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Five new flavan-4-ol glycosides jixueqiosides A-E (1-5) and two new flavan glycosides
jixueqiosides F and G (6 and 7), along with twelve known flavan-4-ol glycosides (8-19), were
isolated from the roots of Pronephrium penangianum. Comprehensive spectral analyses, X-ray
single-crystal diffraction, and theoretical electronic circular dichroism (ECD) calculations es-
tablished structures and absolute configurations. A single crystal structure of flavan-4-ol glyc-
oside (14) was reported for the first time, while the characteristic ECD and NMR data for all
isolated flavan-4-ol glycosides (1-5 , 8-19) were analyzed, establishing a set of empirical
rules. Activity screening of these isolates showed that 8 and 9 could inhibit the proliferation
of MDA-MB-231 and MCF-7 cells with ICs, values of 7.93 + 2.85 umol-L™" and 5.87 + 1.58
pmol-L™" (MDA-MB-231), and 2.21 + 1.38 ymol-L ™" and 3.52 # 1.55 pmol-L™" (MCF-7), respect-
ively. Western blotting and flow cytometry analyses demonstrated that 8 and 9 dose-depend-
ently induced apoptosis in MDA-MB-231 cells by up-regulating BAX, activating caspase-3 and
down-regulating BCL-2. Additionally, compound 8 affected autophagy-related proteins, in-
creasing the ratio of LC3-II/LC3-I and Beclin-1 levels to inhibit MDA-MB-231 cell prolifera-
tion. Moreover, anti-inflammatory studies indicated that 2, 3, 7, 13, 14, and 18 moderately
inhibited tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and nitric oxide (NO) release.

1. Introduction

anti-inflammatory, anti-tumor, neuroprotective, antioxidant, anti-
benign prostatic hyperplasia, anti-fibrotic, and analgesic effects °.

Pronephrium penangianum (Hook.) Holtt. is a fern belonging
to the Thelypteridaceae family, widely distributed across south-
ern China '. The Tujia minority population has assigned this fern
several vernacular names, including “jixueqi”’, “jixuelian”,
“huoxuelian”, and “fengweiqi”. It is commonly utilized as a Tujia
ethnomedicine for treating menstrual irregularities, traumatic in-
jury, and rheumatism >°. Additionally, P. penangianum has been
classified in the same order (Polypodiales, Filicales) as the tradi-
tional Chinese medicine (TCM) species Cibotium barometz (gou
ji), Cyrtomium fortunei (guan zhong), and Pyrrosia lingua (shi
wei), prompting further investigation into this intriguing taxo-
nomic association '. Literature review indicates that flavan-4-ol
glycosides, the primary constituents of P. penangianum, have
been reported in only four plant species: P. penangianum *, P. tri-
phyllum > °, P. gymnopteridifrons ', and Glaphyropteridopsis
erubescens °. P. penangianum represents one of the richest
sources of flavan-4-ol glycosides. Furthermore, previous studies
have demonstrated its pharmacological potential, encompassing

* Corresponding author.
E-mail addresses: cpujyq2010@163.com (Y. Jian); wangwei402@hotmail.com
(W. Wang)

https://doi.org/10.1016/S1875-5364(25)60814-4

While numerous flavan-4-ol glycosides have been identified
in P. penangianum, their electronic circular dichroism (ECD) and
nuclear magnetic resonance (NMR) data characteristics have not
been systematically analyzed. This study examines the ECD and
NMR characteristics data of isolated flavan-4-ol glycosides, estab-
lishing a set of empirical rules to facilitate rapid identification of
planar and relative structural configurations. Additionally, natur-
al products serve as valuable sources of drugs with diverse bio-
activities °. Consequently, all compounds were evaluated for their
anti-cancer and anti-inflammatory activities in vitro. Compounds
8 and 9 demonstrated significant inhibitory effects on breast can-
cer cell proliferation (MDA-MB-231 and MCF-7), suggesting their
potential as anti-breast cancer drug candidates.

2. Results and discussion

Compound 1 was isolated as an amorphous white powder. Its
molecular formula was determined by high-resolution electros-
pray ionization mass spectrometry (HR-ESI-MS) (m/z 511.1575
[M + Na]*, Calcd. for Cy5H,50,0Na’, 511.1580). The ultraviolet
(UV) spectrum exhibited maximum absorptions at 206, 226, and
275 nm. The infrared (IR) spectrum revealed characteristic ab-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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sorption peaks at 3411, 1737, 1613, and 1518 cm™ for hydroxyl,
carbonyl, and phenyl functionalities. The '"H NMR spectrum (Ta-
ble 1) displayed characteristic signals for one para-substituted
phenyl group at 6y 7.34 (H-2'/6") and 6.96 (H-3'/5"), (each 2H, d,
J = 8.4 Hz), three methyls at 6y 2.14 (6-CH;), 2.11 (COCH;3) and
2.06 (8-CH3) (each 3H, s), one anomeric proton at 6y 4.37 (1H, d,
J =7.2 Hz, H-1") as well as signals for glucose moiety at 6y 3.42 -
4.44 (H-2"-H-6"). The C NMR spectrum (Table 2) indicated the
presence of a carbonyl group at §; 172.8 (COCH3), one para-sub-
stituted phenyl group [6. 158.4 (C-4'), 133.4 (C-1"), 128.6 (C-
2'/6"), and 116.1 (C-3'/5")], one fully substituted phenyl group
[6¢ 155.0 (C-7), 153.4 (C-9), 152.5 (C-5), 113.7 (C-10), 111.3 (C-
6), and 110.0 (C-8)], and two aromatic methyl groups &¢ 9.3 (6-
CH3) and 8.8 (8-CH3) in the aglycon.

