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            Abstract
          
        

        
          Areca catechu L., the primary source of areca alkaloids, has long been considered the only species in the genus containing these compounds. However, a recent study detected the same pyridine alkaloids in A. triandra, suggesting that alkaloid biosynthesis may also occur in other species of Areca. The immature fruit or pericarp of A. catechu is the principal component of betel quid, a masticatory deeply rooted in ancient oriental culture and consumed by over 600 million people globally. Its longstanding medicinal applications have attracted extensive modern research into its chemical composition, biological activities, and toxicity. This review provides a comprehensive update on the major chemical constituents of A. catechu, including alkaloids, flavonoids, tannins, other phenolic compounds, triterpenoids and phytosterols, fatty acids, glycerides, and polysaccharides, and their reported pharmacological activities, such as antioxidant, anti-inflammatory, analgesic and antinociceptive, cytotoxic, antibacterial and antifungal, hypoglycemic, lipid-regulating, antiparasitic, immunomodulatory, neuroprotective, digestive, antiviral, cardiovascular, anti-allergic, and other effects. Information was systematically collected from PubMed, Google Scholar, ACS, Web of Science, and ScienceDirect to provide an up-to-date summary of its phytochemistry and bioactivity.
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      Introduction
      The genus Areca comprises approximately 48–54 species, belongs to the subtribe Arecinae (tribe Areceae, subfamily Arecoideae, family Arecaceae), and represents one of the most diverse palm groups in the Asia–Pacific region.1−3 Of these, Areca catechu L., commonly known as the areca nut palm or betel nut palm, is the most well-known species in the genus due to its cultural, economic, and medicinal significance.4 Although many older sources claimed that A. catechu is the only species in the genus containing the main areca alkaloids, a more recent study (Wu et al., 2019) detected these alkaloids in A. triandra, suggesting that alkaloid biosynthesis in the genus Areca may not be confined to A. catechu.2

      A. catechu is locally known as “Binglang” in China, “Supari” in India, “Cau” in Vietnam, and “Pinang” in Indonesia, reflecting its widespread cultural and economic significance across tropical Asia, where it is widely cultivated in South and Southeast Asia, including India, Bangladesh, Sri Lanka, Myanmar, Thailand, Vietnam, Indonesia, Philippines, Pakistan, and New Guinea.3−5. A. catechu has a long history of use in traditional medicine across Asia, with its seeds and pericarp widely incorporated into classical herbal systems. According to the Chinese Pharmacopoeia, more than 100 traditional drug formulations contain areca nut (Arecae Semen) for the treatment of parasitic infections, liver disorders, dyspepsia, abdominal distension, pain, diarrhea, edema, and jaundice.2,4,6,7 In traditional Chinese medical literature, such as the Compendium of Materia Medica, areca nut is further described as a remedy for dysentery, abdominal bloating, and constipation.6,7 In the Ayurvedic system of India, A. catechu seeds are used as a deworming agent, digestive stimulant, astringent, and emmenagogue, and are widely incorporated into folk medicinal preparations.3,6,8 In Southeast Asia, traditional uses vary by region: in Cambodia, areca nut is used to treat diarrhea, dysentery, and liver disorders, whereas in Malaysia, it is used for lumbago and abdominal distension.6 The immature fruit or pericarp of A. catechu is the principal component of betel quid, a masticatory deeply rooted in ancient Oriental culture, typically chewed together with betel leaf (Piper betel) and slaked lime.5,6,9 According to the World Health Organization (WHO), more than 600 million people worldwide consume areca nut, a practice deeply embedded in the ceremonies, rituals, and cultural customs of betel-quid-chewing communities.2,5,10

      The traditional medicinal applications of A. catechu have stimulated extensive research into its chemical composition and biological activities. The purpose of this review is to provide a comprehensive and up-to-date synthesis of the major phytochemical constituents and pharmacological properties of A. catechu. Available research demonstrates that the species contains a broad array of compounds, including alkaloids, flavonoids, tannins, phenolic derivatives, triterpenoids, phytosterols, fatty acids, glycerides, and polysaccharides, that collectively contribute to its wide spectrum of biological activities. These include antioxidants, anti-inflammatory, analgesic, antinociceptive, cytotoxic, antimicrobial, hypoglycemic, lipid-modulating, antiparasitic, immunomodulatory, neuroprotective, digestive, antiviral, cardiovascular, and anti-allergic effects. Consolidating these findings provides a crucial foundation for understanding the pharmacological potential of A. catechu and informing future research directions.

    

    

  
    
      Phytochemistry of A. catechu
      Alkaloids – A. catechu contains a characteristic group of alkaloids that are structurally related to pyridine and tetrahydropyridine derivatives. The total alkaloid content of areca nut has been reported as 0.3–0.7% of dry weight.5,11,12 To date, a total of 18 alkaloids have been reported from A. catechu including arecoline (1),13,14 arecaidine (2),13,14 guavacoline (3),13 guavacine (4),13,14 ethyl N-methyl-l,2,5,6-tetrahydro-pyridine-3-carboxylate (homoarecoline, 5),13,14 methyl N-methylpiperidine-3-carboxylate (6),15 ethyl N-methylpiperidine-3-carboxylate (7),15 methyl nicotinate (8),4,15 ethyl nicotinate (9),4,15 nicotine (10),15 arecatemines A–C (11–13),14 N-ethyl-1-,2,5,6-tetrahydro-1-methyl-3-pyridinecarboxamide (14),14 acatechus A and B (15 and 16),4 arecolidine (17),16 and isoguvacine (18)16,17 (Fig. 1). Among them, four compounds—arecoline (1), arecaidine (2), guvacoline (3), and guvacine (4)—are consistently recognized as the principal alkaloids and have been repeatedly confirmed through both historical isolation studies and modern analytical approaches such as LC-MS and GC-MS.5,18 Notably, arecoline (1) is generally regarded as the predominant alkaloid in A. catechu, both in abundance and toxicological significance.5 Quantitative analyses of fresh seeds indicate concentration ranges of 0.30–0.63% for arecoline (1), 0.31–0.66% for arecaidine (2), 0.03–0.06% for guvacoline (3), and 0.19–0.72% for guvacine (4).5,12

      
        
        

        Fig. 1. 
				
