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Preface 
 

During my PhD, I carried out the research activity at the Department 

of Drug Sciences (Pharmacology Section) focusing my attention on 

the modulation of different pathways involved in the response to 

oxidative stress, inflammation and amyloid beta peptide (Aβ) 

aggregation and oligomerization by natural compounds and synthetic 

molecules inspired by nature. 

Oxidative stress and inflammation are common features of different 

disorders, in particular neurodegenerative diseases, and their 

homeostasis is impaired during the progression of physiological aging 

process [1-4]. Moreover, Aβ fibrils formation and accumulation in the 

brain tissue, is one of the main characteristics of Alzheimer’s disease 

(AD) [5]. 

 

As reported in the first chapter of this thesis, thanks to a collaboration 

with the group of professor Michela Rosini at the Alma Mater 

Studiorum University of Bologna, we tested a group of newly 

synthesized molecules inspired by nature for their ability to counteract 

oxidative stress, Aβ aggregation and oligomerization and to modulate 

some cellular pathways. 

In particular, in Part 1 we studied three compounds (1-3) to 

investigate the connection between Aβ and oxidative stress, with p53 

emerging as a possible mediator of this functional interplay through 

the zyxin-HIPK2-p53 signaling pathway. The importance of the p53 

wild-type conformation and the consequences of the induction of a 

p53 altered conformation induced by soluble non toxic Aβ, was 

described in our laboratory in the previous years and has been shown 

to contribute to the accumulation of cell damage, making cells not 

able to activate the proper apoptotic program when exposed to noxae 

[6-8]. Here we demonstrate that compound 3 inhibits Aβ fibrilization 

preventing the formation of cytotoxic stable oligomeric intermediates. 

Conversely, although to a different extent, all hybrids 1-3 were able 
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to counteract ROS formation and inhibit Aβ-induced p53 

conformational changes, with the stronger antioxidant 2 being 

significantly more effective. 

To go deeper in the characterization of the anti-aggregant ability of 3, 

in Part 2 I report preliminary data obtained in collaboration with 

professor Ersilia De Lorenzi at the University of Pavia. We analyzed 

in capillary electrophoresis the anti-oligomerization properties of 

compounds 2 and 3, taking 2 as negative control, on the aggregation 

process of the most amyloidogenic peptide: Aβ42. The analysis was 

conducted comparing Aβ42 electropherograms with the traces of 

Aβ42 co-incubated with 2 or 3. Compound 3 confirmed to be a very 

potent molecule because it inhibited the formation of large oligomers. 

Moreover also the negative control 2 was able to shift the equilibrium 

towards non toxic small species, although no activity was detected 

with thioflavin T-based fluorimetric assay, as shown in Part 1.  

Data reported in Part 1 and 2 highlighted the essential role of the 

catechol moiety in the prevention of Aβ oligomerization and fibrils 

formation. Starting from the molecule with the most efficacy in 

counteracting Aβ aggregation, a new library of compounds was 

synthetized with the attempt to optimize the combination of anti-

aggregant and scavenging properties and to dissect the structure-

activity relationship (SAR) related to the antioxidant activity. 

In aging, oxidant production from several sources is increased, 

whereas antioxidant enzymes are decreased, and repair systems 

decline [9]. In the context of AD, oxidative stress is known to trigger 

the amyloidogenic pathway and to promote Aβ toxicity in a vicious 

circle [10]. For this reason, in Part 3, we increase the number of 

molecules analyzed and, supposing the modulation of an intracellular 

pathway, we focused our attention on the nuclear factor (erythroid-

derived 2)-like 2 (Nrf2) transcription factor. Nrf2 is considered the 

master regulator of the antioxidant cellular response because, once 

activated, it promotes the transcription of numerous genes acting on 

different cytoprotective pathways [11]. 
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Starting from 1 as leading compound, that was previously named 3 in 

part 1 and 2, we confirmed the essential role of the cathecol moiety 

combined with the thioester function in the prevention of Aβ 

aggregation and we identified compound 12 as more effective and less 

toxic  than prototype 1. Furthermore, we delineate the general SAR 

finding that catechol, which become active ortho-quinone on 

oxidation, should provide neuroprotection in oxidative conditions and 

α,β-unsaturated carbonyl group, that possesses Michael acceptor 

functionality, may represent an additional source for Nrf2 activation. 

Finally, in Part 4, we deepened the mechanism of action of a sub-

group of the compounds analyzed in Part 3, on the Nrf2 pathway. 

Moreover, we investigated the possibility that these molecules exert 

epigenetic effects by modulating specific microRNAs involved in the 

antioxidant response. On the basis of our data, we hypotesize that the 

activation of the Nrf2 pathway is carried out by the interaction of these 

molecules with the negative regulator Keap1 which binds the 

transcription factor and recruits a cul-3-ubiquitin ligase. The release 

of Nrf2 from this complex allows the transctiption factor to migrate 

from the citoplasm into the nucleus to accomplish its protective 

functions.  

Taking together, data reported in Chapter I lead us to identify and to 

characterize a group of newly synthetized molecules potentially 

powerful as pharmacological tools in the modulation of cellular 

network impaired in neurodegenerative diseases such as the zyxin-

HIPK2-p53 signaling pathway and the Nrf2/Aβ axis. 

 

The treatment of AD is still a major challenge: to date, there are not 

effective disease-modifying treatments available, but only 

therapeutics that slow down the disease progression and control 

symptoms in the short-term [12, 13]. There is an enormous global 

demand for new effective therapies and researchers are investigating 

different fields. Among others, the integrative approach has gaining 

relevance as potential strategy. It consists in the use of nutraceuticals 
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as integrative, complementary and preventive therapy and it 

emphasizes the importance of diet in fighting not only 

neurodegenerative disorders, but also the phisiological process of 

aging. 

In the second chapter of this thesis, we focused our attention on two 

different natural compounds: curcumin and γ-oryzanol which are both 

commercially available as dietary supplements. 

In Part 1, we summarize in a review paper the potential use of 

curcumin in prevention, treatment and diagnostic of Alzheimer’s 

disease. Curcumin is a natural product extracted from the rhizome of 

Curcuma longa, which has been extensively studied for its numerous 

properties. In the context of neurodegeneration and AD, curcumin has 

shown anti-inflammatory, antioxidant and anti-Aβ effects [14]. 

Although several properties of curcumin have been reported in 

literature in in vitro and in vivo studies, clinical trials with curcumin 

oral administration have failed because of its pharmacokinetic profile 

[15]. For this reason, we analyzed the literature of the past years to 

underline the alternative strategies to go beyond these problems. 

In Part 2, thanks to a collaboration with the group of professor Daniela 

Uberti at the University of Brescia, we dissect the mechanism of 

action of γ-oryzanol demonstrating, for the first time, ist action on the 

Nrf2 pathway. γ-oryzanol is a ferulate compound very abundant in 

rice (Oryza sativa L.) and it is known for its antioxidant properties 

[16, 17]. Oxidative stress is not only involved in the pathogenesis of 

neurodegenerative disorders such as AD, but it is also at the base of 

some mechanisms involved in aging processes. Thus, counteracting 

free radical damage through the consumption of dietary antioxidants 

containing antioxidative phytochemicals, such as γ-oryzanol, become 

fundamental to maintain body homeostasis, redox balance and to 

promote a healthy life-style. 

 

Recently, the Nrf2 pathway has been shown to be closely linked to 

inflammation. Several studies have demonstrated that Nrf2 
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contributes to the anti-inflammatory process by orchestrating the 

recruitment of inflammatory cells and regulating gene expression. The 

Keap1/Nrf2/ARE signaling pathway, not only regulates the 

antioxidant response, but also the anti-inflammatory gene expression 

inhibiting the progression of inflammation [18, 19]. 

Oxidative stress and inflammation, together with autophagy, are 

keywords of another neurodegenerative disorder: the age-related 

macular degeneration (AMD) [20-22]. AMD is a severe 

neurodegenerative disease and a major cause of blindness in the 

elderly worldwide. AMD phenotype is not homogeneous, the 

molecular mechanisms of its pathogenesis remain poorly understood 

and, to date, reliable therapies are completely lacking for the dry form 

of AMD which is the most common [23, 24]. In the context of a 

potential therapeutic intervention for AMD, it has been demonstrated 

that a positive modulation of Nrf2 activity may be protective against 

oxidative stress and inflammation, thus suggesting the potential use 

of compounds acting on Nrf2 pathway as therapeutics in some ocular 

diseases [25, 26]. For this reason, in collaboration with professor 

Marialaura Amadio of the Department of Drug Sciences at the 

University of Pavia, we performed some pilot experiments with our 

Nrf2-activating compounds. These preliminary data are the subject of 

Chapter III. The collaboration with professor Amadio gave rise to a 

project funded by the Fondo di Ricerca di Ateneo, Blue Sky Research, 

in which I am the co-investigator, that will continue at least for the 

next two years opening future perspective for my work after the end 

of the PhD. 

 

Finally, during these three years, I was involved in another project 

whose topic was immunesenescence, defined as the decline in the 

human immune system that occurs with aging. In this context, I 

contributed with my skills in cellular biology and biochemistry to the 

preparation of different published manuscripts that are listed at the 

end of the thesis. 
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Abstract 

The amyloidogenic pathway is a prominent feature of Alzheimer’s 

disease (AD). However, growing evidence suggests that a linear 

disease model based on amyloid-β peptide (Aβ) alone is not likely to 

be realistic, thus calling for further investigations on the other actors 

involved in the play. The pro-oxidant environment induced by Aβ in 

AD pathology is well established, and a correlation between Aβ, 

oxidative stress and p53 conformational changes has been suggested. 

Here, we applied the multifunctional approach to identify allyl 

thioesters of differently substituted trans-cinnamic acids, whose 

pharmacological profile was strategically tuned by the hydroxyl 

substituents on the aromatic moiety. Indeed, only the catechol 

derivative 3 [S-allyl (E)-3-(3,4-dihydroxyphenyl)prop-2-enethioate] 

inhibited Aβ fibrilization. Conversely, albeit to a different extent, all 

compounds were able to reduce ROS formation in SH-SY5Y 

neuroblastoma cells, and to prevent alterations in p53 conformation 

and activity mediated by soluble sublethal concentrations of Aβ. This 

may support an involvement of oxidative stress in Aβ function, with 

p53 emerging as a potential mediator of their functional interplay. 
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Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative 

disorder, with a complex interplay of genetic and biochemical factors 

contributing to the pathological decline. Progression of the disease 

involves misfolding and aggregation of amyloid-β peptide (Aβ) from 

soluble non toxic monomers into insoluble fibrils. The most toxic 

form of Aβ is believed to be soluble oligomers, which are potent 

mediators of the synaptotoxicity.[1] In AD drug development, 

programs based on the Aβ cascade hypothesis have dominated 

research for the past twenty years, and still play a major role in 

pharmaceutical product pipelines. However, Aβ-centric approaches 

have not yet resulted in clinically effective drugs. This has raised a 

degree of skepticism, which has in turn led to review the science 

underpinning the Aβ model.[2] Besides the consolidated evidence that 

Aβ might trigger the disease process, intertwined correlations 

between Aβ and the other main players of the disease have been 

identified.[3] This has prompted researchers to develop 

multifunctional anti-amyloid agents[4] that, by acting simultaneously 

on several AD targets than the amyloidogenic pathway alone, are 

intended to trigger a synergistic response, with superior efficacy and 

safety profile.[5] Further, we think that molecules endowed with a 

multifaceted pharmacology have a great potential in exploring Aβ 

partnership with other crucial AD features. A deeper comprehension 

of amyloid-based disease mechanisms might offer the chance for 

repositioning Aβ in the disease network, being of help in bridging the 

gap between basic and translational research. In particular, the 

etiopathogenic loop generated by Aβ and oxidative stress offers a new 

key for reading Aβ causative role.[6]  

Oxidative stress is known to trigger the amyloidogenic pathway and 

promote Aβ toxicity.[7] On the other hand, several lines of evidence 

indicate that Aβ exacerbates oxidative stress, with other cellular 

pathways emerging as determining mediators of this vicious cycle.[8] 
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In this respect, regulation of p53 conformation and function may 

represent a crucial feature of this puzzling scenario.  

p53 is a tumor suppressor protein primarily involved in cancer 

biology. However, recent observations have showed that p53 may 

also play a central role in aging and in neurodegenerative disorders.[9] 

Conformational changes and functional alterations of p53 have been 

found in patients with AD.[10] Unfolded p53 is not able to exert its 

pro-apoptotic activity in AD cells, leading to aberrant cell cycle 

progression,[11] and to the accumulation of aging-associated 

abnormalities. p53 is an intrinsically unstable protein, whose 

conformation and DNA binding domain can be modulated by metal 

chelators and redox status.[12] In particular, an alteration in oxidative 

homeostasis, resulting in a subtoxic and chronic ROS exposure, 

impairs wild-type p53 tertiary structure, inducing a switch toward the 

not functional unfolded form of p53.[13] The alteration of the 

physiological functions of p53 can also result from the exposure to 

soluble non toxic Aβ, and has been shown to be related to the ability 

of Aβ to interfere with two key proteins, i.e. zyxin and the 

homeodomain-interacting protein kinase 2 (HIPK2).[14] Zyxin is an 

adaptor protein identified as a regulator of HIPK2-p53 signaling in 

response to DNA damage.[15] HIPK2 activity is in turn fundamental 

in maintaining wild-type p53 function, controlling the destiny of cells 

when exposed to DNA damaging agents.  

In particular, soluble Aβ peptides downregulate zyxin expression, 

which is fundamental in maintaining HIPK2 stability and in turn p53 

activity.[14b] This Aβ-mediated downregulation may be responsible 

for early pathological changes that precede the amyloidogenic 

pathway in the neurodegenerative cascade. Therefore, the induction 

of the unfolded state of p53, by leading to the accumulation of 

dysfunctional neurons in the CNS, is emerging as a novel amyloid-

based mechanism of AD pathogenesis.  

As a part of our ongoing work aimed at deepening insight the cross-

talk between Aβ functions and oxidative stress in AD, we envisioned 
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nature as a structural “muse”. Natural products offer a great chemical 

diversity,[16] and have already proven to be a rich source of 

therapeutics. Polyphenols are widely diffused in nature. They have 

been shown to modulate several AD pathways, including oxidative 

injuries and Aβ aggregation.[17] Interestingly, many of them present a 

hydroxy-cinnamoyl function as a recurring motif. On the other hand, 

diallyl sulfides are garlic-derived organosulfur compounds carrying 

allyl mercaptan moieties. They counteract oxidative stress through 

antioxidant enzyme expression.[18] Herein, we combined these 

privileged molecular fragments in new chemical entities, affording 

hybrids 1-3 (Figure 1). 

Synthesized compounds were first tested in vitro to assess their 

antiaggregating properties towards Aβ42, the most amylodogenic 

isoform of Aβ. They were then assayed in neuroblastoma cells to 

explore their ability to counteract oxidative stress and to exert 

neuroprotective effect against Aβ42-induced toxicity. 

 

 
 

Figure 1. Design strategy for compounds 1-3. Left side: Curc (curcumin), Coum 

(coumarin), FA (ferulic acid), RA (rosmarinic acid). Right side: DAS (diallyl 

sulfide), DADS (diallyl disulfide), DATS (diallyl trisulfide). 
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The efficacy of 1-3 in modulating Aβ-induced conformational state 

alteration of p53 protein was also investigated. Curcumin was herein 

the reference compound. Based on its pleiotropic nature, curcumin is 

a consolidated prototype for AD studies, and it has already provided 

an outstanding platform for numerous biologically active ligands.[19] 

 

Results and Discussion 

Synthetic chemistry. Syntheses of 1-3 were carried out in a linear 

fashion as depicted in Scheme 1. tert-Butyldimethylsilyl (TBDMS)-

protection of the alcohol followed by coupling reaction with DCC in 

presence of DMAP gave the intermediates 10-12. Finally, treatment 

of 10-12 with tetrabutylammonium fluoride (TBAF) effected 

desilylation to give the final compounds 1-3. 

 

Scheme 1. Reaction conditions. (a) DMF, imidazole, N2, o/n, rt; (b) DCC, DMAP, 

CH2Cl2, N2, o/n, 0°C-rt; (c) TBAF, THF, N2, 30', room temperature. 
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Synthesized molecules have been characterized by NMR 

spectroscopy and ESI mass spectrometry. 1HNMR spectra show that 

all compounds have an E configuration as indicated by the large spin 

coupling constants (around 16 Hz) of α-H and β-H on double bonds. 

 

Inhibition of Aβ42 self-aggregation (ThT-based assay). We have 

fostered the development of nature-inspired multifunctional ligands 

as an attractive opportunity to gain insight the cross-talk between 

oxidative damage and Aβ pathways. Therefore, synthesized 

compounds were first tested to evaluate their possible anti-

aggregating properties by means of a thioflavin T (ThT)-based 

fluorimetric assay. ThT dye shows a characteristic red shift in the 

excitation/emission spectrum and an increase in the quantum yield 

upon binding to fibrillar -sheet structures.[20] The ThT-based assay 

is commonly used to monitor Aβ fibrillization and its inhibition. 

The evaluation of 1-3 clearly highlights a strong influence of the aryl 

decoration on the ability to prevent the Aβ42 self-assembly process. 

Interestingly, the catechol moiety (compound 3) turned out to be 

essential for activity. 3, at 1/1 ratio with Aβ42 almost completely 

inhibited Aβ42 self-aggregation (% inhibition > 90%), resulting even 

more effective than curcumin (% inhibition = 73.7%). Noteworthy, in 

the same experimental conditions, a complete loss of the anti-

aggregating efficacy was observed for 1 and 2, lacking the m- or p-

hydroxyl function, respectively (Figure 2). 



24 

 

 
Figure 2. Inhibition Aβ42 aggregation by 1-3 or curcumin (Curc) as determined 

by a ThT-based assay. ThT-related fluorescence intensity of Aβ42 (50 μM) samples 

after a 24h-incubation period in the absence (Crtl) or in the presence of the tested 

compound (50 μM). The values are the mean of two independent measurements 

each performed in duplicate. 

 

This striking result points to the catechol moiety as a key recognition 

fragment in amyloid binding. The inhibitory effect exerted by 3 

resulted to be concentration-dependent, giving an IC50 value of 12.5 

± 0.9 M. Based on this value, 3 can be considered a good inhibitor 

of Aβ42 self-aggregation, owning an inhibitory potency similar to the 

well known multipotent compound bis(7)tacrine (IC50 = 8.4 ± 1.4 

µM)[21] and derivative D737 (IC50  10 µM),[22] and being only five 

times less potent than the flavonoid myricetin (2.60 ± 0.33 μM).[23]  

To explore the possibility of tuning the anti-aggregating profile of 3, 

a detailed structure-activity relationship study is in progress and will 

be published in due course. 

 

Inhibition of Aβ42 self-aggregation (MS assay). Motivated by the 

promising results, we sought to gain a deeper understanding of 3’s 

mode of action at a molecular level using an orthogonal method, i.e., 

electrospray ionization-ion trap-mass spectrometry (ESI-IT-MS) in 
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flow injection mode, which allows to detect and quantitate the 

monomeric form of Aβ42.
[23] Amyloid aggregation was monitored by 

evaluating the Aβ monomer decrease after 24h incubation in the 

presence and absence of the tested inhibitor, using reserpine as 

internal standard (IS). In the used experimental conditions, in the 

absence of any inhibitor, a progressive decrease in the monomer 

content, expressed as the sum of the native (Aβ42 Native) and oxidized 

form (Aβ42 Ox) of Aβ42, is observed within 24h, due to inclusion of 

Aβ monomers into growing stable oligomers.[24] In agreement with 

this trend, when Aβ42 was incubated alone, a dramatic decrease (83%) 

in monomer content was observed after 24h incubation (Figure 3).  

Conversely, when treating Aβ42 with 3 in a peptide/inhibitor ratio of 

1/1, after 24h incubation a high monomer content was detected, 

meaning that 3 strongly inhibited monomer inclusion into growing 

amyloid oligomers (Figure 3).  

 
Figure 3. Inhibition of Aβ42 aggregation by 3 and curcumin (Curc) as 

determined by ESI-IT-MS method. The total Aβ42 monomer (Aβ42m) content in 

the absence (Ctrl) and in the presence of inhibitor is displayed as the sum of the 

native (Aβ42 Native) and oxidized form (Aβ42 Ox) of Aβ42. IS stands for internal 

standard (reserpine). ** p < 0.01, *** p < 0.001 versus Crtl 24h; Dunnett's Multiple 

Comparison Test. 
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Indeed, the residual percentage of Aβ42 monomer at 24h was only 

17 % in the absence of any inhibitor and 78 %, in the presence of 3. 

Curcumin, tested in the same conditions, resulted to be a much weaker 

inhibitor of the early phase Aβ42 aggregation (residual percentage of 

monomer after 24h incubation = 36 %). These results, other than 

confirming the antiaggregating activity resulting from the ThT-based 

assay, also showed that 3 was able to strongly retard the Aβ overall 

assembly process by acting at monomer level in the early stage of the 

amyloid aggregation and strongly preventing the formation of stable 

soluble oligomers. This is of utmost importance because of the 

cytotoxic effects exerted by soluble aggregation intermediates.[25]  

The overall inhibition percentage was 74.5 ± 6.5%, in agreement with 

data obtained with the ThT fluorometric assay. On the other hand, 

curcumin showed a % inhibition of 22 ± 7.6%. 

