss occurs during black tea 
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processing25. Recent investigations using advanced ultra-performance liquid 

chromatography (UPLC) Q-TOF-based metabolomics and lipidomics approaches 

identified 26 lipids and 45 metabolites that distinguish early and late spring green teas26. 

Another comprehensive study utilizing ultrahigh performance liquid chromatography 

coupled to an ESI-quadrupole Orbitrap mass spectrometer successfully profiled 283 lipid 

molecular species across 22 lipid subclasses during green tea manufacturing27. 

Despite these advancements, studies focusing on herbal tea lipidomics remain 

scarce. This knowledge gap is particularly significant given the rich variety of plant 

species used in herbal teas and their well-established health benefits. Recognizing this, 

the present study aims to apply an untargeted high-pressure liquid chromatography 

(HPLC)/LTQ-Orbitrap-MS lipidomics approach to comprehensively profile the lipid 

compositions of four different varieties of traditional Japanese herbal teas: H. cordata, S. 

veitchii, E. arvense, and A. princeps. Furthermore, the study seeks to identify and 

characterize previously unreported lipid molecules within these teas using MSn spectral 

analysis. By clarifying the lipid composition of these herbal teas, this research intends to 

provide new insights into the potential roles of bioactive lipids in herbal teas as functional, 

health-promoting beverages. 

2.2 Materials and methods 

2.2.1 Sample collection 

Four different herbal tea varieties were locally sourced from Takayama, Japan 

(36.1461°N, 137.2522°E). These included dried leaves from Houttuynia cordata (Heart 

leaf, locally known as dokudami), Sasa veitchii (Japanese bamboo, kumazasa), Equisetum 

arvense (Horsetail, sugina), and Artemisia princeps (First wormwood, yomogi). 
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Approximately 500 grams of each plant species were harvested during the summer month 

of August. The dried leaves and twigs were finely ground into a uniform powder and 

stored in airtight glass containers at -80°C until further lipid extraction and analysis. 

2.2.2 Materials 

All solvents used for LC-MS analysis, including isopropanol, chloroform, and methanol, 

were of analytical grade and purchased from Wako Pure Chemical Industries, Ltd. (Osaka, 

Japan). A 1 M aqueous solution of ammonium acetate, used as an LC-MS eluent additive, 

was obtained from Sigma-Aldrich (St. Louis, USA). The internal standards, 

EquiSPLASH LIPIDOMIX quantitative standard and deuterium-labeled oleic acid-d9, 

were supplied by Avanti Polar Lipids, Inc. (Alabaster, USA). 

2.2.3 Lipid Extraction 

Lipids were extracted from herbal tea samples using a modified version of the Bligh and 

Dyer method28. Briefly, 20 mg of powdered herbal tea (n=5) was weighed into a 2 mL 

Eppendorf tube. To this, 300 µL of methanol and 300 µL of a mixture of internal standards 

(EquiSPLASH Lipidomix, 1 µg/mL, and oleic acid-d9, 10 µg/mL) were added. The 

mixture was vortexed gently for 10 seconds, followed by the addition of 200 µL 

chloroform and 40 µL Milli-Q water. The resulting solution was vortexed at 3500 rpm for 

5 minutes and left at room temperature for 2 hours, with an additional brief vortexing 

after 1 hour. Following incubation, the samples were centrifuged at 15,000 rpm for 10 

minutes, and the lipid-containing lower phase was transferred to a fresh 2 mL Eppendorf 

tube. To the remaining residue, 1 mL of methanol-chloroform (2:1 v/v) was added, 

vortexed for 5 minutes, and centrifuged again. The resulting extracts were combined, 

filtered using animal charcoal, and evaporated using a centrifugal concentrator at 4°C for 
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5–6 hours. The dried lipid extracts were reconstituted in 100 µL of methanol, centrifuged 

at maximum speed for 10 minutes, and transferred to LC-MS vials for analysis. 

2.2.4 LC-MS Analysis 

Lipid separation was performed using an Atlantis T3 C18 column (2.1 × 150 mm, 3 µm, 

Waters, USA) installed in a Prominence HPLC system (Shimadzu, Kyoto, Japan). The 

chromatographic separation was conducted at a constant flow rate of 200 µL/min and a 

column oven temperature of 40°C. The mobile phase consisted of 10 mM aqueous 

ammonium acetate (solvent A), isopropanol (solvent B), and methanol (solvent C). A 

programmed gradient elution was applied as follows: 0-1 min, 30% B and 35% C; 1-9 

min, 75% B and 15% C; 9-21 min, 82.5% B and 15% C; 21-25 min, 95% B and 5% C; 

25-26 min, returning to 30% B and 35% C, with a total run time of 30 minutes. The 

injection volume for each sample was set at 10 µL. 

Mass spectrometric analysis was performed using an LTQ Orbitrap mass 

spectrometer (Thermo-Fisher Scientific Inc., San Jose, USA), operating in both positive 

and negative ESI modes. The ESI parameters were optimized as follows: the capillary 

temperature was maintained at 330 °C, with sheath gas flow set to 50 units. The auxiliary 

gas flow was adjusted to 20 units for positive mode and 30 units for negative mode. In 

negative ionization mode, the source and capillary voltages were set to 3 kV and 10 V, 

respectively, while in positive mode, they were set to 4 kV and 25 V. For mass 

spectrometric detection, MS1 scans were acquired in Fourier transform mode at a 

resolution of 60,000, over an m/z range of 160–1900 for negative mode and 100–1750 

for positive mode. High-resolution mass spectra were collected with a collision energy of 

35 V. Additionally, low-resolution MS/MS spectra were obtained in the ion-trap mode 

using a collision energy of 40 V. 
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 The raw mass spectrometry data were processed using MS-DIAL software 

(version 4.9) for peak alignment, extraction, identification, and integration of peak areas. 

The parameters applied during this process included a minimum peak height threshold of 

1000 amplitude, a mass slice width of 0.1 Da, and a smoothing level of 3 with a minimum 

peak width of 5 scans. The sigma window value was set to 0.5, with a signal intensity 

threshold set at five times greater than the blank signal. The tolerances for retention time 

(RT) and MS1 were set to 0.5 minutes and 0.015 Da, respectively. Lipid molecular species 

were identified based on their corresponding MS/MS spectra. Extracted ion 

chromatograms (EIC) and mass spectra were generated using Xcalibur software (version 

2.2, Thermo Fisher Scientific, Waltham, USA). For relative quantification, the study 

followed the Lipidomics Standards Initiative recommendations for level 2 and level 3 

identification. Quantification was conducted using labeled internal standards 

representative of the same lipid subclass or major lipid class. The relative abundance of 

each lipid species was determined by calculating the ratio of the analyte’s peak area to 

that of the internal standard and multiplying it by the known concentration of the internal 

standard. 

2.2.5 Statistical Analysis 

The annotated lipid data acquired in both positive and negative ion modes were compiled 

for statistical analysis. The results were expressed as mean values ± standard error (SE). 

One-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test 

was applied to determine significant differences, using a significance threshold of p < 

0.05. Data visualization, including bar charts and error plots, was performed using 

Microsoft Excel 2021. Multivariate statistical analyses, such as cluster analysis, were 

conducted using MetaboAnalyst version 5.0, while PCA was performed using SIMCA 
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software version 17.0.2 (Sartorius Stedim Biotech Umetrics AB, Umeå, Sweden) to 

assess the overall variation and sample grouping patterns. 

2.3 Results and discussion 

2.3.1 Lipid profiling of herbal tea samples 

An untargeted lipidomics analysis was conducted on four herbal tea varieties using LC-

MS, and lipid molecular species were annotated based on accurate mass measurements. 

This comprehensive analysis successfully identified 344 distinct lipid molecular species 

across the samples. The relative quantification of these annotated lipids was performed 

using an internal standard-based method to ensure consistency and comparability. A 

summary of the statistical distribution of these lipid species is presented in Figure 1A, 

which highlights the significance levels of the identified lipids. Out of the total, 286 lipid 

species exhibited statistically significant variations (p < 0.05) among the four herbal tea 

types and are indicated in blue, while the remaining non-significant lipids are represented 

in grey. This indicates a considerable degree of diversity and specificity in the lipid 

composition across different herbal teas. 

The identified lipids were classified into five major lipid categories, consistent 

with the LIPID MAPS classification: FAs, GLs, GPs, SPs, and STs. These categories 

reflect the broad structural diversity of plant lipids and their varied functional roles in 

biological systems. The distribution of lipid species based on their m/z values and RT is 

illustrated in Figure 1B. As expected, FA eluted first, followed by GLs and GPs, while 

STs was the last to elute. This elution order aligns with the polarity and structural 

properties of these lipid classes. Among these categories, GPs were the most abundant 

lipid class detected in all four herbal tea samples. This finding is consistent with previous 
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studies on plant-based lipidomics, where GPs often dominate due to their critical roles in 

cellular membranes and signaling pathways. For comparison, a recent lipidomics study 

on green tea reported higher levels of GPs and acylglycerolipids in early spring harvests, 

highlighting the influence of environmental and seasonal factors on lipid profiles26. 

However, comprehensive lipidomic datasets for the specific herbal tea species analyzed 

in this study remain scarce in the existing literature, further emphasizing the novelty and 

importance of this research. 

The lipidomic profile established in this study contributes valuable new data to 

the field of plant-based lipidomics, providing a deeper understanding of the lipid diversity 

in traditional Japanese herbal teas. It offers a foundation for further investigation into the 

potential health-promoting properties of these bioactive lipid compounds and their 

functional significance in herbal beverages. 

 

Figure 1: (A) One-way ANOVA displaying the statistical significance of the 344 

identified lipid molecular species across four herbal tea varieties. Blue points represent 

statistically significant lipids (p < 0.05), while grey points indicate non-significant lipids. 

(B) Scatter plot representing the distribution of all identified lipid molecular species based 

on their m/z values and RT. The five major lipid categories (FAs, GLs, GPs, SPs, STs) are 

visualized according to their elution pattern, with FAs eluting earliest and sterol lipids 
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STs latest. 

2.3.2 Multivariate statistical analysis of herbal tea lipidome 

To investigate the overall variation and relationships within the herbal tea lipidome 

dataset, multivariate statistical analysis was performed using PCA. The dataset consisted 

of 20 lipidomic profiles (n = 5 for each of the four herbal tea species). The resulting PCA 

model revealed that the first principal component (PC1) accounted for 33.0% of the total 

variance, while the second principal component (PC2) explained 20.6%. Together, these 

two components captured a significant proportion of the total variability within the data. 

The PCA score plot, shown in Figure 2A, exhibited four distinct clusters corresponding 

to the four herbal tea varieties, indicating clear separation based on their lipidomic 

profiles. Notably, all sample points were positioned within Hotelling’s T2 confidence 

ellipse, suggesting that the data fell within the acceptable range of natural biological 

variability. 

A detailed examination of the score plot indicated that dokudami and sugina 

displayed pronounced differences in their lipidomic signatures, as reflected by their 

separation along the principal components. In contrast, kumazasa and yomogi 

demonstrated a closer similarity in lipid composition, as evidenced by their proximity and 

grouping within the same cluster. This suggests that these two herbal tea varieties may 

share comparable lipid molecular profiles. The PCA loading plot, presented in Figure 2B, 

provides insight into the lipid species responsible for the observed separations among the 

tea varieties. The loading plot illustrates the relationships among the 344 annotated lipid 

molecular species, identifying key lipid classes contributing to the differentiation seen in 

the score plot. The analysis revealed that the FAs, STs, and SPs showed positive 

correlations with one another, indicating that variations in these lipid classes significantly 
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influenced the overall separation of the herbal tea samples in the multivariate space. 

Additionally, the relative abundance of PUFA-rich GPs and GLs appeared to 

play a critical role in distinguishing the herbal tea species. These findings are consistent 

with earlier observations from our laboratory, particularly in seaweed lipidomics studies, 

where PUFA-enriched GPs and GLs contributed to the separation of sea mustard and 

kombu species. These seaweeds, similar to herbal teas, are valued for their antioxidant 

properties and health benefits attributed to their high levels of PUFA-rich lipid species21. 

Overall, this multivariate analysis offers valuable insights into the lipid class-

specific contributions to the distinct lipidomic profiles of the four herbal tea varieties. The 

differentiation patterns observed, particularly about FAs, STs, SPs, and PUFA-rich GPs 

and GLs, highlight the biochemical diversity of these traditional Japanese herbal teas and 

suggest potential functional implications related to their lipid composition. 

 

Figure 2: (A) Principal component analysis (PCA) score plot of lipidomic profiles in four 

herbal tea samples (n=5 per group). The plot illustrates clear clustering of the four tea 

varieties, with PC1 and PC2 explaining 33.0% and 20.6% of the total variance, 

respectively. (2) Loading plot of the PCA model, showing the contribution of individual 

lipid molecular species to the variance observed among the herbal tea varieties. Lipid 

classes such as FAs, STs, and SPs display positive correlations, indicating their 

significance in differentiating the herbal teas. 
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2.3.3 Hierarchical cluster analysis of the herbal tea lipidome 

To further investigate the distribution and abundance of lipid molecular species in the 

four herbal tea varieties, hierarchical clustering analysis was performed, and the results 

were visualized through heatmaps. These heatmaps provide a comparative visualization 

of lipid concentrations, with intense red indicating higher abundance and intense blue 

indicating lower abundance across the samples. The clustering patterns highlighted clear 

differences in the concentration of major lipid classes among the four herbal teas. The 

heatmap of SPs molecular species is shown in Figure 3A. In plants, SPs represent a 

significant proportion of total lipids and are known for their structural and functional roles 

in higher plants29. Among the sphingolipids detected, hexosylceramides (HexCer), 

acylhexosylceramides (AHexCer), and ceramides (Cer) showed distinct clustering 

patterns across the herbal teas. Notably, AHexCer species were most abundant in yomogi, 

as reflected by the intense red coloration in the heatmap. This is a novel finding, as 

although a prior study by Li et al. identified 22 SPs, including seven Cer, in green tea, to 

our knowledge, this is the first report describing these specific sphingolipid classes in the 

selected Japanese herbal teas27. 

The hierarchical clustering of GLs is presented in Figure 3B. Among the GL 

classes, monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), 

and sulfoquinovosyldiacylglycerol (SQDG) were predominantly higher in sugina 

compared to the other species. These GLs are recognized as the most abundant chloroplast 

membrane lipids in higher plants and are essential for photosynthetic membranes, cellular 

energy storage, and signaling functions in eukaryotic cells30,31. Similar lipid profiles have 

been reported in other plant species, including green tea, seaweeds, and purple-leaf 

teas21,27,32. Additionally, it is known that these glycerolipids undergo degradation during 
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tea manufacturing processes, leading to notable changes in their profiles27. However, 

comprehensive molecular-level profiling of GLs in herbal teas remains limited, making 

this analysis one of the first of its kind for these species. The sterol lipid content 

distribution among the herbal teas is depicted in Figure 3C. The concentration of acylated 

(esterified) sterol glucosides (ASGs) was lowest in kumazasa, followed by sugina, 

yomogi, and highest in dokudami. In plant systems, sterol esters are predominantly 

localized within cytosolic oil bodies and are important for regulating membrane fluidity 

and stability. These phytosterols have been reported to inhibit intestinal cholesterol 

absorption in humans, thereby potentially contributing to cholesterol-lowering effects33. 

Further, Figures 3D and 3E display the heatmap and hierarchical clustering of 

GPs identified in the herbal teas, respectively. The heatmap reveals that lipid classes such 

as PC, PI, and phosphatidic acids (PA) were present at higher concentrations in yomogi 

and lower in kumazasa. In contrast, hemibismonoacylglycerophosphate and cardiolipin 

(CL) levels were elevated in sugina relative to the other samples. This finding aligns 

partially with previous work by Chen et al., who identified similar phospholipid classes 

in different tea types, noting their roles in flavor formation and bioactivity32. Notably, this 

current study represents the first report of these GPs in these traditional Japanese herbs, 

contributing novel insights into their lipidomic composition. The comprehensive 

lipidomic profiling conducted in this study not only reveals significant differences in the 

distribution of individual lipid classes but also provides a foundation for understanding 

their potential functional and nutritional implications. One key nutritional parameter is 

the P:S ratio (polyunsaturated to saturated fatty acids), a widely recognized index for 

assessing dietary lipid quality and its potential impact on cardiovascular health34. 

The distribution of SFAs, MUFAs, and PUFAs in the four herbal teas is 
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summarized in Table 1. The results indicate that PUFAs levels were highest in kumazasa, 

followed by dokudami, sugina, and yomogi. These findings suggest that certain herbal 

teas, particularly kumazasa, may serve as health-promoting beverages rich in beneficial 

PUFAs. These results are consistent with our previous studies on seaweeds and fish, 

which emphasized the nutritional importance of the P:S ratio in evaluating the health 

benefits of dietary lipids21,22. Altogether, these hierarchical clustering analyses and lipid 

distribution patterns offer a comprehensive overview of the lipidomic diversity among 

the herbal tea species examined in this study. They also support the potential of these 

traditional herbs as sources of bioactive, health-promoting lipid compounds. 
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Figure 3: (A) Hierarchical clustering dendrogram of SPs molecular species 

concentrations in four herbal teas. Intense red and blue colors indicate higher and lower 

concentrations, respectively. (B) Hierarchical clustering dendrogram of GL molecular 

species concentrations in four herbal teas.  (C) Heatmap of STs molecular species 

concentrations in four herbal teas. (D) Heatmap of GPs classes identified in four herbal 

teas.  (E) Hierarchical clustering dendrogram of GPs molecular species in four herbal 

teas, showing relationships and clustering patterns based on lipid abundance similarities.  
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Table 1. Concentration (Mean ± SE, in mg/g of herbal tea powder) of FA class 

characterized in four types of herbal tea. (SFA-saturated fatty acids, MUFA-

monounsaturated fatty acids, PUFA-polyunsaturated fatty acids). 

Fatty acyls (FA) Dokudami Kumazasa Sugina Yomogi 

SFA 
0.75±0.05 0.95±0.03 0.51±0.00 0.63±0.01 

MUFA 
1.13±0.09 1.23±0.00 0.68±0.00 0.23±0.00 

PUFA 
6.85±1.4 11.06±0.8 5.98±0.28 2.84±0.59 

2.3.4 Identification of short-chain fatty acid esters of hydroxy fatty acids in herbal 

teas 

FAHFAs represent a unique class of endogenous bioactive lipids known for their anti-

diabetic, anti-inflammatory, and antioxidative properties35. Among these, PUFA-

esterified FAHFAs have demonstrated immunomodulatory effects by attenuating 

macrophage activation during inflammatory responses36. Additionally, recent in-vitro 

investigations have reported the activation of antioxidant-related genes such as nuclear 

factor erythroid factor 2-like 2 (Nrf2) by eicosapentaenoic acid-esterified 12-

hydroxystearic acid, further emphasizing their biological relevance37. FAHFAs have been 

widely detected in various plant-derived foods, including vegetable oils, fruits, grains, 

cereals, and fermented products, with numerous families and regioisomers characterized 

to date38. For example, Zhu et al. identified 49 FAHFA families and 138 regioisomers in 

post-fermented and non-fermented tea types such as green, white, oolong, and black teas39. 

