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Drimane-type sesquiterpenoids and triterpenoids
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Saline-tolerant medicinal plants possess novel chemical constituents with high bioactivity because of their
unique secondary metabolic pathways. Limonium sinense, an aquatic plant found in the coastal wetlands of
the Yellow River Delta, was collected and studied in the present work. Ten drimane-type sesquiterpenoids
and four triterpenoids, including six new ones (sinenseines A—F), were isolated from a whole plant of L.
sinense for the first time. Their structures, including the absolute configurations, were determined by
analyzing the comprehensive spectroscopic data. In addition, twelve terpenoids, including nine

. 418th S ber 2024 sesquiterpenoids, were identified using UPLC-MS/MS and GNPS methods. All isolates were evaluated for
eceive th September . . . . . .
Accepted 21st Nopvember 2024 their antiproliferative and anti-inflammatory activities. Compounds 2-4, 6, 13, and 14 showed moderate

anti-tumor effects on A549, H1299, HepG2 and A2780 cells with ICsq values ranging from 35.2 + 2.0 to

DOI: 10.1039/d4ra06721e 90.5 + 3.1 uM. Furthermore, compound 1 exhibited significant anti-inflammatory activity with an 1Csq
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Introduction

The identification of natural products with new structures and
high bioactivity from medicinal plants has always been
considered an important approach to drug development. The
Yellow River Delta (YRD), the broadest coastal wetland of the
warm tropics in Binzhou and Dongying city of China, is rich in
saline-tolerant medicinal plants." Reported data reveal that
more than 262 kinds of medicinal plants are found in YRD.” In
particular, Apocynum venetum, Scorzonera mongolica,Subergorgia
reticulata and some other plants are considered the character-
istic plants of YRD. These plants might possess potential lead
compounds because of the unique high salinity and high
alkaline environment prevalent in the YRD. Although YRD has
abundant medicinal plant resources, there are very few studies
on the chemical constituents and bioactivity of these plants. In
order to explore the application value of the medicinal plants in
this region and to enrich their phytochemical and
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value of 8.3 + 1.2 uM against NO production in LPS-induced RAW 264.7 macrophages.

pharmacological properties, L. sinense was selected, collected
and studied in this work.

Limonium sinense (Girard) Kuntze (Plumbaginaceae) is a well-
known medicinal plant and landscape plant, which is mainly
distributed in the seashores and salt marshes of China.’ In
China, L. sinense is called “Shi-Ye-Cao” or “Hai-Jin-Hua”, and
the whole plant of L. sinense is used to treat fever, hemorrhage
and menstrual disorders.* Recent studies revealed that L.
sinense extracts possess anti-tumor, anti-viral, hepatoprotective
and immunomodulatory activities.>® In addition, L. sinense is
an excellent sand-fixation plant because of its strong tolerance
to drought stress and salt stress.” Until now, only a few phyto-
chemical investigations on L. sinense have been reported,
describing the presence of bioactive compounds, such as
flavonoids and phenolics, with anti-tumor, anti-viral and
immunomodulatory activities.® In this work, we isolated ten
drimane-type sesquiterpenoids, including six molecules named
sinenseines A-F and four known analogues, as well as four tri-
terpenoids, from the whole plant of L. sinense for the first time.
Their isolation process, structure determination, and anti-
proliferative and anti-inflammatory activity evaluation are also
described. Furthermore, ultra-performance liquid chromatog-
raphy coupled with tandem mass spectrometry (UPLC-MS/MS),
global natural product social molecular networking (GNPS) and
database comparison methods were used to identify more
terpenoids present in L. sinense.
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Results and discussion
Structural elucidation

