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Seven new sesquiterpenes, named penicipenoids A-G (1-7), were isolated from rice-based
fermentation cultures of the marine sponge-derived fungus Penicillium sp. 5975, together
with ten known analogues (8-17). Their structures were elucidated using high-resolution
mass spectrometry (HR-MS) and nuclear magnetic resonance (NMR) spectroscopy, suppor-
ted by single-crystal X-ray diffraction analysis and electronic circular dichroism (ECD) calcula-
tions. Penicipenoid A (1) features an unprecedented sesquiterpene scaffold characterized by a
tricyclo[4.4.1"°0*"|hendecane core. Penicipenoid D (4) contains an unusual furan substruc-
ture within the cadinane-type sesquiterpenoid class, while penicipenoid F (6) represents a
rare norsesquiterpene derivative lacking the carbon atom at the C-7 position. The in vivo anti-
oxidant and anti-inflammatory effects of these compounds were evaluated using transgenic
fluorescent zebrafish models. Penicipenoids A-C (1-3) exhibited anti-oxidant activity in met-
ronidazole (MTZ)-treated transgenic zebrafish embryos, whereas penicipenoid E (5) demon-
strated potent anti-inflammatory activity in CuSO4-induced transgenic fluorescent zebrafish

embryos.

1. Introduction

Marine sponges are benthic invertebrate metazoans and have
been proven to be prolific producers of biologically active natur-
al products '. These organisms host diverse microbial communit-
ies, including mutualistic, commensal, and parasitic symbionts,
which can constitute up to 38% of the total sponge biomass .
Sponge-associated fungi have emerged as promising sources of
structurally diverse and biologically significant secondary meta-
bolites, such as alkaloids **, polyketides °, peptides °, sesquiter-
penoids ", meroterpenoids '’ and others. Among these, sesquit-
erpenoids exhibit a broad spectrum of biological activities, in-
cluding anti-inflammatory ’, cytotoxic "', anti-bacterial ", anti-
viral °, and additional pharmacological effects . Interest in ses-
quiterpenoids has grown steadily over time, leading to the bio-
synthesis and chemical synthesis of numerous derivatives for bio-
logical evaluation ' *°,

Previous chemical investigations of sponge-associated fungi
have yielded novel bioactive sesquiterpenoids, such as tricho-
dermaloids A-C '°, nigerin, and ochracenes J-L . As part of an

* Corresponding author.
E-mail addresses: shupingwang2007@163.com (S. Wang); weihuajiao@hot-
mail.com (W. Jiao)
“ These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(26)61181-8

ongoing effort to discover new secondary metabolites from mar-
ine sponge symbiotic fungi, rice-based fermentation of Penicilli-
um sp. 5975, an isolate from the inner tissue of a marine Dysidea
sp. sponge collected in the South China Sea, yielded an organic ex-
tract exhibiting potent in vitro anti-oxidant activity at 10
mg-mL~". Comprehensive chemical analysis of the bioactive ex-
tract led to the isolation of seven previously undescribed sesquit-
erpenoids, named penicipenoids A-G (1-7), along with ten
known analogues (8-17). Notably, penicipenoid A (1) features an
unprecedented rearranged cadinane-type sesquiterpene skelet-
on incorporating a rare tricyclo[4.4.1"°0>"]hendecane core. Peni-
cipenoid D (4) contains an unusual furan substructure, while
penicipenoid F (6) represents a rare norsesquiterpene within the
cadinane sesquiterpenoid family. Bioactivity assessments re-
vealed that penicipenoids A-C and penicipenoid E exhibited dose-
dependent anti-oxidant and anti-inflammatory activities, respect-
ively, in in vivo transgenic fluorescent zebrafish embryos. Herein,
we report the isolation, structural elucidation, and biological
evaluation of these newly identified sesquiterpenoids.

2. Results and discussion
Compound 1 was isolated as yellowish needles. The high-res-

olution electrospray ionization(+) mass spectrometry (HR-ESI(+)-
MS) spectrum displayed a protonated ion at m/z 265.1435 [M + H]"

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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(Calcd. for Cy5H,,04, 265.1434), establishing the molecular for-
mula as Cy5Hpo0, and indicating six double-bond equivalents
(DBE). The infrared (IR) spectrum revealed absorption bands
corresponding to a hydroxy group at 3414 cm™ and an a,f-unsat-
urated carbonyl group at 1686 cm™ '*'°, The 'H nuclear magnet-
ic resonance (NMR) data for 1 (Tables 1 and S1) exhibited sig-
nals attributable to an olefinic methine proton at &y 6.29, two
methyl doublets at 6y 0.86 and 0.80, and additional aliphatic
methine and methylene protons. The *C NMR data supported
these assignments, showing resonances for one a,S-unsaturated
ketone at d; 203.4, one carbonyl at §; 167.8, one nonprotonated
olefinic carbon at 6. 157.4, one olefinic methine carbon at &,
128.2, one oxygenated nonprotonated carbon at §; 80.3, and two
methyl groups at §; 21.01 and 20.98, accounting for three of the
six DBE and implying the presence of three rings in the structure
of 1. The planar structure of 1 was elucidated using 2D NMR
spectra. Heteronuclear multiple bond correlations (HMBCs) of H-
2 with C-3, C-4, and C-6; H-4 with C-2, C-3, and C-5; and H-6 with
C-1, C-2, C-4, C-5, and C-11 enabled the construction of ring A and
placement of the carboxylic acid group at C-5 (Fig. 1 and Table
S1). This assignment was further corroborated by HMBCs of H-1
with C-3, C-5, and C-6. Ring B was established through "H-"H cor-
relation spectroscopy (COSY) correlations of H-1/H-10/H,-9/H,-
8 and HMBCs of H-6/C-7 and C-12, H,-8/C-7, C-9, C-10, and C-12,
and H-1/C-10 and C-13. A hydroxy group and the methylene
group CH,-12 were both assigned to C-7 in ring B based on the

