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Two new ent-atisane-type diterpenoids (1 and 2), three new lathyrane-type diterpenoids (3-5), and seven known
analogues (6-12) were isolated from Euphorbia antiquorum. The structures of these diterpenoids were established
by analysis of their NMR, MS, and electronic circular dichroism data. The anti-inflammatory activities were
evaluated biologically and compounds 1, 4,7, 8, and 10 displayed strong NO inhibitory effects with ICs, values
less than 40 uM. The potential anti-inflammatory mechanism was also investigated using molecular docking and

1. Introduction

It has evidenced that inflammation, especially chronic inflamma-
tion, is involved in the pathogenesis of a variety of diseases, such as
atherosclerosis [1], obesity, metabolic syndrome [2], diabetes [3],
neurodegenerative diseases [4], and even several types of cancers [5].
Thus, to inhibit inflammation is considered to be beneficial and helpful
for the prevention of the above mentioned diseases. When inflamma-
tion happens, the crucial proteins iNOS and COX-2 in the inflammatory
signaling pathway usually have a high-expression and catalyze to pro-
duce massive inflammation mediators, such as NO and PGE, [6].
Considering that excessive inflammation mediators are an obvious sign
indicating inflammatory response, to inhibit the generation of these
inflammatory factors has thus become an applicable strategy to resist
inflammation. In addition to synthetic compounds available for the
inhibition of inflammatory factors, bioactive natural products are also
considered as an indispensable choice due to the structural and

biological diversity and the potential value as drug lead compounds in
drug discovery.

The genus Euphorbia Linn., belonging to the Euphorbiaceae plant
family, contains about 2000 species widely distributed in tropical and
temperate regions. There are about 80 species growing in China. Some
Euphorbia species have been used historically as folk medicines for
multiple medical indications in China and other countries [7,8]. Che-
mical investigations on this genus have led to the isolation of a large
array of diterpenoids with structural diversity, such as jatrophane, la-
thyrane, tigliane, ingenane, myrsinol, and ingol types, which exhibited
various biological activities including cytotoxic, anti-leukemic in-
secticidal, antimicrobial, and anti-inflammatory effects [9-33]. The
species Euphorbia antiquorum L. is a small tree distributed mainly in the
tropical region of Asia. This plant has been used as a folk medicine in
mainland China for the treatment of dropsy, abdominal lump, diarrhea,
scabies, and dyspepsia [34]. In our ongoing search for bioactive natural
products as NO inhibitors for inflammatory diseases from plants
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[35-371, Euphorbia plants rich in various types of terpenoids evoked our
great interest and the subordinate species E. antiquorum was in-
vestigated. This procedure led to the isolation of five new diterpenoids,
designated as euphorins A — E (1-5), along with seven known di-
terpenoids (6-12) from the methanol extract of the stems of E. anti-
quorum. The structures of these diterpenoids were established by NMR,
MS, and electronic circular dichroism (ECD) data analysis. All of the
isolates showed inhibitory activities toward lipopolysaccharide (LPS)-
induced NO production in murine microglial BV-2 cells. Herein, we
describe the structural determination and anti-inflammatory activities
of these isolated diterpenoids as well as the possible anti-inflammatory
mechanism.

2. Experimental
2.1. General experimental procedures

Optical rotations were recorded on an InsMark IP120 automatic
polarimeter (InsMark Instrument Co., Ltd., Shanghai, People’s Republic
of China). ECD spectra were obtained on a JASCO J-715CD spectro-
meter (JASCO Corporation, Tokyo, Japan). Infrared (IR) spectra (KBr
disks) were recorded on a Bruker Tensor 27 FT-IR spectrometer. 1D and
2D NMR experiments were performed on a Bruker AV 400 instrument
(Bruker, Switzerland, 100 MHz for '*C and 400 MHz for 'H) with TMS
as an internal reference at room temperature. ESIMS and HRESIMS data
were acquired on a Thermo Finnigan LCQ-Advantage mass spectro-
meter and an IonSpec 7.0 T FTICR MS (IonSpec Co., Ltd., Lake Forest,
CA), respectively. HPLC separations were conducted on a CXTH system,
equipped with a Shodex RI-102 detector (Showa Denko Co., Ltd.,
Tokyo, Japan) and a YMC-pack ODS-AM (20 X 250 mm) column (YMC
Co. Ltd., Kyoto, Japan). Medium pressure liquid chromatography
(MPLC) was run on a P0100 pump with an ultraviolet (UV) detector
(Huideyi Co., Beijing, People’s Republic of China) and a column
(40 x 400 mm) filled by octadecylsilyl (ODS, 50 ym, YMC Co., Ltd.).
Silica gel (200-300 mesh) used for column chromatography was pur-
chased from Qingdao Haiyang Chemical Group Co., Ltd. (Qingdao,
People’s Republic of China). Chemical reagents (analytical grade) and
biological reagents were provided by Tianjin Chemical Reagent Co.
(Tianjin, People’s Republic of China) and Sigma Co., respectively. The
BV-2 cell line was from Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, People’s Republic of China).

2.2. Plant material

The stems of E. antiquorum were collected from Guangxi Zhuang
Autonomous Region, People’s Republic of China, in November 2016.
The botanical identification was made by one of the authors (Y. Guo),
and a voucher specimen (No. 20161101A) representing this collection
has been deposited in College of Pharmacy, Nankai University, Tianjin,
People’s Republic of China.

