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LC-MS/MS-guided separation of guaiacolane-type
sesquiterpenes with anti-inflammatory activities

from Chrysanthemum indicumt
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Min Wei,® Qing Ma,® Zhonggiu Liu,?®> Hua Zhou*° and Peng Wu (& *a®

Four previously undescribed compounds, including three guaiacane-type sesquiterpenoids (1-3) and one

oleanane-type triterpenoid (4), along with seven known sesquiterpenoids, were isolated from the aerial
parts of Chrysanthemum indicum using LC-MS/MS-guided fractionation. Structures were elucidated by
IR, UV, HR-ESI-MS, and 1D/2D NMR analyses, and their absolute configurations were determined by ECD
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calculations. The anti-inflammatory activity was evaluated in LPS-stimulated RAW264.7 cells with NF-«B

translocation by high-content imaging (HCI). Compound 2 reduced NF-kB translocation (ICsq = 9.70

DOI: 10.1039/d5ra03586d

rsc.li/rsc-advances

1. Introduction

Chrysanthemum indicum (Asteraceae), a perennial herb widely
utilized in traditional Chinese medicine, has been historically
prescribed for treating inflammatory disorders, hypertension,
and respiratory diseases."” Modern pharmacological studies
have validated its ethnomedicinal applications, revealing that
C. indicum extracts possess multifaceted bioactivities, including
anti-inflammatory,® antioxidant,* antimicrobial,® and anti-
cancer properties.»>* Notably, its anti-inflammatory efficacy is
attributed to the suppression of pro-inflammatory cytokines
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uM) without cytotoxicity at 20 pM. Compounds 8 and 9 showed potent activity (ICso = 2.04 and 1.21 uM,
respectively) and no cytotoxicity at 6.25 uM.

and modulation of the nuclear factor kB (NF-kB) signaling
pathway.® These pharmacological effects are predominantly
mediated by bioactive constituents such as sesquiterpenes,””
flavonoids,' and phenolic acids." Among these, guaiane-type
sesquiterpenes have garnered significant attention due to
their distinctive chemical scaffolds and potent anti-
inflammatory efficacy.”*™**

As previous reported,” LC-MS/MS is effective in isolating
guaianolides from C. indicum extracts. In this study, the 95%
ethanol extract of C. indicum was fractionated using a petroleum
ether (PE)/ethyl acetate (EA) gradient, LC-MS analysis revealed
varying distributions of guaiane-type sesquiterpenes, with
higher abundance detected in the PE/EA (2:1 and 1:1) frac-
tions. Additionally, eleven purified compounds were isolated
from the 95% ethanol extract through gradient PE/EA frac-
tionation, including eight guaianolide-type sesquiterpenoids
(1-3 being undescribed, and 5-9 being known), two caryolane-
type sesquiterpenoids (10 and 11), and a previously unde-
scribed triterpenoid (4) (Fig. 1). This contribution comprehen-
sively details their isolation protocols, structural elucidation,
and preliminary evaluation of NF-«kB inhibitory activity,
revealing promising anti-inflammatory potential that aligns
with the plant's traditional uses.

2. Results and discussion

2.1. LC-MS guided isolation

After LC-MS analysis of the extracts using different gradients of
PE/EA solvent systems, the extraction ion flow chromatogram
(EIC, Fig. 2) with molecular weight of 229.12 (ref. 15) was
extracted from their total ion flow chromatogram (TIC). Due to
the molecular structure of exact mass of m/z 229.12 (Fig. 3) as
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Fig. 1 Structures of compounds 1-11.

a general guaiacolane-type sesquiterpene cleavage products,
whose associated quasimolecular ion peaks (m/z 210.1039,
211.1117, 228.1145, 228.1323, 229.1223) were extracted in pure
PE, PE/EA (2:1), PE/EA (1:1) as well as H,O phase. Obviously,
the extracts of PE/EA (2:1) and PE/EA (1:1) showed higher
abundance of relevant ions, while the pure PE and H,O phase
extracted lower abundance of ions, and the relevant ion peaks of
the pure EA site were not detected, which were presumed to

11 AC

contain lower content of guaiacolane-type sesquiterpenoids,
thus provide guidance for the subsequent isolation of the
guaiacolane-type sesquiterpenoids (Fig. 4).

2.2. Structural elucidation

8-Senecioylchrysanolide D (1), isolated as a colorless oil, dis-
played a sodium adduct ion at m/z 615.2923 [M + Na]" (caled for
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Fig.2 EIC of m/z 229.12, representing guaiacolane-type sesquiterpene cleavage products. Samples: H,O phase (A); PE/EA (1: 1, v/v) extract (B);
PE/EA (2: 1, v/v) extract (C); pure PE extract (D); fraction 3 (in methanol) (E).
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Fig. 3 Histogram (right) and structure (left) of m/z 229.1223 in the EIC
from the PE/EA (2 :1) extract (A). Histogram (right) and structure (left)
of m/z 347.1831 (IM + H]*, compound 9) in the EIC from fraction 3 (B).
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Fig. 4 LC-MS-guided isolation workflow.

