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Abstract:  Meroterpenes are widely distributed among marine organisms; they are 

particularly abundant within brown algae, but other important sources include 

microorganisms and invertebrates. In the present review the structures and bioactivities of 

meroterpenes from marine invertebrates, mainly sponges and tunicates, are summarized. 

More than 300 molecules, often complex and with unique skeletons originating from  

intra- and inter-molecular cyclizations, and/or rearrangements, are illustrated. The reported 

syntheses are mentioned. The issue of a potential microbial link to their biosynthesis is also 

shortly outlined. 
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1. Introduction  

Quinones are ubiquitous in nature, occurring as secondary metabolites in many organisms; often they 

are molecules essential to life, being intimately related to the oxidative processes in cells [1]. 

Polyprenylated 1,4-benzoquinones and hydroquinones, such as ubiquinones, plastoquinones, and 

tocopherols, are widespread in plants and animals, in which they play important roles in electron 

transport, photosynthesis, and as antioxidants [1,2]. Terpene quinone/hydroquinone natural products 

differing from the above-mentioned groups frequently occur as secondary metabolites in many 

organisms; they form a class of complex metabolites, generally called meroterpenes, of mixed 
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biosynthetic origin which are partially derived from terpenoids. In addition to their wide occurrence, 

meroterpenes display a huge range of structural diversity, with structures varying from simple 

compounds comprising a prenyl unit linked to the hydroquinone unit to unique architectural scaffolds, 

often linked with varied functionalities, arising from intra- and intermolecular ring closures and/or 

rearrangements of the terpene chains. Moreover, they display important biological activities, 

undoubtedly related to their most prominent chemical feature, that is their ability to undergo redox 

cycling to generate reactive oxygen species (ROS) which can damage cells [3,4]. 

In the marine environment, meroterpenes have been isolated mainly from brown algae and 

microorganisms, but another important source are marine invertebrates, mainly sponges and tunicates. 

The present review provides an update on the meroterpenes so far isolated from marine invertebrates; it 

describes the structures and biological activities of 300 natural products, thus highlighting the structural 

diversity generated in this class of natural products and their potential in drug discovery. The issue of a 

potential microbial link to their biosynthesis is also shortly outlined. 

2. Meroterpenes from Ascidians 

While the majority of metabolites isolated from ascidians are nitrogen-containing compounds 

(alkaloids or peptide related compounds), ascidians belonging to the genus Aplidium are known as a rich 

source of meroterpenes [5ï7]. The first biologically active tunicate metabolite was indeed 

geranylhydroquinone (2), isolated from an Aplidium sp. and, successively, found in many others 

Aplidium species; it was shown to offer protection against leukemia and tumor development in test 

animals [8]. Several linear diprenylquinones/hydroquinones (compounds 1ï17, Figure 1) have been then 

reported from diverse Aplidium species (A. multiplicatum [9], A. savigny [10], A. conicum [11],  

A. glabrum [12], A. scabellum [13], Aplidium spp. [14,15]); the majority of them possess a linear side 

chain of the geranyl type with rare examples of neryl derivative such as verapliquinone D (13), 

verapliquinone B (14), and glabruquinone B (15). A. californicum has been the source of the simple 

monoprenyl derivatives 1 and 9 which were identified as anticancer and antimutagenic agents [16]. 

Glabruquinone A (3-demethylubiquinone Q2, 11) is closely related to the ubiquinones, although lacking 

the methyl group in the quinoid moiety; it is not a cytotoxin but demonstrated good cancer preventive 

activity on JB6 Cl 41 cell transformation activated by epidermal growth factor (EGF). Structure-activity 

relationships studies on its synthetic analogs demonstrated that this activity depend on the length of the 

side chain and on the position of the methoxyl groups in the quinone part of the molecule [17]. In vivo, 

anticancer properties of 11 and its synthetic analogs, as well as the molecular mechanism of its action 

against tumor cells, have been examined; it was shown to inhibit the growth of the solid Ehrlich 

carcinoma in mice and to induce apoptosis in various human tumor cell lines [18]. Both 

2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (17) and the triprenylated (farnesyl) hydroquinone 

rossinone A (8) were found to be active in an anti-inflammatory assay, in vitro, with activated  

human peripheral blood neutrophils; they inhibit the superoxide production when either 

N-formyl-methionyl-leucyl-phenilalanine (fMLP) or phorbol myristate acetate (PMA) were used to 

activate the respiratory burst [13,15]. The monoprenylhydroquinone 1 and geranylhydroquinone 2 were 

also active in the same assay [15], indicating that prenyl quinones could indeed hold promise for the 

development of new anti-inflammatory agents. 
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Figure 1. Quinones and hydroquinones linked with linear prenyl chains. 

