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A B S T R A C T

Six hundred forty natural compounds were tested for acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) inhibitory activities. Of those, sargachromanol I (SCI) and G (SCG) isolated from the brown alga
Sargassum siliquastrum, dihydroberberine (DB) isolated from Coptis chinensis, and macelignan (ML) isolated
from Myristica fragrans, potently and effectively inhibited AChE with IC50 values of 0.79, 1.81, 1.18, and
4.16 µM, respectively. SCI, DB, and ML reversibly inhibited AChE and showed mixed, competitive, and non-
competitive inhibition, respectively, with Ki values of 0.63, 0.77, and 4.46 µM, respectively. Broussonin A most
potently inhibited BChE (IC50 = 4.16 µM), followed by ML, SCG, and SCI (9.69, 10.79, and 13.69 µM, respec-
tively). In dual-targeting experiments, ML effectively inhibited monoamine oxidase B with the greatest potency
(IC50 = 7.42 µM). Molecular docking simulation suggested the binding affinity of SCI (−8.6 kcal/mol) with
AChE was greater than those of SCG (−7.9 kcal/mol) and DB (−8.2 kcal/mol). Docking simulation indicated SCI
interacts with AChE at Trp81, and that SCG interacts at Ser119. No hydrogen bond was predicted for the in-
teraction between AChE and DB. This study suggests SCI, SCG, DB, and ML be viewed as new reversible AChE
inhibitors and useful lead compounds for the development for the treatment of Alzheimer’s disease.

1. Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) and butyrylcholinesterase
(BChE, EC 3.1.1.8) are involved in the breakdowns of acetylcholine
(ACh) and butyrylcholine (BCh), respectively, and of other choline es-
ters. ACh is a neurotransmitter found in the synapses of the cerebral
cortex [1], and is typically deficient in Alzheimer’s disease (AD). AChE
inhibitors increase levels of synaptic ACh and enhance cholinergic
transmission in brain [2] and currently are the key drugs approved by
the Food and Drug Administration (FDA) for AD [3]. Moreover, ga-
lantamine is the only clinically relevant natural AChE inhibitor [4].
Several authors have reviewed the statuses of natural AChE inhibitor
for the treatment of AD [5–9]. Concurrently with or additionally to
them, BChE inhibitors have also been investigated to increase choline
levels for reduction of AD signs [10].

On the other hand, monoamine oxidases (MAO, EC 1.4.3.4) catalyze
the oxidative deamination of pharmacologically important monoamine
neurotransmitters and are present as two MAO isoforms (MAO-A and
MAO-B) in the outer mitochondrial membranes of most tissues,

including brain [11]. Largely due to their different substrate specifi-
cities, MAO-A is targeted to treat depression and anxiety, and MAO-B to
target Alzheimer’s and Parkinson’s diseases [12]. Selective MAO-B in-
hibitors have been widely explored to treat those diseases [13]. Re-
cently, multitarget therapeutic strategies have been devised to target
AChE and MAO-B [3]. MAO is critically related to amyloid plaque
formation in AD and MAO-B is expressed at high levels in the AD brain
with γ-secretase [14]. Because AChE and MAO inhibitors can both
improve cognitive functions and alleviate symptoms in AD, homoiso-
flavonoid derivatives [15], donepezil-butylated hydroxytoluene (BHT)
hybrids [16], coumarin-dithiocarbamate hybrids [17], and alcohol-
bearing dual inhibitors targeting AChE and MAO-B [18] have been
investigated as multi-targeting inhibitors.

