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[ABSTRACT] Three novel sesquiterpenoid heterodimers, designated as auckcostusolides A—C (1-3), were isolated from Aucklandia
costus leaves. The structures of compounds 1-3 were elucidated through comprehensive spectroscopic analysis, with their absolute
configurations established using a combination of X-ray single-crystal diffraction and electronic circular dichroism (ECD) calculations.
Notably, compounds 1 and 2, despite sharing identical planar structures derived from two identical sesquiterpenoids, exhibited oppos-
ite configurations at C-11 and C-8'. This configurational difference can be attributed to distinct Diels—Alder cycloaddition processes
between the sesquiterpenoid monomers. Additionally, the cytotoxic effects of compounds 1-3 were evaluated against colorectal can-
cer HCT116 cells, fibrosarcoma HT1080 cells, and hepatocellular carcinoma HepG2 cells. Compounds 1-3 induced cell death was
characterized by endoplasmic reticulum (ER) swelling and cytoplasmic vacuolization, typical morphological changes associated with
paraptosis. Mechanistic studies revealed that compounds 1 and 3 triggered paraptosis-like cell death through the accumulation of react-
ive oxygen species (ROS), activation of ER stress, and stimulation of the MAPK signaling pathway.
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Introduction

Paraptosis, initially described in 2000, is a form of pro-
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grammed cell death (PCD) characterized by cytoplasmic va-
cuolation, typically involving endoplasmic reticulum (ER) or
mitochondrial swelling ™. Research has shown that paraptos-
is, beyond its role in cancer, is implicated in various pro-
cesses, including development, neurodegeneration, responses
to viral and bacterial infections, and conditions such as glauc-
oma . The discovery of paraptosis modulators presents
a promising potential treatment approach for these diseases,
including cancers. In recent years, several natural products
have been reported to induce paraptosis and inhibit cancer
cell proliferation ™. Consequently, paraptosis inducers rep-
resent an attractive alternative strategy for cancer therapy,
particularly for cases resistant to other forms of PCD.
Aucklandia costus Falc., also known as Saussurea cos-
tus, is a perennial tall herbaceous plant belonging to the
genus Aucklandia (Asteraceae family). Originally introduced
from India, A. costushas been extensively cultivated in
Southwest China . As a valuable medicinal plant, A.
costus is widely utilized for treating stomach problems, ul-
cers, asthma, and inflammatory diseases . Beyond its medi-
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cinal applications, the roots of 4. costus have been approved
as a functional food by the National Health Commission of
the People’s Republic of China. Moreover, the seeds of 4.
costus are edible, and the dried leaves are used for tobacco,
firewood, and feeding purposes """, The process of elucidat-
ing the pharmacodynamic basis of 4. costus roots has led to
the discovery of several bioactive terpenoids, particularly ses-
quiterpenoids containing an a-methylene-y-butyrolactone
121 Among these, costunolide and dehydrocostus
lactone have been extensively studied for their ability to in-
duce cell cycle arrest and apoptosis in various tumor cells .
Additionally, a small quantity of sesquiterpenoid dimers were
isolated from the roots of A. costus, primarily formed through
Diels—Alder cycloaddition with two distinct types of sesquit-
erpenoids. Pharmacological studies indicated that these di-
mers exhibited cytotoxicity and anti-inflammatory activit-

moiety

3

ies "1 While a limited number of studies have indicated
the potential anti-tumor activity of the crude extract of 4. cos-
tus leaves, there is a notable lack of research regarding the
phytochemicals of 4. costus leaves """, During our investiga-
tion of alternative medicinal molecules from A. costus, three
new eudesmane-guaiane sesquiterpenoid dimers, named
auckcostusolides A—C (1-3) (Fig. 1), were isolated from its
leaves. Furthermore, compounds 1-3 were evaluated for their
cytotoxicity against three tumor cell lines, and were found to
trigger paraptosis-like cell death. Mechanistically, com-
pounds 1 and 3 induced paraptosis-like cell death by increas-
ing the accumulation of reactive oxygen species (ROS).
Moreover, the paraptosis-like cell death was mediated by the
induction of ER stress and the hyperactivation of the MAPK
signaling pathway. Herein, we report the isolation, structural
elucidation, and potential anti-tumor activities of 1-3.

Fig.1 Structures of compounds 1-3.

Results and Discussion

Auckcostusolide A (1), colorless needle crystals (n-hex-
ane/acetone, 4 : 1, V/V), exhibited a molecular formula of
C3,H4,0; with fourteen degrees of unsaturation (DOUs), as
determined by HR-ESI-MS spectrum (ion peak at m/z
585.2827 [M + Na]", Calcd. for C;,H4,NaO; ", 585.2828, Fig.
S9). The IR spectrum revealed characteristic absorption
bands indicating the presence of hydroxyl (3433 cm™'), car-
bonyl (1752 and 1713 cm™"), and olefinic (1640 cm™) func-
tionalities. The 'H NMR spectral data (Table 1) displayed
signals of two methyl groups at dy 1.08 (s, 3H) and 1.94 (s,
3H), one oxygenated methylene at J;;4.11 (d, J = 11.8 Hz,
1H) and 4.21 (d, J = 11.8 Hz, 1H), three oxygenated
methines [ dy 4.52 (m, 1H), 4.56 (dd, J = 10.7, 9.2 Hz, 1H),
and oy 4.64 (m, 1H)], and four exocyclic methylene groups
[0y 4.65 (s, 1H) and 4.91 (s, 1H), 4.75 (s, 1H) and 5.08 (s,
1H), 5.38 (s, 1H) and 5.57 (s, 1H), 5.63 (s, 1H) and 6.12 (s,
1H)]. The C NMR and DEPT spectroscopic data (Table
1) revealed the presence of 34 carbon resonances, including
three carbonyls ( dc 166.5, 178.1, and 214.4), ten olefinic car-
bons (Jc 108.4, 114.2, 117.6, 126.9, 128.9, 130.9, 136.1,
142.3, 147.4, and 152.8), nine sp’ methylenes including one
oxygenated ( dc 62.9), eight sp’ methines with three oxygen-
ated ( 5 71.1, 74.0, and 78.5), two methyls, and two sp’ qua-
ternary carbons. Additionally, a set of NMR signals [ dy; 1.94
(s, 3H), 5.63 (s, 1H) and 6.12 (s, 1H); Jc 18.5, 126.9, 136.1,
and 166.5] indicated the presence of a 2-methylacryloyl moi-

