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, indole diterpenoids from an
entomogenous fungus, Penicillium sp.†

Peinan Fu, a Feng Guo,a Tingnan Zhou,b Hongxia Bei,a Huiling Tang,a Jiaxin Lia

and Zhiyang Lv*a

Five new indole diterpenoids, shearinines U–Y (2–6), and the known compound 22,23-dehydro-shearinine

A (1) were isolated from cultures of the entomogenous fungus Penicillium sp. Their structures were

elucidated primarily by NMR experiments. The absolute configurations of 2–6 were assigned by

electronic circular dichroism calculations, respectively. Compounds 1–3 showed moderate cytotoxicity,

with IC50 values of 11.7–26.2 mM.
Introduction

Indole diterpenoids (IDTs) represent a class of structurally
diverse and biologically active natural products.1,2 Most re-
ported IDTs are isolated from fungi within the genera
Penicillium,3–5 Aspergillus,6Claviceps,7 and Epichloe.8 These
intriguing molecules are characterized by a fused diterpenoid
backbone and an indole ring, which can be further elaborated
through cyclization, oxidation, and prenylation to yield
a plethora of complex architectures.9–12 These natural products
have been reported to exhibit a range of biological activities,
such as antibacterial, antifungal, antitumor, and antiviral
effects.13–17

The species of fungal genus Penicillium are known to be
prolic producers of highly diverse secondary metabolites,
which contribute to their multifaceted biological proles.18–22

During our continuous search for new cytotoxic metabolites
from the entomogenous fungus fungi,23–25 a strain of Penicillium
sp., isolated from a wheat cyst nematode in Xiao County, Anhui,
People's Republic of China, was grown in a solid-substrate
fermentation culture. An ethyl acetate (EtOAc) extract of the
culture showed cytotoxic effects towards a small panel of four
tumor cell lines. Fractionation of the extract afforded ve new
indole diterpenoids, which we named shearinines U–Y (2–6;
Fig. 1), and the known compound 22,23-dehydro-shearinine A
(1; Fig. 1). Details of the isolation, structure elucidation, and
cytotoxicity evaluation of these compounds are reported herein.
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Results and discussion

The known compound 1 was identied as 22,23-dehydro-
shearinine A by comparison of its MS and NMR data (Fig. S55
and S56†) with those previously reported.26

Shearinine U (2) was assigned a molecular formula of
C37H43NO5 by HRESIMS, indicating 17° of unsaturation. The 1H
and 13C NMR data for 2 (Tables 1 and 2) closely resembled those
for 1, apart from two additional hydroxy signals resonating at dH
6.55 and 4.31. The HMBC correlations from OH-7 to C-7 and C-
12, from OH-34 to C-9 and C-34 suggested cleavage of the 1,3-
dioxolane ring in the structure of 1. Moreover, 2 displays an
olenic signal (a sp2 carbon at dC 140.7 and dH 6.06/dC 130.4),
instead of a 13-OH group, that were assigned to the double bond
at D13(14), which was conrmed by the HMBC correlation from
H2-15 to C-13. On the basis of these data, the planar structure of
2 was elucidated.

The relative conguration of 2 was proposed by analysis of
NOESY correlations (Fig. 2 and 3). NOESY correlations of H-16
with H-17a and H3-33 indicated that these protons are all on
the same face of the ring system, whereas those of H-17b with
Fig. 1 Structures of compounds 1–6.
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Table 1 1H NMR data of 2–6

No.

2 3 4 5 6

dH
a (J in Hz) dH

a (J in Hz) dH
a (J in Hz) dH

a (J in Hz) dH
a (J in Hz)

5a 2.06, m 1.92, m 2.39, m 3.00, brd (16.5) 1.98, m
5b 1.81, m 2.41, dd (17.3, 6.2)
6a 2.08, m 2.08, m 2.49, m 5.64, m 1.84, m
6b 1.97, m 1.87, m
9 4.14, s 3.92, s 3.92, s 4.02, s 4.43, s
11 5.85, s 5.90, s 5.78, s 5.80, s 6.15, s
14 6.06, dd (5.0, 2.3) 6.03, dd (5.0, 2.3) 1.78, m 1.93, m 6.52, dd (4.9, 2.6)

