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ARTICLE INFO ABSTRACT

Keywords: The fruit of Citrus medica L. var. sarcodactylis Swingle is a functional food with rich nutrients and medicinal
Citrus medica L. var. sarcodactylis Swingle values because of its content of bioactive compounds. A bioactivity-guided chemical investigation from the fruits
Neolignan of C. medica L. var. sarcodactylis Swingle afforded three new benzodioxane neolignans (1-3), three new phe-
Hepampmtec.t e nanthrofuran neolignan glycosides (4-6), two new biphenyl-ketone neolignans (7-8), two new 1’,7'-bilignan
Neuroprotective

neolignans (9-10), as well as fourteen known neolignan derivatives (11-24), which were isolated and charac-
terized from the fruits of C. medica L. var. sarcodactylis Swingle for the first time. These neolignan derivatives
were determined by extensive and comprehensive analyzing NMR, HR-ESI-MS, UV, IR spectral data and
compared with the data described in the literature. Among them, compounds 1-3 and 12-13 exhibited moderate
hepatoprotective activities to improve the survival rates of HepG2 cells from 46.26 + 1.90% (APAP, 10 mM) to
67.23 + 4.25%, 62.87 + 4.43%, 60.06 + 6.34%, 56.75 + 2.30%, 58.35 + 6.14%, respectively. Additionally,
compounds 7-8 and 21-22 displayed moderate neuroprotective activities to raise the survival rates of PC12 cells
from 55.30 + 2.25% to 66.94 + 3.37%, 70.98 + 5.05%, 64.64 + 1.93%, and 62.81 + 4.11% at 10 pM,
respectively. The plausible biogenetic pathway and preliminary structure-activity relationship of the selected
compounds were scientifically summarized and discussed in this paper.

1. Introduction [9], and polyphenols [10]. Modern pharmacological investigations of

the fruits of C. medica L. var. sarcodactylis Swingle revealed a wide va-

The fruit of Citrus medica L. var. sarcodactylis Swingle, widely well
known as the bergamot or bergamot orange, belongs to the Rutaceae
family [1]. It is also named as “Foshou” in Chinese because of the shape
of its fruit like a finger. The fruit of C. medica L. var. sarcodactylis Swingle
is used as a traditional medicinal food with the functions of relieving
depressed liver, harmonizing stomach, and expelling phlegm in Chinese
folk [2]. Moreover, it was used as a traditional Chinese medicine for
treating hypertension, tracheitis, respiratory tract infections, angio-
cardiopathy, and asthma [3]. The fruits of C. medica L. var. sarcodactylis
Swingle had been chemically investigated, leading to the isolation of
some compounds including polysaccharides [1], flavonoids [4],
cumarins [5], phenolics [6], terpenes [7], carotenoids [8], amino acids

* Corresponding authors.

riety of biological activities, including antibiofifilm [6], antibacterial
[10], immunoregulatory [11], antioxidant [12], anticancer [13], anti-
hyperglycemic [14], cardioprotective [15], and antidepressant activities
[16].

Up to now, it is found that there are few reports on hepatoprotective
and neuroprotective activities from the fruits of C. medica L. var. sar-
codactylis Swingle. However, one article related to the neuroprotective
activity of the titled species revealed that the peels of Citrus grandis
exhibited the protection of neurons against Af-mediated neurotoxicity
[17]. In continuation of our ongoing study more new compounds with
biological activities from the fruits of C. medica L. var. sarcodactylis
Swingle. A bioassay-guided investigation was carried out to find further
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1,7'-bilignan neolignans (9-10), and fourteen known neolignan de-
rivatives (11-24) (Fig. 1) were isolated from this plant for the first time.
In this study, we report the isolation, characterization, bioactivity,
plausible biogenetic pathway, and preliminary structure-activity

hepatoprotective and neuroprotective isolates from the fruits of
C. medica L. var. sarcodactylis Swingle. As a result, three new benzo-
dioxane neolignans (1-3), three new phenanthrofuran neolignan gly-
cosides (4-6), two new biphenyl-ketone neolignans (7-8), two new
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Fig. 1. Structures of compounds (1-24).
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relationship of these isolates.

2. Materials and methods

2.1. General experimental procedures

A Perkin-Elmer 241 digital polarimeter at 20 °C was utilized to
measure optical rotations. An XT5B microscopic melting point apparatus
was used to measure melting points which uncorrected. An Australia
GBC UV-916 spectrometer was used to measure UV spectral data. A
Nicolet 5700 FT-IR spectrometer with KBr pellets was utilized to record
IR spectral data. A Bruker-400 spectrometer with TMS as internal
reference was applied to obtain NMR spectral data. A Q-Trap LC/MS/MS
spectrometer and an Agilent 1100 series LC/MSD Trap SL mass spec-
trometer were utilized to measure ESI-MS and HR-ESI-MS spectral data.
A CXTH LC3050N system with a YMC-pack ODS-A column (5 pm, 10 x
250 mm) was used to perform on semi-preparative HPLC. Column
chromatographic separations were performed on silica gel (100-200 or
200-300 mesh), Toyopearl HW-40C, and Sephadex LH-20 columns. TLC
analyses were carried out on silica gel plates (GF-254) and visualized
under UV (254 nm) light and by spraying with a HySO4/EtOH (1:9, v/v)
solution followed by heating.

2.2. Plant material

The fruits of C. medica L. var. sarcodactylis Swingle were bought from
Guangzhou, Guangdong, P. R. China, in May 2019. The plant was
authenticated by Dr. Su Zhang of Wuyang Weisen Biological Medicine
Co., Ltd,. The voucher specimen (No.FS-201905) deposited in Jiangxi
University of TCM, Nanchang 330004, China.

2.3. Extraction and isolation

The fruits of C. medica L. var. sarcodactylis Swingle (9.5 kg) were air-
dried, smashed (60 mesh), and extracted with 95% EtOH (10 L) heating
under reflux at 110 °C for 4 h with electric heating jacket and round
bottom flask. The same extraction procedure was performed by the
above method for 3 times. The extracting solution was combined and
concentrated under reduced pressure to acquire a crude extract (1.7 kg),
which followed a method described previously [18-20]. The crude
extract was suspended in water (2.5 L) and partitioned with solvents of
petroleum ether (7.0 L), EtOAc (7.0 L), and n-BuOH (7.0 L), consecu-
tively, affording petroleum ether extraction part (143.4 g), EtOAc
extraction part (300.8 g), and n-BuOH extraction part (512.5 g),
respectively. The EtOAc extraction part exhibited potential hep-
atoprotective [21] with improving HepG2 cell survival rate from
46.26% =+ 1.90% (APAP, 10 mM) to 61.42% + 3.41% and potential
neuroprotective [22] with raising the survival rates of PC12 cells from
55.30 + 2.25% to 67.04 + 3.51% at 10 pM according to the biological
screening results.

The EtOAc extraction part was applied to column chromatography
with silica gel (100-200 mesh) and eluted by petroleum ether/EtOAc
(30:1,15:1, 8:1, 4:1, and 1:1, v/v) to afford five fractions (A1-As). The A3
(57.6 g, petroleum ether/EtOAc = 8:1, v/v) was carried out on a silica
gel (200-300 mesh) column with a gradient elution (petroleum ether/
EtOAc = 10:1, 8:1, and 6:1, v/v) to afford three sub-fractions (Aza-Asc).
The Asp (18.7 g, petroleum ether/EtOAc = 8:1, v/v) was performed on
silica gel (200-300 mesh), Toyopearl HW-40C (95% MeOH), Sephadex
LH-20 (MeOH/CHCl; = 1:1), and semi-preparative HPLC (4 = 205-360
nm, 3 mL/min, 20-50% MeOH) columns, repeatedly, yielded 1 (7.47
mg, 30% MeOH, tg = 31 min), 2 (8.92 mg, 35% MeOH, tg = 39 min), 3
(9.45 mg, 33% MeOH, tg = 35 min), 11 (12.15 mg, 35% MeOH, tg = 45
min), 12 (14.20 mg, 32% MeOH, tg = 36 min), 13 (13.31 mg, 35%
MeOH, tg = 45 min), 19 (11.52 mg, 35% MeOH, tg = 39 min), 20 (15.54
mg, 32% MeOH, tg = 37 min), 23 (8.56 mg, 30% MeOH, tg = 42 min),
and 24 (14.24 mg, 33% MeOH, tg = 35 min). Meanwhile, the A3 (21.2
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g) was performed on silica gel (200-300 mesh), Sephadex LH-20
(MeOH/CH2Cl, = 1:1), Toyopearl HW-40C (95% MeOH), and semi-
preparative HPLC (4 = 210-380 nm, 3 mL/min, 15-45% MeOH) col-
umns, successively, yielded 4 (7.95 mg, 25% MeOH, tg = 28 min), 5
(9.78 mg, 30% MeOH, tg = 37 min), 6 (8.04 mg, 28% MeOH, tg = 34
min), 7 (11.86 mg, 30% MeOH, tg = 35 min), 8 (8.96 mg, 32% MeOH, tg
= 44 min), 9 (12.06 mg, 30% MeOH, tg = 34 min), 10 (9.44 mg, 33%
MeOH, tg = 46 min), 14 (12.53 mg, 32% MeOH, tg = 40 min), 15 (12.66
mg, 34% MeOH, tg = 51 min), 16 (7.88 mg, 30% MeOH, tg = 47 min),
17 (13.38 mg, 33% MeOH, tg = 45 min), 18 (16.50 mg, 32% MeOH, tg =
41 min), 21 (9.45 mg, 26% MeOH, tg = 31 min), and 22 (13.22 mg, 30%
MeOH, tg = 39 min).

