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ABSTRACT: Alzheimer’s disease (AD) develops from a complex
setting of genetic and biochemical alterations, including an increased
level of p53 in the brain. Here, the robust and specific activation of
p53 by the fibrillar non-β-amyloid component (NAC) of AD was
demonstrated in human neuroblastoma SH-SY5Y cells. For the first
time, the increase in the level of p53 target gene transcription, the cell
cycle arrest, and the induction of apoptosis elicited by NAC were
evidenced. These effects were counterbalanced by pifithrin-β, a small
molecule interfering with the p53 functions. Using the structure of a
pifithrin-β analogue as a reference, a pharmacophore-based virtual
screening of the ZINC database was performed. Among the resulting
hits, 20 druglike heterocyclic compounds were selected and evaluated
for their neuroprotective activity against fibrillar NAC in the human
SH-SY5Y cellular model. Three compounds exhibited neuroprotective
effects. In particular, 2-(4-methoxyphenyl)-7-methyl-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine resulted in a promising
lead compound for further development of anti-AD agents in terms of neuroprotection, reducing the rate of NAC-induced cell
death with an activity higher than that of pifithrin-β, as a result of a more effective functional inhibition of p53 target gene
transcription.
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The pathogenesis of Alzheimer’s disease (AD) develops
from a complex mix of genetic and biochemical factors,

including an increased level of production of synuclein proteins
(such as β-amyloid) and significant alterations in cell signaling
systems.1,2 In particular, the p53 intracellular pathway seems to
be involved, as revealed by the increased levels of p53
evidenced in brains of AD patients.3,4 This finding could be
one of the reasons for the massive neuronal death occurring
during the disease. Indeed, p53 plays key roles in the regulation
of cell viability by stimulating specific gene expression (p21,
Bax, and PUMA) and interacting with mitochondrial proteins,
to arrest the cell cycle and/or to activate programmed cell
death.5,6 Interestingly, apoptosis in AD microglia and in β-
amyloid-expressing neurons was found to be mediated by
p53,7,8 and an increase in the level of p53 transcription was
associated with neuron β-amyloid deposition.9 Nevertheless, β-
amyloid is not the only active factor responsible for
neurotoxicity in AD. A small peptide, the non-β-amyloid
component (NAC), is the second major constituent of plaques
in AD brains and is closely colocalized with β-amyloid.10 NAC
is more abundant in the center portion of the amyloid plaque
rather than in the periphery; this peculiar distribution suggests

that NAC might promote β-amyloid aggregation,11,12 thus
playing a role in the early phase of AD pathogenesis. Although
NAC neurotoxicity has already been reported in the
literature,13,14 little is known about the cellular pathway
activated by this toxic protein. Previous studies performed on
rat pheochromocytoma cells showed that NAC treatment
caused an increase in p53 levels.15 The p53 functional inhibitor
pifithrin-α16 (Chart 1) is a small molecule reported to behave
like an antiapoptotic agent in neurodegenerative models.8,17−19

Pifithrin-α is a prodrug that under physiological conditions
spontaneously undergoes ring closure to yield pifithrin-β20 [1
(Chart 1)]. In light of these findings, previous studies have
been devoted to identifying druglike compounds endowed with
pharmacological activities better than those exhibited by
pifithrin-α and pifithrin-β.21−23

The primary aim of this study was to evaluate the
involvement of p53 signaling in human neuroblastoma SH-
SY5Y cells,13 a cell line suitable for AD models,24 treated with
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NAC as a toxic insult. Subsequently, to set up an in vitro
predictive test for the assessment of potential anti-AD agents
that can interfere with p53 function, the NAC effects were
evaluated in the presence of pifithrin-β. Given the great demand
for effective anti-AD compound agents, the second goal of our
research was the identification of new antineurodegenerative
compounds. A database search was performed to identify a
small number of commercially available druglike compounds,
structurally related to pifithrin-β. Finally, the AD cellular model
previously validated using pifithrin-β was employed to evaluate
the selected compounds for their neuroprotective activity
against NAC.

■ RESULTS AND DISCUSSION
NAC Cell Treatment. Protein conformation-dependent

neurotoxicity is a significant theme in AD.25 The amyloid
cascade hypothesis suggests that the β-amyloid fibrillar form
plays a primary pathogenic role in AD. Recent evidence
suggests a more complex mechanism, as neurotoxicity may also
be exerted by rather small soluble aggregates, including
oligomers.26,27

The neurotoxicity of NAC treatment is well-established, as
described in several papers on cellular and animal mod-
els;13−15,28−33 however, the molecular mechanism responsible
for the toxicity exerted by NAC remains largely elusive, and it is
still not clear whether the most deleterious peptide state is
represented by the fibrillar or the nonfibrillar form. In this vein,
we decided to proceed by investigating the neurotoxicity of
NAC in both peptide forms (nonfibrillar and fibrillar states), as
previously tested in different experimental settings.13,15,30

