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ABSTRACT: In this study, eight lindenane-type sesquiterpene dimers, including five previously undescribed sesquiterpene dimers
(1-5), were isolated from the roots of Chloranthus fortunei, and their structures were elucidated using 1D/2D NMR, HRESIMS, and
ECD calculations. Compound 1 presents the second example of a type of novel 8,9-seco lindenane-type sesquiterpene dimer,
considered a product of 8/9-diketone oxidation. Compounds 2 and 3 represent the third and fourth examples, respectively, of this
kind of C-11 methine dimer. Furthermore, compound 4 was considered as an artifact generated from the radical reaction of a known
compound chlojaponilide F (6), which was explained by the density functional theory quantum calculation. All isolates were
evaluated for their protective activity against the LPS-induced pulmonary epithelial cell line with compound 7 exhibiting the most
potent bioactivity. Further in vitro biological evaluation demonstrated that 7 reduced the production of reactive oxygen species and
interleukin-1/, further regulated by the expression of the NLRP3. These results show that compound 7 exhibits therapeutic potential
for lung inflammatory diseases.

1. INTRODUCTION numerous natural resources or herbal prescriptions to alleviate
the occurrence of inflammatory storms.”'® Furthermore, the
related research has shown some herbs or natural products
exhibited protective activity against ALL''~"’ Therefore,
searching for anti-inflammatory compounds with good proper-
ties from natural products is a considerably important process.

During our ongoing research on anti-inflammatory agents
from natural resources, the roots of C. fortunei have attracted

Chloranthus is a small genus of the family Chloranthaceae,
comprising 17 species, 13 of which are found in China.
Chloranthus fortunei (A. Gray) Solms-Laub, a small herb, is
distributed in various provinces in southern China. In China,
the whole plants of C. fortunei are used as a traditional herbal
medicine for treating inflammation and traumatic injuries,

named as Sidajingang, a name derived from its characteristic . . . )
1 ] .g 8 . - our attention. Previous phytochemical research on the aerial
four leaves.” This plant possesses antioxidant, anti-inflamma-

. . . o U 1 parts of C. fortunei has led to the isolation of various types of
tory, antitumor, antimalarial activities, aligning with its . . . .
- B lindenane-dimers. Lindenane dimers are the most abundant
traditional uses.

. . bioactive compounds in Chloranthus plants'*~"" and can be
Inflammatory diseases pose a prevalent and serious threat to . . .
) o ; classified as shizukaol-type, chlorahololide-type, and sarcano-
human health. If the inflammatory reaction is not effectively

suppressed during such diseases, such as acute lung injury

(ALI) and COVID-19, an inflammatory storm occurs.” ™ An Recf’i"e‘l: May 8, 2024
inflammatory storm can result in sepsis with a considerably Revised:  July 24, 2024
high mortality rate.” In the progression of ALI and COVID-19, Accepted: July 25, 2024

inhibiting the development of inflammation is a highly effective Published: August 2, 2024

treatment method. In the past three years of fighting against
COVID-19, Chinese healthcare workers have adopted
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Figure 1. Compounds 1—8 isolated from roots of Chloranthus fortunei.

OH

lide-type. Shizukaol-type dimers are the earliest type found and
the most widely distributed; the two remaining types of dimers
are relatively rare. In the past two decades, dozens of lindenane
sesquiterpene dimers have been tested for their bioactivities;
results have shown that these compounds display wide
bioactivities, including antitumor, anti-inflammatory, antibac-

34870

terial, neuroprotective, antiviral, and antimalarial activities.
Based on our research on the roots of C. holostegius and C.
fortunei,'™"? we have developed a directional separation
method of lindenane sesquiterpene dimers using HPLC-
DAD methods. Using this method, we directionally isolated
eight lindenane-type dimers, including five previously unre-
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ported dimers (Figure 1). The results of anti-inflammatory
activity evaluation showed that lindenane dimers have
considerable potential for treating inflammatory diseases.
Herein, we report the isolation and structure elucidation of
lindenane sesquiterpenes as well as their biological activity
evaluation.

2. EXPERIMENTAL SECTION

2.1. General Experimental Procedures. NMR spectra
were recorded on a Bruker Avance III 500 NMR instrument
(*H, 500 MHz; 3C, 125 MHz), with TMS as an internal
standard. Mass spectra were recorded on a Dionex Ultimate
3000 UPLC-Q Exactive Plus (HR-ESI-MS). Silica gel (200—
300 mesh, Qingdao Haiyang Chemical Co., Ltd., Qingdao,
China) and RP-C18 (40—63 pm, Fuji, Japan) were used for
column chromatography. Semipreparative HPLC was carried
out using a Thermos N3000 series instrument with a Thermos
Scientific Hypersii GOLD DIM RP-C18 column (10 X 250
mm, 4.6 yum) or a Shimadzu LC-20AR series instrument with a
Shimpak RP-C 5 column and an SPD-20A variable-wavelength
detector.