(7E)-1-allyl  alcohol-5,6-(11-isopropyl)-furanyl-3’,5'-dimethoxy-4’'-
glycerol-9'-isovalerate-3,4,7’,8 -benzodioxane neolignan (1): colorless
powder; [a] 20[) + 4.57 (¢ 0.85, MeOH); mp: 204.2-204.5 °C; HR-ESI-MS:
m/z 635.2466 [M + Nal™ (caled. for CssHspO11Na, 635.2468); UV
(MeOH) Amax (loge): 208 (2.06), 235 (3.29), and 270 (2.57) nm; IR (KBr)
Umax: 3325, 2952, 1736, 1605, 1511, and 1498 Cmfl; 'H NMR
(DMSO-dg, 400 MHz) and '3C NMR (DMSO-ds, 100 MHz) data see
Table 1.

(7E,10'E,11E)-1-(9-methoxyl)-propenyl-5-hydroxy-6-prenyl-8'-
methylol-11’,16’-dihydroxy-15,17’-dimethoxy-10’-phenylallyl alcohol-
3,4,7',8'-benzodioxane neolignan (2): colorless powder; [a] 201) +3.68 (¢
0.70, MeOH); mp: 206.4-206.6 °C. HR-ESI-MS: m/z 641.2366 [M +
Na] ™ (calcd. for C3sHzgO109Na, 641.2363); UV (MeOH) Amay (loge): 208
(2.11), 235 (3.30), 270 (2.52), and 305 (4.17) nm; IR (KBr) vmax: 3328,
1611, and 1509 cm™'; 'H NMR (DMSO-ds, 400 MHz) and '*C NMR
(DMSO-dg, 100 MHz) data see Table 1.

(7E,11E)-1-(9-methoxyl)-propenyl-5-hydroxy-6-geranyl-16'-hy-
droxy-15',17'-dimethoxyphenyl-8',11’-dimethylol-benzofuranyl-
3,4,7',8'-benzodioxane neolignan (3): colorless powder; [a] ZOD +7.26 (¢
0.90, MeOH); mp: 210.5-210.8 °C. HR-ESI-MS: m/z 725.2937 [M +
Na]™ (caled. for C4oH4e011Na, 725.2938); UV (MeOH) Apax (loge): 208
(2.09), 235 (3.34), 305 (4.09), and 343 (4.25) nm; IR (KBr) vmax: 3330,
2938, 1608, and 1509 cm™; 'H NMR (DMSO-ds, 400 MHz) and '°C
NMR (DMSO-dg, 100 MHz) data see Table 1.

1-(18,19-dimethyl)-propanol-4-hydroxyl-5,6-(13-hydroxyl-12-
methoxyl)-phenylethyl-7’-(4'-hydroxyl-5'-methoxy)-phenyl-9'-O--p-
glucopyranosyl-phenanthrofuran neolignan (4): colorless powder;
[@]1?°; + 2.07 (c 0.45, MeOH); mp: 208.0-208.4 °C. HR-ESI-MS: m/z
705.2520 [M + Na]™ (calcd. for C3gH42013Na, 705.2523); UV (MeOH)
Amax (loge): 205 (2.01), 272 (3.28), 320 (3.71), and 350 (4.52) nm; IR
(KBI) Umayx: 3421, 1610, 1518, and 1467 cm™'; 'H NMR (DMSO-dg, 400
MHz) and '3C NMR (DMSO-ds, 100 MHz) data see Table 2.

1-(17-furanyl)-ethyl-4-hydroxyl-5,6-(13-hydroxyl-12-methoxyl)-
phenylethyl-7'-(3',4',5'-trimethoxy)-phenyl-9’-O-$-p-glucopyranosyl-
phenanthrofuran neolignan (5): colorless powder; [a] 201) + 2.26 (¢ 0.30,
MeOH); mp: 212.1-212.3 °C. HR-ESI-MS: m/z 757.2475 [M + Na]*
(caled. for C39H42014Na, 757.2472); UV (MeOH) Amax (loge): 203 (2.04),
272 (3.22), 320 (3.27), and 346 (4.37) nm; IR (KBr) vpmax: 3425, 1612,
and 1608 cm™'; '"H NMR (DMSO-de, 400 MHz) and 3C NMR (DMSO-dp,
100 MHz) data see Table 2.

1-(17Z)-methyl-butanol-4-hydroxyl-5,6-(13-hydroxyl-12-methoxyl)-
phenylethyl-7'-(4'-hydroxy-3',5'-dimethoxy)-phenyl-9’-O-$-b-glucopyr-
anosyl-phenanthrofuran neolignan (6): colorless powder; [a] 2013 + 3.38
(c 0.58, MeOH); mp: 211.7-211.9 °C. HR-ESI-MS: m/z 733.2474 [M +
Na]™ (caled. for C37;Hg2014Na, 733.2472); UV (MeOH) Apax (loge): 205
(2.03), 272 (3.42), 323 (3.35), and 345 (4.24) nm; IR (KBr) vmayx: 3423
and 1611 cm™!; 'H NMR (DMSO-dg, 400 MHz) and '*C NMR (DMSO-ds,
100 MHz) data see Table 2.

(9”E)-4,5-(11,12-dimethyl)-pyranyl-7’-(4’-hydroxy)-phenyl-4’’-pro-
penyl-8'-methylol-furanyl-6"-acetyl-1",6-biphenyl-7-ketone neolignan
(7): colorless powder; [(x]ZOD + 8.20 (c 0.85, MeOH); mp:
198.3-198.7 °C. HR-ESI-MS: m/z 531.1781 [M + Na]™ (caled. for
C32H2806Na, 531.1784); UV (MeOH) A ax (loge): 202 (1.89), 280 (3.61),
315 (2.43), and 330 (3.62) nm; IR (KBr) vmax: 3411, 1719, 1617, and
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Table 1

1H NMR (400 MHz, DMSO-dg) and '*C NMR (100 MHz, DMSO-dg) of compounds (1-3).
No. 1 2 3

By 8¢ 8y 8¢ 8y 8¢

1 - 124.6 131.8 - 132.0
2 6.45(s) 112.3 6.02(s) 111.4 6.04(s) 110.8
3 - 143.0 - 143.6 - 143.3
4 - 129.6 - 130.2 - 131.5
5 - 145.6 - 146.9 - 146.7
6 - 122.4 - 118.6 - 119.1
7 6.61(d,16.0) 130.4 6.52(d,16.0) 130.1 6.53(d,16.0) 130.2
8 6.29(dd,16.0,5.8) 128.9 6.21(dd,16.0,5.8) 125.9 6.20(dd,16.0,5.8) 126.1
9 4.20(d,5.8) 63.5 4.11(d,5.8) 73.1 4.13(d,5.8) 74.0
10 6.26(s) 108.6 3.48(d,7.5) 20.1 3.23(d,9.2) 21.9
11 - 161.2 5.25(t,7.5,1.5) 1229 5.22(m) 123.9
12 3.38(m) 35.8 - 134.8 - 135.8
13 1.31(s) 23.1 1.70(s) 18.4 1.97(m) 41.1
14 1.31(s) 23.1 1.82(s) 24.3 1.46(m) 24.1
15 - - - - 1.35(m) 44.2
1 - 130.2 - 129.7 - 130.1
2 6.58(s) 106.3 7.28(d,8.0) 127.6 7.56(dd,8.0,2.0) 121.3
3 - 150.1 6.65(d,8.0) 118.3 7.83(d,8.0) 116.8
4 - 131.2 - 154.2 - 126.2
5 - 150.1 6.65(d,8.0) 118.3 - 153.0
6’ 6.58(s) 106.3 7.28(d,8.0) 127.6 7.72(d,2.0) 108.8
7' - 126.4 - 125.8 - 125.1
8 - 125.6 - 124.3 - 124.5
9 4.86(s) 65.3 4.18(s) 62.4 4.20(s) 62.2
10 - 173.1 - 151.6 - 155.5
11 2.30(d,6.6) 43.9 4.18(s) 63.8 - 115.8
12/ 2.16(m) 25.1 6.21(s) 101.4 4.66(s) 55.2
13’ 1.00(s) 22.1 - 124.1 - 122.1
14’ 1.00(s) 22.1 6.27(s) 107.8 7.18(s) 106.2
15 3.98(t,4.8) 84.3 - 155.0 - 149.2
16’ 3.76(dd,4.8,1.0) 61.9 - 140.1 - 137.7
17’ 3.76(dd,4.8,1.0) 61.9 - 155.0 - 149.2
18 - - 6.27(s) 107.8 7.18(s) 106.2
OCH3-3'/5 3.71(s) 56.5 - - - -
OCH3-15'/17" - - 3.86(s) 56.9 3.88(s) 57.1
OCH3-9 - - 3.34(s) 55.3 3.33(s) 55.0
CH3-12 - - - - 1.88(s) 16.3
CH3-17/18 - - - - 1.16(s) 29.8

1572 cm™!; 'H NMR (DMSO-ds, 400 MHz) and 3C NMR (DMSO-ds, 100
MHz) data see Table 3.

