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Alzheimer's disease (AD), a neurodegenerative disorder, is characterized by aggregation of 42-mer amy-
loid B-protein (Ap42). Ap42 aggregates through B-sheet formation and induces cytotoxicity against neu-
ronal cells. AB42 oligomer, an intermediate of the aggregates, causes memory loss and synaptotoxicity in
AD. Inhibition of AB42 aggregation by small molecules is thus a promising strategy for the treatment of
AD. Caffeoylquinic acid (CQA), a phenylpropanoid found widely in natural sources including foods, shows
various biological activities such as anti-oxidative ability. Previously, our group reported that 3,5-di-O-
caffeoylquinic acid (3,5-di-CQA) rescued the cognitive impairment in senescence-accelerated-prone mice
8. However, structure-activity relationship of CQA derivatives on the aggregation and neurotoxicity of
Ap42 remains elusive. To evaluate the anti-amyloidogenic property of CQA-related compounds for AD
therapy, we examined the effect of CQA and its derivatives on the aggregation and neurotoxicity of
Ap42. In particular, 4,5-di-O-caffeoylquinic acid (4,5-di-CQA) and 3,4,5-tri-O-caffeoylquinic acid (3,4,5-
tri-CQA) strongly inhibited the aggregation of Ap42 in a dose-dependent manner. Structure-activity rela-
tionship studies suggested that the caffeoyl group in CQA is essential for the inhibitory activity. These
CQAs also suppressed the transformation into B-sheet and cytotoxicity against human neuroblastoma
cells of Ap42. Furthermore, 3,4,5-tri-CQA blocked the formation of AB42 oligomer. These results indicate
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that 3,4,5-tri-CQA could be a potential agent for the prevention of AD.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized with the deposits of amyloid fibrils.! The deposits mainly
consist of 40- and 42-mer amyloid B-protein (AB40 and AB42),
which are produced from amyloid B-protein precursor (APP) by
two proteases, p- and y-secretases. Ap42 plays a more important
role in the pathogenesis of AD than AB40 because of its stronger
aggregative ability and neurotoxicity.! Accumulated evidence
shows that AB oligomers (intermediates of Ap aggregates), but not
the monomer nor fibril, induce cognitive dysfunction and synaptic
impairment during AD progression.*> Recently, several small mol-
ecules were reported to inhibit A-related pathologies in vitro and
in vivo, especially polyphenols, some of which (resveratrol and epi-
gallocatechin gallate) are currently in pre-clinical or clinical trial.®

Caffeoylquinic acids (CQAs) are bioactive phenylpropanoids
found in natural sources such as coffee beans, sweetpotatoes,
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propolis, and other plants.”~'® Our previous investigation using
several derivatives of CQAs (Table 1) proposed that 3,5-di-O-caf-
feoylquinic acid (3,5-di-CQA) and 3,4,5-tri-O-caffeoylquinic acid
(3,4,5-tri-CQA) inhibited AP42-induced cytotoxicity on human
neuroblastoma SH-SY5Y cells by enhancing the expression of
mRNA of glycolytic enzymes and intracellular ATP."'-13 We also
reported that 3,5-di-CQA treatment improved spatial learning
memory on senescence accelerated-prone mice 8 through increas-
ing the mRNA expression of phosphoglycerate kinase 1.!' How-
ever, there are no comprehensive reports on the effects of CQA
derivatives on the aggregation and neurotoxicity of Ap42.

