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Two novel skeleton sesquiterpenoids (1 and 6), along with four new iphionane-type sesquit-
erpenes (2-5) and six new cyperane-type sesquiterpenes (7-11), were isolated from the
whole plant of Artemisia hedinii (A. hedinii). The two novel skeleton compounds (1 and 6)
were derived from the decarbonization of iphionane and cyperane-type sesquiterpenes, re-

spectively. Their structures were elucidated through a comprehensive analysis of spectro-
Keywords:

Artemisia hedinii scopic data, including high-resolution electrospray ionization mass spectrometry (HR-ESI-

MS) and 1D and 2D nuclear magnetic resonance (NMR) spectra. The absolute configurations
were determined using electronic circular dichroism (ECD) spectra, single-crystal X-ray crys-
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Biomimetic synthesis
Anti-hepatic fibrosis

tallographic analyses, time-dependent density functional theory (TDDFT) ECD calculation,
density functional theory (DFT) NMR calculations, and biomimetic syntheses. The biomimetic
syntheses of the two novel skeletons (1 and 6) were inspired by potential biogenetic path-
ways, utilizing a predominant eudesmane-type sesquiterpene (A) in A. hedinii as the sub-
strate. All compounds were evaluated in LX-2 cells for their anti-hepatic fibrosis activity. Com-
pounds 2, 8, and 10 exhibited significant activity in downregulating the expression of a-
smooth muscle actin (@-SMA), a protein involved in hepatic fibrosis.

1. Introduction

Sesquiterpenes demonstrate various biological activities, in-
cluding anti-inflammatory, anti-tumor, anti-malarial, and immun-
omodulatory effects '. Among these, iphionane-type and cyperane-
type sesquiterpenes are rare and characterized by a 5/6 fused
carbocyclic skeleton. These sesquiterpenes were initially dis-
covered in Iphiona scabra in 1987 °. To date, only eight iphionane-
type sesquiterpenes “° and eight cyperane-type sesquiterpe-
nes "'* have been identified in natural plants, with the majority of
iphionane-type sesquiterpenes being isolated from the Composit-
ae family. Additionally, several plausible biosynthetic pathways
for these two unique types of sesquiterpenes have been pro-
posed before our research » *°.

Artemisia is one of the largest genera in the Compositae fam-
ily, comprising approximately 1000 species. Artemisia species are
renowned for their diverse bioactive constituents, particularly
sesquiterpenes ‘. Artemisia hedinii (A. hedinii), an annual herb
within the genus Artemisia, has been traditionally utilized as a
folk medicine in the Qinghai and Gansu Provinces of China, ow-

* Corresponding author.
E-mail addresses: hubintao@simm.ac.cn (B. Hu); yaosheng@simm.ac.cn (S.
Yao); yye@simm.ac.cn (Y. Ye)
® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(25)60915-0

ing to its heat-clearing, detoxifying, and anti-inflammatory prop-
erties. In a previous study, 31 eudesmane-type sesquiterpenes
were isolated from A. hedinii, some of which demonstrated signi-
ficant downregulation of IL-2 and TNF-a levels, suggesting poten-
tial anti-inflammatory effects ' '°.

Furthermore, A. hedinii has been traditionally employed in
the treatment of hepatobiliary disorders '. Hepatic fibrosis can
develop from virtually all chronic liver diseases, with a-smooth
muscle actin (a-SMA) serving as a crucial detection marker highly
expressed in fibroblasts. A 2023 study revealed that the expres-
sion of TRPVI messenger ribonucleic acid (mRNA), an indicator
of hepatic stellate cell (HSC) activation, negatively correlated
with a-SMA expression . These findings sparked our interest in
identifying anti-hepatic fibrosis compounds that reduce the ex-
pression level of a-SMA mRNA, particularly in plants such as A.
hedinii.

A comprehensive investigation of A. hedinii was conducted,
resulting in the isolation of 11 novel sesquiterpenoids (Fig. 1).
The structural elucidation of these compounds involved a thor-
ough analysis of 1D and 2D nuclear magnetic resonance (NMR)
spectroscopy, high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS) data, electronic circular dichroism (ECD)
spectra, and single-crystal X-ray diffraction patterns. Further-
more, density functional theory (DFT) NMR calculations and bio-
mimetic synthesis were utilized to corroborate the proposed

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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structures. Considering the traditional medicinal applications of
A. hedinii, all isolated compounds were evaluated for their poten-
tial anti-hepatic fibrosis activity by measuring the relative ex-
pression levels of a-SMA mRNA in transforming growth factor
(TGF-B)-induced LX-2 cells.

2. Results and discussion

2.1. Structure identification and biomimetic synthesis of iphionane-
type sesquiterpenes

Compound 1 was isolated as a colorless oil. Its deprotonated
molecular ion at m/z 297.1332 ([M - H]’, Calcd. for C;5H,104,
297.1338) in the HR-ESI-MS and the "*C NMR data indicated a
molecular formula of C;5H,,04 with five indices of hydrogen defi-
ciency. The infrared (IR) spectrum exhibited absorption bands at
3445, 1731, and 1714 cm™, suggesting the presence of hydroxy
and carbonyl groups. The 'H NMR data (Table 1) revealed signals
for one oxygenated methine (8, 4.67) and three methyl groups
(84 2.19, 2.08, 1.04). The **C NMR and DEPT spectra (Table 1) re-
solved 15 carbon resonances, attributed to three methyls, four
methylenes, three methines, and five quaternary carbons (includ-
ing three carbonyl and one oxygenated). The heteronuclear mul-
tiple bond correlation (HMBC) (Fig. 2) from H3-2' (6} 2.08) to C-1’
(6¢ 171.2) and from H-9 (6} 4.67) to C-1" (6¢ 171.2) indicated an
acetoxyl group located at C-9. The remaining 13 carbon signals
suggested that the nucleus skeleton deviated from a typical 15-
carbon sesquiterpene. The 'H-'H correlation spectroscopy
(COSY) correlations (Fig. 2) between H,-1/H,-2/H-3, and H,-6/H-
7/H,-8/H-9, combined with the HMBC (Fig. 2) from H3-14 (dy
1.04) to C-1 (6¢ 33.2), C-5 (6¢ 82.0), C-9 (6¢ 73.3), and C-10 (6¢
50.5), from H3-15 (6y 2.19) to C-3 (¢ 54.5) and C-4 (6¢ 213.4),
from H,-6 (6 2.15, 1.76) to C-11 (6, 178.8), from H,-8 (6 2.01,
1.72) to C-11 (6 178.8), and from H-3 (6y 3.12) to C-5 (6 82.0)
and C-6 (8¢ 33.3), ultimately established a planar structure of 5-
hydroxy-9-acetoxyiphone-4-one-12,13-dinor-11-oic acid. This
compound features a previously unreported carbon skeleton,
formed via the structural rearrangement and loss of one carbon
unit from the canonical iphionane-type sesquiterpene backbone.

