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Lirispirolides A-L (1-12), twelve novel sesquiterpene-monoterpene heterodimers featuring
distinctive carbon skeletons, were isolated from the branches and leaves of Chinese tulip tree
[Liriodendron chinense (L. chinense)], a rare medicinal and ornamental plant endemic to
China. The structural elucidation was accomplished through comprehensive spectroscopic
analyses, quantum-chemical calculations, and X-ray crystallography. These heterodimers ex-
hibit a characteristic 2-oxaspiro[4.5]decan-1-one structural motif, biosynthetically formed
through intermolecular [4 + 2]-cycloaddition between a germacrane-type sesquiterpene and
an ocimene-type monoterpene. The majority of the isolated compounds demonstrated signi-
ficant anti-neuroinflammatory effects in lipopolysaccharide (LPS)-induced BV-2 microglial
cells by reducing the production of pro-inflammatory mediators, specifically tumor necrosis
factor-a (TNF-a) and nitric oxide (NO). Further investigation revealed that the lirispirolides’
inhibition of NO release correlated with decreased messenger ribonucleic acid (mRNA) ex-
pression of inducible NO synthase (iNOS).

1. Introduction

The Magnoliaceae family represents one of the most ancient
angiosperm populations, with origins dating to the Early Creta-
ceous period and extensive geological distribution '. Currently,
this family encompasses over 300 species globally, distributed
across temperate, subtropical, and tropical regions. China hosts
approximately 120 endemic species, with South-west and South
China serving as primary diversity centers '. These species are
valued both as ornamental plants, prized for their aesthetic
flowers and aromatic qualities, and as traditional Chinese medi-
cinal resources, notably Cortex Magnoliae Officinalis (Houpo) and
Flos Magnoliae (Xinyi) "%, However, the Magnoliaceae family
faces significant conservation challenges due to limited popula-
tion sizes and reduced reproductive capabilities. Recent assess-
ments indicate that approximately 80% of Chinese Magnoliaceae
species are under threat °. This situation has prompted increased
focus on conservation and sustainable utilization efforts. Previ-
ous phytochemical studies of Magnoliaceae plants have revealed
diverse terpenoid hybrids, including sesquiterpene-alkaloid het-
erodimers from Magnolia grandiflora * and Liriodendron chine-
nse > °, monoterpene-neolignan hetero-dimer/-trimers and
monoterpene-polyketide-phenylpropane trimers from Magnolia

* Corresponding author.
E-mail addresses: jfhu@tzc.edu.cn (J. Hu); maoyc@fudan.edu.cn (Y. Mao); jx-
iong@fudan.edu.cn (J. Xiong)

https://doi.org/10.1016/S1875-5364(25)60929-0

officinalis var. biloba ""°. Additionally, researchers have identi-
fied bioconjugates of sesquiterpenes and neolignans connected
through ether linkages '" . These terpenoid hybrids demon-
strate diverse biological activities, including anti-inflammatory
properties * ', cytotoxic effects > °, anti-diabetic potential > * ',
and neuroprotective capabilities * '°. Such findings highlight the
remarkable capacity of Magnoliaceae plants to produce complex
hybrid natural products. These natural hybrids, characterized by
intricate molecular structures and significant bioactivities, have
garnered substantial attention in chemical and biological re-
search communities '*'°. Biosynthetically, these natural hybrids
typically form through [4 + 2] Diels-Alder reaction, [2 + 2] cyc-
loaddition, or Michael addition.

Liriodendron chinense (L. chinense), commonly known as
Chinese tulip tree, is valued both as an ornamental species for its
distinctive tulip-like flowers and unique leaf morphology, and as
a traditional medicinal plant in China, historically used to treat
cough and arthritis . Currently, L. chinense faces significant con-
servation challenges '* ", being classified as a “near threatened
(NT)” species by the International Union for Conservation of
Nature (IUCN) Red List "’ and listed among China’s National Sec-
ondary Protection species *’. Previous research examining the al-
kaloid components of this plant identified several unique sesquit-
erpene-alkaloid heterocoupled dimers (liriogerphines A-U) > °.
Continuing investigations into terpenoid hybrids from L. chinense
focused on the non-alkaloid fraction of branches and leaves.
Through high-performance liquid chromatography (HPLC)-prom-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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inence diode array (PDA)-mass spectrometry (MS)-guided isola-
tion (Fig. S1), 12 novel sesquiterpene -monoterpene heterodi-
mers were identified and characterized (Fig. 1). These heterodi-
mers exhibit a distinctive 2-oxaspiro[4.5]decan-1-one structure,
formed through [4 + 2]-cycloaddition between germacrane-type
sesquiterpene and ocimene-type monoterpene components. This
paper presents their isolation, structural characterization, pro-
posed biosynthetic pathway, and anti-neuroinflammatory prop-
erties. This work is Part XXXV in a series of “Phytochemical and
biological studies on rare and endangered plants endemic to
China” (for Part XXXIV, see ref. *").

2. Results and discussion

Lirispirolide A (1) was isolated as colorless crystals in MeOH.
The molecular formula was determined to be C,;H350, based on
the (+)-high-resolution electrospray ionization MS (HR-ESI-MS)
ion at m/z 497.2513 [M + Na]" (Calcd. for C,;H3;50,Na’, m/z
497.2510) and the "*C nuclear magnetic resonance (NMR) data,
indicating nine indices of hydrogen deficiency (IHDs). The 'H
NMR spectrum of 1 revealed proton resonances for six methyls,
including three tertiary methyls [6y 1.32 (s, Me-9"), 1.33 (s, Me-
15), 1.39 (s, Me-8'")], two vinyl methyls [6y 1.63 (d, ] = 1.1 Hz, Me-
10'), 1.69 (br s, Me-14)], and one acetyl methyl at 6y 2.09 (s, 8-
OAc). Additionally, three oxymethine protons [y 2.67 (H-5), 4.37
(H-6), 5.27 (H-8)] and four olefinic protons [6y 5.34 (H-1), 5.54
(H-59, 5.61 (H-2"), 5.73 (H-6")] were observed (Table 1). The **C
and heteronuclear single quantum correlation (HSQC) NMR spec-
tra identified 27 carbon signals (Table 1) categorized as two car-
bonyls (one lactone group at 6; 174.6 and one acetyl at 6 169.4),
six olefinic carbons (comprising two trisubstituted and one dis-
ubstituted double bonds), three non-proton-bearing sp® carbons
(two oxygenated at §; 82.0 and 61.7), five sp’ methines (three
oxygenated at & 75.7, 70.8, and 67.8), five sp’ methylenes, and
six methyls. In conjunction with the known chemical substance
profile of Chinese tulip tree *, these findings suggested that 1
might be a hetero-adduct consisting of a sesquiterpene unit (unit
A) and a monoterpene unit (unit B). In subunit A, three spin sys-
tems corresponding to H-1/H,-2/H,-3, H-5/H-6 /H-7, and H-8/H,-
9 were identified in the 'H-'H correlation spectroscopy (COSY)
spectrum (Fig. 2). Combined with the heteronuclear multiple
bond correlation (HMBC) of H-6 with C-8/C-11/C-12, of H-7 with
C-9/C-13, of H-8 with C-11 and the acetoxyl carbonyl carbon, of
Hs-14 with C-1/C-9/C-10, and of Hs-15 with C-3/C-4/C-5, unit A
was determined to be a germacrane-type sesquiterpenolide
highly similar to lipiferolide, previously reported from the title
plant *>*, The remaining ten carbons assigned to unit B were es-

1R =00H, 118, 4R
2R = OOH, 115, 4'
4R =0H, 115, 4R
5R=0H, 115, 4S

6115, 4'S
7118, 4R

9118, 45
11118, 4R

10 11R, 4'S

311R, 4'S 12 11R, 4R

8 11R, 4'S

Fig. 1 Structures of compounds 1-12 from L. chinense.
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tablished by the "H-'H COSY correlations of H,-1'/H-2' and H-
4'/H-5'/H-6', and the HMBC of H3-10" with C-2'/C-3'/C-4", of H-5'
with C-3'/C-7', and of H3-8'/H3-9" with C-6'/C-7'. These correla-
tions established unit B as a monoterpene featuring the myrc-
2',5'-diene framework with C-7' being oxygenated. Notably, com-
pared to 7-hydroxy-myrcene, the chemical shift of C-7" exhibited
a downfield shift from &¢ 70.9 ** to 82.0 in 1, indicating the pres-
ence of a unique peroxide group at C-7' °. Consistent with this,
the molecular formula of 1 contained seven oxygen atoms, with
five attributed to unit A and two to the 7'-substituent in unit B.
The two units were connected via the newly formed C-13-C-1'
and C-11-C-4' bonds, evidenced by the diagnostic "H-'"H COSY
correlation of H,-13/H,-1" and the HMBC of H-7/C-4', H,-13/C-4',
H-1'b/C-11, and H-4'/C-12 (Fig. 2), as well as the unsaturation
requirement. Therefore, compound 1 was characterized as a ger-
macrane-myrcane heterodimer featuring a unique 2-oxaspiro
[4.5]decan-1-one motif.

