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Abstract

misfolding.

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the abnormal assembly of amyloid-3 (AR)
and tau aggregates in the brain. When A and tau proteins misfold, progressive brain cell death, synaptic loss, atrophy,
and cognitive decline are observed. Here, we report that the memory-enhancing botanical natural product mixture,
HX106N, efficiently inhibits formation of AR oligomers and fibrils and aggregation of tau. HX106N is a botanical mix-
ture extract of Dimocarpus longan, Liriope platyphylla, Salvia miltiorrhiza and Gastrodia elata. In previous clinical studies,
HX106N showed increased working memory performances of individuals of subjective memory complaints. How-
ever, the drug mechanism and responsible ingredients of HX106N has been unclear yet. In this study, we expanded
the investigation of the drug mode of action to the single chemical level by identifying four active components of
HX106N, among 14 isolated molecules, with significant inhibitory function against AR aggregation. We found that
salvianolic acids A, B, E and rosmarinic acid, isolated from the botanical mixture, have potency to inhibit the protein
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Introduction

Alzheimer’s disease (AD) is the most common type of
dementia and misfolding of amyloid-p (Ap) and tau pro-
teins in the brain is the key characteristics of the disor-
der. The pathogenesis behind the cognitive decline of AD
patients is the significant atrophy of brain regions respon-
sible for learning and memory due to the loss of neuronal
cells and synapses by toxic aggregates of AP and tau [1, 2].
Studies suggested that amyloid plaque is associated with
the onset of AD and tau tangle is correlated with the dis-
ease progression [3, 4]. Thus, the abnormal aggregation of
these two proteins has been the prominent targets for AD
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therapy [5]. Early drug discoveries to regulate AP and tau
targeted the sequential proteolysis of the amyloid precur-
sor protein and kinases inducing hyperphosphorylation,
respectively [6, 7]. Recent therapeutic approaches mostly
aim the direct regulation of AP or tau aggregation instead
of altering upstream mechanisms in the disease cascade
to bypass side-effects [8, 9]. Successful clinical trials of
the antibody drug candidate aducanumab, of Biogen, to
remove AP plaques from patient brains is a representa-
tive example of such approaches [10]. However, the two
key protein targets are mostly not handled at the same
time, despite the important pathogenic roles of both Ap
or tau aggregation [8]. An additional issue to consider
is the effect of these disease-modifying drugs on cogni-
tive decline while protein misfolding is regulated. So far,
none has clearly demonstrated recovery or termination
of cognitive decline in clinical trials yet, and, thus, the
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correlation between memory and protein misfolding is
still on debates.

In this study, we focused on a previously reported
botanical mixture, HX106N, which ameliorated subjec-
tive memory complaints in clinical studies and Alzhei-
mer-like memory impairments in mice [11, 12]. HX106N
is a water-soluble fraction extracted from a mixture of
four plants selected for their positive effects on brains:
Dimocarpus longan, Liriope platyphylla, Salvia miltior-
rhiza, and Gastrodia elata for their drug-like activities
on increasing brain-derived neurotrophic factor levels,
inducing neurite outgrowth [13], anti-oxidation/anti-
inflammation [14], and neuroprotection [15], respec-
tively. In a clinical trial with 75 individuals who report
subjective memory complaints, seven-week long admin-
istration of HX106N resulted in an increase in working
memory performance [11]. HX106N was studied using
an AD mouse model induced by the injection of AB(25-
35) and effectively alleviated memory impairment by
reducing oxidative stress [12]. Albeit expected memory
amelioration was observed in both preclinical and clini-
cal studies, the exact mechanism of HX106N to help
the symptom relief has not been clearly investigated yet.
Thus, here, we examined the possible anti-amyloid and
anti-tau effects of HX106N in in vitro assays to under-
stand its mode of action. We tested the dose-dependent
activity of HX106N against insoluble -sheet-rich aggre-
gate formation of AP and tau in thioflavin T (ThT) assays.
We also monitored inhibition of oligomeric AB forma-
tion by dose-dependent treatment of HX106N to mono-
meric AP in gel electrophoresis and dot blots. Lastly, we
assessed inhibition effects on the protein misfolding of 14
single chemical components of HX106N in ThT assays to
discover the responsible ingredients of the anti-dementia
effects of HX106N.

