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This study identified six novel azaphilones, isochromophilones G-L (1-6), and three novel
biosynthetically related congeners (7-9) from Diaporthe sp. SCSIO 41011. The structures and
absolute configurations were elucidated through comprehensive spectroscopic analyses com-
bined with experimental and calculated electronic circular dichroism (ECD) spectra. Signific-
antly, three highly oxygenated azaphilones contain an acetyl group at the terminal chain (4)
or linear conjugated polyenoid moieties (5 and 6), which occur infrequently in the azaphilone
family. Additionally, several compounds demonstrated inhibition of lipopolysaccharide (LPS)-
induced nuclear factor kappa-B (NF-kB) activation in RAW 264.7 macrophages at 20 pmol-L ™.
The novel compound (1) effectively inhibited receptor activator of NF-«B ligand (RANKL)-in-
duced osteoclast differentiation without exhibiting cytotoxicity in bone marrow and RAW
264.7 macrophages, indicating its potential as a promising lead compound for osteolytic dis-
ease treatment. This research presents the first documented evidence of azaphilone derivat-

ives as inhibitors of RANKL-induced osteoclastogenesis.

1. Introduction

Osteoporosis is a metabolic bone disorder characterized by
reduced bone mass and deterioration of bone tissue microarchi-
tecture, leading to increased bone fragility and fracture risk '~
This condition presents a significant public health challenge due
to the aging population, particularly affecting postmenopausal
women with estrogen deficiency '. The inhibition of osteoclast
differentiation has emerged as an effective therapeutic approach
for preventing excessive bone resorption, fractures, and pain in
osteolytic diseases *. Osteoclasts are specialized multinucleated
cells possessing bone-resorbing capabilities, formed through the
fusion of committed monocyte/macrophage hematopoietic lin-
eage precursor cells °. The receptor activator of nuclear factor
kappa-B (NF-kB) ligand (RANKL) and macrophage colony-stimu-
lating factor (M-CSF) are essential for osteoclast development
and activation ®’. Current first-line anti-osteoclast medications,
denosumab and bisphosphate, present serious complications
during long-term use, including jaw osteonecrosis, potentially
leading to disability *°. Consequently, there is an urgent need for
novel osteoclast differentiation inhibitors with alternative mech-

* Corresponding author.
E-mail addresses: yonghongliu@scsio.ac.cn (Y. Liu); luoxiaowei1l991@126.
com (X. Luo)
® These authors contributed equally to this work.
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anisms of action for treating osteolytic diseases.

Marine microorganisms, particularly marine fungi, have re-
cently emerged as significant underutilized sources of marine
natural products °. Notably, mangrove-associated fungi, repres-
enting the second-largest ecological group of marine fungi, con-
tribute substantially to their biosphere while producing structur-
ally unique and diverse bioactive secondary metabolites > '
Marine microbial natural products have demonstrated potential
as inhibitors of RANKL-induced osteoclastogenesis '*, including
chlorinated depsides ", phenols ", sirenins '°, nitrobenzoyl ses-
quiterpenoids *, and meroterpenoids '°. Azaphilones, fungal pig-
ments characterized by a highly oxygenated pyranoquinone bi-
cyclic core '/, comprise over 700 compounds produced by 61 gen-
era of filamentous fungi through the polyketide pathway '*. These
compounds have attracted attention from natural product chem-
ists and pharmacologists due to their diverse structures and sig-
nificant pharmacological properties °. Our previous research
identified six new cytotoxic chloroazaphilones, isochromophi-
lones A-F, from the mangrove-derived fungus Diaporthe sp. SC-
SI0 41011 *’. Continuing our investigation of structurally diverse
azaphilone analogues, we isolated four new sclerotiorin-type aza-
philones (1-4), two new chrysodin-type (5-6) azaphilones, and
three new congeners (7-9) from this strain, which was cultured
on wheat solid medium using the "One Strain, Many Compounds"
(OSMAC) strategy. Several compounds demonstrated suppres-
sion of RANKL-induced osteoclastogenesis, suggesting potential

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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lead compounds for osteolytic disease treatment. This paper de-
scribes the isolation, structural elucidation, and anti-osteoclasto-
genic activities of these azaphilones and their congeners.

2. Results and discussion

The EtOAc extract of Diaporthe sp. SCSIO 41011 from wheat
solid fermentation underwent silica gel and semipreparative high
performance liquid chromatography (HPLC) chromatography,
yielding six new azaphilone derivatives (1-6), three new congen-
ers (7-9), and two known compounds, trichopyrone C (10) *" and
E-7,9-diene-11-methenyl palmitic acid (11) ** (Fig. 1).

Compound 1 was isolated as a yellow oil with the molecular
formula C,,H,;Br0, (9 degrees of unsaturation, DOU) based on a
cluster of deprotonated ion peaks at m/z 435.1177/437.1154
([M + H]") with a ratio of 1:1 in the high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS), indicating the pres-
ence of a bromide atom. Analysis of the 'H nuclear magnetic res-
onance (NMR) (Table 1) and heteronuclear single quantum cor-
relation (HSQC) data of 1 revealed resonances for five olefinic
protons, H-1 (6, 6.88, s), H-4 (6y 6.58, s), H-9 (8}, 6.08,d, /= 15.4
Hz), H-10 (64 7.02, d, ] = 15.4 Hz), and H-12 (6 5.64, d, ] = 9.8
Hz), two methines, H-8 (8y 3.35, dd, / = 9.8, 2.1 Hz) and H-13 (6y
2.48, m), two methylenes, H,-14 (6y 1.43, m; 1.28, m), and
H,-1' (64 3.24, dd, J =16.8, 2.1 Hz; 2.75, dd, ] =16.8, 9.8 Hz), and
five methyls, including three singlet ones H3-17 (6 1.83), H5-18
(6y 1.10) and H3-3' (6y 2.28), one doublet H5-16 (6y 1.01, d, ] =
6.3 Hz), and one terminal H3-15 (6y 0.86, t, / = 7.0 Hz).

