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Abstract: Two new dipyrroloquinones, namely talaroterreusinones A (1) and B (2), together with
four known secondary metabolites, terreusinone A (3), penicillixanthone A (4), isorhodoptilometrin
(5), and chrysomutanin (6), were isolated from the solid culture of the endophytic fungus Talaromyces
sp. by integrating mass spectrometry-based metabolic profiling and a bioassay-guided method. Their
planar structures and stereochemistry were elucidated by comprehensive spectroscopic analysis
including NMR and MS. The absolute configuration at C-1′′ of terreusinone A (1) was established
by applying the modified Mosher’s method. Compounds 1–6 were evaluated for anti-inflammatory
activity and cytotoxicity. As a result, 1–3 inhibited the LPS-stimulated NO production in macrophage
RAW264.7 cells, with IC50 values of 20.3, 30.7, and 20.6 µM, respectively. Penicillixanthone A (4)
exhibited potent cytotoxic activity against Hep G2 and A549 cell lines, with IC50 values of 117 nM
and 212 nM, respectively, and displayed significant antitumour effects in A549 cells by inhibiting the
PI3K-Akt-mTOR signalling pathway.

Keywords: Talaromyces sp.; endophytic fungus; dipyrroloquinone; anti-inflammatory; cytotoxic activity

1. Introduction

Dipyrroloquinones are unusual alkaloids in nature, whose basic skeleton possesses a
highly symmetrical pyrrole-benzoquinone-pyrrole tricyclic system [1]. Currently reported
dipyrroloquinones have three types of structures, including terreusinones, zyzzyanones, and
tsitsikammamines, and these analogues are mainly from marine sponges and fungi [2–5].
These compounds are biosynthetically derived from seco-pyrroloiminoquinones such as
makaluvamines and discorhabdins [6]. Due to the highly conjugated system, terreusinones
A-C had a significant UV-A protective ability and also exhibited high inhibitory activity
against tyrosine phosphatases and antioxidant activity [7,8]. The bioactive dipyrrolo-
quinones were synthesized since some of the seco-pyrroloiminoquinones displayed potent
cytotoxicities against the tumour cell lines [9]. In this paper, the dipyrroloquinones were
discovered from the Talaromyces genus for the first time, and it was certified that this
type of dipyrroloquinones exhibited moderate anti-inflammatory activity in LPS-induced
RAW264.7 cell lines.

The Talaromyces genus has been studied in the classification framework of Penicillium
which can produce soft-wall ascomata. The genus includes about 171 species, widely
existing in soil, plants, and sponges [10,11]. The genus Talaromyces can produce abundant
bioactive secondary metabolites, including polyketones, alkaloids, quinones, steroids,
esters, terpenoids, and coumarins. These compounds displayed various biological activities
such as antitumor and antibacterial effects, and so on. Several Talaromyces species have
been certified to be effective biocontrol agents against pathogens in soil [12–15]. However,
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some species of Talaromyces produced typical hepatoxic and nephrotoxic mycotoxins, such
as luteoskyrin, cyclochlorotine, erythroslkyrine, and islanditoxin.

As a part of our ongoing studies on the bioactive secondary metabolites from endo-
phytic microbes, we assembled a library of more than 600 endophytes from medicinal
plants of different environments [16,17]. Using a global natural product social (GNPS)
molecular networking analysis, compounds can be grouped according to MS/MS frag-
mentation patterns [16–20]. It revealed that some fungi in our library could produce
chemically diverse secondary metabolites. Our chemical investigation led to the discovery
of two new dipyrroloquinones, talaroterreusinones A (1) and B (2), together with four
known secondary metabolites including terreusinone D (3) [3], penicillixanthone A (4) [21],
isorhodoptilometrin (5) [22], and chrysomutanin (6) [23] from the Talaromyces sp. of the
medicinal plant Stellera chamaejasme Linn in Figure 1. This study describes the molecular net-
working analysis of the extract, isolation and structural elucidation of the new compounds,
as well as the evaluation of the cytotoxic activities against Hep G2 and A549 tumour cells
and inhibitory effects on LPS-induced NO production in macrophage RAW264.7 cells.
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Figure 1. Structures of compounds 1–6.

