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Niduenes A—F (1-6), six novel sesterterpenoids with unprecedented 5/5/5/5/6 pentacyclic ring skeleton
were isolated from endophytic fungus Aspergillus nidulans. Compounds 1 and 2 represent the first ex-
amples of aromatic pentacyclic sesterterpenoids. Their structures and configurations were elucidated by
spectroscopic data and single-crystal X-ray diffraction analyses. Compound 4 demonstrated potent re-
sensitization of SW620/AD300 cells to paclitaxel (PTX). Rhodamine 123 accumulation assay and docking
analysis further support that 4 inhibitory the efflux function of P-glycoprotein (P-gp).

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sesterterpenoids, the smallest subgroup of the terpenoids, have
been isolated from insects, marine organisms, higher plants, and
fungi [1-6], and exhibited various pharmacological characteris-
tics, such as anticancer [7], anti-inflammatory [8], antitubercular
[9], antimicrobial activities [10], and anti-adipogenic activity [11].
Aromatization relatively rare occurs in sesterterpenoids, the first
aromatic sesterterpenoid phorone A was isolated from a marine
sponge Phorbas sp. in 2012 [12]. To date, more than 1300 ses-
terterpenoids with diverse carbon skeletons have been discovered
[13], however, only eight of them possess aryl ring (Fig. S2), which
were reported from the genera Hippospongia [14], Phorbas [12,15],
Clathria [16], and Stahlianthus [17].

Fungal derived terpenoids have been widely study [18-22],
we have isolated the first examples of hexacarbocyclic sesterter-
penoids named niduterpenoids A and B from Aspergillus nidulans
[23], and their uncommon skeleton and bioactive drawn our at-
tention to dig deeply into the secondary metabolites of this strain.
Herein, the isolation and structure elucidation of six sesterter-
penoids possessing a 5/5/5/5/6 pentacarbocyclic ring system are
presented. All structures and absolute configurations were eluci-
dated by extensive spectroscopic analysis and single-crystal X-ray
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diffraction analysis. Compounds 1-6 (Fig. 1) represent a new type
of sesterterpenoids possessing a 5/5/5/5/6 pentacarbocyclic ring
system, and 1 and 2 were the first examples of aromatic pentacar-
bocyclic sesterterpenoids. Compound 4 demonstrated potent resen-
sitization of SW620/AD300 cells to PTX by lowering the half max-
imal inhibitory concentration (ICsq) values of PTX up to 5.26-fold
from 340 nmol/L to 1.79 pmol/L. Moreover, a possible biosynthetic
pathway of these unusual terpenoid natural products is proposed.

Niduene A (1) was obtained as colorless crystals. The molec-
ular ion peak at m/z 421.2718 (calcd. for CpgH3gO3Nat, 421.2719)
verified its molecular formula with eight degrees of unsaturation.
The infrared spectroscopy (IR) spectrum showed the presence of
hydroxyl groups (3421 cm~!) and aromatic ring (1622 and 1513
cm~1). Its 'H nuclear magnetic resonance (NMR) data (Table S1
in Supporting information) displayed signals characteristic of six
methyl groups [§y 2.31 (s), 1.51 (s), 1.50 (s), 1.31 (s), 1.05 (d, J=71
Hz), and 1.02 (s)], one methoxy group (§y 2.98), one oxygenated
methine group [§y 4.04 (dd, J=8.4, 5.4 Hz)], and two aromatic me-
thines [8y 6.97 and 6.91 (both d, J=8.0 Hz)]. The 13C and distor-
tionless enhancement by polarization transfer (DEPT) NMR spec-
troscopic data (Table S2 in Supporting information) of 1 high-
lighted the presence of 26 carbon resonances, including six methyl,
a methoxy group (§c 50.5), four methylenes, seven methines (two
aromatics), eight nonprotonated carbons (four sp? hybrid and two
oxygenated). The six sp? hybrid carbons accounted for three de-
grees of unsaturation, whereas the remaining unsaturated degrees
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Fig. 2. Key 'H-'H COSY and key HMBC correlations of compounds 1-6.

confirmed that 1 was a sesterterpenoid with a pentacyclic ring sys-
tem.