1.66, m 1.82, m
15 2.27, m 2.27, m 1.91, m 1.92, m 2.38, m

1.60, m 1.65, m
16 2.80, m 2.81, m 2.71, m 2.70, m 2.87, m
17 2.74, dd (13.0, 6.7) 2.74, dd (13.0, 6.7) 2.60, dd (12.9, 6.1) 2.60, dd (12.9, 6.2) 2.73, dd (13.2, 6.7)

2.37, dd (13.0, 10.1) 2.38, dd (13.0, 10.2) 2.30, dd (12.9, 11.4) 2.31, dd (12.9, 11.4) 2.37, dd (13.2, 10.6)
20 7.11, s 7.11, s 7.07, s 7.07, s 7.11, s
22 6.44, d (1.8) 6.45, d (1.8) 6.43, d (1.7) 6.43, d (1.2) 6.45, d (1.6)
27 6.74, d (1.8) 6.74, d (1.8) 6.71, d (1.7) 6.71, d (1.2) 6.74, d (1.6)
30 7.49, s 7.50, s 7.46, s 7.47, s 7.52, s
32 0.92, s 0.90, s 1.25, s 1.29, s 0.97, s
33 1.09, s 1.12, s 0.94, s 1.01, s 1.17, s
35 1.19, s 1.23, s 1.23, s 1.13, s 1.39, s
36 1.19, s 1.22, s 1.20, s 1.25, s 1.14, s
37 1.45, s 1.46, s 1.45, s 1.45, s 1.46, s
38 1.45, s 1.46, s 1.45, s 1.45, s 1.46, s
39 1.40, s 1.40, s 1.39, s 1.39, s 1.39, s
40 1.40, s 1.40, s 1.39, s 1.39, s 1.40, s
1-NH 10.86, s 10.87, s 10.74, s 10.76, s 10.87, s
7-OH 6.55, s
7-OMe 3.26, s 3.37, s
13-OH 4.57, s 4.90, s
34-OH 4.31, s 4.40, s 4.45, s 4.54, s

a Recorded at 600 MHz.
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H3-32 placed the protons on the opposite face. The other NOESY
correlations of OH-7 with H-9 placed these protons on the same
face. Therefore, the relative conguration of 2 was deduced as
shown.

The absolute conguration of 2 was deduced by comparison
of the experimental and simulated electronic circular dichroism
(ECD) spectra calculated using the time-dependent density
functional theory (TDDFT).27 The ECD spectra of the four
possible isomers 2a–d (Fig. S11†) were calculated. A systematic
conformational analysis was performed for 2a–d with the
Molecular Operating Environment (MOE) soware package
using the MMFF94 molecular mechanics force eld calculation.
The selected conformers were then reoptimized using TDDFT at
the B3LYP/6-311G(d,p) level to afford the lowest energy
conformers. The conformers were further ltered based on the
Boltzmann-population rule, resulting in one signicant
conformer for each conguration (Fig. S11†). The overall
calculated ECD spectra of 2a–d were then generated by
Gaussian broadening (Fig. 4). The experimental ECD curve of 2
was nearly identical to that calculated for 2a, suggesting the
3S,4S,7S,9R,16S absolute conguration for 2.

Themolecular formula of Shearinine V (3) was determined to
be C38H45NO5 (17° of unsaturation) based on HRESIMS and the
2438 | RSC Adv., 2025, 15, 2437–2443
NMR data (Tables 1 and 2), which is 14 mass units higher than
that of 2. Analysis of the 1H and 13C NMR data for 3 revealed the
presence of structural features similar to those found in 2,
except that OH-7 (dH 6.55) was replaced by a methoxy unit (dH/dC
3.26/48.5), and this observation was supported by the HMBC
correlations from these newly observed methoxy protons to C-7.
Therefore, the gross structure of 3 was established. The relative
conguration of 3 was also deduced by analysis of NOESY data,
and by analogy to 2. The ECD spectrum of 3 was nearly identical
to that of 2 (Fig. S10 and S21†), indicating that the absolute
conguration of 2 was the same as that of 2.

Shearinine W (4) was assigned a molecular formula of
C38H47NO6 (16° of unsaturation) by HRESIMS and the NMR
data (Tables 1 and 2), which is 18 mass units higher than that of
3, except that the C-13 oxygenated tertiary carbons (dC 75.6)
units and C-14 methylene (dH/dC 1.78, 1.66/32.5) in 4 instead of
an olen moiety in 3, which was conrmed by the HMBC
correlations from H-11 to C-13 and from 13-OH to C-12 and C-
13. Therefore, the gross structure of 4 was proposed.

