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Abstract

Alzheimer’s disease (AD) is a prevalent neurodegenerative condition that progressively im-
pairs cognitive processes, particularly learning and memory. A key pathological feature of
AD involves senile plaques mainly composed of β-amyloid (Aβ) peptides, generated via the
amyloidogenic pathway from amyloid precursor protein (APP) through sequential β-secretase
(BACE1) and γ-secretase cleavage, positioning BACE1 inhibition as a prime therapeutic target.
In this study, we applied bioassay-guided fractionation of the butanol-soluble fraction from
Dryopteris crassirhizoma rhizomes, previously reported to inhibit Aβ production, to isolate and
characterize Aβ-lowering constituents. Through successive chromatographic steps, nine com-
pounds were isolated and structurally classified into flavonoids, chromones, and phlorogluci-
nols, including epicatechin (1), β-carboxymethyl-(-)-epicatechin (2), 7-methoxy-isobiflorin (3),
biflorin (4), eriodictyol (5), noreugenin (6), phloroglucinols (butyrylphloroglucinol (7),
2-propionyl-4-methylphloroglucinol (8), and 2-butyryl-4-methylphloroglucinol (9) by compre-
hensive spectroscopic analysis (NMR, MS, UV, IR). These compounds were assessed for effects
on sAPPβ and BACE1 (β-secretase) levels by Western blot, with Aβ production quantified
via ELISA in a cellular AD model (APP-CHO cells). Compounds 5–9 significantly reduced
sAPPβ and BACE1 expression while potently suppressing Aβ generation. These results
demonstrate that diverse constituents from D. crassirhizoma rhizomes inhibited Aβ production
through BACE1 suppression, highlighting their potential as natural lead compounds for AD
prevention or therapy.

Keywords: beta-amyloid production; BACE1 (beta-secretase); Alzheimer’s disease;
phloroglucinols; APP-CHO cells

1. Introduction
Alzheimer’s disease (AD) is the leading cause of neurodegeneration worldwide and

accounts for about 71% of irreversible dementia cases in the elderly population [1]. The
disease is incurable and is characterized clinically by gradual memory loss, cognitive
impairment, and neuropsychiatric symptoms such as depression and anxiety [2,3]. As AD
progresses, patients eventually lose the ability to perform daily activities [1,2].
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Neuropathologically, AD is characterized by the accumulation of extracellular β-amyloid
(Aβ) plaques and intracellular neurofibrillary tangles formed by hyperphosphorylated tau, ac-
companied by extensive neuronal degeneration. Accumulations of Aβ and tau are considered
the principle factors that contribute to neuronal degeneration and clinical deficits [4,5].

Aβ arises from aberrant proteolytic cleavage of amyloid precursor protein (APP),
a transmembrane protein. BACE1 (β-secretase)–mediated processing of APP produces
two distinct fragments: an extracellularly released N-terminal sAPPβ and a membrane-
associated C-terminal C99 fragment. The C99 fragment is subsequently cleaved by the
γ-secretase complex, which consists of presenilin-1 or -2, presenilin enhancer-2, anterior
pharynx-defective protein, and nicastrin, thereby generating Aβ peptides. These Aβ

monomers undergo progressive aggregation into oligomeric species and insoluble fibrils
that exhibit cytotoxicity and contribute to neuronal cell death. Therefore, inhibiting Aβ

production represents a promising strategy for the prevention and treatment of AD [6,7].
Our previous study identified the butanol-soluble fraction of the rhizomes of Dry-

opteris crassirhizoma Nakai (commonly known as Gwanjung) significantly reduced Aβ

production to 26% of the DMSO-treated control, accompanied by suppression of BACE1 to
20% [8]. Traditionally, this medicinal plant has been used for its anti-parasitic, detoxifying,
antipyretic, hemostatic, and uterotonic properties, as well as in the treatment of parasitic
infections, colds, cancer, and meningitis. However, its effects against dementia have not
been previously reported, and the active compounds responsible for its anti-amyloidogenic
activity have not been identified [9].

Based on these observations, this study employed bioassay-guided fractionation of the
D. crassirhizoma butanol fraction using successive chromatographic techniques to isolate
and structurally characterize Aβ-lowering compounds. Nine constituents were purified
and evaluated for effects on sAPPβ secretion, BACE1 expression (Western blot), and Aβ

production (ELISA) in APP-CHO cells, aiming to identify novel natural BACE1 inhibitors
through systematic separation science.