The nuclear Overhauser effect spectroscopy (NOESY) experi-
ment was conducted to determine the relative configuration of

14 OAc
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compound 1. Clear correlations between H-3/H-9 and H-7/H-9
(Fig. 3) were observed. The H-3/H-9 correlation indicated that
these two protons were positioned on the same face. However,
the H-7/H-9 correlation did not yield a definitive conclusion due
to the protons’ location on different rings.

To determine its relative and absolute configuration, a biomi-
metic synthesis was conducted starting from 9f-acetoxy-4,5-de-
hydro-4(15)-dihydrocostic acid (A), a known compound isolated
from Artemisia tournefortiana '°, which is abundant in this plant
(Scheme 1). The absolute configuration of compound A was de-
termined as 75,95,10S (Supporting information). Initially, com-
pound A underwent oxidation using ruthenium(III) chloride and
sodium periodate in a mixed solvent of dichloromethane, acet-
one, acetonitrile, and water at room temperature. This oxidative
cleavage process resulted in the formation of 1a by breaking the
cyclic double bond. Subsequently, 1a was protected through
methyl esterification and then reacted with potassium tert-butox-
ide at -78 °C, leading to intramolecular aldol condensation and
formation of 1b. Finally, compound 1b was subjected to further
reaction with ruthenium(IIll) chloride and sodium periodate at
room temperature, resulting in the oxidation of the double bond
in the side chain accompanied by decarboxylation, ultimately
yielding compound 1.

The biomimetic synthesis demonstrated that the stereochem-
istry at C-7, C-9, and C-10 remained unaltered during the syn-
thesis of compound 1 from compound A. Additionally, in the in-
tramolecular aldol condensation reaction of 1a, the negative ion
at C-3 preferentially attacks the C-5 carbon from the side with
lower steric hindrance, resulting in the co-facial orientation of Me-
14 and OH-5.This elucidation aligns with the previously ob-
served NOESY correlation of H-3/H-9, which is only possible
when Me-14 and OH-5 are on the same face. Furthermore, time-
dependent density functional theory (TDDFT) ECD calculations
performed on the proposed structure of 1 yielded a calculated
ECD spectrum that closely matched the experimental spectrum
(Fig. 4). Consequently, the structure of compound 1 was determ-
ined to be (3S5,55,7R,9S,10R)-5-hydroxy-9-acetoxyiphion-12,13-
dinor-4-one-11-oic acid.

Compound 2 was isolated as a colorless oil. Its deprotonated
molecular ion at m/z 323.1496 ([M - H]’, Calcd. for Cy;H,304,
323.1495) in the HR-ESI-MS and the "*C NMR data indicated a
molecular formula of C;7H,,04 with six indices of hydrogen defi-

Fig.1 Chemical structures of compounds 1-11.
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Table 1 'Hand "*C NMR data for compounds 1-3 in CDCls.
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1 2 3
No.
8y (Jin Hz)* 8¢ 8y (Jin Hz)* 8¢ 8y (Jin Hz)"® 8¢
2.15° 33.2,t 1.78-1.63, m 1.98,td (12.5, 2.8)
1 33.4,t 33.8,t
1.65, m 1.63,ddd (12.5,11.3,7.8)
2.15° 24.3,t 2.13,m 2.22¢
2 24.5,t 233,t
1.94, dddd (13.1, 10.8, 9.4, 3.7) 1.91-2.02° 1.89, m
3 3.12,dd (10.8, 9.4) 54.5,d 3.37,t(10.0) 54.6,d 3.37,t(9.2) 57.6,d
4 213.4,s 214.1,s 212.7,s
5 82.0,s 82.8,s 84.9,s
2.15° 33.3,t 1.91-2.02° 2.12,ddd (12.9, 3.4, 1.9)
6 369, t 379, t
1.76, m 1.51° 1.43,dd (12.9)
7 2.47,tt (12.9, 3.8) 37.6,d 2.69, tt (12.9, 3.2) 327,d 2.79,t (12.9, 3.4) 34.2,d
2.01, dt (12.9, 4.3) 289,t 1.85,br d (12.9) 1.78, dtt (12.9, 4.2, 2.9)
8 32.1,t 36.2,t
1.72,m 1.51° 1.52,q (12.9)
9 4.67,dd (12.9, 4.3) 733,d 4.79,dd (12.9, 4.2) 743,d 3.55,dd (12.9, 4.2) 72.1,d
10 50.5, s 50.8,s 54.2,s
11 1788, s 142.6,s' 146.1,s'
12 1714, s" 1703, s'
6.36,s 6.22,s
13 126.0,t 123.6,t
5.68,s 5.64,s
14 1.04,s 123,q 1.05,s 12.6,q 0.92,s 12.3,q
15 2.19,s 313,q 2.23,s 31.7,q 222,s 314,q
1 171.2,s 171.2,s
2 2.08,s 213,q 2.08, s 213,q

* measured at 500 MHz; ® measured at 600 MHz; ¢ measured at 150 MHz; * measured at 125 MHz; © overlapped; rsignals identified from HMBC spectrum.

ciency. The NMR data (Table 1) were nearly identical to those of
1, except for the signals corresponding to an additional double
bond (8y 6.36, 5.68; 6 142.6, 126.0), suggesting that compound 2
might be a typical iphionane-type sesquiterpene. Although the "*C
NMR spectrum displayed only 15 carbon signals, the two missing
carbon signals were identified through HMBC (Fig. 2) from H;-13
(6y 6.36, 5.68) to C-7 (8¢ 32.7), C-11 (6; 142.6) and C-12 (6
171.4). The spin systems inferred from the "H-"H COSY spectrum
(Fig. 2) revealed spin systems H,-1/H,-2/H-3 and H,-6/H-7/H,-
8/H-9. HMBC (Fig. 2) from H3-14 (6y 1.05) to C-1 (¢ 33.4), C-5
(6¢ 82.8), C-9 (6¢ 74.3), and C-10 (6¢ 50.8), from H3-15 (6 2.23)
to C-3 (6¢ 54.6) and C-4 (6 214.1), from H,-13 (6} 6.36, 5.68) to C-
7 (8¢ 32.7), C-11 (8¢ 142.6) and C-12 (§; 171.4), and from H;-2'
(64 2.08) to C-1" (8¢ 171.2), from H-9 (6 4.79) to C-1" (6¢ 171.2),
established the planar structure of compound 2. The NOESY spec-
trum exhibited correlations of H-3/H-9 and H-7/H-9, consistent
with those of 1 (Fig. 3). Given the biogenetic relationship, com-
pound 2 was postulated to be the biosynthetic precursor of com-
pound 1. To validate this hypothesis, a conversion reaction was
performed. A methyl ester product of 2 (compound 2') was syn-
thesized, which exhibited identical 'H and **C NMR signals to the
intermediate 1b described in Scheme 1 (Supporting information
Figs. S105, S106, S109, S110). Furthermore, the calculated ECD
spectrum of 2 with the proposed structure closely matched the
experimental spectrum (Fig. 4), corroborating the structural elu-
cidation. Consequently, compound 2 was characterized as
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(35,5S5,7R,95,10R)-5-hydroxy-9-acetoxyiphio-4-one-11(13)-en-
12-oic acid.