Three spin systems (H-2'/6' to H-3'/5", H-2 to H-4 and H-1"
to H-6") were identified based on the "H-"H COSY spectrum (Fig.
2). The heteronuclear multiple bond (HMBC) correlations of H-6'
with C-2'/C-4" and H-5" with C-1'/C-3" indicated the presence of a
para-substituted phenyl group (Fig. 2). Additionally, the HMBC
correlations of H-4 (6y 5.01) and C-2/C-9 (6. 78.3/153.4), H-
3a/3b (6y 2.17/2.56) and C-10 (8¢ 113.7), H-6 (6y 2.14, 6-CH3)
and C-5/C-7 (6; 152.5/155.0), and H-8 (6 2.06, 8-CH3) and C-
7/C-9 (6¢ 155.0/153.4), confirmed the existence of a 6,8-di-
methyl chromanol moiety. Moreover, the HMBC correlations of H-
2 (6y 4.85) with C-2'/C-6" (6; 128.6) further supported that the
skeleton of 1 was 6,8-dimethyl-2-phenyl-chromanol. The HMBC
correlations of H-1" (6y 4.37) with C-5 (6; 152.5) and H-4 (6y
5.01) with C-2" (8. 86.8) suggested that the glucose moiety has
two binding sites to the aglycon, with C-1" attached to C-5 and C-
2" attached to C-4 through an oxygen bridge, respectively. Con-
sequently, C-5, C-10, C-4, C-2" and C-1" formed a dioxepane ring.
Furthermore, the correlations of H-6"a (6y 4.29) and H-6"b (dy
4.44) as well as a methyl signal (6y 2.11) with the carbonyl car-
bon (8 172.8) indicated that 6"-OH of the glucose moiety was
acetylated. Comparison of the NMR data of 1 with those of aba-
copterin A (8) '’ revealed that their planar structures were quite
similar. The primary difference between 1 and abacopterin A was
that 1 has one less 4'-methyl group than abacopterin A. After acid

OH
OH

OH OAc

OH

H
HO 0
HO 0 %{
OH HO 6 OH
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hydrolysis and derivatization of 1, analytical high-performance li-
quid chromatography (HPLC) analysis confirmed the presence of
a D-glucose unit *. The S-configuration of D-glucose was determ-
ined by the coupling constants of the anomeric proton signals at
8y 4.37 (1H, d, *Jyyy» o = 7.2 Hz, H-1").

In the rotating frame Overhauser effect spectroscopy
(ROESY) spectrum, correlations between H-2 to H-4 and H-4 to H-
2" indicated that H-2 and H-4 were positioned in the same orient-
ation within the dihydropyran ring of 1 (Fig. 3). Moreover, the
strong agreement between the calculated ECD spectrum (Fig. S3)
of 25, 45-1 and experimental data confirmed the absolute config-
uration of compound 1. Consequently, the structure of com-
pound 1 was determined to be (2S, 45)-6,8-dimethyl-7,4'-di-
hydroxyl-4,2"-oxidoflavan-5-0-$-D-6-0-acetyl-glucopyranoside,
and named jixueqioside A.

Compound 2 was isolated as an amorphous white powder. Its
molecular formula was determined through HRESIMS (m/z
511.1575 [M + Na]’, Calcd. for C,5H,g0,0Na’, 511.1580). The
NMR, UV, and IR spectra of 2 exhibited similarities to those of the
known compound 11 ", indicating structural resemblance
between the two compounds. Comparison of the 'H and "*C NMR
spectra of 2 with 11 revealed the absence of an oxygenated
methyl group at C-4' in 2. The absolute configuration of 2 was es-
tablished as 2S and 4R based on nuclear Overhauser effect (NOE)
correlations (H-2 to H-3b and H-4 to H-3a) (Fig. 3) and ECD calcu-
lation (Fig. S3). Acid hydrolysis and derivatization of 2, followed
by analytical HPLC analysis, confirmed the presence of a D-gluc-
ose unit ''. The S-configuration of D-glucose was determined by
the coupling constants of the anomeric proton signals at §y 5.12
(1H, d, *Jy1 2 = 8.4 Hz, H-1"). Consequently, the structure of 2
was elucidated as (25,4R)-6,8-dimethyl-7,4'-dihydroxyl-4,2"-o0x-
idoflavan-5-0-B-D-6-0-acetyl-glucopyranoside, and named jixu-
eqioside B.

Compound 3 was isolated as an amorphous white powder. Its
molecular formula was determined through HRESIMS (m/z
501.1758 [M - H]’, Calcd. for CgH»901¢, 501.1761). The 'H and
3C NMR spectra of 3 were analogous to those of 2. The primary
distinctions between 3 and 2 were the presence of an oxygen-

(0] (0] ‘\\
c NP
R
4
D
o (0]
o
3
OAc
OH
OH
3
(6}
R|2
©
Ol

o
H
SN
HO E

o

6R=H

7R=Ac

OH OH
Gle

Fig.1 Structures of compounds 1-7.
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Table 2 "*C NMR (150 MHz) data for 1-7 in CD;0D