The 'H-'H correlated spectroscopy (COSY) correlations of 1
(Fig. 2) revealed the presence of four independent spin systems:
H-2/H-3, H,-6/H-7/H-17/H-16/Me-25, H,-9/H,-10, and H-12/H,-
13/H-14. The heteronuclear multiple-bond correlation (HMBC) cor-
relations (Fig. 2) from H,-6 to C-5 and C-18, from H,-9 to C-7, C-8,
C-12, and C-15, from Me-23 to C-10, C-11, and C-12, and from Me-
24 to C-8, C-14, C-15, and C-16 established the condensed nucleus
of rings A-D that is similar to niduterpenoid A [23]. In addition,
the HMBC correlations from H-2 to C-4, from H-3 to C-1 and C-
5, from H,-6 to C-4 and C-5, from Me-19 to C-1, C-2, and C-18
formed an aromatic ring (E-ring). Subsequently, the HMBC correla-
tions from Me-21 and Me-22 to C-4 and C-20, from OMe-20 to C-
20 indicated that a terminal 2-methoxyisopropyl group is attached
to C-4. Finally, a detailed analysis of "H-!H COSY, heteronuclear
single quantum coherence (HSQC), and HMBC spectra established
the planar structure of 1, featuring a complex and rigid 5/5/5/5/6
pentacyclic skeleton.

The relative configuration of 1 was determined by analysis
of the nuclear overhauser effect spectroscopy (NOESY) spectrum
(Fig. S9 in Supporting information). The NOESY correlations of
Me-23/H-12, H-12/H-7, H-7/H-17, H-7/H-9«, and H-17/H-14 re-
vealed they were cofacial and arbitrarily were assigned to be «-
oriented, which suggested a cis-fusion pattern for rings A and B.
Moreover, cis-fused rings B/C and B-oriented of Me-24 and H-16
were consistent with the observed correlations of Me-24/H-98 and
Me-24/H-16. The single crystal of 1 was fortunately obtained in
MeOH/CH,Cl,/H,0 (64:32:4) at room temperature, the structure
and absolute configuration of 1 were subsequently confirmed by
single-crystal X-ray diffraction experiment using Cu K« radiation
(Fig. 3) with the Flack parameter of 0.11(7) (CCDC 2272298).

Niduene B (2) had a molecular formula of Cy5H340,, based
on its high resolution electrospray ionization mass spectroscopy
(HRESIMS) (m/z 389.2471 [M+Na|*, calcd. 389.2457). The 'H and
13C NMR spectra of 2 were highly similar to these of 1, ex-
cept for the presence of a double bond (6§ 146.1 and 114.6)
and the absence of one methoxy group, which was supported
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Fig. 3. ORTEP (Oak Ridge thermal ellipsoid plot) drawing of compounds 1, 3,
and 4.

by the HMBC correlations from H,-22 and Me-21 to C-4 and C-
20 (Fig. 2). The analysis of the NOESY spectrum (Fig. S3), cor-
relations of Me-23/H-12, H-12/H-7, H-7/H-17, H-7/H-9¢, and H-
17/H-14 suggested 2 shared the same relative configuration with
1, and the co-occurrence and similar specific rotation values
of the two compounds ([«]2® +32 (c 0.1, MeOH) of 1, [«]3°
+32 (¢ 0.1, MeOH) of 2) indicating their consistent absolute
configurations.

Niduene C (3) was assigned to have the molecular formula of
Cy6H4204, based on its HRESIMS (m/z 441.2970 [M+ Na]*, calcd.
441.2981), requiring six degrees of unsaturation. The NMR spec-
tra of 3 were similar to these of 1, the 1D NMR spectra and the
degrees of unsaturation suggested that the aromatic ring (E-ring)
was dearomatization. '"H-'H COSY correlations of H-2/H,-3/H-4
and the HMBC correlations from H-4 to C-5 and C-18, and from
Me-19 to C-1, C-2, and C-18 formed the E ring (Fig. 2). Further-
more, the HMBC correlations from H,-21 and H3-22 to C-4 and
C-20 suggested that one of the gem-dimethyl groups was oxidized
to hydroxymethyl. In addition, an oxygenated methine of C-14 in 1
was displaced by a methylene group (§c 37.4), which was deduced
by the 'H-TH COSY correlations of H-12/H,-13/H,-14. Finally, the
structure and the stereochemistry of 3 were confirmed by a single-
crystal X-ray analysis with the refinement of Flack’s parameter of
0.16(11) (Fig. 3).