The relative configuration of 1 was determined through ana-
lysis of the rotating-frame Overhauser effect spectroscopy
(ROESY) spectrum and key proton-proton coupling constants
(Table 1). In unit A, the ROE correlations (Fig. 2) of H-5/H-7, H-
7/H-9a, H-6/H3-15, H3-14/H3-15, combined with the large trans-
diaxial coupling constants (9.4 or 9.3 Hz) within the H-5/H-6/H-7
system, and the small coupling constant (near zero) between H-8
and H-7, confirmed that the relative configuration of the sesquit-
erpene unit aligned with lipiferolide and its analogs *. The large
magnitude of /.5 ¢ (15.8 Hz) established the E-configuration of
the C-5'/C-6" double bond. Regarding the relative configuration of
the newly formed spirocyclic ring, the ROE correlation of H-
13b/H-6 indicated the C-11-C-13 bond to be S-oriented (i.e., C-11
to be S-configured), while the ROE correlation of H-4'/H-8
demonstrated their a-orientations. The absolute configuration of
1 was verified through electronic circular dichroism (ECD) calcu-
lation using time-dependent density functional theory (TD-
DFT) *°. As illustrated in Fig. 3A, the calculated ECD curve of
(4R,5S5,65,7R,8R,115,4'R)-1 corresponded to the experimental
data. Subsequently, suitable crystals of 1 were obtained in MeOH,
and a single-crystal X-ray diffraction experiment (Ga Ka) was
conducted [Fig. 4, Flack parameter = 0.03 (4)], definitively con-
firming the previous structural assignments.

Lirispirolides B (2) and C (3) shared the same molecular for-
mula of C,,H340; as 1, as determined by HR-ESI-MS and *C NMR
data. Their 1D NMR data exhibited strong similarities to those of
1, with primary differences observed at C-11 (8¢ 50.6 in 1; 5 48.6
in 2; 8 50.0 in 3), C-4' (6c 47.5 in 1; 6 48.8 in 2; & 43.5 in 3),
and their adjacent groups. Analysis of their HMBC spectra re-
vealed a planar structure identical to 1, suggesting these com-
pounds might be epimers with distinct configurations at the
newly formed chiral centers C-11 and C-4'. Comparative analysis
of their "H-"H coupling constants and ROESY spectra confirmed
that the relative configuration of unit A in both 2 and 3 was
identical to that of 1 (Fig. 2). Regarding the stereochemistry of C-
11 and C-4', the ROE correlation of H,-13 with H-6 in 2 estab-
lished the 115 -configuration, indicating compound 2 as the 4'-
epimer of 1. For compound 3, the ROE correlation of H,-13 with
H-7 instead of H-6 indicated a different configuration at C-11
(11R'-configuration), though the relative configuration of C-4' re-
mained challenging to determine due to insufficient evidence
from ROESY data and coupling constant. ECD calculations were
performed for all four possible isomers (Fig. S2, Supporting in-
formation). The results indicated that the A® and A® groups
primarily contributed to the Cotton effect (CE) around 200 nm.
The calculated ECD curves of 1154'S- and 11R,4'S-isomers
showed a positive CE around 200 nm, while the 4'R-isomers dis-
played negative ones. Consequently, the C-4' configurations in 2
and 3 were both determined as S based on their similar positive
CE around 200 nm in their ECD spectra (Fig. 3B). Therefore, the
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Table 1 'H (600 MHz) and "*C (150 MHz) NMR data for 1-3 (/ in Hz, CDCI3).
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1 2 3
No.
oS¢ 6y, mult. 8¢ 6y, mult. oS¢ 6y, mult.
1 128.1 5.34,brd (11.8) 128.2 5.33,brd (11.8) 127.9 5.34,brd (12.0)
2a 23.9 221, m 239 2.25,m 23.8 2.27,m
2B 2.40,dddd (13.0,12.8,11.8,6.1) 241, m 241, m
3a 36.5 1.23,ddd (13.1,12.8,7.1) 36.4 1.29,m 36.3 1.29,m
3B 2.14,ddd (13.1,6.1,1.1) 2.17,brdd (13.0,6.2) 2.17,ddd (13.0,6.2,1.1)
4 61.7 61.9 62.0
5 67.8 2.67,d(9.3) 68.0 2.74,d(9.3) 68.2 2.70,d (9.1)
6 75.7 4.37,dd (9.4,9.3) 74.9 4.39,dd (9.3,9.2) 75.8 4.56,dd (9.2,9.1)
7 49.5 2.93,brd (9.4) 53.0 2.55,brd (9.2) 55.8 2.44,brd (9.2)
8 70.8 5.27,brd (6.1) 713 5.54,brd (6.2) 71.7 5.61,brd (6.2)
9a 43.8 2.16,brd (14.0) 429 2.26,m 43.8 2.10, m
9B 2.81,dd (14.0,6.1) 2.62,dd (14.0, 6.2) 2.88,dd (14.2,6.2)
10 130.5 130.7 130.8
11 50.6 48.6 50.0
12 174.6 176.0 178.4
13a 23.6 1.72,br dd (13.0, 5.0) 19.4 1.63,m 28.3 2.22,ddd (13.9,11.7,6.1)
13b 1.50, ddd (13.0, 12.5, 5.2) 1.55,m 1.56, m
14 20.0 1.69,brs 19.9 1.67,brs 20.2 1.68,brs
15 16.6 1.33,s 16.6 1.34,s 16.8 1.36,s
8-0Ac 21.2 2.09, s 21.3 2.08,s 21.4 2.12,s
169.4 169.6 169.1
1a 21.7 221, m 22.6 212, m 21.7 242, m
1'b 2.03,brd (15.2) 211, m 1.99, m
2' 122.6 5.61,brd (5.0) 122.2 5.59,brs 123.2 5.68, brs
3 131.4 131.6 133.0
4' 475 2.64,brd (10.2) 488 2.64,brd (8.0) 43.5 2.53,brd (9.5)
5' 128.7 5.54,dd (15.8,10.2) 127.8 5.60, dd (15.9, 8.0) 130.6 5.62,dd (15.7,9.6)
6' 141.2 5.73,brd (15.8) 139.0 5.78,brd (15.9) 136.8 5.44,brd (15.7)
7' 82.0 81.6 81.3
8' 23.3 1.39,s 23.8 141,s 25.1 1.33,s
9' 249 1.32,s 24.7 1.38,s 25.3 1.30,s
10' 22.6 1.63,d (1.1) 22.3 1.64,brs 22.6 1.56,d (1.2)
7'-00H 8.38,s

absolute configurations of lirispirolides B (2) and C (3) were es-
tablished as (4R,5S,65,7R,8R,115,4'S) and (4R,5S,6S,7R,8R,11R,
4'S), respectively.

Lirispirolides D (4) and E (5) share the chemical formula
C,7H3405, as determined by HR-ESI-MS and "*C NMR data, con-
taining one less oxygen atom than compounds 1-3. Analysis of
their 1D NMR data (Table 2) confirmed the heterodimeric skelet-
on. Unlike compounds 1-3, which feature a 7'-O0H group, com-
pounds 4 and 5 contain a hydroxy group at C-7', evidenced by the
upfield shifted carbon signal of C-7' (6¢ 70.6 in 4 and 5; 6. > 80 in
1-3) and their molecular formula. Regarding the stereochem-
istry of 4, the NMR data closely matched that of 1, particularly

940

around C-11 and C-4', indicating identical relative configuration.
Similarly, compound 5 showed nearly identical 1D NMR data to
2, suggesting the same configuration. ECD spectra comparison
confirmed these assignments, establishing the absolute configur-
ations of 4 and 5 as (4R,55,6S,7R,8R,11S5,4'R) and (4R.,5S,6S,7R,
8R,115,4'S), respectively (Fig. 3B).