Recently, a new subclass of isomeric structures termed short-chain fatty acid esters of 

hydroxy fatty acids (SFAHFAs) was identified in murine samples, expanding the known 

FAHFAs family40. These novel SFAHFAs have also been implicated in modulating 
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immune responses during viral infections, including influenza, and are abundant in the 

gastrointestinal contents of rodents41,42. Despite the widespread occurrence of 2- and 3-

hydroxy fatty acids in plants, there has been no evidence thus far of SFAHFA derivatives 

occurring naturally in plants43. In the present study, four novel molecular species of 

SFAHFAs were identified in the herbal tea samples. These compounds were structurally 

characterized as esters of 9-phenyl nonanoic acid (PNA), a phenyl-terminated fatty acid 

that has previously been reported in the seeds of aroids belonging to the Araceae family44. 

Interestingly, these PNA derivatives were detected in herbal teas derived from four plant 

families other than Araceae, marking a novel discovery in plant lipidomics. 

The extracted chromatograms (EIC) corresponding to these FAHFAs are 

illustrated in Figure 4A, while Figure 4B presents the hierarchical clustering analysis of 

fatty acid subclasses, highlighting differences in PUFA content across the samples. 

Among the PUFAs, α-linolenic acid (FA 18:3) was particularly abundant in kumazasa, 

whereas arachidonic acid (FA 20:4) was more prevalent in sugina. It is noteworthy that 

arachidonic acid, an ω-6 fatty acid, is typically associated with pro-inflammatory 

properties, whereas α-linolenic acid, also classified as an ω-3 fatty acid in this study, 

exhibits anti-inflammatory effects45. 
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Figure 4: (A) Extracted ion chromatograms (EIC) of four identified SFAHFAs in herbal 

tea samples.  (B) Hierarchical clustering heatmap of fatty acid subclasses in four herbal 

tea species.  

Detailed MS, MS/MS, and MS³ spectra of the identified FAHFA molecular 

species are shown in Figure 5. All FAHFAs ionize in negative mode, producing 

characteristic [M-H]- precursor ions. The high-resolution MS spectrum for 4-propanoic 

acid esters of hydroxy phenyl nonanoic acid (4-PAHPNA) is presented in Figure 5A, 

showing a precursor ion at m/z 305.1748. This ion produced a major fragment ion at m/z 

249 in the MS/MS spectrum by the loss of CH₃CHCO (56 Da), confirming the esterified 

short-chain fatty acid as propanoic acid40. Further fragmentation of m/z 249 resulted in 

ions at m/z 231 and m/z 205 by successive losses of H₂O (18 Da) and CO₂ (44 Da), 

respectively, consistent with a hydroxy phenyl nonanoic acid backbone. A key fragment 

at m/z 175, formed by the neutral loss of CH₃CH₂COOH (74 Da) from m/z 249, confirmed 

the hydroxylation at the 4th position of the PNA chain, consistent with previously 
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established fragmentation patterns35. These results conclusively identified the compound 

as 4-PAHPNA. Similarly, Figure 5B displays the spectra for 4-butyric acid hydroxy 

phenyl nonanoic acid (4-BAHPNA). This lipid exhibited an [M-H]- ion at m/z 319.1903. 

In MS/MS mode, this precursor ion produced m/z 249 by the loss of CH₃CH₂CHCO (70 

Da), indicating the esterification with butyric acid. Further losses of H₂O and CO₂ yielded 

fragment ions identical to those of 4-PAHPNA, reaffirming the hydroxy phenyl nonanoic 

acid core and 4-position hydroxylation. Figure 5C illustrates the mass spectra for 4-

valeric acid hydroxy phenyl nonanoic acid (4-VAHPNA). This lipid species ionized to 

produce an [M-H]- ion at m/z 333.2054. Subsequent fragmentation generated m/z 249 by 

the loss of CH₃(CH₂)₂CHCO (84 Da), consistent with a valeric acid ester group. As with 

the other SFAHFAs, the subsequent MS/MS fragment ions at m/z 231 and m/z 205, 

suggested the loss of H2O (18 Da) and CO2 (44 Da), respectively. The m/z 175 due to 

neutral loss of CH3CH2COOH (74Da) confirmed the hydroxylation at the 4th position of 

PNA. 

Similarly, the newly identified FAHFAs characterized in this study, along with 

their corresponding MS spectra, are presented in Figures 6D and 6E. The fragmentation 

behavior of these molecular ions was found to be comparable. As depicted in Figure 6D, 

FAHFA (13:0/17:4) exhibited a product ion [M-H]- at m/z 473.3618. In the MS2 spectra, 

this precursor ion produced fragment ions at m/z 277, corresponding to hydroxy fatty acid 

(HFA) [HFA17:4-H]-, and m/z 213, representing [FA13:0-H]-. The fragment at m/z 277 

further lost a neutral water molecule (H₂O), yielding a peak at m/z 259. Subsequent MS3 

analysis of the m/z 277 ion revealed fragments at m/z 259, m/z 233, and m/z 231, which 

indicate sequential losses of H₂O, CO₂, and HCOOH, respectively. The observation of a 

neutral HCOOH loss suggests the presence of a hydroxyl group at the second carbon 
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position of FA 17:4, consistent with earlier findings37. Likewise, in Figure 6E, FAHFA 

(16:4/17:4) displayed a [M-H]- molecular ion at m/z 507.3457. This ion fragmented in the 

MS2 spectra to generate product ions at m/z 277 ([HFA17:4-H]-) and m/z 247 ([FA16:4-

H]-). The m/z 277 again underwent the loss of a water molecule, forming a peak at m/z 

259. Further fragmentation in the MS3 spectra of the m/z 277 ion produced signals at m/z 

259, m/z 233, and m/z 217, indicating successive losses of H₂O, CO₂, and CH₃COOH, 

respectively. The neutral loss of CH₃COOH points to the likely presence of a hydroxyl 

group at the third carbon position in FA 17:4. 

A summary of all characterized FAHFA species identified in the herbal tea 

samples is provided in Table 2. These findings represent the first report of PNA-derived 

SFAHFAs in these plant species, expanding the known diversity of FAHFAs in plant-

based foods and revealing novel lipid structures with potential biological relevance. 
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Figure 5: (A) High-resolution MS, MS/MS, and MS³ spectra of 4-propanoic acid hydroxy 

phenyl nonanoic acid (4-PAHPNA) in negative ion mode. Fragmentation pathways 

confirm esterified propanoic acid and hydroxylation at the 4th position of PNA. (B) Mass 

spectral analysis of 4-butyric acid hydroxy phenyl nonanoic acid (4-BAHPNA). 

Fragment ions support the identification of butyric acid esterification and confirm 
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structural features identical to 4-PAHPNA. (C) MS, MS/MS, and MS³ spectra of 4-valeric 

acid hydroxy phenyl nonanoic acid (4-VAHPNA), showing characteristic fragmentation 

corresponding to valeric acid esterification and hydroxylation at the 4th position of PNA. 

(D) FAHFA (13,0/17:4) and (E) FAHFA (16,4/17:4). M* is the precursor ion of hydroxy 

fatty acid. 

Table 2. List of detected FAHFAs in four herbal teas as [M-H]- ions. 4-AAHPNA: Acetic 

acid esters of 4-hydroxy -9-phenyl nonanoic acid; 4-PAHPNA: Propanoic acid esters of 

4-hydroxy 9-phenyl nonanoic acid; 4-BAHPNA: Butyric acid esters of 4-hydroxy 9-

phenyl nonanoic acid; 4-VAHPNA: Valeric acid esters of 4-hydroxy 9-phenyl nonanoic 

acid; FAHFA: Fatty acid esters of hydroxy fatty acids.  

Lipid species Molecular 

formula 

RT 

(minutes) 

Theoretical 

mass (m/z) 

Experimental 

mass (m/z) 

Mass error 

(ppm) 

4-AAHPNA C17H24O4 3.14 291.1602 291.1593 -3.09 

4-PAHPNA C18H26O4 3.63 305.1758 305.1749 -2.94 

4-BAHPNA C19H28O4 4.31 319.1915 319.1903 -3.75 

4- VAHPNA C20H30O4 5.20 333.20713 333.2056 -4.50 

FAHFA (16:4/17:4) C33H48O4 12.35 507.3480 507.3457 -4.53 

FAHFA (13:0/17:4) C30H50O4 13.89 473.3636 473.3619 -3.59 

2.4 Limitations 

While this study successfully identified and characterized SFAHFAs in herbal teas and 

provided a comprehensive overview of their lipid composition, several limitations should 

be acknowledged. Firstly, the concentrations reported for the identified lipids, including 

SFAHFAs, are semi-quantitative rather than absolute, due to the absence of commercial 
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standards for these novel lipid species. As a result, lipid identification and confirmation 

in this study relied heavily on high-resolution MS and MS/MS spectral data. Although 

MS/MS fragmentation provided important insights into the structural features of these 

lipids, particularly regarding the presence of hydroxy groups, the exact positional 

assignments of hydroxylation sites could not be conclusively determined due to the lack 

of higher-order MS3 data. In addition, while FAHFAs were successfully detected in the 

herbal tea samples, the specific positions of double bonds in their unsaturated fatty acid 

chains remain unconfirmed, leaving aspects of their full structural identity unresolved. 

Another limitation involves the study’s scope, which did not address environmental 

factors, growth conditions, harvest stages, or post-harvest handling practices, all of which 

are known to influence lipid composition in plants. Without this contextual information, 

it is difficult to fully assess the natural variability or stability of lipid profiles in these 

herbal teas under different cultivation or processing conditions. Future studies should aim 

to address these gaps by including absolute quantification with synthesized standards, 

incorporating MS3 fragmentation analysis for more precise structural elucidation, and 

examining the influence of environmental and agronomic factors on lipid profiles to 

strengthen the broader relevance of these findings. 

2.5 Conclusion 

This study provides a comprehensive lipidomic characterization of four traditional 

Japanese herbal teas, revealing significant variations in their lipid molecular profiles. 

Utilizing untargeted LC-MS-based lipidomics and multivariate statistical analyses, a total 

of over 300 distinct lipid molecular species were identified and annotated. These findings 

highlight the diverse and complex lipid compositions of the selected herbal teas, with a 
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particular emphasis on the abundance and distribution of bioactive lipid classes. Among 

the noteworthy outcomes of this investigation was the first-time identification and 

structural characterization of SFAHFAs in these plant-based samples. These newly 

discovered lipids represent the first known PNA-based SFAHFAs reported in plants, 

expanding the chemical diversity of the FAHFAs family, which has previously been 

studied primarily in animal systems. The identification of these unique lipid species marks 

a significant advancement in plant lipidomics, opening up new research opportunities for 

understanding their potential physiological and nutritional roles. This study also 

confirmed the presence of health-promoting PUFAs, such as α-linolenic acid, in varying 

concentrations across the different herbal tea varieties. These bioactive lipids are known 

for their anti-inflammatory and cardioprotective properties, underscoring the potential 

health benefits associated with herbal tea consumption. 

Collectively, this work offers a qualitative and comparative overview of lipid profiles in 

herbal teas, contributing valuable baseline data for future functional and nutritional 

studies. The discovery of novel bioactive lipid species, particularly the PNA-derived 

SFAHFAs, highlights the untapped chemical diversity within traditional herbal teas and 

suggests promising implications for human health. Moving forward, further 

investigations will be undertaken to evaluate the biological significance of these 

SFAHFAs in-vitro and in vivo, exploring their potential roles in modulating inflammatory 

responses, oxidative stress, and metabolic processes. In addition, future research will aim 

to identify other dietary sources and herbal preparations containing these unique lipid 

molecules, broadening our understanding of their distribution, health effects, and possible 

nutraceutical applications. Ultimately, this research paves the way for deeper exploration 

into the role of lipids in herbal teas, offering new insights into the intersection of plant 
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lipidomics, functional foods, and human health. By expanding the current knowledge of 

bioactive lipid components in commonly consumed herbal products, this work 

contributes to the growing body of evidence supporting the nutritional and therapeutic 

potential of plant-based diets. 
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3.1 Introduction: 

Sorghum (Sorghum bicolor (L.) Moench) is a major cereal crop widely cultivated and 

consumed in Africa and Asia, where it serves as an essential dietary staple for over 500 

million people across more than 30 countries1,2. In terms of global cereal production, 

sorghum ranks fifth after wheat, maize, rice, and barley, both in harvested area and total 

output (FAOSTAT, 2024). Nigeria stands as the world’s leading producer, contributing 

approximately 12% of global production, followed by Sudan and Mexico, where it is 

utilized for both human consumption and industrial purposes (USDA FAS, 2024). 

Beyond its role as a staple food, sorghum has attracted increasing interest due to 

its potential health benefits. A growing body of research has highlighted its protective 

effects against a range of chronic diseases prevalent in modern societies, including 

inflammation, hypercholesterolemia, cancer, and T2D3-6. Additionally, sorghum has been 

recognized as a naturally gluten-free grain, making it a suitable dietary alternative for 

individuals with celiac disease, since it lacks the immunogenic gluten peptides found in 

wheat, rye, and barley7. Agronomically, sorghum is valued for its exceptional 

environmental adaptability, capable of thriving in both drought-prone and waterlogged 

conditions8. Its self-pollinating nature contributes to genetic stability, while its resilience 

makes it particularly valuable for food security in regions facing harsh climatic and soil 

conditions9. Structurally, sorghum kernels are composed of three main parts: the pericarp 

(3–6%), endosperm (84–90%), and germ (5–10%)10. The grain exhibits diverse pericarp 

colors including white, yellow, red, brown, and black, reflecting its genetic diversity11. 

Nutritionally, sorghum grain is composed of approximately 75% carbohydrates, 

12% protein, 4% lipids, 3% fiber, and 2% ash11. Its relatively higher lipid content 

compared to other cereals like rice and wheat enhances its nutritional value, particularly 
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through the presence of health-promoting fatty acids such as oleic and linoleic acids12. 

Recent studies have reported that certain sorghum varieties also contain unusual fatty 

acids, including dicarboxylic acids like octanedioic acid and azelaic acid, in addition to a 

variety of saturated and unsaturated fatty acids, suggesting their potential as a novel 

source of high-quality edible oil13. Investigations into the fatty acid profiles of sorghum 

have revealed a lipid composition comprising approximately 14.8% saturated fatty acids, 

primarily palmitic acid, 38% monounsaturated fatty acids dominated by oleic acid, and 

about 44% polyunsaturated fatty acids, predominantly linoleic acid14. However, most of 

these earlier studies have been restricted to a narrow focus on fatty acyl classes, largely 

utilizing gas chromatography (GC) methods, which, while effective for quantifying major 

fatty acids, are limited by their sensitivity and labor-intensive derivatization 

requirements15-17. 

Although some research has applied LC-MS techniques to sorghum grain 

extracts, these efforts have primarily targeted phenolic compounds and anthocyanins, 

with minimal emphasis on comprehensive lipidomic profiling18,19. Consequently, the 

broader lipidomic landscape of sorghum remains insufficiently explored, particularly 

about bioactive lipid species that may contribute to health benefits. 

In this study, a highly sensitive LC/LTQ-Orbitrap-MS platform was employed to 

perform an untargeted lipidomic analysis of whole-grain extracts from six commercially 

cultivated sorghum varieties grown in a single field trial in Australia. This approach 

enabled the identification of a wide range of lipid molecular species, including bioactive 

lipids such as FAHFAs, which have gained attention for their anti-inflammatory and 

metabolic regulatory effects. This research aimed to characterize the lipid composition 

and variation among sorghum cultivars, providing new insights into their nutritional value 
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and potential applications in promoting human health. 

3.2 Materials and methods 

3.2.1 Sample preparation: 

Grain samples from six commercially available sorghum (Sorghum bicolor) hybrids, 

Bazley, Buster, Liberty, Cracker, Tiger, and MR43 (mitch-rated), were selected for 

comprehensive lipidomics analysis. Among these cultivars, Liberty is characterized by a 

white pericarp, while the remaining five cultivars possess red pericarps. All sorghum 

plants were cultivated under field trial conditions during the 2017–2018 growing season 

at the University of Sydney’s “Nowley” farm, located in northern New South Wales, 

Australia (latitude 31°34′31″ S, longitude 150°10′53″ E). Conducting the trial at a single 

site allowed for direct comparisons between genotypes under uniform environmental 

conditions, including soil type, light exposure, water availability, temperature, and 

growing season duration. The experimental design involved planting each cultivar in 

three to five replicate plots, each measuring 1 × 2 meters, arranged in a randomized block 

design. Weather and environmental data were collected from the regional meteorological 

station network to verify normal seasonal conditions during the trial period. The sorghum 

seeds, commercially treated with protective coatings, were sown in late October 2017 and 

harvested in March 2018. After harvest, the grains were placed in sealed storage bags and 

maintained in a climate-controlled grain storage facility at the I. A. Watson Grain 

Research Centre (Narrabri, NSW) under controlled conditions of 15 °C temperature and 

regulated relative humidity. Subsequently, the samples were transported to the University 

of Sydney’s main campus and stored at 4 °C in sealed plastic containers. Prior to shipping 

to Japan for analysis, the grains were coarsely milled, sealed in airtight plastic containers 
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under a nitrogen atmosphere, and stored at -80 °C to prevent lipid oxidation and 

degradation. 

The solvents, internal standards, and reagents used for lipid extraction and LC-MS 

analysis in the sorghum grain study were identical to those described in Chapter 2, 

Section 2.2.3. Additional reagents such as N, N-dimethylethylenediamine (DMED) were 

procured from Sigma-Aldrich (Saint Louis, MO, USA), while 2-chloro-1-

methylpyridinium iodide (CMPI) and triethylamine (TEA) of analytical grade were 

supplied by Tokyo Chemical Industries Co., Ltd. (Tokyo, Japan). These derivatization 

reagents, including CMPI, TEA, and DMED, were freshly prepared in LC-MS grade 

acetonitrile (ACN) at a working concentration of 20 mM before use. 

The FAHFA standard 12-OAHOA (oleic acid ester of 12-hydroxy oleic acid) used in this 

study was synthesized in our laboratory following the protocol described by Gowda et al. 

(2020)20. The synthesis was performed before this study and used as a reference standard 

for lipid identification. 

3.2.2 Lipid extraction 

Lipid extraction from sorghum grain samples was performed following the modified 

Bligh-Dyer method described in Chapter 2, Section 2.2.3, with one adjustment made to 

accommodate the sorghum grain matrix. Specifically, 150 mg of finely ground whole-

grain sorghum powder (n = 5) was weighed and transferred into 2 mL Eppendorf tubes. 