(9E,9"’E)-5-isopentenyl-7’-(4’-hydroxy-5'-methoxy)-phenyl-4’’-pro-
penylketone-8'-methylol-furanyl-6"-acetyl-1",6-biphenyl-7-ketone
neolignan (8): colorless powder; [a]20D + 7.54 (c 0.70, MeOH); mp:
200.4-200.8 °C. HR-ESI-MS: m/z 577.1840 [M + Nal' (caled. for
C33HsoHgNa, 577.1838); UV (MeOH) Apax (loge): 202 (1.86), 280 (3.57),
318 (2.56), 332 (3.75), and 351 (4.08) nm; IR (KBr) vpmax: 3410, 1720,
1677, 1617, and 1573 cm™'; 'H NMR (DMSO-dg, 400 MHz) and '3C
NMR (DMSO-dg, 100 MHz) data see Table 3.

(7E,10E)-4,5'-dihydroxy-5-isopentenol-6-(7,8-trans  allyl)-alcohol-
7"°-(4"”-hydroxy-3",5"-dimethoxyl)-phenyl-9',9"’-dimethylol-1,7'-
bineolignan (9): colorless powder; [(x]ZOD + 6.21 (c 0.64, MeOH); mp:
206.1-206.3 °C. HR-ESI-MS: m/z 641.1995 [M + Na]™ (calcd. for
C34H34011Na 641.1999); UV (MeOH) Amax (loge): 202 (1.81), 230
(2.80), and 270 (3.06) nm; IR (KBr) vmax: 3409, 1611, and 1508 em )
'H NMR (DMSO-ds, 400 MHz) and '3C NMR (DMSO-de, 100 MHz) data
see Table 4.

(7E)-5'-hydroxy-4,5-(13,14-dimethyl)-pyranyl-6-allyl  alcohol-7"’-
(4”-hydroxy-3"°,5-dimethoxyl)-phenyl-9’,9" -dimethylol-1’,7’-bineoli-
gnan (10): colorless powder; [01®°, + 6.18 (¢ 0.51, MeOH); mp:
203.0-203.3 °C. HR-ESI-MS: m/z 623.1895 [M + Nal]™ (calcd. for
C34H32010Na, 623.1893); UV (MeOH) Amax (loge): 202 (1.90), 230
(2.96), 270 (3.12), and 315 (3.57) nm; IR (KBr) vmax: 3410, 1612, and
1507 ecm ™ %; 'H NMR (DMSO-dg, 400 MHz) and 13C NMR (DMSO-dg, 100
MHz) data see Table 4.

2.4. Hepatoprotective activity assay

Compounds (1-24) were evaluated for hepatoprotective activities by
the MTT method, which followed a method described previously [21].
HepG2 cells were fostered in 96-well plates (1 x 10* cells/well, 200 pL/
well) in minimum essential media with 10% FBS and fostered for 24 h at
37 °C [23]. The compounds (1-24) and acetaminophen were added in
the culture medium to give final concentrations of 10 yM and 10 mM,
respectively, and incubated for 48 h at 37 °C. Additionally, the experi-
ment selected bicyclol as the positive group and selected DMSO as the
negative control group, respectively [24]. The MTT (0.5 mg/mL, 100 pL)
was added to each well and incubated for 4 h at 37 °C. The absorbance of
selected compounds at 570 nm was measured after adding 150 pL of
DMSO. The survival rate of HepG2 cells = the mean OD of the medicated
group/the mean OD of the solvent control group [25].

2.5. Neuroprotective activity assay

Compounds (1-24) were assayed for neuroprotective activities of by
the MTT assay with desipramine as a positive control [22]. Compounds
(1-24) were dissolved in DMSO with the final concentration of DMSO in
the culture medium was 0.1% (v/v). PC12 cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum, 100 U/mL pen-
icilin, and 100 pg/mL streptomycin in a humidified atmosphere of 5%
CO4 at 37 °C [22]. PC12 cells were cultured in 96-well plates (1 x 10°
cells/well) [26]. The cell viability was measured by the MTT assay for a
48 h treatment. The absorbance of compounds (1-24) was recorded at
492 nm by a microplate detector. The cell viability was indicated by a
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Table 2

1H NMR (400 MHz, DMSO-dg) and '3C NMR (100 MHz, DMSO-dg) of compounds (4-6).
No. 4 5 6

By 8¢ By 8¢ 8y 8¢

1 - 124.6 - 125.9 - 123.7
2 - 123.1 - 123.5 - 122.7
3 - 138.4 - 138.3 - 138.1
4 - 137.2 - 137.2 - 137.1
5 - 118.0 118.2 - 118.1
6 - 136.8 - 136.1 - 136.3
7 2.48(m) 32.6 2.47(m) 32.5 2.47(m) 32.6
8 2.42(m) 29.4 2.42(m) 29.3 2.42(m) 29.4
9 - 133.0 - 133.0 - 133.0
10 - 128.9 - 129.7 - 129.6
11 6.68(s) 115.7 6.68(s) 115.6 6.68(s) 115.6
12 - 148.6 - 148.5 - 148.5
13 - 141.5 - 141.7 - 141.6
14 6.43(s) 117.6 6.42(s) 117.8 6.42(s) 117.8
15 2.78(m) 18.1 2.25(m) 29.4 3.28(d,6.9) 31.5
16 1.58(m) 43.2 2.12(m) 24.5 6.03(m) 126.7
17 - 70.3 - 116.1 - 137.0
18 1.19(s) 29.2 7.22(s) 138.4 4.31(m) 62.9
19 1.19(s) 29.2 7.31(d,2.6) 141.3 1.74(s) 17.5
20 - - 6.33(d,2.6) 109.4 - -
1 - 131.2 - 131.0 - 131.1
2 6.98(dd,8.0,2.0) 121.4 6.39(s) 106.2 6.42(s) 104.5
3 6.73(d,8.0) 116.8 - 149.7 - 149.4
4 - 142.3 - 140.7 - 141.7
5 - 149.5 - 149.7 - 149.4
6 6.85(d,2.0) 115.4 6.39(s) 106.2 6.42(s) 104.5
7' - 150.2 - 150.1 - 150.1
g - 118.9 - 119.1 - 119.0
9 4.61(s) 53.2 4.62(s) 53.3 4.62(s) 53.3
17 5.01(d,7.6) 101.3 5.02(d,7.6) 101.2 5.02(d,7.6) 101.3
2" 3.72(m) 74.2 3.71(m) 74.0 3.72(m) 74.3
3" 3.80(m) 77.7 3.78(m) 77.6 3.79(m) 77.5
4" 3.38(m) 71.2 3.40(m) 71.5 3.41(m) 71.4
5" 3.68(m) 76.4 3.66(m) 76.2 3.66(m) 76.3
6’a 3.57(dd,11.2,6.4) 63.8 3.58(dd,11.2,6.4) 64.0 3.58(dd,11.2,6.4) 64.1
6”’b 3.91(dd,11.2,3.2) 63.8 3.90(dd,11.2,3.2) 64.0 3.91(dd,11.2,3.2) 64.1
OCHj3-12 3.81(s) 57.2 3.81(s) 57.2 3.81(s) 57.2
OCH3-5'0CH3-4' 3.76(s)- 56.4- 3.78(s)3.78(s) 56.556.5 3.84(s)- 56.7-
OCH,-3' - - 3.78(s) 56.5 3.84(s) 56.7

Table 3

TH NMR (400 MHz, DMSO-dg) and '*C NMR (100 MHz, DMSO-dg) of compounds (7-8).
No. 7 No. 7 No. 8 No. 8