Table 1 'Hand "°C NMR data for 1-4 in DMSO-d;".
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downfield chemical shift of C-7 (8; 80.3) and HMBCs of H,-12
with C-6, C-7, and C-8. Additionally, an isopropyl group was posi-
tioned at C-10, as indicated by 'H-'H COSY correlations of H-
10/H-13 and H;-14/H-13/H;-15. The diagnostic "H-"H COSY cor-
relation between H-2 and H,-12, along with HMBCs of H,-12 with
C-1, C-2, and C-3, suggested the formation of a ring C bridging
rings A and B. This connectivity was further confirmed by HMBCs
of H-1/C-12 and H-2/C-7. Thus, an unprecedented sesquiterpene
skeleton featuring a rare tricyclo[4.4.1"°0>"]hendecane core was
established.

The relative configuration of penicipenoid A (1) was determ-
ined by rotating-frame Overhauser effect spectroscopy (ROESY)
analysis (Fig. 2). ROESY correlations between H-6 and H-10 indic-
ated that both protons adopt a S-orientation, whereas correla-
tions involving H-12a, H-13, and H-9a suggested an a-orientation
for these protons. Furthermore, single-crystal X-ray diffraction
analysis of 1 using Cu Ka radiation confirmed these assignments
and established the absolute configuration as 1S5,2S,6R,7R,10R
(Fig. 3), which was consolidated by comparing experimental and
calculated ECD spectra *’ of 1 (Supplementary Fig. S11).

HR-ESI(+)-MS analysis of 2 revealed a sodium adduct ion at
m/z 323.1030 [M + Na]", corresponding to a molecular formula of
C45H,,04Cl and five DBE. Analysis of the 1D and 2D NMR data for
2 (Tables 1 and S2) indicated the presence of an a,$-unsaturated
ketone, an a,f-unsaturated carboxylic acid, an olefinic methine,
and a nonprotonated olefinic carbon, accounting for three DBE

1 2 3 4
No.
6¢c mult. 6y (Jin Hz) 6¢c mult. Sy (Jin Hz) 6¢c mult. 6y (Jin Hz) 6¢c mult. 6y (Jin Hz)
1 49.9,CH 2.23,s 37.4,CH 1.92,m 39.5,CH 212,m 134.6,C
2a 48.9, CH 2.52,s 29.7, CH, 2.85,dd (18.9, 4.2) () 138.2, CH 6.81,s 120.7,CH 7.71,s
2b 211, m (B)
3 203.4,C 149.7,C 128.4,C 134.6,C
4a 128.2,CH 6.29,s 131.4,CH 6.39,d (2.8) 35.3,CH, 2.57,m (a) 109.8, CH 7.89,s
4b 2.02,m (B)
5 157.4,C 203.1,C 68.5, CH 391, m 152.0,C
6 53.4,CH 2.67,s 57.7,CH 2.61,d (13.3) 52.2,CH 1.61,t(11.2) 130.2,C
7 80.3,C 72.3,C 73.3,C 121.6,C
8a 39.7,CH, 1.73, m 34.3,CH, 1.23,td (13.3, 3.5) 34.4,CH, 2.10,m 59.8, CH 5.03,dd (7.2, 3.6)
8b 2.10,m 1.18,m
9a 25.8, CH, 1.82, m (a) 19.3, CH, 1.52, m (a) 20.5, CH, 1.55,m 34.8, CH, 1.98, m (a)
9b 1.18,m (B) 0.97,dd (12.6, 2.8) (8) 0.99,m 1.87,m (B)
10 46.1,CH 1.13,m 47.3,CH 1.35,m 45.1, CH 1.18, m 41.0,CH 2.95,q(1.8)
11 167.8,C 167.6,C 167.6,C 168.5,C
12a 35.0, CH, 2.02,dd (13.8,7.8) 48.2, CH, 3.81,m 49.1, CH, 4.00,d (11.9) 142.3,CH 7.95,s
12b 1.28,d (13.8) 3.78,d (11.9)
13 29.6,CH 1.36, m 1.96, m 26.3,CH 2.06, m 29.0,CH 2.14,m
14 21.01°, CH, 0.80, d (6.6) 0.73,d (7.0) 15.1, CH3 0.77,d (7.0) 21.2, CH3 0.99, d (6.6)
15 20.98°, CH, 0.86,d (6.6) 0.92,d (7.0) 21.2,CH; 0.92,d (7.0) 18.9, CH; 0.91,d (6.6)
5-OH 6.13,d (3.5)
7-OH 5.43,s
11-0H 12.37,s

*'H and "*C NMR data respectively recorded in 600 and 150 MHz for 1 and 4 while 700 and 175 MHz for 2 and 3. " overlapping signals.
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Fig. 2 Key ROESY correlations of 1-7.

and suggesting a bicyclic framework. The 'H-'H COSY correla-
tions of H-2/H-1/H-6, together with HMBCs from H-2 to C-1, C-3,
C-4, C-6, and C-11 and from H-6 to C-1, C-2, and C-5, permitted
the assembly of ring A and placement of the carboxylic acid at C-3
(Fig. 1). These assignments were further supported by HMBCs of
H-4 with C-2, C-3, C-6, and C-11. The 'H-'H COSY correlations of
H-1/H-10/H,-9/H,-8 and H3-14/H-13/H-10, combined with HM-
BCs of H-6 with C-1, C-7, C-8, C-10, and C-12 and H,-8 with C-6, C-
7, C-9, C-10, and C-12, indicated the presence of ring B, featuring
a chloride-substituted methylene group CH,-12 at C-7 and an iso-

634

propyl group at C-10. The latter was further confirmed by HM-
BCs of H,-12 with C-6, C-7, and C-8. The remaining hydroxy
group was assigned to C-7 based on its carbon chemical shift (5
72.3). The large coupling constant of H-6 (J/ = 13.3 Hz) indicated a
trans-fusion of rings A and B, consistent with ROESY correlations
observed between H-6 and H-10, H-1 and H,-12, and H-1 and Hs-
14 (Fig. 2). The absolute configuration of penicipenoid B (2) was
determined to be 1R,6S,7S,10R by single-crystal X-ray diffraction
(Fig. 3) and confirmed by ECD calculations (Fig. S22).