The (+)-HR-ESI-MS and **C NMR data of lirispirolide (6) in-
dicated a molecular formula of C,;H3505. Examination of its 1D
NMR data (Tables 3 and 4) and characteristic molecular weight
suggested a similar sesquiterpene -monoterpene heterodimeric
skeleton. Compared to compounds 1-5, compound 6 lacked an
oxygenated group at C-7'. Additionally, the two tertiary methyls
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m—— 'H—'H COSY

/7 HMBC

¢ T\ ROE

Fig. 2 Selected COSY (bold bonds), HMBC, and ROESY correlations of 1-3.

of Me-8' and Me-9' were replaced by vinyl groups [6y 1.66 (3H,
br s), 1.76 (3H, br s)], while the trans-configured C-5'-C-6'
double bond signals were absent, indicating a shift of the A®
double bond to C-6'-C-7'. HMBC of H3-8'/H3-9" with C-6" and C-7',
and of H,-5" with C-7" confirmed this structure (Fig. 5). The relat-
ive configuration matched that of 2 based on comparable 1D NMR
and ROESY data (Fig. 5). ROE correlations between H-6 and H-
13b, and H-8 with H,-5' confirmed the 11S,4'S -configuration.
The experimental and calculated ECD curves showed agreement
(Fig. 6A), both exhibiting a positive CE around 210 nm and a neg-
ative one around 230 nm, establishing the absolute configuration
of 6 as (4R,55,6S,7R,8R,115,4'S). Single-crystal X-ray diffraction
analysis using Cu Ka radiation [Fig. 7, Flack parameter = 0.07
(17)] provided final confirmation of these structural assignments.

Lirispirolides G (7) and H (8) share the same elemental com-
position, Cy;H350s, as 6, as confirmed by (+)-HR-ESI-MS and “C
NMR data. Analysis of their 1D NMR data (Tables 3 and 4) and
HMBC (Fig. 5) revealed that 7 and 8 possess identical planar
structures to 6, differing only in stereochemistry at the [4 + 2]-
cyclohexene ring. The ROESY spectrum of 7 showed a ROE correl-
ation between H-6 and H-13a, indicating the S-orientation of CH,-
13 (C-11 being S™-configured), while the ROE correlation between
H-4' and H-8 indicated the a-orientation of H-4' (C-4' being R-
configured). The ECD spectrum of 7 (Fig. S3) displayed a negat-
ive CE around 200 nm, contrasting with the positive CE in 6, en-
abling the assignment of C-4' absolute configuration as R. Con-
sequently, the complete absolute configuration of 7 was estab-
lished as (4R,5S,6S,7R,8R,115,4'R). For compound 8, C-11 stereo-
chemistry was determined as R based on ROE correlations of H-
7/H-13b, H-6/H-4', and H-6/H-5'b. Similar to compound 3, C-4'
configuration remained ambiguous due to inconclusive ROESY

A 50
40
30
20
10

Exptl. ECD for 1
----- Calcd. ECD for 1
- Calced. ECD for ent-1

0
-10
=20
=30
—40

Ae/M-em™)
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data. Theoretical 'H and *C NMR chemical shifts for both pos-
sible 4'-isomers of 8 were calculated at PCM/b3lyp/6-31g(d)
level **°. The results (Fig. 8) showed that the calculated *C NMR
data of 4'S"-8 (8a) showed excellent correlation with experiment-
al data, exhibiting a high correlation coefficient (R%) of 0.9990,
lower corrected mean absolute error (CMAE), and 100% DP4+
probability [DP4+ (all (H and C) data)]. These findings confirmed
the 4'S -configuration of 8. ECD calculations on 8a and 8b further
validated C-4' stereochemistry, with the calculated ECD curve of
(11R,4'S)-isomer (8a) closely matching experimental data (Fig.
6B). Thus, the absolute configuration of 8 was determined as
(4R,5S,6S,7R,8R,11R,4'S).

Lirispirolide I (9) was isolated as colorless crystals in MeOH.
The (+)-HR-ESI-MS and "*C NMR data established its molecular
formula as C,;H3g0s, identical to that of lirispirolides F-H (6-8).
The 'H and "*C NMR spectral data (Tables 3 and 5) showed close
similarity to those of 6-8, with primary differences observed in
the [4 + 2]-cyclohexene ring region (C-11-C-13 and C-1'-C-5").
The identical units A and B in 9 were confirmed through compar-
able 1D NMR data and HMBC (Fig. 9). The 3]H,C HMBC cross-peaks
of H-7 with C-1', of H,-13 with C-1" and C-5', of H-1a" with C-12,
and of H-2" with C-11 (Fig. 9) connected units A and B via two
linkage bonds of C-13-C-4' and C-11-C-1", revealing a distinct
cyclohexene ring structure compared to lirispirolides A-H. The
relative configuration of this novel ring in 9 was determined
through ROESY analysis. As shown in Fig. 9, the ROE correlations
of H-6/H-1'b and H-7/H,-13 indicated an a-oriented C-11-C-13
bond (i.e., C-11 with § configuration), while the ROE correlation
of H-8/H-4' confirmed the a-orientation of H-4' (i.e., C-4" with s
configuration). X-ray crystallographic analysis (Ga Ka) of 9, with
a Flack parameter of 0.04 (14), validated the structural assign-
ment based on NMR data and established its absolute configura-
tion as 4R,5S5,6S,7R,8R,115,4'S (Fig. 10).

Lirispirolides J-L (10-12) share the same molecular formula
(C,7H3505) with 9 and exhibit highly similar 1D NMR data (Tables
3 and 5). Analysis of their 'H-'H COSY, HSQC, and HMBC spectra
(Figs. 9, S70, S75, S76, and S83-85) confirmed their identical
planar structure, indicating that 10-12 are regioisomers of 9
with varying configurations at C-11 and C-4'. Regarding the relat-
ive configuration of C-11, similar to 9, the distinct ROE cross-
peak between H-7 and H,-13 in the ROESY spectrum of 11 estab-
lished the 115 -configuration. The ROE correlation between H-7
and H,-1' in both 10 and 12 confirmed their 11R -configuration
(Fig. 9). However, determining the C-4'configuration in com-
pounds 10-12 proved challenging due to inconclusive ROESY
data and J-based configuration analysis. To resolve this uncer-
tainty, TD-DFT-ECD calculations were performed on all four pos-
sible 11,4'-isomers. As shown in Fig. 11, the two 4'S-isomers (9
and 10) exhibited negative CEs around 200 nm in both calcu-
lated and experimental ECD spectra. Conversely, the calculated
and experimental ECD curves of the two 4'R-isomers (11 and 12)
showed positive CEs in the 200-230 nm range. Supporting this
finding, the Ga Ka X-ray diffraction analysis of 10 [Fig. 10, Flack
parameter = 0.04 (17)] definitively established its absolute con-
figuration as 4R,5S5,6S,7R,8R,11R,4'S. Consequently, the absolute
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Fig. 3 (A) Experimental and calculated ECD spectra of 1; (B) Experimental ECD spectra of 2-5.
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Fig. 4 Olex2 drawing of 1.

