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          Lignans are a diverse class of plant-derived polyphenols that have attracted considerable interest for their broad biological activities and potential as functional ingredients in human health. Efficient extraction, purification, and accurate analysis are essential for advancing both basic research and applications of lignans. This review comprehensively summarizes recent methodological advancements in the isolation, separation, and characterization of lignans, emphasizing chromatographic and spectroscopic techniques. By integrating theoretical frameworks with practical protocols, the review provides a foundation for future studies and industrial utilization of lignans as valuable bioactive compounds.
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      Introduction
      Lignans are a prominent group of plant-derived polyphenols, widely distributed across various species and organs and occurring in both free and glycosylated forms. They are found in knots, bark, roots, leaves, flowers, and seeds, attesting to their broad botanical presence and ecological roles, including defense and adaptation to environmental stress.1–3 Hundreds of distinct lignan structures have been identified, and substantial evidence links dietary lignans—especially those from whole grains and seeds—to beneficial physiological effects such as antioxidant and phytoestrogenic activity.4–6

      Recent studies have highlighted the multifaceted roles of lignans in human health, demonstrating their ability to prevent cardiovascular diseases, improve blood lipid profiles, regulate glycemia, exert anti-inflammatory and antimicrobial effects, display anticancer properties, and alleviate menopausal symptoms.4,7–9 These findings underscore the nutritional and pharmacological significance of lignans and have broadened their appeal from traditional dietary contexts to pharmaceutical and nutraceutical development.

      As lignans gain recognition for their roles in disease prevention and health promotion, there is increasing scientific and industrial interest in obtaining high-purity lignans for biological evaluation. Progress in lignan research and application relies not only on the capacity to secure sufficient quantities of well-defined compounds, but also on the use of robust and precise analytical methods.

      Accordingly, this review presents a comprehensive overview of lignans, covering their definition, biosynthesis, and structural classification. It systematically examines state-of-the-art methodologies for extraction, separation, purification, and structural characterization, with particular emphasis on chromatographic and spectroscopic techniques that ensure analytical reliability and reproducibility. By integrating theoretical perspectives with practical strategies for lignan identification and quantification, this review aims to provide a solid scientific foundation for advancing future research and industrial applications of lignans.

      Definition – Lignans are natural polyphenolic compounds widely distributed throughout the plant kingdom. They are derived from the shikimic acid biosynthetic pathway and primarily exist as dimers resulting from the coupling of two phenylpropanoid (C6C3) derivatives in various ways. The International Union of Pure and Applied Chemistry (IUPAC) identifies lignans as dimeric C6C3 coupled motifs linked at carbon 8 and 8′. The IUPAC identifies compounds with the coupling of the two C6C3 units at positions different from C8-C8′ as neolignans (Fig. 1).10

      
        
        

        Fig. 1. 
				
        

        
          Numbering of lignans and neolignans.
        
        

        

      

      Lignans can further be categorized into “norlignans” and “polymeric lignans” based on different polymerization positions and modes of dehydration condensation of oxygen-containing groups in their side chains.

      As depicted in Fig. 2, lignans are biosynthesized through the phenylpropanoid pathway, and they are classified into six groups based on their molecular structures. These are dibenzylbutane, tetrahydrofuran, dibenzylbutyrolactone, arylnaphthalene and aryltetralin, dibenzocyclooctadiene, and furofuran.
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          Subtypes of classical lignans (Ar = aryl).
        
        

        

      

      Biosynthesis – Lignans are plant secondary metabolites originating from the shikimic acid biosynthetic pathway. The biosynthetic pathway of lignans begins with the deamination of L-phenylalanine, a precursor with a C6C3 structural unit, by phenylalanine ammonia-lyase (PAL), resulting in the formation of trans-cinnamic acid (Scheme 1). Subsequently, cinnamic acid undergoes hydroxylation via P450 enzymes and cinnamate 4-hydroxylase leads to p-coumaric acid. This is activated by coenzyme A (CoA) to form p-coumaroyl-CoA, a thioester derivative. Finally, in the presence of NADPH, it undergoes reduction to form the corresponding alcohol. The formation of coenzyme A ester facilitates the first reduction step by introducing a more effective leaving group (CoAS) for the NADPH-dependent reaction (Scheme 1). This series of enzymatic transformations constitutes the early steps in the biosynthetic pathway leading to the production of lignans in plants.

      
        
        

        Scheme 1. 
				
        

        
          Biosynthetic pathway of lignans.
        
        

        

      

      The biosynthesis of lignans with 9(9′)-oxygen is most extensively studied. This type of lignan is produced through enantioselective dimerization of two coniferyl alcohol units, facilitated by a dirigent protein (DIR), resulting in the formation of pinoresinol (furofuran) (Scheme 2). In diverse plant species including Forsythia, Linum, and Podophyllum, pinoresinol is subsequently reduced by pinoresinol/lariciresinol reductase (PLR), utilizing lariciresinol (furan) as an intermediate, to form secoisolariciresinol (dibenzylbutane).11–13 Additionally, pinoresinol undergoes glucosylation by a putative pinoresinol glucosyltransferase (PNGT). Pinoresinol also undergoes glucosylation by a putative pinoresinol glucosyltranferase (PNGT). This glycosylation process is highly likely to inhibit the chemical reactivity of a phenolic hydroxyl group in pinoresinol and enhance the water solubility of the pinoresinol aglycone. As a result, substantial and stable amounts of pinoresinol are generated. In fact, approximately 90% of pinoresinol is found in its glucosylated form in Forsythia spp..14,15 Similarly, both lariciresinol and secoisolariciresinol can undergo glycosylation, facilitated by lariciresinol glycosyltransferase (LRGT) and secoisolariciresinol glycosyltransferase (SIRGT), respectively. Secoisolariciresinol is converted into matairesinol (dibenzylbutyrolactone) by secoisolariciresinol dehydrogenase (SIRD) (Scheme 2).

      
        
        

        Scheme 2. 
				
        

        
          Biosynthetic pathways of major lignans. Pinoresinol sesamin, podpphyllotoxin arctigenin and their glycosides.
        
        

        

      

      Matairesinol undergoes metabolism to arctigenin through the action of matairesinol O-methyltransferase (MOMT), which involves the methylation of a phenolic hydroxyl group (Scheme 2). This process occurs in various plants, including Forsythia koreana, Carthamus tinctorius, and Anthriscus sylvestris.16,17 Moreover, in Forsythia leaves, 70–90% of matairesinol is found to be glucosylated throughout the year, although the enzymes responsible for matairesinol glucosylation have not been identified.14 In Linum, Anthriscus, and Podophyllum plants, matairesinol is also transformed into hinokinin, yatein, or podophyllotoxin through multiple biosynthetic pathways, although all relevant enzymes have not yet been identified.11,18 AsTJOMT, a thujaplicatin-specific plant O-methyltransferase isolated from A. sylvestris, catalyzes the methylation of the 5-hydroxyl group of thujaplicatin, leading to the formation of 5-O-methylthujaplicatin. This compound serves as an intermediate in the biosynthesis of podophyllotoxin.19

      Sesamin, another commercially significant lignan, is synthesized through a pathway starting from coniferyl alcohol and involving intermediates such as pinoresinol and piperitol (Scheme 2). Pinoresinol undergoes metabolic conversion into piperitol, and subsequently, piperitol is further transformed into (+)-sesamin by piperitol/sesamin synthase (PSS), an enzyme belonging to the cytochrome P450 family, CYP81Q1, which is responsible for via formation of two methylenedioxy bridges. Although sesamin is anticipated to be metabolized into sesaminol and sesamolin, the detailed molecular mechanisms of this conversion have not yet been fully elucidated. In some sesame plant species such as Sesamum radiatum, Sesamum indicium, and Sesamum alatum, sesaminol undergoes glucosylation at its 2-hydroxyl position catalyzed by sesaminol 2-O-glucosyltransferase (SMGT). Additionally, there is further glucosylation of sesaminol 2-O-monoglucoside at the 6-position of the conjugated glucose.11,13,20

    

    

  
    
      Structure Classification
      Lignans – As previously mentioned, “lignans”, formed through various positions of polymerization and modes of dehydration condensation of oxygen-containing groups of side chains, can be further categorized into six different carbon skeletons (Fig. 3). These are classified as dibenzylbutane, tetrahydrofuran, arylnaphthalene and aryltetralin, dibenzocyclooctadiene, and furofuran lignans.
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          Subtypes of classical lignans.
        
        

        

      

      Dibenzylbutane lignans – Dibenzylbutane lignans are composed of two phenylpropanoids connected by carbons C8 and C8′, often serving as precursors for other types. Their differences lie in the variations of substituents at the benzene rings and C-8/C-8′. Sometimes, C9 and C9′ can also be -OH groups. Enterodiol (Fig. 4) is one of the substances formed through the action of intestinal bacteria on lignan precursors. It can be excreted in the form of glucuronide in the urine and bile of both humans and mammals. Enterodiol has garnered interest in research for its potential in tumor prevention and various physiological effects.21 Saurulignan A-E (Fig. 4) have been reported from Saururus chinensis and Schisandra chinensis and Saurulignan E has been associated with platelet aggregation inhibitory activity.22
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          Examples of dibenzylbutane lignans.
        
