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Abstract The effects of Salvianolic acid A (Sal A) on
the treatment of Alzheimer’s disease (AD) were investigated. Sal A significantly inhibits amyloid beta (Aβ) selfaggregation and disaggregates pre-formed Aβ fibrils, reduces
metal-induced Aβ aggregation through chelating metal ions,
and blocks the formation of reactive oxygen species (ROS)
in SH-SY5Y cells. Sal A protects cells against Aβ42 -induced
toxicity. Furthermore, Sal A, possibly because of the effects
of decreasing toxicity effects of Aβ species, alleviates Aβinduced paralysis in transgenic Caenorhabditis elegans. Circular dichroism (CD) experiments and Molecular dynamic
(MD) simulations demonstrate that Sal A inhibits Aβ selfaggregation through binding to the C-terminus of Aβ, and
therefore stabilizing the α-helical conformations. Altogether,
our data show that Sal A, as the multifunctional agent, is
likely to be promising therapeutics for AD.
Keywords Alzheimer’s disease · Salvianolic acid A ·
Amyloid β · Anti-oxidant · Neuroprotecitve
Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by extracellular amyloid beta (Aβ)
plaques, intracellular neurofibrillary tangles, and soluble Aβ
oligomers [1,2]. Abnormal production and aggregation of
Aβ are essential pathogenic events in AD [3–5]. Moreover,
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Aβ can induce oxidative stress and inflammation in the brain
[6,7].
In addition to Aβ aggregation, the abnormal concentrations of metal ions, such as iron, copper, and zinc ions, occur
in significant amounts in AD brains [8]. High metal ion concentrations play important roles in Aβ aggregation, deposition, and neurotoxicity, and induce ROS [9–12]. A number
of in vivo studies have shown that copper, iron, and zinc ions
can cause oxidative damage to neuronal cells [13,14]. Modulation of metal ions in the brain can be an effective therapeutic strategy for AD. Metal chelating agents have the potential
ability to regulate, both in vitro and in vivo, metal ion-induced
Aβ aggregation and neurotoxicity [15]. Metal ion chelators,
such as clioquinol (CQ) and 8-hydroxyquinoline derivatives
[16], have been moved into clinical trials [17]. However,
long-term use of CQ brings adverse side effects [18].
Oxidative stress also plays an important role in the pathogenesis of AD [19–21]. The brain is highly sensitive to oxidative stress. The brain of an AD patient loses synapses, and is
particularly vulnerable to oxidative damage [22–24]. Oxidative stress promotes Aβ toxicity through the production of
free radicals. The inhibitory effects of Aβ depositions by
anti-oxidants have been demonstrated through both in vitro
assays and transgenic mouse models [25]. As free radical
scavengers, polyphenols have therapeutic effects with regard
to chronic and degenerative diseases [26]. Moreover, the antiamyloid aggregation effects of polyphenols are significantly
related to their anti-oxidative capabilities [27].
Salvianolic acid A (Sal A) is one of the main biochemically active ingredients isolated from the root of Salvia
miltiorrhiza Bunge (also known as Danshen) [28]. It has
been reported that Sal A is anti-oxidative [29], anti-apoptotic
[30], and anti-inflammatory [31]. Moreover, Sal A inhibits
Src-family SH2 domain mediated protein-protein interactions [32], and protects human SH-SY5Y neuroblastoma

123

516

Mol Divers (2013) 17:515–524

Aβ42 aggregation experiments, Aβ42 powder was initially
dissolved to 440 µM in 1 %NH3 −H2 O and stored at −80◦ C.
The peptide solution was diluted to certain concentrations
with 20 mM PBS (pH = 7.4). For the MTT SH-SY5Y cell
metabolic activity experiments, Aβ42 powder was initially
dissolved to 2 mM in DMSO, and then diluted to certain
concentrations with DMEM. To get Aβ42 fibrils, Aβ42 was
incubated in 20 mM PBS, at 37◦ C, for 48 h.
ThT fluorescence assay