Materials and methods

Reagents

Thioflavin T (ThT, #T3516), dimethyl sulfoxide (DMSO,
#D8418), tween 20 (#P6416) were purchased from Sigma-
Aldrich. We used skim milk from Difco™ (#232100) and
phosphate-buffered saline from Gibco (PBS, pH 7.4,
#11010-023). All reagents and devices for the electro-
phoresis were purchased from Bio-Rad: mini-PROTEAN
TGX gel (#456-1095), tris/glycine/SDS buffer (#1610772).
ECL solution was purchased from Thermo scientific
(#34580). PlusOne protein silver staining kit was pur-
chased from GE healthcare (#17-1150-01). Antibodies
for immunoblotting were anti-amyloidogenic protein
oligomer A1l (#AHBO0052, Invitrogen) and HRP-linked
anti-rabbit IgG (#6401-05, Biovision). Deionized water
was produced by Milli-Q plus ultrapure water system
from Millipore.
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Preparation of HX106N

HX106N was extracted and prepared from four plants,
Dimocarpus longan, Liriope platyphylla, Salvia miltio-
rrhiza, and Castrodia elata, as previously reported.
Briefly, all plants were dried, grinded, and boiled in dis-
tilled water to extract the soluble fraction. The extract
was filtered and lyophilized [12].

Peptide synthesis

We synthesized Ap on TentaGel® PHB resin (#R28013,
Rapp Polymere) via fluorenylthetyloxycarbonyl (Fmoc)
solid phase peptide synthesis, using a peptide synthe-
sizer (Liberty Blue, CEM). The reagents used are as fol-
lows: N,N-diisopropylcarbodiimide (DIC, #D0254, TCI)
as a coupling reagent; ethyl 2-cyano-2-(hydroxyimino)
acetate (Oxyma, OxymaPure, #S001-D, CEM corpora-
tion) as a coupling base; and 20% piperidine (#A12442,
Alfa Aesar) as a Fmoc deprotection reagent. Crude
AP(1-42) was purified using RP-HPLC with a diphenyl
column, as previously described [16].

ThT fluorescence assay

Synthetic AB(1-42) peptides were dissolved in DMSO
as 10 mM stock. Stocks were then diluted 200-fold in
deionized water to make AP(1-42) solutions (50 uM,
1% DMSO in DW). For the inhibition assay, AB(1-42)
peptides were added to different concentrations of
HX106N (10, 50, 100, 250, 500, and 1000 pg/mL) and
incubated for 3 days (72 h) at 37 °C. Also, 14 selected
components of HX106N (500 pg/mL, 1% DMSO in
DW) was incubated with 50 uM AP(1-42) for 3 days at
37 °C. For the dissociation assay, three-day incubated
50 uM AP(1-42) peptides were added to different con-
centrations of HX106N (31, 62 and 125 pg/mL) and
further incubated for 2 days (48 h) at 37 °C. At the end
of incubation, AP oligomerization was analyzed with
ThT assay. ThT (5 uM in 50 mM glycine buffer, pH 8.9)
was added to black Corning 96-well plate with aggre-
gated AP samples.

The K18 fragment (125 amino acids, 0.5 mg/mL)
cloned from full-length human tau was used for tau
aggregation as previously reported [17]. The tau K18
fragment (35 pM) in PBS was incubated with 0.1 mg/
mL heparin (Sigma-Aldrich) and dithiothreitol (DTT;
100 puM) (Sigma-Aldrich) at 37 °C for 5 days (120 h).
HX106N was added to the aggregation mixtures prior to
a five-day incubation period. At the end of incubation,
K18 oligomerization was analyzed with ThT assay.

Fluorescence of ThT bound to AP or K18 was measured
at 450 nm (excitation) and 485 nm (emission) using Mul-
timode Plate Readers (TECAN Infinite M200 PRO).
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SDS-PAGE with PICUP

AP samples were irradiated for 3 s in 1.5 mL tube, three
times, to cross-link AP with tris(bipyridine)ruthenium(II)
chloride (#224758, Sigma-Aldrich) and ammonium
persulfate (#A3678, Sigma-Aldrich). Cross-linked AP
samples were applied on 15% tris-tricine gels. After gel
electrophoresis, peptide bands on gels were stained and
visualized by silver-staining [18].

Dot blot

Incubated AP(1-42) samples were applied to nitrocellu-
lose membrane, then, it was blocked with 5% skim milk
in tris-buffered saline with tween 20 (TBST) at room
temperature for 1 h and washed with TBST for three
times. Probe antibody used was Oligomer A1l antibody
(1:1000) with 2.5% skim milk in TBST solution, incu-
bated overnight at 4 °C. After incubation and washing
three times at TBST, it was probed with anti-rabbit IgG,
HRP-linked antibody (1:10,000) with TBST solution for
1 h at room temperature. The dot blots were developed
with Fusion Solo (Vilber) for 3 to 6 min and scanned,
analyzed with Fusion software.

