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Abstract

Marine microorganisms took excessive attention as prolific producers of structurally unique
secondary metabolites, offering a promising potential as substitutes or conjugates for the
current therapeutics. Given the fact that various fungal species have the potential to produce
secondary metabolites, only a small share of bioactive natural products have been identified
from marine microorganisms thus far, we are confident that existing research has only
scratched the surface in terms of secondary metabolites diversity and potential industrial
applications. Anthraquinones derived from filamentous fungi are a distinct large group of
polyketides containing compounds of the quinone family which feature a common 9,10-
dioxoanthracene core. A considerable number of reported anthraquinones and their derivatives
have shown tremendous biological activities as well as highly economical, commercial, and
biomedical potentialities such as anticancer, antiviral, antimicrobial, antioxidant, and anti-
inflammatory activities. Accordingly, and in this context, this review comprehensively covers
the state-of-art over 20 years about 208 structurally diverse anthraquinones and their
derivatives isolated from different species of marine-derived fungal genera along with their
reported bioactivity wherever applicable. Also, in this manuscript, we will present recent

insights centred on their biosynthetic routes.

Keywords: Marine fungi, anthraquinones, natural products chemistry, antimicrobial,

cytotoxic, anti-inflammatory, bioactivity, biosynthesis.
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1. Introduction

Throughout history, different natural sources have been used as valuable suppliers of
biologically active compounds with diverse bioactivities that can be used to develop new drugs
[1-6]. Marine organisms and microorganisms were among the valuable sources of new natural
products [2]. Microbial secondary metabolites have been known for their chemical diversity
and broad range of bioactivities [6,7]. Marine microorganisms have been considered as highly
productive sources of physiologically active compounds including peptides, anthraquinones,
polyketides, terpenes, and alkaloids [8-10]. Some marine-based compounds have been
approved as drugs with different pharmacological uses [11,12], while several others are under
different clinical trials before their approval as new drugs [11].

During the last few decades, numerous drug discovery programs focused on marine-derived
microbial natural products due to their great potential for the production of structurally diverse
biologically active secondary metabolites [13,14]. Among the hot microbes responsible for the
production of interesting compounds, fungi, served as the primary source for mining the first
reported antibiotic, penicillin, whereas they are still one of the main sources for discovering
novel bioactive compounds from different niches including the marine fungi which have high
biological diversifications [15,16]. Therefore, the bioactive secondary metabolites recovered
from the marine-derived fungi have gained great interest as promising sources of therapeutics.
Interestingly, more than a thousand compounds have been isolated from marine fungi with a
wide range of bioactivities including antiviral, anticancer, and antibacterial activities [17].
Even though only one bioactive compound, cyclosporine A, has been approved for clinical use
in the market. This might be attributed to problems in the optimization methods or the screening
approaches of natural products discovery [18].

Studying the marine-derived fungi has been started around two centuries ago when the first
fungal species, Sphaeria posidoniae (Halotthia posidoniae) was reported on a rhizome of the
marine grass Posidonia oceanica in 1846 [19]. Marine fungi have been isolated from different
habitats including algae, mobile, and sessile invertebrates, sediments, marine mammals, and
driftwood from different marine locations [20]. Despite the importance of marine fungi as a
promising source for novel bioactive secondary metabolites, marine fungi are still less
investigated sources for natural products discovery programmes compared to other niches of
fungi [18,21]. Although the estimated number of fungal species on the earth is ranging from
1.5 to 5 million species, only around 1100 species have been exclusively isolated from the

marine niche [18,20].
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Marine-derived fungi produce various classes of different compounds with both chemical and
biological diversities [22,23]. For instance, they produce varieties of bioactive compounds such
as terpenes, alkaloids, peptides, and polyketides [18]. Polyketides have been reported in many
previous studies as dominant natural products from marine filamentous fungi [24,25]. They are
a large group of complex chemical architectures such as anthraquinones,
hydroxyanthraquinones, naphthoquinones, macrolides, flavonoids, polyenes, and tetracyclines.
Around 700 anthraquinones and their derivatives have been reported from different natural
sources, while anthraquinones are widely produced by marine filamentous fungi [16,26].
Chemically, anthraquinones are a group of polyketides of the quinone family with a basic cyclic
scaffold of three fused benzene rings including two ketone groups on the central 9, 10-carbons
with a chemical formula of C14HsO2, while their derivatives are generated by the decoration of
the around free protons with different functional groups. Interestingly, many reported
anthraquinones exhibited potent biological activities including antitumor, antibacterial,
antifungal, antioxidant, and immunomodulatory bioactivities [16].

Herein and as a part of our continuous program on pharmacologically active fungal natural
products [4,27,28], we are presenting an extensive coverage over the period 2000-2020 for 208
anthraquinones and their derivatives, extensively reported from different marine-derived
fungal genera such as Nigrospora, Aspergillus, Penicillium, Stemphylium, Alternaria,
Eurotium, Trichoderma, Halorosellinia, and Fusarium. In addition, we reported here their
different biological activities wherever applicable, in addition to a general overview of their
proposed biogenesis pathways.

2. Anthraquinones isolated from Marine-Derived Fungi

In this manuscript, we provide extensive insights about chemical and biological investigations
centered on anthraquinones derived from marine fungi. For the handling of this documentation,
all isolated anthraquinones are classified according to the marine fungal genera where they
have been recovered along with their recorded biological potentialities whenever applicable.
2.1.  Anthraquinones isolated from Nigrospora sp.

Ten anthraquinones (1-10) were reported from the marine-derived fungus Nigrospora sp.
Nigrodiquinone A (1) was isolated for the first time as a new hydroanthraquinone dimer from
the zoanthid-derived fungus Nigrospora sp. [29]. Another four anthraquinone derivatives
namely 4a-epi-9a-methoxydihydrodeoxybostrycin  (2), 10-deoxybostrycin (3), 3,5,8-
trihydroxy-7-methoxy-2-methylanthracene-9,10-dione (4), and austrocortirubin (5) were

reported from both sea anemone-derived [30] and zoanthid-derived fungus Nigrospora sp. [29],
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while austrocortirubin (5) was also recorded from the sea fan-derived fungi Fusarium sp. [31],
and the mangrove endophytic fungi Guignardia sp. [32] and Halorosellinia sp. [32,33].
Although nigrodiquinone A (1) showed no antiviral or antibacterial activities [29], compounds
4-5 displayed mild antiviral activity with 1Cso values of 93.7 uM against coxsackievirus (Cox-
B3) and 74.0 uM against the respiratory syncytial virus (RSV), respectively.

Notably, compounds 2-3 showed potent antibacterial activity against both the Gram-positive
bacteria (Staphylococcus aureus and Micrococcus tetragenus) and the Gram-negative bacteria
(Escherichia coli, Vibrio anguillarum (V. anguillarum), and V. parahemolyticus). Compound
3 displayed MIC of equal to or less than 2.5 uM against all tested bacteria, whereas compound
2 exhibited MIC of equal to or less than 2.5 uM against all tested bacteria except V. anguillarum
and V. parahemolyticus against which it showed MIC of 25.0 uM [30].

In addition, compound 3 showed potent cytotoxic activity against the human lung cancer cell
line (A549) with an I1Cso value of 4.56 uM [30], while austrocortirubin (5) displayed an 1Cso
value of 6.3 uM against the human breast adenocarcinoma cells (MCF-7) [31].

Further anthraquinone derivatives 6-10 were previously isolated from the sea anemone-
derived fungus Nigrospora sp. [30]. Also, some of these anthraquinone derivatives have been
isolated from other marine fungal species such as Fusarium sp. PSU-F14 from which
compounds 6-8 and 10 were recovered [31], while compounds 7-8, and 10 were also isolated
from the marine-derived fungus Aspergillus sp. [34].

Compounds 6-10 exhibited different interesting biological activities. For instance, nigrosporin
B (6) displayed modest anti-mycobacterial activity [35], phytotoxic activity [36], and potent
antibacterial and cytotoxic activity [30]. Also, 4-deoxybostrycin (9) showed modest anti-
mycobacterial activity [35], potent antibacterial activity [30], and moderate antitumor activity
[37]. Nigrosporin B (6) and 4-deoxybostrycin (9) displayed potent antibacterial activity against
both the Gram-positive bacteria, Bacillus subtilis (B. subtilis), B. cereus, Staphylococcus albus
(S. albus), S. aureus, and Micrococcus tetragenus) and the Gram-negative bacteria
(Escherichia coli (E. coli), V. anguillarum, and V. parahemolyticus) with MIC values equal to
or less than 2.5 and 3.12 uM, respectively [30]. Moreover, both compounds exhibited modest
anti-mycobacterial activity against several mycobacterial species including two multidrug-
resistant (MDR) Mycobacterium tuberculosis (M. tuberculosis) with MIC values of less than
30 pg/mL [35].

An additional example of anthraquinones isolated from Nigrospora sp. with multiple
bioactivities is tetrahydrobostrycin (8) which exhibited moderate to high antibacterial activity

against the Gram-positive bacteria; B. subtilis and B. cereus (MIC value of 2.5 uM), S. aureus,

5
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and Micrococcus luteus (MIC value of 2.5 uM) and Micrococcus tetragenus (MIC value of
1.25 uM) [30]. Compound 8 displayed significant antibacterial activity against the Gram-
negative bacteria; E. coli (MIC value of 6.25 pM), V. anguillarum (MIC value of 1.56 uM),
and V. parahemolyticus (MIC value of 12.5 uM) [30]. Additionally, it exhibited potent activity
against M. tuberculosis with an MIC value of 12.50 pug/mL and was also active against

Plasmodium falciparum with an ICsg value of 7.94 pg/mL [38], (Figure 1).
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Figure 1: Chemical structures 1-10

2.2.  Anthraquinones isolated from Aspergillus sp.

Aspergillus was the richest source of marine anthraquinones and their derivatives among all
marine-derived fungi with 73 reported compounds including the previously mentioned 7, 8,
and 10 as well as other seventy anthraquinones (11-80). For instance, thirteen compounds (11-
23) were isolated from the marine-derived fungus Aspergillus glaucus (A. glaucus) [39].
Aspergiolide A (11), which features a naphtho[1,2,3-de]Jchromene-2,7-dione skeleton was
isolated as a novel anthraquinone derivative from a marine-derived fungus A. glaucus [40].
Aspergiolide B (12) was isolated from A. glaucus as a new analogue for aspergiolide A (11)
[39]. Aspergiolides A-B (11-12) exhibited potent cytotoxic activities against both
adenocarcinoma human alveolar basal epithelial cell line A-549 with ICso values of 0.13 and
0.24 pM and human leukemia cell line HL-60 with 1Cso values of 0.28 and 0.51 pM,
respectively [39,40] indicating that methylation of one hydroxyl group in aspergiolide A (11)
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to be a methoxy group in aspergiolide B (12) slightly affected the cytotoxicity of aspergiolide
A.

Furthermore, emodin (13) which was reported from the marine-derived fungus A. glaucus, was
also recovered from many other marine fungal species such as Penicillium citrinum (P.
citrinum) [41], Trichoderma aureoviride (T. aureoviride) [42], Monodictys sp. [43],
Gliocladium sp. [44], Paecilomyces sp. [45] and Eurotium rubrum (Eu. rubrum) [46] and A.
versicolor [47]. Emodin (13) showed moderate antibacterial against Pseudomonas putida with
MIC value of 25 uM [48] and significant anti-mycobacterial activity against M. tuberculosis
with MIC value of 12.5 pg/mL and modest antifungal activity against Candida albicans (C.
albicans) with an ICso value of 11 pg/mL [49]. Noteworthy, it showed potent cytotoxic activity
against both oral human epidermoid carcinoma cell line, KB and human breast cancer cell line,
MCF7 with ICsp value of 0.88 and 2.8 pug/mL, respectively [49].

Physcion (14) was also isolated from other species of Aspergillus such as A. glaucus [39], A.
wentii [50], and the halotolerant A. variecolor [51] besides the marine-derived fungus
Microsporum sp. [52]. Physcion (14) displayed different biological activities including
cytotoxic activity against human cervical carcinoma HeLa cells [52] and moderate antifungal
activity against Trichophyton mentagrophytes with MIC value of 25 pg/mL and weak
antifungal activity against both C. albicans and Cryptococcus neoformans with an MIC value
of 50 pg/mL [53]. It also exhibited weak free radical scavenging activity against 1,1-diphenyl-
2-picrylhydrazyl (DPPH) with an ICso value of 99.4 pg/mL [50].

Further anthraquinones 17-18, and 20 which were isolated from both A. glaucus [39] and the
halotolerant A. variecolor [51], showed variable bioactivities. Questin (17) and catenarin (18)
exhibited DPPH radical scavenging activity [54] and potent antibacterial activity against
Brevibacillus brevis with MIC value of 1 upg/mL [55], respectively, while (+)-
variecolorquinone A (20) displayed positive cytotoxicity against the human hepatocellular
carcinoma cell line BEL-7402, mouse lymphoma cell line P388, human leukemia cell line HL-
60, and adenocarcinoma human alveolar basal epithelial A-549 cells with ICsp values of 114,
266, 309, and 3.0 uM, respectively [51].

Notably, the known anthraquinone dimer (21), as well as two new isomers of anthraquinone
dimer (22-23), were also isolated from A. glaucus [39]. However, compound 21 was not
evaluated for any relevant bioactivity, the trans isomer of emodin-physcion bianthrone (22)
showed good cytotoxicity against the cell lines; A-549 and HL-60 with ICso values of 9.2 and

7.8 uM, respectively. On the other hand, its cis isomer (23) was less active as its 1Cso values
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were 14.2 and 44.0 uM, respectively [39], suggesting that isomerization slightly affected the
cytotoxicity of the compound (22).

Additional thirty anthraquinones (24-54) have been isolated from the marine-derived fungus
A. versicolor. Two new anthraquinone dimers (24-25) besides three other known closely
related anthraquinone derivatives (26-28) were isolated from the marine-derived fungus A.
versicolor [56]. Averantin (26) and its derivative 1°-O-methylaverantin (27) were isolated
earlier from the marine-derived fungus P. purpurogenum G59 [57] and Aspergillus sp. SCSIO
F063 [58], while averythrin (28) was formerly reported only from the marine-derived fungus
Aspergillus sp. SCSIO F063 [58].

Compounds 24-25 showed selective antibacterial activity against the Gram-positive bacterium,
S. aureus using disk diffusion method at a concentration of 30 pg/well [56], whereas the same
study revealed that compound 24 had a selective cytotoxic activity against human CNS cancer
cells XF-498 with 1Cso of 22.39 pug/mL. In addition, averantin (26) and its derivative 1’-O-
methylaverantin (27) displayed a weak antitumor activity against the bone marrow cancer cell
line K562 at a concentration of 100 pg/mL [57]. Another study mentioned that compound 27
exhibited modest cytotoxic activity against human glioblastoma SF-268, human breast
adenocarcinoma MCF-7 and human large-cell lung carcinoma NCI-H460 cell lines with ICso
value ranging from 33.59 to 44.22 uM, whilst compounds 26 and 28 displayed weak to
moderate cytotoxic activity against MCF-7 with ICso value 0f 45.47 and 29.69 uM, respectively
[58]. Also, compounds 26-27 displayed potent antioxidant activity, whereas compound 28
exhibited weak antioxidant activity in terms of antioxidant capacity compared to Trolox [59]
suggesting that the presence of oxygen in the side chain of the anthraquinones may play role
in their antioxidant activity.

Additionally, compound 26 displayed promising antibacterial activity against different strains
of the Gram-positive bacteria Streptococcus pyogenes (Str. pyogenes) and S. aureus with MIC
values of equal to or less than 3.13 pg/mL, while its 1’-O-methylated derivative (27) showed
weaker antibacterial activity as it was only active against one strain of Str. pyogenes with MIC
values of 6.25 pg/mL with no activity against the other strain of Str. pyogenes or any strain of
S. aureus up to a concentration of 12.5 ug/mL [60], indicating that O-methylation at position 1
greatly affected the antibacterial activity of averantin (26).

Compound 29 which is another derivative of averantin (26) was isolated from another marine-
derived fungus A. versicolor EN-7 [61]. Compound 29 showed weak antibacterial activity

against only E. coli at a concentration of 20 pg/disk with no activity against S. aureus [61],
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suggesting that the di-O-methylation of averantin (26) decreased its antibacterial activity
against the Gram-positive bacteria.

The aflatoxin, averufin (30) and its O-methylated derivatives 6-O-methylaverufin (31) and 6,8-
di-O-methylaverufin (32) were also isolated from different strains of the marine-derived fungus
A. versicolor [60,61], whereas averufin (30) was also isolated from other species of Aspergillus
such as A. niger [62] and A. nidulans [63]. Averufin (30) exhibited different bioactivities
including potent antioxidant activity in terms of Trolox equivalent antioxidant capacity [59],
weak cytotoxic activity [60], and moderate inhibitory activity against the multiplication of
Tobacco Mosaic Virus (TMV) [62], in addition to weak antibacterial activity against the Gram-
positive Str. pyogenes and S. aureus with MIC values equal to or less than 12.5 ug/mL [60].
On the other hand, neither 6-O-methylaverufin (31) nor 6,8-di-O-methylaverufin (32) showed
any antimicrobial activity [61] or anti-neuroinflammatory effect [64], respectively.