2.3. Extraction and isolation

The stems of E. antiquorum (11.5kg) were cut into pieces. After
drying, the stems were extracted with MeOH (3 X 60 L) under reflux.
The organic solvent was evaporated to give a crude methanol extract
(400 g), which was suspended in H>O (0.4 L) and then partitioned with
petroleum ether (5 x 0.4 L) to give the petroleum ether-soluble portion
(258 ). This portion was fractionated by silica gel column chromato-
graphy (silica gel, 1350 g; column, 9 X 70 cm), using a gradient solvent
system of petroleum ether-acetone (100: 0, 100: 2, 100: 4, 100: 6, 100:
8,100: 11, 100: 16, 100: 23, 100: 30, 21 L for each gradient elution), to
afford nine fractions (F; — Fg) according to the TLC analysis. Fraction
F, was further separated by MPLC over octadecylsilane (ODS) eluting
with a step gradient of 64-92% MeOH in H,O to give eight subfractions
F,.1 — F,g. The subsequent purification of F, 5 (68% MeOH in H,0) by
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preparative HPLC (YMC-pack ODS-AM column, 20 X 250 mm) afforded
compound 1 (g = 38 min, 6.5 mg). Using the above MPLC, fraction F;
(72-92% MeOH in H,0) yielded eight subfractions F3 1-F5g. With the
same HPLC system, compound 2 (tzx = 32min, 6.9 mg) was isolated
from F3_5 (79% MeOH in H,0). Using the same procedure as for fraction
F3, fraction Fg gave five subfractions Fg 1-Fg 5, and the purification of
subfractions Fg, (70% MeOH in H,0) and Fg4 (78% MeOH in H,0)
resulted in the isolation of compounds 3 (tg = 29 min, 8.4 mg) and 11
(tg = 41 min, 26.9 mg), respectively, with the above HPLC. Fraction Fs
was fractionated by the above MPLC to afford subfractions Fs;-Fs..
The following purification was performed using the above HPLC.
Compounds 4 (tg = 30 min, 5.7 mg) and 7 (tg = 29 min, 50.8 mg) were
isolated from Fs4 (81% MeOH in H,0), compounds 5 (tzx = 43 min,
9.9mg) and 6 (tzx = 36 min, 9.9 mg) were obtained from Fs 3 (75.5%
MeOH in H,0), and the purification of subfraction Fs 5 (80% MeOH in
H,0) gave compound 8 (tz = 57 min, 11.9 mg). Using the same MPLC
as applied for the above fractions, subfractions Fo 1-Fs g, F4.1—F4.7, and
Fe.1-Fs.5 were obtained from fractions F», F4, and Fg, respectively. The
susequent purification of subfractions F5., (85% MeOH in H,0), F43
(81% MeOH in H,0), and Fg.5 (89.5% MeOH in H,0) with the same
HPLC led to the acquirement of compounds 9 (tg = 24 min, 5.5 mg), 10
(tg = 33 min, 12.9mg), and 12 (tzg = 53 min, 35.6 mg), respectively.

2.3.1. Euphorin A (1)

Colorless oil; [a] + 31.2 (¢ 0.2, CH5Cl,); ECD (CH3CN) 218 (Ae
-0.88), 313 (Ae + 0.79) nm; IR (KBr) vpmax cm ™~ 3436, 2869, 2857,
1707, 1438, 1387, 1186, 733; 1°C NMR (100 MHz, CDCl;) data and 'H
NMR (400 MHz, CDCls), see Tables 1 and 2; ESIMS m/z 411 [M+Na]*;
HRESIMS m/z 411.2145 [M+Na]™*, calcd for Co3H3,NaOs, 411.2147.

2.3.2. Euphorin B (2)

Amorphous powder; [a] — 3.3 (c 0.1, CH,Cl,); ECD (CH5CN) 214
(Ae — 1.59), 297 (Ae + 0.78) nm; IR (KBr) vmax cm ™ 1: 2926, 2857,
1711, 1459, 1387, 1182, 889; *C NMR (100 MHz, CDCl;) data and 'H
NMR (400 MHz, CDCl3), see Tables 1 and 2; ESIMS m/z 395
[M + Na]*; HRESIMS m/z 395.2197 [M + Nal*, caled for
Co3H3,Na0,, 395.2198 .

2.3.3. Euphorin C (3)

Amorphous white powder; [a] + 21.0 (c 0.3, CH5Cl,); IR (KBI) vipax
cm L 3420, 2926, 2872, 1729, 1453, 1372, 1204, 1043, 735; 13C NMR
(100 MHz, CDCls) data and *H NMR (400 MHz, CDCls), see Tables 1
and 2; ESIMS m/z 473 [M+Na] *; HRESIMS m/z 473.2150 [M+Na] ",
caled for Co4H34NaOg, 473.2151.

2.3.4. Euphorin D (4)

Amorphous white powder; [a] — 21.4 (c 0.4, CH5Cl,); IR (KBI) vipax
em ™ ': 3510, 2956, 2925, 1732, 1707, 1452, 1371, 1234, 736; '*C NMR
(100 MHz, CDCl;) data and 'H NMR (400 MHz, CDCls), see Tables 1
and 2; ESIMS m/z 577 [M +Na] *; HRESIMS m/z 577.2412 [M + Na]*
(caled for C31H3gNaOg, 577.2414).

2.3.5. Euphorin E (5)

Colorless oil; [a] — 47.5 (¢ 0.3, CHoCly); IR (KBI) vpax cm ™~ 3496,
2957, 2928, 1732, 1703, 1454, 1372, 1235, 734; 1*C NMR (100 MHz,
CDCls) data and *H NMR (400 MHz, CDCl,), see Tables 1 and 2; ESIMS
m/z 555 [M+Na]*; HRESIMS m/z 555.2570 [M+Na]™*, caled for
C29H40N309, 555.2570.

