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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative condition characterized by
memory and cognitive decline in older individuals. Beta-amyloid (Aβ), a significant component of
senile plaques, is recognized as a primary contributor to AD pathology. Hence, substances that can
inhibit Aβ production and/or accumulation are crucial for AD prevention and treatment. Agrimonia
pilosa LEDEB. (A. pilosa) (Rosaceae), specifically its aerial parts, was identified in our previous
screening study as a promising candidate with inhibitory effects on Aβ production. Therefore, in this
study, A. pilosa extract was investigated for its anti-amyloidogenic effects, and its bioactive principles
were isolated and identified. The ethanol extract of A. pilosa reduced the levels of sAPPβ and β-
secretase by approximately 3% and 40%, respectively, compared to the DMSO-treated control group
in APP-CHO cells (a cell line expressing amyloid precursor protein), which were similar to those in
the positive control group. In addition, the ethanol extract of A. pilosa also hindered Aβ’s aggregation
into fibrils and facilitated the disaggregation of Aβ aggregates, as confirmed by a Thioflavin T (Th T)
assay. Subsequently, the active constituents were isolated using a bioassay-guided isolation method
involving diverse column chromatography. Eleven compounds were identified—epi-catechin (1),
catechin (2), (2S, 3S)-dihydrokaempferol 3-O-β-D-glucopyranoside (3), (-)-epiafzelechin 5-O-β-D-
glucopyranoside (4), kaempferol 3-O-β-D-glucopyranoside (5), apigenin 7-O-β-D-glucopyranoside
(6), dihydrokaempferol 7-O-β-D-glucopyranoside (7), quercetin 3-O-β-D-glucopyranoside (8), (2S,
3S)-taxifolin 3-O-β-D-glucopyranoside (9), luteolin 7-O-β-D-glucopyranoside (10), and apigenin
7-O-β-D-methylglucuronate (11)—identified through 1D and 2D NMR analysis and comparison with
data from the literature. These compounds significantly decreased Aβ production by reducing β-
and γ-secretase levels. Moreover, none of the compounds affected the expression levels of sAPPα or
α-secretase. Further, compounds 1, 2, 4, 8, and 10 demonstrated a dose-dependent reduction in Aβ

aggregation and promoted the disaggregation of pre-formed Aβ aggregates. Notably, compound
8 inhibited the aggregation of Aβ into fibrils by about 43% and facilitated the disassembly of Aβ

aggregates by 41% compared to the control group containing only Aβ. These findings underscore
the potential of A. pilosa extract and its constituents to mitigate a crucial pathological aspect of AD.
Therefore, A. pilosa extract and its active constituents hold promise for development as therapeutics
and preventatives of AD.

Keywords: Agrimonia pilosa; Aβ production; Aβ aggregation; flavonoids; Alzheimer’s disease

1. Introduction

Alzheimer’s disease, first described by the German physician Alois Alzheimer in
1906, is a neurodegenerative disorder and the most prevalent form of dementia, primarily
affecting individuals aged 65 and older [1]. Recent reports indicate that the global pop-
ulation of dementia patients, concentrated in regions like East Asia, South Asia, North
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America, and Western Europe, reached 50 million in 2021 [2], with projections suggesting it
will rise to 131.5 million by 2050 [3]. AD progressively affects various cognitive functions,
language, learning, behavior, and spatial orientation, primarily due to memory loss [4].
Despite its severe impact, the current treatments aim to delay cognitive decline, manage
memory loss, and alleviate clinical symptoms but do not achieve satisfactory therapeutic
effects or halt disease progression [5]. The pathogenesis of AD remains unclear; however,
post-mortem brain tissue analysis reveals key neuropathological features, including the
formation of senile plaques composed of amyloid-β peptide fibrils and intracellular neu-
rofibrillary tangles (NFTs) of hyperphosphorylated tau protein [6]. Several hypotheses
about AD’s pathogenesis are debated [7], with a prominent focus on the defective cleavage
of amyloid precursor protein (APP) leading to Aβ plaque formation [7]. Aβ, a peptide
consisting of 38–43 amino acids, is produced from APP through sequential cleavage by
β-secretase (BACE1) and γ-secretase enzyme complexes (presenilin 1 or 2, presenilin en-
hancer 2, anterior pharynx, and nicastrin) [8]. Alternative non-amyloidogenic processing
of APP by α-secretase, which cleaves the transmembrane protein within the Aβ sequence
in APP, precludes the formation of full-length Aβ, and subsequent cleavage by γ-secretase
generates an N-terminally truncated peptide, p3 [8]. The first cleavage by β-secretase
releases the soluble APP amino-terminal fragments (sAPPβ) into the extracellular space.
Concurrently, it generates carboxy-terminal fragments (CTFs). These CTFs are then further
cleaved by γ-secretase, resulting in the production of p3 peptides and Aβ peptides [8]. An
imbalance between Aβ production and clearance results in its accumulation, leading to the
formation of soluble oligomers and insoluble fibrillar structures deposited in senile plaques,
disrupting neuronal function and triggering neurotoxic responses by the microglia, ulti-
mately causing synaptic dysfunction and brain damage [9]. Additionally, Aβ aggregation
generates free radicals that contribute to neuronal cell death observed in AD [10]. Therefore,
strategies aimed at reducing neurotoxic Aβ production and inhibiting its aggregation hold
promise as therapeutic and preventive approaches to AD [11].

