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e plant Atriplex maximowicziana
with previously undescribed terpenoids and anti-
colorectal cancer chlorophyll stereoisomers
utilizing a molecular networking approach

Andrea Gu, ab Po-Jen Chen,cd Yih-Fung Chen, e Ho-Cheng Wu *bfg

and Tzong-Huei Lee*a

Coastal halophyte plants are well known for producing various bioactive secondary metabolites. Atriplex

maximowicziana Makino (Hae-Fwu-Rong), a halophyte plant growing in coastal areas of East Asia, has

been traditionally used to treat pathogenic wind and rheumatoid arthritis. A comprehensive feature-

based molecular networking (FBMN) analysis of fractions derived from n-hexane and n-butanol layers of

A. maximowicziana methanolic extract revealed triterpenoids, triterpenoid saponins, and tetrapyrroles as

the predominant molecular families. Guided by the prominent molecular families identified, targeted

fractionation led to the isolation and structural elucidation of eight previously undescribed metabolites,

including four triterpenoid-saponins, atriplexosaponins A–D (1–4), two triterpenoids, atriplexoterpenes

A–B (5–6), two chlorophylls, atriplexophylls A–B (7–8), along with 13 known compounds (9–21).

Eighteen compounds with sufficient amounts were evaluated for their anticancer activity on human

colorectal cancer cell lines, HT-29 and HCT-116, respectively. Among them, atriplexophyll A (7) was the

most potent against colorectal cancer cells (IC50 = 0.14–0.33 mM across HCT-116 and HT-29), followed

by atriplexophyll B (8) (IC50 = 7.95–8.81 mM). Both showed minimal effects on normal epithelial (IEC-6)

and fibroblast (3T3-L1) cells within the tested concentration range. These findings highlight the potential

of chlorophyll-b-type compounds bearing a pyran ring as selective anticancer agents and underscore

the utility of FBMN in the discovery of bioactive natural products. Altogether, these findings unveiled the

potential of A. maximowicziana in developing therapeutics for colorectal cancer.
Introduction

Coastal halophyte plants grow in extreme environments,
evolving diverse morphological, anatomical, and physiological
adaptations to endure saline conditions.1–3 Halophyte plants
typically adapt by synthesizing various secondary metabolites to
counter environmental stressors like oxidative stress and high
salinity.4 Those secondary metabolites from halophytes have
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been illustrated to serve physiological activities with antivirus,5

antidiabetic,6 and antioxidant effects.7 Additionally, they have
been identied as promising renewable natural resources for
cancer prevention and treatment.7,8

Atriplex (Amaranthaceae family), one of the halophyte plants,
comprises approximately 300 species distributed across various
regions, including Asia, North America, Australia, and Africa.9

These plants are known for adapting to extreme environments,
particularly saline and arid regions.10 So far, only seven Atriplex
species have been studied for their secondary metabolites and
bioactivities, including A. stocksii,11 A. glauca var. iniensis,12 A.
dimorphostagia,13 A. lasiantha,9 A. semibaccata,14 A. littoralis,10

and A. halimus.7 Several types of phytochemicals have been
isolated from Atriplex, including alkaloids, coumarins, avo-
noids, lignanamides, and mainly terpenoids.14 Some
compounds from Atriplex species have shown promising activity
in different bioassay platforms. For example, avonoids have
shown antioxidant and anti-inammatory activities,10 alkaloids
and triterpenoids showed cytotoxicity.9 A. maximowicziana
Makino, also known as Hae-Fwu-Rong, is widely distributed
along the sandy and coral-rocky seashores of East Asia.15 The
RSC Adv., 2025, 15, 45573–45588 | 45573
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entire plant has traditionally been used in folk medicine to
expel pathogenic wind and treat rheumatoid arthritis.16 Besides,
as a halophyte, A. maximowicziana may produce unique stress-
induced secondary metabolites that confer resilience to harsh
environments.9,10 By contrast, A. maximowicziana remains
largely unexplored, with no published data on its chemical
composition or bioactivity. Here, we provide the rst chemical
and biological characterization of A. maximowicziana, disclose
six terpenoids that differ from those described in other Atriplex
species, and demonstrate selective cytotoxicity against colo-
rectal cancer cells. These ndings broaden the chemical space
currently attributed to the genus.

Molecular networking (MN), initially developed through the
web-based platform global natural products social molecular
networking (GNPS),17 is a visualized computational approach for
classifying metabolites based on the similarities of their MS/MS
spectra.18 Nodes within a molecular network can be annotated
by comparing against compound libraries such as those in GNPS,
calculating molecular formulas and MS/MS fragmentation
patterns using soware like SIRIUS,19 and applying chemical
classication tools such as NPClassier20 and ClassyFire.21 Feature-
basedMN (FBMN) is an advanced version ofMN that allows for the
distinction of isomeric compounds.22 This approach enables the
construction of a detailed chemical map of A. maximowicziana,
integrating classication, annotation, and dereplication to high-
light interesting compounds within complex extractions. Given its
potential to uncover previously undescribed bioactive constituents,
further research on A. maximowicziana is warranted to elucidate its
phytochemical and pharmacological signicance.

Colorectal cancer (CRC) is one of the most prevalent and
lethal malignancies worldwide, ranking as the third most
commonly diagnosed cancer and the second leading cause of
cancer-related deaths globally.23 Due to the introduction of
modern lifestyle (dietary habits, sedentary lifestyles, and genetic
predisposition), the incidence of colorectal cancer has been
steadily rising, especially in developed countries.24 Currently,
surgery and chemotherapy have served as the primary treatments
for colorectal cancer. However, these approaches have notable
challenges and limitations that can signicantly impact patients'
lives.25 Therefore, nding drugs with high therapeutic efficiency
with low side effects is essential. Natural products derived from
medicinal plants andmicroorganisms have been a crucial source
of anticancer compounds.26 To evaluate the potential of
secondary metabolites as anticancer agents, in vitro studies using
well-established human colorectal cancer cell lines are
required.27HCT-116 and HT-29 are widely used human colorectal
cancer cell lines that serve as valuable models for drug screening
and mechanistic studies.28 By leveraging these two cell lines, our
research aims to identify and characterize secondary metabolites
that demonstrate the anticancer effects of the whole plant of A.
maximowicziana against colorectal cancer.

Experimental
General experimental procedures
1H, 13C, 1D, and 2D nuclear magnetic resonance (NMR) spectra
were acquired on an Agilent DD2 600 MHz NMR (Agilent, Santa
45574 | RSC Adv., 2025, 15, 45573–45588
Clara, CA, USA) and Bruker AVIII 800 MHz NMR with Cryoprobe
(Bruker, Bremen, Germany). High-resolution mass spectrom-
etry (MS) and MS/MS data were obtained using Thermo Dionex
UltiMate 3000 ultra-high-performance liquid chromatography
(UHPLC) coupled to a Thermo Q-Exactive Plus Orbitrap mass
spectrometer system (Thermo, Waltham, MA, USA) and Thermo
Dionex UltiMate 3000 UHPLC coupled to a Thermo Orbitrap
Fusion Lumos Tribrid Mass Spectrometer system (Thermo,
Waltham, MA, USA). Ultraviolet (UV) spectra were respectively
measured on a Jasco P-2000 polarimeter (Jasco, Tokyo, Japan)
and a Thermo UV-Visible Helios a spectrophotometer (Thermo,
Waltham, MA, USA). Infrared (IR) spectra were recorded on
a Jasco FT/IR 4100 spectrometer and a Jasco FT/IR-4600 spec-
trometer (Jasco, Tokyo, Japan). TLC was performed using silica
gel 60 F254 plates and silica gel 60 RP-18 F254 plates with
a thickness of 0.2 mm (Merck, Darmstadt, Germany). Flash
medium-performance liquid chromatography (Flash-MPLC)
was performed using Santai SepabeanTM machine 2 (Santai,
Changzhou, China) with silica gel (SiliaFlash® P60, 230-400
mesh; Silicycle, Quebec, Canada). MPLC was carried out with
glass columns packed with silica gel (Chromatorex SMB 100-20/
45, Fuji Silysia Chemical, Nagoya, Japan) and RP-C18 (YMC
ODS-A-HG, 12 nm, S-50, Kyoto, Japan), performed using
a Waters 515 HPLC Pump (Waters, Milford, MA, USA). Diaion
(Mitsubishi Chemical, Tokyo, Japan) was used for open column
chromatography. Further purication steps were performed by
high-performance liquid chromatography (HPLC) using the
Shimadzu SCL-40 system with an SPD-M40 photodiode array
(PDA) detector (Shimadzu, Kyoto, Japan).

