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ABSTRACT: Cholesterol is one of the primary causes of cardiovascular disease. Investigating and developing potential drugs to
effectively treat hypercholesterolemia are therefore of critical importance. Proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors have been developed to lower the levels of low-density lipoprotein cholesterol in patients with hypercholesterolemia. In
this study, we aimed to identify compounds that inhibit the PCSK9 mRNA expression and secretion. The bioassay-guided
investigation of Alpinia katsumadai seeds utilizing a PCSK9 mRNA expression monitoring assay yielded the isolation and
identification of seven new compounds. Among these were three acyclic triterpenoids (1−3), an acyclic sesquiterpenoid (5), one
arylpentanoid (6), and two diarylheptanoids (7 and 8), alongside 10 known compounds. The structures of these compounds were
determined using nuclear magnetic resonance (NMR) spectroscopy, vibrational circular dichroism (VCD), and electronic circular
dichroism (ECD). The absolute configurations of compounds 1 and 2 were identified by comparing the calculated and experimental
VCD data as the ECD method was unable to distinguish the diastereomers. All the isolated compounds were evaluated for their
regulatory effects on the low-density lipoprotein receptor (LDLR) and PCSK9 mRNA expression, as well as PCSK9 secretion. Of
the tested compounds, two of the acyclic triterpenoids (1 and 2) demonstrated potent effects in downregulating PCSK9 at both the
mRNA and protein levels, compared with the positive control (berberine chloride). Additionally, compound 1 inhibited PCSK9
secretion to a level comparable to that of berberine chloride. This study identifies compounds that inhibit PCSK9 mRNA expression
and secretion, offering significant contributions to the development of novel drugs for the effective treatment of
hypercholesterolemia..

■ INTRODUCTION
Cholesterol plays a crucial role in the composition of cell
membranes and serves as a precursor for the synthesis of
steroid hormones as well as a cofactor for nerve signaling
substances. The majority of cholesterol in the human body is
produced in the liver and transported to other organs in the
form of low-density lipoprotein cholesterol (LDL-C).1,2

Elevated levels of LDL-C in the bloodstream, known as
hypercholesterolemia, can lead to the development of

atherosclerotic plaque, thereby increasing the risk of
cardiovascular disease (CVD).3 Considering that cholesterol
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is the primary risk factor for CVD, there is an ongoing interest
in the discovery of drugs that effectively treat hyper-
cholesterolemia.4

Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays
a crucial role in the regulation of LDL-C levels in the
bloodstream.4 It functions by binding to the LDL receptor
(LDLR) found in hepatic cells, thereby facilitating the
internalization and degradation of the receptor. As a result,
the ability of the liver to remove LDL-C from the blood is
diminished.5 Recently, PCSK9 inhibitors were developed to
reduce LDL-C levels in patients with hypercholesterolemia.
Among these inhibitors are two antibody drugs (alirocumab
and evolocumab) and one siRNA drug (inclisiran), which have
been approved for clinical use. However, a small-molecule-
derived PCSK9 inhibitor of natural or synthetic origin is yet to
be developed.6−8

Alpinia katsumadai Hayata belongs to the Zingiberaceae
family and is mainly cultivated in Southeast Asia and southern
China. The dried seeds of A. katsumadai, known as Cho Dou
Kou in Korean, are commonly used as a spice in food and have
a history of traditional medicinal use for treating various gastric
disorders like diarrhea, abdominal pain, and emesis.9,10 Extracts
from dried A. katsumadai seeds exhibit a range of
pharmacological properties, including antioxidative, antiviral,
and anticancer, and the induction of heat shock proteins.11

They have also demonstrated hypolipidemic effects.11 Due to
its traditional use for digestive issues, there has been interest in
exploring its potential to lower cholesterol levels in the
bloodstream. Previous studies have shown that 50% ethanolic
extracts of A. katsumadai displayed significant inhibitory
activity in fatty acid synthase inhibition assays, while the
chloroform fraction of these extracts reduced plasma levels in
high cholesterol-fed rats.11,12 Phytochemical investigations
have identified various constituents in A. katsumadai extracts
including diarylheptanoids, kavalactones, flavonoids, stilbenes,
monoterpenes, sesquiterpenes, and triterpenes. Among these
compounds, chalcones were found to prevent lipid accumu-
lation, and acyclic triterpenoids were found to inhibit
cholesterol acyl transferase activity.13,14 As part of our ongoing
study,15,16 we conducted bioassay-guided isolation to identify
compounds that have PCSK9 mRNA expression inhibitory
activities. Based on in vitro experiments, it was found that the
hexane-soluble fraction exhibited the highest activity. This
fraction notably decreases PCSK9 mRNA expression while not
downregulating LDLR mRNA expression (Figure S84).
Subsequently, the active fractions of the hexane-soluble
fraction, which demonstrated an inhibitory activity against
PCSK9 mRNA, were selected for further isolation.
Various chromatographic methods were employed to isolate

17 compounds from the n-hexane fraction of the methanol
extract obtained from A. katsumadai seeds. Among these
compounds, seven were new (1−3 and 5−8), and the
remaining 10 were known compounds (4 and 9−17). The
structures of these compounds were elucidated by using a
combination of physicochemical and spectroscopic techniques.
Subsequently, all of the isolated compounds were assessed for
their inhibitory effects on PCSK9 expression and secretion.

■ RESULTS AND DISCUSSION
Compound 1, obtained as colorless oil, displayed a sodium
adduct ion peak at m/z 483.3814 [M + Na]+ (calcd for
[C30H52O3Na]+, 483.3814) with five degrees of unsaturation in
high-resolution electrospray ionization mass spectrometry

(HRESIMS). In the ultraviolet (UV) spectrum, compound 1
exhibited an absorption band at 202 nm, while the infrared
(IR) spectrum indicated absorption bands at 3393 cm−1 for
hydroxy groups and 2923 cm−1 for methyl groups. Proton
nuclear magnetic resonance (1H NMR) spectroscopic data of
compound 1 exhibited signals corresponding to five olefinic
groups at δH 5.19 (1H, br t, J = 6.2 Hz, H-7), 5.15 (2H,
overlapped, H-11, H-14), 5.39 (1H, br t, J = 6.9 Hz, H-18),
and 5.09 (1H, br t, J = 7.1 Hz, H-22), two oxygenated
methines at δH 3.34 (1H, br d, J = 10.5, Hz, H-3) and 3.98
(1H, dd, J = 7.8, 5.5 Hz, H-20), methylenes at δH 1.42−2.28
(H-4, H-5, H-8, H-9, H-12, H-13, H-16, H-17, H-21), four
methyls at δH 1.16 (3H, s, H-1), 1.72 (3H, s, H-24), 1.20 (3H,
s, H-25), and 1.64 (3H, s, H-30), and remaining methyl groups
at δH 1.60−1.62 (H-26, H-27, H-28, H-29). Carbon nuclear
magnetic resonance (13C NMR), distortion enhancement by
polarization transfer (DEPT), and heteronuclear single−
quantum correlation (HSQC) spectroscopic data of com-
pound 1 displayed the presence of 30 carbon signals. This
consisted of six quaternary carbons [including five olefinic
carbons at δC 135.0 (C-6), 134.9 (C-10, C-15), 136.7 (C-19),
and 134.7 (C-23) and one oxygenated carbon at δC 73.0 (C-
2)], five olefinic carbons at δC 125.1 (C-7), 124.5 (C-11, C-14)
126.2 (C-18), and 120.3 (C-22), two oxygenated methine
carbons at δC 78.3 (C-3) and 77.3 (C-20), nine methylene
carbons at δC 29.6 (C-4), 36.9 (C-5), 26.5 (C-8), 39.7 (C-9),
28.2 (C-12, C-13), 39.4 (C-16), 26.2 (C-17), and 34.2 (C-21)
and eight methyls at δC 23.3 (C-1), 25.9 (C-24), 26.4 (C-25),
15.9 (C-26), 16.0 (C-27, C-28), 11.7 (C-29), and 18.0 (C-30)
(Table 1). These 1H and 13C NMR spectroscopic data suggest
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that compound 1 belongs to the class of acyclic triterpenoids
identified in this plant.14,17−19 The 1H−1H correlation
spectroscopy (COSY) cross-peaks indicated the presence of
six spin−spin coupling systems of H-3/H2-4/H2-5, H-7/H2-8,
H-11/H2-12, H2-13/H-14, H2-17/H-18, and H-20/H2-21/H-
22 (Figure 1). Along with 1H−1H COSY data, the
heteronuclear multiple bond correlations (HMBC) from Me-
1/Me-25 to C-2/C-3, H2-5/Me-26 to C-6/C-7, H2-9/Me-27
to C-10/C-11, H2-16/Me-28 to C-14/C-15, H-20/Me-29 to
C-18/C-19, and Me-24/Me-30 to C-22/C-23 enabled the
construction of six isoprene moieties. Moreover, the HMBC
from H-3 to C-5 and H-7 to C-9 were assigned to the structure
of 1a and the HMBC from H2-16 to C-18 and H-20 to C-22
were assigned to the structure of 1b. The linkage between 1a
and 1b was confirmed by HMBC from H-11 to C-13. Based on
these data, the planar structure of compound 1 was established
as an acyclic triterpenoid belonging to the class of 2,3-
oxidosqualene, which could be the precursor for cyclic
triterpenoids (Figure 1).20,21 Although several acyclic
triterpenoids have been reported in the same species, the
structure of compound 1 has not been described previ-
ously.14,17−19