Agrimonia pilosa LEDEB (A. pilosa), also known as Agrimoniae herba, hairy vein
agrimony, or agrimony, belongs to the Rosaceae family [12]. This perennial herb is native
to Korea, Japan, China, India, and central Europe [12–14], thriving in both full sun and
semi-shade environments regardless of soil fertility [13,14]. It typically grows to a height
of 50–120 cm and is characterized by a covering of white hairs [12,13]. The leaves are
elongated ovals, measuring 2.5–7 cm in length and 1.5–3.5 cm in width, with a green
surface [13,14]. The young leaves of A. pilosa are edible, and the entire plant is utilized in
traditional oriental medicine [13,14]. A. pilosa is recognized for its diverse physiological
functions [15–20]. It exhibits antioxidant activity, attributed to its polyphenols [15], and
has been reported to possess tumor-suppressing properties [16], antiviral effects [17],
and antibacterial capabilities [18]. Furthermore, studies have shown that A. pilosa can
improve the blood sugar levels in diabetic mice [19], and in RAW 264.7 cells activated with
lipopolysaccharide, it increased pro-inflammatory cytokines, inducible nitric oxide synthase
(iNOS), and reactive oxygen species (ROS), while also exerting an anti-inflammatory effect
by suppressing ROS expression [20]. In addition, the administration of A. pilosa significantly
alleviated the effects of ischemic brain damage and improved neural function, Na+/K+

ATPase activity, and neural energy metabolism [21]. Additionally, an inhibitory effect of
A. pilosa on the enzyme cholinesterase has been reported [22]. Moreover, A. pilosa is known
to contain various chemical constituents such as flavonoids, isocoumarins, triterpenes,
tannins, organic acids, and phloroglucinol derivatives [21]. For examples, flavonoids
such as tiliroside, 3-methoxy quercetin, quercitrin, and quercetin from A. pilosa showed
significant inhibitory effects on acetylcholinesterase [23]. And acylphloroglucinolated
catechins and three phenylethylisocoumarin glycosides isolated from A. pilosa showed
inhibitory activity against lipopolysaccharide-induced NO production in BV2 microglial
cells [24]. However, research specifically on Aβ production and aggregation has not yet
been documented.
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In this research, we investigated the impact of the ethanol extract of A. pilosa (APE) on
Aβ production in APP-CHO cells, which are Chinese hamster ovary cells engineered to
express amyloid precursor protein (APP). This was evaluated using Western blot analysis.
Additionally, we examined its effects on Aβ aggregation using the Thioflavin T (Th T)
assay. Subsequently, APE underwent diverse column chromatography (CC) to isolate
its active constituents, following a bioassay-guided isolation approach. The structures
of the isolated compounds were elucidated using NMR data and compared with known
references. To assess the inhibitory effects on Aβ production, we measured markers such
as sAPPα, sAPPβ, α-secretase, β-secretase, and γ-secretase levels via Western blot analysis.

2. Materials and Methods
2.1. Preparation of APE

The aerial parts of A. pilosa (4 kg) were purchased from a commercial market (Hand-
sherb, Yeongcheon, Republic of Korea). A voucher specimen (C20210107) was deposited
in the Pharmacognosy Laboratory of the College of Pharmacy at Dankook University
(Cheonan, Republic of Korea). The dried and pulverized A. pilosa was extracted us-
ing 80% ethanol (EtOH, 30 L, 12 h, 4 times) at room temperature. The resulting filtrate
was concentrated under a vacuum to yield 150 g of APE, which was then used for the
subsequent investigations.

