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Abstract
Background: Penthorum chinense has been used in East Asia for the treatment of cholecystitis, infectious
hepatitis, and jaundice. So far there is no report regarding proprotein convertase subtilisin/kexin type 9
inhibitory constituents from this plant. The aim of the present study was to discover new active
constituents with PCSK9 expression inhibitory activities from P. chinense

Methods: All structures were established by interpreting NMR spectroscopic data and MS data. Further
experimental and calculated ECD data were used to determine the absolute configuration of the two new
neolignans. To monitor the inhibitory activity on proprotein convertase subtilisin/kexin type 9 (PCSK9)
mRNA expression and PCSK9-low density lipoprotein receptor (LDLR) interaction, quantitative real time-
PCR, Western blot analysis, and an enzyme-linked immunosorbent assay (ELISA) method by a PCSK9-
biotinylated-LDLR binding assay were performed.

Results: 39 compounds were isolated and identified including two new oxepine-type neolignans,
penthorinols A (1) and B (2) and a naturally occurring chalcone, 6'-hydroxy-2'-methoxychalcone-4'-O-β-D-
glucopyranoside (20). Of all tested compounds, penthorin A (4) and methyl gallate (25) were found to
suppress PCSK9 mRNA expression with IC50 values of 15.56 and 11.66 µM, respectively. Furthermore,
penthorin A (4) and methyl gallate (25) downregulated PCSK9 protein expression. However, all
compounds seemed to be inactive in PCSK9-LDLR interaction.

Conclusion: In the present study, two new compounds was discovered from this plant and active
constituents with PCSK9 expression inhibitory activities were suggested.

Background
Penthorum chinense Pursh. (Penthoraceae) is an herbaceous perennial plant which grows in forests,
grasslands, wetlands along rivers of China [1–3], Japan [2], Korea [2, 3], and Russia [2, 3]. The whole
plants of P. chinense have been used in China to treat various diseases including cholecystitis [4], edema
[4], infectious hepatitis [1, 4], jaundice [2, 4], and its aerial parts also used as food or tea [5–7]. Previous
investigations on P. chinense have reported the presence of flavonoids [1, 6, 7], lignans [2, 3],
phenylpropanoids [5, 8], steroids [6–7], and triterpenoids [2, 7] as chemical constituents. In particular,
extracts or individual constituents from P. chinense displayed therapeutic potentials for hepatic disorders
such as hepatitis [5, 6], fatty liver [3, 4], and hepatocarcinoma [2]. As our ongoing project to pursue
naturally occurring inhibitors on proprotein convertase subtilisin/kexin type 9 (PCSK9) [9–11], 39
compounds including two new neolignans and two naturally occurring chalcone glycosides were isolated
and all isolates were evaluated for their inhibitory activities on the expression of PCSK9 which is involved
in degrading low-density lipoprotein receptor (LDLR) and thereby results in inhibiting LDL uptake into
cells [12–14]. In addition, PCSK9-LDLR interaction was tested for all isolated compounds.

Materials And Methods
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General experimental procedures
NMR spectra were performed on Varian 400 spectrometer (Varian, CA, USA), Bruker AVANCE 600 and
Bruker AVANCE 800 spectrometer (Bruker, Karlsruhe, Germany). Waters Xevo G2 Q-TOF mass
spectrometer (Waters, MA, USA) was used for collecting mass spectra. FT-IR spectra were used in a
ThermoFisher Scientific, Nicolet™ iS™ 5 FT-IR spectrometer (ThermoFisher Scientific, Madison, WI, USA).
UV spectra were absorbed using a Beckman Coulter, DU 730, UV/Vis spectrophotometer (Beckman
Coulter GmbH, North Rhine-Westphalia, Germany). Optical rotations were measured with a Jasco P-2000
digital polarimeter (Jasco, Tokyo, Japan). CD spectra were measured using a Chirascan plus Circular
Dichroism spectrometer (APL, Surrey, UK). HPLC were used with a Gilson 321 pump and Gilson 172 Diode
Array Detector (Gilson, Madison, WI, USA) and HPLC columns [250 × 10 i.d.mm, YMC column, 4 µm] (YMC,
Kyoto, Japan). Water was purified using a Milli-Q system (Waters Corporation, Milford, MA, USA). Column
chromatography on C-18 RP silica gel (Cosmosil, Kyoto, Japan) was used. Thin layer chromatography
(TLC) analysis was performed on silica gel 60 F254 plates (Merck, Darmstadt, Germany). The spots were
visualized by spraying with 10% aqueous H2SO4.

