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Abstract: Fungi are well-known for their abundant supply of metabolites with unrivaled structure
and promising bioactivities. Naphthalenones are among these fungal metabolites, that are biosynthe-
sized through the 1,8-dihydroxy-naphthalene polyketide pathway. They revealed a wide spectrum of
bioactivities, including phytotoxic, neuro-protective, cytotoxic, antiviral, nematocidal, antimycobacte-
rial, antimalarial, antimicrobial, and anti-inflammatory. The current review emphasizes the reported
naphthalenone derivatives produced by various fungal species, including their sources, structures,
biosynthesis, and bioactivities in the period from 1972 to 2021. Overall, more than 167 references with
159 metabolites are listed.

Keywords: naphthalenones; fungi; polyketides; biosynthesis; phytotoxic; bioactivities

Key Contribution: Naphthalenone derivatives have diverse chemical structures and various bioac-
tivities. They could be utilized as building blocks for the synthesis of various compounds for
treating diverse human disorders. However, the in-vivo assessment of their potential activities and
mechanistic studies should undoubtedly be the focus of future research.

1. Introduction

Fungi are the second-biggest group of organisms after insects [1]. Many fungal species
have a wide range of biotechnological and industrial potential [2–7]. They are acknowledged
as one of the wealthiest pools of natural metabolites among living organisms due to their
unique metabolic system and their capacities to synthesize diverse kinds of metabolites
with quite intriguing chemical skeletons [8,9]. These metabolites possess a wide range of
applications as agrochemicals, antibiotics, immune-suppressants, anti-parasitic, and anti-
cancer agents [10–20]. Naphtalenones are among the naphthalene derivatives produced by
fungi that are strictly related to napthoquinones and involved in the branched pathway of
fungal DHN (1,8-dihydroxynaphthalene)-melanin biosynthesis [21,22]. Also, they belong to
a group of renowned phytotoxins produced by various crop and forest plants pathogenic
fungi [22–24]. Moreover, naphthalenone derivatives possess a great structural diversity not
only in the planar structure but also in the absolute configuration. Many reported reviews
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mention naphthalenones only as fungal phytotoxins [22–24]. In fact, they have other inter-
esting bioactivities in addition to their phytotoxic activity such as antiviral, antimicrobial,
nematocidal, antimycobacterial, cytotoxic, antimalarial, and inhibitory enzyme activities.
To our knowledge, no detailed review about fungal naphthalenone derivatives has been
published. Thus, this review aims at giving an overview of reported fungal naphthalenone
derivatives, their structures, sources, biosynthesis, and bioactivities in the period from
1972 until 2021 (Supplementary Material Tables S1 and S2). Their fungal source, molecular
weights and formulae, hosts, and location of the reported naphthalenone derivatives have
been listed in Table S1. It was observed that some errors and overlapping in the compound
names have arisen, where there are multiple names for one chemical structure. Therefore, the
additional names for compounds have been added in brackets (Table S1). Also, the results
of the biological activities of the most active derivatives have been summarized in Table S2.
Highlighting the bioactivities of these metabolites may attract attention to the synthesis of
new agents by medicinal and synthetic chemists using the known naphthalenones as start
materials. Literature searching for the published studies was accomplished through diversi-
fied databases: PubMed (MedLine), Web of Science, GoogleScholar, SciFinder, and Scopus,
as well as through different publishers; Springer-Link, Wiley, Taylor & Francis, Bentham,
and ACS (American Chemical Society) Publications utilizing keywords (naphthalenone,
fungi, biosynthesis, and activities).

Biosynthesis of Naphthalenones

Naphthalenones have been inferred to be biosynthesized in melanin-forming fungi
from DHN (1,8-dihydroxynaphthalene) as precursors via acetogenic pathway (Scheme 1).
Therefore, these metabolites have a role in fungal melanin biosynthesis. DHN biosynthesis
begins with the pentaketide chain. Subsequently, T4HN (1,3,6,8-tetrahydroxynaphthalene)
is produced, which is changed to T3HN (1,3-8-trihydroxy naphthalene) via dehydration
and reduction reactions. The reduction of T3HN yields vermelone (14), which is changed
to DHN by dehydration reaction [13,23–26]. Zhang et al. reported that the polyketide
synthesis was started by respective condensations of five acetate units that give compounds
1, 8, 19, and 22, and of six acetate units producing compounds 27 and 63 [27] (Scheme 1).
Barnes et al. reported that the regiodivergent folding of the hexaketide chain gives rise to
various bicyclic cores [21] and various tailoring reactions, particularly the oxido-reductions
produce 2, 40, 45, 63, and 65, as well as juglone and DHN (Scheme 1).

Further, naphthalenones are also strictly related to napthoquinones, therefore, several
naphthoquinones are linked to the biosynthesis of naphthalenones [23,24,26]. Moreover,
it was postulated that 131 results from region-isomeric ortho-coupling of DHN and ju-
glone. The C-O-bridged strained ring system may be produced by a reduced intermediate
condensation or by an intra-molecular addition reaction, including a quinone-methide
precursor [21]. Luo et al. postulated that the biosynthesis for 133 involves a Diels–Alder
addition, followed by an α-ketol kind of rearrangement [28]. Accordingly, the Diels–Alder
reaction of the diene III produced from I and the O-demethyl derivative of II (IV) yields
the 6/6/6/6-fused tetracyclic intermediate V, which undergoes an α-ketol rearrangement,
giving the 6/6/7/6 tetracyclic intermediate VI. Subsequently, VI undergoes a cyclization
between the C-3 carbonyl and 20-OH, resulting in an acetal and forming the tetrahydrofuran
ring of 133 [28] (Scheme 2).
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Moreover, the possible biosynthetic pathway of 140 was proposed by Li et al., who
proposed that the indole unit was derived from tryptophan, however, the naphthalenone
unit was derived from propionyl-CoA. The key step in this pathway is the building up of
the C-C bond between C-11 and C-4 of the two units [29] (Scheme 3).
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2. Bioactivities of Naphthalenones

The reported naphthalenones have been investigated for various bioactivities. In this
regard, these metabolites have been associated with many types of bioactivities, including
phytotoxic, antiviral, antimicrobial, nematocidal, antimycobacterial, cytotoxic, antimalarial,
anti-inflammatory, insecticidal, and alpha-glucosidase and IDO inhibitory activities. Herein,
these activities have been discussed and results of the most active metabolites have been
listed in Table S2.

2.1. Phytotoxic and Nematocidal Activities

Weeds represent the most common and severe biotic factors affecting agriculture and
are responsible for remarkable agricultural losses. They have negative effects on the crop
plants because of the competition for water, nutrients, sunlight, and space. Additionally,
they can be a reservoir for certain plant pathogenic microorganisms and/or herbivorous
insects [30]. Integrated management strategies are generally applied for controlling weeds
by using mechanical methods along with synthetic herbicides [22]. However, the extensive
use of synthetic herbicides has toxic effects not only on the target organism but also on
animals and humans, in addition to the adverse environmental impacts and promotion
of the emergence of herbicide-resistant species. Therefore, research interest has been
directed toward identifying new bioherbicides of natural origin [31]. Fungi are known
to have the capacity to produce diverse arrays of secondary metabolites that could be
beneficial as bioherbicidal agents [22]. Fungal phytotoxic metabolites have a crucial role in
developing disease symptoms in host plants. Although they can cause significant damage
to crops, naphthalenones can also function as starting material for the development of
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natural herbicides to control the growth and spread of weeds [32]. Interestingly, many
of the reported naphthalenones have been found to possess phytotoxic potential. These
phytotoxic properties could be utilized for developing simple, rapid, and specific tools to
identify plant diseases such as a test kit (e.g., rapid test strip) that can be used directly by
farmers in the field. Additionally, they can be used as lead compounds by allowing the
synthesis of more phytotoxic compounds on a range of weeds based on their structures for
potential application as herbicides. Compound 1 isolated from Pyricularia Oryzae reduced
the rice seedlings’ growth at high concentrations, however, it slightly stimulated the rice
seedlings’ growth at a concentration of 100 ppm in 24 h [33]. Masi et al. reported that the
culture filtrate of Pyricularia grisea afforded 2 and 9 (Figure 1), which were assessed for their
phytotoxicity toward buffelgrass (Cenchrus ciliaris) using radicle elongation and buffelgrass
coleoptile bioassay. They significantly delayed the seed germination relative to the control,
whereas 2 also apparently reduced the germination percentage [34].