C35H,440gNa, 615.2928) in HR-ESI-MS analysis, confirming the
molecular formula C35H,,05 (2 = 14). The IR spectrum revealed
the presence of hydroxyl (3516 cm™ "), carbonyl (1759 cm ™), and
olefinic (1653, 1446 cm™ ") functionalities. The "H-NMR and "*C
NMR spectra (Table 1) exhibited 35 carbon signals, including
four methyl singlets at 6y 1.21 (3H, s, H-14), 6y 1.29 (3H, s, H-
14'), 6y 1.45 (3H, s, H-15') and dy 1.89 (3H, s H-15), three
oxygenated methines (0c/y 69.2/5.51, 79.2/3.95 and 79.2/4.09),
two oxygenated tertiary carbons (6c 73.0 and 73.6), an exocy-
clic double bond (64 5.31, d, J = 3.6 Hz, 6.03, d, ] = 3.6 Hz; ¢
118.4,141.4), two carbonyl carbons and (6 170.4 and 178.2) and
characteristic signals for a senecioyl moiety. The senecioyl
moiety shows two methyl groups at 6y 2.08 (3H, d, J = 1.2 Hz,
CH;-4") and 6y 1.88 (3H, s, CH;-5"), along with an olefinic
proton signal at 0y 5.64 (1H, m, H-2"), in conjunction with **C-
NMR signals at 6¢ 165.4 (C-1"), 115.2 (C-2"), 161.7 (C-3"), 20.6
(C-4"), and 27.8 (C-5"). The NMR data were nearly identical to
those of chrysanolide D,'® except for an additional senecioyl
group at C-8, as confirmed by the HMBC correlation (Fig. 5)
between 6y 5.51 (H-8) and d¢ 165.4 (C-1"). The "H-"H COSY
spectrum revealed four isolated spin-coupling systems of H-2/
H-3, H-5/H-6/H-7/H-8/H,-9, H-2//H-3' and H-5'/H-6'/H-7'/H,-8'/
H,-9'. Furthermore, HMBC (H-15/C-11; H-13a, H-13b/C-1/, C-4’,
C-10') correlations suggested that the two guaianolide units are
connected through C-13 to C-1’ and C-11 to C-4'. These spectral

© 2025 The Author(s). Published by the Royal Society of Chemistry
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features suggested that compound 1 is a guaianolide-type
sesquiterpene dimer.

The relative configuration of 1 was established through
a combination of NOESY correlations, biogenetic pathway and J-
based configurational analysis. As guaianolide sesquiterpene
lactones characteristically contain both cyclopentane and o-
methylene-y-butenolide moieties, their dimers are primarily
formed via enzymatically catalyzed Diels-Alder reactions.”
Following the Geissman rule, the H-7 proton was determined to
be o-oriented.”'® NOESY (Fig. 6) experiment revealed key
spatial relationships: H-7/H-5, H-5/H-1, H-5'/H-7', H-7/H-5', H-8/
H-6, H-8/H,-13, H-6/H;3-14’, H-6/H;3-15', H-2//H-6', H;3-15'/H-6/,
H-6'/H;3-15, H3-14/H-9a and H-9a/H3-15'. The coupling constant
(Ju-6/1-7 = 10.0 Hz) indicated that these protons occupy an axial
position on opposite sides of the molecule; thus, H-6 were
deduced to have a B-orientation. The observable NOESY corre-
lation of H-7/H-5, H-5/H-1, H-5'/H-7' and H-7/H-5, supported
their cofacial spatial arrangement, confirming their a-orienta-
tion. In contrast, the NOESY cross-peaks of H-8/H-6, H-8/H,-13,
H-6/H,-14', H-6/H;-15', H-2//H-6', H-15'/H-6', H-6//H;-15, H;-14/
H-9a and H-9a/H;-15' established the B-orientation of H-6, H-8,
H-6/, CH,-13, CH;-14, CH;-14', CH;-15 and CH;-15. The pB-
orientation of the CH,-13, providing key evidence for deter-
mining the absolute configuration of the spiro center at C-11.
Similarly, the B-orientation of H-2' was used to assign the
absolute configuration of C-1'.

The absolute configuration of compound 1 was determined
through comparison of its experimental electronic circular
dichroism (ECD) spectrum (Fig. 7) with the theoretically calcu-
lated ECD spectrum as
(1R,5R,6R,7R,85,10R,11R,1'R,4'R,5'S,6'S,7'S,10'R). Accordingly,
the structure of compound 1 was unequivocally established and
named 8-senecioylchrysanolide D.

Chrysanolide J (2), isolated as a colorless oil, its molecular
formula is C35H,;,05 (2 = 15) according to HR-ESI-MS (m/z
613.2824 [M + Na]', caled for C;35H,,0gNa, 613.2822). The IR
spectrum revealed the presence of hydroxyl (3488 cm™%),
carbonyl (1749 cm™'), and olefinic (1454 cm™') functional
groups. Comparative analysis with the known compound
Chrysanolide C' revealed similar NMR data, with the primary
differences being the presence of a carbonyl signal at d¢ 207.5
(C-2) and the absence of a hydroxyl group at C-10 in compound
2. The '"H-NMR spectrum (Table 1) exhibited signals of an
angeloyl moiety for two methyl groups at 6y 1.93 (3H, dd, J =
1.2, 7.6 Hz, CH3-4") and dy 1.85 (3H, s, CH3-5"), along with an
olefinic proton signal at 6y 6.11 (1H, m, H-3"). The "H-"H COSY
spectrum revealed five isolated spin-coupling systems of H-5/H-
6/H-7/H-8/H,-9, H-1/H-10/H;-14, H-2//H-3/, H-5'/H-6'/H-7'/H,-8'/
H,-9' and H-3"/H-4”". HMBC (H-1, H-3, H-5/C-2) correlations
(Fig. 5) confirmed the presence of a carbonyl group at C-2.
NOESY (Fig. 6) experiments revealed key spatial relationships:
H-5/H-1, H-5/H-7, H-6/H-8, H-6/H;-14, H-8/H,-13, H,-13/H;-14/,
H-2//H-6/, Hs-15'/H-6', H,;-14'/H;-15', H-7/H-5, and H-5/H-7'.
Based on an accepted principle that H-7 is generally a-oriented
in natural guaianolides, and three diagnostic coupling
constants (J = 9.6 Hz for H-6/H-7, H-5/H-6, and H-6'/H-7')
revealed trans-diaxial for these three pairs of protons.
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Table 1 NMR spectroscopic data of compounds 1-3¢

