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Mangrove communities represent the coastal habitats located in intertidal zones or
brackish waters of tropical and subtropical coastal areas in over 118 countries [1]. Typical
mangrove ecosystems including highly saline or brackish water, high solar irradiation,
and tidal gradients, inducing mangrove residents to evolve biodiversity for environmental
adaptations. Mangrove plants and the associated microorganisms encode unique biosyn-
thetic genes which have the potential to generate chemical diversity and novelty with
promising pharmaceutical applications. In recent decades, numerous metabolites with
uncommon structures and efficacious bioactivities have been discovered from mangrove
hosts and their associated microorganisms.

The emergence of drug-resistance and rising pathogen mutations attenuates the po-
tency of current antimicrobial drugs. Thus, mining structurally novel and pharmacolog-
ically potent natural products from mangrove ecosystems has attracted a great deal of
attention from chemists and pharmacologists. Additionally, a broad range of chemical
structures with unique scaffolds imply that their biogenesis involves novel functional genes
and corresponding enzymes with unique catalytic functions.

This Special Issue “Bio-Active Products from Mangrove Ecosystems” (https://www.
mdpi.com/journal/marinedrugs/special_issues/mangrove_ecosystems, accessed on 3
March 2022) contains ten peer-reviewed articles, including three comprehensive reviews
and seven research papers on different topics related to new approaches and informa-
tion on bioactive compounds with privileged scaffolds, such as polyketides, alkaloids
and terpenoids, derived from mangrove fungi with potential for anticancer, antimicrobial,
antioxidant, antidiabetic, and immunosuppressive activities, and elucidation of ecologi-
cal defense functions. Herein, we introduce a brief overview of the main achievements
contributed by each study.

A review by Wu et al. [2] introduces unusual secondary metabolites from mangrove
ecosystems, reporting 134 metabolites, which are classified into two major families in
terms of the biological sources and 15 subfamilies according to the chemical structures,
covering the period from 2010 to 2022. The structures, biological activities, biosynthesis,
and total chemical syntheses of some unique compounds are included. A majority of
these compounds are produced by mangrove-associated microorganisms, and more than
70% were isolated from endophyte fungi, indicating a remarkable chemical diversity of
the microbial community. In addition, these compounds display diverse and remarkable
biological activities and are frequently reported as antimicrobial and cytotoxic compounds.
Structurally diverse secondary metabolites play a crucial role in the discovery of new
natural products with interesting pharmacophores. Secondary metabolites featuring new
scaffolds, unique ring systems, or unusual functional groups might merit the attention of
chemists and biologists and could be a source of fresh pharmacophores with biological
activity for the creation of drugs based on natural products.
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Mar. Drugs 2023, 21, 239

The second review by Sulaiman et al. [3] provides a comprehensive review of antibac-
terial, antifungal, and antiviral natural products from the mangrove plants in Asia and the
Pacific reported from 1968 to 2022. Among the 286 plant species, 119 exhibited antimicrobial
effects, and a total of 114 antimicrobial natural products have been identified including
12 with MIC values below 1 μg/mL. A vast array of antimicrobial secondary metabolites
that could be further examined for development of anti-infectives to mitigate infectious
diseases such as the White Spot Syndrome Virus infection in aquaculture is described. In
parallel, the use and promotion of mangrove plants in aquacultures are beneficial as the
rise in the global population which requires a huge supply shrimps, prawns, crabs, and
fish globally necessitates the preservation of mangroves.

Small molecules with different mechanisms of fibrinolysis action are desired for new
antithrombotics and thrombolytics. Hang et al. [4] list a series of bioactive staplabin con-
geners which not only possess fibrinolytic activity but also exhibit various effects, such as
anti-inflammatory, neuroprotective, and anti-cancer properties. The authors focused on the
diverse biological activities of SMTP-7 (compound 1, also known as FGFC1), an isoindolone
alkaloid from the marine fungi Starchbotrys longispora FG216 and Stachybotrys microspora
IFO 30018, that possesses diverse bioactivities such as thrombolytic, anti-inflammatory, and
anti-oxidative properties and selective anti-cancer activity. These properties make SMTP-7
an attractive option for the development of drugs for the treatment of various diseases,
including cerebral infarction, stroke, ischemia/reperfusion damage, acute kidney injury,
non-small cell lung cancer, and especially for cerebral infarction. The recent progress in
structure–function relationships, preparation methods, identification of diverse biological
activities and mechanism of SMTP-7 and its congeners is summarized, thereby illustrating
its high therapeutic potential.

Cai et al. [5] reported 6 novel isocoumarins, namely talaromarins A-F, along with
17 known analogues from the mangrove-derived fungus Talaromyces flavus TGGP35. Their
structures were elucidated by extensive analysis of spectroscopic data, modified Mosher’s
method, and ECD spectra. Eleven compounds (including talaromarin F) showed sim-
ilar or better antioxidant activity compared with the positive control trolox, of which
6,8-dihydroxy-3-(2-hydroxypropyl)-7-methyl-1H-isochromen-1-one was the most active
and showed ABTS radical scavenging capacity with an IC50 value of 0.009 mM. More-
over, 5,6-dihydroxy-3-(4-hydroxypentyl)-isochroman-1-one, peniciisocoumarin D, penici-
marin N, and pestalotiorin exhibited strong inhibitory activity against α-glucosidase with
IC50 values ranging from 0.10 to 0.62 mM, while the positive control acarbose showed an
IC50 value of 0.5 mM.

Four previously unreported drimane sesquiterpenoids, named ustusol F, 9-deoxyustusol
F, ustusol G, ustusolate H, in addition to ustusolate I, ustusolate J, and ustusol B, were
isolated and structurally characterized from the fermentation broth of the mangrove-
derived Aspergillus ustus 094102 by Gui et al. [6]. Ustusolate I has two pairs of enantiomers
of the gem diol in the side chain, namely (2E, 4E; 6,7-erythro)-ustusolate I and (2E, 4E;
ent-6,7-erythro)-ustusolate I, and (2E, 4E, 6R, 7R)- ustusolate I and (2E, 4E, 6S, 7S)-ustusolate I,
which were purified using HPLC. The antiproliferative activities of the isolated compounds
were evaluated against 29 human cancer cell lines and a non-cancer cell line, of which
ustusolate I showed an antiproliferative effect against the human tumor cells CAL-62 and
MG-63 with IC50 values of 16.3 and 10.1 μM, respectively.

Wang et al. [7] first systematically evaluated the diversity of cultivable fungi associated
with the medicinal mangrove Acanthus ilicifolius collected from the South China Sea. A
total of 102 fungal strains were isolated from A. ilicifolius and 84 independent culturable
isolates were identified using a combination of morphological characteristics and internal
transcribed spacer (ITS) sequence analyses, of which 37 strains were selected for phyloge-
netic analysis. The identified fungi belonged to 22 genera within seven taxonomic orders
of one phyla, of which four genera Verticillium, Neocosmospora, Valsa, and Pyrenochaeta were
first isolated from mangroves. Thirty-one strains of fungi displayed strong cytotoxicity to
different human cancer cell lines: A-549, HeLa, HepG, and Jurkat. Integrating a cytotoxic
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activity-guided strategy and fingerprint analysis, a well-known natural Golgi-disruptor
and Arf-GEF inhibitor, brefeldin A, was quickly isolated from the active strains.

Feng et al. [8] reported three previously undescribed cytochalasins, namely pho-
moparagins A-C, together with five previously reported analogs from the mangrove-
derived endophytic fungus Phomopsis asparagi DHS-48. Notably, phomoparagin A pos-
sessed an unprecedented 5/6/5/8/5-fused pentacyclic skeleton. These compounds were
tested for their inhibitory activity against concanavalin A (ConA)/lipopolysaccharide
(LPS)-induced spleen lymphocyte proliferation and the calcineurin (CN) enzyme. Pho-
moparagin B, phomopchalasins A and B, as well as cytochalasin H exhibited robust in-
hibitory activities with a relatively low toxicity. Moreover, phomoparagin B was shown to
inhibit ConA-stimulated activation of NFAT1 dephosphorylation and block NFAT1 translo-
cation in vitro, subsequently inhibiting the transcription of interleukin-2 (IL-2), whereas it
directly inhibited calcineurin and did not require a matchmaker protein, such as the clinical
immunosuppressants CsA and FK506.

Epigenetic manipulation was described as an effective method to stimulate gene clus-
ters which are ‘silent’, ‘orphan’, and ‘cryptic’ for enhancing secondary metabolite expression
without altering genes or causing the hereditable manipulation of microorganisms. Feng
et al. [9] conducted an epigenetic manipulation of the aforementioned Phomopsis asparagi
DHS-48 with the histone deacetylase (HDAC) inhibitor sodium butyrate and the DNA
methyltransferase (DNMT) inhibitor 5-azacytidine (5-Aza). Based on the colony growth,
dry biomass, HPLC, and 1H NMR analyses, the fungal chemical profile was significantly
different compared to the control, and an optional modifier (50 μM sodium butyrate) was
selected for the follow up fermentation. Two undescribed compounds, named phaseolorin
J and phomoparagin D, along with three previously reported chromones and previously
described cytochalasins, were isolated from the culture treated with sodium butyrate. Their
structures, including absolute configurations, were elucidated using a combination of
detailed HRESIMS, NMR, and ECD analyses and 13C NMR calculations. Phaseolorin J
and phaseolorin J2 were found to be moderate immunosuppressants, inhibiting the pro-
liferation of ConA (concanavalin A)-induced T and LPS (lipopolysaccharide)-induced B
murine spleen lymphocytes. Additionally, phomoparagin D exhibited significant in vitro
cytotoxicity against the human cancer cell lines Hela and HepG2.

Cai et al. [10] described two previously undescribed chlorinated metabolites,
8-chlorine-5-hydroxy-2,3-dimethyl-7-methoxychromone and 3,4-dichloro-1H-pyrrole-2,5-dione,
together with eight known polyketides from the mangrove sediment-derived fungus
Mollisia sp. SCSIO4140. X-ray single-crystal diffraction allowed the assignment of its
absolute configuration of (4S, 5S, 13R, 14R, 17R, 18R, 21R)-stemphone C for the first time.
3,4-Dichloro-1H-pyrrole-2,5-dione and stemphone C showed different degrees of antimicro-
bial activity against several pathogenic fungi and bacteria, and antiproliferative activities
against two human prostate cancer cell lines, PC-3 and 22Rv1. Furthermore, stemphone
C was found to exhibit antiproliferative activity against two prostate cancer cell lines
(PC-3 and 22Rv1) along with HepG2, WPMY-1, and MC3T3-E1. This compound reduced
PC-3 cell colony formation, inducing apoptosis, and blocked the cell cycle at S-phase in a
dose-dependent manner, revealing its use as a potential antiproliferative agent and a
promising anti-prostate cancer agent.

Red yeast rice (Monascus-fermented rice, also called anka or koji) has been used as
a natural food coloring additive and in traditional Chinese medicine since ancient times
due to its ability to ease digestion and antiseptic effects. A novel strain Monascus purpureus
wmd2424 was isolated from the mangrove in Chiayi Wetland. It was identified by colony
culture morphology, microstructural characteristics, and partial sequence analysis of the
β-tubulin gene fragments by Wu et al. [11]. The authors described the isolation of five
previously unreported compounds, named monascuspurins A–E from the EtOAc extract
of wmd2424 cultured in RGY medium. Of these, monascuspurins C–E exhibited mild
antifungal activity against the tested Aspergillus niger, Penicillium italicum, Candida albicans,
and Saccharomyces cerevisiae.
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We would like to thank all the authors for their contribution to this Special Issue. The
articles on the topic presented in this Special Issue revealed that mangrove ecosystems is
especially attractive due to its abundant microbial communities, such as diverse strains
of endophytic fungi from mangrove vegetation and sediments that produce various sec-
ondary metabolites with unusual skeletons. These compounds usually possess highly
selective and specific biological activities with unique mechanisms of action, offering a
promising prospect of mangrove ecosystems to serve as an unlimited reservoir for lead
discovery and drug development. Biogenetic manipulation to stimulate silent or cryptic
biosynthetic genes offers an effective strategy for mining untapped natural products from
microorganisms. Nevertheless, the biosynthesis of most of the natural products derived
from mangrove-associated microorganisms and their corresponding biosynthetic gene
clusters in the mentioned microbial strains remain elusive.
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Abstract: Mangrove ecosystems are widely distributed in the intertidal zone of tropical and sub-
tropical estuaries or coasts, containing abundant biological communities, for example, mangrove
plants and diverse groups of microorganisms, featuring various bioactive secondary metabolites. We
surveyed the literature from 2010 to 2022, resulting in a collection of 134 secondary metabolites, and
classified them into two major families in terms of the biological sources and 15 subfamilies according
to the chemical structures. To highlight the structural diversity and bioactivities of the mangrove
ecosystem-associated secondary metabolites, we presented the chemical structures, bioactivities,
biosynthesis, and chemical syntheses.

Keywords: mangrove ecosystems; secondary metabolites; novel carbon skeletons

1. Introduction

Identifying lead compounds is one of the biggest challenges in drug discovery. Natural
products (NPs) and their intricate molecular frameworks have a long tradition as valuable
starting points for drug development (for example, artemisinins, taxol, camptothecin, and
penicillins). To date, NPs remain a significant source of new compounds, providing a
wide range of structural diversities with multiple privileged scaffolds for drug discovery
either directly, semi-synthetically, or as a source of inspiration [1–5]. However, discovering
new bioactive NPs is generally time-consuming and laborious. Only a few new NP drug
pharmacophores have been found over the past 20 years, representing critical issues for
NPs-driven lead discovery campaigns.

Mangrove forests are complex ecosystems widely distributed in tropical and sub-
tropical estuaries or coastal intertidal zones. These forests contain diverse biological
communities, including mangrove plants and numerous groups of microorganisms. The
environment of the mangrove system harbors unique traits, for instance, high salinity, low
oxygen, tidal gradients, high temperature, and excessively intense light, resulting in an
active ecosystem with various microorganisms [1–5]. Mangrove-associated microorganisms
have been demonstrated to be a reliable source of bioactive metabolites and have likewise
drawn the attention of NP researchers [6–12]. A large number of structurally unusual and
bioactive NPs have been discovered from the mangrove-associated microorganisms, includ-
ing fungal and bacterial endophytes isolated from the mangrove plants’ leaves, branches,
and roots [13,14]. In addition, Mangrove sediments-derived microbes, a rich reservoir of
NP diversity, could be utilized to explore new drugs [15].

The bioactive NPs solely from the true mangrove and semi-mangrove floras worldwide
have been summarized in several review papers in 2010 [16,17]. However, the investigation
of the mangrove ecosystem is mainly focused on the mangrove-associated microorganism
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but less on the mangrove flora in recent years. Three comprehensive reviews have recently
focused on the NPs from mangrove-associated fungi and mangrove sediments-derived
microbes [6,14,15]. However, to our knowledge, no review has been published on the
secondary metabolites with unusual skeletons from the mangrove ecosystem. They might
merit the attention of chemists and biologists and could be a source of fresh pharmacophores
with biological activity for the creation of drugs based on natural products.

In this review, we focus on the mangrove ecosystem-associated NPs featuring new
carbon scaffolds, unique ring systems, or unusual functional moieties covering from 2010
to 2022. The structures, biological activities, biosynthesis, and total chemical syntheses of
exampled unique compounds were included.

The references were searched using the following keywords as the subject search:
natural products/secondary metabolites, mangrove, via Web of Science, Chemical Ab-
stracts, and PubMed databases covering from 2010 to 2022, resulting in a collection of
134 unusual secondary metabolites. We classified them into two major families in terms of
biological sources.

2. Unusual Natural Products from Mangrove Flora

2.1. Limonoids

Limonoids are natural tetranortriterpenoids containing a four-ring structure with
a 17β-furyl ring mainly distributed in the Meliaceae and Rutaceae families [18]. In the
mangrove flora, they are especially abundant and structurally diversified in the genus
Xylocarpus moluccensis and X. grantum (family Meliaceae). Up to 2021, approximately
2700 limonoids have been identified. Moreover, owing to their widespread distribution and
substantial content in Meliaceae plants, and active biosynthetic pathways, more than 1600,
including 30 types of unique rearrangement skeletons, have been isolated and identified
in the last 10 years [19]. Among them, nearly 233 new limonoids with 14 kinds of novel
skeletons were isolated from mangrove Xylocarpus.

Thaixylomolin A (1), isolated from the seeds of a Thai mangrove Xylocarpus moluc-
censis collected at the Trang province, was obtained similar to the cleavage of C-6/C-7
by Baeyer–Villiger (BV) oxidation [20], and then the oxidized C-6 formed an unusual 6-
oxabicyclo[3.2.1]octan-3-one motif with C-1 [21]. In 2016, the same research group isolated
another analogue from X. moluccensis, thaixylomolin R (2) [22], whose C-8 is decarboxylated
compared with 1 (Figure 1).

 
Figure 1. Structures of compounds 1 and 2.

Xylomexicanin F (3) [23], hainangrantums I and J (4 and 5) [24] (Figure 2) are the
second examples of a limonoid with an unusual 9, 10-seco and C-9-C-30 linkage, isolated
from the seeds of the Chinese mangrove X. granatum. Among them, 3 showed moderate
activity against the A549 and RERF cell lines with IC50 values of 18.83 μM and 15.83 μM,
respectively. However, the first reported analogue, xylogranatin D, was concluded as an
artifact [25,26].
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Figure 2. Structures of compounds 3–5.

Chemical investigation of the seeds from a Trang (Thailand) mangrove X. moluccen-
sis yielded five structurally intriguing limonoids, namely, trangmolins A–E (6–10) [27]
(Figure 3). Notably, compounds 6–8 consist of unprecedented ring A/B-fused bicyclic
moieties, and compound 10 represents the first example of the oxidative cleavage of the
C2-C3 bond among limonoids. In 2021, a trangmolin A derivative krishnolide J (11) was
isolated from seeds of the India Krishna mangrove X. moluccensis [28]. The biosynthetic ori-
gins of 6–11 could be traced back to a proposed andirobin-type limonoid with 1,2-bisketone
groups [18]. Taking andirobin as the starting point, scientists from the Wu group proposed
a biosynthetic pathway characterized by a highly divergent biosynthetic assembly line
(Scheme 1) [27]. The three forks of the biosynthetic pathway obtain C-1/C-30 linkage (6–8,
11), C-3/C-30 linkage (9), and C-2/C-30 linkage (10) based on the main mechanisms of
electro- and nucleophilic enzymatic cascade reactions. The diverse cyclization patterns of
6–11 reveal the remarkable structural plasticity of rings A and B in limonoid biosynthesis.

 
Figure 3. Structures of compounds 6–11.

Andhraxylocarpins A–E (12–16) (Figure 4) were isolated and identified as three new
types of limonoids from the seeds of two true mangroves, X. granatum (collected at the
estuary of Krishna, India) and X. moluccensis (collected in the estuary of Godavari, India),
respectively [29]. Among them, andhraxylocarpins A and B (12 and 13) contain an un-
precedented 9-oxa-tricyclo-[3.3.2.17,10]undecan-2-ene motif, andhraxylocarpins C-D (14

and 15) harbor a rare (Z)-bicyclo[5.2.1]dec-3-en-8-one substructure, and andhraxylocarpin
E (16) possesses a unique tricyclo[3.3.1.13,6]decan-9-one scaffold. In 2016, trangmolin F (17),
which shared the same A/B fused carbobicyclic with 16, was obtained from X. moluccensis
by the same group [27] Wu et al. suggested a mexicanolide with a Δ8,30 double bond,
derived from an andirobin by C-2/C-30 linkage and previously discovered among the
genus Xylocarpus, may be the precursor of 12–16 [29] (Scheme 1). The presence of bridging
rings (C10–C1–C2) in mexicanolide-type limonoids makes C-3 and C-30 close to each other
in space, which leads to their coupling.
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Scheme 1. Proposed biosynthetic pathway for compounds 6–20 [21,27,29,30].

 
Figure 4. Structures of compounds 12–17.

Krishnadimer A (18) (Figure 5) is the first dimeric limonoid isolated from the seeds of
X. moluccensis with an unprecedented axial chirality architecture, with the C2-symmetric
architecture, with a P-configured central axis at the C15, C15′-positions of the monomeric
units, represents a milestone during decades of work on natural limonoids [30]. It could
be obtained by the intermolecular oxidative coupling of the phargmalin-class limonoid,
which can be derived from andirobin through C-2/C-30 and C-1/C-29 linkage. (Scheme 1)
The semisynthesis of the dimer was successfully conducted. Subsequently, eight new
limonoid dimers of four skeletons (two symmetric and two nonsymmetric) were designed
and synthesized by oxidative carbon-carbon radical coupling [31].
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Figure 5. Structures of compounds 18–20.

Two unprecedented limonoids, thaixylomolins B and C (19 and 20) (Figure 5), co-
isolates with 1 [21], are limonoids containing a unique pentasubstituted pyridine scaffold
that might be generated by aromatization into a pyridine ring from a phargmalin-class
limonoid. (Scheme 1) Thaixylomolin B (19) exhibited inhibitory activity against nitric oxide
production in lipopolysaccharide and IFN-γ-induced RAW264.7 murine macrophages with
an IC50 value of 84.3 μM.

Two pyridine-containing limonoids, xylogranatopyridines A (21) and B (22) (Figure 6),
were isolated from the twigs and leaves of X. granatum, collected from the seashore of
Dongzhai, Hainan Province [32]. Compared to 21, xylogranatopyridine B (22) possesses an
unprecedented rearranged A-ring. Prexylogranatopyridine, a co-occurrence of limonoid
with an unusual C-8-C-30 linkage, could be the common biosynthetic precursor of 21 and
22 (Scheme 2). Xylogranatopyridine A (21) exhibited significant inhibitory activity against
protein tyrosine phosphatase 1B (PTP1B) with an IC50 value of 22.9 μM.

 
Figure 6. Structures of compounds 21 and 22.

 

Scheme 2. Proposed biosynthetic pathway for compounds 21–24 [23,32,33].
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An unusual tetranortriterpenoid, xylomexicanins E (23) (Figure 7), which is the first ex-
ample of limonoid with azaspiro skeleton between B (pyrrolidine) and C rings, was isolated
from the seeds of the Chinese mangrove, X. granatum [23]. The plausible biosynthetic routes
are proposed, as shown in Scheme 2, starting from the limonoid prexylogranatopyridine.

 

Figure 7. Structures of compounds 23–25.

Further investigation of the seeds from the X. granatum led to the isolation of two
new tetranortriterpenoids, xylomexicanins I and J (24 and 25) [33] (Figure 7). Notably, 24

represents an unprecedented limonoid with a bridged skeleton between the B- and C-rings,
contrasting with analogues possessing bridged A- and B-rings (25). Wu et al. proposed
that 24 was obtained from the same natural precursor as 22 after an enolate addition to the
allylic alcohol moiety between C-3 and C-11 (Scheme 2).

Three new limonoids, entitled xylomolones A–C (26–28, respectively, Figure 8) were
discovered from the seeds of the Thai mangrove X. moluccensis, as well as a vital biosyn-
thetic precursor, xylomolone D (a new C11-terpenic acid methyl ester) [34]. Compared
to 26, compound 27 is the first 9,10-seco limonoid with a 3,4-dihydro-2H-pyran motif and
possesses the reversed alignment of ring A. For the biosynthesis of xylomolone C (28), a
five-membered A-ring could be built through a benzylic acid-like rearrangement, forming
an unusual 3-oxabicyclo[3.2.1]octan-2,7-dione motif; the C-2 is excluded from the A-ring in
the rearrangement process. Wu et al. proposed a novel convergent strategy for limonoid
biosynthesis (Scheme 3).

Figure 8. Structures of compounds 26–28.

 
Scheme 3. Proposed biosynthetic pathway for compounds 26–28 [34].

2.2. Diterpenoids

Two new ent-isopimarane-type diterpenoids agallochaexcoerins D and E (29 and 30) [35]
(Figure 9), possessing an unusual seven-membered lactone moiety, were isolated from
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the wood of mangrove Excoecaria agallocha. Notably, 29 is the first report of ent-3,4-
secoisopimaratriene diterpenoid with a rare seven-membered ring.

 
Figure 9. Structures of compounds 29–31.

Decandrinin (31) (Figure 9), an unprecedented C-9-spiro-fused 7,8-seco-ent-abietane,
was obtained from the bark of an Indian mangrove Ceriops decandra (collected in the estuary
of Godavari, Andhra Pradesh) [36]. The biosynthetic precursor might be the naturally more
prevalent occurring 7,13-ent-abietadien-3β-ol and the plausible biosynthetic was proposed
(Scheme 4). The spiro ring could be formed by oxidative cleavage and lactonization.

ent β

−

 
Scheme 4. Proposed biosynthetic pathway for compound 31 [36].

3. Unusual Natural Products from Mangrove-Associated Microorganisms

Previous chemical investigations of mangrove microbes especially mangrove-associated
fungi resulted in the discovery of various bioactive secondary metabolites, including polyke-
tides, terpenes, alkaloids, and peptides with diverse structural features.

3.1. Polyketides

Polyketides (PKs) are a large family of secondary metabolites with prominent struc-
tural diversity and various biological activities, isolated from diverse organisms. Polyke-
tide synthases (PKSs) catalyze the sequential decarboxylative condensations of acyl-CoA
thioesters to form structurally diverse PKs [37]. We direct readers to the fantastic re-
views for more information on PKSs [38–41]. An even-increasing number of PKs from the
mangrove-associated microorganisms are being reported.

3.1.1. Coumarins and Isocoumarins

Naturally occurring coumarins and isocoumarins are an essential class of benzopyrene
derivatives and are present in remarkable amounts in plants, while only a few are found in
microorganisms and animal sources.

Up to now, 12 new coumarin and 102 new isocoumarin derivatives have been ob-
tained from mangrove-associated fungi [42,43]. Among them, Peniisocoumarin A and
B (32 and 33, Figure 10), a pair of unusual dimeric isocoumarin-type diastereoisomers
containing a symmetric four-membered core at C-9/9′ and C-10/10′ were obtained from
the fermentation of Penicillium commune QQF-3 (isolated from fresh fruit of the mangrove
plant Kandelia candel) [44]. The structures of 32 and 33 were unanimously defined by X-ray
diffraction analysis using Cu Kα radiation. In 2015, Darsih et al., discovered penicilliu-
molide A (34) (Figure 10), an unusual tetracyclic isocoumarin containing a γ-lactone ring
fused with a unique spiro framework, from the mangrove endophytic fungus Penicillium
chermesinum HLit-ROR2 [45].
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Figure 10. Structures of compounds 32–34.

3.1.2. Chromones

The chromone and its derivatives have been identified as the central backbone in
several functional organic compounds, with strategic importance in many research and
industrial domains. Until now, 85 new chromone derivatives have been identified from the
mangrove-associated fungal species.

In 2019, two new polycyclic chromones, penixanthones C (35) and D (36) (Figure 11),
possessing an unprecedented 6/6/6/5 polycyclic skeleton with a signature C2 bridge, were
isolated from the mangrove sediment-derived fungus Penicillium sp. SCSIO041218 [46].
However, 35 and 36 only showed weak cytotoxicity. Furthermore, the configurations of 35

and 36 remain elusive.

 
Figure 11. Structures of compounds 35 and 36.

3.1.3. Azaphilones

Azaphilones or azaphilonoids are a structurally variable family of fungal polyketide
metabolites harboring a highly oxygenated pyranoquinone bicyclic core [47]. In recent
years, about 31 azaphilones with unusual structures and remarkable bioactivities were re-
ported from mangrove-associated fungi, including genera Aspergillus, Diaporthe, Penicillium,
and Talaromyces.

Two new citrinin derivatives, penicitol A (37) and penicitol B (38) (Figure 12) were
identified from Penicillium chrysogenum ML226 obtained from the rhizosphere soil of the
mangrove plant Acanthus ilicifolius [48]. The citrinin derivatives are a family of azaphilones,
with the first one, namely citrinin, isolated from a P. citrinum strain in 1931 [49]. Penicitol
A (37) is the first reported citrinin derivative with an unusual tetracyclic skeleton, and 38

is the first citrinin dimer with a single oxygen bridging center. 37 and 38 exhibited potent
cytotoxic activities against HeLa, BEL-7402, HEK-293, HCT-116, and A-549 cell lines with
IC50 values of 4.6–10.5 and 3.4–9.6 μM, respectively. In 2011, Hosokawa et al. reported the
first total synthesis of penicitol A (37), achieved by acetalization [50].

Figure 12. Structures of compounds 37 and 38.

3.1.4. Benzophenones Derivatives

Benzophenones (BPs) are widely distributed NPs possessing a diphenyl ketone moi-
ety [51]. Given the presence of the chemically active carbonyl group, which can efficiently
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react with a variety of functional groups, diverse novel skeletons such as isobenzofuran,
isoindolinone, and 3-dihydro-1H-indene, etc., could be formed. There are 12 members of
BPs that are discovered from mangrove-associated fungi.

Four unusual 2,3-dihydro-1H-indene isomers, diaporindenes A–D (39–42) (Figure 13),
and an unusual isoprenylisobenzofuran A (43) were isolated from Diaporthe sp. SYSU-
HQ3, a fungus obtained from the branches of the mangrove plant Excoecaria agallocha
collected from Zhuhai in Guangdong province, China [52]. Compounds 39–42 feature
a 2,3-dihydro-1H-indene ring and a 1,4-benzodioxan moiety. Isoprenylisobenzofuran
A (43) represented the first example of an isoprenylisobenzofuran nucleus possessing a
rare 1,4-benzodioxan moiety. Biosynthetically, compounds 39–43 could be derived from
co-occurrence benzophenone type metabolites such as tenellone B, which is formed by
acetyl-CoA and malonyl-CoA through the catalysis of PKSs [53] (Scheme 5). In a bioassay,
compounds 39–43 were found to exhibit significant inhibitory effects against nitric oxide
production with IC50 values from 4.2–9.0 μM and selective index (SI) values from 3.5 to 6.9.

Figure 13. Structures of compounds 39–43.

−

−  
Scheme 5. Proposed biosynthetic pathway for compounds 39–43 [53].

3.1.5. Macrolides

Macrolides, especially those possessing 10- to 19-membered ring systems, have diver-
sified structural features and constitute a prominent group of active secondary metabolites.
Since the discovery of well-known progenitor macrolide antibiotic pikromycin in 1950
and the second generation of macrolides such as azithromycin and clarithromycin, nat-
urally occurring macrolides have been found today due to their diverse structures and
promising biological properties [54]. A total of 63 macrolides have been isolated from the
mangrove-associated fungi.

Sumalarins A−C (44−46) (Figure 14) were identified from the cytotoxic extract of
Penicillium. sumatrense MA-92 from the rhizosphere of the mangrove Lumnitzera racemose.
Notably, they were the unusual and rare examples of sulfur-containing curvularin deriva-
tives isolated for the first time from natural sources [55]. Compounds 44−46 displayed
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cytotoxic activities against Du145, HeLa, Huh 7, MCF-7, NCI-H460, SGC-7901, and SW1990
cell lines with IC50 values ranging from 3.8 μM to 10 μM. Compound 44 is likely formed
via Michael’s addition of 3-mercaptolactate to the double bond Δ10,11 of dehydrocurvularin.
Esterification or acylation of 45 probably leads to the biosynthesis of 44 and 46 [55].

Δ

 
Figure 14. Structures of compounds 44–46 and dehydrocurvularin.

Ansamycins are characterized by an aromatic nucleus connected with a polyketide
chain back to a nonadjacent position through an amide bond. Hertweck et al. isolated four
unusual ansa macrolides, compounds 47–50 (Figure 15), from Streptomyces sp. HKI0576, a
bacterial endophyte separated from the stem of mangrove Bruguiera gymnorrhiza [56]. This
was the first report on discovering ansamycins from a plant endophyte. In addition, the
degree of “in-built diversification” of these four compounds is unprecedented for complex
polyketides. Among them, divergolide A (47) represents an unusual type of ansa macrolide
with an unusual branched side chain and a disrupted polyketide backbone. Furthermore,
the tricyclic chromophore is unprecedented for macrolides, and related O-heterocyclic
substructures are only known from aromatic polyketides, such as the nogalamycin agly-
cone [57] and chaetoxanthone [58]. Divergolide B (48) represents another unusual type of
ansa macrolide featuring a novel benzopyran/chromene core as the first congener of 47. In
addition, compounds 49 and 50 share substructures with 47 and 48 but feature structurally
intriguing tetracyclic scaffolds. Furthermore, the ansa macrolides display significant an-
timicrobial and cytotoxic activities, probably regulating the immunity of the mangrove tree.
Compounds 47–50 are biosynthesized from a common linear polyketide using 3-amino-5-
hydroxybenzoic acid (AHBA) as a primer unit. Various reactions, including an optional
acyl migration, generate the diverse multicyclic structures [56,59] (Scheme 6).

 
Figure 15. Structures of compounds 47–51.

In 2014, Shen et al., cloned the biosynthetic gene cluster involved in the biosynthesis
of the divergolides from the endophytic Streptomyces sp. W112 isolated from Camptotheca
acuminata. Following gene disruption, gene overexpression, and bioinformatics analysis,
they laid the foundation for further elucidation of the biosynthetic pathway as well as
titer improvement [60]. In addition, Zhong et al. [61] conducted genome sequencing,
bioinformatics analysis, and further isolations of four new divergolide congeners with a
similar endophytic bacteria, Streptomyces sp. from Bruguiera gymnorrhiza. They showed
that specialized acyltransferase domains are for selecting extender units, and the branched
isobutylmalonyl-CoA is involved.
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Scheme 6. Proposed biosynthetic pathway for compounds 46–49 [56].

The total synthesis of divergolide A using the ring-closing metathesis (RCM) approach
was published by Dai et al., in 2012 [62]. Subsequently, Rasapalli et al. synthesized the
western section of divergolides C (49) and D (50) and demonstrated the robustness of
C4-C5 as an appropriate approach for the further total synthesis of divergolides C and D
in 2013 [63]. This chemical method was also conducted for divergolides A and B. Studies
on the total synthesis of divergolides A-D using inexpensive, readily available starting
materials and simple operations have also been constantly reported in recent years [64–66].

A macrocyclic polyketide with an unusual carbon skeleton, namely hainanmycin
A (51) (Figure 15), was isolated from Streptomyces sp. 219807 (from mangrove soil col-
lected in Sanya) [67]. Compound 51 featured an unprecedented structural skeleton of a
17-membered carbocyclic framework. The cyclo-heptadeca framework containing a cy-
clopentenone ring substituted with a naturally occurring bridgehead enol motif is unique
among NPs. It represents a new subgroup, a minor family of carbocyclic polyketide
macrolides. Hong et al. [67] proposed a plausible biosynthetic pathway for 51 based on the
biosynthesis of akaeolide [68], an analogue of 51. Shortly, the PKS condenses acetyl-CoA
and other building units (e.g., methylmalonyl-CoA and malonyl-CoA) to a linearized
polyketide backbone. A thioesterase (TE) then releases the backbone with the formation
of a δ-lactone ring. Further construction of the C-C bonds of C-16/C-12 and C-18/C-2
generate the structural core. Notably, a C-18 aldehyde intermediate (S1) might be involved
in the C-18/C-12 carbon bond formation (Scheme 7).
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−

 
Scheme 7. Proposed biosynthetic pathway for compound 51 [67].

3.1.6. Others

Eight new compounds, streptoglycerides A–H (52–59) (Figure 16) possessing a unique
ring system, were obtained from Streptomyces sp. isolated from a mangrove sample collected
on Kosrae Island [69,70]. This is the first report to describe a rare 6/5/5 tricyclic ring system
consisting of a glycerol moiety from marine organisms. Streptoglyceride C (54) showed
a weak inhibitory effect on nitric oxide production in BV-2 microglia cells. Compounds
56–59 showed significant anti-inflammatory activity by inhibiting lipopolysaccharide (LPS)-
induced nitric oxide (NO) production in Raw 264.7 cells with IC50 values ranging from
3.5 to 10.9 μM. It should be noted that 57 suppressed the transcription of iNOS and IL-6
without cytotoxicity.

Δ

Δ 

Δ

Δ 

 
Figure 16. Structures of compounds 52–63.

Upon further investigation of the unusual strain, four new compounds, miharadienes
A–D (60–63), possessing unique ring systems and a rare diene side chain, were isolated [71].
A plausible biosynthetic pathway of miharadienes and related compounds, streptoglyc-
erides is proposed in the literature (Scheme 8a) [71]. However, the formation of 52–55 from
63 by attacking the nucleophilic hydroxy on the electron-rich furan ring seems inapplicable.
Therefore, we proposed an optional pathway for 52–55 (Scheme 8b). In short, the starting
lauryl alcohol derivative appears to react with dihydroxyacetone, an oxidation product
of glycerol, to form the intermediate int i through Aldol type reaction of the C-4 active
methylene of lauryl alcohol derivative with the carbonyl of the dihydroxyacetone. Then the
hemiketal formation gives the tetrahydrofuran ring, and ether formation forms the other
tetrahydrofuran ring. Afterward, the ketal formation by the interaction of the terminal
hydroxyethylene with the hemiketal provides the pyran ring and affords the intermediate
int ii, which could be further converted into 52–55, possessing a rare 6/5/5 ring system.
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Scheme 8. (a) Proposed biosynthetic pathway for compounds 52–55 and 60–63 in the literature [71];
(b) proposed biosynthetic pathway for 52–55 in this review.

3.2. Terpenoids

The new terpenoids from mangrove fungi can be divided into seven groups based on
their chemical structures and biosynthetic pathways: monoterpenes, sesquiterpenes, diter-
penes, sesterterpenes, triterpenes, and meroterpenes. Sesquiterpenes (138), sesterterpenes
(36), and meroterpenes (72) comprise the most significant proportions of new terpenes from
mangrove fungi. However, monoterpenes, diterpenes, and triterpenes were rarely isolated
from mangrove fungi, and no new skeleton was discovered.

3.2.1. Sesquiterpenoids

Sesquiterpenoids are the largest group of known terpenoids [72]. The mangrove fungi-
derived sesquiterpenoids possess a variety of carbon skeletons, including monocyclic,
bicyclic, and tricyclic types [73].

One tricyclic and three spirobicyclic norsesquiterpenoids (64–67) (Figure 17) were
isolated from the endophytic fungus Pseudolagarobasidium acaciicola (from the mangrove
Bruguiera gymnorrhiza) [74,75]. Among them, acaciicolin A (64) possesses a previously
unknown skeleton with a uniquely connected 6/5/5 ring system and three consecutive
oxygenated sp3 quaternary carbons at C-7, C-8, and C-8a. The norsesquiterpene skeleton
of 64 was named “acaciicolane”, and was different from the three known sesquiterpene
skeletons with 6/5/5 ring systems: cedrane, prezizaane, and zizaane (Figure 18). Spiroa-
caciicolides A–C (65–67) has a hitherto unobserved 5/6 fused spirobicyclic ring system. The
absolute configurations of the new compounds 64–66 were determined by single-crystal
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X-ray analysis (Cu-Kα radiation). 64–67 could originate from chamigrane endoperoxide
A [76] (Scheme 9).

 
Figure 17. Structures of compounds 64–69.

Figure 18. Structures of five sesquiterpene skeletons.

−

−

 
Scheme 9. Proposed biosynthetic pathway for compounds 63–66 [74].

Penicibilaenes A (68) and B (69) (Figure 17), two sesquiterpenes possessing a
tricyclo[6.3.1.01,5]dodecane skeleton constituted by [3.3.1]-bridged and [4.3.0]-fused
junctions, were characterized from Penicillium bilaiae MA-267, a fungus obtained from the
rhizospheric soil of the mangrove plant Lumnitzera racemosa [77]. An X-ray crystallographic
study determined the structure and configuration. The hypothetical biosynthetic path-
way starting from cis-farnesyl pyrophosphate (FPP) was proposed (Scheme 10). Notably,
Compounds 68 and 69 exhibited selective activity against the plant pathogenic fungus
Colletotrichum gloeosporioides (MIC = 1.0 and 0.125 μg/mL, respectively).

cis

 
Scheme 10. Proposed biosynthetic pathway for compounds 68 and 69 [77].

The first total synthesis of 68 and 69 in their racemic forms was reported by Dong et al.
in 2021 [78]. The approach featured a rhodium-catalyzed deconstructive formation of a
tricyclic skeleton by C–C activation of cyclobutanone derivatives, generating (±)-68 and
(±)-69 in 13 and 14 steps with 0.56% and 0.49% overall yields, respectively. In the same
year, K Sugita described another more efficient synthetic pathway for the total practical
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synthesis of (±)-68 and (±)-69 from commercially available 3-ethoxycyclohex-2-en-1-one
with 4.0% overall yields for both compounds [79].

3.2.2. Sesterterpenoids

Sesterterpenoids are a relatively small and rare group of terpenoids found in
widespread sources. They always possess interesting carbon skeletons, including linear,
monocyclic, polycyclic, and miscellaneous. In addition, they exhibit diverse biological
activities such as antimicrobial, cytotoxicity, anti-inflammatory, and protein tyrosine
phosphatase B inhibition.

The group of She has been dedicated to the search for structurally unique and bio-
logically active compounds from the mangrove plant-derived fungal endophytes. Five
sesterterpenoids of three kinds of carbon skeletons, asperterpenoid A (70) (Figure 19),
asperterpenols A and B (71 and 72), and aspterpenacids A and B (73 and 74), have been
isolated and characterized from Aspergillus sp. Among them, asperterpenoid A (70), pos-
sessing a new 5/7/(3)6/5 pentacyclic carbon skeleton, exhibited potent inhibitory activity
against Mycobacterium tuberculosis protein tyrosine phosphatase B (mPTPB) with an IC50
value of 2.2 μM [80].

 
Figure 19. Structures of compounds 70–74.

In addition, asperterpenol A (71) and asperterpenol B (72), two sesterterpenoids with an
unusual 5/8/6/6 tetracyclic ring skeleton, showed inhibitory effects on acetylcholinesterase
(AChE) with IC50 values of 2.3 μM and 3.0 μM, respectively [81]. Furthermore, the two
unusual pentacarbocyclic sesterterpenoids, aspterpenacids A (73) and B (74), with an un-
usual carbocyclic skeleton containing an unprecedented 5/3/7/6/5 ring system, showed
no antibacterial and cytotoxic activities [82]. The structures of 69–73 were elucidated based
on spectroscopic methods, and the absolute configurations of 70–73 were determined by
single-crystal X-ray diffraction analysis. She et al. proposed a hypothetical biosynthetic
pathway for 70–74 [80–82]. In brief, they are derived from geranylfarnesyl pyrophosphate
(GFPP), followed by cyclization rearrangement and redox reactions (Scheme 11).

3.2.3. Meroterpenoids

Meroterpenoids are secondary metabolites with structures consisting of at least two
parts: a terpenoid fragment (mainly mevalonate pathway) and a nonterpenoid frag-
ment [83]. The different nonterpenoid moiety based on the biosynthetic pathway, various
terpenoid (the length of the terpenoid chain and its cyclization mode), and the tailoring
reactions make the chemical diversity of meroterpenoids.

Chermebilaene A (75) (Figure 20), an unprecedented acorane-type sesquiterpene
hybridized with an octadecadienoic acid skeleton, together with an unusual orthoester
meroterpenoid, chermebilaene B (76) were isolated from the co-culture extract of P. bilaiae
MA-267 (from the rhizosphere of the mangrove Lumnitzera racemosa) and P. chermesinum
EN-480 (from the fresh tissue of marine red algal Pterocladiella tenuis) [84]. Compound 75

showed potent inhibitory activities against Ceratobasidium cornigerum and Edwardsiella tarda,
and may prove helpful as an antibiotic against aquatic or plant pathogens.
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Scheme 11. (a) Proposed biosynthetic pathway for compounds 70–72 [80,81]; (b) Proposed biosyn-
thetic pathway for compounds 73–74 [82].

 
Figure 20. Structures of compounds 75 and 76.

Simpterpenoid A (77) (Figure 21), an unconventional meroterpenoid containing a
highly functionalized cyclohexadiene moiety with gem-propane-1,2-dione and methyl-
formate groups, was isolated from the fungal strain Penicillium simplicissimum MA-332,
obtained from the rhizospheric soil of the mangrove plant Bruguiera sexangular var. rhyn-
chopetala [85]. The intricate polycyclic skeleton is unique in natural sources. Compound 77

exhibited potent inhibitory activity against influenza neuraminidase with an IC50 value of
8.1 nM.

 

Figure 21. Structures of compounds 76–79.

Two new meroterpenoids, penicianstinoids A and B (78 and 79, Figure 21), were
obtained from the mangrove-derived fungus Penicillium sp. TGM112 isolated from the
mangrove Bruguiera sexangula var. rhynchopetala [86]. Compared with 79, compound 78

represents an austinoid-like meroterpenoid that is reported for the second time [87], in
which a carbon−carbon double bond at C-1′−C-2′ was oxidized to a carbonyl group at
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C-1′−C-2′. Compounds 78 and 79 showed growth inhibition activity against newly hatched
larvae of Helicoverpa armigera (Hubner) with IC50 values of 200 μg/mL. In addition, 78 and
79 displayed insecticidal activity against Caenorhabditis elegans with EC50 values of 9.4 (±1.0)
and 9.9 (±0.0) μg/mL, respectively. Biogenetically, compounds 76–79 are derived from the
same intermediate S2, which is produced by the combination of a polyketide intermediate
3,5-dimethylorsellinicacid (DMOA) and the terpenoid precursor farnesyl pyrophosphate
(FPP), following by a series of further modifications to generate a profile of meroterpenoids
with diverse skeletons bearing polycyclic cores. DMOA-based meroterpenoids exhibit
diverse structures due to the cyclization of the terpenoid moiety, divergence of post-
cyclization modification reactions, and various tailoring reactions (Scheme 12) [83].

−

 
Scheme 12. Proposed biosynthetic pathway for compounds 76–79 [83].

Two hybrid sesquiterpene-cyclopaldic acid metabolites with an unusual carbon scaf-
fold, namely pestalotiopens A and B (80 and 81) (Figure 22), were obtained from the
endophytic fungus Pestalotiopsis sp. (from the leaves of the Chinese mangrove Rhizophora
mucronate), together with the known phytotoxin altiloxin B [88]. A plausible biosynthetic
pathway of 80 and 81 is proposed (Scheme 13). The cyclopaldic acid and altiloxin B were
deduced as precursors.

 
Figure 22. Structures of compounds 80 and 81.

 
Scheme 13. Proposed biosynthetic pathway for compounds 80 and 81 [88].

Indole terpenoids are structurally diverse meroterpenoids containing an indole ring
from tryptophan and cyclic sesquiterpenes or diterpene backbone moiety [83].

Three indole sesquiterpenes, indotertine A (82) [89] and indotertine B (83a/83b) [90]
(Figure 23) were discovered from actinomycete Streptomyces sp. CHQ-64 (derived from the
rhizosphere soil of reeds). They possess an unusual skeleton with a condensed ring system
made up of a tryptophan-derived indole moiety and a sesquiterpene unit, which represents
a new subgroup of indole terpenoids combining amino acid and mevalonate pathways.
Indotertine B (83a/83b) exists as a pair of rotamers about the N−C(O) bond with a 2:1
ratio, inseparable by HPLC because of the dynamic interconversion. The analysis of the
NOESY spectrum implied that the formyl−N-1 amide bond was S-trans in 83a and S-cis in
83b. Compound 83 displays cytotoxic activities against HCT-8 and A549 tumor cell lines

21



Mar. Drugs 2022, 20, 535

with IC50 values of 6.96 and 4.88 μM. Further chemical investigation of this fungal strain
led to the isolation of drimentine I (84) [91], containing a rare heptacyclic skeleton formed
via two bridging linkages. The pentacyclic product indotertine A (82) was hypothetically
synthesized by iminium-olefin cyclization. In contrast, tetracyclic product drimentine F
could take place from amidic nitrogen by nucleophilic addition to the α-position of the
indole moiety (Scheme 14). However, cyclization of 84 happened on indol-NH to afford
the linkage between C-14 and N-6 of drimentine F. Compound 84 was found to have weak
activity against human cervical carcinoma cell line HeLa, with IC50 values of 16.73 μM.

 
Figure 23. Structures of compounds 82–84.

−

 
Scheme 14. Proposed biosynthetic pathway for compounds 82–84 [89].

Secopaxilline A (85) [92] (Figure 24) is the first example of indole diterpenoid deriva-
tives possessing a carbon-nitrogen bond cleavage skeleton, which was isolated from metabo-
lites of the aciduric fungus Penicillium camemberti OUCMDZ-1492 (separated from the soil
and mud around the roots of Rhizophora apiculata). A plausible biosynthetic pathway for
secopaxilline A (85) from paxilline was postulated, (Scheme 15), and the process has been
conducted by chemical reactions with a 45% overall yield. Paxilline was derived from
the common indole-diterpenoid precursor 3-geranylgeranylindole (GGI) derived from
geranylgeranyl pyrophosphate (GGPP) and indole-3-glycerol phosphate [93] (Scheme 15).

 
Figure 24. Structures of compounds 85–89.
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−

 

Scheme 15. Proposed biosynthetic pathway for compounds 86–89 [93].

The fungus Mucor irregularis, isolated from the fresh inner tissue of the mangrove Rhizophora
stylosa, yields three unusual indole-diterpenes, rhizovarin A–C (86–88, Figure 24) [94], which
represent the most complex members of the reported indole-diterpenes. Even though the
main structural elements resemble those of other reported indole diterpenes, the presence of
an unusual acetal linked to a hemiketal (86) or a ketal (87 and 88) unit in an unprecedented
4,6,6,8,5,6,6,6,6-fused indole-diterpene ring system makes them chemically unique. Their
structures and absolute configurations were elucidated by spectroscopic analysis, modified
Mosher’s method, and chemical calculations. For rhizovarin A (86), the biosynthetic path-
way may involve more oxidative steps than penitrem A, a known indole-diterpene derived
from a paxilline and two isopentenyl-diphosphate units. (Scheme 15) The biosynthetic
pathway has been elucidated by reconstitution of the biosynthetic genes in Aspergillus
oryzae [95]. Another unusual indole-diterpene, containing a complex 6,8,6,6,6-fused ring
system, rhizovarin D (89), was also obtained in this study. NOESY experiments determined
the relative configuration for the stereogenic centers of 89. Each isolated compound was
evaluated for antitumor activity against HL-60 and A-549 cell lines. Compounds 86 and 87

showed activities against the human A-549 and HL-60 cancer cell lines (IC50 < 10 μM).
Bioassay-guided fractionation of the bacterial strain Erythrobacter sp. SNB-035 (from

mangrove sediments) led to the isolation of erythrazoles A and B (90 and 91) [96] (Figure 25).
Structurally, 90 and 91 possess an abenzothiazole moiety, which is rare among NPs. Fur-
thermore, 91 arises from four biosynthetic pathways: NRPS, terpene, shikimate, and
polyketide. Although combinations of two of the four pathways are common among NPs,
four biosynthetic pathways simultaneously involved are extremely rare (Scheme 16).

 
Figure 25. Structures of compounds 90 and 91.
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−

−

 
Scheme 16. Proposed biosynthetic pathway for compounds 90 and 91 [96].

3.3. Alkaloids and Other Nitrogen-Containing Metabolites
3.3.1. Diketopiperazines

Diketopiperazines (DKPs) are an essential group of structurally diverse cyclic dipep-
tides with significant biological properties [97].

Effusin A (92) (Figure 26) is a spirobicyclic N,O-acetal derivative with an unprece-
dented 3′,3a′,5′,6′-tetrahydrospiro-[piperazine-2,2′-pyrano[2,3,4-de]chromene] ring system.
Besides this, a spiro-polyketide-diketopiperazine hybrid dihydrocryptoechinulin D (93)
were isolated from a mangrove rhizosphere soil-derived fungus Aspergillus effuses H1-
1 [98]. Compounds 92 and 93 occurred as racemates. The enantiomers were separated
and characterized by online HPLC-ECD analysis, and their absolute configurations were
determined by the TDDFT ECD calculation approach. The spirobicyclic N,O-acetal moiety
of 92 could be obtained through a domino ring-closure reaction between the substituted
salicylaldehyde moiety in aspergin and the eneamide moiety of the diketopiperazine unit
in neoechinulin B [98]. On the contrary, the spirobicycle of 93 is produced by an enzyme-
catalyzed regiospecific [4 + 2] Diels Alder reaction (Scheme 17). The cytotoxic effects of
92–93 were evaluated, 93 showed potent activity on P388 cells with an IC50 value of 1.83 μM.
The target of racemic 93 was also evaluated, and the (12R,28S,31S)-93 enantiomer (93a)
showed selectivity against topoisomerase I.