Compound 1 was obtained as an amorphous light-yellow solid.
The molecular formula was assigned as C;5H,00; according to
the HRESIMS data (m/z 247.1340 [M — H]", caled 247.1334),
indicating six degrees of unsaturation. The "H NMR spectrum
of 1 (Table 1) revealed the presence of an oxygenated methylene
at 6y 4.76 (2H, dd, J = 17.4, 7.8 Hz) and three single methyl
groups at 0y 1.09 (3H, s), 1.08 (3H, s) and 1.00 (3H, s). The *C
NMR spectrum of 1 (Table 2), as well as its "H NMR and HSQC
spectra, disclosed 15 resonances, including a ketone carbonyl
carbon at d¢ 215.6, an ester carbonyl carbon at d¢c 171.9, two
olefinic carbons at d¢ 161.5 and 131.9, five methylene carbons at
oc 70.7, 33.5, 32.3, 24.4, and 18.9, a methine carbon at ¢ 50.5,
two quaternary carbons at dc 46.4 and 33.4, and three methyl
groups at d¢ 26.7, 20.5 and 19.0. The *H and **C NMR spectra of
1 indicated that the structure of 1 was a bicyclic sesquiterpe-
noid, and the drimane-type sesquiterpenoid skeleton of 1 was
deduced by comparing with data of 9 (7-ketoisodrimenin), an
analogue with the same molecular weight.* The only difference
between 1 and 9 was the position of the ketone carbonyl group.
Although all HMBC correlations of the ketone carbonyl carbon
in 1 with 'H NMR signals were not recorded because of the
program of the Bruker spectrometer, the position of the ketone
carbonyl group of 1 could be easily deduced by the key HMBC
correlations of dy 2.46/2.31 (H-7) with d¢ 50.1 (C-5), 18.9 (C-6),
161.5 (C-8) and 131.9 (C-9) (Fig. 2). In addition, a very clear
difference in the chemical shift of the carbonyl group at C-3 (¢
= 215) and C-7 (6¢ = 196) also supported this deduction. The
total NMR data of 1 were obtained by a combined analysis of the
1D and 2D NMR data, including "H NMR, **C NMR, HSQC and
HMBC. From the biogenetic point of view, the relative
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Table 2 3C NMR spectral data of compounds 1-6 (150 MHz, DMSO-
d6)

No. 1 2 3 4 5 6

1 32.3 37.8 38.1 32.5 31.4 40.2
2 33.5 34.1 34.7 25.5 26.6 18.1
3 215.6 214.6 215.8 74.1 75.8 35.7
4 46.4 46.8 47.3 37.3 38.3 37.6
5 50.1 49.4 51.2 42.9 50.0 42.3
6 18.9 23.4 23.9 23.3 35.6 23.3
7 24.4 123.0 122.3 124.0 195.9 123.9
8 161.5 129.8 134.7 130.0 149.8 129.8
9 131.9 60.4 55.8 61.7 149.7 60.0
10 33.4 34.8 35.7 35.5 35.7 35.5
11 70.7 173.1 59.4 173.5 67.4 174.0
12 171.9 21.1 22.2 21.7 171.0 21.7
13 26.7 25.1 22.3 28.9 27.5 70.2
14 20.5 21.8 14.3 22.6 15.3 18.3
15 19.0 14.4 25.6 15.1 17.6 15.8
OCH, 50.6

configurations at C-5 and C-10 in 1 were the same as those in
drimenin; CH3;-15 was B-oriented, and H-5 was a-oriented. In
addition, a NOESY spectrum (Fig. 3) was obtained to establish
the relative configuration of 1, in which the cross-peaks of CH;-
13/CH;-15 and CHj;-14/H-5 indicated that CH;-13/15 was f-
oriented, and CH;-14/H-5 was a-oriented. To define the absolute
configuration, electronic circular dichroism (ECD) calculation
was performed at the B3LYP/6-31G(d,p) level according to
a time-dependent density functional theory (TD-DFT) method
using the Gaussian 09 program. Finally, the agreement of the
Cotton effects of the calculated and experimental ECD spectra
allowed the assignment of the absolute configuration of 1 to 5R,
10S (Fig. 4). Therefore, compound 1 was established as 3-
ketoisodrimenin and named sinenseine A.

Table 1 'H NMR spectral data of compounds 1-6 (600 MHz, DMSO-dg)

No. 1 2 3 4 5 6
1 2.53, m 1.96, m 2.27, m 1.79, m 2.42, m 1.64, d (12.6)
1.66, m 1.67, m 1.50, m 1.27, m 1.39, m 1.17, m
2 2.53, m 2.74, td (14.4, 5.4) 2.73, td (14.4, 5.4) 1.79, m 1.62, m 1.50, m
2.14, dt (14.4, 5.4) 2.11, dt (14.4, 4.2) 1.44, m 1.44, m
3 3.24, m 3.10, dd (13.2, 6.6) 1.44, m
1.17, m
5 1.80, m 1.58, dd (12.6, 4.2) 1.51, dd (12.6, 4.2) 1.55, m 1.84, m 1.50, m
6 1.80, m 2.05, m 2.00, m 1.86, m 2.67, m 1.92, m
1.56, m 1.96, m 1.86, m 2.42, m 1.81, m
7 2.46, m 5.53,t (1.8) 5.44, m 5.48, t (1.8) 5.46, s
2.31, m
9 2.83, s 1.80, brs 2.77, S 2.74, s
11 4.72, m 3.65, dd (10.8, 5.4) 4.88, s
3.52, dd (10.8, 5.4)
12 1.61, s 1.71, s 1.57, s 1.57,s
13 1.08, s 0.97, s 1.02, s 0.89, s 0.93, s 3.15,d (10.8)
2.85, d (10.8)
14 1.00, s 1.03, s 0.97, s 0.85, s 0.80, s 0.75, s
15 1.09, s 1.08, s 0.95, s 0.84, s 1.19, s 091, s
OCH; 3.17,s
OH 4.27,d (4.8) 4.60, d (4.8) 4.52, s
COOH 12.29, s 12.06, s 12.00, brs
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Fig. 1 Structures of compounds 1-14.