Compound 3 was isolated as a colorless oil. Its molecular for-
mula was determined to be C;5H,,05 based on HR-ESI-MS and "*C
NMR data. Compounds 3 and 2 exhibited striking similarities in
their 'H and **C NMR spectra (Table 1), except for the absence of
acetoxyl group signals (6y 2.08, 6 171.2, 21.3) in 3. This observa-
tion suggested that 3 might be a deacetyl derivative of 2. The
'H-'H COSY and HMBC (Fig. 2), along with the ECD spectrum
(Fig. 4), showing very similar Cotton effects to the calculated one,
further support such elucidation. Therefore, compound 3 was
identified as (35,55,7R,9S,10R)-5,9-dihydroxyiphio-4-one-11(13)-
en-12-oic acid.

Compound 4 was isolated as a colorless oil and possessed a
molecular formula of C;5H,(0,, as determined by HR-ESI-MS data
and *C NMR (Table 2). Detailed NMR data analysis revealed that
4 was also an analog of 2. A comparison of their NMR data
showed two olefinic carbons (8; 158.4, 134.3) instead of one
methine and one oxygenated quaternary carbon at C-3 and C-5 in
2, indicating a double bond at C-3/C-5. This elucidation was cor-
roborated by HMBC (Fig. 2) from H3-15 (&y 2.25) to C-3 (&¢
134.3) and C-4 (8¢ 199.6), and from H;-14 (64 1.08) to C-5 (¢
158.4). Furthermore, signals of the acetyl group at C-9 were ab-
sent in compound 4, suggesting a hydroxy group rather than an
acetoxy group at C-9. The relative configurations of C-7, C-9, and
C-10 were inferred from the NOESY correlation of H-7/H-9, Hs-
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'H-'H COSY
7N HMBC

Fig. 2 Key HMBC and 'H-"H COSY correlations of compounds 1-11.

14/H,-1b (6y 1.88) and H-9/H-1a (8 1.82). Considering the bio-
genetic relationship, compound 4 was proposed as (75,95,105)-9-
hydroxyiphio-3(5),11(13)-dien-4-one-12-oic acid. TDDFT ECD
calculation conducted on the established structure of 4 showed
high similarity between the calculated and experimental spectra
(Fig. 5), further supporting the structural determination.

Compound 5 was isolated as a colorless oil and assigned a
molecular formula of C;7H,,0s, corresponding to five indices of
hydrogen deficiency. Its "H and *C NMR data (Table 2) closely re-
sembled those of 4, with the notable addition of signals indicat-
ive of an acetyl group (6y 2.07, 6 170.7, 21.4). This suggests that
5 may be an acetyl derivative of 4. Based on biogenetic considera-
tions, compound 5 was hypothesized to share the same configur-
ation as 4. The NOESY spectrum, revealing a correlation between
H-7 and H-9, and the experimental ECD spectrum, exhibiting sim-
ilar Cotton effects to the calculated spectrum of 4 (Fig. 5), further
supported this hypothesis. Consequently, the structure of 5 was
proposed as (75,95,105)-9-acetoxyiphio-3(5),11(13)-dien-4-one-
12-oic acid.

2.2. Structure identification and biomimetic synthesis of cyperane-
type sesquiterpenes

The molecular formula of 6 was determined to be C;5H;,04
based on HR-ESI-MS and **C NMR data (Table 3), indicating five
indices of hydrogen deficiency. The "H NMR data (Table 3) re-
vealed two oxygenated methines (dy 4.63, 4.38) and three
methyls (6 2.23, 2.08, 1.00). The *C NMR data (Table 3) exhib-
ited 15 resonances attributed to three methyls (6; 31.9, 21.3,
15.6), four methylenes (6 33.0, 31.2, 29.1, 27.7), three methines
(6c 76.1, 73.3, 37.4), and five quaternary carbons (6. 213.2,
178.5, 171.0, 65.3, 47.1). An acetoxyl group at C-9 was deduced
from the HMBC (Fig. 2) between H3-2' (6y 2.08) and C-1' (6¢
171.0), and between H-9 (6} 4.63) and C-1" (6; 171.0). The HMBC
(Fig. 2) from H,-6 (6y 2.40-2.99, 2.03-2.10) to C-11 (6¢ 178.5),
from H-7 (6y 2.77) to C-11 (6¢ 178.5), from H,-8 (6y 2.03-2.10,
1.65) to C-11 (6 178.5), from H3-14 (6 1.00) to C-1 (6¢ 33.0), C-5
(6¢ 65.3), C-9 (6¢ 73.3) and C-10 (6¢ 47.1), from H3-15 (6} 2.23) to
C-4 (8¢ 213.2) and C-5 (8¢ 65.3), from H-3 (6y 4.38) to C-5 (6¢
65.3) and C-6 (8 27.7), along with the 'H-"H COSY correlations
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(Fig. 2) of Hy-6/H-7/H,-8/H-9 and H,-1/H,-2/H-3, suggested a
planar structure of 3-hydroxy-9-acetoxycyper-12,13-dinor-4-one-
11-oic acid, representing a novel skeleton formed by the decar-
bonization of typical cyperane-type sesquiterpenes.

The relative configuration of 6 was determined through
NOESY experiment analysis. NOESY correlations (Fig. 3) between
H3-14 and H3-15 indicated a cis-junction between the two rings.
The a-orientations of H-3, H-7, and H-9 were established by
NOESY correlations (Fig. 3) observed between H-3/H-7, H-3/H-9,
and H-7/H-9.

A biomimetic synthesis was conducted to verify the absolute
configuration, also starting from the abundant compound A
(Scheme 2). Compound A was initially protected through methyl
esterification and subsequently subjected to oxidation using sel-
enium dioxide, resulting in the formation of compound 6a con-
taining a hydroxy group at C-3. Treatment of compound 6a with 4-
methylbenzenesulfonhydrazide led to the formation of com-
pound 6b, which was then converted to the critical open-ring in-
termediate 6c via ozonolysis **. Compound 6c then underwent in-
tramolecular aldol condensation, yielding compound 6d. Follow-
ing the final step of the biomimetic synthesis pathway of com-
pound 1 (Scheme 1), compound 6 was successfully synthesized
from 6d using ruthenium(Ill) chloride and sodium periodate.
Notably, no significant alterations in the stereochemistry of C-7, C-
9, and C-10 were observed during the synthesis process.

