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Abstract: Six benzophenone derivatives, carneusones A-F (1–6), along with seven known compounds
(7–13) were isolated from a strain of sponge-derived marine fungus Aspergillus carneus GXIMD00543.
Their chemical structures were elucidated by detailed spectroscopic data and quantum chemical
calculations. Compounds 5, 6, and 8 exhibited moderate anti-inflammatory activity on NO secretion
using lipopolysaccharide (LPS)-induced RAW 264.7 cells with EC50 values of 34.6 ± 0.9, 20.2 ± 1.8,
and 26.8 ± 1.7 µM, while 11 showed potent effect with an EC50 value of 2.9 ± 0.1 µM.

Keywords: marine fungus; anti-inflammatory activity; Aspergillus carneus; benzophenone; Beibu gulf

1. Introduction

Marine microorganisms, including fungi, are widely distributed in various marine
environments, such as the deep sea, polar regions, even in the body of the host organisms
including marine animals and plants [1]. As a result of their long-term existence in extreme
survival environments, marine fungi have evolved unique metabolic methods and could
produce abundant structurally diverse secondary metabolites [2,3]. Compounds isolated
from marine fungi have also attracted considerable attention for their broad range of
biological activities and have become important sources of novel drugs [4]. In the last five
years, over one third of bioactive natural marine products were obtained from marine fungi
and mangrove fungi [5].

Natural benzophenone derivatives, or dipenyl ketone analogues, are a class of com-
pounds widely distributed in nature with a phenol–carbonyl–phenol skeleton. More than
300 benzophenone derivatives have been isolated from plants and fungi. They exhibit great
structural diversity, which is attributed to protons replaced by hydroxyl, alkyl, alkyloxy
groups, or halogen atoms [6,7]. Owing to their variable substituents, many benzophenone
derivatives show a range of biological activities including anticancer, anti-inflammatory,
antimicrobial, and antiviral effects [8].

Aspergillus is an important fungal genera producing benzophenones derivatives. Four
xanthones oxisterigmatocystins A-C, and 5-methoxysterigmatocystin were isolated from
one strain of deep-sea-derived fungus Aspergillus versicolor. 5-Methoxysterigmatocystin
exhibited moderate cytotoxicities against the A-549 and HL-60 cell lines with IC50 values of
3.86 and 5.32 µM [9]. New benzophenone derivatives versixanthones A-F were retrieved
from a mangrove endophyte Aspergillus versicolor HDN1009. They exhibited cytotoxicities
against seven cancer cell lines (HL-60, K562, A549, H1945, 803, HO-8910, and HCT-116)
with IC50 values ranging from 0.7 to 20.8 µM. Compound versixanthone F showed po-
tent cytotoxicity against HCT-116 cells with an IC50 value of 0.7 µM [10]. Compounds
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monochlorsulochrin, dihydrogeodin, methyl-(2-chloro-l,6-dihydroxy-3-methylxanthone)-
8-carboxylate, and methyl-(4- chloro-l,6-dihydroxy-3-methylxanthone)-8-carboxylate) were
isolated from the extract of a strain of Aspergillus flavipes DL-11. They exhibited antibacterial
activities against six pathogenic Gram-positive bacteria Staphylococcus aureus (ATCC43300),
Staphylococcus aureus (ATCC29213), Staphylococcus aureus (ATCC33591), Staphylococcus au-
reus (ATCC25923), Enterococcus faecalis (ATCC51299), and Enterococcus faecium (ATCC35667)
with MIC values ranging from 1.56 to 50 µg/mL [11].

As part of our ongoing search for bioactive compounds from marine fungi, Aspergillus
carneus GXIMD00543, which is associated with sponge sample obtained from Weizhou
Island, Beibu Gulf, was selected for further studies. Chemical investigation of the fungal
extract led to the isolation of six benzophenone derivatives (1–6), along with seven known
compounds (7–13) (Figure 1). The anti-inflammatory potential of the compounds was
assayed. Herein, we reported the details of the isolation, structural elucidation, and
determination of the anti-inflammatory effect of those compounds.

Figure 1. The chemical structures of compounds 1–13, 3-hydroxy microxanthone [9], cytosporaphe-
none A [10], N-1477D [11], and harunganol F [12].

2. Results and Discussion
2.1. Strain Isolation and Species Identification

The fungus was identified as Aspergillus carneus based on its morphological features and
the sequence analysis of the ITS region of the rRNA gene (Figure S1), which exhibited 99.81%
similarity with fungal strain A. carneus, with GenBank accession number MH777426.1.

2.2. Elucidation of Chemical Structures

Compound 1 was obtained as yellowish powder. The molecular formula was deter-
mined to be C15H10O7 according to the HRESIMS peaks at m/z 303.0510 ([M + H]+, calcd.
303.0499) and 325.0330 ([M + Na]+, calcd. 325.0319). The 1H NMR spectrum of 1 exhibited
signals of three aromatic protons at δH 6.81 (1H, s, H-2), 6.87 (1H, s, H-5), and 6.61 (1H,
s, H-7), one methyl proton at δH 2.39 (3H, s, H-11), and one hydroxyl group signal at the
low field region δH 12.57 (1H, br s, OH-8), which formed an intramolecular hydrogen bond
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with the carbonyl group at C-9 (Table 1). The 13C NMR and HSQC spectra of 1 exposed the
presence of one methyl group at δC 22.0 (C-11), three aromatic methines at δC 107.3 (C-5),
110.9 (C-7), and 111.9 (C-2), eleven quaternary carbons, including nine aromatic carbons, at
δC 105.6 (C-8a), 109.1 (C-9a), 126.6 (C-1), 133.3 (C-4), 145.9 (C-3), 148.4 (C-6), 152.3 (C-4a),
155.3 (C-4b), and 160.7 (C-8), and two carbonyl carbons at δC 170.1 (C-10) and 179.8 (C-9)
(Table 2). The HMBC spectrum showed correlations from H-2 to C-1, C-3, C-4, C-9a, and
C-10, from H-5 to C-4b, C-7, C-8a, C-9, and C-11, from H-7 to C-5, C-8, C-9, and C-11, and
from CH3-11 to C-5, C-6, and C-7 (Figure 2). All these data exhibited close similarity with
compound 3-hydroxy microxanthone [12] except for the absence of the methoxy group at C-
10. Thus 1 was determined to be 3,4,8-trihydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylic
acid and trivially named carneusone A.