In the present study, we tested 640 natural compounds for in-
hibitory activity against AChE. We found several compounds were po-
tent inhibitors with IC50 values ranging from sub-micromolar to low-
micromolar concentrations. The more effective compounds sargachro-
manol I and G (SCI and SCG), dihydroberberine (DB), and macelignan
(ML) were selected and their potencies against AChE were investigated.
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Various sargachromanols (SCs) have been reported to exhibit bio-
logical activities such as antioxidant (SCG) [19], anti-osteoclastogenic
(SCG) [20,21], anti-inflammatory (SCG and SCD) [22–24], anti-pho-
toaging (SCE) [25], and anti-diabetes (SCI) [26] activities. DB has been
reported to have respiration inhibitory [27], anti-tumor [28], and anti-
inflammatory [29] activities, while berberine was found to have ChE
and MAOs inhibitory activities [30–32]. ML has been reported to have
anti-oxidant and anti-inflammatory [33,34], anti-cariogenic [35], an-
tibiofilm [36], anti-pigmenting [37,38], anti-cancer [39], neuropro-
tective [40], and antifungal [41] activities (reviewed by Paul et al.
[42]).

However, little information is available on the anti-cholinergic ac-
tivities of SCG, SCI, DB, and ML. In the present study, we investigated
the inhibitory effects of these compounds on AChE and BChE from a
library of natural products. In addition, binding types and kinetic
modes were investigated, and the dual-function abilities for AChE and
MAO-B were analyzed for the selected compounds. The inhibitory ef-
fects of SCI, SCG, and DB on AChE were compared using molecular
docking simulations.

2. Materials and methods

2.1. General

Organic solvents, including ethanol (EtOH), methanol (MeOH), n-
hexane (Hx), ethylacetate (EtOAc), chloroform (CHCl3), butanol
(BuOH) and acetone were purchased from Duksan Chemical Co. (Seoul,
Korea). Column chromatography was carried out using silica gel 60
(Merck 70–230 mesh, ASTM, Germany), ODS-A (12 nm, S-150 m, YMC,
Tokyo, Japan), MCI gel CHP20P (75–100 μm, Mitsubishi Chemical Co.,
Ltd., Japan) and Sephadex LH-20 gel (GE Healthcare, Sweden).
Preparative TLC was performed using 20 × 20 cm plates coated with
1 mm thick F254 silica gel (Merck, Darmstadt, Germany). The NMR
spectra were recorded on a JEOL ECX-500 spectrometer, which was
operated at 500 MHz for 1H and 125 MHz for 13C NMR spectrum (JEOL
Ltd., Japan). High-performance liquid chromatography (HPLC) spectra
were recorded using an Agilent 1260 series system (Agilent Inc., Palo
Alto, CA, USA) equipped with a photodiode array (PDA) and an eva-
porative light scattering detector (ELSD).

2.2. Extraction and isolation of active compounds

The Sargassum siliquastrum was collected from the intertidal zone in
Ganggu, Yeongdeok, Korea (September 2012). Medicinal herbs, that is,
Myristica fragrans Houttuyn, Codonopsis pilosula Nannf., Phellodendron
amurense, Coptis chinensis, Lysimachia clethroides and Anemarrhena as-
phodeloides Bunge were purchased from commercial herbal markets
between 2012 and 2017 in Korea.

Dried whole Sargassum siliquastrum (700 g) was extracted with 95%
EtOH for 3 h (3 × 500 ml), and the EtOH extract obtained was sus-
pended in 500 ml of H2O and the same volume of Hx. The Hx soluble
fraction was separated into ten fractions (SSE 1–10) by chromatography
on a silica gel column eluted with a CHCl3/MeOH gradient (10:1–5:5).
Fraction SSE-5 was subjected to Sephadex LH-20 column chromato-
graphy (CHCl3:MeOH = 1:1) into seven fractions (SSE 5–1 ~ SSE 5–7).
Subfractions SSE 5–6 and SSE 5–7 were purified by preparative HPLC
(Spot II, Armen, France) using a YMC packed ODS-A column
(150 × 20 mm, 5 μm, Tokyo, Japan) at a flow rate of 9 ml/min and 70%
MeOH as eluent to obtain sargachromanol G (1) (60 mg) and sarga-
chromanol I (2) (81 mg), respectively.

