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A B S T R A C T   

Amyloid β 1–42 (Aβ1–42) protein aggregation is considered one of the main triggers of Alzheimer’s disease (AD). 
In this study, we examined the in vitro anti-amyloidogenic activity of the isoindolinone derivative 3-(3-oxoi-
soindolin-1-yl)pentane-2,4-dione (ISOAC1) and its neuroprotective potential against the Aβ1–42 toxicity. By 
performing the Thioflavin T fluorescence assay, Western blotting analyses, and Circular Dichroism experiments, 
we found that ISOAC1 was able to reduce the Aβ1–42 aggregation and conformational transition towards β-sheet 
structures. Interestingly, in silico studies revealed that ISOAC1 was able to bind to both the monomer and a 
pentameric protofibril of Aβ1–42, establishing a hydrophobic interaction with the PHE19 residue of the Aβ1–42 
KLVFF motif. In vitro analyses on primary cortical neurons showed that ISOAC1 counteracted the increase of 
intracellular Ca2+ levels and decreased the Aβ1–42-induced toxicity, in terms of mitochondrial activity reduction 
and increase of reactive oxygen species production. In addition, confocal microscopy analyses showed that 
ISOAC1 was able to reduce the Aβ1–42 intraneuronal accumulation. Collectively, our results clearly show that 
ISOAC1 exerts a neuroprotective effect by reducing the Aβ1–42 aggregation and toxicity, hence emerging as a 
promising compound for the development of new Aβ-targeting therapeutic strategies for AD treatment.   

1. Introduction 

Alzheimer’s disease (AD) is one of the most common neurodegen-
erative disorders and accounts for 70% of all dementia cases worldwide. 
The patients diagnosed with AD are affected by a progressive deterio-
ration of cognitive abilities and are characterized, at the brain level, by 
the presence of large extracellular deposits of aggregated Amyloid β (Aβ) 
peptides, along with degenerating neurons containing neurofibrillary 
tangles [1,2]. The Aβ aggregates, whose accumulation starts many years 
before AD is clinically diagnosed [3], have been extensively studied in 
the last decades, since they are considered the main molecular factor 
causing the AD syndrome [4]. Indeed, according to the “amyloid cascade 
hypothesis”, the Aβ aggregates exert their toxicity in different cell types 
affecting a myriad of cellular functions, ultimately resulting in 

neurodegeneration and neuroinflammation [5,6]. 
The Aβ peptide, consisting of 39–43 amino acid residues, is gener-

ated upon the cleavage of the amyloid precursor protein (APP) [7], a 
large transmembrane protein involved in many neuronal physiological 
functions [8]. The Aβ aggregation is a multistep process that passes 
through different intermediates including low molecular weight (LMW) 
and high molecular weight (HMW) oligomers, protofibrils and finally 
fibrils, which are polypeptide aggregates with a core structure of parallel 
β-sheets [9]. Among all the Aβ species, the prefibrillar intermediates 
such as soluble oligomers and protofibrils are more potent than Aβ fi-
brils, and are responsible for synaptic degeneration and neuronal 
dysfunction and death in the pre-clinical stage of AD [10–12]. Many 
drugs have been developed thus far targeting β- and γ-secretases, the two 
principal enzymes responsible for the Aβ production [13,14], but they 
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produced undesirable results in clinical trials due to the lack of speci-
ficity or the presence of serious side effects and toxicity [15]. Therefore, 
directly targeting the Aβ aggregation process could still represent a route 
to explore in the search of therapeutic strategies to prevent or treat AD. 

Based on this hypothesis, several molecules such as polyphenols 
[16], antibodies [17], and peptides [18] have been tested for their 
ability to inhibit the Aβ aggregation at its early stages. Several peptides, 
called “β-sheet-breakers” have been conceived to suppress amyloid ag-
gregation by interfering with the formation of β-sheet structures [18], 
which is not only a crucial step of fibrillogenesis but also the key 
structural feature conferring neurotoxicity to the prefibrillar Aβ in-
termediates [19,20]. Many of these molecules are capable to recognize 
the hydrophobic core 16KLVFFA21 of Aβ, which plays a crucial role in the 
formation of β-sheet structures and aggregation [21–24]. 

Many difficulties in designing new anti-aggregating compounds 
suitable for the treatment of AD arise from the strict requirements 
needed for their clinical use, including low molecular weight, the 
adequate lipophilicity necessary to cross cell membranes and the blood 
brain barrier, and minimal toxicity. In this context, hybrid small mole-
cules may be of great interest for their easy accessibility. Moreover, 
considered that multi-target approaches are among the most promising 
strategies to treat AD due to the complex nature of the disease, mole-
cules capable of targeting simultaneously multiple pathogenic mecha-
nisms deserve to be tested for their neuroprotective potential [25]. 
Recently, our group reported a library of small molecules containing an 
isoindolinone ring as heterocycle pharmacophore [26–28]. Among 
them, we selected the 3-(3-oxoisoindolin-1-yl)pentane-2,4-dione 
(ISOAC1), possessing the isoindolinone ring linked to a β-diketone group 
exhibiting keto-enol tautomerism and metal binding properties towards 
Cu(II), Fe(II), and Al(III) [26]. Notably, the isoindolinone analogue of 
Donepezil has been reported to exhibit an inhibitory activity on Aβ ag-
gregation, in addition to an anti-AchE activity comparable to that of 
Donepezil [29,30]. Similarly, other isoindoline-1,3-dione derivatives 
were reported to act as cholinesterase and Aβ aggregation inhibitors 
[31]. In the present study, we evaluated the possible inhibitory effect of 
ISOAC1 on the Aβ1–42 self-aggregation by using multiple techniques, and 
performed in silico studies to investigate the ISOAC1-Aβ1–42 interaction. 
Moreover, we examined the ability of ISOAC1 to protect primary 
cortical neurons from the multifaceted Aβ1–42 toxicity. 

2. Materials and methods 

All the animal procedures were conducted with the approval of the 
Ethics Committee of the Federico II University of Naples, in accordance 
with the regulation 2010/63 from EU, the D.Lgs. 2014/26 from Italian 
Ministry of Health. 

2.1. ISOAC1 molecule preparation 

The molecule 3-(3-oxoisoindolin-1-yl)pentane-2,4-dione was syn-
thesized as previously described [26,27]. The molecule was dissolved in 
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Milan, Italy) to a final con-
centration of 10 mM, and aliquots were stored at − 20 ◦C until use. 

2.2. Peptide solubilization and preparation of Aβ1–42 solutions 

The chemical construct of the Aβ peptide was synthesized by the 
custom peptide service of GenicBio (Shanghai, China) using the Aβ1–42 
sequence of human APP. The peptides were 95% pure as revealed by 
high performance liquid chromatography and mass spectrometry. Prior 
to resuspension, lyophilized Aβ1–42 was solubilized in 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP; Sigma-Aldrich, Milan, Italy) to 1 mM as pre-
viously reported [32,33], and sonicated in an ice bath to eliminate any 
preformed peptide assemblies [34]. The clear solution containing the 
dissolved peptide was then aliquoted in microcentrifuge tubes and dried 
under vacuum in a SpeedVac until complete elimination of the solvent. 