        

        
          Chemical structure of alkaloids 1–18 reported from A. catechu.
        
        

        

      

      In addition to the major alkaloids, several studies have mentioned putative minor constituents such as arecolidine (17) and isoguvacine (18). Yet, evidence for their genuine occurrence in A. catechu is weak, as primary reports with full spectroscopic characterization are lacking. One secondary source suggested that arecolidine (17) was first isolated in 1915, but no re-isolation or structural confirmation was achieved for decades.19 In 1993, Dehmlow et al. attempted both re-isolation from areca nuts and synthesis, but failed in both cases. They concluded that the originally proposed structure of arecolidine (17) was likely incorrect and that the compound was too unstable to be isolated.19 Recently, Wang et al. reported the detection of isoguvacine (18) in areca nut seed extracts using HPLC-ESI-QTOF/MS.17 Most recently, five new alkaloids have been isolated from A. catechu: arecatemines A–C from the nuts14 and acatechus A and B from the dried fruits.4
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          Chemical structure of flavonoids 19−64 reported from A. catechu.
        
        

        

      

      Flavonoids – Flavonoids are one of the major classes of phenolic compounds in A. catechu, occurring predominantly in the seeds (nuts), with lower concentrations in other plant parts such as the pericarp and leaves.5 The flavonoid profile of A. catechu includes several monomeric and glycosidic forms. Notable flavonoids isolated from in A. catechu include: quercetin (19),4,17,20,21 luteolin (20),4,20 chrysoeriol (21),20,22 isorhamnetin (22),4,20,21 isorhamnetin 3-O-(6"-O-α-L-rhamnopyranosyl)-β-D-glucopyranoside (23),4 (+)-catechin (24),4,21 (−)-catechin (25),4 epicatechin (26),23 liquiritigenin (27),4,21 calquiquelignans M and N (28–29),7 naringenin (30),7, 24 dihydrotricin (31),7 sinesetin (32),7 nobiletin (33),7 8-demethyleucalyptin (34),7 eucalyptin (35),7 5,7,4'-trihydroxy-3',5'-dimethoxyflavanone (36),21 (±)-4',5-dihydroxy-3',5',7-trimethoxyflavanone (37)20 epigallocatechin (38),17,24 epigallocatechin gallate (39) 17,25

      In addition, recent UHPLC-MS/MS and HPLC-ESI-QTOF/MS profiling have revealed the presence of numerous additional flavonoids in different parts of areca nut (flower, husk, and seed), including (−)-gallocatechin (40),17,24 (−)-gallocatechin gallate (41),17 isorhamnetin-3-O-galactoside (42),17,24 schaftoside (43),24 isoorientin (44),24 orientin (45),24 vitexin (46),24 cymaroside (47),24 diosmin (48),24 apigenin (49),24 diosmetin (50),24 genkwanin (51),24 rutin (52),17,24 kaempferol (53),24 kaempferol-3-O-rutinoside (54),24 kaempferol-3-O-glucoside (64),24 isoquercitrin (55),24 taxifolin (56),24 myricetin (57),24 hesperidin (58),24 eriodictyol (59),24 naringenin-7-O-glucoside (60),17 hesperetin (61),24 tectorigenin (62),24 quercetin-3-O-galactoside (63),17 and kaempferol-3-O-glucoside(64).17

      Tannins – The tannin fraction in A. catechu is predominantly composed of condensed tannins, which are not easily hydrolyzed under normal conditions. Although hydrolysable tannins are also present in smaller amounts,26 the condensed forms dominate, especially in unripe nuts.5,12 These condensed tannins comprise both proanthocyanidins and A- or B-type procyanidins (oligomers of flavan-3-ols, mainly catechin and epicatechin).5,12,27 The arecatannins isolated from betel nuts consist of (−)-epicatechin units in the upper units and (+)-catechin units in the terminal unit, with C4-C8 linkages in most cases, or C4-C6 in some terminal catechin units.27 Such structural arrangements render them resistant to hydrolysis under normal conditions, although they can undergo oxidative dehydration under acidic or alkaline conditions to form insoluble reddish-brown polymers. This reaction explains the red juice observed during betel quid (BQ) chewing, resulting from interactions between tannins and slaked lime,28 and also contributes to the astringent taste of areca nut.

      
        
        

        Fig. 3. 
				
        

        
          Chemical structure of tannins 65–76 reported from A. catechu.
        
        

        

      

      To date, 11 oligomeric tannins have been isolated and structurally characterized from A. catechu,27 including procyanidin B1 (65),4 procyanidin B2 (66), procyanidin A1 (67), procyanidin B7 (68), arecatannins A1–A3 (69, 71, and 73), arecatannins B1–B3 (70, 72, and 74), arecatannin C1 (75). In the original study by Ma et al. (1996),27 the pentameric A-type procyanidin isolated from A. catechu nuts was designated as arecatannin A2 (C75H62O30.5H2O), with the structure determined as epicatechin (4β→8)-epicatechin-(4β→8)-epicatechin-(4β→8)-epicatechin-(4β→8)-catechin. Subsequent literature and chemical databases have standardized the nomenclature according to degree of polymerization, under which this compound is now commonly referred to as arecatannin A3 (73).5 To avoid ambiguity, we follow this modern convention in the present review. In this system, arecatannins A1–A3 (69, 71, and 73) correspond to trimeric, tetrameric, and pentameric A-type procyanidins, respectively. Similarly, the corresponding B-type pentamer, herein designated as arecatannin B3, was described in the same study as the B-type analog of A3.27 We confirm that arecatannin B3 corresponds to the pentameric B-type procyanidin (C75H62O30), establishing for the first time a clear correspondence between its structure, polymer length, and nomenclature. In addition to clarifying the correspondence between structure, polymer length, and nomenclature, this review also presents, for the first time, an updated overview of procyanidin B7 (68) and arecatannin B3 (74) from A. catechu as reported in the original isolation study by Ma et al..27 Recently, the presence of tannic acid (76) (a hydrolysable tannin) in A. catechu nuts has been confirmed through chemical analysis, using near-infrared spectroscopy (NIRS) combined with high-performance liquid chromatography (HPLC).29

      
        
        

        Fig. 4. 
				
