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Abstract

Combining biosynthetic gene cluster analysis with the OSMAC strategy, fractionation of
the fermentation extract of Aspergillus templicola from the sponge Agelas sp. led to the
isolation of four novel cytochalasins, colachalasins J–M (1–4), a novel cyclic pentapeptide,
avellanin P (5), together with five known compounds (6–10). The structures of 1–9 were
elucidated using spectroscopic data, single crystal X-ray diffraction, and Marfey’s analysis.
Compound 2 exhibited potent anti-inflammatory activity in zebrafish assays. Additionally,
Compounds 4 and 6 showed modest cytotoxicity against several human cancer cell lines
with IC50 values ranging from 2.6 to 11.2 μm.

Keywords: Aspergillus templicola; cytochalasins; cyclic pentapeptides; anti-inflammatory
activity; cytotoxic activity

1. Introduction

Marine-derived fungi are prominent producers of novel bioactive compounds and
drug lead compounds [1]. With the advances in sequencing technologies, genomic data
have emerged as a valuable resource containing unique biosynthetic gene clusters (BGCs),
enabling the prediction of compound types, and facilitating the discovery of novel natural
products (NPs) [2]. However, under traditional laboratory conditions, fungi transcribe
only a small fraction of their biological genetic clusters, while most genes remain silent [3].
Consequently, traditional cultivation methods can access only a limited portion of the
potential chemical diversity of fungal natural products [4]. Numerous strategies aim
to activate these biosynthetic gene clusters to broaden metabolite diversity. One such
approach is the One Strain Many Compounds (OSMAC) method, which diversifies culture
media and growth conditions to generate environmental cues, induce silent biosynthetic
clusters, and accumulate cryptic metabolites [5]. Co-cultivation and epigenetic modification
represent other important components of the OSMAC approach [6,7].

During the early stages of our research, a partial gene cluster (cck) was discovered in
Aspergillus templicola, isolated from the sponge Agelas sp. [8]. This cck gene cluster exhibits
similarity to the previously reported ccs gene cluster [9], suggesting its potential for syn-
thesizing cytochalasins. Our recent chemical investigations of the sponge-derived fungus

Mar. Drugs 2025, 23, 285 https://doi.org/10.3390/md230702851
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A. templicola cultured in liquid medium successfully yielded 13 cytochalasins, including
9 novel cytochalasins, colachalasins (A–I), and 4 known cytochalasins [8]. Furthermore,
genomic analysis revealed another par gene cluster homologous to the previously reported
hcpA cluster (Figure 1) [10], indicating its potential role in cyclic peptide biosynthesis.
Cyclic peptides have attracted significant attention due to their unique biological activities,
such as cytotoxicity [11], antimalarial activity [12], and antibacterial activity [13]. However,
cyclic peptides were not found in our previous research. To activate cryptic biosynthetic
pathways for cyclic peptides, an OSMAC strategy was employed by switching to a rice-
based solid medium. Ultimately, this process led to the isolation of four novel cytochalasins,
colachalasins J–M (1–4), a novel cyclic pentapeptide, avellanin P (5), along with five known
compounds, cytochalasin Z16 (6) [14], 7-Deoxy-cytochalasin Z7 (7) [15], aspochalasin I
(8) [16], aspochalasin A1 (9) [17], and cyclo-(S-Pro-R-Leu) (10) [18] (Figure 2). Herein, we
report the isolation, structural elucidation, and biological activities of the new isolates.

Similarity

50%

100%

HcpA

HcpA1
Experiment

HcpA

Figure 1. The HcpA1 gene cluster in comparison to HcpA.

Figure 2. Structures of compounds 1–10.

2. Results

Colachalasin J (1) was obtained as colorless crystals. The molecular formula was
determined to be C29H39NO5 based on the [M + H]+ ion peak at m/z 482.2892 [M + H]+

(calcd for 482.2901) in HRESIMS, requiring eleven degrees of unsaturation. The 1H NMR
data (Table S2) indicated the presence of four methyl groups, a methoxy group, three double
bonds, and a monosubstituted phenyl group. The 13C NMR data (Table S2) and the HSQC
spectrum revealed 29 carbon signals, which were categorized into five methyl groups, two
methylene groups, seventeen methine carbons (ten olefinic), and five non-hydrogenated
carbons (two of which were carbonyls). These NMR data indicated that compound 1 is a
cytochalasin [8].

Analysis of the 1D and 2D NMR data (Table S2 and Figure 3) revealed that the structure
of compound 1 is similar to that of compound 7 (Figure 2), a cytochalasin previously isolated
from a marine-derived fungus Spicaria elegans [15], with the main difference being the ester
bond between C-9 and C-21 of 7 is cleaved in 1, to give the open methyl ester. Compared
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with 7, the variation is that of an additional hydroxy group at C-9, and a methoxy group
at C-22 in 1. These structural differences are further confirmed by the HMBC correlations
from H-19, H-20, and H3-22 to C-21 (Figure 3), and from H-4 to C-9 (δC 80.2), which is
consistent with the molecular formula.

Figure 3. The Key 1H–1H COSY, HMBC correlations of compounds 1–5.

In the NOESY spectrum of compound 1 (Figure 4), the correlation between H-3 and
H3-11 indicated their co-facial orientation, which was assigned as α-orientation. The
correlations of H2-10/H-4 confirmed the β-orientation of these protons. The large coupling
constants (J13,14 = 15.2 Hz; J19,20 = 15.8 Hz) indicated that the Δ13 and Δ19 double bonds
were both trans configured. The determination of the relative configuration at C-8, C-9, C-16,
C-17, and C-18 was challenging on account of the absence of effective NOESY correlations.
Fortunately, suitable single crystals were acquired and subjected to a Bruker APEX-II CCD
diffractometer with Cu Kα radiation, determining the absolute configuration of compound
1 as 3S, 4S, 5S, 8S, 9R, 16S, 17S,18S, with a Flack parameter of 0.03 (11) (Figure 5).

1

43

2

Figure 4. The Key NOESY correlations of compounds 1–4.
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Figure 5. X-ray crystal structures of 1, 6, 7. The ellipsoids of non-hydrogen atoms of 1, 6, 7 are shown
at 50% probability levels.

Colachalasin K (2) was obtained as a colorless powder. The molecular formula was
determined to be C28H35NO4 based on the [M + H]+ ion peak at m/z 450.2631 (calcd
for 450.2639) in HRESIMS. The 1D NMR data (Table S2) indicated that the structure of
compound 2 were similar to those of colachalasin D (Figure S1), a cytochalasin previously
isolated from the fungus A. templicola [8]. The key difference between them were the
absence of a 17-carbonyl group and the an additional Δ19 double bond in compound 2,
as confirmed by the 1H–1H COSY correlations of H-16/H-17/H-18 (Figure 3), the HMBC
correlations of H-17/C-18, H-17/C-19, H-20/C-21 (Figure 3), and the chemical shifts of
C-17 (δC 44.8), C-19 (δC 161.9), and C-20 (δC 118.9). Thus, the planar structure of compound
2 was established.

The relative configuration of compound 2 was determined by the analysis of the
NOESY spectrum (Figure 4). The correlations of H-3/H3-11, H-3/H3-12, H3-12/H-7, H-
7/H-13 suggested the α-orientation of H-3, H3-11, H3-12, H-7. Additionally, the NOESY
correlation of H-5/H-8, and H-4/H2-10, H-4/H-8, H-8/H-14, H-14/H-16, H-16/H3-23,
suggested the β-orientation of H-4, H-5, H-8, H-16, H3-23. Previous studies have suggested
that the core structural elements of cytochalasins mostly share a conserved stereochem-
ical configuration, and that is the 5/6 ring junction and the trans-stereochemistry of the
macrocyclic ring [19]. This stereochemical assignment is further corroborated by X-ray crys-
tallographic data of cytochalasins [8]. Consequently, the oxygen atom at C-9 is β-oriented.
The large coupling constants (J13, 14 = 15.5 Hz; J19, 20 = 15.9 Hz) indicated that the Δ13 and
Δ19 double bonds were both trans configured. The absolute configurations of compound 2

were assigned as 3S, 4S, 5S, 6R, 7S, 8S, 9S, 16S, 18R by comparison of their similar ECD
spectra between 2 and colachalasin D (Figure 6).

Figure 6. ECD spectra of 2 and colachalasin D, 3 and colachalasin F, 4 and colachalasin A.

Colachalasin L (3), obtained as colorless powder, was determined to have the molecular
formula C28H35NO5 based on the HRESIMS ion at m/z 464.2430 (calcd for 464.2442) [M − H]−.
The 1H and 13C NMR data (Table S3) indicated that the structure of compound 3 was similar to
colachalasin F (Figure S1), a cytochalasin previously isolated from the fungus A. templicola [8],
with the exception of an additional 17-carbonyl group and the absence of the Δ19 double bond in
compound 3 compared to colachalasin F. This was further confirmed by the HMBC correlations
of H-16, H-18, H3-22, H3-23/C-17 (δC 216.8) (Figure 3) and the chemical shifts of C-19 (δC 29.3)
and C-20 (δC 33.2).
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The relative configuration of the stereocenters and the configuration of the double
bond in compound 3 were determined by analysis of NOESY data and coupling constants
(Figure 4 and Table S3). In the NOESY spectrum, correlations of H-3/H3-11, H3-11/H-7,
H-7/H-13 suggested the α-orientation of H-3, H-7. The correlations of H-4/H2-10, H-8/H-
14, H-14/H-16, H-16/H3-23 suggested the β-orientation of H-4, H-8, H-16, H3-23. The
large coupling constants (J13,14 = 15.4 Hz) indicated that the Δ13 double bond was trans
configured. Based on a comparison of ECD spectra (Figure 6) between 3 and colachalasin F,
which showed similar structures, the absolute configuration of compound 3 was assigned
as 3S, 4S, 7S, 8S, 9S, 16S, 18S.

Colachalasin M (4) was isolated as a colorless oil. The molecular formula was deter-
mined to be C29H37NO7 based on the HRESIMS data (m/z 512.2653 [M + H]+, calcd for
512.2643). The 1D NMR data (Table S3) of compound 4 were similar to those of colachalasin
A (Figure S1), a cytochalasin previously isolated from the fungus A. templicola [8]. The only
notable difference was that of the presence of a disubstituted terminal double bond at C-6
in 4, which was replaced by the 6, 7-epoxide ring in colachalasin A. These differences are
further supported by the HMBC correlations of H2-12/C-5 (δC 31.6), H2-12/C-6 (δC 148.9),
and H2-12/C-7 (δC 70.2) (Figure 3).

The relative configuration of compound 4 was determined based on NOESY corre-
lations (Figure 4). In the NOESY spectrum, correlations between H-3/H3-11, H-7/H-13,
and H-4/H2-10, H-4/H-8, H-5/H-8 suggested the α-orientation of H-3, H3-11, H-7, and
the β-orientation of H-4, H-5, H-8. The large coupling constants (J13,14 = 15.3 Hz; J19,20

= 15.8 Hz) indicated that the Δ13 and Δ19 double bonds were both trans configured. The
stereochemical configuration of the long carbon chain in compound 4 was deduced from
the NMR data. The nearly identical NMR data for the chiral centers of the side chain in
compounds 4 and colachalasin A suggest that the relative configuration of the side chain in
compound 4 is the same as in colachalasin A. A comparison of ECD spectra between 4 and
colachalasin A (Figure 6) determined the absolute configuration of compound 4 as 3S, 4S,
5S, 7S, 8S, 9S, 16S, 18R.

Compound 5 was obtained as a yellow oil. The molecular formula, C31H39N5O5, was
determined based on HRESIMS data (m/z 562.3037 [M + H]+, calcd for 562.3024), implying fifteen
degrees of unsaturation. The 1H NMR data (Table S4) and HSQC spectrum indicated the presence
of three amide protons (δH 9.30, δH 7.01, and δH 7.54) and one N-methyl group (δH 2.01). The
13C NMR data (Table S4) and HSQC spectrum revealed the presence of 31 carbons, including 8
non-protonated carbons (2 olefinic and 5 carbonyl), 14 methines (5 sp3 hybridized and 9 olefinic),
5 methylenes (all sp3 hybridized), and 4 methyls (all sp3 hybridized).

Further analysis of 2D NMR spectra (Figures S38–S40) led to the identification of five
amino-acid components. Alanine (Ala) was confirmed by the 1H−1H COSY correlations
for H-2 (δH 5.19)/H3-3 (δH 1.52), together with the HMBC correlations for H-2, H3-3/C-1
(δC 171.2), NH (δH 7.54)/C-2, and NH (δH 7.54)/C-3 (Figure 3). The anthranilic acid unit
(Ant) was confirmed by the 1H−1H COSY correlations for a spin system consisting of four
adjacent aromatic protons (δH 6.85, 6.76, 7.03, and 8.57), together with the HMBC correla-
tions for H-3/C-1(δC 169.0) and NH (δH 9.30)/C-2, NH (δH 9.30)/C-6. Another aliphatic
amino acid, proline (Pro), was deduced from sequential 1H−1H COSY correlations for H-2
(δH 3.97)/H2-3 (δH 1.17)/H2-4 (δH 1.43/1.03)/H2-5 (δH 2.70) and the HMBC correlations
for H-2, H3-3/C-1(δC 172.2). An NMe-phenylalanine unit (NMe-Phe) was confirmed by the
HMBC correlations of an NMe (δH 2.01)/C-2 (δC 69.4), the 1H−1H COSY correlations of
H-2 (δH 3.47)/H2-3 (δH 3.67/3.87), and a phenyl ring assigned at C-3 by sequential 1H−1H
COSY correlations of five CH (δH 6.91, 7.02) protons and the HMBC correlations of H-3/C-4,
H-3/C-9. The last unit was assigned as leucine (Leu) by the 1H−1H COSY correlations for
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H-2 (δH 5.10)/H2-3 (δH 2.41/2.01)/H-4 (δH 1.89)/H3-5 (δH 0.93), and H-4/H-6 (δH 0.97),
together with the HMBC correlations for H-2, H2-3/C-1 (δC 171.7), and NH (δH 7.01)/C-2.

The connectivity among the five amino acid residues was determined by the HMBC
correlations from Ant-NH to Ala-C1, AlaNH to Leu-C1, Leu-NH to NMe-Phe-C1, and NMe-
Phe-CH3 to Pro-C1 (Figure 3). The correlations between Ant to Pro was established based
on HRESIMS data (m/z 562.3037 [M + H]+, calcd for 562.3024), implying fifteen degrees of
unsaturation. Finally, the Marfey’s analysis confirmed the absolute configurations of each
amino acid (Figure S51). Thus, compound 5 was determined as cyclo (Ant1-L-Pro2-NMe-L-
Phe3-D-Leu4-L-Ala5).

Furthermore, the known compounds 6 and 7 were crystallized from a mixed solvent
of ethanol and H2O, and their single-crystal X-ray diffraction analysis is shown in Figure 5.

Considering the remaining amount of these compounds, compounds 1, 2, 4, 5 were
selected for evaluation of anti-inflammatory activity in CuSO4-induced transgenic fluores-
cent zebrafish. The extent of inflammation was assessed by monitoring the migration of
macrophages along the lateral line. As shown in Figure 7A, compounds 2, 4, and 5 reduced
inflammatory, as evidenced by a higher accumulation of macrophages at the lateral line com-
pared to controls. Furthermore, as shown in Figure 7B, compound 2 at 20 μm demonstrated
superior anti-inflammatory activity compared to the positive control indomethacin at 20 μm.

Figure 7. Anti-inflammatory effect of compounds 1, 2, 4, 5. (A) Inflammatory areas in transgenic
fluorescent zebrafish (Tg: zlyz-EGFP) generated by CuSO4 that express enhanced green fluorescent
protein after being treated with compounds 1, 2, 4, 5. (B) Quantitative evaluation of fluorescent
macrophage counts in the vicinity of inflammatory sites in zebrafish treated with compounds 1, 2, 4,
5. The results were subjected to analysis using one-way analysis of variance followed by Dunnett’s
post hoc t-test. ## p ≤ 0.01 vs. Ctl, * p ≤ 0.05 vs. model, ** p ≤ 0.01 vs. Model.

The cytotoxicity of the isolated compounds 1–2 and 4–7 was evaluated against human
leukemia K562, human pancreatic cancer ASPC-1, human breast cancer MDA-MB-231, and
human small cell lung cancer NCI-H446/NCI-H446/EP cell lines. As shown in Table 1,
compounds 4 and 6 exhibited moderate cytotoxicity against NCI-H446 cell lines with IC50

values of 4.2 and 2.6 μm, respectively, as well as against NCI-H446/EP cell lines with IC50

values of 6.5 and 11.2 μm, respectively. The IC50 value of compound 4 against MDA-MB-231
cells was 9.0 μm. Other compounds were weakly active or totally inactive against the
human cancer cell lines.
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Table 1. Cytotoxic activities of compounds 1–2 and 4–7.

Compound
IC50 (μm)

K562 ASPC-1 NCI-H446 MDA-MB-231 NCI-H446/EP

1 >30 >30 >30 >30 >30
2 >30 >30 29.2 >30 >30
4 >30 >30 4.2 9.0 6.5
5 >30 >30 >30 >30 >30
6 >30 >30 2.6 >30 11.2
7 >30 >30 >30 >30 >30

DOX a <1 <1 <1 <1 <1
a DOX (Doxorubicin) was used as positive control.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured using a Jasco P-1020 digital polarimeter (Jasco, Tokyo,
Japan). Ultraviolet (UV) spectra were recorded on a Beckman DU640 spectrophotometer
(Brea, CA, USA). Electronic circular dichroism (ECD) spectra were acquired using a Jasco
J-810 spectropolarimeter (Jasco, Tokyo, Japan). NMR spectra were obtained on an Agilent
DD2-500 (1H, 500 MHz; 13C, 125 MHz; Agilent, Beijing, China). For NMR spectra in CDCl3,
the residual CHCl3 resonance (δH 7.26 ppm) and the CDCl3 resonance (δC 77.16 ppm) served
as internal references for 1H and 13C NMR, respectively. Similarly, in CD3OD, the residual
CH3OH resonance (δH 3.31 ppm) and the CD3OD resonance (δC 49.00 ppm) were used as
internal standards. For NMR spectra in C6D6, the residual C6D6 resonance (δH 7.16 ppm)
and the C6D6 resonance (δC 128.1 ppm) were used as internal standards. High-resolution
electrospray ionization mass spectrometry (HRESIMS) data were collected on a Micromass Q-
Tof Ultima GLOBAL GAA076LC mass spectrometer (Autospec-Ultima-TOF, Waters, Shanghai,
China). Semi-preparative HPLC was performed using a Waters 1525 pump equipped with
a 2998 photodiode array detector and a YMC C18 column (10 × 250 mm, 5 μm). Column
chromatography was carried out using silica gel (200–300 mesh, 300–400 mesh, or H grade).
Melting points were determined on a ZGX-5 Plus microscopic melting point apparatus
(Shanghai Zhuoguang Instrument Technology Co., Ltd., Shanghai, China).

3.2. Fungus Material

The fungal strain 18XS-01-ZM-05, isolated in July 2018 from the South China Sea
sponge Agelas sp. (Xisha Island [Yagong Island]; 16◦34′N, 111◦41′E), was identified as A.
templicola through ITS sequence analysis (GenBank PQ685989), which showed 99% identity
to the corresponding sequence of A. templicola (GenBank OL711823.1). The strain was
deposited at the Key Laboratory of Marine Drugs, Chinese Ministry of Education, Ocean
University of China.

3.3. Fermentation, Extraction, and Isolation

Solid-state fermentation was conducted in 100 flasks, each containing a sterile medium
of rice (100 g), glucose (2 g), NaCl (1 g), and distilled water (100 mL). A. templicola was
aseptically inoculated into each flask. After 56 days of fermentation, the fermentations
were all combined and the supernatant was extracted three times with EtOAc.

The ethyl acetate extract (96.2 g) was fractionated by a silica gel column chromatogra-
phy (CC) eluted with sequential gradient elution petroleum ether/acetone (from 100:1 to
1:1, v/v), then eluted with a gradient of CH2Cl2/CH3OH (from 20:1 to 1:1, v/v) to obtain
eight fractions.

Fr.4 (2.8 g) was subjected to silica gel CC (petroleum ether/acetone, from 30:1 to 1:1, v/v),
yielding six subfractions (Fr.4.1–Fr.4.6). Fr.4.5 was further purified by silica gel CC (petroleum

7
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ether/acetone, from 20:1 to 1:1, v/v), resulting in six subfractions (Fr.4.5.1–Fr.4.5.6). Fr.4.5.3 was
purified using semi-preparative HPLC (ODS, 5 μm, 250 × 10 mm; CH3OH/H2O, 75:25, v/v;
2 mL·min−1) to yield 1 (2.2 mg).

Fr.5 (3.1 g) was subjected to silica gel CC (petroleum ether/acetone, from 25:1 to
1:1, v/v) and divided into nine subfractions (Fr.5.1–Fr.5.9). Fr.5.2 was purified by silica
gel CC (petroleum ether/acetone, from 25:1 to 1:1, v/v), resulting in six subfractions
(Fr.5.2.1–Fr.5.2.6). Fr.5.2.4 was purified using semi-preparative HPLC (ODS, 5 μm, 250 × 10
mm; CH3OH/H2O, 70:30, v/v; 2 mL·min−1) to yield 8 (21.6 mg), 9 (22.2 mg). Fr.5.6 was
separated by silica gel CC (petroleum/acetone, from 15:1 to 1:1, v/v) into five subfractions
(Fr.5.6.1–Fr.5.6.5). Fr.5.6.2 was purified by semi-preparative HPLC (ODS, 5 μm, 250 × 10
mm; CH3OH/H2O, 68:32, v/v; 2 mL·min−1) to afford 5 (2.2 mg).

Fr.6 (2.5 g) was separated by silica gel CC (petroleum/acetone, from 20:1 to 1:1,
v/v) into eight subfractions (Fr.6.1–Fr. 6.8). Fr.6.2 was subjected to silica gel CC
(petroleum/acetone, from 20:1 to 1:1, v/v), yielding nine fractions (Fr.6.2.1–Fr.6.2.9). Fr.6.2.2
was purified using semi-preparative HPLC (ODS, 5 μm, 250 × 10 mm; CH3OH/H2O,
65:35, v/v; 2 mL·min−1) to yield 7 (14.5 mg). Fr.6.8 was separated by silica gel CC
(petroleum/acetone, from 15:1 to 1:1, v/v) into five fractions (Fr.6.8.1–Fr.6.8.5). Fr.6.8.5 was
purified by semi-preparative HPLC (ODS, 5 μm, 250 × 10 mm; CH3CN/H2O, 45:55, v/v; 2
mL·min−1) to afford 4 (3.8 mg).

Fr.7 (5.1 g) was separated by silica gel CC (petroleum/acetone, from 15:1 to 1:1,
v/v) into nine subfractions (Fr.7.1–Fr. 7.9). Fr.7.2 was subjected to silica gel CC
(petroleum/acetone, from 15:1 to 1:1, v/v), yielding five fractions (Fr.7.2.1–Fr.7.2.5). Fr.7.2.3
was purified using semi-preparative HPLC (ODS, 5 μm, 250 × 10 mm; CH3OH/H2O,
65:35, v/v; 2 mL·min−1) to yield 2 (2.6 mg). Fr.7.7 was separated by silica gel CC
(petroleum/acetone, from 10:1 to 1:1, v/v) into six fractions (Fr.7.7.1–Fr.7.7.6). Fr.7.7.4
was purified by semi-preparative HPLC (ODS, 5 μm, 250 × 10 mm; CH3CN/H2O, 40:60,
v/v; 2 mL·min−1) to afford 3 (4.4 mg) and 6 (6.5 mg).

Fr.8 (8.3 g) was subjected to silica gel CC (petroleum ether/acetone, from 10:1 to 1:1,
v/v), yielding nine subfractions (Fr.8.1–Fr.8.9). Fr.8.5 was further purified by silica gel CC
(petroleum ether/acetone, from 10:1 to 1:1, v/v), resulting in six subfractions (Fr.8.5.1–Fr.8.5.6).
Fr.8.5.2 was purified using semi-preparative HPLC (ODS, 5 μm, 250 × 10 mm; CH3OH/H2O,
50:50, v/v; 2 mL·min−1) to yield 10 (86.3 mg).

Colachalasin J (1)
Colorless crystal; mp 160.1–164.2 ◦C; [α]D

25 + 30.2 (c 0.2, CH3OH); UV (CH3OH) λmax (log
ε) 196 (1.67), 214 (0.75), 250 (0.09) nm; ECD (0.25 mm, CH3OH) λmax (Δε) 206 (4.73), 229 (–1.16),
258 (0.07) nm; IR (KBr) νmax 2969, 2361, 2335, 1699, 1540, 1454, 1268, 1100 cm−1; 1H and 13C
NMR data see Table S2; HRESIMS m/z 482.2892 [M + H]+ (calcd for C29H40NO5, 482.2901).

Colachalasin K (2)
Colorless powder; [α]D

25 + 40.2 (c 0.2, CH3OH); UV (CH3OH) λmax (log ε) 196 (1.23),
215, (0.52), 250 (0.06) nm; ECD (0.25 mm, CH3OH) λmax (Δε) 204.5 (5.53), 220 (−2.88), 262.5
(1.14) nm; IR (KBr) νmax 2361, 2339, 1702, 1650, 1540, 1457, 1271, 1098 cm−1; 1H and 13C
NMR data see Table S2; HRESIMS m/z 450.2631 [M + H]+ (calcd for C28H36NO4, 450.2639).

Colachalasin L (3)
Colorless powder; [α]D

25 + 25.5 (c 0.2, CH3OH); UV (CH3OH) λmax (log ε) 195 (1.21),
210 (2.71), 250 (0.26) nm; ECD (0.25 mm, CH3OH) λmax (Δε) 211 (−0.53), 263 (1.27) nm; IR
(KBr) νmax 2807, 2730, 2354, 1660, 1582, 1386, 1350, 1083 cm−1; 1H and 13C NMR data see
Table S3; HRESIMS m/z 464.2430 [M − H]− (calcd for C28H34NO5, 464.2442).

Colachalasin M (4)
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Colorless oil; [α]D
25 + 33.1 (c 0.2, CH3OH); UV (CH3OH) λmax (log ε) 199 (2.80), 210

(1.63), 220 (0.53) nm; ECD (0.25 mm, CH3OH) λmax (Δε) 205 (5.06), 242 (−0.01), 293 (0.43)
nm; IR (KBr) νmax 2808, 2730, 2354, 2338, 1660, 1386, 1350, 1083 cm−1; 1H and 13C NMR
data see Table S3; HRESIMS m/z 512.2653 [M + H]+ (calcd for C29H38NO7, 512.2643).

Avellanin P (5)
Yellow oil; [α]D

25 + 23.3 (c 0.2, CH3OH); UV (CH3OH) λmax (log ε) 196 (2.83), 209
(2.73), 245 (0.95) nm; ECD (0.25 mm, CH3OH) λmax (Δε) 211 (−7.14), 233 (4.18) nm; IR (KBr)
νmax 2829, 2708, 1660, 1591, 1381, 1350 cm−1; 1H and 13C NMR data see Table S4; HRESIMS
m/z 562.3037 [M + H]+ (calcd for C31H40N5O5, 562.3024).

3.4. X-Ray Crystallographic Analysis

Colorless crystals of compounds 1, 6, 7 were obtained from a mixed solvent of ethanol
and H2O at room temperature. X-ray crystallographic data were collected using a Bruker
APEX-II CCD diffractometer. The crystal structures were solved with the ShelXT structure
solution program using Intrinsic Phasing and refined with the ShelXL refinement package
through Least Squares minimization. The crystallographic data are provided in Tables
S5–S7. The crystallographic data in CIF format have been deposited at the Cambridge
Crystallographic Data Centre (deposition number: CCDC 2423674, 2464770, 2464771).

3.5. HPLC Analysis of Marfey’s Derivatives

Compound 5 (0.5 mg) was dissolved in 6 N HCl (1 mL) in a sealed glass bottle and
incubated at 70 ◦C for 12h. After cooling, the resultant hydrolysate was dried to remove
the remaining HCl, then it was dissolved in 100 μL of H2O. Subsequently, 1 M NaHCO3

(20 μL) and 1% FDAA (Marfey’s reagent, 100 μL) were added and the mixture, which was
then incubated at 40 ◦C for 1 h. The reaction was quenched by adding 2 N HCl (10 μL). The
mixture was dissolved in MeOH (500 μL) and analyzed by HPLC (SilGreen C-18 column,
250 × 4.6 mm) with gradient elution CH3CN/H2O with 0.1% HCOOH (from 15% to 45%
acetonitrile during 55 min, flow rate 1.0 mL/min, detector at 340 nm). The standard amino
acids L-Pro, D-Pro, L-NMePhe, D-NMePhe, L-Ala, D-Ala, L-Leu, D-Leu were treated as the
above process. Retention times for the FDAA-derivative amino-acid standards were 28.5 min
for L-Pro, 30.5 min for D-Pro, 43.8 min for L-NMePhe, 48.8 min for D-NMePhe, 43.5 min for
L-Ala, 49.0 min for D-Ala, 26.5 min for L-Leu, and 31.5 min for D-Leu. Acid hydrolysate of 5

contained L-Pro (28.5 min), L-NMePhe (43.8 min), D-Leu (49.0 min), and L-Ala (26.5 min).

4. Conclusions

In conclusion, four new cytochalasins (1–4), a new cyclic pentapeptides (5), and five
known compounds (6–10) were isolated from the endophytic fungus A. templicola guided
by the analysis of biosynthetic gene clusters and the OSMAC strategy. Their structures
were elucidated through extensive spectroscopic, X-ray diffraction analyses, and Marfey’s
analysis. In bioactivity assays, compound 2 demonstrated potent anti-inflammatory activity
in zebrafish. Compounds 4 and 6 showed cytotoxicity against selected cell lines. These
findings provide valuable insights for the development of anti-inflammatory and antitumor
agents derived from cytochalasins. These results demonstrate that integrating biosynthetic
gene cluster analysis with the OSMAC strategy effectively promotes the production of
bioactive secondary metabolites.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md23070285/s1, HcpA1 Amino acid sequence; crystallographic
data of 1, 6, and 7; spectroscopic data including 1D and 2D NMR of 1–5; spectroscopic data including
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1D NMR of 6–10; HRESIMS and IR spectra of 1–5; experimental ECD spectra of 1 and 5; HPLC
analysis of Marfey’s derivatives of avellanin P (5); Anti-inflammatory Assays [20]; Cytotoxicity
Assays [21]. (PDF). CIF file for 1, 6, and 7. (CIF).
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Abstract: Immunotherapy is a transformative strategy in oncology, yet the development of
novel immunomodulatory agents remains essential. This study explores the anti-tumor
potential of a structurally unique polysaccharide isolated from an Aspergillus ochraceus
(AOP), sourced from the Antarctic Weddell Sea. Using alkaline-assisted extraction and
chromatographic purification, we obtained a homogeneous polysaccharide predominantly
composed of galactose and mannose, with an average molecular weight of 39.67 kDa. The
structure was characterized by an integrated nuclear magnetic resonance spectroscopy
and mass spectrometry analysis, revealing that the AOP is composed of β (1→5)-linked
galactofuranose units, with a minor substitution by α-D-mannopyranose residues via
(1→2) glycosidic bonds at the C2 of the galactofuranose. Functional assays, including
CCK8 and wound-healing tests, demonstrated that this polysaccharide, referred to as
AOP, inhibited melanoma cell proliferation and migration in a dose-dependent manner.
Additionally, the AOP activated RAW264.7 and bone marrow-derived macrophage (BMDM)
cells without exhibiting significant cytotoxicity, leading to the release of inflammatory
factors such as TNF-α, IL-1β, and IL-6. Mechanistically, the AOP was found to upregulate
the expression of CD86 and IFN-γ, while downregulating genes like IL-4 and Arg1. These
findings position the AOP as the first documented Antarctic fungal polysaccharide with
macrophage-reprogramming capabilities against melanoma, offering novel molecular
insights for marine-derived immunotherapeutics.

Keywords: Aspergillus ochraceus; melanoma; immunotherapy; macrophages; anti-tumor;
polysaccharide

1. Introduction

In recent years, the advent of immunotherapy has revolutionized traditional melanoma
treatment approaches [1]. Increasing evidence highlights the critical role of macrophages
in tumors, with their primary functions encompassing immune defense [2], immune
regulation [3], and immune secretion [4]. Macrophages are adept at recognizing
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs) [5]. Traditionally, activated macrophages are classified into two polarization

Mar. Drugs 2025, 23, 246 https://doi.org/10.3390/md23060246
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states within the tumor microenvironment (TME), collectively known as tumor-associated
macrophages (TAMs): M1-TAMs, or classically activated macrophages, and M2-TAMs,
or alternatively activated macrophages [6]. M1 macrophages play a pivotal anti-tumor
role by mediating phagocytosis and antibody-dependent cell cytotoxicity, while releasing
pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-1β
(IL-1β), and interleukin-6 (IL-6) [7]. In contrast, M2-TAMs contribute to tumor development
and metastasis by promoting anti-inflammatory processes, enhancing tumor angiogene-
sis, and facilitating tumor progression [8] through mechanisms such as the epithelial-to-
mesenchymal transition (EMT) process [9]. Melanoma, known for its aggressive metastatic
behavior, is significantly influenced by EMT; this process is characterized by the transition
from E-cadherin to N-cadherin, along with the upregulation of genes like vimentin, slug,
and snail, which enables melanoma cells to form N-cadherin-mediated adhesion with
stromal fibroblasts [10]. Therefore, encouraging the conversion of M2-TAMs to M1-TAMs
represents a promising therapeutic strategy, with the potential to regulate macrophage
activity and overall tumor progression.

Marine ecosystems represent an underexplored resource for pharmacological com-
pounds, with 68% of novel natural products in clinical trials derived from marine organ-
isms, particularly deep-sea fungi that thrive under extreme conditions and have developed
unique biosynthetic pathways to produce stress-adapted metabolites [11]. Genomic analy-
ses show that deep-sea fungi contain a higher abundance of carbohydrate-active enzymes
(CAZymes) compared to their terrestrial counterparts, enabling the synthesis of structurally
novel glycans with distinctive sulfation patterns and branching architectures, which are in-
accessible via land-based synthesis [12]. Structural diversity fosters a plethora of biological
activity. The Aspergillus ochraceus has complex biotechnological potential. Zou found that
the strain Aspergillus ochraceus MCCC 3A00521 isolated from the Northeastern Pacific has
strong inhibitory activity against ferroptosis by downregulating HMOX-1 expression [13];
Nasr et al. discovered that a protease activator (PAPC) secreted by Aspergillus ochraceus can
disrupt the biofilm of Staphylococcus aureus, thereby exerting antibacterial activity [14];
Guo et al. identified a galactomannan with a novel structure produced by the coral endo-
phytic fungus Aspergillus ochraceus, although its biological activity remains untested [15].
Despite these findings, there is still limited research on the structure and bioactivity of cell
wall polysaccharides derived from Aspergillus ochraceus.

In recent years, we have been focusing on exploring the anti-tumor activity of marine-
derived polysaccharides. This study aims to extract and purify cell wall polysaccharides
from Aspergillus ochraceus captured in the Weddell Sea of Antarctica, further characterize its
chemical structure, and preliminarily evaluate the anti-melanoma activity in vitro. Thus,
the AOP (Aspergillus ochraceus polysaccharide) might become a novel leading compound
for melanoma treatment due to its multiple potential effects.

2. Results

2.1. Yield and Purification

The AOP (300 mg, yielding 18.2% of the crude polysaccharide) was eluted with
0.2 M NaCl from the DEAE Sepharose Fast Flow column. The polysaccharide was further
purified using a Sephacryl S-200 HR column, resulting in the isolation of a polysaccharide
designated AOP (200 mg, yielding 47% of Aspergillus ochraceus biomass).

2.2. Molecular Weight and Monosaccharide Composition

The HPGPC analysis displayed a single symmetrical peak at approximately 27.46 min,
confirming the homogeneity of the AOP, as shown in Figure 1A. Understanding the
monosaccharide composition is crucial for characterizing polysaccharides, as monosaccha-
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rides play a significant role in determining both the structure and biological activity of
polysaccharides [16]. The HPLC analysis revealed that the AOP is a neutral polysaccharide
(Figure 1B), primarily composed of mannose (Man) and galactose (Gal), with a molar ratio
of 20.93:79.07. Notably, galactose was the predominant component in the AOP, comprising
over 80% of the total polysaccharide content. This composition contrasts with findings
from another study, which reported a different structure for the galactomannan produced
by the coral endophytic fungus Aspergillus ochraceus [15]. The variations in monosaccharide
composition may be attributed to differences in the extraction and purification methods
employed in the studies.

Figure 1. Characterization of polysaccharides. (A) The homogeneity of AOP using HPGPC. Peak
with the molecular weight at 39.67 kDa was examined in the standard curve. (B) Monosaccharide
composition analysis of AOP.

2.3. NMR Spectroscopy Analysis

The structural characterization of the polysaccharide was conducted through a com-
prehensive nuclear magnetic resonance (NMR) analysis. As shown in the 1H-NMR spec-
trum (Figure 2A), two distinct anomeric proton signals were observed, at 5.21 ppm (G,
unsubstituted β-D-galactofuranose backbone) and 5.05 ppm (M, α-D-mannopyranose).
Non-anomeric protons (H2-H6) resonated between 3.60 and 4.20 ppm. The analysis of
the 13C-NMR spectrum (Figure 2B) revealed two characteristic anomeric carbon signals in
the 90–110 ppm region: the G unit displayed an unusual C1 chemical shift at 108.48 ppm,
significantly upfield-shifted compared to typical β-pyranose configurations (97–105 ppm).
Our observed chemical shift data for C1 (≈108–110 ppm) corroborate prior characteriza-
tions of β-D-galactofuranose residues in Aspergillus ochraceus galactomannan [15,17–19],
collectively confirming the β-furanose configuration. The corresponding anomeric proton
signal (5.21 ppm) aligned with established β-Galf H1 chemical shifts (5.0–5.5 ppm). The
M unit exhibited a C1 signal at δ 102.01 ppm, within the conventional β-pyranose range.
However, its associated H1 proton resonance at 5.21 ppm displayed an unusual downfield
shift compared to typical β-pyranoses (4.5–5.0 ppm), suggesting α-mannopyranose configu-
ration (5.2–5.4 ppm for α-anomers). Additional carbon signals (60.94–85.8 ppm) included a
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characteristic unsubstituted C6 resonance at 62.66 ppm. The 1H-13C HSQC correlation spec-
trum (Figure 2C) confirmed the G unit assignment through direct correlation between H1
(5.21 ppm) and C1 (108.38 ppm). The exceptional C1 chemical shift deviation from standard
β-pyranoses further supported the β-Galf assignment, suggesting potential →5)-β-Galf-
(1→ linkages through furanose ring formation. Structural connectivity was elucidated
through HMBC analysis (Figure 2D). Key cross-peaks included GC5/GH1 (76.93/5.21 ppm),
indicating →5)-β-Galf-(1→ glycosidic linkages; GC1/GH5 (108.38/3.97 ppm), confirming
consecutive (1→5)-linked galactofuranose residues; and GC2/MH1 (83.96/5.05 ppm),
suggesting mannopyranose attachment to the C2 of galactofuranose. The quantitative
analysis of 1H-NMR integrals revealed a G: M ratio of 14.0:1.0. This apparent discrepancy
from the monosaccharide composition may arise from differential acid hydrolysis stability,
as furanosidic bonds (G units) are more prone to degradation than pyranosidic linkages
(M units) during acidic hydrolysis, leading to the relative enrichment of mannopyranose
residues [20].

Figure 2. 1D and 2D spectra of AOP. (A) 1H NMR spectrum; (B) 13C NMR spectrum; (C) 1H-13C
HSQC spectrum; and (D) 1H-13C HMBC spectrum. Chemical shifts are expressed in ppm using
acetone as an internal standard at 2.225 ppm for 1H and 31.07 ppm for 13C. G or M correspond to → 5)-
β-D-Galf (1→and Manp α (1→2)-linked to the C2 position of Galf, respectively. Galf: galactofuranose,
Manp: mannopyranose.

2.4. Mass Spectrometric Fragment Ion Analysis of AOP Oligosaccharides

The oligosaccharide fragments generated by the controlled acid hydrolysis of the
AOP were characterized by ESI-CID-MS2. Given the structural homology with the galac-
tomannan system reported in prior studies [15], we adopted their nomenclature system
for fragment ion assignment. A typical cleavage was designated as W-series ions (W1,
W2) representing C4-C5 bond cleavage at consecutive reducing-end glycosyl units, with
A-type cross-ring fragments (A2, A3) assigned to non-reducing-end cleavages. A mass
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spectrometry analysis was conducted in negative ion mode, revealing that the controlled
acid degradation products predominantly comprised dp2–dp4 oligomers. The interpre-
tation of the oligosaccharides’ secondary fragment ions and their structural schematic
diagram are illustrated in Figure 3. Characteristic C/Y-type glycosidic cleavages produced
prominent ions at m/z 503.03 (Δ−162 Da) and 340.94 (Δ−324 Da), accompanied by B/Z-
type fragments at m/z 323.03, 485.15, and 647.17. Cross-ring dissociation patterns included
3,4A-series ions (m/z 232.93, 394.87, 557.10) and 0,3A-type fragments (m/z 412.88, 574.96),
while the W-series progression (m/z 280.91→442.98→605.03) showed sequential mass de-
creases of 162 Da, consistent with the loss of galactofuranose units. These spectral features
were consistent with the →5)-β-Galf-(1→ linkage pattern identified by NMR, with W-type
ions confirming terminal β-Galf positioning and 3,4A cleavages supporting a furanose ring
geometry. The structural assignments derived from the tandem mass spectrometric analysis
of MS2 fragment ions were systematically corroborated through a comparative evaluation
with NMR spectroscopic data, demonstrating a complementary agreement in the elucida-
tion of glycosidic linkage patterns and monosaccharide configurations. The comprehensive
structural analysis reveals that the Aspergillus ochraceus polysaccharide (AOP) possesses a
backbone composed of β-(1→5)-linked galactofuranosyl residues. This predominant fura-
nogalactan framework is partially substituted at the C2 position of galactofuranose residues
by α-D-mannopyranose units via (1→2)-glycosidic bonds. The quantitative analysis of the
repeating unit demonstrates an exact stoichiometric ratio of 15 monosaccharide constituents
per structural repeat unit, comprising 14 galactofuranose moieties in the main chain and
1 mannopyranose residue as the pendant group. This architectural configuration results
in a distinctive polysaccharide structure characterized by periodic mannan substitutions
along the galactose backbone at defined intervals.

 

Figure 3. ESI-CID-MS2 product ion spectrum and assignments of the ions of dp2-dp4. The sequence
is shown to indicate the proposed fragmentations.
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2.5. Cell Proliferation Analysis

Melanoma is one of the most aggressive forms of skin cancer and one of the most
common cancers in humans [21]. Consequently, the development of effective therapeutic
drugs is urgently needed. To explore the impact of the AOP on melanoma cell proliferation,
we first treated B16-F10 cells with varying concentrations of AOP. As shown in Figure 4A,
the AOP treatment at 24 h exhibited no significant toxicity to B16-F10 cells. However,
when the incubation time was extended to 48 and 72 h, AOP at a concentration of 50 μM
significantly inhibited cell proliferation. To assess the apoptosis rate induced by the AOP,
flow cytometry was employed. As illustrated in Figure 4B,C, nearly no apoptosis was
observed in the control group of B16-F10 cells. After treating with the AOP at 100 and
200 μM for 48 h, apoptosis rates increased to approximately 13.16% and 17.95%, respectively.
The simultaneous evaluation of AOP activity on A375 cells was performed. However,
A375 cells appeared to be more sensitive to AOP treatment after 72 h, with proliferation
being inhibited at lower concentrations (Figure 4D). Flow cytometry results indicated
apoptosis rates of 23.02% and 42.76% at 100 and 200 μM, respectively (Figure 4E). This
differential sensitivity may stem from the genetic variations between these two tumor
types. Overall, it is suggested that the AOP’s primary action is to inhibit the proliferation
of melanoma cells rather than to induce apoptosis.

Figure 4. AOP could directly promote apoptosis of B16-F10 and A375 cells at high doses. B16-F10
cells (A) and A375 cells (D) were treated with different concentrations of AOP for 24, 48, and 72 h,
followed by measuring cell viability by CCK8. Then, the amounts of apoptosis cells of B16-F10
cells (B) and A375 cells (E) were analyzed by flow cytometry, respectively. The statistical graph of
three independent repeated experiments of (C,F). All data were obtained from three independent
experiments and were presented as mean ± S.D., **, p < 0.01, ****, p < 0.0001, n = 3.

2.6. AOP Might Inhibit the Migration of Melanoma Cells by Suppressing the EMT Process

Melanoma is recognized as one of the most metastatic cancers, presenting significant
challenges for clinical treatment [22]. To investigate the effects of the AOP on the migration
of B16-F10 and A375 cells, we conducted wound-healing assays, transwell migration assays,
and colony formation experiments. Initially, as demonstrated in Figure 5A,B, at the 0 h
mark in B16-F10 cells, the scratch widths in both the control and AOP-treated groups
were comparable. However, after further incubation for 5 and 12 h, the AOP significantly
inhibited wound healing; the migration rates were 56.42% and 28.21%, respectively. By
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24 h, the control group had nearly completed healing, while the 200 μM AOP treatment
group showed incomplete wound closure with the migration rates of 85.68%, indicating
that the AOP effectively inhibits the migration of B16-F10 cells, particularly within the first
12 h.

 

Figure 5. AOP could inhibit the migration of B16-F10 cells by inhibiting the EMT process. (A) B16-F10
cells were incubated with 100 μM or 200 μM AOP; subsequently, the wound healing of B16-F10 cells
was observed at 5, 12, and 24 h, and the migration rates are shown in (B). Following the treatment
with AOP for 12 h, total RNA was extracted and reversed transcription to cDNA, and the expression
of E-cadherin, N-cadherin, snail, and vimentin were tested by qPCR assay (C). Furthermore, the effect
of AOP on the migration ability of B16-F10 cells using transwell experiments is shown (D). Finally,
after incubating B16-F10 cells or A375 cells with AOP or not, cultivation was continued for 14 days
and the formation of clones was observed (E). The cell morphology was observed with Olympus
CKX41 under bright field; the scale bar = 200 μm.; *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001,
n = 3.