As the NAC fragments are able to form β-sheet and amyloid-
like filaments,13 the NAC neurotoxic effect was evaluated with
its nonfibrillar and fibrillar forms (as described in Cell Model
Characterization). SH-SY5Y cells were treated with aggregated
and nonaggregated NAC at different concentrations (1−50
μM) for 24 h, and cell viability was assessed.
According to previously published data,13 the effects elicited

by NAC on cell viability strictly depend on the peptide
aggregation state (Figure 1). In particular, treatment with
nonfibrillar NAC produced a moderate decrease in cell viability
at a concentration of only 50 μM (82.50 ± 3.50%; p < 0.05).
Conversely, fibrillar NAC elicited an efficient and dose-
dependent toxic insult in human SH-SY5Y cells, significantly
reducing cell viability at concentrations of 10 and 50 μM (63.29
± 2.14 and 21.33 ± 5.81%, respectively; p < 0.001). On the
basis of these data, the aggregated (fibrillar) NAC at a
concentration of 10 μM proved to represent an efficient toxic
insult in human SH-SY5Y cells and therefore was used for the
subsequent experiments.
Evaluation of p53 Signaling following the NAC

Treatment of Cells in the Absence or Presence of the
Functional p53 Interfering Agent, Pifithrin-β. Tran-

scription of p53 Target Genes. It is well-known that p53
activates specific proapoptotic genes (p21, Bax, PUMA, and
MDM2) to promote the arrest of the cell cycle and the
mitochondrial permeability transition. To test whether the toxic
effect of NAC in human SH-SY5Y cells derived from the
activation of p53 pathways, the relative mRNA quantification of
p53 target genes was performed by means of real-time RT-
PCR. Notably, in cells exposed to 10 μM fibrillar NAC,
significant increases in the levels of transcription of p53 target
genes such as MDM2, p21, and BAX (p < 0.01, p < 0.001, and
p < 0.001, respectively) were detected (Figure 2). Additionally,

SH-SY5Y cells were pre-exposed for 3 h to 10 μM pifithrin-β,
and then 10 μM NAC was added for 24 h. Interestingly, the
pifithrin-β pretreatment preserved the increase in mRNA levels
of p53 target genes (p < 0.01 with respect to mRNA levels of
not pretreated cells), with the only exception being BAX
mRNA levels that remained significantly higher with respect to
the control (p < 0.05) (Figure 2). These data support the
suggestion that the NAC neurotoxicity in human SH-5YSY cells
involves the activation of p53 pathways. This is confirmed by
the almost complete abrogation of the NAC-induced gene

Chart 1. Structures of Pifithrin-α and Pifithrin-β (1)

Figure 1. Different aggregating states and concentrations of NAC
affected cell viability. SH-SY5Y cells were exposed for 24 h to
increasing concentrations of NAC (1−50 μM) in the nonfibrillar or
fibrillar aggregation state. The data are expressed as the mean
percentage of cell viability vs the control (DMSO), which was set to
100%. Values represent the means ± SEM of at least five independent
experiments. *p < 0.05 and ***p < 0.001 vs the control.

Figure 2. NAC increased the level of p53 target gene transcription.
The relative quantification of MDM2, p21, and BAX mRNA was
performed by real-time RT-PCR. SH-SY5Y cells were treated for 24 h
with 10 μM fibrillar NAC in the absence or presence of 10 μM
pifithrin-β. The data are expressed as the mRNA fold increase vs the
control, which was set to 1. Values represent the means ± SEM of at
least three independent experiments. *p < 0.05, **p < 0.01, and ***p
< 0.001 vs the control.
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transcriptional increase that occurs in cells pre-exposed to the
functional p53 inhibitor pifithrin-β.
Evaluation of Cell Cycle Arrest. One of the pivotal

consequences of p53 activation, due to the transcription of
cyclin-dependent kinase inhibitor p21, is the cell cycle arrest at
the G1 or G2/M phase. For this reason, the cell cycle analyses
were performed on SH-SY5Y cells exposed to 10 μM NAC and
10 μM pifithrin-β, alone or in combination.
In accordance with the transcription data, the investigation of

the cell cycle after exposure for 24 h to NAC revealed an arrest
in the G2 phase, as demonstrated by the significant increase in
the number of cells in the G2/M phase and the related
reduction in the number of cells in the G1 phase (Figure 3).

Conversely, pifithrin-β treatment did not induce any
perturbation in the cell cycle. Interestingly, pre-exposure to
pifithrin-β prevented the NAC-induced cell cycle arrest,
demonstrating that the functional inhibition of p53 counter-
acted the effects of NAC on the cell cycle (Figure 3). These
findings clearly suggest that NAC and pifithrin-β take part in
p53 signaling to regulate the cell cycle, as supported by the
increase in the level of cycline kinase inhibitor p21 transcription
in cells exposed to NAC (Figure 2), and by the alteration in the
cell distribution profile among the cell cycle phases (Figure

3).34 Nevertheless, other p53-independent mechanisms cannot
be excluded.

