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A B S T R A C T   

Brain’s metals accumulation is associated with toxic proteins, like amyloid-proteins (Aβ), formation, accumu-
lation, and aggregation, leading to neurodegeneration. Metals downregulate the correct folding, disaggregation, 
or degradation mechanisms of toxic proteins, as heat shock proteins (HSPs) and proteasome. The 7-amino-phe-
nanthridin-6(5H)-one derivatives (APH) showed neuroprotective effects against metal-induced cell death 
through their antioxidant effect, independently of their chelating activity. However, additional neuroprotective 
mechanisms seem to be involved. We tested the most promising APH compounds (APH1-5, 10–100 μM) 
chemical ability to prevent metal-induced Aβ proteins aggregation; the APH1-5 effect on HSP70 and proteasome 
20S (P20S) expression, the metals effect on Aβ formation and the involvement of HSP70 and P20S in the process, 
and the APH1-5 neuroprotective effects against Aβ proteins (1 μM) and metals in SN56 cells. Our results show 
that APH1-5 compounds chemically avoid metal-induced Aβ proteins aggregation and induce HSP70 and P20S 
expression. Additionally, iron and cadmium induced Aβ proteins formation through downregulation of HSP70 
and P20S. Finally, APH1-5 compounds protected against Aβ proteins-induced neuronal cell death, reversing 
partially or completely this effect. These data may help to provide a new therapeutic approach against the 
neurotoxic effect induced by metals and other environmental pollutants, especially when mediated by toxic 
proteins.   

1. Introduction 

Neurodegenerative diseases are the second global cause of death, 
and their incidence and prevalence have risen continually and drasti-
cally, being expected to continue increasing in the coming years (GBD 
2016 Neurology Collaborators, 2019). The neurodegenerative disease 
causes are not well known, but it is believed that they are a combination 
of a genetic predisposition and environmental factors (Cannon and 

Greenamyre, 2011; Chin-Chan et al., 2015; Mir et al., 2020; Strafella 
et al., 2018). Parallel to the increase in the number of patients with 
neurodegenerative diseases, there has been an increase in the environ-
mental pollutant levels that could explain this increment. Environ-
mental pollutants exposure reproduces the main neurodegenerative 
disease hallmarks in animals and in vitro studies, supporting their 
plausible involvement in these diseases (Acevedo et al., 2019; Chen 
et al., 2016; Chin-Chan et al., 2015; Crichton et al., 2008; White et al., 
2015). 
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Heavy metals exposure has increased due to their widespread use for 
many industrial applications, being a cause of concern since they are 
highly toxic environmental pollutants and could accumulate in the body 
for years, producing toxic effects (Cannon and Greenamyre, 2011; Chen 
et al., 2016; Chin-Chan et al., 2015; Mir et al., 2020). In this regard, 
brain accumulation of different heavy metals, especially aluminum (Al), 
mercury (Hg), and cadmium (Cd), was associated with the development 
of neurodegenerative diseases (Chen et al., 2016; Chin-Chan et al., 2015; 
Moyano et al., 2018). Additionally, essential metal brain dyshomeo-
stasis, especially, iron (Fe), copper (Cu) and zinc (Zn) was also associ-
ated with the development of neurodegenerative diseases (Acevedo 
et al., 2019; Choi et al., 2020; Crichton et al., 2008; Gozzelino and 
Arosio, 2016; White et al., 2015; Zheng and Monnot, 2012). 

The most relevant neurodegenerative diseases are considered pro-
teinopathies since the normal structure and conformation of specific 
proteins is altered, or the aggregation of specific toxic proteins is pro-
duced, leading to neurodegeneration and neuronal loss (Campanella 
et al., 2018; Bovolenta et al., 2017; Erkkinen et al., 2018; Katsnelson 
et al., 2016). In this context, certain metals have been described to 
induce the cellular formation, accumulation, and deposit of toxic mis-
folded proteins, which trigger neurodegeneration (Acevedo et al., 2019; 
Chen et al., 2016; Crichton et al., 2008; Dales and Desplat-Jégo, 2020; 
Wright and Baccarelli, 2007). Alzheimer’s disease (AD) is the most 
prevalent neurodegenerative disease (Grothe et al., 2016), being char-
acteristic the formation, accumulation, and aggregation of amyloid beta 
(Aβ) proteins, among other toxic proteins that induce selective neuro-
degeneration and basal forebrain (BF) cholinergic neuronal loss (Kwa-
kowsky et al., 2016). Heat shock proteins (HSP) and proteasome 26S 
(P26S), formed by proteasomes 19S (P19S) and 20S (P20S, the catalytic 
core) mediate the degradation of misfolded, oxidized and aggregated 
toxic proteins such as Aβ, together with other mechanisms (Cao et al., 
2019; Esser et al., 2004; Leak, 2014; Maiti et al., 2014). HSP70 was 
reported to prevent the accumulation and aggregation of toxic proteins 
like Aβ, avoiding neuronal damage and loss (Gorantla and Chinna-
thambi, 2018; Campanella et al., 2018; Wilhelmus et al., 2006). HSPs 
and P20S expression or activity were reported to be altered after metals 
exposure, producing neuronal damage and loss (Asthana et al., 2014; 
Chen et al., 2018; Chernyak and Merinova 2017; Dunham et al., 2017; 
Figueiredo et al., 2016; Gerspacher et al., 2009; Kumar et al., 2018; 
Moyano et al., 2020; Verma et al., 2020). Thus, a therapeutic approach 
to treat the neurodegeneration induced by the toxic proteins could be 
the discovery of new therapeutic agents that mediate the induction of 
HSP and P20S expression. 

We recently described the multitarget profile of phenanthridin-6 
(5H)-one derivatives (APH), with matrix metalloproteinases (MMPs) 
inhibition and antioxidant properties (Rocchi et al., 2021). Additional 
studies showed that the safest and most active compounds for these 
effects were APH1-5 (Fig. 1), which present metal-selective chelating 
activity, chelating Fe, Cu and Hg, but not Al, Cd and Zn. We found that 
APHs are able to protect neurons, completely or partially, against 
oxidative stress, through the induction of nuclear factor erythroid 
2-related factor 2 (NRF2) pathway, and against the reduction of SN56 
neuronal viability induced by all these metals, suggesting that APH1-5 
compounds display additional neuroprotection mechanisms (Moyano 
et al., 2021). NRF2 regulates the expression of HSPs and P26S compo-
nents, which, under stress situations, are induced through upregulation 
of NRF2 (Chapple et al., 2012; Kim et al., 2017; Ramos et al., 2018). 
Therefore, we hypothesized that APH1-5 compounds could also mediate 
their neuroprotective action through reduction of the levels of toxic 
proteins, such as Aβ proteins, by the induction of HSP70 and proteasome 
P20S expression. 

Furthermore, another approach to AD treatment is the search for Aβ1- 

42 aggregation inhibitors. Numerous planar non-polar aromatic small 
molecules such as naphthalene sulfonates, congo-red, thioflavin and 
curcumin have been identified as inhibitors of Aβ aggregation acting by 
intercalation agents between the β-sheets, through π-stacking in-
teractions (Biancalana and Koide, 2010; Maezawa et al., 2008). In this 
sense, we also hypothesized that the phenanthridone core of the APH 
compounds could prevent Aβ aggregation, due to their planarity and the 
presence of aromatic rings, which could be intercalated between the 
β-sheets of the Aβ proteins. 

