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Abstract

Strophioglandins A—C (1-3), three highly rearranged norditerpenoids featuring an unusual tricyclo[6.4.1.0%"*Jtride-
cane core, were isolated from Strophioblachia glandulosa var. cordifolia. Integrated spectroscopic analyses, X-ray crys-
tallography, and ECD calculations synergistically determined their molecular architectures. Remarkably, all compounds
manifested potent anti-inflammatory effects in LPS-activated RAW264.7 cells with ICy, values ranging from 7.83+£1.11
t0 15.09+ 1.21 uM. Mechanism study revealed that strophioglandin A (1), the most potent compound, could suppress
the expression of multiple inflammatory factors by inhibiting the P38 and Erk1/2 MAPK signaling pathways.
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1 Introduction

Euphorbiaceae plants are well known for producing
structurally intricate macrocyclic and polycyclic diter-
penoids with a broad range of bioactivities [1-6]. The
pharmacological and chemical significance of these dit-
erpenoids drives sustained research interest, because
they not only serve as potential leads in drug discov-
ery but also pose formidable synthetic challenges that
inspire novel methodology design in organic chemistry.
For instance, ingenol mebutate, an ingenane ester iso-
lated from Euphorbia peplus L., received Food and Drug
Administration (FDA) approval in 2012 as a treatment for
actinic keratosis [7]. Its precursor, (+)-ingenol, featuring
a 5/7/7/3 tetracyclic architecture, has been elaborately
synthesized in only 14 steps using a two-phase strategy
[8, 9]. (=)-Pepluanol B, a potassium channel inhibitor
with an unusual 5/5/8/3 ring system, has been totally
synthesized via an unprecedented bromo-epoxidation
maneuver [10].

Strophioblachia glandulosa var. cordifolia is a shrub
distributed in southern Yunnan, China. Its chemical
constituents have not been investigated to date. Previ-
ous phytochemical investigations on other species within
Strophioblachia (Euphorbiaceae) have identified a series
of structurally unique diterpenoids, some of which exhib-
ited cytotoxic, anti-inflammatory, proliferation inhibi-
tion, neuroprotective, and anti-myocardial hypertrophy
activities [11-14].

As part of our ongoing quest for bioactive natural prod-
ucts [15-18], three highly rearranged norditerpenoids,
strophioglandins A—C (1-3), featuring an unusual tricy-
clo[6.4.1.0*"®]tridecane core (Fig. 1), were isolated from

the twigs and leaves of S. glandulosa var. cordifolia. Their
structures, including the absolute configurations, were
identified by HRESIMS, spectroscopic methods, X-ray
crystallography, and ECD calculations. Herein, we detail
their structural characterization, putative biosynthetic
pathways, anti-inflammatory effects, and the underlying
mechanism.

2 Results and discussion

Strophioglandin A (1) was obtained as colorless needle
crystals with a molecular formula C;gH,,0, as deter-
mined by the HRESIMS ion at m/z 293.1518 [M +Na]*
(calcd. for C,gH,,0,Na*, 293.1512), indicating eight indi-
ces of hydrogen deficiency (IHDs). The 'H NMR data
(Table 1) displayed signals for two methyl groups [(d}
1.02 (s) and 1.84 (s)], a methoxy [d 3.89 (s)], two cis-
olefinic protons [dy; 6.65 (1H, d, /=10.3 Hz) and 6.87 (1H,
d, /=10.3 Hz)], two terminal double bond protons [§y
4.77 (s) and 4.95 (s)], and a series of aliphatic multiplets.