Moreover, 2 inhibited Lepidium sativum and Setaria italica germinated seed growth (IC50
50 and 100 µg/disc, respectively) [35]. Further, the cup fungus, Urnula craterium yielded 4
and 9 that had no in-vitro activity toward the aspen pathogens: Ophiostoma piliferum, O.
crassivaginatum, and Populus tremulae (conc. up to 100 µg/mL) [36]. Also, it was found that
9 (conc.1–10 ppm) stimulated the rice seedlings’ root elongation by ≈30%, whereas 8 did
not have any stimulating effect. On the other hand, both 8 and 9 prohibited (Conc. 50 ppm)
the rice seedlings’ shoot and root growth with readily observable chlorosis (white spots) on
leaves [33,37].

Additionally, 1, 9, and 21 were separated from the liquid culture of Tubakia dryina,
the causative agent of Quercus rubra (red oak) leaf spot. In the detached leaf assay, these
metabolites caused large lesions on the red oak leaves that developed along the veins
within 24 h, very similar to those resulting from T. dryina infection. On the other hand, they
had a moderate phytotoxic effect on white oak, prickly sida, and sorghum [38].
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The pathogenic fungus, Ceratocystis fimbriata f. sp. platani that caused canker stain in
the plane tree (Platanus acerifolia) produced 4 and 5, which produced large necrotic lesions
in the plane tree tissues at a concentration of 1.0 mg/mL, whereas 17 possessed signifi-
cant necrosis only after 7 days, whereas 19 and 28 exhibited less activity after 48 h [39].
Compound 7 was separated from Mycosphaerella fijiensis IMI 105378, the causative agent
of Black Sigatoka disease in plantains and bananas. It induced necrotic lesions (Conc.
5 µg/5 µL) in <12 h on the sensitive cultivars of bananas in the leaf-puncture bioassay [40].
Ceratocvstis fimbriata that is accountable for the canker disease of the coffee tree yielded 14
and 17 that exhibited no remarkable toxic effect on coffee trees (conc. 1 × 10−3 M) [41].
Furthermore, 12 and 17 were separated from Phaeoacremonium aleophilum associated with
the esca of grapevine. Compound 12 (Conc. 0.1 mg/mL) produced large, coalescent
necrotic, and chlorotic spots then withering and distortion of the lamina, however, 17
(Conc. 0.05 mg/mL) produced light green to chlorotic, rounded to irregular, inter-veinal, or
marginal spots on the grapevine detached leaves. Thus, they caused similar symptoms to
those shown by the vines leaves with brown wood-streaking that is associated with wood
infection by P. chlamydosporum and P. aleophilum [42]. Moreover, 17 separated from Raffaelea
quercivora, which caused the Japanese oak wilt disease, inhibited (Conc. 100 µg/mL) the
lettuce seedlings’ root growth to 54.8% of the negative control [43]. On the other hand,
22 slightly promoted the second leaves growth (Conc. 500 ppm) and 33 possessed no
noticeable activity on the growth of rice seedlings [33,37]. Whilst 48 had a weak phyto-
toxic activity toward Lepidium sativum (IC50 100 µg/disk) [44]. The new naphthalenone;
botrytone (42), along with the formerly separated 3, 4, and 8 were purified from the culture
filtrate of Botrytis fabae associated with Vicia faba (fava bean). Compound 8 displayed
the highest phytotoxicity together with 3 and 4 on the Vicia faba leaves, however, 42 had
moderate potential (Conc. 1 mg/mL) [44]. Neofusicoccum australe strain BL24 (haplotype
H1) produced 31 and 53 (Figure 2).

They were assessed for phytotoxic activity on the leaves of holm oak, cork oak, and
grapevine leaves utilizing leaf-puncture assay (Conc. 0.125, 0.25, 0.5, and 1 mg/mL). Com-
pound 53 was much less toxic even at the highest concentration. It caused necrotic lesions
on the leaves of cork oak, holm oak, and grapevine (area lesions 4.8, 3.3, and 11.9 mm2, re-
spectively). On the other hand, 31 did not possess any phytotoxic effect [45]. Neofusicoccum
parvum is one of the most virulent botryosphaeriaceous species that affect the grapevine.
Investigation of its extract yielded 9, 40, 53, and 94 that were found to be phytotoxic on
grapevine leaves in the leaf puncture assay, with 53 having the greatest potential [46]. Masi
et al. purified lentiquinones B (115) and C (116) from the culture filtrate of Ascochyta lentis
separated from the diseased lentil (Lens culinaris). Both compounds had the same structure
but differed in C-2-OH group configuration, showing α- and β-configuration, respectively.
They featured three six-membered rings skeleton, involving trihydroxy-cyclohexene and
hemi-quinone rings. Their absolute configuration was assigned as 2R,3S,4S,4aS,10R and
2S,3S,4S,4aS,10R, respectively using X-ray, ECD (electronic circular dichroism), and TDDFT
(time-dependent DFT) calculations. They showed strong phytotoxicity toward Lupinus
albus and Chenopodium album in the leaf puncture assay [47]. Compound 132 biosynthesized
by Guignardia laricina inhibited the growth of lettuce seedling roots by 71.5, 16.2, and 7.0%
at concentrations of 100, 250, and 50 ppm, respectively in the lettuce seedling bioassay [48].

Plant-parasitic nematodes are plant pathogens that can cause significant reductions
in agricultural yields resulting in substantial annual economic losses to growers [49].
Chemical nematocidal agents such as organophosphorus and carbamate are used for
controlling these parasitic nematodes, however, their long-term use can result in increased
nematode resistance, as well as deleterious effects on human health [50]. Recently, research
has emphasized the discovery of nematocidal agents from natural sources including the
nematocidal potential of naphthalenone derivatives. Therefore, some studies reported the
nematocidal potential of naphthalenone derivatives.
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Compounds 9 and 22 isolated from an unidentified freshwater fungus YMF 1.01029
exhibited weak nematocidal potential toward the nematode Bursaphelenchus xylophilus [51].
The four naphthalenones; 8, 9, 19, and 22 separated from the cultural extract of Caryospora
callicarpa were assessed in-vitro for antinematodal activity toward Bursaphelenchus xylophilus
(fungal-feeding and plant-parasitic nematode) in the nematotoxin bioassay. They showed
noticeable nematocidal potential, which was significantly enhanced with the exposure
times length at the same concentration (LC50s (lethal concentration 50) 209.7, 229.6, 220.3,
and 206.1 mg/L, respectively at 36 h exposure). Their mode of action was suggested to be
systemic, instead of contact poisons or antifeedants [52].

2.2. Antimicrobial, Antimycobacterial, and Anti-Plasmodial Activities

Infectious diseases are a worldwide health problem. Multidrug-resistant (MDR)
pathogens remarkably increase morbidity and mortality rates [53]. The continuous emer-
gence of MDR pathogens drastically reduced the efficacy of antibiotics resulting in a
growing rate of therapeutic failure [54]. Accordingly, new and effective antimicrobial
agents to address microbial infections are needed.