Plant material
The aerial parts of P. chinense were collected at the medicinal plant garden in September 2018 (Seoul
National University, Republic of Korea). The sample was identified by J. Kim (The medicinal plant garden,
College of Pharmacy, Seoul National University), and a voucher specimen (SNU-2018-09) has been
deposited at the herbarium in the medicinal plant garden.

Extraction and isolation
The dried aerial parts of P. chinense (1.2 kg) were extracted with 80% MeOH (10L for 2 h, 3times) by
sonication. The total extract was condensed in vaccuo to obtain a residue (360 g). This residue was
suspended in water and partitioned with n-hexane (4.1 g), n-BuOH (48.22 g) and water. The n-BuOH
fraction (48.22 g) was subjected to a Diaion HP–20 resin column chromatography eluting with a gradient
of MeOH: H2O (0:100, 25:75, 50:50, 75:25, 100:0) to give five sub-fractions (PC-1, PC-2, PC-3, PC-4 and PC-
5).

PC-2 (15.3 g) was chromatographed by a MPLC with a reversed-phase (RP)-C18 silica gel column
chromatography (100 g) using a gradient mixture of MeOH–H2O (0:100→70:30), resulting in 6 sub-
fractions (PC-2A to PC-2F). PC-2B (71.9 mg) was further purified by HPLC (250 × 10 mm, YMC-pack Ph
column, S-5 µm) with an isocratic elution (3 mL/min) of MeCN–H2O (40:60) for 10 min, yielding 23 (tR

4.56 min, 7.6 mg) and 24 (tR 8.06 min, 15.1 mg). PC-2C (80.6 mg) was purified by HPLC (250 × 10 mm,
YMC column, 4 µm) with a gradient elution (3 mL/min) of MeCN–H2O (20:80→ 100:0) for 25 min,
affording 6 (tR 15.72 min, 16.9 mg), 7 (tR 20.82 min, 11.7 mg), and 22 (tR 31.12 min, 2.8 mg). PC-2D
(185.2 mg) was also separated by HPLC (250 × 10 i.d. mm, YMC-pack Ph column, S-5 µm) with an
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isocratic elution (3 mL/min) of MeCN–H2O (15:85) for 20 min, producing 11 (tR 9.83 min, 39.5 mg), 12 (tR

13.69 min, 14.3 mg) and 25 (tR 19.11 min, 19.5 mg).

PC-3 (8.5 g) was chromatographed over a MPLC with a reversed-phase (RP)-C18 silica gel column
chromatography (100 g) using a gradient mixture of MeOH–H2O (10:90→40:60), giving 17 fractions (PC-
3A to PC-3R). PC-3K (112.3 mg) was purified by HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) with
a gradient elution (3 mL/min) of MeCN–H2O (20:80→50:50) for 15 min, yielding 14 (tR 14.76 min,
4.4 mg). From PC-3M (221.5 mg), 13 (tR 14.20 min, 20.5 mg), 10 (tR 13.69 min, 14.3 mg) and 27 (tR

19.11 min, 19.5 mg) were isolated by a HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) with a
gradient elution (3 mL/min) of MeCN–H2O (20:80→40:60) for 20 min. PC-3P (101.3 mg) was also
subjected to HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) separation with a gradient elution
(3 mL/min) of MeCN–H2O (20:80→50:50) for 40 min, providing 34 (tR 20.64 min, 3.0 mg) and 35 (tR

33.58 min, 7.3 mg).

PC-4 (12.53 g) was fractionated by a MPLC with a reversed-phase (RP)-C18 silica gel column
chromatography (100 g) using a gradient mixture of MeOH–H2O (10:90→90:10) into eight sub-fractions
(PC-4A to PC-4H). The separation of PC-4A (13. 4 mg) using a HPLC (250 × 10 mm, YMC-pack Ph column,
S-5 µm) with an isocratic elution (3 mL/min) of MeCN–H2O (20:80) for 20 min, furnishing 20 (tR

18.56 min, 0.7 mg). PC-4B (1.78 g) was fractionated again by a MPLC with a reversed-phase (RP)-C18

silica gel column chromatography (50 g) using a gradient mixture of MeOH–H2O (10:90→90:10), giving
three sub-fractions (PC-4B1 to PC-4B3), including 32 (10.0 mg). By using a HPLC (250 × 10 i.d. mm, YMC-
pack Ph column, S-5 µm) with an isocratic elution (3 mL/min) of MeCN–H2O (20:80) for 30 min, 37 (tR