Fig. 1 The structures of compounds 1-3
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Table 1 'H (400 MHz) and *C (100 MHz) NMR data of 1-3 in CDCl; (6 in ppm, J in Hz)
No 1 2 3
6y, multi. (J) 6, type 6y, multi. (J) b, type 6y, multi. (J) 6, type
1a 187,m 38.1,CH, 195, m 374,CH, 207,m 414,CH,
18 1.89, m 198, m 237, m
2 a,2.95, overlapped 32.0,CH, a,3.06, m 328,CH, 4.32,d(11.0) 49.5,CH
B,3.16,m B,324,m
174.7,C
4 146.3,C 143.6,C 145.7,C
2.29,dd (12.9,3.9) 50.9, CH 283, m 49.3,CH 2.30,dd (12.6,4.7) 51.1,CH
6a 206,m 24.6,CH, 291,m 394, CH 204,m 24.4,CH,
68 1.80, m 2.62,dd (174,3.0) 1.82,m
7 a, 2.98, overlapped; 3, 32.1,CH, 1983, C a, 301, m 314,CH,
2.79,m 8,279, m
8 136.5,C 129.2,C 136.1,C
9 157.1,C 157.3,C 157.8,C
10 52.2,C 52.2,C 52.6,C
1 148.7,C 147.7,C 144.3,C
12 177.1,C 176.9,C 176.8,C
13 6.65,d(10.3) 1122, CH 6.86,d (10.7) 110.5,CH 6.64,d (10.3) 112.1,CH
14 6.87,d (10.3) 130.8, CH 8.09,d (10.7) 135.8,CH 6.93,d(10.3) 131.8,CH
17 162.5,C 166.9,C 163.1,C
18 1845 24.4,CH, 1885 242, CH, 184, 239, CH,
19a 495,s 113.2,CH, 5.07,s 114.6, CH, 495,s 113.9,CH,
19b 4.77,s 4.86,s 4.80,s
20 1.02,s 19.6, CH,4 1.18,s 18.6, CH,4 1.15,s 21.3,CH;
3-OMe 3.69,s 52.2,CH,
17-OMe 3.89,s 56.1,CH; 4.03,s 57.0,CH; 3.89,s 56.1,CH;

The 1D NMR data (Table 1) of 1 showed 18 carbon res-
onances ascribed to a ketone carbonyl (J- 177.1), four
double bonds (6 162.5, 157.1, 148.7, 146.3, 136.5, 130.8,
113.2, 112.2), a methoxy group (éc 56.1), two methyls,
four sp® methylenes, an sp® methine, and a quaternary
carbon. As five of the eight IHDs were consumed by four
double bonds and a ketone carbonyl, the remaining three
IHDs were indicative of a tricyclic ring system.

The planar structure of 1 was determined through
comprehensive analysis of its 2D NMR data, includ-
ing HSQC, 'H-'H COSY, and HMBC spectra. The key
HMBC correlations from Me-20 to C-1/C-9/C-10 and
from H,-2 to C-9/C-10/C-11, along with the 'H—'H
COSY correlation of H,-1/H,-2 (Fig. 2), constructed a
fragment of five-membered ring A with Me-20 located
at C-10. Additionally,'H-'H COSY spectrum of H-5/
H,-6/H,-7, together with the HMBC cross-peaks from
Me-20 to C-5/C-9/C-10 and from H,-7 to C-5/C-8/C-9
instructively established a six-membered ring B, which
was fused with ring A by sharing C-9 and C-10. A typi-
cal isopropenyl group was positioned at C-5 in ring B
as elucidated by the HMBC correlations from Me-18 to

— 'H-"H cosy
Fig. 2 'H—"H COSY and key HMBC correlations of 1-3

7N\ HMBC

C-5 and the terminal double bond (5 113.2 and 146.3),
as well as from H,-19 to C-5. The 'H—"H COSY correla-
tion of H-13/H-14 and the HMBC correlations from H,-2
to C-9/C-11/C-12, from H-13 to C-8/C-12/C-17, from
H-14 to C-7/C-9/C-17, and from OMe-17 to C-17, led to
the confirmation of a tropolone nucleus (ring C) with a
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Fig. 3 Key NOESY correlations of 1-3

ketone carbonyl (§- 177.1) and a methoxy group (. 56.1
and Jy; 3.89) assigned at C-12 and C-17, respectively.
Hence, the planar structure of 1 was established (Fig. 2),
featuring a rare tricyclo[6.4.1.0%'%]tridecane core.