Dried seeds of Myristica fragrans Houttuyn (1 kg) were extracted
with 95% EtOH for 5 h (3 × 500 ml), and then the EtOH extract
(204.64 g) was suspended in 1000 ml of H2O and the same volume of
EtOAc. The EtOAc soluble fraction (16.4 g) was separated into four
fractions (MFE 1–4) using a silica gel column eluted with a gradient of
Hx and EtOAc (10:1 to 1:1). Fraction MFE-4 was purified using a

Sephadex LH-20 column (100% MeOH) to obtain macelignan (3)
(1,630 mg).

Dried roots of Codonopsis pilosula Nannf (7 kg) were extracted with
80% EtOH for 5 h (3 × 5000 ml), and the EtOH extract (3 kg) was se-
parated into two fractions (H2O and MeOH) by MCI gel column chro-
matography using H2O and MeOH as two eluents. The MeOH
fraction was subjected to silica gel column chromatography
(CHCl3:MeOH = 10:1) to obtain four subfractions (CPEM 1–4).
Subfraction CPEM-3 was recrystallized from MeOH to obtain creoside
IV (4) (100 mg).

Dried rhizomes of Coptis chinensis (1.2 kg) were extracted with EtOH
for 5 h (2 × 1500 ml), and solvent partitioned using 2000 ml of H2O
and the same volume of EtOAc. The EtOAc soluble fraction (29.4 g) was
isolated into five fraction (CCE 1–5) by ODS column chromatography
using a MeOH:H2O (7:3–3:7) gradient. Subfraction CCE 5 was purified
by preparative TLC (CHCl3:MeOH:H2O = 5:4:1) to obtain dihy-
droberberine (5) (80 mg).

Dried whole Lysimachia clethroides Duby (3.7 kg) was extracted with
70% EtOH for 5 h (3 × 3000 ml), and the EtOH extract was suspended
in 2000 ml of H2O and the same volume of BuOH. The BuOH soluble
fraction (105 g) was separated into ten fractions (LCE 1–10) by ODS-A
column chromatography using a MeOH and H2O (3:7) gradient, and
fraction LCE-3 was subjected to Sephadex LH-20 column chromato-
graphy (70% MeOH, 500 ml) to obtain quercetin-3-O-neohesperido-
side (6) (150 mg).

Dried roots of Anemarrhena asphodeloides Bunge (1 kg) were ex-
tracted with 100% MeOH for 3 h (3 × 500 ml), and the EtOH extract
(111 g) obtained was suspended in 1000 ml of H2O and the same vo-
lume of EtOAc. The EtOAc soluble fraction was separated into eight
fractions (AAE 1–8) by silica gel column chromatography using a
chloroform and methanol (1:0–0:1) gradient. Faction AAE-4 was sub-
jected to ODS-A column (MeOH:H2O = 1:1) chromatography to obtain
seven fractions (AAE 3–1 ~ AAE 3–7). Subfraction AAE 3–2 was pur-
ified by preparative HPLC (Spot II, Armen, France) using YMC packed
ODS-A column (250 × 20 mm, 5 μm) at a flow rate of 8 ml/min and an
eluent of 65% MeOH as eluent to obtain broussonin A (7) (42 mg).

The structures of sargachromanol G (1) and I (2) [43], macelignan
(3) [44], creoside IV (4) [45], dihydroberberine (5) [46], quercetin-3-
O-neohesperidoside (6) [47] and broussonin A (7) [48] were de-
termined by comparing their spectroscopic data with literature values.
Compound purities were determined using the Agilent 1260 series
HPLC system.

2.3. Chemicals and enzymes

Substrates [5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), acet-
ylthiocholine iodide (ATCI), S-butyrylthiocholine iodide (BTCI), and
benzylamine], reference inhibitors (quercetin, tacrine, and lazabemide)
and enzymes [AChE from Electrophorus electricus (Type VI-S), BChE
from equine serum, and recombinant human MAO-B] were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of
reagent grade.