To test these hypotheses we pre-treated wild type or βAPP, HSP70 
and/or P20S silenced SN56 cholinergic neurons from basal forebrain, 
the main brain cholinergic region where selective damage on cholin-
ergic neurons is observed in AD (Do Carmo et al., 2021), as a model of 
basal forebrain cholinergic neurons (BFCN) in vitro, with or without 
APH1-5 compounds (10–100 μM), and then treated with or without 
FeCl2 (200 μM) or CdCl2 (100 μM), as models of essential and heavy 
metals that are chelated and not chelated by APH1-5 compounds, 
respectively (Moyano et al., 2021), and with or without rHSP70 (30 μM) 
and/or rP20S(25 μM). We also examined their protective effects against 
β-amyloid-induced neurodegeneration. 

Abbreviations 

Aβ Amyloid beta proteins 
ACTB beta-actin 
AD Alzheimer’s disease 
ANOVA Analysis of variance 
APH 7-amino-phenanthridin-6(5H)-one derivatives 
APP amyloid-precursor-protein 
AR androgen receptor 
BF basal forebrain 
BFCN BF cholinergic neurons 
BSA bovine serum albumin 
ChAT acetylcholine transferase 
DMEM Dulbecco’s Modified Eagle’s Medium 
DMSO dimethyl sulfoxide 
ER estrogen receptor 
FBS fetal bovine serum 
GR glucocorticoid receptor 
hERG human ether-a-go-go related gene 

HSP heat shock protein 
MMP Matrix metalloproteinase 
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium 

bromide 
NRF2 nuclear factor erythroid 2-related factor 2 
NRF1 nuclear respiratory factor 1 
OS oxidative stress 
PBS phosphate-buffered saline 
PPAR peroxisome proliferator-activated receptor 
P26S proteasome 26S 
P20S proteasome 20S 
P19S proteasome 19S 
ROS reactive oxygen species 
RHSP70 recombinant HSP70 protein 
RP20S recombinant P20S protein 
SEM standard error of the mean 
TEM transmission electron microscope 
THR thyroid receptor  
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2. Materials and methods 

2.1. Chemicals and standards 

All reagents and solvents used were of analytical grade. Methanol, 
dimethyl sulfoxide (DMSO) and hydrochloric acid were provided by 
Scharlab (Barcelona, Spain). Milli-Q water (Millipore, Madrid, Spain) 
was employed for all the experiments. FeCl2, CuCl2, ZnCl2, CdCl2, HgCl2 
and AlCl3 were purchased from Merck (Madrid, Spain). The AHP1-5 
compounds were synthesized by our group following the protocol pre-
viously described (Rocchi et al., 2021; Moyano et al., 2021). 
Poly-L-lysine, dibutyryl-cAMP, retinoic acid, 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT), amyloid β protein 
fragment 1–42 (Aβ1-42, A9810) and 1,1,1,3,3,3-hexafluoro-2-propanol 
used to pre-treat Aβ1-42 proteins were purchased from Sigma-Aldrich 
(Madrid, Spain). 

2.2. Aβ1-42 aggregation assays 

The Aβ1-42 pre-treatment was performed as described by Vice-
nte-Zurdo et al. (2020), using a SpeedVac Concentrator Plus (Eppendorf, 
Madrid, Spain) and a WX vortex mixer (VELP Scientifica, Usmate, Italy). 
For incubation assays, pre-treated Aβ1-42 monomer was thawed at room 
temperature for 10 min. Then, DMSO was added to the monomer to 
obtain a 5 mM solution, which was sonicated for 10 min. After soni-
cation, 10 mM HCl solution was added to obtain a 200 μM Aβ1-42 
working solution. Stock metals solutions of 200 μM (Fe(II), Cu(II), Zn 
(II), Cd(II), Hg(II), and Al(III)) and organic compounds (APH1, APH2, 
APH3, APH4 and APH5) under assay were prepared daily. Working 
solutions of Aβ1-42 + metal (50 μM + 50 μM) and Aβ1-42 + metal + APH 

compounds (50 μM + 50 μM + 50 μM) were prepared by diluting the 
stock solutions in 10 mM HCl. We chose the 50 μM concentration for 
metals, APH1-5 compounds, and Aβ1-42 proteins, to evaluate metal- 
and/or APH-Aβ1-42 interactions since it was the most appropriate Aβ1-42 
concentration for Aβ fibrils aggregation TEM analysis (Vicente-Zurdo 
et al., 2020), and because it is a safe and neuroprotective APH1-5 
concentration (Rocchi et al., 2021; Moyano et al., 2021). Finally, it was 
also chosen because the main common stoichiometry for the formed 
complexes between APH compounds and tested metals (Fe, Cu, Zn, Hg, 
Cd and Al) was 1:1 metal/compound molar ratio (Moyano et al., 2021). 

To test the inhibition of the metal-induced Aβ1-42 aggregation for 
each APH compound, working solutions were incubated for 48 h at 
37 ◦C, using a Thermo Scientific MaxQ 4000 incubator from Fisher 
Scientific (Madrid, Spain). Using a negative staining with uranyl acetate 
2% (w/v) over the copper grid for 5 min, samples were analyzed 
employing a transmission electron microscope (TEM) (JEM-1400 Plus, 
JEOL, Tokyo, Japan) at 100 kV. Measurements of Aβ1-42 fibrils width 
were performed using the ImageJ software (n = 20). To evaluate the 
inhibition of the amyloid β aggregation and the reduction in the fibril 
width by APH1-5 compounds, samples of Aβ1-42 alone, Aβ1-42 + APH 
compounds, Aβ1-42 + metals, and Aβ1-42 + APH compounds + metals 
were compared. The metals used were chosen as they have been 
described to produce neurodegenerative effects and were suggested to 
be involved with neurodegenerative diseases (Cannon and Greenamyre, 
2011; Chin-Chan et al., 2015; Mir et al., 2020). 

2.3. Culture of SN56 cells 

The cholinergic murine neuroblastoma SN56 cell line, which is 
derived from BF septal neurons (Hammond et al., 1990), was used to 

Fig. 1. Chemical structures of APH compounds and known inhibitors of Aβ aggregation.  
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evaluate Aβ1-42, FeCl2 and CdCl2 toxic effects on this specific type of 
neurons and the APH1-5 compounds neuroprotective mechanisms 
against these effects. The cells were kept at 37 ◦C and 5% CO2 in a 
Dulbecco’s Modified Eagle’s Medium (DMEM) that was supplemented 
with 2 mM L-glutamine, penicillin/streptomycin, and 10% fetal bovine 
serum (FBS) obtained from Sigma (Madrid, Spain), and 1 mM sodium 
pyruvate, that was used as maintenance medium. Every 48 h the me-
dium was changed (Hudgens et al., 2009). A 3-4-fold increase of ChAT 
activity and acetylcholine level in the cells were generated to morpho-
logically mature cells by culturing them for 3 days with 1 mM 
dibutyryl-cAMP and 1 μM retinoic acid as previously described (Bie-
larczyk et al., 2003; Szutowicz et al., 2006). Differentiation renders the 
cells more sensitive to neurotoxic compounds that affect cholinergic 
pathways (Bielarczyk et al., 2003; Szutowicz et al., 2006). Cells were 
checked for absence of mycoplasma infection with the Look Out My-
coplasma PCR Detection Kit (Sigma, Madrid, Spain). 