Evaluation of Apoptosis. As one of the p53 functions is
activation of programmed cell death, the ability of NAC to
induce apoptosis in SH-SY5Y cells was investigated. The living
state of cells exposed to drugs for 24 h was assessed using the
Annexin V/Propidium Iodide combined assay, as described in
Methods. Treatment with 10 μM fibrillar NAC caused an
increase in the apoptotic cell percentage (p < 0.001) with
respect to the control, whereas incubation with 10 μM pifithrin-
β alone did not induce apoptosis. Of note, in cells treated with
10 μM pifithrin-β and NAC, a decrease in the level of apoptosis
(p < 0.01 vs the control) with respect to cells without pre-
exposure (p < 0.001 vs the control) was found, even if the
decrease in the rate of cell death was not complete (Figure 4).
Interestingly, such partial counterbalance by pifithrin-β cell
treatment of NAC-induced apoptosis is in accordance with our
BAX transcriptional data. In fact, the BAX mRNA level was
found to be decreased by the pifithrin-β cell pre-exposure, but it
remained significantly higher than the control (Figure 2).
Notably, our primary purpose to set up an in vitro model that

is reasonably predictive in assessing the pharmacological activity
of compounds interfering with p53 signaling was achieved, as
confirmed by the results obtained in the experiments described
above. Indeed, all data indicated that p53 plays a key role in the
NAC-induced neurotoxicity and that a functional inhibitor of
p53, such as pifithrin-β, is able to counteract the effects of the
NAC toxic insult.

Database Searching To Identify Pifithrin-β-like Com-
pounds To Be Evaluated as Neuroprotective Agents. In
spite of many studies focusing on the pifithrin-β molecular
mechanism, the exact pharmacological target of this compound
has not been identified. Therefore, our search for new chemical
entities behaving like pifithrin-β was necessarily restricted to
ligand-based methods such as database searching.35 To date, a
certain amount of molecules related to pifithrin-α and pifithrin-
β have been investigated.20−23 In particular, Barchechath et al.22

reported that aromatic derivatives of pifithrin-β, characterized
by an imidazo[2,1-b]benzothiazole (IBT) scaffold, possess
good cytoprotective properties. These properties were further
improved by increasing the lipophilicity of the substituent at
the para position of the phenyl ring attached to position 2 of
the IBT nucleus. One of the best performing IBT derivatives
was endowed with a pyrrolidinyl group in such a position (IBT-
60, 2 in Figure 5). We took this compound as a reference
structure to perform a virtual screening of the “lead-now”
subset of commercially available compounds filed in the ZINC
database.36 As a query, the following pharmacophoric features
automatically extracted from 2 using the Phase software (Phase,
version 3.2, Schrödinger, LLC, New York) were used: four
aromatic rings, a hydrogen bond acceptor, and a hydrophobic
point (Figure 5).
In the virtual screening analysis, only those structures

matching a minimum of four out of six sites and provided
with a similarity index (“fitness score” calculated with respect to
compound 2) of >2.0 were retained. The virtual screening
returned 187 hits that were first clustered into chemically
homogeneous groups and then visually inspected. Twenty
compounds were selected, purchased, and biologically
evaluated. Table 1 lists the structures of the selected
compounds (3−22) together with their fitness scores, the
ZINC codes, and the vendor codes. All the computational
details are given in Virtual Screening in Methods.

Figure 3. NAC treatment induced cell cycle arrest. SH-SY5Y cells
were treated for 24 h with DMSO, with 10 μM pifithrin-β, and with 10
μM fibrillar NAC, with or without being pre-exposed to 10 μM
pifithrin-β. (A) Representative DNA content profile of DMSO-treated
(control) and drug-treated cells. (B) Bar chart showing the percentage
of SH-SY5Y cells in G1, S, and G2/M phases. The data represent the
means ± SEM of at least three independent experiments. *p < 0.05 vs
the control.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn4002208 | ACS Chem. Neurosci. 2014, 5, 390−399392



The structures of the purchased compounds were confirmed
by 1H nuclear magnetic resonance (NMR) spectra and
elemental analysis (Supporting Information). The solubility of
each compound under the experimental conditions (cell
culturing complete medium with 1% DMSO) was estimated
as reported in Assessment of Compound Solubility in Cell
Experimental Buffer. Compounds 6, 13, 15, 16, 18, and 21
could not be tested because they were insufficiently soluble.
Poor aqueous solubility is a serious drawback when dealing
with druglike molecules rather than with real drugs; this
problem cannot be circumvented because of the lack of
experimental or reliable calculated values of aqueous solubility
for most of the compounds filed in the currently employed
databases.38