In addition to the 14 corresponding hydrogen-bearing car-
bons, eight carbons were identified in the *C NMR data (Table 2),
comprising two carbonyls, five olefinics (one oxygenated), and
one oxygenated tertiary carbon. The observed NMR characterist-
ics demonstrated strong similarity to those of the previously co-
isolated epi-isochromophilone 11 *’, with the notable distinction
being the presence of a bromide atom at C-5 in 1 rather than a
chlorine atom in epi-isochromophilone II. This structural differ-
ence was confirmed by the shielding effect on C-5 (6 99.7 for 1,
109.4 for epi-isochromophilone II) and the molecular formula.
Additionally, this variation could be attributed to NaBr-induced
fermentations based on the OSMAC approach. Analysis of 2D
NMR correlations (Fig. 2) confirmed the planar structure of 1,
which was designated as isochromophilone G.
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The coupling constant of Jy.g/y.19 = 15.4 Hz and the diagnost-
ic nuclear Overhauser effect spectroscopy (NOESY) correlations
(Fig. 3) between H-9/H3-17 and H-10/H-12 demonstrated that
both A’ and A" double bonds possessed the E configuration. Ad-
ditionally, the NOESY correlation of H3-18 (6y 1.10)/H,-1" (64
3.24, 2.75) indicated that CH3-18 and CH,-1" groups were posi-
tioned on the same face. The chiral center of C-13 in the aliphatic
side chain was assigned the S-configuration, consistent with oth-
er sclerotiorin-type azaphilones from a biogenetic perspec-
tive '”*’. Given the unsuccessful crystallization attempts of azaph-
ilones, quantum chemical electronic circular dichroism (ECD) cal-
culation has proven to be a reliable and effective method for de-
termining their absolute configurations *> %, Consequently, two
possible diastereoisomers of 1 underwent ECD calculations at
B3LYP/6-31 + G (d, p) level using time-dependent density func-
tional theory (TDDFT) *’. The calculated ECD curve (Fig. 4) of
(7R.,8S5,135)-1 aligned well with the experimental data, confirm-
ing the (7R,8S,135)-configuration of 1.

HR-ESI-MS analysis of isochromophilone H (2) yielded the
molecular formula C;gH,40, (7 DOUs). The 'H NMR data (Table 1)
of 2 revealed signals corresponding to four olefinic protons, H-4
(6y 5.40, s), H-9 (6 5.91, d, J = 15.4 Hz), H-10 (6y 6.96, d,] = 15.4
H),and H-12 (6y 5.60, d, ] = 9.8 Hz), two methines, H-6 (6y; 4.04, dd,
J =10.0, 5.6 Hz) and H-13 (6y 2.43, m), three methylenes, H,-1
(6,4 5.01, d,] = 12.6 Hz; 4.83, d, ] = 12.6 Hz), H,-5 (6 2.69, dd, ] =
17.5, 5.6 Hz; 2.50, dd, ] = 17.5, 10.0 Hz), and H,-14 (6 1.29-1.41,
m), and five methyls, comprising two singlet ones H3-17 (6y 1.79)
and H3-18 (8y 1.26), one doublet H3-16 (6y 0.98, d, /] = 6.3 Hz),
and one terminal H3-15 (6y 0.85,t,/ = 7.7 Hz).

In addition, the CNMR spectrum revealed 6 nonproton-
ated carbons, including one carbonyl (6; 196.8), four olefinics (¢
150.5, 132.2, 113.4, and an oxygenated one 161.9), and one oxy-
genated quaternary carbon (¢ 77.3). The spectroscopic charac-
teristics of 2 indicated an azaphilone-like structure, showing sig-
nificant similarity to a key intermediate, (75)-3-((S,1E,3E)-3,5-di-
methylhepta-1,3-dien-1-yl)-6,7-dihydroxy-7-methyl-1,5,6,7-tet-
rahydro-8H-isochromen-8-one, produced through heterologous
expression in Aspergillus nidulans **. Analysis of 2D NMR correla-
tions of 2 indicated that both compounds shared identical planar
structures.

As observed in 1, the A’ and A" double bonds exhibited
E configuration, confirmed by the large coupling constant of

Fig.1 Chemical structures of 1-11.
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Table 1 'H NMR (700 MHz) data for compounds 1-6 (J in Hz).
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No. 1 2 3° 4 5° 6°
1 6.88, s 5.01,d (12.6) 5.03,d (12.6) 4.88,d (12.6) 5.00,d (12.6) 5.40,s
4.83,d (12.6) 4.86,d (12.6) 4.79,d (12.6) 4.83,d (12.6)
4 6.58, s 5.40,s 5.43,s 5.60,s 5.38,s 5.77,s
Sa 2.69,dd 2.49,dd 2.45,dd 2.68,dd 5.71,s
(17.5,5.6) (17.5,10.0) (17.5,5.6) (17.5,5.6)
58 2.50,dd 2.69,dd 2.68,dd 2.49,dd
(17.5,10.0) (17.5,5.6) (17.5,10.0) (17.5,10.0)
6 4.04, dd 4.04, dd 3.93, overlapped 4.03,dd
(10.0, 5.6) (10.0, 5.6) (10.0, 5.6)
8 3.35,dd (9.8,2.1) 3.97,s
9 6.08,d (15.4) 5.91,d (15.4) 6.00, d (15.4) 6.13,d (15.4) 5.95, d (15.4) 6.09, d (15.4)
10 7.02,d (15.4) 6.96, d (15.4) 7.32,d (15.4) 6.89,d (15.4) 6.92,dd 6.98, dd
(15.4,11.2) (15.4,11.2)
11 6.20, dd 6.27,dd
(15.4,11.2) (15.4,11.2)
12 5.64,d (9.8) 5.60, d (9.8) 5.42,d(7.0) 5.62,d(9.8) 6.44, dd 6.46, dd
(15.4,11.2) (15.4,11.2)
13 248, m 243, m 2.64,m 2.75,m 6.15, m 6.19,m
14 143, m 142, m 1.40,m 1.74, m 5.90, m 5.89,m
1.28, m 1.29,m 1.26, m 1.59, m
15 0.86,t (7.7) 0.85,t (7.7) 0.85,t (7.7) 3.93-4.04, m 1.83,d (7.0) 1.81,d (7.0)
16 1.01,d (6.3) 0.98,d (6.3) 0.98,d (6.3) 1.03,d (6.3)
17 1.83,s 1.79,s 1.86,s 1.82,s
18 1.10,s 1.27,s 1.26,s 1.19,s 1.26,s 1.38,s
1 3.24,dd
(16.8,2.1)
2.75,dd
(16.8,9.8)
2! 1.97,s
3 2.28,s

*In CDCly; ° In acetone-dg; © In CD30D.

