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Abstract

:

Sesquiterpenoids, an important class of natural products possessing three isoprene-derived units, are widely distributed across plants and have a variety of biological activities. All sesquiterpenoids are derived from farnesyl pyrophosphate (FPP), a biosynthesis precursor that can form various carbon skeletons. In order to provide a reference for further research and development of these compounds, this review focused on the increasing number of isolated and volatile sesquiterpenoids found to be produced by plants of the Meliaceae family between 1968 and 2023. The related articles were collected from SciFinder, Google Scholar, and PubMed. According to a literature review, several studies were started for more than 55 years on the plant’s stem barks, twigs, leaves, flowers, seeds, and pericarps, where approximately 413 sesquiterpenoid compounds from several groups such as eudesmane, aromadendrane, cadinane, guaiane, bisabolane, furanoeremophilane, humulene, germacrane, and oppositane-type were isolated and identified with some minor products. Additionally, the hypothetical route of sesquiterpenoids biosynthesis from this family was identified, and eudesmane-type was reported to be 27% of the total compounds. The antimicrobial, antidiabetic, antioxidant, antiplasmodial, antiviral, and cytotoxic activities of the isolated compounds and major volatile sesquiterpenoids constituent on essential oil were also evaluated. The result showed the fundamental of using the sesquiterpenoid compounds from the Meliaceae family in traditional medicine and the discovery of new drugs.
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1. Introduction


Meliaceae are woody plants found in the tropics and some cooler areas than equatorial zones that are known for their high-quality wood. There are 740 species in 58 genera in the Meliaceae family, which belongs to the order Sapindales, throughout the Malaya-Indo region, Africa-Madagascar, and Australia-Asia [1]. Due to limited plant distribution and plant resources, only 24 genera have been studied in recent years [2]. From the phytochemical investigation of some members of the family Meliaceae, some natural products have been identified. These include sesquiterpenoids [3,4,5,6], diterpenoids [7,8,9,10], triterpenoids [11,12,13,14,15], limonoids [16,17,18,19,20], lignans [21,22], flavaglines [23], and alkaloids [24,25]. Furthermore, numerous biologically active compounds were isolated, including cytotoxic compounds [26], antifeedant, antiinflammation [27], antiviral, antimicrobial [28], and antidiabetic, and were also investigated.



The sesquiterpenoids represent a large fraction of naturally occurring terpenes. Many of the sesquiterpenoids are found in higher plants and possess important uses both in flavor and fragrance [29]. Consequently, many sesquiterpenoid compounds are derived from steam distillation fractions and possess fragrant characteristics. It is possible to identify non-volatile sesquiterpenoids by using NMR analysis and volatile sesquiterpenoids using the Gas Chromatography–Mass Spectroscopy (GC-MS) technique [30]. Furthermore, the first study on sesquiterpenoids in Meliaceae family was conducted in 1968 with the isolation of several alcohol sesquiterpenoids, including T-muurolol (148), cubenol (118), and epi-cubenol (119) and a major hydrocarbon sesquiterpenoid namely copaene (192) from the timber of Cedrela toona Robx [31]. After 55 years, various classes of sesquiterpenoids with the eudesmane-type bicyclic isolated sesquiterpenoids as the main component and the chemical marker were identified. They have extensive biological functions such as cytotoxicity, antiplasmodial, antimicrobial, antidiabetic, anti-viral, and anti-inflammation. In addition, this review also concerns volatile sesquiterpenoids for their chemotaxonomically, ecological, and drug development implications through the biological activities of major sesquiterpenoid constituents. Volatile sesquiterpenoids themselves can also describe variations in composition based on where the plants are grown [32]. These are mainly sesquiterpene hydrocarbons, mono-oxygenated sesquiterpenoids, sesquiterpenoid epoxides, and sesquiterpenoid ketones. The diversity of volatile sesquiterpenoids reported from numerous parts of plants Meliaceae family and their essential oil bioactivities are presented. Since there was no comprehensive study on the sesquiterpenoids from the Meliaceae family, it is necessary to develop a comprehensive summary that consists of the traditional application, chemical content, and biological aspects of these compounds. Therefore, this study was the first summary that covers a total of 211 isolated and 202 volatile sesquiterpenoids with a grouping of each framework, each type, the ethnobotanical, and their biological activities. The plausible biogenetic pathways of each sesquiterpenoid type, the differences in its skeleton, and its potential from Meliaceae as promising compounds for anticancer discovery were identified. This is expected to be a foundation for further studies in the discovery of new drugs.




2. Methodology and Botany


This study searched for different literature relating to sesquiterpenoids in Meliaceae, and a plant database, namely www.theplantlist.org. It also involved related articles from 1968 to 2023, which were collected from SciFinder, PubMed, Google Scholar, and Scopus. Moreover, the sesquiterpenoids were classified based on their phytochemical, ethnobotanical, and biological properties.



The Meliaceae family consists of over 740 species within 58 genera of trees and shrubs. Ecologically, trees and shrubs of the Meliaceae family grow in a wide variety of habitats, including rain forests, semi-deserts, and mangrove swamps. Meliaceae are important components in tropical ecosystems worldwide, especially lowland forests. They are common in lowland rainforests, including Carapa, Guarea, Trichilia, and Aglaia; mountain rainforests, including Dysoxylum and Cedrela; and tropical deciduous forests, namely Cedrela, Swietenia, and Trichilia. Species of some genera also occur in rough scrub or rocky hillsides Swietenia [1].



In several studies, the Meliaceae family has been found to be naturally distributed in Indo-Malesia and southern China, including Cedrela, Dysoxylum, Cipadessa, Amoora, and Aphanamixis. Moreover, some genera are also widely distributed not only in Indo-Malesia, but also in Europe and Northern Australia, including Toona and Aglaia, and throughout Africa, including Ekebergia, Etandrophragma, Trichilia, and Turraea [1,26,28].



A tree of this family is commonly over 100 feet tall and 4 to 5 feet wide, with a straight, cylindrical bole exceeding 40 to 60 feet, sometimes buttressed to a height of 10–15 feet (Figure 1). The leaves are alternate, pinnate, pentamerous, and paniculate. The fruit is a five-celled (rarely four-celled), five-valved (rarely four-valved), woody capsule with 10–14 seeds in each cell [33].




3. Phytochemistry


3.1. Overview of the Sesquiterpenoids Isolated from Meliaceae Family


During the past decade, based on the literature collected from 1968 to 2023, a total of 211 isolated and 202 volatile sesquiterpenoids were gained from leaves, barks, stem barks, fruits, pericarps, roots, twigs, and flowers of the Meliaceae family. Structurally, sesquiterpenoid frameworks were classified as acyclic, monocyclic, bicyclic, tricyclic, and other frameworks (dimeric and trimeric). Moreover, monocyclic frameworks consist of bisabolane, humulene, ionone, and megastigmane type, and bicyclic frameworks consist of eudesmane, guaiane, calamenene, caryophyllene, hydro-azulene, murolene, himachalane, oppositane, and sabinene type. Tricyclic sesquiterpenoids are also found, including aromadendrane, copaene, clovane, and furanoeremophilane. Based on Figure 2, the eudesmane-type is the largest isolated product, with a total of 62 compounds (27%), followed by other minor sesquiterpenoids-type (14%), and another major sesquiterpenoids types, including aromadendrane (11%), cadinane (8%), guaiane (8%), bisabolane (5%), furanoeremophilane (5%), humulene (4%), isodaucene (4%), caryophyllene (2%), germacrane (2%), and oppositane (2%).



Acyclic and cyclic sesquiterpenoids can be formed by farnesyl diphosphate (FPP). With the added bond and increased chain length, the number of possible cyclization modes increases, and a wide range of mono-, bi-, and tricyclic structures are possible. Sesquiterpenoid frameworks can be classified into acyclic, monocyclic, bicyclic, tricyclic, and multicyclic based on their carbon ring number. Acyclic sesquiterpenoids can be formed by modifying trans-farnesyl cation or cis-farnesyl cation. In order to form monocyclic sesquiterpenoids, FPP is ionized to produce a trans-allylic cation, which is then isomerized to a cis-allylic cation. Further cyclization of the cis-allylic cation forms the bisabolyl cation with the six-membered ring system. Furthermore, this carbocation is dehydrogenated or attacked by water molecules to form the general structure of the bisabolane type [34].



Humulene-type is a monocyclic sesquiterpenoid that transformed from FPP by cyclization of trans-allylic cation or cis-allylic cation to form humulyl cation with the 11-membered ring system or cis-humulyl cation, differ only in the stereochemistry associated with the double bond [35]. Moreover, further cyclization by an attack on the 2,3-double bond and removal of a proton from the attached methyl group can lead to the caryophyllene type. The germacryl cation, without further cyclization, is a precursor of the germacrene-type of sesquiterpenoids. The eudesmane-type sesquiterpenoids can be formed by further cyclization of FPP to the eudesmane cation through germacrane derivative with further cyclization by various enzymatic reactions. Moreover, guaiane-type of sesquiterpenoids were formed by protonation of germacrene derivative followed by 1,2-hydride shift and the loss of a proton. The cis-allylic cation derived from FPP undergoes initial ring closure to generate germacrene intermediate, a 1,3-hydride shift repositions the final cadinane type sesquiterpenoid. As tricyclic sesquiterpenoids, aromadendrane-types are derived from germacrane derivatives and undergo several cyclizations and oxidations. Moreover, by the enzymatic reaction, the bisabolane derivative can be transformed into an eremophilane skeleton, which is a precursor for the formation of furanoeremophilane-type sesquiterpenoids by the further hydroxylation mechanism [36]. Moreover, the relationships between biosynthetic pathways and the differences in each framework of the major type sesquiterpenoids in Meliaceae are shown in Figure 3.




3.2. Isolated Sesquiterpenoids


This section comprises isolated sesquiterpenoids extracted from the dried part of plants. Solid–liquid extraction by organic solvents is the main technique to remove the soluble compounds into the liquid phase. The extracts are then further chromatographed to discover a single compound and characterized by spectroscopic methods and X-ray diffraction, as well as by comparing the NMR shifts with the related reports.



3.2.1. Acyclic Sesquiterpenoids


Only two acyclic sesquiterpenoids were identified: aphanamoxene D (1) and nemoralisin D (2). The norsesquiterpene derivative aphanamoxene D was isolated from the ethanol extract of Aphanamixis polystachya (Wall.) R.Parker, while the norsesquiterpene derivative nemoralisin D was formed after highly oxidizing nemoralisin in the methanol extract of Aphanamixis grandifolia Blume [37,38]. The structure of the acyclic type (1–2) is shown in Figure 4.




3.2.2. Monocyclic Sesquiterpenoids


There were monocyclic sesquiterpenoids found in previous studies on Meliaceae, 10 bisabolane-type sesquiterpenoids have been discovered (Figure 5). A study conducted by Krishnappa and friends showed that there are two bisabolane-type metabolites, namely α-trans-bergamotene (3) and β-bisabolene (4), isolated from wood Lansium anamalayanum Bedd. and these compounds were investigated by IR and NMR spectra and comparison with related compounds [39]. In addition, more research identified schiffnerone A (5), which was obtained from the wood of Dysoxylum schiffneri F. Muell. [40]. There were also three bisabolene-type sesquiterpenoids produced eight years later from stembark of Cipadessa boiviana Baill., namely 7,10β-epoxy-1,3,5-bisabolatrien-11-ol (6); 7,10α-epoxy-1,3,5-bisabolatrien-11-ol (7), which is racemic product; and 11,12,13-trisnorbisabola-1,3,5-trien-10,7-olide (8), which is a modified bisabolene-type, known as trisnor-bisabolane [41]. The zingiberenol-type of monocyclic sesquiterpenoid, which had a related structure to bisabolene-type sesquiterpenoid (6R,7R,10S)-15-hydroxy-zingiberenol (9) isolated from the stems of Dysoxylum oliganthum C.Y.Wu and it was determined by CD spectra data for its absolute configuration [42]. A bisabolol oxide A (10) was isolated from the stembark of Aglaia elaeagnoidea (A.Juss.) Benth. [43], and (1R,4S,6R)-1,4-dihydroxybisabola-2,10-diene (11), (3S,4S,6R)-3,4-dihydroxybisabola-1,10-diene (12) from the twigs and leaves Aglaia lawii (Wight) C.J.Saldanha [44] were also discovered in this genus.



The occurrence of humulene, also called α-humulene (13), is one of the most common sesquiterpenes, and it is widely distributed among plant species in the Meliaceae family, including the stembark of Guarea macrophylla M. Vahl, Guarea guidonia (L.) Sleumer, and stems of Trichilia lepidota Mart. [45,46,47]. The oxygenated derivatives of humulene were plentiful in 1998 [48]. Among them are 1(10)-epoxy-4,7-humuladiene (14) and 1(10),4-diepoxy-7-humulene (15) from Guarea guidonia wood bark. Mahdzir et al. reported another oxygenated humulene from the bark of Walsura pinata Hassk. 2(3),6(7)-diepoxy-9-humulene (16) [49]. Kurubasch aldehyde (17), a sesquiterpenoid with a hydroxylated humulene skeleton, was discovered for the first time in Trichilia genus. During this time, a derivative called kurubasch aldehyde esters (18) was gained from the roots of Trichilia emetica (Forssk.) Vahl [5]. The modification of the carbon skeleton of the humulene type usually leads to the formation of analog compounds such as trichins A (19), which was identical to those of kurubaschic acid angelate and trichins B (20) and was derived from trichins A that isolated from leaves and roots of Trichilia monadelpha (Thonn.) J. De Wild. [50].



Previous studies have isolated five germacrane-type sesquiterpenoids from plants in the Meliaceae family. Two germacranes from the genus Guarea, trans-bicyclogermacradiene (21) and cis-bicyclogermacradiene (22), were isolated from the stem bark of Guarea macrophylla [51]. Another two newly discovered oxygenated germacrane skeletons from the genus Trichilia, germacra-10(14)-en-9,11,15-triol (23) and germacra-3,10(14)-dien-9,11-diol-4-carbaldehyde (24) have been isolated from the stems of Trichilia claussenii C.DC., and their structure was determined by various analytical methods such as NMR, IR, and ESI-MS [47]. The last germacrane-type discovered from the genus Lansium, germacrene-D (25), was isolated from the fruit peel of Lansium domesticum Correa [52].



Furthermore, minor types of monocyclic sesquiterpenoids were obtained from various genera in the Meliaceae family, such as three compounds of ionone sesquiterpenoids 3R,6S-3-hydroxy-α-ionone (26) from the stem bark of Dysoxylum parasiticum (Osbek). Kosterm, vomifoliol (27) from the stems of Aphanamixis grandifolia, and (3R,6R,7E)-3-hydroxy-α-ionone (28) from the twigs and leaves of Aglaia lawii [44,53,54]. A nor-sesquiterpenoid-type with additional hydroxy groups at positions 9 and 10 in the side chain (C13H20O3), 9,10-dyhydroxy-4,7-megastigmadiene-3-one (29) was isolated from the leaves of Aglaia gracilis A.C.Sm. [23]. Moreover, a modification of guaiane-type sesquiterpenoid has yielded a seco-guaiane 7-epi-10-hydroxychabrol-1(2)-en-4,5-dione A (30) from the leaves of Trichilia maynasiana C.DC. [55]. Fadhilah et al. also reported a sesquiterpenoid aldehyde 2-ethyl,3-(1′-hydroxy-2′-menthene) propenal (31) from the fruit peel of Lansium domesticum Correa [56]. Furthermore, schensianol A (32) was identified from the leaves of Dysoxylum oliganthum C.Y.Wu [42].