To evaluate the potential role of CQAs in the treatment of AD,
we examined the effects of CQAs on the aggregation of AB42 and
its neurotoxicity on SH-SY5Y cells using thioflavin T (Th-T) assay,
transmission electron microscopy (TEM), circular dichloism (CD)
spectroscopy, MTT test, dot blotting, and Western blotting. This pa-
per describes the potent inhibition of AB42’s aggregation (oligo-
merization) and cytotoxicity by CQA derivatives. In particular,
3,4,5-tri-CQA had the most potent inhibitory activity, suggesting
that the caffeoyl group plays an important role in the inhibition.
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Table 1
Structures of test compounds
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Compound Ry Ry R3 Rs
Quinic acid H H H H H
Caffeic acid - - — - -
Cinnamic acid — — — — -
Chlorogenic acid Caffeoyl H H H H
Methyl chlorogenic acid Me-caffeoyl H H H H
3,5-Di-O-caffeoylquinic acid Caffeoyl H Caffeoyl H H
3,4-Di-0O-caffeoylquinic acid Caffeoyl Caffeoyl H H H
4,5-Di-O-caffeoylquinic acid H Caffeoyl Caffeoyl H H
1,4,5-Tri-O-caffeoylquinic acid H Caffeoyl Caffeoyl Caffeoyl H
3,4,5-Tri-O-caffeoylquinic acid Caffeoyl Caffeoyl Caffeoyl H H
3,4,5-Tri-0O-caffeoylquinic acid methyl ester Caffeoyl Caffeoyl Caffeoyl H Me

To the best of our knowledge, this is the first report to show that
CQAs possess the anti-amyloidogenic effects.

2. Results

2.1. Structure-activity relationship of CQA derivatives on Ap42
aggregation

To investigate the inhibitory effects on AB42 aggregation by
CQA derivatives (Table 1), Th-T fluorescence assays were per-
formed (Fig. 1). Caffeic acid and chlorogenic acid prevented the
aggregation of Ap42 in a dose-dependent manner (Fig. 1B, D),
whereas quinic acid, cinnamic acid, and methyl chlorogenic acid
did not (Fig. 1A, C, E). In addition, 3,5-di-CQA, 3,4-di-CQA, 4,5-di-
CQA, 1,4,5-tri-CQA, 3,4,5-tri-CQA, and 3,4,5-tri-CQA methylester
with more than two caffeoyl groups inhibited the aggregation
more potently compared with caffeic acid and chlorogenic acid
(Fig. 1F-K). These results suggest the significance of a caffeoyl
group and vicinal phenolic hydroxyl groups in the inhibitory activ-
ity against Ap42 aggregation.

The ICsq values of these compounds are shown in Table 2, in
which the ability to prevent AB42 aggregation is in the following
order: 4,5-di-CQA = 3,4,5-tri-CQA > 3,4-di-CQA > 1,4,5-tri-CQA = 3,
4,5-tri-CQA methylester > 3,5-di-CQA > caffeic acid > chlorogenic
acid > quinic acid = cinnamic acid = methyl chlorogenic acid. We
also tested their inhibitory potency against Ap fibrillogenesis by
transmission electron microscopy (TEM) (Fig. 2). Typical fibril for-
mation was observed in Ap42 alone, while the fibril formation was
potently reduced in the presence of 4,5-di-CQA or 3,4,5-tri-CQA. In
previous study, we demonstrated that 3,5-di-CQA treatment im-
proved spatial learning memory on senescence accelerated-prone
mice 8 through increasing the mRNA expression of phosphoglycer-
ate kinase 1.'" However, among the tested compounds in Table 1,
4,5-di-CQA and 3,4,5-tri-CQA had most potent inhibitory activities
against AB42 aggregation. In the following experiment, we focused
mainly on 4,5-di-CQA and 3,4,5-tri-CQA.

2.2. Effects of CQA derivatives on the secondary structure of

Ap42

Ap42 aggregates through the formation of B-sheet to induce
neurotoxicity.! To investigate the secondary structure of Ap42 in

the presence of CQA derivatives, CD spectra were measured. Shown
in Figure 3A are the data of AB42; both the positive peak at 207 nm
and the negative peak at 220 nm increased during 24 h incubation,
meaning that a random organization transformed into a B-sheet
structure. In contrast, both 4,5-di-CQA and 3,4,5-tri-CQA blocked
these structural changes of Ap42 (Fig. 3B, C).