1 2 3
No 6}.[ 6@ 6}-[ 6(3 6H 6C
1 2.57 (1H, m) 54.4 2.86 (1H, m) 56.3 2.53 (1H, m) 58.8
2 2.15 (1H, m); 2.04 (1H, m) 334 — 207.5 4.26 (1H, d, 6.0) 85.9
2-OCH 3.32 (3H, s 56.2
3 5.49 (1H, m) 125.8 5.93 (1H, overlap) 134.6 5.72 (1H, m) 126.7
4 145.0 177.4 147.1
5 2.74 (1H, m) 54.8 3.02 (1H, dd, 9.6, 6.4) 54.8 3.07 (1H, dd, 9.6, 9.2) 54.0
6 3.95 (1H, dd, 10.4, 10.0) 79.2 3.81 (1H, dd, 10.0, 9.6) 80.8 3.93 (1H, dd, 10.8, 9.6) 81.5
7 3.43 (1H, dd, 10.0, 8.4) 48.3 3.12 (1H, dd, 9.6, 9.6) 47.5 3.80 (1H, m) 47.5
8 5.51 (1H, m) 69.2 5.41 (1H, m) 70.3 5.22 (1H, m) 72.1
9 2.24 (1H, m); 1.98 (1H, m) 38.4 1.76 (2H, m) 36.2 2.33 (1H, dd, 5.2, 16.0), 1.98 (1H, d, 4.4)  43.4
10 — 73.6  2.46 (1H, m) 26.9 73.1
11 — 58.6 59.8 — 137.8
12 — 1782 — 177.7 — 169.5
13 2.37 (1H, d, 12.0), 1.48 (1H, m) 37.3 2.34 (1H, m), 1.52 (1H, m) 37.9 6.22 (1H, m), 5.58 (1H, d, 3.2) 122.4
14 1.21 (3H, s) 33.7 1.37 (3H,d, 7.2) 21.5 1.30 (3H, s) 31.8
15 1.89 (3H, s) 18.5 2.27 (3H, s) 20.7 1.95 (3H, s) 18.1
1/ — 64.6 — 65.0 — 167.0
2/ 6.22 (1H, d, 5.6) 141.0 6.08 (1H, d, 5.2) 139.6 — 127.2
3 5.87 (1H, d, 5.6) 133.6 5.94 (1H, m) 131.6 6.20 (1H, m) 140.3
4 — 57.5 — 56.6 2.04 (1H, dd, 1.6, 7.2) 16.1
5 1.92 (1H, m) 65.8 2.15 (1H, m) 66.3 1.93 (1H, m) 20.8
6 4.09 (1H, dd, 10.0, 9.6) 79.2 4.07 (1H, dd, 9.6, 9.6) 79.4
7' 3.01 (1H, m) 43.1  3.01 (1H, dd, 9.6, 6.4) 43.2
8 2.20 (1H, d, 4.4), 1.44 (1H, m) 23.9 2.17 (1H, m), 1.44 (1H, m) 23.7
9 1.81 (2H, m) 35.0 1.81 (2H, m) 34.9
10 — 73.0 — 72.7
11 — 1414 — 141.0
12/ — 1704 — 170.3
13’ 6.03 (1H, d, 3.6), 5.31 (1H, d, 3.6) 118.4 6.05 (1H, d, 3.2), 5.33 (1H, d, 3.2) 118.7
14/ 1.29 (3H, s) 29.9 1.29 (3H, s) 29.9
15 1.45 (3H, s) 15.5 1.48 (3H, s) 15.6
1" — 1654 — 166.7
2" 5.64 (1H, m) 1155 — 127.4
3" — 161.7 6.12 (1H, m) 141.6
4" 2.08 (1H, d, 1.2) 20.6 1.93 (3H, dd, 1.2, 7.6) 16.2
5" 1.88 (1H, d, 1.2) 27.8 1.85 (3H, s) 20.6

¢ 6 in ppm; J in Hz; in CDCl;. "H-NMR data () were measured at 400 MHz; >*C-NMR data (6) were measured at 100 MHz.

Fig.5 Selected HMBC (arrow) and *H-"H COSY (bold) correlations of

compounds 1-4.
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Fig. 6 Selected NOESY (arrow) correlations of compounds 1-4.
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Fig. 7 ECD spectra of compounds 1-3.

Collectively, these data established the a-orientation of H-1, H-
5, H-7, H-5', and H-7', while H-6, H-8, CH,-13, CH,-14, H-2/, H-
6’, CH;-14/, and CH;-15' were determined to be B-oriented. The
absolute configuration of compound 2 was determined through
comparison of its experimental ECD spectrum (Fig. 7) with the
theoretically calculated ECD spectrum as
(1S,5R,6R,7R,8S,10S,11R,1'R,4'R,5'S,6'S,7'S,10'R).

8-Angeloyl-2-methoxy-10-hydroxy-3,11(13)-guaiadien-12,6-
olide (3), isolated as a colorless oil, its molecular formula is
C,1H,306 (2 = 8) according to HR-ESI-MS (m/z 399.1764 [M +
Na]", caled for C,,H,50¢Na, 399.1770). IR spectroscopy indi-
cated the presence of hydroxyl (3510 cm '), carbonyl
(1741 em™"), and double bond (1454 cm™") functional groups.
Comparison with the known compound 8-acetoxy-2-methoxy-
10-hydroxy-3,11(13)-guaiadien-12,6-olide,"” showed similar
spectroscopic data, with the main difference being the substit-
uent at C-8. The "H-"H COSY spectrum revealed three isolated
spin-coupling systems of H-2/H-3 H-5/H-6/H-7/H-8/H,-9 and H-
3”/H-4". HMBC spectra (Fig. 5) showed that 6y 5.22 (H-8) was
remotely correlated with 6¢ 167.0 (C-1'), suggesting that an
angelica acyl group was attached at the C-8. NOESY correlations
(Fig. 6) (H-5/H-1, H-5/H-7, H-6/H-8, H-14/H-2, H-14/H-6) sug-
gested that H-1, H-5, and H-7 are a-oriented, while H-2, H-6, H-
8, and H-14 are P-oriented. The absolute configuration of
compound 3 was determined to be (1S,2S,5R,6R,7R,85,10R)
(Fig. 7).