The relative conguration of 4 was also proposed by analysis
of NOESY correlations (Fig. 3). The NOESY correlations of H3-32
with 13-OH revealed that these protons are all on the same face
of the ring system. The relative conguration of other
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 NMR data of 2–6

No.

2 3 4 5 6

dC
a, type dC

a, type dC
a, type dC

a, type dC
a, type

2 148.9, qC 148.8, qC 152.8, qC 152.9, qC 148.7, qC
3 47.9, qC 47.9, qC 50.4, qC 50.3, qC 49.0, qC
4 42.1, qC 42.0, qC 42.3, qC 42.8, qC 38.9, qC
5 28.1, CH2 26.7, CH2 24.8, CH2 30.6, CH2 29.0, CH2

6 32.9, CH2 27.4, CH2 27.2, CH2 110.9, qC 30.6, CH2

7 93.5, qC 96.5, qC 97.0, qC 145.1, qC 103.9, qC
9 78.3, CH 78.6, CH 78.4, CH 85.9, CH 87.4, CH
10 198.7, qC 197.1, qC 197.0, qC 195.1, qC 195.1, qC
11 120.7, CH 121.2, CH 121.2, CH 116.0, CH 117.6, CH
12 161.4, qC 159.8, qC 160.2, qC 154.5, qC 163.9, qC
13 140.7, qC 140.5, qC 75.6, qC 73.9, qC 138.4, qC
14 130.4, CH 130.7, CH 32.5, CH2 31.8, CH2 132.9, CH
15 27.5, CH2 27.5, CH2 20.9, CH2 21.1, CH2 28.2, CH2

16 44.9, CH 44.9, CH 49.1, CH 49.2, CH 44.7, CH
17 26.7, CH2 26.3, CH2 26.8, CH2 27.0, CH2 26.8, CH2

18 117.0, qC 117.0, qC 115.8, qC 115.9, qC 117.1, qC
19 124.2, qC 124.1, qC 124.3, qC 124.5, qC 124.2, qC
20 109.8, CH 109.7, CH 109.5, CH 109.6, CH 109.7, CH
21 135.5, qC 135.5, qC 135.3, qC 135.3, qC 135.6, qC
22 121.3, CH 121.3, CH 121.2, CH 121.3, CH 121.3, CH
23 140.9, qC 140.9, qC 140.7, qC 140.9, qC 141.0, qC
24 72.5, qC 72.5, qC 72.3, qC 72.5, qC 72.5, qC
26 72.4, qC 72.4, qC 72.2, qC 72.4, qC 72.4, qC
27 129.1, CH 129.1, CH 128.6, CH 128.9, CH 129.1, CH
28 133.5, qC 133.5, qC 133.4, qC 133.5, qC 133.5, qC
29 127.6, qC 127.6, qC 127.0, qC 127.2, qC 127.6, qC
30 104.9, CH 104.9, CH 104.7, CH 104.9, CH 105.8, CH
31 138.5, qC 138.5, qC 137.7, qC 138.0, qC 138.5, qC
32 15.0, CH3 15.0, CH3 16.2, CH3 16.5, CH3 14.4, CH3

33 22.5, CH3 22.6, CH3 19.0, CH3 19.7, CH3 27.5, CH3

34 71.4, qC 71.1, qC 70.9, qC 73.0, qC 77.7, qC
35 26.5, CH3 26.0, CH3 26.1, CH3 26.8, CH3 28.8, CH3

36 25.8, CH3 26.0, CH3 25.6, CH3 27.1, CH3 22.9, CH3

37 31.4, CH3 31.4, CH3 31.3, CH3 31.4, CH3 31.5, CH3

38 31.4, CH3 31.4, CH3 31.3, CH3 31.5, CH3 31.4, CH3

39 30.7, CH3 30.7, CH3 30.6, CH3 30.8, CH3 30.8, CH3

40 30.7, CH3 30.7, CH3 30.6, CH3 30.7, CH3 30.7, CH3

7-OMe 48.5, CH3 48.8, CH3

a Recorded at 150 MHz.