Fig. 1 Structures of salvianolic acid A and curcumin

cells against H2 O2 -induced injury by increasing stress tolerance ability [33].
Sal A and curcumin are structurally similar; both contain caffeic acid as a common scaffold (Fig. 1). It is known
that curcumin is an anti-Aβ aggregation agent [34]. Consequently, we hypothesized that Sal A can also inhibit the Aβ
aggregation. To test our hypothesis, we conducted a number
of experiments to evaluate Sal A’s anti-Aβ aggregation mechanisms of action (if any). Our results show that Sal A significantly inhibits Aβ aggregation, protect Aβ-induced neurotoxicity, and ameliorate Aβ-induced paralysis in a C. elegans
model. Molecular dynamics (MD) simulations demonstrate
that Sal A stabilizes the α-helical conformations of Aβ by
binding to its C-terminus. Further experiments reveal that Sal
A is a multifunctional agent for the treatment of Alzheimer’s
disease.
Methods
General experimental procedures
Aβ42 was purchased from Annaspec, Inc. (Fremont, CA). Sal
A (purity > 98 %) was purchased from Chengdu Mansite
Biotech Co. Ltd., dissolved in DMSO to 10 mM, and stored
at −20 ◦ C. Thioflavin T, DCFH-DA, t-BuOOH, dimethyl
sulfoxide (DMSO), and MTT were purchased from Sigma
(St. Louis, MO, USA). CL4176 (genetically modified C. elegans) was obtained from The Caenorhabditis Genetics Center (CGC) (Minneapolis, MN). Other reagents were commercially available, and were analytical grade without further
processing.
Peptide preparation
For the Thioflavin T (ThT), circular dichroism (CD), transmission electron microscopy (TEM), and metal-induced
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ThT-induced fluorescence changes were measured to quantify amyloid fibril formation using a multifunctional
microplate reader Therme type (the Ruishi Di Ken). To determine amyloid aggregation and fibril formation, the solutions containing Aβ42 , with or without Sal A or curcumin,
were added to 5 µM ThT in 50 mM glycine–NaOH solution
(pH = 8.5), in a final concentration volume of 200 µL. Each
assay was run in triplicate and fluorescence intensities were
measured at excitation and emission wavelengths of 450 and
485 nm.
CD spectroscopy
Modification in the secondary structure of Aβ42 , with or without Sal A, was recorded for 48 h using a Jasco-810-150S spectropolarimeter (JASCO, Tokyo Japan). Sal A was dissolved
and diluted with methanol. 150 µL Aβ42 (100 µM) in phosphate buffer containing NaH2 PO4 , Na2 HPO4 , and methanol
was prepared to monitor the structure of Aβ42 in the absence
or presence of an equal amount of 200 µM Sal A, at 37 ◦ C
for 0 h and 48 h (creating a total of four samples). Each sample was diluted to 750 µL with pH 7.4 phosphate buffer; this
buffer was also the blank control. CD spectrum was scanned
using a 750 µL quartz cuvette; path length was 10 mm and
the wavelength range was set at 190–260 nm. Average spectra were smoothed with the means-movement algorithm in
the Jasco spectrum analysis program.
TEM imaging
TEM was used to detect the disaggregation effect of Sal A on
Aβ42 pre-formed fibrils. 10 µL and 100 µM aggregated Aβ42
was mixed with or without equal amounts of 100 or 50 µM
Sal A, and incubated at 37 ◦ C for 24 h. Following incubation,
5 µL of duplicate samples were applied to 300-mesh copper
grids for 1 min; excess samples were wicked off, and the grids
were washed with ultrapure water and negatively stained with
2 % uranyl acetate solution for 1 min. The staining solution
was absorbed with filter paper. The grids were then observed
using TEM (JEOL JEM-1400, USA) at 120 kV, with 100 or
200 nm scan bar.
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Molecular dynamics (MD) stimulations
The initial structure of Aβ was taken from the NMR structure.
The structure were assigned in the Amber force field with
Kollman-united-atom charge strained in solution (PDB entry
1BA4) [34]. The atom types and potentials were encoded in
Sybyl 7.3 [35]. The initial structures of Sal A were optimized
using an MMFF force field [36], and the Powell method was
used for energy minimization via default parameters in Discovery Studio. 2.5 [37]. Autodock 4.0 [38] was employed to
identify the binding poses of Sal A for Aβ42 with a Lamarckian genetic algorithm. The grid map, with 80 × 80 × 80
points spaced equally at 0.375 Å, was generated using the
AutoGrid program to evaluate the binding energies between
ligand and receptor. All docked poses of Sal A were clustered using a tolerance of 2 Å for root mean square deviation (RMSD), and were ranked based on binding docking
energies. The lowest energy conformation in the most populated cluster was chosen for MD simulations, which were
carried out using the GROMACS 4.5.3 package [39], with
constant number, pressure, and temperature (NPT), and periodic boundary condition. The AMBER ff03 force field [40]
