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s and sesquiterpenoids from
Siegesbeckia pubescens Makino and their anti-
inflammatory activity

Lingxia Qu, Yuejian Guan, Xinyu Li, Xinning Li, Haixue Kuang, Liu Yang *
and Hai Jiang *

Six undescribed terpenoids were isolated from the aboveground parts of Siegesbeckia pubescens Makino.

These compounds include four diterpenoids (1–4) and two sesquiterpenoids (5–6), as well as thirteen

known compounds (7–19). The structures of new compounds were determined through spectroscopic

analysis, DP4+ Analysis and ECD calculation. The protective effect of all compounds against

lipopolysaccharide (LPS)-induced inflammation in RAW 264.7 cells was tested. The result showed that

compounds 2–9, 12–15 and 17–19 significantly inhibited the production of nitric oxide (NO) in LPS-

induced RAW 264.7 cells, among which compound 18 demonstrated the best inhibitory activity against

NO release. The potential anti-inflammatory mechanism was investigated through molecular docking.

The molecular docking results showed that the active compounds had a strong binding affinity with the

key targets. In conclusion, Siegesbeckia pubescens Makino has demonstrated multi-component, multi-

target and multi-pathway therapeutic characteristics in the treatment of inflammation. These findings

provide a valuable theoretical basis for the clinical application of this plant.
1 Introduction

Siegesbeckia herb, derived from the dried aerial parts of Sie-
gesbeckia orientalis L., Siegesbeckia pubescens Makino or Sie-
gesbeckia glabrescens Makino, is a traditional Chinese medicinal
plant with documented therapeutic applications.1 Modern
pharmacological studies have identied multiple bioactive
compounds in Siegesbeckia herb, including sesquiterpenes, di-
terpenes and avonoids, which demonstrated promising anti-
inammatory, immune-modulatory and antitumor properties.2–5

The medicinal value of this plant prompted us to conduct
further phytochemical research on Siegesbeckia pubescens
Makino, with the aim of discovering new active components.
We isolated and identied four undescribed diterpenoids and
two undescribed sesquiterpenoids from the plant (Fig. 1), along
with 13 known compounds. The chemical structures of these
compounds were determined through comprehensive spectro-
scopic methods such as HR-ESI-MS and 1D/2D NMR, and their
absolute congurations were determined by ECD calculation. At
the same time, in vitro evaluation was conducted to assess the
protective effects of these compounds on the inammatory
response of RAW 264.7 cells induced by LPS. The interaction
between active small molecules and key targets was studied by
molecular docking technology, thereby revealing the potential
arch of Beiyao, Heilongjiang University of

o. 24 Heping Road, Xiangfang, Harbin
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the Royal Society of Chemistry
application value of Siegesbeckia pubescens Makino in the
treatment of inammation.
2 Results
2.1 Structure elucidation of compounds

Compound 1 was obtained as a white amorphous powder. HR-
ESI-MS analysis showed a [M + NH4]

+ ion at m/z 356.2793
(calculated for C20H38O4N, 356.2795) (Fig. S8). The molecular
formula was established as C20H34O4 (four degrees of unsatu-
ration) based on combined 1H-NMR and 13C-NMR data (Table
1). The 1H-NMR spectrum revealed four singlet methyl groups
dH 1.24 (3H, s), 1.41 (3H, s), 1.44 (3H, s), 1.76 (3H, s); one olenic
proton dH 5.61 (1H, s); three oxygenated methine protons dH

3.51 (dt, J = 11.4, 4.3 Hz), 4.24 (1H, m), 4.71 (1H, d, J = 4.1 Hz)
and two oxygenated methylene protons dH 4.25 (1H, m), 4.06
(1H, m). The 13C-NMR spectrum displayed twenty carbon
signals, including two olenic carbons at dC 131.6 (C-8), 136.6
(C-14); four methyl carbons dC 23.7 (C-17), 29.3 (C-18), 18.3 (C-
19), 18.6 (C-20), ve methines, including three oxygenated
carbons at dC 79.0 (C-3), 67.8 (C-6), 77.2 (C-15); six methylenes,
including one oxygenated methylene at dC 64.3 (C-16); and three
quaternary carbons as conrmed by HSQC and DEPT experi-
ments. The NMR data of compound 1 resembled those of dar-
utigenol,4 with the key difference being the presence of
a hydroxyl group at C-6 in compound 1 instead of a methylene
group, supported by 1H–1H COSY correlations between H-6 (dH
4.71)/H-5 (dH 1.18) and H-7 (dH 2.48, 2.63), as well as HMBC
RSC Adv., 2026, 16, 5401–5409 | 5401
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Fig. 1 Chemical structures of compounds 1–6.
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View Article Online
correlations from H3-18 (dH 1.44), H3-19 (dH 1.76), and H3-20 (dH
1.41) to C-6 (dC 67.8). The planar structure of compound 1 was
established through analysis of HMBC and 1H–1H COSY
correlations (Fig. 2).

