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Atractylodes macrocephala Koidz. (A. macrocephala) is a medicinal and edible plant species
belonging to the Compositae family. Its rhizome serves both therapeutic and nutritional pur-
poses in China. This investigation led to the isolation of thirteen novel rearranged 9(8—7)-
abeo-eudesmane-type sesquiterpenoid dimers (SDs), atramacronins A-M (1-13), three eu-
desmane-type SDs, atramacronins N-P (14-16), and two previously identified meroterpen-
oids, atrachinenin G (17) and atrachinenin I (18), from Atractylodes macrocephala. Structure
elucidation was accomplished through comprehensive spectroscopic analysis and single-crys-
tal X-ray diffraction. Compounds 1, 4-7, 9, and 10 exhibited notable cytotoxicity against
Hep3B, HepG2, and Huh7 cell lines, with half maximal inhibitory concentration (ICsy) values
ranging from 3.71 to 13.99 pumol-L™".

1. Introduction

Atractylodes macrocephala Koidz. (A. macrocephala, Chinese
name: Baizhu), a member of the Compositae family, serves both
medicinal and edible purposes in China. Its rhizome represents
one of the most widely used traditional Chinese medicines, par-
ticularly for treating spleen deficiency syndrome ' and hepatocel-
lular carcinoma (HCC). Several formulations containing Atractyl-
odis Macrocephalae Rhizoma (Baizhu), such as Guipi Decoction,
Qingfu-Jindan, Xiaoyao San, and Ganfule, have been recommen-
ded as adjuvant therapies for HCC during perioperative care, re-
habilitation, and palliative stages. This recommendation is out-
lined in the 2022 edition of the Diagnosis and Treatment
Guidelines for Primary Liver Cancer issued by the Chinese Society
of Clinical Oncology. Baizhu also serves as a crucial component in
formulas such as Yupingfeng San * and Fuzheng Jiedu Xiaoji For-
mula °, which demonstrate notable therapeutic effects on HCC.

Sesquiterpenoids are recognized as the primary active com-
ponents of A. macrocephala *. Atractylenolides derived from A.
macrocephala demonstrate anti-tumor effects across various can-
cer types °. Notably, sesquiterpenoid dimers (SDs) have garnered
significant attention in recent years due to their unique structur-
al characteristics and substantial pharmacological activities “*".

* Corresponding author.
E-mail addresses: mminchen@swu.edu.cn (M. Chen); mengfc@swu.edu.cn (F.
Meng)

https://doi.org/10.1016/S1875-5364(26)61082-5

While two high-content SDs in A. macrocephala, biatractylenolide
and biepiatractylenolide, were documented in the 1990s, several
bioactive SDs with novel structures have been isolated from the
Atractylodes genus only within the past three years '"*. Further
investigation of the bioactive substances and their underlying
mechanisms remains necessary.

This study reports the isolation of thirteen distinctive re-
arranged 9(8—7)-abeo-eudesmane-type SDs, atramacronins A-M
(1-13), three eudesmane-type SDs, atramacronins N-P (14-16),
and two known meroterpenoids, atrachinenin G (17) and at-
rachinenin I (18) (Fig. 1), from A. macrocephala. The cytotoxicity
of compounds 1-7, 9-14, and 16-18 was evaluated against
Hep3B, HepG2, and Huh7 cell lines. This paper details their struc-
tural elucidation and cytotoxic activities against these three liver
cancer cell lines.

2. Results and discussion

Atramacronin A (1) was isolated as a colorless bulk crystal.
The high-resolution electrospray ionization mass spectrometry
(HR-ESI-MS) spectrum of compound 1 exhibited a quasi-molecu-
lar ion peak at m/z 519.2711, indicating a molecular formula of
C30H4004 (Calcd. for C3oHyg0gNa’, 519.2718) with 11 degrees of
unsaturation. The 'H nuclear magnetic resonance (NMR) spec-
trum of 1 revealed signals for four methyl groups at 6, 0.83 (3H,
s), 0.97 (3H, s), 1.26 (3H, s), 1.87 (3H, s) and two exomethylene
groups at 6y 4.49 (1H, br s), 4.59 (1H, br s), 4.76 (1H, br s), 4.87

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Fig. 1 Chemical structures of 1-18.

(1H, br s). An acetal proton signal was observed at 6 5.37 (1H,
s). Analysis of the °C NMR and heteronuclear single quantum
correlation (HSQC) spectra revealed 30 carbons (Table 1) attrib-
uted to 11 quaternary carbons (6; 179.3, 171.1, 158.8, 148.8,
147.7,124.7,105.5, 79.7, 54.3, 43.7, 36.9), 3 methine carbons (¢
101.8, 53.7, 51.5), 12 methylene carbons (6; 107.1, 105.9, 49.4,
47.4, 41.2, 39.5, 36.1, 34.9, 29.7, 24.9, 23.4, 22.3) and 4 methyl
carbons (¢ 18.5, 17.6, 17.0, 8.6). The presence of characteristic
signals for terminal methylene groups, methyl groups, and
carboxyl of a-, f-unsaturated lactone suggested that compound 1
was likely a sesquiterpenoid dimer containing at least one eudes-
manolide fragment.

The planar structure of compound 1 was determined through
analysis of the heteronuclear multiple bond correlation (HMBC)
and 'H-'H correlation spectroscopy (COSY) correlations (Fig. 2).
An 8-oxygenated eudesmanolide portion, identical to atractylen-
olide III, was initially identified based on the HMBCs from H-13'
(84 1.90) to C-7' (8 158.8), C-11" (6. 124.7), C-12' (8. 171.1),
from H-14" (6 0.97) to C-1' (& 41.2), C-5' (6¢ 51.5), C-9" (&¢
49.4), C-10' (8¢ 36.9), from H-15" (6 4.87, 4.59) to C-3 (6¢ 36.1),
C-4' (6. 148.8), C-5' (8¢ 51.5), and the "H-"H COSY correlations of
H-1'/H-2'/H-3'. Additionally, another tetra-substituted
membered ring containing an exocyclic double bond and a methy]l
was established through the HMBC cross-peaks of H-14/C-1, C-5,
C-9, C-10, H-15/C-3, C-4, C-5 and the 'H-'H COSY correlations of
H-1-H-2-H-3. The HMBCs between H-12 (6y 5.37) and C-7 (J¢
54.3), C-8 (6¢ 179.3), C-11 (8¢ 79.7), between H-13 (6y 1.26) and
C-7 (6 54.3), C-11 (8c 79.7), C-12 (8. 101.8) indicated a 5-
membered lactone ring with methyl and hydroxy substitutions at
C-11. The HMBCs of H-6/C-8 and H-9/C-8 were also observed.
These findings indicated the 9(8—7) rearranged structural frag-
ment from an eudesmanolide. The C;,-0-Cg linkage between two
sesquiterpenoid moieties was established based on the HMBC
between H-12 (6 5.37) and C-8' (6. 105.5), thus completing the
elucidation of compound 1’s planar structure.

The relative configuration of compound 1 was established

Six-

120

through analysis of its nuclear Overhauser effect spectroscopy
(NOESY) spectrum (Fig. 3). The NOESY correlations of H-6/H-12,
H-9/H-13 indicated the 8 orientations of H-12 and the « orienta-
tions of CH3-13. Based on biogenetic considerations, H-5 and H-5
were assigned as a-oriented, while 14-Me and 14'-Me were as-
signed as S-oriented. However, due to the spiral carbon atom of
C-7, the relative configuration between H-5 and C-7 could not be
determined from NOESY correlations. To establish its absolute
configuration, calculations of the circular dichroism (CD) spectra
and "*C NMR chemical shifts of possible structures of 1 were con-
ducted. MAE,,s (mean absolute error) analysis '* of the calcu-
lated and experimental *C NMR data (Table S1) indicated that
the configuration of 1 was 55,75 ,10R",115",125',5'S",8'S",10'R".
Subsequently, the absolute configuration of 1 was determined as
55,75,10R,115,125,5'S,8'S,10'R through comparison of its experi-
mental and calculated CD curves (Fig. S1). Finally, single-crystal X-
ray diffraction analysis (Fig. 4) using Cu Ka radiation definitively
confirmed its absolute configuration.

Atramacronin B (2) was isolated as a colorless bulk crystal
and determined to share the same molecular formula as com-
pound 1, C3yH,(0¢, based on its HR-ESI-MS data ([M + Na]* m/z
519.2712, Calcd. for C3yH40¢Na®, 519.2718). Analysis of the 1D
and 2D NMR data between 2 (Table 1) and 1 revealed an identic-
al planar structure. The relative configuration of the newly
formed 5-membered lactone ring in 2 was determined to be
identical to that of 1 based on the NOE correlations of H-6/H-12,
H-9/H-13 in the NOESY spectrum of 2 (Fig. 3). Compound 2 was
hypothesized to possess a different relative configuration
between H-5 and C-7. MAE,,s analysis of the experimental and
calculated *C NMR data (Table S1) and comparison of the CD
spectra (Fig. S1) established the absolute configuration of 2 as
5S,7R,10R,11R,12R,5'S,8'S,10'R. The structural assignment and
absolute configuration were further validated via single-crystal X-
ray diffraction (Fig. 4).