        

        

      

      Tetrahydrofuran lignans – Tetrahydrofuran lignans have a furan ring formed by 7-O-7′, 9-O-9′, or 7-O-9′. They have been isolated from plants of various families such as Saururaceae, Asteraceae, Lauraceae, Oleaceae, and others. The benzene rings usually have one or more OMe and OH groups in 7-O-7′ type tetrahydrofuran lignans. Saurufurins A–D (Fig. 5) were obtained from the aerial parts of Saururus chinensis (Saururaceae).22 Anorisols A−D (Fig. 5) were isolated from the roots, stems, leaves and twigs of Anogeissus rivularis (Combretaceae).23 Most compounds belong to the 7-O-9′ type. Tetrahydrofuran lignans isolated from the fruit of Arctium lappa L. (Asteraceae) demonstrated a significant hepatoprotective effect against D-galactosamine-induced cytotoxicity in HL-7702 hepatic cells.24 (-)-tanegool-7′-methyl ether and (+)-7′-methoxylariciresinol (Fig. 5), isolated from the roots and rhizomes of Sinopodophyllum emodi, exhibited excellent cytotoxicity against HeLa and KB cell lines.25

      
        
        

        Fig. 5. 
				
        

        
          Examples of tetrahydrofuran lignans.
        
        

        

      

      Arylnaphthalene and aryltetralin lignans – Arylnaphthalene lignans are similar to diarylbutane lignans, but they differ in the six-membered ring connecting C-6 and C-7′. Common substituents on the benzene ring typically include functional groups like OH and OMe. Notable examples of arylnaphthalene lignans, including justicidin A, B, taiwanin C, and diphyllin (Fig. 6), have been isolated from Justicia procumbens (Acanthaceae). These lignans exhibit potent cytotoxic effects against various cancer cells in in vitro studies.26,27 Many arylnaphthalene lignans serve as components of traditional herbal remedies and have garnered increased attention over recent decades due to their demonstrated cytotoxic, antiviral, fungicidal, antiprotozoal, and antiplatelet activities in cell-based assays.28–31 The diverse biological activities of these lignans underscore their potential significance in the development of therapeutic agents.
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          Examples of arylnaphthalene (Justicidin A, B, Taiwanin C, and Diphyllin) and aryltetralin (Saurunarin and Cleistantoxin) lignans.
        
        

        

      

      On the other hand, aryltetralin lignans have a tetrahydronaphthalene (tetralin) core. Saurunarin (Fig. 6) was also isolated from the aerial parts of Saururus chinensis (Saururaceae).22 Cleistantoxin (Fig. 6), isolated from the fruits of Cleistanthus indochinensis (Euphorbiaceae), exhibits strong cytotoxic activity against various cancer cell lines. Its structure is reminiscent of podophyllotoxin, well-known for its antiviral and antitumor properties.32 Its structure is similar to that of podophyllotoxin, which is well-known for its antiviral and antitumor properties.

      Dibenzylbutyrolalctone lignans – Dibenzylbutyrolalctone lignans which are derived from the dibenzylbutane skeleton, have a lactone ring formed by an ester bond at C-9′. Arctiidilactone (Fig. 7), isolated from the fruits of Arctium lappa L. (Asteraceae), is a novel rare butyrolactone lignan with a 6-carboxyl-2-pyrone moiety. Moreover, several butyrolactone lignans were isolated from this plant demonstrated enhanced anti-inflammatory effects.33 Sanguinolignans A–D (Fig. 7) were isolated from the leaves of Piper sanguineispicum Trel. (Piperaceae). Notably, sanguinolignan A (Fig. 7) exhibited moderate antileishmanial activity, but interestingly it had a very low cytotoxicity on macrophage and cancer or even normal cell lines.34
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          Examples of dibenzylbutyrolalctone lignans.
        
        

        

      

      Dibenzocyclooctadiene lignans are unique class of lignans characterized by the C-2/C-2′ linkage and the typical C-8/C-8′ junction of the phenylpropanoid precursor units. Structurally, these lignans feature a cyclooctadiene ring, preventing free rotation of the two benzene rings. This structural feature leads to a distinctive configuration between the two benzene rings and the cyclooctadiene ring structures. These lignans are primarily isolated from and are characteristic compounds of the Schisandraceae family. Dibenzocyclooctadiene lignans play an outstanding role in liver protection.34 Schisandrin, gomisin M2, micrantherin A and schisantherin D (Fig. 8), have been isolated from Schisandra chinensis and have demonstrated hepatoprotective effects.35

      
        
        

        Fig. 8. 
				
        

        
          Example of dibenzocyclooctadiene lignans.
        
        

        

      

      Furofuran lignans – Furofuran lignans are defined by a dual-ring oxygen structure comprising two connected furan rings, allowing for various optical isomers. Notably, these structures readily form glycosides by easily associating with sugars, and the alteration of substituents on the glycosylation group is a prominent feature. Furfuran-type lignans, such as sesamin, episesamin, or pinoresinol (Fig. 9), are widely distributed in edible plants.36 Most dietary lignans of this type are metabolized by gut microflora to enterolactone and enterodiol, collectively known as enterolignans and traditionally classified as phytoestrogens.37 Rich sources of lignans include flaxseed, sesame seeds, cereal products, and Brassica vegetables.36,38

      
        
        

        Fig. 9. 
				
        

        
          Example of furofuran lignans.
        
        

        

      

      Neolignans – “Neolignans” are compounds in which, unlike typical lignans, two phenylpropanoid units are not linked by C-8 atoms. This category encompasses biphenyls, benzofurans, secoliganans, and various other types (Fig. 10).

      
        
        

        Fig. 10. 
				
        

        
          Subtypes of classical neolignans.
        
        

        

      

      Biphenyl lignans, such as magnolol and honokiol (Fig. 11), are directly linked to each other through the phenyl parent nucleus. These compounds are isolated from the root and stem bark of the magnolia tree and have demonstrated properties associated with spontaneous movement inhibition, central muscle relaxation, anti-stress effects on gastric ulcers, and the inhibition of gastric acid secretion. In the aerial parts or stems of several Piper species, kadsurenone (Fig. 11), identified as a benzofuran-type neolignan, has been shown to inhibit PAF-induced production of prostacyclin (PGI2) and significantly reduce the release of inflammatory mediators.39 Futoenone (Fig. 11), a novel spiro-cyclohexadienone derivative isolated from the stems of Piper kadsura, has been found to inhibit PAF-induced platelet aggregation40 and demonstrate activity against matrix metalloproteinases, including stromelysin, collagenase, and gelatinase.41 Asatone (Fig. 11) is an active component extracted from the Chinese herb Radix et Rhizoma Asari. It exhibits anti-inflammatory effects by activating NF-κB and downregulating p-MAPK (ERK, JNK, and p38) pathways.42

      
        
        

        Fig. 11. 
				
        

        
          Example of neolignans.
        
        

        

      

      Norlignans – Norlignans are characterized by the absence of the central carbon-carbon linkage between the two phenylpropanoid units, which sets them apart from classical lignans. These compounds exhibit variations in their chemical structures based on the linkage position between the two units. There are three main groups of norlignans classified according to the linkage type: C7-C8′ linkage type, C8-C8′ linkage type, and C9-C8′ linkage type (Fig. 12).

      
        
        

        Fig. 12. 
				
        

        
          Subtypes of classical norlignans.
        
        

        

      

      Norlignans are primarily found in gymnosperms, particularly in the Taxodiaceae and Cupressaceae within the gymnospermous plants. Sugiresinol and hinokiresinol (Fig. 13) are found in Cryptmeria japonica and Chamaecyparis obtuse, respectively.43 The discovery of norlignans in these plant types is essential for understanding their biological activities and chemical characteristics. The absence of the central carbon-carbon linkage in norlignans compared to classical lignans may have implications for their properties and biological activities. Like other lignans, norlignans are subjects of study for potential health benefits and biological activities, particularly in the context of antioxidant properties and plant defense mechanisms.44

      
        
        

        Fig. 13. 
				
        

        
          Example of norlignans.
        
        

        

      

      Lignan oligomer (= polymeric lignans) – Oligolignans, consisting of sequilignans (trimers) and dilignans (tetramers), are condensed forms of lignans resulting from the condensation of three or four lignan units, respectively. The structures of these oligomers can vary based on the specific connections between lignan units. The linkages between units often involve various types of bonds, such as ether linkages or other covalent bonds. This diversity in bonding patterns contributes to the unique chemical and biological properties exhibited by lignan oligomers. The study of oligolignans is crucial for understanding the complexity of lignan chemistry and exploring potential applications, especially in the context of their distinctive properties and functions.