Fig. 2 Key 1H–1H COSY and HMBC correlations of 2–6.

Fig. 3 Key NOESY correlations of 2–6.

Fig. 4 Experimental ECD spectrum of 2 in MeOH and the calculated
ECD spectra of 2a–d.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stereogenic centers were proposed in a similar fashion to 2 and
3 as shown in Fig. 3. The absolute conguration for 4 was also
deduced by comparison of the experimental and calculated ECD
spectra for the four possible enantiomers 4a–d. The lowest
energy conformers for 4a–d were generated by Gaussian
broadening (Fig. 5). The experimental ECD spectrum of 4
matched reasonably well with the calculated one for 4a, sug-
gesting that 4 has the 3S,4R,7S,9R,13S,16S absolute
conguration.

Shearinine X (5) was determined to have a molecular formula
of C37H43NO5 (17° of unsaturation) based on HRESIMS and the
Fig. 5 Experimental ECD spectrum of 4 in MeOH and the calculated
ECD spectra of 4a–d.
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Fig. 6 Experimental ECD spectrum of 5 in MeOH and the calculated
ECD spectra of 5a–d.

Fig. 7 Experimental ECD spectrum of 6 in MeOH and the calculated
ECD spectra of 6a–d.

Table 3 Cytotoxicity of compounds 1–3

Compound

IC50
a (mM)

Huh7 SKBR3 A549 MB49

1 11.7 � 2.0 26.2 � 3.5 22.0 � 2.1 18.6 � 2.3
2 11.8 � 2.2 21.8 � 4.0 22.1 � 2.7 17.1 � 0.8
3 18.1 � 4.0 21.0 � 4.8 NAb NAb

Cisplatinc 5.2 � 0.7 3.7 � 0.5 6.5 � 0.5 1.6 � 0.4

a IC50 values were averaged from at least three independent
experiments. b No activity was detected at 50 mM. c Positive control.
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NMR data (Tables 1 and 2). The 1H and 13C NMR spectra of 5
showed resonances similar to those of 4, revealed that 5 displays
an olenic signal (dH 5.64/dC 110.9 and a sp2 carbon at dC 145.1),
instead of a 7-OMe group, that were assigned to the double bond
atD6(7),accounting for the additional degree of unsaturation of 5,
which was conrmed by the HMBC correlation from H-5 to C-7.
The relative congurations of all stereogenic centers in 5 were
proposed to be the same as their counterparts in 4 by analysis of
the NOESY data (Fig. 3) for relevant protons, and the absolute
conguration was deduced to be 3S,4R,9R,13S,16S based on the
results of experimental and calculated ECD (Fig. 6).

On the IR spectra, the higher wavenumber region of the
spectrum of compounds 2–5 did not contain a diagnostic strong
and sharp band above 3200 cm−1 that is typical of the N–H
stretching vibration of an indole N–H group. Instead, a very
broad band was attributed to the O–H (H-bonded).28

Shearinine Y (6) gave a molecular formula of C37H41NO4 (18°
of unsaturation) by analysis of its HRESIMS and the NMR data
(Tables 1 and 2), which is 18 mass units less than that of 2.
Analysis of the 1H and 13C NMR data for 6 revealed the presence
of structural features similar to those found in 2, except that 7-
OH (dH 6.55) and 34-OH (dH 4.31) were absent. Considering the
unsaturation requirement for 6, allowed the deduction of
a dioxolane moiety fused to the pyranone at C-7 and C-9.
Therefore, the gross structure of 6 was established. The rela-
tive conguration of 6 was deduced as shown by analysis of the
NOESY correlations (Fig. 3) and by analogy to 2, and the abso-
lute conguration of 6 was further determined by comparison
of the experimental and calculated ECD spectra. The experi-
mental ECD of 6 correlated well to the calculated curve of 6a
(Fig. 7), suggesting the 3S,4S,7S,9R,16S absolute conguration.

An additional experiment was performed to exclude the
possibility that 3 and 4 are artifacts arising from their corre-
sponding analogues during the isolation process. For this
purpose, EtOAc extract were soaked in acetonitrile, and then
analyzed by HPLC with CH3CN–H2O, which was found that
there were still 3 and 4 peaks in the fermentation products. The
result indicated that the new methoxylated analogues 3 and 4
are true natural products and not artifacts formed through
methylation when using MeOH (Table 3).