Niduene D (4) was isolated as colorless crystals. It had a molec-
ular formula of CygH4,04 as disclosed by the [M+ Na]* ion peak
at m/z 441.2982 in the HRESIMS spectrum (calcd. for CogH4,04Na,
441.2981), which was the same as that of 3. Carefully compared
the 'H and 3C NMR spectra of 4 and 3 suggested that 4 closely
resembled 3, differing from the methyl singlet (§y 1.29; 8¢ 30.8)
at C-21 and an oxygenated methine (§y 3.84 m; &c 77.4) at C-
14. The HMBC signal from H-14 to C-12 and C-13, from Me-21 to
C-4 and C-20, and COSY correlations of H-13/H-14 supported the
structure. The relative configuration of 4 was determined by the
NOESY spectrum analysis, the NOESY interaction between H-14 and
H-17 suggested that H-14 was «-oriented. Furthermore, the com-
plete structure and stereochemistry of 4 were also confirmed by a
single-crystal X-ray diffraction experiment with the Flack parame-
ter of 0.01(12).

The assign niduene E (5) was isolated as a white powder and
the molecular formula of C;5H3303 was deduced from the HRES-
IMS (m/z 409.2722 [M+ Na]*, calcd. 409.2719 for Cy5H3gOsNat),
requiring seven degrees of unsaturation. The NMR spectra of 5
were highly similar to these of 3, except for the presence of
a trisubstituted double bond located at C-5 (8¢ 142.7) and C-6
(8¢ 121.3), which was supported by the 'H-'H COSY correlation
(Fig. 2) of H-6/H-7, and the HMBC correlations from H-6 to C-4,
C-5, and C-18 (Fig. 2). The relative configuration of 5 was deter-
mined by analysis of the NOESY spectrum, the correlations of Me-
23/H-12, H-12/H-7, H-7/H-17 revealed the relative configuration of
5 was consistent with 1.

Niduene F (6) gave the same molecular formula (Cy5H3g03) as
5 determined by HEESIMS data (m/z 409.2720 [M+ Na]*, calcd.
409.2720 for Cp5H3g03Nat). Analysis of the NMR spectra (Tables S1
and S2) of 6 revealed the planar structure similar to that of 5. Ac-
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Scheme 1. Proposed biogenetic pathway of 1-6.

cording to the TH-1H COSY correlations of H,-13/H-14, as well as
the HMBC correlations from H-14 to C-13 and C-15, the methylene
group at C-14 was replaced by an oxygenated methine. In addition,
the key HMBC correlation of Me-21 with C-4 and the shielded sig-
nal of C-21 (§¢c 27.6) revealed the replacement of the oxygenated
methylene group in 5 by a methyl group in 6. The NOESY cross-
peaks revealed the same relative configuration of 6 and 5, and fur-
ther comparison of the specific rotation values of 5 and 6 with 3
{[«]2’ +55 (c 0.1, MeOH) of 5, [«]Z’ +55 (c 0.1, MeOH) of 6 and
[]2° +40 (c 0.1, MeOH) of 3} suggested their same absolute con-
figurations.

To the best of our knowledge, niduenes A-F (1-6) represent the
first examples of sesterterpenoids possessing a 5/5/5/5/6 pentacar-
bocyclic ring system, and 1 and 2 were the first aromatic pentacar-
bocyclic sesterterpenoids. To better understand these structures,
a hypothetical biosynthetic pathway was proposed (Scheme 1).
The initial head-to-tail cyclization of geranylfranesyl pyrophos-
phate (GFPP) and Wagner-Meerwein alkyl and hydride shift pro-
duces a 5/5/5/6/5 fuse ring intermediate iii [24,25], followed by
Wagner-Meerwein alkyl shift to generate a 5/5/5/5/6 pentacyclic
ring intermediate iv, subsequent oxidation and methylation reac-
tions afford compounds 1-6.