Table 1. 1H NMR data for compounds 1–4, 3-hydroxy microxanthone and cytosporaphenone A (J in
Hz, δ in ppm).

No. 1 a 2 a 3 a 4 a 3-Hydroxy
Microxanthone b

Cytosporaphenone
A c

2 6.81, s 6.87, s 7.00, s 6.93, s 6.90, s 7.18, s
5 6.87, s 6.95, s 6.07, s 6.07, s 6.90, s 6.18, s
7 6.61, s 6.65, s 6.07, s 6.07, s 6.64, s 6.18, s

11 2.39, s 2.39, s 2.15, s 2.14, s 2.40, s 2.19, s
12 3.91, s 3.83, s 3.74, s 3.82, s

OH-8 12.57, br
s

12.43, br
s

a Measured at 500 MHz in DMSO-d6; b measured in DMSO-d6 [12]; c measured in CD3OD [13].

Table 2. 13C NMR data for compounds 1–4, 3-hydroxy microxanthone and cytosporaphenone A (J in
Hz, δ in ppm).

1 a 2 a 3 a 4 a 3-Hydroxy
Microxanthone b

Cytosporaphenone
A c

No. δC, Type δC, Type δC, Type δC, Type δC, Type δC, Type

1 126.6, C 131.4, C 128.1, C 126.0, C 123.8, C 127.1, C
2 111.9, CH 112.5, CH 104.1, CH 108.6, CH 112.1, CH 109.8, CH
3 145.9, C 156.9, C 146.8, C 149.5, C 146.0, C 144.2, C
4 133.3, C 134.7, C 137.7, C 138.6, C 133.8, C 137.3, C
4a 152.3, C 150.6, C 141.9, C 146.6, C 151.3, C 142.1, C
4b 155.3, C 155.1, C 161.6, C 161.7, C 155.3, C 162.1, C
5 107.3, CH 107.5, CH 107.5, CH 107.5, CH 107.5, CH 107.9, CH
6 148.4, C 148.6, C 146.7, C 146.8, C 148.7, C 147.1, C
7 110.9, CH 111.2, CH 107.5, CH 107.5, CH 110.0, CH 107.9, CH
8 160.7, C 160.6, C 161.6, C 161.7, C 160.5, C 162.1, C
8a 105.6, C 105.6, C 109.8, C 109.6, C 105.6, C 109.1, C
9 179.8, C 179.4, C 200.6, C 200.2, C 179.7, C 200.0, C
9a 109.1, C 109.2, C 119.4, C 123.7, C 110.0, C 118.4, C
10 170.1, C 169.5, C 167.6, C 167.1, C 168.8, C 166.5, C
11 22.0, CH3 21.9, CH3 21.6, CH3 21.6, CH3 22.0, CH3 21.0, CH3
12 60.8, CH3 55.9, CH3 60.0, CH3 52.5, CH3

a Measured at 125 MHz in DMSO-d6; b measured in DMSO-d6 [12]; c measured in CD3OD [13].

Compound 2 was a yellowish powder with a molecular formula C16H12O7 based on
the HRESIMS peaks at m/z 317.0661 ([M + H]+, calcd. 317.0656) and 339.0481 ([M + Na]+,
calcd. 339.0475). The NMR data of 2 showed great similarity with 1 except for the presence
of an extra methoxy group signal at δH 3.91 (3H, H-12) and δC 60.8 (C-12), respectively
(Tables 1 and 2). One hydroxyl group at δH 12.43 (1H, br s, OH-8) indicated the forma-
tion of an intramolecular hydrogen bond with the carbonyl group. The HMBC correla-
tions from H-2 to C-3, C-4, C-9a, C-10, and from OCH3-12 to C-4 suggested the methoxy
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group was attached at C-4 of compound 2 (Figure 2). All the data confirmed 2 as 3,8-
dihydroxy-4-methoxy-6-methyl-9-oxo-9H-xanthene-1-carboxylic acid and it was trivially
named carneusone B.

Figure 2. The key HMBC correlations of 1–6.

Compound 3 was isolated as a yellowish powder, and its molecular formula was
determined to be C16H14O8 from the HRESIMS peak at m/z 357.0588 ([M + Na]+, calcd.
357.0581). The 1H NMR spectrum of 3 displayed the signals of three aromatic protons
at δH 6.07 (2H, s, H-5 and H-7), 7.00 (1H, s, H-2), one methoxy group proton at δH 3.83
(3H, H-12), and one methyl proton at δH 2.15 (3H, s, H-11) (Table 1). The 13C NMR
and HSQC spectra of 3 indicated the presence of one methyl group at δC 21.6 (C-11),
three aromatic methines at δC 107.5 (C-5 and C-7), 104.1 (C-2), eleven quaternary carbons
including nine aromatic carbons at δC 109.8 (C-8a), 119.4 (C-9a), 128.1 (C-1), 137.7 (C-4),
141.9 (C-4a), 146.7 (C-6), 146.8 (C-3), and 161.6 (C-4b and C-8), and two carbonyl carbons
at δC 167.6 (C-11), 200.6 (C-9) (Table 2). The HMBC spectrum showed correlations from
H-2 to C-1, C-3, C-4, C-9, and C-9a, from H-5/H-7 to C-4b, C-6, C-8, C-9, and C-11, from
CH3-11 to C-5, C-6, and C-7, and from OCH3-12 to C-4 (Figure 2). The data were similar to
benzophenone-derivative cytosporaphenone A [13], except for extra methoxy group signals
at δH 3.83 (3H, H-12) and δC 55.9 (C-12). The HMBC correlations from OCH3-12 to C-3
indicated the methoxy group was attached at the C-3 of compound 3 (Figure 2). Thus, 3 was
elucidated as 2-(2,6-dihydroxy-4-methylbenzoyl)-3,4-dihydroxy-5-methoxybenzoic acid and
trivially named carneusone C.