Inácio et al. purified 3 and 8 from Cryptocarya Mandioccana healthy leaves associated
with Colletotrichum gloeosporioides by RP-HPLC (reversed phase-high performance liquid
chromatography) and evaluated their antifungal activity by direct bioautography on TLC
(thin layer chromatography) plate, which includes spraying the fungal suspensions on the
developed TLC plates utilizing solvents of different polarities for detecting the antifungal
potential of these compounds [55]. The effectiveness was indicated by white spots against
a red-purple background on the TLC plates after spraying with tetrazolium violet [56]. It
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was found that the required detection limit of these compounds for inhibiting the growth of
the phytopathogenic fungi: Cladosporium sphaerospermum and C. cladosporioides was 5.0 mg,
compared with nystatin [55]. On the other hand, 2 and 17 obtained from Lachnellula sp.
cultures had no antimicrobial potential (Conc. 100 µg/mL) in the serial broth dilution
assay toward A. calcoaceticus, M. luteus, M. miehei, and P. variotii [35]. Findlay and Kwan
stated that 9 and 17 purified from Scytalidium FY had significant antifungal activity [57].
On the other side, 9 had weak activity against B. subtilis (IC50 100 µg/mL), compared with
chloramphenicol (IC50 3.13 µg/mL) in the colorimetric assay [58] and no activity toward M.
smegmatis, S. aureus, S. cerevisiae, C. neoformans, C. albicans, E. coli, A. niger, and Micrococcus
luteus [59]. Lu et al. separated 10 from Cytospora sp. isolated from Ilex canariensis that
showed antibacterial activity (IZD (inhibition zone diameter) 15.0 mm) toward Bacillus
megaterium in the agar diffusion assay, compared with penicillin (IZD 28.0 mm) [60].

Pittayakhajonwut et al. purified 9, 13, 14, 22, 28, and 31 from Phaeosphaeria sp. Com-
pounds 13, 22, and 31 possessed significant anti-mycobacterial activity (MICs (minimum
inhibitory concentrations) 12.5, 12.5, and 25.0 µg/mL, respectively), whereas 9 and 14 had
moderate effectiveness (MIC 50.0 µg/mL), compared to isoniazid and kanamycin (MICs
0.05 and 2.5 µg/mL, respectively) using the micro-plate Alamar blue assay (MABA) [61]. On
the other side, 2 had no noticeable antifungal effect toward C. albicans (MIC > 128 µg/mL)
in the XTT (cell proliferation kit II) assay [62].

The new derivative, 25, and the formerly reported 1 and 3 were separated from the
endolichenic fungus, Xylariaceae sp. CR1546C obtained from Costa Rican lichen Sticta
fuliginosa. The C-4 R-configuration of 25 was deduced based on the Mosher method and the
opposite optical rotation sign to that of similar structural metabolite—21. These metabolites
exhibited weak antifungal potential toward C. albicans with MFCs (minimum fungicidal
concentrations) between 100 and 150 µg/mL and IC50 from 60 to 100 µg/mL, compared to
amphotericin B (IC50 1.3 µg/mL) using broth-dilution technique [63].

The endophytic fungus Daldinia eschscholtzii associated with the mangrove plant
Bruguiera gymnorrhiza yielded a new metabolite; (3S)-3,8-dihydroxy-6,7-dimethyl-a-tetralone
(43), along with 9. The C-3 absolute configuration of 43 was determined as S based on
the CD spectrum. These compounds had weak antimicrobial potential toward S. aureus,
M. gypseum, and MRSA (MICs 200 mg/mL) [64]. Cladosporium sp. JJM22 isolated from
Ceriops tagal stem bark also yielded 43 that showed a broad spectrum of antibacterial po-
tential versus V. parahemolyticus, S. aureus, E. coli, V. alginolyticus, B. cereus, and MRSA at a
concentration of 20 µM [65].

Compounds 44 and 64, two new dihydronaphthalenones were purified from Nodulispo-
rium sp. isolated from Antidesma ghaesembilla fresh twigs (Figure 3). Compound 64 had
C6/C7 fused furan ring. The 3R,4S and 7R,8S stereo-configurations of these metabolites
were deduced based on the coupling constants, NOE (nuclear overhauser effect), optical
rotations, and X-ray analysis. Compound 64 exhibited anti-mycobacterial potential (IC50
3.125 µg/mL) toward M. tuberculosis H37Ra and antimalarial effectiveness versus P. fal-
ciparum K1 (IC50 11.3 µg/mL) using the GFPMA (green fluorescent protein micro-plate
assay) and micro-culture radioisotope technique, respectively, however, 44 was inactive [66].
Moreover, 48 possessed weak antimicrobial activity (MIC 100 µg/mL) toward M. luteus, E.
dissolvens, M. miehei, P. variotii, and P. notatum in the serial broth dilution assay [44].

The new derivative, 61, separated from the aquatic fungus Delitschia corticola was re-
ported to have moderate antifungal potential toward Sclerotium sp. YMF-1.01993, Alternaria
sp. YMF-1.01991, and Fusarium sp. YMF-1.01996 (IZDs 8.0, 7.0, and 7.0 mm, respectively),
compared to ciclopirox (IZDs 26.0, 19.0, and 20.0 mm, respectively), however, it had mod-
erate antibacterial effectiveness toward B. cereus YMF-3.19 and B. laterosporus YMF-3.08
(IZDs 12.0 and 10.0 mm, respectively), compared to ampicillin sodium (IZDs 35.0 and
30.0, respectively) and stronger activity (IZD 20.0 mm) more than ampicillin sodium (IZD
18.0 mm) toward S. aureus YMF-3.17 [67].
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Compounds 66, 67, and 69 had no anti-malarial effectiveness toward P. falciparum
K1 [68]. Moreover, they showed no anti-mycobacterial activity versus M. tuberculosis H37Ra
and no antifungal potential toward Magnaporthe grisea TH16 [68]. Liu et al. isolated 68 from
the marine filamentous fungus, Keissleriella sp. Y4108, which possessed growth inhibitory
activity toward the human fungal pathogens: Tricophyton rubrum, C. albicans, and A. niger
(MICs 20, 40, and 80 µg/mL, respectively), in comparison to ketoconazole (MICs 10, 1,
and 30 µg/mL, respectively) in the broth micro-dilution method [69]. Shushni et al. stated
that balticols A–F (74, 75, 78, and 80–82) (Conc. 200 µg/disc) exhibited no remarkable
antimicrobial activity toward S. aureus, E. coli, and C. maltosa in the agar-diffusion assay [70].

The five metabolites, 83–87 biosynthesized by the sea fan-derived Fusarium spp. PSU-
F135 and PSU-F14 showed weak antibacterial potential versus S. aureus and MRSA in the
colorimetric broth micro-dilution test [71] (Figure 4).

Furthermore, 85 exhibited antimalarial potential versus P. falciparum K1-MDR strain
(IC50 7.94 µg/mL), in comparison to dihydroartimisinin (IC50 0.0012 µg/mL) in the mi-
croculture radioisotope technique and antimycobacterial capacity toward M. tuberculosis
H37Ra (MIC 12.50 µM) in the green fluorescent protein (GFP)-based fluorescent assay,
while 84 showed moderate effect (MIC 25.0 µg/mL) toward M. tuberculosis H37Ra, com-
pared to kanamycin, rifampicin, and isoniazid (MICs 1.25, 0.047, and 0.25 µg/mL, respec-
tively) [71,72].