The sorghum kernel structure and representative images of the powdered samples are 

shown in Figure 1A and 1B. To each sample, 1.5 mL of methanol was added, and 

homogenization was carried out using 1.4 mm ceramic beads (catalog no. 15–340-159, 

Fisherbrand, Fisher Scientific, Pittsburgh, PA, USA) in a Bead Mill 4 homogenizer 

(Fisherbrand, Tokyo, Japan) for 1 minute (two 30-second cycles). An aliquot of 200 µL 
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of the homogenate was then transferred into a new 2 mL tube for lipid extraction, 

following the subsequent steps as described in Chapter 2, Section 2.2.3. 

 

Figure 1: (A) Kernel structure of sorghum grain (B) Images of the powdered sorghum 

cultivars analyzed in the study. 
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3.2.3 Total lipid content analysis 

The total lipid content of the sorghum grain samples was determined using the Bligh-

Dyer method21. Briefly, 1 g of whole-grain sorghum flour (n = 3) was weighed into 15 

mL Falcon tubes. To each sample, 6 mL of methanol was added, and the mixture was 

vortexed for 10 seconds. Following this, 3 mL of chloroform and 600 µL of Milli-Q water 

were added, and the mixture was vortexed at 3,500 rpm for 5 minutes. The mixture was 

then left to stand at room temperature for 2 hours, with an additional vortexing step at 

3,500 rpm for 1 minute after 1 hour. After incubation, the mixture was centrifuged at 

15,000 rpm for 10 minutes, and the resulting lipid-containing organic layer was carefully 

transferred to a new 15 mL Falcon tube. To recover remaining lipids, the residue in the 

initial tube was treated with a methanol: chloroform mixture (2:1, v/v), vortexed for 5 

minutes, and centrifuged for 10 minutes. The organic phases from both extractions were 

combined in the same tube and dried overnight using a rotary evaporator. The total lipid 

content was calculated by weighing the final dried lipid extract, with results expressed as 

milligrams of total lipid per gram of sample. 

3.2.4 DMED derivatization of FAHFAs  

The DMED derivatization of FAHFAs was performed following the protocol established 

in our previous study22. This derivatization was specifically applied to the lipid extracts 

from the sorghum cultivar MR43, selected due to its notably higher abundance of 

FAHFAs (Table 1). Before derivatization, the dried lipid extracts were dissolved in 500 

µL of ACN. From this solution, 100 µL of lipid extract in ACN was transferred to a 

reaction tube, to which 25 µL of 12-OAHOA standard solution was added. The mixture 

was vortexed for 1 minute. Subsequently, 20 µL of TEA and 10 µL of CMPI were added, 

followed by vortexing for 3 minutes. 
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Next, 20 µL of DMED was added to the mixture, which was then vortexed for 

30 minutes at room temperature. After derivatization, the solvent was evaporated using a 

centrifugal evaporator at 4 °C. The dried derivatized residue was then redissolved in 100 

µL of methanol, centrifuged at maximum speed for 10 minutes, and transferred to LC-

MS vials for analysis. An injection volume of 20 µL was used for the subsequent LC-MS 

measurements. 

3.2.5 LC-MS analysis 

The LC-MS analysis of sorghum lipid extracts was performed using the same 

instrumentation, chromatographic conditions, and mass spectrometric parameters 

described in Chapter 2, Section 2.2.4. The DMED derivatized FAHFAs were analysed 

using the positive mode of ionization. 

3.2.6 Statistical analysis 

The molecular species of lipids identified in both positive and negative ionization modes 

were compiled into a comprehensive lipidomics dataset for analysis. The data 

visualization and summary statistics were performed using Microsoft Excel 2021, with 

results expressed as mean ± SEM. To investigate patterns of variation and obtain a holistic 

view of the dataset, multivariate analyses were conducted using MetaboAnalyst (version 

5.0). Specifically, a sparse partial least squares-discriminant analysis (sPLS-DA) was 

performed, along with the generation of hierarchical clustering heatmaps. 



56 

 

3.3 Results and discussion 

3.3.1 Total lipid content and multivariate analysis of the sorghum grain lipidome 

The total lipid content of the six sorghum cultivars was determined on a fresh weight 

(FW) basis and is presented as a comparative bar graph in Figure 2A. Although the 

overall differences in total lipid content among cultivars were not statistically significant, 

Bazley exhibited the highest lipid content at approximately 5.64% FW, while Buster 

recorded the lowest at around 3.22% FW. These findings are comparable to earlier reports, 

where the total lipid content of sorghum grain was measured at 3.7% based on dry weight 

(DW)23. Notably, the lipid content observed for Buster in this study aligns closely with 

these previously reported values23. In contrast, the other four cultivars, Cracker, Liberty, 

MR43, and Tiger, showed higher lipid contents of 4.66%, 5.27%, 4.92%, and 4.96%, 

respectively. These values exceed previously reported data, reflecting cultivar-specific 

differences in lipid accumulation when grown under identical field conditions23. It is also 

important to note that all samples in this study were stored at -80°C before extraction, and 

as a result, the lipid content values reported here are based on fresh weight rather than dry 

weight, which could explain the higher values obtained. 

The total lipid extracts were further classified into five major lipid categories: 

FA, SPs, GPs, GLs, and STs, according to the LIPID MAPS classification system. The 

accurate identification of lipid molecular species was achieved based on their m/z values 

and RT, and their distribution is visualized in a scatter plot in Figure 2B. This 

classification contributes to a detailed compositional understanding of lipid diversity 

among the sorghum cultivars. 

To further explore the variation in lipid profiles across the six cultivars, sPLS-

DA was conducted using MetaboAnalyst 5.0. The analysis, based on the first two 
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principal components (PC1 and PC2), accounted for 64.7% of the total variance and 

successfully separated the six cultivars into distinct clusters (Figure 2C). Replicate 

samples clustered closely, indicating good analytical reproducibility. Interestingly, MR43 

exhibited a lipid profile clearly distinct from the other cultivars, suggesting significant 

compositional differences. The variables contributing most to the separation were 

visualized using a loading plot (Figure 1D), which revealed that FAHFA were key 

contributors to the separation pattern. This finding implies possible differences in lipid 

biosynthetic regulation between cultivars. 
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Figure 2: (A) Bar graph representing the total lipid content (%) of six sorghum cultivars 

on a fresh weight basis (n = 3). (B) Scatter plot displaying the distribution of lipid 

molecular species based on their mass-to-charge (m/z) ratios and retention times (RTs). 

(C) sPLS-DA score plot derived from lipidomic profiles of six sorghum cultivars, each 

dot represents an individual sample, with repeated samples clustering together. (D) 

Loading plot corresponding to the sPLS-DA, identifying the lipid molecular species 

responsible for the separation observed in the score plot.  

A simplified lipid biosynthesis pathway schematic for plants, constructed based 

on Kyoto encyclopedia of genes and genomes (KEGG) pathway maps, is provided in 

Figure 3. This pathway illustrates the enzymatic routes through which key lipid classes 

are synthesized. Briefly, Acetyl-CoA serves as the precursor for free fatty acid (FFA) 
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synthesis, which may subsequently form FAHFAs, although the precise FAHFA 

biosynthesis pathway remains uncharacterized in plants. Additionally, Acetyl-CoA, in 

combination with glycerol-3-phosphate (G3P), gives rise to lysophosphatidic acid (LPA) 

and PA, which further convert into GLs and GPs. The pathway also shows the conversion 

of palmityl-CoA and serine into Cer of the SPs class. Based on the lipidomic profiles 

obtained in this study, it appears that certain biosynthetic pathways may be differentially 

regulated across the sorghum cultivars. For example, cultivars Buster and MR43 

exhibited elevated levels of FFAs and FAHFAs compared to the other four cultivars, 

potentially indicating enhanced activity within the fatty acid biosynthesis pathway 

originating from Acetyl-CoA. In contrast, lower concentrations of Cer and HexCer were 

observed in Buster, Liberty, and Tiger, suggesting possible downregulation of the 

sphingolipid biosynthesis pathway, which also originates from Acetyl-CoA. 
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Figure 3: Schematic representation of plant lipid biosynthesis pathways relevant to 

sorghum grain lipidome profiles. 
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3.3.2 Lipid class distribution and fatty acid composition across six sorghum cultivars 

In the untargeted lipidomic analysis of the six sorghum cultivars, a total of 43 fatty acid 

species were identified and classified into three major categories: SFAs, MUFAs, and 

PUFAs. SFAs, such as palmitic acid (FA 16:0), are characterized by the absence of double 

bonds in their carbon chain. In contrast, MUFAs, exemplified by oleic acid (FA 18:1), 

possess a single double bond typically located between the C9 and C10 positions. PUFAs 

contain multiple double bonds, which can be further grouped into two families: ω-3 (n-3) 

PUFAs, where the first double bond is located at the third carbon from the methyl end 

(e.g., linolenic acid; FA 18:3), and ω-6 (n-6) PUFAs, with the first double bond at the 

sixth carbon from the methyl end (e.g., linoleic acid; FA 18:2)24. The distribution of these 

three fatty acid classes across the cultivars is illustrated in Figure 4A. Among the cultivars, 

MR43 exhibited the highest levels of SFAs, MUFAs, and PUFAs, surpassing the other 

genotypes. This observation is consistent with earlier research on pigmented sorghum 

varieties, particularly those with red pericarps, which have been shown to contain 

elevated levels of these fatty acid classes25. 

The P:S ratio, a critical indicator of the nutritional and cardiovascular health 

potential of dietary lipids, was also determined for each cultivar and is presented in 

Figure 4B26. The cultivar Buster demonstrated the highest P:S ratio of 2.15, followed by 

MR43 (1.88), Cracker (1.51), Bazley (1.44), Tiger (1.43), and Liberty, which exhibited 

the lowest ratio of 1.36. Prior studies in animal models have suggested that maintaining 

a P:S ratio in the range of 1.0–1.5 is associated with a reduced risk of CVD27. These 

findings align with previous results obtained from studies of fish and seaweed lipidomes, 

where similarly favorable P:S values were observed, reinforcing the importance of this 

index in evaluating the health impacts of dietary fats28,29. 
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The relative abundances of individual fatty acids, including bioactive FAHFAs, 

ω-6 PUFAs, ω-3 PUFAs, and the ω-6/ω-3 ratio, are shown in Figure 4C and Figure 4D 

as heatmaps. In these heatmaps, deep red indicates higher, and blue lower concentrations 

of the respective lipid species. The heatmaps revealed that palmitic acid, oleic acid, 

linoleic acid, and linolenic acid were consistently abundant in all cultivars, in agreement 

with earlier findings in sorghum lipid studies25. A detailed percentage distribution of SFAs, 

MUFAs, PUFAs (including ω-6 and ω-3 PUFAs), and FAHFAs is provided in Table 1. 

Among the cultivars, Buster showed a notably higher abundance of oleic acid, ω-6 PUFAs, 

and ω-3 PUFAs compared to the other genotypes. These unsaturated fatty acids are 

recognized for their antioxidant, anti-inflammatory, and cardio-protective properties30. 

Oleic acid, for instance, has been documented to reduce inflammatory responses, while 

linoleic acid (ω-6) has been shown to lower levels of pro-inflammatory cytokines such as 

tumor necrosis factor-alpha (TNF-α) and interleukin-1β (IL-1β), contributing to 

neuroprotection by reducing microglial activation31,32. Additionally, linolenic acid (ω-3) 

is known for its capacity to reduce the risk of CVD and arrhythmias, while also ω-3 fatty 

acids exhibit anti-cancer and anti-inflammatory properties33,34. Beyond these benefits, ω-

3 PUFAs are essential for maintaining mental, immune, nervous system, visual, skeletal, 

and muscular health35. The analysis of the ω-6/ω-3 ratio among cultivars revealed that 

Bazley had the most favorable ratio at approximately 8:1, while Buster displayed the 

highest at around 10:1. An elevated ω-6/ω-3 ratio has been associated with increased 

susceptibility to inflammatory, allergic, and autoimmune conditions. Although no 

universal consensus exists regarding the ideal ratio for human health, dietary guidelines 

generally recommend maintaining a balance within the range of 1:1 to 4:136. The 

structural identification of linolenic acid was confirmed via MS spectral analysis, with 
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representative spectra shown in Figure 4D. Among the cultivars, Bazley exhibited a 

particularly beneficial lipid composition, suggesting its potential as a functional grain for 

dietary interventions aimed at promoting health and preventing chronic diseases. 

 

Figure 4: (A) Bar graph representing the relative abundance of saturated fatty acids 

(SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) 

identified in six sorghum cultivars. (B) Polyunsaturated to saturated fatty acid (P:S) ratio 

across cultivars, indicating nutritional value differences. Significant group comparisons 

are as follows: SFA: a1-[b1,c1,d1,e1,f1], i.e., group a1, is significantly different from the 

groups shown in a square bracket, b1-[e1], c1-[e1], d1-[e1], e1-[f1], MUFA: a2-[b2,c2,d2,e2,f2], 

b2-[e2], c2-[e2], d2-[e2], e2-[f2], PUFA: a3-[b3,c3,d3,e3,f3], b3-[e3], c3-[e3], d3-[e3], e3-[f3]. (C) 
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Heatmap showing the relative abundance of individual fatty acids, including ω-3 and ω-

6 PUFAs, FAHFAs, and other bioactive lipids. Red indicates higher, and blue lower 

concentrations of fatty acid molecular species. (D) ω-6 to ω-3 PUFA ratio in the six 

cultivars, highlighting nutritional balance differences, with Bazley showing the most 

favorable (lowest) ratio and Buster the highest. Significant group comparisons are as 

follows: a4-[b4, d4, f4], b4-[c4, d4, e4], c4-[f4], e4-[f4]. All the data are expressed as mean ± 

SEM (n = 5). Statistical significance was determined using two-way ANOVA with 

Tukey’s multiple comparisons test. Different letters indicate significant differences at p < 

0.05. (E) High-resolution mass spectrometry (MS) spectrum confirming the molecular 

identity of linolenic acid (FA 18:3) identified in sorghum cultivars.  

  

Table 1: Major fatty acid with FAHFAs percentage composition of sorghum cultivars. 

Fatty Acid 
Buster 

(%) 

Bazley 

(%) 

Cracker 

(%) 

Liberty 

(%) 

MR43 

(%) 

Tiger 

(%) 

Palmitic Acid 11.17 13.91 14.41 14.90 13.56 13.74 

Stearic Acid 6.69 11.29 10.69 11.97 6.45 11.36 

Oleic Acid 24.41 20.28 20.03 19.50 22.74 19.73 

Linoleic Acid 34.89 31.31 32.98 31.13 31.65 31.92 

Linolenic Acid 3.12 3.51 3.14 3.15 2.76 3.43 

FAHFA 0.77  0.13 0.23 0.13 2.59 0.11 

SFA 33.02 41.64 40.77 43.22 36.13 42.10 

MUFA 26.46 22.18 21.34 20.62 25.40 21.31 

PUFA 40.52 36.18 37.89 36.15 38.47 36.60 

3.3.3 Correlation analysis of grain lipid classes in six sorghum cultivars 

A comprehensive comparison of the major lipid classes, GP, SP, STs, and GL, across the 

six sorghum cultivars was conducted, and the findings are visualized as heatmaps in 

Figures 5A-C. Among these cultivars, MR43, Bazley, and Cracker exhibited 

substantially elevated levels of both GPs and SPs classes. Specifically, these cultivars 
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showed approximately 60-fold higher GPs concentrations and two-fold higher SP 

concentrations relative to Tiger, Liberty, and Buster. Within the GPs lipid class, PI and 

PC were the predominant lipid species in Bazley, collectively comprising nearly 90% of 

the total GPs. This result diverges somewhat from previous reports, where 

lysophosphatidylcholine (LPC) and PC were reported as the dominant GPs, accounting 

for around 80% of the total glycerophospholipids in sorghum37. This discrepancy 

highlights cultivar-specific variations in sorghum lipid composition and suggests possible 

genetic or environmental influences affecting lipid biosynthesis in these grains. The SPs 

lipid class, particularly ceramides, was also notably abundant in Bazley, MR43, and 

Cracker compared to the other cultivars. While studies on sphingolipids in sorghum are 

limited, recent reports have confirmed the presence of rare plant ceramides, termed phyto-

ceramides, in various plant-derived materials such as wheat germs and coffee grounds. 

These lipids are known to be critical components of cellular membranes and play essential 

roles in maintaining skin permeability barrier function38. The high levels observed in 

select sorghum cultivars suggest an underexplored functional and nutritional role of these 

lipids in grains. Regarding the STs content, Bazley and MR43 demonstrated nearly two-

fold higher levels of sitosterol (ST 29:1;O) compared to other cultivars. This observation 

aligns with earlier studies on sorghum distillers dried grains, where sitosterol was reported 

to account for 50% or more of the total plant sterols present in hexane extracts39. 

Additionally, sorghum kernel fractions such as wet-milled fiber and germ have been 

recognized as rich sources of free phytosterols and fatty acyl phytosterol esters40. 

Phytosterols are well-documented for their cholesterol-lowering effects, particularly their 

ability to reduce low-density lipoprotein cholesterol by inhibiting intestinal cholesterol 

absorption41. These results deepen our understanding of the phytosterol diversity in 



66 

 

sorghum and support its potential health benefits.  

 

 

Figure 5: (A) Heatmap representing the relative abundance of major glycerophospholipid 

classes (GPs) in six sorghum cultivars, (B) Sphingolipid (SP), & (C) Sterol lipids (ST). 

Further insights into GLs concentrations are provided in Figure 6A, which 

illustrates the relative abundance of GLs in the cultivars. MR43 and Bazley exhibited 

higher levels of GLs compared to the other cultivars. Among these, TG was the most 

abundant component, with MR43 showing the highest concentration and Cracker the 

lowest. These findings are consistent with previous research reporting TG as the 

predominant lipid class in grain sorghum oil fractions, with palmitic, oleic, and linoleic 

acids identified as the primary fatty acids5. Notably, triacylglycerol (TG 54:2), consisting 

of 54 acyl chain carbons and two double bonds, was absent across all six cultivars. This 

is a relevant finding since previous studies have associated elevated levels of TG (54:2) 

in plasma with an increased risk of CVD, particularly in individuals with T2D42. Its 

absence in these sorghum cultivars may indicate a favorable lipid profile regarding CVD 
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risk. 

Examining the contribution of ω-6 and ω-3 PUFAs within the structural 

components of GPs and GLs, our data revealed that in GLs, the combined concentration 

of these essential fatty acids was more than four times higher than in GPs (Figures 6B 

and 6C). This indicates that GLs serve as a richer dietary source of PUFAs in sorghum. 

Such a distribution is nutritionally valuable, as PUFAs are crucial for maintaining 

membrane fluidity, flexibility, and cell signaling functions43. These results are consistent 

with the known importance of linoleic acid and linolenic acid, which serve as primary 

precursors for ω-6 and ω-3 PUFAs, respectively44. Cereal lipids, including those from 

sorghum, are particularly beneficial when they are enriched in these essential fatty acids. 