Compound 4 had the same molecular formula, C16H14O8, as 3 based on the HRESIMS
peaks at m/z 335.0767 ([M + H]+, calcd. 335.0761), and 357.0593 ([M + Na]+, calcd. 357.0581).
The NMR data of 4 also exhibited great similarity with 3 except the HMBC correlations
were from OCH3-12 to C-4 instead of from OCH3-12 to C-3 as in 3 (Tables 1 and 2). Thus, 4
was determined as 2-(2,6-dihydroxy-4-methylbenzoyl)-3,5-dihydroxy-4-methoxybenzoic
acid and trivially named carneusone D.

Compound 5 yielded as a brown amorphous powder. The molecular formula was
determined to be C20H18O8 by the HRESIMS peak at m/z 387.1085 ([M + H]+, calcd.
387.1074). The 1H NMR spectrum of 5 displayed two aromatic protons at δH 6.83 (1H,
H-7), 6.91 (1H, H-4), and two oxy-methine protons at δH 4.52 (1H, H-11) and 4.57 (1H,
H-12), and three methyl protons at δH 1.06 (3H, H-15), 1.38 (3H, H-14), and 2.41 (3H, H-16)
(Table 3). One hydroxyl group signal was observed at δH 11.96 (1H, br s, OH-8). The
13C NMR and HSQC spectra signals of 5 implied the presence of three methyl groups at
δC 18.5 (C-16), 23.1 (C-15), and 29.9 (C-14), two oxy-methines at δC 61.7 (C-11) and 87.1
(C-12), two aromatic methines at δC 107.4 (C-4) and 118.6 (C-7), and thirteen quaternary
carbons at δC 78.4 (C-13), 97.2 (C-10), 107.4 (C-4), 107.8 (C-9a), 108.9 (C-8a), 123.5 (C-5),
130.2 (C-4a), 133.5 (C-2), 139.2 (C-4b), 149.0 (C-6), 151.5 (C-1), 153.7 (C-3), 160.4 (C-8), and
189.7 (C-9). The HMBC spectrum exposed correlations from H-4 to C-2, C-3, C-4a, C-9a,
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and C-10, from H-7 to C-5, C-6, C-8, C-8a, and C-16, from H-11 to C-4b, C-5, C-6, and
C-12, from H-12 to C-5, C-10, C-11, C-13, and C-14, and from CH3-14/CH3-15 to C-12,
C-13. All these data showed great similarity with compound N-1447D [14] except for
the absence of methoxy group at C-3 and an extra hydroxyl group at C-2 (Table 3). The
relative configurations of H-11 and H-12 were proposed as α-orientations on the basis of
NOESY correlations CH3-15 with H-11 and H-12, which was consistent with prenylated
anthranol harunganol F (Table 3) [15]. The result was confirmed by the quantum chemical
calculation of NMR data (qccNMR). A molecular Merck force field (MMFF) conformational
search of four configurations, (10S,11S,12S)-5a, (10R,11R,12R)-5b, (10S,11R,12S)-5c, and
(10R,11S,12R)-5d, was performed with CONFLEX 8.5 (Conflex Corp., Tokyo, Japan). Each
isomer only gave one energy minimum with a 10 kcal/mol energy window, which was
optimized using the DFT method at a B3LYP/6-31G(d) level with the Gaussian16 program
package (Gaussian Inc., Wallingford, CT, USA). Gauge-independent atomic orbital (GIAO)
calculations of the optimized conformers were performed at mPW1PW91/6-311+G(d,p)
level in a DMSO solution. The sum of (10S,11S,12S)-5a and (10R,11R,12R)-5b isomers have
100% DP4+ probability (Figure S36), which confirmed that H-11 and H-12 were on the same
side of the tetrahydropyran moiety of 5 [16]. The most probable absolute configuration was
further determined as (10S,11S,12S) based on the comparison of calculated ECD curves of
(10S,11S,12S)-5 with the experimental CD spectrum (Figure 3).

Figure 3. (a) Comparison of calculated ECD spectra of (10S,11S,12S)-5 (red) in MeOH and experimen-
tal CD (black). σ = 0.16 eV, UV shift = 0 nm; (b) comparison of calculated ECD spectra of (10S, 12S)-6
(red) in MeOH and experimental CD (black). σ = 0.30 eV, UV shift = 20 nm.

Table 3. 1H and 13C NMR data for compounds 5, 6, N-1447D and harunganol F (J in Hz, δ in ppm).

