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ABSTRACT: Alzheimer’s disease (AD), a neurocognitive impair-
ment affecting human mental capacity, is related to the
accumulation of amyloid-β peptide (Aβ) and the hyperphosphor-
ylation of tau protein. In addition to modern therapies approved
for AD treatment, natural products with antioxidant and anti-
inflammatory properties have been studied for their potential to
prevent AD pathogenesis. Six new noroleanane triterpenoids from
the fruit peels of Camellia japonica were isolated, and their
structures were determined by diverse spectroscopic methods. The
neuroprotective effects of the six new compounds were tested
against Aβ-induced neurotoxicity and neuroinflammation in mouse hippocampal and microglial cells. In the model of HT22-
transfected cells, compounds 1−4 showed strongly neuroprotective effects via antioxidant response element gene activation and
decreased the level of glutamate uptake. Compounds 1−4 also appeared to have strong inhibitory effects on NO production in
Aβ1−42-transfected BV2 microglial cells. A docking simulation study was used to explain the inhibitory effects of compounds 1−4 on
β-secretase 1 (BACE1). Noroleanane triterpenoids 1−4 had potential neuroprotective and anti-inflammatory effects against Aβ-
induced neuronal damage. The structure−activity relationships of the 30 oleanane triterpenoids from C. japonica were assessed in a
model of Aβ1−42-transfected HT22 cells.

Alzheimer’s disease is a neurological cognitive disorder
caused by chronic neurodegeneration. The characteristic

neuropathology of this disease involves the accumulation of
amyloid-β peptide (Aβ), which forms extracellular plaques and
intracellular tangles, and the hyperphosphorylation of tau
protein.1 The cause of Aβ-induced toxicity and neuro-
inflammation in AD pathogenesis has been suggested.2 The
aggregation of Aβ in the brain could disrupt intracellular Ca2+

homeostasis and promote free radical generation via the release
of various inflammatory cytokines.3−6 This series of events
ultimately results in oxidative stress, which leads to
inflammation and apoptosis of brain cells.3,4 Therefore,
strategies for protecting against Aβ-induced neurotoxicity and
neuroinflammation may be therapeutic targets for the
prevention and treatment of AD.
Aβ-induced neurotoxicity in immortalized mouse hippo-

campal HT22 cells has been developed as an in vitro model of
neurodegenerative processes.7 Microglial BV2 cells, a type of
principal central nervous system (CNS) immune cells, also
play an essential role in brain inflammation.8 The accumulation
of Aβ peptides in the AD brain is an important trigger for
microglial activation. When AD is persistent and worsening,
microglial cells are chronically activated, resulting in the
production of a variety of pro-inflammatory cytokines and
neurotoxic compounds, including interleukin-1β (IL-1β), IL-6,
tumor necrosis factor-alpha (TNF-α), nitric oxide (NO), and

reactive oxygen species (ROS). Therefore, these inflammatory
mediators have injurious effects on neurodegenerative diseases
and may result in brain damage.9,10

Natural products are a source of potential pharmacological
agents with an abundance of novel chemical entities with
various biological activities. In addition to the modern
therapies approved for treatment of AD, natural products
with antioxidant and anti-inflammatory properties have been
studied as potential therapeutic agents against AD patho-
genesis.11,12 Camellia japonica L., an evergreen tree of the
family Theaceae that is widely distributed in Korea, Japan, and
China, has long been used as an anti-inflammatory, somatic
agent, tonic, and treatment for the vomiting of blood and
bleeding.13 Potential inhibitory effects on porcine epidemic
diarrhea virus (PEDV) and protein tyrosine phosphatase 1B
(PTB1B) of oleanane triterpenoids isolated from the flowers
and fruit peels of C. japonica were found.14,15 In addition, seco-
noroleanane triterpenoids from flowers showed protection
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against neurotoxicity in a rotenone model of Parkinson’s
disease.12 Based on these previous studies, the history of folk
medicine, and biological screening of C. japonica extract, the
neuroprotective effects against Alzheimer’s disease were
investigated. This study demonstrated the neuroprotective
effects of six new triterpenoids (1−6) from the fruit peels of C.
japonica against Aβ- and glutamate-induced cytotoxicity.
Furthermore, 24 known compounds isolated from C. japonica
provided by the Korea Bank of Natural Materials (KBNMB)
and six new compounds (1−6) were evaluated in a model of
Aβ1−42-transfected HT22 cells, and the structure−activity
relationships (SARs) are discussed.

■ RESULTS AND DISCUSSION
A 70% EtOH extract of the fruit peels of C. japonica was
separated by various chromatographic methods, including on
silica gel, RP-C18, Sephadex LH-20, and prep-HPLC columns,
to afford four new 28-noroleanane-type (1−4) and two new
3,4-seco-28-noroleanane-type triterpenoids (5 and 6) (Figure
1).
Compound 1 was obtained as a white amorphous powder

with [α]D
25 −29 (c 0.1, MeOH). The molecular formula of

C29H44O4 was determined from its positive ion HRESIMS data
at m/z 439.3209 [M + H − H2O]

+ (calcd for C29H43O3,
439.3207). Its IR spectrum showed the presence of hydroxy
(3414 cm−1), carbonyl (1702 cm−1), and olefinic (1457 cm−1)
functionalities. The 1H NMR spectrum showed signals for six
methyl groups at δH 1.17 (6H), 1.11, 1.06, 1.03, and 0.96, a
hydroxymethyl (δH 3.16, 2H, t, J = 5.6 Hz, H2-29), and an
olefinic proton (δH 5.43, 1H, t, J = 3.6 Hz, H-12) (Table 1).
The 13C NMR spectrum revealed the presence of two carbonyl
carbons at δC 216.0 (C-3) and 213.9 (C-16), two olefinic
carbons at δC 143.0 (C-13) and 124.4 (C-12), a
hydroxymethyl (δC 73.9, C-29), and an oxygenated tertiary
carbon at δC 77.2 (C-17) (Table 2). This compound was
proposed to possess an oleanane triterpenoid skeleton with six
methyl groups and a 29-hydroxymethyl group based on the
HSQC and HMBC spectra. The positions of the carbonyls at
C-3 and C-16 and the oxygenated tertiary carbon at C-17 were
confirmed by the HMBC correlations from H2-1 (δH 1.90,
1.49), H2-2 (δH 2.54, 2.33), Me-23 (δH 1.03), and Me-24 (δH
1.06) to C-3; from H2-15 (δH 3.32, 1.62) and H-18 (δH 2.81)
to C-16; and from H2-15 and H-18 to C-17, respectively.
These results suggested that 1 resembled those of the 29-

hydroxymethyl derivative of camelledionol.14 The 29-hydrox-
ymethyl group was also confirmed by the HMBC cross-peaks
from H2-29 to C-20 and C-21 (δC 36.6 and 32.2, respectively)
(Figure 1A). The coupling between H-9 and H-11β (J = 11.6
Hz) suggested a trans-diaxial configuration, and the α-
orientations of H-5, H-9, and Me-27 were supported by the
NOESY correlations from H-9 (δH 1.70) to H-5 (δH 1.44) and
Me-27 (δH 1.17) (Figure 1B). Similarly, the coupling constants
of H-18 (dd, J = 14.2, 4.2 Hz) and NOESY correlations from
H-18 to Me-30 (δH 0.96) and HO-17 (δH 4.29) suggested a β-
orientation for H-18. Thus, the structure of compound 1 was
determined as 17β,29-dihydroxy-3,16-dioxo-28-norolean-12-
ene.
Compound 2, a white amorphous powder with [α]D