Furthermore, NOESY correlations between H-5/H-6, H-9 and
H3-17, as well as between H3-18/H-3 and H-6, established that H-
3, H-5, H-6, H-9, H3-17, and H3-18 were in the b-orientation. The
Table 1 1H-NMR (600 MHz) and 13C-NMR (150 MHz) data of compoun

No.

1 (C5D5N) 2 (C5D5N)

dC dH dC

1 39.6 1.66 (m) 38.2
— 1.23 (m) —

2 29.0 1.98 (m) 28.6
— 1.92 (m) —

3 79.0 3.51 (dt,11.4, 4.3) 79.1
— — —

4 40.3 — 40.6
5 56.9 1.18 (d, 2.0) 60.6
6 67.8 4.71 (d, 4.1) 69.6

— — —
7 47.3 2.63 (dt, 14.4, 2.5) 48.4

— 2.48 (m) —
8 136.6 — 138.3
9 51.8 1.83 (m) 50.8
10 38.7 — 39.4
11 18.9 1.87 (m) 19.3

— 1.63 (m) —
12 33.2 2.50 (m) 33.4

— 1.21 (m) —
13 40.9 — 38.5
14 131.6 5.61 (s) 130.2
15 77.2 4.24 (m) 76.8
16 64.3 4.25 (m) 64.4

— 4.06 (m) —
17 23.7 1.24 (s) 23.6
18 29.3 1.44 (s) 32.7
19 18.3 1.76 (s) 17.1
20 18.6 1.41 (s) 16.6

5402 | RSC Adv., 2026, 16, 5401–5409
observed NOESY cross-peaks of H3-20/H-15 and H3-19 indicated
the a-orientation of H-15, H3-19, and H3-20 (Fig. 3). The
chemical shi value of C-15 is 77.2 ppm, thus the conguration
of C-15 is R conguration.3 Quantum chemical computational
methods were employed to calculate the 13C NMR chemical
shis of four possible epimers of compound 1, namely
(3R*,6S*,15R)-1, (3R*,6R*,15R)-1, (3S*,6S*,15R)-1, and
ds 1–3

3 (CD3OD)

dH dC dH

1.59 (m) 72.6 3.93 (t, 2.9)
1.22 (m) — —
1.85 (m) 35.6 1.90 (m)
1.85 (m) — 1.78 (m)
3.59 (dd, 11.9, 4.2) 74.2 3.70 (dd, 12.2,4.6)
— — —
— 40.0 —
1.45 (dd, 10.5, 3.1) 44.8 1.62 (t, 12.6)
4.19 (m) 19.5 1.77 (m)
— — 1.56 (m)
2.93 (dt, 13.7, 4.1) 31.8 2.36 (m)
2.57 (t, 12.2) — 1.93 (m)
— 127.1 —
1.83 (m) 141.6 —
— 43.5 —
1.61 (m) 21.5 2.32 (m)
1.55 (m) — 2.08 (dd, 17.3, 2.8)
2.51 (dd, 12.7, 3.6) 30.6 1.34 (m)
1.15 (m) — 1.28 (dd, 12.3, 4.3)
— 44.3 —
5.53 (s) 84.3 3.56 (m)
4.11 (d, 9.1) 80.7 3.79 (dd, 2.4, 5.2)
4.21 (m) 74.7 4.20 (dd, 9.8, 5.2)
4.05 (m) — 3.57 (m)
1.20 (s) 14.9 0.96 (s)
1.98 (s) 28.7 1.04 (s)
1.49 (s) 16.3 0.82 (s)
0.82 (s) 20.8 1.01 (s)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Key HMBC and 1H–1H COSY of compounds 1–6.

Fig. 3 NOESY correlations of compounds 1–6.
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(3S*,6R*,15R)-1. As shown in Fig. S48, the calculated 13C NMR
chemical shis of the (3R*,6S*,15R)-1 exhibited excellent
agreement with the experimental data, with a correlation coef-
cient (R2) of 0.9946. Meanwhile, the mean absolute error
(MAE) and corrected mean absolute error (CMAE) were 1.7 and
2.5, Furthermore, DP4+ probability analysis strongly conrmed
this epimer as the true relative conguration, with a DP4+
probability of 100% (Fig. S49). Based on the comprehensive
analysis, the relative conguration of compound 1 was deter-
mined. Through comparative analysis of experimental and
calculated ECD spectra (Fig. 4), the absolute conguration of
compound 1 was established as 3R,6S,15R. Finally, compound 1
was identied and named as ent-3a,6a,15,16-tetra-
hydroxypimar-8(14)-ene.

Compound 2 was obtained as a white amorphous powder.
HR-ESI-MS analysis showed a [M + NH4]

+ ion at m/z 356.2794
(calculated for C20H38O4N, 356.2795), establishing the same
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecular formula (C20H34O4) as compound 1 (Fig. S16).
Comparative analysis of 1D and 2D NMR data revealed that
compound 1 and 2 share the same planar structure but differ in
their C-6 congurations. NOESY correlations between H-6/H3-
19 and H3-20 conrmed the b-orientation of H-6 (Fig. 3). By
comparing the specic optical rotation of compound 2 and
compound 1, it was found that the magnitudes of their specic
optical rotations were equal while the signs were opposite.