3.2.3. Bicyclic Sesquiterpenoids


Approximately 120 bicyclic sesquiterpenoid compounds have been identified from the Meliaceae family with various spectroscopic methods (Figure 6). The larger type of bicyclic framework is eudesmane-type, with 43 compounds. Non-oxygenated eudesmane sesquiterpenoids are hardly isolated in the Meliaceae family. There are three compounds such as eudesma-5,7-diene (33), β-selinene (34), and (+)-eudesma-4,11-dien (35) have been isolated from leaves of Guarea guidnonia (L.) Sleumer [57,58]. Oxygenated eudesmanes form the major class of sesquiterpenoids in the Meliaceae family, including alcohol, epoxides, peroxides, ketones, ethers, and O-glucose. The different functional groups are important to give rise to distinct bioactivities of sesquiterpenoids. The hydroxyl-substitution eudesmanes have been reported, 4(15)-eudesmen-1β,6α-diol (36) is a known compound found in several species in the Meliaceae family. It has been found in the various parts of plants such as stembark, stems, seeds, twigs, leaves, from Aglaia minahassae Koord., Cipadessa cinerascens (Pellegr.) Hand.-Mazz., Cipadessa baccifera (Roth) Miq., Guarea guidonia, Amoora tsangii (Merr.) X.M.Chen, Lansium domesticum Correa, Dysoxylum densiflorum (Blume) Miq., Dysoxylum parasiticum, Turraeanthus africanus (Wele. Ex C.DC.) Pellegr., and Aglaia grandis, respectively [3,6,59,60,61,62,63,64,65,66]. Another three compounds of this type, 14-hydroxyelemol (37), β-eudesmol (38), and cryptomeridiol (39), have been obtained from the stems of Trichilia claussenii; their structure was elucidated by the basis of spectroscopic analysis [47]. A compound known as cryptomeridiol (39) is also found in Cipadessa bacifera and Cedrela fissilis Vell. [61,67]. Furthermore, oplodiol (40) was isolated from the pericarp of Toona sinensis (A.Juss.) M. Roem. [68,69]. From the leaves and seeds of Guarea guidonia were obtained eudesm-6-en-4β-ol (41), (2S*)-eudesma-5,7-dien-2-ol (42), eudesm-4(15)-ene-1β,5α-diol (43), eudesm-4(15),7-dien-1β-ol (44), and 5-epi-eudesm-4(15)-ene-1β,6β-diol (45), and eudesm-4(15),7-dien-1β-ol (44) was also found in the stembark of Lansium domesticum [57,62,64]. Moreover, 5-epi-eudesm-4(15)-ene-1β,6β-diol (45) was also found in the stembark of Aglaia elaeagnoidea [70]. Moreover, from the twigs of Aglaia odorata Lour. var. macrophyllina, 1β,4α,7β-trihydroxy-14β-methyl-eudesman-11(12)-ene (46) and 1β,6α-dihydroxy-10β-methyl-5αH,7α-eudesm-4-one (47) were investigated [71]. In addition, 6α-hydroxy-4(15)-eudesmen-1-one (48) has been reported from twigs, leaves, and stembark of Aglaia lawii, Aglaia elaeagnoidea, and Chisocheton lasiocarpus (Miq) Valeton [44,70,72]. Furthermore, from the stems and leaves of Aphanamixis grandifolia, voleneol (49) has been reported [54]. The eudesm-11(13)-en-4β,9β-diol (50) has been found in the twigs and leaves of Aglaia lawii [44]. From the genus Aglaia a new eudesmane-type sesquiterpenoid 4,6-diene-1β,15-dihydroxyeudesma-3-one (51) was also discovered that gained from the stembark of Aglaia foveolate Pannell [73]. The eudesmane-type also reported another three compounds, including polydactin B (52), 1β,11-dihydroxy-5-eudesmene (53) from the leaves of Dysoxylum excelsum Blume, and 4(15)-eudesmene-1β,7α-diol (54) from the leaves and barks Dysoxylum densiflorum [42,74]. Djemgou et al. found an eudesmane-type sesquiterpenoid modified by an arabinose-sugar skeleton that is (+)-eudesmanol-O-L-arabinoside (55) from the seed of the rare Meliaceae species Turraeanthus africanus [75]. Additionally, two eudesmane-type have been reported from the twigs of Chisocheton cumingianus subsp. Balansae (C.DC.) Mabb., 1β,6α-dihydroxyeudesm-4(14)-ena (56) and 1β,8α-dihydroxy-eudesm-4(14)-ena (57) [76]. A new eudesmane sesquiterpenoid 10β-hydroxy-4α,4β-dimethyl-5αH,7αH-eudesm-3-one (58) was isolated for the stem bark of Dysoxylum parasiticum, and the structure was determined by detailed analysis of spectroscopic data, including MS, IR, 1D, and 2D NMR, as well as through comparison with data of known analogs [77]. The kutdiol (59) was obtained from the stems of Trichilia quadrijuga Kunth and isolated by the Droplet Counter-Current Chromatography (DCCC) technique [78]. In addition, 1β,6β-dihydroxy-7-epi-eudesm-3-ene (60) was elucidated from the barks of Melia azedarach, and 6α,9β-dihydroxyeudesma-4(15)-ene (61) was found in the pericarp of Lansium domesticum [79,80]. The eudesman epoxides were found on the leaves of Guarea guidonia such as, 5α,6α,7α,8α-diepoxy-eudesmane (62), 5α,6α-epoxy-eudesm-7-ene (63) and 5α,6α-epoxy-eudesm-7-en-9-ol (64) [57,58]. A novel peroxide-substituted eudesmane 1β-hydroperoxy-6α-hydroxy-eudesm-4(15)-ene (65) has been found in the branches of Cipadessa cinerascens [60]. Recently isolated eudesmane ether 6α-ethoxyeudesm-4(15)-en-1β-ol (66) from the seeds of Guarea guidonia [62]. Moreover, the eudesmane esther-type sesquiterpenoid voleneol diacetate (67) was isolated from the stem barks of Lepidotrichilia volensii Leroy [81]. Moreover, from the fruits of Dysoxylum densiflorum, three 11, 12, 13 trisnoreudesmanes dysoxydenones M-O (68–70) were gained, and three 13-noreudesmanes dysoxydenones P-R (71–73) were identified. Their absolute configurations were determined by a combination of single crystal X-ray diffraction, CD exciton chirality method, and ECD calculations. Another two known analogs, noreudesmanes types dysoxydenone G (74) and dysoxydenone H (75), were isolated from the same samples as further oxidation of prenyleudesmanes [82].



Guaiane-type sesquiterpenoids often occur in oxygenated forms, such as guaiane alcohol, guaiane acid, guaiane ketone, and guaianolide. There were nineteen isolated guaiane-type sesquiterpenoids spread across several species of Meliaceae. From the stembark of Amoora rohituka (Roxb.) Wight and Arn., four oxygenated guaiane-type sesquiterpenoids were isolated, such as 6β,7β-epoxyguai-4-en-3-one (76), 6β,7β-epoxy-4β,5-dihydroxyguaiane (77), sootepdienone (78), and orientalol C (79) [83]. Moreover, 4α,10β-dihydroxy-1βH,5αH-guai-6(7)-en-11-one (80), 1α,6β,12-trihydroxy-1βH,5αH,11H-guai-6(7)-ene (81), 4α,7β,11-trihydroxy-1βH,5αH-guai-10(14)-ene (82), 4α,10α,11-trihydroxy-1βH,5βH-guai-7(8)-ene (83), orientalol A (84), and orientalol B (85) were elucidated from the twigs of Aglaia odorata var. macrophyllina with various spectroscopic analysis method [71]. Another compound from the genus Amoora 6-guaiene-4α,10α-diol (86) was isolated from the bark of Amoora yunnanensis species [84]. A known compound, guaianediol (87), was gained from various parts of the plant, such as twigs, stem barks, stems, and leaves of various species, including Aglaia odorata, Cipadessa baccifera, Dysoxylum parasiticum, Dysoxylum excelsum, Aglaia lawii, and Chisocheton lasiocarpus [42,44,61,71,72,77]. Another known guaiane-type is alismoxide (88) from the leaves, pericarp, and twigs of several species such as Guarea kunthiana A. Juss, Toona sinensis, Chisocheton cumingianus, and Dysoxylum densiflorum [65,69,76,85]. The compound guai-6-en-10β-ol (89) was found in the leaves and stembark of Guarea guidonia and Guarea macrophylla, along with alismol (90) from the leaves of Guarea kunthiana [57,85,86]. The other guaiane-oxygenated compounds are found in the stembark of Dysoxylum parasiticum, and a new 10β,11-dihydroxy-1β-hydroperoxide-4αH,5αH,7βH-guaiane (91) and a known compound (1S*,4S*,5R*,10S*)-guai-6-ene-10β-ol (92) were determined by completed spectroscopic analysis [3,77,87]. Moreover, the wood of Lansium anamalayanum provided the new guaiane-type chigdamarene (93) and was identified by IR and NMR spectra analysis for the structure [39].



There were nine compounds with isodaucane-type sesquiterpenoids obtained from several Meliaceae species. The isodaucane compound 2-oxo-isodauc-3-en-15-al (94) has been found in barks, fruits, twigs, and leaves of four species, including Aglaia foveolate Pannel, Aglaia perviridis Hiern, Aglaia lawii, and Walsura robusta Roxb. [44,88,89,90]. Two new isodaucane-type sesquiterpenoids, amouanglienoid A (95) and amouanglienoid B (96), were obtained from the twigs and leaves of Aglaia lawii; moreover, the structure was confirmed by X-ray crystallographic studies as well as comparison by experimental and calculated ECD spectra data [44]. Huang et al. reported four compounds, namely isodauc-6-ene-10β,14-diol (97), 4-epi-isodauc-6-ene-10β,14-diol (98), sinulin A (99), and 10-oxo-isodauc-3-en-15-al (100) from the twigs and leaves of Aglaia elaeagnoidea [91]. Compounds (97–98) were also found in the leaves of Dysoxylum excelsum [42]. Furthermore, 4-epi-6α,10β-dihydroxy-artabotrol (101) isolated from leaves Dysoxylum excelsum [42], as well as the nitro-substituent isodaucane-type sesquiterpenoid 10β-nitro-isodauc-3-en-15-al (102), was determined from the leaves of Walsura robusta [90].



A chemical study of an extract from the twigs and leaves of Dysoxylum densiflorum afforded one new cadinene-sesquiterpenoid derivative dysodensiol D (103) [65]. Four years later, Liu et al. also found dysodensiol D (103) in the leaves of Dysoxylum excelsum [42]. Lago et al. reported three compounds, namely δ-cadinene (104), trans-cubenol (105), and cis-cubenol (106), from the stembark of Guarea macrophylla [51]. Other cadinane derivatives from Aglaia genus, such as 15-oxo-T-cadinol (107), 15-hydroxy-α-cadinol (108), 3-oxo-15-hydroxy-T-muurolol (109), and (+)-T-cadinol (110), were investigated from the stembarks, twigs, and leaves, including Aglaia foveolata and Aglaia elaeagnoidea [73,88,91]. Known compound 15-hydroxy-α-cadinol (108), along with chromolaevane dione (111), a cadinane ketone-type sesquiterpenoid, has been found in the twigs and leaves of Dysoxylum densiflorum [65]. The aldehyde cadinane-type sesquiterpenoid 10α-hydroxycadin-4-en-15-al (112) was investigated from the stems of Aphanamixis grandifolia [54]. Moreover, the oxygenated cadinene-type sesquiterpenoid 10-hydroxy-15-oxo-α-cadinol (113) was found in the twigs and leaves of Amoora tsangii [63]. Another compound of this type, α-cadinol (114), was obtained from the stembark of Dysoxylum parasiticum [77]. Moreover, two new undescribed cadinanes, deriving from α-cadinol with minor modification dysotican A (115) and dysotican B (116), were determined for the absolute configuration by ECD spectra technique from stembark of Dysoxylum parasiticum [3]. Furthermore, the norsesquiterpenoid cadinane-type saniculamoid (117) was investigated from stem barks of Aglaia grandis Korth. [6]. Moreover, the cadinane–alcohol skeleton modification cubenol (118) and epi-cubenol (119) were investigated from two species, including Cedrela odorata L. and Cedrela toona Roxb [31,92].



A study conducted by Nishizawa et al. showed that (+)-8-hydroxycalamenene (120) has been elucidated from the leaves of Dysoxylum acutangulum Miq. and Dysoxylum excelsum. Furthermore, fifteen years later, Mulholland et al. also reported the same compound from the wood of Dysoxylum shciffneri [4,40]. Moreover, the same type of these compounds was also found in the stem barks of Dysoxylum parasiticum, Dysoxylum densiflorum, and Dysoxylum shciffneri, namely, dysoxyphenol (121), (+)-7-hydroxycalamenene (122), (7R,10S)-2-hydroxycalamenene (123), 2,15-dihydroxycalamenene (124), and schiffnerone B (125) [3,40,53,93]. A known compound, calamenene (126), was also reported from various species, including Cedrela odorata and Cedrela toona [31,92]. In addition, calamenene-10β-ol (127) was isolated from the bark of Entandrophragma cylindricum (Sprague) Sprague along with cis-calamenene (128) reported from stem barks of Guarea macrophylla [86,94].



Additionally, minor types of bicyclic sesquiterpenoids were found in various genera in the Meliaceae family. There are five caryophyllene-type sesquiterpenoid namely, β-caryophyllen oxide (129), β-caryophyllene-8R,9R-oxide (130), β-caryophyllene (131), caryophyllene oxide (132), and caryophyllenol-II (133) were obtained from various parts of plant such as stem barks, barks, stems, and wood of several species, including Aglaia harmsiana Perkins, Aglaia leucophylla King, Guarea macrophylla, Munronia pinata Harms, Turraea brownie C.DC., Aglaia foveolata, Sandoricum koetjape Merr., Guarea guidonia, Munronia pinata, and Aglaia simplicifolia (Bedd.) Harms [46,57,87,88,95,96,97,98,99]. The hydro-azulene type sesquiterpenoids, namely aphanamol II (134) and aphanamol I (135), are widely distributed in various species of Meliaceae plants, including Aphanamixis grandifolia, Cipadessa baccifera, Lansium domesticum, Dysoxylum excelsum, Aglaia lawii, Dysoxylum densiflorum, and Turraeanthus africanus [42,44,52,61,65,75,100]. Another compound of this type, a new sesquiterpenoid dysodensiol E (136), was obtained from the twigs and leaves of Dysoxylum densiflorum [65]. Furthermore, two guaiane-type derivatives, which are pseudo-guaiane namely ambrosanoli-10,11-diol (137) and ambrosanoli-10(14)-en-11,12-diol (138), have been identified as constituents of Trichilia casarettii [78,101]. Himachalane derivatives are the main sesquiterpenoid component of the stems of Cipadessa baccifera, namely bacciferins A (139) and bacciferins B (140) [61]. The oppositane-type sesquiterpenoids have been isolated from three species, Lansium domesticum, Guarea guidonia, and Dysoxylum excelsum, namely octahydro-4-hydroxy-3α-methyl-7-methylene-α-(1-methylethyl)-1H-indene-1-methanol (141), (7R*)-5-epi-opposit-4(15)-ene-1β,7-diol (142), (7R*)-opposit-4(15)-ene-1β,7-diol (143), and (7R*)-opposit-4(15)-ene-1β,7-diol (144) [42,62,64]. The stems of Dysoxylum oliganthum contain two novel sabinene-type sesquiterpenoids, (6R,7S,11R,10S)-15-hydroxy-sesquisabinene hydrate (145) and (6R,7R,11S,10S)-15-hydroxy-sesquisabinene hydrate (146), and the absolute configuration was determined by CD measurement [42]. α-muurolene (147), a murolene-type sesquiterpenoids, was gained from the leaves of Aglaia silvestris (M. Roem.) Merr. , and the derivate of that compound T-muurolol (148) was produced by two species Cedrela odorata and Cedrela toona [31,92,102]. In addition, hydroxylated tetralone-type sesquiterpenoids 4-hydroxy-4,7-dimethyl-α-tetralone (149) are also found in leaves and stem barks of Dysoxylum parasiticum and Cipadessa boiviniana [41,103]. Furthermore, from the twigs and leaves of Aglaia lawii, bicyclic sesquiterpenoid canangaterpene III (150) was gained [44]. 2,3-dimethyl-3-(4-methyl-3-pentenyl)-2-norbornanol (151) with bicyclic skeleton sesquiterpenoids also found from the fruit of Dysoxylum spectabile (G. Forst.) Hook. Fil. [104]. In addition, the spirovetivane-type sesquiterpenoid dysoxydenone S (152) was produced from the fruit of Dysoxylum densiflorum [82].




