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Abstract

Five new diarylbutyrolactones and sesquilignans (1a/1b—4), including one pair of
enantiomers (1a/1b), together with ten-10 known analogues (5—14), were isolated from
the whole plants of Saussurea medusa. Compound 1 was found to possess an unusual
7,8'-diarylbutyrolactone lignan structure. Separation by chiral HPLC analysis led to the
isolation of one pair of enantiomers, (+)-1a and (—)-1b. The structures of the new
compounds were elucidated by extensive spectroscopic data. All compounds, except
compounds 5, 7 and 9, were isolated from S. medusa for the first time. Moreover,
compounds 1—4, 8 and 10—14 had never been obtained from the genus Saussurea
previously. Compounds (+)-1a, 2, 5, 7, and 9-11 were found to inhibit the
lipopolysaccharide (LPS)-induced release of NO by RAW264.7 cells with 1Cs, values
ranging from 10.1 £ 1.8 to 41.7 + 2.1 uM. Molecular docking and iNOS expression
experiments were performed to examine the interactions between the active compounds

and the iNOS enzyme.

Keywords:  Saussurea medusa;  Asteraceae;  dPiarylbutyrolactone  lignan;

sSesquilignan; aAnti-inflammatory activity; mMolecular docking
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Introduction

Saussurea medusa Maxim. is a rare subnival plant known as “snow lotus” whieh
that belongs to the genus Saussurea of the family Asteraceae [1]. The plant is found
predominantly in the Qinghai-Tibet Pplateau at heights of 35004500 m [2]. S. medusa
is an important traditional Chinese medicinal herb used to treat anthrax, stroke,
rheumatoid arthritis, placental retention and mountain sickness [3]. In a previous study,
we found that an ethanol extract of S. medusa possessed potential anti-inflammatory
properties [4]. The aim of the present study was to identify and characterize the anti-
inflammatory compounds of S. medusa.

Herein, we report on the isolation and characterization of five new
diarylbutyrolactones and sesquilignans, together with ten-10 known analogues from the
whole plants of S. medusa. Extensive spectroscopic data; and time-dependent density
functional theory-based electronic circular dichroism (TDDFT-ECD) calculations [5]
led to the identification of their chemical structures. The anti-inflammatory activities of
the compounds were preliminary assessed in vitro by examining their abilities to inhibit
the LPS--induced NO production in RAW264.7 macrophage-like cells. The interactions
between the bioactive compounds and iNOS were further explored using molecular

docking and iNOS expression experiments.

Results and Discussion
The ethyl acetate fraction from the whole plants of S. medusa was subjected to

repeated chromatographic separations to afford five new lignans (1a/1b—4), namely
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medusarins A—D (1a/1b—4), see Fig. 1.

Medusarin A (1) was obtained as a colorless gum. Its molecular formula was
determined to be CyoH,(Og based on the sodium adduct [M + Na]* at m/z 411.1056 in
HRESIMS corresponding to 11 indices of hydrogen deficiency (IHDs). The IR
spectrum of 1 displayed characteristic absorption bands of hydroxy (3359 cm),
carbonyl (1741 ecm!) and C=C bond (1645 cm™") groups. The 'H NMR spectroscopic
data (Table 1) in conjunction with HSQC data revealed the presence of two aromatic
rings, including an ABX coupling system at oy 7.08 (1H, d, /= 1.8 Hz, H-2"), 6.83 (1H,
d, J = 8.3 Hz, H-5") and 7.02 (1H, dd, J = 8.3, 1.8 Hz, H-6"), assignable to a 1,3.,4-
trisubstituted benzene ring. Two equivalent aromatic protons at oy 6.58 (2H, s, H-2, 6)
indicated the existence of a 1,3,4,5-tetrasubstituted aromatic ring. In addition, an
oxygenated methylene at dy 3.93 (1H, dd, J = 15.1, 8.1, H-9a) and 3.62 (1H, dd, J =
15.1, 7.0, H-9b), one allylic hydrogen signal at oy 7.49 (1H, s, H-7"), two methines at
oy 3.66 (1H, dd, J = 8.1, 7.0, H-8) including one oxygenated at dy 5.60 (1H, brs, H-7),
and two methoxy groups at oy 3.82 (6H, s, H-3, 5) were also observed. The 3C NMR
and DEPT spectra revealed 20 carbon signals, consisting of 12 aromatic carbons, a
double bond, one oxygenated methylene carbon, two methoxy groups, two methine

carbons (one oxygenated) and a lactone carbonyl group signal. Two aromatic rings (A

and B), a lactone carbonyl and a double bond group accounted for ter-10 out of 11 IHDs.

The remaining IHD in the molecule implied the existence of the butyrolactone ring C
in compound 1.

The aforementioned evidence indicated that compound 1 was similar to
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impecylenolide [6], a lignan previously isolated from I/mperata cylindrica, except for

the presence of a methoxy group at C-5 and the replacement of a methoxy group by a

oNOYTULT D WN =

9 hydroxy group at C-3"in 1. This was confirmed by analysis of the 2D NMR and was
12 also consistent with its molecular formula.

The (E)-configuration of the C7'-C8' double bond in 1 was deduced from the
17 ROESY correlations (Fig. 2) between H-2'/H-6' and H,-9. This was also supported by
20 a more de-shielded signal for H-7' (7.49 ppm), which was in agreement with the
22 reported chemical shifts (7.20—7.69 ppm) for the (E)-configuration [7, 8]. The ROESY

25 correlation of H-7/H,-9 indicated the frans orientation of H-7 and H-8, which was

supported by a small coupling constant (J7 3= 0) [6]. Thus, the relative configuration of
30 1 was determined as 75",8R".

33 An ECD spectrum was recorded to establish the absolute configuration of 1, but
35 surprisingly, there was no obvious Cotton effect (CE), which suggested the racemic
38 nature of 1. This prediction was confirmed by the presence of two peaks in chiral HPLC
analysis. Compounds (+)-1a and (—)-1b were successfully separated in a ratio of
43 approximately 1:1 (Figure 46S, Supporting Information), showing typical antipodal
46 ECD curves (Fig. 3) and specific rotations of opposite sign. By comparing their
48 calculated ECD and experimental ECD (Fig. 3), the calculated ECD curve of (75,8R)-
51 form matched well with the experimental ECD spectrum of (+)-1a, which allowed the
assignment of the absolute configuration of (+)-1a as 7S5,8R. Thus, the almost mirror-
56 image ECD curve of (—)-1b was assigned to the 7R,8S configuration.

59 Medusarin B (2) possessed a molecular formula of C;;H»,07 as deduced by (+)-
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HRESIMS at m/z 411.1424 [M + Na]*. The 'H and '3C NMR spectra (Table 1) showed
the existence of two benzene rings (one 1,3,4-trisubstituted, the other 1,2.4,5-
tetrasubstituted), three methylenes (one oxygenated), two methines, three methoxy
groups and a lactone carbonyl group. The 'H and 13C NMR spectral features indicated
that compound 2 was very similar to arctigenin [9], a compound (5) also isolated from
this plant during this study. The difference was the existence of a hydroxy group at C-
2 in compound 2. The HMBC correlations between H-6/H,-7 and C-2, in combination
with the different pattern of proton peaks in the aromatic region, supported this
deduction, which was also in accordance with its molecular formula.

