Chinese Journal of Natural Medicines

Structurally diverse flavonoids from Selaginella doederleinii and their biological activity against laryngeal cancer
Wengqi Liu, Minyu Chen, Sisi Wang, Shiwen Kang, Ni Zheng, Yerlan Bahetjan, Wenting Zhang, Huijian Chen, Xinzhou Yang

Citation: Wenqi Liu, Minyu Chen, Sisi Wang, Shiwen Kang, Ni Zheng, Yerlan Bahetjan, Wenting Zhang, Huijian Chen, Xinzhou

Yang, Structurally diverse flavonoids from Selaginella doederleinii and their biological activity against laryngeal cancer, Chinese

Journal of Natural Medicines, 2026, 24(4), 499-512. doi: 10.1016/S1875-5364(26)61175-2.

View online: https://doi.org/10.1016/S1875-5364(26)61175-2

Related articles that may interest you

Geranylated or prenylated flavonoids from Cajanus volubilis

Chinese Journal of Natural Medicines. 2023, 21(4), 292-297  https://doi.org/10.1016/S1875-5364(23)60437-6

The chemical structures, biosynthesis, and biological activities of secondary metabolites from the culinary—medicinal mushrooms of

the genus Hericium: a review

Chinese Journal of Natural Medicines. 2024, 22(8), 676-698 https://doi.org/10.1016/S1875-5364(24)60590-X

Talaketides AG, linear polyketides with prostate cancer cytotoxic activity from the mangrove sediment—derived fungus Talaromyces

sp. SCSIO 41027
Chinese Journal of Natural Medicines. 2024, 22(11), 1047-1056 https://doi.org/10.1016/S1875-5364(24)60659-X

Flavonoids from the roots and rhizomes of Sophora tonkinensis and their in vitro anti—-SARS-CoV-2 activity

Chinese Journal of Natural Medicines. 2023, 21(1), 65-80 https://doi.org/10.1016/S1875-5364(23)60386-3

Identification of multi—target anti—cancer agents from TCM formula by in silico prediction and in vitro validation

Chinese Journal of Natural Medicines. 2022, 20(5), 332-351 https://doi.org/10.1016/S1875-5364(22)60180-8

New prenylated flavonoid glycosides derived from Epimedium wushanense by B —glucosidase hydrolysis and their testosterone

production—promoting effects

Chinese Journal of Natural Medicines. 2022, 20(9), 712-720 https://doi.org/10.1016/S1875-5364(22)60188-2

Wechat


https://www.cjnmcpu.com/
https://www.cjnmcpu.com/
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(26)61175-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(26)61175-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60437-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60437-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60437-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60590-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60590-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60590-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60590-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60590-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60659-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60659-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60659-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60659-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60386-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60180-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60188-2

Chinese Journal of Natural Medicines 24 (2026) 499-512

Contents lists available at ScienceDirect

Chinese Journal of Natural Medicines

journal homepage: www.cjnmcpu.com/

Original article

Structurally diverse flavonoids from Selaginella doederleinii and their biological
activity against laryngeal cancer

Wengi Liu**, Minyu Chen*®, Sisi Wang®, Shiwen Kang®, Ni Zheng?, Yerlan Bahetjan®, Wenting Zhang"",
Huijian Chen®’, Xinzhou Yanga,c.a,*

* International Cooperation Base for Active Substances in Traditional Chinese Medicine in Hubei Province, School of Pharmaceutical Sciences, South-Central Minzu University,
Wuhan 430074, China

® Department of Pharmacy, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China

© State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201201, China

4 Xinjiang Key Laboratory of Hetian Characteristic Traditional Chinese Medicine Research, Xinjiang Hetian College, Hetian 848099, China

ARTICLE INFO ABSTRACT

Ten previously undescribed flavonoids, seladoeflavones J-Q, C, and E (1-10), together with
fifteen known biflavones (11-25), were isolated from the whole herbs of Selaginella doeder-
leinii. The structures of the new compounds were elucidated using 1D and 2D nuclear magnet-
ic resonance (NMR) spectroscopy and mass spectrometry (MS). By comparing experimental
spectral data with NMR calculations, the structures of compounds 1-5, 7, and 8 were as-
signed. The absolute stereochemistries of compounds 5-10 were confirmed by comparing
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Keywords:
Selaginella doederleinii their circular dichroism (CD) spectra with reported data. Notably, the originally proposed
Flavonoids structures of seladoeflavones C and E were revised and found to be identical to those of com-

pounds 7 and 8, respectively. All isolated compounds were evaluated for cytotoxic activity
against a panel of cancer cell lines. Most notably, 2",3"-dihydroochnaflavone (14) and in-
volvenflavone G (19) exhibited significant anti-proliferative and pro-apoptotic effects in
laryngeal cancer cells (Hep-2 and FaDu). Mechanistic studies revealed that compound 14 in-
duced apoptosis by suppressing the protein kinase B (Akt)/mammalian target of rapamycin
(mTOR) signaling pathway, whereas compound 19 downregulated endoplasmic reticulum
(ER) stress pathways. These findings indicate that compounds 14 and 19 possess strong po-
tential as anti-laryngeal cancer agents, providing robust evidence for the traditional use of S.
doederleinii in the treatment of laryngeal cancer.

Cytotoxicity
Laryngeal cancer

1. Introduction

Currently, laryngeal cancer ranks among the most prevalent
malignant tumors, with 184.62 million new cases and 99.84 mil-
lion deaths reported worldwide in 2020 ". Natural products rep-
resent a valuable reservoir of structurally diverse compounds ex-
hibiting a wide range of biological activities. Natural compounds
used in chemotherapy are often highly effective and less toxic, of-
fering promising alternatives for tumor treatment and holding
significant potential for clinical development °. Paclitaxel °, camp-
tothecin *, and podophyllotoxin ° have been reported to exhibit
significant inhibitory effects against laryngeal cancer. Therefore,
the discovery of novel anti-laryngeal cancer agents from natural
sources remains a viable strategy to address the growing de-
mand for improved chemotherapeutic options.

The genus Selaginella comprises over 700 known species
globally, approximately one-tenth of which are native to China °.
More than 20 species are commonly used in traditional Chinese

* Corresponding author.
E-mail addresses: wenting@hust.edu.cn (W. Zhang); 2022066@mail.
scuec.edu (H. Chen); xzyang@mail.scuec.edu.cn (X. Yang)
® These authors contributed equally to this work.
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medicine. Among them, S. tamariscina and S. pulvinata are offi-
cially included in the Chinese Pharmacopoeia 2020 ’. S. doeder-
leinii Hieron. is characterized by a cold nature and bitter taste,
contributing to its diverse pharmacological properties, particu-
larly its anti-tumor effects °. Medicinal resources of S. doederleinii
are abundant in southern China. In Chinese Ethnic Medicines, this
species is widely employed in the treatment of various cancers,
including ovarian, rectal, nasopharyngeal, and lung cancer .
The herb and its compound formulations have been clinically ap-
plied at Guangxi Folk Hospital for the management of laryngeal
cancer and associated complications, demonstrating favorable
therapeutic outcomes. Despite its extensive use in Zhuang and
Yao traditional medicine, the active constituents and underlying
mechanisms of S. doederleinii remain incompletely characterized,
leading to a lack of well-defined pharmacodynamic evidence sup-
porting its clinical application. Our previous study first demon-
strated that a biflavonoid-rich extract from S. doederleinii exerts
anti-laryngeal cancer effects through modulation of the IKKB/NF-
kB/COX-2 and protein kinase B (Akt)/Bad signaling pathways .
Phytochemical investigations have identified flavonoids, bi-
flavones, alkaloids, lignans, sterols, and other phenolic com-
pounds in S. doederleinii *™*. In a prior study, we reported the
anti-proliferative activity of a new neolignan and six known com-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.


mailto:wenting@hust.edu.cn
mailto:2022066@mail.scuec.edu
mailto:2022066@mail.scuec.edu
mailto:xzyang@mail.scuec.edu.cn
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://www.sciencedirect.com/science/journal/1674862X
http://www.cjnmcpu.com/
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2
https://doi.org/10.1016/S1875-5364(26)61175-2

W. Liu et al.

pounds from S. doederleinii against laryngeal cancer cells °. Over
20 biflavonoids have been isolated from this species, including
amentoflavone, robustaflavone, delicaflavone, and ginkgetin,
among others. In the present study, we isolated ten new flavon-
oids, seladoeflavones ]J-Q, C, and E (1-10), alongside fifteen
known biflavones (Fig. 1). Given that their bioactivities remain in-
sufficiently elucidated, we first evaluated the inhibitory effects of
these 25 compounds across four representative cancer cell lines.
Notably, they exhibited pronounced inhibitory activity against
laryngeal cancer cells. Subsequently, the two most potent com-
pounds with sufficient isolation yields were selected for further
evaluation of their effects on laryngeal cancer cell proliferation,
invasion, and apoptosis.