The HR-ESI(+)-MS spectrum of 3 showed a sodium adduct at
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Fig. 3 Single-crystal X-ray diffraction structures of 1-4.

m/z 325.1176 [M + Na]’, consistent with a molecular formula of
Cy5H,30,4Cl, representing a homologue of 2 with the addition of a
H, unit. The 'H and "*C NMR data of 3 (Tables 1 and S3) closely
resembled those of 2, with notable differences: CH,-2 (6¢ 29.7 /6y
2.85 and 2.11), CH-4 (8¢ 131.4/6y 6.39), and CO-5 (8¢ 203.1) in 2
were replaced by CH-2 (6. 138.2/8y 6.81), CH,-4 (6¢ 35.3/6y 2.57
and 2.02), and CH(0)-5 (8¢ 68.5/6y; 3.91) in 3. This structural as-
signment was supported by HMBCs of H-2 with C-1, C-3, C-4, C-6,
C-10, and C-11, as well as H,-4 with C-2, C-3, C-5, C-6, and C-11
(Fig. 1). Detailed analysis of ROESY correlations, including H-1/H-
5, H-6/H-10, and 5-OH/H-6, established a trans-fusion of rings
A/B and the f-orientation of the 5-OH group. Single-crystal X-ray
diffraction analysis assigned the absolute configuration of 3 as
1R,5R,6R,7S,10R (Fig. 3), which was further corroborated by
comparison of the experimental and calculated ECD spectra (Fig.
$33).

The HR-ESI(-)-MS spectrum of 4 exhibited a deprotonated
ion at m/z 259.0993 [M - H]’, consistent with a molecular for-
mula of C;sH;c0,4 and eight DBE. The '"H NMR spectrum of 4
(Tables 1 and S4) displayed three singlet aromatic protons at 6y
7.71, 7.89, and 7.95, one oxygenated methine proton at 6y 5.03,
and two methyl doublets at 8y 0.91 and 0.99. The *C NMR data
confirmed these assignments, revealing one carboxylic acid car-
bon at 6. 168.7, five nonprotonated aromatic carbons at 8¢ 152.0,
134.6, 134.6, 130.2, and 121.6, three aromatic methines at &
120.7, 109.8, and 142.3, one oxygenated aliphatic methine at ;¢
59.8, and two methyl groups at 6 18.9 and 21.2, accounting for
five of the eight DBE and suggesting three additional rings in 4. A
spin system was identified via "H-"H COSY cross-peaks of H-10/H-
13, H3-14/H-13/H;5-15, and H-10/H,-9/H-8 (Fig. 1). Three sets of
HMBCs, H-2 with C-4, C-6, C-10, and C-11; H-4 with C-5, C-6, and
C-11; and H-12 with C-5, C-6, and C-7, enabled the construction
of a benzofuran moiety (rings A/C) in 4. This assignment was re-
inforced by HMBCs of H-10 with C-1, C-6, and C-8, and H-8 with C-
6, C-7, C-9, C-10, and C-12. The relative and absolute configura-
tions of 4 were determined by ROESY and single-crystal X-ray dif-
fraction (Fig. 3). The 8S,10R configuration was confirmed by ECD
calculations (Fig. S44).

HR-ESI(-)-MS analysis of penicipenoid E (5) revealed a de-
protonated ion at m/z 267.1601 [M - H]", consistent with a mo-
lecular formula of C;5H,,404, indicating that it is an analogue of 3
in which the chlorine atom is replaced by hydrogen. Comparison

635

of the 'H and *C NMR data of 5 (Tables 2 and S5) and 3 showed
excellent agreement, except for the replacement of CH(0)-5 (&¢
68.5/6, 3.91) and CH,Cl-12 (6. 49.1/6, 4.00 and 3.78) in 3 by
CH,-5 (8¢ 21.4/6y 2.10 and 1.13) and CH,0H-12 (6; 61.9/6y 3.43
and 3.31) in 5. This assignment was supported by 'H-'H COSY
correlations of H,-4/H,-5/H-6, along with HMBCs of H-4 with C-
2, C-3, C-5, and C-6; H-6 with C-1, C-4, C-5, C-7, and C-12; and H,-
12 with C-6, C-7, and C-8 (Fig. 1). ROESY analysis indicated that 5
shares identical relative configurations at C-1, C-6, C-7, and C-10
with 3 (Fig. 2). The absolute configuration of 5 was assigned as
1R,6S,75,10R based on comparison of the experimental and cal-
culated ECD spectra (Fig. 4).