The spectroscopic data were not sufficient to analyze the
relative configuration of compound 1 due to the complexity
and overlap of the NMR data as well as the simplicity of its UV
spectrum. The conformational flexibility of compound 1
resulted in a large number of conformers. However, the
electronic circular dichroism (ECD) spectra were calculated,
and the results were compared to the experimental ECD
spectra of compound 1 (Figures S69 and S71). The calculated
ECD spectra of diastereomers (3R,20S)-1 or (3S,20S)-1
generated by the computational calculations were in good
agreement with the experimental ECD spectra for compound 1
at the mPW1PW91/6-31+G (d, p) calculation (Figure S69).
Furthermore, the ECD spectra calculated at the B3LYP/6-
31+G (d, p) level of theory exhibited similarity to those of
either (3R,20R)-1 or (3S,20R)-1 (Figure S71). This indicated
that the ECD method was unable to differentiate between the
diastereomers of this type of skeleton. As ECD is a technique
based on electron distribution, it requires a chromophore that
undergoes structural changes involving electron movement
within the molecule. The hydroxyl group at position C-3 in
compounds 1 and 2 is located in a region that is not influenced
by the chromophore, resulting in an ECD-silent position.
Therefore, the ECD spectrum alone was unable to distinguish

Table 1. 1H and 13C NMR Spectroscopic Data of Compounds 1−3 in CDCl3

position 1a 2b 3b

δC, type δH (J in Hz) δC, type δH (J in Hz) δC δH (J in Hz)
1 23.3 CH3 1.16, s 23.8 CH3 1.17, s 23.3 CH3 1.15, s
2 73.0C 72.5C 73.0C
3 78.3 CH 3.34, br d (10.5) 78.7 CH 3.62, dd (8.7, 3.5) 78.3 CH 3.35, br d (10.5)
4 29.6 CH2 1.42, m 35.9 CH2 1.64, overlapped 29.6 CH2 1.41, m

1.59, overlapped 1.57, overlapped
5 36.9 CH2 2.11, overlapped 78.6 CH 4.27, dd (8.5, 4.3) 36.8 CH2 2.09, overlapped

2.21, overlapped 2.21, overlapped
6 135.0C 137.1C 134.8C
7 125.1 CH 5.19, br t (6.2) 126.5 CH 5.43, br t (6.9) 125.1 CH 5.23, br t (7.0)
8 26.5 CH2 2.11, overlapped 26.1 CH2 2.12, m 26.5 CH2 2.11, overlapped
9 39.7 CH2 2.02, overlapped 39.3 CH2 2.01, overlapped 39.7 CH2 2.01, overlapped

2.11, overlapped
10 134.9C 134.7C 135.0C
11 124.5 CH 5.15, overlapped 124.4 CH 5.12, overlapped 124.5 CH 5.15, overlapped
12 28.2 CH2 2.02, overlapped 28.3 CH2 2.01, overlapped 28.2 CH2 2.01, overlapped
13 28.2 CH2 2.02, overlapped 26.8 CH2 2.07, overlapped 28.2 CH2 2.01, overlapped
14 124.5 CH 5.15, overlapped 124.2 CH 5.12, overlapped 124.7 CH 5.15, overlapped
15 134.9C 135.3C 134.9C
16 39.4 CH2 2.02, overlapped 39.7 CH2 1.98, overlapped 39.6 CH2 2.01, overlapped
17 26.2 CH2 2.11, overlapped 28.3 CH2 2.01, overlapped 26.5 CH2 2.11, overlapped
18 126.2 CH 5.39, br t (6.9) 124.2 CH 5.12, overlapped 128.7 CH 5.19, br t (7.1)
19 136.7C 135.0C 131.6C
20 77.3 CH 3.98, dd (7.8, 5.5) 39.7 CH2 1.98, overlapped 48.2 CH2 2.11, overlapped
21 34.2 CH2 2.21, overlapped 26.7 CH2 2.07, overlapped 65.6 CH 4.40, td (8.4, 4.6)

2.28, m
22 120.3 CH 5.09, br t (7.1) 124.7 CH 5.12, overlapped 127.4 CH 5.15, overlapped
23 134.7C 131.3C 134.8C
24 25.9 CH3 1.72, s 17.7 CH3 1.60, overlapped 25.8 CH3 1.72, s
25 26.4 CH3 1.20, s 26.3 CH3 1.21, s 26.4 CH3 1.20, s
26 15.9 CH3 1.62, overlapped 11.6 CH3 1.68, overlapped 16.0 CH3 1.62, s
27 16.0 CH3 1.60, s 16.0 CH3 1.60, overlapped 15.9 CH3 1.60, overlapped
28 16.0 CH3 1.61, s 16.0 CH3 1.60, overlapped 15.9 CH3 1.60, overlapped
29 11.7 CH3 1.62, overlapped 16.1 CH3 1.60, overlapped 16.1 CH3 1.66, s
30 18.0 CH3 1.64, s 25.7 CH3 1.68, s 18.2 CH3 1.69, s

aRecorded at 1H (400 MHz) and 13C (100 MHz). bRecorded at 1H (500 MHz) and 13C (125 MHz).
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between the diastereomers of these compounds determining
the stereochemistry of compounds 1 and 2, and thus, it was
not possible solely based on ECD. Consequently, vibrational

circular dichroism (VCD) spectroscopy was employed to
determine the absolute configuration. VCD spectroscopy is
capable of detecting vibrational transitions of chemical bonds

Figure 1. Key HMBC and 1H−1H COSY correlations of compounds 1, 2, 3, 5, 6, 7, and 8.