Jh-9/0-10 = 15.4 Hz and the NOESY correlations of H-9/H3-17 and H-
10/H-12. Additionally, the NOESY correlation of H-6 (6, 4.04)/H-
S5a (6y 2.69), H3-18 (8 1.27) demonstrated that H-6 and H;-18
were positioned on the same face in the cyclohexanone unit. Fur-
thermore, the calculated ECD spectra (Fig. 4) of 2 confirmed the
(6S,75,135)-configuration.

Isochromophilone I (3) exhibited nearly identical spectro-
scopic characteristics to 2, with notable differences in the chem-
ical shifts of C-10 [6. 141.6 (2), 133.1 (3)], C-17 [6¢ 12.5 (2), 20.3
(3)], and H-10 [6y 6.96 (2), 7.32 (3)]. Analysis of 2D NMR correla-
tions indicated that they were E- (2) and Z- (3) isomers of the A"
double bond, with 3 confirmed as Z-configuration through NOESY
correlations of H-12/H3-17 and H-10/H-13. The NOESY correla-
tions of H-5a (6y 2.49)/H3-18 (6y 1.26) and H-58 (6y 2.69)/H-6
(6} 4.04) indicated that H-6 and H3-18 were positioned on oppos-
ite faces of the cyclohexanone unit. Comparison between experi-

1145

mental and calculated ECD spectra of 3 established the
(6R,7S5,13S)-configuration.

Isochromophilone ] (4) was isolated as a yellow oil with a
molecular formula of C,;H,304 (8 DOUs), determined by HR-ESI-
MS data, showing 58 mass units higher than 2, corresponding to
an OCOCH, group. The NMR spectral data of 4 exhibited close
similarity to 2, with the primary difference being an additional
acetoxyl group [6. 170.9 (C-1"), 20.8 (C-2'); 6y 1.97 (H3-2")] at C-
15 in 4, confirmed by the heteronuclear multiple bond correla-
tion (HMBC) of H,-15 (6y 3.93, m; 4.02, m)/C-1" and H;3-2'/C-1".
The E-configuration of both A’ and A" double bonds and the op-
posite orientation of H-6 and H;-18 in the cyclohexanone unit
were determined through analysis of NOESY correlations (Fig. 3)
and coupling constants of 4. The Boltzmann-weighted ECD spec-
tra of 4 were calculated using acetoxyl-removed structural mod-
els (Supplementary data, Fig. S1). The calculated ECD spectra
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Table 2 "°C NMR (175 MHz) data for 1-6.

Chinese Journal of Natural Medicines 23 (2025) 1143-1152

No. 1°, type 2%, type 3%, type 4° type 5% type 6°, type
1 143.7,CH 64.2, CH, 64.2, CH, 64.6, CH, 64.2, CH, 97.6, CH
3 158.5, C 161.9,C 161.7,C 161.0,C 161.2,C 159.6, C
4 107.7,CH 104.8, CH 105.5, CH 106.3, CH 105.4, CH 106.0, CH
4a 145.9,C 150.5,C 150.4,C 150.0,C 150.2,C 153.6,C
5 99.9,C 33.8, CH, 33.8, CH, 34.9, CH, 33.8,CH, 117.6, CH
6 192.5,C 73.1,CH 73.0,CH 73.4,CH 73.0,CH 199.0,C
7 74.1,C 77.3,C 77.3,C 77.6,C 77.3,C 76.4,C
8 40.5, CH 196.8,C 196.9,C 197.9,C 196.8,C 74.8, CH
8a 120.3,C 113.4,C 113.7,C 115.1,C 113.8,C 71.2,C
9 116.5, CH 118.1,CH 120.5, CH 120.1, CH 123.0, CH 125.4,CH
10 142.2,CH 141.6, CH 133.1,CH 140.2, CH 136.6, CH 136.5,CH
11 132.1,C 132.2,C 130.3,C 133.7,C 129.1, CH 130.6, CH
12 147.9, CH 146.9, CH 144.5,CH 144.6, CH 139.0, CH 139.1,CH
13 35.2,CH 35.1,CH 34.0,CH 30.7,CH 131.7,CH 133.1,CH
14 30.2, CH, 30.3,CH, 30.4, CH, 36.6, CH, 134.2,CH 133.8,CH
15 12.1, CH3 12.1, CH3 12.1, CH3 63.1, CH, 18.8, CH3 18.6, CH3
16 20.4, CH, 20.5, CH, 21.1, CH, 209, CHs
17 12.5, CH, 12.5, CHy 20.3, CH, 12.4, CH,

18 21.4, CH, 18.4, CH, 18.3, CH, 18.6, CH, 18.3, CH, 20.8, CH,
1 40.0, CH, 170.9,C
2! 207.1,C 20.8, CHz
3 30.0, CH,

“In CDCl3; ° In acetone-dg; © In CD;0D.

/7 X\ HMBC

= COSY

#” 7 TN NOESY

Fig. 2 Key HMBC, 'H-"H COSY, and/or NOESY correlations of 1-9.

(Fig. 4) of model-4 established the (6R,7S,135)-configuration of 4.

Isochromophilone K (5) was isolated as a yellow oil with a
molecular formula of C;;H;,0, (8 DOUs), as determined by HR-
ESI-MS ion peak. Analysis of the NMR data indicated that 5 was
structurally similar to 2, except for notable differences in the C;
side chain. Analysis of 'H-'H correlation spectroscopy (COSY)

1146

correlations of H-9/H-10/H-11/H-12/H-13/H-14/H3-15 com-
bined with HMBC of H-4/C-9 and H-9, H-10/C-3 confirmed a con-
jugated triene C; side chain attached at C-3 in 5. The A’, A", and
A" double bonds in 5 were determined to have E-configuration
based on the large coupling constant of 15.4 Hz and the NOESY
correlation of H3-15 (8y 1.83)/H-13 (6y 6.15). The NOESY correl-
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Fig. 4 Experimental and calculated ECD spectra of compounds 1-4.

ations of H-5a (6y 2.68)/ H-6 (6y 4.03) and H-5p8 (6y 2.49)/H3-18
(6y 1.26) indicated the opposite orientation of H-6 and H;-18 in
the cyclohexanone unit. The (6S,7R)-configuration of 5 was con-
firmed through ECD calculations (Fig. S2).