2.4. Enzyme assays

AChE activity was assayed as described by Ellman et al. [49], with
slight modifications, as described previously [50]. Briefly, 0.2 U/ml of
AChE was reacted in 0.5 ml reaction mixture of 50 mM sodium phos-
phate (pH 7.5) containing 0.5 mM ATCI (4.5 × Km) and 0.5 mM DTNB
and monitored for 10 min at 412 nm. Inhibitory activity was measured
after preincubating enzyme with inhibitor for 15 min prior to DTNB and
ATCI additions. BChE activity was assayed using the same method,
except that BTCI was added instead of ATCI. MAO-B activity was con-
tinuously measured in a 1-mL cuvette containing 50 mM of sodium
phosphate (pH 7.4) at 25 °C in the presence of 0.3 mM benzylamine
(2.5 × Km) at 250 nm for 30 min, as described previously [51].
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Reaction rates are expressed as changes in absorbance per min. The Km

values of ATCI and benzylamine were 0.11 and 0.12 mM, respectively.

2.5. Inhibitory activities and enzyme kinetics

Inhibitions of the activities of AChE, BChE, and MAO-B by the
compounds were initially analyzed at an inhibitor concentration of
10 µM. IC50 values of compounds and reference reversible inhibitors
(tacrine and lazabemide for AChE/BChE and MAO-B, respectively)
were determined. The time-dependencies, kinetic parameters, inhibi-
tion types, and Ki values of compounds that most potently inhibited
AChE (SCI, DB, and ML) were investigated, as previously described
[52], using AChE assays. The kinetics of AChE inhibition by these three
compounds were investigated at five different substrate concentrations
(0.05, 0.1, 0.2, 0.5, and 1.0 mM and in the absence or presence of each
inhibitor at approximately 1/2 × IC50, IC50, and 2 × IC50 values. In-
hibitory patterns and Ki values were determined using Lineweaver-Burk
plots and secondary plots.

2.6. Analysis of inhibitor reversibilities

Reversibility experiments were performed on SCI, DB, and ML using
a dialysis method and the reversible reference inhibitor tacrine, as
previously described [53], except that we used AChE assay and not an
MAO assay. Experiments were carried out at 1.7 µM of SCI, 2.4 µM of
DB, and 7.0 µM of ML for AChE after preincubation for 15 min. The
tacrine reference was used at 0.40 µM. The relative activities of un-
dialyzed (before dialysis, AU) and dialyzed (after dialysis, AD) samples
were calculated and compared with each control without inhibitor.
Reversibilities were determined by comparing relative AU and AD va-
lues.

2.7. Docking simulation of SCI, SCG, and DB with AChE

To simulate docking to AChE, we used AutoDock Vina [54], which
has an automated docking facility. To define the docking pocket of
AChE, we used a predefined active site obtained from a complex be-
tween AChE and the reference compound 3-[(1S)-1-(dimethylamino)
ethyl]phenol, a metabolite and a leaving group of rivastigmine (PDB ID:
1GQS), which is a carbamate AChE inhibitor clinically used for the
treatment of AD [55]. The co-crystal structure of AChE and the meta-
bolite was also analyzed by Bar-On et al. [56]. To prepare docking si-
mulations, we performed the following steps: (1) created 2D structures

of the compounds, (2) converted 2D structures into 3D structures, and
(3) performed energy minimization using the ChemOffice program
(http://www.cambridgesoft.com). Docking simulations of AChE with
the compounds were performed using AutoDock Vina. From the
docking results, we checked possible hydrogen bonding interactions,
which had the relaxation of hydrogen bond constrains by 0.4 Å and
20.0 degree using Chimera program [57].

3. Results

3.1. Isolation and identification of compounds

Six hundred and forty natural compounds were tested for acet-
ylcholinesterase (AChE) inhibitory activity at a concentration of 10 µM.
Based on measured inhibitory activities and consideration of novelty,
seven compounds were selected for further study. SCI (1) and SCG (2)
were isolated from the brown alga Sargassum siliquastrum: ML (3) from
Myristica fragrans; creoside IV (4) from Codonopsis pilosula; DB (5) from
Coptis chinensis; quercetin-3-O-neohesperidoside (6) from Lysimachia
clethroides; and broussonin A (7) from Anemarrhena asphodeloides. Their
structures were verified using several analytical methods and NMR, and
purities of the compounds were provided (Supplementary). Their che-
mical structures are detailed in Fig. 1.