®

ety ' In the absence of a benzene ring, the remaining 30
carbon resonances and twelve DOUs suggested that com-
pound 1 might be a sesquiterpenoid dimer.

The planar structure of compound 1 was elucidated
through comprehensive analysis of "H-"H correlation spectro-
scopy (COSY) and heteronuclear multiple bond correlations
(HMBCs) (Fig. 2). The 'H-"H COSY correlations of H-3/H,-
2/H-1/H-5/H-6/H-7/H-8/H,-9, in conjunction with HMBCs
from H,-15 to C-3, C-4, and C-5, from H,-14 to C-1, C-9,
and C-10, and from H-7 to C-11 and C-13 established the
guaianolide core. The lactone ring formation was inferred
from the chemical shifts of C-6 (Jc 78.5, indicating an oxy-
genated methine) and C-12 (J¢ 178.1, indicating an ester car-
bonyl), alongside the HMBC from H-6 to C-12. The 2-
methylacryloyl moiety, attached to the guaianolide core at C-
8, was confirmed by HMBCs from H,-3" to C-1", C-2", and
C-4", from H;-4" to C-1", and from H-8 to C-1". Moreover,
the presence of 3-OH was substantiated by the chemical shift
of C-3 ( d¢ 74.0, indicating an oxygenated methine) and the
absence of HMBCs from H-3 to an ester carbonyl or oxygen-
ated sp’ carbons. Additionally, the 'H-"H COSY correlations
of H,-1"/H,-2'/H,-3" and H-5'/H,-6', combined with HMBCs
from H,-15" to C-3’, C-4’, and C-5', from H;-14' to C-1', C-5',
C-9, and C-10', from H,-12' to C-7', C-11’, and C-13', H-8'
to C-9" and C-11', and from H-6' to C-7' established the eu-
desmane unit. The NMR signals [ 6 y4.11 (d, J = 11.8 Hz,
1H) and 4.21 (d, J = 11.8 Hz, 1H); dc 62.9] indicated the
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Table1 'H (500 MHz) and Bc 125 MHz) NMR spectroscopic data of compounds 1-3 in CDCl,.
1 2 3

No. Oy (mult., J in Hz) Jc, types Oy (mult., J in Hz) Jc, types No. Oy (mult., J in Hz) Jc, types

1 2.92, m 45.6,CH 2.94,q(8.9) 44.4,CH 1 2.95,q(8.8) 44.4, CH
2a 2.14, m 39.8, CH, 2.27, m 38.9, CH, 20, 2.28,dd (13.8,7.1) 38.9, CH,
2B 1.72, m 1.72, overlapped 2B 1.72, m

3 4.52, m 74.0, CH 4.54,t(6.9) 74.0, CH 3 4.54,t(7.0) 74.0, CH

4 152.8,C 152.9,C 4 152.9,C

5 2.76,t(9.7) 52.9, CH 3.14, overlapped 50.5, CH 5 3.15, overlapped 50.5, CH

6 4.56,dd (10.7,9.2) 78.5, CH 4.22,t(10.0) 77.5, CH 6 4.22,t(10.1) 77.5, CH

7 2.37,t(9.7) 55.1, CH 3.13, overlapped 52.4, CH 7 3.13, overlapped 52.3, CH

8 4.64, m 71.1, CH 5.07, ddd (10.9, 6.6, 4.6) 72.4, CH 8 5.11, m 72.6, CH
90 2.30,dd (15.0,2.2) 35.1, CH, 2.20,dd (13.4, 6.7) 39.6, CH, 90, 2.21,dd (13.4, 6.6) 39.7, CH,
9B 2.49,dd (15.1,4.7) 2.72,dd (13.4, 4.6) 9B 2.73,dd (13.4,4.7)

10 142.3,C 142.3,C 10 142.2,C

11 44.6,C 46.3,C 11 46.3,C
12 178.1,C 176.9, C 12 176.9, C
13a 1.89, m 36.0, CH, 1.88, m 24.5, CH, 13a 1.87,dd (13.1, 3.1) 24.5,CH,
13b 1.83, m 1.58, m 13b 1.57, overlapped
14a 5.08, s 117.6, CH, 5.10, s 117.1, CH, 14a 5.11,s 117.1, CH,
14b 4.75,s 4.98, s 14b 498, s