Compound 2 was obtained as an amorphous yellow solid. Its
molecular formula C,5H,,0; was determined on the basis of the
HRESIMS signal at m/z 249.1496 [M — H]|™ (calcd for C;5H,,03,
249.1491), revealing five degrees of unsaturation. The "H NMR
spectrum of 2 (Table 1) showed four single methyl groups at dy
1.61 (3H, s), 1.08 (3H, s), 1.03 (3H, s) and 0.97 (3H, s), an olefinic
proton at 6y 5.53 (1H, t,/ = 1.8 Hz), and a carboxyl proton at dy
12.29 (1H, s). The *C NMR spectrum of 2 together with its
HSQC spectrum revealed 15 resonances, including a ketone
carbonyl carbon at d¢ 214.6, a carboxyl carbon at dc 173.1, two
olefinic carbons at ¢ 129.8 and 123.0, and four methyl carbons
at d¢ 25.1, 21.8, 21.1 and 14.8. The 'H and *C NMR data of 2
were very similar to those of 8, with the only difference being the
replacement of a hydroxymethyl group [6y 3.82 (1H, d, J = 10.8,
5.4 Hz), 3.87 (1H, d, J = 10.8, 5.4 Hz), 6c 60.4] by a carboxyl
group [0y 12.29 (1H, s), 6¢ 173.1]. The planar structure of 2 was
established based on the above 1D and 2D NMR data. The a-
orientation of H-9 was deduced from the ROESY cross-peak
between H-9 and H-5. The ROESY correlations of CH;-13/CH3;-
15 in 2 indicated that CH;-13/15 were B-oriented (Fig. 3). The
absolute configuration of (5R,95,10S)-2 was defined based on
the good agreement between the calculated and the experi-
mental ECD curves (Fig. 4). Therefore, compound 2 was estab-
lished as 3-ketodrimenoic acid and named sinenseine B.

Fig. 2 Key HMBC correlations of compounds 1-6.
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Compound 3, an amorphous light yellow solid, possessed
the molecular formula C;sH»60, according to the HRESIMS
signal at m/z 249.1485 [M — H]|™ (caled for C;6H,50,, 249.1491),
with four degrees of unsaturation. Its '"H NMR and HSQC
spectra disclosed 15 resonances, including a ketone carbonyl
unsaturation. The 'H and *C NMR spectra (Table 1) of 3
exhibited similarities with those of 8, suggesting the presence of
the same drimane-type sesquiterpenoid skeleton. The only
difference between their NMR signals was the replacement of
the hydroxyl group by a methoxyl group in 3. The relative
stereochemistry was established by ROESY experiments, and
the correlations from CH;-14 to H-9 and H-5 to H-9 suggested
that CH;-14, H-5 and H-9 were a-oriented. The  orientation of
CHj;-13/15 was assigned based on the correlation of CH3-13/15
(Fig. 3). By comparing the calculated ECD curve with the
experimental curve, the absolute configuration of 3 was eluci-
dated as 5R,95,10S (Fig. 4). Therefore, the structure of
compound 3 was assigned as shown in the figure and named
sinenseine C.

Compound 4 was purified as an amorphous yellow solid and
assigned the molecular formula C;5H,,0; according to the
HRESIMS data (m/z 251.1652 [M — H] ", caled 251.1647). The 'H
and *C NMR data (Table 1) of 4 suggested its close similarity to
compound 2, except that the ketone carbonyl group was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Key ROESY correlations of compounds 1-5.

replaced by a hydroxyl group. The structure of 4 was established
with the aid of 1D and 2D NMR. From a biogenetic point of view,
4 seemed to be the precursor of 2, suggesting that the relative
configurations at C-5, C-9 and C-10 in 4 were the same as those
in 2. In the ROESY experiment, the cross-peaks between H-3/H-
5, H-5/H-9 and CH;-14/H-5 implied that H-3, H-5, H-9 and CH;-
14 were all a-oriented. In addition, the ROE correlations of CH;-
13 with CH;-15 indicated that CHj;-13/15 were [-oriented
(Fig. 3). Accordingly, the 3S, 5R, 9S and 10S absolute configu-
ration was established from the similarity between the calcu-
lated ECD curves and the experimental ECD data (Fig. 4).
Therefore, the structure of compound 4 was established as 3p-
hydroxyl-drimenoic acid and named sinenseine D.