2. Results and Discussion
2.1. Molecular Networking-Based Prioritization of the Isolation Workflow

In order to prioritize the isolation of dipyrroloquinones, the total secondary metabo-
lites of Talaromyces sp. were determined by UPLC-Q-TOF-MS/MS. The MSE data was
processed using the GNPS web platform and analysed by the feature-based molecular
networking strategy. The data were subsequently exported via Cytoscape 3.8.2 software to
construct the Molecular Networking (MN).

As depicted in Figure 2A, the MSE data of the total secondary metabolites were
presented in purple circles, and the annotated nodes were displayed as green and blue
ones. All precursor ions formed a molecular network with 348 clusters and 4302 nodes. The
annotated network displayed the presence of two clusters composed of dipyrroloquinone
masses. In one of the clusters (Figure 2A), the structurally related dipyrroloquinone
of terreusinol (m/z = 347.183) was connected to the nodes m/z 329.1474 and 379.1743,
which were supposed to be new dipyrroloquinones. In the other cluster (Figure 2B),
the structurally related dipyrroloquinones of terreusinone D (compound 3, m/z 359.148)
and (+)-terreusinone (m/z 331.153) were directly connected to an additional node, which
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indicated the presence of a new putative analogue at m/z 345.133. Consequently, the nodes
of dipyrroloquinone analogues were targeted for isolation and structural determination.
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2.2. Structural Identification

The molecular formula of talaroterreusinone A (1) was assigned as C18H20N2O4 based
on the HRESIMS data (Figure S1), suggesting ten degrees of unsaturation. The 1H NMR
spectrum data (Figure S2) of 1 displayed the signals of two olefinic protons at δH 7.31 (s,
H-3) and 6.38 (s, H-7), one oxygenated methine proton at δH 4.27 (dd, J = 5.1, 6.6 Hz, H-1′′),
and four methyls at δH 1.09 (d, J = 6.8 Hz, H3-3′, 4′), 0.86 (d, J = 6.7 Hz, CH3-3′′), and 0.77
(d, J = 6.8 Hz, CH3-4′′). Its 13C NMR (Figure S3) and HSQC (Figure S4) spectra revealed
the presence of eighteen carbons, including three carbonyls, six quaternary carbons, five
methines, and four methyls (Table 1).
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Table 1. 1H NMR (600 MHz) and 13C NMR (150 MHz) data of compounds 1 and 2 in DMSO-d6.

Position
1 2

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

-NH 12.44 s - 12.40 s -
2 - 136.2 C - 139.7, C
3 7.31 s 112.9 CH 6.31 s 106.1, CH
3a - 134.6 C - 132.6, C
4 - 174.6 C - 174.3, C
4a - 126.8 C - 126.5, C

-NH 12.44 s - 12.20 s -
6 - 144.4 C - 144.0, C
7 6.38 s 104.9 CH 6.29 s 104.9, CH
7a - 132.1 C - 131.8, C
8 - 173.2 C - 174.5, C
8a - 125.9 C - 126.4, C
1′ - 195.6 C 3.85 d (7.7) 82.3, CH
2′ 3.48 m 35.5 CH 2.02 m 33.1, CH
3′ 1.09 (d, 6.8) 19.3 CH3 0.72 d (6.8) 19.0, CH3
4′ 1.09 (d, 6.8) 19.2 CH3 0.92 d (6.6) 19.3, CH3
5′ 3.12 s 56.9, CH3
1′′ 4.27 (dd, 5.1, 6.6) 71.6 CH 4.24 d (6.6) 72.0, CH
2′′ 1.92 m 33.8 CH 1.92 m 34.8, CH
3′′ 0.77 (d, 6.8) 18.8 CH3 0.76 d (6.8) 19.2, CH3
4′′ 0.86 (d, 6.7) 18.1 CH3 0.87 d (6.7) 18.5, CH3

1′′-OH 5.27 (d, 5.2) - 5.19 s -

Further comprehensive analysis of the 2D NMR data (Figures S4–S7) confirmed the
whole structure of 1, which had a dipyrroloquinone skeleton and resembled that of ter-
reusinone [2] (Figure 3). The HMBC correlations from H-7 to C-6, C-8, C-7a and C-4a, as
well as from H-3 to C-1′, C-2, C-3a, C-4, and C-8a, established the structural skeleton of
dipyrrolobenzoquinone. The proton spin systems of H-1′′/H-2′′/H-3′′/H-4′′ and H-1′′/1′′-
OH, coupled with the HMBC correlations from 1′′-OH and H-1′′ to C-6 and C-2′′, and
from H-1′′ to C-7, revealed the connection between the pyrrole ring and the aliphatic chain,
and the hydroxyl group at C-1′′. Further HMBC correlations from H-3 and H-2′ to C-1′

