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Inhibition of A-amyloid;4 Peptide Aggregation and Neurotoxicity by
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The accumulation of S -amyloid (AB) aggregates is a characteristic of Alzheimer’s disease (AD).
Furthermore, these aggregates have neurotoxic effects on cells, and thus, molecules that inhibit A8
aggregate formation could be valuable therapeutics for AD. It is well known that aggregation of AB
depends on its hydrophobicity, and thus, in order to increase the hydrophilicity of A8, we considered
using citrate, an anionic surfactant with three carboxylic acid groups. We hypothesized that citrate
could reduce hydrophobicity and increase hydrophilicity of AB1.40 molecules via hydrophilic/electrostatic
interactions. We found that citrate significantly inhibited AB14 aggregation and significantly protected
SH-SY5Y cell line against AB1.40 aggregates-induced neurotoxicity. In details, we examined the effects
of citrate on ARBi4 aggregation and on ApBi4 aggregates-induced cytotoxicity, cell viability, and
apoptosis. Th-T assays showed that citrate significantly inhibited AB814 aggregation in a concentration-
dependent manner (Th-T intensity: from 91.3% in 0.01 mM citrate to 82.1% in 1.0 mM citrate vs.
100.0% in ARB;.4 alone). In cytotoxicity and viability assays, citrate reduced the toxicity of AB1.4 in
a concentration-dependent manner, in which the cytotoxicity decreased from 107.5 to 102.3% as
compared with AfBi.4 aggregates alone treated cells (127.3%) and the cell viability increased from 84.6
to 93.8% as compared with the ABi4 aggregates alone treated cells (65.3%). Furthermore, Hoechst
33342 staining showed that citrate (1.0 mM) suppressed AB1.4 aggregates-induced apoptosis in the
cells. This study suggests that citrate can inhibit Af.4 aggregation and protect neurons from the
apoptotic effects of AfB:14 aggregates. Accordingly, our findings suggest that citrate administration
should be viewed as a novel neuroprotective strategy for AD.
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INTRODUCTION and procedures represent another, and include nerve
growth factors, transplantation, and stem-cell related ther-
apy (McConnell and Riggs, 2005; Cummings et al., 2007).

It has been reported that soluble A5 oligomers are more

The accumulation of A -amyloid (A#B) peptides in senile
plaque represents a major pathological change in the AD

brain. AB is generated by the sequential proteolytic proc-
essing of amyloid precursor protein by S- and 7-secretases,
and is known to promote pro-inflammatory responses and
to activate neurotoxic pathways (Selkoe, 2001; Sisodia and
St George-Hyslop, 2002; Pereira et al., 2005). The main
therapeutic target in AD is AS, and devised anti-AS agents
are known to primarily affect the production and accumu-
lation of AS and to block toxic AB forms (Seiffert et al.,
2000; Scarpini et al., 2003; Citron, 2004). Neuroprotective
agents represent another drug class, and include antioxidants
and anti-inflammatory agents, and neurorestorative agents
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toxic than monomeric and fibrillar AS forms (Rochet and
Lansbury, 2000). For this reason, molecules that can inhibit
A B aggregates formation could be of therapeutic value. The
A3 molecules are amphiphilic peptides that possess a hy-
drophilic region (N-terminal) and a hydrophobic region
(C-terminal), and can self-assemble to form aggregates with
various morphologies, such as, dimers, oligomers, filaments,
protofibrils, and fibrils (Koh and Yang, 1990; Pike et al.,
1993; Howlett et al.,, 1995; Seilheimer et al., 1999;
Watanabe et al., 2001). Furthermore, A5 aggregations are
driven by intermolecular hydrophobic and electrostatic in-
teractions (Jarrett et al.,, 1993; Wood et al., 1996b; Lazo
et al., 2005; Luhrs et al., 2005; Khandogin and Brooks, 2007).