 

Several interesting classes of cyclic, polycyclic, macrocyclic, and/or dimeric prenyl 

quinones/hydroquinones are reported to occur in marine ascidians. The biosynthetic origin of these 

compounds has been largely speculated about; they clearly arise from corresponding derivatives with 

linear prenyl chains that are usually isolated concomitantly from the natural source. Ortho-prenylated 

quinones can undergo different chemical transformations, ranging from cascade cyclization reactions 

involving carbocation species [19] to pericyclic reactions, such as electrocyclizations or cycloadditions, 

via ortho-quinones methide intermediates [20]. However, with the data available, it is not possible to 

argue whether the above mentioned transformations occur in the organism, prior to its extraction, either 

enzymatically (in nature dehydrogenase enzymes appear to catalyze such processes [21]) or not, or that 

they take place during isolation and/or chromatographic purification. 

Cyclodiprenyl hydroquinones/quinones (Figure 2) have been isolated from A. aff. densum 

(methoxyconidiol, 18) [22] and from A. conicum (conitriol, 19, and conidione, 20) [11]. 

Methoxyconidiol (18) displayed an antimitotic action on the first division of sea urchin embryos, 

disrupting M-phase progression and completely blocking cytokinesis without having any effect on  

DNA replication [23]. 
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Figure 2. Cyclodiprenyl hydroquinones/quinones. 

 

The occurrence of chromene (2H-benzopyran) derivatives as natural products has been reported in  

A. californicum (21) [14], A. costellatum (22) [24], A. multiplicatum (23) [9], A. scabellum (24) [13], and 

A. solidum (25 and 26) [25]. The chromane derivative 27 has been isolated from Synoicum costellatum [26], 

a species closely allied to the genus Aplidium, and successively found in A. conicum together with its 

C-1ǋ epimer, conicol (28) [11]. Didehydroconicol (29) has been isolated from A. aff. densum [22]. 

Tuberatolides (30 and 31) and sargachromenols (32 and 33), isolated from Botryllus tuberatus along 

with their putative linear precursor yezoquinolide (16), antagonized the chenodeoxycholic acid 

(CDCA)-activated human farnesoid X receptor (hFXR), a ligand-dependent transcription factor in the 

nuclear receptor superfamily which has been recently identified as a promising drug target in the 

treatment of atherosclerosis [27]. Longithorol E (34), from A. longithorax, is a unique macrocyclic 

chromenol containing a new 14 membered carbocycle [28] (Figure 3). 

Figure 3. Chromene (2H-benzopyran) derivatives. 
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Rossinone B (35) is a triprenylated (farnesyl) quinone first isolated from an Antarctic Aplidium sp. [15] 

and successively recovered in the viscera extract of A. fugiense, also collected in Antarctica, along with 

the related compounds 36ï38 [29] (Figure 4). Rossinone B has a rather novel structural architecture 

featured by a linearly fused 6-6-5-ring core, which so far has been found in only three plant-derived 

natural products, pycnanthuquinones AïC [19,30]. The tricyclic framework of 35 supposedly derive 

from the corresponding linear hydroquinone derivative rossinone A (8) which has been reported  

to co-occurr in Aplidium sp. [15]. Interestingly, neither acyclic hydroquinones nor putative 

quinone-containing precursors of compounds 35ï38 were detected in A. fugiense extract [29]. Rossinone 

B (35) exhibited anti-inflammatory, antiviral, and antimicrobial activities [15]. Attracted by its novel 

chemical structure, promising biological properties and potentially intriguing biosynthetic pathway, a 

biomimetic total synthesis of (±)-rossinone B has been achieved through a highly efficient strategy 

featuring a series of rationally designed reactions, including an intramolecular vinyl quinone 

Diels-Alder reaction to construct the linear 6-6-5 tricyclic core of 35 [31]. 