15a 5.57,s 114.2, CH, 5.54,s 113.3, CH, 15a 5.55,s 113.2, CH,
15b 5.38,s 5.35,s 15b 5.35,s

l'a 151, m 33.1, CH, 2.01,d (13.1) 34.9, CH, o 2.01,d (13.3) 34.9, CH,
1B 1.81, m 1.38,td (13.3, 4.0) 1B 1.40, td (13.3, 3.8)
2'a 1.50, m 22.5,CH, 1.56, m 22.6, CH, 2'o 1.56, overlapped 22.6, CH,
2'B 1.71, m 1.72, overlapped 2'B 1.73, overlapped
3o 2.28, m 36.4, CH, 2.38, m 36.4, CH, 3'a 2.37,d(13.2) 36.3, CH,
3B 1.88, m 1.92, m 3B 1.94,td (13.3, 4.8)

4 1474, C 147.1,C 4 147.2,C

5! 211, m 47.0, CH 242, m 42.1,CH 5! 2.5, m 41.8, CH
6'o 2.18, m 27.0, CH, 2.61, m 25.9, CH, 6'a 2.59,d (15.3) 26.0, CH,
6'p 291, m 2.50, m 6' 2.5, m

7 128.9,C 123.3,C 7 123.6,C

8’ 3.49,brs 53.4,CH 3.72, overlapped 52.6, CH 8’ 3.75,brs 52.6, CH
9’ 214.4,C 213.9,C 9’ 214.1,C
10’ 50.0,C 48.6,C 10 48.5,C
11’ 130.9,C 132.5,C 1 132.2,C
12'a 4.21,d (11.8) 62.9, CH, 4.23,d (11.8) 62.5, CH, 12'a 4.19, overlapped 62.5, CH,
12'd 4.11,d(11.8) 4.14,d (12.4) 12'd 4.15, overlapped
13'a 2.62, m 25.3, CH, 2.29, m 23.2, CH, 13'a 2.29, m 23.2, CH,
13'b 2.12, m 221, m 13'b 222, m

14’ 1.08, s 17.0, CH,4 0.85, s 15.2, CH, 14 0.85, s 15.2, CH,4
152 491,s 108.4, CH, 4.93,s 108.8, CH, 15'a 493,s 108.7, CH,
156 4.65,s 4.68, s 15'b 4.67,s

1" 166.5, C 166.0, C 1" 164.7,C
2" 136.1, C 136.5, C 2" 1374, C
3"a 6.12,s 126.9, CH, 6.05, s 126.2, CH, 3"a 6.24, s 126.9, CH,
3"b 5.63,s 5.63,s 3" 5.89, s

4" 1.94,s 18.5, CH;4 1.95,s 18.5, CH; 4"a 4.15,d (13.7) 70.8, CH,

4"b 4.07,d (13.7)
4"-OCHj; 3.34,s 58.5, CHy

presence of a methylol. Furthermore, the HMBCs from H,-
12" to C-7', C-11’, and C-13', and from H,-13 to C-11' con-
7' The connection of guaianolide
and eudesmane units via two C—C bonds of C-11/C-8" and C-
13/C-13" was verified by the 'H-"H COSY correlation of H,-
13/H,-13" and HMBCs from H-7 to C-8', H-8' to C-12, and H-
13 to C-11". Consequently, the planar structure of 1 was de-

firmed the location of A

termined, as illustrated in Fig. 2.
The relative configuration of 1 was elucidated through

rotating frame nuclear overhauser effect spectroscopy

(ROESY) experiment analysis, as depicted in Fig. 2. Within
the guaianolide unit, ROESY correlations of H-1/H-3/H-5/H-
7, H-5/H-2a (i 2.14) indicated their co-facial orientation, ar-
bitrarily assigned as a-oriented. ROESY correlations of H-23
0y 1.72)/H-9B (Jy 2.49)/H-6 and H-9B/H-8 revealed their -
orientation. In the eudesmane unit, ROESY correlations of Hs-
14'/H-8'/H-6"0. (dy 2.18) indicated their co-facial orientation,
assigned as o-oriented. The ROESY correlation of H-6'B
(0 2.91)/H-5' revealed their S-orientation. The ROESY cor-
relation between H-7 and H,-13 suggested that H,-13 and the
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VR 7N
H— HCOSY H CHMBC H HROESY

Fig.2 The key 2D NMR correlations of compounds 1-3.

fused cyclohexene were a-oriented. To determine the abso-
lute configuration of compound 1, ECD calculations were
performed at the b3lyp/6-311 + g(2d, p) level using the PCM
model in methanol. The experimental CD curve closely
matched the calculated ECD of (1R, 3S, 5R, 6R, 7R, 8S, 118,
5'S, 8'S, 10'S)-1 (1a) (Fig. 3). Furthermore, suitable crystals
of 1 were obtained in n-hexane/acetone (4 : 1, V/V), enabling
single-crystal X-ray diffraction (XRD) analysis using Cu K o
radiation [flack parameter = 0.11(9)] (Fig. 4). The combina-
tion of ECD calculations and single-crystal XRD analysis un-
equivocally established the absolute configuration of com-
pound 1 as 1R, 38, 5R, 6R, 7R, 8S, 118, 5'S, 8'S, 10S.
Auckcostusolide B (2), obtained as a white amorphous
powder, exhibited a molecular formula of C;4H4O; with
fourteen DOUs, as determined by HR-ESI-MS spectrum (ion
peak at m/z 585.2827 [M + Na]’, Calcd. for C5,H,,NaO,',
585.2828, Fig. S19). The IR characteristic absorption bands
indicated the presence of hydroxyl (3429 cm"), carbonyl
(1768 and 1710 cm "), and olefinic (1638 cm ') functionalit-
ies. Comprehensive analyses of 1D and 2D NMR (Table 1
and Fig. 2) and MS data suggested that compound 2 pos-
sessed the same planar structure as compound 1. However,
notable differences in carbon chemical shifts between com-
pounds 1 and 2, particularly at C-13 and C-7’ were observed.
This information indicated that compound 2 was a diastereoi-
somer of 1. In the ROESY spectrum (Fig. 2), the cross peaks
of H-5/H-3/H-1/H-9a (dy 2.20)/H-7 indicated their co-