Hence, many materials have been studied to modulate
AB aggregate formation. Small molecules like Congo red
and small sulfonated anions have been shown to prevent
A/ aggregation or inhibit A/S-related toxicity (Lorenzo and

ABBREVIATIONS: AD, Alzheimer’s disease; Th-T, thioflavin-T;
CMC, critical micelle concentration; HMP, hexadecyl-N-methyl-
piperidinium.
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Yankner, 1994; Kisilevsky et al., 1995). Melatonin, nicotine,
and estrogen have also been found to inhibit A8 aggrega-
tion in a similar way (Salomon et al., 1996; Mook-Jung et
al., 1997; Pappolla et al., 1998). A small number of surfac-
tants have been found to inhibit A8 aggregation by binding
to its hydrophobic region, which is necessary for its self-as-
sembly (Lomakin et al., 1996; Marcinowski et al., 1998;
Wang et al., 2005). In particular, one of the various types
of surfactants, citrate is a particularly appealing surfactant
(Brus, 2008) because of its small size and high anionic
charge density. Using A/ peptide fragment 25-35 (A B895.35),
we previously showed that citrate inhibits A3 aggregation
by fluorescence spectroscopy using thioflavin-T (Th-T)
(Yang et al., 2008). Furthermore, A /52535 peptides have the
same aggregation and neurotoxic properties of full-length
AB and have the experimental advantage of rapidly ag-
gregating from solution (Pike et al., 1995). However, A 3935
does not exist in the brain, which limits the clinical mean-
ing results. Thus, in the present study, we used full length
AB peptide (AB1.40), which constitutes about 90% of the
most abundant cleaved form of larger amyloid precursor
protein (APP), and which has been shown to have a toxic
effect in the AD brain (Cao et al., 2007).

In this study, we investigated the inhibitory effect of cit-
rate on Af1.40 aggregation and AfS1.4 aggregates-induced
cell damage and death in SH-SY5Y cell line.

METHODS
Synthetic peptides and citrate

AB1.40 TFA was purchased from rPeptide (Athens, Georgia,
USA) and citrate was purchased from Sigma (Saint Louis,
MO, USA), both were used without further purification.

Preparation of solutions

The stock solution of 0.5 mg/ml AB1.40 peptide was pre-
pared by solubilizing lyophilized A 3140 peptide by briefly
vortexing in sterilized 0.6 mM NaOH solution for 5 min
at room temperature and sonicating for 1 min at 4°C. The
peptide stock solution was aliquoted and stored at —20°C.
Citrate stock solution was neutralized to pH 7.4 and filtered
through a 0.2 #m syringe filter, and it too was aliquoted
and stored at —20°C.

Thioflavin-T (Th-T) fluorescence assays of Al
aggregation

Experiments were carried out at pH 7.4 using reaction
mixtures containing 80 1 phosphate buffer (6 mM final
concentration) with 10 «I citrate (0.01, 0.1, and 1.0 mM
final concentration) and 10 x«1 AB1.40 (20 #M final concen-
tration). In details, samples containing AA1.4 alone or AfB 140
plus different concentrations of citrate, were used. All re-
actions were carried out at 37°C for 6 days. The fluorescence
intensities of Th-T dye, which represents the amount of A 814
aggregation, were measured using a PerkinElmer LS 55
Fluorescence Spectrometer (Waltham, Massachusetts, USA).
150 1 of 5 «M Th-T dye solution (in 50 mM sodium phos-
phate buffer, pH 6.0) was added to 20 «1 of the AB1.4 re-
action solutions. Fluorescence intensities of reaction mix-
tures were then measured at excitation and emission wave-
lengths of 450 and 490 nm, respectively.

SH-SY5Y cell culture and A/ 4-induced toxicity

SH-SY5Y cell line was sustained in a 1: 1 mixture of
Dulbecco’s modified Eagle’s medium and Ham’s 12 medium
supplemented with 10% fetal bovine serum and antibiotic-
antimycotic (10,000 U/ml penicillin G sodium, 10,000 s g/ml
streptomycin sulfate and 25 1 g/ml amphotericin B as
Fungizone® in 0.85% saline) (Gibco, NY, USA) in a humidi-
fied 5% CO2/95% Os atmosphere at 37°C. Culture media
were changed every two days. For WST-1 and LDH assays,
the cell line was plated at a density of 1x10* cells/well in
96-well plates and incubated for 24 h. They were then treat-
ed for 3 days with the solutions of AS1.4 (20 #M final con-
centration) in the absence or presence of different concen-
trations of citrate preincubated at 37°C for 6 days.