R R R R
S S S S

R S S
S R R  

Figure 26. Structures of compounds 92 and 93.

 

Scheme 17. Proposed biosynthetic pathway for compounds 92 and 93 [98].

Using the OSMAC (one strain many compounds) approach, a metabolically rich strain
of Penicillium brocae MA-231 (isolated from mangrove Avicennia marina) could produce two
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new diketopiperazines, spirobrocazines A–B (94–95) (Figure 27), which had a 6/5/6/5/6
cyclic system with a rare spirocyclic center at C-2 [99]. In addition, a deep-sea sediment-
derived fungus Eutypella sp. Also yields three new spirocyclic DKPs, eutypellazines
N–P (96–98) [100]. Compound 96 was determined as the C-2′ isomer of spirobrocazine
A (91). Notably, 97 and 98 are the first compounds isolated from a wild-type fungus to
contain a spirocyclic tetrahydrobenzothiophene motif. Furthermore, eight new diox-
opiperazines 99–106 (penispirozines A-H) were discovered from the mangrove-derived
fungus Penicillium janthinellum HDN13-309 [101]. The structures of 99–104 were similar
to eutypellazines O–P (97–88). They were distinguished by not only the existence of a
spiro-thiophane or spiro-furan ring system but also the chirality of the pentacyclic moiety.
Moreover, penispirozine A (99) had an unusual pyrazino[1,2]oxazadecaline coupled with
a thiophane ring system, while penispirozine B (100) possessed a 6/5/6/5/6 pentacyclic
ring system with two rare spirocyclic centers. Biosynthetically, the precursor to these struc-
turally diverse penispirozines was considered to be the diketopiperazine cyclo-L-Phe-L-Phe
(Scheme 18). In addition, compounds 101 and 102 increased the expression of the two
relevant phase-II detoxifying enzymes, SOD2 and HO-1, at 10 μM.

R S
S R
R S
S R
R S
R S  

Figure 27. Structures of compounds 94–106.

 
Scheme 18. Proposed biosynthetic pathway for compounds 94–98 [99,100].

A pair of unusual enantiomeric indole diketopiperazine alkaloid dimers, (±)-asperginulin
A (107a/b) (Figure 28), with an unprecedented 6/5/4/5/6 pentacyclic skeleton, were
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discovered from the mangrove endophytic fungus Aspergillus sp. SK-28, guided by UPLC-
HRMS [102]. Chiral-phase HPLC separated the enantiomeric dimers. Their structures,
including the absolute configurations, were elucidated by spectroscopic analysis, X-ray
diffraction, and quantum chemical calculation. (+)-Asperginulin A (107b) exhibited an-
tifouling activity against the barnacle Balanus reticulatus. 107 was possibly derived, in vivo,
from intermolecular [2 + 2] cycloaddition of its monomer precursor by nonenzymatic
processes (Scheme 19).

−

Figure 28. Structures of compounds 107a/b.

−

Scheme 19. Proposed biosynthetic pathway for compounds 107a/b [102].

A class of pyrazinopyrimidine-type alkaloids, namely pyrasplorines A–C (108–110)
(Figure 29) were discovered from the fungus Aspergillus versicolor HDN11-84 [103]. Pyras-
plorine A (105) represents the first compound with spiro-cyclopentane in pyrazinopyrimidine-
type alkaloids. The cyclopentane moiety is common in terpenes but rare in alkaloids and
diketopiperazines, and it is only found in maremycins [104]. The structure is probably
constructed by the condensation of anthranilic acid with diketopiperazine and followed by
successive steps to yield the key intermediate S3. Then, compound 108 was derived from
the S3 via a series of reactions [105] (Scheme 20).

 
Figure 29. Structures of compounds 108–110.
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Scheme 20. Proposed biosynthetic pathway for compound 108 [105].

3.3.2. Indole and Isoindole Alkaloids Derivatives

Various mangrove fungi produce indole and isoindole alkaloids with a plethora of
biologically active. The indole-terpenes which also belong to meroterpenes have been
described in Section 3.2.3.

Cytochalasan alkaloid usually consists of a 10-(indol-3-yl) group, a macrocyclic ring,
and a perhydroisoindolone moiety. Chaetoglobosin is one class of cytochalasan alka-
loid. The mangrove endophytic fungus Penicillium chrysogenum V11 afforded two unusual
new Chaetoglobosins, penochalasin I and K (111 and 112) [106,107] (Figure 30), with an
unprecedented six-cyclic 6/5/6/5/6/13 fused ring system formed by the connection of
C-5 and C-2′ of the chaetoglobosin class. Additionally, the biomimetic semi-synthesis of
111 and 112 was successfully carried out from the corresponding co-occurrence analogue
chaetoglobosin C and chaetoglobosin A, respectively [107]. Compound 112 displayed
significant inhibitory activities against Colletotrichum gloeosporioides and Rhizoctonia solani
(MICs = 6.13 μM, 12.26 μM, respectively), which was better than those of control carben-
dazim. It also exhibited potent cytotoxicity against MDA-MB-435, SGC-7901, and A549
cells (IC50 < 10 μM). In addition, compound 111 exhibited significant cytotoxicity against
MDA-MB-435 and SGC-7901 cells (IC50 < 10 μM).

 
Figure 30. Structures of compounds 111 and 112, chaetoglobosin A and C.

The typical paraherquamides (PHQs) are prenylated indole alkaloids with diverse
ring systems. PHQs are derived from three building blocks: L-tryptophan, acyclic amino
acid (either proline, β-methyl proline, or pipecolic acid), and one or two isoprenyl units.
Interestingly, compounds 113–115 (Figure 31) (mangrovamides A–C, isolated from the
Penicillium sp. Separated from a mangrove sediment sample of the South China Sea) feature
a bicyclo [2.2.2] diazaoctane core and contain the first documented examples of isoprene
derived dimethyl γ-pyrone and γ-methyl proline, instead of the usual β-methyl proline
in the PHQ family [108]. A plausible biosynthetic pathway starting from L-ornithine
to account for the formation of the observed γ-methyl proline is outlined (Scheme 21).
Moreover, the X-ray data determined the absolute configuration of all chiral centers in 113.

27



Mar. Drugs 2022, 20, 535

In an activity assay, 115 showed a moderate acetylcholinesterase inhibitory effect with an
IC50 value of 58.0 μM.

 
Figure 31. Structures of compounds 113–115.

 

Scheme 21. Proposed biosynthetic pathway for compounds 113–115 [108].

Diaporisoindoles A and B (116 and 117) [109], and D and E (118 and 119) [52]
(Figure 32), isolated from the mangrove endophytic fungus Diaporthe sp. SYSU-HQ3 (from
a fresh branch of the mangrove plant Excoecaria agallocha) and could be derived from
tenellone B, are the first reported examples of isoprenylisoindole alkaloids with a rare
1,4-benzodioxan moiety. In addition, siaporisoindole A (116) showed significant inhibitory
activity against Mycobacterium tuberculosis protein tyrosine phosphatase B with IC50 4.2 μM
compared to 22.1 μM for the positive control (oleanolic acid,). Furthermore, 116 and 117

exhibited potent inhibitory activity against NO production in RAW 264.7 cells with IC50
values less than 10 μM. Then She et al. continued an extensive study of isolating an unusual
diisoprenylisoindole dimer diaporisoindole C (120). It was presumed to be derived from
compounds 116 or 117 via addition reaction, dehydration, and aromatization (Scheme 22).

 
Figure 32. Structures of compounds 116–120.
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Scheme 22. Proposed biosynthetic pathway for compounds 116–120 [109].

Quinazoline containing indole alkaloids have pyrimidine [2, 1-b] quinazoline and
imidazole [1, 2-a] indole groups linked by methylene (and, in some cases, further linked by
additional helical Bridges). Two unusual quinazoline-containing indole alkaloids neosar-
toryadins A and B (121 and 122) (Figure 33) along with fiscalin C (a known compound to
be related to biosynthesis) were identified from the mangrove endophytic fungus Neosar-
torya udagawae HDN13-313 [110]. Compounds 121 and 122 is a quinazoline-containing
indole alkaloid featuring a unique 6/6/6/5 quinazoline ring directly linked to the 6/5/5
imidazolinone ring. 121 and 122 differs from conventional fumiquinazoline alkaloids such
as fiscalin C by the unprecedented pyrido[2, 1-b]- quinazoline moiety, which binds to a
pyridine (C ring) rather than a pyrimidine ring, in addition to the presence of a unique
tetrahydrofuran ring (D ring). It is speculated that 121 and 122 are biosynthesized from
L-tryptophan, anthranilic acid (ATA), L-valine, and 2-aminoisobutyric acid (Aib). The
unprecedented C ring was formed by the key intermediate fiscalin C through further modi-
fication by oxidation, hydrolysis, water nucleophilic attack, dehydration, deprotonation,
and subsequent aldol reaction (Scheme 23).

 
Figure 33. Structures of compounds 121 and 122.
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Scheme 23. Proposed biosynthetic pathway for compounds 121 and 122 [110].

Streptocarbazoles, the staurosporine analogues with extraordinary cyclic N-glycosidic
connections between 1,3-carbon atoms of the glycosyl moiety and two indole nitrogen
atoms of the indolocarbazole core, have also been produced by mangrove actinomycetes.

Streptomyces sp. FMA, isolated from mangrove soil collected in Sanya, Hainan Province
of China provided streptocarbazoles A (123) and B (124) [111] (Figure 34). Compound
123 was cytotoxic to HL60, A549, P338, and HeLa cells with IC50 values of 1.4, 5.0, 18.9,
and 34.5 μM, respectively, while compound 124 was active against P388 and HeLa cells
with IC50 values of 12.8 and 22.5 μM, respectively. In addition, it was demonstrated that
streptocarbazoles A arrest the HeLa cells in the G2/M phase at 10 μM. A plausible bio-
genetic pathway of 123 and 124 was postulated (Scheme 24). The indolocarbazole unit
(K252c) was derived from tryptophan, while the glycosyl moiety was probably developed
from 2-deoxy-D-pyranoglucose. Subsequently, the first cloning and characterization of
an indolocarbazole gene cluster isolated from Streptomyces sanyensis FMA were reported.
Indolocarbazole biosynthesis was confirmed by gene inactivation and heterologous expres-
sion in Streptomyces coelicolor M1152 [112].

Figure 34. Structures of compounds 123 and 124.

 
Scheme 24. Proposed biosynthetic pathway for compounds 123 and 124 [111].

3.3.3. Pyridines

Piericidins feature a 4-pyridinol core linked with a variable methylated polyene side
chain. The strain Streptomyces iakyrus SCSIO NS104, isolated from a mangrove sediment
sample collected from the Pearl River estuary to the South China Sea, yielded four new pie-
ricidin analogues, iakyricidins A–D (125–128) [113]. Iakyricidins B–D (126–128) represent a
new subgroup of piericidin with C-C cyclization and double bond rearrangements in the
polyene side chain. In addition, oxidized side chain piericidin analogue iakyricidin A (125)
displayed potent antiproliferative activity against human renal carcinoma cell lines ACHN
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cell with an IC50 value of 20 nM. Compound 125 might be derived by oxidative cleavage
between C-13 and C-14 of the precursor. In the plausible biosynthetic pathways of 126–128,
the most crucial step would be the yet-to-be-identified enzymatic C8-C12 cyclization from
the co-occurrence precursor (Scheme 25).

Scheme 25. Proposed biosynthetic pathway for compounds 125–128 [113].

Chemical investigation of the endophytic fungus Campylocarpon sp. HDN13-307,
obtained from the root of mangrove plant Sonneratia caseolaris led to the isolation of four new
4-hydroxy-2-pyridone alkaloids, namely campyridones A–D (129–132) [114] (Figure 35),
which existed as two pairs of diastereoisomers, featuring an additional C ring between the
decalin and pyridone units, represented new ring systems for this family of alkaloids. A
plausible biosynthetic pathway for 129–132 is postulated with the co-occurrence ilicicolin
H as a critical intermediate. Ilicicolin H is a typical 4-hydroxy-2-pyridone alkaloid which
was considered to be biosynthesized via tetramic acids formed by hybridizing a polyketide
unit to a tyrosine (Scheme 26). Compound 132 exhibited activity against Hela cells with
IC50 values of 8.8 μM.

 
Figure 35. Structures of compounds 129–132.

 
Scheme 26. Proposed biosynthetic pathway for compounds 129–132 [114].

3.3.4. Others

A chemical investigation of the fermentation of Penicillium sp. GD6, associated with
the Chinese mangrove Bruguiera gymnorrhiza, resulted in the isolation of an unusual
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pyrrolizidine alkaloid, penibruguieramine A (133) (Figure 36), characterized by an unprece-
dented 1-alkenyl-2-methyl-8-hydroxymethyl pyrrolizidin-3-one skeleton [115] (Scheme 27).

Figure 36. Structure of compound 133.

 
Scheme 27. Proposed biosynthetic pathway for compound 133 [115].

Talaramide A (134) (Figure 37) is the second example of an alkaloid with a unique
oxidized tricyclic system resembling a bird cage, which was obtained from the mangrove
endophytic fungus Talaromyces sp [116]. The first example was rubrobramide, obtained
from the fungus Cladobotryum ubrobrunnescens [117]. 134 was a PKS-NRPS hybrid metabo-
lite derived from acetyl acid, malonic acid, and L-leucine. A series of polymerizations,
cyclizations, rearrangements, and redox reactions finally afforded the unique oxidized
tricyclic skeleton of 134 (Scheme 28).

 
Figure 37. Structures of compound 134 and rubrobramide.

 

Scheme 28. Proposed biosynthetic pathway for compound 134 [116].

4. Conclusions

In this review, we presented the chemical constituents of the mangrove-associated
ecosystem and showcased the diversity of the chemical structures, biological activities,
chemical syntheses, and (proposed) biosynthetic pathways.

Structurally diverse secondary metabolites play a crucial role in the discovery cam-
paigns for new NP drug pharmacophores. The mangrove ecosystem is producing various
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structurally novel compounds that could provide a potent compound library for the identifi-
cation of lead compounds. Herein, we presented a comprehensive review of 134 mangrove-
derived NPs with new carbon skeletons, unique ring systems, or uncommon structural
moieties. The majority of them were produced by mangrove-associated microorganisms,
and more than 70% were isolated from endophyte fungus, indicating remarkable chemical
diversity and interesting bioactivity of the microbial community. The structural novelty and
diversity of these metabolites result from the enormous variety of mangrove ecosystems
in combination with their potential biosynthetic capabilities. In addition, they display
diverse and remarkable biological activities and are frequently reported as antimicrobial
and cytotoxic compounds (Tables 1 and 2), which might attract researchers for further
investigations toward chemical synthesis and biosynthesis. Mangrove ecosystems are a
rewarding source for producing bioactive substances with novel carbon frameworks and
discovering drug lead compounds, attracting pharmaceutical scientists for more in vivo
and preclinical studies on these compounds.

Table 1. Structurally unusual secondary metabolites from mangrove flora.

Source Secondary Metabolites Reported Activities Ref

X. moluccensis Thaixylomolin A–C (1, 19 and 20) Anti-inflammatory [21]
X. moluccensis Thaixylomolin R (2) NR a [22]
X. granatum Xylomexicanins E and F (23 and 3) Cytotoxicity [23]
X. granatum Hainangrantum I and J (4 and 5) NR [24]

X. moluccensis Trangmolins A–F (6–10, 17) NR [27]
X. moluccensis Krishnolide J (11) NR [28]
X. moluccensis Andhraxylocarpins A and C (12, 14) NR [29]
X. granatum Andhraxylocarpins A–B and D–E (12–13 and 15–16) NR [29]

X. moluccensis Krishnadimer A (18) NR [30]
X. granatum Xylogranatopyridines A and B (21 and 22) PTP1B inhibitory [32]
X. granatum Xylomexicanins I and J (24 and 25) NR [33]

X. moluccensis Xylomolones A–C (26–28) NR [34]
Excoecaria agallocha Agallochaexceorins D–E (29–30) NR [35]

Ceriops decandra Decandrinin (31) NR [36]
a NR: not reported in references.

Table 2. Structurally unusual secondary metabolites from mangrove-associated microorganisms.

Microorganisms Hosts Secondary Metabolites Reported Activities Ref

Penicillium commune Kandelia candel Peniisocoumarins A and B
(32 and 33) NR a [44]

Penicillium chermesinum Mangrove forest Penicilliumolide A (34) NR [45]

Penicillium sp. Mangrove sediment Penixanthones C and D
(35 and 36) NR [46]

Penicillium chrysogenum Acanthus ilicifolius Penicitols A and B (37-38) Cytotoxicity [48]
Diaporthe sp. Excoecaria agallocha Diaporindenes A–D (39-42) Anti-inflammatory [52]
Diaporthe sp. Excoecaria agallocha Isoprenylisobenzofuran A (43) Anti-inflammatory [52]

Penicillium sumatrense Lumnitzera racemose Sumalarins A−C (44–46) Cytotoxicity [55]

Streptomyces sp. Bruguiera gymnorrhiza Divergolide A-D (47–50) Antimicrobial,
cytotoxicity [56]

Streptomyces sp. Mangrove soil Hainanmycin A (51) NR [67]
Streptomyces sp. Mangrove sample Streptoglycerides A–H (52–59) Anti-inflammatory [69,70]
Streptomyces sp. Mangrove sample Miharadiened A–D (60–63) NR [71]

Pseudolagarobasidium
acaciicola Bruguiera gymnorrhiza Acaciicolin A (64),

Spiroacaciicolides A–C (65–67) NR [74,75]

Penicillium bilaiae Lumnitzera racemosa Penicibilaenes A–B (68–69) Anti-fungal [77]
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Table 2. Cont.

Microorganisms Hosts Secondary Metabolites Reported Activities Ref

Aspergillus sp. Mangrove endophytic Asperterpenoid A (70) Antituberculosis [80]

Aspergillus sp. Mangrove endophytic Asperterpenols A–B (71–72) Acetylcholinesterase
inhibition [81]

Aspergillus terreus Kandelia obovate Aspterpenacids A–B (73–74) NR [82]
Penicillium bilaiae Lumnitzera racemosa Chermebilaenes A–B (75–76) Antibiotic [84]

Penicillium
simplicissimum Bruguiera sexangula Simpterpenoid A (77) Antiviral [85]

Penicillium sp. Bruguiera sexangula Penicianstinoids A–B (78–79) Insecticidal activity [86]
Pestalotiopsis sp. Rhizophora mucronata Pestalotiopens A–B (80–81) NR [88]

Streptomyces sp. Mangrove rhizosphere soil Indotertine A (82), indotertine B
(83a/83b) Antitumor [89,90]

Streptomyces sp. Mangrove rhizosphere soil Drimentine I (84) Antitumor [91]

Penicillium camemberti Rhizosphere soil of
Rhizophora apiculata Secopaxilline A (85) NR [92]

Mucor irregularis Rhizophora stylosa Rhizovarin A–D (86–89) Antitumor [94]
Erythrobacter sp. Mangrove sediment Erythrazoles A–B (90–91) NR [96]

Aspergillus effuses Mangrove rhizosphere soil Effusin A (92),
dihydrocryptoechinulin D (93) Cytotoxicity [98]

Penicillium brocae Avicennia marina Spirobrocazines A–B (94–95) NR [99]
Eutypella sp. Deep sea sediment Eutypellazines N–P (96–98) NR [100]

Penicillium janthinellum Mangrove Penispirozines A–H (99–106) Antioxidant [101]
Aspergillus sp. Mangrove endophytic (±)-Asperginulin A (107a/b) Antifouling [102]

Aspergillus versicolor Rhizosphere soil of
Thespesia populnea Pyrasplorines A–C (108–110) NR [103]

Penicillium chrysogenum Mangrove endophytic Penochalasin I and K (111–112) Antibiotic,
cytotoxicity [106,107]

penicillium sp. Mangrove sediment Mangrovamides A–C (113–115) Acetylcholinesterase
inhibition [108]

Diaporthe sp. Excoecaria agallocha
Diaporisoindoles A–B (116–117),
diaporisoindoles D–E (118–119),

diaporisoindole C (120)

Antituberculosis,
anti-inflammatory [52,109]

Neosartorya udagawae Mangrove endophytic Neosartoryadins A–B (121–122) NR [110]
Streptomyces sp. Mangrove soil Streptocarbazoles A–B (123–124) Antitumor [111]

Streptomyces iakyrus Mangrove sediment Iakyricidins A–D (125–128) NR [113]
Campylocarpon sp. Sonneratia caseolaris Campyridones A–D (129–132) Antitumor [114]

Penicillium sp. Bruguiera gymnorrhiza Penibruguieramine A (133) NR [115]
Talaromyces sp. Mangrove endophytic Talaramide A (134) NR [116]

a NR: not reported in references.

In conclusion, through this review, we conveyed that (1) the mangrove-associated
ecosystem is still an abundant source of bioactive NPs providing leads for drug develop-
ment, (2) chemical syntheses of several of the mangrove-associated NPs are completed, but
more NPs are to be synthesized and more efficient routes are to be developed, and (3) and
the biosynthesis of most of the mangrove-associated NPs remain unclear.
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Abstract: Microbes such as the White Spot Syndrome Virus account for severe losses in the shrimp
farming industry globally. This review examines the literature on the mangrove plants of Asia and
the Pacific with antibacterial, antifungal, or antiviral activities. All of the available data published on
this subject were collected from Google Scholar, PubMed, Science Direct, Web of Science, ChemSpider,
PubChem, and a library search from 1968 to 2022. Out of about 286 plant species, 119 exhibited
antimicrobial effects, and a total of 114 antimicrobial natural products have been identified including
12 with MIC values below 1 μg/mL. Most of these plants are medicinal. The mangrove plants of
Asia and the Pacific yield secondary metabolites with the potential to mitigate infectious diseases in
shrimp aquaculture.

Keywords: mangrove plants; shrimp farming; natural products; antibacterial; antifungal; antiviral;
Asia; Pacific

1. Introduction

The global shrimp and prawn aquaculture industry is regularly threatened by out-
breaks of microbial infections [1] that require antibiotics, antifungals, and antiviral agents
participating in the selection of multidrug-resistant strains of microbes, pausing the grim
scenario of the emergence of a “superbug” that could wipe out the global supply of
penaeids [2]. In this context, there is an urgent necessity to search for antimicrobial agents
with original chemical frameworks, and such molecules could come from the flora of Asia
and the Pacific, which is the oldest, largest, and richest on Earth, especially seashores, tidal
rivers, and mangrove plants.

Mangroves are ecosystems of the tropical and subtropical seashores, estuaries, and
tidal rivers characterized by a halophytic flora of mainly trees and shrubs divided into
true mangrove or mangrove-associated species. True mangrove species are restricted to
mangroves whereas mangrove-associated species are found along the seashores, and even
inland. There are estimates of about 54 true mangrove plant species and 60 mangrove-
associated species globally, which are home to shrimps, prawns, crabs, and fish [3]. Most
mangrove species grow in Asia and the Pacific [4]. Examples of true mangrove plant
species are Excoecaria agallocha L. (land zone), Bruguiera gymnorhiza (L.) Savigny, Rhizophora
stylosa Griff. (intermediate zone), Avicennia alba Bl, and Aegiceras corniculatum (L.) Blanco

Mar. Drugs 2022, 20, 643. https://doi.org/10.3390/md20100643 https://www.mdpi.com/journal/marinedrugs41



Mar. Drugs 2022, 20, 643

(fringing zone) [5]. Even though most of the global fish catches are directly or indirectly
dependent on mangroves, these are on their way to extinction due to logging, agriculture,
aquaculture, and urbanization, with an estimate of about 2–8% loss of surface per year [6].
Shrimps, prawns, and fish farming are the greatest threat to mangroves with, for example,
approximately half of the 279,000 ha of mangroves in the Philippines lost from 1951 to
1988 [7]. Another aggravating factor is global warming, and consequently, a rise in sea
levels that interfere with the growth of true mangrove plants.

Most plants in mangroves are Angiosperms organized phylogenetically into 11 major
taxa or clades organized in three groups: (i) Basal Angiosperms: Protomagnoliids, Magno-
liids, Monocots, Eudicots; (ii) Core Angiosperms: Core Eudicots, Rosids, Fabids, Malvids;
and (iii) Upper Angiosperms: Asterids, Lamiids, and Campanulids. Within each clade,
plants yield specific secondary metabolites to control and even communicate with phy-
topathogenic bacteria and fungi. Plants are challenged by phytopathogenic bacteria, fungi,
and viruses and produce a vast array of antimicrobial secondary metabolites [8]. These
antimicrobial principles fall into two main categories: phytoanticipins and phytoalexins.
Phytoanticipins are antimicrobials present in plant tissues before pathogen challenges or
inactive immediate precursors of phytoalexins [8].

Phytoanticipins and phytoalexins are mainly either phenolics, terpenes, or alkaloids
with various levels of solubility in water and are extractable with water, polar organic
(methanol, ethanol), mid-polar solvents (chloroform, dichloromethane, ethyl acetate), and
non-polar solvents (hexane, petroleum ether) [9]. The measurement of the antibacterial and
antifungal strength of extracts and secondary metabolites in vitro is quantitatively based on
the minimum inhibiting concentration (MIC) and several thresholds of activity have been
proposed [10]. Qualitatively, antibacterial and antifungal strength are appreciated by halos
developed around a paper disc or an agar well expressed in the inhibition zone diameter
(IZD) [10].

Colette et al. (2022) noted that the presence of Atriplex jubata S. Moore evoked some
levels of remediation in the shrimp farms of New Caledonia [11] and this review aims to
attempt to answer the following points: What is the current knowledge on the distribution
of antibacterial, antifungal, and antiviral principles from the mangrove plants of Asia
and the Pacific? What are the strongest antimicrobial principles isolated thus far from
these plants? What is the spectrum of activity of the antimicrobial principles? What are
the medicinal values of these plants? What is the potential usefulness of these plants as
remediation of shrimp farming? We hypothesize that a shrimp or prawn farming system
preserving healthy mangroves could be a mean to solve the increasing problem of infection.

2. Distribution of Antibacterial, Antifungal, and Antiviral Principles Various
Mangrove Plants

The enumeration of mangrove and mangrove-associated plants is provided in Table
S1, and the chemical structures of the antimicrobial secondary metabolites identified from
these plants is given Figure S1.

2.1. Subclass Lycopodidae

The only lycopod associated with mangroves is Lycopodium carinatum Desv. ex Poir.,
for which no antimicrobial activities have been recorded thus far.

2.2. Subclass Polypodiidae

Aqueous and polar organic extracts of ferns of the mangrove are moderately broad-
spectrum antibacterial and antifungal (Table 1). Data on the antiviral properties of ferns
are lacking. The methanol extract of Stenochlaena palustris (Burm. f.) Bedd. (25 μL/6 mm
disc of a 100 mg/mL solution) evoked halos against Staphylococcus aureus, Bacillus subtilis,
Escherichia coli, Klebsiella pneumoniae, Salmonella typhi, Penicillium chrysogenum, Aspergillus niger,
and Saccharomyces cerevisae [12]. From the leaves of this fern was identified the flavonol gly-
coside stenopalustroside A (1), which strongly repressed the Staphylococcus epidermidis [13].
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Antimicrobials in this subclass are mainly phenolics. Other ferns with broad-spectrum
antibacterial and antifungal properties are Nephrolepis biserrate (Sw.) Schott, Drynaria
quercifolia (L.) J. Sm., Drymoglossum piloselloides (L.) Presl., Pyrrosia piloselloides (L.) Farw.,
Microsorum punctatum (L.) Copel. [14–16], Phymatosorus scolopendria (Burm. f.) Pic. Serm. [17],
Platycerium coronarium (O.F. Müll.) Desv. [18], and the true mangrove fern
Acrostichum aureum L. [19–21]. Of note, the ethyl acetate extract of roots of Acrostichum
speciosum L., which is a true mangrove fern, was bactericidal for E. coli with the MIC/MBC
of 40/40 μg/mL [21].

Table 1. Ferns and cycads from the mangroves, tidal rivers, and the seashores of Asia and the Pacific
with antibacterial and/or antifungal activity.

FAMILY
Genus, Species

Extract Secondary Metabolite
IdentifiedAntibacterial Antifungal

SUBCLASS POLYPODIIDAE

Antibacterial:
Stenopalustroside A (1),
S. epidermidis (MIC = 2

μg/mL) [13].

BLECHNACEAE
Stenochlaena palustris (Burm. f.)
Bedd.

+ +

NEPHROLEPIDACEAE
Nephrolepis biserrata (Sw.) Schott + +

POLYPODIACEAE
Drynaria quercifolia (L.) J. Sm. + +

Drymoglossum piloselloides (L.) Presl. + +

Microsorum punctatum (L.) Copel. + +

Platycerium coronarium (O.F. Müll.)
Desv. +

Pyrrosia piloselloides (L.) M.G. Price) + +

PTERIDACEAE
Acrostichum aureum L. + +

Acrostichum speciosum Willd. +

SUBCLASS CYCADIIDAE

CYCADACEAE
Cycas rumphii Miq. +

Bold: true mangrove plants [3]. +: Activity of extract(s) reported in the literature.

2.3. Subclass Cycadaceae

The ethyl acetate extract of Cycas rumphii Miq. developed halos against Staphylococcus
albus whereas the methanol extract (20 mg/mL solution per disc) hampered the growth of
S. aureus and E. coli [22]. Later, the methanol extract of leaves (paper disc impregnated with
20 mg/mL solution) repressed S. aureus (ATCC 25953) [22]. Note that the Cycadaceae have
not been much studied for their antimicrobial effects (Table 1) [23].

2.4. Subclass Magnoliidae

Mangrove plants in this subclass produce most of, and a broad spectrum of antimicro-
bial secondary metabolites.

2.4.1. Clade Protomagnoliids

Plants in the clade are not found in mangroves.

2.4.2. Clade Magnoliids

Plants in this clade are not common in mangroves and principally yield antimicro-
bial isoquinoline alkaloids and lignans (Table S2). In the Lauraceae, the filamentous
climber Cassytha filiformis L. yields the aporphine dicentrine (2), which inhibits the growth
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of Cladosporium clodosporioides (Table S2) [24]. Hernandia nymphaeifolia (C. presl.) Kubitzki
(Hernandiaceae) produces the dibenzyl butyrolactone lignan deoxypodophyllotoxin (3),
which is strongly active against HSV (Table S2) [25]. In the family Annonaceae, the hexane
extract of stem bark of Annona glabra L. exhibited antibacterial and antifungal properties on
account of kaurane diterpenes (Table S2) [26].

2.4.3. Clade Monocots

Plants in this clade are mainly mangrove-associated with organic extracts being moder-
ately broad-spectrum antibacterial and antifungal and producing mainly antimicrobial phe-
nolics (Table 2). For instance, the ethanol extract of rhizomes of Lasia spinosa (L.) Thwaites
developed halos with S. aureus, S. epidermidis, S. pyogenes, S. dysenteriae, E. coli, V. cholerae,
E. aerogenes, P. aeruginosa, C. albicans, A. niger, and S. cerevisae (500 μg/disc) [27,28]. Other in-
stances are Phoenix paludosa Roxb. [29,30], Saribus rotundifolius (Lam.) Bl. [31], Cyperus scariosus
R. Br. [32], Eleocharis dulcis (Burm. f.) Trin. ex Hensch. [33,34], Pandanus tectorius Parkin-
son [35], the true mangrove Nypa fruticans Wurm. [35], Areca catechu L. [31], Phragmites
vallatoria Veldkamp [36], Ruppia maritima L. [37], and Flagellaria indica L. [38]. The ethanol ex-
tract of Flagellaria indica L. at the concentration of 12.5 μg/mL repressed DV by 45.5% [39,40].
In the family Orchidaceae, an aqueous extract of Aerides odoratum Reinw. ex Bl. repressed
the E. coli [41] and the chloroform extract of pseudobulbs of Cymbidium finlaysonianum Wall.
ex Lindl. moderately retrained T. Mentagrophytes (MIC: 250 μg/mL) [42]. From this orchid,
the phytoalexin stilbene batatasin III (4) was active against Gram-positive bacteria [43] as
well as phytopathogenic filamentous fungi [44]. Gigantol (5) and batatasin III exhibited
meek activity with HSV-1 and -2 [45]. The phenanthrene moscatin (6) from Dendrobium
moschatum (Buch. -Ham.) Sw. is a moderate antibacterial [46]. Other examples of antibac-
terial and antifungal phenolics from the Monocots are meridinol (7) [47], tricin (8) [48,49],
and naringenin (9) [50,51] (Table 2).

2.4.4. Clade Core Eudicots

Plants in this clade are not found in mangroves.

2.4.5. Clade Core Eudicots

Plants in this clade are not found in mangroves.

2.4.6. Clade Rosids

The ethanol extract of the leaves of Cayratia trifolia (L.) Domin (Vitaceae) inhibited the
growth of S. aureus [52]. This climber produces antibacterial and antifungal as well as
antivirals as in ε-viniferin (12) piceid (13), and resveratrol (14) (Table S2), [53–59].

2.4.7. Clade Fabids

Fabids principally yield antimicrobial phenolics (Table S2).
Order Malpighiales: Organic polar, mid-polar, and non-polar extracts of Calophyllum

inophyllum L. (Clusiaceae) are broadly antimicrobial [60–62]. Of note, the methanol extract
of latex very strongly hindered S. aureus with an IC50 of 1.1 μg/mL and Trichophyton rubrum
with an IC50 of 3.3 μg/mL [63]. The hexane extract of seeds strongly restrained HIV-1 at
the concentration of 10 μg/mL [64]. Inophyllum B (15), inophyllum B acetate (16), and
inophyllum P (17) from the leaves blocked HIV reverse transcriptase respectively, while
inophyllum B (15) and P (17) inhibited HIV with IC50 values of 1.4 and 1.6 μM, respectively
(Table S2) [61].

In the Euphorbiaceae, extracts of leaves of Excoecaria agallocha L. moderately repressed
a broad array of bacteria and yeasts [64–67]. The ethanol extract of leaves inhibited the
replication of the ECMV (EC50:16.7 μg/mL), HIV (EC50: 7.3 μg/mL), NDV, and SFV [68].
This vesicant tree yields 12-deoxyphorbol 13-(3E,5E-decadienoate) (18) with very strong
antiretroviral effects (Table S2) [69]. Suregada glomerulata (Bl.) Baill. yields the alkaloid
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5β-carboxymethyl-3α-hydroxy-2β-hydroxymethyl-1- methylpyrrolidine (19), which curbed
HIV-1 replication (Table S2) [70].

Table 2. Monocots from the mangroves, tidal rivers, and the seashores of the Asia and the Pacific
with antibacterial, antifungal, and/or antiviral activity.

FAMILY
Genus, Species

(Synonym)

Extracts
Antimicrobial Principle(s)

Antibacterial Antifungal Antiviral

ARACEAE
Lasia spinosa (L.) Thwaites + + Antibacterial: Meridinol (7) (100 μg/disc) [47].

Antifungal: Meridinol (7) (100 μg/disc) [47].

ARECACEAE
Phoenix paludosa Roxb. + + Antibacterial:3′-Acetoxy-6,7-dimetoxy-4′

(2”,3”,4”,6”-
tetraacetylglucopyranosyl)flavone (10),

P. aeruginosa, E. coli, S flexneri, MIC= 8, 4, and
8 μg/mL, respectively [47].

Tricin (8), P. aeruginosa, E. coli, S. flexneri, MIC
= 4, 2, and 2 μg/mL, respectively [47].

Cinnamic acid (11), P. aeruginosa, E. coli,
S. flexneri, MIC = 64, 16, and 16μg/mL,

respectively [47].
Antifungal: 3′-Acetoxy-6,7-dimetoxy-4′

(2”,3”,4”,6”-
tetraacetylglucopyranosyl)flavone (10):

C. neoformans, C. albicans, C. parapsilosis, MIC:
of 16, 8, and 8 μg/mL, respectively [47].
Tricin (8), C. neoformans, C. albicans, C.
parapsilosis, MIC = 8, 4, and 4 μg/mL,

respectively [47].
Cinnamic acid (11), C. neoformans, C. albicans,
C. parapsilosis, MIC = 64, 32, and 32 μg/mL,

respectively [47].

Saribus rotundifolius (Lam.) Bl. + +

CYPERACEAE
Cyperus scariosus R. Br. +

Eleocharis dulcis (Burm. f.) Trin.
ex Hensch +

Rhynchospora corymbosa (L.)
Britton

FLAGELLARIACEAE
Flagellaria indica L. + + Antiviral: Tricin (8), IVA, IC50 = 4.6 μM,

HIV-1, IC50 = 14.4 μg/mL [49].

ORCHIDACEAE
Aerides odoratum Reinw. ex Bl. +

Cymbidium finlaysonianum Wall.
ex Lindl. +

Antibacterial: Batatasin III (4), S. aureus,
B. subtilis, MRSA, MIC = 250, 500, and

500 μg/mL, respectively [43].
Antifungal: Batatasin III (4), A. brassicicola,

P. parasitica, C. capsici, B. oryzae, D.medusaea,
C. paradoxa moreau, E.turcicum, P. theae,

A. citri [44].
Antiviral: Batatasin III (4), HSV-1, HSV-2,

IC50 = 341.5 and 384.2 μM, respectively [45].
Gigantol (5), HSV-1 and HSV-2, IC50 = 304.1

and 319.3 μM, respectively [45].

Dendrobium moschatum (Buch.
-Ham.) Sw.

Antibacterial: Moscatin (6), V. parahemolyticus,
S. gallinarum,

S. aureus, S. agalactiae, E. faecalis, B. subtilis,
R. anatipestifer, MIC = 96, 72, 72, 48, 96, 72,

and 72 μg/mL, respectively [46].

PANDANACEAE
Nypa fruticans Wurmb. + Antiviral: Naringenin (9), SARS-CoV,

65.2 μM [51]; YFV, EC50: 0.001 M; ZKV [50]

Pandanus tectorius Parkinson

POACEAE
Phragmites vallatoria Veldkamp + +

RUPPIACEAE
Ruppia maritima L. +

+: Activity of extract(s) reported in the literature.

Plants in the Rhizophoraceae are tanniferous and have antibacterial activities as in
Bruguiera cylindrica (L.) Bl. [71], Bruguiera gymnorhiza (L.) Savigny [72], Bruguiera sexangula
(Lour.) Poir., Ceriops decandra Griff.) Ding Hou [28,63], Ceriops tagal (Perr.) C.B. Rob. [71],
Kandelia candel (L.) Druce [73,74], Rhizophora apiculata Bl. [75], and Rhizophora stylosa
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Griff. [71,76]. The hydrolysable tannin fraction of the bark of the latter weakly inhib-
ited the growth of A. calcoaceticus, B. lichenifornis, P. mirabilis, and S. saprophyticus [77]. Other
antibacterials in this family are 2,6-dimethoxy-p-benzoquinone (20) as well as gallic acid
(21) [78,79] (Table S2), [78–93].

16-Hydroxypimar-8(14)-en-15-one (22) from the roots of Ceriops tagal (Perr.) C.B.
Rob. Moderately restrained a broad-spectrum of bacteria (Table S2) [80]. Diterpenes are
often liposoluble, explaining perhaps the suppression of a broad-spectrum of bacteria and
fungi including B. pumilus with a MIC value of 15.6 μg/mL by the benzene extract of the
wood of C. decandra [94]. The presence of tannins and phenolics most probably account
for the antiviral effects observed in B. cylindrica, Rhizophora mucronata Lam., R. apiculata,
B. gymnorhiza [72], C. decandra [68]. Other examples of water soluble antibacterials are
the cyclohexylideneacetonitrile derivatives from B. gymnorhiza, which strongly repressed
HBV [69].

Order Fabales: Aqueous, polar and mid-polar extracts of Fabaceae are moderately
broad-spectrum antibacterial and antifungal, as observed with Caesalpinia bonduc (L.)
Roxb [95] (Table S2) [96]. The methanol extract of the seed coat of this climber strongly
restrained P. aeruginosa, S. aureus, and B. cereus (MIC: 22 μg/mL) [97]. This extract given to
Wistar rats subcutaneously at a dose of 25 mg/kg body weight once a day for 10 days
evoked a reduction in lung abscesses induced by P. aeruginosa [97]. The active principle
here are diterpenes including bondenolide (23) [96] and neocaesalpin P (24) [98].Other ex-
amples of Fabaceae yielding antibacterial or antifungal organic polar or mid-polar extracts
are- Canavalia maritima Thouars [99], the true mangrove tree Cynometra iripa Kostel. [100],
Cynometra ramiflora Miq. [101], Derris scandens (Aubl.) Pittier [17], Derris trifoliata Lour. [102],
Inocarpus fagifer (Parkinson) Fosb. [17], Sindora siamensis Teysm. ex Miq. [103], Pongamia
pinnata (L.) Pierre [104], and Cathormion umbellatum (Vahl) Kosterm. [105]. Plants in this
family yield antibacterial and/or antifungal isoflavonoids such as lupalbigenin (25) and der-
risisoflavone A (26) from Derris scandens (Aubl.) Pittier [106–109] (Table S2) [107,109,110].
Other examples are santal (27), scandenin A (28) dalpanitin (29), vicenin 3 (30), derri-
sisoflavone C (31), and 5,7,4′-trihydroxy-6,8-diprenylisoflavone (32) [107]. Organic and
aqueous extracts in this family are often antiviral, as in D. scandens with HSV-1 (IC50:
60 μg/mL) PV and MV as well as Cynometra ramiflora Miq. with DV-2 [111], and Derris
trifoliata Lour. with HIV [112,113]. As for antiviral principles, isoflavone deguelin (33) was
active against HCMV [113,114] whereas rotenone (34) restrained HSV-1 and -2. D. trifoliata
yields the strong antibacterial and anticandidal lupinifolin (35) (Table S2) [115–117]

Order Fagales: Organic polar and mid-polar extract of fruits and leaves of the tanniferous
Casuarina equisetifolia L. (Casuarinaceae) are broadly antibacterial and antifungal [118–120].

Order Rosales: In the Moraceae, the methanol extract of the bark of Ficus microcarpa
L.f. (40 μL of a 10 mg/mL solution on 6 mm disc) developed halos with B. brevis, B. cereus,
B. subtilis, E. coli, and A. polymorph [121]. From this tree, the flavanols (+) (2R,3S) afzelechin
(36) and (-)(2R,3R) epiafzelechin (37) weakly repressed HSV-1 (Table S2) [122].

2.4.8. Clade Malvids

Antimicrobials in this vast Clade are diverse (Table S2).
Order Myrtales: Polar and mid-polar organic extracts of Combretum quadrangulare

Kurz (Combretaceae) [123] and Terminalia catappa L. (Combretaceae) are antibacterial
and anticandidal [124,125] probably due to ellagitannins such as corilagin (38) [81,126]
(Table S2) [127,128] and other phenolics. Phenolic fraction from the fruits of T. catappa
strongly repressed S. aureus, B. subtilis, E. faecalis, and L. monocytogenes with the MIC val-
ues of 15.6, 15.6, 7.8, and 15.6 μg/mL, respectively [129]. Other antimicrobials in this
family are triterpenes, probably explaining the strong activity of the hexane extract of
Lumnitzera racemosa Willd. with B. cereus and E. coli [21]. The ethanol extract of barks
of this shrub repressed NVD, VV, EMCV, and SFV [130]. Aqueous extracts from Com-
bretaceae plants are often antiviral, as in the pericarps of T. catappa with HSV-2 [131] or
C. quadrangulare blocking HIV integrase with the IC50 of 2.9 μg/mL [132].
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The methanol extract of the true mangrove shrub Pemphis acidula J.R. & G. Forst (Lythraceae)
hindered a broad-spectrum of bacteria [133,134]. Essential oils of Melaleuca cajuputi Roxb. and
Melaleuca quinquenervia (Cav.) S.T. Blake (Myrtaceae) are strongly and broadly antibacterial
and antifungal [135–138]. The essential oil of M. quinquenervia repressed Phytophthora
cactorum [139] and was strongly fungicidal for filamentous fungi [140].

In the family Sonneratiaceae, polar and mid-polar organic and aqueous extracts of
the true mangrove trees Sonneratia apetala Buch-Ham., Sonneratia griffithii Kurtz., and
Sonneratia ovata Back. are bacterial and antifungal [21,141–145]. S. griffithii yields strongly
antibacterial lupane triterpenes such as 3β-hydroxy-lup-9(11),12-diene, 28-oic acid (39),
lupeol (40), and lupan-3β-ol (41) (Table S2) [146]. Antiviral triterpenes are present in
Sonneratiaceae plants [147].

Order Brassicales: Polar organic extracts of Azima sarmentosa (Bl.) B. & H and Azima
tetracantha Lam. (Salvadoraceae) inhibited the growth of bacteria and fungi [148,149].

Order Malvales: In the family Malvaceae, organic polar extracts of Hibiscus tiliaceus L.
and Thespesia populnea (L.) Soland. ex Correa restrained a broad array of bacteria [150,151].
T. populnea yields the cadalane sesquiterpenes populene C (42) and D (43), mansonone D
(44) and E (45), 7-hydroxycadalene (46), gossypol (47), and (+) 6,6’-methoxygossypol (48)
with strong activity toward Gram-positive bacteria (Table S2) [152]. The ethanol extract
of flowers of T. populnea strongly hindered VSV, CV B4, and RSV (EC50: 20 μg/mL) [153]
whereas the methanol extract of Malachra capitata (L.) L. was active against the FMDV [154].
The petroleum ether extract of the leaves of Kleinhovia hospita L. strongly retrained E. coli
and A. jejunii with the MIC values of 35.7 and 38 μg/mL, respectively [155,156], while the
ethanol extract of the bark yielded a MIC value of 4 μg/mL with S. aureus [17]. From this
plant, the steroids (9R,10R, 23R)-21,23:23,27-diepoxycycloarta-1,24-diene-3,27-dione (49)
and (9R,10R,21S,23R)-21/23,23/27-diepoxy-21-methoxycycloartan-1,24-diene-3,27-dione
(50) are strongly active (Table S2) [156].

Sterculiaceae plants are often antimicrobial as in the dichloromethane extract Heritiera
littoralis Aiton with M. madagascariense and M. indicus [157,158]. From this tree, the flavonol
glycoside afzelin (51) is strongly antibacterial and antiviral (Table S2) [55,159–163].

Other antimicrobial principles in this true mangrove tree are taraxerol (52), friedelin
(53), and astilbin (54) [164]. The ethanol extract of the bark of Heritiera fomes Buch. Ham.
developed halos with S. epidermidis, S. pyogenes, E. coli, E. aerogenes, Pseudomonas sp. [28],
and K. rhizophilia [164].

Order Sapindales: Organic polar extracts of the true mangrove trees Aglaia cucullata
Pellegr., Xylocarpus granatum J. Koenig, and Xylocarpus moluccensis (Lam.) M. Roem (Meli-
aceae) displayed antibacterial properties [28,165,166] (Table S2) [144–146,148). Phytoalexins
in this family are limonoids such as in the antiretroviral sundarbanxylogranin B (55) from
the seeds of X. granatum [167] or thaixylomolin I (56) and K (57) isolated from the seeds of
X. moluccensis [168]. Another example is krishnolide A (58) [169]. From the latter, moluc-
censin I from the fruits moderately inhibited the growth of S. hominis and E. faecalis [170].
The limonoid catabolite dihydrofuranone 3-(1-hydroxyethyl)-2,2-dimethyl-4-butyrolactone
(59) from the leaves of X. granatum is a strong repressor of the phytopathogenic fungi
Blumeria graminis [171].

In the Rutaceae, essential oils of Acronychia pedunculata (L.) Miq. and Limnocitrus
littoralis (Miq.) Swingle are antibacterial and antifungal [172–174]. The ethanol extract of
the former was active toward C. albicans, A. niger, and C. neoformans [175]. The acridone
pharmacophore [176] intercalates into microbial DNA [177] and represses WSSV [178].
A. pedunculata yields very strong antistaphylococcal acridone alkaloids [179] as well as the
prenylated acetophloroglucinol acrovestone (60) [177] (Table S2) [180].

Antimicrobials in the family Sapindaceae are mainly triterpene saponins and triter-
penes the later soluble lipid. The petroleum ether of Allophylus cobbe (L.) Raeusch strongly
inhibited the growth of Shigella sonnei, Salmonella paratyphi, and C. neoformans with the MIC
values of 31.2 μg/mL [178–181]. The methanol extract of the leaves of Harpullia arborea
(Blanco) Radlk repressed a broad-spectrum of bacteria and fungi [182] whereas the ethanol
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extract of leaves was active against HCV [183] on probable account of simple phenolic
glycosides [184].

The methanol extract of leaves of Quassia indica (Gaertn.) Nooteboom (Simaroubaceae)
developed halos with E. coli, S. aureus, A. Niger, and C. albicans [185].

Order Santalales: Plants in the Loranthaceae generate antimicrobial phenolics such as
the flavonol glycoside quercitrin isolated from the leaves of Dendrophthoe pentandra (L.) Miq.
(100 μg/mL/6 mm disc) [186]. These are soluble in methanol explaining the antibacterial
properties of Macrosolen cochinchinensis (Lour.) Tiegh [187] or Viscum orientale Willd. [188].
The organic polar extracts of Olax scandens Roxb. and Ximenia americana L. (Olacaceae)
are antibacterial and antifungal [189–191]. Phytoalexins here are often polyacetylene fatty
acids extractable with non-polar solvent from which the halos developed against B. subtilis,
Enterococcus faecalis, P. aeruginosa, and K. pneumoniae with the hexane extract of the leaves of
Olax scandens Roxb. [192]. The methanol extract of the stembark of X. americana strongly
inhibited the replication of HIV [193].

Order Caryophyllales: In the order Caryophyllales, a fatty acid fraction of Sesuvium
portulacastrum (L.) L. (Aizoaceae) as well as the essential oil moderately hindered a broad-
spectrum of bacteria and fungi [194,195]. The ethanol extract of leaves was active against
HBV [130]. The polar organic extract of Salicornia brachiata Miq. and Suaeda maritima
(L.) Dumort. (Chenopodiaceae) displayed broad-spectrum antibacterial, antifungal, and
antiviral properties [196,197]. The fatty acid fraction of the aerial parts of S. brachiata Miq.
moderately restrained B. subtilis S. aureus and methicillin-resistant S. aureus [198]. The
ethanol extract of the leaves of S. maritima was active against the EMCV [130]. The organic
polar extract of the true mangrove tree Aegialitis rotundifolia Roxb. and Limonium tetragonium
Bullock (Plumbaginaceae) are antibacterial and antifungal [199,200]. The methanol extract
of the roots of L. tetragonium Bullock blocked HIV-1 reverse transcriptase [201].

2.4.9. Clade Asterids

Plants in this clade yield antimicrobial triterpenes (Table S2).
In the order Ericales, the ethanol extract of the bark of the true mangrove tree Diospyros

littorea (R. Br.) Kosterm. (Ebenaceae) developed halos with Streptococcus sp., S. aureus,
Aeromonas hydrophila, and Vibrio parahaemolyticus [62].

Antimicrobial principles in the Lecythidaceae are mainly triterpene saponins that
are soluble in polar organic and aqueous extracts, explaining why plants in the genus
Barringtonia J.R. Forst. & G. Forst. are antibacterial and antifungal. The methanol extract of
leaves of Barringtonia acutangula (L.) Gaertn. hindered C. albicans and Candida tropicalis with
the MIC values of 31.2 and 62.5 μg/mL, respectively [202,203]. Other examples include
the methanol extract of Barringtonia asiatica (L.) Kurz [204] or Barringtonia racemosa (L.)
Spreng [205,206]. Other antimicrobial principles are oleanane triterpenes such as germani-
col caffeoyl ester (61), camelliagenone (62), and germanicol (63) in B. asiatica (Table S2) [207]
or lupeol (40) (Table S2) [208]. These are mainly lipophilic, where activities in non-polar
extracts as exemplified with the petroleum ether extract of the stem bark of B. asiatica that
strongly restrained B. subtilis with the MIC value of 25 μg/mL, respectively [209]. Other
lipophilic to mid-polar principles in B. racemosa are neo-clerodane diterpenes such as nasi-
malun A (64) [204,208,210]. The aqueous extract suppressed HSV-1 (IC50: 23 μg/mL) [211].

The ethanol extract of the bark (500 μg/disc) of the true mangrove tree Aegiceras
corniculatum (L.) Blanco (Aegicerataceae) developed a halo with a broad spectrum of
bacteria [28], while the hexane extract of leaves inhibited the growth of Mycobacterium
tuberculosis (H37Rv) with the MIC value of 50 μg/mL [212]. The oleanane triterpene acornine
2 (65) isolated from the bark hindered yeasts and filamentous fungi (Table S2) [212]. The
ethanol extract of fruits inhibited NDV and SFV [130].