16,22,23,28-Tetrahydroxyolean-12-ene (4) was isolated as
a white powder, HR-ESI-MS analysis showed a molecular ion
peak at m/z 475.3864 [M]" (calcd for C3oHs004, 475.3857), thus
the molecular formula was deduced to be C3,H500, (2 = 6). IR
spectroscopy indicated the presence of hydroxyl (3425 cm™*)
and double bond (1689 cm™", 1460 cm™ ") functional groups.
The "H-NMR spectrum (Table 2) revealed six methyl proton
signals(dg 0.93, 0.95, 0.98, 1.03, 1.16, and 1.43), two oxygenated
methylene signals (6y 3.66, H-23a and 0y 3.44, H-23b, J = 11.2
Hz; 0y 3.61, H-28a and &y 3.32, H-28b, J = 10.8 Hz), two
oxygenated methine proton signals (6y 4.03, 4.67), while
a double bond proton signal was observed at 6y 5.29 (1H, brs) in
the downfield region. In the "*C-NMR spectrum (Table 2), four
oxygenated carbon signals were observed at d¢ 67.2, 68.3, 76.7,
and 73.2, while a pair of double bond carbon signals appeared
at 6c 122.8 and 142.7. These data suggested that compound 4 is
a A'*-oleanene-type triterpenoid. Compound 4 showed similar
spectroscopic data to the known compound gymnemanol,*
with the main difference being the absence of a hydroxyl group

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at C-3. In the "H-"H COSY spectrum, the following correlations
(Fig. 5) were observed: 0y 5.29 (H-12) with 6y 1.94 (H-11); 5
2.04/1.45 (H-15) with 6y 4.67 (H-16); and 6y 1.77/1.58 (H-21)
with oy 4.03 (H-22). HMBC (H-23/C-24, H-23/C-5, H-28/C-16,
H-28/C-18, H-28/C-22, H-22/C-16) correlations (Fig. 5) indi-
cated hydroxyl substitutions at C-16 and C-22, and the forma-
tion of -CH,OH structures at C-24 and C-28 due to
hydroxylation of the angular methyl groups. NOESY correlations
(Fig. 6) (H-5/H-9, H-5/H;-23, H-9/H;-27, H-16/H;3-27) suggested
that H-5, H-9, H-16, CH;-23, and CH;-27 are a-oriented, while
correlations between H-28/H-22 and H;-25/H;-26 indicated that
H-22, CH;-25, and CH;-26 are B-oriented.

Table 2 NMR spectroscopic data of compound 4¢

No. Ou Oc
1 1.94 (1H, m), 1.40 (1H, m) 39.1
2 2.63 (1H, m), 2.29 (1H, m) 35.4
3 1.25 (2H, m) 29.8
4 — 52.6
5 1.64 (1H, m) 49.3
6 1.45 (1H, m), 1.55 (1H, m) 19.3
7 1.67 (1H, m), 1.42 (1H, m) 32.3
8 — 39.9
9 1.77 (1H, m) 45.9
10 — 36.6
11 1.94 (2H, m) 23.7
12 5.29, brs 122.8
13 — 142.7
14 — 41.9
15 2.04(1H, m), 1.45(1H, m) 33.8
16 4.67, brs 68.3
17 — 44.0
18 1.94 (1H, m) 42.5
19 2.27 (1H, m), 1.08 (1H, m) 47.4
20 — 31.5
21 1.77 (1H, m),1.58 (1H, m) 45.9
22 4.03, dd, 12.4, 6.0 76.7
23 3.66(1H, d, 11.2), 3.44(1H, d, 11.2) 67.2
24 1.03(3H, s) 17
25 1.16 (3H, s) 15.6
26 0.98 (3H, s) 17.0
27 1.43 (3H, s) 27.1
28 3.61 (1H, d, 10.8), 3.32 (1H, d, 10.8) 73.2
29 0.93 (3H, s) 33.2
30 0.95 (3H, s) 24.9

¢ § in ppm; J in Hz; in CDCl;. "H-NMR data () were measured at 400
MHz; *C-NMR data (0) were measured at 100 MHz.
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Apart from four previously undescribed compounds, the
other known compounds were isolated and identified as han-
delin (5),** 8-tigloylchrysanolide D (6),'® chrysanolide C (7),"”
cumambrin A (8),* angeloylcumambrin B (9),>* caryolane-1f,9p-
diol (10),** (-)-clovane-2,9-diol (11) (Fig. 1).**

2.3. LC-MS/MS validation of isolated compounds

To verify the presence of both previously undescribed
compounds and known compounds in the original plant
material and their enrichment in fractions, LC-MS/MS analysis
was conducted. Multiple structural isomers with the molecular
formula C35H,40g (m/z 590.30) were identified in C. indicum
extracts, notably, EIC (Fig. 8) analysis of C35H,,Og revealed
consistent co-elution of compounds 1 and 6 in both crude
extract and fraction 5.

2.4. Biological activity

2.4.1. Screening result of anti-inflammatory activity. The
NF-kB nuclear translocation in LPS-stimulated RAW264.7 cells
was detected by high-content imaging (HCI) to evaluate the anti-
inflammatory activity of compounds 1-11. The results showed
that compounds 2, 8 and 9 had an inhibitory effect on NF-kB
nuclear translocation in LPS-induced RAW264.7 cells at 10 uM,
which was similar to the positive drug BAY11-7085 (Fig. 9A and
B), indicating that compound 2, 8 and 9 can be chosen as the
anti-inflammatory candidates for further study.