2.2. Isolation of the Active Components

APE was partitioned based on solvent polarity using n-hexane (Hx), dichloromethane
(DCM), ethyl acetate (EA), and water (DW). After concentration under a vacuum, we
obtained four fractions: Hx (29.5 g), DCM (18.2 g), EA (69.1 g), and DW (30.0 g). The EA
fraction, which exhibited the highest efficacy in reducing sAPPβ and β-secretase levels, was
fractionated by silica gel (70–230-mesh, Watchers, Tokyo, Japan) open CC with a solvent
mixture of chloroform and methanol (100:1), and 8 fractions (EA1~EA8) were obtained.
Subfraction 6 (EA6) was then fractionated by silica gel open CC with a solvent mixture of
chloroform and methanol (100:5~100:30), and 8 fractions (EA6-1~EA6-8) were obtained.
Subfraction 6-2 (EA6-2) was further fractionated using a Sephadex LH-20 (GE Healthcare,
Danderyd, Sweden) for open CC with a solvent mixture of water and methanol (9:1~5:5),
and 9 fractions (EA6-2-1~EA6-2-9) were obtained. As a result, EA6-2-3 (compound 1,
168 mg) and EA6-2-7 (compound 2, 178 mg) were obtained as pure compounds. Subfrac-
tion 6-5 (EA6-5) was further fractionated using a Sephadex LH-20 for open CC with a
solvent mixture of water and methanol (9:1~5:5), and 9 fractions (EA6-5-1~ EA6-5-16) were
obtained. As a result, EA6-5-11 (compound 3, 139 mg) was obtained as a pure compound.
Subfraction 6-5-15 (EA6-5-15) was further fractionated using a Sephadex LH-20 for open
CC with a solvent mixture of water and methanol (9:1~1:9), and 6 fractions (EA6-5-15-
1~EA6-5-15-6) were obtained. As a result, EA6-5-15-3 (compound 5, 27 mg) and EA6-5-15-6
(compound 6, 15 mg) were obtained as pure compounds. Subfraction 6-6 (EA6-6) was
further fractionated using a Sephadex LH-20 for open CC with a solvent mixture of water
and methanol (9:1~5:5), and 24 fractions (EA6-6-1~ EA6-6-24) were obtained. As a result,
EA6-6-19 (compound 4, 4 mg) was obtained as a pure compound. Subfraction 7 (EA7) was
then fractionated by silica gel open CC with a solvent mixture of chloroform and methanol
(100:10~100:30), and 8 fractions (EA7-1~EA7-8) were obtained. Subfraction 7-3 (EA7-3)
was further fractionated using a Sephadex LH-20 for open CC with a solvent mixture of
water and methanol (9:1~5:5), and 18 fractions (EA7-3-1~EA7-3-18) were obtained. As a
result, EA7-3-15 (compound 8, 37 mg) was obtained as a pure compound. Subfraction
7-3-5 (EA7-3-5) was further fractionated by silica gel open CC with a solvent mixture of
chloroform and methanol (100:10~100:50), and 8 fractions (EA7-3-5-1~EA7-3-5-8) were
obtained. As a result, EA7-3-5-2 (compound 7, 11 mg) was obtained as a pure compound.
Subfraction 7-5 (EA7-5) was further fractionated using a Sephadex LH-20 for open CC
with a solvent mixture of water and methanol (9:1~1:9), and 14 fractions (EA7-5-1~EA7-
5-14) were obtained. As a result, EA7-5-6 (compound 9, 47 mg) was obtained as a pure



Separations 2024, 11, 243 4 of 18

compound. Compound 10 (12 mg) was obtained as a pure compound through crystal-
lization in subfraction 7-6 (EA7-6). Subfraction 4 (EA4) was further fractionated by silica
gel open CC with a solvent mixture of chloroform and methanol (100:1), and 14 fractions
(EA4-1~EA4-14) were obtained. Subfraction 4-8 (EA4-8) was further fractionated using
C18 (Watchers) open CC with a solvent mixture of water and methanol (9:1~1:9), and
16 fractions (EA4-8-1~EA4-8-16) were obtained. As a result, compound 11 (12 mg) was
obtained as a pure compound through crystallization in subfraction 4-8 (EA4-8-14). We
isolated a total of 11 compounds from this fraction and determined their structures based
on NMR data.

2.3. Cell Culture and Viability

The APP-CHO cells were cultured in RPMI 1640 medium (Welgene, Gyeongsan,
Republic of Korea) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco,
Grand Island, NY, USA) and geneticin (Thermo Fisher Scientific, Waltham, MA, USA) at
a concentration of 50 µg/mL. The cells were maintained in a humidified atmosphere
with 5% CO2 at 37 ◦C. The cell viability was assessed using the MTT (Biosesang, Yongin,
Republic of Korea) assay. Briefly, the APP-CHO cells were seeded at a density of 2 × 104

cells per well in a 96-well plate with 100 µL of medium per well. The plates were incubated
overnight at 37 ◦C to allow cell adherence. Prior to treatment with the test samples, the
medium was replaced with RPMI 1640 without FBS for 1 h. Test samples dissolved in
DMSO (Biosesang, Yongin, Republic of Korea) were then added to the respective wells, and
the plates were further incubated at 37 ◦C for 24 h. After incubation, 10 µL of 5 mg/mL
MTT solution was added to each well and incubated at 37 ◦C for 3 h. The medium was
aspirated, and 100 µL of DMSO was added to solubilize the formazan crystals. The plates
were subsequently incubated at room temperature for 30 min, and the absorbance was
measured at 540 nm using an E-max precision microplate reader (BioTek, Winooski, VT,
USA). Each experiment was conducted in triplicate.

2.4. Western Blot Analysis

APP-CHO cells seeded in 6-well plates at a density of 6 × 105 cells in 1000 µL of
medium per well were incubated overnight at 37 ◦C to allow for cell adhesion. The medium
was then replaced with RPMI 1640 without FBS for 1 h, followed by treatment with the test
samples at 37 ◦C. After 24 h, cells were washed with PBS and lysed using Laemmli sample
buffer. Cell lysates were subjected to 7.5% SDS-PAGE to separate proteins based on size and
transferred onto a PVDF membrane (Merck, Burlington, MA, USA) using the Trans-Blot®

TurboTM system (Bio-Rad, Hercules, CA, USA). The membrane was blocked with 5%
skim milk in PBS for 1 h and incubated overnight at 4 ◦C with primary antibodies includ-
ing sAPPβ (1:1000, Immuno-Biological Laboratories, Fujioka, Japan), β-secretase (1:1000,
EMD Millipore, Burlington, MA, USA), sAPPα (1:1000, Immuno-Biological Laboratories),
ADAM10 (1:1000, EMD Millipore), presenilin-1 (1:1000, EMD Millipore), and α-tubulin
(1:1000, Sigma Aldrich, St. Louis, MO, USA). After washing the membrane three times
for 20 min each with PBS-T (0.1% Tween 20 in PBS), secondary antibodies conjugated to
horseradish peroxidase (EC 1.11.1.7) (1:1000, Bio-Rad) were applied. Protein visualization
was performed using the ChemiDocTM XRS+ system (Bio-Rad). The band signal intensities
were quantified using Bio-Rad software (version 5.2.1) and normalized to the α-tubulin
signal intensity. The results were expressed as a percentage relative to the DMSO-treated
control group.