5 a 6 a N-1447D b Harunganol F c

No. δC, Type δH δC, Type δH δC, Type δH δC, Type δH

1 151.5, C 151.6, C

102.2, 106.9,
109.1, 109.7,
119.9, 122.2,
138.9, 140.2,
148.8, 162.1,
165.5, 166.9,
190.0, not
assigned

166.3, C
2 133.5, C 133.5, C 99.5, CH 6.36, s
3 153.7, C 153.5, C 168.0, C
4 107.4, CH 6.91, s 107.4, CH 6.92, s 6.97, s 119.7, C

4a 130.2, C 130.5, C 132.9, C
4b 139.2, C 139.3, C
5 123.5, C 121.0, C 121.9, C
6 149.0, C 147.1, C 148.2, C
7 118.6, CH 6.83, s 117.9, CH 6.80, s 6.81, s 120.0, CH 6.77, s
8 160.4, C 159.2, C 162.0, C

8a 108.9, C 109.4, C 109.8, C
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Table 3. Cont.

5 a 6 a N-1447D b Harunganol F c

No. δC, Type δH δC, Type δH δC, Type δH δC, Type δH

9 189.7, C 189.8, C 189.6, C
9a 107.8, C 108.1, C 108.9, C
10 97.2, C 97.2, C 98.1, C 99.4, C

11 61.7, CH 4.52, s 27.1, CH2
2.78, d,
(17.4) 63.9, CH 4.58, s 63.6, CH 4.48, br d

(10.0)
3.04, dd,

(17.4, 5.4)

12 87.1, CH 4.57, s 81.1, CH 4.75, d, (5.4) 87.9, CH 4.72, s 87.6, CH 4.67,
overlapped

13 78.4, C 82.1, C 79.2, C 78.3, C
14 29.9, CH3 1.38, s 29.6, CH3 1.37, s 30.2, CH3 1.50, s 29.9, CH3 1.46, s
15 23.1, CH3 1.06, s 23.6, CH3 1.15, s 23.2, CH3 1.17, s 23.4, CH3 1.09, s
16 18.5, CH3 2.41, s 19.1, CH3 2.24, s 18.9, CH3 2.47, s 18.7, CH3 2.40, s

17 55.9, CH3 3.90, s 29.8, CH2
3.50, dd,

(7.2, 16.7)
3.37 dd,

(9.5, 16.7)

18 91.3, CH 4.71, dd,
(7.2, 9.5)

19 71.9, C
20 24.5, CH3 1.23, s
21 25.7, CH3 1.35, s

OH-1 12.05, br s
OH-8 11.96, br s 11.68, br s

a Measured in DMSO-d6; b Measured in CDCl3 [14]; c Measured in CDCl3 [15].

Compound 6 was obtained as a brown amorphous powder with molecular formula
C20H18O7 by the HRESIMS peaks at m/z 371.1140 ([M + H]+, calcd. 371.1125) and m/z
393.0958 ([M + Na]+, calcd. 393.0945). Compound 6 has very similar NMR data to 5 except
there was a 13C NMR upfield shift from δC 61.7 (C-11) in 5 to 27.1 (C-11) in 6 (Table 3). The
HSQC spectrum and HMBC correlations from H-11 to C-4b, C-5, C-12, and C-13, from H-12 to
C-10, C-5, C-11, C-13, and C-14, and from OH-8 to C-7 and C-8, indicated the hydroxyl group
at C-11 in 5 was missing in 6. The absolute configuration was identified as (10S, 12S) based on
the comparison of calculated ECD curves with the experimental CD spectrum (Figure 3).

The known compounds were elucidated as orcinol (7) [17], cordyol C (8) [18], as-
pergilol C (9) [19], calyxanthone (10) [20], 3,7-dihydroxy-1,9-dimethyldibenzofuran (11) [21],
2-(2’-hydroxypropyl)-5-methyl-7-hydroxychromone (12) [22], and evariquinone (13) [23]
by comparing NMR data with those previously published in the literature.

2.3. Anti-Inflammatory Activity Test

All the compounds were determined for inhibition on NO secretion using LPS induced
RAW 264.7 cells. Compounds 5, 6, and 8 exhibited a moderate effect with EC50 values
of 34.6 ± 0.9, 20.2 ± 1.8, and 26.8 ± 1.7 µM, while 11 showed a potent effect with an
EC50 value of 2.9 ± 0.1 µM. The positive control dexamethasone had an EC50 value of
2.9 ± 0.1 µM (Figure 4).
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Figure 4. The inhibition of NO secretion in the RAW 264.7 cell line by the compounds 5, 6, 8, and
11. The inhibitory rate of NO in RAW 264.7 cells with different concentrations of compounds. Data
were presented as mean ± SD of the experiments (n = 3). #### p < 0.0001 compared with the blank
control. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared with the LPS model group.
No cytotoxicity of compounds on RAW 264.7 cells was observed at 40 µM.

3. Materials and Methods
3.1. General Experimental Procedures

The optical rotation was analyzed using a InsMark IP-digi3 polarimeter (InsMark,
Shanghai, China). Circular dichroism was measured with a JASCO J-1500 circular dichroism
spectrophotometer (JASCO, Easton, PA, USA). 1H-NMR, 13C-NMR, and 2D NMR spectra
were recorded on a Bruker Ascend 500 spectrometer (Bruker, Billerica, MA, USA) with
TMS as a reference. High-resolution TOFESIMS was performed on a WATERS Xevo
G2-S Qtof Quadrupole Time of Flight Mass Spectrometry (Waters, Milford, MA, USA).
Analysis and semi-preparative reversed-phase HPLC were performed on a Shimadzu
LC-2030 liquid chromatograph (Shimadzu, Kyoto, Japan) with YMC-Pack ODS-A column
250 × 10 mm i.d., S-5 µm × 12 nm. Column chromatography (CC) was performed on a
silica gel (200–300 mesh, Jiangyou Silica Gel Co., Ltd., Yantai, China) or CHROMATOREX
C18 silica (Fuji Silysia Chemical Ltd., Kozoji-cho, Kasugai Aichi, Japan).