Isochromophilone L (6) exhibited the molecular formula
Cy7H2006 (8 DOUs) as determined by HR-ESI-MS data. The 'H
NMR data (Table 1) combined with HSQC experiment of 6 re-
vealed signals of 8 olefinic protons, H-4 (6 5.77, s), H-5 (6 5.71,
s), H-9 (6y 6.09, d, / = 15.4 Hz), H-10 (6y 6.98, dd, ] = 15.4, 11.2
Hz), H-11 (64 6.27, dd, J = 15.4, 11.2 Hz), H-12 (& 6.46, dd, ] =
15.4, 11.2 Hz), H-13 (8y 6.19, m), and H-14 (84 5.89, m), a hemi-
acetal methine H-1 (6y 5.40, s) and an oxygenated methine H-8
(61 3.97, s), a singlet methyl H3-18 (6y 1.38) and a doublet one Hs-
15 (8, 1.81, d, ] = 7.0 Hz). Additionally, the *C NMR data of 6 in-
dicated five remaining quaternary carbon resonances, corres-
ponding to one carbonyl (8¢ 199.0), two olefinics (6; 153.6 and an
oxygenated one 159.6), and two oxygenated tertiary carbons (J;
76.4, 71.1). These spectroscopic data suggested 6 as an azaphi-
lone derivative, structurally similar to 5.

The sequential "H-"H COSY correlations of H-9/H-10/H-11/H-
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12/H-13/H-14/H;-15 and HMBC of H-9/C-3, C-4 in 6 demon-
strated that both compounds shared an identical conjugated
triene C7 side chain at C-3. In comparison with 5, the chemical
shifts [C-1 (6¢ 97.6), C-5 (6¢ 117.6), C-6 (8¢ 199.0), C-8 (6 74.8),
and C-8a (8¢ 71.1)] in 6 indicated a hemiacetal (C-1), an olefinic
methine (C-5), a carbonyl carbon (C-6), and three oxygenated
carbons (C-7, 8, 8a), further confirmed by HMBC of H-1/C-8a, H-
4/C-5, H-5/C-8a, and H-8/C-1, C-8a. The molecular formula sup-
ported this structural assignment. Consequently, compound 6
was characterized as a highly oxygenated chrysodin-type azaphi-
lone.

All the A’, A", and A™ double bonds in 6 were assigned as the
shared E-configuration through procedures identical to those
used for 1-5. The NOESY correlations of H-8/H-1, H;-18 indic-
ated these protons were co-facial. Subsequently, the relative con-
figuration of 6 was initially assigned as rel-(1S,75,85) due to the
unassigned chiral center of C-8a. Multiple attempts to establish
the absolute configurations of 6 using the modified Mosher's
method proved unsuccessful, while further investigations were
limited by the available quantity. Therefore, four possible stereoi-
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somers of 6 underwent ECD calculations. The calculated ECD
curves of (15,75,85,8aS)-6 and (1R,7R,8R,8aS)-6 demonstrated a
strong correlation with the experimental data (Fig. S2). NMR cal-
culations for these two candidate diastereoisomers of 6 were
conducted using the gauge-independent atomic orbital (GIAO)
strategy at the mPW1PW91/6-311 + G (d, p) level in the polariz-
able continuum model (PCM) solvent continuum model with
methanol as solvent *. The DP4 + probability confirmed the
(15,75,85,8aS) configurations of 6 with 86% confidence (Fig.
S$131). Consequently, the absolute configurations of 6 were estab-
lished as 15, 75, 885, 8aS.

Compound 7, isolated as a colorless oil, exhibited a molecu-
lar formula of C,yH,50, (7 DOUs) based on HR-ESI-MS data. The
NMR data (Table 3) of 7 closely resembled those of an intermedi-
ate, 6-((S,3E,5E)-5,7-dimethyl-2-oxonona-3,5-dien-1-yl)-2,4-di-
hydroxy-3-methylbenzaldehyde, produced through heterologous
expression in Aspergillus nidulans **. The primary distinction was
the presence of a methine (6y, 3.73/83.8) with a methoxy group
(6nyc 3-19/56.6) in 7 instead of a carbonyl group in the aforemen-
tioned intermediate, confirmed by HMBC of H;-12 (6y 3.18)/C-2
(8¢ 83.8). The planar structure of 7 was thus determined and
named diaporaldehyde A. The A’ and A® double bonds main-
tained the E-configuration based on NOESY correlations and
coupling constant analysis. Diaporaldehyde A likely serves as a
key intermediate in azaphilone biosynthesis **, suggesting the 7.5
configuration in 7. ECD calculations (Fig. S2) confirmed the
(2R,7S)-configuration of 7.

Compound 8 was isolated as a colorless oil with the molecu-
lar formula C;9H,,04 (8 DOUs) based on HR-ESI-MS data. The 'H
NMR data (Table 3) combined with HSQC experiment of 8 re-

Table 3 'H (700 MHz) and "*C (175 MHz) NMR data for 7 and 8.
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vealed signals including an aldehyde group H-7' (64 10.02, s), 4
aromatic or olefinic protons, H-2 (6y 5.85, dt, J = 14.7, 7.0 Hz), H-
3 (8 6.32, dd, ] = 14.7, 11.2 Hz), H-4 (8 6.02, d, ] = 11.2 Hz), and
H-6' (6y 6.28, s), a methine H-7 (& 2.05, m) and an oxygenated
methine H-6 (6y 3.69, d, J/ = 8.4 Hz), 3 methylenes H,-1 (6 3.67,
d, J = 7.0 Hz), H,-8 (64 2.12, m; 1.60, m), and H,-9 (6, 3.89, m;
3.85, m), two singlet methyl, H3-11 (6 1.68) and H;-8' (6 2.00),
and a doublet one H3-10 (6} 1.00, d, /= 7.0 Hz).