2.5. The Th T Assay

A Th T (Sigma Aldrich, St. Louis, MA, USA) assay was conducted in order to assess
the Aβ aggregation. Aβ (1–42) (GL Biochem, Shanghai, China) was dissolved in DMSO to
a concentration of 1 mg/mL, and test samples were also prepared in DMSO. To evaluate
the impact of the test samples on Aβ aggregation, 20 µM of Aβ (1–42) was incubated
with varying concentrations of the test samples at 37 ◦C. After 24 h, 3 µM of Th T was
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added, and the fluorescence was measured using an E-max precision microplate reader
(BioTek) with excitation at 442 nm and emission at 485 nm. Aβ treated with DMSO alone
served as the control, and each assay was conducted at least three times. To investigate
the disaggregation effects of the test samples on pre-formed Aβ aggregates, Th T assays
were performed similarly. Initially, 20 µM of Aβ (1–42) was incubated at 37 ◦C for 24 h to
induce aggregation. Subsequently, various concentrations of the test samples were added
and further incubated at 37 ◦C for an additional 24 h. Following this incubation period,
3 µM of Th T was added, and the fluorescence was measured after 30 min using the E-max
precision microplate reader (BioTek) under the same conditions. Aβ treated with DMSO
alone served as the control, and each assay was performed in triplicate.

2.6. HPLC Analysis of APE

For HPLC fingerprint analysis of the isolated compounds present in APE, a Waters
system consisting of a Waters e2695/Waters 2998 photo-diode array detector and the
CAPCELL PAK C18, UG80 (5 um, 4.6 mm I.D. × 250 mm) (Shiseido, Tokyo, Japan), was
used. A flow rate of 1 mL/min, and gradient elution of 0.1% formic acid (Fisher Chemical,
New Hampshire, USA) in water (solvent A) and acetonitrile (solvent B), 0–40 min; solvent
B from 5 to 40%, 40–41 min; solvent B from 40 to 80%, 41–50 min; and solvent B from 80 to
80% and an injection volume of 20 µL were applied; the chromatograms were monitored at
280 nm.

2.7. Statistical Analysis

The data are presented as means ± SD for the in vitro study. The statistical analyses
were performed by first conducting a variance test using Levene’s test. If the resulting
p-value was greater than 0.05, we accepted the assumption of homogeneity of variances.
Subsequently, two or more group comparisons were assessed using one-way analysis of
variance (ANOVA), followed by Fisher’s least significant difference test (SPSS version
27.0, Armonk, NY, USA). If the p-value from Levene’s test was less than 0.05, indicating
heterogeneity of variances, we employed alternative tests. In such cases, two or more group
comparisons were evaluated using Tamhane’s T2 test and Dunnett’s test (SPSS version 27.0,
Armonk, NY, USA). Statistically significant differences between groups were considered
when the p-value was below 0.05 (p < 0.05).

3. Results
3.1. APE Decreased the Levels of sAPPβ and β-Secretase in the APP-CHO Cells

The potential cytotoxicity of APE was assessed using the MTT assay, which re-
vealed that APE did not reduce the viability of the APP-CHO cells to below 80% at up to
100 µg/mL (Supplementary Figure S1). In other words, APE is not toxic up to 100 µg/mL,
and thus this was applied for the Western blot. In the amyloidgenic pathway of APP,
Aβ is produced from APP by sequential proteolytic cleavages by β-and γ-secretases. In
this process, β-secretase cleaves APP into two fragments, sAPPβ and CTF-β. Thus, the
amount of Aβ produced was quantified by measuring the levels of sAPPβ and β-secretase
through Western blot analysis. The butanol-partitioned fraction of Dryopteris crassirhizoma
root (50 µg/mL) extract served as a positive control (PC) [25]. As depicted in Figure 1,
APE demonstrated a dose-dependent reduction in sAPPβ production. Treatment with
100 µg/mL of APE decreased the sAPPβ levels to only 3% of those in the DMSO-treated
control group. Additionally, there was a significant dose-dependent decrease in β-secretase
levels following APE treatment. Specifically, the application of 100 µg/mL of APE reduced
the β-secretase levels to approximately 40% of those in the DMSO-treated control group,
nearing the levels observed in the positive control.
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Figure 1. The effect of APE on the levels of sAPPβ and β-secretase. (A) The amounts of sAPPβ and
β-secretase were assessed using Western blot analysis in the APP-CHO cells treated with varying
concentrations (100, 50, 25, and 12.5 µg/mL) of APE. The graphs depict the levels of sAPPβ (B) and
β-secretase (C) relative to those in the DMSO-treated control group. Data are presented as means
± SD of three independent experiments, with the values expressed as a percentage relative to the
DMSO-treated control group. * p < 0.05 indicates statistical significance compared to the control
group (CTR:DMSO-treated control, PC: positive control, extract of D. crassirhizoma roots, APE: ethanol
extract of A. pilosa).