Perenniporides A–D (90–93), new derivatives isolated from the solid culture of Peren-
niporia sp. inhabiting the larva of Euops chinesis were characterized by NMR, X-ray, and
ECDcalculations. Their configurations were 4R,12R (for 90 and 91), 3R,4R,12R (for 92), and
3S,4R,12R (for 93). Compound 90 was characterized by the presence of a γ-lactone ring that
was spirally linked to C-4 of the naphthalen-1(4H)-one moiety and represented the first
natural naphthalenone, having a 3′,4′-dihydro-2′H,3H-spiro[furan-2,1′-naphthalen]-5(4H)-
one skeleton. However, 91 possessed a C-13 methyl ester instead of the γ-lactone ring in
90. Both 92 and 93 had fused THF (tetrahydrofuran) ring and δ-lactone ring, respectively,
at C-3/C-4 of the 3,4-dihydronaphthalen-1(2H)-one moiety. They represented the first
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natural metabolites with 1,2,3a,4-tetrahydronaphtho[2,1-b]furan-5(9bH)-one and 4a,5,6,10b-
tetrahydro-1H-benzo[f]chromen-3(2H)-one moiety, respectively. Compound 90 exhibited
significant antifungal activity toward a five-plant pathogen panel, including F. moniliforme,
V. alboatrum, G. zeae, F. oxysporum, and A. longipes using microplate assay (MIC from 10 to
20 µg/mL), compared to methyl 2-benzimidazolecarbamate that had antifungal potential
against all the tested fungi except for A. longipes (MICs 0.63 to 2.5 µg/mL), whereas 91–93
did not have any noticeable activity (Conc. 20 µg/mL) [73].
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Also, 53 and 94–96 (Conc. 50 µg/mL) had no antimicrobial influence versus E. coli, B.
subtilis, S. aureus, B. pumilus, C. albicans, and A. niger in the micro-plate assay [74] (Figure 5).
Also, compounds 9, 40, 53, and 94 isolated from Neofusicoccum parvum associated with
declining grapevines did not show in-vitro antifungal potential versus the plant pathogens;
L. mediterranea, D. seriata, N. vitifusiforme, and P. citrophthora [46]. Orchid-associated Daldinia
eschscholtzii produced new derivatives: 45, 63, 65, and 131, along with the formerly reported
2 and 40. Compound 131 featured an uncommon oxane-connected binaphthyl ring system
that revealed the possible biosynthesis of diverse binaphthyls from ring rearrangements
and fusions. Compounds 2, 63, 65, and 131 had moderate antimicrobial potential in the
agar diffusion assay toward B. subtilis, MRSA, VRE, and P. notatum, with 131 showing the
broadest and highest activity [21].
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A study by Kornsakulkarn et al. reported the separation of the new dihydronaph-
thalenone derivatives: 98, 99, 104, 106, 107, 111, and 112 and the known 114 from Fusarium
sp. BCC14842. Their configuration was assigned using NOESY (nuclear overhauser effect
spectroscopy), coupling constants, X-ray, CD (circular dichroism), and modified Mosher
method. Only, 99 and 107 showed weak antimycobacterial potential toward M. tuberculosis
H37Ra (MIC 25.0 and 50.0 µg/mL, respectively), compared to isoniazid (MIC 0.03 µg/mL)
in the GFPMA assay. Moreover, none of them had antifungal activity toward C. albicans
(IC50 > 50 µg/mL) [75]. In the disc diffusion assay, 115 and 116 had antibacterial effective-
ness versus B. subtilis (IZD 12.0 and 14.0 mm, respectively) and no activity versus E. coli [47].
Variabilone (134), with a new dihydrofurano-2(1H)-naphthalenone skeleton was purified
from Paraconiothyrium variabile obtained from Cephalotaxus harringtonia (yew tree) (Figure 6).
Its C-11 R-configuration was determined by SRCD (synchrotron radiation circular dichro-
ism). It is noteworthy that 134 had a significant antibacterial activity versus B. subtilis (IC50
2.13 µg/mL), compared to kanamycin (IC50 0.36 µg/mL) in the micro-dilution resazurin
assay [76]. Cladosporone A (157), a new dimeric napthalenone linked via C-C bridge was
yielded by Cladosporium sp. KcFL6 harboring Kandelia candel, together with 145, 147, and
148. They had no antimicrobial effectiveness versus A. baumannii, S. aureus, E. faecalis, A.
hydrophila, E. coli, K. pneumonia, Fusarium sp., F. oxysporum f. sp. cucumeris, F. oxysporum f.
sp. niveum, A. niger, and R. solani in the disc diffusion assay [77].



Toxins 2022, 14, 154 12 of 28

Toxins 2022, 14, 154 13 of 30 
 

 

µg/mL) in the GFPMA assay. Moreover, none of them had antifungal activity toward C. 
albicans (IC50 > 50 µg/mL) [75]. In the disc diffusion assay, 115 and 116 had antibacterial 
effectiveness versus B. subtilis (IZD 12.0 and 14.0 mm, respectively) and no activity versus 
E. coli [47]. Variabilone (134), with a new dihydrofurano-2(1H)-naphthalenone skeleton 
was purified from Paraconiothyrium variabile obtained from Cephalotaxus harringtonia (yew 
tree) (Figure 6). Its C-11 R-configuration was determined by SRCD (synchrotron radiation 
circular dichroism). It is noteworthy that 134 had a significant antibacterial activity versus 
B. subtilis (IC50 2.13 µg/mL), compared to kanamycin (IC50 0.36 µg/mL) in the micro-dilu-
tion resazurin assay [76]. Cladosporone A (157), a new dimeric napthalenone linked via 
C-C bridge was yielded by Cladosporium sp. KcFL6 harboring Kandelia candel, together 
with 145, 147, and 148. They had no antimicrobial effectiveness versus A. baumannii, S. 
aureus, E. faecalis, A. hydrophila, E. coli, K. pneumonia, Fusarium sp., F. oxysporum f. sp. cu-
cumeris, F. oxysporum f. sp. niveum, A. niger, and R. solani in the disc diffusion assay [77]. 

 
Figure 6. Structures of compounds 117–134. 

Moreover, the antimicrobial potential of 147, 150, and 152–155 was assessed versus 
E. coli, A. hydrophila, S. aureus, E. tarda, P. aeruginosa, M. luteus, V. alginolyticus, V. parahemo-
lyticus, V. harveyi, A. brassicae, F. oxysporum, C. gloeosporioides, G. graminis, and P. piricolav 
using the micro-plate assay. Compounds 147, 150, and 152–155 showed inhibitory poten-
tial toward V. harveyi, M. luteus, and E. coli (MICs 4–128 µg/mL) [78]. Further, 147 and 149 
demonstrated antibacterial capacity versus S. aureus (MICs 6.25 and 1.56 µg/mL, respec-
tively), comparing to ciprofloxacin (MIC 0.39 µg/mL) [79]. Cladosporium sp. KFD33 sepa-
rated from blood cockle yielded cladosporol I (154) and altertoxin XII (156) that displayed 

Figure 6. Structures of compounds 117–134.

Moreover, the antimicrobial potential of 147, 150, and 152–155 was assessed versus
E. coli, A. hydrophila, S. aureus, E. tarda, P. aeruginosa, M. luteus, V. alginolyticus, V. parahe-
molyticus, V. harveyi, A. brassicae, F. oxysporum, C. gloeosporioides, G. graminis, and P. piricolav
using the micro-plate assay. Compounds 147, 150, and 152–155 showed inhibitory po-
tential toward V. harveyi, M. luteus, and E. coli (MICs 4–128 µg/mL) [78]. Further, 147
and 149 demonstrated antibacterial capacity versus S. aureus (MICs 6.25 and 1.56 µg/mL,
respectively), comparing to ciprofloxacin (MIC 0.39 µg/mL) [79]. Cladosporium sp. KFD33
separated from blood cockle yielded cladosporol I (154) and altertoxin XII (156) that dis-
played quorum sensing inhibition (MICs 30 and 20 µg/well, respectively) in the well
diffusion assay toward Chromobacterium violaceum CV026 [80].

