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Cembranoids from the cultured soft coral Sinularia
sandensis
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This study reports the isolation and characterization of two novel diterpenoids, norcembranoid 10-epi-
dehydrogyrosanolide E (1) and cembranoid 8-epi-flexibilisolide G (2), from the cultured soft coral
Sinularia sandensis. In addition to these new compounds, four known natural products were also
identified: flexibilisolide G (4),
sesquiterpenoids sinularioperoxide A (5) and sinularioperoxide C (6). The chemical structures of the new

norcembranoid 10-epi-gyrosanolide E (3), cembranoid and
marine natural products (1 and 2) were elucidated through extensive spectroscopic analysis, including 1D
and 2D NMR, and by comparison with reported data. Notably, the new metabolites feature rare
stereochemical variations within the cembranoid/norcembranoid framework, enriching structure—activity
relationship insights for marine diterpenoids. Preliminary biological evaluation revealed that compound 1
exhibited cytotoxic activity against the MCF-7 human breast cancer cell line. Considering the recognized
role of Sinularia-derived diterpenoids as promising anti-tumor scaffolds, these findings underscore the
developmental potential of cultured soft corals as sustainable sources of structurally diverse and

bioactive marine natural products.

1 Introduction

Octocorals (Subclass Octocorallia) have been firmly established
as a rich source of structurally diverse secondary metabolites
with significant pharmaceutical potential, representing one of
the most chemically productive marine invertebrate groups in
natural product drug discovery research.’” Marine organisms
account for more than half of the world's total biodiversity,® and
soft corals, in particular, have emerged as exceptional
producers of bioactive compounds with unprecedented struc-
tural complexity and biological activities.”® The remarkable
chemical diversity exhibited by octocorals encompasses an
impressive array of compound classes, including cembranes,
eunicellin-based diterpenoids, briaranes, steroids, and sesqui-
terpenoids, which have demonstrated a wide spectrum of
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pharmacological properties, including anti-
inflammatory, antimicrobial, and antiviral activities.

Extensive chemical investigations of both wild and cultured
soft corals have led to the isolation of a wide array of bioactive
natural products. Among these, the genus Sinularia is one of the
most intensively studied and is recognized as a rich source of
biologically active cembrane-type and norcembranoid di-
terpenoids.**® Owing to their 14- or 15-membered macrocyclic
frameworks, high stereochemical complexity, and diverse
functionalization, these compounds have attracted sustained
interest in natural products chemistry, synthetic methodology,
and pharmacological research.'®™® Their intricate biosynthetic
origins, often involving polycyclic furanobutenolide intermedi-
ates, have been linked to ecological defence mechanisms and
structure-activity relationships.’®'® Recent advances in multi-
dimensional NMR spectroscopy coupled with high-resolution
mass spectrometry have significantly improved the structural
elucidation of these complex metabolites, allowing confident
assignment of subtle stereochemical features critical for bio-
logical activity.>*>?

As part of our ongoing efforts to identify bioactive natural
products from marine invertebrates, we investigated the
cultured soft coral S. sandensis, selected for its distinctive
terpenoid profile and suitability for aquaculture.>*** Chro-
matographic separation led to the isolation of two new metab-
olites, norcembranoid 10-epi-dehydrogyrosanolide E (1) and
cembranoid 8-epi-flexibilisolide G (2), together with four known
compounds (3-6). Structural elucidation was achieved through
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comprehensive spectroscopic analyses, including 1D and 2D
NMR and HR-ESI-MS, supported by comparison with reported
analogues.”*?* The co-occurrence of new and known terpenoids
suggests active biosynthetic diversification in S. sandensis
involving oxidative and cyclization processes.*** All isolated
compounds were evaluated for cytotoxicity using the MTT assay
against MCF-7, A-375, and B16F10 cancer cell lines.*”* Among
them, compound 1 exhibited moderate and selective cytotox-
icity toward MCF-7 breast cancer cells at micromolar concen-
trations, indicating potential anticancer relevance and
warranting further mechanistic investigation (Fig. 1 and 2).>°2