Cytotoxicity of Selected Heterocyclic Compounds.
The evaluation of the selected small molecules as potential anti-
AD agents was performed by means of the pharmacological
predictive in vitro model set up in this study. As mentioned, six
of the 20 selected heterocyclic compounds were very weakly

soluble in cell experimental buffer; thus, we focused our
attention on the 14 remaining compounds (3−5, 7−12, 14, 17,
19, 20, and 22), endowed with sufficient aqueous solubility.
These compounds and pifithrin-β were evaluated first for their
cytotoxicity.
SH-SY5Y cells were treated for 24 h with each compound at

concentrations of 1 and 10 μM. The results indicated that none
of them was cytotoxic at 1 μM (Figure 6A). The cytotoxicity
assay performed at a compound concentration of 10 μM, as
reported in Figure 6B, showed that 4, 12, and 19, together with
pifithrin-β, did not affect the cell survival with respect to the
control. Compound 3 was shown to be very weakly soluble in
cell experimental buffer at 10 μM, and therefore, it was not
considered for this cytotoxic experiment.

Neuroprotective Activities of Selected Heterocyclic
Compounds. The noncytotoxic compounds (4, 12, and 19)
were subsequently tested to assess their neuroprotective activity
in the NAC-based cell model. Pifithrin-β was used as the
reference standard compound. The assay was performed by

Figure 4. NAC induced apoptotic cell death. SH-SY5Y cells were treated for 24 h with DMSO, with 10 μM pifithrin-β, and with 10 μM fibrillar
NAC, with or without being pre-exposed to 10 μM pifithrin-β. (A) Representative apoptosis profiles of DMSO-treated (control) and drug-treated
cells. (B) Bar chart showing the percentage of apoptotic cells. The data represent the means ± SEM of at least three independent experiments. **p <
0.01 and ***p < 0.001 vs the control.

Figure 5. Pharmacophoric features extracted from compound 2:22 a hydrogen bond acceptor (A), four aromatic rings (R), and a hydrophobic point
(H).
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Table 1. Structures, Fitness Scores,a ZINC Codes, and Vendor Codes of the Compounds Selected for Evaluation as Novel
Neuroprotective Agents

aThe fitness score of each compound (ranging from 0 to 3, where 3 is the “best” value) was calculated by taking compound 222 as the reference
structure (see Figure 5).
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exposing cells first to each compound at concentrations of 1
and 10 μM and then to 10 μM fibrillar NAC. After 24 h, the
viability assay showed that the pretreatments with 1 and 10 μM
pifithrin-β exerted neuroprotective effects with respect to cells
exposed only to NAC (p < 0.01) (Figure 7). Notably, 12, a

pirazolotriazolopyrimidine derivative, was more effective than
pifithrin-β against neuronal death (p < 0.005 for both the
assessed concentrations). The mean viability of cells pre-
exposed to 12 was higher than that of cells pretreated with
pifithrin-β (89.06 ± 2.89 and 83.00 ± 2.49%, respectively, at a
concentration of 1 μM, and 96.66 ± 0.85 and 87.16 ± 2.64%,

respectively, at a concentration of 10 μM). Compound 19
displayed an efficacy similar to that of pifithrin-β (mean cell
viability of ∼85% for both the tested concentrations), whereas
4 exhibited a strong protective effect with respect to that of
pifithrin-β at a concentration of 10 μM; however, 4 it
completely lost its neuroprotective activity when used at a
concentration of 1 μM.

Investigation of the Neuroprotective Activity of
Compound 12. Among the investigated heterocyclic deriva-
tives, 12 exhibited the best neuroprotective activity; thus,
further experiments were performed to determine the
concentration of 12 capable of inhibiting NAC-induced cell
death by 50% (EC50), using pifithrin-β as the reference standard
(Figure 8A). Interestingly, the nonlinear regression fitting of
the data showed that 12 (mean EC50 value of 23.4 nM) was
nearly 4 times more effective than pifithrin-β (mean EC50 value
of 89.1 nM) as a neuroprotective agent.
As described above for cotreatment of cells with NAC and

pifithrin-β, the relative mRNA quantification of p53 target
genes in SH-SY5Y cells, pre-exposed to 10 μM compound 12
and then supplemented with 10 μM NAC for 24 h, was
performed by means of real-time RT-PCR. Remarkably, the
compound 12 cell pretreatment, analogous to pifithrin-β
pretreatment, preserved the NAC-induced increase in mRNA
levels of p53 target genes (p < 0.01 for MDM2 and p21 genes
and p < 0.005 for BAX gene, with respect to mRNA levels of
cells not pretreated with compound 12) (Figure 8B). These
data demonstrate that the neuroprotective effect of 12 is
mediated by the inhibition of p53, as confirmed by the
abrogation of the NAC-induced gene transcriptional increase.
Interestingly, 12 seems to be more effective in BAX mRNA
inhibition than pifithrin-β, and this behavior may be responsible

Figure 6. Cytotoxic effects of the tested compounds and pifithrin-β at 1 (A) and 10 μM (B) on SH-SY5Y cells. The data are expressed as mean
percentages of cell viability vs the control that was set to 100%. Values represent the means ± SEM of at least five independent experiments. **p <
0.01 and ***p < 0.001 vs the control.