Chinese Journal of Natural Medicines 23 (2025) 593-603

Positon 1 2 3 4 5 6 7

2 78.3d 749d 75.0d 76.1d 74.8d 78.4d 78.4d

8 389t 383t 387t BB 381t 311t 311t

4 74.5d 67.1d 67.0d 66.1d 66.9 d 22.0d 219d

5 152.5s 151.0s 151.0s 157.6 s 151.4s 152.5s 152.1s

6 111.3s 1109s 111.3s 109.7 s 117.0s 1115s 1114s

7 155.0 s 156.1s 156.2's 162.5s 156.2's 153.1s 153.1s

8 110.0s 109.4s 109.5s 109.6 s 118.3s 1103 s 1104 s

9 153.4s 1529s 152.8s 162.0's 1529 152.3s 152.5s

10 113.7s 1053 s 1049s 104.8 s 109.6 s 110.0s 110.0s

6-CH; 93q 9.3q 9.5q 7.1q 10.5q 103 q 10.2q

8-CH3 88q 8.6q 8.6q 195.2q 103 q 8.8q 88q

1' 133.4s 133.6s 134.4s 133.4s 134.5s 136.1s 136.0's

2! 128.6d 128.7d 128.4d 128.8d 128.6d 128.1d 128.1d

3 116.1d 116.1d 1149d 114.9d 116.1d 114.7d 114.7d

4 158.4s 158.2s 161.0s 161.2s 1609 s 161.0s 161.0s

5' 116.1d 116.1d 114.9d 1149d 116.1d 114.7d 114.7d

6' 128.6d 128.7d 128.4d 128.8d 128.6d 128.1d 128.1d

4'-0CHj3 - - 55.7q 55.8q 55.7q 55.7q 55.7q

1" 103.2d 102.3d 102.3d 102.5d 102.4d 106.0d 105.7 d

2" 86.8d 75.7d 74.1d 79.1d 75.9d 75.8d 75.7d

3" 75.6d 76.4d 77.4d 76.2d 76.3d 77.9d 77.9d

4" 71.2d 71.6d 69.6 d 71.3d 71.7d 71.7d 71.8d

5" 76.4d 76.0d 78.8d 76.5d 76.1d 77.9d 75.3d

6" 64.6t 64.5t 62.6t 62.6t 64.6t 62.8t 64.3t

-COCH3 172.8s 172.7 s 172.3s - 172.8s - 172.6 s

-COCHj3 20.7q 20.7q 21.1q - 20.8q = 20.8q
1 - - - - 105.6d - -
o R . - - 75.8d - -
3m _ R - - 78.0d - -
4" - - - - 71.7d - -
5" - - - - 78.0d - -
6" _ R - - 62.8t ° -

ated methyl group (8y 3.82, 8¢ 55.7) attached to C-4' of 3 and the
acetylation of 3"-OH in the glucose moiety unit. This was further
corroborated by the correlation of H-3" (6y 5.13) with the car-
bonyl carbon (¢ 172.3) in the HMBC spectrum (Fig. 2). Addition-
ally, acid hydrolysis and derivatization of 3 with hydrochloric
acid (HCl) yielded D-glucose, which was identified by analytical
HPLC . The B-configuration of the glycosidic bond was inferred
from the value of the anomeric proton signals at 6y 5.22 (1H, d,

596

*Jy1wm2» = 8.4 Hz, H-1"). The absolute configuration of 3 was es-
tablished as 2S and 4R based on NOE correlations (Fig. S36) and
ECD calculation (Fig. S3). Consequently, the structure of 3 was
elucidated as (25,4R)-6,8-dimethyl-7-hydroxyl-4'-methoxy-4,2"-
oxidoflavan-5-0--D-3-0-acetyl-glucopyranoside,
jixueqioside C.

Compound 4 was isolated as an amorphous white powder. Its
molecular formula was determined by HRESIMS (m/z 473.1451

and named
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Fig. 3 Key ROESY correlation of compounds 1 and 2.

[M - H], Calcd. for Cy,H»504y", 473.1448). The HRESIMS spec-
trum of 4 also exhibited fragment ions at m/z 311.0916 [M - H -
C¢H1005]", indicating the presence of a glucose moiety. Acid hy-
drolysis, derivatization of 4, and subsequent analytical HPLC ana-
lysis confirmed the presence of a D-glucose unit ''. The S-config-
uration of D-glucose was established by the coupling constants of
the anomeric proton signals at 8y 5.36 (1H, d, *J1+.42» = 8.4 Hz, H-
1"). Comparison of NMR spectral data with those of 3 revealed
that the methyl at C-6 was replaced by an aldehyde group (oy
10.2, 6¢ 195.2), and the acetyl group was absent in 4. In the HM-
BC spectrum (Fig. 2), correlations between the protons of methyl
(6y 2.01) with C-7 (8¢ 162.5), C-9 (6¢ 162.0), and -CHO (6} 10.2)
with C-7 (8¢ 162.5) indicated the methyl group at C-8 and -CHO at
C-6. The NOE correlation between -CHO (8y 10.2) and H-1" (6y
5.36) further supported the position of -CHO. The configuration
of 4 was determined as 25 and 4R based on NOE correlations (Fig.
S47) and ECD calculations (Fig. S3). Consequently, the structure
of 4 was elucidated as (2S,4R)-6-aldehyde-8-methyl-7-hydroxyl-
4'-methoxy-4,2"-oxidoflavan-5-0-f-D-glucopyranoside, and nam-
ed jixueqioside D.

Compound 5 was isolated as white needles. Its molecular for-
mula was determined by HRESIMS (m/z 687.2247 [M + Na]’, Cal-
cd. for C3,H,00;sNa*, 687.2265). Comparison of the 'H and *C
NMR spectra of 5 with those of 14 revealed that structure 5 was
similar to abacopterin I (14) , differing only in the absence of an
acetyl group. The configurations at C-2 and C-4 were confirmed
as 2S5and 4R based on NOE correlations and ECD calculations
(Fig. S3) of 5. Furthermore, comparison of the spectral data of 5
with 14 confirmed that both compounds shared the same config-
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uration at C-2 and C-4. Additionally, X-ray data (Fig. 4) for aba-
copterin [ (14) was obtained for the first time, supporting the
confirmation of the flavan-4-ol configuration. Acid hydrolysis and
derivatization of 5 with HCI yielded D-glucose, which was further
identified by analytical HPLC ''. The B-configuration of the glyc-
osidic bonds was deduced from the anomeric proton signals at 6y
5.16 (1H, d, ¥Jyy»qip+ = 8.4 Hz, H-1") and 4.64 (1H, d, ¥Jyymqipm =
7.8 Hz, H-1""). Consequently, compound 5 was determined to be
(2S,4R)-4'-methoxy-6,8-dimethyl-4,2"-oxidoflavan-5-0-£-D-6-0-
acetyl-glucopyranoside-7-0-3-D-glucopyranoside and named
jixueqioside E.