The resulting film was stored at − 80 ◦C. HFIP is largely used to obtain a 
fully monomeric state of peptides before starting aggregation experi-
ments. Moreover, the stage of Aβ dissolution in HFIP is included in a 
standardized protocol to prepare aggregate-free Aβ samples for bio-
physical and biological studies of AD [35]. To prepare the fresh Aβ1–42 
monomer solutions, each Aβ1–42 aliquot was allowed to equilibrate to 
room temperature, carefully resuspended in 10 mM NaOH to a con-
centration of 5 mM, and then diluted in 10 mM (4-(2-hydroxyethyl)−
1-piperazineethanesulfonic acid (HEPES; Sigma-Aldrich, Milan, Italy), 
pH 7.4, to different final concentrations immediately prior to use, as 
previously described [22]. For Thioflavin T (ThT) assay and Western 
blotting, Aβ1–42 was incubated at the final concentration of 50 µM alone 
or with ISOAC1 at different molar ratios in 10 mM HEPES (pH 7.4) at 
37 ◦C for 4 days with continuously shacking. To treat cells, 50 µM of 
pre-aggregated or freshly reconstituted Aβ1–42 were diluted in culture 
medium at the desired final concentrations. 

2.3. Thioflavin T fluorescence assay 

ThT fluorescence assay, used to detect β-sheet aggregates of the 
Aβ1–42 peptide, was performed by an EnSpire Multimode Plate Reader 
(PerkinElmer). Briefly, after 96 h of incubation the samples containing 
50 µM Aβ1–42 with or without ISOAC1 were diluted 1:10 with 50 mM 
glycine-NaOH buffer (pH 8.0) containing ThT (50 µM; Sigma-Aldrich, 
Milan, Italy) to a final volume of 200 µL. We selected 50 µM as the 
final ThT concentration since it was shown to be the most suitable 
concentration to perform end-point analyses on pre-aggregated Aβ1–42 
[36]. The fluorescent intensity of each sample was recorded (excitation 
wavelength, 440 nm; emission wavelength, 485 nm). Blanks using 
HEPES (pH 7.4) instead of the mixtures of Aβ1–42 with or without 
ISOAC1 were also carried out. Since ThT becomes self-fluorescent at 
concentrations above 5 µM [36], we measured the fluorescence of 50 µM 
ThT alone and the fluorescence intensity of the protein samples was 
corrected for the background ThT signal. 

2.4. Western blotting 

Gel electrophoresis and Western blotting analyses were performed 
on pre-aggregated Aβ1–42 preparations. Briefly, after determination of 
protein concentration, unheated samples were diluted in 1X Laemmli 
buffer with 5% β-mercaptoethanol and electrophoresed on 4–20% Tris- 
Glycine polyacrylamide gels (Bio-Rad Laboratories, Milan, Italy) in so-
dium dodecyl sulfate running buffer. After electrophoresis, gels were 
blotted onto 0.45-μm polyvinylidene difluoride membranes (Millipore, 
Darmstad, Germany) overnight. Post-transfer membranes were blocked 
in 5% bovine serum albumin (BSA; Cell signaling, Massachusetts, USA) 
in Tris-buffered saline containing 0.1% Tween 20 and then incubated 
with the anti-Aβ1–42 (D54D2) rabbit monoclonal antibody (1:1000 in 
BSA; Cell Signaling, Massachusetts, USA, #8243), which recognizes an 
epitope within residues 17–42 of human Aβ. Immunoreactivity was 
detected using enhanced chemiluminescence (ECL; Amersham Bio-
sciences) and the films were developed with a standard photographic 
procedure. 

Western blotting analysis on SH-SY5Y cell lysates were performed as 
previously described [53]. Post-transfer membranes were incubated 
with the anti-cytochrome C rabbit polyclonal antibody (1:1000 in BSA; 
Cell Signaling, Massachusetts, USA, #4272 S). 

2.5. Circular dichroism measurements 

The Aβ1–42 samples for the circular dichroism (CD) experiments were 
used on their disaggregated state. As described elsewhere [37], the 
aggregate-free Aβ1–42, stored at − 20 ◦C as a dry sample, was dissolved in 
20 mM NaOH solution to a final concentration of 0.5 mM. The solution 
was sonicated for one minute and then allowed to equilibrate to room 
temperature for 5 min. Then, the 0.5 mM peptide solution was 
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centrifuged for 20 min at 13 000 rpm at 25 ◦C just before CD acquisition. 
The supernatant was collected and resuspended in 10 mM K+ buffer (9 
mM KCl and 1 mM KH2PO4), pH 7.4, to be analyzed at approximately 20 
µM final concentration. For the samples containing ISOAC1 at 1.25, 2.5, 
and 5 equivalents, the 20 µM aggregate-free Aβ1–42 solution was pre-
pared as mentioned above and the compound was added just before the 
CD analysis. CD spectra were acquired on a Jasco 1500 spec-
tropolarimeter equipped with a Jasco PTC-348-WI temperature 
controller (Jasco Europe S.r.l, Milan, Italy). The CD spectra were 
recorded using a 0.1 cm path length cuvette and each acquisition was 
averaged over three scans at 37 ◦C with a scan rate of 200 nm min–1, 
response time of 4 s, bandwidth of 2 nm. The contribution of the buffer 
was subtracted from each spectrum. Each spectrum was recorded at 
24-hour-time point and the samples were kept at 37 ◦C to maintain the 
fibrillation conditions between measurements. 

2.6. In silico studies 

The three-dimensional structures of the Aβ1–42 monomer (PDB ID: 
1IYT) and the pentameric protofibril model (PDB ID: 2BEG) were ob-
tained from Protein Data Bank [38]. The 2D structure for ISOAC1 was 
drawn using the molecular editor provided in 1-Click Mcule (Mcule Inc., 
Palo Alto, CA, USA) [39, 40–42], a web-based platform powered by 
AutoDockVina docking algorithm [43], by which we realized our 
docking experiments. The atomic coordinates of the binding site were: X 
= − 0.619, Y = 0.557, and Z = 9.143 [44], and the size of the binding site 
was 22 Å. We selected the docking poses with the most negative docking 
scores (kcal/mol) corresponding to the highest binding affinities. The 
molecular graphics program incorporated in 1-Clik Mcule was used for 
structural visualization of peptide-ligand interactions and to obtain the 
snapshots of Figs. 3B, 3C, and 3E, while H-bondings were analyzed by 
WebLabViewerPro (Molecular Simulations Inc., San Diego, CA, USA). 
The peptide-ligand interaction diagrams reported in Figs. 3D and 3F 
were obtained by ProteinsPlus (https://proteins.plus/, accessed on June 
19, 2023). 