        

        
          Chemical structure of phenolic compounds 77–110 reported from A. catechu.
        
        

        

      

      Other phenolic constituents – In addition to the flavonoids and tannins described above, a variety of other phenolic compounds have been reported from A. catechu, including emodin-type anthraquinones [physcion (77) and chrysophanol (78)],4,20 the xanthone jacareubin (79),20 the lignan (+)-isolariciresinol (80),7 stilbenes [resveratrol (81)4 and rhapontigenin (82)7]. Several other phenolic and related minor metabolites have also been identified either by isolation or LC-MS analysis, including de-O-methyllasiodiplodin (83),21 epoxyconiferyl alcohol (84),22 4-[3'-(hydroxymethyl)oxiran-2'-yl]-2,6-dimethoxyphenol (85),22 glyceryl-2-vanillic acid methyl ester (86),7 2-hydroxy-5-methoxyphenyl-β-D-glucopyranoside (87),4 2-(β-D-glucopyranosyloxy)-5-methoxy-benzoic acid (88),4 3,4-dimethoxyphenyl-β-D-glucopyranoside (89),4 2,4-dimethoxyphenyl-β-D-glucopyranoside (90),4 4-hydroxy-3-methoxyphenyl-β-D-glucopyranoside (91),4 2-hydroxy-5-methoxy-benzoic acid (92),4 4-hydroxybenzoic acid (93),4,22 4-hydroxy-3-methoxy-benzoic acid (vanillic acid, 94),4,21 3-hydroxy-4-methoxy-benzoic acid (isovanilic acid, 95),4 3,4-dihydroxy-benzoic acid (protocatechuic acid, 96),4 gallic acid (97),17,29 p-coumaric acid (98),17,30 β-D-fructopyranoside, ethyl (99),4 β-D-fructopyranoside, butyl (100),4 butyl quinate (101),4 2,5-dihydro-2-hydroxy-5-oxo-2-furancarboxylic acid (102),4 β-D-fructofuranoside, butyl (103),4 2-(4-hydroxy-phenyl) ethl-β-D-glucopyranoside (104),4 stroside B (105),4 ferulic acid (106),4,17 β-D-glucopyranoside, benzyl (107),4 5-methyl-2-(1-methylethyl)-cyclohexanol (108), caffeic acid (109),17 and o-coumaric acid (110).17

      Triterpenoids and phytosterols – Several triterpenoids and steroidal compounds have been identified in A. catechu seeds through phytochemical studies. Reported constituents include β-sitosterol (80),4,31 stigmastane-3β,5,6α-triol (81),4 arborinol (82),4 sitosterol-3-O-β-glucopyranoside (83),4 and 6,20-di-O-β-D-glucopyranosyl-20(S)-protopanaxatriol (ginsenoside Rg1) (84),4 arborinol methyl ether (85),32 5,8-epidioxiergosta-6,22-dien-3β-ol (89),21 stigmasta-4-en-3-one (90),21 cycloartenol (88),21 and stigmasterol (91).31

      
        
        

        Fig. 5. 
				
        

        
          Chemical structure of compounds 111–129 reported from A. catechu.
        
        

        

      

      Fatty acids and glycerides – Several studies have investigated the fatty acid composition of A. catechu (betel nut) using gas chromatographic analysis. Based on these studies, the major fatty acids consistently identified in the seed oil include lauric (92), myristic (93), pentadecanoic (94), palmitic (95), stearic (96), oleic (97), and linoleic (98) acids.30,31

      Detailed fractionation of A. catechu seed fat demonstrated that the lipid fraction is mainly composed of mixed triglycerides.33 The principal glycerides were identified as fully saturated glycerides (56%; including trimyristin, dimyristolaurin, dimyristopalmitin, and lauromyristopalmitin), mono-unsaturated-di-saturated glycerides (30%; mainly hexadecenolauromyristin, hexadecenodimyristin, oleodimyristin, oleomyristopalmitin, and linoleomyristopalmitin), and di-unsaturated–mono-saturated glycerides (13.7%; mainly oleolinoleolaurin, oleolinoleomyristin, and oleolinoleopalmitin).33

      Polysaccharides – In addition, A. catechu contains appreciable amounts of polysaccharides with complex sugar compositions. Hu et al. optimized the extraction of polysaccharides from A. catechu and found that the polysaccharide fraction (AUPs) consisted of mannose, glucose, galactose, and arabinose in different molar ratios.34 Ji et al. isolated a neutral polysaccharide, PAP1b, using hot-water extraction followed by ethanol precipitation and column chromatography; PAP1b was mainly composed of mannose, galactose, xylose, and arabinose in proportions of approximately 4.1:3.3:0.9:1.7, with a molecular weight of ~37.3 kDa.35 In the most recent study, Zhang et al. characterized A. catechu seed polysaccharides (AKP), which were primarily composed of mannose (≈ 58.7%) and galactose (≈ 33.6%).36

    

    

  
    
      Pharmacological Properties of A. catechu
      Antioxidant activity – Extracts of A. catechu have demonstrated notable antioxidant potential in various in vitro assays, with efficacy varying substantially depending on the plant organ, extraction solvent, and developmental stage of the nut, consistent with comparative studies.37-39 A wide range of assays has been employed to evaluate the antioxidant properties of A. catechu extracts, including DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging, ABTS [2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] radical cation decolorization, ferric-reducing antioxidant power (FRAP), hydroxyl radical scavenging, nitric oxide radical scavenging, superoxide anion scavenging, lipid-peroxidation inhibition (FTC, ferric thiocyanate method), and ferrous ion (Fe²⁺) chelation assays.10,23,24,37,38,40-44 Collectively, these methods consistently demonstrate that A. catechu contains strong radical-quenching components.