Compound 5 was isolated as a light-yellow oil, and it
possessed a molecular formula of C;5H,,0,4, as deduced from
the HRESIMS signal at m/z 263.1289 [M — H]| (caled for
C15H1904, 263.1283). The 'H NMR spectrum of 5 (Table 1)
showed an oxygenated methylene at 0y 4.88 (2H, s), an
oxygenated methine at 0y 3.10 (1H, dd, J = 13.2, 6.6 Hz), and
three single methyl groups at 6y 1.19 (3H, s), 0.93 (3H, s) and
0.80 (3H, s). The ">C NMR and HSQC spectra of 5 revealed 15
resonances, including a ketone carbonyl carbon at d¢ 195.9, an
ester carbonyl carbon at éc 173.5, two olefinic carbons at ¢
149.8 and 149.7, an oxygenated methylene carbon at ¢ 67.4, an
oxygenated methine carbon at dc 75.8, and three methyl
carbons at é¢ 27.5, 17.6 and 15.3. The characteristic carbon
signal at dc 195.9 led us to consider it similar to compound 9,
and their 1D NMR data were found to be very similar. The

ECDof 1
"D of (SR.108)-1 10
d ECD of (55,10R)-1 ~

Ae(M'em™)
Ae(M'em™)

notable difference between 5 and 9 was the presence of
oxygenated methine moiety (g 3.10, ¢ 75.8) in 5. In addition,
the position of the ester carbonyl group in 5 was also different,
which caused the chemical shift of C-9 from 6s 152.5 in 9 to
149.7 in 5. This change was also confirmed by the key HMBC
correlations of dy; 4.88 (H-11) with dc 149.8 (C-8), 149.7 (C-9),
35.7 (C-10) and 17.6 (C-15) (Fig. 2). The relative configuration
of 5 was determined on the basis of the NOESY spectrum. The
correlations of CH;-13/CH;-15 indicated their B-orientation.
Cross-peaks between H-3/H-5 and CH3-14/H-5 revealed that H-
3, H-5 and CHj;-14 were a-oriented (Fig. 3). In addition, the
constant coupling of H-3 (J = 13.2, 6.6 Hz) also supported that
H-3 was a-oriented. The calculated ECD curve coincided well
with the experimental ECD spectrum, and a 3S, 5R, 10S absolute
configuration was established for 5 (Fig. 4). Therefore, the
structure of compound 5 was assigned as shown in the figure
and named sinenseine E.

Compound 6 was isolated as an amorphous yellow solid with
an identical molecular formula of C;5H,,03 based on its HRE-
SIMS data, indicating a deprotonated ion at m/z 251.1642 [M —
H] ™ (caled for Ci5H,303, 251.1647). The molecular weight of 6
was the same as that of 4 and their 1D NMR data were highly
similar, except for the presence of oxygenated methylene [0y
3.15 (1H, d, ] = 10.8 Hz), 2.85 (1H, d, J = 10.8 Hz); 6. 70.2] in 6
and the absence of oxygenated methine [0y 3.24 (1H, m); d¢c
74.1] and methyl [6y 0.89 (1H, m); 6c 28.9] in 4. A detailed
examination of the 1D NMR data showed that a hydroxyl group
was linked with the methyl group, which was also supported by

“CD of 2
(5R9S.105)-2
9R10R)-2

d ECD of

Ae(M'em™)
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Ag(M'em™)
\
\
\
[
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Fig. 4 Comparison of the calculated and experimental ECD spectra of compounds 1-6.
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Fig. 5 Structures of the terpenoids identified by UPLC-MS/MS (15-22).

the key HMBC correlations of ¢y 3.15/2.85 (H-13) with 6¢ 35.7
(C-3), 37.6 (C-4), and 18.3 (C-14) (Fig. 2). The planar structure of
6 was deduced from the 1D and 2D NMR data, including the key
HMBC correlations of dy 3.15/2.85 (H-13) with ¢ 35.7 (C-3), 37.6
(C-4), and 18.3 (C-14) (Fig. 2). From a biogenetic point of view,
the relative configuration at H-9 and CH3-13/14/15 in 6 were the
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same as those of 1-5. The calculated ECD data of 6 matched well
with the experimental ECD curve, suggesting the absolute
configuration of 6 to be 4S, 5R, 9S and 10S (Fig. 4). Hence,
compound 6 was determined as 13-hydroxyl-drimenoic acid and
named sinenseine F.

Fig.6 Molecular network built using HPLC-MS/MS analyses of fractions from the L. sinense extract and the five identified sesquiterpenes (17,23—

26).
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Moreover, eight known compounds were also obtained from
the whole plant of L. sinense and identified as 3B-hydroxy-
drimenol (7),"* 3-keto-drimenol (8),"* 7-ketoisodrimenin (9),"
inotolactones E (10),"* oleanolic acid (11),** ursolic acid (12),**
19a-hydroxyl ursolic acid (13),"* corsolic acid (14)* (Fig. 1) by
comparing their NMR data with those reported in the literature.