2 Results

2.1. Structure elucidations of the isolated cembranoids

The freeze-dried specimen of the aquaculture soft coral Sinu-
laria sandensis (specimen no. 2025CSC-2) was extracted
exhaustively with EtOAc, and the obtained crude extract was
further fractionated and purified using normal and reversed
phase column chromatography. Two previously undescribed
compounds isolated, including 10-epi-dehydro-
gyrosanolide E (1) and 8-epi-flexibilisolide G (2), along with four
known ones: 10-epi-gyrosanolide E (3),® flexibilisolide G (4),*
sinularioperoxide A (5),** and sinularioperoxide C (6).**
10-epi-Dehydrogyrosanolide E (1) was obtained as an oil. The
HRESIMS spectrum of 1 exhibited a molecular ion peak at m/z
353.1357 [M + Na]*, along with '*C NMR data, which suggested
a molecular formula of C;oH,,05 and implied nine degrees of
unsaturation. The IR spectrum revealed the presence of
carbonyl (vmax 1747 cm™ ') and alkene groups (vmax 1635 cm ™).
The **C NMR (Table 1) spectrum of 1, showed signals of nine-
teen carbons, which were further identified by the assistance of
DEPT spectrum and the HMQC data as two methyls, five sp®
methylenes, two sp® methines (including one oxymethine), one

were

Fig.1 Aquatic ecological view of the cultured soft coral S. sandensis.
The photograph shows the morphology and growth characteristics of
S. sandensis maintained under controlled aquatic ecological condi-
tions. The colony exhibits typical lobed and finger-like projections with
a cream to light brown coloration, indicative of healthy polyp expan-
sion. The culture environment provides stable temperature, salinity,
and illumination suitable for soft coral maintenance, supporting
optimal growth and physiological status.
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Fig. 2 Structures of the isolated metabolites 1-6.

sp”> methylene, two sp> methines, one sp® quaternary carbons
and six sp> quaternary carbons (including one ester carbonyl
and two ketones). The "H NMR spectrum of 1 (Table 1) also
showed signals of four olefinic protons (dy 7.41, s; 5.62, s;
4.63, s; 4.47, s), one oxygen-bearing methine (0y 5.32, dd, J =
4.8, 2.4 Hz) and two methyls (6y 1.64, s; 1.48, s). The gross
structure of 1 was determined by a detailed analysis of 1D and
2D NMR spectra. From the "H-"H COSY spectrum of 1, it was
possible to identify two different structural units, which were
assembled with the assistance of an HMBC experiment (Fig. 3).
Key HMBC correlations between H-2 to C-3 and C-4; H-4 to C-5
and C-6; H-7 to C-6; H-9 to C-10 and C-11; H-11 to C-19; H-13 to
C-19; H;-17 to C-15 and C-16; H;-18 to C-7, C-8, and C-9
permitted the connection of the molecular skeleton. Further-
more, comparison of the NMR data of 1 with those of 3 (Table 1)
revealed that 1 has the same structural unit extending from C-1
to C-3 and further to C-6 and C-19. However, it was found that 1
possesses one double bond at C-4/C-5 [¢¢ 103.0 (CH) and 150.6,
(C)] instead of one single bond in 3. The relative configurations
of the three chiral centres at C-1, C-8, and C-11 in 1 were
elucidated by detailed analysis of NOE correlations, as shown in
Fig. 4. It was found that H3-18 (6y 1.48, s) showed NOE inter-
actions with both H-1 (6y 2.76, m) and H-9 (x4 2.83, dd, J = 15.6,
4.8 Hz), while H,-9 was NOE correlated with H-10 (64 5.32, dd, J
= 4.8, 2.4 Hz). Therefore, H-1, H-10, and H;-18 are situated on
the B-face. Furthermore, 1 possessed the same configurations at
C-1, C-8, and C-10 as those of 3. Based on the above results, the
structure of 1 was unambiguously established.