      In addition, the total phenolic content (TPC) and total flavonoid content (TFC) of A. catechu extracts are commonly quantified to evaluate correlations with their antioxidant potential.10,23,37,41 Most studies report a strong positive correlation between TPC/TFC and antioxidant performance, indicating that areca seeds are an excellent food material with potential antioxidant properties. For example, Hamsar et al. reported that methanolic extracts from different plant parts—particularly unripe seeds—exhibited markedly higher antioxidant activity in the DPPH radical scavenging assay compared with root and adventitious root extracts. The methanol extract of unripe seeds contained the highest total phenolic (186.2 ± 0.04 mg GAE/g) and flavonoid (18.13 ± 0.007 mg QE/g) contents, which correlated with its strong free radical-quenching ability, comparable to that of BHT and vitamin C.37 Rangani et al. examined the relationship between polyphenolic and alkaloid contents and the antioxidant capacity of ripe and unripe A. catechu nuts collected from major cultivation areas in Sri Lanka.10 The study showed that antioxidant activities (DPPH, ABTS, FRAP, NO, and hydroxyl radical scavenging) correlated strongly with total phenolic, flavonoid, and tannin contents, particularly in ripe nuts, but weakly or negatively with total alkaloid content. These results indicate that the antioxidant potential of A. catechu is mainly attributable to its polyphenolic constituents rather than arecoline-type alkaloids, and that both phytochemical composition and antioxidant capacity vary with fruit maturity and geographic origin.10 Similarly, Chavan and Singhal demonstrated that polyphenol-rich fractions obtained after separating phenolics from arecoline (1) exhibited substantially higher antioxidant activity than the alkaloid-rich fraction. The study also identified major phenolic constituents contributing to this activity, further reinforcing the dominant role of polyphenols in the antioxidant profile of A. catechu.45 Fan et al. compared multiple extraction methods for areca husks and seeds and found that ultrasonic-microwave synergistic extraction yielded the highest TPC (270.92 mg GAE/g DW) and purity (42.84%) in the seed extract.41 These extracts exhibited strong antioxidant activity, with IC50 values for DPPH, ABTS, and superoxide anion of 55.40, 81.87, and 138.65 µg/mL, respectively, mainly due to proanthocyanidin polymers. Zhang et al. optimized ethanol extraction of areca seed polyphenols and identified epicatechin and syringic acid as the major compounds. The extracts exhibited significant antioxidant activity in DPPH, hydroxyl radical scavenging, and reducing power assays, showing activity comparable to or exceeding ascorbic acid in certain tests.23

      In addition, one study successfully isolated 11 phenolic compounds from A. catechu and assessed their antioxidant activities using the DPPH radical-scavenging assay.44 Most of the isolated compounds exhibited considerable radical-scavenging activity. Notably, (2S,3R)-ent-catechin (25) (SC50 = 19.2 µM), jacareubin (79) (SC50 = 19.7 µM), and luteolin (20) (SC50 = 32.8 µM) showed strong antioxidant activity compared with the positive control, ascorbic acid (SC50 = 28.9 µM). Other compounds, including the newly identified 4-[3'-(hydroxymethyl)oxiran-2'-yl]-2,6-dimethoxyphenol (85), epoxyconiferyl alcohol (84), and protocatechuic acid (96), exhibited moderate activity, whereas certain flavanones exhibited weaker effects. These results highlight that specific phenolic constituents of A. catechu contribute markedly to its overall antioxidant capacity. Recent studies have shown that polysaccharides extracted from A. catechu seeds also exhibit remarkable antioxidant activity, including DPPH, ABTS, and FRAP scavenging, indicating that compounds beyond polyphenols contribute to the plant’s total radical-scavenging potential.34,35

      Furthermore, recent cellular studies have confirmed that polyphenol extracts of areca nuts also provide intracellular antioxidant protection. Yi et al. investigated LPS-stimulated RAW 264.7 macrophages, showing that the extracts significantly reduced reactive oxygen species (ROS) levels, upregulated Nrf2 (nuclear factor erythroid 2–related factor 2) and HO-1 (heme oxygenase-1) expression, and modulated MAPK (mitogen-activated protein kinase) signaling pathways.3 The polyphenol fraction was prepared via ethanol extraction followed by XAD-7 resin purification, with catechin (24) and proanthocyanidin B1 (65) as major constituents, highlighting their importance for intracellular antioxidant effects.3 Collectively, these findings demonstrate that the antioxidant potential of A. catechu depends mainly on its polyphenolic and polysaccharide composition, extraction solvent, plant part, and developmental stage, whereas alkaloids play a minimal role in the overall activity.

      Anti-inflammatory activity – Several studies have demonstrated the anti-inflammatory potential of A. catechu extracts in both in vitro and in vivo models. The anti-inflammatory effects include inhibition of pro-inflammatory mediators such as nitric oxide (NO) and interleukin-6 (IL-6), accompanied by reduced expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), as well as modulation of NF-κB signaling in LPS-stimulated RAW 264.7 macrophages.42,46–49 In addition, A. catechu and its respective fractions, particularly the aqueous fraction, demonstrated an anti-inflammatory effect on carrageenan-induced edema in mice and rats. These extracts also inhibited edema induced by prostaglandin E2 (PGE2) and arachidonic acid, but had no effect on histamine- or serotonin-induced inflammation.48 More recently, a 70% ethanolic extract of A. catechu nuts exhibited strong anti-inflammatory and cartilage-protective effects in a rat model of monosodium iodoacetate-induced osteoarthritis, with comparable efficacy to meloxicam.50 Furthermore, a study focusing on the procyanidin-rich fraction of A. catechu provided more direct mechanistic evidence. The extract significantly suppressed COX-2 expression and prostaglandin E2 production both in LPS-stimulated cells and in animal models of inflammation, confirming that condensed tannins such as procyanidins contribute substantially to the anti-inflammatory properties of A. catechu.51 Collectively, these findings indicate that polar fractions of A. catechu, rich in alkaloids and polyphenolic compounds, may contribute to its anti-inflammatory activity through the modulation of key inflammatory pathways.