Moreover, further eight bioactive compounds 33-40 were also isolated from a marine-derived
fungus A. versicolor [59-61,65] including versicolorin B (33), averufanin (35) nidurufin (37),
and versiconol (39) as well as their derivatives 1'-hydroxyversicolorin B (34), noraverufanin
(36), 6,8-di-O-methylnidurufin (38) and 6,8-di-O-methyl versiconol (40), respectively. Both
versicolorin B (33) and its hydroxyl derivative, 1'-hydroxyversicolorin B (34) showed potent
antioxidant activity as they displayed antioxidant capacity approximately equivalent to Trolox
[59], while an old study revealed that 1'-hydroxyversicolorin B (34) (UCT1072M1) had potent
cytotoxicity against the human cervical cell adenocarcinoma HelLa S3 and the human lung
giant cell carcinoma Lu-65 with 1Cso values of 2.1 and 2.2 uM, respectively [66].

Indeed, averufanin (35) displayed a good antioxidant activity in terms of antioxidant capacity
to Trolox [59], and weak activity against both acyl-CoA: cholesterol acyltransferase type 1 and
2 (ACAT1 and ACAT?2) in the cell-based assay with 1Csg values of 28 and 12 uM, respectively
[67], whereas noraverufanin (36) exhibited a weak HIV latency-reversal activity with
reactivation of 43.3% at 10 uM [65]. Nidurufin (37) which have been also isolated from the
marine fungus A. niger [62] and marine-derived P. purpurogenum G59 [57], showed weak
antitumor activity against the bone marrow cancer cell line K562 with an inhibition rate
percentage of 25.5% at a concentration of 100 ug/mL [57] and moderate antioxidant capacity
with 0.62 as Trolox equivalent as antioxidant [59].

Another previous study showed that nidurufin (37) had exhibited strong anticancer activity
against the A-549 cells, the human ovarian cancer cells SK-OV-3, the human skin cancer cells
SK-MEL-2, the human CNS cancer cells XF-498, and the human colon cancer HCT-15 with
ICso values of 1.83, 3.39, 3.16, 1.78 and 2.2 pg/mL beside good antibacterial activity against

9
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different strains of the Gram-positive bacteria Str. pyogenes and S. aureus with MIC values of
equal to or less than 3.13 pug/mL [60].

Compound 38, showed weak antibacterial activity against the Gram-positive S. aureus as well
as Gram-negative E. coli with inhibition zones of 7 and 6.5 mm, respectively using disk
diffusion method at a concentration of 20 pg/disk [61], suggesting that the new derivatization
in this compound affected the antibacterial activity of the parent metabolite, nidurufin (37)
which showed better antibacterial activity when tested against the Gram-positive bacteria as
discussed above.

Versiconol (39) exhibited weak anticancer activity against the A-549 cells, the SK-OV-3 cells,
the SK-MEL-2 cells, the XF-498 cells, and the HCT-15 cells with ICso values of 20.45, 15.29,
15.86, 23.73, and 19.2 ug/mL [60], whilst its di-O-methylated derivative, 6,8-di-O-methyl
versiconol (40) showed selective weak antibacterial activity against S. aureus with inhibition
zones of 6.5 mm using disk diffusion method at a concentration of 20 pg/disk when tested
against both S. aureus and E. coli [61].

Other bioactive compounds isolated from the marine fungus A. versicolor were compounds 41-
42, 47-48, and 50-54 [47,61,68]. 1-methyl emodin (41) which is an O-methylated derivative of
emodin (13) and both were isolated from A. versicolor [47], exhibited better cytotoxic activity
than emodin (13) itself against human epidermoid carcinoma cell line (KBv200) with an ICso
value of 190.81 uM [32], although 41 did not show any cytotoxicity against the human
leukemia cell line (CCRF-CEM) and some other solid tumors (human lung H-125, human
colon HCT-116, human liver Hep-G2) [68]. On the other hand, 41 showed less inhibitory
activity against Hepatitis C virus (HCV) protease than its parent 13 with ICsg values of 40.2
and 22.5 pg/mL, respectively [68]. The same study showed that the new metabolite from A.
versicolor; isorhodoptilometrin-1-methyl ether (42) displayed moderate antibacterial activity
against B. cereus, B. subtilis, and S. aureus at a concentration of 50 pg/disk and mild selective
cytotoxicity against the Hep-G2 cell line [68].

Additionally, 1-hydroxy-2-methyl anthraquinone (47) and its novel dimethoxy derivative; 2-
(dimethoxy methyl)-1-hydroxy-9,10-anthraquinone (48) were evaluated for their antibacterial
activity against two strains of methicillin-resistant S. aureus (MRSA) (CGMCC 1.12409 and
ATCC 43300) and three strains of Vibrio (V. rotiferianus, V. vulnificus, and V. campbellii).
Noteworthy, the dimethoxy derivative (48) was highly active against the MRSA strains
showing MIC values of 7.8 and 3.9 ng/mL, respectively, and was moderately active against the
Vibrio strains with MIC ranging from 15.6 to 62.5 ug/mL [47]. The same study mentioned that
amolecular docking study was conducted to explain the cause behind this antimicrobial activity

10
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revealing the least binding energy of compound 48 with both AmpC pB-lactamase and
topoisomerase IV [47]. On the other hand, its parent compound 47 displayed potent larvicidal
activity against the larvae of Aedes aegypti with an 1Csp value of 1.8 ug/mL [69].

Moreover, another anthraquinone derivative, damnacanthal (50) which was reported from A.
versicolor [47] exhibited strong larvicidal activity against the larvae of Aedes aegypti with an
ICso value of 7.4 pg/mL [69] and weak antibacterial activity against some strains of MRSA and
Vibrio with MIC values ranging from 31.3 to 125 ug/mL [47]. Similarly, xanthopurpurin (51)
showed weak antibacterial properties against some strains of MRSA and Vibrio with the same
MIC range of damnacanthal (50) [47]. Also, compound 51 previously showed strong
antiplatelet aggregation activity via inhibition of collagen-induced aggregation [70]. In
addition, a chemically related rubiadin (52) showed a strong inhibitory activity on the
formation of advanced glycation end products (AGESs) with an ICso value of 179.31 uM [71].
Notably, its hydroxylated derivative; 6-hydroxyrubiadin (53) displayed potent inhibitory
activity on phosphatase of regenerating liver-3 (PRL-3) with an ICso value of 1.3 pg/mL
causing inhibition of migration of PRL-3 expressed tumor cells with no cytotoxicity [72].
Additional four derivatives (55-58) were isolated from the marine-derived fungus A. wentii
[50,73]. Wentiquinone C (55) showed no free radical scavenging activity up to a concentration
of 1000 pg/mL [50], whereas compounds 56-58 were not tested for any relevant bioactivity
[73].

Further derivatives including compounds 59-64 were isolated from the halotolerant fungus A.
variecolor [51], while compounds 65-67 were reported from A. nidulans [63]. Compounds 59-
60 exhibited potent DPPH radical scavenging activity (antioxidant activity) with I1Cso values
of 6 and 11 uM, respectively [51] suggesting that the O-methylation of eurotinone, (59) slightly
affected its antioxidant activity. Questinol (62) which was also isolated from the marine-
derived fungi Talaromyces stipitatus KUFA 0207 [74] and Eu. amstelodami [75], displayed
significant anti-inflammatory activity via different mechanisms including inhibition of both
nitric oxide (NO) and prostaglandin E2 (PGE>) production and, inhibition of the production of
some inflammatory cytokines such as interleukin-1p (IL-1p), IL-6, and tumor necrosis factor-
o (TNF-a). Compound 62 also showed slight inhibitory activity against cyclooxygenase 2
(COX-2) expression at a concentration of 200 uM [75]. In addition, 62 exhibited potent anti-
obesity activity with a 60% reduction in the stained lipids with an ICs value of 0.95 uM, while
the chemically related compound, fallacinol (63) showed no significant anti-obesity activity
[74].

11
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Interestingly, versicolorin C (65) displayed selective potent antibacterial activity against both
E. coli and V. parahaemolyticus with MIC values of 1 pg/mL and, against V. anguillarum and
Edwardsiella ictaluri with MIC values of 4 and 8 pg/mL, respectively, whilst the closely
related congener isoversicolorin C (66) displayed selective potent antibacterial activity against
both V. alginolyticus and Edwardsiella ictaluri with MIC values of 1 and 4 ug/mL, respectively
[63].

Further, twelve anthraquinones including three non-halogenated ones 68-70, seven new
chlorinated anthraquinone derivatives 71-77, two new brominated anthraquinone derivatives
78-79 were isolated from the marine-derived fungus Aspergillus sp. SCSIO F063 [58], in
addition to compound 80 which was reported from another marine-derived fungus Aspergillus
sp. SF-6796 [64]. Compounds 68-70 are chemically related to each other and are derivatives
of averantin (26) which was isolated in the same study as a metabolite from Aspergillus sp.
SCSIO F063 [58], while it was isolated earlier from the marine-derived fungi A. versicolor
[56]. Averantin-1'-butyl ether (70) exhibited weak cytotoxicity against SF-268 and MCF-7 cell
lines with 1Cso values of 47.19 and 40.47 uM, respectively, revealing slightly better
cytotoxicity than its parent; averantin (26) which only showed activity against the MCF-7 cell
line with ICso values of 45.47 uM [58], suggesting that the structural modification in 70 has
improved its bioactivity. By contrast, neither compound 68 nor 69 displayed any cytotoxicity
against all tested human cell lines including NCI-H460, SF-268, and MCF-7 [58] indicating
that O-methylation of averantin (26) in compounds 68 and 69 may negatively influence their
cytotoxicity.

It is noteworthy that the chlorinated anthraquinone derivative, 72 exhibited potent cytotoxicity
against NCI-H460, SF-268, and MCF-7 cells with ICs values of 7.42, 7.11, and 6.64 uM,
respectively. While 71 showed weak cytotoxicity against only the MCF-7 cell line with ICso
values of 36.41 uM and 73 displayed better cytotoxic activity against the three cell lines; NCI-
H460, SF-268, and MCF-7 with ICsg values of 37.19, 34.06 and 26.09 uM, respectively [58].
From the other chlorinated anthraquinones, 75 and 77 demonstrated weak to modest cytotoxic
activity against only the MCF-7 cell line with ICsg values of 49.53 and 24.38 uM, respectively.
The same study revealed that from the two isolated brominated anthraquinones, only 78
displayed modest cytotoxicity against NCI-H460, SF-268, and MCF-7 cell lines with 1Csg
values of 18.91, 24.69, and 25.62 uM, respectively [58]. Furthermore, another bioactive
derivative of averantin (26) isolated from Aspergillus sp. is 6,8,1’-tri-O-methylaverantin (80)

showed an anti-neuroinflammatory effect via different mechanisms including suppression of

12



370  the overproduction of many pro-inflammatory mediators including COX-2, PGE;, and NO in

371 lipopolysaccharide-activated BV2 microglial cells [64], (Figures 2 and 3).
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Figure 3: Chemical structures 45-80

2.3.  Anthraquinones from Penicillium sp.

Furthermore, eighteen compounds (81-98) besides the previously recorded compounds 13, 17,
26-27, and 37 were isolated from different species of the marine-derived fungus Penicillium.
Indeed, penicillanthranin A (81) and B (82) which are anthraquinone-citrinin derivatives, as

well as chrysophanol (83) and w-hydroxyemodin (84), were isolated from the marine fungus
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P. citrinum PSU-F51 [41]. Penicillanthranin A (81) and chrysophanol (83) exhibited selective
antibacterial activity against the Gram-positive S. aureus ATCC25923 with MIC value of 16
pug/mL and MRSA SK1 with MIC value of 16 and 64 pg/mL, respectively [41], while both
compounds 82 and 84 were not screened for their antimicrobial activity in the same study.
Interestingly, some earlier studies revealed that w-hydroxyemodin (84) showed moderate
activity against MRSA SK1 and mild activity against S. aureus ATCC 25923 with MIC values
of 32 and 200 pg/mL, respectively [42], in addition to good anti-mycobacterial activity against
M. tuberculosis H37Ra with MIC value of 12.5 pg/mL [49]. It also showed potent cytotoxicity
against the human oral epidermoid carcinoma KB cells with an ICsg value of 4.5 pg/mL, and
weak cytotoxic activity against both human breast cancer cells, MCF7 and human lung
carcinoma cells, NCI1-H187 with ICso values of 22 and 39 ug/mL, respectively [49]. In contrast,
penicillanthranin A (81) showed selective cytotoxicity to the KB cell lines with an 1Cso value
of 30 ug/mL [41].

Another bioactive metabolite, 2'-acetoxy-7-chlorocitreorosein (85) which was first recovered
from a mangrove-derived fungus P. citrinum HL-5126 [76] demonstrated moderate
antibacterial activity against S. aureus and significant activity against V. parahaemolyticus
with MIC values of 22.8 and 10 pug/mL, respectively [76], suggesting that such modification in
its structure from that of w-hydroxyemodin (84) resulted in significant improvement in its
antibacterial activity.

Further anthraquinone derivatives discovered from the marine fungus P. oxalicum, including
citreorosein-3-O-sulphate (86), emodin-3-O-sulphate (87), and aloe-emodin (88) were not
tested for any relevant activity [77]. However, other previous studies revealed that aloe-emodin
(88) displayed modest antimalarial activity against Plasmodium falciparum (MRC-2) with an
ECso value of 22 pg/mL [78] and weak antimicrobial activity against the Gram-positive
bacteria; S. aureus, S. epidermidis, B. cereus, B. subtilis, Micrococcus kristinae, and the Gram-
negative bacteria; E. coli, Enterobacter aerogenes, Proteus vulgaris, and Shigella sonnei with
MIC values ranging from 62.5 to 250 pg/mL [79].

Additional ten bioactive compounds including eight newly isolated anthraquinone—amino acid
conjugates, namely emodacidamide A-H (89-96) along with the previously isolated
anthraquinone  derivatives; emodic acid (97) and 2-chloro-1,3,8 trihydroxy-6
(hydroxymethyl)anthracene-9,10 dione (98), were isolated from the marine fungus Penicillium
sp. SCSIO sof101 [80]. Emodacidamides A-H (89-96) displayed immunomodulatory activity
with inhibitory activity against IL-2 production from Jurkat cells [80]. Intriguingly,
emodacidamides A (89), C (91), and E (93) showed potent IL-2 inhibitory activity with ICso
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values of 4.1, 5.1, and 5.4 uM, respectively [80]. Meanwhile, emodic acid (97) showed no
remarkable inhibition of IL-2 secretion at a concentration of 20 pM, indicating that amino acid
conjugation with the anthraquinone derivatives enhanced their inhibitory effect on IL-2
secretion [80].

On the other side, emodic acid (97) which was previously isolated from the marine endophytic
fungus Eu. rubrum [46], evoked potent inhibition of p56'® tyrosine kinase with an ICsp value
of 1.07 ug/mL [81]. In addition, compound 97 demonstrated a potent inhibitory effect on both
the tyrosine kinase domain of the epidermal growth factor receptor (EGF-R) and protein
tyrosine kinase p59™" with 1Cso values of 0.078 and 0.080 pg/mL, respectively without any
noted cytotoxicity on human foreskin fibroblast [81], (Figure 4).
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Figure 4: Chemical structures 81-98

2.4.  Anthraquinones from Stemphylium sp.
The marine-derived fungus Stemphylium is another good source of the bioactive

anthraquinones with thirty -two recovered compounds (99-130). A group of twenty-five
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anthraquinones derivatives (99-123) were reported from a mangrove-derived fungus
Stemphylium sp. 33231 [82] including the bioactive altersolanol A, B, C (99, 101, 104) and L
(105) as well as their derivatives dihydroaltersolanol A (100), tetrahydroaltersolanol B (102),
2-O-acetylaltersolanol B (103).

Altersolanol A (99) showed selective antimicrobial activity against S. aureus, E. coli, B.
subtilis, and Micrococcus tetragenus with MIC values of 2.07, 4.1, 4.1, and 8.2 uM,
respectively, whereas altersolanol B (101) displayed similar antibacterial activity against S.
aureus, E. coli and B. subtilis as well as the Gram-positive bacterium Kocuria rhizophila with
MIC value of 7.8 uM for all strains [82]. The same study revealed that altersolanol C (104) had
a narrow spectrum of activity against only B. subtilis with an MIC value of 8.8 uM, while
altersolanol L (105) had no antibacterial activity against the tested strains [82]. Additionally, a
recent study showed that both altersolanol A (99) and B (101) had strong cytotoxicity against
MCEF-7 and HCT-116 cell lines with ICsp values of 7.21, 1.3 uM for altersolanol A (99) and,
9.0, 3.5 uM for altersolanol B (101), respectively [83]. By contrast, dihydroaltersolanol A (100)
did not show any antibacterial or cytotoxicity when tested against various microbes and cell
lines [82,84], suggesting that the derivatization of its parent altersolanol A (99) into
dihydroaltersolanol A (100) lead to a significant change in its biological activities. Moreover,
another recent study demonstrated that altersolanol L(105), had modest antifungal activity
against P. italicum and Rhizoctonia solani with MIC values of 35 and 50 pg/mL, respectively
[85].