According to Corrie et al. [10], the relative configuration of the 8§,8'-
diarylbutyrolactone lignan can be determined by NMR comparison of the methylene
protons at C-9. Equivalent chemical shifts of H,-9 correspond to the cis-configuration,
while different chemical shifts correspond to the trams-configuration. Thus, the
configuration at C-8 and C-8' was assigned as trans on the basis of the unequal chemical
shifts observed for H,-9 [0y 4.14 (1H, dd, /= 9.0, 6.7 Hz, H-9a) and 3.93 (1H, dd, J =
9.0, 7.0 Hz, H-9b)]. This deduction was confirmed by comparing the 'H and '3C NMR
data with those of arctigenin (5), an analog with the same trans-configuration. ECD
calculations were used to determine the absolute configuration of 2, and the calculated
ECD curve of the (8R,8'R)-form matched well with the experimental ECD spectrum of
2 (Fig. 3), indicating an 8R,8'R configuration for 2.

Medusarin C (3) possessed a molecular formula of C3;H3¢0;( based on the sodium

adduct at m/z 591.2208 [M + Na]" in (+)-HRESIMS. The '"H NMR spectrum data (Table
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2) of compound 3 combined with HSQC revealed three sets of ABX systems. An

arylglyceryloxy moiety was revealed by signals of a vicinal coupling system attributed
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9 to two oxygenated methines at oy 4.94 (1H, d, J=4.7 Hz, H-7") and 4.13 (1H, m, H-
12 8") and an oxygenated methylene at dy 3.89 (1H, dd, J=12.2, 4.0 Hz, H-9"a) and 3.66
(1H, dd, J=12.2, 3.4 Hz, H-9"b). The '3C NMR and DEPT spectra showed 31 carbon
17 signals assignable to 18 aromatic carbon signals, four methylene carbons (two
20 oxygenated), four methine carbons (two oxygenated), four methoxy groups and a
lactone carbonyl group. These data suggested that compound 3 was a sesquilignan, and
25 its structure made up of two parts (Figure 47S, Supporting Information).

The structure of 3 was established by further examination of the 2D NMR spectra.
30 First, five spin--coupling units were identified via the 'H-"H COSY spectrum as show
33 in Figure 47S, Supporting Information. The connection of the five structural units with
35 other functional groups was then made using the HMBC spectrum (Figure 478S,
38 Supporting Information). In the HMBC spectrum of 3, the long-range correlations from
H-7"/C-1", C-2", C-6"; H-2"/C-4", C-6" confirmed that part I was a 3,4-disubstituted
43 phenylglyceryl unit, and the HMBC correlations of 3"-OMe identified a methoxy group
46 at C-3". The HMBC correlations of H,-7'/C-1', C-2', C-6', C-9'; H-2'/C-4', C-6"; 3'-
48 OMe/C-3"; Hp-7/C-1, C-2, C-6; H-2/C-4, C-6; 3-OMe/C-3; 4-OMe/C-4; H,-9/C-9'
51 indicated that part II was arctigenin (5), which was confirmed by comparing their 1D
NMR data. Parts I and II were linked by the formation of an ether bond between C-8"
56 and C-4', although a correlation from H-8" to C-4' was not observed in the HMBC

59 spectrum of 3. NOE enhancements of H-2", H-6"; and H-5', observed after irradiation
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of H-8" in a NOE difference experiment (Figure 25S, Supporting Information),
indicated a connection between C-8" and C-4' in 3. This deduction was also verified by
the obvious downfield chemical shift of C-8" (dc 87.4) compared to a typical
hydroxylated carbon. Thus, the planar structure of 3 was established.

The relative configuration in part Il was assigned as trans on the basis of observed
unequal chemical shifts of Hy-9 [dy 4.15 (1H, dd, J= 9.0, 8.0 Hz, H-9a) and 3.88 (1H,
dd, J=9.0, 7.0 Hz, H-9b)]. The absolute configuration of 8R,8'R was assigned based
upon biogenetic considerations; and also by comparison of its 'H and '*C NMR spectral
data with those of arctigenin (5). The 7",8"-erythro configuration was deduced due
tofrom the observed small coupling constant (J;g» = 4.7 Hz) [11]. The 7"S
configuration was defined by a positive CE at 345 nm (the E band) in the
Rhy(OCOCF3)s-induced ECD spectrum of 3 (Fig. 4) [12, 13]. Therefore, the absolute
configuration of 3 was 8R,8'R,7"S,8"R and this conclusion was further supported by the
calculated ECD spectrum of (8R,8'R,7"S,8"R)-3, which exhibited a pattern similar to
the experimental one (Fig. 3).

Medusarin D (4) was found to have a molecular formula of C3;H360, established
by the observation of a (+)-HRESIMS ion at m/z 591.2211 [M + Na]". The IR and the
NMR data (Table 2) of 4 highly resembled those of 3, suggesting that they were isomers
of each other. The main difference between 3 and 4 was the coupling constant of H-7"
and H-8" (J;»g» = 7.9 Hz), which indicated a 7",8"-threo configuration of 4. The 7"R
configuration was defined by a negative CE at 342 nm (the E band) in the

Rhy(OCOCF;3)s-induced ECD spectrum of 4 (Fig. 4). Therefore, the absolute
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configuration of 4 was 8R,8'R,7"R,8"R, which was further verified by the ECD

calculations.

oNOYTULT D WN =

2 Along with the new lignans, the ten—10 previously reported lignans, inelading
12 namely arctigenin (5) [9], (—)-traxillagenin (6) [14], (—)-matairesinol (7) [15], (+)-
matairesinol (8) [16], (—)-7(S)-hydroxyarctigenin (9) [9], (+)-7(R)-hydroxyarctigenin
17 (10) [9], phenaxolactone 1 (11) [17], acutissimalignan B (12) [18], (+)-7,8-
20 didehydroarctigenin (13) [19] and arctignan A (14) [20], were also obtained and
identified on the basis of spectroscopic analysis and comparison with literature data.
25 All the isolates were screened for their inhibitory effects on NO production in LPS-
stimulated RAW264.7 macrophage-like cells (Table 3). Compounds 2, 5 and 11
30 exhibited marked inhibition with ICs, values of 13.2 £ 1.3, 10.1 = 1.8 and 10.3 £ 1.9
33 UM, respectively. These values were comparable to that of the positive control
35 quercetin (ICso = 15.9 + 1.2 uM). Compounds (+)-1a, 7, 9 and 10 displayed moderate
38 inhibitory activities with ICsy values ranging from 16.2 + 2.0 to 41.7 + 2.1 uM.
Arctigenin (5), the major constituent in S. medusa, significantly inhibited the
43 production of NO in LPS-stimulated RAW264.7 cells and might contribute to the
46 reported anti-inflammatory effects of S. medusa extracts [4].

48 Some preliminary structure-activity relationships could be drawn. The phenolic
hydroxy group (especially the 4'-OH group) was found to be essential for the observed
inhibitory effects. Absence of the 4'-OH group resulted in a loss of activity as those
sesquilignans whieh-that lacked this (compounds 3, 4 and 14) displayed poor inhibition

59 of iNOS in LPS-induced RAW264.7 cells. Secondly, the C-8' chiral environment was
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also deemed to be essential, as the introduction of a C7'-C8' double -bond led to the loss
of activity (compounds 12 and 13). Also, compound 7 exhibited good activity due
tebecause of its stereoselectivity. Compound 6 was inactive, likely due-tobecause of the
additional 3-OMe group on aromatic ring B. However, the presence of a 2-OH group
instead (compound 2) enabled inhibition. Furthermore, it is interesting to note that
compound (+)-1a showed inhibitory effects, while its enantiomer (—)-1b was inactive.