2.3. Effects of CQA derivatives on the Ap42-induced toxicity in
SH-SYS5Y cells

To estimate the effects of 4,5-di-CQA and 3,4,5-tri-CQA on
Ap42-induced neurotoxicity, MTT assay was carried out using
SH-SY5Y cells. Incubation with AB42 at 2 uM for 48 h significantly
decreased the cell viability to 66% + 2.1 compared to the vehicle-
treated cells (P <0.01) (Fig. 4). The treatment of SH-SY5Y cells with
4,5-di-CQA and 3,4,5-tri-CQA resulted in a dose-dependent protec-
tion against Ap42 toxicity at concentrations of 1, 10, and 20 uM. In
particular, 20 pM 4,5-di-CQA and 3,4,5-tri-CQA restored cell viabil-
ity to 78.9% + 4.1 and 96.1% + 6.2, respectively (P <0.01 versus Ap42
alone). In previous studies'!"'2, we have already demonstrated that
CQA derivatives exhibit no cytotoxicity on SH-SY5Y cells at con-
centration of 20 uM. These results suggest that 4,5-di-CQA and
3,4,5-tri-CQA have a potent protective effect against AB42 toxicity
in SH-SY5Y cells.

2.4. Effects of CQA derivatives on thermodynamic stability and
oligomerization of Ag42

To test the potential of 3,4,5-tri-CQA to inhibit the formation of
Ap42 oligomers, we performed a dot blotting using the oligomer-
specific antibody (A11)' (Fig. 5A). A11-immunoreactive oligomers
were readily detected in AB42 alone, but not in the presence of
3,4,5-tri-CQA. These data suggest that 3,4,5-tri-CQA blocks the for-
mation of AB42 oligomer as well as the fibrilization, the formation
of AB42 fibril. To analyze the molecular size of blocked oligomers
in Fig. 5A, we carried out Western blotting using the antibody
(82E1)'> that recognizes the N-terminus of Ap (Fig. 5B). Trimer
was formed after 2 h-incubation of Ap42 alone. The treatment of
3,4,5-tri-CQA suppressed slightly the formation of the trimer, and
the amount of the non-toxic monomer increased apparently. On
the other hand, quinic acid hardly changed the amount of Ap42
monomer. Band quantification also showed that the Ap42 trimer/
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Figure 1. Effect of test compounds on the aggregation of AB42 in Th-T test. AB42 (25 pM) was monitored by Th-T fluorescence in the absence or presence of 1, 10, and 100 pM
(A) quinic acid, (B) caffeic acid, (C) cinnamic acid, (D) chlorogenic acid, (E) methyl chlorogenic acid, (G) 3,4-di-CQA, (H) 4,5-di-CQA, (I) 1,4,5-tri-CQA, (J) 3,4,5-tri-CQA, and (K)
3,4,5-tri-CQA methyl ester, 1, 10, and 50 uM (F) 3,5-di-CQA. Fluorescence intensity was measured at an excitation wavelength of 420 nm and emission wavelength of 480 nm.

Values represent the mean + SD (n = 6).

monomer ratio was decreased by the treatment of 3,4,5-tri-CQA. In
fact, compared with AB42 alone, the incubation with 50 utM quinic
acid, 25 uM 3,4,5-tri-CQA, and 50 pM 3,4,5-tri-CQA decreased the
trimer/monomer ratio to 100.3%, 87.6%, and 63.1%, respectively.
We also estimated the thermodynamic stability of AB42 aggre-
gates by calculating the monomer concentration (critical concen-
tration: C;) after 48-hr incubation, when Ap42 solution came to
the equilibrium between monomer and aggregates (Fig. 5C). Be-
cause a high concentration of test compounds (50 pM) used in
other assays induced over 25 uM of C; on the bias by reducing
Cu?* itself in the preliminary test, this assay was performed in the
concentration of 10 uM. The C; of AB42 alone was 1.2 £0.10 puM,
meaning the thermodynamic stability of the fibril to be stable. In
contrast, 4,5-di-CQA and 3,4,5-tri-CQA decreased the stability of

Ap42 aggregates (C;=10+0.73 and 27 +1.9 uM, respectively),
and the destabilizing potency of 3,4,5-tri-CQA was higher than that
of 4,5-di-CQA. These results support the increase of AB42 monomer
in the presence of 3,4,5-tri-CQA (Fig. 5B, lane 4). Quinic acid did not
significantly affect the stability (C.=1.2 +0.030 uM). Taken to-
gether, 3,4,5-tri-CQA would block the oligomerization by shifting
the equilibrium into the non-toxic monomer.