Cell viability measurements

Cell viabilities were evaluated using WST-1 assays,
which measure the combined activity of intramitochondrial
and extramitochondrial dehydrogenases. Briefly, tetrazo-
lium salts are cleaved by the dehydrogenases of viable cells
to produce formazan which is detected spectrophotometrically.
Dehydrogenase activities were assayed in collagen-coated
96 well-plates (density of 1x10" cells/well). The cells were
exposed to the solutions of AB1.4 (20 #M) with/without
various concentrations of citrate (0.01, 0.1 and 1.0 mM) pre-
incubated for 6 days. After incubation for 3 days, media
were removed and WST-1 reagent (diluted 1/10 with me-
dium) was added. The cells were then incubated in a gassed
atmosphere (5% COy) for 3 hours. After vibrating plates,
the changes in absorbance were measured using a Biotek
Synergy 2 Multi-Detection Microplate Reader (Vermont,
USA) at wavelength 450 nm.

Results are expressed as percentages of WST-1 reduced
by assuming that the absorbance of (no-drug treated) con-
trol cell was 100%.

Measurement of cell damage

SH-SY5Y cell membrane integrities (cell damage) in cul-
ture were determined using a colorimetric lactate dehydro-
genase (LDH) assay (T'OX-7; Sigma-Aldrich Co, MO, USA)
according to the manufacturer's instructions. This assay
measures membrane integrity as function of the amount
of cytoplasmic LDH released into culture medium. Briefly,
the assay mixture was prepared by mixing equal amounts
of LDH assay substrate, cofactor, and dye solutions.
Culture media were added to LDH assay mixtures and in-
cubated for 30 min at room temperature in the dark; the
color reaction was stopped by adding 1 M HCI. Absorbances
were measured at 490 nm using a Biotek Synergy 2 Multi-
Detection Microplate Reader (Vermont, USA). Background
correction was performed at 650 nm.

Identification of apoptotic cells after Hoechst 33342
nuclei staining

The nuclear morphologies of cells were studied using
Hoechst 33342 dye (a cell-permeable DNA dye). Cells with
homogeneously stained nuclei were considered viable,
whereas the presence of chromatin condensation and/or
fragmentation was taken to indicate apoptosis (Gschwind
and Huber, 1995; Lizard et al., 1995). Hoechst 33342 was
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added to culture medium in a chamber slide (Lab-Tek
Chamber Slide; NUNC) at a final concentration of 10 ug/ml
and incubated for 1 h. The cells were then washed with
phosphate buffered saline (PBS) containing 1% (w/v) paraf-
ormaldehyde, mounted on glass slides under coverslips us-
ing mounting solution (0.1 M citric acid : 0.2 M NaH2POy :
glycerol=1 : 1 : 8), and stored in the dark for 30 min at 4°C.
The cells were examined at 1,000x, and five random fields
were chosen for each experimental condition. Hoechst
33342 stained images were obtained using a fluorescence
photomicroscope (IX70; Olympus, Tokyo, Japan), with ex-
citation centered at 350 nm and a 460 nm emission filter.

Statistical analyses

The results shown represent the meanststandard devia-
tions of three experiments. One-way analysis of variance
(ANOVA) followed by Duncan’s multiple-range test was
used to determine whether means of treated groups were
significantly different from that of (no-drug treated) control
group or AfB1.4 aggregates alone treated group. In all cases,
p values of <0.05 were deemed significant.

RESULTS

Inhibitory effect of citrate on the formation of AB 14
aggregates

In order to examine the concentration-dependency of the
anti-aggregation effect of citrate on A/B1.40, the concen-
tration of AB1.40 was fixed at 20 #M and citrate was added
at 0.01, 0.1, and 1.0 mM. After incubation for 6 days, AS
aggregation was found to have been suppressed by citrate
in a concentration-dependent manner (91.3+1.7%, 87.5+4.8%
and 82.1+2.7% (at 0.01, 0.1, and 1.0 mM of citrate, respec-
tively) vs. 100+3.4% (control)) (Fig. 1). In particular, at citrate
concentrations of 0.1 and 1.0 mM, A B4 aggregation was
significantly reduced (p<0.05).