confirmed the linkage of the ketone group and the pyrrole ring at C-2. Additionally, HMBC
correlations from H-2′ to C-1′, C-3′, and C-4′ completed the establishment of the planar
structure of 1. The key NOESY cross-peaks of H-7 with H-1′′ indicated that the hydroxyl
group was trans-orientated with H-7.
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To resolve the absolute configuration of C-1′′, the modified Mosher’s derivatisa-
tion was carried out. Compound 1 was esterified with R-(−)- and S-(+)-α-methoxy-α-
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(trifluoromethyl) phenyl acetyl chloride (MTPA-Cl) to obtain the corresponding S- and
R-MTPA esters (1a and 1b, their HRESIMS data were showed in Figures S8 and S9), respec-
tively. Both esters’ chemical shifts in the proximity of C-1′′ were determined by the 1H NMR
and 1H-1H COSY (Figures S10–S13) analysis and confirmed the absolute configuration of R
in C-1′′ by calculating the ∆δS–R values (Figure 4).
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Talaroterreusinone B (2) was determined to be C19H24N2O4 according to the 13C NMR
data and HRESIMS (Figure S14) data m/z 345.1791 [M + H]+, indicating ten degrees of
unsaturation. Analysis of the 1H and 13C NMR data (Figures S15 and S16) suggested that 2
was a dipyrroloquinone analogue of 1 (Table 1). Compared to its 13C NMR data with that
of 1, it displayed the presence of one methoxyl group, which was further supported by
the HMBC (Figure S17) correlations from H-1′ to C-2, C-3 and C-2′. It indicated that the
ketone at C-1′ in 1 was replaced by a methoxyl group in 2. Furthermore, the key NOESY
(Figure S18) cross-peaks of H-7 with H-1′′ and H-3 with H-1′ also revealed a trans configu-
ration (Figure 4). Thus, combine with other 2D NMR data (Figures S19 and S20), compound
2 was elucidated as the 1′-methoxy analogue of 1 and named talaroterreusinone B.

All compounds were evaluated for their cytotoxicity (Table 2). Among the tested
compounds, penicillixanthone A (4) had significant activity against A549 and Hep G2
tumour cell lines, with IC50 values of 0.117 and 0.212 µM, respectively. Compounds 1–3
and 5–6 showed weak cytotoxicity with IC50 values of more than 50 µM against A549 and
HepG2 cells (Figures S21 and S22). On the other hand, compounds 1, 2, and 3 displayed
moderate inhibitory activity against the LPS-induced NO production in the macrophage
RAW264.7 cell line, with IC50 values of 20.3, 30.7, and 20.6 µM, respectively (Table 3).

Table 2. IC50 Values (µM) of the cytotoxicities of compounds 1–6.

Compounds
IC50 (µM)

A549 HepG2

1 133.45 111.15
2 98.82 84.69
3 62.67 57.39
4 0.117 0.212
5 >150 >150
6 42.53 43.87

adriamycin 3.5 1.2

Table 3. EC50 and non-toxic concentrations of compounds 1–6.

Compounds EC50 (µM) Non-Toxic Concentrations (µM)

1 20.3 3.04–304.87
2 30.7 2.90–190.69
3 20.6 2.79–279.32
4 1.0 0.02–0.12
5 121.0 3.18–318.47
6 142.5 2.41–241.54

resveratrol 1.6 0.43–109.52
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Considering the significant cytotoxicities of penicillixanthone A (4), we evaluated
its plausible molecular mechanism in A549 tumour cells using western blot analysis in
Figure 5. Compound 4 (0.2 and 0.4 µM) was firstly pretreated for 24 h to test the PI3K
expression. As a result, 4 could decrease the phospho-PI3K expression after intervention at
the concentrations of 0.2 µM and 0.4 µM, respectively. Additionally, phospho-mTOR/Akt
was also significantly suppressed after the intervention of 4 at the above same concentra-
tions. Thus, it was demonstrated that 4 played a potential role in the regulation of the
PI3K-Akt-mTOR signalling pathway.
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3. Materials and Methods
3.1. General Experimental Procedures

