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Gentianopsis barbata (G. barbata) represents a significant plant species with considerable or-
namental and medicinal value in China. This investigation sought to elucidate the primary
constituents within the plant and investigate their pharmacological properties. Fifty triter-
penoids (1-50), including nine previously undescribed compounds (1, 2, 7, 10, 20, 28, 29,
37, and 41) were isolated and characterized from the whole plants of G. barbata. Notably,
compounds 1 and 2 exhibited the novel 3,4;9,10-diseco-24-homo-cycloartane triterpenoid
skeleton. The isolated triterpenoids demonstrated substantial anti-inflammatory activity
through inhibition of tumor necrosis factor o (TNF-a) and interleukin-6 (IL-6) cytokine secre-
tion in LPS-induced RAW264.7 macrophages, and hepatoprotective effects by preventing tert-
butyl hydroperoxide (t-BHP)-induced oxidative injury in HepG2 cells. These results demon-
strate both the presence of diverse triterpenoids in G. barbata and their therapeutic potential
for inflammatory and hepatic conditions, providing scientific evidence supporting the clinical

application of this traditional Mongolian medicinal plant.

1. Introduction

Triterpenoids, biosynthesized from the linear precursor 2,3-
oxidosqualene (0S) through catalyzation by OS cyclases, repres-
ent a major class of plant metabolites widely distributed
throughout the plant kingdom. These compounds are notable for
their exceptional structural diversity and numerous biological
functions (immunomodulatory, anti-oxidant, hypolipidemic, anti-
microbial, flavor-altering, etc.) . Triterpenoids occur in plants
either in free form or as esters and glycosidic conjugates, such as
oleanolic acid in olive fruits and leaves, ursolic acid in apples and
bilberries, and ginsenosides in Panax ginseng and P. notoginseng,
where they may consist up to 20% of the dry weight of the separ-
ate origin °. These natural compounds have been consumed by
humans across various cultures and animals worldwide through
plant-based foods for centuries, owing to their accessibility and
diverse biological roles *. Consequently, research examining the
cosmeceutical, nutraceutical, and medicinal applications of triter-
penoids has grown exponentially, particularly focusing on com-
pounds derived from economically valuable and pharmaceutical

plants °. This highlights the importance of systematically investig-

* Corresponding author.
E-mail addresses: guokai@cdutcm.edu.cn (K. Guo); shli@mail kib.ac.cn (S. Li)
® These authors contributed equally to this work.
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ating the unexplored chemical and biological diversity of triter-
penoids from valuable plant sources.

Gentianopsis barbata (G. barbata) (Froel.) Ma, an annual or
biennial grassland herb belonging to the Gentianaceae family,
grows at elevations between 700 and 4400 m across Europe,
Asia, and North America, demonstrating extensive global distri-
bution primarily in the North Temperate Zone. Beyond its signi-
ficance as a grassland fodder plant, G. barbata possesses consid-
erable ornamental value due to its distinctive bright purple
flowers °. In traditional Mongolian medicine, the whole plants of
G. barbata serve as a treatment for liver and bile diseases . While
numerous studies have examined the phytochemicals of Gen-
tianaceae plants, investigations specific to G. barbata remain lim-
ited, with only one triterpenoid (oleanolic acid), three monoter-
pene glycosides, and several xanthones identified to date "°. The
molecular basis for the traditional therapeutic applications of G.
barbata remains incompletely understood. This study presents a
comprehensive phytochemical analysis of the methanol extract
from G. barbata whole plants, yielding the isolation and charac-
terization of triterpenoids (1-50, Fig. 1). Nine novel compounds
(1,2,7,10, 20, 28, 29, 37, and 41) were identified, with 1 and 2
exhibiting a novel 3,4;9,10-diseco-24-homo-cycloartane skeleton.
The anti-inflammatory and hepatoprotective properties of these
triterpenoid isolates were subsequently evaluated. The following
sections detail the findings of this investigation.

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Fig. 1 Structures of triterpenoids 1-50 isolated from G. barbata (new compounds were marked with asterisk).

2. Results and discussion

2.1. Structural elucidation

Compound 1 was isolated as white powder and exhibited the
molecular formula C3;Hs,0, based on its high-resolution electros-
pray ionization mass spectrometry (HR-ESI-MS) (m/z 479.3861
[M + Na]*, Calcd. 479.3860). The “*C nuclear magnetic resonance
(NMR) (DEPT) spectra of 1 (Table 1) revealed 31 carbon reson-
ances attributed to seven methyls, twelve methylenes (including
an olefinic at §; 106.1), seven methines, and five quaternary car-
bons (including an oxygenated at 6. 93.2, an olefinic at 6. 157.0,
and a keto at 8¢ 177.4). The "H NMR spectrum (Table 2) dis-
tinctly showed five secondary methyls at 6y 1.03 (d, / = 6.8 Hz),
1.02 (d, ] = 6.8 Hz), 0.92 (d, ] = 6.8 Hz), and 0.89 (d, ] = 6.5 Hz, 2 x
CH3), two tertiary methyls at 8y 0.84 (s) and 0.81 (s), and a pair
of terminal olefinic protons at &y 4.71 (br s) and 4.66 (br s).
These spectral characteristics indicated 1 to be a homo-triterpen-
oid. Analysis of the HSQC spectrum of 1 enabled assignment of all
proton signals to their corresponding carbons. The "H-"H correla-
tion spectroscopy (COSY) relationships of H;-29(H3-30)/H-4/H-
5/H,-6/H,-7/H-8/H-9/H,-19 and H,-1/H,-2, and the heteronuc-
lear multiple bond correlation (HMBC) from H,-1 to C-3/C-5/C-
19, H,-2 to C-10, and H,-6/H-9 to C-10 (Fig. 2), combined with
the molecular formula of 1 and the deshielded chemical shifts of C-
3 (6c 177.4) and C-10 (6; 93.2), established a spiro structure
fused by a butyrolactone and a cycloheptane ring with an isopro-
pyl unit. Based on this, further examination of the additional
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'H-'H COSY relationships of H-8/H-9/H,-11/H,-12, H,-15/H,-
16/H-17/H-20/H,-22(H3-21)/H,-23, and Hs-26/H-25/H5-27,
along with the key HMBC from H3-28 to C-8/C-13/C-15, H3-18 to
C-12/C-14/C-17, Hs-21 to C-17/C-22, and H,-31 to C-23/C-25,
conclusively elucidated the planar structure of 1 with a 5/7/6/5
ring system. The nuclear Overhauser effect spectroscopy
(NOESY) correlations (Fig. 2) of H,-1 with H-8, H-9 with H-5/H;-
28, H-8 with H3-18, and H-17 with H;-28 determined the relative
configuration of the ring system. Although suitable crystals of 1
were unavailable despite numerous attempts, a single crystal of 3-
oxo-24-methylenecycloarane (3), a known triterpenoid also isol-
ated in this study, was successfully obtained. Single crystal X-ray
diffraction analysis confirmed the absolute configuration of 3
(Fig. 3). Given that 1 likely derives from the enzyme-catalyzed
cleavage of 3, and their nearly identical chemical shifts of the C-
17 side chain, the remaining C-20 configuration of 1 was tentat-
ively assigned identical to 3. The calculated electronic circular di-
chroism (ECD) results (Fig. 4) demonstrated good agreement
between the calculated and experimental curves of 1, establish-
ing the absolute configuration of 1 as depicted in Fig. 1. Con-
sequently, the structure of 1 (trivially named gentianopsolide A),
featuring a novel 3,4;9,10-diseco-24-homo-cycloartane skeleton,
was established.