3.2. Isolation and Species Identification of Marine Fungus

The fungal strain GXIMD00543 was isolated from a sponge tissue sample that was
collected from the Weizhou islands coral reef, Beibu Gulf, in December 2019. The sponge
was collected and identified as Haliclona sp. by Dr. Xin-Ming Liu, Institute of Marine Drugs,
Guangxi University of Chinese Medicine (Nanning, China) (Figure S1).

The strain was deposited in the Institute of Marine Drugs, Guangxi University of
Chinese Medicine, Nanning, China. The fungus was identified by its morphological fea-
tures and the sequence analysis of the internally transcribed spacer (ITS) region of the
rRNA gene. The ITS sequence was amplified from the genome DNA via PCR with primers
(ITS1: 5′TCCGTAGGTGAACCTGCGG3′ and ITS4: 5′TCCTCCGCTTATTGATATGC3′). ITS se-
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quences (see Supplementary Materials) were then uploaded to the National Center of Biotech-
nology Information (NCBI) for BLAST analysis (GenBank accession number: OR501447).

3.3. Fungal Fermentation

The fungal strain was statically cultivated in one hundred and fifty 1000 mL Erlen-
meyer flasks, each containing modified solid rice medium (80 g of rice, 0.4 g of yeast
extract, 0.4 g of glucose, 3.6 g of artificial sea salt, and 120 mL of H2O) for 35 days at room
temperature. Then, the fermented cultures were extracted with EtOAc three times and
concentrated in vacuo to obtain extract (230 g).

3.4. Extration and Isolation

The extract (230 g) was subjected to a silica gel column (1000 g) and eluted with
CH2Cl2/MeOH (100:0–80:20, v/v) to yield 9 fractions (Fr. 1–9).

Fraction 5 was separated using a silica gel column and eluted with CH2Cl2/EtOAc
(98:2–50:50, v/v) to give 18 sub-fractions (sFr. 5-1–5-18). sFr. 5-8 was separated using an
ODS silica gel column and eluted with CH3CN/H2O (20:80–80:20, v/v) to give 20 sub-
fractions (sFr. 5-8-1–5-8-20). sFr. 5-8-12 was subjected to a semi-preparation of HPLC
(42% CH3CN/H2O) at a flow rate of 3 mL/min to obtain 6 (12 mg, tR 27.2 min) and 11
(6 mg, tR 33.4 min). sFr. 5-9 was separated using an ODS silica gel column and eluted with
CH3CN/H2O (25:75–65:35, v/v) to give 22 sub-fractions (sFr. 5-9-1–5-9-22). sFr. 5-9-9 was
subjected to a semi-preparation of HPLC (42% CH3CN/H2O) at a flow rate of 3 mL/min
to obtain 2 (11 mg, tR 36.3 min), 7 (28 mg, tR 39.7 min), and 9 (13 mg, tR 49.6 min). sFr.
5-9-10 was subjected to Sephedex (LH-20) and a further semi-preparation of HPLC (28%
CH3CN/H2O) at a flow rate of 3 mL/min to obtain 8 (14 mg, tR 19.5 min). sFr. 5-10 was
separated using an ODS silica gel column and eluted with CH3CN/H2O (25:75–65:35,
v/v) to give 21 sub-fractions (sFr. 5-10-1–5-10-21). sFr. 5-10-9 was subjected to a semi-
preparation of HPLC (33% CH3CN/H2O) at a flow rate of 3 mL/min to obtain 12 (14 mg,
tR 22.9 min). sFr. 5-10-11 was subjected to a semi-preparation of HPLC (34% CH3CN/H2O)
at a flow rate of 3 mL/min to obtain 5 (16 mg, tR 25.4 min). sFr. 5-10-16 was recrystallized
by CH2Cl2/MeOH to obtain 13 (28 mg).

Fraction 6 was separated by ODS silica gel column and eluted with CH3CN/H2O
(20:80–80:20, v/v) to give 19 sub-fractions (sFr. 6-1–6-19). sFr. 6-8 was subjected to a
semi-preparation of HPLC (24% CH3CN/H2O) at a flow rate of 3 mL/min to give 4 sub-
fractions (sFr. 6-8-1–6-8-4). sFr. 6-8-1 was subjected to a semi-preparation of HPLC (17%
CH3CN/H2O) at a flow rate of 3 mL/min to obtain 3 (15 mg, tR 31.0 min) and 4 (26 mg, tR
36.7 min). sFr. 6-11 was subjected to a semi-preparation of HPLC (37% CH3CN/H2O) at a
flow rate of 3 mL/min to obtain 1 (10 mg, tR 12.4 min) and 10 (15 mg, tR 27.6 min).

3.5. Spectroscopic and Spectrometric Data

Carneusone A (1): Yellowish powder; UV (MeOH): λmax (log ε) 204 (3.18), 253 (3.44),
327 (2.98) nm; 1H and 13 C NMR data, see Tables 1 and 2; HRESIMS m/z 303.0510 ([M + H]+,
calcd. 303.0499) and 325.0330 ([M + Na]+, calcd. 325.0319).

Carneusone B (2): Yellowish powder; UV (MeOH): λmax (log ε) 205 (3.33), 244 (3.53),
312 (3.16) nm; 1H and 13 C NMR data, see Tables 1 and 2; HRESIMS m/z 317.0661 ([M + H]+,
calcd. 317.0656) and 339.0481 ([M + Na]+, calcd. 339.0475).

Carneusone C (3): Yellowish powder; UV (MeOH): λmax (log ε) 214 (3.31), 277
(3.06) nm; 1H and 13 C NMR data, see Tables 1 and 2; HRESIMS m/z 357.0588 ([M + Na]+,
calcd. 357.0581).