NMR spectra were determined on a Bruker ARX-600 spectrometer (Bruker, Karlsruhe,
Germany) operating at 600 MHz for 1H and 150 MHz for 13C, using DMSO-d6 (δH 2.50 and
δC 39.50) as residual solvent. HRESIMS were measured on a Waters Vion QTOF/MS (Waters
Mocromass, Manchester, UK) in positive electrospray ionization mode. Column chromatog-
raphy (CC) was carried out on silica gel (200–300 mesh, Qingdao Marine Chemical Factory,
Qingdao, China), and octadecyl-functionalized silica gel (ODS) (50 µm, YMC, Kyoto, Japan).
Thin-layer chromatography (TLC) was carried out with glass-precoated silica gel GF254
plates (Qingdao Marine Chemical Factory). Semi-preparative HPLC was performed on the
Agilent 1260 system using Cosmosil 5C18-ARII columns (4.6 mm × 250 mm, 5 µm, Kyoto,
Japan) and the detection wavelengths were 280 and 320 nm.

3.2. Fungal Material

The fungus strain Talaromyces sp. in this work was isolated from a fresh blade of the
plant Stellera chamaejasme Linn, collected from Nei meng gu province, China.

The tender leaves of Stellera chamaejasme Linn were first washed with running tap
water, then soaked in a 3.5% NaClO solution and 75% ethanol successively, and finally
dried on the plant surface. The leaves were sliced with a sterilized blade, and the internal
tissues were exposed to a potato dextrose agar (PDA) medium. The dishes were cultured
at 27 °C and observed daily. The mycelia of the emerging colonies were re-inoculated to
the fresh PDA dishes until pure cultures were afforded.

A BLAST search result showed that the sequence was the most similar (98.3%) to the
sequence of Talaromyces sp. (compared to MH861710.1). The strain is currently stored in the
Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences.
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3.3. Fermentation and Isolation

The (PDA) with Talaromyces sp. was cut into small pieces and then inoculated into
120 sterilized Erlenmeyer flasks containing 40 g of rice in 60 mL of distilled water. After,
the flasks were cultured at 27 ◦C for 14 days, and the solid cultures were extracted by ethyl
acetate three times and were then concentrated. The EtOAc layer was finally dissolved in
methanol and extracted with petroleum ether (1:1) to get a crude extract (15 g).

The crude extract was isolated by a flash ODS column with a gradient of MeOH-H2O
(40:60, 60:40, 80:20 to 100:0) to yield four fractions (Fractions 1–4). Fraction 3 was then
subjected to a silica gel column by gradient elution with PE/acetone from 40:1 to 0:1 and
isolated four subfractions (3.1–3.4). Subfraction 3.2 was purified by reversed-phase HPLC
using a gradient of 50 to 75% acetonitrile in H2O with 0.2% AcOH to yield 1 (2 mg, tR
24 min) and 2 (3 mg, tR 36 min). Subfraction 3.3 was also purified by reversed-phase HPLC
by using 65% acetonitrile in H2O with 0.2% AcOH to get 3 (3 mg, tR 17 min). Additionally,
fraction 4 was subjected to a silica gel column by a gradient elution with CH2Cl2/MeOH
(from 100:1 to 0:1) to get five subfractions (subfractions 4.1–4.5). Subfraction 4.3 was then
purified by HPLC using a gradient solvent system from 45% to 60% acetonitrile in H2O
with 0.2% AcOH to yield 4 (6 mg, tR 20 min), 5 (4 mg, tR 43 min), and 6 (3 mg, tR 25 min).

Talaterreusinone A (1): yellow amorphous solid, 1H NMR (DMSO-d6, 600 MHz) and
13C NMR (DMSO-d6, 150 MHz) data (see Table 1); HR-ESI-MS m/z 329.1253 [M + H]+

(calculated for C18H20N2O4, 329.3733).
Talaterreusinone B (2): yellow amorphous solid, 1H NMR (DMSO-d6, 600 MHz) and

13C NMR (DMSO-d6, 150 MHz) data (see Table 1); HR-ESI-MS m/z 345.1791 [M + H]+

(calculated for C19H24N2O4, 345.4159).