The comparatively higher abundance of these fatty acids within the GLs class in our study 

reinforces the relevance of lipid profile variations among cultivars and emphasizes the 

potential health benefits associated with the dietary consumption of sorghum grain lipids. 
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Figure 6: (A) Heatmap illustrating the relative abundance of glycerolipids (GLs). (B) Bar 

graph showing the concentrations of ω-6 and ω-3 PUFAs within glycerolipids (GLs) of 

each cultivar. (C) Bar graph displaying the corresponding concentrations of ω-6 and ω-3 

PUFAs within glycerophospholipids (GPs). Significant groups for GP: a1-[b1, c1], b1-[d1, 

e1, f1], c1-[d1, f1]; for GL: a2-[b2, c2, d2, e2], b2-[c2], c2-[d2, e2, f2], d2-[e2], e2-[f2]. (C). 

Concentrations of ω-3 PUFAs (linolenic acid, FA (18:3)) in GP and GL. Significant 

groups for GP: a3-[b3], b3-[d3, e3, f3], for GL: a4-[b4, c4, d4, e4, f4], b4-[c4], c4-[d4, e4, f4]. 

Data are expressed as mean ± SEM (n = 5). Statistical significance was determined using 

two-way ANOVA with Tukey’s multiple comparison test. Values with different letters 

indicate significant differences at p < 0.05. 

3.3.4 Identification and structural characterization of fatty acid esters of hydroxy 

fatty acids (FAHFAs) in sorghum cultivars 

FAHFAs represent a recently recognized family of bioactive lipids with promising 

therapeutic potential for addressing lipid oxidation, diabetes, obesity-associated 
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inflammation, and cancer. Although previous studies have documented the occurrence of 

FAHFAs in a range of plant-based foods such as vegetable oils, grains, cereals, fruits, teas, 

and fermented products, evidence of their presence in sorghum has been lacking45. 

Several cereals, including rice bran, fermented brown rice, oats, and wheat, have been 

confirmed as dietary sources of FAHFAs, with these compounds found to exist in multiple 

families and regioisomeric forms46,47. Despite this, no prior research has identified or 

characterized FAHFAs in sorghum grain. 

In the present study, five distinct FAHFA molecular species were successfully 

identified and characterized in the grains of six sorghum cultivars. The distribution of 

these FAHFAs among the different cultivars is presented in Table 1, which reveals that 

MR43 exhibited the highest total FAHFA content relative to the other varieties. EICs and 

representative chemical structures of the identified FAHFAs are displayed in Figure 7A. 

The identities of these compounds were further validated using high-resolution MS and 

MS/MS analyses, as shown in Figure 7B. All FAHFAs in this study ionized in negative 

mode, producing [M-H]- precursor ions. Palmitic acid ester of hydroxy-linoleic acid 

(PAHLA) produced an [M-H]- ion at m/z 533.4563, with its MS/MS fragmentation 

generating ions at m/z 295 and 255, corresponding to the loss of hydroxy-linoleic acid 

and palmitic acid, respectively. A subsequent loss of a water molecule from m/z 295 

produced an ion at m/z 277, confirming the identification as PAHLA. Liu et al. recently 

reported that increased plasma levels of PAHLA are associated with early-stage colorectal 

cancer (CRC), indicating its potential as a biomarker for early detection of CRC48. 

Similarly, OAHOA exhibited an [M-H]- ion at m/z 561.4875, with fragmentation ions at 

m/z 297 and 281 resulting from the losses of hydroxy-oleic acid and oleic acid, 

respectively. The further loss of water from m/z 297 generated m/z 279, verifying the 
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compound as OAHOA. Matsuzawa et al. identified six different FAHFA families in rice, 

with OAHOA representing the most prevalent one49. Linoleic acid ester of hydroxy-oleic 

acid (LAHOA) produced [M-H]- at m/z 559.4723, and MS/MS spectra showed 

characteristic fragment ions at m/z 297 and 279, indicating the sequential loss of hydroxy-

oleic acid and linoleic acid. The loss of water from m/z 297 confirmed LAHOA’s identity. 

Interestingly, LAHOA has been previously detected in both walnut oil and raw almond 

oil50. Following a similar fragmentation pattern, linoleic acid ester of hydroxy-linoleic 

acid (LAHLA) exhibited [M-H]- at m/z 557.4564. The MS/MS spectra revealed losses at 

m/z 295 and 279, corresponding to hydroxy-linoleic acid and linoleic acid. Further 

dehydration of m/z 295 yielded a fragment at m/z 277, confirming the structure as LAHLA. 

Previous research on nut and oat oils revealed high levels of unsaturated FAHFAs, with 

LAHLA being particularly abundant and recognized for its anti-inflammatory effects51. 

Lastly, palmitic acid ester of hydroxy-oleic acid (PAHOA) displayed an [M-H]- ion at m/z 

535.4718, with fragment ions at m/z 297 and 255, attributed to the loss of hydroxy-oleic 

acid and palmitic acid, respectively. The subsequent water loss yielded a peak at m/z 279, 

confirming PAHOA. PAHOA has also been detected in a variety of plant-based foods, 

including fruits, vegetables, and cereals52. 
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Figure 7: (A) EICs showing the presence of five newly characterized FAHFA species 

across six sorghum cultivars, alongside their chemical structures. (B) MS and MS/MS 
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spectra confirming the identity of these FAHFAs in negative ionization mode through 

characteristic fragment ion losses. (i) Palmitic acid ester of hydroxy-linoleic acid 

(PAHLA), (ii) oleic acid ester of hydroxy-oleic acid (OAHOA), (iii) linoleic acid ester of 

hydroxy-oleic acid (LAHOA), (iv) linoleic acid ester of hydroxy-linoleic acid (LAHLA), 

and (v) palmitic acid ester of hydroxy-oleic acid (PAHOA) were identified. 

To pinpoint the hydroxylation positions within these FAHFAs, DMED 

derivatization coupled with MSn analysis was conducted using the MR43 cultivar, which 

contained the highest FAHFA content. This analysis was benchmarked against a DMED-

labeled 12-OAHOA standard, with fragmentation patterns compared to confirm 

hydroxylation sites (Figure 8A)53,54. DMED-labeled 12-OAHOA ionized in positive 

mode to produce an [M+H]+ ion at m/z 633.5934. The loss of the dimethylamino group 

(45 Da) resulted in m/z 588, with subsequent fragmentation generating ions at m/z 351 

(loss of oleoyl group) and 306 (loss of oleoyl group with dimethylamino group). Further, 

the MS3 analysis of m/z 306 fragmentation yielded characteristic ions at m/z 208 

(C13H22NO+), m/z 98 (C7H14O
.+), and m/z 222 (C14H24NO+), confirming hydroxylation at 

the C12 position. The structure was confirmed to be 12-OAHOA. A similar fragmentation 

profile was observed for DMED-labeled OAHOA, PAHOA, and LAHOA in the sorghum 

MR43 sample, confirming that these FAHFAs shared a hydroxylation site at C12 (Figure 

8B). In contrast, LAHLA showed a distinct fragmentation pattern, with DMED-labeled 

[M+H]+ at m/z 629.5635 producing a fragment at m/z 584 (loss of 45 Da), and product 

ions at m/z 351 (loss of the linoleoyl group) and m/z 349 (loss of C23H41O2
+), confirming 

the hydroxyl group position at C14. Furthermore, MS3 fragmentation of m/z 306 (loss of 

linoleoyl group with the dimethylamino group) generated diagnostic ions at m/z 208 

(C13H22NO+), m/z 98 (C7H14O.+), m/z 222 (C14H24NO+), m/z 236 (C15H26NO+), and m/z 
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250 (C16H28NO+), conclusively identifying the position of hydroxylation as 14th and 

structure as 14-LAHLA. This represents the first report of these FAHFA structures in 

sorghum grain, greatly expanding current knowledge of bioactive lipids in cereals and 

providing new insights into the potential health-promoting properties of sorghum. 
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Figure 8: (A) EIC and MSn spectra of DMED-labeled 12-OAHOA standard and 

corresponding FAHFAs from MR43 sorghum. (B) EIC and MSn spectra of DMED-
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labeled LAHLA from MR43 sorghum.  

3.4 Limitations 

This study provides important insights into the distribution and concentration of FAHFAs 

in different sorghum cultivars, offering a valuable first step in understanding the diversity 

of these bioactive lipids in sorghum grain. While our identification and detailed profiling 

of FAHFAs add new information to the sorghum lipidome, several limitations must be 

acknowledged. Firstly, the grain samples were collected from a single growing season 

and location. As lipid composition is known to vary with agronomic conditions, harvest 

stage, and post-harvest storage, these factors were not addressed here. Future studies 

incorporating multi-year, multi-location trials would help capture broader variability and 

improve the generalizability of these findings. Additionally, the quantitative data obtained 

were semi-quantitative, as internal standards were added after homogenization to prevent 

their loss during sample preparation, potentially affecting accuracy. The lack of 

commercial FAHFA standards also necessitated reliance on MS/MS spectral 

interpretation for identification, limiting absolute quantification. Moreover, due to the low 

abundance of PAHLA in the samples, its hydroxylation position could not be confirmed. 

Future research should address these limitations, including wider sampling, improved 

standard availability, and absolute quantification, to advance our understanding of 

sorghum lipidomes and the functional significance of FAHFAs. 
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3.5 Conclusion 

Our comprehensive lipidomic analysis of six commercial sorghum cultivars uncovered 

substantial diversity in their lipid molecular profiles, highlighting distinct biochemical 

characteristics unique to each variety. Through multivariate data analysis, clear 

differences in lipid composition were observed, providing valuable insights into the 

nutritional qualities and potential health-promoting properties of these grains. The 

discovery and structural characterization of FAHFAs in sorghum grains using LC/MS and 

derivatization techniques marks an important contribution to the expanding field of plant 

lipidomics. Notably, cultivar MR43 demonstrated the greatest variability in both total 

lipid content and bioactive lipid composition, particularly in its FAHFA content. 

Furthermore, variations in key nutritional lipid indices among cultivars were observed. 

Cultivar Bazley displayed the most favorable ω-6 to ω-3 fatty acid ratio, while Cracker, 

Bazley, Tiger, and Liberty exhibited optimal P:S ratios, both of which are important 

indicators of dietary lipid quality. These findings reinforce the nutritional significance of 

sorghum and its potential as a functional food ingredient within the human diet. Building 

on this foundation, future work will extend beyond sorghum to explore similar bioactive 

lipid compounds in a variety of cereals and food crops. By adopting a broader foodomics 

approach, this research aims to expand the current understanding of lipid diversity within 

staple grains, offering valuable perspectives on their roles in nutrition, agriculture, and 

health. This study contributes to the growing body of evidence supporting the integration 

of lipidomics into food science and nutrition research, paving the way for more targeted, 

health-oriented dietary recommendations. 
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4.1 Introduction 

Rice, a staple crop cultivated in over 100 countries, is a cornerstone of global nutrition, 

with Asia contributing 90% of its global production. It belongs to the Poaceae family and 

includes two primary species, Oryza sativa (Asian rice) and Oryza glaberrima (African 

rice)1. Within O. sativa, the subspecies indica and japonica offer diverse agronomic and 

nutritional traits2. Rice undergoes processing to produce two primary forms: brown and 

white rice. Brown rice retains its nutrient-rich bran layer, a valuable source of dietary 

fiber, essential vitamins, and healthy fats. In contrast, white rice undergoes additional 

milling to remove the bran and germ, resulting in a product with a longer shelf life but 

reduced nutritional content3. Beyond these traditional forms, pigmented rice varieties 

such as red, purple, and black rice are gaining increasing attention as functional foods. 

These varieties are renowned for having a substantial amount of bioactive compounds, 

such as phenolic acids and anthocyanins, which give them their vivid colors and strong 

antioxidant capabilities4,5. 

Nutritionally, rice comprises approximately 85-90% starch, 7-12% protein, and 0.2-

3.4% lipids, along with vitamins and trace elements6. While lipids constitute a relatively 

small proportion of rice, they play a crucial role in its nutritional profile and functional 

properties. These lipids are vital for maintaining cell membrane integrity, serving as a 

reservoir for energy storage, and facilitating signal transduction processes7. Furthermore, 

they significantly impact the grain's quality and nutritional value7. Brown rice contains 

1.7-3.4% lipids, primarily concentrated in the embryo, husk, and aleurone layer, while 

polished rice retains 0.1-1.52%, mostly in the aleurone layer8. Lipids in rice are broadly 

categorized as starch lipids (SLs) and non-starch lipids (NSLs). SLs, forming starch-lipid 

complexes predominantly with palmitic and linoleic acids, account for 0.21-0.76% of the 
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grain endosperm. In contrast, NSLs, contributing 2.9-3.4% in the aleurone layer, include 

free fatty acids and glycerolipids like oleic acid, linoleic acids, and palmitic acids, with 

minor components such as stearic and alpha-linolenic acids9. Importantly, unsaturated 

fatty acids in rice lipids have been shown to slow oxidative degradation, extend shelf life, 

minimize food loss, and safeguard the grain's nutritional and safety attributes10. 

Besides lipids, starch, the dominant component of rice, is rapidly digested in the 

gastrointestinal tract, leading to a high glycemic index (GI) in humans11. White rice, with 

a GI of 83.40 ± 15.93, is classified as a high-GI food, posing risks for metabolic disorders 

such as obesity and CVD12,13. GI, defined as the incremental area under the blood glucose 

curve after consuming a test food with 50 g of carbohydrates compared to a reference 

food, provides a standardized measure of postprandial blood glucose response14. However, 

previous studies explained that various factors, including cooking methods, storage 

conditions, antioxidant components in pigmented rice, and industrial treatments, 

influence rice GI15-19. 

Emerging evidence suggests that rice lipids, particularly fatty acids, and cooking oils, 

can modulate the glycemic response by forming complexes with starch, especially 

amylose, and occasionally amylopectin20,21. Recent advances in lipidomics facilitated by 

metabolomics techniques have expanded the approach to investigating dietary lipids in 

food7-9,22-24. Advancements in gas chromatography-mass spectrometry have revealed that 

lipids and lipid-derived volatiles such as aldehydes, alcohols, and ketones are the key 

contributors to rice flavor in cooked rice under different storage conditions and 

temprature8,22,23. The present research uses a highly sensitive Q-extractive Orbitrap/MS 

and UPLC coupled with Q-TOF spectrometry method for comprehensive lipidomics 

profile analysis in rice, linking lipids to evaluate grain quality as well as their changes 
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during storage respectively7,24. For instance, lipidomics analysis using UPLC-Q-exactive 

orbitrap/MS identified 13 SLs and 395 NSLs and their changes over time during storage9. 

Previous studies have extensively analyzed lipid-derived volatiles and their role in 

flavor and storage stability, yet the correlation between lipids, starch digestibility, and GI 

remains underexplored, particularly for japonica rice. Furthermore, most research has 

focused on indica varieties, leaving a significant knowledge gap regarding japonica rice's 

nutritional and metabolic attributes.  

This study addresses these gaps by analyzing the lipidome of 56 japonica cultivars 

using HPLC /LTQ-orbitrap mass spectrometry, identifying health-promoting lipids and 

metabolites. In-vitro assays further compared starch digestibility and estimated GI of 

selected pigmented japonica and indica rice, providing a comprehensive understanding 

of their nutritional and metabolic profiles. 

 

4.2 Materials and methods 

4.2.1 Sample collection and preparation: 

The 56 japonica rice cultivars analyzed in this study were sourced from various 

prefectures across Japan and represent commercially available varieties purchased from 

an online store. Detailed information about each cultivar, including pigmentation, 

collection location, and farming practices (organic or inorganic), is presented in Table 1. 

Each cultivar has been assigned a serial number for ease of reference throughout the study, 

for example, Koshihikari from Shikoku and Niigata prefecture is assigned serial numbers 

4 and 16, respectively. Additionally, indica brown rice and parboiled rice were also 

procured from online stores for comparative in-vitro assay analyses. The study design, 

along with the map showing the origin of each japonica cultivars, is demonstrated in 



89 

 

Figure 1. 

Around 500 g of each japonica rice cultivar was ground to make powder. The grains were 

powdered using a blender and kept in Falcon tubes at -80ºC conditions for lipid extraction 

as well as for total starch (TS) assay. 100 g of the brown rice-55 and indica brown rice 

were passed through a McGill Miller No. 2 (Grainman Mfg. Inc., USA) to obtain milled 

rice. These milled rice samples were kept in Ziplock bags in a freezer until further use in 

starch digestibility experiments.  

For resistant starch (RS) assay and in-vitro starch digestibility experiments, brown (cv 

55,48), red (cv 19,40), green (cv 24,41), black (cv 15,42), milled and par-boiled indica 

rice grains were cooked in beakers as per a previous study with minor modifications25. In 

brief, for cooking 10 g of rice grains, the sample was washed and pre-soaked in 20 mL of 

distilled water for 30 min before cooking. The beaker was placed in a pressure cooker 

containing 500 mL of distilled water, cooked for 20 min, and allowed to stand for 10 min 

without removing the aluminum foil. Afterward, the beaker was then taken out of the rice 

cooker, placed in a Kim wipe to remove the excess surface water, and allowed to cool 

down. 
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Table 1: Cultivars name and origin 

Sl. No.  Cultivars name Farming 

method 

Pigmentation Region Prefecture 

1 Akisakari Organic Brown  Kagawa Shikoku 

2 Masshigura Organic Brown  Aomori Tohoku 

3 Asahinoyme Organic Brown  Gunma Kanto 

4 Koshihikari Organic Brown  Kagawa Shikoku 

5 Hinohikari Organic Brown  Kagawa Shikoku 

6 Hitomebore Organic Brown  Yamagata Tohoku 

7 Haenuki Organic Brown  Yamagata Tohoku 

8 Sasanishiki Organic Brown  Yamagata Tohoku 

9 Tsuyahime Organic Brown  Yamagata Tohoku 

10 Dewanomochi Organic Brown  Yamagata Tohoku 

11 Akitakomachi Organic Brown  Akita Tohoku 

12 Kinunohada Organic Brown  Akita Tohoku 

13 Yumeobako Organic Brown  Akita Tohoku 

14 Awayukikomachi Organic Brown  Akita Tohoku 

15 Kuromai 

Kakumai 

Organic Black Shizuoka Chubu 

16 Koshihikari Organic Brown  Niigata Chubu 

17 Red rice  Inorganic Red rice Yamaguchi Chugoku 

18 Black rice 

(Shikokuen) 

Organic Black  Kagawa Shikoku 

19 Ancient Red rice Inorganic Red  Shizuoka Chubu 

20 Sasanishiki Inorganic Brown  Miyagi Tohoku 

21 Nikomara Organic Brown  Kumamoto Kyushu  

22 Seiten no 

Hekireki 

Inorganic Brown  Aomori Tohoku 

23 Yanagimochi Organic Brown  Niigata Chubu 

24 Midori mai Inorganic Green  Shizuoka Chubu 

25 Daishimochimogi Inorganic Brown  Shizuoka Chubu 

26 Ikuhikari Inorganic Brown  Kagoshima Kyushu  

27 Sagabiyori Inorganic Brown  Saga Kyushu  

28 Hitomebore Inorganic Brown  Miyagi Tohoku 

29 Tsugaru Roman Inorganic Brown  Aomori Tohoku 



91 

 

Sl. No. 