25.59 min, 8.8 mg), 33 (tR 27.78 min, 15.4 mg) and 36 (tR 30.62 min, 9.9 mg) was isolated from PC-4B3
(213.9 mg). The separation for PC-4C (12.3 mg) by a HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm)
with an isocratic elution (3 mL/min) of MeCN–H2O (20:80) for 16 min afforded 39 (tR 15.34 min, 4.0 mg).
PC-4D (213.9 mg) was purified by a HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) with a gradient
elution (3 mL/min) of MeCN–H2O (10:90→50:50) for 20 min, yielding 38 (tR 14.05 min, 5.1 mg). PC-4E
(94.1 mg) was applied to a HPLC (250 × 10 i.d. mm, YMC-pack Ph column, S-5 µm) separation with an
isocratic elution (3 mL/min) of MeCN–H2O (30:70) for 22 min, furnishing 26 (tR 19.72 min, 1.6 mg) and
21 (tR 20.13 min, 1.3 mg). PC-4F (2.14 g) was subjected to a Sephadex LH-20 column chromatography
eluted using 100% MeOH, giving four sub-fractions (PC-4F1 to PC-4F4). PC-4F1 (201.3 mg) was
separated by HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) with an isocratic elution (3 mL/min) of
MeCN–H2O (35:65) for 25 min, providing 16 (tR 23.66 min, 44.0 mg). The same separation method was
applied to the fractions PC-4F2 (44.2 mg) and PC-4F3 (52.6 mg), giving 29 (tR 18.78 min, 15.0 mg) and 28
(tR 20.46 min, 1.0 mg), respectively. PC-4G (1.2 g) was subjected to a Sephadex LH-20 column
chromatography eluted with 100% MeOH, providing four sub-fractions (PC-4G1 to PC-4G4), including pure
15 (0.6 mg). PC-4G2 (243.1 mg) and PC-4G3 (45.9 mg) were isolated using HPLC (250 × 10 i.d. mm, YMC-
pack Ph column, S-5 µm) with an isocratic elution (3 mL/min) of MeCN–H2O (40:60) for 20 min,
affording 18 (tR 16.2 min, 160.0 mg) and 17 (tR 19.61 min, 9.4 mg), respectively. PC-4G4 (214.6 mg) was
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purified by a HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) with an isocratic elution (3 mL/min) of
MeCN–H2O (55:45) for 20 min, yielding 30 (tR 14.23 min, 19.4 mg) and 31 (tR 18.26 min, 6.4 mg). The
fraction PC-4H (312.8 mg) was subjected to a Sephadex LH-20 column chromatography eluted with
100% MeOH, fractionated into two sub-fractions (PC-4H1 to PC-4H2). From PC-4H1 (54.1 mg), 19 (tR

14.23 min, 4.4 mg) was purified by a HPLC (250 × 10 mm, YMC-pack Ph column, S-5 µm) separation with
an isocratic elution (3 mL/min) of MeCN–H2O (55:45) for 15 min.

PC-5 (4.5 g) was chromatographed on a silica gel column using gradient mixtures of n-hexane-EtOAc
(10:1 to 1:1) and then chloroform-MeOH (10:1 to 1:1), producing nine sub-fractions (PC-5A to PC-5J). PC-
5A (20.4 mg) was purified by a HPLC (250 × 10 i.d. mm, YMC-pack Ph column, S-5 µm) with a gradient
elution (3 mL/min) of MeCN–H2O (50:50→100:0) for 40 min, affording 9 (tR 24.35 min, 6.6 mg) and 1 (tR

31.85 min, 3.8 mg). The separation of PC-5B (18.2 mg) using a HPLC (250 × 10 i.d. mm, YMC-pack Ph
column, S-5 µm) with a gradient elution (3 mL/min) of MeCN–H2O (10:90→100:0) for 40 min furnished 2
(tR 27.56 min, 4.4 mg) and 8 (tR 28.96 min, 1.7 mg). From PC-5E (22.0 mg), 3 (tR 35.12 min, 1.0 mg), 5 (tR

37.19 min, 0.8 mg) and 4 (tR 41.23 min, 1.7 mg) were isolated by a HPLC (250 × 10 i.d. mm, YMC-pack Ph
column, S-5 µm) with a gradient elution (3 mL/min) of MeCN–H2O (20:80→50:50) for 40 min.