Plant material

The whole plant of Atriplex maximowicziana Makino (Cheno-
podiaceae) was collected in February 2023 on the sandy beach of
Wanggong Harbor, Changhua County, Taiwan, and identied
by Dr Ho-Cheng Wu. A voucher specimen (HCW-P21) was
deposited with the herbarium of the College of Pharmacy,
Kaohsiung Medical University, Kaohsiung, Taiwan.

Feature-based molecular networking (FBMN) of A.
maximowicziana fractions

The MS and MS/MS data of 11 fractions derived from the n-
hexane and n-butanol layers of A. maximowicziana methanolic
extract were obtained from Thermo DIONEX UltiMate 3000
UHPLC coupled to a Thermo Q-Exactive Focus Orbitrap mass
spectrometer spectrometric system (Thermo, Waltham, MA,
USA). The fractions were dissolved in methanol and ltered
through 0.2 mmPTFE syringe lters (Pall, NY, USA). The analysis
parameters were as follows: Thermo Hypersil GOLD™ RP-C18
UHPLC column, H2O/95% acetonitrile 95/5 to 0/100 with 0.1%
formic acid and 2 mM ammonium formate, the top three
precursor ions were fragmented with ramping of energies of 10,
20, and 40 eV. The collected MS andMS/MS data were converted
to mzML format by MSConvert soware,29 processed by
MZmine soware (ver.4),30 then exported for FBMN analysis22 in
the GNPS platform,17 and also output for feature structure
annotation, prediction, and classication with NP Classier,20
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ClassyFire21 by soware SIRIUS (ver.6).19 The FBMN network on
GNPS was generated in the linkages between nodes with cosine
scores above 0.7, and at least six matched fragment ions (job ID:
8e1a1e1a47a746c48321b479e2eb8281). The GNPS library was
utilized for node annotation, with at least six matching peaks
and cosine scores above 0.7.
Extraction and isolation

The dried A. maximowicziana (12.8 kg) was extracted at room
temperature with methanol (MeOH) (70 L) three times to yield
a MeOH extract (1.6 kg). The MeOH extract was partitioned
between n-hexane (Hex) and H2O (1 : 1) to yield a Hex-soluble
layer (124.9 g) and an H2O-soluble layer. Then, the H2O-
soluble layer was partitioned between n-butanol (BuOH) and
H2O (1 : 1) to yield a BuOH-soluble layer (97.8 g) and an H2O-
soluble layer (202.2 g). The Hex-soluble layer (124.9 g) was
subjected to Flash-MPLC (silica gel; n-hexane/ethyl acetate 90/
10 to 100% ethyl acetate, then washed with 100% methanol)
to produce seven fractions (Fr. 1–7). The BuOH-soluble layer
(97.8 g) was subjected to column chromatography (Diaion;
water/methanol 75/25 to 100% methanol, then washed with
100% acetone) to yield four fractions (Fr. 8–11). Fr. 4 was sub-
jected to Flash-MPLC (silica gel; dichloromethane/ethyl acetate
99/1 to 100% ethyl acetate, then washed with 100% methanol)
to afford 13 fractions (Fr. 4-1–4-13), Fr. 4-10 was subjected to
MPLC (RP-C18 gel, H2O/acetone 1/6, column size: 1.5 × 30 cm)
to give 15 fractions (Fr. 4-10-1–4-10-13), Fr. 4-10-2 was subjected
to MPLC (silica gel, n-hexane/acetone 3/1, column size: 1.5 × 30
cm) to produce 9 fractions (Fr. 4-10-2-1–4-10-2-9), Fr. 4-10-2-6
was subjected to an HPLC column (RP-C18, H2O/acetonitrile 1 :
4) to obtain compound 7 (3.33 mg) and compound 8 (0.91 mg).
Fr. 6 was subjected to MPLC (silica gel, n-hexane/acetone 3/1,
column size: 2.5 × 25 cm) to afford 16 fractions (Fr. 6-1–6-16).
Fr.6-8 was subjected to MPLC (silica gel, dichloromethane/
acetone 10/1, column size: 1.5 × 30 cm) to give 16 fractions
(Fr. 6-8-1–6-8-16), Fr.6-8-14 was subjected to an HPLC column
(RP-C18, H2O/acetonitrile 1 : 1) to obtain compound 5 (2.19 mg).
Fr.6-11 was subjected to MPLC (silica gel, dichloromethane/
acetone 5/1, column size: 1.0 × 30 cm) to give 12 fractions (Fr.
6-11-1–6-11-12). Fr. 6-11-11 was subjected to MPLC (RP-C18,
H2O/methanol 1/2, column size: 1.0 × 30 cm) to obtain
compound 6 (2.70 mg). Fr. 10 was subjected to column chro-
matography (LH-20, methanol) to afford 12 fractions (Fr.10-1–
10-12). Fr. 10-3 was subjected to MPLC (silica gel,
dichloromethane/methanol 6/1, column size: 2.5 × 25 cm) to
give 10 fractions (Fr. 10-3-1–10-3-10). Fr. 10-3-6 was subjected to
MPLC (RP-C18, H2O/acetone 4 : 7, column size: 1.5 × 30 cm) to
produce 12 fractions (Fr. 10-3-6-1–10-3-6-12). Fr. 10-3-6-6 sub-
jected to MPLC (silica gel, n-hexane/acetone 2/3, column size:
1.0 × 30 cm) to yield 6 fractions (Fr. 10-3-6-6-1–10-3-6-6-6). Fr.
10-3-6-6-3 was separated with prep. TLC (H2O/acetone 1 : 1) to
obtain compound 1 (1.45 mg) and compound 4 (5.01 mg). Fr.
10-3-6-9 subjected to MPLC (RP-C18, H2O/acetone 1 : 2, column
size: 1.0 × 30 cm) to obtain compound 2 (9.57 mg) and
compound 3 (7.89 mg). The isolation owchart of compounds
1–21 can be retrieved from the SI (Fig. S1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Spectral data of previously undescribed compounds

Atriplexosaponin A (1): yellowish amorphous solid; IR (ATR)
nmax: 3375 (–OH), 1643 (C]C) cm−1; 1H NMR (CD3OD, 800
MHz) and 13C NMR data (CD3OD, 200 MHz): see Table 1;
HRESIMS [M + Na]+ at m/z 835.4816 (calcd 835.4814 for
C43H72O14Na

+).
Atriplexosaponin B (2): yellowish amorphous solid; IR (ATR)

nmax: 3342 (–OH), 1644 (C]C) cm−1; 1H NMR (CD3OD, 800
MHz) and 13C NMR data (CD3OD, 200 MHz): see Table 1;
HRESIMS [M + Na]+ at m/z 877.5282 (calcd 877.5284 for
C46H78O14Na

+).
Atriplexosaponin C (3): yellowish amorphous solid; IR (ATR)

nmax: 3383 (–OH), 1734 (C]O), 1643 (C]C) cm−1; 1H NMR
(CD3OD, 800 MHz) and 13C NMR data (CD3OD, 200 MHz): see
Table 1; HRESIMS [M + Na]+ at m/z 919.5381 (calcd 919.5389 for
C48H80O15Na

+).
Atriplexosaponin D (4): yellowish amorphous solid; IR (ATR)

nmax: 3363 (–OH), 1716 (C]O), 1643 (C]C) cm−1; 1H NMR
(CD3OD, 600 MHz) and 13C NMR data (CD3OD, 150 MHz): see
Table 1; HRESIMS [M + H]+ at m/z 1040.6522 (calcd 1040.6516
for C55H94NO17