2.4.2. Cell cytotoxicity of candidate compounds. To explore
the further anti-inflammatory effect, the cytotoxicity of
compounds 2, 8 and 9 was detected. Through the detection of
MTT and HCI methods, we determined that compound 2, 8 and
9 had certain cytotoxicity on RAW264.7 cells without/with LPS
(Fig. 10A-F). And compound 2, 8 and 9 had no significant

0
8-senecioylchrysanolide D (1%)

Exact Mass: 592.30

View Article Online

Paper

cytotoxicity to RAW264.7 cells at the concentration of 20 pM,
6.25 uM and 6.25 uM, respectively (Fig. 10G-I).

2.4.3. Inhibition curve and ICs, of candidate compounds.
The inhibition curve of NF-kB nuclear translocation of
compounds 2, 8 and 9 were detected in the LPS-stimulated
RAW264.7 cell model. As shown in Fig. 11, compounds 2, 8
and 9 suppressed NF-«B nuclear translocation in a dose-
dependent manner in the LPS-stimulated RAW264.7 cell
model. Furthermore, their IC5, values were 9.70, 2.04 and 1.21
uM, respectively.

3.

3.1.

Experimental
Plant material

The aerial parts of C. indicum were collected in Yangxin Chry-
santhemum indicum L. Cultivation Base, Hubei, China in 2019.
The samples (Batch no. 20190719) were identified by Min Wei,
an engineer of China Resources Sanjiu Pharmaceutical
Company Limited, and preserved in the International Institute
of Translational Medicine of Traditional Chinese Medicine,
Guangzhou University of Traditional Chinese Medicine,
Guangzhou, China.

3.2. LC-MS analysis

3.2.1.
analysis. The samples were analysed on a Waters ACQUITY
UPLC HSS C18 column (1.8 um, 2.1 mm x 100 mm) on an
Agilent 6540 UPLC-Q-TOF-MS (Agilent, California, USA) equip-
ped with Dual AJS ESI. Mobile phase gradient was selected: (a)
0-20 min: 10-90% B, methodological analysis for LC-MS-guided
fractionation; (b) 0-20 min: 20-100% B, methodological anal-
ysis for compound identification via LC-MS/MS; flow rate: 0.3

General experimental procedures of LC-MS/MS

(0]
8-tigloylchrysanolide D (6)
Exact Mass: 592.30

Cpd 1: C35H44 O8: + EIC(574.28251, 575.29590, 575.30033, 576.30373 ...) Scan d\‘lZ dy

o) 1873708 \ 22 $ /
A 85552 209464 12470 N4, / 65306
3620 10.691 hlice 74 16.128
o I /

o PRSSE, NP () Y NI et )

Cpd 1: C35 H44 O8: + EIC(574.28251, 575.29590, 575.30033, 576.30373 ...) Scan C-8MS.d..d /

[ A —

T S e A

Cpd 1: C35 H44 O8: + EIC(574.29251. 575.28590, 575.30033, 576.30373 ...) Scan EXACT-Cl+ d
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Counts vs. Acquisition Time (min)

Fig. 8 EIC about molecular formula of C35H440g (exact mass of m/z 590.30). Samples: compound 1 (A); compound 6 (B); fraction 5 (C); C.

indicum crude extract (D).
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Comp. 9

10 pM 10 pM

Inhibitory effect of compounds 1-11 from C. indicum on NF-«B nuclear translocation in LPS-induced RAW264.7 cells. RAW264.7 cells

were seeded at 10 000 cells per well in 96-well plate overnight, and then treated with 10 uM of 11 compounds for 40 minutes followed by 200 ng
mL ™t LPS stimulation for 40 minutes. The NF-kB nuclear translocation (green) was detected by HCI. The screening result of compound 1-11 on
NF-kB nuclear translocation in LPS-induced RAW264.7 cells was detected by HCI (A). The NF-«B translocation was normalized to the LPS group
data (100%) and control data (0%). The results are presented as means + S.E, n = 3. The presentative HCl images of LPS-induced RAW264.7 cells
treated without or with compound 2, 8 and 9 (B). Scale bar: 50 um. AP < 0.01 vs. control alone, **P < 0.01 vs. LPS alone.

mL min~'; column temperature: 40 °C. Mobile phase A was
0.1% aqueous formic acid and B was acetonitrile (ACN), ana-
lysed in positive ion mode. The mass spectral data were recor-
ded in the range of 50-1700 m/z. An internal mass calibration
was performed using reference masses of 121.0509 (purine) and
922.0098 (HP-0921) when running in positive ion mode. The
running parameters were as follows: drying N, gas flow rate: 8
L min~'; temperature: 320 °C; nebulizer: 35 psig; capillary:
3500 V; skimmer: 65 V; OCT RfV: 750 V; fragmentor: 175 V.

3.2.2. Preparation of extracts for analysis. The crude extract
(0.4 g) obtained from the aerial parts of C. indicum was sus-
pended in water, and then extracted by gradient extraction with
PE/EA solvent system (1:0,2:1,1:1, 0:1) in order. After recy-
cling the solvent, the products were then dosed to 10 mL with
methanol. And all of them were filtered with 0.22 pm filter
membrane as the samples for LC-MS analysis.

3.2.3. Procedure for LC-MS/MS structural verification.
Samples (crude extract, fractions, and isolated compounds)
were dissolved in HPLC-grade methanol, filtered through 0.22
pm membranes, and analysed using identical gradient elution
condition. Full-scan MS and MS/MS analyses were performed to
obtain both molecular ions and fragmentation patterns. Target
compounds were identified by extracting their characteristic
molecular ion peaks from the TIC.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3. General experimental procedures of isolation and
structure elucidation

