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ctone derivatives from
Aphanamixis polystachya leaves inhibit nitric oxide
production in RAW 264.7 cells†

Ngo Anh Bang,ab Duong Thi Hai Yen,a Dan Thi Thuy Hang,a Pham Hai Yen,a

Nguyen Huy Hoang,a Do Thi Trang,a Duong Thi Dung,a Nguyen Thi Cuc,a

Nguyen The Cuong,c Nguyen Xuan Nhiem,ab Bui Huu Taiab and Phan Van Kiem *ab

Phytochemical studies on Aphanamixis plants have attracted considerable attention over the past few

decades due to the structural diversities and significant biological activities of terpenoids produced by

these plants. In the present study, five new acyclic diterpene lactone derivatives, aphanamixionolides

A–E (1–5), and three known tirucallane-type triterpenes, namely, piscidinol A (6), hispidone (7), and

bourjotinolone A (8), were isolated from the leaves of Aphanamixis polystachya. Their structures were

elucidated by comprehensive analyses of HR-ESI-MS and NMR spectroscopic data and by comparison

with those reported in the literature. Absolute configurations of the new compounds were determined

by experimental and TD-DFT calculated ECD spectra. Compounds 1–8 inhibited NO production with

IC50 values of 10.2–37.7 mM, which are comparable to positive control L-NMMA (IC50: 31.5 mM).
Introduction

The genus Aphanamixis (Meliaceae family) is widely distributed
in tropical regions of Asia, such as southern China, India, and
Southeast Asian countries.1 The leaves, fruits, stem barks, and
roots of A. grandifolia and A. polystachya are traditionally used
for curing various cancers and inammations as well as rheu-
matism and pain.2,3 Phytochemical studies on Aphanamixis
plants have attracted considerable attention over the past few
decades and mostly focused on the two above-mentioned
Aphanamixis species based on their traditional uses.1 The
Aphanamixis plants produced terpenoids including triterpenes,
diterpenes, and limonoids, which have gained interest due to
their structures with high degrees of oxidation, rearrangement
and/or dimerization of original backbones.2–6 Additionally,
terpenoids produced by Aphanamixis exhibited potent cytotoxic,
insecticidal, and anti-inammatory activities.1 The structural
diversities and signicant anti-inammatory activities inspired
our phytochemical investigations of Aphanamixis plants.
Herein, we describe the isolation and structure elucidation of
ve new acyclic diterpene lactone derivatives and three known
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tirucallane-type triterpenes from the leaves of A. polystachya.
These compounds were also evaluated for their anti-
inammatory activities by inhibiting NO production in LPS-
activated RAW 264.7 cells.
Experimental
General experimental procedures

Melting points were measured using a Mel-Temp 3.0 apparatus.
ECD spectra were recorded using a ChiraScan circular
dichroism spectrometer. Optical rotation was measured using
a Jasco P2000 polarimeter. HR-ESI-MS spectra were recorded
using an Agilent 6530 Accurate-Mass QTOF. NMR spectra were
recorded using a Bruker AvanceNEO 600 MHz FT-NMR spec-
trometer. Semi-preparative HPLC was performed using an Agi-
lent 1260 innity II system equipped with a YMC J'sphere ODS-
H80 (20× 250 mm, 4 mm) HPLC column, running at ow rate of
3 mL min−1. Thin-layer chromatography was carried out on
silica gel or reversed phase C18 (RP-18) pre-coated plates.
Gravity column chromatography was performed using silica gel
(40–63 mm) or RP-18 (150 mm) as the stationary phase.
Plant material

The leaves of Aphanamixis polystachya (Wall.) R. Parker were
collected in September 2022 at Tamdao National Park, Vinh
Phuc province, Vietnam, and taxonomically identied by Dr
Nguyen The Cuong, Institute of Ecology and Biological
Resources, VAST. Voucher specimens (No. NCCT-P125L) were
kept at the Institute of Marine Biochemistry, VAST.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Extraction and isolation