 

Cultivars name Farming 

method 

Pigmentation Region Prefecture 

30 Mix Brown rice Inorganic Brown  Fukushima Tohoku 

31 Haenuki Inorganic Brown  Yamagata Tohoku 

32 Milky Queen Inorganic Brown  Iwate Tohoku 

33 Mori no 

Kumasan 

Inorganic Brown  Kumamoto Kyushu  

34 Brown rice  Inorganic Brown  Kyoto Kansai 

35 Mizukagami Inorganic Brown  Shiga Kansai 

36 Mebuki Komachi 

(Asamurasaki) 

Organic Black  Akita Tohoku 

37 Koshihikari Inorganic Brown  Kyoto Kansai 

38 Fusanomochi Organic Brown  Chiba Kanto 

39 Koinoyokan Organic Brown  Hiroshima Chugoku 

40 Red rice Organic Red  Chiba Kanto 

41 Green rice Organic Green  Chiba Kanto 

42 Black rice Organic Black  Chiba Kanto 

43 Asahi Inorganic Brown  Okayama Chugoku 

44 Hanaechizen Inorganic Brown  Fukui Chubu 

45 Yumegokochi Organic Brown  Ishikawa Chubu 

46 Kinnoibaki Inorganic Brown  Miyagi Tohoku 

47 Oborozuki Organic Brown  Hokkaido Hokkaido 

48 Nanatsuboshi Inorganic Brown   Hokkaido Hokkaido 

49 Okayamaasahi Organic Brown  Tottori Chugoku 

50 Yumeperika Inorganic Brown  Hokkaido Hokkaido 

51 Genki Tsukushi Inorganic Brown  Fukuoka Kyushu  

52 Tottoriasahi Organic Brown  Tottori Chugoku 

53 Ancient rice mix Organic Brown  Chiba Kanto 

54 Hashitsumo Inorganic Brown  Gifu Chubu 

55 Koshihikari Organic Brown  Chiba Kanto 

56 Hinohikari Organic Brown  Kumamoto Kyushu  
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Figure 1: Study workflow and collection of 56 japonica rice cultivars. (A) Study design 

of the 56 japonica rice cultivars. Lipidomics and metabolomics analysis were performed 

for the 56 japonica cultivars. The in-vitro assay for predicted glycemic index (pGI) 

calculation was only performed for the selected pigmented japonica rice (two of each 

from brown, black, red, and green rice) and two cultivars of Indica rice. The DMED 
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derivatization was carried out with a single cultivar of rice to detect the position of the -

OH group in the identified FAHFAs. (B) Map of Japan highlighting the prefectures where 

the rice cultivars were collected. The bold black numbers indicate black rice cultivars 

(n=4), while bold green (n=2) and red numbers (n=3) represent green and red rice 

cultivars, respectively. Non-bold numbers correspond to brown rice (n=47) cultivars. The 

list of the names of each rice cultivar, along with their serial numbers for reference, is 

given in Table 1. 

4.2.2 Materials: 

The LC/MS-grade solvents used in this study, including isopropyl alcohol, chloroform, 

and methanol, were the same as those described in Chapter 2, Section 2.2.2. Similarly, 

ammonium acetate solution (1 M) used as an LC/MS eluent additive, the EquiSPLASH 

LIPIDOMIX quantitative standard, and deuterated oleic acid (OA-d9) internal standard 

were obtained from the same suppliers as previously detailed in Chapter 2, Section 2.2.2. 

The derivatization of FAHFAs using DMED was obtained from the same suppliers as 

described in Chapter 3, Section 3.2.1.  

Additionally, the FAHFA standard, 12-OAHOA , was synthesized in our 

laboratory following the protocol described in our previous research26. Similarly, the 

FAHFA standard 2-OAHNA (oleic acid esters of 2-hydroxy nonanoic acid) was 

synthesized in our laboratory following the protocol outlined in our recent research 

paper27.  

The D-glucose assay kit was purchased (GOPOD Format, K-GLU; Megazyme, 

Ireland; SKU: 700004297). The enzymes α-amylase (from Aspergillus oryzae) and 

amyloglucosidase (AMG; from Aspergillus niger) were also obtained from Megazyme 

(SKU: 700004188 and 700004182, respectively). Pepsin, was sourced from Sigma-
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Aldrich (CAS-No.: 9001-75-6). 

4.2.3 Lipid extraction, total lipid extraction, and DMED derivatization: 

The lipid extraction procedure for pigmented japonica rice cultivars was performed 

following the same modified Bligh-Dyer method described in Chapter 3, Section 3.2.2. 

This included sample homogenization with ceramic beads, solvent extraction using 

methanol, chloroform, and water, phase separation, and collection of the lipid-rich 

fraction, as detailed in the previously mentioned section. 

The total lipid content analysis and DMED derivatization of FAHFAs were also carried 

out according to the protocols described in Chapter 3, Sections 3.2.3 and 3.2.4, 

respectively. In this study, derivatization was specifically performed on a single 

pigmented japonica rice cultivar, green rice-24, selected based on its distinct lipidomic 

profile.  

4.2.4 Synthesis of 2-OAHNA: 

The synthesis of 2-OAHNA was carried out following the procedures described in a 

previous study on short-chain fatty acid esters of hydroxy fatty acids27. Briefly, 500 mg 

of nonanoic acid (FA 9:0) was placed in a round-bottom flask, and red phosphorus (1.3 

eq.) was added. The mixture was heated to 95°C under a reflux condenser. Bromine water 

(3 eq.) was added dropwise, and the reaction was stirred at 95°C for 6 hrs. After cooling 

to room temperature, 20 mL of water was added, and the mixture was stirred for 20 min. 

The reaction mixture was then extracted with diethyl ether to obtain 2-bromononanoic 

acid. To synthesize 2-hydroxy nonanoic acid (2-HNA), the 2-bromononanoic acid was 

treated with excess 2 M NaOH (2 eq.) and refluxed at 85°C for 30 hours. The progress of 

the reaction was monitored using thin-layer chromatography. Upon completion, the 

reaction was cooled to room temperature and acidified with 2 M HCl. The resulting 
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mixture was extracted with diethyl ether, and the ether layer was dried over anhydrous 

sodium sulfate. The solvent was removed under reduced pressure, and the residue was 

purified by column chromatography using chloroform and methanol (97:3, v/v) to yield 

2-HNA. For the esterification step, 100 mg of 2-HNA was dissolved in dichloromethane, 

and pyridine (100 μL per 50 mg of 2-HNA) was added. Oleoyl chloride (2 eq.) was then 

added dropwise at 0°C, and the reaction was stirred at room temperature overnight. The 

reaction mixture was extracted with dichloromethane and purified by silica gel column 

chromatography using chloroform and methanol (95:5, v/v) to yield 2-OAHNA. The final 

product was characterized by high-resolution electrospray ionization mass spectrometry 

(HR-ESI-MS), proton nuclear magnetic resonance (¹H NMR), and carbon-13 nuclear 

magnetic resonance (¹³C NMR) to confirm its structure and purity. 

4.2.6 LC/MS analysis: 

The LC-MS analysis of lipid extracts and DMED-derivatized FAHFAs from pigmented 

japonica rice cultivars was performed using the same method described in Chapter 3, 

Section 3.2.5.  

4.2.7 Total starch quantification: 

TS content of the rice flour was determined using the standard protocol provided in the 

Megazyme K-TSTA kit (Megazyme, Ireland). Briefly, 100 mg of rice flour was weighed 

into a 15 mL Falcon tube. To this, 0.2 mL of 80% ethanol was added, followed by 2 mL 

of cold 1.7 M NaOH solution. The mixture was placed on a magnetic stirrer and stirred 

in an ice bath for 15 min until completely dissolved. Next, 8 mL of 0.6 M CH₃COONa 

buffer (pH 3.8) was added, and the solution was mixed using a vortex shaker. 

Subsequently, 0.1 mL of each α-amylase (3000 U/mL) and AMG (3300 U/mL) were 

added to the mixture, followed by brief mixing for 5s. The container was then transferred 
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to a 50°C water bath and incubated for 30 min. After the incubation, the solution was 

removed from the water bath and centrifuged at 7000 g for 5 min. The supernatant (1 mL) 

was transferred into a fresh tube and mixed with 4 mL of 0.1 M CH₃COONa buffer (pH 

5.0). Aliquots of 0.1 mL were transferred from the solution, and 3 mL of GOPOD reagent 

was added to each aliquot. The mixture was incubated for 20 minutes at 50°C. The 

absorbance of the resulting solution was measured at 510 nm using a UV 

spectrophotometer (V-530, Jasco, Tokyo, Japan). The starch content was calculated 

according to the formula provided in the Megazyme K-TSTA kit. 

4.2.8 In-vitro starch hydrolysis index and estimated glycemic index determination: 

In-vitro starch digestibility and estimated glycemic index (eGI) were determined 

according to the protocol outlined by Goñi et al28. Briefly, 2 g of cooked rice was 

homogenized using a mortar and pestle to obtain a slurry. A 100 mg portion of the slurry 

was transferred to a 15 mL Falcon tube. To this, 10 mL of 1 M HCl–KCl buffer was added, 

and the mixture was thoroughly mixed. Next, 0.2 mL of pepsin solution (1 g of pepsin 

dissolved in 10 mL of 1 M HCl/KCl buffer, pH 1.5) was added to each tube, and the 

mixture was incubated at 40°C for 60 min in a shaking water bath. After incubation, the 

volume was increased to 25 mL by adding 15 mL of 0.1 M tris-maleate buffer (pH 6.9) 

and stirring thoroughly. Immediately, 5 mL of α-amylase solution (10 mg/mL in 0.1 M 

tris-maleate buffer, providing 2.6 IU of activity) was added to each tube. The enzyme-

treated samples were incubated in a shaking water bath at 37°C for 3 hrs. At 

predetermined intervals (0, 30, 60, 90, 120, 150, and 180 min), 1 mL aliquots were 

collected in triplicates for glucose quantification. For the estimation of rapidly digestible 

starch (RDS) and slowly digestible starch (SDS) fractions, additional 1 mL aliquots were 

collected after 20 min (G20) and 120 min (G120) of incubation, respectively. The enzyme 
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reaction was stopped by boiling the collected aliquots at 100°C for 5 min. A final 

incubation was performed at 60°C for 45 min by adding 1 mL of 0.4 M CH₃COONa 

buffer (pH 4.75) and 80 µL of AMG solution (3300 U/mL) to each aliquot. After 

centrifugation at 2000 g for 10 min, 100 µL of the supernatant was used for glucose 

measurement. The starch digestion rate was calculated as the % of TS hydrolyzed at each 

30-minute interval from 0 to 180 minutes. The TS in each sample was determined using 

the equation, which is as follows25: 

% starch =  ∆A × F × (
100

0.1
) × (

1

1000
) × (

100

W
) × (

162

180
) 

 where ΔA= averaged absorbances read against the reagent blank 

 F=100 μg of glucose divided by the GOPOD absorbance obtained for this solution 

 W=weight of the test portion of starch analyzes 

The rate of starch digestion was expressed as the % of starch hydrolyzed relative to the 

total starch content, determined at various time points, using the following equation: 

% of starch hydrolysis = (% of starch hydrolysis at certain
time

total
strach (%)) × 100 

The % of starch hydrolyzed at each time point was plotted against time (in min) starting 

from 0 min. The area under the curve (AUC) for each cooked rice sample was then 

calculated using GraphPad Prism 8. The in-vitro starch hydrolysis index (HI) was 

determined by comparing the total glucose released from the hydrolyzed rice samples 

over the 0-180 min period to that released from hydrolyzed corn starch, which was 

analyzed under identical conditions. HI was expressed as a percentage, as shown below: 

HI = (AUC of
sample

AUC
of corn starch) × 100 

The eGI of the pigmented and milled rice samples was estimated according to the 

proposed equation of Goñi et al. The equation is as follows: 



98 

 

eGI = 39.71 + (0.549 × HI) 

4.2.9 Resistant starch assay: 

The RS content of cooked rice was determined following the standard protocol outlined 

in the Megazyme Assay Kit (Megazyme International, Wicklow, Ireland). First, 100 mg 

of homogenized rice sample was transferred into Falcon tubes, ensuring no residue 

remained adhered to the tube walls. To each sample, 4 mL of pancreatic α-amylase (10 

mg/mL) containing 3 U/mL AMG was added, followed by thorough mixing and 

incubation in a shaking water bath at 37 °C for 16 hrs. After the incubation, 4 mL of 

absolute ethanol was added to each tube and mixed vigorously. The tubes were then 

centrifuged at 1500g for 10 min. The supernatant was decanted, and the pellets were re-

dissolved in 2 mL and 6 mL ethanol (50%) aliquots, with continuous stirring and 

centrifugation after each addition. Next, 2 mL of 2M KOH solution was added to the 

tubes, which were stirred for 25 min in an ice bath to dissolve the pellets. Following this, 

8 mL of 1.2M CH3COONa buffer (pH 3.8) was added to each tube, and the contents were 

stirred on a magnetic stirrer. To the mixture, 0.1 mL of AMG solution (3300 U/mL) was 

added, followed by further stirring. The tubes were then incubated in a water bath at 50 °C 

for 30 min. After incubation, a 0.1 mL aliquot was taken from each tube and centrifuged 

at 2000g for 10 min. To each aliquot, 3 mL of GOPOD reagent was added in triplicate, 

and the mixture was incubated at 50 °C for 20 min. Absorbance was measured at 510 nm 

against a reagent blank, and the RS content was calculated according to the formula 

provided in the kit manual. 

4.2.10 Statistical Analysis 

The lipidomics data set included molecular species of lipids identified in both positive 

and negative ionization modes. Data visualization was performed using Microsoft Excel 
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2021, with results presented as mean ± SEM. For statistical analysis, one-way ANOVA 

was conducted using GraphPad Prism 8, to determine significant differences between 

experimental groups. To explore data variation and patterns, MetaboAnalyst (version 6.0) 

was used for sPLS-DA, orthogonal partial least-squares discriminant analysis (OPLS-

DA), and to generate heatmaps. These tools allowed for a comprehensive understanding 

of molecular lipid species' patterns and variations. Z-score normalization was performed 

using Microsoft Excel 2021.  

4.3 Results and discussion 

4.3.1 Discriminative potential of japonica cultivars based on lipidomics profiles: The 

role of pigmentation, geographic origin, and farming practices: 

The lipidomics profiles of 56 japonica rice cultivars were analyzed to explore variations 

in lipid composition driven by pigmentation, geographic origin, and farming methods. 

Cultivars were categorized into four pigmentation types: black, red, brown, and green 

(Table 1). Multivariate analysis, particularly the sPLS-DA plot (Figure 1A), provided 

insights into the lipidomic differences among these pigmentation groups. The results 

indicate that brown rice cultivars exhibit a slightly distinct lipidome compared to black, 

red, and green rice cultivars. The two principal components in the sPLS-DA model 

account for a combined contribution rate of 26.5%, reflecting a high degree of similarity 

among the samples overall. The loading plot (Appendix 1A) reveals that FFA, Cer, and 

phytosphingosine are the key metabolites driving this distinction. Interestingly, 

geographic origin further influenced the lipid profiles within specific pigmentation groups. 

Black rice cultivars from the Shikoku region, for example, displayed unique lipid profiles 

compared to those from the Chubu region (Figure 1B), with the first two PC accounting 
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for 59.7% of the variation. GLs were identified as the primary metabolites contributing 

to this regional variation (Appendix 1B). Similar regional differences were noted for red 

and green rice cultivars (Figures 1C and 1D), with corresponding loading plots (Figures 

S1C and S1D) supporting these findings. In contrast, brown rice cultivars exhibited 

minimal regional variation, with the first two components contributing 28.4% of the total 

variance, indicating high lipidomic similarity across regions (Figure 1E and Appendix 

Figure 1E).  

In addition to pigmentation and geographic origin, farming methods also shaped the lipid 

profiles of japonica rice cultivars. Cultivars were categorized based on their organic 

(natural farming practices) and inorganic (conventional farming practices). The OPLS-

DA plot (Figure 1F) demonstrates subtle differences between the two groups, with T-

scores of 4.4% and 12.4% for the first two components, respectively. FAs and GPs were 

identified as the primary contributors to the observed separation (Appendix Figure 1F). 

These differences align with previous studies that suggest nitrogen fertilizer application 

and planting density significantly influence metabolite abundance and diversity, 

particularly lipid metabolites such as physapubescin and 2-undecen-1-ol, which are 

crucial for determining rice quality29.  

Environmental factors like irrigation practices may also contribute to the observed 

lipidomic variation in cultivars. For example, a recent study on alternate wetting and 

drying (AWD) irrigation regimes showed that moderate AWD conditions (AWMD) 

significantly enhanced rice cooking and eating quality by altering lipid subclasses, 

including TGs, DGs, Cer, PC, and digalactosyldiacylglycerol30. These findings highlight 

the interconnected influence of pigmentation, region, and farming methods on the lipid 

profiles of japonica rice cultivars, which in turn shape rice quality and nutritional 
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attributes. Understanding region-specific lipidomic variations could help develop rice 

varieties that are specific to specific regions, potentially enhancing both cooking and 

nutritional qualities. 

 

 

Figure 2: Multivariate analysis of rice cultivars. (A) Sparse Partial Least Squares 

Discriminant Analysis (sPLS-DA) score plot illustrating the separation of rice cultivars 

based on pigmentation. (B) sPLS-DA plot showing the regional variation among black 

rice cultivars, with differentiation based on their prefecture of origin. (C, D, E) sPLS-DA 

plots depicting the differentiation of red, green, and brown rice cultivars, respectively, 

based on their prefecture of origin. (F) Orthogonal Partial Least Squares Discriminant 

Analysis (OPLS-DA) score plot demonstrating the differentiation between cultivars 

based on farming methods (organic vs. inorganic). 

 

 



102 

 

4.3.2 Lipid class distribution and nutritional profile: Distinct patterns in pigmented 

rice cultivars 

A comprehensive lipidomics analysis across japonica rice cultivars revealed a total of 198 

lipid molecular species, categorized into five major lipid classes: FAs, GPs, SPs, GLs, 

and STs. The major lipid class distribution among pigmented rice cultivars, illustrated in 

Figure 3A, highlights variations in lipid class composition. Among these, GLs constituted 

the largest proportion of total lipids, with brown rice exhibiting the highest GLs content 

(85.25%) compared to other cultivars. Black rice, however, displayed the highest 

percentage of GPs (14.85%), while red rice was characterized by the highest proportion 

of FAs (21.15%). Notably, green rice exhibited elevated levels of SPs (0.27%) and STs 

(0.14%), distinguishing it from the other pigmented rice varieties. These findings are 

consistent with earlier reports, such as those by Yoshida et al. (2012), which documented 

higher GPs content in black rice, underscoring its potential roles in membrane stability 

and stress tolerance. Similarly, the elevated FAs levels observed in red rice align with its 

association with antioxidant lipids31.  