Figure 4. Cyclic triprenylated quinone/hydroquinones. 

 

A. longithorax has been the source of longithorones and longithorols, a group of farnesylated 

quinone/hyroquinones featuring unprecedented macrocylic skeletons derived formally by the rarely 

encountered cyclization of farnesyl quinones/hydroquinones to give [9]- and [10]metacyclophane, as 

well as [12]paracyclophane structures [28,32ï35]. Longithorones BïD (39ï41), J (42), and K (43) 

together with longithorols C (44) and D (45), are monomeric C21 compounds (Figure 5). Longithorol C 

(44) could undergo an intramolecular cyclization, followed by dehydration, to yield the chromenol 

longithorol E (34), which is possibly an artifact of the isolation process. A short synthetic approach to the 

macrocyclic framework of longithorone C has been described via ring-closing metathesis using  

the Grubbs second generation catalyst [36]. Longithorone J (42) is the first example of a 

ɔ-hydroxy-cyclohexenone in this class of compounds. Floresolides AïC (46ï48) are three further 

monomeric cyclofarnesylated hydroquinones isolated from an Indonesian Aplidium sp. They are unique 

members of the longithorone/longithorol class of meroterpenes, having an endocyclic Ů-lactone bridging 

the aromatic ring and a [10]metacyclophane moiety. Floresolides showed moderate cytotoxicity against 

KB cells [37]. 
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Figure 5. Monomeric meta- and paracyclophane type meroterpenes. 

 

Longithorones A (49) and EïI (50ï54) are dimeric compounds (Figure 6). Compounds 49ï54, as well 

as the monomeric longithorones 39ï43, exhibit atropisomerism arising from hindered rotation of 

quinone ring through their macrocyclic rings. The biosynthesis of dimeric longithorones, which have 

been supposed to originate by both intra- and intermolecular Diels-Alder reactions, has been speculated 

about. Fusion of the two farnesyl-quinone units can be envisioned as arising via a Diels-Alder 

cycloaddition of suitably unsaturated precursors, whereas rings B and C could arise by a transannular 

Diels-Alder reaction. The co-isolation of the monomers 39ï43 provides some support for this proposal. 

The stereochemistry of the central carbocyclic rings in 35 and 39ï43 is consistent with such a fusion [34]. 

An enantioselective biomimetic synthesis of longithorone A has been accomplished, which 

demonstrates the feasibility of the reactions proposed for the biosynthesis-albeit using non-enzymatic 

conditions. The challenge of a synthesis of longithorone A was heightened by the presence of two forms 

of chirality: the stereogenic centers present in the tricyclic core portion of the molecule and 

atropisomerism. The synthesis presents a unique example of chirality transfer in complex molecule 

synthesis involving the use of stereogenic centers to control atropisomerism, removal of the stereogenic 

centers, and transfer of the atropisomerism back to stereogenic centers in the natural product [38]. 

Longithorols A (55) and B (56) represent the first examples of hydroquinones in the [12]paracyclophane 

structure class. They were isolated as their pentaacetates because of their rapid decomposition  

occurring under purification conditions [35]. To date, the only biological activity reported for 

longithorones/longithorols class of marine metabolites pertains to longithorone A (49), which was 

shown to display cytotoxicity against P388 murine leukaemia cells. 

Further examples of pseudodimeric meroterpenoids are scabellones AïD, (57ï60) isolated from  

A. scabellum [13], possessing a benzo[c]chromene-7,10-dione scaffold particularly rare among natural 

products (Figure 7). Scabellone B (58) was found to inhibit the superoxide production by 

PMA-stimulated human neutrophils in vitro; it was also evaluated against the neglected disease parasites 

targets Trypanosoma brucei rhodesiense, T. cruzi, Leishmania donovani, and Plasmodium falciparum 

and exhibited selectivity toward Plasmodium falciparum (K1 chloroquine-resistant strain) with  

IC50 4.8 ɛM and only poor cytotoxicity (L6 rat myoblast cell line, IC50 65 ɛM) [13]. 
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Figure 6. Dimeric paracyclophane type meroterpenes. 