25 −15 (c
0.1, MeOH), had a molecular formula of C29H44O5 based on
its positive HRESIMS ion at m/z 473.3274 [M + H]+ (calcd
for C29H45O5, 473.3267). The IR absorption bands showed the
presence of hydroxy (3392 cm−1), carbonyl (1713 cm−1), and
olefinic (1461 cm−1) functionalities. Its 1H and 13C NMR data
(Tables 1 and 2) showed that compound 2 was structurally
similar to 1. The differences between 1 and 2 were the
presence of hydroxy groups at C-1 (δH 3.88, 1H, t, J = 6.9 Hz;
δC 79.1) and C-11 (δH 4.34, 1H, dd, J = 8.5, 3.7 Hz; δC 67.3)
as well as a Me-29 (δH 0.89, 3H, s; δC 32.9) instead of a
hydroxymethyl group in 1. These features were confirmed
based on HSQC and HMBC experiments (Figure 1 and
Figures S10 and S11, Supporting Information). The HMBC
correlations from H-11 to C-12 (δC 127.5) and C-9 (δC 55.6)
and from H-1 to C-2 (δC 43.8), C-3 (δC 217.5), and C-25 (δC
12.4) suggested that the hydroxy groups were at C-1 and C-11.
HMBC cross-peaks from Me-29 to C-20 (δC 31.6) and C-21
(δC 37.7) were consistent with the presence of the methyl
group at C-29. The relative configuration of 2 was determined
by comparing NOESY data (Figure 1B) and coupling
constants with compound 1. The β-orientation of HO-1 was
identified based on the correlations from H-9 (δH 1.77) to H-1
and Me-27 (δH 1.26). Thus, the structure of compound 2 was
defined as 1β,11α,17β-trihydroxy-3,16-dioxo-28-norolean-12-
ene.
Compound 3, a white amorphous powder with [α]D

25 −40 (c
0.1, MeOH), was determined to have the molecular formula
C30H46O5 based on its positive HRESIMS ion at m/z 509.3198
[M + Na]+ (calcd for C30H46NaO5, 509.3237). Its IR
absorption bands showed the presence of hydroxy (3566
cm−1), carbonyl (1744 cm−1), and olefinic (1595 cm−1)
functionalities. The 1H and 13C NMR data (Tables 1 and 2)
were highly similar to those of 2 except that HO-11 in 2 was
replaced by MeO-11 (δH 3.34, 3H, s) in 3. The position of the
methoxy group at C-11 was confirmed by the HMBC cross-
peak from the methoxy hydrogens to C-11 (δC 75.8). (Figure
1A). The NOESY correlations from H-11 (δH 4.39) to Me-25
(δH 1.20) and Me-26 (δH 1.07) confirmed the 11α-methoxy
group. Accordingly, the structure of compound 3 was defined
as 1β,17β-dihydroxy-11α-methoxy-3,16-dioxo-28-norolean-12-
ene.
Compound 4 was obtained as a white amorphous powder

with [α]D
25 +21 (c 0.1, MeOH). Its negative ion HRESIMS data

indicated the presence of an [M + HCOO]− ion at m/z
513.3223 (calcd for C31H45O6, 513.3222), corresponding to
the molecular formula C30H44O4. Its IR spectrum showed the
presence of hydroxy (3586 cm−1), carbonyl (1748 cm−1), and
olefinic (1596 cm−1) functionalities. The 1H and 13C NMR
data (Tables 1 and 2) were similar to those of compound 3,

Journal of Natural Products pubs.acs.org/jnp Article

https://dx.doi.org/10.1021/acs.jnatprod.9b00964
J. Nat. Prod. 2020, 83, 2076−2086

2077

http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.9b00964/suppl_file/np9b00964_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b00964?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b00964?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b00964?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b00964?fig=&ref=pdf
pubs.acs.org/jnp?ref=pdf
https://dx.doi.org/10.1021/acs.jnatprod.9b00964?ref=pdf


and the spectra showed two carbonyl carbons (δC 215.6 and
207.3), a trisubstituted double bond [δH 5.67, 1H, d, J = 3.4
Hz; δC 124.0 (C-12) and 147.7 (C-13)], an oxymethine group
[δH 4.18, 1H, dd, J = 9.0, 3.4 Hz; δC 77.5 (C-11)], and an
oxygenated tertiary carbon signal [δC 77.3 (C-17)]. Two
additional olefinic protons were located at C-1 (δH 7.87, 1H, d,
J = 10.3 Hz; δC 164.5) and C-2 (δH 5.75, 1H, d, J = 10.3 Hz;

δC 124.6) based on the HMBC correlations from H-1 (δH
7.87) to C-3 (δC 207.3) and C-10 (δC 41.8). The coupling
constant of 9.0 Hz between H-9 and H-11 as well as the
NOESY correlations indicated that compound 4 has the same
HO-17β and MeO-11α orientations as those of 3. Therefore,
the structure of 4 was defined as 17β-hydroxy-11α-methoxy-
3,16-dioxo-28-noroleana-1,12-diene.

Figure 1. (A) Key HMBC (red arrows) correlations of compounds 1−6. (B) Key NOESY correlations (dashed arrows) of compounds 1−6.
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Compound 5 was obtained as a white amorphous powder
with [α]D

25 −3 (c 0.1, MeOH). Its positive ion HRESIMS data
indicated the presence of an [M + H − H2O]

+ ion at m/z
485.3260 (calcd for C30H45O5, 485.3262), corresponding to
the molecular formula C30H46O6. Its IR spectrum showed the
presence of hydroxy (3679 cm−1), carbonyl (1713 cm−1), and
olefinic (1548 cm−1) functionalities. Its 1H NMR spectrum
showed the presence of five methyl signals (δH 1.76, 1.25, 1.17,
0.96, and 0.95) as well as a methoxy group at δH 3.59, and of
these, the methyl group at δH 1.76 was linked to a double
bond, while the methoxy group was determined to be part of
an ester. The two olefinic protons at δH 4.90 and 4.72
suggested an exocyclic double bond in addition to the
endocyclic double bond (δH 5.48, 1H, br s). The spectra
also suggested the presence of an oxymethine and a
hydroxymethyl group based on the signals at δH 3.87 (J =