Th-T intensity(% of control)
a
o

Ab40(uM) 20 20 20 20

citrate(mM) 0 0.01 0.1 1

Fig. 1. The effect of citrate on aggregate formation of AfB1.40 was
determined by Th-T fluorometric assays. AfB1.40 at 20 M was
incubated with citrate at 0.01, 0.1, or 1.0 mM at 37°C for 6 days.
The fluorescence intensities of AfB1.40 aggregate formation were
measured using a spectrofluorometer. Results are means+SDs of
three experiments. The asterisk (*) indicates a significant (p<0.05)
difference between treatments with A8 aggregates alone and A8
plus citrate.

Protective effect of citrate on cell viability in ABi.40-
treated cells

We analyzed the protective effect of citrate in the cells
against the toxicity of exogenous A/S14. When SH-SY5Y
cell line was exposed to 20 «M of AB140 for 3 days, cell
viability decreased as compared with that of (no-drug treated)
control (65.3+5.2% vs. 100+3.6%). However, when cells were
treated with the mixtures of AfS1.40 plus citrate (0.01, 0.1,
and 1.0 mM) preincubated for 6 days, the cell viabilities
improved to 84.6+3.4%, 90.8+5.4% and 93.4+3.6%, respec-
tively (Fig. 2). As shown in Fig. 2, viabilities in the mixtures
of AB14 plus citrate treated groups were significantly
greater than in AB1.4 aggregates alone treated group, and
citrate was found to have a concentration-dependent pro-
tective effect (p<0.05).

Inhibitory effect of citrate on cell damage induced with
A/bi.40 aggregates

When exposed to 20 #M AB1.4 aggregates alone for 3
days, SH-SY5Y cell line showed the approx. 30% increase
in LDH release, which is indicative of cytotoxic damage.
However, when the cells were treated with A 8140 plus citrate
of 0.01, 0.1, or 1.0 mM final concentrations preincubated
for 6 days, LDH releases of these were significantly reduced
in a concentration-dependent manner as compared with A8
140 aggregates alone treated group (107.5+3.4%, 103.9+4.6%
and 102.3+2.3%, respectively, vs. 127.3+6.7%) (p<0.05)
(Fig. 3), showing that citrate protected SH-SY5Y cell line
from AB140 aggregates-induced cytotoxicity.

Inhibitory effect of citrate on apoptosis induced with
A/fi.40 aggregates

To study the cytoprotective effect of citrate on apoptosis
induced with AB1.40 aggregates, nuclei of SH-SY5Y cells
were stained with Hoechst 33342 for fluorescence micro-
scopy. Hoechst 33342 is a DNA-binding dye that quantita-
tively stains the DNA of living cells. Briefly, the cells were
treated with 20 «M of A/1.40 aggregates coincubated with/
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Fig. 2. The effect of citrate on the viability of SH-SY5Y cell line.
The cells were treated for 3 days with the solution of 20 M A 8140
with/without citrate preincubated at 37°C for 6 days. Results are
means+SDs of three experiments. The asterisk (*) indicates a
significant (p<0.05) difference between treatment with A 8 alone
and treatment with A S plus citrate.



276 YH Park, et al

160

140

120

100 ) i

80

60

LDH activity (% ofcontrol

40

20

0
Ab40(uM) con 20 20 20 20

citrate(mM) 0 0.01 0.1 1

Fig. 3. The protective effect of citrate on A /314 aggregates-induced
neuronal damage of SH-SY5Y cell line. The cells were treated for
3 days with the solution of 20 xM ABi.4 with/without citrate
preincubated at 37°C for 6 days. Results are means+SDs of three
experiments. The asterisk (*) indicates a significant (p<0.05)
difference between treatment with AS alone and treatment with
AB plus citrate.

A

Control

20 «M AB1-40+1.0 mM citrate

without 1.0 mM citrate for 6 days. Microscopic images (Fig. 4)
showed that the (no-drug treated) control group showed the
large intact nuclei but that AS1.4 aggregates alone treated
cells displayed significant nuclear fragmentation and chro-
matin condensation (characteristic features of apoptosis).
However, the cells treated with the mixtures of A#1.4 plus
citrate had larger nuclei and showed weaker staining than
A B1.40 aggregates alone treated group.