The C NMR spectrum of 8 exhibited carbon resonances
comprising six aromatic or olefinic carbons (6; 136.9, 145.0,
112.8, 110.6; two oxygenated ones, 165.3, 165.1). These spectro-
scopic characteristics demonstrated significant similarities to
those of 6-((S,3E,5E)-5,7-dimethyl-2-oxonona-3,5-dien-1-yl)-2,4-
dihydroxy-3-methylbenzaldehyde produced by Aspergillus nidu-
lans **. The described functionalities accounted for 7 DOUs, with
the remaining one DOU necessitating an additional ring in the
molecule. The 'H-'H COSY correlations of H-6/H-7/H,-8/H,-9
and HMBC of H,-9/C-6 and H3-11/C-4, C-5, C-6 enabled the iden-
tification of a terminal methyl-substituted tetrahydrofuran loc-
ated at C-5. Additionally, a conjugated diene moiety linked to C-1’
by a methylene (CH,-1) in 8 was confirmed through the 'H-'H
COSY correlations of H,-1/H-2/H-3/H-4 and HMBC of H,-1/C-1’,
C-2', C-6'. Consequently, the planar structure of 8 was determ-
ined and designated as diaporaldehyde B. Notably, the tetrahy-
drofuran ring represents an unusual structural feature in benzal-
dehyde compounds of this type.

The NOESY correlations of H-3/H3-11, H,-1, and H-4/H-6,
and the coupling constant of Jy;_; 4.3 = 14.7 Hz demonstrated that
the A? and A* double bonds possessed the E-configuration. Fur-
thermore, the NOESY correlation of H-6 (6y 3.69)/H3-10 (6y 1.00)

7 8’
No.
d¢, type Oy, (Jin Hz) d¢, type Oy, (J in Hz)
1 38.4, CH, 3.09, 0; 2.96, 0 35.7, CH, 3.67,d (7.0)
2 83.8, CH 3.73,m 134.0, CH 5.85, dt (14.7,7.0.7.0)
3 125.4,CH 5.36,dd (15.4, 8.4) 128.7,CH 6.32,ddd (14.7,11.2)
4 138.8, CH 6.16 dd (15.4, 5.6) 127.7, CH 6.02,d (11.2)
5 131.5,C 136.9, C
6 140.8, CH 5.26,d (9.8) 93.0, CH 3.69, d (8.4)
7 34.5,CH 2.38,m 38.7, CH 2.05, m
8 30.4, CH, 1.36, m; 1.25, m 35.8, CH, 2.12, m; 1.60, m
9 12.1,CH; 0.84,t(7.0) 68.7, CH, 3.89,m; 3.85, m
10 20.7, CHz 0.96,d (7.0) 16.8, CH; 1.00,d (7.0)
11 12.9, CH; 1.72,s 11.8, CH; 1.68,s
12 56.6, CH; 3.18,s
1 142.3,C 145.0,C
2' 113.4,C 112.8,C
3 164.1,C 165.3,C
4 109.5,C 110.6, C
5’ 160.6, C 165.1,C
6 110.5,CH 6.24,s 110.4,CH 6.28,s
7' 194.0, CH 10.07,'s 194.6, CH 10.02,'s
8’ 7.1, CH; 2.09,s 7.2,CH; 2.00,s

*In CDCly; "In CD30D; o: overlapped.
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indicated that H-6 and Me-10 were positioned on the same face of
the tetrahydrofuran ring. Based on the shared biosynthetic ori-
gins with co-isolated azaphilones **, diaporaldehyde B exhibited
the 7S configuration. Consequently, the absolute configuration of
8 was initially assigned as 65,75, which was subsequently valid-
ated by the correspondence between experimental and calcu-
lated ECD curves (Fig. S2).

Compound 9 was isolated as a colorless oil with the molecu-
lar formula C;4H,,0, (5 DOUs), determined from the HR-ESI-MS
ion peak of m/z 221.1542 [M + H]" (Calcd. for C;4H,;0,,
221.1542). Analysis of the 1D (Table 4) and 2D NMR data re-
vealed two distinct parts in 9. The "H-'H COSY correlations (Fig.
2) of H,-7/H,-8/H-9/H-10/H-11/H-12/H;3-13 established a C;
diene (A’ and A") side chain. The HMBC of H-3/C-2, C-4 (&
193.3), C-5 (6¢ 41.1), H-6/C-2, C-4, and H,-14 (6y 2.27)/C-2 (6¢
179.0), C-3 (8y/c 5:32/103.3), C-15 (8y,c 1.13/10.8), and the
'H-'"H COSY correlations of H,-14/H;-15 and H,-5/H-6, com-
bined with the remaining one DOU, enabled the identification of
an a, f-unsaturated y-pyrone moiety with an ethyl group at C-2.
Additionally, the "H-"H COSY correlation of H-6/H,-7 and HMBC
of H-7/C-5, C-6 confirmed the C; diene side chain attachment to
the a, f-unsaturated y-pyrone moiety at C-6.

The A° and A" double bonds exhibited the E-configuration as
evidenced by the NOESY correlations. The 6S configuration of 9
was established through comparison of the experimental ECD
curve (Fig. S2) of 9 with the calculated spectrum of model-S-9.
Therefore, the structure of 9 was elucidated as (5)-6-ethyl-2-
((3E,5E)-hepta-3,5-dien-1-yl)-2,3-dihydro-4H-pyran-4-one.

Marine natural products remain relatively unexplored as
sources of anti-osteoclastogenic lead compounds *.In continu-
ation of our research for novel osteoclast differentiation inhibit-
ors from marine microorganisms “ > the isolated compounds
were evaluated for inhibitory effects against RANKL-induced os-
teoclastogenesis in RAW 264.7 cells using NF-kB luciferase re-
porter gene as previously described *. Notably, compounds 1, 7,
10, and 11 exhibited inhibition of lipopolysaccharide (LPS)-in-
duced NF-xB activation in RAW 264.7 cells at 20 umol-L™" (P <
0.001) (Fig. 5).