Dried powdered A. polystachya leaves (5 kg) were extracted with
methanol in an ultrasonic bath at room temperature for three
times (15 L MeOH and 1 h for each time). Aer the removal of
methanol, the residue (500 g) was suspended with water (3.0 L)
and successively separated with n-hexane and dichloro-
methane. The dichloromethane soluble fraction (100 g) was
separated on a silica gel column and eluted with a gradient
system of dichloromethane/methanol (40/1–5/1, v/v) to give four
fractions, APLD1–APLD4. Fraction APLD3 was separated on
a RP-18 column and eluted with acetone/water (1/2, v/v) to
give ve fractions, APLD3A–APLD3E. Fraction APLD3C was
puried by semi-preparative HPLC using acetonitrile/water (7/
3, v/v) to give compound 8 (4.0 mg, tR 52.7 min). Fraction
APLD3E was separated on a silica gel column and eluted with n-
hexane/acetone (5/1, v/v) to give three fractions, APLD3E1–
APLD3E3. Fraction APLD3E1 was puried by semi-preparative
HPLC using acetonitrile/water (9/1, v/v) to give compound 7
(6.5 mg, tR 61.2 min). Fraction APLD3E2 was also puried by
semi-preparative HPLC using acetonitrile/water (9/1, v/v) to give
compound 6 (5.0 mg, tR 53.3 min). Fraction APLD4 was chro-
matographed using a silica gel column and eluted with n-
hexane/acetone (6/1, v/v) to give three fractions, APLD4A–
APLD4C. Fraction APLD4B was puried by semi-preparative
HPLC using acetonitrile/water (6/4, v/v) to give three
compounds, 1 (4.0 mg, tR 42.2 min), 5 (24.2 mg, tR 45.2 min),
and 2 (5.0 mg, tR 48.9 min). Fraction APLD4C was puried by
semi-preparative HPLC using acetonitrile/water (45/55, v/v) to
give two compounds, 3 (6.2 mg, tR 63.2 min) and 4 (7.9 mg, tR
68.9 min) (Fig. 1).

(5S,11R)-Aphanamixionolide A (1)
Fig. 1 Structures of compounds 1–8 isolated from the leaves of Aphan

© 2024 The Author(s). Published by the Royal Society of Chemistry
White amorphous powder; mp 57.2–57.6; [a]28D : +51.6 (c 0.1,
MeOH); ECD (MeOH) q(l nm): −5.4(215), −6.3(249) mdeg; HR-ESI-
MS: m/z 391.2122 [M + H]+ (calcd for [C22H31O6]

+, 391.2115); 1H-
and 13C-NMR data are given in Table 1.

(5S,11R/11S)-Aphanamixionolide B (2)

White amorphous powder; mp 73.1–73.9; [a]28D : +19.3 (c 0.1,
MeOH); ECD (MeOH) q(l nm): −6.3(215), −6.6(250), +0.9(299),
−0.5(338) mdeg; HR-ESI-MS: m/z 391.2492 [M + H]+ (calcd for
[C23H35O5]

+, 391.2479); 1H- and 13C-NMR data are given in Table
1.

(5S,11S)-Aphanamixionolide C (3)

White amorphous powder; mp 78.1–79.0; [a]28D : −26.5 (c 0.1,
MeOH); ECD (MeOH) q(l nm): −4.1(215), −6.2(252) mdeg; HR-ESI-
MS: m/z 383.1627 [M + H]+ (calcd for [C20H28

35ClO5]
+, 383.1620)

and m/z 385.1605 [M + 2amu + H]+ (calcd for [C20H28
37ClO5]

+,
385.1605); 1H- and 13C-NMR data are given in Table 1.

(4R,11S)-Aphanamixionolide D (4)

White amorphous powder; mp 76.5–77.3; [a]28D : −40.2 (c 0.1,
MeOH); ECD (MeOH) q(l nm): −11.4(211),−2.7(241) mdeg; HR-ESI-
MS: m/z 383.1625 [M + H]+ (calcd for [C20H28

35ClO5]
+, 383.1620)

and m/z 385.1600 [M + 2amu + H]+ (calcd for [C20H28
37ClO5]

+,
385.1605); 1H- and 13C-NMR data are given in Table 1.

(4R,11S)-Aphanamixionolide E (5)

White amorphous powder; mp 55.4–56.1; [a]28D : −33.1 (c 0.1,
MeOH); ECD (MeOH) q(l nm): −22.0(210) mdeg; HR-ESI-MS: m/z
amixis polystachya.
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Table 1 1H-NMR and 13C-NMR spectral data for 1–5 in CDCl3

No.