Fig. 4 Structure of 14 and its single-crystal X-ray structure.
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Compound 6 was isolated as a colorless amorphous powder.
Its molecular formula was determined by HR-ESI-MS (m/z
461.1814 [M - HJ", Calcd. for Cy4H,9047, 461.1812). The HR-ESI-
MS spectrum of 6 also displayed fragment ions at m/z 299.1286
[M - H - C4H1(05] ", indicating the presence of a glucose moiety.
Acid hydrolysis and derivatization of 6, followed by analytical
HPLC analysis, confirmed the presence of a D-glucose unit '". The
B-configuration of D-glucose was established based on the coup-
ling constants of the anomeric proton signals at 6y 4.58 (1H, d,
*urrnze = 7.8 Hz, H-1"). NMR spectra (Tables 1 and 2) of 6 in
CD30D revealed a set of AA'XX' systems at 6y 7.33 (2H, d,J=9.0
Hz), 6; 128.1 x 2 and &y 6.91 (2H, d, ] = 8.4 Hz), 6 114.7 x 2, an
oxygenated methine at 8y 3.79 (3H, s), 6¢ 55.7, two singlet
methyls at 8y 2.05 (3H, s), 8¢ 8.8 and 6y 2.19 (3H, s), 6¢ 10.3, an
anomeric signal at 8y 4.58 (1H, d, ] = 7.8 Hz), §; 106.0, and a
series of signals corresponding to the glucose moiety at 6y 3.14-
3.81, & 62.8-77.9. These data suggest that compound 6 is likely a
6,8-dimethyl-2-phenyl-chromanol glycoside. The attachment of
the glucose moiety at C-5 was confirmed by HMBC correlations
(Fig. 2) between Glc-H-1" (8 4.58) and C-5 (8¢ 152.5), as well as
ROESY correlations (Fig. S69) between Glc-H-1" (6, 4.58) and Me-
6 (0y 2.19) and H-4a (6y 2.81). The absolute configuration was
determined to be R by comparing its experimental and calculated
ECD curves (Fig. S3). Consequently, compound 6 was identified
as (2R)-6,8-dimethyl-7-hydroxy-4'-methoxyflavan-5-0-$-D-gluc-
opyranoside, and named Jixueqioside F.

Compound 7 was isolated as a colorless amorphous powder.
Its molecular formula was determined by HR-ESI-MS (m/z
505.2051 [M + HJ", Calcd. for C,sHs304,", 505.2074). The NMR
spectroscopic data of 7 closely resembled those of 6 (Tables 1
and 2). The primary distinction between 7 and 6 was the acetyla-
tion of the 6"-OH of the glucose moiety in 7, as confirmed by the
HMBC correlations from H-6" (6 4.28 and 4.33) to C=0 (&¢
172.6), and a methyl (8 1.98) to C=0 (8. 172.6) (Fig. 2). The ab-
solute configuration of C-2 in compound 7 was determined to be
R by comparing its experimental and calculated ECD curves with
those of 6 (Fig. S3). After acid hydrolysis and derivatization of 7,

'H NMR

R,0
C
R,
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analytical HPLC analysis revealed the presence of a D-glucose
unit ''. The B-configuration of D-glucose was established by the
coupling constants of the anomeric proton signals at 6y 4.55 (1H,
d, *Jyympz = 7.8 Hz, H-1"). Consequently, compound 7 was char-
acterized as (2R)-6,8-dimethyl-7-hydroxy-4'-methoxyflavan-5-0-
B-D-6-0-acetyl-glucopyranoside, and named jixueqgioside G.

In addition to the five new flavan-4-ol glycosides (1-5) and
two rare 6,8-dimethyl-2-phenyl-chromanol glycosides (6-7) (Fig.
1), twelve known flavan-4-ol glycosides were isolated. These
were identified as abacopterin A (8) ', abacopterin C (9) '°, aba-
copterin E (10) , (2S, 4R)-6,8-dimethyl-7-hydroxy-4'-methoxy-
4,2"-oxidoflavan-5-0-8-D-6"-O-acetyl-glycopyranoside (11) 7,
eruberin A (12) ", abacopterin F (13) ", abacopterin 1 (14)
(25,4R)-4'-methoxy-6-hydroxymethyl-8-methyl-4,2"-oxidoflavan-
5,7-di-0-B-D-glucopyranoside (15) ’, triphyllin A (16) “, eruber-
in B (17) ", eruberin C (18) * and (2S,4R)-4,4'-dimethoxy-6-
methoxymethyl-8-methyl-5,7-di-0-B-D-glucopyranoside (19) .
The identification was accomplished by comparing their NMR,
HRESIMS, and ECD data (Fig. S2) with those of reported literat-
ure.

To date, twenty-six flavan-4-ol glycosides have been identi-
fied from four plant species: P. penangianum °, P. triphy-
Ilum >°, P. gymnopteridifrons ” and G. erubescens °. The majority of
these compounds exist as glycosides and have been predomin-
antly isolated from P. penangianum. The classification of flavan-4-
ol glycosides is based on the position and number of linked gluc-
ose moieties or the presence of a dioxepane ring formed between
the glucose and aglycone components. This investigation re-
vealed nineteen flavan-4-ol glycosides from P. penangianum, in-
cluding seven new compounds. The structures of all flavan-4-ol
glycosides were determined through NMR data analysis, ECD cal-
culations, and by comparing the spectral data with literature.
Notably, this study presented a single crystal structure of a flavan-
4-ol glycoside (14) for the first time. These compounds were cat-
egorized into closed and open D-ring subtypes based on their
structural characteristics. The configurations of the flavan-4-ol
aglycone moiety primarily manifest as two subtypes: (25, 45) and
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Fig.5 The Key "H NMR (600 MHz) and "*C NMR (150 MHz) data characterization of flavan-4-ols.

598



F. Huang et al.

(2S5, 4R).

A study *° indicates that the ECD regulation of flavan-4-ols ex-
hibits a negative cotton effect around 240 and 280 nm in the 2S5,
4S configuration and a positive cotton effect around 240 and 280
nm in the 25, 4R configuration. The ECD data for all compounds
isolated in the present study (Figs. S2 and S3) align with these es-
tablished guidelines.

Following the determination of the absolute configuration of
the aforementioned compounds, the characteristic'H and "C
NMR data for this class of compounds were systematically ana-
lyzed (Fig. 5, Tables S3 and S4). In the '"H NMR spectra, the main
differences are the coupling constants of H-3a/3b and H-4. Re-
garding the "*C NMR data, it is feasible to ascertain whether the D-
ring is open or closed, as well as the chiral carbon configurations
of flavan-4-ols, based on the chemical shift values of C-2, C-3, and
C-4. Notably, the comprehensive considertation of both 'H and *C
NMR data is more convincing.