Carneusone D (4): Yellowish powder; UV (MeOH): λmax (log ε) 213 (3.28), 277
(2.90) nm; 1H and 13 C NMR data, see Tables 1 and 2; HRESIMS m/z 335.0767 ([M + H]+,
calcd. 335.0761), and 357.0593 ([M + Na]+, calcd. 357.0581).

Carneusone E (5): Brown amorphous powder; [α]D
21 = +8.5 (c 0.9, MeOH); UV

(MeOH): λmax (log ε) 202 (3.28), 261 (2.81), 280 (2.67), 296 (2.31), 368 (2.75) nm; CD (MeOH)
λmax (∆ε): 211 (+0.39), 216 (−0.41), 234 (+0.89), 247 (+0.28), 253 (+0.52), 291 (−0.11), 305
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(+0.35), 344 (+0.32) nm; 1H and 13 C NMR data, see Table 3; HRESIMS m/z 387.1085
([M + H]+, calcd. 387.1074).

Carneusone F (6): Brown amorphous powder; [α]D
21 = +35.5 (c 0.5, MeOH); UV

(MeOH): λmax (log ε) 200 (3.43), 261 (2.98), 280 (2.88), 294 (2.44), 374 (2.94) nm; CD (MeOH)
λmax (∆ε): 210 (+1.79), 223 (−0.36), 255 (+0.52), 272 (+0.26), 282 (+0.37), 324 (−0.14) nm; 1H
and 13 C NMR data, see Table 3; HRESIMS m/z 371.1140 ([M + H]+, calcd. 371.1125) and
m/z 393.0958 ([M + Na]+, calcd. 393.0945).

3.6. Computational Methods

MMFF and DFT/TDDFT calculations were performed with CONFLEX 8.5 (Conflex
Corp., Tokyo, Japan) and Gaussian16 program package (Gaussian Inc., Wallingford, CT,
USA), respectively. The MMFF94s conformational search-generated low-energy conformers
within a 10 kcal/mol energy window were subjected to further geometry optimization and
frequency calculation using the B3LYP/6-31G(d) method. The single-point energy of the
optimized conformers was recalculated at the M06-2X/def2TZVP level. Thus, the Gibbs
free energy, obtained by the sum of the single-point energy and the thermal correction
was used for the relative thermal free energy (DG) calculation and following Boltzmann
population analysis at 298.15 K. The TDDFT-calculated conformers were performed using
the cam-B3LYP functional with def2TZVP basis set. The number of excited states per each
molecule was set to 20. The CD spectra were generated by the program SpecDis V1.71 [24]
using a Gaussian band shape from dipole-length dipolar and rotational strengths. The
calculated spectra were finally generated from the Boltzmann weighting of each conformer.
The Grimme’s dispersion (D3 version) was used for empirical dispersion correction. Solvent
effects (in MeOH) were taken into account by using the default SCRF method integral
equation formalism variant (IEFPCM) for the whole calculation.

The B3LYP/6-31G(d) optimized geometries of 5 were adopted for further NMR com-
putation. GIAO calculations of the 1H and 13C NMR chemical shifts were accomplished
by DFT at the mPW1PW91/6-311+G(d,p) level in DMSO solution. The calculated NMR
spectroscopic data were averaged according to the Boltzmann distribution by the program
Multiwfn 3.7 [25].

3.7. Anti-Inflammatory Activity Test

The inhibition of the NO production assay was performed according to the reported
procedures [26]. The mouse macrophage RAW264.7 cell lines used in this study were
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 ug/L of streptomycin, and 100 IU/mL of penicillin at 37 ◦C and 5% CO2
atmosphere (PHCbi, Minato-ku, Tokyo, Japan). The viability of the RAW264.7 cells was de-
termined by MTT assay. The RAW264.7 cells were seeded at a density of 5 × 105 cells/well
in 96-well plates and incubated for 24 h at 37 ◦C and 5% CO2. Then, the media in each well
was replaced using fresh FBS-free DMEM media. Different concentrations of compounds
(2.5, 5, 10, 20, 40 µM) were prepared in FBS-free DMEM to give a total volume of 100 µL
in each well of a microtiter plate. After 1 h of treatment, the cells were stimulated with
1 µg/mL of LPS for 24 h. The presence of nitrite was determined in the cell culture media
using a commercial Griess reagent kit (Thermo Fisher Scientific, Waltham, MA, USA). Pro-
tocols supplied with assay kit were used for the application of the assay procedure. Briefly,
100 µL of cell culture medium with an equal volume of Griess reagent in a 96-well plate was
incubated at room temperature for 10 min. Then, the absorbance was measured at 540 nm
in a microplate reader (PerkinElmer, Waltham, MA, USA). The amount of nitrite in the
media was calculated from the standard curve of sodium nitrite (NaNO2). Dexamethasone
(DXM) was used as a positive control.
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4. Conclusions

In summary, six benzophenone derivatives (1–6) and seven known compounds were
obtained from sponge-derived fungus Aspergillus carneus GXIMD00543. Compounds 5, 6, 8,
and 11 exhibited anti-inflammatory effects by inhibiting NO secretion using LPS induced
RAW 264.7 cells.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md22020063/s1, Figure S1: The sponge Haliclona sp., colonies and
the ITS rRNA sequences of sponge-derived fungus Aspergillus carneus GXIMD00543; Figures S2–S34:
1H NMR, 13C NMR, HSQC, HMBC, NOESY, HRESIMS of compounds 1–6; Figures S35 and S36,
Tables S1–S4: The quantum chemical calculation for compound 5; Figure S37, Table S5: The quantum
chemical calculation for compound 6; The NMR data for known compounds 7–13.