+).
Atriplexoterpene A (5): yellowish amorphous solid; IR (ATR)

nmax: 3394 (–OH), 1698 (C]O), 1652 (C]C) cm−1; 1H NMR
(CD3OD, 800 MHz) and 13C NMR data (CD3OD, 200 MHz): see
Table 1; HRESIMS [M + H]+ at m/z 471.3477 (calcd 471.3469 for
C30H47O4

+).
Atriplexoterpene B (6): yellowish amorphous solid; IR (ATR)

nmax: 3355 (–OH), 1652 (C]C) cm−1; 1H NMR (CD3OD, 800
MHz) and 13C NMR data (CD3OD, 200 MHz): see Table 1;
HRESIMS [M + H]+ at m/z 489.3576 (calcd 489.3575 for
C30H49O5

+).
Atriplexophyll A (7): greenish amorphous solid; V lmax

(MeOH) (log 3): 457 (3.69), 586 (2.84), 635 (3.21) nm; IR (ATR)
nmax: 3356 (–OH, –NH), 1705 (C]O), 1643 (C]C) cm−1; 1H NMR
(CD3OD, 600 MHz) and 13C NMR data (CD3OD, 150 MHz): see
Table 2; HRESIMS [M + H]+ at m/z 667.2770 (calcd 667.2762 for
C37H39N4O8

+).
Atriplexophyll B (8): greenish amorphous solid; UV lmax

(MeOH) (log 3): 456 (3.63), 584 (2.70), 635 (3.06) nm; IR (ATR)
nmax: 3363 (–OH, –NH), 1705 (C]O), 1639 (C]C) cm−1; 1H NMR
(CD3OD, 600 MHz) and 13C NMR data (CD3OD, 200 MHz): see
Table 2; HRESIMS [M + H]+ at m/z 667.2768 (calcd 667.2762 for
C37H39N4O8

+).
The phytochemical spectra of compounds 1–8 were acces-

sible in the Supplementary Information (Fig. S2–S65).
Cell culture

HCT-116 (RRID: CVCL_0291), IEC-6 (RRID: CVCL_0343), and
3T3-L1 (RRID: CVCL_0123) cells were obtained from Bi-
oresource Collection and Research Center (Hsinchu, Taiwan).
HT-29 (RRID: CVCL_0320) cells were obtained from American
Type Cell Collection (Manassas, VA, USA). HCT-116 and HT-29
cells were maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum and 1× Antibiotic-Antimycotic at
37 °C in a humidied incubator with 5% CO2. IEC-6 cells were
cultured in DMEM media supplemented with 5% fetal bovine
RSC Adv., 2025, 15, 45573–45588 | 45575

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06325f


Table 1 1H NMR and 13C NMR data of compounds 1–4 in CD3OD

Position

1 2 3 4

dH, mult (J in Hz) a dC
c dH, multa (J in Hz) dC

c dH, multa (J in Hz) dC
c dH, multb (J in Hz) dC

d

1 a 1.86, m 41.1 1.90, m 41.1 1.90, m 41.2 1.91, m 41.2
b 1.26, m 1.27, m 1.27, m 1.28, m

2 a 1.74, m 27.3 1.74, m 27.3 1.73, m 27.3 1.73, m 27.3
b 1.95, m 1.94, m 1.94, m 1.94, m

3 a 3.20, m 91.2 3.21, m 91.3 3.21, m 91.3 3.21, m 91.2
4 — 40.7 — 40.7 — 40.7 — 40.7
5 a 0.84, dd (12.0,1.6) 57.0 0.83, dd (12.0, 0.8) 57.0 0.82, d (12.0) 57.0 0.84, t (10.8) 57.0
6 a 1.46, m 19.4 1.45, m 19.4 1.44, m 19.3 1.45, m 19.3

b 1.63, m 1.63, m 1.62, m 1.63, m
7 a 1.57, m 34.3 1.56, m 34.4 1.55, m 34.4 1.56, m 34.4

b 1.34, m 1.34, m 1.31, m 1.33, m
8 — 41.6 — 41.6 — 41.7 — 44.45
9 a 1.68, d (8.4) 52.8 1.70, d (8.8) 53.0 1.69, d (8.8) 53.0 1.70, d (9.0) 53.1
10 — 39.0 — 39.0 — 39.0 — 39.0
11 b 3.86, dd (8.4, 2.8) 77.5 3.90, dd (8.8, 3.2) 76.0 3.89, dd (8.8, 3.2) 76.0 3.90, dd (9.6, 3.6) 76.0
12 5.44, d (2.8) 123.1 5.42, d (3.2) 124.0 5.42, d (3.2) 124.5 5.48, d (3.6) 124.9
13 — 149.0 — 148.3 — 147.9 — 146.9
14 — 44.46 — 44.57 — 44.4 — 44.52
15 a 1.39, m 36.6 1.39, m 36.6 1.34, m 36.1 1.37, m 36.5

b 1.74, m 1.74, m 1.65, m 1.70, m
16 a 4.27, dd (12.0, 4.8) 67.2 4.27, dd (12.0, 4.8) 67.3 4.29, dd (11.6, 5.2) 65.2 4.26, dd (11.7, 5.1) 67.5
17 — 44.64 — 44.59 — 44.6 — 44.6
18 b 2.31, dd (13.6, 4.8) 44.58 2.29, dd (14.4, 4.8) 44.5 2.53, dd (13.6, 4.8) 43.9 2.49, dd (13.8, 4.8) 43.1
19 a 1.73, m 47.6 1.71, m 47.6 1.75, m 47.4 1.90, m 47.7

b 1.12, m 1.12, m 1.14, m 1.27, m
20 — 31.7 — 31.7 — 31.6 — 36.3
21 a 1.45, m 34.7 1.45, m 34.7 1.47, m 34.7 77.3

b 1.24, m 1.23, m 1.22, m 4.93, dd (12.0, 4.8)
22 a 1.48, m 25.7 1.47, m 25.7 1.61, m 24.1 1.59, m 30.0

b 2.11, m 2.11, m 1.82, m 2.20, m
23 b 0.89, s 16.9 0.89, s 16.9 0.89, s 16.9 0.88, s 16.9
24 a 1.10, s 28.5 1.10, s 28.5 1.10, s 28.5 1.10, s 28.5
25 b 1.09, s 17.6 1.08, s 17.6 1.08, s 17.6 1.085, s 17.6
26 b 1.06, s 18.7 1.06, s 18.7 1.04, s 18.8 1.04, s 18.8
27 a 1.31, s 26.5 1.31, s 26.4 1.32, s 26.6 1.31, s 26.3
28 b 3.29, d (10.8) 68.4 3.29, d (11.2) 68.4 3.97, d (11.2) 67.548 3.35, d (11.2) 66.3

3.77, d (10.8) 3.77, d (11.2) 4.06, d (11.2) 3.63, d (11.2)
29 b 0.96, s 24.2 0.95, s 24.2 0.97, s 24.07 1.01, s 18.7
30 a 0.92, s 33.6 0.92, s 33.6 0.92, s 33.5 0.89, s 29.3
10 a 4.44, d (8.3) 105.4 4.45, d (8.1) 105.4 4.45, d (8.2) 105.4 4.45, d (8.0) 105.4
20 b 3.57, t (8.3) 81.1 3.58, t (8.1) 81.1 3.58, t (8.2) 81.0 3.58, t (8.0) 81.1
30 a 3.55, t (8.3) 78.5 3.56, t (8.1) 78.5 3.56, t (8.2) 78.5 3.56, t (8.0) 78.6
40 b 3.29, t (8.3) 71.6 3.29, t (8.1) 71.6 3.30, t (8.2) 71.6 3.30, t (8.0) 71.6
50 a 3.27, m 77.7 3.27, m 77.6 3.27, m 77.6 3.28, m 77.6
60 b 3.66, dd (12.0, 5.6) 62.8 3.66, dd (12.0, 5.6) 62.8 3.66, dd (12.0, 5.6) 62.8 3.62, dd (11.9, 5.4) 62.8