      Analgesic and antinociceptive effects – Hydroalcoholic and crude extracts of A. catechu nuts have demonstrated potent analgesic effects in rodent models.42,48 In the hot plate test, oral administration of 250–1000 mg/kg hydroalcoholic extract increased pain latency, with maximal analgesia (54.5%) observed at 1000 mg/kg for 1 h.42 In the formalin-induced pain model, extracts dose-dependently reduced paw licking time; notably, 500 mg/kg inhibited both the early (0–5 min, 39.5%, p < 0.05) and late (20–25 min, 92.7%, p < 0.01) phases, indicating efficacy against neurogenic and inflammatory pain, while 250 and 1000 mg/kg primarily affected the late phase.42 Similarly, crude and aqueous fractions (10–100 mg/kg) of nuts reduced formalin-induced nociception in a dose-dependent manner, with efficacy comparable to aspirin.48

      Supporting evidence from non-nut plant parts shows that methanol extracts of stems and leaves also exhibit dose-dependent antinociceptive activity in acetic acid-induced writhing in mice, with leaf extracts demonstrating higher efficacy than stem extracts and comparable to aspirin at low doses.52 These findings collectively indicate that A. catechu nut extracts exert analgesic effects through both central and peripheral mechanisms, while extracts from other plant parts provide supporting evidence of antinociceptive potential, warranting further investigation.

      Cytotoxicity – Numerous studies have demonstrated that the nut of A. catechu and its principal alkaloid, arecoline (1), exert cytotoxic effects on diverse normal human cell types, including hepatocytes, splenocytes, myoblasts, lymphocytes, endothelial cells, and epithelial cells.53–62 Early studies linked cytotoxicity of A. catechu nut extracts or fractions to increased reactive oxygen species (ROS), leading to protein, lipid, and DNA damage.57,63,64 In the work by Wang et al., the crude areca nut extract suppressed splenic T-cell activation and reduced interleukin-2 (IL-2) and interferon-γ (IFN-γ) production in murine T-cells, an effect that was attenuated by the antioxidant N-acetyl-l-cysteine (NAC), implicating oxidative stress as a mediator.63 Subsequently, highly oligomeric procyanidins from the nut induced lymphocyte apoptosis via depletion of intracellular thiols, also linked to oxidative stress.57,64 showed that the 30–100 kDa fraction of areca nut extract triggered autophagy in both normal and malignant cells, which was partially reversed by ROS scavengers. The ethanol extract of A. catechu seeds showed higher cytotoxicity against human squamous carcinoma cells (HSC-3, IC50 = 164.06 µg/mL) than HSC-2 cells (IC50 = 629.50 µg/mL), while no cytotoxic effect was observed on human keratinocyte (HaCat) cells.65 Epidemiological studies in Taiwan have linked betel-quid chewing, which includes A. catechu, with increased risk of oral squamous cell carcinoma (OSCC).66

      Numerous studies have detailed the cytotoxic effects of arecoline (1) across multiple epithelial cell types. Tsai et al. demonstrated that arecoline (1) induces DNA double-strand breaks, evidenced by γ-H2AX phosphorylation (phosphorylated histone H2AX), and activates the ATM/Chk1/Chk2 DNA damage response pathway (ATM: ataxia-telangiectasia mutated; Chk1/Chk2: checkpoint kinases 1 and 2), leading to G2/M cell cycle arrest and suppression of p53-dependent DNA repair.59 These effects were observed in several epithelial cell lines, including KB (human oral epidermoid carcinoma), HEp-2 (human laryngeal epithelial carcinoma), and 293 (HEK-293, human embryonic kidney epithelial) cells. Chang et al. similarly observed that arecoline (1) activates Chk1/Chk2, induces cell cycle arrest, and modulates matrix metalloproteinase-9 (MMP-9) and tissue inhibitors of metalloproteinases (TIMPs) expression in SAS (human tongue squamous cell carcinoma) oral epithelial cells, suggesting additional involvement in extracellular matrix remodeling and potential relevance to tissue fibrosis and malignant transformation.60

      In endothelial cells, Tseng et al. reported that arecoline (1) at concentrations ≥ 0.4 mM induces cell retraction, detachment, apoptosis in the sub-G0/G1 phase, and G2/M cell cycle arrest.58 These findings were confirmed by Ullah et al.,55 who observed vacuolation, mitochondrial damage, and necrosis in primary human endothelial cells, providing additional evidence that arecoline (1) exerts cytotoxic effects through organelle injury and necrosis. Chou et al. reported that arecoline (1) causes dose-dependent cytotoxicity in normal rat hepatocytes (Clone-9), inducing G0/G1 cell-cycle arrest, apoptosis, and necrosis via upregulation of TGF-β and p21WAF1, with phosphorylation of p53 (Ser15).67 Yang et al. reported that arecoline (1) had dose-dependent effects on oral fibroblasts and oral cancer cell lines. Low concentrations (< 0.8 μg/mL) increased cell proliferation, whereas higher concentrations (25–400 μg/mL) reduced viability as shown by the MTT (methyl thiazolyl tetrazolium) assay, accompanied by cell-cycle alterations.66 Shih et al. showed that arecoline (1, 50–200 μM) induces dose-dependent neurotoxicity by increasing reactive oxygen species (ROS) through NADPH oxidase 2 (NOX2) activation and suppressing glutathione (GSH) and superoxide dismutase (SOD). These oxidative changes trigger apoptosis, evidenced by increased cytochrome c, Bax, caspase-9/-3, and reduced Bcl-2, which can be attenuated by catalase or NOX inhibitors.68

