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In continuation of research aimed at identifying anti-inflammatory agents from natural ses-
quiterpenoids, an activity-guided fractionation approach utilizing lipopolysaccharide (LPS)-
mediated RAW264.7 cells was employed to investigate chemical constituents from Inula Brit-
annica (I britannica). Seven novel sesquiterpenoid dimers inulabritanoids A-G (1-7) and two
novel sesquiterpenoid monomers inulabritanoids H (8) and I (9) were isolated from I. britan-
nica together with eighteen known compounds (10-27). The structural elucidation was ac-
complished through comprehensive analysis of 1D and 2D nuclear magnetic resonance
(NMR), high-resolution mass spectrometry (HR-MS), and electronic circular dichroism (ECD)
spectra, complemented by quantum chemical calculations. Compounds 1, 2, 12, 16, 19, and
26 demonstrated inhibitory effects on NO production, with ICs, values of 3.65, 5.48, 3.29,
6.91, 3.12, and 5.67 umol-L™, respectively. Mechanistic studies revealed that compound 1 in-
hibited IxB kinase B (IKKB) phosphorylation, thereby blocking nuclear factor kB (NF-«xB) nuc-
lear translocation, and activated the kelch-like ECH-associated protein 1 (Keap1)/nuclear
factor erythroid 2-related factor 2 (Nrf2) signal pathway, leading to decreased expression of
NADPH oxidase 2 (NOX-2), inducible nitric oxide synthase (iNOS), tumor necrosis factor a
(TNF-a), interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), IL-1p, and IL-1a and
increased expression of NAD(P)H: quinone oxidoreductase 1 (NQO-1) and heme oxygenase-1
(HO-1), thus exhibiting anti-inflammatory effects in vitro. These results indicate that dimeric
sesquiterpenoids may serve as promising candidates for anti-inflammatory drug develop-
ment.
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1. Introduction flammatory °, anti-oxidant °, anti-bacterial ’, anti-cancer *°, and

pulmonary protective effects '°. The extract of Inulae Fols, for in-

Inula Britannica (I. britannica), a member of the genus Inula
in the Asteraceae family, is widely distributed throughout Asia
and Europe, including Korea, Japan, China, and Russia 2 Accord-
ing to the Chinese Pharmacopoeia, flowers of I. britannica and 1.
japonica constitute the traditional Chinese medicine Inulae Fols,
known as "Xuan Fu Hua" in Chinese "°. I britannica exhibits
therapeutic properties, including expectorant, cough suppress-
ant, and anti-bacterial effects “.Modern medical practice fre-
quently incorporates I britannica into classic formulations for
treating gastric distention and hardness, particularly in prepara-
tions such as Xuanfu-Daizhe Decoction and Huatan-Jiangqi Pre-
scription. Pharmacological studies have demonstrated that L. brit-
annica possesses diverse biological functions, including anti-in-
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E-mail addresses: fengqiu20070118@163.com (F. Qiu); suncp146@163.com
(C. Sun)
® These authors contributed equally to this work.
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stance, ameliorates lipopolysaccharide (LPS)- and bleomycin-me-
diated acute lung injury and pulmonary fibrosis by regulating sol-
uble epoxide hydrolase (sEH) and kelch-like ECH-associated pro-
tein 1 (Keap1) '"". Thus, I britannica warrants extensive re-
search attention.

Recent comprehensive investigations of the genus Inula have
resulted in the isolation and identification of sesquiterpenoids,
diterpenoids, and flavonoids, including inubritanolides A-D '* "
britanicafanins A-E °, spiroalanfurantones A-D ', and inulaja-
ponicolide A . Notably, sesquiterpenoids demonstrate signific-
ant biological activities due to their distinctive a,f-unsaturated
lactone, encompassing anti-inflammatory ' and neuroprotective
effects '™ '°, as well as sEH inhibition **. Furthermore, our re-
search group has demonstrated that wedelolactone isolated from
I britannica mitigates acute lung injury by targeting sEH through
suppression of inflammation and oxidation stress *". These find-
ings indicate the importance of further investigating the chemical

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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constituents of 1. britannica.

In continuation of our research on biological natural
products, the extract of . britannica yielded 27 sesquiterpenoids,
guided by inhibitory activity toward NO production **. These
compounds include 7 new dimers inulabritanoids A-G (1-7), 2
new monomers inulabritanoids H (8) and I (9), and 18 known
analogues (10-27) (Fig. 1).Structure elucidation was accom-
plished through 1D and 2D nuclear magnetic resonance (NMR),

22 R =CH,
24R=H

8R,=R,=H
9R,=OH,R,=CH,

Chinese Journal of Natural Medicines 23 (2025) 961-971

high-resolution mass spectrometry (HR-MS), and electronic cir-
cular dichroism (ECD) spectra analysis, complemented by
quantum chemical calculations. The isolated compounds under-
went evaluation for anti-inflammatory effects, and the mechan-
isms underlying their anti-inflammatory action were investig-
ated. This research sought to implement a strategy for isolating
active constituents while expanding the therapeutic applications
of L. britannica.

OR,
I5R, -R,—=A,R,—H
16R, =R, =H,R, = A
17R, - R~R,—H

18R, =R,=H,R,= B
19R, —R,—H,R,=C
20R,=A, R, = H, R, = OH
21R,—=R,—H,R,=D

Fig.1 Structures of compounds 1-27 isolated from I britannica.