8y 8¢ Oy O¢ By OS¢ 8 O¢

1 7.25(s) 116.2 5 6.64(d,8.0) 118.51 7.23(s) 116.4 5 - 149.3
2 - 125.7 6/ 7.39(d,8.0) 129.4 2 - 124.3 6/ 6.68(d,2.0) 116.5
3 - 14417 - 15233 - 144.4 7 - 151.8
4 - 140.3 8 —118.3 4 - 141.3 8 - 118.1
5 - 119.8 9' 4.76(s) 51.6 5 - 122.2 9 4.78(s) 52.1
6 - 132.31” - 138.36 - 1346 1" - 138.1
7 - 189.8 2" 6.72(d,8.0) 123.6 7 - 189.7 2" 6.88(dd,8.0,2.0) 1241
8 6.64(d,10.0) 116.1 3" 7.43(dd,8.0,2.0) 129.4 8 3.33(d,7.5) 33.23" 7.50(d,8.0) 129.2
9 5.70(d,10.0) 129.0 4" — 136.7 9 5.36(d,7.5) 124.4 4~ - 136.4
10 - 79.5 5" 7.85(d,2.0) 125.6 10 - 132.6 5” 7.90(d,2.0) 126.1
CHs3-11 1.47(s) 28.7 6'° — 137.4 CHs-11 1.80(s) 25.6 6" - 138.0
CH3-12 1.47(s) 28.7 7" — 198.1 CH3-12 1.68(s) 19.27" - 198.2
1 - 131.0 CH3-8"” 2.55(s) 26.5 1’ - 130.8 CH3-8" 2.56(s) 26.5
2 7.39(d,8.0) 129.4 9" 6.79(d,15.6) 125.8 2/ 6.91(dd,8.0,2.0) 121.7 9" 8.60(d,15.8) 154.7
3 6.64(d,8.0) 118.5 10" 6.60(dd,15.6,6.6) 128.7 3’ 6.70(d,8.0) 118.910” 7.61(dd,15.8,7.8) 126.0
4 - 158.6 CH3-11"" 1.95(d,6.6) 19.3 4 - 143.1 11" 9.60(s) 194.1

percentage of the non-treated control group [27].

3. Results and discussion

3.1. Structure elucidation of new compounds

Compound 1 was purified as a colorless powder. The HR-ESI-MS

spectrum of compound 1 revealed a molecular formula C33H4001; in
the light of sodium addition peak, which was determined as 635.2466
(IM + Na] ™" caled. for 635.2468 for C33H0011Na), corresponding to an
index of hydrogen deficiency of 14. The UV spectrum of compound 1
exhibited characteristic absorption bonds at Apax 208, 235, and 270 nm,
indicating the dioxane neolignan skeleton [28]. The IR spectrum of
compound 1 revealed the presence of hydroxy (3325 cm™1), carbonyl
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Table 4
1H NMR (400 MHz, DMSO-dg) and '*C NMR (100 MHz, DMSO-dg) of compounds (9-10).
No. 9 No. 9 No. 10 No. 10
8y 8¢ 8y OS¢ 8y 8¢ 8y 8¢

1 6.97(s) 112.7 4 —140.21 6.96(s) 112.6 4/ - 140.1
2 - 125.35 —142.4 2 125.2 5/ - 142.4
3 - 139.2 6’ 6.85(s) 110.8 3 139.4 6 6.87(s) 110.9
4 - 138.07 — 152.24 - 138.27' - 152.1
5 - 116.28 —118.15 116.4 8 - 118.0
6 - 129.6 9’ 4.68(s) 51.4 6 129.8 9 4.68(s) 51.5
7 6.62(d,16.0) 130.51” —132.77 6.63(d,16.0) 130.7 1" - 132.7
8 6.30(dt,16.0,5.8) 128.9 2" 6.36(s) 107.6 8 6.32(dt,16.0,5.8) 129.0 2" 6.35(s) 107.8
9 4.21(d,5.8) 63.6 3" — 151.29 4.22(d,5.8) 63.8 3” - 151.4
10 6.86(d,16.7) 120.4 4” — 129.8 10 6.65(d,10.0) 116.3 4” - 129.9
11 6.78(d,16.7) 137.6 5 —151.211 5.71(d,10.0) 129.1 5" - 151.4
12 - 82.6 6 6.36(s) 107.6 12 79.56"” 6.35(s) 107.8
CH3-13/14 1.50(s) 24.6 7" — 152.2 CH3-13/14 1.46(s) 28.37" - 152.1
1 - 133.18" —-118.1 1’ - 133.0 8" - 118.0
2/ 7.21(s) 113.7 9" 4.68(s) 51.4 2/ 7.20(s) 113.6 9" 4.68(s) 51.5
3 - 126.9 OCH3-3"”/5" 3.79(s) 56.7 3’ 127.0 OCH3-3"/5" 3.80(s) 56.7

(1736 em™1), and benzene ring (1605, 1511, and 1498 em™) func-
tionalities. The 'H NMR spectrum of compound 1 displayed a 7,8-trans
allyl alcohol group [28] at 6y 6.61 (1H, d, J = 16.0 Hz, H-7), 6.29 (1H,
dt, J = 16.0, 5.8 Hz, H-8), and 4.20 (2H, d, J = 5.8 Hz, H-9) with 13C
NMR data ¢ 130.4 (C-7), 128.9 (C-8), and 63.5 (C-9) (Table 1), which
was located at C-1 by the key HMBC correlations of H-2 to C-7 and H-8 to
C-1 (Fig. 2). In the 'H NMR spectrum of compound 1, a 11-isopropyl-
furan ring moiety was found at éy 6.26 (1H, s, H-10), 3.38 (1H, m, H-
12), and 1.31 (6H, s, CH3-13/14) with 13C NMR data 8¢ 108.6 (C-10),
161.2 (C-11), 35.8 (C-12), and 23.1 (C-13/14) (Table 1), which was
located at C-5/6 by the key HMBC correlations of H-10 to C-5 and H-10
to C-12 (Fig. 2). Moreover, the 'H NMR spectrum of compound 1
revealed a 1',3',4',5'-tetrasubstituted benzene ring at 6y 6.58 (2H, s, H-
2'/6"), 3.85 (6H, s, OCH3-3'/5’), which was attached to C-7’ by the key
HMBC correlations of H-2'/6’ to C-7 (Fig. 2). A glycerol group [29] at 6y
3.98 (1H, t, J = 4.8 Hz, H-15') and 3.76 (4H, dd, J = 4.8, 1.0 Hz, H-16'/
17’") with 6¢ 84.3 (C-15') and 61.9 (C-16'/17’) (Table 1) was connected
to C-4' by the key HMBC correlation of H-15' to C-4' (Fig. 2). Meanwhile,
an isovalerate moiety [30] at 5y 4.86 (1H, s, H-9), 2.30 (2H, d, J = 6.6
Hz, H-11'), 2.16 (1H, m, H-12'), and 1.00 (6H, s, CH3-13'/14') with &¢
65.3 (C-9), 173.1 (C-10'), 43.9 (C-11"), 25.1 (C-12), and 22.1 (C-13'/
14) (Table 1) was assigned to C-9' by the key HMBC correlations of Ha-
9’ to C-7'/10', H-2 to C-4 (Fig. 2). The other fragments of compound 1
were connected by the key correlations of H-7 to C-9, H-2'/6' to C-4', H-
16’ to C-17', and H5-9'/12' to C-10' in the HMBC spectrum (Fig. 2), the
key correlations of H-7 to H-8, H-8 to H»-9, H-15' to Hp-16/, H-15’ to Ha-
17', and Hy-11' to H-12' in the 'H-'H COSY spectrum (Fig. 2), and the
key correlations of H-2 to H-7, H-7 to H-9, H-6' to H-9’, H-10 to CH3-13,
CH3-12 to CH3-13, CH3-13' to CH3-14’, CH3-13' to H-11’ in the NOESY
spectrum (Fig. 3). Consequently, compound 1 was determined as (7E)-1-
allyl alcohol-5,6-(11-isopropyl)-furanyl-3’,5'-dimethoxy-4'-glycerol-9’-
isovalerate-3,4,7',8'-benzodioxane neolignan.