3.2. Analysis of inhibitory activities

Of the selected compounds, 6 compounds showed < 50% of AChE
residual activity at an inhibitor concentration of 10 µM (Table 1). SCI
and SCG potently and effectively inhibited AChE with IC50 values of
0.79 and 1.81 µM, respectively. DB potently inhibited AChE
(IC50 = 1.18 µM) and ML effectively inhibited AChE (IC50 = 4.16 µM)
(Table 1). The potency of DB (IC50 = 1.18 µM) was similar to that of
berberine (IC50 = 1.01 µM), which is known to be a potent AChE in-
hibitor. Quercetin-3-O-neohesperidoside (IC50 = 6.98 µM) effectively
inhibited AChE but was weaker than the quercetin reference
(IC50 = 4.84 µM). The other glycoside, creoside IV (IC50 = 7.30 µM)
effectively inhibited AChE. Broussonin A (IC50 = 15.88 µM) also effec-
tively inhibited AChE. Furthermore, broussonin A potently inhibited
BChE with an IC50 value of 4.16 µM, followed in order by ML, SCG, and
SCI (9.69, 10.79, and 13.69 µM, respectively) (Table 1). The other three
compounds had IC50 values of ≥ 40 µM.

To examine the dual-targeting abilities of the compounds, we
evaluated their inhibitory effects on MAO-B, which is a treatment target
in AD. Treatment with ML or broussonin A resulted on more than a 50%

Fig. 1. Chemical structures of acetylcholinesterase inhibitors from medicinal plants. 1, sargachromanol G (SCG); 2, sargachromanol I (SCI); 3, macelignan (ML); 4,
creoside IV; 5, dihydroberberine (DB); 6, quercetin-3-O-neohesperidoside; 7, broussonin A.
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loss of MAO-B activity (IC50 values were 7.42 and 9.0 µM, respectively)
(Table 1), whereas SCI and SCG had weak inhibitory activities (IC50

values > 40 µM). Thus, ML was found to be effective and potent at
inhibiting AChE and MAO-B. On the other hand, all compounds
showed > 50% of MAO-A residual activity at 10 µM, except brous-
sonin A (Table 1).

3.3. Analysis of the reversibility of AChE inhibition

AChE activity was not decreased after preincubation with SCI for up
to 15 min, which demonstrated the interaction between AChE and SCI
was instantaneous. Inhibitory assays were carried out after preincuba-
tion with inhibitors for 15 min.

The reversibilities of AChE inhibition by SCI, DB, and ML were in-
vestigated using a dialysis method. Inhibitions of AChE by SCI, DB and
ML recovered from 30.7% (AU) to 66.9% (AD), from 27.8% to 84.4%,
and from 16.3% to 89.8%, respectively, by dialysis, which were similar

to the recovery shown by tacrine, which is a known reversible AChE
inhibitor (4.9–55.4%) (Fig. 2). These results indicated SCI, DB, and ML
were reversible inhibitors of AChE.

3.4. Analysis of inhibitory patterns

Modes of the inhibitions of AChE by SCI, DB, and ML were in-
vestigated using Lineweaver–Burk plots. Plots of AChE inhibition by SCI
were linear and intersected at a point of the lines, but at neither x-axis
nor y-axis (Fig. 3A). Secondary plots of the slopes of Lineweaver–Burk
plots against inhibitor concentration showed the Ki value of SCI for the
inhibition of AChE was 0.63 ± 0.0026 (Fig. 3B). These results in-
dicated SCI acted as a mixed inhibitor of AChE. On the other hand, plots
of AChE inhibitions by DB were linear and intersected the y-axis
(Fig. 3C), and the Ki value of DB for the inhibition of AChE was
0.77 ± 0.047 µM (Fig. 3D), showing DB acted as a competitive in-
hibitor of AChE. Interestingly, plots for AChE inhibitions by ML were