2. Results and discussion

2.1. Structural characterization

An activity-guided fractionation strategy using LPS-stimu-
lated RAW264.7 macrophages was employed to isolate and
identify anti-inflammatory constituents of I britannica. Fractions
E4 and E5 exhibited significant anti-inflammatory effects and
were subsequently selected for detailed separation. 27 Sesquiter-
penoids were isolated from I britannica, comprising 7 new di-
mers inulabritanoids A-G (1-7), 2 new monomers inulabrit-
anoids H (8) and I (9), and 18 known analogues inulanolide C
(10) *, inulanolide F (11) **, japonicone D (12) **, inulanolide E
(13) *, inulanolide D (14) *, 1,6-0,0-diacetylbritannilactone
(15) ¥, 6a-acetoxy-1-hydroxy-4aH-1,10-secoeudesma-5(10),11
(13)-dien-8p,12-olide (16) *°, 1,6a-dihydroxyeriolanolide (17)
6a-isobutyryloxy-1-hydroxy-4aH-1,10-secoeudesma-5(10),11(13)-
dien-8,12-olide (18) **, 6a-(2-methybutyryloxy)-1-hydroxy-4aH-
1,10-secoeudesma-5(10),11(13)-dien-88,12-olide (19) *°, 1,10-
secoeudesmanolide (20) */, 6a-(3-methylvaleryloxy)-1-hydroxy-
4aH-1,10-secoeudesma-5(10),11(13)-dien-84,12-olide (21) *,
1B-hydroxy-8p-acetoxyisocostic acid methyl ester (22) *, inuja-
ponin B (23) *, inujaponin C (24) *, ilicic acid (25) *', 4a,6a-di-
hydroxyeudesman-88,12-olide (26) *, and desacetyl-a-cyclopyr-
ethrosin (27) *°.

Inulabritanoid A (1) exhibited a molecular formula of
C3,H400g based on its positive HR-MS data at m/z 553.2798 [M +
H]" (Calcd. for C3,H,;04", 553.2796) and *C NMR data. The 'H
NMR spectrum (Table 1) revealed signals corresponding to three
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methyl groups [6y 1.71 (3H, s), 0.99 (3H, s), and 0.95 (3H, d, ] =
6.2 Hz)], an acetyl group [6y 2.06 (3H, s)], an a,f-unsaturated lac-
tone group [6y 5.96 (1H, d, J = 2.5 Hz), 5.68 (1H, d, ] = 2.5 Hz),
and 4.18 (1H, s)], and one exocyclic double bond [é, 4.86 (1H,
br s) and 4.68 (1H, br s)]. Furthermore, four protons attached to
oxygenated carbons appeared at 6y 4.67 (1H, m), 4.52 (1H, m),
4.17 (1H, brs), and 3.32 (1H, dd, J = 12.0, 3.2 Hz) in the low field
of its "H NMR spectrum. The **C NMR spectrum indicated 32 car-
bon resonances, including two ester carboxyl carbons at 6. 180.6
and 169.7, three pairs of double bonds at 8. 144.6, 140.6, 136.3,
134.8, 118.0, and 108.0, five oxygenated carbons at §; 80.8, 80.3,
76.7, 71.4, and 67.1, suggesting that 1 was a dimeric sesquiter-
penoid in conjunction with its 'H NMR data **. Comparative ana-
lysis of "*C NMR data between 1 and japonicone A from I. japon-
ica revealed notable differences in carbon resonances *°. The
chemical shifts at C-4 and C-15 in japonicone A were observed at
6¢c 38.2 and 23.0, respectively, while these shifts moved down-
field to 6. 144.6 and 118.1 in 1. Conversely, chemical shifts at C-5
and C-6 in japonicone A *°, originally at §; 149.5 and 118.1, shif-
ted upfield to 8 54.1 and 67.1 in 1, respectively. These spectral
changes indicated the presence of a A*™® double bond and a hy-
droxy group at C-6 in 1. Heteronuclear multiple bond correlation
(HMBC) from H-15a/H-15b to C-3/C-5 and H-7 to C-5/C-6 sup-
ported this deduction (Fig. 2). The relative configuration of 1 was
established through nuclear Overhauser effect spectroscopy
(NOESY) correlations from CH3z-14 to OH-1/0H-6, H-1 with H-
5/H-8, H-5 to H-6/H-7, H-7 to H-8/H-3', CH3-14" to H-2'/H-8’,
and H-7' to H-13a (Fig. 3), demonstrating S-orientations of OH-1,
OH-6, H-7', and CH;3-14, a-orientations of H-2', H-7, H-8, H-8', and
CH;-14', and (11R")-configuration. The absolute configuration of
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Fig. 2 Key HMBC correlations of compounds 1, 2, 5, and 8.

1 was determined through ECD spectrum calculation at the
B3LYP/6-311G(d) level. The calculated ECD spectrum of 1R,5S,
6S,75,8R,10R,11R,1'S,2'S,3'R,7'R,8'S,10'S-1 matched its experi-
mental spectrum (Fig. 4), confirming the (1R,5S,6S,7S,8R,10R,
11R,1'S,2'S,3'R,7'R,8'S,10’S)-configuration of 1, consistent with
the X-ray crystal result of inubritanolide A isolated from I britan-
nica and its biosynthetic pathway °