configurations of 11 and 12 were determined as (4R,5S,6S,7R,
8R,11S5,4'R) and (4R,5S,6S,7R,8R,11R,4'R), respectively.
Lirispirolides A-L (1-12) constitute a unique class of ses-
quiterpene-monoterpene heterodimers with novel carbon skelet-
ons. These compounds likely originate through an intermolecu-
lar [4 + 2] DA cycloaddition between germacranolide-type ses-
quiterpene and ocimene-type monoterpene components (Scheme
1). The exocyclic group of lipiferolide, a predominant constituent
in the title plant, functions as the electron-deficient “dienophile”,
while the conjugated 1,3-diene group in ocimene monoterpenes
(e.g., B-ocimene) serves as the “diene” in the DA reaction. In com-
pounds 1-8, the two units connect via newly formed C-11-C-4'
and C-13-C-1" bonds. For compounds 9-12, the units conjugate
via C-11-C-1' and C-13-C-4' bonds. These distinct assembly
modes generate 1,4- and 4,1-adducts, representing two subtypes
of germacrene-ocimene heterodimers with distinctive spirocyclic
carbon skeletons. Notably, no exo-/endo-stereoselectivity was ob-
served during DA cycloaddition product formation. This is exem-
plified by compounds 9-12, where all four possible isomers of
[4 + 2]-dimerization from identical precursors were isolated.
Numerous naturally occurring homo- or heterodimeric
terpenes have been reported, garnering significant attention due
to their complex structures, diverse bioactivities, and synthetic
challenges '® ***. Within this group, sesquiterpene-monoter-
pene hybrids represent a relatively small subset '®***"%, Not-
ably, heterodimers formed between germacrene-type sesquiter-
penoids and myrcane-type monoterpenoids are particularly rare
in nature, withonly two documented examples: caleamyr-
cenolide *° from Calea hymenolepis and genepolide *’ from
Artemisia umbelliformis. When genepolide was initially reported
in 2009, researchers emphasized its significance as a genuine
natural product with an interesting structural motif warranting
systematic investigation *’. This type of naturally occurring ses-
quiterpene-monoterpene hybrid remained undiscovered for ap-
proximately fifteen years until the present study. From a biogen-
etic perspective, both caleamyrcenolide and genepolide (detailed
in Scheme S1 in Supporting information) utilize the 1,3(10)-diene
group of the myrcene unit as the “diene” component in the DA re-
action, whereas in lirispirolides A-L, the “diene” component ori-
ginates from the 1,3-diene group of the ocimene unit (Scheme 1).
The discovery and verification of naturally occurring Diels-Al-
derase in plants catalyzing intermolecular DA transformations **
provides compelling evidence that these natural DA adducts are
genuine natural products rather than isolated artifacts.
Neuroinflammation has been established as a significant
factor in the pathology of ischemic stroke, Parkinson’s disease
(PD), Alzheimer’s disease (AD), and depression ****'. Inhibiting
the overactivation of microglia, the resident immune cells of the
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Table 2 'Hand "C NMR data of 4 and 5 (J in Hz, CDCI5).

4 5
No.
8:° 8", mult. 8.° 8y, mult.

1 1279 5.24,m 128.1 5.31,brd (11.6)
2a 238 221, m 239 2.25,brd (14.1)
28 2.40, m 2.40, m
3a 36.4 1.25,ddd (13.1,13.0,6.6)  36.4 1.26,ddd (12.9,12.9, 6.8)
38 2.15,brdd (13.1, 6.5) 2.15,brdd (12.9, 6.2)
4 61.7 61.9

5 68.1 2.61,d (9.2) 68.0 2.58,d(9.3)

6 75.5 4.36,dd (9.5,9.2) 74.6 437,dd (9.3,9.2)

7 49.9 2.76,brd (9.5) 52.9 2.73,brd (9.2)

8 70.6 5.24,brd (6.2) 711 5.47,br d (6.4)
9a 44.0 2.04, m 42.7 223, m
9B 2.81,dd (14.2, 6.2) 2.62,dd (14.1, 6.4)
10 1307 130.7
11 50.5 486
12 1745 176.1
13a 236 1.70, m 19.3 1.61, m
13b 1.47,ddd (12.7, 12.5, 5.3) 1.53, m
14 20.0 1.69, brs 19.9 1.65,brs
15 16.6 1.32,s 16.6 1.32,s

8-0Ac 212 2.09, s 212 2.06,s
169.3 169.3

1a 21.6 2.18,m 226 2.10,m

1'b 2.01, m 2.08,m

2" 1225 5.58, brd (4.5) 121.8 5.54,brs
3" 1316 131.7
4 47.1 2.58, brd (10.2) 489 2.54,br d (9.0)
5' 1247  5.50,dd (15.7,10.2) 124.3 5.53,dd (15.6, 9.0)
6' 1455 5.76,brd (15.7) 142.5 5.75, brd (15.6)
7 70.6 70.6
8' 29.9 1.36,s 30.0 1.38,s
9' 29.9 1.35,s 29.5 1.36,s
10' 22.7 1.61,brs 223 1.62,brs

“acquired in 150 MHz; ” acquired in 600 MHz; © acquired in 400 MHz.

central nervous system, by suppressing the expression and re-
lease of pro-inflammatory mediators such as nitric oxide (NO),
tumor necrosis factor-a (TNF-a), and interleukin-6 (IL-6) has
emerged as a promising therapeutic strategy for the treatment of
neurological disorders . The title plant, traditionally used in
Chinese medicine for treating arthritis, demonstrates the poten-
tial for neuroinflammation modulation. Consequently, all isolates
were evaluated in vitro for anti-neuroinflammatory effects by
measuring NO production inhibition in lipopolysaccharide (LPS)-
induced mouse BV-2 microglial cells. As indicated in Table 6,
nearly all heterodimers (excluding 1) demonstrated significant
NO level reduction [half maximal inhibitory concentration (ICs)
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Table 3 "°C NMR (150 MHz) data for 6-12.
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No. 6° 7° 8° 9° 10° 11° 12 12°
1 128.2 127.9 127.7 128.0 128.0 128.0 128.1 128.3
2 24.0 23.9 23.7 24.0 238 23.8 23.8 24.0
3 36.5 36.6 36.4 36.2 365 365 36.4 36.9
4 61.9 61.5 61.8 61.9 61.7 61.7 61.7 61.8
5 68.2 68.0 68.5 68.0 67.7 68.0 67.9 67.9
6 743 75.4 753 75.2 75.5 75.4 75.4 76.2
7 529 51.2 56.6 55.0 54.6 55.4 55.7 55.4
8 71.5 71.1 71.7 72.2 70.9 71.0 71.8 72.1
9 435 44.0 43.8 44.0 43.9 43.7 437 43.6
10 130.9 130.9 130.9 131.2 130.8 130.7 130.8 130.9
11 49.8 51.5 48.6 45.7 45.9 453 44.7 45.1
12 176.8 175.3 177.7 180.3 177.1 176.6 179.3 179.9
13 20.7 24.7 29.4 39.0 29.7 35.5 28.8 29.4
14 19.9 20.0 20.2 20.0 20.0 20.0 20.0 19.9
15 16.7 16.6 16.8 16.8 16.6 16.6 16.7 16.7

8-0Ac 21.3 213 213 21.2 21.0 21.1 213 211
169.1 169.4 169.2 169.1 168.9 169.4 169.5 169.9

1 22.5 213 219 2838 31.4 27.2 32.9 32.7
2' 122.0 123.1 123.1 120.7 119.0 116.7 1185 119.7
3 133.2 134.3 135.3 136.8 136.9 137.6 136.8 136.4

4 44.3 42.6 40.1 35.4 35.2 35.7 37.6 37.9
5' 27.8 282 293 30.7 30.7 311 30.6 31.1
6' 121.0 125.7 122.5 120.9 122.0 121.7 122.5 123.2
7' 1335 132.2 132.8 133.8 132.8 133.2 133.4 133.0
8' 18.6 18.1 18.1 18.0 17.9 18.1 17.9 17.8
9' 25.7 26.0 25.9 25.9 25.8 25.9 25.8 25.7

10' 22.7 22.4 229 21.0 211 21.3 21.8 21.9

“acquired in CDCl3;” acquired in pyridine-ds.

values ranging from 10.84 to 48.14 umol-L™)] while maintaining
acceptable cytotoxicity levels against microglial cells at 50
umol-L™" (cell viability = 70.0%). Compound 10 exhibited optimal
activity (ICso 10.84 + 1.78 pmol-L™") with minimal cytotoxicity
(cell viabilities > 95.0% at 50 pmol-L™"). Notably, compounds
1-12 showed no significant anti-leukemia activity (data not
shown), distinguishing them from previously isolated sesquiter-
pene-alkaloid heterodimers from the same plant *°.

Additionally, the effects of lirispirolides on pro-inflammat-
ory cytokine production (TNF-a and IL-6) and inducible NO syn-
thase (iNOS) messenger ribonucleic acid (mRNA) expression
were examined in LPS-induced BV-2 cells. Compound 9 demon-
strated a notable reduction in TNF-« release (Fig. 12A), surpass-
ing the positive control’s effectiveness. The other heterodimers
showed moderate to weak inhibitory effects on TNF-a secretion
(Fig. 12A). However, none exhibited significant IL-6 expression
inhibition (Fig. 12B). Most heterodimers (except 4 and 9) signific-
antly reduced iNOS mRNA levels (Fig. 12C) in over-activated BV-2
cells, suggesting that NO production suppression by lirispirolides
correlates with iNOS mRNA expression attenuation.