Atramacronin C (3), obtained as a colorless bulk crystal,
shared the molecular formula C3yH,(0¢ with compounds 1 and 2,
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Table 1 'H (400 MHz) and "*C (100 MHz) NMR data of atramacronins A-F (1-6) in CDCls.
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1 2 3 4 5 6
No. Type
[ 6y (Jin Hz) oS¢ Sy (Jin Hz) 8¢ 6y (Jin Hz) 8¢ Sy (Jin Hz) Sc 6y (Jin Hz) [ 6y (Jin Hz)
1.74m 1.68 m 1.73m 1.73m 1.71m 1.83m
1 CH 395 1.27 m 390 1.39m 390 1.45m 389 1.44 m 390 143 m 397 1.30m
1.66 m 1.67 m 1.65m 1.61m
2 CH, 23.4 1.62m 23.6 1.60m 23.7 160 m 23.7 159 m 23.7 1.64m 23.3 1.46 m
2.27m 2.26dd (13.9,4.1) 2.25dd (14.2, 4.0) 2.24m 2.26m 2.28m
3 CH, 349 1.92m 347 2.00 m 347 1.97m 347 1.97m 347 2.03m 350 2.00 m
4 C 147.7 147.9 147.9 148.3 148.0 147.9
5 CH 53.7 1.92m 51.7 245m 51.6 2.36m 519 2.39m 51.6 247 m 53.6 1.89m
2.14m 1.94m 1.78 m 1.84m 1.98 m 2.05m
5 @i 2/ 2.03m S0 1.86 m 23 1.65m 2 1.72m 0 1.89m i 1.89m
7 C 54.3 54.2 54.8 54.7 54.4 53.6
8 C 179.3 181.4 180.1 180.1 180.7 180.7
1.90 m 1.89m 2.00d (13.7) 1.99 m 1.86m 1.97d (13.4)
CH . A X . . .
9 2 474 1.59m 479 1.68 m 448 1.80d (13.7) 435 1.78 m 472 1.78 m 4338 1.64d (13.4)
10 C 43.7 43.3 42.7 42.3 43.2 42.3
11 C 79.7 79.4 77.0 79.3 79.6 80.2
12 CH 1018 537s 100.6 494 s 98.1 4.88s 102.0 535s 102.2 540s 102.6 544s
13 CHj 18.5 1.26s 19.2 1.39s 20.7 1.30s 18.5 1.30s 19.2 1.29s 18.0 1.25s
14 CHj3 17.0 0.83s 18.7 0.70 s 18.8 0.71s 17.0 097 s 18.7 0.68 s 17.6 0.90 s
4.76 br's 4.74brs 4.74brs 4.72brs 4.75d (1.4) 4.75brs
CH
15 2 1059 449 brs 105.5 4.46 brs 105.5 440brs 105.1 4.38brs 1055 4.45d (1.4) 1057 437brs
, 1.60 m 1.56 m 1.59 m 1.62m
1’ CH, 41.2 124 m 41.2 122 m 41.2 125 m 41.2 124m 42.3 1.64m 42.8 1.64m
2"  CH, 22.3 1.62m 22.4 1.62m 22.4 1.64m 22.3 1.63m 233 1.69m 23.5 1.66 m
o 244 m 2.36m 2.39m 2.36m 2.45m 2.39m
3 CH, il 1.94m Sl 1.94m el 1.94m el 1.95m o 2.05m o 2.06 m
4' C 148.8 148.0 147.9 148.4 148.3 148.2
5 CH Bl 1.85m 52.1 1.82m 52.1 1.84m 51.5 1.84.m 41.6 2.65m 41.6 2.65m
, 2.68dd (13.3,3.0) 2.68dd (13.4,3.2) 2.70dd (13.4,3.2) 2.64dd (13.2,2.8) 2.66 m 2.67 m
CH
6 CH; 249 236m 255 ) s3brd(134) 220 254dd(13.4,13.4) %0 232m 28 557m 38 S5om
7' C 158.8 160.2 160.2 158.9 156.7 156.8
8’ C 105.5 105.6 105.5 105.5 106.1 106.0
, 2.51d (14.2) 2.33d(13.7) 2.39d (13.8) 2.51d (14.2) 2.51d (14.8) 2.53d (14.1)
CH r 4 d b 3 :
o Cha 494 ugaaaz) Y0 1s2aa3n) SYC 1ssaqss) 4 ys9d42) Y0 1srdpas) 77 178404
10" C 36.9 36.9 36.9 36.9 35.3 35.3
11’ ¢ 124.7 125.5 125.4 124.6 125.5 125.4
12" C 1711 171.3 171.0 171.1 1714 171.4
13’ CHj 8.6 1.87s 8.6 1.88s 8.7 190s 8.6 1.87s 8.7 1.90s 8.7 1.88s
14 CHy; 176 0.97s 17.4 0.90s 17.4 095s 17.0 097s 21.2 0.68's 21.2 0.67 s
p 4.87 brs 4.86 br s 4.88brs 4.86 br s 4.90brs 490 m
5 @2 A0 4.59brs Woe 4.63brs Wz 4.64brs w72 4.58brs W7 4.64brs W7z 4.64m

as confirmed by HR-ESI-MS data ([M + NH,]" m/z 514.3168, Cal-
cd. for C39H440¢N", 514.3164). Analysis of its 1D and 2D NMR
data (Table 1) established an identical planar structure. The
ROESY spectrum of 3 revealed ROE correlations of H-6/H-12/H-
13, indicating a different absolute configuration in the lactone
ring. The absolute configuration of 3 was determined as
5S,7R,10R,11S,12R,5'S,8'S,10'R through MAE,,s analysis of the
experimental and calculated *C NMR data (Table S2) and com-
parison of its CD spectrum (Fig. S1) with calculated spectra.
Single-crystal X-ray diffraction analysis confirmed this structural
assignment (Fig. 4).

Atramacronin D (4) exhibited an identical planar structure to
compounds 1-3, as evidenced by HR-ESI-MS data ([M + Na]* m/z
519.2708, Calcd. for C39H,00¢Na", 519.2718) and 1D and 2D NMR
data (Table 1). NOE correlations of H-6/H-13 and H-9/H-12 in-
dicated similar orientations of these respective proton pairs. The
absolute configuration of 4 was established as 5S5,7R,10R,11S,
125,5'S,8'S,10'R through DP4+ analysis of the experimental and
calculated ®C NMR data (Table S3) and comparison of its CD
spectrum (Fig. S1) with calculated spectra. Single-crystal X-ray
diffraction analysis provided unambiguous confirmation of this
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configuration (Fig. 4).

Atramacronin E (5) and F (6) exhibited sodium-adductive
molecular ion peaks at m/z 519.2712 in their HR-ESI-MS spectra,
indicating identical molecular formulas. Analysis of their 1D and
2D NMR data revealed the same planar structure as compounds
1-4. Detailed examination of their "H and *C NMR data (Table
1) showed notable differences in chemical shifts of H-5’, C-5’, and
C-10". For compounds 5 and 6, the chemical shifts of H-5', C-5,
and C-10" were 2.65, 41.6, and 51.3, respectively, while in com-
pounds 1-4 these values were 1.82-1.85, 51.5-52.1, and 36.9,
respectively. A similar pattern was observed in biatractylenolide
(8S, 6.5 2.82, 8¢5 53.2) and biepiatractylenolide (8R, 8y.5 1.70,
8¢5 42.9) '°, which possess different absolute configurations at C-
8. This evidence suggested that compounds 5 and 6 have the op-
posite 8'R configuration compared to compounds 1-4. The NOE
correlations of H-6/H-12, H-9/H-13 in the ROESY spectrum of 5
(Fig. 3) indicated an identical relative configuration of the newly-
formed 5-membered lactone ring with compounds 1 and 2. The
NOE correlations of H-9/H-12/H-13 in the NOESY spectrum of 6
(Fig. 3) demonstrated the same orientation of H-9,12,13. Through
comparison of its CD spectrum with calculated ones (Fig. S1) and
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14,15 16

Fig. 2 Key HMBC (—>) and 'H-'H COSY (m====) correlations of compounds
1-16.

Fig. 3 Key NOE (€—>) correlations of compounds 1-13.

MAE, s analysis of experimental and calculated NMR data (Tables
S4 and S5), the absolute configuration of 5 was determined as
5S,7R,10R,11R,12R,5'S,8'R,10'R and that of 6 as 55,75,10R,11S,
12R,5'S,8'R,10'R.