11.2, 4.3 Hz) and 3.15 (J = 2.3 Hz), respectively. The 13C
NMR data (Table 2) showed 30 carbon signals comprising two
carbonyl carbons (δC 214.8, 174.4), two double bonds [one
disubstituted double bond at δC 147.2 (C-4) and 114.5 (C-23)
and a trisubstituted double bond at δC 142.5 (C-13) and δC
124.9 (C-12)], and three oxygenated carbons at δC 76.8 (C-
17), 73.8 (C-29), and 72.1 (C-7). In the HMBC spectrum of
5, the cross-peaks indicated the presence of a 3,4-seco-
oleanane-type triterpenoid (Figure 1A) and the presence of a
C-5 propenyl group based on a comparison with the spectrum
of camelliaolean A.14,16 Similar to compound 1, the cross-peak
from H2-15 (δH 3.56, 2.24) to the carbonyl group at δC 214.8
defined the position of the carbonyl group at C-16. The three
hydroxy groups were located at C-7, C-17, and C-29 by the
correlations from H-5 (δH 2.24) and H2-6 (δH 1.94, 1.50) to C-
7, from H-18 (δH 2.81) to C-17, and from H2-29 (δH 3.15) to

Table 1. 1H NMR Spectroscopic Data for Compounds 1−6

1a 2c 3b 4b 5d 6d

pos. δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz)

1 1.90, ddd (13.1, 7.4, 3.8) 3.88, t (6.9) 3.89, t (7.1) 7.87, d (10.3) 1.58, m 2.48, m
1.49, m 1.64, m

2 2.54, m 2.76, dd (15.2, 7.7) 2.82, dd (15.2, 7.6) 5.75, d (10.3) 2.39, m 2.52, m
2.33, ddd (15.9, 7.0, 3.8) 2.54, dd (15.2, 7.7) 2.44, dd (15.2, 7.6) 2.15, m 2.14, ddd (4.6, 10.6,

4.8)
5 1.44, m 1.30, m 1.41, m 1.65, m 2.24, m 1.56, m
6 1.55, m 1.61, m 1.61, m 1.64, m 1.94, m 1.68, m

1.64, m 1.64, m 1.50, m 1.56, m
7 1.57, m 1.33, m 1.33, m 1.36, m 3.87, dd (11.2, 4.3) 3.79, br dd (10.8, 5.5)

1.35, m 1.52, m 1.55, m 1.56, m
9 1.70, dd (11.6, 6.4) 1.77, d (8.5) 1.98, d (8.9) 1.99, d (9.0) 1.68, dd (11.7, 5.6) 1.69, dd (11.7, 5.6)
11 2.07, m 4.34, dd (8.5, 3.7) 4.39, dd (9.0, 3.7) 4.18, dd (9.0, 3.4) 2.15, m 1.99, m

2.02, m 2.08, m
12 5.43, t (3.6) 5.46, d (3.6) 5.58, d (3.7) 5.67, d (3.4) 5.48, br s 5.49, t (3.7)
15 3.32, d (13.1) 3.24, d (13.3) 3.26, d (13.4) 3.26, d (13.4) 3.56, d (14.3) 3.53, d (13.9)

1.62, d (13.2) 1.70, d (13.3) 1.72, d (13.4) 1.70, d (13.4) 2.24, d (14.3) 2.24, d (13.9)
18 2.81, dd (14.2, 4.2) 2.83, dd (14.2, 4.2) 2.92, dd (14.3, 3.9) 2.87, dd (14.3, 3.9) 2.81, dd (14.3, 3.7) 2.81, dd (14.2, 4.2)
19 1.52, m 1.35, m 1.32, m 1.31, m 1.55, m 1.56, m

1.26, m 1.38, m 1.46, m 1.46, m 1.29, m 1.26, m
21 1.62, m 1.30, m 1.30, m 1.29, m 1.63, m 1.61, m

1.20, m 1.57, m 1.59, m 1.58, m 1.20, m 1.19, m
22 1.47, m 2.04, br d (13.4) 2.04, ddd (13.4, 4.1, 2.6) 2.04, ddd (13.3, 4.1, 2.6) 2.07, m 2.08, m

1.45, br d (13.4) 1.45, ddd (13.4, 4.1, 2.6) 1.45, m 1.45, m 1.46, m
23 1.03, s 1.08, s 1.08, s 1.12, s 4.90, m 1.29, s

4.72, m
24 1.06, s 1.09, s 1.09, s 1.15, s 1.76, s 1.24, s
25 1.11, s 1.14, s 1.20, s 1.34, s 0.96, s 1.13, s
26 1.17, s 1.20, s 1.07, s 1.24, s 1.17, s 1.15, s
27 1.17, s 1.26, s 1.27, s 1.23, s 1.25, s 1.23, s
29 3.16, t (5.6) 0.89, s 1.01, s 1.01, s 3.15, d (2.3) 3.16, br dd (5.0, 2.5)
30 0.96, s 1.00, s 0.89, s 0.89, s 0.95, s 0.96, s
1′ 3.59, s 3.99, t (6.7)
2′ 1.53, m, 1.41, m
3′ 1.59, m, 1.37, m
4′ 0.91, t (7.4)
HO-4 3.28, s
HO-7 3.33, d (4.9)
HO-17 4.29, s 4.18, s
HO-29 3.57, t (5.6) 3.57, t (5.6)
MeO-11 3.34, s 3.38, s

aRecorded in acetone-d6 at 600 MHz. bRecorded in methanol-d4 at 600 MHz. cRecorded in methanol-d4 at 500 MHz. dRecorded in acetone-d6 at
500 MHz.
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C-20 (δC 36.6) and C-21 (δC 32.1). The position of the
disubstituted double bond, which was connected to C-5 and
the terminal methyl group (C-24), was determined based on
the HMBC correlations from H2-23 (δH 4.90, 4.72) to C-5 (δC
48.4) and C-24 (δC 23.8). The seco-A moiety of the oleanane
skeleton of compound 5 was confirmed by the absence of an
HMBC correlation between H2-2 and C-4 and the presence of
cross-peaks from the methoxy group (δH 3.59) and H2-2 (δH
2.39, 2.15) to the ester carbonyl (δC 174.4). The relative
configuration of compound 5 was determined through a
NOESY experiment and a comparison of the coupling
constants with camelliaolean B.14 The coupling pattern of H-
7 (dd, J = 11.2, 4.3 Hz) suggested the α-orientation of H-7,
which was supported by the NOESY correlations from H-7 (δH
3.87) to H-5 and Me-27 (δH 1.25) (Figure 1B). In addition,
the coupling constants of H-18 (dd, J = 14.3, 3.7 Hz), similar
to those in 1, suggested a β-orientation for H-18. The NOESY
correlation between H-18 and Me-30 (0.96, s), shown in
Figure 1B, also confirmed the β-orientation of Me-30.
Therefore, the structure of compound 5 was defined as methyl
7β,17β,29-trihydroxy-16-oxo-3,4-seco-28-noroleana-4(23),12-

dien-3-oate. It was confirmed that compound 5 is a natural
product by comparison with the EtOAc-soluble fraction
obtained from a 70% EtOH extract (Figure S43, Supporting
Information).
Compound 6 was obtained as a white amorphous powder