Inulabritanoid B (2) exhibited a molecular formula of
C3,H4,0g based on its HR-MS spectrum (m/z 555.2961 [M + HJ",
Calcd. for C3,H,304", 555.2952). The 'H NMR data (Table 1) of 2
indicated the presence of three olefinic signals [6y 6.07 (1H, d, ] =
3.2 Hz), 5.77 (1H, d, ] = 3.2 Hz), and 5.30 (1H, d, ] = 2.5 Hz)], five
oxygenated protons [y 4.95 (1H, m), 4.48 (1H, br s), 4.30 (1H,
m), 3.34 (1H, m), and 3.32 (1H, m)], an acetyl group [d} 2.02 (3H,
s)], and three methyl groups [6y 1.59 (3H, s), 1.09 (3H, s), and
1.04 (3H, d, J = 6.7 Hz)]. The *C NMR data of 2 revealed two es-
ter carboxyl carbons (8¢ 178.7 and 169.5), six olefinic carbons (¢
151.6, 139.8, 136.8, 133.0, 119.2, and 115.0), one acetyl moiety
(6c 169.5 and 20.8), and five oxygenated carbons (6; 82.0, 80.9,
74.6, 67.6, and 61.0). The NMR data were comparable to those of
japonicone D (12) . Notably, the C-1 chemical shift value (&¢
64.3) in 12 was shielded to 6; 61.0 in 2, and signals of an acetyl
moiety (8¢ 171.0 and 20.9; & 2.08) in 12 were absent in 2 *°, in-
dicating that 2 was a C-1 deacetyl derivative of 12. This was con-
firmed by HMBC cross-peaks from H-1a/H-1b to C-3 and H-3a to
C-1 (Fig. 2). The NOESY spectrum correlations from H-7 to OH-
10/H-8/H-3', CH3-14' to H-2'/H-8', and H-7' to H-13a (Fig. 3) es-
tablished a B-orientation of H-7', a-orientations of H-2', H-7, H-8,
H-8', OH-10, and CH3-14', and a (11R")-configuration. The (4S,
7R,8R,10R,115,1'S,2'S,3'R,7'R,8'S,10'S)-configuration was deter-
mined based on the similarity between experimental and calcu-
lated ECD spectra of 2 (Fig. 4) and its biosynthetic pathway *°

Analysis of HR-MS data for inulabritanoid C (3) (m/z

OH\GH3 P ;

* ¥

. 14/ )

CH; 15’
AN CHAS 5

/ .t 7/\/ OH 1 Kl\ Z‘\H 7

-13a

1

CH’)}?\\? A>/4CH3 15
b es
K,

g H-8'
2

[ L

"

CH,:14'

8

Fig. 3 Key NOESY correlations of compounds 1, 2, 5, and 8.
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599.3218 [M + HJ", Calcd. for C3,H,704", 599.3215) and inulabrit-
anoid F (6) (m/z 599.3218 [M + HJ", Calcd. for C3,Hy;04°,
599.3215) established their molecular formula as C34H4609. Their
comparable 'H and *C NMR data (Tables 1 and 2) indicated that
3 and 6 shared an identical plane with the dimeric sesquiterpen-
oid skeleton analogous to 2, consistent with their molecular for-
mula. A comprehensive comparison of their NMR data revealed
distinct configurations at C-10, evidenced by **C shift values of C-
5, C-9, and C-10 being shielded from §. 151.0, 40.7, and 67.5 in 3
to 8¢ 148.9, 39.6, and 66.5 in 6, respectively, while §; 115.4 of C-6
in 3 was deshielded to 6; 116.6 in 6. These variations indicated
an a-orientation of OH-10 in 3 and a fB-orientation of OH-10 in 6,
confirmed by NOESY correlations of H-7 with OH-10 in 3 and H-7
with CH3-14 in 6. The experimental spectra of 3 and 6 exhibited
similar positive Cotton effects at 207 and 232 nm, and their 7R,
8R,10R,115,1'5,2'S,3'R,7'R,8'S,10'S,11'R ECD spectra calculated
at the B3LYP/6-311G(d) level corresponded with their experi-
mental results (Fig. 4), confirming their 45,7R,8R,10R,115,1'S,2'S,
3'R,7'R,8'S,10'S,11'R-configurations in conjunction with the X-ray
crystal result of inubritanolide A isolated from I britannica *°

Inulabritanoid D (4) exhibited a molecular formula of
C3,H4404 based on its HR-MS data (m/z 555.2968 [M - H]", Calcd.
for C3,Hy3057, 555.2963). Comparison of NMR data of 4 and 2 in-
dicated structural similarity except for the A" double bond,
evidenced by the upfield shift of C-11" and C-13' from & 139.8
and 119.2 in 2 to §. 42.6 and 9.5 in 4, respectively, and the down-
field shift of C-12’ from &; 169.5 in 2 to 6; 179.0 in 4. The HMBC
between CH3-13" and C-7'/C-11'/C-12’ indicated the reduction of
the A"'™* double bond in 4. The a-configuration of OH-10 was
determined through the correlation of CH;-13" with H-7 in the
NOESY spectrum of 4. The ECD spectrum of 4 displayed positive
Cotton effects at 205 and 231 nm, corresponding to its calculated
ECD (Fig. 4), establishing a (4S,7R,8R,10R,115,1'S,2'S,3'R,7'R,
8'5,10'S,11'R)-configuration in accordance with its biosynthetic
pathway

Inulabritanoid E (5) was determined to have a molecular for-
mula of C34H,,0,. Analysis of 'H and "*C NMR data between 5 and
2 revealed variations at C-1 and C-10. The HMBC of H-1a/OAc-
CH; with OAc-CO in 5 confirmed the acetyl moiety position at C-1
(Fig. 2). Additionally, C-5 (6¢ 151.6 in 2) and C-10 (6; 67.6 in 2)
chemical shifts were shielded to §; 148.8 and 66.5 in 5, while the
C-5 (6¢ 115.0 in 2) chemical shift was deshielded to ¢ 116.6 in 5,
indicating a B-orientation of OH-10, supported by the NOESY cor-
relation of H-8 with CH3-14 (Fig. 3). The calculated ECD spectra of
7R,8R,10S5,115,1'S,2'S,3'R,7'R,8'S,10'S-5 matched its experiment-
al spectrum (Fig. 4), confirming its 4R,7R,8R,10S5,11S5,1'S,2'S,
3'R,7'R,8'S,10'S-configuration in conjunction with the X-ray crys-
tal result of inubritanolide A isolated form I. britannica .