2.4. Computational analysis

According to the relative configuration of every compound deduced
from NOESY spectrum and Chem3D modeling, systematic conforma-
tional searches were performed firstly using MOE software and appro-
priate conformers were selected for geometry optimizations. Geometry
optimizations and re-optimizations on the B3LYP/6-31 + G(d,p) level
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Table 1
13C NMR data for compounds 1-5 (§ in ppm, 100 MHz, in CDCls).
Position 1 2 Position 3 4 5
1 37.1 CH, 37.7 CH, 1 31.6 CH, 31.5 CH, 31.5 CH,
2 34.7 CH, 34.8 CH, 2 29.6 CH 32.2 CH 32.2 CH
3 212.3 C 212.7 C 3 77.7 CH 81.3 CH 81.3 CH
4 51.8 C 52.0 C 4 71.4 C 71.7 C 71.7 C
5 56.8 CH 57.0 CH 5 116.5 CH 116.9 CH 116.6 CH
6 20.0 CH, 20.1 CH, 6 141.4 C 141.1 C 141.3 C
7 30.7 CH, 31.5 CH, 7 78.1 CH 76.2 CH 76.2 CH
8 47.2 C 47.6 C 8 71.3 CH 74.8 CH 74.0 CH
9 51.1 CH 51.9 CH 9 27.5 CH 235 CH 23.6 CH
10 37.6 C 47.6 C 10 18.4 C 19.3 C 19.1 C
11 25.5 CH, 28.1 CH, 11 31.0 CH 31.0 CH 30.9 CH
12 44.7 CH 38.3 CH 12 70.9 CH 70.8 CH 70.8 CH
13 75.0 CH 44.5 CH, 13 43.1 CH 43.4 CH 43.4 CH
14 217.8 C 216.3 C 14 207.8 C 207.3 C 207.4 C
15 43.5 CH, 42.5 CH, 15 73.8 C 70.7 C 70.6 C
16 142.0 C 146.8 C 16 17.0 CH3 16.4 CHj3 16.4 CH3
17 111.3 CH, 107.3 CH, 17 17.9 CH3 17.4 CHj3 17.3 CH3
18 21.2 CHj; 20.8 CHj 18 29.3 CHj 29.2 CHj3 290.1 CHj
19 65.8 CH, 65.8 CH, 19 16.5 CHj; 16.4 CH3 16.4 CHj;
20 14.2 CHj3 13.4 CH3 20 13.4 CH3 13.3 CHj3 13.3 CH3
OR-19 174.3 C 174.3 C OR-3 1 170.8 C 170.8 C 170.8 C
27.4 CH, 27.4 CH, 2 20.7 CHj; 20.9 CH3 20.9 CHj;
9.0 CHj3 9.0 CH3 OR-8 1 166.1 C 167.5 C
2 129.9 C 128.4 C
3/7 129.7 CH 138.1 CH
4/6 128.6 CH 14.5 CHj;
5 133.3 CH 12.1 CH3
OR-12 1 170.7 C 170.5 C 170.5 C
2 21.1 CH,3 21.1 CH, 21.1 CH,3

were performed by Gaussian 09 package [38]. The time-dependent
density functional theory (TDDFT) ECD calculations for the optimized
conformers were carried out at the CAM-B3LYP/SVP level with a CPCM
solvent model in acetonitrile, and the calculated ECD spectra of dif-
ferent conformers were simulated with a half bandwidth of ~ 0.4 eV.
The ECD curves were extracted by SpecDis 1.62 software [39]. The
overall ECD curves of all the compounds were weighted by Boltzmann
distribution after UV correction.

2.5. Bioassay for NO inhibitory activities

The NO release in BV-2 cells was determined using the previous
method [40,41]. Briefly, BV-2 cells were seeded in 96-well culture
plates (5 x 10* cells/well) for 24h at 37°C, and incubated with or
without 0.2 pg/mL of LPS (Sigma Chemical Co., St. Louis, MO, U.S.A.)
in the absence or presence of the test compounds. 2-Methyl-2-thiop-
seudourea, sulfate (SMT) was used as a positive control. After 20 h, the

Table 2
'H NMR data for compounds 1-5 (8 in ppm, J in Hz, 400 MHz, in CDCl3).
Position 1 2 Position 3 4 5
la 1.39m 1.34m la 2.82 dd (15.0, 9.2) 2.13m 2.13m
18 1.93m 1.89m 18 1.68 d (15.2) 2.09m 2.08 m
2a 2.37m 2.33m 2 2.58m 1.88m 1.83m
2B 2.74m 2.74m 3 5.21d (8.4) 5.10d (8.3) 5.09d (8.3)
5 1.40 brd (12.6) 1.36 dd (12.7, 2.9) 5 5.76s 5.89s 5.84s
6a 1.54m 1.60 m 7 4.22s 4.37 s 4.25s
68 1.60m 1.70m 8 3.46 dd (10.3, 1.9) 4.76 d (10.7) 4.56 d (10.7)
7a 0.93m 0.91m 9 1.26 m 1.56t (10.3) 1.47t (9.4)
7B 2.42m 2.36m 11 1.06 m 2.18m 2.12m
9 1.63 m" 1.61 m" 12 4.87 dd (11.0, 3.9) 492 dd (11.2, 3.8) 4.87 dd (11.1, 3.8)
1la 2.06 m 1.68 m 13 2.93m 2.95m 291m
118 1.75m 1.94m 16 0.91d (7.4 1.06s 1.07s
12 2.82m 2.74m 17 1.99s 2.08s 2.04s
13a 3.90d (2.8) 2.33 m" 18 1.10s 1.14s 1.09s
138 2.24 m® 19 1.09s 0.85s 0.83s
15a 2.32m 2.32m 20 1.06 d (7.3) 1.08 d (13.1) 1.05s
15b 2.32m 2.21m OR-3" 2 2.12s 2.10s 2.10s
17a 5.03s 4.90s OR-8" 3/7 8.05d (7.3) 6.90 q (7.0)
17b 4.87s 4.69s 4/6 7.48t(7.3) 1.81 d (7.0)
18 1.16s 1.15s 5 7.59t (7.3) 1.84s
19a 4.59d (11.4) 4.63d (11.3) OR-12° 2 2.12s 2.10s 2.10s
19b 3.84d (11.4) 3.84d (11.3)
20 0.93s 0.97s
OR-19° 2.26 q (7.5) 2.26 q (7.6)
1.09t (7.5) 1.081t (7.6)