A deprotonated ion at m/z 247.0991 [M - H] in the HR-
ESI(-)-MS spectrum of 6 indicated a molecular formula of
Cy4H,40, with seven DBE. The 'H NMR spectrum of 6 (Tables 2
and S6) displayed signals for one phenolic hydroxy proton at &y
12.43, two aromatic singlet protons at 6y 7.29 and 7.19, two
methyl doublets at 6y 0.89 and 0.93, and various aliphatic pro-
tons. The *C NMR data supported these assignments, showing
one a f-unsaturated ketone at &; 205.5, one a,f-unsaturated
carboxylic acid at §; 168.0, one phenyl-substituted aromatic car-
bon at §: 161.8, three nonprotonated aromatic carbons at J
147.9, 129.7, and 117.0, two aromatic methine carbons at &
119.9 and 115.4, and two methyl carbons at §; 19.7 and 21.4, ac-
counting for five of the seven DBE and suggesting a bicyclic struc-
ture. A spin system was established via "H-'H COSY correlations
of H,-8/H,-9/H-10/H-12 and H3-13/H-12/H;3-14 (Fig. 1). Four
HMBC networks, H-2 with C-1, C-6, C-10, and C-11; H-4 with C-2,
C-5, C-6, and C-11; H,-8 with C-7, C-9, and C-10; and H-10 with C-
1, C-2, C-6, C-12, and C-14, enabled the construction of a 6/6-bi-
cyclic substructure, with the carboxylic acid at C-3, the phenolic
hydroxy at C-5, and the ketone at C-7. The absolute configuration
at C-10 was determined as 10 R by comparison of experimental
and calculated ECD spectra (Fig. 4).

HR-ESI(-)-MS spectrum of penicipenoid G (7) exhibited a de-
protonated ion at m/z 295.1572 [M - H]", consistent with a mo-
lecular formula of C;4H,405, suggesting that it is an analogue of
the known fungal sesquiterpene trichocitrinovirene A with an ad-
ditional CH, unit *'. The "H and "*C NMR data of 7 (Tables 2 and
S7) were highly similar to those reported for trichocitrinovirene
A, with a key difference being an additional methoxy group (8¢
52.2/6y 3.69). The position of this methoxy group was determ-
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Table 2 'H (600 MHz) and "*C (150 MHz) NMR data for 5-7°.
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5 6
No.
Sc mult. Sy (Jin Hz) Sc mult. Sy (Jin Hz) 6c mult. Sy (Jin Hz)
1 39.9,CH 1.96, m 147.9,C 39.6, CH 3.02,t(10.2)
2a 138.8, CH 6.89, s 119.9, CH 7.29,s 151.5, CH 6.81,d (13.2)
2b
3 131.5,C 129.7,C 130.1,C
4a 25.5, CH, 2.30,dd (13.8,3.6) 115.4, CH 7.19,s 32.4,CH, 3.42,d(16.8)
4b 1.95,m 3.38,d(16.8)
Sa 21.4,CH, 2.10, m (B) 161.8,C 174.0,C
5b 1.13, m (a)
6 48.0, CH 1.22,m 117.0,C 122.2,CH 5.30,s
7 72.2,C 205.5,C 140.3,C
8a 35.1,CH, 2.08,m 34.9, CH, 2.80,m 25.8, CH, 2.12,m
8b 1.07,m 2.58,dt (18.0,5.4) 2.03,m
9a 21.1,CH, 1.49, m (@) 23.5,CH, 2.05,m 21.1,CH, 1.78, m (@)
9b 1.25,m () 1.32,m (B)
10 45.5,CH 1.05,m 44.2,CH 2,62, m 45.0,CH 1.36,m
11 168.8,C 168.0, C 171.2,C
12a 61.9, CH, 3.43,d (9.6) 29.3,CH 2.00,m 66.9, CH, 4.01,t(13.2)
12b 3.31,d (9.6)
13 25.9,CH 2.12,m 21.4,CH; 0.89,d (6.6) 28.6,CH 1.65, m
14 21.3,CH; 0.92,d (6.0) 19.7, CHy 0.93,d (6.6) 21.4, CH,4 0.93,d (6.6)
15 15.2, CHy 0.77,d (6.0) 16.8, CHy 0.78,d (6.6)
16 52.2,CH, 3.69,s
5-OH 12.43,s

“ the NMR data of 5 and 6 were measured in DMSO-dg, but the NMR data of 7 were measured in CDCls.
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Fig.4 Comparison of the experimental and calculated ECD spectra of 5-7 in MeOH.

ined by HMBCs between H3-16 and C-11, confirming the attach-
ment of 16-OMe at C-11 (Fig. 1). Comparable ROESY correlations
between 7 and trichocitrinovirene A indicated identical relative
configurations at the two stereogenic centers (Fig. 2). The abso-
lute configuration of 7 was determined as 1R,10R by comparison
of the experimental and calculated ECD spectra (Fig. 4).

In addition, ten known sesquiterpenes (8-17) were isolated
from the title fungus and identified as aspergilloid G (8) '°, asper-
gilloid H (9) %, rhinomilisin G (10) °, trichodermaloid A (11) *°,
trichodermaloid B (12) '°, methylhydroheptelidate (13) **, hep-
telidic acid chlorohydrin (14) *, hydroheptelidic acid (15) **, xy-

636

laric acid (16) *, and gliocladic acid (17) *° by comparison with
previously reported spectroscopic data.

The biosynthetic pathway of penicipenoid A (1) is proposed
to originate from farnesyl pyrophosphate (FPP), as illustrated in
Scheme 1. Cyclization of FPP leads to a cadinene intermediate
(1a), followed by a cope rearrangement that relocates a methyl
group from C-3 to C-5, yielding 1b. Subsequent oxidation and de-
hydration steps convert 1b to 1d. A Claisen condensation
between C-2 and C-12 in 1d then forms a novel bridged ring be-
neath the bicyclic system in 1e. Final oxidation at C-11 affords 1.
To the best of our knowledge, penicipenoid A (1) represents the
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Scheme 1 A plausible biosynthetic pathway for penicipenoid A (1).

first naturally occurring rearranged cadinane sesquiterpene fea-
turing the unprecedented tricyclo[4.4.1%0%7
skeleton.