Compound 2, isolated as a white powder, exhibited a molecu-
lar formula C3yHs500, based on HR-ESI-MS analysis (m/z
455.3885 [M + H]"). The 'H and "C NMR spectral data of 2
showed close similarity to those of 1 (Tables 1 and 2), suggesting
analogous chemical structures. The primary distinction was the
replacement of the C-30 methyl (6y 0.89; 6; 18.7) and C-4
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Table 1 ">C NMR spectroscopic data for compounds.

No. 1° 2° 7° 10° 20° 28° 29° 37° 41"
1 30.3 CH, 31.7 CH, 39.0 CH, 39.0 CH, 38.2 CH, 34.0 CH, 33.9CH, 38.4 CH, 40.1 CH,
2 29.9 CH, 29.8 CH, 27.5CH, 27.4 CH, 23.7 CH, 28.5 CH, 28.5 CH, 23.7 CH, 27.9 CH,
3 177.4C 1775C 79.1 CH 79.0 CH 80.7 CH 174.6 C 174.6C 80.7 CH 79.7 CH
4 27.6 CH 146.8C 40.0C 389C 379¢C 147.4C 147.4C 379¢C 40.0C
5 51.8 CH 54.9 CH 55.5 CH 55.5 CH 55.4 CH 50.4 CH 50.4 CH 55.4 CH 57.0 CH
6 23.7 CH, 29.7 CH, 18.7 CH, 18.2 CH, 18.4 CH, 24.5 CH, 27.3 CH, 18.3 CH, 19.4 CH,
7 32.1CH, 30.7 CH, 34.2 CH, 34.6 CH, 32.8CH, 31.3CH, 31.5CH, 33.1CH, 35.2CH,
8 48.6 CH 48.6 CH 425C 40.7C 39.8C 39.5C 39.2C 40.0C 421¢C
9 31.4CH 31.8 CH 51.6 CH 51.2 CH 47.7 CH 37.8CH 37.9 CH 47.7 CH 52.1 CH
10 93.2C 91.9C 37.6C 37.2C 37.1¢ 39.1C 393¢C 37.0C 383C
11 31.7 CH, 31.6 CH, 22.7CH, 21.0 CH, 23.8CH, 23.7 CH, 24.5 CH, 23.7 CH, 22.7 CH,
12 32.8 CH, 32.8 CH, 27.4CH, 25.8 CH, 124.5 CH 122.3 CH 124.1 CH 127.9 CH 28.1 CH,
13 45.6C 45.6C 1283C 38.2 CH 143.4C 144.1C 143.2C 138.1C 39.9 CH
14 49.2C 49.4C 484C 426C 41.7C 423C 421¢ 420C 428¢C
15 33.5CH, 33.5 CH, 28.9 CH, 27.0 CH, 25.6 CH, 25.5 CH, 25.4 CH, 26.1 CH, 29.0 CH,
16 28.0 CH, 28.0 CH, 38.0 CH, 36.4 CH, 27.5 CH, 22.0 CH, 33.8CH, 28.6 CH, 35.4 CH,
17 51.0 CH 51.0 CH 102.5C 68.3C 723C 36.9C 72.2C 723C 48.0C
18 14.8 CH, 14.8 CH, 1413 ¢ 139.7C 489C 42.4CH 48.8 CH 60.7C 50.5 CH
19 49.6 CH, 49.3 CH, 44.7 CH, 133.1 CH 48.4 CH, 46.4 CH, 48.3 CH, 41.7 CH 41.0 CH
20 36.3 CH 36.3 CH 333¢C 324C 31.2¢C 309C 31.0C 39.4 CH 154.5C
21 18.5 CH; 18.7 CH, 35.6 CH, 32.9 CH, 36.6 CH, 34.1CH, 36.5 CH, 40.5 CH, 72.2 CH
22 35.1 CH, 35.1 CH, 37.0 CH, 36.4 CH, 36.9 CH, 31.0 CH, 36.9 CH, 32.5CH, 46.4 CH,
23 31.4CH, 31.4 CH, 15.5 CH, 15.4 CH, 28.2 CH, 113.6 CH, 113.6 CH, 28.3 CH; 28.6 CHs
24 157.0C 157.0C 28.1 CH, 28.0 CH; 16.9 CH, 23.6 CH; 23.5 CH; 17.0 CHs 16.1 CH,
25 33.9CH 339 CH 16.5 CH, 16.7 CH, 15.5 CH, 19.5 CH, 19.4 CH, 15.7 CHs 16.9 CH,
26 22.0 CH, 22.0 CH, 17.0 CH, 16.2 CH, 17.2 CH, 16.8 CH, 17.2 CH, 17.3 CH, 16.6 CH,
27 22.1 CH, 22.1 CH, 21.1CH, 14.2 CH, 25.6 CH, 25.7 CH, 25.3 CH, 23.2 CH, 14.1 CH,
28 16.8 CH, 16.9 CH, 32.9 CH, 69.7 CH, 17.5 CH, 179.7 C
29 23.7 CH, 22.8 CH, 32.8CH, 30.9 CH, 24.1 CH, 23.5 CH, 23.9 CH;, 20.9 CH; 27.7 CHs
30 18.7 CH, 115.2 CH, 25.4 CH, 27.6 CH, 33.2 CH, 32.7 CH, 116.5 CH,
31 106.1 CH, 106.1 CH,
1’ 173.9¢C 1739¢C
2 35.0 CH, 35.0 CH,
3 25.3 CH, 25.3 CH,
413 29.3-29.9 CH, 29.3-29.9 CH,
14 32.1CH, 32.1 CH,
15’ 22.9 CH, 22.9 CH,
16’ 14.3 CH, 14.3 CH,
OMe 51.6 CH; 51.6 CHs

“13C NMR (150 MHz) in CDCly; ***C NMR (150 MHz) in CD30D.
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Table 2 'HNMR spectroscopic data for compounds 1, 2, 7, 10, and 41.

No. 1 2° 7° 10° 41"
la 2.39m 2.34m 1.69m 1.75m 1.64m
1b 1.17m 1.75m 0.97 m 0.94 m 0.88m
2a 2.62m 247 m 1.63m 1.64m 1.67 m
2b 2.53m 246 m 1.58 m 1.59m 1.49m
3 3.21dd (11.5,4.7) 321m 3.04m
4 1.80 m
5 1.73m 2.57dd (9.6, 2.3) 0.72m 0.70 brd (11.9) 0.63m
6a 1.60 m 1.76 m 1.55m 1.52m 1.44m
6b 1.12m 1.50 m 1.38m 1.37m 1.31m
7a 1.72m 1.66 m 1.51m 1.50 m 1.64 m
7b 1.34m 1.45m 1.27m 1.33m 1.36 m
8 1.44m 1.45m
9 1.84m 191m 1.48 m 1.27m 1.30 m
11a 1.45m 1.46 m 1.52m 1.56 m 1.52m
11b 1.29m 1.32m 1.27m 1.27m 1.23m
12a 1.63m 1.63 m 219m 1.53m 1.54m
12b 1.51m 1.53m 1.99m 1.16 m 0.98m
13 2.50 brd (12.4) 2.53m
15a 1.25m 1.22m 253 m 1.95m 1.46 m
15b 1.21m 1.21m 1.11m 1.12m 1.00 m
16a 1.92m 1.92m 2.01m 1.66 m 1.30 m
16b 1.28 m 1.29m 2.00m 1.50 m
17 1.54m 1.55m
18 0.81s 0.81s 1.14m
19a 1.75m 1.81m 2.36d(12.8) 5.04s 2.38m
19b 1.66 m 1.69 m 1.79d (12.8)
20 1.42m 1.41m
21a 0.89d (6.5) 0.90d (6.5) 1.66 m 147 m 4.24 dd (9.2, 6.0)
21b 1.16 m 1.38m
22a 1.56 m 1.56 m 1.98 m 1.69 m 2.52m
22b 1.13m 1.13m 1.78 m 1.56 m 118 m
23a 211m 211m 0.76 s 0.77 s 0.86s
23b 1.89m 1.88m
24 097 s 097 s 0.66s
25 223 m 223m 0.85s 0.88s 0.79s
26 1.03d (6.8) 1.03d (6.8) 1.05s 1.09s 091s
27 1.02d (6.8) 1.02d (6.8) 1.14s 0.74s 0.88s
28 0.84s 0.84s
29 0.92d (6.8) 1.78s 097s 0.99s 1.14s
30a 0.89d (6.5) 4.93brs 0.82s 094s 4.81brs
30b 4.82brs 4.73brs
3la 4.71brs 4.71brs
31b 4.66brs 4.66 brs