The nutritional profile of these japonica cultivars, depicted in Figure 3B, 

underscores the variations in total lipid percentage, the P:S ratio, and the ω-6: ω-3 fatty 

acid ratios. Red rice demonstrated a significantly higher total lipid percentage than brown 

and black rice, while green rice exhibited the lowest lipid content among all cultivars. 

These results corroborate previous studies suggesting that pigmented rice cultivars 

generally have higher lipid content compared to non-pigmented varieties32,33. Including 

green rice in the analysis expands the current understanding of lipid content variations in 

pigmented rice cultivars. 

Among the FAs class of lipids, a total of 39 fatty acids were identified, classified 
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as SFAs and PUFAs based on the absence or presence of double bonds, respectively. The 

P:S ratio, a critical index for evaluating cardiovascular health, is shown in Figure 

3B(ii)34,35. Green rice had the highest ratio (1.49), followed by black (0.96), red (0.72), 

and brown rice (0.51). All cultivars exceeded the generally recommended P:S ratio of 

≥0.4, indicating their potential protective effects against CVD and related 

complications34-37. 

PUFAs were further categorized into ω-6 and ω-3 fatty acids based on the position of the 

first double bond. The ω-6: ω-3 ratio, depicted in Figure 3B(iii), ranged from 5.5 in brown 

rice to 9.5 in both black and green rice. While high ω-6: ω-3 ratios are typical of Western 

diets and associated with an increased risk of inflammatory diseases, lower ratios (1:1 to 

4:1) are generally considered more beneficial, depending on the disease under 

consideration38. Although the ratios in these rice cultivars are higher than ideal, they 

provide a baseline for considering dietary balance and cultivar selection. 

Nutritional indices, including the health promotion index (HPI), atherogenicity index (AI), 

and hypo/hypercholesterolemic (HH) ratio, reveal notable functional differences among 

the pigmented rice cultivars (Figure 3B(iv-vi)). The HPI, which evaluates the overall 

nutritional value of the lipid profile, was highest in green rice (1.50), followed by black 

rice (0.90), red rice (0.71), and brown rice (0.50). A higher HPI reflects a superior balance 

of beneficial fatty acids, highlighting green and black rice as nutritionally superior options. 

Notably, while HPI has traditionally been used to evaluate the nutritional quality of foods 

like milk and fish (ranging from 0.16-3.30), its application in rice lipidomics 

demonstrates the versatility of this index in assessing plant-based dietary components36,39.  

The AI, which reflects the balance between pro-atherogenic SFAs and anti-atherogenic 

unsaturated fatty acids, was highest in brown rice (2.57)40. Red rice followed with an AI 
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of 1.93, while black and green rice exhibited considerably lower values of 1.25 and 0.77, 

respectively. A lower AI indicates a reduced risk of atherosclerosis and CVD, as supported 

by studies on low-AI dietary oils such as rapeseed oil40. These findings suggest that green 

and black rice, with their low AI values, may be more suitable for heart-healthy diets. 

Additionally, the observed lower AI in black rice aligns with prior research showing that 

black rice extract supplementation effectively reduces AI and lipid levels in 

hypercholesterolemic models, underscoring its potential as a functional food for 

managing cardiovascular risks41. The HH ratio, indicative of the cholesterol-modulating 

effects of specific FFA, was highest in green rice (3.15), followed by black rice (2.05), 

red rice (1.60), and brown rice (1.18). A higher HH ratio is associated with a favorable 

balance between hypo- and hypercholesterolemic fatty acids, promoting healthier 

cholesterol metabolism. The significantly higher HH ratio observed in green rice 

emphasizes its potential as a dietary component for improving lipid profiles and reducing 

cholesterol-related health risks. 

Together, these indices illustrate the distinct nutritional profiles of the pigmented 

rice varieties. Green and black rice emerge as nutritionally advantageous, given their low 

AI, high HH ratio, and elevated HPI values, suggesting their potential for incorporation 

into functional diets aimed at cardiovascular health and lipid management. In contrast, 

brown and red rice, with higher AI and lower HH and HPI values, maybe more suited for 

dietary applications where energy density and other functional properties are prioritized. 

The heatmap in Figure 3C provides a detailed visualization of FA concentrations, 

revealing distinct patterns among the pigmented rice cultivars. The concentration here 

taken into consideration is the average of all the cultivars. Green and red rice 

demonstrated greater diversity in lipid classes, encompassing SFAs, PUFAs, and 
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bioactive lipids such as FAHFAs. In contrast, black rice exhibited a predominance of 

SFAs, while brown rice was enriched in FAHFAs. These findings align with previous 

studies highlighting cultivar-dependent variations in rice lipid profiles and the functional 

significance of specific lipid classes in health and stress tolerance42,43. Key FFA identified 

included myristic (C14:0), palmitic (C16:0), stearic (C18:0), and arachidic (C20:0) acids, 

alongside MUFAs like palmitoleic (C16:1) and oleic (C18:1) acids, and PUFAs such as 

linoleic (C18:2) and gamma-linolenic (C18:3) acids. These findings are consistent with 

earlier reports identifying these fatty acids as dominant in rice lipids, with variations 

attributed to genetic differences among cultivars43. Including green rice in this study adds 

a novel dimension, as previous lipidomics research has largely overlooked this variety. 

The detection of FAHFAs in pigmented rice cultivars, reported here for the first time, 

expands the understanding of bioactive lipid diversity in rice. While FAHFAs have been 

previously identified in fermented brown rice, their presence in pigmented rice varieties 

underscores their potential contribution to the health-promoting properties of these 

cultivars44,45. A detailed discussion about the bioactive FAHFAs is mentioned in section 

3.5. These findings underscore the unique lipidomic signatures of pigmented rice varieties 

and provide a deeper understanding of their potential health benefits and applications. 
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Figure 3: Distribution of lipid classes, nutritional indices, and heatmap visualization of 

pigmented rice cultivars (A) Donut chart showing the percentage distribution of lipid 

classes in pigmented rice cultivars.(B) Bar plots representing:(i) Total lipid percentage,(ii) 

Polyunsaturated fatty acids (PUFA) to saturated fatty acids (SFA) ratio,(iii) ω-6 to ω-3 

fatty acid ratio,(iv) Health Promotion Index (HPI),(v) Index of Atherogenicity (IA), 

and(vi) Hypocholesterolemic/Hypercholesterolemic (H/H) ratio.(C) Heatmap illustrating 

the concentration of fatty acyls across pigmented rice cultivars. All the data are expressed 

as mean ± SEM (n = 4). Statistical significance was determined using one-way ANOVA 

with Tukey’s multiple comparisons test. The significant differences are *p < 0.05, 

**p<0.01 and #p<0.0001. 
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4.3.3 Heatmap analysis of lipid classes: Insights into GP, GL, ST, and SP variations 

in pigmented rice 

The heatmap visualization of major lipid classes presented in Figure 4, highlights the 

distinct lipid profiles across pigmented rice cultivars, revealing key differences in their 

lipidomic landscapes.  

Among GLs, TGs exhibited the highest diversity, with red and black rice displaying the 

most variation, followed by brown rice, while green rice showed the least diversity 

(Figure 4A). This predominance of TGs aligns with previous findings, which reported 

TGs as the dominant lipid component in japonica rice bran, contributing 84.9–86.0% of 

the total lipid weight46. The higher diversity in red and black rice suggests a greater 

potential for energy storage and metabolic activity, while the lower diversity in green rice 

may reflect differences in lipid metabolism specific to this cultivar. GPs, vital structural 

constituents of cellular membranes, play a critical role in maintaining cellular 

homeostasis47. In this study, GPs were predominantly composed of phospholipids (PLs) 

such as PC, PI, and PE, which together accounted for the majority of this lipid class 

(Figure 4B). These findings align with earlier reports highlighting PC, PE, and PI as the 

principal PLs in oil-rich rice bran and germ, constituting 80% of total PLs46. Dietary PLs 

have been associated with health benefits, including protection against coronary heart 

disease, cancer, and inflammation, suggesting that incorporating PL-rich cultivars like 

red, brown, and black rice into diets could provide functional health benefits48. Notably, 

one species of CL, a mitochondria-specific dimeric PL critical for mitochondrial function 

and cellular signaling, was also identified in this study49. STs, primarily phytosterols, 

showed varying distributions among the cultivars (Figure 4C). Green and black rice had 

the highest phytosterol content, followed by brown rice, with red rice exhibiting the 
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lowest levels. Detected phytosterols included campesterol (ST 28:1), sitosterol (ST 29:1), 

and stigmasterol derivatives (SG 29:2; O; Hex, SG 29:1; O; Hex, and SG 28:1; O; Hex). 

These results align with prior studies identifying similar phytosterols in rice, including 

pigmented red rice50,51. SPs were predominantly composed of Cer and phytosphingosine, 

with black rice showing the highest levels, followed by red, brown, and green rice (Figure 

4D). Two species of HexCer were also detected. SPs, including Cer and HexCer, are 

essential for cellular signaling and structural integrity of the lipid bilayer52. The higher 

abundance of these lipids in black rice suggests its superior capacity for cellular protection 

and stress response, further differentiating its lipid profile from the other cultivars.  

In addition to lipid class variations, Appendix Figure 2 presents a heatmap analysis of 

57 metabolites, including sugars, flavonoids, and phenols, identified in pigmented rice 

cultivars. Brown rice exhibited the highest abundance of these metabolites, followed by 

black, green, and red rice. The elevated levels of bioactive metabolites in brown and black 

rice further enhance their functional and nutritional value. Overall, the heatmap analysis 

underscores the distinctive lipidome profiles of pigmented rice cultivars, highlighting 

variations in lipid class composition across the varieties. These insights provide a strong 

foundation for understanding the functional and nutritional implications of pigmented rice 

lipids, emphasizing their potential applications in health-oriented diets and functional 

food development. 
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Figure 4: Heatmaps of three major lipid classes in 56 rice cultivars based on pigmentation. 

(A) Heatmap showing the concentration of glycerolipids (GLs) (B) Heatmap displaying 

the concentration of glycerophospholipids (GPs), (C) Heatmap displaying the 

concentration of sterol lipids (STs), and (D) Heatmap illustrating the concentration of 

sphingolipids (SPs) across rice cultivars. 

4.3.4 MS fragmentation analysis: Insights into LNAPE abundance in black rice 

PLs, a critical subset of the GPs major class, comprise up to 10% of the total lipid content 

in rice grains2. Among these, N-acyl-lysophosphatidylethanolamines (LNAPE) are 

partially hydrolyzed derivatives of N-acyl-phosphatidylethanolamines (NAPE). 
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Although LNAPE belong to the PE family, their defining feature is the esterification of 

the amine group with fatty acids36. NAPE have been detected in diverse biological 

membranes, including those of humans, animals, plants, and prokaryotic cells36,53-55. In 

cereals such as wheat and oats, NAPE contribute significantly to the polar lipid content, 

comprising 3–5%56,57. The most common NAPE species in these grains include those 

containing N-acylated fatty acids such as 16:0, 18:1, 18:2, and 18:357. Previous studies 

on japonica rice grains have identified LNAPEs, but the comprehensive characterization 

of these lipids in pigmented rice cultivars remains unexplored58. NAPE are biologically 

significant, playing roles in regulating food intake, neuroprotection, cell proliferation, and 

pain modulation55. However, there is limited information about their sources and diversity, 

particularly in pigmented rice.  

The structural characterization of these lipids was particularly challenging due 

to their close similarity with PEs, which are the second most abundant lipid class in 

eukaryotic cells. This structural resemblance often leads to difficulties in differentiating 

the relatively less abundant LNAPE from overlapping PE isomers within the same extract. 

In our earlier work, signals corresponding to these compounds were detected, but precise 

identification was hindered by unresolved chromatographic peaks and overlapping mass 

spectra. 

To address this issue, the current study employed a recently established, 

specialized analytical method tailored to distinguish LNAPE from isomeric PEs. This 

method enabled more definitive detection and structural characterization of LNAPE, 

validating the tentative findings of our previous analysis while offering new clarity on the 

presence of these unique lipids. 

EIC for both LNAPE and their PE isomers are shown in Figures 5A and 5B. The 
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chromatograms exhibited two distinct, well-separated peaks for each lipid class. These 

peaks were labeled as 1a/1b and 2a/2b, corresponding to different RT. Due to the modified 

phosphoethanolamine headgroup in LNAPE, which lowers their polarity relative to 

standard PE, the LNAPE eluted earlier. Based on this retention behavior, peaks 1a and 2a 

were assigned to LNAPE, while peaks 1b and 2b were confirmed as their corresponding 

PE isomers. 

Further validation was achieved via high-resolution mass spectrometry. The 

precursor ions observed at m/z 714.5076 and 738.5099 (Figures 5C and 5D) matched the 

expected mass values for the LNAPE under investigation. These compounds were ionized 

in negative mode, producing [M-H]- ions, and their MS/MS fragmentation patterns were 

consistent with previously reported data for similar structures. 

Detailed analysis of the MS/MS spectra (Figures 5E and 5F) supported the assignments. 

The spectrum of peak 1b showed characteristic fragment ions at m/z 255 and 279, 

corresponding to the carboxylate anions of FA 16:0 and FA 18:2, respectively. Additional 

ions resulting from the neutral loss of acyl chains as ketenes ([M-H-ketene]-) appeared at 

m/z 476 and 452, while neutral losses of intact fatty acids ([M-H-FA]-) were detected at 

m/z 458 and 434. The predominance of ketene loss peaks relative to free fatty acid losses 

is typical of PEs, confirming that peak 1b represented PE 16:0/18:2. 

Conversely, the MS/MS spectrum of peak 1a displayed a different fragmentation 

pattern, characterized by intense signals corresponding to the loss of N-

palmitoylphosphoethanolamine (m/z 378) and N-octadecadienoylphosphoethanolamine 

(m/z 402). These signals confirmed that peak 1a contained regioisomeric LNAPE, where 

the fatty acid chains were differently distributed between the glycerol backbone and the 

amino group. A similar analytical approach was applied to peaks 2a and 2b (Figure 5F), 
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which both contained two FA 18:2 acyl chains. In these cases, the MS/MS spectra 

displayed a carboxylate anion at m/z 279. However, the relative intensity of the product 

ions m/z 476 ([M-H-ketene-18:2]-) and m/z 458 ([M-H-FA-18:2]-), along with the 

presence of the m/z 402 ion, confirmed that peak 2a corresponded to LNAPE 18:2/18:2, 

with one acyl chain linked to the glycerol backbone and the other attached to the amine 

group. The remaining three LNAPE were identified using the same fragmentation criteria, 

based on their characteristic MS/MS fragmentation behavior that clearly differentiated 

them from isomeric PE. Complete EICs and MS/MS spectra for these LNAPEs are 

provided in the Appendix Figure 3. 

This study demonstrates that through the use of advanced chromatographic and 

high-resolution mass spectrometry techniques, alongside targeted fragmentation analysis, 

it is possible to accurately identify and distinguish LNAPE from structurally similar lipid 

species in complex plant matrices. 
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Figure 5: (A) Extracted ion chromatograms (EICs) of LNAPEs and their corresponding 

PEs at m/z 714.5076. (B) Extracted ion chromatograms (EICs) at m/z 738.5012. (C) High-

resolution mass spectra (MS) of the detected lipid species at m/z 714.5076, identifying 

both LNAPE and PE molecular species. (D) High-resolution mass spectra (MS) at m/z 

738.5012, confirming the presence of both LNAPE and PE isomers. (E) MS/MS 

fragmentation spectra differentiating LNAPE (FA 16:0 N-18:2) from its isomer PE 

18:2/16:0, based on characteristic fragment ions. (F) MS/MS fragmentation spectra of 

LNAPE (FA 18:2 N-18:2) and its isomer PE 18:2/18:2, illustrating distinctive 

fragmentation patterns supporting structural assignment. 
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4.3.5 MS characterization: Identification of the novel FAHFA 2-OAHNA in rice 

FAHFAs are a novel class of bioactive lipokines produced by esterification of the 

carboxyl group of fatty acids with the hydroxyl group of hydroxy fatty acids59,60. These 

compounds have gained attention due to their anti-diabetic and anti-inflammatory 

properties, with studies also revealing an inverse correlation between specific FAHFA 

levels and certain cancers60-62. Initially discovered in white adipocytes, FAHFAs have 

since been identified in various food sources, including vegetables, fruits, and meat60,63-

65. A previous study also identified FAHFAs in fermented brown rice and rice bran45. 

Along with this, a study also detected FAHFAs in rice and Arabidopsis, identifying 49 

FAHFA families (262 regioisomers) using chemical isotope labeling-assisted liquid 

chromatography-mass spectrometry45. Furthermore, a recent study documented 1,207 

FAHFA isomers across different foods, including 30 FAHFA families (85 regioisomers) 

in rice grains66.  

Despite these findings, the characterization of FAHFAs in pigmented rice 

cultivars remains largely unexplored. In this study, we identified nine distinct FAHFAs in 

pigmented japonica rice cultivars, including a unique FAHFA species: oleic acid esters of 

2-hydroxy caprylic acid and nonanoic acid (2-OAHCA and 2-OAHNA). This novel 

FAHFA features a medium-chain hydroxy fatty acid (2-HCA and HNA) esterified with 

OA. To confirm the structure, we synthesized a standard for 2-OAHNA in the laboratory 

using a previously established method27. Detailed structural characterization was 

performed using HR-ESI-MS, 1H NMR, and 13C NMR, with results provided in 

Appendix Figure 3. 

The EIC and mass spectra (MS and MS/MS) of 2-OAHNA and their 

corresponding fragmentation patterns are depicted in Figures 6A and B, respectively. The 
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black and red color spectra represent the standard and sample 2-OAHNA respectively. 

The standard 2-OAHNA, ionized in negative mode, produced a precursor ion at m/z 

437.3618 ([M-H]-). The MS/MS spectra revealed characteristic fragmentation, including 

m/z 281 and 173, corresponding to the loss of OA and HNA, respectively. Further 

fragmentation at m/z 173 produced m/z 155 with a neutral loss of H2O, confirming that 

the compound was HNA. Further, the m/z 127 from m/z 173, causing loss of HCOOH (46 

Da) confirms the position of the -OH group to be in the second position. The exact similar 

fragmentation observed in green rice-24 confirms the position of the -OH group in rice 

OAHNA at the C2 position and is named 2-OAHNA. Similarly, other FAHFAs detected 

in the rice cultivars are confirmed, and the representative MSn analysis is depicted in  

Appendix Figure 4. Previous studies on rice grains have identified a range of FAHFAs, 

including OAHOA, PAHOA, palmitoleic acid esters of hydroxy oleic acid (POHOA), and 

LAHLA45,66. However, these investigations primarily focused on non-pigmented rice 

varieties, leaving the FAHFAs' composition of pigmented rice cultivars unexplored. In 

our study, we not only identified FAHFAs already reported in rice grains but also detected 

unique FAHFAs such as OAHCA, OAHNA, FAHFA (16:1/18:1), and FAHFA (11:0/7:0), 

which were absent in prior reports. This highlights the diversity of FAHFAs in pigmented 

japonica rice cultivars.   