2 The number with the superscript indicates the location of the substituent group in the parent skeleton.
" Signals are in overlapped regions of the spectra, and the multiplicities could not be discerned.
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cell supernatants were collected and reacted with 50 uL of Griess re-
agent [1:1 mixture of 0.1% N-(1-naphtyl)ethylenediamine in H,O and
1% sulfanilamide in 5% phosphoric acid] in a 96 well plate and the
absorbance was read on a Multiskan MK3 microplate reader (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The amount of nitrite was
calculated using a standard curve of known nitrite concentration versus
absorbance at 550 nm. The ICs, values were determined using the
software SPSS11.5 from the corresponding experiments performed in
triplicate.

2.6. Molecular docking studies

Molecular docking simulations were performed using the software
AutoDock Vina along with AutoDock Tools (ADT 1.5.6) using the hy-
brid Lamarckian Genetic Algorithm (LGA) [40,41]. The three dimen-
sional (3D) crystal structures of iNOS (PDB code, 3E6T) and COX-2
(PDB code, 1PXX) were obtained from the RCSB Protein Data Bank,
which resolution was 2.5A [42]. The standard 3D structures (PDB
format) of selected compounds for molecular docking were constructed
by chem3D Pro 14.0 software, whose configurations were determined
by their NOESY spectra and Chem3D modeling. The cubic grid box of
20 A size (x, y, z) with a spacing of 1.000 A and grid maps were built.
All of the other parameters were used according to default settings of
AutoDock Vina. Results differing by less than 2.0 A in positional root
mean-square deviation (RMSD) were clustered together, and the results
of the most favorable free energy of binding were chosen as the re-
sultant complex structures.

2.7. Western blotting analysis

BV-2 cells were seeded in 12-well plates at the density of 3 x 10°
cells/well for 24 h. Then, the cells were pretreated with the test com-
pound for 30 min and stimulated with LPS (0.2 ug/mL) for 24 h. The
cells were washed with cold PBS twice and collected, then the lysis
buffer was added into cells and the lysates were centrifuged at
10,000 rpm for 10 min. The total proteins were acquired from the su-
pernatants and the protein concentration was determined by the BCA
protein assay kit. (Solarbio, Beijing, People’s Republic of China).
Approximate 20 ug protein were used and subjected to electrophoresis
analysis of 10% sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE). After transferring to PVDF membranes, the
membranes were blocked in 15% skim milk for 2 h at room temperature
and incubated with primary antibodies (iNOS and COX-2, diluted
1:1000 in skim milk) overnight at 4 °C. After being washed with TBST
for 30 min, the membranes were incubated secondary antibody (diluted
1: 5000 in 5% skim milk) for 1 h at room temperature and then washed
with TBST for 30 min. Lastly, the protein blots were developed using an
ECL detection kit (Beyotime, Shanghai, People’s Republic of China). -
Actin protein was used as internal reference. Each band was quantified
by Image-J software.

3. Results and discussion
3.1. Structure elucidation

Compound 1 was obtained as a colorless oil. The molecular formula
of Cy3H3,05 for 1 was derived from the HRESIMS [M +Na] * ion at m/z
411.2145 (caled for Cy3H35,NaOs, 411.2147) and the NMR data (Tables
1 and 2). The 'H NMR spectrum of 1 displayed characteristic signals
attributable to two aliphatic methyl singlets (5 1.16 and 0.93), a pair
of olefinic protons of terminal double bond [y 5.03 and 4.87 (each 1H,
s)], a set of oxymethylene protons [dy 4.59 and 3.84 (each 1H, d,
J=11.4Hz)], and one oxymethine proton [§y 3.90 (1H, d,
J = 2.8 Hz)]. The 3C NMR spectrum of 1 showed 23 resonances, one of
which was indicative of an ester carbonyl (§c 174.3). This ester car-
bonyl (6c 174.3) and the methylene and methyl resonances (8¢ 27.4
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and 9.0), together with the corresponding proton signals (Table 2),
suggested the presence of a propionyloxy group. The remaining 20
carbons displayed in the '*C NMR spectrum comprised two methyls,
eight methylenes [one olefinic methylene (§c 111.3)], four methines
[one oxygenated methine (§¢ 75.0)], and six quaternary carbons [two
ketone carbonyls (¢ 212.3 and 217.8) and one olefinic carbon (§c
142.0)] based on the DEPT and HMQC spectra (Table 1). These NMR
spectroscopic features indicated compound 1 to be a diterpenoid with a
propionyloxy group [17,18,43]. The following HMBC and ‘H-'H COSY
experiments were performed to elucidate this diterpenoid scaffold.
From the HMBC spectrum, the long range couplings of H3-18 to C-3, C-
4, C-5, and C-19, H,-19 to C-3, C-4, C-5, and C-18, H3-20 to C-1, C-5, C-
9, and C-10, H-5 to C-1, C-3, C-4, C-6, C-7, C-9, and C-10, H-9 to C-1, C-
5, C-7, C-8, C-10, and C-20, and H,-2 to C-1, C-3, C-4, and C-10, as well
as the 'H-'H COSY correlations (Fig. 2), revealed the presence of two
fused six-membered rings A and B. In addition, another six-membered
ring consisting of C-8, C-9, C-11, C-12, C-15, and C-16 was also inferred
from the "H-'H COSY couplings of H-9/H,-11/H-12 and the HMBC
correlations of H-12 to C-9, C-11, and C-15—C-17, and H,-17 with C-
12, C-15, and C-16 (Fig. 2). Correspondingly, the ketone carbonyl,
oxygenated, and olefinic carbon signals at §c 212.3 (C-3), 65.8 (C-19),
142.0 (C-16), and 111.3 (C-17) as well as the other carbon signals of the
three six-membered rings were assigned, respectively, via interpreta-
tion of the 2D NMR data. There were two carbon signals left including
one ketone carbonyl (6¢ 217.8) and one oxymethine (6¢c 75.0). The two
signals were attributed to C-13 (6¢ 75.0) and C-14 (6¢ 217.8) to connect
the bridgehead carbons C-8 and C-12 and constitute a bridge ring,
which was supported by the 'H-'H COSY correlations of H-12/H-13
and the corresponding HMBC correlations as illustrated in Fig. 2. All of
the above NMR data analysis pointed toward an atisane-type diterpe-
noid scaffold for 1 as depicted in Fig. 1 [17,18].