Compounds 1–6 were tested for cytotoxicity against four
tumor cell lines, Huh7 (human hepatocellular carcinoma cells),
2440 | RSC Adv., 2025, 15, 2437–2443
SKBR3 (human breast cancer cells), A549 (human lung adeno-
carcinoma cells), and MB49 (mouse bladder carcinoma cells).29

Compounds 1–3 showed moderate cytotoxic effects, with IC50

values of 11.7–26.2 mM (the positive control cisplatin showed
IC50 values of 1.6–6.5 mM). However, compounds 4–6 did not
show detectable activity at 50 mM.
Experimental
General experimental procedures

Optical rotations were measured on a Rudolph Research
Analytical automatic polarimeter, and UV data were recorded on
a Shimadzu Biospec-1601 spectrophotometer. CD spectra were
recorded on a JASCO J-815 spectropolarimeter. IR data were
recorded using a Nicolet Magna-IR 750 spectrophotometer. 1H
and 13C NMR spectra were acquired with Bruker Avance III-600
spectrometers using solvent signals (DMSO-d6: dH 2.50/dC 39.52)
as references. The HSQC and HMBC experiments were opti-
mized for 145.0 and 8.0 Hz, respectively. ESIMS and HRESIMS
data were obtained on an Agilent Accurate-Mass-Q-TOF LC/MS
G6550 instrument equipped with an ESI source. HPLC anal-
ysis and separation were performed using an Agilent 1260
instrument equipped with a variable-wavelength UV detector.
Fungal material

The culture of Penicillium sp. was isolated from a wheat cyst
nematode collected in Xiao County, Anhui, People's Republic
of China, in 2009. The isolate was identied based on
morphology and sequence (GenBank accession no. ON307320)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis of the ITS region of the rDNA. The fungal strain was
cultured on slants of potato dextrose agar (PDA) at 25 °C for 10
days. Agar plugs were cut into small pieces (about 0.5 × 0.5 ×

0.5 cm3) under aseptic conditions, and 25 pieces were used to
inoculate in ve 250 mL Erlenmeyer asks, each containing
50 mL of media (0.4% glucose, 1% malt extract, and 0.4%
yeast extract), and the nal pH of the media was adjusted to
6.5 and sterilized by autoclave. Five asks of the inoculated
media were incubated at 25 °C on a rotary shaker at 170 rpm
for 5 days to prepare the seed culture. Fermentation was
carried out in 40 Fernbach asks (500 mL) each containing
80 g of rice. Distilled H2O (120 mL) was added to each ask,
and the contents were soaked overnight before autoclaving at
15 psi for 30 min. Aer cooling to room temperature, each
ask was inoculated with 5.0 mL of the spore inoculum and
incubated at 25 °C for 25 days.
Extraction and isolation

The fermentation material was extracted repeatedly with EtOAc
(4 × 6.0 L), and the organic solvent was evaporated to dryness
under vacuum to afford 20.6 g of crude extract. The crude
extract was fractionated by silica gel vacuum liquid chroma-
tography (VLC) using petroleum ether–CH2Cl2–EtOAc–MeOH
gradient elution. The fraction (1.4 g) eluted with 9 : 1 CH2Cl2–
EtOAc was separated by reversed-phase silica gel column chro-
matography (CC) eluting with a MeOH–H2O gradient. The
fraction (115 mg) eluted with 80% MeOH–H2O was further
separated by Sephadex LH-20 CC eluting with MeOH, and the
resulting subfractions were combined and puried by semi-
preparative RP HPLC (Agilent Zorbax SB-C18 column; 5 mm; 9.4
× 250 mm; 85% CH3CN in H2O for 20 min; 3 mL min−1) to
afford 1 (9.5 mg, tR 17.5 min). The fraction (1.8 g) eluted with 4 :
1 CH2Cl2–EtOAc was separated by reversed-phase silica gel CC
eluting with a MeOH–H2O gradient. The fraction (100 mg)
eluted with 80%MeOH–H2O was further separated by Sephadex
LH-20 CC eluting with MeOH, and the resulting subfractions
were combined and puried by semipreparative RP HPLC
(Agilent Zorbax SB-C18 column; 5 mm; 9.4 × 250 mm; 75%
CH3CN in H2O for 35 min; 3 mL min−1) to afford 5 (5.5 mg, tR
29.5 min). The fraction (2.0 g) eluted with 3 : 2 CH2Cl2–EtOAc
was separated by reversed-phase silica gel CC eluting with
a MeOH–H2O gradient. The fraction (105 mg) eluted with 80%
MeOH–H2O was further separated by Sephadex LH-20 CC
eluting with MeOH, and the resulting subfractions were
combined and puried by semipreparative RP HPLC (Agilent
Zorbax SB-C18 column; 5 mm; 9.4 × 250 mm; 82% CH3OH in
H2O for 30 min; 3 mL min−1) to afford 2 (10.2 mg, tR 27.0 min).
The fraction (185 mg) eluted with 90% MeOH–H2O was further
separated by Sephadex LH-20 CC eluting with MeOH, and the
resulting subfractions were combined and puried by semi-
preparative RP HPLC (Agilent Zorbax SB-C18 column; 5 mm; 9.4
× 250 mm; 80% CH3CN in H2O for 35 min; 3 mL min−1) to
afford 4 (4.0 mg, tR 22.5 min), 3 (4.5 mg, tR 25.0 min), and 6
(1.8 mg, tR 29.5 min).