Penthorinol A (1): Brown amorphous powder, [α]D20= -18.11 (c 0.08, MeOH); UV (MeOH) λmax (log ε):
212.5 (4.41); ECD (MeOH) λmax 251 (-3.54), 317 (1.88);. FT-IR (ATR) vmax 3416, 2929, 1713, 1611,

1231 cm-1; HRESIMS m/z [M + H]+ 327.1232 (calcd for C19H19O5 327.1232).

 

Penthorinol B (2): Brown amorphous powder, [α]D20= -50.50 (c 0.44, MeOH); UV (MeOH) λmax (log ε):
215.5 (4.27); ECD (MeOH) λmax 232 (-2.06), 324 (0.64); FT-IR (ATR) vmax 3431, 2932, 1660, 1603,

1212 cm-1; HRESIMS m/z [M + H]+ 327.1235 (calcd for C19H19O5 327.1232).

6'-hydroxy-2'-methoxychalcone-4'-O-β-D-glucopyranoside (20): Yellowish powder, [α]D20= -78.4 (c 0.10,

MeOH); UV (MeOH) λmax (log ε): 330 (3.14), 205 (3.35). 1H-NMR (CD3OD, 800 MHz): δH 7.89 (1H, d, J = 
15.6 Hz, H- β), 7.73 (1H, d, J = 15.6 Hz, H-α), 7.66 (1H, d, J = 15.6 Hz, H-2 and 6), 7.41 (3H, m, H-3, 4, and 5),
6.34 (1H, d, J = 2.2 Hz H-3'), 6.26 (1H, d, J = 2.2 Hz, H-5'), 5.01 (1H, d, J = 7.3 Hz, H-1"), 3.92 (1H, dd, J = 
12.2, 2.2 Hz, H-6b"), 3.70 (1H, dd, J = 12.2, 2.2 Hz, H-6b"), 3.51 (H, m, H-3" and 5"), 3.47 (H, m, H-2"), 3.38
(H, m, H-4"), and 3.97 (3H, s, 2'-OCH3). 13C-NMR (CD3OD, 200 MHz): δC 194.6 (C-7'), 167.8 (C-6'), 165.4 (C-
4'), 164.1 (C-2'), 143.7 (C-α), 136.7 (C-1), 131.3 (C-4), 130.0 (C-3 and 5), 129.4 (C- 2 and 6), 108.4 (C-1'),
101.4 (C-1"), 98.0 (C-5'), 93.2 (C-3'), 78.5 (C-5"), 77.9 (C-3"), 74.7 (C-2"), 71.3 (C-4"), 62.5 (C-6"), and 62.5 (2'-
OCH3). HRESIMS m/z [M-H]− 431.1346 (calcd for C22H23O9 431.1342 ).

Calculated ECD prediction
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The structures (1 and 2) were generated using ChemBio3D Ultra 13.03 and then summited in Spartan 16
program searched for conformational using with MMFF94 force filed minimization. All 13 conformers
which had Boltzmann-averaged weight less than 0.95 were selected and optimized using theoretical
method of density functional theory (B3LYP) and a basis set of 6–31 + G (d,p) in Gaussian 16 software
(Gaussian Inc., Wallingford, CT, USA) in gas phase. Finally, their calculated ECD was carried out using
TDDFT with the CAM-B3LYP/6–31 + G (d,p) method and the methanol-selected CPCM in Gaussian 16
software [15, 16]. Lastly, the calculated ECD curves of possible structures (1a and 1b) were compared
with the experimental ECD curves (Fig. S23 (A) and 23 (B), Supporting Information). The ECD spectra
were plotted using SpecDis v. 1.71 software and applying a Gaussian band shape with a sigma/gamma
value of 0.20 eV to simulate the experimental curve (Fig. S23 (C), Supporting Information). The predicted
ECD spectrum was obtained using a Boltzmann population-weighted average and was plotted with
Gnuplot v. 5.2.

Sugar analysis of compound 20
The sugars such d-galactose and d-/L-glucose were prepared 2.0 mg respectively for each. l-cysteine
methyl ester and isothiocyanate were dissolved with pyridine in concentration 5 mg/mL in individually.
Compound 20 (0.3 mg, respectively) was dissolved in 10% HCl (2 mL) and heated in water bath at 90 °C
for two hours. After heating, the solution was dried using a stream of N2. The compound crudes and each
sugar (2 mg) was added 200 µL of l-cysteine methyl ester and pyridine solution and heat 60 °C for an
hour and then added 200 µL of isothiocyanate and pyridine solutions and heat 60 °C for an hour as well.
Finally, all solutions were filter and subjected in HPLC, using the YMC-Pack-ODS-A column (250 × 4.6 mm,
5 µm) with MeCN-H2O (20:80), 0.8 mL/min, by isocratic for 35 min and the MeCN 100% for 5 min with
detector wavelength was 250 nm. The absolute configuration of sugars in each compound was
established by comparison of the retention times with those of the authentic sugar [17, 18] (Fig. S30).