The HRESIMS of 8-epi-flexibilisolide G (2) exhibited a [M +
Na]" peak at m/z 431.2037 (caled for C,,H3,0,Na, 431.2040). The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 'H and *C NMR data for 1

C/H 6y” (J in Hz) oc,” mult.c C/H 6y® (J in Hz) dc,” mult.c
1 2.76 m 40.4, CH 11 7.41 s 151.7, CH
2 2.37 m; 3.07 dd (12.0, 4.8) 45.4, CH, 12 131.1,C

3 199.0, C 13 2.49 m; 2.52 m 22.7, CH,
4 5.62s 103.0, CH 14 1.64 m; 2.17 m 29.9, CH,
5 150.6, C 15 146.3, C

6 198.3, C 16 4.47 s; 4.63 s 112.7, CH,
7 2.50 m; 2.67 m 49.4, CH, 17 1.64 s 18.4, CH;
8 85.5,C 18 1.48 s 27.3, CH3
9 2.37 m; 2.83 dd (15.6, 4.8) 41.2, CH, 19 173.1, C
10 5.32.dd (4.8, 2.4) 78.0, CH

“ Spectra obtained in CDCI, at 600 MHz and. ? At 150 MHz. © Attached protons were determined by DEPT experiments.

= 'H-H COSY
— HMBC

Fig. 3 H-H COSY and HMBC correlations for 1 and 2.

Fig. 4 Selective NOESY correlations for 1 and 2.

HRESIMS and >C NMR data suggested a molecular formula of
C,,H;3,0,, implying seven degrees of unsaturation. The IR
spectrum also revealed the presence of carbonyl (Vpax
1733 ecm ") and hydroxy (vmax 3391 cm ') moieties. The *C
NMR spectrum of 2 (Table 2) showed the presence of 22 carbon
signals. It was found that an acetoxyl group (0 2.15, 3H, s; d¢
20.9, CH3, 171.1, C). From the 'H NMR (Table 2) spectrum of 2,
the presence of one hydroperoxyl proton resonating as a broad
singlet at 6y 7.61 was observed. Moreover, the '"H NMR spec-
trum revealed the presence of two olefinic methylene protons as
two singlets at 0y 6.30 and 5.49. A proton signal appearing at 0
2.95 (1H, dd, J = 10.8, 3.6 Hz) correlated with a carbon signal at
0y 61.3 in the HMQC spectrum was attributed to the proton of
the trisubstituted epoxide. A detailed comparison of the NMR
spectroscopic data of 2 (Table 2) with those of flexibilisolide G
(4) showed that both compounds have similar structures.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Using 2D NMR spectra ("H-'"H COSY, HMQC, and HMBC)
(Fig. 3), compound 2 was shown to possess the same molecular
framework as that of 4, while its stereochemistry, particularly at
C-8, was resolved by the NOESY experiments (Fig. 4). It was
found that H;-18 (05 1.27, s) showed NOE interactions with both
H-1 (6y; 2.55, m) and H-6 (6 5.73, ddd, J = 16.2, 12.6, 4.8 Hz)
and H-6 was NOE correlated with H;-19 (6 1.39, s) and one of
the methylene protons at C-5 (6y 2.76, dd, J = 12.6, 4.8 Hz),
while one of the methylene protons at C-5 (6 1.75, m) was NOE
correlated with H-7 (6¢ 5.63 d, J = 16.2 Hz) and H-3 (6 2.95, dd,
J = 10.8, 3.6 Hz). Therefore, H-1, H;-18, and H;-19 are situated
on the same a-face, and, in contrast, H-3 should be positioned
on the B-face of the molecule. The above finding, together with
the J value of both H-6 and H-7 (16.2 Hz), also confirmed the E-
configuration of the 6,7-double bond. Further analysis of other
NOE interactions revealed that 2 possessed the same configu-
rations at C-1, C-3, C-4, C-11, and C-12 as those of 4 (Fig. 4).
Based on the above results, the structure of 2 was unambigu-
ously established.