Figure 7. Neuroprotective effects of compounds 4, 12, and 19. SH-
SY5Y cells were treated with 10 μM fibrillar NAC in the absence or
presence of each tested compound at concentrations of 1 and 10 μM.
The data are expressed as the mean percentages of cell viability vs the
control, which was set to 100%. Data represent the means ± SEM of at
least five independent experiments. ***p < 0.001 vs the control; #p <
0.05, ##p < 0.01, and ###p < 0.001 vs 10 μM NAC.
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for the better neuroprotective activity with respect to pifithrin-
β.
In conclusion, the results of our study demonstrate that the

AD plaque peptide fibrillar NAC activates the p53 functions in
the human neuroblastoma SH-SY5Y cell line, as revealed by the
increase in the levels of p53 target gene transcription, inhibition
of cell growth, and induction of apoptosis; such NAC-induced
cellular effects are counteracted by pifithrin-β. It is likely that
NAC, like β-amyloid, may act through different types of
cytotoxic mechanisms, both extracellular and intracellular, all
concurrent in the activation of p53. These findings indicate that
the in vitro NAC model could be a good predictive test for the
evaluation of p53 interfering compounds as potential anti-AD
agents.
Furthermore, 20 heterocyclic compounds (3−22) structur-

ally related to pifithrin-β, but chemically different from it, were
identified by screening the ZINC database using a pharmaco-
phore-based approach. Fourteen compounds, provided with
sufficient buffer solubility, were assessed for their cell safety
profile in human SH-SY5Y cells. The noncytotoxic compounds
(4, 12, and 19) were tested to determine if they could protect
SH-SY5Y cells against fibrillar NAC. In particular, 12 turned
out to be the best compound in terms of neuroprotection and
cell safety, inhibiting NAC-induced cell death nearly 4 times
more efficiently (EC50 value of 23.4 nM) than pifithrin-β (EC50

value of 89.1 nM), probably as a result of a more effective
functional inhibition of p53 target gene transcription.
Undoubtedly, a cellular model does not account for all the
multiple variables of a living system, and a number of further
studies have to be conducted before advocating the use of a
compound as an anti-AD agent. However, given all the
limitations described above, the excellent pharmacological
properties, the aqueous solubility, and the druglike properties
of 12 make this compound a promising lead structure for the
further development of anti-AD agents.

■ METHODS
Materials. NAC peptide was purchased from RayBiotech, Inc.

(Norcross, GA). The in vitro toxicology Neutral Red Assay kit and the
primers used for RT-PCR (MDM2, p21, BAX, and β-actin) were
obtained from Sigma (St. Louis, MO). The RNeasy Mini Kit was
purchased from Qiagen S.p.A. The Script cDNA synthesis kit was
furnished by Biorad s.r.l. Fluocycle II SYBR was obtained from
Euroclone s.p.a. Muse Cell Cycle reagent was obtained from Millipore.
Pifithrin-β and the selected heterocyclic compounds were obtained
from Ambinter c/o Greenpharma (Orleáns, France). All other
chemicals or materials were purchased from standard sources.

Cell Model Characterization. Preparation of the Soluble NAC
Peptide. NAC was dissolved in PBS [9.1 mM NaH2PO4, 1.7 mM
Na2HPO4, and 150 mM NaCl (pH 7.4)] at a concentration of 100
μM, according to the data sheet. Gentle shaking at room temperature
for 1 h or 8 days was performed to create the two aggregation states of
the NAC peptide, the nonaggregated (1 h, protofibrils) and aggregated
(8 days, fibrils) states. To prevent bacterial infection, the solutions
were filtered and then ultrasonicated daily, as previously reported.30

Cell Culture. This study was conducted using the human
neuroblastoma SH-SY5Y cell line, as previously reported in AD
studies.16 Cells were maintained in DMEM/F12 medium, supple-
mented with 15% fetal bovine serum (FBS), 1% nonessential amino
acids, 2 mM L-glutamine (cell complete medium), and penicillin/
streptomycin in a humidified atmosphere (5% CO2) at 37 °C. For the
experiments, confluent cells were subcultured into 100 mm2 dishes or
96-well plates. Each well was covered with 100 μL of complete
medium containing 5 × 103 cells. After 24 h, cell cultures achieved 60−
70% confluence; then the cells were incubated in serum-reduced
medium (2% FBS) and exposed to NAC and/or compounds for 24 h.