TDDFT ECD calculations were also performed on the estab-
lished structure of 6. The high similarity between the calculated
and experimental spectra further corroborated the proposed
structure (Fig. 6). Consequently, the structure of compound 6
was conclusively determined to be (35,5R,75,95,105)-3-hydroxy-
9-acetoxycyper-12,13-dinor-4-one-11-oic acid.

Compound 7 was assigned a molecular formula of C;;H,404
based on HR-ESI-MS and *C NMR data (Table 3), indicating six
degrees of unsaturation. The NMR data of 7 (Table 3) closely re-
sembled those of 6, with the exception of signals corresponding
to an additional double bond (6y 6.38, 5.70; 8¢ 143.3, 125.8), sug-
gesting that compound 7 was a characteristic cyperane-type ses-
quiterpene. HMBC (Fig. 2) from H3-2' (6 2.06) to C-1' (6. 171.0),
and from H-9 (6 4.75) to C-1' (6; 171.0) indicated an acetoxyl
group attached to C-9. The planar structure of 7 was proposed as
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#7\ NOESY

Fig. 3 Key NOESY correlations of compounds 1, 2, 4-6, 7, and 11.

OAc OAc

OAc OAc

Scheme 1 Synthesis of compound 1 reagents and conditions: (a) RuCl;, NalO,,
DCM-Acetone-CH3;CN-H,0, r.t., 1.5 h; (b) Me,SO,, K,CO3, Acetone, overnight, r.t.;
(c) t-BuOK, THF, -78 °C, 3 h *’; (d) RuCls, NalO,, DCM-Acetone-CH;CN-H,0, r.t.,
2h’
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Fig. 4 Comparison of experimental and calculated ECD spectra of compounds
1-3 in MeOH.
3-hydroxy-9-acetoxycyper-11(13)-en-4-one-12-oic acid based on
"H-"H COSY and HMBC (Fig. 2). The NOESY spectrum of 7 (Fig. 3)
exhibited identical correlations of H;-14/H5-15, H-3/H-7, H-7 /H-
9, and H-3/H-9 as observed in compound 6, indicating an equi-
valent relative configuration. Considering compound 7 as a likely
biosynthetic precursor of 6, TDDFT ECD calculations were per-
formed on the proposed structure, yieldinga calculated spec-
trum highly consistent with the experimental data (Fig. 7). Con-
sequently, the complete structure of 7 was elucidated as
(35,5R,75,95,105)-3-hydroxy-9-acetoxycyper-11(13)-en-4-one-
12-oic acid.

Compounds 8-10 were assigned identical molecular formu-
lae of C;5H,,0s, as determined by their HR-ESI-MS and *C NMR
data (Table 4). Their NMR spectra (Table 4) closely resembled
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those of 7, except for an absent acetoxyl group in these three
compounds, indicating they might be deacetyl derivatives of 7.
The '"H-'H COSY and HMBC (Fig. 2) further corroborated that
these compounds shared the same planar structure of 3,9-di-
hydroxycyper-11(13)-en-4-one-12-oic acid.

A comprehensive comparison of their NMR data revealed
chemical shift differences at C-3, C-7, C-9, and C-14, suggesting
that they might be diastereoisomers. Compound 8 exhibited
identical NOESY correlations of Hz-14/H5-15, H-3/H-7, and H-
7/H-9, and a negative Cotton effect at 213 nm in the ECD spec-
trum, similar to compound 7 (Fig. 7), indicating they shared the
same absolute configuration. The absolute configuration was fur-
ther verified through a single-crystal X-ray crystallographic dif-
fraction experiment using Cu Ka radiation (Fig. 8), as well as its
calculated ECD spectrum (Fig. 7). Consequently, compound 8 was
identified as (3S,5R,75,95,10S5)-3,9-dihydroxycyper-11(13)-en-4-
one-12-oic acid.

The primary distinction in '"H NMR data between compounds
8 and 9 (Table 4) was observed in the coupling constant of H-3
(9.6, 7.1 Hz in 8 to 8.4, 3.9 Hz in 9), suggesting an opposite ori-
entation of OH-3. This structural elucidation was corroborated by
a single-crystal X-ray diffraction analysis using Cu Ka radiation
(Fig. 9), as well as its calculated ECD spectrum (Fig. 10). Con-
sequently, the structure of 9 was determined to be (3R,5R,
75,95,105)-3,9-dihydroxycyper-11(13)-en-4-one-12-oic acid.

The NMR data of compound 10 indicated a naturally occur-
ring cyperane-type sesquiterpene, sharing the same H-7a, Hs-
14, and H-9a configuration as compounds 8 and 9, given their
biogenesis, while differing at the C-3 or C-5 configuration. As the
NOESY spectrum of 10 provided insufficient evidence, DFT NMR
calculations were performed for four possible isomers (isomer 1,
3R,5R; isomer 2, 3R,5S; isomer 3, 3S,5R; isomer 4, 3S,5S). Con-
formation searching was conducted using Conflex 8.0 (Conflex
Corporation, Tokyo, Japan, 2017) within an energy window of 5.0
kcal-mol™. Conformers with a Boltzmann distribution above 0.1%
were selected for re-optimization at the M062X/6-31G(d) level in
vacuo. Subsequently, NMR DFT calculations were performed on
the re-optimized conformers at the M062X/6-311G(d, p) level
with an SMD solvent model for acetone. The improved statistical
method DP4+ was employed to analyze the calculated data of
four possible isomers and the experimental data, yielding 100%
for 3R,55 (C, H, and all data, Supporting Fig. $89) ***°. The estab-
lished structure was utilized for TDDFT ECD calculation, and the
calculated spectrum exhibited similar Cotton effects to the exper-
imental one, confirming its absolute configuration (Fig. 10). Con-
sequently, the complete structure of compound 10 was determ-
ined as (3R,5S,75,95,10S5)-3,9-dihydroxycyper-11(13)-en-4-one-
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Table 2 'H and "*C NMR data for compounds 4 and 5 in CDCls.
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Table 3 'H and "*C NMR data for compounds 6 and 7 in CDClj.