2. Materials and Methods
2.1. Column Chromatography

For HPLC analyses, ACE-121-2546 columns (5 µm, 250 × 4.6 mm, Advanced Chromatog-
raphy Technologies, Aberdeen, UK) and YMC-Pack ODS-A columns (5 µm, 250 × 10 mm,
Yamamura Chemical, Kyoto, Japan) were used. Open column chromatography employed
silica gel (200–400 mesh, Fisher Scientific, Pittsburgh, PA, USA), Lichroprep RP-18 (40–63 µm,
Merck, Darmstadt, Germany), and MCI gel CHP 20P (75–150 µm, Mitsubishi Chemical, Tokyo,
Japan) as packing materials. Thin-layer chromatography (TLC) was performed on Kieselgel
60 F254 plates (0.2 mm, Merck). Vanillin-sulfuric acid spray reagent was prepared using
10% vanillin and 10% sulfuric acid (Sigma, St. Louis, MO, USA).

2.2. Preparation of Extract and Partitioned Fractions

Six kilograms of D. crassirhizoma rhizomes were purchased from a commercial market
(Incha Herb Market, Seoul, Republic of Korea). Botanical authentication was carried out
by one of the authors (S.-Y. Park), and a voucher specimen (D2015007) has been deposited
in the Pharmacognosy Laboratory, College of Pharmacy, Dankook University (Cheonan,
Republic of Korea). The dried and pulverized D. crassirhizoma rhizomes were extracted with
90% methanol at room temperature. The extracts were filtered using filter paper (Nalgene, NY,
USA) and solvents were removed under vacuum using a rotary evaporator. The methanol
extract was suspended in water and sequentially fractionated using solvents with increasing
polarity: n-hexane, methylene chloride, ethyl acetate, butanol, and water. After evaporation,
butanol fraction yielded approximately 80 g (24.6% of total methanol extract).

https://doi.org/10.3390/separations13010035

https://doi.org/10.3390/separations13010035


Separations 2026, 13, 35 3 of 12

2.3. Isolation of Compounds

The butanol fraction was first separated by MCI gel column chromatography (CC)
eluted with a water:methanol gradient (7:3 to 100% methanol) to yield six fractions (CRB
1–CRB 6) [10]. Of the six fractions, CRB 2 and CRB 5 showed notable inhibitory effects
on sAPPβ production, reducing its level to 41% and 55% of the control at 100 µg/mL
without any cytotoxicity. Based on their superior activity compared with the other fractions
and their suitability for compound isolation, these two fractions were selected for further
investigation. Fraction CRB 2 (22 g) was separated by silica gel CC using a methylene
chloride:methanol:water solvent system (7:2:1 to 7:5:1) into five subfractions (CRB 2-1 to
CRB 2-5). CRB 2-1 and CRB 2-3 exhibited greater inhibition of sAPPβ production (61% and
56% of control, respectively) at 100 µg/mL compared with the other subfractions (>80%).
Subfraction CRB 2-1 (198 mg) was purified using semi-preparative C18 HPLC (flow rate
3 mL/min, 12% → 20% acetonitrile gradient, 45 min), yielding compounds 1 (1.8 mg) and
2 (1.6 mg). Subfraction CRB 2-3 (206 mg) was similarly purified under the same conditions
for 40 min, resulting in compounds 3 (6.7 mg) and 4 (4.5 mg) [11]. Fraction CRB 5 (3.5 g)
was separated by C18 MPLC using a methylene chloride:methanol:water gradient (10:1:1 to
10:5:1) into 10 subfractions (CRB 5-1 to CRB 5-10). Among the subfractions, CRB 5-1 to CRB
5-4 exhibited strong inhibitory effects, reducing sAPPβ levels to below 50% of the control
at 100 µg/mL, while the other subfractions showed levels above 80%. Due to their low
yields (<20 mg) despite chemical complexity, CRB 5-3 and CRB 5-4 were excluded, and only
CRB 5-1 and CRB 5-2 were selected for compound isolation. Subfraction CRB 5-1 (255 mg)
was purified by semi-preparative HPLC (3 mL/min, 40% → 50% acetonitrile gradient,
20 min) to yield compounds 5 (12 mg), 7 (10.0 mg), 8 (5.5 mg), and 9 (15.0 mg). Subfraction
CRB 5-2 (26 mg) was also purified under the same HPLC conditions to isolate compound
6 (11.1 mg). The isolated compounds were structurally identified as epicatechin (1) [12],
β-carboxymethyl-(-)-epicatechin (2) [13], 7-methoxy-isobiflorin (3) [14], biflorin (4) [15],
eriodictyol (5) [16], noreugenin (6) [17], butyrylphloroglucinol (7) [18], 2-propionyl-4-
methylphloroglucinol (8) [18] and 2-butyryl-4-methylphloroglucinol (9) [18] by comparing
their 1H and 13C NMR spectroscopic data with those reported in the literature.