— Exptl. ECD of 1 10 F
----- Calcd. ECD of 1a
- Caled. ECD of 1b

— Exptl. ECD of 2
Calcd. ECD of 2a
- Calcd. ECD of 2b

facial orientation and were assigned as oa-oriented. The
ROESY correlations of H-9B (dy 2.72)/H-6/H-8 revealed
their S-orientation. In the eudesmane unit, the ROESY correl-
ations of H;-14'/H-1'a. (dy 1.38) indicated their co-facial ori-
entation, and were assigned as a-oriented. The ROESY cor-
relations of H-1'B (dy 2.01)/H-8'/H-5' revealed their S-orient-
ation. The ROESY correlation of H-6/H,-13/H-8 suggested
that H,-13 and the fused cyclohexene were in the f-direction.
Furthermore, the absolute configuration of compound 2 was
determined as 1R, 3S, SR, 6R, 7R, 8S, 11R, 5'S, &R, 10'S
through ECD calculations (Fig. 3).

Auckcostusolide C (3), a white amorphous powder, ex-
hibited a molecular formula of C;5H4Og with fourteen
DOUs, as determined by HR-ESI-MS spectrum (ion peak at
m/z 6152933 [M + Na]’, Caled. for C3sH,NaOyg', 615.2934,
Fig. S29). The IR characteristic absorption bands indicated
the presence of hydroxyl (3436 cm™"), carbonyl (1766 and
1711 em™), and olefinic (1643 cm™") functionalities. The 'H
NMR spectral data (Table 1) revealed signals of two methyl
groups, including one oxygenated at dy 0.85 (s, 3H) and 3.34
(s, 3H), two oxygenated methylenes at oy 4.07 (d, J = 13.7
Hz, 1H) and 4.15 (d, J = 13.7 Hz, 1H), 4.15 (o, 1H) and 4.19
(o, 1H), three oxygenated methines [0y 4.22 (t, J = 10.1 Hz,
1H), 4.54 (t, J = 7.0 Hz, 1H), and 5.11 (m, 1H)], and four
exocyclic methylene groups [dy 4.67 (s, 1H) and 4.93 (s, 1H),
4.98 (s, 1H) and 5.11 (s, 1H), 5.35 (s, 1H) and 5.55 (s, 1H),
5.89 (s, 1H) and 6.24 (s, 1H)]. The C NMR and DEPT spec-
troscopic data (Table 1) indicated the presence of 35 carbon
resonances, including three carbonyls (dc 164.7, 176.9, and
214.1), ten olefinic carbons (Jc 108.7, 113.2, 117.1, 123.6,
126.9, 132.2, 137.4, 142.2, 147.2, and 152.9), ten sp’ methyl-
enes including two oxygenated (Jc 62.5 and 70.8), eight
sp’ methines with three oxygenated (6 72.6, 74.0, and 77.5),
two methyls with one oxygenated (¢ 58.5), and two sp’ qua-
ternary carbons. The NMR data of compound 3 demon-
strated high similarity to those of 2, except that C-4" in com-
pound 3 was modified to oxygenated methylene (J 70.8) and
substituted by methoxy. The HMBCs 4"-
OCH; (05 3.34) and H-3" to C-4” this
observation (Fig. 2). According to the ROESY spectrum,

from
confirmed

compounds 2 and 3 showed the same relative configuration
(Fig. 2). Furthermore, the absolute configuration of com-
pound 3 was determined to be identical to that of compound
2 through ECD calculations (Fig. 3).

— Exptl. ECD of 3
Calcd. ECD of 3a

300
Anm

400 350 400

Fig.3 Experimental and calculated ECD spectra for compounds 1-3 in MeOH.

®
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Fig. 4 Crystal structure of compound 1.

Biological activity

The cytotoxic effects of compounds 1-3 on different tu-
mor cell lines (HCT116, HT1080, and HepG2) were evalu-
ated using the MTT assay. As illustrated in Figs. SA-5C and
S1A, the cytotoxicity of the three compounds varied across
different tumor cell lines, but all inhibited tumor cell growth
and induced cell death. Compound 1 exhibited ICs, values of
13.6 = 1.20, 139 + 1.14, and 19.1 = 0.34 pmol-L™" for
HCTI116, HT1080, and HepG2 cells, respectively (Fig. SA).
Compound 2 demonstrated ICs, values of 12.0 = 1.11, 28.3 £
3.14, and 40.1 = 4.08 p.mol-Lfl for HCT116, HT1080, and

A D

HCT116 HT1080 HepG2

11Cs5=13.6+1.20 (umol-L™") 11ICs=13.9+ 1.14 (umol-L™") 11Cs,=19.1+0.34 (umol-L™")