Previous studies performed on the natural polyphenol myricetin 

showed pro-oxidant properties toward Aβ42 peptide.[24] These 

properties can be explained by the well-accepted attitude of 

polyphenols to act as either antioxidant or pro-oxidant agents.[26] The 

oxidized form of Aβ42 (Aβ42 Ox) was shown to be less prone to 

aggregate than the native one (Aβ42 Native), thus accounting for a 

slower aggregation rate.[27] With these concepts in mind, we sought to 

verify whether 3, bearing a catechol moiety, could partially exert its 

inhibitory activity through an oxidation-based mechanism. Based on 

the different molecular weight, both the native and oxidized forms of 

Aβ42 can be detected by MS analysis. Worth mentioning, a small 

percentage of Aβ42 Ox is always present in Aβ42 commercial samples 

(around 15%, detectable at t0), and, in agreement with the Aβ42 Ox 

lower inclination to aggregate, the initial content of the oxidized Aβ 

species just slightly decreases after 24h incubation (Figure 3).[24]  

When treating Aβ42 samples with 3 in a peptide/inhibitor ratio of 1/1, 

only a slightly increase of the oxidized species at 24h with respect to 

the initial content was observed, thus excluding a significant 

oxidation-mediated mode of inhibition (Figure 3).  
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Hence, based on these results, a stabilization of the Aβ42 monomeric 

form and inhibition of its inclusion onto the growing oligomers, which 

greatly retards the overall Aβ assembly process, can be rather 

postulated. 

 

Protective effect of 3 on Aβ42-induced toxicity in SH-SY5Y 

neuroblastoma cells. To determine whether 3 may exert any 

neuroprotective effect against Aβ42-induced toxicity, a cell viability 

study in SH-SY5Y human neuroblastoma cells was performed using 

the MTT assay. Incubation of SH-SY5Y cells with 10 μM Aβ42 

resulted in a reduction of about 25% of cell viability, which can be 

ascribed to oligomeric species formation.[28] Non toxic concentrations 

of 3 and curcumin (5 and 10 µM) were then co-incubated with Aβ42. 

The results depicted in Figure 4 clearly show that 3 is able to exert a 

dose-dependent protective effect. Indeed, while at 5 µM 3 could not 

prevent Aβ42 cytotoxicity, a strong protective effect was observed 

when 3 was used at 10 µM. At this concentration, 3 almost completely 

prevented the Aβ-induced cell death. In the same assay, curcumin was 

not able to counteract Aβ toxicity even at 10 µM concentration. 
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Figure 4. Effect of curcumin (Curc) and compound 3 on Aβ42 mediated 

cytotoxicity in neuroblastoma cells. SH-SY5Y cells were treated for 24 h with 

curcumin or 3 at 5 μM or 10 μM, and co-incubated with 10 μM Aβ42. Cell viability 

was determined by MTT assay. Data are expressed as % of cell viability versus 

control. ** p < 0.01 versus Aβ42; Dunnett's Multiple Comparison Test. 

 

Antioxidant effect on H2O2-induced damage. To determine the 

potential interest of thioesters 1-3 as antioxidants, we investigated 

their protective effects against H2O2-induced oxidative damage. ROS 

scavenging effect was evaluated in neuroblastoma cells by using the 

fluorescent probe dichlorofluorescin diacetate (DCF-DA) as a 

specific marker for quantitative intracellular ROS formation. In 

comparison to untreated neuroblastoma cells (dashed line, Figure 5), 

the intracellular DCF-fluorescence intensity in H2O2-treated cells 

significantly increased (grey line, Figure 5). Treatment with curcumin 

and compounds 1-3 significantly suppressed H2O2-induced 

intracellular ROS production (Figure 5), with 2 being strongly more 

effective in counteracting ROS formation. 
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Figure 5. Compounds 1-3 reverse ROS formation-induced oxidative stress. 

Cells were pretreated with curcumin and compounds 1-3 (5 μM) for 24 h and then 

loaded with 25 μM DCF-DA for 45 min. DCF-DA was removed and cells were then 

exposed to 300 μM H2O2. Intracellular ROS levels were determined based on DCF-

fluorescence by fluorescent microplate. Graph shows the intracellular fluorescence 

intensity of DCF + SD in different times treatments. Fluorescence intensity for 

curcumin and compounds 1-3 at any time is significant with a p < 0.001 versus 

H2O2; Dunnett's Multiple Comparison Test. 

 

Effect on zyxin-HIPK2-p53 signaling pathway. The pro-oxidant 

environment induced by Aβ is well established in AD pathology, and 

a correlation between Aβ, oxidative stress and p53 conformational 

changes has already been suggested.[13, 29] 

In this context, in our experimental setting we based on data from 

literature indicating that sublethal concentration of Aβ modulate 

oxidative stress by inducing high levels of oxidative markers, such as 

4-hydroxy-2-nonenal Michael-adducts and 3-nitro-tyrosine, and 

altered p53 conformation, mainly due to nitration of its tyrosine 

residues.[30]  

However, it is worth to note that Aβ may also act as an antioxidant 

under specific conditions and this ability seems to be dependent on 

the peptide concentration.[31] 

The mechanisms by which Aβ induces zyxin and HIPK2 deregulation 

and the consequent p53 conformational change may therefore be 

related to the capability of the peptide to alter oxidative homeostasis. 

If this is the case, compounds with antioxidant activity should reduce 

Aβ-mediated p53 conformational change.  

To substantiate this hypothesis, compounds 1-3 were further 

investigated in a neuroblastoma cell line to verify whether they may 

affect the alterations in zyxin-HIPK2-p53 pathway mediated by 

soluble sublethal Aβ concentrations. For these experimental setting, 

we have diluted Aβ in dimethyl sulfoxide, since evidence from 

literature indicates that Aβ peptides, when diluted from this solvent, 

are quite stable and less prone to fibrilization, at near physiologic 

concentrations.[32] 
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We first characterized SH-SY5Y neuroblastoma cells in term of 

HIPK2 and zyxin expression and p53 conformational status. In 

agreement with our previous data,[14b] a sublethal concentration of 

Aβ42 (10 nM) significantly reduced HIPK2 and zyxin protein levels 

(Figure 6a).  

The conformational status of p53 was analyzed by 

immunoprecipitation using two conformation-specific antibodies, 

i.e., PAb1620 and PAb240, which discriminate folded versus 

unfolded p53 tertiary structure, respectively.[33] As previously verified 

with other cell lines, also in neuroblastoma cells Aβ42 induced the 

expression of unfolded p53, as recognized by PAb240 antibody 

(Figure 6b).  

On this basis, neuroblastoma cells were then treated with 10 nM Aβ42 

in the presence or absence of compounds 1-3 at the concentration of 

5 M. When compounds 1-3 were added to the Aβ-pretreated cells, 

the level of unfolded p53 was significantly lowered as shown by a 

lower intensity of the PAb240 positive band in comparison with that 

obtained when cells were treated with Aβ42 alone. The ratio between 

the intensity of the bands immunoreactive to PAb240 and PAb1620, 

respectively, was comparable to that observed with control cells 

(Figure 6c), with 2 being significantly more effective.  

These data show that pre-treatment of neuroblastoma cells, in 

particular with compound 2, for which marked antioxidant properties 

are not accompanied by any antiaggregating activity, prevented Aβ-

induced p53 conformational changes. This finding may support an 

involvement of the oxidative stress in Aβ function. 
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Figure 6. Compounds 1-3 positively modulate the alterations in zyxin-HIPK2-

p53 pathway mediated by soluble sublethal Aβ42. (a) Total cell extracts of SH-

SY5Y cells, treated with 10 nM Aβ42 for 48 h, were analyzed for zyxin and HIPK2 

expression. Anti-tubulin was used as protein loading control. (b) SH-SY5Y cell 

lysates were immunoprecipitated with PAb240 or PAb1620 antibody. 

Immunoprecipitates were analyzed by western blot with the CM1 polyclonal anti-

p53 antibody. (c) Total cell extracts of SH-SY5Y cells, incubated for 48 h with 10 

nM Aβ42 and then treated with 5 µM compounds 1-3 for 24 hours, were analyzed 

for p53 conformational state. Cell lysates were immunoprecipitated with PAb240 

or PAb1620 antibody. Immunoprecipitates were analyzed by western blot with the 

CM1 polyclonal anti-p53 antibody. After densitometric analysis, data were 

expressed as integrated density of ratio PAb240/PAb1620 antibodies signal and 

represent means ± SEM of at least three different experiments. * p < 0.05, *** p < 

0.001 vs Aβ treatment; Tukey's Multiple Comparison test. (d) SH-SY5Y cells were 

incubated with 10 nM Aβ42 for 24 h and then treated for additional 24 h with 5 µM 

compounds 1-3. Cells were then resuspended in fresh medium and finally exposed 

to 0.5 μM doxorubicin for 24 h. Cell viability was determined by MTT assay. Data 

were expressed as % of cell viability versus control. * p < 0.05, *** p < 0.001 versus 

control; Bonferroni Multiple Comparison test. 
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Loss of the p53 wild-type conformation and function induced by 

soluble non toxic Aβ has been shown to contribute to the 

accumulation of cell damage, making cells not able to activate the 

proper apoptotic program when exposed to noxae.[11a, 14a, 14b] In light 

of this evidence, we sought to study cell sensitivity to doxorubicin, a 

genotoxic agent able to induce apoptosis in a p53-dependent 

manner,[34] following treatment with 10 nM Aβ42 in the presence or 

absence of 5 M 1-3. Notably, cells treated with 1-3 and Aβ42 showed 

to be more vulnerable to doxorubicin in comparison with cells treated 

with Aβ42 alone. Doxorubicin induced a reduction of about 30% of 

cell viability in Aβ-treated cells, while the reduction of cell viability 

was about 50% in the presence of Aβ42 and of each tested compound 

(Figure 6d). The obtained results indicate that compounds 1-3 may 

prevent the production of the unfolded isoform of p53 induced by Aβ, 

making the cells more sensitive and able to respond to an insult.  

 

Conclusions 

The amyloidogenic pathway is thought to be crucial to the complex 

nature of AD. However, Aβ-centric drug programs have had limited 

success in AD clinical trials, so far. Yet growing evidence suggests 

that merely hitting Aβ production or aggregation will not be enough 

to undermine AD architecture, calling for a deeper understanding of 

Aβ functions. To this aim, we here synthesized nature-inspired 

compounds 1-3 to investigate the connection between Aβ and 

oxidative stress, with p53 emerging as a possible mediator of this 

functional interplay. 

Interestingly, the hydroxyl substituents on the aromatic moiety 

allowed a strategic tuning of compound’s pharmacological profile. 

Notably, out of the three synthesized derivatives, only catechol 3 

inhibited Aβ fibrils formation, underling the importance of the 

catechol moiety. By acting at the early stage of amyloid aggregation, 

3 strongly prevented the formation of cytotoxic stable oligomeric 

intermediates. Conversely, although to a different extent, all hybrids 
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were able to decrease ROS formation and inhibit Aβ-induced p53 

conformational changes, with the stronger antioxidant 2, which lacks 

antiaggregating properties, being significantly more effective. These 

findings suggest the involvement of radical species in the loss of p53 

conformation and function induced by subtoxic Aβ. Most 

importantly, the multifunctional ligand 3, together with compounds 1 

and 2, in which only the antiaggregating activity was switched off, 

emerge as promising pharmacologic instruments to deepen insight the 

molecular mechanisms potentially involved in chronic Aβ injuries.  

 

Experimental Section 

Chemistry. General Chemical methods. Chemical reagents were 

purchased from Sigma Aldrich, Fluka and Lancaster (Italy). The 

course of the reactions was observed by thin layer chromatography 

(TLC) on 0.20 mm silica gel 60 F254 plates (Merck, Germany), then 

visualized with an UV lamp. Nuclear magnetic resonance spectra 

(NMR) were recorded at 400 MHz for 1H and 100 MHz for 13C on 

Varian VXR 400 spectrometer. Chemical shifts are reported in parts 

per millions (ppm) relative to tetramethylsilane (TMS), and spin 

multiplicities are given as s (singlet), br s (broad singlet), d (doublet), 

t (triplet), q (quartet), or m (multiplet). Direct infusion ESI-MS mass 

spectra were recorded on a Waters ZQ 4000 apparatus. All final 

compounds 1−3 are >95% pure by HPLC analyses. The analyses were 

performed under reversed-phase conditions on a Phenomenex Jupiter 

C18 (150x4,6 mm I.D.) column, using a binary mixture (A/B) of 

H2O/acetonitrile (60/40, v/v) as the mobile phase, UV detection at λ 

= 302 nm and a flow rate of 0.7 mL/min. The liquid chromatograph 

was by Jasco Corporation (Tokyo, Japan), model PU-1585 UV 

equipped with a 20 µL loop valve. 

 

General procedure for the intermediates 7-9. To a solution of the 

appropriate trans-cinnamic acid 4-6 (1 equiv) in dry DMF (5 mL) 

were added TBDMS-Cl (2-3 equiv) and imidazole (5 equiv) under 
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nitrogen atmosphere. After leaving the reaction at room temperature 

overnight, the mixture was concentrated to dryness, and the residue 

purified by column chromatography on silica gel to yield the desired 

intermediates 7-9. Compounds 4-6 were even commercially available 

or synthesized as described in literature for the synthesis of trans-

cinnamic acid trough Knoevenagel-Doebner reaction.[35] 

(E)-3-(4-((tert-butyldimethylsilyl)oxy)phenyl)acrylic acid (7). 

Compound 7 was synthesized from 4 (500 mg, 3.04 mmol). Elution 

with petroleum ether/ethyl acetate (6:4) afforded 7 as a waxy solid: 

466 mg (55%); 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 16.0 Hz, 

1H), 7.45 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H), 6.31 (d, J = 

16.0 Hz, 1H), 0.99 (s, 9H), 0.23 (s, 6H). 

(E)-3-(3-((tert-butyldimethylsilyl)oxy)phenyl)acrylic acid (8). 

Compound 8 was synthesized from 5 (500 mg, 3.04 mmol). Elution 

with petroleum ether/ethyl acetate (7:3) afforded 8 as a waxy solid: 

370 mg (44%); 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 16.0 Hz, 

1H), 7.24 (t, J = 8.0 Hz, 1H), 7.13 (d, J = 8.0 Hz, 1H), 7.00 (s, 1H), 

6.87 (d, J = 8.0 Hz, 1H), 6.40 (d, J = 16.0 Hz, 1H), 0.98 (s, 9H), 0.20 

(s, 6H). 

(E)-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)acrylic acid (9). 

Compound 9 was synthesized from commercially available 6 (500 

mg, 2.78 mmol). Elution with petroleum ether/ethyl acetate (8:2) 

afforded 9 as a waxy solid: 318 mg (28%); 1H NMR (400 MHz, 

CDCl3) δ 7.64 (d, J = 16.0 Hz, 1H), 7.02 (d, J = 8.0 Hz, 1H), 7.01 (s, 

1H), 6.82 (d, J = 8.0 Hz, 1H), 6.22 (d, J = 16.0 Hz, 1H), 0.96 (s, 18H), 

0.19 (s, 12H). 

 

General procedure for the intermediates 10-12. To an ice-cooled 

solution of the appropriate acid (7-9) (1 equiv) in dry CH2Cl2 (4 mL) 

was added DCC (1.1 equiv), and DMAP (cat.). The reaction mixture 

was stirred for 10 min, followed by addition of 2-propene-1-thiol (3 

equiv). Stirring was then continued at room temperature overnight, 
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and the reaction worked up by filtration and evaporation. The crude 

was purified by chromatography on silica gel. 

S-allyl (E)-3-(4-((tert-butyldimethylsilyl)oxy)phenyl)prop-2-

enethioate (10). Compound 10 was synthesized from 7 (160 mg, 

0.575 mmol). Elution with petroleum ether/ethyl acetate (9.8:0.2) 

afforded 10 as a waxy solid: 100 mg (52%); 1H NMR (400 MHz, 

CDCl3) δ 7.57 (d, J = 15.6 Hz, 1H), 7.43 (d, J = 8.0 Hz, 2H), 6.84 (d, 

J = 8.0 Hz, 2H), 6.59 (d, J = 15.6 Hz, 1H), 5.88-5.83 (m, 1H), 5.28 

(d, J = 17.0 Hz, 1H), 5.13 (d, J = 10.0 Hz, 1H), 3.66 (d, J = 6.8, 2H), 

0.98 (s, 9H), 0.22 (s, 6H). 

S-allyl (E)-3-(3-((tert-butyldimethylsilyl)oxy)phenyl)prop-2-

enethioate (11). Compound 11 was synthesized from 8 (370 mg, 1.33 

mmol). Elution with petroleum ether/ethyl acetate (9.8:0.2) afforded 

11 as a waxy solid: 260 mg (58%); 1H NMR (400 MHz, CDCl3) δ 

7.57 (d, J = 15.6 Hz, 1H), 7.15 (t, J = 8 Hz, 1H), 7.13 (s, 1H), 6.88 (d, 

J = 8.0 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.66 (d, J = 16.0 Hz, 1H), 

5.88-5.83 (m, 1H), 5.28 (d, J = 16.0 Hz, 1H), 5.13 (d, J = 10.0 Hz 

1H), 3.66 (d, J = 6.4 Hz, 2H), 0.97 (s, 9H), 0.20 (s, 6H). 

S-allyl (E)-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)prop-2-

enethioate (12). Compound 12 was synthesized from 9 (200 mg, 

0.500 mmol). Elution with petroleum ether/ethyl acetate (9.5:0.5) 

afforded 12 as a waxy solid: 160 mg (70%); 1H NMR (400 MHz, 

CDCl3) δ 7.49 (d, J = 16 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.80 (d, J 

= 8.0 Hz, 1H), 6.72 (s, 1H), 6.50 (d, J = 16.0 Hz, 1H), 5.76-5.65 (m, 

1H), 5.25 (d, J = 16.8 Hz, 1H), 5.09 (d, J = 10.1 Hz, 1H), 3.56 (d, J = 

6.8 Hz, 2H), 0.97 (s, 9H), 0.96 (s, 9H), 0.19 (s, 6H), 0.18 (s, 6H). 

 

General procedure for the synthesis of 1-3. To a solution of the 

appropriate organosilane intermediate 10-12 (1 equiv) in THF (5 mL) 

was added TBAF (4 equiv) and stirring was continued at room 

temperature. After 20-30 min, the reaction was quenched by addition 

of saturated aqueous NH4Cl solution; the aqueous phase was extracted 

with EtOAc (3 x 10 mL), and the combined organic layers were dried 
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over Na2SO4. Following evaporation of the solvent, the residue was 

purified by column chromatography on silica gel.  

S-allyl (E)-3-(4-hydroxyphenyl)prop-2-enethioate (1). Compound 

1 was synthesized from 10 (100 mg, 0.299 mmol). Elution with 

petroleum ether/ethyl acetate (7:3) afforded 1 as a waxy solid: 30 mg 

(46%); 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 16.0 Hz, 1H), 7.42 

(d, J = 8.0 Hz, 2H), 6.84 (d, J = 8.0 Hz, 2H), 6.58 (d, J = 16.0 Hz, 

1H), 5.88-5.81 (m, 1H), 5.29-5.25 (d, J = 17.0 Hz, 1H), 5.13-5.10 (d, 

J = 10.0 Hz, 1H), 3.65 (d, J =8.0 Hz, 2H). 13C-NMR (CDCl3, 100 

MHz) δ 189.97, 158.23, 140.83, 133.05, 130.44, 126.66, 122.29, 

118.02, 116.03, 31.80. MS [ESI+] m/z 243 [M+Na]+. 

S-allyl (E)-3-(3-hydroxyphenyl)prop-2-enethioate (2). Compound 

2 was synthesized from 11 (210 mg, 0.63 mmol). Elution with 

CH2Cl2/MeOH (9.7:0.3) afforded 2 as a waxy solid: 110 mg (79%); 
1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 16.0 Hz, 1H), 7.24 (t, J = 

8.0 Hz, 1H), 7.08 (d, J = 8.0 Hz, 1H), 7.02 (s, 1H), 6.90 (d, J = 8.0 

Hz, 1H), 6.58 (d, J = 16.0 Hz, 1H), 6.09 (br s, 1H), 5.88-5.81 (m, 1H), 

5.28 (d, J = 16.0 Hz, 1H), 5.13 (d, J = 10 Hz, 1H), 3.65 (d, J = 6.4 Hz, 

2H). 13C-NMR (CDCl3, 100 MHz) δ 190.33, 156.20, 140.85, 135.43, 

132.75, 130.22, 124.89, 121.12, 118.31, 118.05, 114.91, 31.94. MS 

[ESI-] m/z 219 [M-H]-. 

S-allyl (E)-3-(3,4-dihydroxyphenyl)prop-2-enethioate (3). 

Compound 3 was synthesized from 12 (160 mg, 0.344 mmol). Elution 

with petroleum ether/ethyl acetate (5:5) afforded 3 as a waxy solid: 

50 mg (62%); 1H NMR (400 MHz, CD3OD) δ 7.54 (d, J = 16.0 Hz, 

1H), 7.10 (s, 1H), 7.02 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 

6.63 (d, J = 16.0 Hz, 1H), 5.94-5.87 (m, 1H), 5.31 (d, J = 16.8 Hz, 

1H), 5.14 (d, J = 10.1 Hz, 1H), 3.68 (d, J = 6.4 Hz, 2H). 13C-NMR 

(CD3OD, 100 MHz) δ 189.34, 148.56, 145.47, 141.37, 133.43, 

125.91, 122.14, 120.93, 116.56, 115.18, 113.93, 30.94. MS [ESI+] m/z 

259 [M+Na]+. 
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A42 self-aggregation: sample preparation. 1,1,1,3,3,3-Hexafluoro-

2-propanol (HFIP) pre-treated A42 samples (Bachem AG, 

Switzerland) were resolubilized with a CH3CN/Na2CO3/NaOH 

(48.4/48.4/3.2) mixture to have a stable stock solution ([A42] = 500 

M).[36] Tested inhibitors were dissolved in methanol and diluted in 

the assay buffer. Experiments were performed by incubating the 

peptide diluted in 10 mM phosphate buffer (pH = 8.0) containing 10 

mM NaCl, at 30 °C (Thermomixer Comfort, Eppendorf, Italy) for 24 

h (final Aβ concentration = 50 M) with and without inhibitor.  