1 2 3 4 5

dC dH (mult., J in Hz) dC dH (mult., J in Hz) dC

dH
(mult., J in Hz) dC

dH
(mult., J in Hz) dC dH (mult., J in Hz)

1 165.2 — 165.2 — 165.3 — 173.2 — 173.0 —
2 116.7 5.82 (s) 116.7 5.82 (s) 116.7 5.83 (s) 117.5 5.81 (s) 117.4 5.81 (s)
3 157.0 — 157.0 — 157.1 — 168.1 — 168.1 —
4 35.1 2.39 (dd, 18.0, 10.8) 35.1 2.39 (dd, 18.0, 10.8) 35.1 2.39 (dd, 18.0, 10.8) 84.1 4.89 (t, 4.8) 84.2 4.88 (t, 5.4)

2.22 (dd, 18.0, 3.6) 2.22 (dd, 18.0, 3.6) 2.20 (dd, 18.0, 3.6)
5 74.1 5.11 (m) 74.1a 5.10 (m) 74.1 5.10 (m) 29.9 2.71 (m) 30.2 2.68 (m)

2.32 (m) 2.32 (m)
6 122.6 5.33 (d, 9.0) 122.5b 5.32 (d, 8.4) 122.8 5.33 (d, 9.0) 116.7 4.98 (t, 7.8) 116.9 5.05 (t, 7.2)
7 141.6 — 142.0c — 141.4 — 139.2 — 138.9 —
8 39.1 2.04 (m) 39.3d 2.04 (m) 39.1 2.03 (m) 39.4 2.00 (m) 39.4 2.00 (m)

2.08 (m)
9 21.1 1.46 (m) 21.0e 1.30 (m) 21.0 1.40 (m) 21.3 1.32 (m) 21.3 1.40 (m)

1.57 (m) 1.66 (m) 1.58 (m)
10 38.1 1.90 (m) 40.3f 1.62 (m) 35.9 1.68 (m) 35.9 1.61 (m) 38.0 1.84 (m)

1.73 (m) 1.75 (m) 1.68 (m)
11 79.2 — 76.0g — 75.3 — 75.3 — 79.1 —
12 190.9 — 194.5 — 190.4 — 190.7 — 191.0 —
13 100.1 5.45 (s) 101.4 5.64 (s) 103.1 5.45 (s) 102.9 5.72 (s) 100.0 5.45 (s)
14 206.7 — 206.8 — 206.6 — 206.7 — 206.7 —
15 89.3 — 89.6h — 90.2 — 90.1 — 89.3 —
16 22.6 1.38 (s) 23.0 1.39 (s) 22.9 1.40 (s) 22.9 1.40 (s) 22.6 1.36 (s)
17 22.6 1.36 (s) 22.6 1.38 (s) 22.7 1.39 (s) 22.7 1.39 (s) 22.6 1.35 (s)
18 22.3 1.68 (s) 48.1i 1.60 (m) 51.0 3.92 (d, 11.4) 50.9 3.91 (d, 11.4) 22.3 1.67 (s)

1.77 (m) 3.61 (d, 11.4) 3.62 (d, 11.4)
19 16.6 1.69 (s) 16.6 1.67 (s) 16.4 1.67 (s) 16.0 1.60 (s) 16.1 1.60 (s)
20 23.0 2.00 (s) 23.0 1.99 (s) 23.0 1.98 (s) 13.9 2.05 (s) 13.9 2.05 (s)

11-
Acetoxy

18-
Isopropyl

11-
Acetoxy

10 169.3 — 24.3 1.75 (m) 169.3 —
20 21.4 2.07 (s) 24.4k 0.99 (d, 7.0) 21.4 2.07 (s)
30 24.4k 0.99 (d, 7.0)

a Observed in a pair of signals: 74.12/74.08. b Observed in a pair of signals: 122.54/122.51. c Observed in a pair of signals: 142.01/141.77. d Observed
in a pair of signals: 39.35/39.27. e Observed in a pair of signals: 20.97/20.90. f Observed in a pair of signals: 40.34/40.30. g Observed in a pair of
signals: 76.11/76.05. h Observed in a pair of signals: 89.64/89.61. i Observed in a pair of signals: 48.16/48.13. k Observed in a pair of signals: dC
24.36/dH 0.99 and dC 24.12/dH 0.89.
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391.2118 [M + H]+ (calcd for [C22H31O6]
+, 391.2115); 1H- and 13C-