Shearinine U (2). Pale yellow amorphous powder; [a]25D −
116.9 (c 0.1, MeOH); UV (MeOH) lmax (log 3) 225 (4.06), 282
© 2025 The Author(s). Published by the Royal Society of Chemistry
(4.02) nm; CD (c 3.3× 10−4 M, MeOH) lmax (D3) 218 (−4.18), 244
(+5.80), 290 (−15.50) 360 (−2.76) nm; IR (neat) nmax 3295 (br),
2973, 2930, 1657, 1593, 1456, 1380, 1255, 1131, 1023 cm−1; 1H
and 13C NMR data see Tables 1 and 2; HMBC data (DMSO-d6,
600 MHz) H2-6/ C-4, 7; H-9/ C-7, 10, 34, 35, 36; H-11/ C-7,
9, 12, 13; H-14/ C-4, 16; H-15a/ C-13, 14; H-15b/ C-13, 14;
H-17a / C-2, 3, 16, 18; H-17b / C-2, 16, 18; H-20 / C-18, 19,
22, 29, 31; H-22 / C-21, 23, 28, 29; H-27 / C-23, 26, 29; H-30
/ C-19, 21, 28; H3-32/ C-2, 3, 4, 16; H3-33/ C-3, 4, 5, 13; H3-
35/ C-9, 34, 36; H3-36/ C-9, 34, 35; H3-37/ C-23, 24, 38; H3-
38 / C-23, 24, 37; H3-39 / C-26, 27, 40; H3-40 / C-26, 27, 39;
NH-1 / C-2, 18, 19, 31; OH-7 / C-7, 12; OH-34 / C-9, 34, 35,
36; NOESY correlations (DMSO-d6, 600 MHz) H-94 OH-7; H-16
4 H-17a, H3-33; H-17b 4 H3-32; HRESIMS m/z 604.3058 [M +
Na]+ (calcd for C37H43NO5Na, 604.3033).

Shearinine V (3). Pale yellow amorphous powder; [a]25D − 85.7
(c 0.1, MeOH); UV (MeOH) lmax (log 3) 248 (3.97) nm; CD (c 2.0×
10−4 M, MeOH) lmax (D3) 216 (−2.35), 243 (+3.61), 290 (−10.71)
358 (−1.99) nm; IR (neat) nmax 3460 (br), 2972, 2933, 1671, 1456,
1375, 1255, 1137, 1033 cm−1; 1H and 13C NMR data see Tables 1
and 2; HMBC data (DMSO-d6, 600 MHz) H-9 / C-7, 10, 34, 35,
36; H-11 / C-7, 9, 13; H-17a / C-2, 3, 18; H-17b / C-2, 3, 18;
H-20/ C-18, 22, 29, 31; H-22/ C-21, 28, 29; H-27/ C-23, 26,
29; H-30 / C-19, 21, 28; H3-32 / C-2, 3, 4; H3-33 / C-3, 4, 5,
13; H3-35/ C-9, 34, 36; H3-36/ C-9, 34, 35; H3-37/ C-23, 24,
38; H3-38 / C-23, 24, 37; H3-39 / C-26, 27, 40; H3-40 / C-26,
27, 39; NH-1 / C-2, 18, 19, 31; OCH3-7 / C-7; OH-34 / C-34,
35, 36; NOESY correlations (DMSO-d6, 600 MHz) H-9 4 OCH3-
7; H-16 4 H-17a, H3-33; H-17b 4 H3-32; HRESIMS m/z
594.3225 [M–H]− (calcd for C38H44NO5, 594.3225).