Further support for the authentic conguration of this
compound as 3R,6R,15R was provided by quantum chemical
calculations and DP4+ probability analysis, with the DP4+
probability reaching 97.53% (Fig. S50 and S51). Finally,
compound 2 was identied and named as ent-3a,6b,15,16-
tetrahydroxypimar-8(14)-ene.

Compound 3 was obtained as a white amorphous powder.
HR-ESI-MS analysis showed a [M + H]+ ion at m/z 337.2376
(calculated for C20H33O4, 337.2373) (Fig. S24). Combined 1H-
RSC Adv., 2026, 16, 5401–5409 | 5403
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Fig. 4 Experimental and calculated ECD spectra of compounds 1 and 3–6.
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NMR and 13C-NMR data established the molecular formula as
C20H32O4 with ve degrees of unsaturation (Table 1). The 1H-
NMR spectrum exhibited four singlet methyl groups dH 0.82
(3H, s), 0.96 (3H, s), 1.01 (3H, s), 1.04 (3H, s), four oxygenated
methine protons dH 3.56 (1H, m), 3.70 (1H, dd, J = 12.2, 4.6 Hz),
3.79 (1H, dd, J = 2.4, 5.2 Hz), 3.93 (1H, t, J = 2.9 Hz), and two
oxygenated methylene protons dH 3.57 (1H, m), 4.20 (1H, dd, J=
9.8, 5.2 Hz). The HSQC and DEPT spectrum conrmed the
existence of ve quaternary carbons, including two alkenyl
carbon signals at dC 127.1 (C-8) and 141.6 (C-9); four methyls at
dC 14.9 (C-17), 28.7 (C-18), 16.3 (C-19), 20.8 (C-20); ve methines,
including four oxygenated carbons at dC 72.6 (C-1), 74.2 (C-3),
84.3 (C-14), 80.7 (C-15), and six methylenes, including one
oxygenated methylene dC 74.7 (C-16). The spectroscopic data
resembled those of ent-14b,16-epoxy-8-pimarene-3b,15a-diol,6

with the key difference being a hydroxyl group at C-1 in
compound 3 instead of a methylene group supported by 1H–1H
COSY correlations of H-1 (dH 3.93), H-3 (dH 3.70)/H-2 (dH 1.78,
1.90) and HMBC correlations from H3-20 (dH 1.01) to C-1 (dC
72.6). The planar structure of compound 3 was established
through HMBC and 1H–1H COSY correlations (Fig. 2).

NOESY correlations between H3-18/H-3, H-5; H3-17/H-14, H-
15 conrmed the b-orientation of H-3, H-5, H-14, H-15, H3-17
and H3-18, while correlations H3-20/H-1, H3-19 established the
a-orientation of H-1, H3-19 and H3-20 (Fig. 3). The chemical
shi value of C-15 is 80.7 ppm, thus the conguration of C-15 is
S conguration.3 Quantum chemical calculations predicted
the 13C NMR chemical shis of four stereoisomers of
compound 3: (1R*,3R*,15S)-3, (1R*,3S*,15S)-3, (1S*,3S*,15S)-3,
and (1S*, 3R*,15S)-3. As shown in Fig. S52, (1R*,3R*,15S)-3
exhibited excellent agreement between calculated and experi-
mental 13C NMR data (R2 = 0.9921, MAE = 2.1, CMAE = 0.7).
DP4+ analysis further conrmed this as the authentic congu-
ration (99.99% probability, Fig. S53), establishing the relative
conguration. Comparative analysis of experimental and
5404 | RSC Adv., 2026, 16, 5401–5409
computed ECD spectra (Fig. 4) assigned the absolute congu-
ration of compound 3 as 1R,3R,15S. Consequently, compound 3
was identied and designated as 14a,16-epoxy-ent-1b,3a,15,16-
trihydroxypimar-8-ene.

Compound 4 was obtained as a white amorphous powder.
HR-ESI-MS analysis exhibited a peak at m/z 399.2393 [M +
HCOO]− (calcd for C21H35O7, 399.2388) (Fig. S32). Combined
with 1H-NMR and 13C-NMR data, the molecular formula was
determined to be C20H34O5, with four degrees of unsaturation
(Table 2). The 1H-NMR spectrum revealed three singlet methyl
signals at dH 1.19 (3H, s), 1.29 (3H, s), and 1.29 (3H, s); three
oxygenated methine proton signals at dH 4.31 (1H, m), 4.18 (1H,
m), and 3.60 (1H, d, J = 4.4 Hz); and four oxygenated methylene
proton signals at dH 4.30 (1H, m), 4.14 (1H, d, J = 10.2 Hz), 4.19
(1H, m), and 3.76 (1H, d, J = 11.5 Hz). The 13C-NMR spectrum
displayed twenty carbon signals, and HSQC and DEPT experi-
ments conrmed the presence of three methyl carbons at dC
21.8 (C-17), 28.7 (C-18), and 18.1 (C-20); ve methine carbons,
including three oxygenated methines at dC 63.9 (C-2), 82.3 (C-
14), and 86.3 (C-15); eight methylene carbons, including two
oxygenated methylenes at dC 62.3 (C-16) and 65.4 (C-14); and
four quaternary carbons. The NMR data of compound 4 is
similar to that of ent-8,15-epoxy-2a,16,19-trihydroxy-pimarane7