Compound 2 was obtained as a colorless powder. Its molecular for-
mula was assigned as C3sHsgO10 by HR-ESI-MS (m/z 641.2366 [M +
Na]™; caled. for CasHzgO19Na, 641.2363), requiring 17 degrees of
unsaturation. Its UV spectrum displayed absorptions at Amax 208, 235,
270, and 305 nm and its IR spectrum showed absorption bonds for hy-
droxy (3328 c¢m ') and aromatic ring (1611 and 1509 em™ D) groups.
These characteristic absorption peaks indicated that the dioxane neo-
lignan skeleton was in compound 2 [28]. In the 'H NMR spectrum of
compound 2, a 9-methoxyl-7,8 -trans propenyl group [28] at éy 6.52
(1H, d, J = 16.0 Hz, H-7), 6.21 (1H, dd, J = 16.0, 5.8 Hz, H-8), and 4.11
(1H, d, J = 5.8 Hz, H-9) with *C NMR data ¢ 130.1 (C-7), 125.9 (C-8),
and 73.1 (C-9) (Table 1) was connected to C-1 by the key HMBC cor-
relations of H-2 to C-7 and H-8 to C-1 (Fig. 2). Moreover, a typical prenyl
moiety [31] at 6y 3.48 (2H, d, J = 7.5 Hz, H-10), 5.25 (1H, t,J=7.5, 1.5

Hz, H-11), 1.70 (3H, s, CHs-13), and 1.82 (3H, s, CHs-14) (Table 1) was
assigned to C-6 by the key HMBC correlation of H-11 to C-6 (Fig. 2).
Meanwhile, a typical AA’BB’ system [32] at 6y 7.28 (2H, d, J = 8.0 Hz,
H-2'/6"), 6.65 (2H, d, J = 8.0 Hz, H-3'/5') (Table 1) was connected to C-
7' by the key HMBC correlations of H-2'/6 to C-7’ (Fig. 2). Furthermore,
a 11/,16/-dihydroxy-15',17’-dimethoxy-10’-phenylallyl moiety at dy
4.18 (2H, s, H-11'), 6.21 (1H, s, H-12"), and 3.86 (6H, s, OCH3-15'/17")
was connected to C-4' by the key HMBC correlation of H-2'/6’ to C-4'
(Fig. 2). The other fragments of compound 2 was established on the key
HMBC correlations of H-7 to C-9, H-10 to C-12, H-3'/5' to C-1/, H-9’ to C-
7', H-12' to C-11’, H-14'/18' to C-12'/16' (Fig. 2), the 'H-'H cosy
correlations of H-7 to H-8, H-8 to H-9, H-10 to H-11, H-2' to H-3’, H-5' to
H-6' (Fig. 2), and the key NOESY correlations of H-2 to H-9, H-7 to H-9,
H-9 to OCHs-9, H-10 to CHs3-14, H-11 to CHs3-13, CHs-13 to CHs-14,
OCH3-15' to H-11/, OCH3-15' to H-14' (Fig. 3). Thus, compound 2 was
elucidated as (7E,10'E,11E)-1-(9-methoxyl)-propenyl-5-hydroxy-6-
prenyl-8'-methylol-11’,16’-dihydroxy-15’,17'-dimethoxy-10'-phenyl-
allyl alcohol-3,4,7',8'-benzodioxane neolignan.

Compound 3, a colorless powder with the molecular formula of
C40H46011, was demonstrated by its HR-ESI-MS at m/z 725.2937 [M +
Na]™ (caled. for C4oH46011Na, 725.2938) with 18 degrees of unsatura-
tion. Its UV spectrum showed absorption bonds at Anax 208, 235, 305,
and 343 nm, and its IR spectrum exhibited characteristic absorption
bonds at 3330, 2938, 1608, and 1509 cm’l, which revealed the char-
acteristic absorption peaks of the dioxane neolignan skeleton [28]. It
was found that UV and IR spectral data of compound 3 were similar to
compound 2, which concluded compound 3 was an analogue of com-
pound 2. The 'H and '3C NMR spectral data of compound 3 were similar
to compound 2. However, there were two different replacements be-
tween compounds 3 and 2. The H-6 was replaced by a geranyl moiety
[31] at 6y 3.23 (2H, d, J = 9.2 Hz, H-10), 5.22 (1H, m, H-11), 1.97 (2H,
m, H-13), 1.46 (2H, m, H-14), 1.35 (2H, m, H-15), and 1.16 (6H, s, CHs-
17/18) (Table 1), which was verified by the key correlation of H-11 to C-
6 in the HMBC spectrum (Fig. 2); and H-4'/5" were replaced by a 16'-
hydroxy-15',17’-dimethoxyphenyl-11’-methylol-benzofuranyl ~ group
[33] at 6y 7.18 (2H, s, H-14'/18), 3.88 (6H, s, OCH3-15'/17"), and 4.66
(2H, s, H-12") (Table 1), which was determined by the key HMBC cor-
relation of H-3' to C-11’ (Fig. 2). Moreover, a typical ABX system at 5y
7.56 (1H, dd, J = 8.0, 2.0 Hz, H-2'), 7.83 (1H, d, J = 8.0 Hz, H-3'), and
7.72 (1H, d, J = 2.0 Hz, H-6") (Table 1) was assigned to C-7’ by the key
HMBC correlations of H-2'/6’ to C-7' (Fig. 2). The other fragments of
compound 3 was established on the key HMBC correlations of H-7 to C-
9, H-10 to C-12, H-11 to C-13, H-14 to C-12/16, H-15 to C-13, H-2' to C-
4, H-3' to C-1, H-9' to C-7/, H-12'/14'/18' to C-10’, H-14'/18’ to C-16’
(Fig. 2), the "H-'H COSY correlations of H-7 to H-8, H-8 to H-9, H-10 to
H-11, H-13 to H-14, H-14 to H-15, H-2' to H-3' (Fig. 2), and the key
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HMBC N 4
'H-'H COSY I

C6-C3

Fig. 2. Key HMBC and 'H-'H COSY correlations of new compounds (1-10).

NOESY correlations of H-2 to H-7, H-7 to H-9, H-9 to OCH3-9, H-10 to
CH3-12, H-13 to H-15, H-11 to H-14, H-15 to CH3-17, CHs-17 to CH3-18
(Fig. 3). Consequently, compound 3 was determined as (7E,11E)-1-(9-
methoxyl)-propenyl-5-hydroxy-6-geranyl-16'-hydroxy-15',17'-

dimethoxyphenyl-8',11’-dimethylol-benzofuranyl-3,4,7’,8'-benzodiox-
ane neolignan.

Compound 4 was obtained as a colorless powder. It was assigned the
molecular formula of C3gH42013 by the HR-ESI-MS data m/z 705.2520
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NOESY

.

Fig. 3. Key NOESY correlations (blue) of new compounds (1-10). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

[M + Na]™ (caled. for C3gH2013Na, 705.2523), requiring 16 degrees of
unsaturation. Its UV spectrum showed absorption bonds at 205, 272,
320, and 350 nm, which revealed the phenanthrofuran-type neolignan
skeleton [34]. Its IR spectrum displayed absorption peaks for hydroxy
(3421 cm™ 1) and aromatic ring (1610, 1518 and 1467 cm’l) function-
alities. In the 'H NMR spectrum of compound 4, a typical 18,19-dime-
thylpropanol group [35] at 6y 2.78 (2H, m, H-15), 1.58 (2H, m, H-
16), and 1.19 (6H, s, CH3-18/19) with 6¢ 18.1 (C-15), 43.2 (C-16), 70.3
(C-17), and 29.2 (C-18/19) (Table 2) was assigned to C-1 by the key
correlations of Hy-15 to C-2 and Hy-16 to C-1 in the HMBC spectrum
(Fig. 2). Meanwhile, a typical -glucopyranosyl moiety at 5y 5.01 (1H, d,
J=7.6Hz,H-1"), 3.72 (1H, m, H-2"), 3.80 (1H, m, H-3"*), 3.38 (1H, m,
H-4"), 3.68 (1H, m, H-5""), 3.57 (1H, dd, J = 11.2, 6.4 Hz, H-6""a), and
3.91 (1H, dd, J = 11.2, 3.2 Hz, H-6"’b) with §¢ 101.3 (C-1""), 74.2 (C-2"),

77.7 (C-3"), 71.2 (C-4"), 76.4 (C-5"), and 63.8 (C-6") (Table 2) was
connected to C-9' by the key correlations of H-1"" to C-9', H-9’ to C-7'/2
in the HMBC spectrum (Fig. 2). Moreover, a typical ABX system at 5y
6.98 (1H, dd, J = 8.0, 2.0 Hz, H-2), 6.73 (1H, d, J = 8.0 Hz, H-3), 6.85
(1H, d, J = 2.0 Hz, H-6) (Table 2) and two methylene groups at 5y 2.48
(2H, m, H-7), 2.42 (2H, m, H-8) were found in the 'H NMR spectrum.
The remaining fragments of compound 4 was determined by the key
correlations of Ho-15 to C-17, Hy-7 to C-1/5, H,-8 to C-10, H-11 to C-5,
H-14 to C-8/12, H-2 to C-4'/7', H-3' to C-1/, H-6 to C-7', H-3"" to C-5",
and H-6" to C-4" in the HMBC spectrum (Fig. 2), the key correlations of
Hy-7 to Hy-8, Hy-15 to Hy-16, and H-2' to H-3' in the 'H-'H COSY
spectrum (Fig. 2), and the key correlations of H-8 to H-14, H-6’ to OCHs-
5’, CH3-18 to CH3-19 in the NOESY spectrum (Fig. 3). Moreover, the D/L
isomerism of glucose moiety was confirmed by applying HPLC analyses
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after arylthiocarbamoyl-thiazolidine derivation [36]. The tg at 17.49
min of glucose was coincided with derivatives of p-glucose, which
compared with the retention times of the arythiocarbamoyl-thiazolidine
[36]. Therefore, the structure of compound 4 was assigned as 1-(18,19-
dimethyl)-propanol-4-hydroxyl-5,6-(13-hydroxyl-12-methoxyl)-phenyl-
ethyl-7'-(4'-hydroxyl-5'-methoxy)-phenyl-9’-O-j-p-glucopyranosyl-phe-
nanthrofuran neolignan.