UHPLC-MS analysis

Chromatographic analysis was performed on an Agilent
1290 UHPLC equipped with DAD (Agilent Technologies,
Inc.). An Agilent ZORBAX SB-C18 Rapid Resolution HD
column (2.1 x 100 mm, 1.8 pm) was applied for chro-
matographic separations. The mobile phase consisted
of water containing 0.1% (v/v) formic acid (A) and ace-
tonitrile (B). The UHPLC system was eluted under the
following conditions: 0-3 min, 8% B; 3—4 min, 8-10%
B; 4—6 min, 10-16% B; 6—15 min, 16% B; 15-18 min,
16-18% B; 18-23 min, 18-18.2% B; 23-25 min, 18.2—
18.5% B; 25-29 min, 18.5-25% B; 29-31 min, 25-50%
B; 31-33 min, 50-70% B; 33-34 min, 70-100% B;
34—35 min, 100% B. The flow rate was set at 0.5 mL/min
and the injection volume was 2 pL. The column tempera-
ture was kept at 30 °C.

The MS analysis was performed on an Agilent 6530
Q-TOF-MS equipped with electrospray ionization (ESI)
interface (Agilent Technologies, Inc.) operating in nega-
tive ion mode, using the following operation parameters:
drying gas (N,) flow rate, 1.0 L/min; drying gas tempera-
ture, 350 °C; nebulizer pressure, 35 psi; sheath gas tem-
perature, 350 °C; sheath gas flow, 11 L/min; capillary
voltage, 3500 V; fragmentor voltage, 100 V.

Statistical analysis
All graphs were obtained with GraphPad Prism 7.0, and
all statistical analyses were conducted with one-way
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ANOVA followed by Bonferroni’s post hoc comparisons
(*P<0.05, *P<0.01, ***P<0.001). The error bars repre-
sent the SEM.

Results and discussion

Both AP plaques and tau tangles share a similar p-sheet-
rich tertiary structure, which can be detected by -sheet-
intercalating chemicals and ThT is a commonly used
chemical B-sheet indicator to monitor and quantify the
progressive formation of insoluble Af and tau aggre-
gates in vitro [19]. Upon binding to -sheets, ThT shows
increased fluorescence intensity with a red shift. To
examine the effect of HX106N on AP fibril formation,
we incubated monomeric AB(1-42) (50 uM) for 3 days at
37 °C with HX106N in a dose-dependent manner, 0, 10,
50, 100, 250, 500, and 1000 pg/mL. Following the com-
pletion of the co-incubation, ThT solution was added to
each sample and the degree of Ap fibril formation, indi-
cated by altered fluorescence of ThT, was immediately
monitored (Fig. 1a). To compare data, we normalized
the fluorescence intensity of the incubated AB sample
without HX106N addition to 100% and compared rela-
tive amounts of AP fibrils in each sample. Samples with
concentrations higher than 100 pg/mL significantly pre-
vented the formation of A fibril. At 1000 pug/mL, the
highest concentration of HX106N in the assay, more
than 60% of fibrils were reduced (IC;y=544.3 pg/mL).
This result implies that HX106N has a dose-depend-
ent inhibitory function against AP fibrillogenesis. To
examine the effect of HX106N on tau aggregation, we
performed ThT assay with the recombinant K18 tau frag-
ment, which is a critical binding domain in tau aggrega-
tion [17]. K18 was incubated with heparin as a cofactor
for 5 days at 37 °C with HX106N in a dose-dependent
manner, 0, 10, 100, 1000, and 10,000 pg/mL. When the
co-incubation is completed, we added ThT solution to
each sample and observed altered fluorescence of ThT.
As a result, we observed a significant reduction of ThT
signals when 10 mg/mL of HX106N was treated with
K18 tau fragment, indicating that HX106N inhibits tau
aggregation (Fig. 1b). When identical concentrations of
HX106N were tested as used in the A aggregation inhi-
bition tests, a dose-dependent inhibitory effect was not
observed and, thus, we decided to focus on the anti-Afp
effects of HX106N for further experiments.