UPLC-MS/MS and GNPS for the identification of terpenoids in
L. sinense

At present, UPLC-MS/MS is widely used to analyse and identify
the chemical constituents in medicinal plants. As shown in
Fig. 5, in this study, we identified five sesquiterpenes, namely
curdione (15)," nardosinone (16),"” dehydrocostus lactone
(17),'® germacrone (18)'® and atractylenolide II (19)," two
diterpenes named abietic acid (20)** and sclareolide (21),** and
a triterpenoid named pachymic acid (22)** from the L. sinense
extract using the UPLC-MS/MS method in combination with
database comparison. In addition, we tried identifying more
sesquiterpenoid analogues from L. sinense using the GNPS
method, and the secondary mass spectrometry fragment ions of
compounds 1 and 2 were used as references. However, drimane-
type sesquiterpenoids were not found, but five other-type ses-
quiterpenoids were identified, including dehydrocostus lactone
(17),'® costunolide (23),>* 7a-hydroxy-3-desoxyzaluzanin C (24),>*
(+)-nootkatone (25)** and curcumenol (26)* (Fig. 6). Although
these identified terpenoids must be verified using standard
substances, it can be deduced that L. sinense extracts are rich in
terpenoids, including sesquiterpenoids, diterpenes and tri-
terpenoids, based on these identified and isolated compounds.
Thus, the search for the synthesis of more terpenoids from L.
sinense needs to be further intensified.

Antiproliferative and anti-inflammatory activities of
compounds 1-14

In our previous study, we found that the EtOAc-soluble extract
of L. sinense exhibited significant anti-inflammatory activity,
with an inhibition rate of 90.7% = 3.2% at 50 pg mL ™" against
LPS-induced Nitric Oxide (NO) production in RAW264.7 cells.?”
Previous works have also revealed that drimane-type sesqui-
terpenoids possess different levels of antiproliferative effects on
cancer cells, such as HL-60, MCF-7, A549, H1299, HepG2 and
A2780.”® Thus, all isolates were evaluated for antiproliferative
and anti-inflammatory activities in vitro (Table 3). The results
revealed that compounds 2-4, 6, 13 and 14 had moderate
antiproliferative effects on A549, H1299, HepG2 and A2780
cells, with ICs, values ranging from 35.2 & 2.0 to 90.5 £ 3.1 uM.
Disappointingly, no compound showed a significant anti-tumor
effect. However, this is consistent with the results reported in
the review, indicating that drimane-type sesquiterpenoids may
not have strong cytotoxicity to induce tumor cell apoptosis.”® To
assess the structure-activity relationship of the isolates,
a comparison of the cytotoxic effects of 2 and 4 indicated that
the hydroxyl group associated with C-3 might play an important
role in the antiproliferative effect. As for anti-inflammatory
activity, compounds 1, 2, 5, 7, 8 and 14 showed different
levels of activity, with ICs, values ranging from 8.3 £+ 1.2 to 48.4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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£ 2.3 uM against NO production. Among these compounds, 1
displayed the highest anti-inflammatory activity with an ICs,
value of 8.3 £+ 1.2 uM. A comparison of the anti-inflammatory
activities of 3, 7 and 8 indicated that the ketone group associ-
ated with C-3 was more potent than the methoxy group. In
addition, 2 (IC5o = 19.4 £ 0.8 uM) displayed higher activity than
4 (ICso > 50 uM). This also indicates that the ketone group
located at C-3 might have a positive effect on the anti-
inflammatory activity.

According to the literature, most drimane-type sesquiterpe-
noids are isolated from fungi, such as Aspergillus parasiticus,
Penicillium roqueforti and marine fungus Paraconiothyrium spor-
ulosum, in which they function as secondary metabolites.”>*
However, not many drimane-type sesquiterpenoids have been
isolated from plants. This differentiation caught our interest and
a careful literature survey was conducted in order to find some
chemotaxonomic markers and clarify the difference between
drimane-type sesquiterpenoids isolated from plants and fungi.
For this purpose, 27 published articles describing drimane-type
sesquiterpenoids from plants were summarized, and no signifi-
cant differences were found. Drimane-type sesquiterpenoids
belong to a unique sesquiterpenoid family and possess various
bioactivities, such as anti-tumor, anti-inflammatory, neuro-
protective and antimicrobial activities. Until now, this type of
sesquiterpenes has not been studied in depth. This study
provides a new approach to identify more effective drimane-type
sesquiterpenoids. Moreover, it is essential to explore other salt-
tolerant plants for drimane-type sesquiterpenes.