Compound 5 was obtained as a colorless powder, it showed an ion
peak at m/z 757.2475 [M + Na]' in the HR-ESI-MS (calcd. for
C39H42014Na, 757.2472), corresponding to the molecular formula
C39H42014, indicated 19 indices of hydrogen deficiency. The UV spec-
trum showed characteristic absorption bonds at 203, 272, 320, 346 nm
and its IR spectrum showed absorption bands for hydroxy (3425 cm™?),
aromatic ring (1612 and 1608 em™ ) functionalities, which indicated
the phenanthrofuran-type neolignan skeleton [34]. A closer comparison
of the 'H and '3C NMR spectral data (Table 2) with compound 4
revealed that compound 5 was an analogue of compound 4 except for
the 17-ethylfuryl group [37] at 6y 2.25 (2H, m, H-15), 2.12 (2H, m, H-
16),7.22 (1H, s, H-18),7.31 (1H, d, J = 2.6 Hz, H-19), and 6.33 (1H, d, J
= 2.6 Hz, H-20) with 5¢ 29.4 (C-15), 24.5 (C-16), 116.1 (C-17), 109.4 (C-
20), 141.3 (C-19), and 138.4 (C-18) (Table 2), which was connected to
C-1 by the key HMBC correlations of Hs-15 to C-2 and Hy-16 to C-1
(Fig. 2). A fragment of 3',4’,5'-trimethoxyphenyl group at 5y 6.39 (2H, s,
H-2//6') and 3.78 (9H, s, OCH3-3'/4'/5') (Table 2) was assigned to C-7’
by the key HMBC correlations of H-2'/6' to C-7' (Fig. 2). The other
groups of compound 5 was connected by the key HMBC correlations of
H-15to C-17, H-18/20 to C-16, H-19 to C-17, H-7 to C-1/5, H-8 to C-10,
H-11 to C-5, H-14 to C-8/12, H-2'/6’ to C-4/, H-9' to C-7’, H-3"”" to C-5",
H-6" to C-4” (Fig. 2), the 'H-'H COSY correlations of H-7 to H-8, H-15
to H-16, H-19 to H-20 (Fig. 2), and the key NOESY correlations of H-8 to
H-14, H-2' to OCH3-3', H-2'/H-9' (Fig. 3). Moreover, the D/L isomerism
of glucose moiety was confirmed by applying HPLC analyses after
arylthiocarbamoyl-thiazolidine derivation [36]. The tg at 17.48 min of
glucose was coincided with derivatives of p-glucose, which compared
with the retention times of the arythiocarbamoyl-thiazolidine [36].
Consequently, compound 5 was elucidated as 1-(17-furanyl)-ethyl-4-
hydroxyl-5,6-(13-hydroxyl-12-methoxyl)-phenylethyl-7'-(3',4',5'-trime-
thoxy)-phenyl-9'-O-p-p-glucopyranosyl-phenanthrofuran neolignan.

Compound 6 was isolated as a colorless powder. The molecular
formula of compound 6 was deduced as C37H42014 in view of its HR-ESI-
MS (m/z 733.2474, [M + Nal]™; caled. for 733.2472), indicating 17
indices of hydrogen deficiency. The UV spectrum of compound 6
exhibited the characteristic absorption bonds of the phenanthrofuran-
type neolignan skeleton at 205, 272, 323, and 345 nm [34]. Its IR
spectrum exhibited the characteristic adsorptions at 3423 and 1611
cm ™! suggesting hydroxy group and benzene ring group, respectively.
The 'H and 3C NMR spectral data indicated that the chemical structure
of compound 6 resembled that of compound 5, except that the (172)-
methyl-butanol group [38] at 6y 3.28 (2H, d, J = 6.9 Hz, H-15), 6.03
(1H, m, H-16), 4.31 (2H, m, H-18), and 1.74 (3H, s, CH3-19) with 5¢ 31.5
(C-15), 126.7 (C-16), 137.0 (C-17), 62.9 (C-18), and 17.5 (C-19)
(Table 2) was located to C-1 by the key HMBC correlations of Hp-15 to C-
2 and H»-16 to C-1 (Fig. 2), and a 4’-hydroxy-3',5'-dimethoxyphenyl
group at 5y 6.42 (2H, s, H-2'/6') and 3.84 (6H, s, OCH3-3'/5) (Table 2)
was assigned to C-7’ by the key HMBC correlations of H-2'/6' to C-7’
(Fig. 2). The other groups of compound 6 was connected by the key
HMBC correlations of H-15 to C-17, H-16 to C-18, H-7 to C-1/5, H-8 to C-
10, H-11 to C-5, H-14 to C-8/12, H-2'/6’ to C-4/, H-9' to C-7/, H-3"" to C-
5", H-6" to C-4" (Fig. 2), the 'H-'H COSY correlations of H-7 to H-8, H-
15 to H-16 (Fig. 2), and the key NOESY correlations of H-8 to H-14, H-2’
to OCH3-3', H-16/CH3-19 (Fig. 3). Moreover, the D/L isomerism of
glucose moiety was confirmed by applying HPLC analyses after
arylthiocarbamoyl-thiazolidine derivation [36]. The tg at 17.50 min of
glucose was coincided with derivatives of p-glucose, which compared
with the retention times of the arythiocarbamoyl-thiazolidine [36].
Therefore, compound 6 was determined as 1-(17Z)-methyl-butanol-4-
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hydroxyl-5,6-(13-hydroxyl-12-methoxyl)-phenylethyl-7’'-(4'-hydroxy-
3,5'-dimethoxy)-phenyl-9’-O-p-p-glucopyranosyl-phenanthrofuran
neolignan.

Compound 7 was isolated as a colorless powder, and its molecular
formula was established as C3pHyg0¢ through HR-ESI-MS (m/z
531.1781, [M + Nal™; calcd. for 531.1784) and NMR spectroscopic
data, suggesting 19 indices of hydrogen deficiency. Its UV spectrum
showed the absorption bonds at A, 202, 280, 315, and 330 nm and IR
spectrum showed characteristic absorption bonds at hydroxy (3411
cm’l), carbonyl (1719 cm’l), and aromatic ring (1617 and 1572 em™ D)
functional groups, which revealed compound 7 contained the biphenyl
ketone-type neolignan skeleton [39]. The 'H and C NMR spectra
showed the 11,12-dimethylpyranyl moiety [40] at 6y 6.64 (1H, d, J =
10.0 Hz, H-8), 5.70 (1H, d, J = 10.0 Hz, H-9), and 1.47 (6H, s, CH3-11/
12) with §¢ 116.1 (C-8), 129.0 (C-9), 79.5 (C-10), and 28.7 (C-11/12)
(Table 3) was assigned to C-4/5 by the key HMBC correlations of H-9 to
C-5 and H-8 to C-6 (Fig. 2). Additionally, analysis of its NMR data
indicated the presence of a 9,10 -trans propenyl unit [39] at 5y 6.79
(1H, d, J = 15.6 Hz, H-9"), 6.60 (1H, dd, J = 15.6, 6.6 Hz, H-10""), and
1.95 (3H, d, J = 6.6 Hz, CH3-11"") with §¢ 125.8 (C-9'"), 128.7 (C-10"),
and 19.3 (C-11") (Table 3) was connected to C-4” by the key HMBC
correlations of H-3” to C-9”” and H-10" to C-4” (Fig. 2). Meanwhile, an
acetyl group at 5y 2.55 (3H, s, CH3-8") was attached to C-6" by the
HMBC correlation of H-5" to C-7" (Fig. 2) and a 4'-hydroxy phenyl
group at 5y 7.39 (2H, d, J = 8.0 Hz, H-2'/6') and 6.64 (2H, d, J = 8.0 Hz,
H-3'/5') (Table 3) was assigned to C-7’ by the HMBC correlations of H-
2'/6' to C-7' (Fig. 2). The remaining groups of compound 7 was eluci-
dated by the key HMBC correlations of H-1 to C-7/8', H-8 to C-6/10, H-9
to C-5, H-3'/5 to C-1/, H-9' to C-7', H-2” to C-7/6", and H-5"" to C-7"
(Fig. 2), the key IH-'H COSY correlations of H-8 to H-9, H-2' to H-3', H-
5’ to H-6', H-2" to H-3”, and H-9” to H-10" (Fig. 2), and the key cor-
relations of H-2'/H-9', H-2'/H-3', H-5'/H-6/, CH3-12/H-9 in the NOESY
spectrum (Fig. 3). Consequently, compound 7 was elucidated as (9"”E)-
4,5-(11,12-dimethyl)-pyranyl-7’-(4’-hydroxy)-phenyl-4"’-propenyl-8'-
methylol-furanyl-6"-acetyl-1"’,6-biphenyl-7-ketone neolignan.