Shearinine W (4). Yellow amorphous powder; [a]25D + 14.3 (c
0.1, MeOH); UV (MeOH) lmax (log 3) 207 (4.11), 234 (4.24) nm;
CD (c 5.0 × 10−4 M, MeOH) lmax (D3) 212 (−7.45), 240 (+7.02),
283 (−3.61) nm; IR (neat) nmax 3359 (br), 2930, 1669, 1456, 1374,
1255, 1133, 1020 cm−1; 1H and 13C NMR data see Tables 1 and 2;
HMBC data (DMSO-d6, 600 MHz) H-9/ C-7, 10, 34, 35, 36; H-11
/ C-7, 9, 13; H-17a/ C-2, 3, 18; H-17b/ C-2, 3, 18; H-20/ C-
18, 22, 29, 31; H-22/ C-21, 23, 24, 28, 29; H-27/ C-23, 26, 29,
39, 40; H-30/ C-19, 21, 28; H3-32/ C-2, 3, 4, 16; H3-33/ C-3,
4, 5, 13; H3-35 / C-9, 34, 36; H3-36 / C-9, 34, 35; H3-37 / C-
23, 24, 38; H3-38/ C-23, 24, 37; H3-39/ C-26, 27, 40; H3-40/
C-26, 27, 39; NH-1 / C-2, 18, 19, 31; OCH3-7 / C-7; OH-13 /

C-4, 12, 13, 14; OH-34 / C-34, 35, 36; NOESY correlations
(DMSO-d6, 600 MHz) H-94 7-OH; H-164H-17a, H3-33; H-17b
4H3-32; HRESIMSm/z 614.3478 [M +H]+ (calcd for C38H48NO6,
614.3476).

Shearinine X (5). Yellow amorphous powder; [a]25D − 20.0 (c
0.1, MeOH); UV (MeOH) lmax (log 3) 225 (3.66), 283 (3.77) nm;
CD (c 1.5 × 10−4 M, MeOH) lmax (D3) 229 (+2.32), 251 (+2.89),
282 (−1.57), 324 (+4.15), 373 (−3.87) nm; IR (neat) nmax 3390
(br), 2974, 2932, 1661, 1456, 1374, 1257, 1168, 1134 cm−1; 1H
and 13C NMR data see Tables 1 and 2; HMBC data (DMSO-d6,
600 MHz) H-5a/ C-4, 6, 7, 33; H-5b/ C-4, 6, 7, 13, 33; H-9/

C-7, 10, 34, 35, 36; H-11/ C-7, 9, 13; H-14/ C-4, 16; H-15a/
C-3, 13; H-15b / C-3, 13; H-17a / C-2, 3, 18; H-17b / C-2, 3,
18; H-20 / C-18, 19, 22, 29, 31; H-22 / C-21, 23, 28, 29; H-27
/ C-23, 26, 29, 39, 40; H-30 / C-19, 21, 28; H3-32 / C-2, 3, 4,
RSC Adv., 2025, 15, 2437–2443 | 2441
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16; H3-33/ C-3, 4, 5, 13; H3-35/ C-9, 34, 36; H3-36/ C-9, 34,
35; H3-37 / C-23, 24, 38; H3-38 / C-23, 24, 37; H3-39 / C-26,
27, 40; H3-40 / C-26, 27, 39; NH-1/ C-2, 18, 19, 31; OH-13/

C-4, 13, 14; OH-34 / C-9, 34, 35, 36; NOESY correlations
(DMSO-d6, 600 MHz) H-164H-17a, H3-33; H-17b4H3-32; H3-
32 4 OH-13 HRESIMS m/z 582.3224 [M + H]+ (calcd for
C37H44NO5, 582.3214).