Cells were seeded in 6-well plates at a density of 106 cells/well. Wild 
type or βAPP, HSP70 and/or P20S silenced cells pre-treated or not with 
APH1-5 compounds, at various concentrations (10–100 μM) for 2 h, 
were treated for 24 h with FeCl2 (200 μM), CdCl2 (100 μM), or Aβ1-42 (1 
μM) with or without rP20S (25 μM) and with or without rHSP70 (30 
μM). At least 3 replicate wells/treatment were used. A vehicle group was 
employed in parallel for each experiment as a control. 

The APH1-5 compounds selected from the APH library were the ones 
with less cytotoxic effects and the ones that presented the most potent 
antioxidant and neuroprotective effect against ROS stimulus and metals 
(Fe, Cd, Al, Zn, Cu, Hg) toxic effects in SN56 cells (Rocchi et al., 2021; 
Moyano et al., 2021). The concentrations chosen (10 μM–100 μM) did 
not manifest cytotoxic effects, but presented the neuroprotective effect 
indicated in SN56 cells. We selected 50 μM concentration, the minimum 
concentration to induce neuroprotective effects for all APH compounds 
in SN56 cells following single pre-treatment against metal-induced toxic 
effects (Moyano et al., 2021) to elucidate the possible effect of APH1-5 
compounds on Aβ1-42 protein levels and the mechanisms of neuro-
protection against Aβ1-42 proteins- and metals-induced cytotoxicity. We 
selected the lowest concentrations of rHSP70 (30 μM) and rP20S (25 
μM) that induce the maximum reversion on the metal-induced Aβ1-42 
protein levels increase. Finally, the metals’ concentrations employed 
were chosen since they produce cell death (data not shown). Aβ1-42 
proteins were used since they were described to be the most cytotoxic 
amyloid proteins (Klein et al., 1999). 

APH4, the most neuroprotective APH1-5 compound against metal- 
induced cytotoxicity (Moyano et al., 2021), was chosen to determine 
the involvement of HSP70 and P20S induction in the neuroprotective 
action of APH1-5 compounds against caspases 3/7 activation, Aβ1-42 
protein levels increase and cell death. 

2.4. Real-time PCR analysis 

Total RNA was extracted through the Trizol reagent method (Invi-
trogen, Madrid, Spain). Final RNA concentration and quality of total 
RNA samples were determined and assessed, respectively, with a spec-
trophotometer Nanodrop 2000 (Thermo Fisher Scientific, Madrid, 
Spain) and with an Experion Lab Chip (Bio-Rad, Madrid, Spain) gel. An 
amount of 1000 ng of cRNA were used to synthesize, with a PCR array 
first strand-synthesis kit (C-02; Super Array Bioscience, Madrid, Spain), 
first-strand cDNA following the manufacturer’s instructions, with added 
external RNA controls and genomic DNA elimination step. Following 
reverse transcription, prevalidated primer sets (SuperArray Bioscience) 
for mRNAs encoding HSP701A (catalog number PPM04801F), P20S 
(catalog number PPM30970A), β-amyloid-precursor-protein (βAPP; 
catalog number PPM37085A), and ACTB (PPM02945B), were used to 
perform QPCR. Internal control for normalization used was ACTB. Real- 
Time SYBR Green PCR master mix PA-012 (SuperArray Bioscience) was 
used for reactions running on a CFX96. The parameters set on the 
thermocycler were 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 

15 s and 72 ◦C for 30 s. Relative changes in gene expression were 
calculated using the Ct (cycle threshold) method. The expression data 
are presented as actual change multiples (Livak and Schmittgen, 2001). 

2.5. Protein determination 

Fresh protease inhibitors cocktail (ThermoFisher Scientific, Madrid, 
Spain) was added to RIPA buffer (Thermo Scientific, Madrid, Spain) at 
the end of the treatments, to collect, by scrapping, and lyse SN56 cells 
that had been previously washed with pre-chilled PBS. Cell lysate su-
pernatant was collected after 10,000×g centrifugation at 4 ◦C for 10 
min. Protein concentration was assayed using a BCA kit (Thermo Fisher 
Scientific, Madrid, Spain) and normalized. 

HSP701A and P20S protein levels were measured by ELISA kits 
(MBS760601, and MBS8805890, respectively; MyBioSource, CA, USA), 
following the producer’s guidelines. A negative control was used to 
check that there were no interferences between APH1-5 or metals and 
kits’ reagents. Protein concentrations of each target gene were 
normalized with the total protein concentration determined by BCA kit, 
to avoid deviation of the real value proteins content due to the induction 
of cell death. Protein content was determined as ng/mg of protein. 

2.6. Beta-amyloid levels analysis 

To remove cell debris, media from control and treated cultures (from 
6 well plates per sample) was centrifuged at 4 ◦C for 120 min at 3000×g 
after being collected. Cultures were incubated on ice for 5 min after 
scrapping in 100 μL cold homogenizing buffer (50 mM Tris, pH 7.6, 1 
mM EDTA, 150 mM NaCl, 1% Triton X-100, phosphatase, and protease 
inhibitors; Sigma, Madrid, Spain) following washing with phosphate- 
buffered saline (PBS; Sigma, Madrid, Spain). Supernatant obtained 
from centrifugation at 14,000×g for 10 min at 4 ◦C of lysates was saved 
for analysis. Determination of Aβ1-42 (catalog number KMB3441) was 
performed by analysis of media and cell lysates using Invitrogen’s ELISA 
tests (Madrid, Spain), following the manufacturer’s protocols. Standards 
and samples (100 μL/well) were added to a 96-well plate. Content of 
wells was removed following 2 h of incubation, then they were washed 
and a detection antibody (100 μL) was added and incubated for another 
1 h. Horseradish-peroxidase-labeled anti-detection antibody (100 μL) 
was added following a second removal and washing of wells and incu-
bated for 30 min. Reaction was finished by adding the stop solution 
following last plate content was discarding and washing that was fol-
lowed by incubation at room temperature in dark for 20–30 min after 
addition of stabilized chromogen (100 μL). The absorbance was recor-
ded at 450 nm with a Fluoroskan FL microplate reader (Thermo Fisher, 
Madrid, Spain). Resulted peptides concentrations (pg/mL) were 
normalized with the total protein concentration (μg/mL), resulting in 
pg/μg units. 