HepG2 cells, respectively (Fig. 5B). Compound 3 showed
ICs values of 3.96 + 0.31, 4.63 + 0.56, and 9.42 + 1.33
umol'Lfl for HCT116, HT1080, and HepG2 cells, respect-
ively (Fig. 5C). Morphologically, tumor cells treated with
compounds 1, 2, and 3 exhibited varying degrees of cytoplas-
mic vacuolation (Figs. 5D and S1A—C), a characteristic fea-
ture of paraptosis. Paraptosis is a specific form of PCD char-
acterized by extensive cytoplasmic vacuolation, including
dilation of the ER and/or mitochondria “**". ER Tracker
staining revealed that these vesicles likely originated from the
ER (Fig. SE). Previous research has indicated that progress-
ive protein accumulation triggers paraptosis, and inhibition of
protein synthesis by cycloheximide (CHX) can effectively
block cytoplasmic vacuolation and paraptosis . Consist-
ently in this study, paraptosis-like cell death was partially res-
cued by CHX (Fig. 5D). Furthermore, previous studies have
shown that disruption of redox balance is another trigger for
paraptosis . Consequently, we examined ROS levels fol-
lowing treatment with compounds 1 and 3. We observed that
both compounds significantly increased intracellular ROS
levels, comparable to those induced by the positive control
H,0, (Fig. 5F). Additionally, NAC, a well-known ROS in-
hibitor, effectively scavenged ROS in the treated cells.
Intracellular ROS primarily originate from the cyto-
plasm and various organelles, including the ER and mito-
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Fig. 5 Compounds 1-3 trigger ER stress-mediated paraptosis-like cell death via MAPK signaling. (A—C) The viability of
HCT116, HT1080, and HepG2 cells treated with the indicated concentrations of compound 1 (5, 10, 20, 40, and 80 pmol-L™") (A),
compound 2 (5, 10, 20, 40, 80, and 160 pmol'L_l) (B) and compound 3 (2, 4, 8, 16, and 32 pmol'L_l) (C) for 48 h was determined
by MTT assay. (D) Morphological changes in HepG2 cells treated with compound 1 at 50, 60, or 70 p.mol'Lf1 alone or with
U0126(1 pmol-L™), SP600125 (2 pmol-L™"), and CHX (5 pmol-L™") for 6, 12, 24, and 48 h, respectively. (E) ER Tracker was used
to indicate the morphological changes in the endoplasmic reticulum in HepG2 cells treated with 1 (50 pmol-L™") or 3 (25
pmol-L™) for 8 or 10 h. (F) After treatment of HepG2 cells with compound 1 (60 pmol-L™") or compound 3 (20 pmol-L™) for 10 h,
intracellular ROS levels were detected by DCFH-DA. (G) Compound 1 induced ER stress. After HepG2 cells were treated with
compound 1 (40 pmol-L™") for the indicated times, the expression of ER stress-related proteins was detected by Western blot as-
say. (H) Compound 1 hyperactivated the MAPK signaling pathway. HepG2 cells were treated with compound 1 (40 pmol-L™"),
and the expression levels of ERK1/2, JNK, and p38 were detected by Western blot assay. (I&J) Viability of HepG2 cells treated

with compound 1 (40 pmol~L7') (I) or compound 3 (20 p.mol'Lfl) (J) for 10 h alone or in combination with various cell death in-

hibitors. U0126 (1 pmol-L™), zZVAD (1 pmol-L™"), and NAC (2 mmol-L™). "P < 0.05, “"P< 0.01,

group. Data are the mean £ SD (n= 3).

chondria. Alterations in the ER’s redox state can induce ER
stress, triggering the unfolding protein response (UPR) 1.
Consequently, we examined whether compounds 1 and 3 af-
fect the expression of ER stress-related proteins. Our find-
ings revealed that after treating HepG2 cells with compounds
1 or 3 for 6, 12, 24, and 48 h, both the PERK-p-elF2a branch
and the IRE1a branch of the UPR were upregulated in a time-
dependent manner, and the expression levels of ER stress mo-
lecule chaperones PDI, Erol-Lo, and calnexin increased
(Figs. 5G and S1D, F, H). Furthermore, MAPK hyperactiva-
tion has been identified as another characteristic of paraptos-
is P'l. MAPK is involved in various signal transduction pro-
cesses and can regulate cell proliferation, differentiation, and
death. It comprises three family members: ERK1/2, INK, and
p38. Thus, we assessed the impact of compounds 1 and 3 on
the MAPK signaling pathway in HepG2 cells. The results
demonstrated that compounds 1 and 3 can induce the upregu-
lation of phosphorylated ERK, JNK, and p38, thereby activat-
ing the MAPK signaling pathway, which further triggers

P

P< 0.001 vsthe untreated

paraptosis-like cell death in cancer cells (Figs. SH and SI1E,
G, I). Subsequently, compounds 1 or 3 were used to treat
cells simultaneously with the ERK1/2 inhibitor U0126 and
JNK inhibitor SP600125, respectively. The results showed
that U0126 and SP600125 significantly reduced the number
of cells with cytoplasmic vacuolation and largely reversed the
cell death induced by compounds 1 and 3 within 48 h (Figs.
5D and S1B—C). Collectively, these findings suggest that the
treatment of tumor cells with compounds 1 and 3 induces ex-
cessive ROS accumulation and ER stress, consequently lead-
ing to paraptosis-like cell death via hyperactivation of the
MAPK signaling pathway.