Immunoblot Analysis
Protein expression was assessed by Western blotting according to standard procedures.17 Images were
acquired using a ChemiDoc Imaging system (ChemiDoc™ XRS system with Image Lab™ software 3.0; Bio-
Rad, Hercules, CA, USA).

Quantitative real-time RT-PCR
Total cellular RNA was isolated using a Trizol RNA extraction kit according to the manufacturer’s
instructions. Briefly, total RNA (1 µg) was converted to cDNA by treatment with 200 units reverse
transcriptase and 500 ng oligo-dT primers in 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM
dithiothreitol, and 1 mM dNTPs at 42 ℃ for 1 h. The reaction was stopped by incubating the solution at
70 °C for 15 min, after which 1 µL cDNA mixture was used for enzymatic amplification. PCR reactions
were performed using 1 µL cDNA and 9 µL master mix containing iQ SYBR Green Supermix (Bio-Rad),
5 pmol of forward primer, and 5 pmol reverse primer, in a CFX384 Real-Time PCR Detection System (Bio-
Rad). The reaction conditions were 3 min at 95 ℃ followed by 40 cycles of 10 s at 95 ℃ and 30 s at 55
℃. The plate was subsequently read. The fluorescence signal generated with SYBR Green I DNA dye was
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measured during the annealing steps. The specificity of the amplification was confirmed using a melting
curve analysis. Data were collected and recorded by CFX Manager Software (Bio-Rad) and expressed as a
function of the threshold cycle (CT). The relative quantity of the gene of interest was then normalized to
the relative quantity of GAPDH (ΔΔCT). The mRNA abundance in the sample was calculated using the
Eq. 2-(ΔΔCT). The following specific primer sets were used (5′ to 3′): human - GAPDH:
GAAGGTGAAGGTCGGAGTCA (forward), AATGAAGGGGTCATTGATGG (reverse); human - PCSK9:
GGTACTGACCCCCAACCTG (forward), CCGAGTGTGCTGACCATACA (reverse); Gene-specific primers were
custom-synthesized by Bioneer.

PCSK9-LDLR binding assay
All the isolated compounds were evaluated using an enzyme-linked immunosorbent assay (ELISA)
method by a PCSK9-biotinylated-LDLR binding assay kit (BPS Bioscience, Inc., San Diego, USA; cat no.
#72002) according to the manufacturer’s protocol. A positive control, alirocumab (TAB-719) was
purchased from Creative Biolabs (Shirley, NY, USA).

Statistical Analysis
For multiple comparisons, one-way analysis of variance (ANOVA) was performed followed by Dunnett's t-
test. Data from experiments are presented as means ± standard error of the mean (SEM). The number of
independent experiments analyzed is given in the figure captions.

Results
Isolation and structure elucidation of chemical constituents from P. chinense

Isolation work for the BuOH-soluble extract of 80% methanol extract of P. chinense led to the isolation
and identification of 39 compounds including two new compounds. The 37 known structures (3–39)
were established by comparison of their measured spectroscopic data with the literatures as (7'E,
8S)-2',4,8-trihydroxy-3-methoxy-2,4'-epoxy-8,5'-neolign-7'-en-7-one (3) [19], penthorin A (4) [20], penchinone
C (5) [21], phyllanemblinin F (6) [1], penthorumin C (7) [3], pinocembrin (8) [22], (S)-3-hydroxy-3-phenyl-
propanoic acid (9) [23], 7-O-galloylcatechin (10) [24], 1,6-di-O-galloyl-β-D-glucose (11) [25], strictinin (12)
[26], 1,2,3,6-tetra-O-galloyl-β-D-glucose (13) [25], 1,2,6-tri-O-galloyl-β-D-glucose (14) [27], 6'-hydroxy-2'-
methoxy-dihydrochalcone-4'-O-β-D-glucopyranoside (15) [28], 2' ,6' -dihydroxydihydrochalcone-4'-O-β-D-
glucopyranoside (16) [6], 2′,6′-dihydroxy-4′-O-(6-O-galloyl-β-D-glucopyranosyl)dihydrochalcone (17) [29],
thonningianin B (18) [3], thonningianin A (19) [3], 6'-hydroxy-2'-methoxychalcone-4'-O-β-D-
glucopyranoside (20) [30], deoxyphloridzin (21) [31], 4-hydroxybezoic acid (22) [10], 1-O-galloyl-β-D-
glucopyranose (23) [32], gallic acid (24) [10], methyl gallate (25) [33], 2,6-dihydroxyacetophenone-4-O-β-D-
glucoside (26) [7], 2,6-dihydroxyacetophenone-4-O-[4ꞌ,6ꞌ-(S)-hexahydroxydiphenoyl]-β-D-glucose (27) [3],
pinocembrin (28) [34], pinocembrin-7-O-[6"-galloy]-β-D-glucoside (29) [35], pinocembrin-7-O-[4ꞌꞌ,6ꞌꞌ-
hexahydroxydiphenoyl]-β-D-glucose (30) [3], pinocembrin-7-O-[3ꞌꞌ-O-galloyl- 4ꞌꞌ,6ꞌꞌ-
hexahydroxydiphenoyl]-β-D-glucose (31) [3], avicularoside (32) [36], afzelin (33) [37], quercitrin (34) [37],
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quercetin (35) [10], kaempferol (36) [10], astragalin (37) [38], isoquercitrin (38) [38], ellagic acid (39) [39]
(Fig. 1).