Induction of apoptosis is a critical mechanism in anti-cancer
therapy. A decreased B-cell lymphoma-2 (Bcl-2)/Bcl-2-associ-
ated X protein (Bax) ratio promotes mitochondrial permeability
transition pore (MPTP) opening, facilitating the release of cyto-
chrome c (Cyt-c) into the cytosol. Cyt-c associates with apoptotic
protease-activating factor-1 (Apaf-1) to form the apoptosome,
which activates caspase-9 and subsequently the executioner cas-
pase-3, ultimately triggering apoptosis through DNA fragmenta-
tion and loss of plasma membrane asymmetry. Two key regulat-
ory pathways further modulate this process: (1) endoplasmic re-
ticulum (ER) stress: downregulation of glucose-regulated protein
78 (GRP78) impairs unfolded protein binding and disrupts the
unfolded protein response (UPR), thereby intensifying ER stress.
This leads to activation of pro-apoptotic mediators such as CHOP
and JNK, as well as the caspase-4/12-7-3 cascade '’ and (2)
Akt/mammalian target of rapamycin (mTOR) signaling: reduced
phosphorylation of Akt and mTOR alleviates their anti-apoptotic
effects, thereby promoting mitochondrial apoptosis via caspase
activation . In this study, we investigated the effects of two bio-
active compounds isolated from S. doederleinii on these apoptotic
pathways, including apoptosome formation, Bcl-2/Bax balance,
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caspase expression, ER stress, and Akt/mTOR signaling. Our find-
ings provide mechanistic insights into the anti-laryngeal cancer
activity of these compounds, underscoring their potential as tar-
geted therapeutic agents.

2. Results and discussion

2.1. Structural elucidation

Seladoeflavone ] (1) was isolated as a yellow amorphous
powder. Its molecular formula was determined to be C,,H;,0g
based on the pseudomolecular ion peak at m/z 407.07602 [M +
H]" (Calcd. for C,,H;50g, 407.07614) in the high-resolution elec-
trospray ionization mass spectrometry (HR-ESI-MS) spectrum,
corresponding to 16 degrees of unsaturation. The IR spectrum re-
vealed the presence of hydroxyl, carbonyl, and aromatic ring
functionalities, as evidenced by absorption bands at 3240, 1651,
1600, 1504, and 1442 cm™. UV spectral data showed maximum
absorption bands at 221, 265, and 345 nm, along with a posi-
tive reaction to AlCl; reagent, which is characteristic of flavon-
oids """,

The 'H nuclear magnetic resonance (NMR) spectrum (Table
1) displayed an AA'BB' coupling system with signals at 8y 7.82
(2H, d, ] =9.0 Hz, H-2', 6') and 6}, 6.88 (2H, d, / = 9.0 Hz, H-3", 5"),
indicative of a para-substituted benzene ring (ring B). Addition-
ally, two aromatic protons in the A-ring were observed at 6 6.54
(1H, d, J = 2.1 Hz, H-8) and 6.24 (1H, d, J = 2.1 Hz, H-6), along
with a low-field hydroxyl signal at 6y 12.24 (s, 5.0H), which are
characteristic of a kaempferol derivative *’. The "H NMR also re-
vealed a para-substituted benzene moiety (ring D) at §,; 7.15 (2H,
d, /] = 8.9 Hz, H-2", 6") and 6 7.87 (2H, d, ] = 8.9 Hz, H-3", 5").
The C NMR and distortionless enhancement by polarization
transfer (DEPT) spectra (Table 1) confirmed the presence of 15

1

12 2,3,2",3"-tetrahydro
13 2,3-dihydro
14 2",3"-dihydro

OH O

23 R,=R,=H  2,3-dihydro
24 R,=R,=H

25 R, =R, =CH,

18R=H 2,3-dihydro
19R=CH, 2,3,2".3"-tetrahydro

20 R,=R,=R;=H 2,3,2",3"-tetrahydro
21 R,=R,=R;=CH, R,=H
22 R,=R,=CH, R,=H

Fig.1 Structures of compounds 1-25.
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Table 1 'H NMR (600 MHz) and **C NMR (150 MHz) data for compounds 1-3, kaempferol and apigenin in DMSO-dj.

1 2 kaempferol 3 apigenin
e S 5 Sy 8 e 5 Sy 5 Sy 5
2 - 157.0 - 157.0 - 146.8 - 163.0 - 164.8
3 - 131.7 - 131.9 - 135.9 6.87,s 104.1 6.79,s 102.3
4 - 176.0 - 175.9 - 175.9 - 181.8 - 182.1
5 = 161.2 = 161.2 = 159.2 = 161.5 = 161.4
6 6.24,d (2.1) 98.9 6.23,d (2.0) 99.0 6.25,d (2.0) 98.3 6.20,d (2.0) 99.1 6.22,d (2.1) 99.0
7 = 164.6 = 164.9 = 164.0 = 164.6 = 163.3
8 6.54,d (2.1) 94.2 6.53,d (2.0) 94.2 6.49, d (2.0) 93.5 6.49,d (2.0) 94.1 6.53,d (2.1) 94.1
9 - 156.8 - 156.8 - 156.3 - 157.4 - 157.9
10 - 104.2 - 104.0 - 103.1 - 103.7 - 103.7
1 = 119.7 = 119.7 = 121.8 = 124.5 = 120.6
2' 7.82,d (9.0) 130.2 7.82,d (9.0) 130.2 8.10,d (8.2) 129.5 8.04,d (8.9) 128.5 7.91,d (8.5) 1288
3' 6.88,d (9.0) 115.8 6.87,d (9.0) 115.8 6.98,d (8.2) 115.4 7.01,d (8.9) 116.5 6.88,d (8.5) 116.1
4' - 160.7 - 160.7 - 159.2 - 160.7 - 161.2
5' 6.88,d (9.0) 115.8 6.87,d (9.0) 115.8 6.98,d (8.2) 115.4 7.01,d (8.9) 116.5 6.88,d (8.5) 116.1
6' 7.82,d (9.0) 130.2 7.82,d (9.0) 130.2 8.10,d (8.2) 129.5 8.04,d (8.9) 128.5 7.91,d (8.5) 1288
1" = 160.1 = 160.3 = = = 141.2 = =
2" 7.15,d (8.9) 115.0 7.17,d (9.0) 115.0 - - - 153.7 - -
3" 7.87,d (8.9) 131.5 7.91,d (9.0) 130.6 = = 7.08,d (8.5) 117.1 = =
4" - 125.0 - 131.6 - - 7.72,dd (8.5, 2.1) 128.0 - -
5" 7.87,d (8.9) 131.5 7.91,d (9.0) 130.6 - - - 123.3 - -
6" 7.15,d (8.9) 115.0 7.17,d (9.0) 115.0 - - 7.56,d (2.1) 123.3 - -
7" = 166.8 = 196.4 = = = 166.8 = =
7"-Me - - 2.52,s 26.6 - - - - - -
5-OH 12.24,s - 12.23,s - - - 12.87,s - 12.84,s -