      Lithospermic acid (Fig. 14), a prominent oligolignan found in the roots of Lithospermum erythrorhizon, exhibits noteworthy anti-oxidative, anti-inflammatory, and hepatoprotective activities.45 In the seeds of Arctium lappa, lignans like lappaol A and lappaol F (Fig. 14) have been identified. Notably, lappaol F stands out for its ability to inhibit nitric oxide (NO) production, suggesting that it may possess anti-inflammatory properties.46

      
        
        

        Fig. 14. 
				
        

        
          Examples lignan oligomers.
        
        

        

      

      Lignoid: flavolignan, coumarolignan, xantholignan – “Lignoid” typically refers to compounds or substances that share structural similarities with lignans. This may have lignan-like structure or share certain features with lignans, but they are not necessarily classified as lignans themselves. The term is often used in the context of phytochemistry to describe compounds that are related to lignans but may have variations in their chemical structure.

      Silymarin (Fig. 15) is a flavolignan compound found in the fruits of Silybum marianum, commonly known as milk thistle and belonging to the Compositae family. It constitutes approximately 1.5–3% of the fruit and is renowned for its applications in treating liver-related disorders.47 The liver-protective effects of silymarin are often attributed to mechanisms such as the inhibition of toxin absorption, antioxidant activity, and scavenging of free radicals. Cleomiscosins A and B (Fig. 15) are coumarinolignans isolated from Cleome viscosa (Cleomaceae), a plant commonly known as “Asian spider flower” or ”tickweed” and belonging to the Cleomaceae family. These compounds are recognized for their potential therapeutic applications, particularly in liver health.48 Kielcorin (Fig. 15), a specific xantholignoid found in Kielmeyera coriacea (Kiclmeyeroideae), exhibites antibacterial, anti-inflammatory, and hepatoprotective activity.49

      
        
        

        Fig. 15. 
				
        

        
          Examples of flavolignan, coumarolignan, xantholignan.
        
        

        

      

    

    

  
    
      Extraction of Lignans
      The extraction process is a crucial step, and several parameters related to it, such as the choice of solvent, method, time, temperature, solvent-to-sample ratio, and the number of repeat extractions of a sample, should be considered for the optimum recovery of lignans from the plant matrix (Fig. 16). Traditional methods like Soxhlet, maceration, and digestion have been commonly applied for lignan extraction. While these conventional extraction methods are favored for their simplicity and lack of complex apparatus, they come with drawbacks such as extended extraction times and the use of large solvent volumes.

      
        
        

        Fig. 16. 
				
        

        
          Overview of lignan extraction workflows. Plant material is dried, and ground, followed by extraction using conventional or alternative technologies, including solvent extraction, ASE, SFE, and MAE. After concentration, a crude lignan-rich extract is obtained and subjected to chromatographic isolation.
        
        

        

      

      In addition to conventional methods, alternative extraction techniques are gaining popularity for lignan extraction. These methods include accelerated solvent extraction (ASE), supercritical fluid extraction (SFE), and microwave-assisted extraction (MAE) and offer potential advantages in terms of efficiency and reduced extraction time. More recently, advances in sample pretreatment have introduced various microextraction based approaches, such as dispersive liquid microextraction, miniaturized solid phase extraction, and novel sorbent assisted dispersive solid phase microextraction, which offer rapid, efficient, and environmentally benign alternatives for lignan extraction.50

      Solvent extraction – The choice of extraction solvent for lignans should consider the physicochemical properties of the target compounds, such as polarity, solubility, and lipophilicity. Commonly, polar solvents like ethanol and methanol are used for extracting lignans, as they are relatively lipophilic. However, when dealing with a mixture of lignans and lignan glycosides, it is advisable to add around 5–10% water to the solvent to enhance extraction. Although some lignans can be extracted using nonpolar solvents like dichloromethane, chloroform, or n-hexane, these are typically employed in subsequent stages such as solvent partitioning, separation, and isolation.51

      A recent advancement in lignan extraction involves the use of Accelerated Solvent Extraction (ASE), a highly effective method (Fig. 16). This automated process occurs at elevated temperature and pressure under an inert nitrogen atmosphere, allowing for fast and sequential extraction with relatively small solvent volumes. ASE has demonstrated success in extracting lignans from various tree species, particularly yielding lignan-rich extracts from Norway spruce knots.52–56

      Solid-phase extraction (SPE) – Solid-phase extraction (SPE) is a versatile and crucial technique for recovering and purifying phenolic compounds from diverse sample types. It offers rapid and sensitive sample preparation, replacing cumbersome conventional isolation and extraction methods. The choice of sorbent, such as C18 reversed-phase, amino phases, or anion-exchange materials, depends on the specific analysis requirements.51 Although the utilization of solid-phase extraction (SPE) for lignans is not as widespread as various solvent extraction techniques, it has found application in the analysis of lignans in flaxseed or biological fluids.57 In these cases, SPE serves as a purification step after alkaline or enzymatic hydrolysis of a raw extract or is employed for the fractionation of oligomers from a non-hydrolyzed raw extract.58,59 Despite being less common, SPE has been successfully used for the extraction of simple phenols and polyphenols from plants and food, although lignans appear to have been somewhat neglected in these applications.60

      Supercritical fluid extraction (SFE) – Supercritical fluid extraction (SFE) is considered an environmentally friendly extraction technique. This has several advantages, including reducing the use of extraction solvents, shortening extraction time, increasing yield and convenient method for sample preparation before analyzing compounds in plant matrices (Fig. 16). Supercritical solvents have unique properties, including high diffusivities, lower viscosities, and almost zero surface tensions. These properties provide advantages such as shorter extraction times, enhanced selectivity, and the absence of residual organic solvents in the final extract. The most used supercritical solvent is pure or modified carbon dioxide due to its low critical parameters, allowing for mild extraction conditions, including temperature and pressure. Carbon dioxide is recognized for its non-toxic, non-flammable, and environmentally friendly characteristics.61 SFE has been predominantly utilized for lignan extraction from various parts of Schisandra chinensis. Numerous studies have been conducted to optimize the SFE methods for the extraction of lignans from this plant. Recent publications have contributed to the understanding of key factors affecting lignan extractability using SFE.62 Notably, the addition of methanol or ethanol proven to be a significant factor in substantially increasing the lignan yield in SFE process. The successful application of SFE is not limited to Schisandra chinensis, as it has been effectively used for lignan extraction from diverse plants sources, including Forsythia koreana and Magnolia cortex.61

      Microwave-assisted extraction (MAE) – Microwave-assisted extraction (MAE) has emerged as a significant method for lignan extraction, utilizing microwave energy as an electromagnetic radiation source. This energy induces molecular motion through the migration of ions and rotation of dipoles, aligning molecules in both the solvent and the matrix. MAE provides rapid energy delivery to the solvent, leading to swift heating due to collisions with surrounding molecules. The technique offers advantages such as prompt initiation, reduced analysis time, and lower solvent consumption compared to other extraction methods, making it a valuable tool for extracting natural products from plant materials (Fig. 16).63

      MAE’s effectiveness was initially demonstrated in lignan extraction from flaxseeds. Specifically, the primary lignan, secoisolariciresinol diglucoside (SDG), exhibited a 1.3-fold increase in extraction yield with MAE compared to traditional methods, irrespective of sodium hydroxide concentration. Besides enhanced yields, MAE demonstrated benefits of shorter extraction times and a simplified procedure.64

      These findings underscore MAE’s potential as a more efficient and time-effective method for extracting phenolic compounds from flaxseed, thereby enhancing its value in the extraction of natural products from plant materials. Importantly, MAE has been successfully optimized for preparing lignan-rich extracts from various plant sources, further establishing its versatility in phytochemical extraction processes.63

    

    

  
    
      Isolation and Purification Methods
      Flash chromatography – Flash chromatography on silica gel or Sephadex LH-20 columns is commonly employed for the initial fractionation, separation, and preparative isolation of natural compounds, including lignans. This approach offers distinct advantages for the preparative isolation of selected lignans from raw material due to its capability to handle larger sample loads compared to high-performance liquid chromatography (HPLC).

      In the process of lignan isolation, the choice of suitable solvent mixtures is determined through systematic experiments involving both column chromatography and thin layer chromatography (TLC). For the preparative separation of lignans, the selection of the column or TLC material typically involves normal-phase or reversed-phase (RP) C18. Interestingly, RP C8 has been found in some cases to yield better separation than C18. Various solvent mixtures have been identified as suitable, including methanol/water, acetonitrile/water, acetonitrile/methanol/water, ethanol/water, n-hexane/chloroform/methanol, or n-hexane/ethyl acetate in different ratios. The choice between isocratic and gradient elution depends on the complexity of the extract.51,63

      Semi-preparative HPLC of lignans – The use of a semi-preparative HPLC system equipped with a UV-Vis detector is highlighted. UV absorption is monitored at specific wavelengths, such as 254 or 280 nm. Commonly employed are reverse-phase C18 columns. Isocratic elution is utilized, maintaining a constant mobile phase composition. Mobile phases include acetonitrile-water mixtures or methanol-water mixtures, with varying proportions depending on the study. The addition of 0.1% formic acid to the mobile phase is noted to enhance peak resolution for structures containing hydroxyl groups. Gradient elution, involving a change in mobile phase composition during the analysis, is described as an effective method for isolating specific lignans in gram quantities.