3.2. The Solvent-Partitioned Fractions of APE Decreased the Levels of sAPPβ and β-Secretase in
the APP-CHO Cells

APE was fractionated based on solvent polarity into four fractions: Hx, DCM, EA,
and DW. The potential cytotoxicity of these solvent-partitioned fractions was evaluated
using the MTT assay, and none of these fractions decreased the viability of the APP-CHO
cells below 80% (Supplementary Figure S2). Therefore, a concentration of 50 µg/mL was
selected to investigate the effects of the fractions on sAPPβ production.

The impact of these solvent-partitioned fractions on the levels of sAPPβ and β-secretase
was assessed via Western blot analysis. As depicted in Figure 2, all fractions reduced sAPPβ
production and β-secretase levels. While the Hx fraction showed the highest effect on
sAPPβ levels, it did not significantly reduce β-secretase levels. In contrast, the EA fraction
significantly decreased both sAPPβ and β-secretase levels. Hence, the EA fraction was
chosen for further investigation.
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Figure 2. The effects of the solvent-partitioned fractions on sAPPβ and β-secretase. (A) The amounts of
sAPPβ and β-secretase in APP-CHO cells treated with the 4 solvent-partitioned fractions (50 µg/mL)
were assessed using Western blot analysis. (B,C) The graphs display the levels of sAPPβ and β-
secretase, presented as a percentage of the DMSO-treated control group. Data are presented as
means ± SD of three independent experiments, with values expressed as a percentage relative to the
DMSO-treated control group. * p < 0.05 indicates statistical significance compared to the control group
(CTR: DMSO-treated control, PC: positive control, extract of D. crassirhizoma roots, Hx: n-hexane,
DCM: dichloromethane, EA: ethyl acetate, DW: water).
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3.3. Both APE and Its Solvent-Partitioned Fractions Decreased Aβ Aggregation and Enhanced the
Disaggregation of Pre-Aggregated Aβ

The effects of APE and its solvent-partitioned fractions on Aβ aggregation and disag-
gregation were evaluated using the Th T assay. Quercetin (50 µg/mL) served as a positive
control (PC) [26]. As depicted in Figure 3A, both APE and the four solvent-partitioned
fractions exhibited significant and dose-dependent reductions in Aβ aggregation compared
to the DMSO-treated Aβ-only control group. To assess their impact on the disaggregation
of pre-formed Aβ aggregates, APE and its fractions were incubated with pre-aggregated Aβ
for an additional 24 h at concentrations of 100, 20, and 4 µg/mL. Subsequent measurement
of the Aβ aggregation levels using the Th T assay demonstrated that APE and its fractions
facilitated the disaggregation of Aβ aggregates into monomers, as illustrated in Figure 3B.
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Figure 3. The effect of APE and its solvent-partitioned fractions on Aβ aggregation and disaggregation.
(A) Aβ was exposed to concentrations of 100, 20, and 4 µg/mL of APE and the solvent-partitioned
fractions. Following a 24 h incubation period, Aβ aggregation was assessed using the Th T assay.
(B) Aβ aggregates that had been pre-formed for 24 h were exposed to APE and the solvent-partitioned
fractions at concentrations of 100, 20, and 4 µg/mL. Following an additional 24 h incubation, the
extent of Aβ aggregation was assessed using the Th T assay. All data are presented as means ± SD
of three independent experiments. * p < 0.05, significantly different from the Aβ-only group (PC:
positive control, quercetin, 50 µg/mL).

3.4. Isolation of Active Constituents from APE and Structural Identification

The ethyl acetate (EA) fraction of APE was subjected to successive fractionation steps
using various open CC techniques. This approach followed the bioassay-guided isolation
method detailed in the Section 2. As a result, 11 compounds were isolated, each with a
purity exceeding 95%, and their structures were elucidated by analyzing the NMR data
and comparing them with relevant references (Figure 4). The 1H and 13C NMR spectral
data for the isolated compounds are provided in Supplementary Figure S3–S24.
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Figure 4. The structures of the compounds isolated and identified from the EA fraction of APE.

These compounds were identified as epi-catechin (1) [27], catechin (2) [28], (2S, 3S)-
dihydrokaempferol 3-O-β-D-glucopyranoside (3) [29], (-)-epiafzelechin 5-O-β-D-
glucopyranoside (4) [30], kaempferol 3-O-β-D-glucopyranoside (5) [31], apigenin 7-O-β-D-
glucopyranoside (6) [32], dihydrokaempferol 7-O-β-D-glucopyranoside (7) [33], quercetin
3-O-β-D-glucopyranoside (8) [34], (2S, 3S)-taxifolin 3-O-β-D-glucopyranoside (9) [35], lute-
olin 7-O-β-D-glucopyranoside (10) [36], and apigenin 7-O-β-D-methylglucuronate (11) [37].