3.2.4. Tricyclic and Other Sesquiterpenoids


Aromadendrane comes in an abundance of tricyclic sesquiterpenoids with 26 compounds (Figure 7). Structurally, aromadendrane is characterized by a dimethyl cyclopropane ring fused to a hydro-azulene skeleton. Moreover, among aromadendrane compounds which hydro-azulene skeleton is cis-fused is termed alloaromadendrane. The frequently aromadendrane spathulenol (153) was isolated for the first time from the stems of Sandoricum koetjape and found so far in numerous plant species [39,45,47,59,77,87,88,94,98,105,106,107,108]. The wood of Lansium anamalayanum provided the α-gurjunene (154), which was identified by IR and HMR spectra analysis for the structure [39]. A number of other aromadendrane hydrocarbon aromadendrene (155) has been gained from the stem barks and barks from two different tree species such as Guarea macrophylla and Sandoricum koetjape [51,98]. Another type of hydroazulene skeleton cis-fused, namely ledol (156), was found in numerous plant species such as Aglaia foveolata, Etandrophragma cylindricum, and Guarea macrophylla [45,88,94]. Nugroho et al. reported two new aromadendrane, dysosesquiflorin A (157) and the α position for 3-isopropylpentanoate substituent dysosesquiflorin B (158), which were determined based on analysis of the 1D and 2D NMR data (HSQC, 1H-1H COSY, and HMBC) along with two known compounds, viridiflorol (159) and (−)-globulol (160) [109]. Oxygenated aromadendranes are widespread in a new compound dysodensiol F (161), along with allo-aromadendrene-10β,14-diol (162), 4β-hydroxy-15-(3-methyl-2-butenyl)-aromadendra-10(12)-ene (163), and allo-aromadendrane-10β,13,14-triol (164), and were identified from the twigs, leaves, and barks of Dysoxylum densiflorum [65,74]. Moreover, allo-aromadendrane-10β,13,14-triol (164) has also gained from wood and leaves Chisocheton Penduliflorus Planch. [110]. Furthermore, the same type of these compounds also found in leaves, stem barks, twigs from numerous species, namely 4β,10α-dihydroxyaromadendrane (165), (+)-10β,14-dihydroxy-allo-aromadendrane (166), allo-aromadendrane-10α,14-diol (167), allo-aromadendrane-10β,14-diol (168), (−)-4α,7α-aromadendranediol (169), aromadendrane-4β,10α-diol (170), and alloaromadendrane-4α,10β-diol (171) [3,6,42,44,72,87,91,99,110,111].



A new aromadendrane aldehyde-type sesquiterpenoid was obtained from the twigs of Turraea pubescens Hell., namely turranin F (172), which has similar structure to(4R,5S,6R,7R,11S)-12-hydroxy-1(10)-aromadendren-14-al from the genus Apocynaceae [112,113]. The spathulenol derivative 1,1,4,7-tetramethyldecahydro-1H-cyclopropa[e]azulen-7-ol (173) was also found in the stem barks of Chisocheton pentandrus (Blanco) Merr [114]. Other plants species that provide oxygenated aromadendranes, such as palustrol (174), lochmolin F (175), virindiflorene (176), and 3-oxo-10-alloaromadendranol (177), were determined from Guarea macrophylla, Guarea guidonia, and Trichilia maynasiana [46,48,55,57,87].



Additionally, 11 tricyclic-sesquiterpenoids furanoeremophilane were investigated from the Trichilia genus. The sesquiterpenoid furanoeremophilane in Trichilia cuneata Radlk. species is present as a characteristic constituent of secondary metabolites. The eremophilane family is a large, structurally diverse group of sesquiterpenoids characterized by a decalin skeleton in which a methyl migration has taken place to produce a non-isoprenoid substituent pattern. A derivate of this group, the furanoeremophilanes, bears a furan fused to the decalin core, which, in several cases, appears in oxidized form as a butenolide. A study conducted by Doe et al. gained a new furanoeremophilanes-type related to sesquiterpenoids cacalol (178), which is isolated from the same samples, namely (+)-14-methoxy-1,2-dehydrocacalol methyl ether (179) [115]. Moreover, from the same samples, six known compounds were also reported, such as (±)-14-hydroxycacalol methylether (180), 14-methoxydehydrocacalohastine (181), maturin acetate (182), maturin (183), maturone (184), and cacalonol (185). The first total synthesis of (179) and two related types (180–181) was also achieved via stepwise regioselective dehydrogenation of ring C [115]. Moreover, two novel eremophilane cacalols were also discovered, 13-hydroxy-14-nordehydrocacalohastine (186) and 13-acetoxy-14-nordehydrocacalohastine (187), along with maturinone (188), which were reported from the stembark of an endemic medicinal plant complex in Mexico which is Trichilia cuneata [116]. The total synthesis of these two new compounds (186–187) was also reported via a palladium-mediated three-component coupling reaction [116].



Other minor tricyclic sesquiterpenoids were also investigated. The copaene derivative copa-2-en-4-ol (189), copa-3-en-2α-ol (190), and mustakon (191) were gained by HPLC separation method from the bark of Entandrophragma cylindricum [94]. Moreover, the same type of tricyclic sesquiterpenoids copaene (192) and α-copaene (193) were gained from various species [31,52,86]. Two known compounds of senecrassidiol (194) come from various species, such as Aglaia simplicifolia, Aglaia harmsiana, and Munronia pinata; additionally, the derivate senecrassidiol acetate (195) was elucidated from Aglaia elaeagnoidea [59,95,117,118]. Two species of genus Aglaia, Aglaia elaeagnoidea and Aglaia simplifolia, produced (−)-clovane-2,9-diol (196), which are clovane-type sesquiterpenoids, along with clovanediol (197) from other species, namely Dysoxylum densiflorum [65,91,99]. Moreover, other minor tricyclic compounds from the Meliaceae family were tricyclohumuladiol (198) and α-cubebene (199) from leaves and stem barks of Dysoxylum oligantum C.Y.Wu and Guarea macrophylla [42,45].



Biogenetically derived from coupling two sesquiterpenoids (either identical or different), dimeric sesquiterpenoids are potential biologically active molecules and have received considerable attention in recent years for their distinctive structures and biological properties. They have a composition of at least 30 carbons, generated from sesquiterpenoids of a variety of structural types, and show variations in the connecting patterns of the two identical (for homo-dimeric sesquiterpenoids) or different (for hetero-dimeric sesquiterpenoids) sesquiterpenoid units, which presents a significant challenge in elucidating dimeric sesquiterpenoids structures and synthetic constructions. The dysoxylum plant genus possesses attractive dimeric as well as trimeric sesquiterpenoids. Nishizawa et al. reported unsymmetrical dimeric calamenene, namely bicalamenene (200), from the dried peel of the Meliaceous plant Dysoxylum alliaceum (Blume) Blume [119]. The structure of that compound was elucidated by spectra analysis, and the absolute structure was established by analog synthesis compound; it was reported that the two compounds were confirmed for the 13C NMR, IR, and UV, and only the chemical shift of aromatic methyl protons are distinguishable. Additionally, two identical dimeric sesquiterpenoids were gained from the stem barks of Dysoxylum parasiticum, namely dysotican C (201) and dysotican D (202), and the absolute configuration was confirmed by ECD and NMR calculation data. The plausible route biosynthesis of dysotican C comes from the epimerization of (114), which is also found in the same samples, while dysotican D comes from the epimerization process of (87) [3,77]. Moreover, bidysoxyphenol A (203), bidysoxyphenol B (204), and bidysoxyphenol C (205) were also gained in the same samples [53]. Dysotican E (206), a hetero-dimeric sesquiterpenoid, was also found in the same samples of Dysoxylum parasiticum [3]. Two new trimeric sesquiterpenoids were produced by stem barks of Dysoxylum parasiticum, namely tridysoxyphenol A (207) and tridysoxyphenol B (208), while those trimeric compounds were formed by radical addition reaction of monomer dysoxyphenol (121) to obtain (207), as well as the monomer (+)-7-hydroxycalamenene (122) with bidysoxyphenol A (203), to produce (208) [103]. Additionally, two unprecedented homo-dimeric sesquiterpenoids, dysotican G (209) and dysotican H (210), which linked through O-ether linkage and an asymmetrical true-dimeric cadinane via ketonic bridge dysotican F (211), were isolated from the stembark of Dysoxylum parasiticum. Their structure was determined by spectroscopic and quantum chemical calculations of 13C NMR using the GIAO method and ECD using the TDDFT method [120].





3.3. Volatile Sesquiterpenoids


This section focused on sesquiterpenoids composition, which is determined by the hydrodistillation technique followed by GC-MS analysis as volatile compounds. The sesquiterpenoids structure was identified by mass-spectral data, retention indices (on comparison of their retention times to n-alkanes (C8-C40), and by computer matching with various databases. As lipophilic molecules with moderate vapor pressures, volatile sesquiterpenoids convey information over distances well, and because of their wide structural variety, they also allow messages to be very specific. Additionally, volatile sesquiterpenes usually produce several compounds often related to each other. Volatile sesquiterpenoids in the Meliaceae family have almost exclusively been reported from three genera, including Trichilia, Toona, and Cedrela. Many species of the Meliaceae family have been reported to produce volatile sesquiterpenoids (Table 1).



The bicyclic sesquiterpenoids γ-himachalene (259) was the major constituent from the roots of Naregamia alata Wight and Arn., along with 33 sesquiterpenoids. The minor compounds were identified as one acyclic sesquiterpenoids nerolidyl acetate (214) and seven monocyclic skeleton γ-elemen (222), α-humulene (13), 9-epi-(E)-caryophyllene (226), germacrene B (228), germacrene D (25), β-sesquiphellandrene (230), and bisabolol (233) (Figure 8). Sixteen bicyclic sesquiterpenoids include daucene (251), β-caryophyllene (131), caryophyllene oxide (132), cis-β-guaiene (264), α-muurolene (147), 14-oxy-α-muurolene (270), β-cuprenene (275), selina-3,7-(11)-diene (276), carotol (277), widdrol (278), 1-epi-cubenol (119), cubenol (118), vetiselinenol (286), and corymbolone (287) (Figure 9).



Moreover, the tricyclic skeleton was also found on the same plants, including α-copaene (193), β-cubebene (361), longipinane (E) (367), cis-thujopsene (363), longifolol (368), longifolenaldehyde (369), and 2,4α,8,8-tetramethyl decahydro cyclopropa (d) naphthalene (374) [121] (Figure 10). The presence of tricyclic and tetracyclic sesquiterpenoids hydrocarbon from Meliaceae essential oil appears to be a minor component compared to the bicyclic constituent. The substantial differences in sesquiterpenoids composition in the Meliaceae essential oil come from climate fluctuations [122,123]. Moreover, from the whole part of Naregamia alata, nineteen volatile sesquiterpenoids, with caryophyllene oxide (132) as the major compound, were identified.



In addition, the minor composition of the essential oil Naregamia alata plants was examined, including the sesquiterpenoids ar-curcumene-15-al (241) and xanthorrhizol (242); the bicyclic skeleton daucene (251), isodaucene (252), β-caryophyllene (131), caryophyllene oxide (132), cis-14-nor-Muurol-5-en-4-one (272), carotol (277), widdrol (278), δ-cadinol (284), α-trans-bergamotene (3), α-acoradiene (291), and 7-epi-α-eudesmol (298); and other sesquiterpenoids skeleton β-cubebene (361), 8-oxo-neoisolongifolene (373), alloaromadendrene (380), and longipinanol (364) [124]. The acyclic volatile sesquiterpenoids were produced from leaves oil of Toona sinensis trans-nerodilol (213) [125]. Moreover, nerolidol (212) was produced from the leaves of Toona sinensis and the flowers of Melia azedarach L. [126,127]. Moreover, β-farnesene (216) has been detected in the essential oil of Cedrela odorata [128]. α-farnesane (215), a sesquiterpenoid, was gained from the leaves Toona sinensis and found as a minor constituent from stembark and leaves Trichilia connaroides (Wight and Arn.) Bentv. [125,129,130].



The oxygenated farnesane sesquiterpenoids farnesol (217) was produced by Cipadessa baccifera and Trichilia connaroides [131,132]. The acetate ester of lavandulol cis- sesquilavandulyl acetate (218) was gained from flower of Khaya grandifoliola C.DC. [133]. Elemene-type sesquiterpenoids α-elemene (219), β-elemene (220), δ-elemene (221), and γ-elemene (222) were gained from several genus in Meliaceae family, including Toona sinensis, Chukrasia tabularis A. Juss, Trichilia connaroides, Toona sinensis, Cedrela fissilis, Cedrela mexicana M.Roem., Cedrela odorata, Cipadessa baccifera, and Swietenia macrophylla G.King, [67,122,127,130,134]. A humulene-type α-humulene (13) is widely distributed in the genus Meliaceae, including Toona, Naregamia, Azadirachta, Cedrela, Chukrasia, Cipadessa, and Swietenia. Furthermore, a minor constituent γ-humulene (223) was produced by leaves of Cedrela odorata and humulene oxide (225) [135]. In contrast, the major components, β-caryophyllene (131) and bicyclogermacrene (317), were found in the leaves Cedrela fissilis; moreover, β-bisabolene (4) and globulol (160) were produced by the stem barks of Cedrela fissilis [136]. The other minor constituents, namely β-elemene (220), germacrene A (227), α-humulene (13), β-bisabolene (4), β-caryophyllene (131), caryophyllene oxide (132), α-muurolene (147), T-muurolol (148), δ-cadinene (104), T-cadinol (110), α-eudesmol (293), β-eudesmol (38), β-selinene (34), bicyclogermacrene (317), β-santalene (322), α-copaene (193), aromadendrane (155), spathulenol (153), ledol (156), and viridiflorol (159), have been identified from the leaves and stembarks of Cedrela fissilis [137]. From the leaves of Toona sinensis, germacrene-D-4-ol (229), β-caryophyllene (131), α-selinene (305), lepidozene (332), and spathulenol (153) have been isolated [129]. The sesquiterpene hydrocarbon bisabolane α-bisabolol (232), cis-Z-α-bisabolene epoxide (231), trans-Z-α-bisabolene epoxide (235), cis-α-bisabolene (236), Z-α-bisabolene (237), and α-bisabolene (238) were identified from Toona sinensis [127,138], Turraea obtusifolia Hochst., Turraea floribunda Hochst. [139], and Swietenia macrophylla [140]. Zingiberene (231) was also obtained from Cedrela mexicana M.Roem and Cipadessa baccifera [131,141].
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Table 1. Volatile sesquiterpenoids from Meliaceae family and their bioactivities.
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	Species
	Part of Plant
	Volatile Sesquiterpenoids
	Biological Activity of Essential Oil
	Major Compounds
	Ref.