isolated in this study. The difference lies in that compound 4
has a hydroxyl group attached at the C-14 position, replacing the
previous methylene signal. This is supported by the correlation
in the HMBC spectrum from H-14 (dH 3.60) to C-7 (dC 37.7), C-8
(dC 82.0), C-9 (dC 47.7), C-12 (dC 26.7), C-17 (dC 21.8). The
correlations of HMBC and 1H–1H COSY spectrum revealed the
planar structure of compound 4 (Fig. 2).

Furthermore, the correlations of H-5/H-9, H3-18; H-15/H3-17
in the NOESY spectrum indicated that H-5, H-9, H-15, H3-17 and
H3-18 were located on the same side of the ring and were in the
b orientation. The correlations of H2-19/H-14, H3-20; H-2/H3-20
suggested that H-2, H-14, H2-19 and H3-20 were in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 1H-NMR (600 MHz) and 13C-NMR (150 MHz) data of compounds 4–6

No.

4 (C5D5N) 5 (CD3OD) 6 (CD3OD)

dC dH dC dH dC dH

1 51.0 2.37 (d, 11.4) 171.5 — 73.7 3.82 (dd, 11.5, 4.7)
— 1.31 (m) — — — —

2 63.9 4.31 (m) 137.2 — 34.3 1.87 (m)
— — — — — 1.87 (m)

3 46.2 2.92 (dd, 12.5, 3.6) 52.4 2.85 (m) 75.7 3.54 (t, 2.8)
— 1.32 (m) — — — —

4 41.5 — 75.9 5.27 (t, 10.2) 75.4 —
5 56.1 1.26 (t, 7.3) 129.5 5.11 (d, 10.2) 51.7 1.88 (m)
6 20.1 1.82 (m) 142.6 — 71.8 4.20 (t, 10.1)

— 1.82 (m) — — — —
7 37.7 2.12 (m) 33.1 2.83 (m) 61.1 1.74 (m)

— 1.96 (dd, 13.8, 2.7) — 2.01 (td, 12.8, 1.6) — —
8 82.0 — 27.9 2.66 (m) 78.0 4.05 (m)

— — — 2.52 (m) — —
9 47.7 2.05 (m) 157.6 6.76 (dd, 10.2, 7.4) 44.6 2.32 (dd, 11.3, 3.8)

— — — — — 1.35 (d, 11.8)
10 39.1 — 146.1 — 42.1 —
11 19.7 1.78 (m) 121.6 6.16 (d, 3.4) 42.6 2.66 (d, 12.0, 6.9)

— 1.64 (m) — 5.75 (d, 3.4) — —
12 26.7 2.09 (m) 60.5 4.45 (brd, 13.0) 182.0 —

— 1.52 (m) — 4.19 (brd, 13.0) — —
13 42.7 — 72.0 6.62 (dd, 8.6, 1.5) 14.9 1.30 (d, 6.9)
14 82.3 3.60 (d, 4.4) 70.0 4.13 (dd, 8.6, 1.9) 16.6 0.97 (s)
15 86.3 4.18 (m) 197.3 9.45 (d, 2.0) 23.3 1.32 (s)
16(10) 62.3 4.30 (m) 168.6 — — —

— 4.14 (d, 10.2) — — — —
17(20) 21.8 1.19 (s) 129.1 — — —
18(30) 28.7 1.29 (s) 139.5 6.13 (m) — —
19(40) 65.4 4.19 (m) 21.0 1.91 (p, 1.5) — —

— 3.76 (d, 11.5) — — — —
20(50) 18.1 1.29 (s) 16.2 1.98 (dq, 1.5, 7.2) — —
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a orientation (Fig. 3). The chemical shi value of C-15 is
86.3 ppm, thus the conguration of C-15 is S conguration.3

Quantum chemical calculations predicted the 13C NMR chem-
ical shis of four stereoisomers of compound 4: (2S*,14R*,15S)-
4, (2R*,14R*,15S)-4, (2R*,14S*,15S)-4 and (2S*,14S*,15S)-4. As
shown in Fig. S54, the calculated 13C NMR chemical shis of
(2S*,14R*,15S)-4 were in good agreement with experimental
data, with R2 = 0.9867, MAE = 1.9 and CMAE = 2.5. Further
DP4+ probability analysis conrmed this as the authentic
conguration (100.00% probability, Fig. S55), establishing the
relative conguration of compound 4. Finally, comparative
analysis of experimental and calculated ECD spectra (Fig. 4)
determined the absolute conguration of compound 4 as
2S,14R,15S. Finally, compound 4 was identied and named as
8,15-epoxy-ent-2b,14b,16,19-tetrahydroxy-pimarane.