2.2. Plant Material. The roots of Chloranthus fortunei were
collected from Guangxi Province, China, and identified by Jin
Xie from Anhui Medical University. A voucher specimen (no.
20180520) was deposited at the School of Pharmacy, Anhui
Medical University.

2.3. Isolation and Purification. The powdered roots of
Chloranthus fortunei (15.0 kg) were extracted at room
temperature by using ethanol/H,O (95/S, v/v) three times
to afford a residue (696.0 g) after the solvent was removed.
The residue was suspended in water and partitioned
successively by petrol ether (PE) and ethyl acetate (EtOAc)
to obtain PE-soluble (99.8 g) and EtOAc-soluble (476.9 g)
fractions. The EtOAc-soluble fractions were subjected to silica
gel column chromatography (CC, 600 mm X 100 mm) step
gradient elution by CH,Cl,/CH;0H (from 100:1, 50:1, 25:1,
15:1, 10:1, 5:1 to 0:1) to afford seven subfractions (Fr. EA-
EG). Fr. EA (7.78 g) was subjected to silica gel CC (400 X 30
mm) eluted by PE/EtOAc (7:1—1:1) to obtain five
subfractions (EA1-EAS). Fr. EA3—4 (1.2 g) was subjected to
repeated silica gel CC (400 mm X 30 mm), ODS CC (400
mm X 50 mm, CH;OH/H,0, 50:50 v/v), Sephadex LH-20 gel
CC (1500 mm X 15 mm, CH,OH), and semipreparative
HPLC (150 X 20 mm, S pum, flow rate 10 mL/min) to
generate compound 1 (4.2 mg, t; 17.4 min, CH;OH/H,0,
60:40 v/v) and compound 8 (6.2 mg, t 13.1 min, CH;OH/
H,0, 60:40 v/v). Fr. EB (47.2 g) was subjected to silica gel
CC (100 mm X 600 mm) eluted by CH,Cl,/CH;0H to
obtain 14 subfractions (EB1-EB14). Compounds 5 (12.0 mg,
tx 13.9 min, CH;OH/H,0, 60:40 v/v), 4 (5.1 mg, tg 5.6 min,
CH,;0H/H,0, 60:40 v/v), 3 (10.4 mg, tx 9.6 min, CH;OH/
H,0, 60:40 v/v), and 2 (10.0 mg, t; 16.8 min, CH;OH/H,0,
60:40 v/v) were obtained after repeated silica gel CC (400 mm
X 30 mm, CHCl,;:CH,OH), ODS CC (400 mm X 50 mm,
CH;0H/H,0, 50:50 v/v), Sephadex LH-20 gel CC (1500
mm X 15 mm, CH;OH), and semipreparative HPLC (20 X
150 mm, S ym, flow rate 10 mL/min). Fr. EC (50.5 g) was
subjected to silica gel CC (600 mm X 100 mm) eluted by
CH,ClL,/CH,;OH to obtain 14 subfractions (EC1-EC14).
Compound 6 (3.7 mg, tg 9.3 min, CH;OH/H,0, 50:50 v/v)
and compound 7 (8.4 mg, tp 11.4 min, CH;OH/H,0, 40:60
v/v) were obtained by repeated silica gel CC (400 mm X 30
mm, CHCl;:CH;0H), ODS CC (400 mm X S50 mm,

CH;0H/H,0, 50:50 v/v), Sephadex LH-20 gel CC (1500
mm X 15 mm, CH;OH), and semipreparative HPLC (20 X
150 mm, 5 pum, flow rate 10 mL/min).

2.4. Spectroscopic Data of Compounds. Fortunilide A
(1): yellow amorphous powder. [a]*°, —48.8 (¢ 0.9, CH;0H).
UV (CH;0H): A, (log &) 204 (4.67) nm. IR v,,,, (KBr):
3505, 2925, 1735, 1725, 1663, 1630, 1604, 1155 cm™. 'H and
BC NMR data (CDCl;), see Table 1. HRESIMS: m/z
703.2719 [M + Na]* (calcd for C;,H,,0,,Na, 703.2724).

Fortunilide B (2): yellow amorphous powder. [a]*°y —39.9
(c 0.5, CH;0H). UV (CH;OH): A, (log £) 202 (4.81), 283
(3.84) nm. IR v, (KBr): 3496, 2860, 1736, 1725, 1677, 1658,
1605, 1134 cm™". 'H and *C NMR data (CDCl,), see Table
1. HRESIMS: m/z 633.2581 [M—H]~ (caled for C;H,, 04,
633.2586).