Given that NF-xB p65 serves as a crucial factor in RANKL-in-
duced osteoclast differentiation and bone resorption *, the newly
identified potent inhibitor (1) was further evaluated for its ef-
fects on RANKL-induced osteoclastogenesis in bone marrow mac-
rophages (BMMs) and RAW 264.7 cells using tartrate-resisant
acid phosphatase (TRAP) assays, along with cytotoxicity assess-
ment. TRAP activity was measured using p-nitrophenyl phos-
phate, and TRAP-positive multinuclear cells containing more
than 5 nuclei for BMMs and more than 3 nuclei for RAW264.7
cells were counted as previously described *. Isochromophilone G
(1) effectively inhibited RANKL-induced osteoclast differenti-
ation in both BMMs (Fig. 6) and RAW264.7 cells (Fig. 7) without
demonstrating cytotoxicity, indicating its potential as a novel in-
hibitor of RANKL-induced osteoclastogenesis. This study presents
the first documentation of osteoclast differentiation inhibitory

Table 4 'H (700 MHz) and "*C (175 MHz) NMR data of 9 (CDCls).
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activity for these azaphilones and their related compounds.

3. Experimental

3.1. General experimental procedures

Optical rotations were measured using a Perkin Elmer MPC
500 (Waltham) polarimeter. Ultraviolet (UV) spectra were recor-
ded on a Shimadzu UV-2600 PC spectrometer (Shimadzu). ECD
spectra were obtained with a Chirascan circular dichroism spec-
trometer (Applied Photophysics). Infrared (IR) spectra were re-
corded on an IR Affinity-1 spectrometer (Shimadzu). NMR spec-
tra were acquired on a Bruker Avance spectrometer (Bruker) op-
erating at 500 MHz and 700 MHz for 'H NMR, 125 MHz and 175
MHz for *C NMR, using TMS as an internal standard. HR-ESI-MS
spectra were obtained on a Bruker miXis TOF-QII mass spectro-
meter (Bruker). Thin layer chromatography (TLC) and column
chromatography (CC) were performed on plates precoated with
silica gel GF,54 (10-40 um) and over silica gel (200-300 mesh)
(Qingdao Marine Chemical Factory), and Sephadex LH-20 (Amer-
sham Biosciences), respectively. Spots were visualized on TLC
(Qingdao Marine Chemical Factory) under 254 nm UV light. All
solvents used were of analytical grade (Tianjin Fuyu Chemical
and Industry Factory). Semi-preparative HPLC was conducted us-
ing an octadecylsilane (ODS) column (YMC-pack ODS-A, YMC Co.
Ltd., 10 mm x 250 mm, 5 pm, 2.5 mL-min™").

3.2. Fungal material

The fungi Diaporthe sp. SCSIO 41011 was isolated from a
mangrove plant, Rhizophora stylosa, as previously described *’. A
voucher specimen has been deposited in the Guangdong Microbi-
al Culture Collection Center (GDMCC No. 60671).

3.3. Fermentation and extraction

The strain Diaporthe sp. SCSIO 41011 was cultivated on MB-
agar plates at 25 °C for 7 d. The seed medium (malt extract 15 g
and NaBr 15 g in 1.0 L tap distilled H,0, pH 7.4-7.8) was inocu-
lated with strain SCSIO 41011 and incubated at 25 °C for 3d on a
rotating shaker (180 r-min™"). Subsequently, a large-scale fer-
mentation of fungal isolate SCSIO 41011 was conducted for 30 d
at room temperature in 1 L x 60 conical flasks containing solid
rice medium (each flask contained 150 g wheat, 2.7 g NaBr, 1.8 g
peptone, and 180 mL H,0). The fermented cultures were extrac-
ted with EtOAc three times, and the solvent was concentrated un-
der vacuum to yield a crude extract (50 g).

3.4. Isolation and purification

The EtOAc extract underwent fractionation through silica gel
medium pressure liquid chromatography using a gradient solvent

No. 6c, type 6y, (Jin Hz) No. 8¢, type &y, (Jin Hz)

2 179.0,C 9 129.8,CH 552, m

3 103.3, CH 5.32,s 10 131.4,CH 6.02, overlapped
4 193.3,C 11 131.7,CH 6.00, overlapped
5 41.1, CH, ;‘;; gg 82:3: 1_32')3) 12 128.0, CH 5.61, overlapped
6 78.5,CH 4.35,m 13 18.2, CH3 1.74,d (6.3)

7 34.2,CH, 192, m; 1.72, m 14 28.1, CH, 2.27, m

8 28.0, CH, 2.23,m 15 10.8, CH3 1.13,t(7.0)
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Fig. 5 The inhibitory effects of compounds 1-11 on LPS-induced NF-xB activa-
tion in RAW264.7 cells at 20 pmol-L™". Data are presented as the mean = SD (n =
3). *¥P < 0.001 vs control group (untreated); “P < 0.001 vs LPS-induced group.
BAY (BAY11-7082, positive control).

system of petroleum ether/CH,Cl, (0-100%), yielding 7 frac-
tions based on TLC analysis. Fraction 2 was further separated in-
to 7 subfractions (Frs. 2-1-2-7) using ODS silica gel chromato-
graphy with MeOH/H,0 (10%-100%) as eluent. Fr. 2-5 was sub-
sequently purified by semipreparative HPLC (82% MeOH/H,0,
2.5 mL-min") to obtain 9 (3 mg, tz 16 min) and 7 (1.5 mg, t 24
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min). Compound 1 (5 mg, t; 34 min) was isolated from Fr. 4
through ODS silica gel chromatography with MeOH/H,0
(10%-100%) followed by semipreparative HPLC (79%
MeOH/H,0 + 0.02% trifluoroacetic acid (TFA), 2 mL-min™"). Frac-
tion 5 was separated into 10 subfractions (Frs. 5-1-5-10) using
ODS silica gel chromatography with MeOH/H,0 (10%-100%). Fr.
5-5 was purified by semipreparative HPLC (70% MeOH/H,0, 2
mL-min™") to yield 10 (8 mg, tz 15 min). Compounds 2 (2 mg, ty
18 min) and 8 (4 mg, tg 22 min) were isolated from Fr. 5-8 using
semipreparative HPLC (84% MeOH/H,0, 2 mL-min™"). Fr. 5-10
was purified by semipreparative HPLC (85% MeOH/H,0 +
0.02%TFA, 2 mL-min™") to obtain 11 (3 mg, tz 20 min). Fraction 6
was separated into 9 subfractions (Frs. 6-1-6-9) using ODS silica
gel chromatography with MeOH/H,0 (10%-100%). Compound 3
(1 mg, tg 22 min) was isolated from Fr. 6-6 through semiprepar-
ative HPLC (79% MeOH/H,0, 2 mL-min™"). Fr. 6-7 was purified by
semipreparative HPLC (68% MeOH/H,0, 2 mL-min™) to yield 6
(3 mg, tg 30 min) and 5 (1 mg, tz 33 min). Compound 4 (4 mg, ty
30 min) was obtained from Fr. 6-8 through semipreparative
HPLC (68% MeOH/H,0, 2 mL-min™").