with [α]D
25 −10 (c 0.1, MeOH). Its negative ion HRESIMS

data indicated an [M + HCOO]− ion at m/z 607.3848 (calcd
for C34H55O9, 607.3852), corresponding to the molecular
formula C34H54O6. Its IR spectrum showed the presence of
hydroxy (3679 cm−1), carbonyl (1713 cm−1), and olefinic
(1548 cm−1) functionalities. The 1H and 13C NMR data
(Tables 1 and 2) of 6 indicated that it is a 3,4-seco-oleanane
triterpenoid similar to 5. The difference between the NMR
spectra of compounds 5 and 6 indicated the presence of an n-
butoxy group in 6 instead of the methoxy group in 5. In
addition, there was an additional methyl group (δH 1.29, 3H, s;
δC 33.9) and an oxygenated carbon (δC 75.0) in 6 instead of
the C-5 propenyl group seen in 5. The presence of the n-
butoxy group was confirmed by the HMBC correlations
(Figure 1A) from H2-1′ (δH 3.99) and H2-2 (δH 2.52, 2.14) to
C-3 (δC 174.8), suggesting n-butyl esterification at C-3. The
HMBC correlations from the protons of the two C-4 methyl
groups at δH 1.29 and 1.24 and from the hydroxy proton (δH
3.28) to C-4 (δC 75.0) and C-5 (δC 50.0) suggested the C-5
propenyl group in 5 was replaced by a 2-hydroxyisopropyl
group (Figure 1A). Similar to compound 5, the α-orientation
of H-7 was suggested by the coupling pattern of H-7 (br dd, J
= 10.8, 5.5 Hz) and the NOESY correlations (Figure 1B) from
H-7 (δH 3.79) to H-5 (δH 1.56) and Me-27 (δH 1.23).
Furthermore, the β-orientation of Me-30 was identified based
on the NOESY correlation between H-18 and Me-30 (0.96, s),
as shown in Figure 1B. Thus, the structure of compound 6 was
defined as n-butyl 4,7β,17β,29-tetrahydroxy-16-oxo-3,4-seco-
28-norolean-12-en-3-oate. It was proven to be a natural
product by the same method as for compound 5 (Figure
S44, Supporting Information).
The neuroprotective effects of compounds 1−6 were

investigated in a mouse hippocampal HT22 cell model.
When cytotoxicity against a murine HT22 cell line was
measured at a concentration of 40 μM, there was no
measurable cytotoxicity (Figure S48, Supporting Information).
The protective activities of compounds 1−6 in hippocampal
HT22 cells against neuroinflammation induced by Aβ1−42
plasmid transfection were measured. As shown in Figure 2A,
when the transfected-HT22 cells were treated with compounds
1−6 at a concentration of 40 μM, the neuroprotective effects
of 1−4 were stronger than those of 5 and 6. The protective
effects of 1−4 were confirmed at different concentrations in
the HT22 cell model transfected with the Aβ1−42 plasmids
(Figures S49 and S50, Supporting Information). The
antioxidant response element (ARE) transcriptional activity
was significantly enhanced when HT22-ARE cells were
transfected with the Aβ1−42 plasmids. When the cells were
exposed to compounds 1−6 at a concentration of 40 μM, the
increase in ARE gene transcriptional activity due to Aβ1−42
plasmid transfection was clearly reversed by cotreatment with
compounds 1−4 (Figure 2B). As the Aβ1−42 plasmids contain
the green fluorescent pEGFP-C1 gene, the intensity of the
green fluorescence was measured after transfection with Aβ1−42
plasmids into the HT22 cells. Treatment with compounds 1−4
reduced the overexpression of the green fluorescent pEGFP-
C1 gene (Figure 2C). Collectively, the data suggest that
compounds 1−4 showed potential neuroprotective activity

Table 2. 13C NMR Spectroscopic Data for Compounds 1−6

1a 2c 3b 4b 5d 6d

pos. δC δC δC δC δC δC

1 39.6 79.1 78.9 164.5 34.6 35.1
2 34.5 43.8 43.2 124.6 28.7 29.4
3 216.0 217.5 217.9 207.3 174.4 174.8
4 47.8 48.0 49.0 45.9 147.2 75.0
5 55.8 52.1 51.8 54.2 48.4 50.0
6 20.2 19.9 19.9 19.9 35.7 34.1
7 33.2 33.9 33.9 34.3 72.1 72.8
8 40.5 44.9 45.0 44.9 45.5 45.7
9 46.8 55.6 50.3 47.7 38.2 39.4
10 37.5 44.9 45.1 41.8 40.1 42.1
11 24.3 67.3 75.8 77.5 24.4 24.1
12 124.4 127.5 123.9 124.0 124.9 125.5
13 143.0 146.0 149.6 147.7 142.5 142.2
14 48.7 49.0 49.0 49.0 50.0 50.1
15 43.3 44.0 44.0 43.8 46.8 46.9
16 213.9 215.8 215.5 215.6 214.8 214.8
17 77.2 77.4 77.3 77.3 76.8 76.9
18 52.6 52.8 53.3 53.2 53.0 53.1
19 43.2 48.2 48.4 48.4 43.1 43.1
20 36.6 31.6 31.7 31.7 36.6 36.6
21 32.2 37.7 37.7 37.7 32.1 32.2
22 30.8 31.5 31.4 31.4 30.6 30.7
23 26.9 27.1 27.5 28.2 114.5 33.9
24 21.8 21.5 21.3 22.1 23.8 28.4
25 15.3 12.4 12.6 20.2 20.1 20.4
26 17.7 19.1 19.3 19.9 11.0 10.9
27 27.1 26.9 26.0 26.5 26.8 26.6
29 73.9 32.9 32.9 32.9 73.8 74.0
30 19.4 23.9 23.9 23.9 19.4 19.4
1′ 51.7 64.4
2′ 31.6
3′ 19.8
4′ 14.0
MeO-11 49.0 54.8

aRecorded in acetone-d6 at 150 MHz. bRecorded in methanol-d4 at
150 MHz. cRecorded in methanol-d4 at 125 MHz. dRecorded in
acetone- d6 at 125 MHz.
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against neuroinflammation induced by Aβ1−42 plasmid trans-
fection in hippocampal HT22 cells.
The Aβ hypothesis proposes a link between the pathophysi-

ology of AD with amyloid precursor protein (APP), which is
cleaved by α-, β-, and γ-secretases. In the brain, β-secretase 1
(BACE1) is the main component of β-secretase, and cleavage
by BACE1 is the rate-limiting step in Aβ generation. Thus,
BACE1 has been suggested as a potential target for the
treatment of early-stage AD.17 To clarify the relationship
between the neuroprotective effects of compounds 1−6 from
C. japonica and their Aβ inhibitory effects, their BACE1
enzyme activities and docking simulation studies on BACE1
were assessed. Compounds 1−4 (20 μM) showed inhibitory
activities of approximately 60.56, 51.08, 51.89, and 61.29%,
respectively, on enzyme activity of BACE1 (Figure S51,
Supporting Information). Compounds 1−4 also showed
inhibitory effects on BACE1 at different concentrations (10
and 20 μM) compared to quercetin (10 μM), which was used
as a positive control. In conjunction with the results of
previous studies on the in vitro inhibitory activities of
triterpenoids on BACE1, these results suggest that triterpe-
noids from C. japonica have potential as anti-AD inhibitory