Atramacronins G-K (7-11) were isolated as white amorph-

122
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Fig.4 X-ray crystallographic analysis of compounds 1-4 and 17.

ous powders and shared the molecular formula C3oH,(04 with
compounds 1-6, as evidenced by their HR-ESI-MS data (Table 2).
Their identical planar structures were established through ana-
lysis of 1D and 2D NMR data. The absolute configurations at C-8'
were determined to be R for compounds 7, 8, and 11, while com-
pounds 9 and 10 possessed the 8'S configuration.

For compound 7, identical orientations of H-6/H-12 and H-
9/H-13 were determined based on the NOE correlations of H-6/H-
12 and H-9/H-13 in its NOESY spectrum (Fig. 3). Through MAE,,s
analysis of the experimental and calculated *C NMR data (Table
S4) and comparison of its CD spectrum (Fig. S1) with the calcu-
lated spectra, the absolute configuration of 7 was established as
5S5,75,10R,11S,125,5'S,8'R,10'R, named as atramacronin G.

In the ROESY spectrum of 8 (Fig. 3), the NOE correlations of
H-9/H-12/H-13 indicated identical relative configurations in the
lactone ring with 6. Through MAE,,s analysis of the experimental
and calculated "*C NMR data (Table S5) and comparison of its CD
spectrum (Fig. S1) with the calculated spectra, the absolute con-
figuration of 8 was determined as 5S,7R,10R,11R,12S5,5'S,
8'R,10'R, named as atramacronin H.

The NOE correlations of H-6/H-12/H-13 in the NOESY spec-
trum of 9 (Fig. 3) indicated identical relative configurations in the
lactone ring with 3. Through MAE,,s analysis of the experimental
and calculated *C NMR data (Table S2) and comparison of its CD
spectrum (Fig. S1) with the calculated spectra, the absolute con-
figuration of 9 was established as 55,7S,10R,11R,125,5'S,8'S,10'R,
named as atramacronin I.

The identical orientations of H-9/H-12/H-13 in compound
10 were confirmed by the NOE correlations of H-9/H-12/H-13 in
its ROESY spectrum (Fig. 3). Through DP4+ analysis of the experi-
mental and calculated *C NMR data (Table $6) and comparison of
its CD spectrum (Fig. S1) with the calculated spectra, the abso-
lute configuration of 10 was determined as 5S,7R,10R,11R,
125,5'S,8'S,10'R, named as atramacronin J.

The NOE correlations of H-6/H-13, H-9/H-12 in the NOESY
spectrum of 11 (Fig. 3) demonstrated identical orientations of H-
6/H-13 and H-9/H-12, respectively. Through DP4+ analysis of the
experimental and calculated *C NMR data (Table S7) and com-
parison of its CD spectrum (Fig. S1) with the calculated spectra,
the absolute configuration of 11 was established as 5S,7R,10R,
115,125,5'S,8'R,10'R, named as atramacronin K.

Atramacronin L (12), isolated as a white amorphous powder,
exhibits a molecular formula of C,;H4,0, as determined by the
quasi-molecular ion peak at m/z 451.2813 [M + Na]" (Calcd. for
C,7H,400,4Na", 451.2819) in its HR-ESI-MS spectrum, indicating 8
degrees of unsaturation. The "H NMR spectrum of 12 (Table 3)
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Table 2 'H (400 MHz) and "*C (100 MHz) NMR data of atramacronins G-K (7-11) in CDCl5.
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7 8 9 10 11
No. Type
o¢ 6y (Jin Hz) [ 6y (Jin Hz) 8¢ 6y (Jin Hz) [ 6y (Jin Hz) 8¢ 6y (Jin Hz)
1.76 m 1.73 m 1.81m 173 m 1.75m
1 CH 396 1.31m 389 1.43m 396 1.31m 389 1.44m 389 1.49 m
2 CH 23.4 1.64 23.6 1.67 23.5 1.66 23.7 7l 233 Lo
2 . oxm : orm : oom : 1.62m : 1.44m
2.29m 2.57m 2.28m 2.26 dd (14.4, 4.4) 2.36 dd (13.5, 5.4)
CH
3 2 351 1.93m 347 2.00m 348 1.93m 348 2.01m 346 Ho01dd (13.5,6.5)
4 C 1476 - 148.1 - 147.9 - 148.2 - 148.3 -
5 CH 53.7 1.96 m 52.0 2.34m 53.6 1.94m 51.9 2.39m 51.9 2.38m
2.14 dd (12.4,5.9) 2.03 dd (13.0, 13.0) 2.14 dd (11.8, 4.5) 1.92m 1.86 m
CH
® 2 296 o0sdd(124,124) %% 187dd(13.0,58  °°° 1.85m Sy 1.89 m s 1.84m
7 C 54.3 - 54.1 - 53.4 - 53.9 - 54.7 -
8 c 1796 - 179.9 - 181.4 - 179.7 - 180.4 -
1.85d (13.4) 1.79.d (13.3) 1.95d (13.6) 1.96 d (13.5)
CH . . . . . .
K 2 MBS 434 452 1764(133) 437 1.65m 451 179 m 434 18040135
10 C 43.8 - 43.1 - 42.6 - 43.0 - 41.9 -
11 C 79.5 - 76.8 - 80.0 - 77.0 - 79.3 -
12 CH 99.8 494s 97.6 485s 100.9 495s 99.9 5.35s 100.0 492s
13 CH; 18.6 1.36s 22.1 1.29s 17.4 1365 22.2 1.28s 18.6 1.41s
14 CHs 17.8 0.84s 18.4 0.72s 17.4 0.89s 18.6 0.70 s 19.1 0.71s
4.78brs 4.75brs 4.73 brs 4.75brs 4.74d (1.8)
CH
15 2 1060 4.51brs 105.6 4.44brs 105.7 4.30 brs 105.4 4.43brs 105.0 4.39d (1.8)
, 1.67 m 1.70 m 1.57 m 1.66 m 1.68 m
v G 1.40 m i 1.43m ikl 1.22m 2 1.26 m B2 1.39m
, 1.64m 1.67 m 1.65m
2’ CH, 234 L46m 233 146m 22.4 1.63m 223 1.66 m 23.7 Leam
, 2.38m 2.35m 2.36m 2.37m 2.36m
¥ @h  #a7 1.95m sl 1.99 m sl 1.95m 1ol 1.98 m b 1.93m
4 C 1475 - 147.5 - 147.9 - 148.2 - 147.5 -
5 CH 418 259dd(11.7,11.7) 419 2.63m 52.0 1.83m 51.5 1.85m 422 2.62dd(11.3,11.3)
2.74m 2.75m 2.69 dd (13.4,3.2) 2.69 dd (13.2, 3.0) 2.74m
' CH
6 2 244 2.62'm 244 2.64m 255 5 534d (13.4,13.4) 249 237 m 244 2.63m
7' C 1583 - 158.3 - 160.3 - 158.8 - 1583 -
8’ C 1057 - 105.3 - 105.5 - 105.4 - 105.6 -
, 2.21d(14.8) 2.56 d (14.8) 2.31d (13.9) 2.56 d (14.3) 2.22.d (14.9)
CH I J ’ b !
2 B B 1.86 d (14.8) SO 1.93 d (14.8) SIE 1.52d (13.9) 2 1.53d (14.3) S0 1.87 d (14.9)
10° C 34.9 - 35.1 - 36.9 - 36.9 - 35.1 -
11’ ¢ 1263 - 126.3 - 125.5 - 124.7 - 126.2 -
12 ¢ 1714 - 171.1 - 1715 - 170.7 - 171.4 -
13' CHj 8.7 1.90 s 8.8 191s 8.6 1.87s 8.6 1.90s 8.7 1.90s
14" CH; 212 0.66 s 21.1 0.66 s 17.9 0.94s 17.2 1.00s 21.2 0.66 s
, 4.89brs 4.89brs 4.87 brs 4.88brs 4.88brs
1 CE A5 4.65 brs o 4.65 br s oo 4.64 brs vz 4.59brs s 4.64 brs