After defining the 2D structure, NOESY interactions and Chem3D
simulations enabled the stereochemistry of compound 1 to be assigned.
The NOESY spectrum of 1 showed the proton interactions of H3-18/H-5,
H;-18/H-68, Hy-19/H5-20, H,-19/H-2a, H,-19/H-6a, H3-20/H-1a, Hy-
20/H-2a, H3-20/H-6a, H3-20/H-11a, H;-20/H-13, H-5/H-9, H-9/H-
15b, and H-11a/H-13 (Fig. 3). According to these NOESY correlations,
along with Chem3D modeling, the molecular conformation of 1 was
disclosed as illustrated in Fig. 3. In this molecular arrangement of 1,
two six-membered rings A and B existed in a twist chair and a chair
conformation and were trans-fused with H-5 in a -axial position and C-
20 in an a-axial position, ring B and the six-membered ring consisting of
C-8, C-9, C-11, C-12, C-15, and C-16, shared C-8 and C-9 and were also
trans-fused with H-9 -oriented and the C-13— C-14 bridge connection
unit on the a-face, and the C-19 occupied an a-axial position. The final
confirmation of stereochemistry of 1 was accomplished by comparing
experimental and calculated ECD data, an applicable method to solve
the absolute configuration of natural products [44]. After systematic
conformational search, geometry optimizations, and TDDFT calcula-
tions, the ECD spectra were extracted using SpecDis 1.62 software. The
calculated ECD spectrum of 1 (Fig. 5A) accorded with the experimental
data closely, pointing to an absolute configuration of 4R, 5S, 8S, 9S,
10S, 128, and 13R for 1. Compound 1 was therefore elucidated and has
been given a trivial name euphorin A.

Compound 2, a colorless oil, gave a molecular formula of C53H3,04
as determined from the HRESIMS (m/z 395.2197 [M+Na] ", calcd for
Co3H3,Na0,, 395.2198). From the 'H and '*C NMR spectra, the ester
carbonyl, methylene, and methyl carbons at §c 174.3, 27.4, and 9.0,
along with the corresponding proton signals (Table 2) were indicative
of a propionyloxy group, which was the same as that of compound 1.
Excluding the signals for the propionyloxy group, the 'H and '*C NMR
spectra showed similar proton and carbon signals to those of compound
1, which suggested compound 2 should also be an ent-atisane type di-
terpenoid related structurally to 1. Further comparison of the chemical
shifts of skeletal carbons of 1 and 2 indicated that one more aliphatic
methylene appeared in 2, and the oxymethine [§¢ 75.0 (C-13)] present
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Fig. 1. Chemical structures of compounds 1-12.

in 1 was not observed from the *C NMR spectrum of 2, implying the
oxymethine [§¢c 75.0 (C-13)] in 1 was replaced by the aliphatic me-
thylene [8c 44.5 (C-13)] in 2. This deduction was concluded by the
following 2D NMR experiments, and the skeletal proton and carbon
signals were assigned via interpretation of the 2D NMR data. It was
found that the only structural difference between compounds 2 and 1
was the C-13 hydroxy group in 1 was replaced by a proton. A NOESY
experiment disclosed that compound 2 had the same skeletal con-
formation as that of 1. After defining the relative configuration, an
experimental ECD spectrum of 2 was recorded, which was almost
identical to that of 1 (Fig. 5B). Based on the same relative configuration

and the identical ECD spectra of compounds 1 and 2, the absolute
configuration of 2 was assigned as 4R, 5S, 8S, 95, 10S, and 12R.
Compound 2 was thus elucidated to be an ent-atisane diterpenoid with a
propionyloxy group attached at C-19 and designated as a trivial name
euphorin B.