Compound 1 was obtained as brown amorphous solid, and its molecular formula was determined to be
C19H18O5 by a protonated molecule [M + H]+ at m/z 327.1232 in the HRESIMS. The 1H-NMR
spectroscopic data (Table 1) of 1 displayed the signals for two aromatic protons assignable to an 1,2,3,4-
tetrasubstituted benzene ring at δH 7.75 (1H, d, J = 8.9 Hz, H-6), 6.75 (1H, d, J = 8.9 Hz, H-5), the signals for
three aromatic protons assignable to an 1,3,4-trisubstituted benzene ring at δH 7.73 (1H, d, J = 2.2 Hz, H-
2'), 7.32 (1H, dd, J = 8.1, 2.2 Hz, H-6'), 7.26 (1H, d, J = 8.1 Hz, H-5'), the signals of a propenyl group (CH = 
CH-CH3) at δH 6.42 (1H, dd, J = 15.7,1.4 Hz, H-7'), 6.28 (1H, m, H-8'), and 1.87 (3H, dd, J = 6.6, 1.4 Hz, H-9'),
the signal of a methyl proton at δH 1.66 (1H, s, H-9), and the signal of a methoxy group at δH 3.99 (3H, s,
3-OCH3), suggesting that compound 1 is structurally similar to (7 E')-2',4,8-trihydroxy-3-methoxy-2,4'-
epoxy-8,5'-neolign-7'-en-7-one (3) [19] except for the absence of one hydroxy group in 1. The propenyl
group was attached to the 1,3,4-trisubstituted benzene ring by the observed HMBC correlations (Fig. 2A)
of δH 6.42 (H-7') to δC 137.6 (C-1'), 127.5 (C-6') and 124.6 (C-2') and sequential correlations of H-5'/H-6',

and H-7'/H-8'/H-9' in the 1H-1H COSY spectrum. In addition, the HMBC correlations of δH 7.75 (H-6) to δC

194.5 (C-7), 158.4 (C-4), 154.3 (C-2) and 116.7 (C-1), δH 6.75 (H-5) to δC 158.4 (C-4), 139.2 (C-3) and 116.7
(C-1), δH 1.66 (H-9) to δC 194.5 (C-7) and 79.6 (C-8) was able to connect the 1,2,3,4-tetrasubstituted
benzene ring to a 2-hyroxypropan-1-one [C7-C8-C9]. The remaining methoxy group was located on C-3 by
the observed HMBC correlation of δH 3.99 (3-OCH3) to δC 139.2 (C-3). Also, HMBC correlations of δH 1.66
(H-9) to δC 134.5 (C-3'); and δH 7.73 (H-2') to δC 79.6 (C-8) as well as NOE correlations between H-5' and
the methoxy group in the NOESY spectrum (Fig. 2B) suggested the structure 1 to be a neolignane with a
dibenzo[b,f]oxepinone moiety as shown in Fig. 1. To determine the absolute configuration of 1, the
experimental ECD data of 1 was compared with the ECD data of the calculated structures (8R) 1a and
(8S) 1b, and the ECD data of (8S) 1b bore close resemblance to that of 1 (Fig. 3A). Therefore, this
compound was characterized as (S,E)-7,11-dihydroxy-6-methoxy-11-methyl-2-(prop-1-en-1-
yl)dibenzo[b,f]oxepin-10(11H)-one, and named penthorinol A.