2.4.10. Clade Lamiids

The Lamiids produce various types of antimicrobials (Table S2).
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Order Boraginales: The Cordia dichotoma G. Forst. (Boraginaceae) methanol extract
restrained S. pyogenes, S. aureus, E. coli, P. aeruginosa, A. niger, and C. albicans [213]. Merrillio-
dendron megacarpum Sleumer (Icacinaceae) yields the strongly antifungal pyranoindolizino-
quinoline alkaloid camptothecin (66) which also restrains a broad spectrum of virus in vitro
(Table S2) [214–219].

Order Gentianales: Plants in the genus Cerbera L. (Apocynaceae) are antimicrobial.
The ethanol extract of Cerbera manghas L. very strongly restrained E. coli and P. aeruginosa
(MIC: 4 μg/mL) [17] and VSV (IC50: 0.01 μg/mL) [220]. The methanol extract of seeds of
Cerbera odollam Gaertn. developed halos with a broad-spectrum of bacteria [221] and the
ethanol extract of fruits suppressed Aspergillus flavus, Fusarium oxysporum, and Penicillium
citrum [222]. Note that Apocynaceous indole alkaloids are often antistaphylococcal [223].
The ethanol extract of the leaves (500 μg/well) of Hoya parasitica (Roxb.) Wall. ex Wight
(Asclepiadaceae) inhibited the growth of S. aureus, Proteus sp., E. coli, and S. sonnei, and
Shigella dysenteriae with the IZD of 23, 19, 10, 8, and 20 mm, respectively [224].

In the Rubiaceae, the organic polar and mid-polar extracts of Guettarda speciosa L.,
Hydnophytum formicarum Jack, Morinda citrifolia L., and Myrmecodia tuberosa Jack, and
Guettarda speciosa L. are antibacterial and antifungal [82,225–228] (Table S2) [81,162,229–231].
Plants in this family yield antimicrobial water soluble iridoid glycosides such as in lo-
ganic acid (67) from G. speciosa, which strongly repressed HCV [228], and asperulo-
side (68) from M. citrifolia (Table S2) [77,91,93,220,232–234]. Other antimicrobial prin-
ciples are caffeic acid derivatives including the antiviral 4,5-di-O-caffeoylquinic acid
(69) [229,235] as well as 5,4′-dihydroxy-6,7,8,-trimethoxyflavone (70) in Gardenia lucida
Roxb. [91,234,236], antimycobacterial monoterpene indole alkaloids [230], the chalcone
butein (71) from H. formicarum [22] (Table S2) [88,237], and the anthraquinones damnacan-
thal (72) and 1,3-dihydroxy-5-methoxy-2,6-bismethoxymethyl-9,10-anthraquinone [233]
(Table S2) [81,229,230,232]. (E)-phytol (73) is strongly antimycobacterial [232]. The ethanol
extract of M. citrifolia is weakly active with the FMDV [238] and the methanol extract of
Psychotria serpens L. with HSV [155]. The essential oil of the latter is strongly bactericidal
with S. aureus (MIC/MBC: 39/39 μg/mL) [239].

Order Lamiales: In the family Acanthaceae, the chloroform extract of the leaves of
Acanthus ebracteatus Vahl inhibited the growth of B. cereus, S. aureus, P. aeruginosa, and
Proteus vulgaris, C. albicans, Aspergillus fumigatus, and A. niger [240]. This true mangrove herb
yields the antibacterial 3,5-dimethoxy-4-hydroxy methyl benzoic acid (74), (Z)-4-coumaric
acid 4-O-β-D-glucopyranoside (75), and 6-hydroxy-benzoxazolinone (76) (Table S2) [241].
The alcohol extract given to ducklings orally at a dose of 2 g/kg/day for 14 days evoked
a decrease in serum hepatitis B surface antigen, AST, ALT, and improved the hepatic
cytoarchitecture [242]. The ethanol extract of roots inhibited the replication of the NDV,
Vaccinia virus, ECMV, and SFV [130].

Avicennia species (Avicenniaceae) are true mangrove trees yielding broad-spectrum
antibacterials [243–245] such as the diterpenes excoecarin A (77), ent-16-hydrozy-3-oxo-13-
epi-manoyl-oxide (78), ent-15-hydroxy-labda-8(17), 13E-dien-3-one (79), which repressed
Rhizopus orizae and A. niger and rhizophorin B with B. subtilis (Table S2) [246]. The ethanol
extract of Avicennia alba L. and Avicennia officinalis L. restrained ECMV [130].

Dolichandrone spathacea (Burm. f.) Bedd. (Bignoniaceae) is a true mangrove tree
yielding the hydroxycinnamic acid glycoside derivatives decaffeoyl acteoside (80) and
verbascoside (81) active against E. faecalis (ATCC 1034) and S. sonnei (Table S2) [247].
Verbascoside (81) very strongly hindered RSV (Table S2) [248].

An extract of the stems and leaves of Myoporum bontioides (Siebold & Zucc.) A. Gray
(Myoporaceae) moderately inhibited the growth of F. oxysporum, Pestalotia mangiferae,
Thielaviopsis paradoxa, Colletotrichum musae, Alternaria alternata, Mycosphaerella sentina, and
Sphaceloma fawcettii [249]. From this plant, the sesquiterpenes myoporumine A (82) and
B (83), (-)-epingaione (84), and (–)-dehydroepingaione (85) strongly repressed MRSA
(Table S2) [250]. (-)-Epingaione is a strong inhibitor of filamentous fungi [249]. Other
antifungal principles in this plant are homomonoterpenes (Table S2) [251]

49



Mar. Drugs 2022, 20, 643

In the Verbenaceae, Premna odorata Blanco produces the strong antimycobacterial long
chain alkane 1-heneicosyl formate (86) (Table S2) [252]. Essential oil of plants in this family
like in the Lamiaceae are often antifungal [253]. The methanol extract (200 μg/disc) developed halos
with A. niger and Penicillium cyclopium [254,255].

Order Solanales: The ethanol extract of the flowers of Ipomoea pes-caprae (L.) R. Br. (Con-
volvulaceae) inhibited the growth of S. aureus, B. subtilis, Streptococcus mutans, P. vulgaris,
K. pneumoniae, E. coli, A. flavus, A. niger, and Penicillium sp [256]. The methanol extract of
the leaves of Solanum viride R. Br. (Solanaceae) was weakly active against S. aureus and
C. albicans [257].

2.4.11. Clade Campanulids

The ethanol extract of the roots of Pluchea indica (L.) Less. (Asteraceae) repressed
E. coli, B. cereus, Pseudomonas fluorescens, S. aureus, and S. typhimurium [258]. The aqueous
extract of leaves inhibited HIV-1 [259]. The aqueous extract of berries of Scaevola taccada
(Gaertn.) Roxb. (Goodeniaceae) restrained HIV-1 [259]. The methanol extract of leaves
(500 μg/well) evoked halos with V. cholerae, K. pneumoniae, S. typhi, S. sonnei, F. oxysporum,
Fusarium solani, Rhizoctonia solani, and Odium monilioides [260]. This coastal shrub yields
the strong antifungal furanocoumarin scataccanol (87) as well as 4-formylsyringol (88)
(Table S2) [261].

3. Antimicrobial Extracts and Compounds from Mangrove and Mangrove-Associated
Plants with the Potential to Be Used for Shrimp Farming

According to Kuete (2010), crude extracts with MIC values less than 100 μg/mL
are antimicrobial [10]. Here, we define a very strongly active extract with a MIC value
below 10 μg/mL. An isolated compound is defined as very strongly active for a MIC
value below or equal to 1 μg/mL (as well as less than 1 μg/thin layer chromatography),
strongly antibacterial (or antifungal) for a MIC value above 1 μg/mL and equal to or
below 50 μg/mL, moderately antibacterial (or antifungal) for a MIC from 50 and below
100 μg/mL, weakly antibacterial (or antifungal) for a MIC from 100 and below 500 μg/mL,
very weakly antibacterial (or antifungal) for a MIC ranging from 500 to below 2500 μg/mL,
and inactive for a MIC value above 2500 μg/mL.

For antiviral principles, we suggest that a compound with an IC50 value below or
equal to 1 μg/mL is very strongly active, for an IC50 value above 1 and equal to or below
20 μg/mL strongly antiviral, for an IC50 above 20 and below or equal to 100 μg/mL
moderately antiviral, for an IC50 above 100 and below or equal to 500 μg/mL weakly
antiviral, for an IC50 ranging from above 500 to below or equal to 2500 μg/mL very weakly
antiviral, and inactive with an IC50 value above 2500 μg/mL.

Using these criteria, the strongest antimicrobial extracts from mangrove and mangrove-
associated plants that could be of value for shrimp farming are from C. inophyllum (S. aureus,
T. rubrum) [63], T. catappa (E. faecalis) [129]., C. manghas (E. coli, P. aeruginosa, VSV) [17,220],
and C. odollam (HSV) [223].

The strongest antimicrobial principles identified from the mangrove and mangrove-
associated plants that could be of value for shrimp farming are as follows (Figure 1):

(i) Antibacterial: Lupinifolin (35) (Gram-positive and Gram-negative) [116]; 7-hydro-
xycadalene (46) [152].

(ii) Antifungal: Lupinifolin (35) (Yeasts) [116].
(iii) Antiviral: Naringenin (9) [50], verbascoside (81) [248], inophyllum B (15) [61], 12-

deoxyphorbol 13-(3E,5E-decadienoate) (18) [69], 5β-carboxymethyl-3α-hydroxy-2β-hydro-
xymethyl-1- methylpyrrolidine (19) [70], deguelin (33) [117], deoxypodophyllotoxin (3) [25,116]
(9R,10R, 23R)-21,23:23,27-diepoxycycloarta-1,24-diene-3,27-dione (49) [156], gallic acid
(21) [83], and 4,5-di-O-caffeoylquinic acid (69).

(iv) We note that most of these principles are hydrophilic or amphiphilic (Figure 1).
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Figure 1. Natural products from mangrove plants with very strong antimicrobial activities.

4. Spectrum of Activity of Antimicrobial Extracts and Principles from Mangrove and
Mangrove-Associated Plants

The following observations can be made:

(i) No reports on the only lycopod associated with mangrove are available.
(ii) Of the 26 ferns, nine had antibacterial effects and six are antifungal, and no antiviral

activities were reported. The only antimicrobial principle from ferns thus far is the
strong antibacterial (Gram-positive) stenopalustroside A [13] (Table 1).

(iii) The cycad associated with mangroves has antibacterial effects.
(iv) No reports on the only pine tree associated with mangrove are available.
(v) Of the 51 monocots, 11 displayed antimicrobial effects, of which eight had antibacte-

rial activity, six with antiviral activity, and none reported with antiviral properties.
Active principles isolated were phenolics such as the flavanol naringenin (9) in the
Pandanaceae, antibacterial, antifungal, and antiviral orchidaceous phenanthrenes as
well as the flavones and antifungal hydroxycinnamic acid of Poaceae (Table 2)

(vi) Of the 207 dicots, 92 had antimicrobial effects including 78 antibacterial, 39 antifungal,
and 25 antiviral effects. A total of about 80 antimicrobial principles were isolated
(Table S2).

(vii) Aqueous and organic polar extracts of plants from the mangrove presented activity
against Gram-positive and Gram-negative bacteria, filamentous fungi and yeasts,
enveloped and non-enveloped viruses, DNA, and RNA viruses (Table S2).

(viii) The extract of P. pinnata [262] and gallic acid (21) abounds notably in the true mangrove
trees Rhizophora apiculata Bl. and Aegiceras corniculatum (L.) Blanco is a protected
shrimp against WSSV [84] as well as an aqueous extract of the true mangrove tree
C. tagal (Perr.) C.B. Rob. [263]
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5. Medicinal Use of Mangrove and Mangrove-Associated Plants

One could suggest the use of medicinal plants as a more sustainable alternative to
chemotherapy in paenid aquaculture. Therefore, the possible beneficial effect of mangrove
and mangrove-associated plants for the sanitation of shrimp farms is reinforced by the
observation that 85 plants were used for the treatment of infectious diseases including
mainly diarrhea, dysentery, and wounds [264–294] (Table S1). The pharmacological effect
of these plants involves active principles that are potentially able to act on paenids, which
could be examined further.

6. Mangrove and Mangrove-Associate Plants as Remediation of Shrimp Farming?

Shrimp and prawn farms are regularly affected by (+)-RNA viruses such as the Taura
syndrome virus, Yellow head virus, and Gill-associated virus as well as DNA viruses
(WSSV, Monodon Baculovirus) and Gram-negative bacteria such as Hepatobacterium penaei
and Vibrio spp. [295]. Synthetic drugs are being used in an attempt to evade economic
losses but threaten the environment and contribute to the selection of multidrug-resistant
pathogenic microorganisms. Being able to produce antimicrobial principles (some of them
water soluble like ellagic acid), mangrove and mangrove-associated plants could be used
as a source of natural agents and/or afford ecological systems to combat the infections
with shrimps and prawns. Polar organic and aqueous extracts of most mangrove and
mangrove-associated plants exhibit broad-spectrum antibacterial, antifungal, or antiviral
properties in vitro, suggesting that antimicrobial secondary metabolites from plants and
plant litter in the sea and brackish waters could afford some control against the overgrowth
of pathogenic microbes. Of note, P. pinnata ethanol extract of leaves given to Penaeus
monodon as part of feed at the dose of 300 μg/g of body weight/day evoked some
levels of protection against WSSV [262]. Gallic acid (21), which abounds notably in the
true mangrove trees R. apiculata and A. corniculatum is strongly antiviral and protected
shrimps against WSSV [84]. Gallic acid (21) may, at least in part, account for the fact
the aqueous extract of the true mangrove tree C. tagal given at the dose of 10% of the
body weight, twice a day, protected shrimps against WSSV [263]. Furthermore, gallic
acid (21) decreases microbial proliferation in mangrove soil [296] as well as the growth of
microalgae [297], which contribute to a decreased production in shrimp aquaculture [298],
at least in part, to the alteration in the shrimp’s immune system [299]. The control of
pathogenic bacteria may have some beneficial effects for the symbiotic bacteria of shrimp
against pathogenic microorganisms [300]. Furthermore, phenolic acids from mangrove
and mangrove-associated plants could, by chelation, protect shrimps against toxic metals
including cadmium [301,302]. Therefore, it is possible to extend the protective effect of
mangrove and mangrove-associated plants to fisheries and crab farming, the latter being
affected by Vibrio species [165]. Another interesting feature of mangrove plants is that they
are a host for microorganisms for Actinomyces producing antibacterial principles [303].

7. Conclusions

Plants from the Mangroves of Asia and the Pacific produce a vast array of antimicrobial
secondary metabolites that could be further examined for their possible development into
medications to control microbial outbreaks in aquaculture. In parallel, growing plant
mangroves in aquacultures and promoting mangrove-associated aquaculture could be
beneficial. The rise in the global population and the imperative to supply shrimps, prawns,
crabs, and fish globally requires the preservation of mangroves.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20100643/s1, Figure S1: Natural products from the plants
of the mangroves, tidal rivers, and the seashores of Asia and the Pacific; Table S1: Plants from the
mangroves, tidal rivers, and the seashores of Asia and the Pacific, Table S2: Antimicrobial activity of
extracts and isolates from the Dicotyledons from the mangroves, tidal rivers, and the seashores of
Asia and the Pacific.
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Abstract: Compound 1 (SMTP-7, also FGFC1), an isoindolone alkaloid from marine fungi
Starchbotrys longispora FG216 and fungi Stachybotrys microspora IFO 30018, possessed diverse bioactiv-
ities such as thrombolysis, anti-inflammatory and anti-oxidative properties, and so on. It may
be widely used for the treatment of various diseases, including cerebral infarction, stroke, is-
chemia/reperfusion damage, acute kidney injury, etc. Especially in cerebral infarction, compound 1

could reduce hemorrhagic transformation along with thrombolytic therapy, as the traditional thera-
pies are accompanied with bleeding risks. In the latest studies, compound 1 selectively inhibited the
growth of NSCLC cells with EGFR mutation, thus demonstrating its excellent anti-cancer activity.
Herein, we summarized pharmacological activities, preparation of staplabin congeners—especially
compound 1—and the mechanism of compound 1, with potential therapeutic applications.

Keywords: FGFC1; thrombus; fibrinolytic; Stachybotrys longispora FG216; Stachybotrys microspora
IFO 30018

1. Introduction

The hemostatic system, consisting of the coagulation and fibrinolytic systems, is a
vital physiological function in inhibiting hemorrhage and accelerating wound healing [1,2].
Fibrinolysis is regulated by plasminogen and activated by physiologic plasminogen activa-
tors: tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen activator
(u-PA). Meanwhile, the level of activated plasmin could be inhibited through the block
of plasminogen activation by several specific molecules [3,4]. However, various clinical
cases indicated that hereditary or acquired factors would enhance or weaken fibrinolytic
systems, causing the disorder between the coagulation and fibrinolytic systems, which
led to hemorrhage or thrombosis. Compared with a hemorrhage, thrombus formation
develops much more gradually and imperceptibly, leading many patients’ deaths [5]. Cur-
rent drugs on thrombosis include aspirin, ticlopidine, warfarin, and heparin; however, the
risk of bleeding is a concern [6]. Therefore, small molecules, with different mechanisms of
fibrinolysis action, are desired for new antithrombotics and thrombolytics.
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Natural products, historically, possess various bioactivities for the treatment of human
diseases [7–12]. Marine products, due to the unique marine environments, provide special
structures of compounds differing from terrestrial ones. Up to now, over 28,175 chemical
entities have been identified, with hundreds of new compounds discovered every year [13].
Numerous marine molecules have been approved for clinical treatments, such as anticancer
cytarabine and analgesic ziconotide [14–16].

In 1996, Kohyama et al. isolated SMTP-1 from fungi Stachybotrys microspora IFO
30018, with 20–30% higher plasminogen-fibrin binding action than staplabin, indicating
the potential for thrombolysis therapy [17–19]. Staplabin, a triprenyl phenol, was the
basic core of the SMTP family, and SMTP-1, as well as other congeners, were variants of
staplabin (Figure 1) [17,20]. Then, a series of congeners, containing a tricyclic γ-lactam
moiety, a geranylmethyl side-chain, and an N-linked side-chain, were isolated and showed
plasminogen activation [21]. Compound 1 (Figure 2), with two staplabin cores bridged by
ornithine, could increase urokinase-catalyzed plasminogen activation, fibrin binding of
plasminogen, and fibrinolysis mediated by urokinase and plasminogen [20]. Meanwhile,
it showed excellent clot clearance activity in vivo [22,23]. In a rat pulmonary embolism
model, compound 1 (5 mg/kg) enhanced, by three-fold, the clot clearance rate above the
spontaneous clearance group. Moreover, clot clearance of compound 1 was enhanced,
further, in combination with u-PA [23].

Figure 1. Structures of staplabin and SMTP-1.

At present, more than 60 congeners of staplabin have been isolated, which not only
performed fibrinolysis activity but also exhibited various effects, such as anti-inflammatory,
neuroprotection, and anti-cancer properties [1]. Other modified derivatives and structure–
function relationships of compound 1 have also been studied. Scientists also confirmed
the absolute configuration and preparation methods of congeners and derivatives, which
shared similar absolute configuration (8S, 9S) and a staplabin core. Meanwhile, most
monomeric analogues could be obtained by replacing the ornthine with non-basic amino
acids or simple amines [24,25]. Herein, we focused on the diverse biological activities of
compound 1, which is a congener of staplabin (Figure 2).
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Figure 2. Structures of congeners and derivatives of staplabin.

2. Pharmacological Activity

2.1. Thrombolytic Activity

Thromboembolic disease is a main cause of mortality and disability. For instance,
stroke is responsible for 5.2% of all mortalities in the world [26]. Most of them are ischemic
strokes, which would trigger transient or permanent occlusion of cerebral vessels causing
brain infarcts, cerebral tissue death, and focal neuronal damage after blocking for 6 h [27].
Therefore, the key to saving stroke patients is solving thromboembolism in an efficient way.
It is needed to search for more potent and safer drugs for the inhibition and treatment of
ischemic symptoms.

In 1999, Hu et al. isolated compound 1 from the fungus S. microspora IFO 30018, with
a preliminary determination for its plasminogen activation and fibrinolysis activity at
80–150 μM in vitro [20]. In 2010, Hashimoto et al. established a novel cerebral infarction
model for predicting cerebral infarction, in which generated embolus transferred to the
brain in the right common carotid artery of Mongolian gerbils, induced by acetic acid [28].
In the same year, they assessed the therapeutic effect of compound 1 and t-PA in the cerebral
infarction model [29]. The fibrinolytic activity of compound 1 (<20% of positive control)
was lower than t-PA (>140% of positive control) in the 3 h after administration, but the
activity of compound 1 increased about 3.5-fold during 1–3 h and was higher than t-PA
after 3 h. It was attributed that the activity of compound 1 gradually increased. Meanwhile,
compound 1 extended the therapeutic time window. Compared with a clear infarct in the
cerebral hemisphere by t-PA (10 mg/kg) treatment, there was no visible infarction in the
group of compound 1 at 3 h after ischemia. More importantly, there was little hemorrhagic
region with 10 mg/kg of compound 1, suggesting that it is a latent safe cerebral infarction
therapy method. Hu et al., (2012) disclosed that compound 1 enhanced plasmin generation
in vivo [20]. The level of plasmin-α2-antiplasmin complex, an indicator of plasmin forma-
tion, increased by 1.5-fold in male ICR mice after the treatment with 5 and 10 mg/kg of
compound 1. In 2014, the antithrombotic activity of compound 1 was further demonstrated
in the male cynomolgus monkey model [30,31], which achieved excellent effects (Table 1).
In addition, Ito et al. found that the combination therapy with warfarin and compound
1, in the middle cerebral artery occlusion, improved the treatment safety and reduced
hemorrhagic transformation [32]. Compound 1, as a safe thrombolytic agent, relieved the
side effects, such as severe infarction, edema, and hemorrhage, induced by warfarin in the
middle cerebral artery occlusion model. All mice treated with compound 1 survived and
the hemorrhagic severity score (1.3 ± 0.5) indicated decreased hemorrhagic transformation.
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Table 1. The antithrombotic effect of compound 1 in the severe embolic stroke monkey model.

The Antithrombotic Effects Efficacy (10 mg/kg)

consistent clot clearance 43.3 ± 40.5%
thrombotic middle cerebral artery occlusion recanalization 32.5-fold

neurologic deficit amelioration 29%
cerebral infarct reduction 46%

cerebral hemorrhage decrease 51%
infarct, edema and clot sizes reduction 65%, 37%, and 55%, respectively

Then, Wang et al. isolated compound 1 from a rare marine fungus Stachybotrys longispora
FG216 and evaluated its fibrinolysis activity [33]. Additionally, 0.1–0.4 mmol/L of compound
1 increased the Glu-plasminogen and Lys-plasminogen activation by 2.05–11.44 times in vitro.
Meanwhile, 10 mg/kg compound 1 dissolved most pulmonary thrombus in the Wistar
rat in vivo. Yan et al. further researched the thrombolysis and hemorrhagic activities of
compound 1, from S. longispora FG216, in vitro and on acute pulmonary embolism Wistar
rat model in vivo [34]. Compound 1, from 5 to 25 μM, induced fibrin hydrolysis in vitro;
moreover, its thrombolytic activity was evaluated with fluorescence lung tissues in vivo. It
was observed that compound 1, of 5 and 10 mg/kg, displayed effective dissolving capacity
(less fluorescence halo). Meanwhile, the euglobulin lysis time (ELT) was shortened for 30 s
by the treatment of compound 1 in the Wistar rat model. Shortening ELT was related to the
activation of the fibrinolytic system. Therefore, compound 1 exhibited fibrinolytic activity
in vivo. Compound 1 (5, 10, and 25 mg/kg), especially, did not induce fibrinogenolysis at
30 min and 2 h after administration, which suggested that compound 1 reduced the risk of
hemorrhage. Thus, compound 1 was a potential thrombolytic agent without hemorrhage [34].
In 2021, Gao et al. detected that compound 1, with low concentration (0.096 mM), enhanced
fibrinolytic activity by 2.2-fold in vitro; however, it inhibited fibrinolytic activity at excess
doses (above 0.24 mM) [35].

Congeners 3, 5, and 7 enhanced fibrinolysis activities at 0.25 mM, in the 125I-Fibrin
degradation experiment, by 2.3-fold, 1.9-fold, and 2.7-fold, respectively [36]. Congener
8 (80 μM) also increased fibrinolysis activity by eight-fold in the fibrin binding of 125I-
plasminogen [20]. In 2003, Hu et al. isolated congeners 4, 6, and 9 with the activation effect
on the urokinase-catalyzed plasminogen in vitro [24]. In 2012, congeners 11–13, isolated
from S. microspore, showed similar plasminogen activation activities when compared with
compound 1 [37]. In 2018, Shibata et al. evaluated fibrinolysis activities of congeners 12

and 17 in an acetic acid-induced cerebral infarction mouse model [38]. Compared with
compound 1, of 10 mg/kg, congeners 12 and 17 reduced the size of the infarction area,
neurological score, and edema percentage (Table 2).

Table 2. The fibrinolysis activities of compound 1, as well as congeners 12 and 17.

Fibrinolysis
Activities (10 mg/kg)

Infarction Area Size
Reduction

Neurological Score
Reduction

Edema Percentage
Reduction

Compound 1 4.9 ± 1.1% 1.7 ± 0.4% 5.8 ± 1.0%
Congener 12 4.4 ± 0.5% 1.7 ± 0.4% 4.6 ± 1.0%
Congener 17 5.7 ± 1.2% 1.5 ± 0.5% 3.3 ± 1.4%

To gain a deep insight into the antithrombotic effect, many studies attempted to
illustrate the detailed mechanism for compound 1. Hashimoto et al., firstly, confirmed ex-
cellent thrombolytic activity of compound 1 (no visible infarction area after treatment with
10 mg/kg for 3 and 6 h) in an acetic acid-induced novel embolic cerebral infarction model
in vivo. They hypothesized that compound 1 could relieve cerebral infarction by combined
effects, giving rise to studies on other activities of compound 1 [28]. In 2010, they demon-
strated that compound 1 possessed thrombolytic and anti-inflammatory activities [29]. By
the treatment with compound 1, at 3 h after ischemia, mRNA expression of interleukin-1β
(IL-1β), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) did not increase signif-
icantly. Therefore, compound 1 ameliorated hemorrhage and neurologic deficits, with a
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wide therapeutic time window in thrombolysis, by inhibiting inflammation. One year later,
Akamatsu et al. further completed the anti-inflammatory mechanism of compound 1 in
fibrinolysis [39]. Matrix metalloproteinase-9 (MMP-9) was significantly inhibited (92 kDa
band) with compound 1 in transient focal cerebral ischemia, suggesting a cerebral neu-
roprotective effect of compound 1, on ischemia/reperfusion injury, and a reduction risk
for hemorrhagic transformation. Moreover, compound 1 inhibited the expression of an
early superoxide anion and nitrotyrosine for 2 h after ischemia/reperfusion, so it showed
anti-oxidative activity to reduce ischemia/reperfusion damage [39]. In 2014, Hanshimoto
et al. observed that reactive oxygen species could cause overexpression of proinflammatory
cytokines [40]. Compound 1 inhibited the overexpression of a signal transducer and activa-
tor of transcription 3, to extend the therapeutic time window in thrombolysis therapy, by
exhibiting its anti-oxidative effect. In addition, Huang et al. observed the inhibitory activity
of compound 1 on pro-MMP-9, which inhibited the degradation of the basal membrane
and the blood–brain barrier, reducing the risk of hemorrhage [41]. Moreover, Koyanagi
et al., (2014) found compound 1 performed better plasminogen activation activity with
the presence of physiological cofactors [42]. Compound 1, of 20–60 μmol/L, promoted the
activation of Glu-plasminogen, by 10-fold, with phosphatidylcholine and phosphatidylser-
ine. Meanwhile, compound 1 also showed promoted plasminogen activation activity, with
the presence of gangliosides and oleic acid released from thrombus in the process of clot
lysis. These endogenous cofactors might change the fifth kringle domain conformation of
plasminogen to induce the interactions between compound 1 and the plasminogen, whose
mechanism could be elucidated in detail in future.

Wu group also investigated the thrombolytic mechanism of compound 1. Compound 1

of 0.1–0.4 mmol/L activated the Glu-plasminogen and Lys-plasminogen (2.05–11.44 folds),
but it had no fibrinolytic activity in the absence of u-PA or a plasminogen in vitro [33].
Meanwhile, the treatment, with 10 mg/kg of compound 1 after 24 h, performed efficiently
in the pulmonary embolism Wistar rat model, meaning that u-PA and plasminogen medi-
ated its thrombolytic effect. Furthermore, Wu group detected enzymatic kinetic parameters
of compound 1 by chromogenic-substrate associated with p-nitroaniline from the enzymatic
reaction [43]. The results indicated that the increase in kcat and kcat/Km activity was related
to the concentration of compound 1, which exhibited 26.5-fold and 22.8-fold activity at
40 μg/mL. Moreover, the affinity of plasminogen and pro-uPA to the enzyme substrate
presented a faint decrease with an increasing concentration of compound 1, as the Km
increased (from 0.413 to 0.484 μmol/L) along with the increasing concentration of com-
pound 1 (0–40 μg/mL). The results further proved that reciprocal activation of pro-uPA
and plasminogen was critical to the fibrinolysis activity of compound 1, which enhanced
the maximum catalytic efficiency and total catalytic activity of fibrinolysis. The fibrinolysis
activity of compound 1 featured an enzymatic kinetic characteristic.

Wu group further studied the interaction mechanism between compound 1 and plas-
minogen [35]. The Glu-plasminogen, in the bloodstream, contains a Pan-apple domain
(PAp), five kringle domains (KR1-KR5), and a serine protease domain (SP). Lysine-binding
sites (LBS), in kringle domains of plasminogen, were essential for the interaction of plas-
minogen and compound 1 [44–46]. Compound 1, firstly, bound the LBS of KR1, while
KR1 activated and mediated the interaction between plasminogen and the C-terminal
lysine moiety on fibrin. KR5 dropped from PAp and was exposed to closed plasminogen
temporarily [36]. Then, compound 1 formed hydrogen bonds with Asp518 and Asp534
in KR5, which induced conformational change and structural rearrangement. After that,
additional LBSs on kringle domains were exposed, leading the movement of PAp. There-
fore, these additional LBSs interacted with compound 1, causing an open conformation of
plasminogen, which could be easily activated by u-PA (Figure 3). The theoretical binding
mode showed that compound 1 formed a stable complex with Glu39, Thr41, and Arg43 in
plasminogen with hydrogen bonds (Figure 4).
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Figure 3. The mechanism of plasminogen activation by compound 1.

Figure 4. The interactions between compound 1 and plasminogen: (a) binding site; (b) the 3D docking
model of compound 1 with plasminogen.

The structure–activity relationships of the plasminogen modulator compound 1 and
its congeners have been studied in detail. Most congeners contain the same geranylmethyl
side-chain, but they bear different N-linked side-chains. Congener 2 possessed a hydrox-
ylated geranylmethyl side-chain [17] and could not enhance plasminogen binding to the
activated plasminogen. Thus, the side-chain of geranylmethyl plays a key role in promoting
plasminogen activation. In 2016, Otake et al. found that the geranylmethyl side-chain of con-
geners was critical to inhibitory activity of soluble expoxide hydrolase (sEH), an enzyme
mediating anti-inflammatory action [47]. sEH lost inhibitory activity with the increas-
ing number of hydroxyl groups on geranylmethyl side-chains or missing geranylmethyl
side-chains, and the terminal hydroxy group of side-chain led to the damage of cellular
localization. For the N-linked side-chain, Hasumi et al. isolated the simplest congener
(SMTP-0) without an N-linked side-chain, which had no plasminogen activation effect [48]
(Figure 5). It can be concluded that the N-linked side-chain was essential for plasminogen-
modulating activity. In 2010, Hasegawa et al. confirmed the crucial role of the N-linked
side chain in modulating plasminogen [21]. The congeners, without ionizable groups in
N-linked side-chain, were inactive in plasminogen activation, such as with congener 10.
Moreover, the congeners, with an aromatic group and a negatively ionizable group on the
side-chain, were more active for the enhancement of plasminogen activation than those with
an aliphatic group and a negatively ionizable group, such as congener 3 (Emax = 15-fold).
Koide et al. further isolated a series of SMTP congeners with different N-linked side-chains
and evaluated their bioactivities. Congeners 11 (Emax = 126-fold) and 12 (Emax = 159-fold)
were as potent as compound 1 (Emax = 102-fold) in plasminogen-modulating activity [37].
Only these congeners could express higher plasminogen-modulating and anti-oxidative
activities, and other isomers or phenolic hydroxy groups, at different positions, did not

72



Mar. Drugs 2022, 20, 405

present satisfactory activities in plasminogen activation. Moreover, the congeners with
N-linked side-chains showed anti-oxidative activities too. All the congeners bearing a
phenolic hydroxy group and a carboxylic acid group displayed higher anti-oxidative activi-
ties. Congener 12, especially, possessed more than 1.7 times the anti-oxidative activity in
comparison to compound 1 (Figure 5).

Figure 5. Structure–activity relationships of congeners 11 and 12.

Pharmacokinetics is an essential evaluation system for the development of new drugs,
which finally determines the metabolism and efficacy of drugs in vivo [49]. In 2013, Su
et al. observed the pharmacokinetics and tissue distribution of compound 1 in Wistar
rats [50]. Compound 1 had a half-life (t1/2) of ca. 22.37 min, and it was suitable for two-
compartment models, by intravenous administration, for 10 and 20 mg/kg. From the
viewpoint of tissue distribution, compound 1 was present in the highest concentration
in the liver, but it had low or undetectable concentrations in the brain, suggesting that
compound 1 did not cross the blood–brain barrier (the results were wrong, and compound
1 could cross the blood–brain barrier). In 2019, Ma et al. evaluated pharmacokinetic
properties in beagle dogs and permeability characterization in Caco-2 cells [51]. t1/2 of
compound 1 was determined in dogs’ brains, and t1/2, in beagle dogs, was about two
times longer than in Wistar rats (48.7 min in average). Moreover, compound 1 performed
low penetrability in a human Caco-2 cell’s monolayer model and the rapid distribution
into organs, suggesting intravenous injection was more appropriate than oral. In addition,
absorption and transportation characteristics of compound 1 had been studied [52]. In Caco-
2 cells model, compound 1 expressed passive diffusion of the absorption pattern, and it was
not the substrate of P-gp, indicating that compound 1 could cross the blood–brain barrier.
Therefore, compound 1 had the potential to be a thrombolytic agent for the treatment of
occluded cerebral vessels.

The modification of compound 1 enhanced fibrinolytic activity to access more efficient
and safer thrombolytic agents. In 2021, Wang et al. synthesized a series of compound 1

derivatives through the modification of phenyl groups, at the C2-OH and C2′-OH positions
on compound 1, and evaluated their fibrinolytic activities (Figure 6) [53] (The compound,
modified by Wang et al., was the enantiomer of compound 1 (8S, 9S)). Derivative a, with
methyl, and derivative b, with para-bromobenzyl, presented significant fibrinolytic activity
with the EC50 values of 59.7 μM and 42.3 μM, respectively. Derivative b showed rapidly
increasing fibrinolytic activity in the early stage (0–40 min), dose-dependently. Furthermore,
derivative b displayed weak activities of inducing apoptosis and anti-inflammation on
HeLa cells, suggesting that derivative b was a potential antithrombotic agent.
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Figure 6. The modification of compound 1.

2.2. Effects on Inflammation and Oxidant Related Damage: In Reperfusion of Occluded Vessels

A large portion of tissue damage in diseases is caused by inflammation. In 2000, it
had already been confirmed that inflammation could affect the coagulation system and
regulation, which was responsible for thrombotic complications in vivo [54]. In 2005, it was
found that patients with inflammatory diseases were more likely to develop thrombosis.
For instance, the patients with inflammatory bowel disease suffered from a three-fold risk
of pulmonary embolism or vein thrombosis [55]. In 2008, the unique role of inflammation
was focused in the formation of venous thrombus [56]. Thus, researchers investigated the
relationship between the reduced damage of ischemia/reperfusion and anti-inflammatory
activity by the treatment of compound 1.

Mammalian sEH contributes to inflammatory response through hydrolyzing lipid
signaling molecules, and it has been developed as a potential therapeutic target [57,58].
More than 100 sEH inhibitor patents have been published for the treatment of diabetes,
hypertension, pain, and cardiovascular diseases [59,60]. The geranylmethyl side-chain of
compound 1 is crucial to the inhibitory activity of sEH [47]. Therefore, compound 1 and
other staplabin congeners possessed great anti-inflammatory potential.

sEH is a bifunctional enzyme with a C-terminal domain (Cterm-EH) and an N-terminal
domain (Nterm-phos). Cterm-EH catalyzes hydrolysis of epoxyeicosatrienoic acids (EETs,
an endogenous signaling molecule involved anti-inflammation), and Nterm-phos hy-
drolyzes lipid phosphates [60–62]. Therefore, the inhibition to Cterm-EH is the key to
inhibit inflammation. Mastsumoto et al. performed sEH inhibition kinetic analysis of
congeners [63]. Congeners 14 (IC50 = 12 ± 1) and 15 (IC50 = 5 ± 2) had better Cterm-EH in-
hibitory activities in comparison to congeners 10 (IC50 > 100) and 16 (IC50 > 100). Therefore,
although the geranylmethyl side-chain was essential to the inhibitory activity, the nature of
N-linked side chains also affected the inhibitory potency of sEH (Figure 7). Compound 1

inhibited the hydrolysis of EETs with IC50 of 6.5 μM. SMTP-0 (IC50 = 1.2 μM) and congener
18 (IC50 = 9.2 μM) were also efficient for inhibiting the hydrolysis of EETs [63]. Meanwhile,
both 10 mg/kg of compound 1 and congener 18 improved neuritis symptoms in a rat
Guillain–Barré syndrome model, and they alleviated symptoms of ulcerative colitis and
Crohn’s disease in mice. The results proved that compound 1 and staplabin congeners
possessed great anti-inflammatory potential [63].
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Figure 7. The structure of congeners 14, 15, and the SARs study of inhibitory effect on Cterm-EH
and Nterm-phos.

Occluded vessels reperfusion could produce reactive oxygen species (ROS), which
would stimulate ischemic cells, secreting excessive pro-inflammatory and inflammatory
cytokines, such as IL-6, IL-1β, and TNF-α. The overexpressed cytokines cause damage,
hemorrhage, and even inflammation in cerebral vessels, which is a major factor in ischemic
brain injury [64]. Shibata et al. observed little hemorrhagic region with compound 1

(10 mg/kg), in the model of cerebral infarction mice, in comparison with 10 mg/kg t-PA
treatment; moreover, they investigated the involved mechanism [29]. mRNA expression of
IL-6, IL-1β, and TNF-α were not increased by the treatment of compound 1, in comparison
to t-PA treatment, at 3 h after ischemia. Hashimoto et al. found that compound 1 decreased
expression of IL-6, the signal transducer and activator of transcription 3, S100 calcium
binding protein A8, and MMP-9 by microarray and RT-PCR analysis [40]. Therefore,
compound 1 inhibited the secretion of pro-inflammatory and inflammatory cytokines to
improve the hemorrhage and ischemic brain injury. Meanwhile, Akamatsu et al. detected
that superoxide anions (one ROS in cerebral ischemia) were observed by hydroethidine
signals at 2 h after reperfusion [39]. Hydroethidine signal was reduced by the treatment of
compound 1 in comparison to the vehicle group, meaning that compound 1 inhibited the
production of ROS to decrease reperfusion damage. In addition, the treatment of compound
1 reduced the expression of nitrotyrosine and MMP-9, causing attenuated ischemic neuronal
damage. Moreover, inflammatory tissue could release proteolytic enzymes of MMP-9,
which is associated with blood–brain barrier breakdown and hemorrhagic complications
in cerebral infarction [65]. Ito et al. indicated that compound 1 inhibited the activation of
MMP-9 to protect the blood–brain barrier from destruction and hemorrhagic transformation
(pro-MMP-9: 88.9 ± 34.2; MMP-9: 5.0 ± 1.6) in mice [32]. Besides, Huang et al. suggested
that compound 1 could inhibit oxidative stress to reduce ischemia/reperfusion injury [41].
Compound 1 decreased the expression of 4-hydroxy-2-nonenal (4-NHE), 3-nitrotyrosine,
and 8-hydroxy-2′-deoxyguanosine (8-OHdG) significantly, which provided therapeutic
benefits for ischemic stroke. Therefore, compound 1 possessed anti-inflammatory and
anti-oxidative activities in the reperfusion of occluded vessels (Figure 8).
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Figure 8. The anti-inflammatory and anti-oxidative mechanisms of compound 1 in ischemia–
reperfusion damage.

2.3. Neuroprotective Activity

In 2011, Akamatsu et al. first confirmed the intrinsic neuroprotective effect of com-
pound 1 [39]. In the photochemical-induced thrombotic occlusion model of cynomolgus
monkeys, compound 1 of 10 mg/kg improved the neurologic deficit by 29% and cerebral
hemorrhage by 51%, after treatment for 24 h, in comparison to the saline control group [29].
Then, Shibata et al. further explored the mechanism of reducing brain damage [66]. Com-
pound 1 inhibited the expression of 4-NHE and neutrophil cytosolic factor 2 (Ncf2) after
treatment for 1–3 h. Additionally, 4-NHE is an oxidized product of lipid peroxidation, Ncf2
can stimulate the NADPH oxidase complex to produce SOD, and their levels would in-
crease in the infarction area [67]. Therefore, compound 1 reduced lipid peroxidation and the
generation of SOD, in cerebral infarction, to possess neuroprotective activity [66]. Moreover,
Ito et al. evaluated the activation of MMP-9 with compound 1 treatment in a mouse model.
Compared with the control group, compound 1, of 10 mg/kg, inhibited the expression of
MMP-9, which could digest the endothelial basal lamina and open the blood–brain barrier,
causing neuro-inflammation [32]. Compound 1 showed less basal membrane damage
and functional breakdown of the blood–brain barrier. Therefore, compound 1 reduced
neuronal damage by inhibiting MMP-9 expression. In 2018, Huang et al. investigated
the anti-inflammatory and antiapoptosis mechanisms of compound 1 for neuroprotective
effects [68]. Compound 1, of 10 mg/kg, decreased the expression of NF-κB, TNF-α, and
NLRP3-positive cells, which involved the alleviation of neuroinflammation. Meanwhile,
compound 1 reduced the expression of cleaved-caspase-3, suggesting the inhibition in cell
death progress. Therefore, compound 1 treatment demonstrated less necrosis of neurons
and high neuroprotective activity in the peri-ischemic area. The results showed that the neu-
roprotective activity of compound 1 was attributed to the anti-oxidative, anti-inflammatory,
and anti-apoptosis mechanisms in cerebral infarction.

In 2014, Matsumoto et al. found that congener 18 (10 mg/kg) (Figure 9) alleviated
neuritis symptoms in a rat model presenting neuroprotective activity [63]. Shi et al. in-
vestigated the therapeutic effect of congener 18 in the neurovascular unit (NVU) and
neurovascular trophic coupling damage [69]. Congener 18 ameliorated the NVU dissocia-
tion between pericyte, basal lamina, and astrocytic foot. It also improved the endothelial
neuroprotective support for the outsider neurons. Moreover, congener 18 decreased the
expression of TNF-α, 4-HNE, 8-OHdG, and cleaved caspase-3. Therefore, neuroprotective
activity of congener 18 was due to its anti-inflammatory, anti-oxidative, and anti-apoptotic
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mechanisms. Congener 18, especially, had therapeutic potential for diabetic neuropathy
symptoms [70]. Congener 18 (30 mg/kg) improved the mechanical allodynia, thermal
hyperalgesia symptoms, and neurological degeneration of DN in a streptozotocin-induced
diabetes mouse model.

Figure 9. The structure of congener 18.

2.4. Effects on IgA Nephropathy and Acute Kidney Injury

IgA nephropathy (IgAN) has become a primary chronic glomerulonephritis world-
wide, featuring mesangial cell proliferation and the deposition of IgA [71]. It causes a
gradual decline in renal function, and 30% of patients will develop to the end stage of renal
disease [72–74]. Kemmochi et al., (2012) investigated the therapeutic effects of compound
1 against IgAN [75]. In a mouse IgAN model, compound 1 (10 mg/kg) slightly reduced
the deposition of IgA, but it had no effect on the serum concentration of IgA. The results
suggested that compound 1 might inhibit the progression of IgAN through reducing the
deposition of IgA in the glomerular mesangium. However, it was not effective in decreasing
IgA production and treatment for terminal IgAN, indicating the limited therapeutic ability
in IgAN.

Unlike IgAN, acute kidney injury (AKI) could cause rapid reduction in renal func-
tion [76]. The pathological condition of the kidney retained toxins and wastes, causing
toxicosis and disorder in fluid, electrolyte, and acid–base balance [77]. It is estimated that
22% of hospitalized adults suffered from AKI [78]. Compound 1 showed less damage of
ischemia-reperfusion in thrombolysis therapy. Meanwhile, ischemia-reperfusion played
a major role in AKI renal damage. Therefore, in 2021, Shibata et al. studied the efficacy
of compound 1 in renal damage [79]. Compound 1 improved the parameters of renal
function (blood–urea nitrogen, creatinine levels in serum, creatinine clearance, and frac-
tional excretion of sodium) and renal tubule damage. The therapeutic effect of compound 1

was derived from anti-inflammatory and anti-oxidative activities. The inhibition to sEH
elevated the EET level, which inhibited tubular dysfunction and inflammatory factors, such
as NF-κB, TNF-α, IL-6, and IL-1β. ROS production was also reduced after compound 1

treatment. Thus, the suppression of peroxidation led to less renal cell injury.

2.5. Effects on Cancer: Non-Small Cell Lung Cancer

The essence of cancer is the abnormal proliferation and differentiation of cells, which
are dependent on angiogenesis [80]. Therefore, anti-cancer agents could identify and inhibit
angiogenesis, thus representing an approach for cancer therapy [81]. Many patents on
angiogenesis inhibitors have been published, such as angiostatin, endostatin, and throm-
bospondin. Therein, angiostatin is a hidden fragment of plasminogen with great antiangio-
genic properties [82]. Congener 7 reduced vascular formation, along with proliferation and
migration, to inhibit tumor growth and possessed plasminogen activation activity, causing
a conformational change of plasminogen to dissolve thrombus [83]. Ohyama et al., (2004)
reported that congener 7 also promoted the autoproteolytic of plasmin, inducing extensive
fragmentation of the catalytic domain [83]. After urokinased-catalyzed plasminogen was
activated by congener 7, the catalytic domain of plasmin (activated plasminogen) rapidly
degraded into 68–77 kDa fragments. These fragments blocked proliferation, migration, and
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vascular formation of endothelial cells, at concentrations of 0.3–10 μg/mL, meaning they
provide potential applications of congener 7 for cancer treatment.

As the most common lung cancer, non-small cell lung cancer (NSCLC) accounts
for approximately 80–85% of lung cancer diseases [84]. The clinical drugs for treating
NSCLC are the epidermal growth factor receptor (EGFR) and EGFR-targeted tyrosine kinase
inhibitors (TKIs). However, more than 80% patients gradually showed drug resistance after
about 1 year of treatment with EGFR-TKI. Thus, it is necessary to discover new anti-tumor
agents for treating NSCLC [85]. In 2022, Yan et al. observed the effects of compound 1 on
erlotinib-resistant NSCLC and explored the underlying mechanism [86]. NSCLC cells were
sensitive to compound 1 with IC50 = 7.45 ± 0.57 μM in vitro, especially for erlotinib-resistant
NSCLC H1975 cells (IC50 = 9.22 ± 0.84 μM); meanwhile, compound 1 was relatively
safe for normal cells. The accumulation of cleaved-PARP, cleaved-caspase-3, Bax, and
the reduction in Bcl-2 revealed that compound 1 induced the cell apoptosis of NSCLC
cells [86]. Then, they discovered the underlying mechanism of treating erlotinib-resistant
NSCLC. Compound 1 induced mitochondria-mediated apoptosis, leading to increased
ROS and reduced GSH. Thus, compound 1 caused apoptosis of erlotinib-resistant NSCLC
cells [86,87]. In addition, compound 1 also inhibited the PI3K/Akt signaling pathway and
the EGFR/PI3K/Akt/mTOR pathway. The abnormal activation of the PI3K/Akt pathway
could cause TKI resistance, as well as invasiveness and migration of NSCLC [85]. Moreover,
compound 1 showed high binding affinity to EGFRT790M/L858R in molecular modeling,
meaning compound 1 selectively exhibited anticancer activity on erlotinib-resistant NSCLC
cells. Finally, compound 1 (10 mg/kg) had consistent anti-cancer effects in nude mice,
meaning that it showed potential for erlotinib-resistant NSCLC therapy. In 2022, Feng et al.
further observed that compound 1 downregulated the levels of CD4K and Cyclin D1 to
arrest the cell cycle of PC9 cells at the G0/G1 phase [88]. Compound 1, especially, inhibited
the viability and proliferation of PC9 cells through the inhibition of the NF-κB signaling
pathway. The results indicated that compound 1 had excellent anti-cancer activity on
EGFR-mutant NSCLC cells, but it had weak or no effect on wild-type EGFR cells. It can
be concluded that compound 1 might depend on the EGFR status to induce apoptosis of
NSCLC cells.

3. Preparation of Compound 1 and Staplabin Congeners

Hu et al. isolated SMTP congeners from S. microspora in 2001 [25]. They found that the
use of amino acids and amino alcohols significantly increased the production of congeners,
and the obtained products were related to the type of added amino acid. The production of
compound 1 and congeners 3, 5, and 7 increased by 7 to 45-fold, with the addition of Orn,
Phe, Leu, Trp, and Lys at 100 mg/mL, which acted as precursors in culture. Therefore, the
addition of precursors was an important procedure in the preparation of compound 1 and
staplabin congeners.

In 2012, Nishimura et al. isolated a new compound designated pre-SMTP from
fungus S. microspora, which directly afforded SMTP congeners by reacting nonenzymatically
(phthalaldehydes reaction) [89,90]. Pre-SMTP accumulated, with limited amounts of amine,
in medium with S. microspora, and it consumed rapidly after increased amine feeding.
Meanwhile, SMTP-0, as well as congeners 3, 7, 19, and 20 were afforded, by reaction of
pre-SMTP, with ammonium chloride, L-phenylalanine, L-tryptophan, L-glutamine, and
L-glutamic acid, respectively. Thus, it is available to synthesize a variety of congeners,
with different N-linked side-chain structures, through nonenzymatic reaction between
pre-SMTP and an amine (Figure 10).

In 2013, Su et al. investigated the fermentation conditions of compound 1 isolated from
S. longispora FG216 [91]. The results showed that the optimized fermentation conditions
were as follows: 0.5% ornithine hydrochloride addition, 28 ◦C culture temperature, and
7 d (Figure 11a). The yield of compound 1 increased up to 1.98 g/L. In 2015, Wang et al.
designed a metabolic regulation strategy to improve the production of compound 1 [92].
The results indicated that the carbon skeleton of compound 1 was synthesized through
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the shikimate and mevalonate pathways. Therefore, the addition of precursor shikimic
acid and precursor sodium acetate increased the yield of compound 1 by 10.4%–14.6%
(Figure 11b,c). Glucose and ornithine were the essential skeleton and structural core of
compound 1, respectively, which involved the synthesis of compound 1. Along with
20 g/L glucose and 4.32 g/L L-ornithine provision, compound 1 increased up to 82.2 and
95.9 g/L (Figure 11d). During the fermentation, a transformation was observed from
ornithine, FGFC3, and FGFC2 into compound 1. Further research is needed for promoting
transformation from ornithine to compound 1, which will be able to increase production
substantially (Figure 11e).