3. Discussion

In this study, we investigated the modulation of CQA deriva-
tives on the fibril formation (Figs. 1 and 2), the g-sheet transforma-
tion (Fig. 3), the neurotoxicity on SH-SY5Y cells (Fig. 4), the
thermodynamic stability, and oligomer formation of AR42
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Table 2

Effect of each compound on Ap42 aggregation
Compound 1Cs0® (UM)
Quinic acid >100
Caffeic acid 32.8
Cinnamic acid >100
Chlorogenic acid 929
Methyl chlorogenic acid >100
3,5-Di-CQA 16.4
3,4-Di-CQA 4.7
4,5-Di-CQA 0.1
1,4,5-Tri-CQA 2.2
3,4,5-Tri-CQA 0.3
3,4,5-Tri-CQA methyl ester 3.0

2 ICsp value was calculated from the inhibitory rate (%) of each compound on
Ap42 aggregation after 24 h incubation using Th-T assay.

(Fig. 5). There have been many reports on the preventive effects on
Ap aggregation and neurotoxicity of various flavonoids and poly-
phenols originated from common foods, such as red wine, green
tea, and turmeric.'®!” Ladiwala et al. reported that resveratrol, a
constituent of red wine, remodels soluble oligomers and fibrils of
Ap42 into non-toxic insoluble disordered aggregates.'® Wanker
and colleagues reported that epigallocatechin gallate redirects
toxic oligomers of AB42 into non-toxic unstructured, off-pathway
oligomers.!® The prevention of neurotoxicity on SH-SY5Y cells by
3,4,5-tri-CQA could be associated with shifting the equilibrium
from the trimer into the non-toxic monomer and/or with blocking
the function of A11-immunoreactive toxic oligomers (Fig. 5).
Recent failure of a number of clinical trials?® in AD therapy
motivates us to understand the molecular mechanisms of AB-re-
lated biological phenomena more precisely. Several inhibitors of
AP42 aggregation, such as iAp5,2! empirically designed as a B-sheet

AB42

AB42
+4,5-di-CQA

breaker, might cause unexpected adverse effects by the non-spe-
cific interactions. Based on the structure-activity studies of CQA
derivatives (Table 2), a caffeoyl group proved to be indispensable
to the inhibitory effects on Ap42 aggregation. Since catechol unit
is susceptible to auto-oxidation, the resulting o-quinone might
form a covalent bond with some residues of Ap42, as is the case
of a-synuclein, a culprit of Parkinson’s disease.?? Such covalent
modification may destabilize the B-sheet structure in amyloido-
genic polypeptides. Indeed, 4,5-di-CQA and 3,4,5-tri-CQA, with
two or three catechol units, inhibited B-sheet formation of Ap42
(Fig. 3). These implications did not contradict with the results that
3,4,5-tri-CQA methylester was active, while caffeic acid and chlor-
ogenic acid, with one catechol unit, were slightly active (Fig. 1, Ta-
ble 2).

Gazit proposed that blocking of the B-sheet formation by poly-
phenols could be originated from m-m stacking interaction be-
tween Ap42 and polyphenols.?®> n-Orbital of the aromatic ring of
the caffeoyl moiety in CQAs would also contribute to the m-m
stacking effects, resulting in the inhibition of AB42 aggregation.
Further analysis will be required to clarify the inhibitory mecha-
nism of CQA derivatives against AB42 aggregation.