was applied for peptides. Parameters for Sal A were obtained
from the ANTECHAMBER module using the Generalized
Amber force field (GAFF) [41]. The partial atomic charges
for the ligand atoms were assigned using RESP charge-fitting
procedure, with input from Hartree–Fock calculations at the
6-31G* level (through use of the Gaussian03 program [42]).
During the simulations, the pressure and the temperature
were coupled to 1 bar, with an anisotropic coupling time
of 1.0 ps, and kept at 300 K with a coupling time of 0.1 ps.
The coordinates of the whole 90 ns MD run were saved every
2 ps.
Metal-chelating properties assay
In the metal-chelating experiment, CuSO4 , Fe2 (SO4)3 ,
ZnSO4 , and Sal A were dissolved to 1 mM with ethanol. The
absorption spectra of 10 µM Sal A, with or without 10 µM
Cu (II), Fe (III), and Zn (II), were measured at room temperature using a UV–visible spectrophotometer UV-2450 (SHIMADZC Company, Japan) in a 1 cm quartz cell.
Metal-induced Aβ42 aggregation assay
In this assay, the solution of Zn2+ , Cu2+ , and Fe3+ was
diluted with PBS at a pH value of 7.4. The final concentrations of Aβ42 and metal ions were 20 and 50 µM,
respectively. Sal A was initially dissolved in DMSO to 10
mM with PBS. To study the effects of Sal A on metalinduced Aβ42 aggregation, Aβ42 was co-incubated with
50 µM Zn2+ , Cu2+ and Fe3+ , with and without Sal A, at
37 ◦ C for 45 min. After the incubation, the fluorescence was
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measured with a multifunctional microplate absorption value
in a 96-well plate (black plate) at excitation and emission
wavelengths of 450 and 485 nm.
Anti-oxidation activity
Intracellular ROS was measured with the a fluorescent probe
(2 ,7 -dichlorofluorescein diacetate, DCFH-DA). Human
neuroblastoma cells, SH-SY5Y, were grown at 37 ◦ C in a
humidified incubator with 5 % CO2 in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO), which contained 15
nonessential amino acid, and was supplemented with 10 %
fetal calf serum (FCS, GIBCO), 1 mM glutamine, 50 mg/µL
penicillin, and 50 mg/µL streptomycin. For assays, SHSY5Y cells were cultured in 96-well plates at a seeding density of 1×105 cells per well. After 24 h, the cells were treated
with Sal A and curcumin at various concentrations. The vehicle, as the control, was used in an extensive study of the
markers of cell death after 24 h exposure. After 24 h of treatment with the compounds, the cells were washed with PBS
and then incubated with 5 µM DCFH-DA in PBS at 37 ◦ C
in 5 % CO2 for 30 min. After the DCFH-DA was removed,
the cells were washed and incubated with 5 µM t-BuOOH
in PBS for 30 min. At the end of incubation, the fluorescence of the cells from each well was measured at 488 nm
excitation, and 525 nm emission, with a monochromatorbased multimode microplate reader (INFINITE M1000).
Results are expressed as a percentage of the sample average divided by the control group data, calculated as follows:
(ODsample-ODblank) / (ODcontrol-ODblank) × 100 %.
Cell culture
SH-SY5Y neuroblastoma cells were used for the neurotoxicity assay. SH-SY5Y cells were plated in 96-well plates at a
density of 5 × 104 cells/mL in Dulbecco’s modified Eagle’s
medium (DMEM). Plates were incubated at 37 ◦ C for 24 h
to allow the cells to attach. After the original medium was
removed, 100 µL of Sal A, with different concentrations,
were added to individual wells. The same volume medium
was added to the blank control wells. The cells and medium
were added to the negative control wells. These plates were
then incubated at 37 ◦ C, in a 5 % CO2 incubator, for another
48 h. Cell viability was determined using an MTT assay with
an addition of 10 µL of 5 mg/mL MTT to each well, and
further incubated for 4 h. The supernatant was discarded and
100 µL of DMSO were added to each well. The plates were
oscillated so that the resultant formazan was fully dissolved.
Absorbance value was measured at wavelength of 570 nm
through a whole wavelength microplate reader, PowerWave
XS2 (Bio-tech Company). Survival rate of cells was calculated via the following formula: cell survival rate(%) =
(OD sample-OD blank)/(OD control-OD blank) × 100 %.
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Fig. 2 Sal A inhibits Aβ42
aggregation and disaggregates
pre-formed fibrils. ThT
fluorescence assays were used to
monitor the aggregated Aβ42
with excitation of 450 nm and
emission of 485 nm. a The
inhibition of Aβ42 aggregation
compared with curcumin (Cur)
(Cur at 50 µM, Sal A at 40 µM);
b The Aβ42 aggregation
inhibition at varied
concentrations of Sal A; c The
disaggregation of Aβ42
pre-formed fibrils compared
with curcumin at 50 µM; d The
disaggregation of Aβ42
pre-formed fibrils in
dose-dependent manner. Data
represent mean ± SEM from 5
independent experiments.
***P < 0.001 compared to
samples without co-incubation
with Sal A