As ThT assays are limited to detect B-sheet-rich fibrils
only, we expanded the assessment to visualize AP oligom-
ers and monomers. Instead of typical western blots using
antibodies, measurements of monomers, oligomers, and
fibrils on electrophoresis gel analyses often utilize meth-
ods to cross-link aggregates by PICUP chemistry and to
dye proteins by silver staining [18]. To examine the effect
of HX106N on the formation of A oligomers and fibrils,
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Fig. 1 HX106N inhibits AR and tau aggregation by blocking the transition of monomers into oligomers. a ThT assay for the inhibition of AB(1-42)
aggregation. Six concentrations of HX106N were incubated with equal amounts of monomeric AR(1-42). Fluorescence intensity was normalized
to AP aggregates (100%, 3-day). All data are representative results of at least three independent experiments. b ThT assay for the inhibition of tau
aggregation. Five concentrations of HX106N were incubated with equal amounts of tau. Fluorescence intensity was normalized to tau aggregates
(100%, 5-day). All data are representative results of at least three independent experiments. ¢ Visualization of AR peptide distribution by SDS-PAGE
analysis with PICUP chemistry. d Dot blot analysis of protein oligomer (anti-amyloidogenic protein oligomer A11) in incubated samples of AR and
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we incubated monomeric AB(1-42) (50 uM) for 3 days at
37 °C with HX106N in a dose-dependent manner, 0, 10,
50, 100, 250, 500, and 1000 pg/mL. After cross-linking,
each sample was loaded on SDS gels for electrophoresis
and then silver-stained (Fig. 1c). We analyzed the bands
around 5 kDa as monomers, above 250 kDa as fibrils, and
those between as oligomers. Consistent with the result
of the ThT assay, incubated AP samples with increasing
concentrations of HX106N decreased fibrils correspond-
ingly. In addition, the formation of oligomers between
approximately 37 and 150 kDa was effectively inhibited
at higher concentrations, 250-1000 pg/mL. This indi-
cates that HX106N significantly inhibits the formation
of fibrils and furthermore, reduces the total amount of
toxic oligomers. Notably, the sample treated with the
highest concentration of HX106N displayed a thicker
monomer band in comparison to the non-aggregated A
sample. This implies that HX106N either interferes with
the cross-linking of AB peptides during the PICUP pro-
cess or reverses Af} aggregation. In fact, HX106N showed
a tendency to dissociate pre-aggregated AP fibrils in a

disaggregation ThT assay (Additional file 1: Figure Slc).
In addition, we considered that the color of the HX106N
stock could interfere with the cross-linking chemis-
try, although HX106N did not have a noticeable color
at experimental concentrations. In order to observe the
changes in the level of AP oligomers without the influ-
ence of color, dot blot assay was performed using the
anti-amyloidogenic protein oligomer (A11) antibody on
the incubated samples of HX106N and AP(1-42). We
confirmed that high concentrations of HX106N are able
to reduce toxic AP oligomer formation (Fig. 1d). Taken
together, HX106N binds to monomeric AP and prevents
its transformation into oligomers and fibrils, blocking A
aggregation at an early pathological stage.

As an extract from four botanical sources, HX106N
was expected to be a mixture of various chemical com-
pounds. To determine the components of HX106N, we
performed UHPLC-MS analyses and identified 14 major
compounds (Fig. 2a), which were all originated from Sal-
via miltiorrhiza and Gastrodia elata. Each molecule was
tested in ThT assays to find components responsible for
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No. Identification Plant source Q 1204

1 Citric acid Gastrodia elata Ez,’ 100+

2 Gastrgdin Gastrodia elata g 80-

3 Protocatechuic aldehyde Salvia miltiorrhiza 2

4 Parishin A Gastrodia elata 'E 60

5 Salvianolic acid A Salvia miltiorrhiza 2

6 Salvianolic acid B Salvia miltiorrhiza g 407

7 Rosmarinic acid Salvia miltiorrhiza g 204

8 Tanshinol Salvia miltiorrhiza 3

9 Parishin E Gastrodia elata w 0-

10 Parishin B Gastrodia elata AB42 incub. — + + + + + + o+ o+

11 Parishin C Gastrodia elata ComponentNo. = =1 2 3 456 7 8 91011121314

12 Salvianolic acid C Salvia miltiorrhiza

13 Salvianolic acid D Salvia miltiorrhiza AB42 incub. = noincubation

14 Salvianolic acid E Salvia miltiorrhiza + 3 day incubation
C

HO.

HO

Salvianolic acid A (5)

Salvianolic acid B (6)

Fig. 2 ThT assay for the inhibition of A aggregation by selected components of HX106N. a The chemical components of HX106N used in the AR
aggregation inhibition test. b ThT assay for the inhibition of AR(1-42) aggregation. 500 pg/mL of selected compounds were incubated with equal
amount of monomeric AB(1-42). Fluorescence intensity was normalized to AP aggregates (100%, 3-day). All data are representative results of at least
three independent experiments. ¢ Chemical structures of salvianolic acids A, B, E, and rosmarinic acid