Costunolide and dehydrocostus lactone, the primary ses-
quiterpene lactones in A. costus, have been reported to in-
duce apoptosis and cell cycle arrest '\ In this study, we in-
vestigated whether compounds 1 and 3 could elicit similar ef-
fects. As illustrated in Figs. 51 & J, cell death was signific-
antly mitigated by the ROS scavenger NAC and U0126. A
modest reduction in cell death was observed in cells treated
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with the pan-caspase inhibitor z-VAD. Consistent with these
findings, annexin V and PI staining revealed a small fraction
of early apoptotic cells (Annexin V + Pl-population) induced
by compounds 1 and 3, comprising approximately 26.5% and
32.2% of all dead cells, respectively (Fig. S2A). Assessment
of various apoptosis-related proteins, including bcl-2, bax,
puma, noxa, and caspase-3, corroborated the conclusion that
compounds 1 and 3 could indeed trigger apoptosis (Figs.
S2B&C). However, no cell cycle arrest was observed follow-
ing treatment with compounds 1 and 3 (Figs. S2D—F), poten-
tially due to the destruction of the a-methylene-y-butyrolac-
tone moiety in the sesquiterpene lactones during the dimeriz-
ation process.

Sesquiterpene dimers are commonly reported, with the
majority being homodimers, such as guaiane-type sesquiter-
penoid dimers from the Asteraceae family and lindenane-type
sesquiterpenoid dimers from the Chloranthaceae family. Bio-
synthetically, compounds 1-3 likely originate from an eudes-
mane sesquiterpene (diene) and a guaiane sesquiterpene (di-
enophile) through a Diels—Alder cycloaddition. To date, only
six sesquiterpenoid dimers with this specific carbon frame-
work have been documented, most being olefinic isomeriza-
tion products "® ' ** ) Compounds 1-3 represent novel
Diels—Alder cycloaddition products, with compounds 2 and
3 exhibiting distinct conformations (11R,8'R), potentially due
to variations in coupling during the Diels—Alder cycloaddi-
tion process. Furthermore, compounds 1 and 2, despite hav-
ing identical planar structures but different configurations,
demonstrated comparable cytotoxicity. This similarity in
cytotoxic effects may be attributed to the 2-methylacryloyl
moiety, which functions as a Michael receptor and consti-
tutes the primary pharmacophore responsible for their cyto-
toxicity.

Experimental

General experimental procedures

Optical rotations were measured using an Autopol VI po-
larimeter. Electronic circular dichroism (ECD) spectra were
recorded with an Applied Photophysics spectropolarimeter.
UV spectra were obtained using a Shimadzu UV2700 spec-
trophotometer. Infrared (IR) spectra were acquired on a
Bruker PMA-50 infrared spectrometer with KBr pellets. Nuc-
lear magnetic resonance (NMR) spectra were collected on a
Bruker AM-500 MHz spectrometer. High-resolution electros-
pray ionization mass spectrometry (HR-ESI-MS) data were
measured using an Agilent 1290 UPLC/6540 Q-TOF mass
spectrometer. Semi-preparative high-performance liquid chro-
matography (HPLC) was performed on an Agilent 1260 in-
strument equipped with a Zorbax SB-Cg column (9.4 mm x
250 mm, 5 pm, Agilent). Column chromatography (CC) was
conducted using silica gel (200-300 mesh, Qingdao Marine
Chemical Inc., China), MCI-gel CHP20P (75-150 pm, Mit-
subishi Chemical Co., Japan), and Sephadex LH-20 (GE
Healthcare, USA). Thin-layer chromatography (TLC) was
carried out on silica gel GF,s, plates (Qingdao Marine Chem-
ical, Inc. China).
Plant material

The leaves of 4. costus were collected in September

®

2020 from Shangri-La City, Yunnan Province, China. The
plant material was identified by Prof. JI Yunheng from the
Kunming Institute of Botany. A voucher specimen (No.
HY202009-1) was deposited at the State Key Laboratory of
Phytochemistry and Plant Resources in West China.
Extraction and isolation

The dried and powdered leaves of A. costus (15.0 kg) un-
derwent three successive extractions with 95% methanol to
yield a crude extract. Subsequently, the methanol extract was
suspended in water and subjected to three additional extrac-
tions with ethyl acetate (EtOAc). After solvent removal, the
EtOAc extract (611.5 g) was fractioned using a silica gel
column with petroleum ether—EtOAc (gradient from 1 : 0 to
0 : 1, V/V) to yield eight fractions (Fr. A-H). Fr. F (65.3 g)
was further separated using an MCI gel column (MeOH/H,O0,
50%—100%, V/V) to produce eight fractions (Fr. F.1-8). Fr.
F.7 (8.2 g) underwent additional separation using a silica gel
column with a gradient of dichloromethane-methanol (1 :
0—20: 1, V/V) to yield eight fractions (Fr. F.7.1-8). Fr. F.7.6
(239.8 mg) was separated by a Sephadex LH-20 column
(acetone) and further purified using semi-preparative HPLC
(57% MeCN in H,0, 3.0 mL-min"") to afford 1 (8.8 mg, g =
16.1 min). Fr. F.7.8 (522.1 mg) was separated by a Sephadex
LH-20 column (chloroform—methanol 1 : 1) and further puri-
fied using semi-preparative HPLC (55% MeCN in H,O, 3.0
mL-min"") to afford 2 (9.2 mg, f = 16.6 min) and 3 (3.6 mg,
tg = 17.3 min).