Subsequently, as shown in Figure 5D, the AOP notably reduced the number of B16-F10
cells migrating from the upper chamber to the lower chamber of the transwell assay at
concentrations of 100 and 200 μM. In the colony formation experiment, we observed a
significant decrease in the number of clones formed by both B16-F10 (right) and A375 (left)
cells following AOP incubation (Figure 5E). The epithelial-to-mesenchymal transition (EMT)
is a critical process in cancer metastasis, during which epithelial cells acquire mesenchymal
characteristics, enhancing their motility and migratory abilities [16]. Therefore, we next
evaluated the expression of genes associated with the EMT process [23]. As illustrated in
Figure 5C, the AOP treatment resulted in the downregulation of N-cadherin and vimentin,
both of which promote EMT, while simultaneously upregulating the expression of E-
cadherin. Based on these observations, we hypothesize that the AOP may inhibit the
migration of B16-F10 and A375 cells by suppressing the EMT process.

2.7. AOP Could Exert Immune Anti-Tumor Activity In Vitro by Activating M1 Macrophages

Recent advancements in tumor immunotherapy have led to the approval of mul-
tiple immunotherapeutic drugs by the U.S. Food and Drug Administration (FDA) [24].
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Macrophages play a pivotal role in anti-tumor immunity, regulating immune responses
and eliminating tumor cells. However, the tumor microenvironment may “reprogram”
macrophages, leading to tumor growth promotion [25]. Thus, we evaluated the effect of
the AOP on macrophage activation. Our findings indicate that the AOP demonstrated
no cytotoxic effects on raw264.7 cells while promoting the secretion of nitric oxide (NO),
TNF-α, IL-1β, and IL-6 in a dose-dependent manner (Figure 6A). To validate these results
further, we isolated primary bone marrow-derived macrophages (BMDMs), which similarly
showed an enhanced release of inflammatory cytokines and NO in response to the AOP,
without any signs of cytotoxicity (Figure 6B). Given the heterogeneity of macrophages
in tumor settings, we hypothesize that the AOP may facilitate the reprogramming of
macrophages from the M2 phenotype to the M1 phenotype. As depicted in Figure 6C,D,
the AOP can downregulate M2-related genes such as IL-4, Arg1, and TGF-β1, while simul-
taneously upregulating M1-related genes like CD86, iNOS, IFN-γ, and COX2, supporting
our hypothesis. It is worth noting that although the protein level of CD206 showed a
trend of low-level increase, its expression did not exceed the baseline level of the control
group. This phenomenon can be interpreted as the existence of a transitional activation
state in macrophages.

Figure 6. AOP could activate macrophages and promote their transformation to the M1 type at low
concentrations. Raw264.7 cells (A) or BMDM cells (B) were treated with different concentrations of
AOP for 24 h; then, the cell supernatant was collected, and the content of nitric oxide, TNF-α, IL-1β,
and IL-6 in the supernatant was detected using ELISA assay. Total RNA of BMDM cells was extracted
and reversed transcribed to cDNA, and the expression of CD86, iNOS, IFN-γ, and COX2 (C), and
CD206, IL-4, Arg1, and TGF-β1 (D) was detected by qPCR assay. LPS was used as the positive control.
Significance levels by two-tailed t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

To investigate whether macrophage activation by the AOP translates into anti-tumor
efficacy, we established a luciferase-expressing B16-F10 model (B16-F10-luc) for the real-
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time monitoring of tumor cell viability. The comparison of the transfection group to the
control group revealed a strong green fluorescence, indicating successful plasmid incorpo-
ration (Figure 7A). Importantly, we noted no significant difference in proliferation between
transfected B16-F10-luc cells and normal B16-F10 cells (Figure 7B). We then assessed the
anti-tumor efficacy of AOP using a co-culture system through two approaches: direct
contact and transwell indirect contact. In the direct contact assay, BMDM cells co-cultured
with B16-F10-luc cells showed a 34.82% decrease in luminescence compared to the non-co-
culture (NC) group, indicating a baseline cytotoxic effect of BMDMs. Furthermore, the AOP
treatment resulted in additional reductions in luminescence, with decreases of 41.02% at
2.5 μM, 57.93% at 6.25 μM, and 64.64% compared to the NC group (Figure 7C). In contrast,
when we employed the transwell indirect contact method, the anti-tumor activity of the
AOP was not evident (Figure 7D). These findings suggest that the AOP can exert immune
anti-tumor activity by promoting the activation of M1 macrophages, with this effect being
dependent on direct cell-to-cell contact.

Figure 7. AOP could promote apoptosis of B16-F10 cells by activating BMDM at low concentrations.
Briefly, plasmids containing the luc-EGFP sequence were transfected into cells to construct the B16-
F10-luc stable transgenic cell line (A), and the difference in proliferation ability between B16-F10 and
B16-F10-luc cells was evaluated (B). B16-F10 cells are incubated separately or together with AOP
or BMDM cells for 24 hl subsequently, the proliferative ability of B16-F10 cells was evaluated using
the luminescence value (C). The killing effect of AOP and BMDM on tumor cells without direct
contact with B16-F10 was evaluated through transwell experiments (D). **, p < 0.01, ***, p < 0.001,
****, p < 0.0001, n = 3.

3. Discussion

The abyssal biome exerts unique evolutionary pressures that drive marine fungi to
develop specialized chemobiosynthetic compensatory mechanisms [26]. While previous
research on marine natural products has primarily concentrated on small-molecule sec-
ondary metabolites, the therapeutic potential of fungal structural polysaccharides remains
significantly underexplored. Aspergillus ochraceus, a member of the Aspergillus genus, has
been the subject of limited research regarding its polysaccharide content, particularly its
cell wall polysaccharides [27]. Bardalaye et al. extracted a galactomannan peptide from the
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Aspergillus niger hyphal wall, which contains 89% of carbohydrates and 11% of proteins [28];
Gomez-Miranda, B et al. isolated alkaline soluble α-glucan and insoluble β-glucan-chitin
complexes from the cell wall of Aspergillus alliaceus sclerotia and analyzed an α-linked extra-
cellular polysaccharide containing D-galactosamine (70%), D-galactose (10.5%), D-glucose
(10.5%), and acetate ions (2.6%) [29]. Guo et al. analyzed an extracellular polysaccharide,
isolated from the fermented broth of the fungus Aspergillus ochraceus derived from coral
Dichotella gemmacea, called AW1, which is a galactomannan containing a mannan core [15].

Contrasting with these previous investigations, which have largely focused on struc-
tural analyses, our study primarily highlights the biological activities of the cell wall
polysaccharides extracted from Aspergillus ochraceus. We have uncovered that these polysac-
charides can inhibit the proliferation of melanoma cells and activate M1 macrophages
in vitro. A clear distinction emerges between the current ratio of the monosaccharide
composition of the AOP and the composition of galactomannans reported. Variations in
monosaccharide composition are likely to influence the structural differences, subsequently
leading to diverse bioactivities related to the anti-tumor effects observed. Currently, we
have conducted only in vitro activity tests. In future work, we aim to further investigate the
pharmacological activities and underlying mechanisms of these polysaccharides against
melanoma.

4. Materials and Methods

4.1. Chemicals and Reagents

DEAE Sepharose Fast Flow and Sephacryl S-200 HR were purchased from GE Health-
care (Danderyd, Sweden). Monosaccharide standards (galacturonic acid (GalA), glucose
(Glc), galactose (Gal), xylose (Xyl), arabinose (Ara), mannose (Man), and fucose (Fuc))
were purchased from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). The
medium potatoe dextrose water (PDA) was purchased from Hope Bio-Technology Co., Ltd.
(Qingdao, China). D2O (99.9%) was purchased from Cambridge Isotope Laboratories, Inc.
(Tewksbury, MA, USA). Puromycin (puro) and CCK8 were from Yeasen Biotechnology
(Shanghai, China). Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich (Saint
Louis, MO, USA). Recombinant macrophage colony-stimulating factor (M-CSF) was from
MedChemExpress (Shanghai, China). All other reagents used were analytical grade from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

4.2. Aspergillus Ochraceus Cultured Condition

Aspergillus ochraceus was deposited at the Marine Medicinal Bioresources Center
(MMBC) (Ocean University of China, China), and was collected from Antarctic Weddell
Sea Island and stored at the Ocean University of China’s Marine Derived Species Bank
with a case number of HDN1829900. It was identified according to its morphological
characteristics and 18S rRNA sequences. The marine fungus Aspergillus ochraceus was
initially cultivated on potato dextrose water medium and grown in a Petri dish sample
(One week for the growth of the strains) at 28 ◦C for 7 days, then inoculated into a conical
flask from a total of 2 L of culture medium comprising potato dextrose water. This culture
was agitated on a rotary shaker at 178 rpm and 28 ◦C for 9 days. Finally, the broth was
then separated from the filtrate by centrifugation at 5000 rpm for 25 min to isolate the
supernatant; the resulting precipitate or pellet was obtained.

4.3. Preparation of AOP

Autolysis of Aspergillus ochraceus: Freshly precipitated Aspergillus ochraceus cells are
combined with 10 times the volume of distilled water and thoroughly mixed. The mixture is
then filtered through a 100-mesh gauze to remove any impurities. The filtrate is centrifuged,
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and the resulting precipitate is washed three times with distilled water. The precipitate is
then dried overnight in an oven at 60 ◦C, mixed with a 1 M sodium acetate buffer solution
at a 1:5 mass ratio. The pH is adjusted to 5.5 using acetic acid, and solid sodium chloride
is added to achieve a 3% mass fraction. The mixture is stirred at 55 ◦C for 24 h, then
neutralized to pH 7 with 0.5 M sodium hydroxide solution and centrifuged. The precipitate
is washed three times with distilled water, yielding Aspergillus ochraceus cell walls. Alkali
Treatment: The precipitate is treated with a 0.5 M NaOH solution at a 1:5 mass ratio, heated,
and stirred at 80 ◦C for 2 h. The mixture is then neutralized with HCl to a pH of 7 and
centrifuged. The supernatant is concentrated under vacuum and dialyzed. The dialysate
is further concentrated under vacuum and freeze-dried. Subsequently, an alkaline extract
was fractionated on a DEAE Sepharose Fast Flow column (50 × 5 cm, Cl−) with a gradient
elution of 0.2 M NaCl, and was further purified with Sephacryl S-200 HR (100 cm × 1.6 cm)
column to obtain a homogeneous fraction AOP.

4.4. Monosaccharide Composition

The monosaccharide composition was determined using a modified 1-phenyl-3-
methyl-5-pyrazolone (PMP)-HPLC method. Each marine fungi strain was hydrolyzed
briefly with 2 M trifluoroacetic acid (TFA) at 110 ◦C for 6 h. The hydrolysate was then
dried to remove the excess TFA. Next, the hydrolysate or monosaccharide standard was
separately dissolved in water, followed by the addition of sodium hydroxide and PMP in
methanol. The mixture was incubated at 70 ◦C for 1 h. After cooling, the reaction mixture
was neutralized with hydrochloric acid and extracted with chloroform three times. HPLC
analysis was performed on an Agilent ZORBAX Eclipse XDB-C18 column at a constant
flow rate of 1.0 mL/min, with the column temperature maintained at 30 ◦C. The mobile
phase comprised 17% acetonitrile in a 0.1 M phosphate buffer solution. The entire process
was monitored using a Diode array detector.

4.5. NMR Analysis

The dried sample (30 mg) was dissolved with D2O (500 μL, 99.8% D), and 0.2 μL
with acetone as an internal standard (2.225 ppm for 1H and 31.07 ppm for 13C). Then, a
Bruker AVANCE III NMR spectrometer (Billerica, GermanyUSA), operating at 500 MHz at
333 K, was used to detect the NMR spectra (1H NMR, 13C NMR spectra, 1H-13C HMBC
and HSQC) of the sample.

4.6. Mass Spectrometry

To elucidate the structural features of AOP, controlled acidic hydrolysis was performed
under optimized conditions. Briefly, 10 mg/mL of AOP was dissolved in a 0.05 M H2SO4

aqueous solution and incubated at 80 ◦C for 1 h. The reaction was immediately quenched by
neutralization with 0.1 M Ba(OH)2. The centrifuged hydrolysate was diluted with an equal
volume of acetonitrile (1:1, v/v) prior to ESI-MS/MS analysis by LTQ Orbitrap XL (Thermo,
Waltham, MA, USA). Fragment ion profiles were acquired using electrospray ionization-
tandem mass spectrometry (ESI-MS/MS) in negative ion mode, with the collision-induced
dissociation (CID) energy set to 20–35 eV to optimize the spectral resolution of glycosidic
bond cleavage patterns. The mass data were analyzed by Xcalibur 4.0.

4.7. Cell Lines and Extraction of Primary BMDM Cells

B16-F10 cells were cultured in Roswell Park Memorial Institute (RPMI-1640), con-
taining 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and 1% peni-
cillin/streptomycin; A357 cells were maintained with Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (FBS, Gibco, USA) and 1% penicillin/streptomycin.
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Briefly, C57BL/6 mouse bone marrow (C57BL/6 mice were purchased from GemPhar-
matech (Nanjing, China)) was washed to obtain a single-cell suspension, followed by steps
such as red blood cell lysis and washing, and then stimulated with M-CSF (20 ng/mL) for
5 days to differentiate into BMDM, and cultured with DMEM. All cells were cultured at
37 ◦C in a humidified incubator with 5% CO2.

4.8. Cell Proliferation and Apoptosis Detection

The cell proliferation and apoptosis of B16-F10 and A375 cells were tested by CCK8
assay, flow cytometry assay, and clone formation assay. Briefly, cells were seeded into a
96-well plate (4 × 103 cells/well) and treated with different concentrations of AOP for the
intended time; then, 10 μL CCK8 was added to each well, and the optical density was
measured by a spectrophotometer (Epoch 2, BioTe, Irving, TX, USA) at 450 nm. On the
other hand, cells were plated into the 6-well plate (2 × 105 cells/well); then, AOP was
added to the cells after cells adhered, and the cell apoptosis rate was tested by Annexin
V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, China), following the instructions.
Subsequently, flow cytometry (Novocyte 3000, Agilent, Santa Clara, CA, USA) was used for
detection, and data analysis was conducted using software NovoExpress (Version 1.5.8).

As for the clone formation assay, B16-F10 cells were incoluted into a 6-well plate
(600 cells/well) and continued to culture for 14 days. The medium containing AOP (or not)
was changed every 3 days and the cell status was observed; after cloning, washing with
PBS was performed. Then, 1 mL of 4% paraformaldehyde (Servicebio, Wuhan, China) was
added to each well for 15 min and washed once with PBS; 1 mL of crystal violet staining
solution (Servicebio, Wuhan, China) was added to each well and incubated for 20 min; Cells
were then washed several times with PBS and photos were taken with a digital camera.

4.9. Cell Migration Ability Detection

The migration ability of cells was tested by wound-healing experiments and transwell
experiments. Cells were plated into 6-well plate (1 × 106 cells/well); after the cells are fully
attached to the wall, a 10 μL pipette tip was used to draw a straight line that intersected
with the marked line, and gentle rinsing with PBS buffer was performed to remove the
scratched cells; culture medium containing AOP or not was added, and an Olympus CKX41
microscope (Olympus, Tokyo, Japan) was used to observe the healing of the wound. Finally,
an edge analysis was conducted using ImageJ software 2.9 (NIH, Bethesda, MD, USA).

A transwell with an aperture of 8 μm was purchased from Corning (Corning, New
York, NY, USA). Generally, the cells were pre-starved for 4 h, and 600 μL of culture medium
containing 10% FBS was added to the lower chamber of a 24-well plate. Then, 100 μL of
cell suspension (5 × 104) was added to the upper chamber of the transwell, significantly,
with or without AOP in both chambers. Incubation was continued for 24 h, followed by
crystal violet staining as described in 4.7, and observation under a microscope.

4.10. RT-qPCR Assay

Cells were treated with different concentrations of AOP, total RNA was extracted
by Tissue/Cell Fast RNA Extraction Kit for Animal (Abclonal, Wuhan, China), and then
ABScript III RT Master Mix for qPCR with gDNA Remover (Abclonal, Wuhan, China) was
used for the reverse transcription of RNA and qPCR assay. Finally, a thermocycler (Bio-Rad,
Hercules, CA, USA) was used for the qPCR test. Primers (Table 1) were synthesized by
Sangon Biotech (Shanghai, China).
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Table 1. RT-qPCR primer sequences.

Target Gene Forward Primer Reverse Primer

E-cadherin CAGTTCCGAGGTCTACACCTT TGAATCGGGAGTCTTCCGAAAA

N-cadherin AGGCTTCTGGTGAAATTGCAT GTCCACCTTGAAATCTGCTGG

vimentin CGTCCACACGCACCTACAG GGGGGATGAGGAATAGAGGCT

snail CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

CD86 TCAATGGGACTGCATATCTGCC GCCAAAATACTACCAGCTCACT

CD206 CTCTGTTCAGCTATTGGACGC TGGCACTCCCAAACATAATTTGA

iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC

IFN-γ GACAACTACACCCTAAAGTGGAG GCTCTGACACGAAACTGTGTTTT

COX-2 TTCCAATCCATGTCAAAACCGT AGTCCGGGTACAGTCACACTT

IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

Arg1 CTCCAAGCCAAAGTCCTTAGAG GGAGCTGTCATTAGGGACATCA

TGF-β1 CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC

4.11. ELISA Assay

Raw264.7 and BMDM cells were seeded into a 24-well plate and treated with different
concentrations of AOP for 24 h. Then, the supernatant was collected and centrifugation
at 13,000 rpm at 4 ◦C for 15 min. The contents of TNF-α, IL-1β, and IL-6 were detected
using the ELISA kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions.

4.12. Tumor and Immune Cell Co-Incubation Assay

A B16-F10-luc stable cell line was constructed through the lentiviral infection method.
Briefly, plasmids containing the luc-EGFP sequence were transfected into cells to construct
the stable transgenic cell line with a 1 week screening of puromycin, and then the killing
effect was evaluated under a co-incubation system through direct contact and transwell
(0.4 μm) indirect contact. After incubation with AOP-trained or untrained BMDMs, lu-
ciferase substrate was added, and the luminescence value was measured to evaluate tumor
cell viability.

4.13. Statistics Assay

Data were displayed as mean ± S.D. and analyzed by GraphPad Prism 9.0 software
using an unpaired t-test and one-way ANOVA. All experiments were conducted indepen-
dently at least 3 times and p values less than 0.05 were considered significant differences
(*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).

5. Conclusions

In conclusion, a novel homogeneous polysaccharide, designated as AOP, was success-
fully extracted and purified from Aspergillus ochraceus. Our studies demonstrated that the
AOP directly inhibits the proliferation and migration of B16-F10 and A375 cells, inducing
apoptosis at higher concentrations, while also exerting immune anti-tumor activity by
activating macrophages at lower concentrations. These findings provide a strong rationale
for further in vivo experiments. Mechanistic investigations indicated that the inhibition of
migration induced by AOP may be linked to its ability to suppress the activation of the
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epithelial-mesenchymal transition (EMT) process. Therefore, our results lay a theoretical
foundation for the development of anti-tumor lead compounds derived from marine fungi.
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Abstract: Cardiovascular disease remains a leading cause of morbidity and mortality
worldwide, frequently arising from platelet hyperactivation and subsequent thrombus
formation. Although conventional antiplatelet therapies are available, challenges, such as
drug resistance and bleeding complications, require the development of novel agents. In
this study, dihydrogeodin (DHG) was isolated from Fennellia flavipes and evaluated using
platelets derived from Sprague–Dawley rats. Platelet aggregation induced by collagen,
adenosine diphosphate, or thrombin was assessed by light transmission aggregometry;
DHG significantly reduced aggregation in a dose-dependent manner. Further assays
demonstrated that DHG suppressed intracellular calcium mobilization, adenosine triphos-
phate release, and integrin αIIbβ3-dependent fibrinogen binding, thereby impairing clot
retraction. Western blot analysis revealed that DHG reduced the phosphorylation of
mitogen-activated protein kinases (ERK, JNK, p38) and PI3K/Akt, indicating inhibition
across multiple platelet-signaling pathways. Additionally, SwissADME-assisted pharma-
cokinetics predicted favorable properties without violations of the Lipinski (Pfizer) filter,
Muegge (Bayer) filter, Ghose filter, Veber filter, and Egan filter, and network pharmacology
revealed inhibition of calcium and MAPK pathways. These results highlight the potential
of DHG as a novel antiplatelet agent with broad-spectrum activity and promising drug-like
characteristics. Further studies are warranted to assess its therapeutic window, safety
profile, and potential for synergistic use with existing antiplatelet drugs.

Keywords: dihydrogeodin; Fennellia flavipes; platelet aggregation; MAPK and PI3K/Akt
pathways; marine natural products

1. Introduction

Cardiovascular disease encompasses a broad spectrum of conditions, including
atherosclerosis, coronary heart disease, hypertension, and stroke [1]. A key contribu-
tor to cardiovascular disease pathophysiology is platelet hyperactivation, which facilitates
atherosclerotic plaque development, plaque rupture, and thrombus formation [2]. Under
physiological conditions, platelets play a critical role in maintaining hemostasis [3]; how-
ever, when excessively activated, they can form occlusive thrombi that impair blood flow,
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potentially resulting in myocardial infarction, stroke, or other ischemic complications [4].
Accordingly, pharmacological inhibition of platelet function remains a well-established
approach for both the treatment and prevention of cardiovascular disease [5–8]. While
synthetic antiplatelet agents have been instrumental in managing cardiovascular diseases,
their use is often accompanied by significant adverse effects. For instance, clopidogrel has
been associated with rare but severe hematological disorders, such as aplastic anemia and
thrombotic thrombocytopenic purpura. Similarly, long-term aspirin therapy is linked to
gastrointestinal complications, including ulcer formation and an increased risk of bleed-
ing [9]. Considering this, the ethnomedical approach could be a promising strategy for
preventing cardiovascular disease and its complications [6].

Platelets contain dense (δ) and alpha (α) granules. δ granules store adenosine diphos-
phate (ADP), adenosine triphosphate (ATP), Ca2+, and serotonin, whereas α granules
contain fibronectin, fibrinogen, von Willebrand factor (vWF), and P-selectin [6,10]. Multiple
signaling pathways control granule secretion, including Src family kinases (early platelet
activation), intracellular Ca2+ mobilization, the cAMP-VASP-PKA pathway, protein kinase
C (PKC) activation, the mitogen-activated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K)/protein kinase B (Akt) cascades, and RhoA-regulated cytoskeletal reorga-
nization [10]. The increase in intracellular Ca2+ is essential for platelet function, initiating
downstream signaling that promotes aggregation and thrombus formation [11]. Platelet
activation also depends on integrin αIIbβ3, which undergoes conformational changes
during inside–out signaling and binds fibrinogen, a critical step in the formation of stable
thrombi [12]. Fibronectin enhances aggregation by interacting with integrins and recruiting
signaling molecules to the cytoplasmic tails [13]. Additionally, Rho GTPases and Rho
kinases (ROCKs) regulate cytoskeletal remodeling through myosin light chain phosphory-
lation, influencing platelet morphology, motility, and clot retraction [14]. Notably, treatment
with natural products has been shown to reduce Ca2+ mobilization, ATP and serotonin
release, fibrinogen binding, fibronectin adhesion, and clot retraction, indicating that such
compounds exert antiplatelet effects through the inhibition of granule secretion and inte-
grin αIIbβ3 signaling [12,15]. Despite the effectiveness of current antiplatelet agents, such
as aspirin and clopidogrel, these drugs are frequently associated with adverse effects and
complications [16,17]. Aspirin, for instance, may cause severe gastric ulcers and prolonged
bleeding, whereas clopidogrel has been linked to aplastic anemia and thrombocytopenic
purpura [6]. Moreover, a substantial proportion of patients exhibit resistance to these
therapies [18,19]. Factors contributing to aspirin resistance include genetic polymorphisms
in cyclooxygenase-1 (COX-1) and other thromboxane-related genes, upregulated thrombox-
ane biosynthesis from non-platelet sources, elevated platelet turnover, and interindividual
variability in drug absorption [5]. These limitations highlight the pressing need for safer
and more efficacious antiplatelet agents.

Natural products have historically been a rich source of bioactive molecules [20–22].
Numerous plant-derived and microbial metabolites demonstrate potent antiplatelet activity
by targeting key enzymes or receptors involved in platelet aggregation [20,23–25]. These
multitarget mechanisms reflect the broader therapeutic potential of natural compounds,
which often exert bidirectional regulatory effects on physiological processes and tend to
produce fewer side effects. Several marine fungi have previously been reported to possess
bioactive natural products and significantly beneficial antiplatelet activities; for exam-
ple, Epicoccum sorghinum metabolites inhibit platelet aggregation and inflammation [26],
and Aspergillus species have been reported to exhibit antiplatelet as well as anticancer
properties [27]. Moreover, marine fungal lipid bioactives display anti-inflammatory and an-
tithrombotic effects, underscoring their promise as sources of novel antiplatelet agents [28].
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Among microbial sources, Aspergillus species are well known for producing a wide
variety of secondary metabolites with therapeutic potential, including antiviral xanthones,
diphenyl ether and butenolide derivatives with α-glucosidase inhibitory activity, and ben-
zophenones with antimicrobial properties [29]. Chlorinated diphenyl ethers, in particular,
serve as chemical markers of Aspergillus spp. and are generally believed to originate from
anthraquinone precursors, such as emodin, via intermediates, such as sulochrin and grisan-
dienes (e.g., geodin) [29]. The genus Fennellia (family Trichocomaceae), which includes
F. flavipes and F. nivea, has been identified as the teleomorph of Aspergillus flavipes [30].
Although A. flavipes has been extensively studied for its production of cytochalasins, alka-
loids, polyketides, butenolides, meroterpenoids, diphenyl ethers, benzophenones, and xan-
thones [31], some of which exhibit cytotoxic, antibacterial, or glucosidase-inhibiting prop-
erties, relatively little is known about the bioactive compounds specifically produced by F.
flavipes [31]. This study began to address this gap by identifying several notable metabolites
from F. flavipes, including a newly characterized dimeric 1,3-dihydroisobenzofuran and five
previously known compounds, such as dihydrogeodin (DHG) [31,32]. In the present study,
we isolated DHG from the culture broth of F. flavipes and evaluated its in vitro antiplatelet
activity. Our findings demonstrate that DHG functions as a potent inhibitor of platelet
aggregation, highlighting the potential of F. flavipes as a source of novel antiplatelet agents
and pharmacologically active natural products.

2. Results

2.1. Structural Elucidation

The known compound dihydrogeodin was identified through the comprehensive
analysis of its 1H and 13C NMR spectra and HPLC data (Supplementary Figures S1–S5),
which were consistent with both recent [31] and previously published reports [32,33].

2.2. DHG Inhibits Agonist-Induced Platelet Aggregation

Platelet aggregation can be induced by various agonists, each activating distinct sig-
naling pathways. Collagen initiates platelet adhesion and aggregation at sites of vascular
injury [34], ADP promotes platelet activation through P2Y receptors [35], and thrombin
induces robust platelet responses via protease-activated receptors [36]. To assess the an-
tiplatelet potential of DHG, we evaluated platelet aggregation induced by each of these
three agonists. Figure 1A presents the chemical structure of DHG. As shown in Figure 1B–D,
DHG significantly inhibited platelet aggregation induced by collagen, ADP, and thrombin
in a dose-dependent manner. Notably, DHG exerted its strongest inhibitory effect on
collagen-induced aggregation. In collagen-stimulated platelets (Figure 1B), DHG at 10 μM
significantly reduced aggregation compared with collagen alone (* p < 0.05) and completely
inhibited aggregation at 40 μM (*** p < 0.001). In contrast, ADP-induced aggregation
(Figure 1C) required a concentration of 80 μM to achieve significant reduction (* p < 0.05),
whereas thrombin-induced aggregation (Figure 1D) was significantly inhibited at 40 μM
(* p < 0.05). These findings indicate that DHG more strongly targets the collagen-mediated
pathway of platelet activation, while also exhibiting broader inhibitory effects against
ADP- and thrombin-induced activation, highlighting its potential as a novel therapeutic
agent for the prevention of platelet-mediated thrombotic events. The IC50 of DHG for
collagen-induced platelet aggregation was calculated to be 18.5 μM (Figure 1E). No po-
tential cytotoxicity was observed at the indicated concentration (Supplementary Figure
S7).
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Figure 1. Dihydrogeodin (DHG) inhibits agonist-induced platelet aggregation. Washed platelets
were incubated for 1 min with DHG in the presence of 1 mM CaCl2. Aggregation was initiated by
the addition of agonists. (A) Chemical structure of DHG. (B) Effect of DHG on collagen-induced
platelet aggregation. (C) Effect of DHG on ADP-induced platelet aggregation. (D) Effect of DHG on
thrombin-induced platelet aggregation. (E) IC50 of DHG for collagen-induced platelet aggregation.
Data are expressed as means ± SD (n = 3). Statistical significance was determined by one-way
ANOVA followed by a post hoc Dunnett’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 versus agonist.

2.3. DHG Inhibits ATP Release and [Ca2+]i Mobilization

To determine whether DHG affects dense granule secretion, we measured ATP release
from platelets stimulated with collagen (2.5 μg/mL). As shown in Figure 2 (left panel),
collagen substantially increased ATP release compared with resting platelets, whereas
DHG at 10, 20, and 40 μM significantly reduced ATP secretion in a dose-dependent manner
(* p < 0.05, ** p < 0.01, *** p < 0.001 versus collagen-stimulated controls). In parallel,
intracellular Ca2+ mobilization, a key event in platelet activation, was assessed using Fura-
2/AM-loaded platelets. Collagen stimulation induced a substantial increase in Ca2+ levels
relative to resting platelets (Figure 2, right panel). DHG at 10, 20, and 40 μM significantly
attenuated this collagen-induced Ca2+ mobilization (** p < 0.01, *** p < 0.001 versus collagen-
stimulated controls). These findings suggest that DHG suppresses both dense granule
secretion and intracellular calcium signaling, providing further mechanistic evidence for
its potent antiplatelet activity.

2.4. DHG Downregulates Inside–Out and Outside–In Signaling and Prevents Platelet
Shape Change

Inside–out signaling in platelets is primarily mediated by the activation of integrin
αIIbβ3, which promotes fibrinogen binding and supports platelet aggregation [37]. As
shown in Figure 3 (left), collagen stimulation (2.5 μg/mL) substantially increased the pro-
portion of platelets binding fibrinogen compared with resting conditions. Pretreatment with
DHG at 10, 20, and 40 μM significantly reduced fibrinogen binding in a dose-dependent
manner (* p < 0.05, ** p < 0.01, *** p < 0.001 versus collagen-stimulated controls). Notably,
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DHG at 40 μM nearly abolished fibrinogen binding, producing an effect comparable to that
of EGTA (100 μM), which chelates calcium and prevents integrin activation [38]. These
results indicate that DHG potently inhibits the inside–out signaling pathway leading to
αIIbβ3 activation, thereby blocking fibrinogen binding and platelet aggregation.

Figure 2. DHG inhibits platelet granule release. (A) Platelets were preincubated with DHG, stim-
ulated with collagen, and the supernatant was analyzed for ATP using a standard ATP assay kit.
(B) Intracellular Ca2+ levels were assessed using Fura-2/AM-loaded platelets. Data are presented as
means ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 versus collagen alone.

Figure 3. DHG inhibits integrin αIIbβ3-mediated inside–out signaling pathway. (Left) Flow cytome-
try histograms showing fibrinogen binding in resting and collagen-stimulated platelets (2.5 μg/mL)
in the presence or absence of DHG (10, 20, 40 μM) or EGTA (100 μM). (Right) Quantification of
fibrinogen binding. Data are presented as means ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001
versus collagen alone.

After integrin activation and aggregation, outside–in signaling via αIIbβ3 coordinates
platelet spreading, cytoskeletal reorganization, and clot retraction, a critical process for
thrombus stabilization [12]. To assess whether DHG interferes with outside–in signaling,
we performed a clot retraction assay using thrombin (1 U/mL) as the stimulus (Figure 4).
In the absence of DHG, clot retraction was substantial, resulting in a compact thrombus
(Figure 4A). In contrast, treatment with DHG at 20 and 40 μM significantly impaired clot
retraction (* p < 0.05, ** p < 0.01, *** p < 0.001 versus thrombin alone), yielding larger, less
compact, and heavier clots (Figure 4B). The degree of inhibition was comparable to that
observed with Y-27632 (10 μM), a known ROCK inhibitor, suggesting that DHG interferes
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with Rho-dependent signaling pathways. These findings demonstrate that DHG disrupts
both inside–out and outside–in signaling in platelets. Further scanning electron microscopy
(SEM) was performed to visualize the platelet shape change (Figure 4C). Collagen-induced
platelets show clear fibrin meshwork formation which was significantly prevented after
treatment with the indicated concentration of DHG.

Figure 4. DHG inhibits clot retraction. Platelet-rich plasma (PRP) was incubated for 2 min with
DHG or Y-27632. Human thrombin (1 U/mL) was then added, and (A) clot retraction and clot shape
change were assessed at room temperature for 90 min. (B) The clot weight was assessed * p < 0.05,
*** p < 0.001 versus thrombin alone. (C) Platelet shape change was visualized with scanning electron
microscopy (SEM). SEM images of the platelet shape revealed a change in morphology from discoid
to a rounded shape containing filopodia upon activation with collagen, which was prevented by
treatment with DHG.

2.5. DHG Attenuates MAPK and PI3K/Akt Phosphorylation

To determine whether DHG modulates the MAPK and PI3K/Akt pathways, both of
which are essential for platelet activation [5], platelets were pretreated with DHG (10, 20,
or 40 μM) and subsequently stimulated with collagen (2.5 μg/mL). Phosphorylation levels
of extracellular signal-regulated kinase (ERK), Janus kinase (JNK), p38, PI3K, and Akt
were assessed by Western blotting (Figure 5). Collagen stimulation substantially increased
the phosphorylation of these proteins compared with resting platelets. In contrast, DHG
reduced phosphorylation in a dose-dependent manner, whereas total protein levels (T-ERK,
T-JNK, T-p38, T-PI3K, T-Akt) remained largely unchanged. Notably, DHG at 40 μM reduced
phospho-ERK, phospho-JNK, phospho-PI3K, and phospho-Akt levels to near-basal values,
indicating a strong inhibitory effect on MAPK and PI3K/Akt signaling. These results
suggest that suppression of these key pathways contributes to the antiplatelet mechanism
of DHG.

2.6. Pharmacokinetics, Drug-Likeliness Analysis

To assess the drug-likeness and pharmacokinetic potential of DHG, we utilized Swis-
sADME to predict its physicochemical and pharmacokinetic properties. The analysis
revealed that DHG complies with Lipinski’s rule of five, suggesting good oral bioavail-
ability. Additionally, DHG demonstrated favorable lipophilicity (LogP), solubility, and
gastrointestinal (GI) absorption, supporting its potential for systemic administration. No
violations of drug-likeness criteria were predicted, reinforcing its suitability as a bioactive
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compound. The pharmacokinetic profile also suggested a low probability of BBB perme-
ability, which may reduce the risk of central nervous system side effects. DHG was also
predicted to be a non-substrate for P-glycoprotein (P-gp) efflux transporters, potentially
enhancing its bioavailability. However, predicted interactions with cytochrome P450 (CYP)
isoforms warrant consideration in future metabolism studies (Figure 6A,B).

Figure 5. DHG inhibits protein phosphorylation. Platelets were preincubated with DHG and
stimulated with collagen. Aggregation was halted by the addition of lysis buffer, after which
protein concentrations were measured. Proteins were separated by SDS-PAGE, transferred to PVDF
membranes, and probed with specific antibodies after membrane blocking. Visualization was
performed using enhanced chemiluminescence. Representative Western blots (left panels) and
corresponding quantification (right panels) show the phosphorylation levels of MAPK (ERK, JNK,
p38) and PI3K/Akt in platelets pretreated with DHG (10, 20, 40 μM) or a reference inhibitor. Data are
presented as means ± SD. Statistical significance was determined by one-way ANOVA followed by a
post hoc Dunnett’s test * p < 0.05, ** p < 0.01, *** p < 0.001, and ns = non-significant versus collagen
alone.

Figure 6. SwissADME analysis of DHG. The canonical SMILES for DHG were retrieved from
PubChem and entered into SwissADME. Output files and visualizations were directly from the
website. (A) The BOILED-Egg model evaluated human intestinal absorption (HIA) and blood–brain
barrier (BBB) permeability based on lipophilicity and polarity, generating a WLOGP versus tPSA
plot. (B) SwissADME predictions showed that DHG complies with Lipinski’s rule of five, indicating
good oral bioavailability.
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2.7. Network Pharmacology

To explore the potential mechanism of DHG in platelet modulation, a network phar-
macological approach was employed. A Venn diagram (Figure 7A) was constructed to
identify overlapping targets between DHG and platelet activation-related genes, revealing
25 common targets, suggesting a potential pharmacological link between the compound
and platelet function. A protein–protein interaction (PPI) network of these overlapping
targets was constructed using the STRING database (Figure 7B). Notably, NFKB1, PDGFRA,
RXRA, and PTPN11 emerged as key hub nodes, indicating their potential central roles
in mediating the effects of DHG. The network shows that these targets are functionally
interconnected and may be critical in signal transduction processes related to platelet activ-
ity. Further, a compound–target–pathway network (Figure 7C) demonstrated that DHG
targets are significantly enriched in several signaling pathways. These include the calcium
signaling pathway, MAPK signaling pathway, adipocytokine signaling pathway, and in-
sulin resistance pathways. Notably, these pathways are not only relevant to cardiovascular
diseases but also play crucial roles in platelet activation and aggregation, highlighting the
therapeutic potential of DHG in thrombosis or related disorders.

Figure 7. Network pharmacological assessment of DHG. (A) Venn diagram showing the intersection
between predicted targets of DHG and platelet-related genes, where 25 overlapping genes were
identified. (B) Protein–protein interaction (PPI) network of the 25 common targets constructed using
the STRING database. (C) Compound–target–pathway network illustrating the association between
DHG, its core targets, and enriched KEGG pathways.

3. Discussion

Natural products have attracted considerable interest due to their multitarget activ-
ities and relatively low incidence of adverse effects [39]. Recent studies have identified
marine-derived compounds as promising sources of antiplatelet agents [40–43]. Similarly,
various herbal medicines and their purified constituents have demonstrated potent an-
tiplatelet activity [6,44,45]. For example, in our recently published study, ginsenoside Rg5
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regulates GPVI signaling pathways by inhibiting collagen-induced platelet aggregation.
The cryptotanshinone from Salvia miltiorrhiza Bunge exerts P2Y12-independent antiplatelet
effects by downregulating the PI3K/Akt, MAPK, and STAT3 pathways [46]. Tryptanthrin
from Isatidis Radix interferes with both inside–out and outside–in αIIbβ3 signaling, thus
preventing stable thrombus formation [45]. Additionally, dieckol from Eisenia bicyclis
inhibits platelet aggregation by suppressing granule secretion, integrin αIIbβ3 function,
and the RhoA/ROCK pathway [12]. Similarly, in our study, DHG attenuated integrin
αIIbβ3–mediated fibrinogen binding and clot retraction, as well as the phosphorylation of
MAPK (ERK, JNK, p38) and PI3K/Akt, underscoring its multifaceted mode of action.

Platelet activation depends on a coordinated network of signaling events triggered by
vascular injury [47]. Collagen, ADP, and thrombin activate distinct platelet receptors, GPVI,
P2Y12, and protease-activated receptors, respectively, to initiate granule secretion, integrin
αIIbβ3 activation, and cytoskeletal reorganization [48]. DHG significantly inhibited platelet
aggregation induced by collagen, ADP, and thrombin in a dose-dependent manner, indi-
cating broad inhibitory activity across multiple platelet activation pathways (Figure 1). In
addition to its inhibition of aggregation, DHG substantially reduced intracellular Ca2+ mo-
bilization and ATP release in response to collagen stimulation (Figure 2). Given the critical
role of Ca2+ in platelet granule secretion, these results suggest that DHG disrupts upstream
signaling events essential for platelet activation and may prevent thrombus formation at
an early stage. DHG significantly reduced fibrinogen binding to platelets, indicating strong
inhibition of αIIbβ3 activation. By blocking this step, DHG prevents the formation of stable
platelet plugs (Figure 3). Furthermore, DHG attenuated human thrombin-induced clot
retraction, mirroring the effects of established ROCK inhibitors and also prevented collagen-
induced platelet shape change (Figure 4). DHG also reduced the phosphorylation of key
signaling proteins in a dose-dependent manner without significantly altering total protein
levels (Figure 5). Additionally, DHG satisfies Lipinski’s rule of five, suggesting good oral
bioavailability. It also demonstrated favorable lipophilicity, solubility, and gastrointestinal
absorption, along with a low probability of blood–brain barrier permeability (Figure 6A,B).
The Venn diagram in Figure 7A shows the intersection between DHG-predicted targets
and genes associated with platelet activation. Among the 34 DHG-related genes and
3353 platelet activation-related genes, 25 common genes were identified, representing
potential targets through which DHG may influence platelet function. Figure 7B presents a
protein–protein interaction (PPI) network constructed from the 25 overlapping genes using
the STRING database. The network reveals a tightly connected hub centered around key
nodes, such as NFKB1, CDK1, RXRA, PDGFRA, and PTPN11, indicating their crucial roles
in mediating the interaction between DHG and platelet-related signaling. These core targets
are functionally linked through multiple biological processes, suggesting DHG may exert
multi-targeted modulation. Further, Figure 7C shows the compound–target–pathway net-
work constructed using Cytoscape. DHG is connected to several targets, including NFKB1,
PDGFRA, DRD1, PTPN11, and HTR2C, which are further linked to relevant pathways,
such as the MAPK signaling pathway, calcium signaling pathway, adipocytokine signaling
pathway, and insulin resistance. These enriched pathways have established roles in platelet
function, inflammation, and cardiovascular regulation, supporting the potential of DHG
to modulate platelet activity through multiple signaling cascades. Taken together, these
pharmacological properties support DHG as a promising candidate for antithrombotic
drug development.

Unlike many conventional antiplatelet agents, which typically target a single receptor
or enzyme (e.g., P2Y12 for clopidogrel or COX-1 for aspirin), DHG appears to modulate
multiple pathways integral to platelet function. Our results demonstrate that DHG inhibits
platelet aggregation while reducing ATP release, intracellular Ca2+ mobilization, αIIbβ3
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integrin activation, clot retraction, and activation of the MAPK and PI3K/Akt pathways (see
schematic in Figure 8). Collectively, these findings suggest a broad-spectrum antiplatelet
mechanism, similar to that of other recently reported multitarget natural compounds, such
as ginsenoside Rg5 [15] cryptotanshinone [46], dieckol [12], and tryptanthrin [45], which
also inhibit platelet activation by modulating multiple signaling cascades. However, in vivo
studies are necessary to further elucidate the pharmacological effects of DHG in animal
models or human platelets. Although the in vitro findings strongly support its antiplatelet
efficacy, translation of these results to in vivo systems requires additional investigation.
Therefore, future studies using animal models of arterial thrombosis (e.g., FeCl3-induced
vascular injury) or venous thrombosis are essential to establish its therapeutic potential.

 

Figure 8. Schematic representation of DHG-mediated inhibition of platelet signaling pathways. DHG
inhibits platelet aggregation while reducing ATP release, intracellular Ca2+ mobilization, αIIbβ3
integrin activation, clot retraction, and activation of the MAPK and PI3K/Akt pathways.

4. Materials and Methods

4.1. Reagents

Collagen, ADP, and thrombin were obtained from Chrono-Log Co. (Geffen,
The Netherlands). Human plasma-derived thrombin and glutaraldehyde were purchased
from Sigma-Aldrich. ATP assay kits were acquired from Cayman Chemical (Ann Arbor,
MI, USA). Paraformaldehyde, Fura 2-AM, and Alexa Fluor 488-conjugated fibrinogen were
obtained from Invitrogen (Eugene, OR, USA). Avertin was prepared as the anesthetic by
dissolving 2,2,2-tribromoethanol (Sigma-Aldrich, Darmstadt, Germany, catalog no. T48402-
5G) in 2-methyl-2-butanol (Sigma-Aldrich, Darmstadt, Germany, catalog no. 152463). All
antibodies for western blotting were purchased from Cell Signaling Technology (Danvers,
MA, USA).

4.2. Fungal Material and Fermentation

A fungal strain of F. flavipes (FU00000759) was obtained from the National Marine
Biodiversity Institute of Korea (MABIK) (Seocheon-gun, Chungcheongnam-do 33662). This
strain was isolated from a tidal flat in Incheon, located on the Western Coast of Korea. The
strain was cultured in twenty 5 L flasks, each containing 1 L of potato dextrose broth, at
27 ◦C for 4 weeks under stationary conditions.
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4.3. Extraction, Isolation, and Structure Determination

The extraction, isolation, and structure determination of the active compounds from
F. flavipes were performed as described in our recent publication [31] and Supplementary
Material Section 1.1. The 1H and 13C NMR spectra matched those known for dihydro-
geodin [31,32], and complete data are provided in Supplementary Material Figures S1–S5.

4.4. Experimental Animals

Seven-week-old male Sprague–Dawley rats weighing 240–260 g were used for in vitro
platelet experiments. The animals were acclimated in an environmentally controlled room
maintained at approximately 23 ± 2 ◦C and 50% ± 10% humidity, with a 12 h light/dark
cycle. All animal procedures were performed in accordance with institutional guidelines
and approved by the Animal Care Committee of the College of Veterinary Medicine,
Kyungpook National University, Daegu, Republic of Korea (Permit no KNU 2022-0083).