2.7. Measurement of cell viability (MTT assay) 

Cell viability was determined following 24 h single Aβ1-42 protein, 
FeCl2 or CdCl2 treatment of SN56 cells, by MTT assay. The assay is based 
on the cleavage of the yellow tetrazolium MTT salt to purple formazan 
crystals by mitochondrial dehydrogenase. Cells were incubated in yel-
low MTT solution at a final concentration of 0.5 mg/mL for 4 h after 
treatment with Aβ1-42 protein. Following incubation at 37 ◦C, the 
resulted formazan product obtained after medium removal was dis-
solved in 250 μL DMSO. The formation of solubilized formazan product 
was measured spectrophotometrically at 570 nm (Fluoroskan Ascent FL 
Microplate Fluorometer and Luminometer, ThermoFisher Scientific, 
Madrid, Spain). Control cells treated with vehicle were taken as 100% 
viability. 
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2.8. Caspase activity analysis 

Induction of apoptosis was detected following Aβ1-42 protein treat-
ment of SN56 cells by Caspase-Glo 3/7 luminescence assay kits (Prom-
ega, Madrid, Spain), according to the manufacturer’s protocol. In brief, 
at the end of treatment, culture cells were scraped and collected in a 
microfuge tube in the dark after being washed with phosphate-buffered 
saline (PBS). Luminescence resulting from incubation in white-walled 
96-well plates, at room temperature in the dark for 1 h, of equal vol-
umes of reagent and cell lysis buffer was read in a PerkinElmer LS50B 
plate-reading spectrometer (PerkinElmer, Madrid, Spain). The lumi-
nescence of each sample was measured. The experiments were per-
formed in triplicate. 

2.8. Genes knock out. 
The silencing of βAPP was performed to determine the involvement 

of Aβ proteins level increase in the metal-induced cell death. siRNA sets, 
homologous to mouse βAPP, HSP701A and P20S, were predesigned 
using the HiPerformance Design Algorithm (Novartis AG, Basel, 
Switzerland) and purchased from Qiagen (catalog number GS11820, 
GS193740 and, GS26440 respectively; Barcelona, Spain). βAPP, 
HSP701A, and P20S siRNAs were transfected into cells, in 6 wellsplates, 
using HiPerfect Transfection reagent (Qiagen, Barcelona, Spain), ac-
cording to producer’s guidelines. Briefly, 150 ng siRNA diluted in 100 μL 
culture medium without serum were mixed with 12 μL HiPerfect 
Transfection reagent per well to form the transfection complex. Cells 
were incubated with transfection complex under their normal growth 
conditions. Silencing quality control was performed using the Qiagen’s 
negative control (Barcelona, Spain). Following two days of siRNA 
introduction into the cells, both efficacy and effectiveness of gene 
silencing was evaluated through gene and protein expression analysis. 
Cell viability, following silencing, was analyzed by MTT and Caspases 3/ 
7 assays. 

2.9. ADMET properties analysis 

In silico assessment of absorption, distribution, metabolism, excre-
tion and toxicity (ADMET) properties predictions of APH compounds 
was carried out using ADMETsar version 2.0 (http://lmmd. ecust.edu. 

cn/admetsar2/) software (Cheng et al., 2012; Yang et al., 2019). 

2.10. Statistical analysis 

In order to evaluate the chemical interaction between the selected 
APH compounds and/or metals with Aβ1-42 proteins, we performed Aβ1- 

42 fibril width measurements, expressed as mean ± standard deviation 
(n = 20), and analyzed them through one-way analysis of variance 
(ANOVA) followed by the Fisher LSD test (95% confidence level). For 
the in vitro studies, at least three replicates for each experimental con-
dition were performed, and the presented results were representative of 
these replicates. Data are expressed as mean ± standard error of the 
mean (SEM; n = 9). Comparisons between experimental and control 
groups were performed by two-ways ANOVA analyses (gene manipu-
lation vs treatment) or one-way ANOVA analyses (analysis of different 
APH1-5 compounds concentrations) followed by the Tukey post-hoc 
test. Statistical differences were accepted when p ≤ 0.05. Statistical 
analysis of data was carried out using both GraphPad 5.01 (in vitro 
studies; San Diego, USA) and Statgraphics 19 (chemical interactions; 
Rockville, USA) softwares. 

3. Results 

3.1. Aβ1-42 aggregation analysis 

Aβ1-42 monomer was incubated during 48 h at 37 ◦C with different 
metals salts (Fe2+, Cu2+, Zn2+, Cd2+, Hg2+ and Al 3+) and tested com-
pounds (APH1-5) (Fig. 2 and Supplementary Fig. S1 and S2). We first 
studied the effect of the APH1-5 compounds on Aβ aggregation in 
absence of selected metals, and we observed that in the presence of 
APH1-5 compounds, Aβ1-42 fibrils remained disaggregated (APH2, as an 
example in Fig. 1D) than Aβ1-42 alone (Fig. 2A). These results showed 
that APH1-5 compounds did not induce Aβ1-42 fibril aggregation. Then, 
selected metal salts were co-incubated with Aβ1-42 to determine their 
ability to aggregate amyloid proteins. All tested metal salts induced the 
aggregation of Aβ1-42 fibrils (Fe- and Hg-induced amyloid aggregation 
are shown as examples in Fig. 2B and C, respectively). To examine the 
APH1-5 compounds inhibition ability on the metal-induced amyloid β 

Fig. 2. TEM images of Aβ1-42 aggregation assays under the presence of several metals (50 μM) and APH2, APH3 and APH5 compounds (50 μM): a) Aβ1-42 alone; b) 
Aβ1-42 + Fe2+; c) Aβ1-42 + Hg2+; d) Aβ1-42 + APH2; e) Aβ1-42 + Fe2+ + APH3; f) Aβ1-42 + Hg2+ + APH5. 
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aggregation, they were co-incubated with Aβ1-42 and the selected metal 
salts. Compounds APH1-5 were able to inhibit Fe-, Cu-, Zn-, Cd-, Al-, and 
Hg-induced aggregation, except for APH1 and APH4, which were un-
able to inhibit it for Zn and Fe, respectively (Fe + APH3 and Hg + APH5 
as an inhibition example of Fe- and Hg-induced aggregation in Fig. 2E 
and F, respectively). 

TEM analysis also revealed the effects of the APH1-5 compounds, 
metals, and APH1-5 + metals on Aβ1-42 fibrils width (Table 1). The re-
sults show that Aβ1-42 fibrils width under the sole presence of APH1-5 
compounds was significantly reduced, but all metals significantly 
increased the Aβ1-42 fibrils width (Table 1). Especially relevant was the 
Zn- and Hg-induced Aβ1-42 fibril width increase from 5.4 nm to 13 and 
16 nm, respectively (Table 1). All APH1-5 compounds were able to 
significantly reduce the metal-induced Aβ1-42 fibrils width increase to 
original size or even lower (Table 1). The most effective compound in 
the Aβ1-42 fibrils width reduction due to the Fe-induced aggregation was 
APH3, followed by APH1, APH5 and APH2 compounds, being the latter 
similar to APH4 compound (Table 1). For Cu-induced aggregation, 
APH1 and APH4 compounds presented the highest width reduction; the 
latter presented a similar reduction to APH5 compound, which was 
statistically equal to APH2 and APH3 compounds (Table 1). Zn-induced 
Aβ1-42 fibrils width increase was significantly reduced in presence of all 
APH1-5 compounds. APH2, APH3 and APH4 showed similar behav-
iour, producing the highest fibril width reduction (Table 1). The 
reduction in fibril width produced by APH3 and APH4 in the presence of 
Cd was similar, and the effect of APH4 was analogous to APH5; these 
compounds exhibited the highest reduction effect, followed by APH2 
and then, by APH1 compounds (Table 1). All APH1-5 compounds pro-
duced an important fibril narrowing of the Hg-induced Aβ1-42 fibrils 
width increase. Among them, APH1, APH2 and APH3 compounds 
showed the most significant reduction, being the behaviour of the latter 
statistically similar to APH5, which was also equal to APH4 (Table 1). 
Finally, Al-induced fibril width increase was reduced by all APH1-5 
compounds, being the most important reduction derived from APH2 and 
APH5 compounds, followed by both APH1 and APH4, and finally by 
APH3 (Table 1). Consequently, all tested compounds were able to 
reduce the width of the tested metal-induced fibrils at the 95% confi-
dence level, although the results obtained also show that APH1-5 
compounds acted differently depending on the specific metal co- 

incubated with Aβ1-42 (Table 1). 