In order to explore the mechanisms by which these compounds inhibit NO
production, molecular docking and iNOS expression studies (Fig. 5) were conducted.
The active compounds (+)-1a, 2, 5, 7 and; 9—11 and the positive control quercetin were
selected for molecular docking studies to investigate their interactions with the iNOS
enzyme. The docking results are presented in Table 4. With the exception of compound
9, the active compounds exhibited excellent docking scores (< -7.0 kcal/mol) with
iNOS. Of particular interest was the fact that compound 5 showed the lowest docking
score with_the iNOS enzyme, consistent with its strong inhibitory effect.

To further explore the underlying mechanisms, we investigated the effect of
selected compounds on iNOS expression. As reported in_the literature, arctigenin (5)
inhibits the-iNOS expression in LPS-induced RAW264.7 cells [21, 22]. In this study,
compounds 2 and 11 were selected to investigate their inhibitory effects on the-iINOS
expression. As shown in Fig. 6, the-iINOS expression was significantly increased after
LPS stimulation and both compounds 2 and 11 showed a dose--dependent reduction in
the expression of iNOS in LPS--treated RAW264.7 cells. The results suggest that
compounds 2 and 11 inhibit the production of NO by reducing the-iINOS expression.

10
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In conclusion, five new diarylbutyrolactones and sesquilignans, together with ten

known analogues, were separated from the whole plants of S. medusa. Among them,

oNOYTULT D WN =

9 compounds 1, 2 and 5—13 were diarylbutyrolactone lignans, with compound 1 featuring
12 an unusual 7,8'-diarylbutyrolactone lignan. Compounds 3, 4 and 14 were found to be
sesquilignans. Overall, these findings not only provide more data on the chemical
17 diversity of lignans present in S. medusa, but also indicate that diarylbutyrolactone
20 lignans, such as arctigenin, may serve as potential lead compounds for further anti-
inflammatory drug development. This should stimulate further studies on the anti-
25 inflammatory activities of the constituents of S. medusa.
Material and Methods
30 General experimental procedures
33 Optical rotations (Na lamp, 589 nm) were measured on a Rudolph Autopol VI
35 automatic polarimeter at room temperature. UV spectra were determined on a
38 Shimadzu UV-2550 UV-visible spectrophotometer. ECD spectra were acquired on a
JASCO J-815 spectrometer using a 0.1 cm path length sample cell and a JASCO LC-
43 J1500 consisting of a MD-4014 photo-diode array detector, an AS-4050 HPLC auto
46 sampler, a PU-4185 binary and a CO-4060 column oven. IR spectra were recorded on
48 a Thermo IS5 spectrometer with KBr panels. NMR experiments were performed on a
51 Bruker Avance III 600 MHz spectrometer (Bruker Biospin AG) using TMS as the
internal standard. (£)-ESIMS and (+)-HRESIMS data were obtained on a Bruker
56 Daltonics Esquire 3000 Plus LC-MS instrument and a Waters Q-TOF Ultima mass
59 spectrometer, respectively. Column chromatography (CC) was performed using silica
11
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gel (200—300 and 300—400 mesh, Qingdao Haiyang Chemical Co. Ltd.), Sephadex LH-
20 (GE Healthcare), MCI gel (CHP20P, 75—150 um, Mitsubishi Chemical Industries,
Ltd.) and C18 reversed-phase silica gel (150—200 mesh, Merck). Precoated silica gel
GF254 plates (Qingdao Haiyang Chemical Co. Ltd.) were used for TLC detection.
Semipreparative HPLC was carried out on a Waters 2695 instrument equipped with a
Waters 2489 detector (210 and 254 nm) using a Waters X-Bridge Prep C18 column
(250 x 10 mm, S-5 um) or a YMC-Pack ODS-A column (250 X 10 mm, S-5 um). A
Daicel Chiralpak IG (250 % 4.6 mm, S-5 um) column was used for chiral HPLC
separation. Rh,(OCOCF;), was purchased from Sigma-Aldrich. All solvents except
HPLC solvents were purchased from Shanghai Chemical Reagents Co. Ltd. and were
of analytical grade. Solvents used for HPLC were of HPLC grade and were obtained
from J & K Scientific Ltd.-
Plant material
The whole plants of S. medusa were collected from Yeniu Ditch (altitude 4100

m), Qilian County, Xining City, Qinghai Province in August 2018, and authenticated
by Professor Lijuan Mei from Northwest Institute of Plateau Biology. The specimen
was deposited in the Key Laboratory of Tibetan Medicine of the Chinese Academy of
Sciences (access number: 0341202).
Extraction and isolation

The air-dried and powdered whole herbs of S. medusa (15.0 kg) were soaked
overnight with 95% ethanol and then extracted with 95% ethanol (3 times, 75 L and 12
h) to obtain the crude extract (800 g). The extract was suspended in water (4_L) and

12
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successively partitioned with petroleum ether (5 % 4 L), EtOAc (5 % 4 L) and n-butanol

(5 x4 L). The EtOAc-soluble fraction (90 g) was subjected to column chromatography

oNOYTULT D WN =

9 on MCI gel (5 x 40 cm, 100-200 mesh) eluted with MeOH-H,O (10% to 100%) to give
12 fractions F1-F7 based on TLC analysis. F5 (26.4 g) was separated by a silica gel
column eluted with a gradient of CH,Cl,/MeOH (400:1 to 10:1) to yield fractions
17 F5a—F5g. F5d (0.98 g) was fractioned via Sephadex LH-20 (MeOH) (3 x 150 cm),
20 followed by RP semi-preparative HPLC (41% MeOH in H,0) to yield 2 (19 mg, #r =
22 41 min). Fraction F5f (1.6 g) was separated over a Sephadex LH-20 column (3 % 150
25 cm) eluted with MeOH to afford subfractions F5f1-F5f7. Fraction F5f2 (343 mg) was
subjected to a silica gel column eluted with CH,Cl,/MeOH (400:1 to 1:1) in gradient to
30 give subfractions F5f21-F5f24. F5f23 (61 mg) was then purified by semi-preparative
33 HPLC with 44% MeOH in H,O as the mobile phase to afford 3 (12 mg, r =43 min)
35 and 4 (8 mg, tx = 46 min). Fraction F4 (15.8 g) was subjected to a silica gel column
38 eluted with CH,Cl,/MeOH (400:1 to 1:1) in gradient to give subfractions F4a—F4k.
Separation of F4k (1.0 g) with Sephadex LH-20 (MeOH) (3 x 150 cm) yielded
43 subfractions F4k1-F4k3. Fraction F4k2 (243 mg) was subjected to a silica gel column
46 eluted with n-hexane/isopropanol (80:1 to 1:1) in gradient to give subfractions
48 F4k21-F4k23. F4k22 (97 mg) was then purified by RP semi-preparative HPLC (32%
51 MeOH in H,0) to yield 1 (15 mg, tg = 21 min). The isolation procedure of the known
compounds is described in_the Experimental Section, Supporting Information.

56 Medusarin A (1): colorless gum; [«]*’p +0.7 (¢ 0.57 in MeOH); 'H and '*C NMR
59 (CD;0D) data, see Table 1; IR (KBr) vax 3359, 2922, 2851, 1741, 1645, 1468, 1384,

13
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1260, 1041 cm'; UV (MeOH) Ay (log €) 237 (3.25), 340 (3.37) nm; (+)-ESIMS m/z
799.1 [2M + Na]*; (—)-ESIMS m/z 387.4 [M — H]; (+)-HRESIMS m/z 411.1056 [M +
Na]* (caled for Cy0HpoNaOg, 411.1050, A -1.39 ppm).