]hendecane carbon

All 17 isolated sesquiterpenoids (1-17) were evaluated for
anti-oxidant activity using in vivo metronidazole (MTZ)-treated
transgenic fluorescent zebrafish embryos, with vitamin C as the
positive control. Penicipenoids A-C (1-3) exhibited potent, dose-
dependent anti-oxidant activity at concentrations of 10, 20, and
40 pmol-L™ (Fig. 5). Notably, penicipenoid B (2) demonstrated
greater activity than penicipenoid C (3) at 10 and 20 umol-L™,
despite their structural similarity, except for the presence of an
a,B-unsaturated ketone at C-5 in 2. Structure-activity relation-
ship (SAR) analysis suggests that this functional group enhances
anti-oxidant activity. However, at 40 pumol-L™", 2 exhibited re-
duced activity compared to 3, likely due to toxicity toward
zebrafish embryos not observed with 3. When anti-inflammatory
activity was assessed in CuSO,4-induced transgenic zebrafish em-
bryos using indomethacin as the positive control, only penicipen-
oid E (5) showed activity, albeit weaker than the control (Fig. 6).
Structural comparison suggests that the two hydroxy groups at C-
7 and C-12 may be critical for anti-inflammatory activity among

A
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these sesquiterpenes.
3. Conclusion

In conclusion, we report the discovery of seven cadinane ses-
quiterpenoids with rearranged chemical scaffolds, penicipenoids
A-G (1-7), from the marine sponge symbiotic fungus Penicillium
sp. 5975. Penicipenoid A (1) features an unprecedented sesquit-
erpene carbon skeleton incorporating a tricyclo[4.4.1"°0*"]hen-
decane core. Penicipenoids A-C (1-3) exhibited anti-oxidant
activity in MTZ-treated transgenic zebrafish embryos, while peni-
cipenoid E (5) demonstrated potent anti-inflammatory activity in
CuS0,-induced transgenic fluorescent zebrafish embryos. These
findings highlight the potential of marine sponge symbiotic fungi
as a significant source of bioactive natural products.

4. Experimental

4.1. General experimental procedures

Optical rotations were measured using an Autopol VI Serial
#91007 polarimeter (Rudolph Research Analytical, Hackett-
stown, NJ, USA). UV and ECD spectra were recorded in MeOH on a
Jasco J-810 spectropolarimeter. IR spectra were obtained using a
VERTEX 70 FT-IR spectrometer (Bruker). HR-ESI-MS and ESI-MS
data were acquired on a Thermo Scientific Q Exactive HF-Orbit-
rap-FTMS and a Waters Xevo G2-SQTOF spectrometer, respect-
ively. One-dimensional (1D) and two-dimensional (2D) NMR ex-
periments were performed on Bruker Avance DRX-600 and 700
MHz NMR spectrometers using DMSO-dg (6¢ 39.5/6y 2.50) and
CDCl; (8¢ 77.0/6y 7.26) as solvents. Semi-preparative high-per-
formance liquid chromatography (HPLC) was conducted on a Wa-
ters 1525 binary HPLC pump equipped with a 2998 photodiode
array detector. A YMC-Pack Pro RS C;g column (250 mm x 10
mm, 5 pm) was used for semi-preparative purification at a flow
rate of 2 mL-min™".

4.2. Collection and isolation of Penicillium sp. 5975

The fungal strain Penicillium sp. 5975 was isolated from the
marine sponge Dysidea sp. collected in the South China Sea. The

1 (40 pmol-L™)

Ll

Control Model Ve 10

el
1 (20 pmol-L™")
220 L
3 (20 pmol-L™") 3 (40 umol-L™")
20 40 10 20

40 10 20 40
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Fig. 5 In vivo antioxidant activity of penicipenoids A-C (1-3) in metronidazole (MTZ)-treatment zebrafish embryos (n = 5). (A) In vivo visualization of Tg (krt4:NTR-
hKikGR)™" zebrafish skin fluorescence treated with different concentrations (10, 20, and 40 pmol-L™") of 1-3, using vitamin C as positive control. (B) Quantitative analysis
of fluorescence spots (FS) in zebrafish (in the red frame) treated with 1-3. Data were derived from the five independent experiments and represented as mean #* SD. P <

0.05, P < 0.01 vs model.
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5 (40 pmol-L™)
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Fig. 6 In vivo anti-inflammatory activity of penicipenoid E (5) in zebrafish embryos (n = 5). (A) Images of inflammatory sites in CuSO4-induced transgenic fluorescent
zebrafish (Tg:zlyz-EGFP) expressing enhanced green fluorescent protein (EGFP) treated with different concentrations (10, 20, and 40 pmol-L™") of 5, using indomethacin as
positive control. (B) Quantitative analysis of macrophages in the region of inflammatory sites in zebrafish treated with 5. Data were derived from the three independent ex-

periments and represented as mean * SD. P < 0.05, P < 0.01 vs model.

fungus was cultured on ISP2 medium at 30 °C for three days to
prepare genomic deoxyribonucleic acid (DNA), which was extrac-
ted using a commercial DNA kit (DNA-Technology Ltd.) following
the manufacturer’s instructions. The 18S ribosomal ribonucleic
acid (rRNA) gene was amplified via PCR using universal primers
3NDF (5'-GGCAAGTCTGGTGCCAG-3') and V4_euk R2 (5'-ACG-
GTATCTATCTCTTCG-3"). BLAST analysis revealed that the ampli-
fied small subunit rRNA gene sequence (ID: PV211015) shares
99% homology with other members of the genus Penicillium sp.
(Supporting Information). The strain is preserved at the Re-
search Center for Marine Drugs, Ren Ji Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, China.