The molecular formula of compound 3 was determined as C»4H3405
from the '*C NMR data and HRESIMS (m/z 473.2150 [M+Na] ", caled
for Co4H34NaOg, 473.2151), which indicated 11 indices of hydrogen
deficiency. From its 'H and '3C NMR spectra, two sets of carbonyl
signals at §c 170.8 and 170.7, together with the methyl singlets at 6y
2.12 and 2.12, were representative of two acetyloxy groups. Excluding

— 'H-'H cosy

~~~" HMBC, Hto C

Fig. 2. 'H-'H COSY and key HMBC correlations of compounds 1-5.
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Fig. 3. Conformation and key NOESY correlations of compound 1.

the four signals for the substituent groups, the remaining 20 carbons
were sorted as five methyls, one methylene, nine methines [four oxy-
methines (¢ 77.7, 78.1, 71.3, and 70.9) and one olefinic methine (§c
116.5)], and five quaternary carbons [one ketone carbonyl (8¢ 207.8),
one olefinic carbon (6c 141.4), and two oxygenated tertiary carbons (5
71.4 and 73.8)] based on the DEPT and HMQC spectra. These spec-
troscopic features indicated compound 1 to be a diterpenoid carrying
two acetyloxy residues. The following HMBC and 'H-'H COSY ex-
periments enabled the diterpenoid skeleton to be elucidated. The HMBC
correlations of H,-1 to C-2 — C-4, C-15, and C-16, H3-16 to C-1—C-3,
H-3 to C-1, C-2, C-4, C-15, and C-16, revealed the presence of five-
membered ring A with a methyl group attached at C-2 (Fig. 2). Another
three-membered ring C with two methyl groups (Me-18 and Me-19)
attached at C-10 was also inferred according to the typically upfield
aliphatic quaternary carbon signal at §c 18.4 (C-10) and the HMBC
couplings of H3-18(19) to C-9—C-11, as well as the 1H-'H COSY cor-
relation of H-9/H-11. In addition to the above rings A and C, another
macroring consisting of C-4—C-9 and C-11—C-15 was deduced from
the HMBC and 'H-'H COSY correlations as shown in Fig. 2. The fusion
of rings A/B and B/C by sharing C-4/C-15 (rings A/B) and C-9/C-11
(rings B/C) led to the establishment of a lathyrane-type diterpenoid
scaffold. By interpretation of 1D and 2D NMR spectra, the carbonyl,
oxygenated, and olefinic carbons at §c 207.8 (C-14), 77.7 (C-3), 71.4
(C-4), 78.1 (C-7), 71.3 (C-8), 70.9 (C-12), 73.8 (C-15), 116.5 (C-5), and
141.1 (C-6), as well as the other proton and carbon signals were as-
signed. There were two acyloxy groups left to be assigned in compound
3, which were attributed to C-3 and C-12, respectively, by the HMBC
correlations of H-3 and H-12 to the corresponding carbonyl carbons of
the acetyloxy groups. The above analysis led to the establishment of a
planar structure for 3. However, the molecular formula from this planar
structure was inconsistent with the HRESIMS data, implying the pre-
sence of one more ring. The total indices of hydrogen deficiency and the
chemical shifts of C-4 and C-15 suggested a 4,15-epoxy moiety [45].
The relative configuration of 3 was assigned by a NOESY experi-
ment, in which H-2, H-3, H-7, H-8, H-9, H-11, H-12, H-13, H5-18, and
H3-19 were determined as a-, a-, -, 8-, a-, a-, -, 3-, a-, and f-oriented,
respectively, on the basis of NOESY correlations of H-13/H5-16, H-2/H-
3, H-3/H-5, H-5/H-7, H3-17/H-7, H3-17/H-8, H3-19/H-8, H3-19/H-12,
H3-19/H-13, H-12/H-13, H;-18/H-9, and H;-18/H-11 (Fig. 4). While,
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Table 3

ICs values of compounds 1-12 inhibiting NO production in BV-2 cells.
Compound ICs0 (UM) Compound 1Cso (UM)
1 35.8 = 3.2 8 149 = 23
2 414 = 1.4 9 71.0 = 4.8
3 > 100 10 31.6 = 0.7
4 32.0 = 29 11 56.6 = 1.4
5 40.7 = 2.7 12 > 30
6 49.2 = 2.2 SMT* 4.2 = 0.2
7 145 = 0.4

& SMT(2-Methyl-2-thiopseudourea, sulfate) was used as a positive control.
Data are presented based on three experiments.

the coupling constant of J 3 = 8.4 Hz and the chemical shifts of Hy-1
also supported a-orientations for H-2 and H-3 protons [45-47]. The A®
double bond was assigned as E-geometry from the NOESY correlation of
H-5/H-7. The 4,15-epoxy ring was proposed to be on the -face, which
was the same as those of known analogues based on their identical
coupling patterns of the protons and chemical shifts of carbons in rings
A and B [45-47]. There is an eleven-membered ring in compound 3,
which is flexible to produce so many conformations. Considering the
numerous conformations of 3, it is not feasible to use TDDFFT calcu-
lations to determine the absolute configuration. So, only the relative
configuration of 3 was assigned and compound 3 was given a trivial
name euphorin C.

Compound 4 (euphorin D) gave the molecular formula C3;H350, as
determined from the HRESIMS and '°C NMR data. From the 'H and '°C
NMR spectra, two acetyloxy groups as present in compound 3 were
deduced from the characteristic carbon and proton signals (Tables 1
and 2). In addition, a set of aromatic proton and carbon signals (Tables
1 and 2), together with the ester carbonyl at §¢c 166.1, were indicative
of a benzoyloxy group. Excluding these signals for the three acyloxy
groups, there were additional 20 carbons displayed in the '*C NMR
spectrum, indicating a diterpenoid skeleton for 4. Comparison of che-
mical shifts of skeletal carbons in compounds 4 and 3 suggested two
compounds shared the same scaffold. This deduction was concluded by
the following DEPT, HMQC, HMBC, and 'H-'H COSY experiments, and
the assignments of skeletal proton and carbon signals were accom-
plished via interpretation of the 2D NMR data. The HMBC correlations