1D and 2D NMR and HR-MS (611.3223 [M + H]", Calcd. for
C35H4704", 611.3215) data indicated that inulabritanoid G (7) was
a sesquiterpenoid dimer with a molecular formula of C35H440,.
The 'H and **C NMR data (Table 3) of 7 exhibited close similarity
to those of 5, with the notable distinction that 7 contained an ad-
ditional methoxy moiety (8; 49.3 and 6y 3.06). The downfield
shift of C-10 from 6 66.5 in 5 to §¢ 73.1 in 7 indicated their struc-
tural difference. The HMBC of OCH3-10 with C-10 and the NOESY
correlation of H-7 with CH3-14 established that 7 was a 104-0-
methylated derivative of 5. The (4S,7R,8R,10S5,115,1'S,2'S,3'R,
7'R,8'S,10'S)-configuration of 7 was determined through compar-
ison of its experimental and calculated ECD spectra (Fig. 4) and
its biosynthesis background .

Inulabritanoid H (8) exhibited a molecular formula of
Cy5H,,0, as determined by its HR-MS spectrum. Comparison of
'H and *C NMR data (Table 4) between 8 and 84-hydroxy-S-cyc-
locostunolide revealed that chemical shift values of C-4 and C-15
were shielded from . 144.1 and 109.2 in 8f-hydroxy-f-cyclocos-
tunolide to §; 72.1 and 24.5 in 8 **, indicating that 8 wasa hy-
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Fig.4 Experimental and calculated ECD spectra of compounds 1-9 (A-I) at the B3LYP/6-311G(d) level.

drated derivative of 8f-hydroxy-f-cyclocostunolide. HMBC from
CH;3-15 to C-4 and H-5 to C-4/15 (Fig. 2) confirmed the location of
a hydroxy moiety at C-10 in 8. In its NOESY spectrum, correla-
tions between CH3z-14 with H-6/CH3-15 and H-7 with H-5/H-8
(Fig. 3) established S-orientations of H-6, OH-8, CH3-14, and CH;-
15, and a-orientations of H-5 and H-7. As illustrated in Fig. 4,
the ECD spectrum of (4R,5S,6S,7R,8R,10R)-8 calculated at the
B3LYP/6-311G(d) level matched its experimental ECD spectrum,
confirming a (4R,5S,6S,7R,8R,10R)-configuration.

Analysis of NMR data of inulabritanoid [ (9) and 8 revealed
the location of a hydroxy moiety at C-1 and the methylation of a
hydroxy moiety at C-4, evidenced by the downfield shift of C-1
and C-4 from 6¢ 41.2 and 72.1 in 8 to 6; 77.1 and 74.8 in 9, re-
spectively, and the presence of a methoxy moiety (6; 47.3 and 6y
3.03) in 9. The HMBC from CH3-14 to C-1 and OCH;3-4 to C-4 sup-
ported this structural assignment. Its NOESY and experimental
and calculated ECD spectra confirmed the (1R,4R,5S,6S,7R,
8R,10R)-configuration of 9.

2.2. Anti-inflammatory effects

The isolated compounds were evaluated for their anti-inflam-
matory effects on NO production (Table 5). Compounds 1, 2, 12,
16, 19, and 26 exhibited significant inhibition of NO release with
ICsq values of 3.65, 5.48, 3.29, 6.91, 3.12, and 5.67 pmol-L7, re-
spectively, in LPS-mediated RAW264.7 cells. Compounds 5, 7, 11,
13, 17, and 20 demonstrated moderate anti-inflammatory ef-
fects with ICs, values ranging from 10.02 to 19.58 pumol-L™". Com-
parison of ICs, values between 10 with 11 and 14 with 13 indic-
ated that OAc-1 influenced anti-inflammatory effects in dimeric
sesquiterpenoids, as ICsy values of 10 and 14 exceeded 40
pumol-L™", while those of 11 and 13 were 10.02 and 11.14
umol-L™", respectively. The a,f-unsaturated lactone demon-
strated a crucial role in anti-inflammatory effects for sesquiter-
penoid dimers. For 1,10-secoeudestanes, deacetylation of C-1 in
15 enhanced its anti-inflammatory effects (ICsy, 24.77 pmol-L™
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for 15; ICsq, 6.91 pmol-L™" for 16).
2.3. Compound 1 inhibited the inflammatory response in vitro

To evaluate the anti-inflammatory potential of compound 1,
we assessed its effects on LPS-induced inflammatory responses in
RAW?264.7 macrophages. Following LPS stimulation, treatment
with compound 1 inhibited NO production (Fig. 5A). Additionally,
compound 1 significantly reduced the secretion of tumor necros-
is factor a (TNF-a) and interleukin-6 (IL-6) in LPS-treated
RAW?264.7 cells, with a particularly pronounced reduction in IL-6
(Figs. 5B and 5C). Furthermore, the effects of compound 1 on in-
tracellular cytokines and chemokines, monocyte chemotactic pro-
tein-1 (MCP-1), IL-6, IL-1B, and IL-1a, were examined. The res-
ults showed that compound 1 also suppressed the LPS-stimu-
lated increase in the mRNA levels of MCP-1, IL-6, IL-1f3, and IL-1a
stimulated by LPS (Fig. 5D).