skeletal carbons from the kaempferol core, with the remaining
seven carbons assigned to six aromatic carbons (ring D) and one
carbonyl carbon. Heteronuclear multiple bond correlations (HM-
BCs) of H-3", 5" to C-7" and H-2", 6" to C-4" indicated that the
carboxyl carbon at §; 166.8 (C-7") is attached to C-4" (6. 125.0)
of ring D (Fig. 2)., suggesting a benzoic acid substituent. Further-
more, the downfield chemical shift of C-1" (8 160.1), along with
HMBCs of H-3", 5" and H-2", 6" to C-1", indicated that C-1" is
bonded to an oxygen atom. However, no HMBCs were observed
between the kaempferol skeleton and ring D. Comparison of the
3C NMR data of 1 with those of kaempferol under identical condi-

tions revealed significant differences at C-2 and C-3 (Adc2 = 10
ppm and Ad¢z = 4 ppm), suggesting a linkage between C-3 and C-
1" via an oxygen bridge (C3-0-C;+). To confirm the structure,
density functional theory (DFT)-based *C NMR calculations were
performed for three possible frameworks: (C3-0-Cy)-1,
(C4=0-Cy:)-1, and (C;-0-Cy)-1. Using the B3LYP/6-311Gdp,
level and the polarizable continuum model (PCM) in DMSO-d,,
the calculated shifts for (C3-0-C;+)-1 showed the best agreement
with experimental data, supported by a DP4 + probability score
of 100.00% (Fig. 3). Its >C NMR data were able to better match
the experimental values, thus providing support for the conclu-

Fig.2 'H-"H COSY (-) and key HMBC (=) correlations for compounds 1-10.
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sion that the link between kaempferol and the D-ring is via C3-0-
Cy». Therefore, compound 1 was identified as 4-((5,7-dihydroxy-2-
(4-hydroxyphenyl)-4-oxo-4H-chromen-3-yl) oxy) benzoic acid,
and we named it as seladoeflavone ]. Seladoeflavone ] stands out
as a relatively novel and intriguing example within the diverse
family of flavonoids. What makes it particularly distinctive is the
unique structural feature where its benzoic acid substituent is
connected to C3 via a C-O-C bond. This specific linkage not only
differentiates it from many other flavonoid derivatives but also
suggests the potential for distinct chemical reactivity and biolo-
gical activities. Such a structural characteristic may offer new in-
sights into the synthesis, modification, and application of flavon-
oids in various scientific fields, including medicinal chemistry and
pharmacology.

Seladoeflavone K (2) was obtained as a yellow amorphous
powder. Its molecular formula was established as C»3H;50, from
the pseudomolecular ion peak at m/z 427.078 92 [M + Na]* (Cal-
cd. for Cy3H;40,Na, 427.07882) in HR-ESI-MS, indicating 16 de-
grees of unsaturation. Detailed comparison of the NMR data of 1
and 2 revealed structural similarity, with the key difference be-
ing the replacement of the carboxyl group in 1 with an acetyl
group at C-4" of ring D in 2 (6; 131.6). This was confirmed by
HMBCs of H-3" (6, 7.91), H-5" (6, 7.91), and 7"-Me (6} 2.52) to C-
7" (8¢ 196.4), and of H-2" (8 7.17), H-6" (64 7.17), and H-7"-Me
(6l 2.52) to C-4". The attachment site of ring D was determined
by comparison with kaempferol (ASc, = 10 ppm, A3 = 4 ppm)
and DFT-based "CNMR calculations for three possible struc-
tures: (C3-0-Cy4+)-2, (C4—0-Cy+)-2, and (C7—-0-Cy+)-2. The DP4+
analysis assigned a 100.00% probability to (C3-0-Cy+)-2 (Fig. 3),
confirming the C3-0-C;- linkage. Therefore, compound 2 was
identified as 3-(4-acetylphenoxy)-5,7-dihydroxy-2-(4-hydroxyp-
henyl)-4H-chromen-4-one and named seladoeflavone K.

Seladoeflavone L (3) was isolated as a yellow amorphous
powder, with a molecular formula of C»,H;,0g determined by HR-
ESI-MS, which showed a pseudomolecular ion at m/z 407.075 99
[M + H]" (Calcd. for C,,H;50g, 407.07614). NMR analysis revealed
that compounds 1, 2, and 3 belong to the biphenyl ether-type
(C-0-C) flavonoids, with ring B and ring D connected via an oxy-
gen bridge. Compound 3 was identified as an apigenin derivative,
characterized by a single proton at §y 6.87 (H-3) and an AA'BB’
system in ring B at 6, 8.04 (2H, d, ] = 8.9 Hz, H-2', 6") and 6, 7.01
(2H, d, /] = 89 Hz, H-3', 5") 122 The NMR data also indicated a
carboxyl group at 6; 166.8 (C-7'"), located at C-5" (6 123.3) of
ring D, as confirmed by HMBCs of H-4" (6y 7.72), H-6" (8 7.56)
to C-7", and H-3" (6y 7.08) to C-5". HMBCs of H-4" and H-6" to C-
2" (6¢153.7) and of H-3" and H-6" to C-1" (8. 141.4) indicated a
1,2,5-trisubstituted benzene ring (ring D). The downfield shift of
C-1" suggested attachment to an oxygen atom. The linkage site
was determined by comparison with apigenin (Ad¢; = 4 ppm) and
DFT-based NMR shift calculations. The structure (C,-0-C;+)-3
(Fig. 3) showed the best match with experimental data, indicat-
ing that ring D is connected to C-4' (6; 160.7) via a C-O-C bond.
Thus, compound 3 was elucidated as 3-(4-(5,7-dihydroxy-4-oxo-
4H-chromen-2-yl)phenoxy)-4-hydroxybenzoic acid and named
seladoeflavone L.

Seladoeflavone M (4) was isolated as a yellow powder. Its
molecular formula was determined to be C,,H;,0g based on the
pseudomolecular ion [M + H]" at m/z 407.075 99 (Calcd. for
Cy,H150g, 407.076 14) in HR-ESI-MS, indicating 16 degrees of un-
saturation, consistent with seladoeflavone L (3). In contrast to 3,
the 'H and "*C NMR spectra (Table 2) of 4 exhibited an ABX sys-
tem in ring B [6y 7.88 (1H, overlapped, H-2"), 7.89 (1H, over-
lapped, H-6"), 7.16 (1H, d, J = 8.5 Hz, H-5")], characteristic of a lu-
teolin derivative *. Similar to compounds 1-3, the chemical shifts
of C-3' (6¢ 141.6) and C-1" (8; 161.2) suggested an oxygen bridge
between ring B and ring D Notably, C-2' and C-3' of 4 showed sig-
nificant deviations from luteolin (Ad¢ = 8 ppm and 4 ppm, respect-
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ively; Table 2), indicating a linkage at C-3". To confirm the struc-
ture, DFT-based "*C NMR calculations were performed for three
possible frameworks: (C3-0-C;+)-4, (C4-0-Cy)-4, and (C7-0-Cy»)-
4. DP4+ analysis assigned a 100% probability to (Cs-0-C;-)-4
(Fig. 3), confirming the linkage. Thus, compound 4 was elucid-
ated as 4-(5-(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxy-
phenoxy) benzoic acid and named seladoeflavone M.