Based on the activity screening results, compounds 8 and 9
demonstrated significant anti-breast cancer effects (Fig. 8),
prompting further investigation into their mechanisms. Apoptos-
is, a fundamental and complex biological process, plays a crucial
role in maintaining cellular homeostasis. Proteins from the BAX
family, which promote apoptosis, and those from the BCL-2 fam-
ily, which inhibit it, are recognized as key regulators of this cell
death mechanism . The BCL-2/BAX ratio serves as a biomarker
for apoptosis induced in cancer cells by chemotherapy and radi-
ation treatments. Disruption of the balance between BCL-2 and
BAX alters mitochondrial membrane permeability (MMP), trig-
gering the release of cytochrome c into the cytoplasm and ulti-
mately increasing activated caspase-3 levels. In this study, com-
pounds 8 and 9 significantly increased the apoptosis rate in MDA-
MB-231 cells by reducing BCL-2 expression while enhancing
BAX expression and activating caspase-3 (Figs. 6 and 7). Con-
sequently, these compounds induce apoptosis in MDA-MB-231
cells through the mitochondrial apoptotic pathway.

Given the established correlation between autophagy and
cancer, compound 8 was further examined for its effects on auto-
phagy-related proteins. The levels of light chain 3 (LC3) were as-
sessed via immunoblot analysis of MDA-MB-231 cells treated
with 8, allowing for the differentiation between cytoplasmic LC3-
I and autophagosome-bound LC3-II. The conversion of LC3-I to
LC3-I represents a crucial step in the autophagy process . West-
ern blotting analysis revealed a significant increase in lipidated
LC3-II following treatment with varying concentrations of 8. Ad-
ditionally, the accumulation of Beclin 1, a key regulator of auto-
phagosome formation, further indicated the activation of auto-
phagy (Fig. 6).

Consequently, this study concludes that 8 appears to induce
apoptosis and activate autophagy, ultimately inhibiting the prolif-
erating cell nuclear antigen (PCNA) levels and affecting the prolif-
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2
Caspase 3 5
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eration of MDA-MB-231 cells.
3. Conclusions

In conclusion, the chemical investigation of P. penangianum
yielded 19 compounds, comprising five new flavan-4-ol glycos-
ides (1-5), two new flavan glycosides (6-7), and twelve known
flavan-4-ol glycosides (8-19). All compounds shared a common
6,8-dimethyl chromanol moiety. Notably, these compounds have
been identified in only a few plant species, and unlike previous
discoveries with either 6-CH; or 8-CHj; substitutions, flavan glyc-
osides with methyl groups at both C-6 and C-8 positions are ex-
ceptionally rare in nature. Additionally, the X-ray single-crystal
structure of one flavan-4-ol glycoside (14) was reported for the
first time. Furthermor, all compounds underwent evaluation for
anti-cancer and anti-inflammatory activities. Compounds 8 and 9
demonstrated significant activity against MDA-MB-231 and MCF-
7 cells (Table 3). Their anti-proliferative mechanism on MDA-MB-
231 cells was examined through Western blotting and flow cyto-
metry analysis. Moreover, compounds 2, 3, 7, 13, 14, and 18 ex-
hibited moderate inhibition of tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), and nitric oxide (NO) release (Table 4). This
study provides valuable insights into the configuration of flavan-4-
ol glycoside structures and identifies flavan-4-ol glycosides as po-
tential active constituents with anti-breast cancer properties.

4. Experimental

4.1. General procedures

Chemistry. The ECD spectra were recorded using a JASCO
J1500 spectropolarimeter (JASCO Corporation, Japan). Optical ro-
tations were measured with a Rudolph III-AUTOPOL polarimeter
(Rudolph Research Analytical, USA). HRESIMS data were ob-
tained on a Thermo Scientific Orbitrap Exploris 120 (Thermo Sci-
entific, USA). Spectrophotometric analyses were conducted using
a UV-1900i (Shimadzu, Japan). IR spectra were recorded on a
Nicolet iS5 FT IR spectrometer (Thermo Scientific, USA) using
KBr disks. 'H and "*C NMR spectra were acquired on a Bruker 600
MHz spectrometer (Bruker Corporation, Germany) in CD;0D,
with tetramethylsilane (TMS) as the internal standard. Preparat-
ive and semi-preparative HPLC were performed on an Agilent
1260 HPLC (Agilent Technologies, USA) utilizing a Comosil
5C1g MS-I1 (10.0 mm x 250 mm) column. Column chromato-
graphy was conducted using silica gel (100-200, 200-300 mesh,
Qingdao Marine Chemical Co., Ltd., China) and MCI gel (75-150
um, Mitsubishi Chemical Corporation, Japan). Fractions were
monitored by TLC (GF 254, Qingdao Marine Chemical Co., Ltd.,
China), with spots visualized by heating silica gel plates sprayed
with 10% H,S0, in ethanol (EtOH).

Bioassays. Cell lines utilized in this study were obtained

MDA-MB-231 cells

I Control
8 5 ymol-L!
= 10 pmol-L™!
[ 20 pmol-L™!
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pacin (B = ] 100
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Cleaved Beclin I LC3-1I
Caspase-3

PCNA

Fig. 6 Effect of compound 8 on the levels of apoptosis-associated, autophagy-related, and proliferation-related molecules in MDA-MB-231 cells. (A) Levels of BAX, BCL-2,
Cleaved Caspase-3, Beclin 1, LC3-II, and PCNA in 8-incubated MDA-MB-231 cells were examined using Western blotting. (B) Quantitative analysis of the protein levels indic-
ated above. All data are represented as the average of three independent experiments + SEM. P < 0.01; ""P < 0.001, vs control group.
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Fig. 7 Effect of compound 9 on the levels of apoptosis-associated molecules in MDA-MB-231 cells. (A) Levels of BAX, BCL-2, and Cleaved Caspase-3 in 9-incubated MDA-MB-
231 cells were examined using Western blotting. (B) Quantitative analysis of the protein levels indicated above. All data are represented as the average of three independent

experiments + SEM. P < 0.05; ""P < 0.001, vs control group.
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Fig. 8 MDA-MB-231 cells treated with 8 (A) and 9 (B) at 5, 10, and 20 pmol-L™" for a duration of 48 h were stained using Annexin V-FITC/PI and immediately analyzed by

P <0.001, vs control group.