Rare and endangered plants (REPs), particularly medicinal
species, represent a valuable resource for the discovery of natur-
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al therapeutic compounds “* *. This investigation of the non-al-

kaloid fraction of the rare medicinal plant Chinese tulip tree (L.
chinense), guided by LC-PDA-MS analysis, resulted in the isola-
tion and characterization of 12 novel sesquiterpene-monoter-
pene heterodimers (lirispirolides A-L, 1-12). These heterodi-
mers, formed through [4 + 2] cycloaddition bioconjugation, ex-
hibit a distinctive germacranolide-ocimene heterocoupled skelet-
on with a spirocyclic ring system. The compounds demonstrated
significant inhibition of LPS-induced NO production by suppress-
ing iNOS transcriptional levels in BV-2 microglial cells. These
findings highlight the therapeutic potential of these heterodi-
mers for treating neuroinflammation-related cerebral diseases
and encourage further investigation of the relict Chinese tulip
tree.

3. Experimental

3.1. General experimental procedures

Optical rotations were measured using a Rudolph Autopol IV
automatic polarimeter (Rudolph Research Analytical, Hackett-
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Table 4 'H NMR (600 MHz) data of 6-8 (J in Hz, CDCI5).

No. 6 7 8
1 5.33,brd (11.8) 5.28,brd (11.9) 5.33,brdd (11.8,3.2)
2a 2.24,m 2.24, m 2.23,m
25 241,m (12.9,2'1422.;3:1;1;‘;, 6.1) 240,m
3a 1.28, ddd 1.27,ddd 1.29, ddd
(13.0,11.7, 6.6) (13.0,12.8, 6.8) (12.9,12.6,7.2)
38 218, brdd (13.0,5.6) (132.'(}’76’.‘1?2.1) 217, m
5 2.72,d (9.1) 2.65,d (9.3) 2.70,d (9.2)
6 4.41,dd (9.2,9.1) 4.36,dd (9.4,9.3) 4.45,dd (9.3,9.2)
7 2.59, brd (9.2) 2.99, brd (9.4) 2.34,brd (9.3)
8 5.50, brd (6.5) 5.25,brd (6.3) 5.60,brd (6.3)
9a 2.24,m 2.06,brd (14.1) 2.07, m
98 2.72,dd (14.0, 6.5) 2.82,dd (14.1,6.3) 2.88,dd (14.2, 6.3)
13a 1.71, m 1.64, brdd (12.6, 4.5) 2.20,m
13b 1.54,ddd 1.43,ddd 1.51, brdd
(13.4,6.1,2.4) (12.6,12.5, 4.9) (14.1,5.6)
14 1.68,brs 1.69, brs 1.66,brs
15 1.34,s 1.33,s 1.36,s
8-0Ac 2.06,s 2.08,s 2.07,s
1'a 2.10, m 2.16,m 2.35,m
1'b 2.08, m 1.93,brd (16.8) 1.92, m
2' 5.56,brs 5.53,brd (5.9) 5.61,brs
4 223, m 2.09,m 2.00, br d (6.7)
5'a 2.40, m 247, m 231, m
5'b 2.17,m 2.23,m 2.14,m

6  5.20,brdd(6.0,6.0) 5.18,brdd(7.2,7.2) 5.02,brdd (6.7, 6.5)

8' 1.66, brs 1.67,brs 1.58,brs
9' 1.76,brs 1.75,brs 1.67,brs
10 1.72,brs 1.73,d (1.1) 1.66, brs

stown, NJ, USA). Melting points were determined on an SGW X-4
Micro Melting Point Apparatus (Shanghai INESA Physico-Optical
Instrument Co., Ltd., Shanghai, China). UV and IR spectra were
obtained using a Hitachi U-2900E (Hitachi High-Tech Corpora-
tion, Tokyo, Japan) and a Thermo Scientific Nicolet iS5 FTIR spec-
trometer (Nicolet, Madison, WI, USA), respectively. ECD spectra
were recorded using a JASCO J-810 spectropolarimeter (JASCO
Corporation, Tokyo, Japan). NMR spectra were acquired on a
Bruker Avance I1I 400 or 600 MHz spectrometer (Bruker, Rhein-
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Fig.5 Selected HMBC and ROESY correlations of 6-8.

stetten, Germany). Chemical shifts are expressed in § and refer-
enced to the residual solvent signals. HR-ESI-MS were obtained
on an AB SCIEX Q-TOF 5600 spectrometer (SCIEX, Framingham,
MA, USA). X-ray crystallography was performed using a Bruker
Apex Duo diffractometer (Bruker AXS Inc., Madison, WI, USA)
equipped with graphite-monochromated Ga Ka radiation (A =
1.341 39 A) or Cu Ka radiation (A = 1.541 78 A). Semi-preparat-
ive HPLC was conducted using a Shimadzu LC-20AT system with
an SPD-M20A PDA detector (Shimadzu Corporation, Kyoto, Ja-
pan) or on a Waters e2695 system with a 2998 PDA detector
(Waters Corporation, Milford, MA, USA). Semi-preparative RP-
HPLC columns (XBridge: 250 mm x 10 mm, 5 pm, Waters Corpor-
ation, Milford, MA, USA; Cosmosil: 250 mm x 10 mm, 5 pm, Shis-
eido Co., Ltd., Tokyo, Japan; Zorbax SB-Phenyl: 250 mm x 10 mm,
5 pum, Agilent Technologies, New Castle, DE, USA; Sunfire: 250
mm x 10 mm, 5 um, Waters Corporation, Milford, MA, USA) were
utilized for isolation. Column chromatography (CC) was per-
formed using MCI gel CHP20P (75-150 um, Mitsubishi Chemical
Corporation, Tokyo, Japan), silica gel (100-200 or 200-300
mesh, Qingdao Marine Chemical Co., Ltd., Qingdao, China), and
Sephadex LH -20 (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). Gel-precoated plates (GF;54, 0.25 mm, Yantai Jiangyou
Silica Gel Development Co., Ltd., Yantai, China) were employed
for TLC detection. Spots were visualized under UV light (254 nm)
and through spraying with 10% (V/V) sulfuric acid/ethanol solu-
tion containing 1% vanillin followed by heating to 120 °C. All
solvents used in this study were of either analytical reagent grade
(China National Pharmaceutical Group Co., Ltd., Shanghai, China)
or HPLC grade purity (Sigma-Aldrich Corporation, St. Louis, MO,
USA).

3.2. Plant material

The leaves and branches of L. chinense were collected in
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Fig. 6 Experimental and calculated ECD spectra of 6 (A) and 8 (B).
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Fig. 7 Olex2 drawing of 6.

November 2019 and October 2020, respectively, from the cam-
pus of Taizhou University, Zhejiang Province, China. The species
was identified by Prof. Zexin Jin (Taizhou University, Zhejiang,
China), one of the co-authors. The voucher specimens (Nos.
20191113 and 20201020) were deposited at the Department of
Natural Medicine, School of Pharmacy at Fudan University.

3.3. Extraction and isolation

The dried branches (13.1 kg) and leaves (6.3 kg) of L.
chinense were extracted separately with 90% MeOH (12 L x
12 h) at ambient temperature five times. After evaporation of the
solvent in vacuo, the crude residues (branches: 1.1 kg; leaves: 0.8
kg) were suspended in 3% tartaric acid aqueous solution, then
extracted with ethyl acetate (EtOAc) to obtain the non-alkaloid
components. The aqueous layer was adjusted to pH 9-10 with
Na,CO; followed by a partition with CHCl; to afford the alkaloid-
containing fraction, from which a series of alkaloids and alkaloid-
sesquiterpene heterodimers were isolated “’. Analyses by HPLC
and TLC demonstrated that chemical constituents of the two
EtOAc extracts from branches and leaves were superimposable,
which were subsequently combined (totaling 426.7 g) for further
isolation and purification.

The EtOAc partition underwent CC over silica gel (100-200
mesh) with petroleum ether/EtOAc gradients (from 30:1 to neat
EtOAc, V/V) to yield seven fractions (Fr. 1-Fr. 7). All fractions
were subsequently analyzed by HPLC-PDA-MS with a full scan,
revealing that three fractions (Fr. 2, 3 and 5) contained numer-
ous components with distinctive molecular weights (e.g., m/z
442, 458, 474) compared to sesquiterpenoid monomers (details
shown in Fig. S1). These three fractions were selected for addi-
tional purification.