 

Inhibition of Aβ42 self-aggregation: ThT assay. Inhibition studies 

were performed by incubating Aβ42 samples in the assay conditions 

reported above, with and without tested inhibitors. Inhibitors were 

first screened at 50 M in a 1/1 ratio with Aβ42. To quantify amyloid 

fibril formation, the ThT fluorescence method was used.[20b, 37] After 

incubation, samples were diluted to a final volume of 2.0 mL with 50 

mM glycine-NaOH buffer (pH = 8.5) containing 1.5 M ThT. A 300-

seconds-time scan of fluorescence intensity was carried out (exc = 

446 nm; em = 490 nm), and values at plateau were averaged after 

subtracting the background fluorescence of 1.5 M ThT solution. 

Blanks containing inhibitor and ThT were also prepared and evaluated 

to account for quenching and fluorescence properties. The 

fluorescence intensities were compared and the % inhibition was 

calculated. For compound 3, the IC50 value was also determined. To 

this aim four increasing concentrations were tested. IC50 value was 

obtained from the % inhibition vs log[inhibitor] plot. 

 

Inhibition of Aβ42 self-aggregation by 3: Flow injection-ESI-MS 

method. Inhibition studies were performed by incubating Aβ42 

samples in the assay conditions reported above, with and without the 

tested inhibitor 3 or curcumin. At t0 and t24h, aliquots with and 

without inhibitor were analyzed by flow injection-ESI-IT-MS. LC-

MS analyses were performed as described in Fiori et al.[24]  
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Briefly, the Aβ42 samples were analyzed by 10-µL loop injection after 

previous addition of reserpine as internal standard. ESI-IT-MS 

analyses were performed on a Jasco PU-1585 Liquid Chromatograph 

(Jasco, Tokyo, Japan) interfaced with LCQ Duo Mass Spectrometer 

(Thermo Finnigan, San Jose, CA, USA) equipped with an 

electrospray ionization (ESI) source operating with an ion trap 

analyzer. The mobile phase consisted of 0.1% (v/v) formic acid in 

acetonitrile/water 30/70. ESI system employed a 4.5 kV spray voltage 

and a capillary temperature of 200°C. Mass spectra were operated in 

positive polarity, in the scan range of 200-2000 m/z and at the scan 

rate of 3 microscans/sec. Single ion monitoring (SIM) chromatograms 

for the quantitative analysis were reconstructed at the base peaks 

corresponding to the differently charged amyloid monomer ions 

(Native, N) and oxidized ions (Ox). The ratio between the total 

monomer area and the IS area was used for Aβ42 monomer 

determination. The Areatotal monomer/AreaIS ratio at t0 is considered as 

100% of the monomer content. The results were expressed as means 

± SD of three independent experiments and a p value < 0.05 was 

considered statistically significant (Dunnett's Multiple Comparison 

Test). 

 

Reagents for cellular experiments. All culture media, supplements 

and Foetal Bovine Serum (FBS) were obtained from Euroclone (Life 

Science Division, Milan, Italy). Electrophoresis reagents were 

obtained from Bio-Rad (Hercules, CA, USA). All other reagents were 

of the highest grade available and were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA) unless otherwise indicated. Aβ42 

was solubilised in dimethyl sulfoxide (DMSO) at the concentration of 

100 μM and frozen in stock aliquots that were diluted at the final 

concentration of 10 nM prior to use. For each experimental setting, 

one aliquot of the stock was thawed out and diluted at the final 

concentration of 10 nM to minimize peptide damage due to repeated 

freeze and thaw. The Aβ42 concentration was chosen following dose 
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response experiments (data not shown) where maximal modulation of 

p53 structure and its transcriptional activity[38] was obtained at 10 nM. 

All the experiments performed with Aβ42 were made in 1% of serum. 

H2O2 was diluted to working concentration (1 mM) in phosphate 

buffer saline (PBS) at the moment of use. Mouse monoclonal anti α-

tubulin was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Host specific peroxidase conjugated IgG secondary antibodies were 

obtained from Pierce (Rockford, IL, USA).  

 

Cell cultures. Human neuroblastoma SH-SY5Y cells from European 

Collection of Cell Cultures (ECACC No. 94030304) were cultured in 

medium with equal amount of Eagle’s minimum essential medium 

and Nutrient Mixture Ham’s F-12, supplemented with 10% foetal 

bovine serum, glutamine (2mM), penicillin/streptomycin, non-

essential aminoacids at 37 °C in 5%CO2/95% air.  

 

Cell viability. The mitochondrial dehydrogenase activity that reduces 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 

(MTT, Sigma, St Louis, MO, USA) was used to determine cellular 

viability, in a quantitative colorimetric assay. At day 0 SH-SY5Y cells 

were plated at a density of 2x104 viable cells per well in 96-well 

plates. After treatment, according to the experimental setting, cells 

were exposed to an MTT solution in PBS (1 mg/mL). Following 4 h 

incubation with MTT and treatment with SDS for 24 h, cell viability 

reduction was quantified by using a BIO-RAD microplate reader 

(Model 550; Hercules, CA, USA). 

 

Measurement of intracellular ROS. DCF-DA (Sigma Aldrich) was 

used to estimate intracellular ROS. Briefly, cells (2 × 104 cells/well) 

were pretreated with reference curcumin and compounds 1-3 (5 μM) 

for 24 h and then loaded with 25 μM DCF-DA at 37°C for 45 min. 

DCF-DA was removed after centrifuge and cells were resuspended in 

PBS and then exposed to 300 M H2O2. The results were visualized 



40 

 

using Synergy HT microplate reader (BioTek) with excitation and 

emission wavelengths of 485 nm and 530 nm, respectively.  

 

Immunodetection of zyxin and HIPK2. Cell monolayers were 

washed twice with ice cold PBS, lysed on the tissue culture dish by 

addition of ice-cold lysis buffer (50 mM Tris/HCl pH 7.4, 150mM 

NaCl, 50 mM EDTA, 0.2 mM 4-(2-aminoethyl) benzenesulfonyl 

fluoride hydrochloride (AEBSF), 20 µg/ml leupeptin, 25 µg/ml 

aprotinin, 0,5 µg/ml pepstatin A and 1% Triton X-100) and an aliquot 

was used for protein analysis with the Pierce Bicinchoninic Acid kit, 

for protein quantification. Cell lysates were diluited in sample buffer 

(62.5 mM Tris/HCl pH 6.8, 2% SDS, 10% glycerol, 50 mM 

dithiothreitol, 0.1% Bromophenol blue) and subjected to Western blot 

analysis. Proteins were subjected to SDS-PAGE (8%) and then 

transferred onto PVDF membrane 0,45µm (Immobilion, Millipore 

Corp, Bedford, MA,USA). The membrane was blocked for 1 h with 

5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween 

20 (TBST). Membranes were immunoblotted with the rabbit anti 

human zyxin or HIPK2 polyclonal antibody (at 1:1000 dilution in 5% 

non fat dry milk, from Cell Signaling Technology, EuroClone, Milan, 

Italy). The detection was carried out by incubation with horseradish 

peroxidase conjugated goat anti-rabbit IgG (1:5000 dilution in 5% 

non fat dry milk, from Pierce, Rockford,IL, USA) for 1 h. The blots 

were then washed extensively and the proteins of interest were 

visualized using an enhanced chemiluminescent method (Pierce, 

Rockford, IL, USA). Tubulin was also performed as a normal control 

of proteins. 

 

p53 conformational immunoprecipitation. p53 conformational state 

was analyzed by immunoprecipitation as detailed previously.[10a] 

Briefly, cells were lysed in immunoprecipitation buffer (10 mM Tris, 

pH 7.6; 140 mM NaCl; and 0.5% NP40 including protease inhibitors); 

100 μg of total cell extracts were used for immunoprecipitation 
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experiments performed in a volume of 500 μl with 1 μg of the 

conformation-specific antibodies PAb1620 (wild-type specific) or 

PAb240 (mutant specific) (Neomarkers, CA, USA). 

Immunocomplexes were separated by 10% SDS-PAGE and 

immunoblotting was performed with rabbit anti-p53 antibody 

(FL393) (Santa Cruz, CA, USA). Immunoreactivity was detected with 

the ECL-chemiluminescence reaction kit (Amersham, Little Chalfont, 

UK). 

 

Densitometry and statistics. All the experiments, unless specified, 

were performed at least three times. Following acquisition of the 

Western blot image through an AGFA scanner and analysis by means 

of the Image 1.47 program (Wayne Rasband, NIH, Research Services 

Branch, NIMH, Bethesda, MD, USA), the relative densities of the 

bands were analyzed as described previously.[39] The data were 

analyzed by analysis of variance (ANOVA) followed when 

significant by an appropriate post hoc comparison test as indicated in 

figure legend. The reported data are expressed as means ± SD of at 

least three independent experiments. A p value < 0.05 was considered 

statistically significant. 
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Part 2. 

 

The following data were obtained thanks to the collaboration with 

the Laboratory of Pharmaceutical Analysis and are part of the PhD 

thesis of Federica Bisceglia, PhD candidate in Chemical and 

Pharmaceutical Sciences - XXX cycle. 

Department of Drug Sciences (Section of Pharmaceutical Chemistry 

and Technology), University of Pavia, V.le Taramelli 14, 27100 

Pavia, Italy. 

Supervisor: prof. Ersilia De Lorenzi 

 

Identification of beta-amyloid fibrillogenesis modulators as 

pharmacological tools in Alzheimer’s disease 

 

These preliminary data will be completed in the next months. Then 

we will work in synergy together to write the manuscript to submit 

for publication.  
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Introduction 

The aggregation of amyloid beta (Aß) peptides into amyloid fibrils is 

one of the most important hallmarks of Alzheimer’s disease (AD) and 

amyloid plaques are used as a diagnostic marker. Although the 

aetiology of AD is still incomplete, compelling evidences indicate 

that Aß aggregation plays a key role in the onset and progression of 

the disorder. Therefore, agents able to block or reverse the amyloid 

process could be an effective approach for treating AD [1]. A variety 

of anti-amyloid agents have been developed and, according to the 

amyloid cascade hypothesis, they target the process at different levels. 

There are different possible therapeutic strategies [2, 3], such as: to 

stop the production of Aß peptides by inhibiting enzymes involved in 

the amyloidogenic proteolitic cleavage of the amyloid precursor 

protein (APP); to enhance the catabolism of Aß peptides via an up-

regulation of enzymes, such as neprylsin, which degrade Aß and 

decrease Aß levels in the brain; and to modulate the aggregation of 

Aß. 

In a simplistic view, Aß monomers convert into insoluble fibrils, 

which constitute amyloid plaques. However, the aggregation of Aß 

peptides is extremely more complex: monomers interact to form 

different soluble oligomers involved in many toxic effects; in turn 

oligomers evolve in bigger aggregates up to insoluble fibrils 

throughout different and parallel pathways. Indeed, the modulation of 

the aggregation can focus on the inhibition of the oligomerization 

process, on the disaggregation of fibrils and of pre-formed aggregates. 

Another interesting approach is the design of agents which are able to 

redirect the on-pathway oligomerization that leads to toxic oligomers 

to the off-pathway process and, thus, to non toxic aggregates [4]. 

Considering the complexity of the aggregation process and the fact 

that soluble oligomers and insoluble fibrils represent distinct 

aggregation pathways, it is evident that a potential inhibitor, to be 

effective, should block both the oligomerization and the 

fibrillogenesis. 
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Scheme 1. Overview of Aβ assemblies described in literature [5] 

 

The assays and techniques commonly employed in aggregation 

studies show limitations in providing simultaneous and comparable 

information on both fibrils and oligomers [2, 4]. This means that a 

potential inhibitor of the oligomerization may not be identified by 

using a specific assay for fibrils, such as thioflavin-T (ThT) 

fluorescence and, therefore, more than one technique has to be used. 

Even though the characterization of all Aß assemblies involved in the 

neurodegeneration is not exhaustive, it is crucial to understand on 

which particular oligomeric population an inhibitor acts. The transient 

and non covalent nature of Aß oligomers, the dynamic equilibrium 

among different populations, which keep on aggregating during the 

experiments, represent further important issues in the search for 

modulators of Aß aggregation. For in vitro aggregation studies, this 

results in the set up of reliable and standardized procedures for the 

preparation of Aß oligomers and for their characterization. This is 

mandatory for the evaluation of the effects of molecules on the 

amyloid process [4, 6]. 
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All the disadvantages and limitations of techniques employed for the 

characterization of Aß aggregates are found also in this context. For 

example, mass spectrometry (MS) approaches are limited because of 

the ionization source induced disassembly and the low ionization 

ability of high molecular weight oligomers; consequently the effect of 

the inhibitor can be monitored only related to the amount of monomer. 

Spectroscopic techniques, such as circular dichroism (CD) and ThT 

fluorescence, provide average information about all species present in 

the sample [7]. 

Nevertheless in the context of a multi-methodological approach, the 

inhibition activity of different small molecules on the amyloidogenic 

process has been reported. For example, in 2011 Bartolini and co-

workers successfully applied matrix-assisted laser 

desorption/ionization time of flight (MALDI–TOF), electrospray 

ionization-ion trap (ESI–IT), MS and electrospray ionization 

quadrupole time of flight MS (ESI–QTOF MS) for measuring the 

progressive disappearance of Aß42 monomer during inhibition 

studies with the known Aß inhibitor myricetin [8]. 

Capillary electrophoresis (CE) can be considered an attractive tool for 

the identification of entities able to modify the kinetics of formation 

of Aß oligomers, since it is possible to monitor over time the 

aggregation of several oligomeric populations. By this separative 

micro-technique, information about the effect of modulators on the 

oligomerization can be obtained. Furthermore, CE supported by 

transmission electron microscopy (TEM), can complete the activity 

profile of potential modulators [9-12]. 

CE has been previously used to verify the activity of different agents 

on the amyloid process. Starting from 2009 De Lorenzi and co-

workers have applied an analytical platform based on CE and TEM to 

identify inhibitors of Aß aggregation. In 2009 two anthraquinone 

compounds, mitoxantrone and pixantrone, were investigated as Aß 

oligomerization modulators. Based on the intercalation with 

topoisomerase II by which they exert their anticancer activity, a 
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similar mechanism in blocking peptide-peptide interactions was 

hypothesized. Both were demonstrated to have anti-fibrillogenic 

activity as well as to reduce or abrogate Aß42 oligomerization in a 

concentration and time dependent manner [10]. Taverna, Ongeri and 

co-workers employed CE to determine the effect on oligomer 

formation exerted by glycosilated compounds [6], by a new class of 

glycopeptidomimetics [13, 14] and by Aß42 related ß-hairpin 

peptidomimetics [15]. As assessed by ThT fluorescence and TEM, 

these compounds prevent the formation of amyloid fibrils and 

furthermore totally suppress the Aß42-induced toxicity. 

The multifactorial nature of AD and the difficulties in obtaining 

disease-modifying drugs encourage a therapeutic approach based on 

multitarget-directed ligands (MTDLs). In more recent works by De 

Lorenzi group [11, 12] CE was used to verify the anti-aggregant 

activity of multifunctional compounds able to target cholinesterase 

enzymes (ChEs) and Aß oligomers. By combining a bistacrine 

scaffold with a hydrophobic peptidomimetic sequence, three 

compounds have been identified as prototypic of a new class of 

multifunctional ChEs and Aß42 self-aggregation inhibitors. 

A multitude of inhibitors of the Aß fibril formation has been reported 

in literature. These inhibitors can be classified in three main 

categories: small molecules, both of natural and synthetic origin, short 

peptides and antibodies [3].   

Among the small molecules, an increasing number of reports have 

described natural products (NPs) as possible modulators of the 

amyloid process, such as (-)-epigallocatechin gallate, curcumin, 

myricetin, rosmarinic acid and many others. NPs represent an 

important source of novel compounds since by rational design and 

structural modifications they can be considered as a scaffold for new 

chemical entities [3].   

In this work, we investigate two compounds previously reported in 

literature for their anti-aggregant activity (as assessed by ThT-based 

assay and ESI-MS) [16] and/or antioxidant properties. These 
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molecules have been evaluated as modulators of the amyloid process 

of Aß42 peptide. In order to assess the effects of these molecules on 

the aggregation of Aß42, the peptide was co-incubated with the 

compounds and monitored over time in CE to define the effect of the 

molecules on specific and characterized oligomeric populations.  

 

Materials and Methods  

Reagents. Synthetic Aß42 was purchased from Bachem (Bubendorf, 

Switzerland) as lyophilized powder and stored at -20°C. 1,1,1,3,3,3-

Hexafluoropropan-2-ol (HFIP), dimethylsulfoxide (DMSO), 

acetonitrile (ACN), sodium carbonate (Na2CO3), sodium hydroxide 

(NaOH) and sodium dodecyl sulphate (SDS) were provided by Merck 

(Darmstadt, Germany). Ethanol was supplied by Carlo Erba 

(Cornaredo, Italy). Na2HPO4 and NaH2PO4 were used for the 

preparation of the background electrolyte (BGE) in the CE analyses. 

BGE solutions were prepared daily using Millipore Direct-QTM 

deionized water and filtered on 0.45 µm Sartorius membrane filters 

(Göttingen, Germany). Uncoated fused-silica capillary was from 

Polymicro Technologies (Phoenix, AZ, USA). 

The set of molecules synthesized by Michela Rosini and collaborators 

at the Alma Mater Studiorum University of Bologna, consists of two 

compounds (S)-allyl (E)-3-(3-hydroxyphenyl)prop-2-enethioate (2) 

and (S)-allyl (E)-3-(3,4-dihydroxyphenyl)prop-2-enethioate (3) 

already reported in literature [16]. 

 

 
 

Figure 1. Structure of compounds 2 and 3. 
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Sample preparation. Aß42 peptide was solubilized following the 

procedure of the protocol developed by Bartolini et al. [6]. Briefly, 

lyophilized Aß42 was dissolved in HFIP. After an appropriate 

incubation time, the solvent was left to evaporate. Then, the Aß42 

aliquots were re-dissolved in a basic mixture (ACN 300 µM, Na2CO3 

250 mM, NaOH, 48.3:48.3:3.4, v/v/v) to obtain 500 µM Aß42. This 

solution was finally diluted to the operative concentration (100 µM) 

with 20 mM phosphate buffer pH=7.4, with or without small 

molecules. Stock solutions of compounds 2 and 3 (1.53 mM) were 

prepared in ethanol. When co-incubation studies were carried out, 500 

µM Aß42 peptide was dissolved in an appropriately diluted 

compound solution to keep the peptide concentration at 100 µM and 

obtain 1:2 peptide/compound ratio. In this way the final percentage of 

EtOH was lower than 3.26%. 

 

Capillary electrophoresis. CE experiments were performed on an 

Agilent Technologies 3D CE system with built-in diode-array 

detector (Waldbronn, Germany). Data were collected and analyzed 

using a Chemstation A.10.02 software. The uncoated fused-silica 

capillary (50 µm i.d., 33 cm total length, 24.5 cm effective length) 

was prepared by flushing 1 M NaOH for 30 minutes, followed by 

water for 30 minutes and BGE (80 mM Na2HPO4/NaH2PO4) for 1 

hour. The between-run rinsing cycle was carried out by pumping 

through the capillary 50 mM SDS and water for 1.5 min each, and 

BGE for 2 min. The injection of the samples was carried out by 

applying a pressure of 30 mbar for 3 s. The capillaries were 

thermostated with circulating air at 25°C and separations were carried 

out at 12 kV (operative current: 75–78 mA) with the anode at the 

sample injection end. The acquisition wavelength was 200 nm.  

 

Statistical analysis. The data were analyzed by analysis of variance 

(ANOVA) followed, when significant, by an appropriate post hoc 

comparison test. The reported data are expressed as mean ± SD or 
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mean ± SEM of at least three independent experiments. Values of 

p<0.05 were considered statistically significant. 

 

Results and discussion 

The two molecules here analyzed are already reported in literature and 

have been designed by the group of Michela Rosini and collaborators 

at the Alma Mater Studiorum University of Bologna in the context of 

MTDLs to get deeper in understanding the connections between Aß 

aggregation, oxidative stress and the tumor suppressor p53 [16]. 

The design strategy of these compounds is based on the combination 

of chemical functions derived from natural compounds. These 

chemical groups are related to the modulation of Aß aggregation and 

to the counteraction of oxidative stress. In particular, the 

hydroxycinnamoyl function, which is a recurring motif found in many 

polyphenols, is preserved, since it is related to the ability of 

polyphenols to modulate several AD pathways such as Aß 

aggregation and oxidative stress [17, 18], and is combined with the 

allyl mercaptan moiety of diallyl disulfide, an active principle of 

garlic endowed with antioxidant activity [19]. Molecules derived 

from the combination of these two functions are expected to 

counteract oxidative stress and the aggregation of Aß. 

2 and 3 were previously tested for their in vitro anti-aggregation 

activity and for their potential ability to protect neuroblastoma cells 

from Aß42-induced toxicity and oxidative stress [16]. Results showed 

that the catechol moiety of 3 was essential for the anti-aggregant 

activity; indeed 2, which lacks the para-hydroxyl function, did not 

have effects on the aggregation process, as demonstrated by ThT-

based assay. On the other hand, 3 almost completely inhibited the 

assembly of Aß42 and demonstrated to be more potent than curcumin. 

Notably, literature reports that the ThT assay is potentially unsuitable 

as a probe for amyloid fibril formation in the presence of polyphenols 

like, among many, curcumin and curcumin derivatives, because 

strong p-p electronic transitions in polyphenols make them 
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intrinsically fluorescent, thus an interference at the wavelengths of 

ThT fluorescence is likely to occur [20]. 

For this reason, to confirm the ThT data, Simoni et al. used ESI-IT 

MS to finally postulate that 3, more than curcumin, retards the Aß42 

assembly process by stabilization of the monomeric form and 

inhibition of its inclusion into growing oligomers. 

Prompted by the potency of compound 3, preliminary investigations 

on its anti-oligomerization activity were carried out by CE, taking 

compound 2 as negative control.  

Our analytical tool has been applied to evaluate the effect of 

compounds 2 and 3 on the aggregation process of the most 

amyloidogenic peptide (Aß42). 