Seladoeflavone N (5) was isolated as a yellow amorphous
powder with a specific rotation of [a]%’ -3.97 (¢ 0.42, MeOH). The
molecular formula was determined as C,,H;¢0g from the pseudo-
molecular ion [M + H]" at m/z 409.091 74 (Calcd. for C,,H;;0g,
409.091 79) in HR-ESI-MS, indicating two additional hydrogen
atoms compared to 4. 1D and 2D NMR spectra revealed an AMX
spin system in the C-ring [6y 2.72 (1H, dd, J = 17.1, 2.9 Hz, H-
3eq), 3.29 (1H, dd, J = 17.1, 12.8 Hz, H-3ax), 548 (1H, dd, ] =
12.8, 2.9 Hz, H-2)] and saturated carbon signals at ¢ 78.0 and
42.0, indicating a dihydroflavonoid structure. HMBC, 'H-'H cor-
relation spectroscopy (COSY), and heteronuclear single quantum
correlation (HSQC) spectra confirmed that 5 is the reduction
product of 4. The absolute configuration was assigned as S based
on the negative and positive Cotton effects in the electronic circu-
lar dichroism (ECD) spectrum at 290 and 330 nm (Fig. 5) **. Thus,
compound 5 was identified as (S)-4-(5-(5,7-dihydroxy-4-oxo-
chroman-2-yl)-2-hydroxyphenoxy) benzoic acid and named se-
ladoeflavone N.

Seladoeflavone Q (6) was isolated as a yellow amorphous
powder with [o]?’ -4.89 (c 0.25, MeOH). The molecular formula
was determined as C,5H,,0, from the pseudomolecular ion peak
at m/z 431.115 10 [M - H]™ (Calcd. for Cy5H;907, 431.113 63) in
HR-ESI-MS. NMR data indicated structural similarity to 5 (Table
3). However, HMBCs of H-2' (6 7.28) to C-1" (6 126.3) and H-6"
(6y 7.48) to C-3' (6c 125.1) (Fig. 2) indicated a direct C-3'-C-1"
bond between rings B and D. Ring D was confirmed as 1,2,5-
trisubstituted benzene by HMBCs of H-4" (6y 7.53)/H-6" (&y
7.48) to C-7" (6. 143.7) /C-2" (6¢ 157.5) and H-3" (6y 6.90) to C-5"
(6¢ 125.1)/C-1". Additionally, HMBCs (Fig. 2) of H-7" (6 7.56), H-
8" (6y 6.61) and 9"-Me (6y 2.27) to C-9" (6 197.8), and H-8" to C-
5" (6c 125.1) indicated an a,f-unsaturated ketone at C-5" of ring
D. The ECD spectrum “* showed negative and positive Cotton ef-
fects at 290 nm and 330 nm, respectively, consistent with the S
configuration (Fig. 5). Therefore, compound 6 was identified as
(S, E)-2-(2',6-dihydroxy-5'-(3-oxobut-1-en-1-yl)-[1,1'-biphenyl]-
3-yl)-5,7-dihydroxychroman-4-one and named seladoeflavone Q.

Compound 7 was isolated as a yellow amorphous powder
with [(x]i,” -14.22 (c 0.25, MeOH). Its molecular formula was de-
termined as Cy;H 407 from HR-ESI-MS, which showed a pseudo-
molecular ion at m/z 391.082 70 [M - H]™ (Calcd. for C,,H;50,
391.082 33). NMR data confirmed structural similarity to 6. HM-
BCs of H-4" (6y 7.73)/H-6" (6y 7.70) to C-7" (8¢ 191.2)/C-2" (6¢
161.0) and H-3" (64 7.06) to C-5" (8¢ 128.1)/C-1" (¢ 126.2) in-
dicated a 1,2,5-trisubstituted benzene ring D. Unlike 6, no signals
for a trans double bond or methyl group were observed; instead,
an aldehyde signal (1H, s, 5"-CHO) appeared at 6y 9.82 and &;
191.2. HMBCs of H-7" (8; 9.82) to C-5", H-4"/H-6" to C-7", and H-
3" to C-5" confirmed the aldehyde at C-5". The ECD spectrum
(Fig. 5) showed negative and positive Cotton effects at 290 and
330 nm, indicating the S configuration **. Thus, compound 7 was
identified as (S)-5'-(5,7-dihydroxy-4-oxochroman-2-yl)-2',6-di-
hydroxy-[1,1'-biphenyl]- 3-carbaldehyde.

Compound 8 was isolated as a yellow amorphous powder
with [o]2’ -4.00 (c 0.25, MeOH). Its molecular formula was de-
termined as Cy;H;40g from HR-ESI-MS, which showed a pseudo-
molecular ion at m/z 407.078 30 [M - H]  (Calcd. for C,,H;50g,
407.077 24). 1D and 2D NMR spectra indicated that 8 is a narin-
genin derivative, similar to 6 and 7. Ring D was confirmed as
1,2,5-trisubstituted phenyl by HMBCs of H-4"/H-6" to C-7" (&c
167.4)/C-2" (8¢ 160.0) and H-3" to C-5" (6 120.5)/C-1" (6¢
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Table 2 'H NMR (600 MHz) and **C NMR (150 MHz) data for compounds 4, 5 and luteolin in DMSO-ds

4 5 Luteolin
No.
Sy S 8y [ Sy Sc
2 162.7 5.48,dd, (12.8,2.9) 78.0 163.9
3.29,dd, (17.1, 12.8)
3 6.88,s 103.8 42.0 6.62,s 102.9
2.72,dd, (17.1, 2.9)
4 181.8 196.2 181.5
5 161.4 163.5 157.3
6 6.19,d, (2.1) 98.9 5.88,d, (2.0) 95.9 6.15,d (1.8) 98.8
7 164.3 166.8 164.0
8 6.49,d, (2.1) 94.1 5.90, d, (2.0) 95.1 6.40,d (1.8) 93.8
9 1573 162.8 161.5
10 103.6 101.8 103.7
1 122.3 130.3 119.0
2' 7.88, (overlapped) 121.4 7.25, (overlapped) 121.4 7.38,d (1.8) 113.4
3 141.6 1411 145.8
4 153.5 149.8 149.7
5' 7.16,d (8.5) 117.9 7.04,d, (8.0) 117.4 6.84, d (8.4) 116.0
6' 7.89, (overlapped) 125.3 7.28, (overlapped) 125.1 7.42,dd, (8.4,1.8) 1215
1" 161.4 161.5 -
2" 6.94,d (8.9) 115.3 6.90,d (8.9) 115.4 -
Bl 7.92,d (8.9) 1315 7.90, d, (8.9) 1315 =
4" 124.5 124.4 -
5" 7.92,d (8.9) 131.5 7.90,d (8.9) 131.5 =
6" 6.94, d (8.9) 115.3 6.90,d (8.9) 115.4 -
7" 166.9 166.9 -
5-OH 1291,s 12.13,s 13.00,s -

125.6). The key difference from 7 was the presence of a carboxyl
group instead of an aldehyde at C-5". This was confirmed by HM-
BCs of H-4"/H-6" to C-7" and H-3" to C-5". Thus, compound 8
was identified as (S)-5'-(5,7-dihydroxy-4-oxochroman-2-yl)-2',6-
dihydroxy-[1,1'-biphenyl]-3-carboxylic acid.

Comparison of the NMR data (‘H, *C, 2D) of compounds
7 and 8 with those of seladoeflavones C and E from the same
plant " revealed nearly identical spectroscopic profiles. The main
difference was the substitution pattern of ring D: 1,2,5-trisubsti-
tuted in 7 and 8 versus 1,3,4-trisubstituted in seladoeflavones C
and E. However, HMBCs of the aldehyde proton at §; 9.82 to aro-
matic carbons at 6 128.1, 130.5, and 134.0, and of protons at oy
7.70 (7.74)/7.73 (7.75) to the aldehyde or carbonyl carbons at 6.
191.2 (167.4) °, supported the 1,2,5-trisubstitution pattern. Fur-
thermore, DFT-based *C NMR calculations (Fig. 4) confirmed
that the structures of seladoeflavones C and E should be revised
to match those shown in Fig. 1.