of H-3, H-8, and H-12 to the corresponding carbonyl carbons of acyloxy
groups allowed the benzoyloxy and two acetyloxy groups assignable to
C-8, C-3, and C-12, respectively. The planar structure of 4 was estab-
lished based on the above spectroscopic data analysis, which was the
same as that of the known compound 3,12-diacetyl-8-benzoylingol re-
ported in the liaterature [48,49]. However, the NMR data of two
compounds seemed to be a little different, implying configurational
differences. Upon detailed comparison of their NMR data, it was found
that the chemical shift of C-2 in compound 4 shifted downfield by about
3ppm [d¢c 32.2 (C-2) in compound 4; §¢ 29.7 (C-2) in 3,12-diacetyl-8-
benzoylingol], and the chemical shifts of Ho-1 [§i 2.09 and 2.13 (H»-1)
in compound 4; 8y 1.69 and 2.83 (H,-1) in 3,12-diacetyl-8-benzoy-
lingol] varied distinctly. These facts suggested a f3-orientation of H-2 in

Fig. 4. Key NOESY correlations and of compounds 3-5.
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Fig. 5. Calculated and/or experimental ECD spectra for compounds 1 (A) and 2 (B) in acetonitrile.

4 instead of an a-orientation of H-2 in 3,12-diacetyl-8-benzoylingol
[48,49]. The subsequent NOESY experiment confirmed the above
configuration deduction and enabled H-3, H-7, H-8, H-9, H-11, H-12,
and H-13 to be assigned as a-, -, -, a-, a-, -, and f-oriented, respec-
tively. As in the case of 3, the presence of eleven-membered ring in 4
led to numerous conformations for compound 4, and it is unsuitable to
determine the absolute configuration using TDDFT ECD calculations.
Analysis of the 'H and **C NMR spectra indicated that compound 5
should be a diterpenoid with two acetyloxy groups [§c 170.8, 170.5,
21.1, and 20.9; 8y 2.10 (6H, s)] and one tigloyloxy group [§c 167.5,
138.1, 128.4, 14.5 and 12.1; 8y 6.90 (1H, q, J = 7.0 Hz), 1.84 (3H, s),
and 1.81 (3H, d, J = 7.0 Hz)]. The chemical shifts of skeletal carbons of
5 were almost identical to those of compound 4, suggesting two

Fig. 6. Molecular docking results of some
bioactive compounds with iNOS protein.
Molecular docking simulations obtained at
lowest energy conformation, highlighting po-
tential hydrogen contacts of compounds 1 (A), 4
(B), 7 (C), 8 (D), and 10 (E), respectively
(Colored by atom: carbon is cyan; nitrogen is
blue; oxygen is red; hydrogen is gray; sulfur is
orange). For clarity, only interacting residues are
labeled. Hydrogen bonding interactions are
shown by dashes. These figures were created by
PyMOL.

compounds shared the same scaffold. This skeleton of lathyrane-type
diterpenoid and the tigloylxoy group in compound 5 were further
confirmed by comprehensive analysis of 1D and 2D NMR data. The
locations of acyloxy groups were determined from the HMBC spectrum.
The HMBC correlations of H-3, H-8, and H-12 to the corresponding
carbonyls of the acyloxy groups allowed the tigloyloxy and two acet-
yloxy groups assignable to C-8, C-3, and C-12, respectively. The above
analysis led to the establishment of a planar structure for compound 5,
which was the same as that of the reported compound 3,12-di-O-acetyl-
8-O-tigloylingol [50-53]. However, comparison of their NMR data in-
dicated the distinct differences of chemical shifts, especially for H,-1
[8 2.08 and 2.13 (each 1H) in compound 5; ¢ 2.80 and 1.65 (each 1H)
in 3,12-di-O-acetyl-8-O-tigloylingol] and C-2 [§¢c 32.2 in compound 5;
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Table 4

Logarithms of free binding energies (FBE, kcal/mol) of compounds to the active
cavities of iNOS (PDB code: 3E6T) and targeting residues of the binding site
located on the mobile flap.

Compound —Log (FBE) Targeting residues
1 -8.6 TYR-341 TYR-367 GLN-257
4 -9.1 ARG-382 ARG-375 GLN-257 H4B-902 TYR-485
7 —-10.9 ARG-382 TYR-341 GLN-257 ASN-348
8 -11.1 ARG-382 TYR-341 GLN-257 ASN-348 HEM-901
10 -84 TYR-341 GLN-257

Table 5

Logarithms of free binding energies (FBE, kcal/mol) of compounds to the active
cavities of COX-2 (PDB code: 1PXX) and targeting residues of the binding site
located on the mobile flap.

Compound —Log (FBE)  Targeting residues

1 -7.9 SER-579 PHE-580 LYS-2267 ASN-581 GLN-350 ASN-
104

4 -8.2 SER-579 PHE-580 LYS-2267 ASN-581

7 -8.1 ASN-581 ASN-104 GLN-192

8 -81 LYS-2267 ASN-581 GLN-350

10 -7.8 LYS-2267

8c 29.7 in 3,12-di-O-acetyl-8-O-tigloylingol] [51], suggesting com-
pound 5 should be a stereoisomer of the known compound 3,12-di-O-
acetyl-8-O-tigloylingol. The following NOESY data analysis disclosed
that compound 5 had the same skeletal configuration as compound 4
and H-2, H-3, H-7, H-8, H-9, H-11, H-12, and H-13 were determined as
B-, a-, B-, B-, a-, a-, B-, and B-oriented, respectively. It was found that the
only configurational difference is the change of Me-16 from a f3-or-
ientation in 3,12-di-O-acetyl-8-O-tigloyl-ingol to an a-orientation in 5.
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bioactive compounds with COX-2 protein.
Molecular docking simulations obtained at
lowest energy conformation, highlighting po-
tential hydrogen contacts of compounds 1 (A), 4
(B), 7 (C), 8 (D), and 10 (E), respectively
(Colored by atom: carbon is cyan; nitrogen is
blue; oxygen is red; hydrogen is gray; sulfur is
orange). For clarity, only interacting residues are
labeled. Hydrogen bonding interactions are
shown by dashes. These figures were created by
PyMOL.