2.4. Compound 1 regulated the IxB kinase (8 (IKKB)/nuclear factor
KB (NF-xB) -mediated cytokine storm

The NF-xB pathway is a pivotal regulator of the inflammat-
ory response “*** In the classical inflammatory signaling path-
way, IKKB phosphorylation triggers the ubiquitylation and de-
gradation of IxBa to activate the NF-kB pathway *’, subsequently
promoting the release of IL-1f, TNF-a, and IL-6. These cytokines
can subsequently activate the NF-«kB pathway, establishing a pos-
itive feedback loop that enhances inflammatory response *'
Therefore, this study investigated whether the effects of com-
pound 1 were attributable to its inhibitory activity on the
IKKB/NF-kB pathway. Compound 1 demonstrated inhibition of
key NF-kB proteins [including inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), phosphorylated (p)-p65, and
p-IKKB] (Figs. 6A and 6B). This inhibitory activity was further
confirmed through immunofluorescence experiments (Fig. 6C),
which clearly demonstrated the reduction in iNOS expression by
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Fig. 5 Compound 1 inhibited the release of NO (A), TNF-a (B), and IL-6 (C) in RAW264.7 cells stimulated by LPS; (D) Compound 1 reduced the mRNA expressions of MCP-1,
IL-1B, IL-1a, and IL-6 in LPS-stimulated RAW264.7 cells. Data were expressed as the mean + SEM (n = 3). P < 0.001 vs Control; P < 0.05, **P < 0.01, ***P < 0.001 vs LPS.

compound 1. As demonstrated above, compound 1 exhibited its
anti-inflammatory effects via inhibition of the IKKB/NF-kB-medi-
ated cytokine storm.

2.5. Compound 1 regulated cellular oxidation levels through the
nuclear factor erythroid 2-related factor 2 (Nrf2) signaling path-
way

During inflammation, activated macrophages release numer-
ous pro-inflammatory mediators, which subsequently stimulate
the production of ROS, thereby amplifying the inflammatory re-
sponse **.To examine the potential regulatory effects of com-
pound 1 on oxidative stress levels, we examined its influence on
key gene and protein expressions within the Nrf2 signaling path-
way. Quantitative polymerase chain reaction (PCR) analysis, as
shown in Fig. 7A, confirmed that compound 1 attenuated the up-
regulation of NADPH oxidase 2 (NOX-2) and restored the expres-
sion of NAD(P)H: quinone oxidoreductase 1 (NQO-1). Further-
more, compound 1 significantly upregulated the mRNA and pro-
tein expressions of heme oxygenase-1 (HO-1) and Nrf2 (Figs. 7B
and 7C), while reducing Keapl expression. These findings
demonstrated the regulatory capacity of compound 1 on the Nrf2
signaling pathway.

3. Conclusion

In summary, this investigation examined chemical constitu-
ents from I britannica, yielding seven new sesquiterpenoid di-
mers inulabritanoids A-G (1-7) and two new sesquiterpenoid
monomers inulabritanoids H (8) and I (9), along with eighteen
known analogues (10-27). Compounds 1, 2, 12, 16, 19, and 26
exhibited potent anti-inflammatory effects with ICs, values of
3.12-6.91 umol-L™". Subsequent mechanism studies revealed that
compound 1 inactivated the IKKB-NF-kB pathway and activated
the Keapl-Nrf2 pathway, demonstrating its anti-inflammatory
properties. These results indicate that sesquiterpenoids repres-
ent promising candidates for anti-inflammatory drug develop-
ment.

4. Experimental

4.1. General experimental procedures

NMR spectra were obtained using a Bruker AV-600 spectro-
meter (Bruker, Bremerhaven, Germany), with peak signals of
DMSO0-dg¢ and CDCl; serving as references. HR-MS spectra of new
compounds were analyzed using a Waters Xevo G2S QTOF high-
resolution mass spectrometer (Waters Corp., Milford, MA, USA).
MeOH, EtOH, EtOAc, and CH,Cl, were obtained from Concord
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Technology (Tianjin, China). Silica gel (300-400 mesh; Qingdao
Haiyang Chemical Co., Ltd., Qingdao, China) and ODS RP-C;g
(40-63 pm, FuJi, Aichi, Japan) were employed for column chro-
matography (CC) separation. A Waters ACQUITY Arc system
(California, USA) with an Innoval ODS-2 (5 pm, 4.6 mm x 250
mm, Tianjin, China) column was utilized for high-performance li-
quid chromatography (HPLC) analysis. Preparative HPLC was
performed using a SEP LC-51 system [Separation (Beijing) Tech-
nology Co., Ltd., Beijing, China] with a MWD UV detector and a
YMC-Pack ODS-A column (5 pum, 250 mm x 20 mm, YMC Co., Ltd.,
Kyoto, Japan).

4.2. Plant material

The whole plant of I. britannica was collected from Liaoning
Province, China, in 2018, and identified by Prof. Jingming Jia
(Shenyang Pharmaceutical University, Shenyang, China). The
voucher specimen (IB201806) was deposited in Tianjin Uni-
versity of Traditional Chinese Medicine.