In order to investigate the potential perturbation of the oligomeric 

equilibrium induced by compounds, it is necessary to have available 

a standardized Aß42 aggregation process in the absence of 

compounds. In our protocol, oligomers are kept in solution for about 

one month until precipitation into fibrils and small oligomers slowly 

contribute to the formation of large aggregates. Based on the 

oligomeric characterization, small oligomers consist of monomers 

and dimers, whereas the electrophoretic population relative to large 

aggregates is constituted by assemblies bigger than decamers (peak 

3). This oligomeric population builds up over time at the expenses of 

smaller assemblies (peak 1 and 2) and has demonstrated to be 

responsible for the toxicity of entire peptide (data not shown). 

Since compounds are soluble in pure EtOH, the evaluation of the 

effect of EtOH at the operative concentrations on the Aß42 

aggregation process has also been assessed. To address this issue, the 

peptide has been solubilized in 3.26% EtOH in phosphate buffer. This 

is the highest percentage of EtOH that is in contact with the peptide 

when 100 µM Aß42 samples are coincubated with compounds at the 

highest concentration tested (50 µM). No differences were detected 

either in the electrophoretic pattern or in the equilibrium between 

oligomers. Moreover at this concentration EtOH does not affect the 
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formation and the morphology of amyloid fibrils as observed by TEM 

(data not shown). 

An important issue in the aggregation studies is the availability of 

negative controls useful to verify the anti-aggregant properties of 

small molecules in a more precisely fashion in respect to the mere 

comparison with the peptide in absence of compounds. Therefore in 

this study, 2 is considered as the negative control, bearing in mind that 

abrogation of fibril formation does not necessarily imply anti-

oligomeric activity [4, 21]. 

In Figure 2a), electropherograms acquired at 21 days from the 

solubilization of Aß42 in the presence or not of 50 µM 3 and 50 µM 

2 are reported. 
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Figure 2. Evaluation of the anti-aggregant activity of compounds 2 and 3. a) 

Electrophoretic profiles of 100 µM Aß42 alone or in the presence of 50 µM 

compounds after 21 days from the solubilization. Inset: UV-DAD spectra of peptide 

Peak 3 and of 2. b) Electropherogram of pure 2 injected in CE and DAD spectrum 

of 2 peak. c) Peak 3 normalized area percentage plot of Aß42 alone and in 

coincubation with 50 µM 2 or 3. Data are expressed as mean ± SD, each 

experimental point is in triplicate. 
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In the trace relative to the coincubation with 2, in addition to the 

electroosmotic flow (EOF) peak and to peaks referred to oligomeric 

populations (Peaks 1, 2 and 3) another peak is detected over time. It 

is hypothesized that the species, which migrates slower in respect to 

Aß42 oligomers, may be the compound 2 itself, as supported by its 

UV-DAD spectrum in Figure 2a) and 2b). Compound 3 confirms to 

be very potent, in fact Peak 3 is not detected for long times, as evident 

from the normalized area plot illustrated in Figure 2c).  

Interestingly, from CE analysis, also the negative control 2, is able to 

shift the equilibrium towards non toxic small species: although peak 

3 is formed over time, its area is significantly smaller than the one of 

control peptide. The fact that the graph in Figure 2c) shows a similar 

trend for 3 and 2, although with lower peak 3 area values in presence 

of 3, is in strong contrast with the activity found by ThT and ESI-IT 

MS analyses at the same compound concentration (50 µM). 

However, in the work of Simoni et al., data were only produced on 

overall anti-fibrillogenic activity, as classically assessed by ThT 

fluorescence, while by ESI-IT MS only the effect on the Aß42 

monomer’s amount was monitored. Therefore, no information about 

the activity on soluble oligomers was available. 

 

Conclusions 

The peculiar nature of Aß peptides and their high aggregation 

tendency makes it difficult the assessment of which particular 

oligomeric population represents the main neurotoxic mediators in 

AD. This contributes to the lack of effective disease-modifying 

treatments for the disorder.   

Here we shown how a micro-separative technique like CE can play 

an alternative and unique role in the in vitro aggregation studies of Aß 

oligomers and consequently in the testing of molecules active on the 

amyloidogenic process. In this way, a very promising molecule, 3, 

that was previously identified as anti-aggregant, has confirmed its 



59 

 

properties. In fact, this compound hinders the formation of large toxic 

oligomers by shifting the equilibrium towards smaller species.  

Since oligomers and fibrils can be formed through different pathways, 

to define an amyloidogenic modulator it is necessary to involve a 

multi-methodological approach. Following this rationale, here we 

demonstrated that the CE analysis, combined with ThT and ESI-MS 

techniques, could be an interesting choice. Type and set up of 

experiments to be carried out, number of data to be acquired and 

adequate statistical elaboration are still an issue and this prompts us 

to investigate further in this direction. 
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Abstract  

Amyloid is a prominent feature of Alzheimer’s disease (AD). Yet, a 

linear linkage between amyloid-β peptide (Aβ) and the disease onset 

and progression has recently been questioned. In this context, the 

crucial partnership between Aβ and Nrf2 pathways is acquiring 

paramount importance, offering prospects for deciphering the Aβ-

centered disease network. Here, we report on a new class of anti-

aggregating agents rationally designed to simultaneously activate 

transcription-based antioxidant responses, whose lead 1 showed 

interesting properties in a preliminary investigation. Relying on the 

requirements of Aβ recognition, we identified the catechol derivative 

12. In SH-SY5Y neuroblastoma cells, 12 combined remarkable free 

radical scavenger properties to the ability to trigger the Nrf2 pathway 

and induce the Nrf2-dependent defensive gene NQO1 by means of 

electrophilic activation of the transcriptional response. Moreover, 12 

prevented the formation of cytotoxic stable oligomeric intermediates, 

being significantly more effective, and per se less toxic, than 

prototype 1. More importantly, as different chemical features were 

exploited to regulate Nrf2 and Aβ activities, the two pathways could 

be tuned independently. These findings point to compound 12 and its 

derivatives as promising tools for investigating the therapeutic 

potential of the Nrf2/Aβ cellular network, laying foundation for 

generating new drug leads to confront AD.  
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Introduction 

Alzheimer’s disease (AD) is the most common form of 

neurodegenerative dementia.1 As for major chronic diseases, its 

phenotype reflects several pathological processes that interact in a 

complex network.2 Despite considerable efforts, the underlying 

disease mechanisms and their connections are still poorly understood, 

and it remains unclear whether they participate in neuronal 

degeneration with causative roles or they merely represent the telltale 

remains of earlier pathogenic events.  

The process of amyloidogenesis is thought to be an important driver 

of AD. The amyloid-β peptide (Aβ) becomes harmful when Aβ 

monomers combine in various aggregates to form oligomers and 

fibrils.3 Aβ aggregates emerge as manifestations and mediators of a 

variety of neurobiological events, including inflammatory responses, 

tau phosphorylation impairment, mitochondrial dysfunction and 

oxidative damage.4 Thus, focusing on Aβ alone has probably guided 

to a simplistic linear disease model, which is now appearing 

inadequate to represent the complexity of the disease.5 In this context, 

the simultaneous observation of multiple components is increasingly 

being perceived as a more adequate way for addressing Aβ pluralism 

of causes and effects.6-9 In this scenario, oxidative stress seems to play 

an important role, interconnecting diverse AD-related phenomena.10 

Indeed, the pro-oxidant environment induced by Aβ in AD pathology 

is a consolidated concept.11 At the same time, oxidative stress is 

known to trigger the amyloidogenic pathway and promote Aβ toxicity 

in a vicious circle.12 This crucial partnership involves the nuclear 

factor (erythroid-derived 2)-like 2 (Nrf2) transcriptional pathway, an 

intrinsic mechanism of defense that, under neuropathological 

conditions, reduces oxidative stress and inflammation by promoting 

the transcription of cytoprotective genes, including 

NAD(P)H:quinone reductase (NQO1), heme oxygenase-1 (HO-1), 

and glutathione S-transferase (GST) to name a few.13, 14  
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The activation of this master regulator occurs by disrupting 

interaction and binding of Nrf2 to Kelch-like ECH-associated protein 

1 (Keap1), a cytosolic Nrf2 repressor that acts as a sensor of 

oxidative/electrophilic stress.15 Notwithstanding the extensive 

oxidative damage characterizing AD, levels of some Nrf2-induced 

gene products are reduced in AD patients, suggesting disruption of 

the transcriptional pathway.16 In addition, recent studies have 

demonstrated activation of the Keap1-Nrf2 system to be essential for 

counteracting Aβ-induced toxicity while genetic ablation of Nrf2 

worsens amyloid deposition and neuroinflammation in a mouse 

model of AD.17 

On these premises, we believe that the identification of 

pharmacologic tools able to modulate Aβ and/or Nrf2 pathways might 

contribute to the comprehension of this crucial cross-talk, offering a 

powerful key for interpreting the mechanistic connection between the 

process of protein aggregation and tissue degeneration. We have 

preliminary reported on a set of three molecules as versatile tools for 

investigating the molecular mechanisms potentially involved in 

chronic Aβ damage.18 In particular, we identified the catechol 

derivative 1, which joins a remarkable anti-aggregating ability to 

oxidant properties.  

Interestingly, the biological profile of compound 1 was strategically 

tuned by the hydroxyl substituents on the aromatic moiety, offering a 

peculiar “on–off” pattern of control of the anti-aggregating efficacy 

that has contributed to shed light on the interconnection between the 

overproduction of radical species and Aβ.18  

On this basis and in the pursuit of more effective molecules, we 

performed systematic modifications of 1, by focusing on the aryl 

substitution pattern, the thioester function, and the aliphatic skeleton 

(compounds 2-13, Figure 1).  
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Figure 1. Drug design strategy of compounds 2-13. 

 

In this paper, we delineate the general structure−activity relationships 

(SAR) of 2−12 by investigating antioxidant and anti-aggregating 

properties. The efficacy in inhibiting fibrilization of Aβ42, the most 

amyloidogenic isoform of Aβ, was first studied in vitro by a 

fluorescence-based assay. Compounds were then assayed in human 

SH-SY5Y neuroblastoma cells to explore their ability to contrast 

oxidative stress and to exert neuroprotective effect against Aβ42-

induced toxicity. To draw connections between the structural 

requirements involved in inhibition of amyloid aggregation and 

transcription-based antioxidant responses, selected compounds were 

studied as Nrf2 inducers in human SH-SY5Y neuroblastoma cells, 

and the ability of promoting the endogenous up-regulation of the 

Nrf2-dependent defensive gene NQO1 was also assessed. 

 

Results and Discussion 

Syntheses of the thioester derivatives 2-4 were accomplished by one 

pot reaction with minor modifications of literature procedure referred 

to caffeate esters.19 As reported in Scheme 1 (method A), this 

procedure allowed Meldrum’s acid mono-thioesterification with allyl 

sulphide to give the non-isolable intermediate, which was then readily 



68 

 

condensed with the appropriate aldehyde affording cinnamic 

derivatives 2-4 with moderate to good yields.  

Unfortunately, this convenient method was not effective to access the 

phenolic derivatives 5-13. They were therefore synthesized by means 

of an alternative procedure, which minimized side-reactions and 

purification efforts (Scheme 1, method B). TBDMS-protected 

alcohols 14-19 underwent coupling reaction with the appropriate allyl 

or propyl derivative with DCC in presence of DMAP, to give 

intermediates 20-28. Treatment of 20-28 with TBAF effected 

desilylation to give the final compounds 5-13. 1HNMR spectra show 

that compounds 2-8 and 11, featuring a carbon-carbon double bond 

between the catechol ring and the carbonyl function, have an E 

configuration as indicated by the large spin coupling constants 

(around 16 Hz) of α-H and β-H on double bonds. 

 
Scheme 1. Syntheses of the thioester derivatives 2-4 (method A) and the phenolic 

derivatives 5-13 (method B). 
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Cell toxicity assay. In order to define the range of concentration to 

be used in cellular experimental settings, the cytotoxicity of 

compounds 2-13 was assessed in SH-SY5Y human neuroblastoma 

cells, in comparison with 1. Cells were exposed to the compounds at 

concentrations ranging from 1 to 12.5 M for 24 h and cell viability 

was evaluated by MTT assay. As shown in figure 2, all the compounds 

were well tolerated (reduction of cell viability of about 10%) at a 

concentration up to 5 M, resulting significantly less toxic than 

prototype 1, that at this concentration determined a slight decrease 

(about 20%) of cell viability. 

 

 
 

Figure 2. Cellular toxicity of compounds 2-12 on human neuroblastoma SH-

SY5Y cells. The cell toxicity profiles of reference compound 1 and the non-

(pro)electrophilic derivative 13 are also shown. Cells were treated with 1 µM, 2.5 

µM, 5 µM, 7.5 µM, 10 µM and 12.5 µM of each compound for 24 h. Cell viability 

was assessed by MTT assay. Data are expressed as percentage of cell viability 

versus CTR; * p<0.05, **p<0.01, ***p<0.001 versus CTR; Dunnett’s multiple 

comparison test. 
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Inhibition of Aβ42 self-aggregation. In our previous study, we 

identified catechol derivative 1 as a good inhibitor of Aβ42 self-

aggregation.18 Its inhibitory effect was studied by a thioflavin T 

(ThT)-based fluorometric assay, giving an IC50 of 12.5 ± 0.9 μM, and 

confirmed by a mass spectrometry assay,20 which allowed to detect 

and quantitate the monomeric form of Aβ42. Interestingly, the anti-

aggregating profile of 1 seemed to be strictly related to the catechol 

moiety, as a complete loss of efficacy was observed following single 

removal of the m- or p-hydroxyl function. 
 

 Inhibition of Aβ42 self-aggregation [a] 

% inhibition 

(± SEM) 

[I] = 50 µM 

IC50 µM (± SEM) 

1 > 90 12.5 ± 0.9 

2 < 10 nd 

3 < 10 nd 

4 < 10 nd 

5 < 10 nd 

6 < 10 nd 

7 68.8 ± 7.9 34.6 ± 6.8 

8 36.3 ± 7.6 nd 

9 > 90 8.72 ± 0.61 

10 49.1 ± 6.3 nd 

11 > 90 3.99 ± 0.39 

12 > 90 3.80 ± 0.44 
[a] Inhibition of Aβ42 50 µM self-aggregation by [I] = 50 M. The 

Aβ42/inhibitor ratio was equal to 1/1. For compounds showing a % 

inhibition higher than 50% when screened at 50 M the IC50 value was 

determined. Values are the mean of two independent experiments each 

performed in duplicate. nd stands for not determined. SEM = standard 

error of the mean. 
 

Table 1. Inhibition of Aβ42 self-aggregation by compounds 1-12. 
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Herein, systematic modifications of the aromatic substitution pattern 

corroborated the importance of the catechol group in inhibiting 

amyloid aggregation21 as, in compounds 2-6, the removal or masking 

into a methoxy- or ethoxy-function of one or both the hydroxyl 

substituents of 1 resulted in a complete loss of anti-aggregating 

efficacy (% inhibition at 50 M <10%, Table 1). Following this 

observation, catechol-based compounds were studied to assess the 

role of the thioester function. Replacement of this moiety with an ester 

or an amide, affording compounds 7 and 8, respectively, resulted in a 

gradual decrease in the ability of limiting fibril formation (-CONH-<-

COO-<-COS-, Table 1).  

Based on these results, we can argue that the catechol motif is 

essential but not per se sufficient to guarantee anti-aggregating 

efficacy, indicating the thioester moiety as a second requisite of 

relevance in this respect. Thus, we focused on the chemical link 

between the above-mentioned key features of 1. For compound 9, 

where saturation of the cinnamoyl double bond avoids conjugation of 

the catechol moiety and the thioester function, a slight increase in 

activity is observed with respect to prototype 1 (IC50 values equal to 

8.72 and 12.5 M for 9 and 1, respectively), suggesting that no 

electronic influence between the two groups is required. Conversely, 

when the conjugation persists but the distance is shortened, as in 10, 

a significant drop in activity is detected (from % inhibition >90 to 

49.1 at 50 M), revealing the importance of the relative position of 

the catechol group and the thioester side chain in amyloid recognition. 

Interestingly, the anti-aggregating effect of most active compounds 1 

and 9 was further improved by replacing the terminal allyl moiety 

with an alkyl function, affording 11 (IC50 = 3.99 μM) and 12 (IC50 = 

3.80 μM), respectively. This modification, in addition to potentiating 

prototype’s efficacy, opens perspectives for further functionalization 

in this position as a promising multitarget drug discovery strategy.22 
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Protective effect of 12 on Aβ42-induced toxicity in SH-SY5Y 

neuroblastoma cells. Based on the promising data obtained in the in 

vitro assessment of the anti-aggregating properties of the new 

derivatives, we studied whether the most active compound 12 could 

also exert neuroprotective effect against Aβ42-induced toxicity in SH-

SY5Y human neuroblastoma cells. Incubation of SH-SY5Y cells with 

10 μM Aβ42 resulted in a reduction of about 40% of cell viability (as 

determined by MTT assay), which can be ascribed to oligomeric 

species formation.23  

 
Figure 3. Effect of 1 and 12 on Aβ42-mediated toxicity in neuroblastoma cells. 

SH-SY5Y cells were co-incubated for 24 h with 5 µM and 10 µM compound 1 or 

with 5 µM compound 12 in presence of 10 μM Aβ42. Cell viability was determined 

by MTT assay. Data are expressed as percentage of cell viability versus CTR; 

***p<0.001 versus CTR, $ p<0.05 versus Aβ42; Dunnett’s multiple comparison test. 

 

A strong protective effect was observed for compound 12 which, at 5 

µM, almost completely prevented the Aβ42-induced cell death, 

showing to be more effective than 1 that, in the same assay, was not 

able to counteract Aβ42 toxicity up to 10 µM concentration (Figure 3). 

These data are in agreement with the inhibitory potency (as IC50 

values) determined by ThT-based assay, which showed a 3.3-fold 

higher anti-aggregating activity for 12 compared to 1 (Table 1).  
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A good correlation between data obtained by ThT- and cell-based 

assays was also previously demonstrated by others.24  

 

Protective effect towards H2O2-induced damage. To determine the 

potential interest of compounds 2-12 as antioxidants, we evaluated 

their scavenger ability when co-incubated with 300 µM H2O2, using 

prototype 1 as comparison.  

 
Figure 4. Compounds 1-12 reverse ROS formation induced by H2O2-induced 

oxidative stress in SH-SY5Y neuroblastoma cells. Cells were loaded with 25 mM 

DCFH-DA for 45 min. DCFH-DA was removed by centrifugation, cells were 

resuspended in PBS into a black 96-wells plate and exposed to 5 µM concentration 

of compounds 1-12 and 300 µM H2O2. ROS levels were determined from 0 to 270 

min using a fluorescence microplate reader. Fluorescence intensity for all 

compounds is significant at any time from 30 to 270 min with p<0.001 versus H2O2. 

Dunnett’s multiple comparison test.  

 

ROS scavenging effects were evaluated in SH-SY5Y cells by using 

the fluorescent probe dichloro-dihydro-fluorescein diacetate (DCFH-

DA) as a specific marker for quantitative intracellular ROS formation. 

In comparison to untreated cells (dashed line, Figure 4), the 

intracellular DCFH-fluorescence intensity in H2O2-treated cells 

significantly increased (dotted line, Figure 4).  
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Treatment with all compounds markedly suppressed H2O2-induced 

intracellular ROS production, albeit to a different extent. In particular, 

catechol-based derivatives 1 and 7-12 emerged as the most potent 

antioxidants as, at any time tested, they were able to keep ROS levels 

below those observed for control (Figure 4). This strong antioxidant 

activity was particularly evident for compounds where conjugation 

between the catechol moiety and the carbonyl function (1, 7, 8, 10 and 

11) occurs, while compounds 9 and 12, lacking the cinnamoyl double 

bond, were slightly less effective.  

 

Activation of Nrf2 pathway in neuroblastoma cells. Activation of 

the Keap1/Nrf2 pathway and the consequent induction of phase 2 

antioxidant genes trigger an elaborate network of protective 

mechanisms against oxidative damage.25 When exposed to oxidative 

insults, Keap1 undergoes conformational changes as a result of 

oxidation at specific cysteine residues. This disrupts Nrf2 binding, 

promotes Nrf2 translocation into the nucleus and the activation of 

transcription-mediated protective responses.26, 27 Interestingly, the 

Keap1-Nrf2 interaction can also be disrupted by small molecules,28 

most of which have electrophilic properties.29 Thus, the opportunity 

for tuning the inducible antioxidant response is offered by Keap1 

cysteine residues, which covalently conjugate the electrophilic 

inducers.30 Based on these observations, electrophiles and 

proelectrophiles from synthetic or natural sources have attracted 

interest from a broad range of researchers in the drug discovery 

community.31 In particular, proelectrophile compounds, which 

include hydroquinone cores of terpenoids and flavonoids, are only 

converted to their active electrophilic forms in response to 

pathological oxidation, offering prospects of minimal potential side 

effects.32 

Herein, based on the (pro)electrophilic features of compounds 2-12, 

we selected a number of catechol-based derivatives to be studied as 

Nrf2 inducers. First, by acting as the “on” switch for anti-aggregating 



75 

 

activity, the catechol group represented a prerequisite for exploring 

the amyloid/Nrf2 cellular network. Secondly, catechols, which 

become active ortho-quinones on oxidation, prospect benefits of 

proelectrophiles, which should provide neuroprotection in oxidative 

conditions.33 In addition, catechol-bearing compounds 1 and 7-12 can 

count on more favorable scavenger abilities (as highlighted by their 

ability to reverse H2O2-induced ROS formation), which can 

significantly contribute to the overall antioxidant profile of the new 

molecules.  