1a: colorless gum; [ @]*’p +83.8 (¢ 0.1 in MeOH); ECD (MeOH) A (Ag) 209 (—14.95),
239 (—=7.47), 305 (+7.90), 336 (+9.07) nm;

1b: colorless gum; [@]*p —87.2 (¢ 0.1 in MeOH); ECD (MeOH) A (Ag) 209
(+16.50), 239 (+9.68), 305 (-9.38), 336 (—10.42) nm;

Medusarin B (2): white amorphous solid; []*’p +5.2 (¢ 0.23 in MeOH); 'H and '3C
NMR (CDCI;) data, see Table 1; IR (KBr) v 3422, 2933, 1751, 1612, 1518, 1452,
1384, 1204, 1117, 1031 cm™'; UV (MeOH) Amax (log &) 230 (3.44), 286 (3.18); ECD
(MeOH) A (Ag) 211 (8.59), 233 (=6.56), 290 (+0.85) nm; (+)-ESIMS m/z 406.4 [M +
NH.]"; (-)-ESIMS m/z 387.4 [M — H]"; (+)-HRESIMS m/z 411.1424 [M + Na]* (caled
for C;1Hp4NaO-, 411.1414, A -2.44 ppm).

Medusarin C (3): light yellow amorphous solid; []*’p —11.8 (¢ 0.22 in MeOH); 'H
and 3C NMR (CDCls) data, see Table 2; IR (KBr) viax 3447, 2936, 1763, 1591, 1514,
1463, 1421, 1265, 1235, 1123, 1028 cm~!; UV (MeOH) Apa, (log &) 230 (3.68), 280
(3.27); ECD (MeOH) / (Ag) 238 (~7.78), 282 (~2.17) nm; (+)-ESIMS m/z 591.6 [M +
Na]*; (—)-ESIMS m/z 567.3 [M — H]; (+)-HRESIMS m/z 591.2208 [M + Na]* (calcd
for C31H36NaO, 591.2201, A -1.28 ppm).

Medusarin D (4): light yellow amorphous solid; [@]*p —26.7 (¢ 0.31 in MeOH); 'H
and 3C NMR (CDCls) data, see Table 2; IR (KBr) viax 3471, 2936, 1763, 1605, 1515,
1464, 1266, 1156, 1028 cm™'; UV (MeOH) Amax (log &) 230 (3.61), 278 (3.23); ECD

14

Georg Thieme Verlag KG, P.O. Box 30 11 20, D-70451 Stuttgart, Germany www.thieme.de/plantamedica

Page 14 of 92



Page 15 of 92 Manuscript submitted to editorial office

(MeOH) 1 (Ae) 211 (+4.97), 236 (~8.28) nm; (+)-ESIMS m/z 591.5 [M + Na]*; (-)-

ESIMS m/z 567.3 [M — H]7; (+)-HRESIMS m/z 591.2211 [M + Na]" (calcd for

oNOYTULT D WN =

2 C;51H3¢NaOyg, 591.2201, A -1.78 ppm).
12 ECD calculations for 1—4

The absolute configurations of 1-4 were determined by TDDFT-ECD calculations.
For calculation details see the Experimental Section, Supporting Information.
20 Determination of NO production and cell viability assay
Measurements of NO production in an activated macrophage-like cell line were
25 performed as described previously [23]. Briefly, RAW264.7 cells (1x10° cells/well)
were cultured in 96-well plates with a DMEM high-glucose medium supplemented with
30 10% fetal bovine serum (FBS), I mM pyruvate, 2.0 mM glutamine, 100.0 U/mL of
penicillin and 10.0 ug/mL of streptomycin at 37-°C in a humidified atmosphere with 5%
35 CO,. The cells were treated with 1.0 ug/mL of LPS and with the test compounds for 24
h. Absorbance was measured at 540 nm after incubating the culture media (100 uL/each
well) with Griess reagent (100 uL) (Sigma-Aldrich) at room temperature. The
43 concentration of NO was calculated using a NaNO; solution standard. Cell viability was
measured using the MTT-based colorimetric assay (fFor experimental details see_the
48 Experimental Section, Supporting Information).
51 Molecular docking study
Chemical structures of active compounds were drawn using the ChemDraw
56 program and converted to their three-dimensional (3D) coordinates in Chem3D. Each
59 of them was subjected to energy minimization by the MM2 method and saved in “pdb”

15
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format. The 3D crystal structure of iNOS (PDB ID: 3E6T) was obtained from the RCSB
Protein Data Bank (https://www.rcsb.org/pdb) [24] and handled in_the Biovia
Discovery Studio Visualizer 2020 program for checking any missing residue/atom and
deleting co-crystallized molecules such as cofactors, inhibitors; and water. The proteins
and ligands were processed and converted to “pdbqt” format. A grid box with
dimensions of 30, 30; and 30 points in x, y, and z directions, respectively, were built.
Molecular docking was performed using AutoDock Vina with default parameters, and
the binding sites were defined within 10 A around the co-crystallized ligands. Each
docking involved nine independent runs. The docked model with the lowest docking
energy was selected to represent its most favorable binding pattern.
Measurement of iNOS expression

iNOS expression was measured according to a previous report [25]. Briefly, after
the treatment with LPS (1.0 ug/mL) and target compounds for 24 h, cells were washed
with PBS and suspended in a lysis buffer. Cell debris were removed by centrifugation.
After the protein concentration for each aliquot was determined with BCA reagent,
suspensions were boiled in_.an SDS-PAGE loading buffer. The proteins were subjected
to gel electrophoresis and electrophoretically transferred onto PVDF membranes. The
membranes were blocked with blocking solution at r. t. for 2 h. After washing, the
membranes were incubated with a 1:1000 dilution of monoclonal anti-iNOS antibody
and a 1:5000 dilution of S-actin antibody overnight at 4-°C-C.. Blots were then washed
thrice with TBST and incubated with a 1:3000 dilution of secondary antibody solution
for 1 h at r.-t.- Blots were again washed thrice with TBST and then detected by using

16
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enhanced chemiluminescence reagent and exposed to photographic films. Images were
collected and the related bands were quantitated by densitometric analysis.
Supporting Information

1D and 2D NMR, IR, UV, ESIMS; and HRESIMS spectra of compounds 1-4,
chiral HPLC separation profile of 1a/1b, '"H-'H COSY and key HMBC correlations of
compounds 1-4, data of cell viability and the inhibition of NO production, isolation
procedure of known compounds and the ECD calculation method are available as
Supporting Information.
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Legends for Figures

43 Fig. 1. Chemical structures of compounds 1-14.

46 Fig. 2. Key ROESY correlations of compound 1.

48 Fig. 3. Experimental and calculated ECD spectra of compounds 1-4.

Fig. 4. Rhy(OCOCFj3)s--induced ECD spectra of compounds 3 and 4 in CH,Cl,.

Fig. 5. Molecular docking simulations of compounds 1a (A), 2 (B), 5 (C), 7 (D), 9 (E), 10 (F),
11 (G) and quercetin (S) with_the iNOS enzyme.