3.5. The HPLC Fingerprints of APE and the EA Fraction

To analyze the HPLC fingerprints, HPLC chromatograms of APE, the EA fraction,
and the compounds isolated were obtained using HPLC-PDA at 280 nm. The peaks in
the HPLC chromatograms of APE and the EA fraction were compared to those of the
compounds isolated. Peaks for the same retention time and PDA absorption spectrum
were determined as matching the compounds isolated. In APE and the EA fraction, all the
compounds isolated from APE were detected, and compounds 3, 7, and 9 showed high
contents (Figure 5). Among them, compound 9 could be set as a marker compound for
the quality control of APE and the EA fraction because compound 9 was clearly separated
from the other compounds, and its content in the extract was high compared to the others.
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Figure 5. HPLC chromatogram of the APE, EA fraction, and isolated compounds. (A) A chro-
matogram of compounds 1–11, (B) APE, and (C) EA fraction recorded at wavelength of 280 nm
(APE: A. pliosa, 20 mg/mL; EA: ethyl acetate fraction of A. pliosa, 20 mg/mL; C1: compound 1; C2:
compound 2; C3: compound 3; C4: compound 4; C5: compound 5; C6: compound 6; C7: compound
7; C8: compound 8; C9: compound 9; C10: compound 10; and C11: compound 11; all isolated
compounds were analyzed at 1 mg/mL).

3.6. Inhibitory Effects of the Isolated Compounds on the Levels of sAPPβ and β-Secretase

The compounds isolated from the EA fraction of APE were evaluated for potential
cytotoxicity at concentrations of 50 and 10 µg/mL using the MTT assay. None of these
compounds decreased the viability of the APP-CHO cells to below 80% (Supplementary
Figure S25); thus, subsequent studies were conducted using concentrations of 50 and
10 µg/mL.

The effects of these compounds on sAPPβ and β-secretase were analyzed via Western
blotting. Compounds 1–11 reduced sAPPβ production. Particularly, compounds 4 and 6
at 50 µg/mL decreased the sAPPβ levels to 40% compared to the DMSO-treated control
group, while compound 8 achieved a reduction to 30%. Furthermore, all the compounds
significantly decreased the levels of β-secretase compared to the DMSO-treated control
group. Compounds 4 and 9 (50 µg/mL) also significantly reduced the β-secretase levels to
50% and 60%, respectively, of those in the DMSO-treated control group (Figure 6).
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Figure 6. The effects of compounds 1–11 on sAPPβ and β-secretase. (A–C,J–L) The supernatant and
cell lysates obtained from APP-CHO cells treated with the compounds (50 and 10 µg/mL) were
subjected to Western blot analysis to determine the levels of sAPPβ and β-secretase, respectively.
(D–I,M–R) Graphs showing changes in the levels of sAPPβ and β-secretase proteins. Data are
presented as means ± SD of three independent experiments, with values expressed as a percentage
relative to the DMSO-treated control group. * p < 0.05 indicates statistical significance (PC: positive
control, extract of D. crassirhizoma roots).

3.7. Inhibitory Effects of the Isolated Compounds on γ-Secretase Levels

In the amyloidogenic pathway of APP, Aβ is produced by the cleavage of β-secretase
and γ-secretase, so the levels of γ-secretase were also analyzed through Western blot
analysis. As shown in Figure 7, all the compounds except compounds 5 and 6 reduced the
levels of γ-secretase compared to the DMSO-treated control group. Notably, compounds
3 and 4 at 50 µg/mL significantly decreased the γ-secretase levels to only 38 and 44%,
respectively, compared to the DMSO-treated control group.
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Figure 7. The effects of compounds 1–11 on the levels of γ-secretase. (A–C, G–I) APP-CHO cells
treated with 50 and 10 µg/mL of compounds were subjected to Western blot analysis in order to
determine the levels of γ-secretase in the cell lysates. (D–F, J–L) Graphs showing changes in the
γ-secretase proteins. Data are presented as means ± SD of three independent experiments, with
values expressed as a percentage relative to the DMSO-treated control group. * p < 0.05 indicates
statistical significance compared to the control group. * p < 0.05 indicates a significant differences
compared to the control group (PC: positive control, extract of D. crassirhizoma roots).

3.8. Effects of the Isolated Compounds on sAPPα and α-Secretase Levels

APP is cleaved by α-secretase within the Aβ domain, which precludes the production
of intact Aβ in the non-amyloidogenic pathway. Instead, APP ectodomain fragments,
sAPPα are released from the cells. Thus, the effects of the compounds from APE on the
levels of sAPPα and α-secretase were determined through Western blot analysis. As shown
in Figure 8, all the compounds isolated from APE showed no significant differences in
sAPPα and α-secretase levels compared to the DMSO-treated control group.
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Compounds 1, 2, 4, 8, and 10, which exhibited significant inhibition of Aβ production, 

were assessed for their effects on both the aggregation and disaggregation of Aβ using the 
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at 100 μg/mL was particularly effective among the eleven isolated compounds, reducing 

Aβ aggregation to 43% of the level observed in the Aβ-only control group. To evaluate the 

impact of these compounds on the disaggregation of pre-formed Aβ aggregates, Aβ was 

pre-aggregated for 24 h, followed by incubation with the compounds at concentrations of 

100, 50, and 10 μg/mL. The extent of Aβ aggregation was subsequently measured using 
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Figure 8. The effects of compounds 1–11 on sAPPα and α-secretase. (A–C,J–L) APP-CHO cells treated
with 50 and 10 µg/mL of compounds were subjected to Western blot analysis in order to determine
the levels of sAPPα in the supernatant and those of α-secretase in the cell lysates. (D–I,M–R) Graphs
showing changes in the levels of sAPPα and α-secretase proteins. Data are presented as means ± SD of
three independent experiments, with values expressed as a percentage relative to the DMSO-treated
control group. * p < 0.05 indicates statistical significance compared to the control group.