4 5
No.
8y (J in Hz)* 5° 8y (Jin Hz)* 8¢
1.88,ddd (12.9, 8.1, 3.0) 1.76°
1 36.2,t 359,t
1.82,dt (12.9,9.3)
2 2.68, m 31.8,t 2.66, m 31.8,t
3 134.3,s 134.8,s
4 199.6,s 199.3,s
5 1584, s 156.9, s
3.42, ddd (14.0, 3.6, 1.7) 3.44, dd (14-6, 4.0, 1.8)
6 29.4,t 295t
1.95¢ 2.03, ddt (14.6, 12.9, 3.1)
7 2.55, tt (12.9, 3.6) 37.0,d 2.62,tt(12.9,3.1) 37.2,d
1.95¢ 1.96 (d, 12.9)
8 35.9,t 323,t
1.82, dt (129, 9.3) 1.76*
9 3.60,dd (129, 9.3) 78.4,d 4.79, dd (12.9, 4.4) 79.2,d
10 54.3,s 52.9,s
11 143.1,s 142.4,s
12 1709, s 171.2,s
6.35,s 6.37,s
13 125.7,t 126.7,t
5.70,s 5.73,s
14 1.08,s 16.5,q 1.14,s 17.8,q
15 2.25,s 30.6,t 2.25,s 30.7,q
1’ 170.7,s
2' 2.07,s 214,q

* measured at 600 MHz; ® measured at 125 MHz; ¢ measured at 100 MHz;
“ overlapped.
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Fig. 5 Comparison of experimental and calculated ECD spectra of compounds 4
and 5 in MeOH.

12-oic acid.

The molecular formula of compound 11 was determined to
be C;,H,,04 based on HR-ESI-MS and *C NMR data (Table 4).
Comparison of NMR data (Table 4) of 9 and 11, along with their
respective molecular formulas, indicated the presence of an addi-
tional acetoxyl group in 11. HMBC (Fig. 2) from H3-2' (6 2.07) to
C-1' (6¢c 171.2), and from H-9 (6y 5.18) to C-1" (6 171.2) con-
firmed that the acetoxyl group was attached to C-9. Considering
its biogenesis, compound 11 was proposed to be a C-9 acetyl de-
rivative of 9. The calculated ECD spectrum of the proposed struc-
ture of 11 corresponded well with the experimental ECD spec-
trum (Fig. 10), supporting the same absolute configuration. Con-
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6 7

No.

8y (J in Hz)" 8" 8y (J in Hz)*® 8¢t

1.74, td (12.5, 7.0) 33.0,t
1 333,t

1.52,ddd (12.5, 9.4, 2.5) 1.57°
2.29-2.40° 31.2,t 2.37,m
2 31.3,t
1.82,tdd (13.6, 6.6, 2.5) 1.80°
3 4.38,dd (10.1, 6.6) 76.1,d  4.59,dd (10.1,6.0)  76.2,d
4 213.2,s 213.4,s
5 65.3,s 65.9,s
2.99-2.40° 27.7,t 2.23,brd (13.3)
6 319, t
2.03-2.10° 1.80°
7 2.77,tt (12.9,3.7) 37.4,d 2.94,t(12.7) 33.2,d
2.03-2.10° 29.1,t 1.80°
8 31.7,t
1.65, q (12.4) 1.57°
9 4.63,dd (12.4,4.0) 73.3,d  4.75,dd(12.1,3.9)  74.6,d
10 47.1,s 47.3,s
11 178.5,s 1433, s
12 169.9, s’
6.38,s
13 125.8,t
5.70,s
14 1.00, s 15.6,q 1.00,s 15.7,q
15 2.23,s 31.9,q 2.20,s 31.9,q
K 171.0,s 171.0,s
2 2.08,s 21.3,q 2.06,s 21.3,q

* measured at 600 MHz; ® measured at 150 MHz; ¢ measured at 500 MHz;
¢ measured at 125 MHz; © overlapped; ' signals identified from HMBC spectrum.

sequently, compound 11 was identified as (3R,5R,75,95,105)-3-
hydroxy-9-acetoxycyper-11(13)-en-4-one-12-oic acid.

All isolates were evaluated for their anti-hepatic fibrosis
activities by assessing the RNA expression of a-SMA in human
HSCs induced by TGF-B *’. The results indicated that compounds
2, 6, 8, and 10 significantly reduced the expression of a-SMA
mRNA (Fig. 11). Moreover, the study identified correlations
between the substitution pattern of the iphionane-type or cyper-
ane-type sesquiterpenes and their anti-hepatic fibrosis activity.
The iphionane-type sesquiterpene derivatives with a 9-acetoxyl
group (2 and 4) demonstrated higher potency compared to those
with a 9-hydroxy group (3 and 5). However, for cyperane-type
sesquiterpenes, an acetoxyl group at C-9 appeared unfavorable,
as compounds 10 and 12 exhibited higher activity than the 9-
acetoxyl derivatives compounds 7 and 8. Furthermore, the com-
parison of compounds 7-11, which shared the same skeleton,
suggested that cyperane-type sesquiterpenes with the same ori-
entations as a (10) or § (7 and 8) were more potent than those
with the opposite orientations (9 and 11). These findings under-
score the need for further research to establish more compre-
hensive structure-activity relationships in the context of anti-hep-
atic fibrosis activities.

In conclusion, the phytochemical investigation of A. hedinii
resulted in the isolation and structural elucidation of 11 novel
sesquiterpenoids, comprising four iphionane-types, five cyperane-
types, and two previously unidentified skeleton types. Notably,
two sesquiterpenoids with new skeletons were successfully syn-
thesized using biomimetic methods, overcoming the challenges
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Scheme 2 Synthesis of compound 6 reagents and conditions: (a) Me,S0,, K,CO3, Acetone, overnight, r.t.; (b) Se0,, t-BuOOH, DCM **; () TsNHNH,, CH5CN, 90 °C *; (d) O3,
Pyr, DCM, -78 °C **; (e) t-BuOK, THF, -78 °C, 2 h *’; (f) RuCl;, NalO,, DCM-Acetone-CH;CN-H,0, r.t., 2 h *'.
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Fig. 6 Comparison of experimental and calculated ECD spectra of compound 6 in
MeOH.

associated with limited compound content and stereoscopic con-
figuration. Moreover, compounds 2, 8, and 10 exhibited signific-
ant inhibitory effects on the mRNA expression of a-SMA, suggest-
ing their potential in the treatment of hepatic fibrosis. Addition-
ally, this study provides a preliminary analysis of the correla-
tions between substitution patterns of iphionane-type or cyper-
ane-type sesquiterpenes and their anti-hepatic fibrosis activity,
enhancing our understanding of the structure-activity relation-
ship in this context.