Figure 2. (A) Calculated (3R,20S-1 (red) and experimental compound 1 (black). (B) Calculated 3R5S-2 (red) and experimental compound 2
(black). The calculated (red) and experimental (black) VCD and IR curves employ a wavenumber correction [shift = −30 cm−1 (1) and −35 cm−1

(2), gamma value = 0.8 cm−1, respectively]. All experimental spectra (black) are plotted with the y-axis on the right side, while calculated spectra
(red) are plotted with the y-axis on the left side.
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in molecules and offers a greater number of transitions than
ECD. Therefore, the VCD spectroscopic method may be more
effective in detecting stereochemical or conformational
changes in molecules. Furthermore, unlike ECD, VCD
spectroscopy does not require chromophores for analyzing
the compound of interest.22−24 For these reasons, after
experimental measurement and calculation of VCD, exper-
imental and calculated VCD and IR spectral data of 1 were
compared within the range from 1500 to 1100 wavenumbers
(cm−1), which is referred to as the fingerprint region (Figures
2A, S79, and S80).25 Due to these advantages, the
experimental and calculated VCD and IR spectral data of
compound 1 were compared specifically in the fingerprint
region ranging from 1500 to 1100 wavenumbers (cm−1)
(Figures 2A, S79, and S80).25 After the comparison, the VCD
and IR data demonstrated agreement with the (3R,20S)-1
configuration, confirming that compound 1 was (3R,20S)-
2,3,20-trihydroxy-2,6,10,15,19,23-hexamethyl-tetracosa-
6,10,14,18,22-pentaene.
Although they share the same overall shape, the VCD

spectra of the diastereomers (3R,20S)- and (3R,20R)-1
exhibited distinct features that facilitated their differentiation
(Figure 3A). The functional groups, such as C−O commonly
found in alcohols, exhibit strong vibrations in the range of
1300−1000 cm−1.26 By examining the difference between the
two diastereomers in Figure 3, we can observe that the
opposite signs of the peaks at 1216 and 1265 cm−1 are
associated with the stereoisomeric structure of the C−O group
at position C-20. Additionally, the observation that the signs of
the vibrations at 1468 and 1479 cm−1, corresponding to CH2
groups, are opposite suggests variations in the CH2 group
vibrations due to a change in the stereoisomeric structure at C-
20.26 These specific vibrational transitions at 1216, 1265, 1468,
and 1479 cm−1 played a critical role in distinguishing between
the two diastereomers. These findings underscore the
advantages of utilizing VCD, instead of ECD, for determining
the absolute configuration of such diastereomeric molecules.
Compound 2 was isolated as a colorless oil, and its

molecular formula of C30H52O3 was suggested from its formic
acid adduct ion peak at m/z 505.3891 [M + HCOO]−

(calculated for [C31H53O5]−, 505.3893). The 1H NMR data
for compound 2 were similar to those of compound 1, except
for the differences in the chemical shifts of five olefinic groups
at δH 5.43 (1H, br t, J = 6.9 Hz, H-7) and 5.12−5.19 (4H,

overlapped, H-11, H-14, H-18, H-22) and two oxygenated
methines at δH 3.62 (1H, dd, J = 8.7, 3.5 Hz, H-3) and δH 4.27
(1H, dd, J = 8.5, 4.3 Hz, H-5). The HMBC between the
oxygenated methine proton on C-3 and the carbon at C-5,
indicated that compound 2 has a structure distinct from that of
compound 1 (Table 1). The 1H−1H COSY correlation of H-
3/H2-4/H-5 and H-7/H2-8, together with the HMBC cross-
peaks from Me-1/Me-25 to C-2/C-3, H-5/Me-26 to C-6/C-7,
H2-9/Me-27 to C-10/C-11, H2-16/Me-28 to C-14/C-15, H2-
20/Me-29 to C-18/C-19, and Me-24/Me-30 to C-22/C-23 of
compound 2, indicated the presence of six isoprene moieties.
The connection of each isoprene was assigned by the HMBC
between H-3 and C-5 and H-7 and C-9 for unit 2a, H-18 and
C-16 and H-22 and C-20 for unit 2b. The link between units
2a and 2b was confirmed by the HMBC between H-14 and C-
12, which suggests a planar structure of compound 2 (Figure
1). Similar to compound 1, the calculated ECD spectra of
compound 2 did not provide a distinction between the
diastereomers (Figures S69 and S71). Consequently, VCD
measurements and calculations were carried out to determine
the absolute configuration of compound 2. The VCD data
revealed vibrational transitions at 1154 and 1159 cm−1. In
addition, it was assumed that the C−H group bending
vibrations at 1307, 1453, and 1455 cm−1 primarily originated
from the C−O group at the chiral center, C-5. Furthermore, it
was evident that the bending vibrations of the C−H group
(1307, 1453, and 1455 cm−1) were influenced by the chiral
center C-5.26 By comparing the experimental and calculated
VCD data, the absolute configuration of compound 2 was
confirmed as (3R,5S)-2,3,5-trihydroxy-2,6,10,15,19,23-hexam-
ethyl-tetracosa-6,10,14,18,22-pentaene (Figures 2B and 3B).
Compound 3 had the molecular formula C30H52O3 and was

obtained as a colorless oil, as determined by its HRESIMS ion
peak at m/z 505.3899 [M + HCOO]− (calculated for
[C31H53O5]−, 505.3893). 1H NMR spectroscopic data of
compound 3 differed from those of compounds 1 and 2 (Table
1). There were differences in the chemical shifts of five olefinic
groups at δH 5.23 (H, br t, J = 7.0 Hz, H-7), 5.15 (3H,
overlapped, H-11, H-14, H-22), and 5.19 (H, br t, J = 7.1 Hz,
H-18) and two oxygenated methines at δH 3.35 (1H, br d, J =
10.5 Hz, H-3) and 4.40 (1H, td, J = 8.4, 4.6 Hz, H-21),
suggesting that the location of the hydroxy group was different.
Using the 1H−1H COSY of H2-20/H-21/H-22 and the
HMBC from H2-20/Me-29 to C-18/C-19, it was ascertained

Figure 3. Calculated (red and blue) VCD curves employing a wavenumber correction [shift = −30 cm−1 (1) and −35 cm−1 (2), gamma value = 0.8
cm−1, respectively].
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that compound 3 was distinct, differing in the location of the
hydroxy group (C-21) from compounds 1 and 2. The
connection between units 3a and 3b was confirmed by
HMBC between H-11 and C-13 (Figure 1). Due to the limited
amount of compound 3 available, it was difficult to obtain
sufficient VCD data. As a result, the absolute configuration of
compound 3 could not be resolved at this time. The structure
of compound 3 was proposed to be 2,3,21-trihydroxy-
2,6,10,15,19,23-hexamethyl-tetracosa-6,10,14,18,22-pentaene.
Compound 5 was isolated as a colorless oil and had a

molecular formula of C15H26O2, as determined by its
HRESIMS ion peak at m/z 283.1906 [M + HCOO]−

(calculated for [C16H27O4]−, 283.1909). The one-hydroxy-
bonded methine was different from trans, trans-farnesol, which
has been isolated from the same source.27 Using the 1H−1H
COSY of H-3/H2-4/H-5 and HMBC from H-5/Me-14 to C-
6/C-7, it was confirmed that compound 5 was distinct from
trans, trans-farnesol, differing in the location of a single hydroxy
group (C-5). The presence of the three isoprene moieties was
verified by comparing the 1D and 2D NMR data, and the
connection of each of these moieties was assigned by 1H−1H
and HMBC (Figure 1). The calculated and experimental ECD
spectra of compound 5 were compared because of the
presence of a chiral carbon in this compound. The
experimental ECD spectrum of 5 displayed a negative Cotton
effect at 204 nm and a positive Cotton effect at 223 nm, which
are consistent with the calculated ECD spectrum of the 5S
configuration, whereas its enantiomer (5R) showed the
opposite calculated ECD spectrum (Figure 4). Therefore, the
absolute configuration of 5 was established as 5S and was
determined as 5S-hydroxy-trans, trans-farnesol. Although

compound 5 has been reported previously as a synthetic
product, its absolute configuration has not been determined.28