revealed four methyls at 6, 1.36 (6H, s, H-12', 13"), 0.91 (3H, s, H-
11), 0.76 (3H, s, H-14") and five olefinic proton signals at §y 5.86
(1H, dd, ] = 5.4, 2.0 Hz, H-8"), 4.92 (1H, d, ] = 5.4 Hz, H-9'), 4.88
(1H, d, J = 1.4 Hz, H-15'a), 4.77 (1H, d, J = 1.3 Hz, H-12a), 4.47
(1H, d,/ = 1.3 Hz, H-12b). Analysis of the "*C NMR and HSQC spec-
tra indicated the presence of 27 carbon signals corresponding to
4 methyls, 11 methylenes, 4 methines, and 8 quaternary carbons,
including one ester carbonyl carbon (6; 177.7), three double
bonds (6¢ 150.6, 149.3, 147.9, 114.6, 107.7, 105.6), two oxygen-
ated quaternary carbons (6 79.7, 73.0) and one oxygenated
methine (8¢ 76.6). The planar structure of 12 was established
through analysis of the HMBC data (Fig. 2). A C-9'/11" oxygen-
substituted eudesmane scaffold containing two double bonds at
C4=Cy5 and C;=Cg was established based on the HMBCs between
H-14' and C-1’,5',9', 10’, between H-15" and C-3’, 4', 5, between
H-12'/13" and C-7', 1', between H-9' and C-5', 7', 8', 10', 14’. The
correlations from H-11 to C-1, 5, 9, 10, from H-12 to C-3, 4, 5, and
from H-6 to C-4, 5, 7, 9, 10 indicated a 6/5 bicyclic fragment with
an exocyclic double bond at C4,=C;,, a methyl at C-9, and a car-
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bonyl at oxygenated C-8. The connection between C-10 and C-9’
via an ester bond was established by the HMBC between H-9" and
C-10. Consequently, the planar structure of 12 was determined to
be a dimer comprising one eudesmane-type sesquiterpenoid and
one rearranged norsesquiterpenoid. The relative configuration of
12 was established through analysis of the ROESY correlations
(Fig. 3). The correlation from H-9' to H-14' indicated the same
orientation of H-9 and 14'-Me. Based on biogenetic considera-
tions, H-5 and H-5' were assigned as a-oriented, while 11-Me and
14'-Me were assigned as f-oriented. The relative configuration of
C-7 could not be determined solely from NOESY correlations. The
absolute configuration was established by comparing the experi-
mental CD spectrum of 12 with calculated spectra of possible
structures (Fig. S1). The CD curve matched that of 5S,7R,9R,
5'S,9'R,10'R-12. Therefore, the absolute configuration of 12 was
established as 55,7R,9R,5'S,9'R,10'R.

Atramacronin M (13) was isolated as a white amorphous
powder. Its HR-ESI-MS spectrum exhibited sodium-adductive
quasi-molecular ion peaks at m/z 521.2867 (Calcd. for
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Table 3 'H (400 MHz) and "*C (100 MHz) NMR data of atramacronins L-P (12-16) in CDCl,.

12 13 14 15 16
No.
5 84 (Jin Hz) 5 8 (Jin Hz) 5 8 (Jin Hz) 5 8 (Jin Hz) 5 8 (Jin Hz)
2.21m 1.74m 1.55m 1.57m 2.03m
1 8o, 22 386, CH, p7am 417, cH, posm 417, CH, pem 327, CH, 203m
1.62m 1.76 m
2 234,CH,  167m 235, CH, 164m 23.7,CH, 155m 23.8, CH, rezm 23.0, CH, y7em
228m 232m 237m 237m 234m
35.2, CH 346, CH 373, CH 37.4, CH 362, CH
3 e 1.91m e 2.01m e 2.00 m e 1.99 m > 2.08m
4 1479.C . 147.6,C . 150.1,C . 150.0,C . 1492,C ;
5 543,CH 228m 522,CH  2.55dd (125,61)  45.0,CH 1.96m 45.0,CH 1.98m 456,CH  2.82dd (113,3.2)
203m 236m 195m 203m 2.62dd (17.6,3.2)
395, CH 324, CH 249, CH 24.9, CH 25.4, CH .
® e 1.20 m >~72 1.89dd (12.5,12.5) e 1.91m e 1.96 m e 2.22m
7 797.C . 589, C . 138.4,C . 139.4,C . 164.8,C ;
8  552,CH, }33 g ggg% 1805, C ; 1200, CH 5.68brs 119.3, CH 5.68brs 1215,CH  5.68d(24)
234m
9 436,C . 50.4, CH, 420, CH, 191m 42.1,CH, 1.93m 205.4,C ;
167m
10 177.7,C . 433,C . 343,C . 34.4,C . 459,C ;
11 180, CH, 0915 56.5,C ; 74.0,C ; 742,C ; 79.0,C ;
477d(13) 329d(8.9) 347d(12.9)
105.6, CH 689, CH 69.1, CH 297, CH
1z O 47403 2 1128CH BEE L 5o0d(89) Lz S 02d(12.9) - CHs 2ils
13 . . 19.1, CH, 152 242, CH, 1255 24.3, CH, 122 26.0, CH, 1395
14 . ; 18.2, CHy 0.70s 17.3, CHy 0.665 17.3, CH, 0.69s 15.5, CH, 0.88 s
479d(1.2) 479d(11) 481d(L1) 491d (1.4)
. . 105.2, CH 106.5, CH 106.8, CH 107.6, CH
15 Ly aaa1) Ly ssa ) O e1a ) O e8d(14)
p 1.64 m 1.57 m 1.55m 1.57 m 1.55m
U TE Ne A 39.8, CH, porm 414, CH, 1em 413, CH, o 413, CH, pm
2 236,CH,  165m 18.2, CH, 158m 22.5,CH, 162m 22.5,CH, 162m 22.4, CH, 1'22 m
) 237m 219m 233m 234m 234m
3 37.2,CH, 237m 319, CH, 2lom 362, CH, 233m 36.2, CH, 23tm 362, CH, 234m
4 1493,C . 127.1,C . 148.7,C . 14856, C . 1488, C ;
5 40.0,CH 231m 139.8,C ; 520,CH 180brd(124)  520,CH 182brd(118)  525,CH 1.76/m
) 226m 320d(15.5) 258 dd (12,9, 3.1) 2.62dd (13.1,3.2) 2.66 dd (16.8, 3.2)
252, CH 280, CH 25.0,CH 251, CH 260, CH
6 e 2.09 m »772 235d(15.5) e 2.17m e 224m e 241m
7 1506,C . 615,C . 159.4,C . 159.4,C . 1615, C ;
8 1146,CH 586dd (5.4,2.0) 1186,C ; 105.9,C ; 106.0,C ; 105.9,¢ .
, 2.40d (14.1) 2.33d (13.6) 227d(13.7) 2.35d (13.5)
483, CH 512, CH 511, CH 54.5, CH
R ) L 09 d e L 454 (13.6) e usqa37) Oz 1 994(13.5)
100 379,C . 341,C . 369,C . 369,C . 369,C ;
11" 730,C : 815, C ; 1245,C ; 1245,C . 124.0,C :
12" 29.4,CH, 1365 1734,C . 1715,C . 1716,C . 171.0,C ;
13’ 29.1,CH, 1365 211, CH, 170 8.5, CH, 186 8.5, CH, 187 8.4, CH, 178's
14 16.4, CH, 0765 24.7,CH, 1235 17.0, CH, 0.94s 17.1, CH, 094 16.9, CH, 1.00's
, 4884 (14) 4.57d(11.3) 4844 (L0) 4.85d (1.0) 486d(1.2)
107.7, CH 64.2, CH 106.8, CH 107.0, CH 106.8, CH
13 674014 L 577 4a13) L 524 (10) Oy s74d(10) O 59412)

C30H4,0¢Na’, 521.2874), indicating the molecular formula of
C30H4,0¢6 The "H NMR spectrum of 13 (Table 3) revealed signals
of three olefinic protons at 6, 5.53 (1H, s), 4.79 (1H, d, ] = 1.2 Hz),
4.44 (1H, d, ] = 1.2 Hz), one set of oxygenated methylene protons
at 6y 4.57 (1H, d, J = 11.3 Hz), 3.77 (1H, d, J = 11.3 Hz), and four
methyl groups at 6y 1.70 (3H, s), 1.52 (3H, s), 1.23 (3H, s), 0.70
(3H, s). The *C NMR spectrum displayed 30 carbon signals. Ana-
lysis of the HSQC data enabled assignment of these 30 carbons as
two carboxyl (6¢ 180.5, 173.4), three groups of double bonds (6¢
147.6,139.8,127.1, 118.6, 112.8, 105.2), six quaternary carbons
(6¢ 81.5, 61.5, 58.9, 56.5, 43.3, 34.1), one methine carbon at ;¢
52.2, 11 methylene carbons (6. 64.4, 50.4, 48.3, 39.8, 38.6, 34.6,
32.4, 31.9, 28.0, 23.5, 18.2), and four methyl carbons (5. 24.7,
21.1, 19.1, 18.2). The planar structure determination was accom-
plished through analysis of HMBC and "H-"H COSY data (Fig. 2). A
rearranged 6/5 bicyclic fragment identical to the previous 12
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compounds was established based on HMBCs between H-14 and
C-1,5,9, 10, between H-15 and C-3, 4, 5, between H-6, 9 and C-7,
8, between H-13 and C-11, 7. HMBCs from H-14' to C-1/, 5', 9',
10, and from H-15" to C-3', 4', 5', indicated the presence of a hy-
droxy group at C-15" and a double bond between C-4’ and C-5' in
a eudesmane skeletal motif. Cross peaks from H-13’ to C-7', 11/,
12', from H-12 to C-7, 11, 7', and from H-13 to C-7', suggested a
newly formed four-membered ring linked by C;;-C; and C;,=Cg.
The chemical shifts of C-11' (6¢ 81.5) and 12’ (6. 173.4) indicated
hydroxyl substitution at C-11" and carboxyl form at C-12'. The
planar structure of 13 was consequently elucidated and is pro-
posed to originate from a rearranged eudesmane skeleton, likely
formed via a[2 + 2] cycloaddition reaction involving a eudes-
mane precursor. The relative configurations were established
through NOE data analysis. Biogenetically, 14-Me and 14'-Me
were assigned as [-oriented, and H-5 as a-oriented. NOE correla-



G. Zhou et al.

tions (Fig. 3) between H-13 and H-14, 14’ indicated B-orientation
of Me-13 and a-orientation of 8-COOH. Considering the steric ef-
fects of the three carbon substituents attached to C-7’, this center
was assigned an a-orientation. The relative configuration at C-11"
was determined using DP4+ probability analysis by comparing
the experimental and calculated **C NMR chemical shifts (Table
S8). The absolute configuration of 13 was established as
5S,7R,10R,11S,7'R,10'R,11'S through comparison of its CD spec-
trum with calculated ones (Fig. S1).