Fr.2 (11.4 g) underwent fractionation by an MCI column us-
ing a gradient MeOH/H,0 (from 50% to 100%, V/V) to produce
eight subfractions (Fr. 2A-Fr. 2H). Fr. 2D (1.3 g) was separated
through CC over silica gel (100-200 mesh, petroleum ether-acet-
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one, 15:1-0:1), yielding Fr. 2D-1-Fr. 2D-6. Fr. 2D-2 (0.3 g) un-
derwent further purification by gel permeation chromatography
(GPC) over Sephadex LH-20 (MeOH) followed by semi-preparat-
ive HPLC, yielding compounds 7 (4.0 mg; XBridge, MeOH-H,0
80:20, V/V, 3.0 mL-min™", tz 15.3 min), 12 (8.1 mg; XBridge,
MeOH-H,0 80:20, V/V, 3.0 mL-min™", t; 13.9 min), and 8 (2.7
mg; SB-Phenyl, MeCN-H,0 75:25, V/V, 3.0 mL-min ™", t3 9.5 min).
Compounds 1 (7.5 mg, tg 23.1 min) and 3 (3.7 mg, tz 18.5 min)
were obtained from Fr. 2D-5 (75.2 mg) through repeated chroma-
tographic separation on Sephadex LH-20 (MeOH) and semi-pre-
parative HPLC (XBridge, MeOH-H,0, 68:32, V/V, 2.4 mL-min™").

Fr. 3 (10.9 g) underwent separation via MCI column elution
with MeOH-H,0 in a stepwise gradient (from 50% to 100%,
V/V), yielding seven subfractions (Fr. 3A-Fr. 3G). Compound 2
(1.3 mg, tg 13.4 min) was isolated from Fr. 3D (4.6 g) through
silica gel CC (100-200 mesh, petroleum ether-acetone 40:1—
neat acetone) and semi-preparative HPLC (XBridge, MeOH-H,0
70:30, V/V, 2.4 mL-min™"). Compound 6 (5.2 mg, tg 25.0 min)
was isolated from Fr. 3F (6.3 g) using silica gel CC (100-200
mesh, petroleum ether-acetone, 30:1—neat acetone) and semi-
preparative HPLC (XBridge, MeOH-H,0 73:17, V/V, 3.0
mL-min™). Fr. 3G (0.72 g) was fractionated by silica gel CC
(100-200 mesh, petroleum ether-acetone, 40:1—-neat acetone)
followed by semi-preparative HPLC to yield compounds 9 (23.6
mg; XBridge, MeCN-H,0 68:32, V/V, 3.0 mL-min™", ty 21.5 min),
10 (28.8 mg; SB-Phenyl, MeCN-H,0 58:42, V/V, 3.0 mL-min"", tz
20.9 min), and 11 (1.7 mg; Sunfire, MeOH-H,0 72:28, V/V, 3.0
mL-min™", tg 27.9 min).

Fr. 5 (20.5 g) underwent fractionation through CC over MCI
gel (MeOH-H,0, from 30% to 100%, V/V) yielding five subfrac-
tions Fr. 5A-Fr. 5E. Fr. 5D (1.0 g) was fractionated by silica gel
(100-200 mesh, from neat CH,Cl, to CH,Cl,-MeOH 10:1) fol-
lowed by purification using semi-preparative HPLC (Sunfire,
MeOH-H,0 72:28, V/V, 3.0 mL-min™") to obtain compound 4
(19.6 mg, tg 17.7 min). Fr. 5E (0.4 g) underwent purification via
GPC over Sephadex LH-20 (MeOH) and semi-preparative HPLC
(XBridge, MeOH-H,0 68:32, V/V, 3.0 mL-min"") to yield com-
pound 5 (29.5 mg, tg 11.2 min).

3.4. Identification of new compounds

Lirispirolide A (1): colorless needles (MeOH); [a}ZDS -107.0 (¢
0.34, CHCI3); UV (MeCN) A, (log €) 191 (4.59) nm; ECD (¢ 3.46 x
107 mol-L™", MeCN) A (Ag) 205 (-26.5) nm; 'H and "*C NMR
data, see Table 1; (+)-HR-ESI-MS m/z 497.2513 [M + Na]" (Calcd.
for C,,H330,Na’, m/z 497.2510).

Lirispirolide B (2): white amorphous powder; [oz]lzj5 +52.6 (c
0.13, MeOH); UV (MeCN) A, (log €) 192 (4.56) nm; ECD (c 6.95 x
107 mol-L™", MeCN) A, (A€) 200 (+23.0) nm; 'H and "*C NMR
data, see Table 1; (+)-HR-ESI-MS m/z 497.2501 [M + Na]" (Calcd.
for C,,H340,Na’*, m/z 497.2510).

4'S™-8 (8a) 4'R*-8 (8b)
200
. ® p .
150 N
r s
100
K <
50 & y=0.9612x+2.7262 &% =0.9601x +3.1610
0 R*=0.9990 R*=0.9962
0 50 100 150 200 50 100 150 200
‘se\pn c (Se\pxl c
B MAE MAE CMAE CMAE DP4+ DP4+ DP4+
(carbon) (proton) (carbon) (proton) (H data) (C data) (all data)
8a (4'S) 1.82 0.10 1.22 0.09 100.00% 100.00% 100.00%
8b (4'R) 2.59 0.22 247 0.21 0.00% 0.00% 0.00%

Fig. 8 (A) Linear correlation plots of calculated versus experimental *C NMR chemical shifts of 8. (B) Mean absolute error (MAE), corrected MAE, and DP4+ probability
analyses (sarotti-nmr.weebly.com) for 8a (4'S") and 8b (4'R"). The PCM/b3lyp/6-31g (d) level of theory was used for NMR calculations.
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Table 5 'H NMR (600 MHz) data for 9-12 (J in Hz).
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No. 9° 10° 11° 12°¢ 12°
1 5.32,br d (12.0) 5.32,brd (11.6) 5.34,brd (12.2) 5.31,brd (11.7) 5.40, br d (11.8)
2a 2.23,m 2.23,m 2.24,m 2.25,m 2.06,m
25 (13.0,2'1423.;1?;.?), 5.9) (13.0?i?%ﬁf.2, 6.0) 241m 240,m 230,m
3a 1.29,ddd (13.0,12.9, 6.6) 1.28,ddd (13.1,12.7, 6.8) 1.29,ddd (12.8,12.4, 6.9) 1.28,ddd (13.0,12.4,7.1) 1.27,ddd (12.9, 12.5, 6.8)
3B 217,m 2.17,brdd (13.1, 6.0) 2.18,m 2.17,brdd (13.0, 6.2) 2.06,m
5 2.74,d (8.9) 2.74,d (9.3) 2.72,d (9.4) 2.72,d (9.2) 2.99,d (9.3)
6 4.44,dd (8.9,8.8) 4.44,dd (9.5,9.3) 4.44,dd (9.5,9.4) 4.43,dd (9.3,9.2) 4.81,dd (9.4,9.3)
7 2.35,brd (8.8) 2.23,brd (9.5) 2.26,brd (9.5) 2.29,brd (9.3) 2.73,brd (9.4)
8 5.53,brd (5.9) 5.20,brd (6.2) 5.14,brd (6.1) 5.27,brd (6.1) 5.52,brd (6.4)
9a 2.09,brd (14.2) 2.10,brd (14.1) 2.12,brd (14.1) 2.09,m 2.24,m
98 2.79,dd (14.2,5.9) 2.81,dd (14.1, 6.2) 2.86,dd (14.1, 6.1) 2.85,dd (14.2, 6.1) 2.93,dd (14.1, 6.4)
13a 1.95,dd (13.4,12.3) 1.69, m 1.72, m 1.71, m 1.99, m
13b 1.65,m 1.11,dd (12.9, 11.6) 1.41,dd (13.4,10.6) 1.68, m 198, m
14 1.67,brs 1.70,brs 1.69, brs 1.69, brs 1.64,brs
15 1.34,s 1.35,s 1.34,s 1.35,s 1.34,s
8-0Ac 2.07,s 2.01,s 2.09,s 2.07,s Zall3, 8
1a 2.29,brd (17.4) 212,m 1.95,m 2.43,brd (17.4) 2.59, brd (17.0)
1'b 2.00, brd (17.4) 211, m 1.94, m 2.00,m 2.12,brd (17.0)
2' 5.40,brs 5.40,brs 5.24,brs 5.50,brs 5.51,brs
4' 2.03,m 2.22,m 298, m 2.01,m 2.18,m
5'a 237, m 2.32,brd (15.2) 2.34,m 2.25,m 2.34,m
5'b 212, m 1.93,ddd (15.2,8.1,7.2) 1.98,ddd (14.9, 7.5, 7.2) 2.02,m 2.19,m
6' 5.03, brdd (7.1,7.0) 4.93,brdd (7.2,7.2) 5.06, br dd (7.2, 7.0) 5.00, br dd (7.2, 6.8) 512,m
8' 1.62,brs 1.58,brs 1.63,brs 1.60, brs 1.57,brs
9' 1.72,brs 1.68,brs 1.73,d (1.0) 1.70,brs 1.59,brs
10' 1.73,d (1.2) 1.71,brs 1.70, br's 1.74,d (1.2) 1.75,d (1.2)

“acquired in CDCl3;” acquired in pyridine-ds.