CQA was reported to show an anti-oxidative potency.?* Oxida-
tive stress is one of the contributing factors to AD progression.?>-2°
Ap-induced cytotoxicity has been related to the oxidative damage
through the radicalization of proteins and lipids in vitro?”® and
in vivo.2®3° Recently, we demonstrated the restoration of AD-like
phenotypes (behavioral abnormalities and AB oligomerization) by
vitamin C (an anti-oxidant) using a transgenic AD mouse.>' The
anti-oxidative ability of CQA derivatives might be effective to inhi-
bit the formation of Ap42 fibril by suppressing the radical-medi-
ated aggregation of Ap42.2% It is worth noting that 3,5-di-CQA
mitigated the disturbance of spatial learning and memory function
of senescence accelerated-prone mice 8 through the up-regulation

ABR42
+ 3,4,5-tri-CQA

Figure 2. Effects of CQA derivatives on the fibril formation of AB42 analyzed by TEM. The fibril formation was observed after 24 h incubation in 50 mM PBS: left, 25 pM Ap42;
middle, 25 uM Ap42 + 50 uM 4,5-di-CQA; right, 25 uM Ap42 + 50 uM 3,4,5-tri-CQA. Scale bar represents 200 nm.
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Figure 3. Effects of CQA derivatives on the secondary structure of AB42 analyzed by CD spectra. (A) 25 uM Ap42, (B) 25 uM Ap42 + 50 uM 4,5-di-CQA, (C) 25 uM

Ap42 + 50 uM 3,4,5-tri-CQA with the indicated time point (0, 12, and 24 h).
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Figure 5. Effects of CQA derivatives on the thermodynamic stability and oligomer
formation of A42. (A) Dot blotting using an oligomer-specific antibody (A11). Ap42
(45 uM) and 90 uM 3,4,5-tri-CQA were incubated at 37 °C for 0, 4, 8, 24, 48, and
144 h. (B) Western blotting of AB42 and each compound after 2 h incubation at
37 °C using 82E1 antibody. Lane 1, Ap42; lane 2, Ap42 + 50 uM quinic acid; lane 3,
ABA2 +25 UM 3,4,5-tri-CQA; lane 4, AB42 +50 uM 3,4,5-tri-CQA. (C) Thermody-
namic stability of AB42 aggregates evaluated by critical concentration (C;). C; was
calculated from the molar concentration of soluble monomer present in equilibrium
after 48 h incubation of treated AB42 at 37 °C. Each bar represents the mean = SD
(n=6).

of phosphoglycerate kinase-1.'! In a similar manner, 4,5-di-CQA
and 3,4,5-tri-CQA also might rescue the memory loss and synaptic
dysfunction in a mouse model of AD.

In conclusion, 3,4,5-tri-CQA could be a promising therapeutics
to inhibit AB42-mediated pathology in AD. Importantly, 3,4,5-tri-
CQA blocked the formation of A11-reactive oligomers, one of which
might be a trimer. Our group has proposed the toxic conformer of
AB42 with the turn structure at positions 22 and 23 based on
solid-state NMR studies, and the toxic conformer accelerated the

formation of the trimer.>? Further structural analysis of the Ap42
oligomers could help to develop more potent inhibitors for AD
therapy.

4. Materials and methods
4.1. Chemicals

Quinic acid, caffeic acid, cinnamic acid, and chlorogenic acid
were purchased from Sigma (St. Louis, MO). 4,5-Di-CQA, 1,4,5-tri-
CQA, 3,4,5-tri-CQA, 3,4,5-tri-CQA methyl ester, and methyl chloro-
genic acid were synthesized as previously described.'® 3,4-di-CQA
was isolated from Brazilian propolis.'?> Ap42 peptide was synthe-
sized by the standard protoco].?833

4.2. Th-T assay

The aggregative ability of Ap42 was evaluated by the Th-T
method developed by Naiki et al.>* The procedure was described
elsewhere.> Briefly, Ap42 was dissolved with 0.1% NH,OH at
250 pM. The resultant solution was diluted 10 times with 50 mM
sodium phosphate buffer (PBS) containing 100 mM NacCl (pH 7.4),
and 25 uM AB42 was incubated with or without test compounds
at 37 °C. At each time point, 2.5 pL of Ap42 solution was added
to 250 pL of 1 mM Th-T in 50 mM Gly-NaOH (pH 8.5). Fluorescence
intensity was measured at 420 nm excitation and 485 nm emission
on Multidetection Microplate Reader powerscan HT (Dainippon
Sumitomo Pharma).