2.2. Evaluation of the cytotoxic potential of the isolated
cembranoids

The cytotoxicity of 1-6 against three cancer cell lines, including
human breast carcinoma cell (MCF-7), human melanoma cell
(A-375), and murine melanoma cell (B16F10) lines, was assayed.
The MCF-7 cell line represents one of the most widely studied
models for hormone-responsive breast cancer, while the A-375
and B16F10 melanoma cell lines provide complementary
insights into the potential anti-melanoma activity across
human and murine systems.**® These cell lines were selected
based on their established relevance in cancer research and the
significant clinical need for novel therapeutic agents targeting
these malignancies.*** The cytotoxicity assessment protocol
followed standardized procedures with appropriate positive
controls and multiple concentration points to establish reliable
ICso values.””* The results showed that only compound 1
exhibited cytotoxicity against the proliferation of MCF-7 cells
(ICs0 7.26 uM), and other metabolites were inactive (ICs, > 20
uM). This observed activity, although weak compared to estab-
lished chemotherapeutic agents, represents a valuable starting
point for structure-activity relationship (SAR) studies and

RSC Adv, 2026, 16, 12275-12281 | 12277
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Table 2 'H and *C NMR data for 2
C/H 0y® (J in Hz) oc,” mult.f C/H 0u® (J in Hz) dc,” mult.c
1 2.55 m 36.0, CH 11 5.10 dd (9.6, 3.0) 76.7, CH
2 1.41 m; 2.04 m 32.9, CH, 12 86.7, C
3 2.95 dd (10.8, 3.6) 61.3, CH 13 1.94 m 34.3, CH,
4 61.1,C 14 2.33 m 31.3, CH,
5 2.76 dd (12.6, 4.8); 1.75 m 42.9, CH, 15 144.0, C
6 5.73 ddd (16.2, 12.6, 4.8) 129.3, C 16 168.9, C
7 5.63 d (16.2) 135.0, CH 17 6.305;5.49 s 125.0, CH,
8 85.1,C 18 1.27 s 16.4, CH;
9 1.63 m; 2.01 m 33.2, CH, 19 1.39 s 20.6, CH,
10 1.82 m; 1.80 m 26.3, CH, 20 1.31s 26.7, CH3
8-OOH 7.61s
11-OAc 2.15s 20.9, CH;
171.1,C

“ Spectra obtained in CDCI; at 600 MHz and. ® At 150 MHz. ¢ Attached protons were determined by DEPT experiments.

potential structural optimization.**** The selective activity
against MCF-7 cells, as opposed to the melanoma cell lines,
suggests that the mechanism of action may involve hormone
receptor pathways or other breast cancer-specific molecular
targets, providing an intriguing avenue for future pharmaco-
logical investigation.**¢

3 Materials and methods

3.1. General experimental procedures

Infrared (IR) spectra were obtained on a Fourier-transform IR
spectrophotometer (model: JASCO P-2000). "H and '*C NMR
spectra were recorded on a 600 R NMR spectrometer (JEOL,
Tokyo, Japan) with CDCl; (Sigma-Aldrich, St. Louis, MO, USA) as
the deuterated solvent. The detected signals in "H and '*C NMR
spectra were corrected at 7.26 ppm (singlet) and 77.0 ppm
(triplet), respectively. The coupling constants (J) were converted
to Hz. MS data, including ESIMS and HRESIMS, were obtained
using a Bruker 7 tesla Solera FTMS system (Bruker, Bremen,
Germany). Optical rotations were determined by a digital
polarimeter (Jasco P-1010). Single-crystal X-ray analyses were
performed on a Bruker D8 Venture diffractometer. Thin-layer
chromatography was performed on plates precoated with
silica gel 60 F,s54 (0.25 mm-thick, MERCK); the plates were then
sprayed with 10% (v/v) H,SO, in methanol, followed by heating
to visualize the spots. A normal-phase (NP) HPLC was per-
formed using a system comprised of a HITACHI 5110 pump,
a RHEODYNE 7725i injection port, and a NP column (YMC pack
SIL, 5 um, 12 nm, 250 x 20 mm, YMC group).

3.2. Animal material

Specimens of the cultured soft coral Sinularia sandensis (spec-
imen no. 2025CSC-2) were collected by hand in a 4-ton culti-
vating tank located in the National Museum of Marine Biology
and Aquarium, Taiwan, in July 2020. A voucher sample was
deposited at the National Museum of Marine Biology and
Aquarium (voucher no. 2025CSC-2).