Atramacronin N (14) and O (15) exhibited identical planar
structures, as evidenced by their quasi-molecular ion peaks at
m/z 489.2963 (14), 489.2964 (15) [M + NaJ' (Calcd. for
C3oH4,04Na’, 489.2976) in their HR-ESI-MS spectra and their
NMR data (Table 3). The 'H and *C NMR data of 14 and 15
demonstrated high similarity with minor variations. Their 'H
NMR spectra revealed signals characteristic of four methyl
groups, two exomethylene groups, an olefinic proton, and one
oxygenated methylene. Their *C NMR and HSQC spectra dis-
played comparable 30 carbon signals, categorized as 10 quatern-
ary carbons, 3 methine carbons, 13 methylene carbons, and 4
methyl carbons. These spectral features aligned closely with
those of atractylenolide III and selina-4(14),7-dien-11-ol *°, ex-
cept for the chemical shifts at C-8 in atractylenolide III and C-12
in selina-4(14),7-dien-11-ol, indicating that 14 and 15 might be
their adductive derivatives. The planar structure was established
through analysis of HMBC and "H-'H COSY correlations (Fig. 2).
The atractylenolide III fragment was confirmed by HMBCs of H-
13'/c-7', 11', 12', H-14'/C-1', 5', 9", 10', H-15'/C-3/, 4', 5" and
'H-"H COSY correlations of H-1’/H-2'/H-3’. The selina-4(14),7-
dien-11-ol fragment was verified through HMBCs from H-8 to C-
6,7,9,11, from H-12, H-13 to C-7, 11, from H-14 to C-1, 5, 9, 10,
from H-15 to C-3, 4, 5. The connection between atractylenolide I1I
and selina-4(14),7-dien-11-ol via C{,-0-Cg was established by
HMBCs between H-12 and C-8'. Biogenetically, H-5 and H-5' were
assigned as a-oriented, while 14-Me and 14'-Me were designated
as p-oriented. C-8' was determined as S configuration based on
the chemical shifts of C-5' (6; 52.0) and C-10" (6. 36.9). Sub-
sequently, the absolute configurations of 14 and 15 were estab-
lished as 55,10R,115,5'S,8'S,10'R and 5S,10R,11R,5'S,8'S,10'R, re-
spectively, through MAE,,s analysis of the experimental and cal-
culated "*C NMR data (Table $9) and comparison of its CD spec-
trum (Fig. S1) with the calculated ones.

Atramacronin P (16), isolated as a white amorphous powder,
exhibits a molecular formula of C3yH400,4 as determined by the
quasi-molecular ion peak at m/z 487.2805 [M + Na]* (Calcd. for
C3oH4004Na’, 487.2819) in its HR-ESI-MS spectrum, indicating 11
degrees of unsaturation. The 'H NMR spectrum of 16 revealed
signals of five methyl groups at 6y 0.88 (3H, s), 1.00 (3H, s), 1.39
(3H, s), 1.41 (3H, s), 1.78 (3H, s), two exomethylene groups at &y
4.59 (1H, d, ] = 1.2 Hz), 4.68 (1H, d, ] = 1.4 Hz), 4.86 (1H, d, ] = 1.2
Hz), 4.91 (1H, d, J = 1.4 Hz) and an olefinic proton at 6y 5.68 (1H,
d, J = 2.4 Hz). The ®C NMR and HSQC spectra indicated 30 car-
bons (Table 3) comprising 11 quaternary carbons (6; 205.4,
171.0, 164.8, 161.5, 149.2, 148.8, 124.0, 105.9, 79.0, 45.9, 36.9),
3 methine carbons (6; 121.5, 52.5, 45.6), 11 methylene carbons
(6c 107.6, 106.8, 54.5, 41.3, 36.2, 36.2, 32.7, 26.0, 25.4, 23.0,
22.4) and 5 methyl carbons (6¢ 29.7, 26.0, 16.9, 15.5, 8.4). These
spectral characteristics closely resembled those of atractylen-
olide III and (5S,10S)-eudesm-4(15),7-diene-11-0l-9-one "/, ex-
cept for the chemical shift deviations at C-8 in atractylenolide III
and C-11 in 17. These differences suggest that 16 may be an ad-
ductive derivative resulting from a structural fusion or modifica-
tion of these two scaffolds. The planar structure of 16 was estab-
lished through analysis of HMBC and 'H-'"H COSY correlations
(Fig. 2). The atractylenolide III fragment was confirmed by HM-
BCs between H-13' (6 1.78) and C-7' (8¢ 161.5), C-11' (6. 124.0),
C-12' (6 171.0), between H-14" (6 1.00) and C-1" (&¢ 41.3), C-5’
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(6¢ 52.5), C-9' (8¢ 54.5), C-10' (8¢ 36.9), between H-15" (6 4.86,
4.59) and C-3' (8¢ 36.2), C-4' (6; 148.8), C-5' (6¢ 52.5) and the
'H-"H COSY correlations of H-1'-H-2'~H-3'. The (55,10S5)-eudesm-
4(15),7-diene-11-0l-9-one motif was established through HMBCs
from H-8 (6} 5.68) to C-6 (8 25.4), C-7 (8¢ 164.8), C-9 (6¢ 205.4),
C-11 (6¢ 79.0), from H-12, H-13 to C-7, C-11, from H-14 (6} 0.88)
to C-1 (6¢ 32.7), C-5 (8¢ 45.6), C-9, C-10 (6 45.9), from H-15 to C-
3 (8¢ 36.2), C-4 (6¢ 149.2), C-5. The connection between atrac-
tylenolide III and (5S5,10S)-eudesm-4(15),7-diene-11-0l-9-one via
C11-0-Cg was determined by their chemical shifts (6. 79.0 for C-
11 and 105.9 for C-8"). Biogenetically, H-5 and H-5" were as-
signed as a-oriented, while 14-Me and 14'-Me were assigned as 8-
oriented. C-8' was established as the S configuration based on the
chemical shifts of C-5' (6 52.5) and C-10" (&; 36.9). The absolute
configuration of 16 was confirmed as 55,10S5,5'S,8'S,10'R through
comparison of experimental and calculated CD curves (Fig. S1).

The isolates, excluding compounds 8 and 15, were evaluated
for cytotoxic activities against HepG2, Hep3B, and Huh7 cell lines.
As indicated in Table 4, compounds 1, 4-7, 9, and 10 demon-
strated significant cytotoxicity against HepG2 cells with half max-
imal inhibitory concentration (ICsy) values of 8.47, 11.30, 6.34,
5.78, 9.85, 12.51, and 7.79 pmol-L™, comparable to sorafenib
(ICs 9.48 pmol-L™"). Compounds 2, 11, 13, 14, 16-18 exhibited
moderate cytotoxicity with ICs, values ranging from 15.98 to
29.63 pmol-L™. Against Hep3B cells, compounds 1, 2, 4-7, 9-11,
13, 14, 16-18 showed moderate cytotoxicity with ICs, values
ranging from 5.42 to 22.34 umol-L™ (sorafenib ICs, 3.19
umol-L™"). For Huh7 cells, compounds 1, 4-7, 9, 10, and 13 ex-
hibited notable cytotoxicity with ICs, values of 4.30, 8.12, 8.99,
3.71, 7.29, 13.99, 10.21, and 8.63 umol-L™", similar to sorafenib
(ICs 9.53 pmol-L™"). Compounds 2, 3, 11, 14, and 16-18 demon-
strated moderate cytotoxicity with ICs, values ranging from
17.41 to 23.01 umol-L™.

3. Conclusions
Thirteen distinctive rearranged 9(8—7)-abeo-eudesmane-

Table 4 Cytotoxic activities of compounds 1-7, 9-14, and 16-18 against
Hep3B, HepG2, and Huh?7 cells [IC5o/(umol-L™"); mean + SD, n = 3].