3. Experimental

3.1. General experimental procedures

NMR spectra were acquired using Bruker AVANCE III instru-
ments operating at 400, 500, 600, or 800 MHz (Bruker Biospin
AG, Switzerland). HR-ESI-MS data were obtained on Waters Syn-
apt G2-Si Q-Tof mass spectrometers (Waters, USA). LC-ESI-MS
data were collected using a Waters 2695 instrument equipped
with a 2998 PDA detector, a Waters Acquity ELSD 2424, and a
Waters 3100 SQDMS detector (Waters, USA). Preparative high-
performance liquid chromatography (HPLC) was performed on a
Waters 2545 Binary Gradient Module instrument with a Waters
2489 UV/visible detector, utilizing a SunFire column (Prep Cg
OBD, 5 pm, 30 mm x 150 mm, Waters, Ireland). Column chroma-
tography was conducted using MCI gel CHP20P (75-150 pm, Mit-
subishi Chemical Industries, Tokyo, Japan), silica gel (100-200,
200-300, and 300-400 mesh, Qingdao Marine Chemical Industri-
als, Qingdao, China), ODS gel AAG12S50 (12 nm, S-50 pm, YMC,
Japan), Sephadex LH-20 (Pharmacia Biotech AB, Uppsala,
Sweden), Toyopearl HW-40F (Tosoh Corporation, Tokyo, Japan),
and DIOL MB100-75/200 (Fuji Silysia, Aichi-Ken, Japan). Thin
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Fig. 7 Comparison of experimental and calculated ECD spectra of compounds 7
in MeOH and 8 in CH;CN.

layer chromatography (TLC) was performed on precoated silica
gel GF,s5, plates (Yantai Chemical Industrials, Yantai, China) and
HPTLC silica gel 60 DIOL F254s (Merck KGaA, Darmstadt, Ger-
man). TLC spots were visualized at 254 nm and with 5% H,SO, in
EtOH containing 10 mg-mL™ vanillin by heating. Solvents for
column chromatography were of analytical grade (Shanghai
Chemical Reagents Co., Ltd., Shanghai, China), while those for
analytic and preparative HPLC were of HPLC grade (Merck KGaA,
Darmstadt, Germany; Ourchem, Shanghai, China). Reagents and
solvents were used without further purification. Optical rotation
values were measured on a Rudolph Research Analytical Autopol
VI 90079 polarimeter (Hackettstown, NJ, USA). IR spectra were
recorded using a Thermo Nicolet FTIR IS5 spectrometer with KBr
disks (ThermoFisher, USA). Single-crystal X-ray diffraction meas-
urements were conducted using a Bruker D8 Venture diffracto-
meter or a Bruker Apex-1I CCD diffractometer (Bruker, Germany).

3.2. Plant material

The entire plants of A. hedinii were harvested from Ganzi Pre-
fecture, Sichuan Province, China, in November 2018. Jun Zhang
from Kunming Zhifen Biotechnology Co., Ltd. (Kunming, China)
authenticated the species. A voucher specimen (No. 20181124)
was deposited at the Herbarium of the Shanghai Institute of Ma-
teria Medica, Chinese Academy of Sciences.

3.3. Extraction and isolation

The entire A. Hedinii plant (50 kg) underwent extraction with
95% EtOH at room temperature three times '°. The combined
percolates were evaporated under pressure, yielding a crude
residue (3.5 kg). This residue was suspended in water and suc-
cessively extracted with petroleum ether (PE) and CH,Cl,, produ-
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Table 4 'H and **C NMR data for compounds 9-11.
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g 9° 10° 11°
No. d d d d f
6y (J in Hz) &c° 8y (J in Hz) &¢° 8y (J in Hz) &¢° 8y (J in Hz) 8¢
2.01, m 343t 1.69, m 335t 2.56,dt (12.2, 5.9) 1.76-1.85%
1 32.6,t 33.0,t
1.84,m 1.84,m 141, m 1.30,ddd (11.7, 9.5, 3.7) 1.54, dt (13.2, 10.1)
2.22,m 31.4,t 2.22,m 34.1,t 217, m 2.38,dddd (14.5, 10.1, 8.3, 1.6)
2 31.3,t 33.5,t
2.05¢ 2.05¢ 1.41,tdd (12.2,7.7,3.7) 1.76-1.85°
3 4.57,dd (9.6,7.1) 76.1,d 4.30,dd (8.4,3.9) 79.2,d 4.34,t(8.2) 77.8,d 4.45,dd (8.3,3.8) 79.1,d
4 212.0,s 214.0,s 213.0,s 212.4,s
5 66.2,s 66.6,s 65.7,s 66.1,s
2.12,dt (13.8, 2.6) 32.1,t 1.88,dd (13.8,12.6) 324, t 2.40,dd (13.7,3.7) 2.23,dd (12.9, 2.6)
6 33.2,t 32.4,t
1.84, m 1.84, m 1.67,tdd (12.2,7.7,3.7) 1.68, dd (12.9, 8.9)
7 2.85,t(12.3) 33.8,d 3.32, tt (12.6, 4.0) 35.4,d 2.48, tt (12.2,3.7) 37.2,d 3.48, tt (12.9, 3.9) 34.4,d
1.75,d (12.3) 36.9,t 1.68, m 35.3,t 1.67, m 1.76-1.85%
8 36.1,t 30.5,t
1.41, q (12.3) 1.41,q (12.3) 141, m 1.58,q (12.2) 1.62, q (12.0)
9 3.47,dd(12.3,3.8) 73.3,d 3.76,ddd (11.8,3.8,1.3)  715,d 4.14,dd (11.0, 4.9) 70.3,d 5.18,dd (12.0,3.7) 742,d
10 49.1,s 49.9,s 50.6,s 48.1,s
11 146.3,s 146.6,s 145.9,s 144.3,s
12 168.6, s 169.1,s 168.7, s 171.1,511
6.24,s 123.4,t 6.15,s 123.7,t 6.22,s 6.33,s
13 123.5,t 1254,t
5.76,s 5.76,s 5.68,s 5.73,s 5.66,s
14 0.88,s 14.3,q 0.87,s 15.1,q 0.95,s 18.4,q 1.02,s 15.9,q
15 217,s 32.0,q 212,s 30.5,q 2.31,s 32.2,q 2.16,s 30.3,q
1 171.2,s"
2! 2.07,s 21.4,q

* Acetone-dg; b Acetonitrile-ds; © CDCly; 9 measured at 600 MHz; ¢ measured at 125 MHz; ' measured at 100 MHz; & overlapped; h signals identified from HMBC spectrum.