2.7. Cell cultures 

Human SH-SY5Y cells were grown as monolayers in a Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% FBS, 1% 
penicillin (50 IU/mL), and streptomycin (50 μg/mL) in a humidified 
atmosphere at 37 ◦C with 5% CO2. The cells were neuronally differen-
tiated with retinoic acid (10μM, 48h). Rat primary cortical neurons were 
obtained from the brains of 14/16-day-old Wistar rat embryos, dissected 
and cultured as previously reported [45–47]. 

2.8. MTT assay 

Mitochondrial activity was assessed by the MTT (3[4,5-dimethylth-
iazol-2-yl]− 2,5-diphenyl-tetrazolium bromide) assay, as previously re-
ported [48]. Briefly, after treatments, neurons were incubated with a 
MTT solution (1 h at 37 ◦C). In viable cells, the mitochondrial de-
hydrogenases convert the MTT reagent into water-insoluble formazan 
crystals. At the end of the incubation, insoluble crystals were dissolved 
in DMSO and the absorbance was determined spectrophotometrically at 
540 nm. The data are expressed as a percentage of mitochondrial ac-
tivity relative to control values. 

2.9. Measurement of reactive oxygen species 

Measurement of intracellular reactive oxygen species (ROS) levels 
was performed as previously described [49]. Briefly, the cortical neu-
rons were seeded on glass coverslips and exposed to Aβ1–42 preparations. 
At the end of each treatment the neurons were pre-loaded with 2′, 
7′-dichlorofluorescein diacetate (DCFH-DA, 10 µM) for 30 min at 37 ◦C 
in the dark. Cells were washed with PBS and the reaction was stopped by 

adding 2,6-di-tert-butyl-4-methylphenol (0.2% in ethanol) and ethyl-
enediaminetetraacetic acid (EDTA, 2 mM). Fluorescence intensity was 
then analyzed with an Axiovert200 microscope (Carl Zeiss, Milan, Italy) 
connected to the MicroMax 512BFT cooled CCD camera (Princeton In-
struments, USA), LAMBDA10–2 filter wheeler (Sutter Instruments, 
Novato, California, USA), and Meta-Morph/MetaFluor Imaging System 
software (Universal Imaging, Bedford Hills, New York, USA). Each 
coverslip was exposed to 485 nm excitation wavelenght for 10 seconds 
and the emitted light was passed through a 530 nm barrier filter. 

2.10. [Ca2+]i measurements 

Intracellular Ca2+ concentrations ([Ca2+]i) were measured in pri-
mary cortical neurons by single-cell computer-assisted video imaging as 
previously reported [50]. Fura-2 experiments were carried out with the 
Axiovert200 microscope (Carl Zeiss, Milan, Italy) connected to the 
MicroMax 512BFT cooled CCD camera (Princeton Instruments, USA), 
LAMBDA10–2 filter wheeler (Sutter Instruments, Novato, California, 
USA), and Meta-Morph/MetaFluor Imaging System software (Universal 
Imaging, Bedford Hills, New York, USA). Neurons were alternatively 
illuminated at wavelengths of 340 and 380 nm by a Xenon lamp and the 
emitted light was passed through a 512 nm barrier filter. Fluorescence 
intensity was measured every 3 s and [Ca2+]i was calculated by the 
equation of Grynkiewicz et al. [51,52]. 

2.11. Confocal microscopy 

The mitochondrial membrane potential (ΔΨm) and Fluo-3 cytosolic 
[Ca2+] measurements were performed as previously described [53,54]. 
Briefly, the neuronally differentiated SH-SY5Y cells were loaded with 
the Fluo-3AM acetoxymethil ester (5 nM) and thetetramethylrhodamine 
ethyl ester (TMRE; 20 nM) for 30 min in a medium containing: 156 mM 
NaCl, 3 mM KCl, 2 mM MgSO4, 1.25 mM KH2PO4, 2 mM CaCl2, 10 mM 
glucose, and 10 mM HEPES (pH adjusted to 7.35 with NaOH). At the end 
of the incubation, cells were washed 3 times in the same medium. An 
increase in [Ca2+] intensity of fluorescence was indicative of cytosolic 
Ca2+ overload [48], while a decline in the mitochondria-localized in-
tensity of TMRE fluorescence was indicative of mitochondrial mem-
brane depolarization [55]. The illumination intensity of 543 Xenon laser 
used to excite TMRE, and of 488 Argon laser used to excite Fluo-3AM 
fluorescence, was kept to a minimum of 0.5% of laser output to avoid 
phototoxicity. 

For immunocytochemical analyses, rat primary cortical neurons 
were cultured on glass coverslips. After 8 days in culture, neurons were 
subjected to the selected treatments for 24 h. At the end of the treat-
ments, the neurons were washed twice in 0.01 M cold PBS at pH 7.4 and 
fixed in 4% (w/v) paraformaldehyde for 20 min at room temperature. 
After three washes in PBS, neurons were blocked in PBS containing 3% 
(w/v) BSA for 30 min and then incubated overnight at 4 ◦C with the 
rabbit monoclonal anti-Aβ1–42 antibody (1:1000; Cell signaling, Massa-
chusetts, USA). The control for the specificity of the antibody against 
Aβ1–42 was performed with its replacement with normal serum as pre-
viously described [56]. Then, neurons were washed with PBS and 
incubated with anti-rabbit Cy3-conjugated antibody (1:200; Jackson 
Immuno Research Laboratories, Inc., West Grove, PA, USA) for 1 h at 
room temperature under dark conditions. Glass coverslips were moun-
ted with a SlowFade Antifade Kit (Molecular Probes, Life Technologies, 
Milan, Italy) and acquired by a 63 × oil immersion objective using a 
Zeiss inverted700 confocal microscope. 

2.12. Statistics 

GraphPad Prism 6.02 was used for statistical analyses (GraphPad 
Software, La Jolla, CA). The data are expressed as mean ± S.E.M. of the 
values obtained from individual experiments. Statistical comparisons 
between groups were performed by one-way analysis of variance 
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(ANOVA) followed by Bonferroni post hoc test or Newman-Keuls’ test; p 
< 0.05 was considered significant. 