Experimental
General procedures

Optical rotation was measured with an AUTOPOL IV automatic
polarimeter (Rudolph Research Analytical, USA). The UV spectra
were measured on a Shimadzu UV-2401A spectrophotometer
(Shimadzu, Tokyo, Japan). The IR spectra were recorded using
an FTIR-8400S spectrometer with KBr discs (Shimadzu, Tokyo,
Japan). The ECD spectra were obtained on an ECD spectrometer
(Biologic MOS 450, France). The nuclear magnetic resonance
(NMR) spectra were obtained using a Bruker AV-600 spectrom-
eter (Bruker, Karlsruhe, Germany) with TMS as the internal
standard. The mass spectra were obtained on a Bruker micro-
TOF-Q mass spectrometer (Bruker, Karlsruhe, Germany).
Column chromatography was performed using silica gel (200-
300 um particle size, Qingdao Marine Chemical Co., Ltd.,
Qingdao, China) and RP-18 (150-63 pum particle size, Merck,
Darmstadt, Germany). TLC was performed with precoated silica
gel GF,s, glass plates (Qingdao Marine Chemical Co., Ltd).
HPLC was carried out using a Shimadzu System LC-20AD pump
equipped with a UV detector model SPD-20Avp (Shimadzu,
Tokyo, Japan) and a YMC Pack ODS-A column (5 pm, 20 x 250
mm).

Plant material

The whole plant of L. sinense was collected in June 2022 from
Dongying, Shandong province, China (east longitude: 118°
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35'53"; north latitude: 37°18'10”) and authenticated by Asso-
ciate Prof. Miao Wang (School of Traditional Chinese Medicine,
Shenyang Pharmaceutical University). A specimen of this plant
(No. LS-20220620) was deposited at the Medical Research
Center, Binzhou Medical University Hospital, Binzhou, China.

Extraction and isolation

The dried whole plant of L. sinense (50.0 kg) were extracted three
times with 70% EtOH, and 4.96 kg of crude extract was ob-
tained. Then, this extract was suspended in H,O and parti-
tioned using petroleum ether (PE), CH,Cl,, EtOAc and n-BuOH,
successively. The EtOAc fraction (160.2 g) was subjected to silica
gel column chromatography (CC) using a gradient of CH,Cl,~
MeOH (from 100:1 to 0: 1) to give 21 fractions (Fr.1-Fr.21). Fr.7
(4.9 g) was applied to a silica gel CC using a gradient of PE-
EtOAc (from 1:0 to 0:1) as the eluent, which yielded 12 frac-
tions (Fr.7.1-Fr.7.12). Furthermore, Fr.7.1 (835.5 mg) was
further purified by HPLC and eluted with an isocratic solvent
system of 50% MeOH in H,O at a flow rate of 1.5 mL min ™ * over
70 min, and 10 fractions were collected (Fr.7.1.1-Fr.7.1.10).
Fr.7.1.5 (183.1 mg) was purified by HPLC and eluted with an
isocratic solvent system of 35% MeOH in H,O at a flow rate of
1.5 mL min~" over 60 min to isolate compounds 6 (20.8 mg, tx =
32.5 min), 4 (6.2 mg, tg = 39.4 min), 2 (5.9 mg, tx = 45.0 min)
and 1 (15.2 mg, tg = 54.3 min). Fr.7.1.7 (154.3 mg) was separated
by HPLC, using an isocratic solvent system of 45% MeOH in
H,O at a flow rate of 1.5 mL min ' over 70 min to isolate
compounds 7 (3.2 mg, tg = 27.2 min), 10 (4.6 mg, tg = 32.6 min),
3 (6.4 mg, tg = 37.8 min), 5 (10.5 mg, tr = 42.1 min), 8 (8.4 mg, tx
= 48.6 min) and 9 (2.8 mg, tg = 53.7 min). Fr.7.1.9 (108.4 mg)
was separated by HPLC using an isocratic solvent system of 80%
ACN in H,O at a flow rate of 1.5 mL min ' over 60 min to isolate
compounds 14 (5.0 mg, tg = 23.6 min), 11 (25.1 mg, tx = 30.7
min), 13 (28.4 mg, ¢z = 35.0 min) and 12 (34.1 mg, ¢z = 38.5
min).

View Article Online
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Sinenseine A (1): amorphous light yellow solid; [a] —29.5 (c
0.1, MeOH); UV (MeOH) Apax (log ¢): 207 (2.32), 220 (2.03) nm; IR
(KBr disc) vmax 1765, 1628, 1448, 1404 cm ™ '; "H NMR (600 MHz,
DMSO-dg) and **C NMR (150 MHz, DMSO-d) data, see Tables 1
and 2; HRESIMS: m/z 247.1340 [M — H]~ (calced for C;5H;903,
247.1334).