 

Figure 7. Dimeric benzo[c]chromene-7,10-dione containing meroterpenes. 

 

A sample of A. conicum collected along Sardinia coasts gave rise to the isolation of a large group of 

unique prenylated thiazinoquinones, namely conicaquinones A and B (61 and 62) [39], aplidinones AïC 

(63ï65) [40], and thiaplidiaquinones A and B (66 and 67) [41] (Figure 8). All these meroterpenes feature 

an unusual 1,1-dioxo-1,4-thiazine ring fused with the quinone portion. Aplidinones AïC (63ï65) and 

conicaquinones A and B (61 and 62) possess a benzoquinones and a naphtoquinone moiety, respectively. 

Thiaplidiaquinones A and B (66 and 67) possess an unprecedented tetracyclic core, visibly composed of 

two geranylated benzoquinones that have fused together, whose biosynthetic origin has been speculated 

to stem from hypotaurine addition to tricyclic pyranoquinones derived from oxa-6 -́electrocyclization of 
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ortho-quinone methide tautomers of bis-benzoquinones [42]. Based on this premise, two biomimetic 

synthesis of the thiaplidiaquinones scaffold have been reported [42,43]. In a first concise total synthesis 

of thiaplidiaquinone A, the key ring forming steps are both based on biosynthetic considerations and 

involve the construction of the central benzo[c]chromene quinone unit by an extremely facile 

oxa-6-́electrocyclic ring closure reaction of an ortho-quinone intermediate, derived by tautomerization 

of a bis-benzoquinone, readily accessed from two simple phenolic precursors. This is followed by the 

installation of the 1,4-thiazine-dioxide ring by reaction of the benzo[c]chromene quinone with 

hypotaurine [43]. An alternative biomimetic synthesis of both thiaplidiaquinones A and B has been 

reported where bis-benzoquinones construction, instead of via a Suzuki-Miyaura reaction [43], was 

achieved simply by base-mediated dimerization of geranylbenzoquinone. Subsequent reaction with 

hypotaurine yielded the dioxothiazine regioisomers of thiaplidiaquinones A and B [42]. Both 

conicaquinones A and B showed a marked and selective cytotoxic effects on rat glioma cells [40], and 

thiaplidiaquinones were strongly cytotoxic against Jurkat cell line, derived from a human T lymphoma, 

inducing cell death by apoptosis [41]. The pro-apoptotic mechanism of thiaplidiaquinones involves the 

induction of a strong production of intracellular reactive oxygen species (ROS) in the cells, likely due to 

the inhibition of the plasma membrane NADH-oxidoreductase (PMOR) system, an important target for 

anticancer drugs, through interference with the coenzyme-Q binding site [41]. In order to validate the 

structural assignment made for aplidinones by theoretical means a synthetic approach has been 

undertaken which yielded some synthetic analogs of aplidinone A in which the geranyl chain is replaced 

by other alkyl chains [44]; these compounds as well as the natural metabolite 63 were subjected to 

cytotoxicity assays and preliminary structure-activity relationships (SAR) studies. Both aplidinone A 

and its synthetic analogs were shown to possess interesting cytotoxic effects; SAR studies revealed that 

cytotoxic activity depends on the nature and the length of side chain linked to the benzoquinone ring and, 

mainly, on its position respect to the dioxothiazine ring. The study also evidenced one of the synthetic 

analogs as a potent cytotoxic and pro-apoptotic agent against several tumor cell lines, which also inhibits 

the TNFŬ-induced NF-əB activation in a human leukemia T cell line [44].  

Figure 8. Prenylated thiazinoquinones from A. conicum. 
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3. Meroterpenes from Sponges 

Marine sponges have yielded a huge variety of meroterpenes having a terpenoid skeleton varying 

from sesqui-, di-, sester- or triterpene units. 

The large class of sesquiterpene quinones isolated from various species of marine sponges, has 

attracted the attention of researchers because of their biological properties, including antimicrobial [45], 

antileukemic [46], anti-malarial [47], immunomodulatory [48,49], and anti-HIV [50] activities. Above 

all, the cytotoxic and antiproliferative properties of many sesquiterpene quinones/hydroquinones isolated 

from sponges have supported several studies for the development of new antitumor agents [51,52]. 