3. Results and discussion 

3.1. The β-diketone-3-substituted isoindolinone ISOAC1 reduces the 
formation of Aβ1–42 aggregates and prevents their toxicity in neuronally- 
differentiated SH-SY5Y cells 

In consideration of the anti-aggregating potential of some iso-
indolinone derivatives reported in literature [29–31], we explored the 
anti-aggregating properties of the β-diketone-3-substituted 

isoindolinone ISOAC1. Although the Aβ aggregation may result from 
several mechanisms and different molecular factors including metal ions 
have been found to influence the aggregation process [57], we decided 
to examine the ISOAC1 inhibitory activity against the self-induced Aβ 
aggregation, as this remains the most appropriate test to detect any 
direct anti-aggregating activity of candidate inhibitors [35]. The Aβ1–42 
peptide was preferred, since it is the main responsible of the amyloid 
burden in AD brains [4]. We first performed end-point ThT experiments, 
a commonly used method to quantify pre-formed amyloid aggregates 
[58]. In this fluorometric assay, the benzothiazole dye, ThT, interacts 
with the cross β-sheet quaternary structure of the amyloid protein and 
emits a strong fluorescence signal at approximately 482 nm when 

Fig. 1. The co-incubation with ISOAC1 reduces the formation of Aβ1–42 aggregates and their toxicity at the mitochondrial level in neuronally- 
differentiated SH-SY5Y cells. ThT fluorescence intensity of Aβ1–42 measured after 96 h of incubation at 37 ◦C in the absence and in the presence of different 
molar excesses of ISOAC1 and represented as percentage of Aβ1–42 alone. Data are expressed as mean ± S.E.M. of 3 independent experimental sessions. * p < 0.05 vs 
Aβ1–42 alone; # p < 0.05 vs 1:1; ^ p < 0.05 vs 1:2.5. Representative Western blotting of Aβ1–42 incubated at 37 ◦C for 96 h in the absence and in the presence of 
different molar excesses of ISOAC1, separated by gel electrophoresis on a 4–20% Tris-glycine polyacrylamide gel, probed with the monoclonal antibody D54D2, and 
visualized by enhanced chemiluminescence (B). Evaluation of mitochondrial dehydrogenase activity in differentiated SH-SY5Y cells treated with Aβ1–42 pre- 
aggregated for 96 h at 1, 5, 10 μM (final concentrations in the culture medium). Data are expressed as mean ± S.E.M. of 3 independent experimental sessions. 
* p < 0.05 vs Control; # p < 0.05 vs 1 μM (C). Evaluation of mitochondrial dehydrogenase activity in differentiated SH-SY5Y cells treated with 5 μM Aβ1–42 pre- 
aggregated alone or in the presence of different molar excesses of ISOAC1. Data are expressed as mean ± S.E.M. of 3 independent experimental sessions. 
* p < 0.05 vs Control; # p < 0.05 vs Aβ1–42alone; ^ p < 0.05 vs 1:1 (D). Quantification of mitochondrial membrane potential and cytosolic [Ca2+] in untreated SH- 
SY5Y cells and in cells treated with 5 μM Aβ1–42 pre-aggregated alone or in the presence of ISOAC1 at 1:5 Aβ:ISOAC1 molar ratio (E-G). Data are expressed as mean 
± S.E.M. of 3 independent experimental sessions (n = 40 cells for each group of three experimental sessions) * p < 0.05 vs Control; # p < 0.05 vs Aβ1–42 alone. 
Representative Western blotting (right) and densitometric quantification (left) of cytochrome C protein expression in untreated SH-SY5Y cells and in cells treated 
with 5 μM Aβ1–42 pre-aggregated alone or in the presence of ISOAC1 at 1:5 Aβ:ISOAC1 molar ratio (H). Data are expressed as mean ± S.E.M. of 3 independent 
experimental sessions * p < 0.05 vs Control; # p < 0.05 vs Aβ1–42 alone. 

I. Piccialli et al.                                                                                                                                                                                                                                 



Biomedicine & Pharmacotherapy 168 (2023) 115745

5

excited at 440–450 nm. Importantly, it was found that the ThT fluo-
rescence intensity linearly correlates with the amyloid aggregates con-
centration [36,59], as the amyloid species resulting from the 
aggregation process are mainly composed of aggregates with a β-sheet 
conformation [60,61]. The assay was performed after incubating the 
freshly dissolved Aβ1–42 peptide for 96 h at 37 ◦C with continuous 
shacking, a set of conditions that was shown to induce aggregation 
[62–64], both in the absence and in the presence of ISOAC1 at different 
Aβ:ISOAC1 molar ratios (1:1.25, 1:2.5, and 1:5). Interestingly, the ob-
tained results showed that ISOAC1 was able to significantly reduce the 
content of β-sheet aggregates in a concentration-dependent manner 
(Fig. 1A), with the maximum reduction at the 1:5 Aβ:ISOAC1 molar 
ratio. 

To assess any changes in the amount and/or in the size of the Aβ1–42 
aggregates formed in the presence of ISOAC1, Western blotting analyses 
have also been performed. In particular, 2 μg from 50 μM freshly pre-
pared Aβ1–42 and from the same samples used for the ThT assay were 
loaded onto 4–12% polyacrylamide gels. The membranes were blotted 
with an anti-Aβ1–42 antibody recognizing an epitope within residues 
17–42 of human Aβ, able to detect the monomer, and both small and 
large Aβ1–42 aggregates, including amyloid plaques [32,65]. In accor-
dance with previous reports, the freshly prepared Aβ1–42 immediately 
added to the gel ran mostly as monomer, even if low-n oligomeric spe-
cies (dimers and trimers) were already present [66,67]. After aggrega-
tion under fibril-forming conditions, the Aβ1–42 samples produced a 
typical migration pattern in which monomer and dimer/trimer bands, 
although not well resolved, were clearly detectable, while HMW oligo-
mers produced a smeared signal above 40 kDa (Fig. 1B) [34,67,68]. 
Importantly, the co-incubation with ISOAC1 caused a reduction in the 
signal intensity of the smear above 40 kDa, likely reflecting a decrease in 
the content of HMW species (Fig. 1B). In particular, the densitometric 
quantification revealed that the Aβ aggregates ranging between 35 and 
60 kDa were significantly reduced only at the 1:5 Aβ:ISOAC1 molar ratio 
in comparison to the Aβ sample incubated alone (Mean diff. − 50.80%) 
(Fig. S1A). The Aβ aggregates ranging between 60 and 100 kDa were 
significantly reduced at all the Aβ:ISOAC1 tested ratios in comparison to 
Aβ alone (Mean diff. − 29.79 at 1:1.25, − 34.65 at 1:2.5, − 29.15 at 1:5 
molar ratios) (Fig. S1B). By contrast, no significant difference was found 
between the Aβ sample incubated alone and those incubated with 
ISOAC1 at any of the tested molar ratios (Fig. S1C). 