4.3. Cultivation and isolation of Penicillium sp. 5975

Penicillium sp. was cultivated on rice medium at room tem-
perature for 30 days in 50 Erlenmeyer flasks, each containing 70
g of rice, 0.3 g of peptone, 0.3 g of yeast extract, 0.1 g of monoso-
dium glutamate, and 0.3 g of NaCl. The fermented culture was ex-
haustively extracted with EtOAc until the organic phase became
nearly colorless. The combined EtOAc extracts were concen-
trated in vacuo to afford a crude extract (97 g), which was se-
quentially partitioned between H,0 and equal volumes of EtOAc.
The dried EtOAc-soluble fraction (40 g) was subjected to silica gel
column chromatography eluted with a gradient of EtOAc in petro-
leum ether to yield 13 fractions (E1-E13). Fractions E4-E8 were
combined into a single fraction (E48, 3.0 g), which was further
separated by normal -phase silica MPLC (gradient petroleum eth-
er/EtOAc) to give ten subfractions (E48A-E48]). Subfraction
E48C (36.9 mg) was purified by reversed-phase (RP) semi-pre-
parative HPLC (30% MeCN/H,0) to yield aspergilloid G (8, 2.8
mg) and aspergilloid H (9, 5.8 mg). Subfraction E48G (45.7 mg)
was purified under the same conditions (25% MeCN/H,0) to af-
ford penicipenoid E (5, 3.8 mg) and methylhydroheptelidate (13,
5.2 mg). Subfraction E48K (21.0 mg) was purified by RP semi-
prep HPLC (35% MeCN/H,0) to yield penicipenoid C (3, 10.2
mg). Fraction E9 (631 mg) was separated by RP C;g-MPLC (gradi-
ent MeCN/H,0, 10%-100%) to afford five subfractions
(E9A-E9E). Subfraction E9C (84.9 mg) was further purified by RP
semi-prep HPLC (20% MeCN/H,0) to yield rhinomilisin G (10,
7.0 mg). Fraction E10 (2.2 g) was similarly separated by RP C,g-
MPLC (10%-100% MeCN/H,0) to yield five subfractions
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(E10A-E10E). Subfraction E10D (85.7 mg) was purified by RP
semi-prep HPLC (30% MeCN/H,0) to afford penicipenoid A (1,
5.2 mg), trichodermaloid A (11, 4.8 mg), and trichodermaloid B
(12, 7.3 mg). Fraction E11 (2.5 g) was subjected to RP C;g-MPLC
(10%-100% MeCN/H,0) to afford six subfractions (E11A-E11F).
Subfraction E11B (71.3 mg) was purified by RP semi-prep HPLC
(35% MeCN/H;0) to yield penicipenoid B (2, 7.1 mg). Fractions
E12 and E13 were combined into a new fraction (E1213, 4.1 g),
which was separated by RP C;g-MPLC (10%-100%) to afford 22
subfractions (E1213A-E1213V). Subfraction E1213A (101.6 mg)
was purified by RP semi-prep HPLC (20% MeCN/H,0) to yield
penicipenoid D (4, 5.8 mg), heptelidic acid chlorohydrin (14, 8.9
mg), xylaric acid (16, 2.7 mg), and gliocablic acid (17, 3.3 mg).
Subfraction E1213M (21.9 mg) was separated by RP semi-prep
HPLC (60% MeOH/H,0) to afford hydroheptelidic acid (15, 4.0
mg). Subfraction E1213N (91.5 mg) was purified by RP semi-prep
HPLC (30% MeCN/H,0) to afford penicipenoid F (6, 2.5 mg) and
penicipenoid G (7, 2.0 mg).

Penicipenoid A (1): yellowish needles; [a]g’ +172.1 (c 0.24,
MeOH); UV (MeOH) A, (loge): 200 (2.60) nm; ECD (c 9.0 x 107
mol-L™, MeOH) A,,,, (A€) 227 (-16.7), 265 (+17.8) nm; IR (KBr)
Vmax: 3414, 2960, 2871, 1686, 1470, 1387, 1339, 1250, 1098,
1065, 999, 950, 720, 692 cm™; 'H (600 MHz, DMSO0-d;) and “°C
(150 MHz, DMSO-dg) NMR, Tables 1 and S1; ESI-MS m/z 265.1 [M +
H]"; HR-ESI(+)-MS m/z 265.1435 [M + H]" (Calcd. for C;5H,,0,,
265.1434).

Penicipenoid B (2): colorless needles; [aﬁf +41.7 (c 0.41,
MeOH); UV (MeOH) A,y (loge): 238 (3.62) nm; ECD (¢ 1.67 x 107
mol-L™, MeOH) A,,,, (Ae) 211 (+15.0) nm; IR (KBr) v, 2959,
1720, 1660, 1462, 1452, 1389, 1370, 1344, 1238, 1204, 1084,
1060, 1024, 993, 806, 747, 702 cm™; 'H (700 MHz, DMSO-d)
and ®C (175 MHz, DMSO-dg) NMR, Tables 1 and S2; ESI-MS m/z
323.1 [M + Na]"; HR-ESI(+)-MS m/z 323.1030 [M + Na]* (Calcd.
for Cy5H,;0,CINa, 323.1030).

Penicipenoid C (3): colorless needles; [af]]z)5 -9.6 (c 0.25,
MeOH); UV (MeOH) A, (Ioge): 218 (3.92) nm; ECD (c 1.66 x 10™*
mol-L™", MeOH) A,y (Ag) 200 (-14.2), 244 (-5.13) nm; IR (KBr)
Vmax: 3399, 2960, 2873, 2630, 1686, 1644, 1422, 1388, 1267,
1120, 1092, 1078, 1011, 998, 917, 876, 787, 745 cm™; 'H (700
MHz, DMS0-d;) and **C (175 MHz, DMSO-dg) NMR, Tables 1 and
S3; ESI-MS m/z 325.1 [M + Na]’; HR-ESI(+)-MS m/z 325.1176
[M + Na]" (Calcd. for C;5H,30,CINa, 325.1177).
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Penicipenoid D (4): red needles; [a]és +12.0 (¢ 0.58, MeOH);
UV (MeOH) Aoy (loge): 223 (3.39), 273 (3.41) nm; ECD (c 1.93 x
107 mol-L™", MeOH) A, (Ag) 225 (+9.1), 272 (-3.29) nm; IR
(KBI) Vimay: 3305, 2959, 2929, 1691, 1606, 1573, 1417, 1293,
1243, 1115, 1063, 1004, 934, 780 cm™; 'H (600 MHz, DMSO-dg)
and "C (150 MHz, DMSO-d¢) NMR, Tables 1 and S4; ESI-MS m/z
259.1 [M - H]"; HR-ESI(-)-MS m/z 259.0993 [M - H]™ (Calcd. for
C1sH1504, 259.0976).