Determination of neuroprotective activity
Aβ42 was dissolved to 2 mM with DMSO and further diluted
into 100 µL of 40, 20 µM, and 10 µM, with Dulbecco’s
modified Eagle’s medium, respectively. 0.8 µM DMSO were
added to 100 µL Dulbecco’s modified Eagle’s medium to
give the blank control. 100 µL Aβ42 of 40, 20, 10 µM, and
the blank control were pre-incubated for 48 h for aging fibrils at 37 ◦ C (as prepared in aggregation studies). Aggregated Aβ42 (40 20, 10 µM) were added to the SH-SY5Y
cells, which had been incubated for 24 h. Absorbance value
was measured at 570 nm through MTT methods. To study
the protective effect of Sal A on the neurotoxicity of
Aβ42 , 20 µM Aβ42 seed samples, with or without Sal A
(10–80 µM), were pre-incubated at 37 ◦ C for 48 h. Then the
prepared samples were added to SH-SY5Y cells, and incubated at 37 ◦ C for 48 h. DMSO diluted with PBS solution
was also added to the blank control wells. The final concentration of DMSO in each well was less than 0.5 %. At
the end of the experiment, samples were tested via MTT
methods. Absorbance value was measured to determine cell
viability.
Caenorhabditis elegans paralysis assay
The transgenic nematode strain, CL4176, was used for our
paralysis assay. CL4176 was propagated at 15 ◦ C on solid
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nematode growth medium (NGM), which was seeded with
200 µL OP50 (Escherichia coli strain) as food for each plate.
To prepare age-synchronized worms, nematodes were transferred to fresh NGM plates on reaching reproductive maturity at 3 days of age, and allowed to lay eggs for 4–6 h. The
CL4176 maintained at 15 ◦ C was egg-synchronized onto the
35 × 10 mm culture plates, containing either a vehicle or
Sal A. Transgenic expression was induced by upshifting the
temperature from 15 to 26 ◦ C for another 36 h after egg
laying; this upshifting lasted until the end of the paralysis
assay. Sal A was initially dissolved with DMSO, and then
diluted 1,000 fold (with OP50 broth) to the final concentration (400 µL OP50 broth was added to 0.4 µL mother liquor,
and the blank control group was 0.4 µL DMSO added to
400 µL OP50 broth). The final concentration of DMSO in
the food did not exceed 0.1 %. The above mixture was added
to NGM dish seed, with 200 µL OP50 for food in each plate.
The NGM dish was placed on the table to dry. After 24 h
of synchronization, the CL4176 were washed down with
1 mL ddH2 O, and transferred to the NGM dish seed, with
or without 200 µL varied concentrations of Sal A. About
25 nematodes in each dish were cultured at 15 ◦ C. After
hatching for 36 h (12 h after administration), the NGM dishes
were transferred to a 26 ◦ C incubator. After another 36 h
of changing temperature, paralysis was scored at 2 h intervals until the blank control group nematodes were all nearly
paralyzed.