Compound 8 was isolated as a colorless powder. Its molecular for-
mula was determined to be C33H3oHg, based on HR-ESI-MS data at m/z
577.1840 [M + Na] ™ (calcd. for C33H3zgHgNa, 577.1838), corresponding
to 19 degrees of unsaturation. It was concluded that compound 8 was an
analogue of compound 7 with the biphenyl ketone-type neolignan
skeleton [39] by comparing with the UV (Anax 202, 280, 318, 332, and
351 nm) and IR (3410, 1720, 1677, 1617, and 1573 cm™!). Detailed
analysis of the 1 and '3C NMR spectral data (Table 3) revealed that
compound 8 was similar to those of compound 7 except for an iso-
pentenyl [21] group at 6y 3.33 (2H, d, J = 7.5 Hz, H-8), 5.36 (1H, d, J =
7.5 Hz, H-9), 1.80 (3H, s, CH3-11), and 1.68 (3H, s, CH3-12) (Table 3),
and above moiety was connected to C-5 by the key HMBC correlations of
H-9 to C-5 and H,-8 to C-6 (Fig. 2). Meanwhile, a group of characteristic
peaks of a propenylketone group [41] at 6y 8.60 (1H, d, J = 15.8 Hz, H-
9”), 7.61 (1H, dd, J = 15.8, 7.8 Hz, H-10"), and 9.60 (1H, brs, H-11"")
with §¢ 154.7 (C-9”°), 126.0 (C-10"), and 194.1 (C-11"") (Table 3) was
assigned to C-4" by the key HMBC correlations of H-3"/5" to C-9”" and
H-10" to C-4" (Fig. 2). Moreover, two typical ABX systems at 5y 6.91
(1H, dd, J = 8.0, 2.0 Hz, H-2"), 6.70 (1H, dd, J = 8.0 Hz, H-3'), 6.86 (1H,
d, J= 2.0 Hz, H-5') and 6.88 (1H, dd, J = 8.0, 2.0 Hz, H-2""), 7.50 (1H, d,
J = 8.0 Hz, H-3"), 7.90 (1H, d, J = 2.0 Hz, H-5"") were found in the 'H
NMR spectrum of compound 8. The other groups of compound 8 was
determined by the key HMBC correlations of H-1 to C-7/8’, H-8 to C-6/
10, H-9 to C-5, H-3'/5' to C-1/, H-9' to C-7/, H-2" to C-6""/7, H-3"" to C-
9”, H-5"" to C-7"°/9", H-9” to C-11”, H-10" to C-4” (Fig. 2), the 'H-'H
COSY correlations of H-8 to H-9, H-2' to H-3/, H- 2" to 3°, H-9” to H-
107, H-10" to H-11" (Fig. 2), and the key NOESY correlations of H-8 to
CHs-11, H-9 to CH3-12, CH3-11 to CH3-12, H-2' to H-3', H-6' to OCH3-5’
(Fig. 3). Thus, compound 8 was elucidated as (9E,9’’ E)-5-isopentenyl-7’-
(4'-hydroxy-5'-methoxy)-phenyl-4’’-propenylketone-8'-methylol-fur-
anyl-6'"-acetyl-1"",6-biphenyl-7-ketone neolignan.
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Compound 9 was isolated as a colorless powder. Its molecular for-
mula was confirmed as C34H34011 based on the HR-ESI-MS data (m/z
641.1995 [M + Na]™, caled. for C34H34071Na 641.1999), indicating 18
indices of hydrogen deficiency. Its UV spectrum showed absorption
bonds at 202, 230, and 270 nm, along with IR absorption of hydroxy
(3409 cm’l) and aromatic ring (1611 and 1508 cm’l) functional
groups, which concluded the 1’,7'-bineolignan skeleton [42]. In the Bii
NMR spectrum of compound 9, an isopentenol moiety at 6y 6.86 (1H, d,
J = 16.7 Hz, H-10), 6.78, 1H, d, J = 16.7 Hz, H-11), and 1.50 (6H, s,
CH3-13/14) with §¢ 120.4 (C-10), 137.6 (C-11), 82.6 (C-12), and 24.6
(C-13/14) (Table 4) was assigned to C-5 by the key HMBC correlations of
H-11 to C-5 and H-10 to C-4 (Fig. 2). In addition, a 7,8-trans allyl alcohol
group [28] at 6y 6.62 (1H, d, J = 16.0 Hz, H-7), 6.30 (1H, dt, J = 16.0,
5.8 Hz, H-8), and 4.21 (2H, d, J = 5.8 Hz, H-9) and '*C NMR data é¢
130.5(C-7), 128.9 (C-8), and 63.6 (C-9) (Table 4) was assigned to C-6 by
the key HMBC correlations of H-1 to C-7 and H-8 to C-6 (Fig. 2).
Moreover, a moiety of 4”’-hydroxy-3'°,5"”-dimethoxyl phenyl at 6y 6.36
(2H, s, H-2"’/6"*) and 3.79 (6H, s, OCH3-3"’/5"’) (Table 4) was connected
to C-7”” by the key correlations of H-2""/6"" to C-7" in the HMBC spec-
trum (Fig. 2). The structure of compound 9 was further confirmed by
analyses of the key HMBC correlations of H-1 to C-8', H-7 to C-9, H-10 to
C-12, H-2' to C-7'/8"”, H-6' to C-7', Hy-9' to C-7/, H-2"" /6" to C-4", and
H,-9" to C-7” (Fig. 2), the key 11 1H COSY correlation of H-7 to H-8, H-
8 to Hp-9, and H-10 to H-11 (Fig. 2), and the key correlations of H-1 to H-
8, 4-OH to H-10, H-2” to H-9”, H-6"" to 5”"~0OCHj3 in the NOESY spec-
trum (Fig. 3). Therefore, compound 9 was determined as (7E,10E)-4,5'-
dihydroxy-5-isopentenol-6-(7,8-trans allyl)-alcohol-7"’-(4"’-hydroxy-
3”,5”-dimethoxyl)-phenyl-9’,9" -dimethylol-1’,7’-bineolignan.

Compound 10 was obtained as a colorless powder. Its molecular
formula was established as C34H3201¢ by HR-ESI-MS (m/z 623.1895 [M
+ Nalt, caled. for C34H32010Na, 623.1893), corresponding to 19 de-
grees of unsaturation. Its UV spectrum exhibited absorptions at Apmax 202,
230, 270, and 315 nm and IR spectrum showed hydroxy (3410 cm™ D)
and aromatic ring (1612 and 1507 cm™') functional groups, it was
concluded that compound 10 was an analogue of compound 9. A closer
comparison of the NMR spectra (Table 4) with compound 9 revealed
that compound 10 contained the 1’,7’-bineolignan skeleton [42]. The
only difference between compounds 10 and 9 was the appearance of the
13,14-dimethyl-pyran moiety [40] at 6y 6.65 (1H, d, J = 10.0 Hz, H-10),
5.71 (1H, d, J = 10.0 Hz, H-11), and 1.46 (6H, s, CH3-13/14) with &¢
116.3 (C-10), 129.1 (C-11), 79.5 (C-12), and 28.3 (C-13/14) (Table 4),
which was assigned to C-4/5 by the key HMBC correlations of H-11 to C-
5 and H-10 to C-6 (Fig. 2). The other fragments of compound 10 were
connected by the key HMBC correlations of H-1 to C-7/8"*, H-7 to C-9, H-
8 to C-6,H-10 to C-12, H-14 to C-12, H-2'/6' to C-7’, H-2' to C-8', H-9' to
C-7', H-2"" /6" to C-4" /7", H-9"” to C-7"” (Fig. 2), the 'H-'H COSY cor-
relation of H-7 to H-8, H-8 to H-9, H-10 to H-11 (Fig. 2), and the key
NOESY correlations of H-1 to H-8, H-7 to H-9, H-7 to H-10, 5'-OH to H-
6’, H-2"” to H-9”, H-6"" to OCH3-5" (Fig. 3). Thus, compound 10 was
determined as (7E)-5'-hydroxy-4,5-(13,14-dimethyl)-pyranyl-6-allyl
alcohol-7"-(4"’-hydroxy-3",5’-dimethoxyl)-phenyl-9’,9” -dimethylol-
1’,7'-bineolignan.