	N. alata Wight and Arn.
	Root
	214, 222, 13, 226, 228, 25, 230, 233, 251, 131, 132, 259, 264, 150, 270, 275, 276, 277, 278, 119, 118, 114, 286, 287, 193, 361, 363, 367, 368, 369, 374
	Antimicrobial activity against Sa, Bs, Pv, Ec, and Kp with inhibition zone Sa (11 mm); Bs (12 mm); Pv (10 mm); Ec (13 mm); Kp (11 mm), respectively
	259, 131, 256
	[121]



	N. alata Wight and Arn.
	Whole plant
	224, 241, 242, 251, 252, 131, 132, 272, 277, 278, 284, 285, 3, 291, 293, 296, 298, 358, 361, 364, 373, 380, 381, 384
	Not reported
	132, 251, 131, 3
	[124]



	T. sinensis (A.Juss.) M. Roem.
	Leaves
	215, 220, 221, 13, 4, 240, 131, 132, 262, 263, 280, 281, 104, 3, 34, 329, 193, 199, 361, 155, 153, 389, 395
	Antimicrobial activity against Sa, Sp, Ec, Pa, Sf, and St with MIC values Sa (1.57 µg/mL); Sp (1.57 µg/mL); Ec (3.13 µg/mL); Pa (3.13 µg/mL); Sf (12.5 µg/mL); St (6.25 µg/mL)
	131
	[125]



	T. sinensis (A.Juss.) M. Roem.
	Roots
	213, 13, 232, 237, 254, 131, 132, 260, 261, 294, 305, 153, 386, 388, 159
	Cytotoxic effect against 786-O and Caki-1 cell lines for 786-O (%viability cell 41.86 at 250 ppm) and Caki-1 (%viability cell 44.73% at 250 ppm)
	153
	[138]



	T. sinensis (A.Juss.) M. Roem.
	Leaves
	220, 131, 118, 199, 370, 155, 385, 390, 391
	Not reported
	131
	[142]



	T. sinensis (A.Juss.) M. Roem.
	Leaves
	219, 220, 221, 222, 236, 4, 253, 131, 132, 147, 282, 104, 283, 307, 310, 315, 316, 193, 199, 361, 372, 379, 392, 395, 410
	Antibacterial activity against MSSA (MIC 0.125 mg/mL) and MRSA (MIC 1 mg/mL)

Cytotoxic activity against SGC7902 (IC50 70.38 μg/mL); HepG2 (IC50 82.2 μg/mL); HT29 (IC50 99.94 μg/mL)
	131
	[127]



	T. sinensis (A.Juss.) M. Roem.
	Leaves
	215, 220, 221, 227, 228, 25, 229, 131, 305, 307, 332, 153, 160
	Antidiabetic properties effect on medium glucose consumption in the 3T3-L1 cells. The essential oil could increase the use of medium glucose to approximately 50% at 50 µg/mL.
	227
	[129]



	T. ciliata M. Roem.
	Leaves
	220, 13, 227, 25, 4, 255, 131, 259, 261, 265, 266, 268, 119, 118, 104, 114, 317, 330, 361, 362, 370, 155, 153, 156, 160, 154, 383, 385, 395, 159, 401
	Not reported
	314, 131, 25
	[136]



	T. ciliata M. Roem.
	Leaves
	219, 220, 221, 245, 253, 263, 280, 281, 331, 199, 361, 380, 379, 385,
	Antidepressant activity using FST and TST immobility as a result of FST (decrease immobility duration > 50 s); TST (decrease immobility duration > 50 s)
	220, 361, 222
	[143]



	A. odorata Lour.
	Stems
	13, 25, 243, 131, 257
	Antimicrobial activity against Bo, Po, and Rs. Bo (MIC values 0.0625–0.5 mg/mL), Po (MIC values 0.0625–0.5 mg/mL), Rs (MIC values 0.0625–0.5 mg/mL); Bo (MFC values 0.25–1 mg/mL), Po (MFC values 0.25–1 mg/mL), Rs (MFC values 0.25–1 mg/mL).
	25
	[144]



	A. indica (Hook.fil) Harms
	Flowers
	221, 13, 147, 148, 119, 118, 104, 283, 110, 317, 126, 321, 193, 199, 155, 380, 174, 156, 160, 154, 176, 159
	Antimicrobial activity against Bs, Ca, and Mg with inhibition zone Bs (10.5 ± 0.5 mm); Ca (14 ± 0.5 mm); Mg (11.0 ± 1.0 mm)
	104, 193
	[145]



	A. indica (Hook.fil) Harms
	Flowers
	228, 245, 257, 396
	Not reported
	241
	[146]



	C. fissilis Vell.
	Leaves
	220, 13, 227, 25, 4, 131, 132, 147, 148, 104, 114, 110, 296, 38, 34, 317, 319, 193, 199, 155, 153, 156, 160, 159
	Antibacterial activity against Sa, Ec, Pa with inhibition zone Sa (9.3 ± 0.6 mm); Ec (6.7 ± 0.6 mm); Pa (inactive)
	314, 131
	[137]



	C. mexicana M.Roem
	Leaves and Stembarks
	221, 13, 227, 228, 25, 230, 231, 243, 245, 90, 131, 132, 282, 104, 283, 291, 305, 321, 324, 99, 155, 380, 153, 160, 397, 398
	Not reported
	131
	[141]



	C. odorata L.
	Leaves
	220, 13, 223, 225, 4, 253, 131, 132, 271, 104, 289, 290, 304, 318, 325, 326, 193, 199, 399, 400, 405
	Not reported
	405
	[135]



	C. odorata L.
	Essential oil
	221, 13, 228, 4, 238, 131, 147, 267, 104, 283, 305, 34, 317, 319, 128, 321, 193, 199, 376, 377, 380
	Not reported
	-
	[128]



	C. tabularis A.Juss
	Leaves
	218, 220, 13, 245, 248, 247, 253, 131, 132, 261, 267, 118, 104, 3, 296, 38, 34, 128, 327, 193, 199, 338, 380, 156, 154, 383, 395, 159
	Not reported
	132
	[134]



	C. baccifera (Roth) Miq
	Leaves
	220, 13, 230, 231, 132, 258, 261, 104, 303, 311, 312, 313, 314, 320, 360, 367, 375, 155, 380, 153, 382, 397
	Not reported
	131
	[131]



	T. connaroides (Wight and Arn.) Bentv.
	Roots
	131, 279, 104, 114, 38, 301, 302, 128, 328, 193, 386
	Not reported
	328
	[132]



	T. connaroides (Wight and Arn.) Bentv.
	Barks, Leaves, Roots
	219, 220, 25, 4, 131, 147, 267, 282, 104, 283, 288, 305, 308, 126, 328, 193, 199, 361, 365, 155, 154, 383, 385, 387, 392, 394, 397, 405, 411
	Antiplasmodial activity as a result of weak antiplasmodial with IC50 range 2–22 µg/mL.
	193, 131, 328
	[130]



	K. grandifolia C.DC.
	Flowers
	220, 13, 224, 228, 253, 132, 256, 272, 273, 274, 119, 285, 294, 128, 328, 193, 361, 365, 371, 160, 154, 393, 176, 159, 411
	Cytotoxic activity against HepG-2 (IC50 21.6 μg/mL); MCF-7 (IC50 26.1 μg/mL); HCT-116 (37.6 μg/mL)
	132, 250, 13
	[133]



	K. senegalensis (Desv.) A.Juss.
	Flowers
	221, 13, 224, 131, 132, 261, 119, 114, 296, 335, 361, 371, 153, 160, 387, 394, 159, 403
	Cytotoxic activity against HepG-2 (IC50 61.1 μg/mL); MCF-7 (IC50 79.7 μg/mL); HCT-116 (61.0 μg/mL)
	132, 131
	



	M. azedarach L.
	Leaves
	253, 131, 132, 317
	Not reported
	131
	[123]



	M. azedarach L.
	Flowers
	213, 253, 131, 291, 317
	Antimicrobial activity against Sa, Pv, Pa, Ec, Se, and Kp with MIC values Sa (150 µL/mL); Pv (150 µL/mL); Pa (150 µL/mL); Ec (175 µL/mL); Se (175 µL/mL); Kp (175 µL/mL).
	210, 209
	[126]



	S. macrophylla G.King
	Flowers
	25, 132, 148, 104, 126, 333, 334, 193, 199, 361, 155, 153, 395
	Not reported
	131
	[122]



	S. macrophylla G.King
	Leaves
	227, 25, 238, 4, 13, 259, 283, 308, 317, 193, 361, 380, 383, 395
	Not reported
	25
	[140]



	S. macrophylla G.King
	Leaves
	220, 13, 224, 226, 227, 25, 131, 265, 147, 272, 273, 119, 280, 281, 104, 283, 285, 294, 317, 319, 128, 193, 199, 361, 380, 153, 154, 383, 385, 395
	Not reported
	25
	[147]



	G. convergen T.D.Penn.
	Branches
	356, 357, 358, 409
	Not reported
	405, 193
	[148]



	G. kunthiana A.Juss
	Leaves
	153, 182, 220, 193, 230, 231, 254
	Antimicrobial activity against Ec, Pa, Se, Pm, Kp, Sa, Ef, Se, Bs, and Ca with MIC values Ec (Not active); Pa (7000 mg/mL); Se (7000 mg/mL); Pm (7000 mg/mL); Kp (inactive); Sa (13.6 mg/mL); Ef (437.5 mg/mL); Se (3500 mg/mL); Bs (875 mg/mL); Ca (1750 mg/mL)

Antioxidant activity using DPPH scavenging capacity with IC50 17.54 ± 0.18 µg/mL
	231, 256
	[149]



	G. macrophylla G.King
	Leaves
	156, 131, 148, 119, 110
	Not reported
	89
	[32]



	G. macrophylla G.King
	Leaves
	347, 348, 349, 350, 351, 352, 353, 354, 355
	Anti-inflammatory activity using macrophages BALB/c mice with CC 17.7 > 100 µg/mL.
	264
	[150]



	G. macrophylla G.King
	Fruits
	193, 361, 153, 160, 176
	Not reported
	193, 176, 283
	[151]



	G. cedreta (A.Chev.) Pellegr.
	Barks
	193, 370, 380, 160, 385, 176, 131, 147, 267, 118, 104, 114, 296
	Not reported
	131
	[152]



	G. macrophylla G.King
	Leaves
	359, 388, 13, 227, 147, 267, 118, 281, 104, 297, 346, 385
	Not reported
	297, 385, 104, 267, 131
	[153]







Sa (S. aureus); Bs (B. subtilis); Pv (P. vulgaris); Ec (E. coli); Kp (K. pneumoniae); Sp (S. pneumoniae); Pa (P. aeruginosa); Sf (S. flexneri); St (S. typhi); MSSA (methicillin-sensitive S. aureus); MRSA (methicillin-resistant S. aureus); Bo (B. oryzae); Po (P. oryzae); Rs (R. solani); Ca (C. albicans); Mg (M. gypseum); Se (S. enterica); Pm (P. mirabilis); Ef (E. faecalis).











The oils from the leaves and stems of Toona ciliata contained 36 and 31 components, of which 96% and 92% were identified, respectively. The major compounds in both samples were β-caryophyllene (131), germacrene-D (25), and bicyclogermacrene (317). Moreobver, the minor compounds were identified as seychellene (401), β-bourbonene (395), β-gurjunene (383), α-gurjunene (154), longifolene (370), β-cubebene (361), cubebol (362), β-acorenol (330), and Z-caryophyllene (255) along with a minor known compound [136]. From the essential oil of Cedrela odorata L., a huge diversity of hydrocarbon sesquiterpenoid including α-curcumene (239), β-caryophyllene (131), γ-muurolene (267), δ-cadinene (104), β-selinene (34), cis-calmenene (128), trans-calamenene (319), calarene (376), ledene (377), and alloaromadendrane (380) have been reported [128]. The volatile constituent of leaves Ekebergia capensis Sparrm. comprises a huge number of sesquiterpenoids, namely 10,10-dimethyl-2,6-dimethylenebicyclo [7.2.0]undecan-5β-ol (336), 4-isopropyl-6-methyl-1-methylene-1,2,3,4-tetrahydronaphthalene (337), 7-acetyl-2-hydroxy-2-methyl-5-isopropylbicyclo [4.3.0]-nonane (338), caryophylla-4(12),8(13)-dien-5α-ol (336), naphthalene-1,6-dimethyl-4-(1-methylethyl) (340), and tetracyclo [6.3.2.0(2,5).0(1,8)]tridecan-9-ol, 4,4-dimethyl (412) [139]. In addition, from the leaves of Trichilia degreana Sond. are 1-naphthalenemethanol, 1,4,4α,5,6,7,8,8α-octahydro-2,5,5,8a-tetramethyl (341), and humulane-1,6-dien-3-ol (249); volatile sesquiterpenoids from the leaves of Turraea floribunda include (4S,8S,8R)-8-isopropyl-5-methyl-3,4,4α,7,8,8α-hexahydronaphthalen-2)-methanol (342), octahydro-1,4,9,9-tetramethyl (404), and azulene, 1,2,3,5,6,7,8,8α-octahydro-1,4-dimethyl-7-(1-methylethenyl) (343); and from the leaves of Turraea obtusifolia, (1R,2R,4S,6S,7S,8S)-8-isopropyl-1-methyl-3-methylene-tricyclo [4.4.0.02,7]decan-4-ol (413), 3,5,11-eudesmatriene (299), and eudesma-2,4,11-triene (300) were identified [139].



Furthermore, from the leaves of Chukrasia tabularis, two monocyclic sesquiterpenoids, shyobunone (246) and preisocalamendiol (247), were produced [134]. Ar-turmerone (243), the aromatic sesquiterpenoid, was gained from the stem of Aglaia odorata and Cedrela mexicana [108,141]. Caryophyllene oxide (132), along with another minor compounds of Leaves Toona sinensis, include γ-cadinene (282), δ-cadinene (104), cadina-1,4-diene (283), γ-selinene (307), bicyclo [4.4.0]dec-1-ene, 2-isopropyl-5-methyl-9-methylene (310), 1,2,4α,5,6,8α-hexahydro-4,7-dimethyl-1-(1-methylethyl)-naphthalene (315), β-vatirenene (316), α-copaene (193), β-cubebene (361), 9,10-dehydro-isolongifolene (372), β-patchoulene (392), and 8,9-dehydro-cycloisolongifolene (410), as well as the major compounds β-caryophyllene (131) [127]. The elemol (255) was found in abundance as a constituent of four species, such as Cedrela Mexicana, Cedrela odorata, Chukrasia tabularis, and Toona ciliate M. Roem. [134,136,141,143]. In addition, 1,1,4,8-tetramethyl-cis-4,7,10-cycloundecatriene (244) from the flowers of the neem tree has been investigated [146]. The caryophyllene derivative iso-caryophyllene (253), E-caryophyllene (254), and caryophyllenyl alcohol (256) were found to be minor compounds from Cedrela odorata, Toona sinensis, and Kaya grandifoliola, respectively [133,135,138]. Himachalane-type sesquiterpenoids α-himachalane (257) were produced by three species, including Aglaia odorata, Azadirachta indica A. Juss, and Cedrela odorata, while β-himachalene (258) was produced by the leaves of Cipadessa baccifera [131,136,144,146].



In addition, α-guaiene (262) was investigated from leaves of Toona sinensis and Cedrela odorata [125,136], and β-guaiene (263) was determined from Toona sinensis and Toona ciliata [125,143]. Cis-4(14),5-Muuroladiene (273), a muurolane-hydrocarbon type sesquiterpenoid, was recognized in several species, including Cedrela odorata, Cedrela fissilis, Swietenia macrophylla, and Kaya grandifoliola [133,136,154]. Moreover, cis-muurol-5-en-4-β-ol (274) was also found in the flower of Kaya grandifoliola [133]. The α-cubenol (279) was investigated as a minor component of roots of Trichilia connaroides [132]. From the leaves of Toona sinensis, two hydrocarbon-cadinane types, α-cadinene (280) and β-cadinene (281), were investigated [125]. Moreover, α-cis-bergamotene (289) and β-trans-bergamotene (3) were investigated from leaves of Cedrela odorata L. [135]. Γ-eudesmol (297) is also found in stem barks of Trichilia monadelpha [132]. The selinene-type 7-epi-α-selinene (308) and selin-11-en-4α-ol (309) come from the leaves of Cedrela odorata [136]. From the roots of Trichilia connaroides, two-sesquiterpenoids, hydrocarbon khusinol (301), occidentalol (302), and β-chamigrene (328), were also reported [132].