Epicatechin (1)—White powder; 1H-NMR (400 MHz, acetone-d6) δ: 7.05 (1H, d,
J = 2.0 Hz, H-2′), 6.84 (1H, dd, J = 8.1, 2.0 Hz, H-6′), 6.79 (1H, d, J = 8.1 Hz, H-5′), 6.02 (1H,
d, J = 2.3 Hz, H-6), 5.92 (1H, d, J = 2.3 Hz, H-8), 4.88 (1H, s, H-2), 4.21 (1H, m, H-3), 2.87
(1H, dd, J = 16.5, 4.6 Hz, H-4β), 2.74 (1H, dd, J = 16.5, 3.2 Hz, H-4α); 13C-NMR (100 MHz,
acetone-d6) δ: 157.6 (C-5), 157.6 (C-7), 157.2 (C-8a), 145.5 (C-5′), 145.4 (C-3′), 145.3 (C-4′),
132.3 (C-1′), 119.4 (C-6′), 115.5 (C-2′), 115.3 (C-2′), 99.9 (C-4a), 96.2 (C-6), 95.8 (C-8), 79.5
(C-2), 67.0 (C-3), 29.0 (C-4).

β-Carboxymethyl-(-)-epicatechin (2)—Light-brown solid; 1H-NMR (600 MHz, acetone-
d6) δ: 7.08 (1H, d, J = 1.7 Hz, H-2′), 6.87 (1H, dd, J = 8.2, 1.8 Hz, H-6′), 6.81 (1H, d, J = 2.2 Hz,
H-5′), 6.04 (1H, d, J = 2.2 Hz, H-8), 5.94 (1H, d, J = 2.2 Hz, H-6), 4.93 (1H, s, H-2), 4.01 (1H,
s, H-3), 3.46 (1H, d, J = 6.2 Hz, H-4), 3.05 (1H, dd, J = 16.4, 3.5 Hz, H-1′′b), 2.45 (1H, dd,
J = 16.4, 11.2 Hz, H-1′′a); 13C-NMR (150 MHz, acetone-d6) δ: 173.9 (C-2′′), 157.9 (C-7, 9),
156.3 (C-5), 145.5 (C-4′), 145.3 (C-3′), 132.2 (C-1′), 119.3 (C-6′), 115.6 (C-5′), 115.3 (C-2′), 102.7
(C-10), 96.6 (C-8), 95.8 (C-6), 75.4 (C-2), 70.2 (C-3), 39.1 (C-1′′), 36.0 (C-4).

7-Methoxy-isobiflorin (3)—White powder; 1H-NMR (400 MHz, CD3OD) δ: 6.24 (1H,
s, H-6), 6.09 (1H, s, H-3), 4.39 (1H, d, J = 7.6 Hz, H-1′′), 4.10 (1H, m, H-2′′), 3.97 (3H, s,
7-OCH3), 3.94 (1H, dd, J = 11.6, 4.8 Hz, H-6′′a), 3.70 (1H, br d, J = 11.6 Hz, H-6′′b), 3.48
(1H, m, H-3′′), 3.45 (2H, m, H-4′′, H-5′′), 2.40 (3H, s, 2-CH3); 13C-NMR (100 MHz, CD3OD)
δ: 184.3 (C-4), 169.3 (C-2), 164.6 (C-9), 162.8 (C-7), 149.4 (C-5), 108.7 (C-3), 106.3 (C-10), 105.2
(C-8), 94.5 (C-6), 82.4 (C-5′′), 80.0 (C-3′′), 74.9 (C-1′′), 72.8 (C-2′′), 71.7 (C-4′′), 62.9 (C-6′′),
56.8 (7-OCH3), 20.3 (2-CH3).
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Biflorin (4)—Purple solid; 1H-NMR (400 MHz, CD3OD) δ: 7.55 (1H, d, J = 8.3 Hz, H-4),
7.43 (1H, d, J = 8.3 Hz, H-5), 7.10 (1H, br s, H-2), 5.18 (1H, t, H-12), 2.74 (3H, br s, H-16),
2.56 (2H, t, J = 7.4 Hz, H-10), 2.31 (2H, dt, H-11), 2.01 (3H, s, H-17), 1.74 (3H, br s, H-15),
1.62 (3H, br s, H-14); 13C-NMR (100 MHz, CD3OD) δ: 182.4 (C-7), 178.4 (C-8), 162.1 (C-9a),
146.9 (C-6), 141.1 (C-2), 136.7 (C-5), 133.9 (C-13), 129.3 (C-3a), 128.6 (C-4), 126.9 (C-6a), 124.5
(C-9b), 122.8 (C-12), 116.3 (C-3), 113.7 (C-9), 27.6 (C-10), 27.5 (C-11), 26.1 (C-15), 23.5 (C-16),
18.2 (C-14), 8.1 (C-17).