4.3. Transmission electron microscopy

The procedure was previously reported® with slight modifica-
tions. Five microliters of AB42 sample after Th-T assay were spot-
ted onto a glow-discharged, carbon-coated Formvar grid, and were
incubated for 2 min before washing with 5 pL of distilled water
twice. The resultant grid was negatively stained for 1 min with
5 uL of 0.4% silicotungstic acid twice. After air-dry for 5 min, sam-
ples were subjected to JOEL JEM-1400 electron microscope.

4.4. CD spectra

The procedure was described elsewhere® with slight modifica-
tions. In brief, AB42 solution (25 uM) treated with 4,5-di-CQA or
3,4,5-tri-CQA (50 uM) was loaded into 10 mm path length quartz
cell, and CD spectra were recorded at 200-270 nm using J-820
spectropolarimeter (JASCO).

4.5. MTT assay

Neurotoxicity on SH-SY5Y cells was assessed by MTT assay
according to the previously reported protocol.'? In brief, SH-SY5Y
(2 x 10* cells/well) were treated with 4,5-di-CQA or 3,4,5-tri-CQA
(1-20 uM) in OPTI-MEM (GIBCO), and subsequently were exposed
to 2 M Ap42 for 48 h. After change of culture medium with OPTI-
MEM (100 pL), MTT was added to the culture. The absorbance of
MTT formazan at 570 nm was determined using Multidetection
Microplate Reader powerscan HT (Dainippon Sumitomo Pharma).
The absorbance obtained by the addition of vehicle was taken as
100%.

4.6. Dot blotting

AB42 solution (45 nM) was incubated with or without 3,4,5-tri-
CQA (90 uM) at 37 °C. Two microliters of each sample were applied
to nitrocellulose membrane (0.2 um pore size, Biorad), and the
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membrane was equilibrated with PBS including 0.01% Tween-20
for 10 min. After blocking with 2% ECL Advance™ blocking agent
(GE Healthcare), the membrane was probed with A11!* at 0.1 pg/
mL (Invitrogen, Carlsbad, CA), followed by the treatment of the sec-
ondary antibody (anti-rabbit IgG). Development was performed
with ECL chemiluminescence (GE Healthcare).

4.7. Western blotting

Gel electrophoresis and Western blotting were performed basi-
cally according to the previous report.>? After 2 h incubation with
50 M quinic acid, 4,5-di-CQA, and 3,4,5-tri-CQA, Ap42 solution
(25 uM) was centrifuged at 15,000 rpm for 10 min at 4 °C, and
the supernatant was diluted 50 times with 50 mM PBS pH 7.4.
Ten microliters of the obtained solution was mixed with 10 pL of
lithium dodecyl sulfate sample buffer (Invitrogen), and was incu-
bated for 2 min at 70 °C. Ten microliters of the heated solution
were applied to 10-20% Tricine gel (Invitrogen). PVDF membrane
(0.2 um pore size, Bio-Rad) was used for blotting. The membrane
after blocking with Block Ace (Dainippon Sumitomo Seiyaku, Osa-
ka, Japan) was incubated with the primary antibody 82E1'° at
1 png/mL (Immuno-Biological Laboratories, Gunma, Japan), fol-
lowed by the treatment with horseradish peroxidase-conjugated
anti-mouse IgG (1:1000) (Dako, Glostrup, Denmark). Development
was performed with ECL chemiluminescence (GE Healthcare).

4.8. Thermodynamic stability

Thermodynamic stability of AB42 fibrils present at equilibrium
was evaluated by critical concentration (C;), which was measured
after 48 h incubation by Micro-BCA protein assay,?> according
to the manufacture’s directions (Thermo scientific). AB42 solution
(25 uM) was incubated with 10 pM quinic acid, 4,5-di-CQA, and
3,4,5-tri-CQA for 48 h, when the equilibrium can achieve

4.9. Statistical analysis

The statistical significance of differences was analyzed by Stu-
dent’s t-test. The value of P <0.05 was considered significant.
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