Fortunilide C (3): yellow amorphous powder. [a]*°, +10.2
(¢ 0.3, CH,OH). UV (CH,OH): 4., (log £) 204 (4.78), 283
(3.72), 350 (3.52) nm. IR v, (KBr): 3522, 2859, 1736, 1728,
1678, 1660, 1608, 1143 cm™. 'H and *C NMR data (CDCl,),
see Table 1. HRESIMS: m/z 635.2849 [M + H]* (calcd for
Cs6H 040y 635.2850).

Fortunilide D (4): White amorphous powder. [a]*, —22.4
(¢ 0.1, CH,;OH). UV (CH,OH): 4., (log £) 202 (4.73), 280
(3.54) nm. IR v, (KBr): 3474, 2861, 1740, 1721, 1674, 1656,
1608, 1158 cm™". 'H and *C NMR data (CDCI,), see Table
2. HRESIMS: m/z 833.3025 [M + Na]* (calcd for
C,,H006Na, 833.2991).

Fortunilide E (5): yellow amorphous powder. [a]*, —48.4
(c 1.9, CH;0H). UV (CH;0H): A, (log €) 202 (4.90), 337
(3.83) nm. IR v,,,, (KBr): 3550, 2967, 1742, 1727, 1684, 1662,
1636, 1147 cm™". '"H and *C NMR data (CDCl;), see Table
2. HRESIMS: m/z 747.3047 [M + H]* (caled for C4H,,045,
747.3011).

2.5. HPLC-HR-MS Analysis of the Crude Extracts.
Liquid chromatography—mass spectrometry (LC—MS) was
performed using a Dionex Ultimate 3000 and Thermo Q
Exactive plus instrument. The ion source was electric spray
ionization (ESI), and positive and negative ions were scanned
alternately. The scanning mode was full scan data dependency
two-stage scanning (full scan/ddMS2), with a scanning range
of 100—1000 Da. The capillary temperature, spray voltage in
negative mode, spray voltage in positive mode, sheath gas, and
auxiliary gas were 350 °C, 3800 V, 3200 V, 3S arb, and 15 arb,
respectively. MS2 used low, medium, and high collision
energies with positive and negative ion modes set at 20, 40,
and 60 V. The primary and secondary mass MS resolutions
were FullScan 70000 fwhm (full width at half-maximum) and
MS/MS 17500 fwhm, respectively. The obtained data were
analyzed using Xcalibur (version 4.1).

2.6. Theoretical Calculations for ECD. The conforma-
tions of the compounds were examined by using the OPLS3
force field, followed by quantum chemical geometry
optimization. Gaussian 16 was employed to geometrically
optimize each conformation at the B3LYP/6-311G (2d, p)
level. From these optimization results, the Boltzmann specific
ratio for each conformation was determined. For the dominant
conformation, 60 excited states were calculated using TD-DFT
with the CAM-B3LYP/6-311G(2d,p) basis set. The ECD
spectra were then analyzed using SopecDis software and
compared to the experimental spectra.”

2.7. Theoretical Calculations for Fukui Function and
Free Energy. The density functional theory (DFT) method
was performed by using the Gaussian16 program. The B3LYP/

https://doi.org/10.1021/acsomega.4c04403
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Table 1. 'H and *C NMR Spectroscopic Data for
Compounds 1-3“