NOESY experiment enabled determination of the rela-
tive configuration of compound 1 (Fig. 3). The NOESY
spectrum revealed a cross-peak between Me-18 and
Me-20, indicating spatial proximity between the isopro-
penyl group and Me-20. These groups were thus assigned
as co-facial and a-oriented. Therefore, the relative ste-
reochemistry 5R*,10R* was assigned to 1. The 5R,10R
absolute configuration of 1 was establishedby X-ray crys-
tallography [Flack parameter: —0.06(10); CCDC number:
2422939] (Fig. 4).

The HRESIMS data (m/z 307.1302 [M 4+ Na]™, calcd. for
C,gH,003Na*, 307.1305) established the molecular for-
mula of strophioglandin B (2) as C,gH,,O3, implying nine
IHDs. NMR data comparison (Table 1) indicated that 2
shares a core structure with 1, differing only by oxidation
of the C-7 methylene (CH,-7) in 1 to the carbonyl group
in 2, which was identified by signals from H,-6 to C-5/
C-7(6¢ 198.3)/C-10 and from H-14 to C-7 in its HMBC
spectrum, as well as the cross-peak (H-5 and H,-6) in the
'"H-'H COSY

experiment (Fig. 2). Spatial proximity between Me-20
and the isopropenyl moiety was confirmed by NOESY
(Fig. 3), establishing their a-configurational assign-
ment. Biosynthetic considerations suggest congru-
ent absolute configuration between 1 and 2, which was
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#7°x NOESY

further supported by the comparable ECD curves of 2
and (5R,10R)-2a (Fig. 5).

The ion peak at m/z 329.1751 ([M+H]", calcd. for
CyoH,50,%, 329.1747) in the HRESIMS spectrum
assigned a molecular formula C,,H,,O, to strophiog-
landin C (3). Comprehensive NMR data analysis estab-
lished 3 as a structural analogue of 1, differing only by
the replacement of one hydrogen at CH,-2 with a meth-
oxycarbonyl group, which was substantiated by correla-
tions from H-2 to C-3/C-9/C-10/C-11/C-12 and from
H;-OMe-3 to C-3 (¢ 174.7) in the HMBC experiment,
coupled with the "TH-'H COSY cross-peak of H,-1/H-2
(Fig. 2). Therefore, we established the planar constitution
of 3 as shown in Fig. 2. The NOESY spectrum showed
key cross-peaks of Me-18/Me-20 and OMe-3/Me-20,
implying they possessed spatial proximity and were
arbitrarily defined as a-orientated. The relative stereo-
chemistry 25*,5R*,10R* was thus ascertained for 3. The
absolute configuration 2S,5R,10R was further given for

c7

Fig. 4 X-ray ORTEP diagram of 1
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Scheme 1 Proposed biosynthetic pathways for 1-3

3 as supported by the comparable ECD curves of 3 and
(2S,5R,10R)-3a (Fig. 5).

We propose putative biosynthetic pathways for 1-3 to
get a better understanding of their structures (Scheme 1).
First, sonderianol (i), a cleistanthane diterpenoid isolated
from the same genus, was considered as a biosynthetic
precursor, which may undergo carbon degradation and
Baeyer—Villiger oxidation to form a 3,4-seco intermedi-
ate (ii). ii was then dearomatized via hydroxylation at
C-13 catalyzed by monooxygenase [19]. A key tropolone
nucleus (ring C) in iv was generated via dioxygenase-cat-
alyzed ring expansion of iii [19]. The 17-O-methylation of
iv afforded v, followed by the cyclase-catalyzed cycliza-
tion (attack from C-2 to C-11) to form compound 3 [20,
21]. Subsequently, 3 underwent hydrolysis and decarbox-
ylation to afford 1, which could further produce 2 by the
oxidation at C-7.