3.2. Analysis of HSP70, and P20S gene expression and proteins content 

The protein content of HSP70 (Fig. 3A and B) and P20S (Fig. 3D and 
E) was reduced, after 24 h FeCl2 (200 μM) and CdCl2 (100 μM) treat-
ment. Pre-treatment with APH1-5 compounds reverted, in a 
concentration-dependent way, partially (APH1 and APH2 for both 
metals and proteins) and completely (APH3 and APH4 for both metals 
and proteins, but APH5 only reversed Cd effect on HSP70 protein) the 
reduction of HSP70 and P20S expression. This reversion in HSP70 
expression started for APH3-5 compounds at 10 μM concentration, and 
in P20S expression it started for APH1-5 compounds at 50 μM concen-
tration, for both metals. These data were similar to those obtained after 
gene expression analysis (data not shown). Individual and concurrent 
HSP70 and P20S knockdown induced a pronounced decrease in HSP70 
and P20S gene expression (data not shown). HSP70 and P20S knock-
down induced a pronounced decrease in HSP70 and P20S protein con-
tent (Supplementary Fig. S3). Treatment with APH4 of HSP70 and P20S 
knockdown SN56 cells increased the HSP70 and P20S proteins content 
with respect to control (Supplementary Fig. S3). SN56 cells treatment 
with APH1-5 compounds increased HSP70 (Fig. 3C) and P20S protein 
(Fig. 3F) content. 

3.3. Analysis of Aβ1-42 proteins content 

The Aβ1-42 protein content (Fig. 4A and B) was increased, after 24 h 
FeCl2 (200 μM) and CdCl2 (100 μM) treatment. Pre-treatment with 
APH1-5 compounds reverted, in a concentration-dependent way, 
partially (APH1 and APH2 for both metals) and completely (APH3, 
APH4 and APH5 for both metals) the increase of Aβ1-42 proteins content. 
This reversion started for compounds APH3-5 at 10 μM concentration 
with CdCl2, but for compound APH5 the neuroprotective effect started 
at 50 μM concentration for FeCl2. Individual (βAPP, HSP70 or P20S) and 
concurrent (HSP70 and P20S) gene knockdown did not alter the Aβ1-42 
proteins content in SN56 cells (Fig. 4C). Additionally, we found that co- 
treatment with recombinant P20S (25 μM) and HSP70 (30 μM) proteins 
or pre-treatment with APH1-5 compounds did not alter the Aβ1-42 pro-
teins content in SN56 cells (Fig. 4D). Pre-treatment with APH4 com-
pound of HSP70 or P20S silenced SN56 cells reverted partially the 
increase of Aβ1-42 proteins content induced by both metals, but this 
reversion was lower than that observed after APH4 pre-treatment of 
wild type cells (Fig. 4C). Pre-treatment with APH4 compound of 
concomitant HSP70 and P20S silenced SN56 cells induced a lower 
reversion on the increase of Aβ1-42 proteins content induced by both 
metals than that observed after individual silencing (Fig. 4C). Co- 
treatment with rP20S or rHSP70 of SN56 cells reverted partially the 
increase of Aβ1-42 proteins content (Fig. 4D) for both metals. The 
concomitant co-treatment with rP20S and rHSP70 of SN56 cells reverted 
partially the increase of Aβ1-42 proteins content (Fig. 4D) for both 
metals. 

3.4. Analysis of CdCl2, FeCl2, and Aβ1-42 effect on MTT and caspases 3/7 
assays 

MTT test was performed to determine cell viability effects following 
24 h single CdCl2, FeCl2, or Aβ1-42 proteins (1 μM) treatment with or 
without pre-treatment with APH1-5 compounds of wild type or βAPP, 
HSP70 and/or P20S silenced SN56 cells. After 24 h treatment with Aβ1- 

42 proteins a decrease in cell viability was observed (Fig. 5A). Pre- 
treatment with APH1-5 compounds reverted, in a concentration- 
dependent way, partially (APH1, APH2 and APH5) and completely 
(APH3 and APH4) the reduction of cell viability induced after Aβ1-42 
proteins treatment alone. This reversion started at 10 μM concentration 
for AHP2-5, but APH1 compound started its neuroprotective effect at 
50 μM concentration (Fig. 5A). Individual (βAPP, HSP70 or P20S) or 

Table 1 
Aβ1-42 fibrils width (nm) measured from TEM images, corresponding to the in-
cubation of Aβ1-42 with different metals (50 μM) and APH1-5 compounds (50 
μM).  

Incubation Without 
metal 
(nm) 

Fe 
(nm) 

Cu 
(nm) 

Zn 
(nm) 

Cd 
(nm) 

Hg 
(nm) 

Al 
(nm) 

Aβ 5.4 ± 0.7a 6.6 
±

0.9a 

7 ±
1a 

13 ±
1a 

6.7 
±

0.7a 

16 ±
2a 

8.9 
±

0.8a 

Aβ +
APH1 

5 ± 1 b 4.2 
±

0.3c 

3.7 
±

0.4d 

6 ±
1 b 

5.3 
± 0.5 
b 

3.8 
±

0.5d 

4.7 
±

0.7c 

Aβ +
APH2 

4.6 ± 0.8 
b 

4.5 
±

0.8b.c 

4.6 
± 0.6 
b 

4.7 
±

0.5c 

4.6 
±

0.6c 

3.6 
±

0.5d 

4 ±
1d 

Aβ +
APH3 

4.3 ± 0.7 
b 

3.4 
±

0.4d 

4.5 
± 0.5 
b 

4.8 
±

0.4c 

3.7 
±

0.6e 

4.1 
±

0.6c.d 

7.0 
± 0.8 
b 

Aβ +
APH4 

4.2 ± 0.7 
b 

4.9 
± 0.6 
b 

3.9 
±

0.4c.d 

4.7 
±

0.9c 

4.1 
±

0.6de 

5 ± 1 
b 

4.6 
±

0.7c 

Aβ +
APH5 

4.5 ± 0.9 
b 

4.2 
±

0.8c 

4.3 
±

0.8b.c 

6 ±
1 b 

4.2 
±

0.5d 

4.7 
±

0.8b.c 

3.5 
±

0.5d 

Data are expressed as mean ± standard deviation (n = 20). Mean values in the 
same column with a common letter indicate no significant differences at p-values 
> 0.05, according to ANOVA and Fisher LSD test. 
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concomitant (HSP70 and P20S) genes knockdown had no effect on cell 
viability (Fig. 5C). Knockdown of βAPP, or pre-treatment with APH4 
compound of HSP70 or P20S silenced SN56 cells treated with CdCl2 or 
FeCl2, reverted partially the reduction of cell viability observed after 
single metal treatment alone (Fig. 5C). This reversion was lower than 
that induced after pre-treatment with APH4 compound of wild type cell 
for both metals (Fig. 5C). Pre-treatment with APH4 compound of 
concomitant HSP70 and P20S silenced SN56 cells, treated with CdCl2 or 
FeCl2, induced a lower reversion of the cell viability reduction induced 
by both metals than that observed after individual silencing (Fig. 5C). 
No significant differences were found between vehicle-treated and 
control cells data. 