“'H NMR (700 MHz) in CDCl3; *"H NMR (700 MHz) in CD50D.
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Fig.2 Key 'H-"H COSY, HMBC and ROESY correlations of the new compounds.

Fig. 3 X-ray crystallographic structure of compound 3.

methine (6y 1.80; 8¢ 27.6) in 1 with a terminal double bond (dy
4.93, 4.82; 6. 146.8, 115.2), evidenced by key HMBC from H,-30
to C-5/C-29 (Fig. 2). The relative configuration of 2 was estab-
lished through key NOESY correlations of H,-1 with H-8, H-9 with
H-5/H3-28, H-8 with H3-18, and H-17 with H;3-28 (Fig. 2), suppor-
ted by consistent NMR data and probable shared biosynthetic
pathways of 1-3. The absolute configuration of 2 was determ-
ined through calculated ECD analysis (Fig. 4). Thus, compound 2
was designated as gentianopsolide B.

Compound 7, obtained as white powder, displayed a molecu-
lar formula C,9H,4g05 through HR-EI-MS analysis (m/z 444.3597
[M]+). Comparison of 'H and **C NMR data between 7 and 3-oxo-
olean-13(18)-en-28-oic acid (9) °, a previously documented
triterpenoid also isolated in this study, revealed significant struc-
tural similarities. The notable difference was the absence of
downfield ketos (C-3: 6. 218.3; C-28: 6. 179.7) in 7, replaced by
an oxygenated methine (éy 3.21; 6¢ 79.1). Additionally, the C-17
quaternary carbon shifted significantly downfield from 9 (&¢
50.1) to 7 (6c 102.5), indicating the presence of a perhydroxyl
group. The "H-"H COSY correlation of H-3/H,-2/H,-1 and HMBC
from H-3 to C-1/C-5 and H,-15/H,-19/H,-21 to C-17 (Fig. 2) con-
firmed the hydroxyl and perhydroxyl group positions at C-3 and C-
17, respectively. The B-configuration of 3-OH and relative config-
urations of 7 were established through the large coupling con-
stant of H-3 (6y 3.21, dd, / = 11.5, 4.7 Hz) and key NOESY correla-
tions of H-5 with H-3/H-9, H3-25 with H3-26, and H3-27 with H-
9/H,-16 (Fig. 2). The B-configuration of 17-O0H was supported
by 'H and "*C NMR calculations using DP4+ analysis (Table S$10).
The absolute configuration of 7 was determined through ECD cal-
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culations(Fig. 4). Compound 7 was thus named 175-hydroperox-
ide olean-13(18)-en-3-ol.

Compound 10 was isolated as white powder, with a molecu-
lar formula CyqH4g0, based on the HR-ESI-MS (m/z 451.3548
[M + Na]*). The 'H and "*C NMR data of 10 (Tables 1 and 10) ex-
hibited strong similarities to those of germanicol (11) *°, a known
triterpenoid also isolated in this study. The primary distinction
was the absence of the C-28 methyl (6 0.97; 6 25.4) in 10, while
the C-17 quaternary carbon (8¢ 34.5) of 11 displayed a downfield
shift (6 68.3) in 10. This, combined with the molecular weight of
10 and the HMBC from H,-15/H-19/H,-21 to C-17 (Fig. 2), con-
firmed the presence of 17-OH. The relative configurations of 10
were determined through key NOESY correlations of H-5 with H-
3/H-9, Hs-26 with H-13/H3-25, and Hs-27 with H-9/H,-16 (Fig.
2). The 'H and "*C NMR calculations by DP4+ analysis further sup-
ported the B-configuration of 17-OH (Table S11). The absolute
configuration of 10 was verified through comparison of calcu-
lated and experimental ECD curves (Fig. 4). Compound 10 was
consequently named 28-nor-olean-18-en-3[,17-diol.

Compound 20, obtained as white powder, possessed the mo-
lecular formula C45H;50; according to its HR-ESI-MS (m/z
689.5836 [M + Na]*). The 'H and °C NMR data (Tables 1 and 3) of
20 showed marked similarity to those of 28-nor-olean-12-en-
3B,17B-diol (19) ", a known triterpenoid also identified in this
study. The notable difference was the presence of a palmitoyl
group [6y 0.88, 1.25-1.30, 1.62, 2.29; §. 173.9, 35.0, 25.3,
29.3-29.9 (10 x CH,), 32.1, 22.9, 14.3] in 20. The key HMBC from
H-3 to C-1" and the characteristic chemical shift resulting from es-
terification (C-3: 6 80.7 for 20, 6. 79.0 for 19) established the C-
3 linkage of the palmitoyl in 20. The configurations of 20 were
determined through NOESY correlations of H-5 with H-3/H-9, H-
15a with H-18/H;-26, H;-25 with H;-26, and Hs-27 with H-9/H,-
16, supported by NMR calculations using DP4+ analysis (Table
S$12) and ECD calculations (Fig. 4) determined the configurations
of 20. The compound was named 3f-palmitoyl-28-nor-olean-12-
en-17p-ol.

Compound 28, a white powder, exhibited a molecular for-
mula of C3;Hs00; based on HR-EI-MS analysis (m/z 470.3756
[M]"). Comparison of the 'H and C NMR data (Tables 1 and 3)
between 28 and 3,4-seco-olean-4(23),18-dien-3-oic acid (30) %, a
known triterpenoid also isolated in this study, revealed close
structural similarities. The primary distinction was the replace-
ment of the C-28 methyl (6y 1.01; 8¢ 25.3) in 30 with an oxygen-
ated methylene (6y 3.56, 3.22; 6; 69.7) in 28, and the presence of
an additional methoxyl (6y 3.65; 8¢ 51.6). HMBC from the meth-
oxyl to C-3 (6; 174.6), and H,-28 to C-16/C-18/C-22 (Fig. 2) con-
firmed the C-3 position of a methyl ester and the C-28 position of