59 Fig. 6. Concentration-dependent inhibition of compounds 2 and 11 on iNOS expression. (A)
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Typical blotting of iNOS and fS-actin. (B) The bar chart shows the quantitative evaluation of iNOS

bands by densitometry. Data represents the mean + SD (rn=3). *p<0.05, **p<0.01 compared with

LPS.
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Table 1. 'H NMR Data (400 MHz) and '3C NMR Data (125 MHz) for compounds 1 and 2
1¢ 2t
position Jy (J in Hz) dc, type oy (Jin Hz) Jc, type
1 — 133.0,C — 1155,C
2 6.58, s 103.7, CH — 147.8,C
3 — 149.6, C 6.35,s 1012, CH
4 — 136.8, C — 148.6,C
5 — 149.6, C — 143.0,C
6 6.58, s 103.7, CH 6.41,s 114.6, CH
7 5.60, brs 83.2, CH a2.62,dd (13.8,7.7) 32.6, CH,
b2.55,dd (13.8,8.1)
8 3.66, dd (8.1, 7.0) 51.5,CH 259, m 39.8,CH
9 a3.93,dd (15.1,8.1) 62.5, CH, a4.14,dd (9.0,6.7) 71.8, CH,
b3.62,dd (15.1,7.0) b3.93,dd (9.0,7.0)
I — 126.9,C — 129.9,C
2 7.08,d (1.8) 117.9, CH 6.63,d(1.8) 1119, CH
3 — 146.9, C — 146.7,C
4 — 149.6,C — 1445,C
5 6.83,d(8.3) 116.9, CH 6.78,d (8.0) 1142, CH
6 7.02, dd (8.3, 1.8) 125.0, CH 6.60, dd (8.0, 1.8) 122.4, CH
7 7.49, s 141.0, CH 22.93,dd (14.1,4.9) 34.6, CH,
b2.88,dd ( 14.1,6.4)
8 — 122.1,C 261, m 46.8, CH
9 — 175.0,C — 179.6,C
OMe33' 3825/ 56.8, CHy/ /3.80, s /56.0, CHy
OMe-4/5 /3.82,'s /56.8, CH; 3.78, 5/3.76, s 56.1, CHy/56.8, CHs

aMeasured in CD;0D. ®Measured in CDCl;.
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Table 2. '"H NMR Data (400 MHz) and '*C NMR Data (125 MHz) for compounds 3 and 4 in CDCls
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position  Jy (Jin Hz) Jc, type position  Jy (Jin Hz) dc, type position  Jy(Jin Hz) Jc, type position  Jy (Jin Hz) dc, type

1 — 130.5,C 1" — 131.9,C 1 — 130.5,C 1" — 131.6,C

2 6.50,d (1.9) 112.1,CH 2" 6.96,d (1.7) 108.8, CH 2 6.51,d(1.9) 112.1,CH 2" 6.96,d (1.7) 109.5, CH

3 — 149.2,C 3" — 146.8,C 3 — 149.2,C 3" — 146.8, C

4 — 148.1,C 4" — 145.3,C 4 — 148.1,C 4" — 145.8,C

5 6.76,d (8.1) 111.6,CH 5" 6.87,d (8.1) 114.4, CH 5 6.77,d (8.1) 111.6,CH 5" 6.88,d (8.1) 114.5,CH

6 6.55,dd (8.1, 1.9) 120.7,CH 6" 6.80,dd (8.1, 1.7) 119.2, CH 6 6.56,dd (8.1, 1.9) 120.8,CH 6" 6.90,dd (8.1, 1.7) 120.3,CH

7 a2.65,dd (14.0,6.0) 383,CH, 7" 4.94,d (4.7) 73.0, CH 7 a2.69,dd (14.2,6.0) 383,CH, 7" 4.94,d(7.9) 74.2, CH
b 2.55,dd (14.0, 7.0) b2.58,dd (14.2,7.0)

8 2.48, m 41.3,CH 8" 413, m 87.4,CH 8 2.49, m 41.2,CH 8" 3.99,m 89.5,CH

9 a4.15,dd (9.0, 8.0) 714,CH, 9" a3.89,dd (12.2,4.0) 61.0,CH, 9 a4.15,dd (9.0, 8.0) 714,CH, 9" a3.50,dd (12.0,4.5) 61.3,CH,
b 3.88, dd (9.0, 7.0) b 3.66,dd (12.2,3.4) b3.90, dd (9.0, 7.0) b3.61,dd (12.0,3.7)

' — 133.9,C OMe-3  3.82,s 56.1, CH; ' — 133.9,C OMe-3  3.82,s 56.1, CH;

2' 6.73,d (1.9) 113.3,CH OMe-4  3.85,s 56.1, CH; 2! 6.74,d (1.9) 113.3,CH OMe-4  3.85,s 56.1, CH;

3 — 151.7,C OMe-3'  3.83,s 56.1, CH; 3 — 151.4,C OMe-3'  3.83,s 56.1, CH;

4 — 145.9,C OMe-3"  3.87,s 56.1, CH; 4 — 145.8,C OMe-3" 3.87,s 56.1, CH;

s 6.85,d (8.1) 120.8, CH 5! 7.01,d (8.1) 120.8,CH  OH-4" 5.65,s

6' 6.64,dd (8.1, 1.9) 122.4,CH 6' 6.64,dd (8.1, 1.9) 122.5, CH

7 2.94,m 34.7, CH, 7 2.94, m 34.6, CH,

8' 2.60, m 46.7, CH 8 2.60, m 46.7, CH

9 — 178.7,C 9 — 178.7,C
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Table 3. Inhibition of LPS-induced NO production
compound ICs0 (UM) @ compound ICs0 (UM)

1a 21.7+£1.7 8 >50

1b >50 9 342+23

2 132+13 10 41.7+£2.1

3 >50 11 10.3+£1.9

4 >50 12 >50

5 10.1+1.8 13 >50

6 >50 14 >50

7 16.2+2.0 bquercetin 159+1.2

“Data expressed as the mean + SD (n = 3). PPositive control.

Table 4.

Docking results of active compounds with iNOS enzyme

compound

docking scores

(kcal/mol)

hydrogen bonds

hydrophobic interaction

la

10

11

quercetin

-8.2

-1.5

TYR341, GLN257,

GLY365

TYR341, GLN257,

TYR367, ASP376

ARG260, ARG375

SER256, GLN257

ASN348, GLY365

ARG382, ASP376,

, GLU371

TYR341, TYR367,

ASP376, ARG375

TYR341, PHE363

VAL346

GLN257

ALA276, GLN381,

TRP84

PHE363, VAL346,

TYR485, TRP457

GLN257

GLU371, ARG375

PRO344, VAL346
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Fig. 1. Chemical structures of compounds 1-14.
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31 Fig. 2. Key ROESY correlations of compound 1.
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Fig. 3. Experimental and calculated ECD spectra of compounds 1-4.
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Experimental Section

Extraction and isolation

oNOYTULT D WN =

9 The air-dried and powdered whole herbs of S. medusa (15.0 kg) were soaked
1 overnight with 95% ethanol and then extracted with 95% ethanol (3 times, 75 L and
14 12 h) to obtain the crude extract (800 g). The extract was suspended in water (4L) and
successively partitioned with petroleum ether (5 % 4 L), EtOAc(5 x 4 L)
19 and n-butanol (5 x 4 L). The EtOAc-soluble fraction (90 g) was subjected to column
2 chromatography on MCI gel (5 x 40 cm, 100-200 mesh) eluted with MeOH-H,0 (10%
24 to 100%) to give fractions F1-F7 based on TLC analysis. The solid in fraction F5
27 (26.4 g) was filtered out and then recrystallized from MeOH to give an additional
amount of 5 (10.1 g). The filtrate was further separated by a silica gel column eluted
32 with a gradient of CH,CI,/MeOH (400:1 to 10:1) to yield fractions F5a—F5g. Fraction
35 F5a (0.67 g) was separated over a Sephadex LH-20 column (2 x 150 cm) eluted with
37 EtOH to afford subfractions F5al—F5a3. Fraction F5a3 (108 mg) was then purified by
40 semi-preparative HPLC with 50% MeOH in H,O to afford 7 (9 mg, tr = 17 min), 8 (2
mg, tr = 19 min) and 12 (3 mg, tr = 21 min). Fraction F5b (1.3 g) was separated over
45 a Sephadex LH-20 column (3 x 150 cm) eluted with MeOH to afford subfractions
48 F5b1-F5b4. Fraction F5b2 (45 mg) was then purified by semi-preparative HPLC with
50 55% MeOH in H,0 as the mobile phase to afford 6 (6 mg, tx = 16 min). Similarity,
53 F5c (0.2 g) was separated over a Sephadex LH-20 column (2 x 150 cm) eluted with
EtOH and purified by semi-preparative HPLC with 32% acetonitrile in H,O to afford