Compound 5 was isolated as a white amorphous powder.
HR-ESI-MS analysis showed a peak at m/z 377.1591 [M + H]+

(calculated for C20H25O7, 377.1595) (Fig. S40). The molecular
formula was determined to be C20H24O7 with seven degrees of
unsaturation, based on combined 1H-NMR and 13C-NMR data
(Table 2). The 1H-NMR spectrum exhibited characteristic
signals including one aldehyde proton at dH 9.45 (1H, d, J = 2.0
Hz); two methyl groups at dH 1.91 (3H, p, J = 1.5 Hz) and 1.98
(3H, dq, J= 1.5, 7.2 Hz); ve olenic protons at dH 6.76 (1H, dd, J
© 2026 The Author(s). Published by the Royal Society of Chemistry
= 10.2, 7.4 Hz), 6.13 (1H, m), 6.16 (1H, d, J= 3.4 Hz), 5.75 (1H, d,
J = 3.4 Hz), 5.11 (1H, d, J = 10.2 Hz); two oxygenated methine
protons at dH 4.13 (1H, dd, J = 8.6, 1.9 Hz) and 6.62 (1H, dd, J =
8.6, 1.5 Hz); and two oxygenated methylene protons at dH 4.45
(1H, brd, J = 13.0 Hz) and 4.19 (1H, brd, J = 13.0 Hz). The 13C-
NMR spectrum and DEPT spectrum revealed twenty carbon
signals, including two methyl carbons at dC 21.0 (C-40), 16.2 (C-
50); three carbonyl carbons at dC 171.5 (C-1), 197.3 (C-15), 168.6
(C-10); eight olenic carbons at dC 137.2 (C-2), 129.5 (C-5), 142.6
(C-6), 157.6 (C-9), 146.1 (C-10), 121.6 (C-11), 129.1 (C-20), 139.5
(C-30), three methylene carbons including one oxygenated
methylene at dC 60.5 (C-12); and four methine carbons,
including three oxygen-containing methylene signals dC 75.9 (C-
4), 72.0 (C-13), 70.0 (C-14). The spectral data of compound 5 is
similar to siegenolide A8 except for the replacement of
a methoxy group with a hydroxyl group at C-14. This was sup-
ported by correlation of H-13 (dH 6.62)/H-14 (dH 4.13) in
the 1H–1H COSY spectrum and the absence of the methoxy
signal in the 1H-NMR. The planar structure of compound 5 was
established through HMBC and 1H–1H COSY correlations
(Fig. 2).

Furthermore, NOESY correlations between H-13/H-3 and H-
14 indicated that these protons are cofacial, adopting a b-
orientation. Quantum chemical calculations were employed to
RSC Adv., 2026, 16, 5401–5409 | 5405
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predict the 13C NMR chemical shis of two candidate isomers,
(3R*,4S*,13R*,14R*)-5 and (3S*,4R*,13R*,14R*)-5. As shown in
Fig. S56, the calculated 13C NMR data of (3R*,4S*, 13R*,14R*)-5
were in good agreement with the experimental results, with an
R2 value of 0.9776, a MAE of 4.4 and a CMAE of 2.3. Further
DP4+ probability analysis corroborated this structure as the
correct relative conguration, yielding a DP4+ probability of
99.53% (Fig. S57). Combined with the experimental and calcu-
lated ECD spectra comparison (Fig. 4), the absolute congura-
tion of compound 5 was ultimately assigned as 3R,4S,13R,14R.
Finally, compound 5 was identied and named siegenolide C.

Compound 6 was obtained as a white amorphous powder.
HR-ESI-MS analysis showed a [M + H]+ ion at m/z 301.1647
(calcd for C15H25O6, 301.1646) (Fig. S47). Themolecular formula
was established as C15H24O6 (four degrees of unsaturation)
based on 1H and 13C NMR data (Table 2). The 1H-NMR spectrum
revealed three methyl signals at 0.97 (3H, s), 1.30 (3H, d, J = 6.9
Hz), 1.32 (3H, s), along with four oxygenated methine protons at
dH 3.54 (t, J = 2.8 Hz), 3.82 (dd, J = 11.5, 4.7 Hz), 4.05 (m), and
4.20 (t, J = 10.1 Hz). The 13C NMR spectrum displayed een
carbon signals, including three methyls at dC 14.9 (C-13), 23.3
(C-14), 16.6 (C-15), seven methines included four oxygenated at
dC 73.7(C-1), 75.7 (C-3), 71.8 (C-6), 78.0 (C-8), two methylene,
and three quaternary carbons (one carbonyl at dC 182.0), as
conrmed by HSQC experiments. The spectral data of
compound 6 were similar to those of Inujaponin E,9 indicating
that this compound is an eudesmane-type sesquiterpene
lactone derivative. The key difference was the presence of
hydroxyl groups at C-3 and C-6, replacing the original methy-
lene groups. 1H–1H COSY correlations between H-2 (dH 1.87)/H-
1 (dH 3.82), H-3 (dH 3.54); H-6 (dH 4.20)/H-5 (dH 1.88), H-7 (dH
1.74) conrmed the hydroxyl at C-3 and C-6. The planar struc-
ture of compound 6 was established through HMBC and 1H–1H
COSY correlations (Fig. 2).