      Countercurrent separation of lignans – Centrifugal Partition Chromatography (CPC) and high-speed countercurrent chromatography (HSCCC) are highlighted as all-liquid chromatographic techniques, differing from conventional methods that use solid stationary phases. This distinction is emphasized due to the avoidance of adsorption losses and the formation of artifacts, common in conventional chromatography with active surfaces. One of the notable strengths of CPC and HSCCC lies in their versatility in selecting solvent systems. These techniques offer a wide range of solvent options, providing flexibility in the development of chromatographic methods.

      The efficacy of CPC and HPCCC in the purification and isolation of lipid-soluble lignans is emphasized, with specific examples such as sesamin and sesamolin from sesame seeds.65 Additionally, HPCCC is underscored as an efficient method for isolating secoisolariciresinol diglucoside (SDG) from flaxseed, employing a gradient method for improved separation.66,67 Seven lignans including (−)-maglifloenone, futoenone, magnoline, cylohexadienone, fargesone C, fargesone A and fargesone B were isolated and purified from Magnolia sprengeri Pamp. using HSCCC with two-step separation. In the first step, a stepwise elution mode with the two-phase solvent system composed of petroleum ether-ethyl acetate-methanol-water (1:0.8:0.6:1.2, 1:0.8:0.8:1, v/v/v/v). In the second step, the residues were successfully separated by HSCCC with the solvent system composed of petroleum ether-ethyl acetate-methanol-water (1:0.8:1.2:0.6, v/v/v/v).68 Then arylnaphthalene lignans were purified from Justicia procumbens L. in 8 h using HSCCC with the two-phase solvent system composed of petroleum-ethyl acetate-methanol-water (1:0.7:1:0.7, v/v/v/v). The enriched mixture) was further separated using the solvent system consisting of petroleum-ethyl acetate-methanol-water (3:3.8:3:3.8, v/v/v/v).69 A combination of HSCCC and preparative HPLC has led to the purification of six lignans from Schisandra chinensis. HSCCC was performed with a two phase solvent system of n-hexane-ethyl acetate-methanol-water (1:1:1:1, v/v/v/v).70,71 Arctigenin and matairesiol, dibenzylbutyrolactone lignans, were obtained CPC operation from an enriched lignan extract of Forsythia koreana with a two-phase solvent system composed of n-hexane-ethyl acetate-methanol-water (5:5:5:5, v/v/v/v).72 Consecutive sample injection method to purify sesamin and sesamolin from Defatted sesame meal extract. CPC was carried out with a two-phase solvent system consisting of n-hexane-ethyl acetate-methanol-water (8:2:8:2, v/v/v/v) in descending mode.73 Podophyllotoxin, 4′-demethyl podophyllotoxin, and, deoxypodophyllotoxin were purified from Sinopodophyllum emodi by HSCCC using a solvent system composed of n-hexane-ethyl acetate-methanol-water (1.75:1.5:1:0.75, v/v/v/v).74

    

    

  
    
      Qualitative and Quantitative Analysis
      Thin layer chromatography (TLC) – Thin-Layer Chromatography (TLC) is emphasized as a simple and cost-effective technique for separating lignans. It is routinely utilized in lignan research, particularly for the initial qualitative assessment of plant extracts. In lignan TLC analysis, silica gel is predominantly employed as the stationary phase. The choice of eluent, or mobile phase, is determined by the physicochemical properties of the lignans present in the sample. Visualization of TLC spots or bands is commonly carried out using a UV lamp on commercially available plates that are impregnated with a fluorophore. Lignans exhibit the property of absorbing UV light, allowing plates without chemical treatment to be observed under a 254 nm wavelength UV light. Other alternative detection method involves spraying plates with various reagents, such as 5% sulfuric acid in ethanol.51,61,63

      TLC was historically utilized not only for qualitative analysis but also for quantitative analysis (densitometry) and in procedures for isolation and purification (preparative TLC).61 However, more advanced methods have largely replaced the use of TLC in recent times for quantitative analysis and isolation. High Performance Thin Layer Chromatography (HPTLC) is highlighted as a method used for quantifying lignans in the seed oil of sesame species without saponification, affirming the validity of this method in lignan analysis.66 A more recent TLC method, thin layer chromatography-direct bioautography (TLC-DB), allows on-plate identification of active components, particularly in terms of antioxidative, antibacterial, and enzyme inhibition properties. Despite advancements and the replacement of TLC in some areas, it is emphasized that TLC remains valuable for specific applications. These include the initial examination of plant materials and the monitoring of purification stages in lignans analysis (Table 1).

      
        Table 1. 
				
        

        
          Some examples of TLC mobile phases used for the lignan analyses
        
        

      

      
        
          
            	Plants
            	Compounds
            	Mobile phase
            	Ref.
          

        
        
          	
            Schisandra
          
          	Deoxyschisandrin
          	Light petroleum (30–60℃)-ethyl formate-formic acid (15:5:1, v/v/v)
          	
            
              130
            
          
        

        
          	
            Sesamum
          
          	Schisandrin, gomisin A, schisandrin B, deoxyschisandrin, schisantherin A
          	Toluene-ethyl acetate (70:30, v/v)
          	
            
              130
            
          
        

        
          	Schisandrin B, Schisandrin A, Stigmasterol, Schisantherin A, Schisandrol A/B
          	Toluene-ethyl acetate-glacial acetic acid (70:30:3, v/v/v)
          	
            
              131
            
          
        

        
          	Sesamin, sesamolin, sesangolin,
          	Petroleum ether-diethyl ether-acetic acid (70:30:1, v/v/v)
          	
            
              132
            
          
        

        
          	
          	Chloroform-benzene-methanol (60:40:1, v/v/v)
          	 
        

        
          	Sesamin
          	HPTLC
1) Chloroform-Methanol (10:10, v/v)
2) Chloroform-Diethyl ether (18:2, v/v)
          	
            
              131
            
          
        

      

      

      High-performance liquid chromatography (HPLC) – HPLC usually used for analyzing lignans in biological samples due to its convenience, no need for time-consuming sample preparation. This technique commonly employs reversed phase (RP) columns, with occasional utilization of silica (normal phase) columns for lignan analyses. RP-18 (octadecylsilica) columns are widely utilized, whereas RP-8 columns are better suited for separating hydrophilic lignans, such as 7-hydroxymatairesinol isomers.75,76 HPLC is the most widely used method for the analysis of lignans. Traditionally, UV detection (at a single wavelength) may offer sufficient sensitivity and selectivity for determination of lignans. Traditionally, UV detection at wavelengths of 254 or 280 nm is widely used in plant extracts for lignan determination due to its satisfactory sensitivity. Nine lignans in Schisandra chinensis extract were quantified by HPLC-DAD at 254 nm.77 The total lignans from Arctii Fructus were quantitatively analyzed by HPLC to determine the quality of Arctii Fructus. Total 11 marker components, lappaol H, lappaol C, arctiin, arctignan D, arctignan E, matairesinol, arctignan G, isolappaol A, lappaol A, arctigenin, and lappaol, were successfully quantified at 280 nm with isocratic elution of 47.6% methanol.78

      In recent years, a combined HPLC-UV and HPLC-MS method was developed to identification and quantative analysis of lignans. MS has emerged as the most sensitive lignan analysis method, providing quantitative analysis capabilities along with analyte structure determination, including high selectivity, resolution, speed, sensitivity, repeatability, molecular weight and purity. The UV and MS data led to the identification of group characteristics for the major subclasses that can be used to establish the structure of unknown lignan peaks in the chromatograms of crude extract of Linum usitatissimum and L. bienne Mill.79,80 In addition, HPLC-ESI-MS (coupled or in combination with a PDA detector) was used for the identification of 12 lignans (schisandrol A, schisandrol B, gomisin G, schisantherin A, schisantherin D, schisanhenol, (+)-anwulignan, deoxyschisandrin, schisandrin B, schisandrin C, 6-O-benzoylgomisin O, and interiotherin A) in extracts of Schisandra sphenanthera fruits.81