materials by inhibiting BACE1 (Figure 3A).18−20 Thus, to
further understand the pharmacological effects of triterpenoids
from C. japonica on the prevention of cell death caused by
glutamate- or Aβ1−42-transfected HT22 cells, molecular
docking simulation studies involving BACE1 (PDB ID:
2WJO) and compounds 1−4 were conducted using the
CDOCKER protocol in CHARMM force fields. The
interactions between this protein and the small molecules
through hydrogen bonds, van der Waals interactions, alkyl, and
pi-alkyl interactions are shown in Figures 3B,C, Figures S52−
S55, and Table S1 (Supporting Information). The CDOCKER
interaction energies of compounds 1−4, which were obtained
from molecular docking simulations, were calculated to be
−39.30, −45.35, −45.24, and −41.97 kcal/mol, respectively
(Table S1, Supporting Information). Interestingly, comparing
our results to those of previous studies indicated that the key
amino acids, including Asp32, Gly230, Ile118, and Tyr71,
responsible for the interactions of these four new triterpenoids
(1−4) with BACE1 were the same.18,20 These in silico docking
results provide a new natural product platform for the
preparation of AD therapeutics via BACE1 blockade.

Figure 2. (A) Neuroprotective effects of compounds 1−6 against Aβ1−42 plasmid transfection in HT22 cells. After 10 h of transfection with the
Aβ1−42 plasmids, the cells were treated with the test compounds at a concentration of 40 μM. The MTT and WST assays were performed after 1
day of incubation. Each value was calculated as the means ± SD (n = 3). For the MTT assay: *p < 0.05, **p < 0.01, ***p < 0.001 compared with
the Aβ1−42 transfection untreated group. For the WST assay: #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the Aβ1−42 transfection untreated
group. (B) Effects of compounds 1−6 on ARE gene transcriptional activation. The transfected HT22-ARE cells were treated with the test
compounds at a concentration of 40 μM. The ARE transcriptional activity was measured using a luciferase assay kit. Data were calculated as the
means ± SD (n = 3). Significance was accepted at $$$p < 0.001 HT22-ARE cells compared with the HT22 cell group; ###p < 0.001 compared with
the nontransfection group; **p < 0.01 and ***p < 0.001 compared with the Aβ1−42 transfection untreated group. (C) Effects of triterpenoids 1−6
on the intensity of the green fluorescence induced by pEGFP-C1/Aβ1−42 plasmid transfection in the HT22 cell line. The cells were transfected with
Aβ1−42 plasmids using Lipofectamine for 10 h. The transfected cells were continually exposed to the test compounds at a concentration of 40 μM.
After 24 h of incubation, the cells were visualized using fluorescence microscopy.
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In the pathophysiology of AD, extracellular Aβ has been
reported to block neuronal glutamate uptake at the synapses
and increase the amount of glutamate in the synaptic cleft.21

Recent studies indicated that nanomolar concentrations of Aβ
can enhance glutamate release in hippocampal neurons.22−24

However, the effects of extracellular Aβ on glutamate release/
uptake remain controversial.22,25,26 In this study, the changes
in glutamate levels in HT22 cells transfected with the Aβ1−42
plasmids in the presence or absence of the test compounds
were evaluated. As shown in Figure 4A, the glutamate level of
HT22 cells transfected with Aβ1−42 was significantly increased
compared to that of nontransfected cells. This result suggested
that HT22 cells transfected with Aβ1−42 plasmids would show
increased expression of Aβ1−42 protein after incubation and
would have damaged glutamate transporters, leading to the
blockage of glutamate uptake. Because of the cytotoxicity of
Aβ1−42 protein in HT22 cells transfected with Aβ1−42, we could
not increase the incubation time. When we measured the
intracellular glutamate level after 24 h of incubation, the
glutamate level was increased by approximately 3.17-fold in
HT22 cells transfected with Aβ1−42. Interestingly, compounds
1−4 at a concentration of 40 μM clearly reduced glutamate
levels by approximately 1.81-, 1.42-, 1.61-, and 1.80-fold,
respectively (Figure 4A). This result suggested that 1−4
decreased glutamate levels in HT22 cells transfected with
Aβ1−42. Thus, the protective effects of compounds 1−4 against
glutamate-induced cytotoxicity were further confirmed. Gluta-
mate, a major excitatory neurotransmitter in the CNS of
mammals, is known to be involved in many chronic brain
diseases.22,27−29 HT22 cell lines have been used as a good
model for glutamate-induced neurotoxicity.30,31 In this study,
the neuroprotective effects of compounds 1−6 at a
concentration of 40 μM against glutamate-induced neuro-

toxicity in HT22 cells were studied. Figure 4B shows that
compounds 1−4 exhibited protective effects against treatment
with glutamate (10 mM) in HT22 cells that were 81.2, 78.1,
77.0, and 73.8%, respectively, stronger than that of the
untreated control. Collectively, these results strongly suggested
that triterpenoids exhibit neuroprotective action to reduce
glutamate levels and prevent glutamate-induced cytotoxic
symptoms in AD. Therefore, these results indicate that the
biological mechanisms of active triterpenoids 1−4 are worthy
of further study.
As mentioned above, the accumulation of Aβ in the AD

brain increases pro-inflammatory cytokines and neurotoxic
compounds such as NO, resulting in neuroinflammation in
microglial cells. The cytotoxicities of triterpenoids 1−6 were
examined in murine BV2 microglial cells before the effects of
these compounds against NO production were evaluated in
Aβ1−42-transfected microglial cells. As shown in Figures S56
and S57 (Supporting Information), compounds 1−6 did not
affect cell viability. Thus, we evaluated their inhibitory effect on
NO production in Aβ1−42-transfected BV2 microglial cells to
demonstrate their anti-neuroinflammatory activity. As shown
in Figure 4C, compounds 1−4 decreased NO production in
Aβ1−42-transfected BV2 cells. This reduction in NO production
was further examined in a concentration-dependent manner
over a concentration range of 10 to 40 μM (Figure 4D). The
decrease in NO production by NO-enhanced Aβ1−42-trans-
fected BV2 microglial cells upon treatment with compounds
1−4 provided additional evidence of a neuroprotective effect
against Aβ-induced neuroinflammation, which is part of the
pathophysiology of AD.
The 24 known compounds isolated from C. japonica