Thus, catechol derivatives 1 and 7-12 were investigated in SH-SY5Y 

neuroblastoma cell line to verify whether they may affect the Nrf2 

pathway. To note, some of the selected compounds also presented an 

electrophilic α,β-unsaturated carbonyl group (Michael acceptor 

functionality), which may represent an additional source for Nrf2 

activation. To discriminate the individual contribution of the two 

(pro)electrophilic features, compound 5, where the Michael acceptor 

is not associated to the catechol moiety, and a new compound (13) 

lacking both electrophilic functionalities (purposely synthesized) 

were tested for comparison. Nrf2 protein levels were evaluated by 

western immunoblotting in SH-SY5Y cells after treatment for 24 h 

with compounds 1, 5 and 7-13 at 5 μM concentration. Interestingly, 

all compounds with the exception of 13 increased Nrf2 levels when 

compared to control (Fig. 5a), suggesting that Nrf2 modulation can be 

driven by both the catechol function and the α,β-unsaturated carbonyl 

group, while the other structural features seemed to have modest 

relevance in this respect. In particular, differently from what observed 

for the anti-aggregating activity, the thioester group is not a key 

feature for inducing Nrf2 activation, as demonstrated by the strong 

efficacy elicited by ester derivative 7.  

The lack of efficacy observed for compound 13 suggests that 

nucleophilic addition of Keap1 cysteine residues to (pro)electrophilic 

portions of the molecule may represent the initiating event of the 

transcriptional process. Thus, we focused on the activation of Nrf2 
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signalling by analyzing its translocation into nucleus and its ability to 

induce NQO1, a prototypical cytoprotective Nrf2-target gene related 

to cellular stress response. In particular, we selected compounds 1, 5, 

7, 9 and 12, which increased significantly the protein levels of Nrf2. 

The selected compounds carry alternatively or simultaneously the two 

(pro)electrophilic features responsible for Nrf2 induction. Compound 

13 was also tested as negative control. All compounds, with the only 

exception of 13, induced remarkable Nrf2 nuclear translocation, with 

catechol derivatives 1, 7, 9 and 12 being slightly more effective than 

5, lacking the catechol moiety (Figure 5b). 

 

 
 

Figure 5. Activation of Nrf2-mediated phase II detoxification pathway. a) Total 

cellular extracts of SH-SY5Y cells treated for 24 h with 5 µM concentration of 

compounds 1, 5, 7-13 were analyzed for Nrf2 expression by western blot. Anti 

tubulin was used as protein loading control. Results are shown as ratio Nrf2/tubulin 

(% of CTR) ± SEM. Dunnett’s multiple comparison test. b) Nuclear cellular extracts 

of SH-SY5Y cells were treated for 3 h with compounds 1, 5, 7, 9, 12, 13 at 5 µM 

concentration and homogenized to obtain nuclear fraction. Nrf2 expression was 

determined by western blot. Anti lamin A-C was used as protein loading control. 

Results are shown as ratio Nrf2/lamin A-C (% of CTR) ± SEM. **p<0.01 and 

***p<0.001 versus CTR; Dunnett’s multiple comparison test. c) Total cellular 
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extracts of SH-SY5Y cells treated for 24 h with 5 µM concentration of compounds 

1, 5, 7, 9, 12, 13 were analyzed for NQO1 expression by western blot. Anti-actin 

was used as protein loading control. Results are shown as ratio NQO1/actin (% of 

CTR) ± SEM. *p<0.05, **p<0.01 and ***p<0.001 versus CTR; Dunnett’s multiple 

comparison test. 

 

Moreover, when analyzing the induction of NQO1, all the compounds 

but 13 increased NQO1 levels, with the same trend of activity detected 

for Nrf2 activation and translocation to the nucleus (Figure 5c). 

Noteworthy, differently from what recently observed for other multi-

electrophile compounds,34 the combined presence of the two 

(pro)electrophilic features, as in 1, did not result in a synergistic 

efficacy (compare activity of 1 with that of 9 and 12, which only carry 

the catechol group). This can be possibly ascribed to the conjugation, 

occurring in 1, between the two features, that consequently may not 

behave as separate entities.  

Electrophilic features may account for potential toxicity issues 

associated with off-target interactions.34 When studied in SH-SY5Y 

cells the non-(pro)electrophilic compound 13 was not toxic in the 

whole range of tested concentrations (cell viability > 90%, Figure 2). 

Noteworthy, the behavior at 5 μM (concentration of interest for 

biological activity) of (pro)electrophilic compounds 2-12 was not 

significantly dissimilar from that of 13.  

 

Conclusion 

Advances in Aβ-centered drug discovery for AD suffer the lack of a 

molecular mechanistic theory of Aβ causative role. Thus, a deeper 

comprehension of the intertwined correlation between Aβ and 

oxidative damage might contribute to the understanding and treatment 

of the disease. The interest towards this critical partnership is 

reinforced by the emerging evidence of an aberrant regulation of the 

Nrf2-mediated antioxidant response in AD, with Aβ contributing to 

the dysfunctional activation of the transcriptional pathway. 
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On these bases, in the pursuit of more effective anti-aggregating and 

antioxidant properties, we herein expanded our previous study on the 

catechol derivative 1 through systematic modifications of its 

structure. We also deepened insight the antioxidant profile of the 

compounds by investigating their ability to trigger the Nrf2 pathway 

in terms of up-regulation of Nrf2 expression, translocation into the 

nucleus and induction of the Nrf2-dependent defensive gene NQO1. 

Interestingly, in SH-SY5Y neuroblastoma cells, all compounds tested 

exhibited remarkable free radical scavenging properties and protected 

against oxidative stress by means of electrophilic activation of Nrf2-

mediated response. This multimodal behavior was accompanied by a 

significant reduction of the cytotoxicity with respect to 1. Relying on 

the requirements of Aβ recognition, which was driven by the catechol 

function and the thioester group, we identified compound 12. It joined 

the above-mentioned antioxidant effects to a marked ability of 

preventing the formation of cytotoxic stable oligomeric intermediates, 

being significantly more effective than prototype 1. Most importantly, 

as different chemical features were exploited to regulate Nrf2 and Aβ 

activities, we could finely and separately tune the two pathways. 

These findings point to compound 12 and its derivatives as powerful 

tools for investigating the therapeutic potential of the Nrf2/Aβ cellular 

network, paving the way for the generation of new drug leads to 

confront AD.  

 

Experimental Section 

Chemistry. General Chemical methods. Chemical reagents were 

purchased from Sigma Aldrich, Fluka and Lancaster (Italy). The 

course of the reactions was observed by TLC on 0.20 mm silica gel 

60 F254 plates (Merck, Germany), then visualized with an UV lamp. 

Nuclear magnetic resonance spectra (NMR) were recorded at 400 

MHz for 1H and 100 MHz for 13C on Varian VXR 400 spectrometer. 

Chemical shifts are reported in parts per millions (ppm) relative to 

tetramethylsilane (TMS), and spin multiplicities are given as s 
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(singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet), or m 

(multiplet). Direct infusion ESI-MS mass spectra were recorded on a 

Waters ZQ 4000 apparatus. Final compounds 1−13 were >95% pure 

as determined by HPLC analyses. The analyses were performed under 

reversed-phase conditions on a Phenomenex Jupiter C18 (150x4.6 

mm I.D.) column, using a binary mixture of H2O/acetonitrile (60/40, 

v/v for 2, 5, 6; 30/70, v/v for 3,4; 65/35, v/v for 7, 10, 11; 70/30, v/v 

for 8; 50/50, v/v for 9, 12, 13) as the mobile phase, UV detection at λ 

= 302 nm (for 2-8, 10) or 254 nm (for 9, 12, 13) and a flow rate of 0.7 

mL/min. Analyses were performed on a liquid chromatograph model 

PU-1585 UV equipped with a 20 µL loop valve (Jasco Europe, Italy).  

 

General procedure for the target compounds 2-4. To a solution of 

Meldrum’s acid (1 equiv, 114.13 mg, 4.05 mmol) in toluene (8 mL) 

was slowly added 2-propene-1-thiol (1 equiv, 300 mg, 4.05 mmol). 

The mixture was refluxed for 7 h. After the formation of the 

intermediate, the reaction was cooled to room temperature followed 

by sequential addition of the appropriate aldehyde (0.4 equiv), 

pyridine (400 μL) and piperidine (40 μL). The stirring continued at 

room temperature 4 days. Following evaporation of the solvent, the 

residue was purified by column chromatography on silica gel to yield 

the desired cinnamic derivatives 2-4. 

S-allyl(E)-3-phenylprop-2-enethioate (2). 2 was synthesized from 

benzaldehyde (170 mg, 1.6 mmol). Elution with petroleum ether/ethyl 

acetate (9.7:0.3) afforded 2 as a waxy solid: 108 mg (33%). 1H NMR 

(400 MHz, CDCl3) δ 7.58 (d, J=15.6 Hz, 1H), 7.47-7.44 (m, 2H), 

7.32-7.29 (m, 3H), 6.67 (d, J=15.6 Hz, 1H), 5.89-5.79 (m, 1H), 5.26 

(dd, 1J=16.8 Hz, 2J=1.2 Hz, 1H), 5.10 (d, J=10 Hz, 1H), 3.64 (d, J=6.8 

Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 190.04, 140.63, 134.06, 

133.19, 130.58, 128.94 (2 C), 128.43 (2 C), 124.75, 117.99, 31.80. 

MS [ESI+] m/z 227 [M+Na]+. 

S-allyl(E)-3-(3,4-dimethoxyphenyl)prop-2-enethioate (3). 3 was 

synthesized from 3,4-dimethoxybenzaldehyde (266 mg, 1.6 mmol). 
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Elution with petroleum ether/ethyl acetate (7:3) afforded 3 as a white 

solid: 220 mg (52%), m.p.= 123 °C. 1H NMR (400 MHz, CDCl3) δ 

7.57 (d, J=16 Hz, 1H), 7.13 (dd, 1J=8 Hz, 2J=2 Hz, 1H), 7.05 (d, 

J=2Hz, 1H), 6.86 (d, J=8 Hz, 1H), 6.59 (d, J=16 Hz, 1H), 5.91-5.84 

(m, 1H), 5.29 (d, J=19.6, 1H), 5.13 (d, J=11.6, 1H), 3.92 (s, 6H), 3.67 

(d, J=8 Hz, 2H). 13C-NMR (100 MHz, CDCl3) δ 188.88, 151.44, 

149.25, 140.77, 133.21, 126.95, 123.26, 122.58, 117.86, 111.04, 

109.74, 55.98 (2 C), 31.71. MS [ESI+] m/z 265 [M+1]+. 

S-allyl(E)-3-(3,4-diethoxyphenyl)prop-2-enethioate (4). 4 was 

synthesized from 3,4-diethoxybenzaldehyde (310 mg, 1.6 mmol). 

Cristallization from ethanol gave 4 as a white solid: 220 mg (47%), 

m.p. =145 °C; 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J=15.6 Hz, 1H), 

7.09-7.05 (m, 2H), 6.83 (d, J=8 Hz, 1H), 6.57 (d, J=15.6 Hz, 1H), 

5.89-5.83 (m, 1H), 5.27 (d, J=17.2 Hz, 1H), 5.11 (d, J=10.4 Hz, 1H), 

4.13-4.08 (m, 4H), 3.66 (d, J=6.8 Hz, 2H), 1.47-1.44 (m, 6H). 13C-

NMR (100 MHz, CDCl3) δ 188.76, 151.28, 148.79, 140.90, 133.27, 

126.75, 123.21, 122.36, 117.78, 112.63, 112.0, 64.58 (2 C), 31.67, 

14.74 (2 C). MS [ESI+] m/z 315 [M+Na]+. 

 

General procedure for the intermediates 14-19. To a solution of the 

appropriate commercially available acid (1 equiv) in dry DMF (5 mL) 

were added TBDMS-Cl (2-3 equiv) and imidazole (5 equiv) under 

nitrogen atmosphere. After leaving the reaction to room temperature 

overnight, the mixture was concentrated to dryness, and the residue 

purified by column chromatography on silica gel to yield the desired 

intermediates 14-19. Experimental data of known compounds 14 and 

16-19 were in agreement with the literature.  

(E)-3-(4-((tert-butyldimethylsilyl)oxy)-3-ethoxyphenyl) acrylic 

acid (15). 15 was synthesized from (E)-3-(3-ethoxy-4-

hydroxyphenyl)acrylic acid (500 mg, 2.40 mmol). Elution with 

petroleum ether/ethyl acetate/methanol (5:4.5:0.5) afforded 15 as a 

waxy solid: 325 mg (42%); 1H NMR (400 MHz, CDCl3) δ 7.70 (d, 

J=15.6 Hz, 1H), 7.03 (s, 1H), 7.02 (d, J=4.0 Hz, 1H), 6.84 (d, J=4.0 
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Hz, 1H), 6.30 (d, J=15.6 Hz, 1H), 4.04 (q, J=7.2 Hz, 2H), 1.45 (t, 

J=6.8 Hz, 3H), 0.99 (s, 9H), 0.17 (s, 6H). 13C NMR (100 MHz, 

CDCl3) 171.57, 152.21, 148.89, 147.65, 126.62, 122.91, 121.31, 

114.01, 111.09, 64.93, 31.76, 25.61 (3 C), 14.73, -4.61 (2 C). 

 

General procedure for the intermediates 20-28. To an ice-cooled 

solution of the appropriate protected acid (14-19) (1 equiv) in dry 

CH2Cl2 (4 mL) was added DCC (1.1 equiv), and DMAP (cat.). The 

reaction mixture was stirred for 10 min, followed by addition of the 

appropriate nucleophile (3 equiv). Stirring was then continued at 

room temperature overnight, and the reaction worked up by filtration 

and evaporation. The crude was purified by chromatography on silica 

gel. 

S-allyl(E)-3-(4-((tert-butyldimethylsilyl)oxy)-3-methoxy 

phenyl)prop-2-enethioate (20). 20 was synthesized from 1435 (410 

mg, 1.33 mmol) and 2-propene-1-thiol. Elution with petroleum 

ether/ethyl acetate (9.4:0.6) afforded 20 as a waxy solid: 330 mg 

(68%); 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J=15.6 Hz, 1H), 6.98-

6.95 (m, 2H), 6.76 (d, J=8 Hz, 1H), 6.50 (d, J=15.6 Hz, 1H), 5.80-

5.76 (m, 1H), 5.21 (d, J=18 Hz, 1H), 5.05 (d, J=10 Hz, 1H), 3.76 (s, 

3H), 3.59 (d, J=6.80 Hz, 2H), 0.91 (s, 9H), 0.09 (s, 6H). 13C NMR 

(100 MHz, CDCl3) 174.87, 151.23, 147.94, 140.97, 133.25, 127.84, 

122.81, 122.66, 121.14, 117.84, 111.00, 55.44, 31.70, 25.63 (3 C), 

18.46, -4.61 (2 C). 

S-allyl(E)-3-(4-((tert-butyldimethylsilyl)oxy)-3-ethoxy 

phenyl)prop-2-enethioate (21). 21 was synthesized from 15 (200 

mg, 0.62 mmol) and 2-propene-1-thiol. Elution with petroleum 

ether/ethyl acetate (9.5:0.5) afforded 21 as a waxy solid: 130 mg 

(55%); 1H NMR (400 MHz, CDCl3) δ 7.50 (d, J=16 Hz, 1H), 7.00-

6.89 (m, 2H), 6.79 (d, J=8 Hz, 1H), 6.52 (d, J=16 Hz, 1H), 5.86-5.77 

(m, 1H), 5.22 (d, J=17.2 Hz, 1H), 5.10 (d, J=10 Hz, 1H), 4.01 (q, 

J=6.4 Hz, 2H), 3.62 (d, J=6.8 Hz, 2H), 1.41 (t, J=6.4 Hz, 3H), 0.96 

(s, 9H), 0.03 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 189.04, 146.34, 
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145.99, 140.85, 132.27, 125.39, 124.69, 122.15, 117.64, 114.96, 

111.02, 64.93, 31.90, 24.93 (3 C), 18.66, 14.35, -4.31 (2 C). 

Allyl(E)-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl) acrylate 

(22). 22 was synthesized from 1635 (190 mg, 0.465 mmol) and allyl 

alcohol. Elution with petroleum ether/ethyl acetate (9.5:0.5) afforded 

22 as a waxy solid: 120 mg (57%); 1H NMR (400 MHz, CDCl3) δ 

7.57 (d, J=16 Hz, 1H), 6.99 (s, 1H), 6.98 (d, J=8 Hz, 1H) 6.80 (d, J=8 

Hz, 1H) 6.23 (d, J=16 Hz, 1H), 6.00-5.98 (m, 1H), 5.34 (d, J=16 Hz, 

1H), 5.24 (d, J=11 Hz, 1H), 4.67 (d, J=6 Hz, 2H), 0.97 (s, 9H), 0.96 

(s, 9H), 0.19 (s, 6H), 0.18 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 

169.8, 146.93, 146.04, 143.71, 133.03, 126.06, 122.03, 118.64, 

115.29, 114.85, 114.00, 30.07, 26.63 (6 C), 18.56 (2 C), -4.21 (4 C). 

(E)-N-allyl-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl) 

acrylamide (23). 23 was synthesized from 1635 (400 mg, 0.978 

mmol) and allylamine. Elution with petroleum ether/ethyl acetate 

(8:2) afforded 23 as a waxy solid: 100 mg (23%); 1H NMR (400 MHz, 

CDCl3) δ 7.49 (d, J=15.6 Hz, 1H), 6.98 (s, 1H), 6.96 (d, J=8 Hz, 1H), 

6.77 (d, J=8 Hz, 1H), 6.21 (d, J=15.6 Hz, 1H), 5.91-5.80 (m, 1H), 

5.81 (br s, 1H), 5.21 (d, J=17.2 Hz, 1H), 5.13 (d, J=11.6 Hz, 1H), 3.99 

(d, J=5.6 Hz, 2H), 0.97 (s, 9H), 0.96 (s, 9H), 0.19 (s, 6H), 0.18 (s, 

6H). 13C NMR (100 MHz, CDCl3) δ 166.95, 147.31, 145.20, 141.17, 

133.93, 127.02, 121.55, 117.63, 115.34, 114.80, 113.52, 41.20, 25.63 

(6 C), 18.76 (2 C), -4.11 (4 C). 

S-allyl 3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl) 

propanethioate (24). 24 was synthesized from 1736 (300 mg, 0.73 

mmol) and 2-propene-1-thiol. Elution with petroleum ether/ethyl 

acetate (9.7:0.3) afforded 24 as a waxy solid: 200 mg (59%); 1H NMR 

(400 MHz, CDCl3) δ 6.71(d, J=8 Hz, 1H), 6.62-6.57 (m, 2H), 5.78-

5.73 (m, 1H), 5.20 (dd, 1J=16.8 Hz, 2J=1.2 Hz, 1H), 5.07 (d, J=8 Hz, 

1H), 3.51 (d, J=8 Hz, 2H), 2.84-2.77 (m, 4H), 0.97 (s, 18H), 0.17 (s, 

12H). 13C-NMR (100 MHz, CDCl3) δ 198.09, 146.78 (2 C), 145.42, 

133.22, 121.34, 121.24, 121.10, 117.99, 45.79, 31.09, 30.86, 26.09 (6 

C), 18.57 (2 C), -3.96 (4 C). 
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S-allyl 3,4-bis((tert-butyldimethylsilyl)oxy)benzothioate (25). 25 

was synthesized from 1837  (330 mg, 0.862 mmol) and 2-propene-1-

thiol. Elution with petroleum ether/ethyl acetate (8:2) afforded 25 as 

a waxy solid: 130 mg (34%); 1H NMR (400 MHz, CDCl3) δ 7.51-7.47 

(m, 2H), 6.84 (d, J=8 Hz, 1H), 5.88 (m, 1H), 5.30 (d, J=17.2 Hz, 1H), 

5.13 (d, J=10 Hz, 1H), 3.69 (d, J=6.8 Hz, 2H), 0.99 (s, 18H), 0.22 (s, 

12H). 13C NMR (100 MHz, CDCl3) δ 190.30, 151.34, 146.49, 134.01, 

130.94, 120.42, 117.82, 115.96, 114.76, 32.28, 25.72 (6 C), 18.57 (2 

C), -4.06 (4 C). 

S-propyl(E)-3-(3,4-bis((tert-butyldimethylsilyl)oxy) phenyl)prop-

2-enethioate (26). 26 was synthesized from 1635 (480 mg, 1.174 

mmol) and 1-propanethiol. Elution with petroleum ether/ethyl acetate 

(9.8:0.2) afforded 26 as a waxy solid: 430 mg (78%); 1H NMR (400 

MHz, CDCl3) δ 7.49 (d, J=16 Hz, 1H), 7.05-7.01 (m, 2H), 6.82 (d, 

J=8.4 Hz, 1H), 6.52 (d, J=16 Hz, 1H), 2.99 (t, J=7.2 Hz, 2H), 1.70-

1.64 (m, 2H), 1.03-0.97 (m, 18H + 3H), 0.21 (s, 12H). 13C NMR (100 

MHz, CDCl3) δ 190.70, 145.84, 144.52, 141.95, 126.95, 122.98, 

121.65, 115.54, 114.83, 32.14, 24.08, 25.52 (6 C), 18.53 (2 C), 13.32, 

-4.16 (4 C). 

S-propyl 3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl) 

propanethioate (27). 27 was synthesized from 1736 (300 mg, 0.73 

mmol) and 1-propanethiol. Elution with petroleum ether/ethyl acetate 

(9.7:0.3) afforded 27 as a waxy solid: 342 mg (44%); 1H NMR (400 

MHz, CDCl3) δ 6.72 (d, J= 8 Hz, 1H), 6.64 (s, 1H), 6.61 (d, J=8 Hz, 

1H), 2.86-2.79 (m, 6H), 1.60-1.55 (m, 2H), 0.99-0.93 (m, 18H+3H), 

0.18 (s, 12H). 13C NMR (100 MHz, CDCl3) δ 198.86, 146.74, 145.35, 

133.35, 121.33, 121.25, 121.06, 45.91, 30.94, 30.87, 26.07 (6 C), 

23.07, 18.54 (2 C), 13.45, -3.98 (4 C). 