H. Cheng et al.

Chinese Journal of Natural Medicines 23 (2025) 1111-1121

8 4 4
— Exptl. ECD of 1 . — Exptl. ECD of 2 — Exptl. ECD of 7
--- Caled. ECD of 1 ) /\‘ --- Caled. ECD of 2 ) --- Calcd. ECD of 7
_ -=- Calcd. ECD of ent-1 _ 'r‘ ' -=-- Calcd. ECD of ent-2 . -=- Calcd. ECD of ent-7
o0 o0 \ o0
o ) 1\ 5y
E Eo \," - Eop
=) a A [a) ;
@) o Y Q ]
24 \/! -24/
J ’
4 —4
300 350 200 250 300 350 200 250 300 350
A/nm A/nm A/nm
20 2 4
— Exptl. ECD of 10 — Exptl. ECD of 20 — Exptl. ECD of 28
-=- Calcd. ECD of 10 ==+ Calcd. ECD of 20 n -=- Caled. ECD of 28
104, - -+ Caled. ECD of ent-10 1 - -+ Caled. ECD of ent-20 2940 --+ Caled. ECD of ent-28
= '*‘\"\'. i = Y /—'\\
=] ‘Nt k=l -~ k=l \
E 01\ E oS ) £
a | a |/ g |
o [y O ' o Ny
'
—10 Y 1y AR
-20 -2 -4
200 250 300 350 200 250 300 350 200 250 300 350
A/nm A/nm A/nm
2 40 8
— Exptl. ECD of 29 — Exptl. ECD of 37 — Exptl. ECD of 41
-=- Calcd. ECD of 29 -=- Calcd. ECD of 37 ==+ Calcd. ECD of 41
o --- Caled. ECD of ent-29 20 - -+ Caled. ECD of ent-37 4 - -+ Caled. ECD of ent-41
I o8 |
3 \ 3 RN
£ E E 21N
a a / a
o o ! o |
204/ -4
o -40 -8
200 250 300 350 200 250 300 350 200 250 300 350
Alnm A/nm Alnm

Fig. 4 Experimental and calculated ECD spectra of the new compounds.

a hydroxyl group in 28. Furthermore, HMBC from H-12 (6, 5.21)
to C-9/C-14/C-18 and H-18 (6y 2.00) to C-12/C-13/C-14, along
with the downfield chemical shifts of C-12 (6; 122.3, CH) and C-
13 (8¢ 144.1, C), indicated the double bond formation at C-12/C-
13 in 28 rather than C-18/C-19 in 30. The configurations of 28
were determined through analysis of NOESY correlations (H-9
with H-5/H3-27, H3-26 with H3-25/H,-28, and H3-27 with H,-19)
(Fig. 2) and calculated NMR and ECD results Fig. 4), leading to its
designation as gentianopsolide C.

Compound 29, a white powder, demonstrated a molecular
formula of C3yH,4g05 as determined by HR-EI-MS (m/z 456.3597
[M]"). The 'H and **C NMR data of 29 exhibited strong similarity
to those of 28 (Tables 1 and 3), with the main distinction being
the absence of C-28 methylene (8y 3.56, 3.22; §c 69.7) and the
downfield shifted C-17 (8¢ 72.2 for 29, 36.9 for 28) in 29. Analys-
is of the molecular weight and HMBC from H,-15/H,-19/H,-21 to
C-17 in 29 confirmed the presence of 17-OH (Fig. 2). The config-
urations of 29 were established through NOESY correlations of H-
9 with H-5/H3-27, H-15a with H-18/H3-26, H3-26 with H;-25,
and H3-27 with H,-16, supported by NMR and ECD calculations
(Table S14 and Fig. 4). Compound 29 was subsequently named
gentianopsolide D.

Compound 37 was isolated as colorless oil with the molecu-
lar formula C45H;503; determined by HR-ESI-MS (m/z 667.6043
[M + H]"). The 'H and "*C NMR spectral data (Tables 1 and 3) of
37 exhibited close similarity to those of 28-nor-urs-12-en-34,174-
diol (33) ", a known triterpenoid also isolated in this study. The
primary distinction was the presence of an additional palmitoyl
group [6y 0.88, 1.25-1.30, 1.62, 2.29; §. 173.9, 35.0, 25.3,
29.3-29.9 (10 x CH;), 32.1, 22.9, 14.3] in 37. The key HMBC from
H-3 to C-1' and the characteristic chemical shift induced by ester-
ification (C-3: 8¢ 80.7 for 37, 8¢ 79.0 for 33) confirmed the C-3 at-
tachment of the palmitoyl group in 37 (Fig. 2). The NOESY correl-
ations of H-5 with H-3/H-9, H-9 with H;-27, H-15a with H-18/H;-
26, H;-26 with H;-25, H-20 with H-18, and Hs-27 with H-19/H,-
16 (Fig. 2), combined with the calculated NMR and ECD results
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(Table S15 and Fig. 4) assigned the configurations of 37, which
was named 3f-palmitoyl-28-nor-urs-12-en-174-ol.

Compound 41, obtained as white powder, was determined to
have the molecular formula C3,H,,0, based on HR-ESI-MS (m/z
471.3484 [M - H]'). Comprehensive analysis of its 1D and 2D
NMR data (Tables 1 and 2) compared with those of taraxaster-
one (39) ', aknown triterpenoid also isolated in this investiga-
tion, indicated that the C-3 keto, C-21 methylene, and C-28
methyl of 39 were replaced in 41 by two oxygenated methines
(6 3.04, 6¢ 79.7; 6y 4.24, 6¢ 72.2) and a carboxyl (6¢ 179.7). The
HMBC from H-3 (6y 3.04) to C-1/C-5/C-23, H-21 (6y 4.24) to C-
17/C-19/C-30, and H,-16/H-18/H,-22 to C-28 confirmed the po-
sitions of 3-OH, 21-OH, and 17-COOH, respectively (Fig. 2). The
relative configuration of 41 was determined through analysis of
NOESY correlations of H-5 with H-3/H-9, H-9 with H3-27, H3-26
with Hs-25/H-13, H-15a with H-18/H3-26, Hs-27 with H,-16, and
H-21 with H-18/H3-29 (Fig. 2), while the calculated NMR results
(Table S16) further supported the S-configuration of the carboxyl
group. The absolute configuration of 41 was established through
calculated ECD results (Fig. 4), and compound 41 was con-
sequently named urs-20(30)-en-3f,21a-diol-28-oic acid.

The remaining 41 triterpenoid isolates were identified
through comparison of their spectroscopic data with published
literature values as: 3-oxo-24-methylenecycloarane (3) ", vello-
zone (4) '°, dipterocarpol (5) '/, (24R)-eupha-7,25-dien-38,24-diol
(6) ", olean-13(18)-en-3-one (8) ', 3-oxo-olean-13(18)-en-28-
oic acid (9) °, geramanicol (11) ', germanicol acetate (12) *,
morolic acid acetate (13) *, moronic acid (14) %, erythrod-
iol (15) », olean-12-en-3p-0l-28-al (16) '°, oleanolic acid
(17) *, methyl oleanolate (18) *', 28-nor-olean-12-en-34,17p-di-
0l (19) !, 3B-acetoxy-28-nor-olean-12-ene (21) *°, f-amyrin acet-
ate (22) *, olean-12-en-3-one (23) ', 3-oxo-oleanolic acid
(24) *, 11-oxo-oleanolic acid (25) *°, olean-12-en-2a,3p-diol-28-
oic acid (26) *°, 38-hydroxy-11a,12a-epoxyoleanan-28,13p-olide
(27) ¥, 3,4-seco-olean-4(23),18- dien-3-oic acid (30) ", myric-
adoil (31) *, ursaldehyde (32) *, 28-nor-urs-12-en-34,17-diol
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Table 3 'H NMR spectroscopic data for compounds 20, 28, 29, and 37.