Table 3 Cytotoxic activities of compounds from P. penangianum in three cancer cell lines

flow cytometry. Quantitative analysis of the apoptosis rate of 8 (C) and 9 (D) treated levels. All data are represented as the average of three independent experiments + SEM.

ICso  SD (umol-L™")

ICso + SD (umol-L™)

Compd Compd
HepG, MDA-MB-231 MCF-7 HepG, MDA-MB-231 MCF-7
1 >80 >80 60.12 + 1.40 8 29.62 +3.57 7.93 £2.85 2.21+1.38
2 42.48+3.76 >80 43.55 + 4.65 9 2834 +233 5.87 +1.58 3.52+1.55
5 31.88+1.59 >80 >80 12 >80 >80 55.27 + 3.84
6 40.75 +2.88 >80 39.02+£0.33 14 >80 >80 58.12 £ 3.47
Dox’ 1.78 £0.11 1.91+0.32 0.57 £0.25 15 >80 >80 50.59 £ 1.07

“Doxorubicin was used as positive controls. The compounds with ICg, values > 80 pmol-L ™ in the above 3 cell lines were not listed in the table. Values represent means + SD

of triplicate experiment.
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Table 4 Inhibitory Effects of Compounds from P. penangianum on LPS-activated TNF-q, IL-6 and NO Production in RAW 264.7 Macrophages.

ICsp £ SD (umol-L™)

ICsp £ SD (umol-L™)

Compd. Compd.
TNF-a IL-6 NO TNF-a IL-6 NO
2 68.75 + 0.85 25.77 £1.38 43.74 +2.97 13 43.50 +4.70 43.76 +3.27 61.84 +2.88
3 25.52£1.02 20.51 +1.41 51.38£3.81 14 2812 +1.37 52.39 £ 3.59 50.54 +1.36
7 21.75£0.81 23.41+1.96 37.17 £4.11 18 31.52+391 28.04 £2.19 52.99 +4.58
Dex’ 13.35+0.63 5.32£0.56 14.72 + 1.65

“Dexamethasone was used as positive controls. The compounds with ICs, values > 80 pmol-L™ were not listed in the table. Values represent means * SD of triplicate

experiment.

from Procell Life Science & Technology Co., Ltd (Wuhan, China).
RAW 264.7 and MDA-MB-231 cells were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS, Procell, Wuhan, China). MCF-7 and
HepG, cells were maintained in MEM enriched with 10% FBS
(Procell, Wuhan, China). All cell lines were incubated at 37 °C in a
humidified atmosphere containing 5% CO,.

Plant material. The P. penangianum plant was collected
from Shimen City, Hunan Province, China, in December 2021. Dr.
Wei Wang from the School of Pharmacy at Hunan University of
Chinese Medicine, China, authenticated the specimen. A voucher
specimen has been deposited in the TCM and Ethnomedicine In-
novation & Development International Laboratory at Hunan Uni-
versity of Chinese Medicine, China (Accession number:
20211201).

Extraction and isolation. Air-dried powder of P. penangian-
um (100.0 kg) was extracted with 95% EtOH/water (H,0), yield-
ing a gummy crude extract (12.7 kg). A portion of the crude ex-
tract (6.0 kg) was suspended in water and then partitioned suc-
cessively with ethyl acetate (EtOAc) to afford an EtOAc-soluble
fraction (1.0 kg). The EtOAc-soluble fraction (0.5 kg) was separ-
ated through a macroporous resin column (EtOH/H,0, 30 : 70,
50:50,70:30,95:5, V/V) to obtain four fractions (Fr. A~Fr. D).
Fr.B (120.0 g) was subjected to silica gel column chromato-
graphy with a gradient of dichloromethane (CH,Cl,)/
EtOAc/MeOH (1:0:0t00:1:0t00:1:1t00:0:1, V/V)to ob-
tain sixteen fractions (Fr. B1-B16). and compounds 11 (6.0 g), 12
(40.0 mg), 9 (100.0 mg). Fr. B7 (2.3 g) was subjected to silica gel
column chromatography with a gradient of CH,Cl,/MeOH (1: 0 to
0:1, V/V) system to afford eleven fractions (Fr. B7.1-Fr.B 7.11),
and compound 3 (5.0 mg) was isolated. Fr. B7.4 was then chro-
matographed on Sephadex LH-20 (MeOH, 100%), and six sub-
fractions (Fr. B7.4.1-Fr. B7.4.6) were obtained. Fr. B7.4.3 was fur-
ther purified by preparative HPLC (MeOH/H,0, 68 : 32, 3
mL-min~"), yielding compound 8 (11.9 mg, 17 min). Fr. B7.6 was
purified by RP-C18 column chromatography (MeOH/H,0, 35 : 65
to 100 : 0) to afford fifteen fractions (Fr. B7.6.1-Fr. B7.6.15). Fr.
B7.6.7 was further purified by semi-preparative HPLC
(MeOH/H,0, 58 : 42, 3 mL-min™"), resulting in compounds 13
(5.0 mg, 7.0 min) and 2 (3.8 mg, 9.0 min). Compound 1 (4.5 mg,
12.0 min) was obtained from Fr. B7.6.3 using preparative HPLC
(MeOH/H,0, 35 : 65 to 100 : 0, 3 mL-min™"). Fr. B7.8 was purified
by preparative HPLC (MeOH/H,0, 58 : 42, 3 mL-min™"), which
resulted in compound 10 (6.0 mg, 10.0 min). Fr. B8 (3.8 g) was
subjected to RP-C;g column chromatography with gradient elu-
tion (MeOH/H,0, 35 : 65 to 100 : 0) to afford twenty-three frac-
tions. Fr. B8.19 was further purified through preparative HPLC
(Acetonitrile/H,0, 50 : 50, 3 mL-min™"), yielding compound 4
(10.0 mg, 13 min). Fr. B8.12 was loaded onto Sephadex LH-20
(MeOH, 100%) and purified by preparative HPLC
(Acetonitrile/H,0, 40 : 60, 3 mL-min™") to afford compound 7
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(23.0 mg, 17 min). Fr. B10 (7.4 g) was chromatographically sep-
arated with RP C18 column (MeOH/H,0, 30 : 70 to 100 : 0),
which resulted in nineteen fractions. Fr. B10.7 was purified by
preparative HPLC (MeOH/H,0, 51 : 49, 3 mL-min™"), which af-
forded compound 6 (82.0 mg, 24.8 min). Fr. B15 (15.2 g) was
fractionated on an RP-C;g column (MeOH/H,0, 30 : 70 to 100 : 0)
to afford thirty-four fractions. Fr. B15.6 was subjected to a silica
gel column (CH,Cl,/MeOH, 1: 0 to 0 : 1,V/V) to obtain six sub-
fractions. Fr. B15.6.5 was further purified by preparative HPLC
(MeOH/H,0, 50 : 50, 3 mL-min™") to yield compounds 16 (7.6 mg,
17.5 min), 17 (45.0 mg, 18.5 min), 18 (6.0 mg, 23.0 min), and 19
(5.0 mg, 25.0 min). Fr. B15.10 was fractionated using silica gel
column chromatography with a gradient of CH,Cl,/MeOH (1: 0 to
0: 1, V/V) system to afford twenty fractions. Fr. B15.10.18 was
further purified by preparative HPLC (MeOH/H,0, 50 : 50, 3
mL-min~"), which resulted in compounds 14 (18.3 mg, 18.2 min)
and 15 (3.5 mg, 22.6 min). Fr. B15.15 was fractionated with
Sephadex LH-20 (MeOH, 100%) and further purified using pre-
parative HPLC (MeOH/H,0, 60 : 40, 3 mL-min™"), which yielded
in compound 5 (5.0 mg, 12.0 min).