Furthermore, ampelanol (107), macrosporin (108) and its sulphate derivative, macrosporin-7-
O-sulphate (109), in addition to its glycosidic derivative, macrosporin 2-O-(6"-acetyl)-a-D-
glucopyranoside (110), as well as auxarthrol C (111), were also recovered from the marine
fungus Stemphylium sp. 33231 [82]. Ampelanol (107) displayed moderate cytotoxicity against
the L5178Y murine lymphoma cell line [86], whereas macrosporin (108) exhibited significant
antibacterial activity against Micrococcus tetragenus, E. coli, and S. aureus with MIC values
of 4.6, 4.6, and 9.2 uM, respectively [82]. On the other hand, both derivatives of macrosporin
(108), macrosporin-7-O-sulphate (109) and macrosporin 2-O-(6'-acetyl)-a-D-glucopyranoside
(110) displayed no antibacterial activity against the same indicator strains up to a concentration
of 10 uM [82], indicating that these modifications in the chemical structure of macrosporin
(108) have greatly affected its antibacterial activity. Additionally, macrosporin (108) was
shown to have potent antifungal activity against Fusarium oxysporum (F. oxysporum) with an
MIC value of 3.75 pg/mL and modest antifungal activity against Colletotrichum musae, F.

graminearum, P. italicum, and Colletotrichum gloeosporioides with MIC values ranging from
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30 to 60 pg/mL [85]. Noteworthy, compound 110 demonstrated remarkable brine shrimp
lethality using Artemia salina with an LDso value of 10 uM [82], while the parent compound
108, and its derivative 109 showed no lethality in the same study [82] suggesting that brine
shrimp lethality might be dependent on acetylation and/or glycosylation of this compound.
Also, the same study revealed that auxarthrol C (111) displayed selective antibacterial against
only the Gram-negative organism, E. coli with an MIC value of 9.8 uM with no notable
cytotoxicity or brine shrimp lethal effect [82].

Moreover, other bioactive anthraquinone dimers including alterporriols B-E (113-116), N
(117), Q (118), U (121), and V (122) were also isolated from the same fungus Stemphylium
sp. 33231 [82]. The anthraquinone dimers, alterporriols B-E (113-116) displayed positive
antibacterial activity, whereas alterporriol A (112) did not show either antibacterial or cytotoxic
activity [82]. Alterporriol B (113) showed a narrow spectrum of antimicrobial activity against
B. cereus with MIC values of 7.9 uM, whereas alterporriol C (114) showed selective
antibacterial activity against S. albus with an MIC value of 8.9 uM. Interestingly, alterporriol
D (115) exhibited notable antibacterial activity against both S. aureus and E. coli and with MIC
values of 5.0 and 7.5 uM, respectively, while alterporriol E (116) displayed potent
antimicrobial activity against B. cereus and E. coli with MIC values of 2.5 and 5.0 uM [82].
The same study demonstrated that alterporriol Q (118) and R (119) showed no antimicrobial
activity against various tested microbes up to a concentration of 10.0 pM [82]. This finding
was confirmed in another study which showed that both compounds did not display any
antibacterial activity against different Gram-positive as well as E. coli from the Gram-negative
bacteria up to a concentration of 20.0 uM [84]. However, alterporriol Q (118) exhibited strong
antiviral activity against the porcine reproductive and respiratory syndrome virus (PRRSV)
with an MIC value of 22.0 uM, whereas alterporriol R (119) showed no antiviral activity [84].
Also, the same study revealed that alterporriol C (114) had a modest antiviral activity with an
MIC value of 39.0 uM [84]. In addition, the other anthraquinone dimers, alterporriol U (121)
and V (122) exhibited a narrow spectrum of antibacterial bioactivity against the Gram-positive
bacterium, B. cereus with MIC values of 8.3 and 8.1 uM, respectively [82].

Further anthraquinone dimers including alterporriol N (117), F (124), G (125), Z1 (126), Z2
(127), and Z3 (128) were also isolated recently from another marine fungus Stemphylium sp.
FJJ006 [87]. They showed no antimicrobial activity against either Gram-positive and Gram-
negative bacterial strains up to a concentration of 128.0 pg/mL or antitumor activity against a
panel of cancer cell lines with an ICsp value higher than 20.0 uM. Also, they did not show
bioactivity against the microbial enzymes, isocitrate lyase, and sortase A with an ICso value of
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more than 145.0 uM. However, the same study revealed that alterporriols N (117), F, G, Z1-
Z2 (124-127) had anti-inflammatory activity through their capability of suppressing the
lipopolysaccharide-induced nitric oxide production in the murine macrophages RAW 264.7
cells with ICso values of 8.4, 9.6, 10.7, 11.6, and 16.1 uM, respectively, whereas alterporriol
Z3 (128) did not display any anti-inflammatory activity [87]. On the other hand, another
previous study demonstrated the potent cytotoxicity of alterporriol F (124) against the HeLa
and KB human cell lines with 1Csg values of 6.5 and 7.0 pg/mL, respectively [88]. In addition,
alterporriol N (117) was presented in another study as a weak antimicrobial agent with a narrow
spectrum of activity against only the Gram-positive bacteria, Enterococcus faecalis, MRSA,
and Str. pneumoniae with MIC values of 15.63, 62.5, and 125 pg/mL, respectively, while
alterporriol G (125) displayed moderate cytotoxicity against the mouse cancer cell line,
L5178Y[89], (Figure 5 and 6).

Figure 5: Chemical structures 99-113
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519  Figure 6: Chemical structures 114-130
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521 2.5.  Anthraquinones from Alternaria sp.

522 A list of twenty anthraquinones was isolated earlier from different species of Alternaria
523 including the previously mentioned compounds (100-102, 104, 105, 107, 108, and 114) as well
524  as twelve anthraquinone derivatives, 131-142. Two bioactive bi-anthraquinones, named

525 alterporriol K (131) and L (132) were isolated from marine endophytic fungus Alternaria sp.
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ZJ9-6B [90] and displayed moderate cytotoxic activity against the human breast cells, MCF-7
and MDA-MB-435 with 1Cso values of 29.11, 26.97 uM respectively, while alterporriol M
(133) was not evaluated for any biological activity in this study [90].

Further compounds including alterporriol O (134) and P (135) were isolated from the marine-
derived Aspergillus sp. ZJ-2008003. Only alterporriol P (135) exhibited significant cytotoxicity
against the human prostate cancer cell line, PC3, colon cancer cell line, HCT-116, liver
hepatoma cell lines, Hep-G2 and Hep-3B in addition to the breast cancer cell line, MCF-7/ADR
with ICso value of 6.4, 8.6, 20.0, 21.0, and 23.0 uM, respectively. Unlikely, alterporriol O (134)
did not demonstrate any bioactivity when it was evaluated for its cytotoxicity, antibacterial
activity, and antiviral activities [84].

Additional anthraquinones, tetrahydroaltersolanols C-F (136-139) were also isolated from the
marine-derived Alternaria sp. ZJ-2008003 [84]. Tetrahydroaltersolanol C (136) displayed
moderate antiviral activity against the PRRSV with an 1Csg value of 65.0 uM [84].

More anthraquinone derivatives (140-142) were reported recently from the marine fungus
Alternaria tenuissima DFFSCS013 [91]. Anthrininone A (140) demonstrated selective protein
tyrosine phosphatase inhibitory effect on indoleamine 2,3 dioxygenase 1 enzyme (IDO1) with
ICs0 value of 32.3 uM as well as the stimulatory effect on the intracellular levels of calcium in
HEK?293 cells at a concentration of 10.0 uM [91]. It is noteworthy that 6-O-methylalaternin
(141) displayed a wide range of anti-protein tyrosine phosphatases activity including activity
against TCPTP, SHP1, SHP2, and PTP-MEG2 enzymes with potent bioactivity against both
IDO1 and PTP1B with I1Cso values of 1.7 and 2.1 puM, respectively. On the other hand, 141 did
not show a noticeable stimulatory effect on the intracellular levels of calcium in HEK293 cells

at a concentration of 10.0 uM [91], (Figure 7).
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Figure 7: Chemical structures 131-142

2.6.  Anthraquinones from Trichoderma sp.

Trichoderma sp. is another prolific anthraquinones’ producer from which the previously
discussed compounds, 13, 83, and 84 were isolated as well as the anthraquinone derivatives,
143-155. Harzianumnones A-B (143-144) were reported earlier as new hydroxyanthraquinones
from the marine fungus T. harzianum XS-20090075. They showed neither DNA topoisomerase
I (Topo 1) inhibitory activity nor anti-acetylcholinesterase activity [92]. The same study
revealed that phomarin (145), o-hydroxydigitoemodin (146), pachybasin (147), and (+)-2’S-
isorhodoptilometrin (148) isolated also from T. harzianum XS-20090075, displayed a weak
anti-acetylcholinesterase activity at a concentration of 100 uM [92]. Interestingly, pachybasin
(147) also demonstrated potent cytotoxic activity against the human cancer cell lines, KB and
KBVv200 with ICso values of 3.17 and 3.21 uM, respectively [32]. In addition, its derivative, ®-
hydroxypachybasin (149) as well as (+)-2’S-isorhodoptilometrin (148) exhibited significant
cytotoxic activity against Hep-G2 and HeLa cancer cell lines showing ICso value of 9.39, 22.6
uM, respectively [92]. Also, compounds 148 and 149 revealed moderate DNA Topo |
inhibitory activity with an ICs value of 100.0, 50.0 uM, respectively, in addition to significant
selective antibacterial activity against the Gram-positive bacterium, S. aureus showing MIC
value of 25.0, 25.0 uM, respectively [92].
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Moreover, another study demonstrated that 148 isolated from marine-derived fungus T.
aureoviride PSU-F95 showed strong antibacterial activity against MRSA with an MIC value
of 16 pg/mL[42]. Similarly, coniothranthraquinone 1 (150) displayed strong antibacterial
activity against MRSA and S. aureus with MIC values of 8 and 16 pg/mL, respectively [42].
In the contrast, trichodermaquinone (151) was also isolated from the marine fungus T.
aureoviride PSU-F95 and demonstrated weak antibacterial activity against MRSA with an
MIC value of 200 pg/mL [42]. However, compounds 152 and 153 which were recovered also
from the marine fungus T. aureoviride PSU-F95, both were not evaluated for any bioactivity
in this study [42]. Additionally, coniothyrinone A (154) and lentisone (155) were previously
isolated from another marine fungus, Trichoderma sp., and exhibited potent antibacterial
activity against the Gram-negative bacteria, V. parahaemolyticus, V. anguillarum, and
Pseudomonas putida with MIC values of [6.25, 1.56, 3.13 uM] for coniothyrinone A (154) and
[12.5, 1.56, 6.25 uM] for lentisone (155), respectively [48] (Figure 8).
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Figure 8: Chemical structures 143-155

2.7.  Anthraquinones from Eurotium sp.

Seventeen anthraquinones and their derivatives were reported from species of the marine
fungus Eurotium, including the previously mentioned compounds, 13, 15, 18-20, 60, 62, 97,
and 154 in addition to other eight congeners, 156-163. Compound 9-dehydroxyeurotinone
(156) and its O-methyl derivative, 2-O-methyl-9-dehydroxyeurotinone (157) as well as its
glycosidic derivative, 2-O-methyl-4-O-(a-D-ribofuranosyl)-9-dehydroxyeurotinone (158)
were isolated from marine-derived fungus Eu. rubrum [46,54]. The parent compound, 9-

dehydroxyeurotinone (156) exhibited weak antibacterial activity against the Gram-negative
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bacterium, E. coli showing a 7-mm zone of inhibition using 100 pg/disk. Also, it displayed
selective cytotoxic activity against the human cholangiocarcinoma cells, SW1990 with an ICso
value of 25.0 pg/mL [46]. Another study revealed that compounds 157-159 had positive
antioxidant activity through free radical scavenging activity against DPPH [54].

Furthermore, the same study showed that eurorubrin (160) demonstrated a potent free radical
scavenging activity with an 1Cso value of 44.0 uM with better antioxidant activity than the
standard antioxidant, butylated hydroxytoluene which had an ICs value of 82.6 uM [54].
Interestingly, 3-O-(a-D-ribofuranosyl)-questin (159) and eurorubrin (160) were re-isolated
also from the marine endophytic fungus Eu. cristatum EN 220. They displayed modest
antibacterial activity against the Gram-negative bacterium, E. coli with MIC values of 32.0 and
64.0 pg/mL, respectively [93]. Notably, 3-O-(a-D-ribofuranosyl)questinol (161) which is an
alcoholic derivative of the bioactive compound, 3-O-(a-D-ribofuranosyl)questin (159) showed
no antibacterial activity against E. coli suggesting that this hydroxylation leads to loss of the
antimicrobial activity [93]. Furthermore, asperflavin ribofuranoside (162) which was isolated
earlier from the marine fungus Eu. cristatum EN 220 [93] and the marine-derived fungus
Microsporum sp. [94], was reported as a potent free radical scavenging agent with an 1Csg value
of 14.2 uM with better antioxidant activity than the standard antioxidant, ascorbic acid which
had an 1Cso value of 20.0 uM [94]. Also, it exhibited modest antibacterial activity against both
MRSA and MDR S. aureus with MIC values of 50.0, 50.0 pg/mL, respectively[94]. Moreover,
rubrumol (163) was reported as a new anthraquinone derivative from the saline-alkali
endophytic fungus Eu. rubrum with relaxation activity on Topo | with an ICso value of 23.0
uM [95], (Figure 9).
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Figure 9: Chemical structures 156-163
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2.8.  Anthraquinones from Fusarium sp.

Twelve anthragquinone derivatives were isolated earlier from different species of the marine-
derived fungus Fusarium sp. including the previously discussed compounds, 5-8 and 10 along
with other structurally related compounds 164-170. Although both nigrosporin A (164) and
fusaranthraquinone (165) were recovered from the marine-derived fungus Fusarium sp. PSU-
F14 [31], only nigrosporin A (164) displayed promising inhibitory activity against
photosynthesis and weak antibacterial activity against B. subtilis showing an inhibition zone of
14 mm at 200 ppm [36], whereas fusaranthraquinone (165) did not demonstrate any
antibacterial activity when it was tested against both S. aureus and MRSA [31]. Interestingly,
additional bioactive fusaquinons A-C (166-168) were reported from the marine fungus
Fusarium sp. ZH-210 and displayed weak cytotoxic activity against MCF-7, KB, and KBv200
cell lines with 1Csp values of more than 50 uM [96].

It is noteworthy that nigrosporin A (164) and fusaquinon A (166) were also evaluated in another
study for their antimalarial, anti-mycobacterial, antibacterial, and cytotoxic activity. Both
compounds showed no antimalarial, antibacterial, or anti-mycobacterial activity, whereas they
showed selective cytotoxicity [97]. Nigrosporin A (164) displayed weak cytotoxic activity
against the MCF-7 cell line with an ICso value of 110.36 uM and good cytotoxicity against
NCI-H187 cell line with 1Cso value of 13.69 uM, while fusaquinon A (166) exhibited weak
cytotoxicity against both human cancer cells, MCF-7, and monkey kidney cells, Vero cells
with ICsp value of 84.38 and 44.46 uM, respectively. Also, fusaquinon A (166) displayed potent
cytotoxicity against the NCI-H187 cell line with an ICsq value of 7.32 uM [97]. Another
bioactive anthraquinone derivative isolated from mangrove-derived fungus Fusarium sp.
ZZF60 was 6,8-dimethoxy-1-methyl-2-(3-oxobutyl)anthracene-9,10-dione (169) [98].
Notably, it demonstrated moderate cytotoxicity against Hep2 and Hep-G2 cells with 1Cso
values of 16.00 and 23.00, respectively, (Figure 10).

Figure 10: Chemical structures 164-170
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2.9.  Anthraquinones from Engyodontium album

Six compounds (171-176) out of seven anthraquinone derivatives (171-177) isolated from the
marine-derived fungus Engyodontium album LF069 were bioactive, while the anthraquinone
derivative, Engyodontochone D (177) was not tested for any relevant biological activity [23].
It is noteworthy that compounds (171-173) exhibited diverse bioactivities including
antibacterial, antifungal, and cytotoxic activity. They demonstrated better antibacterial activity
against S. epidermidis and MRSA than chloramphenicol with an ICsg value of 0.19, 0.17 uM
for engyodontochone A (171), 0.21, 0.25 uM for JBIR-99 (172), and 0.22, 0.24 uM for
engyodontochone B (173), respectively. On the other hand, they displayed weak to modest
antifungal activity against the fungi, C. albicans, and T. rubrum with ICso values ranging from
4.3 to 13.5 uM. Additionally, compounds 171-173 exhibited modest cytotoxicity against the
mouse fibroblasts cell line, NIH-3T3 with 1Cso values of 11.0, 13.2, and 14.4 puM, respectively
[23]. Also, engyodontochone C (174) showed good selective bioactivity against S. epidermidis
and MRSA with ICso values of 1.80 and 2.39 uM, respectively. In addition, it displayed weak
cytotoxic activity against the cell line, NIH-3T3 with an 1Csg value of 34.3 uM, whereas it did
not show any antifungal activity against either, C. albicans or T. rubrum up to a concentration
of 100 uM [23].