Figure 10. Synthesis of SMTP-0, as well as congeners 3, 7, 19, and 20, based on pre-SMTP (phthalalde-
hydes reaction). Pre-SMTP (100 μg/mL in acetone) was incubated with (a) 5 mg/mL ammonium
acetate in acetic acid (1.5%, v/v); (b) 5 mg/mL L-phenylalanine in acetic acid (1.5%, v/v); (c) 5 mg/mL
L-tryptophan in acetic acid (1.5%, v/v); (d) 5 mg/mL L-glutamine in acetone-water-acetic acid (50:50:1);
(e) 5 mg/mL L-glutamic acid in acetone-water-acetic acid (50:50:1).
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Figure 11. The optimized method for a compound 1 culture. On fermentaion basal medium, inducers
(or precursor), and conditions: (a) 0.5% ornithine hydochloride, 28 ◦C, 7 d, 1.98 g/L; (b) (i) 0.1 g/L shikimic
acid, yield increased by 10.4%; (ii) 3 mmol/L sodium acetate, yield increased; (c) 0.09 mmol/L cerulenin,
yield increased by 14.6%; (d) (i) 20g/L glucose, 82.2 g/L; (ii) 4.32 g/L, L-ornithine, 95.9 g/L; (iii) and
(e) need further research.

Yin et al., (2017) studied the biosynthesis pathway in S. longispora FG216 [93]. The
results were that three reported core genes and the nitrate reductase (NR) gene copy were
the isoindolinone biosynthetic gene cluster in S. longispora FG216. NR is the rate-limiting
enzyme of nitrate reduction. Therefore, nitrate reductase possibly played a role in the
balance of ammonium ion concentration. Moreover, four new derivatives, 21–24, were
obtained by various amino supplements in S. longispora FG216 (Figure 12).

Figure 12. The structures of derivatives 21–24.
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4. Conclusions

Compound 1 possesses rich bioactivities, such as excellent fibrinolytic, anti-inflammatory,
and anti-oxidative activities. Compared with other anti-thrombotic agents, such as warfarin,
compound 1 exhibits less hemorrhage risk for the treatment of thrombosis because it changes
the conformation of plasminogen, in the presence of uPA, to activate the plasminogen. More-
over, the inhibition to sEH reduces inflammatory response, causing neuroprotection and less
damage from the reperfusion of occluded vessels. The structure–activity relationships of
compound 1 indicate that the N-linked side chain determines plasminogen activation activity,
and the geranylmethyl side chain is essential for anti-inflammatory activity. Recent studies
show that compound 1 possesses, surprisingly, anti-cancer activity toward EGFR-TKI-resistant
NSCLC cells. Furthermore, the satisfactory pharmacokinetic property and optimized culture
methods show that compound 1 has potential as a promising agent. Some modifications of
compound 1 and staplabin congeners perform better in fibrinolytic or neuroprotective activity,
thereby illustrating the high therapeutic potential.
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Abstract: Six new isocoumarin derivative talaromarins A-F (1–6), along with 17 known analogues
(7–23), were isolated from the mangrove-derived fungus Talaromyces flavus (Eurotiales: Trichoco-
maceae) TGGP35. Their structures were identified by detailed IR, UV, 1D/2D NMR and HR-ESI-MS
spectra. The absolute configurations of new compounds were determined by the modified Mosher’s
method and a comparison of their CD spectra with dihydroisocoumarins described in the literature.
The antioxidant, antibacterial, anti-phytopathogenic and inhibitory activity against α-glucosidase of
all the isolated compounds were tested. Compounds 6–11, 17–19 and 21–22 showed similar or better
antioxidant activity than the IC50 values ranging from 0.009 to 0.27 mM, compared with the positive
control trolox (IC50 = 0.29 mM). Compounds 10, 18, 21 and 23 exhibited strong inhibitory activities
against α-glucosidase with IC50 values ranging from 0.10 to 0.62 mM, while the positive control acar-
bose had an IC50 value of 0.5 mM. All compounds showed no antibacterial or anti-phytopathogenic
activity at the concentrations of 50 μg/mL and 1 mg/mL, respectively. These results indicated that
isocoumarins will be useful to developing antioxidants and as diabetes control agents.

Keywords: Talaromyces flavus; isocoumarins; antioxidant; antibacterial; α-glucosidase inhibitory
activity; anti-phytopathogenic

1. Introduction

Marine fungi, particularly the mangrove-derived fungi, have proven to be a prolific
source of structurally novel and biologically active secondary metabolites, which increas-
ingly attracted the attention of both pharmaceutical and natural product chemists [1–3].
Up to now, more than 1400 new secondary metabolites produced by mangrove-derived
fungi have been reported, including polyketides, alkaloids, terpenes and so on, and more
than 40% of secondary metabolites displayed cytotoxic, antibacterial and insecticidal ac-
tivities etc. [3–8]. Among them, isocoumarins are lactone-type derivatives derived from
the polyketide pathway [9,10], and they possess a wide range of pharmacological activities
such as antibacterial 7-hydroxyoospolactone and parapholactone [11], anti-inflammatory
(±)-prunomarin A [12], cytotoxic lunatinin [13], insecticidal peniciisocoumarins A and
B, antiplasmodial monocerin [14], antioxidant and α-glucosidase inhibitory penicimarin
N [15], brine shrimp (Artemia salina) lethal and broad-spectrum antimicrobial penicimarins
G–K [16,17], penicoffrazins B and C [18].
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The genus of Talaromyces has been studied and applied as a biocontrol agent, as a
rich source of chitinolytic enzymes and producer of secondary metabolites [19–21]. Dif-
ferent classes of bioactive secondary metabolites have been found from the genus of
Talaromyces [19–21], including some bioactive isocoumarins, such as selective antimigra-
tory talarolactone A [22], α-glucosidase inhibitory sescandelin B and 3,4-dimethyl-6,8-
dihydroxyisocoumarin [23], antibacterial tratenopyrone [24], antibacteria and antifungi
(-)-8-hydroxy-3-(4-hydroxypentyl)-3,4-dihydroisocoumarin [25]. These results indicated
that the genus of Talaromyces can be used for the control of pathogenic bacteria, phy-
topathogenic microorganisms, diabetes control agents and so on [19,26].

As part of our continuing exploration of structurally novel and biologically interesting
secondary metabolites from mangrove-derived fungi [27–33], a fungus Talaromyces flavus
TGGP35 obtained from the medicinal mangrove plant Acanthus ilicifolius attracted our atten-
tion, because of the EtOAc extract of T. flavus TGGP35 showed potent antioxidant activity.
A chemical investigation of this fungus led to the identification of six new isocoumarins
talaromarins A-F (1–6) and 17 known analogues (7–23) (Figure 1). Herein, we report the
isolation, structure identification, and bioactivities of these compounds.

Figure 1. The structures of compounds 1–23.

2. Results and Discussion

Compound 1 was isolated as a colorless oil. The molecular formula of 1 was established
as C17H22O6 (seven degrees of unsaturation) by its HR-ESI-MS spectrum at m/z 323.1475
[M + H]+ (calcd for C17H23O6, 323.1472). The IR spectrum showed the presence of a
hydroxyl group (3432 cm−1) and an aromatic ring (1743, 1618 and 1388 cm−1) in 1. The
1H-NMR data (Table 1) displayed a pair of ortho coupled aromatic protons at δH 7.00
(d, J = 8.8 Hz) and 6.78 (d, J = 8.8 Hz), one methoxyl group at δH 3.88 (s), two oxygenated
methine groups at δH 4.90 (m) and 4.34 (m), four methylene groups at δH [3.08 (m) and
2.64 (m)], 1.85 (m), 1.57 (m) and 1.52 (m), one methyl group at δH 1.22 (d, J = 6.4 Hz).
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The combination of 13C NMR and DEPT data (Table 2) exhibited 17 carbon resonances,
including two ester carbonyls at δC (171.1 and 163.1), six aromatic carbons at δC (155.5,
145.3, 128.4, 121.2, 114.6 and 111.5), one methoxyl group at δC (56.6), two oxygenated
methine groups at δC (77.4 and 70.9), four methylene groups at δC (35.7, 34.7, 28.0 and 21.0),
two methyl groups at δC (21.6 and 20.1). The above 1D NMR spectroscopic data indicated
that 1 had an isocoumarin skeleton structure, and 1 is similar to penicimarin G (12) [16].
The major difference was the presence of an acetoxy group at [(δC 171.1 (C), 21.6 (CH3)
and δH 2.04, (s)] in 1, indicating that the hydroxyl group in 12 was replaced by an acetoxy
group in 1. The 1H-1H COSY correlations of CH2(2′)–CH2(3′)−CH(4′)−CH3(5′), combined
with the HMBC correlations from H-5′ to C-4′/C-3′ (Figure 2), confirmed the acetoxy group
connected at C-4′ in 1, and the planar structure of 1 was determined (Figure 1).

Table 1. 1H NMR spectroscopic data (400/600 MHz) (δ in ppm, J in Hz) for 1–6 in CDCl3.

Position 1 2 3 4 5 6

3 4.34, m 4.54, m 4.35, m 4.36, m 4.37, m 4.58, m

4 2.64, dd (16.4, 11.6)
3.08, dd (16.4, 2.8) 2.86, m 2.56, m

2.98, m 2.82, m 2.82, m 2.87, m

5 6.62, d (8.0) 6.91, d (8.0) 6.91, d (8.4) 6.61, d (8.0)
6 7.00, d (8.8) 6.98, d (8.4) 6.67, s 7.06, d (8.0) 7.06, d (8.0) 7.07, d (8.0)
7 6.78, d (8.8)

7-OH 5.53, s
7-OMe 3.87, s 3.84, s 3.88, s 3.88, s
8-OMe 3.88, s 3.89, s 3.96, s 3.95, s
8-OH 11.18, s 11.00, s

1′ 1.85, m 1.87, m 1.85, m 1.88, m 1.82, m 1.78, m
2′ 1.57, m 1.58, m 1.60, m 1.58, m 1.78, m 1.80, m
3′ 1.52, m 1.47, m 1.50, m 1.51, m 2.52, t (6.4) 2.53, m
4′ 4.90, m 3.80, m 3.82, m 3.83, m
5′ 1.22, d (6.4) 1.19, d (6.4) 1.21, d (6.0) 1.21, d (4.0) 2.16, s 2.15, m
7′ 2.04, s

Table 2. 13C NMR spectroscopic data (100/150 MHz) for 1–6 in CDCl3.

Position 1 2 3 4 5 6

1 163.1, C 170.4, C 162.7, C 162.6, C 162.5, C 170.2, C
3 77.4, CH 80.4, CH 78.3, CH 78.5, CH 78.3, CH 80.6, CH
4 28.0, CH2 32.4, CH2 27.4, CH2 33.8, CH2 33.7, CH2 32.2, CH2

4a 128.4, C 130.1, C 119.9, C 132.3, C 132.2, C 129.7, C
5 145.3, C 117.1, CH 147.7, CH 122.4, CH 122.4, CH 117.9, CH
6 121.2, CH 117.5, CH 106.1, C 117.5, CH 117.4, CH 120.8, CH
7 111.5, CH 147.4, C 153.1, C 153.0, C 153.0, C 143.9, C
8 155.5, C 152.5, C 142.9, C 151.6, C 151.5, C 149.1, C
8a 114.6, C 108.6, C 117.7, C 119.6, C 119.5, C 108.4, C

7-OMe 56.4, CH3 56.6, CH3 56.5, CH3 56.5, CH3
8-OMe 56.6, CH3 61.8, CH3 61.7, CH3 61.7, CH3

1′ 34.7, CH2 34.8, CH2 34.9, CH2 34.8, CH2 34.0, CH2 34.1, CH2
2′ 21.0, CH2 21.3, CH2 21.5, CH2 21.5, CH2 19.4, CH2 19.2, CH2
3′ 35.7, CH2 38.9, CH2 39.1, CH2 39.1, CH2 43.2, CH2 43.0, CH2
4′ 70.9, CH 67.9, CH 68.2, CH 68.1, CH 208.7, C 208.6, C
5′ 20.1, CH3 23.7, CH3 23.8, CH3 23.8, CH3 30.1, CH3 30.1, CH3
6′ 171.1, C
7′ 21.6, CH3
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Figure 2. 1H-1H COSY and key HMBC correlations for compounds 1–6.

The absolute configurations of C-3 and C-4′ in 1 were determined by chemical hydroly-
sis, modified Mosher’s method and a comparison of CD spectra with dihydroisocoumarins
described in the literature [28,34]. The major hydrolysis product (1a) of 1 was obtained
with K2CO3 and anhydrous ethanol at 28 ◦C for 1.5 h (Figure 3), and 1a showed the same
planar structure with 12 [16]. The modified Mosher’s method was used to determine the
configuration of C-4′ for 1a. The differences in 1H NMR chemical shifts of 1a between
(S)- and (R)-MTPA esters (Δδ = δS − δR) were calculated to assign the absolute configura-
tion of C-4′ to be R (Figure 4), the same as 12 [16]. The negative cotton effect at 266 nm
suggested the R configuration at C-3 (Figure 5), by comparison with data for dihydroiso-
coumarins described in the literature [34]. Thus, the structure of 1 was determined and
named talaromarin A.

Figure 3. Reaction route of hydrolysis for compound 1.

Figure 4. Δδ (=δS−δR) values for (S)- and (R)-MTPA esters of compounds 1–3.

Compound 2 was isolated as a white powder. The molecular formula was deduced to
be C15H20O5 on the basis of HR-ESI-MS spectrum, implying six degrees of unsaturation.
According to the IR spectrum, the hydroxyl group (3414 cm−1) and aromatic rings (1668,
1619, 1586, 1502 and 1442 cm−1) were observed. The 1H and 13C NMR spectroscopic data
(Tables 1 and 2) revealed that 2 also belonged to the isocoumarin class and had a similar
structural relationship to penicimarin M [17], except for the presence of one oxygenated
methine at [δH 3.80 (m), δC 67.9 (CH)] for C-4′, and the absence of a carbonyl group at
δC 208.4 (C) in 2. The above results suggested a carbonyl group in penicimarin M was
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replaced by an oxygenated methine group in 2. Furthermore, the 1H-1H COSY correlations
of H-5′ to H-4′ and H-3′ to H-2′/H-4′, and the HMBC correlations from the methyl H-5′ to
C-3′/C-4′ established the oxygenated methine at C-4′ (Figure 2). The absolute configuration
of C-4′ was determined as R by Mosher’s method [28] (Figure 4). The negative cotton effect
at 265 nm suggested the R configuration at C-3 (Figure 5), by comparison with data for
dihydroisocoumarins described in the literature [34]. Thus, the absolute configuration of 2

was established as 3R,4′R and named talaromarin B.

Figure 5. The experimental CD spectra of compounds 1–6.

Compound 3 was isolated as a yellow oil, with the molecular formula C16H22O6 (six
degrees of unsaturation) by the HR-ESI-MS spectrum. The IR spectrum indicated that 3

had hydroxyl group (3415 cm−1) and aromatic ring (1638, 1618 and 1384 cm−1). The 1H,
13C NMR data (Tables 1 and 2) and HR-ESI-MS data revealed that 3 closely resembled
those of 2, the main differences were the presence of a methoxyl group at [δH 3.89 (s), δC
61.8 (CH3)] in 3, and an aromatic proton signal at δH 6.62 (d, J = 8.0 Hz) was absented in 3.
Moreover, the chemical shift of C-5 at δC (117.1) in 2 was downfield-shifted to δC (147.7) in
3. The HMBC correlations from 8-OCH3 to C-8, 7-OCH3 to C-7 and H-6 to C-8/C-7/C-4a
(Figure 2), indicated the additional methoxyl group was attached to C-8 and the hydroxyl
group was connected to C-5 (Figure 2). The absolute configurations of C-3 and C-4′ were
determined to be the same R by comparison with CD data described in the literature [34]
and Mosher’s method [28] (Figures 4 and 5). Thus, the structure of 3 was determined and
named talaromarin C.

Compound 4 was isolated as a yellow oil, and the molecular formula was established
as C16H22O5 (six degrees of unsaturation) on the basis of its HR-ESI-MS spectrum. The IR
spectrum of 4 displayed absorption bands for hydroxyl (3475 cm−1), carbonyl (1706 cm−1)
and aromatic (1637 and 1617 cm−1) groups. The 1H and 13C NMR spectroscopic data
(Tables 1 and 2) suggested that 4 was very similar to those of 2, the only difference was the
presence of a methoxyl group at [δH 3.96 (s) and δC 61.7 (CH3)] in 4. The location of the
methoxyl groups at C-7 and C-8 were established by HMBC correlations from 7-OCH3 to
C-7, 8-OCH3 to C-8, H-6 to C-8/C-4a and H-5 to C-7/C-8a/C-4 (Figure 2). The 1H-1H COSY,
HMQC, and HMBC spectra established the complete assignment for 4 (Figure 2). Mosher’s
method was tried to determine the absolute configuration of C-4′ in 4 [28]; unfortunately,
the reaction failed. The negative cotton effect at 259 nm suggested the R configuration at
C-3 (Figure 5) [34]. Thus, the structure of 4 was determined and named talaromarin D.

Compound 5 was isolated as a colorless oil and had the molecular formula of C16H20O5
as determined by HR-ESI-MS and NMR data, requiring seven degrees of unsaturation. The
presence of an aromatic ring (1638, 1617 cm−1) was observed in the IR spectrum. The 1H
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and 13C NMR data (Tables 1 and 2) of 5 were structurally similar to those of 4, except for
the presence of a ketone carbonyl carbon at δC 208.7 (C) and the absence of one oxygenated
methine carbon at [δC 68.1 (CH), δH 3.83 (m)] at C-4′ in 5, indicating that the oxygenated
methine group in 4 was replaced by a carbonyl group for C-4′ in 5. The HMBC correlations
from H-3′ to C-1′, H-5′ to C-4′/C-3′ further confirmed 5 with a carbonyl unit at C-4′
(Figure 2). The whole structure was further determined by the 2D NMR spectra (Figure 2).
The absolute configuration of C-3 was determined as R by CD spectra (Figure 5) [34], and
5 was named talaromarin E.

Compound 6 was isolated as a yellow oil. The molecular formula of 6 was established
as C14H16O5 (seven degrees of unsaturation) on the basis of its HR-ESI-MS data. The IR
spectrum of 6 showed the hydroxyl group at 3461 and 3407 cm−1 and the aromatic rings at
1736 and 1671 cm−1. The 1H and 13C NMR spectroscopic data (Tables 1 and 2) revealed that
6 was an isocoumarin derivative, with a similar structural relationship to peniciisocoumarin
D (18), the obvious difference was that 6 lacked a methoxy group at C-8. The methoxy
group (8-OMe) in 18 was replaced by a hydroxy group (8-OH) in 6, which was supported
by the appearance of a hydrogen-bonded hydroxyl group at δH 11.00 (s). The HMBC
correlations from the hydroxyl group 8-OH to C-8a/C-8/C-7 further confirmed the 8-OH
was connected at C-8 (δC 149.1) (Figure 2). The 1H-1H COSY, HMQC, and HMBC spectra
determined the complete assignment for 6 (Figure 2). The absolute configuration of C-3
was determined as R by CD spectroscopy (Figure 5) [34] and 6 was named talaromarin F.

By comparing physical and spectroscopic data with the literature, the 17 known ho-
mologues were identified as (R)-3-(3-hydroxypropyl)-8-hydroxy-3,4-dihydroisocoumarin
(7) [35], peniciisocoumarin C (8) [28], 7-hydroxy-3-(3-hydroxypropyl)-8-methoxyisochroman-
1-one (9) [34], 5,6-dihydroxy-3-(4-hydroxypentyl)-isochroman-1-one (10) [23], peniciiso-
coumarin F (11) [28], penicimarin G (12) [16], penicimarin C (13) [36], peniciisocoumarin A
(14) [28], peniciisocoumarin B (15) [28], aspergillumarin A (16) [37], penicimarin H (17) [16],
peniciisocoumarin D (18) [28], peniciisocoumarin G (19) [28], peniciisocoumarin E (20) [28],
penicimarin N (21) [15], 6,8-dihydroxy-3-(2-hydroxypropyl)-7-methyl-1H-isochromen-1-
one (22) [38] and pestalotiorin (23) [39].

The plausible biosynthetic pathways of compounds 1–23 were also proposed (Scheme 1).
Isocoumarins were originated from the acetate-malonate or the polyketide synthase (PKS)
pathway [10]. Peniciisocoumarin C (8), penicimarin C (13) and peniciisocoumarin A (14)
would be biosynthesized from malonyl-CoA and acetyl-CoA and can be considered as
intermediates which would be transformed to other isolated compounds from the fungus
TGGP35. Compound 8 would be transformed to 7, 9 and 20–23 by condensation, aromati-
zation, esterification, dihydroxylation, methoxylation reaction and so on. Compound 13

would be transformed to 10 by dehydroxylation, demethoxylation and dehydroxylation
reaction. Compounds 1–6, 10–15 and 17–19 would be deduced from 14 with dihydroxyla-
tion, methoxylation, methylation, hydroxylation, esterification, acetylation, Baeyer–Viliger
oxidation reaction, etc.

The antioxidant activities of compounds 1–23 were evaluated. Compounds 6–11,
17–19 and 22 exhibited potent antioxidant activity with the IC50 values ranging from 0.009
to 0.27 mM, while the positive control trolox was IC50 = 0.29 mM (Table 3).

Table 3. Antioxidant activity for compounds 2, 6–11, 17–19, 21 and 22.

Compound 2 6 7 8 9 10 11 17 18 19 21 22 Trolox a

IC50 (mM) 28.39 0.14 0.17 0.13 0.10 0.11 0.12 0.12 0.16 0.15 20.66 0.009 0.29
a Trolox was used as a positive control.
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Scheme 1. Plausible biosynthetic pathways of compounds 1–23.

The preliminary structure–activity relationship of the isolated isocoumarins was dis-
cussed. The substitution site, orientation of hydroxyl and methoxy groups on the skeleton
of isocoumarins, and the substitution of different groups by side chain C-4′ can affect their
antioxidant activity. Compound 2 which possesses a hydroxyl group on C-8, showed better
antioxidant activity than that of 3 and 4, indicating that the chelated hydroxyl group at C-8
is important in enhancing antioxidant activity. Compound 6 possesses two hydroxyl groups
at C-7 and C-8, which showed higher antioxidant activity than 16 (only one hydroxyl group
on C-8), indicating that the hydroxyl group at C-7 is an important antioxidant activity site.
Compounds 17 and 18 possess a ketone group at C-4′, which showed higher antioxidant
activity than 12 and 13, which have an oxygenated methine at C-4′, suggesting that the
substitution of different groups by side chain at C-4′ can affect antioxidant activity. Com-
pound 22 possesses a hydroxyl group at C-8, showed higher antioxidant activity than 23,
suggesting that the chelated hydroxyl group at C-8 is important in enhancing antioxidant
activity. Furthermore, compounds 7, 8, 19 and 21 show antioxidant activities, which may
be due to the existence of a chelated hydroxyl group.

Compounds 10, 18, 21, and 23 showed strong inhibitory activity against α-glucosidase
with the IC50 values of 0.10, 0.38, 0.62 and 0.54 mM, respectively (the positive control
acarbose with the IC50 value of 0.5 mM).

All compounds were tested for their antibacterial activities against Staphylococcus.
aureus, Escherichia coli, S. epidermidis and Pseudomonas aeruginosa; however, all compounds
showed no antibacterial activity at the concentration of 50 μg/mL. All compounds showed
no biological activity against five phytopathogens (Colletotrichum asianum, C. acutatum,
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Fusarium oxysporum, Pyricularia oryzae and Curvularia australiensis) at the concentration of
1 mg/mL.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 digital polarimeter (JASCO,
Tokyo, Japan). IR spectra were recorded on a Thermo Nicolet 6700 (using KBr disks)
spectrophotometer. UV spectra were measured on a PERSEE TU-1990 spectrophotometer.
CD spectra were recorded on a Mos-450 spectrometer and 1D and 2D NMR spectra were
recorded on a Bruker AV spectrometer (400 MHZ for 1H and 100 MHZ for 13C) and a
JNM-ECZS spectrometer (600 HMZ for 1H and 125 MHZ for 13C). HR-ESI-MS spectra were
obtained on a Q-TOF Ultima Global GAA076 LC mass spectrometer. ESI-MS spectra were
recorded on a MAT-95-MS mass spectrometer. HPLC were used for the Agilent 1100 prep-
HPLC system with an Agilent C18 analytical (9.4 × 250 mm, 5 μm) HPLC column. Silical
gel (200−300 mesh, Qingdao Marine Chemical Factory, Qingdao, China) were used for
column chromatography (CC). Sephadex LH-20 gel column (GE Healthcare, Bio-Sciences
Corp, Piscataway, NJ, USA) were used for CC. Biological activities were tested on an ultra-
clean workbench (Suzhou Sujing Company, Suzhou, China) and the biological activities’
results were tested with a full wavelength multifunctional microplate reader (Bio-Tek
Instruments, Winooski, VT, USA). Methanol, ethyl acetate, petroleum ether, chloroform,
dimethyl sulfoxide and other conventional chemical reagents were used in the experimental
operation (Guangzhou Xilong Chemical Reagent Factory, Guangzhou, China).

3.2. Fungal Materials

The fungus TGGP35 was isolated from the stem of the mangrove plant Acanthus
ilicifolius, which were collected in the Dongzhai Port, Haikou, Hainan Province in August,
2015. The fungus was identified according to its morphological characteristics and a
molecular biological protocol by 18S rRNA amplification and sequencing of the ITS region.
The sequence data have been submitted to GeneBank, with accession number MT071116,
and the fungal strain was identified as Talaromyces flavus (Eurotiales: Trichocomaceae). The
strains have been stored in the Key Laboratory of Tropical Medicinal Resources Chemistry
of the Ministry of Education, School of Chemistry and Chemical Engineering, Hainan
Normal University (PDA medium, stored at 4 ◦C).

3.3. Fermentation, Extraction and Isolation

The seed culture was prepared in potato liquid medium (6 g sea salt and 10 g peptone
in 2 L of potato infusion, in 1 L × 4 erlenmeyer flasks each containing 500 mL seed medium),
and incubated on a rotary shaker (170 rpm) for 4 days at 28 ◦C. In total, 20 mL seed culture
was then transferred into 1 L erlenmeyer flasks with solid rice medium with a total of
100 bottles of fermentation (each flask contained 60 mL rice, 0.6 g sea salt and 1.0 g peptone)
at 28 ◦C for 4 weeks. The whole rice fermented material was extracted three times with
EtOAc, and then concentrated in vacuo to yield crude extracts (120.8 g). The total crude
extracts were subjected to silica gel column chromatography (CC) eluted with petroleum
ether/EtOAc (v/v, gradient 100:0–0:100) and EtOAc/MeOH (v/v, gradient 100:0–70:30)
to generate fifteen fractions (Fr. A-Fr. L). Fr. F (20.5 g) was fractionated by silica gel CC
(200-300 mesh) using a gradient elution of petroleum ether/EtOAc system (7:1–0:1) to
obtain ten fractions (Fr. F1-Fr. F10) by the TLC analysis. Fr. F2 (10.3 g) was subjected to
Sephadex LH-20 (Petroleum ether-CHCl3-MeOH, 2:1:1, v/v), and then to semi-preparative
HPLC (MeOH-H2O, 70:30, v/v) to give compounds 1 (4.2 mg), 2 (5.5 mg), 3 (3.8 mg),
5 (4.5 mg) and 7 (4.7 mg). Subfraction Fr. F3 was further separated by semi-preparative
HPLC (MeOH-H2O, 60:40, v/v) for four subfractions Fr. F3a-3d. Compounds 6 (4.7 mg),
8 (5.5 mg), 9 (5.8 mg), and 10 (3.5 mg) were isolated from subfraction Fr. F3a. Compounds
11 (3.7 mg), 14 (4.7 mg), 16 (5.5 mg), 17 (5.8 mg) and 19 (3.5 mg) for subfraction Fr. F3b.
Compounds 12 (6.3 mg), 13 (3.2 mg) and 15 (5.7 mg) for subfraction Fr. F3c, and compounds
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18 (6.8 mg), 19 (6.2 mg) and 21 (3.6 mg) for subfraction Fr. F3d. Fr. F4 (5.4 g) were subjected
to Sephadex LH-20 (CHCl3-MeOH, 1:1, v/v), then used for semi-preparative HPLC (MeOH-
H2O, 65:35, v/v) to give compound 20 (3.0 mg). Fr. F5 (2.4 g) was subjected to Sephadex
LH-20 (CHCl3-MeOH, 1:1, v/v), then used for semi-preparative HPLC (MeOH-H2O, 35:65,
v/v) to give compounds 22 (3.4 mg) and 23 (2.7 mg).

Talaromarin A (1): yellow oil; [α]25
D −21.4 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

330, 221 nm; IR (KBr) νmax 3432, 1716, 1618, 1383 cm−1; CD (c 0.05, MeOH) λmax (Δε) 243
(+5.68), 266 (−2.89) nm; 1H and 13C NMR data see Tables 1 and 2; HR-ESI-MS m/z: 323.1475
[M + H]+, (C17H23O6, calcd. for 323.1472).

Talaromarin B (2): white powder; [α]25
D −23.6 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

330, 255, 223 nm; IR (KBr) νmax 3414, 1668, 1619, 1586, 1502, 1442 cm−1; CD (c 0.05, MeOH)
λmax (Δε) 244 (+2.27), 265 (−2.17) nm; 1H and 13C NMR data see Tables 1 and 2; HR-ESI-MS
m/z: 279.1240 [M − H]−, (C15H19O5, calcd. for 279.1239).

Talaromarin C (3): yellow oil; [α]25
D −22.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

317, 215 nm; IR (KBr) νmax 3415, 1638, 1618, 1384 cm−1; CD (c 0.05, MeOH) λmax (Δε) 248
(+1.36), 266 (−2.01) nm; 1H and 13C NMR data see Tables 1 and 2; HR-ESI-MS m/z: 311.1485
[M + H]+, (C16H23O6, calcd. for 311.1482).

Talaromarin D (4): yellow oil; [α]25
D −21.8 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

313, 222 nm; IR (KBr) νmax 3475, 1706, 1637, 1617 cm−1; CD (c 0.05, MeOH) λmax (Δε)
243 (−0.31), 259 (−6.25) nm; 1H and 13C NMR data see Tables 1 and 2; HR-ESI-MS m/z:
295.1527 [M + H]+, (C16H23O5, calcd. for 295.1524).

Talaromarin E (5): colorless oil; [α]25
D −24.4 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

314, 219 nm; IR (KBr) νmax 1638,1617 cm−1; CD (c 0.05, MeOH) λmax (Δε) 245 (+3.93), 264
(−11.89) nm; 1H and 13C NMR data see Tables 1 and 2; HR-ESI-MS m/z: 293.1370 [M + H]+,
(C16H21O5, calcd. for 293.1374).

Talaromarin F (6): yellow oil; [α]25
D −21.2 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

328, 254, 223 nm; IR (KBr) νmax 3481, 3407, 1736, 1671 cm−1; CD (c 0.05, MeOH) λmax (Δε)
238 (+10.12), 267 (−2.07) nm; 1H and 13C NMR data see Tables 1 and 2; HR-ESI-MS m/z:
265.1050 [M + H]+, (C14H17O5, calcd. for 265.1053).

3.4. Preparations of the (S)- and (R)-MTPA Esters of Compounds 1, 2 and 3

Compound 1 was hydrolyzed in anhydrous ethanol solution for 90 min with potassium
carbonate in an equivalent ratio of 1:2; the mixed product after hydrolysis was purified by
semi-preparative HPLC (MeOH-H2O, 70:30, v/v) to obtain 1a. The preparation of (S)- and
(R)-MTPA ester derivatives of 1a, 2 and 3 was performed as described previously [28].

Hydrolysate of 1 (1a): 1H NMR (CDCl3, 400 MHz): δH 6.99 (1H, d, J = 8.8 Hz H-6),
6.79 (1H, d, J = 8.8 Hz, H-7), 4.26 (1H, m, H-3), 3.83 (1H, m, H-4′), 3.10 and 2.63 (2H, m,
H-4), 1.90 (2H, m, H-1′), 1.70 (2H, m, H-2′), 1.50 (2H, m, H-3′), 1.21 (3H, d, J = 6.0 Hz, H-5′);
13C NMR (CDCl3, 100 MHz): δC 163.3, 159.4, 151.5, 145.1, 135.0, 128.5, 121.2, 111.4, 68.2,
56.6, 39.1, 34.9, 28.0, 23.8, 21.4; ESI-MS m/z 281.1 [M + H]+.

(S)-MTPA ester of 1a: 1H NMR (CDCl3, 600 MHz): δH 7.29 (1H, d, J = 9.0 Hz, H-6),
6.94 (1H, d, J = 9.0 Hz, H-7), 5.12 (1H, m, H-4′), 4.21 (1H, m, H-3), 2.64 and 2.49 (2H, m,
H-4), 1.86 (2H, m, H-1′), 1.67 (2H, m, H-2′), 1.55 (2H, m, H-3′), 1.25 (3H, d, J = 6.6 Hz, H-5′);
ESI-MS m/z 758.2 [M + Na]+.

(R)-MTPA ester of 1a: 1H NMR (CDCl3, 600 MHz): δH 7.31 (1H, d, J = 9.0 Hz, H-6),
6.94 (1H, d, J = 9.0 Hz, H-7), 5.11 (1H, m, H-4′), 4.09 (1H, m, H-3), 2.62 and 2.41 (2H, m,
H-4), 1.83 (2H, m, H-1′), 1.64 (2H, m, H-2′), 1.53 (2H, m, H-3′), 1.33 (3H, d, J = 6.0 Hz, H-5′);
ESI-MS m/z 758.2 [M + Na]+.

(S)-MTPA ester of 2: 1H NMR (CDCl3, 600 MHz): δH 7.01 (1H, d, J = 7.8 Hz, H-5), 6.63
(1H, d, J = 7.8 Hz, H-6), 5.17 (1H, m, H-4′), 4.52 (1H, m, H-3), 2.82 (2H, m, H-4), 1.88 (2H, m,
H-1′), 1.62 (2H, m, H-2′), 1.50 (2H, m, H-3′), 1.29 (3H, d, J = 6.0 Hz, H-5′); ESI-MS m/z 758.3
[M + Na]+.

(R)-MTPA ester of 2: 1H NMR (CDCl3, 600 MHz): δH 7.01 (1H, d, J = 8.4 Hz, H-5), 6.62
(1H, d, J = 8.4 Hz, H-6), 5.16 (1H, m, H-4′), 4.42 (1H, m, H-3), 2.76 (2H, m, H-4), 1.81 (2H, m,
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H-1′), 1.59 (2H, m, H-2′), 1.46 (2H, m, H-3′), 1.37 (3H, d, J = 6.0 Hz, H-5′); ESI-MS m/z 774.3
[M + K]+.

(S)-MTPA ester of 3: 1H NMR (CDCl3, 600 MHz): δH 6.88 (1H, s, H-6), 5.14 (1H, m,
H-4′), 4.21 (1H, m, H-3), 2.43 (2H, m, H-4), 1.72 (2H, m, H-1′), 1.52 (2H, m, H-2′), 1.43 (2H,
m, H-3′), 1.35 (3H, d, J = 9.4 Hz, H-5′); ESI-MS m/z 766.6 [M + Na]+.

(R)-MTPA ester of 3: 1H NMR (CDCl3, 600 MHz): δH 6.86 (1H, s, H-6), 5.13 (1H, m,
H-4′), 4.07 (1H, m, H-3), 2.33 (2H, m, H-4), 1.65 (2H, m, H-1′), 1.51 (2H, m, H-2′), 1.42 (2H,
m, H-3′), 1.28 (3H, d, J = 9.4 Hz, H-5′); ESI-MS m/z 766.0 [M + Na]+.

3.5. Biological Assays
3.5.1. Antioxidant Activity

The antioxidant activity assay was based on the reported methods [15]. The assay was
performed on a 96-well microplate, the reaction was initiated by adding 10 μL of sample
solution to 200 μL of ABTS working solution. All test group gradients (including positive
control) were of 2.0, 1.0, 0.5, 0.25 mg/mL, respectively. PBS buffer was used as the blank
control, DMSO as the negative control, and trolox as the positive control (IC50 = 0.29 mM).
The antioxidant effect was evaluated by a full wavelength multifunctional microplate reader
measurement at 734 nm. The inhibition rate of each sample was calculated according to
the following formula: inhibition rate = [(Ablank − Acompound)/Ablank] × 100%. Finally, the
SPSS software was used to calculate the IC50 value.

3.5.2. Antibacterial Activity

All compounds were determined against four pathogenic bacteria: Staphylococcus
aureus (ATCC 25923), Escherichia coli (ATCC 25922), S. epidermidis (ATCC 17749) and Pseu-
domonas aeruginosa (ATCC 17749). The concentration value of the test group and posi-
tive control was 1mg/mL by the microplate assay method [28]. The antibacterial effect
was evaluated by a full wavelength multifunctional microplate reader measurement at
630 nm; the broth medium containing pathogenic bacteria was used as the blank group
and DMSO as the negative control, ciprofloxacin was used as the positive control. The posi-
tive control ciprofloxacin showed antibacterial activities against four pathogenic bacteria
S. aureus, E. coil, S. epidermidis and P. aeruginosa with the MIC values of 0.097, 0.78, 0.195
and 0.78 μg/mL, respectively.

3.5.3. Anti-Phytopathogenic Activity

All compounds were tested against five plant pathogens (Colletotrichum asianum,
C. acutatum, Fusarium oxysporum, Pyricularia oryzae and Curvularia australiensis) by disk
method [40]. DMSO was used as a negative control, carbendazim as a positive control.
The concentration values of all test groups, negative control and positive control were
1 mg/mL; the anti-phytopathogenic results were recorded on a vernier caliper.

3.5.4. Inhibitory Activity against α-Glucosidase

The α-glucosidase inhibitory activity of the tested compounds was determined using
the method in [17], with modifications for carrying it out in 96-well plates. The initial con-
centration of all test samples (including positive control and negative control) was 1 mg/mL,
the optimized method was a mixture of 0.1 mM potassium phosphate buffer (pH = 6.8,
0.5 mL) and 10 mg/L α-glucosidase (100 μL), the testing sample (0.5 mL) was incubated
at 37 ◦C for 5 min, and the 2.5 mM (4-nitrophenyl-β-D-glucopyranoside) PNPG (0.5 mL)
was added, followed by mixing. The reaction was carried out at 37 ◦C for 15 min and then
stopped by adding 0.2 M solution of Na2CO3 (0.75 mL). The inhibitory activity against
α-Glucosidase was evaluated by a full wavelength multifunctional microplate reader
measurement at 405 nm. Finally, inhibition rate = [(Acontrol − Acompound)/Acontrol] × 100%.
The SPSS software was used to calculate the IC50 value. DMSO was used as the negative
control and acarbose was used as the positive control (IC50 = 0.5 mM).
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4. Conclusions

In summary, 23 secondary metabolites, including six new isocoumarin derivative
talaromarins A-F (1–6) and 17 known analogues (7–23) were obtained from the mangrove-
derived fungus Talaromyces flavus TGGP35. Compounds 6–11, 17–19 and 22 exerted similar
or better antioxidant activity than the positive control trolox (IC50 = 0.29 mM), with IC50
values ranging from 0.009 to 0.27 mM. Compounds 10, 18, 21 and 23 exhibited strong
inhibitory activities against α-glucosidase with IC50 values ranging from 0.10 to 0.62 mM,
while the IC50 value of positive control acarbose was 0.5 mM. All compounds showed
no antibacterial or anti-phytopathogenic activity at the concentrations of 50 μg/mL and
1 mg/mL, respectively. Their plausible biosynthetic pathway and structure–activity re-
lationships were also explored. Therefore, these findings demonstrate the potential of
these active compounds as lead compounds for developing antioxidants and as diabetes
control agents.
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Abstract: Four new drimane sesquiterpenoids (1–4) and three known ones (5–7) were isolated from
the fermentation broth of the mangrove-derived Aspergillus ustus 094102. Compound 5 was further
resolved as four purified compounds 5a–5d. By means of extensive spectroscopic and ECD analysis
as well as the chemical transformation, their structures were identified as (2R,3R,5S,9R,10S)-2,3,9,11-
tetrahydroxydrim-7-en-6-one (ustusol F, 1), (2R,3R,5R,9S,10R)-2,3,11-trihydroxydrim-7-en-6-one (9-
deoxyustusol F, 2), (3S,5R,9R,10R)-3,11,12-trihydroxydrim-7-en-6-one (ustusol G, 3), (5S,6R,9S,10S,
11R,2′E,4′E)-(11-dideoxy-11-hydroxystrobilactone A-6-yl)-5-carboxypenta-2,4-dienoate (ustusolate
H, 4), ((5S,6R,9S,10S)-strobilactone A-6-yl) (2E,4E)-6,7-dihydroxyocta-2,4-dienoate (ustusolate I, 5),
(2′E,4′E;6′,7′-erythro)-ustusolate I (5a) and (2′E,4′E;ent-6′,7′-erythro)-ustusolate I (5b), (2′E,4′E,6′R,7′R)-
ustusolate I (5c) and (2′E,4′E,6′S,7′S)-ustusolate I (5d), (5S,6R,9S,10S,2′E,4′E)-(strobilactone A-6-yl)-
5-carboxypenta-2,4-dienoate (ustusolate J, 6), and (2S,5S,9R,10S)-2,9,11-trihydroxydrim-7-en-6-one
(ustusol B, 7), respectively. Compound 5 showed antiproliferation against the human tumor cells
CAL-62 and MG-63 with the IC50 values of 16.3 and 10.1 μM, respectively.

Keywords: drimane sesquiterpenoids; absolute configuration; antiproliferation; Aspergillus ustus;
mangrove-derived fungus

1. Introduction

As well as we know, microbial metabolites are an important source of drug discov-
ery and development [1]. However, with the deepening of research, many strains in the
conventional environment have been repeatedly studied, resulting in the increase of the
recurrence rate of known compounds and the decrease of the occurrence rate of new bioac-
tive compounds [2]. Mangrove fungi have attracted much attention because of their special
growth environment and unique metabolic mechanism, resulting in the diversity of the
structure and bioactivity of their secondary metabolites, which has become a new hotspot
in drug development [3,4]. Our previous work reported 9 drimane sesquiterpenoids,
8 benzofurans [4], and 18 ophiobolins [5] from mangrove-derived fungus Aspergillus ustus
094102, among which ustusorane E and ustusolate E exhibited cytotoxic activity against
the HL-60 cells with IC50 values of 0.13 and 9.0 μM, respectively [4]. In addition, more
than 50 drimane sesquiterpenoids have been reported from fungi, including cytotoxic
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strobilactones A and B from Strobilurus ohshimae [6], (6-strobilactone-B) ester of (E,E)-
6-oxo-2,4-hexadienoic acid from marine sponge-derived A. ustus [7], (6-strobilactone-B)
ester of (E,E)-6-carbon-7-hydroxy-2,4-octadienoic acid from mangrove-derived A. ustus [8],
synergistic antibacterial ustusoic acid B from A. ustus [9], and ET-1 binding inhibitory
(2′E,4′E,6′E)-6-(l’-carboxyocta-2′,4′,6′-triene)-9-hydroxydrim-7-ene-l l-al from A. ustus var.
pseudodeflectus [10], etc. In order to further explore the new drimane sesquiterpenoids
produced by A. ustus strain 094102, we continued to study its secondary metabolites. As a
result, we isolated and identified four new drimane sesquiterpenoids (1–4), as well as three
known analogues, (strobilactone A-6-yl) (2E,4E)-6,7-dihydroxyocta-2,4-dienoate (5) [7] that
were further isolated as four isomers 5a–5d, mono(6-strobilactone A) ester of (E,E)-2,4-
hexadienedioic acid (6) [7], and 2α,9α,11-trihydroxy-6-oxodrim-7-ene (7) [7]. The structures
elucidation including absolute configurations and the antiproliferative activity will be
discussed here.

2. Results and Discussion

The bioactive EtOAc extract of the fermentation broth of the mangrove-derived fungus
Aspergillus ustus 094102 was chromatographed on silica gel, Sephadex LH-20, and prepara-
tive HPLC columns to give compounds 1–7 (Figure 1).

Figure 1. Structures of compounds 1–7 from Aspergillus ustus 094102.

Compound 1 was obtained as a colorless oily solid. Its molecular formula was deter-
mined as C15H24O5 based on the high-resolution mass spectrometry (HRMS, ESI-Orbitrap)
peak at m/z 285.1694 [M+H]+ or 283.1547 [M–H]− (Figure S1), indicating 4 index of hy-
drogen deficiency (IHD). The IR spectrum at νmax 3399 and 1663 cm−1 (Figure S2), corre-
sponded to a hydroxy and an α,β-unsaturated carbonyl group, respectively. The 1H-NMR
data (Table 1, Figure S3) of 1 revealed four tertiary methyl groups at δH 1.04 (s, H-13/15),
1.14 (s, H-14) and 1.96 (s, H-12), an oxymethylene signal at δH 3.53/3.64 (d/d, H-11),
a methylene signal at δH 1.85/1.69 (dd/t, H-1), one olefinic proton signal at δH 5.61
(d, H-7), three methine signals at δH 3.47 (dt, H-2), 2.67 (d, H-3) and 2.81 (s, H-5),
as well as four exchangeable proton signals at δH 4.48 (HO-3/2), 4.91 (HO-11) and 5.06
(HO-9). The 13C-NMR and DEPT data (Table 1, Figures S4 and S5) of 1 revealed 15 car-
bon signals, including a ketone carbonyl signal at δC 199.2 (C-6), two olefinic carbons at
δC 128.2/157.4 (C-7/C-8), four methyl signals at δC 16.7/19.1/19.2/29.3 (C-15/C-13/C-
12/C-14), two methylenes at δC 38.6/61.9 (C-1/C-11), three methines at δC 55.0/66.4/81.6
(C-5/C-2/C-3) and three nonhydrogenated carbons at δC 37.8/45.4/74.6 (C-4/C-10/C-9).
These NMR data (Table 1) were closely related to those of 3β,9α,11-trihydroxydrim-7-
en-6-one (that is 3β,9α,11-trihydroxy-6-oxodrim-7-ene [7]), indicating the presence of a
drimane sesquiterpene skeleton. The key difference was that compound 1 possessed
an additional hydroxy group that resided at C-2 of ring A. On the basis of correlations
in the COSY experiments between HO-3/H-3, H-3/H-2/H-1 and HO-11/H-11, as well
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as the key HMBC correlations from H-1 to C-5/C-10/C-13, H-3 to C-4/C-14/C-15, H-
5 to C-4/C-6/C-9/C-10/C-13/C-14/C-15, H-7 to C-5/C-9/C-12, H-11 to C-8/C-9/C-10,
H-12 to C-7/C-8/C-9, H-13 to C-5/C-9/C-10, H-14 to C-3/C-4/C-5/C-15, and H-15 to
C-3/C-4/C-14 (Figures 2 and S6–S8) further confirmed the constitution of 1 (Figure 1).
The relative configuration was deduced from the NOESY spectrum (Figures 3 and S9),
which showed correlations of H-1α to H-3/H-5/HO-9, H-11 to H-1β/H-2/H-13, and H-2 to
H-13 indicated cis-orientation of HO-2/H-5/HO-9, and H-2/HO-3/CH3-13/CH2-11, and a
trans-fused decalin nucleus. The absolute configuration of 1 was determined by its ECD
spectrum. On the basis of the octant rule for cyclohexenones [11–13], the positive Cotton
effect at λmax 336 nm (Δε + 8.4) and the negative Cotton effect at λmax 240 nm (Δε − 41.3)
(Figures 3 and S10) indicated the (2R,3R,5S,9R,10S)-configuration, consistent with the core
configuration of the drimane sesquiterpene, 9α,11-dihydroxydrim-7-en-6-one (that is 6-
oxo-7-drimen-9α,11-diol [14]), whose absolute configurations have been established by
chemical synthesis. Therefore, compound 1, which we named ustusol F, was determined as
(2R,3R,5S,9R,10S)-2,3,9,11-tetrahydroxydrim-7-en-6-one.

Table 1. 1H (500 MHz) and 13C (125 MHz) NMR Data for Compounds 1–3 and 7 (DMSO-d6, TMS,
δ ppm).

Position

1 2 3 7

δC, type
δH, Mult.
(J in Hz)

δC, Type
δH, mult.
(J in Hz)

δC, type
δH, Mult.
(J in Hz)

δC, Type
δH, Mult.
(J in Hz)

1 38.6, CH2

β 1.69, dd
(12.6, 4.6)
α 1.85, dd
(12.6, 12.1)

45.3, CH2

2.09, dd
(12.6, 4.3)
1.33, dd

(12.6, 12.1)

36.6, CH2
1.42–1.46, m
1.86–1.90, m 41.0, CH2

1.71–1.65, m
1.76–1.71, m

2 66.4, CH 3.46–3.48, m 66.1, CH 3.42–3.47, m 26.7, CH2
1.46–1.51, m,

2H 62.4, CH 3.68–3.72, m

3 81.6, CH 2.67, d (9.5) 81.6, CH 2.75, d (9.6) 76.8, CH 3.02, t (7.0) 51.7, CH2

0.96, t (11.9)
1.50, dd

(11.9, 3.8)
4 37.8, C 38.0, C 37.5, C 33.4, C
5 55.0, CH 2.81, s 61.6, CH 2.22, s 62.0, CH 2.15, s 54.7, CH 2.70, s
6 199.2, C 198.6, C 199.4, C 199.6, C
7 128.2, CH 5.61, d (1.4) 127.9, CH 5.71, s 123.7, CH 5.96, s 128.1, CH 5.61, s
8 157.5, C 159.0, C 162.3, C 157.6, C
9 74.6, C 57.1, CH 2.29, br s 55.1, CH 2.31, br s 74.6, C

10 45.4, C 42.3, C 41.7, C 46.2, C

11 61.9, CH2
3.53, d (11.5)
3.64, d (11.5) 57.9, CH2

3.61, dd
(11.0, 5.0)
3.74, br d

(11.4)

57.7, CH2

3.51–3.54, m
3.68, br d

(10.9)
61.9, CH2

3.53, d (11.5)
3.64, d (11.5)

12 19.2, CH3 1.96, d (1.4) 21.5, CH3 1.98, s 61.3, CH2
4.19, d (18.1)
4.26, d (18.1) 19.2, CH3 1.98, s

13 16.7, CH3 1.04, s 16.7, CH3 0.88, s 15.8, CH3 0.80, s 18.9, CH3 1.08, s
14 29.3, CH3 1.14, s 28.7, CH3 1.12, s 28.5, CH3 1.10, s 33.8, CH3 1.14, s
15 19.1, CH3 1.04, s 16.5, CH3 1.03, s 15.5, CH3 0.99, s 22.7, CH3 1.03, s

2-OH 4.47, s 4.47, s 4.39, s
3-OH 4.50, s
9-OH 5.06, s 5.02, s
11-OH 4.91, s 4.68, s
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Figure 2. Key COSY and HMBC correlations of compounds 1–4 and 5a–5e.

 
Figure 3. NOESY correlations of compounds 1–4 & 5e and the octant rule for 1 and 3.

Compound 2 was obtained as a light-yellow oil. Its molecular formula was determined
as C15H24O4 based on the HRESIMS peak at m/z 269.1751 [M+H]+ (Figure S11). The similar
IR and UV absorptions to those of 1 implied that they shared the same molecular skeleton
(Figure S12). The 1D NMR data (Table 1, Figures S13–S15) were also similar to 1 except for
a methine signal at δC/H 57.1/2.29 which replaced the nonhydrogenated oxycarbon at δC
74.6, the disappearance of a hydroxy signal at δH 5.06 (HO-9), and the changes of chemical
shifts around C-9. These data combined with the 16 amu less of molecular weight than
1 revealed compound 2 as the 9-deoxy derivative of compound 1. Key COSY of H-9/H-
11/HO-11 and HMBC of H-11 to C-8 and C-10 and H-9 to C-10 (Figures 2, S16 and S18)
supported the inference. The same relative configuration to 1 was deduced from the NOESY
correlations of H-2 (δH 3.45) to H-13 (δH 0.88), H-15 (δH 1.03) and H-1β (δH 2.09), H-1α
(δH 1.33) to H-3 (δH 2.75), H-5 (δH 2.22) and H-9 (δH 2.29), and H-3 to H-14 (δH 1.12)
(Figures 3, S16 and S18). The absolute configuration of the threo-2,3-diol in 2 was assigned
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by a dimolybdenum-induced ECD method [15,16]. Upon addition of Mo2(OAc)4 to a
DMSO solution of compound 2, a chiral dimolybdenum complex was generated in situ as
an auxiliary chromophore. Because the contribution from the inherent ECD was subtracted
to give the induced ECD of the complex, the observed sign of the Cotton effect in the
induced spectrum originates solely from the chirality of the ortho-diol moiety expressed
by the sign of the O–C–C–O torsion angle. The positive Cotton effect at λmax 332 (Δε + 6.8)
nm (Figure S20) permitted us to assign the (2R,3R)-configuration on the basis of Snatzke’s
empirical rule [15]. In addition, compounds 1 and 2 also showed a similar ECD Cotton
effect, indicating the same absolute configuration. Thus, compound 2, which we named
9-deoxyustusol F, was determined as (2R,3R,5R,9S,10R)-2,3,11-trihydroxydrim-7-en-6-one.