Jixueqioside A (1): Amorphous white powder, [a] -53 (c
0.06, CH;0H); IR (KBr) V,,,, 3411, 1737, 1613, 1518, 1250, 1134
cm™; UV (MeOH) A,,,, (log €) 206 (4.59), 226 (4.33), 275 (3.81);
ECD (MeOH) A (Ag) 242 (-1.5), 276 (-0.6); "H NMR (CD5;0D, 600
MHz) and “*C NMR (CD;0D, 150 MHz) data (Tables 1 and 2);
HRESIMS m/z 511.1575 [M + Na]" (Caled. C,5H,50;0Na’,
511.1580).

Jixueqioside B (2): Amorphous white powder; [a]? +262 (c
0.10, CH;0H); IR (KBr) V,,,, 3361, 1709, 1615, 1517, 1248, 1144
cm™; UV (MeOH) A,,,, (log €) 205 (4.45), 226 (4.17), 275 (3.61);
ECD (MeOH) A (Ag) 242 (+0.4), 276 (+0.3); 'H NMR (CD;0D, 600
MHz) and *C NMR (CD;0D, 150 MHz) data (Tables 1 and 2); HR-
ESI-MS m/z 511.1575 [M + Na]" (Calcd. C;5H;,5040Na”, 511.1580).

Jixuegioside C (3): Amorphous white powder; [a]? +40 (c
0.06, CH30H); IR (KBr) V.., 3426, 1733, 1616, 1516, 1457, 1249
cm™’; UV (CH30H) Ay (log €) 206 (4.71), 226 (4.45), 275 (3.68);
ECD (CH;0H) A (A¢) 242 (+0.2), 276 (+0.1); 'H NMR (CD50D, 600
MHz) and *C NMR (CD;0D, 150 MHz) data (Tables 1 and 2); HR-
ESI-MS m/z 501.1758 [M - H]™ (Calcd. C,4H,904¢, 501.1761).

Jixuegioside D (4): Colorless amorphous powder; [a]¥ +35 (¢
0.12, CH30H); IR (KBr) V., 3461, 1633, 1630, 1517, 1464, 1291
cm™; UV (CH30H) Ay, (log €) 228 (4.48), 290 (4.24); ECD
(CH30H) A (Ag) 242 (+0.5), 276 (+1.2); 'H NMR (CD;0D, 600
MHz) and *C NMR (CD;0D, 150 MHz) data (Tables 1 and 2); HR-
ESI-MS m/z 473.1451 [M - H] (Calcd. Cp4H,50,,, 473.1448).

Jixuegioside E (5): White needles; [e¢]) +150 (c 0.08,
CH50H); IR (KBr) V.., 3454, 1725, 1642, 1517, 1421, 1249 cm™};
UV (CH30H) A, (log €) 205 (3.85), 226 (3.53), 275 (2.43); ECD
(CH30H) A (Ag) 242 (+0.4), 276 (+0.2); 'H NMR (CD;0D, 600
MHz) and "*C NMR (CD;0D, 150 MHz) data (Tables 1 and 2); HR-
ESI-MS m/z 687.2247 [M + Na]" (Calcd. C3,H40045Na”, 687.2265).

Jixueqioside F (6): Yellow powder; [a]¥ +102 (c 0.08,
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CH350H); IR (KBr) Vy. 3412, 1612, 1515, 1463, 1249 cm™; UV
(CH50H) A, (log €) 203 (4.70), 226 (4.38), 275 (3.66); ECD
(CH3;0H) 2 (Ag) 276 (+0.02); "H NMR (CD;0D, 600 MHz) and **C
NMR (CD;0D, 150 MHz) data, see Tables 1 and 2); HR-ESI-MS
m/z461.1814 [M - H]™ (Calcd. C;4H,909, 461.1812).

Jixueqioside G (7): Colorless amorphous powder; [e] +118
(¢ 0.08, CH;0H); IR (KBr) Vi, 3407, 1738, 1611, 1515, 1249
cm™; UV (CH30H) Apnay (log €) 203 (2.99), 226 (2.65), 273 (2.25);
ECD (CH;0H) A (Ag) 276 (+0.02); 'H NMR (CD50D, 600 MHz) and
3C NMR (CD;0D, 150 MHz) data (Tables 1 and 2); HR-ESI-MS
m/z 505.2051 [M + H]" (Calcd. C,4H3301,", 505.2074).