Compounds HepG2 Hep3B Huh-7

1 8.47 £ 0.66 9.18+0.11 4.30+0.19
2 15.98 + 0.44 9.34 +0.60 17.41 + 0.64
3 >40 >40 22.85+1.88
4 11.30+0.12 8.81+0.29 8.12 +0.21
5 6.34 +0.62 7.33£0.67 8.99 +0.04
6 5.78 + 0.42 8.89 + 0.44 3.71+0.02
7 9.85+0.17 6.11 + 0.40 7.29+0.38
9 12.51+0.45 9.73+0.43 13.99 +0.46
10 7.79 +1.26 542 +0.32 10.21+0.70
11 26.86 + 0.41 18.88+0.21 21.43 £0.07
12 > 40 > 40 > 40
13 18.27 +0.98 11.15+1.22 8.63 +0.27
14 17.94 +0.10 16.59 +0.53 17.00 +0.32
16 2790 +1.39 20.83 +0.07 22.08 +0.45
17 29.63 £ 0.35 19.60 +0.19 20.46 +0.61
18 26.96 +0.17 22.34+0.56 23.01+0.92

Sorafenib 9.48 + 0.50 3.19+0.39 9.53 +0.23
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type SDs, atramacronins A-M (1-13), three eudesmane-type
SDs, atramacronins N-P (14-16), along with one known
meroterpenoid, atrachinenin G (8), were isolated from A. macro-
cephala. Compounds 1-11 exhibited identical planar structures
with varying absolute configurations in the newly formed five-
membered lactone ring. The rare spiro skeleton in compounds
1-11 likely originated from eudesmanolide via apinacol re-
arrangement, similar to that of ligulactone A and B **. Compound
12 represented a rare rearranged norsesquiterpenoid dimer.
Compounds 1, 4-7, 9, and 10 demonstrated significant cytotoxic
activities against three liver cancer cell lines (Hep3B, HepG2, and
Huh7) with ICs, values ranging from 3.71 to 13.99 pmol-L ™
These findings enhance understanding of the chemical composi-
tion of A. macrocephala and identify several potent SDs effective
against HCC.

4. Experimental

4.1. General experimental procedures

Normal phase silica gel (100-200 and 200-300 mesh) for
column chromatography (CC) was obtained from Qingdao Mar-
ine Chemical Factory (Qingdao, China). Sephadex LH-20 was
provided by GE Healthcare Life Sciences China (Beijing, China).
ODS-A-HG (12 nm, S-50 pm) for medium-pressure liquid chroma-
tography was acquired from YMC Co., Ltd. (Japan). Semipreparat-
ive high-performance liquid chromatography (HPLC) experi-
ments were performed on a STI501 HPLC (Surwit Technology
Inc., Hangzhou, China) equipped with a Cosmosil 5C;g-MS-II
column (250 mm x 10 mm, 5 pm, Nacalai Tesque, Inc., Kyoto, Ja-
pan) or a Cosmosil cholester column (250 mm x 10 mm,
5 pm, Nacalai Tesque, Inc., Kyoto, Japan). High-resolution mass
spectra were recorded on a Thermo QE plus mass spectrometer
(Thermo Electron, Bremen, Germany). UV spectra were meas-
ured on a Shimadzu UV-2550 spectrophotometer (Shimadzu
Crop., Kyoto, Japan). IR spectra were obtained on a Shimadzu
IRTracer-100 spectrophotometer with KBr pellets (Shimadzu Co.,
Japan). NMR spectra were obtained on a Bruker AV-400 spectro-
meter (Bruker, Bremen, German). Deuterated CDCl; was sup-
plied by Ningbo Cuiying Chemical Technology Co., Ltd. (Ningbo,
China). ORD was recorded on an Anton Paar MCP 5100 polari-
meter (Anton Paar Co., Ltd., Graz, Austria). CD spectra were
measured on a Chirascan VX spectrometer (Applied Photophys-
ics Ltd., United Kingdom). Crystal structures were measured on a
SuperNova, Dual, Cu at zero, Atlas S2 diffractometer (Agilent,
American). Human liver cancer HepG2, Hep3B, and Huh7 cell
lines were obtained from Wuhan Pricella Biotechnology Co., Ltd.
(Wuhan, China). Cells were cultured in Biosharp® MEM-a medi-
um (Labgic Technology Co., Ltd., Hefei, China) containing 10%
fetal bovine serum (Cegrogen Biotech GmbH, Germany) and 1%
penicillin/streptomycin in a 311 humidified incubator (Thermo
Fisher Scientific Co., Ltd., Bremen, Germany) at 37 °C in an atmo-
sphere of 5% CO,.

4.2. Plant material

Dried rhizoma of A. macrocephala were collected from the
Lotus Pond Chinese Herbal Medicine Market, Chengdu, Sichuan
Province, in September 2022, and identified by Prof. Xiaozhong
Lan (Xizang Agriculture and Animal Husbandry College). A vouch-
er specimen (No. 2022-AM-1001) has been deposited at the Col-
lege of Pharmaceutical Sciences, Southwest University, Chong-
qing, China.

4.3. Extraction and isolation

The dried rhizomes of A. macrocephala were pulverized and
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extracted with 95% ethanol overnight (10-fold V/W, three times),
yielding an ethanol extract (4.43 kg). This extract was suspended
in water and subsequently extracted with ethyl acetate (EtOAc)
to obtain the EtOAc extract (1.80 kg). The EtOAc extract under-
went fractionation via silica gel CC using petroleum ether-EtOAc
(100:0-0:100) as the eluent, producing 7 fractions (Fr. A-G).
Fraction C (337 g) was further separated on silica gel CC using
petroleum ether-EtOAc (50:1-0:100) as the eluent, resulting in
22 subfractions (Fr. C1-C22).

Fraction C14 (25.2 g) underwent separation on a medium-
pressure ODS CC (1300 mL ODS, CH30H:H,0, 50:50 to 100:0),
yielding 22 subfractions, Fr. C14-1-C14-22. Fr. C14-12 (348 mg)
was subjected to silica gel CC with petroleum ether-EtOAc from
10:1 to 0:1 to produce 5 subfractions (Fr. C14-12-1-C14-12-5).
Compound 3 (67.2 mg) was isolated from Fr. C14-12-2 via recrys-
tallization. The mother liquor (144 mg) underwent purification
by semi-preparative HPLC (Cosmosil cholester 10 mm x 250 mm,
CH;CN:H,0, 63:37, 3 mL-min™") to afford compound 8 (2.3 mg,
tg 28.81 min). Fr. C14-13 (1.34 g) was fractionated on silica gel CC
using a gradient eluent of petroleum ether-EtOAc from 10:1 to
0:1, resulting in 6 subfractions (Fr. C14-13-1-C14-13-6). Fr. C14-
13-4 (859 mg) underwent separation on medium-pressure ODS
CC (200 mL ODS, CH30H:H,0, 80:20 to 100:0) to generate 6
subfractions (Fr. C14-13-4-1-C14-13-4-6). Fr. C14-13-4-3 (480
mg) was purified through semi-preparative HPLC (Cosmosil 5C;g-
MS-II 10 mm x 250 mm, CH;0H:H,0, 88:12, 3 mL-min™"), yield-
ing compounds 17 (90.5 mg, tg 33.60 min), 2 (57.4 mg, tz 35.86
min) and a mixture. The mixture underwent further separation
by semi-preparative HPLC (Cosmosil cholester 10 mm x 250 mm,
CH30H:H,0, 85:15, 2 mL-min™") to yield compounds 11 (12.2
mg, tg 50.11 min) and 7 (3.4 mg, tg 52.62 min). Fr. C14-13-4-4
(173 mg) was purified via semi-preparative HPLC (Cosmosil 5C;g-
MS-1I 10 mm x 250 mm, CH3;0H:H,0, 91:9, 3 mL-min”, then
Cosmosil cholester 10 mm x 250 mm, CH3CN:H,0, 80:20, 3
mL-min~") to obtain compound 18 (30.1 mg, tz 38.72 min). Fr.
C14-15 (1.077g) underwent fractionation on silica gel column
(petroleum ether-EtOAc, 100:0-0:100), yielding Fr. C14-15-
1-Fr. C14-15-6. Fr. C14-15-2 (551 mg) was purified through semi-
preparative HPLC (Cosmosil cholester 10 mm x 250 mm,
CH3CN:H,0, 92:8, 2 mL-min™) to afford compounds 16 (11.5
mg, tg 28.47 min) and a mixture. The mixture underwent further
separation by semi-preparative HPLC (Cosmosil 5C;g-MS-II 10
mm x 250 mm, CH3CN:H,0, 90:10, 2 mL-min™") to yield com-
pounds 14 (12.1 mg, tg 35.03 min) and 15 (2.4 mg, t 26.38 min).