Thus, this study reports, for the first time, the isolation of
naturally occurring compound 5 and determination of its
absolute configuration.
The molecular formula of compound 6, a yellowish oil, was

determined as C13H18O3 based on the HRESIMS ion peak at
m/z 245.1144 [M + Na]+ (calculated for [C13H18O3Na]+,
245.1154) with five degrees of unsaturation. The IR spectrum
indicated the presence of hydroxyl groups at 3436 cm−1 and
ester groups at 1733 cm−1. The 1H NMR spectrum exhibited
signals corresponding to five benzene protons at δH 7.29 (2H,
m, H-2′, H-6′) and δH 7.19 (3H, m, H-3′, H-4′, H-5′), one
oxygenated methine at δH 3.69 (1H, m, H-3), one methyl at δH
2.06 (3H, s, H-7), and a series of methylene groups at δH
1.72−4.38 (H-1, H-2, H-4, H-5). The 13C NMR, DEPT, and
HSQC spectra of compound 6 displayed the presence of 13
carbon signals consisting of one quaternary carbon (one ester
carbon at δC 171.6, C-6), six benzene carbons at δC 141.9 (C-
1′), 128.4 (C-2′, C-6′), 128.5 (C-3′, C-5′), and 125.9 (C-4′),
one oxygenated methine at δC 68.0 (C-3), four methylenes at
δC 32.0 (C-1), 37.1 (C-2), 36.5 (C-4), and 61.7 (C-5), and
one methyl at δC 21.0 (C-7). The HMBC from H-2′ to C-1’/
C-3′/C-4’/C-6′ and from H3-7 to C-6 confirmed benzene and
acetyl moieties, respectively. With the 1H−1H COSY cross-
peak, which showed the presence of one spin−spin coupling
system of H2-1/H2-2/H-3/H2-4/H2-5, the HMBC from H2-1
to C-2′ and H2-5 to C-6 could be assigned to compound 6
(Figure 1). The ECD spectrum of compound 6, obtained from
the experiment, exhibited a negative Cotton effect at 223 nm.
These results are in agreement with the calculated ECD

Figure 4. Calculated (red and blue) ECD curves and experimental ECD curves (black) employing a UV correction [shifting = 1 nm (5), 15 nm
(6), −5 nm (7) and −18 nm (8), sigma/gamma value = 0.28 eV].

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03873
ACS Omega 2023, 8, 32804−32816

32809

https://pubs.acs.org/doi/10.1021/acsomega.3c03873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03873?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectrum for the 3S configuration. The planar structure was
confirmed by comparing it to the reference and establishing it
as the same compound.29 ECD analysis was performed on a
single chiral center. The ECD spectrum, obtained by applying
UV correction using both the calculated and experimental UV
spectra, showed a negative Cotton effect at 223 nm, which
aligned with the shifted ECD spectrum after UV correction.
Based on this observation, the stereochemistry was determined
to be S. The enantiomer of compound 6, 3R, displayed the
opposite calculated ECD spectrum (Figure 4). Based on these
findings, it was concluded that the absolute configuration of
compound 6 is 3S, and it was further determined to be (S)-1-
acetoxy-5-phenyl-3-pentanol.
To the best of our knowledge, this is the first time that

compound 6 has been derived from a natural product.29

Compound 7 was obtained as a yellow powder and
possessed a molecular formula of C19H20O3, as determined
by its HRESIMS ion peak at m/z 295.1336 [M − H]−

(calculated for [C19H19O3]−, 295.1334). The 1H NMR and
13C NMR spectra of compound 7 were the same as those of
(R)-4″-hydroxyyashabushiketol, a class of acyclic diarylhepta-
noids, which has already been isolated from the same source.10

Based on the spectroscopic data from the reference, it was
confirmed to have the same planar structure. Due to the
opposite value of specific optical rotation with (R)-4″-
hydroxyyashabushiketol, further ECD calculations were
conducted. Comparison between the experimental data and
the calculated results was carried out to determine the
stereochemistry of the single chiral center. UV correction of
the ECD spectrum was conducted based on the calculated and
experimental UV spectra. Compound 7 exhibited a measured
ECD spectrum showing negative Cotton effects at 199, 250,
and 327 and 327 nm and positive Cotton effects at 219 and
350 nm. These experimental results aligned with the calculated
ECD spectrum for the 3S configuration. In contrast, the
enantiomer of compound 7, 3R, exhibited a calculated ECD
spectrum that was the opposite of that of compound 7 (Figure
4). Based on these observations, it was determined that
compound 7 possesses the absolute configuration of 3S and
was identified as (S)-4″-hydroxyyashabushiketol, which is the
enantiomer of (R)-4″-hydroxyyashabushiketol (Figure 4).
Compound 8 was isolated as a white amorphous powder and

had the molecular formula C19H20O3, as determined by its
HRESIMS ion peak at m/z 295.1332 [M − H]− (calculated for
[C19H19O3]−, 295.1334). By comparing 1D and 2D NMR

data, the planar structure of compound 8 was found to be the
same as that of (3S,7R)-5,6-dehydro-1,7-bis(4-hydroxyphen-
yl)-4″-de-O-methylcentrolobine, a class of diarylheptanoids,
which has already been isolated from the same genus.30 Based
on ECD data, compound 8 displayed an ECD spectrum with
negative Cotton effects at 189, 211, and 234 nm and positive
Cotton effects at 194 and 219 nm, matching the calculated
ECD spectrum for the 3R and 7S configuration. Conversely,
the enantiomers of compound 8, 3S and 7R, exhibited the
opposite calculated ECD spectra (Figure 4). These findings led
to the conclusion that compound 8 possesses the absolute
configuration of 3R and 7S and was identified as (3R,7S)-5,6-
dehydro-1,7-bis(4-hydroxyphenyl)-4″-de-O-methylcentrolo-
bine, which was isolated for the first time from a natural source
(Figure 4).31

Ten known compounds, including 2,3,5,22,23-pentahy-
droxy-2,6,10,15,19,23-hexamethyl-tetracosa-6,10,14,18-tet-
raene (4),17 aniba dimer A (9),32 6,6′-(3,4-diphenylcyclobu-
tane-1,2-diyl)bis(4-methoxy-2H-pyran-2-one) (10),32 dihydro-
5,6-dehydrokawain (11),33 5,6-dehydrokawain (12),33

(3R,5S)-trans-3,5-dihydroxy-1,7-diphenyl-1-heptene (13),27

(3S,5S)-trans-3,5-dihydroxy-1,7-diphenyl-1-heptene (14),27 ya-
shabushidiol A (15),27 (+)-hannokinol (16),34 and meso-
hannokinol (17)34 were identified by comparing their
spectroscopic data to the data obtained from the literature,
and all of the 10 known compounds have been previously
reported as derived from the Alpinia genus.
Before investigating the effects of the isolates on PCSK9, a

cell viability test was performed using a WST-8 assay on
human HepG2 cells, applying a 20 μM concentration (Figure
S85A). The results showed that compounds 3 and 4 caused a
significant decrease in cell viability, while compound 1
exhibited slight cytotoxicity compared with the other
compounds. Therefore, cell viability tests were conducted
using lower concentrations for compounds 1, 3, and 4 (Figure
S85B−D). Compound 1 did not exhibit significant cytotoxicity
using concentrations of 10 μM or lower; thus, 10 μM was
selected for further testing. However, compounds 3 and 4 were
excluded from any further experiments as they significantly
decreased cell viability.
As PCSK9 binds to the LDLR on the cell surface to induce

lysosomal degradation, a reduction in PCSK9 secretion is
crucial for maintaining cell−surface LDLR for LDL-C uptake.
Therefore, the effects of compounds 1, 2, and 5−17 were
examined for their effects on PCSK9 secretion using enzyme
linked immunosorbent assays (ELISAs) (Figure 5). Com-