provided by the KBNMB and six new compounds (1−6)
(Figure S58, Supporting Information) were evaluated for SARs
in a model of Aβ1−42-transfected HT22 cells. Cytotoxicity data
(Figure S59, Supporting Information) showed that several
compounds significantly reduced the cell viability at a
concentration of 40 μM. According to this result, the isolated
compounds from C. japonica could be classified into three
groups for further confirming the neuroprotective effect against
Aβ-induced cytotoxicity at different concentrations: (group 1)
CPP1033, 1041, 1042, 1043, 1045, 1051, 1053, 1054, 1063,
1070, 1073, and 1074; (group 2) CPP1032, 1037, 1038, 1067,
1210, and 1211; (group 3) CPP1031, 1035, 1036, 1040, 1055,
and 1069. As shown in Figure S60 (Supporting Information),
after treatment with 20 μM (group 1), 5 μM (group 2), and 1
μM (group 3) for 24 h, the viability of Aβ1−42-transfected
HT22 cells substantially increased to 68.9−75.2% relative to
the Aβ1−42-transfected control value (51.2%) with CPP1032,
1037, 1051, and 1054. Based on the bioactivity data in Figures
2A and S60 (Supporting Information), the preliminary SARs of
triterpenoids from C. japonica were analyzed as follows: (a)
HO-17 and C-16 carbonyl groups on a basic β-amyrin skeleton
were crucial for the neuroprotective activity (1−4, CPP1032
and 1051). In addition, compounds with four monosaccharide
units (CPP1210 and 1211) or ethyl glucuronate (CPP1069) or
without any substituent (CPP1031) on C-3 displayed less
potent activity than CPP1032 and 1051. In particular, the C-3
carbonyl group was important for anti-Aβ1−42 activity (2−4).
Moreover, replacement of the hydroxy group on the C-29
position (1) with hydrogen (CPP1033) showed diminished
neuroprotective activity and induced cytotoxicity. (b) The
activity of CPP1054 was substantially increased to 72.0%
compared with CPP1036, 1040, 1053, 1055, 1063, and 1067

Figure 3. BACE1 inhibitory activity of isolated compounds 1−4 from
C. japonica at different concentrations (A). Data are presented as
means ± SD (n = 3). Significance was accepted at *p < 0.05, **p <
0.01 compared with the positive control. 3D docking simulation of
BACE1 (PDB ID: 2WJO) with compounds 2 (B) and 3 (C).
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(56.3, 61.9, 55.5, 60.5, 61.7, and 58.6%, respectively). These
results indicated that different substituents on the C-3 position
in combination with HO-16 and C-17 carboxyl groups showed
important features for the neuroprotective effect. (c) Notably,
3,4-seco-noroleanane-type species (5, 6, CPP1041, 1043, 1045,
1073, 1070, and 1074) failed to show any potent activity
against Aβ1−42-induced cytotoxicity. The poor activity of these
compounds indicated that the anti-Aβ1−42 activities of
triterpenoids were significantly related to the noroleanane
skeleton, whereas the seco-noroleanane series could be
promising neuroprotective agents against Parkinson’s disease.12

The pharmacokinetics and mechanism of these kinds of
triterpenoids require further studies.
In conclusion, four out of the six new compounds, 1−4,

showed strong neuroprotective effects against Aβ- and
glutamate-induced cytotoxicity. Treatment of Aβ1−42-trans-
fected HT22 cells with compounds 1−4 reduced intracellular
glutamate levels, increased cell viability, and inhibited BACE1.
Moreover, molecular docking simulations on BCAE1 with
these noroleananes provide additional persuasive evidence
supporting the aforementioned results of 1−4. In addition,
treatment with compounds 1−4 inhibited NO production,
demonstrating their strong anti-neuroinflammatory activity in

BV2 cells transfected with Aβ1−42. The results strongly suggest
that new noroleanane-type triterpenoids 1−4 are potential
candidates for further studies on AD treatment.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were

measured on a JASCO P-2000 polarimeter (JASCO International
Co. Ltd., Tokyo, Japan) with a 10 mm path length cell. The UV
spectra were measured on a Chirascan-Plus CD spectrometer
(Applied Photophysics, Leatherhead, UK). The IR spectra were
recorded on an FT/IR-4200 FT-IR spectrometer (Thermo Electron
Corp., Waltham, MA, USA). NMR spectra were obtained using
AVANCE-500 (Bruker, Rheinstetten, Germany) and JNM-ECA-600
MHz (JEOL, Tokyo, Japan) spectrometers at the College of
Pharmacy, Seoul National University, Republic of Korea. The
HRESIMS data were obtained using an Agilent 6530 qTOF
spectrometer (Agilent Technologies, Santa Clara, CA, USA)
accompanied by ESIMS spectra, which were obtained on an Agilent
1100 series LC/MSD TRAP spectrometer (Agilent Technologies,
Waldbronn, Germany) and a Waters Xevo G2 QTOF mass
spectrometer (Waters Co., Milford, MA, USA). Column chromatog-
raphy (CC) separations were carried out using silica gel (63−200 μm
particle size, Merck, Germany) and RP-C18 (40−63 μm particle size,
Merck, Germany). Silica gel 60 F254 and RP-18 F254 plates were used
for analytical TLC separations (Merck, Darmstadt, Germany). A

Figure 4. (A) Comparison of the intracellular glutamate concentration in HT22 cells under different conditions: nontransfected, Aβ1−42 plasmid-
transfected without treatment, and Aβ1−42 plasmid-transfected with treatment with compounds 1−4 at a concentration of 40 μM. The results are
presented as the means ± SD of four independent experiments. Significance was accepted at *p < 0.05, **p < 0.01, and ***p < 0.001 compared
with the Aβ1−42 transfection untreated control. (B) Neuroprotective effects of compounds 1−6 against glutamate-induced toxicity using HT22
cells. After 16 h of incubation with the test compounds at a concentration of 40 μM, the cell viability was evaluated using the MTT method. Data
are expressed as the means ± SD (n = 3); *p < 0.05, ***p < 0.001 compared with glutamate treatment only. Inhibitory effects of compounds 1−6
on NO production in Aβ1−42-transfected BV2 microglial cells. BV2 cells were transfected with Aβ1−42 plasmids using Lipofectamine for 10 h. The
transfected cells were then treated with the test compounds at a concentration of 40 μM (C) or compounds 1−4 at different concentrations (D).
After 18 h of incubation, the NO production was evaluated by the Griess method. Data were calculated as the means ± SD (n = 3); *p < 0.05, **p
< 0.01, ***p < 0.001 compared with the Aβ1−42 transfection untreated group.
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Gilson preparative high-performance liquid chromatography (HPLC)
system was used for the purification of individual natural compounds,
and the system was equipped with a 321 pump and a UV/vis-155
detector. An Optima Pak C18 column (10 × 250 mm, 10 μm particle
size, RS Tech, Seoul, Korea) was used for the HPLC separation. All
solvents used for extraction and isolation were of analytical grade.
Plant Material. C. japonica fruit peels were collected from Jeju