3.4. Mosher’s Derivatization Method

Compound 1 (0.5 mg) was dissolved in an anhydrous mixture of pyridine and
dichloromethane (0.25 mL) in a 2 mL centrifuge tube, then separately with (R)-MPTACl and
(S)-MPTACl (5.0 µL) and magnetic stirrers to cause a reaction (room temperature, 12 h) [24].
After the reaction stopped, it was extracted with dichloromethane and water three times.
The organic fractions were concentrated and purified by HPLC. Finally, 0.2 mg of 1a was
obtained. In the same manner, 0.2 mg of 1b was prepared.

3.5. Cytotoxic Activity Assay

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-h-tetrazole ammonium bromide (MTT)
experiment was applied to test the cytotoxic activity for 1–6 against human lung cancer
cells A549 and liver cancer cells Hep G2. Cells in RPMI-1640 medium (10% FBS, 0.4%
penicillin–streptomycin solution) were digested with trypsin and diluted to the concen-
tration of 1 × 104 cells/mL. The cell suspensions were diluted and added into a 96-well
microtiter plate with 200 µL per well. The plate was then incubated in a CO2 incubator
at 37 ◦C. Compounds 1–6 were added to the plate wells after 24 h and incubated for 72 h.
Adriamycin (ADM) was used as the positive control, and DMSO as the blank control. The
MTT solution was added after 72 h incubation, followed by incubation for 4 h. The cells
were successively disrupted with 200 µL of DMSO for 10 min after the supernatant liquid
was removed. The absorption was measured at 570 nm [25].

3.6. Anti-Inflammatory Activity Assay

RAW264.7 cells were cultured in DMEM with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37 ◦C in 5% CO2. The MTT assay was used to evaluate cell
viability. RAW264.7 cells were seeded on 96-well plates at 5 × 105 cells/well [26]. After
incubation with compounds 1–6 at five concentrations (20, 10, 5, 1, and 0.2 mg/mL) for
24 h, cells were treated with MTT (5 mg/mL) at 37 ◦C for 4 h. Then, the supernatant was
removed and the formalin was crystalised with DMSO. The absorbance was measured
at 570 nm. The Griess reaction was applied to measure the accumulation of NO2

− in
culture supernatant. RAW264.7 cells were treated with the compounds for 1 h then with
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the presence of LPS (1 µg/mL) for 24 h. The culture supernatant fluids (50 µL) and Griess
reagent (50 µL) were mixed and incubated at room temperature. The absorbance was read
at 570 nm after 15 min.

4. Conclusions

A chemical study of the endophytic fungus Talaromyces sp. led to the isolation and
identification of two novel dipyrroloquinones, talaroterreusinones A (1) and B (2), and four
known compounds, terreusinone D (3), penicillixanthone A (4), isorhodoptilometrin (5),
and chrysomutanin (6). Compounds 1 and 2 were identified by comprehensive spectro-
scopic analysis and Mosher’s method. To our knowledge, this is the first time discovery
of dipyrroloquinones from the fungal genus Talaromyces. The new dipyrroloquinones
had a highly symmetric pyrrolio-benzoquinone-pyrrole tricyclic system, which is rare
from microbial origin. All compounds were evaluated for their cytotoxic activity and
anti-inflammatory activity. The anti-inflammatory effect of LPS-induced NO production in
RAW264.7 cells showed that the dipyrroloquinones (1–3) possessed moderate activity, with
the EC50 values between 20.3 and 30.7 µM. Penicillixanthone A (4) exhibited potent cyto-
toxic activity against both Hep G2 and A549 tumour cells, and it regulated the expression
of the PI3k-Akt-mTOR signalling pathway. However, the three dipyrroloquinones didn’t
exhibit strong cytotoxicity against Hep G2 and A549 tumour cells. Thus, we isolated two
new dipyrroloquinones which have been already reported with less than ten analogues
and provided a new group of bioactive compounds for the research in future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28237847/s1, Figure S1: HR-ESI-MS spectrum of com-
pound 1; Figure S2: 1H NMR (DMSO-d6,600 MHz) spectrum of compound 1; Figure S3: 13C NMR
(DMSO-d6,150 MHz) spectrum of compound 1; Figure S4: HSQC (DMSO-d6, 600 MHz) spectrum of
compound 1; Figure S5: HMBC (DMSO-d6, 600 MHz) spectrum of compound 1; Figure S6: 1H-1H
COSY (DMSO-d6, 600 MHz) spectrum of compound 1; Figure S7: NOESY (DMSO-d6, 600 MHz)
spectrum of compound 1; Figure S8: HR-ESI-MS spectrum of compound 1a; Figure S9: 1H NMR
(DMSO-d6, 600 MHz) spectrum of compound 1a; Figure S10: 1H-1H COSY (DMSO-d6, 600 MHz)
spectrum of compound 1a; Figure S11: HR-ESI-MS spectrum of compound 1b; Figure S12: 1H NMR
(DMSO-d6, 600 MHz) spectrum of compound 1b; Figure S13: 1H-1H COSY (DMSO-d6, 600 MHz)
spectrum of compound 1b; Figure S14: HR-ESI-MS spectrum of compound 2; Figure S15: 1H NMR
(DMSO-d6, 600 MHz) spectrum of compound 2; Figure S16: 13C NMR (DMSO-d6,150 MHz) spectrum
of compound 2; Figure S17: HMBC (DMSO-d6, 600 MHz) spectrum of compound 2; Figure S18:
NOESY (DMSO-d6, 600 MHz) spectrum of compound 2; Figure S19: HSQC (DMSO-d6, 600 MHz)
spectrum of compound 2; Figure S20: 1H-1H COSY (DMSO-d6, 600 MHz) spectrum of compound 2;
Figure S21: Dose-response curves of compounds 1–6 against A549 cells; Figure S22: Dose-response
curves of compounds 1–6 against Hep G2 cells.