Sinenseine B (2): amorphous yellow solid; [«] —37.8 (¢ 0.1,
MeOH); UV (MeOH) Apnax (log¢): 206 (2.02) nm; IR (KBr disc)
Vmax 3408, 2874, 1762, 1718, 1664, 1457 cm™'; "H NMR (600
MHz, DMSO-d¢) and >C NMR (150 MHz, DMSO-d,) data, see
Tables 1 and 2; HRESIMS: m/z 249.1496 [M — H] (calcd for
C15H,,03, 249.1491).

Sinenseine C (3): amorphous light yellow solid; [o] —43.4 (c
0.1, MeOH); UV (MeOH) Ay (l0g €): 210 (2.64) nm; IR (KBr disc)
Vmax 1774, 1632, 1431 cm™"; "H NMR (600 MHz, DMSO-dg) and
3C NMR (150 MHz, DMSO-d,) data, see Tables 1 and 2; HRE-
SIMS: m/z 249.1849 [M — H]  (caled for C;6H,50,, 249.1855).

Sinenseine D (4): amorphous yellow solid; [o] —29.2 (¢ 0.1,
MeOH); UV (MeOH) Anax (log¢): 204 (2.83) nm; IR (KBr disc)
Vmax 3423, 2935, 1740, 1632, 1407 cm™'; "H NMR (600 MHz,
DMSO-dg) and **C NMR (150 MHz, DMSO-d) data, see Tables 1
and 2; HRESIMS: m/z 251.1652 [M — H]~ (caled for C;5H,303,
251.1647).

Sinenseine E (5): light yellow oil; [a] +53.6 (¢ 0.1, MeOH); UV
(MeOH) Apax (log €): 203 (3.23) nm; IR (KBr disc) vpyax 3563, 3472,
1747, 1672, 1436 cm™'; "H NMR (600 MHz, DMSO-d,) and "*C
NMR (150 MHz, DMSO-d,) data, see Tables 1 and 2; HRESIMS:
m/z 263.1289 [M — H] (calcd for Cy5H;504, 263.1283).

Sinenseine F (6): amorphous yellow solid; [«] —42.1 (¢ 0.1,
MeOH); UV (MeOH) Apax (logé): 203 (2.45) nm; IR (KBr disc)
Vmax 3436, 2963, 2867, 1778, 1458 cm™'; "H NMR (600 MHz,
DMSO-dg) and **C NMR (150 MHz, DMSO-d) data, see Tables 1
and 2; HRESIMS: m/z 251.1642 [M — H]~ (caled for C;5H,303,
251.1647).

Table 3 Antiproliferative and anti-inflammatory activities (inhibition on NO production) of compounds 1-14 (ICsq uM)

Cytotoxicity”
Compounds A549 H1299 HepG2 A2780 Anti-inflammatory activity”
1 >100 >100 >100 >100 83 %12
2 82.9 + 2.4 75.4 £ 2.9 65.2 + 2.3 57.9 £ 3.1 19.4 £ 0.8
3 >100 >100 >100 89.1 + 2.8 >50
4 62.8 +1.9 71.3 £ 2.8 50.1 + 2.2 35.2 +2.0 >50
5 >100 >100 >100 >100 13.4 £ 1.0
6 78.0 £ 1.7 78.2 + 2.6 80.8 + 2.5 >100 >50
7 >100 >100 >100 >100 38.5+21
8 >100 >100 >100 >100 23.0 =+ 1.7
9 >100 >100 >100 >100 >50
10 >100 >100 89.6 + 2.7 >100 >50
11 >100 >100 >100 >100 >50
12 >100 >100 >100 >100 >50
13 83.7 £ 2.9 80.2 £ 2.3 >100 65.0 £ 2.7 >50
14 90.5 + 3.1 >100 88.5 + 2.6 >100 48.4 £ 2.3
Doxorubicin® 1.02 + 0.7 1.24 £ 0.9 0.86 + 0.5 0.21 £ 0.1 —
Dexamethasone” = — . 0.58 + 0.2

“ positive control. ” Data are represented as mean + SD (1 = 3).
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Qualitative study of terpenoids in L. sinense by UPLC-MS/MS
and molecular network analysis