Eriodictyol (5)—Yellow powder; 1H-NMR (400 MHz, CD3OD) δ: 6.91 (1H, H-2′), 6.78
(2H, H-5′, H-6′), 5.90 (1H, H-6), 5.88 (1H, H-8), 5.28 (1H, dd, J = 13, 3 Hz, H-2), 3.06 (1H, dd,
J = 17, 13 Hz, H-3a), 2.70 (1H, dd, J = 17, 3 Hz, H-3b); 13C-NMR (100 MHz, CD3OD) δ: 197.7
(C-4), 168.3 (C-7), 165.4 (C-5), 164.8 (C-9), 146.9 (C-4′), 146.5 (C-3′), 131.8 (C-1′), 119.2 (C-6′),
116.2 (C-5′), 114.7 (C-2′), 103.3 (C-10), 97.0 (C-6), 96.1 (C-8), 80.5 (C-2), 44.1 (C-3).

Noreugenin (6)—brown powder; 1H-NMR (400 MHz, acetone-d6) δ: 12.89 (1H, br s,
OH), 6.36 (1H, d, J = 2.0 Hz, H-8), 6.23 (1H, d, J = 2.0 Hz, H-6), 6.07 (1H, br s, H-3), 2.37 (3H,
br s, H-11); 13C-NMR (100 MHz, acetone-d6) δ: 168.3 (C-2), 108.9 (C-3), 182.9 (C-4), 164.1
(C-5), 99.5 (C-6), 164.8 (C-7), 94.5 (C-8), 159.3 (C-9), 14.9 (C-10), 120.3 (C-11).

Butyrylphloroglucinol (7)—Red powder; 1H-NMR (400 MHz, CD3OD) δ: 5.79 (2H,
s, H-3, H-5), 3.01 (2H, t, J = 7.4 Hz, H-8), 1.68 (2H, m, H-9), 0.96 (3H, s, H-10); 13C-NMR
(100 MHz, CD3OD) δ: 207.4 (C=O), 166.1 (C-4), 165.9 (C-2), 165.9 (C-6), 105.6 (C-1), 95.8
(C-3), 95.8 (C-5), 46.8 (C-8), 19.6 (C-9), 14.5 (C-10).

2-Propionyl-4-methylphloroglucinol (8)—Red powder; 1H-NMR (400 MHz, CD3OD)
δ: 5.88 (1H, s, H-5), 3.07 (2H, t, J = 7.5 Hz, H-9), 1.90 (3H, S, H-7), 1.13 (3H, t, J = 7.5 Hz,
H-10); 13C-NMR (100 MHz, CD3OD) δ: 208.0 (C=O), 164.9 (C-6), 163.7 (C-4), 161.4 (C-2),
103.7 (C-1), 94.8 (C-5), 38.1 (C-9), 9.4 (C-10), 7.4 (C-7).

2-Butyryl-4-methylphloroglucinol (9)—Red powder; 1H-NMR (400 MHz, CD3OD)
δ: 5.86 (1H, s, H-5), 3.01 (2H, t, J = 7.6 Hz, H-9), 1.91 (3H, s, H-7), 1.68 (2H, m, H-10), 0.96
(3H, s, H-11); 13C-NMR (100 MHz, CD3OD) δ: 207.4 (C=O), 164.9 (C-6), 163.7 (C-4), 161.4
(C-2), 103.6 (C-1), 94.8 (C-5), 46.9 (C-9), 19.5 (C-10), 14.4 (C-11), 7.4 (C-7).

2.4. Cell Culture

APP-CHO cells generated by transfecting Chinese hamster ovary (CHO) cells with an
APP-pcDNA 3.1 vector, were cultured in RPMI medium containing 10% fetal bovine serum
(FBS) and 2.5 mg/mL geneticin to ensure stable selection [8,19]. Cells were maintained in
T75 flasks at 37 ◦C in a humidified 5% CO2 incubator, with medium changes performed
every three days.