Caspases 3/7 activation test was performed as a marker of apoptosis 
induction. Caspases 3/7 were activated in SN56 cells after Aβ1-42 pro-
teins (Fig. 5B), CdCl2 (Fig. D) or FeCl2 (Fig. 5D) treatment for 24 h. Pre- 
treatment with APH1-5 compounds reverted, in a concentration- 
dependent way, partially (APH1, APH2 and APH5) and completely 
(APH3 and APH4) the caspases activation induced after Aβ1-42 proteins 
treatment alone. This reversion started for AHP2-5 compounds at 10 μM 
concentration, but APH1 compound started its neuroprotective effect at 

50 μM concentration (Fig. 5B). Individual (βAPP, HSP70 or P20S) or 
concomitant (HSP70 and P20S) gene knockdown had no effect on cas-
pases 3/7 activation (Fig. 5D). Knockdown of βAPP, or pre-treatment 
with APH4 compound of HSP70 or P20S silenced SN56 cells treated 
with CdCl2 or FeCl2, reverted partially the caspases activation observed 
after single metal treatment alone (Fig. 5D). This reversion was lower 
than that induced after pre-treatment with APH4 compound of wild type 
cell for both metals (Fig. 5D). Pre-treatment with APH4 compound of 
concomitant HSP70 and P20S silenced SN56 cells, treated with CdCl2 or 
FeCl2, induced a lower reversion of the caspases activation induced by 
both metals than that observed after individual silencing (Fig. 5D). 
These data show apoptotic cell death induction by CdCl2, FeCl2, and Aβ1- 

42 proteins and corroborate the MTT results. 

3.5. ADMET predicted properties analysis 

ADMETsar analysis shows that the physicochemical drug-likeness, as 
a result of the calculated values of molecular weight, alogP, number of 
atoms, number of rings, H-bond acceptors, and H-bond donors, was 
positive in all cases. APH1-5 compounds show a positive predilected 

Fig. 3. CdCl2 (100 μM), FeCl2 (200 μM) and/or APH1-5 (10–100 μM) effects on HSP70 (A, B and C) and on P20S (D, E and F) proteins content in SN56 cell ho-
mogenates. Data represents the mean ± SEM of three separate experiments from cells of different cultures, each one performed in triplicate. ***p ≤ 0.001 compared 
to control. ###p ≤ 0.001 compared to metal treatment. 
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result to be a substrate of CYP3A4, but not to be a substrate of CYP2C9 
and CYP2D6 enzymes. The inhibitory promiscuity results were favorable 
for the binding to different CYP enzymes (3A4, 2C9, 2C19, 2D6, 1A2). 
ADMETsar analysis on APH compounds possible binding to estrogen 
receptor (ER), androgen receptor (AR), thyroid receptor (THR), gluco-
corticoid receptor (GR), peroxisome proliferator-activated receptor 
(PPAR) gamma and aromatase, or human ether-a-go-go related gene 
(hERG) potassium channel inhibition showed predictive positive results. 
Finally, APH compounds show predictive positive hepatoxicity and 
were classified as category III for acute oral toxicity. These results are 
shown in Table S1(Supporting Information). 

4. Discussion 

Our results show that APH1-5 compounds co-incubation with Aβ1-42 
fibrils prevented Aβ1-42 fibrils aggregation. The existence of π-stacking 
interactions between aromatic residues in the Aβ monomer, such as 
phenylalanines (Phe4, Phe19 and Phe20) and tryptophan (Tyr10), has 
been proposed to mediate the Aβ self-assembly process and lead to the 
formation of Aβ fibrils (Landau et al., 2011). Naphthalene sulfonates, 
congo red, thioflavin and curcumin, which are planar, non-polar aro-
matic small molecules, are known to interfere with aromatic in-
teractions, inhibiting Aβ aggregation (Biancalana and Koide, 2010; 
Maezawa et al., 2008). Thus, the sp3-low nature of APH1-5 compounds 
may help them interact alongside the Aβ sheets, preventing in this way 
the assembly of more complex aggregates. Moreover, APH1-5 com-
pounds co-incubation with Aβ1-42 fibrils shows, for the first time, that 
the metal-induced Aβ1-42 chemical aggregation was inhibited by 
APH1-5 compounds co-incubation with the metals tested except for 

APH1 and APH4 compounds, which were unable to inhibit Zn- and 
Fe-induced chemical aggregation, respectively. Additionally, APH1-5 
compounds were able to reduce the metal-induced fibrils width, 
although they acted differently depending on the specific metal 
co-incubated with Aβ1-42, so it can be concluded that APH compounds 
containing phenanthridin-6(5H)-one core, prevent the aggregation 
generated by the metals tested. Otherwise, APH1-5 compounds were 
reported to chelate Fe and Cu, and APH3-5 compounds to chelate Hg, 
but none of them was able to chelate Al, Zn and Cd (Moyano et al., 
2021). Therefore, the ability of the APH1-5 compounds to inhibit the 
metal-induced Aβ1-42 chemical aggregation seems to be mediated by a 
direct interaction with Aβ1-42 fibrils, independently of their chelating 
activity, and may probably be due to an intercalation effect between the 
β-sheet through π-stacking interactions with the polypeptide Aβ1-42, 
preventing the formation of Aβ1-42 aggregates. 

Otherwise, our results show that, after single treatment with FeCl2 or 
CdCl2 of SN56 cells, a reduction in the HSP70 and P20S expression was 
observed. Previous studies showed that FeCl2 and CdCl2 alter the 
expression of HSP70 and the expression and activity of P20S proteins 
(Amici et al., 2002; Correa-Vela et al., 2020; Djebali et al., 2008; 
Kanthasamy et al., 2012; Moyano et al., 2018; Sanders et al., 2015), 
supporting our results. Additionally, we show for the first time that 
AHP1-5 compounds are inducers of HSP70 and P20S expression, which 
is probably extensive to all family of APH compounds. Besides, 
pre-treatment with APH1-5 compounds reversed, in a 
concentration-dependent way, completely or partially, depending on 
the concentration and the APH1-5 compound, the reduction observed in 
the HSP70 and P20S expression after FeCl2 and CdCl2 treatment alone. 
NRF2 pathway has been reported to regulate the expression of HSPs and 