2.3. Cytotoxic Activity

Cancer is a leading cause of death in the world, accounting for ≈10 million deaths in
2020 [81]. Its treatments include radiation therapy, surgical intervention, chemotherapy,
or a combination of these options [82]. There are many available therapeutics for treating
various types of cancer, however, none of them are totally safe and effective. Many of the
reported naphthalenones have been assessed for cytotoxic effectiveness toward various
cancer cell lines. Wang et al. separated 1, 4, 9, and 21 from the liquid cultures of Alternaria sp.
harbored Morinda officinalis that showed weak activity (IC50 ≥ 200 µM) toward NCI-H460
(human lung carcinoma cell line), MCF-7 (human breast cancer cell line), SF-268 (human
glioblastoma cell line), and HepG-2 in the SRB (sulforhodamine B) assay compared with
cisplatin [83]. Compounds 8 and 9 obtained from the culture broth of Penicillium diversum
var. aureum inhibited the growth of Yoshida sarcoma cells in tissue culture at concentrations
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20–25 µg/mL [84]. Also, El-Amrani et al. separated 1 and 21 from Aureobasidium pullulans
that did not have anti-proliferative activity toward L5178Y (mouse lymphoma cell line)
in the MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay [85].
Additionally, 9 was purified from a marine-derived Aspergillus fumigatus extract by ODS
column chromatography and HPLC. It exhibited notable cytotoxicity (Conc. 60 µM) toward
MCF-7 after 24 h incubation. It was found to suppress MMP (mitochondrial membrane
potential)-2,-9 expressions via attenuation of the MAPK (mitogen-activated protein kinase)
signaling pathway. It also significantly reduced cell mobility and prohibited JNK (c-
Jun NH2-terminal kinase), ERK (extracellular signal-regulated protein kinase), and P38
(p38 mitogen-activated protein kinase) phosphorylation, involved in cell migration and
proliferation. Moreover, it remarkably up-regulated p53 (nuclear transcription factor with
a pro-apoptotic function) and down-regulated CDK (cyclin-dependent kinase)4, CDK2,
and cyclins (B1 and E). Hence, 9 could be a potential therapeutic for breast cancer [58].
However, it was inactive toward SW-620 and MDA-MB-435 (human melanoma cancer) cell
lines in the MTT assay [59]. Compound 17 exhibited moderate cytotoxic potential toward
L1210 (mouse lymphocytic leukemia cell line) (IC50 100 µg/mL) and was inactive toward
RBL-1 (rat basophilic leukemia cell line), HeLa S3 (human cervix carcinoma cell line), and
BHK 21 (fibroblast baby hamster kidney cell line) (IC50 > 100 µg/mL) in the microtiter plate
assay. On the other hand, 2 was moderately active versus RBL-1, L1210, and BHK 21 (IC50
25–50 µg/mL) and inactive toward the HeLa S3 cell line (IC50 > 100 µg/mL) [35].

The cytotoxic activities of 9, 13, 14, 22, 28, and 31 toward BCA (human breast cancer),
Vero (African green monkey kidney fibroblasts), NCI-H187 (human small cell lung cancer),
and KB (human epidermoid carcinoma) were assessed by Pittayakhajonwut et al. using
the MTT and SRB methods. Compounds 13 and 22 showed significant cytotoxic potential
versus NCI-H187cell line (IC50s 2.86 and 5.55 µg/mL, respectively) in comparison to
doxorubicin and ellipticine (IC50s 0.02 and 0.32 µg/mL, respectively). Additionally, 22
had remarkable cytotoxicity toward BCA (IC50 2.96 µg/mL), compared with ellipticine
and doxorubicin (IC50s 0.11 and 0.21 µg/mL, respectively). The other compounds were
moderately active toward the tested cell lines (IC50 ranging from 7.24 to 41.84 µg/mL) [61].

Compounds 18 and 29 were separated from Phomopsis sp. sh917 harbored Isodon
eriocalyx var. laxiflora stems. Their absolute configurations 3R for 18 and 3R,4S of 29
were confirmed based on CD, X-ray, or optical rotation comparison. Compound 29 had no
obvious inhibitory effect on the viability of HUVECs (human umbilical vascular endothelial
cells) (IC50 > 100 µM) in the MTT assay [86].

The new naphthalenone derivative 62, alongside 1, 9, and 43 isolated from Cladospo-
rium sp. JJM22 accompanied with C. tagal had no cytotoxic effect (IC50 > 10 µM) in the MTT
assay versus HeLa cell line, compared to epirubicin [65]. Compound 48 exhibited weak
cytotoxic potential (IC50 25 µg/mL) versus L1210 cells [44].

Botryosphaerone E (55) purified from Pyrenochaetopsis sp. MSX63693 had 3R,4S ab-
solute configuration as confirmed via ECD calculations, using TDDFT (time-dependent
density functional theory). It showed weak activity (IC50 > 25 µM) versus MDA-MB-435,
MDA-MB-231 (human breast cancer cell line), and OVCAR3 (human ovarian cancer cell
line) in the MTT assay [87]. The purification of Paraphoma sp. extract yielded the new
metabolite, 4,6,8-trihydroxy-5-methyl-3,4-dihydronaphthalen-1(2H)-one (59), along with
the known one, 21. The absolute configuration of 59 was determined as R at C-4 by CD
spectra. Both compounds exhibited no cytotoxic influence toward HepG2 (human liver
cancer cell line), MCF-7, and Hela (IC50 > 40 µM), compared with etoposide (IC50s 16.64,
16.11, and 15.00 µM, respectively) in the MTT assay [88]. Compound 63, isolated from
mantis-associated Daldinia eschscholzii, had powerful cytotoxic potential in the MTT assay
toward mouse splenic lymphocytes (IC50 21.27 µg/mL), in comparison to cyclosporine A
(IC50 11.2 µg/mL) [27].

Three new dihydronaphthalenones: 66, 67, and 69 were separated from Botryosphaeria
sp. BCC 8200, where 66 and 69 were isolated as two mixtures of inseparable isomers. These
metabolites had a weak cytotoxic influence toward MCF-7, NCI-H187, and KB cells and
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Vero cells in the resazurin and green fluorescent protein micro-plate assays, respectively,
compared to ellipticine [68].

Xu et al. separated new metabolites, botryosphaerones A–D (53 and 94–96) from the
fermentation culture of Botryosphaeria australis strain ZJ12-1A that exhibited no cytotoxic
activities versus HepG-2, HeLa, and A549 (lung adenocarcinoma epithelial) cells (Conc. of
10 µg/mL) in the MTT assay [74]. On the other hand, 98, 99, 104, 106, 107, 111, 112, and
114 exhibited weak to moderate cytotoxic activity toward NCI-H187, MCF-7, Vero, and KB
cell lines (IC50 5.38–31.69 µg/mL) in comparison to doxorubicin and ellipticine [75].

Two new derivatives; aspvanicin A (127) and its epimer aspvanicin B (128) were ob-
tained from EtOAc extract of the co-culture of the endophytic fungus Aspergillus versicolor
KU258497 with B. subtilis. Their configurations (3S,4S)-127 and (3S,4R)-128 were assigned
by NMR and ECD analysis assisted by DFT conformational analysis and TDDFT-ECD cal-
culations. Compound 128 had moderate cytotoxic potential toward L5178Y (IC50 22.8 µM),
compared to kahalalide F (IC50 4.3 µM) in the MTT assay [89].