Figure 5. Effects of compounds 1, 2, and 5−17 on PCSK9 secretion in HepG2 cells. PCSK9 ELISAs were assayed with the medium harvested from
compounds treated with an indicated dose and berberine chloride for 24 h. (n = 3, biologically independent samples per group; data presented are
mean ± S.E.M.) **p < 0.01 and ***p < 0.001 as compared to the negative control (N) by Dunnett’s t-test.
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pounds 1 and 2 were shown to block the secretion of PCSK9
from HepG2 cells at the indicated doses. Therefore,
compounds 1 and 2 were selected for further investigation.
Compounds 1 and 2 were evaluated for their effects on the

expression of PCSK9 and LDLR at both the mRNA and
protein levels in human HepG2 cells. At concentrations of 10
and 20 μM, respectively, compounds 1 and 2 significantly
downregulated PCSK9 mRNA expression while slightly
upregulating LDLR mRNA expression compared to the
negative control group (Figure 6). Furthermore, we tested

compounds 1 and 2 at a range of concentrations (0.625−10
and 1.25−20 μM, respectively) for their inhibition of PCSK9
mRNA expressions in HepG2 cells (Figure S86). We found
that compounds 1 and 2 inhibited PCSK9 mRNA expression
with the IC50 values of 2.94 and 15.08 μM, respectively.
Compounds 1 and 2 did not exhibit cytotoxicity at

concentrations of up to 10 and 20 μM, respectively (Figures
S85A and S85B). Therefore, concentrations of 5 and 10 μM
for compound 1 and of 10 and 20 μM for compound 2 were
used to evaluate protein level expressions (Figure 7). Protein
expression levels of PCSK9 were reduced when HepG2 cells
were treated with compounds 1 and 2. However, LDLR
expression was not upregulated when compared to berberine
chloride (positive control), which is the salt form of berberine.
Berberine inhibits hepatic nuclear factor 1 alpha (HNF1α),
which is known as a PCSK9 trans-activator. This results in the
downregulation of PCSK9 mRNA expression.35 In addition,
berberine regulates LDLR expression post-transcriptionally by
facilitating the stabilization of LDLR mRNA.36 Berberine
therefore lowers both PCSK9 mRNA and protein expressions
and maintains high expression of both LDLR mRNA and
protein. Compounds 1 and 2 showed contrasting results to
berberine chloride, suggesting that different mechanisms are
involved for these compounds.
To evaluate the concentration-dependent inhibition of

PCSK9 secretion by compounds 1 and 2, further experiments
were conducted over a range of concentrations (Figure 8).
Both compounds exhibited a dose-dependent reduction in
PCSK9 secretion, with compound 1 demonstrating a

significant decrease in PCSK9 secretion at concentrations of
5 and 10 μM and compound 2 displaying a significant decrease
in PCSK9 secretion at a concentration of 20 μM.
Additionally, in respect of the established “Lipinski’s rule of

five” for pharmaceutical candidates,37 the lipophilicity values of
the compounds were calculated (Table S9). Lipinski’s rules
were established based on an analysis of the physicochemical
properties of orally active drugs,38 so it could be a good
parameter for selecting drug candidates. According to this
calculation, compounds with log P values of 5 or below, which
have moderate lipophilicity, were found to be compounds 5−
10, 16, and 17. However, as observed in previous biological
experiments, the active compounds were compounds 1 and 2,
which had relatively higher log P values (7.7958 and 8.4518,
respectively). These compounds have log P values above 5,
indicating high lipophilicity. According to Lipinski’s rule,
compounds with high lipophilicity are generally not considered
ideal drug candidates because they can have, for example, low
water solubility, limited cell membrane permeability, and
metabolic concerns. However, despite these drawbacks,
compounds 1 and 2 showed promising PCSK9 inhibitory
effects. If further research, such as structural modifications, can
find a way to reduce lipophilicity while maintaining the
efficacy, they may have the potential to become better drugs
with an improved c log P value.

■ CONCLUSIONS
In conclusion, 17 compounds were isolated from the
methanolic extracts of Alpina Katsumadai seeds. Their
structures were determined through various physicochemical
and spectroscopic methods. All absolute configurations of
isolated new compounds were determined using VCD and
ECD. Especially, the absolute configurations of compounds 1
and 2 were identified by comparing the calculated and
experimental VCD data as the ECD method was unable to
distinguish the diastereomers. The structures of the known
compounds were elucidated using various spectroscopic
methods, confirming their planar structures. For compounds
with known planar stereochemistry, the structures were
determined by comparing them with previous references.
The absolute configuration of compounds was determined by
comparing the experimental ECD spectrum with the calculated
ECD spectrum, considering the UV correction value obtained
from the comparison of the calculated and experimental UV
spectra. Of the isolates, compounds 1 and 2, two new
compounds, downregulated PCSK9 in both mRNA and
protein levels, with a particular emphasis on compound 1.
Compound 1 exhibited inhibition of PCSK9 to a similar extent
to that of the positive control, berberine chloride. While
further investigation is required for the underlying mechanism,
compound 1 has demonstrated promising potential as an
inhibitor of PCSK9. Additionally, we calculated the c log P
values to assess the drug-likeness aspect based on Lipinski’s
rule. Both compounds 1 and 2 exhibited values beyond the
desirable range, and this suggests that further research on the
modification of these compounds is warranted in order to
develop these compounds as drugs.

■ MATERIALS AND METHODS
Materials. Column chromatography was conducted on

silica gel (particle size: 40−60 μm, 230−400 mesh, Merck,
Darmstadt, Germany). Medium-pressure liquid chromatog-

Figure 6. Effects of compounds 1 and 2 on the LDLR and PCSK9
mRNA expressions in the HepG2 cells. (A) The expression of LDLR
mRNA was assayed by qRT-PCR in cells treated with compounds 1
(10 μM), 2 (20 μM), and berberine chloride (Ber), the positive
control, (20 μM) for 24 h. (B) The expression of PCSK9 mRNA was
assayed by qRT-PCR in cells treated with compounds 1 (10 μM), 2
(20 μM), and berberine chloride (Ber), the positive control, (20 μM)
for 24 h. (n = 3, biologically independent samples per group; data
presented are mean ± S.E.M.) ***p < 0.001 as compared to the
negative control (N) by Dunnett’s t-test.
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raphy (MPLC) was performed on a Biotage Isolera One
(Biotage, Uppsala, Sweden) with C18 RP silica gel (Cosmosil,
Kyoto, Japan). High-performance liquid chromatography
(HPLC) was performed with a Gilson 321 pump and a Gilson
172 diode array detector (Gilson, Madison, WI, USA), with
the aid of two columns; Luna, C18 [S-5 μm, 250 × 10 mm]
(Phenomenex, CA, USA), YMC-J’sphere ODS-M80, HPLC
column [S-5 μm, 250 × 10 mm] (YMC, Kyoto, Japan) and
YMC-Triart Phenyl, HPLC column [S-5 μm, 250 × 10 mm]

(YMC, Kyoto, Japan). Mass spectral data were measured using
a Waters Xevo G2 Q-TOF mass spectrometer, UHPLC-ESI-
QTOF-MS (Waters, Medford, MA, USA). Nuclear magnetic
resonance (NMR) spectra were recorded using JNM-ECA
AVANCE 400 and 600 MHz spectrometers (JEOL Ltd.,
Tokyo, Japan) and a Bruker AVANCE 500 MHz spectrometer
(Bruker, Karlsruhe, Germany). Circular dichroism and ultra-
violet−visible spectra were measured by a Chirascan-Plus ECD
spectrometer (Applied Photophysics Ltd., Tokyo, Japan). A
JASCO P-2000 digital polarimeter (JASCO, Tokyo, Japan)
was used to measure optical rotation. Fourier transform
infrared spectroscopy (JASCO, FT/IR-4200, FT/IR-4700,
Tokyo, Japan) was used to measure IR spectra. VCD and IR
spectra were measured by ChiralIR-2X (Biotools, Inc., Jupiter,
USA). Thin layer chromatography (TLC) analysis was
performed on silica gel 60 F254 and silica gel RP-C18 plates
(Merck, Darmstadt, Germany). The spots were visualized by
spraying 10% H2SO4. Purified water was obtained using a
Milli-Q system (Waters Corporation, Milford, MA, USA).

Reagents. Solvents for extraction and isolation including
methanol, n-hexane, chloroform, EtOAc, n-butanol, acetonitrile
(CH3CN, HPLC grade), and methanol (MeOH, HPLC grade)
were purchased from SK chemical (Seoul, Korea). Solvents for
NMR spectroscopy (CDCl3 and MeOH) were purchased from
Cambridge Isotope Laboratories, Inc. (Andover, MA).