NMR data are given in Table 1.
TD-DFT calculated ECD spectra

Conformational searches and geometric equilibrium were
carried out using the Spartan 18 program (Wavefunction Inc.,
Irvine, CA, USA). Possible conformations were optimized and
subjected to TDDFT calculations using the Gaussian 16
program (Gaussian Inc., Wallingford, CT, USA). The calculated
ECD spectra were composed based on the Boltzmann distri-
bution of the stable conformers using the SpecDis v1.71 so-
ware (University of Wuerzburg, Wuerzburg, Germany). The
calculations were performed as described previously.7,8 Briey,
ve pairs of dia-stereoisomers, namely, 1a-(5S,11S)/1b-(5S,11R),
2a-(5S,11S)/2b-(5S,11R), 3a-(5S,11S)/3b-(5S,11R), 4a-(4R,11S)/4b-
(4S,11S), and 5a-(4R,11R)/5b-(4R,11S) were submitted to
conformational searches at the Molecular Mechanics MMFF
and performed equilibrium geometry with semi-empirical PM3
20538 | RSC Adv., 2024, 14, 20536–20542
set. Conformers were collected with their relative energy lower
than 40 kJ mol−1. The top 20 stable conformers were selected
and optimized by DFT calculations at the B3LYP/6-31G(d,p)
basis set. The solvent effects were determined by integral
equation formalism polarizable continuum model (IEFPCM)
calculations with methanol as the solvent. The optimized
conformers were then subjected to TD-DFT calculations using
B3LYP/6-31G(d,p) or wB97XD/6-31G(d,p) functions and meth-
anol as solvent effects in an IEFPCM. The ECD spectra at 30
excited states for each conformer were recorded and summed to
obtain theoretical ECD spectra of each stereoisomer. The ECD
spectra of corresponding enantiomers 1c/1d, 2c/2d, 3c/3d, 4c/
4d, and 5c/5d were composed by mirror imaging those of 1a/1b,
2a/2b, 3a/3b, 4a/4b, and 5a/5b, respectively.
Nitric oxide assay

Experiments were conducted following the same procedure as
described in previous reports and referred to ESI.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The methanol extract of A. polystachya was well mixed with
water and successively separated with n-hexane and dichloro-
methane. The dichloromethane soluble fraction was subjected
to gravity column chromatography using silica gel or RP-18
resin as the stationary phase, and further puried by semi-
preparative HPLC to give ve new diterpenoids (1–5) and three
known triterpenoids (6–8).

Compound 1 was obtained as a white amorphous powder. Its
molecular formula, C22H30O6, was determined by protonated
ion [M + H]+ at m/z 391.2122 in the HR-ESI-MS (calcd for
[C22H31O6]