Author Contributions: Conceptualization, X.-Y.X. and Y.-H.L.; methodology, C.-J.L. and L.-F.L.;
software, K.L.; validation, C.-Q.F. and Q.Y.; investigation, G.-S.Z., H.-Y.L., and Z.-W.S.; resources,
G.-S.Z., H.-Y.L., and Z.-W.S.; Data curation, C.-J.L. and L.-F.L.; Writing—original draft, C.-J.L. and
L.-F.L.; Writing—review and editing, X.-Y.X. and Y.-H.L.; Supervision, D.-M.Z. and C.-H.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Guangxi Natural Science Foundation (2020GXNS-
FGA297002, 2021GXNSFDA075010), the National Natural Science Foundation of China (42066006,
U20A20101, 32060098), the Special Fund for Bagui Scholars of Guangxi (05019055); The Scientific
Research Foundation of GXUCM (2022C011, 2022A007); Guangxi First-class Discipline: Chinese
Materia Medica (Scientific Research of Guangxi Education Department [2022] No. 1), Innovation
Project of Guangxi Graduate Education (YCSW2023381, JGY2022181).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original data presented in the study are included in the arti-
cle/Supplementary Materials; further inquiries can be directed to the corresponding author.

Acknowledgments: We would like to thank Hu-Mu Lu, Xian-Qiang Chen, and Xiao Lin from Institute
of Marine Drugs, Guangxi University of Chinese Medicine, for the collection of NMR and MS spectral
data. We also thank Xin-Ming Liu, from the Institute of Marine Drugs, Guangxi University of Chinese
Medicine, for the collection and identification of sponge samples.

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

References
1. Gonçalves, M.F.M.; Esteves, A.C.; Alves, A. Marine fungi: Opportunities and challenges. Encyclopedia 2022, 2, 559–577. [CrossRef]
2. Sebak, M.; Molham, F.; Greco, C.; Tammam, M.A.; Sobeh, M.; El-Demerdash, A. Chemical diversity, medicinal potentialities,

biosynthesis, and pharmacokinetics of anthraquinones and their congeners derived from marine fungi: A comprehensive update.
RSC Adv. 2022, 12, 24887–24921. [CrossRef]

3. Shabana, S.; Lakshmi, K.R.; Satya, A.K. An updated review of secondary metabolites from marine fungi. Mini-Rev. Med. Chem.
2021, 21, 602–642. [CrossRef]

4. Jimenez, C. Marine natural products in medicinal chemistry. ACS Med. Chem. Lett. 2018, 9, 959–961. [CrossRef]
5. Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2023, 40, 275–325.

[CrossRef]
6. Marinov, T.; Kokanova-Nedialkova, Z.; Nedialkov, P.T. Naturally occurring simple oxygenated benzophenones: Structural

diversity, distribution, and biological properties. Diversity 2023, 15, 1030. [CrossRef]
7. Wu, S.B.; Long, C.; Kennelly, E.J. Structural diversity and bioactivities of natural benzophenones. Nat. Prod. Rep. 2014, 31,

1158–1174. [CrossRef] [PubMed]
8. Surana, K.; Chaudhary, B.; Diwaker, M.; Sharma, S. Benzophenone: A ubiquitous scaffold in medicinal chemistry. MedChemComm

2018, 9, 1803–1817. [CrossRef] [PubMed]
9. Cai, S.; Zhu, T.; Du, L.; Zhao, B.; Li, D.; Gu, Q. Sterigmatocystins from the deep-sea-derived fungus Aspergillus versicolor. J.

Antibiot. 2011, 64, 193–196. [CrossRef]
10. Wu, G.; Yu, G.; Kurtán, T.; Mándi, A.; Peng, J.; Mo, X.; Liu, M.; Li, H.; Sun, X.; Li, J.; et al. Versixanthones A–F, cytotoxic

xanthone–chromanone dimers from the marine-derived fungus Aspergillus versicolor HDN1009. J. Nat. Prod. 2015, 78, 2691–2698.
[CrossRef] [PubMed]

11. Ji, Y.B.; Chen, W.J.; Shan, T.Z.; Sun, B.Y.; Yan, P.C.; Jiang, W. Antibacterial diphenyl ether, benzophenone and xanthone derivatives
from Aspergillus flavipes. Chem. Biodivers. 2020, 17, e1900640. [CrossRef]

https://www.mdpi.com/article/10.3390/md22020063/s1
https://www.mdpi.com/article/10.3390/md22020063/s1
https://doi.org/10.3390/encyclopedia2010037
https://doi.org/10.1039/D2RA03610J
https://doi.org/10.2174/1389557520666200925142514
https://doi.org/10.1021/acsmedchemlett.8b00368
https://doi.org/10.1039/D2NP00083K
https://doi.org/10.3390/d15101030
https://doi.org/10.1039/C4NP00027G
https://www.ncbi.nlm.nih.gov/pubmed/24972079
https://doi.org/10.1039/C8MD00300A
https://www.ncbi.nlm.nih.gov/pubmed/30542530
https://doi.org/10.1038/ja.2010.154
https://doi.org/10.1021/acs.jnatprod.5b00636
https://www.ncbi.nlm.nih.gov/pubmed/26506221
https://doi.org/10.1002/cbdv.201900640


Mar. Drugs 2024, 22, 63 11 of 11

12. Jin, Y.; Qin, S.; Gao, H.; Zhu, G.; Wang, W.; Zhu, W.; Wang, Y. An anti-HBV anthraquinone from aciduric fungus Penicillium sp.
OUCMDZ-4736 under low pH stress. Extremophiles 2018, 22, 39–45. [CrossRef]

13. Liu, H.X.; Tan, H.B.; Liu, Y.; Chen, Y.C.; Li, S.N.; Sun, Z.H.; Li, H.H.; Qiu, S.X.; Zhang, W.M. Three new highly-oxygenated
metabolites from the endophytic fungus Cytospora rhizophorae A761. Fitoterapia 2017, 117, 1–5. [CrossRef] [PubMed]

14. Nishino, T.; Tagawa, M.; Osawa, H.; Seki, T. Agrochemical N-1477 Manufacture with Aspergillus. Japan Patent JP2001261610, 26
September 2001.