Similarly, engyodontochone F (175) demonstrated promising selective antibacterial activity
against both S. epidermidis and MRSA with ICsp values of 3.41 and 3.13 uM, respectively
although it exhibited weak selective antifungal activity against T. rubrum with an 1Cso value of
73.4 uM. In the contrast, engyodontochone E (176) has only showed potent antibacterial
activity against S. epidermidis and MRSA with 1Csp values of 6.77 and 6.74 puM, respectively
with no antifungal or cytotoxic activity up to a concentration of 100.0 and 50.0 uM,

respectively [23], (Figure 11).

Figure 11: Chemical structures 171-177
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2.10. Anthraquinones from Sporendonema casei

Seven bioactive anthraguinones named 4-dehydroxyaltersolanol A (178) and auxarthrols D-H
(179-183) along with the previously discussed altersolanol B (101) were recovered from the
marine fungus, Sporendonema casei HDN16-802 [99]. This group of anthraquinone
derivatives (178-183) were evaluated for their antibacterial activity against M. phlei, B. subtilis,
V. parahaemolyticus, E. coli, Pseudomonas aeruginosa, and Proteus sp. and for their
antifungal activity against C. albicans. Interestingly, 4-dehydroxyaltersolanol A (178)
exhibited the best antibacterial activity among this group of anthraquinones against M. phlei,
B. subtilis, Pseudomonas aeruginosa, V. parahaemolyticus, and Proteus sp. with MIC value
ranging from 25.0 to 50.0 uM [99]. However, its parent altersolanol A (99) demonstrated potent
antibacterial activity against S. aureus, E. coli, B. subtilis, and Micrococcus tetragenus with
MIC values of 2.07, 4.1, 4.1, and 8.2 uM [82]. suggesting that its dehydroxylation might lead
to a decrease in its antimicrobial activity. Auxarthrol E (180) and H (183) showed no
antimicrobial activity against different indicator strains. However, auxarthrol F (181) only
displayed very weak activity against M. phlei, B. subtilis, Pseudomonas aeruginosa, and
Proteus sp. with an MIC value of 200 uM. Both auxarthrol D (179) and G (182) demonstrated
a broad spectrum of antibacterial activity against M. phlei, B. subtilis, Pseudomonas
aeruginosa, V. parahaemolyticus, and Proteus sp. with MIC value ranging from 25.0 to 100.0
uM, whereas 182 displayed very weak antifungal activity against C. albicans with MIC value
of 200.0 uM [99].

Moreover, only 179 and 181 were evaluated for their cytotoxicity against different cancer cell
lines in the same study revealing modest cytotoxic activity against several cell lines. Compound
179 exhibited a selective cytotoxic effect on seven cell lines including HL-60, HCT-116, MGC-
803, MDA-MB-231, SH-SY5Y, PC-3, and BEL-7402 with ICso value ranging from 7.5 to 22.9
uM. In the contrast, compound 181 displayed a broad spectrum of cytotoxicity against the
eleven tested cancer cell lines in this study with 1Cso values ranging from 4.5 to 22.2 uM [99].
In addition, all compounds (178-183) showed significant anticoagulant activity, meanwhile,
they did not show any anti-mycobacterial activity [99], (Figure 12).

27



703
704

705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

0 «OH
l :
R OH
OH &H
OH O OH OH O OH
178 179
OH
OH Q OH
O OH o OH
E OH i~ "oH
H = cl:
OH © OH OH O ~ OH
181 182

Figure 12: Chemical structures 178-183

2.11. Anthraquinones from other marine fungi

A considerable number of anthraquinones and their derivatives were isolated from other
marine-derived fungi including compounds 184-208. Compounds 184-192, as well as
previously discussed anthraquinone derivatives, 5, 41, 83, and 147, were reported from the
mangrove endophytes, Halorosellinia sp. No. 1403 and Guignardia sp. No. 4382 [32]. Eight
compounds from them, 184-191 showed weak cytotoxic activity, while 192 displayed no
cytotoxicity up to a concentration of 500.0 uM [32]. It is noteworthy that compounds 184-188
exhibited weak cytotoxicity against both tested cancer cell lines, KB and KBv200 with I1Cso
value ranging from 34.64 to 243.69 uM, whereas compounds 189-191 demonstrated a narrow
spectrum of activity against only KBv200 cell line with ICso value of 72.60, 185.68 and 301.47
uM, respectively. The best cytotoxicity was recorded for 1,3-dihydroxy-6-methoxy-8-
methylanthracene-9,10-dione (187) which displayed activity against both KB and KBv200
cells lines with 1Cso values of 38.05 and 34.64 uM, respectively [32].

Interestingly, SZ-685C (193) was isolated as a novel anthraquinone derivative from the marine
endophytic fungus Halorosellinia sp. No. 1403 with anticancer potential [100-102]. It was
demonstrated that SZ-685C (193) had anticancer activity against the rat pituitary adenoma
MMQ and human non-functioning pituitary adenoma (NFPA) cell lines with 1Cs value of
14.51 and 18.76 uM, respectively, while it had an ICsg value of 56.09 uM against the normal
cell line, rat pituitary cells (RPC) [100]. Another study revealed similar results of its cytotoxic
activity against the MMQ and RPC cell lines with 1Csg values of 13.2 and 49.1 uM, respectively
[102]. Also, it showed good cytotoxicity against both human MCF-7 and MCF-7/ADR cancer
cell lines with 1Cso values of 7.38 and 4.17 uM, respectively [101].

Additional anthraquinone derivatives, phomopsanthraquinone (194), and 1-hydroxy-3-

methoxy-6-methyl anthraquinone (195) were isolated from the marine-derived fungus,
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Phomopsis sp. PSU-MAZ214, besides the previously mentioned compounds, 102, 107-108, and
136 [103]. Phomopsanthraquinone (194) demonstrated cytotoxicity against MCF-7 and KB
cancer cell lines with an ICsg value of 27.0 uM for both cell lines. Also, it exhibited moderate
antibacterial activity against both MRSA and S. aureus with MIC values of 64.0 and 128.0
ug/mL, respectively. In the contrast, 1-hydroxy-3-methoxy-6-methyl anthraquinone (195)
neither showed antibacterial activity nor cytotoxicity [103].

Further three anthraquinones, tetrahydroxyanthraquinone (196), methoxy-
tetrahydroxyanthraquinone (197) and 1,2,3,6,8-pentahydroxy-7-[(1R)-1-methoxyethyl]-9,10-
anthraquinone (198) along with previously mentioned noraverufanin (36), were recorded from
the sponge-associated fungus Microsphaeropsis sp. [104]. All those anthraquinones showed a
broad spectrum of protein kinases’ inhibitory activity against cyclin-dependent kinase 4 in
complex with its activator cyclin D1 (CDK4/cyclin D1), protein kinase C (PKC), and EGF-R
with ICsg value ranging from 18.5 to 54.0 uM [104].

Moreover, the anthraquinone, lunatin (199), and the anthraquinone dimer, cytoskyrin A (200)
were reported earlier from the sponge-associated fungi Curvularia lunata with positive
antibacterial activity [105]. Both compounds exhibited antibacterial activity against B. subtilis,
S. aureus, and E. coli using the disk diffusion method at a concentration of 5 pg/disk.
Meanwhile, they showed no antifungal activity against C. albicans up to a concentration of 10
ng/disk [105].

Furthermore, rheoemodin (201), 2, 2'-bis-(7-methyl-1,4,5-trihydroxy-anthracene-9,10-dione)
(202) as well as the previously discussed compounds, 62, 63, and 84 were isolated earlier from
another sponge-associated fungus Talaromyces stipitatus KUFA 0207 [74]. Rheoemodin (201)
displayed no significant anti-obesity activity, whereas 2, 2'-bis-(7-methyl-1,4,5-trihydroxy-
anthracene-9,10-dione) (202) was not tested for any relevant activity [74].

Additional  two  anthraquinones,  7-methoxymacrosporin ~ (203) and  7-(v,y)-
dimethylallyloxymacrosporin (204) along with previously discussed compounds, 102, 105,
107-108,  were isolated from the mangrove fungus, Phoma sp. L28 [85]. 7-
methoxymacrosporin (203) displayed weak antifungal activity against F. graminearum, F.
oxysporum, P. italicum, Rhizoctonia solani, and Colletotrichum gloeosporioides with MIC
values of 100.0, 100.0, 100.0, 150.0, and 200.0 pg/mL, respectively. Also, 7-(y,y)-
dimethylallyloxymacrosporin (204) demonstrated weak selective antifungal activity against F.
graminearum, Rhizoctonia solani, and Colletotrichum gloeosporioides with MIC value of 80.0,
150.0, and 200.0 pg/mL, respectively [85]. By comparing this weak antifungal of 203 and 204
to their parent macrosporin (108) which displayed potent antifungal activity against F.
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oxysporum and modest antifungal activity against Colletotrichum musae, F. graminearum, P.
italicum, and Colletotrichum gloeosporioides [85], we can conclude that the structural
modifications in both 203 and 204 have greatly affected their bioactivity.

Four additional bioactive anthraquinone derivatives were reported from the marine-derived
fungus Monodictys sp. including the previously discussed compounds, 13, 83, and 147 as well
as monodictyquinone A (205). Compound 205 displayed promising antimicrobial activity
against B. subtilis, E. coli, and C. albicans showing zones of inhibition with a diameter of 15.0,
15.0, and 11.0 mm, respectively at a concentration of 10 pg/disk [43].

Two other anthraquinone derivatives, 1,3,6-trihydroxy-7-(1-hydroxyethyl) anthracene-9,10-
dione (206) and phaseolorin I (207) were isolated earlier from the marine-derived fungi,
Cladosporium sp. HNWSW-1 [106] and Diaporthe phaseolorum FS431 [107], respectively.
Phaseolorin 1 (207) was inactive when it was tested for its cytotoxicity against the cell lines,
MCF-7, Hep-G2, Ab49, and SF-268 [107], whereas 206 did not demonstrate cytotoxicity
against the cell lines, BEL-7042, HeLa, and K562 as well as the human papillomavirus-related
endocervical adenocarcinoma SGC-7901 cell line [106]. However, 206 exhibited a-
glycosidase inhibitory activity with an ICso value of 49.3 uM compared to the standard agent,
acarbose which had an ICsp value of 275.7 uM [106].

Finally, 6,8-di-O-methyl averufanin (208) which is a derivative of the bioactive anthraquinone
derivative, averufanin (35) was previously reported from the unidentified marine endophytic
fungus ZSUH-36 as well as the previously mentioned compounds, 27, 30, 32-33, 40, 43, and
80 [108]. Compound 208 demonstrated weak antifungal activity against the phytopathogenic
fungi, Botrytis cinerea and Magnaporthe oryzae with MIC values of 50.0 and 100.0 uM,
respectively [109]. Also, it displayed good phytotoxicity on the hypocotyls of radish seedlings
at a concentration of 100 uM with an inhibition rate of 30.6% compared to 28.1% for the
standard, glyphosate [109], (Figure 13).
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Table 1: Anthraquinones and their derivatives isolated from different species of marine-derived fungi with their sources and biological

activities. MF = Molecular formula.

Compound MF
1 Cs1H32012
2 C17H2207
3 C16H1607
4 C16H1206
5 C16H1205
6 C16H1606
7 C16H2007

Name
Nigrodiquinone A

4a-epi-9-
methoxydihydrodeoxybostry

cin
10-deoxybostrycin

3,5,8-trihydroxy-7-methoxy-
2-methylanthracene-9,10-
dione

Austrocortirubin

Nigrosporin B

1-deoxytetrahydrobostrycin

Bioactivity
Displayed no antibacterial or

antiviral activity

Antibacterial activity

Antibacterial and cytotoxic

activities

Antiviral activity

Antiviral and cytotoxic activities

Antibacterial, anti-mycobacterial,
cytotoxic, and phytotoxic

activities

Antibacterial and cytotoxic

activities

32

Source

Zoanthid-derived fungus Nigrospora sp.

Zoanthid-derived fungus Nigrospora sp. and sea

anemone-derived fungus Nigrospora sp.

Zoanthid-derived fungus Nigrospora sp. and sea

anemone-derived fungus Nigrospora sp.

Zoanthid-derived fungus Nigrospora sp. and sea

anemone-derived fungus Nigrospora sp

Zoanthid-derived fungus Nigrospora sp.,
mangrove endophytic fungi Halorosellinia sp.
(No. 1403), and Guignardia sp. (No. 4382), sea
anemone-derived fungus Nigrospora sp., and
sea fan-derived fungi Fusarium sp. PSU-F14
Sea anemone-derived fungus Nigrospora sp.
and sea fan-derived fungi Fusarium sp. PSU-
F14
Sea anemone-derived fungus Nigrospora sp.,
sea fan-derived fungi Fusarium sp. PSU-F14

and marine-derived fungus Aspergillus sp.

Reference

[29]

[29,30]

[29,30]

[29,30]

[29-33]

[30,31,35,3
6]

[30,31,34]



10

11
12

13

14

15

16

C16H2008

Ci16H1607

C16H1608

CasH1609
Ca26H1809

Ci15H1005

C16H1205

C16H1605

C16H1605

Tetrahydrobostrycin

4-deoxybostrycin

Bostrycin

Aspergiolide A
Aspergiolide B

Emodin

Physcion

Asperflavin

Isoasperflavin

Antibacterial, antimalarial, anti-
mycobacterial, and cytotoxic
activities
Antibacterial, anti-mycobacterial,

and cytotoxic activities

Antibacterial, antimalarial, and

cytotoxic activities

Cytotoxic activity

Cytotoxic activity

Antibacterial, antifungal, anti-
HCV protease, anti-
mycobacterial, and cytotoxic

activities

Antifungal, antioxidant, and

cytotoxic activities

Antioxidant activity

Displayed no cytotoxic activity

33

Sea anemone-derived fungus Nigrospora sp, sea
fan-derived fungi Fusarium sp. PSU-F14, and

marine-derived fungus Aspergillus sp.
Sea anemone-derived fungus Nigrospora sp.