Seladoeflavone O (9) was isolated as a yellow amorphous
powder with [oc]lzjg +2.67 (¢ 0.25, MeOH). The molecular formula
was determined as C3;H,,0;, from the molecular ion peak at m/z
555.128 72 [M + H]* (Calcd. for C;H,3010, 555.128 57) in HR-ESI-
MS. The 'H NMR spectrum (Table 4) showed two ABX systems: in
ring B [6, 7.37 (1H, d, ] = 2.2 Hz, H-2"), 7.34 (1H, dd, ] = 8.4, 2.2
Hz, H-6"), 6.91 (1H, d, ] = 8.4 Hz, H-5')] and ring B' [, 7.87 (1H,
dd, ] = 8.6, 2.4 Hz, H-6""), 7.83 (1H, d, ] = 2.4 Hz, H-2""), 6.97 (1H,
d, /= 8.6 Hz, H-5"")]; two meta-coupled proton pairs in ring A [0y
6.13 (1H, d, / = 2.3 Hz, H-8), 6.08 (1H, d, ] = 2.3 Hz, H-6)] and ring
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A' [646.48 (1H, d,] = 2.1 Hz, H-8"), 6.18 (1H, d, ] = 2.1 Hz, H-6")];
a single aromatic proton at éy 6.78 (1H, s, H-3"); and a methoxy
signal at 6y 3.78 (3H s, 7-OMe). An AMX system in the C-ring [0y
2.77 (1H, dd, j = 17.2, 2.9 Hz, H-3.), 3.42 (1H, dd, J = 17.2, 13.0
Hz, H-3,,), and 5.55 (1H, dd, J = 13.0, 2.9 Hz, H-2)] indicated a di-
hydroflavonoid. The *C NMR spectrum showed two conjugated
carbonyls at ¢ 197.1 (C-4) and 181.7 (C-4"). These data suggest
that 9 is a bis-apigenin-type biflavonoid ". DEPT and "*C NMR con-
firmed 30 carbons from the bis-apigenin skeleton and one meth-
oxy carbon at §¢ 55.9. HMBCs of H-2' to C-3"" and H-2"" to C-3' in-
dicated a C-3'-C-3"" linkage, classifying 9 as a 3',3""'-bis-apigenin.
Additionally, HMBCs of H-6/H-8 to C-7 and 7-OMe to C-7 con-
firmed the methoxy group at C-7. Comparison with 7-0-methyl-
2,3,2",3"-tetrahydro-3',3""-biapigenin ** revealed structural sim-
ilarity, except that 9 retains the 2",3" double bond. The planar
structure was confirmed by HMBC, 'H-'H COSY, and HSQC. The
ECD spectrum (Fig. 5) showed a positive Cotton effect at 330 nm
and a negative one at 290 nm, indicating an S configuration **
Thus, compound 9 was identified as (S)-2-(2,2'-dihydroxy-5'-(5-
hydroxy-7-methoxy-4-oxochroman-2-yl)-[1,1'-biphenyl]-4-yl)-
5,7-dihydroxy-4H-chromen-4-one and named seladoeflavone O.
Seladoeflavone P (10) was isolated as a yellow amorphous
powder with [a]}) +2.22 (¢ 0.24, MeOH). Its molecular formula
was determined as C3;H,,04; from HR-ESI-MS, which showed the
[M + H]" peak at m/z 571.123 41 (Calcd. for C5;H,304;, 571.123
49). NMR data (Table 3) indicated a biflavonoid with two flavon-
oid units. The key difference from (25)-5",7"-dihydroxy-2"-phen-
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Fig. 4 Linear correlations between the scaled calculated and experimental *C NMR chemical shifts and statistical DP4 + parameters for compounds 7 and 8.

oxychromonyl-(4"",3")-naringenin '* was the presence of a meth-
oxy group at C-7 (8¢ 167.4) instead of a hydroxyl. This was con-
firmed by HMBCs of 7-OMe (6y 3.78, 3H, s) to C-7 and of H-6/H-8
to C-7. The B'-ring was identified as 1,3,4-trisubstituted benzene
by HMBCs of H-2"'/H-6"" to C-4"" (6; 153.8), H-5"" to C-1"" (&¢
142.6), and C-3"" (8¢ 126.7). The planar structure was confirmed
by HMBC, 'H-'H COSY, and HSQC. The ECD spectrum (Fig. 5)
showed a positive Cotton effect at 330 nm and a negative one at
290 nm, indicating an S configuration **. Thus, compound 10 was
identified as (S)-2-((2',6-dihydroxy-5'-(5-hydroxy-7-methoxy-4-
oxochroman-2-yl)-[1,1'-biphenyl]-3-yl)oxy)-5,7-dihy-droxy-4H-
chromen-4-one and named seladoeflavone P.

The 15 known biflavones were identified as ochnaflavone
(11) *°, 2,3,2",3"-tetrahydroochnaflavone (12) *, 2,3-di-
hydroochnaflavone (13) *°, 2",3"-dihydroochnaflavone (14) *,
delicaflavone (15) *°, 7-O-methyldelicaflavone (16) °, chryso-
cauloflavone 1 (17) *', 2,3-dihydro-3',3""-biapigenin (18) **, in-
volvenflavone G (19) # 2,3,2",3"-tetrahydroamentoflavone
(20) *, ginkgetin (21) *, putraflavone(22) *°, 2,3-dihydroro-
bustaflavone (23) ¥/, robustaflavone (24) **, and robustaflavone
A (25) ?, based on comparison of spectroscopic and physicochem-
ical data with literature reports (Fig. 1).

2.2. Initial assessment of anti-cancer properties

S. doederleinii exhibits various pharmacological activities, in-
cluding anti-microbial, detoxifying, and anti-cancer effects.
Among these, its anti-tumor activity has been most extensively
documented *”*. The inhibitory effects of 25 compounds were
initially evaluated in four representative cancer cell lines: FaDu
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(hypopharyngeal squamous cell carcinoma), HepG2 (hepatocellu-
lar carcinoma), MKN45 (gastric adenocarcinoma), and A549
(lung adenocarcinoma). At 40 pmol-L™, compounds 12, 14, 17,
and 19 exhibited significant inhibition (> 80%) of FaDu cell
growth; compounds 12, 17, and 19 inhibited HepG2 cell prolifer-
ation; and compounds 13 and 17 showed marked activity in
MKN45 cells (Fig. 6). None of the compounds showed strong
activity against A549 cells. Overall, anti-tumor activity was most
pronounced in laryngeal cancer cells. Compounds 12, 14, 17, and
19 are thus potential anti-cancer candidates. However, due to
low isolation yields of 12 and 17, compounds 14 and 19 were se-
lected for further studies in laryngeal cancer cell lines (FaDu and
Hep-2).

2.3. Compounds 14 and 19 inhibit the proliferation of the laryngeal
cancer cells

The methyl thiazolyl tetrazolium (MTT) assay indicated that
compounds 14 and 19 suppressed the proliferation of Hep-2 and
FaDu cells in a concentration-dependent manner, with increasing
inhibition rates observed at higher concentrations (Figs.7A-7B).
The corresponding growth-inhibitory curves and half maximal in-
hibitory concentration (ICsg) values are presented in Fig. 7C. Not-
ably, both compounds exhibited minimal cytotoxicity toward
HEK293 cells even at high concentrations, suggesting selective
anti-tumor activity (Fig.7C). The ICsy values of the positive con-
trol cisplatin were 41.89 + 5.57 umol-L™ for Hep-2 cells and
47.66 + 7.17 ymol-L™ for FaDu cells. Upon treatment with com-
pounds 14 and 19, Hep-2 and FaDu cells displayed promin-
ent plasma membrane blebbing and extensive cellular shrinkage
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Fig. 5 ECD spectra of compounds 5-10.

(Fig. 7D). These findings demonstrate that compounds 14 and 19
selectively inhibit the growth of laryngeal cancer cells without
significant effects on normal cells.