Taken together, both the ThT and Western blotting experiments 
provided evidence that ISOAC1 was able to interfere with the Aβ1–42 
aggregation process, ultimately resulting in the reduction of β-sheet 
aggregates. Given the critical role attributed to HMW oligomers and 
protofibrils, and to the β-sheet conformation as crucial structural feature 
conferring neurotoxicity to different Aβ species, we investigated the 
toxicity of Aβ1–42 aggregates grown in the presence and in the absence of 
ISOAC1 in SH-SY5Y neuroblastoma cells, differentiated through a well- 
established protocol [69]. At first, we performed concentration-response 
experiments by exposing differentiated SH-SY5Y cells to 1, 5, and 10 μM 
Aβ1–42 previously incubated for 96 h to induce aggregation. Cells were 
treated for 24 h prior to assess the cell metabolic activity reduction, 
which is a well-established marker of early mitochondrial toxicity. Of 
note, the MTT assay did not show any significant reduction of the 
mitochondrial dehydrogenase activity in SH-SY5Y cells exposed to 1 μM 
Aβ1–42 in comparison to the untreated cells (Fig. 1C). By contrast, both 5 
and 10 μM Aβ1–42 were able to significantly reduce mitochondrial 
metabolism in comparison to the untreated cells and to the cells treated 
with 1 μM Aβ1–42, even if no significant difference was found between 
these two concentrations (Fig. 1C). Then, we evaluated the mitochon-
drial dehydrogenase activity of the SH-SY5Y cells exposed for 24 h to 
5 μM Aβ1–42 samples pre-aggregated in the presence of ISOAC1 at 
1:1.25, 1:2.5, and 1:5 Aβ:ISOAC1 molar ratios. As shown in Fig. 1D, the 
Aβ1–42 aggregates grown in the presence of ISOAC1 did not produce any 
significant reduction of mitochondrial dehydrogenase activity in com-
parison to that observed in the untreated cells, while resulting 

significantly less toxic if compared to the Aβ1–42 aggregates grown alone 
(Fig. 1D). 

To further investigate the cellular toxicity, particularly at the mito-
chondrial level, exerted by the pre-aggregated Aβ1–42, we performed 
confocal microscopy experiments using the fluorescent probes Fluo-3 
and TMRE to measure the cytosolic Ca2+ levels and ΔΨm, respec-
tively. As for the MTT assay, differentiated SH-SY5Y cells were exposed 
for 24 h to 5 μM Aβ1–42 pre-aggregated both alone and in the presence of 
ISOAC1 (1:5 Aβ:ISOAC1 molar ratio). Interestingly, we found that the 
Aβ1–42 pre-aggregated alone induced the depolarization of mitochon-
drial membrane and the increase of cytosolic Ca2+ levels (Fig. 1E-G). In 
addition, we found that the mitochondrial membrane depolarization 
was accompanied by the release of cytochrome C, a marker of mito-
chondrial damage (Fig. 1H). Of note, Aβ1–42 aggregates grown in the 
presence of ISOAC1 (1:5) failed to induce these alterations (Fig. 1E-H), 
therefore displaying no toxicity in comparison to Aβ1–42 pre-aggregated 
alone. 

Notably, the loss of toxicity of the Aβ aggregates grown in the 
presence of ISOAC1 at the 1:5 molar ratio correlated with the reduction 
in the Aβ species ranging between 35 and 60 kDa, (Fig. 1B and Fig. S1A), 
likely comprising Aβ dodecamers/Aβ* 56. In agreement, previous 
studies reported that Aβ dodecamers were able to increase intracellular 
Ca2+ levels in neurons by interacting with the N-methyl-D-aspartate 
(NMDA) receptors [70], and to disrupt neuronal membrane to a greater 
extent than mature Aβ fibrils [71]. Of note, they were also found to be 
the main responsible for the cell damage induced by an oligomeric Aβ 
mixture, as their removal completely resulted in the loss of toxicity [72]. 
Therefore, it is possible to hypothesize that ISOAC1, interfering with the 
Aβ aggregation, prevented the formation of specific, toxic Aβ species. 

3.2. The β-diketone-3-substituted isoindolinone ISOAC1 inhibits the 
conformational transition of Aβ1–42 to β-sheet structures 

It is well known that the conformational transition of the Aβ protein 
from an unordered secondary structure to a β-sheet structure is the 
crucial step of fibrillogenesis [73] and that, conversely, after fibril for-
mation Aβ peptides attained predominately a β-sheet conformation [60, 
61]. Therefore, we performed CD spectroscopy analyses in the range of 
190–260 nm in order to investigate whether ISOAC1 was able to affect 
the conformational transition of the Aβ1–42 peptide to β-sheet structures. 
First, we conducted a time-course experiment to analyze the confor-
mational transition of pure Aβ1–42 samples in a time-frame of 96 h. The 
CD experiments showed that the Aβ1–42 peptide underwent a progressive 
change in the secondary structure and that, after 96 h, it was chiefly 
composed of β-sheet structures (Fig. 2A). More specifically, the freshly 
prepared Aβ1–42 sample exhibited a major negative peak below 200 nm, 
which is typical of a random-coil conformation, to gradually undergoing 
a transition toward the β-sheet pattern as the incubation time proceeded. 
In particular, the appearance of a negative peak around 220 nm along 
with a positive peak at 195–200 nm, weakly visible at 48 h and more 
pronounced at 72 and 96 h, clearly indicated the presence of β-sheet 
structures (Fig. 2A). Once the CD spectra of the time-dependent Aβ1–42 
conformational transition were characterized, we proceeded to analyze 
the effect of the co-incubation of different molar excesses of ISOAC1 on 
the variations of the Aβ1–42 secondary structure over time. As shown in 
Fig. 2B-D and in Fig. S2, the CD spectra of Aβ1–42 in the presence of 
ISOAC1 at 1:1.25, 1:2.5, and 1:5 Aβ:ISOAC1 molar ratios did not display 
the characteristic β-sheet pattern after 96 h of incubation (Fig. 2D and 
Fig. S2), suggesting that ISOAC1 can reduce the tendency of Aβ1–42 to 
aggregate and form β-sheet structures. Interestingly, the recorded CD 
spectra of Aβ1–42 with a 5-fold molar excess of ISOAC1 exhibited the 
strongest negative ellipticity among all the tested ratios (Fig. 2D and 
Fig. S2C). 

To obtain quantitative information about the ability of ISOAC1 to 
affect the variations in the content of different Aβ1–42 secondary struc-
tures, the experimental CD spectra were subjected to deconvolution 
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analyses using the Bestsel algorithm [74]. The values of the determined 
β-sheet secondary structures of Aβ1–42 after 0 and 96 h of incubation in 
the presence of ISOAC1 at 1:1.25, 1:2.5, and 1:5 Aβ:ISOAC1 molar ratios 
are represented in Table 1. In general, we found a decrease in the β-sheet 
content already at 0 h for all the three tested ratios. However, a major 
effect in the β-sheet content reduction was observed after 96 h for 1:2.5 
and 1:5 ratios but not for 1:1.25. Remarkably, the decrease in the β-sheet 
content, which is typically associated to the Aβ1–42 aggregation inhibi-
tion [60,61,73],[75], was accompanied by an increase in the turn con-
tent, which instead reportedly decreases during the Aβ aggregation [76]. 
These results showed that ISOAC1 at 1:2.5 and 1:5 Aβ:ISOAC1 molar 
ratios was able to inhibit the conformational transition of Aβ1–42 into 
β-sheet structures and further demonstrated the inhibitory activity of 
ISOAC1 on the Aβ1–42 aggregation, although the 
concentration-dependence of the anti-aggregating effect emerged in the 

ThT experiments was only partially confirmed. 