No. 20° 28° 29° 37°

la 1.62m 1.58m 1.58m 1.65m
1b 1.06 m 1.09 m
2a 1.63m 2.37m 2.38m 1.63m
2b 1.62m 221m 222m 1.63 m

3 4.51m 451m

5 0.86 m 1.97 m 1.97 m 0.85m
6a 1.55m 1.78 m 2.04m 1.54m
6b 1.42m 1.40 m 1.19m 1.41m
7a 1.50 m 1.53m 1.51m 1.54m
7b 1.39m 1.31m 1.40 m 1.41m

9 1.58m 1.77 m 1.77 m 1.56 m
11a 1.90 m 1.94m 1.79 m 1.95m
11b 1.89m 1.81m 1.41m 1.94m
12 5.31t(4.0) 521m 532m 5.31t(4.0)
15a 1.99m 1.71m 1.99m 2.03m
15b 1.04 m 1.03 m 1.08 m 1.06 m
16a 2.05m 1.90 m 1.98 m 2.03m
16b 1.18 m 1.18 m 1.82m 1.25m
18 223 m 2.00m 223m 1.58 m
19a 1.63m 1.73 m 1.63 m 1.27m
19b 1.20m 1.08 m 1.20 m

20 0.98 m
21a 1.29m 1.30 m 1.30 m 1.73m
21b 1.29m 1.19m 1.54m
22a 1.69 m 1.54m 1.70 m 1.58 m
22b 1.51m 1.35m 1.51m 1.18 m
23a 0.87s 4.87brs 4.88 brs 0.87s
23b 4.67brs 4.71brs
24 0.88s 1.75s 1.75s 0.88s
25] 095s 0.94s 094s 0.98s
26 096s 1.00s 1.01s 1.00s
27 1.14s 1.18s 1.15s 1.08 s
28a 3.56d(9.1)
28b 3.22d(9.1)
29 090s 0.88s 090s 0.83d (6.5)
30a 0.96s 0.89s 098s 0.93d (6.3)
2 229m 229m
3 1.62m 1.62m
4'-13 1.25-1.30 m 1.25-1.30 m

14 1.25m 1.25m
15 1.29m 1.29m
16’ 0.88t(7.0) 0.88t(7.0)
OMe 3.65s 3.65s

“IH NMR (700 MHz) in CDCl,.
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(33) ", 3-oxo-ursolic acid (34) *°, ursonic acid (35) *°, a-amyrin
acetate (36) *°, taraxasterol acetate (38) ’, taraxasterone (39) ",
3-oxo0-urs-20-en-28-al (40) *°, urs-12-en-2a,3p-diol-28-oic acid
(42) *°, urs-11-en-3p-0l-28,13p-olide (43) **, 3B-acetoxy-urs-11-
en-13a,30-olide (44) *, lupenone (45) *°, betulonic acid (46) *°,
28-nor-lup-20(29)-en-17p-ol-3-one (47) *°, 28-nor-lup-20(29)-en-
3B,17p-diol (48) *°, 3B-acetoxy-lup-12,20(30)-diene (49) *', and
squalene (50) **.

This study represents the most comprehensive investigation
of triterpenoid components in Gentianaceae plants to date. A total
of 50 triterpenoids comprising 15 distinct chemical skeletons
were identified from G. barbata. Compounds 1 and 2 feature a
novel 3,4;9,10-diseco-24-homo-cycloartane scaffold, while the re-
maining 14 known triterpenoid skeletons include 24-homo-cyc-
loartane (3), 24-homo-dammarane (4), dammarane (5), euphane
(6), oleanane (8, 9, 11-18, and 22-27), 28-nor-oleanane (7, 10,
and 19-21), 3,4-seco-oleanane (28 and 30), 3,4-seco-28-nor-
oleanane (29), 27(14-—13)-abeo-oleanane (31), ursane (32,
34-36, and 38-44), 28-nor-ursane (33 and 37), lupane (45, 46,
and 49), 28-nor-lupane (47 and 48), and the linear triterpene
(50). These findings demonstrate the significant capacity of Gen-
tianaceae plants to produce diverse triterpenoid metabolites.

2.2. Anti-inflammatory activity

Recent research has increasingly focused on herbs as natural
sources of anti-inflammatory agents. Triterpenoids represent a
major class of natural anti-inflammatory compounds in plants,
with well-documented bioactivity °. This study evaluated the anti-
inflammatory effects of the isolated triterpenoids by measuring
their inhibition of tumor necrosis factor a (TNF-a) and interleuk-
in-6 (IL-6) secretion in LPS-induced macrophages RAW264.7.
The analysis revealed that 19 compounds (3, 5, 6, 14, 19, 22, 25,
28-31, 37, 38, 40, 42-44, 47, and 50) exhibited substantial in-
hibitory activity against TNF-a secretion, with half maximal in-
hibitory concentration (IC5) values between 1.56 and 8.07
pumol-L™" (Table 4). Additionally, 12 compounds (5, 14, 22, 25,
28-31, 37, 38, 44, and 50) demonstrated significant inhibitory
activity against IL-6 secretion, with ICs, values ranging from 3.65
to 22.31 pmol-L™" (Table 4). Analysis of structure-activity rela-
tionships revealed several patterns: 24-homo-dammarane exhib-
its lower activity than normal dammarane (4 vs 5), while 3,4-seco-
oleanane and 27(14—13)-abeo-oleanane show higher activity
than normal oleanane (28 vs 15, 30 vs 11, and 31 vs 15). In nor-
mal oleanane structures, a C-18/C-19 double bond (14) appears
more beneficial for activity compared to C-13/18 (9) or C-12/C-
13 (24) double bonds. The removal of 28-Me significantly re-
duces oleanane activity (22 vs 21). For 28-nor-ursane, a
palmitoyl group at C-3 notably enhances activity (37 vs 33). Fur-
thermore, substituting 28-Me with a hydroxyl in lupane (45 vs
47) improves activity. These results establish diverse triterpen-
oids as key chemical constituents of G. barbata with anti-inflam-
matory properties, providing a foundation for developing novel
immunosuppressants.

2.3. Hepatoprotective activity

Based on the traditional clinical applications of G. barbata in
treating liver diseases, the hepatoprotective activity of these
triterpenoid isolates was investigated. Tert-butyl hydroperoxide
(t-BHP), which metabolizes into harmful free radical intermedi-
ates, serves as a widely accepted model for inducing hepatotox-
icity in HepG2 cells *. The protective effects of the isolated triter-
penoids (1-50) against t-BHP-induced hepatotoxicity in HepG2
cells were evaluated at 20 pmol-L™". The results (Fig. 5) indicated
that 30 triterpenoids (5-10, 12, 14, 15, 17, 19, 20, 22, 23, 25,
26, 29-31, 33-35, 37, 38, 40-44, 48, and 50) demonstrated en-
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Table 4 Anti-inflammatory activity of the triterpenoid isolates.
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TNF-a secretion IL-6 secretion

TNF-a secretion IL-6 secretion

e IR (%, 20 pmol-L ™)  ICso (umol-L™") IR (%, 20 umol-L™")  ICso (umol-L™) e IR (%, 20 pmol-L ™)  ICso (umol-L™") IR (%, 20 umol-L™")  1Cso (umol-L™)
1 <10 - <10 - 27 2848 £ 4.15 - <10 -

2 <10 - <10 = 28 85.63 + 1.33 1.98 + 0.62 68.59 + 2.09 22.31+0.73
3 72.43 +0.58 8.07 +1.76 36.56 + 3.04 - 29 85.88 +2.16 3.16+1.72 79.88 + 1.75 14.17 £ 1.55
4 23.34 +4.10 = 18.63 + 5.80 = 30 91.15 + 5.95 3.57 +0.42 68.53 + 4.52 14.49 +1.17
5 77.03 £ 2.46 5.56 + 0.44 67.84 +1.79 1270+129 31 77.49 £ 1.75 484 +1.46 79.06 + 0.94 13.48 + 0.94
6 84.86 + 1.32 1.97 £ 0.11 36.32+0.38 = 32 41.16 +3.55 = <10 =