Fraction C19 (29.7 g) underwent further separation on silica
gel CC using petroleum ether-EtOAc (50:1 to 0:1) as eluent,
yielding 11 subfractions (Fr. C19-1-C19-11). Fr. C19-4 (10.1 g)
was subjected to medium-pressure ODS CC (400 mL ODS,
CH30H:H,0, 60:40 to 100:0), producing 25 subfractions, Fr. C19-
4-1-C19-4-25. Fr. C19-4-13 (127 mg) was purified via semi-pre-
parative HPLC (Cosmosil 5C;g-MS-II 10 mm x 250 mm,
CH;CN:H,0, 68:32, 3 mL-min™") to obtain compound 12 (7.5 mg,
tg 30.47 min). Fr. C19-4-15 (238 mg) underwent semi-preparat-
ive HPLC (Cosmosil cholester 10 mm x 250 mm, CH;CN:H,0,
68:32, 3 mL-min™"), yielding compounds 5 (45.8 mg, t; 37.71
min) and 10 (24.8 mg, tg 45.72 min). Fr. C19-4-18 (588 mg) was
fractionated through a Sephadex LH-20 column with CH30H elu-
tion to produce Fr. C19-4-18-1-Fr. C19-4-18-4. Fr. C19-4-18-3
(299 mg) underwent semi-preparative HPLC (Cosmosil 5C;g-MS-
1110 mm x 250 mm, CH;0H :H,0, 85:15, 3 mL-min ", followed by
Cosmosil cholester 10 mm x 250 mm, CH3;CN:H,0, 73:27, 3
mL-min™"), yielding compound 9 (47.0 mg, ty 52.15 min). Fr. C19-
5 (7.6 g) was purified through medium-pressure ODS CC (400 mL
0DS, CH;0H:H,0, 60:40 to 100:0), generating 16 subfractions,
Fr. C19-5-1-C19-5-16. Fr. C19-5-12 (488 mg) underwent semi-
preparative HPLC (Cosmosil 5Cig-MS-II 10 mm x 250 mm,
CH5;0H:H,0, 80:20), producing three fractions, Fr. C19-5-12-
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1-Fr. C19-5-12-3. Fr. C19-5-12-1 was purified via semi-preparat-
ive HPLC (Cosmosil 5C;g-MS-1I 10 mm x 250 mm, CH3;CN:H,0,
71:29, 3 mL-min™"), yielding compound 4 (51.1 mg, tz 32.75
min). Compound 6 (13.3 mg, tg 32.60 min) was isolated from Fr.
C€19-5-12-2 through semi-preparative HPLC (Cosmosil 5C;g-MS-II
10 mm x 250 mm, CH;CN: H,0, 72:28, 3 mL-min™"). Fr. C19-5-12-
3 underwent additional semi-preparative HPLC (Cosmosil 5C;g-
MS-II 10 mm x 250 mm, CH3;CN:H,0, 71:29, 3 mL-min™"), yield-
ing compound 1 (210.4 mg, tz 33.57 min).

Fr. C22 (18.2 g) was fractionated by silica gel CC (petroleum
ether-EtOAc, 10:1-0:1), yielding Fr. C22-1-Fr. C22-14. Fr. C22-
8 (4.5 g) underwent further separation via MPLC (400 mL ODS,
50%-100% CH;0H, 15 mL-min™") to produce Fr. C22-8-1-Fr. C22-
8-22. Compound 13 (4.1 mg, tz 27.54 min) was isolated from Fr.
C22-8-12 using semi-preparative HPLC (Cosmosil cholester 10
mm x 250 mm, CH;CN :H,0, 63:37, 3 mL-min™").

Atramacronin A (1): colorless bulk crystal, [a]és +200.9 (c
0.33, CH;0H); UV (CH30H) A,,., (log ) 218 (4.13), CD (MeOH) A
(A€) 240 (+18.60) nm; IR (KBr) cm™: 3445, 2974, 2945, 2841,
1749, 1697, 1647, 1443, 1389, 1323, 989, 943, 881; HR-ESI-MS
m/z 519.2711 (Calcd. for C3oHgo0¢Na’, 519.2718); 'H and "*C
NMR data see in Table 1. X-ray crystal data: C3gH4o0¢, M = 496.62
g-mol™", orthorhombic, space group P2,2,2;, a = 11.8256 (4) A,
b=13.4429 (4) A, c=17.0216 (5) A, a=90,8=90,y=90, V=
2705.93 (15) A®, Z = 4, p(Cu Ka) = 0.672 mm™, pey. = 1.219
g-cm™®, F(000) = 1072.0; crystal size: 0.24 x 0.22 x 0.2 mm? 12
727 reflections measured (4.191° < 20 < 65.080°), 4454 unique
(Rine = 0.0748), final R, = 0.0622 [I > 20(1)], wR, = 0.1646 (all
data), flack parameter = 0.0 (3); supplementary publication No.
CCDC-2351821.

Atramacronin B (2): colorless bulk crystal, [a]zD5 +76.6 (c
0.28, CH30H); UV (CH30H) A, (log €) 219 (4.20), CD (MeOH) A
(A€) 205 (+57.44), 300 (+32.54) nm; IR (KBr) cm™: 3446, 2976,
2934, 2870, 1774, 1689, 1649, 1453, 1445, 1323, 1151, 1119,
991, 941, 889; HR-ESI-MS m/z 519.2712 (Calcd. for C3yH,o0¢Na’",
519.2718); 'H and "*C NMR data see in Table 1. X-ray crystal data:
C30H4006, M = 496.62 g-mol ™, orthorhombic, space group P2,2,2,
a=9.39030 (18) A, b =19.2391 (4) A, c = 18.2149 (4) A, a = 90,
B=90,y=90,V=3290.72 (12) A®, Z= 4, T=169.99 (10) K, u (Cu
Ka) = 0.553 mm™, p.yc = 1.002 g-cm™, F(000) = 1072.0; crystal
size: 0.16 x 0.12 x 0.09 mm?; 22 485 reflections measured (4.852°
<20 < 133.17°), 5831 unique (R, = 0.0525, Rgjgm, = 0.0391), fi-
nal R; = 0.0412 [I > 20(I)], wR, = 0.1045 (all data), flack paramet-
er = 0.08 (11); supplementary publication No. CCDC-2351822.

Atramacronin C (3): colorless bulk crystal, [a]és +66.4 (¢ 0.23,
CH;30H); UV (CH30H) Aoy (log €) 219 (4.11), CD (MeOH) A (Ae)
210 (+1.59), 245 (+15.61) nm; IR (KBr) cm™': 3487, 3452, 2987,
2928, 2849, 1769, 1691, 1649, 1441, 1385, 1319, 1109, 997,
931; HR-ESI-MS m/z 519.2711 (Calcd. for CsoHuoO¢Na’,
519.2718); 'H and "*C NMR data see in Table 1. X-ray crystal data:
C30H4006, M = 496.62 g-mol™, orthorhombic, space group
P2,2,2,,a=12.53426 (15) A, b =12.886 47 (15) A, c = 16.981 51
(19) A, @=90,8=90,y =90, V=2742.89 (6) A> Z=4, T=150.00
(10) K, u(Cu Ka) = 0.663 mm™, pye = 1.203 g-em™, F(000) =
1072.0; crystal size: 0.16 x 0.14 x 0.12 mm?®; 10 825 reflections
measured (8.614° < 20 < 147.524°), 5319 unique (Ry, = 0.0291,
Reigma = 0.0339), final R, = 0.0382 [I > 26(I)], wR, = 0.1031 (all
data), flack parameter = -0.03 (8); supplementary publication
No. CCDC-2351823.

Atramacronin D (4): white amorphous powder, [0(]]235 +127.9
(¢ 0.55, CH;0H); UV (CH30H) A, (log €) 219 (4.00), CD (MeOH) A
(Ag) 239 (+7.48) nm; IR (KBr) cm™: 3449, 2976, 2932, 2864,
1778, 1689, 1649, 1450, 1381, 1319, 1284, 1149, 1089, 898,
941, 885; HR-ESI-MS m/z 519.2708 (Calcd. for CsoH,oO¢Na’,
519.2718); 'H and **C NMR data see in Table 1. X-ray crystal data:
C30H4006, M = 496.62 g-mol™", monoclinic, space group P2, a =
10.5505 (2) A, b = 23.0161 (5) A, c = 11.1928 (2) A, @ = 90, B =
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91.617 (2), ¥ = 90, V = 2716.88 (9) A%, Z = 4, T = 169.99 (10) K,
u(Cu Ka) = 0.669 mm ™, p.y. = 1.214 g-cm™, F(000) = 1072.0;
crystal size: 0.15 x 0.12 x 0.11 mm?®; 27 704 reflections measured
(7.682° < 20 < 147.836°), 10 678 unique (R = 0.0416, Rgigm, =
0.0436), final R; = 0.0507 [I > 20(1)], wR, = 0.1424 (all data),
flack parameter = -0.09 (10); supplementary publication No.
CCDC-2351825.

Atramacronin E (5): white amorphous powder, [aLz;’ +94.4 (c
0.11, CH30H); UV (CH30H) A4 (log €) 219 (4.00), CD (MeOH) A
(Ag) 205 (-0.85), 218 (+0.28), 246 (+4.45) nm; IR (KBr) cm™:
3524, 2972, 2932, 2856, 1776, 1689, 1647, 1443, 1381, 1319,
1092, 991, 956, 931, 887; HR-ESI-MS m/z 519.2712 (Calcd. for
C30H4006Na", 519.2718); 'H and **C NMR data see in Table 1.