Fig. 2. Recoveries of SCI, ML, and DB induced
reduction in AChE activities after dialysis.
Tacrine was used as the reference reversible
AChE inhibitor. The concentrations of inhibitors
used were: SCI, 1.7 µM; ML, 7.0 µM; DB, 2.4 µM;
and tacrine, 0.4 µM. For recovery experiments,
preincubated enzyme mixtures were dialyzed as
described in the text. Results are the average of
duplicate experiments.

Table 1
Inhibitions of AChE, BChE, and MAO enzymes by selected natural products.

Compounds Residual activity at 10 µM (%) IC50 (µM) SIa

AChE BChE MAO-B MAO-A AChE BChE MAO-B

Sargachromanol G (1) 21.3 ± 0.14 52.4 ± 0.79 98.4 ± 1.10 81.9 ± 2.40 1.81 ± 0.020 10.79 ± 0.65 > 40 5.96
Sargachromanol I (2) 8.9 ± 0.08 64.4 ± 2.77 97.7 ± 2.19 82.2 ± 0.20 0.79 ± 0.071 13.69 ± 5.07 > 40 17.33
Macelignan (3) 28.1 ± 0.12 52.0 ± 2.18 43.0 ± 1.64 62.1 ± 5.59 4.16 ± 0.070 9.69 ± 0.98 7.42 ± 0.36 2.33
Creoside IV (4) 45.1 ± 0.12 98.1 ± 1.68 97.8 ± 1.05 98.2 ± 1.65 7.30 ± 0.49 > 40 > 40 > 5.48
Dihydroberberine (5) 14.6 ± 0.10 82.5 ± 4.69 61.4 ± 1.63 86.0 ± 2.48 1.18 ± 0.03 38.82 ± 0.52 19.9 ± 0.56 32.90
Quercetin-3-O-neohesperidoside (6) 41.5 ± 0.18 100 ± 0.43 85.6 ± 1.57 87.3 ± 1.70 6.98 ± 0.47 > 40 > 40 > 5.73
Broussonin A (7) 59.8 ± 0.07 42.9 ± 2.58 49.6 ± 2.10 39.5 ± 0.46 15.88 ± 1.02 7.50 ± 0.075 9.0 ± 0.39 0.47
Berberine 14.3 ± 0.59 93.6 ± 6.57 77.2 ± 1.79 88.6 ± 2.07 1.01 ± 0.01 > 40 26.5 ± 0.78 > 39.60
Quercetin – – – – 4.84 ± 0.34 – – –
Tacrine – – – – 0.22 ± 0.004 0.014 ± 0.0043 – 0.0064
Lazabemide – – – – – – 0.038 ± 0.0046 –

The values above are the means ± SEs of duplicate experiments. Values for AChE were determined after preincubation with the enzymes for 15 min.
a SI = IC50 of BChE/ IC50 of AChE; -, not determined.
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linear and intersected the x-axis, and the Ki value of ML for the in-
hibition of AChE was 4.46 ± 0.27 µM (Fig. 3E and F), indicating ML
noncompetitively inhibited AChE.

3.5. Molecular docking simulation

Docking simulations showed that SC molecules were located prop-
erly at binding sites of 3-[(1S)-1-(dimethylamino)ethyl]phenol com-
plexed with AChE (PDB: 1GQS). The binding affinity of SCI (−8.6 kcal/
mol) to AChE was greater than that of SCG (−7.9 kcal/mol) and DB

(−8.2 kcal/mol), and higher than that of the reference compound 3-
[(1S)-1-(dimethylamino)ethyl]phenol (−5.7 kcal/mol) as determined
by AutoDock Vina. The IC50 values of SCI, SCG, and DB for AChE as
determined by the enzyme inhibition assay were 0.79 ± 0.071 µM,
1.81 ± 0.020 µM, and 1.18 ± 0.03 µM, respectively. The docking si-
mulation results implied that SCI and SCG bind to AChE by hydrogen
bonding with Trp81 (Fig. 4A) and Ser119 of AChE (Fig. 4B), respec-
tively. However, hydrogen bond formation was not predicted for DB
(Fig. 4C), similar to the result of berberine (Supplementary Fig. 8).