Furthermore, the correlations in the NOESY spectrum of H3-
14/H-6, H-8, H3-15; H-2b/H-3, H3-13, H3-15 indicated that H-3,
H-6, H-8, H3-13, H3-14, and H3-15 were located on the same
side of the ring, indicating a b orientation. The correlations of
H-5/H-1 and H-7 indicated that H-1, H-5, and H-7 were in an
a orientation (Fig. 3). Quantum chemical calculations were
employed to predict the 13C NMR chemical shis of eight
candidate isomers: (3R*,6S*,8S*)-6, (3S*,6S*,8S*)-6, (3R*,
Fig. 5 The NO production induced by LPS in RAW 264.7 cells of 1–19.

5406 | RSC Adv., 2026, 16, 5401–5409
6R*,8S*)-6, (3R*,6S*,8R*)-6, (3S*,6S*,8R*)-6, (3S*,6R*,8S*)-6,
(3R*,6R*,8R*)-6, and (3S*,6R*,8R*)-6. As shown in Fig. S58, the
calculated 13C NMR chemical shis of (3R*,6S*,8S*)-6 were in
good agreement with the experimental data, with an R2 value of
0.9975, a MAE of 1.6 and a CMAE of 0.5. Further DP4+ proba-
bility analysis corroborated this structure as the correct relative
conguration, with a DP4+ probability of 100.00% (Fig. S59).
Combined with the comparison of experimental and calculated
ECD spectra (Fig. 4), the absolute conguration of compound 6
was assigned as 3R,6S,8S. Finally, compound 6 was identied
and named as 1b,3a,4a,6a-tetrahydroxy-11aH-eudesma-12,8a-
olide.

The other compounds were identied as siegeside A (7),10

siegesbeckianal (8),11 ent-2a,15R,16,19-tetrahydroxypimar-8
(14)-ene (9),12 2-oxo-15,16,19-trihydroxy-ent-pimar-8(14)-ene
(10),13 ent-12a,16-epoxy-2b,15a,19-trihydroxypimar-8-ene (11),13

ent-12a,16-epoxy-2b,15a,19-trihydroxypimar-8(14)-ene (12),13

siegesbeckia E (13),3 ent-3a15,16,19-tetrahydroxypimar-8(14)-
ene(14),14 14b,16-epoxy-ent-3b,15a,19-trihydroxypimar -7-
ene(15),12 (4R,5S,7S,8R,9S,10S,13R,16R)-7,17-dihydroxy kauran-
19-oic acid (16),15 (4S,7R,8R,10S,11S)-11a,13-dihydro-4H-xan-
thalongi-4-O-b-D-glucopyranoside (17),16 siegenolide B (18),8

siegesbeckialide J (19)17 from their NMR data comparison with
reported in the literature.

2.2 Evaluation of anti-inammatory activities

The inhibitory effect of compounds 1 to 19 on the production of
NO by LPS-activated RAW 264.7 cells was tested. Within the
concentration range of 50 mM, no signicant cytotoxicity of
these compounds was detected by the MTT assay. Subsequently,
the evaluation was conducted at the above-mentioned
maximum safe concentration. The result showed that
compounds 2–9, 12–15 and 17–19 could signicantly inhibit the
production of NO at 50 mM, among which compound 18
demonstrated the best inhibitory activity against NO release
(Fig. 5).

2.3 Predicted binding modes of compounds and iNOS, COX-
2 using molecular docking analysis

iNOS and COX-2 are key enzymes involved in inammatory
processes. iNOS catalyzes the production of nitric oxide from L-
arginine and is implicated in the development of various
© 2026 The Author(s). Published by the Royal Society of Chemistry
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inammatory diseases. COX-2 plays a signicant role in initi-
ating inammatory responses and contributing to tissue
damage. Consequently, inhibiting the activity of iNOS and COX-
2 represents a strategic approach for treating inammatory
disorders.2

The compounds (3, 5, 7, 17, 18) were subjected to molecular
docking. The results of the molecular docking study indicated
that compounds 3, 5, 17, and 18 had strong interactions with
the iNOS protein, and compounds 3, 5, 7, 17, and 18 had strong
interactions with the COX-2 protein (S82–S90). Detailed infor-
mation on the specic binding residues and the logarithms of
free binding energies was collated in Tables S3 and S4.

3 Materials and methods
3.1 General experimental procedures

Silica gel (200–300 mesh, Qingdao Marine Chemical Factory,
Qingdao, China), MCI gel (CHP20P, Mitsubishi Chemical
Corporation, Tokyo, Japan) and ODS (50 mm, YMC, Kyoto,
Japan) were used for column chromatography. Semi-preparative
HPLC was performed on a Shimadzu LC-6AD liquid chroma-
tography with a C18 column (10 mm × 250 mm, 5 mm, YMC).
NMR spectra were determined by Bruker Avance Ⅲ 600 (Ger-
many, Bruke), HR-ESI-MS data were obtained from Agilent 6546
LC-Q-TOF (USA, Agilent); optical rotation was recorded by
JASCO P-2000 polarimeter (Japan, JASCO); ECD spectra were
determined by Biologic MOS-450 (France, Biologic). RAW 264.7
cells (STCC20020P-1, Wuhan Servicebio Technology Co., Ltd,
China).