S-propyl 3-(4-((tert-butyldimethylsilyl)oxy)-3-methoxy 

phenyl)propanethioate (28). 28 was synthesized from 1938 (110 mg, 

0.35mmol) and 1-propanethiol. Elution with petroleum ether/ethyl 

acetate (9.5:0.5) afforded 28 as a pale oil: 70 mg (54%); 1H NMR 

(400MHz, CDCl3) δ 6.75 (d, J=8 Hz, 1H), 6.67 (d, J=2 Hz, 1H), 6.63 
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(dd,1J=8 Hz,2J=2 Hz, 1H), 3.78 (s, 3H), 2.91-2.86 (m, 2H), 2.85-2.82 

(m, 4H), 1.62-1.56 (m, 2H), 0.99 (s, 9H), 0.97-0.94 (m, 3H), 0.14 (s, 

6H).13C NMR (100MHz, CDCl3) δ 198.96, 150.90, 143.55, 143.55, 

133.69, 120.90, 112.54, 55.57, 45.95, 31.38, 30.88, 25.83 (3 C), 

23.06, 18.53, 13.39, -4.56 (2 C). 

 

General procedure for the synthesis of 5-13. To a solution of the 

appropriate organosilane intermediate 20-28 (1 equiv) in THF (5 mL) 

was added TBAF (4 equiv) and stirring was continued at room 

temperature. After 20-30 min, the reaction was quenched by addition 

of saturated aqueous NH4Cl solution; the aqueous phase was extracted 

with EtOAc (3 x 10 mL), and the combined organic layer was dried 

over Na2SO4. Following evaporation of the solvent, the residue was 

purified by column chromatography on silica gel. 

S-allyl(E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enethioate (5). 

5 was synthesized from 20 (330 mg, 0.91mmol). Elution with 

petroleum ether/ethyl acetate (8.5:1.5) afforded 5 as a waxy solid: 140 

mg (62%); 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J=15.6 Hz, 1H), 

7.08 (d, J=8 Hz, 1H), 7.01 (s, 1H), 6.90 (d, J=8 Hz, 1H), 6.56 (d, 

J=15.6 Hz, 1H), 5.90 (br s, 1H), 5.87-5.80 (m, 1H), 5.27 (d, J=16.8 

Hz, 1H), 5.11 (d, J=10 Hz, 1H), 3.92 (s, 3H), 3.65 (d, J=7.6 Hz, 2H). 
13C NMR (100 MHz, CDCl3) δ 188.91, 148.31, 146.79, 140.95, 

133.23, 126.57, 123.66, 122.35, 117.86, 114.81, 109.49, 55.98, 31.71. 

MS [ESI-] m/z 249 [M-1]-. 

S-allyl(E)-3-(3-ethoxy-4-hydroxyphenyl)prop-2-enethioate (6). 6 

was synthesized from 21 (120 mg, 0.317 mmol). Elution with 

petroleum ether/ethyl acetate (8.5:1.5) afforded 6 as a waxy solid: 50 

mg (60%); 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J=15.6 Hz, 1H), 

7.06 (d, J=8 Hz, 1H), 6.99 (s, 1H), 6.90 (d, J=8 Hz, 1H), 6.54 (d, 

J=15.6 Hz, 1H), 5.90 (br s, 1H), 5.89-5.84 (m, 1H), 5.26 (d, J=16.8 

Hz, 1H), 5.10 (d, J=9.6 Hz, 1H), 4.13 (q, J=7.2 Hz, 2H), 3.64 (d, J=7.2 

Hz, 2H), 1.45 (t, J=7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

188.94, 148.44, 146.09, 141.05, 133.25, 126.49, 123.49, 122.25, 
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117.84, 114.76, 110.42, 64.63, 31.70, 14.75. MS [ESI+] m/z 265 

[M+1]+; [ESI-] m/z 263 [M-1]-. 

Allyl (E)-3-(3,4-dihydroxyphenyl)acrylate (7).19 7 was synthesized 

from 22 (120 mg, 0.267 mmol). Elution with petroleum ether/ethyl 

acetate (5:5) afforded 7 as a waxy solid: 43 mg (73%); 1H NMR (400 

MHz, CDCl3) δ 7.59 (d, J=16 Hz, 1H), 7.09 (s, 1H), 6.98 (d, J=8 Hz, 

1H), 6.86 (d, J=8 Hz, 1H), 6.26 (d, J=16 Hz, 1H), 5.97-5.93 (m, 1H), 

5.35(d, J=17.2 Hz, 1H), 5.26(d, J=10.4 Hz, 1H), 4.70 (d, J=5.6 Hz, 

2H). 13C NMR (100 MHz, CDCl3) δ 167.8, 146.63, 145.65, 143.91, 

132.03, 127.26, 122.53, 118.44, 115.49, 114.97, 114.40, 29.67. MS 

[ESI+] m/z 221 [M+1]+; [ESI-] m/z 219 [M-1]-. 

(E)-N-allyl-3-(3,4-dihydroxyphenyl)acrylamide (8).39 8 was 

synthesized from 23 (100 mg, 0.224 mmol). Elution with 

CHCl3/MeOH (9.7:0.3) afforded 8 as a waxy solid: 40 mg (81%);1H 

NMR (400 MHz, CD3OD) δ 7.39 (d, J=15.6 Hz, 1H), 6.99 (s, 1H), 

6.89 (d, J=8 Hz, 1H), 6.74 (d, J=8 Hz, 1H), 6.37 (d, J=15.6 Hz, 1H), 

5.91-5.82 (m, 1H), 5.18(d, J=17.2 Hz, 1H), 5.11 (d, J=13.2 Hz, 1H), 

3.89 (d, J=7.2 Hz, 2H). 13C NMR (100 MHz, CD3OD) δ 167.75, 

147.41, 145.30, 141.14, 134.03, 126.82, 120.75, 116.63, 115.04, 

114.90, 113.68, 41.50. MS [ESI+] m/z 220 [M+1]+; [ESI-] m/z 218 [M-

1]-. 

S-allyl 3-(3,4-dihydroxyphenyl)propanethioate (9). 9 was 

synthesized from 24 (130 mg, 0.28 mmol). Elution with petroleum 

ether/ethyl acetate (5.5:4.5) afforded 9 as a waxy oil: 45 mg (67%); 
1H NMR (400 MHz, CDCl3) δ 6.77 (d, J=8 Hz, 1H), 6.69 (s, 1H), 6.61 

(d, J=8 Hz, 1H), 5.84-5.73 (m, 1H), 5.22 (d, J=17.2 Hz, 1H), 5.10 (d, 

J=10.8 Hz, 1H), 3.53 (d, J=7.2 Hz, 2H), 2.89-2.80 (m, 4H). 13C NMR 

(100 MHz, CDCl3) δ 199.25, 143.71, 142.18, 132.95 (2 C), 120.77, 

118.18, 115.56, 115.50, 45.68, 31.96, 30.91. MS [ESI+] m/z 261 

[M+Na]+. 

S-allyl 3,4-dihydroxybenzothioate (10). 10 was synthesized from 25 

(130 mg, 0.296 mmol). Elution with dichloromethane/methanol 

(9.8:0.2) afforded 10 as a dark oil: 15 mg (20%); 1H NMR (400 MHz, 
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CD3OD) δ 7.41-7.38 (m, 2H), 6.81 (d, J=8.4 Hz, 1H), 5.91-5.82 (m, 

1H), 5.27 (d, J=16.8 Hz, 1H), 5.09 (d, J=9.6 Hz, 1H), 3.66 (d, J=6.8 

Hz, 2H). 13C NMR (100 MHz, CD3OD) δ 191.30, 152.35, 146.49, 

135.01, 130.24, 121.53, 117.92, 115.92, 114.96, 32.38. MS [ESI+] m/z 

209 [M+1]+. 

S-propyl (E)-3-(3,4-dihydroxyphenyl)prop-2-enethioate (11). 11 

was synthesized from 26 (430 mg, 0.921 mmol). Elution with 

dichloromethane/methanol (9.6:0.4) afforded 11 as a pale oil: 63 mg 

(30%); 1H NMR (400 MHz, CDCl3) δ 7.50 (d, J=15.6 Hz, 1H), 7.10 

(s, 1H), 7.02 (d, J=8 Hz, 1H), 6.88 (d, J=8 Hz, 1H), 6.56 (d, J=15.6 

Hz, 1H), 2.98 (t, J=7.2 Hz, 2H), 1.69-1.64 (m, 2H), 1.00 (t, J=7.2 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ 191.80, 146.88, 144.02, 140.92, 

127.25, 122.98 (2 C), 115.74, 114.93, 31.13, 23.08, 13.52. MS [ESI-] 

m/z 237 [M-1]-. 

S-propyl 3-(3,4-dihydroxyphenyl)propanethioate (12). 12 was 

synthesized from 27 (119 mg, 0.25 mmol). Elution with petroleum 

ether/ethyl acetate (5.5:4.5) afforded 12 as a waxy oil: 41 mg (66%); 
1H NMR (400 MHz, CDCl3) δ 6.76 (d, J=8.4 Hz, 1H), 6.68 (d, J=2 

Hz 1H),6.59 (dd, 1J=8.4, 2J=2 Hz 1H), 2.86-2.81 (m, 6H), 1.58-1.57 

(m, 2H), 0.94 (t, J=7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

200.23, 143.60, 142.07, 132.89, 120.61, 115.44, 115.39, 45.71, 30.92, 

30.88, 22.82, 13.27. MS [ESI+] m/z 263 [M+Na]+. 

S-propyl 3-(4-hydroxy-3-methoxyphenyl)propanethioate (13). 13 

was synthesized from 28 (70 mg, 0.189 mmol). Elution with 

petroleum ether/ethyl acetate (5.5:4.5) afforded 13 as a pale oil: 45 

mg (94%); 1H NMR (400 MHz, CDCl3) δ 6.83-6.81 (m, 1H), 6.68 (s, 

1H), 6.66 (d, J=2 Hz, 1 H), 3.86 (s, 3H), 2.92-2.80 (m, 6H), 1.61-1.56 

(m, 2 H), 0.95 (t, J=8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 199.14, 

146.62, 144.23, 132.25, 121.10, 114.56, 111.14, 56.07, 46.15, 31,47, 

30.10, 23.16, 13.51. MS [ESI+] (m/z) 277 [M+Na]+. 
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Sample preparation for Aβ42 self-aggregation.  

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)-pretreated Aβ42 samples 

(Bachem AG, Switzerland) were resolubilized with a CH3CN/0.3 mM 

Na2CO3/250 mM NaOH (48.4:48.4:3.2) mixture to have a stable stock 

solution ([Aβ42]=500 μM).20, 40 Tested inhibitors were dissolved in 

MeOH and diluted in the assay buffer. Experiments were performed 

by incubating the peptide diluted in 10 mM phosphate buffer (pH 8.0) 

containing 10 mM NaCl at 30°C (Thermomixer Comfort, Eppendorf, 

Italy) for 24 h (final Aβ concentration=50 μM) with and without 

inhibitor. 

 

Inhibition of Aβ42 self-aggregation: ThT assay. Inhibition studies 

were performed by incubating Aβ42 samples in the assay conditions 

reported above, with and without tested inhibitors. Inhibitors were 

first screened at 50 M in a 1:1 ratio with Aβ42. To quantify amyloid 

fibril formation, the ThT fluorescence method was used.41 After 

incubation, samples were diluted to a final volume of 2.0 mL with 50 

mM glycine-NaOH buffer (pH = 8.5) containing 1.5 M ThT. A 300-

seconds-time scan of fluorescence intensity was carried out (exc = 

446 nm; em = 490 nm), and values at plateau were averaged after 

subtracting the background fluorescence of 1.5 M ThT solution. 

Blanks containing inhibitor and ThT were also prepared and evaluated 

to account for quenching and fluorescence properties. The 

fluorescence intensities were compared and the % inhibition was 

calculated. For compounds 7, 9, 11 and 12, the IC50 value was also 

determined. To this aim four increasing concentrations were tested. 

IC50 value was obtained from the % inhibition vs log[inhibitor] plot. 

 

Reagents for cellular experiments. All culture media, supplements 

and Foetal Bovine Serum (FBS) were obtained from Euroclone (Life 

Science Division, Milan, Italy). Electrophoresis reagents were 

obtained from Bio-Rad (Hercules, CA, USA). All other reagents were 

of the highest grade available and were purchased from Merck KGaA 
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(Darmstadt, Germany) unless otherwise indicated. Aβ42 was 

solubilized in dimethyl sulfoxide (DMSO) at the concentration of 100 

μM and frozen in stock aliquots. All the experiments performed with 

Aβ were made in 1% of serum. H2O2 was diluted to working 

concentration (300 μM) in phosphate buffer saline (PBS) at the 

moment of use. 

 

Cell cultures. Human neuroblastoma SH-SY5Y cell line from 

European Collection of Cell Cultures (ECACC No. 94030304) were 

cultured in medium with equal amount of Eagle’s minimum essential 

medium and Nutrient Mixture Ham’s F-12, supplemented with 10% 

foetal bovine serum, glutamine (2mM), penicillin/streptomycin, non-

essential aminoacids at 37 °C in 5% CO2/95% air.  

 

Cell viability. The mitochondrial dehydrogenase activity that reduces 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 

(MTT, Sigma, St Louis, MO, USA) was used to determine cellular 

viability, in a quantitative colorimetric assay. At day 0 SH-SY5Y cells 

were plated at a density of 2.5x104 viable cells per well in 96-well 

plates. After treatment, according to the experimental setting, cells 

were exposed to an MTT solution in PBS (1 mg/mL). Following 4 h 

incubation with MTT and treatment with SDS for 24 h, cell viability 

reduction was quantified by using a Synergy HT multi-detection 

microplate reader (Bio-Tek). 

 

Measurement of intracellular ROS. DCFH-DA (Merck KGaA, 

Darmstadt, Germany) was used to estimate intracellular ROS. Two 

different experimental settings were performed. First, cells were 

loaded with 25 μM DCFH-DA for 45 min. After centrifugation 

DCFH-DA was removed and cells were exposed to 5 µM of 

compounds 1-13 and 300 µM H2O2. Alternatively, cells (2 × 104 

cells/well) were pretreated to compounds 1-13 (5 μM) for 24 h and 

then loaded with 25 μM DCFH-DA at 37°C for 45 min. DCFH-DA 
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was removed after centrifuge and cells were resuspended in PBS and 

then exposed to 300 μM H2O2. The results were visualized using 

Synergy HT multi-detection microplate reader (BioTek) with 

excitation and emission wavelengths of 485 nm and 530 nm, 

respectively.  

 

Immunodetection of Nrf2 and NQO-1. Cell monolayers were washed 

twice with ice cold PBS, lysed on the tissue culture dish by addition 

of ice-cold lysis buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 50 

mM EDTA, 0.2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride 

hydrochloride (AEBSF), 20 µg/mL leupeptin, 25 µg/mL aprotinin, 

0,5 µg/mL pepstatin A and 1% Triton X-100) and an aliquot was used 

for protein analysis with the Bradford assay, for protein 

quantification. Cell lysates were diluited in sample buffer (62.5 mM 

Tris/HCl pH 6.8, 2% SDS, 10% glycerol, 50 mM dithiothreitol, 0.1% 

Bromophenol blue) and subjected to Western blot analysis. Proteins 

were subjected to SDS-PAGE (10%) and then transferred onto PVDF 

membrane 0,45 µm (Merck KGaA Darmstadt, Germany). The 

membrane was blocked for 1 h with 5% BSA in Tris-buffered saline 

containing 0.1% Tween 20 (TBST). Membranes were immunoblotted 

with the rabbit anti human Nrf2 polyclonal antibody (at 1:2000 in 5% 

BSA) and the mouse anti-NQO-1 monoclonal antibody (1:1000 in 5% 

BSA) (Novus, Bio-techne Minneapolis, USA). The detection was 

carried out by incubation with horseradish peroxidase conjugated goat 

anti-rabbit IgG for Nrf-2 or rabbit anti-mouse for NQO-1 (1:5000 

dilution in 5% BSA, from Merck KGaA Darmstadt, Germany) for 1 

h. The blots were then washed extensively and the proteins of interest 

were visualized using an enhanced chemiluminescent method (Pierce, 

Rockford, IL, USA). Tubulin was also performed as a normal control 

of proteins (Merck KGaA Darmstadt, Germany). 

 

Subcellular fractionation for Nrf2 nuclear translocation. 5×106 SH-

SY5Y cells were seeded in 100mm2 dishes and treated for 3 h with 5 
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M compounds 1, 5, 7, 9, 11, 13; afterwards the medium was 

removed, and cells were washed twice with ice-cold PBS. Cells were 

subsequently homogenized 15 times using a glass-glass dounce 

homogenizer in 0.32 M sucrose buffered with 20 mM Tris-HCl (pH 

7.4) containing 2 mM EDTA, 0,5 mM EGTA, 50 mM -

mercaptoethanol, and 20g/mL leupeptin, apotrinin and pepstatin. 

The homogenate was centrifuged at 300×g for 5 min to obtain the 

nuclear fraction. An aliquot of the nuclear fraction was used for 

protein assay by the Bradford method, whereas the remaining was 

boiled for 5 min after dilution with sample buffer and subjected to 

polyacrylamide gel electrophoresis and immunoblotting as described. 

 

Densitometry and statistics. All the experiments, unless specified, 

were performed at least three times. Following acquisition of the 

Western blot image through an AGFA scanner and analysis by means 

of the Image 1.47 program (Wayne Rasband, NIH, Research Services 

Branch, NIMH, Bethesda, MD, USA), the relative densities of the 

bands were expressed as arbitrary units and normalized to data 

obtained from control sample run under the same conditions. Data 

were analyzed by analysis of variance (ANOVA) followed when 

significant by an appropriate post hoc comparison test as indicated in 

figure legend. The reported data are expressed as means ± SEM of at 

least three independent experiments. A p value < 0.05 was considered 

statistically significant. 
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NQO1, NAD(P)H:quinone reductase; Nrf2, nuclear factor (erythroid-

derived 2)-like 2; PBS, phosphate buffer saline; ppm, parts per 

millions; SAR, structure-activity relationships; TBDMS, tert-

butyldimethylsilyl; TBAF, tetrabutylammonium fluoride; TBDMS-

Cl, tert-butyldimethylsilyl chloride; TBST, Tris-buffered saline 

containing 0.1% Tween 20; THF, tetrahydrofuran; TLC, thin layer 
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Introduction 

Every single cell in the human organism is continuously producing 

reactive oxygen and nitrogen species (ROS/RNS) as a physiological 

consequence of cellular energy metabolism reactions occurring in 

mitochondria. Furthermore, free radicals can be induced by exposure 

to different exogenous or endogenous insults. At low concentrations 

ROS/RNS play an important role in many physiological processes, 

but high levels of these free radicals can react with macromolecules 

such as proteins, lipids and nucleic acids, inducing modifications that 

can negatively affect cell function and lead to cell death. For this 

reason, organisms possesses antioxidant systems which act on 

ROS/RNS levels, bringing them under control by counteracting any 

increases. Oxidative stress is thus defined as the imbalance between 

oxidants and antioxidants, leading to the loss of redox signalling, the 

disruption of redox control, and possibly to molecular damage [1]. 

Oxidative stress is at the basis of many diseases, not often as a 

triggering cause, but more frequently as a mechanism that sustains 

other pathological processes promoting the progression of disease [2-

4]. The identification of new molecules acting as modulators of this 

chain is therefore an open field of research, due to their potential 

application in a range of different disorders. In recent years increasing 

importance has been given to molecules with antioxidant properties. 

Nature has been found to be a rich source of compounds capable of 

modulating several protective pathways, and thus counteracting 

oxidative injuries.  

The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway is the 

main intrinsic mechanism of defense against oxidative stress in the 

cell [5]. The activation of this master regulator occurs in a redox-

sensitive manner and induces the translocation of the Nrf2 

transcription factor itself into the nucleus, where it binds to 

antioxidant response elements (ARE), also named electrophile-

responsive element (EpRE), a cis-acting enhancer sequence located 

in the promoter region of genes encoding antioxidant and phase II 
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detoxifying enzymes such as NAD(P)H: quinone reductase-1 

(NQO1), heme oxygenase-1 (HO-1) and glutathione S-transferase 

(GST). 

In our previous papers, we identified newly-synthetized compounds 

inspired by nature. The main structure of these hybrids consists of 

diallyl sulfide (DAS), a garlic-derived organosulfur compound, and a 

phenolic ring which is a common feature of such molecules as 

curcumin, rosmarinic acid and coumarin, well known for their 

antioxidant properties [6-8]. Our previous data demonstrated the 

ability of these nature-inspired hybrids to act as scavenger agents in 

the presence of oxidant stressors [9, 10]. In particular, we identified a 

catechol derivative (compound 1) with remarkable anti-aggregating 

ability and antioxidant properties [9, 10]. Further to this molecule, 

other nature-inspired molecules have been designed by varying the 

length and/or the nature of the tether between the (pro-) electrophilic 

functions of compound 1. 

The aim of this paper has been to use analysis of intracellular 

defensive pathways to better investigate the antioxidant activity and 

potency of structure-based selected natural hybrids, in comparison to 

that of two reference molecules: curcumin (CUR) and dimethyl 

fumarate (DMF). 

CUR has been extensively studied in different pathological contexts 

and, while to date there are no confirmed applications in humans due 

to the failure of clinical trials, its antioxidant properties are well-

known and confirmed by a plethora of publications [11-14]. 

DMF has been recently approved by the Food and Drug 

Administration (FDA) for the treatment of multiple sclerosis (MS) 

and its anti-inflammatory and antioxidant properties are reported in 

literature [reviewed in 15]. 

Based on our previous results, we have deepened our studies on the 

mechanism of action of selected nature-inspired hybrids on the Nrf2 

cellular pathway, investigating their ability to modulate the 

expression of the Nrf2 transcription factor and its negative regulator 
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Keap1. In addition, we have further investigated the ability of our 

compounds to exert epigenetic effects, modulating specific miRNAs. 

MicroRNAs are small non-coding RNA molecules of about 22 

nucleotides which play a role in RNA-silencing and post-

transcriptional regulation of gene expression. In recent years, growing 

evidence has supported the ability of different natural products, such 

as polyphenols in general and curcumin in particular, to interact with 

selected miRNAs, thus targeting multiple genes and showing 

pleiotropic activity [16-20]. In line with these premises, the 

investigation of miRNA modulation could potentially be important in 

providing novel insights for a better understanding of the antioxidant 

activities of natural products and nature-inspired hybrids. 