Fig.8 ORTEP drawing of compound 8.

cing PE (2.6 kg) and CH,Cl, (1.7 kg) fractions. The CH,Cl, fraction
underwent chromatographic separation on an MCI column,
eluted with an aqueous EtOH gradient (40%, 60%, 80%, and
95%), resulting in four fractions (Frs. 1-4). Fr. 1 (207 g) was
chromatographed over an MCI column, eluted with aqueous
MeOH (30%, 40%, 50%, 60%, 70%, 80%, and 90%), yielding 11
fractions (Frs. 1A-1K). Frs.1A-1C were subjected to an ODS gel
column elution with an aqueous MeOH gradient, producing sub-
fractions Frs. 1A1-1A7, Frs. 1B1-1B8, and Frs. 1C1-1C9. Fr. 1A1
(1.3 g) underwent separation using a silica gel column (300-400
mesh) eluted with CH,Cl,/MeOH (20:1, 10:1), affording com-
pounds 1 (125 mg), 4 (18 mg), and 6 (14 mg). Fr. 1B5 (4.64 g)
and Fr. 1C4 (6.72 g) were subjected to silica gel CC (300-400
mesh) with isocratic elution of CHCl;/MeOH (50:1), followed by
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Fig. 9 ORTEP drawing of compound 9.

a silica gel column (300-400 mesh) eluted with CH,Cl,/MeOH
(20:1), yielding compounds 2 (25 mg) and 3 (5 mg). Fr. 1B7 (2.2
g) underwent separation using a silica gel column (300-400
mesh) eluted with PE/EtOAc (6:1, 5:1, 4:1), producing com-
pound 5 (949 mg). Fr. 1C5 (2.7 g) and Fr. 1C7 (1.6 g) were separ-
ated by CC on Sephadex LH-20 gel (eluted with MeOH) and then
silica gel (300-400 mesh, PE/EtOAc, 10:1-1:1), yielding com-
pounds 7 (721 mg) and 11 (60 mg). Fr. 2 (204 g) was chromato-
graphed over an MCI column with aqueous EtOH (30%, 35%,
40%, 45%, 50%, 55%, and 95%), resulting in 18 fractions (Frs.
2A-2R). Compound 9 (10 mg) was obtained from the PE fraction
(2.6 kg) by CC over an ODS gel column with aqueous MeOH gradi-
ent elution and repeated DIOL silica gel columns (100-75/200
mesh, CH,Cl,/MeOH, 20:1; PE/EtOAc, 5:1-1:1). Compounds 8
(75 mg) and 10 (3 mg) were obtained from DIOL silica gel
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Fig. 10 Comparison of experimental and calculated ECD spectra of compounds 9
and 10 in CH5CN and 11 in MeOH.

a-SMA in LX-2

Relative expression of mRNA

TGF-B (10 ng'-mL™")

Fig. 11 The relative content of @-SMA mRNA in LX-2. The mRNA relative content
of the a-SMA gene in LX-2 after treatment with 10 umol-L™ of compounds or pos-
itive control for 12 h under stimulated conditions and control with or without
stimulation and their mRNA relative content were detel‘mined. Da}fi are represen-
ted as mean = SD of three independent experiments. P < 0.05, P < 0.01, P <
0.001 vs stimulated control group, in multivariate analysis using one-way ANOVA.
columns (100-75/200 mesh) eluted with PE/EtOAc (2:1) and
preparative HPLC (MeCN/H,0, 0-35 min, from 10%-30% and
15%-35%, respectively).
(35,5S,7R,9S5,10R)-5-hydroxy-9-acetoxyiphion-12,13-dinor-4-
one-11-oic acid (1): colorless oil; [a]} +32 (c 0.1, MeOH); UV
(MeOH) (log €) 203 (1.93) nm; ECD (MeOH) A, (Ag) 217 (-9.37)
nm, 284 (+12.74) nm; IR (KBr) v,,,, 3445, 2922, 1731, 1714,
1367, 1245, 1182 cm™’; 'H and °C NMR data see Table 1; HR-ESI-
MS m/z297.1332 [M - H] (Calcd. for C;5H»;04, 297.1338).
(3S5,5S5,7R,9S5,10R)-5-hydroxy-9-acetoxyiphio-4-one-11(13)-
en-12-oic acid (2): colorless oil; [a]} +71 (¢ 0.1, MeOH); UV
(MeOH) (log &) 203 (2.89) nm; ECD (MeOH) A,.. (Ag) 196
(+11.77) nm, 218 (-13.09) nm, 284 (+17.05) nm; IR (KBr) v«
3346, 2947, 1714, 1384, 1244, 1181 cm™’; 'H and *C NMR data
see Table 1; HR-ESI-MS m/z 323.1496 [M - H] (Calcd. for
C17H,304, 323.1495).
(3S5,55,7R,9S5,10R)-5,9-dihydroxyiphio-4-one-11(13)-en-12-
oic acid (3): colorless oil; [a]} +71 (c 0.1, MeOH); UV (MeOH)
(log €) 205 (2.29) nm; ECD (MeOH) A, (Ag) 191 (+8.52) nm, 220
(-9.82) nm, 285 (+12.72) nm; IR (KBr) v, 3444, 2943, 1704,
1698, 1374, 1243, 1180 cm™; 'H and "*C NMR data see Table 1;
HR-ESI-MS m/z 281.1394 [M - H] (Calcd. for Cy5H,;0s,
281.1389).
(7S5,95,105)-9-hydroxyiphio-3(5),11(13)-dien-4-one-12-oic
acid (4): colorless oil; [@]}) +43 (c 0.1, MeOH); UV (MeOH) (log €)
255 (3.78) nm; ECD (MeOH) A, (Ag) 210 (+5.91) nm, 249
(=7.01) nm; IR (KBr) vy, 3440, 2935, 1704, 1622, 1418, 1362,
1271 cm™; 'H and "*C NMR data see Table 2; HR-ESI-MS m/z
263.1283 [M - H] ™ (Calcd. for C;5H904, 263.1283).
(75,95,105)-9-acetoxyiphio-3(5),11(13)-dien-4-one-12-oic
acid (5): colorless oil; [a]3 +82 (c 0.1, MeOH); UV (MeOH) (log )
251 (1.74) nm; ECD (MeOH) A,.. (Ae) 204 (+14.47) nm, 239
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(-16.96) nm; IR (KBr) vy, 3212, 2936, 1716, 1682, 1622, 1362,
1238, 1155 cm™; 'H and C NMR data see Table 2; HR-ESI-MS
m/z 305.1390 [M - H]" (Calcd. for C;7H;;05, 305.1389).
(3S,5R,75,95,105)-3-hydroxy-9-acetoxycyper-12,13-dinor-4-
one-11-oic acid (6): colorless oil; [a]; +85 (c 0.1, MeOH); UV
(MeOH) (log €) 205 (3.35) nm; ECD (MeOH) A, (Ag) 201 (-7.51)
nm; IR (KBI) Vy,y 3445, 2949, 1715, 1417, 1373, 1242 cm™'; 'H
and "*C NMR data see Table 3; HR-ESI-MS m/z 297.1341 [M - H]
(Calcd. for C47H,304, 297.1338).
(3S,5R,75,95,105)-3-hydroxy-9-acetoxycyper-11(13)-en-4-
one-12-oic acid (7): colorless oil; [a]; +93 (c 0.1, MeOH); UV
(MeOH) (log €) 203 (3.08) nm; ECD (MeOH) A, (A€) 216 (-9.41)
nm; IR (KBI) Vyy 3444, 2946, 1698, 1423, 1374, 1243 cm™'; 'H
and "*C NMR data see Table 3; HR-ESI-MS m/z 323.1512 [M - H]
(Calcd. for Cy7H,304, 323.1495).
(3S,5R,75,95,105)-3,9-dihydroxycyper-11(13)-en-4-one-12-
oic acid (8): colorless block-shaped crystals; [ +30 (c 0.1,
CH3CN); UV (Acetone) (log €) 207 (5.63) nm; ECD (CH3CN) A«
(Ag) 213 (-12.37) nm; IR (KBr) vy, 3398, 2959, 2917, 1689,
1465, 1375, 1217, 1181 cm™’; 'H and °C NMR data see Table 4;
HR-ESI-MS m/z 281.1373 [M - H]  (Caled. for C;sH;0s,
281.1389).
(3R,5R,75,95,105)-3,9-dihydroxycyper-11(13)-en-4-one-12-
oic acid (9): colorless block-shaped crystals; [} +11 (c 0.1,
CH3CN); UV (MeCN) (log €) 198 (2.10) nm; ECD (CH3CN) A, (A€)
245 (+13.27) nm, 296 (-16.01) nm; IR (KBr) vy, 3414, 2919,
1706, 1687, 1423, 1353, 1242 cm™"; 'H and "*C NMR data see Ta-
ble 4; HR-ESI-MS m/z 281.1383 [M - H]™ (Calcd. for C;5H,;0s,
281.1389).
(3R,55,75,95,105)-3,9-dihydroxycyper-11(13)-en-4-one-12-
oic acid (10): colorless oil; [a]? +19 (c 0.1, CH;CN); UV (MeCN)
(log €) 199 (3.08) nm; ECD (CH3CN) A,y (A€) 297.5 (+9.44) nm;
IR (KBI) Vynay 3381, 2927, 2854, 1735, 1716, 1467, 1271 cm™; 'H
and *C NMR data see Table 4; HR-ESI-MS m/z 281.1385 [M - H]
(Calcd. for C;5H,;0s, 281.1389).
(3R,5R,75,95,105)-3-hydroxy-9-acetoxycyper-11(13)-en-4-
one-12-oic acid (11): colorless oil; [a]} +15 (c 0.1, MeOH); UV
(MeOH) (log €) 203 (1.62) nm; ECD (MeOH) A, (A€) 212 (-7.94)
nm, 301 (-11.27) nm; IR (KBr) v, 3445, 2949, 1714, 1692,
1373, 1246 cm™’; 'H and *C NMR data see Table 4; HR-ESI-MS
m/z 323.1492 [M - H]" (Calcd. for C;;H,304, 323.1495).