3.86, dd (12.0, 1.6) 3.85, dd (12.0, 1.6) 3.85, dd (12.0, 2.4) 3.85, dd (11.9, 2.1)
100 a 4.68, d (8.0) 104.5 4.68, d (8.8) 104.5 4.68, d (8.7) 104.5 4.68, d (8.7) 104.5
200 b 3.23, dd (8.0, 8.9) 76.3 3.22, t (8.8) 76.3 3.22, t (8.7) 76.3 3.23, t (8.7) 76.3
300 a 3.36, t (8.9) 77.9 3.36, t (8.8) 77.9 3.36, t (8.7) 77.9 3.36, t (8.7) 77.9
400 b 3.20, t (8.9) 71.9 3.20, t (8.8) 72.0 3.20, t (8.7) 72.0 3.22, t (8.7) 72.0
500 a 3.26, m 78.4 3.25, m 78.4 3.25, m 78.4 3.25, m 78.4
600 b 3.62, dd (12.0, 6.4) 63.1 3.62, dd (12.0, 6.4) 63.2 3.61, dd (12.0, 6.4) 63.2 3.67, dd (12.0, 5.4) 63.2

3.83, dd (12.0, 1.6) 3.83, dd (12.0, 1.6) 3.83, dd (12.0, 2.4) 3.83, dd (12.0, 2.4)
1000 3.24, s (OCH3) 54.5 3.30, m/3.52, m 67.4 3.31, m/3.53, m 67.549 3.31, m/3.53, m 67.6
2000 1.47, m 33.6 1.48, m 33.6 1.47, m 33.6
3000 1.35, m 20.5 1.36, m 20.5 1.37, m 20.5
4000 0.92, t (7.2) 14.3 0.92, t (7.6) 14.3 0.92, t (7.5) 14.3
1000 0 — 173.1 — 179.6
2000 0 2.06, s 20.9 2.21, m 43.9
3000 0 1.41, m/1.60, m 28.3
4000 0 0.89, t (7.5) 12.3

45576 | RSC Adv., 2025, 15, 45573–45588 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Position

1 2 3 4

dH, mult (J in Hz) a dC
c dH, multa (J in Hz) dC

c dH, multa (J in Hz) dC
c dH, multb (J in Hz) dC

d

5000 0 1.09, d (7.2) 18.1
1000 00 — 174.7
2000 00 2.38, m 32.8
3000 00 1.82, m 26.1
4000 00 3.22, m 39.5

a 1H NMR datameasured at 800MHz. b 1H NMR datameasured at 600MHz. c 13C NMR datameasured at 200MHz. d 13C NMR datameasured at 150
MHz.

Table 2 1H NMR and 13C NMR data of compounds 5 and 6 in CD3OD

Position

5 6

dH, multa (J in Hz) dC
b dH, multa (J in Hz) dC

b

1 a 2.10, m 40.0 1.85, m 39.2
b 1.44, m 0.95, m

2 a 2.43, m 34.8 1.66, m 27.3
b 2.62, m 1.70, m

3 — 219.9 a 3.61, dd (11.2, 4.8) 73.4
4 — 49.7 — 43.5
5 a 1.42, dd (12.4, 2.8) 55.6 1.15, m 48.4
6 a 1.56, m 19.9 1.53, m 18.4

b 1.71, m 1.54, m
7 a 1.51, m 31.8 1.56, m 32.1

b 1.30, m 1.22, m
8 — 42.8 — 43.1
9 a 1.99, brs 53.1 1.91, brs 54.0
10 — 37.2 — 37.2
11 5.95, dd (10.4, 2.4) 133.7 5.96, dd (10.4, 2.4) 134.4
12 5.42, dd (10.4, 2.4) 130.9 5.39, dd (10.4, 2.4) 130.3
13 — 85.2 — 85.6
14 — 46.4 — 45.7
15 a 1.46, dd (12.2, 6.0) 36.1 1.44, m 36.1

b 1.61, dd (12.2, 10.2) 1.64, m
16 a 4.12, dd (10.2, 6.0) 66.5 4.61, dd (9.6, 5.6) 67.7
17 — 37.4 — 50.1
18 b 1.82, m 52.3 1.77, m 52.7
19 a 1.82, m 38.0 1.76, m 37.6

b 1.36, m 1.22, m
20 — 35.8 — 34.2
21 a 74.2 1.64, m 45.2

b 3.58, dd (12.0, 4.0) 1.55, m
22 a 1.22, m 34.2 76.5

b 2.26, m 3.87, dd (12.0, 4.8)
23 b 1.05, s 21.2 0.69, s 12.1
24 a 1.08, s 26.6 3.30, d (10.4) 66.7

3.53, d (10.4)
25 b 1.04, s 17.7 0.95, s 25.0
26 b 1.13, s 19.6 1.11, s 33.6
27 a 1.030, s 20.8 1.05, s 21.4
28 b 3.10, d (7.2) 72.9 3.33, d (7.2) 72.8

3.90, d (7.2) 4.25, d (7.2)
29 b 0.88, s 17.8 0.96, s 25.0
30 a 1.026, s 30.2 1.04, s 33.6

a 1H NMR data measured at 800 MHz. b 13C NMR data measured at 200
MHz.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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serum, 1× Antibiotic-Antimycotic, and 0.1 unit mL−1 insulin.
3T3-L1 cells were cultured in DMEM media supplemented with
10% fetal bovine serum and 1× Antibiotic-Antimycotic.
Cell viability

Cells were treated with DMSO or the indicated compounds,
followed by incubation with the Enhanced Cell Counting Kit 8
(WST-8/CCK8; Cat# E-CK-A362, Elabscience, Houston, TX, USA)
at 37 °C. Cell viability was then assessed spectrophotometrically
at 450 nm (n = 3 in each group). Statistical analysis was per-
formed using GraphPad Prism soware (GraphPad, San Diego,
CA, USA). Differences between groups were analyzed by
Student's t-test, and p-values <0.05 were considered statistically
signicant.
Results and discussion

In the current study, we applied an FBMN-guided approach to
investigate the chemical composition of A. maximowicziana
(Fig. 1). Our goal was to identify previously uncharacterized
constituents and evaluate their potential anticancer activities,
particularly against colorectal cancer (CRC), a malignancy with
rising incidence and urgent therapeutic needs. This study led to
the isolation and structural elucidation of eight previously
undescribed metabolites, comprising atriplexosaponins A–D
(1–4, triterpenoid saponins), atriplexoterpenes A–B (5–6, tri-
terpenoids), and atriplexophylls A–B (7–8, chlorophyll deriva-
tives), along with thirteen known compounds (9–21) from the n-
hexane layer and n-butanol layer of A. maximowicziana (See
Fig. 4 and SI: Fig. S1). In addition, 18 isolates (1–17, 19) with
sufficient amounts were further examined for the effects on cell
viability in HT-29 and HCT-116 cancer cell lines.
FBMN of A. maximowicziana

A total of eleven fractions derived from the n-hexane and n-
butanol layers of A. maximowicziana methanolic extract were
analyzed using GNPS platform to generate a visualizable FBMN
(Fig. 1). Aer compound classication with the NP Classier by
SIRUS, tryptophan alkaloids and triterpenoids have been found
as the two most predominant structure classes among 62 NP
Classier superclasses, accounting for 14% and 13% of the total
RSC Adv., 2025, 15, 45573–45588 | 45577
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Fig. 1 Feature-based molecular networking (FBMN) and feature classes of A. maximowicziana. Features from fractions of A. maximowicziana by
the software mzmine to generate a visualizable FBMN on the GNPS platform and to calculate feature classes by NP Classifier in the software
SIRIUS. The intensity of NPClassifier_superclass with features presented as a pie chart. The clusters described in this paper were annotated on the
visible FBMN thumbnail.
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NPClassier_superclass intensity, respectively (Fig. 1). Tri-
terpenoids were selected as the primary target for further
investigation due to the structural consistency of their core
skeleton. The triterpenoid clusters of FBMN picture were
assigned based on the intensity of NPClassier_superclass tri-
terpenoids exceeding 70 percent in each cluster, and were
distinguished as triterpenoids molecular family and
triterpenoid-saponins molecular family by the absence or
presence of sugar units in their structure (Fig. 2a). Subsequent
analysis of the intensity among fractions revealed that fractions
6, 7, 9, and 10 were enriched in triterpenoids (Fig. 2b), while
Fig. 2 Feature-based molecular networking (FBMN) of triterpenoids in
butanol layers from A. maximowicziana methanolic extract. NPClassifie
triterpenoid-saponins molecular family) in the orange rectangles, isolated
brown circles. (b) Triterpenoids molecular family intensity from fractions