Island in 2011 and authenticated by Prof. W. K. Oh. A voucher
specimen (SNU2011-11) was deposited at the KBNMB, Research
Institute of Pharmaceutical Sciences, College of Pharmacy, Seoul
National University, Seoul, Republic of Korea.
Extraction and Isolation. The dried fruit peels of C. japonica (7

kg) were powdered and extracted at room temperature by sonication
with MeOH (3 × 10 L, each 3 h). The MeOH extract was dried
under reduced pressure, and the residue was suspended in water and
partitioned successively into n-hexane, EtOAc, and n-BuOH. The
EtOAc-soluble part (50.0 g) was chromatographed over silica gel
eluted with an n-hexane/acetone gradient (9:1 to 1:9, v/v) to yield
five fractions (F1−F5). Fraction F4 (5.6 g) was applied to an RP-C18
column and eluted with a MeOH/H2O gradient (1:1 to 10:1, v/v) to
afford six subfractions (F4.1−F4.6). F4.6 (1.2 g) was separated on a
silica gel column using a CH2Cl2/MeOH gradient (40:1 to 1:1) to
obtain four subfractions (F4.6.1−F4.6.4). F4.6.2 (0.4 g) was
repeatedly separated by normal silica gel CC eluting with gradient
mixtures of n-hexane/acetone (5:1 to 1:1) to yield three subfractions
(F4.6.2.1−F4.6.2.3). F4.6.2.2 (50 mg) was purified by prep-HPLC on
an Optima Pak C18 column [the elution system was composed of
H2O containing 0.1% formic acid (A) and MeOH (B): 0−25 min:
62% B/A, 25−27 min: 62 to 68% B/A gradient, 27−60 min: 68% B/
A, 60−62 min: 68 to 100% B/A gradient, 62−70 min: 100% B; flow
rate: 2 mL/min; UV detection at 205 and 254 nm] to give compound
1 (3.26 mg, tR = 55 min). F4.6.3 (0.5 g) was repeatedly separated by
silica gel CC with an n-hexane/acetone gradient (8:1 to 1:1) to yield
three subfractions (F4.6.3.1−F4.6.3.3). F4.6.3.2 (60 mg) was
separated by prep-HPLC [the elution system was composed of
H2O containing 0.1% formic acid (A) and MeCN (B); 0−60 min:
42% B/A, 60−62 min: 42 to 100% B/A gradient, 62−70 min: 100%
B; flow rate: 2 mL/min; UV detection at 205 and 254 nm] to afford
compound 5 (2.2 mg, tR = 48 min). F4.6.4 (0.6 g) was repeatedly
separated by normal silica gel CC with gradient elution (n-hexane/
acetone, 5:1 to 1:1) to yield two subfractions (F4.6.4.1 and F4.6.4.2).
F4.6.4.2 (53 mg) was further purified by prep-HPLC [the elution
system was composed of water containing 0.1% formic acid (A) and
MeOH (B); 0−45 min: 68% B/A, 45−47 min: 68 to 100% B/A
gradient, 47−55 min: 100% B; flow rate: 2 mL/min; UV detection at
205 and 254 nm] to provide compound 6 (3.0 mg, tR = 38 min).
The n-BuOH-soluble part was chromatographed over silica gel

eluting with an EtOAc/MeOH gradient (20:1 to 1:1) to yield eight
fractions (FB1−FB8) based on the TLC profile. Fraction FB1 (10 g)
was applied to an RP-C18 column and eluted with a MeOH/H2O
gradient (1:1 to 10:1) to afford 10 subfractions (FB1.1−FB1.10).
Fraction FB1.8 (1.5 g) was applied to an RP-C18 column and eluted
with a MeOH/H2O gradient (4:6 to 10:1) to afford eight subfractions
(FB1.8.1−FB1.8.8). FB1.8.1 (50 mg) was purified by prep-HPLC
[the elution system was composed of water containing 0.1% formic
acid (A) and MeOH (B); 0−45 min: 58% B/A, 45−47 min: 58 to
100% B/A gradient, 47−55 min: 100% B; flow rate: 2 mL/min; UV
detection at 205 and 254 nm] to afford compound 2 (2.0 mg, tR = 32
min). FB1.8.2 (0.2 g) was purified by prep-HPLC [the mobile phase
consisted of H2O containing 0.1% formic acid (A) and MeOH (B);
0−47 min: 58% B/A, 47−55 min: 100% B; flow rate: 2 mL/min; UV
detection at 205 and 254 nm] to give compound 3 (5.0 mg, tR = 25
min). FB1.8.3 (0.3 g) was purified by prep-HPLC using H2O with
0.1% formic acid (A) and MeOH (B) (0−45 min: 50% B/A, 45−47
min: 50 to 100% B/A gradient, 47−55 min: 100% B; flow rate: 2 mL/
min; UV detection at 205 and 254 nm) to afford compound 4 (6.0
mg, tR = 25 min).
17β,29-Dihydroxy-3,16-dioxo-28-norolean-12-ene (1): amor-

phous powder; [α]D
25 −29 (c 0.1, MeOH); IR νmax 3415, 2941,

1702, 1457, 1385, 1246, 1204, 1114, 1029, 1003 cm−1; UV (MeOH)

λmax (log ε) 218 (2.60) nm; 1H and 13C NMR data, see Tables 1 and
2; HRESIMS m/z 439.3209 [M + H − H2O]

+ (calcd for C29H43O3,
439.3207).

1β,11α,17β-Trihydroxy-3,16-dioxo-28-norolean-12-ene (2):
amorphous powder; [α]D

25 −15 (c 0.1, MeOH); IR νmax 3392, 2926,
2853, 2349, 2310, 1713, 1461, 1386, 1243 cm−1; UV (MeOH) λmax
(log ε) 218 (2.59) nm; 1H and 13C NMR data, see Tables 1 and 2;
HRESIMS m/z 473.3274 [M + H]+ (calcd for C29H45O5, 473.3267).

1β,17β-Dihydroxy-11α-methoxy-3,16-dioxo-28-norolean-12-ene
(3): amorphous powder; [α]D

25 −40 (c 0.1, MeOH); IR νmax 3566,
2924, 2852, 2372, 2320, 1744, 1595, 1509, 1466, 1339 cm−1; UV
(MeOH) λmax (log ε) 210 (2.74) nm; 1H and 13C NMR data, see
Tables 1 and 2; HRESIMS m/z 509.3198 [M + Na]+ (calcd for
C30H46NaO5, 509.3237).

17β-Hydroxy-11α-methoxy-3,16-dioxo-28-noroleana-1,12-diene
(4): amorphous powder; [α]D

25 +21 (c 0.1, MeOH); IR νmax 3382,
3725, 3586, 3565, 2924, 2852, 2359, 2309, 1748, 1596, 1508, 1386,
1338 cm−1; UV (MeOH) λmax (log ε) 210 (2.74) nm; 1H and 13C
NMR data, see Tables 1 and 2; HRESIMS m/z 513.3223 [M +
HCOO]− (calcd for C31H45O6, 513.3222).

Methyl 7β,17β,29-trihydroxy-16-oxo-3,4-seco-28-noroleana-
4(23),12-dien-3-oate (5): amorphous powder; [α]D

25 −3 (c 0.1,
MeOH); IR νmax 3679, 2947, 2865, 2844, 1713, 1548, 1455, 1347,
1304, 1249, 1198, 1176, 1126, 1096, 1052, 1032, 1019 cm−1; UV
(MeOH) λmax (log ε) 215 (2.76) nm; 1H and 13C NMR data, see
Tables 1 and 2; HRESIMS m/z 485.3260 [M + H − H2O]

+ (calcd for
C30H45O5, 485.3262).

n-Butyl 4,7β,17β,29-tetrahydroxy-16-oxo-3,4-seco-28-norolean-
12-en-3-oate (6): amorphous powder; [α]D

25 −10 (c 0.1, MeOH); IR
νmax 3694, 3679, 3392, 2949, 2865, 2843, 1706, 1455, 1388, 1346,
1187, 1112, 1052, 1032, 1018 cm−1; UV (MeOH) λmax (log ε) 212
(2.74) nm; 1H and 13C NMR data, see Tables 1 and 2; HRESIMS m/
z 607.3848 [M + HCOO]− (calcd for C34H55O9, 607.3852).