3.3. The β-diketone-3-substituted isoindolinone ISOAC1 binds to both 
monomeric and protofibrillar Aβ1–42 structures establishing a hydrophobic 
interaction with PHE19 residue of Aβ1–42 

To understand whether and how the structure of ISOAC1 (Fig. 3A) 
might underlie its anti-amyloidogenic activity, we performed molecular 
docking studies with the 1-Click (Mcule) software. The binding in-
teractions were studied using ISOAC1 as ligand and the monomeric 
Aβ1–42 structure as target. The chosen monomeric structure, PDB ID: 
1IYT, which is routinely used to study the interaction of the Aβ1–42 
monomer with candidate inhibitors [44, 77–79], consists of two α-helix 
regions (involving residues 8–25 and 28–38) and a turn region (formed 
by residues 26–27). Interestingly, we found that the binding energy of 
the complex between ISOAC1 and the Aβ1–42 monomer was 
− 4.7 kcal/mol, hence suggesting the ability of ISOAC1 to bind to Aβ1–42. 
The complex was characterized by a H-bonding between one of the two 
ketone oxygens of ISOAC1 and the GLN15 guanidinium hydrogen of 
Aβ1–42 (Fig. 3B-D). Very interestingly, a hydrophobic interaction be-
tween ISOAC1 and the PHE19 of Aβ1–42 was also found (Fig. 3B-D). In 
particular, the indole moiety of ISOAC1 and the PHE19 aromatic ring 
were found to be coplanar (Fig. 3B-D), hence suggesting a stacking effect 
between these moieties, which was further confirmed by the pose 
analysis performed with the ProteinPlus software (Fig. 3D). This mo-
lecular interaction likely resulted in changes in Aβ aggregation and 

Fig. 2. ISOAC1 inhibits the Aβ1–42 conformational transition to β-sheet structures. Time-dependent far-UV CD spectra of the freshly prepared 20 μM-Aβ1–42 
incubated in 10 mM K+ buffer (9 mM KCl and 1 mM KH2PO4, pH 7.4) at 37 ◦C analyzed after 0, 24, 48, 72, and 96 h (A). Far-UV CD spectra of freshly prepared 
20 μM-Aβ1–42 incubated in the absence (solid lines) and in the presence (dashed lines) of ISOAC1 at the indicated molar ratios analyzed after 0 and 96 h (B-D). 

Table 1 
Variation in Aβ42 structure content determined by ISOAC1 as calculated by 
Bestsel algorithm.  

Aβ:ISOAC1 
ratio 

1:1.25 1:2.5 1:5 

Time/h 0 96 0 96 0 96 
Δbeta content − 4.2 

±0.4 
+5.0 
±0.1 

− 3.3 
±0.2 

− 8.2 
±0.1 

− 4.1 
±0.1 

− 7.7 
±0.4 

Δturn content +4.1 
±0.4 

− 2.2 
±0.1 

+1.1 
±0.2 

+3.4 
±0.1 

− 0.4 
±0.1 

+4.0 
±0.4  
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alteration in the secondary structure of Aβ. 
To further investigate the ability of ISOAC1 to interact with pre- 

fibrillar structures of Aβ1–42, we performed a docking experiment be-
tween ISOAC1 and a pentameric, protofibrillar Aβ1–42structure, PDB 
ID:2BEG, which has been largely used to study the dynamics of Aβ ag-
gregation and the anti-aggregating ability of candidate compounds 
[80–84]. The binding energy of the complex between ISOAC1 and the 
Aβ1–42 pentamer was − 5.3 kcal/mol. Unlike for the ISOAC1-monomer 
complex, no H-bonding was found between ISOAC1 and the pen-
tameric Aβ1–42 structure. However, a partial coplanarity between the 
isoindolinone ring and the phenyl moiety of the PHE19 residue was 
noticed (Fig. 3E), hence suggesting the presence of stacking interactions 
between ISOAC1 and the PHE19 residue. The pose analysis by Pro-
teinPlus software confirmed this hypothesis and revealed that ISOAC1 
was involved in two hydrophobic interactions with the VAL40 and 
PHE19 residues and in an aromatic interaction with the PHE19 residue 
(Fig. 3F). 

Of note, the presence of PHE19 is a striking feature of the hydro-
phobic core 16KLVFFA21 of both Aβ1–40 and the Aβ1–42, which has been 
clearly demonstrated to play a key role in the formation of toxic oligo-
mers by functioning as a self-recognition element [85–87]. Indeed, 
several studies reported that the PHE19 substitution with either natural 

or non-natural amino acids led to significant alterations in the Aβ 
fibrillation kinetics or to drastic changes in its secondary structure [88, 
89]. In some cases, the PHE19 substitution completely abolished the 
Aβ1–40 cellular toxicity without inhibiting fibrillation, by perturbing the 
early folding contact between PHE19 and LEU34 and likely steering the 
aggregation process through different, less-toxic oligomers [89–91]. 
Coherently, many small molecules displaying anti-aggregating activity 
in vitro stabilize the Aβ native helical conformation and inhibit the for-
mation of aggregation-prone β-sheet conformation by interacting with 
the KLVFF motif [78,92]. Moreover, considered that the aromatic resi-
dues of the fibril core region are critical for fibril stability [84], com-
pounds interacting with these residues can interrupt hydrophobic 
interactions and destabilize fibril structure [93]. 

Based on these considerations, we hypothesized that the ISOAC1 
binding mode prevented the formation of crucial intra- and interpeptide 
π–π stacking interactions ultimately impeding aggregation. In addition, 
our results suggest that the ISOAC1 interaction with the PHE19 residue 
of Aβ fibrils can disrupt key interchain stacking interactions, hence 
preventing fibrils from being elongated. 