45578 | RSC Adv., 2025, 15, 45573–45588
fractions 7, 9, and 10 were particularly abundant in triterpenoid
saponins (Fig. 2c). Fraction 6 was selected for the isolation of
triterpenoids because of its unique distinct enrichment,
whereas fraction 10 was prioritized for the purication of tri-
terpenoid saponins based on its dominant intensity. The iso-
lated compounds (Fig. 4) and the triterpenoid node annotated
by the GNPS library are shown in the FBMN picture (Fig. 2a),
proving the benecial effects of the separation approach.

Tryptophan alkaloids refer to a diverse group of compounds
with various skeletons. To enable a more detailed evaluation of
tryptophan alkaloids, these features were classied using
A. maximowicziana. (a) Painted by the fractions of n-hexane and n-
r_superclass triterpenoids clusters (triterpenoids molecular family and
compounds in the red circles, and nodes matched the GNPS library in
. (c) Triterpenoid-saponins molecular family intensity from fractions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Feature-based molecular networking (FBMN) of tetrapyrroles in A. maximowicziana. (a) Painted by the fractions of n-hexane and n-
butanol layers from A. maximowicziana methanolic extract. ClassyFire_class tetrapyrroles clusters (tetrapyrroles molecular family) in the purple
rectangles, isolated compounds in the red circles, and nodes matched the GNPS library in brown circles. (b) The intensity of ClassyFire_class
inside NPClassifier_superclass Tryptophan alkaloids. (c) Tetrapyrroles molecular family intensity from fractions.
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ClassyFire through the SIRIUS platform. Aer that, the Class-
yFire_class “Tetrapyrroles and derivatives” has been found as
the predominant compound structures of NPClassier_super-
class tryptophan alkaloids, offering 63% intensity (Fig. 3b).
Tetrapyrroles have been selected as the secondary target for
investigation. Molecular family clusters corresponding to
tetrapyrroles were identied in the FBMN map based on two
criteria: clusters in which the ClassyFire classication “Tetra-
pyrroles and derivatives” accounted for more than 70% of the
node intensity, and the presence of nodes matched to tetra-
pyrrole reference spectra in the GNPS library (Fig. 3a). Further
analysis of molecular family intensity among fractions revealed
that fractions 4 and 11 were the most enriched in tetrapyrroles
(Fig. 3c) and were therefore selected for targeted isolation. The
isolated compounds and the tetrapyrrole nodes identied by
the GNPS library are also depicted in the FBMN picture (Fig. 2a).

Triterpenoids and tetrapyrroles were delineated as the
predominant structural classes in A. maximowicziana based on
the FBMN workow on GNPS and SIRIUS. To validate these
assignments, reveal structurally unprecedented metabolites,
and pinpoint candidates for further pharmacological investi-
gation, fractions enriched in these two families were subjected
to targeted purication. The ensuing section details the struc-
tural elucidation of previously undescribed compounds and
subsequent evaluation of the anticancer activity of sufficient
compounds, laying the groundwork for structure–activity rela-
tionship analysis.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Structure elucidation

Compound 1 was obtained as a yellowish amorphous solid. Its
molecular formula was determined to be C43H72O14 from
HRESIMS ([M + Na]+ at m/z 835.4816 (calcd 835.4814 for
C43H72O14Na

+)), implying eight degrees of unsaturation. The
hydroxy (3375 cm−1) group and C]C unit (1643 cm−1) were
observed in the IR spectrum. The 1H NMR spectrum (Table 1)
displayed signals of seven singlet methyl groups at dH 0.89
(3H, s, H-23), 0.92 (3H, s, H-30), 0.96 (3H, s, H-29), 1.06 (3H, s, H-
26), 1.09 (3H, s, H-25), 1.10 (3H, s, H-24), and 1.31 (3H, s, H-27),
one methoxy at dH 3.24 (3H, s, OCH3), and one trisubstituted
olenic proton at dH 5.44 (1H, d, J = 2.8 Hz, H-12). Two
anomeric proton signals at dH 4.44 (1H, d, J = 8.3 Hz, H-10) and
4.68 (1H, d, J= 8.0 Hz, H-100) indicated the presence of two sugar
moieties. The 13C NMR (Table 1) and DEPT spectra showed
forty-three resonances comprising eight methyls, eleven meth-
ylenes, seventeen methines, and seven quaternary carbons.
Based on the HMBC correlation (Fig. 5) between H3-29/C-19, C-
20, C-21, C-30, H3-30/C-19, C-20, C-21, C-29 indicated that the
dimethyl group at C-20. The above information suggested
compound 1 was a triterpenoidal saponin, reminiscent of an
olean-12-ene pentacyclic triterpenoid framework with two sugar
units. The aglycon framework spectroscopic data of 1 (Table 1)
is comparable with those of the literature compound b-
amyrin,31 except for a methoxy group at C-11, a hydroxy group at
C-16, and a hydroxymethyl group at C-17 in compound 1. Based
RSC Adv., 2025, 15, 45573–45588 | 45579
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Fig. 4 Structures of compounds 1–21.
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on the HMBC correlation between OCH3-11/C-11, the methoxy
group (OCH3-11) was at C-11. The downeld shi of H-16 (dH
4.27 (1H, dd, J = 12.0, 4.8 Hz)) and the COSY correlation (Fig. 5)
of H-15/H-16 implied that the hydroxy group was connected
with C-16. The hydroxymethyl group was at C-17 from HMBC
correlations of H2-28/C-16, C-17, C-22. The NOESY correlation
(Fig. 6) between H-3/H-5, H-5/H-9, H-9/H3-27, H3-27/H-16, and
H2-19 indicated H-3, H-5, H-9, H-16, and H3-27 all adopt an a-
axial orientation, while the D and E rings are cis-fused. In the
NOESY spectra, the correlations of H3-23/H3-25, H3-25/H-11, H-
11/H3-26, H3-26/H-15b, and H-15b/H2-28 indicated that H-11, H-
15b, H3-23, H3-25, H3-26, and H2-28 were in b-axial position. The
NOESY plot of H-19a/H3-30 and the absence of H-19a/H3-29 also
suggested H-19a in the a-axial position, H3-29 in the b-axial, and
H3-30 in the a-equatorial conguration of ring E.
45580 | RSC Adv., 2025, 15, 45573–45588
The two sugar moieties of 1 were determined to be gluco-
pyranose based on the remaining ten oxymethines and two
oxymethylenes from 1H and 13C NMR spectra. The coupling
constants of the anomeric proton signals of both sugar moie-
ties, J = 8.3 of H-10 and J = 8.0 Hz of H-100 agree with their b-
conguration. The 1D-selective TOCSY experiment was per-
formed to resolve the overlapping proton signals of sugar
moieties using a 20 msec mixing time (Fig. 7). The large
coupling constant (J > 8Hz)32 of H-10–H-40, H-100–H-400, and the
NOESY correlation between H-10/H-30, H-50, H-20/H-60, and H-100/
H-300, H-500 pointed that two sugar moieties (S1 and S2) are
typical glucoses. The connectivity between triterpenoid and two
glucose units were established through HMBC correlation
between H-10/H-3 and H-100/H-20. Based on the above evidence,
the structure of 1 was identied and named atriplexosaponin A.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Key 1H–1H COSY ( ) and HMBC (H C) correlations of 1–8.
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Compound 2 was isolated as a yellowish amorphous solid,
and the molecular formula was determined to be C46H78O14

from HRESIMS ([M + Na]+ at m/z 877.5282 (calcd 877.5284 for
C46H78O14Na

+)), implying eight degrees of unsaturation. The
hydroxy (3342 cm−1) group and C]C unit (1644 cm−1) were
observed in the IR spectrum. The physical data and NMR
spectroscopic data of 2 and 1 (Table 1) implied their similar
structure, except that the methoxy group (OCH3-11) in 1 was
changed to an n-butoxy group in 2. The COSY correlation (Fig. 5)
of H3-4000/H2-3000, H2-3000/H2-2000, H2-2000/H2-1000, and the HMBC plots
(Fig. 5) of H3-4000/C-2000, H2-3000/C-1000, H-11/C-1000 veried that a n-
butoxy group were attached to C-11. As the same NOESY
correlations (Fig. 6) as those of 1, the relative congurations of 2
were assigned, and the n-butoxy group was at the b-equatorial
face. As determined by the above observations, compound 2was
elucidated and named atriplexosaponin B.