3.9. Compounds from APE Inhibited Aβ Aggregation and Promoted the Disaggregation of
Pre-Aggregated Aβ

Compounds 1, 2, 4, 8, and 10, which exhibited significant inhibition of Aβ production,
were assessed for their effects on both the aggregation and disaggregation of Aβ using
the Th T assay. As illustrated in Figure 9A, these compounds at 100 µg/mL significantly
reduced the Aβ aggregation compared to the Aβ-only control group. Notably, compound 8
at 100 µg/mL was particularly effective among the eleven isolated compounds, reducing
Aβ aggregation to 43% of the level observed in the Aβ-only control group. To evaluate the
impact of these compounds on the disaggregation of pre-formed Aβ aggregates, Aβ was
pre-aggregated for 24 h, followed by incubation with the compounds at concentrations of
100, 50, and 10 µg/mL. The extent of Aβ aggregation was subsequently measured using
the Th T assay. As depicted in Figure 9B, compounds 1, 2, 4, 8, and 10 at 100 µg/mL
significantly promoted the disaggregation of the Aβ aggregates into monomers compared
to in the Aβ-only control group. Compound 8 at 100 µg/mL, in particular, was the most
effective among the isolated compounds, facilitating the disaggregation of Aβ to 41% of
the level observed in the Aβ-only control group.
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Figure 9. The effects of the compounds on the aggregation and disaggregation of Aβ. (A) The
compounds isolated from APE were incubated with Aβ at concentrations of 100, 50, and 10 µg/mL.
After 24 h, the aggregation of Aβ was assessed using the Th T assay. (B) The compounds isolated from
APE were added to Aβ aggregates pre-formed for 24 h at concentrations of 100, 50, and 10 µg/mL.
After an additional 24 h, the disaggregation of Aβ was evaluated using the Th T assay. All data are
presented as means ± SD of three independent experiments. * p < 0.05, significantly different from
the Aβ-only group (PC: positive control, quercetin, 50 µg/mL).

4. Discussion

Aβ is produced following the sequential cleavage of APP by β- and γ-secretases in
the amyloidogenic pathway [8]. In the alternative non-amyloidogenic pathway, APP is
cleaved within the Aβ domain by α-secretase, and this precludes the formation of Aβ [8].
In addition, as a secondary mechanism to secretase reduction, secretase reduction increases
autophagic flux, resulting in increased Aβ clearance, which means a reduction in cerebral
toxic substances [38]. The produced monomer forms of Aβ aggregate into neurotoxic
Aβ oligomers and fibrils, eventually deposited as senile plaques [39]. Furthermore, the
Aβ aggregates promote the production of free radicals such as ROS that react rapidly
with proteins and lipids, resulting in the formation of toxic oxidized proteins and per-
oxidized lipids [40]. Persistent Aβ aggregation also induces the sustained activation of
the innate immune system and activates microglial cells, which, in turn, secretes various
proinflammatory cytokines and chemokines, leading to neuroinflammation [41]. This
process exacerbates microglia-mediated neuronal loss and synaptic degeneration, which
are significant contributors to the development of AD [42]. In this study, APE effectively
decreased Aβ production by decreasing the β-secretase levels, which is a crucial enzyme in
the amyloidogenic pathway for Aβ production from APP. Furthermore, APE demonstrated
significant reductions in Aβ aggregation and facilitated the disaggregation of pre-formed
Aβ aggregates. These results suggest that APE may have had positive effects in treating AD.

This study marks the first report on the inhibitory effects of APE on the production and
aggregation of Aβ and the promotion of Aβ disaggregation. Based on the bioassay-guided
isolation, 11 flavonoids were isolated and identified. Among them, (-)-epiafzelechin 5-O-β-
D-glucopyranoside (4) and apigenin 7-O-β-D-glucopyranoside (6) significantly reduced
Aβ production by reducing the levels of β-secretase and γ-secretase in the APP-CHO
cells, but there was no significant change in the levels of α-secretase. Moreover, epi-
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catechin (1), catechin (2), (-)-epiafzelechin 5-O-β-D-glucopyranoside (4), quercetin 3-O-β-D-
glucopyranoside (8), and luteolin 7-O-β-D-glucopyranoside (10) also significantly reduced
Aβ aggregation and promoted the disaggregation of pre-formed Aβ aggregates.

All isolates isolated in this study except epi-catechin (1) and (-)-epiafzelechin 5-O-β-
D-glucopyranoside (4) were previously isolated from A. pilosa [43–49]. Epi-catechin (1)
and catechin (2) isolated from cocoa had neuroprotective effects by increasing the viability
of PC12 cells in response to Aβ-induced neurotoxicity [50]. In addition, epi-catechin (1),
catechin (2), and (2S, 3S)-dihydrokaempferol 3-O-β-D-glucopyranoside (3) had potent
antioxidant activity in an in vitro assay [29,51]. Moreover, epi-catechin (1) has an important
role as a bioactive natural product, and a recent study revealed that procyanidins, con-
densed tannins of (-)-epicatechin, are a potent virucidal agent against SARS-CoV-2 [52].
Kaempferol 3-O-β-D-glucopyranoside (5) is known to have antioxidant effects by upregulat-
ing the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase (HO)-1 signaling
pathway through decreasing reactive oxygen species (ROS) in lipopolysaccharide(LPS)-
stimulated BV2 cells [53]. Apigenin 7-O-β-D-glucopyranoside (6) and luteolin 7-O-β-D-
glucopyranoside (10) exhibited very high binding affinity to acetyl cholinesterase (AChE)
and butyrylcholinesterase (BChE) and the potential for anti-inflammatory effects [54].
Quercetin 3-O-β-D-glucopyranoside (8) improves Aβ25-35-induced memory deficits and
cognitive impairment and promotes brain protection against oxidative stress [55]. However,
a positive effect of isolated compounds 1–11 on Aβ production and aggregation has not
been reported previously.