Isochromophilone G (1): yellow solid; [a}f;’ +154 (c 0.09,
MeOH); UV (MeOH) A,,,. (log €) 389 (3.33), 250 (3.29), 200 (3.38)
nm; ECD (0.25 mg-mL™, MeOH) A,.. (Ae) 389 (+5.59), 340
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Fig. 6 Inhibitory effects of 1 on RANKL-induced osteoclastogenesis in BMMs. A) Representative images showing that RANKL-induced osteoclast differentiation was inhib-
ited by compound 1 in BMMs. (magnification = 100 x ; scale bar = 500 um). B) TRAP-positive multinucleated cells (nuclei 2 5) in the presence of 1 were counted. C) Cell viab-

ility of 1 against BMMs for 72 h was measured by MTT assay. Data are presented as the mean + SD (n = 3).
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P <0.001 vs control group; P < 0.05 vs RANKL group.
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Fig. 7 Inhibitory effects of 1 on RANKL-induced osteoclastogenesis in RAW264.7 cells. (A) Representative images showing that RANKL-induced osteoclast differentiation
was inhibited by compound 1 in RAW264.7 cells. (magnification = 100 x ; scale bar = 500 pm). (B) TRAP-positive multinucleated cells (nuclei = 3) in the presence of 1 were
counted. (C) Cell viability of 1 against RAW264.7 cells for 72 h were measured by MTT assay. Data are presented as the mean + SD (n = 3). ***P < 0.001 vs control group; P <

0.05 vs RANKL group.
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(+0.54), 311 (+1.90), 255 (-1.49), 226 (+2.11) nm; IR (film) vy,
3429, 2927, 1716, 1662, 1514, 1367, 1165 cm™; 'H and "*C NMR
data, Tables 1 and 2; HR-ESI-MS m/z 435.1177 [M + H]" (Calcd.
for C,,H,gBr0,, 435.1171).

Isochromophilone H (2): yellow solid; [a]lz)‘:' -4.4 (c 0.05,
MeOH); UV (MeOH) A,,,., (log £) 388 (2.89), 231 (3.11), 200 (3.21)
nm; ECD (0.3 mg-mL™", MeOH) A,y (Ag) 410 (-0.44), 332 (+0.29),
284 (-0.10), 235 (+0.86) nm; IR (film) v, 3398, 2926, 1674,
1635, 1521, 1456, 1404, 1373, 1190 cm™; 'H and "*C NMR data,
Tables 1 and 2; HR-ESI-MS m/z 319.1912 [M + H]" (Calcd. for
C19H2704, 319.1909), 341.1733 [M + Na]" (Calcd. for C;qH,gNaO,,
341.1729).

Isochromophilone I (3): yellow solid; [a}f -15.9 (c 0.12,
MeOH); UV (MeOH) A, (log €) 403 (3.67), 272 (3.67), 262
(3.69), 231 (3.90), 204 (3.93) nm; ECD (0.15 mg-mL™", MeOH)
Amax (A€) 415 (-0.89), 344 (+0.04), 270 (+0.68), 225 (+0.67), 204
(-0.60) nm; IR (film) v,n., 3446, 2931, 1749, 1716, 1697, 1653,
1558, 1541, 1506, 1456, 1029 cm™'; 'H and **C NMR data, Tables
1 and 2; HR-ESI-MS m/z 319.1903 [M + H]* (Calcd. for C;gH,;0,,
319.1909), 341.1724 [M + Na]' (Caled. for C;9Hy(NaO,,
341.1729).

Isochromophilone ] (4): yellow solid; [a]g’ +17 (¢ 0.07,
MeOH); UV (MeOH) A, (log €) 401 (3.05), 263 (3.06), 200 (3.26)
nm; ECD (0.25 mgmL™, MeOH) A, (Ag) 424 (-0.20), 342
(+0.81), 272 (-0.30), 313 (+2.86) nm; IR (film) v, 3408, 2929,
1734, 1635, 1519, 1406, 1373, 1244, 1033 cm™’; 'H and "*C NMR
data, Tables 1 and 2; HR-ESI-MS m/z 377.1962 [M + H]" (Calcd.
for C,1Hye04, 377.1964).

Isochromophilone K (5): yellow solid; [a]ZDS +21.7 (c 0.07,
MeOH); UV (MeOH) A,,,., (log £) 388 (2.84), 227 (3.07), 200 (3.20)
nm; ECD (0.35 mg:mL™, MeOH) A,., (As) 401 (+0.78), 334
(-0.19), 252 (+0.71), 219 (~1.05) nm; IR (film) v, 3396, 2929,
1716, 1683, 1653, 1541, 1506, 1456, 1417, 1192, 1070 cm™’; 'H
and *C NMR data, Tables 1 and 2; HR-ESI-MS m/z 289.1444 [M +
H]" (Calcd. for C;;H,;0,, 289.1440).

Isochromophilone L (6): yellow solid; [a]zbs +24.3 (c 0.07,
MeOH); UV (MeOH) A,,., (log £) 380 (3.25), 268 (2.82), 200 (3.05)
nm; ECD (0.25 mgmL™, MeOH) An., (Ag) 343 (+0.68), 302
(+0.06), 287 (+0.43), 248 (-0.05), 203 (-1.50) nm; IR (film) v,y
3379, 2929, 1653, 1575, 1417, 1396, 1118, 1064 cm™; 'H and **C
NMR data, Tables 1 and 2; HR-ESI-MS m/z 321.1328 [M + H]"
(Calcd. for Cy7H;,;0¢, 321.1338).