2.5. Cytotoxicity Assay

The cytotoxic effects of the compounds on APP-CHO cells were evaluated using an
MTT assay. Cells were incubated with the test samples for 24 h, after which MTT solution
(5 mg/mL) was added and incubation was continued for 3 h. After removing the medium,
DMSO was added to dissolve the formazan crystals for 30 min. Optical density at 570 nm was
measured with an Emax precision microplate reader (Molecular Devices, San Jose, CA, USA).

2.6. Western Blot Analysis

APP-CHO cells seeded in 6-well plates were treated with the compounds for 24 h.
Conditioned media were harvested and clarified by centrifugation at 3000× g to eliminate
cell debris. Cells were rinsed with PBS, lysed in 100 µL of lysis buffer per well, incubated
on ice for 30 min, and stored at −20 ◦C. Protein levels was measured using a SMART™
BCA kit. Both media and cell lysates were mixed with loading buffer, heated at 100 ◦C for
10 min, and kept at −20 ◦C until analysis. Proteins were separated on 7.5% polyacrylamide
gels by electrophoresis and transferred to PVDF membranes. After blocking with 5% skim
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milk in PBS for 1 h, membranes were washed with PBST and incubated overnight at 4 ◦C
with primary antibodies: sAPPβ (1:1000, IBL, Fujioka, Japan), BACE1 (1:1000, Abcam,
Cambridge, UK), and α-Tubulin (1:10,000, Abcam). Membranes were washed three times
with PBST and then incubated with secondary antibodies at room temperature for 1 h:
goat anti-rabbit IgG (1:5000, Bio-Rad, Hercules, CA, USA) or goat anti-mouse IgG (1:5000,
Bio-Rad). Detection was performed using an ECL spray (Advansta, San Jose, CA, USA)
and visualized using a Bio-rad ChemiDoc imaging system [20].

2.7. Measurement of Aβ

APP-CHO cells (6 × 104 cells/well) were seeded in 96-well plates, incubated for 4 h,
and treated with test compounds for 24 h. Supernatants were then collected and clarified
by centrifugation at 3000× g for 5 min. Aβ concentrations were quantified using a Human
Aβ40 Quantikine® ELISA kit (R&D Systems, Minneapolis, MN, USA). Briefly, standard
and samples (20 µL supernatant plus 180 µL diluent RD2-7) were dispensed into the wells
and incubated at 2–8 ◦C for 2 h. After aspiration of the reaction mixture, wells were washed
three times with 400 µL washing buffer. Human Amyloid β (aa1–40) Conjugate (200 µL)
was added and incubated for 2 h at 2–8 ◦C, followed by four additional washes. Substrate
solution (200 µL) was applied to the wells and incubated for 30 min in the dark. The
enzymatic reaction was terminated by adding 50 µL of stop solution, and absorbance was
measured at 450 nm using a microtiter plate reader.

2.8. Statistical Analysis

All results are expressed as the mean ± SD. Statistical analysis was initiated by as-
sessing variance homogeneity using Levene’s test. When the p-value exceeded 0.05, equal
variances were assumed, and comparisons among two or more groups were performed
using one-way analysis of variance (ANOVA) followed by Fisher’s least significant differ-
ence (LSD) post hoc test (SPSS version 27.0; Armonk, NY, USA). In cases where Levene’s
test indicated unequal variances (p < 0.05), alternative statistical approaches were applied,
including Tamhane’s T2 and Dunnett’s tests for multiple group comparisons. Differences
were considered statistically significant at p < 0.05.

3. Results
3.1. Structural Characterization of the Isolated Compounds

Nine compounds were isolated from the butanol fraction of D. crassirhizoma rhi-
zomes via bioassay-guided chromatography and identified by comprehensive spectro-
scopic analysis (1D/2D NMR, HRMS, UV, IR) with literature comparisons (Figure 1).
These comprised flavonoids, chromones, and phloroglucinols including epicatechin (1),
4β-carboxymethyl-(-)-epicatechin (2), 7-methoxy-isobiflorin (3), biflorin (4), eriodictyol (5),
noreugenin (6), butyrylphloroglucinol (7), 2-propionyl-4-methylphloroglucinol (8), and
2-butyryl-4-methylphloroglucinol (9). All assignments were confirmed by characteristic
spectral features and supported by literature comparisons.
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Figure 1. Structures of compounds isolated from D. crassirhizoma. 1: epicatechin, 2: β-carboxymethyl-
(-)-epicatechin, 3: 7-methoxy-isobiflorin, 4: biflorin, 5: eriodictyol, 6: noreugenin, 7: butyrylphloroglu-
cinol, 8: 2-propionyl-4-methylphloroglucinol and 9: 2-butyryl-4-methylphloroglucinol.