Mol Divers (2013) 17:515–524

519

Fig. 3 Sal A disaggregates
Aβ42 aging fibrils. The
experiments were conducted for
100 µM Aβ42 at 37 ◦ C. a Aβ42
fibrils incubated for 48 h without
Sal A treatment; b Aβ42 fibrils
incubated for 72 h without Sal A
treatment; c Aβ42 fibrils
incubated for 48 h, then further
incubated for 24 h with 50 µM
Sal A; d Aβ42 fibrils incubated
for 48 h, then further incubated
for 24 h with 100 µM Sal A

Western blotting
The total Aß in the transgenic C. elegans strains were identified through immunoblotting, using a Tricine-SDS-PAGE gel
and the standard Western blotting protocol. After the experimental treatments, the worms were washed with distilled
water, quickly frozen in liquid nitrogen, and sonicated in cell
lysis buffer (50 mM HEPES, pH 7.5, 6 mM MgCl2, 1 mM
EDTA, 75 Mm benzamide, 1mM benzamide, 1 mM DTT,
1 % Triton X-100) with protease inhibitor cocktail (sigma,
Saint Louis, MO). The samples were then heated with loading buffer containing 5 % ß-mercaptoethanol (2:1; Bio-Rad,
Hercules, CA). After mixing with the loading buffer, proteins were loaded in each lane. The membranes were probed
with a primary anti-Aß antibody 6E10 (1:1000), followed by
corresponding secondary antibodies.
Statistical analysis
The results were expressed as means ± SD, calculated from
the specified numbers of determination. Statistically significant differences between experimental and control groups

were detected through the Student’s t test; p-values of less
than 0.05 ( p < 0.05) are considered significant.

Results
Sal A inhibits Aβ42 self-mediated aggregation
and disaggregated Aβ42 aging fibrils
To determine whether Sal A reduces Aβ42 aggregation, the
ThT fluorescence assay was conducted to examine Aβ42
fibril formation (Fig. 2a). The results demonstrate that Sal
A is more potent (98 % at 40 µM) than curcumin (70 %
at 50 µM) in inhibiting Aβ aggregation. Moreover, Sal A
inhibits Aβ aggregation in a dose-dependent manner, with
an IC50 value of 1 − 4 µM (Fig. 2b). Sal A also dose dependently disaggregates fibrils aging. In this context, at concentrations of 50 µM, Sal A is also more potent than curcumin
(Figs. 2c, d).
TEM was employed to probe Aβ42 disaggregation, by
means of detecting Aβ42 morphologies, in the presence or
absence of Sal A. Figure 3a and b demonstrate Aβ42 fib-
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incubated Aβ42 fibrils are almost completely disaggregated
after a further 24 h of incubation with 100 µM Sal A.
Sal A inhibits the aggregation of Aβ by stabilizing
the α-helix structure at Aβ’s C-terminus

Fig. 4 CD spectra of Aβ42 with or without Sal A. CD spectra at 0
and 48 h were recorded with the wavelength range of 190–260 nm. The
concentration Aβ42 in PBS was 20 µM. The concentration of Sal A
added to the PBS was 40 µM

rils generated at concentrations of 100 µM, and incubated
for 48 h and 72 h, respectively. Figure 3a and b indicate that
without Sal A treatment, Aβ42 fibrils do not disaggregate.
However, Fig. 3c and d show that Aβ42 fibrils are disaggregated by Sal A in dose-dependent manner. The 48 h pre-