The molecular formula of compound 2 was determined to be C19H18O5 by a protonated molecule [M + H]+

at m/z 327.1235 in the HRESIMS. The 1H-NMR and 13C NMR spectroscopic data of 2 were similar to
those of penthorinol A (1) except for the slight differences in 1H and 13C chemical shifts of C-5 and C-6
(Table 1). These differences were derived from the location of methoxy group on C-4, which was
supported by the observed HMBC correlations (Fig. 2A) of δH 6.93 (H-5) to δC 154.9 (C-4), 138.2 (C-3) and
117.9 (C-1), δH 7.64 (H-6) to δC 195.2 (C-7), 154.9 (C-4), 148.1 (C-2), 117.9 (C-1) and 108.5 (C-5), and δH

3.96 (OCH3) to δC 154.9 (C-4), as well as NOE correlation between H-5 and the methoxy group, positioning
the methoxy group on C-4 (Fig. 2B). The absolute configuration of 2 was determined to be S by
comparing the measured ECD data of 2 with those of compounds 1 and 3, showing similar ECD curves
(Fig. 3B). Therefore, this compound was characterized as (S,E)-6,11-dihydroxy-7-methoxy-11-methyl-2-
(prop-1-en-1-yl)dibenzo[b,f]oxepin-10(11H)-one and named penthorinol B.
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Table 1
1H and 13C NMR Data of 1 and 2 in methanol-d4

  1 2  

Position δH δC δH δC

1 - 116.7 - 117.9

2 - 154.3 - 148.1

3 - 139.2 - 138.2

4 - 158.4 - 154.9

5 6.75, d (8.9) 113.4 6.93, d (8.9) 108.5

6 7.75, d (8.9) 128.2 7.64, d (8.9) 123.2

7 - 194.6 - 195.2

8 - 79.6 - 79.9

9 1.66, s 24.5 1.69, s 24.5

1' - 137.6 - 137.4

2' 7.73, d (2.2) 124.6 7.72, d (2.1) 124.5

3' - 134.5 - 134.7

4' - 153.7 - 154.2

5' 7.26, d (8.1) 122.2 7.33, d (8.3) 122.8

6' 7.32, dd (8.1, 2.2) 127.6 7.30, dd (8.3, 2.1) 127.6

7' 6.42, dd (15.7, 1.4) 131.3 6.43, dd (15.7, 1.4) 131.5

8' 6.28, m 127.2 6.27, m 127.1

9' 1.87, dd (6.6, 1.4) 18.6 1.87, dd (6.6, 1.5) 18.7

3-OCH3 3.99, s 62.2 - -

4-OCH3 - - 3.96, s 57.0

Recorded at 800 MHz for proton and at 200 MHz for carbon.

PCSK9 inhibitory activities of isolated compounds
All the compounds 1–39 were tested in PCSK9 mRNA expression using HepG2 cell (Fig. 4). Of the
isolates, penthorin A (4) and methyl gallate (25) were found to significantly inhibit PCSK9 mRNA
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expression with IC50 values of 15.56 and 11.66 µM (Fig. 5A), respectively, in assay system (IC50 value of
positive control, berberine, 9.84 µM) while other compounds deemed inactive. In further Western blotting
analysis, penthorin A (4) and methyl gallate (25) demonstrated to inhibit PCSK9 expression in HepG2
cells when compared with a positive control (berberine). In addition, all isolated compounds (1–39) were
evaluated for their inhibitory activities against PCSK9-LDLR interaction. As shown in Fig. S31, all
compounds were not significantly to inhibit PCSK9-LDLR interaction at a concentration of 50 µM.

Discussion
Phytochemical investigations on P. chinense have been widely documented and reviewed elsewhere [4, 5,
7, 8, 35]. The oxepine-type lignans including two new compounds 1 and 2 were isolated from this plants.
Of the known structures, compound 20, 6'-hydroxy-2'-methoxychalcone-4'-O-β-D-glucopyranoside,
previously this compound was produced by microbial glycosylation [30] and as a naturally occurring
molecule, the current study was the first report to isolate and identify this compound from natural
sources. The structure of compound 20 was confirmed by interpreting 1D and 2D NMR spectroscopic
data, and analysis of acidic hydrolysates, which was compared with the published values [30]. In the
present study, three new naturally occurring compounds were identified from this plant for the first time.