4.5. Light Transmission Aggregometry and Scanning Electron Microscopy (SEM)

Blood was collected from Sprague–Dawley rats via cardiac puncture using a syringe
containing acid-citrate-dextrose to isolate purified platelets [6]. The collected blood was
transferred into round-bottom tubes containing Tyrode’s buffer and acid-citrate-dextrose at
a 1:4 (v/v) ratio. Washed platelets were separated from whole blood by centrifugation at
170× g for 7 min, followed by a second centrifugation at 350× g for 10 min. The platelet
suspension was adjusted to a concentration of 3 × 108 cells/mL for aggregometry analysis.
Platelets were incubated for 1 min with DHG (10, 20, or 40 μM) or with DMSO as a control
in the presence of 1 mM CaCl2. Aggregation was then induced by the addition of agonists
(collagen at 2.5 μg/mL, ADP at 10 μM, or thrombin at 0.1 U/mL) for 5 min. This method
enabled precise quantification of the platelet response under defined experimental condi-
tions, providing valuable insights into the effects of dihydrogeodin on platelet function.
Platelets incubated with DHG and agonist (collagen) were fixed in 0.5% paraformaldehyde
and 0.5% osmium tetroxide, dehydrated, and freeze-dried at –55 ◦C before being mounted
for field-emission scanning electron microscopy (Hitachi SU8220, Tokyo, Japan) to assess
ultrastructural shape changes.

4.6. ATP Release Assay, [Ca2+]i Mobilization Assay, and Fibrinogen Binding Assay

Platelets were preincubated with dihydrogeodin and then stimulated with collagen
to induce activation. Subsequently, ATP release, intracellular calcium mobilization, and
fibrinogen binding were assessed as previously described [6]. ATP secretion was measured
in the supernatant using an ATP assay kit to evaluate platelet function. Intracellular calcium
concentration ([Ca2+]i) was determined in Fura-2/AM-loaded platelets using the following
formula: 224 nM × (F − Fmin)/(Fmax − F). For the fibrinogen binding assay, platelets were
stained with an anti-fibrinogen antibody, and activation levels were evaluated by flow
cytometry after collagen stimulation in the presence or absence of dihydrogeodin.

4.7. Clot Retraction

Platelet-rich plasma (PRP, 250 μL) was incubated for 2 min with DHG or Y-27632 (a
ROCK inhibitor). A final volume of 1 mL was achieved by adding red blood cells (5 μL)
and Tyrode’s buffer. Thrombin (1 U/mL) was then added, and clot retraction was assessed
at room temperature. Thrombin-induced clots were weighed to compare clot retraction
among treatment groups.
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4.8. Western Blotting

After preincubation with DHG and stimulation with collagen, lysis buffer was added
to initiate lysis, and protein concentrations were quantified. Whole platelet proteins
were isolated for subsequent analysis. Proteins were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinyli-
dene fluoride (PVDF) membranes. Membranes were blocked and incubated overnight
with primary antibodies, followed by incubation with secondary antibodies for 3 h. The
membranes were then washed three times and visualized using enhanced chemilumines-
cence. This procedure enabled evaluation of changes in protein expression induced by
dihydrogeodin treatment.

4.9. Pharmacokinetics, Drug-Likeliness Analysis, and Network Pharmacology

SwissADME, a freely accessible web-based tool, was used to evaluate the phar-
macokinetic properties and drug-likeness of DHG, as previously reported [49]. Briefly,
the canonical SMILES notation for DHG was retrieved from PubChem (PC-ID 612831
https://pubchem.ncbi.nlm.nih.gov/compound/Dihydrogeodin, accessed on 20 March
2025) and entered into the SwissADME platform (http://www.swissadme.ch/, accessed
on 20 March 2025). The resulting output files and images were directly imported from the
website. The BOILED-Egg (Brain or Intestinal Estimated permeation predictive) model
provides a rapid and straightforward method for assessing human intestinal absorption
(HIA) and blood–brain barrier (BBB) permeation by calculating the lipophilicity and polar-
ity of molecules, followed by generation of a water partition coefficient (WLOGP) versus
topological polar surface area (tPSA) plot. For network pharmacology, the potential target
proteins of DHG were predicted using the SuperPred web server, and the results were
downloaded as CSV files. Corresponding UniProt IDs for Homo sapiens were retrieved and
used for protein mapping via the STRING database to identify protein names (preferred
names) associated with DHG. To identify disease-related targets, the keyword “platelet
activation” was searched in the GeneCards database, and relevant human gene targets
were extracted. The predicted DHG target genes (compound-related genes) and platelet
activation-related genes (disease target genes) were compared using Venny 2.1. This analy-
sis identified overlapping targets (common genes) between DHG and platelet activation.
These overlapping targets were input into the STRING database (organism: Homo sapiens)
to generate a protein–protein interaction (PPI) network and assess potential biological
connections. KEGG pathway enrichment analysis was also performed through STRING
to identify key signaling pathways associated with the overlapping genes. Finally, the
network of DHG, overlapping target genes, and enriched pathways was constructed and
visualized using Cytoscape software (version 3.7.2).

4.10. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA), followed by post hoc
Dunnett’s test (SAS Institute, Inc., Cary, NC, USA) to determine statistical significance.
Results are presented as means ± standard deviation (SD). A p-value of 0.05 or less was
considered statistically significant.

5. Conclusions

Overall, the findings of this study position dihydrogeodin as a promising natural
antiplatelet agent capable of multifaceted inhibition of platelet function. By targeting
central signaling pathways (MAPK and PI3K/Akt) and integrin αIIbβ3 activation, DHG
interferes with both the early and late stages of platelet activation. Coupled with its
favorable in silico drug-likeness profile, these results support DHG as a strong candidate
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for future pharmacological development. Rigorous in vivo studies and detailed mechanistic
investigations will be required to fully characterize its therapeutic efficacy and safety in the
prevention or treatment of thrombotic diseases.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md23050212/s1, Figure S1. Compound 1, Figure S2.
1H NMR spectrum of compound 1, Figure S3. 13C NMR spectrum of compound 1, Figure S4.
High-resolution ESI-mass spectrometry of compound 1, Figure S5. HPLC analysis of compound 1,
Figure S6. Western blot bands, Figure S7. Cytotoxicity of DHG.
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Abstract: Sixteen polyketides, including six new compounds (1–2, and 5–8), were isolated
from the culture of the marine sponge-associated fungus Neopestalotiopsis sp. SCSIO 41422.
Their structures were elucidated through NMR, MS spectroscopic analyses, calculated
electronic circular dichroism, quantum chemical NMR calculations, and X-ray single-crystal
diffraction. To screen and evaluate the inhibitory activity of these polyketides in renal
fibrosis, a TGF-β1-stimulated HK-2 cell model was used. All tested compounds (1, 5–8,
and 11–12) at 10 μM showed obvious anti-fibrotic activity by inhibiting TGF-β1-induced
α-SMA expression and extracellular matrix production (collagen I and fibronectin). Among
them, gamahorin A (1) was shown to be the most potent and the most promising inhibitor
against renal fibrosis.

Keywords: sponge-associated fungi; polyketides; Neopestalotiopsis; anti-renal fibrosis

1. Introduction

Chronic kidney disease (CKD) has become a significant global health concern, affect-
ing roughly 700 million individuals [1,2]. Chronic inflammation and renal fibrosis drive
the disease, with conditions like chronic glomerulonephritis, diabetic nephropathy, and
hypertensive nephropathy sharing common pathological features of fibrosis, leading to
end-stage renal failure [3,4]. Kidney damage causes nephron shrinkage, fibroblast trans-
formation into myofibroblasts, and excessive extracellular matrix (ECM) accumulation [5].
The ECM consists of a fibrous network with gel-like components, including collagen,
elastin, fibronectin, and laminin. Collagen, mainly produced by myofibroblasts, plays a
central role in fibrosis. Fibroblast-to-myofibroblast conversion is key in renal fibrosis and
a therapeutic target [6]. Current clinical trials of anti-fibrosis drugs show limited efficacy
and significant side effects [7]. Pirfenidone (PFD) showed only a transient improvement in
Phase II trials, with some patients discontinuing due to adverse effects, such as rash and
gastrointestinal issues [8]. PFD’s pharmacokinetics depend on renal function, limiting its
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clinical applicability [9]. Therefore, developing novel, effective, and safe anti-fibrosis drugs
is crucial.

Marine natural products are a new source for drug discovery, and studies show that
many of them have potent anti-inflammatory and antioxidant properties, which are crucial
in mitigating renal fibrosis. Penicilliumin B, a methyl cyclopentadienone from a deep-
sea Penicillium strain, inhibits high-glucose-induced fibrosis in renal tubular cells. It also
reduces oxidative stress and has strong anti-fibrotic and anti-proliferative properties [10].
Extreme marine environments have driven the evolution of marine fungi with exceptional
adaptability, facilitating the production of diverse secondary metabolites with notable
biological activity [11–14]. More than 3166 new compounds have been derived from
sponges and their associated microorganisms, making them the second-largest source of
marine natural products [15,16]. In the pursuit of anti-renal fibrosis lead compounds, six
new and ten reported polyketides (Figure 1) were isolated from the sponge-associated
fungus Neopestalotiopsis sp. SCSIO 41422. This study details the isolation, structural
elucidation, and evaluation of the anti-renal fibrosis activity of the compounds, providing
new insights into potential treatments for renal fibrosis.

Figure 1. Structures of compounds 1–16.

2. Results and Discussion

2.1. Structural Determination

Compound 1 was isolated as a brown oil, and its molecular formula was established as
C12H14O4 based on HRESIMS data, indicating six degrees of unsaturation. The 1D NMR
and HSQC spectra (Table 1) revealed the following characteristic signals: two methyl groups
[δC/H 19.9/1.37 (CH3-9), 15.5/2.22 (CH3-11)], two olefinic methine carbons [δC/H 120.1/6.79
(CH-5), 138.4/7.39 (CH-6)], one methylene carbon [δC/H 64.7/3.66 (CH2-10)], and two
methine carbons [δC/H 77.6/5.05 (CH-3), 46.7/2.89 (CH-4)], along with five quaternary
carbons [δC 170.5 (C-1), 137.9 (C-4a), 126.6 (C-7), 161.3 (C-8), 108.2 (C-8a)]. The 1H and
13C NMR data of 1 closely resembled those of gamahorin [17], with the primary difference
being the conversion of the methyl group at C-10 into a hydroxymethyl group and the
hydroxymethyl group at C-11 into a methyl group, respectively. The HMBC (Figure 2)
correlations of H-11/C-6, C-8 and H-10/C-3, C-4a further supported this deduction. Fur-
thermore, the 1H-1H COSY spectrum revealed a correlation between H-10 and H-4, which
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provided additional confirmation of the proposed structure. The NOESY spectrum showed
a correlation between H-4 and H-9, indicating that H-4 and CH3-9 were positioned on the
same face of the molecule. The vicinal coupling constant (J = 5.6 Hz) between the two me-
thine protons (H-3 and H-4) at position 3 supports the threo stereochemistry [17]. Based on
this, the relative configuration of 1 was determined as 3S*, 4S*-1, 3R*, 4R*-1. The absolute
configurations were subsequently established through computational electronic circular
dichroism (ECD) analysis. The calculated ECD spectrum of 3S, 4S-1 closely matched the
experimental ECD spectrum (Figure 3), confirming the absolute configuration as 3S, 4S.
In conclusion, the structure of 1 was elucidated as depicted in Figure 1, and it was named
gamahorin A (1).

Table 1. 1H (700MHz) and 13C (175MHz) NMR data of 1-2 and 5 in CD3OD.

Pos.
1 2 5

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

1 170.5, C 170.7, C 170.9, C
3 77.6, CH 5.05, qd, (6.7, 2.0) 83, CH 4.73, q, (6.7) 82.6, CH 4.57, m
4 46.7, CH 2.89, ddd, (7.6, 5.6, 1.8) 32.7, CH 3.19, q, (6.8) 38.5, CH 2.96, p, (7.0)
4a 137.9, C 126.5, C 145.3, C
5 120.1, CH 6.79, d, (7.5) 147, C 117.9, CH 6.90, d, (7.7)
6 138.4, CH 7.39, d, (7.5) 126.6, CH 6.95, s 137.6, CH 7.74, d, (7.7)
7 126.6, C 126, C 125.9, C
8 161.3, C 154.7, C 160.9, C

8a 108.2, C 107, C 108.2, C
9 19.9, CH3 1.37, d, (6.7) 20.3, CH3 1.30, d, (6.7) 19.9, CH3 1.43, d, (6.5)
10 64.7, CH2 3.66, m 19.9, CH3 1.27, d, (7.1) 18.2, CH3 1.36, d, (6.9)

11 15.5, CH3 2.22, s 15.5, CH3 2.17, s 64.7, CH2
4.85, d, (12.5)
4.61, d, (12.5)

13 100.0, CH 4.95, d, (3.8)
15 73.7, CH 3.44, dd, (9.7, 3.8)
16 75.1, CH 3.70, m
17 71.7, CH 3.34, m
18 73.8, CH 3.66, td, (4.9, 2.1)

19 62.5, CH2
3.77, dd, (11.2, 2.1)

3.70, m

Figure 2. Key HMBC, COSY, and NOESY correlations of compounds 1–2 and 5–8.
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Figure 3. Experimental and calculated ECD spectra of compounds 1, 5, and 7–8.

Compound 2 was isolated as a yellow solid, with its molecular formula established as
C12H14O4 based on HRESIMS data. The one-dimensional NMR and HSQC spectra (Table 1)
displayed the following characteristic signals: three methyl groups [δC/H 20.3/1.30 (CH3-9),
19.9/1.27 (CH3-10), 15.5/2.17 (CH3-11)], one olefinic methine carbon [δC/H 126.6/6.95
(CH-6)], two methine carbons [δC/H 83.0/4.73 (CH-3), 32.7/3.19 (CH-4)], and six quaternary
carbons [δC 170.7 (C-1), 126.5 (C-4a), 147.0 (C-5), 126.0 (C-7), 154.7 (C-8), 107.0 (C-8a)]. The
structure of 2 closely resembled that of 1, with the primary difference being the location of
the hydroxyl group. In the structure of 1, the hydroxyl group is located at C-10, whereas,
in 2, it is attached to C-5. The proposed structure of 2 was further substantiated by ¹H-¹H
COSY and HMBC correlations (Figure 2). The ¹H-¹H COSY correlations observed between
H-3/H-9 and H-4/H-10, together with the HMBC correlations of H-10/C-3, C-4a, H-4/C-5,
C-8a and H-3/C-10, C-4a, and C-1, provided strong support for the structural assignment.
To determine the absolute configuration of the compound, X-ray diffraction analysis was
performed, confirming both the planar structure and the absolute configuration as (3R,
4S-2) (Figure 4). Consequently, 2 was identified as gamahorin B (2).

Figure 4. X-ray single-crystal diffraction of 2.
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Compound 5 was isolated as a yellow solid, with its molecular formula established
as C18H24O9 based on HRESIMS data, suggesting seven degrees of unsaturation. The
one-dimensional NMR (Table 1) and HSQC spectra displayed characteristic signals, in-
cluding two methyl groups [δC/H 19.9/1.43 (CH3-9), 18.2/1.36 (CH3-10)], two olefinic me-
thines [δC/H 117.9/6.90 (CH-5), 137.6/7.74 (CH-6)], two methylene groups [δC/H 64.7/4.89,
4.61 (CH2-11); 62.5/3.77, 3.70 (CH2-19)], seven methine groups [δC/H 82.6/4.57 (CH-3),
38.5/2.96 (CH-4); 100.0/4.95 (CH-13), 73.7/3.44 (CH-15), 75.1/3.70 (CH-16), 71.7/3.34
(CH-17), 73.8/3.66 (CH-18)], and five quaternary carbons [δC 170.9 (C-1), 145.3 (C-4a), 125.9
(C-7), 160.9 (C-8), 108.2 (C-8a)]. The ¹H and ¹³C NMR spectral data of 5 revealed structural
similarities to gamahorin [17]. The NOESY spectrum revealed a correlation between H-4
and H-9, indicating that H-4 and CH3-9 are positioned on the same face of the molecule.
The vicinal coupling constant (J = 7.0 Hz) between the two methine protons (H-3 and H-4)
at position 4 supports the threo stereochemistry. To determine the absolute configurations
at the C-3, C-4, and C-13 rigid-ring positions of 5, we employed DP4+ probability analysis
combined with NMR calculations utilizing the GIAO method. Through the prediction and
analysis of NMR chemical shifts for four potential isomers (3S*,4R*,13R*-5, 3R*,4S*,13R*-5,
3S*,4R*,13S*-5, 3R*,4S*,13S*-5), the results identified 3S*,4R*,13R*-5 (Figure 5) as the most
probable configuration, with a DP4+ probability of 96.22%. Furthermore, the experimental
CD curve of 5 exhibited a strong match with the calculated ECD curve, thereby providing
additional confirmation of its absolute configuration. Consequently, the absolute config-
uration of compound 5 was conclusively determined to be 3S,4R,13R-5 (Figure 3). The
HMBC spectrum (Figure 2) exhibited key correlations between H-6/C-11, H-11/C-8, C-13,
confirming the formation of a six-membered ring through two ether bonds at C-7 and
C-8 in 5. Additionally, a polyhydroxy side chain was identified as being substituted at
C-13 of the six-membered ring. This substitution was supported by HMBC correlations be-
tween H-13/C-16, H-17/C-19, together with ¹H-¹H COSY correlations between H-13/H-15,
H-17/H-18. The polyhydroxylated side chain in 5 suggests that it may be a glycosylated
natural product, where the stereochemistry of its chiral centers is governed by the glycosy-
lation process, typically consistent with the D-glucose configuration. The observed specific
rotation ([α]25 D +11.05) and the presence of multiple chiral centers may influence the
optical activity. A literature analysis revealed that coretinphenol (structurally analogous to
5) releases its aglycone and D-glucose upon 2M HCl hydrolysis [18]. The hydrolysate was
derivatized into trimethylsilyl (TMS) ethers and analyzed by GC-MS, with retention time
matching against authentic references confirming the β-D-glucopyranosyl configuration.
Attempts to isolate the side chain via acid hydrolysis were unsuccessful due to insufficient
compound quantities. Collectively, while the core stereochemistry (3S,4R,13R) has been rig-
orously supported, the side-chain configuration remains unassigned, necessitating further
structural characterization. Consequently, 5 was identified and named as gamahorin C (5).

Compound 6 was isolated as a yellow crystalline solid, with its molecular formula
established as C13H16O7 based on HRESIMS data. The one-dimensional NMR (Table 2) and
HSQC spectra displayed characteristic signals, including one methyl group [δC/H 13.6/2.37
(CH3-4′)], one methoxy group [δC/H 57.3/3.90 (7-OCH3)], two oxygenated methylene
groups [δC/H 64.2/3.59 (CH2-1′′), δC/H 64.2/3.51 (CH2-3′′)], three olefinic methine groups
[δC/H 91.3/5.74 (CH-3), δC/H 104.0/6.55 (CH-5), δC/H 120.8/6.65 (CH-2′)], one oxygenated
secondary methine group [δC/H 73.9/3.65 (CH-2′′)], and five sp2 carbon signals [δC 165.6
(C-2), 172.9 (C-4), 160.1 (C-6), 144.0 (C-1′), 167.9 (C-3′)]. The NMR spectra of 6 showed a
strong resemblance to those of pestalotiopyrone I [19], suggesting that both compounds
share the same planar structure. This hypothesis was further supported by key HMBC
(Figure 2) correlations in 6, including H-3/C-5, H3-7/C-4, H-2′/C-6 and C-4′, H3-4′/C-3′

and C-6, H-1′′/C-3′′, and H-2′′/C-1′′ and C-2′′. A closer examination of the 1D NMR
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spectra of the two compounds revealed a significant difference at the C-1′′, 2′′, and 3′′

positions. As C-2′′ is the only chiral center on the side chain and is conformationally
flexible, it was inferred that the absolute configuration of C-2′′ in 6 is the opposite to that in
pestalotiopyrone I. To verify the previous assumption and determine the absolute configu-
ration of 6, we first attempted to use the Mosher reaction to determine its configuration
at the 2” position. However, the experiment was unsuccessful, resulting in an insufficient
compound quantity to proceed with further chemical verification. To address this issue,
we successfully determined the absolute configuration of 6 by combining specific rota-
tion measurements with literature comparisons. We found that 6 shared the same planar
structure with the known compound pestalotiopyrone I, with the opposite specific rotation
signs. Specifically, the specific rotation of 6 was measured as [α]25

D +1.6 (c 0.1, MeOH), while
that of pestalotiopyrone I was [α]20

D –13.1 (c 0.2, MeOH). Based on this observation and the
literature support, we concluded that the absolute configuration of compound 6 at the 2′′

position was S. Consequently, 6 was identified as epi-pestalotiopyrone I (6).

Figure 5. Linear regression and DP4 possibility analysis between the experimental and calculated 1H
and 13C chemical shifts of the diastereomers of (3S,4R,13R)-5/(3S,4R,13S)-5, (4S,6S,8R)-7/(4R,6S,8R)-7,
and (10R,11S)-8/ (10S,11R)-8.

Table 2. 1H (500MHz) and 13C (125MHz) NMR data of 6 in CD3OD.

Pos.
6

δC, Type δH, (J in Hz)

2 165.6, C
3 91.3, CH 5.74, d, (1.9)
4 172.9, C
5 104, CH 6.55, d, (2.1)
6 160.1, C
7 57.3, CH3 3.9, s
1′ 144, C
2′ 120.8, CH 6.65, d, (1.6)
3′ 167.9, C
4′ 13.6, CH3 2.37, d, (1.1)
1′′ 64.4, CH2 3.59, dd, (11.2, 4.9)
2′′ 73.9, CH 3.65, m
3′′ 64.4, CH2 3.51, dd, (11.2, 6.0)
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The new compound 7 was isolated as a yellow crystalline solid, with its molecular
formula established as C12H20O5 based on HRESIMS data. The ¹H NMR spectrum (Table 3)
displayed characteristic signals, including three methyl groups [δC/H 11.4/0.83 (CH3-10),
δC/H 11.7/0.77 (CH3-11), δC/H 22.2/0.90 (CH3-12)], two olefinic methine groups [δC/H

122.4/6.29 (CH-2), δC/H 155.5/7.55 (CH-3)], two methylene groups [δC/H 36.4/1.91, 1.65
(CH2-5), δC/H 21.3/1.55, 1.26 (CH2-9)], two methine groups [δC/H 70.2/3.54 (CH-6), δC/H

82.8/3.36 (CH-8)], and three quaternary carbons [δC 170.5 (C-1), 107.5 (C-4), 38.1 (C-7)]. The
¹H and ¹³C NMR spectral data of 7 revealed the presence of a five-membered lactone group
and a long-chain structure. The planar structure was established through HMBC and COSY
spectra (Figure 2). Key HMBC correlations included H-3/C-1, H-2/C-4, H-5/C-3, C-7,
H-6/C-12, H-8/C-6, C-11, and H3-10/C-8. Additionally, ¹H-¹H COSY correlations between
H-2/H-3, H-5/H-6, and H-9/H-8, H-10 provided further support for the proposed structure.
To determine the absolute configurations at C-4, C-6, and C-8, a DP4+ probability analysis
was performed in combination with NMR calculations using the GIAO method. The
NMR chemical shifts of eight possible isomers (4R*,6R*,8R*-7, 4R*,6R*,8S*-7, 4R*,6S*,8S*-7,
4R*,6S*,8R*-7, 4S*,6R*,8R*-7, 4S*,6S*,8R*-7, 4S*,6R*,8S*-7, 4S*,6S*,8S*-7) were predicted and
analyzed via DP4+ probability analysis. The results identified 4R*, 6S*, 8S*-7 (Figure 5) as
the most likely configuration, with a DP4+ probability of 99%. The experimental CD curve
of 7 closely matched the calculated ECD curve, further confirming its absolute configuration.
In conclusion, the absolute configuration of 7 was determined to be 4R, 6S, 8S-7 (Figure 3).
Consequently, 7 was identified as epiclactone C (7).

Table 3. 1H (500MHz) and 13C (125MHz) NMR data of 7 (DMSO-d6) and 8 (CD3OD).

Pos.
7 8

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

1 170.5, C 64.1, CH2 3.61, m
2 122.4, CH 6.29, d, (5.6) 71.3, CH 3.90, m
3 155.5, CH 7.55, d, (5.6) 66.9, CH2

4.25, dd, (11.4, 4.8)
4.16, dd, (11.4, 6.1)

4 107.5, C
5 36.4, CH2

1.91, m
1.65, dd, (13.5, 4.9) 170.5, C

6 70.2, CH 3.54, dd, (11.8, 4.7) 126.4, C
7 38.1, C 144.8, CH 7.21, s
8 82.8, CH 3.36, m 133.1, C
9 21.3, CH2

1.55, m
1.26, m 140.3, CH 5.51, d, (10.0)

10 11.4, CH3 0.83, t, (7.3) 41.9, CH 2.5, m
11 11.7, CH3 0.77, s 72.5, CH 3.58, m
12 22.2, CH3 0.90, s 21.4, CH3 1.17, d, (6.3)
13 14.3, CH3 2.04, s
14 16.8, CH3 1.91, s
15 16.8, CH3 1.07, d, (6.7)

Compound 8 was isolated as a brown oily substance, with its molecular formula
established as C14H24O5 based on HRESIMS data, indicating three degrees of unsaturation.
The ¹H NMR spectrum (Table 3) displayed characteristic signals, including four methyl
groups [δC/H 21.4/1.17 (CH3-12), δC/H 14.3/2.04 (CH3-13), δC/H 16.8/1.91 (CH3-14), δC/H

16.8/1.07 (CH3-15)], two olefinic methine groups [δC/H 144.8/7.21 (CH-7), δC/H 140.3/5.51
(CH-9)], two methylene groups [δC/H 64.1/3.61 (CH2-1), δC/H 66.9/4.25, 4.16 (CH2-3)],
three methine groups [δC/H 71.3/3.90 (CH-2), δC/H 41.9/2.53 (CH-10), δC/H 72.5/3.58
(CH-11)], and three quaternary carbons [δC 170.5 (C-5), 126.4 (C-6), 133.1 (C-8)]. The ¹H and
¹³C NMR spectral data of 8 revealed the presence of an α, β-dihydroxy ester unit, similar to
pestalotiopyrone I [19], suggesting that it is a long-chain compound with conjugated dienes
and an ester group. The planar structure was established through HMBC and COSY spectra
(Figure 2). Key HMBC correlations included H-1/C-3, H-3/C-5, H-12/C-5, C-7, H-13/C-7,
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C-9, H-15/C-9, C-11, and H-7/C-5, C-9. Additionally, ¹H-¹H COSY correlations between H-
2/H-1, H-3, H-10/H-9, H-15 further supported the proposed structure. A comparison of the
NMR data for the α, β-dihydroxy ester unit indicated strong similarity to pestalotiopyrone
I, suggesting the same R-configuration at C-2. To determine the absolute configurations at
C-10 and C-11, a DP4+ probability analysis was conducted using NMR calculations via the
GIAO method. Among the four possible isomers (10R*,11R*-8, 10R*,11S*-8, 10S*,11R*-8,
10S*,11S*-8), the analysis identified 10S*, 11R*-8 (Figure 5) as the most likely configuration,
with a DP4+ probability of 93.53%. The experimental CD curve of 8 closely matched the
calculated ECD curve, providing further confirmation of the absolute configuration. In
summary, the absolute configuration of 8 was determined to be 10S, 11R-8 (Figure 3).
Consequently, 8 was identified as pestalotiopyrone M (8).

By comparing the 1D NMR data in detail with previously reported literature values,
the identified known compounds were confirmed as gamahorin (3) [17], pestalotiopisorin B
(4) [20], pestalotiopyrones J (13) [21], pestalotiopyrones C (14) [21], vermopyrone (15) [22],
4-methoxy-3,6-dimethylpyran-2-one (16) [23], butyrolactone-V (9) [24], butyrolactone I
(10) [25], aspergillol A (11) [26], and 4-hydroxyphenethyl 3-hydroxybenzoate (12) [27].

2.2. Bioactivity Assay

To investigate the therapeutic potential of the compounds in renal fibrosis, we estab-
lished a TGF-β1-induced HK-2 cell model to simulate epithelial–mesenchymal transition
(EMT) and extracellular matrix (ECM) deposition. As a result, seven tested compounds
(1, 5–8, and 11−12) at 10 μM revealed obvious anti-fibrotic activity through the suppres-
sion of TGF-β1-induced α-smooth muscle actin (α-SMA) expression and ECM component
production (collagen I and fibronectin) (Figure 6). Among these compounds, compound 1

was shown to be the most potent and the most promising inhibitor against renal fibrosis,
being even better than the positive control pirfenidone (PFD), which is the current clinical
standard for fibrosis treatment. This lead compound also demonstrated the strongest
ECM-modulatory effects, significantly suppressing fibronectin and collagen I accumulation
to a greater extent than all other derivatives.

Figure 6. Evaluation of the renal-fibrosis-inhibitory activity of polyketides (1, 5–8, and 11–12) in a
TGF-β1-stimulated HK-2 cell model. (A) The effects of polyketides (10 μM) on fibronectin, collagen
I, and α-SMA in the cell model. (B–D) Quantification of the immunoblot data of (A). Data were
analyzed using one-way ANOVA followed by Bonferroni’s multiple-comparisons test. * p < 0.05,
**** p < 0.0001.
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Compounds 1–16 were also evaluated for their antibacterial and antioxidant activity.
The results showed that all compounds were inactive against Escherichia coli, Staphylococcus
aureus, Streptococcus spp., and Salmonella spp. Compounds 2 and 9–10 exhibited weak
antioxidant activity, with EC50 values of 45.24, 37.96, and 52.53 μg/mL against DPPH
radicals, respectively (positive control: ascorbic acid, 3.5 μg/mL).

3. Materials and Methods

3.1. General Experimental Procedures

The infrared spectra were recorded using a Shimadzu IR Affinity-1 Fourier transform
infrared spectrophotometer (the FT-IR analysis was performed using the ATR method, with
25 scans, a resolution of 4 cm−¹, and a scanning range of 400–4000 cm−¹). Optical rotation
measurements were performed with an Anton Paar MPC 500 polarimeter (Anton, Graz,
Austria). UV and circular dichroism (CD) spectra were analyzed using a Chirascan circular
dichroism spectrometer (Applied Photophysics, Leatherhead, U.K.). High-resolution elec-
trospray ionization mass spectrometry (HRESIMS) data were acquired with a Bruker maxis
Q-TOF mass spectrometer. Nuclear magnetic resonance (NMR) spectra were obtained on
Bruker Avance-500 and Avance-700 MHz spectrometers, using tetramethylsilane (TMS) as
an internal standard (Bruker BioSpin International AG, Fällanden, Switzerland); solvent
peaks of methanol-d4 (δH 3.31 and δC 49.0) and DMSO-d6 (δH 2.50 and δC 39.52) were used
as references. Semi-preparative high-performance liquid chromatography (HPLC) was
carried out on a Hitachi Primaide system equipped with a diode-array detector (DAD)
and an octadecylsilane (ODS) column (YMC-pack ODS-A, YMC Co. Ltd., Kyoto, Japan,
10 mm × 250 mm, 5 μm). For column chromatography (CC), silica gel (200−300 mesh)
(Qingdao Ocean Chemical Plant, Qingdao, China) and ODS (50 μm) (Merck, Darmstadt,
Germany) were utilized. Thin-layer chromatography (TLC) spots were visualized under
254 nm UV light on plates from the Qingdao Ocean Chemical Factory. Additionally, semi-
preparative HPLC employed an ODS column (YMC-pack ODS-A, YMC Co. Ltd., Kyoto,
Japan, 10 mm × 250 mm, 5 μm) operating at a flow rate of 2.5 mL/min.

3.2. Fungal Material

Strain SCSIO 41422 was obtained from an endophytic fungus associated with a sponge
sample collected in the waters surrounding Weizhou Island, in the Beibu Gulf of the South
China Sea. The sequence analysis of the internal transcribed spacer (ITS) region of its rDNA
(GenBank accession number: NR_OQ120420) confirmed that this fungal strain belonged to
the genus Neopestalotiopsis. The strain has been preserved at the Key Laboratory of Tropical
Marine Biological Resources and Ecology, South China Sea Institute of Oceanology, Chinese
Academy of Sciences, located in Guangzhou, China.

3.3. Fermentation and Extraction

The fungal strain Neopestalotiopsis sp. SCSIO 41422 was initially cultivated under static
conditions on MB solid medium before being transferred to seed medium (250 mL; 1.5%
malt extract, 2.4% sea salt) in 1 L Erlenmeyer flasks. The seed cultures were incubated at
28 ◦C on a rotary shaker set to 180 rpm for three days. For large-scale fermentation, the
fungus was grown for 30 days at 26 ◦C under static conditions using a rice-based medium,
which consisted of 200 g of rice, 2.4% sea salt, and 250 mL of water per flask. A total of 300
Erlenmeyer flasks (1 L each) were utilized for this process. The entire fermentation culture
was extracted three times with ethyl acetate, producing 288 g of a brown, oily crude extract.
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3.4. Isolation and Purification

The ethyl acetate extract was fractionated through silica gel medium-pressure liquid
chromatography (MPLC) using a stepwise gradient elution. Initially, petroleum ether (PE)
and dichloromethane (DCM) mixtures were applied as eluents in varying volume ratios of
1:0, 3:1, 2:1, 1:1, and 0:1. Subsequently, gradient elution with dichloromethane and methanol
(DCM-CH3OH) was conducted, incorporating methanol concentrations of 1%, 3%, 5%,
10%, 50%, and 70%. Thin-layer chromatography (TLC) analysis guided the combination of
the eluates, resulting in 16 fractions (designated as Frs. 1–16). Frs. 3–7 were subjected to
fractionation using an ODS silica gel column with methanol–water (CH3OH/H2O) gradient
elution ranging from 5% to 100%, resulting in 16 subfractions (Frs. A-1–A-16). Fr. A-3 was
purified by semi-preparative HPLC (50% CH3OH/H2O, flow rate of 3 mL/min), yielding 1

(1.9 mg, tR = 26 min). Similarly, Fr. A-4 underwent semi-preparative HPLC purification
(35% CH3OH/H2O, flow rate of 3 mL/min) to produce 13 (4.4 mg, tR = 12 min). Fr. A-4-1
was further purified via HPLC (35% CH3OH/H2O, flow rate of 3 mL/min), yielding 3

(5.4 mg, tR = 5 min), while Fr. A-4-4 was processed by HPLC (26% CH3CN/H2O, flow rate
of 3 mL/min), isolating 14 (93.1 mg, tR = 10 min). The further purification of Fr. A-5 by
HPLC (23% CH3CN/H2O, flow rate of 3 mL/min) yielded 5 (1.48 mg, tR = 21 min). Fr. A-7
was processed using HPLC (69% CH3OH/H2O, flow rate of 3 mL/min), yielding 8 (6.7 mg,
tR = 11 min), while Fr. A-7-2 was purified by semi-preparative HPLC (70% CH3CN/H2O,
flow rate of 3 mL/min), producing 16 (89 mg, tR = 9 min). Fr. A-8-1 underwent HPLC
separation (40% CH3CN/H2O, flow rate of 3 mL/min), yielding compound 2 (36 mg,
tR = 8 min). Finally, Fr. A-10-3 was separated by HPLC (46% CH3CN/H2O, flow rate of
3 mL/min), resulting in 4 and 15 (8.4 mg and 119.8 mg, tR = 8 and 12 min, respectively).

Frs. 8–10 were fractionated using an ODS silica gel column with methanol–water
gradient elution (5–100%), producing 14 subfractions (Frs. B-1–B-14). Fr. B-6-6 was
purified via HPLC (45% CH3CN/H2O, flow rate of 3 mL/min), isolating 7 (11 mg,
tR = 12 min). Similarly, Fr. B-7 was processed using HPLC (69% CH3OH/H2O, flow
rate of 3 mL/min), yielding 9 (6.72 mg, tR = 11 min), and Fr. B-9 was purified by HPLC
(65% CH3OH/H2O, flow rate of 3 mL/min), producing 10 (43.6 mg, tR = 18 min). Lastly,
Frs. 11–13 were separated using an ODS silica gel column with methanol–water gradient
elution (5–100%), yielding 12 subfractions (Frs. C-1–C-12). Fr. C-2 underwent HPLC
purification (30% CH3CN/H2O, flow rate of 3 mL/min), producing 11 (6 mg, tR = 35 min).
Fr. C-5 was processed by HPLC (35% CH3CN/H2O, flow rate of 3 mL/min), yielding 12

(6 mg, tR = 7 min), while Fr. C-6-3 was purified by HPLC (15% CH3CN/H2O, flow rate of
3 mL/min), producing 6 (6 mg, tR = 7 min).

3.5. Spectroscopic Data of Compounds

Gamahorin A (1): Brown oily substance; [α]25
D –5.3 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 210 (6.09), 237 (2.33), 250 (2.46), 276 (1.93), 320 (2.26) nm; ECD (0.3 mg/mL, MeOH)
λmax (Δε) 215 (+9.96), 233 (+0.53), 256 (+8.50) nm; IR (film) νmax 3356, 2943, 2835, 2974,
1663, 1423, 1136, 1018, 286 cm−1; 1H and 13C NMR data available in Table 1; HRESIMS m/z
223.0969 [M+H]+ (calculated for C12H15O4

+, 223.0965).
Gamahorin B (2): Yellow crystalline solid; [α]25

D +35.5 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 204 (2.95), 220 (2.76), 256 (2.43), 349 (2.25) nm; ECD (0.3 mg/mL, MeOH) λmax (Δε)
215 (–5.41), 238 (+3.87), 259 (+14.98) nm; IR (film) νmax 3612, 3566, 2362, 1921, 1867, 1649,
1556, 1458, 682 cm−1; 1H and 13C NMR data available in Table 1; HRESIMS m/z 223.0968
[M+H]+ (calculated for C12H15O4

+, 223.0965).
Gamahorin C (5): Yellow solid; [α]25

D +11.05 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
211 (3.30), 236 (2.53), 249 (2.64), 275 (2.00) nm; ECD (0.3 mg/mL, MeOH) λmax (Δε) 203
(+9.90), 210 (+4.73), 212 (+6.06), 252 (+4.99) nm; IR (film) νmax 3342, 2949, 2837, 1658, 1408,
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1111, 1020, 590 cm−1; 1H and 13C NMR data available in Table 1; HRESIMS m/z 385.1496
[M+H]+ (calculated for C18H25O9

+, 385.1493).
epi-Pestalotiopyrone I (6): Yellow crystalline solid; [α]25

D +1.6 (c 0.1, MeOH); UV
(MeOH) λmax (log ε) 212 (2.94), 232 (3.29), 259 (2.62), 215 (2.79) nm; ECD (0.3 mg/mL,
MeOH) λmax (Δε) 204 (–2.75), 212 (–2.22), 225 (–1.44), 240 (–0.96) nm; IR (film) νmax 3587,
3564, 2924, 2358, 1716, 1598, 1417, 1039, 667 cm−1; 1H and 13C NMR data available in
Table 2; HRESIMS m/z 285.0964 [M+H]+ (calculated for C13H17O7

+, 285.0969).
Epiclactone C (7): Yellow crystalline solid; [α]25

D –52.4 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 204 (2.93), 224 (2.33), 253 (1.90) nm; ECD (0.3 mg/mL, MeOH) λmax (Δε) 210 (–0.78),
221 (+1.36), 248 (–9.18), 284 (–0.91) nm; IR (film) νmax 3589, 3564, 2372, 2320, 1867, 1716,
1556, 1031, 592 cm−1; 1H and 13C NMR data available in Table 3; HRESIMS m/z 243.1244
[M–H]– (calculated for C12H19O5

–, 243.1238).
Pestalotiopyrone M (8): Yellow solid; [α]25

D +8.74 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 234 (2.82), 267 (3.08), 317 (3.04) nm; ECD (0.3 mg/mL, MeOH) λmax (Δε)
258 (+3.91) nm; IR (film) νmax 3350, 2951, 2837, 1645, 1450 1408, 1117, 1015, 673 cm−1;
1H and 13C NMR data available in Table 3; HRESIMS m/z 273.1701 [M+H]+ (calculated for
C12H25O5

+, 273.1697).

3.6. X-Ray Crystallographic Analysis

Crystallographic data for 2 were collected using an XtaLAB PRO single-crystal diffrac-
tometer with Cu Kα radiation, following the slow evaporation of the compound in methanol.
The X-ray crystal structures were solved using the SHELXS97 program, expanded through
difference Fourier methods, and refined via full-matrix least-squares calculations. Non-
hydrogen atoms were subjected to anisotropic refinement, while hydrogen atoms were
constrained to calculated positions. The crystallographic data for 2 have been deposited in
the Cambridge Crystallographic Data Centre (CCDC).

Crystal Data for C12H14O4 (M = 222.23 g/mol): orthorhombic, space group P212121

(no. 19), a = 6.91550(10) Å, b = 8.21390(10) Å, c = 19.3752(2) Å, V = 1100.57(2) Å3, Z = 4,
T = 100.00(10) K, μ (Cu Kα) = 0.837 mm−1, Dcalc = 1.341 g/cm3, 10,749 reflections measured
(9.128◦ ≤ 2Θ ≤ 148.58◦), 2196 unique (Rint = 0.0314, Rsigma = 0.0212), which were used in all
calculations. The final R1 was 0.0291 (I > 2σ(I)) and the wR2 was 0.0777 (all data) (Figure 4,
Flack parameter −0.08(8) and CCDC 2429168).

3.7. ECD Computational and DP4+ Probability Analysis Methods

Random conformational searches for molecules 1, 5, and 7−8 were conducted using
the MMFF94s molecular force field implemented in Spartan ′14 V1.1.4. The identified
stable conformers were further optimized in Gaussian09 at the B3LYP/6-31G(d) level under
gas-phase conditions. These optimized conformers were subsequently utilized for ECD
calculations in methanol at the B3LYP/6-311G (d, p) level of theory [28]. The resulting
ECD data were weighted based on the Boltzmann distribution with a half-bandwidth of
0.3 eV, processed using GaussView6.0, and the ECD curves were plotted in OriginPro 2021
following UV corrections.

First, an initial conformational search was performed using the Spartan’14 soft-
ware with the MIMFF94 force field, yielding a set of low-energy conformations within a
5 kcal/mol range. Subsequently, each conformation was optimized using the TDDFT
quantum chemistry method at the B3LYP/6-31G (d, p) level of theory with Gaussian 09.
NMR shieldings were then calculated using the GIAO method at the same B3LYP/6-31G
(d, p) level, employing the PCM solvent model. Finally, Boltzmann weights were calculated
using Molclus, and a DP4+ probability analysis was conducted [29].
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3.8. Antioxidant Activity Assay

The DPPH radical scavenging assay was used to assess the antioxidant capacity of the
compounds. Test compounds at concentrations of 1000, 500, 100, 50, and 10 μg/mL, with
ascorbic acid as a positive control, were dissolved in MeOH and mixed with fresh DPPH in
a methanol solution. The assay was performed in triplicate, and, after a 30 min reaction
in the absence of light, the absorbance was measured at 517 nm using an Enspire Genios
microplate reader. The blank solution contained only MeOH, while the control solution
contained MeOH instead of the sample. The DPPH scavenging activity (%) was calculated
using the formula [1 − (sample absorbance − blank absorbance)/control absorbance]
× 100. EC50 values, representing the concentration causing 50% of the maximum effect,
were determined using the Origin 2022 software [30].

3.9. Antimicrobial Activity Assay

Compounds were evaluated for antibacterial activity against Escherichia coli, Staphy-
lococcus aureus, Streptococcus spp., and Salmonella spp. using a modified broth microdi-
lution method in 96-well plates [31].

3.10. TGF-β1-Stimulated HK-2 Cell Model

The HK-2 cells were cultured in a 37 ◦C, 5% CO2 cell incubator, maintained with
DMEM/F12 (Gibco, New York, NY, USA) supplemented with 10% fetal bovine serum
(FBS) (ExCell, FSP500, Suzhou, China). HK-2 cells were inoculated for 12 h in 6-well
(2 × 105 cells per well) plates. Subsequently, to establish the TGF-β1-stimulated HK-2 cell
model, the cells were starved in serum-free medium for 24 h and then were treated with
10 ng mL−1 recombinant TGF-β1 (R&D Systems, 240-B-002, Minneapolis, MN, USA), with
or without compounds, for 48 h.

3.11. Western Blot (WB) Analysis

The kidney tissue, HK-2, or 293T cells were lysed in RIPA (Ncmblo, WB3100, Suzhou,
China) with proteinase inhibitors (Meilunbio, MB2678-1, Dalian, China) and then cen-
trifuged (13,000× g, 15 min, 4 ◦C). A BCA kit (Epizyme, ZJ102, Shanghai, China) was
employed to measure the concentration of total protein. Quantified protein-mixed loading
buffer (Epizyme, LT101S) was boiled for 10 min at 100 ◦C, separated by SDS-PAGE, and
transferred onto PVDF membranes (Millipore, ISEQ00010, Burlington, MA, USA). After
incubation with blocking buffer for 1 h at room temperature, the membranes were incu-
bated overnight at 4 ◦C with antibodies specific to the indicated proteins. Then, the washed
membranes were incubated with the secondary antibodies (anti-rabbit or anti-mouse IgG)
for 2 h at room temperature. Western blot bands were detected by the ECL (Fdbio, FD8020,
Hangzhou, China) substrates and analyzed by the Image-J 1.52a software [32].