3.2 Plant material

The dried aerial parts of Siegesbeckia pubescens Makino were
purchased from Bozhou Medicinal Materials Market in Anhui
Province and it was identied by Professor Guo Shenglei of
Heilongjiang University of Chinese Medicine. The voucher
specimen (no. 2023712-1) is stored in the same institution.

3.3 Separation

Dried Siegesbeckia pubescensMakino (5.0 kg) was extracted three
times with 75% ethanol for 2 hours each time. The combined
ltrate was concentrated under reduced pressure to obtain the
ethanol extract. The extract was suspended in water and
extracted with petroleum ether, yielding 150.0 g of petroleum
ether-soluble fraction and 450.0 g of water-soluble fraction.

The water layer (450.0 g) was fractionated by silica gel
column chromatography using a gradient elution of CH2Cl2–
MeOH (100 : 0 to 100 : 50), yielding nine fractions (Fr. A–Fr. I).
Fr. B (20.5 g) was further puried by silica gel column chro-
matography with a gradient of CH2Cl2–MeOH (100 : 10 to 100 :
20), affording four subfractions (Fr. B-1 to Fr. B-4). Fr. B-2 was
subjected to ODS reverse-phase column chromatography using
a MeOH–water gradient (100 : 20 to 100 : 0), yielding ve frac-
tions (Fr. B2-1 to Fr. B2-5). Fr. B2-3 was isolated by semi-
preparative HPLC with methanol–water solvent system (70 :
30), yielding compounds 8 (4.9 mg), 10 (6.4 mg), 16 (7.0 mg),
and 18 (2.3 mg).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fraction D (20.5 g) was separated by ODS reverse-phase
column chromatography using a MeOH–water gradient (10 :
90 to 100 : 0), yielding ve subfractions (Fr. D-1 to Fr. D-5). Fr. D-
3 was further puried by semi-preparative HPLC with MeOH–

water (32 : 68), affording compounds 13 (7.8 mg), 14 (5.0 mg),
and 15 (8.7 mg). Fr. D-4 (3.3 g) was fractionated viaMCI reverse-
phase column chromatography with a MeOH–water gradient
(30 : 70 to 100 : 0), resulting in four subfractions (Fr. D4-1 to Fr.
D4-4). Fr. D4-3 was isolated by semi-preparative HPLC using
MeOH–water system (60 : 40), yielding compounds 3 (4.5 mg), 6
(3.0 mg), and 19 (6.0 mg).

Fraction E (40.0 g) was subjected to ODS reverse-phase
column chromatography with a MeOH–water gradient (10 : 90
to 100 : 0), yielding six fractions (Fr. E-1 to Fr. E-6). Fr. E-2 was
puried by semi-preparative HPLC eluted with MeOH–water
(50 : 50), obtaining compounds 1 (4.5 mg), 2 (4.2 mg), 7 (7.8 mg),
9 (10.4 mg), and 11 (8.7 mg). Further purication of Fr. E-3 by
semi-preparative HPLC with MeOH–water (58 : 42) yielded
compounds 4 (3.0 mg), 5 (4.0 mg), 12 (5.2 mg), and 17 (5.0 mg).

3.3.1 ent-3a,6a,15,16-tetrahydroxypimar-8(14)-ene. White
amorphous powder; [a]D25 = +20.0, (c = 0.1, MeOH); HR-ESI-
MS: m/z 356.2793 [M + NH4]

+ (calcd for 356.2795), 1H-NMR
and 13C-NMR (C5D5N, 600, 150 MHz) data, see Table 1.

3.3.2 ent-3a,6b,15,16-tetrahydroxypimar-8(14)-ene. White
amorphous powder; [a]D

25 = −20.0, (c = 0.1, MeOH); HR-ESI-
MS: m/z 356.2794 [M + NH4]

+ (calcd for 356.2795), 1H-NMR
and 13C-NMR (C5D5N, 600, 150 MHz) data, see Table 1.

3.3.3 14a,16-epoxy-ent-1b,3a,15,16-trihydroxypimar-8-ene.
White amorphous powder; [a]D

25 =−10.0, (c= 0.1, MeOH); HR-
ESI-MS: m/z 337.2376 [M + H]+ (calcd for 337.2373), 1H-NMR
and 13C-NMR (CD3OD, 600, 150 MHz) data, see Table 1.

3.3.4 8,15-epoxy-ent-2b,14b,16,19-tetrahydroxy-pimarane.
White amorphous powder; [a]D

25 =−10.0, (c= 0.1, MeOH); HR-
ESI-MS: m/z 399.2393 [M + HCOO]− (calcd for 399.2388), 1H-
NMR and 13C-NMR (C5D5N, 600, 150 MHz) data, see Table 2.