Atramacronin F (6): white amorphous powder, [a]% +6.4 (c
0.13, CH30H); UV (CH30H) A, (log €) 217 (4.06), CD (MeOH) A
(Ag) 208 (-2.65), 222 (+1.16), 245 (-5.15) nm; IR (KBr) cm™:
3505, 3445, 3383, 2930, 2862, 1776, 1695, 1651, 1443, 1387,
1327, 1234, 1147, 1094, 960, 893; HR-ESI-MS m/z 519.2712
(Calcd. for C3oHz00Na", 519.2718); 'H and *C NMR data see in
Table 1.

Atramacronin G (7): white amorphous powder, [a];s +34.5 (c
0.42, CH30H); UV (CH30H) A, (log €) 216 (4.09), CD (MeOH) A
(A€) 202 (-18.38), 223 (+9.30), 246 (-10.40) nm; IR (KBr) cm™:
3462, 3419, 2934, 2849, 1769, 1642, 1437, 1381, 1331, 1254,
1126, 1099, 941, 891; HR-ESI-MS m/z 519.2708 (Calcd. for
C30H490Na", 519.2718); 'H and *C NMR data see in Table 2.

Atramacronin H (8): white amorphous powder, [z;(]ZD5 +61.4 (c
0.50, CH30H); UV (CH30H) A, (log €) 218 (4.04), CD (MeOH) A
(A€) 201 (-27.73), 222 (+6.60), 245 (-10.04) nm; IR (KBr) cm™:
3433, 2932, 2856, 1773, 1643, 1452, 1383, 1259, 1115, 953,
889; HR-ESI-MS m/z 519.2706 (Calcd. for CsoHuO¢Na’,
519.2718); 'H and °C NMR data see in Table 2.

Atramacronin I (9): white amorphous powder, [0(]2135 +64.6 (c
0.13, CH30H); UV (CH30H) A, (log €) 218 (4.08), CD (MeOH) A
(Ag) 206 (+6.64), 238 (+11.33) nm; IR (KBr) cm™: 3456, 2932,
2847, 1769, 1645, 1448, 1387, 1319, 1149, 1088, 930, 889; HR-
ESI-MS m/z 519.2707 (Calcd. for C3oH,400¢Na", 519.2718); 'H and
3C NMR data see in Table 2.

Atramacronin J (10): white amorphous powder, [a]ff -15.0 (¢
0.18, CH;0H); UV (CH;0H) A, (log €) 219 (4.07), CD (MeOH) A
(Ag) 241 (+10.68) nm; IR (KBr) cm™: 3446, 3391, 2932, 2870,
1775, 1647, 1446, 1387, 1327, 1151, 1118, 951, 893; HR-ESI-MS
m/z 519.2709 (Calcd. for C3oH40¢Na’, 519.2718); 'H and "C
NMR data see in Table 2.

Atramacronin K (11): white amorphous powder, [a]?f +113.7
(¢ 0.15, CH;0H); UV (CH30H) A,y (log ) 217 (4.06), CD (MeOH) A
(M) 201 (-48.13), 224 (+9.21), 246 (-16.63) nm; IR (KBr) cm™:
3435, 3348, 2934, 2868, 2843, 1745, 1656, 1589, 1445, 1379,
1325, 1196, 1127, 962, 951, 885; HR-ESI-MS m/z 519.2711 (Cal-
cd. for CzoH,00¢Na®, 519.2718); 'H and C NMR data see in
Table 2.

Atramacronin L (12): white amorphous powder, [a]f)s -15.0
(c 0.03, CH30H); CD (MeOH) A (Ag) 207 (-9.26) nm; IR (KBr)
cm™: 3506, 3445, 3387, 2934, 2862, 1718, 1645, 1603, 1381,
1325, 1288, 1194, 1147, 1120, 1095, 1002, 958, 933, 887; HR-
ESI-MS m/z 451.2813 (Calcd. for C,,H,4,0,Na", 451.2819); 'H and
3C NMR data see in Table 3.

Atramacronin M (13): white amorphous powder, [a]és +95.2
(c 0.30, CH30H); CD (MeOH) A (Ag) 206 (+14.72) nm; IR (KBr)
cm™: 3541, 3470, 3423, 2984, 2934, 2866, 1775, 1620, 1381,
1346, 1120, 989, 925; HR-ESI-MS m/z 521.2867 (Calcd. for
C30H4,06Na", 521.2874); 'H and "*C NMR data see in Table 3.

Atramacronin N (14): white amorphous powder, [a]f)s +104.1
(c 0.48, CH30H); UV (CH30H) Ay« (log €) 218 (3.18), CD (MeOH) A
(Ag) 224 (+24.75) nm; IR (KBr) cm™: 2934, 1763, 1695, 1645,
144, 1379, 1182, 1082, 947, 889; HR-ESI-MS m/z 489.2964 (Cal-
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cd. for CzoH,04Na’, 489.2976); 'H and “C NMR data see in
Table 3.

Atramacronin O (15): white amorphous powder, [a][z)s +71.6
(¢ 0.25, CH30H); UV (CH30H) A, (log €) 218 (3.20), CD (MeOH) A
(Ag) 231 (+27.74) nm; IR (KBr) cm™: 3587, 3518, 3449, 2935,
1763, 1693, 1599, 1441, 1390, 1313, 1178, 1080, 945, 885; HR-
ESI-MS m/z 489.2963 (Calcd. for C3oH,,0,Na", 489.2976); 'H and
3C NMR data see in Table 3.

Atramacronin P (16): white amorphous powder, [a]f)s +140.3
(c 0.83, CH30H); UV (CH30H) A, (log €) 222 (2.93), CD (MeOH) A
(Ag) 224 (+34.64), 248 (+10.17) nm; IR (KBr) cm™: 3420, 2934,
2864, 1763, 1668, 1441, 1381, 1138, 1115, 951, 887; HR-ESI-MS
m/z 487.2805 (Calcd. for CsoH,00,Na’, 487.2819); 'H and “*C
NMR data see in Table 3.

Atrachinenin G (17) X-ray crystal data: C3,H4,04, M = 490.65
g-mol™", monoclinic, space group P2, a = 6.575 13 (10) A, b =
17.3196 (3) A, ¢ = 12.4082 (2) A, @ = 90, B = 90.5553 (14), y = 90,
V = 141296 (4) A%, Z = 2, T = 150.00 (10) K, p(Cu Ka) = 0.583
mm™, pee = 1.153 g-em™, F(000) = 532.0; crystal size: 0.14 x
0.12 x 0.09 mm?% 12 419 reflections measured (7.124° < 20 <
147.324°), 4930 unique (Riy = 0.0580, Rygny, = 0.0470), final R, =
0.0545 [I > 20(1)], wR, = 0.1498 (all data), flack parameter
-0.36 (19); supplementary publication No. CCDC-2351824.

4.4. Quantum chemical calculation

Based on the NMR data, plausible enantiomers of each com-
pound were selected for calculation. Systematic random conform-
ational analyses were conducted using MMFF94s molecular force
field, with an energy cutoff of 10 kcal-mol™ relative to global min-
ima. All conformers were subsequently optimized using DFT at
the B3LYP/6-31 + G(d) level in the gas phase utilizing Gaussian09
software '°. The optimized stable conformers were employed for
TDDFT computation at the same calculation level, considering the
first 180 excitations. The overall electronic circular dichroism
(ECD) curves were weighted by Boltzmann distribution. ECD
spectra were generated using SpecDis 1.70.1 software. For NMR
calculations, all conformers were optimized using DFT at the
B3LYP/6-31G(d) level in the gas phase and computed at the same
calculation level with chloroform as solvent. The overall chemical
shifts were weighted by Boltzmann distribution and scaled using
computed NMR scaling factors *’.

4.5. Cell viability assay

The cytotoxic activities of compounds 1-7, 9-14, and 16-18
were evaluated using the methyl thiazolyl tetrazolium (MTT)
method on HepG2, Hep3B, and Huh7 cell lines. Cells were seeded
into 96-well plates (1 x 10* cells/well) and incubated for 24 h.
The medium was replaced with fresh medium containing various
concentrations of compounds (0-40 pmol-L™"), and cells were in-
cubated for an additional 48 h. Subsequently, the medium was re-
moved and 20 L of MTT reagent (1 mg-mL™") was added to each
well. Following 4 h incubation, 100 pL of DMSO was added to
each well, and absorbance at 490 nm was measured using a Bio-
Tek Synergy H1 microplate reader (Gene Company Limited, Hong
Kong, China). The inhibitory ratio was calculated as [(Acontrol —
Acompound)/Acontrot] % 100%. ICsy values were calculated using
GraphPad Prism 9.5 (GraphPad Software, California, USA).
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