Rosmarinic acid (7) Salvianolic acid E (14)

the inhibition ability of HX106N against AP aggregation
(Fig. 2b). The 14 chemicals were incubated with 50 pM
AB(1-42) for 3 days at 37 °C, and the degree of AP fibril
formation was measured by ThT assays. Among tested
molecules, salvianolic acid A, B, E, and rosmarinic acid
showed significant inhibition activity (Fig. 2c). In addi-
tion, citric acid and salvianolic acid D also showed a
relatively weak but substantial effect to inhibit A} aggre-
gation (Fig. 2b, component numbers 1 and 13).
Collectively, different concentrations of HX106N
were tested in ThT fluorescence assay to investigate
its inhibition ability in AP(1-42) aggregation. Less
fluorescence signal was observed in HX106N-treated
samples, indicating reduced fibril formation. In SDS-
PAGE with PICUP and silver staining, we observed
lower fibrillization with increasing concentration of
HX106N. Dot blot assay was done to confirm the effect
of HX106N treatment in AP oligomer formation, and
we observed less oligomers in samples with high con-
centrations of HX106N. In addition, we identified the
single molecules of HX106N and found that HX106N
includes several molecules with inhibitory function
against AP(1-42) aggregation. In our study, salvianolic
acid A, B, E, and rosmarinic acid showed significant
inhibition effect by blocking the formation of mature

B-sheet structure formation. Salvianolic acid A and
B were previously reported to inhibit AB(1-40) and
AP(1-42) aggregation [20-22], while inhibition of oli-
gomer and fibril formation was observed with salvia-
nolic acid A and rosmarinic acid [23, 24]. By doing a
ThT assay with each of these compounds, we observed
a direct inhibition effect against AP fibril formation.
As the four active compounds discovered in our study
are from Salvia miltiorrhiza, AP aggregation inhibition
can be expected upon treatment of Salvia miltiorrhiza
alone. However, AD has various factors which worsen
its severity other than AP aggregation, such as oxida-
tive stress and inflammation [25]. Given that citric acid
and gastrodin from Gastrodia elata and Dimocarpus
longan are anti-oxidative and anti-inflammatory com-
ponents, administration of HX106N as a mixture might
induce synergistic effect [26]. In addition, a previ-
ous study demonstrates that Liriope platyphylla helps
active absorption of nutrients by promoting vascular
flow [27]. The promising results from previous preclini-
cal and clinical trials with HX106N administration pro-
vide evidence that compounds extracted from the four
plants have complementary effect to enhance the gen-
eral health of an AD patient by not only targeting Ap
accumulation, but also other symptoms.
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Current AD therapeutic development has its major
focus on reducing AP and tau levels in the brain [8]. In
this study, we demonstrate that HX106N, a water-soluble
botanical formulation, inhibits both Ap and tau aggrega-
tion. The ability of HX106N to prevent the formation of
mature B-sheet structures and toxic AP oligomers indi-
cates its potential in reducing Ap-induced toxicity, which
may have been the reason behind its positive results in
clinical studies.

The long delay between AP accumulation and the onset
of symptoms makes it extremely difficult to diagnose and
treat AD patients at an early stage, who already have high
amyloid content without significant cognitive decline
[24]. With these difficulties, the lack of disease-modify-
ing drug increases the interest in developing preventive
means that can be administered casually by individuals
without clinical symptoms. WHO reported that approxi-
mately 80% of the world’s population depend on plant
derivative medicines for their healthcare, which are the
earliest medicine as its application has a long history back
from ancient traditional medicine systems [28]. Long use
of natural products in traditional medicine can be con-
sidered as a clinical trial that proves their low toxicity
and side effects, making its application in today’s thera-
peutics easier. In fact, medicines today are still inspired
by the vast information accumulated during the practice
of traditional phytomedicine in Asia. This increases the
advantage of HX106N being a natural extract that inhib-
its AP and tau aggregation, given that it can be potentially
used as a nutraceutical ingredient for individuals with a
risk of developing AD. Although the effect of long-term
administration of HX106N needs to be further stud-
ied, HX106N has a promising potential as a plant-based
nutraceutical considering the shorter drug development
period of natural product than chemical or biological
drug. Therefore, our study suggests that investigating the
clinical application of natural products can be a powerful
approach for AD prevention.
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Additional file 1: Figure S1. HX106N inhibits and reverses AP aggre-
gation by blocking the transformation of monomers into oligomers. a
Full-length SDS-PAGE gel corresponding to Fig. 1b. b Full-length dot blot
membrane corresponding to Fig. 1c. ¢ ThT assay for the disaggregation

of AB(1-42) aggregates. Three concentrations of HX106N were incubated
with equal amounts of AB(1-42). Fluorescence intensity was normalized to
AP aggregates (100%, 3-day). All data are representative results of at least
three independent experiments.
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