Plant Material. The dried seeds of A. katsumadai,
originating from Vietnam, were purchased from a Korean
market E-Pul-Ip-Jeyak in February 2019 and were identified by
Kwangmyeong Raw Medicine Co., Ltd. A voucher specimen
(Voucher no. CYWSNU-KP0024) was deposited at the
College of Pharmacy, Seoul National University, Republic of
Korea.

Figure 7. (A) Effects of 1 and 2 on LDLR, PCSK9, and β−actin protein expression in HepG2 cells. HepG2 cells were treated with indicated
concentrations and berberine chloride (Ber) for 24h. The expressions of the proteins were examined by Western blot analysis. (B) Immunoblot
signals were quantified by using ImageJ software (NIH, Bethesda, MD). (n = 3, biologically independent samples per group; data presented are
mean ± S.E.M.) *p < 0.05, **p < 0.01, and ***p < 0.001 as compared to the negative control (N) by Dunnett’s t-test.

Figure 8. Effects of compounds 1 and 2 on PCSK9 secretion in the
concentration range in HepG2 cells. PCSK9 ELISAs were assayed in
the medium harvested from compounds 1 and 2 treated with an
increasing dose and berberine chloride (Ber) for 24 h. (n = 3,
biologically independent samples per group; data presented are mean
± S.E.M.) *p < 0.05, **p < 0.01, and ***p < 0.001 as compared to
the negative control (N) by Dunnett’s t-test.
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Methods. Extraction and Isolation. Dried seeds of A.
katsumadai (4.8 kg) were extracted with 6 L of MeOH at room
temperature (3 days × 5 times). The solvent was evaporated in
vacuo at 39 °C, and the crude extract (482.0 g) was suspended
in H2O (1.5 L) for partition with n-hexane (3 × 1.5 L), CHCl3
(3 × 1.5 L), EtOAc (3 × 1.5 L), and n-butanol (3 × 1.5 L)
successively. The n-hexane part (33.0 g) was subjected to silica
gel column chromatography (CC) using a gradient solvent
system, from n-hexane/EtOAc (80:1 → 1:1) to CHCl3/
MeOH (10:1 → 1:1), to afford 17 fractions (F1−F17). Of
these subfractions, subfractions 12 and 13 + 14 were found to
be active (Figure S84). F12 (1.5 g) was subjected to a
reversed-phase MPLC eluted with a MeOH/H2O (30:70 →
100:0) gradient solvent system to afford 30 (F12−1 to F12−
30) subfractions. F12−2 (20.8 mg) was separated by
semipreparative HPLC (YMC-Triart C18, 250 × 10 mm,
50−65% MeOH in H2O containing 0.1% formic acid, 3 mL/
min) to yield 16 (3.6 mg, tR 16.5 min), 6 (3.6 mg, tR 32.6
min), and 11 (1.5 mg, tR 41.5 min). F12−4 (22.7 mg) was
subjected to semipreparative HPLC (YMC-Triart C18, 250 ×
10 mm, 70−80% MeOH in H2O containing 0.1% formic acid,
3 mL/min) to afford 8 (3.0 mg, tR 11.5 min), 12 (10.1 mg, tR
14.7 min), 9 (2.0 mg, tR 23.1 min), and 10 (3.7 mg, tR 24.6
min). A part of F12−6 (50 mg) was subjected to semi-
preparative HPLC (YMC-Triart C18, 250 × 10 mm, 65%
MeOH in H2O containing 0.1% formic acid, 3 mL/min) to
yield 13 (5.2 mg, tR 31.5 min), 14 (20.1 mg, tR 33.3 min), and
15 (14.7 mg, tR 41.5 min). 4 (13.2 mg, tR 59.2 min) and 17
(3.6 mg, tR 78.5 min) were obtained using semipreparative
HPLC (YMC-Triart C18, 250 × 10 mm, 65−74.5% MeOH in
H2O containing 0.1% formic acid, 3 mL/min). F13 and F14
were pooled together for Sephadex LH-20 CC (454.0 mg)
using MeOH/H2O (20:1) to yield 38 subfractions. F13,14−9
and F13,14−10 were pooled together (93.4 mg) and subjected
to semipreparative HPLC (YMC-J’SPHERE ODS H80, 250 ×
10 mm, 95% CH3CN in H2O containing 0.1% formic acid, 3
mL/min) to obtain 1 (2.0 mg, tR 15.6 min) and 2 (53.0 mg, tR
28.1 min). F13,14−11 (84.8 mg) was separated using
semipreparative HPLC (YMC-Triart C18, 250 × 10 mm,
95−100% CH3CN in H2O containing 0.1% formic acid, 3 mL/
min) to afford 3 (3.4 mg, tR 51.9 min). 5 (4.8 mg, tR 13.3 min)
was isolated from F13,14−13 and F13,14−14 using semi-
preparative HPLC (YMC-Triart C18, 250 × 10 mm, 75%
MeOH in H2O containing 0.1% formic acid, 3 mL/min).
F13,14−23, F13,14−24, and F13,14−25 were pooled together
for semipreparative HPLC (YMC-Triart C18, 250 × 10 mm,
60% MeOH in H2O containing 0.1% formic acid, 3 mL/min)
to yield 7 (1.5 mg, tR 31.5 min).
Structural analysis of all isolated compounds was conducted

according to the procedures outlined in our previous study for
structural elucidation.15,16

(3R,20S)-2,3,20-Trihydroxy-2,6,10,15,19,23-hexamethyl-
tetracosa-6,10,14,18,22-Pentaene (1). Colorless oil; [α]D20 +
70.0 (c 0.4, MeOH); UV (MeOH) λmax (log ε) 202 (4.23) nm;
ECD (MeOH) λmax (Δε) 215 (+2.27) nm; IR (neat) νmax:
3393, 2924, 2857, 1738, 1671, 1561, 1518, 1444, 1375, 1247,
1164, 1085, 1020 cm−1; 1H and 13C NMR (CDCl3), see Table
1; HRESIMS m/z: [M + Na]+ 483.3814 (calcd for
[C30H52O3Na]+, 483.3814).

(3R,5S)-2,3,5-Trihydroxy-2,6,10,15,19,23-hexamethyl-tet-
racosa-6,10,14,18,22-Pentaene (2). Colorless oil; [α]D20 +
38.8 (c 0.8, MeOH); UV (MeOH) λmax (log ε) 204 (4.43) nm;
ECD (MeOH) λmax (Δε) 210 (+1.57) nm; IR (neat) νmax:

3380, 2969, 2922, 2858, 1443, 1376, 1157, 1083, 858 cm−1; 1H
and 13C NMR (CDCl3), see Table 1; HRESIMS m/z: [M +
HCOO]− 505.3891 (calcd for [C31H53O5]−, 505.3893).

2,3,21-Trihydroxy-2,6,10,15,19,23-hexamethyl-tetracosa-
6,10,14,18,22-pentaene (3). Colorless oil; [α]D20 + 8.4 (c 0.3,
MeOH); UV (MeOH) λmax (log ε) 201 (4.33) nm; ECD
(MeOH) λmax (Δε) 213 (−0.82) nm; IR (neat) νmax: 3357,
3349, 2951, 2856, 2845, 1706, 1668, 1629, 1611, 1443, 1389,
1386 cm−1; 1H and 13C NMR (CDCl3), see Table 1;
HRESIMS m/z: [M + HCOO]− 505.3899 (calcd for
[C31H53O5]−, 505.3893).