12278 | RSC Adv,, 2026, 16, 12275-12281

3.3. Extraction and isolation

The sliced bodies of the cultured soft coral (11 kg, wet wt) were
minced and extracted with EtOAc (5 L x 5). The EtOAc extract
was filtered and concentrated under reduced pressure. This
procedure resulted in a crude extract weighing 150 g. The
solvent-free extract EtOAc was subjected to column chroma-
tography on silica gel (230-400 mesh) and eluted with EtOAc in
n-hexane (0-100%, gradient) to yield 26 fractions. Fraction 7,
eluted with EtOAc-n-hexane (1:5), was further purified over
silica gel using EtOAc-n-hexane (1 : 3) to afford five subfractions
(7A-7E). Subfraction 7D was separated by normal phase HPLC
using EtOAc-n-hexane (2:5) to yield 2 (1.2 mg) and 4 (1.3 mg).
Fraction 14, eluted with EtOAc-n-hexane (1 : 2), was purified by
normal phase HPLC, using EtOAc-n-hexane (3 : 4) to afford six
subfractions (14A-14F). Subfraction 14D was separated by
normal-phase HPLC using CH,Cl,-MeOH (120 : 1) to give 5 (1.1
mg) and 6 (1.4 mg). Fraction 21 eluted with pure EtOAc was
further separated by silica gel column chromatography with
gradient elution (EtOAc-n-hexane, 2:1) to afford eight sub-
fractions (21A-21H). Subfraction 21G was separated by normal-
phase HPLC using EtOAc-n-hexane (3:1) to afford 1 (2.8 mg)
and 3 (3.2 mg).

10-epi-Dehydrogyrosanolide E (1): colourless oil; [«]**p +36.6
(¢ 0.09, CHCl;); IR (neat) vmax 2927, 1747, 1635, 1377 and
1251 cm ™ '; **C and 'H NMR data, see Table 1; ESIMS m/z 353 [M
+ Na]"; HRESIMS m/z 353.1357 [M + Na]" (calcd for C;oH,,05Na,
353.1359).

8-epi-Flexibilisolide G (2): colourless oil; [«]*p +31.1 (¢ 0.12,
CHCL,); IR (neat) vma, 3391, 2921, 2850, 1733, 1705, 1437 and
1248 cm™'; *C and 'H NMR data, see Table 2; ESIMS m/z 431 [M
+ Na]"; HRESIMS m/z 431.2037 [M + Na]" (calcd for C,,H3,0,Na,
431.2040).

3.4. Bioassay materials

All cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were maintained at
37 °C in a humidified incubator with 5% CO, and cultured in
either RPMI-1640 or DMEM medium supplemented with 10%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fetal calf serum (FCS), 2 mM r-glutamine, 100 U mL " peni-
cillin, and 100 ug mL™" streptomycin. RPMI-1640 medium,
DMEM, FCS, penicillin G, streptomycin, and trypan blue were
purchased from GibcoBRL (Gaithersburg, MD, USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), and all other reagents were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA).

3.5. Cytotoxicity evaluation

Cytotoxicity assays of compounds 1-6 were performed using the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] colorimetric method.*”

4 Conclusions

The present study demonstrates that sustainably cultured
Sinularia sandensis remains a productive source of structurally
novel diterpenoids, including rare epimeric variants within the
cembranoid and norcembranoid classes. Given the established
significance of Sinularia-derived diterpenoids in marine anti-
cancer research, the discovery of new stereochemical frame-
works with measurable cytotoxic activity reinforces their value
as lead structures for drug development. Furthermore, the
identification of unique metabolites from cultured specimens
suggests that ex situ aquaculture can maintain or modulate
biosynthetic capacity while providing ecological sustainability
and supply stability. Together, these findings strengthen the
foundation for sustainable marine bioprospecting and high-
light cultured octocorals as strategically important platforms
for future marine-derived anticancer agent discovery.
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