2.4. Compounds 14 and 19 inhibit the migration of laryngeal can-
cer cells

Cell migration was assessed by monitoring the change in
scratch area over time. Compared to the control group, com-
pounds 14 and 19 significantly reduced wound healing percent-
ages in Hep-2 and FaDu cells in both dose- and time-dependent
manners (Figs. 8A and 8C). Matrix metalloproteinase-9 (MMP-9),
a key mediator of cell migration *', was downregulated by both
compounds in Hep-2 and FaDu cells relative to the control (Figs.
8B and 8D). Collectively, these results indicate that compounds
14 and 19 effectively suppress migration in laryngeal cancer
cells.

2.5. Compounds 14 and 19 induce apoptosis in laryngeal cancer
cells

Hoechst 33258 staining revealed an increased number of
cells with bright blue apoptotic bodies, positively correlated with
the concentration of compounds 14 and 19 in both Hep-2 and
FaDu cells (Figs. 9A and 9C). Annexin V-fluorescein isothiocy-
anate (FITC)/propidium iodide (PI) staining further demon-
strated a significant increase in early apoptotic cells (green fluor-
escence) and late apoptotic cells (red fluorescence) following
treatment with 14 and 19 (Figs. 9B and 9D). Together, these data
confirm that compounds 14 and 19 promote apoptosis in laryn-
geal cancer cells.

2.6. Compounds 14 and 19 induce apoptosis in laryngeal cancer
cells via the Akt/mTOR signaling pathway and endoplasmic retic-

ulum (ER) stress, respectively

We first examined apoptosis-related proteins. Compared to
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the control, 4 umol-L™ of compound 14 reduced the Bcl-2/Bax
ratio in Hep-2 cells, while 2-4 pmol-L™ of 14 decreased this ratio
in FaDu cells. Additionally, 2-4 pmol-L™" of compound 14 upregu-
lated cleaved caspase-3 and cleaved PARP (89 kDa) levels in both
Hep-2 and FaDu cells (Fig. 10A). The Akt/mTOR signaling path-
way is aberrantly activated in over 90% of head and neck squam-
ous cell carcinomas, including laryngeal cancer . In Hep-2 cells,
2-4 pmol-L™ of compound 14 reduced the expression of p-Akt
and p-mTOR (Fig. 10B). In FaDu cells, 2-4 umol-L™" of 14 down-
regulated p-Akt, and 4 pmol-L™" reduced p-mTOR levels (Fig.
10B). In both Hep-2 and FaDu cells, 4-8 pmol-L™" of compound 19
significantly reduced the Bcl-2/Bax ratio (Fig. 10C). Cleaved cas-
pase-3 and cleaved PARP levels were elevated by 8 umol-L™" of 19
in Hep-2 cells and by 4-8 pmol-L™" of 19 in FaDu cells (Fig. 10C).
Compound 19 did not alter GRP78 levels in Hep-2 cells, but 4-8
pumol-L™" of 19 reduced GRP78 expression in FaDu cells (Fig.
10D). In Hep-2 cells, 4 umol-L™" of 19 increased cleaved caspase-
12, and 8 pmol-L™" elevated cleaved caspase-7 (Fig. 10D). In FaDu
cells, 4-8 pmol-L™" 19 upregulated cleaved caspase-12, and 8
pumol-L™" increased cleaved caspase-7 (Fig. 10D). Inhibiting the
Akt/mTOR pathway or the adaptive arm of ER stress signaling
has been shown to overcome drug resistance and improve pro-
gnosis in tumors. Taken together, these findings indicate that
compound 14 induces apoptosis partially through the Akt/mTOR
pathway, whereas compound 19 acts via ER stress pathways.

3. Conclusions

In the petroleum ether and ethyl acetate fractions of the
whole herbs of S. doederleinii, ten new flavonoids, seladoe-
flavones J-Q, C, and E (1-10), were isolated, along with fifteen
known biflavones. Compounds 14 and 19 exhibited the most po-
tent activity in inhibiting the proliferation of laryngeal cancer
cells (Hep-2 and FaDu) and inducing apoptosis. Compound 14
triggered apoptosis by suppressing the Akt/mTOR signaling path-
way, whereas compound 19 downregulated ER stress pathways.
This study identifies the major bioactive constituents of S. doeder-
leinii and proposes their potential molecular mechanisms,
thereby expanding the structural diversity and anti-laryngeal
cancer activities associated with this plant. In future work, com-
pounds 14 and 19 will be prepared in larger quantities to enable
in-depth investigation of their anti-laryngeal cancer mechanisms.

4. Experimental

4.1. General experimental procedures

The detailed information has been provided in the Supple-
mentary Material.

4.2. Plant material

The whole dried plants of S. doederleinii were collected from
Nanning, Guangxi Zhuang Autonomous Region, China, in July
2019. The plant material was authenticated by Prof. Dingrong
Wan, an expert at South-Central Minzu University (SCMU). A
voucher specimen (No. SC0611) is deposited in the School of
Pharmaceutical Sciences, SCMU, Wuhan, China.

4.3. Extraction and isolation

Air-dried S. doederleinii (whole herbs, 40.0 kg) were ground
and exhaustively extracted four times with 80% EtOH (50 L, 3
days per extraction). The resulting extract was suspended in
warm water and sequentially partitioned with petroleum ether,
ethyl acetate, and n-butanol. The combined petroleum ether
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Table 3 'H NMR (600 MHz) and **C NMR (150 MHz) data for compounds 6-10 in DMSO-dg.

6 7 8 9 10

No.
Sy 8¢ Oy 8¢ Sy 8¢ Sy Sc Sy Sc

2 5.47,dd (13.0, 2.9) 78.6 5.48,dd (13.0, 2.8) 78.5 5.47,dd (13.0, 2.9) 78.6 5.55,dd (13.0, 2.9) 78.8 5.52,dd (13.1,2.8) 78.7