Diaporaldehyde A (7): colorless oil; [a]’ +18 (c 0.10, MeOH);
UV (MeOH) Ay (log €) 231 (3.92), 294 (3.47) nm; ECD (0.20
mg-mL™", MeOH) A, (Ag) 202 (+1.28), 234 (0.99) nm; IR (film)
Vimax 3292, 2958, 1683, 1635, 1558, 1506, 1489, 1456, 1417,
1251, 1122 cm™; 'H and *C NMR data, Table 3; HR-ESI-MS m/z
355.1896 [M + Na]" (Calcd. for CyoH,5Na0y, 355.1885).

Diaporaldehyde B (8): colorless oil; [a]és +24 (c 0.10, MeOH);
UV (MeOH) A,y (log €) 242 (3.94), 297 (3.64) nm; ECD (0.20
mg-mL™", MeOH) A, (A€) 237 (+3.00) nm; IR (film) v,,,, 3259,
2960, 2872, 1614, 1456, 1307, 1249, 1124, 1026 cm™"; *H and °C
NMR data, Table 3; HR-ESI-MS m/z 317.1750 [M + H]" (Calcd. for
C1oH,504, 317.1753), 339.1571 [M + Na]" (Calcd. for C;gH,,NaO,,
339.1572).

(5)-6-ethyl-2-((3E,5E)-hepta-3,5-dien-1-yl)-2,3-dihydro-4H-
pyran-4-one (9): colorless oil; [a]5 -38.5 (¢ 0.10, MeOH); UV
(MeOH) A (log €) 227 (3.74), 264 (3.48) nm; ECD (0.20
mg-mL™", MeOH) A, (Ag) 232 (-1.85), 250 (-0.27), 267 (-0.56),
288 (-0.07), 313 (-0.58) nm; IR (film) v, 3416, 2935, 2877,
1666, 1602, 1406, 1240, 1205, 1138, 1020 cm™; 'H and "*C NMR
data, Table 4; HR-ESI-MS m/z 221.1542 [M + H]" (Calcd. for
C14H,10,, 221.1542), 243.1360 [M + Na]" (Calcd. for C4H,oNaO,,
243.1361).

3.5. ECD calculations

Conformational searches were conducted using the

1151

Chinese Journal of Natural Medicines 23 (2025) 1143-1152

Spartan'14 software (Wavefunction Inc., Irvine, CA, USA) employ-
ing the Merck Molecular Force Field (MMFF) method as previ-
ously described *’. The MMFF minima were subsequently re-
optimized through DFT calculations at the B3LYP/6-31 + g (d, p)
level utilizing the PCM via Gaussian 16 software. The theoretical
ECD calculations were performed in MeOH by TDDFT at the
B3LYP/6-311 + G (d, p) level for the low-energy conformers us-
ing 50 excited states. ECD spectra were generated using the pro-
gram SpecDis 1.7 (University of Wiirzburg) and Prism 5.0 (Graph-
Pad Software Inc.) with a half-bandwidth of 0.2-0.4 eV (Table
S1), based on the Boltzmann-calculated contribution of each con-
former after UV correction. Additionally, the stable conformers of
the two diastereomers of 6 with Boltzmann populations exceed-
ing 1% were selected for NMR chemical shift calculations using
the gauge-including atomic orbital (GIAO) method at the
PCM//mPW1PW91/6-311 + G (d, p) level of theory for DP4 + cal-
culations as described previously **. The DP4 + calculations were
executed using the Excel spreadsheet available at sarotti-
NMR.weebly.com.

3.6. Anti-osteoclastogenic bioassay

The isolated compounds (1-11) were initially evaluated for
their inhibitory activities of LPS-induced NF-kB activation in
RAW?264.7 cells by NF-«B luciferase reporter gene assay as previ-
ously described “"*. RAW264.7 cells stably transfected with an NF-
kB luciferase reporter gene were pretreated with these com-
pounds (20 umol-L™") and BAY11-7082 (a typical NF-xB inhibitor
as positive control, 5 pmol-L™, Sigma-Aldrich) in 96-well plates
for 30 min, followed by 5 pg-mL™" LPS stimulation for 8 h. For the
anti-osteoclastogenesis assay, compound 1 (5, 10, and 20
umol-L™") was added to BMMs with both M-CSF (50 ng-mL™") and
RANKL (100 ng-mL™") stimulation for 3 d. Subsequently, com-
pound 1 (5, 10, and 20 pmol-L™") was added to RAW264.7 cells
with RANKL (100 ng-mL™") stimulation for 5 days. The cells were
then fixed and stained for TRAP activity, and the images were
captured by an inverted microscope (Nikon, Japan). Additionally,
the MTT assay kit was utilized to evaluate the cytotoxic effects of
1 (5, 15, 20 yumol-L™) on BMMs (1 x 10° cells/mL) for 72 h. Data
were expressed as the mean # SD and analyzed using GraphPad
Prism 7.0 software (San Diego, CA, USA). Statistical differences
among groups were determined using one-way analysis of vari-
ance (ANOVA) with a Bonferroni post-hoc test. A level of P < 0.05
was considered statistically significant.

4. Conclusion

This study identified six new azaphilones and three new bio-
synthetically related siblings from Diaporthe sp. SCSIO 41011
through the OSMAC approach. Their structures and absolute con-
figurations were established through comprehensive NMR, MS
spectroscopic analyses, and ECD calculations. Structurally, three
highly oxygenated azaphilones contain linear polyenoid moieties
and/or an acetyl group attached to the terminal chain, represent-
ing uncommon features in the azaphilone family. The structural
diversity and complexity of azaphilones primarily arise from ex-
tensive modifications of the pyranoquinone bicyclic core and
polyketide side chain length. Furthermore, several compounds
demonstrated inhibition of LPS-induced NF-«B in RAW 264.7
macrophages at 20 umol-L™". Significantly, the novel and most po-
tent compound (1) inhibited RANKL-induced osteoclast differen-
tiation without apparent cytotoxicity in BMMs, indicating its po-
tential as a promising lead compound for osteolytic disease treat-
ment. These findings expand the chemical and bioactive diversity
of azaphilones and establish a foundation for the further develop-
ment of azaphilones as potential anti-osteoporosis therapeutic
agents.
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