Cytotoxicity Assay. The NAC cytotoxicity was assessed by means
of the Neutral Red Assay. This assay is based on the accumulation of
the neutral red dye in the lysosomes of viable uninjured cells.39 Briefly,
NAC-treated cells were incubated for 1 h with 100 μL of neutral red
dye (33 μg/mL) dissolved in serum free medium. At the end of the
incubation period, cells were washed twice with the warm osmotically
balanced saline solution PBS. The wash solution was removed, and the
cell-incorporated dye was solubilized in 100 μL of Neutral Red Assay
Solubilization Solution (50% EtOH and 1% AcOH). The cultures
were allowed to stand for 10 min at room temperature while being
gently stirred, to enhance the mixing of the solubilized dye. The
absorbance was measured at a wavelength of 540 nm with a microplate

Figure 8. (A) Concentration−response curves of compound 12 and pifithrin-β. SH-SY5Y cells were treated with different concentrations of 12 (1
nM to 10 μM) in the presence of 10 μM fibrillar NAC. The data are expressed as the percentages of cell viability vs the control, which was set to
100%. Values represent the means ± SEM of at least two independent experiments. (B) Pretreatment with compound 12 preserved the increase in
the mRNA levels of p53 target genes. The relative quantification of MDM2, p21, and BAX mRNA was performed by real-time PCR. SH-SY5Y cells
were treated for 24 h with 10 μM fibrillar NAC in the absence or presence of 10 μM compound 12. The data are expressed as the mRNA fold
increases vs the control, which was set to 1. Values represent the means ± SEM of at least three independent experiments. **p < 0.01 and ***p <
0.001 vs the control; ##p < 0.01 and ###p < 0.001 for NAC and 12 vs NAC.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn4002208 | ACS Chem. Neurosci. 2014, 5, 390−399396



reader. The background absorbance of multiwell plates at 690 nm was
subtracted from the measurement at 540 nm. Each experiment was
repeated five times.
Real-Time Quantitative RT-PCR. Gene expression was assessed by

reverse transcription polymerase chain reaction (RT-PCR) as
previously described.40 In brief, total RNA was extracted from the
control and cells treated with 10 μM NAC or cells pretreated with 10
μM pifithrin-β for 3 h and then supplemented with 10 μM NAC, using
the RNeasy Mini Kit according to the manufacturer’s instructions. The
purity of the RNA samples was determined by measuring the
absorbance at 260−280 nm. Reverse transcription was performed with
500 ng of total RNA using the i-Script cDNA synthesis kit following
the manufacturer’s instructions. The primers used for real time RT-
PCR were designed to span intron−exon boundaries to ensure that
products did not include genomic DNA (Table 2). The real time RT-

PCR mixtures consisted of 25 μL of Fluocycle II SYBR, 1.5 μL of both
the forward and reverse primers (at a concentration of 10 μM), 3 μL
of cDNA, and 19 μL of water. All reactions were performed for 40
cycles using the following temperature profiles: 98 °C for 30 s (initial
denaturation), 55 °C for 30 s (annealing), and 72 °C for 3 s
(extension). β-Actin was used as the housekeeping gene. PCR
specificity was determined using both melting curve analysis and gel
electrophoresis, and the data were analyzed by the standard curve
method. mRNA levels for each sample were normalized against β-actin
mRNA levels, and the relative level of expression was calculated using
the Ct value.
Cell Cycle Analysis. The measurement of the percentage of cells in

the G0/G1, S, and G2/M phases of the cell cycle was performed using
the Muse Cell Analyzer, as previously reported.40 Briefly, cells were
treated with DMSO, 10 μM NAC, or 10 μM pifithrin-β; in parallel,
cells were pre-exposed to 10 μM pifithrin-β for 3 h and then
supplemented with 10 μM NAC. After 24 h, adherent cells were
collected and centrifuged at 300g for 5 min. After being washed with
1× PBS, suspended cells were fixed and, after the slow addition of 1
mL of ice-cold 70% ethanol, maintained overnight at −20 °C. Then, a
cell suspension aliquot (containing at least 2 × 105 cells) was
centrifuged at 300g for 5 min, washed once with 1× PBS, and
suspended in the fluorescent reagent (Muse Cell Cycle reagent). After
incubation for 30 min at room temperature, in the dark, the
measurements of the percentages of cells in the phases of the cell
cycle were acquired.
Cell Death Assay. The living state of 24 h drug-treated cells was

assessed by the MUSE cell analyzer, using specific potentiometric
fluorescent dyes, as previously reported.40 Briefly, for the cell death
assay, Annexin V and propidium iodide (PI) were used as fluorescent
probes. Annexin V is commonly used to detect cells expressing
phosphatidylserine on the cell surface, which occurs during apoptosis;
on the other hand, PI does not pass through intact cell membranes, so
it is considered as a marker of necrotic death. We simultaneously
measured the level of expression of phosphatidylserine on the cell
surface and cellular plasma membrane permeabilization (using the
Muse annexin and cell death assay). Briefly, cells were treated for 24 h
with DMSO, 10 μM NAC, or 10 μM pifithrin-β; in parallel, cells were
pre-exposed to 10 μM pifithrin-β for 3 h and then supplemented with
10 μM NAC for 24 h. After being exposed to the drug, both floating

and adherent cells were collected, centrifuged at 300g for 5 min, and
suspended in cell culture medium. Then, a 100 μL aliquot of a cell
suspension (∼5 × 104 cells/mL) was added to 100 μL of fluorescent
reagent and the mixture incubated for 10 min at room temperature.
After the incubation period, the percentages of living, apoptotic, and
dead cells were acquired and analyzed, by the Muse Cell Analyzer in
accordance with the Millipore guidelines.