Penicipenoid E (5): white amorphous solids; [a]g’ +34 (c
0.74, MeOH); UV (MeOH) A, (loge): 213 (3.69) nm; ECD (c 1.88
x 107 mol-L™", MeOH) A, (A€) 202 (-6.1), 243 (-3.03) nm; IR
(KBI) Vinay: 3374, 2955, 2869, 1687, 1641, 1536, 1463, 1402,
1369, 1260, 1080, 1047, 1009, 914, 756 cm™; 'H (600 MHz,
DMSO0-dg) and **C (150 MHz, DMSO-dg) NMR, Tables 2 and S5; ESI-
MS m/z 267.1 [M - H]’; HR-ESI(-)-MS m/z 267.1601 [M - H]
(Calcd. for Cy5H»30,4, 267.1602).

Penicipenoid F (6): colorless amorphous solids; [a]ZDS -1.9 (c
0.16, MeOH); UV (MeOH) A,y (loge): 200 (3.25), 270 (2.90) nm;
ECD (c 2.02 x 107 mol-L™", MeOH) A, (Ag) 215 (2.54), 324
(-0.85) nm; IR (KBr) V., 3424, 2958, 1636, 1558, 1386, 1352,
1312, 1207, 1176, 1049, 1026, 1005, 796 cm™’; 'H (600 MHz,
DMSO0-d) and **C (150 MHz, DMSO-dg) NMR, Tables 2 and S6; ESI-
MS m/z 247.1 [M - H]; HR-ESI(-)-MS m/z 247.0991 [M - H]
(Calcd. for Cy4H;504, 247.0976).

Penicipenoid G (7): colorless amorphous solid; [a]f)s +248.0
(c 0.09, MeOH); UV (MeOH) A« (loge): 220 (2.93) nm; ECD (c
6.08 x 107 mol-L™", MeOH) A,y (Ag) 226 (+32.1) nm; IR (KBr)
Vimax: 3354, 2956, 2928, 1740, 1559, 1436, 1412, 1368, 1271,
1014, 826, 778, 738 cm™; 'H (600 MHz, DMSO-d,) and **C (150
MHz, DMSO-dg) NMR, Tables 2 and S7; ESI-MS m/z 295.1 [M -
H]; HR-ESI(-)-MS m/z 295.1572 [M - H] (Calcd. for C;¢H,30s,
295.1551).

4.4. X-ray crystallographic analysis

Crystals suitable for X-ray diffraction were obtained for com-
pounds 1-4 by vapor diffusion using MeOH and acetone/
MeOH (1:1, V/V), respectively. Data collection was performed on
a Bruker APEX-II CCD diffractometer equipped with graphite-
monochromated Cu Ka radiation (A = 1.541 78 A) at temperat-
ures of 150, 295(2), 173(2), and 150 K, respectively. Structures
were solved by direct methods using SHELXS-97 and refined by
full-matrix least-squares on F°. Crystallographic data have been
deposited with the Cambridge Crystallographic Data Center
(CCDC) under deposition numbers CCDC 2354542 (1), CCDC
2354543 (2), CCDC 2354544 (3), and CCDC 2354577 (4). These
data can be accessed free of charge from the CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (tel: (+44) 1223-336-408; fax:
(+44) 1223-336-033; e-mail: deposit@CCDC.cam.ac.uk).

X-ray crystallographic data of penicipenoid A (1). Yellowish
needles, Ci5Hy004, Mr = 264.31, orthorhombic, space group
P2,2,24,a=6.0477(2) A, b = 6.8111(3) &, c = 32.4408(14) A, a =
90°, B =90° y =90° V=1336.29(9) A>, T=150 K, Z = 4, Dx =
1.314 mg/m®, u(Cu Ka) = 0.772 mm™", F(000) = 568.0, crystal size
0.15 x 0.08 x 0.05 mm®, 25403 reflections measured (5.448° < 20
< 149.028°), 2745 unique (Riy; = 0.0672, Ryjgm, = 0.0321), all used
in calculations. The final R; = 0.0311 (I > 20(1)), wR, = 0.0805 (I >
20(0)), Ry = 0.0322 (all data), wR, = 0.0815 (all data), S = 1.041.
The Flack parameter was -0.01(7).

X-ray crystallographic data of penicipenoid B (2). Colorless
needles, C;5H,;Cl04-H,0, Mr = 318.78, monoclinic, space group
P2, a=6.6202(3) A, b = 8.9129(3) A, c = 13.9435(6) A, a = 90°,
B=94.122(2)°, y=90°, V=820.61(6) A*, T=295 (2)K,Z=2,Dx =
1.290 mg/m?®, u(Cu Ka) = 2.224 mm™", F(000) = 340.0, crystal size
0.16 x 0.140 x 0.120 mm®, 11808 reflections measured (5.896° <
20 < 68.360°), 2966 unique (R;,, = 0.0444), all used in calcula-
tions. The final R; = 0.0388 (I > 20(])), wR, = 0.1063 (I > 2a(])),
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R; = 0.0417 (all data), wR, = 0.1094 (all data), S = 1.091. The
Flack parameter was 0.103(10).