3.31 (overlapped) 3.31 (overlapped) 3.31 (overlapped) 3.42,dd (17.2,13.0) 3.37 (overlapped)
3 42.1 42.0 42.1 42.1 42.1
2.69,dd (17.1, 2.9) 2.69,dd (17.1, 2.8) 2.69,dd (17.2, 2.9) 2.77,dd (17.2, 2.9) 2.73,dd, (17.1, 2.8)
4 - 196.5 - 196.5 - 196.5 - 197.2 - 197.0
5 - 163.5 - 163.5 - 163.5 - 163.2 - 163.2
6 5.88,d (2.1) 95.8 5.88,d (2.1) 95.8 5.89,d (1.9) 95.8 6.08,d (2.3) 94.7 6.07,d (2.3) 94.7
7 - 166.7 - 166.7 - 166.6 - 167.4 - 167.4
8 5.89,d (2.1) 95.0 5.89,d (2.1) 95.0 5.89,d (1.9) 95.0 6.13,d (2.3) 93.8 6.11,d (2.3) 93.8
9 = 163.0 = 163.0 = 163.0 = 163.0 = 162.9
10 - 101.8 - 101.8 - 101.8 - 102.6 - 102.6
1' - 128.6 - 128.7 - 128.4 - 128.2 - 128.3
2' 7.28,d (2.3) 130.3 7.30,d (2.3) 130.2 7.28,d (2.2) 130.1 7.37,d(2.2) 130.1 7.36,d (2.2) 130.3
3 - 125.1 - 124.5 - 125.2 - 125.4 - 124.5
4' - 155.3 - 155.3 - 155.6 - 156.3 - 155.4
5' 6.92, (overlapped)  115.5 6.94d (8.3) 115.5 6.90, (overlapped)  115.7 6.91,d (8.4) 116.0 6.93,d (8.3) 115.8
6' 7.31,dd (8.4, 2.3) 127.3 7.34,dd (8.3,2.3) 127.5 7.31,dd (8.4, 2.2) 127.2 7.34,dd (8.4, 2.2) 127.2 7.33,dd (8.3,2.2) 127.4
1" - 126.3 - 126.2 - 125.6
2" - 157.5 - 161.0 - 160.0 - 164.2 - 168.1
3" 6.90, (overlapped) 116.2 7.06,d (8.4) 116.1 6.91 (overlapped) 115.8 6.78,s 102.6 5.15,s 86.9
4" 7.53,dd (8.5,2.2) 1289  7.73,dd(84,22) 1305  7.75 (overlapped)  133.2 - 181.7 - 183.1
5" = 125.1 = 128.1 = 120.5 = 161.5 = 161.4
6" 7.48,d (2.2) 1324 7.70,d (2.2) 1340  7.74 (overlapped)  130.1 6.18,d (2.1) 98.8 6.19,d (2.0) 99.2
7" 7.56,d (16.3) 143.7 9.82 191.2 - 167.4 - 164.1 - 163.9
8" 6.61,d (16.3) 124.1 - - - - 6.48,d (2.1) 94.0 6.37,d (2.0) 93.9
9" - 197.8 - - - - - 157.3 - 154.8
10" - - - - - - - 103.7 - 101.9
1 = = = = = = = 119.8 = 142.6
2" - - - - - - 7.83,dd (2.4) 129.7 7.17,d (1.9) 123.5
B - - - - - - - 127.0 - 126.7
4" - - - - - - - 161.0 - 153.8
5 - - - - - - 6.97,d (8.6) 116.9 6.98,d (9.2) 116.8
6" - - - - - - 7.89,dd (8.6, 2.4) 127.2 7.16, (overlapped) 120.4
7-OMe = = = = = = 3.78,s 559 3.78,s 55.9
9"-Me 2.27,s 27.23 - - - -
5-OH 12.16,s - 12.16,s - 12.16,s - 12.14,s - 12.12,s -
5"-OH - - - - - - 13.04,s - 12.82,s -
(345.0 g) and ethyl acetate (501.0 g) fractions were subjected to 20%—-30%—-40%—-50%—60%—70%—80%—95%—anhydrous
HP-20 macroporous resin column chromatography (CC). Gradi- ethanol), followed by anhydrous ethanol: ethyl acetate (1:1). The
ent elution was performed using EtOH in H,0 (10%- eluates were pooled into nine fractions (Fr. A-Fr. I) based on TLC
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Fig. 6 Inhibitory effects of compounds 1-25 (40 umol-L™*) on the viability of FaDu, HepG2, A549, and MKN45 cells (Means + SD, n = 3). The inhibition rate was determined

by comparing to the untreated cells (0 pmol-L™1).
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Fig.7 The effects of compounds 14 and 19 on cell viability and morphology in laryngeal cancer cells. (A-B) Cell inhibition rate (0, 5, 10, 20, 30, 40 pmol-L™). (C) The ICs, of
Hep-2, FaDu, and HEK293 cells. (D) Morphological images of Hep-2 and FaDu cells treated with compounds 14 (0, 2, 4 umol-L™) or 19 (0, 4, 8 umol-L™") for 24 h (magnifica-
tion 200 x). The inhibition rate was determined by comparing to the untreated cells (0 umol-L™), Means # SD (n = 3).

analysis.

Fr. E was separated on a silica gel CC using a CHCl;-MeOH
gradient (100:1 to 1:100, V/V), yielding six fractions (Fr. E1-Fr.
E6). Fr. E2 was further fractionated by Sephadex LH-20 CC with
MeOH elution to afford three subfractions (Fr. E2-1-Fr. E2-3). Fr.
E2-3 was purified by semi-preparative high-performance liquid
chromatography (HPLC) (CNCH3/H,0, 40:60-65:35, V/V, 40
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min, 0.1% formic acid in both phases) to yield compound 2 (3.0
mg). Fr. E3 was chromatographed on Sephadex LH-20 CC with
MeOH elution to give three subfractions (Fr. E3-1-Fr. E3-3). Fr.
E3-3 was purified by semi-preparative HPLC (CNCH;3/H,0,
35:65-75:25, V/V, 40 min, 0.1% formic acid) to afford com-
pounds 6 (6.9 mg) and 7 (10.0 mg). Fr. E4 was fractionated by
Sephadex LH-20 CC with MeOH elution into six subfractions (Fr.
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Fig. 8 Compounds 14 and 19 inhibit the migration of laryngeal cancer cells. (A) Scratch assay of Hep-2 and FaDu cells treated with compound 14 (magnification 40 x). (B)
The MMP-9 expression in Hep-2 and FaDu cells treated with compound 14. (C) Scratch assay with compound 19 (magnification 40 x). (D) The MMP-9 expression with com-
pound 19. Means # SD (n = 3). 'P<0.05, "P<0.01, P < 0.001 vs control (0 umol-L™).

E4-1-Fr. E4-6). Fr. E4-4 was purified by semi-preparative HPLC
(CNCH3/H,0, 35:65-75:25, V/V, 40 min, 0.1% formic acid) to
yield two components (Fr. E4-4-1 and Fr. E4-4-2). Fr. E4-4-1 was
further purified by semi-preparative HPLC (CNCH3/H,0,
40:60—-50:50, V/V, 35 min, 0.1% formic acid) to obtain com-
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pounds 1 (8.7 mg) and 8 (22.5 mg). Compound 5 (3.8 mg) was
isolated from Fr. E4-4-2 by repeated semi-preparative HPLC
(CNCH3/H,0, 40:60—-50:50, V/V, 35 min, 0.1% formic acid). Fr.
E4-5 was purified by semi-preparative HPLC (CNCH3/H,0,
10:90-90:10, V/V, 110 min, 0.1 % formic acid) to yield com-
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Fig. 9 Compounds 14 and 19 induce apoptosis in laryngeal cancer cells. (A-B)
Hoechst 33258 staining and Annexin V-FITC and PI staining of two laryngeal can-
cer cells treated with compound 14 (0, 2, 4 pmol-L™) for 24 h. (C-D) Two types of
staining of cells treated with compound 19 (0, 4, 8 umol-L™) for 24 h. (magnifica-
tion 100 x).

pounds 3 (4.9 mg) and 4 (3.1 mg). Fr. E4-6 was purified by semi-
preparative HPLC to obtain 18 (5.1 mg), 20 (4.3 mg), 23 (3.6
mg), and 24 (2.3 mg) Fr. F was separated on a silica gel CC with
CHCl3-MeOH elution (100:1 to 1:100, V/V) into eight fractions
(Fr. F1-Fr. F8). Fr. F7 was purified by semi-preparative HPLC
(CNCH3/H,0, 35:65-90:10, V/V, 40 min, 0.1% formic acid) to
yield compounds 11 (4.6 mg) and 15 (36.7 mg). Fr. G was separ-
ated on a silica gel CC with CHCl;-MeOH gradient elution (100:1
to 1:100, V/V) into five fractions (Fr. G1-Fr. G5). Fr. G4 was fur-
ther fractionated by Sephadex LH-20 CC with MeOH elution into
three subfractions (Fr. G4-1-Fr. G4-3). Fr. G4-3 was purified by
semi-preparative HPLC (CNCH3/H,0, 40:60-10:90, V/V, 50
min, 0.1% formic acid) to yield seven subfractions (Fr. G4-3-1-Fr.
G4-3-7). Fr. G4-3-5 was purified to afford compounds 12 (20.1
mg), 13 (20.3 mg), 14 (196.5 mg), and 17 (30.7 mg). Fr. G4-3-6
was purified to yield compounds 9 (2.8 mg), 10 (3.1 mg), 19
(86.8 mg), 21 (5.0 mg), and 22 (13.9 mg). Compounds 16 (71.7
mg) and 25 (10.0 mg) were isolated from Fr. G4-3-7 by repeated
semi-preparative HPLC.

4.4. Spectroscopic data of compounds 1-10

Seladoeflavone ] (1): Yellow powder; UV A, (MeOH, nm)
(log €) 221 (2.84), 265 (3.49) and 345 (2.29); IR V. (cm™):
3240, 1651, 1600, 1504 and 1442; 'H and **C NMR spectroscopic
data are given in Table 1; HR-ESI-MS m/z 407.076 02 [M + H]"
(Calcd. for C,H 50g: 407.076 14).