Compound 3, a yellowish amorphous solid, was established
with its molecular formula as C48H80O15 based on HRESIMS ([M
+ Na]+ at m/z 919.5381 (calcd 919.5389 for C48H80O15Na

+)),
implying nine degrees of unsaturation. The IR and NMR spectra
© 2025 The Author(s). Published by the Royal Society of Chemistry
data of 3 were similar to those of 2, except for an additional
acetoxy group signal in 3 (IR nmax: 1734 cm−1; dH 2.06, s (H-2000 0);
dC 173.1 (C-1000 0). The HMBC correlation (Fig. 5) of H2-28/C-10000,
H3-2000 0/C-1000 0 veried that an acetoxy group was attached to C-28
to form an acetoxymethyl group at C-17. Due to the similar
NOESY correlation to 1 (Fig. 6), the relative congurations of 3
were determined, and the acetoxymethyl group was at the a-
axial position. Therefore, the structure of 3 was dened and
named atriplexosaponin C.

Compound 4 was obtained as a yellowish amorphous solid.
Its molecular formula was determined to be C55H93NO17 from
HRESIMS ([M + H]+ at m/z 1040.6522 (calcd 1040.6516 for
C55H94NO17

+)), implying ten degrees of unsaturation. The IR
and NMR spectroscopic data of 4 were similar to those of 3
(Table 1), except for the substituent difference of C-21 (3:
hydrogen; 4: 4-aminobutanoylmethyl group) and C-28 (3: ace-
toxy group; 4: 2-2-methylbutanoyloxyl group). The COSY corre-
lation (Fig. 5) of H2-200000/H2-3000 00, H2-300000/H2-4000 00 and the HMBC
(Fig. 5) correlation of H2-2000 00/C-1000 00, H2-300000/C-1000 00, H2-200000/C-400000

veried the existence of a 4-aminobutanoate group, and the
RSC Adv., 2025, 15, 45573–45588 | 45581
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Fig. 6 Key 1H–1H NOESY ( ) correlations of 1–8.

Fig. 7 1D-selective TOCSY spectra of 1.

45582 | RSC Adv., 2025, 15, 45573–45588 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 1H NMR and 13C NMR data of compounds 7 and 8 in CD3OD

Position

7 8

dH, mult
(J in Hz) a dC

b
dH, mult
(J in Hz) a dC

c

1 — 158.2 — 158.2
2 — 136.9 — 136.9
21 3.23, s 12.2 3.24, s 12.2
3 — 141.7 — 141.7
31 7.93,

dd (17.9, 11.6)
131.2 7.95,

dd (17.9, 14.4)
131.2

32 5.98,
dd (11.6, 1.5)

120.4 5.99,
dd (14.4, 1.7)

120.4

6.23,
dd (17.9, 1.5)

6.24,
dd (17.9, 1.7)

4 — 149.7 — 149.7
5 9.99, s 105.8 10.03, s 106.1
6 — 148.3 — 148.3
7 — 156.1 — 156.2
71 11.14, s 189.9 11.16, s 189.9
8 — 131.6 — 131.7
81 4.16, q (7.7) 20.0 4.18, q (7.6) 20.0
82 1.82, t (7.7) 19.8 1.84, t (7.6) 19.8
9 — 142.2 — 142.2
10 9.70, s 110.4 9.73, s 110.5
11 — 143.9 — 144.0
12 — 149.1 — 149.2
121 3.72, s 12.6 3.72, s 12.7
13 — 117.3 — 116.9
131 — 164.6 — 164.8
14 — 149.1 — 149.6
15 — 100.8 — 99.0
151 — 108.8 — 108.4
152 — 171.1 — 175.4
16 — 166.0 — 165.0
17 a 4.59, m 55.4 4.66, m 53.4
171 b 2.03,

m/2.54, m
33.8 2.36,

m/2.53, m
31.2

172 2.40,
m/2.62, m

33.0 1.72,
m/1.75, m

32.7

173 — 175.9 — 170.9
18 b 4.32, q (7.3) 49.9 4.29, q (7.2) 50.6
181 a 1.55, d (7.3) 23.3 1.69, d (7.2) 22.9
19 — 170.6 — 170.4
20 8.33, s 65.1 8.36, s 95.2
151-OCH3 a 53.3 3.54, s 51.7

b 3.89, s
152-OCH3 3.54, s 53.4 3.54, s 51.7
173-OCH3 3.63, s 52.1 3.68, s 53.9

a 1H NMR data measured at 600 MHz. b 13C NMR data measured at 200
MHz. c 13C NMR data measured at 150 MHz.
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HMBC plot of H-21/C-100000 indicated that the 4-amino-
butanoylmethyl group was attached on C-21. Further analysis of
the HMBC correlations between H-2000 0/C-1000 0, H-2000 0/C-30000, H2-
3000 0/C-1000 0, H2-3000 0/C-4000 0, H3-40000/C-2000 0, H3-50000/C-1000 0, H3-50000/C-30000

veried that the acetoxy group at C-28 in compound 3 was
replaced by the 2-methylbutanoyloxyl group in compound 4.
Based on the similarity of the NOESY correlations compared to
those of 3 (Fig. 6), the relative conguration of 4 was
established, conrming that both the 4-aminobutanoylmethyl
and 2-methylbutanoyloxymethyl groups are oriented in b-axial
positions. Thus, the structure of compound 4 was assigned and
named atriplexosaponin D.

Compound 5 was obtained as a yellowish amorphous solid.
Its molecular formula was determined to be C30H46O4 from
HRESIMS ([M + H]+ at m/z 471.3477 (calcd 471.3469 for
C30H47O4

+)), implying eight degrees of unsaturation. The
hydroxy (3394 cm−1) group, C]O unit (1698 cm−1), and C]C
unit (1652 cm−1) were observed in the IR spectrum. The phys-
ical data and NMR spectroscopic data of 5 (Table 2) are
comparable with those of the literature compound 13,28-epoxy-
olean-11-en-16-ol-3-one,33 except for an additional hydroxy
group at C-21 in 5. The downeld shi of C-21 (Table 2) (5: dC
74.2 ppm), the COSY plot (Fig. 5) of H2-22/H-21 and the HMBC
correlation (Fig. 5) between H2-19/C-21, H3-29/C-21, H3-30/C-21
demonstrated that a hydroxy group was attached to C-21. The
NOESY correlation (Fig. 6) between H-5/H-9, H-9/H-27, H-27/H-
16, H-19 veried H-5, H-9, CH3-27, H-16 were in a-axial position
whereas OH-16 occupies an b-equatorial position. Furthermore,
the D and E rings are cis-fused. In the NOESY spectra, 5 revealed
correlations between H-2ax/H-23, H-25, H-25/H-26, H-26/H-15ax,
H-15ax/H2-28 indicated that H-2ax, H-15ax, CH3-23, CH3-25, CH3-
26, and H2-28 were in b-axial position. As the same NMR-based
empirical rules of 1 (Fig. 5), the relative conguration of ring E
was dened, revealing that H-21 occupies the b-equatorial
position, and CH3-29 occupies the b-axial position. On the basis
of the above rules, the structure of compound 5 was assigned
and named atriplexoterpene A.