Fig. 3. Lineweaver-Burk plots for the inhibitions of AChE by SCI (A), DB (C), and ML (E) and their respective secondary plots (B, D, and F) of slopes against inhibitor
concentrations. Substrate were used at five different concentrations (0.05–1.0 mM). Experiments were carried out at three inhibitor concentrations, at around a half
of IC50, IC50, and twice IC50 values. The initial velocity was expressed as an increase in absorbance per min. The value of Km was 0.11 mM.
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Fig. 4. Docking simulations between AChE (1GQS) and SCI (A), SCG (B) or DB (C). The binding energies of SCI, SCG and DB for AChE were −8.6, −7.9, and
−8.2 kcal/mol, respectively, as determined by AutoDock Vina.
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4. Discussion

In this study, ten compounds were selected from a natural product
library set based on their abilities to inhibit AChE and their novelties.
The IC50 values of SCI, DB, SCG, and ML for AChE were found to be
0.79, 1.18, 1.81, and 4.16 µM, respectively, which indicated they are
highly potent natural AChE inhibitors with IC50 values < 15 µM [9].
Baicalein (IC50 = 0.61 µM) is one of the most natural flavonoid in-
hibitor of AChE, while IC50 values of kaempferol and quercetin have
been reported to be 3.05 and 3.60 µM, respectively [58,59]. This IC50

value of quercetin (3.60 µM) was slightly lower than the value
(4.84 µM) obtained in the present study. Two natural coumarins, de-
cursinol and mesuagenin, were also reported to potently inhibit AChE
with IC50 values of 0.28 and 0.7 µM, respectively [60], though the IC50

value of decursinol was originally reported to be 28.0 µM [61]. Six
protoberberine alkaloids, that is, berberine, palmatine, jaterrhinezine,
coptisine, groenlandicine, and epiberberine have been reported to have
IC50 values of 0.44, 0.51, 0.57, 0.80, 0.54, and 1.07 µM, respectively
[62], and this IC50 value of berberine (0.44 µM) was lower than ob-
tained in the present study (1.01 µM). Galantamine, the only naturally
based drug used to treat AD, has a reported IC50 value of 0.80 µM [2].
Based on these results, the IC50 values of SCI and DB are similar to that
of galantamine.

For multi-targeting purposes, dual inhibitions of AChE and MAO-B
has been investigated for the treatment of AD. In a study on synthesized
homoisoflavonoid derivatives, the IC50 values for dual inhibition of
AChE and MAO-B of 3.94 and 3.44 µM, respectively, were considered to
be acceptable [63]. Recently, a dual potent AChE/MAO-B inhibitor was
identified with IC50 values of 1.3 and 0.051 µM, respectively, from
synthesized alkyl nitrates [18]. However, little information is available
regarding natural balanced or dual AChE/MAO-B inhibitors. In terms of
natural products, maackiain (IC50 = 0.68 µM) is one of the most potent
MAO-B inhibitors, and genistein (IC50 = 4.1 µM) is a potent MAO-B
inhibitor [52]. In the present study, ML was identified as a balanced
AChE/MAO-B inhibitor with IC50 values of 4.16 and 7.42 µM, respec-
tively. Taken together, our results show SCI is one of the most potent
AChE inhibitors described to date, and that ML is a balanced, dual
function inhibitor of AChE/MAO-B. On the other hand, all compounds
tested showed low selectivities toward MAO-B over MAO-A.