(S)-5-Hydroxy-trans,trans-farnesol (5). Colorless oil;
[α]D20 + 75.9 (c 0.4, MeOH); UV (MeOH) λmax (log ε)
201 (4.22) nm; ECD (MeOH) λmax (Δε) 214 (+1.81) nm; IR
(neat) νmax: 3411, 2973, 2925, 2279, 1753, 1638, 1456, 1380,
1301, 1162, 1102, 1037, 896, 817, 661 cm−1; 1H NMR
(CDCl3, 600 MHz): δ 5.41 (1H, m, H-11), 5.38 (1H, m, H-7),
5.09 (1H, m, H-3), 4.15 (2H, br d, J = 6.9 Hz, H-12), 3.98 (H,
br dd, J = 7.9, 5.4 Hz, H-5), 2.29 (1H, overlapped, H-4a), 2.21
(1H, m, H-4b), 2.16 (2H, overlapped, H-8), 2.08 (2H,
overlapped, H-9), 1.72 (3H, s, H-1), 1.64 (3H, s, H-13), 1.62
(6H, s, H-14, H-15); 13C NMR (CDCl3, 150 MHz): δ 139.3
(C, C-10), 137.1 (C, C-6), 134.8 (C, C-2), 125.7 (CH, C-7),
123.7 (CH, C-11), 120.1 (CH, C-3), 77.2 (CH, C-5), 59.4
(CH2, C-12), 39.1 (CH2, C-9), 34.2 (CH2, C-4), 25.9 (CH3,
C-1), 25.7 (CH2, C-8), 18.0 (CH3, C-13), 16.2 (CH3, C-15),
11.7 (CH3, C-14); HRESIMS m/z: [M + HCOO]− 283.1906
(calcd for [C16H27O4]−, 283.1909).

(S)-1-Acetoxy-5-phenyl-3-pentanol (6). Yellowish oil;
[α]D20 − 20.5 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
199 (4.10), 252 (3.03) nm; ECD (MeOH) λmax (Δε) 206
(+0.10), 224 (−0.20), 252 (0.00), 293 (−0.09) nm; IR (neat)
νmax: 3437, 2925, 2858, 1734, 1602, 1369, 1242, 1046 cm−1;
1H NMR (CDCl3, 400 MHz): δ 7.29 (2H, m, H-2′, H-6′),
7.19 (3H, m, H-3′, H-4′, H-5′), 4.38 (1H, dt, J = 11.2, 5.5 Hz,
H-5a), 3.69 (1H, m, H-3), 2.81 (2H, ddd, J = 11.3, 8.7, 5.0 Hz,
H-1a, H-5b), 2.68 (1H, m, H-1b), 2.06 (3H, s, H-7) 1.88 (1H,
overlapped, H-4a), 1.80 (2H, overlapped, H-2), 1.72 (H,
overlapped, H-4b); 13C NMR (CDCl3, 100 MHz): δ 171.6 (C,
C-6), 141.9 (C, C-1′), 128.5 (CH, C-3′, C-5′), 128.4 (CH, C-
2′, C-6′), 125.9 (CH, C-4′), 68.0 (CH, C-3), 61.7 (CH2, C-5),
37.1 (CH2, C-2), 36.5 (CH2, C-4), 32.0 (CH2, C-1), 21.0
(CH3, C-7); HRESIMS m/z: [M + Na]+ 245.1144 (calcd for
[C13H18O3Na]+, 245.1154).

(S)-4″-Hydroxyyashabushiketol (7). Yellow powder; [α]D20
+ 82.9 (c 0.3, MeOH); UV (MeOH) λmax (log ε) 201 (4.02),
236 (3.87), 326 (4.32) nm; ECD (MeOH) λmax (Δε) 218
(+0.62), 255 (−0.22), 325 (−0.04), 351 (−0.16) nm; 1H
NMR (CDCl3, 500 MHz): δ 7.50 (1H, d, J = 16.0, H-7), 7.45
(2H, d, J = 8.6, H-2″, H-6″), 7.29 (2H, m, H-3′, H-5′), 7.22
(2H, m, H-2′, H-6′), 7.18 (1H, m, H-4′), 6.86 (2H, d, J = 8.7,
H-3′’, H-5′’), 6.58 (1H, d, J = 16.1, H-6), 4.15 (1H, m, H-3),
2.88 (1H, m, H-1a), 2.84 (1H, m, H-4a), 2.78 (1H, m, H-4b),
2.73 (1H, m, H-1b), 1.90 (1H, m, H-2a), 1.77 (1H, m, H-2b);
13C NMR (CDCl3, 125 MHz): δ 200.9 (C, C-5), 158.2 (C, C-
4″), 143.5 (CH, C-7), 141.9 (C, C-1′), 130.5 (CH, C-2″, C-
6″), 128.5 (CH, C-2′, C-6′), 128.4 (CH, C-3′, C-5′), 127.0
(C, C-1″), 125.9 (CH, C-4′), 124.1 (CH, C-6), 67.3 (CH, C-
3), 46.6 (CH2, C-4), 38.2 (CH2, C-2), 31.8 (CH2, C-1);
HRESIMS m/z: [M − H]− 437.1616 (calcd for [C19H19O3]−,
437.1606).

(3R,7S)-5,6-Dehydro-1,7-bis(4-hydroxyphenyl)-4″-de-O-
methylcentrolobine (8). Yellow powder; [α]D20 + 107.0 (c 0.1,
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MeOH); UV (MeOH) λmax (log ε) 199 (4.46), 226 (4.07),
278 (3.50) nm; ECD (MeOH) λmax (Δε) 200 (+4.97), 212
(+0.06), 218 (+0.97), 232 (−2.04) nm; 1H NMR (CDCl3, 400
MHz): δ 7.29 (2H, d, J = 8.2, H-2″, H-6″), 6.84 (2H, d, J =
8.6, H-3′’, H-5′’), 6.71 (2H, J = 8.5, H-2′, H-6′), 6.60 (2H, J =
8.5, H-3′, H-5′), 6.02−5.94 (1H, m, H-6), 5.23 (1H, m, H-7),
3.45 (2H, tt, J = 9.4, 3.6, H-4), 2.60 (1H, ddd, J = 13.5, 8.2,
5.0, H-1a), 2.42 (1H, dt, J = 13.8, 8.2, H-1b), 2.05 (1H, m, H-
5a), 1.97 (1H, m, H-5b), 1.78 (1H, m, H-3), 1.61 (2H,
overlapped, H-2); 13C NMR (CDCl3, 100 MHz): δ 155.2 (C,
C-4″), 153.3 (C, C-4′), 134.2 (C, C-1′), 133.4 (C, C-1″),
130.2 (CH, C-2″, C-6″), 129.6 (CH, C-2′, C-6′), 127.5 (CH,
C-6), 126.1 (CH, C-5), 115.0 (CH, C-3′’, C-5′’), 114.9 (CH,
C-3′, C-5′), 73.8 (CH, C-7), 65.5 (CH, C-3), 37.6 (CH2, C-
2), 31.2 (CH2, C-4), 30.5 (CH2, C-1); HRESIMS m/z: [M −
H]− 295.1332 (calcd for [C19H19O3]−, 295.1334).

ECD Calculation. Compounds 1 and 2 were subjected to
conformational searches using the GMMX program in
Gaussian 16 software after their minimized structures were
generated in ChemBio3D Ultra 13.03. Similarly, the minimized
structures of compounds 5, 6, 7, and 8 were used for
conformational searches in the Spartan 16 program. Both
Gaussian 16 and Spartan 16 software were employed for the
conformational searches, utilizing MMFF94 molecular force-
field calculations for all compounds. Among the generated
conformers, several conformers that were expected to exhibit
population above 95% were selected, and these were subjected
to optimization and frequency calculation, using DFT
calculation at the mPW1PW91/6-31+G (d, p) basis set with
the CPCM model, using Gaussian 16 software (Gaussian Inc.,
Wallingford, CT, USA). The solvent model used in this study
was methanol. After optimization, the ECD spectra of the
optimized conformers were calculated using time-dependent
DFT (TDDFT) at the same condition with optimization, with
the consideration of the first 10 excitations for 1, 2, and 5 and
first 20 excitations for 6, 7, and 8. For compounds 1 and 2, the
mPW1PW91/6-31+G(d, p) basis set was initially employed
but proved to be insufficient to distinguish diastereomers.
Therefore, additional experiments were conducted using the
B3LYP/6-31+G(d, p) basis set. The optimization and
frequency calculation processes were carried out as previously
described. Subsequently, the ECD spectra of the optimized
conformers for compounds 1 and 2 were calculated using
TDDFT under the same optimization conditions. This
calculation considered the first 50 excitations and 3 root
values. The overall calculated ECD curves were weighted using
Boltzmann factors, which were determined from the Gibbs free
energy calculations. The ECD spectra obtained from their
relative free energy values were then combined and adjusted
for sigma/gamma values and UV correction using the SpecDis
1.70.1 software.39,40 [shifting = −8 nm (1 and 2), 1 nm (5), 15
nm (6), −5 nm (7) and −18 nm (8), sigma/gamma value =
0.28 eV] Finally, these calculated ECD spectra were compared
to the experimental values.