Auckcostusolide A (1). Colorless needle crystals,
[a]¥+156.5 (¢ 0.09, MeOH); UV (MeOH) A, (loge) 195
(3.62) nm; CD (MeOH) Aoy (de) 237 (+4.05) 217 (-3.06),
302 (-1.36) nm; IR (KBr) vp,, 3433, 2929, 1752, 1713,
1640, 1452, 1295, 1164, 906 cm '; 'H NMR (500 MHz) and
BC NMR (125 MHz) data see Table 1; HR-ESI-MS m/z
585.2827 [M + Na]" (Calcd. for C5,H,,NaO;", 585.2828).

Auckcostusolide B (2). White amorphous powder,
[a]?® +69.0 (¢ 0.10, MeOH); UV (MeOH) A, (log &) 195
(3.45) nm; CD (MeOH) A, (4€) 304 (3.00), 217 (=7.12) nm;
IR (KBr) vpax 3429, 2930, 1768, 1710, 1638, 1450, 1296,
1165, 1057, 903 cm™'; '"H NMR (500 MHz) and "C NMR
(125 MHz) data see Table 1; HR-ESI-MS m/z 585.2827 [M +
Na]" (Calcd. for C54H4,NaO,", 585.2828).

Auckcostusolide C (3). White amorphous powder,
[@]¥+63.5 (c0.13, MeOH); UV (MeOH) A, (loge) 195
(3.55) nm; CD (MeOH) A, (de) 305 (2.37) 229 (—4.66) nm;
IR (KBr) vy, 3436, 2931, 1766, 1711, 1643, 1450, 1298,
1170, 1108, 907 cm™'; '"H NMR (500 MHz) and "C NMR
(125 MHz) data (Table 1); HR-ESI-MS m/z 615.2933 [M +
Na]" (Calcd. for C35H44NaOyg', 615.2934).

X-ray crystallographic data for auckcostusolide A (1):
2(C34H4,07) 3(H,0), M = 1179.39, a = 6.7555(4) A, b =
34.1300(18) A, ¢ =13.3242(7) A, & =90°, B = 93.355(2)°,
y =90° V =3066.8(3) A’, T = 100.2) K, space group P
1211, Z = 2, p (Cu Ka) = 0.740 mm’’, 40669 reflections
measured, 10951 independent reflections ( R ;,; = 0.0835).
The final R, values were 0.0896 (I > 2 o([)). The final wR
(F%) values were 0.2340 (I > 2 o(l)). The final R, values
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were 0.0926 (all data). The final wR (F°) values were 0.2401
(all data). The goodness of fit on F* was 1.042. Flack para-
meter = 0.11(9). Crystallographic data for auckcostusolide A
(1) have been deposited in the Cambridge Crystallographic
Data Center (deposition number: CCDC 2293000).
Cell culture

Human hepatocellular carcinoma (HepG2), fibrosar-
coma (HT1080), and colorectal cancer (HCT116) cell lines
were cultivated in DMEM or RPMI 1640 (Gibco) medium
supplemented with 10% fetal bovine serum (Gibco), 10 000
U-mL™" penicillin, and 100 mg-mL™" streptomycin. The cells
were maintained at 37 °C in a humidified atmosphere con-
taining 5% CO, and were utilized during their logarithmic
growth phase. HepG2 and HT1080 cell lines were obtained
from the China Center for Type Culture Collection (CCTCC),
while HCT116 cells were provided by Professor YAN Li
from Yunnan University, China.
Cell viability (MTT) assay

HepG2, HT1080, and HCT116 cell lines were utilized
for this study. Cells in the logarithmic growth phase were
subjected to trypsinization and subsequently seeded into 96-
well plates at a density of 6000 cells per well. The cytotoxic
activity of the compounds was evaluated using the MTT pro-
liferation assay. Compound stock solutions were prepared in
DMSO, and cells were exposed to compound concentrations
ranging from 2to 180 pumol-L™' for a duration of 48 hours.
The half-maximal inhibitory concentration (ICsy) was de-
termined using GraphPad Prism 7 software, based on the con-
centration-activity relationship. Results are presented as
Mean + SD.
Detection of cell morphology

HepG2 and HT1080 cells were seeded into 12-well
plates at a density of 1.5 x 10 cells/well. The cells were sub-
sequently treated with specified concentrations of com-
pounds 1 or 3 and/or inhibitors for 48 h. Long-term dynamic
live cell imaging was conducted using an IncuCyte S3 sys-
tem (Thermo Fisher Scientific, USA).
ROS detection

The ROS content in HepG2 cells was assessed using
DCFH-DA (Meilunbio, Dalian, China). HepG2 cells were
seeded in confocal dishes at a density of 5 x 10* cells per
well. The cells were treated with the compound for 10 h, after
which the supernatant was discarded. DCFH-DA was then
applied at a final concentration of 10 pumol-L™". Subsequently,
500 pL of DCFH-DA diluent was added to each well and in-
cubated at 37 °C for 30 min in dark conditions. ROS levels
were then detected using laser scanning confocal microscopy
(Leica, TSC SP8 X).
Western blot assay