Lirispirolide C (3): white amorphous powder; [a]> +94.8 (c
0.29, MeOH); UV (MeCN) A« (log €) 191 (4.53) nm; ECD (c 3.82 x
107 mol-L™", MeCN) A.x (A€) 199 (+27.4) nm; 'H and *C NMR
data, see Table 1; (+)-HR-ESI-MS m/z 497.2512 [M + Na]" (Calcd.
for Cy;H350,Na’, m/z 497.2510).

Lirispirolide D (4): white amorphous powder; [aﬁf’ -23.0 (¢
0.30, MeOH); UV (MeCN) A,,,,, (log €) 192 (4.43) nm; ECD (c 8.56 x
10™° mol-L™", MeCN) A, (Ag) 204 (-35.3) nm; IR (KBr) v
3455, 2971, 2931, 1770, 1740, 1440, 1384, 1239, 1154, 1110,
1066, 1032, 992, 735 cm™’; 'H and °C NMR data, see Table 2; (+)-
HR-ESI-MS m/z 481.2527 [M + Na]* (Calcd. for C,,H3g04Na", m/z
481.2561).

Lirispirolide E (5): white amorphous powder; [a]és +62.7 (¢
0.57, MeOH); UV (MeCN) A,,,,, (log €) 192 (4.39) nm; ECD (c 8.59 x
10 mol-L™", MeCN) A (A€) 199 (+33.7) nm; 'H and "*C NMR
data, see Table 2; (+)-HR-ESI-MS: m/z 481.2558 [M + Na]" (Calcd.
for C,;H350¢Na’, m/z 481.2561).

Lirispirolide F (6): colorless needles (MeOH), mp: 214-215
°G; [aﬁf +2.4 (c 0.60, CHCI3); UV (MeCN) A, (log €) 191 (4.27)
nm; ECD (¢ 7.47 x 107 mol-L™", MeCN) A, (Ag) 208 (+2.7), 230
(-0.4) nm; IR (KBr) vy, 2973, 2926, 2861, 1770, 1747, 1442,
1379, 1242, 1065, 1035, 1003, 946, 827, 735 cm™’; 'H and "°C
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NMR data, see Tables 3 and 4; (+)-HR-ESI-MS m/z 465.2595 [M +
Na]" (Calcd. for C,;H350sNa’, m/z 465.2611).

Lirispirolide G (7): white amorphous powder; [a]if -42.3 (c
0.30, MeOH); UV (MeCN) Apax (log €) 192 (4.28) nm; ECD (¢ 9.37 x
107° mol-L™, MeCN) A,y (Ag) 196 (-2.2), 219 (+0.3), 233 (-0.1)
nm; 'H and *C NMR data, see Tables 3 and 4; (+)-HR-ESI-MS m/z
465.2598 [M + Na]" (calcd for C,;H3505Na”, m/z 465.2611).

Lirispirolide H (8): white amorphous powder; [a]? +58.8 (c
0.20, MeOH); UV (MeCN) A, (log €) 192 (4.33) nm; ECD (c 8.90 x
10™° mol-L™", MeCN) Ay (A€) 215 (+2.6) nm; 'H and ®C NMR
data, see Tables 3 and 4; (+)-HR-ESI-MS m/z 465.2610 [M + Na]"
(Calcd. for Cy;H3g05Na’, m/z 465.2611).

Lirispirolide I (9): colorless needles (MeOH), mp: 155-156
°C; [oz}f)S -67.0 (c 0.73, CHCl3); UV (MeCN) A« (log €) 193 (4.58)
nm; ECD (c 7.04 x 107 mol-L™", MeCN) A,z (As) 196 (~16.3) nm;
IR (KBr) vy, 2925, 2858, 1768, 1745, 1441, 1382, 1235, 1035,
1010, 931, 829, 554 cm™; 'H and °C NMR data, see Tables 3 and
5; (+)-HR-ESI-MS m/z 443.2790 [M + H]* (Calcd. for C,,H3405",
m/z 443.2792).

Lirispirolide ] (10): colorless needles (MeOH); [aﬁf -41.0 (c
0.80, CHCl5); UV (MeCN) A,y (Iog €) 192 (4.34) nm; ECD (c 1.21 x
10™ mol-L™, MeCN) A, (A€) 200 (-8.5) nm; 'H and “*C NMR
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Fig. 10 Olex2 drawing of 9 and 10.
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Fig. 11 Experimental and calculated ECD spectra of 9-12.

data, see Tables 3 and 5; (+)-HR-ESI-MS m/z 443.2792 [M + H]"
(Calcd. for C,;H3905", m/z 443.2792).

Lirispirolide K (11): white amorphous powder; [0(]12)5 +5.9 (c
0.17, MeOH); UV (MeCN) A, (log €) 192 (4.55) nm; ECD (c 7.69 x
10™° mol-L™", MeCN) A,., (Ag) 206 (+8.2) nm; 'H and *C NMR
data, see Tables 3 and 5; (+)-HR-ESI-MS m/z 443.2788 [M + H]"
(Calcd. for C,;H3905", m/z 443.2792).

Lirispirolide L (12): colorless oil; [a]% +10.8 (c 0.54, MeOH);
UV (MeCN) A, (log €) 192 (4.55) nm; ECD (c 8.99 x 107° mol-L™,
MeCN) Ay, (Ag) 205 (-0.3), 218 (+1.0) nm; "H and "*C NMR data,
see Tables 3 and 5; (+)-HR-ESI-MS m/z 465.2612 [M + Na]" (Cal-
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cd. for C,;H3505Na", m/z 465.2611).
3.5. Computational calculations of "H/"*C NMR and ECD data

Monte Carlo conformational searches were conducted using
Schrodinger 2015 software (Schrodinger, Inc., NY, USA) with the
MMFF force field. Conformers with a Boltzmann population ex-
ceeding 5% were selected for NMR or ECD calculations and ini-
tially optimized at the b3lyp/6-311g (d, p) or b3lyp/6-31g (d)
level in gas. NMR calculations were performed using gauge-inde-
pendent atomic orbital (GIAO) at the b3lyp/6-31g (d) level, and
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(Ol
1 (118, 4'R)
2(115,4'S) OOH 4(11S,4R) OH
3 (11R, 4'S) 5(11S,4'5)
0]
6 (118, 4'S)
7 (118, 4R)
8 (11R, 4'S)
9(115,45)  11(11S,4'R)
10 (11R,4'S) 12 (11R, 4'R)

Scheme 1 Proposed biosynthetic pathways for compounds 1-12.

Table 6 Inhibitory effects on LPS-induced NO production in mouse BV-2 cells
(mean + SD, n = 3).