Fig. 3. ISOAC1 is able to bind to both monomeric and protofibrillar Aβ1–42 structures. Pose views of the complex formed between ISOAC1 and Aβ1–42 monomer 
(PDB ID: 1IYT) as predicted by docking with 1-Click (Mcule) software (A,B). 2D peptide-ligand interaction diagram obtained by ProteinPlus with the docked 
structure of the complex formed by ISOAC1 and Aβ1–42 monomer (C). Pose view of the complex formed between ISOAC1 and Aβ1–42 protofibril (PDB ID:2BEG, 
represented as cartoon) as predicted by docking with 1-Click (Mcule) software (D). Details of the hydrophobic and aromatic binding between ISOAC1 and Aβ1–42 
protofibril in the 2D peptide-ligand interaction diagram obtained by ProteinPlus (E). 
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3.4. The β-diketone-3-substituted isoindolinone ISOAC1 inhibits the 
detrimental increase of [Ca2+]i induced by Aβ1–42 in primary cortical 
neurons 

It is widely known that the pathogenicity of the Aβ peptide is largely 
determined by its ability to interfere with multiple mechanisms con-
trolling the ionic homeostasis of brain cells [94]. In this context, the 
disruption of the Ca2+ handling machinery has received the greatest 
attention and is still the object of intense investigation, since it has been 
linked to cognitive decline and memory loss [95]. Many studies have 
focused on the correlation between Ca2+ dyshomeostasis and the Aβ 
aggregation states and, although conflicting results have emerged, solid 
demonstrations have been provided that Aβ fibrils are not able to disturb 
neuronal Ca2+ signaling [96]. By contrast, low-n Aβ oligomers like di-
mers and trimers were shown to be the most effective species in eliciting 
acute cytosolic Ca2+ increases through multiple mechanisms, including 
the formation of cation-permeable membrane pores, and the activation 
of both cell surface receptors such as the NMDA receptors and endo-
plasmic reticulum Ca2+ release [97–99]. Importantly, these early aber-
rant Ca2+ responses translate into a cascade of events including the 
prolonged failure of the Ca2+ homeostatic machinery, mitochondrial 
dysfunction, increased ROS production, and apoptotic cell death, among 
others [100,101]. 

In the light of these considerations, we examined whether ISOAC1 
was able to protect neurons against the Aβ1–42 injury firstly by evalu-
ating its ability to interfere with the increase of [Ca2+]i induced by low-n 
Aβ1–42 oligomers. To this aim, we applied to Fura-2-loaded cortical 
neurons an unaged Aβ1–42 preparation (5 μM), enriched in both mono-
mers and low-n oligomers (Fig. 1B), in the presence and in the absence of 
25 μM ISOAC1, and assessed the alteration of the intracellular Ca2+

levels by monitoring the change in [Ca2+]i. Importantly, we found that 
the presence of ISOAC1 significantly reduced the [Ca2+]i increase 
induced by Aβ1–42 oligomers (Fig. 4 A,B). This result can be ascribable to 
the rapid capability of ISOAC1 to inhibit the formation of LMW Aβ1–42 
species with a β-sheet secondary structure, a conformational property 
reportedly decisive not only for the Aβ aggregation process but also for 
the assembly of Aβ channel-pores on the plasma membrane [102,103]. 

Of note, this hypothesis is in line with the observation that ISOAC1 was 
able to reduce the β-sheet content already at 0 h of incubation, namely at 
the beginning of the aggregation process (Table 1 and Fig. 2 B). 
Nevertheless, it is worth mentioning that the PHE19 residue was 
demonstrated to be critical for the formation of Ca2+-permeable Aβ 
channel-pores, as its substitution with proline resulted in decreased Aβ 
pore conductivity and cellular toxicity [104,105]. In view of this, it can 
be hypothesized that the hydrophobic interaction of ISOAC1 with the 
PHE19 residue might serve to interfere with multiple mechanisms ulti-
mately attenuating the Aβ1–42-mediated Ca2+signaling. 

3.5. The β-diketone-3-substituted isoindolinone ISOAC1 prevents the 
Aβ1–42-induced mitochondrial dysfunction in primary cortical neurons 

Based on the results described above, we tested ISOAC1 for its neu-
roprotective effect in rat primary cortical neurons after 24 h of exposure 
to unaged Aβ1–42 preparations. In order to exclude any cellular toxicity 
of our compound, we first exposed primary cortical neurons to 
increasing concentrations of ISOAC1 (5, 25, 50, and 100 μM) and 
assessed the mitochondrial dehydrogenase activity reduction after 24 h 
as index of a cytotoxic response. Importantly, no significant cytotoxicity 
was observed for ISOAC1 at any of the tested concentrations (Fig. 5A). 
Then, we evaluated whether the co-treatment with ISOAC1 could be 
protective against the Aβ1–42 toxicity in primary cortical neurons. 
Considered that a ISOAC1 molar concentration 5-fold higher than that of 
Aβ1–42 had demonstrated the greatest efficacy in preventing the Aβ1–42 
aggregation, we exposed neurons to 25 μM ISOAC1 30 min prior to add 
5 μM Aβ1–42 to the culture medium. The reduction of the mitochondrial 
dehydrogenase activity was evaluated through the MTT assay at the end 
of 24 h of treatment, to allow Aβ1–42 to aggregate and be internalized by 
the neurons. Interestingly, the treatment with Aβ1–42 alone induced a 
significant reduction in the mitochondrial dehydrogenase activity, an 
effect that was significantly attenuated by the co-treatment with ISOAC1 
(Fig. 5B). 

To evaluate the neuroprotective effect of ISOAC1 against the Aβ1–42 
toxicity, we also assessed the intracellular ROS levels after 24 h of Aβ1–42 
treatment. Indeed, along with mitochondrial failure, the increase of ROS 

Fig. 4. ISOAC1 prevents the acute [Ca2þ]i increase induced by Aβ1–42 in primary cortical neurons loaded with Fura-2. Representative superimposed traces of 
[Ca2+]i increase triggered by Aβ1–42 (5 µM) under control conditions (A) or in presence of ISOAC1 (25 µM) (B). Quantification of A and B (C). Data are expressed as 
mean ± S.E.M. of 3 independent experimental sessions (n = 45 in A; n = 48 in B). * p < 0.05 vs Control (basal values); # p < 0.05 vs Aβ1–42 alone. 
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production and subsequent oxidative stress are critical downstream 
events of the Aβ aggregation and accumulation at the cellular level, and 
are widely believed to play a crucial role in the AD pathogenesis [106, 
107]. In particular, we assessed ROS levels in primary cortical neurons 
by using the ROS-sensitive fluorescent probe DCFH-DA after 24 h of 
exposure to 5 μM Aβ1–42 in the presence and in the absence of 25 μM 
ISOAC1. As expected, we observed a significant increase of ROS levels in 
neurons treated with Aβ1–42 alone. Of note, the co-treatment with 
ISOAC1 completely inhibited the increase of ROS production induced by 
Aβ1–42 (Fig. 5C). 

3.6. The β-diketone-3-substituted isoindolinone ISOAC1 reduced the 
Aβ1–42 accumulation in primary cortical neurons 

Previous studies have clearly demonstrated that the β-sheet confor-
mation is a pre-requisite for the Aβ1–42 cellular uptake. It was shown that 
β-sheet-rich aggregates, rather than Aβ1–42 monomers, are efficiently 
taken up by cells through vesicle endocytosis. More importantly, the 
formation and subsequent uptake of β-sheet-rich aggregates directly 
correlate with the cell metabolic inhibition [108]. In the light of this 
evidence, we also investigated whether ISOAC1 was able to reduce 
Aβ1–42 intraneuronal accumulation, a mechanism that could contribute 
to its neuroprotective effect. To this aim, after exposing the neurons to 
Aβ1–42 for 24 h we performed immunofluorescence experiments with 
the anti-Aβ1–42 (D54D2) primary antibody. We used 24 h of incubation 
since it was reported that the amount of internalized Aβ is 
time-dependent and the highest intracellular Aβ signal has been found 
after 24 h [108]. As expected, the neurons treated with Aβ1–42 alone 
displayed an intense Aβ1–42 immunosignal both at the perikaryon and 
neurite level, observable intracellularly and in association with the 
neuronal plasma membrane (Fig. 6A). Interestingly, quantitative ana-
lyses indicated that the Aβ1–42 immunofluorescence was significantly 
lower in the neurons pre-treated with ISOAC1 in comparison with the 
neurons treated with Aβ1–42 alone, hence suggesting that ISOAC1 was 
able to reduce Aβ1–42 accumulation (Fig. 6B). 