58 11 (5 mg, g = 23 min). F5d (0.98 g) was fractioned via Sephadex LH-20 (MeOH) (3
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% 150 cm) followed by RP semi-preparative HPLC (41% MeOH in H,O) purification
to yield 2 (19 mg, g = 41 min) and 10 (11 mg, fg = 22 min). Fraction F5f (1.6 g) was
separated over a Sephadex LH-20 column (3 % 150 cm) eluted with MeOH to afford
subfractions F5f1-F5f7. Fraction F5f2 (343 mg) was subjected to a silica gel column
eluted with CH,Cl,/MeOH (400:1 to 1:1) in gradient to give subfractions
F5f21-F5124. F5f23 (61 mg) was then purified by semi-preparative HPLC with 44%
MeOH in H,O as the mobile phase to afford 3 (12 mg, tr =43 min) and 4 (8 mg, tr =
46 min). Similarly, F5f24 (72 mg) afforded 14 (3 mg, g = 46 min). Fraction F4 (15.8
g) was subjected to a silica gel column eluted with CH,Cl,/MeOH (400:1 to 1:1) in
gradient to give subfractions F4a—F4k. Separation of F4k (1.0 g) with Sephadex
LH-20 (MeOH) (3 x 150 cm) yielded subfractions F4k1-F4k3. Fraction F4k2 (243
mg) was subjected to a silica gel column eluted with n-hexane/isopropanol (80:1 to
1:1) in gradient to give subfractions F4k21-F4k23. F4k22 (97 mg) was then purified
by RP semi-preparative HPLC (32% MeOH in H,0) to yield 1 (15 mg, g = 21 min)
and 9 (62 mg, fgr = 32 min). Similarly, F4k23 (59 mg) afforded 13 (23 mg, tr = 11
min).
ECD calculations for 1—4

The absolute configurations of 1-4 were determined by quantum chemical
TDDFT calculations of their theoretical ECD spectra. Using the MM2 force field in
the Chem3D pro 14.0 software, the initial conformers of each compound were
established. Conformational searches were conducted with the torsional sampling

method (Monte Carlo Multiple Minimum, MCMM) under OPLS3 [1] force field by
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Maestro 11.5 software (Maestro Technologies, Inc., Trenton, NJ, USA) in an energy

window of 12.6 kJ/mol. The conformational optimization and the following TDDFT

oNOYTULT D WN =

9 calculations for the conformers that satisfied the experiment coupling constants and
12 NOE signals were all carried out with the Gaussian 16 program package [2] at the
B3LYP/6-31G(d) level in methanol. All TDDFT calculations were computed at the
17 PCM/wB97XD/6-311G**  level of theory in methanol. Finally, the
20 Boltzmann-averaged ECD spectra were simulated with SpecDis 1.71 [3,4].

22 Cell culture

25 A murine macrophage cell line RAW264.7 was purchased from Procell Life
Science & Technology Co. Ltd. RAW264.7 murine macrophage cells were cultured in
30 plastic dishes containing Dulbecco’s Modified Eagle Medium (DMEM) supplemented
33 with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere with 5%
35 CO,.

38 Cell viability assay

RAW264.7 cells (1x10° cells/well) were cultured in 96-well plate for 24 h to
43 become nearly confluent. Then cells were cultured with the test compounds for 24 h.
46 After that, the cells were incubated with 100 L of 0.5 mg/mL MTT for 4 h at 37 °C.
48 The medium was then discarded and 100 L dimethyl sulfoxide (DMSO) was added.

51 Absorbance was measured at 570 nm after incubation for 40 min.
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Table 1S. Re-optimized conformers, energies and proportions for 75,8R-1

Number | Conformer Energy Energy Proportion

(hartree) (Kcal/mol) (%)
1

-1375.71985 -863277.1253 36.18
2

-1375.719844 -863277.1215 35.95
3

-1375.717684 -863275.7661 3.64
4

-1375.717471 -863275.6324 2.90
5

-1375.71739 -863275.5816 2.66
6

-1375.717388 -863275.5803 2.66
7

-1375.717384 -863275.5778 2.65
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8

-1375.717194 -863275.4586 2.16
9

-1375.717193 -863275.458 2.16
10

-1375.717189 -863275.4555 2.15
11

-1375.716979 -863275.3237 1.72
12

-1375.716979 -863275.3237 1.72
13

-1375.716977 -863275.3224 1.72
14

-1375.716973 -863275.3199 1.71
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Table 2S. Re-optimized energies and proportions for 8R,8'R-2

Number | Energy Energy Proportion | 8R,8'R-2
(hartree) (Kcal/mol) (%)
1 -1341.003379 | -841492.2137 | 38.77 o
2 -1341.00325 | -841492.1327 | 33.82 0
3 “1341.002758 | -841491.824 | 20.07 @ s LC O
4 -1341.001282 | -841490.8978 | 4.20 HO "
5 -1340.999672 | -841489.8875 | 0.76 HO.
6 -1340.999415 | -841489.7262 | 0.58 @ o
7 -1340.999275 | -841489.6384 | 0.50 40\ I
8 -1340.998977 | -841489.4514 | 0.36
9 -1340.99879 | -841489.334 | 0.30
10 -1340.998556 | -841489.1872 | 0.23
1 -1340.998253 | -841488.9971 | 0.17
12 -1340.997841 | -841488.7385 | 0.11
13 -1340.997603 | -841488.5892 | 0.08
14 -1340.996262 | -841487.7477 | 0.02
15 -1340.996186 | -841487.7 0.02
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Table 3S. Re-optimized energies and proportions for 8R,8'R,7''S,8''R-3
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Number | Energy Energy Proportion | 8R,8'R,7"S,8"R-3
(hartree) (Kcal/mol) (%)
1 -1954.816281 | -1226665.574 | 42.73 ,
2 -1954.816248 | -1226665.553 | 41.26 O ~
3 -1954.81437 | -1226664.375 | 5.63 8.
4 -1954.814109 | -1226664.211 | 4.27 HO NG 7\1
5 -1954.813501 | -1226663.83 | 2.24 ~oH 3
6 -1954.812759 | -1226663.364 | 1.02 0
7 -1954.812687 | -1226663.319 | 0.95 HO 3"0 o_ !
8 -1954.812668 | -1226663.307 | 0.93 -
9 -1954.812373 | -1226663.122 | 0.68
10 -1954.810822 | -1226662.148 | 0.13
11 -1954.810528 | -1226661.964 | 0.10
12 -1954.809606 | -1226661.385 | 0.04
13 -1954.809437 | -1226661.279 | 0.03
14 -1954.806349 | -1226659.342 | 0.01
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Table 4S. Re-optimized energies and proportions for 8R,8'R,7''R,8''R-4

Number | Energy Energy Proportion | 8R,8'R,7"R,8"R-4
(hartree) (Kcal/mol) (%)
1 -1954.815495 | -1226665.081 | 52.08 ,
2 -1954.814334 | -1226664.352 | 15.21 O ANEN
3 -1954.814234 | -1226664.289 | 13.68 & 0o
4 -1954.813942 | -1226664.106 | 10.04 ’ !
5 -1954.813535 | -1226663.851 | 6.52
6 -1954.81198 | -1226662.875 | 1.25 30
7 -1954.811372 | -1226662.494 | 0.66 O !
8 -1954.810754 | -1226662.106 | 0.34
9 -1954.809393 | -1226661.252 | 0.08
10 -1954.809381 | -1226661.244 | 0.08
11 -1954.808496 | -1226660.689 | 0.03
12 -1954.808282 | -1226660.555 | 0.02
13 -1954.80728 | -1226659.926 | 0.01
14 -1954.806887 | -1226659.679 | 0.01
15 -1954.805654 | -1226658.905 | 0.01
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Table SS. Cell viability of compounds 1-14.