4.3. Extraction and isolation

The plants of I britannica (8.6 kg) were extracted using 95%
EtOH (100 L x 2 h x 2 times) and 75% EtOH (100 L x 2 h x 2
times), successively. The 95% and 75% EtOH extracts were com-
bined and concentrated at 45 °C in vacuo. The extracts were sus-
pended in H,0 (5 L) and extracted with equivalent EtOAc three
times. The resulting 315.8 g of extract underwent silica gel CC
elution with a gradient mixture of CH,Cl, and MeOH (from 100:1
to 1:1), yielding eleven fractions E1-E11. Fraction E4 was separ-
ated through silica gel CC eluted with petroleum ether-acetone
(from 50:1 to 1:1), producing seven subfractions E41-E47. E43
underwent purification by polyamide (MeOH-H,0, from 1:1 to
9:1) and ODS CC (10%-100% MeOH), where subfraction E4312
was isolated via preparative HPLC (50%-80% MeCN) to yield
compound 15 (3.3 mg), 16 (2.0 mg), 19 (5.0 mg), and 20 (3.0
mg). E44 was purified through polyamide CC (MeOH-H,0, from
1:1 to 9:1), yielding seven subfractions E441-E447. Compounds
5 (4.2 mg), 6 (3.2 mg), 7 (3.2 mg), 8 (5.6 mg), 9 (2.0 mg), and 18
(2.8 mg) were obtained from fraction E441 through Sephadex LH-
20 CC (MeOH) and preparative HPLC (50%-80% MeCN). Frac-
tion E447 was separated via ODS CC (10%-90% MeOH), yielding
twelve subfractions E4471-E44712, and subfractions E4479 and
E44712 were isolated by preparative HPLC (50% CH3CN for
E4479; 60% CH3CN for E44712) to obtain compounds 11 (3.2
mg) and 13 (3.6 mg). Fraction E45 underwent purification
through a Sephadex LH-20 column with MeOH elution, yielding
fourteen subfractions E451-E4514. Compounds 14 (2.0 mg), 21
(2.3 mg), 22 (5.0 mg), 25 (59.5 mg), and 26 (3.4 mg) were isol-
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ated from subfractions E452, E453, and E455 via preparative
HPLC (30%-60% CH3CN), respectively. Fraction E456 purifica-
tion through ODS CC (10%-90% MeOH) and preparative HPLC
(50%-70% CH3CN) yielded compounds 3 (7.7 mg), 4 (2.2 mg),
10 (2.2 mg), 12 (10.9 mg), 23 (4.9 mg), and 24 (6.0 mg). Frac-
tion E458 underwent separation by ODS CC with gradient MeOH
and H,0 elution (from 1:9 to 9:1), followed by preparative HPLC
(60%-75% MeOH) to obtain compounds 1 (5.0 mg) and 2 (4.0
mg). Fraction E4514 was isolated through preparative HPLC with
35% CH3CN elution to yield compound 17 (28.8 mg). Finally,
compound 27 (5.0 mg) was obtained from fraction E5 through
silica gel CC (CH,Cl,-acetone, from 100:1 to 1:1), ODS CC
(10%-90% MeOH), and preparative HPLC (40% CH3CN).
Inulabritanoid A (1): colorless powder; [a]és +43 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 198 (+6.84), 235 (-4.39); 'H and
3C NMR data (Table 1); HR-MS m/z 553.2798 [M + H]" (Calcd. for
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P <0.01, P < 0.001 vs Control; *P < 0.05, **P < 0.01,
C3,H,10g", 553.2796).

Inulabritanoid B (2): colorless powder; [a] +44 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 203 (+20.71), 216 (-11.84), 234
(+7.37); 'H and "*C NMR data, (Table 1); HR-MS m/z 555.2961
[M + H]" (Calcd. for C3,H,304°, 555.2952).

Inulabritanoid C (3): colorless powder; [a]és +45 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 207 (+43.70), 232 (+7.89); 'H and
3C NMR data (Table 1); HR-MS m/z 599.3218 [M + H]" (Calcd. for
C34H,47,00", 599.3215).

Inulabritanoid D (4): colorless powder; [aﬁf’ +44 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 205 (+30.02), 231 (+6.38); 'H and
C NMR data (Table 2); HR-MS m/z 555.2968 [M - H]~ (Calcd. for
C3,H,30g7, 555.2963).