+, 391.2115), indicating eight degrees of unsatura-
tion. The 1H-NMR spectrum of 1 contained six singlet methyl
groups [dH 2.07, 2.00, 1.69, 1.68, 1.38, and 1.36 (each, 3H)], three
olenic protons [dH 5.45 (1H, s), 5.33 (1H, d, J = 9.0 Hz), and
5.82 (1H, s)], and one oxygenated methine group [dH 5.11 (1H,
m)]. The 13C-NMR and HSQC spectra of 1 showed 22 carbons
including six methyl groups, four methylenes, four methines,
and eight non-protonated carbons. The methyl [dC 21.4/dH 2.07
(3H, s)] and carbonyl signals (dC 169.3) were assigned to an
acetoxy group. Other 20 carbons suggested for a diterpenoid
backbone. The COSY spectrum of 1 revealed two coupled
systems, including H2-4 (dH 2.39 and 2.22)/H-5 (dH 5.11)/H-6 (dH
5.33) and H2-8 (dH 2.04)/H2-9 (dH 1.46)/H2-10 (dH 1.90). The
HMBC correlations between H3-20 (dH 2.00) and C-2 (dC 116.7)/
C-3 (dC 157.0)/C-4 (dC 35.1), and H-2 (dH 5.82) and C-1 (dC 165.2)
indicated a terminal carboxylate functional group at C-1 and
a double bond at C-2/C-3. The HMBC correlations between H3-
19 (dH 1.69) and C-6 (dC 122.6)/C-7 (dC 141.6)/C-8 (dC 39.1)
indicated another double bond at C-6/C-7. Furthermore,
a carbon chemical shi of C-14 (dC 206.7) and the HMBC
correlations between H3-16 (dH 1.38)/H3-17 (dH 1.36) and C-15
(dC 89.3)/C-14 (dC 206.7) conrmed a ketone functional group
at C-14. Then, the HMBC correlations between H-13 (dH 5.45)
and C-14 (dC 206.7)/C-12 (dC 190.9), and H3-18 (dH 1.68) and C-10
(dC 38.1)/C-11 (dC 79.2)/C-13 (dC 100.1) suggested the last double
bond at C-12/C-13 and fully established an acyclic diterpene
backbone. Carbon chemical shis of C-5 (dC 74.1), C-11 (dC
79.2), C-12 (dC 190.9), and C-15 (dC 89.3) indicated oxygen-
bearing carbons. Additionally, de-shielded signals of C-12 (dC
190.9) and C-15 (dC 89.3) suggested the existence of an ether
bridge between these carbons, forming a furan-3-one moiety.
The strong downeld shied signals of oxygenated olenic
carbon (C-12: dC 190.9) and carbinol carbon (C-15: dC 89.3) in
the furan-3-one moiety are consistent with those previously re-
ported in novel nemoralisin-type diterpenoids from Aphana-
mixis plants.9–12 Although interactions between H-5 (dH 5.11)
and C-1 (dC 165.2) are not clearly observed in the HMBC spec-
trum, the chemical shi values at those positions (dH-5 5.11, dC-5
74.1, dC-1 165.2) are consistent with the presence of lactone
bridge between C-1 and C-5 as compared to compound 2
(showing weak HMBC correlation between H-5 and C-1). The
acetoxy group, therefore, was assigned at the last oxygen
bearing carbon C-11. The geometry of double bond at C-6/C-7
was determined to be E-conguration based on NOESY
© 2024 The Author(s). Published by the Royal Society of Chemistry
correlations of H3-19 (dH 1.69)/H-5 (dH 5.11) and H-6 (dH 5.33)/
H2-8 (dH 2.04). Later, absolute congurations at C-5 and C-11
were elucidated by experimental and TD-DFT calculated ECD
spectra. The theoretical ECD spectra of the four possible
stereoisomers of 1, namely, (5S,11S)-1a, (5S,11R)-1b, (5R,11R)-
1c, and (5R,11S)-1d were computed. The experimental ECD
spectrum of 1 displayed negative Cotton effects at wavelengths
of 215 nm (−5.4 mdeg) and 249 nm (−6.3 mdeg), which is
consistent with those calculated ECD spectrum for (5S,11R)-1b
isomers. Consequently, the structure of compound 1 was
completely determined and it was named (5S,11R)-aphanamix-
ionolide A.

Compound 2 was obtained as a white amorphous powder. Its
molecular formula, C23H35O5, was determined by protonated
ion [M + H]+ at m/z 391.2492 in the HR-ESI-MS (calcd for
[C23H35O5]

+, 391.2479), indicating seven degrees of unsatura-
tion. The 1H and 13C-NMR data of 2 showed close similarity with
those of 1, indicating the same acyclic diterpenoid backbone.
The NMR data of 2 exhibited signals of an isopropyl group
instead of the acetyl group as in compound 1. Additionally, the
signals of a methyl group (C-18, dC 22.3/dH 1.68) in 1 were
replaced by the signals of a methylene group (C-18, dC 48.1/dH
1.77 and 1.60) in 2, suggesting the position of the isopropyl
group at C-18. This deduction was conrmed by COSY correla-
tions of H2-18 (dH 1.77 and 1.60)/H-10 (dH 1.75)/H3-20,30 (dH 0.99)
and HMBC correlations between H3-20,30 (0.99) and C-10 (dC
24.3)/C-18 (dC 48.1), H2-18 (dH 1.77 and 1.60) and C-10 (dC 40.3)/
C-11 (dC 76.0)/C-12 (dC 194.5). The upeld-shied signal of C-11
(dC 76.0) in compound 2 compared to that in 1 (C-11: dC 79.2) is
consistent with the replacement of an acetoxy group with
a hydroxy group at this carbon. The weak HMBC correlation
between H-5 (dH 5.10) and C-1 (dC 165.2) further conrmed the
lactone bridge between C-1 and C-5. The NOESY correlations of
H3-19 (dH 1.67)/H-5 (dH 5.10) and H-6 (dH 5.32)/H2-8 (dH 2.04)
conrmed the E-conguration of a double bond at C-6/C-7.
Careful examination of the 13C NMR spectra of 2 showed that
several carbons signicantly divided into a pair of closely
chemical shi values (DdC < 0.2 ppm, Table 1 and Fig. S16,
S17†). This evidence suggested that compound 2 was a pair of
dia-stereoisomers at chiral centers C-5 and C-11. The TD-DFT
calculation ECD spectra for the four possible stereoisomers
(5S,11S)-2a, (5S,11R)-2b, (5R,11R)-2c, and (5R,11S)-2d were per-
formed and compared with the experimental ECD data. The
results indicated that compound 2 possessed 5S-conguration
(as isomers 2a/2b) and a pair of dia-stereoisomers were formed
by difference in absolute conguration at C-11, 11R or 11S.
Compound 2, therefore, was determined and it was named
(5S,11R/11S)-aphanamixionolide B.