UV spectra were measured using a JASCO V-730 UV-vis spec-
trophotometer (Jasco, Tokyo, Japan), IR spectra were obtained
using a JASCO FT/IR-4600 spectrophotometer (Jasco, Tokyo,
Japan), and HR-ESI-MS data were acquired using an Agilent
6540 UPLC-Q-TOF-MS (Agilent, California, USA). NMR data were
acquired using a Bruker AV-400 MHz NMR spectrophotometer
(Bruker, Faellanden, Switzerland) in CDCl; (Sigma-Aldrich,
USA), with tetramethylsilane as the internal standard. ECD
spectra were available on a Chirascan circular dichroism
(Applied Photophysics, UK). Semi-preparative HPLC separa-
tions were carried out on an HPLC (Shimadzu, Japan) on an
Inertsil PREP-ODS (10 pm, 20 x 250 mm) column (Gl Sciences
Inc., Eindhoven, the Netherlands), and analysed and purified by
HPLC on a COSMOSIL (5 pm, 4.6 x 150 mm) column (Nacalai
Tesque, Japan). Silica gel (100-200, 200-300, 300-400 mesh,
Qingdao Ocean Chemical Factory, China), Sephadex LH-20gel
(25-100 pm, Fluka, Sweden), MCI (Mitsubishi Chemical
Corporation, Japan), and ODS (YMC Corporation, Kyoto, Japan)
were used for the column chromatography (CC) analysis. Silica
gel thin-layer plates (GF,s4, Qingdao Ocean Chemical Factory,
Qingdao, China), vanillin (Tianjin Komeo Company, Tianjin,
China), and concentrated sulfuric acid (AR, Shanghai energy
Chemical Co., Ltd, Shanghai, China) were used for thin-layer

RSC Adv, 2025, 15, 26173-26183 | 26179
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Fig. 10 The cell cytotoxicity of compounds 2, 8 and 9 in with/without
LPS-stimulated RAW264.7 cells by MTT and HCI. RAW264.7 cells were
seeded at 8000 cells per well in 96-well plates overnight, and then
treated with different concentrations of compounds 2, 8 and 9 for 1 h
followed with or without 200 ng mL™* LPS for 18 h. Cell viability of
compounds in with/without LPS-stimulated RAW264.7 cells was
analyzed by MTT (A-C) and HCI (D-F). The cell viability of control
group was set to 100% and the results were presented as means + S.E,
n = 3. (G-I) The presentative cell cytotoxicity HCl images of
compounds 2, 8 and 9. Scale bar: 100 um. **P < 0.01, ***P < 0.001 vs.
LPS alone.

chromatography (TLC) analysis. Solvents used for analysis and
preparation on HPLC were of HPLC grade (Merck, USA), and the
others used for CC were of AR grade (Shanghai energy chemical
Co.)

3.4. Extraction and isolation

After crushing the dried C. indicum stems and leaves (17 kg), the
crude powder (40-60 mesh) obtained was extracted by macera-
tion with 95% ethanol (50 L in total) at room temperature (3
days x 3 times). The combined extracts were concentrated
under reduced pressure until they were flavorless without
alcohol to obtain a crude extract (500 g). The crude extract was
eluted with a gradient of PE/EA (100:0-0:100) on a column
chromatography of silica gel (100-200 mesh) to obtain seven
fractions (1-7).
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Fig. 11 The ICsq values of compounds 2, 8 and 9 on NF-kB nuclear
translocation in LPS-stimulated RAW264.7 cells (A—-C). RAW264.7 cells
were seeded at 8000 cells per well in 96-well plates overnight, and
then treated with or without compounds 2, 8 and 9 for 1 h followed
with or without 200 ng mL™ LPS for 40 minutes. NF-kB nuclear
translocation was analysed by HCI. The NF-«kB nuclear translocation of
LPS group was set to 100% and control data was set 0%. The results are
presented as means + S.E, n = 3.

Fraction 3 (70 g, PE/EA, 96 : 4-7 : 3) was loaded on a silica gel
(200-300 mesh) column eluting with a n-hexane-ethyl acetate
gradient (100:0-1:1) to obtain eleven flow fractions (3A-3K),
and Fr.3H (5 g, n-Hex/EA, 10:1-5:1) continued to be purified
on a silica gel (300-400 mesh) column with elution of PE/EA
(100:0-1:1),resulting in four subfractions (3H-1-3H-4), and
Fr.3H-3 (PE/EA, 15:1-10: 1) was again purified over a silica gel
(300-400 mesh) column to obtain Fr.3H-3A-Fr.3H-3D, the oil on
the bottle wall of Fr.3H-3C was taken out as YJ-3H-3C, alone,
and was prepared by analytical HPLC to obtain compound 9
(5 mg, ACN/H,0, 60 : 40, t; = 22.8 min, 1 mL min").

Fr.5 (24.31 g, PE/EA, 6:4-4: 6), eluting its upsampled silica
gel (200-300 mesh) column by a gradient of n-Hex/EA (9:1-1:1)
yielded nine fractions (5A-5I), the Fr.5E (5.5 g, n-Hex/EA, 8:2)
was given to 7 subfractions (5E-11-5E-7) by a silica gel (200-300
mesh) column eluting its up-loading through a PE/EA (7:1-0:
10) gradient.Fr.5E-5 (1.6 g, PE/EA, 3:1) was converted to an n-
Hex/EA (10:1-0:10) solvent system on a silica gel (300-400
mesh) column to purify another 7 fractions (5E-5A-5E-5G).
Among them were identified by thin-layer chromatography
and vanillin-concentrated sulfuric acid chromatography, all of
which contained blue spots combined as Fr.5E-5F (n-Hex/EA, 4 :
1-3:1). Fr.5E-5F was purified on an ODS column with a gradient
of MeOH/H,0 (10:90-100: 0) to obtain 12 fractions (5E-5F-1-
5E-5F-12). Finally, Fr.5E-5F-4 (MEOH/H,0 45:55-50:50) was
used to obtain compound 8 (30.5 mg, ACN/H,0, 40: 60, ty =
26.5 min, 1 mL min~') by analytical HPLC. Fr.5G (6.5 g, n-Hex/
EA, 3:1), over a silica gel (300-400 mesh) column eluted with
PE/EA (6:1-0:10) yielded 10 subfractions (5G-1-5G-10), and
Fr.5G-8 (PE/EA, 3:1) was purified on an ODS column with
MeOH/H,0 (30:70-100:0) gradient elution, and the 21st
sample bottle obtained through a Sephadex LH-20 column
under an isocratic eluent of DCM/MeOH (1 : 1) and was given to
four subfractions (5G-8-21-A-5G-8-21-D), of which Fr.5G-8-21-A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was used on analytical HPLC, and the sample was separated on
an ACN/H,O0 (60 : 40) gradient to obtain compounds 6 (6 mg, tg
=27.0 min, 1 mL min~ "), 1 (1 mg, g = 27.5 min, 1 mL min~ "),
and 7 (7.7 mg, tg = 31.0 min, 1 mL min ') sequentially.