Compound 6 was obtained as a yellowish amorphous solid.
Its molecular formula was determined to be C30H48O5 from
HRESIMS ([M + H]+ at m/z 489.3576 (calcd 489.3575 for
C30H49O5

+)), implying seven degrees of unsaturation.
Comparing the 1H and 13C NMR spectra of 6 to 5, the downeld
shi of H-24 (dH 3.30/3.53) indicated the methyl group in 5 (C-
24) was oxygenated in 6. Furthermore, the hydroxy group at C-
21 in 5 was shied to C-22 based on the downeld shi of H-
22 (dH 3.87), the COSY correlation (Fig. 5) of H2-21/H-22, and
the HMBC correlation (Fig. 5) of H-22/C-16. Within the similar
NOESY plots to those of 5 (Fig. 6), the relative congurations of
H-3, H-22, and H-24 were in a-axial, b-axial, and a-equatorial
positions, respectively. Therefore, the structure of compound 6
was established and named atriplexoterpene B.

Compounds 7 and 8 are HPLC-separable stereoisomers and
share the same planar structure as 152-methoxy lactone
pheophorbide-b methyl ester.34 However, the literature only
reported the planner structure of 152-methoxy lactone
pheophorbide-b methyl ester with MS spectral data, lacking
supportive NMR evidence.34 In this study, we have successfully
© 2025 The Author(s). Published by the Royal Society of Chemistry
isolated these two stereoisomeric compounds for the rst time
and provided their UV, IR, and NMR spectral data. The struc-
tural elucidation of these two compounds will be discussed
individually in the following sections.

Compound 7 was obtained as a greenish amorphous solid.
Its molecular formula was determined to be C37H38N4O8 from
HRESIMS ([M + H]+ at m/z 667.2770 (calcd 667.2762 for
C37H39N4O8

+)), implying twenty-one degrees of unsaturation.
The hydroxy (3355 cm−1) group, C]O unit (1705 cm−1), and
RSC Adv., 2025, 15, 45573–45588 | 45583
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C]C unit (1652 cm−1) were observed in the IR spectrum. The
UV absorption at 457, 586, and 635 nm suggested 7 belong to
chlorophyll-related compounds. The 1H signals (Table 3) of
three meso-olenic protons at dH 8.33 (1H, s, H-20), 9.70 (1H, s,
H-10), 9.99 (1H, s, H-5), and the vinyl group at dH 5.98 (1H, dd, J
= 11.6, 1.5 Hz, H-32b), 6.23 (1H, dd, J= 17.9, 1.5 Hz, H-32a), 7.93
(1H, dd, J= 17.9, 11.6 Hz, H-31) indicated the presence of typical
porphyrin. The proton signal of the aldehyde group at dH 11.14
(1H, s, H-71) stated that 7 belongs to chlorophyll-b type
compounds. The COSY correlation (Fig. 5) of H-17/H2-17

1, H2-
172/H2-17

1 and the HMBC correlation (Fig. 5) of H-171/C-18, H-
172/C-17, H-172/C-173, H3-18

1/C-17, with the methoxy group dH

3.63 (1H, s, H-173-OCH3)/C-17
3, indicated a methyl butyrate

group on C-17. The carbon signals (Table 3) at dC 117.3 (C-13), dC
149.1 (C-14), dC 164.6 (C-131), dC 100.8 (C-15), dC 108.8 (C-151),
and the HMBC correlation of H-121/C-13, H-121/C-131 veried
that a pyran formed with three carbons C-13, C-14, C-15 of
porphyrin, an ester group at C-131, and the carbon C-15. The
carbon signals at dC 108.8 (C-151) and dC 171.1 (C-151–OCH3)
combine with the HMBC correlation of the methoxy group dH

3.89 (1H, s, H3-15
1–OCH3)/C-15

1 and the methoxy group dH 3.54
(1H, s, H-152–OCH3)/C-15

2, verifying two methoxy groups on C-
151 and C-152, respectively. The relative conguration of
compound 7 was determined based on NOESY correlations
(Fig. 6). Cross-peaks between H-17/H3-18

1, H2-17
1/H-18, and H2-

172/H-18 indicated that H3-18
1 and H2-17

1 are in opposite
phases. Additionally, NOESY correlations between H3-15

1–

OCH3/H2-17
1 and H-152–OCH3/H-17 conrmed that H-17, H-

181, and H-152–OCH3 occupy phase-a positions, while H2-17
1,

H2-17
2, H-18, and H3-15

1–OCH3 reside in phase-b positions.
Thus, the structure of compound 7 was assigned and named
atriplexophyll A.

Compound 8 was obtained as a greenish amorphous solid
with molecular formula C37H38N4O8 determined by HRESIMS
measurement. According to the identical molecular formula of
8 and 7 and the similar spectroscopic data of them, 8 and 7 were
suggested to be stereoisomers. The 1H and 13C NMR spectra
(Table 3) supported similarities between compounds 8 and 7,
except for differences in the chemical shi of H3-15

1–OCH3 (7:
dH 3.89; 8: dH 3.54). The upeld shi of H3-15

1–OCH3 and the
absence of the NOESY correlation (Fig. 6) between H3-15

1–

OCH3/H-171 indicated that H3-15
1–OCH3 was in a-orientation.

Thus, the structure of compound 8 was assigned and named
atriplexophyll B.

Through a comparison of the experiments and reported
spectroscopic data (UV, IR, NMR, and MS), 13 known
compounds were identied to be saikogenin F (9),35 corchorusin
B (10),36 c3-O-((b-D-glucopyranosyl-(1->2))-b-D-galactopyranosyl)-
saikogenin F (11),37 methyl pheophorbide b (12),38 132(S)-
hydroxypheophorbide a methyl ester (13),39 lutein (14),40 pap-
razine (15),41 (E)-N-feruloyltyramine (16),41 N-trans-feruloyl-3-O-
methyldopamine (17),42 1-(9H-b-carbolin-1-yl)-ethanone (18),43

methyl 9H-pyrido[3,4-b]indole-1-carboxylate (19),44 iso-
rhamnetin (20),45 and 5,7,40-trihydroxy-4-styrylcoumarin (21).46

Approximately 300 species of the genus Atriplex have been
identied worldwide, and triterpenoids are the primary class of
isolated compounds to data. With FBMN-guided results, nine
45584 | RSC Adv., 2025, 15, 45573–45588
triterpenoids were isolated from the whole plant of A. max-
imowicziana. Our results align with previous ndings, providing
additional evidence that enhances the chemotaxonomic
understanding of the genus Atriplex species. Besides, this study
rstly represents the isolation of oleanane-type triterpenoid-
saponins (compounds 1–4) bearing two glucose units from
Atriplex species. In addition, the structural elucidation of sugar
moieties within saponin-type triterpenoids beneted from the
application of 1D selective TOCSY NMR experiments. This
technique enabled the accurate determination of glycosidic
proton connectivities. It was particularly effective in di-
stinguishing overlapping sugar resonances, thereby enhancing
the resolution of complex spin systems and improving the
reliability of the structural assignments. Moreover, the chloro-
phyll derivatives, atriplexophyll A (7) and atriplexophyll B (8)
were successfully separated for the rst time. Their detailed
physical properties and NMR data are presented, providing
a valuable reference for future studies of chlorophyll
derivatives.
Anti-CRC effects of compounds isolated from A.
maximowicziana

This study examines the anti-CRC effects of 18 isolated
compounds 1–17 and 19 in human colorectal cancer cell lines
HT-29 and HCT-116, respectively. As shown in Table 4,
compounds 5–11 at the concentration of 20 mM showed inhib-
itory effects on the cell viability of HT-29 cells. Compounds 7, 8,
16, and 19 exhibited inhibition activity of cell viability toward
HCT-116 cells at the concentration of 20 mM.