From the leaves of Cedrela odorata amorpha-4,11-diene (304), isobicyclogermacrene (318), β-acoradiene (325), β-alaskene (326), β-funebrene (399), mintsulphide (400), β-santalene (322), and α-santalene (405) were investigated [135]. The amorphane-type sesquiterpenoid α-amorphene (303), along with bicyclo [3.1.1]hept-2-ene, 2,6-dimethyl-6-(4-Methyl-3-pentenyl) (311), bicyclo [6.3.0]undec-1(8)-en-3-on,2,2,5,5-tetramethyl (312), bicyclo [5.2.0] nonane, 2-methylene-4,8,8-trimethyl-4-vinyl (313), 6β-bicyclo [4.3.0]nonane, 5β-iodomethyl-1 β-isopropenyl-4 α,5 αdimethyl (314), 1S,cis-calamenene (320), β-copaen-4α-ol (357), 2,2,7,7-tetramethyl-tricyclo [6.2.1.0 1,6]undec-4-en-3-one (375), isoledene (397), β-copaene (359), and isospathulenol (382), was also found in leaves of Cipadessa baccifera [131]. From the leaves and pericarps of Trichilia connaroides, δ-selinene (306) was also found as the minor product [130]. A known compound calamenene (126) was investigated in three species, including Azadirachta indica, Trichilia connaroides, and Swietenia macrophylla [122,130,145]. Santalol derivative α-santalol (406) and β-santalol (323) were produced by Trichilia dregeana and Turraea floribunda [139]. The volatile constituent of flowers Swietenia macrophylla cadala-1(10),3,8-triene (333) and 7-isopropenyl-1,4-dimethyl-1,2,3,3α,4,5,6,7-octahydroazulene (334) were investigated [122]. The torreyol (329) was found in the leaves of Toona sinensis [125]. From the flower of the genus Khaya, selin-11-en-4α-ol (309) and cadalene (335) have been produced [133]. The sesquiterpenoids of the essential oil of Toona ciliata α-cyperone (331) have been investigated [143].



From the leaves of Chukrasia tabularis, the minor compound eremophyllene (327) was also found [134]. α-longipinene (365) and β-longipinene (366) were found in the stem bark of Trichilia monadelpha, while both of them were also found in several species, including Trichilia connaroides, Khaya grandifoliola, and Cedrela fissilis [130,133,136]. The other longipinene derivative, longicamphenylone (371), was investigated from Kaya grandifoliola and Khaya senegalensis as the minor compound [133]. Shilaluke et al. found ledene oxide-(II) (378) from Turraea obtusifolia [139]. The α-aromadendrene (379) was also found in the essential oil of Toona ciliata [143]. Moreover, the roots of Toona sinensis produced α-cedrene (386) and ylangene (385) [138,142]. From the leaves of Swietenia macrophylla, as well as from the roots of Trichilia connaroides, the minor compound β-cedrene (388) was investigated[130]. Minor volatile sesquiterpenoids palustrol (174) and viridiflorene (176) were found in flowers of Azadirachta indica [145]. Souda et al. reported two tricyclic sesquiterpenoids γ-patchoulene (391), α-bourbonene (394) and cedr-8-(15)-en-9-alpha-ol (403), and one tetracyclic sesquiterpenoid, cyclosativene (411), from the flowers of Khaya senegalensis (Desv.) A. Juss [133]. Moreover, aristolene (390) and patchoulene (391) were investigated from Toona sinensis [142]. Cedrol (388) and α-cedrol (389) were gained from the roots and leaves Toona sinensis [125,138]. From the leaves and pericarps of Trichilia connaroides, α-bourbonene (394) was identified [130]. The Tricyclic sesquiterpenoids cedrane diol (401) was isolated from the leaves of Cedrela odorata [136]. Furthermore, from the roots of Cedrela mexicana, ylanga-2,4(15)-diene (398) was also reported [141].



The essential oil of the leaves of Guarea macrophylla produced a number of bicyclic sesquiterpenoids, including 6,9-guaiadiene (347), trans-muurola-4(14),5-diene (348), δ-amorphene (349), β-calacorene (350), 1,10-di-epi-cubenol (351), α-acorenol (352), cis-cadin-4-en-7-ol (353), hinesol (354), isolongifolan-7-α-ol (408), and valerianol (355) [150]. Moreover, the bicyclic sesquiterpenoids γ-amorphene (346) was investigated from leaves of Guarea macrophylla [153]. Furthermore, a minor compound, cadina-1(6),4-diene (345), was only reported as a volatile compound from the fruits of Guarea macrophylla [155]. Magalhães et al. isolated bicyclic sesquiterpenoids, including cis-caryophyllene (356), from the leaves of Guarea scabra A.Juss; drima-7,9(11)-diene (357) from branches of Guarea convergens T.D.Penn; and caryophyllene epoxide (358) from branches of Guarea humatensis [148]. Furthermore, (E)-iso-γ-bisabolene (250), as well as tricyclic sesquiterpenoid mustakone (409), was found in the branches of Guarea sylvatica C.DC. [148]. In addition, epi-globulol (407) was identified from two species, Guarea macrophylla and Guarea cedrata (A.Chev.) Pellegr. [32,152].





4. Ethnobotany and Medicinal Uses


The Meliaceae family is widely distributed mainly in Indo-Malesia, Southeast Asia, Northern Europe, Africa-America, and Australia and comprises approximately 58 genera and 740 species that are mostly used to treat various diseases traditionally. Moreover, Aglaia genus is used extensively in the form of decoction and powders in traditional health settings. These include the healing of wounds, fevers, influenza, cough, and other skin disease [21,44,71]. A previous study also discovered that several Amoora species had been used as folk medicines in Southeast Asia for the treatment of many diseases such as diarrhea, inflammation, spleen and liver, and cardiac diseases [63,83]. In certain Chinese regions, some species from the Aphanamixis genus have been used as a primitive medicine for colds, rheumatoid arthritis, and numbness from cold temperatures [156]. Furthermore, plants from the Chisocheton genus are used traditionally for the treatment of several ailments, including stomach and kidney complaints, backache, fever, rheumatism, and malaria [72]. The genus Cipadessa, which includes nine species, is known to be the folk medicine to treat dysentery, malaria, pruritus, rheum, rheumatism, and burns and scalds by Dai, a Chinese ethnic minority [157]. Several species in the Cedrela genus have widespread cultural uses for diabetes, digestive system disorder, parasitic worms, liver diseases, and hypertension [31]. Moreover, the genus Dysoxylum is also known as traditional medicine used to treat diarrhea, leprosy, aches, pain, and lung hemorrhages [158]. The bark of Entandrophragma cylindricum species is also reported to be commonly used to treat bronchitis, lung complaints, colds, and edema and is also used as an anodyne [94]. The wood bark of the Guarea species is employed in folk medicine as an abortive and febrifugal agent, and the leaves and fruits are reported to be quite toxic to cattle [48,159]. Moreover, in the Philippines, the dried fruit peel was burned and used as a mosquito repellent, and the fruit skin was also used as an arrow poison [52]. Toona species are mainly commonly used for the treatment of ulcers and asthma [160]. The known Brazilian genus Trichilia was a huge potential for the production of new drugs and herbal medicines. Several species of Trichilia have been used in folk medicine in the treatment of diseases such as liver disorders, purgative, antiepileptic, antipyretic, antimalarial, physical and mental tonic, and aphrodisiac and sexual stimulants [161,162]. The Walsura genus is commonly used as folk medicine in Thailand with potent antioxidant activity [163].




5. Biological Activity


As previously shown, a total of 211 isolated and 202 volatile sesquiterpenoids were determined by complete spectra data as well as by MS database from the Meliaceae family. At present, several bioactivity studies have been reported to evaluate cytotoxic activity, antimicrobial activity, and antioxidant activity; antidiabetic, antiplasmodial, and antiviral activity of isolated compounds (Table 2); and major volatile sesquiterpenoids constituents on essential oil (Table 1).



5.1. Cytotoxic Activity


Meliaceae sesquiterpenoids were investigated for their biological activity in cytotoxic analyses, which were carried out on over 61 isolated compounds from 20 species. A further investigation against the human myeloid leukemia HL-60, hepatocellular carcinoma SMMC-7721, human lung cancer A-549, human breast cancer MCF-7, and SW480 cells lines through MTT method on acyclic sesquiterpenoid (2) was inactive against the five cell lines with IC50 values at >50 µM [38]. The bisabolene-type compound (7) was evaluated for cytotoxic activities against the K562 human chronic myelogenous leukemia cell line through the MTT method. The result showed that no significant cytotoxicity was observed with IC50 values at >50 µM, in contrast to quercetin (IC50 values at 2.5 ± 0.5 µM) [164]. In other investigations, the cytotoxic effects of three humulene-type sesquiterpenoids (17), (19–20) were tested against three human cancer cell lines in vitro. The result showed that only (17) exhibited a slow proliferating cytotoxic effect against MCF-7 (IC50 values at 78 ± 15 µM), respectively, compared to the IC50 values of thapsigargin IC50 2.9 nM, but showed a significant effect against S180 murine sarcoma cell lines (IC50 values at 7 ± 3 µM) using thapsigargin as a positive control for comparison [5]. Moreover, two other compounds were inactive with IC50 values > 50 µM against L5178Y mouse lymphoma cells using the MTT method [50]. Ionone derivative (26) showed inactive activity with IC50 values > 50 µM towards HL-60 cell lines with camptothecin as a positive control (IC50 values 0.01 ± 0.0001 µM) [53]. Moreover, the cytotoxic investigation of sesquiterpene aldehyde (31) was conducted only by Fadhilah et al. against three cell lines, T-47D, WiDR, and Hep-G2, through the MTT method with modification. The result showed that compound (31) exhibits the strongest cytotoxic activity against T-47D cell lines with IC50 values 39.1 ± 1.5 µg/mL compared to doxorubicin (IC50 values 0.21 ± 0.02 µg/mL), while inactive through others cell lines (IC50 values > 50 µg/mL) [56]. Furthermore, the aldehyde substituted is the potential to increase the cytotoxic activity of monocyclic sesquiterpenoids groups.



The cytotoxic effect of eudesmane-type (58) was evaluated in vitro against the MCF-7 cell line through the MTT method using cisplatin as the positive control with IC50 values > 50 µM. The result showed that the compound exhibited higher cytotoxic activity than cisplatin, with IC50 values of 27.3 µM [77]. Sinaga et al. also reported two eudesmane-type compounds (36) and (44) cytotoxic activity towards the MCF-7 cell line [64]. The result showed that compound (44) exhibited moderate cytotoxicity against MCF-7 cells with IC50 values of 17.9 µg/mL, while the others showed weak cytotoxicity with IC50 values of 121.65 µg/mL. The presence of hydroxyl and olefinic groups possibly played some important structural features for cytotoxic activity against MCF-7 cells in eudesmane-type sesquiterpenoids [64]. Furthermore, two compounds, (46–47), showed no activity (IC50 values > 50 µM) towards human gastric carcinoma SGC-7901, K562, and human hepatocellular carcinoma BEL-7402 cells with paclitaxel as a positive control (IC50 values 1.9; 7.4; 2.6 µM), respectively, while compound (53) was inactive against HL-60 [42,71]. Similarly, the anti-tumor activities of eudesmane-types (45) and (48) were evaluated against HeLa cervical cancer cells and DU145 prostate cancer cells using PrestoBlue® reagent assay. The result showed that all compounds did not exhibit in vitro cytotoxicity against the cell lines with IC50 values > 50 µg/mL [70]. Moreover, the cytotoxic activity of compound (51) was evaluated through the HT-29 human colon cancer cell line by the sulforhodamine B (SRB) protein staining method, with paclitaxel as the positive control. The result showed that compound (51) was inactive with ED50 > 10 µM). However, paclitaxel showed strong inhibition with ED50 0.0006 µM [73].



Moreover, the cytotoxic investigation of hydroxylated guaiane-types (80–85) and (87) were conducted only by Liu et al. against SGC-7901, K-562, and BEL-7042 cell lines through MTT assay [71]. The result showed that compounds (80–81) and (87) exhibit modest cytotoxic activity against the SGC-7901 cell line with IC50 values 38.8, 40.0, and 38.0 µM, respectively, while others were larger than 50 µM and paclitaxel at range 1.9–7.4 µM for all cell lines tested. The cytotoxic activity of four guaiane-type (83), (87), (91), and (92) were also reported against MCF-7 cell lines. The result showed that (83), (87), and (91) were inactive with IC50 larger than 100 µM compared to cisplatin with an IC50 value of 53 µM. Moreover, compound (92) showed potential activity against MCF-7 as well as HeLa cell lines with IC50 values ranging from 29.6 to 39.6 µM, respectively [3,77]. Compound (88) merely showed inactive against HeLa, Vero kidney epithelial cell, and U937 human myeloid leukemia cell lines, with IC50 values more than 100 µM compared to actinomycin D with IC50 ranging from 1.9 to 8.8 µM, respectively [165].



Compound (94) showed no activity against HT-29 cell lines with ED50 values more than 50 μM through the sulforhodamine B (SRB) protein staining method, with paclitaxel as the positive control with ED50 values of 0.001 μM [89]. A total of three isoleucines, (97–98) and (101), were tested the cytotoxic activity against HL-60 and A549 cell lines through MTT assay, and the result showed that all compounds had no significant cytotoxicity lower than 50 µM [42].



The cytotoxic activity of the cadinane-type (115–116) and calamenene-type (124–125) against MCF-7 and HeLa cell lines was also reported using the Resazurin (PrestoBlue) method. Compound (115–116) exhibited moderate cytotoxic activities against MCF-7 with an IC50 value of 38.79 ± 0.22 µM, as well as against HeLa with an IC50 value of 39.31 ± 0.14 for compound (115) and significant cytotoxic activities against MCF-7 with IC50 value 45.14 ± 0.12 µM and against HeLa with IC50 value 41.82 ± 0.38 µM for compound (116), respectively. The aldehyde group attached to C4 on cadinane derivative possibly remained increasing cytotoxic activity for cadinane type [3]. Two calamenene-type compounds (124–125) showed lower activity with IC50 values ranging from 80.6 up to 100 µM; moreover, all compounds’ IC50 values were compared to cisplatin with IC50 values of 53.0 and 16.0, respectively [3]. Another potential cytotoxic compound (114) was tested against the MCF-7 cell line with inhibition activity values of 33.46 µM using cisplatin as a positive control with an IC50 value of 53.0 µM [77]. Two calamenene-type (121–122) were evaluated in vitro cytotoxic activity against the HL-60 cell line through MTT assay using camptothecin with IC50 value 0.01 ± 0.0001 µM. The result showed that compound (121) exhibited medium cytotoxicity with an IC50 value of 18.25 ± 1.52 µM, while another compound showed lower activity with values up to 100 µM [53,103]. In a cytotoxicity test using Resazurin (PrestoBlue) cell viability assay, compound (117) had an IC50 of 3375.6–6086.3 µM against HeLa and B16-F10 cell lines. The IC50 value of cisplatin was 19.0–43.0 µM [6]. Furthermore, compound (103) was evaluated for cytotoxic activity against two cell lines, such as HL-60 and A549 cell lines, through MTT assay. The result showed no activity with IC50 value > 100 µM [42].



The cytotoxic activities of caryophyllene-type (129) and (133) were evaluated in vitro against MCF-7 and B16-F10 using the MTT viability assay. The result showed that compound (129) with the revised method showed potential activity against MCF-7. Moreover, compound (133) demonstrated no significant cytotoxicity up to 100 µM against the B16-F10 cell line [95,99]. These results indicated that the cytotoxic activity of caryophyllene-type sesquiterpenoid is affected by the presence of double bonds, epoxide, and configuration of methyl groups. A minor bicyclic sesquiterpenoid murolene-type (148) showed no activity against thirty-seven human tumor cell lines, including 1218L, T24, 498NL, SF268, HCT116, HT29, 251L, 536L, 1121L, 289L, 526L, 529L, 629L, H460, 401NL, MCF7, DA231, 276L, 394NL, 462NL, 514L, 520L, 1619L, 899L, OVCAR3, 1657L, PANC1, 22RV1, DU145, LNCAP, PC3M, 1752L, 1781L, 393NL, 486L, 944L, and 1138L. The compound was tested using the revised MTT method, with IC50 values > 10 μg/mL [168]. Moreover, the cytotoxic investigation of tetralone-type (149) was conducted by Sofian et al. [103]. The result demonstrated lower cytotoxicity with IC50 value > 50 µM. Camptothecin, which was used as the positive control, gave the cytotoxic against HL-60 at the IC50 value 0.01 ± 0.0001 µM. Two oppositane-type (141) and (144) were reported cytotoxic activity against three cell lines, including HL-60, A549, and MCF-7, through MTT assay. The result showed that compound (144) was not active against HL-60 and A549 through MTT cell viability assay [42]. Moreover, compound (141) possessed lower cytotoxic activity against MCF-7 with an IC50 value of 201.57 μg/mL compared to doxorubicin with an IC50 value of 0.17 μg/mL [64].