      HPLC-MS method was applied to determine lignans in biological fluids. The major part of lignans in biological fluids are present in conjugated forms such as glucuronides and sulfates, so these samples are typically hydrolysed enzymatically using β-glucuronidase/sulfatase preparations prior to sample extraction and chromatographic analysis. Urine and blood (serum or plasma) are the most frequently analyzed biological fluids. The pharmacokinetic profile of arctiin, the major active lignan in fruits of Arctium lappa L., was carried out by an LC-UV-MS. Arctigenin, main metabolite of arctiin, was identified by HPLC-MS and quantified by HPLC-UV at 280 nm in plasma and organs of Sprague-Dawley rats.82 Another study of arctiin and its metabolites in rat urine and feces were performed by HPLC coupled Q-TOF mass spectrometer. Arctiin and its three metabolites, (−)-enterolactone, (−)-arctigenin and (2R,3R)-2-(3′-hydroxybenzyl)-3-(3″,4″-dimethoxybenzyl)-butyrolactone were identified and quantitative analysed by UV at 280 nm.83 The absorption profiles of Schisandra chinensis in the human Caco-2 cell monolayer and rat everted gut sac models, as well as in rat plasma. By analyzing MSn characteristics of peaks acquired by HPLC-DAD-APCI-MSn determination, absorbable lignans in the Schisandra extract and related metabolites were identified.84 Picropodophyllin and its isomer podophyllotoxin in human serum samples with electrospray ionization of hexylamine adducts were determined by HPLC-MS/MS. The mobile phase was consisted of 2.5 mM hexylamine and 5 mM formic acid in water and methanol. The hexylamine adducts rather than proton adducts were more sensitive. The limit of quantification (LOQ) was 0.01 μmol/L for picropodophyllin and podophyllotoxin.85

      After oral administration of magnolol and honokiol emulsion, pharmacokinetic study applied. A sensitive and specific ultra-performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) method was developed for the investigation of the pharmacokinetics of magnolol and honokiol in rats. The plasma samples were deproteinized with acetonitrile, the post-treatment samples were analyzed on an Agela C18 column interfaced with a triple quadrupole tandem mass spectrometer in negative electrospray ionization mode. Acetonitrile and 5 mmol/L ammonium acetate buffer solution (65:35, v/v) was used as the mobile phase.86 The pharmacokinetics and safety of multiple oral doses study of sesame lignans (sesamin and episesamin) was conducted. Sesame lignans and metabolites were analyzed by an Acquity UPLC system coupled to a Quattro Micro MS System. Metabolites were extracted from plasm after hydrolysis with β-glucuronidase/sulfatase, and applied to an Oasis HLB solid-phase extraction column preconditioned.87

      Chiral HPLC separation for lignans – Lignans, chiral plant metabolites that are generally found in enantiomerically pure (+)- or (−)-form or in pure enantiomeric excess. The enantiomeric composition could be determined by HPLC coupled to UV/laser polarimetric detection.88 Typically, enantiomeric configuration was determined through isolation followed by optical rotation measurement. The separation of enantiomers in a mixture can also be separated on a chiral HPLC column. This requires a reference to a known pure enantiomer. Enantiomeric lignans and neolignans were isolated from Phyllanthus glaucus. The racemic or partial racemic mixtures were successfully separated by chiral HPLC using different types of chiral columns (Daicel chiral-pak IA column or Daicel chiral-pak ASH column) with various mobile phases (composition of n-hexane–ethanol–formic acid). The absolute configurations of enantiomers were determined by computational analysis of their electronic circular dichroism (ECD) spectrum by comparing their experimental ECD spectra and optical rotation values. Chiral resolution of phyllanglaucin A was performed on Daicel chiral-pak IA column (eluted with n-hexane-ethanol-formic acid, 70:30:0.1, v/v/v).89 Sesamin, with a remarkable rotation and significant Cotton effects, was isolated from Juglans mandshurica Maxim. (±)-Sesamin was analyzed by a Daicel Chiralpak IC (eluted with n-hexane-2-propanol, v/v, 2:1) to obtain (+)-sesamin and (-)-sesamin. The absolute configurations were determined by computational analysis of their ECD spectrum. In Aβ1–42 aggregation assay, (−)-sesamin (80.6±1.53% inhibiton) was more potent inhibitory activity than (+)-sesamin (67.7±2.04%) at the concentration of 20μM.90

      (±)-Licarin A, a neolignan obtained by the oxidative coupling reaction of isoeugenol, was directly performed by chiral high-performance liquid chromatography (HPLC-PDA) protocol (Chiralpack® AD column; n-hexane-2-propanol, 9:1, v/v). The schistosomicidal and trypanocidal structure-activity relationships for (±)-licarin A and its (+)- and (−)-enantiomers were also displayed.91 The synthetic racemates (±)-larreatricins and (±)-8′-epi-larreatricins were separated using a Chirobiotic V column eluted with ethanol-hexanes (12:88, v/v) and then, chiral HPLC analysis of the four isolated diastereomers from L. tridentata revealed that larreatricin and 8′-epi-larreatricin were present primarily as the (−)-form.92

    

    

  
    
      Structural Elucidation
      Structural identification of lignans using spectroscopic methods – Most chemical structures of lignans can be divided into aryl groups (aromatic rings) and side chains. The aromatic rings are usually oxy-substituted, particularly at the para position to side-chain substitution. Generally, the aromatic ring is oxygenated at the 3-, and 4-positions and is represented in Fig. 17.

      
        
        

        Fig. 17. 
				
        

        
          Structures of aryl groups in lignans.
        
        

        

      

      In addition, the side chain moiety is mostly 8-8′ (or β-β′) connected, which can be used to confirm the structures. The two aryl groups (aromatics), which occur frequently in lignans, are depicted in Fig. 1, so identifying the side chain structures is important for lignan structure analysis. 1H and 13C NMR were usually used to determine the chemical structures of lignans. Lignans were classified into several derivatives according to their side chain structures. The methods of structural analysis using NMR are described below for each derivative.

      For most lignans, twelve carbon peaks corresponding to the aromatic ring can be observed in 13C-NMR, and then the remaining six side chain carbons were interpreted by 1D and 2D NMR. The linkage of the side chains can be seen through the coupling of the protons corresponding to C7-C8-C9 (C7′-C8′-C9′), and the C8-C8′ linkage of each side chain can also be determined. HMBC also confirms the connection between the H-7 proton of the side chain and the C-1 carbon of the aromatic ring to confirm the basic structure. The structural features of each lignan derivative and the structural analysis method using NMR are described. In particular, coupling constants, 13C-NMR values, and methods for determining relative configurations using NOE (or NOESY) are included. The absolute configuration is usually determined by optical rotation, circular dichroism (CD), or electronic circular dichroism (ECD).

      Dibenzylbutane and dibenzylbutanediol derivatives – Dihydorguaiaretic acid (DGA) was isolated from Myristica argentea, Pycnanthus angolensis, Saururus cernuus, meso-dihydroguaiaretic acid was also isolated Saururus chinensis.93–96 DGA and meso-DGA showed nine carbon signals, six aromatic ring signals, three aliphatic signals and an additional one methoxy signal in 13C-NMR. Sometimes lignans are symmetrical, meaning that although though the backbone is made up of 18 carbons, only half that number, nine signals, are observed. In this case, the molecular weight should be checked and compared with that of simple phenylpropanoids. The Ar-CH2-CH-CH3 (or Ar-CH2-CH-CH2OH, dibenzylbutanediol) moiety was confirmed by two proton signals (benzylic methylenes) 2.3 and 2.7 ppm (dd, J = 13.5, 9.3 or 5.1 Hz) in 1H-NMR. The structures of the aromatic regions are confirmed by the splitting pattern of the proton in the aromatic region, and the structure of the side chain part is confirmed by proton splitting and coupling constant in 1H NMR. Most lignans have a C8-C8′ linkage, so the C7-C8-C9 linkage and C7′-C8′-C9′ linkage can be identified, and the 8-8′ linkage can also be used to identify the structure. 1H-, 13C-NMR and optical rotation data of dihydroguaiaretic acid (Fig. 18) were described in Table 2.93,97,98

      
        
        

        Fig. 18. 
				
        

        
          Chemical structures of meso-dihydroguaiaretic acid and (±)-dihydroguaiaretic acid.
        
        

        

      

      
        Table 2. 
				