Total protein was extracted from cells using RIPA (Invit-
rogen, FNNOO11) lysis buffer. Protein concentration was de-
termined using a BCA kit (Biosharp, BL521A). Proteins were
separated by 12% sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF mem-
branes. The membranes were blocked with phosphate-buf-
fered saline with Tween 20 (PBST) containing 5% skimmed
milk for 1 h and incubated with primary antibodies overnight
at 4 °C. The primary antibodies used in this study were as fol-

lows: GAPDH (1 : 30 000, proteintech, 60004-1-Ig), PDI (1 :
1000, Cell Signaling Technology, 3501), IREla (1 : 1000,
Cell Signaling Technology, 3294), Calnexin (1 : 1000, Cell
Signaling Technology, 2433), Erol-La (1 : 1000, Cell Signal-
ing Technology, 3264), Bip (1 : 1000, Cell Signaling Techno-
logy, 3183), PERK (1 : 1000, Cell Signaling Technology,
5683), p-elF2a (1 : 1000, Cell Signaling Technology, 3398),
p-SAPK/INK (1 : 1000, Cell Signaling Technology, 4668),
JNK (1 : 1000, Zen-Bio, R24780), p-p38 (1 : 1000, Cell Sig-
naling Technology, 4511), p38 (1 : 1000, Zen-Bio, R25239),
p-ERK1/2 (1 : 1000, Zen-Bio, 301245), ERK1/2 (1 : 1000,
Zen-Bio, R22685). Subsequently, the membranes were
washed with PBST and incubated with secondary antibodies
for 2 h. The bands were visualized using ChemiDoc™ XRS +
(Bio-Rad, USA) and quantitatively analyzed using Image
Lab 5.2.
Endoplasmic reticulum tracking

HepG2 cells were seeded in confocal dishes at a density
of 5 x 10" cells per well. After 12 h, the culture medium was
replaced with 2 mL of fresh medium containing either 50
pmol-L™" of compound 1 or 25 pmol-L™" of compound 3. Fol-
lowing 8 or 10 h of incubation, the medium was discarded
and the cells were rinsed three times with PBS buffer. Sub-
sequently, cells were fixed with 4% formaldehyde at 37 °C
for 15 min and washed three times with PBS. The cells
were then incubated with 1.2 mL PBS containing ER-Track-
er Blue-White DPX (200 nmol-L™, Yeasen 40761ES50) for
30 min. Fluorescence was monitored using laser scanning
confocal microscopy (Leica, TSC SP8 X).
Apoptosis assessment

The Annexin V-FITC/PI apoptosis detection kit (4A Bi-
otech Co., Ltd., FXP018) was utilized for apoptosis analysis.
HepG2 cells (5 x 10%) were seeded in 60-mm dishes and ex-
posed to various concentrations of compound 1 or compound
3 for 36 h. The cells were then trypsinized and centrifuged
(1200 r'min”', 5 min, 4 °C). Subsequently, the cells were
washed thrice with cold PBS. The cell pellet was resuspen-
ded in 300 pL of 1 x Binding buffer. Following this, 5 pL of
Annexin V-FITC and 10 pL of PI staining solutions were ad-
ded to each well and gently mixed. After incubating the cells
in darkness at 37 °C for 15 min, 200 pL of PBS was added
and mixed gently. Finally, the percentage of cell apoptosis
was quantified using flow cytometry (BD FACSCelesta™).
Cell cycle analysis

The cell cycle analysis was conducted as previously de-
scribed . For cell cycle distribution analysis, HepG2 cells
(5 x 10°) were seeded in 60-mm dishes and treated with vary-
ing concentrations of Compound 1 or Compound 3 for 36 h.
DMSO-treated cells served as controls. The cells were har-
vested and fixed in 70% ethanol. After washing with PBS, the
cells were resuspended with RNase A (200 pgmL™")
(BioFROXX, 1341MG025) solution and incubated in a 37 °C
water bath for 10 min. The supernatant was removed, and PI
dye (BIOFROXX, A8260, 100 pg-mL™") was added. The
cells were then incubated in darkness at 37 °C for 15 min,
followed by detection using flow cytometry (BD FACSCe-
lesta™).
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Statistical analysis

Data from three independent experiments were analyzed
using Prism 7.0 (GraphPad Software). Results are presented
as Mean + SD. Differences between two groups were as-
sessed using Student’s f-test. A P-value less than 0.05 was
considered statistically significant.

Conclusions

In summary, three novel sesquiterpenoid heterodimers
were isolated from the leaves of 4. costus. These compounds
were formed through a Diels—Alder cycloaddition, involving
an eudesmane sesquiterpene as a diene and a guaiane sesquit-
erpene as a dienophile. Compounds 1 and 2 exhibited oppos-
ite configurations at C-11 and C-8' due to variations in the re-
lative positions of the two sesquiterpenoids during the Die-
Is—Alder cycloaddition process. Furthermore, the cytotoxic
effects of compounds 1-3 against multiple tumor cells were
evaluated, and their potential mechanisms were investigated.
Compounds 1 and 3 induced ROS accumulation and ER
stress (PERK-p-elF2a branch and IRElo branch)-mediated
cytoplasmic vacuolation, characteristic of paraptosis-like cell
death. Additionally, compounds 1 and 3 hyperactivated the
MAPK signaling pathway. Pharmacological inhibition of the
ERK and JNK pathway significantly reduced cytoplasmic va-
cuolation and mitigated cell death triggered by compounds
1 and 3. These findings underscore the potential of sesquiter-
penoid heterodimers from A. costus in cancer treatment.
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