1 2 3
no. (mtljlt) Sc Sy (mult) 8¢ Sy (mult) 8¢
1.98 m 24.4 222 m 23.6 2.11m 25.6
0.24 m 11.3 0.58 m 17.1 0.69 m 13.8
0.88 m 1.08 m 1.09 m
3 2.19 m 24.9 143 m 29.0 2.09 m 27.9
4 151.5 143.0 150.2
S 129.8 133.0 139.3
6 2.88d 48.8 3.80 s 45.3 142.1
(83)
3.14 m 58.6 119.1 130.3
171.8 146.5 199.5
180.7 199.8 4.36 s 79.1
10 57.7 57.7 53.5
11 590  275q(7.5) 432 3.39 38.8
(6.9%
12 174.5 172.7 173.6
13 123 s 302 147d(7.5) 290 1.11d 18.3
(6.9)
14 1.37 s 20.6 128 s 24.8 0.99 s 17.4
15 2.63 m 25.1 271 m 26.1 2.84 m 27.0
2.17 m 251 m
1 1.55 m 27.5 1.63 m 25.6 1.58 m 26.3
2 0.58 m 15.0 0.64 m 11.5 0.75 m 12.3
122 m 120 m 129 m
3 1.57 m 29.2 121 m 26.1 1.72 m 28.5
4 79.6 77.3 77.7
s 1.98 m 53.6 1.80 m 61.0 2.64 m 56.6
6 3.00 m 33.5 2.55m 26.5 249 m 21.9
1.85 m 1.90 m 2.64 m
7' 55.2 165.8 165.0
8’ 99.6 92.5 85.7
9 2.00 m 54.3 1.82 59.6 1.94 dd 57.8
overlapped (3.0,7.5)
10’ 41.6 44.7 44.3
11’ 148.5 124.8 125.4
12’ 169.0 173.4 172.5
13’ 642 s 124.7 1.85s 9.0 1.88 s 9.1
6.06 s
14’ 0.77 s 21.7 0.80 s 258.5 0.9S5 s 26.5
18’ 432d 70.4 4.05 d 714 4.08 d 67.9
(11.2) (12.0) (1L.5)
420 d 3.76 d 397d
(11.2) (12.0) (1L.5)
1" 166.7 166.8 166.6
2" 6.09 s 113.6 6.04 s 112.8 593 s 111.9
3" 157.8 159.4 160.4
4" 416 s 67.5 416 s 67.1 4.16d 66.9
(16.0)
410d
(16.0)
s” 2.09 s 15.7 212s 15.9 2.05 s 15.8
9- 3.83 s 53.4
OMe
12- 3.69 s 52.1 3.61s 522 3.59 s 524
OMe

“Data (*H 500 MHz, *C 125 MHz) in CDCL,. &: ppm, J in Hz.

6-31G(d, p) theoretical model was adopted for all calculations.
The potential energy surface scan was performed for reaction
one, and the transition state was found, calculating the energy
barrier. For reaction two, the QST1 method was used to find

Table 2. '"H and *C NMR Spectroscopic Data for
Compounds 4 and 5°

4 5
no. Sy (mult) oc Sy (mult) oc

212 m 26.1 2.17 dt (9.1, 4.9) 28.5

1.08 m 144 1.19 m 154

0.67 m 0.63 m
3 236 m 28.1 1.96 m 26.6
4 91.1 151.3
S 159.0 135.4
6 127.3 1514
7 143.8 129.7
8 198.6 197.1
9 3.86 s 78.0 397 s 83.2
10 50.5 57.6
11 128.9 65.4
12 170.6 172.0
13 1.80 s 21.7 137 s 19.0
14 1.00 s 15.6 1.1S s 14.8
15 3.04 m 372 2.28 dd (17.9, 9.5) 29.2

2.94 dd (18.0, 7.2)

1 1.57 m 27.6 1.63 m 26.6
2/ 0.88 m 10.4 0.64 m 10.4
1.20 m 1.19 m
3 1.78 m 23.1 1.64 m 29.7
4 77.5 78.7
5’ 2.69 m 56.1 1.57 dd (14.2, 2.8) 56.5
6’ 2.60 m 24.5 2.52 dd (14.5, 7.2) 28.2

2.57 m 1.72 d (14.3)

7' 125.6 59.1
8’ 87.8 95.5
9’ 1.78 m 54.3 2.63 dd (9.5, 7.2) 52.1
10’ 45.3 43.1
11’ 166.5 146.1
12/ 172.4 168.4
13/ 5.09 d (13.5) 8.5 5.50 brs 122.9

4.77 d (13.5) 6.18 brs
14/ 0.96 s 27.7 0.93 s 24.0
15’ 4.04 d (12.0) 69.4 4.30d (11.1) 70.4

4,01 d (12.0) 407 d (11.1)
1" 171.6 166.0
2" 5.90 m 111.7 5.90 m 114.4
37 161.1 154.1
4" 4.18 d (15.0) 674 4.60 m 67.3

4.14 d (15.0)
5" 2.10s 16.0 2.12's 16.0
6" 170.1 171.7
7" 2.72 m 29.2 2.68 m 28.9
8" 2.61 m 28.8 2.73 m 29.0
9” 173.1 172.8
6"-OEt 4.11 q (7.5) 61.5

125 t (7.5) 29.7

12-OMe 3.78 s 533 343 s 52.1
9”-OMe 3.69 s 52.1

“Data ('H 500 MHz, *C 125 MHz) in CDCl,. §: ppm, J in Hz.

the transition state, and the reactants and products were
verified through IRC calculations and also calculating the
energy barrier.