Two of the most potent cell viability inhibition compounds
(7 and 8) were further evaluated their IC50 values of anti-CRC
activity (Fig. S66). As illustrated in Table 4, atriplexophyll A (7)
exhibited the most potent anti-CRC activity by suppressing HT-
29 cell viability (IC50 = 0.33 ± 0.02 mM) and HCT-116 cell
viability (IC50 = 0.14 ± 0.03 mM), respectively. Besides, atri-
plexophyll B (8) showed cell viability inhibitory effects on HT-29
cells (IC50 = 8.81 ± 0.74 mM) and HCT-116 cells (IC50 = 7.95 ±

2.93 mM), respectively. Notably, both compounds showed no
detectable cytotoxic effects on non-cancerous IEC-6 (intestinal
epithelial) and 3T3-L1 (preadipocyte broblast) cell lines
(Table 5). This selective activity suggests that compounds 7 and
8 exert their cytotoxic effects preferentially on malignant cells,
minimizing off-target toxicity to normal tissues.

Tetrapyrroles molecular structures exist mainly as chloro-
phylls in plants. Chlorophyll-derived compounds have previ-
ously been shown to exhibit promising anticancer properties.47

For example, chlorophyll a has been reported to have anti-
proliferative effects on human pancreatic cancer cells by
mediated changes in the redox status.48 Another type of chlo-
rophyll, chlorophyllin, has been reported to deactivate ERKs to
inhibit cell proliferation of MCF-7 human breast cancer cell
lines.49 Among the 18 tested compounds (compounds 1–17 and
19) in the current study, only chlorophyll compounds 7 and 8
signicantly inhibited cell viability in HT-29 and HCT-116 cells.
The other two known chlorophylls, methyl pheophorbide b (12)
and 132(S)-hydroxypheophorbide a methyl ester (13), did not
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effects of compounds on cell viability in HT-29 and HCT-116 cells

Compound

HT-29 HCT-116

aCell viability (%) bIC50 (mM) aCell viability (%) bIC50 (mM)

DMSO 100.00 � 0.71 — 100.00 � 2.35 —
1 88.67 � 1.47 >20 92.50 � 2.01 >20
2 93.35 � 0.81 >20 87.60 � 1.45 >20
3 88.68 � 1.28 >20 84.23 � 2.56 >20
4 91.44 � 0.91 >20 93.73 � 0.81 >20
5 76.49 � 3.53*** >20 110.75 � 2.20 >20
6 87.22 � 2.12* >20 99.82 � 5.86 >20
7 24.89 � 2.86*** 0.33 � 0.02 21.80 � 0.37*** 0.14 � 0.03
8 19.76 � 2.80*** 8.81 � 0.74 34.95 � 1.44*** 7.95 � 2.93
9 75.04 � 3.32*** >20 112.04 � 8.05 >20
10 81.59 � 1.71*** >20 93.66 � 3.48 >20
11 86.42 � 2.24** >20 91.10 � 3.84 >20
12 94.10 � 2.90 >20 93.59 � 8.41 >20
13 92.15 � 2.38 >20 93.35 � 3.21 >20
14 97.65 � 2.00 >20 101.25 � 4.46 >20
15 93.15 � 1.70 >20 86.70 � 2.73 >20
16 94.55 � 2.51 >20 81.97 � 2.12* >20
17 99.87 � 0.68 >20 85.13 � 4.65 >20
19 94.25 � 2.41 >20 69.89 � 3.31*** >20

a Cell viability at 20 mM for 48 h. Results are presented as mean± S.E.M. (n= 3) and used to calculate IC50 values. *p < 0.05; **p < 0.01; ***p < 0.001
compared with the DMSO group. b Concentration necessary for 50% inhibition (IC50).

Table 5 Effects of compounds on cell viability in IEC-6 and 3T3-L1 cells

Compound

IEC-6 3T3-L1

aCell viability (%) bIC50 (mM) aCell viability (%) bIC50 (mM)

DMSO 100.00 � 0.32 — 100.00 � 1.90 —
7 98.39 � 1.30 — 99.12 � 0.16 —
8 99.30 � 0.38 — 96.96 � 0.46 —

a Cell viability at 20 mM for 48 h. Results are presented as mean ± S.E.M. (n = 3). ***p < 0.001 compared with the DMSO group. b Concentration
necessary for 50% inhibition (IC50).
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show such effects. In a previous study, compounds 7 and 8 were
reported as a mixture under the name 152-methoxy lactone
pheophorbide-b methyl ester.34 That publication only disclosed
the structural elucidation; no biological activity was investi-
gated or reported.34 To our knowledge, this is the rst report to
describe the biological activity of these compounds. Our nd-
ings indicated that not all chlorophyll-derived compounds
exhibit anticancer activity. Nonetheless, this study highlights
that chlorophyll-b type compounds containing a pyran ring
show promising potential for further investigation in devel-
oping herbal medicines and therapeutic agents against human
colorectal cancer. Moreover, chlorophyll derivatives have been
reported to exert cancer prevention activity,50 overcome multi-
drug resistance,51 and serve as photosensitizers for the photo-
dynamic cancer therapy.52 Among them, pheophorbide
a exhibits potent antiproliferative activity against various cancer
cell lines53 and strong photosensitizing cytotoxicity in HT-29
colon tumor cells (IC50: 0.4 mM).54 For comparison, our isolate
atriplexophyll A (7) showed comparable potency against HT-29
cells (IC50: 0.33 ± 0.02 mM). In HCT-116 cells, inhibition has
also been reported for pheophorbide a53 and chlorophyllin
© 2025 The Author(s). Published by the Royal Society of Chemistry
(IC50: 20.2 ± 0.9 mM),55 whereas atriplexophyll A (7) and atri-
plexophyll B (8) displayed IC50 values of 0.14± 0.03 mM and 7.95
± 2.93 mM, respectively. These comparisons underscore note-
worthy anti-CRC potential of atriplexophyll A (7) and atriplex-
ophyll B (8).

An in-depth discussion of the structure–activity relation-
ships (SAR) among the tested compounds is also provided.
Among the four chlorophyll derivatives (compounds 7, 8, 12,
and 13) evaluated for anti-CRC activity, only compounds 7 and 8
exhibited signicant activity, suggesting that the presence of
a pyran ring may enhance anti-CRC potential. Furthermore,
compound 7 demonstrated stronger anti-CRC activity
compared to compound 8, underscoring the critical inuence of
the stereochemical orientation of the OCH3 substituent at
position C-151 on biological efficacy.
Conclusions

This study represents the rst systematic phytochemical
investigation of A. maximowicziana, integrating FBMN, and
bioactivity-guided fractionation. A total of 21 compounds were
RSC Adv., 2025, 15, 45573–45588 | 45585
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identied from A. maximowicziana via FBMN-guided phyto-
chemical investigation, comprising eight previously unde-
scribed metabolites and thirteen known constituents. The
stereoisomeric chlorophylls, compounds 7 and 8, were rstly
separated and provided their NMR data. Additionally, eighteen
compounds isolated from A. maximowicziana were evaluated for
anticancer activity against human colorectal cancer cell lines
HT-29 and HCT-116. This is the rst report on the anti-CRC
activity of pyran ring-type chlorophylls and illustrates the
potential of atriplexophylls A (7) and B (8) to develop thera-
peutics against human colorectal cancer. These ndings expand
the bioactivity landscape of chlorophyll-derived natural prod-
ucts and provide a rationale for further exploration of chloro-
phyll-b-type with pyran ring compounds in anticancer drug
discovery. Although triterpenoid-saponins and triterpenoid
constituents did not exhibit potent cytotoxicity in this study, it
expanded the chemotaxonomic understanding of the genus
Atriplex. Furthermore, the use of 1D selective TOCSY NMR
proved instrumental in resolving the sugar proton connectivi-
ties in complex saponin structures, reinforcing the importance
of advanced NMR methods in natural product structure eluci-
dation. In an overview, this study enriches the phytochemical
prole of A. maximowicziana and identies chlorophyll-b-type
compounds with promising CRC-selective activity, providing
substantive evidence for potential use in developing herbal
medicines and drugs for human colorectal cancer.
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