Flavonoids, secondary metabolites, have garnered significant interest in the pharma-
ceutical industry owing to their wide range of therapeutic properties [56]. They are also
noted for their potential in alleviating cognitive decline, restoring memory function, and de-
laying the onset of conditions associated with AD [57]. Several flavonoids, such as quercetin
and epigallocatechin gallate (EGCG), have shown the ability to ameliorate Aβ pathology
in in vitro and in vivo studies [58,59]. Well-known examples of flavonoid-mediated in-
hibition of APP processing were reported with quercetin and quercetin-3-O-rutinoside,
with significantly increased degradation of β-secretase in SH-SY5Y cells overexpressing
APPswe [60]. Furthermore, (-)-epicatechin inhibited β- and γ-secretase-dependent APP pro-
cessing with a low IC50 value of 20.5 nM, which led to reduced Aβ pathology in TASTPM
transgenic AD mice [61]. Moreover, EGCG is a well-known example of an inhibitor of
APP processing [62]. EGCG has been shown to dose-dependently increase the ratio of
mature ADAM10 (mADAM10) to pro-ADAM10 in vitro, which correlates with a switch to
non-amyloidogenic processing and reduced Aβ production [63]. The finding that EGCG
enhances non-amyloidogenic APP processing was confirmed in vivo in several different
mouse models of AD [64]. The administration of EGCG has been shown to reduce both
soluble and insoluble Aβ levels by promoting α-secretase activity while simultaneously
downregulating β- and γ-secretase activities [65]. Another instance involves baicalein, a
flavone that promotes the non-amyloidogenic cleavage of APP and concurrently inhibits
amyloidogenic cleavage through a pathway dependent on GABAA receptors [66].

Several studies have suggested that the inclusion of an O-quinone moiety in flavonoids
or phenolic compounds containing catechol could facilitate the formation of covalent
adducts with Aβ [67]. This interaction may play a crucial role in reducing Aβ aggrega-
tion [68]. Moreover, research has indicated that the hydroxyl groups and phenolic rings
present in flavonoids play a critical role in their non-covalent interactions with β-sheet
structures, which are characteristic of amyloid proteins [69]. For instance, investigations
into quercetin have specifically highlighted its ability to potentially hinder Aβ aggregation
by engaging in hydrophobic interactions and hydrogen bonding with the β-sheets that
form [26].

Oxidative stress is a common pathological feature observed in AD [70], and the antiox-
idant properties of flavonoids are credited for their neuroprotective effects [71]. Oxidative
stress diminishes α-secretase activity and promotes the activation of redox-sensitive cell
signaling pathways, such as c-Jun N-terminal kinase, thereby increasing the expression of
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β- and γ-secretase [72]. Consequently, flavonoids may mitigate the detrimental effects of
oxidative stress during the progression of AD [73]. Moreover, flavonoids are recognized for
their ability to inhibit AChE and BChE, with their effectiveness influenced by the number
and position of hydroxyl groups in the phenyl ring [74]. Therefore, the presence of a high
concentration of flavonoids in APE suggests potential benefits in treating or preventing AD
via multiple mechanisms of action.

To overcome the limitations of the in vitro experiments in this study, additional in vivo
animal studies and potential variability in the composition of botanical extracts should
be investigated in the future. In addition, a requirement for high doses of the extract to
achieve beneficial effects could cause toxicity and limit the use of the extract. Therefore, the
optimal extraction method should be developed before in vivo animal studies.

5. Conclusions

In this study, Agrimonia pilosa LEDEB. and its EA fraction significantly reduced the
production of sAPPβ and the levels of β-secretase in APP-CHO cells, while APE and its
EA fraction inhibited Aβ aggregation and promoted the disaggregation of Aβ aggregates.
Eleven flavonoids were isolated and identified. All the compounds significantly reduced
Aβ production by decreasing the levels of β-secretase and γ-secretase. Especially, (-)-
epiafzelechin 5-O-β-D-glucopyranoside (4) was the most effective in terms of the reduction
in Aβ and β-secretase, and (2S, 3S)-dihydrokaempferol 3-O-β-D-glucopyranoside (3) and (-)-
epiafzelechin 5-O-β-D-glucopyranoside (4) significantly decreased the levels of γ-secretase
compared to those in the DMSO-treated control group. Moreover, epi-catechin (1), catechin
(2), (-)-epiafzelechin 5-O-β-D-glucopyranoside (4), quercetin 3-O-β-D-glucopyranoside
(8), and luteolin 7-O-β-D-glucopyranoside (10) significantly reduced Aβ aggregation in a
dose-dependent manner and promoted the disaggregation of pre-formed Aβ aggregates.
These results suggest that APE and its active constituents efficiently blocked one of the
major pathologic hallmarks in AD. Therefore, APE and its active constituents might have
the potential to be developed as therapeutics and preventatives of AD.
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