The suppression of lipopolysaccharide (LPS)-induced
nitric oxide (NO) production in Raw264.7 macrophages

monooxygenase-catalyzed

8
hydrolysis ) ('/,,H 0
- 2y
19
4—. o
decarboxylation s "
4
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Exptl. ECD of 3
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by all isolates was measured to evaluate their anti-inflam-
matory effects. Preliminary screening suggested that 1-3
had potent inhibitory activities (IC;,s=7.83—15.09 uM)
(Fig. 6A) compared with the recognized NO inhibitor,
quercetin (IC;,=14.55 pM) [22, 23]. Meanwhile, the
non-cytotoxicities of 1-3 to Raw264.7 cells at 50 pM
indicated that their inhibitory activities did not result
from cytotoxic effect. (Fig. 6B). Pro-inflammatory media-
tors generated by macrophages are potential biomarkers
in the process of inflammation, such as PGE2, NO, IL-6,
and TNF-a [22]. Subsequently, the effects of the most
potent compound, strophioglandin A (1), on mRNA and
the proteins levels were investigated in Raw264.7 mac-
rophages. Pretreatment of 1 could dose-responsively
suppress the LPS-triggered iNOS/COX-2 overexpression
(Fig. 6C). Additionally, dose-responsive suppression of
iNOS/IL-6/TNEF-a transcription by 1 at concentrations of
5, 10, and 20 uM was evidenced as shown in Fig. 6D. The
experiments mentioned above demonstrated that 1 could



Xia et al. Natural Products and Bioprospecting

(2025) 15:65

Page 6 of 9

ICs
A ~ 1201 —— 1 7.83+1.11uM B
e 100 —s— 2 996+220uM 120 1
s 1 —— 3 15.09+1.21 uM
8 5 H 100+
° - X
% 60 z
o b =
g g 60
g 401 = 40-
= ]
o 20 O 20+
(@)
Z 0 T . T , 0-
00 05 10 15 20 1.2 3
Log[concentration (uM)] 50 (uM)
iNOS Cox-2
C 1.2 1.2
s 107 it s 10{ m*
LPS(Tpg/ml) - 4+ + + + §T os; N < os
o
1uM) - - 5 10 20 E% 0.6 i %% 0.6 .
iNOS | P —— | % Q 0.4 1 - g Q 0.4 1
T 0.2 © 02l
COX-2 | ---"| © @
0.0- 0.0-
GAPDH |.....| LPS (1pg/imbl) - + + + + LPS (1pg/ml) - + + + +
(M) - = 5 10 20 1@M) - - 5 10 20
D
y iNOS q TNF-a
120 ” 120 1 IL-6 120
100 s _ i
[ T 100 - g 100+
o g0 3 9
< < 80 . < 801 sk
Z 601 . 2 =
E 40l ke nE: 60 L 60
(0] J (0]
‘é 20 1 . g 40 é 40 ke
(Tg 0.5+ S 204 ey % -
o Y & 017 © 3
ol M0 ool B =l 0
LPS(1pg/mL) - + + + + LPS(1pg/mL) - + + + + LPS (1pg/mL) - + + + +
1uM) = = 5 10 20 1@M) - = 5 10 20 1uM) - - 5 10 20
E
LPS(1pg/mL) - 4+ + 4+ +
1aM) - - 5 10 20
P-P38| -— G e o ]
p-P38/P38 p-ErK/ErK p-JNK/INK
P38| - > > e e ‘ 1.21 1.2 1.21
H#Hit Hi H#HH
S 1.01 S 1.04 S 1.0
P-Erk it @~ S P = . P~
.‘-- ég 0.84 gg 0.8 g% 0.8-
oo *kk 0 o
Efk|&- - . - -l fé 061 55 % 5% 081
2 ¢ 044 2 g 044 - 2 g 04
P-JNK T 3~ 021 3 024 = 021
- . - & - e . o ]
JNK| o= =S | 0.0 0.0 0.0-
B o’ LPS(Tpgiml) - + + 4 + LPS(lpg/ml) = + + + + LPS(lugml) - + + + +
GAPDHl-----I 1(uM) = = 5 10 20 1(M) - - 5 10 20 1(uM) - - 5 10 20

Fig. 6 The anti-inflammatory effects of 1-3 in Raw264.7 cells. A Inhibitory effects of 1-3 on NO production. B The cytotoxicities of 1-3 measured
by CCK-8 reagent. C Inhibitory effects of 1 on the expression of COX-2 and iNOS. D Inhibitory effects of 1 on mRNA levels by gRT-PCR analysis. E
Immunoblot analysis of MAPK pathway proteins. The data were presented as the mean +SD of at least three experiments. * P<0.001 vs control

group;  P<0.05," P<0.01,” P<0.001 vs LPS group
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suppress the up-regulation of multiple inflammation-
associated factors in LPS-triggered murine macrophages.