A further investigation against the HL-60, MCF-7, and A549 cell lines through the MTT method on three aromadendrane-type with a hydroxylated substituent in the C10 (157–158), and (160) showed that (157) was the most potent significant cytotoxic compound against three cell lines at IC50 value 3.1, 32.5, and 30.4 µM, respectively. Compound (158) also demonstrated selective cytotoxic IC50 values against all cell lines with IC50 values at 14.3, 39.7, and 31.3 µM, respectively. Furthermore, compound (160) showed selective potential cytotoxic activity against the A549 cell line with an IC50 value of 32.5 µM and weak cytotoxic activity up to 50 µM for the other cell lines. The selectivity shown by (157) and (158), which oxidized at C12, was absent in (160). Therefore, the moieties of 3-isopropylpentanoic in aromadendrane are essential for the HL-60, MCF-7, and A549 selectivity [109]. A previous study also evaluated (159) an aromadendrane-type against medulloblastoma cell line Daoy, MCF-7, and A549 by an MTT assay, where the compound exhibited promising cytotoxicity against all cell lines with IC50 value 0.1, 10, and 30 µM. In this study, the mechanism of compound (159) action was also evaluated on the cell apoptosis by Annexin V-488 staining assay. The result showed that (159) induced apoptotic, upon exposure to concentrations ranging from 30 mM to 300 mM, and early and late apoptotic cell death was induced in a concentration-dependent manner in Daoy (55.8–72.1%), MCF-7 (36.2–72.7%), and A459 (35–98.9%) cell lines, respectively [169]. Moreover, compound (172) was tested against HL-60 cancer cells by MTT assay. Based on the results, compound (172) showed no significant cytotoxicity with an IC50 value of up to 20 µM compared to cisplatin with an IC50 value of 1.14 µM [112]. Another cytotoxic assay based on the MTT method is compound (153) against MCF-7 cell line with cisplatin as a positive control (IC50 53.0 µM). The result showed that compound (153) has a promising cytotoxic compound with an IC50 value of 12.17 µM [77]. A total of two compounds were tested against several cancer cell lines using Resazurine (PrestoBlue) cytotoxicity assay. Based on the result, compound (166–167) showed no significant activity against the MCF-7 cell line using cisplatin as a positive control with IC50 value 53 µM. Even though compound (166) exhibited lower cytotoxic than (167), it indicated that β alcohol and α hydroxymethyl orientation on C10 were responsible for the effect of activity compared to the opposite [72]. Moreover, the cytotoxic activity of compound (165) was evaluated against B16-F10 compared to cisplatin with IC50 value 12.9 µM [99]. The result showed that compound (165) possessed significant cytotoxic with a lower IC50 value of 44.8 µg/mL, while Naini et al. also reported cytotoxic activity of the same compound against MCF-7 and HeLa cell lines with IC50 range value of 10.37–10.83 µM, respectively [3]. Furthermore, the cytotoxic effect of compounds (164) and (168) were investigated by the sulforhodamine B (SRB) protein staining method, with ellipticine as the positive control was 0.35 µg/mL against three cell lines including epidermoid carcinoma KB, small-cell lung cancer NCI-H187 and BC. The results showed that compounds (164) and (168) were considered inactive because they possess an IC50 up to 50 µM [110]. Additionally, the cytotoxic activity of compound µ was evaluated against HeLa, liver cell cancer SK-Hep1, and B16 using an alamar blue assay. The result showed compound (175) did not show cytotoxic activity against those cell lines [172]. The results of a further investigation of compound (174) through the tryphan blue staining assay showed that no cytotoxic acitvity was observed against the lymphoma cell line with LD50 ≥ 3.60 mM compared to bleomycin as positive control (LD50 0.02 mM) [171].



The minor tricyclic sesquiterpenoid (194) also demonstrated selective cytotoxicity against HeLa using Resazurin assay with cisplatin as a positive control (IC50 value 2.18 µM), while the derivate compound (195) cytotoxicity was also evaluated against human liver cancer HepG using SRB assay and the result was inactive compared to camptothecin as the positive control [118,173].



The cytotoxic investigation of dimeric sesquiterpenoids (203–205) was conducted only by Sofian et al. against HL-60 through MTT assay. The result showed that the compound (203) had the most potent cytotoxic activity with an IC50 value of 39.04 µM, while two others (204–205) were inactive (IC50 values > 50 µM) compared with camptothecin as a positive control [53]. The IC50 value of compound (203) was lower than its monomeric compound (121); this implied that the activity of sesquiterpenoids phenol derivatives decreased with increasing molecular weight. Thus, compound (121) promised an important role in exhibiting the HL-60 cancer cell line. Moreover, another three dimeric sesquiterpenoids cytotoxicity, compounds (201–202) and (206), were evaluated against MCF-7 and HeLa cell lines. The result showed that compound (206) was the most selective cytotoxic against MCF-7 with an IC50 value of 40.56 µM, followed by compound (201) with an IC50 value of 41.54 µM, and compound (202) showed no significant activity compared to cisplatin as a positive control. In contrast, compound (202) showed more potent inhibition of HeLa proliferation with an IC50 value of 13.00 µM, followed by compound (201) with an IC50 value of 22.15 µM when compound (206) showed lower activity (IC50 value of 39.32 µM) [3]. In addition, two trimeric sesquiterpenoid (207–208) cytotoxicity were evaluated against HL-60 cell lines using MTT assay. The result showed both of them considered inactive compared to camptothecin with an IC50 value of 0.01 µM [103]. Moreover, the cytotoxic effect of compound (209) showed the most potent cytotoxic activity against MCF-7 and HeLa cell lines with IC50 values 12.07 ± 0.17 µM and 9.29 ± 0.33 µM, while compound (211) showed moderate activity with IC50 values of 31.59 ± 0.34 µM and 27.93 ± 0.25 µM. Moreover, the cytotoxic activity of (210) is a selective inhibitor against the HeLa cell growth with an IC50 value of 39.72 ± 0.18 µM. All compounds are compared to cisplatin with IC50 values 53.00 ± 0.02 and 16.00 ± 0.01 µM [120].



Several essential oils possessed cytotoxic activities, including essential oil from Toona sinensis roots with major constituent (153) against 786-O ccRCC cell lines and Caki-1 metastatic cell lines via MTT assay. The result showed that at 250 ppm, 786-O cells were retracted after 24 h of treatment, with % viability cells of 41.86% compared to ethanol as vehicle control. Moreover, at 250 ppm, Caki-1 cells were retracted after 48 h of treatment, with % viability cells of 44.73% compared to ethanol as vehicle control [138]. The GC-MS analysis showed that leaves of Toona sinensis contain a high amount of (131) and showed potential cytotoxic activities against SGC7901, HepG2, and HT29 with IC50 values of 70.38, 82.2, and 99.94 µg/mL, respectively [127]. Furthermore, the cytotoxic investigation of essential oil of flowers Khaya grandifolia and Khaya senegalensis was tested against HepG2, MCF-7, and HCT-116 using MTT assay with doxorubicin as a positive control. The result showed that the essential oil of Khaya grandifolia flowers is more potent than Khaya Senegalensis, with IC50 values of 37.2, 21.8, and 52.8 µg/mL, respectively [133]. The sesquiterpenoid content of Khaya grandifolia, namely (132), may contribute to their cytotoxic activity. In addition, the leaves oil Guarea macrophylla showed toxicity against peritoneal macrophages of BALB/c mice with 50% cytotoxic concentration (CC50) ranging from 17.7 to 100 µg/mL. The major component of leaves oil was (261) with 18% of the major compound [150].




5.2. Anti-Inflammatory


A total of 15 sesquiterpenoid compounds possessed anti-inflammatory activity, produced from eight species in the Meliaceae family. Aphanamoxene D (1) is a nor-sesquiterpenoid of the monocyclic group with relatively significant anti-inflammation activity. Compound (1) was determined for the inhibitory effect on NO production induced by LPS in a macrophage cell line RAW264.7, and cell viability was tested by the MTT method [37]. Furthermore, the bisabolane-type compounds (11–12) and isodaucane-type (95) showed significantly inhibited LPS-induced inflammation in BV-2 microglial cells using Greiss assay at 5 and 10 µM (p < 0.01). At 20 µM, all compounds could reduce the level of NO up to 53.75%, 22.58%, and 10.58%, respectively, compared to resveratrol as a positive control with a reduced value of 55.61% [44]. Moreover, compound (13) has an important inhibitory effect in vivo technique for anti-inflammatory activities using rats in the carrageenan-induced paw edema method. As a result, compound (13) reduced the production of prostaglandin E2 (PGE2), as well as inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX-2) expression induced by the intraplantar injection of carrageenan in rats. All the anti-inflammatory assays were compared to dexamethasone-treated animals as a positive control [174]. An investigation of compound (51) was evaluated for anti-inflammatory activity using an enzyme-based ELISA NF-kB assay through p65 (RelA) inhibitory activity. The result showed that compound (51) exhibited IC50 values of >20 µM and was considered inactive [73]. Three years later, Pan et al. evaluated compound (94) with the same method. As a result, compound (94) was extremely active (ED50 0.005), where the value was 10 times more potent than rocaglamide as a positive control (ED50 0.08 µM) [89]. Moreover, the anti-inflammatory effect of compound (175) was evaluated by Western blot analysis against the accumulation of pro-inflammatory iNOS and COX-2 proteins in RAW264.7 macrophage cells. The result showed that the compound (175) could not reduce the accumulation of iNOS protein induced by LPS in comparison with control cells stimulated by LPS only [172]. Furthermore, compound (90) inhibited the production of proinflammatory cytokines, as well as the expression of iNOS and COX-2 in microglia using Western blot analysis [166]. In addition, compound (172) was inactive for the evaluation of the inhibitory effect on NO production induced by LPS in a macrophage cell line RAW264.7 with IC50 value > 20 µM [112]. Moreover, compound (27) determined the immunosuppressant effect on Jurkat cells in vitro. The result showed that compound (27) significantly inhibited calcineurin (CN) at an inhibition rate of 58.06% [175]. In addition, Hua et al. reported the effects of eight compounds’, (68–75) and (152), anti-inflammatory activities through in vitro analysis on NO production induced by LPS in macrophage cell line RAW264.7 and on the release of IL-1β using interleukin-1β Assay kit. As a result, all compounds exhibited no cytotoxicity, NO inhibition, and IL-1β inhibitory activity [82].




5.3. Antioxidant


There are three species in the Meliaceae family that produce eight antioxidant compounds. Moreover, the bisabolane-type (7) was evaluated for inhibition of free radicals by using CLPAA and cellular antioxidant activity (CAA) assay. The result showed that compound (7) had a significantly weaker inhibitory activity with IC50 > 100 µM for both assays [164]. Moreover, the antioxidant activity of three furanoeremophilane-type sesquiterpenoids (186–188) was investigated with NADH-dependent mitochondrial and NADPH-dependent microsomal lipid peroxidation. The result showed that compound (186) had a more potent antioxidant activity with IC50 values of 16.4 and 41.6 µM, followed by compound (187) with IC50 values of 59.7 and 54.3 µM, and then compound (188) with IC50 values of 71.7 and 74.4, respectively [116]. Furthermore, the antioxidant activity of two compounds, (179) and (183), were evaluated against mitochondrial lipid peroxidation induced by Fe (III)-ADP/NADH. The result showed that compound (179) was merely active with IC50 values of 76.8 and may be useful as a lead compound in the field of medicinal chemistry, while compound (183) showed no activity [115]. In addition, the leaves oil of Guarea kunthiana showed moderate antioxidant activity using DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical assay with IC50 value 17.54 ± 0.18 µg/mL compared to BHT as control with IC50 value 9.27 ± 0.08 µg/mL [149].




5.4. Antidiabetic


Eleven sesquiterpenoids (11–12), (28), (48), (50), (87), (94–95), (150), and (135) from only one species of Aglaia lawii had evaluated for antidiabetic assay with PTP1B inhibitory activity bioassay using oleanolic acid as the positive control. The result showed that compound (12) exhibited inhibitory activity against PTP1B protein with an IC50 value of 16.05 ± 1.09 µM, while the other compounds were inactive with IC50 values ≥ 50 µM [44]. In addition, the antidiabetic potential of leaves Toona sinensis was shown to prevent the progression of diabetes and hepatosteatosis, the rise of triglycerol levels, and the decrease in adiponectin in type 2 diabetic mice. The major constituent (224) sesquiterpenoids may be effective in preventing type 2 diabetes [129].




5.5. Antimicrobial


Antimicrobial activities, including antibacterial or antifungal activities, play a pivotal role in controlling emerging diseases [176]. Compound (2) was evaluated for antimicrobial activity against four microorganisms, including Staphylococcus aureus, Pseudomonas aeruginosa, MRSA92, and MRSA98. The minimum inhibitory concentrations (MICs) of the compound were determined by the two-fold dilution method. The result showed that compound (2) was inactive against all the tested strains with MIC values > 50 µg/mL [38]. Furthermore, a germacrane-type sesquiterpenoid compound (25) was tested against five microbial, including Pseudomonas aeruginosa UPCC 1244, Bacillus subtilis UPCC 1149, Escherichia coli UPCC 1195, Staphylococcus aureus UPCC 1143, Candida albicans UPCC 2168, Trichophyton mentagrophytes UPCC 4193, and Aspergillus niger UPCC 3701 using agar well method. The result showed that compound (25) was moderately active against the fungi C. albicans and A. niger, as well as lowly active against the fungus T. mentagrophytes. Moreover, compound (25) was shown to be inactive against bacteria S. aureus, E. coli, and B. subtilis, while moderately active against P. aeruginosa [52]. Two isodaucane-type sesquiterpenoids compounds (94) and (102) were evaluated for antimicrobial activities, including S. aureus, MRSA 92# (MRSA, methicillin-resistant S. aureus), MRSA 98#, and MRSA 111# using the agar plate punch assay. As a result, compounds (94) and (102) showed no activities [90]. Two calamenene-type compounds, (121) and (123), showed significant antibacterial activity against Bacillus subtilis with a MIC value of 28 µM, which compared to amoxicillin as a positive control with a MIC value of 34 µM. Moreover, both compounds showed weak antibacterial activity with a MIC value range of 57–114 µM against Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi, Shigella dysenteriae, Staphylococcus aureus, and Vibrio cholerae. In addition, both compounds were also tested for their antifungal properties against two wood-rotting fungi (brown rot, F. palustris, and white rot, T. versicolor) using a zone inhibition assay at two concentration (0.46 and 4.58 mM) and with periodical observation up to 14 days. Compound (121) showed growth inhibition at day 5 for both fungi, and compound (123) showed growth inhibition at day 5 only for white-rot fungi but not for brown-rot fungi [93]. An investigation of antimicrobial activity was showed by compound (160) against two bacteria, including B. subtilis and X. vesicatoria, using calorimetric assay by chromogenic reagent MTT. The result showed that compound (160) possessed inhibitory activities at IC50 range values of 158.0–737.2 µg/mL, while compound (160) showed an obvious dose-dependent inhibition of mycelial growth for which IC50 range values of 21–50 µg/mL against four tested fungi, including Alternaria solani, Fusarium graminearum, Rhizoctonia solani, and V. pirina [170]. Three aromadendrane-type compounds, (164) and (167–168), were evaluated for antimicrobial activities against Mycobacterium tuberculosis H37Ra using the microplate alamar blue method. As a result, compounds (168), (167), and (164) showed antimicrobial activities with MIC values of 50, 100, and 50 µg/mL, respectively [110].