The HR-ESI-MS spectra of 3 showed a pair of isotope
protonated molecular ion peaks atm/z 383.1627 [M + H]+ andm/
z 385.1605 [M + 2amu + H]+ with an intensity ratio around 3/1,
which indicated a molecular formula of C20H27ClO5, containing
a chlorine atom (calcd for [C20H28

35ClO5]
+, 383.1620; and calcd

for [C20H28
37ClO5]

+, 385.1605). The 1H and 13C-NMR data of 3
indicated an acyclic diterpene as compounds 1 and 2. The 1H-
NMR spectrum of 3 revealed the presence of four singlet
methyl groups [dH 1.98, 1.67, 1.40, and 1.39 (each 3H, s)],
RSC Adv., 2024, 14, 20536–20542 | 20539
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Fig. 2 Key HMBC, COSY, and NOESY correlations of compounds 1–5.
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suggesting a chlorine atom link to one of the ve terminal
methyl groups in the diterpene skeleton. Comparison of the
NMR data of 3 with those of 1 and 2 showed the difference at
signals of methylene group C-18 [dC 51.0/dH 3.92 and 3.61 (each
1H, d, J = 11.4 Hz)], suggesting a chlorine atom link to C-18.
This deduction was then conrmed by HMBC correlations
between H2-18 (dH 3.92 and 3.61) and C-10 (dC 35.9)/C-11 (dC
75.3)/C-12 (dC 190.4). The NOESY correlations of H3-19 (dH 1.67)/
H-5 (dH 5.10) and H-6 (dH 5.33)/H-8 (dH 2.03 and 2.08) conrmed
the E-conguration of the double bond at C-6/C-7. Later, abso-
lute congurations 5S and 11S (as isomer 3a) were demon-
strated by experimental and TD-DFT calculated ECD spectra, as
shown in Fig. 3. Consequently, the structure of 3 was deter-
mined and it was named (5S,11S)-aphanamixionolide C.

Compound 4 was obtained as a white amorphous powder.
The HR-ESI-MS spectra of 4 closely resembled those of 3 by
a pair of isotope protonated molecular ion peaks at m/z
383.1625 [M + H]+ and m/z 385.1600 [M + 2amu + H]+ with an
intensity ratio around 3/1. This evidence indicated that
compound 4 had the same molecular formula as that of 3,
C20H27ClO5 (calcd for [C20H28

35ClO5]
+, 383.1620; and calcd for

[C20H28
37ClO5]

+, 385.1605). The 1H and 13C-NMR data of 4 were
revealed to be different from those of 3 by signals related to the
lactone ring (C-1 to C-7 and C-20, Table 1). The sequencing
COSY correlations of H-6 (dH 4.98)/H2-5 (dH 2.71 and 2.32)/H-4
(dH 4.89) and chemical shi values of the methine group C-4
(dC 84.1) indicated that an oxygen-bearing carbon was at C-4
in compound 4 instead of C-5, as shown in compound 3. The
HMBC correlations between H3-20 (dH 2.05) and C-2 (dC 117.5)/
C-3 (dC 168.1)/C-4 (dC 84.1) conrmed the presence of a double
bond at C-2/C-3. The HMBC correlations between H-2 (dH 5.81)/
H-4 (dH 4.89) and C-1 (dC 173.2) were demonstrated for a lactone
bridge between C-1 and C-4. Compound 4, therefore, contained
a g-lactone instead of a d-lactonemoiety in compounds 1–3. The
20540 | RSC Adv., 2024, 14, 20536–20542
NOESY correlations of H3-19 (dH 1.60)/H-5 (dH 2.71 and 2.32)
and H-6 (dH 4.98)/H-8 (dH 2.00) conrmed the E-conguration of
the double bond at C-6/C-7. The absolute congurations 4R and
11S (as isomer 4a) were demonstrated by experimental and TD-
DFT calculated ECD spectra, as shown in Fig. 3. Consequently,
the structure of 4 was determined and it was named (4R,11S)-
aphanamixionolide D.