2.8. Cell Culture. After inoculating the lung epithelial cell
line MLE-12 cells at a density of 1 X 10° cells per well on a 6-
well plate for 24 h. Then, the MLE-12 cells were stimulated

34872 https://doi.org/10.1021/acsomega.4c04403
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with LPS (50 mM) for 24 h before using for evaluation. Then,
the cells were incubated in the presence or absence of various
concentrations of isolates (1.0, 10.0, 100.0 uM), which was
solubilized with DMSO for 24 h. Subsequently, the cell
supernatant and MLE-12 cells were collected and stored at
—20 °C for future use.

2.9. Cell Viability Tests. The cells were incubated in the
presence or absence of various concentrations of isolates (1.0,
10.0, 100.0 #M), which was solubilized with DMSO for 24 h.
Subsequently, the culture medium was removed. 200 uL of
CCK-8 (0.5 mg/mL) was added to each well, and the mixture
was incubated for 4 h. The supernatant was discarded and 150
uL of DMSO added to each well. The absorbance value of
each well was measured at 490 nm using a microplate
spectrophotometer. The experiment was paralleled three times,
and dexamethasone was used as the positive control.

2.10. The ROS Tests. MLE-12 cells were stimulated with
LPS (50 mM) for 24 h, and 7 (1, 10, 100 xM) was added and
incubated for 24 h at concentrations of 1.0, 10.0, 100.0 uM.
2/,7'-Dichlorofluorescein diacetate (DCFH-DA) was used to
detect intracellular ROS levels in MLE-12 cells. The
instructions of the reagent kit were followed strictly.

2.11. Western Blotting Assays. Total protein was
extracted from the lysate of MLE-12 cells, and the protein
content was determined using the BCA method. SDS-PAGE
electrophoresis was performed on protein samples and
transferred onto PVDF membranes. 5% skim milk powder
was sealed at room temperature for 2 h and incubated with the
relevant primary antibodies (1:1000). The membrane was
rinsed with TBST and reacted with the second antibody
(1:500) coupled with horseradish peroxidase. The membrane
was rinsed with TBST and then developed with an enhanced
chemiluminescence (ECL) luminescent reagent. The optical
density of the main band was measured using grayscale
imaging software (UVP, UK) to calculate the expression of the
aforementioned proteins in lung tissue.

2.12. Statistical Analysis. All data are expressed as the
mean + SD. The test was used to analyze the differences
between sets of data with GraphPad Prism 8 software. All
experiments were repeated at least three times.

3. RESULTS AND DISCUSSIONS

Fortunilide A (1) was isolated as an amorphous powder, with
its molecular formula C;,H,,0,, deduced from the HRESIMS
ions observed at m/z 703.2719 [M + Na]* (calcd 703.2724),

Figure 2. Key HMBC and NOESY correlation of compound 1.

indicating 16 indices of hydrogen deficiency. The 'H NMR
spectrum (Table 1) indicated one singlet olefinic proton signal
(84 6.09), a pair of singlet terminal olefinic proton signals (5y
6.42 and 6.06), two oxygenated methyl groups (S 3.83 and
3.69), and four tertiary methyl groups (5y 2.09, 1.37, 1.23, and
0.77). Two sets of characteristic cyclopropane upfield signals
(84 0.24, m and 0.58, m) indicated that compound 1 was a
lindanane dimer."®'” The 3C NMR spectra of compound 1
showed 37 carbon resonances, including five carbonyl carbon
signals, six olefinic carbon signals, and four oxygenated carbon
signals with the help of the DEPT Q spectra. The
aforementioned data suggest that compound 1 is a lindenane
dimer. Compound 1 was further elucidated by using HSQC
and HMBC spectra (Figure 2). The characteristic singlet
methyl group and the terminal olefinic protons revealed that 1
was a sarcanolide-type lindenane dimer, which was confirmed
via HMBC correlations of H;-13 to C-11, C-7’, and C-12; H-7
to C-6, C-8, C-13, C-11, and C-12; and H-13' to C-7/, C-12/,
and C-11'. The H-14' to C-10’ and C-5' and the H-15' to C-3’
and C-4' revealed the B unit (in blue in Figure 1) of
compound 1. Furthermore, the H-2” to C-1” and C-4"; H-4"
to C-5”; H-5" to C-2"; and H-15' to C-1” revealed a 4-
hydroxymethyl-1-butyryl located at C-15’. The HMBC
correlations of H-13 to C-11, C-7/, and C-12; H-15 to C-3
and C-5; H-2 to C-4; H-3 to C-4; and H-6 to C-8 and C-7
further demonstrated that compound 1 was a sarcanolide-type
dimer. Finally, the HMBC correlation of H;-14 to C-9, C-10,
and C-S; H-1 to C-9; H-7 to C-8; and H;—OCH; to C-9 built
the planar structure of 1 as a novel 8/9-seco sarcanolide-type
dimer. The relative structure of 1 was determined by the
NOESY spectrum (Figure 2). The key correlation of H;-13/H-
7, H5-13/H-6, and H;-14/H-6 revealed the cofacial attribute of
13-CH;, H-6, H-7, and 14-CH;. The correlation of H;-13 and
H,-13’ indicated that the lactone moiety was in the pS-
orientation. Furthermore, the correlation of H-6/H-9’, H-9’/
H;-14', and H-2'/H;-14' and the correlation of H-1'/H-5" and
H-5'/H,-15’ demonstrated the relative configuration of the B
unit. Finally, the presence of a NOESY correlation of H-2" and
H-4" revealed the E geometry of the 2”/3” bond. The absolute
configuration of compound 1 was determined via ECD
calculations using time-dependent density functional theory
(DFT). After a comparison of the calculated curve with the
experimental curve (Figure 3A), we showed the absolute
configuration of compound 1 to be
1R,38,6S,7R,10S,11S,1'R,3'S,4'S,5'R,7'R,8'R,9'S,10’S. Com-
pound 1 was the second example of a C-8/C-9 seco lindenane
dimer, which was considered a product of the oxidation of 8/9-
diketone. This type of lindenane dimer was first reported as
sarglaroid A by the Luo group,”’ isolated from the roots of
Sarcandra glabra (Thunb.) Nakai of the same family,
Chloranthaceae.