The essential oil of Naregamia alata roots showed potential antibacterial against Gram-positive bacteria Staphylococcus aureus MTCC No. 740 and Bacillus subtilis MTCC No. 441, and Gram-negative bacteria Proteus vulgaris MTCC No. 426, Escherichia coli MTCC No. 443, and Klebsiella pneumoniae MTCC No. 109. Moreover, the major sesquiterpenoid composition was reported, namely (256), (131), and (227). The result showed that Naregamia alata roots exhibited diameter of zone inhibition in 11, 12, 10, 13, and 11 mm, respectively [121]. The essential oil of Toona sinensis leaves, also known as Chinese Toona, were investigated for their antimicrobial activity against Staphylococcus aureus ATCC 25923, Streptococcus pneumoniae ATCC 46919, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Shigella flexneri ATCC 1202, and Salmonella typhi ATCC 50013. The result showed that the essential oil of Toona sinensis leaves exhibited active antibacterial activities with MIC values of 1.57, 1.57, 3.13, 3.13, 12.50, and 6.25 µg/mL, respectively [125]. Moreover, from the leaves of Toona sinensis, antibacterial activity against two strains of Staphylococcus aureus ATCC 25923 and ATCC 43300, methicillin-resistant Staphylococcus aureus (MRSA), and methicillin-sensitive Staphylococcus aureus (MSSA), were also reported, with MIC values of 0.5, 4, 1, and 0.125 µg/mL, respectively. The major compound of Toona sinensis leaves essential oil was investigated as (99) [127]. The stem of Aglaia odorata produced volatile major sesquiterpenoids (25), which represent 20.3% of the oil component. Antimicrobial activities of the stem oil were investigated against Bacillus cereus ATCC 11778, Staphylococcus aureus ATCC 25923, Acinetobacter baumannii ATCC 19606, and Escherichia coli ATCC 25922, as well as three rice fungal pathogens, Bipolaris oryzae, Pyricularia oryzae, and Rhizoctonia solani, using broth microdilution method. The result showed that Toona sinensis stem oil exhibited significant antifungal activity against three rice pathogens with MIC and MFC values ranging from 0.0625 to 0.5 and 0.25 to 1 mg/mL, respectively. Moreover, the oil showed an inactive result towards the bacteria. Furthermore, the antimicrobial activity of the oil from the Aglaia odorata stem can be attributed to the presence of (25), (13), (254), and (131), which is constituted a high amount in this oil [144]. Furthermore, the Azadirachta indica flowers oil showed moderated antibacterial activities against Bacillus subtilis (ATCC 6633), Candida albicans (ATCC 10231), and Microsporum gypseum (clinically isolated) with the diameter clear zones of 10.5, 14, and 11.0 mm, respectively. The major constituent of this oil was found to be (104) and (193), which represent 9.43 and 7.03% of the oil component [145]. The leaves oil of Cedrela fissilis with (314) as a major constituent also showed antibacterial activities against Staphylococcus aureus (ATCC25923), Escherichia coli (ATCC-25922), and Pseudomonas aeruginosa (ATCC9027) compared to cloramphenicol as a positive control. The result showed that leaves oil of Cedrela fissilis inhibited Staphylococcus aureus and Escherichia coli with inhibition zone 9.3 and 6.7 mm, respectively. Moreover, the leaves oil and stembarks oil showed no activity toward Pseudomonas aeruginosa. In the same analysis, the stembarks of Cedrela fissilis also reported no activities against Staphylococcus aureus and Escherichia coli [137]. The contrasting antibacterial result from the two samples may contribute to the different chemical constituents, while the stembarks of Cedrela fissilis contain (4) as a major component [137]. In vitro, antimicrobial activities were conducted against microbial strains, including Staphylococcus aureus, Proteus vulgaris, Pseudomonas aeruginosa, Escherichia coli, Salmonella enterica, Klebsiella pneumoniae, Pichia guilliermondii, and Candida albicans from the flower oil of Melia azedarach using agar well diffusion method. The result showed moderate activity with a MIC value range of 150–200 µL/mL compared to gentamicin as a positive control with a MIC value of 50 µL/mL with (210) as a major compound [126]. In addition, antimicrobial activities of leaves oil Guarea kunthiana using the broth microdilution method was reported against Escherichia coli ATCC 25922, Salmonella enterica subsp., Enterica ATCC 14028, Pseudomonas aeruginosa ATCC 27853, Proteus mirabilis ATCC 25933, Klebsiella pneumoniae ATCC 13883, Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 19433, Staphylococcus epidermidis ATCC 12228, Bacillus subtilis CCD-04, and Candida albicans ATCC 10231. The result showed that the leaf oil was effective against all the microorganisms tested with a MIC value range of 13.6–7000 mg/mL, except for the bacteria Escherichia coli and Klebsiella pneumoniae [149].




5.6. Antiviral


It is necessary to develop new antiviral compounds to treat viruses that have no antiviral therapy [177]. Substantially, only four compounds, (76–77), (113), and (134), were evaluated for antiviral activities. In addition, compounds (76–77) were investigated for their HIV-inhibitory in vitro by XTT-based assay, while none of them showed any activities at a concentration of 50 µg/mL [83]. The antiviral activities of compounds (113) and (134) were investigated against the HIV-1IIIB virus using the green fluorescent protein (GFP)-based HOG.R5 reporter cell line. The result showed inhibition activities of both compounds [167].




5.7. Antiplasmodial


Promising antiplasmodial compounds from natural products have been developed [178]. In general, a humulene-type compound (18) was evaluated for antiplasmodial activity against Plasmodium falciparum 3D7 strain merozoites using a chloroquine-sensitive assay, which compared to chloroquine as a positive control (IC50 3 nm). As a result, compound (18) showed selective activity as antiplasmodial with an IC50 value of 76 ± 10 µM [5]. In vitro antiplasmodial of the pericarps extract of Trichilia conaroides was tested against the K1 strain of Plasmodium falciparum compared to chloroquine as a positive control. The result showed that dichloromethane pericarps extract was effective antiplasmodial with IC50 values 6.92 µg/mL with (131) as a major compound [130].




5.8. Antidepressant-Like Activity


The discovery of antidepressant-like activity is necessary with fewer side and better efficacy [143]. The antidepressant activity was evaluated from the leaves oil Toona ciliate Roem. var yunnanensis with (217), (358), and (219) as major compounds using forced swimming test FST and tail suspending test TST method. The result from FST and TST demonstrated that the immobility time could be significantly reduced by leaves oil with a concentration range of 10–80 mg/kg without accompanying changes in ambulation when assessed in the open field test OFT. In addition, the contents of dopamine, 5-hydroxytryptamine, and brain-derived neurotrophic factor in the hippocampus of chronic mild stress rats could be increased by treatment leaves oil at doses of 20–80 mg/kg. The result showed that the leaf oil of Toona ciliate could be considered a new candidate for curing depressive disorder [143].





6. Conclusions


The sesquiterpenoids constituent and biological activities of the Meliaceae family were investigated for up to 55 years. Presently, approximately 413 of the compounds have been obtained from hydrodistillation and isolation processes, including 211 isolated and 202 volatile compounds. The sesquiterpenoids were isolated from 24 genera, consisting of major type sesquiterpenoids including eudesmane, aromadendrane, cadinane, guaiane, bisabolane, furanoeremophilane, humulene, caryophyllene, germacrane, and oppositane. It also consists of minor type sesquiterpenoids, such as acyclic-skeleton, ionone, megastigmane, seco-guaiane, isodaucane, calamenene, murolene, muurolol, tetralone, cadalene, hydro-azulene, sabinene, copaene, clovane, dimeric, and trimeric. Eudesmane-type was identified as the most compound (27%), and it is also used as a chemical marker. The literature review also reported fascinating sesquiterpenoids frameworks from three genera, including Aglaia, Dysoxylum, and Trichilia. Meliaceae family plants exhibit interesting biological activities, including cytotoxic, anti-plasmodial, antimicrobial, antidiabetic, anti-viral, and anti-inflammatory effects. However, cytotoxic against various human cancer cells was recognized as the most common activity, resulting from the presence of virindiflorol an aromadendrane-type sesquiterpenoid. In addition, furanoeremophilane derivatives have been synthesized biosynthetically. According to our study, there is a need to investigate sesquiterpenoid compounds in higher plants in greater depth, particularly in the Meliaceae family, since they have a unique structure and diverse biological activities, which is important for identifying compounds that may be used in drug development.
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Figure 1. The bark of Aglaia elaeagnoidea (a), dried stembarks of Aglaia elaeagnoidea (b), the tree of Dysoxylum parasiticum (c), and the fruits of Dysoxylum parasiticum (d). Photographs courtesy of Mr. Harto of the Bogoriense Herbarium. 
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Figure 2. The distribution of sesquiterpenoids-type isolated from the Meliaceae family. 
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Figure 3. Plausible biosynthetic pathways of sesquiterpenoids from Meliaceae family. 
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Figure 4. Isolated acyclic sesquiterpenoids. 
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Figure 5. Isolated monocyclic sesquiterpenoids. 
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Figure 6. Isolated bicyclic sesquiterpenoids. 
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Figure 7. Isolated tricyclic, dimeric, trimeric sesquiterpenoids. 
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Figure 8. Acyclic and monocyclic volatile sesquiterpenoids from Meliaceae family. 
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Figure 9. Bicyclic volatile sesquiterpenoids from Meliaceae family. 
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Figure 10. Tricyclic and tetracylic volatile sesquiterpenoids from Meliaceae family. 
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Table 2. Isolated sesquiterpenoids from Meliaceae family and the bioactivities.
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Acyclic Sesquiterpenoids




	
Compounds

	
Species

	
Parts of Plant

	
Biological Activity

	
Ref.




	
1

	
A. polystachya (Wall.) R.Parker

	
Seeds

	
Anti-inflammatory activity against RAW 264.7 macrophage IC50 14.2 ± 0.9 μM

	
[37]




	
2

	
A. grandifolia Blume

	
Leaves and stems

	
Cytotoxic activity against HL-60 (IC50 > 50 μM), SMMC-7721 (IC50 > 50 μM), A-549 (IC50 > 50 μM), MCF-7 (IC50 > 50 μM), SW480 (IC50 > 50 μM)

Antibacterial activity against Sa, Pa: inactive

	
[38]




	
Monocyclic Sesquiterpenoids




	
Compounds

	
Species

	
Parts of Plant

	
Biological Activity

	
Ref.




	
7

	
C. boiviana Baill.

	
Stembarks

	
Cytotoxic activity against K562 (IC50 > 50 μM)

Antioxidant assay CLPAA (IC50 > 100 μM), CAA (IC50 > 100 μM)

	
[41,164]




	
11

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Anti-inflammatory activity BV-2 microglial cell (22.58% at 20 μM)

Antidiabetic assay PTP1B (IC50 ≥ 50 μM)

	
[44]




	
12

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Anti-inflammatory activity BV-2 microglial cell (10.58% at 20 μM)

Antidiabetic assay PTP1B (IC50 16.05 ± 1.09 μM)

	
[44]




	
13

	
G. guidonia (L.) Sleumer

G. macrophylla G.King

T. lepidota Mart

	
Stembarks

Stembarks

Stems

	
Anti-inflammatory assay reducing the edema formation induced by carrageenan (300 μg/paw), an effect observed at 30, 60, 120, and 240 min

	
[46]

[45]

[47]




	
17

	
T. emetica (Forssk.) Vahl

	
Roots

	
Cytotoxic activity against S180 (IC50 7 ± 3 mM); MCF-7 (IC50 78 ±15 mM)

	
[5]




	
Antiplasmodial activity against Plasmodium falciparum (IC50 76 ± 10 mM)




	
19

	
T. monadelpha (Thonn.) J. De Wild

	
Leaves and root barks

	
Cytotoxic activity against L5178Y (IC50 > 50 μM)

	
[50]




	
20

	
T. monadelpha (Thonn.) J. De Wild

	
Leaves and root barks

	
Cytotoxic activity against L5178Y (IC50 > 50 μM)

	
[50]




	
25

	
L. domesticum Correa

	
Fruit Peel

	
Antibacterial activity against Sa (inactive); Ec (inactive); Bs (inactive)

	
[52]




	
26

	
D. parasiticumi (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity HL-60 (IC50 > 50 μM)

	
[53]




	
27

	
A. grandifolia Blume

	
Stems

	
CN activity with inhibition rate of 58.06%, strong immunosuppressive effect on Con A-induced anti-inflammatory activity murine splenocytes and PMA/IO-induced jurkat cells significantly reduced NFAT1 protein expression and downstream gene.

Immunosuppressant activity reduced IL-2 expression in the CN/NFAT signaling pathway

	
[38,54]




	
28

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B IC50 ≥ 50 μM (inactive)

	
[44]




	
31

	
L. domesticum Correa

	
Fruit peel

	
Cytotoxic activity aginst T-47D (IC50 39.18 ± 1.54 µg/mL), WiDr (IC50 > 50 μg/mL), Hep-G2 (IC50 > 50 μg/mL)

	
[56]




	
Bicyclic Sesquiterpenoids




	
Compounds

	
Species

	
Part of Plant

	
Biological Activity

	
Ref.




	
36

	
A. minahassae Koord.

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 121.65 µg/mL)

	
[59]




	
C. cinerascens (Pellegr.) Hand.-Mazz.

	
Branches

	
[60]




	
C. baccifera (Roth) Miq

	
Stems

	
[61]




	
G. guidonia (L.) Sleumer

	
Seeds

	
[62]




	
A. tsangii (Merr.) X.M.Chen

	
Twigs and leaves

	
[63]




	
L. domesticum Correa

	
Stembarks

	
[64]




	
D. densiflorum (Blume) Miq

	
Twigs and leaves

	
[65]




	
D. parasiticum Correa

	
Stembarks

	
[3]




	
T. africanus (Wele. Ex C.DC.) Pellegr.

	
Stembarks

	
[66]




	
A. grandis (Korth. Ex Miq) Pierre

	
Stembarks

	
[6]




	
44

	
G. guidonia (L.) Sleumer

	
Seeds

	
Cytotoxic activity against MCF-7 (IC50 17.97 µg/mL)

	
[62]




	
L. domesticum Correa

	
Stembarks

	
[64]




	
45

	
A. elaeagnoidea (A.Juss.) Benth.

	
Stembarks

	
Cytotoxic activity against HeLa (IC50 3544 µg/mL); DU145 (IC50 971.69 µg/mL)

	
[70]




	
G. guidonia (L.) Sleumer

	
Seeds

	
[62]




	
46

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 > 50 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
47

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 > 50 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
48

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
PTP1B inhibitory (IC50 > 50 µM)

	
[44]




	

	
A. elaeagnoidea (A.Juss.) Benth.

	
Stembarks

	
Cytotoxic activity against HeLa (IC50 9010.62 µg/mL); DU145 (IC50 16,883.7 µg/mL)

	
[70]




	
50

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B inhibitory (IC50 > 50 µM)

	
[44]




	
51

	
A. foveolata Pannel

	
Stembarks

	
Cytotoxic activity against HT-29 (ED50 >10 µM)

	
[73]




	
Anti-inflammatory activity NF-kB p65 (RelA) IC50 > 20 µM




	
52

	
D. excelsum Blume

	
Leaves

	
Cytotoxic activity against KB (IC50 49.4 mg/mL); MCF-7 (IC50 37.8 mg/mL)

	
[42]




	
53

	
D. excelsum Blume

	
Leaves

	
Cytotoxic activity against HL-60 (inactive)

	
[42]




	
58

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 27.39 μM)

	
[77]




	
68

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
69

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
70

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
71

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
72

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
73

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
74

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
75

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammatory activity against RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
76

	
A. rohituka (Roxb.) Wight and Arn.

	
Stembarks

	
Antiviral activity HIV-inhibitory (>50 mg/mL)

	
[82]




	
77

	
A. rohituka (Roxb.) Wight and Arn.

	
Stembarks

	
Antiviral activity HIV-inhibitory (>50 mg/mL)

	
[82]




	
80

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (SGC-7901 IC50 38.8 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
81

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (SGC-7901 IC50 40.0 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
82

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 > 50 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
83

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 > 50 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 > 100 ± 0.37 µM); HeLa (IC50 >100 ± 0.36 µM)

	
[3]




	
84

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 > 50 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
85

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 > 50 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	
87

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 208.06 μM)

	
[77]




	

	
A. odorata Lour.

	
Twigs

	
Cytotoxic activity against SGC-7901 (IC50 38.0 µM); K-562 (IC50 > 50 µM); BEL-7402 (IC50 > 50 µM)

	
[71]




	

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B (IC50 ≥ 50 μM)

	
[44]




	

	
D. excelsum Blume

	
Leaves

	

	
[42]




	

	
C. baccifera (Roth) Miq

	
Stems

	

	
[61]




	

	
C. lasiocarpus (Miq) Valeton

	
Stembark

	

	
[72]




	
88

	
G. kunthiana A.Juss

	
Leaves

	
Cytotoxic activity against HeLa (IC50 > 100 μM); Vero (IC50 > 100 μM); U937 (IC50 > 100 μM)

	
[85,165]




	

	
T. sinensis (A.Juss.) M. Roem.

	
Pericarps

	

	
[68]




	

	
T. sinensis (A.Juss.) M. Roem.

	
Pericarps

	

	
[69]




	

	
C. cumingianus

	
Twigs

	

	
[76]




	

	
D. densiflorum (Blume) Miq

	
Twigs and Leaves

	

	
[65]




	
90

	
G. kunthiana A.Juss

	
Leaves

	
Western blot and RT-PCR analyses of anti-inflammatory activity showed that alismol markedly inhibited iNOS and COX-2 expression at both mRNA and protein levels as well as NO and PGE2 production. At 100 μM, alismol almost completely blocked LPS-induced iNOS, COX-2, PGE2, and NO induction.