A novel dihydronaphthalenone, phomonaphthalenone A (130) with unusual tetrahy-
dropyran and tetrahydrofuran moieties at C-4a/C-10a and C-3/C-5a, respectively, was
purified from Phomopsis sp. HCCB04730 solid cultures. Its 3R, 5S, and 10aS configura-
tion was assigned based on the coupling constant and NOESY in combination with X-ray
and CD analyses. It exhibited significant cytotoxicity versus A549, MDA-MB-231, and
PANC-1 (human Pancreatic cancer cell line) (IC50s 92.5, 64.2, and 52.7 µg/mL, respectively),
compared to 5-fluorouracil (IC50s 75.0, 47.0, and 65.0 µg/mL, respectively) in the MTT
assay [90]. Compound 131 possessed weak anti-proliferative potential toward HUVEC
(GI50 98.4 µM) and K-562 (human leukemia cell line) (GI50 85.5 µM) cell lines [21].

Delitschiapyrone A (133), an α-pyrone-naphthalenone derivative, having a new
6/6/7/5/6-fused ring system was purified from the solid culture of Delitschia sp. FL1581,
inhabiting Serenoa repens leaves. It was characterized by spectroscopic data, X-ray, and ECD
that proved the existence of a unique pentacyclic skeleton in which α-pyrone and naph-
thalenone moieties were connected by a seven-membered carbocyclic ring. This compound
showed cytotoxic activity toward MCF-7, H460, HepG2, and U2OS (human osteosarcoma
cell line) (IC50s 35.5, 12.9, 12.3, and 20.4 µM, respectively), using the Alamar Blue assay
compared to cisplatin (IC50S 9.4, 2.2, 8.3, and 6.4 µM, respectively) [28]. Compounds 57, 58,
101–103, 138, and 139 displayed no cytotoxicity versus A549, HeLa, and MCF-7 in the MTT
assay (conc. 50 µM) [91] (Figure 7). Compound 147 and 157 (IC50s ranging from 11.4 to 72.5
µM for 147 and from 10.1 to 53.7 µM for 157) had moderate cytotoxic potential toward K562,
Huh-7, MCF-7, HL-60 (human promyelocytic leukemia cell line), U937, H1975, MOLT-4,
BGC823, A549, and HeLa cell lines, compared to trichostatin A [77].

Zurlo et al. stated that 145 had marked anti-proliferative capacity versus HT-29,
SW480, and CaCo-2, particularly versus HT-29. They indicated that the HT-29 cells’ expo-
sure to 145 led to G1/S phase cell cycle arrest, aided by a powerful p21waf1/cip1 expression,
a remarkable down-regulation of CDK2, CDK4, and cyclins E and D1, and repression of
CDK2 and CDK4 kinase activity [92]. This anti-proliferative potential toward HT-29 cells
was induced through activating PPARγ, leading to p21waf1/cip1 expression up-regulation
and inducing β-catenin degradation, as well as impairment of TCF/β-catenin pathway as
evident by reduced cyclin D1 and c-Myc transcription. Finally, it induced the expression
of E-cadherin, therefore, antagonizing invasion and metastasis [93]. Moreover, Koul et al.
studied the cytotoxic potential of 145 separated from C. cladosporioides isolated from Datura
innoxia toward MCF-7 cell lines. It was found that 145 induced microtubules depolymer-
ization and sensitized programmed cell death through ROS-mediated autophagic flux,
resulting in mitophagic cell death [94].

Marine sediments-derived C. cladosporioides HDN14-342 yielded 147 and 149–151
(Figure 8). Compounds 150 and 151 exhibited cytotoxic potential versus HCT-116, K562,
and HeLa cell lines (IC50s 3.9–23.0 µM) in comparison to doxorubicin (IC50s 0.2–0.8 µM),
whereas the other metabolites were inactive (IC50 > 50.0 µM) [95]. Li et al. purified
six derivatives; 147, 150, and 152–155 from C. cladosporioides EN-399 and assessed their
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activities versus L02, H446, HeLa, A549, Huh7, SW1990, LM3, and MCF-7 in the MTT
assay. It is noteworthy that 147, 152, and 153 had cytotoxic potential (IC50s ranging from
1.0 to 20.0 µM) toward most of the cell lines. Notably, 153 displayed cytotoxic capacity
toward Huh7, A549, and LM3 cell lines (IC50s 1.0, 5.0, and 4.1 µM, respectively), compared
to fluorouracil (IC50 6.2 µM for Huh7) and cisplatin (IC50 9.1 µM for LM3 and 1.3 µM for
A549), whereas 147 showed marked cytotoxic effect (IC50 4.0 µM) versus H446 similar
to adriamycin (IC50 4.0 µM). These results indicated the dihydro-1,4-naphthoquinone
nucleus was substantial for the activity (153 versus 150, 152, and 147, 154, and 155) and
C-4 methoxyl intensified the effect (152 versus 155) [78]. Nevertheless, 154 (Conc. 100 µM)
showed no noticeable activity versus HepG-2, SF-268, MCF-7, and NCI-H460 in the SRB
assay [96].
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2.4. Antioxidant Activity

Compounds 9 and 11 separated from Xylariaceous PSU-A80 were assessed for their
antioxidant activity using the DPPH (1,1-diphenyl-2-picrylhydrazyl) assay. Compound
11 trapped DPPH radical with 2.65% scavenging activity (Conc. 50 µg/mL), whereas its
methylated derivative 11 exhibited better activity than 9 [97]. Whilst 49 and 50 obtained
from A. roseogriseum associated with the brown alga, Cladostephus spongius, exhibited weak
activity with percentage radical scavenging of 2.8 and 12.1 at concentrations 100 and
500 µg/mL, respectively, in the DPPH assay [98].

2.5. Serotonin Antagonistic Activity

Serotonin (5-HT) is a neurotransmitter in the central and peripheral nervous systems.
It has been implicated in the etiology of various physio-pathological disorders such as
anxiety, depression, schizophrenia, social phobia, IOP (intraocular pressure) modification,
migraine, systemic and pulmonary hypertension, irritable bowel syndrome, vomiting, and
eating disorders [99,100]. 5-HT2C antagonists have been considered as a potential target
for treating various health disorders [101]. Bös et al. reported the isolation of the first
nitrogen-free 5-HT ligands; 46 and 47 from Aspergillus parvulus and assessed their binding
affinity for 5-HT2c and 5-HT2A human receptors, using displacement of [3H]-DOB and
[3H]-5-HT, respectively. It is noteworthy that they are preferably bound to the 5-HT2c
receptor and displayed antagonistic capacities with pKi values 6.7 and 6.4, respectively.
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On the other hand, they could not displace [3H]-DOB from the 5-HT2A receptor binding
site at Conc. up to 10 mM. It was found that the alkyl side chain was essential for binding,
however, the phenolic OH was not implicated in binding to the receptor [102].

2.6. Antiviral Activity

The new naphthalenone derivatives; 74, 75, 78, and 80–82 were assessed for their
antiviral activity toward Herpes simplex virus type I (HSV-1, strain KOS) and influenza
virus A/WSN/33 (H1N1) at non-cytotoxic concentrations by a dye-uptake assay using
neutral red. A remarkable activity for balticols D–F (80–82) was noticed toward HSV-1
(IC50s 0.1, 0.01, and 0.1 µg/mL, respectively), compared to aciclovir (IC50 0.1 µg/mL). The
other balticols A–C had moderate activity against HSV-1 (IC50 1.0 µg/mL). Whilst 75, 78,
80, and 82 exhibited activities toward H1N1 (IC50s 10.0, 1.0, 0.1, 1.0 µg/mL, respectively),
compared to amantadine sulphate (IC50 15.0 µg/mL) [70]. Moreover, 130 displayed a
significant HIV-1 inhibitory potential (IC50 11.6 µg/mL) in the luciferase assay system
using 293T cells, compared with efavirenz (IC50 4.7 × 10−4 µg/mL) [90].