Compound 5 was obtained as a white amorphous powder.
The HR-ESI-MS spectra of 4 closely resembled those of 1 by
protonated molecular ion peaks at m/z 391.2118 [M + H]+,
indicating the same molecular formula as that of 1, C22H30O6

(calcd for [C22H31O6]
+, 391.2115). The NMR spectra data of 5

indicated signals of acetoxy group (dC 169.3 and dC 21.4/dH 2.07)
and an acyclic diterpenoid backbone as compounds 1–4 (Table
1). Additionally, the 13C-NMR spectral data of 5 exhibited
partially similar carbon chemical shis with both compounds 1
(from C-8 to C-19 and acetoxy group) and 4 (from C-1 to C-7 and
C-20). This evidence indicated that compound 5 possessed two
structural fragments, namely, an acetoxylated furan-3-one
moiety (as compound 1) and a g-lactone moiety (as
compound 4). The planar structure of 5, including the E-
geometric conguration of double bond at C-6/C-7, was then
conrmed by analysis of HMBC, COSY, and NOESY correla-
tions, as shown in Fig. 2. Finally, the absolute congurations 4R
and 11S (as isomer 5b) were demonstrated by experimental and
TD-DFT calculated ECD spectra. Consequently, the structure of
4 was determined and it was named (4R,11S)-aphanamix-
ionolide E.

Other known compounds were determined to be tirucallane-
type triterpenes including piscidinol A (6),13,14 hispidone (7),15

and bourjotinolone A15,16 by consistence of their NMR spectral
data with those reported in the literature.

All isolates (1–8) were evaluated for their anti-inammatory
activities by inhibiting nitric oxide production in LPS-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Experimental ECD spectra of 1–5 and TD-DFT calculated ECD spectra for their possible stereoisomers.
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activated RAW 264.7 cells. First, the effects of compounds on
the cell viability were examined. At a concentration of 50 mM,
compounds 1–8 did not show signicant cytotoxicity towards
RAW 264.7 cells by MTT tests. The NO inhibitory activity was
© 2024 The Author(s). Published by the Royal Society of Chemistry
then evaluated at serial diluted concentrations of 0.4–50 mM. As
shown in Table 2, compounds 1–8 inhibited NO production
with IC50 values of 10.2–37.7 mM, comparable to positive control
L-NMMA (IC50: 31.5 mM). Our results are consistent with
RSC Adv., 2024, 14, 20536–20542 | 20541
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Table 2 Inhibitory activity of compounds 1–8 on the NO production
in LPS-activated RAW264.7 cells

Comp IC50 (mM) Comp IC50 (mM)

1 25.3 � 1.5 5 20.2 � 2.4
2 37.7 � 2.1 6 31.1 � 2.7
3 16.8 � 1.0 7 36.6 � 1.8
4 18.8 � 1.4 8 10.2 � 0.2
L-NMMAa 31.5 � 2.6

a NG-monomethyl-L-arginine acetate salt (L-NMMA) was as a positive
control.
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previous reports that terpenoid compositions of Aphanamixis
plants potentially inhibit LPS-induced NO production
activities.2,5,17,18

Conclusions

Phytochemical investigation of the leaves of A. polystachya
identied ve new acyclic diterpene lactone derivatives (1–5)
and three known tirucallane-type triterpenes (6–8). The chem-
ical structures of 1–5 contained two unique structural frag-
ments a g-lactone/d-lactone and a furan-3-onemoiety, which are
rarely found in the nature. Compounds 1–8 exhibited inhibitory
effects on NO production in LPS-activated RAW 264.7 cells with
IC50 values in the range of 10.2–37.7 mM, comparable to positive
control L-NMMA.
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