 

Material and Methods 

Reagents. Nature-inspired hybrids, CUR and DMF were solubilized 

in DMSO (Merck KGaA, Darmstadt Germany) at stock 

concentrations and frozen (−20°C) in aliquots that were diluted 

immediately prior to use. For each experimental setting, one stock 

aliquot was thawed out and diluted to minimize compound damage 

due to repeated freeze and thaw cycles. The final concentration of 

DMSO in culture medium was <0.1%. Cell culture media and all 

supplements were from Merck (Merck KGaA, Darmstadt Germany). 

Rabbit polyclonal anti-human Nrf2 (NBP1-32822), mouse 

monoclonal anti-human NQO1 (NB200-209), and rabbit polyclonal 

anti-human HO-1 (NBP1-31341) antibodies were purchased from 

Novus (Biotechne, Minneapolis USA). Mouse monoclonal anti-

human Keap1 antibody (MAB3024) was purchased from R&D 

Systems (Biotechne, Minneapolis USA). Mouse monoclonal anti-β-

actin (612656) and mouse anti-lamin A/C (612162) antibodies were 

purchased from BD Biosciences (Franklin Lakes, NJ, USA). Finally, 

mouse anti-α-tubulin (sc-5286) and mouse anti GSS (sc-166882) 

antibodies were purchased from Santa Cruz Biotechnology (Dallas, 

Texas USA). 
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Cell cultures. All culture media, supplements and Foetal Bovine 

Serum (FBS) were purchased from Sigma Aldrich (Merck KGaA, 

Darmstadt Germany). Human neuroblastoma SH-SY5Y cells from 

the European Collection of Cell Cultures (ECACC No. 94030304) 

were cultured in a medium with equal amounts of Eagle’s minimum 

essential medium and Nutrient Mixture Ham’s F-12, supplemented 

with 10% heat-inactivated FBS, 2 mM glutamine, 0.1 mg/mL 

streptomycin, 100 IU·mL penicillin and non-essential aminoacids at 

37 °C in 5% CO2 and 95% air atmosphere. 

 

Subcellular fractionation for the immunodetection of nuclear 

Nrf2. The expression of Nrf2 in nuclear cell lysates was assessed 

using Western blot analysis. Cell monolayers were washed twice with 

ice-cold PBS, harvested and subsequently homogenized 15 times 

using a glass-glass dounce homogenizer in ice-cold fractionation 

buffer (20 mM Tris/HCl pH 7.4, 2 mM EDTA, 0.5 mM EGTA, 0.32 

M sucrose, 50 mM β-mercaptoethanol). The homogenate was 

centrifuged at 300×g for 5 min to obtain the nuclear fraction. An 

aliquot of the nuclear extract was used for protein quantification, 

whereas the remainder was prepared for western blot by mixing the 

nuclear cell lysate with 2X sample buffer (125 mM Tris-HCl pH 6.8, 

4% SDS, 20% glycerol, 6% β-mercaptoethanol, 0.1% bromophenol 

blue) and then denaturing at 95°C for 5 min. Equivalent amounts of 

nuclear extracted proteins were loaded into a SDS-PAGE gel, 

electrophoresed under reducing conditions, transferred to a PVDF 

membrane (Merck KGaA, Darmstadt Germany) and then blocked for 

1 h with 5% w/v BSA in Tris-buffered saline containing 0.1% Tween 

20 (TBS-T). Membranes were immunoblotted with rabbit anti-human 

Nrf2 (1:2000) diluted in 5% w/v BSA in TBS-T. Detection was 

carried out by incubation with horseradish peroxidase conjugated goat 

anti-rabbit IgG (1:5000 dilution in 5% w/v BSA in TBS-T) for 1 h at 

room temperature. Membranes were then washed three times with 

TBS-T and proteins of interest were visualized using an enhanced 
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chemiluminescent reagent (Pierce, Rockford, IL, USA). Lamin A/C 

was performed as a control for gel loading. 

 

Immunodetection of Nrf2, Keap1, NQO1, HO-1 and GSS. The 

expression of Nrf2, Keap1, NQO1, HO-1 and GSS in whole cell 

lysates was assessed by Western blot analysis. After treatment, cell 

monolayers were washed twice with ice-cold PBS, lysed on the 

culture dish by the addition of ice-cold homogenization buffer (50 

mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-

100 and protease inhibitor mix) and an aliquot was used for protein 

quantification. Western blotting samples and SDS-PAGE gel 

electrophoresis were carried out as previously described. The proteins 

were visualized using primary antibodies for Nrf2 (1:2000) Keap1 

(1:1000), NQO1 (1:2000), HO-1 (1:2000) or GSS (1:1000) and 

secondary horseradish peroxidase conjugated antibody (1:5000) 

diluted in 5% w/v BSA in TBS-T. Signal development was carried 

out using an enhanced chemiluminescent method (Pierce, Rockford, 

IL, USA). β-Actin or α-tubulin were performed as a control for gel 

loading. 

 

Real-time PCR (RT-PCR). For RNA extraction, 2×106 cells were 

used. Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen, 

Valencia, CA, USA) following the manufacturer’s instructions. 

QuantiTect reversion transcription kit and QuantiTect Sybr Green 

PCR kit (Qiagen, Valencia, CA, USA) were used for cDNA synthesis 

and gene expression analysis, following the manufacturer’s 

specifications. Nrf2, Keap1, NQO1, HO-1, GSS and GAPDH primers 

were provided by Qiagen. GAPDH was used as an endogenous 

reference. After the extraction procedure, the quantification of RNA 

was performed using a spectrophotometric method  with FLUOstar® 

Omega (BMG LABTECH, Ortenberg, Germania), using the LVIS 

plate and following instructions from the instrument’s operating 

manual: 2 μl of  extracted RNA were spotted on the microdrop wells, 
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the absorbance was then read at 260 nm and 280 nm. The 

concentration of RNA was assessed using the 260 nm absorbance 

value, and the purity of the samples by calculating the 260/280 

absorbance ratio. After quantification a RTII Retrotrascription Kit 

(Qiagen) was used to promote the retrotrascription of exclusively 

mature miRNA, with the following protocol: x µl of template RNA, 

where x is the number of µl according to the starting concentration of 

RNA as suggested for the procedure, were added to 2 µl of 5X HiSpec 

buffer, 2 µl of 10X mi Script Nucleic mix and 2 µl of miScript Reverse 

Transcriptase. Finally, RNAse-free water was added to reach a final 

volume of 20 µl.  During the preparation of the mixture the samples 

were stored in ice, and then incubated in the SimpliAmp Thermal 

Cycler (ThermoFisher Scientific, Waltham, Massachusetts, USA) at 

37 C° for 60 minutes and then at 95 C° for 5 minutes, to inactivate the 

transcriptase mixture. The cDNA of each sample was diluited with 

RNase-free water prior to start the Real Time PCR Procedure. To 

verify the expression of the miRNA targets a miScript® miRNA PCR 

Array (Qiagen) was used and, following the manufacturer’s 

instructions, we performed the Real time PCR using StepOnePlus RT-

PCR (Applied Biosystem, Foster City, California, USA). The primers 

were purchased from Qiagen, and in particular, specific forward 

primers were contained the in miScript® miRNA PCR Array, unlike 

the reverse primers, which were contained in the in miScript SYBR® 

Green PCR Array. The mixture used for the amplification of cDNA 

was suitable for the 96 well plates, in detail, 1375 µl of 2X Quantitect 

SYBR Green PCR Master Mix were added to 275 µl 10X miScript 

Universal Primer and 1000 µl of RNase free water. A volume of 24 

µl of the previous mixture was added to each well. At the end 1 µl of 

cDNA sample was added to reach a final volume of 25 µl. For each 

plate the amplification conditions were set as shown: 95 °C for 15 

minutes, 94 °C for 15 seconds, 55 °C for 30 seconds and, finally, 

70 °C for 30 seconds. The last three steps were repeated for 45 cycles. 
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SNORD61 and RNU6-6P were used as endogenous controls to 

normalize the data obtained. 

 

Densitometry and statistics. All experiments, unless specified, were 

performed at least three times with representative results being 

shown. Data are expressed as mean ± SEM. The acquisition of the 

Western blotting images was done through a scanner and the relative 

densities of the bands were analyzed with ImageJ software. Statistical 

analyses were performed using InStat software version 6.0 (GraphPad 

Software, La Jolla, CA, USA). Statistical differences were determined 

by analysis of variance (ANOVA) followed, when significant, by an 

appropriate post hoc test as indicated in figure legends. In order to 

investigate whether the treatments have influenced miRNA 

expression, we used Linear Mixed Models, including treatments as 

fixed terms and plates as random effects. In all miRNA figures shown, 

the points indicate the mean value, while the bars represent the 

standard error of the mean. In all reported statistical analyses, effects 

were designated as significant if p-value < 0.05.Statistical analyses 

were performed using R software version 3.4.1 [21]. 

 

Results 

Modulation of Nrf2 and its negative regulator Keap1. In order to 

understand the molecular mechanisms at the basis of the antioxidant 

activity of newly-synthetized compounds inspired by nature, we 

decided to investigate the role of Nrf2 pathway as this plays a key role 

in orchestrating cellular antioxidant defenses and in maintaining 

redox homeostasis.  

To analyze the activation of the Nrf2-mediated detoxification 

pathway we performed RT-PCR and western immunoblotting on SH-

SY5Y human neuroblastoma cells exposed to 1, 5, 7, 9, 12, 13 and 

CUR at a concentration of 5μM or 20 μM DMF for 24 h.  
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These concentrations were chosen based on literature data [10, 22] 

and on cell viability assays on our cellular model (data not shown). 

 

 
 

Figure 1. Activation of Nrf2-mediated phase II detoxification pathway. RNA 

from total cellular extracts of SH-SY5Y cells treated for 24 h with 5 μM of 

compounds were analyzed for Nrf2 (A) and Keap1 (B) mRNA expression by RT-

PCR. GAPDH was used as housekeeping gene. Results are shown as average ± 

SEM; no statistically significant data with Dunnett’s multiple comparison test. 

Cellular extracts of SH-SY5Y cells treated for 24 h with compounds at 5 μM were 

analyzed for Nrf2 (C) and Keap1 (D) protein levels by Western blot. Anti-tubulin 

was used as protein loading control. Results are shown as ratio (% of CTR) ± SEM; 

*p < 0.05, **p < 0.01 and ***p < 0.001 versus CTR; Dunnett’s multiple comparison 

test. 

  



107 

 

All compounds tested did not affect the mRNA expression of Nrf2 

(Figure 1A) and Keap1 (Figure 1B) or the protein levels of Keap1 

(Figure 1D). However, a strong increase in Nrf2 protein expression 

(Figure 1C) is induced by CUR and all hybrid compounds with the 

exception of 13. DMF treatment, though it did not produce 

statistically significant results in our experimental setting, showed a 

trend of increase with a mean value that is more than double that of 

the control (mean: 259.93 % of CTR). Altogether, these results show 

that all tested compounds, with the exception of 13, can modulate 

Nrf2 protein levels, but do not act at the transcriptional level.  

In basal conditions, the Nrf2 transcription factor is found in the 

cytoplasm bound to the Keap1 protein. Keap1 recruits the Cul3 

ubiquitin-E3 ligase which adds ubiquitin molecules to the Nrf2 

protein, and the ubiquitinated Nrf2 is directed towards the proteasome 

to be degraded [23, 24]. 

Our data demonstrates that there is no change in the transcription 

levels of Nrf2 and Keap1 and in the protein levels of Keap1, and the 

increase in Nrf2 protein levels in the whole cell is therefore not due 

to a decreased transcription or translation of the negative regulator 

Keap1. On the basis of these results, we hypothesized that the 

compounds might interact with Keap1 molecules preventing their 

binding to Nrf2, and thus the recruitment of the Cul3 ubiquitin-E3 

ligase and the ubiquitination process. Free Nrf2 in the cytoplasm 

could then escape proteasome targeting and migrate into the nucleus 

to carry out its activities as a transcription factor. 

 

Nuclear translocation of the Nrf2 transcription factor. We further 

examined the potency of these compounds in terms of inducing the 

nuclear localization of Nrf2 in neuroblastoma cells, this property 

being necessary to assess the complete activation of the Nrf2 pathway, 

in comparison with CUR and DMF. Simultaneously, in order to 

determine the specific moieties responsible for the activation of the 

transcription factor, a structure–activity relationship (SAR) was 
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conducted on these compounds. Data from literature suggested that 

the nucleophilic (catechol) moiety and/or the electrophilic (Michael 

acceptor) moiety are important for Nrf2 induction [25, 26] and the six 

hybrids investigated differ from each other by the presence or absence 

of these two functional groups (Scheme 1). In fact, 1 and 7 have a 

double bond in the lateral chain which might act as a Michael acceptor 

and posses the catecholic group, 9 and 12 are without the double bond, 

5 is without the catechol group and 13 is lacking both nucleophilic 

and electrophilic moieties. Moreover, we investigated the action of 

CUR and DMF as positive controls. 

 

 
Scheme 1. Chemical structure of nature-inspired new hybrids. Dashed line 

circle boxes represent Michael acceptor electrophilic functions. Full line squared 

box represent catechol nucleophilic functions. 

 

SH-SY5Y cells were treated with different concentrations of 

compounds: 5 μM, 500 nM and 50 nM of 1, 5, 7, 9, 12, 13 and CUR 

or 20 μM, 2 μM and 200 nM of DMF. The concentrations of DMF 

were chosen based on literature data [27-29] and preliminary 

experiments on our cell model (data not shown). As shown in figure 

2, all tested compounds, with the exception of 13, induced nuclear 

translocation of Nrf2 at their highest concentration.  
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Moreover, 1 and 12 also significantly induced Nrf2 nuclear 

localization at the lower 500 nM concentration, thus revealing 

themselves to be more potent than the reference compounds curcumin 

and DMF. None of the molecules were found to act on the Nrf2 

pathway at the lowest concentrations investigated. 

 

 
 

Figure 2. Nrf2 nuclear translocation. Nuclear cellular extracts of SH-SY5Y cells 

were treated for 3 h at 5 µM, 500 nM and 50 nM. Nrf2 expression in the nucleus 

was determined by Western blot. Anti-lamin A/C was used as protein loading 

control. Results are shown as ratio Nrf2/lamin A/C ± SEM; *p < 0.05, **p < 0.01 

and ***p < 0.001 versus CTR; Dunnett’s multiple comparison test. 

 

Activation of the Nrf2 target genes. To complete the analysis of the 

activation of the Nrf2 pathway, the expression of two Nrf2 target 

genes has been further evaluated. Once in the nucleus, Nrf2 binds to 

the ARE sequences in the promoter region of its target genes inducing 

phase II cytoprotective genes related to the cellular stress response, 

such as NAD(P)H quinone oxidoreductase-1 (NQO1) and heme 

oxygenase-1 (HO-1). mRNA and protein levels of these two genes 

were evaluated by RT-PCR and western immunoblotting in SH-

SY5Y neuroblastoma cells treated with 5 μM 1, 5, 7, 9, 12, 13 and 

CUR, or 20 μM DMF for 24 h. As shown in figure 3, all compounds, 

with the exception of 13 and CUR, induced an increase in NQO1 

mRNA levels (Figure 3A) followed by the increase in NQO1 protein 

(Figure 3C).  
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In a similar way, the mRNA (Figure 3B) and protein (Figure 3D) 

levels of HO-1 are positively modulated by all hybrids except for 13 

and CUR. The increase in the transcription and translation of two Nrf2 

target genes demonstrated the complete activation of the Nrf2 

pathway. 

 

 
 

Figure 3. Nrf2 target activation. RNA from total cellular extracts of SH-SY5Y 

cells treated for 24 h with 5 μM of compounds were analyzed for NQO1 (A) and 

HO-1 (B) mRNA expression by RT-PCR. GAPDH was used as housekeeping gene. 

Results are shown as average ± SEM; *p < 0.05, **p < 0.01 and ***p < 0.001 versus 

CTR; Dunnett’s multiple comparison test. Cellular extracts of SH-SY5Y cells 

treated for 24 h with compounds at 5 μM were analyzed for NQO1 (C) and HO-1 

(D) protein levels by Western blot. Anti-actin was used as protein loading control. 

Results are shown as ratio (% of CTR) ± SEM; *p < 0.05, **p < 0.01 and ***p < 

0.001 versus CTR; Dunnett’s multiple comparison test. 

 

To better understand the discrepancy between the obtained data and 

the loss of efficacy of CUR on target gene activation in comparison 

with the nature-inspired hybrid compounds, we further evaluated 
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whether the duration of the treatment used for the investigation of the 

mRNA and protein levels of Nrf2 target genes was consistent. We 

thus performed a time course with compound 1, as an example of the 

most potent hybrid compound, and CUR. SH-SY5Y cells were treated 

with 5 μM 1 or CUR for 3, 6, 9 and 16 h. NQO1 (Figure 4A and 4B) 

and HO-1 (Figure 4C and 4D) mRNA are differently regulated in time 

with NQO1 slowly increasing and HO-1 being boosted for 3 h and 

then decreasing with time.  

 

 
 

Figure 4. Time course of NQO1 and HO-1 mRNA modulation. RNA from total 

cellular extracts of SH-SY5Y cells treated for 3, 6, 9 and 16 h with 5 μM of 

compounds 1 and CUR were analyzed for NQO1 (A, B) or HO-1 (C, D) relative 

mRNA expression by RT-PCR. GAPDH was used as housekeeping gene. Results 

are shown as average ± SEM; *p < 0.05, **p < 0.01 and ***p < 0.001 versus CTR; 

Dunnett’s multiple comparison test. 

 



112 

 

Treatment with compound 1 induced a significant increase in relative 

NQO1 mRNA levels from 6 h to 16 h, whereas CUR treatment 

induced an increase at 6 h which reached a peak at 9 h and then lost 

statistical significance by 16 h. On the contrary, the treatment with 

compound 1 induced a strong increase in HO-1 mRNA levels, already 

statistically significant at 3 h, then decreasing with time. The effect of 

curcumin is similar to that of hybrid 1, though the increase in the HO-

1 mRNA levels is smaller. Taken together, these results could explain 

the previous data on NQO1 and HO-1 mRNA levels at 24 h.   

 

Modulation of hsa-miR-125b-5p. To evaluate the mechanism 

through which structure-based selected natural hybrids exert their 

antioxidant activity, in comparison to CUR, we determined the 

expression levels of hsa-miR-125b-5p in SH-SY5Y cell cultures 

treated with 1, 5, 7, 9, 12, 13 compounds and CUR at different 

concentrations (5 µM, 500 nM and 50 nM). 

Literature data indicate that hsa-miR-125b-5p is involved in the 

oxidative stress response, showing mRNA targets coding for 

glutathione sythetase (GSS). Total RNA was extracted from treated 

and control cells, as according to the Material and Methods section, 

and RT-PCR assays were performed. 
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Figure 5. hsa-miR-125b-5p modulation. Expression levels (-Delta CT) of hsa-

miR-125b-5p in human neuroblastoma SH-SY5Y cells treated with compounds and 

CUR at different concentrations (50 nM, 500 nM and 5 µM); *p < 0.05, **p < 0.01 

and ***p < 0.001 versus CTR. 

 

As far as hsa-miR-125b-5p is concerned, the results obtained 

following statistical analysis suggest that the expression levels of this 

miRNA are downregulated after treatment with CUR at all 

concentrations (Figure 5). In addition, statistically significant 

differences were registered for the following treatments: 5 (5 μM and 

500 nM), 7 (5 μM), 9 (50 nM), 12 (500 nM and 50 nM), 13 (500 nM 

and 50 nM). The decrease of hsa-miR-125b-5p after the treatments 

with 1, 5, 7, 9, 12, 13 compounds and CUR at different concentrations, 

confirms that they have the capacity to modulate miRNAs involved 

in protection against oxidative stress. 
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Figure 6. GSS mRNA and protein expression. (A) RNA from total cellular 

extracts of SH-SY5Y cells treated for 24 h with 5 μM, 500 nM or 50 nM of 

compounds were analyzed for GSS mRNA expression by RT-PCR. GAPDH was 

used as housekeeping gene. Results are shown as average ± SEM. (B) Cellular 

extracts of SH-SY5Y cells treated for 24 h with 5 μM, 500 nM or 50 nM compounds 

were analyzed for GSS protein levels by Western blot. Anti-actin was used as 

protein loading control. Results are shown as ratio (% of CTR) ± SEM. 

 

Nevertheless, the tested compounds did not increased the expression 

levels of mRNA coding for GSS (Figure 6 A) and did not modify the 

expression levels of the protein itself (Figure 6 B), suggesting that the 

process of GSS synthesis is regulated by other molecular mechanisms 

and the modulation of this mRNA is not strictly under the control of 

miR-125-5p, which could act with other miRNAs, giving rise to 

synergistic and/or antagonistic effects. 
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Abstract 

Population aging is an irreversible global trend with economic and 

socio-political consequences. One of the most invalidating outcomes 

of aging in the elderly is cognitive decline, leading to dementia and 

often related to neurodegenerative disorders. Among these latter, 

Alzheimer’s disease (AD) is the major cause of dementia, affecting 

more than 30 million of individuals worldwide. To date, the treatment 

of AD remains a challenge because of an incomplete understanding 

of the events that lead to the selective neurodegeneration typical of 

Alzheimer’s brains. There is an enormous global demand for new 

effective therapies and researchers are investigating new fields. One 

promising strategy is the use of nutraceuticals as integrative, 

complementary and preventive therapy. Curcumin is one example of 

natural product with anti-AD properties, with promising potential for 

prevention, treatment and diagnostic. The limitations in the use of 

curcumin as therapeutic are represented by its pharmacokinetics 

profile and the low bioavailability after oral administration. However, 

curcumin has been the focus of intense research for new drug 

development. Here we analyzed some new approaches that have been 

applied in the attempt to improve its use, particularly new 

formulations, changes in the way of administration, nanotechnology-

based delivery systems and the hybridization strategy. 
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Introduction 

One of the most important demographic trends facing the world is the 

aging of the population. As the life expectancy has increased, the high 

prevalence of chronic disabilities represents one of the major causes 

of upward burden on the economy of Health Services, requiring a 

long-term clinical management of the affected subjects. Moreover, 

the morbidity often observed in aged people increases the healthcare 

costs since requires multiple intervention approaches. Among 

different comorbidities, cognitive decline leading to dementia 

remains the most invalidating one, because of the lack of efficacious 

treatments and its hard impact on both healthcare workers and 

families.  