Author Contributions: Y.S. conceived and designed the experiments. X.W. and D.Z. carried out the
experiments. Y.S. and D.Z. wrote the manuscript. B.L., S.L. and Y.W. reviewed and edited, T.G. was
responsible for project administration. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the CACMS Innovation Fund (CI2021A04514).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.
Samples of the isolated compounds are not available from the authors, due to consumption for
structure elucidation and bioassays.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/molecules28237847/s1
https://www.mdpi.com/article/10.3390/molecules28237847/s1


Molecules 2023, 28, 7847 9 of 10

References
1. Urban, S.; Hickford, S.J.H.; Blunt, J.W.; Munro, M.H.G. Bioactive marine alkaloids. Curr. Org. Chem. 2000, 4, 765–807. [CrossRef]
2. Lee, S.M.; Li, X.F.; Jiang, H.; Cheng, J.G.; Seong, S.; Choi, H.D.; Son, B.W. Terreusinone, a novel UV-A protecting dipyrroloquinone

from the marine algicolous fungus Aspergillus terreus. Tetrahedron Lett. 2003, 44, 7707–7710. [CrossRef]
3. Wei, P.Y.; Liu, L.X.; Liu, T.; Chen, C.; Luo, D.Q.; Shi, B.Z. Three new pigment protein tyrosine phosphatases inhibitors from the

insect parasite fungus Cordyceps gracilioides: Terreusinone A, pinophilin C and cryptosporioptide A. Molecules 2015, 20, 5825–5834.
[CrossRef] [PubMed]

4. Niveditha, L.; Fu, P.; Leao, T.F.; Li, T.; Wang, T.; Poulin, R.X.; Gaspar, L.R.; Naman, C.B.; Puthiyedathu, S.T. Targeted isolation
of two new anti-inflammatory and UV-A protective dipyrroloquinones from the sponge-associated fungus Aspergillus tamarii
MCCF102. Planta Med. 2022, 88, 774–782. [CrossRef] [PubMed]

5. Utkina, N.K.; Makarchenko, A.E.; Denisenko, V.A.; Zyzzyanones, B.D. Dipyrroloquinones from the Marine Sponge Zyzzya
fuliginosa. J. Nat. Prod. 2005, 68, 1424–1427. [CrossRef] [PubMed]

6. Antunes, E.M.; Copp, B.R.; Davies-Coleman, M.T.; Samaai, T. Pyrroloiminoquinone and related metabolites from marine sponges.
Nat. Prod. Rep. 2005, 22, 62–72. [CrossRef]

7. Utkina, N.K. Antioxidant activity of zyzzyanones and makaluvamines from the marine sponge Zyzzya fuliginosa. Nat. Prod.
Commun. 2013, 8, 1551–1552. [CrossRef]

8. Li, X.F.; Lee, S.M.; Choi, H.D.; Kang, J.S.; Son, B.W. Microbial transformation of terreusinone, an ultraviolet-A (UV-A) protecting
dipyrroloquinone, by Streptomyces sp. Chem. Pharm. Bull. 2003, 51, 1458–1459. [CrossRef]