3.3.5 Siegenolide C. White amorphous powder; [a]D
25 =

−20.0, (c = 0.1, MeOH); HR-ESI-MS: m/z 377.1591 [M + H]+

(calcd for 377.1595), 1H-NMR and 13C-NMR (CD3OD, 600, 150
MHz) data, see Table 2.

3.3.6 1b,3a,4a,6a-tetrahydroxy-11aH-eudesma-12,8a-
olide. White amorphous powder; [a]D

25 = −20.0, (c = 0.1,
MeOH); HR-ESI-MS: m/z 301.1647 [M + H]+ (calcd for 301.1646),
1H-NMR and 13C-NMR (CD3OD, 600, 150MHz) data, see Table 2.
3.4 NMR chemical shi calculation and DP4+ probability
analysis

Initially, conformational space exploration was performed
using SPARTAN soware, where semi-empirical PM6 method-
ology was employed to conduct a global conformational search
for potential isomers of the target compound. Subsequently,
density functional theory (DFT) geometry optimization was
executed for all low-energy conformers in Gaussian 09,18

utilizing the B3LYP functional and 6-31G(d) basis set as the
computational benchmark. The reliability of potential energy
minima was veried via vibrational frequency analysis (absence
of imaginary frequencies). To enhance energy evaluation
RSC Adv., 2026, 16, 5401–5409 | 5407
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accuracy, single-point Gibbs free energy calculations were per-
formed for each conformer using the M062X functional
combined with the 6-311+G(2d,p) basis set, and dominant
conformers (>5% population at 298.15 K) were selected based
on Boltzmann distribution.

NMR parameters were computed using the gauge-
independent atomic orbital (GIAO) method at the
mPW1PW91//6-31+G(d,p) theoretical level. To simulate solvation
effects, a self-consistent reaction eld (SCRF) implicit solvent
model was incorporated, specically parameterized for the
dielectric environment of MeOH. The agreement between
calculated and experimental chemical shis was systematically
evaluated through multi-dimensional metrics, including linear
correlation coefficient (R2), mean absolute error (MAE), corrected
mean absolute error (CMAE), and DP4+ probability analysis.19

3.5 ECD calculation

The theoretical calculations of 1–6 were performed using
Gaussian 09. The possible conformations were initially ob-
tained from the program Spartan 14 and then optimized at
B3LYP/6-31G(d) level in the gas phase. Room-temperature
equilibrium populations were calculated according to the
Boltzmann distribution law. The ECD calculations were per-
formed using Time Dependent Density Functional Theory
(TDDFT) at wB97xd/6-311G(d,p) level in methanol with PCM
model. The calculated ECD spectra were obtained by weighing
the Boltzmann distribution rate of each geometric conforma-
tion, and the sigma/gamma value for processing the calculated
ECD was 0.3 eV. All calculated curves were shied +25 nm to
better simulate experimental spectra.

3.6 Anti-inammatory activity assay

The anti-inammatory effects of the compounds were evaluated
in vitro by measuring nitric oxide (NO) production in LPS-
induced RAW 264.7 cells. RAW 264.7 cells in the logarithmic
growth phase were seeded into 96-well plates at a density of 2 ×

105 cells per well and cultured for 24 h. The experiment
included three groups: blank control, LPS group (1 mg mL−1),
and LPS (1 mg mL−1) + compound group (12.5, 25, 50 mM).
Dexamethasone was as the positive control. Aer 24 h of incu-
bation, the cell supernatant was collected for further analysis.
NO levels in RAW 264.7 cells were measured using the Griess
reagent assay. Briey, 50 mL of supernatant was mixed with 50
mL of Griess Reagent I and II in 96-well plate. Absorbance at
540 nm was measured at room temperature, and NO concen-
trations were calculated based on a standard curve.11,20

3.7 Molecular docking studies

The three-dimensional crystal structures of iNOS (PDB ID: 3EJ8)
and COX-2 (PDB ID: 1CX2) were obtained from the RCSB
Protein Data Bank. Candidate compounds underwent structural
optimization using Chem 3D soware and were subsequently
exported as PDB les for molecular docking. Molecular docking
was performed using AutoDock to identify the most favorable
binding conformation for each compound. Three-dimensional
visualization of docking results was conducted using PyMOL.
5408 | RSC Adv., 2026, 16, 5401–5409
4 Conclusion

In summary, we isolated 19 terpenoids from the aerial parts of
Siegesbeckia pubescens Makino, including six novel compounds.
Notably, compounds 2–9, 12–15, and 17–19 exhibited signi-
cant anti-inammatory activity. The results of molecular dock-
ing revealed the initial anti-inammatory mechanism of
bioactive terpenoids binding to iNOS/COX-2. Our study
expanded the material basis of the terpenoid chemical
components of this plant species, revealed the potential appli-
cation of Siegesbeckia pubescens Makino as a therapeutic agent
for inammation.
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