Sea anemone-derived fungus Nigrospora sp.,
marine-derived fungus Aspergillus sp., and sea
fan-derived fungi Fusarium sp. PSU-F14
Marine-derived fungus A. glaucus
Marine-derived fungus A. glaucus
Sea fan-derived fungus P. citrinum PSU-F51,
marine-derived fungi T. aureoviride PSU-F95,
Trichoderma sp., A. glaucus, and halotolerant A.
variecolor, marine lichen-derived fungus
Gliocladium sp. T31, sea urchin-derived fungus
Monodictys sp., marine mangrove fungus
Paecilomyces sp., and marine-derived
endophytic fungus Eu. rubrum
Marine-derived fungi Microsporum sp., A.
glaucus, and halotolerant A. variecolor, and
marine algae-derived fungus A. wentii EN-48
Marine-derived fungus A. glaucus and marine
algae-derived endophytic fungus Eu. Cristatum
EN-220

Marine-derived fungus A. glaucus

[30,31,34,3
8]

[30,35,37]

[30,31,34,3
7]

[39,40]
[39]

[32,39,41—

49,51,55]

[39,50-53]

[39,54,93]

[39]


https://pubchem.ncbi.nlm.nih.gov/#query=C16H16O5

17

18

19

20

21

22

23

24

25

C16H1205

C15H1006

C16H1206

Ca20H18010

Ca2H2608

Ca1H2408

Ca1H2408

Ca2H42013

CaoH3g013

Questin

Catenarin

Rubrocristin

(+)-Variecolorquinone A

Physcion-10,10'-bianthrone

(trans)-Emodin-physcion
bianthrone
(cis)-Emodin-physcion
bianthrone
6,6’-oxybis(1,3,8-
trinydroxy-2-((S)-1-
methoxyhexyl)anthracene-
9,10-
dione)
6,6’-oxybis(1,3,8-
trihydroxy-2-((S)-1-
hydroxyhexyl) anthracene-
9,10-dione)

Antioxidant activity

Antibacterial activity

Displayed no antibacterial activity

Cytotoxic activity

Was not evaluated for any

relevant bioactivity

Cytotoxic activity

Cytotoxic activity

Antibacterial and cytotoxic

activities

Antibacterial activity

34

Marine-derived fungi A. glaucus and
halotolerant A. variecolor, and mangrove-
derived fungus P. citrinum HL-5126
Marine-derived fungi A. glaucus, Eu. Rubrum,
and halotolerant A. variecolor
Marine-derived fungi A. glaucus, Eu. Rubrum,
and halotolerant A. variecolor
Marine-derived fungi A. glaucus and
halotolerant A. variecolor, and marine algae-
derived endophytic fungus Eu. cristatum EN-
220

Marine-derived fungus A. glaucus

Marine-derived fungus A. glaucus

Marine-derived fungus A. glaucus

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor

[39,51,54,7
6]

[39,51,55,9
5]
[39,51,55,9
5]

[39,51,93]

[39]

[39]

[39]

[56]

[56]



26

27

28

29

30

31

32

33

34

35

Ca0H2007

Ca1H2207

C20H1806

C22H2407

C20H1607

C21H1807

C22H2007

C1gH1207

C1gH1208

C20oH1807

Averantin

1’-O-methylaverantin

Averythrin

6,8-di-O-methylaverantin

Averufin

6-0-methylaverufin

6,8-di-O-methylaverufin

Versicolorin B

1'-hydroxyversicolorin B

Averufanin

Antibacterial, antioxidant, and

cytotoxic activities

Antibacterial, antioxidant, and

cytotoxic activities

Antioxidant and cytotoxic
activities

Antibacterial activity

Antibacterial, antioxidant,

antiviral, and cytotoxic activities

Displayed no antimicrobial

activity
Displayed no anti-
neuroinflammatory activity
Antioxidant activity

Antioxidant and cytotoxic
activities

Antioxidant activity and

inhibitory activity of acyl-CoA:

cholesterol

acyltransferase

35

Marine-derived fungi A. versicolor and P.
purpurogenum G59
Marine-derived fungi A. versicolor and P.
purpurogenum G59, and the mangrove
endophytic fungus (ZSUH-36)
Marine-derived fungi A. versicolor and
Aspergillus sp. SCSIO F063
Marine-derived fungus A. versicolor EN-7
Marine-derived fungi A. versicolor and A. niger
(MF-16), mangrove endophytic fungi ZSUH-36
and (isolate 1850), and mangrove-derived

endophytic fungus A. nidulans MA-143
Marine-derived fungus A. versicolor EN-7

Marine-derived fungi Aspergillus sp. SF-6796
and A. versicolor EN-7, and the mangrove
endophytic fungus (ZSUH-36)
Marine-derived fungus A. versicolor and
mangrove endophytic fungus ZSUH-36

Marine-derived fungus A. versicolor
Marine-derived fungus A. versicolor and

mangrove-derived endophytic fungus A.
nidulans MA-143

[56,57,59,6
0,110]

[56,57,59,6
0,108]

[56,58,59]

[61]

[59,60,62,6
3,108,111]

[61]

[61,64,108
]

[59]

[59,66]

[59,67]



36

37

38
39

40

41

42

43

44

45

46

47

Ci19H1607

Ca20H1608

Ca2H2008
C18H160s

Ca0H2008

C16H1205

C1gH1606

C20H1607

C20H1407

C16H1206

C17H1406

Ci15H1003

Noraverufanin

Nidurufin

6,8-di-O-methylnidurufin

Versiconol

6,8-di-O-methyl versiconol

1-methyl emodin
Isorhodoptilometrin-1-
methy| ether
Aversin

6,8-di-O-methylversicolorin
A

Evariquinone

7-hydroxyemodin 6,8-
methy| ether
1-hydroxy-2-methyl

anthraquinone

Anti-HIV activity

Antibacterial, antioxidant,

antiviral, and cytotoxic activities

Antibacterial activity

Cytotoxic activity

Antibacterial activity

Anti-HCV protease and cytotoxic

activities

Antibacterial and cytotoxic
activities
Displayed no antimicrobial
activity
Displayed no antimicrobial
activity
Was not evaluated for any
relevant bioactivity
Was not evaluated for any

relevant bioactivity

Anti-mosquito activity

36

Sponge-associated
fungi Microsphaeropsis sp. and
A. versicolor SCSIO 41016
Marine-derived fungi A. versicolor, A. niger
(MF-16), and P. purpurogenum G59, and
marine-derived mangrove endophytic fungus
(isolate 1850)

Marine-derived fungus A. versicolor EN-7
Marine-derived fungus A. versicolor
Mangrove endophytic fungus (ZSUH-36) and
marine-derived fungus A. versicolor EN-7
Mangrove endophytic fungi Halorosellinia sp.
(No. 1403) and Guignardia sp. (No. 4382), and

Red Sea endophytic fungus A. versicolor
Red Sea endophytic fungus A. versicolor

Mangrove endophytic fungus (ZSUH-36) and

marine-derived fungus A. versicolor EN-7

Marine-derived fungus A. versicolor EN-7

Red Sea endophytic fungus A. versicolor

Red Sea endophytic fungus A. versicolor

Marine-derived fungus A. versicolor

[65,104]

[57,59,60,6

2,111]

[61]
[60]

[61,112]

[32,68]

[68]

[61,112]

[61]

[68]

[68]

[47,69]



48

49

50

51

52

53

54

55

56

57

58

C17H1405

Ci5H1002

C16H1005

C14HgO4

Ci5H1004

Ci15H1005

C16H1205

C16H1207

Ci15H1005

C17H1405

C16H1205

2-(dimethoxy methyl)-1-
hydroxy-9,10-anthraquinone

Tectoquinone

Damnacanthal

Xanthopurpurin

Rubiadin

6-hydroxyrubiadin

Rubianthraquinone

Wentiquinone C

Alatinone

5-hydroxy-1,3-dimethoxy-7-

methyl anthraquinone

1,5-dihydroxy-3-
methoxy-7-methyl

anthraquinone

Antibacterial activity

Was not evaluated for any
relevant bioactivity
Antibacterial and anti-mosquito
activities
Antibacterial and anti-platelets
aggregation activities
Inhibitory activity on formation of
advanced glycation end products
Inhibitory effects on the release of
B-hexosaminidase and inhibitory
activity on phosphatase of
regenerating liver-3
Anti-inflammatory activity

Displayed no antioxidant activity

Was not evaluated for any

relevant bioactivity

Was not evaluated for any

relevant bioactivity

Was not evaluated for any

relevant bioactivity

37

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor

Marine-derived fungus A. versicolor
Marine algae-derived fungus A. wentii EN-48
Marine-derived endophytic fungus A. wentii pt-
1

Marine-derived endophytic fungus A. wentii pt-
1

Marine-derived endophytic fungus A. wentii pt-
1

[47]

[47]

[47,69]

[47,70]

[47,71]

[47,72]

[47,113]

[50]

[73]

[73]

[73]



59

60

61

62

63

64

65

66

67

Ci15H1206

C16H1406

C19H1609

C16H1206

C16H1206

C16H1206

C1gH1207

C1gH1207

C20H1807

Eurotinone

2-O-methyleurotinone

(25)-2,3-dihydroxypropyl
1,6,8-trihydroxy-3-methyl-
9,10-diox0-9,10-dihydro-2-

anthracenecarboxylate

Questinol

Fallacinol

Erythroglaucin

Versicolorin C

Isoversicolorin C

Norsolorinic acid

Antioxidant activity and kinase
insert domain receptor inhibitory

activity

Antioxidant activity

Was not evaluated for any

relevant bioactivity

Anti-inflammatory and anti-

obesity activities

Displayed no significant anti-

obesity activity

Displayed no antibacterial activity

Antibacterial activity

Antibacterial activity

Was not evaluated for any

relevant bioactivity

38

Marine-derived halotolerant fungus A.

variecolor

Marine mangrove-derived endophytic fungus
Eu. rubrum and marine-derived halotolerant

fungus A. variecolor

Marine-derived halotolerant fungus A.

variecolor

Marine-derived halotolerant fungus A.
variecolor and marine-derived fungi Eu.
amstelodami and Talaromyces stipitatus KUFA
0207
Marine-derived halotolerant fungus A.
variecolor and marine algae-derived fungus
Talaromyces stipitatus KUFA 0207
Marine-derived halotolerant fungus A.
variecolor
Marine-derived mangrove endophytic fungus
(isolate 1850) and mangrove-derived
endophytic fungus A. nidulans MA-143
Mangrove-derived endophytic fungus A.
nidulans MA-143
Mangrove-derived endophytic fungus A.
nidulans MA-143

[51,114]

[51,54]

[51]

[51,74,75]

[51,74]

[51,55]

[63,111]

[63]

[63]



68

69

70

71

72

73

74

75

76

77

78

79

80

C21H2207

C22H2407

C24H2807

C20H1oCIO7

C21H2:CIOy

C21H2:CIO;

C22H23ClOy

C24H27CIOy

C20H17ClOs

C21H19ClOs

C21H21ClOg

C22H23Broy

Ca3H2607

(1'S) 6-O-methylaverantin

(1'S) 6,1"-0, O-

dimethylaverantin

Averantin-1'-butyl ether

(1'S)-7-chloroaverantin

(1'S) 6-O-methyl-7-
chloroaverantin
(1'S) 1’-O-methyl-7-
chloroaverantin
(1'S) 6,1'- O, O-dimethyl-7-
chloroaverantin
(1'S) 7-chloroaverantin-1'-

butyl ether
7-chloroaverythrin

6-0-methyl-7-
chloroaverythrin
(1'S) 6-O-methyl-7-
bromoaverantin
(1'S) 6,1'-O, O-dimethyl-7-

bromoaverantin

6,8,1’-tri-O-methylaverantin

Displayed no cytotoxic activity

Displayed no cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Displayed no cytotoxic activity

Cytotoxic activity

Displayed no cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Displayed no cytotoxic activity

Anti-inflammatory activity

39

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp.

F063

Marine-derived fungus Aspergillus sp. SF-6796

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

and mangrove endophytic fungus ZSUH-36

[58]

[58]

[58]

[58]

[58]

[58]

[58]

[58]

[58]

[58]

[58]

[58]

[64,108]



81

82

83

84

85

86

87

88

89

CaH24010

CasH24011

Ci15H1004

Ci15H1006

C18H13CIO7

Ci15H1009S

Ci15H1008S

Ci15H1005

C21H19NOs

Penicillanthranin A

Penicillanthranin B

Chrysophanol

®-hydroxyemodin

2'-acetoxy-7-

chlorocitreorosein

Citreorosein-3-O-sulphate

Emodin-3-O-sulphate

Aloe-emodin

Emodacidamide A

Antibacterial and cytotoxic
activities

Displayed no cytotoxic activity

Anti-acetylcholinesterase,
antibacterial, and cytotoxic

activities

Antibacterial, anti-mycobacterial,
anti-obesity, and cytotoxic

activities

Antibacterial activity

Was not evaluated for any
relevant bioactivity
Was not evaluated for any
relevant bioactivity
Antibacterial and antimalarial

activities

Immunomodulatory activity

40

Sea fan-derived fungus P. citrinum PSU-F51

Sea fan-derived fungus P. citrinum PSU-F51
Sea fan-derived fungus P. citrinum PSU-F51,
marine-derived fungi T. aureoviride PSU-F95
and Trichoderma sp., mangrove endophytic
fungi Halorosellinia sp. (No. 1403) and
Guignardia sp. (No. 4382), sea urchin-derived
fungus Monodictys sp., and marine mangrove
fungus Paecilomyces sp.
Sea fan-derived fungus P. citrinum PSU-F51,
mangrove-derived fungus P. citrinum HL-5126,
marine-derived fungi T. aureoviride PSU-F95,
and Talaromyces stipitatus KUFA 0207, and
marine lichen-derived fungus Gliocladium sp.
T31

Mangrove-derived fungus P. citrinum HL-5126

Marine-derived fungus P. oxalicum 2HL-M-6

Marine-derived fungus P. oxalicum 2HL-M-6

Marine-derived fungus P. oxalicum 2HL-M-6

Marine-derived fungus Penicillium sp. SCSIO
sof101

[41]

[41]

[32,41-
43,45,92]

[41,42,44,4
9,74,76]

[76]

[77]

[77]

[77-79]

(80]



90

91

92

93

94

95

96

97

98

99

C20H17NOs

C20H16CINOg

C22H21NOs

C21H19NOs

C21H1sCINOg

C21H18CINOs

C18H13NOs

C1sHgO7

C15HoCIOs

C16H1608

Emodacidamide B

Emodacidamide C

Emodacidamide D

Emodacidamide E

Emodacidamide F

Emodacidamide G

Emodacidamide H

Emodic acid
2-chloro-1,3,8 trihydroxy-6
(hydroxymethyl)anthracene-

9,10 dione

Altersolanol A

Immunomodulatory activity

Immunomaodulatory activity

Immunomodulatory activity

Immunomodulatory activity

Immunomodulatory activity

Immunomodulatory activity

Immunomodulatory activity

Inhibitory activity on tyrosine

kinase proteins

Immunomodulatory activity
Antibacterial and cytotoxic

activities, as well as protein

kinase inhibitory activity

41

Marine-derived fungus Penicillium sp.

sof101

Marine-derived fungus Penicillium sp.

sof101

Marine-derived fungus Penicillium sp.

sof101

Marine-derived fungus Penicillium sp.

sof101

Marine-derived fungus Penicillium sp.

sof101

Marine-derived fungus Penicillium sp.

sof101

Marine-derived fungus Penicillium sp.

sof101

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

SCSIO

Marine-derived endophytic fungus Eu. rubrum

and marine-derived fungus Penicillium sp.

SCSIO sof101

Marine-derived fungus Penicillium sp. SCSIO

sof101

Mangrove-derived fungus Stemphylium sp.

33231 and coral-associated fungus Stemphylium

lycopersici

(80]

(80]

(80]

(80]

(80]

(80]

(80]

[46,80,81]

(80]

[82,83,86]



100

101

102

103

104

105

Ci16H1807

C16H1606

C16H2006

C1gH1807

Ci16H1607

C16H2007

Dihydroaltersolanol A

Altersolanol B

Tetrahydroaltersolanol B

2-O-acetylaltersolanol B

Altersolanol C

Altersolanol L

Displayed no antibacterial or

cytotoxic activity

Antibacterial, anticoagulant, anti-
mycobacterial, and cytotoxic

activities

Antibacterial and antifungal

activities

Antibacterial activity

Antibacterial activity

Antifungal and cytotoxic

activities

42

Mangrove-derived fungus Stemphylium sp.
33231, deep-sea-derived fungus Alternaria
tenuissima DFFSCS013, and soft coral-derived
Alternaria sp. ZJ-2008003
Mangrove-derived fungus Stemphylium sp.
33231, mangrove endophytic fungus Alternaria
sp. ZJ9-6B, coral-associated fungus
Stemphylium lycopersici and Alternaria sp. ZJ-
2008003, deep sea-derived fungus Alternaria
tenuissima DFFSCS013 and marine-derived
fungus Sporendonema casei HDN16-802
Mangrove-derived fungi Phomopsis sp.
PSU-MA214, Stemphylium sp. 33231, and
Phoma sp. L28, mangrove endophytic fungus
Alternaria sp. ZJ9-6B, and soft coral-derived
Alternaria sp. ZJ-2008003
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231 and soft coral-derived Alternaria sp. ZJ-
2008003
Mangrove-derived fungi Stemphylium sp. 33231
and Phoma sp. L28, and deep-sea derived
fungus Alternaria tenuissima DFFSCS013 and
soft coral-derived Alternaria sp. ZJ-2008003

[82,84,91]

[82-
84,90,91,9
9]

[82,84,85,9
0,103]

[82]

[82,84]

[82,84,85,9
1,115]



106

107

108

109

110

111

112

113

C1gH2208

C16H2008

C16H1205

C16H1208S

C24H24011

Ci16H1609

Ca2H26013

Ca2H26013

2-O-acetylaltersolanol L

Ampelanol

Macrosporin

Macrosporin-7-O-sulphate

Macrosporin 2-O-(6'-

acetyl)-a-D-glucopyranoside

Auxarthrol C

Alterporriol A

Alterporriol B

Displayed no antibacterial or

cytotoxic activity

Cytotoxic activity

Antibacterial, antifungal, and
cytotoxic activities as well as

protein kinases’ inhibitory activity

Cytotoxic activity

Brine shrimp lethality

Antibacterial activity

Displayed no antibacterial or

cytotoxic activity

Antibacterial activity

43

Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungi Phomopsis sp.
PSU-MAZ214, Stemphylium sp. 33231, and
Phoma sp. L28, coral-associated fungus
Stemphylium lycopersici and Alternaria sp. ZJ-
2008003 and, deep-sea derived fungus
Alternaria tenuissima DFFSCS013
Mangrove-derived fungi Phomopsis sp.
PSU-MAZ214, Stemphylium sp. 33231,
Alternaria sp. ZJ9-6B and Phoma sp. L28 and
coral-associated fungus Stemphylium lycopersici
and Alternaria sp. ZJ-2008003
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231 and coral-associated fungus Stemphylium
lycopersici
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231

(82]

[82-
86,91,103]

[82-
86,90,103,
115]

[82,86]

[82]

[82,83]

[82]

[82]