        

        
          1H- and 13C-NMR data of meso-dihydroguaiaretic acid and (±)-dihydroguaiaretic acid
        
        

      

      
        
          
            	No.
            	meso-dihydroguaiaretic acida
            	(±)-dihydroguaiaretic acida
          

          
            	1H-NMR
            	13C-NMR
            	1H-NMR
            	13C-NMR
          

        
        
          	1, 1′
          	 
          	133.8
          	 
          	133.6
        

        
          	2, 2′
          	6.61 (2H, d, J = 1.5 Hz)
          	111.5
          	6.52 (2H, s)
          	111.2
        

        
          	3, 3′
          	 
          	146.4
          	 
          	146.2
        

        
          	4, 4′
          	 
          	143.6
          	 
          	143.5
        

        
          	5, 5′
          	6.82 (2H, d, J = 8.1 Hz)
          	114.0
          	6.80 (2H, d, J = 8.1 Hz).
          	113.8
        

        
          	6, 6′
          	6.65 (2H, dd, J = 8.1, 1.5 Hz)
          	121.8
          	6.58 (2H, dd, J = 8.1 Hz),
          	121.6
        

        
          	7, 7′
          	2.28 (2H, dd, J = 9.3, 13.5 Hz), 2.73 (2H, dd, J = 5.1, 13.5 Hz)
          	38.9
          	2.38 (2H, dd, J = 6.9, 13.5 Hz),
          	37.4
        

        
          	8, 8′
          	1.75 (4H, m)
          	39.2
          	2.52 (2H, dd, J = 6.9, 13.5 Hz),
1.69–1.76 (4H, m)
          	41.0
        

        
          	9, 9′
          	0.84 (6H, d, J = 6.3 Hz)
          	16.2
          	0.82 (6H, d, J = 6.3 Hz),
          	13.8
        

        
          	OCH3
          	3.86 (6H, s)
          	55.9
          	3.81 (6H, s)
          	55.7
        

        
          	Optical rotation αD20
          	0
          	(-)-DGA = −27(c, 0.9, CHCl3)
(+)-DGA = +25 (c, 1.0, CHCl3)
        

      

      
        
          a 1H-NMR (400 MHz) and 13C-NMR (100 MHz) in CDCl3.
        

      

      

      Tetrahydrofuran lignans – Tetrahydrofuran lignans have a furan ring formed by 9-O-9′, 7-O-9′, or 7-O-7′ linkage as shown in Fig. 19.

      
        
        

        Fig. 19. 
				
        

        
          Tetrahydrofuran lignans.
        
        

        

      

      Tetrahydrofuran lignan type A (furan ring formed by 9-O-9′ linkage) showed two benzylic methylenes, two methines, and two oxymethylenes. Shonanin (4,4′-dihydroxy-3,3′-dimethoxy-9,9′-epoxylignan) was isolated from the leaves of Calocedrus formosana.99 The molecular weight was m/z 344, while 13C-NMR spectrum displayed only 10 signals, indicating that shonanin is a symmetric molecule. 1H-NMR data displayed at δ 2.15 (2H, m, H-8,8′), 2.53 (4H, m) 8.52 (2H, dd, J = 8.7, 5.7 Hz), 3.90 (2H, dd, J = 8.7, 6.6 Hz) indicated that benzylic methylene, methine, and oxymethylene (Ar-CH2-CH-CH2-O) in side chain. The 13C-NMR data of (±)-shonanin and meso-form (Fig. 20) were shown in Table 3.99–101

      
        
        

        Fig. 20. 
				
        

        
          Stereoisomers of 9,9′-epoxylignanes.
        
        

        

      

      
        Table 3. 
				
        

        
          13C-NMR data of C-7/C-7, C-8/C-8′ and C-9/C-9′ in 9,9′-epoxylignans99, 105
        
        

      

      
        
          
            	Relative configuration
            	C-7/C-7′
            	C-8/C-8′
            	C-9/C-9′
          

        
        
          	(−), (+)
          	39.6 ± 0.5
          	46.7 ± 0.5
          	73.0 ± 0.5
        

        
          	
            meso
          
          	33.5 ± 0.5
          	43.4 ± 0.5
          	72.0 ± 0.5
        

      

      

      Tetrahydrofuran lignan type B (furan ring formed by 7-O-9′ linkage) showed one benzylic methylene, two methines, one oxymethylene, and one methyl. Terminal CH3 often changes to CH2OH, and hydroxy can substitute to benzylic methylene to form benzylic oxymethine. Consistent with these structural features, lariciresinol shows characteristic long-range HMBC correlations in which H-7 correlates with C-2, C-6, C-8, and C-9′, and H-8 and H-8′ correlate with C-7, C-7′, C-9, and C-9′. These correlations collectively confirm that the compound possesses a tetrahydrofuran skeleton formed through a 7-O-9′ linkage (Fig. 21, Table 4).102,103

      
        
        

        Fig. 21. 
				
        

        
          Selected HMBC correlations and representative stereoisomers of 7-O-9′ furan lignans.
        
        

        

      

      
        Table 4. 
				
        

        
          13C-NMR data of (+)-lariciresinol and its relative isomers105
        
        

      

      
        
          
            	Relative configuration
            	C-7
            	C-8
            	C-9
            	C-7′
            	C-8′
            	C-9′
          

        
        
          	A type
          	82.9 ± 0.4
          	50.5 ± 1.5
          	61.5 ± 1.3
          	33.1.1 ± 0.4
          	42.9 ± 0.4
          	72.6 ± 0.2
        

        
          	B type
          	73.4 ± 0.4
          	53.7 ± 0.9
          	60.5 ± 0.4
          	34.5 ± 0.9
          	42.8 ± 0.5
          	73.4 ± 0.4
        

        
          	C type
          	87.5 ± 0.3
          	44.0 ± 0.1
          	12.8 ± 0.2
          	69.4 ± 0.1
          	48.0 ± 0.1
          	72.9 ± 0.2
        

      

      

      The relative configuration of B type 7-O-9′ furan lignans could be determined by the coupling constant between H-7 and H-8. The coupling constant between H-7 and H-8 (J7−8 = 6.0Hz) confirmed trans-configuration (J7−8 = 3.6 Hz in cis-configuration). The absolute configuration of aglycones of alangilinoside C and ligalbumosides A are determined by the NOESY and CD spectra (Fig. 22). The CD spectra of (A) and (B) was opposite from 180 to 260 nm, A type (positive) and B type (negative).104

      
        
        

        Fig. 22. 
				
        

        
          Aglycone parts of alangilignoside C and ligalbumosides A.
        
        

        

      

      Tetrahydrofuran lignan type C (furan ring formed by 7-O-7′ linkage, Fig. 23) showed two benzylic oxymethines, two methines, and two methyls in 1H-NMR. The comparison of the specific rotation, coupling constants, and the chemical shifts of the aliphatic protons and carbons identified the relative configuration. The 13C-NMR data of relative configuration were described in Table 5.105 The absolute configurations of anorisols A–D (tetrahydrofuran lignans) were established by comparison of the experimental electronic circular dichroism (ECD) spectra with the calculated ECD spectra.23

      
        
        

        Fig. 23. 
				
        

        
          Relative configurations of 7-O-7′ furan lignan strereoisomers.
        
        

        

      

      
        Table 5. 
				
        

        
          13C-NMR data of C-7, C-7′, C-8, C-8′ and C-9, C-9′ in 7-O-7′ furan lignans
        
        

      

      
        
          
            	Relative configuration
            	C-7
            	C-8
            	C-9
            	C-7′
            	C-8′
            	C-9′
          

        
        
          	A: trans-trans-trans
          	88.1 ± 0.7
          	50.9 ± 1.1
          	13.7 ± 0.3
          	88.1 ± 0.7
          	50.9 ± 1.0
          	13.7 ± 0.4
        

        
          	B: trans-cis-trans
          	87.6 ± 0.7
          	44.8 ± 0.5
          	12.9 ± 0.3
          	87.1 ± 0.3
          	44.3 ± 0.2
          	12.9 ± 0.3
        

        
          	C: trans-trans-cis
          	87.2 ± 0.2
          	46.7 ± 0.8
          	15.0 ± 0.1
          	83.1 ± 0.3
          	46.9 ± 0.8
          	14.9 ± 0.1
        

        
          	D: cis-cis-cis
          	82.4
          	41.2
          	11.6
          	82.4
          	41.2
          	11.6
        

        
          	E: cis-trans-cis
          	87.3 ± 0.2
          	47.8 ± 0.2
          	15.0 ± 0.3
          	83.1 ± 0.1
          	46.0 ± 0.1
          	15.0
        

        
          	F: cis-cis-trans
          	85.2 ± 0.1
          	44.1 ± 0.1
          	9.7 ± 0.2
          	86.2 ± 0.2
          	48.4 ± 0.1
          	12.1 ± 0.2
        

      

      

      Dibenzylbutyrolactone derivatives – Dibenzylbutyrolactone lignans, such as matairesinol,106 are composed of the side chains Ar-CH2-CH-C=O and Ar-CH2-CH-CH2-O that are connected through 8-8′ and 9-O-9′ linkages (Fig. 24). These side changes were characterized by the signals at δC 34.5 (C-7, benzylic methylene, δH 2.88, 2.94), 46.4 (C8, methane, δH 2.56), 178.6 (C-9, carbonyl), 38.2 (C-7′, benzylic methylene, δH 2.53, 2.61), 40.9 (C-8′, methine, δH, 2.47), and 71.2 (C-9′, oxymethylene, δH 3.88, 4.15).107 The 2D NMR (HMBC) spectrum clearly showed correlations between H-7, H-8′, and H-9′ and C-9 confirming the characteristic dibenzylbutyrolactone skeleton. The aromatic ring system was assigned based on the HMBC correlations from H-7 to C-6 and C-2 (Fig. 24). The remaining aromatic signals were readily assigned by further HMBC correlations, and a similar approach was applied to resolve the signals of the second aromatic ring.108 The relative configuration of H-8 and H-8′ was determined by the chemical shifts. The trans-derivatives showed a poorly resolved spectrum with a four-proton multiplet (H-8, 8′, 7′a, 7′b) at δ 2.5–2.6, a two-proton multiplet (H-7a, 7b) at δ 2.9, with a very small nonequivalence of the protons of each of the two benzyl groups, and the distinct nonequivalence of the protons of the C-9′ methylene group (δ 3.9 and 4.2). In the cis-derivatives, the benzylic methylenes and H-7 and H-7′ were relatively well resolved within a broad range (δ 2.3–3.3), while the hydrogens in each of the benzyl groups were distinctly nonequivalent, although the hydrogens of the C-9′ methylene group were almost equivalent in the δ 4.0–4.1 range. The optical rotations of (8R,8′R) was levorotatory (negative) and the (8S, 8′S) isomer was dextrorotatory (positive) in the trans derivatives.109

      
        
        

        Fig. 24. 
				