	
[85,166]




	
91

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 183.69 µg/mL)

	
[77]




	
92

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 39.61 ± 0.29 µM); HeLa (IC50 26.06 ± 0.21 µM)

	
[3]




	

	
G. macrophylla M. Vahl

	
Stembarks

	

	
[90]




	
94

	
A. foveolata Pannel

	
Barks

	
Cytotoxic activity against HT-29 (ED50 > 20 μM)

	
[89]




	

	
A. perviridis Hiern

	
Fruits, leaves, twigs, and roots

	
Antidiabetic activity PTP1B inhibitory (IC50 > 50 µM)

	
[92]




	

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antibacterial activity against Sa (inactive); MRSA 92 (inactive); MRSA 98 (inactive); MRSA 111 (inactive)

	
[91]




	

	
W. robusta Roxb.

	
Leaves

	
Anti-inflammatory activity Nf-Kb (ED50 0.005 μM)

	
[93]




	
95

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B inhibitory (IC50 > 50 µM)

Anti-inflammatory activity BV-2 microglial cell (53.75% at 20 μM)

	
[44]




	
96

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B inhibitory (IC50 > 50 µM)

	
[44]




	
97

	
A. elaeagnoidea (A.Juss.) Benth.

	
Twigs and Leaves

	
Cytotoxic activity against HL-60 (inactive); A549 (inactive)

	
[92]




	

	
D. excelsum Blume

	
Leaves

	

	
[42]




	
98

	
A. elaeagnoidea (A.Juss.) Benth.

	
Twigs and Leaves

	
Cytotoxic activity against HL-60 (inactive); A549 (inactive)

	
[92]




	

	
D. excelsum Blume

	
Leaves

	

	
[42]




	
101

	
D. excelsum Blume

	
Leaves

	
Cytotoxic activity against HL-60 (inactive); A549 (inactive)

	
[42]




	
102

	
W. robusta Roxb.

	
Leaves

	
Antibacterial activity Sa (inactive); MRSA 92 (inactive); MRSA 98 (inactive); MRSA 111 (inactive)

	
[91]




	
103

	
D. densiflorum (Blume) Miq

	
Twigs and leaves

	
Cytotoxic activity against HL-60 (inactive); A549 (inactive)

	
[86]




	

	
D. excelsum Blume

	
Leaves

	

	
[42]




	
113

	
A. tsangii (Merr.) X.M.Chen

	
Twigs and leaves

	
Antiviral activity anti-HIV (HOG.R5 IC50 10 μg/mL)

	
[95]




	
114

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 33.46 μM)

	
[77]




	
115

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 38.79 ± 0.22 µM); HeLa (IC50 39.31 ± 0.14 µM)

	
[3]




	
116

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 45.14 ± 0.12 µM); HeLa (IC50 41.82 ± 0.38 µM)

	
[3]




	
117

	
A. grandis (Korth. Ex Miq) Pierre

	
Stembarks

	
Cytotoxic activity against HeLa (IC50 6086.3 µM); B16-F10 (IC50 3375.63 µM)

	
[6]




	
121

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 18.25 ± 1.52 µM)

	
[53]




	

	
D. densiflorum

	
Seeds

	
Antimicrobial activity against Bs (MIC 28 µM); Sa (MIC 57 µM); Ec (MIC 57 µM); Pa (MIC 114 µM); St (MIC 114 µM); Sd (MIC 114 µM); Vc (MIC 57 µM)

	
[94]




	
122

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 119.85 ± 10.03 µM)

	
[103]




	
123

	
D. densiflorum (Blume) Miq

	
Seeds

	
Antimicrobial activity against Bs (MIC 28 µM); Sa (MIC 57 µM); Ec (MIC 57 µM); Pa (MIC 114 µM); St (MIC 114 µM); Sd (MIC 114 µM); Vc (MIC 57 µM)

	
[94]




	
124

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 80.66 ± 0.23 µM); HeLa (IC50 82.18 ± 0.35 µM)

	
[3]




	
125

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 > 100 ± 0.33 µM); HeLa (IC50 > 100 ± 0.44 µM)

	
[3]




	

	
D. shciffneri F. Muell.

	
Wood

	

	
[8]




	
129

	
A. harmsiana Perkins

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 0.62 μM)

	
[95]




	

	
A. leucophylla King

	
Stembarks

	

	
[100]




	

	
G. macrophyla M. Vahl

	
Stembarks

	

	
[90]




	

	
M. pinata Harms

	
Whole plant

	

	
[101]




	
133

	
A. simplicifolia (Bedd.) Harms

	
Stembarks

	
Cytotoxic activity against B16-F10 (IC50 483.2 μg/mL)

	
[99]




	
134

	
A. grandifolia Blume

	
Fruit peels

	
Anti-HIV (HOG.R5 IC50 10 μg/mL)

	
[100,167]




	

	
C. baccifera (Roth) Miq

	
Stems

	

	
[61]




	

	
D. excelsum

	
Leaves

	

	
[42]




	
135

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B inhibitory (IC50 >50 µM)

	
[44]




	

	
A. grandifolia Blume

	
Fruit peel

	

	
[104]




	

	
D. densiflorum (Blume) Miq

	
Twigs and leaves

	

	
[88]




	

	
D. excelsum Blume

	
Leaves

	

	
[42]




	

	
T. africanus (Wele. Ex C.DC.) Pellegr.

	
Stembarks

	

	
[66]




	
141

	
L. domesticum Correa

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 201.57 µg/mL)

	
[64]




	
144

	
D. excelsum Blume

	
Leaves

	
Cytotoxic activity against HL-60 (inactive); A549 (inactive)

	
[42]




	
148

	
C. odorata L.

	
Stems

	
Cytotoxic activiy against 1218L, T24, 498NL, SF268, HCT116, HT29, 251L, 536L, 1121L, 289L, 526L, 529L, 629L, H460, 401NL, MCF7, DA231, 276L, 394NL, 462NL, 514L, 520L, 1619L, 899L, OVCAR3, 1657L, PANC1, 22RV1, DU145, LNCAP, PC3M, 1752L, 1781L, 393NL, 486L, 944L, and 1138L; Not active (IC50 > 10 μg/mL)

	
[92,168]




	
C. toona Roxb

	
Timber

	
[31]




	
149

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 >150 µM)

	
[103]




	

	
C. baccifera (Roth) Miq

	
Stembarks

	

	
[41]




	
150

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Antidiabetic activity PTP1B inhibitory (IC50 >50 µM)

	
[44]




	
152

	
D. densiflorum (Blume) Miq

	
Fruits

	
Antiinflammation activity RAW 264.7 macrophage inactive; IL-1β inactive

	
[82]




	
Tricyclic Sesquiterpenoids




	
Compounds

	
Species

	
Part of Plant

	
Biological Activity

	
Ref.




	
153

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 12.17 μM)

	
[77]




	

	
A. minahassae Koord.

	
Stembarks

	

	
[59]




	

	
A. foveolata Pannel

	
Barks

	

	
[88]




	

	
A. forbesii King

	
Seeds

	

	
[105]




	

	
A. forbesii King

	
Leaves

	

	
[108]




	

	
G. macrophylla M. Vahl

	
Wood

	

	
[87]




	

	
G. macrophylla M. Vahl

	
Leaves

	

	
[45]




	

	
S. koetjape Merr.

	
Stems

	

	
[98]




	

	
T. hirta L.

	
Fruits

	

	
[107]




	

	
T. lepidota Mart

	
Stems

	

	
[47]




	
157

	
D. densiflorum (Blume) Miq

	
Barks

	
Cytotoxic activity against HL-60 (IC50 3.1 µM); MCF-7 (IC50 32.5 µM); A549 (IC50 30.4 µM)

	
[109]




	
158

	
D. densiflorum (Blume) Miq

	
Barks

	
Cytotoxic activity against HL-60 (IC50 14.3 µM); MCF-7 (IC50 39.7 µM); A549 (IC50 31.3 µM)

	
[109]




	
159

	
A. silvestris (M. Roem.) Merr.

	
Leaves

	
Cytotoxic activity against Daoy (IC50 0.1 µM); MCF-7 (IC50 10 µM); A549 (IC50 30 µM

	
[102,169]




	

	
D. densiflorum (Blume) Miq

	
Barks

	
Cytotoxic activity against Daoy (55.8–72.1%), MCF-7 (36.2–72.7%), and A459 (35–98.9%)

	
[109,169]




	
160

	
D. densiflorum (Blume) Miq

	
Barks

	
Cytotoxic activity against HL-60 (IC50 >50 µM); MCF-7 (IC50 >50 µM); A549 (IC50 32,5 µM)

	
[109]




	

	

	

	
Antimicrobial activity against As (IC50 47.1 µg/mL); Fo (IC50 114.3 µg/mL); Fg (IC50 53.4 µg/mL); Rs (IC50 56.9 µg/mL); Vp (IC50 21.8 µg/mL); Xv (IC50 158.0 µg/mL); Bs (IC50 737.2 µg/mL)

	
[109,170]




	
164

	
C. penduliflorus Planch.

	
Wood and leaves

	
Antibacterial activity against Mycobacterium tuberculosis H37Ra (MIC 50 µg/mL)

	
[110]




	

	
D. densiflorum (Blume) Miq

	
Twigs and leaves

	
Cytotoxic activity against NCI-H187 (IC50 > 50 µM); BC (IC50 > 50 µM); KB (IC50 > 50 µM)

	
[88]




	
165

	
A. simplicifolia (Bedd.) Harms

	
Stembarks

	
Cytotoxic activity against B16-F10 (IC50 44.8 µg/mL)

	
[99]




	

	
A. grandis (Korth. Ex Miq) Pierre

	
Leaves

	
Cytotoxic activity against HeLa (IC50 10.83 ± 0.17 µM); MCF-7 (IC50 10.37 ± 0.11 µM)

	
[115]




	

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	

	
[3]




	

	
A. grandis (Korth. Ex Miq) Pierre

	
Stembarks

	

	
[6]




	
166

	
A. lawii (Wight) C.J.Saldanha

	
Twigs and leaves

	
Cytotoxic activity against MCF-7 (IC50 231.99 ± 5.40 µM)

	
[44]




	

	
C. penduliflorus Planch.

	
Wood and leaves

	
PTP1B (IC50 ≥ 50 μM)

	
[111]




	

	
C. lasiocarpus (Miq) Valeton

	
Stembark

	

	
[72]




	
167

	
C. lasiocarpus (Miq) Valeton

	
Stembark

	
Cytotoxic activity against MCF-7 (IC50 258.70 ± 2.49 µM)

	
[72]




	

	
C. penduliflorus Planch.

	
Wood and leaves

	
Antibacterial activity against Mycobacterium tuberculosis H37Ra (MIC 50 µg/mL)

	
[110]




	
168

	
C. penduliflorus Planch.

	
Wood and leaves

	
Mycobacterium tuberculosis H37Ra (MIC 50 µg/mL)

	
[110]




	

	

	

	
Cytotoxic activity against NCI-H187 (IC50 > 50 µM); BC (IC50 > 50 µM); KB (IC50 > 50 µM)

	




	
172

	
T. pubescens Hell.

	
Twigs

	
Cytotoxic activity against HL-60 (IC50 > 20 µM)

	
[112]




	

	

	

	
Antiinflammatory activity inhibiton of NO production in RAW 264.7 (IC50 > 20 µM)

	




	
174

	
G. macrophylla M. Vahl

	
Leaves

	
Cytotoxic activity Lymphoma (LD50 ≥ 3.60 mM)

	
[45,171]




	

	

	

	
Toxicity against Artemia Salina (LD50 ≥ 3.60 mM)

	




	
175

	
T. maynasiana C.DC.

	
Leaves

	
Cytotoxic activity against HeLa (inactive); SK-Hep1 (inactive); B-16 (inactive)

	
[55,172]




	

	

	

	
Did not reduce the accumulation of iNOS protein induced by LPS in concentrations 1, 10, 100 µM

	




	
179

	
T. cuneata Radlk.

	
Stembarks

	
Antioxidant activity Fe(III)–ADP/NADH (IC50 76.8 mM)

	
[116]




	
183

	
T. cuneata Radlk.

	
Stembarks

	
Antioxidant activity Fe(III)–ADP/NADH (inactive)

	
[116]




	
186

	
T. cuneata Radlk.

	
Stembarks

	
NADH-dependent mitochondrial (IC50 of 16.4 µM); NADPH-dependent microsomal lipid peroxidations (IC50 of 41.6 µM)

	
[117]




	
187

	
T. cuneata Radlk.

	
Stembarks

	
NADH-dependent mitochondrial (IC50 of 59.7 µM); NADPH-dependent microsomal lipid peroxidations (IC50 of 54.3 µM)

	
[117]




	
188

	
T. cuneata Radlk.

	
Stembarks

	
NADH-dependent mitochondrial (IC50 of 71.7 µM); NADPH-dependent microsomal lipid peroxidations (IC50 of 74.7 µM)

	
[117]




	
194

	
A. simplicifolia (Bedd.) Harms

	
Stembarks

	
Cytotoxic activity against HeLa (IC50 2.18 µM)

	
[118]




	

	
A. harmsiana Perkins

	
Stembarks

	

	
[99]




	
195

	
A. elaeagnoidea (A.Juss.) Benth.

	
Bark

	
Cytotoxic activity against HepG2 (IC50 > 30 µM)

	
[118]




	
Others sesquiterpenoids




	
Compounds

	
Species

	
Part of Plant

	
Biological Activity

	
Ref.




	
201

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 41.54 ± 0.34 µM); HeLa (IC50 22.15 ± 0.22 µM)

	
[3]




	
202

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 > 100 ± 0.27 µM); HeLa (IC50 13.00 ± 0.13 µM)

	
[3]




	
203

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 39.04 ± 3.12 µM)

	
[53]




	
204

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 >50 µM)

	
[53]




	
205

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 >50 µM)

	
[53]




	
206

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 40.56 ± 0.24 µM); HeLa (IC50 39.32 ± 0.25 µM)

	
[3]




	
207

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 >150 µM)

	
[103]




	
208

	
D. parasiticum (Osbek). Kosterm

	
Leaves

	
Cytotoxic activity against HL-60 (IC50 >150 µM)

	
[103]




	
209

	
D. parasiticum(Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 12.07 ± 0.17 µM); HeLa (IC50 9.29 ± 0.33 µM)

	
[120]




	
210

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 >100 ± 0.27 µM); HeLa (IC50 39.72 ± 0.18 µM)

	
[120]




	
211

	
D. parasiticum (Osbek). Kosterm

	
Stembarks

	
Cytotoxic activity against MCF-7 (IC50 31.59 ± 0.34 µM); HeLa (IC50 27.93 ± 0.25 µM)

	
[120]








Sa (S. aureus); Bs (B. subtilis); Ec (E. coli); Pa (P. aeruginosa); MRSA (methicillin-resistant S. aureus); Rs (R. solani); Ca (C. albicans); As (A. solani); Fg (F. graminearum); Vp (V. pirina).
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