DISCUSSION

In this study to reduce AS aggregation, we added citrate,
an anionic surfactant (Brus, 2008), to A# containing solutions
and incubated for 6 days, and it was observed that A/1.40
aggregation was significantly suppressed. Furthermore,
A B1.40 aggregates-induced cell damage was found to be sig-
nificantly reduced and the viabilities of AS1.40 aggregates-
treated cells were significantly improved by citrate.

Several studies have indicated that A5 monomer must
aggregate to polymeric or fibrillar form before it becomes

20 «M AB1-40

Fig. 4. Inhibitory effect of citrate on Afi.40-induced apoptosis.
Apoptotic body formation was observed under a fluorescent micro-
scope after Hoechst 33342 staining. Hoechst labeling shows (A)
control (untreated cells), (B) increased nuclear condensation and
fragmentation in 20 M ApBi.4 treated cells and (C) decreased
nuclear condensation and fragmentation in cells treated with 20 M
APB140 plus 1.0 mM citrate preincubated for 6 days. The cells were
labeled with 10 rg/ml Hoechst 33342 for 1 h after exposure to AB1.40
treatments for 3 days. Original magnification: X1,000.
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toxic to neurons in culture (Pike et al., 1991), and soluble
AR oligomers are known to be more toxic than monomeric
or fibrillar AS (Rochet and Lansbury, 2000).

Amyloid aggregation, is a complex process that can be
affected by various extrinsic or environmental factors, such
as, pH, peptide concentration, solvent hydrophobicity, tem-
perature, ionic strength, and metal ions (Halverson et al.,
1990; Barrow and Zagorski, 1991; Bush et al., 1994; Snyder,
1994; Sabate” and Estelrich, 2005a). Hydrophobic and elec-
trostatic interactions between A /S molecules play pivotal
roles in A aggregation. According to Jarrett et al. (1993),
the aggregation of A/ peptides into amyloid fibrils is driven
by hydrophobic interactions between highly apolar
residues. Furthermore, it was found that replacing hydro-
phobic for hydrophilic residues in the internal hydrophobic
region of A#A can hinder aggregate formation, which sug-
gested that AS aggregation is driven at least in part by
hydrophobic interactions (Pike et al., 1995). In addition to
hydrophobic forces, electrostatic interactions between resi-
dues also have a significant effect on the formation of AS
aggregates (Lazo et al., 2005; Luhrs et al., 2005; Khandogin
and Brooks, 2007). Several reports have concluded that pos-
itively charged Lys (28) within A# peptide plays a critical
role in stabilizing the /A -turn of AS, and thus, induces the
growths of amyloid fibrils due intermolecular electrostatic
interactions between negatively charged Glu (22) and Asp
(23). In addition, at pH 7.4, both hydrophobic and electro-
static interactions are required to stabilize fibril structures
during the aggregation of AB140 (Wood et al., 1996b). Under
physiological conditions, human A/f1.40 possesses several
amino acid residues, namely, six cationic residues (three
histidines, one arginine, and two lysines), six anionic resi-
dues (three aspartates, three glutamates) and 23 hydro-
phobic residues (three alanines, three phenylalanines, six
glycines, six valines, two leucines, two isoleucines, and one
methionine). Hence, human A 8.4 is amphiphilic, meaning
that possess both hydrophobic and hydrophilic groups, like
surfactants (Soreghan et al., 1994; Ji et al., 1995; Bokvist
et al., 2004). Many reagents have been developed to modu-
late the aggregation of A/ peptide (Pallitto et al., 1999;
Lowe et al., 2001; Nowick et al., 2002; Ban et al., 2004),
and, surfactants belong to one important category of the
reagents.

In terms of anionic surfactants, several studies have in-
vestigated on the roles of sodium dodesyl sulfate (SDS) on
the AB fibrillogenesis. Rangachari et al. found over a nar-
row range of SDS concentrations that SDS accelerated ag-
gregation (Rangachari et al., 2006). Jeng et al. (2006) found
that SDS could inhibit fibril formation by AfS1.4 via the
formation of a small peptide/SDS complex in aqueous sol-
utions (Jeng et al., 2006), and this inhibitory effect is en-
hanced by SDS micelles when a larger SDS concentration
is used.