      In epithelial cells, arecoline (1) demonstrated dose- and time-dependent apoptosis via both mitochondrial (intrinsic) and death-receptor (extrinsic) pathways, including cleaved-caspase-3, poly (ADP-ribose) polymerase (PARP) cleavage, and truncated Bid (tBid).61,62 further showed that arecoline (1) induces cell cycle arrest and apoptosis through Akt/mTOR (protein kinase B/mammalian target of rapamycin) inhibition mediated by PHLPP2 (PH domain and leucine-rich repeat protein phosphatase 2) upregulation.54 reported that arecoline (1) induces cytotoxicity in K-562 cells associated with epigenetic dysregulation, while Yan et al. described arecoline-induced neurotoxicity via endoplasmic reticulum (ER) stress and downregulation of the Nrf2/HO-1 (nuclear factor erythroid 2–related factor 2/heme oxygenase-1) pathway.69

      In addition to arecoline (1), flavonoids and polyphenolic fractions from A. catechu contribute to cytotoxicity.64 observed ROS-mediated autophagy in the 30–100 kDa fraction of areca nut in both normal and malignant cells, whereas apoptosis in lymphocytes was induced by highly oligomeric procyanidins via thiol depletion Wang et al. reported that highly oligomeric procyanidins induce apoptosis in lymphocytes via thiol depletion.57 From A. catechu seeds, two isolated flavonoids (calquiquelignans M and N, 28–29) showed moderate cytotoxicity against HepG2 liver cancer cells, with IC50 values of 49.8 μM and 53.6 μM, respectively.7 Collectively, these findings indicate that A. catechu extracts and its bioactive compounds induce oxidative stress, apoptosis, and organelle injury, which underline the cytotoxic effects observed across diverse human cell types.

      Antibacterial and antifungal activities – The aqueous extract of A. catechu seeds showed broad-spectrum anti-microbial activity in vitro, inhibiting Gram-negative bacteria at 3.3–7 µg/mL, Gram-positive bacteria at 16 µg/mL, and Candida albicans at 16 µg/mL, while also suppressing aß toxin production by Aspergillus flavus.70 Fan et al. demonstrated that phenolic-rich seed extracts obtained via ultrasonic-microwave extraction showed potent inhibition against Streptococcus mutans, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa, with MIC values ranging from 2.5 to 25 mg/mL, which was attributed to the presence of proanthocyanidin polymers.41 Similarly, Jam et al. evaluated aqueous, ethanolic, and methanolic extracts of areca nut fruit against several pathogenic bacteria (S. aureus, E. coli, S. enterica, and E. aerogenes).71 The methanolic and ethanolic extracts displayed strong inhibitory effects in both agar diffusion and broth microdilution assays, while the aqueous extract was less active. The methanolic extract exhibited the highest activity (MIC of 1.56 mg/mL against E. coli) and reduced microbial contamination in cake samples (100 mg/L) during storage, supporting its potential as a natural food preservative.71

      In an in vivo experiment, Sari et al. reported that areca nut extract significantly reduced Staphylococcus aureus infection and enhanced immune function in rats, suggesting both direct antibacterial and immunomodulatory roles of its phenolic constituents.72 Earlier, Jiang et al. demonstrated the antimalarial potential of A. catechu extract in an in vivo murine model, providing early evidence of its anti-infective capacity.73 Subsequently, methanolic and chloroform extracts were shown to possess notable antibacterial and antimalarial activities.74 Moreover, a polyphenolic fraction obtained through ethanol extraction exhibited pronounced antitubercular activity against Mycobacterium tuberculosis, while the crude methanolic extract prepared via microwave-assisted extraction also showed moderate antibacterial activity against both S. aureus (Gram-positive) and Escherichia coli (Gram-negative).25

      Several isolated constituents from A. catechu have demonstrated remarkable antimicrobial activities. Among the phenolic compounds isolated from the fruit,20 jacareubin (79) showed potent antibacterial activity against Staphylococcus aureus and methicillin-resistant S. aureus (MRSA), suggesting that phenolic derivatives contribute to the plant’s antibacterial potential. In addition, compounds derived from the pericarp—namely fernenol (117), arundoin (118), and a mixture of stigmasterol (122) and β-sitosterol (111)—exhibited pronounced antifungal effects.31 These triterpenoids markedly inhibited both mycelial growth and spore germination of Colletotrichum gloeosporioides and were more effective than benomyl in postharvest mango tests. Collectively, these findings indicate that structurally diverse metabolites of A. catechu—including polyphenols, triterpenoids, and sterols—possess broad-spectrum antimicrobial activity, supporting their potential as natural antibacterial, antifungal, and antimalarial agents.

      Hypoglycemic effects – Extracts and isolated constituents of A. catechu have been reported to possess notable hypoglycemic potential through multiple mechanisms.75–78 Among different plant parts, the nut, leaf, and flower extracts all exhibit glucose-lowering or enzyme-inhibitory activity in experimental models. The ethanolic extract of the seeds of A. catechu exhibited in vitro inhibition of intestinal α-glucosidases (IC50 = 12 µg/mL for maltase, 30 µg/mL for sucrase) and significant antihyperglycemic activity in maltose-loaded rats at 250 and 500 mg/kg.76 Hypoglycemic effects have also been reported for leaf and flower extracts of A. catechu. The methanolic leaf extract reduced fasting blood glucose in streptozotocin-induced diabetic rats,77 while both ethanol and aqueous flower extracts at 500 mg/kg/d orally for 21 days decreased glucose, triglyceride, total cholesterol, and urea levels in alloxan-induced diabetic rats.78 Furthermore, areca nut procyanidins have been shown to ameliorate hyperglycemia in streptozotocin (STZ)-induced diabetic mice, in part by suppressing hepatic gluconeogenesis through the down-regulation of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) expression.79

      Recent studies have highlighted the potent hypoglycemic potential of A. catechu seed extracts. The hydroalcoholic seed extract showed significant antihyperglycemic effects in alloxan-induced diabetic rats, both as a monotherapy (1000 mg/kg p.o.) and in combination with gliclazide (25 mg/kg p.o.), with improvements observed in oral glucose tolerance tests and histological evidence of pancreatic β-cell proliferation and organ protection (Al-Omran et al., 2024).80 In addition, deep eutectic solvent (DES) extracts from waste seeds exhibited strong in vitro α-glucosidase inhibitory activity (IC50 = 0.0066 mg/mL), surpassing acarbose (IC50 = 0.012 mg/mL), further highlighting the seeds as a promising source of α-glucosidase inhibitors.81