3.12. Statistical Analysis

All experiments, except the in vivo mouse studies, were performed at least three
times. All data are expressed as the mean ± standard deviation (SD). Statistical analysis
was performed using the Prism 7 software (GraphPad, San Diego, CA, USA), including
Student’s t-test, one-way ANOVA, and two-way ANOVA. p < 0.05 was considered to be
significant (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

4. Conclusions

Sixteen polyketide compounds were isolated from the sponge-associated fungus
Neopestalotiopsis sp. SCSIO 41422, including six new compounds (1−2 and 5−8). Their
chemical structures were fully determined through NMR and HRESIMS, with quantum
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chemical calculations used to assign the absolute configurations of compounds 1 and 5−8

and X-ray diffraction confirming the absolute configuration of compound 2. All tested
compounds (1, 5–8, and 11–12) at 10 μM exhibited significant anti-fibrotic activity by
inhibiting TGF-β1-induced α-SMA expression and ECM component production (collagen
I and fibronectin). Among them, gamahorin A (1) has been shown to be the most potent
and the most promising inhibitor against renal fibrosis, being even better than the positive
control PFD. This lead compound also demonstrated the strongest ECM-modulatory effects,
significantly suppressing fibronectin and collagen I accumulation to a greater extent than
all other derivatives. This study provides promising lead compounds for the discovery
of marine-derived renal fibrosis inhibitors and candidate drugs for the prevention and
treatment of chronic kidney disease.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abstract: Marine microplastics (MPs) represent a novel ecological niche, populated by fungi
with high potential for pharmaceutical discovery. This study explores the bioactivity of
fungal strains isolated from MPs in Mediterranean sediments, focusing on their osteogenic
and antiviral activities. Crude extracts prepared via solid-state and submerged-state
fermentation were tested for their effects on extracellular matrix mineralization in vitro
and bone growth in zebrafish larvae, and for their activity against the respiratory syncytial
virus (RSV) and herpes simplex virus type 2 (HSV-2). Several extracts exhibited significant
mineralogenic and osteogenic activities, with Aspergillus jensenii MUT6581 and Cladosporium
halotolerans MUT6558 being the most performing ones. Antiviral assays identified extracts
from A. jensenii MUT6581 and Bjerkandera adusta MUT6589 as effective against RSV and HSV-
2 at different extents, with no cytotoxic effect. Although chemical profiling of A. jensenii
MUT6581 extract led to the isolation of decumbenones A and B, they did not reproduce the
observed bioactivities, suggesting the involvement of other active compounds or synergistic
effects. These results highlight the plastisphere as a valuable resource for novel bioactive
compounds and suggest the need for further fractionation and characterization to identify
the molecules responsible for these promising activities.

Keywords: secondary metabolites; plastisphere; Aspergillus jensenii; SSF; SmF; microplastics

1. Introduction

Marine fungi have evolved remarkable biodiversity and unique biological metabolic
pathways to adapt to a range of ecological conditions, including extreme environments
characterized by high pressure, low temperature, anoxia, and light limitation [1]. These
adaptations came along with the synthesis of new metabolites, many of them yet to be
discovered, that could present novel biological activities [2]. The antibiotic cephalosporin
C was the first drug isolated from marine fungi in the 1950s [3]. Subsequently, more
active metabolites were isolated from marine fungi [1,4,5]. The biochemical diversity of
these metabolites is complex and rich, ranging from linear peptides and fatty acids to
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complex alkaloids, terpenes, and polyketides, which have shown antitumoral, antioxidant,
antifungal, antibacterial, antiviral, and anticancer properties [1,2,6–8].

Among the various marine-associated habitats, sediments represent one of the most
microorganism-rich environments. However, they are also highly competitive ecosystems,
constantly challenged by factors such as nutrient limitation, pressure, anoxia, and the
presence of toxic compounds. In the last decades, the persistent accumulation of microplas-
tics (MPs) has emerged as a major concern [9]. The mycobiota associated with MPs in
marine sediments of the Mediterranean Sea was recently investigated [10], leading to the
identification of several yeast and filamentous fungal taxa. Furthermore, comparisons
with the surrounding sediment-associated fungal communities revealed potential substrate
specificity, underscoring the complexity of MP-associated fungal assemblages. Besides their
ecological value, these MP-associated fungal strains could represent a valuable resource
for innovative biochemical properties. In fact, MP-associated fungi have shown versatile
metabolism, including the ability to degrade hydrocarbons, dyes, and xenobiotics (i.e., plas-
tics), to produce biosurfactants (thus increasing the bioavailability of organic compounds),
or being halotolerant and osmo-protective.

In this new human-made environment (i.e., the plastisphere), the competition for space
and nutrients is very high, and the entire microbiome may be affected by this constant
fight for survival. Although bacteria are known to produce bioactive compounds [11–14],
marine fungi associated with the plastisphere could prevail by producing bioactive molecules
involved in defense or antagonistic mechanisms. In fact, the ecological role of bioactive
molecules has been associated with chemical defenses, where they act as potent inhibitors
of physiological processes, promoting competition with other marine organisms to ensure
their survival [15–17]. The biosynthetic pathways for secondary metabolites have evolved to
produce chemical structures that specifically interact with biological targets. As a result, it
can be inferred that many secondary metabolites possess inherent biological activities [18–20].
Therefore, bioprospecting plays a crucial role in deciphering the bioactive potential of these
metabolites from marine microorganisms.

Although the ecological role of fungal secondary metabolites may be complex and not
fully understood yet, the regulatory networks governing natural product production can
be manipulated during fermentation processes to generate different bioactive compounds.
Fermentation has been mainly classified into solid-state fermentation (SSF) and submerged
fermentation (SmF) based on the type of substrate used. Studies have shown that SSF
and SmF could activate different metabolic pathways, resulting in higher production of
certain bioactive compounds in SSF, while SmF thrives on others [21–23]. Consequently,
selecting the appropriate fermentation method is crucial, as it can significantly influence
the outcomes.

The present study aims at investigating the MPs-associated marine fungi from Mediter-
ranean sediments as possible sources of novel bioactive molecules of pharmaceutical interest,
evaluating their potential in regenerative and infectivity medicine. Two different fermentation
techniques, SSF and SmF, were evaluated for the production of bioactive molecules. Fungal
crude extracts produced were screened using different assays for (1) osteoactive compounds
using a fish bone-derived cell line capable of in vitro mineralization and the developing
opercular bone of zebrafish larvae; and (2) compounds with antiviral activity against the
respiratory syncytial virus (RSV) and herpes simplex virus type 2 (HSV-2).

2. Results and Discussion

Crude polar extracts of 15 marine fungi associated with the plastisphere of Mediter-
ranean sediments (Table 1) were produced using SSF and SmF. In most cases, the produc-
tivity was 20–40-fold higher in SSF than in SmF. These differences in productivity across
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the two different methods are documented in the literature and attributed to the variations
in fermentation techniques, which can trigger distinct metabolic responses [24,25]. How-
ever, in SSF conditions, the extract yield strongly depended on the fungus, ranging from
374.6 mg of Vishniacozyma carnescens MUT6591 down to 15.4 mg for Aureobasidium pullulans
MUT6584. These differences were much less pronounced in SmF, where most extract
yields were below 10 mg. The only outliers were A. pullulans MUT6584 and Penicillium
griseofulvum MUT6588 (e.g., 12.0 mg and 108.2 mg, respectively). An average crude extract
dry weight of 187.9 mg and 12.4 mg was achieved for SSF and SmF, respectively (Table 1).

Table 1. List of fungi and crude extract dry weight associated with solid-state fermentation (SSF) and
submerged-state fermentation (SmF).

Taxa
Id. Crude

Extract SSF
Productivity for

SSF (mg)
Id. Crude Extract

SmF
Productivity for

SmF (mg)

Cystobasidium slooffiae MUT6565 1S 121.9 1L 5.5
Cladosporium cladosporioides MUT6583 2S 188.8 2L 8.8

Aspergillus domesticus MUT6603 3S 131.7 3L 3.1
Bjerkandera adusta MUT6589 4S 43.0 4L 5.4

Parengydontium album MUT6579 5S 197.4 5L 4.1
Cladosporium ramotenellum MUT6556 6S 159.4 6L 2.7
Sesquicillium microsporum MUT6592 7S 37.4 7L 4.2
Cladosporium halotolerans MUT6558 8S 132.1 8L 3.8

Aspergillus jensenii MUT6581 9S 176.8 9L 9.0
Sakaguchia dacryoidea MUT6569 10S 355.3 10L 7.0

Aureobasidium pullulans MUT6584 11S 15.4 11L 12.0
Vishniacozyma carnescens MUT6591 12S 374.6 12L 6.9

Kondoa aeria MUT6563 13S 119.3 13L 3.4
Cladosporium pseudocladosporioides MUT6586 14S 132.2 14L 2.8

Penicillium griseofulvum MUT6588 15S 293.8 15L 108.2
Average productivity 187.9 12.4

2.1. Mineralogenic and Osteogenic Activities
2.1.1. In Vitro Mineralogenic Assay

Initial approaches for screening osteoactive compounds involved in vitro, ex vivo,
and in vivo systems that have been developed and recently optimized [26–28]. In this
study, the mineralogenic activity of extracts was assessed in vitro by testing the effect of
the highest non-toxic concentration on extracellular matrix (ECM) mineralization of the
gilthead seabream vertebra-derived cell line VSa13 for 17 days. The non-toxic concentration
was determined by initially testing all extracts at 100 μg/mL and subsequently reducing
the concentration to 10 μg/mL for extracts 9S and 15S when signs of cytotoxicity were
observed. This stepwise approach ensured that the assessment of mineralogenic activity
was conducted under non-toxic conditions. A total of 12 extracts exhibited mineralogenic
activity (Figure 1). Among those, extracts 9L, 7S, and 14S increased ECM mineralization
(42.17%, 35.16%, and 18.00% over the control, respectively) over the control, suggesting
the presence of pro-mineralogenic compounds in these extracts. The osteoactive poten-
tial of marine fungi has already been assessed using in vitro cell systems [29–33]. Of
special interest for this work, Marchese et al. [29] recently reported the osteogenic poten-
tial of the fungal community associated with the marine sea cucumber Holothuria poli in
human mesenchymal stem cells. Among the 48 fungi tested in their study, Penicillium
chrysogenum MUT1115 and Penicillium citrinum MUT1071 extracts promoted osteogenic
differentiation, as demonstrated by increased alkaline phosphatase activity and ECM
mineralization. Several compounds isolated from the marine fungi Aspergillus jensenii,
Sesquicillium microsporum, and Cladosporium pseudocladosporioides were also tested in the
same in vitro system [24–27], but none of them exhibited mineralogenic and/or osteogenic
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activity [34–37]. The present study instead identified 9L, 7S, and 14S as among the most ac-
tive extracts, highlighting once again the crucial role of each single strain and the difficulties
of generalizing the research findings on the whole species.

Figure 1. Mineralogenic effect of submerged fermentation (A) and solid-state fermentation (B) extracts
assessed in VSa13 cells. All extracts were tested at 100 μg/mL, with the only exceptions of 9S and
15S that were tested at 10 μg/mL. Values are presented as mean ± standard deviation and as a
percentage over the control group (DMSO, in blue). Normality was tested through Anderson–
Darling test (p < 0.05). Asterisks indicate values significantly different (one-way ANOVA followed
by Kruskal–Wallis test; * p < 0.001 and ** p < 0.0001). Each experimental group was tested against the
control group (DMSO). Anti-mineralogenic extracts are represented in red, while pro-mineralogenic
extracts are represented in green. Min− indicates the control group not exposed to the mineralogenic
cocktail n = 7.

For some fungi, this study represents an outbreak in the field, being the first time that
Cystobasidium slooffiae, Aspergillus domesticus, and Parengydontium album (extract 1-3-5) were
identified as producers of compounds with osteogenic activity. However, it should be noted
that these species have been poorly investigated in literature for their metabolic properties,
in contrast to more studied genera, such as Cladosporium and Penicillium. No previous
reports could be found also for Cladosporium ramotenellum, Cladosporium halotolerans, C.
pseudocladosporioides (extract 6-8-14), Bjerkandera adusta (extract 4), and P. griseofulvum
(extract 15). It is remarkable that despite the general interest in these taxa, osteogenic
activity has never been reported before. Cladosporium species have been subjected to
several metabolomic studies, and 244 (up to 286) compounds have been extracted [38,39],
displaying mostly antimicrobial and cytotoxic activity [38]. Osteogenic bioactive molecules
have not been identified yet.

As for B. adusta, despite its widely known capacity to degrade pollutants, has very
little information available about its production of bioactive compounds. The synergistic
interactions between natural phenolics and flavonoids in the B. adusta extract was directly
correlated to a strong antimicrobial activity against pathogenic bacteria and yeast [40]. To
the best of our knowledge, no other reports are currently available about other bioactive
functions. A more complex scenario can be depicted for Penicillium spp. During 2021–2023
alone, more than 450 natural products from marine-derived Penicillium strains have been
discovered [4], many of them showing cytotoxic, antiproliferative, and antimicrobial activ-
ity [41]. However, the involvement of Penicillium-derived molecules in osteoclastogenesis
and osteogenesis is rare and was currently reported only for a few species, e.g., Peni-
cillium antarcticum and P. citrinum [42,43], that do not include those investigated in the
present study.
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In this study, 9 extracts significantly reduced ECM mineralization when compared
to the control. Notably, 7 of those were produced from SmF, a fermentation condition
that may have triggered the production of compounds with anti-mineralogenic activity.
These extracts should be further characterized to gain insights into the mechanisms and
molecules responsible for this effect.

Interestingly, A. pullulans metabolome was insensitive to the growth conditions, since
both SSF and SmF extracts (extract 11) exhibited anti-mineralogenic effects. This finding did
not come as a surprise, as A. pullulans is known for its active metabolites, with many of them
being used to set novel osteoporosis therapies. For instance, calcium polymalate (PMA-Ca)
and beta-glucan polycan can enhance osteoblast proliferation, ECM mineralization, and
osteogenic gene expression in vitro. In vivo, PMA-Ca can also promote bone growth and
calcium conversion, while polycan improves bone density and reduces osteoporosis in
mice [44–46]. However, Ca-PMA production in A. pullulans varies among strains and
remains taxonomically unclear [47–49]. Some strains exhibit high Ca-PMA synthesis, while
others lack characterization in this regard [50,51]. It can be hypothesized that the strain in
this study may belong to a low or non-producing variety, explaining its anti-mineralogenic
activity. Future genomic and metabolomic analyses should confirm this, helping to identify
metabolites responsible for the anti-osteogenic effect.

2.1.2. In Vivo Osteogenic Assay

To assess the osteoactive effects of fungal extracts on a whole organism, 3-day post-
fertilization (dpf) zebrafish larvae were exposed for 3 days to each extract, starting at
100 μg/mL (n = 7). In general, SSF extracts were found to be more toxic than SmF extracts
(Figure S1). Consequently, only 4 SSF extracts were tested at 100 μg/mL, and the remaining
11 SSF extracts were tested at 10 μg/mL, while 9 SmF extracts were tested at 100 μg/mL,
and the other 5 SmF extracts were tested at 10 μg/mL. Extract 9L exhibited the highest
level of cytotoxicity and was tested at 1 μg/mL. As shown in Figure S1, extracts 8S, and 9L
significantly increased the mineralized area of the opercular bone and were further tested
at different concentrations and using a higher number of larvae (n = 15). Extract 8S and 9L
increased the area of the operculum by 28.27% (at 10 μg/mL) and 27.62% (at 1 μg/mL),
respectively (Figure 2).

Figure 2. Osteogenic effect of extracts 8S (A) and 9L (B) assessed in the developing operculum of
6-dpf zebrafish larvae larvae through alizarin red S staining. DMSO and ethanol (EtOH) were used
as negative controls for extracts and calcitriol (Cal), respectively. Changes in operculum area are
expressed as percentages over the negative controls. Asterisks indicate values statistically different
(one-way ANOVA followed by Dunnett’s multiple comparison test for extracts and DMSO, Student’s
t-test for calcitriol and EtOH; * p < 0.001 and ** p < 0.0001) n = 15.
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A comparative analysis of in vitro and in vivo datasets identified extract 9L as both
mineralogenic and osteogenic, highlighting the osteoactive potential of SmF extract from A.
jensenii, which has never been reported in the literature before. Shin et al. isolated several
secondary metabolites from Aspergillus flocculosus associated with the marine sponge
Stylissa sp. [33]. Two of these metabolites, spertetranone D and wasabidienone E, weakly
inhibited osteoclast differentiation, while a third metabolite, mactanamide, showed potent
inhibition of osteoclast differentiation without any indications of cytotoxicity at effective
concentrations. This compound was also isolated from a not-yet-described marine fungus
of the genus Aspergillus associated with the brown seaweed Sargassum sp. [52] and could
represent a taxon-specific metabolite. Future work should assess its presence in extract 9L
and gain more insights into a possible role in osteoblast differentiation.

Extracts of 8S prepared from C. halotolerans exhibited a peculiar osteoactive effect char-
acterized by an anti-mineralogenic activity in vitro and a pro-osteogenic activity in vivo.
These opposite effects are per se intriguing, as one would expect a similar mineralogenic
effect in vitro and in vivo. However, the extract could have different targets at cellular and
organismal levels and affect ECM and bone mineralization in a direct or indirect manner.
It is also possible that both activities originate from different molecules. Future studies
should aim at evaluating all these hypotheses. Mohamed et al. have recently reviewed the
secondary metabolites and the biotechnological potential of marine-derived Cladosporium
species [38]. Among the nearly 300 compounds identified, none have been reported to have
mineralogenic or osteogenic potential. However, the polyketide 7,4′-dihydroxy isoflavone
(daidzein) isolated from the Antarctic fungus Cladosporium sp. NJF-6 was shown to decrease
the expression of inflammatory markers like NF-kB, TGF β, TNF-α, IL-6, IL-8, and COX-2
using different systems both in vitro and in vivo [53], a result that may indicate a therapeu-
tic potential to treat different diseases including osteoporosis [34,54]. The mineralogenic
and osteogenic activities observed in fungal extracts, particularly those from A. jensenii
MUT6581 and C. halotolerans MUT6558, suggest their potential involvement in key path-
ways regulating bone formation and extracellular matrix mineralization. Although the pre-
cise molecular mechanisms remain to be fully elucidated, we hypothesize that these extracts
may influence osteoblast differentiation and activity through the WNT/β-catenin signaling
pathway, which is essential for bone formation, or by modulating the RANK/RANKL/OPG
axis, which governs osteoclast-mediated bone resorption [55–57]. The presence of bioactive
secondary metabolites, such as polyketides or terpenoids, could underlie these effects,
potentially acting as signaling modulators or enzyme inhibitors [58,59].

2.2. Antiviral Potential

The antiviral activity of the fungal extracts was assessed against RSV and HSV-2,
important causes of diseases that can seriously impact human health [60–65]. These viruses
were selected as prototypes for RNA and DNA viruses, respectively. In the first set of
experiments, viral infectivity was assayed against cells exposed to increasing amounts of
extracts to generate dose-response curves. Among the 30 extracts tested, 16 (53%) showed
dose-dependent activity against RSV, with EC50 (half maximal effective concentration, or
concentration of a compound that reduces viral infectivity by 50%) values ranging from 1.1
to 407.7 μg/mL (Table S1). Among those, extracts 4S, 4L, 9L, 15S, and 15L exhibited the
best EC50 values (1.18–43.5 μg/mL). Similarly, 11 extracts (36.6%) significantly inhibited
HSV-2 infectivity in a dose-dependent manner, exhibiting EC50 values ranging from 9.5
to 560.1 μg/mL, and only extracts 7S, 9S, and 9L resulted in EC50 values lower than
100 μg/mL (9.5–38.7 μg/mL). Extracts 4 and 9 of both SSF and SmF showed antiviral
activities, suggesting a strain-specific production of antiviral molecule(s).
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To assess the possibility that the observed antiviral activity may be due to the cytotox-
icity of the extracts, cell viability was determined using the MTS assay. Several extracts
demonstrated a high cytocompatibility, exhibiting CC50 (half-maximal cytotoxic concen-
tration) values higher than 2000 μg/mL, while others exhibited some degree of toxicity at
lower concentrations (Table S1). In particular, extracts 15L and 9S showed the lowest CC50

values on Hep-2 and Vero cells, respectively. It should be noted that cytotoxicity was not
observed at the antiviral effective doses for all active extracts, indicating that the inhibitory
activity was not due to cytotoxic effects.

While this study is the first report of antiviral activity for most of the fungi tested
(12 out of 15), the presence of antiviral compounds in extracts prepared from Cladosporium
cladosporioides (extract 2) and P. griseofulvum (extract 15) has already been documented [66,67].
Tang et al. showed that 4 compounds produced in the biotransformation of patchouli alcohol
by C. cladosporioides exerted potent anti-influenza virus activity, with EC50 values in the
range of 2.1–20.9 μM [68]. An inhibitor of the viral protease of the hepatitis C virus was also
isolated from P. griseofulvum, showing an EC50 (concentration of a compound that inhibits
viral infectivity by 50%) value of 3.8 μg/mL [68]. According to these previous observations,
our work showed that extracts from both C. cladosporioides (extract 2) and P. griseofulvum
(extract 15) exert inhibitory activity against another virus, i.e., RSV. This is the first time
that an antiviral activity against RSV has been demonstrated for these two fungal strains.
However, Yu et al. previously highlighted that the strain Cladosporium sp. WZ-2008-0042,
associated with the gorgonian Dichotella gemmacea, produced a new pregnane (3α-hydroxy-7-
ene-6,20-dione), which exhibited potent antiviral activity against RSV with an EC50 value
of 0.12 mM [68]. Moreover, oxalierpenes A and B, produced by the mantis-shrimp-derived
Penicillium oxalicum, showed antiviral activity against the H1N1 virus and RSV, with EC50

values ranging from 2.8 to 9.4 μM [69].
Extracts 4S, 4L, and 9L were selected, based on their high selectivity indices (SIs), to

further characterize in vitro for their antiviral activity (Figures 3 and 4). To gain insights
into the mechanisms underlying the antiviral activity of these fungal extracts, time-of-
addition assays were performed treating cells with the extract before, during, or after virus
infection.

Results reported in Figure 3 show that extracts 4S and 4L inhibited RSV infectivity
when added during the infection, with EC50 values similar to those obtained in the first
antiviral assay (49.0–76.9 μg/mL). RSV replication was also partially inhibited by these
two extracts when treatment was performed after the infection. Extract 9L was found to be
active on both viruses and significantly inhibited RSV infectivity when added after infection
(EC50 = 4.9 μg/mL) and, although to a lesser extent, before infection (EC50 = 17.9 μg/mL;
Figure 3F). On the contrary, as reported in Figure 4, 9Ls ability to inhibit HSV-2 activity
was observed independently of the time of exposure (i.e., it was effective when added
before, during, and after infection), and EC50 values were in the same range as for the first
antiviral assay (25.9–36.1 μg/mL; Figure 4B). The inhibitory activity herein observed at the
different phases of virus replication may be ascribed to the well-known broad and diverse
population of metabolites present in fungal extracts, which could account for the multiple
targets of action of the extracts [70].

While this study reports for the first time antiviral activity in extracts prepared from
B. adusta (extract 4) and A. jensenii (extract 9), other bioactivities have already been docu-
mented for fungi of the genera Bjerkandera and Aspergillus, e.g., antibacterial and antioxidant
activity [40,71]. For instance, Georgousaki et al. also showed that benzoic acid derivatives
isolated from B. adusta promoted the activity of two protein degradation systems, namely
the ubiquitin-proteasome (UPP) and the autophagy-lysosome pathway [72]. Yi et al. re-
cently reviewed the antiviral activity of compounds produced by marine microorganisms
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and highlighted the dominant position of species belonging to the genus Aspergillus as
providers of antiviral natural products [73]. In this regard, Chen et al. recently reported
an anti-RSV activity for compounds isolated from the gorgonian-associated Aspergillus sp.
XS-20090B15 [74]. Xu-Hua Nong et al. also reported an anti-HSV type 1 (HSV-1) activity
from territrem and butyrolactone derivatives purified from the marine fungus Aspergillus
terreus SCSGAF0162 [75]. Among them, 12a-dehydroxyisoterreulactone A, arisugacin A,
isobutyrolactone II, and aspernolide A demonstrated significant inhibitory effects, with
EC50 values of 16.4, 6.34, 21.8, and 28.9 mg/mL, respectively [75]. Moreover, Aspergillus
sp. SCSIO 41501, associated with gorgonians, produced aspergillipeptides D and E, which
successfully inhibited HSV-1 with EC50 values of 9.5 and 19.8 μM, respectively; of note,
aspergillipeptide D also demonstrated activity against an acyclovir-resistant strain of
HSV-1 [76].

Figure 3. Antiviral activity of lead extracts 4S, 4L, and 9L against respiratory syncytial virus (RSV).
(A–C) Antiviral activity was evaluated in cells infected with RSV and exposed to increasing con-
centrations of each extract. Virus infectivity (black) was assessed at 24 h post-infection, and cell
viability (blue) was determined in the absence of viral inoculum. Both infection and viability were
calculated by comparing extract-treated to DMSO-treated samples. (D–F) Time-of-addition assays
were performed exposing cells to increasing concentrations of each extract for 2 h before infection
(pre-treatment), for 2 h during infection (co-treatment), or for 24 h after removal of the virus inocu-
lum (post-treatment). Virus infectivity was assessed at 24 h post-infection and was calculated by
comparing extract-treated to DMSO-treated samples. Values are presented as mean ± standard error
of the mean (SEM); n = 3.
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Figure 4. Antiviral activity of lead extract 9L against herpes simplex virus type 2 (HSV-2). (A) An-
tiviral activity was evaluated in cells infected with HSV-2 and exposed to increasing concentrations
of the extract. Virus infectivity (black) was assessed at 24 h post-infection, and cell viability (blue)
was determined in the absence of viral inoculum. Both infection and viability were calculated by
comparing extract-treated and DMSO-treated samples. (B) Time-of-addition assays were performed
in cells exposed to increasing concentrations of the extract for 2 h before infection (pre-treatment), for
2 h during infection (co-treatment), or for 24 h after removal of the virus inoculum (post-treatment).
Virus infectivity was assessed at 24 h post-infection and calculated by comparing extract-treated and
DMSO-treated samples. Values are presented as mean ± standard error of the mean (SEM); n = 3.

2.3. Extraction and Purification of Bioactives

Since it exhibited promising pro-osteogenic and antiviral activities, the crude extract
9L was further analyzed by HPLC-UV/ELSD (Figure 5). Two compounds, predominant in
the extract, were purified by HPLC and identified as decumbenones A and B by HRMS,
NMR, and specific rotation values with literature (Figures S4–S10) [77].

Figure 5. HPLC–ELSD chromatogram of A. jensenii extract 9L and the chemical structures of the two
most abundant compounds: decumbenones A (1) and decumbenone B (2) (Column: NUCLEODUR
Sphinx RP 250 × 4.6 mm; mobile phase: H2O-acetonitrile 90:10 for 5 min, then 90:10 to 0:100 for
25 min, containing 0.1% formic acid; flow rate: 1 mL.min−1; injection volume: 20 μL).

Decumbenones are polyketides initially isolated from the terrestrial fungus Penicillium
decumbens [77]; as shown in Table 2, they are also found in marine and terrestrial fungal
species and have been assessed for several bioactivities.
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Table 2. Decumbenones A and B: producing organisms and biological activities.

Decumbenone A

Organism Source Bioactivity Bioassay Activity Ref.

Penicillium decumbens Terrestrial Melanin inhibition - Active [77]

Aspergillus sulphureus Marine

Cytotoxicity
Antiproliferation

Antitumoral

Cancer cell lines
(SK-MEL-28, SK-MEL-5,

HCT 116)

Cytotoxic against
SK-MEL-5, SK-MEL-28

Inhibitor for all
Antitumoral on SK-MEL-5

and HCT 116

[78–80]

Stimulators of
development of

agricultural plants
- Stimulating effect on root

growth of spring wheat

Aspergillus versicolor Marine
Antimicrobial ATCC bacterial and

yeasts None
[81]

Antioxidant DPPH and FRAP None

Aspergillus versicolor Marine
Cytotoxicity A549, SKOV-3, SK-MEL-2,

XF498, HTC15 cell lines None [82]

Antibacterial meticillin-resistent
clinical strains None

Aspergillus versicolor Marine Antitumoral TDP1 inhibition assay None [83]
Aspergillus versicolor Marine - - - [84]

Aspergillus carneus Marine

Cytotoxicity MTT assay None

[85]
Antiradical activities DPPH assay None

Influence on fertilized sea
urchin ovum - None

Craterellus odoratus Terrestrial
Glucocorticoid

metabolism regulation Inhibition of 11β-HSD1 None [86]
Cytotoxicity Cancer cell lines None

Synthesized molecule - Cytotoxicity Cancer cell lines None [87]

Decumbenone B

Penicillium decumbens Terrestrial Melanin inhibition - Inactive [77]

Aspergillus sulphureus Marine

Cytotoxicity,
Antiproliferation

Antitumoral

Cancer cell lines
(SK-MEL-28, SK-MEL-5,

HCT 116)

Cytotoxicity against
SK-MEL-5, SK-MEL-28, [78–80]Antiproliferative for all

Antitumoral on SK-MEL-5
and HCT 116.

Stimulators of
development of

agricultural plants
- Stimulatory growth effect

on roots of buckwheat

Aspergillus versicolor marine
Antimicrobial ATCC bacterial and

yeasts None [81]
Antioxidant DPPH and FRAP None

Aspergillus versicolor marine

Cytotoxicity agains
human solid tumor cell

lines

A549, SKOV-3, SK-MEL-2,
XF498, HTC15 cell lines None [82]

Antibacterial 20 meticillin-resistent
clinical strains None

Aspergillus versicolor Marine Antitumoral TDP1 inhibition assay None [83]
Aspergillus versicolor Marine - - - [84]

Aspergillus carneus Marine

Cytotoxicity MTT assay None

[85]Antiradical DPPH assay None
Influence on fertilized sea

urchin ovum - None

Aspergillus flavus Marine Antimicrobial ATCC bacterial and
yeasts None [88]

Craterellus odoratus Terrestrial
Glucocorticoid

metabolism regulation Inhibition of 11β-HSD1 None [86]
Cytotoxicity Cancer cell lines None

Decumbenone A and B were described here for the first time as metabolites of the
marine species of A. jensenii, even though they have already been found involved in many
processes (Table 2). For instance, decumbenone A inhibited the melanization in Magna-
porthe grisea, a rice blast pathogen [77], while decumbenones A and B selectively affected
the human cancer esophageal cell line ECA109 with EC50 values of 12.41 and 15.60 μM,
respectively [89]. In the present study, decumbenones A and B were hence evaluated for
mineralogenic, osteogenic, and antiviral activities. However, neither of them replicated
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the observed bioactivities (e.g., mineralogenic, osteogenic, and antiviral) observed for the
crude extract (Figures S2 and S3). This finding suggests that other compounds present
in trace amounts or potential synergistic interactions among different metabolites could
be responsible for the biological effects. Future studies should focus on a more compre-
hensive metabolomic approach, employing advanced techniques such as high-resolution
mass spectrometry and tandem mass spectrometry to detect and characterize minor bioac-
tive compounds. Additionally, fractionation strategies combined with bioassay-guided
screening could help identify active metabolites that may work in synergy. Multi-omics
approaches, integrating metabolomics with transcriptomics and proteomics, could provide
insights into the regulatory pathways involved in the observed bioactivities. These meth-
ods would not only clarify the identity of the active compounds but also reveal possible
mechanisms of action, paving the way for the development of novel therapeutic agents
from marine fungal extracts.

3. Materials and Methods

The experimental setup of this study is summarized in Table 3, which provides an
overview of the assays performed and their corresponding conditions.

Table 3. Overview of the experimental design and conditions.

15 Strains Recovered from Marine Microplastics
Solid State Fermentation: 15 crude extracts
Submerged Fermentation: 15 crude extracts

Mineralogenic and Osteogenic Activities
In vitro mineralogic assay

Endpoint: extracellular matrix mineralization using gilthead seabream vertebra-derived cell line VSa13
Conditions: highest non-toxic concentration (100 μg/mL for most extracts; 10 μg/mL for extracts 9S and 15S)

In vivo osteogenic assay
Endpoint: mineralized operculum area using 6-day post-fertilization zebrafish larvae
Conditions: highest non-toxic concentration (1, 10, and 100 μg/mL depending on the extracts)

Antiviral Activities Against RSV And HSV-2
Endpoint #1: viral infectivity reduction assay, based on the number of infected cells exposed to increasing extract concentrations
Conditions: extracts from 0.1 to 1000 μg/mL covering all steps of infection
Endpoint #2: time-of-addition assay, exposing cells to extracts before, during, or after viral infection
Conditions: the most active extracts

Identification of Bioactive Molecules
Endpoint #1: HPLC-UV/ELSD analysis of the crude extract
Conditions: Extract of Aspergillus jensenii 9L with pro-osteogenic and antiviral activities
Endpoint #2: purification of predominant compounds in 9L extract by HPLC and evaluation of mineralogic, osteogenic, and

antiviral activities

3.1. Fungal Strains

A total of 15 fungal strains were isolated from MPs sampled in three areas of the
Tyrrhenian Sea in Tuscany (Italy) in November 2019, as previously described by Florio
Furno et al. [10]. Fungi were preserved at the Mycotheca Universitatis Taurinensis (MUT) of
the University of Turin.

3.2. Growth of the Fungal Strains and Preparation of the Crude Extracts

Fifteen fungal strains were cultivated using SSF and SmF, following a protocol adapted
from Yue et al. [90]. Briefly, fungi were pre-grown in 9 cm Petri dishes containing Malt
Extract Agar (MEA) medium for 7–14 days at 24 ◦C. For both SSF and SmF, the inocula-
tion was performed according to a modified Biolog protocol [91]. Whenever possible, a
conidia suspension was prepared into a suspension medium (FF inoculation fluid, Biolog,
Hayward, CA, USA), and the density, measured using a turbidimeter (Biolog, Hayward,
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CA, USA), was adjusted to the recommended value of 75%. The mycelium homogenate
was prepared as follows: fungal biomass was collected from MEA plates with a sterile
scalpel and homogenized using an UltraTurrax homogenizer (IKA, Staufen, Germany). The
homogenate was transferred into the suspension medium using a sterile Pasteur pipette to
achieve 40–60% transmittance.

For SmF, 3 mL of suspension was inoculated into 100 mL flasks containing 40 mL of
Potato Dextrose Broth (PDB) for fermentation. After 2 weeks at 24 ◦C, the mycelium was
separated from the broth by passing the fungal culture through a filter paper in a Buchner
funnel under vacuum. In a separatory funnel, the broth was mixed twice with 100% ethyl
acetate (EtOAc) at a proportion of 1:1 (v/v) to separate the aqueous phase and the organic
phase and enhance the extraction yield. The organic phase was collected, and the solvent
was removed using a rotary evaporator Re100-Pro (DLAB Scientific Inc., Beijing, China).

For SSF, 3 mL of suspension was inoculated into 100 mL flasks containing solid Rice
Media (RM: 20 g of rice + 20 mL of mineral medium). The Mineral Medium (MM) was
prepared as follows:10 mL/L of Mineral Solution (MS) and 1 mL/L of Trace Metal Solution
(TMS). MS: 5 g of KCl, 5 g of MgSO4|7H2O, 0.1 g of FeSO4|7H2O in 100 mL of deionized
water; TMS: 1 g of ZnSO4|7H2O and 0.5 g of CuSO4. After 2 weeks of cultivation at
24 ◦C, the fungus was homogenized using a sterile spatula and macerated in 100% EtOAc
(1:1 v/v). After an overnight maceration, the organic phase was collected. The previous
step was repeated with shorter incubation times (180 min). All the organic phases were
pooled, and the solvent was removed using a rotary evaporator Re100-pro. Extracts were
resuspended in 100% dimethyl sulfoxide (DMSO) and stored at 4 ◦C until used.

3.3. Assessment of Mineralogenic Activity

Gilthead seabream (Sparus aurata) bone-derived cell line VSa13 (Cellosaurus ID num-
ber CVCL_S952) [92] was maintained in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin–streptomycin, 1% L-glutamine,
and 0.2% fungizone at 33 ◦C in a 10% CO2-humidified atmosphere [92,93]. Pre-confluent
cell cultures were sub-cultured 1:4 twice a week using a trypsin–EDTA solution (0.2%
trypsin, 1.1 mM EDTA, pH 7.4). Mineralization assays were conducted in 48-well NUNC
plates seeded with 1.25 × 104 cells per well and further incubated for 4 days until the
culture reached confluency. The ECM mineralization was induced by supplementing cul-
ture medium with L-ascorbic acid (50 μg/mL), β-glycerophosphate (10 mM), and calcium
chloride (4 mM). All extracts were initially tested at a concentration of 100 μg/mL. In
case of cytotoxicity (e.g., cell death and altered morphology), extract concentration was
lowered to 10 μg/mL and further evaluated. This stepwise approach allowed us to assess
bioactivity while minimizing interference from toxic responses. Mineralizing cell cultures
were exposed for 17 days to SmF or SSF extracts at the highest non-toxic concentration, or
to 0.1% DMSO (vehicle) thereafter designed as the control group (CTRL). Cells cultured in
non-supplemented medium (i.e., without mineralogenic cocktail and extracts) were also
used as a negative control (Min−). Mineral deposition was assessed through alizarin red S
(AR-S) staining and quantified by spectrophotometry as previously described [92].

3.4. Assessment of Osteogenic Activity

Zebrafish (Danio rerio) larvae at 3 dpf were exposed for 3 days to the fungal extracts as
described by Tarasco et al. [94]. Briefly, freshly hatched 3-dpf larvae were transferred into
12-well plates at a density of 7 larvae per well; each well was filled with 5 mL of filtrated
system water (i.e., water collected from the fish housing system) and supplemented with
the extracts at the non-toxic concentrations or with 0.1% DMSO (vehicle/negative control
sample). A group of larvae exposed to 10 pg/mL calcitriol dissolved in ethanol was used as
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positive control. Approximately 70% of the treatment was renewed daily. All the extracts
were first tested at 100 μg/mL. Mortality and malformations were monitored for 3 days,
and lower doses (10 or 1 μg/mL) were tested in case of severe toxic effects. After 3 days
of exposure, larvae were given a lethal dose of anesthetic (MS-222 at 0.6 mM, pH 7.0,
Merck KGaA, Darmstadt, Germania), washed in system water, and then stained with 0.01%
of alizarin red S. Larvae were positioned laterally on a 2% agarose gel and then imaged
using an MZ 7.5 fluorescence stereomicroscope (Leica, Wetzlar, Germany) equipped with
a green light filter (λex = 530–560 nm and λem = 580 nm) and a black-and-white F-View II
camera (Olympus, Hamburg, Germany). The morphometric analysis of the operculum
was performed using the fluorescence images and ZFBONE plugin for ImageJ [94]. The
operculum area was corrected for interspecimen variability using the head area. After an
initial screening, extracts exhibiting an osteogenic activity were retested using multiple
concentrations and a higher number of larvae (n = 15), placed in a 6-well plate with 10 mL
of system water per well.

3.5. Assessment of Antiviral Activity

Human epithelial cells (Hep-2; ATCC ID number CCL-23) and African green monkey
fibroblastoid kidney cells (Vero; ATCC ID number CCL-81) were grown as monolayers in
DMEM supplemented with 10% of FBS and 1% of antibiotic-antimycotic solution (Sigma-
Aldrich, St. Louis, MO, USA). Cells were maintained at 37 ◦C in a 5% CO2-atmosphere.
The RSV strain A2 (ATCC ID number VR-1540) and the HSV-2 strain MS (ATCC ID number
VR-540) were propagated in Hep-2 and Vero cells, respectively. After propagation, viral
progenies were clarified out of cell debris, aliquoted, and stored at −80 ◦C prior to virus
titration by standard plaque assay.

All antiviral assays were performed in DMEM supplemented with 2% of FBS. For the
antiviral assays, sub-confluent Hep-2 or Vero cells were seeded at a density of 1 × 104 cells
per well in 96-well plates and infected with a fixed inoculum of RSV or HSV-2 (multiplicities
of infection—MOI of 0.01 or 0.005, respectively), while exposed to increasing amounts
of extracts. After 24 h at 37 ◦C, cells were fixed in acetone:methanol (1:1), and infective
events were visualized with an indirect immunocytochemistry procedure using specific
primary antibodies directed against viral antigens, as described previously [95]. Infective
events were microscopically counted, and viral infectivity was expressed as the mean % of
infection ± standard error of the mean (SEM) of the extract-treated sample compared to
the DMSO-treated sample (corresponding to 100% of infection).

Cell viability was measured using the MTS assay, as previously described [64]. Briefly,
sub-confluent Hep-2 or Vero cells in 96-well plates were overlaid with serial dilutions
of extracts and treated for the antiviral assay, without virus infection. The effect on cell
viability of extracts was expressed as a mean % ± SEM, calculated by comparing the
absorbances of treated cells with those of cells incubated with DMSO alone. Values of
EC50, EC90 (concentration of a compound that reduces viral infectivity by 90%), CC50, and
relative 95% confidence intervals (CIs) were calculated. Where possible, selectivity indices
of POMs were calculated as SI = CC50/EC50.

For time-of-addition assays that evaluate the virus replicative phase inhibited by a
compound, sub-confluent Hep-2 or Vero cells were seeded at a density of 1 × 104 cells per
well in 96-well plates and incubated with increasing concentrations of extracts at 37 ◦C for
2 h before infection (pre-treatment), for 2 h during infection (co-treatment), or for 24 h after
removal of the virus inoculum (post-treatment). Cells were concurrently infected with RSV
or HSV-2 and treated for the antiviral assay.
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3.6. Isolation of Secondary Metabolites from A. Jensenii Extract 9L

The culture broth (250 mL) of A. jensenii extract 9L was extracted as previously de-
scribed. The crude extract (32.0 mg) was purified by HPLC (column: NUCLEODUR Sphinx
RP 250 × 4.6 mm) using acetonitrile/water (25:75, 1 mL/min) containing 0.1% formic acid,
to yield 1 (3.3 mg, Rt = 10.5 min) and 2 (2.1 mg, Rt = 12.3 min).

Decumbenone A (1): Yellow gum. [α]D
20 + 35.0 (c 0.1, MeOH) (reported as [α]D

20 + 54.0
(c 0.5, EtOH) [80]. Molecular formula: C16H24O4. 1H NMR (400 MHz, CD3OD) δH 5.93 (d,
J = 9.9 Hz, H-11), 5.59 (s, H-9), 5.35 (d, J = 9.9 Hz, H-12), 4.22 (m, H-6), 3.83 (t, J = 6.2 Hz, H-1),
3.05 (dt, J = 18.0, 6.2 Hz, H-2a), 2.93 (q, J = 3.5 Hz, H-5), 2.85 (dt, J = 18.0, 6.4 Hz, H-2b), 2.52
(m, H-8), 1.86 (ddd, J = 9.9, 8.5, 4.2 Hz, H-7a), 1.46 (s, H-15), 1.24 (m, H-7b), 1.12 (s, H-14), 1.03
(d, J = 7.1 Hz, H-16). 13C NMR (400 MHz, CD3OD) δC 215.9 (C-3), 134.9 (C-12), 134.2 (C-9),
132.7 (C-10), 129.6 (C-11), 75.4 (C-13), 67.2 (C-6), 58.8 (C-1), 58.6 (C-4), 45.2 (C-2), 43.4 (C-5),
40.7 (C-7), 26.9 (C-14), 26.6 (C-8), 21.7 (C-16), 14.8 (C-15). HRESIMS m/z 303.1564 [M + Na]+

(calcd for C16H24O4Na+ 303.1567), 263.1640 [M − H2O + H]+ (calcd for C16H23O3
+ 263.1642).

Decumbenone B (2): Yellow gum. [α]D
20 + 10.0 (c 0.1, MeOH) (reported as [α]D

20 + 8.0
(c 0.5, EtOH) [80]. Molecular formula: C16H26O4. 1H NMR (400 MHz, CD3OD) δH 5.39 (dd,
J = 10.0, 1.8 Hz, H-11), 5.31 (dd, J = 10.0, 2.5 Hz, H-12), 4.09 (br s, H-6), 3.80 (td, J = 6.3, 2.8 Hz,
H-1), 3.04 (dt, J = 18.3, 6.4 Hz, H-2a), 2.82 (dt, J = 18.3, 6.3 Hz, H-2b), 2.37 (m, H-10), 1.92 (dd,
J = 10.7, 4.4 Hz, H-8), 1.82 (m, H-9a), 1.70 (m, H-7a), 1.52 (s, H-15), 1.15 (td, J = 13.5, 2.5 Hz,
H-7b), 1.06 (s, H-14), 0.89 (d, J = 6.6 Hz, H-16), 0.73 (q, J = 12.2 Hz, H-9b). 13C NMR (400 MHz,
CD3OD) δC 216.2 (C-3), 134.5 (C-12), 131.8 (C-11), 75.1 (C-13), 68.0 (C-6), 58.3 (C-1), 58.3 (C-4),
47.7 (C-5), 45.7 (C-2), 44.9 (C-7), 43.2 (C-9), 32.6 (C-10), 27.9 (C-14), 27.6 (C-8), 22.6 (C-16),
14.1 (C-15). HRESIMS m/z 305.1721 [M + Na]+ (calcd for C16H26O4Na+ 305.1724), 265.1797
[M − H2O + H]+ (calcd for C16H25O3

+ 265.1799).

3.7. Statistical Analyses

Prism version 10.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical
analysis. For all the experiments, normality was tested with a D’Agostino-Pearson omnibus
normality test or with an Anderson-Darling test (p < 0.05). Homoscedasticity was tested
through the Brown-Forsythe test (p < 0.05). When the distribution of the data of all the
experimental groups resulted normal and homogeneous, statistical differences between
the control and the extracts were tested with a one-way ANOVA followed by Dunnett’s
multiple comparison test (p < 0.05). If the distribution of the data of any of the experimental
conditions resulted in non-normal or non-homogeneous statistical differences between the
control and the extracts, they were tested with a non-parametric ANOVA test followed by
Dunn’s multiple comparison test (p < 0.05). Sample sizes can be found in figure legends.

4. Conclusions

The bioprospection of the marine plastisphere has resulted in the identification of fungi
able to produce different bioactive molecules with interesting pharmacological activities
(i.e., osteogenic and antiviral). This work primarily underlines the hidden potential of ma-
rine fungi, with many species demonstrating bioactivities for the first time, supporting the
importance of exploring the mycobiota associated with unique ecological niches such as the
plastisphere. Moreover, it was demonstrated that fermentation techniques may affect the
ability to activate distinct metabolic pathways. Both process yield and diversity of bioactive
compounds could vary, highlighting the importance of optimizing cultivation strategies.