Fr.6 (25 g, PE/EA, 4: 6-0: 10) eluted with DCM/Me (100: 1-1:
1) gradient silica gel (200-300 mesh) column yielded 9 fractions
(6A-61), Fr.6D (1 g, DCM/ME, 100 : 1) eluted with PE/EA (100 : 1-
2:1) gradient silica gel (300-400 mesh) column, leading to the
separation of 9 subfractions (6D-1-6D-9), Fr.6D-6 (PE/EA, 4:1)
was eluted with DCM/ME (1:1) isocratic elution of its up-
sampling of Sephadex LH-20 column, the purified Fr.6D-6A
was obtained, and the next analytical column was used to
obtain by analytical HPLC the compound 5 (10 mg, ACN/H,0,
45: 55, tg = 21.9 min, 1 mL min~"). Fr.6E (DCM/ME, 100 : 1-50 :
1) over PE/EA (10:0-0:10) gradient eluted silica gel (300-400
mesh) columns to obtain 7 subfractions (6E-1-6E-7), of which
Fr.6E-3 (PE/EA, 3:1) over MeOH/H,O (50:50-100: 0) gradient
elution of the ODS column led to Fr.6E-3A-Fr.6E-3H, of which
the sample of vial 7 and 8 was Fr.6E-3B (MeOH/H,0, 90:10),
Fr.6E-3B was used to obtain compound 3 by analytical HPLC
(4.3 mg, ACN/H,0, 40: 60, ty = 33.8 min, 1 mL min '); Fr.6 x
10~° (PE/EA, 3:1-2:1) over MeOH/H,O (30:70-100:0)
gradient elution of the ODS column to obtain Fr.6E-5A-Fr.6E-5],
Fr.6E-5H (MeOH/H,O0, 80 :20) was purified by analytical HPLC
to obtain compound 2 (1 mg, ACN/H,0, 55 : 45, tg = 30.0 min, 1
mL min'). Fr.6F (DCM/ME, 50:1-20:1) was eluted with
MeOH/H,0 (30 : 70-60 : 40) on an ODS column under a gradient
to obtain Fr.6F-1-Fr.6F-7, of which Fr.6F-6 and Fr.6F-7 eluted
from 60% methanol were recognized by thin-layer chromatog-
raphy as uniform purple spots. Both fractions were further
purified by isocratic elution with DCM/Me (1: 1) on a Sephadex
LH-20 column, and the resulting Fr.6F-6B and Fr.6F-7A were
prepared by analytical HPLC to obtain the compounds 10
(25 mg, ACN/H,0, 30: 70, tg = 34.8 min, 1 mL min~') and 11
(5.5 mg, ACN/H,O, 35:65, tx = 22.8 min, 1 mL min '),
respectively.

Fr.7 (19.73 g, pure EA) was subjected to a silica gel (200-300
mesh) column eluted by a gradient of DCM/Me (99 : 1-0 : 100) to
give 7 fractions (7A-7G), and Fr.7C (2.73 g, DCM/ME 98 : 2-97 :
3) was eluted on an MCI column with MeOH/H,O (20 : 80-100 :
0) gradient elution to obtain four subfractions (7C-1-7C-4),
Fr.7C-4 (MeOH/H,0, 70:30-100:0) was isocratically eluted
with DCM/Me (1:1) on its up-loading Sephadex LH-20 column
to obtain Fr.7C-4A-Fr.7C-4F, Fr.7C-4C was purified by semi-
preparative HPLC to give compound 4 (23 mg, ACN/H,0, 75 : 25,
tr = 35.0 min, 3 mL min~").

8-Senecioylchrysanolide D (1): colorless oil; [a]3! = -4.2 (c =
0.1, MeOH); IR (KBI) Upmax: 3516, 2931, 1759, 1653, 1446 cm ™ *;
UV (MeOH) Apax: 198 nm; ECD (MeOH) Appax (Aé€): 200 (+13.0),
221 (—12.8) nm; NMR spectroscopic data (CDCl;z, 400/100 MHz),
see Table 1; HR-ESI-MS m/z 615.2923 [M + Na]" (caled for
C35H,,05Na, 615.2928).

Chrysanolide J (2): colorless oil; [a]5" = —4.0 (¢ = 0.1,
MeOH); IR (KBI) upax: 3489, 2927, 1749, 1454, 1373 cm ™ ; UV
(MeOH) Amax: 200 nm; ECD(MeOH) Ay (Aé): 200 (+15.0), 208
(—19.8), 228 (+5.0) nm; NMR spectroscopic data (CDClz, 400/100

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MHz), see Table 1; HR-ESI-MS m/z 613.2824 [M + Na]" (calcd for
C;5H4,05Na, 613.2822).

8-Angeloyl-2-methoxy-10-hydroxy-3,11(13)-guaiadien-12,6-
olide (3): colorless oil; [o]5" = +13.0 (c = 0.1, MeOH); IR (KBr)
Umax 3510, 2945, 2866, 1741, 1454 cm ™Y UV (MeOH) Amax:
198 nm; ECD (MeOH) Amax (A€): 200 (+9.0), 212 (+0.1), 241
(+5.0) nm; NMR spectroscopic data (CDCl;, 400/100 MHz), see
Table 1; HR-ESI-MS m/z 399.1764 [M + Na]" (caled for
C,1H,506Na, 399.1770).