Sample Blank control Drug treatment group
compound Concentration (M) 0 3.125 6.25 12.5 25 50 100
1a Cell viability (%) 99.98+2.54 97.43+1.21 94.74+2.10 87.56+1.34 84.49+1.53 85.68+0.40 80.52+1.74
compound Concentration (M) 0 3.125 6.25 12.5 25 50 100
1b Cell viability (%) 99.98+2.72 100.58+2.10 96.91+2.20 87.92+1.71 86.70+2.49 84.07+2.41 81.23+0.39
compound 2 | Concentration (uM) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 99.98+1.97 95.26+2.63 91.03+0.76 86.39+1.71 85.78+1.50 82.45+1.16 80.81+2.05
compound 3 | Concentration («M) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 100.00+1.78 102.22+1.63 103.75+1.42 95.39+2.79 88.82+2.45 85.05+0.68 83.02+1.65
compound 4 | Concentration (uM) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 100.02+1.96 93.33+2.07 86.76+0.91 87.03+1.35 85.84+2.18 81.01+0.32 78.78+2.71
compound 5 | Concentration («M) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 99.98+1.39 103.32+1.71 100.92+2.65 96.31+0.71 90.13+1.93 86.90+0.94 81.16x1.16
compound 6 | Concentration (M) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 100.00+2.13 96.51+2.30 94.55+2.77 93.19+2.12 86.55+1.81 85.55+2.67 81.85+2.11
compound 7 | Concentration («M) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 100.02+2.45 102.44+2.62 100.58+1.93 94.72+1.35 94.02+2.04 87.85+2.88 84.81+0.76
compound 8 | Concentration (uM) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 100.02+2.40 96.03+2.16 92.41+1.40 90.33+2.29 84.60+1.48 82.16+1.45 79.27+2.36
compound 9 | Concentration (4M)) 0 3.125 6.25 12.5 25 50 100

Cell viability (%) 100.00+2.58 94.30+2.28 95.85+2.82 91.29+2.80 88.27+1.58 84.30+2.88 81.97+2.14
compound Concentration (uM)) 0 3.125 6.25 12.5 25 50 100
10 Cell viability (%) 100.02+1.14 103.57+2.36 97.67+2.51 92.16+0.44 87.30+1.45 85.34+2.33 82.00+0.52
compound Concentration (¢M) 0 3.125 6.25 12.5 25 50 100
11 Cell viability (%) 99.98+2.39 97.48+0.79 97.25+2.54 92.15+1.87 85.52+2.45 82.67+2.30 80.13+1.24
compound Concentration (M) 0 3.125 6.25 12.5 25 50 100
12 Cell viability (%) 100.02+2.70 104.10+2.68 98.26+2.57 94.48+2.33 92.43+1.85 85.9442.69 81.85+2.69
compound Concentration (M) 0 3.125 6.25 12.5 25 50 100
13 Cell viability (%) 99.98+1.74 95.29+1.57 93.67+0.81 87.37+2.45 82.90+1.37 81.02+1.81 75.17+2.22
compound Concentration (M) 0 3.125 6.25 12.5 25 50 100
14 Cell viability (%) 100.00+2.43 99.46+1.91 91.36+2.71 91.43+0.79 87.29+2.87 86.88+1.97 84.38+0.40

13
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1
2
3 . o 0 . . .

Table 6S. Inhibition of NO production in LPS-induced RAW264.7 macrophages.
4
5
6
7 compound | Concentration (uM) 3.125 6.25 12.5 25 50
8 1a Inhibition (%) 8.37£1.07 19.09+1.77 35.10+£1.41 54.86+2.59 71.67+1.96
?O 1Cso (uM) 21.7€1.7
11 compound | Concentration (uM) 3.125 6.25 12.5 25 50
12 2 Inhibition (%) 9.99+1.98 23.04+3.50 48.36+3.26 74.69+2.33 85.81£1.70
::i 1Cso (uM) 13.2+1.3
15 compound | Concentration («M) 3.125 6.25 12.5 25 50
16 5 Inhibition (%) 19.4543.95 35.95+4.17 55.14+4.20 76.20+4.13 89.48+3.86
:: ; 1Cso (uM) 10.1£1.8
19 compound | Concentration («M) 3.125 6.25 12.5 25 50
20 7 Inhibition (%) 10.38+3.23 20.37+3.20 42.46+2.76 65.31£2.96 80.2242.99
;; ICsp (uM) 16.2+2.0

compound | Concentration (uM) 3.125 6.25 12.5 25 50
23
24 9 Inhibition (%) 7.70+0.94 16.02+1.96 26.07+1.85 44.50+2.38 57.92+1.15
;2 1Cso (uM) 342423

compound | Concentration (uM) 3.125 6.25 12.5 25 50
27
28 10 Inhibition (%) 6.80+0.18 13.60+2.51 22.93+0.98 36.51+1.17 55.20+1.32
;g 1Cso (uM) 41.7£2.1

compound | Concentration (£M) 3.125 6.25 12.5 25 50
31
32 11 Inhibition (%) 18.90+4.19 35.50+4.39 55.63+4.42 75.79+4.27 89.29+4.46
gi 1Cso (uM) 10.3£1.9
35 compound | Concentration («M) 3.125 6.25 12.5 25 50
36 quercetin | Inhibition (%) 9.86+2.27 21.36+2.40 39.05+2.48 68.1143.26 82.04+0.51
37
38 ICsp (uM) 15.9+1.2
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
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Figure 1S. 'H NMR spectrum of compound 1 (1a/1b) in CD;0D
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Figure 2S. 13C NMR spectrum of compound 1 (1a/1b) in CD;0D
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Figure 4S. HMBC spectrum of compound 1 (1a/1b) in CD;0D
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Figure 6S. ROESY spectrum of compound 1 (1a/1b) in CD;0D
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Figure 7S. (+)-ESIMS spectrum of compound 1 (1a/1b)
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Figure 8S. (-)-ESIMS spectrum of compound 1 (1a/1b)
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Data Filaname ESIH202104403.d Sampla Name D4-451254
Sample ID Position P1-B2
Instrument Name Agilent GB520 )-TOF Acq Methed 20160322 M5 ESIH_POS_imin.m
Acquired Time o/24/2021 19:23:56 IRM Calibration Status
DA Method small molecular data analysis method.m Comment [ESIH by zhuzhenyun
User Specira
Fragmentor Voltage Collision Energy Ionization Mode
175 o
%104 |+ Scamn {rt: 0.085 min) ESIH202104403.d
74
[ £
b_
4
3
2]
14
o4 7 T

[ [ 1 1 [ [ [l ] T Il [ 1 [ g [ 1 x 1 O ;
405 406 407 408 4059 410 41 412 413 414 415 416 417 418 419 420 421 422 423
Counts ve. Mass-to-Change {m/z)

Formula Calculator Resuls

mjz Cale m/z | Diff (mDa) Diff (ppm) Ion Formula Ion
4111056 411.105 -0.57 -1.39)C20 H20 Na 08 [M+Na)+
—- End OF Report -—
I5 Agitent Technologies: Page 1 of 1 Printed at: 19:26 on: 9/24/2021