Compound 2 has the molecular formula C;,H,4,0,,
deduced from the HR-ESI-MS ion peak observed at
633.2581 [M—H]~ (calcd. 633.2586). The '"H NMR spectrum
(Table 1) revealed 2 was also a lindane dimer, indicated from
the characteristic signals of 1,3-bisubstituted cyclopropane (y
0.64, m and 0.58, m). The '"H NMR and *C NMR spectra
indicated that the structure of 2 closely resembled the known
compound sarglaroid C.”' The main difference between 2 and
sarglaroid C was the substitution of small organic moieties at
C-15’ (4-hydroxyl-S-methylbut-2-enoyl) and C-13’. These
differences were further determined by HMBC correlation of
H;-13 to C-11, C-12, and C-7, H-4" to C-2”, and C-3”, H-2"
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Figure 6. (A) The protective activity against LPS induced MLE-12
cells of compounds 1-3, S, 7, and 8 (100.0 uM). (B) The protective
activity of 7 in LPS stimulated MLE-12 cells of different
concentrations at 1.0, 10.0, and 100.0 uM. Dexamethasone was
used as a positive control. (C) Effects of 7 on the production of SOD
in LPS stimulated MLE-12 cells. (D) Effects of 7 on the production of
IL-1f in LPS stimulated MLE-12 cells (*p < 0.05 or #p < 0.01 versus
the control group indicates statistically significant differences from the
LPS group; *p < 0.0S or **p < 0.01 versus the LPS group).

Figure S. Key HMBC and NOESY correlation of compound 3.

to C-1”, and H-§” to C-2” (Figure 4). The relative
configuration was determined by the NOESY spectrum
(Figure 4), in which the correlation of H-2” and H-§”
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stimulated MLE-12 cells by Western blot (¥p < 0.05 or *¥p < 0.01 versus LPS group, *p < 0.05 versus the control group).