4. Conclusions 

In the present study, we performed in silico and in vitro analyses to 

investigate the selected compound, ISOAC1, for its putative ability to 
inhibit the Aβ1–42 aggregation and subsequent neuronal toxicity. 
Importantly, we found that ISOAC1 was able to inhibit the aggregation 
of Aβ1–42 by blocking the conversion from its native conformation to a 
β-sheet secondary structure, which is a key aspect of the aggregation 
process [109]. In line with several studies showing that the β-sheet-rich 
oligomers are the most toxic Aβ species [110,111], we found that the 
Aβ1–42 samples aggregated in the presence of ISOAC1 were less toxic 
than those incubated alone, consistently with a lower content of 
β-sheet-rich structures. Moreover, we have also reported that ISOAC1 

Fig. 5. ISOAC1 protects primary cortical neurons against the Aβ1–42-induced reduction of mitochondrial dehydrogenase activity and increase of ROS 
production. Evaluation of cytotoxicity as mitochondrial dehydrogenase activity reduction in primary cortical neurons after 24 h of exposure to ISOAC1 at different 
concentrations (5, 25, 50, and 100 μM). Data are expressed as mean ± S.E.M. of 3 independent experimental sessions. (A). Evaluation of mitochondrial dehydro-
genase activity in primary cortical neurons exposed for 24 h to 5 μM Aβ1–42 in the absence and in the presence of 25 μM ISOAC1 (30 min pre-treatment). Data are 
expressed as mean ± S.E.M. of 3 independent experimental sessions * p < 0.05 vs Control; # p < 0.05 vs Aβ1–42 alone (B). Quantification of intracellular ROS 
production by measuring DCFH-DA fluorescence intensity in primary cortical neurons exposed for 24 h to 5 μM Aβ1–42 alone or after a 30 min pre-treatment with 
25 μM ISOAC1. Data are expressed as mean ± S.E.M. of 3 independent experimental sessions * p < 0.05 vs Control; # p < 0.05 vs Aβ1–42 alone (C). 

Fig. 6. ISOAC1 reduces Aβ1–42 accumulation in primary cortical neurons. 
Representative confocal images showing Aβ1–42 immunostaining in primary 
cortical neurons exposed for 24 h to 5 μM Aβ1–42 in the absence and in the 
presence of 25 μM ISOAC1 (30 min pre-treatment) (A), and quantification of 
Aβ1–42 immunofluorescence. Data are expressed as mean ± S.E.M. of 3 inde-
pendent experimental sessions * p < 0.05 vs Aβ1–42 alone (n = 30 neurons for 
each group of three experimental sessions) (B). 

I. Piccialli et al.                                                                                                                                                                                                                                 



Biomedicine & Pharmacotherapy 168 (2023) 115745

10

was able to protect primary cortical neurons from the Aβ1–42 injury, by 
counteracting the early steps of Aβ1–42 toxicity, such as intracellular 
Ca2+ level elevations, mitochondrial activity reduction, and increase of 
ROS production, as well as by reducing Aβ1–42 accumulation. 

Intriguingly, our in silico studies revealed a hydrophobic interaction 
between ISOAC1 and the PHE19 residue of the Aβ1–42 monomer. In 
addition, we also found that ISOAC1 was able to form hydrophobic and 
aromatic interactions with a pentameric, protofibrillar form of Aβ1–42, 
hence suggesting its ability to destabilize fibrillar structures and prevent 
their further elongation. Therefore, it is possible to hypothesize that the 
ISOAC1 interaction with the Aβ1–42 structure, especially with the PHE19 
residue, might underlie its anti-amyloidogenic activity by interfering 
with multiple steps of the cell-mediated amyloidogenesis. Since previous 
analyses showed that ISOAC1 is characterized by drug-likeness and no 
toxicity, we believed that it could serve as an effective and promising 
candidate for the development of Aβ1–42-targeting strategies in the AD 
treatment. 
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Accurate secondary structure prediction and fold recognition for circular 
dichroism spectroscopy. Proc. Natl. Acad. Sci. U. S. A. 112 (2015) E3095–3103. 
doi: 10.1073/pnas.1500851112. 

[75] D. Marasco, C. Vicidomini, P. Krupa, F. Cioffi, P.D.Q. Huy, M.S. Li, D. Florio, 
K. Broersen, M.F. De Pandis, G.N. Roviello, Plant isoquinoline alkaloids as 
potential neurodrugs: a comparative study of the effects of benzo[c] 
phenanthridine and berberine-based compounds on β-amyloid aggregation, 
Chem. Biol. Interact. 334 (2021), 109300, https://doi.org/10.1016/j. 
cbi.2020.109300. 

[76] M.D. Kirkitadze, M.M. Condron, D.B. Teplow, Identification and characterization 
of key kinetic intermediates in amyloid beta-protein fibrillogenesis, J. Mol. Biol. 
312 (2001) 1103–1119, https://doi.org/10.1006/jmbi.2001.4970. 

[77] O. Crescenzi, S. Tomaselli, R. Guerrini, S. Salvadori, A.M. D’Ursi, P.A. Temussi, 
D. Picone, Solution structure of the Alzheimer amyloid beta-peptide (1-42) in an 
apolar microenvironment. Similarity with a virus fusion domain, Eur. J. Biochem. 
269 (2002) 5642–5648, https://doi.org/10.1046/j.1432-1033.2002.03271.x. 

[78] S. Shuaib, B. Goyal, Scrutiny of the mechanism of small molecule inhibitor 
preventing conformational transition of amyloid-β42 monomer: insights from 
molecular dynamics simulations, J. Biomol. Struct. Dyn. 36 (2018) 663–678, 
https://doi.org/10.1080/07391102.2017.1291363. 

[79] J.W.D. Griffin, P.C. Bradshaw, Residue interaction network analysis predicts a 
Val24-Ile31 interaction may be involved in preventing amyloid-beta (1-42) 
primary nucleation, Protein J. 40 (2021) 175–183, https://doi.org/10.1007/ 
s10930-021-09965-w. 

[80] Lührs T., Ritter C., Adrian M., Riek-Loher D., Bohrmann B., Döbeli H., Schubert 
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