PCSK9 is a gene that is involved in lipid metabolism and atherosclerosis [40]. In particular, PCSK9 protein
binds to LDLR and then facilitates the degradtion of LDLR, leading to blocking the recycle of LDLR and
consequently inhibiting LDL uptake from blood into hepatocyte. For this function of PCSK9, PCSK9
inhibitors are emerging as an additional lipid-lowering therapy for patients with artery disease [41].
Interestingly, a few statin drugs including atorvastatin are known to induce transcriptional expression of
PCSK9, which may explain of the limitation of statin treatment in some patients [42, 43]. So far, as PCSK9
inhibitor drugs, antibody drugs which inhibit PCSK9-LDLR binding have been launched while natural
product-derived small molecules or synthetic small molecules are underway [44]. In the present study,
penthorin A (4) and methyl gallate (25) were found to downregulate PCSK9 mRNA and protein
expression. However, penthorin A (4) seemed to inhibit PCSK9 expression without affecting LDLR while
methyl gallate (25) slightly increased LDLR protein expression (Fig. 5B), comparable to the positive
control, berberine. Methyl gallate is widely distrubuted in the plant kingdom and the present finding may
give more applications of specific plants with high quantity of methyl gallate in the future. Even though in
the limited structures with gallic acid moiety (Fig. S1), it could be highlighted that methyl gallate (25) was
important structure in modulating PCSK9 and LDLR expression.

Conclusion
In the present study, three new naturally occurring compounds (1, 2, and 20) were isolated from P.
chinense and two compounds (4 and 25) were found to downregulate PCSK9 expression. Considering
most PCSK9 are expressed in liver and the medicinal applications of this plant are related to hepatic
disorders, these findings may help add values of this plant in the future.
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Abbreviations
P. chinense, Penthorum chinense; PCSK9, Proprotein convertase subtilisin-kexin type 9; LDL, low-density
lipoprotein; HPLC, high-performance liquid chromatography; MPLC, medium-performance liquid
chromatography; MeCN, acetonitrate; ECD, electronic circular dichroism; UV, ultraviolet visible; Ber,
Berberine.
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Figure 1

Isolated compounds from the aerial parts of P. chinense
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Figure 1

Isolated compounds from the aerial parts of P. chinense
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Figure 2

A) Key 1H–1H COSY (▬) and HMBC (→) correlations; (B) Selective key NOESY (↔) correlations of
compounds 1 and 2.

Figure 2

A) Key 1H–1H COSY (▬) and HMBC (→) correlations; (B) Selective key NOESY (↔) correlations of
compounds 1 and 2.
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Figure 3

(A) Experimental and calculated ECD curves for compound 1. (B) Experimental for compounds 1, 2, and
3.
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Figure 3

(A) Experimental and calculated ECD curves for compound 1. (B) Experimental for compounds 1, 2, and
3.

Figure 4

Effect of compounds from P. chinense on PCSK9 inhibition in the HepG2 human hepatocellular liver
carcinoma cell line. Expression of PCSK9 was assayed by qRT-PCR in cells treated with compounds (50
μM), and berberine (Ber20, 20 μM) for 24 h.

Figure 4

Effect of compounds from P. chinense on PCSK9 inhibition in the HepG2 human hepatocellular liver
carcinoma cell line. Expression of PCSK9 was assayed by qRT-PCR in cells treated with compounds (50
μM), and berberine (Ber20, 20 μM) for 24 h.



Page 21/23

Figure 5

Effect of compounds 4 and 25 on PCSK9 and LDLR in the HepG2 human hepatocellular liver carcinoma
cell line. (A) Expression of PCSK9 was assayed by qRT-PCR in cells treated with compounds 4 and 25 (2,
10 and 50 μM), and berberine (Ber, 10 μM) for 24 h. (B) Expression of PCSK9 and LDL-R were assayed by
western blot in cells treated with compounds (10 and 50 μM), and berberine (Ber, 50 μM) for 24 h.
*p<0.05.
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Figure 5

Effect of compounds 4 and 25 on PCSK9 and LDLR in the HepG2 human hepatocellular liver carcinoma
cell line. (A) Expression of PCSK9 was assayed by qRT-PCR in cells treated with compounds 4 and 25 (2,
10 and 50 μM), and berberine (Ber, 10 μM) for 24 h. (B) Expression of PCSK9 and LDL-R were assayed by
western blot in cells treated with compounds (10 and 50 μM), and berberine (Ber, 50 μM) for 24 h.
*p<0.05.
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