3.4. X-ray crystallographic analysis of compounds 8 and 9

Crystals were obtained from their respective CH3CN solu-
tions. Suitable specimens were selected for X-ray crystallograph-
ic analysis. The structure was solved and refined using the Bruker
Shelxtl software package. Crystallographic data for each crystal
can be accessed free of charge via the internet at www.ccdc.
cam.ac.uk/conts/retrieving.html or by application to the Cam-
bridge Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK [Tel.: (+44)-1223-336-408; Fax: (+44)-
1223-336-033; E-mail: deposit@ccdc.cam.ac.uk].

Crystal data for compound 8: the crystal was maintained at
140 K during data collection. C;sH,,04 (Mr = 300.34 g-mol™):
monoclinic, space group P2; (No. 4), a = 7.0927 (3) A, b =
15.6810 (6) A, ¢ = 7.6235 (3) A, @ = 90°, = 117.0350 (10)°, y =
90°, V= 755.24 (5) A*, Z= 2, T= 170 K, u(Cu Ka) = 0.844 mm™,
Degie = 1.321 g-cm™, 7293 reflections measured (15.118° < 20 <
148.708°), 2873 unique [Rj,; = 0.0523, Rgigpy = 0.0595) which
were utilized in all calculations. The final R; was 0.0386 (I >
20(0)], and wR, was 0.1018 (all data). Flack parameter: 0.02 (8).
Crystallographic data for 12 have been deposited at CCDC under
deposit No. CCDC2341997.

Crystal data for compound 9: The crystal was maintained at
140 K during data collection. C;5H,,04 (Mr = 300.34 g-mol™): or-
thorhombic, space group P2;2,2; (No. 19), a = 10.0013 (4) A, b =
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10.0117 (8) A, ¢ = 14.9562 (12) A, @ = 90°, B = 90°, y = 90°, V =
1497.56 (18) A’, Z= 4, T = 100 K, u(Cu Ka) = 0.852 mm™, D4 =
1.332 g-em™, 16 744 reflections measured (10.634° < 20 <
143.934°), 2917 unique (R, = 0.0639, Rgign, = 0.0442) which
were utilized in all calculations. The final R; was 0.0431 [I >
20()] and wR, was 0.1127 (all data). Flack parameter: 0.10 (7).
Crystallographic data for 9 have been deposited at the CCDC un-
der deposit No. CCDC2341996.

3.5. LX-2 cell culture and treatment

The human LX-2 HSCs were obtained from the Cell Bank,
Chinese Academy of Sciences (Shanghai, China). LX-2 cells were
cultivated in Dulbecco’s modified eagle medium (DMEM) (HyC-
lone, Logan, UT) supplemented with penicillin (100 U-mL™),
streptomycin (100 mg-mL™), and 10% fetal bovine serum (Gibco,
Carlsbad, CA). Prior to the experiment, LX-2 cells were seeded in-
to twelve-well plates for 12 h. In this study, LX-2 cells were main-
tained in a serum-free medium for 24 h and subsequently treated
with compounds and 10 ng-mL™" TGF- (PeproTech) for an addi-
tional 24 h ',

3.6. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells using TRIzol reagent (Life
Technology, CA) and purified with EZ-10 spin columns and col-
lection tubes (Sangon Biotech, Shanghai, China). The RNA was re-
verse-transcribed to complementary deoxyribonucleic acid
(cDNA) utilizing PrimeScript RT Master Mix as per the manufac-
turer’s instructions (Yeasen Biotech Co., Ltd., Shanghai, China).
The cDNA was then diluted and combined with primers and Hieff
gPCR SYBR Green Master Mix (Yeasen Biotech Co., Ltd.). RT-qP-
CR was conducted using the Applied Biosystems 7500 Fast Real-
Time PCR system (Thermo Fisher Scientific). The results were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) and analyzed using the delta-delta C; method. The primers
for the genes are detailed in Table S1 in Supporting information.
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