9. Wang, C.; Sperry, J. Total synthesis of the photoprotecting dipyrrolobenzoquinone (+)-terreusinone. Org. lett. 2011, 13, 6444–6447.
[CrossRef]

10. Benjamin, C.R. Ascocarps of aspergillus and penicillium. Mycologia 1955, 47, 669–687. [CrossRef]
11. Houbraken, J.; Kocsubé, S.; Visagie, C.M.; Yilmaz, N.; Wang, X.C.; Meijer, M.; Kraak, B.; Hubka, V.; Bensch, K.; Samson, R.A.; et al.

Classification of Aspergillus, Penicillium, Talaromyces and related genera (Eurotiales): An overview of families, genera, subgenera,
sections, series and species. Stud. Mycol. 2020, 95, 165–169. [CrossRef] [PubMed]

12. Sun, B.D.; Chen, A.J.; Houbraken, J.; Frisvad, J.C.; Wu, W.P.; Wei, H.L.; Zhou, Y.G.; Jiang, X.Z.; Samson, R.A. New section and
species in Talaromyces. MycoKeys 2020, 68, 75. [CrossRef] [PubMed]

13. Zhai, M.M.; Li, J.; Jiang, C.X.; Shi, Y.P.; Di, D.L.; Crews, P.; Wu, Q.X. The bioactive secondary metabolites from Talaromyces species.
Nat. Prod. Bioprospect. 2016, 6, 1–24. [CrossRef] [PubMed]

14. Lei, L.R.; Gong, L.Q.; Jin, M.Y.; Wang, R.; Liu, R.; Gao, J.; Liu, M.D.; Huang, L.; Wang, G.Z.; Wang, D.; et al. Research Advances in
the Structures and Biological Activities of Seconadary Metabolites from Talaromyces. Front. Microbiol. 2022, 13, 984801. [CrossRef]
[PubMed]

15. Bara, R.; Aly, A.H.; Pretsch, A.; Wray, V.; Wang, B.; Proksch, P.; Debbab, A. Antibiotically active metabolites from Talaromyces
wortmannii, an endophyte of Aloe vera. J. Antibiot. 2013, 66, 491–493. [CrossRef] [PubMed]

16. Liu, Z.; Liu, L.; Wang, A.; Zhao, S.; Wang, Y.; Sun, Y. Xenoacremones D-H, bioactive tyrosine-decahydrofluorene analogues from
the plant-derived fungus Xenoacremonium sinensis. Mar. Drugs 2022, 20, 375. [CrossRef] [PubMed]

17. Wang, Y.; Zhao, S.; Guo, T.; Li, L.; Li, T.; Wang, A.; Zhang, D.; Wang, Y.; Sun, Y. Bioactive PKS-NRPS alkaloids from the
plant-derived endophytic fungus Xylaria arbuscula. Molecules 2022, 27, 136. [CrossRef]

18. Liu, L.L.; Chen, Z.F.; Liu, Y.; Tang, D. Molecular networking-based for the target discovery of potent antiproliferative polycyclic
macrolactam ansamycins from Streptomyces cacaoi subsp. Asoensis. Org. Chem. Front. 2020, 7, 4008–4018. [CrossRef]

19. Clements, T.; Rautenbach, M.; Ndlovu, T.; Khan, S.; Khan, W. A metabolomics and molecular networking approach to elucidate
the structures of secondary metabolites produced by Serratia marcescens strains. Front. Chem. 2021, 9, 633870. [CrossRef]

20. Wang, X.; Subko, K.; Kildgaard, S.; Frisvad, J.C.; Larsen, T.O. Mass spectrometry-based network analysis reveals new insights
into the chemodiversity of 28 species in Aspergillus section Flavi. Front. Fungal Biol. 2021, 2, 719420. [CrossRef]

21. Tan, S.; Yang, B.; Liu, J.; Xun, T.; Liu, Y.; Zhou, X. Penicillixanthone A, a marine-derived dual-coreceptor antagonist as anti-HIV-1
agent. Nat. Prod. Res. 2019, 33, 1467–1471. [CrossRef] [PubMed]

22. Zhang, Y.H.; Hou, X.M.; Yu, M.L.; Wang, C.Y. Secondary metabolites and their bioactivities from the gorgonian-derived fungus
Aspergillus versicolor. Chem. Nat. Compd. 2019, 55, 327–330. [CrossRef]