The extract prepared from A. jensenii has demonstrated promising pro-osteogenic
and antiviral activities. Two abundant molecules, decumbenones A and B, were purified
from this extract. However, none of these molecules exhibited the bioactivity found in the
extract tested, both for osteogenic/mineralogenic and antiviral assays. The precise identity
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of the molecule or group of molecules responsible for the observed bioactivities remains
unknown. As a result, it is imperative to conduct a comprehensive investigation into
the compounds present in the extract, even those found in trace amounts, as these lesser-
known constituents may play a significant role. Special consideration should be given
to the possibility of synergistic effects, where the interaction between different molecules
could amplify the bioactive properties. In the future, the systematic fractionation of the
extract, followed by detailed validation of each bioactive fraction, will be critical for the
successful identification and characterization of the specific molecules driving the reported
biological effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md23030115/s1, Figure S1: Osteogenic activity of Liquid (A)
and Solid (B) extracts in zebrafish larvae; Figure S2: Antiviral activity of decumbenone A and B
from extract A. jensenii 9L; Figure S3: Osteogenic activity of decumbenone A and B from extract A.
jensenii 9L; Figure S4: HPLC-ELSD-UV/VIS chromatograms of the EtOAc extract of A. jensenii-9L;
Figure S5: HRESIMS of 1; Figure S6: 1H NMR (400 MHz) spectrum of 1 in CD3OD; Figure S7: 13C
NMR (100 MHz) spectrum of 1 in CD3OD; Figure S8: HRESIMS of 2; Figure S9: 1H NMR (400
MHz) spectrum of 2 in CD3OD; Figure S10: 13C NMR (100 MHz) spectrum of 2 in CD3OD; Table S1:
Antiviral activity of extracts.
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Abbreviations

The following abbreviations are used in this manuscript:

MP Microplastic
RSV Respiratory Syncytial Virus
HSV-1 Herpes Simplex Virus Type 1
HSV-2 Herpes Simplex Virus Type 2
SSF Solid State Fermentation
SmF Submerged Fermentation
ECM Extracellular Matrix
PMA-Ca Calcium Polymalate
EtOH Ethanol
SI Selectivity Indices
MEA Malt Extract Agar
PDB Potato Dextrose Broth
MM Mineral Medium
TMS Trace Metal Solution
MS Mineral Solution
EtOAc Ethyl Acetate
RM Rice Media
DMSO Dimethylsulfoxide
AR-S Alizarin Red S
EC50 Concentration of a compound that reduces viral infectivity by 50%
EC90 Concentration of a compound that reduces viral infectivity by 90%
CC50 Half maximal cytotoxic concentration
IC50 Concentration of a compound that inhibit viral infectivity by 50%
CI Confidence Interval
dpf Days Post-Fertilization
FBS Fetal Bovine Serum
DMEM Dulbecco’s Modified Eagle medium
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50. Gostinčar, C.; Ohm, R.A.; Kogej, T.; Sonjak, S.; Turk, M.; Zajc, J.; Zalar, P.; Grube, M.; Sun, H.; Han, J.; et al. Genome Sequencing of
Four Aureobasidium Pullulans Varieties: Biotechnological Potential, Stress Tolerance, and Description of New Species. BMC Genom.
2014, 15, 1–29. [CrossRef]

51. Li, Y.; Chi, Z.; Wang, G.Y.; Wang, Z.P.; Liu, G.L.; Lee, C.F.; Ma, Z.C.; Chi, Z.M. Taxonomy of Aureobasidium Spp. and Biosynthesis
and Regulation of Their Extracellular Polymers. Crit. Rev. Microbiol. 2015, 41, 132013. [CrossRef]

52. Lorenz, P.; Jensen, P.R.; Fenical, W. Mactanamide, a New Fungistatic Diketopiperazine Produced by a Marine Aspergillus Sp. Nat.
Prod. Lett. 1998, 12, 55–60. [CrossRef]

53. Laddha, A.P.; Kulkarni, Y.A. Pharmacokinetics, Pharmacodynamics, Toxicity, and Formulations of Daidzein: An Important
Isoflavone. Phytother. Res. 2023, 37, 2578–2604. [CrossRef] [PubMed]

54. Junnan, C.; Xiaoqing, T.; Chengqi, F.; Jinchang, H.; Yanan, L.; Qinghua, H. Secondary Metabolites from the Antarctic Fungi
Cladosporium Sp. NJF4 and NJF6. Chin. J. Polar Res. 2020, 32, 60. [CrossRef]

55. Carletti, A.; Gavaia, P.J.; Cancela, M.L.; Laizé, V. Metabolic Bone Disorders and the Promise of Marine Osteoactive Compounds.
Cell. Mol. Life Sci. 2024, 81, 11. [CrossRef]

56. Marcadet, L.; Bouredji, Z.; Argaw, A.; Frenette, J. The Roles of RANK/RANKL/OPG in Cardiac, Skeletal, and Smooth Muscles in
Health and Disease. Front. Cell Dev. Biol. 2022, 10, 903657. [CrossRef] [PubMed]

57. Yu, M.; Qin, K.; Fan, J.; Zhao, G.; Zhao, P.; Zeng, W.; Chen, C.; Wang, A.; Wang, Y.; Zhong, J.; et al. The Evolving Roles of Wnt
Signaling in Stem Cell Proliferation and Differentiation, the Development of Human Diseases, and Therapeutic Opportunities.
Genes. Dis. 2024, 11, 101026. [CrossRef] [PubMed]

58. González-Hernández, R.A.; Valdez-Cruz, N.A.; Macías-Rubalcava, M.L.; Trujillo-Roldán, M.A. Overview of Fungal Terpene
Synthases and Their Regulation. World J. Microbiol. Biotechnol. 2023, 39, 1–21. [CrossRef]

73



Mar. Drugs 2025, 23, 115

59. Wang, Q.; Zhao, X.; Jiang, Y.; Jin, B.; Wang, L. Functions of Representative Terpenoids and Their Biosynthesis Mechanisms in
Medicinal Plants. Biomolecules 2023, 13, 1725. [CrossRef]

60. Looker, K.J.; Magaret, A.S.; Turner, K.M.E.; Vickerman, P.; Gottlieb, S.L.; Newman, L.M. Global Estimates of Prevalent and
Incident Herpes Simplex Virus Type 2 Infections in 2012. PLoS ONE 2015, 10, e114989. [CrossRef]

61. Gupta, R.; Warren, T.; Wald, A. Genital Herpes. Lancet 2007, 370, 2127–2137. [CrossRef]
62. Zou, G.; Cao, S.; Gao, Z.; Yie, J.; Wu, J.Z. Current State and Challenges in Respiratory Syncytial Virus Drug Discovery and

Development. Antiviral Res. 2024, 221, 105791. [CrossRef] [PubMed]
63. Bechini, A.; Salvati, C.; Bonito, B.; Del Riccio, M.; Stancanelli, E.; Bruschi, M.; Ionita, G.; Iamarino, J.A.; Bentivegna, D.; Buscemi,

P.; et al. Costs and Healthcare Utilisation Due to Respiratory Syncytial Virus Disease in Paediatric Patients in Italy: A Systematic
Review. Public. Health 2024, 227, 103–111. [CrossRef] [PubMed]

64. Argenziano, M.; Arduino, I.; Rittà, M.; Molinar, C.; Feyles, E.; Lembo, D.; Cavalli, R.; Donalisio, M. Enhanced Anti-Herpetic
Activity of Valacyclovir Loaded in Sulfobutyl-Ether-β-Cyclodextrin-Decorated Chitosan Nanodroplets. Microorganisms 2023,
11, 2460. [CrossRef] [PubMed]

65. Kim, T.; Choi, S.H. Epidemiology and Disease Burden of Respiratory Syncytial Virus Infection in Adults. Infect. Chemother. 2024,
56, 1. [CrossRef]

66. Yu, M.L.; Guan, F.F.; Cao, F.; Jia, Y.L.; Wang, C.Y. A New Antiviral Pregnane from a Gorgonian-Derived Cladosporium Sp. Fungus.
Nat. Prod. Res. 2018, 32, 1260–1266. [CrossRef]

67. Zhang, Y.H.; Li, L.; Li, Y.Q.; Luo, J.H.; Li, W.; Li, L.F.; Zheng, C.J.; Cao, F. Oxalierpenes A and B, Unusual Indole-Diterpenoid
Derivatives with Antiviral Activity from a Marine-Derived Strain of the Fungus Penicillium Oxalicum. J. Nat. Prod. 2022, 85,
1880–1885. [CrossRef]

68. Tang, J.; Su, L.; He, X.; Liu, D.; Zhao, C.; Zhang, S.; Li, Q.; Li, R.; Li, H. Biotransformation of Patchouli Alcohol by Cladosporium
Cladosporioides and the Anti-Influenza Virus Activities of Biotransformation Products. J. Agric. Food Chem. 2024, 72, 7991–8005.
[CrossRef] [PubMed]

69. Chu, M.; Mierzwa, R.; He, L.; King, A.; Patel, M.; Pichardo, J.; Hart, A.; Butkiewicz, N.; Puar, M.S. Isolation and Structure of Sch
351633: A Novel Hepatitis C Virus (HCV) NS3 Protease Inhibitor from the Fungus Penicillium Griseofulvum. Bioorg. Med. Chem.
Lett. 1999, 9, 1949–1952. [CrossRef]

70. Ngamcharungchit, C.; Chaimusik, N.; Panbangred, W.; Euanorasetr, J.; Intra, B. Bioactive Metabolites from Terrestrial and Marine
Actinomycetes. Molecules 2023, 28, 5915. [CrossRef]

71. Nowacka, N.; Nowak, R.; Drozd, M.; Olech, M.; Los, R.; Malm, A. Antibacterial, Antiradical Potential and Phenolic Compounds
of Thirty-One Polish Mushrooms. PLoS ONE 2015, 10, e0140355. [CrossRef]

72. Georgousaki, K.; Tsafantakis, N.; Gumeni, S.; Lambrinidis, G.; González-Menéndez, V.; Tormo, J.R.; Genilloud, O.; Trougakos,
I.P.; Fokialakis, N. Biological Evaluation and in Silico Study of Benzoic Acid Derivatives from Bjerkandera Adusta Targeting
Proteostasis Network Modules. Molecules 2020, 25, 666. [CrossRef] [PubMed]

73. Yi, M.; Lin, S.; Zhang, B.; Jin, H.; Ding, L. Antiviral Potential of Natural Products from Marine Microbes. Eur. J. Med. Chem. 2020,
207, 112738. [CrossRef]

74. Chen, M.; Shao, C.L.; Meng, H.; She, Z.G.; Wang, C.Y. Anti-Respiratory Syncytial Virus Prenylated Dihydroquinolone Derivatives
from the Gorgonian-Derived Fungus Aspergillus Sp. XS-20090B15. J. Nat. Prod. 2014, 77, 2720–2724. [CrossRef]

75. Nong, X.H.; Wang, Y.F.; Zhang, X.Y.; Zhou, M.P.; Xu, X.Y.; Qi, S.H. Territrem and Butyrolactone Derivatives from a Marine-Derived
Fungus Aspergillus Terreus. Mar. Drugs 2014, 12, 6113–6124. [CrossRef]

76. Ma, X.; Nong, X.H.; Ren, Z.; Wang, J.; Liang, X.; Wang, L.; Qi, S.H. Antiviral Peptides from Marine Gorgonian-Derived Fungus
Aspergillus Sp. SCSIO 41501. Tetrahedron Lett. 2017, 58, 1151–1155. [CrossRef]

77. Fujii, Y.; Asahara, M.; Ichinoe, M.; Nakajima, H. Fungal Melanin Inhibitor and Related Compounds from Penicillium Decumbens.
Phytochemistry 2002, 60, 703–708. [CrossRef] [PubMed]

78. Anisimov, M.M.; Klykov, A.G. Metabolites of Terrestrial Plants and Marine Organisms as Potential Regulators of Growth of
Agricultural Plants in the Russian Far East. J. Agric. Sci. 2014, 6, 1019–1022. [CrossRef]

79. Zhuravleva, O.I.; Afiyatullov, S.S.; Vishchuk, O.S.; Denisenko, V.A.; Slinkina, N.N.; Smetanina, O.F. Decumbenone C, a New
Cytotoxic Decaline Derivative from the Marine Fungus Aspergillus Sulphureus KMM 4640. Arch. Pharm. Res. 2012, 35, 1757–1762.
[CrossRef] [PubMed]

80. Anisimov, M.M.; Chaikina, E.L.; Afiyatullov, S.S.; Zhuravleva, O.I.; Klykov, A.G.; Kraskovskaja, N.A.; Aminin, D.L. Decum-
benones A–C from Marine Fungus Aspergillus Sulphureus as Stimulators of the Initial Stages of Development of Agricultural
Plants. Agric. Sci. 2012, 3, 1019–1022. [CrossRef]

81. Yang, L.J.; Peng, X.Y.; Zhang, Y.H.; Liu, Z.Q.; Li, X.; Gu, Y.C.; Shao, C.L.; Han, Z.; Wang, C.Y. Antimicrobial and Antioxidant
Polyketides from a Deep-Sea-Derived Fungus Aspergillus Versicolor SH0105. Mar. Drugs 2020, 18, 636. [CrossRef]

82. He, Y.P.; Zhang, Z.K.; Li, Z.J.; Wu, P.P.; Hu, J.S.; Fan, H.; Zhang, C.X. Two New Types of Structures from Soft Coral-Associated
Epiphytic Fungus Aspergillus Versicolor CGF9-1-2. Fitoterapia 2024, 177, 106136. [CrossRef] [PubMed]

74



Mar. Drugs 2025, 23, 115

83. Yoon, M.L.; Mansoor, T.A.; Hong, J.; Lee, C.O.; Kyung, S.B.; Jung, J.H. Polyketides from a Sponge-Derived Fungus, Aspergillus
Versicolor. Nat. Product. Sci. 2007, 13, 90–96.

84. Fu, Y.; Wu, P.; Xue, J.; Wei, X.; Li, H. Versicorin, a New Lovastatin Analogue from the Fungus Aspergillus Versicolor SC0156. Nat.
Prod. Res. 2015, 29, 1363–1368. [CrossRef]

85. Yurchenko, A.A.; Smetanina, O.F.; Kalinovsky, A.I.; Kirichuk, N.N.; Pivkin, M.V.; Ivanets, E.V.; Yurchenko, E.A.; Afiyatullov,
S.S. New Metabolites from a Marine Sediment-Derived Fungus, Aspergillus Carneus. Nat. Prod. Commun. 2015, 10, 1247–1250.
[CrossRef]

86. Guo, H.; Feng, T.; Li, Z.H.; Liu, J.K. Five New Polyketides from the Basidiomycete Craterellus Odoratus. Nat. Prod. Bioprospect.
2012, 2, 170–173. [CrossRef]

87. National Center for Biotechnology Information. Primary High Throughput Screening by Co-Culture Imaging for Identification
Hits as a Selective Cytotoxic Compound to Cancer Cells in an EMT-Like State. PubChem Bioassay Record for AID 1345086,
Source: University of Iowa High-Throughput Screening Core (UIHTS). Available online: https://pubchem.ncbi.nlm.nih.gov/
bioassay/1345086 (accessed on 24 February 2025).

88. Zhuravleva, O.I.; Kirichuk, N.N.; Denisenko, V.A.; Dmitrenok, P.S.; Pivkin, M.V.; Afiyatullov, S.S. New Kipukasin from Marine
Isolate of the Fungus Aspergillus Flavus. Chem. Nat. Compd. 2016, 52, 266–268. [CrossRef]

89. Niu, S.; Xia, M.; Chen, M.; Liu, X.; Li, Z.; Xie, Y.; Shao, Z.; Zhang, G. Cytotoxic Polyketides Isolated from the Deep-Sea-Derived
Fungus Penicillium Chrysogenum MCCC 3A00292. Mar. Drugs 2019, 17, 686. [CrossRef]

90. Yue, Y.; Yu, H.; Li, R.; Hu, L.; Liu, S.; Xing, R.; Li, P. Isolation and Identification of Antimicrobial Metabolites from Sea
Anemone-Derived Fungus Emericella Sp. SMA01. J. Oceanol. Limnol. 2021, 39, 1010–1019. [CrossRef]

91. Shea, A.; Wolcott, M.; Daefler, S.; Rozak, D.A. Biolog Phenotype Microarrays. Methods Mol. Biol. 2012, 881, 331–373. [CrossRef]
92. Pombinho, A.R.; Laizé, V.; Molha, D.M.; Marques, S.M.P.; Cancela, M.L. Development of Two Bone-Derived Cell Lines from the

Marine Teleost Sparus Aurata; Evidence for Extracellular Matrix Mineralization and Cell-Type-Specific Expression of Matrix Gla
Protein and Osteocalcin. Cell Tissue Res. 2004, 315, 393–406. [CrossRef]

93. Marques, C.L.; Rafael, M.S.; Cancela, M.L.; Laizé, V. Establishment of Primary Cell Cultures from Fish Calcified Tissues.
Cytotechnology 2007, 55, 9–13. [CrossRef] [PubMed]

94. Tarasco, M.; Laizé, V.; Cardeira, J.; Cancela, M.L.; Gavaia, P.J. The Zebrafish Operculum: A Powerful System to Assess Osteogenic
Bioactivities of Molecules with Pharmacological and Toxicological Relevance. Comp. Biochem. Physiol. Part. C Toxicol. Pharmacol.
2017, 197, 115480. [CrossRef] [PubMed]

95. Arduino, I.; Francese, R.; Civra, A.; Feyles, E.; Argenziano, M.; Volante, M.; Cavalli, R.; Mougharbel, A.M.; Kortz, U.; Donalisio,
M.; et al. Polyoxometalate Exerts Broad-Spectrum Activity against Human Respiratory Viruses Hampering Viral Entry. Antivir.
Res. 2024, 226, 105897. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

75



marine drugs 

Article

An Investigation of Quorum Sensing Inhibitors against
Bacillus cereus in The Endophytic Fungus Pithomyces sacchari
of the Laurencia sp.

Shi-Liang Xiang, Kai-Zhong Xu, Lu-Jun Yin and Ai-Qun Jia *

Key Laboratory of Tropical Biological Resources of Ministry of Education, School of Pharmaceutical Sciences,
Hainan University, Haikou 570228, China
* Correspondence: ajia@hainanu.edu.cn; Tel./Fax: +86-0898-66254967

Abstract: Bacillus cereus, a common food-borne pathogen, forms biofilms and generates virulence
factors through a quorum sensing (QS) mechanism. In this study, six compounds (dankasterone
A, demethylincisterol A3, zinnimidine, cyclo-(L-Val-L-Pro), cyclo-(L-Ile-L-Pro), and cyclo-(L-Leu-L-
Pro)) were isolated from the endophytic fungus Pithomyces sacchari of the Laurencia sp. in the South
China Sea. Among them, demethylincisterol A3, a sterol derivative, exhibited strong QS inhibitory
activity against B. cereus. The QS inhibitory activity of demethylincisterol A3 was evaluated through
experiments. The minimum inhibitory concentration (MIC) of demethylincisterol A3 against B.
cereus was 6.25 μg/mL. At sub-MIC concentrations, it significantly decreased biofilm formation,
hindered mobility, and diminished the production of protease and hemolysin activity. Moreover,
RT-qPCR results demonstrated that demethylincisterol A3 markedly inhibited the expression of
QS-related genes (plcR and papR) in B. cereus. The exposure to demethylincisterol A3 resulted in the
downregulation of genes (comER, tasA, rpoN, sinR, codY, nheA, hblD, and cytK) associated with biofilm
formation, mobility, and virulence factors. Hence, demethylincisterol A3 is a potentially effective
compound in the pipeline of innovative antimicrobial therapies.

Keywords: Laurencia sp.; endophytic fungus; Pithomyces sacchari; demethylincisterol A3; Bacillus
cereus; quorum sensing

1. Introduction

Seaweeds, the largest group of oceanic plants, are capable of producing various
metabolites, including polysaccharides, terpenes, and lectins [1]. Algal metabolites exhibit
a range of beneficial effects, such as antibacterial, antiviral, antioxidant, and anticancer
properties [1–4]. Endophytic fungi, residing within the plant body, coexist without harming
the host and can synthesize compounds similar to those produced by the host plant [5]. For
instance, the fungal endophyte Taxomyces andreanae, found within the inner bark of the Taxus
brevifolia (Pacific yew tree), is capable of synthesizing paclitaxel derivatives [6]. Similarly,
Diaporthe longicolla, an endophyte from the leaves of Saraca asoca, produces metabolites with
noted antibacterial and antioxidant properties [7]. The ethyl acetate extract from Nigrospora
sphaerica, another endophytic fungus, exhibits potent antioxidant activities, effectively
combating free radicals [8]. Additionally, Hyllosticta capitalensis, an endophyte, is known for
generating a variety of bioactive compounds that possess both antibacterial and antitumor
potential [9]. Recent studies reveal that bioactive substances from endophytic fungi, known
for their antioxidant, antibacterial, anti-inflammatory, and cancer cell inhibitory effects,
have become a prominent focus for screening and research [10].

Foodborne diseases stemming from pathogens constitute a widespread global public
health concern [11]. Bacillus cereus is a Gram-positive bacterium known for its ability to
cause food poisoning [12]. Widely distributed in air, water, and soil, B. cereus may be
present in various foods, including potatoes, rice, and beans [12]. B. cereus can produce
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enterotoxins and emetic toxins, leading to symptoms such as diarrhea and vomiting in
affected individuals [13]. At the same time, it can form biofilms, enhancing its efficiency in
producing harmful metabolites [14]. With the assistance of biofilms, B. cereus can evade
the decomposition of digestive enzymes [15]. The flagella of B. cereus aid in movement
to suitable locations and the formation of B. cereus biofilm is intricately connected to this
locomotion process [16]. It can modulate gene expression through quorum sensing (QS),
exercising control over biofilm formation, virulence factors, and spore production [17].

Given that the production of harmful toxins, as well as functions like mobility and
membrane activity in B. cereus, rely on QS, addressing its impact on human health under-
scores the importance of developing treatments to disrupt its QS. Therefore, this study
aimed to identify compounds from marine algal endophytic fungi that can inhibit the QS
function of B. cereus, thereby attenuating its pathogenicity.

2. Results

2.1. Identification of Active Strains

Mycelium grown on potato dextrose agar (PDA) exhibited a white coloration and
adopted a coarse and cotton-like texture. With the progression of growth, the central color
could progressively transform to yellow (Figure 1a). The cells of the conidia exhibited micro-
scopic features such as yellow coloration, oval or slightly oval shape, and 3–5 diaphragms
(Figure 1b). The spore wall was smooth. The conidia were septate, elongated, and pale
brown in color (Figure 1c). The strain was determined as Pithomyces by comparing its gene
sequences to those in the gene library (Figure S9). The most closely related strain of W2-F1
was Pithomyces sacchari (99.00%) (Figure 1d).

2.2. The Elucidation of Compounds

The isolated six compounds were identified using nuclear magnetic resonance (NMR)
and mass spectrum (MS) techniques, and their structures were determined by comparing
them with the literature data (Figure 2). The NMR and MS spectra of the six compounds
are shown in the Supporting Information (Figures S3–S8).

Compound 1 (4.8 mg) was identified as follows. Dankasterone A (C28H40O3,
m/z = 425.3058 [M + H]+, cald. for 425.3050) [18]. 1H-NMR (400 MHz, MeOD) δ 6.16
(s, H-4, 1H), 5.35–5.31 (m, 2H), 2.87 (td, J = 8.9, 1.5 Hz, 1H), 2.69–2.60 (m, 2H), 2.60–2.53 (m,
2H), 2.51–2.46 (m, 1H), 2.41–2.39 (m, 1H), 2.38–2.34 (m, 1H), 2.09–1.99 (m, 3H), 1.95–1.84
(m, 3H), 1.78–1.68 (m, 3H), 1.56–1.38 (m, 2H), 1.29 (s, H-19, 3H), 1.13 (d, J = 7.1 Hz, H-21,
3H), 0.99 (s, H-18, 3H), 0.94 (d, J = 6.8 Hz, H-27, 3H), 0.86 (d, J = 6.7 Hz, H-26, 3H), 0.84 (d,
J = 6.8 Hz, H-28, 3H). 13C-NMR (101 MHz, MeOD) δ 217.53 (q, C-14), 202.21 (q, C-6), 201.68
(q, C-3), 159.33 (q, C-5), 136.00 (CH, C-23), 134.28 (CH, C-22), 126.55 (CH, C-4), 64.05a (q,
C-8), 55.68a (q, C-13), 50.96 (CH, C-9), 49.50 (CH, C-17), 44.70 (CH, C-24), 41.42 (CH2, C-7),
39.96 (CH2, C-1), 38.99 (CH2, C-12), 38.63 (CH2, C-15), 38.49 (CH, C-20), 37.39 (q, C-10),
35.17 (CH2, C-2), 34.37 (CH, C-25), 25.91 (CH2, C-11), 24.74 (CH3, C-19), 24.18 (CH3, C-21),
24.09 (CH2, C-16), 20.55 (CH3, C-27), 20.14 (CH3, C-26), 18.10 (CH3, C-28), 17.35 (CH3, C-18)
(a assignments could be switched).

Compound 2 (8.7 mg) was identified as follows. Demethylincisterol A3 (C21H32O3,
m/z = 331.2271 [M − H]-, cald. for 331.2279) [19,20]. 1H-NMR (400 MHz, CDCl3) δ 5.61 (d,
J = 4.2 Hz, H-2 1H), 5.25 (dd, J = 15.2, 7.5 Hz, H-16, 1H), 5.16 (dd, J = 15.3, 8.2 Hz, H-15, 1H),
2.68–2.61 (m, H-8, 1H), 2.33–2.26 (m, 1H), 2.06–2.00 (m, 1H), 1.99–1.94 (m, 1H), 1.90–1.80
(m, 3H), 1.71–1.65 (m, 1H), 1.65–1.60 (m, 1H), 1.52–1.42 (m, 4H), 1.03 (d, J = 6.2 Hz, H-14,
3H), 0.91 (d, J = 6.4 Hz, H-21, 3H), 0.83 (d, J = 6.7 Hz, H-19, 3H), 0.82 (d, J = 6.6 Hz, H-20,
3H), 0.60 (s, H-12, 3H). 13C-NMR (101 MHz, CDCl3) δ 171.56 (q, C-1), 170.98 (q, C-3), 134.80
(CH, C-15), 132.96 (CH, C-16), 112.29 (CH, C-2), 105.39 (q, C-4), 55.46 (CH, C-11), 50.51 (CH,
C-8), 48.98 (q, C-7), 42.96 (CH, C-17), 40.25 (CH, C-13), 35.37 (CH2, C-5), 35.19 (CH2, C-6),
33.17 (CH, C-18), 28.99 (CH2, C-10), 21.50 (CH2, C-9), 21.13 (CH3, C-14), 20.09 (CH3, C-20),
19.78 (CH3, C-19), 17.73 (CH3, C-21), 11.88 (CH3, C-12).
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Figure 1. Morphological and phylogenetic tree of P. sacchari strain. (a) Colonies grown on a
PDA. (b,c) The spores and mycelia were under a microscope with 40× and 100× magnification.
(d) Phylogenetic tree.

Compound 3 (3.2 mg) was identified as follows. Zinnimidine (C15H19NO3,
m/z = 262.1435 [M + H]+, cald. for 262.1438) [21]. 1H-NMR (400 MHz, MeOD) δ 7.05
(s, H-6, 1H), 5.49 (t, J = 6.6 Hz, H-12, 1H), 4.60 (d, J = 6.1 Hz, H-11, 2H), 4.50 (s, H-8,
2H), 3.89 (s, H-9, 3H), 2.16 (s, H-10, 3H), 1.79 (s, H-14, 3H), 1.76 (s, H-15, 3H). 13C-NMR
(101 MHz, MeOD) δ 173.70 (q, C-7), 159.86 (q, C-3), 155.15 (q, C-5), 138.94 (q, C-13), 132.43
(q, C-1), 127.47 (q, C-2), 124.43 (q, C-4), 120.93 (CH, C-12), 101.74 (CH, C-6), 66.59 (CH2,
C-11), 60.11 (CH3, C-9), 45.06 (CH2, C-8), 25.87 (CH3, C-14), 18.26 (CH3, C-15), 9.68 (CH3,
C-10).

Compound 4 (10.8 mg) was identified as follows. Cyclo-(L-Val-L-Pro) (C10H16N2O2,
m/z = 197.1296 [M + H]+, cald. for 197.1285) [22–24]. 1H-NMR (400 MHz, MeOD) δ 4.20 (t,
J = 7.2 Hz, H-2, 1H), 4.03 (s, H-4, 1H), 3.63–3.45 (m, H-5, 2H), 2.56–2.42 (m, 1H), 2.39–2.20
(m, 1H), 2.07–1.82 (m, 3H), 1.09 (d, J = 7.3 Hz, H-9, 3H), 0.93 (d, J = 6.9 Hz, H-10, 3H).
13C-NMR (101 MHz, MeOD) δ 172.60 (q, C-3), 167.57 (q, C-1), 61.51 (CH, C-4), 60.03 (CH,
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C-2), 46.18 (CH2, C-5), 29.87 (CH, C-8), 29.52 (CH2, C-7), 23.25 (CH2, C-6), 18.85 (CH3, C-9),
16.65 (CH3, C-10).

Figure 2. The chemical structures of the isolated six compounds (1–6).

Compound 5 (7.4 mg) was identified as follows. Cyclo-(L-Ile-L-Pro) (C11H18N2O2,
m/z = 211.1413 [M + H]+, cald. For 211.1441) [25,26]. 1H-NMR (400 MHz, MeOD) δ 4.19 (t,
J = 7.0 Hz, H-2, 1H), 4.07 (s, H-4, 1H), 3.60–3.45 (m, H-5, 2H), 2.36–2.26 (m, H-8, 1H),
2.20–2.12 (m, H-7a, 1H), 2.05–1.98 (m, H-7b, 1H), 1.97–1.87 (m, H-6, 2H), 1.50–1.27 (m, H-9,
2H), 1.06 (d, J = 7.2 Hz, H-10, 3H), 0.93 (t, J = 7.4 Hz, H-11, 3H). 13C-NMR (101 MHz, MeOD)
δ 172.45 (q, C-3), 167.59 (q, C-1), 61.30 (CH, C-4), 59.99 (CH, C-2), 46.17 (CH2, C-5), 37.06
(CH, C-8), 29.54 (CH2, C-7), 25.41 (CH2, C-9), 23.22 (CH2, C-6), 15.52 (CH3, C-10), 12.57
(CH3, C-11).

Compound 6 (7.5 mg) was identified as follows. Cyclo-(L-Leu-L-Pro) (C11H18N2O2,
m/z = 211.1409 [M + H]+, cald. for 211.1441) [26,27]. 1H-NMR (400 MHz, MeOD) δ 4.25 (t,
J = 7.1 Hz, H-2, 1H), 4.12 (dd, J = 6.8, 3.7 Hz, H-4, 1H), 3.56–3.44 (m, H-7, 2H), 2.36–2.23 (m,
1H), 2.10–1.78 (m, 5H), 1.58–1.44 (m, 1H), 0.95 (dd, J = 6.3, 2.5 Hz, H-10, 11, 6H). 13C-NMR
(101 MHz, MeOD) δ 172.81 (q, C-3), 168.92 (q, C-1), 60.28 (CH, C-4), 54.63 (CH, C-2), 46.44
(CH2, C-5), 39.39 (CH2, C-8), 29.07 (CH2, C-7), 25.76 (CH, C-9), 23.65 (CH2, C-6), 23.30 (CH3,
C-10), 22.20 (CH3, C-11).

2.3. The Growth Profiles of B. cereus at Sub-Minimum Inhibitory Concentrations of
Demethylincisterol A3

After quorum sensing inhibitory (QSI)-screening the isolated compounds with B.
cereus, it was found that only demethylincisterol A3 had antibacterial and QSI activities. Its
minimum inhibitory concentration (MIC) was 6.25 μg/mL. At sub-MICs (3.12, 1.56, and
0.78 μg/mL), there was no effect on the growth of B. cereus (Figure 3).

Figure 3. The growth of B. cereus at sub-MICs of demethylincisterol A3. B. cereus grew for 24 h in
different sub-MICs (3.12, 1.56, and 0.78 μg/mL) of demethylincisterol A3; DMSO was used as the
negative control. Error bars represent the standard deviation (n = 3).
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2.4. Demethylincisterol A3 Inhibits the Biofilm Formation of B. cereus

The results of crystal violet staining indicated a significant reduction in biofilm for-
mation in the demethylincisterol A3 treatment group when compared to the control group
(Figure 4a). When the demethylincisterol A3 concentration was 3.12, 1.56, and 0.78 μg/mL,
the biofilm decreased by 50.2%, 37.9%, and 15.2%, respectively. A substantial reduction in
bacterial density after treatment with demethylincisterol A3 was observed using scanning
electron microscopy (SEM) (Figure 4b).

(b)(a)

Figure 4. The effect of demethylincisterol A3 on the biofilm formation of B. cereus. B. cereus was
treated with different concentrations (3.12, 1.56, and 0.78 μg/mL) of demethylsterol A3 for 24 h,
with DMSO as the negative control. (a) Biofilm formation. (b) SEM images of biofilms. Error bars
represent the standard deviation (n = 3). * p < 0.05, **** p < 0.0001.

2.5. Demethylincisterol A3 Inhibits the Swimming of B. cereus

The swimming behavior of B. cereus was notably hindered after exposure to demethylin-
cisterol A3 (Figure 5). Under the action of demethylincisterol A3 at 3.12, 1.56, and 0.78 μg/mL,
the swimming ability of B. cereus was reduced by 53.9%, 14.7%, and 4.4%, respectively.

Figure 5. The effect of demethylincisterol A3 on the swimming of B. cereus was examined using a
swimming medium. The swimming behavior of B. cereus for 24 h of treatment with demethylsterol
A3 at various concentrations (3.12, 1.56, and 0.78 μg/mL) was tested. DMSO served as a negative
control. After 24 h of incubation, the swimming diameter was observed and recorded. Values are
represented as mean ± standard deviation (n = 3). Significant differences are denoted by * p < 0.05
and **** p < 0.0001, respectively.

2.6. Demethylincisterol A3 Inhibits the Protease and Hemolytic Activity of B. cereus

After treatment with demethylincisterol A3, the protease of B. cereus was signifi-
cantly inhibited (Figure 6a). Under the action of demethylincisterol A3 at 3.12, 1.56, and
0.78 μg/mL, the protease activities of B. cereus were reduced by 22.1%, 18.1%, and 10.7%,
respectively. The hemolytic activity of B. cereus was significantly inhibited when treated
with demethylincisterol A3 (Figure 6b). Under the action of demethylincisterol A3 at 3.12,
1.56, and 0.78 μg/mL, the hemolytic activities of B. cereus were reduced by 15.3%, 11.0%,
and 7.6%, respectively.
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(a) (b) 

Figure 6. The effect of demethylincisterol A3 on the virulence factors of B. cereus. The virulence factor
produced by B. cereus after 24 h of treatment with different concentrations (3.12, 1.56, and 0.78 μg/mL)
of demethylsterol A3 was evaluated. DMSO was used as a negative control. (a) The protease activity
was assessed by examining the clear zone on the skim milk agar plates. (b) The hemolysin activities
were analyzed by examining the hemolysis zone on the blood agar plates. Values are represented as
mean ± standard deviation (n = 3). Significant differences are denoted by * p < 0.05, ** p < 0.01, and
*** p < 0.001, respectively.

2.7. Demethylincisterol A3 Inhibits the Expression of Key Virulence-Related Genes of B. cereus

The expression of virulence-related genes of B. cereus was significantly inhibited when
treated with demethylincisterol A3 (Figure 7). Under the action of demethylincisterol A3 at
3.12 μg/mL, the expression of the sinR, tasA, papR, cytK, rpoN, hblD, comER, codY, plcR, and
nheA genes in B. cereus was significantly reduced.

Figure 7. The effect of demethylincisterol A3 on B. cereus gene transcription was investigated.
The expression of QS-related genes in B. cereus was examined after treatment with 3.12 μg/mL
of demethylsterol A3 for 24 h. DMSO was the negative control. Three biological replicates were
conducted and are represented as mean ± standard deviation (n = 3). Significant differences are
denoted by * p < 0.05, ** p < 0.01, and *** p < 0.001, respectively.

2.8. Demethylincisterol A3 Reduces the Mortality Rate of B. cereus

As shown in Figure 8, the supernatant of B. cereus treated with demethylincisterol A3
was injected into a Galleria mellonella larval model. Only 25% of the larvae in the DMSO
group survived after 72 h. However, the survival rate of the experimental group treated
with demethylincisterol A3 was significantly improved, with a survival rate of 88% for the
larvae at a concentration of 3.12 μg/mL.
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Figure 8. The effect of demethylincisterol A3 on the survival rate of G. mellonella larval models was
observed. PBS was the blank control. DMSO was used as a negative control. Statistical analyses were
carried out using the log-rank (Mantel–Cox) test. Three biological replicates were conducted and are
represented as mean ± standard deviation (n = 3). Significant differences are denoted by * p < 0.05,
** p < 0.01, and *** p < 0.001, respectively.

3. Discussion

In this study, demethylincisterol A3, along with five other compounds, was initially
isolated from P. sacchari. As an incisterol-type steroid, demethylincisterol A3 has been
identified in various fungi, possibly representing a common metabolite in fungal pro-
cesses [28–30]. Notably, demethylincisterol A3 exhibits significant anti-tumor and anti-
inflammatory effects [31,32]. Studies have demonstrated that the rate of inhibition exhibited
by demethylincisterol A3 towards Helicobacter pylori is 11% greater than that of 100 μM
quercetin [33]. Despite its recognized therapeutic potential, there has been limited research
on its QS inhibitory effect against pathogens. Therefore, this study pioneers the investi-
gation of demethylincisterol A3’s impact on QS, biofilm formation, and virulence factors
in B. cereus.

At the MIC, B. cereus growth was inhibited, but at sub-MICs, there was no significant
effect (Figure 3). B. cereus biofilms contribute to equipment adhesion, increased resistance,
and toxicity [34]. Following demethylincisterol A3 treatment, biofilm formation was signifi-
cantly inhibited, decreasing production by 50.2% at 3.12 μg/mL. Our research is consistent
with that pertaining to Siphonocholin, which can effectively inhibit biofilm formation at
1/2 MIC [35]. At the same time, diallyl disulfide can also inhibit the biofilm formation of B.
cereus at 1/2 MIC [36]. The downregulation of rpoN and comER, important regulators of
B. cereus biofilms, is associated with reduced biofilm production [37,38]. Additionally, the
decrease in tasA expression directly correlates with a reduction in biofilm matrix protein
synthesis [39].

B. cereus utilizes its swimming ability to navigate and reach the target host [36],
and this mobility is intertwined with its biofilm formation [16]. Upon the addition of
demethylincisterol A3, both the swimming ability and the biofilm production of B. cereus
decreased. Genes associated with flagella or mobility, including rpoN, codY, and sinR [38,40],
showed significant downregulation after demethylincisterol A3 treatment.

Proteases and hemolysin serve as virulence factors produced by B. cereus, aiding
in immune system evasion [41]. Hemolysins induce red blood cell rupture, leading to
hemolysis [42]. Following demethylincisterol A3 treatment, B. cereus exhibited a significant
reduction in protease and hemolysin production. In B. cereus, nhe represents non-hemolytic
enterotoxin, hbl represents hemolysin BL, and cytK represents cytotoxin, regulated by
plcR [42]. papR can produce PapR peptides to activate the PlcR protein [43]. Demethylincis-
terol A3 reduced the mortality rate of B. cereus in the G. mellonella larval model from 75% to
12%. Furthermore, demethylincisterol A3 diminished the transcription of the nheA, hblD,
cytK, plcR, and papR genes in B. cereus. Therefore, demethylincisterol A3 may mitigate the
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production of virulence factors in B. cereus, weakening its pathogenicity by inhibiting the
transcription of the nheA, hblD, cytK, plcR, and papR genes.

In the current study, cyclo-(L-Pro-L-Leu) was also extracted from P. sacchari. This
cyclodipeptide was identified as a signaling molecule that facilitates communication be-
tween B. cereus and Cronobacter sakazakii [44]. It was already known whether or not it was a
molecular signaling pathway in B. cereus; further research will be conducted to determine
the above.

4. Materials and Methods

4.1. General

B. cereus (ATCC11778) was cultured using LB medium at 37 ◦C. Fresh Laurencia sp. was
collected from the Nansha Islands area in the South China Sea (Figure S1), identified by Prof.
X.L. Wang (Institute of Oceanology, CAS, China). The test compound was firstly dissolved
in dimethyl sulfoxide (DMSO) to 1 mg/mL and sterilized using a filter membrane (0.22 μm)
to obtain the stock solution. During all the experiments, an equal volume of DMSO was
added as the negative control. The NMR was the Bruker Avance neo 400 (Bruker BioSpin
AG, Ettlingen, Germany). The MS was ion trap time-of-flight mass spectrometry liquid
chromatography-mass spectrometry (Shimadzu, Kyoto, Japan). All used chemicals in this
work were analytical reagents.

4.2. Seaweed Sample Collection and Morphological Identification

The seaweed samples were collected by researcher Zhi-Kai Guo from the Institute
of Biology, Chinese Academy of Tropical Agricultural Sciences, from the reef of Zhaoshu
Island in the Xisha Xuande Islands. The algae species were identified by Professor Xu-Lei
Wang from the Qingdao Institute of Oceanography, Chinese Academy of Sciences. The
algal body was purplish red in appearance, with cylindrical branches—mostly forked or
trifurcate branches, dense and clustered—with forked or threefold apical branchlets, and a
concave apical center with trichonema. The tetrasporangium divides cruciform or conical.
Identified as Laurencia sp. (Figure S1). Endophytes were extracted from algae. After placing
fresh Laurencia sp. in a petri dish and disinfecting it three times with sterile water, it was
rinsed with sterile water and alcohol for 30 seconds. It was then immersed in a 1% (w/w)
NaClO solution for three minutes and then rinsed five times with sterile water. Once it
was dried with filter paper, it was chopped into small segments. Mixed the small segments
with sterile quartz sand. Then grinded the mixture in a sterile phosphate-buffered saline
(PBS) environment. Diluted the grinding solution using a PBS gradient. A layer of 100 μL
dilution solution (evenly distributed) was coated onto the culture plate containing PDA,
Gause’s Synthetic Agar No.1 (GSA) and LB. LB plate was cultured at 37 ◦C, while PDA and
GSA plates were cultured at 28 ◦C. Colonies with different morphologies were selected for
purification and preservation during the cultivation process.

4.3. Identification of QSI Active-Strain W2-F1

The QSI activities of the crude extract of ethyl acetate from the isolated strain were
evaluated by using the indicator strain Chromobacterium violaceum CV026. Among these
7 isolates, W2-F1 showed the best QSI activity (Figure S2). The morphological charac-
teristics of strain W2-F1 cultivated in PDA medium (Hope Bio, Qingdao, China) were
examined [45]. Further, the genomic DNA was extracted and amplified using ITS primers
(5′-TCCGTAGGTGGAACCTGGG-3′ and 5′-TCTCCGCTTATTGCT-3′) and the obtained
sequence was aligned in the NCBI. Based on the sequence similarities, the phylogenetic
tree was constructed by the neighbor-joining method with the 1000-bootstrap value using
MEGA 7.0 software [46]. The W2-F1 strain was identified as P. sacchari.

83



Mar. Drugs 2024, 22, 161

4.4. Scale-Up Fermentation of QSI Active-Strain P. sacchari and Isolation, Purification, and
Elucidation of Compounds under Bio-Guided Screenings

P. sacchari was activated on a PDA plate, then inoculated into a solid PDA medium
containing 3% sea salt and cultured at 28 ◦C for 14 days. After the culture was completed,
the mycelium was broken together with the culture medium. Absolute ethanol was added
to the mixture and treated with ultrasonic for 12 h and then filtered, repeated three times.
The ethanol in the filtrate was removed by evaporation under reduced pressure. The resid-
ual liquid was extracted three times by equal ethyl acetate (EtOAc) and concentrated under
reduced pressure to give a crude extract (110.1 g), which was subjected to column chro-
matography (CC) over a silica gel (100–200 mesh) eluted with a gradient of CH2Cl2/MeOH
(100:0–0:100) to obtain fractions (R1-R11). The fraction R4 (5.26 g) showing QSI activity
was further submitted to silica gel (200–300 mesh) column chromatography (CC) and
eluted with a gradient system of petroleum ether/CH2Cl2 (20:1–1:1) and CH2Cl2/MeOH
(100:1–10:1) to obtain twenty-two subfractions (R4–1–22). Fraction R4–9 (0.24 g) showing
QSI activity was purified by reversed-phase C18 CC and semi-preparation HPLC equipped
with a preparative column (5 μm, 21.2 × 250mm; Beijing, China) to obtain compounds 1

and 2 (eluting conditions: 100% MeOH, flow rate = 8 mL/min; yields: 4.8 and 8.7 mg).
QSI-active R4–18 were eluted by silica gel column chromatography and semi-preparation
HPLC to obtain compound 3 (eluting conditions: 90% MeOH, flow rate = 8 mL/min; yield:
3.2 mg) and R4–18–6. Compound 4 (yield: 10.8 mg) was obtained from R4–18–6 with a 60%
MeOH eluting solution and a flow rate of 8 mL/min. Compounds 5 and 6 (yields: 7.4 and
7.5 mg) were obtained from R4–18–6 with a 50% MeOH elution solution and flow rate of
6 mL/min.

4.5. MIC of Demethylincisterol A3 against B. cereus

MIC of demethylincisterol A3 was measured by using the double dilution method [35].
The seed solution of B. cereus that was cultured overnight was added to LB medium at a
rate of 1% (v/v). The compounds were added and the mixture was diluted and incubated
at 37 ◦C and 180 rpm for 24 h. DMSO was used as the negative control. Growth profiles
were measured at 620 nm.

4.6. Growth Measurement of B. cereus

The planktonic cell growth measurement was performed by the reported methods,
with some modifications [47]. The B. cereus culture was inoculated into LB medium at a
ratio of 1% (v/v). Demethylincisterol A3 was then added to achieve final concentrations of
3.12, 1.56, and 0.78 μg/mL. After 24 hours of cultivation at 37 ◦C and 180 rpm, OD620 was
measured (Biotech Epoch 2, Santa Clara, CA, USA).