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Compound 5 was thus characterized and given a trivial name euphorin
E.

In addition to five new diterpenoids, seven known terpenoids were
also isolated from the stems of E. antiquorum. Using 1D (*H and *3C)
and/or 2D NMR experiments and comparing their NMR data with those
reported in the literature, the known compounds were identified as
3,12-0O-diacetyl-7-0O-[(E)-2-methyl-2-butenoyl]-8,12-diepjing-ol 6)
[54], 3,12-diacetyl-8-benzoylingol (7) [48], 12-O-acetyl-8-O-benzoy-
lingol 3-tiglate (8) [47]. ent-3,14-dioxo-16-atisene (9) [55], ent-
(3a,58,82,98,10a,12a)-3-hydroxyatis-16-en-14-one  (10) [56], eur-
ifoloid R (11) [57], and (3f,11f)-3,11-dihydroxylanosta-8,24-dien-7-
one (12) [58].

3.2. Bioassay for anti-inflammatory activities

According to traditional efficacy of E. antiquorum, the obtained di-
terpenoids were subjected to anti-inflammatory assay using the pre-
vious method, in which the amount of NO is regarded as an indicator of
inflammatory response [6,59]. After treatment with different con-
centrations of these diterpenoids, the amount of NO was measured and
the ICs values of NO inhibitory effects were calculated (Table 3). The
bioassay results disclosed that all the diterpenoids inhibited NO pro-
duction in LPS-induced murine microglial BV-2 cells. Compared to the
positive control, 2-methyl-2-thiopseudourea, sulfate (SMT) with an ICs,
value of 4.2 uM, compounds 1, 4,7, 8, and 10 (ICso, < 40 pM) seem to
be more active among the tested compounds. The cytotoxic test (MTT
assay) showed that all of the isolates had no impact on BV-2 cell sur-
vival at their effective dose range (data not shown).

3.3. Interactions of bioactive compounds with iNOS/COX-2 protein

NO is a sign of inflammatory response, and excessive NO in tissues
means a high-expression of the crucial proteins iNOS and COX-2
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Fig. 8. Effects of compound 7 on LPS-induced iNOS and COX-2 protein expressions in BV-2 cells. BV-2 cells were pre-treated with compound 7 for 30 min, then
stimulated by LPS (0.2 pg/ml) for 24 h, and Western blotting analysis was performed. (A) Western blotting results of COX-2 protein levels. (B) Quantitative analysis of
COX-2 protein expression. (C) Western blotting results of iNOS protein levels. (D) Quantitative analysis of iNOS protein expression. $-Actin protein was used as
internal reference. “p < 0.001 compared with LPS-untreated cells, ""p < 0.001, “p < 0.01, compared with LPS-stimulated cells. Data were obtained by at least

three independent experiments.

[60,61], of which the former catalyze to produce NO in the in-
flammatory signaling pathway [4]. It has reported that the bindings of
iNOS/COX-2 with some small molecules can arrest inflammatory re-
sponse and inhibit the generation of excessive downstream in-
flammatory mediators [62]. To explore the possible mechanism of NO
inhibition, the binding interactions of bioactive compounds with iNOS/
COX-2 were investigated. The more bioactive compounds (1, 4, 7, 8,
and 10) with significant NO inhibitory effects (ICso < 40 uM) were
subjected to molecular docking. Results from molecular docking studies
revealed that compounds 1, 4, 7, 8, and 10 had strong interactions with
the iNOS/COX-2 protein (Figs. 6 and 7) and the binding residues and
the logarithms of free binding energies were collated in Tables 4 and 5.

3.4. Effects on iNOS/COX-2 protein expressions

Molecular docking studies disclosed that the possible anti-in-
flammatory mechanism is the bindings of iNOS/COX-2 with bioactive
diterpenoids, which means the reduction of free iNOS and COX-2 pro-
teins. To confirm whether the protein expression levels of iNOS/COX-2
are decreased, Western blotting experiments were performed. As seen
in Fig. 8, after stimulation with LPS for 24 h, the expressions of iNOS
and COX-2 were increased remarkably. However, with the treatment of
the selected compound 7, iNOS and COX-2 were decreased sig-
nificantly. These experiments, along with the docking results, indicated
that compound 7 may exert its anti-inflammatory effects by down-
regulating iNOS and COX-2 protein levels.

4. Conclusion

The current phytochemical investigation of E. antiquorum led to the
isolation of 12 compounds including five new diterpnoids (1-5) from the
stems of E. antiquorum. The structures were elucidated on the basis of
extensive 1D and 2D NMR spectroscopic data analysis, and the ECD cal-
culations were used to determine the absolute configuration. In the

following anti-inflammatory assay, compounds 1, 4, 7, 8, and 10 exerted
more inhibition against NO production with ICso values less than 40 pM.
The molecular docking studies revealed that some bioactive diterpenoids
can bind with the crucial proteins iNOS and COX-2 of inflammatory sig-
naling pathway to reduce the amount of free iNOS/COX-2 protein. The
further Western blotting experiments confirmed the down-regulation of
iNOS and COX-2 in BV-2 cells treated with compound 7. The results from
molecular docking and Western blotting revealed the preliminary anti-
inflammatory mechanism. All the research conducted on the chemical
constituents and the anti-inflammatory effects disclosed that the plant E.
antiquorum or its bioactive components are potential useful as a folk
medicine for the treatment of inflammation and related diseases.
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