A large family of antineoplastic compounds, named metachromins (68ï87), has been isolated from 

sponges of the genus Spongia, Thorecta and Hippospongia (Figure 9) [53ï58]. They exhibited potent 

antitumor activity against L1210 murine leukemia cells in vitro. Metachromins AïC (68ï70) showed 

also potent coronary vasodilating activity, markedly inhibiting KCl (40 mM) induced contraction of the 

rabbit isolated coronary artery with an IC50 value of 3 × 10
ī6

 M each. While metachromins DïH (71ï75) 

exhibited cytotoxity against human epidermoid carcinoma KB cells with IC50 values of 10, 0.4, 1.9, >10, 

and 6.4 ɛg/mL, respectively. Metachromins L (76), M (77), S (83), and T (84) showed cytotoxicity 

against L1210 murine leukemia (IC50, 4.0, 3.5, 5.2 and 3.0 ɛg/mL, respectively) and KB human 

epidermoid carcinoma cells (IC50, 4.0, 5.4, >10 and 5.6 ɛg/mL, respectively) in vitro, while 

metachromins NïR (78ï82) did not show such activity (IC50 > 10 ɛg/mL). Metachromins UïW (85ï87) 

were screened against four human tumor cell lines [MCF-7 (breast), SF-268 (CNS), H-460 (lung), and 

HT-29 (colon)], as well as a mammalian cell line [Chinese hamster ovary (CHO-K1) cells]. All three 

compounds were found to be cytotoxic against all cell lines, with 86 being the most active. Surprisingly, 

87, possessing a napthoquinone functionality, which is known to impart significant cytotoxic properties 

to various molecules [58], was significantly less active than both 85 and 86. Interestingly, metachromins 

NïR (78ï82) [57], which contain both quinone and phenol functions, are inactive, most likely due to 

the bulky nature of the substituents present on the quinone portion. 

In fact, most of sesquiterpene benzo(hydro)quinone isolated from sponges possess a decalin 

structure, consisting of a drimane or 4,9-friedodrimane skeleton, connected to the quinone/hydroquinone 

moiety generally via one carbon-carbon bonding. Particularly prolific sources of this sort of 

meroterpenes are marine sponges belonging to the Dysidea genus. 

Compounds having a typical 4,9-friedodrimane skeleton are shown in Figure 10. Avarol (88) and its 

quinone derivative avarone (89) have been isolated from the marine sponge Dysidea avara [59,60]; the 

absolute stereochemistry of 88, which has been stated by spectroscopic and chemical methods in 1976 [61] 

was later confirmed by crystallographic analysis [62]. Both compounds were discovered as 

anti-leukemia agents in vitro and in vivo [46,63ï66], and later it was found that they had an inhibitory 

capacity in vitro against HIV-1 [66ï68]. Various formulations with high avarol content have been used 

for the prevention and treatment of psoriasis, dermatitis, skin cancer, tumors in the gastrointestinal tract, 

urinary tract, and viral infection [69]. Their potent T-lymphotropic cytostatic activity, low toxicity in 

mice, the ability to cross the blood-brain barrier and the capacity to stimulate the synthesis of interferon 

make both these compounds optimum candidates for transformations aimed at improving their cytostatic 

and antiviral activity [63ï69]. 
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Figure 9. Metachromins. 

 

Figure 10. 4,9-Friedodrimane-type skeleton containing meroterpenes of the  

avarol/avarone series. 

 

A number of derivatives of avarol and avarone have been isolated from other Dysidea species. 

Examples are neoavarol (90), neoavarone (91), 4ǋ-methoxyavarone (92) and 4ǋ-methoxyneoavarone (93), 

isolated from a sample of Dysidea sp. collected in Okinawa [70], and 6ǋ-hydroxyavarol (94), 

6ǋ-acetoxyavarol (95), 3ǋ-hydroxyavarone (96), 6ǋ-acetoxyavarone (97), 3ǋ,6ǋ-dihydroxyavarone (98) and 

6ǋ-hydroxy-4ǋ-methoxyavarone (99), isolated from Dysidea cinera [71]. Some of these compounds 