Further, the derivatization of FAHFAs from DMED-labeled lipid extracts of the 

green rice-24 gives information about the position of the -OH group based on MSn 

analysis of the DMED-labeled FAHFA standard. The position-based fragmentation was 

compared to the fragmentation pattern of standard 12-OAHOA as a reference. The 

representative EIC and MSn analysis spectra of standard DMED-labeled 12-OAHOA and 

sample DMED-labeled OAHOA are shown in Figure 6C. MSn analyses were performed 



116 

 

to confirm the position of -OH in the sample of the FAHFAs, this analysis aligns with 

Chapter 3, Section 3.3.4. Every lipid molecular species in the DMED-labeled-FAHFA 

family underwent positive mode ionization, producing [M+H]+ as the precursor ion. In 

brief, the standard 12-OAHOA ionizes to give a [M+H]+ ion at m/z 633.5918. The MS/MS 

spectra showed subsequent ionization, resulting in m/z 588, indicating the neutral loss of 

the dimethylamino group (45 Da) [M+H–C2H7N]+. The product ion at m/z 351 was due 

to the loss of the oleoyl group. Afterward, m/z 306 represented the loss of the oleoyl group 

with the dimethylamino group. Further fragmentation at m/z 306 based on MS3 analysis 

produced m/z 208 (as loss of C13H22NO+) with m/z 98 (C7H14O
.+) and m/z 222 

(C14H24NO+), identifying the -OH position at C12 of HOA, confirming the structure to be 

12-OAHOA (Figure 6C i). The same fragmentation observed in DMED-labeled OAHOA 

in rice cultivar confirms the position of the -OH group in rice OAHOA at the C12 position 

and is named 12-OAHOA (Figure 6C ii). A previous report suggests that, as derivatives 

of unsaturated FAs, OAHOAs have good anti-inflammatory properties68. 

Similar fragmentation has been observed for DMED-labeled-FAHFAs in the 

sample, except for LAHLA. The EIC and fragmentation pattern for MSn analysis is 

represented in Figure 6D. In Figure 6D i, DMED-labeled PAHOA ionizes to give an 

[M+H]+ ion at m/z 607.5782. The MS/MS spectra showed subsequent ionization, 

resulting in m/z 562, indicating the neutral loss of the dimethylamino group (45 Da) 

[M+H–C2H7N] +. The product ion at m/z 351 was due to the loss of the palmitoyl group. 

Afterward, m/z 306 represented the loss of the palmitoyl group with the dimethylamino 

group. Further fragmentation at m/z 306 based on MS3 analysis produced m/z 208 (as loss 

of C13H22NO+) with m/z 98 (C7H14O
.+) and m/z 222 (C14H24NO+), identifying the -OH 

position at C12 of HOA, confirming the structure to be 12-PAHOA similar to the standard 
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12-OAHOA. The same fragmentation pattern is followed by other DMED-labeled 

FAHFAs OAHLA, where the position of the -OH group is identified at C12 (Figure 6D 

ii), however LAHLA with HLA as its hydroxy fatty acid follows a different fragmentation 

pattern, and the position of the -OH group is identified at C14 (Figure 6D iii). In brief, 

the DMED-labeled LAHLA produced [M+H]+ as the precursor ion at m/z 629.5613. The 

MS/MS spectra showed subsequent ionization, resulting in m/z 584, indicating the neutral 

loss of the dimethylamino group (45 Da) [M+H–C2H7N]+. The product ion at m/z 351 

was due to the loss of the linoleoyl. Along with this, m/z 349 indicates the loss of 

C23H41O2
+, which confirms the position of -OH to be at C14 in MS/MS spectral analysis. 

Afterward, m/z 306 represented the loss of the linoleoyl group with the dimethylamino 

group. Further fragmentation at m/z 306 based on MS3 analysis produced m/z 208 

(C13H22NO+) with m/z 98 (C7H14O
.+), m/z 222 (C14H24NO+), m/z 236 (C15H26NO+), and 

m/z 250 (C16H28NO+), which also identify the -OH position at C14 of HLA, confirming 

the structure to be 14-LAHLA.  
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Figure 6: Detection of oleic acid esters of 2-hydroxy nonanoic acid (2-OAHNA) and 
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DMED-derivatized FAHFAs pigmented japonica rice cultivar. (A) EIC of standard 2-

OAHNA and sample 2-OAHNA. The standard spectra and sample spectra are represented 

in black and red colors, respectively. (B) The MS and MS/MS spectra of standard and 

sample. The fragmentation pattern of 2-OAHNA is shown in the rectangular box. (C) The  

EIC and MSn spectra DMED-labeled (i) standard oleic acid esters of 12-hydroxy oleic 

acid (12-OAHOA) and (ii) DMED-labeled sample 12-OAHOA. (D) The EIC and MSn 

analyses of DMED-labeled sample FAHFAs, such as (i) palmitic acid esters of hydroxy-

oleic acid (12-PAHOA), (ii) oleic acid esters of hydroxy-linoleic acid (12-OAHLA), and 

(iii) linoleic acid esters of hydroxy-linoleic acid (14-LAHLA) are shown. The 

fragmentation pattern of DMED-labeled FAHFAs are shown in the rectangular box.   

4.3.6 In-vitro starch digestion: Insights into total Starch, glycemic index, and starch 

fractions (SDS, RDS, RS) in rice 

The in-vitro starch digestibility assay utilized gastrointestinal enzymes (pepsin, α-

amylase, and AMG) to simulate the digestion process and estimate the eGI of rice 

cultivars68. The protocol for performing the in-vitro starch digestibility assay is illustrated 

in Figure 7A. The total starch content of the rice cultivars was determined using a 

standard TS assay presented in Figure 7B. The total starch content ranged from 55% to 

70% across all tested cultivars, encompassing both japonica and indica rice varieties. 

Among japonica cultivars, green rice-24 exhibited the highest total starch content, while 

red rice-19 had the lowest. In indica cultivars, parboiled rice showed a significantly higher 

starch content compared to white rice. This observation aligns with a previous study on 

indica cultivars, which demonstrated that non-pigmented rice generally contains higher 

starch percentages than pigmented varieties68. Additionally, a separate study examining 

eight non-pigmented and 19 pigmented indica genotypes reported variations in total 
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starch content across cultivars, further corroborating these findings70. Interestingly, our 

study also highlights that a pigmented japonica cultivar, green rice-24, possesses a 

significantly higher starch content than polished indica rice. This deviation from the 

expected trend may be attributed to external factors such as genetic, environmental, and 

agronomic influences. Previous research supports the notion that a combination of genetic 

traits, growing conditions, and cultivation practices modulates starch concentration in 

grains71.  

The hydrolysis of starch was monitored over time, with glucose release 

quantified as the percentage of starch hydrolyzed (SH) at 30-minute intervals from 0 to 

180 minutes. The AUC derived from these SH values represents the digestibility of the 

test food. The HI is then calculated as the ratio of the AUC of the test food to that of a 

reference food, expressed as a percentage25. The starch hydrolysis curve, illustrated in 

Figure 7C, shows that corn starch exhibited the highest percentage of starch hydrolysis 

among the samples. The eGI values of the rice cultivars ranged from 61.24 (black rice-

42) to 76.37 (indica white rice), as presented in Table 2. Pigmented rice varieties 

generally exhibited a slower starch hydrolysis rate, resulting in moderate eGI values that 

often fall within the low GI (≤55) or medium GI (56–69) categories. These characteristics 

are associated with a reduced postprandial blood glucose response, supporting their 

nutritional benefits72. In this study, black rice-42 exhibited the lowest eGI (61.24), 

consistent with previous studies on Thai black and purple rice, which reported eGI values 

ranging from 60 to 6518,73. For japonica red rice, eGI values were 68.61 (red rice-40) and 

71.36 (red rice-19). While red rice-40 falls within the medium GI range, red rice-19 is 

classified as high GI. These findings align with previous studies on Sri Lankan red rice 

cultivars, which reported eGI values between 71 and 76, and Thai red rice cultivars, with 
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an eGI of 65.518,74. This consistency supports the observation that red rice typically 

exhibits eGI values within a moderate-to-high range. The eGI of japonica brown rice-48 

and 55 were 69.24 and 71.78, respectively, while polished brown rice-55 had a higher eGI 

of 75.04. These results align with earlier findings that brown rice generally has a lower 

eGI than white milled rice25. However, the eGI value for polished brown rice-55 (75.04) 

in this study differs from a previous report, which recorded an eGI of 63.11. This 

discrepancy may be attributed to variations in cooking methods, water-to-rice ratios, and 

cooking times between studies25. Notably, the eGI values of brown rice observed in this 

study (66–76) are consistent with findings from in-vitro digestion studies on cooked 

Philippine brown rice25. For green rice cultivars, eGI values were in the medium range, 

with 68.61 for cultivar-24 and 66.52 for cultivar-41. Comparisons with indica cultivars 

showed that indica brown rice had a lower eGI (67.36) than japonica brown and white 

rice. Among indica cultivars, parboiled rice exhibited a higher eGI than brown rice but a 

lower GI than milled white rice, corroborating prior research indicating that parboiling 

reduces the eGI of rice grains75.  

The composition of RDS, SDS, and RS significantly influences the rate of starch 

hydrolysis and subsequent glucose release, ultimately impacting the glycemic response. 

RDS contributes to a rapid glycemic response, SDS provides a sustained release of 

glucose, and RS minimizes glucose release, leading to a lower glycemic response76. 

Among the japonica cultivars, black rice-42 exhibited the lowest percentage of RDS 

(28.78%) and SDS (32.46%) while demonstrating the highest RS content (0.72%). These 

results align with a previous study indicating that elevated RS levels are associated with 

reduced starch digestibility and a moderated glycemic response76. In contrast, black rice-

15, despite having low RDS and SDS percentages, showed a comparatively lower RS 
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content, potentially due to differences in starch granule size and structure, which are 

known to significantly influence starch digestion rates in pigmented rice72,77. For indica 

cultivars, brown rice exhibited a higher RS percentage (0.86%) compared to white rice 

(0.56%), a trend similarly observed in japonica brown-55 and polished brown-55 

cultivars. This supports findings from earlier studies on the effects of milling, which 

demonstrate that brown rice generally retains higher RS levels than white rice due to the 

preservation of the bran layer and associated structural integrity78. 

To further investigate the factors contributing to the observed variations in eGI, 

we explored the interactions between starch and lipids during cooking. Our in-vitro starch 

digestibility analysis demonstrated significant differences among rice cultivars, with 

black rice showing the lowest eGI among the tested samples. This finding aligns with the 

lipidomics analysis, which revealed a moderate percentage of FA distribution and a 

notable FFA content, predominantly composed of SFAs (Figure 3A and 3C). During 

cooking, interactions between rice starch and lipids lead to the formation of starch-lipid 

complexes, which stabilize the starch matrix and reduce its susceptibility to enzymatic 

hydrolysis72. In particular, SFAs are more effective at forming stable V-type starch-lipid 

complexes compared to unsaturated fatty acids, resulting in a lower rate of starch 

digestibility79. Conversely, the higher eGI observed in brown japonica rice may be 

attributed to its lower FA content and the predominance of unsaturated FAHFAs, which 

form less stable complexes, thereby facilitating enzymatic breakdown (Figure 3A and 

3C). 
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Table 2: The % distribution of RDS, SDS, RS, and value of eGI in the selected 

cultivars. 

Rice cultivar RDS (%) SDS (%) RS (%) eGI 

Red-19 43.67 ± 2.15 44.16 ± 0.18 
 

0.48± 0.02 71.36 

Red-40 34.04 ± 0.18 
 

38.56 ± 0.11 0.56 ± 0.03 68.61 

Green-24 39.06 ± 0.30 39.84 ± 0.45 0.59 ± 0.03 66.52 

Green-41 36.43 ± 0.29 39.15 ± 0.46 0.56 ± 0.01 67.64 

Black-15 28.79 ± 0.93 
 

34.29 ± 1.14 
 

0.49 ± 0.03 64.41 

Black-42 28.78 ± 0.71 
 

32.46 ± 0.41 
 

0.72 ± 0.03 61.24 

Brown-48 46.02 ± 1.78 
 

45.32 ± 0.38 0.48 ± 0.03 71.78 

Brown-55 42.08 ± 0.26 39.63 ± 0.79 0.64± 0.03 69.24 

Polished 

brown-55 

46.03 ± 2.23 52.30 ± 4.45 0.55 ± 0.09 75.04 

Indica-brown 40.19 ± 1.66 40.80 ± 0.80 0.86 ± 0.05 67.36 

Indica-white 45.87 ± 3.21 48.95 ± 2.62 0.56 ± 0.01 76.37 

Par-boiled 31.00 ± 0.16 
 

41.07 ± 2.78 
 

0.52 ± 0.07 69.08 
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Figure 7: Total starch content and starch hydrolysis kinetics of pigmented Japonica and 

Indica rice cultivars. (A) The schematic diagram represents the in-vitro starch assay. (B) 

Bar graph showing the percentage of total starch in 8 pigmented Japonica rice cultivars, 

polished brown rice, and Indica rice varieties (parboiled, basmati brown, and polished 

basmati brown). Data are presented as mean ± SEM (n = 4). Statistical significance was 

determined using two-way ANOVA followed by Tukey’s multiple comparisons test, with 

different letters indicating significant differences at p < 0.05.(C) Starch hydrolysis 

kinetics of rice cultivars were measured over 0–180 minutes, with corn starch used as the 

standard for the assay. 

4.4 Limitations 

This study integrates lipidomics profiling with in-vitro starch digestibility analysis to 

investigate the nutritional and functional properties of pigmented japonica rice cultivars. 

However, several limitations must be considered. Firstly, the rice samples were sourced 

from online stores, and factors such as agronomic conditions, ripening stages, and 
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postharvest handling were not controlled, which could influence the lipid composition 

and eGI. Due to the large sample size, the heatmap presents average concentrations of 

lipid major classes. In-vitro starch digestibility assays were performed on a limited sample 

size (n=2) for each pigmented rice type. Additionally, the data are semiquantitative, and 

internal standards were added post-homogenization to minimize lipid loss. Variations in 

grinding methods could also affect results. The absence of commercial standards required 

MS spectrum analysis for identifying new lipids, such as LNAPE, and FAHFAs, and the 

low concentration of certain FAHFAs (16:1/18:1 and 16:0/18:2) hindered confirmation of 

their -OH position. Future studies should address these limitations to provide a more 

comprehensive understanding of lipid profiles in pigmented japonica rice. 

4.5 Conclusion 

In conclusion, this study provides insights into the lipid profiles and glycemic response 

of pigmented japonica rice cultivars through lipidomics analysis and in-vitro starch 

digestibility assessment. The findings highlight distinct lipidomic differences among rice 

cultivars based on pigmentation, geographic origin, and farming methods. The nutritional 

indices reveal that green and black rice exhibit superior nutritional profiles, with high 

levels of P:S, ω-6 to ω-3 ratios, suggesting potential cardiovascular health benefits, 

positioning these cultivars as promising options for promoting overall health. 

Furthermore, the abundance of bioactive lipids such as FAHFAs in green rice and 

LNAPEs in black rice underscores their potential for metabolic health benefits. The lower 

eGI observed in black and green rice cultivars supports their role in moderating glycemic 

responses, making them potential candidates for reducing the risk of T2D. Notably, indica 

brown rice, with its relatively low eGI, presents a valuable alternative to japonica rice, 
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highlighting its suitability for individuals seeking nutritional benefits with a reduced 

glycemic response. Overall, pigmented japonica rice cultivars offer promising health 

benefits, making them strong candidates for functional foods targeting metabolic and 

cardiovascular health. 

 While previous chapters focused on profiling bioactive lipids and their health-

related significance in food crops, Chapter 5 extends the scope by exploring novel bio-

derived nanomaterials and their biological effects on rice seed germination. Together, 

these studies contribute to a holistic understanding of how natural and engineered 

bioactive compounds can enhance both the nutritional quality and biological performance 

of crop plants, supporting future strategies for functional food production and sustainable 

agriculture. 
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5.1 Introduction 

Nanotechnology has emerged as one of the most promising interdisciplinary fields, 

offering novel solutions across agriculture, biology, materials science, and chemistry1. 

Among the various nanomaterials explored, carbon nanodots (CDs) have attracted 

significant attention for their unique physicochemical properties, including high water 

solubility, biocompatibility, low toxicity, excellent photostability, and strong 

fluorescence2-4. CDs are carbon-based nanoparticles with quasi-spherical structures less 

than 10 nm in size, possessing abundant surface functional groups such as hydroxyl (–

OH), carboxyl (–COOH), and amino (–NH₂) groups5,6. These functional groups not only 

confer solubility but also enable interaction with biological molecules and plant tissues. 

Unlike conventional nanomaterials such as cadmium-based quantum dots or metal oxides, 

CDs derived from natural sources such as plants and marine materials are 

environmentally benign and safe for biological systems7. Their biocompatibility and rich 

surface chemistry make them especially attractive for agricultural applications, including 

nutrient delivery, stress resistance improvement, and growth promotion8. 

Given the accelerating global population — projected to exceed 9.7 billion by 

2064 — the demand for food security and sustainable crop production strategies has never 

been more urgent9. Rice (Oryza sativa) remains one of the most essential staple crops 

worldwide, serving as a primary calorie source for billions of people. Improving rice 

production in both quality and quantity is critical to meeting future food demands10. Seed 

germination and early seedling vigor are foundational to crop establishment, yield, and 

resilience, making this stage particularly important for intervention11. Recent studies have 

demonstrated the potential of nanomaterials in agriculture, not only as carriers of nutrients 

but also as plant growth stimulators13. Among these, CDs have shown unique advantages: 
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their small particle size, hydrophilic nature, and photoluminescent properties allow them 

to traverse biological barriers, enhance water and nutrient uptake, and even participate in 

light-mediated processes within plant tissues13. Unlike other carbon nanomaterials like 

graphene, nanotubes, or fullerenes, CDs possess intrinsic fluorescence, enabling real-time 

tracking of their uptake and distribution in plant systems14. Additionally, their ability to 

mimic enzymatic functions further enhances their biological compatibility and utility in 

promoting plant vitality15. In agriculture, CDs have been shown to improve nutrient 

utilization efficiency by enhancing plant absorption mechanisms rather than directly 

supplying macronutrients like nitrogen, phosphorus, and potassium16. By facilitating 

water and ion uptake and activating physiological processes related to photosynthesis and 

metabolism, CDs have demonstrated their potential as nanofertilizers and bio-stimulants. 

Functionalized CDs, particularly those doped with nitrogen, have shown improved 

interactions with plant tissues and nutrient systems, supporting plant growth under diverse 

conditions17. 