revealed the Z geometry of the C-2”/C-3" double bond. As
previously reported by the Luo group,”’ 13-CHj of this dimer
of this type was p-oriented according to the NOESY
correlation of H;-14/H-6/H-11. The absolute configuration
of compound 2 was elucidated by a comparison of DFT-
calculated ECD and experimental ECD results (Figure 3B).
Although the NOESY test can solve the relative configuration
of 13-CH,, it has certain drawbacks. Therefore, when
calculating the ECD of the absolute configuration of the
compound, we separately calculated the 11S and 11R
configurations. Consequently, C-11 was determined as R,
and the absolute configuration of the whole molecule. In
studies aimed at solving the absolute configuration of such
scaffolds, the ECD exciton chirality method is widely used. A
right-handed helicity of two coupling chromophores, the 7,7-
conjugated system (C-7—C-8—C-9) and the y-lactone (C-7'—
C-11'—C-12’) could be derived from the ECD spectrum of 2,
demonstrating the absolute configuration of 2 as 8'R, which
was consistent with the ECD calculation (Figure 3B).
Compound 3 has the same molecular formula C;H,,0,, as
that of 2, deduced from the HR-ESI-MS [M + H]* ion peak
observed at 635.2849 (calcd. 635.2850). In the 'H NMR
spectrum (Table 1), the characteristic 1,3-bisubstituted
cyclopropane signals (6y 0.69, m and 0.75, m) and a doublet
methyl signal (6 1.11, d, J = 6.90 Hz) indicated that 3 was a
C-11 methine lindanane sesquiterpene dimer. The 'H and *C
NMR resonances indicated that the structure of 3 was
considerably similar to that of the known compound
chololactone G,'® differing only in the small organic acid
moiety at C-15’. The HMBC correlations (Figure 5) of H;-13
to C-11, C-12, and C-7 and H;-11 to C-12 and C-8 and C-6
confirmed the C-11 methine. Moreover, HMBC correlation of
H-4" to C-2" and C-3”, H-2" to C-1”, H-5" to C-2”, and H,-
15’ to C-1” revealed a 4-hydroxyl-S-methylbut-2-enoyl group
located at C-15'. The NOESY correlation of H-2"/H-4"
determined the E geometry of the C-2”/C-3" double bond.
The absolute configuration of 3 was determined by using a
DFT calculation. A comparison of the calculated and
experimental ECD (Figure 3C), showed the absolute
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configuration of 3 to be 1R, 3§, 6S, 7R, 10S, 11§, 13R, 1'R,
3'S, 4'S, S'R, 7'R, 8'R, 9'S, and 10’S. The absolute
configuration of 3 was also confirmed by using the ECD
exciton chirality method (Figure 3C).

Compound 4 was isolated as an amorphous powder, with its
molecular formula C4,H4,O,¢ deduced from the HRESIMS [M
+ Na]* ion peak observed at 833.3025 (calcd. 833.2991). The
'"H NMR and "*C NMR spectra (Table 2) indicated that the
structure of 4 closely resembled that of the known compound
chlojaponilide F (6).>* The only difference was the additional
oxygenated carbon signal at ¢ = 91.1 and the two additional
oxygen atoms in the molecular formula. The HMBC of H-3 to
C-4 and H-15 to C-4 and C-5 revealed a hydroperoxyl at C-4;
furthermore, the double bond at C-4/C-5 was shifted to C-5/
C-6. Compound 4 was elucidated as a peroxidized lindanane-
type dimer. The E geometry of A*” was determined from the
NOESY correlation of H-2” and H-4". At last, the absolute
configuration of 4 was determined using the DFT calculation
of the ECD spectrum (Figure SD) as 1R, 38, 6S, 7R, 108, 118,
1'R, 3’S,4’S, 5'R, 7'R, 8'R, 9'S, 10’S. Both molecules of 4 and
6 have an ethoxy group, which is not commonly found in
natural products. We analyzed the methanol extracts of the
roots of C. fortunei using HPLC-MS and did not find any traces
of them in the results (Supporting Information Part I).
Therefore, compounds 4 and 6 can be considered as artificial
products.

Compound § was obtained as a white, amorphous powder.
Its molecular formula was determined to be C;H ;0,5 from
the HRESIMS [M + H]* ion peak at 747.3047
(calcd.747.3011). The 'H and "*C NMR spectra of 5 (Table
2) were considerably similar to those of the known compound
fortunilide O.”> The only difference was the additional
methoxy group (8y = 3.69). The HMBC correlation of H;—
OCH; to C-9” demonstrated that the additional methoxyl
group was a signal of C-9” methyoxl ester. The NOESY
correlation of H-2"/H-4" determined the E geometry of the C-
2"/C-3" double bond. The absolute configuration of § was
also determined via DFT calculation of the ECD spectrum
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Figure 8. Confirmation of phenomena of the conversion between compounds 4 and 6. (A) HPLC chromatography of 6 after 1 day of the
purification. (B) HPLC chromatography of 6 after 1 week of the purification. (C) HPLC chromatography of 6 after one month of the purification.
(D) The result of the UPLC-HR-MS analysis of 6 after one month of the purification.

(Figure SE) as 1R, 3S, 65, 7R, 10S, 118, 1'R, 3'S, 4'S, S'R, 7'R,
8'R, 9'S, 10'S.

Furthermore, the three compounds 6—8 were individually
obtained and identified as chlojaponilide F (6),”* chloramulti-
lide B (7),"” and fortulactone A (8),'® respectively. For these
methyl ester compounds (1-3, 5, and 8), we confirmed
through LC-MS experiments that these compounds are not
artificial products (Supporting Information Part I).