Meanwhile, fourteen known neolignan derivatives (11-24) were
isolated and characterized from the fruits of C. medica L. var. sarco-
dactylis Swingle for the first time. These isolates were elucidated to be
(7S,8R)-9',3-dimethoxyl isoamericanol a (11) [28], (7S,8R,7"’S,8 R)-
7,8-7",8"-trans-7',8'-Z-sesquiverniciasin A (12) [28], (7S,8R,7"S, 8 R)-
7,8-7"",8"-trans-7',8'-E-sesquiverniciasin A (13) [27], selamoellenin B
(14) [33], dendronbibisline A (15) [34], dendronbibisline B (16) [34],
dendronbibisline C (17) [34], dendronbibisline D (18) [34], herpeto-
siols B (19) [42], herpetosiols C (20) [42], silychristin A (21) [39],
silychristin B (22) [39], (7S,8R)-threo-1'-[3'-hydroxy-7-(4-hydroxy-3-
methoxyphenyl)-8-hydroxymethyl-7,8-dihydrobenzofuran]acryl-
aldehyde (23) [41], and (-)-(7R,8S,7'E)-4-hydroxy-3,5,5',9'-tetrame-
thoxy-4',7-epoxy-8,3'-neolign-7’-en-9-ol (24) [43] by comparison of
their spectroscopic data and references.

10

Bioorganic Chemistry 107 (2021) 104622
3.2. Acid hydrolysis of compounds 4-6 and 21-22

Compounds 4-6 and 21-22 (5 mg each) were treated in 5% HCI (0.5
mL) and heated at 90 °C for 2 h, respectively [44]. After cooling, each
reaction mixture was extracted with EtOAc, and the aqueous layer was
neutralised with 0.1 M NaOH. As a result, the glucoses were obtained
from compounds 4-6 and 21-22, which were detected by thin layer
chromatography (TLC) with authentic sugars. The type of glucose was
identified by TLC method with authentic sugar [45]. Meanwhile, we had
confirmed the D/L isomerism of glucose moiety by applying reversed-
phase HPLC analyses after arylthiocarbamoyl-thiazolidine derivation
[36]. The glucoses were obtained from compounds 4-6 and 21-22, and
they were dried in vacuo. The residue was dissolved in pyridine (0.1 mL)
containing L-cysteine methyl ester hydrochloride (0.5 mg) and heated at
60 °C for 1 h. A 0.1 mL solution of O-torylisothiocyanate (0.5 mg) in
pyridine was added to the mixture, which was heated at 60 °C for 1 h.
The reaction mixture was directly analyzed by reversed-phase HPLC.
The tg values of peaks in the range of 17.48-17.50 min were coincided
with derivatives of p-glucose, which compared with the retention times
of the arythiocarbamoyl-thiazolidine [36].

3.3. Plausible biogenetic pathways of compounds (1-10)

It’s very important that the structures of compounds (1-10) were
determined as neolignan derivatives, which may be closely related to
biogenetic pathways, were isolated from C. medica L. var. sarcodactylis
Swingle at the same time (Scheme 1). Interestingly, the plausible
biogenetic pathway of compounds (1-3) could be traced back to ben-
zodioxane neolignan core just like many neolignans. Compound 1 went
through hydrolysis of ester bond to obtain compound 2, and compound
2 went through cyclization to afford compound 1. Compound 2 went
through cyclization and substitution to obtain compound 3. Meanwhile,
the plausible biogenetic pathway for compounds (4-6) could be traced
back to phenanthrofuran neolignan skeleton, which mainly went
through a series of potential substitution to obtain compounds (4-6).
Thus, compounds 4 and 6 went through cyclization to obtain compound
5, and compound 5 went through substitution to obtain compounds 4
and 6. In the same way, the plausible biogenetic pathway of compound 7
could be readily transformed to compound 8 went through the way of
ring opening and compound 8 transformed to compound 7 went through
cyclization. Moreover, the plausible biogenetic pathway of compound 9
could be readily changed to compound 10 by the way of cyclization and
compound 10 transformed to compound 9 went through the way of ring
opening. The further and reasonable biogenetic pathway of compounds
(1-10) of C. medica L. var. sarcodactylis Swingle will be researched in the
future.

3.4. Statistical analysis of hepatoprotective and neuroprotective activities

In this study, compounds (1-24) were evaluated for their hep-
atoprotective activities in HepG2 cells by the acetaminophen (APAP)-
induced damage model at 10.0 pM with bicyclol as a positive group (cell
viability of 75.34 + 3.60%). As a result, compounds 1-3 and 12-13
exhibited moderate hepatoprotective activities to improve the HepG2
cell survival rates from 46.26 + 1.90% (APAP, 10 mM) to 67.23 +
4.25%, 62.87 + 4.43%, 60.06 + 6.34%, 56.75 + 2.30%, and 58.35 +
6.14%, respectively (Fig. 4). Among them, compounds (1-3) showed
slightly better cell viabilities than compounds (12-13). However, the
other compounds displayed no hepatoprotective activities. Meanwhile,
compounds (1-24) were also assayed for their neuroprotective activities
on PC12 cells with desipramine as a positive control (cell viability of
79.84 + 1.55%). As shown in Fig. 5, compounds 7, 8, 21, and 22 showed
certain neuroprotective activities to raise the survival rates of PC12 cells
from 55.30 + 2.25% to 66.94 + 3.37%, 70.98 + 5.05%, 64.64 + 1.93%,
and 62.81 + 4.11% at 10 pM, respectively. Among them, compounds 7
and 8 showed slightly better neuroprotective activities with cell
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viabilities of 66.94 + 3.37% and 70.98 + 5.05% than compounds 21 and
22 with cell viabilities of 64.64 + 1.93% and 62.81 + 4.11% at 10 pM.
However, the other compounds exhibited no neuroprotective activities
in this experiment. This study will enrich the chemical constituents of
C. medica L. var. sarcodactylis Swingle and facilitate the development of
more hepatoprotective and neuroprotective agents in the future.

3.5. Preliminary structure activity relationship of active compounds

A preliminary structure-activity relationship of neolignan de-
rivatives (1-24) was summarized according to their chemical structures
and hepatoprotective and neuroprotective activities. Compounds 1-3
and 12-13 displayed certain hepatoprotective activities which
possessed the same benzodioxane skeleton. Among them, compounds
(1-3) exhibited the most obvious cell survival rates of 67.23 + 4.25%,
62.87 + 4.43%, and 60.06 + 6.34%, respectively, which had the same
substitutions of 5-hydroxy-6-prenyl moiety which possibly dominated
their hepatoprotective activities. Meanwhile, compounds 7-8 and
21-22 exhibited certain neuroprotective activities which possessed the
same biphenyl-ketone skeleton. Among them, compounds (7-8) showed
the most important neuroprotective activities with increasing the cell
survival rate at 66.94 + 3.37% and 70.98 + 5.05% at 10 pM,
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respectively. It is the reason that C-2/3 was replaced by the benzofuran
moiety, which possibly played an important role in mediating neuro-
protective activities. The structure-activity relationship of hep-
atoprotective and neuroprotective compounds from C. medica L. var.
sarcodactylis Swingle need further research in the future.

4. Conclusion

In this work, three new benzodioxane neolignans (1-3), three new
phenanthrofuran neolignan glycosides (4-6), two new biphenyl-ketone
neolignans (7-8), two new 1',7’-bilignan neolignans (9-10), along with
fourteen known neolignan derivatives (11-24) were isolated from the
fruits of C. medica L. var. sarcodactylis Swingle for the first time. Among
them, compounds 1-3 and 12-13 exhibited moderate hepatoprotective
activities to improve the survival rates of HepG2 cells from 46.26 +
1.90% (APAP, 10 mM) to 67.23 + 4.25%, 62.87 + 4.43%, 60.06 +
6.34%, 56.75 + 2.30%, 58.35 + 6.14%, respectively. Compounds (1-3)
showed slightly better cell viabilities than compounds (12-13). Addi-
tionally, compounds 7-8 and 21-22 displayed moderate neuro-
protective activities to raise the survival rates of PC12 cells from 55.30
+ 2.25% to 66.94 + 3.37%, 70.98 + 5.05%, 64.64 + 1.93%, and 62.81
+ 4.11% at 10 pM, respectively. Compounds 7 and 8 showed slightly
better neuroprotective activities than compounds 21 and 22. These
findings shed much light on a better understanding of the hep-
atoprotective and neuroprotective activities of these neolignan de-
rivatives and provided new insights into developing better
hepatoprotective and neuroprotective drugs in the future.
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