Compound 3 was obtained as a colorless oily solid. Its molecular formula was deter-
mined as C15H24O4 based on the HRESIMS peak at m/z 269.1750 [M+H]+ (Figure S21),
indicating an isomer of 2. Similar 1D NMR data (Table 1, Figures S23–S25) with 2 were
observed. In addition, a methylene signal (δH/C 1.47/26.7) and an oxymethylene signal
(δH/C 4.19/4.26/61.3) replaced the methyl signal (δH/C 1.98/21.5) and oxymethine signal
(δH/C 3.45/66.1). Key COSY of H-1/H2-2/H-3 as well as the HMBC of H2-12 (δH 4.19/4.26)
to C-8 (δC 162.3), H-7 (δH 5.96) to C-12 (δC 61.3) and H2-2 (δH 1.47) to C-4 (δC 37.5) and
C-10 (δC 41.7) revealed that 2-OH was moved to C-12 to form 2-CH2 and 12-CH2OH,
respectively (Figures 2, S26 and S28). The relative configuration of compound 3 was de-
duced from the NOE difference (NOEdiff) experiment. NOEdiff of 3 showed that H-5
(δH 2.15) and H-1a (δH 1.44) were enhanced after the irradiation of H-9 (δH 2.31), while
H-3 (δH 3.02) and H-9 (δH 2.31) were enhanced after the irradiation of H-5. The NOE
enhancements of H-3 (δH 3.02) and H-5 (δH 2.15) were also observed after H-14 (δH 1.10)
was irradiated, while H-13 (δH 0.80) was enhanced after the irradiation of H-15 (δH 0.99).
H-1b (δH 1.88) and H-15 was enhanced after the irradiation of H-13 (Figure S29). These
NOE data indicated the cis-orientation of H-3, H-5, H-9 and H-14 as well as H-13 and H-15,
indicating the same relative configuration of 3 to 2 in the chiral centers of C-3, C-5, C-9,
and C-10. The similar ECD spectrum to that of 2 implied the same absolute configura-
tion, which was confirmed by octant rule for cyclohexanone [11–13], the positive Cotton
effect at λmax 335 nm (Δε + 10.6) and the negative Cotton effect at λmax 241 nm (Δε – 19.1)
(Figures 4 and S30). Accordingly, compound 3, which we named ustusol G, was elucidated
as (3S,5R,9R,10R)-3,11,12-trihydroxydrim-7-en-6-one.

Figure 4. The preparation of acetonide 5e from 5a.

Compound 4 was obtained as a colorless solid. Its molecular formula was determined
as C21H28O7 based on the HRESIMS peak at m/z 391.1762 [M–H]–, indicating 8 HIDs
(Figure S32). The IR spectrum showed absorption bands of hydroxyl and conjugated
carbonyl at νmax 3434 and 1696 cm−1 (Figure S33), respectively. The 1D NMR spectra of
4 (Table 2, Figures S34–S36) were very similar to those of (2E,4E)-(strobilactone A-6-yl)-5-
carboxypenta-2,4-dienoate (that is mono(6-strobilactone B) ester of (E,E)-2,4-hexadienedioic
acid [7]), which we named ustusolate J (6) for convenience, suggesting that they shared the
same molecular scaffold. The only difference was a replacement of the lactone carbonyl
signal (δC 174.6 in 6) by the hemiacetal methine group (δC/H 97.4/5.20 in 4). In addition,
the chemical shifts for C-9 and C-7 have a great increase and decrease, respectively (Table 2
and Figure S35). These data combined with a 2 amu more than 6 suggested that the γ-
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lactone of 6 was reduced to the corresponding hemiacetal in 4. The key HMBC correlations
from hemiacetal proton (δH-11 5.20) to C-9 (δC 76.4)/C-10 (δC 38.0)/C-12 (δC 65.8), from H-12
(δH 4.08/4.38) to C-7 (δC 117.0)/C-8 (δC 143.2)/C-9/C-11 (δC 97.3), and from H-7 (δH 5.49)
to C-5 (δC 45.1)/C-9 verified the deduction (Figures 2 and S39). Compound 4 displayed the
key NOESY correlations of H-6 (δH 5.58) with H-5 (δH 2.07) and H-14 (δH 0.91), H-5 with
H-1b (δH 1.86) and H-2a (δH 1.42), H-11 (δH 5.20) with H-1a (δH 1.22), as well as H-13 (δH
1.12) with H-2b (δH 1.58) (Figures 3 and S40), indicating cis-orientation of H-5 with H-6 and
trans-orientation of H-5 with H-11 and H-13 which is the same relative configuration of 4

to 1 and 6 in the decalin (decahydronaphthalene) nucleus. The same relative configuration
of HO-9 was deduced from the same biosynthetic pathway to those of compounds 1 and
5–7. Subsequently, the same ECD pattern of 4–6 (Figure S78) implied the same absolute
configuration of the drimane nucleus. Compound 4, which we named ustusolate H, was
thus elucidated as (5S,6R,9S,10S,11R,2′E,4′E)-(11-deoxy-11-hydroxystrobilactone A-6-yl)-5-
carboxypenta-2,4-dienoate.

Table 2. 1H (500 MHz) and 13C (125 MHz) NMR Data for Compounds 4 and 6 (DMSO-d6, TMS,
δ ppm).

Position
4 6

δC, Type δH, Mult. (J in Hz) δC, Type δH, Mult. (J in Hz)

1 31.6, CH2
1.20–1.23, m

1.86, td (13.5, 4.1) 29.8, CH2
1.82, br d (13.5)

1.95, td (13.5, 4.1)

2 17.8, CH2
1.39–1.45, m
1.52–1.63, m 17.6, CH2

1.43–1.50, m
1.54–1.64, m

3 44.5, CH2
1.17–1.20, m
1.29–1.35, m 44.4, CH2

1.19, d (12.5)
1.34, br d (12.5)

4 33.3, C 33.5, C
5 45.1, CH 2.07, d (4.6) 44.6, CH 2.01, d (4.7)
6 67.3, CH 5.58, br s 68.4, CH 5.79, br s
7 117.0, CH 5.49, d (2.3) 121.3, CH 5.60, br s
8 143.2, C 142.3, C
9 76.4, C 73.3, C
10 38.0, C 37.4, C
11 97.4, CH 5.20, s 174.6, C

12 65.8, CH2
4.08, d (13.0)
4.38, d (13.0) 66.6, CH2

4.78, d (12.7)
4.87, d (12.7)

13 18.6, CH3 1.12, s 18.5, CH3 1.05, s
14 32.7, CH3 0.91, s 24.5, CH3 1.05, s
15 24.5, CH3 1.06, s 32.3, CH3 0.91, s
1′ 165.0, C 165.0, C
2′ 128.2, CH 6.39, dd (11.6, 2.9) 127.9, CH 6.33–6.43, overlap a

3′ 140.6, CH 7.32, dd (11.2, 2.9) 137.0, CH 7.27–7.35, overlap b

4′ 141.9, CH 7.29, dd (11.2, 2.9) 140.6, CH 7.27–7.35, overlap b

5′ 130.2, CH 6.35, dd (11.6, 2.9) 130.4, CH 6.33–6.43, overlap a

6′ 166.9, C 166.9, C
a Overlapping signals of H-2′ with H-5′; b Overlapping signals of H-3′ with H-4′.

Compound 5 was obtained as a yellow oil. Its molecular formula was determined
as C21H28O7 based on the ESIMS peak at m/z 419.1 for [M–H]– and m/z 464.9 for [M +
HCO2]–(Figure S42), indicating 8 HIDs. A literature search verified that the constitution
(planar structure) of compound 5 was the same as the (strobilactone A-6-yl) (2E,4E)-6,7-
dihydroxyocta-2,4-dienoate (that is (6-strobilactone-B) esters of (E,E)-6,7-dihydroxy-2,4-
octadienoic acid [7]), for almost the same NMR data. However, four sets of 13C NMR signals
of compound 5 (Figure S40) for the side chain at δC 165.51/165.50/165.49/165.47 (C-1′),
120.03/120.99/119.95/119.90 (C-2′), 145.41/145.37/145.34/145.26 (C-3′), 127.54/127.35/
127.16/126.98 (C-4′), 146.18/146.12/145.48/145.45 (C-5′), 75.16/75.00/74.64/74.46 (C-6′),
69.64/69.62/69.33/69.32 (C-7′), and 19.34/19.26/18.26/18.24 (C-8′) were observed, indi-
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cating four stereoisomers of 5 resulted from the ortho-diol chiral centers of the side chain.
With the help of HPLC, compound 5, which we named ustusolate I for convenience, was
confirmed to have four baseline-separated peaks, then purified 5a, 5b, 5c, and 5d were
obtained (Figure S83). The NMR differences of 5a–5d were concentrated in the side chains
(Tables 3 and 4, Figures S45–S60), and indicated that compounds 5a and 5b, 5c, and 5d

were two pairs of enantiomers of the ortho-diol in the side chain. To elucidate the rela-
tive configuration of 6′,7′-diol moiety, the acetonide (5e) was prepared from 5a (Figure 4).
The 1D and 2D NMR spectra (Tables 3 and 4, Figures S66–S70), as well as the NOESY
correlations of H-5′ (δH 6.24)/H3-8′ (δH 1.01) and H3-11′ (δH 1.40), H-6′ (δH 4.62)/H-7′ (δH
4.34) and H3-10′ (δH 1.28) in 5e (Figures 3 and S71) clearly suggested an erythro-6′,7′-diol in
5a and 5b, and a threo-6′,7′-diol in 5c and 5d was accordingly elucidated. This conclusion
is consistent with the chemical shift rule of methyl carbon (δCH3) for 1-methyl-1,2-diol
by chemical synthesis, that is 18.1–18.6 and 19.1–19.6 ppm for threo- and erythro-1,2-diol,
respectively [17]. The absolute configuration of the threo-6′,7′-diol in 5c and 5d was assigned
by a dimolybdenum-induced ECD method [15,16] in the same manner as that of compound
2. Upon addition of Mo2(OAc)4 to a solution of compounds 5c and 5d in DMSO, a chiral
dimolybdenum complex was generated in situ as an auxiliary chromophore. According
to the negative ECD Cotton effects of 5c at λmax 303 (Δε – 7.9) nm and the positive ECD
Cotton effects of compound 5d at λmax 305 (Δε +2.37) nm (Figures S73 and S74), the ab-
solute configuration of threo-6′,7′-diol in 5c and 5d were determined to be (6′R,7′R) and
(6′S,7′S), respectively. Thus, the structure of 5c and 5d was unambiguously determined
as (2′E,4′E,6′R,7′R)-ustusolate I (5c) and (2′E,4′E,6′S,7′S)-ustusolate I (5d), respectively.
Unfortunately, the absolute configuration of compounds 5a and 5b were not determined
yet in this paper, which we tentatively named (2′E,4′E;6′,7′-erythro)-ustusolate I (5a) and
(2′E,4′E; ent-6′,7′-erythro)-ustusolate I (5b), respectively.

Table 3. 1H NMR Data for Compounds 5a–5e (600 MHz, DMSO-d6, TMS, δ ppm).

Position
5a 5b 5c 5d 5e

δH, Mult. (J in Hz) δH, Mult. (J in Hz) δH, Mult. (J in Hz) δH, Mult. (J in Hz) δH, Mult. (J in Hz)

1a 1.83, d (13.6) 1.83, d (13.6) 1.84, d (13.6) 1.84, d (13.6) 1.83, d, (13.7)
1b 1.95, dd, (13.7, 4.3) 1.96, dd (13.7, 4.3) 1.96, dd (13.8, 4.2) 1.96, dd (13.7, 4.4) 1.96, dd (13.8, 4.4)
2a 1.48, dt (13.7, 3.9) 1.48, dt (13.7, 3.8) 1.48, dt (13.7, 3.8) 1.47, dt (13.7, 3.8) 1.45–1.49, m
2b 1.56–1.66, m 1.56–1.66, m 1.57–1.65, m 1.57–1.65, m 1.56–1.62, m
3a 1.21, td (13.3, 3.4) 1.21, td (13.3, 3.4) 1.20, td (13.3, 3.5) 1.21, td (13.3, 3.4) 1.18–1.23, m
3b 1.34, d (12.7) 1.34, d (12.7) 1.34, d (12.7) 1.34, d (12.7) 1.34, d (12.5)
5 2.02, d (4.9) 2.01, d (5.0) 2.01, d (5.0) 2.01, d (4.9) 2.01, d (5.0)
6 5.59, br s 5.59, br s 5.59, br s 5.59, br s 5.59, br s
7 5.79, br s 5.79, br s 5.79, br s 5.79, br s 5.79, br s

12a 4.79, d (12.6) 4.79, d (12.7) 4.79, d (12.6) 4.79, d (12.6) 4.78, d (12.7)
12b 4.88, dt (12.6, 2.4) 4.88, dt (12.6, 2.4) 4.88, dt (12.6, 2.4) 4.88, td (12.6, 2.4) 4.88, dt (12.6, 2.5)
13 1.06, s 1.06, s 1.06, s 1.06, s 1.06, s
14 0.92, s 0.92, s 0.92, s 0.92, s 0.92, s
15 1.07, s 1.07, s 1.07, s 1.07, s 1.07, s
2′ 5.94, d (15.3) 5.94, d (15.3) 5.94, d (15.3) 5.94, d (15.3) 6.01, d (15.3)
3′ 7.22, dd (15.3, 10.7) 7.22, dd (15.4, 10.7) 7.23, dd (15.3, 11.1) 7.23, dd (15.3, 11.1) 7.27, dd (15.3, 11.0)
4′ 6.43, dd (15.3, 10.7) 6.42, dd (15.3, 10.8) 6.46, dd (15.3, 11.1) 6.45, dd (15.3, 11.2) 6.47, dd (15.2, 11.1)
5′ 6.36, dd (15.3, 4.9) 6.34, dd (15.3, 5.1) 6.32, dd (15.3, 4.9) 6.30, dd (15.3, 5.1) 6.23, dd (15.2, 6.6)
6′ 3.86, dd (10.2, 5.0) 3.84, dd (10.2, 5.1) 3.98, dd (10.2, 5.0) 3.96, dd (10.2, 5.1) 4.62, dd (12.8, 6.5)
7′ 3.48, dq (11.6, 6.3) 3.48, dq (11.6, 6.3) 3.57, dq (11.6, 6.3) 3.57, dq (11.6, 6.3) 4.34, dq (12.8, 6.4)
8′ 1.03, d (6.3) 1.03, d (6.3) 0.95, d (6.3) 0.95, d (6.3) 1.01, d (6.4)

9-OH 6.29, s 6.28, s 6.29, s 6.29, s 6.30, s
6′-OH 4.99, d (5.3) 5.00, d (5.2) 5.01, d (4.7) 5.02, d (4.7)
7′-OH 4.60, d (5.3) 4.60, d (5.3) 4.66, d (4.7) 4.65, d (4.7)

10′ 1.28, s
11′ 1.40, s
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Table 4. 13C NMR Data for Compounds 5a–5e (150 MHz, DMSO-d6, TMS, δ ppm).

Position
5a 5b 5c 5d 5e

δC, Type δC, Type δC, Type δC, Type δC, Type

1 29.6, CH2 29.6, CH2 29.6, CH2 29.6, CH2 29.6, CH2
2 17.5, CH2 17.5, CH2 17.5, CH2 17.5, CH2 17.5, CH2
3 44.5, CH2 44.5, CH2 44.5, CH2 44.5, CH2 44.5, CH2
4 33.3, C 33.3, C 33.4, C 33.4, C 33.4, C
5 44.2, CH 44.2, CH 44.2, CH 44.2, CH 44.2, CH
6 65.8, CH 65.8, CH 65.8, CH 65.8, CH 66.0, CH
7 121.4, CH 121.4, CH 121.4, CH 121.4, CH 121.3, CH
8 137.2, C 136.6, C 136.6, C 136.6, C 136.7, C
9 73.2, C 73.2, C 73.2, C 73.2, C 73.2, C
10 37.3, C 37.3, C 37.3, C 37.3, C 37.3, C
11 174.4, C 174.4, C 174.4, C 174.4, C 174.4, C
12 68.3, CH2 68.2, CH2 68.3, CH2 68.3, CH2 68.3, CH2
13 18.3, CH3 18.3, CH3 18.3, CH3 18.3, CH3 18.3, CH3
14 32.2, CH3 32.2, CH3 32.2, CH3 32.2, CH3 32.2, CH3
15 24.3, CH3 24.3, CH3 24.3, CH3 24.3, CH3 24.3, CH3
1′ 165.5, C 165.4, C 165.5, C 165.5, C 165.4, C
2′ 119.9, CH 120.0, CH 119.9, CH 120.0, CH 121.4, CH
3′ 145.5, CH 145.4, CH 145.3, CH 145.3, CH 144.6, CH
4′ 126.9, CH 127.1, CH 127.3, CH 127.5, CH 129.2, CH
5′ 146.2, CH 146.1, CH 145.4, CH 145.4, CH 140.4, CH
6′ 75.0, CH 75.1, CH 74.4, CH 74.6, CH 77.7, CH
7′ 69.6, CH 69.6, CH 69.3, CH 69.3, CH 73.5, CH
8′ 19.2, CH3 19.3, CH3 18.3, CH3 18.3, CH3 16.0, CH3
9′ 107.6, CH3

10′ 25.4, CH3
11′ 28.0, CH3

Compounds 6 and 7 which could be a 3-deoxy derivative of ustusol F (1) were identi-
fied by respective comparison of NMR data with those of mono(6-strobilactone-B) ester of
(E,E)-2,4-hexadienedioic acid [7] and 2α,9α,11-trihydroxy-6-oxodrim-7-ene [7]. The same
ECD pattern of compound 6 with 5 (Figure S78) and compound 7 with 1 (Figure S31)
indicated they shared the same absolute configuration. Thus, compounds 6 and 7 were
respectively identified as (5S,6R,9S,10S,2′E,4′E)-(strobilactone A-6-yl)-5-carboxypenta-2,4-
dienoate (ustusolate J, 6) and (2S,5S,9R,10S)-2,9,11-trihydroxydrim-7-en-6-one (ustusol B, 7)
in this paper. In addition, compound 7 showed almost the same NMR data as our pre-
viously reported ustusol B [4] (Table S1) and displayed the same retention times in the
co-HPLC (Figure S91). Thus, the structure of ustusol B was revised as structure 7, which
was named ustusol B.

The drimane sesquiterpenoids 1–7 were postulated to be biosynthesized from farnesyl-
PP (I) which generated intermediate II, III and IV after cyclization and oxidation. The in-
termediates II and III were subjected to further oxidation to form compounds 1, 2, 3, and 7.
The intermediate II was further oxidized to intermediate IV, and the latter was subjected to
oxidation, hemi acetalization, and esterification to form compounds 4, 5, and 6 (Figure 5).

The antiproliferations of compounds 1–7 were evaluated against 29 human can-
cer cell lines and a normal cell line (the names of cell lines are listed in the Supple-
mentary Files) by the cell counting Kit-8 (CCK-8) methods [18,19]. Only compound 5,
the mixture of 5a/5b/5c/5d, showed antiproliferative activity against the human thyroid
cancer cells (CAL-62) and human osteosarcoma cells (MG-63) with the IC50 values of
16.28 ± 1.01 and 10.08 ± 0.04 μM, respectively, while the pure compounds 5a–5d were inac-
tive (IC50 ≥ 50 μM). The IC50 values of doxorubicin (positive control) against CAL-62 and
MG-63 were 0.062 ± 0.022 and 0.096 ± 0.012 μM, respectively. The bacteriostatic activities
of compounds 1–7 against 6 human pathogenic bacteria and 6 aquatic pathogenic bacteria
(the names are listed in the Supplementary Files) were tested by the diffusion method of
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filter paper, but no inhibition zone was observed at the concentration of 100 μg/mL for
compounds 1–7.

 
Figure 5. Proposed biosynthetic pathway for drimane sesquiterpenoids from A. ustus 094102.

3. Experimental Section

3.1. General Experimental Procedures

Optical rotations were measured with a JASCO P-1020 digital polarimeter. UV data
were recorded with a Beckman DU 640 spectrophotometer, and ECD data were collected
using a JASCO J-715 spectropolarimeter. IR spectra were taken on a Nicolet NEXUS
470 spectrophotometer as KBr disks. 1H, 13C, DEPT, HMQC, HMBC, COSY, and NOESY
NMR spectra were recorded on a JEOL JNM-ECP 600 spectrometer or a Bruker Avance
500 spectrometer in DMSO-d6 solution and were referenced to the corresponding residual
solvent signals (δH/C 2.50/39.52 for DMSO-d6). HRESIMS spectra were collected using a
Q-TOF Ultima Global GAA076 LC mass spectrometer. ESIMS data were measured using
a Waters ACQUITY SQD 2 UPLC/MS system with a reversed-phase C18 column (AC-
QUITY UPLC BEH C18, 2.1 × 50 mm, 1.7 μm) at a flow rate of 0.4 mL/min. Semiprepar-
ative HPLC was performed using an ODS column (YMC- pack ODS-A, 10 × 250 mm,
5 μm, 4 mL/min) and a phenyl column (YMC-pack Ph, 10 × 250 mm, 5 μm, 4 mL/min).
Vacuum–liquid chromatography (VLC) utilized silica gel H (Qingdao Marine Chemical
Factory, Qingdao, China). TLC were carried out by plates precoated with silica gel GF254
(10–40 μm, Qingdao Marine Chemical Factory) and Sephadex LH-20 (Amersham Pharmacia
Biotech, Buckinghamshire, UK) were used for column chromatography (CC).
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3.2. Fungal Material

The mangrove fungal strain A. ustus 094102 was isolated from the rhizosphere soil of
the mangrove plant Bruguiera gymnorrhiza grown in Wenchang, Hainan Province of China.
It was identified according to the morphological characteristics and the ITS sequences [4,5].

3.3. Cultivation and Extraction

The fungus A. ustus 094102 was statically cultured at 25 ◦C for 28 days in one hundred
1000 mL conical flasks, each containing 300 mL of the liquid medium that was prepared by
dissolving maltose (20 g), mannitol (20 g), glucose (10 g), monosodium glutamate (10 g),
yeast extract (3 g), corn steep liquor (1 g), CaCO3 (2 g), KH2PO4 (0.5 g), MgSO4·7H2O
(0.3 g), and sea salt (33 g) in 1 L of tap water (pH 7.0). The whole fermentation broth (30 L)
was filtered by cheesecloth to separate the mycelia from the filtrate. The mycelia were
extracted three times with an 80% volume of aqueous acetone. The acetone solution was
concentrated under reduced pressure to give an aqueous solution. The aqueous solution
was extracted three times with an equivalent volume of ethyl acetate (EtOAc), while the
filtrate was extracted three times with an equivalent volume of EtOAc. All EtOAc extracts
were combined and concentrated under vacuum to give 240 g of crude gum.

3.4. Purification

The crude gum (240 g) was separated into ten fractions (Fr1–Fr10) on a silica gel VLC
column using a stepwise gradient elution of petroleum ether (PE), PE-CH2Cl2 (1:1–0:1)
followed by CH2Cl2-MeOH (1:0–1:1). Fr9 (26 g) was fractionated on Sephadex LH-20,
eluted with CH2Cl2-MeOH (1:1), to obtain three subfractions (Fr9.1–Fr9.3). Fr9.2 (8 g)
was further separated into five subfractions (Fr9.2.1–Fr9.2.5) by VLC on the RP-18 column
using a stepwise gradient elution of MeOH-H2O (9:1–1:1), among which the elution of 40%
MeOH–H2O gave compound 7 (9.2 mg). Compounds 1 (6.2 mg, tR 11.8 min) and 2 (32 mg,
tR 18.7 min) were obtained from Fr9.2.2 (1.7 g) by semipreparative HPLC over an ODS
column eluting with 15% MeCN-H2O containing 0.5‰ Et3N. Fr7 (12 g) was fractionated on
Sephadex LH-20, eluted with MeOH-CH2Cl2 (1:1), to obtain four subfractions (Fr7.1–Fr7.4).
Fr7.4 (3.3 g) was further purified by semipreparative HPLC over an ODS column eluting
with 40% MeCN-H2O containing 0.5‰ TFA (trifluoroacetic acid) to yield compound 4

(7.6 mg, tR 16.5 min). Fr7.3 (1.3 g) was fractionated into four subfractions (Fr7.3.1–Fr7.3.5)
on a RP-18 column using a stepwise gradient elution of MeOH-H2O (1:9–2:3). Fr7.3.2
(300 mg) was further separated by semipreparative HPLC on an ODS column eluted
with 20% MeCN-H2O to yield compound 3 (3.1 mg, tR 7.8 min). Fr6 (17.6 g) was further
fractionated on Sephadex LH-20 eluted with MeOH-CH2Cl2 (1:1) to afford four subfractions
(Fr6.1–Fr6.4). Fr6.2 (1.1 g) was further separated by semipreparative HPLC on an ODS
column eluted with 40% MeCN-H2O containing 0.5‰ TFA to yield compound 6 (16.3 mg,
tR 15 min), while compound 5 (860 mg, tR 17.0 min) was purified from Fr6.4 (9 g) by
semipreparative HPLC on an ODS column eluted with 65% MeCN-H2O. Pure compounds
5a (8.8 mg, tR 39 min), 5b (5.4 mg, tR 42 min), 5c (7.3 mg, tR 44 min) and 5d (6.8 mg,
tR 46 min) were obtained from compound 5 by a careful separation on an ODS column
eluted with 50% MeOH-H2O.

3.5. The Preparation of Acetonide (5e) for Relative Configuration

According to our procedure [16], compound 5a (5 mg) in acetone (3 mL) was added to
the mixture of 2,2-dimethoxypropane (1 mL), pyridinium p-toluenesulfonate (PPTS, 26 mg)
and N,N-dimethylformamide (DMF, 1 mL). The resulting solution was stirred at room
temperature (rt) for 12 h, and then 5 mL of H2O was added. The reaction solution was
extracted with 15mL of CH2Cl2, and the organic phase was concentrated under reduced
pressure. The residue was purified by semipreparative HPLC (95% MeOH-H2O) to yield
the acetonide 5e (3.4 mg, tR 5.7 min). Its structure was identified by ESIMS (Figure S65) and
NMR data (Tables 3 and 4, Figures 4 and S66–S71).
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3.6. The Induced ECD Spectra of Compounds 2, 5c, and 5d for Absolute Configuration

According to a published procedure [16,17], analytical pure DMSO was dried with
4 Å molecular sieves and was used to prepare 0.6 mg/mL of Mo2(OAc)4 solution. To three
pieces of this solution (each 1 mL, 1.40 μmol), compounds 2 (0.5 mg, 1.86 μmol), 5c (0.8 mg,
1.90 μmol), and 5d (0.8 mg, 1.90 μmol) were respectively added and the first ECD spectra of
the mixtures were recorded immediately. Then, ECD spectra were continuously recorded
every 10 min until stationary. The inherent ECD spectrum was subtracted. The observed
signs of the diagnostic bands in the region of λmax 300–400 nm in the induced ECD spectra
were correlated to the absolute configuration of the ortho-diol moiety.

(2R,3R,5S,9R,10S)-2,3,9,11-Tetrahydroxydrim-7-en-6-one (ustusol F, 1): colorless oil;
[α]23

D −56.0 (c 0.11, MeOH); UV (MeOH) λmax (log ε) 232 (0.82) nm; ECD (1.76 mM, MeOH)
λmax (Δε) 336 (+8.4), 271 (−3.2), 240 (−41.3), 215 (−12.8) nm; IR (KBr) νmax 3399, 2959, 1663,
1439, 1384, 1243, 1062, 1027 cm−1; 1H and 13C NMR see Table 1; HRESIMS m/z 285.1694
[M+H]+ (calcd for C15H24O5, 285.1697), or 283.1547 [M–H]− (calcd for C15H23O5, 283.1551).

(2R,3R,5R,9S,10R)-2,3,11-Trihydroxydrim-7-en-6-one (9-deoxyustusol F, 2): yellow oil;
[α]23

D −56 (c 0.06, MeOH); UV (MeOH) λmax (log ε) 238 (1.65) nm; ECD (1.87 mM, MeOH)
λmax (Δε) 334 (+6.8), 264 (−1.3), 240 (−18.3), 220 (−14.3) nm; IR (KBr) νmax 3398, 2942,
1659, 1440, 1382, 1237, 1152, 1060, 983 cm−1; 1H and 13C NMR see Table 1; HRESIMS m/z
269.1751 [M+H]+ (calcd for C15H24O4, 269.1747).

(3S,5R,9R,10R)-3,11,12-Trihydroxydrim-7-en-6-one (ustusol G, 3): colorless oil; [α]23
D

−71 (c 0.04, MeOH); UV (MeOH) λmax (log ε) 240 (1.60) nm; ECD (1.87 mM, MeOH) λmax
(Δε) 335 (+10.6), 265 (−2.6), 241 (−19.1), 205 (−71.7) nm; 1H and 13C NMR see Table 1;
HRESIMS m/z 269.1750 [M+H]+ (calcd for C15H24O4, 269.1747).

(5S,6R,9S,10S,11R,2′E,4′E)-6-(11-Deoxy-11-hydroxystrobilactone A-6-yl)-5-carboxypenta-
2,4-dienoate (ustusolate H, 4): colorless solid; [α]25

D −96 (c 0.2, MeOH); UV (MeOH) λmax
(log ε) 264 (1.54) nm; ECD (0.64 mM, MeOH) λmax (Δε) 264 (−6.2), 232 (−3.3), 205 (−11.1)
nm; IR (KBr) νmax 3434, 2953, 2926, 2856, 1684, 1640, 1460, 1398, 1310, 1260, 1208, 1136,
1028, 913 cm−1; 1H and 13C NMR see Table 2; HRESIMS m/z 391.1762 [M–H]– (calcd for
C21H27O7, 391.1762).

((5S,6R,9S,10S)-Strobilactone A-6-yl) (2E,4E)-6,7-dihydroxyocta-2,4-dienoate (ustuso-
late I, 5): light yellow oil; UV (MeOH) λmax (log ε) 265 (4.15) nm. 1H NMR (DMSO-d6,
500 MHz) δH 1.83 (d, J = 13.6 Hz, 1H, H-1α), 1.95 (dd, J = 4.4, 13.6 Hz, 1H, H-1β); 1.59
(m, 1H, H-2α), 1.47 (m, 1H, H-2β); 1.20 (td, J = 3.2, 13.1 Hz, 1H, H-3α), 1.34 (d, J = 12.3 Hz,
1H, H-3β); 2.00 (d, J = 5.0 Hz, 1H, H-5); 5.59 (brs, 1H, H-6); 5.79 (brs, 1H, H-7); 4.88
(dt, J = 2.3, 12.6 Hz, 1H, H-12α), 4.78 (d, J = 12.6 Hz, 1H, H-12β); 1.06 (s, 3H, H-13); 0.92
(s, 3H, H-14); 1.07 (s, 3H, H-15); 5.94 (d, J = 15.3 Hz, 1H, H-2′); 7.20/7.23 (m, 1H, H-3′);
6.40/6.44 (m, 1H, H-4′); 6.30/6.34 (m, 1H, H-5′); 3.85/3.97 (m, 1H, H-6′); 3.49/3.56
(m, 1H, H-7′); 0.94/1.02 (d, J = 6.2 Hz, 3H, H-8′); 5.02 (brs, 1H, HO-6′); 4.61/4.66 (brs,
1H, HO-7′); 13C NMR (DMSO-d6,125 MHz) δC 29.6 (CH2, C-1), 17.5 (CH2, C-2), 44.5 (CH2,
C-3), 33.4 (C, C-4), 44.2 (CH, C-5), 65.8 (CH, C-6), 121.4 (CH, C-7), 136.6 (C, C-8), 73.2
(C, C-9), 37.3 (C, C-10), 174.4 (C, C-11), 68.3 (CH2, C-12), 18.3 (CH3, C-13), 32.2 (CH3, C-14),
24.4 (CH3, C-15), 165.51/165.50/165.49/165.47 (C, C-1′), 120.03/120.99/119.95/119.90 (CH,
C-2′), 145.41/145.37/145.34/145.26 (CH, C-3′), 127.54/127.35/127.16/126.98 (CH, C-4′),
146.18/146.12/145.48/145.45 (CH, C-5′), 75.16/75.00/74.64/74.46 (CH, C-6′), 69.64/69.62/
69.33/69.32 (CH, C-7′), and 19.34/19.26/18.26/18.24 (CH3, C-8′); ESIMS peak at m/z
419.1 for [M–H]– and m/z 464.9 for [M + HCO2]– (C23H32O7).

(2′E,4′E;6′,7′-erythro)-Ustusolate I (5a): light yellow oil; [α]23
D −35 (c 0.30, MeOH); UV

(MeOH) λmax (log ε) 268 (4.15) nm; ECD (0.60 mM, MeOH) λmax (Δε) 255 (−8.3), 236 (−8.9),
208 (−21.2) nm; 1H and 13C NMR see Tables 3 and 4; ESIMS m/z 421.2 [M+H]+ (C23H32O7).

(2′E,4′E;ent-6′,7′-erythro)-Ustusolate I (5b): light yellow oil; [α]23
D −42 (c 0.30, MeOH);

UV (MeOH) λmax (log ε) 261 (4.39) nm; ECD (0.60 mM, MeOH) λmax (Δε) 256 (−11.0), 234
(−8.9), 209 (−21.4) nm; 1H and 13C NMR see Tables 3 and 4; ESIMS m/z 421.2 [M+H]+

(C23H32O7).
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(2′E,4′E,6′R,7′R)-Ustusolate I (5c): light yellow oil; [α]23
D −105 (c 0.30, MeOH; UV

(MeOH) λmax (log ε) 261 (4.42) nm; ECD (0.60 mM, MeOH) λmax (Δε) 256 (−8.6), 234 (−8.5),
208 (−22.9) nm; 1H and 13C NMR see Tables 3 and 4; ESIMS m/z 421.2 [M+H]+ (C23H32O7).

(2′E,4′E,6′S,7′S)-Ustusolate I (5d): light yellow oil; [α]23
D −79 (c 0.29, MeO; UV

(MeOH) λmax (log ε) 262 (4.36) nm; ECD (0.60 mM, MeOH) λmax (Δε) 259 (−10.4), 234
(−8.2), 208 (−18.9) nm; 1H and 13C NMR see Tables 3 and 4; ESIMS m/z 421.2 [M+H]+

(C23H32O7).
(2′E,4′E;6′,7′-erythro)-Ustusolate I-6′,7′-acetonide (5e): light yellow oil; [α]22

D −102
(c 0.16, MeOH); UV (MeOH) λmax (log ε) 268 (4.15) nm; ECD (0.60 mM, MeOH) λmax (Δε)
256 (−15.1), 232 (−13.8), 210 (−39.4) nm; 1H and 13C NMR see Tables 3 and 4; ESIMS m/z
421.2 [M+H]+ (C26H36O7).

(5S,6R,9S,10S,2′E,4′E)-(Strobilactone A-6-yl)-5-carboxypenta-2,4-dienoate (ustusolate
J, 6): colorless solid; [α]20

D −280 (c 0.65, MeOH); UV (MeOH) λmax (log ε) 265 (1.84) nm;
ECD (0.64 mM, MeOH) λmax (Δε) 261 (−11.4), 232 (−8.9), 207 (−23.2) nm; IR (KBr) νmax
3400, 3320, 2950, 2928, 1658, 1615, 1460, 1385, 1290,1208, 1155, 1078, 970 cm−1; 1H and 13C
NMR see Table 2; ESIMS m/z 459.5 [M–H]– (C21H26O7).

(2S,5S,9R,10S)-2,9,11-Trihydroxydrim-7-en-6-one (ustusol B, 7): light yellow solid;
[α]23

D −140 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 252 (1.33) nm; ECD (1.87 mM, MeOH)
λmax (Δε) 335 (+11.9), 268 (−3.3), 241 (−66.9), 214 (−18.7) nm; IR (KBr) νmax 3400, 3320,
2950, 2928, 1658, 1615, 1460, 1385, 1290, 1208, 1155, 1078, 970 cm−1; 1H and 13C NMR see
Table 1; ESIMS m/z 269.2 [M+H]+, 291.2 [M+Na]+ (C15H24O4).

4. Conclusions

In summary, we identified four unpublished drimane sesquiterpenoids (1–4) and three
published analogues (5–7) from the mangrove-derived fungus Aspergillus ustus 094102.
Their structures including absolute configurations of 1–7 were determined by spectroscopic
analysis, chemical reaction, and ECD spectra. Compound 5, containing four stereoisomers
of the chiral ortho-diol in the side chain, was further purified as the pure isomers 5a–5d for
the first time, among which the absolute configuration of the threo-6,7-diol (5c and 5d) in
the side chain was also determined by a dimolybdenum ECD method for the first time.
In addition, the absolute configurations of the published compounds 6 and 7 were also
resolved in this paper. Unresolved compound 5 displayed selective antiproliferation against
CAL-62 and MG-63 tumor cells with the IC50 values of 16.3 and 10.1 μM, respectively, while
the purified compounds 5a–5d didn’t show activity.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/md20070408/s1, the HRESIMS of compounds 1–5 and the NMR
spectra of compounds 1–7, the analysis for the bacteriostatic activities and the cytotoxic activities,
the HPLC separation, and purification profiles of 5a–5d.
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Abstract: Mangrove-associated fungi are rich sources of novel and bioactive compounds. A total of
102 fungal strains were isolated from the medicinal mangrove Acanthus ilicifolius collected from the
South China Sea. Eighty-four independent culturable isolates were identified using a combination
of morphological characteristics and internal transcribed spacer (ITS) sequence analyses, of which
thirty-seven strains were selected for phylogenetic analysis. The identified fungi belonged to 22 gen-
era within seven taxonomic orders of one phyla, of which four genera Verticillium, Neocosmospora,
Valsa, and Pyrenochaeta were first isolated from mangroves. The cytotoxic activity of organic extracts
from 55 identified fungi was evaluated against human lung cancer cell lines (A-549), human cervi-
cal carcinoma cell lines (HeLa), human hepatoma cells (HepG2), and human acute lymphoblastic
leukemia cell lines (Jurkat). The crude extracts of 31 fungi (56.4%) displayed strong cytotoxicity at the
concentration of 50 μg/mL. Furthermore, the fungus Penicillium sp. (HS-N-27) still showed strong
cytotoxic activity at the concentration of 25 μg/mL. Integrating cytotoxic activity-guided strategy
and fingerprint analysis, a well-known natural Golgi-disruptor and Arf-GEFs inhibitor, brefeldin
A, was isolated from the target active strain HS-N-27. It displayed potential activity against A549,
HeLa and HepG2 cell lines with the IC50 values of 101.2, 171.9 and 239.1 nM, respectively. Therefore,
combining activity-guided strategy with fingerprint analysis as a discovery tool will be implemented
as a systematic strategy for quick discovery of active compounds.

Keywords: Acanthus ilicifolius; endophytic fungi; fungal metabolites; cytotoxic activity; activity-
guided strategy

1. Introduction

Cancer stands in the frontline among leading killers worldwide and the annual mor-
tality rate is expected to reach 16.4 million by 2040 [1,2]. The marine environment has the
potential to produce candidate compounds (structures) as leads to drugs, or actual drugs, as
has been actively discussed for the last 50 or so years [3–5]. Nowadays, several compounds
have led to drugs, especially in the area of cancer, such as trabectedin, and eribulin, which
were discovered under the cytotoxic activity-guided approach [3–6]. Brefeldin A (BFA), a
well-known natural Golgi-disruptor and Arf-GEFs inhibitor, was first isolated from Peni-
cillium decumbens in 1958 [7,8] and subsequently identified only from the marine-derived
genus Penicillium [9]. Previous studies reported that BFA showed strong anticancer activity
in a variety of cancers, including colorectal, prostate, lung, and breast cancers [10,11]. BFA
is considered as a promising leading molecule for developing anticancer drugs.
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The mangrove forests are a complex ecosystem growing in tropical and subtropical
intertidal estuarine zones and nourish a diverse group of microorganisms [12,13]. Mi-
croorganisms associated with mangrove environments are a major source of antimicrobial
agents and also produce a wide range of important medicinal compounds, including
enzymes, antitumor agents, insecticides, vitamins, immunosuppressants, and immune
modulators [13–17]. Among the mangrove microbial community, mangrove associated
fungi were the second-largest ecological group of the marine fungi [13,14]. Up to December
2020, at least 1387 new structures have been isolated and identified from a diverse range of
mangrove-derived fungi (325 strains), which belong to about 69 genera. Furthermore, about
40.7% (530) of the 1300 new compounds displayed a wide range of pharmacological activi-
ties, and the antitumor (mainly cytotoxicity) function is noteworthy and visible, accounting
for 34% (196 compounds) of the active compounds. Therefore, mangrove associated fungi
are a rich source of structurally unique and diverse bioactive secondary metabolites [13].

Acanthus ilicifolius is widely distributed from India to southern China, tropical Aus-
tralia and the Western Pacific islands, throughout Southeast Asia [18]. Various classes
of bioactive compounds including alkaloids, benzoxazinoids, lignans, flavanoids, triter-
penoids and steroids have been obtained from A. ilicifolius [18–20]. In addition, up to
December 2020, a total of 22 strains belonging to 9 genera have been reported, which
produced 95 new secondary metabolites. The endophytic fungi derived from A. ilicifolius
are one of the most favored to be studied [13], yet little attention has been paid to the fungal
communities associated with A. ilicifolius.

Investigating new bioactive natural products from marine fungi is a major and constant
research focus in our laboratory [21–24]. Natural product researchers also face the challenge
of targeting the discovery of bioactive compounds from a microbial resource library. The
present work aims to integrate activity-guided strategy and fingerprint analysis to target the
potent cytotoxic compounds from a fungal library of the medicinal mangrove A. ilicifolius
(Figure 1). The cultivable fungi associated with the medicinal mangrove A. ilicifolius from
the South China Sea were firstly systematic evaluated for their diversity. Furthermore,
integrating the cytotoxic activity-guided strategy, the target active strains were quickly
identified. Combined with fingerprint analysis, a potent cytotoxic activity compound,
brefeldin A, was isolated from the target active strains. The combination of activity-
guided strategy and fingerprint analysis could improve the efficiency of discovering active
compounds in crude extracts from a complex and diverse fungal library.

Figure 1. The detailed flowchart of this study.
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2. Results

2.1. Cultivable Fungi’s Phylogeny and Diversity

A total of 102 fungal isolates were obtained from Acanthus ilicifolius using the PDA
medium with four salt gradients of 3%, 5%, 7% and 10%. Duplicated strains were removed
using a detailed morphological approach. Consequently, eighty-four independent strains
were selected for sequencing and identification based on ITS sequences. According to the
sequences deposited into NCBI, the 84 strains belonged to the phylum Ascomycota in-
cluding seven taxonomic orders: Hypocreales, Xylariales, Diaporthales, Eurotiales, Pleosporales,
Capnodiales, Botryosphaeriaceae and 22 genera: Trichoderma, Hypocrea, Acremonium, Verti-
cillium, Fusarium, Neocosmospora, Pestalotiopsis, Diaporthe, Phomopsis, Valsa, Colletotrichum,
Penicillium, Eupenicillium, Aspergillus, Talaromyces, Pyrenochaeta, Pleosporales, Curvularia,
Alternaria, Cladosporium, Phyllosticta, and Lasiodiplodia (Table 1). These identified fungi and
their best matches in the NCBI database are summarized in Table S1. Most of the isolates
matched their closest relatives with 98 to 100% similarity, except for HS-G-02 (97%) and
HS-G-06 (95%), which indicated that they were new species. Both of the fungi HS-G-06 and
HS-G-02 further enriched the diversity of mangrove fungi. Further analysis of the isolated
fungi showed that Eurotiales was the dominant group with identified fungi, followed by
Hypocreales. The fungal community was dominated by Penicillium, comprising 21 isolates,
followed by Fusarium, Aspergillus, and Eupenicillium with 15, 14, and 10 isolates, respectively.
Some of the genera, such as Trichoderma, Phomopsis and Cladosporium obtained six, five and
five, respectively. Most of the remaining genera occurred as singletons or doubletons.

Table 1. The classification of cultivable fungi associated with Acanthus ilicifolius.

Phylum Class Order Genus Number

Ascomycota Sordariomycetes Hypocreales Trichoderma 6
Hypocrea 2

Acremonium 2
Verticillium 3
Fusarium 15

Neocosmospora 1
Colletotrichum 3

Xylariales Pestalotiopsis 3
Diaporthales Diaporthe 2

Phomopsis 5
Valsa 2

Eurotiomycetes Eurotiales Penicillium 21
Eupenicillium 10

Aspergillus 14
Talaromyces 1

Dothideomycetes Pleosporales Pyrenochaeta 1
Pleosporales 1
Curvularia 1
Alternaria 1

Capnodiales Cladosporium 5
Botryosphaeriaceae Phyllosticta 1

Lasiodiplodia 2
Total 1 3 7 22 102

In addition, the species of fungi isolated from different parts of A. ilicifolius were quite
different (Figure 2). The results showed that some genera of fungi were isolated only
from one part. For example, Phomopsis and Acremonium were isolated only from the stem.
Colletotrichum, Curvularia, and Alternaria were isolated only from the leaf. Valsa, Hypocrea,
and Neocosmospora were isolated only from the soil. Diaporthe, Talaromyces, and Pyrenochaeta
were isolated only from the leaf.
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Figure 2. The distribution of each species in different parts.

Further phylogenetic analysis was carried out on 37 strains. These 37 independent
individuals were selected as the representative strains because they belong to different
fungal species after we aligned the sequences with the BioEdit software (Figure S1). The
phylogenetic tree of fungi in the order Hypocreales based on ITS gene sequence is presented
in Figure S2. Furthermore, the fingerprints of secondary metabolites of fungi from different
species and genera were analyzed (Figure S4).

2.2. The Cytotoxicity of Cultivable Fungal Extracts

The organic extracts of 55 identified fungi were evaluated for their cytotoxic activities
against human lung cancer cell line (A-549), human cervical carcinoma cell (HeLa), human
hepatoma cells (HepG2) and Jurkat tumour cell lines at the concentration of 50 μg/mL
(Figure 3a). To identify active strains for further research as potential cytotoxic strains,
the relative inhibition rate of A-549, HeLa and HepG2 cell lines should greater than 70%,
and the relative inhibition rate of Jurkat cell line should greater than 60%. The results
showed that these fungi showed different inhibition rates to different cell lines. The number
of the fungi showing activity against A-549, HeLa, HepG2, and Jurkat tumour cell lines
were 17, 17, 19 and 24, respectively (Figure S3). The crude extracts of 31 fungi displayed
cytotoxicity against the test cell lines, of which 21 fungi showed selective inhibitory activity
on different tested cell lines,; for example, Fusarium sp. showed selective inhibitory activity
on HeLa cell lines. Most fungi showed strong selective inhibitory activity on Jurkat cell
lines. Interestingly, the remaining 10 fungi belonging to the two orders Eurotiales and
Hypocreales, displayed a broad-spectrum strong cytotoxic activity, such as Penicillium sp.
(HS-N-23, HS-N-27, HS-N-29, and HS-G-01), Eupenicillium sp. (HS-N-25), Trichoderma sp.
(HS-01 and HS-N-04), Aspergillus sp. (HS-G-04 and HS-Y-27), and Verticillium sp. (HS-N-28).

The crude extracts were further reduced in concentration for the activity test. The
results showed that only the two active strains of Penicillium sp. (HS-N-27 and HS-N-29)
still showed strong inhibitory activity against all the texted cell lines at the concentration
of 25 μg/mL. Cytotoxic metabolites were isolated from the endophytic fungus Penicillium
chermesinum, leading to the discovery of a cysteine-targeted Michael acceptor as a phar-
macophore for fragment-based drug discovery, bioconjugation and click reactions [25].
The heteroatom-containing new compounds 2-hydroxyl-3-pyrenocine-thio propanoic acid
and 5,5-dichloro-1-(3,5-dimethoxyphenyl)-1,4-dihydroxypentan-2-one, which were isolated
from a deep-sea Penicillum citreonigrum XT20-134, showed potent cytotoxicity to the human
hepatoma tumor cell Bel7402 [26]. Additionally, the active strains HS-N-28, HS-G-01, and
HS-N-25 showed strong selective inhibitory activity against A-549, HeLa and HepG2 cell
lines. The active strains HS-Y-27, HS-N-23, HS-G-04, and HS-N-28 showed strong selective
inhibitory activity against HeLa cell lines. The active strains HS-G-01, and HS-N-25 showed
strong selective inhibitory activity against HepG2 and A549 cell lines. Obviously, these
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active strains are important microbial resources and have the potential for interesting
cytotoxic compounds (Figure 3b).

Figure 3. Cytotoxicity of organic extracts of 55 identified fungi. (a) The cytotoxic activities of
55 identified fungi against A-549, HeLa, HepG2 and Jurkat tumour cell lines at the concentration of
50 μg/mL. (b) The cytotoxic activities of the active strains at the concentration of 25 μg/mL.

2.3. Isolation and Identifcation of Compounds 1–7

As the two active strains Penicillium sp. (HS-N-27 and HS-N-29) showed strong
cytotoxic activity against all the tested cell lines at the concentration of 25 μg/mL, both of
the Penicillium sp. fungi were selected as the target strains. Combining cytotoxic activity-
guided strategy with fingerprint analysis, compound 1 was obtained from the fermentation
broth of the two active strains HS-N-27 and HS-N-29. By comparison of NMR data with the
reported literature, the structure was identified as brefeldin A (Figure 5), which was a 13-
membered macrolactone with a cyclopentane substituent [7]. BFA is a well-known natural
Golgi-disruptor and Arf-GEFs inhibitor [8]. Combining morphological characteristics and
fingerprint analysis of metabolites (Figure S5), the two fungi HS-N-27 and HS-N-29 were
identified as different individuals of the same Penicillium sp. species. The neighbor-joining
of the phylogenetic tree of the target active strain Penicillium sp. (HS-N-27) in Hypocreales
order fungi from A. ilicifolius based on ITS sequences is shown in Figure 4.

The genus Aspergillus is one of the dominant producers of new natural products [13].
The fingerprint analysis showed that the metabolites of Aspergillus flavus (HS-N-06) were
relatively single and that A. candidus (HS-Y-23) was rich in metabolites with strong special
UV absorption peak (Figure S4). The secondary metabolites of the two fungal strains were
further studied. Under the guidance of chemical technology, 5-hydroxymethylfuran-3-
carboxylic acid (2) was obtained from the fermentation broth of A. flavus (HS-N-06) [27].
Terphenyllin (3) was obtained from the fermentation broth of A. candidus (HS-Y-23), which
showed weak cytotoxic activity against HeLa cell lines with the IC50 value of 19.0 μM [28].
In addition, 5-hydroxy-3-hydroxymethyl-2-methyl-7-methoxychromone (4), indolyl-3-
carboxylic acid (5), and trichodermamides A (6) and D (7) were obtained from the fer-
mentation broth of Trichoderma harzianum (HS-N-04) [29–31]. The structures of isolated and
identified compounds were in Figure 5.
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Figure 4. The neighbor-joining of phylogenetic tree of HS-N-27 fungi in Hypocreales order fungi. The
values at each node represent the bootstrap values from 1000 replicates, and the scale bar = 0.01
substitutions per nucleotide.

Figure 5. Structures of isolated and identified compounds.

3. Discussion

Mangrove-associated fungi are rich in diversity and can produce impressive quanti-
ties of metabolites with promising biological activities that may be useful to humans as
novel physiological agents [13–17]. The phylogenetic diversity of culturable fungi derived
mangrove species Rhizophora stylosa and R. mucronata collected from the South China Sea
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has been reported [32]. The endophytic fungi derived from A. ilicifolius areamong the most
favored to be studied. Up to December 2020, only 22 strains associated with A. ilicifolius
belonging to 9 genera have been reported [13]. Investigation on phylogenetic diversity
of A. ilicifolius associated fungi is relatively rare. In this study, 84 of the 102 isolates were
successfully classified at the genus level based on ITS sequences with relatives in the NCBI
database (Table S1). The identified fungi belonged to 22 genera, of which four genera
Verticillium, Neocosmospora, Valsa, and Pyrenochaeta were first isolated from mangroves.
(Table S1). Two strains HS-G-02 (97%) and HS-G-06 (95%) with low similarity indicated
that they should be new species, which further enriched the diversity of mangrove fungi.
The new strains may produce a variety of commercially interesting and potentially useful
products. The above results indicated that a high diversity of fungi can be recovered from
A. ilicifolius in the South China Sea.