Fig. 4. (A) CdCl2 (100 μM) + APH1-5 (10–100 μM) or (B) FeCl2 (200 μM) + APH1-5 (10–100 μM) effects on Aβ1-42 proteins content. (C) siHSP70, siP20S, siHSP70- 
P20S, CdCl2 (100 μM) or FeCl2 (200 μM) + APH4 (50 μM), CdCl2 (100 μM) or FeCl2 (200 μM) + siHSP70 and/or siP20S + APH4 (50 μM) effect on Aβ1-42 proteins 
content in SN56 cell homogenates. (D) APH1-5 (10–100 μM), rHSP70 (30 μM), rP20S (25 μM), CdCl2 (100 μM) + rHSP70 (30 μM) and/or rP20S (25 μM), and FeCl2 
(200 μM) + rHSP70 (30 μM) and/or rP20S (25 μM) effect on Aβ1-42 proteins content in SN56 cell homogenates. Data represents the mean ± SEM of three separate 
experiments from cells of different cultures, each one performed in triplicate. ***p ≤ 0.001 compared to control. ###p ≤ 0.001 compared to metal treatment. 
γγγp≤0.001 compared to rP20S treatment. τττp≤0.001 compared to rHSP70 treatment. ιιιp≤0.001 compared to APH4 and metal treatment. δδδp≤0.001 compared to 
P20S silenced cells treated with APH4 and metal. 
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proteasome P20S (Chapple et al., 2012; Kim et al., 2017; Ramos et al., 
2018), and therefore the previously described induction of NRF2 
pathway by APH1-5 compounds (Moyano et al., 2021) could mediate 
the effect observed on HSP70 and P20S proteins expression. However, 
NRF2 pathway was induced by APH1-5 compounds starting at 10 μM 
concentration (Moyano et al., 2021), but these compounds were only 
able to start P20S upregulation at 50 μM concentration, while APH3 and 
APH4 started the HSP70 upregulation at 10 μM concentration. These 
results suggest that NRF2 pathway could contribute to the effects 
observed on both proteins expression from 50 μM concentration for 
APH1-5 compounds, and from 10 μM concentration for APH3 and APH4 
for HSP70 upregulation, but other mechanisms seem to be involved. In 
this sense, HSP70 expression is regulated by heat shock factor 1 (HSF1) 
(Zhu et al., 2015), which could be also being induced by APH1-5 
compounds. P20S expression is regulated also by the nuclear respiratory 
factor 1 (NRF-1) (Ben-Nissan and Sharon, 2014), which could also be 
modified by APH1-5 compounds. Further studies are needed to confirm 
the NRF2 pathway involvement in these effects and the complete 
mechanisms that mediate these effects. 

Our results also show that single treatment with FeCl2 or CdCl2 of 
SN56 cells, induced an increase in the levels of Aβ1-42 proteins. Previous 
studies showed that FeCl2 and CdCl2 rise the levels of these proteins 
(Choi et al., 2021; Moyano et al., 2018), supporting our results. Addi-
tionally, we show, for the first time, that pre-treatment with APH1-5 
compounds reversed, in a concentration-dependent way, partially 
(APH1 and APH2) or completely (APH3, APH4 and APH5), the increase 
in the Aβ proteins levels observed after FeCl2 and CdCl2 treatment alone. 
APH3 and APH4 started to revert the increase of Aβ proteins levels at 10 
μM concentrations for both metals; and APH5 starts to mediate this 
protection from 10 μM concentration only for FeCl2. APH3 and APH4 
were the only compounds able to reverse completely these effects after 
pre-treatment at 100 μM concentrations for both metals, and APH5 only 
reversed completely this effect at the same concentration for CdCl2. In 
addition, co-treatment with recombinant HSP70 and/or P20S proteins 

and the tested metals reverted partially the increase in the Aβ proteins 
levels observed after FeCl2 and CdCl2 treatment alone, showing that 
both mechanisms, decreased by these metals, are involved in the rise of 
the Aβ proteins levels observed after these metals’ treatment alone. 
Besides, pre-treatment with APH4 compound of single or concomitant 
HSP70 and/or P20S SN56 silenced cells, which were treated with FeCl2 
or CdCl2, induced a lower reversion in the rise of the Aβ proteins levels 
observed after pre-treatment with APH4 compound of wild type SN56 
cells treated with FeCl2 and CdCl2 alone. This shows that both mecha-
nisms, induced by APH1-5 compounds, mediate the APH1-5 reduction 
of the Aβ proteins levels increase observed after the treatment with these 
metals. HSP70 and P20S proteins were described to regulate two 
different pathway of toxic proteins elimination (Campanella et al., 2018; 
Cao et al., 2019; Lackie et al., 2017; Schmidt et al., 2021), supporting 
our results. Thus, both mechanisms seem to contribute to the effect 
observed. 

However, other mechanisms seem to be involved since pre-treatment 
with APH4 compound of single or concomitant HSP70 and/or P20S 
silenced cells treated with these metals produced a lower reduction of Aβ 
proteins levels than APH4 pre-treatment of wild type cells. In this sense, 
pre-treatment with APH3, APH4 and APH5 compounds protected 
completely against the increase in the Aβ proteins levels observed after 
FeCl2 and CdCl2 treatment alone, but the HSP70 and P20S down-
regulation was only completely reverted after pre-treatment with APH3 
and APH4 for both metals, while APH5 only reverted completely the 
HSP70 downregulation for FeCl2. Besides, this hypothesis is also sup-
ported by the fact that none of the APH1-5 compounds starts to reverse 
P20S downregulation at 10 μM concentrations for both metals, although 
they start to reverse the rise of Aβ proteins levels from this concentra-
tion; and that co-treatment with recombinant HSP70 and P20S proteins 
did not reverse completely the increase in the Aβ proteins levels 
observed. All this suggests that the only mechanism to start its protective 
action against Aβ proteins levels increase at 10 μM concentration was 
HSP70 for APH3 and APH4 compounds, but other mechanisms are 

Fig. 5. (A, C) Cell viability and (B, D) caspases 3/7 activity effects after Aβ1-42 proteins or metal (FeCl2 or CdCl2) treatment of wild type, or single (βAPP, HSP70 or 
P20S)/concomitant (HSP70 and P20S) silenced SN56 cells pre-treated with or without APH4 (50 μM) or APH1-5 compounds (10–100 μM). Data represents the mean 
± SEM of three independent experiments in triplicate. ***p ≤ 0.001 compared to control. #p ≤ 0.05, ##p ≤ 0.01, and ###p ≤ 0.001 compared to Aβ1-42 treatment. 
ιιιp≤0.001 compared to APH4 and metal treatment. δδδp≤0.001 compared to P20S silenced cells treated with APH4 and metal. 
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involved in this protective effect of APH1-5 compounds against Aβ 
proteins accumulation. In this sense, MMPs dysfunction was associated 
with the production of Aβ proteins (Asahina et al., 2001; Bjerke et al., 
2011; Brkic et al., 2015). Several metals were also reported to mediate 
the MMPs induction (Dagouassat et al., 2012). APH compounds have 
MMP inhibitor activity (Rocchi et al., 2021), and thus they could 
mediate the reduction of Aβ proteins levels observed through this 
mechanism. Moreover, we previously showed that APH compounds 
reverse the oxidative stress (OS) induced by both metals through the 
induction of NRF2 pathway (Moyano et al., 2021). OS was described to 
induce the brain accumulation of Aβ peptides among other toxic pro-
teins (Cannon and Greenamyre, 2011; Chin-Chan et al., 2015). 
Furthermore, metals were also reported to mediate the brain accumu-
lation of Aβ peptides and other toxic proteins through other mechanisms 
such as acetylcholinesterase variants or Cathepsin D expression alter-
ation among others (Bluhm et al., 2021; Del Pino et al., 2016). Thus, 
APH compounds could also mediate their neuroprotective effect 
through all these mechanisms, and we cannot discard that the process-
ing enzymes of βAPP to the amyloidogenic peptides could also be 
involved. 