Seladoeflavone K (2): Yellow powder; UV A,,,, (MeOH, nm)
(log €) 221 (2.98), 270 (3.48) and 346 (2.04); IR V., (cm™):
3309, 1654, 1608, 1597, 1554; 'H and "*C NMR spectroscopic
data are given in Table 1; HR-ESI-MS m/z 427.078 92 [M + Na]"
(Calcd. for Cy3H140,Na: 427.078 82).
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Seladoeflavone L (3): Yellow powder; UV A, (MeOH, nm)
(log €) 238 (3.85) and 320 (5.01); IR vy, (cm™): 3367, 1651,
1500, 1423; 'H and *C NMR spectroscopic data are given in Ta-
ble 1; HR-ESI-MS m/z 407.075 99 [M + H]" (Calcd. for Cy,H;50g:
407.076 14).

Seladoeflavone M (4): Yellow powder; UV A, (MeOH, nm)
(log €) 234 (3.85) and 320 (5.01); IR v, (cm™): 3302, 1658,
1597 and 1508; 'H and *C NMR spectroscopic data are given in
Table 2; HR-ESI MS m/z 407.075 99 [M + H]" (Calcd. for C,,H;504:
407.076 14).

Seladoeflavone N (5): Yellow powder; [cx]f)o -3.97 (c 0.42,
MeOH); UV A, (MeOH, nm) (log €) 235 (3.76) and 308 (3.56); IR
Ve (cm™): 3155, 1701, 1604, 1516 and 1465; ECD (¢ 0.42,
MeOH) A, (A€) 290 (-10.36) nm, 328 (3.07) nm; 'H and *C NMR
spectroscopic data are given in Table 2; HR-ESI-MS m/z 409.091
74 [M + H]" (Calcd. for Cy,H;,0g: 409.091 79).

Seladoeflavone Q (6): Yellow powder; [oc]f)[’ -4.89 (c 0.25,
MeOH); UV A,.x (MeOH, nm) (log €) 210 (1.80), 291 (1.08); IR
Vinax (cm™): 3367, 1651, 1450, 1415; 'H and “*CNMR spectro-
scopic data are given in Table 3; HR-ESI-MS m/z 431.115 10 [M -
H] (Calcd. for C;5H1907: 431.113 63).

Seladoeflavone C (7): Yellow powder; [a]lz)o -14.22 (c 0.25,
MeOH); UV A, (MeOH, nm) (log €) 215 (2.18), 290 (1.31); IR
Vimax (cm™): 3410, 1643, 1483; 'H and "*C NMR spectroscopic data
are given in Table 3; HR-ESI-MS m/z 391.082 70 [M - H] (Calcd.
for C;,H50,: 391.082 33).

Seladoeflavone E (8): Yellow powder; [a]lz;) -4.00 (c 0.25,
MeOH); UV A,.x (MeOH, nm) (log €) 215 (1.69), 287 (0.77); IR
Vimax (€cm™): 3375, 1654, 1450, 1411; 'H and “CNMR spectro-
scopic data are given in Table 3; HR-ESI-MS m/z 407.078 30 [M -
H]™ (Calcd. for C,,H;50g: 407.077 24).

Seladoeflavone O (9): Yellow powder; [a]éo +2.67 (c 0.25,
MeOH); UV A, (MeOH, nm) (log €) 215 (2.66), 289 (1.52), 335
(1.13); IR Vo (cm™): 3414, 1647, 1504, 1469; ECD (c 0.25,
MeOH) Ay (A€) 290 (-0.36) nm, 328 (~0.11) nm; 'H and "*C NMR
spectroscopic data are given in Table 3; HR-ESI-MS m/z 555.128
72 [M + H]" (Calcd. for C3;H,304: 555.128 57).

Seladoeflavone P (10): Yellow powder; [a}éﬁ +2.22 (c 0.24,
MeOH); UV A, (MeOH, nm) (log ) 235 (3.76), 290 (3.40); IR
Vinax (cm™): 3398, 1643, 1419; ECD (c 0.24, MeOH) A,,,.(Ag) 290
(-1.92) nm, 330 (0.35) nm; "H and "*C NMR spectroscopic data
are given in Table 3; HR-ESI-MS m/z 571.123 41 [M + H]" (Calcd.
for C3,Hy304;: 571.123 49).

4.5. NMR calculation

The conformations of compounds 1-5, 7, and 8 were determ-
ined by a random conformational search in Sybyl-X 2.1.1 using
the MMFF94S force field. The resulting stable conformers were
optimized using Gaussian 09 at the B3LYP/6-31G(d) level. GIAO
shielding constants were calculated at the mPW1PW91/6-311 +
G(d, p) level with the PCM model. The calculated 'H and "*C NMR
chemical shifts were averaged according to Boltzmann distribu-
tion theory, using relative Gibbs free energies with TMS as refer-
ence. Experimental and calculated NMR data were analyzed
using the DP4 + method in an Excel sheet provided by Grimblat
et al 42,43

4.6. Cell culture

HEK293 (embryonic kidney), FaDu, Hep-2, HepG2, MKN45,
and A549 cells were obtained from the Shanghai Institute of Bio-
chemistry and Cell Biology. Except for FaDu cells, which were cul-
tured in MEM medium, all other cells were maintained in DMEM
supplemented with 10% FBS. Cells were grown to approximately
80% confluence before treatment with compounds 1-25. Cisplat-
in was used as the positive control.
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Fig. 10 Compounds 14 and 19 promote apoptosis in laryngeal cancer cells via the Akt/mTOR signaling pathway and endoplasmic reticulum (ER) stress, respectively. Cells
were incubated with compound 14 (0, 2, 4 umol-L™) or compound 19 (0, 4, 8 umol-L™"). Means * SD (n = 3). 'P < 0.05, "P < 0.01, ""P < 0.001 vs control (0 umol-L™).

4.7. Cell viability assay

Cells were given compounds 1-25 (40 pmol-L™") for 24 h.
Then, MTT was used to evaluate cell viability. The absorbance
was measured at 562 nm. The inhibitory rate was calculated by

(1_

Asample -

Acontm[ - Ahlank

Ablank

) x100%.

4.8. Morphology observation and Hoechst 33258 staining

Hep-2 and FaDu cells were treated with compound 14 (0, 2,
4 pmol-L™") or compound 19 (0, 4, 8 umol-L™") for 24 h. Morpho-
logical changes were recorded (magnification 100 x). Apoptotic
cells were detected by Hoechst 33258 staining, and fluorescence
images were captured (magnification 100 x).

4.9. Wound healing assay

Hep-2 and FaDu cells were treated with compound 14 (0, 1,
2 ymol-L™) or compound 19 (0, 2, 4 pmol-L™). A wound was cre-
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ated by scraping the cell monolayer. Images were captured at 0,
12, and 24 h (magnification 40 x). Wound closure was quantified
using Image] software.

4.10. Annexin V-FITC/PI staining assay

Cells were incubated with compound 14 (0, 2, 4 pmol-L™") or
compound 19 (0, 4, 8 umol-L™) for 24 h. After trypsinization,
cells were stained with Annexin V-FITC and PI. Fluorescence im-
ages were acquired (magnification 100 x).

4.11. Western blots

Cellular proteins were extracted using RIPA lysis buffer. Pro-
teins were separated by SDS-PAGE and transferred to PVDF
membranes. Membranes were blocked with 5% skim milk, incub-
ated with primary antibody at 4 °C overnight, and then with sec-
ondary antibody for 1 h. Protein bands were visualized using the
HRP-ECL detection system.
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4.12. Statistical analysis

All data were expressed as means + SD. One-way analysis of

variance (ANOVA) and Tukey’s post hoc test were used for com-
parisons between multiple groups. Statistical significance is
defined as a P value < 0.05.
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