X-ray crystallographic analyses of 14. Compound 14 was
crystallized from an H,0-MeOH (2 : 3) solution at room temper-
ature. The X-ray crystallographic data for 14 have been depos-
ited in the Cambridge Crystallographic Data Centre, CCDC
2358984.

ECD calculations. The methodology for quantum chemical
ECD calculations of compounds 1-7 is detailed in the Supporting
Information.

Acid hydrolysis. The absolute configuration of the sugar
moiety was determined by the HPLC method . Compounds 1-7
(1.0 mg) underwent hydrolysis in 2 mol-L™ HCI at 80 °C for 4 h,
followed by extraction with EtOAc. The aqueous layer was neut-
ralized, evaporated under vacuum, and dissolved in anhydrous
pyridine (1.0 mL) containing L-cysteine methyl ester hydrochlor-
ide (2.0 mg). After heating the reaction mixture at 60 °C for 1 h,
isothiocyanate (2.0 mg) was added, and the mixture was main-
tained at 60 °C for an additional hour. The reaction product was
evaporated under vacuum, dissolved in MeOH, and analyzed via
analytical HPLC [(Agilent ZORBAX Eclipse XDB-C18, 4.6 mm x
250 mm, 5.0 um, USA); flow rate: 0.8 mL-min"}; mobile phase:
CH3CN-0.06% aqueous formic acid (25 : 75, V/V); detection
wavelength: 250 nm].

Cytotoxicity assays. The impact of the compounds on cell
proliferation and viability was assessed using the cell counting kit-
8 (CCK-8, Elabscience, China) assay. Cells were seeded in 96-well
plates at a density of 8.0 x 10° cells/well in a final volume of 100
uL and exposed to varying concentrations (2.5, 5, 10, 15, 20, 40,
60, 80 umol-L™") of the compounds. Following a 48-hour treat-
ment period, 10 pL of CCK-8 solution was added to each well con-
taining 100 pL of culture medium. The plate was then incubated
at 37 °C for 0.5 h. Subsequently, the absorbance of each well was
measured at 450 nm using a microplate reader (Biotek, USA).

Western blotting. Following 48 h of treatment with com-
pounds 8 and 9 (5, 10, and 20 pmol-L™), the treated cells were
harvested and lysed with RIPA buffer. The protein concentration
of each sample was determined using the BCA Protein Assay Kit.
Samples were diluted with 4 x loading buffer and denatured at
95 °C for 10 min. Subsequently, proteins were separated using
12.5% SDS-PAGE and transferred to PVDF membranes. The pro-
teins on the membranes were then blocked in 5% nonfat
milk-Tris-buffered saline-Tween 20 (TBST) solution at 25 °C for
2 h. The membranes were incubated with various primary anti-
body solutions overnight at 4 °C. Antibodies including anti-BAX
(Cat. No. 50599-2-1g), anti-BCL-2 (AF6139), anti-Cleaved Caspase-
3 (AF7022), anti-Beclin 1 (AF5128), anti-LC3 (AF5402), and anti-
PCNA (AF0239) were obtained from Proteintech (Wuhan, China)
or Affinity (Jiangsu, China). Following incubation, membranes
were washed four times with TBST solution (8 min each) and
then incubated with the corresponding secondary antibodies. Fi-
nally, after incubation with an ECL chemiluminescence solution,
protein bands on the membranes were visualized using a multis-
pectral imaging system (Tanon 5200 Multi).

Flow cytometry staining. Following 48 h of sample treat-
ment, cells were harvested, washed with cold PBS, and resuspen-
ded in 1x binding buffer. Each cell set underwent staining with
annexin V-FITC and PI, followed by incubation at room temperat-
ure for 15 minutes. Flow cytometry analysis was subsequently
conducted to assess cellular apoptosis.
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4.2. Anti-inflammatory activity assays

Cell viability. RAW 264.7 cells were seeded at 8 x 10°
cells/well in a 96-well plate and incubated overnight. The cells
were then treated with compounds 1-19 (20 pmol-L™) for 24 h.
Following the treatment period, CCK-8 solution (Elabscience,
China) was added and incubated at 37 °C for 0.5 h. Subsequently,
the absorbance was measured at 450 nm.

NO assay. RAW 264.7 cells were cultured at 2 x 10*
cells/well in DMEM containing 10% FBS in 48-well plates for 24 h
and subsequently pretreated with compounds 1-19 for 2 h prior
to LPS (0.1 ug-mL’l) (Beyotime, Shanghai, China) stimulation for
24 h. The supernatant of cultured cells was collected and com-
bined with an equal volume of Griess reagent [equal volumes of
1% (W/V) sulfanilamide in 5% (V/V) H3PO, and 0.1% (W/V) N-(1-
naphthyl) ethylenediamine dihydrochloride], incubated at room
temperature for 15 min, and the absorbance was measured at
540 nm using a microplate reader. Sodium nitrite (NaNO,) served
as a standard to calculate the nitrite concentration. Inhibition (%)
was calculated as (1-(Apps + sample ~ Auntreated)/ (ALps = Auntreated) *
100. The inhibition rates (%) were expressed as the mean *
standard deviation (SD) of at least three independent experi-
mental determinations.

TNF-a and IL-6 assay. The quantification of TNF-a and IL-6
levels was conducted using a quantitative enzyme-linked immun-
osorbent assay (ELISA) kit (Elabscience, Wuhan, China). RAW
264.7 cells were cultured at 2 x 10* cells/well in DMEM supple-
mented with 10% FBS in 48-well plates for 24 h. Subseg-
uently, the cells were pretreated with compounds 1-19 for 2 h
and then stimulated with LPS (0.1 pg-mL™) for 24 h. The super-
natant was then collected to assess the production of TNF-a and
IL-6. Following the ELISA assay protocol, absorbance was meas-
ured at 450 nm. Cytokine concentrations were determined using
a standard calibration curve. The half maximal inhibitory concen-
tration (ICso) values were calculated as the mean * SD from at
least three independent experimental determinations.

Statistical Analysis. Data obtained from breast cancer cells
treated with compounds 8 and 9 were analyzed using a one-way
ANOVA, performed with GraphPad Prism 9.5 software (Graph-
Pad Software, San Diego, California, USA). Statistical significance
was defined as P < 0.05.
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