Further analysis of the isolated fungi showed that Eurotiales was the dominant group
with identified fungi accounted for 45.1%, followed by Hypocreales. The fungal community
comprising Penicillium accounted for 20.6%, followed by Fusarium, and Aspergillus. It was
reported that Penicillium (283, 20%), Aspergillus (246, 18%), and Pestalotiopsis (88, 6%) are
the dominant producers of new natural products (1384) isolated from mangrove-associated
fungi, comprising more than 45% of the total molecules [13]. The fungi obtained from A. ili-
cifolius could provide abundant microbial resources for the discovery of new compounds.

Natural product researchers face the challenge of maximizing the discovery of new
or potent compounds from a microbial resource library. Combining activity-guided strat-
egy with fingerprint analysis as a discovery tool will be implemented as a systematic
strategy for quick discovery of active compounds. The crude extracts of 56.4% fungi
displayed strong cytotoxicity. Interestingly, the remaining 10 fungi belonging to the two
orders Eurotiales and Hypocreales, displayed a broad-spectrum strong cytotoxic activity.
Furthermore, integrating cytotoxic activity-guided strategy and fingerprint analysis, a
strong cytotoxic active compound brefeldin A was isolated from the target active strain
HS-N-27. Brefeldin A is a well-known natural Golgi-disruptor and Arf-GEFs inhibitor,
and shows strong anticancer activity in a variety of cancers [8–11]. BFA is considered
as a promising leading molecule for developing anticancer drugs. As the metabolites of
the fungi Penicillium sp. (HS-N-27) are relatively simple and BFA is easily separated and
purified, this provides the source of compounds for the study of the medicinal properties
of BFA. A series of BFA derivatives with antileukemia activity had been reported in terms
of the semi-synthesis, cytotoxic evaluation, and structure-activity relationships [9]. This
method, combining activity-guided strategy with fingerprint analysis, could improve the
efficiency of discovering active compounds.

4. Materials and Methods

4.1. Sampling Site and Plant Material

The medicinal mangrove A. ilicifolius, which was authenticated by Prof. Fengqin
Zhou (Shandong University of Traditional Chinese Medicine) was collected from the South
China Sea. The samples were stored at the Key Laboratory of Marine Drugs, the Ministry
of Education of China, School of Medicine and Pharmacy, Ocean University of China,
Qingdao, China.

4.2. Isolation of Cultivable Fungi

To obtain the fungi associated with medicinal mangrove A. ilicifolius within different
parts of the plant, the surface sterilization of each part from A. ilicifolius was carried out
following an isolation as Qin et al. described with some modifications [33]. The root, stem
and leaf of A. ilicifolius samples were washed with sterile artificial seawater for three times
to remove the microorganisms and sediment attached to the surface. Appropriate samples
were taken, using scissors or scalpel to cut all parts, including root, stem and leaf, with
attention to the integrity of sampling. Then, the sample was soaked in 75% alcohol for 30 s,
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and the water on the sample was sucked up with sterile filter paper. The sample was cut
into 1 cm3 pieces for fungal isolation.

The methods of tissue sectioning and tissue homogenization were used to isolate fungi.
Tissue sectioning method: The tissues of 1 cm3 pieces were inoculated into PDA medium
(200.0 g of potato extract, 20.0 g of glucose in 1 L of seawater with four salinities of 3%, 5%,
7% and 10% respectively) in a sterile environment. In order to improve the utilization of
the plate and to separate more microorganisms, the medium plate was generally divided
into three areas, and 2–3 pieces of tissue were placed in each area of the PDA medium with
four salt gradients of 3%, 5%, 7% and 10%. Tissue homogenization method: The tissue was
ground in 2 mL of sterile artificial seawater with a mortar in a sterile environment, and then
the resulting homogenate was diluted with sterile artificial seawater at three dilutions (1:10,
1:100, and 1:1000). 100 μL of each dilution was plated in quadruplicate onto corresponding
medium for fungal cultivation. The inoculated plates were cultured at 25 ◦C for 2 days. The
fungi were replated onto new PDA plates several times until the morphology of the fungi
could be distinguished. The obtained fungal strains were deposited at the Key Laboratory
of Marine Drugs, the Ministry of Education of China, School of Medicine and Pharmacy,
Ocean University of China, Qingdao, China.

4.3. Genomic DNA Extraction, PCR Amplifcation, Sequencing and Phylogenetic Analysis

The genomic DNA extraction was conducted using the Fungal DNA kits (E.Z.N.A.,
Omega, Norcross, GA, USA) according to the manufacturer’s protocol. The internal tran-
scribed spacer (ITS1-5.8S-ITS2) regions of the fungi were amplified with the universal ITS
primers, ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTG
ATATGC-3′) using the polymerase chain reaction (PCR) [34]. The PCR was performed
through the following cycle: initial denaturation at 94 ◦C for 5 min, 30 cycles of 94 ◦C
denaturation for 40 s min, 52 ◦C annealing for 40 s, 72 ◦C extension for 1 min; with a
final extension at 72 ◦C for 10 min. Finally, the amplified products were submitted for
sequencing (Invitrogen, Shanghai, China) and a BLASTN search was used to search for
sequences of the closest match in the GenBank by Basic Local Alignment Search Tool
(BLAST) programs database.

The sequences of fungal ITS regions obtained from A. ilicifolius were compared with
the related sequences in the National Center for Biotechnology Information (NCBI). Each of
these sequences was then aligned to sequences available in the NCBI database to determine
the identity of the sequence, which further determined the species and genera of fungi.
All fungal ITS sequences were aligned using the BioEdit software, applying the default
parameters. The phylogenetic tree was generated using neighbor-joining (NJ) algorithms
in the MEGA 7 software (version 7.0, Mega Limited) combined with bootstrap analysis
using 1000 replicates incorporating fungal sequences showing the highest homology to
sequences amplified.

4.4. General Experimental Procedures

The Agilent DD2 NMR spectrometer (JEOL, Tokyo, Japan) at 500 MHz and 125 MHz
frequency was used for 1H and 13C NMR spectra respectively. The vacuum column
chromatography silica gel (200–300 mesh, Qing Dao Hai Yang Chemical Group Co, Qing-
dao, China), silica gel plates for thin layer chromatography (G60, F-254, and Yan Tai Zi
Fu Chemical Group Co, Yan Tai, China), and reverse phase octadecylsilyl silica gel col-
umn were used for the separation of compounds. UPLCMS spectra were measured on
Waters UPLC®system (Waters Ltd., Milford, MA, USA) using a C18 column (ACQUITY
UPLC®BEH C18, 2.1 × 50 mm, 1.7 μm; 0.5 mL/min) and ACQUITY QDA ESIMS scan
from 150 to 1000 Da was used for the analysis of fungal extracts and ESI-MS spectra of the
compounds. Semipreparative HPLC was performed on a Hitachi L-2000 system (Hi-tachi
Ltd., Tokyo, Japan) using a C18 column (Kromasil 250 × 10 mm, 5 μm, 2.0 mL/min).
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4.5. Fungal Fermentation and Chemical Extraction

The 55 fungal isolates were fermented in a 500 mL conical flask containing 250 mL
PDA liquid medium. The fungi were shaken at 28 ◦C, 120 rpm for 7 days. Each exper-iment
was conducted in three parallels. The fermentation broth was extracted three times with an
equal volume of EtOAc and the whole EtOAc solutions were evaporated under reduced
pressure to give the dried extracts.

4.6. Cytotoxic Assay

The cytotoxic activity was evaluated against human lung cancer cell line (A-549), hu-
man cervical carcinoma cells (HeLa), human hepatoma cells (HepG2) and Jurkat tumor cell
lines by the MTT method, with adriamycin as a positive control [35]. The organic extracts,
and adriamycin (the positive control) were dissolved in DMSO with the concentration of
50 μg/mL, 25 μg/mL, and 1 μM, respectively for bioassay.

4.7. Extraction and Isolation of Compounds

The organic extract of Penicillium sp. (HS-N-27) showed strong cytotoxic activity.
The organic extract of the Penicillium sp. (HS-N-27) was subjected to silica gel column
chromatography (CC) and eluted by a gradient of petroleum ether (PE)/ethyl acetate (EA)
and then EA/MeOH to generate nine fractions (Fr. 1–9). All the fractions were further
evaluated for cytotoxic activity. The Fr. 5 showed strong cytotoxic activity. Combined
with fingerprint analysis,-the composition of Fr. 5 is relatively simple (Figure S5); it was
further purified by semipreparative HPLC (MeOH−H2O, 80%; 2 mL/min) to obtain 1

(BFA) (19.0 mg).
The organic extract of the Aspergillus flavus (HS-N-06) was subjected to silica gel vac-

uum liquid chromatography (VLC) and eluted by a gradient of PE/EA and then EA/MeOH
to afford four subfractions (Fr. 1−Fr. 4). Fr. 3 was separated by ODS CC (MeOH−H2O,
30–50%) to afford 2 (17.0 mg).

The organic extract of the A. aculeatus (HS-Y-23) was subjected to silica gel vacuum
liquid chromatography (VLC) and eluted by a gradient of PE/EA and then EA/MeOH
to afford seven subfractions (Fr. 1−Fr. 7). Fr. 4 was separated by ODS CC (MeOH−H2O,
30–100%) and then purified by semipreparative HPLC (MeOH−H2O, 70%; 2 mL/min) to
afford 3 (7.0 mg).

The organic extract of the Trichoderma harzianum (HS-N-04) was subjected to silica gel
column chromatography (CC) and eluted by a gradient of PE/EA and then EA/MeOH
to generate six fractions (Fr. 1–6). Fr. 2 was further purified by using CC to generate
five fractions (Fr. 2-1–2-5). Fr.2-2 was separated by normal phase silica gel column chro-
matography and purified by semi preparative HPLC (MeOH−H2O, 85%; 2 mL/min) to
obtain 4 (10.0 mg). Fr.2-4 was separated by normal phase silica gel column chromatography
and semipreparative HPLC to obtain 5 (2.4 mg). Fr.4 was separated into six fractions by
Sephadex LH-20 eluting with MeOH gel column. Fr.4-2 was purified by semiprepara-
tive HPLC (MeOH−H2O, 70%; 2 mL/min) to yield 6 (5.3 mg). Fr.4-4 was purified by
semipreparative HPLC (MeOH−H2O, 76%; 2 mL/min) to obtain 7 (5.0 mg).

5. Conclusions

This is the first systematic report on the phylogenetic diversity of fungi from mangrove
A. ilicifolius. Four genera Verticillium, Neocosmospora, Valsa, and Pyrenochaeta, which were
first isolated from mangroves, further enriched the diversity of mangrove fungi. Thirty-one
strains of fungi displayed strong cytotoxicity to different cell lines, which was the important
microbial resource for the discovery of cytotoxic compounds. Furthermore, by integrating
cytotoxic activity-guided strategy and fingerprint analysis, a potent cytotoxic activity
compound was quickly isolated from target active strains. This method, combining activity-
guided strategy with fingerprint analysis, could improve the efficiency of discovering
active compounds.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20070432/s1, Table S1: Phylogenetic affiliations of cultivable
fungi associated with A. ilicifolius. Figure S1: Phylogenetic tree of partial ITS gene sequences of
mangrove-derived fungal strains. Reference sequences were downloaded from NCBI with the
accession numbers indicated in parentheses. Figure S2: Phylogenetic tree of fungi in the order
Hypocreales based on ITS gene sequence homology. Figure S3: The cytotoxicity relative inhibition rate
data of the organic extracts in cancer cell lines. Figure S4. The fingerprint analysis of the organic
extract of fungi from different species and genera. Figure S5. The fingerprint analysis of the organic
extract of Penicillium sp. (HS-N-27).
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Abstract: Three new cytochalasins, phomoparagins A-C (1–3), along with five known analogs
(4–8), were isolated from Phomopsis asparagi DHS-48, a mangrove-derived endophytic fungus. Their
structures, including their absolute configurations, were elucidated using a combination of detailed
HRESIMS, NMR, and ECD techniques. Notably, 1 possessed an unprecedented 5/6/5/8/5-fused
pentacyclic skeleton. These compounds were tested for their inhibitory activity against concanavalin
A (ConA)/lipopolysaccharide (LPS)-induced spleen lymphocyte proliferation and calcineurin (CN)
enzyme. Several metabolites (2 and 4–6) exhibited fascinating inhibitory activities with a relatively
low toxicity. Furthermore, 2 was demonstrated to inhibit ConA-stimulated activation of NFAT1
dephosphorylation and block NFAT1 translocation in vitro, subsequently inhibiting the transcription
of interleukin-2 (IL-2). Our results provide evidence that 2 may, at least partially, suppress the
activation of spleen lymphocytes via the CN/NFAT signaling pathway, highlighting that it could
serve as an effective immunosuppressant that is noncytotoxic and natural.

Keywords: mangrove endophytic fungi; Phomopsis sp.; cytochalasins; immunosuppressive activity;
CaN/NFAT signaling pathway

1. Introduction

Immunosuppressants are the main clinical drugs for the treatment of undesirable
or abnormal activations in the body, such as immune system activation, which is associ-
ated with a variety of autoimmune diseases and allergic reactions, including rheumatoid
arthritis, multiple sclerosis, systemic lupus erythematosus, and glomerulonephritis, and
responses in organ transplantation recipients [1]. Most of the representative immunosup-
pressive drugs used in the clinic were developed from microbial secondary metabolites,
such as cyclosporin A (CsA), tacrolimus (FK506), and rapamycin [2]. These drugs form
complexes with intracellular immunophilin receptors. Among them, the CsA/cyclophilin
and FK506/FKBP complexes share the same pharmacodynamic property of suppressing
activated T cells by inhibiting the activity of calcineurin (CN) phosphatase; thus, these com-
plexes prevent the dephosphorylation and nuclear translocation of activated T cell nuclear
factor (NFAT) and NFAT-mediated transcription of a large number of cytokine genes, such
as interleukin 2 (IL-2) [3,4]. However, despite their undeniable satisfactory therapeutic
effects, the aforementioned immunosuppressive drugs have been found to cause dramatic
side effects, such as nephrotoxicity, hepatotoxicity, neurotoxicity, malignancy, and other
adverse effects [5,6]. Thus, the discovery of new clinically applied immunosuppressants
with a high efficacy but no major cytotoxicity is urgently needed.

Endophytic fungi isolated from mangrove trees are one of the most pivotal and
promising sources of bioactive natural products, presumably owing to their intriguing
structural skeleton and the promising pharmacological effect of their secondary metabolites,
making them attractive repositories for therapeutic agents and lead compounds [7,8]. Over
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50% of mangrove-derived endophytic fungal bioactive secondary metabolites are produced
by the genera Aspergillus and Penicillium, while Pestalotiopsis, Alternaria, and Phomopsis are
considered the predominant producers [9]. The Phomopsis (teleomorph Diaporthe) fungi,
which contains more than 900 species named from a wide range of hosts, have attracted
considerable attention from natural product researchers in recent years [10,11]. Versatile
bioactive metabolites, such as cytotoxic phomopchalasins B and C [12]; cytochalasins
J1–J3, H1, and H2 [13]; dicerandrols [14]; antibiotic isopentylated diphenyl ethers [15],
phomoxanthone A [16] and phompsichalasin [17]; β-site amyloid precursor protein cleaving
enzyme 1 (BACE1) inhibitory protoilludane-type sesquiterpenoids [18]; and anti-Tobacco
mosaic virus (TMV) cytosporone U [19] and arylbenzofurans [20] have been isolated from
Phomopsis strains. Among them, cytochalasins are a diverse group of polyketide synthase
nonribosomal peptide synthetase (PKS-NRPS)-derived fungal metabolites characterized
by a perhydroisoindolone moiety, which is typically fused to a macrocyclic ring (ring size
9–14) [21]. Since the first representatives, cytochalasin A and B, were isolated in 1966 [22],
the number of natural products belonging to this family has increased to over 200 [12].
As part of our research on mangrove-derived fungi, a series of structurally novel and
biologically active metabolites have been discovered [23–27]. Our primary application of
in vitro immunosuppressive activity screening indicated that the MeOH extracts from the
endophytic fungus strain Phomopsis asparagi DHS-48, which were obtained from a fresh root
of the mangrove plant Rhizophora mangle, strongly inhibited ConA/LPS-induced spleen
lymphocyte proliferation and CN enzyme activity, with IC50 values of 6.20 ± 0.20 μg/mL,
10.28 ± 0.24 μg/mL, and 78.03 ± 0.45 μg/mL, respectively. Bioassay-guided investigation
of the immunosuppressive constituents obtained from the large-scale fermentation of the
abovementioned P. asparagi DHS-48 resulted in the isolation of three new cytochalasins,
namely, phomoparagins A-C (1–3), along with five known analogs, phomopchalasin A
and B (4,5) [12], cytochalasin H (6) [28], and J (7) [29] and fragiformin B (8) [30] (Figure 1).
Herein, we report the isolation, structure elucidation, and immunosuppressive activity, as
well as the plausible biosynthetic pathway, of the isolated compounds.

Figure 1. Structures of the isolated Compounds 1–8.
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2. Results

Phomoparagin A (1) was obtained as a colorless amorphous powder. Its molec-
ular formula, C28H35NO3 with 12 degrees of unsaturation, was established using the
high-resolution-electrospray ionization mass spectrometry (HRESIMS) positive ion at m/z
434.2644 ([M+H]+, calcd for 434.2695). The 1H NMR data of 1 (Table 1), as well as the
coupling constants of the connected protons, indicated the presence of a tertiary methyl at
δH (1.74, 3H, s, H3-23), two secondary methyl groups at δH (0.73, 3H, d, J = 6.1 Hz, H3-11;
0.95, 3H, d, J = 6.7 Hz, H3-22), an exocyclic methylene group at δH (5.13 and 4.96, 2H, both
s, H2-12), three oxygenated methine groups at δH (4.13, 1H, d, J = 9.8 Hz, H-7; 4.19, 1H, t,
J = 9.7 Hz, H-14; 2.99, 1H, d, J = 2.4 Hz, H-21), an olefinic methine group at δH (5.28, 1H, br
s, H-19), and typical resonance of a single substituted phenyl at δH (7.22–7.30, 5H). Its 13C
NMR spectrum (Table 2) disclosed 28 carbon resonances, including three sp3 methyls, three
sp3 methylenes, 10 sp3 methines, one sp3 quaternary carbon, one sp2 exocyclic methylene,
six sp2 olefinic methines, and four sp2 quaternary carbons (three olefinic carbons and one
amide carbonyl), as supported by the DEPT and HSQC spectra. The complete structure of
1 was established by extensive analysis of its 2D NMR spectra. The 1H-1H COSY (Figure 2)
and HSQC spectra suggested the presence of the fragments CH2(10)-CH(3)-CH(4)-CH(5)-
CH3(11)-, CH(7)-CH(8)-CH(13)-CH(14)-CH2(15)-CH(16)-CH2(17), incorporating CH3-(22),
which was coupled to CH-(16); -CH(7)-CH(8)-CH(13)-CH(20)-CH(21)-, incorporating CH-
(19), which was coupled to CH-(20), and CH(2′) to CH(6′). In the HMBC spectrum (Figure 2),
13C-1H long-range correlations were observed from H-3 (δH 3.30, m) and H-4 (δH 2.64,
m) to C-1 (δC 171.7); H-4 and H-5 (δH 2.65, m) to C-9 (δC 53.8); H-7 (δH 4.13, d, 9.8) to
C-5(δC 33.4), C-6(δC 150.9), C-12(δC 113.4), C-14(δC 76.8), and C-8(δC 41.9), establishing the
phenylalanine moiety (rings A and B). HMBC correlations from H-8 (δH 2.19, t, 10.0 Hz)
to C-1, C-4 (δC 47.9), C-9 (δC 53.8), and H-4 (δH 2.49, m) to C-21 (δC 75.6) supported that
the five-membered ring C was fused to ring B via C-8 and C-9. An eight-membered ring
D was elucidated using the HMBC correlations from H-19 (δH 5.28, br s) to C-17 (δC 43.4),
C-21 (δC 75.6), C-18 (δC 138.9), and C-23 (δC 27.7), and from H-22 (δH 0.95, d, 6.7) to C-15
(δC 44.4) and C-17 (δC 43.4). Additionally, H-10 (δH 2.76, 2.69) to C-3 (δC 54.5), C-4 (δC 47.6),
C-1′ (δC 138.7), and C-2′/C-6′ (δC 131.1) revealed the connection of the phenyl to C-3 via
C-10. Comparison of the 1H and 13C NMR spectra of 1 with those of phomopchalasin A (4),
which was previously isolated from the endophytic fungus Phomopsis sp. shj2 associated
with Isodon eriocalyx var. laxif lora. [12], indicated that these two compounds possessed
the same 5/6/5/8-fused tetracyclic cytochalasan ring system (rings A-D). These two com-
pounds are different, in that a new five-membered epoxy unit (ring E) was formed by the
dehydration reaction between 7-OH and 14-OH. To confirm this observation, evidence
was obtained from the chemical shifts of C-8 (δC 41.9) and C-13 (δC 42.5) in 1, which were
significantly shifted upfield compared with C-8 (δC 51.3) and C-13 (δC 51.7) in 4, along
with the HRESIMS data. Thus, the connection from C-7 to C-14 via an oxygen atom was
deduced from the above evidence.

Figure 2. Key COSY and HMBC correlations of Compounds 1–3.
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Table 1. 1H NMR data (δ) for 1–3 in CD3OD (400 MHz) (δ in ppm, J in Hz).

No. 1 2 3

1
3 3.30, m 3.43, q (5.0) 3.32, m
4 2.64, m 2.76, d (6.9) 2.67, m
5 2.65, m 2.53, m 2.70, m
6
7 4.13, d (9.8) 4.19, d (8.3) 3.90, d (11.1)
8 2.19, t (10.0) 1.98, m 2.87, m
9

10 2.76, dd (13.2, 5.7)
2.69, m

2.84, dd (12.6, 4.9)
2.62, m

2.83, m
2.68, m

11 0.73, d (6.1) 0.59, d (6.9) 0.65, d (6.3)

12 5.13, s
4.96, s

4.97, s
4.83, s

5.09, s
4.95, s

13 1.52, m 3.19, q (10.9) 3.19, brs
14 4.19, t (9.7) 4.65, t (9.0) 3.34, d (2.4)

15 2.36, d (13.5)
1.03, qd (13.5, 2.4)

1.87, dt (14.2, 8.7)
1.46, dd (14.2, 2.9)

2.31, dd (12.5, 6.9)
1.73, dd (12.5, 9.9)

16 1.49, m 2.13, m 1.95, m

17 1.95, m 2.58, m
1.99, m

2.86, m
1.48, dd (13.7, 3.2)

18
19 5.28, brs 5.55, d (7.1) 5.18, d (6.0)
20 2.68, m 2.50, m
21 2.99, d (2.4) 3.71, d (5.0) 5.53, s
22 0.95, d (6.7) 1.01, d (7.0) 0.94, d (6.8)
23 1.74, s 1.78, s 1.80, s
24
25 1.99, s
1′

2′, 6′ 7.22, d (7.1) 7.28, d (7.2) 7.23, d (7.2)
3′, 5′ 7.30, t (7.2) 7.30, t (7.6) 7.25, d (7.2)

4′ 7.24, t (6.4) 7.21, t (6.8) 7.24, d (6.4)

Table 2. 13C NMR data (δ) for 1–3 in CD3OD (100 MHz) (δ in ppm, J in Hz).

No. 1 2 3

1 179.1, C 181.9, C 179.1, C
3 54.5, CH 54.5, CH 54.0, CH
4 47.6, CH 44.4, CH 47.1, CH
5 33.4, CH 31.5, CH 33.1, CH
6 150.9, C 153.4, C 152.5, C
7 76.0, CH 74.1, CH 72.8, CH
8 41.9, CH 53.4, CH 38.2, CH
9 53.8, C 58.0, C 52.7, C

10 44.9, CH2 43.9, CH2 45.0, CH2
11 13.1, CH3 13.4, CH3 13.0, CH3
12 113.4, CH2 111.8, CH2 113.7, CH2
13 42.5, CH 47.7, CH 47.5, CH
14 76.8, CH 80.7, CH 73.2, CH
15 44.4, CH2 41.3, CH2 42.3, CH2
16 33.5, CH 32.0, CH 35.2, CH
17 43.4, CH2 38.9, CH2 37.5, CH2
18 138.9, C 136.0, C 138.1, C
19 128.5, CH 129.1, CH 123.2, CH
20 43.4, CH 54.4, CH 137.9, C
21 75.6, CH 83.1, CH 120.1, CH
22 25.4, CH3 24.8, CH3 22.1, CH3
23 27.7, CH3 27.2, CH3 28.2, CH3
24 173.1, C
25 21.9, CH3
1′ 138.7, C 139.4, C 138.9, C

2′,6′ 131.1, CH 130.8, CH 131.0, CH
3′,5′ 129.5, CH 129.4, CH 129.5, CH

4′ 127.7, CH 127.5, CH 127.7, CH
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The relative configuration of 1 was subsequently established by analyzing the NOESY
spectrum. The NOE crosspeaks (Figure 3) between H-8/H-14, H-14/H-20, and H-20/H-16
indicated that these protons have β orientations. H-7/H-13 and H-13/H-21 were observed,
suggesting that these protons are cofacial and have α-orientations. Considering the above
evidence, we assumed that the stereochemistry is the same as that reported for 4, based on
the similarity in the 2D NMR resonances and the shared biogenetic origin.

 
Figure 3. Key NOESY correlations of Compounds 1–3.

The absolute configuration of 1 was determined by comparing experimental and
calculated ECD spectra using time-dependent density-functional theory (TDDFT). Two
feasible configurations, 3S, 4R, 5S, 7S, 8R, 9R, 13R, 14R, 16R, 20S, 21R and 3R, 4S, 5R, 7R,
8S, 9S, 13S, 14S, 16S, 20R, 21S (1 and ent-1, respectively), were calculated at the B3LYP/6-
31+G(d,p) level with a PCM solvent model for MeOH. The calculated ECD spectrum of
1 showed an excellent fit with the experimental spectrum (Figure 4), which indicated the
absolute configuration to 3S, 4R, 5S, 7S, 8R, 9R, 13R, 14R, 16R, 20S, 21R. Thus, the complete
structure of 1 was established.

Figure 4. Experimental and calculated electronic circular dichroism (ECD) spectra of 1–3.

Phomoparagin B (2) was obtained as colorless needles and has a molecular formula
of C30H39NO5 based on HRESIMS (m/z 516.2727, calcd for [M+Na]+ 516.2726), implying
12 degrees of unsaturation. The 1H and 13C NMR spectra (Table 1 and 2) of 2 were similar
to those of phomopchalasin A (4) [12], except that the hydroxyl group at C-21 of the latter
was replaced by the acetoxy group of 2. This was confirmed by the molecular weight
difference of 42 amu observed between compounds 2 and 4, along with the strong HMBC
correlation (Figure 2) from the protons of the methyl ester group (δ 1.99, 3H, s) and H-21
(δ 3.71, 1H, d, 5.0) to C-24 (δ 173.1), which supports the presence of an acetoxy group at
C-21 in 2. The relative configuration of 2 was determined by interpreting the NOESY data
(Figure 3). As expected, the experimental ECD spectrum (Figure 4) of 2 matched exactly
with the calculated spectrum. Accordingly, the absolute configuration of 2 was determined
to be 3S, 4R, 5S, 7S, 8R, 9R, 13R, 14R, 16R, 20S, 21R, and it was named phomoparagin B.

Phomoparagin C (3), a colorless amorphous powder, has a molecular formula of
C28H35NO3, as established by HRESIMS (m/z 434.2678, calcd for [M+H]+ 434.2695), cor-
responding to 12 degrees of unsaturation. The 1H and 13C NMR data (Tables 1 and 2) of
3 were similar to those of 2, except for the signals of the -OCOCH3 substituent and an
aliphatic methine proton within 2, which were absent in 3. Instead, signals of an olefinic
double bond at (δC 137.9, s, C-20; δH 5.53, 1H, s; δC 120.1, d, CH-21) appeared, which
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accounts for the molecular weight difference of 60 amu that was observed between the
compounds. Conformational evidence was obtained from the HMBC correlations of H-21 to
C-8(δC 38.2)/C-9(δC 52.7)/C-13(δC 47.5) (Figure 2). The relative stereochemistry of com-
pound 3 was determined using the key NOSEY cross peaks (Figure 3) of H-3 with H3-11;
H-8 with H-4 and H-20; and H-14 with H-16 and H-20. The absolute configuration could
be determined as 3S, 4R, 5S, 7S, 8R, 9R, 13R, 14R, 16R, by comparing the experimental and
calculated ECD spectra using TDDFT (Figure 4). Thus, the structure of 3 was determined,
and it was named phomoparagin C.

Previous isotope labeling experiments revealed that cyctochalasans might rationally
share the same biosynthetic pathway, and it most likely originates from a polyketide
synthase (PKS)/nonribosomal peptide synthetase (NRPS) hybrid machinery [31,32]. The
stepwise assembly is realized from one activated acetyl-CoA starter, seven malonyl-CoA
extender units and phenylalanine. An intramolecular aldol condensation generates pyrroli-
none, which reacts via a [4 + 2]-cycloaddition, hydroxylation, and dehydrogenation to gen-
erate the same biosynthetic precursor 7. Subsequent acetylation and oxidation of 7 formed
6 and 8, respectively. Compound 5, which contains a 5/6/6/7/5-fused pentacyclic ring
system, might originate by dehydration, epoxidation, intramolecular nucleophilic addition,
hydroxylation, and dehydration reactions. In another pathway, 7 undergoes dehydration,
intramolecular rearrangement, and hydroxylation, to produce the 5/6/5/8-fused tetra-
cyclic intermediate 4. The subsequent intramolecular dehydration and acetylation led to
the formation of 1–3 (Figure 5). Of these, 1 possesses an unprecedented 5/6/5/8/5-fused
pentacyclic ring system.

Figure 5. Plausible biogenetic relationship of isolated compounds.
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The isolated compounds (1–8) were evaluated for their immunosuppressive activities
against the proliferation of ConA-induced T and LPS-induced B murine splenic lym-
phocytes, according to previously described protocols [33–35]. The results showed that
Compounds 2 and 4–6 remarkably inhibited the proliferation against splenic lymphocyte
growth, with IC50 values ranging from 11.2 ± 0.3 μM to 154.4 ± 0.4 μM, of which 2 and
6 displayed the most promising inhibitory effects (Table 3). The cytotoxicity of immuno-
suppressive Compounds 2 and 4–6 was tested in murine splenocyte cultures for 72 h using
the tetrazolium salt-based CCK-8 assay. The results (Table 4) showed that even 6 exhibited
better suppression of the overproduction of the cell stimulated by ConA compared with
that of 2, but 2 exhibited relatively lower toxicity for the survival of normal splenocytes
(IC50 = 111.7 ± 1.1 μM) than that of 6 (IC50 = 42.2 ± 1.7 μM) and it was approximately
11-fold lower in comparison with that of CsA (IC50 = 10.9 ± 0.8 μM) and cytochalasin D
(IC50 = 1.0 ± 0.0 μM), indicating that the compound has a relatively low toxicity toward
the survival of normal splenic cells. Thus, we selected this particular cytochalasin for the
mechanism of action studies.

Table 3. Immunosuppressive activities of isolated compounds a.

Compound
IC50 (μM) b

ConA-Induced T-Cell Proliferation LPS-Induced B-Cell Proliferation

2 21.6 ± 1.7 78.5 ± 1.3
4 32.8 ± 2.4 144.9 ± 2.2
5 31.2 ± 2.5 154.4 ± 0.4
6 11.2 ± 0.3 102.8 ± 1.1

cyclosporin A c 4.4 ± 0.0 25.1 ± 0.4
a Compound 1, 3, 7–8 were inactive (IC50 > 200 μM). b Data are presented as mean ± SD from three separate
experiments. c Positive control.

Table 4. Cytotoxicity data of immunosuppressive compounds a.

Cell Line
Compound

2 4 5 6 CsA Cytochalasin D

murine splenocytes 111.7 ± 1.1 373.7 ± 3.3 84.4 ± 0.3 42.17 ± 1.7 10.9 ± 0.8 1.0 ± 0.0
a Results are expressed as IC50 values of mean ± SD (n = 7) in μM.

To directly examine whether 2 specifically inhibits the CaN/NFAT pathway, we first in-
vestigated the CaN inhibition rate of 2. As expected, 2 was found to be significantly active and
inhibited CN in a dose-dependent manner with an IC50 value of 17.89 ± 0.40 μM, which has a
greater potency than that of the clinically used immunosuppressant cyclosporine A (CsA, IC50 of
31.7 ± 0.7 μM) (Figure 6A). The effect of 2 on ConA-stimulated NFAT1 and NFAT-P expression
was determined by Western blotting. In unstimulated cells, NFAT was found exclusively in
the phosphorylated form, reflecting that calcineurin is inactive under resting conditions. In
contrast, in the ConA-stimulated cells in the absence of 2, the dephosphorylated form of NFAT1
was detected, as well as the phosphorylated form. The presence of 50 μM 2 strongly inhibited
the dephosphorylation of NFAT (Figure 6B). Correspondingly, immunofluorescence analysis
demonstrated that NFAT1 protein was diffusely distributed in the cytoplasm and was absent
from the nucleus. After 48 h of stimulation with 5 μg/mL Con A, the fluorescent NFAT1 translo-
cated to the nucleus. In contrast, the presence of 2 blocked the Con A-stimulated translocation
of NFAT1 from the cytoplasm to the nucleus in a dose-dependent manner (Figure 6C). With
respect to the effect of 2 on the expression levels of IL-2 mRNA, as determined by real-time
quantitative PCR (q-PCR), the transcription level of Con A-stimulated IL-2 mRNA decreased
with increasing concentrations of 2 (Figure 6D). ELISA experiments further confirmed the effects
of 2 at the IL-2 protein level (Figure 6E). Molecular docking was then performed to further
understand the possible binding modes and binding affinities of highly active 2 with the active
sites of CN using AutoDock 4.2. As shown in Figure 6F, 2 formed four key hydrogen bonds with
residues GLN-130 and HIS-339 with a binding energy of -5.92 kcal·mol−1. In addition, 2 formed
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hydrophobic interactions with residues ILE-436, ILE-474, ARG-477, VAL-490, and VAL-498 and
intermolecular interactions with residues THR-126, GLN-127, ASP-313, and PRO-340. Therefore,
the immunosuppressive activity of 2 is possibly, at least in part, mediated via CaN/NFAT
signaling pathway-regulated Con A-stimulated activation of splenocytes (Figure 7), highlighting
its potential for use as an effective noncytotoxic natural immunosuppressant.

Figure 6. The effect of 2 on calcineurin activity (A). Effects of 2 on the expression of ConA-induced
NFAT1 protein and analyzed by Western blot (B). Effects of 2 on the expression of ConA-induced
NFAT protein and analyzed by Western blot (C). Effect of 2 in ConA-induced mouse T lymphocytes
on IL-2 mRNA expression by q-PCR (D) and IL-2 secretion by ELISA (E). Molecular docking analysis
of the binding of 2 to calcineurin (F). ** p < 0.01 compared to the stimulated group. ## p < 0.01
compared to the control group.
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Figure 7. Schematic view of 2 acting on the CN/NFAT signaling pathway.

3. Materials and Methods

3.1. General Experimental Procedures

A WYA-2S digital Abbe refractometer (Shanghai Physico-optical Instrument Factory)
was used to measure optical rotations. Circular dichroism (CD) spectra were measured
on a JASCO J-715 spectra polarimeter. An LTQ Orbitrap XL instrument (Thermo Fisher
Scientific, Bremen, Germany) was used to record HRESIMS data. 1D and 2D NMR spectra
were recorded on a Bruker AV-400 spectrometer for 1H nuclei and 100 MHz for 13C nuclei in
CD3OD. An Agilent 1100 instrument was applied for HPLC analysis and semipreparative
HPLC separation. Sephadex LH-20 (18−110 μm, Merck, Darmstadt, Germany), RP-18
gel (25–40 μm, Daiso Inc., Osaka, Japan), or silica gel (200–300 mesh, Qingdao Marine
Chemical Inc., Qingdao, China) were employed for column chromatography. Thin-layer
chromatography was performed over F254 glass plates (200–400 mesh, Qingdao Marine
Chemical Inc., Qingdao, China) and analyzed under UV light (254 and 366 nm). The purity
of the isolated compounds was determined by high-performance liquid chromatography
(HPLC), which was performed on an Agilent 1200 instrument and a reverse-phase column
(4.6 × 150 mm, 5 μm). The UV wavelength for detection was 210 nm. All compounds were
eluted with a flow rate of 0.7 mL·min−1 over a 15-min gradient, as follows: T = 0, 95% B;
T = 15, 100% B (A, H2O; B, MeOH) and the purity of tested compounds were proven to
exceed 95% (Figure S43).

3.2. Fungal Material

The strain DHS-8 of Phomopsis asparagi was isolated from a healthy tree root of the
mangrove plant Rhizophora mangle, which was collected in the Dong Zhai Gang-Mangrove
Garden (110◦320′–110◦37′ E, 19◦51′–20◦01′ N) in Hainan Province in October 2015. The
strain was isolated under sterile conditions from the inner tissue of the root, following an
isolation protocol described previously [36] and identified using a molecular biological
protocol by DNA amplification and sequencing of the ITS region (GenBank Accession no.
MT126606). A voucher strain was preserved on potato dextrose agar slants stored at 4 ◦C
at one of the authors’ laboratory (J. X.).
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3.3. Fermentation and Extraction

The fungus was fermented onto autoclaved rice solid-substrate medium (thirty 1000 mL
Erlenmeyer flasks, each containing 100 g of rice and 100 mL of 0.3% saline water) and incubated
for 28 days at 28 ◦C. In total, 140 flasks of culture were extracted three times with EtOAc, and
the filtrate was evaporated under reduced pressure to yield crude extract (65 g).

3.4. Purification and Identification

The crude extract was partitioned with petroleum ether (PE), dichloromethane, ethyl
acetate (EA), and n-butyl alcohol (BA). The dichloromethane fraction and ethyl acetate
fraction were combined (30 g) and then subjected to silica gel column chromatography
using gradient elution with CH2Cl2–MeOH mixtures of increasing polarity (100:0–0:100,
v/v) to afford 8 fractions (Fr. 1–Fr. 8). Fr. 2 was subjected to open silica gel CC using
gradient elution with CH2Cl2-EtOAc (4:1–1:1, v/v) to yield fractions Fr. 2.1–2.6. Then Fr.
2.3 and Fr. 2.4 were purified by semipreparative reversed-phase HPLC using MeOH–H2O
(50:50, v/v) to afford 3 (5.0 mg) (Figures S19–S27). Purification of Fr. 2.5 was conducted by
CC over RP-18 with a MeOH–H2O gradient (50:50–90:10, v/v) to yield 2 (8.0 mg) (Figures
S10–S18) and 6 (119.2 mg) (Figures S34–S36). Fr. 2.6 was separated using Sephadex LH-20
CC with CHCl3–MeOH (1:1, v/v) to afford 1 (105 mg) (Figures S1–S9). Fr. 4 was subjected to
CH2Cl2-EtOAc (1:1, v/v) and further fractionated by RP C-18 CC eluted with CH3OH-H2O
(70:30, v/v) to produce the major component 7 (818.3 mg) (Figures S37–S39). Fr. 5 was
subjected to silica gel CC using CH2Cl2-CH3OH as the eluent (100:4–100:6, v/v). The
promising subfraction Fr. 5.1 was separated by semipreparative reversed-phase HPLC
using MeOH–H2O (60:40, v/v) to obtain 8 (2.7 mg) (Figures S40–S42). Separations of
Fr. 5.4 following a procedure similar to that used for Fr. 5.1 gave 4 (semiprep. HPLC,
MeOH–H2O = 60:40, v/v, 120 mg) (Figures S28–S30). Fr. 6.2, collected from Fr. 6 was
subjected to silica gel CC with CH2Cl2-EtOAc (100:10, v/v), followed by Sephadex LH-20
CC using CHCl3–MeOH (1:1, v/v) as the eluent to yield 5 (6.1 mg) (Figures S31–S33).

Phomoparagin A (1): colorless amorphous residue (MeOH); [α]20
D -13 (c 0.001, MeOH);

UV (MeOH) λmax 215 nm; 1H and 13C NMR data, see Table 1; HRESIMS m/z 434.2644
[M + H]+ (calcd for C28H36NO3, 434.2695).
Phomoparagin B (2): colorless amorphous residue (MeOH); [α]20

D +54 (c 0.001, MeOH);
UV (MeOH) λmax 212 nm; 1H NMR data, see Table 1; HRESIMS m/z 516.2733 [M + Na]+

(calcd for C30H39NO5Na, 516.2726).
Phomoparagin C (3): colorless amorphous residue (MeOH); [α]20

D -14 (c 0.001, MeOH);
UV (MeOH) λmax 212 nm; 1H and 13C NMR data, see Table 1; HRESIMS m/z 434.2678
[M + H]+ (calcd for C28H36NO3, 434.2695).

3.5. Electron Circular Dichroism Calculation

Monte Carlo conformational searches were run by employing Spartan’s 14 software
using the Merck Molecular Force Field (MMFF). Conformers with a Boltzmann population
of over 0.4% were chosen for ECD calculations (Tables S1 and S2). Then, the conformers
were initially optimized at the B3LYP/6-31 g level in gas using the PCM polarizable
conductor calculation model. The theoretical calculation of ECD was conducted in MeOH
using time-dependent density functional theory (TD-DFT) at the B3LYP/6-31+g (d, p) level
for all conformers of Compounds 1–3. Rotatory strengths for a total of 30 excited states
were calculated. ECD spectra were generated using the program SpecDis 1.6 (University
of Würzburg, Würzburg, Germany) and GraphPad Prism 5 (University of California San
Diego, USA) from dipole-length rotational strengths by applying Gaussian band shapes
with sigma = 0.3 eV.

3.6. Splenocyte Proliferation Assay

Spleen cells were collected from BALB/c mice under aseptic conditions, plated in a
96-well plate at a density of 1.5 × 106 cells/well and activated by Con A (5 μg/mL) or
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LPS (10 μg/mL) in the presence of various concentrations of compounds or cyclosporine A
(CsA) at 37 ◦C and 5% CO2 for 48 h. Then, 20 μL CCK-8 was added to each well, 4 h before
the end of the incubation. Absorbance at OD450 was measured on an ELISA reader, and the
IC50 value was calculated from the correlation curve between the compound concentration
and the OD450.

3.7. Cell Viability Assessment

Cell viability was evaluated using the CCK-8 method. Spleen cells were plated in a 96-
well plate at a density of 1.5 × 106 cells/well. Then, the cells were incubated with various
concentrations of compounds or 0.1% DMSO at 37 ◦C and 5% CO2 for 72 h. Proliferation
was measured using the CCK-8 assay, as described above. Cyclosporin A (CsA) and
cytochalasin D were used as positive controls.

3.8. CN Phosphatase Assay

A spectrophotometric assay was used to determine the activities of CN with 20 mM
p-nitrophenyl phosphate (p-NPP) as the substrate in 1 mM CaCl2, 0.5 mM MnCl2, 2 mM
CaM, 2 mM CNB, 1 mM DTT, 0.1 mg/mL bovine serum albumin (BSA), and 50 mM
Tris-HCl (pH 7.4) at 4 ◦C. The reaction was initiated by the addition of CNA, various
concentrations of compounds (6.25, 12.5, 25, 50 or 100 μM) were added, and the solution
was preincubated for 10 min at 4 ◦C. The OD410 value was measured, and the inhibitory
concentration (IC50) was calculated. DMSO (2%) was used as a vehicle control. CsA was
used as a positive control.

3.9. Western Blot Analysis

Splenocytes were washed with PBS and lysed in PMSF lysate. After centrifugation at
12,000 rpm for 5 min, the protein concentration was determined using a BSA Protein Assay
Kit. Protein lysates were separated using 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) and transferred to polyvinylidene difluoride (PVDF) mem-
branes. After blocking, the membranes were incubated overnight with the respective
primary antibodies against NFAT1, NFAT-P, and β-actin in 5% BSA, and the secondary
antibody was horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG. Immunore-
active bands were visualized by incubation with luminescent liquid and exposed to light-
sensitive film.

3.10. Immunofluorescence

Splenocytes were seeded in a 24-well plate at a density of 5 × 106 cells/well, incubated
with various concentrations of Compound 2 or CsA, and then activated by culturing with
Con A (5 μg/mL) for 48 h. After treatment, the cells were fixed with 4% paraformaldehyde
for 30 min, permeabilized in 0.5% Triton X-100 for 15 min, blocked with 5% BSA for 1 h, and
then incubated overnight in the respective primary antibody; NFAT1 (D43B1) XP® Rabbit
antibody was used at a 1:100 dilution in PBS. The corresponding fluorescent anti-rabbit
IgG (H+L) secondary antibody was added for 1 h. Nuclear staining was performed with
the addition of 300 μL DAPI for 5 min. Stained cells were washed with PBS and visualized
using confocal microscopy.

3.11. Real-Time Quantitative PCR

Total cellular RNA was isolated from splenocytes (5 × 106 cells/well) treated with the
indicated concentrations of compounds or cyclosporin A for 48 h and extracted using RNA
isolate. The obtained total RNA (2 μg) was used for cDNA synthesis with a Servicebio®RT
First Strand cDNA Synthesis Kit with random primers, according to the manufacturer’s
instructions. qPCR was performed ith SYBR Green qPCR Master Mix (High ROX) using
ABI StepOne Plus Real-time Detection System and β-actin as internal control. The primers
were as follows: IL-2 forward, 5′-TGTCACAAACAGTGCACCTACTTC-3′; IL-2 reverse,
5′-TGTGGCCTTCTTGGGCATGT-3′; β-actin forward, 5′-GTGACAGCAGTCGGTTGGAG-
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3′; β-actin reverse, 5′-AGTGGGGTGGCTTTTAGGAT-3′. The expression levels of genes
were normalized to the expression of β-actin mRNA and analyzed using the delta-delta CT
method (2−ΔΔCT).

3.12. IL-2 ELISA Assay

Splenocytes were treated as described in the RT–qPCR section, and then the IL-2 levels
in the obtained culture supernatants were measured using an enzyme-linked immunosor-
bent assay (ELISA) kit, according to the manufacturer’s instructions. Cytokine standard
curves were used to calculate the amount of IL-2, and the absorbance of each well was read
at OD450 using an ELISA reader.

3.13. Molecular Docking Analysis

Molecular docking studies were performed to investigate the binding mode of Com-
pound 2 with calcineurin using AutoDock 4.2 software. The crystallographic structure
of calcineurin (PDB ID: 1AUI) was obtained from the Research Collaboratory for Struc-
tural Bioinformatics Protein Data Bank (RCSB PDB, http://www.rcsb.org, accessed on
17 December 2021). The structure file 1AUI was protonated, and water was deleted at pH
7 using the Clean Protein tool. The 3D structure of the small molecule was built using
ChemBioDraw Ultra 14.0 (Cambridgesoft Corp., Cambridge, MA, USA) and optimized
using MM2 and the steepest gradient method in Chem3D Ultra 14.0 (Cambridgesoft Corp.,
Cambridge, MA, USA). The Lamarckian genetic algorithm method was used in AutoDock
4.2 (Scripps Research, San Diego, CA, USA), and a docking site was defined as all residues
within an RMS tolerance of 1.0 Å. The default parameters were used if no other parameters
are mentioned. The obtained results were analyzed and visualized with PyMOL software
(Schrödinger, New York, USA).

3.14. Statistical Analysis

All the results are presented as the mean ± SD, and the difference was considered
significant at the p < 0.05 level. GraphPad Prism v5.0 (University of California San Diego,
USA) was employed to analyze the data and draw plots. One-way analysis of variance
(ANOVA) was used to determine the statistical significance of differences between means
in SPSS13.0 (Chicago, IL, USA).

4. Conclusions

In summary, our chemical exploratory investigations on the mangrove-derived en-
dophytic fungus Phomopsis asparagi DHS-48 led to the characterization of three new cy-
tochalasins and five known analogs. Phomoparagin A (1) represents the first example
of a cytochalasan that features an unprecedented 5/6/5/8/5-fused pentacyclic skeleton,
and phomoparagin B (2) of the CN-NFAT signaling pathway was discovered and is a
promising immunosuppressant, as it directly inhibited calcineurin and did not require
a matchmaker protein, such as the clinical immunosuppressants CsA and FK506. The
potent immunosuppressive activity and low toxicity of 2 collectively suggested that it is an
attractive option for immunosuppressive drug development.
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Abstract: A mangrove endophytic fungus Phomopsis asparagi DHS-48 was found to be particularly
productive with regard to the accumulation of substantial new compounds in our previous study.
In order to explore its potential to produce more unobserved secondary metabolites, epigenetic
manipulation was used on this fungus to activate cryptic or silent genes by using the histone
deacetylase (HDAC) inhibitor sodium butyrate and the DNA methyltransferase (DNMT) inhibitor 5-
azacytidine (5-Aza). Based on colony growth, dry biomass, HPLC, and 1H NMR analyses, the fungal
chemical diversity profile was significantly changed compared with the control. Two new compounds,
named phaseolorin J (1) and phomoparagin D (5), along with three known chromones (2–4) and
six known cytochalasins (6–11), were isolated from the culture treated with sodium butyrate. Their
structures, including their absolute configurations, were elucidated using a combination of detailed
HRESIMS, NMR, and ECD and 13C NMR calculations. The immunosuppressive and cytotoxic
activities of all isolated compounds were evaluated. Compounds 1 and 8 moderately inhibited the
proliferation of ConA (concanavalin A)-induced T and LPS (lipopolysaccharide)-induced B murine
spleen lymphocytes. Compound 5 exhibited significant in vitro cytotoxicity against the tested human
cancer cell lines Hela and HepG2, which was comparative to the positive control adriamycin and
fluorouracil. Our finding demonstrated that epigenetic manipulation should be an efficient strategy
for the induction of new metabolites from mangrove endophytic fungi.

Keywords: mangrove endophytic fungus; Phomopsis asparagi; epigenetic manipulation; chromones;
cytochalasins

1. Introduction

Mangrove endophytic fungi, which adapted to extreme environmental stresses, such
as high salinity, high temperature, high humidity, light, and air limitations, are considered
to be a reliable source of unique metabolites [1–4]. Exploring the secondary metabolites
with excellent biological activity and pharmacy value from mangrove-derived fungi has
become a new hotspot in drug development [5]. Nevertheless, genome sequencing un-
veils that most mangrove endophytic fungi possess significantly more biosynthetic gene
clusters than the number of compounds they produce under conventional culture condi-
tions [6–10]. These facts inspire researchers to develop suitable strategies to stimulate these
gene clusters described as ‘silent’, ‘orphan’, and ‘cryptic’ that could, therefore, provide
access to an enormous reservoir of structurally novel secondary metabolites to enhance
the potential pharmaceutical usage. Several approaches have been successfully used to
elicit untapped metabolite profiles, such as OSMAC (One Strain of Many Compounds),
which includes media composition, UV irradiation, shaking, incubation temperature, and
epigenetic manipulation; and genome mining strategies, which include transcriptional
regulator modulation, promoter engineering, and the heterologous expression [11–15].
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The methods that use genetic engineering techniques require a relatively sophisticated
knowledge of the biology of the producing or surrogate host organisms [16]. In contrast,
epigenetic manipulation has been demonstrated to be an effective method for enhancing
secondary metabolite expression without altering genes or causing the hereditable manipu-
lation of organisms [17]. There are three main types of small molecule epigenetic regulators
known to modulate secondary metabolite expression: DNA methyltransferase (DNMT)
inhibitors, 5-azacytidine (5-aza) and N-phthalyl-L-tryptophan (RG108); histone deacetylase
(HDAC) inhibitors, suberoylanilide hydroxamic acid (SAHA), suberoylbis hydroxamic
acid (SBHA), nicotinamide, sodium butyrate, valproic acid, and octanoylhydroxamic acid,
and histone acetyltransferase (HAT) inhibitor, and anacardic acid. These inhibitors have
been added alone [18–23] or in combination [24–26] to culture media, successfully inducing
or changing the metabolic pathways to enhance the production and/or accumulation of
different compounds that are not detected in axenic cultures. For example, the production
of cytosporones active against malaria and methicillin-resistant Staphylococcus aureus was
enhanced, and a previously undescribed cytosporone R was isolated when the histone
deacetylase inhibitor (HDAC) sodium butyrate and the DNA methyltransferase (DNMT)
inhibitor 5-azacytidine (5-aza) were employed to activate the genes of the marine fungus
Leucostoma persoonii, an endophyte of mangroves [27]. Baker’s group screened the potential
of mangrove-derived endophytic fungi as a source of new antibiotics when cultured in
the presence and absence of small molecule epigenetic modulators. Of 1608 extracts from
530 fungal isolates, nearly half (44%) of those fungi producing active extracts only did so
following sodium butyrate and 5-aza treatment [28]. These cases might validate that chemi-
cal epigenetic manipulation is feasible to efficiently uncover cryptic secondary metabolites
from mangrove endophytic fungi. However, the successful examples of epigenetic manipu-
lation applied to mangrove endophytic fungi are limited to confirm the conclusion.