Mitogen activated protein kinases (MAPK) signal-
ing transduced by Toll-like receptors (TLRs) governs
inflammatory effector expression in LPS-activated mac-
rophages [24]. Consequently, Western blotting was
employed to determine whether 1 could suppress the
activated MAPK signaling pathways, specifically P38,
Erkl1/2, and JNK. As demonstrated in Fig. 6E, the pre-
treatment of 1 could dose-responsively constrain the P38
and Erkl1/2 phosphorylation after brief (10 min) LPS-
stimulation, while being ineffective against the JNK phos-
phorylation. These experiments verified that compound
1 could selectively curtail P38 and Erk1/2 phosphoryla-
tion (JNK unaffected), attenuating key inflammatory
effectors expression.

3 Experimental section
3.1 General experimental procedures
These are provided in the Supporting Information.

3.2 Plant material

We collected the twigs and leaves of S. glandulosa var.
cordifolia from Yuanjiang County, Yunnan Province
in August 2023. The plant was then identified by G.-H.
Tang.

3.3 Extraction and isolation

Twigs and leaves of S. glandulosa var. cordifolia (14.5 kg,
dry weight) were powdered and extracted, under ambient
conditions, thrice with 95% ethanol (3X75 L), generat-
ing a crude extract Weighing 1.2 kg. An aqueous suspen-
sion of the crude extract was subjected to liquid-liquid
partition against petroleum ether (PE), followed by ethyl
acetate (EtOAc), and then n-butanol (z-BuOH). Fraction-
ation of the EtOAc extract (280.0 g) on D101 macropo-
rous resin chromatographic column (CC), using MeOH/
H,O (3:1 - 1:0, v/v), yielded two fractions (Fr. I and Fr.
II). Fr. I (86.2 g) was subjected to a silica gel column using
CH,Cl,/MeOH (1:0—0:1, v/v), yielding eight subfrac-
tions (Fr. IA—Fr. IH). Among these, subfraction Fr. IB
(10.0 g) was further subjected to silica gel chromatogra-
phy using a PE/EtOAc gradient (8:1 — 0:1, v/v), affording
nine fractions (Fr. IB,—Fr. IB,). Fr. IBg (1.5 g) was fur-
ther subjected to Sephadex LH-20 CC (MeOH), afford-
ing compounds 1 (20.5 mg, tz=18.2 min), 2 (3.2 mg,
tx=19.3 min), and 3 (16.8 mg, t; =15.6 min) followed by
semi-preparative HPLC refinement (MeCN/H,0, 48:52,
v/v; 3.0 mL/min).
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3.4 Spectroscopic data of the compounds

3.4.1 Strophioglandin A (1)

Colorless crystal; [¢]X—160 (c 0.1, MeCN); UV (MeCN)
Amax (log €) 253 (4.42), 333 (3.90) nm; ECD (c 7.40% 1074,
MeCN) A, (Ag) 232 (+1.70), 354 (—3.07) nm; IR (neat)
Vmax 2948, 2857, 1584, 1559, 1455, 1256, 1190, 1060, 1018,
890 cm™'; 'H and *C NMR data, see Table 1; HRESIMS
m/z 293.1518 [M+Na]* (caled. for C;gH,,O,Na*,
293.1512).