Figure 9S. (+)-HRESIMS spectrum of compound 1 (1a/1b)
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Figure 10S. IR spectrum of compound 1 (1a/1b)
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Figure 11S. UV spectrum of compound 1 (1a/1b)
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Figure 12S. "TH NMR spectrum of compound 2 in CDCl;
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Figure 13S. 3C NMR spectrum of compound 2 in CDCl;
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Figure 14S. HSQC spectrum of compound 2 in CDCl;
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Figure 15S. HMBC spectrum of compound 2 in CDCl;
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Figure 16S. 'TH-'H COSY spectrum of compound 2 in CDCl;
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Figure 17S. ROESY spectrum of compound 2 in CDCl;
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Figure 18S. (+)-ESIMS spectrum of compound 2
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Figure 19S. (-)-ESIMS spectrum of compound 2
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Qualitative Analysis Report

Data Filename
Sample ID

Instrument Name

Acquired Time
DA Method

User Specira

EsIH202103317.d

/52021

small melecular data analysis method.m

Agilent GES20 Q-TOF

20:50:58

Sample Name
Position
Acq Method

IRM Calibration Status

Comment

D4-34237
P1-Cb
20160322 M5 _ESIH _POS_imin.m

ESIH by zhuzhenyun

Fragmentor

Voltage

Collision Energy

Ionization Mode

EsI

x10 3 [+ Scan (it 0.10 min) ESIHZ02103317.d

041

406 1868

407.189
408.1374

410.2343

4111424

4121460
| =50 Im b

3‘!9 4I:IICI 451

Formula Calculator Results

46? 4I.I'.|3

T T T
404 405 408 407 408 409 410
Counts vs. Mass-1o-Charge {im/z)

4i'| 412 413 Jl:ld d!I.-'.\

416 417

miz Calcm/z Diff (mDa) Diff (ppm) Ion Formula Ion
411.1424 411.1414| -1 -2.44{C21 H24 Na 07 [M+Na)+
406. 1869 406.186 -0.64] -2.08|C21 H28 N O7 [M+NH4)+
- End OF Report —
175 Agilent Technologies Page1of 1 Printed at: 17:01 on: 762021

Figure 20S. (+)-HRESIMS spectrum of compound 2
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Figure 21S. IR spectrum of compound 2
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Figure 22S. UV spectrum of compound 2

36

Georg Thieme Verlag KG, P.O. Box 30 11 20, D-70451 Stuttgart, Germany www.thieme.de/plantamedica

400



oNOYTULT D WN =

Manuscript submitted to editorial office

T Y I e T e Tt I s A s T T = - O = T T Y SR o ST R ¥ U T T ) o O o T T O R s (S SO . A o -
L R R e A e O T = T < R T Y < I B o = "+ - = - B - MY ¥ Y S s e RV R e ST S T SV B T B3
L G Wy B B R e B O I O IO, e A O

e = o et et ) et

g JLAJIJIIJUUL = | "’UL .\

el bbb o - 1
= p= L)

€ o g@m -5 q = =
— bl

e e e I I

LA

T T T T T T T T T T T
30 7.8 7.6 T.4 T.2 T.0 6B 66 64 62 6
F1 demmd

Figure 23S. 'TH NMR spectrum of compound 3 in CDCl;
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Figure 26S. HSQC spectrum of compound 3 in CDCl;
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Figure 27S. HMBC spectrum of compound 3 in CDCl;
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Figure 28S. 'TH-'H COSY spectrum of compound 3 in CDCl;
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Figure 29S. ROESY spectrum of compound 3 in CDCl;
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Figure 31S. (-)-ESIMS spectrum of compound 3
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1
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3
4
5
6 Qualitative Analysis Report
7
8 Data Filename ESIH202103318.d Sample Name D4-562234
9 Sample ID Position P1-C7
Instrument Name Agilent GE520 Q-TOF Acq Method 20160322 MS ESIH POS imin.m
10 Acquired Time 7/5/2021 20:52:15 IRM Calibration Status
11 DA Method small melecular data analysis method.m Comment ESIH by zhuzhenyun
:: ; User Specira
Fragmentor Voltage Collision Energy Ionization Mode

14 135 0 Esl
15 x10 4 |+ Scan (m: 0.10 min) ESIH202103318.d
16 3.5
17 = 591.2208
18
19 2.54
20 24 SHE.2643
21 154
22 il 592 7236
23 SET 2667

0.54
24 584.1881 ‘ 538 2674 Rl
25 ol o e g Tl cn b cola Al e v pluigbinnle ae g v s o
26 581 SR2 SH3 584 585 SEE BT SR8 585 520 591 582 593 254 595 596 a7 =1=F-1 5949

Counts ve. Mazs-to-Charge (m/z)
27
28 Formula Calculator Results
mfz Calc miz Diff (mDa) Diff (ppm) Ion Formula Ion

29 591, 2208 591.2201 -0.75| -1.28|C31 H36 Na 010 [M+Na)+
30 586, 2642 5Bb.2647 0.48| 0.81)C31 H40 N 010 [M+NH4)+
31 — End OF Report —
32
33
34 5
35 i Agilent Technologies Page 1 of 1 Printed at: 17:02 on: 7/6/2021
36 .
37 Figure 328. (+)-HRESIMS spectrum of compound 3
38
39
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Figure 33S. IR spectrum of compound 3
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Figure 34S. UV spectrum of compound 3
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Figure 35S. "TH NMR spectrum of compound 4 in CDCl;
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36 Figure 36S. 3C NMR spectrum of compound 4 in CDCl;
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Figure 37S. HSQC spectrum of compound 4 in CDCl;
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Figure 38S. HMBC spectrum of compound 4 in CDCl;
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Figure 39S. 'TH-'H COSY spectrum of compound 4 in CDCl;
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Figure 40S. ROESY spectrum of compound 4 in CDCl;
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Figure 418. (+)-ESIMS spectrum of compound 4
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Figure 428. (-)-ESIMS spectrum of compound 4
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Qualitative Analysis Report

Data Filenama ESIH202103319.d Sample Name D4-562235
Sample ID Position P1-CB
Instrument Name Agilent GB520 Q-TOF Acq Methed 20160322 MS_ESIH _POS imin.m
Acquired Time F/5i2021 20:53:33 IRM Calibration Status
DA Method small molecular data analysis method.m Comment ESIH by zhuzhenyun
User Spectra
Fragmentor Voltage Caollision Energy Ionization Mode
135
x10 4 |+ Scan {rt 0.08 min) ESIH202103319.d
5 591.2211
44
3.5 SAG 2655
34
2.5
2
5
1.5 587 2687 ezl
1
0.54 5882603 5932234
04 1 1 1 1

581 582 583 584 585 G5EE 587 583 580 590 591 507 S93 584 595
Counts ve, Mass-te-Charge (m/z)

Formula Calculator Results

596

597 5898 590

miz Calem/z Diff (mDa) Diff (ppm) Ion Formula Ion
5912211 5591.2201 -1.05] -1.78|C31 H35 Na 010 [M+Na)+
586, 2655 5B6.2647 -0.8| -1.37)C31 H40 N 010 [M+NH4)+
— End OFf Report —
I Agient Technologies Page 1of1 Printed at: 17:02 on: 7/6/2021

Figure 43S. (+)-HRESIMS spectrum of compound 4
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Figure 44S. IR spectrum of compound 4
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Figure 45S. UV spectrum of compound 4
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— COSY ~—x HMBC

Figure 47S. '"H-'H COSY and key HMBC correlations of compounds 1-4.
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