7 <10 - 15.37 +5.03 - 33 4810 £ 1.74 - 30.36 + 3.65 -

8 <10 = <10 = 34 46.95 + 0.98 - <10 =

9 19.39 + 0.64 - 39.13 + 2.83 - 35 54.28 +1.98 - 34.03 + 3.40 -

10 <10 = <10 = 36 22.23 +0.47 - <10 -

11 56.66 * 5.23 - <10 - 37 80.53 + 1.24 2.33+0.86 83.56 + 2.29 19.85 + 1.65
12 38.36 + 1.53 = <10 = 38 79.43 + 5.43 1.69 + 0.74 74.33 +2.38 19.50 + 2.65
13 16.93 + 1.65 - <10 - 39 25.24 +3.12 - <10 -

14 81.10 + 1.27 6.67 +1.52 87.76 + 2.20 1276 £2.09 40 68.29 +0.27 7.23+0.98 <10 =

15 24.37 + 4.58 - <10 - 41 28.00 + 1.31 - <10 -

16 39.95 + 4.91 = <10 = 42 60.55 * 2.20 7.67 +1.42 55.08 + 4.85 =

17 <10 - <10 - 43 74.47 + 2.30 2.89 +0.33 56.78 + 0.84 -

18 12.55 +2.13 = <10 = 44 80.90 + 3.48 1.56 + 0.31 73.71£2.76 6.88+1.38
19 65.25 + 5.44 7.19+1.76 43.30 + 4.32 - 45 <10 - <10 -

20 <10 = <10 = 46 14.05 + 3.87 - <10 -

21 30.18 +2.11 - <10 - 47 72.08 + 4.70 452 +0.30 51.81+2.95 -

22 83.52 + 2,95 5.82 +0.89 86.71 +1.73 3.65+0.84 48 55.35+1.31 = 47.97 +1.99 -

23 34.48 +5.55 - <10 - 49 31.62 + 0.52 - <10 -

24 <10 = <10 = 50 78.12 +3.78 2.45 +0.62 70.49 £ 5.08 20.66 + 0.84
25 82.72 + 1.68 6.59 +0.72 86.14 + 4.07 1315+232 Dex 9213255 - 92.99 + 3.41 -

26 48.10+5.17 - <10 _

IR, Inhibitory rate.

hanced cell viability compared to the model group. Furthermore,
21 compounds (5-7, 10, 12, 14, 17, 19, 20, 22, 23, 25, 26,
33-35, 37, 38, 40, 44, and 48) exhibited superior protective ef-
fects compared to the positive controls, silymarin and ammoni-
um glycyrrhetate (GA). Six triterpenoids (10, 12, 19, 22, 25, and
48) demonstrated remarkable protective effects, restoring cell vi-
ability to levels comparable to the blank control group. Notably,
compounds 19, 22 and 25 exhibited dual potent activities in both
anti-inflammatory and hepatoprotective effects, highlighting
their potential as templates for new bioactive molecules.

In conclusion, G. barbata, a traditional Mongolian medicine,
demonstrates significant medicinal value. The abundant triter-
penoid metabolites from G. barbata (andthe broader Gen-
tianaceae family) remained largely unexplored until now. This
study identified 50 triterpenoids (including nine novel
pounds) comprising 15 different skeletal structures from the
whole plant of G. barbata. Compounds 1 and 2 represent a previ-
ously undescribed novel framework. The majority of these triter-
penoids demonstrated significant anti-inflammatory and hepato-

com-

protective activities. These findings validate the traditional ap-
plications of the plant while suggesting potential therapeutic ap-
plications of its triterpenoids as anti-inflammatory and hepato-
protective agents, thereby expanding opportunities for its future
utilization.

3. Experimental

3.1. General experimental procedures

Column chromatography (CC) was conducted on silica gel
(200-300 mesh, Qingdao Marine Chemical Factory, Qingdao,
China), neutral Al,0; (200-300 mesh, Shanghai Titan Scientific
Co., Ltd., Shanghai, China), Sephadex LH-20 (20-100 pm, Amer-
sham Pharmacia Biotech, Sweden), and MCI gel CHP-20P
(70-150 pm, Mitsubishi Chemical Corp., Tokyo, Japan). Thin-lay-
er chromatography (TLC) was performed on silica gel (GFjs4,
10-40 pm, Qingdao Marine Chemical Factory). TLC spots were
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Fig. 5 Hepatoprotective effect of compounds on t-BHP-induced hepatotoxicity in HepG2 cells (20 umol-L™). Values (mean * SD, n = 3) are presented as percentage of the

mean compared to control.

visualized under UV light or by heating after spraying with 5%
H,S0, in EtOH (V/V). Semipreparative high performance liquid
chromatography (HPLC) was performed using an Agilent 1260
series instrument with a Zorbax SB-C;g column (5 pm, 9.4 mm x
250 mm, 3 mL-min™"). NMR experiments were conducted using
either a Bruker AvanceNeo-600 or AvanceNeo-700 spectrometer
with TMS as the internal standard. Mass spectra were acquired
on a Waters Synapt XS or an Agilent G6230 spectrometer. ECD
and UV spectra were measured on a Chirascan qCD spectrograph.
Optical rotations were determined on an Autopol-I spectropolari-
meter. X-ray analysis was performed with a Bruker SMART APEX
CCD crystallography system.

3.2. Plant materials

The whole plants of G. barbata (Froel.) Ma (Gentianaceae)
were collected from Lijiang, Yunnan of China (26°52'50.30"N and
100°13'28.40"E) in October 2019, and identified by Wenging He
from Kunming Caizhi Biotechnology Co., Ltd. A voucher specimen
(Gb-2019-10) was deposited in the Innovative Institute of
Chinese Medicine and Pharmacy, Chengdu University of Tradi-
tional Chinese Medicine.