Fig. 5 Molecular dynamics
(MD) simulations confirm that
Sal A stabilizes the helix of Aβ.
a The Sal A binding mode
before MD simulations. b The
Sal A binding mode after 90 ns
MD simulations. A hydrogen
bond is highlighted in red dotted
line. c Aβ backbone atoms
stabilization is confirmed by the
RMSD curves. Black curve
indicates that the backbone
atoms in Aβ helix domain are
stable after 15 ns simulations;
Red curve indicates that Sal A
conformation stays almost
stationary d The time evolution
of the secondary structures of
Aβ42 in presence of Sal A
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Usually, Aβ’s C-terminus tends to form a β-sheet in water,
and the β-sheet causes Aβ aggregation [43]. The toxicity
of Aβ depends on its capacity to form β-sheets [44]. The
transformation process from α-helix to β-sheet at the Aβ Cterminus can be inhibited by small molecules [45,46]. CD
experiments and MD simulations were conducted to elucidate the mechanism of Sal A-induced Aβ conformation
transformation. The CD spectra were acquired for Aβ42 , with
and without Sal A, at different incubation times (0 and 48 h)
(Fig. 4). Freshly prepared Aβ42 in phosphate buffer solution (PBS) exhibits strong negative absorption around 200
nm, which indicates unfolded peptide structure; presumably,
these proteins are in a monomeric state with random coil
properties. After 48 h of incubation at 37◦ C, the Aβ42 CD
spectrum reaches the maximal positive and negative absorptions, at 192 and 210 nm, respectively (Fig. 4). However, the
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positive CD signals at 192 nm are attenuated after 50 µM Sal
A has been added to the Aβ42 PBS solution.
The results of 90 ns MD simulations for the Aβ-Sal A
complex demonstrate the details of Sal A’s stabilization of
Aβ secondary structure. Initially, Sal A binds to Aβ at its
C-terminus, and forms three hydrogen bonds at residues
Lys16 and Asp23 (Fig. 5a). After 90 ns MD simulations in
water, Sal A is more deeply docked in the pocket of the
helix and C-terminus. This complex of Sal A-Aβ is energetically more stable (Fig. 5b). The RMSD evolution curves
(Fig. 5c) indicate that the complex became stabilized after
13 ns of simulation. The secondary conformation landscape
of the complex demonstrates that the helix segment of Aβ
conformation is dominant (56 %) (Fig. 5d colored in blue).
This observation further proves that the helix of Aβ stays
robust with Sal A in water. It is difficult to generate β-sheet
conformation for Aβ when Sal A exists.
Sal A inhibits Aβ42 aggregation as a metal ion chelating
agent
Metals have been shown to participate in the aggregation of
Aβ peptides and enhance the formation of reactive oxygen
species [17], thereby leading to neuronal death. Sal A UV
spectra were acquired to determine if Sal A inhibits Aβ42
aggregation as a metal ion chelating agent. One of Sal A’s
UV characteristic peaks is located at 279 nm (Blue curve
in Fig. 6a). When Sal A is mixed with Cu (II) or Fe (III),
the peaks shift from 279 nm in different directions (green
and purple curves in Fig. 6a). However, Zn (II) is unable to
change the peak at 279 nm (Red curve in Fig. 6a). These
observations confirm that Sal A chelates Fe (III) and Cu (II)
ions.
Results from ThT experiments indicate that Cu (II), Fe
(III), and Zn (II) ions can induce Aβ42 aggregation; this
aggregation can be inhibited through Sal A chelation. However, Zn (II)-induced Aβ42 aggregation may occur through
a different mechanism, as Sal A is not Zn (II)’s chelating
agent.
Although Sal A chelated Cu and Fe ions, but not
chelate Zn, it significantly decreases Cu, Fe or Zn ioninduced Aβ aggregation, thus suggesting that Sal A inhibits
Aβ aggregation through and beyond its chelating metal
action.

Fig. 6 Sal A inhibits metal-induced Aβ42 aggregation as metal ions
chelating agent. a UV spectra of Sal A (1 mM), and Sal A with 1 mM Zn
(II), or Cu (II), or Fe (III). b ThT fluorescence assays for determining
Sal A inhibits Aβ42 aggregation induced by metal ions

Sal A reduces the production of oxidative stress
in SH-SY5Y cell lines
SH-SY5Y cells were incubated with Sal A in 100 µM,
50 µM, 25 µM, 12.5 µM, and 6.25 µM concentrations. The
cells were also incubated with curcumin (the positive control), a known anti-oxidant, in the same concentration series.
As shown in Fig. 7, the ROS is inhibited by Sal A in the dose-

Fig. 7 Sal A inhibits ROS in SH-SY5Y cell lines in dose dependent
manner. The results are represented in the percentage of control
cells. The untreated cells were used as negative control, and curcumin was used as a positive control. Inhibition rate(%) = (1 −
Fluorsencence Intensity of SalA/ Fluorsencence Intensity of control)
× 100 %
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Fig. 8 Protective effect of Sal A on Aβ42 -induced toxicity in SH-SY5Y
cell lines. a The pre-incubated Aβ42 (10, 20 and 40 µM) were added
to the differentiated SH-SY5Y cells for 48 h. b The pre-incubated mixtures of Aβ42 (20 µM) with and without various concentrations of Sal