      Regulating effects on blood lipids – Various extracts of A. catechu have been reported to modulate blood lipid profiles in experimental models. The ethanol extract of areca nut (ETAN, 0.5% w/w in diet) significantly reduced plasma cholesterol by approximately 25% in rats fed a high-fat diet, accompanied by decreased activities of small intestinal pancreatic cholesterol esterase (pCEase) and acyl coenzyme A-cholesterol acyltransferase (ACAT).82 Similarly, the water extract of areca nut (WEAN, 0.5% w/w, p.o.) reduced triglyceride absorption and plasma lipid levels in rats.83,84

      Antiparasitic effects – Extracts and bioactive constituents of A. catechu exhibit broad antiparasitic activity in both in vitro and in vivo studies. The methanol extract of A. catechu nuts and its butanol subfraction showed antimalarial effects against Plasmodium falciparum using the SYBR-green assay, with the butanol fraction being most potent (IC₅₀ = 18 µg/mL).74 The aqueous seed extracts demonstrated significant anthelmintic activity against Ascaridia galli in poultry. Treatment with 11–22 mg/mL extract induced paralysis and death of adult worms in vitro, while oral administration (26 mg/kg) in infected chickens reduced worm burden and improved intestinal histopathology.85

      Additionally, the aqueous extracts of A. catechu nuts, alone or combined with Chinese honeysuckle (Quisqualis indica L.) seeds, exhibited notable anthelmintic activity against Ascaridia spp. and liver flukes, as well as antibacterial effects against Escherichia coli in vitro, with A. catechu showing faster worm paralysis and broader bacterial inhibition.86 More recently, ethanolic seed extracts displayed potent in vitro anthelmintic activity against Ascaridia galli in poultry, causing worm paralysis and death comparable to albendazole.87 These studies confirm the traditional use of areca nut as an anthelmintic and provide experimental support for its antiparasitic potential.

      Immunomodulatory effects – Crude extracts of A. catechu have shown potential immunomodulatory activity in both in vitro and in vivo studies. In vivo, oral administration of areca nut extract to Sprague-Dawley rats enhanced immune responses against Staphylococcus aureus infection, reflected by increased white blood cell (WBC) counts and enhanced macrophage activity, without detectable hepatotoxicity or nephrotoxicity.72 Complementarily, in vitro studies on human polymorphonuclear leukocytes (PMNs) demonstrated that the A. catechu extracts reduce intracellular reactive oxygen species and myeloperoxidase release, suggesting a modulatory effect on inflammatory responses.88 Conversely, isolated arecoline (1), the primary alkaloid of A. catechu, has been reported to induce immunosuppression, hepatotoxicity, and depletion of antioxidant defenses in mice, highlighting the potential for adverse effects at high doses or with chronic exposure.53 These findings underscore the importance of distinguishing between the effects of whole plant extracts and purified alkaloids, with crude extracts exhibiting modulatory and protective properties, while isolated arecoline (1) may exert toxic effects on immune function.

      Effects on the nervous system – Extracts and bioactive constituents of A. catechu exhibit multifaceted neuropharmacological actions in preclinical models, including antidepressant-like activity, cholinergic and GABAergic neuromodulation, putative cognitive effects related to cholinergic modulation, and neurotoxicity under certain exposure conditions.

      Antidepressant-like activity – Extracts and bioactive constituents of A. catechu have demonstrated antidepressant-like effects in preclinical models. Early studies showed that ethanol, methanol, and hexane extracts inhibit monoamine oxidase (MAO) activity in rat brain homogenates, providing a biochemical basis for mood-regulating effects.89 The ethanolic extract of areca nut reduced immobility time in the Forced Swim Test (FST) and Tail Suspension Test (TST) in rats, with effects comparable to fluoxetine.90 Ethanol and aqueous fractions of areca nut also increased hippocampal serotonin and noradrenaline levels by ~30–35%, reducing depressive-like behaviors.91 More recently, chronic stress models demonstrated that A. catechu extracts ameliorate depression-like behaviors, improving immobility and sucrose preference in rats.92 Additionally, the alkaloid arecoline (1) alleviated depression-like behaviors in adult mice, accompanied by modulation of cortical synaptic transmission in the anterior cingulate cortex (ACC).93 In silico analyses further suggest that areca compounds, including arecoline (1), guvacoline (3), and homoarecoline (5), may interact with antidepressant targets, supporting their potential as adjuncts to conventional therapies.94 Dichloromethane extracts (DHEAN) also show antidepressant-like activity and mitigate morphine withdrawal symptoms.95,96

      Cholinergic and GABAergic neuromodulatory effects – The major alkaloid arecoline (1) contributes to neuromodulatory effects primarily via cholinergic mechanisms, including muscarinic receptor stimulation and catecholamine release.97–100 Acetylcholinesterase inhibitory activity has been demonstrated for A. catechu extracts and fractions.99 In addition, arecaidine (2) and guvacine (3), also present in the extracts, act as GABA receptor antagonists, with IC50 values of 122 ± 12 µM and 8 ± 1 µM, respectively,97,98 thereby modulating inhibitory (GABAergic) neurotransmission.