3.3. Extraction and isolation

Dried whole plants of G. barbata (5.0 kg) were ground and
extracted with menthol (30.0 L x 4) at room temperature. The ex-
tracts were concentrated under reduced pressure to yield an oily
residue (510.0 g). The residue underwent silica gel CC elution,
first with PE followed by a CH,Cl,/Me,CO stepwise-gradient sys-
tem (from 10:0 to 0:10, V/V), yielding seven fractions (Fr. 1-Fr.
7). Fr. 1 (25.0 g) underwent repeated silica gel CC with PE/CH,Cl,
(12:1, V/V) as eluent, producing ten subfractions (Fr. 1-1-Fr. 1-
10), along with 50 (2.9 mg), 18 (1.9 mg), and 13 (1.1 mg). Fr. 1-4
(2.8 g) was fractionated by Sephadex LH-20 CC using
CH,Cl,/MeOH (1:1, V/V) to yield two subfractions (Fr. 1-4-1-Fr.
1-4-2). Fr. 1-4-1 (730.0 mg) was purified through Al,03 CC using
PE/CH2CI2 (15:1, V/V) to obtain 40 (3.5 mg). Fr. 1-5 (3.2 g) was
separated via Sephadex LH-20 CC with CH,Cl,/MeOH (1:1, V/V)
to produce two subfractions (Fr. 1-5-1-Fr. 1-5-2). Fr. 1-5-1 (180.0
mg) underwent Al,0; CC purification using PE/CH,Cl, (15:1,
V/V) to yield 1 (8.5 mg) and 2 (0.9 mg). Fr. 1-5-2 (380.0 mg) un-
derwent silica gel CC with PE/CH,Cl, (15:1, V/V) to yield 30
(177.0 mg). Fr. 1-6 (3.0 g) was fractionated through Sephadex LH-
20 CC using CH,Cl,/MeOH (1:1, V/V) to give two subfractions
(Fr. 1-6-1-Fr. 1-6-2). Fr. 1-6-2 (53.1 mg) was purified via Al,03
CC with PE/CH,Cl, (15:1, V/V) to yield 3 (37.1 mg). Fr. 1-6-3
(47.1 mg) underwent semi-preparative RP-HPLC using CH30H-
H,0 (100:0, V/V) as mobile phase to yield 45 (tg 23.6 min, 15.2
mg), 23 (tg 26.3 min, 11.5 mg), and 8 (tg 28.3 min, 5.0 mg). Fr. 1-
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7 (177.1 mg) underwent silica gel CC with PE/CH,Cl, (20:1, V/V),
followed by Sephadex LH-20 CC using CH,Cl,/MeOH (1:1, V/V)
to produce three subfractions (Fr. 1-7-1-Fr. 1-7-3). Fr. 1-7-2
(12.0 mg) underwent semi-preparative RP-HPLC using
CH3;0H-H,0 (95:5, V/V) as mobile phase to yield 21 (tz 10.6 min,
0.4 mg), 12 (tz 10.9 min, 1.2 mg), 49 (tz 11.4 min, 1.7 mg), and
22 (tg 13.6 min, 0.8 mg). Fr. 1-7-3 (8.0 mg) underwent semi-pre-
parative RP-HPLC using CH;0H-H,0 (95:5, V/V) as mobile phase
to yield 36 (tg 11.6 min, 0.8 mg) and 38 (tz 12.2 min, 2.0 mg). Fr.
1-9 (8.7 mg) was purified through Sephadex LH-20 CC with
CH,Cl,/MeOH (1:1, V/V), then underwent semi-preparative RP-
HPLC using CH30H-H,0 (95:5, V/V) as mobile phase to yield 20
(tg 23.6 min, 5.0 mg) and 37 (tg 25.8 min, 1.0 mg). Fr. 2 (27.0 g)
underwent MCI gel CC with a MeOH/H,0 stepwise-gradient sys-
tem (from 6:4 to 10:0, V/V) to give five subfractions (Fr. 2-1-Fr.
2-5). Fr. 2-5 (7.0 g) was purified via Al,0; CC using PE/acetone
(15:1, V/V), followed by Sephadex LH-20 CC with CH,Cl,/MeOH
(1:1, V/V) to produce six subfractions (Fr. 2-5-1-Fr. 2-5-6). Fr. 2-
5-3 (11 mg) was further subjected to semi-preparative RP-HPLC
using MeCN-H,0 (90:10, V/V) as the mobile phase to yield 29 (tg
15.2 min, 0.7 mg), 11 (tg 30.0 min, 2.6 mg), and 44 (tz 20.3 min,
0.6 mg). Fr. 2-5-4 (27.0 mg) was purified by semi-preparative RP-
HPLC using MeCN/H,0 (85:15, V/V) as the mobile phase to yield
10 (tg 8.4 min, 6.7 mg), 47 (tz 15.4 min, 1.8 mg), 16 (tz 17.7 min,
1.8 mg), 28 (tz 18.7 min, 0.2 mg), and 32 (tz 21.0 min, 11.6 mg).
Fr. 2-5-5 (135.0 mg) was applied to semi-preparative RP-HPLC
using MeCN-H,0 (80:20, VV/V) as the mobile phase to yield 5 (tg
13.6 min, 82.2 mg). Fr. 2-5-6 (27.0 mg) was separated by semi-
preparative RP-HPLC using MeCN/H,0 (75:25, V/V) as the mo-
bile phase to yield 33 (tg 12.7 min, 6.0 mg) and 4 (tg 22.6 min, 9.3
mg). Fr. 3 (30.0 g) was applied to MCI gel CC eluted with a
MeOH/H,0 stepwise-gradient system (from 6:4 to 10:0, V/V) to
give three subfractions (Fr. 3-1-Fr. 3-3). Fr. 3-3 (8.0 g) was puri-
fied by Sephadex LH-20 CC eluting with CH,Cl,/MeOH (1:1, V/V)
to obtain two subfractions (Fr. 3-3-1-Fr. 3-3-2). Fr. 3-3-1 (13.0
mg) was successively purified over Al,03 and silica gel CC eluting
with PE/acetone (10:1, V/V) to yield 46 (3.0 mg), 19 (3.0 mg),
and 9 (1.2 mg). Fr. 3-3-2 (57.0 g) was applied to semi-preparat-
ive RP-HPLC using CH;0H/H,0 (85:15, V/V) as the mobile phase
to yield 24 (tg 20.7 min, 21.0 mg) and 35 (tg 21.7 min, 8.7 mg).
Fr. 4 (15.0 g) was applied to MCI gel CC eluted with a MeOH/H,0
stepwise-gradient system (from 6:4 to 10:0, V/V) to give four
subfractions (Fr. 4-1-Fr. 4-4). Fr. 4-4 (2.8 g) was subjected to
silica gel CC eluting with PE/acetone (6:1, V/V), and then to
Sephadex LH-20 CC with CH,Cl,/MeOH (1:1, V/V) as the eluent
to give two subfractions (Fr. 4-4-1-Fr. 4-4-2). Fr. 4-4-1 (5.4 mg)
was applied to semi-preparative RP-HPLC using MeCN/H,0
(90:10, V/V) as the mobile phase to yield 34 (tz 22.1 min, 1.4
mg). Fr. 4-4-2 (23.0 mg) was separated by semi-preparative RP-
HPLC using MeCN/H,0 (90:10, V/V) as the mobile phase to yield



H. Cheng et al.

48 (tg 10.5 min, 0.7 mg), 7 (tg 13.47 min, 0.7 mg), 14 (¢t 14.47
min, 0.2 mg), 15 (tz 15.4 min, 1.0 mg), 31 (tz 16.4 min, 0.5 mg),
and 6 (tz 17.6 min, 0.9 mg). Fr. 5 (140.0 g) was applied to MCI gel
CC eluted with a MeOH/H,0 stepwise-gradient system (from 6:4
to 10:0, V/V) to give four subfractions (Fr. 5-1-Fr. 5-4). Fr. 5-2
(108.0 g) was purified by Sephadex LH-20 CC eluting with
CH,Cl,/MeOH (1:1, V/V), and then by Al,0; CC eluting with
PE/acetone (2:1, V/V) to yield 17 (70.0 g). Fr. 6 (45.0 g) was ap-
plied to MCI gel CC eluted with a MeOH/H,0 stepwise-gradient
system (from 6:4 to 10:0, V/V) to obtain four subfractions (Fr. 6-
1-Fr. 6-4). Fr. 6-4 (17.0 g) was subjected to Al,05 CC eluting with
PE/EtOAc (6:1, V/V) to give three subfractions (Fr. 6-4-1-Fr. 6-4-
3). Fr. 6-4-3 (22.0 mg) was purified by Sephadex LH-20 CC elut-
ing with CH,Cl,/MeOH (1:1, V/V) as the mobile phase to yield 27
(3.7 mg) and 43 (1.6 mg). Fr. 7 (80.0 g) was applied to MCI gel CC
eluted with a MeOH/H,0 stepwise-gradient system (from 6:4 to
10:0, V/V) to give two subfractions (Fr. 7-1-Fr. 7-2). Fr. 7-1 (16.0
g) was applied to silica gel CC eluting with PE/acetone (4:1, V/V),
and then to Sephadex LH-20 CC eluting with CH,Cl,/MeOH (1:1,
V/V) to give three subfractions (Fr. 7-1-1-Fr. 7-1-3). Fr. 7-1-2 (3.8
mg) was purified by semi-preparative RP-HPLC using MeCN/H,0
(75:25, V/V) as the mobile phase to yield 41 (tg 12.0 min, 1.5
mg) and 25 (tg 24.0 min, 0.6 mg). Fr. 7-2 (23.0 g) was subjected
to silica gel CC with PE/acetone (7:1, V/V), and then to Sephadex
LH-20 CC with CH,Cl,/MeOH (1:1, V/V) as the eluent to obtain
two subfractions (Fr. 7-2-1-Fr. 7-2-2). Fr. 7-2-2 (23.1 mg) was
purified by semi-preparative RP-HPLC using MeCN/H,0 (75:25,
V/V) as the mobile phase to yield 26 (tz 19.3 min, 4.8 mg) and 42
(tg 20.5 min, 10.5 mg).