The coelomycetous genus Phomopsis belongs to the family Diaporthaceae and consists
of approximately 900 fungal species from a wide range of hosts [29]. The different species
belonging to the genus Phomopsis are especially known for producing a wide variety of com-
pounds with pharmacological properties, notably cytotoxic [30–32], antimicrobial [33–35],
β-site amyloid precursor protein cleaving enzyme 1 (BACE1) inhibitory [36], anti-Tobacco
mosaic virus (TMV) [37] and immunosuppressive activities [38]. As part of our research
on discovering structurally novel and biologically active natural products from mangrove-
derived endophytic fungal strains [39–48], a strain of Phomopsis asparagi DHS-48 isolated
from the fresh root of Rhizophora mangle attracted our attention for the characterization of a
series of immunosuppressive chromones [46] and cytochalasins [38]. In the present study,
in order to tap the metabolic potential of this titled fungal strain, epigenetic manipulation
was applied to activate its cryptic secondary biosynthetic pathways. The colony growth,
dry biomass, 1H NMR, and HPLC chromatogram were detected under the cultivation
with small molecule epigenetic modifiers, the DNMT inhibitor 5-aza, the HDAC inhibitor
sodium butyrate, and a combination of these inhibitors at various concentrations. A follow-
up fermentation of an optional modifier (50 μM sodium butyrate) led to the isolation of
two new compounds, phaseolorin J (1) and phomoparagin D (5), along with nine known
phaseolorin D (2) [49], chaetochromone B (3) [50], pleosporalin D (4) [51], cytochalasins J,
J1, J2, J3, H (6–10) [31] and phomopchalasin D (11) [38]. Herein, we report the epigenetic
manipulation of this fungus, and the isolation, structural determination, and bioactivity
evaluation of the induced products (Figure 1). A hypothetical biosynthetic pathway for the
isolated metabolites is also discussed.
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Figure 1. Structures of the isolated compounds 1–11.

2. Results

2.1. Epigenetic Manipulation

The epigenetic manipulation of Phomopsis asparagi DHS-48 was conducted in both
liquid medium and solid medium by using the DNMT inhibitor 5-aza, the HDAC inhibitor
sodium butyrate, and the combination of these inhibitors at different concentrations (0,
10, 50, 100 μM). Cultivation without these epigenetic modifiers was used as a control. By
comparing the colony growth on PDA (Figure 2a) and dry biomass (calibration graph
Figure 2b) in PDA (Figure 2c) and PDB (Figure 2d), we found that the DNMT and HDAC
inhibitors produced inconsistent results, and 50 μM sodium butyrate solid fermentation
was preferable to induce more remarkable chemical diversity of the secondary metabolites.
The HPLC analyses of the EtOAc extracts of Phomopsis asparagi DHS-48 cultivated in the
presence of different epigenetic agents in all the cases further confirmed our deduction
(Figure S44). Consequently, a scaled-up fermentation with 50 μM sodium butyrate was
carried out.

 

 

 

 
a b 

Figure 2. Cont.
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Figure 2. Comparison of colony growth, dry biomass (in PDA and PDB) of Phomopsis asparagi DHS-48
in the presence of different concentrations (0, 10, 50, 100 μM) of 5-aza, sodium butyrate, and the
combination of these inhibitors: (a) colony growth. In (A), 5-aza was added; in (B), sodium butyrate
was added; in (C), the combination of these inhibitors was added; (b) calibration graph for calculating
dry biomass based on nucleic acid contents with different epigenetic doses in PDA; (c) the dry
biomass of fungi cultivated in PDA with different epigenetic doses; (d) the dry biomass of fungi
cultivated in PDB with different epigenetic doses.

The EtOAc extracts of the mycelia and solid rice medium incubated with 50 μM
sodium butyrate were subjected to HPLC analyses. By comparing with the blank control
(Figures 3 and S45), the production levels of the known metabolites 6–8, 10, and 11 were
considerably enhanced in the sodium-butyrate-inhibited fermentation at the same injec-
tion concentration. In addition, certain peaks of 1–5 and 9 appear to be present in the
chromatograms from the 50 μM HDAC inhibitor that are absent in the control group.
Continuously, these differences were also supported by the fact that the 1H NMR metabolic
profile (Figure 4) of EtOAc extracts showed several additional significant hydrogen reso-
nances between 5.5 and 8.0 ppm, compared with the control group.

 

Figure 3. HPLC profiles of fungal EtOAc extracts (a) obtained from rice solid-substrate medium
after 50 μM sodium butyrate treatment and (b) obtained from rice solid-substrate medium with-
out epigenetic inhibitor treatment. HPLC chromatograms: C18 column (Agilent Technologies
10 mm × 250 mm). Solvents: A, H2O; B, MeOH. Linear gradient: 0 min, 60% B; 40 min, 100% B.
Temperature 25 ◦C. Flow rate 2 mL/min. UV detection at λ = 210 nm. Peaks 1–11 represent the
isolated metabolites. � Compounds 1 and 5 in (a) represent the new compounds stimulated by
epigenetic manipulation.
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Figure 4. 1H NMR spectra of EtOAc extracts of Phomopsis asparagi DHS-48 measured in CD3OD at
400 MHz, chemical shifts (δ) presented in ppm.

2.2. Structure Elucidation of the New Compounds

Phaseolorin J (1) was isolated as a light yellow amorphous powder. Its molecular for-
mula was determined as C15H16O7 on the basis of HRESIMS data (m/z 331.0781 [M + Na] +,
calcd for C15H16O7 Na 331.0788), which clearly indicated the presence of eight indices of
unsaturation. The 1H and 13C NMR data of 1 (Table 1) and its 1H-1H COSY and HSQC
spectra showed the presence of a series of characteristic signals for a 1,2,3-trisubstituted
benzene ring (δH 6.43 (d, J = 8.2 Hz), δC 109.3, d, CH-2; δH 7.38 (t, J = 8.2 Hz), δC 138.9, d,
CH-3; δH 6.52 (d, J = 8.2 Hz), δC 108.7, d, CH-4), one olefinic methine of a trisubstituted
double bond (δH 5.61 (dq, J = 4.8, 1.7 Hz); δC 122.3, d, CH-7), a tertiary methyl (δH 1.86,
3H, d, 1.7; δC 19.2, q, CH3–11), an oxygenated methylene (δH 4.12, (d, J = 13.2 Hz), δH 4.03
(d, J = 13.2 Hz); δC 64.1, t, CH2-12), and two oxygenated methines (δH 4.69, 1H, br s, δC
74.5, d, CH-5; 4.55, 1H, d, J = 4.8 Hz, δC 67.9, d, CH-8). The magnitude of the 1H-1H COSY
spectrum led to the observation of long-range correlations, including the assignments
of vicinal coupling with H-5 and proton H-7 on the cis-substituted double bond, as well
as homoallylic couplings with H-8 and CH3-11. A comparison of the 1H and 13C NMR
data of 1 with those of phaseolorin D (2) [52] revealed that both had the same chromone
core, except for the presence of one trisubstituted double bond at C-6 (δ 140.5) and C-7
(δ 122.3) instead of sp3 methine (C-6) and sp3 methylene (C-7) in 2. Confirming evidence
was obtained from the 1H-1H COSY correlation from olefinic proton (δH 5.61, H-7) to the
oxygenated methine (δH 4.69, H-8) and HMBC correlations from H3-11 to C-5, C-6 and C-7
(Figure 5).

Figure 5. Key COSY and HMBC correlations of Compounds 1 and 5.
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Table 1. 1H (400 MHz) and 13C (100 MHz) NMR data of 1 and 2 in CD3OD.

Position
1 2

δC Type δH (J in Hz) δC Type δH (J in Hz)

1 163.2, C 163.4, C
2 109.3, CH 6.43, d, 8.2 109.7, CH 6.44, d, 8.2
3 138.9, CH 7.38, t, 8.2 139.0, CH 7.39, t, 8.2
4 108.7, CH 6.52, d, 8.2 109.5, CH 6.55, d, 8.2
4a 160.8, C 160.3, C
5 74.3, CH 4.69, brs 74.6, CH 4.29, m
6 140.5, C 29.2, CH 2.34, m

7 122.3, CH 5.61, dq, 4.8,1.7 32.0, CH2
1.57, dt, 14.8, 2.8

2.43, m
8 67.9, CH 4.55, d, 4.8 68.6, CH 4.44, t, 3.6
8a 74.5, C 85.4, C
9 197.2, C 196.2, C
9a 108.4, C 108.6, C
10a 86.5, C 76.4, C
11 19.2, CH3 1.86, d, 1.7 18.1, CH3 1.32, d, 7.8

12 64.1, CH2
Ha 4.12, d, 13.2 60.5, CH2

Ha 3.83, d, 13.5
Hb 4.03, d, 13.2 Hb 4.28, m

In the NOESY experiment of 1 (Figure 6), the correlations of H2-12/H-5 indicated
the same spatial orientation. Biogenetically, the configuration of 1 was deduced to be
the same as that of 2, and the calculated ECD spectrum method can be used to predict
the absolute configuration of C-8a and C-10a, respectively (Figure 7). Consequently, the
absolute configuration of C-5 was assigned to be S. However, neither the lack of NOE
between H-5/H-8 nor the adjacent coupling constant of J7,8eq = 4.8 Hz between H-7 and
H-8 supported the relative configuration between H-5 and H-8. To solve this problem, the
δC values of two plausible epimers, namely 5S,5aS,8S,8aR-1 and 5S,5aS,8R,8aR-1 (8-epi-1),
were performed after the optimization of the selected conformers at the B3LYP/6-31G(d)
level. The results showed that the calculated 13C NMR spectrum of the truncated model
5S,5aS,8S,8aR -1 perfectly matched with the experimental one (Figure 8). Therefore, the
configuration of 1 was conclusively assigned and given the tentative name phaseolorin J.

Figure 6. Key NOESY correlations of compounds 1 and 5.
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Figure 7. Experimental and calculated electronic circular dichroism (ECD) spectra of 1 and 5.

Figure 8. 13C NMR calculation results of two plausible epimers (1 and 8-epi-1) at the B3LYP/6-31G(d)
level: (a) linear correlation plots of calculated and experimental 13C values; (b) DP4+ probability of
13C values of 1.

Phomoparagin D (5) was obtained as a colorless amorphous powder. The molecular
formula of 5 was established as C28H37NO5 from its HRESIMS (m/z 506.2304 [M + K] +,
calcd for C28H37NO5K 506.2303. The 1H NMR spectrum (Table 2) showed proton signals
for a mono substituted phenyl at δH (7.22−7.31, 5H), a tertiary methyl at δH (0.92, 3H, s,
H3-23), two secondary methyl groups at δH (0.80, 3H, d, J = 6.7 Hz, H3-11; 1.02, 3H, d,
J = 6.8 Hz, H3-22), an exocyclic methylene group at δH (5.22 and 5.01, 2H, both s, H2-12),
four oxygenated methine groups at δH (3.82, 1H, d, J = 10.8 Hz, H-7; 3.21, 1H, d, J = 2.4 Hz,
H-19; 2.99, 1H, m, H-20; 3.43, 1H, s, H-21), and two olefinic methine groups at δH (5.72, 1H,
d, J = 15.5 Hz, 9.5 Hz, H-13; 5.54, 1H, m, H-14). The 13C NMR and DEPT spectra (Table 1)
of compound 5 displayed 28 carbons, including 3 sp3 methyls, 3 sp3 methylenes, 9 sp3

methines, 2 sp3 quaternary carbons, 1 sp2 exocyclic methylene, 7 sp2 olefinic methines,
and 3 sp2 quaternary carbons (2 olefinic carbon and 1 amide carbonyl). The carbon profile
and characteristic 1H NMR signals, as well as the 2D NMR spectra of 5 revealed that it has
a similar indole-based cytochalasin skeleton as that of cytochalasin J (6), which was first
reported in 1981 as deacetylcytochalasin H from the same Phomopsis sp. [53]. The main
difference between the two compounds is the lack of the typical C19-C20 double bond (δH
5.76, δC 129.3, d, CH-19; δH 5.85, δC 137.2, d, CH-20) in the macrocycle ring of the latter
that was replaced by a 19, 20-epoxide ring (δH 3.21 (d, J =2.4 Hz), δC 63.1, CH-19; δH 2.99,
m, δC 57.7, CH-20) in 5. The existence of the epoxide ring was deduced by the analysis
of its HRESIMS data, and the molecular weight of 5 was 16 mass units larger than that of
6. This finding was supported by the 1H-1H COSY correlations of H-7/H-8/H-13/ H-14/
H-15/ H-16/ H-17/ H-18/ H-19/H-20/H-21, along with the HMBC correlations from
H3-23 (δH 0.92, 3H, s) to C-17, C-18 and C-19, and H-21 (δH 3.43, 1H, s) to C-8, C-9, C-19
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and C-20 (Figure 5). The diagnostic ROESY correlations (Figure 6) positioned H-3, H3-11,
H-7, H3-22, H3-23, H-20, and H-21 on the α-face and H-4, H-5, H-8, H-14, H-16, and H-19
on the β-face of 5, whereas the absolute configuration was assigned by a comparison of the
experimental and simulated electronic circular dichroism (ECD) spectra generated by the
time-dependent density functional theory (TDDFT) calculations at the B3LYP/6-31+G(d,p)
level using the Gaussian 09 program. The experimental ECD spectrum (CH3OH) for 3S, 4R,
5S, 7S, 8R, 9R, 16R, 16R, 19R, 20S, and 21R -5 matched well with the calculated spectrum
(Figure 7), which confirmed the unambiguous assignment of the absolute configuration of
5, and the trivial name phomoparagin D was assigned. The possible biogenetic pathway of
phomoparagin D (5) was postulated (Scheme 1), which might arise from cytochalasin J (6)
by a different set of catalyzed reactions.

Table 2. 1H (400 MHz) and 13C (100 MHz) NMR data of 5 and 6 in CD3OD.

Position
5 6

δC Type δH (J in Hz) δC Type δH (J in Hz)

1 178.4, C 178.7, C
3 55.3, CH 3.37, dd, 6.1, 3.5 55.1, CH 3.31, m
4 51.9, CH 2.46, dd, 5.1, 3.5 50.8, CH 2.61, m
5 33.8, CH 2.75, m 34.0, CH 2.92, m
6 151.7, C 151.9, C
7 72.7, CH 3.82, d, 10.8 72.5, CH 3.83, d, 10.7
8 45.8, CH 2.89, d, 10.1 50.2, CH 2.88, m
9 56.1, C 54.9, C

10 44.8, CH2
Ha 2.86, dd, 10.3,

6.2Hb 2.77, m 46.6, CH2
Ha 2.92, mHb

2.59, dd, 13.6, 8.2
11 13.8, CH3 0.80, d, 6.7 14, CH3 1.11, d, 6.7

12 113.1, CH2
Ha 5.22, s 113.1, CH2

Ha 5.34, s
Hb 5.01, s Hb 5.12, s

13 131.2, CH 5.72, dd, 15.5, 9.5 129.4, CH 5.73, dd, 15.5, 9.8
14 135.4, CH 5.54, m 138.7, CH 5.33, m

15 43.7, CH2

Ha 2.05, dd, 12.4,
5.6Hb 1.65, d,

12.4
45, CH2

Ha 2.02, mHb
1.81, m

16 28.7, CH 1.87, m 29.4, CH 1.80, m

17 48.7, CH2

Ha 1.75, dd, 14.8,
3.2Hb 1.45, dd,

14.8, 3.8
55, CH2

Ha 1.90, dd, 14.4,
3.4Hb 1.57, dd,

14.4, 3.3
18 73.6, C 75.1, C
19 63.1, CH 3.21, d, 2.4 137.5, CH 5.75, dd, 16.8, 2.2
20 57.7, CH 2.99, m 132.2, CH 6.03, dd, 16.8, 2.6
22 26.2, CH3 1.02, d, 6.8 26.7, CH3 1.04, d, 6.6
23 23.5, CH3 0.92, s 31.8, CH3 1.36, s
1’ 138.5, C 137.5, C

2’/6’ 131.2, CH 7.22, d, 7.2 131.1, CH 7.15, dd, 8.0, 1.3
3’/5’ 129.6, CH 7.31, t, 7.2 129.5, CH 7.32, dd, 8.0, 7.1

4’ 128.0, CH 7.25, dt, 7.2, 3.6 127.8, CH 7.24, dd, 7.1, 1.3

A plausible biosynthesis of compounds 1–11 was proposed, as shown in Schemes 1 and 2.
More than 4000 chromones have been isolated and structurally elucidated from natural ori-
gin until now, and they are biosynthesized by the type III polyketide synthases (PKSs) [54].
Compounds 1 and 2 isolated from P. asparagi DHS-48 are assumed to be derived from
one acetyl-CoA starter and seven molecules of malonyl-CoA extender units to form an
octaketide that undergoes Claisen condensation and cyclization to yield anthraquinone pre-
cursors such as emodin, even though it was not isolated in this study. Oxidative cleavage,
cyclization via epoxidation, and nucleophilic attack by a hydroxyl group to give the ring-
closed dihydroxanthone involved the epimerization of C-10a. The subsequent keto–enol
equilibrium and redox would provide compounds 1 and 2, referring to the reports made
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by Rönsberg et al. [55]. Previous feeding experiments with sodium 13C-labeled acetate by
Lösgen et al. [56] in 2007 revealed that a heptaketide precursor is involved in the biosynthe-
sis of 3 and 4, which are analogues to phomochromenones D-G isolated in our previous
study [46], implying some cryptic post-synthesis modification genes were stimulated by
the currently adopted epigenetic manipulation for the production of those metabolites
previously unobserved or merely increased sufficiently under epigenetic control to be
detected. Cytochalasins 5–11 might rationally share a common biosynthetic precursor as
we previously described via polyketide synthase (PKS)/nonribosomal peptide synthetase
(NRPS) hybrid machinery [38]. The stimulated metabolite 5 was is likely to be also derived
from 6 by epoxidation, meanwhile 9 feasibly converted through catalytic dehydration.

 

Scheme 1. Proposed biosynthetic pathway for compounds 5 and 9 from 6.

 

Scheme 2. Proposed biosynthetic pathway for compounds 1–4.
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2.3. Biological Activity of Compounds

The immunosuppressive assay showed that compounds 1 and 8 exhibited moderate-
to-weak inhibitory activity against ConA-induced T and LPS-induced B murine splenic
lymphocytes in vitro, with the IC50 values of 42 and 88 μM and 15 and 110 μM (Table 3),
respectively, whereas the other investigated compounds showed no apparent inhibitory
effect. Additionally, compound 5 showed significant in vitro cytotoxicity against human
cancer cell lines Hela, with an IC50 value of 5.8 μM, and showed moderately significant
in vitro cytotoxicity against human cancer cell lines HepG2, with an IC50 value of 59 μM
(Table 4), respectively, which was comparable with the positive controls adriamycin and
fluorouracil. These results suggested that the 19,20-epoxide ring in compound 5 is essential
for its inhibition of tumor cell proliferation compared with compounds 6–11.

Table 3. Immunosuppressive activities of tested compounds.

Compound

IC50 (μM) a

ConA-Induced T-Cell
Proliferation

LPS-Induced B-Cell
Proliferation

1 42.35 ± 2.49 88.19 ± 2.59
8 14.71 ± 0.47 109.95 ± 5.68

2–7, 9–11 - -
cyclosporin A b 4.39 ± 0.02 25.11 ± 0.43

a Data are presented as mean ± SD from three separate experiments. b Positive control. ‘-’ stands for no inhibitory
effect at 200 μM.

Table 4. Antitumor activity test of tested compounds.

Compound
IC50 (μM) a

HepG2 Hela

5 59.14 ± 15.79 5.82 ± 0.82
1–4, 6–11 - -

Adriamycin b - 0.95 ± 0.61
Fluorouracil c 176 ± 28.8 -

a Data are presented as mean ± SD from three separate experiments. b Hela cell positive control. c Hepg2 cell
positive control. ‘-’ stands for no inhibitory effect at 200 μM.

3. Materials and Methods

3.1. General Procedures

The specific rotations were obtained on an ATR-W2 HHW5 digital Abbe refractometer
(Shanghai Physico-optical Instrument Factory, Shanghai, China). The UV spectra were
determined using a Shimadzu UV-2600 PC spectrophotometer (Shimadzu Corporation,
Tokyo, Japan), while the ECD spectra were measured on a JASCO J-715 spectra polarimeter
(Japan Spectroscopic, Tokyo, Japan). The 1H, 13C, and 2D NMR spectra were recorded on a
Bruker AV 400 NMR spectrometer using TMS as an internal standard. High-resolution ESI-
MS was performed on an LCMS-IT-TOF instrument (Shimadzu Corporation, Tokyo, Japan)
using peak matching. TLC and column chromatography (CC) were carried out over silica
gel (200–400 mesh, Qingdao Marine Chemical Inc., Qingdao, China) or Sephadex-LH-20
(18−110 μm, Merck, Darmstadt, Germany), respectively. HPLC analysis was measured on
Wasters e2695 (Waters Corporation, Milford, MA, USA) using a C18 column (Waters, 5 μm,
10 × 150 mm). Semi-preparative HPLC was achieved on an Agilent Technologies 1200LC
instrument with a C18 column (Agilent Technologies 10 mm × 250 mm). High-speed cen-
trifugation was performed using a TGL-16B Anting centrifuge (Anting Scientific instrument
Factory, Shanghai, China). The constant temperature water bath was in HH-2 thermo-
stat water baths (Hervey Biotechnology Corporation, Jinan, China). Liquid fermentation
was carried out in an ATL-03202 High-precision CNC shaking machine (Shanghai Kanxin
Instrument and Equipment Corporation, Shanghai, China). The purity of the isolated
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compounds was determined via high-performance liquid chromatography (HPLC), which
was performed on an Agilent 1200 instrument and a reverse-phase column (4.6 × 150 mm,
5 μm). The UV wavelength for detection was 210 nm. All the crude extracts and compounds
were eluted with a flow rate of 0.8 mL·min−1 over a 50 min gradient (solvents: A, H2O; B,
MeOH), as follows: 0–5min, 25% B; 5–15 min, 25–30% B; 15–30 min, 30–55% B; 30–40 min,
55–75% B; 40–50 min, 70–90% B (Figure S45).

3.2. Fungal Material

The endophytic fungi Phomopsis asparagi DHS-48 was isolated with a PDA medium
from the fresh root of the mangrove plant Rhizophora mangle, collected in October 2015 in
Dong Zhai Gang-Mangrove Garden on Hainan Island, China. The strain was isolated under
sterile conditions from the inner tissue of the root, following an isolation protocol described
previously [57], and the fungi (strain no.DHS-8) was identified using a molecular biological
protocol via the DNA amplification and sequencing of the ITS region (GenBank Accession
no.MT126606). A voucher strain was deposited at one of the authors’ laboratories (J.X.).

3.3. Epigenetic Manipulation and Culture Condition

For the epigenetic manipulation experiments, fungal mycelia and spores were initially
inoculated onto Petri dishes containing potato dextrose agar (PDA) at 28 ◦C for 5 days.
Then, a single colony was inoculated into a 100 mL potato dextrose broth (PDB) (in 500 mL
Erlenmeyer flasks with continuous shaking for ten days at 28 ◦C) and the PDA plates
(15 mL agar media inverted incubated for five days at 28 ◦C) were treated with different
concentrations (0, 10, 50, and 100 μM) of the DNMT inhibitor 5-aza and the HDAC inhibitor
sodium butyrate, or a combination of the two, while the control cultures were treated with
vehicle only (filter-sterilized H2O). The quantity of biomass is an essential parameter in the
determination of a suitable epigenetic modifier or its optimal addition. After filtering the
PDB liquid medium, the mycelium precipitate was washed three times with distilled water
and lyophilized to constant weight as dry biomass. For the fungi that grow on PDA, the
direct measurement of fungal biomass is hampered because the fungi penetrate into and
bind themselves tightly to the solid-substrate particles. The indirect method based on the
nucleic acid contents was adopted according to Liu’s method [58], with some modifications.
The pure mycelium of 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 g was extracted by adding 25 mL of 5%
trichloroacetic acid solution in a water bath at 80 ◦C for 25 min with constant stirring and
then cooled in an ice bath at 8000 r/min, centrifuged at 4 ◦C for 15 min, and diluted 5 times.
The OD value was measured at 260 nm with 1% trichloroacetic acid as the blank control.
Finally, dry biomass was quantified based on a standard curve between the nucleic acid
content and dry biomass ranging from 0.05 to 0.3 g with y = 4.3543x − 0.0158 (R2 = 0.998).
All the culture groups were prepared and measured in 3 replicates. The HPLC profiles of
the EtOAc extracts of the fungi cultivated in the presence of different epigenetic agents
were tested. The cultures were extracted three times with EtOAc (50 mL × 3 for each PDA
plate, 250 mL × 3 for each PDB flask). The EtOAc-soluble materials were passed over
organic membranes and then subjected to HPLC analysis under conditions mentioned in
Section 3.1.

3.4. Extraction Isolation

The fungus was cultivated on PDA by adding 50 μM sodium butyrate at 28 ◦C for
7 days. Then, a single colony was inoculated in an autoclaved rice solid-substrate medium
in Erlenmeyer flasks (130 × 1 L), each containing 100 g of rice, 100 mL of 0.3% of saline
water, and 50 μM sodium butyrate and fermented at 28 ◦C for 28 days. Briefly, 130 flasks
of cultures were extracted 3 times with 400 mL of EtOAc, and the filtrate was evaporated
under reduced pressure to yield a crude extract of 20 g. The crude extracts were analyzed
using HPLC and 1H NMR. The EtOAc extracts were chromatographed on silica gel column
chromatography (CC) using a step gradient elution process with CH2Cl2-MeOH (0–100%)
to provide nine fractions (Fr. 1–Fr. 9). Fr. 3 was subjected to open silica gel CC using
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gradient elution with CH2Cl2-EtOAc (6:1–1:2, v/v) to yield seven fractions. Fr. 3.1–Fr. 3.7.
Fr. 3.4 were purified with semi-preparative reversed-phase HPLC using MeOH-H2O (70:30,
v/v) to afford compound 10 (6 mg) (Figures S38–S40) and compound 7 (6 mg) (Figures
S29–S31). In addition, Fr. 3.5 was separated via silica gel CC using CH2Cl2-EtOAc (3:1,
v/v) and purified via semi-preparative reversed-phase HPLC using MeOH-H2O (70:30,
v/v) to afford compound 11 (7 mg) (Figures S41–S43). Fr. 4 was separated via open silica
gel CC using gradient elution with CH2Cl2-EtOAc (3:1–1:1, v/v) to obtain three fractions
(Fr. 4.1–Fr. 4.3). Fr. 4.2 was chromatographed on a Sephadex LH-20 CC by eluting with
MeOH to yield three fractions (Fr. 4.2.1–Fr. 4.2.3). Fr. 4.2.1 was purified using a silica gel
flash column with CH2Cl2-EtOAc (2:1, v/v) as the eluent to obtain compound 8 (11.8 mg)
(Figures S32–S34) and compound 9 (3 mg) (Figures S35–S37). Fr. 4.2.2 was subjected to
Sephadex LH-20 CC using MeOH-CH2Cl2 (1:1, v/v) as an eluent to obtain compound
6 (5.9 mg) (Figures S26–S28). Fr. 5 was subjected to open silica gel CC using gradient
elution with CH2Cl2-EtOAc (4:1–1:2, v/v) to yield five fractions Fr. 5.1–Fr. 5.5. Fr. 5.3 was
subsequently subjected to Sephadex LH-20 CC using MeOH-CH2Cl2 (1:1, v/v) as an eluent
to give six fractions Fr. 5.3.1–Fr. 5.3.6. Fr. 6 was separated through silica gel elution using
CH2Cl2-EtOAc (2:1, v/v) to obtain six fractions (Fr. 6.1–Fr. 6.6). Fr. 6.3 was purified with
Sephadex LH-20 CC using MeOH-CH2Cl2 (1:1, v/v) to yield compound 4 (12 mg) (Figures
S23–S25). Fr. 6.4 was subjected to reversed-phase HPLC (MeOH-H2O 70:30, v/v) to obtain
compound 3 (5 mg) (Figures S20–S22). Fr. 6.5 was subjected to open silica gel CC using
gradient elution with CH2Cl2-EtOAc (4:1–1:2, v/v) to give five fractions (Fr. 6.5.1–Fr. 6.5.5).
Additionally, promising Fr. 6.5.4 was purified with reversed-phase HPLC (MeOH-H2O,
70:30 to 100:0, v/v) to furnish compound 2 (7 mg) (Figures S17–S19) and compound 1

(6 mg) (Figures S1–S8). Fr.7 was subjected to open silica gel CC using gradient elution
with CH2Cl2-EtOAc (1:1, v/v) to yield six fractions Fr. 7.1–Fr. 7.6. Fr. 7.3 was subjected to
Sephadex LH-20 CC using MeOH-CH2Cl2 (1:1, v/v) as an eluent to obtain compound 5

(15 mg) (Figures S9–S16).
Phaseolorin J (1): light yellow amorphous powder (MeOH); [α]20

D +160 (c 0.0001,
MeOH); UV (MeOH) λmax 214 nm (the absorptions due to aromatic rings); 1H and 13C NMR
data, see Table 1; HRESIMS m/z 331.0781 [M + Na]+ (calcd for C15H16O7Na 331.0788).

Phomoparagin D (5): colorless amorphous powder (MeOH); [α]20
D +60 (c 0.0001,

MeOH); UV (MeOH) λmax 206 nm (the absorptions due to aromatic rings); 1H and 13C
NMR data, see Table 1; HRESIMS m/z 506.2304 [M + K]+ (calcd for C28H37NO5K 506.2303).

3.5. Theory and Calculation Details

Specific Monte Carlo conformational searches were run by employing Spartan’s
14 software using the Merck molecular force field (MMFF). Conformers with a Boltzmann
population of over 0.4% were chosen for ECD (Tables S1–S4) and 13CNMR (Tables S5–S9)
calculations. Then, the conformers were initially optimized at the B3LYP/6-31G(d) level
in the gas phase using the PCM polarizable conductor calculation model. The stable con-
formations obtained at the B3LYP/6-31G(d) level were further used in magnetic shielding
constants. The theoretical calculation of ECD was conducted in MeOH using the time-
dependent density functional theory (TD-DFT) at the B3LYP/6-31+g (d, p) level for all the
conformers of compounds 1 and 5. The ECD spectra were generated using the program
SpecDis 1.6 (University of Würzburg, Würzburg, Germany) and GraphPad Prism 5 (Uni-
versity of California, San Diego, USA) from dipole-length rotational strengths by applying
Gaussian band shapes with sigma = 0.3 eV.

3.6. Cytotoxicity Assay

HepG2 (liver cancer cell line) and Hela (cervical cancer cell line) were purchased from
the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. The cells
were grown in an RPMI-1640 culture medium. Cytotoxicity against HepG2 cells and HeLa
cells was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma-Aldrich, Missouri, St. Louis, MO, USA) method, as described previously [45].
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In addition, 5-fluorouracil (5-FU) (Beijing Solarbio Science and Technology Co., Ltd., 99.8%)
(Beijing, China) and adriamycin (Shanghai Macklin Biochemical Co., Ltd, 99.8%) (Shanghai,
China) were used as positive controls, respectively.

3.7. Isolation and Culture of Spleen Lymphocytes

The BALB/c female mice were sacrificed via cervical dislocation, and their spleens
were removed aseptically. The splenocytes were washed using RPMI1640 supplemented
with penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively) and 10% heat-
inactivated FBS, and collected in a centrifuge tube. The erythrocytes were removed for
3 min with an erythrocyte lysis buffer. The cells were plated at a density of 5 × 106 cells/mL
or 1 × 107 cells/mL. Cell numbers were performed using a hemocytometer, and cell viability
was determined using the trypan-blue dye exclusion technique; cell viability showed more
than 95%. The culture media were kept in a humidified atmosphere of 5% CO2 at 37 ◦C.

3.8. Cell Activity and Cell Proliferation

In each 96-well cell culture plate, 100 μL of lymphocyte suspension was inoculated
with a concentration of 1*107 cells/mL in each well, and the culture was left overnight in
a 37 ◦C, 5% CO2 incubator to stabilize the cells. Then, the compounds or positive control
(CsA) diluted in a complete medium to different concentrations were added to each well,
resulting in the final concentrations of 1, 5, 10, 15, 20, 30, and 40 μM, respectively. The
final concentrations of the compounds in the anti-proliferation assay were 20 μM, 35 μM,
50 μM, 70 μM, and 100 μM. After 72 or 48 h incubation in the incubator, the effect of the
compounds on the survival rate and anti-proliferation of splenocytes was analyzed using
the CCK-8 method.

3.9. Statistical Analysis

All the cell data are presented as the mean standard deviation of the means (S.D.),
and a one-way analysis of variance (ANOVA) test was used to evaluate the statistical
significance of differences between the groups using GraphPad Prism.

4. Conclusions

Collectively, the mangrove endophytic fungus Phomopsis asparagi DHS-48 was ef-
fectively stimulated using an HDAC inhibitor (sodium butyrate) to produce two new
compounds, named phaseolorin J (1) and phomoparagin D (5), along with nine known
chromones (2–4) and cytochalasins (6–11). All the isolates were evaluated for their immuno-
suppressive and cytotoxic activities. Among them, compounds 1 and 8 showed moderately
inhibitory activity against the proliferation of ConA-induced T and LPS-induced B murine
spleen lymphocytes, and compound 5 exerted comparative or better in vitro cytotoxicity
against the tested human cancer cell lines than the positive control. Thus, this study demon-
strates that epigenetic manipulation appears to have a large potential for enhancing the
production and/or accumulation of new chemodiversity from mangrove endophytic fungi.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20100616/s1, Figure S1: 1H-NMR of phaseolorin J (1). Figure S2:
13C-NMR of phaseolorin J (1). Figure S3: DEPT of phaseolorin J (1). Figure S4: 1H-1H COSY
of phaseolorin J (1). Figure S5: HSQC of phaseolorin J (1). Figure S6: HMBC of phaseolorin J
(1). Figure S7: NOSEY of phaseolorin J (1). Figure S8: HR-ESI-MS of phaseolorin J (1). Figure
S9: 1H-NMR of phomoparagin D (5). Figure S10: 13C-NMR of phomoparagin D (5). Figure S11:
DEPT of phomoparagin D (5). Figure S12: 1H-1H COSY of phomoparagin D (5). Figure S13:
HSQC of phomoparagin D (5). Figure S14: HMBC of phomoparagin D (5). Figure S15: NOSEY
of phomoparagin D (5). Figure S16: HR-ESI-MS of phomoparagin D (5). Figure S17: 1H-NMR of
phaseolorin D (2). Figure S18: 13C-NMR of phaseolorin D (2). Figure S19: HR-ESI-MS of phaseolorin
D (2). Figure S20: 1H-NMR of chaetochromone B (3). Figure S21: 13C-NMR of chaetochromone B
(3). Figure S22: HR-ESI-MS of chaetochromone B (3). Figure S23: 1H-NMR of pleosporalin D (4).
Figure S24: 13C-NMR of pleosporalin D (4). Figure S25: HR-ESI-MS of pleosporalin D (4). Figure S26:
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1H-NMR of cytochalasin J (6). Figure S27: 13C-NMR of cytochalasin J (6). Figure S28: HR-ESI-MS of
cytochalasin J (6). Figure S29: 1H-NMR of cytochalasin J1 (7). Figure S30: 13C-NMR of cytochalasin
J1 (7). Figure S31: HR-ESI-MS of cytochalasin J1 (7). Figure S32: 1H-NMR of cytochalasin H (8).
Figure S33: 13C-NMR of cytochalasin H (8). Figure S34: HR-ESI-MS of cytochalasin H (8). Figure S35:
1H-NMR of cytochalasin J2 (9). Figure S36: 13C-NMR of cytochalasin J2 (9). Figure S37: HR-ESI-MS of
cytochalasin J2 (9). Figure S38: 1H-NMR of cytochalasin J3 (10). Figure S39: 13C-NMR of cytochalasin
J3 (10). Figure S40: HR-ESI-MS of cytochalasin J3 (10). Figure S41: 1H-NMR of phomopchalasin D
(11). Figure S42: 13C-NMR of phomopchalasin D (11). Figure S43: HR-ESI-MS of phomopchalasin D
(11). Figure S44: Overlay of HPLC profiles of EtOAc extracts of Phomopsis asparagi DHS-48 cultivated
in PDA treated with different epigenetic agents. Figure S45: HPLC spectrum for the purity of
tested compounds. Table S1: Gibbs free energiesa and equilibrium populationsb of low-energy
conformers of phaseolorin J (1). Table S2: Cartesian coordinates for the low-energy reoptimized
MMFF conformers of phaseolorin J (1) at B3LYP/6-31G(d,p) level of theory in gas. Table S3: Gibbs
free energiesa and equilibrium populationsb of low-energy conformers of phomoparagin D (5). Table
S4: Cartesian coordinates for the low-energy reoptimized MMFF conformers of phomoparagin D (5)
at B3LYP/6-31G(d,p) level of theory in gas. Table S5: The calculated 13C NMR data for isomers of
phaseolorin J (1). Table S6: DFT-optimized structures and thermodynamic parameters for low-energy
conformers of 1. Table S7: DFT-optimized structures and thermodynamic parameters for low-energy
conformers of 8-epi-1. Table S8: Optimized Z-matrixes of 1 in the gas phase (Å) at B3LYP/6-31G(d)
level. Table S9: Optimized Z-matrixes of 8-epi-1 in the gas phase (Å) at B3LYP/6-31G(d) level.
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Abstract: Two new chlorinated metabolites, 8-chlorine-5-hydroxy-2,3-dimethyl-7-methoxychromone
(1) and 3,4-dichloro-1H-pyrrole-2,5-dione (3), and eight known compounds (2 and 4–9) were iso-
lated from the mangrove sediments-derived fungus Mollisia sp. SCSIO41409. Their structures
were elucidated by physicochemical properties and extensive spectroscopic analysis. The absolute
configuration of stemphone C (4) was established for the first time by the X-ray crystallographic
analysis. Compounds 3 and 4 showed different intensity of antimicrobial activities against several
pathogenic fungi and bacteria, and antiproliferative activities against two human prostate cancer
cell lines (IC50 values 2.77 to 9.60 μM). Further, stemphone C (4) showed a reducing PC-3 cell colony
formation, inducing apoptosis and blocking the cell cycle at S-phase in a dose-dependent manner;
thus, it could be considered as a potential antiproliferative agent and a promising anti-prostate cancer
lead compound.

Keywords: mangrove sediments-fungus; Mollisia sp.; chlorinated metabolites; prostate cancer; antimicrobial

1. Introduction

Mangrove forests are a complex ecosystem, and the microbes in mangrove sediments
play an important role in the biogeochemical cycles of mangrove ecosystems [1]. The high
diversity of mangrove environments has contributed to high microbial diversity, which is
an important source of bioactive natural products [2–4]. Research on secondary metabolites
from mangrove sediments-derived microbes has yielded many natural products with
novel structures and significant pharmacological activities [5–8]. In particular, halogenated
compounds obtained from mangrove-derived microbes, especially chlorine-containing
metabolites, have received a great deal of attention [9–11].

Mollisia is a taxonomically neglected discomycete genus (Helotiales, Leotiomycetes)
in decaying plant tissues or root soil. The natural products from the genus Mollisia were
not well explored and were limited to few publications. Mollisinols A and B, two new
metabolites were isolated from the endophytic fungus Mollisia sp., derived from the root
bark of Ardisia cornudentata Mez [3]. Ophiobolin C, isolated from Mollisia sp. (GB5328)
from the dead bark of Tsuga canadensis, was an inhibitor of binding with human CCR5
receptor and exhibited an IC50 value of 40 μM [12]. KS-504 compounds, three novel in-
hibitors of Ca2+ and calmodulin-dependent cyclic nucleotide phosphodiesterase were
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isolated from Mollisia ventosa KAC-1 148 [13]. Mollisianitrile, a new antibiotic was isolated
from Mollisa sp. A59–96 [14]. Benesudon, isolated from Mollisia bensuada, possessed an-
timicrobial, cytotoxic, and phytotoxic activities [15]. Mollisin, a dichloronaphthoquinone
derivative produced by the fungus Mollisia caesia [16]. In our study, we explored potential
bioactive secondary metabolites from a mangrove sediment-derived fungal strain, Mollisia
sp. SCSIO41409, isolated from a mangrove sediment sample in Hainan Island, China.
During our search for potentially diverse and bioactive secondary metabolites from man-
grove fungal sources [10,17–19], two new chlorinated metabolites (1 and 3), and seven
known polyketides (2 and 4–9) (Figure 1) were isolated and identified from a mangrove
sediment-derived fungus Mollisia sp. SCSIO41409. These compounds were examined for
antimicrobial and antiproliferative activities. Herein, we report the details of the isolation,
structural elucidation, and biological evaluation of all isolated compounds.

Figure 1. Structures of compounds 1–9.

2. Results

2.1. Structural Determination

Compound 1 was isolated as a white needle crystal and had the molecular formula
C12H11ClO4 as determined by the HRESIMS spectrum, which showed a cluster of proto-
nated ion peaks at m/z 255.0422/257.0394 [M + H]+ with the ratio of 3:1, indicative of a
monochlorinated compound. The 1D NMR (Table 1) and HSQC spectrum of 1 showed sig-
nals of a carbonyl carbon (δC 181.1), seven non-protonated sp2 carbons (δC 163.9, 160.0, 159.9,
151.6, 114.6, 103.7 and 97.4), one aromatic methine (δH/C 6.62/95.9), one oxygenated methyl
(δH/C 3.94/57.0), and two methyls (δH/C 2.42/18.3 and 1.91/8.8). The above-mentioned
data combined with seven degrees of unsaturation suggested that 1 presented a chromone
skeleton. The above NMR characteristics showed great similarity to those of the co-isolated
2, which was reported as a chromone compound. The main difference was the presence of
the chlorine atom instead of a hydrogen atom at C-8 in 1 and this deduction was supported
by the above 2D NMR data. The HMBC correlations (Figure 2) from H3-9 to C-2 and C-3,
from H3-10 to C-2, C-3, and C-4, revealed that the methyl groups CH3-9 and CH3-10 were
located at C-2 and C-3, respectively. The HMBC correlations from 5-OH to C-4a, C-5, and
C-6 indicated the location of the phenolic hydroxyl group (C-5). The chemical shift of C-8
(δC 97.4) revealed the substitution of chlorine instead of the oxygenated methyl, which
was attached at C-8. The methoxy group was deduced to link with C-7 by the HMBC
signal of H3-11/C-7 and the chemical shift of C-7 (δC 159.9). The X-ray crystal structure of
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1 (CDCC 2221470), obtained by slow evaporation in CH3OH, further confirmed the above
elucidation of the planar structure. Compound 1 was unambiguously characterized as
shown in Figure 1 and defined as 8-chlorine-5-hydroxy-2,3-dimethyl-7-methoxychromone.

Compound 3 was isolated as a red needle crystal, and its molecular formula of
C4HCl2NO2 was determined by HRESIMS data at m/z 163.9318 [M–H]– (calcd for C4Cl2NO2,
163.9312). The analysis of its structure accurately from the NMR spectrum was difficult, be-
cause of its symmetrical structure and simplicity of carbons (δC 164.1, 132.8) and hydrogens
(δH 11.71 (s, 1H)). However, we obtained X-ray crystal data (Cu Kα radiation) of 3, and
the structure was accurately determined as 3,4-dichloro-1H-pyrrole-2,5-dione (Figure 3).
Compound 3 has been previously identified as a synthetic product, which was synthe-
sized to illustrate the insecticidal structure-activity relationship of the N-amino-maleimide
derivatives [20]. Here we are reporting the first time this compound explored from nature,
as a new metabolite or new natural product.

Compound 4, obtained as yellow needles, was found to have the molecular for-
mula C30H42O7 on the basis of HRESIMS data at m/z 515.3003 [M+H]+ (calcd C30H43O7,
515.3003). The 13C NMR and DEPT data displayed 30 carbon signals including eight
methyls, five methylenes, two sp3 methine, two sp2 methine, three oxygenated sp3, one
sp3 quaternary, two oxygenated sp3 quaternary, four sp2 quaternary and three carbonyls.
Detailed comparison of the above NMR data with the literature [21], 4 was identified
as stemphone C. However, the absolute configuration of 4 had not been reported. We
determined the absolute configuration of 4 as 4S, 5S, 13R, 14R, 17R, 18R, 21R (Figure 3) by
X-ray crystallographic analysis using Cu Kα radiation.

Meanwhile, the other seven known compounds were identified as 5-hydroxy-2,3-
dimethyl-7-methoxychromone (2) [22], cis-cyclo (Tyr-Ile) (5) [23],4,8-dihydroxy-1-tetralone
(6) [24], cyclo (Phe-Tyr) (7) [25], tenuissimasatin (8) [26], 4-methyl-5,6-dihydro-2H-pyran-2-
one (9) [27], respectively, by comparison of their NMR data (supplementary information)
with previous reports.

Figure 2. Key HMBC (arrows) correlations of 1.

Figure 3. X-ray single-crystal structures of compounds 1, 3, and 4.
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Table 1. The NMR data of compound 1 (500 and 125 MHz, δ in ppm, DMSO-d6).

Pos. δC Type δH (J in Hz) HMBC

2 163.9, C
3 114.6, C
4 181.1, C
4a 103.7, C
5 160.0, C
6 95.9, CH 6.62 (s) 4a, 5, 7, 8
7 159.9, C
8 97.4, C
8a 151.6, C
9 18.3, CH3 2.42 (s) 2, 3
10 8.8, CH3 1.91 (s) 2, 3, 4
11 57.0, CH3 3.94 (s) 7

5-OH 13.09 (s) 4a, 5, 6

2.2. Antimicrobial and Antiproliferative Activities

All of the obtained compounds were evaluated for the activities of pathogenic fungi
and bacteria commonly found in crop plants (Table 2). Compound 3 exhibited antifungal
activities against Botrytis cinerea, Verticillium dahlia kieb., Fusarium graminearum schw.,
Fusarium oxysporum f.sp. niveum, Rhizoctonia solani, and Septoria nodorum Berk., with the
MIC values of 25–50 μg/mL. Compound 4 exhibited antibiotic activity against bacteria
Erysipelothrix rhusiopathiae WH13013 and Streptococcus suis SC19, with the MIC values of
1.56 and 6.25 μg/mL. In particular, the strength of 4 against E. rhusiopathiae was stronger
than that of penicillin with the MIC value of 6.25 μg/mL.

Table 2. Antifungal, antibacterial, and cytotoxic activities of 3 and 4.

Activities Strains or Cells 3 4 Positive

Antifungal
(MIC, μg/mL)

B. cinerea 25 >100 12.50 a

V. dahlia 25 >100 12.50 a

F. graminearum 50 >100 12.50 a

F. oxysporum 50 >100 >100 a

R. solani 50 >100 100 a

S. nodorum 25 50 12.50 a

Antibacterial
(MIC, μg/mL)

E. rhusiopathiae >100 1.56 6.25b

S. aureus 100 >100 6.25 b

S. suis 100 6.25 1.56 b

E. coli >100 >100 50.00 c

Cytotoxic
(IC50, μM)

22Rv1 8.35 5.81 0.03 d

PC-3 9.60 2.77 0.12 d

HepG2 / 7.11 178.60 d

A549 / 11.68 29.95 d

Hela / 11.47 /
WPMY-1 / 5.53 0.51 d

MC3T3-E1 / 3.63 /
a Cycloheximide; b Penicillin; c Streptomycin; d Docetaxel

Two human prostate cancer cell lines, PC-3 (androgen receptor negative) and 22Rv1
(androgen receptor positive), were used in the antiproliferative assay for all the obtained
compounds. Compound 3 exhibited antiproliferative activity against 22Rv1 and PC-3
cells with IC50 values of 8.35 and 9.60 μM, respectively, while 4 showed activities against
22Rv1 and PC-3 cells with IC50 values of 5.81 and 2.77 μM, respectively. In order to
evaluate whether 4 selectively inhibits prostate cancer cells, we screened other cancer cells
for antiproliferative activity. The result showed that 4 was also active against other cells
(HepG2, A549, Hela, WPMY-1, MC3T3-E1) with IC50 values of 3.63–11.68 μM. Thus, 4
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had the most significant effect on PC-3 cells compared to other compounds with broader
inhibitory activity.

To further evaluate the inhibitory effect of 4 on PC-3 cells, we performed a plate
clone formation assay. The results showed that 4 significantly inhibited the formation of
clonal colonies of PC-3 cells and its inhibitory effect was positively correlated with the
dose (Figure 4). In addition, we examined the effect of 4 on PC-3 cell apoptosis by flow
cytometry. It was revealed that 4 could significantly induce apoptosis in PC-3 cells. As
shown in Figure 5, when PC-3 cells were treated with 10 μM of 4 for 48 h, 14.64% of the
cells were induced to early apoptosis and 36.84% of the cells were induced to late apoptosis.
This finding suggests that the induction of apoptosis in PC-3 cells is a mode of action for
the production of antiproliferative activity by 4.

Figure 4. Compound 4 reduced PC-3 cells colony formation in a dose-dependent manner.

Figure 5. Compound 4 triggered PC-3 cells apoptosis in a dose-dependent manner (A,B). All results
were presented as mean ± standard deviation (SD). Statistical significance was determined with
One-Way ANOVA. ** p < 0.01 was considered statistically significant.

To identify the inhibitory process of the proliferation of prostate cancer cells, we
detected the cell cycle distribution of PC-3 cells. As shown in Figure 6, when treated with
the M-phase blocker docetaxel, a large number of PC-3 cells were blocked in M-phase,
with a dramatic increase in the ratio of G2/M, up to 71.23 percent. However, unlike in
the case of docetaxel, the percentage of S-phase was significantly increased in cells treated
with 4. When the concentration of 4 reached 10 μM, the percentage of cells in the S-phase
was as high as 59.14 percent. These results suggested that 4 blocked the cell cycle at S-
phase, impairing cell proliferation. Consequently, it is revealed that 4 is a promising lead
compound for pharmacotherapy of prostate cancer.
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Figure 6. Compound 4 induced PC-3 cell cycle arresting at S phase (A,B). All results were presented
as mean ± standard deviation (SD).

3. Discussion

Marine organisms and microorganisms living in extreme marine environments were
considered to be important sources of halogenated compounds [28]. Chlorinated metabo-
lites, as a key part of the halogenated compounds, have demonstrated a wide range of
significant activities. Due to the high concentration of chloride ions in mangrove ecosystem,
many chlorinated compounds have been excavated from mangrove-derived microorgan-
isms [9–11]. In this study, two new chlorinated metabolites, 1 and 3, were isolated from
mangrove sediments-derived fungus. Although 3,4-dichloro-1H-pyrrole-2,5-dione (3) has
been previously reported as a synthetic product, it was discovered as a new metabolite of
natural origin in our study. So, mangrove sediments-derived microbes have proved to be a
promising source of novel and unique chlorine-containing bioactive secondary metabolites.