A for 48 h. Cell viability was determined using MTT methods and data
represented as mean ± SD of three independent experiments. Significant cytoprotective activity of Sal A was observed dose dependently at
all tested concentrations (*P < 0.05, **P < 0.01)

Fig. 9 Sal A eases Aβ-induced toxicity in muscle Aβ strain CL4176.
a Time courses of paralysis assays in CL4176 fed with or without Sal
A; b Average life span of CL4176 fed with or without Sal A. Synchronized eggs of CL4176 were maintained at 16 ◦ C, on the 35 × 10 mm
culture plates (∼25eggs/plate) containing vehicle (Control), Huperzine
A (Hup A, 500 µM), or Sal A (1, 50, 200 and 500 µM). c Quantification of immunoreactive total Aß in the CL4176 fed without or with
Sal A (50 and 200 µM). Data are expressed relative density of an indicated band from three independent experiments. Error bars represent

SEM. **P < 0.05. d Representative Western blot (BL) of total Aß in
the CL4176 fed without or with Sal A (50 and 200 µM). The worms
were collected, and immunoblotted with anti-Aß antibody (6E10). The
hatched worms were grown for 48 h at 16◦ C followed by upshifting the
temperature to 26◦ C to induce the transgene expression. The paralysis was scored at 2 h intervals. Data were measured in the percentage
of non-paralyzed worms from at least three independent assays of 100
worms in each experiment

dependent manner, and the activities of Sal A and curcumin
are almost the same.

that Aβ significantly reduces the cell viability (Aβ-induced
cytotoxicity) in dose-dependent manner. Figure 8b exhibits
that the cells are well protected when 20 µM Aβ is mixed
with Sal A in 5 µM, 10 µM, 20 µM, and 40 µM concentrations. This concludes that Sal A is a neuroprotective
agent against Aβ42 -induced toxicity in a dose-dependent
manner.

Sal A protects cells against Aβ42 -induced toxicity
SH-SY5Y cells were treated with Aβ42 solutions in 10 µM,
20 µM, and 40 µM concentrations. Figure 8a demonstrates
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Sal A reduces total Aβ and alleviates Aβ-induced paralysis
in transgenic C. elegans strain CL4176
Transgenic C. elegans were fed with Sal A to determine if
Sal A can ease Aβ-induced toxicity in vivo. Figure 9a and
b demonstrate that Sal A significantly delays Aβ-induced
paralysis at dosages of 50 and 200 µM. Huperzine A (Hup A),
an acetylcholinesterase (AChE) inhibitor, was also tested as
a positive control. The activity of 50 µM Sal A is equivalent
to 500 µM Hup A’s.
To determine whether Sal A treatment affected the total
Aβ levels in the worm, we measured levels of Aβ using antibody 6E10. Figure 9c and d shows that Sal A, at 50 and
200 µM concentrations, significantly decreases the total Aβ
( p = 0.005 and 0.008 µM respectively). This study is thus
the first to disclose that Sal A attenuates Aβ-induced paralysis in C. elegans strain CL4176 through decreasing the levels
of total Aβ.

Conclusions
In this paper, for the first time, we report that Sal A significantly inhibits the formation of Aβ fibrils. Moreover,
Sal A dose dependently destabilizes aggregated Aβ fibrils
in vitro, which is proved by ThT dying and TEM imaging
studies. Sal A inhibits Aβ aggregation by blocking the conversion of the α-helices into β-sheets, as shown from CD
spectrum and MD simulations. Although Sal A chelated Cu
and Fe ions, but not chelate Zn, it significantly decreases
Cu, Fe or Zn ion-induced Aβ aggregation, thus suggesting that Sal A inhibits Aβ aggregation through and beyond
its chelating metal action. Sal A also demonstrates antioxidative activity and neuroprotective activity in SH-SY5Y
cells. Sal A alleviates Aβ-induced paralysis in C. elegans
strain CL4176. Together with our findings from ThT, CD,
and EM analysis, our results suggest that Sal A ameliorates Aβ toxicity in transgenic C. elegans strain CL4176
by reducing amounts of the toxic form of Aβ. To sum
up, because of its multiple mechanisms of action, Sal A
is a promising multifunctional agent for the treatment of
AD.
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