4.7. The Effects of Biofilm Formation

The biofilm formation assays were conducted following established procedures with
slight modifications, as outlined in the report by [48]. B. cereus cultures that had been grown
overnight were introduced into LB medium at a 1% (v/v) ratio, and demethylincisterol
A3 was added. A 200 μL aliquot of this mixed culture was then transferred to a 96-well
polystyrene microtiter plate. The final concentrations of demethylincisterol A3 in the wells
were 3.12, 1.56, and 0.78 μg/mL. The plate was then incubated at 37 ◦C for 24 h. After
this period, the culture medium was carefully removed and the wells were washed three
times with sterile PBS to eliminate planktonic cells. The remaining water in the wells was
evaporated at 60 ◦C. The biofilms that had adhered to the bottom of the wells were fixed
with cool methanol for 15 min. The liquid was then removed and the plate was dried
again at 60 ◦C. Each well was stained with 200 μL of a 0.05% (w/v) crystal violet solution.
After 10 min staining, any excess crystal violet was removed and the wells were washed
three times with PBS. Once the plate had dried at 60 ◦C, 200 μL of 95% (v/v) ethanol was
added to each well and the plate was decolorized for 15 min on a shaker set at 37 ◦C and
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180 rpm. A 150 μL sample of the decolorizing solution was then taken from each well and
the absorbance was measured at 570 nm.

SEM measurement: The coating was fixed on the glass slide with 2.5% (v/v) glutaralde-
hyde for 12 h. After fixation, it was washed at once with ultrapure water and then gradient
dehydration was performed with 50%, 60%, 70%, 80%, 90%, and 100% (v/v) ethanol in
sequence. After drying, it was sprayed gold and observed under a SEMn microscope.

4.8. Swimming Motility Assay

The swimming motility assay was evaluated by established protocols and reports, as
per the study by [46]. Swimming medium (10 g/L peptone, 5 g/L NaCl, 3 g/L agar) was
added to demethylincisterol A3 to the final concentrations of 3.12, 1.56, and 0.78 μg/mL,
respectively. It was mixed well and poured evenly into a petri dish. Sterile water served as
a negative control. After solidification, 2 μL of B. cereus bacterial solution was inoculated in
the center of the swimming medium. The migration diameter was recorded after 24 h of
cultivation at 37 ◦C.

4.9. Measurement of Protease Production

Protease activities were measured by reported methods, with some modifications [49].
B. cereus cultures that had been grown overnight were introduced into LB medium at a 1%
(v/v) ratio, and demethylincisterol A3 was added. The final concentrations of desmethyler-
gosterol A3 were 3.12, 1.56, and 0.78 μg/mL, respectively. The solution was incubated at
37 ◦C and 180 rpm for 24 h. The fermentation broth was centrifuged (8000× g, 4 ◦C, 15 min)
to collect the supernatant. The supernatant was filtered through a 0.22 μm membrane. Skim
milk agar was prepared (1/4-strength LB broth with 4% (w/v) skim milk and 1.5% (w/v)
agar). Added 50 μL of supernatant to the wells of a skim milk agar plate and incubated at
37 ◦C for 24 h. The protease activity was assessed by examining the clear zone on the skim
milk agar plates.

4.10. Measurement of Hemolytic Activities

Hemolytic activities were measured by reported methods, with some modifications [50].
Hemolysis experiments were performed using a trypticase soy sheep blood agar plate
(Huankai Microbial, Guangzhou, China). The supernatant was prepared according to the
previous method. Then, 50 μL of cultured supernatant was added after drilling, incubated
at 37 ◦C for 24 h, and the size of the hemolytic halo was observed.

4.11. Quantitative Real-Time PCR

Quantitative real-time PCR (RT-qPCR) was performed according to reported methods,
with minor modifications [48]. The bacterial solution cultured overnight was diluted to
a 0.5 Michaelis turbidimetric unit with sterile LB broth. Overnight cultured B. cereus was
added in a 1% (v/v) ratio to LB medium. The experimental group was supplemented
with demethylincisterol A3 to make its concentration 3.12 μg/mL, and the same volume
of DMSO was used as the negative control group. The solution was incubated at 37 ◦C
and 180 rpm for 24 h. The fermentation broth was centrifuged (8000× g, 4 ◦C, 15 min)
to collect cells and washed thrice with diethylpyrocarbonate (DEPC)-treated water. The
total RNA of B. cereus was extracted using an Eastern® Super Total RNA Extraction Kit
(Promega, Beijing, China) and transformed into cDNA by a Reverse Transcription Kit
(Biosharp, Beijing, China). The real-time PCR reaction was performed using a TB Green®

Premix Ex Taq™ II FAST qPCR Mix (TaKaRa, Dalian, China) with a Bio-Rad CFX Connect
System (Bio-Rad, Hercules, CA, USA). The primers used for real-time PCR are listed in
Table 1. Gene 16S rRNA was used as an internal control [36].
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Table 1. PCR primers for RT-qPCR.

Primer Sequence (5′-3′)

16S rRNA_F GGAGGAAGGTGGGGATGAC
16S rRNA_R ATGGTGTGACGGGCGGTGTG

sinR_F AGCGAGCGCCGATATGATAG
sinR_R TCGAGCGCATTCGTAACCAT
tasA_F ACTCGCCACATGGAAACACA
tasA_R ACGATTTGTTCGTTTTCTTCGT
papR_F TGTACCTCTTGATCACTGTGAGA
papR_R AACGTTAGCAATGGCATGGG
cytK_F CGATGACCCAAGCGCTGATA
ctyK_R GTTGCACTAGCACCAGGGAT
rpoN_F CACTTGAACGAGCTTTCGCC
rpoN_R GGGGCGCGTAATATTCAGGA
hblD_F GGTCCAGATGGGAAAGGTGG
hblD_R AAGTTGTGGGATCGTTGCCT

comER_F CAAGTTGCGGTCCTGCTTTC
comER_R AATTTCCCCATCCCCACGAC
codY_F CCACGACGGCTAACTACGAA
codY_R GCGTTATTACAGAGCGCAGC
plcR_F GGGTGATGCGGGGATTAACA
plcR_R GGCTCACTTCCGATTGGTGA
nheA_F TCTTGCAACAGCCAGACATT
nheA_R CTCTCGCACATTCGCCTTTG

4.12. Evaluating the Inhibitory Effect of Demethylincisterol A3 in a G. mellonella Model

A G. mellonella larval model was used to evaluate the toxic inhibitory effect of demethylin-
cisterol A3 on B. cereus [51]. The supernatant was prepared as described above. The larvae
were randomly divided into 15 groups (n = 10 per group) and 5 μL of supernatant was injected
into the posterior part of the left abdominal foot. Then, the larvae were cultured at room
temperature for 72 h, and their growth was recorded every 12 h. PBS served as a blank control.

4.13. Statistical Analysis

Unless otherwise stated, all experiments described were performed in triplicate inde-
pendently. The data shown in the figures are the mean ± standard deviation (± SD) of the
replicates. Statistical differences were determined using one-way ANOVA or t-test using
GraphPad Prism 8, where p < 0.05 was considered statistically significant.

5. Conclusions

Demethylincisterol A3 exhibits significant inhibitory effects on B. cereus, encompassing
reduced biofilm formation, diminished bacterial mobility, and lowered production of
virulence factors. This multifaceted impact has the potential to attenuate the pathogenicity
of B. cereus. Based on these results, it can be inferred that demethylincisterol A3 exhibits
potential as a valuable compound in the development of novel antibacterial therapies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/md22040161/s1: Figure S1: Laurencia sp. was collected from
the Nansha Islands area in the South China Sea; Figure S2: Evaluated QSI activities using the
indicator strain of Chromobacterium violaceum CV026; Figure S3–S8: 1H, 13C NMR, and HRMS data of
compounds 1–6; Figure S9: Sequence comparison results of strain W2-F1; Figure S10–S13: Preparation
spectrum of compounds 1–6; Table S1: The chemical shifts of each hydrogen-bearing chiral carbon.
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Abstract

Tuberculosis (TB) poses a persistent global health threat exacerbated by the emergence of
drug-resistant strains; hence, there is a continuous quest for novel antimicrobial agents.
Despite efforts to develop effective therapies, existing treatments require a relatively long
duration of therapy to eradicate the pathogen due to its virulence factors, pathogenesis
patterns, and ability to enter dormant states. This can lead to a higher risk of treatment
failure due to poor patient adherence to the complex regimen. As a result, considerable
research is necessary to identify alternative antituberculosis agents. The marine environ-
ment, particularly marine-derived fungi, has recently gained interest due to its potential
as an abundant source of bioactive natural products. This review covers 19 genera of
marine-derived fungi and 139 metabolites, 131 of which exhibit antimycobacterial activ-
ity. The integrated dataset pinpoints the fungal genera and chemical classes that most
frequently yield potent antimycobacterial hits while simultaneously exposing critical gaps,
such as the minimal evaluation of compounds against dormant bacilli and the presence
of underexplored ecological niches and fungal genera. Several compounds exhibit po-
tent activity through uncommon mechanisms, including the inhibition of mycobacterial
protein tyrosine phosphatases (MptpB/MptpA), protein kinase PknG, ATP synthase and
the disruption of mycobacterial DNA via G-quadruplex stabilization. Structure–activity
relationship (SAR) trends are highlighted for the most potent agents, illuminating how
specific functional groups underpin target engagement and potency. This review also
briefly proposes a dereplication strategy and approaches for toxicity mitigation in the
exploration of marine-derived fungi’s natural products. Through this analysis, we offer
insights into the potency and challenges of marine-derived fungi’s natural products as hit
compounds or scaffolds for further antimycobacterial research.

Keywords: tuberculosis; marine-derived fungi; natural products; antimycobacterial; dormant

1. Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis, was first reported on
in March 1882 by Robert Koch, though the history of tuberculosis began thousands of
years ago [1]. The WHO Global Tuberculosis Report 2022 revealed 10.6 million cases, with
Southeast Asia being the highest contributing number, followed by Africa and the Western
Pacific, indicating that most patients were found in developing countries [2]. Factors such
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as poverty, limited access to healthcare, HIV co-infection, malnutrition, and overcrowded
living conditions are thought to underlie these high case numbers. Tuberculosis spreads
easily via droplets, so such conditions greatly increase the possibility of local epidemics [3].
Additionally, M. tuberculosis’s virulence factors, unique pathogenesis, and capacity to enter
a non-replicating (dormant) state are major reasons for the disease’s persistence and the
complexity of its therapy, despite the availability of current medications and nationwide
prevention strategies [4–6]. This phenomenon urges the need to find alternatives with a
better mode of action to shorten the duration of therapy and simplify the therapy regimen.
Also, the emergence of antibiotic-resistant M. tuberculosis strains makes the search for
alternative antituberculosis agents more imperative than ever.

Marine organism diversity offers rich opportunities to explore novel and medically
promising NPs. Although only a tiny fraction of active MF NPs have been identified, they
show higher successful application rates than other natural resources, indicating underex-
plored yet valuable assets [7]. Among various microorganisms that reside independently or
in association with other organisms (such as sponges and coral reefs), fungi occupy most of
the marine environment. In 2019, marine-derived fungi (MF) NPs accounted for almost 47%
of the total marine-derived NPs reported, indicating that MF could be a promising source
for NP research, with diverse biological activities encompassing antifungal, antibacterial,
cytotoxic, and other biological activities [8]. This suggests that continuing the study of MF
is essential to discover new and potentially beneficial bioactive compounds that can help
tackle various global challenges, including infectious diseases.

Marine-derived fungi represent a promising source of antimycobacterial activity
because they can be cultivated and, in many cases, genetically manipulated to support gram-
to-kilogram-scale metabolite production. This review collates and summarizes secondary
metabolites with confirmed antimycobacterial activity that have been isolated from marine
fungi recovered from diverse habitats, including coastal sediments, mangroves, sponges,
and deep-sea environments. Relevant primary papers were retrieved by prioritizing
original reports reporting minimum inhibitory (MIC) or half-maximal inhibitory (IC50)
concentrations against Mycobacterium or validated mycobacterial enzyme targets, with the
objective of identifying compounds that warrant further evaluation as lead compounds for
alternative antituberculosis development. In this article, we present extensive coverage
over the period of 2002–2023, with 131 out of 139 MF NPs exhibiting antimycobacterial
properties reported from various MF genera. The compounds are presented in groups based
on the common chemical structures, namely, polyketides, peptides, alkaloids, terpenoids,
and steroids. We also highlight the novelty of the MF NPs at the time of their being reported
as having antimycobacterial properties. The mechanisms of action of some compounds are
discussed and the structure–activity relationships of the most potent compounds are also
briefly outlined.

2. Antimycobacterial Compounds from Marine-Derived Fungi

2.1. Marine-Derived Fungi and Their Marine Sources

The antimycobacterial MF discussed in this review consist of polyketides (57.58%),
alkaloids and peptides (25.76%), terpenoids and steroids (13.64%), and miscellaneous
compounds (3.03%) (Figure 1). Polyketides are some of the most varied metabolites,
with distinct bioactivities identified in the fungi, which are known to house an immense
number of biosynthetic gene clusters coding for numerous secondary metabolites, including
polyketide synthase [9,10].
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Figure 1. Antimycobacterial compounds from marine-derived fungi according to structure types.

Those antimycobacterials originate from 19 genera, including Alternaria, Arthrinium,
Ascochyta, Aspergillus, Coniothyrium, Diaporthe, Fusarium, Gliomastix, Metarhizium, Nigrospora,
Penicillium, Phoma, Pleosporales, Sporendonema, Talaromyces, Tolypocladium, Trichoderma, Zop-
fiella, and Xylaria, which were isolated from various marine sources such as marine sedi-
ment, mangrove, sponge, alga, coral, sea fan, anemone, and ascidian (Figure 2).

Figure 2. Marine sources of the fungi (left) and the antimycobacterial-producing genera (right).

2.2. Novel Antimycobacterials from Marine-Derived Fungi

Between 2002 and 2023, roughly half of all marine-fungal antimycobacterial com-
pounds reported each year were new (novel) structures (Figure 3). The majority of these
novel compounds were found in 2019, which had the highest number of marine-fungal
antimycobacterial compounds reported in a single year. Novel compounds were found
more dominantly in the alkaloid and peptide groups compared to other compound types
(Figure 4). Polyketides, being the largest group of MF antimycobacterials, are composed of
more known compounds than novel ones (Figure 3). This is partly due to polyketides being
one of the most abundant metabolites in fungi, leading to their more frequent discovery
compared to other compound groups [11].
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Figure 3. All marine-derived fungi metabolites by type/year (left) and novelty/year (right).

Figure 4. Antimycobacterial compounds based on the novelty as per structure types.

2.3. Antimycobacterial Assay

We found that a total of 131 MF metabolites (out of 139) exhibited antimycobacterial
activity, ranging from strong to weak activity (in the sections below, compounds with
strong activity will be discussed in more detail; weak compounds will be described more
briefly). The compounds were investigated against various Mycobacterium strains, such as
M. tuberculosis, M. smegmatis, M. bovis BCG, M. phlei, and M. marinum. Another method
that is commonly used to investigate antitubercular activity is the mycobacterial enzyme
inhibitor assay. Here, we plot the activity against the Mycobacterium strain or specific
enzyme (Figure 5).

Our review showed that 39.4% of compounds were tested only against non-M. tubercu-
losis species. Of those tests, M. phlei was the most common surrogate (accounting for 43.9%
of the non-M.tb assays), followed by M. smegmatis (28.8%), M. bovis BCG (22.7%), and M.
marinum (4.5%). In comparison, 26.3% of the compounds were tested against M. tuberculosis
itself, and 25.0% were evaluated in enzymatic assays (e.g., against MptpB, MptpA, or PknG).
A smaller fraction of compounds was tested in multiple model types: 7.6% against both M.
tuberculosis and a surrogate species, 0.76% against both M. tuberculosis and a mycobacterial
enzyme, and 0.76% against both a surrogate species and an enzyme. This suggests that
surrogate models are highly valued as front-line, high-throughput surrogates that combine
speed, safety, and cost-efficiency.
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Figure 5. The Mycobacterium strains and enzymes used in the antimycobacterial assay.

2.4. Antimycobacterials Against Dormant Phenotypes

Tuberculosis infection is known to be highly influenced by the host’s immune status,
indicating that the outcome post-invasion may differ from one individual to another. In
immunocompetent individuals, infection can remain latent or become active, whereas
immunocompromised hosts (e.g., HIV-positive patients) will most likely develop active
disease [12,13]. Latent infection occurs when the host’s immune system contains the
growth of the bacilli, preventing them from proliferating or causing tissue damage. This
dormant (non-replicating) state is also thought to contribute to the need for prolonged
therapy. Longer treatment duration, in turn, increase the risk of failure due to patient
non-compliance, which can be triggered by severe and intolerable side effects of the drugs,
the high cost of treatment, and the extended period during which patients remain conta-
gious [12,14]. Vilcheze and co-workers suggested that most of the available antituberculosis
therapies were only effective against metabolically active Mycobacterium and did not dis-
play the same potency against metabolically inactive clusters [15]. Hence, one of the
solutions to this problem is to find active compounds that are effective not only against
active Mycobacterium but also against the non-replicating ones [14].

In this study, we specifically looked for marine-fungal compounds that had been
tested against non-replicating (dormant) mycobacteria. Surprisingly, we found only five
metabolites that had been evaluated for activity against dormant Mycobacterium, and those
five did show activity (Figure 6). This highlights a major opportunity in which many
marine-fungal metabolites active against replicating M. tuberculosis have yet to be tested
against dormant bacteria.

2.5. Antimycobacterials from Marine-Derived Fungi

The majority of the MF antimycobacterials were derived from Aspergillus (Figure 7),
comprising polyketides as the most dominant compounds, followed by alkaloids and
peptides and then steroids and terpenoids. The polyketides were also widely distributed
in Penicillium, Coniothyrium, Gliomastix, Fusarium, Sporendonema, and Ascochyta, showing
the abundance of polyketides in fungal metabolites. We found that the antimycobacterial
compounds present in Arthrinium, Tolypocladium, Trichoderma, and Talaromyces were predom-
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inantly alkaloids and peptides. However, terpenoids and steroids with antimycobacterial
properties were only identified in Gliomastix and Diaporthe, as well as Aspergillus.

Figure 6. Antimycobacterial MF NPs against replicating and non-replicating Mycobacterium.

Figure 7. Compound distribution per producing genus: all compounds (left); novel compounds only
(right).

There was a significant disparity in the number of compounds isolated from Aspergillus
compared to other genera. Aspergillus yielded almost 60 antimycobacterial metabolites,
whereas other genera produced fewer than 10 antimycobacterial compounds each. How-
ever, those compounds from the Aspergillus genus were derived from 20 Aspergillus species,
yielding approximately 5–6 compounds per species, while other genera, such as Fusarium
and Penicillium, consisted of five species each. Some of the genera only consisted of two
species, such as Gliomastix, Nigrospora, and Zopfiella, and the rest only consisted of one
species each. Aspergillus was found to be the most abundant genus in both marine and
terrestrial environments and contributed most bioactive secondary metabolites, followed
by Penicillium, making them the most potential sources for bioactive metabolite exploration,
including novel compounds [16–19].

We attempted to plot the distribution of fungi from marine sources to determine the
prevalence of fungal genera capable of producing antimycobacterial metabolites (Figure 8).
Marine sediment contributed the greatest number of MF species with antimycobacterial
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metabolites, followed by mangroves, marine sponges, and marine algae. Fewer MF were
obtained from sea fan, coral, marine anemone, and ascidian. Aspergillus producing antimy-
cobacterial metabolites was mainly found in marine sediments, mangroves, and sponges.
Some of the lesser-studied genera capable of producing novel antimycobacterial com-
pounds were apparently endophytic fungi, such as Coniothyrium (derived from marine
alga), Trichoderma (from marine sponge), Talaromyces (from mangrove), Phoma (from marine
sponge), and Tolypocladium (from marine alga). Other promising but underexplored genera
capable of producing novel compounds with antimycobacterial activity were derived from
marine sediments, including Arthrinium, Pleosporales, Sporendonema, and Zopfiella.

Figure 8. Fungal genera distribution in marine sources.

In the following sub-sections, we describe in detail the activity of each compound,
summarized in Tables 1–4. To ease the categorization of the antimycobacterial activity, we
recalculated any MIC or IC50 value from μg/mL into μM. We classified the antimycobac-
terial activity into strong, moderate, and weak activity based on the MIC or IC50 values.
According to Cos and colleagues, anti-infectives from natural products can be categorized
as “active” if the IC50 value is below 25 μM for pure compounds. Also, according to Elsebai,
an inhibition zone of more than >15 mm from a 20 μg/disc of compound was considered
to have considerable activity. Hence, we categorized compounds with IC50 ≤ 6.25 μM or
inhibition zone > 15 mm as having strong activity, 6.25 μM < IC50 ≤ 25 μM or 10 mm < inhi-
bition zone ≤ 15 mm as having moderate activity, and >25 μM or inhibition zone ≤ 10 mm
as having weak activity. If the compound activity was stated by the MIC, then compounds
with MIC ≤ 12.5 μM had strong activity, 12.5 μM < MIC ≤ 50 μM had moderate activity,
and MIC > 50 μM had weak activity [20].

2.5.1. Polyketides

Two polyketides, alterporriol S (1), a novel anthranoid dimer of the alterporriol type
featuring a distinctive linkage between C-10 and C-2′, and a previously identified an-
thraquinone derivative, (+)-aS-alterporriol C (2), were obtained from the fungus Alternaria
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sp. SK11, which was collected from the mangrove Excoecaria agallocha (Shankou, Guangxi
Province, China). Compound 2 displayed strong inhibitory activity against M. tubercu-
losis protein tyrosine phosphatase B (MptpB), a critical virulence factor released by M.
tuberculosis to circumvent the host’s immune response, with an IC50 value of 8.70 μM.
Meanwhile, compound 1 showed weak inhibitory activity against MptpB, with an IC50

value of 64.70 μM [21]. Compound 2 (IC50 8.7 μM) adopted a classical C-10–C-10′ biaryl
linkage that locked the two anthraquinone halves into an almost coplanar atropoisomeric
scaffold compared with the twisted C-10–C-2′ link in compound 1 (IC50 64.7 μM). The
rigidity of compound 2 likely lowered the entropic penalty of binding and enlarged the
contiguous π-surface, allowing stronger π-stacking with the hydrophobic P-loop clamp
of MptpB and producing a seven-fold potency gain. The coplanar geometry simultane-
ously positioned an extra quinone carbonyl and a C-11 methoxy-ester to project toward
the Lys164/Arg166 oxyanion region adjacent to the catalytic Asp165, creating a bidentate
hydrogen-bond/phosphate-mimic network that compound 1, with its twisted axis, could
not achieve efficiently [21–23].

An investigation of the marine alga-derived fungus Ascochyta salicorniae isolated from
the North Sea, Germany, led to the isolation of new epimeric compounds (ascolactones A
(3) and B (4)), along with other known compounds (hyalopyrone (5), ascochitine (6), and
ascochital (7)) [24]. All compounds were tested against various phosphatases, including
MptpB. However, only compound 6 exhibited moderate inhibition activity, with an IC50 of
11.5 μM, while compounds 4, 5, and 7 exhibited weak activities, with IC50 values of 95, 87.8,
and 61.2 μM, respectively. Compound 3 showed no inhibitory activity. This suggested that
the configuration at C-1 of compounds 3 and 4 (R or S configuration) was crucial for binding
and affecting the activity (Figure 9). Within the 8-hydroxynaphthalenone series, the potency
increased in the order hyalopyrone (5) < ascochital (7) < ascochitine (6), suggesting a positive
contribution of the para-hydroxy-prenyl sidechain present only in 6 [24]. Compound 6 was
the most potent member of this set (compounds 3-7). Structurally, it was the only analogue
that displayed an ortho-carboxylate flanked by two phenolic hydroxyls on a rigid chromone
ring and retained two short, branched alkyl substituents. Together, these features likely match
the polar Lys164/Arg166 oxyanion site and the adjacent Phe161/Tyr125 hydrophobic patch
identified in multiple MptpB crystal structures, respectively [23,25]. Hyalopyrone (5) lacked
carboxylate and a second phenol, hence giving it fewer hydrogen-bond donors/acceptors.
Ascochital (7) preserved the dyad but lost one alkyl chain and planarity because of a saturated
side arm. The ascolactones A (3) and B (4) introduced a spiro-lactone that distorted the
phenol/acid alignment and, for epimer A (3), pointed the carbonyl lactone away from the
catalytic Asp165, probably correlating with the sharp loss of activity. However, these geometric
arguments remain hypotheses until corroborated by co-crystallography, docking with proper
validation, or site-directed mutagenesis.

Two novel dimeric naphtho-G-pyrones, 8’-O-demethylnigerone (8) and 8’-O-demethy-
lisonigerone (9), and a known analogue, rubrofusarin B (10) (Figure 9), were isolated from
the fungal strain Aspergillus carbonarius WZ-4-11, obtained from marine sediment collected
at Weizhou Island, Guangxi Province, China. Those compounds exhibited relatively
moderate antimycobacterial activity against M. tuberculosis H37Rv, with MICs of 43 μM (8
and 10) and 21.5 μM (9) [26].

A chemical investigation of deep-sea-derived fungus Aspergillus fischeri FS452 led to
the discovery of six new polypropionate derivatives with a unique long hydrophobic chain,
fiscpropionates A–F (11–16) (Figure 9). Compounds 11–14 demonstrated strong to moderate in-
hibitory activity against MptpB, with IC50 values of 5.1, 12, 4.0, and 11 μM, respectively, while
compounds 15 and 16 were inactive. Further kinetic experiments revealed that the inhibitory
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mechanism was noncompetitive. Interestingly, different activities between compounds 11–14

and 16 might have been derived from the different hydrophobicity and hydrophilicity of
the opposing terminal functional groups of 11–14. Compounds 11–14 possessed polar car-
boxyl and alkyl chains (C-12 to C-18) at the opposing terminal, while compound 16 was only
substituted by the hydrophilic functional group at C-11. Furthermore, compound 14 was
more active than 15, which suggested the significance of the E configuration of the Δ6 double
bond [27]. The potency in the fiscpropionate series likely tracked with the preservation of a
tripartite pharmacophore: (1) an E-configured α,β-unsaturated carbonyl flanked by a β-OH;
(2) a terminal carboxylate or imide; and (3) a linear, methyl-branched aliphatic chain [27]. Fis-
cpropionate C (13) (IC50 4 μM) was most active likely because of its acyclic backbone, allowing
for the optimal alignment of the enone/β-OH while keeping the required acid tail [23,25].
Fiscpropionate A (11) (IC50 5.1 μM) was slightly less potent yet still benefited most likely
from the intact conjugated β-hydroxy-ketone, whereas fiscpropionate B (12) (IC50 12 μM) lost
activity after the reduction of this motif, and fiscpropionate D (14) (IC50 11 μM) suffered from
the weaker, less acidic imide handle. We speculate that the inactive fiscpropionates E (15) and
F (16) abolish key hydrogen-bonding vectors and over-alkylate the chain (or append a bulky
aryl), further reducing binding by preventing proper insertion and electrostatic engagement,
thus failing to inhibit the phosphatase.

 

Figure 9. Chemical structures of compounds 1–16.
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Song and colleagues reported two compounds, emodin (17) and trypacidin (18)
(Figure 10), discovered from Aspergillus fumigatus MF029 isolated from the marine sponge
Hymeniacidon perlevis, obtained from the Bohai Sea, China. Both compounds demonstrated
strong inhibition against Mycobacterium bovis BCG, with an MIC value of 1.25 μg/mL
(4.6 and 3.63 μM, respectively) [28]. A separate study on 17 as an antimycobacterial re-
vealed that its mechanism of action is targeting the G-quadruplex structure of mycobacterial
genetic material. The molecule binds and thermally stabilizes G4 DNA motifs in the mosR
(redox-stress regulator) and ndhA (NADH dehydrogenase) genes of M. tuberculosis, which
suppresses their transcription and slows bacillary growth [29].

A new tetrahydroxanthone dimer, 5-epi-asperdichrome (19) (Figure 10), was discov-
ered from Aspergillus versicolor HDN1009, isolated from soil around a mangrove area in
Guangzhou, China. Compound 19 showed weak inhibitory activity against Mycobacterium
phlei, with an MIC of 200 μM [30].

Solid rice fermentation of sponge-derived Aspergillus niger LS24 led to the discovery of
three novel and one known 4-hydroxy-α-pyrones, nipyrones A–C (20–22) and germicidin
C (23) (Figure 10), respectively. All compounds demonstrated weak antimycobacterial
activity against M. tuberculosis, with MICs for 20, 21, and 23 of 128 μg/mL (570.66 μM,
537.093 μM, and 702.486 μM, respectively) and 22 of 64 μg/mL (251.652 μM) [31].

Prenylterphenyllin J (24) (Figure 10), a prenylated p-terphenyl isolated from the man-
grove endophytic fungus Aspergillus candidus LDJ-5, showed weak antimycobacterial
activity against M. phlei, with an IC50 of 45 μg/mL (99.88 μM). The fungus was obtained
from the root of Rhizophora apiculata Blume collected from Sanya Bailu Park of Hainan
Province, China [32].

A racemic of known dinaphthalenone derivatives, (±)-asperlone A (25), (±)-asperlone
B (26), and (–)-mitorubrin (27) (Figure 10), were isolated from the mangrove-derived fungus
Aspergillus sp. 16-5c. The fungal strain was obtained from leaves of the mangrove Sonneratia
apetala, collected in Hainan Island, China. The compounds were tested against MptpB
and demonstrated strong inhibitory activity, with IC50 values of 4.24, 4.32, and 3.99 μM,
respectively [33]. Compounds 25–27 shared a rigid, nearly coplanar 1,4-diketone core
flanked by phenolic or β-hydroxy groups. This carbonyl–phenol dyad is consistent with
the dianionic pharmacophore required to engage the Lys164/Arg166 oxyanion pocket of
MptpB, and the extended π-surface could plausibly interact with the hydrophobic Phe161–
Tyr125 wall characteristic of the enzyme’s unusually wide active site [23,34,35]. All three
compounds inhibited MptpB in the low-micromolar range, while peripheral variations
such as a prenyl side chain (27) or methoxy substitution (25,26) appeared to fine-tune
lipophilicity rather than alter the core binding motif [33].

Kamiya and colleagues re-discovered viomellein (28) and xanthomegnin (29)
(Figure 10) from a culture of the Aspergillus sp. isolated from marine sponge obtained
from Sabang Island, Indonesia [36]. The compounds exhibited antimycobacterial activity
against M. smegmatis and M. bovis BCG in both active and dormant states. Dormant My-
cobacterium is a state where the cells are metabolically inactive; it has slower replication
and phenotypically increased resistance to current antituberculosis treatments [37]. Com-
pound 28 demonstrated stronger activity against M. bovis BCG (with MICs of 6.25 μg/mL
(11.15 μM) for aerobic and 1.56 μg/mL (2.78 μM) for hypoxic conditions) than against M.
smegmatis (with MICs of 25 μg/mL (44.6 μM) for aerobic and 50 μg/mL (89.20 μM) for
hypoxic conditions), while compound 29 showed the opposite, with an MIC against M.
smegmatis for both aerobic and hypoxic conditions of 12.5 μg/mL (21.76 μM) and MICs
against M. bovis BCG for aerobic conditions of 25 μg/mL (43.52 μM) and hypoxic con-
ditions of 50 μg/mL (87.03 μM). The authors suggested that the different tendencies in
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the antimycobacterial activity from 28 and 29 against the tested Mycobacterium strains
may derive from the hydroxyl group at C-9, which makes 28 more active against M. bovis
BCG than M. smegmatis, compared with 29. Interestingly, compound 28 also exhibited
more potent activity against dormant M. bovis BCG compared with the control, isoniazid
(MIC > 100 μg/mL) [36].

 

Figure 10. Chemical structures of compounds 17–34.

Two new tris-pyrogallol ethers, sydowiol A (30) and C (31) (Figure 10), and the known bis-
pyrogallol ether, violaceol I (32), were discovered from the marine-derived fungus Aspergillus
sydowii MF357, which was isolated from marine sediment in the East China Sea. Compounds
30 and 31 showed weak inhibitory activity against MptpA, another virulence factor secreted
by M. tuberculosis that is responsible for tuberculosis pathogenicity by inhibiting phagosome–
lysosome fusion [38], with IC50 values of 14 μg/mL (36.42 μM) and 24 μg/mL (62.44 μM),
respectively, while 32 was inactive. Interestingly, an in vitro assay against M. tuberculosis
H37Rv (in the same study) showed that compounds 30 and 31 were inactive, while compound
32 was weakly active, with an MIC of 25 μg/mL (95.33 μM). These results suggest that
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compounds 30 and 31 do not directly inhibit mycobacterial cells but rather neutralize the
effect of MptpA, leading to enhanced host immune response and reduced viable bacteria.
Although 32 may not demonstrate any alteration in the survival of mycobacterial cells post-
infection of the macrophage, instead, it can directly inhibit mycobacterial cell growth [39]. The
inhibition of MptpA likely improves when the scaffold can present three coplanar pyrogallol
phenolates. Sydowiol A (30), with para/para ether bridges, retained full coplanarity and
inhibited the phosphatase at IC50 = 14 μg/mL (36 μM). Shifting one bridge to an ortho
position in sydowiol C (31) twisted the central ring, misaligned one phenolate, and reduced
activity to IC50 = 24 μg/mL (62 μM), while both compounds showed only weak whole-cell
activity (MIC > 50 μg/mL) against M. bovis BCG and M. tuberculosis H37Rv [39]. Violaceol
I (32) contained only two pyrogallol units and was inactive against MptpA but displayed
modest antibacterial activity (MIC = 25 μg/mL) that was attributed to non-specific oxidative
stress. Although a co-crystal was lacking, molecular models based on the MptpA NMR
structure (PDB 2LUO) suggested that three well-oriented phenolates were needed to satisfy
the Lys21/Arg24 oxyanion site, whereas compounds offering only two donors formed sub-
optimal contacts [40]. Hence, we speculate that the enzymatic potency correlated with the
ability to deliver a coplanar, tri-dentate phenolate array, whereas whole-cell efficacy was
governed by size and polarity rather than precise active-site binding.

A known compound, butyrolactone I (33) (Figure 10), was re-discovered from As-
pergillus terreus SCSIO 41008, a marine-derived fungal isolated from sponge Callyspongia
sp. obtained from Xuwen County, Guangdong, China. The compound exhibited strong,
non-competitive inhibitory activity against MptpB, with an IC50 value of 5.11 μM [41].
Butyrolactone I (33) possessed a rigid, nearly coplanar γ-butyrolactone–aryl core bearing
two conjugated carbonyls and flanking resorcinol OH groups. This carbonyl–phenol dyad
is consistent with the dianionic pharmacophore that engages the Lys164/Arg166 oxyanion
pocket of MptpB, and its extended π-surface could plausibly interact with the Phe161–
Tyr125 hydrophobic wall seen in the crystal structure (PDB 2OZ5) [23,35]. The fused
lactone rigidifies the aromatic array, lowering the entropic cost of binding, while the prenyl
side chain may occupy part of the shallow lipophilic groove adjacent to Leu199. Together,
these features rationalize the low-micromolar potency of butyrolactone I (IC50 = 5.11 μM)
and mirror the design logic observed for other planar, phenolate-rich inhibitors such as
(±)-asperlones (25–26) and (+)-aS-alterporriol C (2) [23].

A chemical investigation of the fermentation of marine sponge-derived Aspergillus
sp. SCSIO XWS03F03 on a solid rice medium led to the isolation of secalonic acid D (34)
(Figure 10). The bioactivity assay of 34 revealed that it demonstrated strong antimycobacte-
rial activity against M. tuberculosis, with an IC50 of 1.26 μM [42].

Elsebai and colleagues reported nine compounds with antimycobacterial activity from
Coniothyrium cereale, isolated from the marine alga Enteromorpha sp. collected from Fehmarn,
the Baltic Sea. Five compounds were new phenalenone derivatives—(Z)-coniosclerodinol
(35), (15S, 17S)-(–)-sclerodinol (36), conioscleroderolide (37), coniosclerodione (38), and
coniolactone (39)—while the rest were known compounds, namely, (–)-7,8-dihydro-
3,6-dihydroxy-1,7,7,8-tetramethyl-5H-furo-[2’,3’:5,6]naphtho[1,8-bc]furan-5-one (40), (–)-
scleroderolide (41), (–)-sclerodione (42), and (–)-trypethelone (43) (Figure 11). Those com-
pounds exhibited antimycobacterial activity against M. phlei, with the inhibition zone in
the range of 10 – 22 mm at a concentration of 20 μg/disc [43,44].

New fusarielins, fusarielin M (44) and N (45), along with a known fusarielin, fusarielin
G (46), were isolated from the marine-derived fungus Fusarium graminearum SYSU-MS5127,
isolated from sea anemone obtained from Laishizhou Island, Shenzhen City, Guangdong
Province, China. Those compounds were tested against MptpB, MptpA, and human protein
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tyrosine phosphatase 1B (PTP1B). Compound 44 demonstrated strong MptpB inhibitory
activity, with an IC50 value of 1.05 μM. It also inhibited MptpA (IC50 = 23.78 μM) and
PTP1B (IC 50 = 15.74 μM), which indicated high specificity for MptpB over MptpA and
PTP1B. Compound 45 showed no measurable inhibition against MptpB (IC 50 > 40 μM),
which suggested that the hydroxyl group at C-3 fusarielin (Figure 11) possessed essential
activity as an MptpB inhibitor. Moreover, compound 46 showed less potency as an MptpB
inhibitor (IC50 = 23.75 μM) compared with 44, which indicated that MptpB inhibition was
hampered by the decalin’s moiety epoxy bond group (Figure 11). An investigation of the
cellular activity of 44 revealed that 44 restored the MAPK signaling pathway, which was
affected by MptpB. Furthermore, an increased concentration of 44 significantly reduced
the mycobacterial growth inside the macrophage without altering macrophage viability,
which excluded the possibility of cytotoxicity effects of high concentrations of 44 against
mycobacterial cells. An in silico study showed that 44 resided inside the MptpB active
site, connected by a hydrogen bond from the carboxylate group of 44 with the side chain
of Asp165, a residue in the phosphate-binding loop (P-loop). Asp165 was reported as
a unique feature of MptpB [45], which may explain the selectivity of 44 as an MptpB
inhibitor [46]. Docking into the 2OZ5 crystal structure predicted that its free C-3 β-OH
could hydrogen-bond to the catalytic Asp165, while the nearly planar decalin–polyene
backbone may extend along the Phe161/Tyr125 hydrophobic wall [23]. O-methylation
of the hydroxyl (45) or epoxidation of the decalin core (46) reduced activity, supporting
a working model in which (i) an unhindered C-3 phenolic donor, (ii) a rigid conjugated
polyene that fits the shallow lipophilic groove, and (iii) limited steric bulk around the
phenol are key for high affinity. Direct co-crystal or kinetic data with MptpA and human
PTPs are still lacking, so the exact binding pose remains to be confirmed.

 
Figure 11. Chemical structures of compounds 35–46.

Three compounds, 9α-hydroxyhalorosellinia (47), nigrosporin B (48), and anhydro-
fusarubin (49) (Figure 12), were re-discovered from marine-derived Fusarium spp. PSU-F14
and PSU-F135, isolated from gorgonian sea fan (Annella sp.) collected near Koh Hin
Ran Pet, Suratthani Province, Thailand. Those compounds exhibited moderate antimy-
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cobacterial activity against M. tuberculosis H37Ra, with MIC values of 39, 41, and 47 μM,
respectively [47].

An investigation of the extract of Metarhizium anisopliae mxh-99, isolated from marine
sponge from Naozhou Island, China, led to the isolation of isochaetochromin B2 (50) and usti-
laginoidin D (51) (Figure 12). Both compounds demonstrated weak antimycobacterial activity
against M. phlei, with an MIC value of 50 μg/mL (91.15 and 91.49 μM, respectively) [48].

Figure 12. Chemical structures of compounds 47–69.

4-deoxybostrycin (52) and its deoxy-derivative, 48, were isolated from the endophytic
fungus Nigrospora sp., which was obtained from the decayed wood of mangrove Kandelia
candel (L.) Druce, collected from Mai Po, Hong Kong. The compounds were tested against
various M. strains, both sensitive and resistant to antituberculosis agents (drug-resistant).
Compound 52 was moderately active against M. bovis BCG, M. tuberculosis H37Rv, the clinical
MDR M. tuberculosis strain K2903531 (resistant to SM, INH, RF, and ETH), the clinical MDR M.
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tuberculosis strain 0907961 (resistant to SM and ETH), the clinical drug-resistant M. tuberculosis
strain K0903557 (resistant to INH), and clinical drug-sensitive M. tuberculosis, with MIC values
of 39, 15, <5, 10, 30, and 10 μg/mL, respectively (121.76, 46.83, 15.61, 31.22, 93.67, and 31.22 μM,
respectively), while 48 was also moderately active against M. bovis BCG, M. tuberculosis H37Rv,
the clinical MDR M. tuberculosis strain K2903531 (resistant to SM, INH, RF, and ETH), the
clinical MDR M. tuberculosis strain 0907961 (resistant to SM and ETH), and the clinical drug-
resistant M. tuberculosis strain K0903557 (resistant to INH), with MIC values of 15, 20, 30, 20,
and 30 μg/mL, respectively (49.30, 65.73, 98.59, 65.73, and 98.59 μM, respectively) [49].

An endophytic fungus, Penicillium citrinum WK-P9, isolated from the marine sponge
Suberea sp., produced two known citrinin derivatives, penicitrinone A (53) and penicitrinol J
(54) (Figure 12). Compounds 53 and 54 exhibited weak antimycobacterial properties against M.
smegmatis ATCC607, with an MIC value of 32 μg/mL (84.11 and 75.04 μM, respectively) [50].

Two new peniphenones, peniphenone B (55) and C (56) (Figure 12), with MptpB
inhibitory activity were discovered from Penicillium dipodomyicola HN4-3A. The fungal
strain was isolated from the stem of Acanthus ilicifolius obtained from the South China Sea,
Hainan Province, China. Compounds 55 and 56 exhibited strong inhibitory properties
against MptpB in vitro, with IC50 values of 0.16 and 1.37 μM, respectively [51]. Compound
55 was 9-fold more potent than its oxidized analogue 56. A plausible explanation is
that 55 retains three phenolic OH groups (one on the lower resorcinol ring and an ortho-
dihydroxyl (catechol) pair on the upper ring) and an ether oxygen, in which these four
hetero-atoms provide multiple hydrogen-bond donors/acceptors that could engage the
polar residues lining the MptpB active site, while the fully aromatic, conjugated scaffold
supplies an extended π-surface for hydrophobic or π-stacking contacts with residues
such as Tyr125 and Phe161 that flank the shallow binding cleft [34,35]. In compound 56,
oxidation of the upper catechol to a para-benzoquinone replaced two hydroxyl donors
with carbonyl groups and left only a single phenol available for deprotonation; hence,
concomitant electron withdrawal was expected to lower the basicity of the remaining OH
and central benzophenone carbonyl, cumulatively weakening potential hydrogen-bond
and electrostatic interactions [51]. Because the overall backbone and substitution pattern
remained similar, the loss of potency in compound 56 can be reasonably attributed to the
reduced number and strength of polar contacts rather than to major conformational effects.

An Antarctica-associated fungi, Penicillium sp. HDN151272, isolated from unidentified
sponge, produced three new polyketides, ketidocillinones A–C (57–59). All compounds were
tested against M. phlei, with only 58 and 59 exhibiting antimycobacterial activity, with MIC
values of 3.13 and 6.25 μg/mL, respectively (11.84 and 26.23 μM, respectively). Compound
57 did not show inhibition activity against M. phlei, which indicated the importance of the
methoxy group of compounds 58 and 59 (Figure 12) for the antimycobacterial activity [52].

A mangrove-associated fungus, Penicillium pinophilum SCAU037, produced a known
hydrogenated azaphilone, Sch725680 (60), which exhibited moderate antimycobacterial
activity against M. smegmatis, with an MIC value of 23.5 μM [53].

Further chemical investigation of a marine alga-derived Penicillium roseopurpureum
KP1-135C extract led to the isolation of three halogenated bianthrones, neobulgarones
D–F (61–63), and their antibacterial activities were investigated. The study reported that
only the cis isomers, compounds 61 and 63 (Figure 12), exhibited weak antimycobacterial
activity against M. tuberculosis H37Ra ATCC 25177, with IC50 values of 46.1 and 31.1 μM,
respectively. The trans isomer, 62, however, did not show antimycobacterial activity but
exhibited moderate inhibition against methicillin-resistant Staphylococcus aureus, which
indicated that the cis-trans configuration of neobulgarones may affect the selectivity of
antibacterial–antimycobacterial activity [54].
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A marine sediment-derived Pleosporales sp. HDN1811400 produced a new phenalenone
derivative, peniciphenalenin G (64), and two known analogues, 36 and 38, which exhib-
ited antimycobacterial activity against M. phlei, with MIC values of 50, 25, and 25 μM,
respectively [55].

New anthraquinone derivatives, auxarthrols D (65), F (66), and G (67), along with two
known analogues, 4-dehydroxyaltersolanol A (68) and altersolanol B (69) (Figure 12), were
isolated from Sporendonema casei HDN16-802, which was obtained from marine sediment
from Liaoning Province, China. All compounds exhibited antimycobacterial activity against
M. phlei, with MIC values in the range of 25–200 μM. However, only 69 exhibited inhibitory
activity against M. tuberculosis, with an MIC value of 20 μM [56].

Marine-derived fungus Zopfiella marina produced a new salicylaldehyde derivative,
2-hydroxy-6-((1E,3E)-7-hydroxyundeca-1,3dienyl)benzaldehyde (70) (Figure 13), with weak
antimycobacterial activity against M. tuberculosis H37Ra, with an MIC value of 25 μg/mL
(86.69 μM) [57].

Figure 13. Chemical structures of compounds 70–78.

Bunyapaiboonsri and colleagues reported an unidentified mangrove-associated fungus
BCC 25093, which produced two new palmarumycins, palmarumycins P1 (71) and P3 (72)
(Figure 13), along with two known palmarumycins, palmarumycins CP3 (73) and CR1 (74),
and two known decaspirones, decaspirones A (75) and C (76), with potential antimycobacterial
activity. The strongest activity was shown by 71 and 75, with an IC50 value of 1.56 μg/mL (4.23
and 4.64 μM, respectively), followed by 73 and 76 (IC50 = 3.13 μg/mL or 9.36 and 9.25 μM,
respectively) and 72 and 74 (IC50 = 12.5 μg/mL or 35.28 and 36.51 μM, respectively) [58].