To evaluate the cellular toxicity of 1-6, sorts of cell lines
have been used to examine by cell counting kit-8 (CCK-8) assay,
which was carried out with the previously reported method [26].
As shown in Table S3 (Supporting information), compounds 1-
6 showed a minimal inhibition toward SW620 and several com-
mon tumor cell lines with a cell inhibition rate of less than 10%
even at 20 pmol/L. However, these compounds showed inhibi-
tion to the PTX-resistant cell SW620/AD300 under the condition
of 1 pymol/L PTX. Assay demonstrated that substitution of different
groups in sesterterpenoid altered the activity. Aromatic sesterter-
penoids showed lower activity than other product, as evidenced
by comparing 1 and 2 with 3-6. The activity of compounds 3 and
4 suggested that the methoxy in C-5 can enhance the resensiti-
zation activity. Moreover, the disappearance of hydroxyl group at
C-21 also enhance the activity, which supported by comparing 3
and 5 with 4 and 6. Further research found that compound 4 sig-
nificantly increased the sensitivity of SW620/AD300 cells to PTX,
in which, the IC5g values of PTX without or with 4 in resistant
SW620/AD300 cells were 1.79 nmol/L and 340 nmol/L, respectively,

indicating a 5.26-fold depressed the resistance to PTX (Fig. 4A, Ta-
ble S4 in Supporting information).

Inspired by the above interesting results, the effect of 4 alone
or its combination with PTX on the cell proliferative and cell
cycle potential of SW620/AD300 cells were examined using the
colony formation assay and cell cycle analysis. 4 significantly en-
hanced the inhibitory activity of PTX on the colony formation of
SW620/AD300 cells, stronger than that of 4 and PTX alone (Figs.
4B and C). Meanwhile, the cell cycle analysis showed that the
combination of 4 and PTX significantly decreased the frequency of
cells during GO/G1 phase but increased the frequency during G2/M
(Figs. 4D and E), which was in accordance with the mechanism of
PTX hampering mitosis.

Furthermore, the result of Rhodamine 123 accumulation as-
say exhibited that the higher dose of 4 added, the more intra-
cellular Rho 123 percentage SW620/AD300 had (Figs. 4F and G),
which indicated that 4 inhibitory the efflux function of P-gp. To
reveal the possible binding model of 4 with P-gp, the molecu-
lar modeling was performed using the zosuquidar and human-
mouse chimeric P-gp complex as the docking template (PDB code:
6FN1). The induced-fit docking-simulated best docking pose of 4
exhibited a docking score of —10.849 kcal/mol, indicating a rel-
atively low binding free energy in complex with P-gp (Fig. S1 in
Supporting information). 4 was mainly stabilized within the bind-
ing cavity in the transmembrane domain of P-gp, which is lined
by residues ASN720, LEU723, TYR306, TYR309, PHE302, PHE727,
PHE731, GLN837, PHE335, TRP231, SER978, PHE982, GLN989,
MET985, GLN346, LEU64. Several hydrogen bonding interactions
with the side chain of PHE302, TYR309, and GLN989 were also ob-
served. In summary, 4 has the potential to be used in association
with conventional chemotherapies in the treatment of cancers af-
fected by P-gp-mediated multidrug resistance (MDR) relying on a
considerable amount of favorable biological data.

In conclusion, six novel sesterterpenoids were isolated from
endophytic fungus Aspergillus nidulans. Compounds 1-6 represent
the first example of 5/5/5/5/6 pentacyclic ring skeleton, and com-
pounds 1 and 2 were the first examples of aromatic pentacarbo-
cyclic sesterterpenoids. Moreover, Compound 4 demonstrated po-
tent resensitization of SW620/AD300 cells to PTX, which might be
used in conventional chemotherapies in the treatment of cancers
affected by P-gp-mediated MDR.
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Fig. 4. Compound 4 effect the transport capacity of P-gp to reverse the PTX resistance of SW620/AD300 cells. (A) 4 significantly increased the inhibition effect of PTX to
SW620/AD300 cells at 20 umol/L. (B) The colony formation of SW620/AD300 cells after being treated with PTX, 4, or their combination. (C) The colony number significantly
decreased after being treated with the combination of 4 and PTX. (D) The cell cycle analysis of SW620/AD300 cells after being treated with PTX, 4, or their combination.
(E) The distribution of the cell cycle changed by the combination of 4 and PTX. (F) The fluorescence intensity of Rhodamine 123 in SW620/AD300 cells. (G) The Intracellular
Rhodamine 123 percentage with 30 min was treated by 5, 10, 20 umol/L of 4. Data are presented as the mean + standard deviation (SD), n=3. ***P < 0.001 vs. negative

control (NC).
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