3.2. Cytotoxicity Assesments of Isolated Compounds in APP-CHO Cells

MTT assay evaluated cytotoxicity of compounds 1–9 in APP-CHO cells (Figure 2).
Compounds 1–6 and 8 were tested at concentrations of 20 and 100 µg/mL, while
compounds 7 and 9 were tested at 10, 20, and 100 µg/mL The results showed that
compounds 1–6 and 8 showed no toxicity at both concentrations. Compounds 7 and 9 were
non-toxic at 10 and 20 µg/mL but cytotoxic at 100 µg/mL. Thus, Subsequent bioassays
used 10–20 µg/mL for compounds 7 and 9 and 20–100 µg/mL for others.

Figure 2. Viability of APP-CHO cells following the treatment with compounds 1–9. The cell viability
after the treatment with the compounds were determined by MTT assay. The average viability lower
than 80% compared to DMSO-treated group was considered cytotoxic. Data represent the mean ± SD
of three independent experiments and are expressed as a percentage of the DMSO-treated group.
* p < 0.05, significantly different from the DMSO-treated control group (0.1% DMSO).

3.3. Modulation of sAPPβ and BACE1 Levels by the Isolated Compounds

To assess the Aβ inhibitory potential of compounds 1–9, we measured BACE1 pro-
tein expression and the amount of sAPPβ secreted extracellularly in APP-CHO cells by
Western blot analysis at non-cytotoxic concentrations. The amount of sAPPβ produced was
compared to that of control cells treated with DMSO alone. Compounds 1 and 2 showed
no significant inhibition at 100 µg/mL. However, compounds 3 and 4 reduced sAPPβ
secretion by approximately 25% at 100 µg/mL. Compounds 5 and 6 decreased sAPPβ
levels by about 30% at 20 µg/mL and over 50% at 100 µg/mL. Compounds 7, 8, and 9
exhibited dose-dependent suppression, with compound 7 by 18% at 10 µg/mL and over
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60% at 20 µg/mL, compound 8 by 40% at 20 µg/mL and over 80% at 100 µg/mL, and
compound 9 by 40% at 10 µg/mL and over 80% at 20 µg/mL (Figure 3).

Figure 3. Inhibition of sAPPβ production by compounds 3–9. Western blot analysis was performed
on supernatants from APP-CHO cells treated with the compounds 3–6 (A) and 7–9 (B) were to
determine sAPPβ levels. Changes in sAPPβ levels are shown in the accompanying graphs. Data
presented the means ± SD of three independent experiments and are presented as a percentage
of the DMSO-treated control. Equal amount of total protein was loaded in each lane. Statistical
significance was defined as p < 0.05. * p < 0.05, significantly different from the control group. C: control
(0.1% DMSO), P: positive control, D. crassirhizoma rhizome extract (50 µg/mL).

BACE1 protein levels were also quantified by Western blot in APP-CHO cells at
non-cytotoxic concentrations. Compounds 1 and 2 showed no significant inhibition.
Compounds 3 and 4 showed approximately 25% reduction of BACE1 at 100 µg/mL, while
compounds 5 and 6 reduced BACE1 by 60% and 30%, respectively, at the same concentra-
tion. Compound 7 decreased BACE1 levels by 10% at 10 µg/mL and 30% at 20 µg/mL.
Compound 8 reduced by 40% at 20 µg/mL and 60% at 100 µg/mL. Compound 9 caused
20% and 30% reductions at 10 µg/mL and 20 µg/mL, respectively. Overall, compounds 3–9
demonstrated significant inhibitory effects on BACE1 expressions (Figure 4). Taken to-
gether, compounds 3–9 significantly decreased both sAPPβ secretion and BACE1 expression
at higher concentrations, suggesting their possible role in modulating Aβ generation. No
significant effects were observed on α-secretase activity.

Figure 4. Inhibitory effects of compounds 3–9 on BACE1. Western blot analysis of BACE1 was
performed on cell lysates from APP-CHO cells treated with the compounds 3–6 (A), 7 (B), 8 (C),
9 (D). Data (mean ± SD, n = 3) are expressed as a percentage of the DMSO control. * p < 0.05 was
considered significant compared to the control group. C: control (0.1% DMSO), P: positive control,
D. crassirhizoma rhizome extract (50 µg/mL).