23. Qiao, H.; Zhang, S.H.; Dong, Y.; Yang, Y.; Xu, R.; Chen, B.; Wang, Y.; Zhu, T.J.; Cui, C.B.; Zhang, G.G.; et al. Chrysomutanin and
related meroterpenoids from a DES mutant of the marine-derived fungus Penicillium chrysogenum S-3-25. Nat. Prod. Res. 2022, 36,
1834–1841. [CrossRef] [PubMed]

24. Liu, Z.G.; Sun, Y.; Tang, M.Y.; Sun, P.; Wang, A.Q.; Hao, Y.Q.; Wang, Y.N.; Pei, Y.H. Trichodestruxins A-D: Cytotoxic Cyclodep-
sipeptides from the Endophytic Fungus Trichoderma harzianum. J. Nat. Prod. 2020, 83, 3635–3641. [CrossRef]

https://doi.org/10.2174/1385272003376085
https://doi.org/10.1016/j.tetlet.2003.08.101
https://doi.org/10.3390/molecules20045825
https://www.ncbi.nlm.nih.gov/pubmed/25849805
https://doi.org/10.1055/a-1769-8480
https://www.ncbi.nlm.nih.gov/pubmed/35148546
https://doi.org/10.1021/np050154y
https://www.ncbi.nlm.nih.gov/pubmed/16180829
https://doi.org/10.1039/b407299p
https://doi.org/10.1177/1934578X1300801113
https://doi.org/10.1248/cpb.51.1458
https://doi.org/10.1021/ol2027398
https://doi.org/10.1080/00275514.1955.12024485
https://doi.org/10.1016/j.simyco.2020.05.002
https://www.ncbi.nlm.nih.gov/pubmed/32855739
https://doi.org/10.3897/mycokeys.68.52092
https://www.ncbi.nlm.nih.gov/pubmed/32733145
https://doi.org/10.1007/s13659-015-0081-3
https://www.ncbi.nlm.nih.gov/pubmed/26746215
https://doi.org/10.3389/fmicb.2022.984801
https://www.ncbi.nlm.nih.gov/pubmed/36060779
https://doi.org/10.1038/ja.2013.28
https://www.ncbi.nlm.nih.gov/pubmed/23677029
https://doi.org/10.3390/md20060375
https://www.ncbi.nlm.nih.gov/pubmed/35736178
https://doi.org/10.3390/molecules27010136
https://doi.org/10.1039/D0QO00557F
https://doi.org/10.3389/fchem.2021.633870
https://doi.org/10.3389/ffunb.2021.719420
https://doi.org/10.1080/14786419.2017.1416376
https://www.ncbi.nlm.nih.gov/pubmed/29258357
https://doi.org/10.1007/s10600-019-02680-0
https://doi.org/10.1080/14786419.2020.1819271
https://www.ncbi.nlm.nih.gov/pubmed/32901513
https://doi.org/10.1021/acs.jnatprod.0c00808


Molecules 2023, 28, 7847 10 of 10

25. Sun, Y.; Guo, T.; Zhang, F.B.; Wang, Y.N.; Liu, Z.G.; Guo, S.S.; Li, L. Isolation and characterization of cytotoxic withanolides from
the calyx of Physalis alkekengi L. var franchetii. Bioorg. Chem. 2020, 96, 103614. [CrossRef]

26. Suriyaprom, S.; Srisai, P.; Intachaisri, V.; Kaewkod, T.; Pekkoh, J.; Desvaux, M.; Tragoolpua, Y. Antioxidant and Anti-Inflammatory
Activity on LPS-Stimulated RAW 264.7 Macrophage Cells of White Mulberry (Morus alba L.) Leaf Extracts. Molecules 2023, 28,
4395. [CrossRef]

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.

https://doi.org/10.1016/j.bioorg.2020.103614
https://doi.org/10.3390/molecules28114395

	Introduction 
	Results and Discussion 
	Molecular Networking-Based Prioritization of the Isolation Workflow 
	Structural Identification 

	Materials and Methods 
	General Experimental Procedures 
	Fungal Material 
	Fermentation and Isolation 
	Mosher’s Derivatization Method 
	Cytotoxic Activity Assay 
	Anti-Inflammatory Activity Assay 

	Conclusions 
	References