Finally, pre-treatment with APH1-5 compounds reversed, in a 
concentration-dependent way, partially (APH1, APH2 and APH5) or 
completely (APH3 and APH4), the cell death observed after Aβ1-42 
proteins treatment alone. APH2, APH3, APH4 and APH5 started to 
revert the cell death observed at 10 μM concentrations. Besides, pre- 
treatment with APH4 compound of single or concomitant HSP70 and/ 
or P20S silenced cells treated with Aβ1-42 proteins induced a lower 
reversion of the cell death observed after pre-treatment with APH4 
compound of wild type cells treated with Aβ1-42 proteins alone. This 
suggests that both mechanisms mediate the APH1-5 neuroprotective 
action against the cell death observed after Aβ1-42 proteins treatment 
alone. FeCl2 or CdCl2 treatment of βAPP silenced SN56 cells reverted 
partially the cell death induced after single treatment with these metals, 
showing that the rise of Aβ proteins levels induced by these metals 
mediates, in part, the cell death observed. Pre-treatment with APH4 
compound of single or concomitant HSP70 and/or P20S silenced cells 
treated with FeCl2 or CdCl2 induced a lower reversion of the cell death 
observed after pre-treatment with APH4 compound of wild type cells 
treated with FeCl2 or CdCl2 alone. This suggests that both mechanisms 
mediate the APH1-5 neuroprotective action against the cell death 
observed after FeCl2 and CdCl2 treatment alone through the reduction of 
Aβ1-42 proteins levels. Additionally, we previously showed that FeCl2 
and CdCl2 treatment of SN56 cells induced cell death that was reverted 
completely by pre-treatment with APH3, APH4 and APH5 for CdCl2 and 
partially for FeCl2 (Moyano et al., 2021). APH3, APH4 and APH5 
started their neuroprotective effect at 10 μM concentrations for CdCl2 
and only APH3 and APH4 started this neuroprotective effect from the 
same concentration for FeCl2 (Moyano et al., 2021). Moreover, APH3 
and APH4 reversed completely HSP70 and P20S proteins down-
regulation after pre-treatment at 100 μM concentrations for both metals, 
and APH5 only for CdCl2. Besides, only APH3 and APH4 started their 
protective effect on HSP70 expression at 10 μM concentration for both 
metals, but APH1-5 compounds were only able to start their protective 
effect on P20S expression at 50 μM concentrations for both metals. These 
results support that the neuroprotective effect of the APH1-5 com-
pounds against metal cytotoxicity is mediated by the reduction of 
metal-induced Aβ protein accumulation. However, since βAPP silencing 
was unable to revert completely the cell death induced by both metals 
and APH5 compound was unable to revert completely the Aβ induced 
cytotoxicity, but it was able to start the reversion of Cd-induced cell 
death from 10 μM concentration and revert it completely at 100 μM 
concentration (Moyano et al., 2021), it appears that, apart from Aβ1-42 
reduction, other neuroprotective mechanisms collaborate to mediate the 
reversion of cadmium-induced cell death. In this sense, we showed that 
these APH1-5 compounds present antioxidant, chelating and MMP 
inhibitory activities (Rocchi et al., 2021; Moyano et al., 2021), which 

could also contribute to this effect. Furthermore, according to our results 
and our previous studies indicated above, the neuroprotective effect of 
HSP70 upregulation (and probably P20S) seems to not only mediate the 
reduction of Aβ1-42 proteins, but also of other toxic proteins production 
that contribute to the metal-induced cell death. 

In our previous study we showed, after computational studies with 
ADMETsar version 2.0 and swissADME software, that the APH1-5 
compounds have positive-predicted Caco-2 cell permeability, intestinal 
absorption, and blood brain barrier (BBB) penetration ability (Moyano 
et al., 2021). Moreover, these compounds presented a favorable mo-
lecular weight (≤500 g/mol) and octanol-water partition coefficients 
(log P) or not P glycoprotein interaction (BBB excretion marker) in 
ADMETsar analysis, suggesting good capacity of oral absorption, sup-
ported by our present physicochemical drug-likeness analysis, and brain 
distribution (Moyano et al., 2021). We also analyzed the predicted 
metabolic activity, suggesting a cytochrome P450 isoforms CYP1A2, 
CYP2C19, CYP2C9, and CYP2D6 inhibitory capacity depending on the 
APH1-5 compounds (Moyano et al., 2021). We now show that APH1-5 
compounds may be substrate for CYP3A4, but not of CYP2C9, and 
CYP2D6 enzymes. In the present study we show that APH compounds 
present predicted binding to ER, AR, THR, GR, and PPAR gamma, and 
aromatase. Further studies are necessary to confirm the binding abilities 
of APH compounds to these receptors, and if so the agoni-
stic/antagonistic effects, the potency and their possible involvement in 
toxicological/pharmacological actions. The toxicity predicted results for 
all APH compounds show relevance for hepatotoxicity and cardiotox-
icity, as shown by the positive predictive inhibition of hERG potassium 
channel, except for APH5 in cardiotoxicity effect. Additional studies 
should be developed to confirm these results in vitro and in vivo, and if so, 
the concentrations at which these compounds could reach these organs 
at therapeutic doses and the potency on these effects. Finally, we show 
that APH1-5 compounds have low oral acute toxicity prediction and 
could be categorized in a level III, according to the median lethal dose 
(LD50) for oral administration. These low predicted toxicity effects were 
supported by our cell viability studies that do not show any reduction of 
SN56 cell viability at the effective concentrations tested (Rocchi et al., 
2021). Thus, these compounds seem to present low toxicity and favor-
able properties to be absorbed and distributed to the brain, to produce 
their neuroprotective effect, and represent the starting point to develop 
a leader compound. Further studies should be developed to confirm 
these properties, the absence of toxicity, and determine the necessity of 
their optimization for these properties. 

Summarizing all described above, APH1-5 compounds exhibit af-
finity for Aβ1-42 proteins, which prevents their aggregation. In addition, 
these compounds reduce partially and completely the accumulation of 
Aβ proteins induced by FeCl2 and CdCl2 in SN56 cells through HSP70 
and P20S upregulation. Finally, APH1-5 compounds mediate their 
neuroprotective effect against FeCl2 and CdCl2 through reduction of Aβ 
proteins levels. Additional studies are required to elucidate all the 
mechanisms involved in the neuroprotective effects of APH1-5 com-
pounds, the mechanisms through which they interact with Aβ1-42 fibrils, 
inhibiting their aggregation, and to confirm that the induction of HSP70 
and P20S expression is mediated by the upregulation of NRF2 pathway, 
and the rest of mechanisms involved. Moreover, further experiments 
should be performed to prove their suggested low toxicity and ability to 
be absorbed and distributed to the brain. Our results are relevant since 
they inform of the mechanisms that mediate neuroprotective effect of 
APH1-5 compounds that could help to prevent not only the neurotoxic 
effect of metals, but also other environmental pollutants that mediate 
their neurotoxic effects through the alteration of the mechanisms that 
regulate APH compounds. 
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