      Putative cognitive effects related to cholinergic modulation – Although related to cholinergic modulation rather than direct excitatory neurotransmission, arecoline’s cholinergic stimulation may indirectly influence cognitive processes, supporting putative cognitive effects; however, direct in vivo evidence for neuroprotection or memory enhancement remains limited.99,100

      Neurotoxicity – At higher doses or during chronic exposure, A. catechu constituents, particularly arecoline (1), have been reported to induce neurotoxicity through oxidative stress, suppression of antioxidant defenses, and modulation of signaling pathways.62,68

      Effects on the digestive system – The extract of A. catechu (ANE) dose-dependently increased contractions of colonic muscle strips in rats, and the effect was partially inhibited by atropine, indicating involvement of muscarinic (M) receptors.101 Raw and charred Semen Arecae enhanced gastrointestinal motility in chronically stressed rats, accompanied by increased motilin and substance P levels, while cholecystokinin (CCK) mRNA expression was down-regulated.102 More recently, Wang et al. showed that areca nut (AN) and charred areca nut (CAN) improve intestinal motility in loperamide-induced constipation models through modulation of gut microbiota and metabolic profiles.103 In the latest study,104 Ji et al. reported that areca nut polysaccharides, after in vitro digestion and fecal fermentation, modulate gut microbiota and increase the production of short-chain fatty acids (SCFAs), which may contribute to enhanced digestive function. These findings indicate that A. catechu exerts pro-motility effects through both direct stimulation of smooth muscle and microbiota-mediated mechanisms.

      Antiviral activity – The aqueous extract of A. catechu seeds exhibited potent inhibition of HIV-1 protease (human immunodeficiency virus type 1), reducing enzymatic activity by more than 70% at a concentration of 0.2 mg/mL.105 Further isolation identified arecatannins, oligomers of flavan-3-ols, as active constituents: arecatannin B1 (70) displayed strong inhibition (78% at 0.5 mM), while arecatannin A1 (69) showed moderate activity (56.8% at 0.5 mM). In contrast, monomeric flavan-3-ols, including (+)-catechin (24) and (−)-epicatechin (25), exhibited little to no inhibition, except for (−)-epicatechin gallate (41, 44.4% at 0.5 mM), indicating that oligomeric procyanidins are likely the principal compounds responsible for the observed anti-HIV-1 protease activity.

      The aqueous extract of A. catechu inhibited the replication of Newcastle Disease Virus (NDV) and Egg Drop Syndrome Virus (EDS) in embryo cultures (Nelson Anthikat & Michael, n.d.), indicating potential antiviral properties.70 Lee et al. reported that a methanolic extract of Areca catechu inhibited syncytium formation in baby hamster kidney (BHK) cells infected with Newcastle disease virus (NDV), likely by blocking trafficking of hemagglutinin-neuraminidase (HN) glycoprotein, a viral surface protein important for cell binding and viral release, with an IC50 for α-glucosidase of around 10 µg/mL.106

      More recently, Zamanian et al. reported that the extract significantly inhibited herpes simplex virus type 1 (HSV-1) infection in Vero cells, with an IC50 of 110.52 ± 1.36 µg/mL and no cytotoxicity up to 400 µg/mL. The extract also reduced expression of HSV-1 genes UL46 (2 h pre-infection) and US6 (gD) (simultaneous infection and 4 h post-infection), suggesting interference with viral attachment and/or replication.107 These findings support A. catechu as a potential source of natural antiviral agents.

      Cardiovascular effects – Several studies have investigated the cardiovascular effects of A. catechu and its constituents. A condensed-tannin–rich fraction from A. catechu seeds exhibited antihypertensive activity, producing a dose-dependent reduction in arterial blood pressure in hypertensive rats.108 In a subsequent study, a seed extract induced vasodilation in isolated rat aortic rings, an effect that required an intact endothelium, indicating involvement of endothelial mechanisms in vascular relaxation.109 Arecoline (1), the major alkaloid of A. catechu, has been shown to exert detrimental cardiac effects. In Sprague–Dawley rats, arecoline (1) induced myocardial injury via apoptosis mediated by the Fas/Fas-ligand pathway, with severity increasing in a dose-dependent manner.110 In vitro and in vivo studies further identified a novel heptapeptide derived from defatted kernel protein hydrolysates that exhibited angiotensin-converting enzyme (ACE)-inhibitory activity and significantly lowered blood pressure in spontaneously hypertensive rats.111 More recently, arecoline (1) was reported to induce cardiotoxicity and pathological myocardial hypertrophy through activation of multiple hypertrophy-related signaling pathways—including interleukin-6 (IL-6)/MEK5/ERK5, Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3), mitogen-activated protein kinase (MAPK), and calcineurin - in Sprague–Dawley rats.112

      Anti-allergic effects – In vitro, water extract of Semen Arecae (WEAN) inhibited degranulation of RBL-2H3 mast cells induced by DNP-BSA and compound 48/80, with IC50 values of 53 and 52 µg/mL, respectively, and in vivo, oral administration of WEAN at 300 mg/kg reduced compound 48/80-induced systemic anaphylaxis in mice by 46%.113 Polyphenol-enriched extracts from areca nuts, administered in drinking water (0.05% and 0.1%, w/w), decreased ovalbumin-induced allergic responses in sensitized mice, including diarrhea, mast cell infiltration and degranulation in the duodenum, and serum OVA-specific IgE and IL-4 levels.114 These findings provide direct evidence that A. catechu extracts can suppress allergic responses mediated by mast cells and IgE.

      Other pharmacological effects – In addition, A. catechu extracts exhibit several additional bioactivities. For hepatoprotection, aqueous seed extracts reduced oxidative liver damage in CCl4-treated rodents, acting through antioxidant and anti-inflammatory pathways.38 The ethanolic nut extract (ETAN) showed aphrodisiac effects, enhancing sexual behavior in male rats by increasing mounting frequency and intromission latency, while also boosting reproductive organ weights and sperm counts.115 The potential skin-lightening activity of the ethanolic extract of A. catechu nut (ETAN) was revealed via its tyrosinase inhibition in B16 melanoma cells (IC50 = 0.48 mg/mL).116

      In addition, the ethanolic extract of A. catechu nut promoted burn wound healing in normal and dexamethasonesuppressed rats by accelerating epithelialization and enhancing wound contraction.117

      In conclusion, by systematically compiling and critically analyzing information from diverse sources (PubMed, Google Scholar, ACS, Web of Science, and ScienceDirect), this review highlights over 130 phytochemical constituents of A. catechu, along with their biological activities and those of its extracts. This comprehensive overview integrates the most accurate and recent findings, serving as a reliable reference for future research and potential therapeutic applications.
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