An important result of this study is the discovery of stemphone C (4) with signifi-
cant anti-prostate cancer activity in vitro. Stemphone C (4) had been reported from an
Aspergillus strain as a potentiator of imipenem activity against methicillin-resistant Staphy-
lococcus aureus, with other stemphone derivatives [21,29]. Stemphone was found to inhibit
over contraction of portal vein, induced by high glucose levels [30], and its derivatives
were also revealed to inhibit lipid droplet accumulation in macrophages [31]. In our study,
stemphone C (4) exhibited obvious antimicrobial activity against the bacteria Erysipelothrix
rhusiopathiae WH13013, with the MIC value of 1.56 μg/mL. In addition, obvious antiprolifer-
ative activities of stemphone C (4) were also revealed against two prostate cancer cell lines
(PC-3 and 22Rv1) and three other cancer cell lines (HepG2, WPMY-1, and MC3T3-E1), with
IC50 values less than 10 μM. Furthermore, it showed reducing PC-3 cells colony formation,
inducing apoptosis, and blocking the cell cycle at S-phase in a dose-dependent manner.
Our study showed that stemphone C (4) could be considered as a potential antiproliferative
agent, especially as a promising anti-prostate cancer lead compound. Importantly, we
could able to determine the absolute configuration of 4, the first time in this study, which is
necessary for further development of this active compound.
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4. Materials and Methods

4.1. General Experimental Procedures

The UV and IR spectra were recorded on a Shimadzu UV-2600 PC spectrometer (Shi-
madzu, Beijing, China) and an IR Affinity-1 spectrometer (Shimadzu), respectively. Optical
rotations were determined with an Anton Paar MPC 500 (Anton, Graz, Austria) polarime-
ter. High resolution electrospray ionization mass spectroscopy (HRESIMS) spectra were
acquired on a Bruker maXis Q-TOF mass spectrometer (Bruker BioSpin International AG,
Fällanden, Swizerland). The NMR spectra were recorded on a Bruker Avance spectrometer
(Bruker) operating at 500 and 700 MHz for 1H NMR and 125 and 175 MHz for 13C NMR that
used tetramethylsilane as an internal standard. Semipreparative high-performance liquid
chromatography (HPLC) was performed on the Hitachi Primaide with a DAD detector,
using an ODS column (YMC-pack ODS-A, 10 × 250 mm, 5 μm). Column chromatography
was performed over silica gel (200–300 mesh) (Qingdao Marine Chemical Factory, Qingdao,
China). Spots were detected on TLC (Qingdao Marine Chemical Factory) under 254 nm UV
light. All solvents employed were of analytical grade (Tianjin Fuyu Chemical and Industry
Factory, Tianjin, China).

4.2. Fungal Material

The fungal strain Mollisia sp. SCSIO41409 was isolated from a mangrove sediment
sample, collected from the Hongsha River estuary near South China Sea, in Sanya city,
Hainan Island. The fungus was identified according to the internally transcribed spacer
(ITS) region sequence data of the rDNA (supplementary information), and the sequence
was deposited in GenBank with the accession number OP872608. A voucher specimen was
deposited in the CAS Key Laboratory of Tropical Marine Bioresources and Ecology, South
China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, China.

4.3. Fermentation and Extraction

The fungal strain was cultured in 200 mL seed medium (1.5% malt extract, 1.5% sea
salt) in 500 mL Erlenmeyer flasks at 28 ◦C for 3 days on a rotary shaker (180 rpm). A
large-scale fermentation was incubated statically at 26 ◦C for 60 days using a rice medium
(150 g rice, 1.5% sea salt, 150 mL H2O) in the 1 L flask (×53). The whole fermented culture
was extracted with EtOAc three times to afford a brown extract (197.2 g).

4.4. Isolation and Purification

The crude extract was chromatographed over a silica gel column eluted with petroleum
ether /CH2Cl2 (0–100%, v/v) and CH2Cl2/CH3OH (0–100%, v/v) to obtain eleven frac-
tions (Frs. 1–11) based on TLC properties. Fr. 2 was subjected to semipreparative
HPLC (63%CH3CN/H2O, 2.5 mL/min) to afford 2 (3.7 mg, tR = 18.6 min) and 1 (9.1 mg,
tR = 27.0 min). Fr. 4 was separated by semipreparative HPLC (40% MeCN/H2O, 2.5 mL/min)
to afford 9 (7.1 mg, tR = 6.5 min), 8 (4.1 mg, tR = 8.1 min), 3 (27.8 mg, tR = 11.1 min). Fr. 5 was
separated by semipreparative HPLC (37% MeCN/H2O, 2.5 mL/min) to afford 6 (8.6 mg,
tR = 9.8 min). 4 (8.0 mg, tR = 24.0 min) was obtained from Fr. 6 by semipreparative HPLC
eluting with 76% CH3CN/H2O (2.5 mL/min). Fr. 10 was separated by semipreparative
HPLC (23% MeCN/H2O, 2.5 mL/min) to afford 7 (22.0 mg, tR = 19.0 min) and 5 (9.0 mg,
tR = 12.0 min).

4.5. Spectroscopic Data of Compounds

8-chlorine-5-hydroxy-2,3-dimethyl-7-methoxychromone (1): white needles, m.p. 196–198 ◦C;
UV (CH3OH) λmax (log ε) 327 (3.54), 282 (3.49), 259 (4.10), 244 (4.15), 204 (4.11) nm;
IR (film) νmax 3734, 2926, 2855, 1717, 1653, 1558, 1437, 1207, 1182, 1103, 820 cm−1; 1H
and 13C NMR data as shown in Table 1; HRESIMS m/z 255.0422 [M + H]+ (calcd for
C12H12ClO4

+, 255.0419).
3,4-dichloro-1H-pyrrole-2,5-dione (3): red needles, m.p. 173–175 ◦C; UV (CH3OH)

λmax (log ε) 235.60 (0.80), 229.20 (0.79) nm; IR (film) νmax 3204, 1732, 1609, 1331, 1047,

163



Mar. Drugs 2023, 21, 32

1026, 851, 735, 673, 550 cm−1; 1H NMR (700 MHz, DMSO-d6) δ 11.71 (s, 1H); 13C NMR
(175 MHz, DMSO) δ 164.06, 132.82. HRESIMS data at m/z 163.9318 [M–H]– (calcd for
C4Cl2NO2, 163.9312).

4.6. X-ray Crystallographic Analysis

The clear light colorless crystal of 1 was obtained in MeOH by slow evaporation.
Crystallographic data for the structure has been deposited in the Cambridge Crystallo-
graphic Data Centre. Copies of the data can be obtained, free of charge, on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK [fax: +44(0)-1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk].

Crystal data for 1: 2C12H11ClO4, Mr = 509.31, crystal size 0.3 × 0.03 × 0.02 mm3,
triclinic, a = 10.3781 (6) Å, b = 10.7434 (9) Å, c = 11.7251 (8) Å, α = 94.077(6)◦, β = 101.693
(5)◦, γ = 118.572 (7)◦, V = 1102.59 (14) Å3, Z = 4, T = 100.00 (10) K, space group P-1, μ(Cu
Kα) = 3.099 mm−1, Dcalc = 1.534 g/cm3, 3879 reflections measured (7.852◦ ≤ 2Θ ≤ 133.17◦),
3879 unique (Rsigma = 0.0731). The final R1 values were 0.0733 (I > 2σ(I)). The final wR(F2)
values were 0.2186 (I > 2σ(I)). The final R1 values were 0.1004 (all data). The final wR(F2)
values were 0.2360 (all data). The goodness of fit on F2 was 1.059 (CCDC 2221470).

Crystal data for 3: 2C4HCl2NO2, Mr = 165.96, crystal size 0.09 × 0.06 × 0.06 mm3,
monoclinic, a = 7.11690 (10) Å, b = 8.03280 (10) Å, c = 10.2446 (2) Å, α = 90◦, β = 99.9790(10)◦,
γ = 90◦, V = 576.809 (16) Å3, Z = 4, T = 100.00 (10) K, space group P21/c, μ(Cu Kα) = 9.446 mm−1,
Dcalc = 1.911 g/cm3, 2500 reflections measured (12.63◦ ≤ 2Θ ≤ 148.6◦), 1126 unique
(Rsigma = 0.0272). The final R1 values were 0.0239 (I > 2σ(I)). The final wR(F2) values
were 0.0666 (I > 2σ(I)). The final R1 values were 0.0246 (all data). The final wR(F2) values
were 0.0671 (all data). The goodness of fit on F2 was 1.092 (CCDC 2221370).

Crystal data for 4: 2C30H42O7·CH3OH, Mr = 1061.31, crystal size 0.06 × 0.06 × 0.05 mm3,
orthorhombic, a = 6.37690 (10) Å, b = 19.5291 (3) Å, c = 49.6907 (8) Å, α = 94.077(6)◦,
β = 101.693(5)◦, γ = 118.572(7)◦, V = 1102.59 (14) Å3, Z = 4, T = 100.01 (10) K, space
group P-1, μ(Cu Kα) = 3.099 mm−1, Dcalc = 1.534 g/cm3, 3879 reflections measured
(7.852◦ ≤ 2Θ ≤ 133.17◦), 3879 unique (Rsigma = 0.0731). The final R1 values were 0.0733
(I > 2σ(I)). The final wR(F2) values were 0.2186 (I > 2σ(I)). The final R1 values were 0.1004
(all data). The final wR(F2) values were 0.2360 (all data). The goodness of fit on F2 was
1.020. The flack parameter was 0.18 (9) (CCDC 2221376).

4.7. Antibacterial Activity Assay

The antimicrobial activities against six fungi (Botrytis cinerea, Verticillium dahlia
kieb., Fusarium graminearum schw., Fusarium oxysporum f.sp. niveum, Rhizoctonia
solani, and Septoria nodorum Berk.) and four bacteria (Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923, Streptococcus suis SC19, Erysipelothrix rhusiopathiae
WH13013) were evaluated in 96-well plates with a twofold serial dilution method described
previously [32]. Cycloheximide and penicillin were used as positive controls against fungi
and bacteria, respectively.

4.8. Cytotoxicity Bioassay

Cell viability was analyzed by 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliu
mromide (MTT) assay as previously described [33]. In brief, cells were seeded in a 96-well
plate at a density of 5 × 103 per well overnight and treated with compounds for demand
time. OD570 values were detected using a Hybrid Multi-Mode Reader (Synergy H1, BioTek,
Santa Clara, CA, USA). The experiment was independently repeated three times.

4.9. Plate Clone Formation Assay

PC-3 cells were seeded in the six-well plate at a density of 1000 cells per well overnight,
then cells were treated with DMSO (0.1 %, v/v), docetaxel (0.1 μM), compound 4 (0.16 μM,
0.32 μM, and 0.64 μM), respectively, for demand time. The cell clone colony formation was
observed after two weeks of treatment. Cells were fixed with 4% formaldehyde for 30 min

164



Mar. Drugs 2023, 21, 32

and washed with PBS buffer, then stained with crystal violet stain solution for 30 min. The
dye solution was removed and washed the cells with PBS buffer again. Cell colonies were
recorded and analyzed by the colony count analysis system (GelCount, Oxford Optronix,
Oxford, UK). The experiment was repeated three times independently.

4.10. Apoptosis and Cell Cycle Assay

PC-3 cells were seeded in the six-well plate at a density of 2.0 × 105 cells/well and
incubated overnight and treated with DMSO (0.1 %, v/v), docetaxel (1.0 μM), compound
4 (2.5 μM, 5.0 μM, 10 μM), respectively, for 48 h. Then, cells were collected and stained
with annexin V-FITC and PI solution, following the manufacturer’s manual (BMS500FI-300,
Thermo Fisher Scientific, Waltham, MA, USA). Apoptotic rates and cell cycle distribution
of PC-3 cells were examined and analyzed by flow cytometer (NovoCyte, Agilent, Santa
Clara, CA, USA). Each experiment was repeated three times independently.

5. Conclusions

In conclusion, nine polyketides, including two new chlorinated metabolites 8-chlorine-
5-hydroxy-2,3-dimethyl-7-methoxychromone (1) and 3,4-dichloro-1H-pyrrole-2,5-dione
(3), were isolated from the mangrove-sediment-derived fungus Mollisia sp. SCSIO41409.
The X-ray single-crystal diffraction analysis and absolute configuration of (4S, 5S, 13R,
14R, 17R, 18R, 21R)-stemphone C (4) were described for the first time. Compounds 3 and
4 showed different intensities of antimicrobial activities and antiproliferative activities.
Further experiments revealed that 4 could significantly reduce PC-3 cells colony formation,
induce apoptosis, and block the cell cycle at the S phase in a dose-dependent manner.
Stemphone C (4) could be considered as a potential antiproliferative agent and a promising
anti-prostate cancer lead compound.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20100637/s1. Figures S1–S14: The spectroscopic data of 2 and
4–9; The NMR, HRESIMS, UV, and IR spectra of 1 and 3; ITS sequence data of the strain.
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Abstract: The mold Monascus, also called red yeast rice, anka, or koji, has been used as the natural
food coloring agent and food additives for more than 1000 years in Asian countries. It has also
been used in Chinese herbology and traditional Chinese medicine due to its easing digestion and
antiseptic effects. However, under different culture conditions, the ingredients in Monascus-fermented
products may be changed. Therefore, an in-depth understanding of the ingredients, as well as
the bioactivities of Monascus-derived natural products, is important. Here, through the thorough
investigation into the chemical constituents of M. purpureus wmd2424, five previously undescribed
compounds, monascuspurins A–E (1–5), were isolated from the EtOAc extract of mangrove-derived
fungus Monascus purpureus wmd2424 cultured in RGY medium. All the constituents were confirmed
via HRESIMS and 1D- and 2D-NMR spectroscopy. Their antifungal activity was also evaluated.
Our results showed that four constituents (compounds 3–5) possessed mild antifungal activity
against Aspergillus niger, Penicillium italicum, Candida albicans, and Saccharomyces cerevisiae. It is worth
mentioning that the chemical composition of the type strain Monascus purpureus wmd2424 has never
been studied.

Keywords: Monascus purpureus wmd2424; Monascaceae; isoquinoline; antifungal activities

1. Introduction

Throughout human history, food has been used to satisfy hunger and provide nutrition.
Nowadays, food can be widely used not only to eliminate diseases, but also to improve the
quality of life. Finding beneficial food resources from the wisdom of your ancestors is a
fairly effective strategy.

Despite plants, fungi (e.g., Actinomucor spp., Amylomyces spp., Rhizopus spp., Monascus
spp., Neurospora spp., Aspergillus spp., Penicillium spp., Torulopsis spp., Trichosporon spp., and
Zygosaccharomyces spp.) also take an important place in producing various food products
in fermented forms [1]. Fungi of the genus Monascus (Monascaceae) have been used to
ferment rice in Asia for centuries. It has been widely utilized as food additives, natural
food coloring agent, food antiseptic, and healthy food for nearly two thousand years [2,3].
The production of red yeast rice was used as a Chinese folk medicine, recorded in old
Chinese literature as a means of easing digestion and soothing pain. Monascus first became
known in the West back in 1884, when van Tieghem introduced the usage of red powder
(Monascus ruber) in Java local populations. Until 1979, Endo et al. isolated monacolin K
analogues from M. ruber and opened up the investigation of ingredients and bioactivities
from Monascus [4]. Monacolin K is the same compound as cholesterol-lowering medicine
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lovastatin, which has been approved by the FDA to become the first commercial statin in
1987 [5].

Monascus-fermented rice, also called anka, koji, or red yeast rice, is obtained via the
fermentation of rice with fungi of the genus Monascus, mainly M. purpureus, M. pilosus, M.
ruber, M. kaoliang, and M. anka [3]. Recently, Monascus-fermented rice has been reported
for various biological functions. For example, they are helpful for metabolism-related
disease with cholesterol-lowering effects [6], cardiovascular diseases [6], and diabetes [7,8].
Also, much evidence has also depicted their anti-inflammation activity [9–11], which is
also highly associated with cardiovascular disease [12], cancer [13–17], diabetes [18,19],
and Alzheimer’s disease [20,21]. Some investigations reveal the anti-microorganism activ-
ity of red yeast rice such as anti-bacteria [22–29] and anti-HCV [30]. In recent years, the
phytochemical investigation of Monascus species have has resulted in the isolation and
identification of azaphilones (yellow, orange, and red pigments), monacolins, flavonoids,
fatty acids, organic acids, dimerumic acid, and γ-aminobutyric acid, etc. [9,14,27,31–34].
However, studies on the secondary metabolites of Monascus grown in fermentation condi-
tions other than red yeast rice are limited. We recently isolated an unpublished novel strain,
named WMD2424, from the mangrove wetland in Chiayi County, which had a unique mor-
phology and possessed antimicrobial activities as determined by our preliminary screening.
This strain was determined to be Monascus purpureus based on its phenotypic and genotypic
data (Figure 1).

 
Figure 1. (A,B) Colony morphology, CYA, 25 ◦C, cultured for 7 days, (A) the front of the colony; (B) the
back of the colony. (C–F) Microstructure: (C) hyphae and branches (bar = 100 μm); (D) conidiophores
and conidia (bar = 25 μm); (E) ascocarp (bar = 25 μm); (F) ascospores (bar = 10 μm).
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As part of our continuing efforts to explore the chemical diversity of marine fungal
metabolites, Monascus purpureus WMD2424, fermented using RGY medium (3% rice starch,
7% glycerol, 1.5% polypeptone, 3% soybean powder, 0.2% MgSO4, and 0.2% NaNO3), was
investigated. The scaled-up fermentation and extensive chromatographic separation of
the EtOAc extract resulted in the isolation of 5 new metabolites, monascuspurins A–E
(1–5), and their antifungal activity was also evaluated. Herein, we report the structural
determination of the new compounds (Figure 2) and the bioactivities of these compounds.

Figure 2. Compounds 1–5, isolated from Monascus purpureus wmd2424.

2. Results

2.1. Taxonomic Identification (Phenotypic and Genotypic Data) of Monascus purpureus wmd2424

The sample WMD2424 is a filamentous fungal strain collected from the Chiayi man-
grove wetland, inoculated in CYA medium, and cultured at 25 ◦C for 7 days. The diameter
of the colony on the CYA plate is 15 mm, and the front color of the colony is reddish orange;
the colony is velutinous, without radial grooves (sulcate), exudate (exudate), and soluble
pigment (soluble pigment); the back of the colony is reddish orange. Observed under an
optical microscope, the mycelium has a septate, and the thin wall is colorless; the conidia

171



Mar. Drugs 2023, 21, 200

are colorless, and the wall is smooth; conidia (conidia) grow on the top or lateral hyphae,
with several clusters, pear-shaped, and a truncated bottom, 8.1–16.7 × 6.3–15.5 μm in size,
with smooth walls that are colorless; the outer walls of the ascomata are light red but all
immature; the same condition was found after 14 days of culture, and only one ascoma was
found. The fruit contains ascospores, and the ascospores have a smooth, colorless outer
wall and a broad oval shape, with a size of 4.3–5.6 × 3.8–4.8 μm. Partial sequence analysis
of the β-tubulin gene fragment was carried out. The total length of the sequence was
1019 bp, compared with the GenBank database, and analyzed and judged with reference to
the taxonomic literature. The results showed that the sequence similarity with Monascus
purpureus wmd2424 was 99.88% (838/839). The strain was identified as Monascus pur-
pureus according to the colony culture morphology, microstructural characteristics and
partial sequence analysis of β-tubulin gene fragment.

2.2. Structure Elucidation of Compounds

Compound 1 was obtained as oil with an [α]26
D: +34.2 (c 0.01, CHCl3). The molecular

formula was established as C22H24O8 via HRESIMS, indicating 11 degrees of unsaturation.
The UV spectrum showed maximum absorption at 268 and 360 nm. The IR spectrum
showed absorptions at 3406, 1710, and 1680 cm−1, corresponding to the hydroxyl group and
carbonyl groups. The 1H NMR spectroscopic data (Table 1) of 1 show three methyl groups,
including one singlet at δH 1.48 (3H, s, H-12), one triplet at δH 1.28 (3H, t, J = 6.4 Hz, H-17),
and one acetyl at δH 2.60 (3H, s, H-11). It also showed two methylene groups [δH 2.72 (1H, d,
J = 16.2 Hz, H-15), 2.75 (1H, d, J = 16.2 Hz, H-15), 3.72 (1H, d-like, J = 17.0 Hz, CH2-13), 3.77
(1H, d-like, J = 17.0 Hz, CH2-13)], one oxymethine [δH 4.25 (1H, m, H-16)], one meta-coupling
aromatic ring at δH 6.68 (1H, dd, J = 8.8 Hz, H-1) and 7.71 (1H, d, J = 8.8 Hz, H-2), two olefinic
protons at δH 5.94 (1H, s, H-6) and 7.53 (1H, s, H-9), one intramolecular hydrogen bond at δH
13.4 (1H, s, OH-4), and two hydroxyl groups at δH 3.50 (1H, s, OH-8 or OH-8b) and 4.15 (1H,
s, OH-8b or OH-8). The 1H (Table 1), 2D-NMR (Figures 3 and 4), IR, and UV spectra showed
that compound 1 was a xanthene derivative similar to xanthonoides as monasxanthone
A [35]. The molecular weight of 1 is 30 units more than 1 and showed another proton peak
at δH 4.25 (1H, m, H-16) and 3.21 (3H, s, OCH3-16), suggesting the existence of a methoxy
group in 1. The NMR spectra of 1 represent a 4-methoxy-2-oxopentyl moiety at C-5 position
in 1 instead of a pentan-2-one in monasxanthone A. Thus, the structure of 1 was elucidated
as 7-acetyl-4,8-dihydroxy-1-(4-methoxy-2-oxopentyl)-4-methyl-4,4a-dihydro-3H-xanthen-
3-one and named monascuspurin A. The relative configuration of 1 was deduced from
the NOESY spectrum (Figure 4). The absolute configuration of 1 was further established
as (8S,8bR,16S), for the experimental electronic circular dichroism (ECD) curve was in
line with its theoretical curve, which was calculated by using the time-dependent density
functional theory (TD-DFT) approach [36] (Figure 5).
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Figure 3. Key COSY (1H–1H) and HMBC (1H→13C) correlations of compounds 1–5.

Compound 2 was obtained as an optically active colorless oil. [α]26
D: +54.2 (c 0.01,

CHCl3). The molecular formula was determined as C15H22O5 (five degrees of unsaturation)
via HR-ESI-MS (m/z 305.13598, ([M+Na]+, C21H30NaO+

5 ; calcd. 305.13592)), which was in
agreement with the 1H- and 13C-NMR data (Table 1). The UV spectrum absorption λmax
(MeOH) at 242 nm, and a strong IR absorption at 1675 cm−1, as well as the observation of the
featuring carbon resonances [δC 132.1 (C-8a), 146.2 (C-4a), and 195.1 (C-8)] in the 13C-NMR
spectrum (Table 1), revealed the presence of an α,β-unsaturated carbonyl functionality in
1. The remaining IR spectrum revealed the presence of the OH group (3410 cm−1), and
ester (1715 cm−1), respectively. The 1H-NMR spectrum of 2 exhibited signals attributed
to one allylic Me (δH 1.76 (3H, q, J = 1.2 Hz, Me-1), signals of α-methylene protons of one
ketone [δH 3.33/3.48 (each 1H, d, J = 16.8 Hz, CH2-4), 2.45 (2H, t, J = 7.8 Hz, CH2-9)], one
β-methylene signals of ketone (δH 1.61 (2H, sextet, J = 7.8 Hz, CH2-10)), one aliphatic CH2
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proton (δH 2.49 (1H, ddd, J = 18.0, 10.7, 1.2 Hz, Hax-5) and 2.53 (1H, ddd, J = 18.0, 6.2,
1.2 Hz, Heq-5)]), one oxymethine [δH 4.83 (1H, dd, J = 10.7, 6.2 Hz, H-6)], one acetoxy
group [δH 2.09 (3H, s, H-15)], and one terminal Me moiety (δH 0.92 (3H, t, J = 7.8 Hz, H-11)).
Fifteen C-atom signals (Table 2) corresponding to six quaternary C-atoms (including three
carbonyl groups, one oxygenated quaternary carbon), one OCH, two olefinic carbons, four
CH2, and four CH3 groups were observed in the 13C-NMR and DEPT spectra.

Figure 4. Key NOESY correlations (↔) of compounds 1–5.
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Figure 5. Cont.
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Figure 5. Cont.
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Figure 5. Experimental CD spectra (upper) and the calculated ECD (lower) spectra of compounds 1–5.

The 1H- and 13C-NMR spectra of 2 (Tables 1 and 2) were similar to those of monaphilone
C [31], except that an acetoxy moiety at C-6 of 2 replaced a 2-oxoheptyl moiety at C-6 of
monaphilone C. The planner structure of 2 was confirmed using the COSY and HMBC
experiments (Figure 3). The stereochemistry of 2 was proposed on the basis of the NOESY
experiments (Figure 4). The H-6/CH3-12 has no correlation in the NOESY spectrum
(Figure 4) represented acetoxy group and CH3-12 are syn-form. The physicochemical data
and NMR spectra of compound 2 and the known compound monapurpureusone [31]
are similar; the only difference is that the specific rotation of monapurpureusone is neg-
ative, while the specific rotation of 2 is positive, and it can be inferred that the two are
stereoisomers. On comparing the reference to the (6S,7R)-configuration of FK17-P2b (α]26

D:
+ 26.0 (c 0.1, MOH)) [37], the relative configuration of 2 can be assigned as rel-(6S,7R)-
configuration, and named monascuspurin B. The absolute configuration of 2 was defined
via a comparison of the experimental and calculated ECD data (Figure 5). Therefore, the
absolute configuration of 2 was undoubtedly determined as (6S,7R).

Compound 3 was isolated as oil with [α]26
D: +74.2 (c 0.01, CHCl3). Its molecular for-

mula was determined to be C18H26O5 based on the HRESIMS [M+Na]+ peak at 345.16780
(Calcd.: C18H26O5, 345.16779), referring six degrees of unsaturation. The maximum absorp-
tion of an IR spectrum showed the presence of the hydroxyl group (3410 cm−1), γ-lactone
(1770 cm−1), and α,β-unsaturated C=O (1715 cm−1). The UV spectrum exhibited the ab-
sorption band at 285 nm. The CD spectrum showed a positive Cotten effect at 250 nm and
depict the negative Cotten effect at 225, 290, and 335 nm.
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Table 2. 13C-NMR data for compounds 2–5 (δ in ppm, 150 MHz for 13C NMR in CDCl3).

No. 1 2 3 4 5

1 108.8 12.3 67.2 149.8 130.4

2 134.0 130.0

2a 22.0

2b 14.2

3 114.8 205.4 170.9 161.8 159.0

3a 144.5

4 161.2 48.8 25.9 114.0 115.8

4a 110.2 146.8 143.5 140.9

4b 125.3

5 149.2 37.9 40.7 126.7 30.2

6 123.5 67.9 63.2 151.0 43.1

7 198.4 85.1 198.5 84.9 84.2

7a 148.9

8 79.8 195.6 19.2 192.8 192.1

8a 157.3 132.0 122.7 124.7

8b 97.2

9 122.7 45.0 41.8 131.8

10 203.1 17.2 209.1 137.2

11 26.6 13.6 43.4 18.8

12 23.0 16.2 23.5 27.3 17.4

13 48.9 29.0 129.1 54.9

13a 29.0 170.9

14 206.1 170.2 29.0 132.3 203.9

15 50.3 21.3 31.4 127.8 42.8

16 73.4 22.4 125.8 23.5

17 23.0 13.9 168.5 29.1

18 29.1

19 31.7

20 22.8

21 13.9

The 1H-NMR spectrum (Table 1) displayed an oxononyl group at [δH 0.90 (3H, t,
J = 7.2 Hz, H-17), 1.20–1.35 (8H, m, H-13~H-16), 1.55–1.60 (2H, m, H-12), 2.44–2.46 (2H, m,
H-11)], one methyl group [δH 1.24 (3H, s, H-8)], signals of the α-methylene protons of one
ketone [δH 2.49–2.52 (1H, m, 1H of CH2-9), 3.03 (1H, dd, J = 18.0, 3.2 Hz, 1H of CH2-9),
and 2.44–2.47 (2H, m, CH2-11)], one oxymethylene [δH 4.89 (1H, dd, J = 18.0, 4.5 Hz, 1H
of CH2-1), 5.05 (1H, dd, J = 18.0, 3.3 Hz, 1H of CH2-1)], one non-equivalent methylene
proton at [δH 2.10–2.12 (1H, m, 1 H of CH2-4), 2.95 (1H, ddd, J = 19.0, 4.5, 3.3 Hz, 1 H of
CH2-4)], and one methine [δH 2.80–2.82 (1H, m, H-5)]. Eighteen C-atom signals (Table 2)
corresponding to six quaternary C-atoms, one CH, nine CH2, and two CH3 groups, were
observed in the 13C-NMR and DEPT spectra. Since four out of six unsaturation equivalents
were accounted for via the above-mentioned 13C-NMR data, 1 was inferred to have two
rings (one as a six-membered and another as a five-membered ring). In addition, two rings
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were further determined as a cyclohex-2-enone skeleton combined with one γ-lactone ring
via the detail HMBC and COSY analyses.

The 1H- and 13C-NMR spectra of 3 (Table 1) were similar to those of monaphilone
A [31]; the major difference was the presence of signals for an γ-lactone attached to C-
3a and 7a in 3, instead of signals for a 4H-pyran group in monaphilone A [31]. HMBC
correlations between the H-atom signals at δH 4.89/5.05 (CH2(1)) and the C-atom signals at
δC 198.3 (C-7) once indicated that the γ-lactone was located at C-3a and 7a of the cyclohex-2-
enone ring. The relative configuration of 3 was derived using a NOESY spectrum (Figure 4)
and a comparison with similar compounds [31], the relative configuration of which was
based on a NOESY analyses. No NOEs for H-5/Meax-8 and Hax-4 indicated that Me-8 and
Hax-4 were on the same side of the molecular plane, tentatively assumed as α-orientation.

The H-5 was occupied at axial β-oriented, which was further confirmed by the NOE
H-5/Heq-4. The relative configuration at C-5 and 6 were determined to be (5S*,6S*) based
on the correlation between the [α]D value and the known configuration at C-5/C-6 for
monaphilone A type derivatives [31]. In order to determine the absolute configuration of
3, the theoretical electronic circular dichroism (ECD) spectra of 4 possible stereoisomers
were calculated using a time-dependent density-functional theory (TDDFT) calculation,
and the calculated ECD curve of (5S,6S) revealed good agreement with the experimental
spectrum of 2 (Figure 5). Therefore, the absolute configuration of 3 was assigned as (5S,6S)
and named as monascuspurin C.

Compound 4 was obtained as colorless oil. The molecular formula was determined
as C18H16N2O3 on the basis of the [M+Na]+ peak at m/z 331.10588 (calcd. 331.10586
for C18H16NaN2O3) in its HR-ESI-MS. The UV absorptions (λmax 220, 252, and 312 nm)
confirmed the presence of a pyridine moiety [38]. IR absorption bands were assigned to
amide (3400 cm−1), multiple carbonyls C=O (1712 and 1656 cm−1), and the pyridine ring
(1589, 1535, and 1458 cm−1) functional groups. Twelve indices of hydrogen deficiency
(IHD) were determined from the molecular formula, 13C-NMR (Table 2), and DEPT spectra.
The CD spectrum showed positive Cotten effect at 240, 262, 319, and 333 nm, and negative
Cotten effect at 365 nm.

Interpretation of the 1H-NMR spectrum of 4 (Table 1) exhibited the signals of one
2,4,5-trisubstituted pyridine ring [δH 9.03 (1H, s, H-1), 7.59 (s, H-4)], one trans-propenyl
unit [δH 2.05 (3H, dd, J = 6.8, 1.8 Hz, H-11), 6.65 (1H dq, J = 15.6, 1.8 Hz, H-9), 7.13 (1H,
dq, J = 15.6, 6.8 Hz, H-10)], one Me group [δH 1.85 (3H s, Me-12)], as well as one ABC
system aromatic ring [δH 7.70 (1H, t, J = 8.0 Hz, H-14), 7.90 (1H, dd, J = 8.0, 0.8 Hz, H-
15), and 8.04 (1H, dd, J = 8.0, 0.8 Hz, H-13)]. The 13C and DEPT NMR spectra indicated
(Table 2) that compound 4 is a pyridine derivative with signals for 18 C-atoms, which were
classified as nine quaternary C-atoms comprising six olefinic C-atoms, one amide C-atom
(δC 168.5 (C-17), one ketone groups (δC 192.8 (C-8)), one oxygenated quaternary carbon
[δC 84.9 (C-7)], one Me group (δC 27.3 (C-12), and one trans-propenyl unit [δC 131.8 (C-9),
137.2 (C-10), 18.8 (C-11)].

The 1H- and 13C-NMR spectra of 4 (Table 1) were similar to those of monascopyridine
C and D [38]; the major difference was the presence of signals for ABC system aromatic ring
attached between C-5 and C-6 in 4, instead of signals for an alkyl groups in monascopyri-
dine C and D. HMBC correlations between the H-atom signals at δH 8.04 (H-13) and the
C-atom signals at δC 151.0 (C-6), and 143.5 (C-4a) and δH 7.70 (H-14) and the C-atom signals
at δC 126.7 (C-5), indicated that the ABC system aromatic ring was bounded at C-5 and 6.
The other key correlations of HMBC were illustrated in Figure 3.

Furthermore, the attachment of the amide to C-17, the methyl group to C-7, and the
trans-propenyl group located at C-3, were disclosed according to the HMBC cross-peaks of
δH 7.90 (H-15)/δC 168.5 (C-17), δH 1.85 (H-12) to C-6/C-7/C-8, and δH 7.59 (H-4) to C-9.

On the basis of the evidence, the entire structure of 4 was confirmed and named
monascuspurin D. The relative configuration at C-7 was determined to be 7R based on the
correlation between the [α]26

D:+ 15.9 (c 0.01, CHCl3) and the known configuration at C-7
for (R)-2-hydroxy-2-methylcyclohexanone derivatives [39]. The absolute configuration of
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4 was defined via a comparison of the experimental and calculated ECD data (Figure 5).
Therefore, the absolute configuration of 4 was determined as 7R.

Compound 5 was obtained as an optically active oil. [α]26
D: +56.7 (c 0.01, CHCl3).

The molecular formula was determined as C23H30O5 on the basis of the [M+H]+ peak at
m/z 409.19912 (calcd. 409.19909 for C23H30NaO5) in its HR-ESI-MS. The UV absorptions
(λmax 235 and 285 nm) confirmed the presence of a benzenoid nucleus. The bands at 3400,
1780, 1695, and 1615/1577 cm−1 in the IR spectrum revealed the presence of a hydroxyl
group, γ-lactone, and aromatic ring, respectively. Nine indices of hydrogen deficiency
(IHD) were determined from the molecular formula, 13C-NMR (Table 1), and DEPT spectra.
The 1H-NMR and 13C-NMR spectra (Table 2) of 5 were similar to those of ankaflavin [9],
except that a 2-ethylphenol group of 5 replaced a (E)-6-(prop-1-en-1-yl)-2H-pyran group
at C-4a–C-8a of ankaflavin. Further confirmation using the HMBC correlations (Figure 3)
of H-1/C-3, 4a, 2a, H-4/C-2, 3, 5, 8a, and H-2b/C-2, 2a, verified the junction of the 2-
ethylphenol unit at C-4a and C-8a. The correlations of H-1/H-2a and H-4/CH2-5 were
also observed in the NOESY experiment (Figure. 4) and further supported the position of
each aromatic substitution. The 1H- and 13C-NMR, COSY (Figure 3), NOESY (Figure 4),
HSQC, and HMBC (Figure 3) experiments confirmed the structure as 7-ethyl-3-hexanoyl-6-
hydroxy-9a-methyl-3a,9adihydronaphtho[2,3-b]furan-2,9(3H,4H)-dione, and designated
monascuspurin E.

The dextrorotatory optical activity of 5, gathered from the NOESY spectrum (Figure 4),
indicates that Hax-5 is correlated to H-12 and H-13, and H-6 has no NOE contacts with
Hax-5, H-12, and H-13. It can be concluded that Hax-5, H-12, and H-13 are on the same
side, and H-6, H-12, and H-13 are on the opposite side, and once again it indicated that
the relative configuration of 5 is (6R,7R,13S), as in the case of ankaflavin [9]. In order
to determine the absolute configuration of 5, the theoretical ECD spectra of all possible
stereoisomers were calculated using the TDDFT calculation, and the calculated ECD curve
of the isomer (6R,7R,13S) revealed a good agreement with the experimental one (Figure 5).
Therefore, the absolute configuration of 5 was assigned as (6R,7R,13S)-form and named as
monascuspurin E.

3. Discussion

Red yeast rice has been used in food and traditional Chinese medicine since ancient
times. In recent years, research has also found that red yeast rice bacteria can produce many
active secondary metabolites. In order to further explore the efficacy of different strains
of red yeast rice and expand the application range of red yeast rice, in this study, a strain
wmd2424 was isolated from the mangrove forest in Chiayi Wetland, and the strain was
identified as Monascus purpureus via the results of colony culture morphology, microstruc-
tural characteristics, and partial sequence analysis of the β-tubulin gene fragment. After
liquid fermentation using RGY medium, extraction with ethyl acetate, and analysis of its
metabolites, a total of six new compounds were obtained.

To the best of our knowledge, this is the first report of isoquinoline-type metabolites
from the edible fungi genus Monascus. These results demonstrate that Monascus produces
unique and diverse metabolites in different fermentation conditions and soil-derived
collections. Therefore, in a special ecological environment, more natural products with
biological activity may be found by searching for Monascus species.

Biological Studies

Culture broth from M. purpureus wmd2424 was tested for antifungal activity against
the following fungi: Aspergillus niger (BCRC-31512), Penicillium italicum (BCRC-30567), Can-
dida albicans (BCRC-21538), and Saccharomyces cerevisiae (BCRC-20822). The antifungal data
are shown in Table 3 and the clinically used antifungal drug ketoconazole was employed
as a positive control.
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Table 3. Antifungal activity of five sufficient compounds isolated from the culture broth of A. punica
04107M (diameter of the zone of growth-inhibitory fungicidal zone is given in mm, including the
diameter of the disk, which is 8 mm).

Test
Microorganism

Isolated Compounds

1 2 3 4 5 Ketoconazole

A. niger 15.4 ± 0.7 29.1 ± 3.5 29.3 ± 1.9 32.0 ± 1.8 27.5 ± 2.8 34.2 ± 1.8
P. italicum 17.8 ± 1.2 28.5 ± 2.1 29.4 ± 1.4 28.3 ± 3.1 17.5 ± 2.2 35.9 ± 2.3
C. albicans 16.2 ± 5.4 27.6 ± 3.9 36.2 ± 3.6 31.2 ± 3.5 28.0 ± 3.1 39.3 ± 3.1
S. cerevisiae 12.9 ± 1.1 30.1 ± 4.0 21.9 ± 2.5 28.2 ± 2.8 27.3 ± 1.4 34.2 ± 1.1

Inhibitory zone diameter (mm); ± inhibitory zone; positive control (STD): ketoconazole. Each value represents
the mean ± SD.

Our results indicate that compounds 3–5 have moderate antifungal activity compared
to ketoconazole, with 1 being weaker. From the results of the antifungal tests, the fol-
lowing conclusions can be drawn about these isolates: (a) within the novel strain, the
2,3-dimethylcyclohex-2-en-1-one (compound 2) and γ-lactone (compound 3) showed anti-
fungal activities with inhibition zones of 29, 28, 27, and 30 mm, and 29, 29, 36, and 21 mm
against Aspergillus niger (BCRC-31512), Penicillium italicum (BCRC-30567), Candida albicans
(BCRC-21538), and Saccharomyces cerevisiae (BCRC-20822), respectively. (b) The xanthonoids
(compound 1) exhibited weak antifungal activities against the Aspergillus niger (BCRC-
31512), Penicillium italicum (BCRC-30567), Candida albicans (BCRC-21538), and Saccharomyces
cerevisiae (BCRC-20822) strains. (c) The other type of isoquinoline, Monascuspurin D (com-
pound 4), indicated effective inhibition zones of 32, 28, 31, and 28 mm against Aspergillus
niger (BCRC-31512), Penicillium italicum (BCRC-30567), Candida albicans (BCRC-21538), and
Saccharomyces cerevisiae (BCRC-20822), respectively. (d) The azaphilone compound 5 exhib-
ited moderate antifungal activities against the Aspergillus niger (BCRC-31512) and Candida
albicans (BCRC-21538) strains (Table 3).

The inhibitory activity of compounds 3–5 against A. niger, P. italicum, C. albicans, and
S. cerevisiae was further tested using the method described in the experimental section
(Table 4). Compound 2 has inhibitory activity against S. cerevisiae, with MIC values of
43.45 μg/mL. Compound 3 has inhibitory activity against C. albicans, with an MIC value
of 32.87 μg/mL. Compound 4 was found to have moderate inhibitory activity against the
A. niger, and C. albican strains with MIC values ranging from 29.65 and to 58.43 μg/mL.
They were less biologically active than the reference compound, ketoconazole, which had
MIC values of 4.10, 5.34, 10.88, and 3.57 μg/mL against A. niger, P. italia, C. albicans, and S.
cerevisiae, respectively. In this bioassay, no antifungal activity (MIC > 100) was observed for
compound 5 at concentrations below 100 μg/mL.

Table 4. MIC values of compounds 2–5 in μg/mL against four fungi strains.

Compounds A. niger P. italicum C. albicans S. cerevisiae

2 >100 >100 >100 43.45 ± 2.33 a

3 >100 >100 32.87 ± 2.19 a >100
4 29.65 ± 3.54 a >100 58.43 ± 1.51 a >100
5 >100 >100 >100 >100

Ketoconazole 4.10 ± 0.84 a 5.34 ± 2.56 a 10.88 ± 5.67 a 3.57 ± 0.98 a

a Each value represents the mean ± SD.
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4. Materials and Methods

4.1. General Experimental Procedures

For the TLC, we used silica gel 60 F254-precoated plates (Merck); for column chro-
matography (CC), we used silica gel 60 (70–230 or 230–400 mesh, Merck) and Spherical
C18 100A Reversed Phase Silica Gel (RP-18) (particle size: 20–40 μm) (Silicycle). For the
HPLC analysis, we used a spherical C18 column (250 mm × 10 mm, 5 μm) (Waters) and
LDC-Analytical-III apparatus. For the UV spectra, we used a Jasco UV-240 spectropho-
tometer, with λmax (log ε) in nm. For optical rotation, we used a Jasco DIP-370 polarimeter,
in CHCl3. For the IR spectra, we used a Perkin-Elmer-2000 FT-IR spectrophotometer, with
ν in cm−1. For the 1H-, 13C-, and 2D-NMR spectra, we used Varian-VNMRS-600 and
Varian-Unity-Plus-400 spectrometers; δ in ppm relative to Me4Si, J in Hz. For the ESI and
HRESIMS, we used a Bruker APEX-II mass spectrometer, in m/z.

4.2. Microorganism, Cultivation, and Preparation of the Strain

This WMD2424 strain was isolated from the mangrove wetland collected in Chiayi
County, Taiwan, using HV agar and cultured at 28 ◦C for 3 weeks. A voucher specimen
was immersed in 15% glycerol–water solution at −80 ◦C and deposited at the Bioresource
Collection and Research Center (BCRC) of the Food Industry Research and Development
Institute (FIRDI). Analysis of the ITS rDNA using the BLAST database screening provided
a 99.9% match with Monascus purpureus, whose sequence has been submitted to GenBank.

To each 500-mL flask containing 150 mL of liquid RGY medium (3% rice starch, 7%
glycerol, 1.5% polypeptone, 3% soybean powder, 0.2% MgSO4, and 0.2% NaNO3) were
added 10 mL of fungal inocula and incubated at 25◦ for 2 weeks on a rotary shaker at the
speed of 100 circles/min without illumination. A total of 14.0 L of fungal fermented broth
was harvested and then filtered to remove fungal mycelium.

4.3. Isolation and Characterization of Secondary Metabolites

Liquid fermentate of M. purpureus (14.0 L) was extracted with BuOH to yield a
BuOH extract (16.9 g), which was partitioned in EtOAc–H2O (1:1; 2 L × 3) to produce
an EtOAc-soluble fraction (8.9 g) and an H2O-soluble fraction. The active EtOAc-soluble
fraction (8.9 g) was subjected to silica gel column chromatography (CC) using CH2Cl2–
MeOH (100:1) as the primary eluent, gradually increasing the eluent polarity with MeOH
to produce 10 fractions (Frs. 1–Frs. 10). Fr. 2 was subjected to RP-18 silica gel CC using
H2O–acetone (2:1) as the eluent to produce 5 fractions (Frs. 2-1–2-5), Fr. 2-5 (432 mg) was
subjected to silica gel CC using CH2Cl2–EtOAc (3:1) as the eluent to produce 4 fractions
(Frs. 2-5-1–Frs. 2-5-4), Fr. 2-5-3 was further subjected to silica gel CC using CH2Cl2–EtOAc
(2:1) as the eluent to give 1 (1.2 mg) and 2 (3.0 mg). Fr. 3 was subjected to RP-18 silica gel CC
using H2O–acetone (1:1) as the eluent to obtain 8 fractions (Frs. 3-1–3-8), Fr.3-8 was further
subjected to silica gel CC using CH2Cl2–acetone (1:1) as the eluent to give 11 fractions (Frs.
3-8-1–Frs. 3-8-11), Fr. 3-8-10 was purified with prep. TLC (CH2Cl2/EtOAc 6:1) to obtain 4

(1.8 mg). Fr. 5 (1132 mg) was subjected to RP-18 silica gel CC using H2O–acetone (1:1) as
the eluent to give 3 (1.2 mg) and 5 (3.3 mg).

Monascuspurin A (compound 1): Oil. [α]26
D: +34.2 (c 0.01, CHCl3). UV (MeOH) λmax

(log ε) 268 (4.11), 360 (3.89) nm. IR νmax (neat) 3406 (OH), 1710, 1680 (C=O), 1615, 1450,
1406 (aromatic ring) cm−1. CD (MeOH) λext 215 (Δε –10.9), 232 (Δε –4.2), 251 (Δε –7.9),
273 (Δε +5.2), 296 (Δε –2.3), 342 (Δε +7.3), 400 (Δε –6.7) nm. ESI-MS m/z 439 [M+Na]+.
1H NMR (600 MHz, CDCl3): see Table 1. HRESI-MS m/z: 439.13640 [M+Na]+ (calculated
for C22H24O8Na, 439.13636).

Monascuspurin B (compound 2): Oil. [α]26
D: + 54.2 (c 0.01, CHCl3). UV (MeOH):

242 (3.98) nm. IR (neat): 3410 (OH), 1715 (C=O), 1675 (C=O) cm−1. CD (MeOH) λext
225 (Δε –1.9), 241 (Δε +0.9), 282 (Δε –0.3) nm. 1H NMR (600 MHz, CDCl3): see Table 1;
13C NMR (150 MHz, CDCl3): see Table 2. ESI-MS m/z 305 [M+Na]+. HRESI-MS m/z:
305.13598 [M+Na]+, (calculated for C15H22O5Na, 305.13592).
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Monascuspurin C (compound 3): Oil. [α]26
D: +74.2 (c 0.01, CHCl3). UV (MeOH):

285 (3.26) nm. IR (Neat): 3410 (OH), 1770, 1715 (C=O) cm−1. CD (MeOH) λext (Δε):
225 (Δε –1.89), 250 (Δε +1.79), 290 (Δε –1.08), 335 (Δε –1.69) nm. 1H-NMR (600 MHz,
CDCl3): see Table 1; 13C-NMR (150 MHz, CDCl3): see Table 2. ESI-MS m/z 345 [M+Na]+.
HRESI-MS m/z: 345.16780 [M+Na]+, C18H26O5 (calculated for C15H13O, 345.16779.

Monascuspurin D (compound 4): oil; [α]26
D: + 15.9 (c 0.01, CHCl3); UV (MeOH):

220 (4.01), 252 (4.22), 312 (3.89) nm; IR (neat): 3400 (OH), 1712, 1656 (C=O), 1589, 1535,
1458 (pyridine) cm−1; CD (MeOH) λext (Δε) 240 (Δε +13.19), 262 (Δε +5.13), 319 (Δε +1.98),
333 (Δε +2.01), 365 (Δε −2.81) nm. 1H-NMR (600 MHz, CDCl3): see Table 1; 13CNMR
(150 MHz, CDCl3): see Table 2; ESI-MS m/z 331 [M+Na]+; HRESIMS m/z 331.10588 [M+Na]+

(calculated for C18H16NO4, 331.10586).
Monascuspurin E (compound 5): oil; [α]26

D: +56.7 (c 0.01, CHCl3); UV (MeOH): 235 (4.22),
285 (3.89) nm; IR (neat): 3400 (OH), 1780, 1695 (C=O), 1615, 1577 (aromatic ring) cm−1; 1H-NMR
(600 MHz, CDCl3): see Table 1; 13C-NMR (150 MHz, CDCl3): see Table 2; ESI-MS m/z
409 [M+Na]+; HRESIMS m/z 409.19912 [M+Na]+ (calculated for C23H30O5Na, 409.19909).

Computational Methods

The theoretical ECD curves of compounds 1–5 were calculated by using Gaussian 09,
Revsion E.01. software. Conformational searches were performed using Spartan’14 soft-
ware with the Molecular Merck force field (MMFF). ECD spectra of conformers with a Boltz-
mann distribution over 2% were calculated via the TD-DFT method at the B3LYP/6.311+G
(d,p) level in MeOH. According to a Gaussian band shape with a 0.2 eV exponential half-
width from the dipole-length dipolar and rotational strengths, the theoretical ECD spectra
were generated using the SpecDis 3.0.

4.4. Antifungal Activity Assays

The assays tested for the presence of microorganisms. The in vitro antifungal activity
of compounds 1–5 was tested against a panel of laboratory control strains belonging to
the Bioresource Collection and Research Center (BCRC) in Hsinchu, Taiwan, namely, the
fungal organisms Aspergillus niger (BCRC-31512), Penicillium italicum (BCRC-30567), Candida
albicans (BCRC-21538), and Saccharomyces cerevisiae (BCRC-20822).

4.4.1. Via Disk Diffusion Assay

Antifungal susceptibility testing of the isolated compounds was performed with the
following strains: Aspergillus niger, Penicillium italicum, Candida albicans, and Saccharomyces
cerevisiae using the disk diffusion method and the following CLSI guidelines were applied:
M44-A and M44-S2 for yeasts [40,41] and M-51P for filamentous fungi. A standard disk of
ketoconazole was used as a positive control, while a disk imbued with 50 μL of pure DMSO
was used as a negative control. The diameters of the inhibition zones were measured in
millimeters by means of a slide caliper. Each test was performed in triplicate, and the
results were analyzed for statistical significance [40–42].

4.4.2. Via Broth Dilution Assay

The MIC determination for the antifungal assay was performed according to the Clini-
cal and Laboratory Standard Institute (CLSI) using the broth dilution assay method [43–45].
Extract stock solutions and partitions were prepared in 5% DMSO, and twofold serial dilu-
tions were prepared in RPMI in 96-well microtiter plates (Corning Incorporated, Corning,
NY, USA). The final concentrations ranged from 0.98 to 2.000 g mL−1. Test organisms
(100 μL) were added to each well in microtiter plates. The growth control contained
medium and inoculum. Blank controls contained medium only. The microtiter plates were
then incubated at 35 ◦C and the endpoints were read after 48 h. The lowest concentration
for each test compound at which color change occurred was recorded as its primary MIC
value. The average of primary values from three individual tests were calculated, and the
average was taken as the final MIC value for each of the test compounds.
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5. Conclusions

Red yeast rice is a well-known material which has been widely used for decades, but
the chemistry and bioactivity of the constituents are still not so clear. Previous investigation
of Monascus species had isolated different skeleton constituents, mainly azaphilones and
monacolin analogs. However, some minor compounds such as benzenoid derivatives or
other types of compounds from Monascus species have received less attention. Accordingly,
it is still worth investigating the ingredients and bioactivity of red yeast rice.

In this report, we committed to explore unusual skeleton compounds in M. purpureus
wmd2424, and successfully found new xanthonoid, cyclohexenone, γ-lactone, isoquinoline,
and azaphilone skeleton compounds. Xanthonoids are yellow pigments in a C6-C1-C6 sys-
tem and restricted in a few families of higher plants, some fungi and lichens, and has seldom
been found in Monascus spp. [46] This is the second report of isolating xanthonoids from
Monascus spp, which represent different yellow azaphilone pigments (monascin, ankaflavin)
from this genus. The structures of these isolates were determined using spectroscopic ex-
periments. The BuOH soluble fraction from the M. purpureus wmd2424 fermentation broth
was tested for antifungal activities. Our results indicated that compounds 3–5 displayed
moderate antifungal activities against Aspergillus niger, Penicillium italicum, Candida albicans,
and Saccharomyces cerevisiae. It is worth mentioning that the chemical composition of M.
purpureus wmd2424 has never been studied. The result indicated M. purpureus wmd2424
could produce more metabolites with extensive antifungal activity, and that its metabolites
in other mediums were worth being studied further.
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