16,22,23,28-Tetrahydroxyolean-12-ene (4): white powder;
[e]5" = +3.6 (c = 0.1, MeOH); IR (KBT) U 3425, 3925, 1689,
1460, 1065 cm ™ '; UV (MeOH) Aoy 199 nm; NMR spectroscopic
data (CDCl;, 400/100 MHz), see Table 2; HR-ESI-MS m/z
475.3864 [M]" (caled for C3oH500,, 475.3857).

3.5. ECD spectral computation

The initial conformations of two possible configurations for
compounds 1-3 were constructed based on its NOESY correla-
tions. Conformational searches were performed using the
MMFF94s force field in SYBYL 8.1, with low-energy conforma-
tions within a 10 kcal mol ™ energy window collected to form an
initial conformational ensemble. These preliminary conforma-
tions were subsequently optimized at the DFT (B3LYP)/6-
31+G(d) level of theory in Gaussian 09. Further refinement
selected conformations within a 3 kcal mol * energy cutoff to
generate a stable conformational ensemble. Finally, ECD
spectra for all stable conformers were calculated using time-
dependent DFT (TDDFT) with the following parameters: TD
(singlet, nstate = 50) scrf (solvent = methanol). Theoretical ECD
spectra were generated by Boltzmann-weighted averaging based
on thermodynamic statistics, employing the CPCM solvation
model (methanol as solvent).

3.6. Cells and treatments

The murine macrophages RAW264.7 cell line was purchased
from American Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Grand Island, New York, USA) supplemented
with 10% heat-inactivated FBS (Gibco BRL Co, Grand Island,
NY, USA), penicillin G (100 units per ml), streptomycin (100 pg
mL™ "), and r-glutamine (2 mM) (Gibco BRL Co, Grand Island,
NY, USA). The cells were grown at 37 °C in a humidified
atmosphere with 5% CO,. Compounds 1-11 were dissolved in
DMSO and the final concentration is 20 mM. Pretreated the
cells with the tested compounds and then stimulated with LPS.
At the end of incubation, the anti-inflammatory activity was
evaluated by assessing NF-kB translocation and cell viability.
The cells stimulated by LPS without any intervention were used
as model control. The cells incubated with DMEM medium
were used as normal control.

3.7. Measurement of NF-kB nuclear translocation

The NF-kB nuclear translocation was detected using a previ-
ously described HCI method.* The cells were seeded in 96-well
plates at a density of 1.0 x 10" cells per well for 18 h. The cells
were then respectively pretreated with compounds (10 uM) and
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BAY-117085 (1 pM) for 1 h. Afterward, the cells were stimulated
with or without LPS (200 ng mL™") for 40 minutes. The cells
were fixed with 4% paraformaldehyde solution for 15 minutes,
permeabilized with 0.2% Trition-100X for 15 minutes, blocked
with 3% BSA for 30 minutes, stained with a 1:500 dilution of
p65-FITC antibody (Santa Cruz, CA, USA) for 3 h, and with DAPI
solution (Thermo Scientific, NC, USA) for 5 minutes. Finally, the
plates were imaged, and the nuclear translocation of NF-kB
(green) was analysed using by HCI technology with the In Cell
Analyzer 6000 imaging system (General Electric Company,
Boston, USA).

3.8. Cell cytotoxicity assay

The RAW 264.7 cells were seeded at a density of 8000 cells per
well in 96-well plates for 24 hours. The cells were then pre-
treated with the candidate compounds (2, 8 and 9) and DMSO
(0.1%). After that, the cells were stimulated with or without LPS
(200 ng mL™") for 18 hours. After the treatment, different
experiments were used to measure the cell viability.

MTT method was used to assess the cells cytotoxicity of
compounds. After the treatment, 100 pL of MTT solution per
well was added for 4 hours, which followed by 10% SDS-HCI
solution for 18 hours. Then thoroughly shake the 96-well plates
for 5 min. Lastly, the OD value at 570 nm and 650 nm was
measured, and the OD value of control cells was set as 100%.

HCI was used to assess the cells cytotoxicity of compounds.
After the treatment, the cells were stained by CalceinAM (green)
and propidium iodide (red) (Beyotime Biotechnology, shanghai,
China) for 30 min at 37 °C. Then the cells were washed twice by
PBS. Lastly, the lived cells (green) and dead cells (red) in 96-well
plates were imaged by HCI. And the cell viability of control
group was set to 100%.

3.9. Statistical analysis

The NucCyto difference was used to analyze NF-kB translocation
via Nuclear Translocation Analysis on an HCS imager. The log
(agonist) vs. normalized response was plotted using GraphPad
Prism 7.0 software (GraphPad Software Inc, La Jolla, CA, USA).
The data was expressed as the mean + S. M. E. of two or three
independent experiments. Statistical significance comparisons
between the different compound-treated groups and the model
control group were analysed by one-way ANOVA followed by
post hoc analyses using the SNK method in GraphPad Prism 7.0
software. Compounds with 50% inhibition of NF-kB nuclear
translocation were considered as potential candidates. P values
less than 0.05 were considered statistically significant.

4. Conclusion

In conclusion, three previously undescribed guaiacane-type
sesquiterpenes (1-3) and one triterpene compound (4) were
found in the aerial parts of C. indicum, along with seven known
sesquiterpenoids. The structures of these terpenoids were
elucidated by comprehensive spectral analysis. Then, in the
LPS-stimulated RAW264.7 macrophages, compounds 2, 8 and 9
at the dosage of 10 uM had shown significant inhibitory effect
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on the NF-«B translocation. In addition, they exhibited no
significant cytotoxicity toward LPS-induced RAW264.7 cells at
therapeutic doses. Based on these results, compounds 2, 8 and
9 may have anti-inflammatory value for in-depth research.

Data availability

The data supporting this study are included within the manu-
script and its ESIT files.
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