Cell Cytotoxicity and Transfection of the Aβ1−42 Gene into
HT22 Cells. The cytotoxicity assay was performed using 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
(Sigma, MO, USA). Briefly, the Aβ1−42 plasmids were kindly gifted
to us by Professor Junsoo Park (Yonsei University, Korea).2 HT22
cells were seeded into 96-well plates at 4000 cells/well in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL
streptomycin, and the cells were incubated at 37 °C under 5% CO2
for 2−3 h. The cells were transfected with 0.2 μg of Aβ1−42 plasmids
in each well using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). After 10 h of incubation, the medium was replaced with fresh
medium containing 2% FBS with or without the test compounds. The
cultures were incubated for 24 h at 37 °C in a 5% CO2 atmosphere.
Then, 20 μL of MTT solution (2 mg/mL) was added to each well,
and the cells were incubated in the dark for 4 h. The cell supernatants
were removed, and DMSO was added to dissolve the formazan
crystals. The absorbance was measured at 550 nm using a microplate
reader (VersaMax, PA, USA). To measure the cell viability using the
WST-1 cell proliferation reagent, 10 μL of this reagent was added to
each well, and the cells were incubated for 2 h. The absorbance was
then measured at 440 nm. The error bars indicate the mean ± SD of
three independent experiments.

ARE-Reporter Gene Assay. HT22-ARE cells with the pGL4.37-
[luc2P/ARE/Hyg] vector were subcultured in DMEM containing
10% FBS and 0.2 mM hygromycin.2 The cells were seeded into 12-
well plates at 2 × 105 cells per well and transfected with 5 μg of the
Aβ1−42 plasmids using Lipofectamine 2000 for 10 h. The cells were
transferred to a new medium supplemented with 1% FBS and treated
with the test compounds for 18 h. The cell lysates were collected by
adding 200 μL of passive lysis buffer (Promega, Madison, WI, USA).
The cell lysates were incubated for 30 min and centrifuged at 12,000
rpm for 2 min. The amounts of protein in the supernatants were
measured using the BCA protein assay kit (Bio-Rad Laboratories, CA,
USA). The ARE-luciferase activity was measured using a dual-
luciferase assay kit (Promega, Madison, WI, USA) and a luminescence
microplate reader (SpectraMax, Molecular Devices, CA, USA).
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Nitrite Assay. Mouse microglial BV2 cells were seeded into 48-
well plates at 5 × 104 cells/well. The cells were transfected with 1 μg
of the Aβ1−42 plasmids using Lipofectamine 2000 for 10 h. After being
replaced with a fresh phenol red-free medium, the cells were exposed
to the test compounds for 18 h. The NO production was measured
using the Griess method.32

Measurement of Glutamate after Transfection of the Aβ1−42
Gene into HT22 Cells. HT22 cells were grown in 60 mm culture
dishes using DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin. The cells were transfected
with 10 μg of Aβ1−42 plasmids using Lipofectamine 2000 for 10 h. The
medium was replaced with fresh medium containing 2% FBS with or
without the test compounds. The cultures were incubated at 37 °C
under 5% CO2 for 24 h. Then, the cells were washed with PBS and
collected. All samples were weighed and adjusted to a concentration
of 20 mg/mL. In this assay, 50% MeOH in H2O was used to dissolve
the glutamate in the cell lysates and was used to prepare a solution of
L-monosodium glutamate monohydrate (MSG) (Sigma, MO, USA)
as a standard. The glutamate measurement was conducted based on
the well-established reaction with o-phthalaldehyde (OPA) with
several modifications.33,34 For accurate quantitation, a standard curve
was prepared with MSG at various concentrations. Based on the
standard curve, for which R2 = 0.9936, the glutamate in the cell lysates
was measured in four independent experiments. The HPLC system
consisted of an Agilent Series 1260 Infinity liquid chromatograph
equipped with a G1322A vacuum degasser, a G1312C binary pump, a
G1329B autosampler, a G1315D DAD, and an RF-10AXL
fluorescence detector connected to Agilent ChemStation software
(Agilent, Waldbronn, Germany). The ESIMS data were obtained
using an Agilent Technologies 6130 qTOF MS/MS spectrometer
(Agilent Technologies, Inc., Santa Clara, CA, USA). A reversed-phase
INNO C18 column (4.6 × 150 mm, 5 μm, Young Jin Biochrom,
Korea) was used for the separation of the reaction products. The flow
rate was 0.6 mL/min from 0−33 min and 1 mL/min from 33−43
min. The mobile phase comprised 0.1% formic acid in MeCN (A)
and 0.1% formic acid in H2O (B). The gradient profile was as follows:
0−8 min: isocratic A:B (25:75); 8−18 min: gradient A:B (from 25:75
to 40:60); 18−23 min: gradient A:B (40:60−60:40); 23−33 min:
gradient A:B (60:40−80:20); 33−40 min: gradient A:B (80:20−
100:0); and 40−43 min, stepwise return to initial condition of A:B
(25:75); flow rate: 0.3 mL/min. The injection volume was 20 μL. The
raw LC/MS data are shown in Figures S61−S67 (Supporting
Information).
Glutamate-Induced Neurotoxicity. HT22 cells were used for

the glutamate-induced neurotoxicity studies.30,31 The cells were
seeded into 96-well plates at 5 × 103 cells/well using DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin. After 6 h of incubation, the cells were exposed to 1%
FBS medium containing glutamate (10 mM) in the presence or
absence of the test compounds. After the cultures were incubated for
16 h at 37 °C under 5% CO2, the MTT assay was carried out as
described above.
In Vitro BACE1 Assay and Molecular Docking Simulation.

The BACE1 is considered a rate-limiting factor in the production of
Aβ in AD pathogenesis.17,18 In this study, the BACE1 assay was
performed using the BACE1 FRET assay kit (PanVera Co., Madison,
WI, USA) with slight modifications, and quercetin was used as the
positive control. Molecular docking between BACE1 and compounds
(1−4) was simulated using the Discovery Studio 4.0/CDOCKER
software (Accelrys, San Diego, CA, USA). The structure of BACE1
was obtained from the Protein Data Bank (http://www.pdb.org) with
ID code 2WJO. The protein−ligand binding affinities were predicted
using CDOCKER interaction energies. These interactions included
conventional hydrogen bonds and carbon−hydrogen bonds as well as
pi-alkyl, alkyl, and van der Waals interactions.
Statistical Analysis. Data were calculated and expressed as the

means ± SD of three independent experiments. The mean values of
different groups were compared using analysis of variance (ANOVA),
which was carried out using SPSS Statistics 23 (SPSS, Inc., Chicago,

IL, USA). Statistically significant p values were established at *p <
0.05, **p < 0.01, and ***p < 0.001.
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