Despite growing interest in the use of nanomaterials in agriculture, most research 

has focused on synthetic or chemically derived nanoparticles, while studies utilizing 

naturally sourced carbon nanodots (CNDs) remain limited. Furthermore, while CDs have 

demonstrated potential in enhancing plant growth and stress resistance, few studies have 

systematically examined their uptake pathways, biological effects, and metabolic 

consequences in rice grains, a globally important staple crop18-21. In particular, the 

influence of CNDs on lipid metabolism during seed germination has not been explored. 

This represents a critical knowledge gap, especially given the nutritional and functional 

importance of lipids in rice grains. Addressing this gap could open new avenues for 

improving rice quality and yield through safe, sustainable, and multifunctional 
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nanomaterials. 

In this context, this study investigates the biological effects of Hijiki-derived 

carbon nanodots (CND-H), synthesized from edible brown seaweed (Sargassum 

fusiforme), on the germination and early growth of rice seeds. The CND-H was 

synthesized using the standard hydrothermal method of CD synthesis22. Using a 

combination of confocal microscopy and physiological assays, we evaluated the ability 

of these naturally sourced, ∼5 nm sized CNDs to penetrate the rice seed coat and enhance 

germination rates, root elongation, and seedling development. Furthermore, we explored 

how the internalization of CNDs may influence physiological processes, including lipid 

metabolism-related gene expression, potentially improving seed lipid content, a factor 

relevant to rice bran oil production and nutritional quality. By integrating this work into 

the broader context of bioactive lipidomics and plant functional food research, this 

chapter provides new insight into the synergistic applications of nanomaterials and crop 

science. This exploration not only supports the sustainable development of rice as a 

health-promoting functional food but also contributes to the growing field of 

nanobiotechnology-driven agriculture. 

5.2 Materials and methods 

5.2.1 Seedling cultivation and CND treatment 

Brown rice grains of the Koshihikari cultivar (sourced from Chiba, Japan) were selected 

for seedling cultivation. The grains were first surface sterilized by immersing them in 

75% ethanol for two minutes, followed by thorough rinsing with deionized water five 

times to ensure complete removal of residual ethanol. The sterilized grains were then 

placed in Petri dishes containing ultrapure Milli-Q water and incubated in the dark at 
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room temperature to promote germination23. The seedlings were cultivated under these 

controlled conditions for a total of ten days. For treatment, hijiki-derived CNDs (CND-

H) were added to the Milli-Q water at a final concentration of 1 mg/mL. Milli-Q water 

without CND-H was used as the control. After ten days of growth, the rice seedlings from 

both the control and CND-H-treated groups were collected for phenotypic evaluation 

(Figure 1). Root length and shoot length were measured to assess the influence of CND-

H treatment on early seedling development. 

5.2.2 Phenotype and imaging studies of rice seedlings 

After ten days of germination, the phenotypic characteristics of both control and CND-

H-treated brown rice grains were evaluated. The physical growth of the seedlings was 

assessed by manually measuring the root and shoot lengths using a standard measuring 

scale. This allowed for the comparison of growth responses between the treated and 

untreated groups, providing preliminary insight into the influence of CND-H on seedling 

development. 

To investigate the uptake and internal localization of CND-H within the rice 

grains, a detailed fluorescence bioimaging study was performed. Following germination, 

selected brown rice grains were carefully sectioned using a microtome to obtain thin, 

uniform slices suitable for imaging. These sections were then examined using a Zeiss 

LSM 880 confocal laser scanning microscope to detect the inherent fluorescence signals 

emitted by the CNDs. The imaging confirmed the successful penetration of the CND-H 

through the seed coat and its presence within the internal tissues of the germinated grains.  
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5.2.3 Transcriptomic analysis of rice seedlings 

Total RNA was extracted from the rice seedlings using the RNeasy Plant Mini Kit (Cat. 

No. 69106; Qiagen, Germany), following the manufacturer’s recommended protocol24. 

Approximately 50 mg of finely powdered seedling tissue was used for each extraction to 

ensure high-quality RNA yield suitable for downstream analysis. Thereafter, 100 μg of 

the synthesised RNA was used to form Complementary DNA (cDNA) using ReverTra 

Ace qPCR RT Master Mix with gDNA Remover (Cat. No. FSQ-301) according to the 

manufacturer’s instructions. To investigate the molecular effects of CND treatment, the 

expression levels of two lipid metabolism-related genes, diacylglycerol acyltransferase 

(DGAT) and acyl-CoA-binding protein 4 (ACBP4), were quantified. This was performed 

using Real-Time quantitative PCR (qPCR) with the TaqMan Gene Expression Assay 

system, enabling precise measurement of gene expression changes in response to CND-

H exposure in the rice seedlings (Figure 1).  
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Figure 1: Overview of the workflow of the CND-H application study.  

5.2.4 Statistical analysis  

Data visualization was performed using Microsoft Excel 2021, with results presented as 

mean ± standard error of the mean (SEM). For statistical analysis, one-way analysis of 

variance (ANOVA) was conducted using GraphPad Prism 8, and compared using Tukey's 

multiple comparisons test at p < 0.05 levels. 

 

 

 



145 

 

5.3 Results and discussion  

5.3.1 Effect of CND-H on rice seed germination and seedling growth 

The impact of CND-H on rice seed germination was evaluated by monitoring the growth 

of the radicle and plumule from the initial emergence stage up to 10 days. Compared to 

the control group, the CND-H-treated grains exhibited visibly enhanced root and shoot 

elongation from the early stages of germination (Figure 1A). In addition to visual 

observation, the germination percentage was calculated using the formula (number of 

germinated seeds / total number of seeds) × 100 25. The results revealed that the 

germination rate was notably higher in the CND-H-treted group than in the control group, 

indicating that CND-H facilitates faster and more efficient germination (Figure 1B). 

 

Figure 2: (A) Representative images of control and CND-H-treated rice grains showing 

radicle and plumule elongation. (B) Bar graph representing the germination percentage 

of rice grains in the control and CND-H-treated. 

Quantitative measurements of root length, shoot length, and the number of 

adventitious roots formed were recorded after the ten-day growth period and are 
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summarized in Table 1. These parameters were consistently higher in the CND-H-treated 

seedlings compared to the untreated controls. The treated seedlings developed longer 

roots, taller shoots, and a greater number of adventitious roots, suggesting an overall 

enhancement in early seedling vigor due to CND-H exposure. These findings are 

consistent with previous studies reporting that carbon dots can significantly improve 

water content, seedling length, and root elongation in rice seeds compared to untreated 

controls18,26,27. Such enhancements have also been shown to be concentration-dependent, 

further supporting the biological activity of carbon-based nanomaterials in plant systems. 

The beneficial effects of CND-H on seed germination may be attributed to their unique 

hydrophilic surface structure and their ability to influence water uptake mechanisms28. It 

has been suggested that carbon nanodots can modulate the function of water channel 

proteins (aquaporins), thereby improving the water absorption efficiency of seeds29. 

Enhanced water uptake is a crucial factor during the early stages of germination, as it 

activates metabolic processes necessary for radicle and plumule emergence, ultimately 

promoting more vigorous seedling growth30. 

Collectively, these results demonstrate that CND-H has a positive influence on 

rice seed germination and early seedling development, providing a potential strategy to 

improve crop establishment and productivity through nanomaterial-based seed treatments. 
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Table 1: Effect of CND-H treatment on root length, shoot length, and number of 

adventitious roots, in rice seedlings after 10 days 
 

Root length in mm Shoot length in 

mm 

Number of adventitious 

roots 

Water 8 7.5 1 

4 3 1 

3 2 1 

CND-H 33 22 4 

33 24 4 

34 25 4 

 

5.3.2 Uptake and localization of CND-H in germinated brown rice grains 

After determining the seed germination and seed growth, the cellular uptake and 

bioimaging of CND-H in germinating brown rice grains were visualized using confocal 

laser scanning microscopy (Zeiss LSM 880). Confocal microscopy suggests bright 

fluorescence uptake of CND-H at an emission wavelength of 470 nm, as compared to the 

bright-field image, showing the general structure of the rice bran layer (Figure 3A). 

Under fluorescence imaging, a distinct blue fluorescence signal corresponding to CND-

H uptake was observed in the bran and aleurone layer regions of the rice grain (Figure 

3B). To validate the presence of CND-H within the grains, the emission spectra of the 

CND-H solution were first measured, exhibiting a peak emission at approximately 470 

nm, indicating characteristic blue fluorescence (Figure 3C). Subsequently, the emission 

spectra were acquired from selected regions of the fluorescence images of CND-H-treated 

grains, specifically from the aleurone layer and the bran. These spectra closely matched 
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the emission profile of the CND-H solution (Figure 3D), confirming the successful 

uptake and localization of CND-H within the rice grain tissues. This finding aligns with 

previous studies reporting the ability of carbon-based nanomaterials to penetrate plant 

tissues, particularly due to their hydrophilic nature and small size31. Such efficient uptake 

highlights the potential of CND-H as a non-toxic bio-compatible material for seed 

treatment applications, which may influence early germination processes by enhancing 

water absorption or modulating biochemical pathways.  

Figure 3: (A) Bright-field image showing the general structure of the rice bran layer and 

fluorescence image of CND-H-treated grains showing blue fluorescence in the bran and 

aleurone layers. (B) Emission spectrum of the CND-H solution, with a peak at 470 nm. 

(C) Emission spectra from fluorescence images of CND-H-treated grains, collected from 

the aleurone layer (red) and bran (green) regions, closely match the CND-H solution 

spectrum, confirming successful uptake. Objective: 10X. 

5.3.3 Analysis of lipid metabolism-related gene expression in rice seedlings 

To explore the influence of CND-H treatment on lipid metabolism in rice seedlings, the 

expression levels of two key lipid metabolism-related genes, OsDGAT1 and OsACBP4, 
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were evaluated using qRT-PCR. The results showed that OsDGAT1 (Diacylglycerol 

acyltransferase 1), a key enzyme responsible for catalyzing the final step in triacylglycerol 

(TAG) biosynthesis, was significantly upregulated in the CND-H-treated seedlings 

compared to the control32. This is particularly relevant since the upregulation of this gene 

has been previously associated with increased oil accumulation in several plant species, 

including soybean, Arabidopsis, canola, rapeseed, garden nasturtium, and maize32-36. The 

enhanced expression of OsDGAT1 suggests that CND-H treatment may promote lipid 

accumulation in rice seedlings by increasing triacylglycerol synthesis, potentially 

improving their nutritional and metabolic qualities. 

In contrast, the expression of OsACBP4 (Acyl-CoA-binding protein 4), which is 

involved in intracellular fatty acid transport and lipid metabolism regulation, did not show 

a significant change following CND-H treatment (Figure 4)37. While ACBP proteins play 

important roles in plant lipid metabolism and stress response, the lack of significant 

alteration in OsACBP4 expression suggests that CND-H primarily affects lipid 

biosynthesis pathways, such as triacylglycerol formation, rather than fatty acid transport 

mechanisms at the seedling stage37,38. These findings indicate that CND-H exposure 

specifically enhances the expression of triacylglycerol biosynthesis-related genes without 

markedly influencing lipid transport pathways, providing insight into the potential of 

carbon nanodots to selectively modulate plant lipid metabolism. 
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Figure 4:  Relative expression levels of OsDGAT1 and OsACBP4 in rice seedlings 

treated with CND-H compared to the control. Data are presented as mean ± SEM (n = 4). 

Statistical significance was determined using two-way ANOVA followed by Tukey’s 

multiple comparisons test, with different letters indicating significant differences at p < 

0.05. 

5.4 Limitations 

While the present study provides valuable preliminary insights into the effects of CND-

H application on rice seedling growth and lipid metabolism-related gene expression, it is 

important to acknowledge several limitations. Firstly, this investigation was conducted on 

a small experimental scale using a petri dish-based germination system, which may not 

fully represent the complex environmental conditions experienced in soil-based or field 

cultivation systems. Additionally, the number of biological replicates was limited, which 

could affect the statistical robustness of the results. Increasing the number of replicates in 
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future experiments will help to enhance the reliability and reproducibility of the findings. 

Furthermore, this study serves as a pilot investigation, and several aspects of the CND-H 

effects on rice physiology and metabolism remain to be explored. In particular, more 

comprehensive analyses are needed to confirm the observed trends in gene expression 

and to assess their downstream effects on lipid composition, seed quality, and plant 

development under different environmental conditions. 

Ongoing and future studies will focus on scaling up the experiments, increasing 

replication, and incorporating additional physiological, biochemical, and transcriptomic 

analyses. These efforts will provide a more detailed understanding of the mechanisms 

underlying the interaction between carbon nanodots and plant metabolic processes, to 

evaluate the practical applications of nanomaterials in crop improvement strategies. 

5.5 Conclusion 

In this study, we explored the effects of hijiki-derived carbon nanodots (CND-H) on the 

early growth and lipid metabolism of rice seedlings. The application of CND-H 

significantly promoted seed germination, as evidenced by enhanced root and shoot 

elongation and a higher germination percentage compared to untreated controls. Confocal 

imaging confirmed the successful uptake and localization of CND-H within the bran and 

subaleurone layers of the rice grains, supported by consistent fluorescence emission 

spectra between the CND-H solution and the treated grains. At the molecular level, CND-

H treatment led to a significant upregulation of OsDGAT1, a key gene involved in 

triacylglycerol biosynthesis, suggesting that CND-H may influence lipid accumulation 

processes during seedling development. However, no significant change was observed in 

the expression of OsACBP4, indicating a more selective effect of CND-H on lipid 
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metabolism-related pathways. These findings collectively suggest that hijiki-derived 

CND-H can enhance rice seedling growth and selectively stimulate lipid metabolic 

processes, particularly by promoting triacylglycerol synthesis. This highlights the 

potential of carbon nanodots as novel, biocompatible nanomaterials for agricultural 

applications, including seed priming and crop biofortification strategies. As a pilot study, 

these promising results provide a foundation for future, larger-scale investigations to 

validate and expand upon these findings under soil-based and field conditions, and to 

further elucidate the broader physiological and molecular impacts of nanomaterials in 

crop plants. 
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Conclusion remarks 

This doctoral research was conducted to explore the diversity of lipid molecular species 

in plant-based food systems and to evaluate their nutritional, functional, and biological 

significance using advanced untargeted lipidomics combined with complementary 

analyses. The thesis is organized into five chapters, each addressing a specific research 

objective within this broader scope. The chapter-wise concluding remarks are 

summarized below. 

Chapter one provided a comprehensive introduction to the importance of dietary 

lipids, their bioactivities, and the growing relevance of food lipidomics. It outlined the 

gaps in existing food lipid research and established the scope and significance of this 

thesis. It emphasized how integrating modern analytical platforms like LC-MS-based 

lipidomics can uncover previously uncharacterized lipids in plant-derived foods, offering 

insights into their potential roles in human health and nutrition. 

Chapter two focused on the untargeted lipidomics profiling of four traditional 

herbal teas widely consumed in Japan. This chapter successfully identified over 300 lipid 

molecular species, including several novel SFAHFAs for the first time in herbal teas. 

Multivariate and hierarchical clustering analyses revealed distinct lipidomic patterns 

among the tea species, highlighting their diversity and potential functional properties. The 

identification of PUFA-rich lipid species and novel bioactive compounds suggested these 

teas’ possible contributions to antioxidant and anti-inflammatory benefits. 

Chapter three extended this approach to sorghum, a nutritionally important and 

drought-resilient cereal. The lipidome of six commercial sorghum cultivars from 

Australia was comprehensively profiled, revealing significant inter-cultivar variability, 

particularly in fatty acids, glycerophospholipids, and bioactive FAHFAs. The study also 
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employed DMED derivatization to confirm the structures and hydroxyl positions of 

FAHFAs. This work demonstrated sorghum’s lipidomic richness and highlighted cultivars 

like MR43 and Buster as having distinct and health-promoting lipid profiles, supporting 

their value in dietary and functional food applications. 

Chapter four investigated the lipid profiles of 56 cultivars of japonica rice from 

different prefectures of Japan and the glycemic index of eight pigmented japonica rice 

cultivars. The study correlated lipid composition with nutritional traits using untargeted 

lipidomics and in vitro digestion-based glycemic index estimation. The discovery of 

LNAPEs alongside bioactive lipids like FAHFAs in pigmented rice provided new insights 

into the health-promoting potential of these grains. The findings reinforced the idea that 

pigmented rice cultivars offer enhanced nutritional properties and lipidomic complexity 

compared to non-pigmented varieties. The lower GI of black rice cultivars makes it 

suitable for the type II diabetic population. 

Chapter five introduced a novel exploration into applying nanomaterials in 

agriculture by evaluating the effects of Hijiki-derived carbon nanodots (CND-H) on rice 

seed germination and lipid metabolism. The study demonstrated that CND-H enhanced 

seedling growth and significantly upregulated OsDGAT1 expression, a key gene in lipid 

biosynthesis. Confocal imaging confirmed the uptake of CND-H by rice grains, marking 

an innovative step in understanding nanomaterial–plant interactions. While this chapter 

represented a pilot-scale study, it provides a promising foundation for future research into 

nanotechnology’s role in crop improvement and lipid regulation. 

In summary, this thesis systematically revealed the diversity and biological 

relevance of lipids in plant-based food systems, while also demonstrating how modern 

lipidomics and bioanalytical techniques can uncover new bioactive compounds. The 
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findings enhance our understanding of food lipid composition, its nutritional implications, 

and potential applications in functional foods and agricultural biotechnology. Future work 

should expand on these findings using larger, multi-season, and field-based studies to 

further validate and translate these discoveries into practical applications for food and 

health science. 
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Appendix 

 

 

Figure 1: Sparse partial least squares discriminant analysis loading plot of (A) all 

pigmented japonica rice cultivars, (B) black rice, (C) red rice, (D) green rice, and (E) 

brown rice. The orthogonal partial least squares discriminant analysis variable importance 

in projection (VIP) score plot of the japonica cultivar based on the farming method i.e. 

organic and inorganic. 
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Figure 2: Heatmaps illustrate the Z-score normalized area of metabolites detected in 56 

japonica rice cultivars based on pigmentation.  
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Figure 3: (A) The extracted ion chromatograms (EIC) of N-acyl-

lysophosphatidylethanolamines (LNAPEs). (B) The mass spectra (MS) and MS/MS 

spectra of LNAPE (FA 16:0) N-16:0. (C) LNAPE (FA 18:1) N-18:2.  
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Figure 4: (A) High-resolution electrospray ionization mass spectrometry of 2-2-hydroxy 

nonanoic acid (2-OAHNA). (B) proton nuclear magnetic resonance (¹H NMR). (C) 

carbon-13 nuclear magnetic resonance (¹³C NMR) of 2 OAHNA. 
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Figure 5: (A) The extracted ion chromatogram (EIC) of long-chain fatty acid esters of 

hydroxy fatty acids (FAHFAs). (B) MS and MS/MS spectra of detected long-chain 

FAHFAs in rice. (C) The EIC of medium-chain FAHFAs, (D) MSn spectra of detected 

medium-chain FAHFAs.  