2.7. Melanin Synthesis Inhibitory Activity

Melanins are high molecular weight black or dark brown pigments commonly found
in microorganisms, plants, and animals that are produced by oxidative polymerization [24].
They are not required for development and growth, but they enhance the competitiveness
and survival of these species under conditions of electromagnetic and UV irradiation, high
temperature, and desiccation [103]. Most fungal melanins are derived from DHN (1,8-
dihydroxynaphthalene) [24]. These pigments are correlated with the enhanced virulence of
parasitic fungi and play a remarkable role in fungal pathogenic infections [104]. The newly
isolated scytalols A–D (70–73) from the mycelial culture of Scytalidium sp. obtained from
Basidiomycete infected body, growing on wood were assessed for their inhibitory effect on
DHN (1,8-dihydroxynaphthalene) melanin biosynthesis using Lachnellula sp. A32-89 in the
agar cultures. Only 70 and 73 selectively inhibited DHN melanin synthesis, however, 70
and 71 were inactive [105].

2.8. Enzymes Inhibitory Activity

The phytotoxic metabolite 3, which is an important intermediate in fungal melanin
biosynthesis, was purified from Xylariaceae sp. SCSGAF0086 culture broth. It was found to
show enzyme inhibitory potential toward PTPlB (protein-tyrosine phosphatase 1B), SHP2
(Src-homology 2 domain-containing phosphotyrosine phosphatase), and IMPDH (inosine
monophosphate dehydrogenase) (IC50s 13.9, 4.1, and 41.2 µM, respectively), compared
with mycophenolic acid (IC50 0.4 µM for IMPDH) and ursolic acid (IC50s 2.8 µM for PTPlB
and SHP2). It is noteworthy that SHP2 is a target for anti-tumor agent screening and
IMPDH and PTPlB are targets for screening immuno-suppressive and anti-diabetic agents,
respectively. Therefore, 3 was a PTPlB and SHP2 inhibitor [106]. Wang et al. reported that 1
and 4 exhibited remarkable α-glucosidase inhibitory potential compared to (IC50s 34.88
and 102.34 µM, respectively) acarbose (IC50 427.34 µM) in the colorimetric assay, which
could be beneficial for developing α-glucosidase inhibitors [82].

IDO (indoleamine 2,3-dioxygenase) controls the rate-limiting steps in tryptophan (Trp)
metabolism that is correlated with various disorders such as Parkinson’s and Alzheimer’s
diseases and cataracts. Hence, it is considered a promising target for tumor immunother-
apy [107]. Cui et al. separated and characterized a new metabolite; 54, together with 47,
53, and 95 from the CH2Cl2 extract of Neofusicoccum austral SYSU-SKS024 obtained from
Kandelia candel fresh branch. Compound 54 was like 53 with an extra methoxy group and
had 3R,4R configuration as evident by the ECD spectrum. Compounds 47, 53, and 95
(Conc. 40 µM) showed no IDO (indoleamine 2,3-dioxygenase) inhibitory activity, whereas
54 had relatively significant inhibitory potential (IC50 6.36 µM), compared with epacadostat
(IC50 0.5 µM) in the fluorescence-based assay [107]. Xiao et al. reported the separation
of a new derivative, (2S,3S,4S)-8-dehydroxy-8-methoxyl-dihydronaphthalenone (97) and
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the formerly separated 88 and 98 from Fusarium sp. HP-2 isolated from “Qi-Nan” agar-
wood. Compound 97 had the same structure as 98, which was previously reported as a
new metabolite, except for the existence of an additional methoxy group at C-8 [75]. Its
configuration was assigned as 2S,3S,4S based on the negative specific rotation as in 98.
Only, 97 had a weak AChE (acetylcholinesterase) inhibitory activity (inhibition ratio 11.9%,
Conc. 50 µM/mL) [108].

2.9. Anti-Inflammatory Activity

Inflammation is a host defense mechanism, which enables the body to survive during
injury or infection and maintains the homeostasis of tissues in noxious conditions [109].

Endogenous nitric oxide (NO) plays a critical role in maintaining the homeostasis of
varied cellular functions. NO local concentrations are highly dynamic as their synthesis
is regulated by independent enzymatic pathways. NO has been shown to have a modu-
latory effect on inflammation, decreasing the secretion of pro-inflammatory cytokines in
human alveolar macrophages challenged with bacterial lipopolysaccharides (LPS), while
not altering the basal cytokine levels. Drugs used for managing inflammatory disorders
relieve these ailments, but they may have serious life-threatening consequences [110–112].
Therefore, there is great enthusiasm for developing novel, safe therapeutics from natural
sources for the treatment of inflammation. The reported studies revealed that the anti-
inflammatory potential of thiophenes could be due to the inhibition of the activation of
the NF-κB (nuclear factor-κB) pathway that regulates the expression of pro-inflammatory
cytokines and chemokines [111]. A new β-tetralonyl glucoside; 129 was purified from the
culture of Colletotrichum sp. GDMU-1 associated with Santalum album leaves. Compound
129 had 4′-methyl β-glucopyranose moiety linked at C-4. Enzymatic hydrolysis followed
by ECD spectrum for the hydrolysis product sclerone (8) revealed an R-configuration
at C-4. It possessed no inhibitory capacity on NO (nitric oxide) production elicited by
LPS (lipopolysaccharide) in RAW264.7 cells [112]. The new metabolites; 57, 58, 101–103,
138, and 139 were purified from the marine-derived fungus Leptosphaerulina chartarum
3608. Both 102/103 and 57/101 were enantiomers as they had opposite optical rotations
and Cotton effects in their CD spectra. Their configuration was assigned based on ECD.
Compounds 58 and 138 were dimeric naphthalenones, consisting of two monomeric units;
leptothalenone A (102/103) and 10-norparvulenone (58). Unfortunately, only 139 possessed
moderate inhibitory potential on the LPS-induced NO production (IC50 44.5 µM) in the
RAW264.7 cells using the Griess assay, compared to indomethacin (IC50 37.5 µM), however,
the other metabolites (IC50 > 100 µM) had no significant anti-inflammatory activity [91].
In the anti-COX-2 assay, 148 and 157 revealed COX-2 inhibition (IC50s 60.2 and 49.1 µM,
respectively) upon comparison to indomethacin and NS-398 [77].

2.10. Neuroprotective Activity

Girich et al. studied the neuro-protective potential of 2 and 32 purified from the
broth culture of Penicillium sp. KMM 4672 associated with Padina sp. (brown alga) in
6-OHDA (6-hydroxydopamine), paraquat, and rotenone-induced Parkinson’s disease in
Neuro-2a cells. They have been found to significantly increase the viability of paraquat-
and rotenone-treated Neuro-2a cells and decreased the elevated ROS level induced by
these neurotoxins [113]. Five pairs of undescribed enantiomers, xylarinaps A–E (140–
144), including a pair of indole naphthalenones (140) and four pairs of naphthalenone-
naphthalene dimers (141–144) were separated from the EtOAc of Xylaria nigripes. Their
neuroprotective effects toward the OGD (oxygen and glucose deprivation)-induced damage
to PC12 cells in the CCK-8 (cell counting kit-8) assay were assessed. They significantly
promoted cell viability, decreased MDA (malondialdehyde) levels, and increased the SOD
(superoxide dismutase) and GSHPx (glutathione peroxidase) levels, as well as further
notably prohibited apoptosis, which could be the mode of their neuroprotective effect [29].
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2.11. Other Activities

Corynenones A and B (51 and 52); new derivatives separated from Corynespora cas-
siicola XS-20090I7 were diastereoisomers, differing in the 3,4-diol centers’ configuration;
3S,4S for 51 and 3S,4R for 52 based on the ECD spectra and spectroscopic data. They had
no antifouling potential toward the barnacle larval settlement using cyprids of Balanus
amphitrite [114]. Compound 63 possessed a weak immunosuppressive effect in the T-cell
viability assay (IC50 > 10.0 µg/mL), in comparison to cyclosporine A (IC50 0.06 µg/mL) [89].
Moreover, in 2020, He et al. reported that 147 (IC50 >200 µM) exhibited no anti-allergic
potential toward RBL-2H3 cells, compared to loratadine (IC50 35.01 µM) [115].