VCD Calculation. All minimized structures were generated
using ChemBio3D Ultra 13.03 and then submitted in the
GMMX program in Gaussian 16 software (Gaussian Inc.,
Wallingford, CT, USA) for conformational searches by using
MMFF94 molecular force-field calculations. All conformers
were subjected to low level optimization using DFT calculation
at the APFD/6-31G (d) basis set with the SCRF model. The
solvent model utilized in this study was methanol. Among the
generated conformers, several conformers were selected with

energies less than 4 kcal/mol from the lowest energy structure
for high level optimization using DFT calculation at the
APFD/6-311+G (2d, p) basis set with the SCRF model. After
high level optimization, the conformers that have energies less
than 2.5 kcal/mol from the lowest energy structures were
selected for VCD frequency calculation at the same condition
with high level optimization. The overall calculated VCD
curves were weighted using Boltzmann factors, which were
determined from the Gibbs free energy calculations. The VCD
spectra obtained from their relative free energy values were
then combined and adjusted for gamma values and wave-
number correction using the SpecDis 1.70.1 software.39,40

[shifting = −30 cm−1 (1) and −35 cm−1 (2), gamma value =
0.8 cm−1, respectively]. Finally, these calculated VCD spectra
were compared to the experimental values.

VCD Measurement. The experimental IR and VCD spectra
were obtained for a 0.05 M solution of compound 1 and a 0.1
M solution of compound 2 in CDCl3, using a ChiralIR-2X FT-
VCD spectrometer (Biotools, Jupiter, FL). The spectrometer
was set at a resolution of 4 cm−1 and the collection times of 40
and 20 h, respectively. Compounds 1 and 2 were measured in
two photoelastic modulator (PEM) modes, set at 1400 cm−1.
In order to increase the baseline stability and signal-to-noise
ratio, VCD measurements were performed in the dual-PEM
mode. This method involves introducing a second PEM after
the sample cell with axes parallel to those of the first PEM,
allowing for the measurement of VCD using two PEMs. The
spectra were calibrated automatically using the standard
calibration files. The phase calibration file, ’14PHA4WN,’
and the VCD intensity calibration file, ’14QWP4WN,’
obtained from BioTools, were utilized for calibration. These
files were designed for an instrument resolution of 4 cm−1 and
a PEM setting of 1400 cm−1. The VCD spectra of compounds
1 and 2 were obtained with the [Sample] − [Background]
spectra process. In the process, the VCD spectrum of the
solvent, measured under the same conditions as those for
samples, was subtracted from compound 1 and 2 spectra. The
VCD spectra were recorded in a SL-4 cell with BaF2 windows,
with 100 μm diameters. All obtained VCD spectra were
processed using GRAMS/AI software (ThermoFisher Scien-
tific, USA). The axis values of VCD were defined in terms of
molar absorptivity (ε) for both calculated and experimental
VCD spectra. These values were determined using the
following parameters: b, which represents the path length in
centimeters; c, corresponding to the concentration in moles
per liter; and (ee), which denotes the enantiomeric excess of
the sample.

A bc( ) ( )/(ee)=

Cell Culture. The HepG2 human hepatocellular liver cell
line was obtained from the Korea Research Institute of
Bioscience and Biotechnology (South Korea) and grown in
modified Eagle′s medium (MEM) with Earle’s balanced salt
solution (EBSS) containing 10% fetal bovine serum and 100
U/mL penicillin/streptomycin sulfate. Cells were incubated in
a humidified 5% w/v CO2 atmosphere at 37 °C. MEM/EBSS,
penicillin/streptomycin, and FBS were purchased from
Hyclone (Logan, USA).

Cell Viability Tests. Cell viability test was performed with a
WST plus-8 kit (GenDEPOT, USA) according to the
manufacturer’s instructions. Briefly, 5 × 103 human HepG2
cells were seeded in a 96-well culture plate on the day before
sample treatment. The compounds dissolved in DMSO were
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diluted to a concentration from 2.5 to 20 μM in MEM/EBSS
without FBS for serum starvation. After treatment, cells were
incubated for 24 h for the WST-8 cell viability test.

ELISAs. Secreted PCSK9 levels in culture medium of cells
were measured using Human Proprotein Convertase 9/PCSK9
ELISA kits (RayBiotech, USA) in accordance with the
manufacturer’s instructions. Briefly, 5 × 105 human HepG2
cells were seeded in a 12-well culture plate on the day before
the treatment. The compounds dissolved in DMSO were
diluted to the indicated concentration in DMEM without FBS.
After treatment, cells were incubated for 24 h, and the culture
medium was harvested for PCSK9 secretion ELISA. Color
development at 450 nm was then measured using an
automated microplate ELISA reader. In addition, a standard
curve was generated for each assay plate by measuring the
absorbance of serial dilutions of recombinant human PCSK9 at
450 nm.

Quantitative Real-time PCR. Total RNA was extracted
from HepG2 treated with compounds using TRI Reagent
(Genbiotech) according to the manufacturer’s instructions.
The complementary DNA (cDNA) was synthesized from total
RNA using the Maxima First Strand cDNA Synthesis Kit
(ThermoFisher Scientific, USA). Real-time PCR for mRNA
quantification was performed with a TB Green Premix Ex
TaqII (TaKaRa Biotechnology, China). The mRNA expression
was normalized to the GAPDH and calculated using the
2−ΔΔCt method. The human primers used were the following
(5′ to 3′): GAPDH: GTCTCCTCTGACTTCAACAGCG
(forward), ACCACCCTGTTGCTGTAGCCAA (reverse);
LDLR: GTGCTCCTCGTCTTCCTTTG (forward),
TAGCTGTAGCCGTCCTGGTT (reverse), PCSK9: GA-
CACCAGCATACAGAGTGAC (forward) and GTGCCAT-
GACTGTCACACTTGC (reverse). Gene-specific primers
were custom-synthesized by Bioneer (Daejeon, Korea).

Western Blot. HepG2 cells were lysed in RIPA buffer
containing Pierce Protease and Phosphatase Inhibitor Mini
Tablets (ThermoFisher Scientific, USA) on ice for 10 min.
Cell lysates were centrifuged at 14,000 rpm for 15 min at 4 °C,
and supernatants were quantified using the protein assay
reagents A and B (Bio-Rad, USA). Proteins were separated by
electrophoresis on a 10% sodium dodecyl sulfate polyacryla-
mide gel (SDS-PAGE) and were transferred onto a
polyvinylidene difluoride (PVDF) membrane. The membrane
was treated with 5% skim milk for 1 h and incubated overnight
at 4 °C with primary antibodies in 3% bovine serum albumin
(BSA). After washing with Tris-buffered saline with 0.1%
Tween 20 (TBST), the membrane was incubated with the
HRP-conjugated secondary antibody (1:5000) for 1 h at room
temperature. The band images were acquired using a
ChemiDoc Imaging system (Bio-Rad, USA) using the
SuperSignal West Pico PLUS Chemiluminescent Substrate
(ThermoFisher Scientific, USA) or Immobilon Western
Chemiliminescent HRP Substrate (Millipore, USA).

Statistical Analysis. The results of the experiments are
reported as the average value with the standard error of the
mean (SEM). We assessed the statistical significance using
one-way analysis of variance (ANOVA) and Dunnett’s t-test
for making multiple comparisons. P values below 0.05 were
considered significant.
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