15. Johnson, O.O.; Zhao, M.; Gunn, J.; Santarsiero, B.D.; Yin, Z.Q.; Ayoola, G.A.; Coker, H.A.; Che, C.T. Alpha-Glucosidase inhibitory
prenylated anthranols from Harungana madagascariensis. J. Nat. Prod. 2016, 79, 224–229. [CrossRef] [PubMed]

16. Zanardi, M.M.; Sarotti, A.M. Sensitivity analysis of DP4+ with the probability distribution terms: Development of a universal and
customizable method. J. Org. Chem. 2021, 86, 8544–8548. [CrossRef] [PubMed]

17. Rojas, I.S.; Lotina-Hennsen, B.; Mata, R. Effect of lichen metabolites on thylakoid electron transport and photophosphorylation in
isolated spinach chloroplasts. J. Nat. Prod. 2000, 63, 1396–1399. [CrossRef] [PubMed]

18. Bunyapaiboonsri, T.; Yoiprommarat, S.; Intereya, K.; Kocharin, K.; National, C.F.G.E. New diphenyl ethers from the insect
pathogenic fungus Cordyceps sp. BCC 1861. Chem. Pharm. Bull. 2007, 55, 304–307. [CrossRef] [PubMed]

19. Wu, Z.; Wang, Y.; Liu, D.; Proksch, P.; Yu, S.; Lin, W. Antioxidative phenolic compounds from a marine-derived fungus Aspergillus
versicolor. Tetrahedron 2016, 72, 50–57. [CrossRef]

20. Zhou, Y.J.; Xu, S.X.; Wang, X.W.; Wang, H.Y.; Wang, Z.X.; Gu, X.H.; Liu, S.Z. Two new minor compounds with inhibitory effect on
K562 cells from Ventilago leiocarpa Benth. J. Herb. Pharmacother. 2001, 1, 35–41. [CrossRef]

21. Tanahashi, T.; Takenaka, Y.; Nagakura, N.; Hamada, N. Dibenzofurans from the cultured lichen mycobionts of Lecanora cinereo-
carnea. Phytochemistry 2001, 58, 1129–1134. [CrossRef]

22. Gao, L.; Xu, X.; Yang, J. Chemical constituents of the roots of Rheum officinale. Chem. Nat. Compd. 2013, 49, 603–605. [CrossRef]
23. Bringmann, G.; Lang, G.; Steffens, S.; Gunther, E.; Schaumann, K. Evariquinone, isoemericellin, and stromemycin from a sponge

derived strain of the fungus Emericella variecolor. Phytochemistry 2003, 63, 437–443. [CrossRef]
24. Bruhn, T.; Schaumloffel, A.; Hemberger, Y.; Bringmann, G. SpecDis: Quantifying the comparison of calculated and experimental

electronic circular dichroism spectra. Chirality 2013, 25, 243–249. [CrossRef]
25. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef] [PubMed]
26. Lee, H.S.; Kwon, Y.J.; Seo, E.B.; Kim, S.K.; Lee, H.; Lee, J.T.; Chang, P.S.; Choi, Y.J.; Lee, S.H.; Ye, S.K. Anti-inflammatory effects of

Allium cepa L. peel extracts via inhibition of JAK-STAT pathway in LPS-stimulated RAW264.7 cells. J. Ethnopharmacol. 2023, 317, 116851.
[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.

https://doi.org/10.1007/s00792-017-0975-6
https://doi.org/10.1016/j.fitote.2016.12.005
https://www.ncbi.nlm.nih.gov/pubmed/27979691
https://doi.org/10.1021/acs.jnatprod.5b00924
https://www.ncbi.nlm.nih.gov/pubmed/26727375
https://doi.org/10.1021/acs.joc.1c00987
https://www.ncbi.nlm.nih.gov/pubmed/34101443
https://doi.org/10.1021/np0001326
https://www.ncbi.nlm.nih.gov/pubmed/11076561
https://doi.org/10.1248/cpb.55.304
https://www.ncbi.nlm.nih.gov/pubmed/17268106
https://doi.org/10.1016/j.tet.2015.10.038
https://doi.org/10.1080/J157v01n02_04
https://doi.org/10.1016/S0031-9422(01)00394-6
https://doi.org/10.1007/s10600-013-0689-7
https://doi.org/10.1016/S0031-9422(03)00189-4
https://doi.org/10.1002/chir.22138
https://doi.org/10.1002/jcc.22885
https://www.ncbi.nlm.nih.gov/pubmed/22162017
https://doi.org/10.1016/j.jep.2023.116851
https://www.ncbi.nlm.nih.gov/pubmed/37385574

	Introduction 
	Results and Discussion 
	Strain Isolation and Species Identification 
	Elucidation of Chemical Structures 
	Anti-Inflammatory Activity Test 

	Materials and Methods 
	General Experimental Procedures 
	Isolation and Species Identification of Marine Fungus 
	Fungal Fermentation 
	Extration and Isolation 
	Spectroscopic and Spectrometric Data 
	Computational Methods 
	Anti-Inflammatory Activity Test 

	Conclusions 
	References