Virtual Screening. Pharmacophore Hypothesis Generation.
With compound 2 as a starting point,22 pharmacophoric features
were automatically generated with phase (Phase, version 3.3) using the
default set of six chemical features: hydrogen bond acceptor (A),
hydrogen bond donor (D), hydrophobic group (H), negatively
charged group (N), positively charged group (P), and aromatic ring
(R). Because the template ligand was highly rigid, only one hypothesis
was produced; this contained four aromatic rings, a hydrogen bond
acceptor, and a hydrophobic group (see Figure 5).

Database Preparation. The commercial chemical database ZINC
“Leads Now”, containing more than 1983960 compounds, was
processed through redundancy checking and Lipinski filters to select
compounds provided with better druglike properties. Database
molecules were prepared using LigPrep (LigPrep, version 2.5,
Schrödinger, LLC) with Epik (Epik, version 2.2, Schrödinger, LLC).
Conformational sampling was performed on all database molecules
using the ConfGen search algorithm (ConfGen, version 2.3,
Schrödinger, LLC). Using Phase,41 the database was indexed with
the automatic creation of pharmacophoric sites for each conformer to
allow rapid database alignments and screening.

Pharmacophore-Based Database Screening. Screening molecules
were required to match a minimum of four out of six sites. The
distance matching tolerance was set to 2.0 Å as a balance between
stringent and loose-fitting matching alignment. Database hits were
ranked in order of their fitness score41 as a measure of how well the
aligned conformer matches the hypothesis based on root-mean-square
deviation site matching, vector alignments, and volume terms. The
fitness scoring function is an equally weighted composite of these three
terms and ranges from 0 to 3, as implemented in the default database
screening in Phase. In our virtual screening campaign, only those
compounds possessing a fitness score of >2 (187 compounds) were
considered for further analysis. These compounds were first clustered
into chemically homogeneous groups and then visually inspected.
Eventually, we selected the 20 compounds listed in Table 1 that were
purchased to be biologically evaluated.

1H NMR and Elemental Analyses. The structures of the purchased
compounds was confirmed by 1H NMR spectra and elemental analysis.
Routine nuclear magnetic resonance spectra were recorded in a
DMSO-d6 solution on a Varian Gemini 200 spectrometer operating at
200 MHz. Combustion analyses on tested compounds were performed
by our analytical laboratory in Pisa. All compounds were ≥95% pure.

Assessment of Compound Solubility in Cell Experimental Buffer.
The solubility of each compound under the experimental conditions
(cell culturing complete medium with 1% DMSO) was estimated as
previously reported.39 One micromole of each compound was added
first with DMSO (100 μL) and then with cell complete medium (9.9
mL). The mixture was shaken at room temperature for 10 min and
then visually inspected. The completely solubilized compounds were
considered testable molecules. Incompletely solubilized compounds
were also shaken at 37 °C for 30 min. The compounds were classified
as nontestable compounds if their insoluble parts could be visually
detected after this prolonged shaking.

Neuroprotective Activity of Selected Compounds. Cytotoxicity
and Neuroprotection Assays. The cytotoxicity of the investigated
compounds (1 and 10 μM) was assessed by means of the Neutral Red
Assay, as previously reported for NAC-exposed cells. The assessment
of compound neuroprotective effects was performed by pre-exposing
the cells to pifithrin-β and the tested compound (1 and 10 μM) for 3
h. Then, 10 μM fibrillar NAC was added to cells and the mixture
incubated for 24 h. The viability was assessed using the Neutral Red
Assay as described above.