A comparison of the structures of SCI and SCG suggested that the
additional double bond at 7′ in SCG reduced inhibitory activity against
AChE. Compared with berberine, the two hydrogens at positions 7 and
8 in DB did not affect inhibitory activity. In present study, sugar moi-
eties of disaccharides in quercetin-3-O-neohesperidoside decreased
AChE inhibitory activity by 1.4-fold versus quercetin.

In the present study, potent inhibitions of AChE by SCI, DB, and ML
were found to be reversible. Interestingly, these three compounds ex-
hibited different types of inhibition, i.e., SCI, DB, and ML were found to
be mixed, competitive, and noncompetitive inhibitors, respectively,
with corresponding Ki values of 0.63, 0.77, and 4.46 µM. These results
suggest that SCI binds to an active site and a non-catalytic site in AChE,
whereas DB and ML bind to an active site or a non-catalytic site, re-
spectively. Although SCE and SCG showed no or very low cytotoxic
effects on RAW 264.7 at 40 uM [22,23], none of cytotoxicity, neuro-
toxicity, and blood–brain barrier permeability of SCI, DB, and ML have
been reported, and therefore the further studies for these compounds
will be necessary.

Docking simulations showed that the binding energies of SCI, SCG,
and DB were greater than that of 3-[(1S)-1-(dimethylamino)ethyl]
phenol with AChE. SCI and SCG were found to bind to the Trp81 and
Ser119 residues of AChE, respectively, however, DB did not form hy-
drogen bond with AChE. Because the docking score of AutoDock Vina
was calculated based on hydrogen bonds as well as electrostatic
bondings, van der Waals forces, and dissolvent effects, DB could have
an increased binding score despite lacking of a hydrogen bond inter-
action, similar to the result of berberine. X-ray crystallography revealed

that two ligand binding sites in AChE modulate its activity, i.e., a cat-
alytic active site (CAS) and a peripheral anionic site (PAS), and that its
CAS can be subdivided into a catalytic triad (an esteratic subsite) and an
anionic substrate binding site [64]. Ligand binding sites in AChE (PDB:
1GQS) have been defined as a catalytic triad (Ser197, Glu324, and
His437), an anionic substrate binding site (Trp81, Glu196, and
Phe327), and a peripheral anionic site (Tyr67, Asp69, Tyr118, Trp276,
and Phe287) based on sequence alignment with known binding sites
[65]. PAS is believed to conduct acetylcholine to the catalytic site of
AChE, and it has been suggested PAS is implicated in formation of
amyloid fibrils in AD [66,67]. Our docking simulation results imply SCI
might interfere with the hydrolysis of acetylcholine by H-bonding with
Try81 of the anionic substrate binding site, and that SCG limits access of
acetylcholine to the catalytic site by H-bonding with Ser119, which is
located near Try118 in the peripheral anionic site (Fig. 4), which sug-
gests SCI and SCG interfere with the formation of AChE-amyloid-β
complex and AChE breakdown. It appears the selective AChE inhibitory
activities of SCI and SCG are the results of their binding conformations
and/or hydrogen bond interactions with the active pocket of AChE.

5. Conclusion

From among the 640 natural compounds examined, SCI, SCG, DB,
and ML potently and effectively inhibited AChE with IC50 values of
0.79, 1.81, 1.18 and 4.16 µM, respectively. SCI, DB, and ML were also
found to be reversible inhibitors of AChE and to act in mixed, compe-
titive, and noncompetitive inhibitory manners, respectively. Broussonin
A potently inhibited BChE (IC50 = 4.16 µM), and ML, SCG, and SCI
effectively inhibited BChE (9.69, 10.79, and 13.69 µM, respectively).
ML also inhibited MAO-B (IC50 = 7.42 µM) and was the most effective
dual inhibitor among the compounds examined. Molecular docking si-
mulation suggested that the binding affinity of SCI for AChE was greater
than those of SCG and DB and that SCI interacted with AChE at Trp81,
and SCG interacted at Ser119. No hydrogen bonding was predicted for
DB to AChE binding. Our findings show SCI, SCG, DB, and ML should be
viewed as promising reversible AChE inhibitors for the treatment of AD.
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