114

115

116

117

118

119

120

121

122

123

124

Ca2H2:010

Ca2H30016

Ca2H22010

Ca2H26013

Ca2H22010

Ca2H22010

C32H30013

Ca2H30012

Ca2H22010

Ca2H26012

Ca2H26012

Alterporriol C

Alterporriol D

Alterporriol E

Alterporriol N

Alterporriol Q

Alterporriol R

Alterporriol T

Alterporriol U

Alterporriol V

Alterporriol W

Alterporriol F

Antibacterial and antiviral

activities

Antibacterial and cytotoxic
activities
Antibacterial and cytotoxic

activities
Antibacterial and anti-
inflammatory activities
Antiviral activity

Displayed no antiviral,

antibacterial or cytotoxic activity

Displayed no antibacterial activity

Antibacterial activity

Antibacterial activity

Displayed no antibacterial or
cytotoxic activity
Anti-inflammatory and cytotoxic

activities

44

Mangrove-derived fungus Stemphylium sp.
33231 and soft coral-derived Alternaria sp. ZJ-
2008003
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231
Marine-derived fungus Stemphylium sp. FJJ006
and mangrove-derived
fungus Stemphylium sp. 33231
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231
Mangrove-derived fungus Stemphylium sp.
33231

Marine-derived fungus Stemphylium sp. FJJ006

[82,84]

[82,86]

[82,86]

[82,87,89]

[82,84]

[82,84]

[82]

[82]

(82]

[82]

[87,88]



125

126
127

128

129

130

131

132

133

134

135

136

137

Ca2H26013

Cs2H26013
Cs2H26013

Ca3H28013

C2H2:010

Ca2H30012

Cs2H26011

Ca2H26012

Ca2H26012

Ca2H30014

Ca2H26012

C16H2006

C16H2006

Alterporriol G

Alterporriol Z1
Alterporriol Z2

Alterporriol Z3

Macrosporin 2-O-a-D-

glucopyranoside

Alterporriol Y

Alterporriol K

Alterporriol L

Alterporriol M

Alterporriol O

Alterporriol P

Tetrahydroaltersolanol C

Tetrahydroaltersolanol D

Antibacterial, anti-inflammatory,

and cytotoxic activities as well as

protein Kinase inhibitory activity
Anti-inflammatory activity
Anti-inflammatory activity
Displayed no antibacterial or

cytotoxic activity

Displayed no cytotoxic activity

Displayed no cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Was not evaluated for any
relevant bioactivity
Displayed no antibacterial,
antiviral, or cytotoxic activity

Cytotoxic activity

Antiviral activity

Displayed no antibacterial,

antiviral, or cytotoxic activity

45

Marine-derived fungus Stemphylium sp. FJJ006

Marine-derived fungus Stemphylium sp. FJJ006
Marine-derived fungus Stemphylium sp. FJJ006

Marine-derived fungus Stemphylium sp. FJJ006

Coral associated fungus Stemphylium
lycopersici
Coral associated fungus Stemphylium
lycopersici
Mangrove endophytic fungus Alternaria sp.
Z2J9-6B
Mangrove endophytic fungus Alternaria sp.
Z2]9-6B
Mangrove endophytic fungus Alternaria sp.
Z2]9-6B

Soft coral derived Alternaria sp. ZJ-2008003

Soft coral derived Alternaria sp. ZJ-2008003
Mangrove-derived fungus Phomopsis sp.
PSU-MAZ214 and soft coral-derived fungus
Alternaria sp. ZJ-2008003

Soft coral derived Alternaria sp. ZJ-2008003

[87,89,115
1

(87]
(87]

(87]

(83]

(83]

[90]

[90]

[90]

(84]

(84]

[84,103]

(84]



138

139

140

141

142

143

144

145

146

C16H2006

C18H2207

CasH2301¢

C16H1206

C16H1605

Ci5H1605

Ci15H1605

Ci15H1004

C15H1005

Tetrahydroaltersolanol E

Tetrahydroaltersolanol F

Anthrininone A

6-0O-methylalaternin

(3R)-1-
deoxyaustrocortilutein

Harzianumnone A

Harzianumnone B

Phomarin

w-hydroxydigitoemodin

Displayed no antibacterial,
antiviral, or cytotoxic activity
Displayed no antibacterial,
antiviral, or cytotoxic activity
Inhibitory activity on protein
tyrosine
phosphatases and stimulatory
effect on intracellular calcium
levels

Inhibitory activity on protein
tyrosine
phosphatases

Displayed no stimulation of
intracellular calcium level
Displayed no anti-
acetylcholinesterase or DNA
Topo | inhibitory activities
Displayed no anti-
acetylcholinesterase or DNA

Topo | inhibitory activities

Anti-acetylcholinesterase activity

Anti-acetylcholinesterase activity

46

Soft coral derived Alternaria sp. ZJ-2008003

Soft coral derived Alternaria sp. ZJ-2008003

Deep-sea derived fungus Alternaria tenuissima
DFFSCS013

Deep-sea derived fungus Alternaria tenuissima
DFFSCS013

Deep-sea derived fungus Alternaria tenuissima
DFFSCS013

Coral-derived fungus T. harzianum XS-
20090075

Coral-derived fungus T. harzianum XS-
20090075

Coral-derived fungus T. harzianum XS-
20090075

Coral-derived fungus T. harzianum XS-
20090075

(84]

(84]

[91]

[91]

[91]

[92]

[92]

[92]

[92]



Marine-derived fungus T. aureoviride PSU-F95

] Anti-acetylcholinesterase and and mangrove endophytic fungi Halorosellinia  [32,33,42,4
147 Ci5H1003 Pachybasin ) o i )
cytotoxic activities sp. (No. 1403) and Guignardia sp. (No. 4382), 3,92]
and sea urchin-derived fungus Monodictys sp.
Anti-acetylcholinesterase, Coral-derived fungus T. harzianum XS-
) ) ) antibacterial, and cytotoxic 20090075, marine lichen-derived fungus
148 C17H1406 (+)-2’S-isorhodoptilometrin o . ) . . [42,44,92]
activities, as well as DNA Topo | Gliocladium sp. T31, and marine-derived
inhibitory activity fungus T. aureoviride PSU-F95
Antibacterial, and cytotoxic Marine-derived fungus T. aureoviride PSU-F95
149 Ci5H1004 w-hydroxypachybasin activities, as well as DNA Topo | and coral-derived fungus T. harzianum XS- [42,92]
inhibitory activity 20090075
150 Ci5H1405 Coniothranthraquinone 1 Antibacterial activity Marine-derived fungus T. aureoviride PSU-F95 [42]
151 Ci5H1406 Trichodermaquinone Antibacterial activity Marine-derived fungus T. aureoviride PSU-F95 [42]
2-methylquinizarin Was not evaluated for any ] . o
152 C15H1004 o Marine-derived fungus T. aureoviride PSU-F95 [42]
relevant bioactivity
1-hydroxy-3- Was not evaluated for any . . .
153 C15H1004 ] o Marine-derived fungus T. aureoviride PSU-F95 [42]
methoxyanthraquinone relevant bioactivity
) ) o ) Marine-derived fungus Trichoderma sp. and
) ) Antibacterial and antiangiogenetic ) ) )
154 Ci5H1605 Coniothyrinone A o saline-alkali plant endophytic fungus Eu. [48,95]
activities
rubrum
) Antibacterial and antiangiogenetic ) ) )
155 Ci15H1406 Lentisone o Marine-derived fungus Trichoderma sp. [48]
activities
Antibacterial and cytotoxic ) ) )
156 C15H1205 9-dehydroxyeurotinone Marine-derived endophytic fungus Eu. rubrum [46]

activities

47


https://pubchem.ncbi.nlm.nih.gov/#query=C15H14O6

157

158

159

160

161

162

163

164

165
166
167
168

C16H1405

C21H2209

C21H2009

Ca3H32010

C21H20010

C21H2409

Ci15H1405

C16H1606

Ci16H2007
Ci16H1806
Ci16H2008
Ci16H2007

2-O-methyl-9-

dehydroxyeurotinone

2-O-methyl-
4-O-(a-D-ribofuranosyl)-9-

dehydroxyeurotinone

3-O-(a-D-ribofuranosyl)-

questin

Eurorubrin

3-O-(a-D-

ribofuranosyl)questinol

Asperflavin ribofuranoside

Rubrumol

Nigrosporin A

Fusaranthraquinone
Fusaquinon A
Fusaquinon B

Fusaquinon C

Antioxidant activity

Antioxidant activity

Antibacterial and antioxidant

activities

Antibacterial and antioxidant
activities as well as brine shrimp
lethality
Displayed no antibacterial activity

or brine shrimp lethality

Antibacterial and antioxidant

activities

Relaxation activity on Topo |
enzyme
Antibacterial, cytotoxic, and
phytotoxic activities
Displayed no antibacterial activity
Cytotoxic activity
Cytotoxic activity

Cytotoxic activity

48

Marine-derived endophytic fungus Eu. rubrum
and marine mangrove-derived endophytic

fungus Eu. rubrum

Marine mangrove-derived endophytic fungus

Eu. rubrum

Marine mangrove-derived endophytic fungus
Eu. rubrum and marine algae-derived
endophytic fungus Eu. cristatum EN-220
Marine mangrove-derived endophytic fungus
Eu. rubrum and marine algae-derived
endophytic fungus Eu. cristatum EN-220
Marine algae-derived endophytic fungus Eu.
cristatum EN-220
Marine algae-derived endophytic fungus Eu.
cristatum EN-220 and marine-derived
algicolous fungus Microsporum sp.
Saline-alkali plant endophytic fungus Eu.

rubrum
Sea fan-derived fungus Fusarium sp. PSU-F14

Sea fan-derived fungus Fusarium sp. PSU-F14
Marine-derived fungus Fusarium sp. ZH-210
Marine-derived fungus Fusarium sp. ZH-210

Marine-derived fungus Fusarium sp. ZH-210

[46,54]

[54]

[54,93]

[54,93]

[93]

[93,94]

[95]

[31,36]

[31]
[96,97]
[96]
[96]



169

170

171

172

173

174

175

176

177

178

179

180

C21H2005

C17H1207

Ca3H23012

Ca3H23012

Ca3H23012

Ca3H23012

Ca3H30013

Ca3H30013

Ca3H23012

Ci16H1607

C16H1808

C16H2009

6,8-dimethoxy-1-methyl-2-
(3-oxobutyl)anthracene-
9,10-dione
5-acetyl-2-methoxy-1,4,6-

trihydroxy-anthraquinone

Engyodontochone A

JBIR-99

Engyodontochone B

Engyodontochone C

Engyodontochone F

Engyodontochone E

Engyodontochone D

4-dehydroxyaltersolanol A

Auxarthrol D

Auxarthrol E

Cytotoxic activity

Was not evaluated for any
relevant bioactivity
Antibacterial, antifungal, and
cytotoxic activities
Antibacterial, antifungal, and
cytotoxic activities
Antibacterial, antifungal, and
cytotoxic activities
Antibacterial and cytotoxic
activities
Antibacterial and antifungal
activities
Antibacterial activity
Was not evaluated for any
relevant bioactivity
Antibacterial and anticoagulant
activities
Antibacterial, anticoagulant, and

cytotoxic activities

Anticoagulant activity

49

Mangrove endophytic fungus Fusarium sp.
ZZF60

Marine endophytic fungus Fusarium sp. b77

Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Engyodontium album
strain LF069
Marine-derived fungus Sporendonema casei
HDN16-802
Marine-derived fungus Sporendonema casei
HDN16-802
Marine-derived fungus Sporendonema casei
HDN16-802

[98]

[116]

[23]

[23]

[23]

[23]

[23]

[23]

[23]

[99]

[99]

[99]



181

182

183

184

185

186

187

188

189

190

Ci6H200s Auxarthrol F
C16H17ClOg Auxarthrol G
Ci16H150s Auxarthrol H
1,3-dimethoxy-6-
C17H1404 methylanthracene-9,10-
dione
Ci5H1004 Demethoxyaustrocortirubin
C14HgO4 Dantron
1,3-dihydroxy-6-methoxy-8-
C16H1205 methylanthracene-9,10-
dione
1-hydroxy-2,4-dimethoxy-7-
C17H1405 methylanthracene-9,10-
dione
8-hydroxy-1-methoxy-3-
C16H1204 )
methyl-9,10-anthraquinone
1,7-dihydroxy-2,4-
dimethoxy-6-
C17H1406

methylanthracene-9,10-

dione

Antibacterial, anticoagulant, and
cytotoxic activities
Antibacterial, anticoagulant, and
antifungal activities
Anticoagulant activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

Cytotoxic activity

50

Marine-derived fungus Sporendonema casei
HDN16-802
Marine-derived fungus Sporendonema casei
HDN16-802
Marine-derived fungus Sporendonema casei
HDN16-802

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.

No. 1403 and Guignardia sp. No. 4382

[99]

[99]

[99]

[32]

[32,33]

[32]

[32]

[32]

[32]

[32]


https://pubchem.ncbi.nlm.nih.gov/#query=C17H14O4

191

192

193

194

195

196

197

198

199
200

201

202

203

C14HgOs

C16H1206

C16H1608

C18H2006

Ci16H1204

C16H1207

C17H1407

C17H140g

Ci15H1006
CaoH22012

C14HgOs

C3oH18010

C17H1405

1,3,8-
trihydroxyanthraquinone
1,4,7-trihydroxy-2-methoxy-
6-methyl-9,10-

anthraquinone

SZ-685C

Phomopsanthraquinone

1-hydroxy-3-methoxy-6-

methyl anthraquinone
Tetrahydroxyanthraquinone

Methoxyl-
tetrahydroxyanthraquinone
1,2,3,6,8-pentahydroxy-7-
[(1R)-1-methoxyethyl]-9,10-
anthraquinone
Lunatin

Cytoskyrin A
Rheoemodin

2, 2'-bis-(7-methyl-1,4,5-
trihydroxy-anthracene-9,10-
dione)

7-methoxymacrosporin

Cytotoxic activity

Displayed no cytotoxic activity

Cytotoxic activity

Antibacterial and cytotoxic
activities
Displayed no antibacterial or
cytotoxic activity
Protein kinases’ inhibitory
activity
Protein kinases’ inhibitory

activity

Protein kinases’ inhibitory

activity

Antibacterial activity
Antibacterial activity
Displayed no significant anti-

obesity activity

Was not evaluated for any

relevant activity

Antifungal activity
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Mangrove endophytic fungi Halorosellinia sp.
No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungi Halorosellinia sp.
No. 1403 and Guignardia sp. No. 4382

Mangrove endophytic fungus Halorosellinia sp.
No. 1403

Mangrove-derived fungus Phomopsis sp. PSU-
MA214

Mangrove-derived fungus Phomopsis sp. PSU-
MA214

Sponge-associated fungus Microsphaeropsis sp.

Sponge-associated fungus Microsphaeropsis sp.

Sponge-associated fungus Microsphaeropsis sp.

Sponge-derived fungus Curvularia lunata
Sponge-derived fungus Curvularia lunata
Marine sponge-associated fungus Talaromyces
stipitatus KUFA 0207

Marine sponge-associated fungus Talaromyces
stipitatus KUFA 0207

Mangrove-derived fungus Phoma sp. L28

[32]

[32]

[100-102]

[103]

[103]

[104]

[104]

[104]

[105]
[105]

[74]

[74]

[85]



204

205

206

207

208

C21H2005

C16H1205

C16H1206

C17H1207

C22H2207

7-(v:y)-
dimethylallyloxymacrospori
n
Monodictyquinone
A
1,3,6-trihydroxy-7-(1-
hydroxyethyl) anthracene-
9,10-dione

Phaseolorin |

6,8-di-O-methyl averufanin

Antifungal activity
Antibacterial and antifungal
activities
Inhibitory activity against
a-glycosidase
Displayed no cytotoxic activity

Antifungal and phytotoxic
activities, as well as brine shrimp
lethality
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Mangrove-derived fungus Phoma sp. L28

Sea urchin-derived fungus Monodictys sp.