Inulabritanoid E (5): colorless powder; [(J(]ZD5 +42 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 204 (-8.28), 234 (+2.47); 'H and
3C NMR data (Table 2); HR-MS m/z 595.2892 [M - H]™ (Calcd. for
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Table 1 'H (600 MHz) and "*C NMR (150 MHz) data for compounds. 1-3 in DMSO-dj
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1 2 3
No.
OS¢ 6y (Jin Hz) 8¢ Sy (Jin Hz) [ 6y (Jin Hz)
1 76.7 3.32,dd (12.0,3.2) 61.0 3.34,m 63.9 3.98,m
3.32,m 3.89,m
2 30.6 1.63, m 31.0 1.29,m 26.5 1.40,m
1.46, m 1.25,m 1.36,m
3 334 219, m 34.2 1.35,m 334 1.35,m
2.05, m 1.31,m 1.31,m
4 144.6 31.7 240, m 31.7 244, m
5 54.1 2.14,m 151.6 151.0
6 67.1 4.67, m 115.0 5.30,d (2.5) 115.4 5.30,d (2.4)
7 51.3 2.07, m 41.4 2.90, m 413 291, m
8 71.4 4.52, m 74.6 4.95, m 74.5 494, m
9 44.5 212, m 40.7 2.26,dd (14.6, 2.9) 40.7 2.26,m
1.39,m 1.85, m 1.85,dd (14.5,1.9)
10 41.5 67.6 67.5
11 55.3 56.2 56.3
12 180.6 178.7 178.5
13 31.1 3.36,d (11.7) 35.9 1.95,d (12.2) 35.7 1.94,d (12.1)
1.26,d (11.7) 1.72,d (12.2) 1.72,d (12.1)
14 14.3 0.99,s 28.8 1.09,s 28.8 1.10,s
15 108.0 4.86,brs 23.6 1.04,d (6.7) 239 1.05,d (6.7)
4.68,brs
1 67.3 61.9 61.7
2! 80.3 4.17,brs 80.9 4.48,brs 80.8 4.47,brs
3 47.4 2.56,brs 55.1 292, m 55.0 2.90,brs
4' 134.8 133.0 132.2
5 136.3 136.8 137.3
6 25.6 3.09,brd (15.3) 25.1 3.01,brd (15.8) 23.6 2.62,m
2.01,m 211, m 2.07, m
7' 454 2.78,brt(9.8) 44.7 2.69,t(10.3) 39.8 2.61,m
8 80.8 4.18, m 82.0 4.30, m 81.1 4.51,td (11.5, 3.7)
9 35.7 2.25,m 354 2.21,td (12.9,3.0) 355 2.20,dt(12.4,3.7)
1.44, m 1.87,m 1.78,td (12.4, 2.4)
10’ 26.0 2.23,m 29.1 2.05,m 29.1 2.02,m
11’ 140.6 139.8 42.4 2.26,m
12' 169.7 169.5 179.0
13’ 118.0 5.96,d (2.5) 119.2 6.04,d (3.2) 95 1.13,d (7.8)
5.68,d (2.5) 5.77,d (3.2)
14' 17.5 0.95,d (6.2) 16.6 0.96,s (7.2) 16.6 0.97,d(7.2)
15’ 13.2 1.71,s 14.0 1.59,s 13.8 1.52,s
OH-1 4.52,d (4.0) 4.29,t (4.5)
OH-6 4.56,d (1.5)
OH-10 4.52,s 4.54,s
OAc-1 170.1
20.6 1.93,s
0Ac-2' 170.2 169.5 169.6
20.8 2.06,s 20.8 2.02,s 20.8 2.02,s
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Table 2 'H (600 MHz) and "*C NMR (150 MHz) data of compounds 4-6 in DMSO-d.
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4 5 6
No.
oS¢ 6y (Jin Hz) 8¢ 6y (Jin Hz) oS¢ 6y (Jin Hz)
1 61.0 3.33,t(6.0) 64.0 3.96, m 64.0 3.96,m
3.83,m 3.84,m
2 309 1.28, m 26.1 1.39,m 26.1 1.40, m
1.25, m 1.37,m 138, m
3 34.2 1.32,m 33.7 1.37,m 338 1.37,m
1.31,m 1.32,m 1.32,m
4 31.6 2.4, m 31.7 240, m 31.7 240, m
5 151.7 148.8 148.9
6 114.9 5.30,d (2.8) 116.6 5.40,d (1.7) 116.6 5.40,d (2.0)
7 41.4 2.90, m 415 2.90, dd (5.0, 2.4) 41.5 2.90,dd (5.1, 2.5)
8 74.6 4.94, m 74.2 492, m 74.2 491, m
9 40.7 2.26,dd (14.6, 3.2) 39.7 2.23,m 39.6 223, m
1.85,dd (14.6,1.8) 1.84,dd (14.5,2.4) 1.85,dd (14.5,1.9)
10 67.5 66.5 66.5
11 56.1 57.0 56.9
12 178.7 178.3 178.2
13 359 1.94,d (12.1) 35.7 2.00,d (12.1) 35.8 1.99,d (12.1)
1.71,d (12.1) 1.74,d (12.1) 1.74,d (12.1)
14 28.8 1.09,s 28.2 1.21,s 28.2 1.21,s
15 28Y5 1.03,d (6.7) 23.0 1.03,d (6.7) 229 1.03,d (6.7)
1 61.6 62.0 61.7
2! 80.9 4.46,brs 80.8 4.48,brs 80.8 4.46,brs
3’ 55.1 2.89,m 55.1 2.94,brs 55.1 2.92,d(1.3)
4 132.2 133.1 1323
5’ 137.3 136.7 137.3
6 239 2.63,m 251 3.01,brd (15.5) 239 2.63,m
2.07,m 211, m 2.07,m
7' 39.7 2.63,m 44.6 2.73,t(10.1) 394 2.63, m
g’ 81.1 4.50,dd (11.4,3.8) 82.0 4.30,td (11.1,3.1) 81.1 4.51,dd (11.4, 3.6)
9’ 35.6 2.21,t(13.9) 353 2.22,m 35.6 221, m
1.75, m 1.94, m 1.75,d (12.1)
10’ 29.1 2.04,m 29.1 2.06,m 29.1 1.99,d (12.2)
11’ 42.6 222,m 139.9 42.4 2.26,m
12 179.0 169.5 179.8
13’ 9.5 1.13,d (7.7) 119.1 6.05,d (3.2) 9.5 1.13,d (7.7)
5.77,d (3.2)
14/ 16.6 0.97,d(7.2) 16.6 0.97,d (7.2) 16.6 0.97,d(7.2)
15' 139 1.52,s 14.0 1.60,s 13.9 1.53,s
OH-10 4.50,s 3.56,s 3.56,s
OAc-1 170.1 170.1
20.6 1.88,s 209 1.92,s
0A¢-2' 169.6 169.7 116.9
20.8 2.02,s 209 2.03,s 20.7 2.02,s
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Table 3 'H (600 MHz) and "*C NMR (150 MHz) data for compound 7 in DMSO-dg.

No. 6¢ 8y (J in Hz) No. oS¢ 6y (Jin Hz)
1 63.4 397, m 1 61.6
3.87,m 2’ 80.4 4.48,brs
2 25.8 145, m 3 54.4 2.95,brs
1.38,m 4 132.6
3 34.1 1.35,m 5 136.5
1.29,m 6’ 259 1.35,m
4 30.4 2.38,m 115, m
5 148.3 7' 44.2 2.72,m
6 1189  551,d(2.4) g’ 816  430,td (11.2,3.6)
7 40.8 295, m 9’ 35.0 2.22,m
8 74.0 5.00, m 195, m
9 39.4 2.61,m 10’ 28.7 2.07, m
2.35,m 11 139.5
10 73.1 12’ 169.2
11 56.1 13’ 118.7 6.05,d (3.2)
12 178.0 5.77,d (3.2)
13 351 2.00,d(12.1) 14/ 16.2 0.97,d (7.2)
1.73,d (12.1) 15’ 13.6 1.60, s
14 25.9 1.15,s OAc-2’ 169.3
15 20.9 1.04,d (6.7) 20.5 2.04,s
0OAc-1 169.8 0CH5-10 49.3 3.06,s
20.2 1.90,s
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Table 4 'H (600 MHz) and "*C NMR (150 MHz) data for compounds 8 (CDCl,)
and 9 (DMSO-d,).