Compound ICs0/(pmol-L ™) Cell viability /% *
2 25.19 + 4.53 84.32+2.16
3 43.41£2.29 94.05 + 2.30
4 31.24 +4.78 91.87 £ 0.96
5 29.84 + 4.38 93.29 + 2.02
6 27.85 +3.99 92.21+2.12
7 29.30 +3.34 73.23 +2.88
8 46.70 £ 2.23 87.28 £ 3.00
9 17.10 +3.23 78.88 + 1.62
10 10.84 + 1.78 97.82 + 2.00
11 38.01 + 4.25 94.66 £ 1.97
12 48.14 +3.38 76.31 +3.30

L-NMMA” 1442 +1.23 97.90 + 4.10

“ After treatment with 50 pmol-L™ of each tested compound, cell viability is expr-
essed as a percentage (%) of untreated control group; * L-NMMA (N°-monomethyl-
L-arginine): positive control.

the calculated shielding constants underwent statistical analyses
with DP4+ probability weighted by Boltzmann distribution rate.
The theoretical ECD calculation was performed in MeCN using TD-
DFT at the b3lyp/6-311g (d, p) level for all compound conform-
ers. Rotatory strengths were calculated for 30 excited states. ECD
spectra were generated using SpecDis version 1.6 (University of
Wiirzburg, Wiirzburg, Germany) from dipole-length rotational
strengths by applying Gaussian band shapes with a sigma of
0.3 eV.

3.6. X-ray crystallographic data of compounds 1, 6, 9 and 10

Single crystals of compounds 1, 6, 9, and 10 were obtained
from a MeOH solution at room temperature. The crystal struc-
tures were determined through direct methods using SHELXT.
Refinements were conducted with SHELXL-2015 (University of
Gottingen, Gottingen, Germany) using full-matrix least-squares
calculations on F°, with anisotropic displacement parameters for
all non-hydrogen atoms. The hydrogen atom positions were geo-
metrically idealized and allowed to ride on their parent atoms.
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The crystallographic data have been deposited at the Cambridge
Crystallographic Data Centre (CCDC). CCDC 2311480 (1),
2311481 (6), 2311482 (9), and 2311483 (10) contain the sup-
plementary crystallographic data, which can be obtained free of
charge from the CCDC via www.ccdc.cam.ac.uk.

Crystallographic data of 1: C,;H330;, Mr = 474.57, or-
thorhombic, space group P2,2,2;, a = 11.7417 (2) A, b = 14.0633
(2)A,¢c=155966 (3) A, a=B=y=90° V=257542 (8) A’, Z = 4,
Deated = 1.224 Mg-m™, u(Ga Ka) = 0.457 mm™", crystal size 0.07 x
0.06 x 0.05 mm’, F(000) = 1024, 28897 reflections collected,
4885 independent reflections (R;,; = 0.0333), R; = 0.0276 [I >
20(N)], wR, = 0.0726 [I > 20(])], R, = 0.0281 (all data), wR, =
0.0729 (all data), Goodness of fit = 1.052, Flack parameter = 0.03
(4).

Crystallographic data of 6: Cy;H3505, Mr = 442.57, or-
thorhombic, space group P2,2,2,, a = 7.6674 (5) A, b = 15.0747
(10) A, c=22.2441 (16) A, a=p=y=90° V=25711 (3) A% Z =
4, Deyieg = 1.143 Mg:m™, u(Cu Ka) = 0.618 mm™, crystal size
0.16 x 0.15 x 0.06 mm®, F(000) = 960, 24849 reflections collec-
ted, 4860 independent reflections (R, = 0.1227), R; = 0.0746 [I >
20(D)], wR, = 0.1750 [I > 20(0)], Ry = 0.0773 (all data), wR; =
0.1808 (all data), Goodness of fit = 1.062, Flack parameter = 0.07
7).

Crystallographic data of 9: C,;H3505, Mr = 442.57, monoclin-
ic, space group P12,1, a = 13.4830 (6) A, b = 7.0308 (3) 4, ¢ =
13.9819 (6) A, a =y = 90°, B = 109.571 (2)°, V = 1248.86 (9) A®,
Z =2, Dyieq = 1.177 Mg:m ™, u(Ga Ka) = 0.405 mm™, crystal size
0.06 x 0.05 x 0.02 mm?®, F(000) = 480, 13827 reflections collec-
ted, 4695 independent reflections (R;,; = 0.0662), R; = 0.0479 [I >
20(D)], wR, = 0.1295 [I > 20()], R; = 0.0525 (all data), wR, =
0.1352 (all data), Goodness of fit = 1.025, Flack parameter = 0.04
(14).

Crystallographic data of 10: Cy;H3505, Mr = 442.57, or-
thorhombic, space group P2;2,2;, a = 6.6691 (2) &, b = 19.2344
(6)A, c=19.5711 (6) A, @ = =y =90° V=2510.50 (13) A% Z =
4, Degeg = 1171 Mg:m™, u(Ga Ka) = 0.403 mm™, crystal size
0.06 x 0.05 x 0.02 mm®, F(000) = 960, 18374 reflections collec-
ted, 4756 independent reflections (R;,; = 0.0589), R; = 0.0429 [I >
20()], wR, = 0.1002 [I > 20(D)], R, = 0.0606 (all data), wR, =
0.1125 (all data), Goodness of fit = 1.043, Flack parameter = 0.04
7.

3.7. Anti-neuroinflammatory assay

The mouse microglia cell line BV-2 was obtained from the
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Fig. 12

National Collection of Authenticated Cell Cultures. Cells were cul-
tured in DMEM (Meilunbio, Dalian, China) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. Cells
were seeded at a density of 5 x 10* cells\mL™" into 96-well plates
with 200 pL/well and incubated at 37 °C in a 5% CO, incubator
(Thermo Fisher, Waltham, MA, USA). The anti-neuroinflammat-
ory activity in BV-2 cells was evaluated according to a reported
protocol **. NO production was quantified by nitrite accumula-
tion in the culture medium using a Griess reaction kit (Beyotime,
Shanghai, China). BV-2 microglial cells were pretreated with a
concentration gradient (2.5, 5.0, 10.0, 20.0, 25.0, and 50.0
umol-L™") of indicated compounds for 4 h, followed by LPS
(1 pg-mL™, dissolved in ddH,0) for 24 h. The isolated super-
natants (50 pL) were mixed with equal volumes of Griess reagent
I and Griess reagent II. NO production was evaluated by measur-
ing optical density at 540 nm using a microplate reader (Thermo
Fisher, Waltham, MA, USA). Cell viability was assessed using CCK-
8 assay °. N°-monomethyl-L-arginine (L-NMMA, Beyotime, Shang-
hai, China) served as a positive control.

To evaluate the inhibitory effects of isolates on pro-inflam-
matory cytokines (IL-6 and TNF-a) and iNOS expression, BV-2
microglial cells were seeded at a density of 3 x 10° cells-mL™ in
96-well plates and cultured at 37 °C in a 5% CO, incubator. Fol-
lowing 24 h of seeding, cells were pretreated with compounds at
their ICsq values for 4 h, followed by LPS (1 pg-mL™) treatment
for 24 h. The inhibitory effects on pro-inflammatory cytokines
were assessed by analyzing the supernatants using mouse IL-6
enzyme-linked immunosorbent assay (ELISA) kit and mouse TNF-
a ELISA kit. For iNOS expression analysis, total RNA was extrac-
ted through cell lysis, centrifugation, precipitation, and washing.
Subsequently, complementary deoxyribonucleic acid (cDNA) was
synthesized using 5 x ABScriptll RT Mix for quantitative poly-
merase chain reaction (qQPCR) (ABclonal, Wuhan, China) with 8
uL total RNA. PCR was conducted using 2 pL cDNA, 10 pL 2 x Uni-
versal SYBR Green Fast qPCR Mix (ABclonal, Wuhan, China), 1 pL
mouse iNOS forward primer, 1 uL. mouse iNOS reverse primer,
and 6 pL DEPC water.

Statistical analysis was performed using GraphPad Prism
10.0 (GraphPad Software, Inc., San Diego, CA, USA). The results
represent the averages of three independent experiments, with
data expressed as mean * standard deviation (SD).
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Details of NMR calculations and ECD calculations, the crystal
data of 1, 6, 9 and 10, the original 1D/2D NMR, UV, and IR spec-
tra along with HR-ESI-MS reports of 1-12 can be obtained by
contacting the corresponding authors via E-mail.
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Inhibitory effects of compounds 2-12 on the production of (A) TNF-a, (B) lL 6, and (C) the expresswn of iNOS mRNA in LPS-induced BV-2 microglial cells. Data
were expressed as means + SD (n = 3) ###p < 0.0001 vs the control group; P < 0.05, "P < 0.01,
group was treated with LPS (1 pg-mL™) for 24 h. L-NMMA was used as the positive control.

"P<0.001, P < 0.0001 vs the model group. Ctrl: control group. The model
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