Another unidentified, novel, marine-derived fungus strain 110162 in the Euro-
tiomycetes class was reported to produce a racemic of prenylated polyketide dimer,
oxazinin A (77), with a pentacyclic structure formed with an unusual combination of
benzoxazine, isoquinoline, and a pyran ring (Figure 13). Compound 77 also exhibited a
strong antimycobacterial activity against M. tuberculosis, with an IC50 value of 2.9 μM [59].

Penixylarin C (78), a novel alkyl aromatic compound (Figure 13), was isolated from a
mangrove-associated fungus Xylaria sp. HDN13-249. It exhibited a strong antimycobacte-
rial activity against M. phlei, with an MIC value of 6.25 μM [60].
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2.5.2. Peptides and Alkaloids

A collection of novel 4-hydroxy-2-pyridone alkaloids, designated as arthpyrones F-I
(79–82), along with a previously identified compound, apiosporamide (83) (Figure 14), were
isolated from the deep-sea fungus Arthrinium sp. UJNMF008, which was obtained from the
South China Sea. Compound 83 strongly inhibited M. smegmatis, with an IC50 of 2.20 μM,
and 79, 81, and 82 exhibited moderate to weak antimycobacterial activity, with IC50 values
in the range of 11.4–35.3 μM, while 80 showed no activity up to 50 μM. Compared with 79,
compound 80 showed a significant loss of activity against M. smegmatis, indicating that the
hydroxyl at C-20 may be responsible for the activity [61].

 
Figure 14. Chemical structures of compounds 79–101.

Two indole alkaloids, chaetoglobosins A (84) and B (85) (Figure 14), were re-discovered
from the marine alga-derived Aspergillus fumigatus AF3-093A collected from the North
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Atlantic. They displayed antimycobacterial activity against M. tuberculosis, with IC50 values
of 5 and 22 μM, respectively [62].

A chemical investigation of the ethyl acetate extract of marine sponge-derived fungus
Aspergillus insulicola HDN151418 led to the discovery of two new aspochracin-type cyclic
tripeptides, sclerotiotides M (86) and N (87) (Figure 14). Cyclic peptides, crucial metabo-
lites found abundantly in various marine organisms [63–68], often feature a distinctive
macrocyclic ring and a polyketide side chain in the structure of aspochracin-type cyclic
tripeptides. These macrocyclic rings commonly comprise a 12-membered ring (consisting
of Ala-Val-Orn) or a 13-membered ring (comprising Ala-Val-Lys). To date, only 15 variants
of aspochracin-type cyclic tripeptides have been isolated from their natural origins. A
bioactivity assay showed that 86 and 87 exhibited strong to moderate antimycobacterial
activity, with MIC values of 3.13 and 12.5 μM, respectively [69].

Two diketopiperazine alkaloids with antimycobacterial activity, gliotoxin (88) and
12,13-dihydroxy-fumitremorgin C (89) (Figure 14), were obtained from the marine-derived
Aspergillus sp. SCSIO Ind09F01. The fungus was isolated from deep-sea marine sediments
(4530 m below sea level) collected from the Indian Ocean. Compounds 88 and 89 demon-
strated strong antimycobacterial activity against M. tuberculosis H37Ra, with MIC50 values
of <0.03 and 2.41 μM, respectively. Another compound with a tetracyclic triterpenoid struc-
ture, helvolic acid (116), also exhibited antimycobacterial properties (this will be described
later) [70].

Three new cycloheptapeptides, asperversiamides A–C (90–92) (Figure 14), were suc-
cessfully discovered from Aspergillus versicolor CHNSCLM-0063, isolated from the gor-
gonian coral Rumphella aggregata in South China. Based on the antimycobacterial assay
against M. marinum and M. tuberculosis, all compounds exhibited moderate to weak activity
against M. marinum, with MICs of 23.4, 81.2, and 87.5 μM, respectively, while only 91

exhibited weak antitubercular activity, with an MIC of 100 μM [71].
Six diketopiperazines were isolated from marine-derived fungus Aspergillus versicolor

MF030, four of which were new, brevianamides S (93), T (94), U (95), and V (96), while the
other two were known, brevianamide K (97) and deoxybrevianamide E (98) (Figure 14).
The fungal strain was obtained from marine sediment (60 m below sea level) in the Bohai
Sea, northeastern coast of China. All compounds were tested against a panel of microbes,
including M. bovis BCG. All compounds displayed antimycobacterial activity, with MICs of
6.25, 50, 25, 100, 50, and 100 μg/mL, respectively (9.02, 144.76, 65.54, 286.18, 143.92, and
284.54 μM, respectively). Interestingly, all compounds showed selectivity toward M. bovis
BCG (no activity against other tested microorganisms up to 100 μg/mL), with compound
93 being the most active against M. bovis BCG. This discovery highlights the noteworthy
selectivity of dimeric diketopiperazine toward M. bovis BCG [72].

Aspergillus fumigatus MF071, isolated from marine sediment (60 m below sea level) in
the Bohai Sea, China, produced alkaloids fumitremorgin B (99), fumiquinazoline J (100), and
9-deacetylfumigaclavine C (101) (Figure 14), along with terpenoid helvolic acid (116), with
weak antimycobacterial activity against M. smegmatis, with an MIC value of 100 μg/mL
(208.52, 280.60, 308.20, and 175.84 μM, respectively) [73].

Two novel isoprenylisoindole alkaloids, diaporisoindoles A (102) and B (103), were
discovered from mangrove-associated fungus Diaporthe sp. SYSU-HQ3. Those compounds
were the first reported isoprenylisoindole alkaloids with a rare 1,4-benzodioxan moiety.
They were tested against MptpB and it was shown that only 102 exhibited potent MptpB
inhibitor activity, with an IC50 of 4.2 μM, while no inhibitory activity was observed from
103 up to 50 μM. Compounds 102 and 103 differed in the C-8 configuration, 8S or 8R
(Figure 15), which indicated that the 8S configuration at C-8 is more beneficial as an MptpB
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inhibitor. Neither compound showed inhibitory activity against PTP1B up to 200 μM,
which showed high selectivity toward MptpB. The kinetic analysis of 102 revealed that
it acted as an uncompetitive inhibitor against MptpB. Compound 102 inhibited MptpB
with strong activity, whereas its 8 R epimer 103 showed only weak activity at 50 μM. Since
C-8 defines the relative orientation between the isoindolinone carbonyl, the neighbouring
phenolic OH, and the tertiary amine, it is reasonable to propose that the 8 S stereochemistry
enables these hetero-atoms to face the Lys164/Arg166/Asp165 oxyanion region, whereas
the 8 R epimer directs them away and may introduce steric interference from the prenyl
group. Although this hypothesis fits the observed potency gap, direct structural data are
not yet available; hence, further docking or co-crystallography will be required to validate
the binding pose. Another terpenoid metabolite, tenellone C (128) (which will be described
later), also exhibited inhibition against MptpB [74].

Figure 15. Chemical structures of compounds 102–113.

A chemical investigation of the ethyl acetate extract of Fusarium sp. DZ-27, isolated
from Kandelia cande (L.) Druce bark, led to the isolation of fusaric acid (104). The compound
displayed inhibition activity against several mycobacterial strains, including M. bovis BCG,
M. tuberculosis H37Rv, clinical multidrug-resistant M. tuberculosis (strain 18019, resistant
to SM, INH, RF, and ETH), and clinical multidrug-resistant M. tuberculosis (strain 17016,
resistant to SM, INH, and ETH), with MIC values of 1.8, 1.8, 30, and 30 μg/mL, respectively
(10.04, 10.04, 167.40, and 167.40 μM, respectively) [75].
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A unique alkaloid, talaramide A (105), was isolated from the mangrove endophytic
fungus Talaromyces sp. HZ-YX1. The fungus strain was obtained from healthy leaves
of the mangrove Kandelia obovata. The compound displayed antimycobacterial activity
by inhibiting the mycobacterial protein kinase G (PknG), a thioredoxin-fold-containing
eukaryotic-like serine/threonine protein kinase that acts as a virulence factor of M. tuber-
culosis responsible for the inhibition of phagolysosomal fusion [76], with an IC50 value of
55 μM [77].

Two novel lipopeptaibols, tolypocaibols A (106) and B (107), along with the known
mixed nonribosomal peptide synthetase (NRPS)–polyketide–shikimate and natural product
maximiscin (108) (Figure 15), were derived from marine-derived Tolypocladium sp. The
fungus was isolated from the marine alga Spongomorpha arcta, collected from the shores
at Green’s Point, L’ Etete, NB, Canada. All compounds were tested against a panel of
microorganisms, including M. smegmatis and M. tuberculosis, and showed antimycobacterial
activity, with an MIC of 80 μM against M. smegmatis (for compounds 106 and 107; however,
compound 108 was inactive). Antitubercular activity was also observed for all compounds,
with MIC values of 20, 40, and 250 μM, respectively [78].

Three novel aminolipopeptides, identified as trichoderins A (109), A1 (110), and
B (111), were discovered from Trichoderma sp., a fungus derived from marine sponge,
showcasing antimycobacterial properties effective against both active and dormant bacilli.
Compounds 109 and 111 contained the unsual amino acid 2-amino-6-hydroxy-4-methyl-
8-oxodecanoic acid (AHMOD) while 110 had 2-amino-4-methy1-8-oxodec-6-enoic acid
(AMOD) (Figure 15), which may have affected the antimycobacterial activity of 109, 110, and
111. Those compounds displayed potent antimycobacterial activity against M. smegmatis,
M. bovis BCG, and M. tuberculosis in aerobic and hypoxic (dormant state) conditions, with
an MIC in the range of 0.02–2 μg/mL. Compounds 109 and 111 exhibited more potent
activity (up to 16-fold) against all tested Mycobacterium compared with 110, especially
against M. tuberculosis. MICs for aerobic and hypoxic conditions for 109 and 111 were 0.12
and 0.13 μg/mL, respectively (103 and 113 nM, respectively), while the MIC for aerobic
and hypoxic conditions for 110 was 2.00 μg/mL (1.75 μM) [79]. A further study was
conducted to elucidate the possible mechanism of action of 109 by using 109-resistant
clones of M. smegmatis mc2155. Gene identification on the resistant clones revealed that
the target region of 109 contained atpB, atpE, atpF, atpH, and parts of atpA genes, which
are known to express components related to mycobacterial ATP synthesis. This suggested
that 109 inhibits mycobacterial cells by inhibiting the mycobacterial ATP synthesis. The
prediction was confirmed by using transformants of M. smegmatis (over-expressed in the
regions of atpB, atpE, atpF, and atpH), which exhibited resistance in the presence of 109 for
up to 0.4 μg/mL, and by measuring the ATP content of M. bovis BCG, which showed a
reduction of ATP content (80% reduction) in the concentration of 0.1 μg/mL. Trichoderins
(109–111) not only showed activity against dormant mycobacteria but were found to inhibit
ATP synthase, hence draining the ATP of non-replicating cells, a mechanism similar to the
TB drug bedaquiline [80].

Two novel pyrrolidinone derivatives, zopfiellamides A (112) and B (113), were discov-
ered from the facultative marine Zopfiella latipes, which was obtained from marine sediment
in the Indian Ocean. They demonstrated antimycobacterial activity against M. phlei, with
an MIC in the range of 2–10 μg/mL (4.35–22.44 μM), with 112 being five times more potent
than 113 [81].
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2.5.3. Terpenoids and Steroids

Asperterpenoid A (114), a novel sesterterpenoid with a 5/7/(3)6/5 pentacyclic system
(Figure 16), was isolated from the marine-derived fungus Aspergillus sp. 16-5c, which was
obtained from the mangrove Sonneratia apetala collected from the South China Sea. This
compound displayed a potent MptpB inhibitor with an IC50 of 2.2 μM [82]. In another study,
Huang J H and colleagues uncovered a gene cluster comprised of three genes through
genome exploration, which was demonstrated to be accountable for the synthesis of aspert-
erpenoid A. The experimental reassembly in Aspergillus oryzae NSAR1 unveiled that the
terpene synthase AstC functions akin to PvPS, producing preasperterpenoid A. Following
this, the P450 AstB-mediated four-step oxidation reactions transformed preasperterpenoid
A into the potent MptpB inhibitor 114, along with a minor byproduct, asperterpenoid B
(115). The same study also showed that 114 and 115 acted as noncompetitive inhibitors
against MptpB, with IC50 values of 3.34 and 5.67 μM, respectively, and Ki values of 2.12 and
2.20 μM, respectively [83]. Asperterpenoids A and B are rigid 5/7/(3)6/5 pentacyclic ses-
terterpenoids; each bears a carboxylic acid at C-19 and a β-hydroxyl group at C-21, the two
polar handles most likely involved in binding to MptpB. Although no co-crystal or docking
study is available, the acid/β-OH pair is reminiscent of the multidentate acidic motifs seen
in other potent MptpB ligands, suggesting that it may interact with the Lys164/Arg166
oxyanion pocket and/or Asp165, while the bulky terpene cage could fill the hydrophobic
groove defined by Phe161 and Tyr125. The modest loss of activity in B may arise from
subtle conformational or electronic changes introduced by the epoxide rather than from
the addition of a new carbonyl. Further structural data would be required to confirm this
binding model [82].

Figure 16. Chemical structures of compounds 114–131.
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A C-21 steroid, helvolic acid (116), was isolated from the marine-derived Aspergillus
sp. SCSIO Ind09F01, along with 88 and 89. It exhibited potent antimycobacterial activity
against M. tuberculosis H37Ra, with an MIC50 of 0.894 μM [70].

A chemical investigation of marine-derived Aspergillus sp. DM2 ethyl acetate extract
led to the discovery of two novel, natural Diels–Alder additive steroids, ergosterdiacids A
(117) and B (118) (Figure 16), with a 6/6/6/6/5 pentacyclic system. An antimycobacterial
assay against MptpB showed that 117 and 118 displayed moderate inhibition, with IC50

values of 15.1 and 30.1 μM, respectively. According to the docking results, 117 and 118,
alongside oleanolic acid, bound within the active pocket of MptpB, were characterized by
amino acid residues of Arg210, Arg63, Arg59, Met206, Phe161, Lle207, Lle203, Phe211, and
Glu60. Notably, both compounds displayed interactions between their carboxyl groups
and the alkaline amino acids (Arg59, Arg63, Arg210) within the binding pocket, which
was reminiscent of (oxalylamino-methylene)–thiophene sulfonamide (OMTS), a potent
MptpB inhibitor with an IC50 of 440 nM. Specifically, 117 formed four hydrogen bonds
in its docking mode: two between the carbonyl carbon of C-3’ and the guanidyl of Arg
210 and Arg63 and two with Arg 63 and Arg59, while 118 exhibited a similar interaction
pattern involving the carbonyl carbon of C-3’ and the guanidyl of Arg63 and Arg210.
These hydrogen bonds played a pivotal role in stabilizing the protein–ligand complex.
Furthermore, the predicted Ki values for 117 and 118 were 267.3 and 34.05 nM, respectively.
An in-depth analysis of the structural characteristics of the isolated compounds and OMTS
indicated that the carboxyl groups may serve as key functional groups contributing to the
inhibitory effects against MptpB [16].

Rai and colleagues discovered 11 new ophiobolin-type sesterterpenoids from mangrove-
associated Aspergillus sp. ZJ-68, in which five of them exhibited antimycobacterial proper-
ties, asperophiobolins B (119), D (120), E (121), H (122), and I (123), along with 12 known
analogues, three of which, ophiobolin G (124), 21-deoxo-21-hydroxy-6-epi-ophiobolin G
(125), and ophiobolin P (126) (Figure 16), also displayed antimycobacterial activity. The
assay was conducted against MptpB and revealed that the IC50 values of those compounds
were in the range of 19–42 μM [84]. Across this ophiobolin/asperophiobolin series, all
molecules shared a cavernous 5-8-5 tricyclic cage and a long isoprenyl tail that could fill the
hydrophobic Phe161-Leu199 tunnel of MptpB, but provided at most two donors, typically
arranged as one dominant lactam/γ-lactone dyad to engage the Lys164/Arg166/Asp165
polar patch, giving uniform, mid-micromolar potencies (IC50 = 19–42 μM) [84].

A chemical investigation of an ethyl acetate extract of rice fermentation from the
marine-derived Aspergillus sp. WHUF03110 led to the isolation of sartopyrone A (127).
The fungal strain was obtained from the mangrove soil sediment from Yalong Bay, Sanya,
Hainan, China. Compound 127 demonstrated moderate activity against M. smegmatis
ATCC 607, with an MIC of 8 μg/mL (17.52 μM) [85].

A meroterpenoid, tenellone C (128), was also isolated from the fungus Diaporthe sp.
SYSU-HQ3, along with 102 and 103. Compound 128 was found to be the precursor to 102

and 103, which could be produced after consecutive reactions of the reduction, nucleophilic
addition, and dehydration of 128. Unlike 102, compound 128’s inhibiting property was
shown to be a competitive inhibitor against MptpB, with an IC50 value of 5.2 μM. However,
it had the same selectivity as 102 against MptpB over PtpB [74].

Macrophorin A (129), 4′-oxomacrophorin (130), and 7-deacetoxyyanuthone A (131)
were isolated from an ethyl acetate extract of a rice medium of Gliomastix sp. obtained
from the sponge Phakellia fusca Thiele collected in the Yongxing Island of Xisha. Those
compounds displayed antimycobacterial activity against M. tuberculosis with IC50 values of
22.1, 2.44, and 17.5 μM, respectively [86].
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2.5.4. Other Compounds

One novel compound, gliomastin C (132), and four known hydroquinone derivatives,
methylhydroquinone (133), acremonin A (134), prenylhydroquinone (135), and F-11334A1
(136) (Figure 17), were isolated from marine-derived Gliomastix sp. The fungus was obtained
from the hard coral Stylophora sp. (from the Red Sea, Egypt). The compounds displayed
antimycobacterial activity against the M. tuberculosis strain H37Rv with MICs of 12.5, 12.5,
25, 12.5, and 25 μM, respectively [87].

Figure 17. Chemical structures of compounds 132–139.

A novel halogenated metabolite, cryptophomic acid (137) (Figure 17), was discovered
from marine-derived Phoma sp. 135, which was obtained from the sponge Ectyplasia perox,
collected in Dominica, Lauro Club Reef. It exhibited moderate antimycobacterial activity
against M. phlei, with an MIC of 16 μM [88].

Two alkyl aromatics, 1,3-dihydroxy-5-(12-hydroxyheptadecyl)benzene (138) and 1,3-
dihydroxy-5-(12-sulfoxyheptadecyl)benzene (139), were isolated from Xylaria sp. HDN13-
249, along with 77. The same study also revealed that the yields of those compounds
were increased when Xylaria sp. HDN13-249 was co-cultivated with the deep-sea fungus
Penicillium crustocum PRB-2. Compounds 138 and 139 showed antimycobacterial activity
against M. phlei, with MICs of 25 and 12.5 μM, respectively [60].
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3. Perspectives and Outlooks

3.1. The Opportunity of Exploring Antimycobacterials from Marine-Derived Fungi

Most of the isolated fungi came from marine sediments, followed by mangrove,
marine sponge, and marine algae, with a lesser amount isolated from marine corals,
sea fan, ascidian, and marine anemone. This dominance could be attributed to the rich
organic matter and unique ecological conditions in sediments, which provide a favorable
environment for the growth and metabolic diversification of fungi [89,90]. Mangroves
were characterized by their nutrient-rich, brackish waters, and hence can serve as fertile
ground for diverse fungal communities [91–93]. From this review, it can be seen that marine
sponges represent a crucial source of fungi capable of producing bioactive metabolites due
to their symbiotic relationships with microorganisms [94].

In contrast, marine sources such as algae, corals, sea fans, ascidians, and marine anemones
were not well explored in previous studies. This disparity likely reflects a combination of
biological and methodological factors, such as their structural and ecological characteristics, or
they might have been less extensively sampled in prior studies. While these sources contribute
a smaller proportion of fungal isolates, they represent a largely untapped fungal genus that
could yield novel compounds, such as compounds 3, 4, 35–39, 44–45, 77, 84–85, 90–92, 132,
106, and 107. This suggests that expanding sampling efforts in corals, sea fans, ascidians, and
marine anemones could lead to the discovery of new fungal genera or metabolites.

Our review revealed that Aspergillus is the most prevalent species in both marine and
terrestrial habitats and produced the most antimycobacterial metabolites, followed by Penicil-
lium, making them the most promising sources for the investigation of bioactive metabolites,
including potent and novel antimycobacterial agents (compounds 11, 13, 55, 56, 86, 114, and
115) [16–19]. However, some less-studied genera, such as Phoma, Pleosporales, Arthrinium,
Coniothyrium, Talaromyces, Trichoderma, Tolycopladium, and Zopfiella, also hold great potential for
yielding novel, potent antimycobacterial compounds. For example, Trichoderma sp. isolated
from unidentified sponge produced novel compounds 109–111 that exhibited activity against
various Mycobacterium strains, not only against the active phenotype but also against the
dormant one [79]. Arthrinium sp. UJNMF008 produced novel compounds 79–82 and known
compound 83 with potent activity against M. smegmatis [61]. Zopfiella latipes from marine
sediments produced novel compounds 112–113 with potent activity against M. phlei [81]. This
suggests that exploring antimycobacterials from marine Aspergillus and Penicillium might be a
promising approach due to their abundance in marine environments and ability to produce
a variety of active metabolites, but with the possible disadvantage of there being a higher
risk of rediscovering known metabolites, or worse, previously reported antimycobacterials.
Nonetheless, their lesser discovery was not without reason: their abundance in the environ-
ment is, in fact, quite low. Therefore, when attempting to isolate fungi from marine sources, it
is recommended to use a larger number of marine samples as one of the strategies to increase
the likelihood of isolating fungi from specific genera [19].

Finding novel compounds is somewhat crucial in the fight against tuberculosis due to
the increased number of drug-resistant strains. Novel compounds may offer alternative
mechanisms of action that could potentially overcome existing drug resistance by offer-
ing new mechanisms of action. Additionally, novel drugs are hoped to reduce treatment
duration and side effects, which could enhance patient compliance and treatment out-
comes [95,96]. Since the rediscovery of known compounds remains a significant challenge
in the journey of drug discovery from marine resources, integrating dereplication strategies
early in the discovery process, such as advanced spectrometric methods, chemoinformatic
tools, and genome mining approaches, might help identify previously unknown metabo-
lites [97–99]. For example, the use of molecular networking through platforms like GNPS
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(Global Natural Products Social Molecular Networking) can rapidly dereplicate known
compounds, which can save time and resources [100,101]. In addition, combinatorial
biosynthesis approaches that combine genetic elements from different fungal species could
also diversify the metabolite pool and overcome the limitations of rediscovery [102,103].
Moreover, advances in fermentation optimization and bioprocess engineering, such as the
use of co-cultivation strategies, can enhance the metabolic output of marine fungi [104,105].

The research of antituberculosis utilizes not only the M. tuberculosis strain but also
non-tuberculosis strains such as M. smegmatis, M. bovis BCG, M. phlei, and M. mar-
inum. The M. tuberculosis strain is a slow-organism and pathogenic organism; hence,
research using M. tuberculosis must be done in a facility with high safety measures, such
as biosafety level 3 (BSL 3), which is not easily available and accessible in most coun-
tries [106–108]. In addition, research using M. tuberculosis requires a long time for practical
experiments [106–108]. Therefore, most researchers use alternative models with low
pathogenicity and rapid growth to investigate antituberculosis activity, but still show
comparable susceptibility to M. tuberculosis, especially in the screening phase. A study
on M. tuberculosis genome analysis revealed that about 2800 of 4000 protein-coding genes
have comparable equivalents in M. smegmatis and M. bovis BCG, with >50% similarity in
the amino acid composition, suggesting that M. smegmatis and M. bovis BCG may show
comparative susceptibility to M. tuberculosis and can be used as a model in the antituber-
culosis screening process [107]. A successful story of using a non-tuberculosis strain in
antituberculosis discovery is the study of bedaquiline, a novel anti-TB drug that acts as
a mycobacterial ATP synthase inhibitor that was initially investigated against M. smeg-
matis [109]. Also, the activity spectrum against various Mycobacterium strains, such as M.
tuberculosis, M. smegmatis, and M. bovis BCG, highlights the utility of surrogate models in
early-stage drug discovery. This is particularly relevant for initial screening due to the
biosafety and logistical challenges associated with M. tuberculosis studies. However, before
claiming to be antituberculosis to treat M. tuberculosis infection, any potential antimycobac-
terial hits or leads from screening using M. smegmatis or other non-tuberculosis strains
must be investigated against M. tuberculosis strains eventually.

As described previously, the need to find sterilizing agents (anti-dormant) that are ef-
fective in eradicating tubercles in aerobic and dormant states to shorten the therapy remains
critical in antituberculosis discovery [14,36,79,80]. Current TB therapies are time-consuming
and ineffective against latent infections, often leading to relapse and contributing to the
global disease burden [110–113]. This review revealed another critical gap in antituberculo-
sis discovery, which is the limited focus on anti-dormancy activity. Dormant Mycobacterium
populations are key contributors to prolonged tuberculosis therapy, as they exhibit a state
of metabolic inactivity that can render them resistant to most conventional antibiotics
targeting active bacterial processes [36,79,80]. We found that only 5 out of 131 MF an-
timycobacterials were tested against non-replicating or dormant phenotypes. This review
showed the scarcity of exploring MF NPs and anti-dormancy. To our knowledge, in the last
five years, only one study on anti-dormancy from marine-derived fungi has been reported,
which is the activity of the ethyl-acetate extract of marine-derived Aspergillus ostianus and
Aspergillus flavus fermentation products against hypoxic-induced dormant M. smegma-
tis [114]. These findings encourage the investigation of MF NPs (previously identified as
active against replicating mycobacteria) for their efficacy against dormant Mycobacterium.

3.2. Mechanisms of Action of Antimycobacterials

Marine-derived fungi’s natural products target a remarkably broad spectrum of my-
cobacterial biochemical pathways, illustrating the power of diverse scaffolds to hit both
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classical and unconventional targets. A number of isolated metabolites disable mycobac-
terial virulence factors: for instance, polyketide-derived inhibitors of the secreted protein
tyrosine phosphatases MptpB and MptpA can impair the pathogen’s ability to modulate
host immune responses. For example, compounds 25–27 exemplify this by potently in-
hibiting MptpB through a distinctive pharmacophore (a rigid 1,4-diketone core flanked
by phenolic or β-hydroxy groups) that mimics the phosphate dianion and fits into the
enzyme’s wide active site. Other metabolites act on entirely different targets. Compound
105, a unique alkaloid from Talaromyces, inhibits the eukaryotic-like serine/threonine kinase
PknG, thereby potentially preventing M. tuberculosis from blocking phagosome–lysosome
fusion. Likewise, Trichoderma-derived aminolipopeptides trichoderins A/A1 (109, 110) and
B (111) bind the mycobacterial ATP synthase, collapsing ATP generation in non-replicating
bacilli in a mechanism analogous to the TB drug bedaquiline. The anthraquinone emodin
(17) and related planar polyketides offer yet another strategy by intercalating into guanine-
rich DNA to stabilize G-quadruplex structures in vital genes (e.g., mosR and ndhA), thereby
suppressing gene expression and slowing growth. This breadth of targets, from central
metabolism to DNA topology and virulence signaling, highlights the unique therapeutic
promise of marine fungal metabolites in tackling TB from multiple angles. An illustration
of the mechanism of action is shown in Figure 18.

Figure 18. The mechanism of action of several metabolites by inhibiting different targets from
Mycobacterium tuberculosis.

3.3. Challenges Posed by Mycotoxins

One of the main challenges with drug exploration from fungi, including in marine and
terrestrial environments, is their frequent co-classification as mycotoxins or potent cytotoxins.
Some of the compounds reported in this article, including those with potent antimycobacterial
activity, were reported as mycotoxins and posed significant toxicities to mammals.

Gliotoxin (88) was found to provoke pronounced immunosuppression and lymphocyte
apoptosis in mammals, illustrating how potent antimycobacterial efficacy can coexist with
unacceptable host toxicity [115]. Secalonic acid D (34), while active against M. tuberculosis,
is simultaneously a teratogenic mycotoxin that induces fetal malformations in rodent
models [116]. Helvolic acid (116) exerts broad cytotoxic effects on human cancer cell lines
and shows limited tolerability in murine in vivo studies [117]. Viomellein (28) was reported
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as a nephrotoxic historically linked to animal mycotoxicoses in contaminated grain, and
its structural congener, xanthomegnin (29), is both nephrotoxic and mutagenic [118,119].
Tremorgenic indole-diterpenes such as fumitremorgin B (99) were found to trigger sustained
convulsions, DNA damage in human lymphocytes, and even lethality in mice [120]. Actin-
binding cytochalasins including chaetoglobosins A (84) and B (85) disrupt microfilament
polymerization and exhibit potent cytotoxicity toward mammalian cells [121]. Other
compounds such as 18, 104, 119, and 124 were found to exhibit cytotoxicity against human
cells, neurotoxicity, and immunotoxicity [115,117,122].

Many of the most potent antimycobacterial metabolites isolated from marine fungi
carry well-documented liabilities that range from immunosuppression and teratogenicity
to nephro- and neurotoxicity in mammalian systems. Their shared propensity for off-
target damage suggests a fundamental paradox of fungal natural-product discovery in
which structural motifs that confer high antimycobacterial potency often coincide with
chemical features that drive host toxicity. Therefore, recognizing these dualities is critical,
as it informs the decision of whether a scaffold should be deprioritized, re-engineered, or
delivered in a way that limits systemic exposure.

3.4. Anticipating and Mitigating Toxicity in Marine-Derived Fungal Antimycobacterial Discovery

Marine-derived fungi metabolites provide a rich but risk-laden reservoir for antimy-
cobacterial lead discovery. Because many potent hits harbor mycotoxin-associated toxi-
cophores, an effective discovery pipeline must anticipate liabilities as early as dereplication
and then deploy a suite of chemical, biosynthetic, pharmacological, and formulation-based
tactics to widen the therapeutic window.

High-resolution LC-MS/MS datasets of an extract can be visualized in GNPS molecu-
lar networks or matched in silico to curate the fungal metabolites, hence allowing for the
rapid flagging of hazardous chemotypes such as mycotoxins before laborious purification
begins [123]. This strategy is also useful as a dereplication tool to avoid re-isolating known
fungal metabolites or compounds with previously reported bioactivities [124]. Hence, by
overlaying feature-based molecular networking (FBMN) with the public GNPS spectral
libraries and in-house mycotoxin databases, investigators can rank network nodes by
novelty scores, triage sub-clusters that match hazardous scaffolds, and channel purifica-
tion resources toward molecular families lacking confident annotations [125]. The FBMN
workflow also incorporates quantitative ion-intensity data, enabling the early estimation
of compound abundance and signaling when a low-level but novel node may not justify
extensive scale-up [125]. Complementary mass-defect filtering and mass-shift searches
further sharpen dereplication by excluding spectra that fall within characteristic mass
windows of regulated mycotoxins [126,127].

Targeted delivery and formulation-based dose-sparing also offer a complementary
route to toxicity mitigation by physically shielding reactive fungal metabolites from off-
target tissues and restricting drug exposure to the primary site of infection. Liposomal
encapsulation is a clinically validated paradigm that is best exemplified by liposomal
amphotericin B, whose reformulation can cut nephro- and infusion-related toxicity relative
to the parent macrolide while preserving antifungal potency [128,129]. Similar nanocar-
rier principles are now being translated to tuberculosis, such as polymeric, lipid, and
PLGA nanoparticles that consistently lower the effective doses of rifampicin, isoniazid,
and bedaquiline in animal models, thereby reducing systemic adverse effects without
compromising bactericidal activity [130,131]. Proof-of-concept for mycotoxins has emerged
with magnetic nanoparticle conjugates of gliotoxin, which showed attenuated cytotoxicity
in mammalian cells yet retained intracellular antimicrobial activity, demonstrating that
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nano-shielding can tame even highly reactive species [132,133]. Hence, by applying these
orthogonal yet synergistic approaches, researchers can systematically convert hazardous
marine-fungal mycotoxins into selective and clinically relevant antitubercular leads.

4. Conclusions

Marine-derived fungi (MF) are potential sources of natural products (NPs) with antimy-
cobacterial activity, contributing to a diverse array of metabolites classified into polyketides,
alkaloids, peptides, terpenoids, and miscellaneous compounds. Of the 139 identified metabo-
lites, 131 exhibited antimycobacterial activity, with 25 compounds demonstrating strong
activity and 50% classified as novel compounds. Aspergillus remains the most dominant and
productive genus for antimycobacterial compound; however, the utilization of dereplica-
tion strategies is necessary to prevent the rediscovery of known antimycobacterials from
Aspergillus. In addition, focusing on underexplored fungal genera such as Arthrinium, Conio-
thyrium, Zopfiella, Trichoderma, and Tolypocladium and targeting marine sources like mangroves,
marine sediments, sponges, and algae offer promising avenues for MF antimycobacterial
compounds. Nonetheless, the less extensive studies on algae, corals, sea fans, ascidians, and
marine anemones suggest that these sources might be a promising source for obtaining novel
and unique fungal genera capable of producing bioactive compounds with antimycobacterial
activity. Recurrent structural motifs can be discerned, pointing to privileged scaffolds for
antimycobacterial activity. For example, several conjugated polyketide frameworks (featuring
α,β-unsaturated carbonyls adjacent to hydroxyls) consistently appear in potent isolates, as
do planar polyphenolic scaffolds capable of multivalent interactions (e.g., the tri-phenolate
arrangement in pyrogallol ethers) and lipophilic cyclic peptides with amphipathic profiles.
These pharmacophores underpin interactions with diverse targets, from enzyme active sites
to bacterial membranes and DNA, and thus represent valuable starting points for medicinal
chemistry optimization. Our SAR analysis across different compound series highlights that
even subtle modifications (e.g., the stereochemistry of a double bond or the presence of a
specific functional group) can dramatically influence antimycobacterial potency, offering clues
for designing analogues with improved efficacy and reduced toxicity. We showed that marine
fungal metabolites can inhibit targets and pathways not addressed by current TB drugs, such
as virulence factors like MptpB, MptpA, and PknG, and essential bacterial machinery like ATP
synthase and DNA topology, thereby opening avenues to overcome existing drug resistance.
Compounds acting on such novel targets could retain activity against drug-resistant M. tubercu-
losis strains and even bypass common resistance mechanisms, since their modes of action differ
fundamentally from those of first-line agents. Only a small fraction of MF antimycobacterial
has been investigated against the dormant phenotype, highlighting a critical gap in current
research. These findings underscore the potential of MF as a valuable resource for TB drug
discovery, including in addressing drug resistance and dormancy-related challenges.
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Abstract: Fungi play a fundamental role in the marine environment, being promising producers
of bioactive molecules in the pharmacological and industrial fields, which have demonstrated
potential health benefits against cardiovascular and other chronic diseases. This review pertains to
the analysis of the lipid compositions across various species of marine fungi and their constantly
discovered substances, as well as their anti-inflammatory, antioxidant, and antithrombotic effects.
The health-promoting aspects of these microorganisms will be explored, through the investigation of
several mechanisms of action and interference of their bioactives in biochemical pathways. Despite
exceptional results in this field, the potential of marine microorganisms remains largely unexplored
due to the limited number of specialists in marine microbiology and mycology, a relatively recent
science with significant contributions and potential in biodiversity and biotechnology.

Keywords: marine fungi; anti-inflammatory; antioxidant; antithrombotic; PUFA; terpenes; alkaloids;
lipid bioactives; chronic diseases

1. Introduction

Marine ecosystems are a valuable resource for humans, as they offer numerous direct
and indirect benefits to the ecosystem. They play fundamental roles in the control of
atmospheric gases, regulation of climate, and biogeochemical cycles of several elements;
they provide raw materials and nourishment and are also important for many recreational
and cultural activities [1]. The sea is home to a rich biotic community that includes animals,
plants, and algae but also many microorganisms like bacteria, protozoa, and fungi. While
there is a certain degree of knowledge about the macroscopic world, only during the last
decade has a wider focus on the microscopic world for the pharmaceutical and life sciences
been achieved. In terms of diversity, seas and oceans represent an almost ‘inexhaustible’
source of microorganisms still unknown and, among these, fungi have received relatively
less attention until recently [2].

The first studies referring to marine fungi date back to the mid-19th century, when
two new species—Phaeosphaeria typharum and Halotthia posidoniae—were discovered and
isolated from the submerged portions of Typha sp. and from the rhizomes of Posidonia
oceanica [3,4]. In the following years, marine mycological research did not exhibit progress,
which explains the research on marine fungi for about 150 years, except for a few sporadic
reports. This was due to technical difficulties linked to the collection of samples and
the widespread belief that aquatic fungi constituted a marginal aspect, and thus, their
presence was occasional and associated with terrestrial contamination phenomena. Only in
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the second half of the 20th century did some researchers begin to study these organisms
systematically and based on the first promising results, a progressively growing number of
mycologists focused on sea substrates, leading to the birth of “marine mycology”.

Although in recent years it has been realized that fungi are an essential component
of marine ecosystems, having fundamental roles in many processes, ranging from the
maintenance of water fertility to the control and regulation of phytoplankton communities.
Understanding the biodiversity and ecology of marine fungi, particularly in relation to
other living organisms in their ecosystem, is still being studied to assess their benefits to
human health and well-being. In addition, these fungi are considered important subjects of
research due to their biotechnological potential and practical applications.

Estimates of the global number of fungal species currently present on our planet are
quite variable and indicate a range from 2 to over 11 million species. To date, there have
been 156,286 species formally described, and among these, only a percentage equal to
1.2% are associated with marine environments (1947 species) [5,6]. Based on the estimates
recorded and the information available, it is quite evident that knowledge relating to fungal
biodiversity, and especially the marine one, is still quite scarce. In support of this statement,
it must be taken into account that new taxonomic entities are attributed practically every
time research is undertaken and completed in new marine habitats [7,8].

Based on what has previously been reported and the fact that new species and
molecules are continually discovered, research in this area appears extremely promis-
ing and could lead to the discovery of several useful compounds, potentially providing
solutions to diseases caused by emerging pathogens or those resistant to various synthetic
drugs. In the cardiovascular (CV) field related to diseases, occurrences, events, and condi-
tions, there is a series of resources that have identified elements and compounds, which
are thoroughly tested as potential treatment mechanisms for CV conditions and diseases
caused by chronic inflammation [9].

The primary and secondary metabolites that have been identified from marine fungi
include peptides, polyketides, alkaloids, and terpenoids. Many of these identified marine
metabolites are bioactive against bacteria, viruses, fungi, protozoa, and tumor cell lines
and are currently being studied from the perspective of new pharmaceutical formula-
tions [10,11]. The first marketed product derived from a marine fungus was cephalosporin
C, which was isolated from Cephalosporium acremonium (now Acremonium chrysogenum).
Cephalosporin C, is an important antibiotic belonging to the β-lactam family, which blocks
synthesis of the bacterial wall and has broad-spectrum bactericidal action [12]. Many other
molecules with antibiotic activity, were also described in subsequent years.

This review aims to depict the lipid composition of different species of marine fungi,
as well as the presence of significant bioactives, such as terpenes, polyketides, and phe-
nols. Additionally, extensive reference is made to the health-promoting effects related to
cardiovascular diseases from bioactives extracted from marine fungi. Lastly, emphasis is
also given to the health-promoting effects of marine fungi extracts associated with other
pestering diseases and disorders, such as diabetesand cancer.

2. Lipid Composition of Marine Fungi

Marine fungi are unique producers of diverse lipids, mainly including constituents
like fatty acids, sterols, and other bioactives. Their lipid compositions vary significantly
across species and habitats and often display structural adaptations capable of providing
them with the ability to survive under extreme marine conditions (e.g., low temperatures,
varying pressure, and high salinity). Commonly, marine fungi lipids are high in polyunsat-
urated fatty acids (PUFAs), including n-3 and n-6 fatty acids, which promote membrane
fluidity and protection against environmental stresses while also being high in sterols and
other lipophilic compounds that contribute to cell structure stability and support specific
metabolic functions. Cellular functions including hormone synthesis, energy generation,
and fat storage, in fact, depend heavily on lipid metabolism [13].
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Recently, the importance of marine-fungi-derived lipids has also been highlighted for
their association with several chronic diseases, as many of these lipids exhibit antioxidant,
antimicrobial, anti-inflammatory, antithrombotic, and even anticancer properties. Globally,
chronic diseases are a leading source of morbidity and mortality, and interactions between
genetic, epigenetic, and environmental variables are present in many disorders. The utiliza-
tion of substances like lipids in regulating gene expression and providing the individual
with diverse health properties is a growing trend thanks to recent developments [14].

Inflammation-related diseases are one of the most common pathologies nowadays [15].
Inflammation is the body’s natural and vital reaction to signals from pathogenic infections
or tissue injury. It is crucial for both reestablishing homeostasis and responding to danger
signaling deriving from tissue damage. Cardiovascular disorders, autoimmune diseases,
and cancer are among the numerous illnesses that have dysregulated inflammatory re-
sponses [15,16]. Apoptosis and phagocytosis, for instance, are important processes in
resolution events actively carried out by lipids. Therefore, a significant reorganization of
lipid metabolic pathways and energy programs occurs throughout the development of
pro- and anti-inflammatory processes, which play a key role in the various phagocytic cell
polarization states.

Moreover, several lipid bioactives found in marine fungi have excellent responses
against specific thrombo-inflammatory signaling and, thus, against several chronic disor-
ders associated to such manifestations, such as lipid vitamins, like vitamin D and A and
their vitaminoids and carotenoids; unsaturated fatty acids (UFAs), like omega-3 polyun-
saturated fatty acids; amphiphilic polar lipids, including phospholipids and glycolipids,
baring the UFAs within their structures; and alkaloids, terpenes, terpenoids, etc. [17].

Because of their unique profiles and bioactivities, marine fungi and their lipid bioac-
tives are great resources for biotechnological applications. Current research especially
focuses on extracting and characterizing these lipids for their potential use in pharma-
ceutical, nutraceuticals, and cosmeceuticals. However, there remains a need for further
exploration of the lipid compositions of lesser-studied marine fungi species in order to
better understand their potential contributions to health and industry [18].

As aforementioned, marine fungi contain a variety of bioactive compounds derived
from lipids that are beneficial for human health, including terpenes, polyketides, and
sterols. Lipids, defined by their hydrophobic characteristics, encompass an extensive
array of molecules, each with unique properties and functions necessary for any organism.
Their synthesis begins with acetyl-CoA, which is transformed into lipids through several
biochemical pathways [19]. In marine fungi, the total lipid content was estimated in the
species Clonostachys rosea 7.9–31.1% of dry weight (DW). In the following subsections,
the fatty-acid-, polar-lipid-, neutral-lipid-, and lipid-derived bioactives’ compositions are
thoroughly discussed on the basis of a corresponding literature review.

2.1. Fatty Acid Composition of Marine Fungi

Fatty acids, which have a carboxylic acid group, and a long chain of aliphatic hy-
drocarbons are energy sources and biofunctional components in cell membranes. Their
biological action affects the metabolism, functionality, and reactivity of cells and tissues to
hormones and other signals [20]. They are separated into the following three categories:
polyunsaturated fatty acids (PUFAs), monosaturated fatty acids (MUFAs), and saturated
fatty acids (SFAs). Marine fungi are rich in SFAs; in particular, several species have been
found to have abundant levels of palmitic acid (C16:0) (12.0–78.12% of total fatty acids) and
stearic acid (C18:0) (1.34–35.77% of total fatty acids). More specifically, high values of SFAs
were observed in the species P. puberulum and Anamorphic fungi (89.34–90.39%), while in V.
tenerum it was found that only SFAs existed.

Compared to SFAs and PUFAs, MUFAs (8.38–19.57%) were the lowest subclass of
fatty acids, and oleic acid (18:1) was the most prevalent in this group (7.87–56.73%). Fur-
thermore, PUFAs were reported in one study; however, the compositions of the n-3 fatty
acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), well-known for their
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functions in CV health, were not retrieved. Thus, PUFAs account for 24.19–55.30% of the
total fatty acids in these two marine fungi species that were examined in this research.
Additional fatty acids that belong under the PUFA class are α-linoleic acid (18:3 n-6) and
linoleic acid (18:2 n-6), which are estimated to be between 0.0 and 9.42% and 17.19 and
57.90%, respectively. An overview of the fatty acids detected in several marine fungi is
presented in Table 1.

Table 1. Compositions of fatty acids (%) to the total fatty acids of different marine fungi species.

(% of Total
FAs)

16:00 18:00 18:1 18:2 18:3 SFAs MUFAs PUFAs
TL% 1

(DW)
References

A. caelatus 15.12–15.44 6.98–9.12 15.62–25.38 49.47–54.11 2.79–5.29 - - - - [21]
E. cladophorae 15.24–16.70 7.96–19.06 17.76–18.94 40.59–50.17 3.53–4.91 26.06–36.26 18.41–19.57 44.40–55.30 - [22]

A. flavus 13.60–16.34 8.97–12.67 31.04–40.60 29.32–39.20 0.13–1.55 - - - - [21]
A. fumigatus 17.78–19.18 5.07–7.67 19.93–28.35 45.40–54.00 ND 1 - - - - [21]
P. islandicum 21.70–40.13 1.34–2.84 12.34–56.73 57.90 23.04–42.97 - - - [23]
Z. maritima 24.92–30.36 17.09–35.77 7.87–14.27 17.19–31.83 6.48–9.42 43.62–67.12 8.38–15.18 24.19–40.91 - [22]
A. nomius 18.23–19.87 5.40–6.78 28.34–34.84 35.86–42.84 0–0.90 - - - - [21]

A. ochraceus 19.28–21.12 6.79–8.43 32.06–34.56 36.34–38.32 0–1.25 - - - - [21]
A. parasiticus 15.64–16.44 9.90–15.30 15.14–27.90 40.26–51.52 0.71–4.33 - - - - [21]
P. puberulum 69.18 20.16 10.65 - 89.34 10.65 - - [23]

C. rosea 12.0–25.0 4.0–12.0 39.0–77.0 - - - - 7.9–31.1 [24]
V. tenerum 78.18 21.81 - - 99.99 - - - [23]

Anamorphic
fungi

(Agonomycetes)
33.54–79.12 9.94–11.27 - - 33.54–90.39 - - - [23]

1 ND stands for “not defined”; TL stands for “total lipids”.

2.2. Polar Lipid Composition of Marine Fungi

As opposed to fatty acids, polar lipids (PLs) are characterized by their amphiphilicity,
which originates from the existence of both polar and non-polar groups in the structure of
the molecule. Specifically, PLs consist of a polar head (phosphate groups, carbohydrates,
choline, etc.) and hydrophobic tails, most commonly fatty acids. They are divided into
phospholipids and glycolipids. Phospholipids contain a polar phosphate group, and
they can be further divided into glycerophospholipids, which are composed of a glycerol
backbone, and sphingolipids, which contain a sphingosine molecule as a backbone. On
the other hand, glycolipids are a group of polar lipids characterized by the existence
of bonds with carbohydrates, and they are further divided into sphingoglycolipids and
glyceroglycolipids (galactolipids and sulfolipids). PLs implement important biological
processes in the cell [20], while marine PLs have also shown important anti-inflammatory
and antithrombotic potential against CVDs and other associated inflammation-related
disorders [17,25].