UPLC-Q Exactive Orbitrap-MS/MS was used for the qualitative
analysis of the chemical constituents of L. sinense, and the 70%
EtOH extract of the whole plant of L. sinense was taken for
analysis. The ACQUITY UPLC HSS T3 column (2.1 x 100 mm,
1.8 um) was used for gradient elution with acetonitrile solution
(B) 0.1% aqueous formic acid solution (A) as the mobile phase.
The elution parameters were as follows: column temperature,
35 °C; flow rate, 0.3 mL min; injection volume, 10 pL; the
detection mode was Full MS-ddMS?; the positive ion and
negative ion modes were scanned separately. The scanning
range was m/z 100-1200; the MS resolution was set to 70 000; the
MS! rate was set to 70 000, and the MS? rate was set to 17 500;
the ion source voltage was 3.2 kV; the capillary ion transfer tube
temperature was 320 °C; the auxiliary gas heating temperature
was 350 °C; and the sheath gas flow rate was 40 L min~'. The
auxiliary gas velocity was 15 L min~ ', the AGC Target was set to 1
x 10°, the TopN was set to 5, and the collision energy to trigger
the MS” scan was set to 30, 40, and 50 using the stepped frag-
mentation voltage NCE. Compound Discover 3.2 software was
used to extract the characteristic peaks from raw mass spec-
trometry data, and the mass deviations for characteristic peak
element matching, molecular formula prediction and isotope
distribution matching were all set to less than 5 ppm. The
characteristic peaks were identified using the mzcloud online
database and a local self-built mzVault Traditional Chinese
Medicine natural products database. The screening criterion for
positive results was mass deviation <5 ppm. When the results
were consistent with the isotope distribution and mzVault best
match database, the score was >70. In addition, the MS/MS data
files were converted to the .mzXML format using the MSConvert
software. The molecular network was constructed using the
GNPS (http://gnps.ucsd.edu) data analysis workflow and the
spectral clustering algorithm. The spectral networks were
imported into Cytoscape 3.8.2 for visualization.

ECD computations

Conformational searches and the establishment of low-energy
conformers for compounds 1-6 were carried out using
Spartan 1.1.4 software. Next, all selected conformations with
a suitable Boltzmann distribution of more than 1% were reop-
timized at the B3LYP/6-31G (d) level by DFT calculations in the
GAUSSIAN 09 program. Subsequently, the ECD curves of the
reoptimized conformers were calculated using the time-
dependent density functional theory (TDDFT) method at the
B3LYP/6-31G (d, p) level in MeOH. All simulated spectra of these
conformations were averaged with the lowest Gibbs free energy
according to the Boltzmann distribution theory using the
SpecDis 1.71 software.*

Anti-inflammatory assays

The RAW 264.7 macrophage cell line was purchased from
Wuhan Boster Biological Technology., LTD. The in vitro anti-
inflammatory activity was evaluated by measuring the NO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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production inhibitory rates of the compounds in LPS-induced
RAW264.7 cells.*® Briefly, the RAW264.7 cells were plated in
a 96-well plate at a density of 5 x 10" cells per well, and the
CKKS8 assay was used to establish that the compounds were not
cytotoxic within a certain concentration range. Dexamethasone
was used as the positive control. A Griess kit was used to
measure the effect of the compounds at different concentra-
tions against NO secretion induced by LPS in RAW 264.7 cells.
The absorbance was measured at 540 nm by a Varioskan flash
instrument. NO production was calculated using the NaNO,
standard curve, and minocycline was used as the positive
control.

Anti-tumor assays

The CCKS8 assay was used to evaluate the cytotoxicity of isolated
compounds 1-14 according to the published method." A549,
HepG2, H1299 and A2780 cancer cells were purchased from
Wuhan Boster Biological Technology., LTD. Briefly, the cells
were harvested using trypsin, seeded in 96-well plates at 5000
cells per well and then incubated for 12 h. The test samples
dissolved in DMSO were added to each well, and the cells were
incubated for another 48 hours. Control wells were treated with
1% aqueous DMSO, and doxorubicin was used as the positive
control. After 48 h of incubation, 10 puL of CCK8 was added to
each well and incubated for 3-4 h at 37 °C with 5% CO,. The
absorbance of each well was measured at 450 nm using
a microplate reader (Thermo Scientific Multiskan MK3,
Shanghai, China).

Conclusions

In summary, lots of saline-tolerant medicinal plants in YRD
possess high values and need to be deeply studied. In the
present work, we isolated fourteen terpenoids including ten
drimane-type sesquiterpenoids and four triterpenoids from the
whole plant of L. sinense for the first time. Based on the cyto-
toxicity results of these isolates and the bioactivity of 164 re-
ported drimane-type sesquiterpenoids, we found that most of
the isolated drimane-type sesquiterpenes may not have a strong
ability to directly kill tumor cells. In addition, some isolates
showed potential anti-inflammatory activity, and 1 displayed
the highest anti-inflammatory activity with an ICs, value of 8.3
+ 1.2 pM against NO production. Furthermore, twelve terpe-
noids, including nine sesquiterpenoids, two diterpenes and
a triterpenoid, were identified by UPLC-MS/MS and GNPS
methods. Our work demonstrates that L. sinense extracts are
rich in terpenoids, and the study of the bioactivity of drimane-
type sesquiterpenes should be further expanded beyond anti-
tumor activity.

Data availability

The data supporting the findings of this study are available
within the article and its ESL{
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