3.4. Modulation of Aβ Production by Compounds 3 to 9

Among the compounds isolated from the butanol fraction, compounds 3–9 which
showed the inhibitory effects on the levels of sAPPβ and BACE1 were tested for their
effects on Aβ production. Compounds 3 and 4 slightly reduced Aβ levels, approximately
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90% of the control at 100 µg/mL, while compounds 5, 6 and 8 decreased Aβ production by
about 22–23% of the control at the same concentration. Compounds 7 and 9 exhibited the
strongest efficacy at 20 µg/mL, decreasing Aβ levels by approximately 85-90% compared to
the control. These findings suggest that compounds 5–9 possess notable anti-amyloidogenic
activity, with compounds 7 and 9 being particularly effective (Figure 5).

Figure 5. Inhibition of Aβ production by compounds 3–9. Supernatants from APP-CHO cells treated
with compounds 3–9 were analyzed by ELISA to quantify Aβ levels. Data represent the means ± SD
of three independent experiments and are presented as a percentage of the DMSO-treated control.
Statistical significance was defined as * p < 0.05 vs. the control group. C: control (0.1% DMSO).

4. Discussion
Understanding neuroprotection mechanisms is fundamental for advancing AD re-

search. AD pathogenesis is explained by several interrelated hypotheses. According to the
amyloid cascade hypothesis, aberrant cleavage of APP by BACE1 and γ-secretase results
in excessive Aβ accumulation, which is considered a central pathogenic factor in AD [21].
Familial AD models with APP or presenilin mutations further support the link between
elevated Aβ levels and neurotoxicity, as these mutations directly increase Aβ aggrega-
tion [21,22]. In addition to Aβ, the tau hypothesis describes how hyperphosphorylated tau
protein forms neurofibrillary tangles, while the neuroinflammation hypothesis implicates
chronic glial activation in progressive neuronal loss [23].

Aβ aggregates are particularly neurotoxic due to their extracellular deposition, which
induces oxidative stress, promotes inflammation, disrupts calcium homeostasis, and im-
pairs synaptic function [24,25]. Recent research also highlights the role of microglial
activation and chronic inflammatory responses in exacerbating AD pathology [26].

D. crassirhizoma, a medicinal fern, contains bioactive phloroglucinol derivatives, triter-
penes, and flavonoids that have demonstrated antioxidant, anti-cancer, anti-obesity, antibacte-
rial, and antiviral activities [9,27]. While pharmacological research on AD and neuroprotection
has been limited, recent studies indicate that the butanol fraction of D. crassirhizoma can inhibit
Aβ generation in vitro [8]. Building on these findings, we isolated and purified nine com-
pounds, including three flavonoids (1, 2, 5), three chromones (3, 4, 6), and three phloroglucinol
derivatives (7, 8, 9), to evaluate their potential neuroprotective effects in AD-related pathways.
To clarify their relevance, an overview of the known pharmacological activities and properties
of each compound is presented.

The compounds epicatechin (1) and β-carboxymethyl-(-)-epicatechin (2) have been
isolated from multiple plant species, such as Dalbergia monetaria and Pterocarpus marsupium.
Epicatechin has been widely reported to exhibit strong antioxidant and anti-inflammatory
activities, which contribute to neuroprotection, including in models of cognitive impairment
and neurodegeneration [28,29]. In addition, epicatechin (1) is known as a potent β-secretase
inhibitor [30], but it showed no activity in our study. This discrepancy may stem from vari-
ations in experimental design, as previous studies demonstrated that epicatechin (1) does
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not directly inhibit recombinant BACE1 enzymatic activity but rather modulates endoge-
nous APP processing in specific neuronal cell systems. β-Carboxymethyl-(-)-epicatechin
(2) similarly exhibits antioxidant and immunomodulatory effects, but specific studies on
its CNS activity remain limited. 7-Methoxy-isobiflorin (3) and biflorin (4) are chromone
derivatives identified in D. crassirhizoma. Biflorin (4) displays anti-inflammatory effects
that may ameliorate neurodegeneration. Similarly, 7-methoxy-isobiflorin (3) has been
reported with antioxidant activity, supporting its potential as a neuroprotective agent [31].
Noreugenin (6), a chromone derivative also isolated from D. crassirhizoma, has demon-
strated inhibitory effects on Aβ aggregation. This suggests a direct role in mitigating
amyloid plaque formation [32]. Phloroglucinol derivatives such as butyrylphloroglucinol
(7), 2-propionyl-4-methylphloroglucinol (8), and 2-butyryl-4-methylphloroglucinol (9) have
been isolated from D. crassirhizoma and related species, showing significant antioxidant,
antiplatelet [18]. Among nine compounds, the inhibitory effects of isobiflorin (3), biflorin
(4), noreugenin (6), butyrylphloroglucinol (7), 2-propionyl-4-methylphloroglucinol (8), and
2-butyryl-4-methylphloroglucinol (9) on Aβ production through the reduced levels of
BACE1 have not been reported previously.