PLs can be found as the main components in cell membranes due to their amphiphilic
character, which provides them with the opportunity to form cell bilayers. PL concen-
trations were measured to range from 4.0 to 32.0 mg/g of DW in several marine fungal
strains. Furthermore, 2.0–6.0% and 6.0–18.0% of total lipids, respectively, were made up
of glycolipids and phospholipids. Phosphatidylcholines (PCs), a class of phospholipids
that includes choline as a headgroup, was estimated for 78.0% of PLs, while other classes
of phospholipids, like phosphatidylethanolamine (PE) and phosphatidylinositol (PI), had
lower values (6.0% and 0–1.0%, respectively). This study discovered that the values of
betaine dodecyl glycerol-3-phosphorylcholine phospholipids were comparable to PE. The
polar lipid contents of several marine fungi are presented in Table 2.
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Table 2. Composition of polar and neutral lipid bioactives from strains of marine fungi.

Polar lipids (mg/g DW) 4.0–32.0
Phospholipids (% of TLs) 6.0–18.0

Glycolipids (% of TLs) 2.0–6.0
PC (% of PLs) 78.0

Betaine-DGTS (% of PLs) 6.0
PE (% of PLs) 6.0
PI (% of PLs) 0–1.0
References [24,26]

TAGS (% of TLs) 77.0–91.0
FAMEs (mg/g DW) 0.1–3

References [24,26]

Sterols (μg/g DW) 10–600
Ergosterol (% of sterols) 85.0

Dehydrostellasterol (% of sterols) -
References [26]

2.3. Neutral Lipid Composition of Marine Fungi

Neutral lipids are responsible for the energy storage of the cell, and they consist of
triacylglycerols (TAGs), diacylglycerols (DAGs), and wax esters. TAGs are composed of a
glycerol molecule connected through an ester bond with three fatty acids. Fatty acid methyl
esters (FAMEs), which are produced by trans-esterifying fats with methanol, were reported
for 0.1–3.0 mg/g of DW marine fungi, whereas the composition of TAGS was estimated to
account for 77.0–91.0% of total lipids (TLs), as shown in Table 2.

2.4. Lipid-Derived Bioactives of Marine Fungi

Many studies have shown through identification methods and qualitative analysis
the presence of terpenes in marine fungi. Terpenes represent a broad category of natural
hydrocarbons that function as secondary metabolites, while terpenoids are their oxygenated
derivatives that belong to the lipids class. A terpenoid’s biosynthesis is initiated by acetyl-
CoA and mevalonic acid’s interaction and involves the assembly of five-carbon isoprene
units (C5H8), usually arranged in a head-to-tail manner; however, alternative construction
methods can also be used, incorporating various levels of ring formations, functional
groups, oxidation, and unsaturation. Consequently, there exists a wide array of structural
classes, and new skeletal forms are continually being identified [27]. Terpenes, moreover,
are capable of creating complex structures through several cyclization, backbone assembly
and tailoring processes. Although the biological action of many of these compounds has not
yet been fully understood, it is known that they act as precursors for a plethora of bioactives,
such as steroids, sterols, retinol (vitamin A), and carotenoids. Thus, terpenes take part in
the production of significant metabolites, which display defense-related activities against
pathogens [28].

It is also important to mention that apart from classic lipid bioactives, like UFAs,
MUFAs, PUFAs, PL, lipid vitamins, terpenes, and terpenoids [17], many other bioactives
can also be traced in respectable amounts in marine fungi, either more lipophilic ones like
sterols or more amphiphilic ones like quinones and phenols. The structures of the most
representative bioactives of these classes detected in marine fungi are shown in Figure 1,
while the most important terpenes and terpenoids are analyzed in Table 3.

Sterols, as a subgroup of steroids, consist of a tetracyclic cyclopentanoperhydrophenan-
threne structure, and their biological function is to maintain and adjust different parameters
of the cell membranes, like fluidity, rigidity, and permeability. Marine fungal strains that
were dry weighed (DW) contained 10–600 μg/g of sterols, with ergosterol being the most
prevalent sterol which, when combined with dehydrostellasterol, comprised 85.0% of
sterols. Quinones are composed of hexacarbon cyclic dione with two double bonds. These
lipophilic redox compounds act as electron transporters in different biological processes
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and take part in cell respiration. Lastly, phenols consist of an hydroxyl group (-OH) con-
nected to a carbon atom that is, in turn, part of an aromatic ring. Pigmentation and the
reduction in free radicals are some of the features exhibited by phenols.

Figure 1. Structures of the most representative terpenoids and polyketides (A) and other bioactives with
cardioprotective properties (B) present in marine fungi (structures were obtained from Molview.org).

Apart from the functions of all of these bioactive molecules in the cell, the vast
majority display health-promoting effects on human health. For example, PLs have
shown antithrombotic activity by inhibiting the biosynthesis of the platelet-activating
factor (PAF) [29]. Additionally, phenols are known for their antioxidant activity and their
anti-aging and anti-inflammatory action.
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3. Marine Fungi Bioactives with Numerous Health-Promoting Properties Against
Cardiovascular Diseases

Cardiovascular diseases (CVDs) are among the most impactful illnesses globally. The
available therapeutic options have several side effects, including hypotension, bradycardia,
arrhythmia, and alteration in different ion concentrations. Recently, bioactive compounds
from natural sources, including plants, microorganisms, and marine organisms, have
gained plenty of interest. Marine sources serve as reservoirs for new bioactive metabolites
with various pharmacological activities. Marine-derived compounds, especially those
from marine fungi, such as n-3 acid ethyl esters, xyloketal B, asperlin, and saringosterol,
showed promising results in several CVDs. More specifically, Sajaroketide A, altechromone
A, and griseofulvin, three bioactive polyketides isolated from the marine-derived fungal
strains KMM4718 and KMM4747 from the sea urchin Scaphechinus mirabilis, showed sig-
nificant cardioprotective effects in an in vitro model of infectious myocarditis, with H9c2
cardiomyocytes co-cultured with Staphylococcus aureus [47]. The structures of the most
representative compounds and substances detected in the reported marine fungi are shown
in Table 4. Studies, interventions, and clinical trials on the benefits of bioactive extracts
derived from marine fungi against cardiovascular diseases are summarized in Table 5,
while an overview of the cardioprotective benefits and several other health-promoting
properties of marine fungi and their bioactives are depicted in Figure 2.

Figure 2. A summary of the cardioprotective benefits and other health-promoting properties of
marine fungi and their bioactives.

3.1. Marine Fungi Extracts Against Hypertension

Among all cardiovascular diseases (CVDs), hypertension is one of the most serious
concerns. It is the leading cause of stroke, ischemic heart disease, dementia, chronic kidney
disease, and other CVDs. [48]. Age-standardized prevalence data from 2019 showed that
32% of women and 34% of men aged 30 to 79 had hypertension globally [49]. Numerous nat-
ural compounds found in marine species, such as bioactive molecules, chitooligosaccharide
derivatives (COS), and phlorotannins, have the potential to serve as angiotensin-converting
enzyme (ACE) inhibitors and have been developed into nutraceutical medicinal com-
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pounds, which are used to treat hypertension [50,51]. Emphasis is given to natural marine
ACE inhibitors as alternatives to synthetic drugs to avoid several serious side effects, as
they hold significant potential to become newly emerging therapeutic options for the
treatment of hypertension [52]. Xyloketal-B (Xyl-B), a natural pentacyclic fungal marine
product, was examined for whether it exerted an antihypertensive effect in a hypertensive
rat model, and the corresponding mechanisms were explored. The systolic and diastolic
blood pressures in two-kidney, two-clip (2K2C) renovascular hypertensive rats decreased
after being supplied with 20 mgkg−1d−1 Xyl-B for 12 weeks. Moreover, pretreatment
with Xyl-B (20 μmol/L) notably suppressed phenylephrine (Phe)-induced contractions
in thoracic aortic rings, which were both endothelium-denuded and endothelium-intact,
suggesting that both endothelial-dependent and endothelial-independent mechanisms are
responsible for the vasorelaxant effect of the drug [53].

3.2. Marine Fungi Extracts Against Atherosclerosis

The formation of arterial thrombosis is mostly caused by platelet adhesion under
high shear stress, which arises in stenotic atherosclerotic arteries [54]. Atherosclerosis
is a chronic, inflammatory, and progressive CVD that is induced by persistent damage
to blood vessels resulting from hyperlipidemia and, specifically, elevated low-density
lipoprotein (LDL) cholesterol [55]. Compounds derived from marine sources have been
beneficial against atherosclerosis. These substances are more effective and have fewer side
effects than synthetic ones intending to cure atherosclerosis [56]. PAF is a potent lipid
mediator that plays a crucial role in inflammation by activating platelets and repurchasing
neutrophils in the process of atherosclerosis, as it operates via the PAF/PAF receptor (PAF-
R) pathways. Many medications with marine origins have been studied for their ability
to prevent thrombo-inflammation in CVDs. Exserolides increase [3H]-cholesterol efflux
and decrease oxidized-LDL (ox-LDL) accumulation in RAW264.7 macrophages via the
LXRα-ABCA1 and PPARα pathways, as well as total cholesterol (TC) and triglycerides
(TGs) in HepG2 cells and CD36 protein uptake in macrophages [57].

3.3. Marine Fungi Extracts Against Ischemic Heart Disease (IHD) and Proangiogenic Effects

Ischemic heart disease (IHD) is caused by insufficient coronary artery blood flow to
the heart. The primary mechanism underlying IHD is endothelial dysfunction. Of all CVDs,
it is deemed as the primary cause of morbidity and mortality worldwide [58]. In 2019,
a report stated that 197 million cases of this disease existed and that it was responsible
for 9.14 million deaths worldwide [59]. Marine-derived drugs are better than synthetic
ones in treating IHD because of their beneficial action and better results. Three new
alkaloids and nine known analogues were extracted from the marine-derived fungus
Penicillium expansum Y32 and to compounds 4–6, likely comprising fumiquinazolines or
communesins, namely, fumiquinazoline Q (4), cottoquinazoline A (5), and prelapatin B
(6), and compounds 8–12, namely, protuboxepin E (8), protuboxepin A (9), protuboxepin
B (10), chaetoglobosin C (11), and penochalasin E (12), were recognized as the principal
compounds exhibiting this vasculogenic activity. These compounds could represent a
promising therapeutic option for conditions characterized by angiogenesis insufficiency,
such as IHD, where the heart muscle’s blood supply is restricted [60]. Studies show that
a new deep-sea fungus from the Yap Trench, called Chaetomium globosum YP-106 and
Neopestalotiopsis sp. HN-1-6, has been identified as a possible source of bioactive secondary
metabolites with significant implications for CV health applications. These fungi have the
ability to biosynthesize a variety of azaphilone and chloro-azaphilone derivatives, which
have been demonstrated to possess pro-angiogenic effects in a dose-dependent manner
using the zebrafish model [61,62].

3.4. Antithrombotic and Anticoagulant Effects of Marine Fungi Extracts

Marine compounds derived from marine fungi may also have antithrombotic and
anticoagulant activities. CVDs account for around 20 million deaths worldwide each year,
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and thrombosis may enhance acute myocardial infarction, IHD, valvular heart disease,
peripheral vascular disease, and other CVDs. Studies show that isaridin E concentration-
dependently suppressed adenosine diphosphate (ADP)-induced mouse platelet activation,
a crucial step in the development of arterial thrombosis and platelet hyperactivity in CVDs
associated with an elevated risk of thrombosis. An internal agonist called ADP induced
the aggregation, which is essential for physiological hemostasis. While it had no effect
on aggregation induced by collagen or thrombin, it was found that isaridin E specifically
decreased adenosine triphosphate (ATP) release, platelet activation, and ADP-induced
platelet aggregation in a concentration-dependent manner. This finding suggested that
isaridin E’s antiplatelet and antithrombotic activities may be attributed to its inhibitory
effects on ADP-induced platelet activation and secretion. Safe marine isaridin E, had
potent antiplatelet and antithrombotic properties without appreciably altering coagulation
parameters, bleeding time, or platelet numbers [63].

The active ingredient fungi fibrinolytic compound 1 (FGFC) 1, a marine pyranoin-
dolone alkaloid small molecule compound, which was extracted from the marine fungal
culture Stachybotrys longispora FG216, showed antithrombotic, anti-inflammatory, antioxi-
dant, and fibrinolytic properties [64]. The fibrinolytic activity of FGFC1 in plasma, which
interfered with the release of fibrinopeptide B to influence protofibril lateral aggregation
and raised the vulnerability of clots to fibrinolysis by changing its shape, was demonstrated.
It was discovered that FGFC1 can facilitate the FITC-fibrin dissolution in vitro, which is
mediated by plasminogen and the single-chain urokinase-type plasminogen activator (scu-
PA) [65]. Fibrinolytic enzymes play a crucial role in the management of conditions linked
to thrombosis. Aspergillus versicolor ZLH-1, a marine-derived fungus, moreover, yielded
versiase, a novel bifunctional fibrinolytic enzyme. Versiase’s anticoagulant activity was
evaluated in vitro by timing the clotting of mouse blood. Versiase’s thrombolytic and
anticoagulant potencies, as well as its efficient and quick ability to dissolve blood clots, are
made possible by its special bifunctional fibrinolytic mechanism. Furthermore, versiase’s
low hemolysis rate and minimal effect on human umbilical vein endothelial cell (HUVEC)
proliferation led to the conclusion that it is safe for use. Future research will reveal versi-
ase’s thrombolysis and anticoagulant mechanisms, which will open up new avenues in the
treatment of thrombosis [66]. Further, from Aspergillus versicolor LZD4403, fungus asperlin
was isolated, which was then examined for its potential anti-atherosclerotic properties both
in vitro and in vivo. Asperlin promoted cholesterol efflux in RAW264.7 macrophages and
markedly inhibited the formation of foam cells evoked by lipopolysaccharides (LPS) but
not by ox-LDL [67].

3.5. Antioxidant Effects of Marine Fungi Extracts

With a range of therapeutic qualities, most notably anticancer and antioxidant activ-
ities, marine fungi have become an important and mainly unexplored resource for drug
discovery. Recent studies have been conducted, regarding the biological activity of bioac-
tive natural chemicals from fungi against different cancer cell lines and dangerous bacteria.
Notably, there are various ways in which a fungal extract with antibacterial and anticancer
activities could be useful. Aspergillus fumigatus WA7S6, a marine fungus that was found on
a sea sponge, seemed to have a variety of potential uses in medicine, in addition to having
strong antibacterial and antioxidant properties, and its potential anticancer properties
were investigated as well. It was discovered that methyl ester, dehydromevalonic lactone,
9-tetradecynoic acid, and 11-hexadecynoic acid were important compounds with antiox-
idant action. These results highlight Aspergillus fumigatus WA7S6′s diverse therapeutic
potential and its applications in the creation of antibacterial, antioxidant, and anticancer
drugs. Cancer is a huge global disease burden. Every year, tens of millions of people
worldwide are diagnosed with cancer, and more than half of them die as a result of it. The
great biodiversity of the marine environment has increasingly piqued the interest of experts,
especially in the field of drug discovery. The marine fungus Aspergillus fumigatus WA7S6
has been selected among a group of fungi isolated from marine sponges, as it exhibits a
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pronounced antimicrobial activity toward a group of pathogenic microbes. The fungus was
identified genetically by amplification and analysis of its 18srRNA gene. The fungus’ crude
extract was obtained by cultivation of the fungus on rice media. The crude extract was
tested for antibacterial activity against a variety of pathogenic microorganisms. The results
demonstrated a pronounced antimicrobial action against P. aeruginosa, S. aureus, A. niger,
and Candida albicans. Furthermore, we tested the antioxidant potential of the Aspergillus
fumigatus WA7S6 crude extract using the following three different methods: ATBS, DPPH,
and lipid peroxidation assays. The results showed that the crude extract WA7S6 had an
IC50 value of 21.35 μg/mL. The anticancer potential of the crude extract was also evaluated
against cancer cell lines such as Hela, MCF, and WI-38. The chemical profiling of the
fungus extract was identified via GC-mass and in silico molecular docking of the iden-
tified compounds on heme oxygenase as a stress protein included in cellular protection,
antioxidant, and anti-inflammatory activities, suggesting that some compounds, such as
9-tetradecynoic acid, 11-hexadecynoic acid, methyl ester, and dehydromevalonic lactone,
could be relevant for the antioxidant purposes of marine microbes, which can provide fresh
approaches to combating oxidative stress and resistant infections, tackling urgent health
issues [68,69]. One of the main causes of cardiovascular diseases is an unbalanced state
between free radicals and antioxidants in the human body, which results in oxidative stress.
One important step in the process of atherosclerotic plaque formation is the oxidative
modification of LDL. Therefore, in the case these fungal metabolites possessed antioxidant
properties, they would scavenge free radicals and reduce LDL oxidation and, thus, they
may be protective against such a sequence of oxidative damage, leading to endothelial
dysfunction and the formation of plaques.

According to a recent study, xyloketal B (Xyl-B) is a very potent compound. One
of its main mechanisms is reducing oxidative stress, which is a major contributor to the
establishment and progression of atherosclerosis and hypertension CVDs, through the
scavenging of reactive oxygen species (ROS) and upregulation of the activities of their
antioxidant enzymes. This decrease in oxidative stress not only protects the vascular
endothelium but also improves overall vascular function [70]. Another study discovered
that the Aspergillus terreus EGF7-0-1 compound might facilitate an antioxidant defense of
cardiomyocytes. By reducing oxidative damage, the compound preserved its structural and
functional integrity in myocardial cells, which is vital for preventing future progression of
CVDs [71]. Gliorosein, a polyketide separated from a sponge-derived fungus, Lopadostoma
pouzarii, showed a statistically significant anti-radical effect in the radical scavenging
activity test of 2,2-diphenyl-1-picrylhydrazyl (DPPH), but was not particularly potent,
due to differing free radical concentrations. Thus, gliorosein apart from DPPH radical-
scavenging activity, also exhibited in vitro cardioprotective effects toward rotenone toxicity
and CoCl2-mimic hypoxia [72].

3.6. Anti-Inflammatory Effects of Marine Fungi Extracts

A widespread, nonspecific, and advantageous host response to a foreign challenge or
tissue damage is inflammation. Although prolonged inflammation is considered undesir-
able, it can result in the loss of organ function, including warmth, discomfort, swelling, and
redness. In recent decades, a notable increase in interest in marine fungi due to their excep-
tional anti-inflammatory qualities has been issued. These organisms are found in a variety
of marine settings, such as coastal mangroves and deep-sea trenches. They produce a broad
range of bioactive chemicals with great promise in the treatment of inflammatory diseases.
Numerous new secondary metabolites from fungus living in or on algae, sediments, water,
and corals have been reported to possess strong anti-inflammatory properties. Marine
fungal compounds have drawn increasing attention due to their distinct method of action,
making them of prime interest for the creation of anti-inflammatory medications. Various
compounds are isolated from marine fungi, such as alkaloids, terpenoids, polyketides, and
peptides. A large proportion of such secondary metabolites, is produced by the species of
Aspergillus and Penicillium [73].

166



Mar. Drugs 2024, 22, 520

Xyl-B was observed to inhibit some of the main inflammatory pathways, which are
mostly upregulated in CVDs. Xyl-B downregulated the expression of pro-inflammatory
cytokines and adhesion molecules involved in endothelial dysfunction and atherogenesis.
This agent, by suppressing these inflammatory responses, exhibited a preservative action
on endothelial integrity and prevented the formation of atherosclerotic plaque [70]. The
results for Aspergillus terreus EGF7-0-1 sheds light on NLRP3 inflammasome’s activity in
the protein complex, related to the inflammatory response. Activation of NLRP3 is linked
to the production of inflammatory cytokines and, hence, is damaging to heart tissues.
Aspergteroid G was able to downregulate such NLRP3 activity and, thus, formed a base
to reduce inflammation and its harmful effects on the heart by protecting cardiomyocytes
through the glycogen synthase kinase-3 beta (GSK-3β)/NLRP3 pathway [71].

Table 4. Structures of the compounds detected in the referenced marine fungi with a cardioprotec-
tive role.

Compounds Structures * References

(4) Fumiquinazoline Q

[60](5) Cottoquinazoline A

(6) Prelapatin B

(8) Protuboxepin E

[60]

(9) Protuboxepin A
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Table 4. Cont.

Compounds Structures * References

(10) Protuboxepin B

[60]
(11) Chaetoglobosin C

(12) Penochalasin E

Isaridin E

[63]

Methyl ester

Dehydromevalonic lactone

[69]

9-Tetradecynoic acid
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Table 4. Cont.

Compounds Structures * References

11-Hexadecynoic
acid [69]

Asperlin [67]

Aspergteroid G [71]

* Structures were obtained from Molview.org., PubChem, and ChemSpider.
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4. Other Health-Promoting Properties of Marine Fungi Bioactives

Marine fungi bioactives have also shown numerous benefits against several inflammation-
and oxidative-stress-related manifestations and chronic disorders. The structures of certain
compounds contained in marine fungi associated with these diseases are summarized in
Table 6 and studies and clinical trials in Table 7. The compounds mentioned in the clinical
trials in Table 7, are depicted in Figure 3.

Figure 3. Marine-fungi-derived bioactive compounds and extracts used in the interventions and
clinical trials presented in Table 7 and evaluated for their antidiabetic, anticancer, anti-aging, and
wound-healing effects.

4.1. Antidiabetic Effects of Marine Fungi

Recent studies have pointed out that marine-derived fungi exhibit great promise in
the development of antidiabetic agents. In this respect, single components isolated from
such fungi showed promising in vitro and in vivo activities. Among the most important
examples, is exopolysaccharide PJ1-1, an extract of a marine fungus that expressed a potent
antidiabetic effect in a Type 2 diabetes mellitus (T2DM) mouse model. The T2DM model
was induced in mice with a combination of a high-fat diet and a low dose of streptozotocin,
mimicking human diabetes at an early stage. Administration of PJ1-1 resulted in significant
improvements in body weight and reductions in the fasting blood glucose levels of the
diabetic mice. Over the five-week course of treatment, PJ1-1 decreased the level of fasting
blood glucose in a dose-dependent manner; at the highest dose, it decreased by 42.16%.
Moreover, PJ1-1 improved glucose tolerance and insulin resistance, which implicated its
potential against diabetes [74].

Another marine fungus that has been investigated is Scedosporium apiospermum F41-1
for its generation of fumiquinazoline alkaloids, compounds of interest showing insulin-
sensitizing activities. These alkaloids have been screened for their ability to induce triglyc-
eride accumulation in 3T3-L1 adipocytes, a cell model often used for studying fat storage
and insulin sensitivity. The most important and effective fumiquinazolines, were sce-
quinadolines A, B, D, and E. Among the isolated compounds, the most efficient was
scequinadoline D (9) with a half maximal effective concentration (EC50) value of 0.27 μM.
It was shown that the compound works via the PPARγ pathway, which is one of the most
crucial regulators of adipocyte differentiation and insulin sensitivity. Since scequinadoline
D activated genes involved in adipogenesis and lipid metabolism, it enhanced sensitivity
to insulin and, thus, is a potent candidate for T2DM treatment [75].
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The marine-derived fungus Aspergillus flavipes HN4-13, isolated from coastal sedi-
ments, was found to produce a number of secondary metabolites, including three new
butenolide derivatives, namely, flavipesolides A-C, in addition to other known compounds.
These metabolites showed considerable antidiabetic activity, especially by the inhibition of
α-glucosidase involved in carbohydrate breakdown into glucose. This work revealed that
the identified α-glucosidase inhibitors, exhibited potency in different ranges. Compounds
4–6, namely, 5-[(3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-6-yl)methyl]-3-hydroxy4-(4-
hydroxyphenyl)-2(5H) furanone (4), aspernolide (5), and emodin (6), as well as methyl
dichloroasterrate (9), acted as non-competitive inhibitors of α-glucosidase, with inhibi-
tion constant (Ki) values of 0.43 and 2.8 μM, half maximal inhibitory concentration (IC50)
values of 19 and 90 μM, respectively. On the other hand, compounds 1–3, known as
flavipesolides A–C, geodin hydrate (8), monomethylosoic acid (10), and epicoccolide B
(13) were mixed inhibitors, including both competitive and non-competitive inhibition
mechanisms against α-glucosidase. The IC50 value of such mixed inhibitors ranged from
9.9 to 95 μM, showing more effective inhibition than well-known antidiabetic drugs like
acarbose and 1-deoxynojirimycin, with IC50 values of 101 μM and 79 μM, correspondingly.
The study pointed out that these compounds, especially butenolide derivatives, demon-
strated prominent inhibitory activity against a-glucosidase and low cytotoxicity on the
human colon cancer cell line of Caco-2. In view of this, it is an indication that the secondary
metabolites from Aspergillus flavipes HN4-13 could be a promising leading compound in
developing safe and effective antidiabetic drugs [76].

The marine-derived fungus Paraconiothyrium brasiliense HDN15-135, isolated from
deep-sea sediments, exhibits remarkable antidiabetic potential through its production of
unique sesquiterpenoid compounds called brasilterpenes. Out of the five brasilterpenes
that were identified, (brasilterpenes A–E), brasilterpenes A and C revealed promising
hypoglycemic activities. In an in vivo study with a diabetic zebrafish model, brasilterpenes
A (1) and C (3) resulted in a significant decrease in the blood sugar levels of hyperglycemic
zebrafish. These compounds exerted their actions by enhancing insulin sensitivity and
suppressing gluconeogenesis, a major metabolic pathway by which glucose is synthesized
from non-carbohydrate sources. This double action becomes of special relevance in the
management of diabetes, since it can help to not only decrease glucose levels in the blood
but also to enhance insulin responsiveness of the body, which is reportedly impaired
in most diabetic conditions. Furthermore, it was determined that brasilterpene C (3)
displayed potent hypoglycemic activity in comparison to the widely used antidiabetic drug
rosiglitazone. This result, therefore, suggests brasilterpenes and, especially, brasilterpene
C, as leading compounds with strong potential for the development of new antidiabetic
therapies [77]. Other deep-sea fungal compounds, such as cladosporol C, tenellone F,
ozazino-cyclo-(2,3-dihydroxyl-trp-tyr), penicillactam, and circumdatin G, were identified
as inhibitors of α-amylase, α-glucosidase, pancreatic-lipoprotein lipase, hexokinase-II, and
protein tyrosine phosphatase-1B, by delaying sugar absorption [78].

4.2. Antitumor Effects of Marine Fungi

Marine fungi are a valuable source of natural resources for the creation of anticancer
medications due to their unusual structures and distinct functions. Cell cycle arrest is a po-
tentially effective method of halting the growth of cancer cells, since cancer is characterized
by an unchecked cell cycle and the uncontrolled proliferation of tumor cells. Therefore,
studies have focused on marine compounds that may inhibit human cell proliferation and
metastasis and may induce cell apoptosis and cell cycle arrest in the G2/M phase. A major
focus of research is the strain Penicillium sp. OUCMDZ-1435, known for its contributions to
food production, medicinal applications, and natural ecosystems.

Meleagrine, a bioactive substance derived from the fungus Penicillium sp. OUCMDZ-1435,
has demonstrated strong cytotoxic action against a variety of tumor cells, suggesting that
it may have antitumor properties. Meleagrine exhibited antibacterial action, making it
a viable option for pharmaceutical research targeted at creating novel antibiotics. This
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is particularly relevant considering the growing issue of antibiotic resistance. Meleagrin
and oxaline have been shown in a study to successfully stop the growth and metastasis
of human HepG2 cells, as well as to boost HepG2 cell death and cell cycle arrest in the
G2/M phase [79]. Danthron, an hydroxy anthraquinone on the other hand, extracted
from the fermentation broth of a marine fungal, is a novel inhibitor of angiogenesis,
providing insight into its mode of action. This compound’s antioxidant, antiangiogenic,
and anticancer properties pointed to its potential application in cancer treatment and
chemoprevention [80]. From the sponge-derived marine fungus Lopadostoma pouzarii strain
168CLC-57.3, the new polyketides lopouzanones A and B, as well as the new 1-O-acetyl
and 2-O-acetyl derivatives of dendrodochol B, were isolated. Additionally, the identities of
six known polyketides, were determined. All these substances exhibited low cytotoxicity
toward PC-3 human prostate cancer cells and H9c2 normal rat cardiomyocytes [72]. A
compound derived from a marine fungus, XYA-2, exhibited significant effects on various
cellular processes in pancreatic cancer; in addition, it affected the transition of cancer
cells during the cell cycle by increasing the apoptotic rate at higher concentrations [81].
Moreover, effective suppression of glioma cell migration, invasion, and proliferation was
realized, while apoptosis induction was achieved by oxirapentyn A, which also crosses the
blood–brain barrier, according to an in silico analysis [82].

Table 6. Structures of certain compounds contained in marine fungi associated with chronic disorders.

Compounds Structures References

Exopolysaccharide PJ1-1

(possible structures of the main repeating disaccharides in PJ1-1)

[74]
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Table 6. Cont.

Compounds Structures References

Scequinadoline A, B, D, and E
(compounds 7–10—most important and

effective fumiquinazolines)

scequinadoline A

scequinadoline B

scequinadoline D

scequinadoline E

[75]
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Table 6. Cont.

Compounds Structures References

Flavipesolides A–C

flavipesolide A

flavipesolide B

flavipesolide C

[76]

5-[(3,4-Dihydro-2,2-dimethyl-2H-1-
benzopyran-6-yl)

methyl]-3-hydroxy4-(4-hydroxyphenyl)-
2(5H) furanone (compound 4)

and aspernolide (compound 5)
5-[(3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-6-yl)

methyl]-3-hydroxy4-(4-hydroxyphenyl)-2(5H) furanone (4)

aspernolide A (5)
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Table 6. Cont.

Compounds Structures References

Emodin

[76]
Geodin hydrate (8),

methyl dichloroasterrate (9), and
monomethylosoic acid (10)

geodin hydrate (8)

methyl dichloroasterrate (9)

monomethylosoic acid (10)

Epicoccolide B (13)

Brasilterpenes A and C
brasilterpene A (1)

brasilterpene C (3)

[77]
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Table 6. Cont.

Compounds Structures References

Cladosporol C

 

[78]

Tenellone F

 

Ozazino-cyclo-(2,3-dihydroxyl-trp-tyr)

 

Penicillactam

 

Circumdatin G

 

Meleagrine

 

[79]

183



Mar. Drugs 2024, 22, 520

Table 6. Cont.

Compounds Structures References

Oxaline

 

Danthron

 

[80]

Lopouzanones A and B lopouazone A (1)

lopouazone B (2)

[72]

1.-.O-acetyl dendrodochol B

 

Oxirapentyn A

 
Structures were obtained from Molview.org., PubChem, and ChemSpider.

4.3. Anti-Aging Effects of Marine Fungi

B-glucan is a naturally occurring polysaccharide, found in abundant quantities in the
cell walls of several fungi, particularly marine yeast. It belongs to that rare category of
compounds with immense anti-aging potential, so it is useful in skincare formulations.
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B-glucan enhances the intrinsic mechanisms of skin repair, by increasing the retention of
moisture and the synthesis of collagen—all vital processes for reducing visible signs of
aging like wrinkles, fine lines, and loss of skin firmness. B-glucan extracted from marine
yeast was studied with the UV-mutated strain of Rhodotorula sp. DAMB1, displaying
respectable antioxidant actions. Antioxidants aid in neutralizing free radicals—the main
cause of oxidative stress and precocious aging phenomena of skin cells. B-Glucan is, in
fact, capable of preserving the youthful appearance of skin by reducing oxidative damage
through its action. More importantly, β-glucan has been demonstrated to have excellent
skin absorption abilities, which may boost collagen-stimulating activity. Collagen is an
important protein that normally promotes skin elasticity and firmness but decreases because
of aging. Application of β-glucan topically reestablished collagen levels, hence regenerating
firmer and more elastic skin. It also provided protection from UV radiation, one of the
comprehensive causes of skin aging, in addition to its anti-aging benefits. Application of
β-glucan has been observed to reduce the negative impacts of exposure to UV radiation
and to prevent visible premature aging based on environmental factors [83].

In general, this research articulated that Scopalina hapalia is a good source of naturally
occurring anti-aging agents, since most of its bioactive compounds acted on core key
mechanisms involved in the process. More studies are, therefore, recommended, in order
to carry on with the isolation and characterization of such bioactive molecules for their
potential therapeutic applications [84].

Wound-Healing Effects of Marine Fungi

The melanin purified from the halotolerant black yeast Hortaea werneckii AS1 was
tested for its wound-healing potential using an in vitro scratch assay, a representative
model for cell migration and proliferation events occurring during wound closure, against
human skin fibroblast (HSF) cells. Observations indicated that the application of melanin
did not have a negative impact on tissue regeneration of HSF cells at a dosage of 100 μg/mL.
Noticeably, the scratch on HSF cells completely closed at 72 h of incubation regardless of
the presence or absence of melanin, indicating that melanin did not hamper the natural
process of wound healing of the cells. The known antioxidant and antibacterial activities
of melanin should, moreover, account for the potential wound-healing properties of this
pigment in cosmetic formulations. The results showed that wound healing was promoted
by the fungal extract. This can be attributed to its bioactive compounds that stimulate
cellular activities involved in tissue regeneration. The efficacy of the wound healing by the
extract is related to its antioxidant and antimicrobial properties, which are projected not
only against infection in a wound but also reduce oxidative stress, hence, further improving
the healing process. Consequently, this work evidenced that although melanin from H.
werneckii AS1 did not exert a direct effect on the acceleration of wound closure, it is non-
toxic and did not impede the natural process of wound healing, a hypothesis that confirms
and supports its candidacy for further exploration for wound-healing applications [85].
These findings open a new avenues in the exploration of this fungus regarding its potential
in the development of new therapeutic pathways for better management of wound care.
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Table 7. Studies, Interventions and Clinical trials of the anti-diabetic, anticancer, anti-aging and
wound-healing effects of bioactive extracts derived from marine fungi.

Hypothesis–
Intervention

Study
Design/Parameters

Examined
Main Findings

Specific
Benefits/Other

Benefits Observed–
Mechanisms of

Action(s)

Year of
Study

References

α-Glucosidase and
new inhibitors from
Aspergillus flavipes

HN4-13 are introduced

Aspergillus flavipes
HN4-13 was isolated
from Lianyungang

sediment by
fermentation and
extraction assays

α-Glucosidase
inhibitors like
acarbose and

miglitol treated
diabetes but

caused side effects

Natural products from
Aspergillus fungi show

anti-tobacco mosaic
virus (TMV), DPPH

scavenging,
α-glucosidase
inhibition, and

antiviral activities

2016 [76]

This study isolated
3 new and 12 known

fumiquinazoline
alkaloids from
Scedosporium

apiospermum F41-1 and
assessed their

antidiabetic potential

Scedosporium
apiospermum F41-1 was

isolated from
Lobophytum crassum in

Hainan, China.
Fermentation,

extraction, 3T3-L1
differentiation,

triglyceride assay, oil
red O staining, qPCR,

procedures were
conducted

The results
suggested that

scequinadoline D
(9) targeted

adipocytes and
could treat T2DM

effectively

Fumiquinazolines and
related alkaloids from

Scedosporium
apiospermum F41-1
showed antiviral
activity against

hepatitis C

2020 [75]

Sixteen indole
diterpenoids,

including five novel
ones, were tested for
their cytotoxic and

antimicrobial activities

The strain produced a
crude extract, which

was purified and
tested for

antimicrobial activity
using disk diffusion

Paspaline (C–D)-
and paxilline

(B–D)-type indole
diterpenoids rarely

exhibited
antimicrobial

activity but may
have variable

cytotoxic effects
across different
cancer cell lines

Five new and eleven
known indole

diterpenoids from
Penicillium brefeldianum

WZW-F-69 were
observed, highlighting
the potential of marine

fungi in discovering
novel bioactive

compounds

2022 [64]

This manuscript
presented danthron as

a new angiogenesis
inhibitor, with
antiangiogenic,
antitumor, and

antioxidant properties

The cell culture
included HUVECs

treated with danthron
or controls. Chick

CAM assays and cell
cycle analysis followed

Danthron, an
hydroxy

anthraquinone
from a marine

fungus, inhibited
angiogenesis and

tumor cell
proliferation by

inducing apoptosis

The link between
danthron’s

antiangiogenic and
antioxidant activities

warranted further
study, supporting its

potential as an
anticancer drug

2023 [80]

In this study, a
homogeneous

exopolysaccharide,
PJ1-1, was obtained

from Penicillium
janthinellum N29′s
fermented broth

C57BL/6 J mice were
used; P. janthinellum
N29 derived from
Acanthus ilicifolius.

Fermentation,
composition, and

analysis methods, as
well as in vivo

experiments and
fasting insulin assays,

were performed

PJ1-1 enhanced
glucose

metabolism,
improved insulin

efficiency, and
lipid metabolism

in T2DM mice,
suggesting its
potential as an

antidiabetic agent

PJ1-1 improved lipid
metabolism in T2DM
mice by lowering TG,

TC, LDL-C, and
increasing

high-density
lipoprotein (HDL)-C

2023 [74]
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Table 7. Cont.

Hypothesis–
Intervention

Study
Design/Parameters

Examined
Main Findings

Specific
Benefits/Other

Benefits Observed–
Mechanisms of

Action(s)

Year of
Study

References

Five bergamotane
sesquiterpenoid

derivatives,
brasilterpenes, were

isolated from
Paraconiothyrium

brasiliense HDN15-135

The fungus was
isolated from Indian

Ocean sediment.
Procedures conducted

were fermentation,
NMR, glucose assays,

toxicity evaluation,
and hypoglycemic
mechanism studies

Brasilterpenes A
(1) and C (3)

lowered blood
glucose in

hyperglycemic
zebrafish by

enhancing insulin
sensitivity

The hypoglycemic
activities of

compounds 1 and 3
are linked to the S

configuration at C-14.
Compound 3, with an
hydroxyl group at C-3,

is more active

2022 [77]

B-glucan methyl ester
compounds were
checked for their

applications in the
cosmetics field

Assays used for
antioxidant,

metal-chelating,
reducing power, and

antibacterial
activities.B-glucan was
applied in cosmetics
and used for almond

facial scrub
preparation

B-glucan improved
skin firmness,

collagen
production, and
has antioxidant,

antibacterial effects

Carboxymethylated
β-glucan showed

greater antibacterial
activity against S.

aureus than the
original compound

2024 [83]

Structure-based virtual
screening (SBVC) of

various deep-sea fungi
derived metabolites

was performed

Retrieve and prepare
protein/ligand

structures, virtual
screening, molecular
docking, molecular

dynamics (MD)
simulations, residue
interaction analysis,

and binding
free-energy

determination, were
performed

Cladosporol C,
tenellone F,

ozazino-cyclo-(2,3-
dihydroxyl-trp-

tyr), penicillactam,
and circumdatin G
were identified as

potential inhibitors
of key

diabetes-related
enzymes

Inhibiting α-amylase,
α-glucosidase, and

hexokinase II (HK-II)
delayed sugar

absorption, while
protein tyrosine
phosphatase-1B

(PTP-1B) impaired
insulin signaling

2023 [78]

Marine fungi are
valuable for an
antitumor drug

development

Annexin FITC/PI
assays were used for
compound analysis

and apoptosis
detection

L-tryptophan and
L-histidine are key

precursors in
Meleagrin

biosynthesis

Challenges in
chemical synthesis

of bioactive
compounds led to
the optimization of

Meleagrin’s
fermentation
The initial pH
significantly

affected the yield;
pH 3.0 was optimal

for a simpler
composition and
higher Meleagrin

production

These compounds
inhibited HepG2 cell

proliferation and
metastasis, induced

apoptosis, and caused
cell cycle arrest in

G2/M phase

2023 [79]
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Table 7. Cont.

Hypothesis–
Intervention

Study
Design/Parameters

Examined
Main Findings

Specific
Benefits/Other

Benefits Observed–
Mechanisms of

Action(s)

Year of
Study

References

The study attempted
to examine the various
valuable medical and

environmental
utilizations of this
beneficial pigment

The purified melanin
was evaluated for

antioxidant activity,
cytotoxicity, in vitro

anticancer effects,
wound healing,

antimicrobial activity,
and environmental

impact

The pigment
showed an

antibacterial
activity toward S.

aureus and A.
hydrophila

It can further be
applied as an

antimicrobial agent
against fatal

pathogenic strains
affecting the
aquaculture

industry

These findings showed
that melanin at a

concentration of 100
μg/mL did not
influence cell

migration

2022 [85]

The impact of XYA-2, a
nitrogenated

azaphilon previously
reported from a

deep-sea-derived
fungus, on the
progression of

pancreatic cancer cells
was evaluated

Procedures conducted:
Cell cycle arrest assay,

apoptosis assay,
Western blot assay,

wound-healing assay,
and transwell

migration assay

XYA-2 exhibited
significant effects

on various cellular
processes in

pancreatic cancer
Furthermore, it
influenced the

transition of cancer
cells during the

cell cycle, leading
to increased

apoptosis at higher
concentrations

The results from the
wound-healing assay,

underscored the
concentration-

dependent inhibitory
effects of XYA-2 on the
migratory capacity of

MIA-PACA2 cells

2024 [81]

In this research on
ascidian-derived fungi
in the South China Sea,
it was discovered that
a culture extract of the

fungus Amphichorda
felina SYSU-MS7908
exhibited moderate
cytotoxicity against

U87-MG human
glioma cells

Procedures included:
X-ray crystallographic

analysis,
antiproliferative

activity by MTT assay,
prediction of

blood–brain barrier
permeation in silico,

cell migration by
wound-healing assay,

cell invasion by
transwell assay, and

cell apoptosis assay by
flow cytometry

In an anti-glioma
assay, oxirapentyn

A (7) effectively
inhibited the
proliferation,

migration, and
invasion of glioma
cells and induced

their apoptosis.
Furthermore, an in

silico analysis
suggested that

oxirapentyn A has
the potential to
penetrate the
blood–brain

barrier

These findings
highlight the potential
of oxirapentyn A as a

candidate for the
development of novel

antiglioma drugs

2023 [82]

5. Materials and Methods

This systematic review was conducted using the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA). The Scopus and PubMed databases were
used to search for relevant literature. The database search was conducted from April 1,
2024 to August 1, 2024. The keywords used were marine fungi AND lipids, lipid composi-
tion, bioactives, polar lipids, neutral lipids, terpenes, fatty acids, PUFAs, n-3 fatty acids,
polyketides, alkaloids, peptides, phenols, cardiovascular health, cardioprotective, inflam-
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mation, oxidative stress, thrombosis, hypertension, antidiabetic, antitumor, anticancer,
antimicrobial, anti-aging, and wound healing.

The articles that were deemed related to the subject were screened according to the
following criteria: (i) written in the English language; (ii) research articles; and (iii) pub-
lished between 2015 and 2024. Firstly, the titles of the articles were considered, followed by
the abstract along with the keywords, and then the text thoroughly. From the total number
of articles examined, many of them did not meet the criteria and were excluded from this
review. The time frame was adjusted further due to the research gap, especially in lipid
composition and cardiovascular-promoting effects. For the theoretical part of this review,
articles as well as other reviews were examined in a wider time frame of 2005–2024.

6. Conclusions

Natural marine products have demonstrated their adequacy against a wide array of
diseases, with some possessing novel mechanisms of action and others being the strongest
among their inhibitor classes. Innovations in several fields have overcome obstacles related
to marine drug discovery and development. Advancements in several procedures, for
example, sampling techniques and nanomole structure determination, as well as genome
sequencing and mining, upgrade the effectiveness of exploring marine samples for novel
therapeutics. Several advanced strategies end up being effective in defeating the supply
problem, including total chemical synthesis and microbial fermentation, as well as molecu-
lar biology tools. Numerous compounds in different phases of development that effectively
use those innovations, highlight natural marine products as the new wave of effective,
adaptable, economically, and environmentally friendly drugs.

The marine environment creates a distressing condition, where inhabitants are forced
to adapt so as to survive. A large portion of survivors is rich in secondary metabolites,
which are restoratively useful. Among the marine organisms, numerous unrefined extracts,
improved fractions, and compounds obtained, have exhibited fascinating potential medical
advantages over the years. These effects are mediated by compounds from different chemi-
cal classes including polysaccharides, terpenoids, phenolic compounds, sterols, carotenoids,
alkaloids, and fatty acids.

Owing to a diverse chemical ecology, marine flora are potential sources of bioactive
compounds; however, they are the least explored. Regardless of the unprecedented poten-
tial for sourcing new prescriptions from natural marine products, very few compounds
have actually been utilized for treatment.

Thus, endeavors should be made to develop marine functional compounds responsibly,
since their consumption could result in a decrease in the occurrence and gravity of chronic
diseases. In order to meet the growing need for a wide range of pharmaceuticals, marine
sources hold great promise for providing potent, cheaper, and safer drug candidates
toward solving several medical problems and deserve further extensive exploration. This
review takes a bird’s-eye view of marine anticancer compounds, both known and yet-to-be
discovered, which may be answers to some of our current biological queries and provide
novel, safe, and cost-effective solutions in the near future.
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