3.4.2 Strophioglandin B (2)

Yellowish oil; [¢]®X~103 (c 0.1, MeCN); UV (MeCN)
Amax (log €) 240 (4.16), 269 (4.31), 355 (3.89) nm; ECD (¢
3.52x107% MeCN) A, (Ae) 196 (+3.80), 255 (+3.67),
277 (—3.26), 350 (-=2.78) nm; IR (neat) v,,,, 2960, 2925,
2853, 1683, 1585, 1456, 1261, 1187, 1055, 1007, 896 cm™};
'H and '3C NMR data, see Table 1; HRESIMS m/z

307.1302 [M + Na]* (calcd. for C,¢H,,0;Na*, 307.1305).

3.4.3 Strophioglandin C (3)

Yellowish oil; [¢]X-55 (c 0.1, MeCN); UV (MeCN) A,
(log ) 251 (4.45), 330 (4.00) nm; ECD (c 3.05x107%
MeCN) A, (Ag) 256 (=11.97), 319 (4 3.43) nm; IR (neat)
Viax 2948, 1732, 1568, 1454, 1343, 1259, 1180, 1073,
1003, 894, 845 cm™%; 'H and 3C NMR data, see Table 1;
HRESIMS m/z 329.1751 [M+H]" (calcd. for C,,H,:0,%,

329.1747).

3.5 Crystallographic data for 1

C,gH5,0, (M=270.35 g/mol): orthorhombic,
space group P 2, 2, 2, (no. 19), a=6.19478(9) A,
b=6.86349(9) A, ¢=34.2241(4) A, a=90°, B=90°,
y=90°, V=1455.14(3) A% Z=4, T=100 K, u (Cu
Ka)=0.616 mm™!, D .=1.234 g/cm™>, 14 428 reflec-
tions measured (5.164°<260<157.466°), 3052 unique
(Rin=0.0449, Ry, =0.0436), which were used in all
calculations. The final R; was 0.0436 (/>20(I)) and wR,
was 0.1176 (all data). Flack parameter:—0.06(10). CCDC
number: 2422939.

3.6 ECD calculations
These are provided in the Supporting Information for 2
and 3.

3.7 Cell culture
Cell culture was performed according to the established
protocol [25].
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3.8 Cytotoxicity assay

Raw264.7 cells (5x10* cells/well), prior to compounds
treatment for 24 h, were allowed to adhere in 96-well
plates. Following 24 h incubation at 37 °C, cell viability
was assessed by using CCK-8 reagent (Dojindo, Japan)
with 10 uL reagent added per well. Absorbance was
finally recorded by means of a multifunction microplate
reader at 450 nm.

3.9 Analysis of NO production

Following a 24-h incubation period after plating
Raw264.7 macrophages (5x10* cells/well) in 96-well
plates, compounds were added at increasing concentra-
tions (5, 10, and 20 uM) and incubated, with or without
LPS (1 pg/mL), for 24 h in media. NO concentration in
the culture medium was quantified using a Griess reagent
kit, following the manufacturer’s protocol. For the assay,
50 puL of Griess reagent was mixed with an equal volume
of cell culture supernatant. With quercetin serving as the
positive control, the absorbance at 540 nm, by means of a
multifunction microplate reader, was measured.

3.10 qRT-PCR analysis
This was performed according to the established protocol
[25].

3.11 Western blotting analysis
This was performed according to the established protocol
[25].

3.12 Statistical analysis
Statistical analysis followed the approach of reference
[25].

4 Conclusion

In summary, three highly rearranged -cleistanthane
norditerpenoids (1-3) featuring an unusual tricy-
clo[6.4.1.0%'3]tridecane carbon core, were isolated from
S. glandulosa var. cordifolia. Compounds 1 and 2 are
the first reported trinorditerpenoids with a highly fused
5/7/6-tricyclic skeleton. Notably, bioactivity evaluation
demonstrated that all isolates exhibited remarkable anti-
inflammatory effects. Strophioglandin A (1), the most
potent compound, attenuated LPS-induced secretion of
key pro-inflammatory cytokines (iNOS, IL-6, and TNF-a)
in murine macrophages via blockade of MAPK signaling
(P38 and Erkl/2 phosphorylation). This study deepens
the chemical investigation of the genus Strophioblachia,
and suggests potential application of the norditerpenoids
as novel anti-inflammatory agents for inflammatory dis-
ease treatment.
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