Mangrove-derived fungus Cladosporium sp.
HNWSW-1

Deep-sea sediment-derived fungus Diaporthe

phaseolorum FS431

Mangrove endophytic fungus ZSUH-36

(85]

[43]

[106]

[107]

[108,109]



Conclusions and future prospective

The marine phoma is representing the most, the greatest and most diverse ecological structure
on the planet. Over seven decades, marine natural products (MNPs) have owned credits and
been privileged as a robust and sustainable supplier for pharmacologically active compounds
that meet a huge interest in pharmaceutical and economical applications. Marine-derived fungi
are valuable sources of structurally diverse MNPs due to their various habitats that range from
the warm to the colder areas, and even at extreme temperature and pressure like in hydrothermal
outlets. One of the fascinating classes of fungal derived natural products is the anthraquinones.
Herein, we presented a comprehensive literature review centered on marine-derived
anthraquinones as a unique group of fungal polyketides over the period 2000-2020 from twenty
marine fungal genera. A list of 208 anthraquinones that have been reported from different
marine fungi that feature a myriad of structural and biological diversities. Investigating such
chemo-biological data has implied two remarkable points. First, it was clear that the marine
fungi of the three genera Aspergillus sp., Stemphylium sp., and Penicillium sp., are the most
creative fungal genera in terms of producing anthraquinones. Secondly, the most investigated
bioactivity was cytotoxicity, where a notable number of seventy-two compounds have been
evaluated for their cytotoxic activity against planes of carcinoma cell lines, whilst the
anthraquinones with antibacterial activity were the second on the list with sixty-nine
compounds demonstrated bioactivity against a wide range of microorganisms. Meanwhile, an
enormous spectrum of further biomedical potentialities exhibited by these compounds as
(antioxidant, antiviral, antifungal, immunomodulatory, anti-inflammatory, ....... etc.) have
been documented. Such a massive connection between chemical spaces and bioactivities
highlights the huge capacity of marine-derived fungi as an attractive biological source that is
worth further exploitations with distinguished anticipations for the global pharmaceuticals
industries. Additionally, recent advances on the level of sampling techniques, fermentation,
synthetic biology, genetic engineering, genome mining, and total chemical synthesis, all are

crucial to the success of fungal MNPs as future drug leads (Figures 14 and 15).

53



73 Total Marine Anthraquinones

EC T B S C I P gaQ' KL ac,Q‘ T - ) 3’6_ R R K

RO N G G BRI A MR\ A °

g\\\ *\\‘) ) \\\\\) o'a‘ 0\,\\) 67"6\ e’\\\o 0‘6 ’b*\\) 900 (\"\\) 00{0 o ‘\0& 6\“0 o 6\0\ 1:9 NG ‘\\) 0'5'
& (‘\Q‘\ e“\o @ e\* & & © (»9 ‘\q‘(o oéo (\60 '(\6\ Q & PO Q"g & o\rﬁ
LA S RO LS U ¢ & K ¢ ¥

Figure 14: Distribution and total anthraquinones and their derivatives isolated from different
species of marine-derived fungi.
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Figure 15: Total biological activities of various anthraquinones and their derivatives isolated

from different species of marine-derived fungi.

54



References

1.

10.

11.

Newman DJ, Cragg GM. 2016 Natural Products as Sources of New Drugs from 1981
to 2014. J. Nat. Prod. 79, 629-661. (doi:10.1021/acs.jnatprod.5b01055)

Atanasov AG et al. 2015 Discovery and resupply of pharmacologically active plant-
derived natural products: A review. Biotechnol. Adv. 33, 1582-1614.

Ghareeb MA, Tammam MA, El-Demerdash A, Atanasov AG. 2020 Insights about
clinically approved and Preclinically investigated marine natural products. Curr. Res.
Biotechnol. 2, 88-102.

El-Demerdash A, Kumla D, Kijjoa A. 2020 Chemical diversity and biological
activities of meroterpenoids from marine derived-fungi: A comprehensive update.
Mar. Drugs 18, 1-32. (doi:10.3390/md18060317)

Sebak M, Saafan AE, AbdelGhani S, Bakeer W, EI-Gendy AO, Espriu LC, Duncan K,
Edrada-Ebel R. 2019 Bioassay- And metabolomics-guided screening of bioactive soil
actinomycetes from the ancient city of Ihnasia, Egypt. PLoS One 14, 1-29.
(doi:10.1371/journal.pone.0226959)

Osama N, Bakeer W, Raslan M, Soliman HA, Abdelmohsen UR, Sebak M. 2022 Anti-
cancer and antimicrobial potential of five soil Streptomycetes: a metabolomics-based
study. R. Soc. Open Sci. 9, 211509.

Sun W, Wu W, Liu X, Zaleta-Pinet DA, Clark BR. 2019 Bioactive compounds isolated
from marine-derived microbes in China: 2009-2018. Mar. Drugs 17, 339.

Carroll AR, Copp BR, Davis RA, Keyzers RA, Prinsep MR. 2019 Marine natural
products. Nat. Prod. Rep. 36, 122-173.

Shinde P, Banerjee P, Mandhare A. 2019 Marine natural products as source of new
drugs: A patent review (2015-2018). Expert Opin. Ther. Pat. 29, 283-309.

Macintyre L et al. 2014 Metabolomic tools for secondary metabolite discovery from
marine microbial symbionts. Mar. Drugs 12, 3416-3448. (doi:10.3390/md12063416)

Van Andel L, Rosing H, Schellens JHM, Beijnen JH. 2018 Review of
chromatographic bioanalytical assays for the quantitative determination of marine-

derived drugs for cancer treatment. Mar. Drugs 16, 246.

55



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Cragg GM, Newman DJ. 2013 Natural products: A continuing source of novel drug
leads. Biochim. Biophys. Acta - Gen. Subj. 1830, 3670-3695.
(doi:10.1016/j.bbagen.2013.02.008)

Blunt JW, Copp BR, Keyzers RA, Munro MHG, Prinsep MR. 2015 Marine natural
products. Nat. Prod. Rep. 32, 116-211. (doi:10.1039/c4np00144c)

Montaser R, Luesch H. 2011 Marine natural products: a new wave of drugs? Future
Med. Chem. 3, 1475-1489. (doi:10.4155/fmc.11.118)

Damare SR. 2006 Deep-sea fungi: occurrence and adaptations.

Fouillaud M, Venkatachalam M, Girard-Valenciennes E, Caro Y, Dufossé L. 2016
Anthraquinones and derivatives from marine-derived fungi: Structural diversity and
selected biological activities. Mar. Drugs 14. (doi:10.3390/md14040064)

Deshmukh SK, Prakash V, Ranjan N. 2018 Marine fungi: A source of potential
anticancer compounds. Front. Microbiol. 8, 1-24. (doi:10.3389/fmich.2017.02536)

Shin HJ. 2020 Natural products from marine fungi. Mar. Drugs. 18, 230.

Montagne C. 1846 Ordo I. Phyceae. Durieu Maisonneuve, MC, Explor. Sci. 'Algerie
pendant les annees 1840, 1841, 1842... Sci. Phys. Bot. Cryptogam.

Amend A et al. 2019 Fungi in the Marine Environment: Open Questions and Unsolved
Problems. MBio 10. (doi:10.1128/mBi0.01189-18)

Butler MS, Robertson AAB, Cooper MA. 2014 Natural product and natural product
derived drugs in clinical trials. Nat. Prod. Rep. 31, 1612-1661.
(doi:10.1039/c4np00064a)

Wu B, Chen G, Liu Z, Pei Y. 2015 Two new alkaloids from a marine-derived fungus
Neosartorya fischeri. Rec. Nat. Prod. 9, 271.

Wu B, Wiese J, Wenzel-Storjohann A, Malien S, Schmaljohann R, Imhoff JF. 2016
Engyodontochones, Antibiotic Polyketides from the Marine Fungus Engyodontium
album Strain LF069. Chem. - A Eur. J. 22, 7452—-7462. (do0i:10.1002/chem.201600430)

Hanson JR. 2003 Natural products: the secondary metabolites. Royal Society of
Chemistry.

Ebel R. 2010 Natural product diversity from marine fungi. In Comprehensive Natural

56



26.

27.

28.

29.

30.

31.

32.

33.

34.

Products 11: Chemistry and Biology, pp. 223-262. Elsevier Ltd.

Gessler NN, Egorova AS, Belozerskaya TA. 2013 Fungal anthraquinones. Appl.
Biochem. Microbiol. 49, 85-99.

El-Demerdash A. 2018 Chemical diversity and biological activities of Phaeosphaeria

fungi genus: a systematic review. J. Fungi 4, 130.

El-Demerdash A, Genta-Jouve G, Béarenstrauch M, Kunz C, Baudouin E, Prado S.
2019 Highly oxygenated isoprenylated cyclohexanoids from the fungus
Parastagonospora nodorum SN15. Phytochemistry 166, 112056.

Xu WF, Hou XM, Yang KL, Cao F, Yang RY, Wang CY, Shao CL. 2016
Nigrodiquinone a, a hydroanthraquinone dimer containing a rare C-9-C-7’ linkage
from a zoanthid-derived Nigrospora sp. fungus. Mar. Drugs 14, 51.
(d0i:10.3390/md14030051)

Yang KL et al. 2012 Antibacterial anthraquinone derivatives from a sea anemone-
derived fungus Nigrospora sp. J. Nat. Prod. 75, 935-941. (doi:10.1021/np300103w)

Trisuwan K, Khamthong N, Rukachaisirikul V, Phongpaichit S, Preedanon S,
Sakayaroj J. 2010 Anthraquinone, cyclopentanone, and naphthoquinone derivatives
from the sea fan-derived fungi Fusarium spp. PSU-F14 and PSU-F135. J. Nat. Prod.
73, 1507-1511. (doi:10.1021/np100282K)

Zhang JY et al. 2010 Anthracenedione derivatives as anticancer agents isolated from
secondary metabolites of the mangrove endophytic fungi. Mar. Drugs 8, 1469-1481.
(d0i:10.3390/md8041469)

Xia XK, Huang HR, She ZG, Shao CL, Liu F, Cai XL, Vrijmoed LLP, Lin YC. 2007
1H and13C NMR assignments for five anthraquinones from the mangrove endophytic
fungus Halorosellinia sp. (No. 1403). Magn. Reson. Chem. 45, 1006—-1009.
(doi:10.1002/mrc.2078)

Xu J, Nakazawa T, Ukai K, Kobayashi H, Mangindaan REP, Wewengkang DS,
Rotinsulu H, Namikoshi M. 2008 Tetrahydrobostrycin and 1-
deoxytetrahydrobostrycin, two new hexahydroanthrone derivatives, from a marine-
derived fungus Aspergillus sp. J. Antibiot. (Tokyo). 61, 415-419.
(doi:10.1038/ja.2008.57)

57



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wang C et al. 2013 Anti-mycobacterial activity of marine fungus-derived 4-
deoxybostrycin and nigrosporin. Molecules 18, 1728-1740.
(doi:10.3390/molecules18021728)

Tanaka M, Fukushima T, Tsujino Y, Fujimori T. 1997 Nigrosporins A and B, new
phytotoxic and antibacterial metabolites produced by a fungus Nigrospora oryzae.
Biosci. Biotechnol. Biochem. 61, 1848-1852.

Xia X et al. 2011 Two new derivatives of griseofulvin from the mangrove endophytic
fungus nigrospora sp(Strain N0.1403) from Kandelia candel (L.) Druce. Planta Med.
77, 1735-1738. (doi:10.1055/s-0030-1271040)

Sommart U, Rukachaisirikul V, Sukpondma Y, Phongpaichit S, Sakayaroj J, Kirtikara
K. 2008 Hydronaphthalenones and a dihydroramulosin from the endophytic fungus
PSU-N24. Chem. Pharm. Bull. 56, 1687—-1690. (doi:10.1248/cpb.56.1687)

DulL, Zhu T, Liu H, Fang Y, Zhu W, Gu Q. 2008 Cytotoxic polyketides from a
marine-derived fungus Aspergillus glaucus. J. Nat. Prod. 71, 1837-1842.
(d0i:10.1021/np800303t)

Dul, Zhu T, Fang Y, Liu H, Gu Q, Zhu W. 2007 Aspergiolide A, a novel
anthraquinone derivative with naphtho[1,2,3-de]chromene-2,7-dione skeleton isolated
from a marine-derived fungus Aspergillus glaucus. Tetrahedron 63, 1085-1088.
(d0i:10.1016/j.tet.2006.11.074)

Khamthong N, Rukachaisirikul V, Phongpaichit S, Preedanon S, Sakayaroj J. 2012
Bioactive polyketides from the sea fan-derived fungus Penicillium citrinum PSU-F51.
Tetrahedron 68, 8245-8250. (doi:10.1016/j.tet.2012.07.060)

Khamthong N, Rukachaisirikul V, Tadpetch K, Kaewpet M, Phongpaichit S,
Preedanon S, Sakayaroj J. 2012 Tetrahydroanthraquinone and xanthone derivatives
from the marine-derived fungus Trichoderma aureoviride PSU-F95. Arch. Pharm. Res.
35, 461-468. (doi:10.1007/s12272-012-0309-2)

El-Beih AA, Kawabata T, Koimaru K, Ohta T, Tsukamoto S. 2007 Monodictyquinone
A: A new antimicrobial anthraquinone from a sea urchin-derived fungus Monodictys
sp. Chem. Pharm. Bull. 55, 1097-1098. (doi:10.1248/cpb.55.1097)

Ren H, Tian L, Gu Q, Zhu W. 2006 Secalonic acid D; A cytotoxic constituent from

58



45.

46.

47.

48.

49,

50.

51.

52.

53.

marine lichen-derived fungus Gliocladium sp. T31. Arch. Pharm. Res. 29, 59-63.
(d0i:10.1007/BF02977469)

Wen L, Lin YC, She ZG, Du DS, Chan WL, Zheng ZH. 2008 Paeciloxanthone, a new
cytotoxic xanthone from the marine mangrove fungus Paecilomyces sp. (Treel-7). J.
Asian Nat. Prod. Res. 10, 133-137. (d0i:10.1080/10286020701273783)

Yan HJ, Li XM, Li CS, Wang BG. 2012 Alkaloid and anthraquinone derivatives
produced by the marine-derived endophytic fungus Eurotium rubrum. Helv. Chim.
Acta 95, 163-168. (d0i:10.1002/hlca.201100255)

Wang W, Chen R, Luo Z, Wang W, Chen J. 2018 Antimicrobial activity and
molecular docking studies of a novel anthraquinone from a marine-derived fungus
Aspergillus versicolor. Nat. Prod. Res. 32, 558-563.
(d0i:10.1080/14786419.2017.1329732)

Qi J, Zhao P, Zhao L, Jia A, Liu C, Zhang L, Xia X. 2020 Anthraquinone Derivatives
from a Sea Cucumber-Derived Trichoderma sp. Fungus with Antibacterial Activities.
Chem. Nat. Compd. 56, 112-114. (doi:10.1007/s10600-020-02956-w)

Isaka M, Chinthanom P, Veeranondha S, Supothina S, Jennifer Luangsa-ard J. 2008
Novel cyclopropyl diketones and 14-membered macrolides from the soil fungus
Hamigera avellanea BCC 17816. Tetrahedron 64, 11028-11033.
(doi:10.1016/j.tet.2008.09.077)

Li X, Li XM, Xu GM, Li CS, Wang BG. 2014 Antioxidant metabolites from marine
alga-derived fungus Aspergillus wentii EN-48. Phytochem. Lett. 7, 120-123.
(d0i:10.1016/j.phytol.2013.11.008)

Wang W, Zhu T, Tao H, Lu Z, Fang Y, Gu Q, Zhu W. 2007 Two new cytotoxic
quinone type compounds from the halotolerant fungus Aspergillus variecolor. J.
Antibiot. (Tokyo). 60, 603-607. (doi:10.1038/ja.2007.77)

Wijesekara I, Zhang C, Van Ta Q, Vo TS, Li YX, Kim SK. 2014 Physcion from
marine-derived fungus Microsporum sp. induces apoptosis in human cervical
carcinoma HeLa cells. Microbiol. Res. 169, 255-261.
(doi:10.1016/j.micres.2013.09.001)

Agarwal SK, Singh SS, Verma S, Kumar S. 2000 Antifungal activity of anthraquinone

59



54,

55.

56.

S7.

58.

59.

60.

61.

62.

derivatives from Rheum emodi. J. Ethnopharmacol. 72, 43-46. (doi:10.1016/S0378-
8741(00)00195-1)

Li DL, Li XM, Wang BG. 2009 Natural anthraquinone derivatives from a marine
mangrove plant-derived endophytic fungus Eurotium rubrum: Structural elucidation
and DPPH radical scavenging activity. J. Microbiol. Biotechnol. 19, 675-680.
(doi:10.4014/jmb.0805.342)

Anke H, Kolthoum I, Laatsch H. 1980 Metabolic products of microorganisms. 192.
The anthraquinones of the Aspergillus glaucus group. 1. Biological activity. Arch.
Microbiol. 126, 231-236. (doi:10.1007/BF00409925)

Li JL et al. 2019 Antibacterial anthraquinone dimers from marine derived fungus
Aspergillus sp. Fitoterapia 133, 1-4. (doi:10.1016/j.fitote.2018.11.015)

Wu CJ, Li CW, Cui C Bin. 2014 Seven new and two known lipopeptides as well as
five known polyketides: The activated production of silent metabolites in a marine-
derived fungus by chemical mutagenesis strategy using diethyl sulphate. Mar. Drugs
12, 1815-1838. (doi:10.3390/md12041815)

Huang H, Wang F, Luo M, Chen Y, Song Y, Zhang W, Zhang S, Ju J. 2012
Halogenated anthraquinones from the marine-derived fungus Aspergillus sp. SCSIO
F063. J. Nat. Prod. 75, 1346-1352. (doi:10.1021/np3002699)

WU ZH, LIU D, XU Y, CHEN JL, LIN WH. 2018 Antioxidant xanthones and
anthraquinones isolated from a marine-derived fungus Aspergillus versicolor. Chin. J.
Nat. Med. 16, 219-224. (doi:10.1016/S1875-5364(18)30050-5)

Lee YM, Li H, Hong J, Cho HY, Bae KS, Kim MA, Kim DK, Jung JH. 2010
Bioactive metabolites from the sponge-derived fungus Aspergillus versicolor. Arch.
Pharm. Res. 33, 231-235. (doi:10.1007/s12272-010-0207-4)

Zhang Y, Li XM, Wang BG. 2012 Anthraquinone derivatives produced by marine-
derived fungus aspergillus versicolor EN-7. Biosci. Biotechnol. Biochem. 76, 1774—
1776. (doi:10.1271/bbb.120047)

Wu ZJ, Ouyang MA, Su RK, Kuo YH. 2008 Two new cerebrosides and anthraquinone
derivatives from the marine fungus Aspergillus niger. Chinese J. Chem. 26, 759-764.
(doi:10.1002/cjoc.200890142)

60



63.