        

        
          Chemical structure of matairesiol.
        
        

        

      

      Dibenzocyclooctadiene derivatives – Dibenzocyclooctadiene lignans constitute a distinctive class characterized by the C-2/C-2′ biaryl linkage and the typical C-8/C-8′ junction of phenylpropanoid precursor units. The structural diversity of dibenzocyclooctadienes arises from various combinations of the following structural elements: (i) the substitution pattern of the biaryl unit, allowing for potential replacement of hydrogen(s) with hydroxyl, methoxyl, or methylenedioxy groups; (ii) the substitution pattern and configuration of stereocenters along the aliphatic bridge; (iii) the absolute configuration of the biaryl axis. These lignans exhibit multiple substitutions of methoxyl (OCH3) or methylenedioxy (-OCH2O-) in the aromatic region, leading to a lower count of aromatic protons (Fig. 25).110,111

      
        
        

        Fig. 25. 
				
        

        
          Dibenzocyclooctadiene lignans.
        
        

        

      

      The two aromatic protons (H-2 and H-2′) with chemical shifts between 6.4 and 7.0 ppm in 1H-NMR, are useful for stereochemical and conformational information. NOE (or NOESY) is a powerful approach for identifying the aromatic substitution pattern and stereostructure of a lignan. NOESY correlations of H-2/CH3-9, H-9β; H-2′/H7′β, H-8′ and CH3-9′/CH3-9 indicated a cyclooctadiene lignan with a twisted boat/chair conformation, whose C-8 and C-8′ carbons were in S and R absolute configurations (Fig. 26).112

      
        
        

        Fig. 26. 
				
        

        
          Key NOESY correlations in dibenzocyclooctadiene lignan.
        
        

        

      

      13C-NMR can identify the position of a methoxy carbon substitution. Compared to other methoxy carbons, the chemical shift of a methoxy carbon adjacent to the biphenyl bond is about 5 ppm upfield. For example, the chemical shift of 3-OCH3 and 3′-OCH3 is at 55.0 ppm, while other methoxy carbons appear at approximately 60.0 ppm. In addition, the chemical shifts of C-7 and C-7′ are effected by hydroxyl or ester group substitution depending on the substituent′s configuration. For 7-β, this substitution shifts C-7 (or C-7′) downfield (δ ≥ 80 ppm); for 7-α, the substitution shifts C-7 upfield (δ ca. 73 ppm).111,112

      The biphenyl chromophore in a dibenzocyclooctadiene lacks rotational freedom, resulting in R or S biphenyl configurations. Determination of the absolute configuration of this biphenyl chromophore is feasible through circular dichroism (CD) spectroscopy. In the CD spectrum of a lignan derivative, if both a (+)-Cotton effect at 220 nm and a (–)-Cotton effect at 254 nm are observed, the biphenyl unit typically possesses the S configuration. Conversely, a lignan exhibiting an R configuration will display a CD spectrum with a (–)-Cotton effect at 220 nm and a (+)-Cotton effect at 254 nm.110,113

      Arylnaphthalene and aryltetralin lignans – The arylnaphthalen lignans showed strong UV absorption maxima at 236 and 287 nm due to the naphthalene chromophore.114 The appearance of 16 aromatic carbons in 13C-NMR is characteristic of arylnaphthalene lignans. Other lignan derivatives typically exhibit 12 aromatic carbons, but arylnaphthalene is unique in that it exhibits 16 aromatic carbons. Two aromatic methyl signals (3H, s) showed ca. 2.07 ~ 2.40 ppm, and the terminal methyl (-CH3) groups are often found to be modified with -CH2OH or lactone ring. Arylnaphthalene lignan lactones are found in a variety of dietary and medicinal herbs including Phyllanthus, Justicia, Haplophyllum, and Cleistanthus.115 Arylnaphthalene lignan lactones are classified into two types based on the position of lactone. The representative arylnaphthalene lignan lactones, justicidin B and retro-justicidin B (Fig. 27), could be distinguished by 13C-NMR data, C-9 (ca. 69.5 ppm) in justicidin and C-9′ (ca. 66.5 ppm) in retro-justicidin B.

      
        
        

        Fig. 27. 
				
        

        
          Chemical structures of justicidin B and retro-justicidin B.
        
        

        

      

      In some arylnaphthalene lignan lactones, the hindered rotation in the phenyl-naphthalene bond lead to atropisomers. The methylene groups (on both the methylenedioxy and lactone groups) give rise to AB patterns, rather than singlets, since the two protons are diastereotopic when rotation is slow.116

      Atropisomers are stereoisomers arising because of hindered rotation about a single bond, where energy differences due to steric strain or other contributors create a barrier to rotation that is high enough to allow for isolation of individual conformers (Fig. 28).

      
        
        

        Fig. 28. 
				
        

        
          Atropisomers.
        
        

        

      

      Aryltetralin lignans are similar to diarylbutane lignans, but they differ in the six-membered ring connecting C-6 and C-7′, or have additional γ-butyrolactone ring. Therefore, side chains usually are -CH2-CH-CH3, -CH-CH-CH3. The structure of a representative aryltetralin lignan is shown below (Fig. 29). 13C-NMR data was described in Table 6.105

      
        
        

        Fig. 29. 
				
        

        
          Stereoisomers of aryltetralin lignans.
        
        

        

      

      
        Table 6. 
				
        

        
          13C-NMR data of C-7, C-7′, C-8, C-8′ and C-9, C-9′ in aryltetralin lignans
        
        

      

      
        
          
            	Type:
(Relative configuration)
            	C-7
            	C-8
            	C-9
            	C-7′
            	C-8′
            	C-9′
          

        
        
          	A
          	35.4
          	29.8
          	16.0
          	50.8
          	41.5
          	16.2
        

        
          	B
          	33.0
          	35.0
          	64.9
          	43.5
          	48.7
          	65.4
        

        
          	C
          	72.5
          	38.2
          	63.4
          	47.8
          	36.4
          	63.7
        

        
          	D
          	32.5 ± 0.5
          	33.3 ± 0.3
          	73.3 ± 0.4
          	45.3 ± 0.1
          	46.6 ± 0.2
          	178.4 ± 0.4
        

        
          	E
          	29.6
          	41.5
          	176.4
          	49.7
          	47.3
          	71.5
        

        
          	F
          	66.5
          	38.3
          	67.6
          	43.9
          	40.4
          	174.9
        

      

      

      Holostylol A and its conformers were obtained from Holostylis reniformis.117 Their chemical structures of determined by NMR and CD spectroscopic methods. The 1H- and 13C- NMR spectra showed signals for two aromatic rings signals, four methine carbons, and two methyl groups (Fig. 30). The position of methine hydrogens were deduced by coupling constants between the methine hydrogens (JH-7′,8′ = 9.0Hz, JH-8′,8 = 3.1Hz, JH-7,8 = 4.5Hz), which suggested a trans di-axial orientation of H-7′, H-8′, a cis axial-equatorial orientation of H-8, H-8′, and a trans di-equatorial orientation of H-7, H-8 (Fig. 30). NOESY correlations also confirmed its spatial structures. H-7 correlated with H-8, CH3-9. H-8′ correlated with CH3-9′, H-8, H-6′, and H-2′.

      
        
        

        Fig. 30. 
				
        

        
          Coupling constants (J values) and relative stereochemistry of lignan skeletons.
        
        

        

      

      The 7′R configuration. The positive Cotton effects at ̇λ≅289 nm characteristic of an α-aryl at C-7′ (7′R) of these derivatives also indicates 7′R configuration of holostylol A.118 The absolute configuration of holostylol A was determined to be 7R,7′R,8S,8′S.