Regarding cationic surfactants, Sabate” and Estelrich in
a study of interactions between ARB14 and three alky-
lammonium bromides that the surfactants promoted A 8140
aggregation below the critical micelle concentration (CMC),
but that the presence of micelles delayed aggregation
(Sabate” and Estelrich, 2005b). Wood et al. (1996a) com-
pared the effects of several surfactants on the aggregation
of AS peptide and found that hexadecyl-N-methylpiper-
idinium (HMP) bromide selectively inhibited A/ fibril for-
mation (Wood et al., 1996a). Moreover, Sabate” et al. (2003)
and Wang et al. (2005) have demonstrated that cationic
surfactants inhibit A/A fibril formation in a concen-

tration-dependent manner (Sabate” et al., 2003; Sabate”
and Estelrich, 2005b; Wang et al., 2005).

Studies on the interaction(s) between surfactant mole-
cules and Af species and their aggregates have shown that
the promotion and the stabilization of the «@-helix secon-
dary structure are highly correlated with the availability
of charge on the surfactant surface, which suggests that
electrostatic forces play a substantial role in the interaction
between A B species and the surrounding aqueous medium
and its constituents (Wang et al., 2005). Therefore, in order
to suppress the aggregation of A/f1.40, we selected citrate,
an anionic surfactant which possesses three carboxylic acid
groups (Brus, 2008).

Although the mechanisms responsible for the anti-ag-
gregating effect of citrate have yet to be elucidated, we spec-
ulate that citrate inhibits A/S aggregation by interacting
with the amino acid residues of AfS1.40. According to this
suggestion, the anionic carboxyl groups of citrate ion-pair
with cationic residues of Af, and leave its anionic charges
intact, which may hinder its aggregation. Moreover, the hy-
drophobic parts of citrate could coat the hydrophobic parts
of AB and convert these regions of A8 into charged areas.
As a consequence, this disruption of the dispositions of sur-
face charges and hydrophobic regions of A8 molecules may
in turn disrupt the aggregation mechanism.

Based on the above possibility, we examined whether A 81.49
aggregation depends on the ratios of charges in the hydro-
phobic parts and hydrophilic parts of A/B1.40 and charge on
citrate. Human AfB1.40 contains six cationic amino acids
(three histidines, one arginine, and two lysines) and six
anionic amino acids (three aspartates and three gluta-
mates). In the experiment conducted, AB1.40 (20 #M) con-
tained 120 #M cationic and 120 #M anionic amino acid
residues, and thus, citrate (10 #M) contained less anionic
groups than would be required to neutralize the cationic
residues of AfS1.4. We believe that one of three anionic
groups of citrate binds to one cationic residues of A/f1.40,
and thus, leaves two anionic groups exposed to medium.
If this were the case, citrate would increase the number
of charges carried by A 1.4, improving the hydrophilicity
and solubility of AB1.4. When citrate is present at 100 M,
its anionic groups are three-times that required to neu-
tralize AfB1.40 cationic residues. Thus, one third of the
anionic groups of citrate could neutralize all AB1.4 cationic
residues, and the free citrate anionic groups would increase
the net charge and hydrophilicity of AS1.40. Hence, 100 «M
citrate would be expected to increase the solubility of A 81.40,
and 100 #«M citrate would be expected to inhibit A 8140 ag-
gregation more than citrate at 10 «M, and similarly 1 mM
citrate would be expected to have a greater effect. The ob-
served concentration-dependent suppression of AfB140 ag-
gregation by citrate suggests that citrate significantly re-
duced A B1.40 aggregates-induced cytotoxicity and cell death
via an apoptotic process in SH-SY5Y cells (Fig. 2, 4).
Meanwhile, citrate has antioxidant activity (Puntel et al.,
2007), which may partially contribute to inhibit A/#81.40 ag-
gregates-induced cell damage and apoptosis because A 3140
aggregates-induced toxicities proceed via oxidative stress
(Hensley et al., 1994).

Taken together, this study suggests that citrate has an
inhibitory effect on the aggregation of Af1.40, which can
protect neurons from A/S1.40 aggregates-induced apoptosis.
Our findings suggest that citrate should be viewed as a po-
tential drug candidate for the treatment of AD.
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