A previous study on the aerial parts of Chloranthus fortunei
have led to the isolation of a series of anti-inflammatory
lindenane sesquiterpene dimers with potential protective
activity against ALL'® To the best of our knowledge, whole
plants of C. fortunei were used as a traditional herb medicine

34876

for antibacterial and anti-inflammatory applications, promoting
blood circulation, and dispersing blood stasis. To verify
whether these compounds exert protective effects on ALI,
the compounds with relatively large amounts (1-3, S, 7, 8)
were evaluated for their protective activity against LPS-induced
pulmonary epithelial cell line-12 (MLE-12). Results indicated
that 7 showed the most potential protective activity (Figure 6).
After LPS stimulation, MLE-12 cells were affected by reactive
oxygen species (ROS), resulting in cell damage.”**> The
results of immunofluorescence experiments demonstrated that
7 can effectively reduce the impact of ROS, thereby reducing
the level of inflammatory damage (Figure 7). Moreover, we
further validated the activity of compound 7. An ELISA
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experiment involving 7 showed that it can effectively inhibit
the generation of the inflammatory factor IL-1f in cells and
promote the generation of SOD (Figure 6).”**” IL-1f is a key
cytokine in the pulmonary inflammatory response process,”*>”
which is confirmed via Western blotting experiments. The
expression of IL-1f3 is regulated by the inflammasome NLRP3
(Figure 7).>°7** The expression of NLRP3 was significantly
inhibited, as deduced from the Western blotting results.
Although we endeavored to attempt to identify pathways
associated with NLRP3 to further investigate the biological
activity of 7, all attempts were unsuccessful.

Based on the structural aspects of these compounds, as
depicted, the isolates cover almost all types of such
compounds. Lindenane-type dimers are structurally complex
natural products with diversified bioactivities. These types of
dimers have been partly artifact synthesized, such as shizukaol-
type dimers.”> As our previously reported,®* the peroxidized
chlorahololide-type dimer was considered an artifact generated
from the peroxidation of the shizukaol-type dimers. To confirm
this, HPLC-HR-MS was employed to analyze the crude extract
of the roots of C. fortunei. No traces of 4 were found in the
crude extracts of the roots of this plant. To further confirm this
conjecture, a shizukaol-type dimer, 6, was deposited in CDCI,
for 1 day, 1 week, and one month. Subsequently, we conducted
HPLC or HPLC-MS detection at the three time points.
Compound 4 appeared at the very beginning of the retention
time in the HPLC chromatograph from the first day onward
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(Figure 8), indicating that 4 was an artifact generated from the
results of free radical reactions of 6 (Figure 9A). As previously
reported, the small organic acid esters at C-15" and C-13' of
unit B had no decisive effect on the changes in compounds.
Although we explained this mechanism in the paper, we
acknowledge with regret that we have not comprehensively
explained the reactivity of the double bond of C-4/C-5 of
shizukaol-type sesquiterpene dimers and the transition states of
the reaction. In our previous paper, we elucidated that small
molecule acids do not play a crucial role in the progress of the
reaction.>* Thus, we simplified the substituents at C-15’ and
C-13’ for ease of calculation. Based on the DFT calculation,
the Fukui function was expressed as a contour map of the
orbital weight double descriptor (Figure 9B). The purple part
is prone to electrophilic reactions, whereas the blue part is
prone to nucleophilic reactions, revealing that the C4/CS$
double bond of shizukaol-type lindenane dimers is easy to
oxidize. We used DFT calculations to determine the transition
state of this reaction (Figure 9C). First, the substrate produces
C-4 peroxide free radical intermediates with oxygen free
radicals. In this step, two intermediates should be generated
(4-a type or f type). We obtained a stable structure 4/ type
intermediate through structural optimization calculations using
Gaussian at the B3LYP/6-31G (d, p) level and verified the
absence of a 4a type intermediate in imaginary frequencies
through frequency calculation. Thus, 4a type intermediates
cannot be produced. In the latter half of this reaction, a
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transition state forms between the peroxide group and the
hydrogen atom at the C-6 position. Subsequently, C-6
hydrogen atoms are transferred to the peroxide group,
producing the final peroxide product. This transition state
indicates that in order to form a C-4 peroxide hydroxyl
product, the aforementioned peroxide group must be cofacial
with the C-6 hydrogen atom. Therefore, only the final peroxide
product 44-OOH is reported in the literature.

4. CONCLUSIONS

Collectively, eight lindanane sesquiterpene dimers were
isolated from the roots of C. fortunei, and their structural
significances were summarized. Among these, compound 7 was
proven to be the most potent protective molecule against LPS-
induced pulmonary epithelial cell lines. Further biological
evaluation in vitro demonstrated that 7 reduced the production
of ROS and IL-1f which are regulated by the expression of
NLRP3. These results demonstrated the therapeutic potential
of compound 7 in lung inflammatory diseases.
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