      Furofuran derivatives – Furofuran lignans are an important group of molecules with a characteristic 2,6-diaryl-3,7-dioxabicyclo[3.3.0]octane skeleton, so they possess a 7,9′:7′,9-diepoxy moiety. Their side chains are composed of two set -OCH2-CH-CH2O-, which linked at 8-8′ to form furofuran derivatives. Therefore, side chains of furofuran lignans (H-8/H-8′ type) showed two oxygenated methine signals, and two oxygenated methylene signals, and two methine signals in 1H- and 13C-NMR. Furofuran lignans with 8-OH group exhibited two oxygenated methine signals, two oxygenated methylene signals, and one methine signal in 1H-NMR. Additional oxygenated quaternary carbon was shown in 13C-NMR.

      The relative configuration of H-8/H-8′ type furofuran lignans (Fig. 31) were classified three types: (A) H-7/H-8 trans, H-7′/H-8′ trans (1–3); (B) H-7/H-8 trans, H-7′/H-8′ cis; and (C) H-7/H-8 cis, H-7′/H-8′ cis. Chemical shift differences (ΔδH-9 and ΔδH-9′) of two methylenes (H-9 and H-9′) can be used to determine the relative configuration of C-7/C-8 and C-7′/C-8′.119 13C-NMR data furofuran parts were described in the Table 7.105

      
        
        

        Fig. 31. 
				
        

        
          Relative configuration of H-8/H-8′ type furofuran lignans.
        
        

        

      

      
        Table 7. 
				
        

        
          13C-NMR data of C-7, C-7′, C-8, C-8′ and C-9, C-9′ in furofuran lignans
        
        

      

      
        
          
            	Type:
(Relative configuration)
            	C-7
            	C-8
            	C-9
            	C-7′
            	C-8′
            	C-9′
          

        
        
          	A
          	85.7 ± 0.3
          	54.2 ± 0.2
          	71.7 ± 0.4
          	85.5 ± 0.4
          	54.0 ± 0.4
          	71.6 ± 0.4
        

        
          	B
          	87.6 ± 0.2
          	54.6 ± 0.3
          	70.5 ± 0.5
          	82.1 ± 0.3
          	49.5
          	68.7
        

        
          	C
          	83.9
          	49.5
          	68.7
          	85.9
          	36.4
          	63.7
        

      

      

      Furofuran lignans with 8-OH (Fig. 32) were classified into four groups according to the orientations of the two aromatic rings: (A) H-7/8-OH trans, H-7′/8′-H trans; (B) H-7/8-OH trans, H-7′/H-8′ cis; (C) H-7/8-OH cis, H-7′/H-8′ cis; and (D) H-7/8-OH cis, H-7′/H-8′ trans.119

      
        
        

        Fig. 32. 
				
        

        
          Relative configuration of 8-OH type furofuran lignans.
        
        

        

      

      The relative stereochemistry was also confirmed through NOESY experiment and the absolute stereochemistry was determined by comparing the specific optical rotation or ECD spectra.120

      Benzofuran neolignans – Dihydrobenzofuran neolignans contain two C6C3 units displaying 7-O-4′ and 8-3′ (or 5′) linkages (Fig. 33). The characteristic UV absorbance was observed at 207–212 nm, 228–233 nm and 280–285 nm. Spectroscopic characteristic data of dihydrobenzofuran lignans were set of H-7/C7 (δH 5.07–5.13 1H, d, J = 8.8–9.6 Hz / δC 92.5–93.2), H-8/C-8 (δ 3.40–3.46 ,1H/ δC 45.2-45.8) and CH3-9 (δH 1.37–1.41, 3H, d, J = 6.8 Hz / δC 17.0–17.7). When 9-CH3 changed to 9-CH2OH, 13C-NMR data was observed at C-8 (δC 52.9-55.2) and C-9 (δC 62.9-64.5).121 13C-NMR chemical shift ranges for the resonances belonging to C-7 to C-9 positions dihyrobenzofuran lignans (Table 8).105

      
        
        

        Fig. 33. 
				
        

        
          Dihydrobenzofuran lignans.
        
        

        

      

      
        Table 8. 
				
        

        
          13C-NMR data of C-7, C-8 and C-9 in dihyrobenzofuran lignans
        
        

      

      
        
          
            	Type
            	C-7
            	C-8
            	C-9
          

        
        
          	A
          	93.2 ± 0.3
          	46.1
          	18.2 ± 0.4
        

        
          	B
          	88.0 ± 0.4
          	55.2 ± 0.2
          	64.5 ± 0.1
        

        
          	C
          	93.5
          	45.6
          	17.9
        

        
          	D
          	93.5 ± 0.1
          	45.7 ± 0.3
          	18.0 ± 0.4
        

        
          	E
          	88.3
          	54.6
          	64.5
        

        
          	F
          	87.1
          	52.9
          	62.9
        

      

      

      The coupling constant between H-7 and H-8 indicates the relative configuration (usually, J = 9.5 Hz, trans; J = 8.5 Hz, cis) of C-7 and C-8, but small J value difference, NOE (or NOESY) required to the determine relative configuration of C-7 and C-8. NOE correlation of H-7/H-8 and no correlation H-7/CH3-9 indicates cis relative configuration. In case of trans configuration, correlation H-7/CH3-9 was observed in NOESY (Fig. 34).121–123

      
        
        

        Fig. 34. 
				
        

        
          Key NOESY correlations in dihyrobenzofuran lignan.
        
        

        

      

      The absolute configuration at C-7 and C-8 were determined by the circular dichroism and optical rotation properties (Fig. 35). If methyl group at C-9 position changed into CH2OH, C-8 configuration was changed due to priority.123 In case of C-9 methyl, trans enantiomer, negative Cotton effect ~ 230 nm and positive Cotton effect ~ 280 nm (Table 9), the absolute configuration at C-7, C-8 were 7S,8S.121,124

      
        
        

        Fig. 35. 
				
        

        
          Absolute configuration of (–)-licarin A and isolicarin A.
        
        

        

      

      
        Table 9. 
				
        

        
          The Determination of the absolute configuration for dihydrobenzofuran lignans
        
        

      

      
        
          
            	Relative configuration
            	ECD value
            	Optical rotation
            	Absolute configuration
          

        
        
          	
            trans
          
          	Sign of peak ~ 230 nm
          	Sign of peak ~ 280 nm
          	 
          	
        

        
          	negative
          	positive
          	negative
          	7S,8S
        

        
          	positive
          	negative
          	positive
          	7R,8R
        

        
          	Sign of peak 260 – 285 nm
          	 
          	
        

        
          	
            cis
          
          	positive
          	positive
          	7R,8S
        

        
          	negative
          	negative
          	7S,8R
        

      

      
        
          Positive (= dextrorotatory), negative (=levorotatory)
        

      

      

      Benzodioxane neolignans – A benzodioxane-type lignan is formed by connecting the C-7 and C-8 of one C6C3 unit to the aryl ring carbon of another C6C3 unit via two oxygen atoms. Americanol A and isoamericanol A, structural isomers, were isolated from Phytolacca americana,125 therefore these two compounds showed similar NMR spectral data, but characteristically different shifts for H-2′ and H-5′ as measured in CD3OD, indicating a distinction between americinol and isoamericinol types of neolignans: in the spectrum of americanol A, a relatively large difference of 0.2 ppm between the resonances of H-2′ and H-5′, whereas the corresponding difference in the spectrum of isoamericanol A is only 0.07 ppm. NOE effects of H-2′/H-8 and H-5′/H-7 were shown in americanol, and NOEs were found between H-2′ and H-7, and between H-5′ and H-8 in isoamericanol (Fig. 36). In addition, HMBC spectra using a concentrated sample and acquisition parameters optimized for small coupling constants (~ 3 Hz), showed a correlation between H-8 and C-3′ for americanol and a correlation between H-8 and C-4′ for isoamericanol.126

      
        
        

        Fig. 36. 
				
        

        
          Key NOESY and HMBC correlations of americanol A and isoamericanol A.
        
        

        

      

      The relative configuration of H-7 and H-8 can be determined by coupling constant: the trans isomer has a ~ 8 Hz coupling constant, while the coupling constant for the cis isomer is ~ 2 Hz. The assignment of absolute stereochemistry was determined by optical rotation and ECD (or) curve. When looking at the ECD spectra of the trans compounds, in particular the peak at ~ 250 nm; the 7S,8S enantiomer showed a positive curve and the 7R,8R enantiomer showed a negative curve in this region. In case of cis compounds, positive curve at ~ 250 nm is 7S,8R configuration and negative curve is 7R,8S configuration. Optical rotations also be used to determine the C-7 and C-8 configuration of benzodioxane-type lignans.127–129

      In conclusion, recent advancements in analytical and preparative techniques have significantly enhanced the ability to isolate, purify, and structurally characterize lignans. Moving forward, greater standardization of extraction protocols, improved methods for chiral separation, and the integration of advanced spectroscopic tools will further strengthen lignan research. These methodological developments promise to deepen understanding of lignan bioactivity and facilitate their application as therapeutic, nutritional, and agrochemical agents. It is hoped that this review will guide researchers who are new to the field and stimulate continued innovation in the study and utilization of lignans.
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