64.

65.

66.

67.

68.

69.

70.

71.

Yang SQ, Li XM, Xu GM, Li X, An CY, Wang BG. 2018 Antibacterial anthraquinone
derivatives isolated from a mangrove-derived endophytic fungus Aspergillus nidulans
by ethanol stress strategy. J. Antibiot. (Tokyo). 71, 778-784. (doi:10.1038/s41429-018-
0063-x)

Kim KW, Kim HJ, Sohn JH, Yim JH, Kim YC, Oh H. 2018 Anti-neuroinflammatory
effect of 6,8,1'-tri-O-methylaverantin, a metabolite from a marine-derived fungal strain
Aspergillus sp., via upregulation of heme oxygenase-1 in lipopolysaccharide-activated
microglia. Neurochem. Int. 113, 8-22. (doi:10.1016/j.neuint.2017.11.010)

Luo XW, Lu HM, Chen XQ, Zhou XF, Gao CH, Liu YH. 2020 Secondary Metabolites
and their Biological Activities from the Sponge Derived Fungus Aspergillus
versicolor. Chem. Nat. Compd. 56, 716-719. (doi:10.1007/s10600-020-03128-6)

Asai A et al. 1999 UCT1072s, new antitumor antibiotics with topoisomerase Il
mediated DNA cleavage activity, from Aspergillus sp. J. Antibiot. (Tokyo). 52, 1046—
1049. (doi:10.7164/antibiotics.52.1046)

Sakai K, Ohte S, Ohshiro T, Matsuda D, Masuma R, Rudel LL, Tomoda H. 2008
Selective inhibition of acyl-CoA:cholesterol acyltransferase 2 isozyme by flavasperone
and sterigmatocystin from Aspergillus species. J. Antibiot. (Tokyo). 61, 568-572.
(doi:10.1038/ja.2008.76)

Hawas UW, El-Beih AA, El-Halawany AM. 2012 Bioactive anthraquinones from
endophytic fungus aspergillus versicolor isolated from red sea algae. Arch. Pharm.
Res. 35, 1749-1756. (doi:10.1007/s12272-012-1006-X)

Ee GCL, Wen YP, Sukari MA, Go R, Lee HL. 2009 A new anthraquinone from
Morinda citrifolia roots. Nat. Prod. Res. 23, 1322—-1329.
(doi:10.1080/14786410902753138)

Chung M-I, Jou S-J, Cheng T-H, Lin C-N, Ko F-N, Teng C-M. 1994 Antiplatelet
constituents of formosan Rubia akane. J. Nat. Prod. 57, 313-316.

Yoo NH, Jang DS, Lee YM, Jeong IH, Cho J-H, Kim J-H, Kim JS. 2010
Anthraquinones from the roots of Knoxia valerianoides inhibit the formation of
advanced glycation end products and rat lens aldose reductase in vitro. Arch. Pharm.
Res. 33, 209-214.

61



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Moon MK, Han Y-M, Lee Y-J, Lee LH, Yang JH, Kwon B-M, Kim DK. 2010
Inhibitory activities of anthraquinones from Rubia akane on phosphatase regenerating
liver-3. Arch. Pharm. Res. 33, 1747-1751.

Sun RR, Miao FP, Zhang J, Wang G, Yin XL, Ji NY. 2013 Three new xanthone
derivatives from an algicolous isolate of Aspergillus wentii. Magn. Reson. Chem. 51,
65-68. (d0i:10.1002/mrc.3903)

Noinart J et al. 2017 A new ergosterol analog, a new bis-anthraquinone and anti-
obesity activity of anthraquinones from the marine sponge-associated fungus
Talaromyces stipitatus KUFA 0207. Mar. Drugs 15. (doi:10.3390/md15050139)

Yang X, Kang MC, Li Y, Kim EA, Kang SM, Jeon YJ. 2014 Anti-inflammatory
activity of questinol isolated from marine-derived fungus Eurotium amstelodami in
lipopolysaccharide-stimulated RAW 264.7 macrophages. J. Microbiol. Biotechnol. 24,
1346-1353. (doi:10.4014/jmb.1405.05035)

He KY, Zhang C, Duan YR, Huang GL, Yang CY, Lu XR, Zheng CJ, Chen GY. 2017
New chlorinated xanthone and anthraquinone produced by a mangrove-derived fungus
Penicillium citrinum HL-5126. J. Antibiot. (Tokyo). 70, 823-827.
(d0i:10.1038/ja.2017.52)

Wang P Le, Li DY, Xie LR, Wu X, Hua HM, Li ZL. 2014 Two new compounds from
a marine-derived fungus Penicillium oxalicum. Nat. Prod. Res. 28, 290-293.
(doi:10.1080/14786419.2013.856906)

Kumar S, Yadav M, Yadav A, Rohilla P, Yadav JP. 2017 Antiplasmodial potential and
quantification of aloin and aloe-emodin in Aloe vera collected from different climatic
regions of. , 1-10. (doi:10.1186/s12906-017-1883-0)

Coopoosamy RM, Magwa ML.. 2006 Antibacterial activity of aloe emodin and aloin A
isolated from Aloe excelsa. 5, 1092-1094.

Luo M, Cui Z, Huang H, Song X, Sun A, Dang Y, Lu L, JuJ. 2017 Amino Acid
Conjugated Anthraquinones from the Marine-Derived Fungus Penicillium sp. SCSIO
sof101. J. Nat. Prod. 80, 1668-1673. (doi:10.1021/acs.jnatprod.7b00269)

Alvi KA, Nair B, Gallo C, Baker D. 1997 Screening of microbial extracts for tyrosine
kinase inhibitors. J. Antibiot. (Tokyo). 50, 264—266. (doi:10.7164/antibiotics.50.264)

62



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Zhou XM, Zheng CJ, Chen GY, Song XP, Han CR, Li GN, Fu YH, Chen WH, Niu
ZG. 2014 Bioactive anthraguinone derivatives from the mangrove-derived fungus
stemphylium sp. 33231. J. Nat. Prod. 77, 2021-2028. (doi:10.1021/np500340y)

Li J, Zheng YB, Kurtan T, Liu MX, Tang H, Zhuang CL, Zhang W. 2020
Anthraquinone derivatives from a coral associated fungus Stemphylium lycopersici.
Nat. Prod. Res. 34, 2116-2123. (d0i:10.1080/14786419.2019.1576041)

Zheng CJ et al. 2012 Bioactive hydroanthraquinones and anthraquinone dimers from a
soft coral-derived Alternaria sp. fungus. J. Nat. Prod. 75, 189-197.
(d0i:10.1021/np200766d)

Huang S, Xu J, Li F, Zhou D, Xu L, Li C. 2017 Identification and Antifungal Activity
of Metabolites from the Mangrove Fungus Phoma sp. L28. Chem. Nat. Compd. 53,
237-240. (doi:10.1007/s10600-017-1961-7)

Aly AH, Edrada-Ebel RA, Wray V, Miller WEG, Kozytska S, Hentschel U, Proksch
P, Ebel R. 2008 Bioactive metabolites from the endophytic fungus Ampelomyces sp.
isolated from the medicinal plant Urospermum picroides. Phytochemistry 69, 1716—
1725. (doi:10.1016/j.phytochem.2008.02.013)

Hwang J-Y, Park SC, Byun WS, Oh D-C, Lee SK, Oh K-B, Shin J. 2020 Bioactive
Bianthraquinones and Meroterpenoids from a Marine-Derived Stemphylium sp.
Fungus. Mar. Drugs 18, 436.

Phuwapraisirisan P, Rangsan J, Siripong P, Tip-Pyang S. 2009 New antitumour fungal
metabolites from Alternaria porri. Nat. Prod. Res. 23, 1063-1071.
(doi:10.1080/14786410802265415)

Debbab A, Aly AH, Edrada-Ebel R, Wray V, Pretsch A, Pescitelli G, Kurtan T,
Proksch P. 2012 New anthracene derivatives - Structure elucidation and antimicrobial
activity. European J. Org. Chem. , 1351-1359. (doi:10.1002/ejoc.201101442)

Huang CH, Pan JH, Chen B, Yu M, Huang HB, Zhu X, Lu YJ, She ZG, Lin YC. 2011
Three bianthraquinone derivatives from the mangrove endophytic fungus Alternaria
sp. ZJ9-6B from the South China Sea. Mar. Drugs 9, 832-843.
(d0i:10.3390/md9050832)

Pan D, Zhang X, Zheng H, Zheng Z, Nong X, Liang X, Ma X, Qi S. 2019 Novel

63



92.

93.

94,

95.

96.

97.

98.

99.

anthraquinone derivatives as inhibitors of protein tyrosine phosphatases and
indoleamine 2,3-dioxygenase 1 from the deep-sea derived fungus: Alternaria
tenuissima DFFSCS013. Org. Chem. Front. 6, 3252—-3258. (doi:10.1039/c9qo00775j)

Shi T, Hou XM, Li ZY, Cao F, Zhang YH, Yu JY, Zhao DL, Shao CL, Wang CY.
2018 Harzianumnones A and B: Two hydroxyanthraquinones from the coral-derived
fungus: Trichoderma harzianum. RSC Adv. 8, 27596-27601. (doi:10.1039/c8ra048659)

Du FY, Li XM, Song JY, Li CS, Wang BG. 2014 Anthraguinone derivatives and an
orsellinic acid ester from the marine alga-derived endophytic fungus eurotium
cristatum EN-220. Helv. Chim. Acta 97, 973-978. (doi:10.1002/hlca.201300358)

LiY, Li X, Lee U, Jung SK, Hong DC, Byeng WS. 2006 A new radical scavenging
anthracene glycoside, asperflavin ribofuranoside, and polyketides from a marine
isolate of the fungus Microsporum. Chem. Pharm. Bull. 54, 882—883.
(doi:10.1248/cph.54.882)

Zhang Y, Jia A, Chen H, Wang M, Ding G, Sun L, Li L, Dai M. 2017 Anthraquinones
from the saline-alkali plant endophytic fungus Eurotium rubrum. J. Antibiot. (Tokyo).
70, 1138-1141. (doi:10.1038/ja.2017.121)

ChenY, Cai X, Pan J, Gao J, Li J, Yuan J, Fu L, She Z, Lin Y. 2009 Structure
elucidation and NMR assignments for three anthraquinone derivatives from the marine
fungus Fusarium sp. (No. ZH-210). Magn. Reson. Chem. 47, 362-365.
(doi:10.1002/mrc.2391)

Kornsakulkarn J, Choowong W, Rachtawee P, Boonyuen N, Kongthong S, Isaka M,
Thongpanchang C. 2018 Bioactive hydroanthraguinones from endophytic fungus
Nigrospora sp. BCC 47789. Phytochem. Lett. 24, 46-50.

Zhong-Jinga H, Run-Yunb Y, Zhi-Yongb GUO, Zhi-Gangb SHE, Yong-Chengb LIN.
2010 New Anthragquinone Derivative Produced by Cultivation of Mangrove
Endophytic Fungus Fusarium sp. ZZF60 from the South China Sea. Chinese J. Appl.
Chem. , 5.

Ge X et al. 2019 Anthraquinone derivatives from a marine-derived fungus
Sporendonema casei hdn16-802. Mar. Drugs 17, 1-11. (doi:10.3390/md17060334)

100. Wang X et al. 2015 The marine metabolite SZ-685C induces apoptosis in primary

64



human nonfunctioning pituitary adenoma cells by inhibition of the Akt pathway in
vitro. Mar. Drugs 13, 1569-1580. (doi:10.3390/md13031569)

101. Zhu X et al. 2012 A marine anthraquinone SZ-685C overrides adriamycin-resistance
in breast cancer cells through suppressing akt signaling. Mar. Drugs 10, 694-711.
(d0i:10.3390/md10040694)

102. Chen C et al. 2013 A Novel Marine Drug, SZ-685C, Induces Apoptosis of MMQ
Pituitary Tumor Cells by Downregulating miR—200c. Curr. Med. Chem. 20, 2145-
2154,

103. Kilaiklay S, Rukachaisirikul V, Phongpaichit S, Pakawatchai C, Saithong S, Buatong J,
Preedanon S, Sakayaroj J. 2012 Anthraquinone derivatives from the mangrove-derived
fungus Phomopsis sp. PSU-MA214. Phytochem. Lett. 5, 738-742.
(doi:10.1016/j.phytol.2012.08.003)

104. Brauers G et al. 2000 Anthraguinones and betaenone derivatives from the sponge-
associated fungus Microsphaeropsis species: Novel inhibitors of protein kinases. J.
Nat. Prod. 63, 739—745. (d0i:10.1021/np9905259)

105. Jadulco R, Brauers G, Edrada RA, Ebel R, Wray V, Sudarsono, Proksch P. 2002 New
metabolites from sponge-derived fungi Curvularia lunata and cladosporium herbarum.
J. Nat. Prod. 65, 730-733. (doi:10.1021/np010390i)

106. Wang P et al. 2019 Two new succinimide derivatives cladosporitins A and B from the
mangrove-derived fungus cladosporium sp. HNWSW-1. Mar. Drugs 17, 1-9.
(d0i:10.3390/md17010004)

107. Niu Z, Chen Y, Guo H, Li SN, Li HH, Liu HX, Liu Z, Zhang W. 2019 Cytotoxic
polyketides from a deep-sea sediment derived fungus diaporthe phaseolorum FS431.
Molecules 24, 1-9. (doi:10.3390/molecules24173062)

108. Shao C, Wang C, Wei M, Li S, She Z, Gu Y, Lin Y. 2008 Structural and spectral
assignments of six anthraquinone derivatives from the mangrove fungus (ZSUH-36).
Magn. Reson. Chem. 46, 886-889. (doi:10.1002/mrc.2266)

109. LiH, WeiJ, Pan SY, Gao JM, Tian JM. 2014 Antifungal, phytotoxic and toxic
metabolites produced by Penicillium purpurogenum. Nat. Prod. Res. 28, 2358-2361.
(doi:10.1080/14786419.2014.940586)

65



110.

111.

112.

113.

114.

115.

116.

Maskey RP, Griin-Wollny I, Laatsch H. 2003 Isolation, stucture elucidation and
biological activity of 8-O-methylaverufin and 1,8-O-dimethylaverantin as new
antifungal agents from Penicillium chrysogenum. J. Antibiot. (Tokyo). 56, 459-463.
(doi:10.7164/antibiotics.56.459)

Zhu F, Chen G, Chen X, Yuan Y, Huang M, Xiang W, Sun H. 2008 Structural
elucidation of three anthraquinones from a marine-derived mangrove endophytic
fungus (isolate 1850). Biomed. Eng. Informatics New Dev. Futur. - Proc. 1st Int. Conf.
Biomed. Eng. Informatics, BMEI 2008 1, 664-667. (doi:10.1109/BMEI.2008.71)

Shao C, She Z, Guo Z, Peng H, Cai X, Zhou S, Gu Y, Lin Y. 2007 1H and 13C NMR
assignments for two anthraquinones and two xanthones from the mangrove fungus
(ZSUH-36). Magn. Reson. Chem. 45, 434-438.

Tao J, Morikawa T, Ando S, Matsuda H, Yoshikawa M. 2003 Bioactive constituents
from Chinese natural medicines. XI. inhibitors on NO production and degranulation in
RBL-2H3 from Rubia yunnanensis: structures of rubianosides II, 111, and 1V, rubianol-
g, and rubianthraquinone. Chem. Pharm. Bull. 51, 654-662.

Eder C, Kogler H, Toti L. 2003 Preparation of eurotinone, a KDR kinase inhibitor
from Eurotium echinulatum (DSM 13872). WO 2003002549

Debbab A et al. 2009 Bioactive metabolites from the endophytic fungus Stemphylium
globuliferum isolated from Mentha pulegium. J. Nat. Prod. 72, 626-631.
(d0i:10.1021/np8004997)

Shao C, Wang C, Zheng C, She Z, Gu Y, Lin Y. 2010 A new anthraquinone derivative
from the marine endophytic fungus Fusarium sp. (No. b77). Nat. Prod. Res. 24, 81-85.
(doi:10.1080/14786410902836701)

66