3. Conclusions

In recent years, more metabolites have been discovered from fungi derived from diver-
sified sources such as plants, animals, soil, and marine. The current review describes the
naphthalenone derivatives reported from fungi, focusing on their biosynthesis and bioac-
tivities. In fact, the available literature analysis revealed that a total of 159 naphthalenones
with diverse chemical structures and various bioactivities were reported from 66 identified
fungal genera and three unidentified genera. The largest number of derivatives have been
obtained from Fusarium, Cladosporium, Daldinia, Biatriospora, Neofusicoccum, Leptosphaerulina,
and Xylariaceae (Figure 9).
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Compounds 1, 3, 8, 9, and 17 are the most commonly reported derivatives from various
fungal genera. The majority of naphthalenones have been reported in the period from 2008
to 2020 (Figure 10).
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This was due in part to limited knowledge of the fungal diversity and isolation and
cultivation techniques that resulted in many fungal species remaining undiscovered [116].
The observed increase in the number of isolated derivatives can be attributed to the exten-
sive application of new separation, screening, and characterization techniques. Also, the
advances in the fungal cultivation strategies, as well as the wide array of genetic tools now
available, allow for the fungal genome and metabolome to be readily exploited, leading to
enhanced discovery of the value-added metabolites [117].

Many of the reported naphthalenones have remarkable phytotoxic potential. As such,
they can be used as bioherbicides or as lead compounds for the synthesis of more efficacious
phytotoxic compounds capable of targeting a wide range of weeds.

These metabolites have been assessed for antimicrobial, antimycobacterial, cytotoxic,
nematocidal, antioxidant, serotonin antagonistic, antiviral, anti-inflammatory, neuroprotec-
tive, and anti-plasmodial, as well as melanin synthesis and enzyme inhibitory potential
(Figure 11).

Some metabolites have shown promising activities that could be utilized as building
blocks for the synthesis of various compounds for treating diverse human disorders. How-
ever, these metabolites remain to be further in-vivo tested for their bioactivities. Reports
on naphthalenones indicated that differences in structural characteristics of derivatives
often correlated with different bioactivities. For example, an increasing number of hy-
droxyl groups attached to the naphthalenone skeleton enhanced phytotoxic activity. It is
noteworthy that compound 90 with a spirally linked γ-lactone ring at C-4 of the naphthalen-
1(4H)-one moiety possessed potent antifungal potential than 91, 92, and 93 that have C-13
methyl ester, fused THF ring, and δ-lactone ring, respectively. Also, 131 with an oxane-
connected binaphthyl ring system had a more powerful antimicrobial capacity than 63
and 65, which have C6-C7 fused furan rings. In the dimeric napthalenones, the C-4 α-
configured hydroxyl group was found to be essential for antimicrobial activity as in 147 and
149, however, its replacement with carbonyl (e.g., 153 and 154), methoxy group (150 and
152), or β-configured hydroxyl group reduced the activity (e.g., 155). In the cytotoxicity
results, compound 13 with the C-3 methoxy group exhibited higher activity than its non-
methoxylated one (22). Additionally, it was revealed that the dihydro-1,4-naphthoquinone
nucleus was substantial for the cytotoxic activity (e.g., 153 vs. 150, 152, and 147, 154, and
155) and the C-4 methoxy group intensified the effect (152 vs. 155).
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On the other hand, there are limited or no studies that focus on the mechanism
of action of these metabolites. In addition, many of the reported metabolites have not
been evaluated for their bioactivities, this may be due to either the lack of assays or
not enough amount of the isolated compounds to perform these assays. Many of the
tested metabolites had no substantial effectiveness in some evaluated bioactivities. Finally,
assessment of other potential activities and derivatization of these compounds, as well as
in-vivo and mechanistic studies of the active compounds should undoubtedly be the focus
of future research.
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Abbreviations

A549: Lung adenocarcinoma epithelial cell line; AChE: Acetylcholinesterase; B16 F-1: Mouse
melanoma, producing melanin; BC: Human breast cancer; BCA: Human breast cancer; BEL-7402:
Human hepatocellular carcinoma cell line; BHK 21: Fibroblast baby hamster kidney cell line; CC50:
50% cytotoxic concentration; CCK8: Cell Counting Kit-8; CDK: Cyclin-dependent kinase; DHN:
1,8-Dihydroxynaphthalene; DHN: 1,8-Dihydroxynaphthalene; DPPH: 1,1-Diphenyl-2-picrylhydrazyl;
ECD: Electronic circular dichroism; ERK: Extracellular signal-regulated protein kinase; GFPMA:
Green fluorescent protein microplate assay; GI50: Concentration for 50% of maximal inhibition of
cell proliferation; GSHPx: Glutathione peroxidase; H460: Human lung carcinoma cell line; HeLa S3:
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Human cervix carcinoma cell line; HepG2: Human liver cancer cell line; HL-60: Human promyelo-
cytic leukemia cell lines; HUVECs: Human umbilical vascular endothelial cells; IDO: Indoleamine
2,3-dioxygenase; IMPDH: Inosine monophosphate dehydrogenase; IZD: Inhibition zone diameter;
JNK: c-Jun NH2-terminal kinase; K-562: Human leukemia cell lines; K-562: Human chronic myeloid
cell lines; KB: Human epidermoid carcinoma, ATCC CCL-17; KB: Oral cavity cancer; L1210: Mouse
lymphocytic leukemia cell line; L5178Y: Mouse lymphoma cell lines; LC50: Lethal concentration 50;
MABA: Microplate Alamar blue assay; MAPK: Mitogen-activated protein kinases; MCF-7: Human
breast cancer cell lines; MDA: Malondialdehyde; MDA-MB-231: Human breast cancer cell lines;
MDA-MB-435: Human melanoma cancer cell lines; MMP: Mitochondrial membrane potential; mRNA:
Messenger ribonucleic acid; MSH: Melanin stimulation hormone; MTT: 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; NCI-H187: Human small cell lung cancer; NCI-H460: Human lung
carcinoma cell line; NO: Nitric oxide; OGD: Oxygen and glucose deprivation; OVCAR3: Human
ovarian cancer cell lines; P38: p38 mitogen-activated protein kinases; P53: Nuclear transcription factor
with a pro-apoptotic function; PANC-1: Human Pancreatic cancer cell lines; PTPlB: Protein tyrosine
phosphatase 1B; RBL-1:Rat basophilic leukemia cell line; SF-268: Human glioblastoma cell line; SGC-
7901: Human gastric cancer cell line; SHP2: Src homology 2 domain-containing phosphotyrosine
phosphatase; SOD: Superoxide dismutase; SRB: Sulforhodamine B; SRCD: Synchrotron radiation
circular dichroism; T3HN: 1,3-8-trihydroxy naphthalene; T4HN: 1,3,6,8-Tetrahydroxynaphthalene;
TDDFT: time-dependent density functional theory; U2OS: Human osteosarcoma cell line; VEGF:
Vascular endothelial growth factor; Vero: African green monkey kidney fibroblasts; XTT: Cell prolifer-
ation kit II.
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