X-ray crystallographic data of penicipenoid C (3). Colorless
needles, C;5H,,Cl04-H,0, Mr = 320.80, monoclinic, space group
P2,, a = 11.7528(18) A, b = 9.0755(13) &, ¢ = 15.091(2) A, a =
90°, B = 92.040(8)°, y = 90°, V = 1608.6(4) A*, T = 173 (2) K,
7 =4, Dx = 1.325 mg-m >, F(000) = 688.0, u(Cu Ka) = 2.269 mm ™,
crystal size 0.16 x 0.140 x 0.120 mm®, 32590 reflections meas-
ured (2.930° < 20 < 68.818°), 5862 unique (R, = 0.1142), all
used in calculations. The final R; = 0.0674 (I > 20(l)),
wWR, = 0.1681 (I > 20(I)), Ry = 0.0947 (all data), wR, = 0.1919 (all
data), S = 1.040. The Flack parameter was 0.071(17).

X-ray crystallographic data of penicipenoid D (4). Colorless
needles, CisHi404, Mr = 260.28, orthorhombic, €222;, a =
6.8417(2) A, b = 19.4943(7) A, ¢ = 39.3834(15) A, a = 90°, B =
90°, ¥ = 90°, V = 5252.7(3) A*>, T = 150 K, Z = 16, Dx = 1.316
mg/m’, F(000) = 2208.0, u(Cu Ka) = 0.784 mm™", crystal size
0.12 x 0.04 x 0.03 mm®, 27431 reflections measured (4.488° <
20 < 149.142°), 5257 unique (Riy = 0.1031, Ryjgm, = 0.0654), all
used in calculations. The final R; = 0.0511 (I > 20(])), wR, =
0.1252 (I > 20()), R; = 0.0594 (all data), wR, = 0.1352 (all data),
S =1.084. The Flack parameter was 0.10(14).

4.5. ECD calculations

Conformational analyses were performed via random search
in Spartan 10 using the MMFF force field with an energy cutoff of
3.0 kcal'mol™ *’. The lowest-energy conformers for compounds
1-7 were identified. These conformers were re-optimized using
density functional theory (DFT) at the B3LYP/6-31 +G(d, p) level
in the gas phase with the GAUSSIAN 09 program “*. Time-depend-
ent DFT (TDDFT) calculations at the B3LYP/DGDZVP level in
MeOH were used to compute the energies, oscillator strengths,
and rotational strengths (velocity gauge) of the first 60 electronic
excitations. The ECD spectra were simulated using overlapping
Gaussian functions (half-bandwidth at 1/e peak height, sigma =
0.32 for all) *>™. Final spectra were generated by averaging the
simulated spectra of individual conformers according to
Boltzmann distribution based on their relative Gibbs free ener-
gies (AG) *'. Comparison of experimental and calculated spectra
enabled assignment of the absolute configurations of 1-7 , as il-
lustrated in Fig. 4 and Figures S11, S22, S33, and S44 (Support-
ing Information).

4.6. Zebrafish maintenance and embryo handling

Adult zebrafish were maintained at 28 °C under a 14 h
light/10 h dark cycle with continuous freshwater supply, aera-
tion, and feeding. Embryos were collected within 30 min after
natural spawning and cultured in aquarium systems. Embryos
were used within 24 h post-fertilization. All procedures were
conducted in accordance with standard ethical guidelines and ap-
proved by the Ethics Committee of the Biology Institute of Shan-
dong Academy of Science.

4.7. Antioxidant assay in zebrafish embryos

MTZ treatment induces excessive reactive oxygen species
(ROS) production, leading to a significant reduction in FS on the
skin of Tg (krt4:NTR-hKikGR)¥" zebrafish. Incubation with anti-
oxidants increases the number of FS, allowing evaluation of ROS
scavenging activity based on changes in FS count compared to
MTZ-treated controls. The in vivo anti-oxidant activity of com-
pounds 1-17 was assessed using previously described methods
with minor modifications in the transgenic line Tg (krt4:NTR-
hKikGR)¥" **7*'. Twenty-four-hour-old embryos were placed in
24-well plates (10 embryos/well) and incubated with 2 mL of 10
mmol-L™" MTZ (dissolved in fish water) and test compounds for
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24 h at 28 °C. Controls included fish water without MTZ or com-
pounds (vehicle control), MTZ without compounds (negative con-
trol), and vitamin C (positive control). After incubation, embryos
were anesthetized with tricaine (0.16%, W/V) and imaged using
an FSX100 Bio Imaging Navigator. Fluorescence spots were quan-
tified using ImagePro-Plus software. The percentage of in vivo
anti-oxidant activity was calculated as follows:

Antioxidant activity(%) = { (FSs — FSnc)/(FSvc — FSnc) } x 100

where FSs denotes the number of fluorescence spots in treated
samples, FSnc in the negative control, and FSvc in the vehicle con-
trol.

4.8. Anti-inflammatory assay in zebrafish embryos

Transgenic zebrafish Tg (zlyz-EGFP), which express EGFP in
macrophages, were used in this study. Healthy larvae at 72 hpf
were allocated to 24-well plates (n = 10/well) in 2 mL of embryo
medium and divided into six groups: control (fresh fish water),
model (10 pmol-L™ CuS0,), positive drug (10 umol-L™" indo-
methacin, Solarbio, China), and three test groups (10 pmol-L™
CuSO0, plus 10, 20, or 40 umol-L™" compound). Compounds were
pre-incubated for 2 h, followed by addition of CuSO, (Sigma Ald-
rich, St. Louis, MO, USA) and incubation for 1 h. All experiments
were performed in triplicate. Larvae were photographed using a
fluorescence microscope (AXIO, Zoom.V16), and macrophage
counts were determined using Image-Pro Plus software.
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