Shearinine Y (6). Yellow amorphous powder; [a]25D + 90.2 (c
0.1, MeOH); UV (MeOH) lmax (log 3) 290 (4.10), 365 (3.23) nm;
CD (c 5.0 × 10−4 M, MeOH) lmax (D3) 209 (+3.47), 301 (−8.29),
363 (+3.45) nm; IR (neat) nmax 3285, 2974, 2916, 1663, 1456,
1379, 1252, 1130, 1060 cm−1; 1H and 13C NMR data see Tables 1
and 2; HMBC data (DMSO-d6, 600 MHz) H-9/ C-7, 10; H-11/

C-7, 9, 13; H-17a/ C-2, 3, 18; H-17b/ C-2, 3, 18; H-20/ C-18,
22, 29, 31; H-22 / C-21, 23, 28, 29; H-27 / C-23, 26, 29; H-30
/ C-19, 21, 28; H3-32/ C-2, 3, 4, 16; H3-33/ C-3, 4, 5, 13; H3-
35/ C-9, 34, 36; H3-36/ C-9, 34, 35; H3-37/ C-23, 24, 38; H3-
38 / C-23, 24, 37; H3-39 / C-26, 27, 40; H3-40 / C-26, 27, 39;
NH-1 / C-2, 18, 19, 31; NOESY correlations (DMSO-d6, 600
MHz) H-16 4 H-17a, H3-33; H-17b 4 H3-32; HRESIMS m/z
564.3106 [M + H]+ (calcd for C37H42NO4, 564.3108).
Computational details

Conformational analyses for 2 and 4–6within an energy window
of 3.0 kcal mol−1 were performed by using the OPLS3 molecular
mechanics force eld. The conformers were then further opti-
mized with the soware package Gaussian 09 at the B3LYP/6-
311G(2d,2p) level. Then the 60 lowest electronic transitions
for the obtained conformers were calculated using time-
dependent density functional theory (TD-DFT) methods at the
CAM-B3LYP/6-311G(2d,2p) level. ECD spectra of the conformers
were simulated using a Gaussian function. The overall theo-
retical ECD spectra were obtained according to the Boltzmann
weighting of each conformer.30

Cytotoxicity assays. MTT assays were performed as previ-
ously described.26 Briey, cells were seeded into 96-well plates at
a density of 5 × 103 cells per well for 24 h and were exposed to
different concentrations of test compounds. Aer incubation
for 72 h, cells were stained with 25 mL of MTT solution (5 mg
mL−1) for 25 min. Finally, the mixture of medium and MTT
solution was removed, and 75 mL of DMSO was added to
dissolve formazan crystals. Absorbance of each well was
measured at 544 nm (test wavelength) and 690 nm (back-
ground) using the multi-mode microplate reader. Background
was subtracted from the absorbance of each well. Three dupli-
cate wells were used for each concentration, and all the tests
were repeated three times.
Conclusions

In summary, ve new indole diterpenoids, shearinines U–Y (2–
6), and a structurally related known compound 22,23-dehydro-
shearinine A (1) were isolated from cultures of the entomoge-
nous fungus Penicillium sp. Their structures were elucidated
based on NMR spectroscopic data and electronic circular
dichroism (ECD) calculations. Compounds 2–5 differ from the
2442 | RSC Adv., 2025, 15, 2437–2443
known precedent by lacking the 1,3-dioxolane ring.26 In addi-
tion, compound 3 is a C-7 methoxy product of 2, 4 is a C-13
hydroxy product and C-14 alkylation of 3, while 5 is a C-6–C-7
alkenyl product of 4. Compound 6 is a C-13–C-14 alkenyl
product of 1. Compounds 1–3 showed moderate cytotoxicity,
with IC50 values of 11.7–26.2 mM. The shearinines exhibit
certain chemical structures or properties that are shared among
Penicillium strains and others. These shared chemical charac-
teristics could be an indication of a common origin or a close
evolutionary relationship.8,31 Biogenetically, 1–6 could be origi-
nated from the copalyl diphosphate (CPP) synthases via the
precursor (E,E,E)-geranylgeranyl diphosphate (GGDP) and tryp-
tophan,10,32,33 and the hypothetical biosynthetic pathways
leading to the generation of these metabolites are illustrated in
Scheme S1.†
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