Gentianopsolide A (1). White powder; [a]f)o +12.5 (c 0.10,
MeOH); 'H and *C NMR data, see Tables 1 and 2; HR-ESI-MS mz
479.3861 [M + Na]" (Calcd. for C3;Hs5,0,Na, 479.3860).

Gentianopsolide B (2). White powder; [oz}zD0 -84 (c 0.10,
MeOH); 'H and *C NMR data, see Tables 1 and 2; HR-ESI-MS m/z
455.3885 [M + H]" (Calcd. for C3;Hs;0,, 455.3889).

Crystal data for 3-oxo-24-methylenecycloarane (3). C3;Hso0,
Mr=438.71,a = 12.3745(14) A, b = 7.2213(8) A, c = 59.844(7) A,
@ =90° B =91.375(4)°, y = 90°, V= 5346.1(10) A%, T = 150.(2) K,
space group €121, Z = 8, u(Cu Ka) = 0.467 mm™, 13647 reflec-
tions measured, 7918 independent reflections (R;,, = 0.0815).
The final R, values were 0.2130 (I > 20(I)). The final wR(F?) val-
ues were 0.5149 (I > 20(I)). The final R; values were 0.2198 (all
data). The final wR(F*) values were 0.5244 (all data). The good-
ness of fit on F* was 2.340. Flack parameter = 0.9(4). The crystal-
lographic data in standard CIF format were deposited at the Cam-
bridge Crystallographic Data Centre (CCDC 2381310).

17B-Hydroperoxide olean-13(18)-en-3f-ol (7). White powder;
[@]% +13.5 (c 0.10, MeOH); 'H and "°C NMR data, see Tables 1 and
2; HR-EI-MS m/z 444.3597 [M]" (Calcd. for C;9H,503, 444.3598).

28-Nor-olean-18-en-3p,17f-diol (10). White powder; [a]> -
16.8 (¢ 0.10, MeOH); 'H and *C NMR data, see Tables 1 and 2; HR-
ESI-MS m/z 451.3548 [M + Na]® (Calcd. for CyH,g0,Na,
451.3547).

3pB-Palmitoyl-28-nor-olean-12-en-17f-ol (20). White powder;
[@)Z +53.7 (¢ 0.10, MeOH); ‘H and *C NMR data, see Tables 1 and
3; HR-ESI-MS m/z 689.5836 [M + Na]" (Calcd. for C4sH,405Na,
689.5849).

Gentianopsolide C (28). White powder; [aﬁf +18.6 (¢ 0.10,
MeOH); 'H and "*C NMR data, see Tables 1 and 3; HR-EI-MS m/z
470.3756 [M]" (Calcd. for C3;1Hs5(03, 470.3754).

Gentianopsolide D (29). White powder; [a]>) -75.0 (c 0.10,
MeOH); 'H and *C NMR data, see Tables 1 and 3; HR-EI-MS m/z
456.3597 [M]" (Calcd. for C3yH4g03, 456.3598).

3pB-Palmitoyl-28-nor-urs-12-en-173-ol  (37). Colorless oil;
[@]Z +50.1 (¢ 0.10, MeOH); ‘H and *C NMR data, see Tables 1 and
3. HR-ESI-MS m/z 667.6043 [M + H]" (Calcd. for C,5H;903,
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667.6029).

Urs-20(30)-en-3B,21a-diol-28-oic acid (41). White powder;
[@]Z -9.2 (c 0.10, MeOH); 'H and "°C NMR data, see Tables 1 and
2; HR-ESI-MS m/z 4713484 [M - H] (Calcd. for CzHy;0,,
471.3474).

3.4. Quantum chemistry computations

The conformational analysis was conducted using the
Spartan 14 software package with MMFF minimization force
field. The resulting conformers underwent further optimization
using Gaussian 09 software through density functional theory
(DFT) calculations at the B3LYP/6-31 + G (d, p) level in vacuum.
Conformations with Boltzmann distributions of Gibbs free ener-
gies exceeding 1% were subsequently utilized for NMR calcula-
tions using the GIAO method at the MPW1PW91/6-311 + G (d, p)
level, or ECD calculations using the TD-DFT method with basis set
CAM-B3LYP/DGDZVP. The ECD spectra of various conformers
were simulated using a Gaussian function with a half-bandwidth
ranging from 0.12 to 0.40 eV. The comprehensive theoretical ECD
spectra were generated according to the Boltzmann weighting
and simulated experimental spectra using the SpecDis software.
Additional details were provided in the supplemental material.

3.5. Anti-inflammatory assay

Anti-inflammatory assay was conducted following previous
reports ***°. RAW 264.7 cells were seeded in a 96-well plate at a
density of 2 x 10* cells/well for 24 h maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 1% penicillin and 1% streptomycin, followed by
treatment with compounds at 20 pmol-L™". Dexamethasone (Dex,
Solarbio) served as a positive control. After 1 h, cells were stimu-
lated with LPS (1 ug-mL™") (Beyotime Biotechnology) for 24 h.
Subsequently, 10 pL of cell counting kit-8 (CCK-8) (Bioground)
was added to each well to assess cell viability. Following 30 min
of incubation, the optical density at 450 nm was measured using
a microplate reader (Molecular Devices). Cytokine levels (TNF-a
and IL-6) in cell supernatant were determined using enzyme-
linked immunosorbent assay (ELISA) kits according to manufac-
turer’s instructions. Compounds demonstrating superior inhibi-
tion rates (> 60%) at 20 pmol-L™" were selected for ICs, value de-
termination at varying concentrations. All experiments were per-
formed in triplicate.

3.6. Hepatoprotective assay

The hepatoprotective assay was conducted according to pre-
vious reports with minor modifications ***’. HepG2 cells were
seeded in a 96-well plate at a density of 5 x 10* cells/well for 24 h
maintained in DMEM containing 10% FBS, 0.5% penicillin, and
0.5% streptomycin, followed by treatment with compounds at 20
pmol-L™ for 2 h. Silymarin and ammonium GA served as positive
controls. t-BHP was subsequently added to achieve a final con-
centration of 250 umol-L™ and the solutions were incubated for
2.5 h. Subsequently, 10 pL of CCK-8 (Bioground) was added to
each well to assess cell viability. After 30 min of incubation, the
optical density at 450 nm was measured using a microplate read-
er (Molecular Devices).
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