Investigation of compound permeability across the blood–brain barrier (BBB) requires
consideration of key physicochemical properties, including molecular weight, lipophilicity
(logP/logD), topological polar surface area (TPSA), hydrogen bond donor and acceptor
counts, and molecular flexibility [33]. Additionally, potential interactions with efflux and
influx transporters, as well as plasma protein binding, should be evaluated, as these factors
collectively affect a compound’s penetration of the BBB and achieve therapeutic concen-
trations within the central nervous system [34,35]. The isolated compounds exhibit varied
potentials for crossing the BBB. 7-Methoxy-isobiflorin (3) (predicted log P ~2.1) and biflorin
(4) (predicted log P ~1.8) demonstrate moderate lipophilicity and relatively low polar
surface areas, supporting their higher likelihood of passive BBB diffusion. This aligns with
their reported anti-inflammatory and enzyme-inhibitory activities relevant to neurodegen-
eration [26]. Eriodictyol (5) (predicted log P ~1.6), a flavanone, shows higher polarity and
hydrogen bonding capacity, which likely restricts its BBB permeability, implying its effects
may be mediated mainly outside the CNS or through indirect pathways [36]. Noreugenin
(6) (predicted log P ~1.5) exhibits physicochemical properties conducive to BBB penetration,
correlating with its capacity to inhibit Aβ aggregation directly in the brain [37]. Acylated
phloroglucinols such as butyrylphloroglucinol (7) (predicted log P ~2.4), 2-propionyl-4-
methylphloroglucinol (8) (predicted log P ~2.1), and 2-butyryl-4-methylphloroglucinol
(9) (predicted log P ~2.7) contain structural features that afford moderate lipophilicity,
suggesting partial BBB permeability and regional CNS effects, potentially contributing to
their overall neuroprotective profiles [18,28]. These differential BBB permeability profiles
provide insight into the mechanisms through which each compound may contribute to
anti-AD effects and guide prioritization for further pharmacokinetic and efficacy studies.
However, these predictions need to be confirmed by experimental results [38,39].

Impaired insulin signaling and chronic inflammation have been shown to upregulate
BACE1 expression and promote amyloidogenic APP processing, while activation of kinases
such as GSK-3β further contributes to tau pathology and synaptic dysfunction [40,41].
In this context, the inhibitory effects of compounds 3–9 from D. crassirhizoma on BACE1
expression, sAPPβ generation, and Aβ production may extend beyond direct modulation of
amyloidogenic pathways. Given the well-documented antioxidant and anti-inflammatory
properties of flavonoids, chromones, and phloroglucinol derivatives, these compounds may
also alleviate inflammation- and metabolism-associated neuronal stress, which is central to
the AD–T2D pathological axis [42]. Notably, compounds 7 and 9 exhibited the strongest
effects, underscoring their potential as multi-target therapeutic agents. Such a multi-
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mechanistic profile is particularly relevant considering the limitations and safety issues
of current passive anti-amyloid immunotherapies, including amyloid-related imaging
abnormalities (ARIA) [43]. In this study, compounds 3–9 significantly reduced sAPPβ and
BACE1 levels in a dose-dependent manner, accompanied by decreased Aβ production, as
confirmed by Western blot and ELISA. Since sAPPβ is generated by BACE1 cleavage of
APP, reduced sAPPβ indicates BACE1 inhibition leading to decreased Aβ production [6].
Among these, compounds 7 and 9 showed the strongest inhibitory effects. The relatively
low yields of the isolated compounds suggest that additional, more potent bioactive
constituents may be present in the active fractions. It is also possible that minor components
or synergistic interactions contribute to the observed activity. Further bioactivity-guided
isolation combined with advanced analytical techniques will be required to fully elucidate
these active principles.

These findings suggest that compounds 3–9 from the butanol fraction of Dryopteris
crassirhizoma have promising potential as natural agents for the prevention and treatment
of AD. However, in vivo studies using animal models are required to further confirm their
efficacy in inhibiting Aβ.
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