EC50 Determination. Cells were pretreated with seven different
concentrations of pifithrin-β (1 nM to 10 μM) or compound 12 (1

Table 2. Primers Used for Real-Time RT-PCR

gene primer nucleotide sequences
product
size (bp)

MDM2 forward, 5′-TCTAGGAGATTTGTTTGGCGT-3′ 125
reverse, 5′-TCACAGATGTACCTGAGTCC-3′

p21 forward, 5′-TGCCGAAGTCAGTTCCTTG-3′ 134
reverse, 5′-CATGGGTTCTGACGGACATC-3′

BAX forward, 5′-TTTGCTTCAGGGTTTCATCC-3′ 245
reverse, 5′-CAGTTGAAGTTGCCGTCAGA-3′

β-actin forward, 5′-GCACTCTTCCAGCCTTCCTTCC-3′ 254
reverse, 5′-GAGCCGCCGATCCACACG-3′
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nM to 10 μM) for 3 h. After this, 10 μM fibrillar NAC was added to
cells and the mixture incubated for 24 h. The viability was assessed
using the Neutral Red Assay as described above. The concentrations
(EC50) of compound 12 and pifithrin-β that could inhibit NAC-
induced cell death by 50% were evaluated by nonlinear regression
fitting of the data to a one-site model. Pseudo-Hill slopes were
calculated by a nonlinear regression fit of the data to a sigmoidal
concentration−response equation (variable slope):

=

+
−

+ −

% viability

minimal % viability
(maximal % viability minimal % viability)

[1 10(log EC X) ]50
n

where X is the logarithm of the inhibitor concentration and n is the
pseudo-Hill slope. The maximal % viability and minimal % viability
were experimentally determined after NAC exposure and compound
treatment. EC50 values and 95% confidence intervals (CIs) were
derived from the sigmoid fits to the percent control transformed data
shown using GraphPad Prism version 5.0 (GraphPad Software, San
Diego, CA).
Data Analysis. For data analysis and graphic presentations, the

nonlinear multipurpose curve-fitting program Graph-Pad Prism
version 5 was used. All data are presented as means ± SEM. Statistical
analyses were performed by one-way analysis of variance (with the
post hoc Bonferroni test). p < 0.05 was considered statistically
significant.
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Zad́ori, D., Penke, B., and Datki, Z. L. (2008) Differences between
normal and α-synuclein overexpressing SH-SY5Y neuroblastoma cells
after Aβ(1−42) and NAC treatment. Brain Res. Bull. 75, 648−654.
(31) Kim, E. M., Elliot, J. J., Hobson, P., and O’Hare, E. (2009)
Effects of intrahippocampal NAC 61−95 injections on memory in the
rat and attenuation with vitamin E. Progress in Neuro-psychopharmacol-
ogy & Biological Psychiatry 33, 945−951.
(32) O’Hare, E., Elliott, J. J., Hobson, P., O’Mara, S. M., Spanswick,
D., and Kim, E. M. (2010) Bilateral intrahippocampal NAC61−95
effects on behavior and moderation with L-NAME treatment. Neurosci.
Res. 66, 213−218.
(33) O’Hare, E., Elliott, J. J., Hobson, P., Spanswick, D., and Kim, E.
M. (2010) Behavioural deterioration induced by intrahippocampal
NAC61−95 injections and attenuation with ibuprofen. Behav. Brain
Res. 208, 274−277.
(34) Vogelstein, B., Lane, D., and Levine, A. J. (2000) Surfing the
p53 network. Nature 408, 307−310.

(35) Martin, Y. C. (1992) 3D Database searching. J. Med. Chem. 35,
2145−2154.
(36) Irwin, J. J., and Shoichet, B. K. (2005) ZINC: A free database of
commercially available compounds for virtual screening. J. Chem. Inf.
Model. 45, 177−182.
(37) Primofiore, G., Da Settimo, F., Taliani, S., Marini, A. M., La
Motta, C., Novellino, E., Greco, G., Gesi, M., Trincavelli, L., and
Martini, C. (2000) 3-Aryl-[1,2,4]triazino[4,3-a]benzimidazol-4(10H)-
ones: Tricyclic heteroaromatic derivatives as a new class of
benzodiazepine receptor ligands. J. Med. Chem. 43, 96−102.
(38) Balakin, K., Ivanenkov, Y. A., Skorenko, A. V., Nikolsky, Y. V.,
Savchuk, N. P., and Ivashchenko, A. A. (2004) In Silico Estimation of
DMSO Solubility of Organic Compounds for Bioscreening. J. Biomol.
Screening 9, 22−31.
(39) Borenfreund, E., and Puerner, J. (1985) Toxicity determined in
vitro by morphological alterations and neutral red absorption. Toxicol.
Lett. 24, 119−124.
(40) Costa, B., Bendinelli, S., Gabelloni, P., Da Pozzo, E., Daniele, S.,
Scatena, F., Vanacore, R., Campiglia, P., Bertamino, A., Gomez-
Monterrey, I., Sorriento, D., Del Giudice, C., Iaccarino, G., Novellino,
E., and Martini, C. (2013) Human Glioblastoma Multiforme: p53
Reactivation by a Novel MDM2 Inhibitor. PLoS One 8, e72281.
(41) Dixon, S. L., Smondyrev, A. M., and Rao, S. N. (2006) PHASE:
A novel approach to pharmacophore modeling and 3D database
searching. Chem. Biol. Drug Des. 67, 370−372.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn4002208 | ACS Chem. Neurosci. 2014, 5, 390−399399