8 9
No.
[ 6y (Jin Hz) [ 6y (Jin Hz)
1 41.2 1.47, m 77.1 3.14,m
1.21,m
2 19.0 1.63,m 27.2 1.54,m
1.59, m 1.49, m
3 40.1 1.83,m 338 1.62,m
181, m 153, m
4 72.1 74.8
5 59.2 1.90,d (11.6) 53.1 1.90,d (11.2)
6 77.4 4.59,t(11.2) 75.9 4.39,t(11.2)
7 55.2 2.80,m 53.9 2.76, m
8 66.2 4.61,m 63.6 437, m
9 50.0 1.82,m 46.2 2.04,dd (14.1, 2.5)
1.54,m 1.32,dd (14.1, 2.6)
10 382 42.1
11 134.9 170.7
12 169.5 136.1
13 119.5 6.28,d (3.3) 1179 5.98,d (3.2)
5.55,d (3.3) 5.5,d (3.2)
14 224 1.21,s 16.3 1.07,s
15 24.5 1.41,s 19.6 1.19,s
OH-1 4.53 (4.9)
OH-8 4.81 (4.0)
OCH;-4 47.3 3.03,s

C34H43047, 595.2913).

Inulabritanoid F (6): colorless powder; [aﬁf +45 (c 0.1,
MeOH); ECD (MeOH) nm (Ae) 207 (+24.41), 232 (+8.79); 'H and
3C NMR data (Table 2); HR-MS m/z 599.3209 [M + H]" (Calcd. for
C34H4704 %, 599.3215).

Inulabritanoid G (7): colorless powder; [(J(]ZD5 +37 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 208 (-6.71), 233 (+2.53); 'H and
3C NMR data (Table 3); HR-MS m/z 611.3223 [M + H]" (Calcd. for
C35H4704", 611.3215).

Inulabritanoid H (8): colorless powder; [a]ZDS +25 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 201 (+3.79), 232 (-2.83); 'H and
3C NMR data (Table 4); HR-MS m/z 267.1587 [M + H]" (Calcd. for
Cy5H,30,", 267.1591).

Inulabritanoid I (9): colorless powder; [a]f)s +37 (c 0.1,
MeOH); ECD (MeOH) nm (Ag) 210 (+4.87), 220 (+1.53), 235
(-1.20); 'H and "*C NMR data (Table 4); HR-MS m/z 295.1543
[M - H] (Calcd. for C;¢H305", 295.1551).

4.4. ECD calculation

The C-5 side chain structure of compounds 2-7 was simpli-
fied to a methyl group due to the molecular complexity. The con-
formational analysis of compounds 1-9 was performed using the
GFN-xTB method implemented in the xtb software package. Con-
formers with relative energy differences less than 4 kcal-mol™
were selected for further refinement and harmonic vibrational
frequencies at the B3LYP/6-31G(d) level, utilizing the Gaussian

Table 5 Inhibitory activities of compounds 1-27 toward LPS-induced NO re-
lease (mean + SD, n = 3).

Compound (urLC;lO-{fl] Compound (urLC;lO-{fl]
1 3.65+0.15 15 24.77 +1.82
2 5.48 £ 0.35 16 6.91+1.00
3 > 40 17 14.96 £ 0.43
4 > 40 18 25.61 +1.51
5 15.06 £ 0.81 19 3.12+0.07
6 > 40 20 14.78 £ 0.57
7 19.58 + 1.22 21 > 40
8 > 40 22 > 40
9 > 40 23 > 40
10 > 40 24 > 40
11 10.02 £1.19 25 > 40
12 3.29+0.43 26 5.67 £0.31
13 11.14 +1.47 27 > 40
14 > 40 Indomethacin” 11.01+0.12

“ positive control.

09 suite "> *". All optimized conformers demonstrated energy

minima without imaginary frequency. The stable conformers
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were utilized for ECD calculations using B3LYP/6-311G(d), and
the calculated ECD spectra were generated using SpecDis 1.64
software (Berlin, Germany) and GraphPad Prism 8.3.0 software
(San Diego, CA, USA).

4.5. Cell culture and treatment

RAW264.7 cells were maintained in DMEM supplemented
with 10% FBS and 1% penicillin and streptomycin, and cultured
at 37 °C with 5% CO, *"’. To evaluate the anti-inflammatory ef-
fects of compounds 1-27, RAW264.7 cells were seeded in 96-
well plates overnight and treated with compounds prior to LPS
administration (0.5 pg-mL™). After 24 h, supernatants were ana-
lyzed for NO levels following established methods **-**,

4.6. Enzyme-linked immunosorbent assays

TNF-a and IL-6 levels in supernatants were measured ac-
cording to the manufacturer’s protocol (Neobioscience, Shen-
zhen, China).

4.7. Real-time quantitative PCR

RNA extraction was performed using TRIzol reagent, fol-
lowed by RNA concentration quantification using a NanoPhoto-
meter NP80 system (Implen, Munich, Germany). Subsequently,
complementary deoxyribonucleic acid (cDNA) synthesis was con-
ducted using the NovoScript 1% Strand cDNA Synthesis Kit.
Quantitative real-time PCR (qPCR) analysis was performed with
an ABI Quant Studio 1 system (Applied Biosystems, Life Techno-
logies, Carlsbad, USA), using SYBR Green Master Mix reagents
[Accurate Biotechnology (Human) Co., Ltd., Changsha, China].

4.8. Western blot

Cells were harvested and lysed on ice for 2 h in a lysis buffer
containing 1% protease inhibitors and PMSF. Equal protein
amounts were separated by 10% SDS-PAGE at 80 V for 2 h, then
transferred to PVDF membranes for 30-150 min. Membranes
were blocked with 5% skimmed milk for 2 h and incubated
overnight at 4 °C with appropriate primary antibodies specific to
protein markers. After washing with TBST, membranes were in-
cubated with secondary antibodies for 1 h at room temperature.
Finally, the membranes were treated with an ECL reagent mix-
ture and visualized using the ChemiScope 6200 Touch imaging
system (Shanghai, China).
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