The major cause of dementia among the elderly is Alzheimer’s 

disease (AD) and current estimations predict that the number of 

people with dementia will increase and triple by 2050 [1]. For this 

reason, AD is a growing socio-economic problem worldwide and 

many researchers are focusing their efforts to come up with a cure. 

AD is a neurodegenerative disease clinically characterized by 

progressive loss of memory and cognitive functions. The main 

microscopic pathological features of AD include accumulation of 

intracellular fibrillary tangles (NFT) and extracellular senile plaques 

of β-amyloid peptide (Aβ), chronic neuro-inflammation, synaptic and 

neuronal loss. From the macroscopic point of view, brain atrophy is 

consistent with a brain volume and weight decrease [2]. The treatment 

of AD remains a major challenge because of an incomplete 

understanding of the events that lead to the selective 

neurodegeneration typical of Alzheimer’s brains. To date, there are 

not yet effective disease-modifying treatments available, but only 

therapeutics that slow down the disease progression and control 
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symptoms in the short-term [3-4]. The failure of approved drugs to 

revert the disease is due to the lack of an early diagnosis for AD: 

synaptic loss, neuronal loss and brain shrinkage are already 

significant by the time of symptoms onset and AD diagnosis. There is 

an enormous global demand for new effective therapies and 

researchers are investigating different fields. One promising strategy 

is the cell-based therapy that aims at repopulation and regeneration of 

neuronal networks in AD brain. Some first clinical trials 

(NCT01297218 and NCT01696591) concluded that the 

neuroprotective effect of mesenchymal stem cells intracranial 

injections (MSCs), frequently reported in AD animal models, was not 

evident [5], but other trials are ongoing or recruiting patients. Another 

strategy deeply investigated in the last few years is the 

immunotherapy targeting Aβ peptide and/or tau protein, the two 

pathognomonic signs of the disease. Both, Aβ-directed immunization 

and tau immunotherapy have shown promising results in AD 

transgenic mouse models [6], but the translation to safe and efficient 

therapy for humans is still a challenge [7]. In this review we will focus 

our attention on another approach based on an integrative, 

complementary and preventive therapy for neurodegenerative 

disorders with alternative therapeutics, such as nutraceuticals.  

Natural products have already proven to be a rich source of 

therapeutics and, by offering a great chemical diversity, they can be 

of inspiration to create new bioactive compounds. Curcumin is one 

example of natural product with several properties useful in different 

clinical fields [8-10], whose antioxidant, Aβ-binding and anti-

inflammatory properties make it a potential therapeutic for AD 

prevention, treatment and diagnostic. 

 

Curcumin and its potential in Alzheimer's disease 

Curcumin is a natural product found in turmeric (Curcuma longa), a 

spice herb member of the ginger family (Zingiberaceae). Its chemical 

name is 1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-3,5-
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dione, also named diferuloylmethane, and it constitutes the 2-5% of 

the turmeric root. Dried turmeric root was a traditional remedy of 

Chinese medicine and Ayurvedic indian medicine since ancient times; 

it was used in the treatment of different pathologies such as skin 

diseases, wounds, rheumatisms, asthma, allergies, sinusitis, hepatic 

disorders, intestinal worms, generic inflammation and oxidative stress 

conditions [11]. Commercially available curcumin is a combination 

of three molecules, together called curcuminoids. Curcumin is the 

most representative (60-70%), followed by demethoxycurcumin 

(DMC, 20-27%) and bisdemethoxycurcumin (BDMC, 10-15%). 

Curcuminoids differ in potency and efficacy, with no clear supremacy 

of curcumin over the other two compounds or the whole mixture, thus 

suggesting that DMC and BDMC significantly contributed to the 

curcuminoid mixture effectiveness, that is not only due to curcumin. 

This concept is well reviewed by Ahmed and Gilani [12] in the 

context of Alzheimer’s disease. The authors listed numerous papers 

that have demonstrated the neuroprotective potential of curcuminoids 

in vitro and in vivo, suggesting that curcuminoids act through multiple 

mechanisms as a mixture, but the contribution of the single 

components is distinct for activity and potency. For example, 

curcumin is more effective in inhibiting acetilcholinesterase activity 

[13], in protecting PC12 cells and HUVEC cells against Aβ [14-15], 

whereas DMC and BDMC have a stronger antioxidant activity 

measured with the DPPH (1,1-diphenyl-2-picrylhydrazyl) assay [15] 

and an higher IC50 in the inhibition of Aβ 1-42 fibrillogenesis [16].  

Concerning the potential effects of curcumin, in particular in AD, it 

can prevent AD development thanks to its anti-inflammatory [17-21] 

and antioxidant properties [22-24]. In vitro studies have shown that 

curcumin can bind Aβ, thus influencing the peptide aggregation and 

inhibiting fibrils formation and elongation [25]. Moreover, curcumin 

can enhance Aβ cellular uptake [26] avoiding plaques deposition and 

preventing cellular insults induced by the peptide [16] and it can also 

downregulate Aβ production through BACE1 (beta-site APP-
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cleaving enzyme) expression [27]. In vivo, curcumin is able to rescue 

the distorted neuritic morphology near Aβ plaques [28], to decrease 

Aβ serum level as well as Aβ burden in the brain, especially in the 

neocortex and in the hippocampus, and to attenuate inflammation and 

microglia activation in AD mouse models [29]. Furthermore, 

curcumin can modulate tau protein processing and phosphorylation 

avoiding NFTs formation [recently reviewed by 30-31] (Fig. 1). 

 

 
 

Figure 1: Curcumin activities in Alzheimer's disease. Mechanisms of action of 

curcumin related to Alzheimer’s disease pathological features. Figures have been 

done following the guidelines reported in [102]. 

 

Interestingly, curcumin has been shown to have a potential in the 

diagnostic field. Thanks to its fluorescent properties and Aβ-binding 

ability, curcumin has been also suggested as a detection agent for the 

early diagnosis of plaques deposition in the brain [32]. 

These findings were very promising; however, despite curcumin has 

a very safe nutraceutical profile with low side-effects and it has been 

reported to be well tolerated at doses up to 8 grams per day in humans, 

the attempts to use curcumin in a therapeutic field were discouraging 

because the translation of these studies in clinical trials was not very 
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successful [33]. Moreover, doubts about curcumin potential 

therapeutic use have recently raised because its classification as a 

PAINS (pan-assay interference compounds) candidate. PAINS are 

compounds that show activity in multiple assay, not through a specific 

interaction with the target, but by interfering with the assay readout.  

Curcumin has numerous PAINS-type characteristics such as redox 

activity, metal chelation properties, auto-fluorescence and covalent 

protein labeling [34]. For this reason, results obtained with methods 

that can involve PAINS-like behaviors, need to be verified with other 

techniques to be confirmed. The classification of curcumin as a 

PAINS candidate is a very recent issue, and published data regarding 

the bioactivity of curcumin have to be read with a critical view. The 

limitations in the use of curcumin as therapeutic are represented by its 

pharmacokinetics profile. Curcumin is nearly insoluble in water, has 

a short half-life and a low bioavailability [35]. After oral 

administration it is rapidly metabolized by conjugation, sulfation and 

glucuronidation in the intestinal wall and in the liver and then excreted 

in feces. Moreover, it is chemically instable at neutral physiological 

pH and photodegradable, making its handling complicated and 

restricting its applications.  

In addition to curcumin limitations, also the patient recruitment for 

clinical trial is challenging. AD is a multiple-stages pathology with 

different pathological markers, clinical features, and a final diagnosis 

only post-mortem. The patient recruitment is often based on the score 

in MMSE (Mini-Mental State Examination) that correlates with the 

severity of dementia, allowing the classification in no cognitive 

impairment, mild cognitive impairment and severe cognitive 

impairment. This classification correlates only partially with the 

pathological hallmarks observed in the brain, thus indicating that the 

sample of the patient are heterogeneous and not homogeneous as 

expected. To overcome these pharmaceutical issues related to 

curcumin pharmacokinetics and to improve therapeutic efficacy, new 

strategies have been applied and have been deepened in this review: 
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new formulations, a change in the way of administration, alternative 

drug delivery taking advantage from the development of 

nanotechnology-based delivery systems, such as nanoparticles, 

liposomes and hydrogels and, finally, the hybridization approach. 

 

Alternative formulations for curcumin  

Considering the not significant results of the numerous clinical trials 

on humans [33-34], the oral administration of curcumin is not 

recommended. For this reasons alternative formulations have been 

tested in vitro and in vivo, with the final goal of optimizing curcumin 

absorption and efficacy. 

The first approach for an alternative formulation was based on the 

combination of curcumin with other natural products as co-adjuvants. 

Piperine (1-piperoylpiperidine), an alkaloid extracted from black 

pepper fruits (Piper nigrum) and present also in long pepper (Piper 

longum) and other piper species (Piperaceae), was known for its 

ability to enhance the bioavailability of numerous drugs and 

phytochemicals thanks to its inhibition of uridine 5'-diphospho-

glucuronosyltransferase (UDP-glucuronosyltransferase) [36]. In the 

context of AD, it was demonstrated, in vivo, that piperine significantly 

improved spatial memory because of its cytoprotective effect and the 

inhibition of AChE in hippocampus [37]. Moreover, piperine was 

combined with other nutraceuticals such as curcumin, 

epigallocatechin gallate, -lipoic acid, N-acetylcysteine, B vitamins, 

vitamin C, and folate in a medical food cocktails that was 

administered for 6 months to the Tg2576 mouse model of AD. At the 

end of the treatment, the transgenic mice showed improved cortical- 

and hippocampal-dependent learning and their performance was 

indistinguishable from the non-transgenic control mice [38].  

Basing on these already known properties of piperine, Suresh and 

Srinivasan orally administered 500 mg curcumin, 170 mg piperine or 

a combination of the two in a single formulation to Wistar male albino 

rats. Interestingly, they found that curcumin stayed significantly 
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longer in the body tissues when administered concomitant with 

piperine; moreover curcumin has been detected in the brain up to 96 

h after the treatment [39]. 

Curcumin is only one of a multitude of compounds extracted from 

turmeric rhizome and the debate about the bioactivity of every single 

molecule is still open. It has been suggested that among the numerous 

non-curcuminoid components of turmeric, there are some, which 

could increase curcumin absorption and bioavailability. Taking 

advantage of the synergism between the sesquiterpenoids naturally 

present in turmeric and the curcuminoids, Jäger and colleagues 

compared a combination of curcuminoids and volatile oils of turmeric 

rhizome (CTR), a curcumin inclusion in a lipophilic matrix composed 

by curcumin, soy lecithin and microcrystalline cellulose 1:2:2 (CP), 

standard curcumin (CS) and a water soluble formulation of turmeric 

extract, hydrophilic carrier, cellulosic derivatives and natural 

antioxidants (CHC). All these formulations, with exception of CHC, 

were previously found to increase curcumin absorption with different 

potency [40-41]. After a single oral administered dose of 376 mg CP, 

CTR or CHC, or 1800 mg CS in human healthy volunteers, a 45.9-

fold increase in CHC relative absorption compared to CS was 

observed, with a non statistically significant change of CTR (vs CS) 

and a weak increase of CP (vs CS) [42]. Thus, the volatile oils 

naturally occurring in turmeric rhizome are not increasing curcumin 

absorption, while the antioxidants tocopherol and ascorbyl palmitate 

combined with the polyvinyl pyrrolidone water-soluble carrier in the 

CHC formulation significantly improved it. This study suggests that 

the presence of a carrier is essential for ameliorating curcumin 

absorption and distribution. To further investigate the importance of 

an adequate profile for curcumin pharmacokinetics, a clinical study 

on human healthy volunteers was carried out with a patented 

formulation named BCM-95 CG (BiocurcumaxTM) in comparison 

with a combination of curcumin-lecithin-piperine, which was 

previously demonstrated to enhance curcumin bioavailability, and 
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normal curcumin. BCM-95 CG is a formulation generated by 

micronizing curcumin and adding turmeric rhizome essential oils. The 

absorption of BCM-95 CG was faster than curcumin and curcumin-

lecithin-piperine; moreover it remained longer in the blood because 

of a lower elimination rate constant [40]. A more recent double-blind 

study compared the previous described BiocurcumaxTM with other 

two commercial formulations: Meriva, curcumin complex with 

phosphatidylcholine from soy lecithin [41], and Theracurmin, 

curcumin dispersed with colloidal submicron particles [43]. In this 

study, the change of curcumin concentration in plasma, the maximum 

concentration and the bioavailability have been evaluated, indicating 

that Theracurmin possesses higher absorption efficiency in 

comparison with Meriva and BCM-95 CG curcumin commercial 

formulations [44].  

 

Alternative drug delivery 

In recent years, researchers have focused their attention in 

nanotechnology-based delivery systems because of their promising 

potential and advantages over the conventional approaches (Fig. 2). 

The development of these systems could overcome the 

pharmaceutical issue related to curcumin delivery enhancing the 

dissolution rate, prolonging the residence in plasma, improving the 

pharmacokinetic profile and the cellular uptake.  

The ability of curcumin to penetrate organs and different brain regions 

has been shown to be affected by nanoparticulation. Curcumin-loaded 

PLGA nanoparticles (C-NPs) increased curcumin circulation time 

when injected in the body of rats [45]. C-NPs were found mainly 

distributed in the spleen and  the lung. Furthemore, C-NPs crossed the 

blood-brain barrier, thus prolonging retention time of curcumin in the 

cerebral cortex and hippocampus.  
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Figure 2: Curcumin drug delivery. Examples of nanotechnology-based delivery 

systems. A) Liposomes entrapped with curcumin and decorated with molecules able 

to specifically target the brain; B) Different types of nanoparticles: 1. Polymeric 

nanoparticle 2. Polymeric nanocapsule 3) Crystal nanoparticle 4) Lipidic 

nanoparticle. Figures have been done following the guidelines reported in [102]. 

 

A system of PLGA (poly lactide-co-glycolide) nanoparticles 

encapsulated with curcumin (Nps-Cur) was studied by Doggui and 

colleagues in vitro using SK-N-SH human neuroblastoma cell line. 

Nps-Cur formulation has been shown to be stable up to six months, 

non-toxic to neurons and internalized by SK-N-SH cells due to their 

size of around 100 nm. Moreover, Nps-Cur can prevent ROS increase 

in dichlorofluorescein assay and protect cells against oxidative 

damage induced by a treatment with 500 μM H2O2. Thus, PLGA-

nanoparticles provide an efficient delivery system for encapsulated 

curcumin [46]. 

NanoCurcTM is a polymeric nanoparticle encapsulated curcumin 

formulation that has been developed to increase curcumin systemic 

bioavailability. It is soluble in aqueous media and readily 
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administered parenterally by injection. This formulation showed to be 

protective in vitro in SK-N-SH differentiated cells against H2O2-

induced oxidative stress. In vivo analysis demonstrated the presence 

of NanoCurcTM in the brain tissues of athymic mice and the ability of 

this formulation to downregulate the activity of caspase 3 and 7, 

critical mediators of the apoptotic pathway, in mice cortex. Moreover, 

after parenteral 25 mg/kg NanoCurcTM administration twice a day, in 

rodent brains a reduction in H2O2 content and an increase in the ratio 

of free versus oxidized glutathione [47] have been observed. These 

data suggest that this formulation could be promising also in AD, 

where oxidative stress and alterations in glutathione levels have been 

involved in the pathologic mechanism leading to the development of 

this type of dementia [48]. 

A novel lipopeptide composed by an aliphatic hydrophobic chain of 

palmitic acid, a microtubules stabilizing octapeptide and some 

hydrophilic residues, has been designed and synthesized by Ghosh’s 

group [49]. This peptide spontaneously self-assembled in a β-sheet 

structure entrapping water molecules and forming a hydrogel with 

multiple functions. Furthermore, it slowly degrades releasing the 

neuroprotective octapeptide, and can be used to encapsulate 

curcumin, being a delivery vehicle for hydrophobic and poor soluble 

drugs. Investigating the activity of the lipopeptide in vitro with Neuro-

2a cells, Adak and colleagues found that it promotes neurite 

outgrowth in absence of external growth factors. Moreover, in PC-12 

cells differentiated with nerve growth factor (NGF) and then treated 

with anti-NGF, a known inducer of Aβ overproduction and cell death, 

the hydrogel was able to ameliorate neural cell morphology and 

health, being neuroprotective [50]. These data are interesting since 

they suggest how a specific formulation may ameliorate the intrinsic 

properties of curcumin itself. Several and recent data of literature 

highlighted as curcumin may also have positive and very encouraging 

effects on neurogenesis and neuronal differentiation pathways, a very 

promising ability for incurable neurodegenerative and 
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neuropsychiatric disorders that take a huge toll on society [51]. 

Curcumin has been related to hippocampal neurogenesis, since it can 

enhance neural plasticity and repair through the positive modulation 

of Wnt/beta-catenin pathway [52]. In addition, to overcome the 

problems related to pharmacokinetic limitations and improve the 

bioavailability of curcumin, the latter was encapsulated in polylactic-

co-glycolic NPs (Cur_PLGA_NPs) to stimulate neural stem cells 

proliferation and neuronal differentiation in vitro and in adult rats 

[52]. The nanomaterials used in this paper have been demonstrated to 

ameliorate the availability of curcumin, since Cur_PLGA_NPs was 

effective at much lower doses in vivo in comparison of free curcumin 

that did not induce neurogenesis below a minimum threshold level. 

Moreover, curcumin can promote brain-derived neurotrophic factor 

(BDNF) release [53], and showed, only after a chronic administration, 

to ameliorate AD-related cognitive deficits (working and spatial 

reference memory) through an upregulation of BDNF-ERK signaling 

in the hippocampus of rats subjected to a ventricular injection of Aβ1-

42 [54]. In addition, in curcumin has been recognized the potential as 

a DNA methyltransferase (DNMT) inhibitor, thus modulating DNA 

methylation patterns interfering with signaling pathways and 

transcriptional factors related to cell differentiation [55]. In this 

context, the effects of curcumin on neuronal differentiation and 

neurite outgrowth were investigated in the PC-12 Adh cell line alone 

and after NGF treatment [56]. The combination of curcumin and NGF 

has a more prominent effect on cell differentiation and neurite 

elongation than curcumin alone, with the synergic effect related to the 

upregulation of GAP-43 and β-tubulin mRNA expression levels. 

These approaches suggest to be corrective not only on curcumin, but 

also on other factors crucial for maintaining the integrity of neurons 

throughout an individual lifetime, such as NGF. There is growing 

evidence that an imbalance of neurotrophic support is significant in 

the pathogenesis of neurodegenerative diseases, but the 

implementation of neurotrophic factors is restricted by their poor 
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penetration of the blood-brain barrier (BBB) and undesirable 

apoptotic effect.  

As for NGF, the challenge of curcumin administration for brain 

disorders treatment is also represented by BBB penetration to reach 

the target organ. To achieve this goal, liposomes with cardiolipin (CL) 

and wheat germ agglutinin (WGA) carrying curcumin and NGF were 

developed and tested in vitro for their ability to permeate a monolayer 

of human brain-microvascular endothelial cells. Results were 

promising: WGA contributed to enhance the permeability of 

liposomes across the BBB and, at the same time, CL carried curcumin 

and NGF to Aβ fibrils inducing neuronal protection and apoptosis 

counteraction [57]. Mathew et al. adopted a different strategy to 

specifically target neurons and to reach the brain: they coupled 

curcumin-encapsulated PLGA-nanoparticles with Tet-1 peptide [58], 

which has affinity for neurons and retrograde transportation 

properties. Tet-1 is a 12 aminoacids peptide previously described by 

the groups of Boulis [58] and Pun [59]. This peptide possesses 

binding properties similar to the tetanus toxin, in fact it can 

specifically interact with motor neurons, being capable of retrograde 

delivery in neuronal cells. These peculiar characteristics of Tet-1 

peptide were found interesting for an application in the drug delivery 

to the brain in the context of neurodegenerative diseases treatment. 

The study by Mathew et al. investigated the anti-amyloid and anti-

oxidative properties mediated by the coupling of curcumin with 

PLGA-nanoparticles and Tet-1 peptide. This formulation slightly 

affected the free-radical scavenging activity of curcumin measured by 

DPPH assay becoming around 60% versus 80% of raw curcumin. On 

the contrary, anti-amyloid activity remained unchanged: Tet-1 

conjugated PLGA-curcumin nanoparticles decreased the size of Aβ 

aggregates when co-incubated for 12, 24 or 48 h with a considerably 

reduction in plaques size [60].  

Again with the goal to specifically target the brain, Mulik and co-

workers tested the possibility to use ApoE3 as a ligand for brain 
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targeted delivery of curcumin [61]. Apolipoprotein E3 can form 

complexes with Aβ preventing its transport through the BBB, thus 

being neuroprotective. Furthermore, it can be taken up by the choroid 

plexus reaching the cerebrospinal fluid (CSF) by crossing the 

choroidal epithelium and enter brain parenchymal cells by low density 

lipoprotein receptor (LDL-R) mediated endocytosis, competing with 

Aβ [62]. Apolipoprotein E3-mediated poly(butyl) cyanoacrylate 

nanoparticles containing curcumin (ApoE3-C-PBCA NPs) have been 

formulated and have been shown to exhibit a protective role in vitro 

in SH-SY5Y cells against Aβ-induced cytotoxicity. This effect can be 

mainly ascribed to curcumin, whereas to ApoE3 to a lesser extent, 

because the control nanoparticles carrying ApoE, but without 

curcumin (ApoE-B-PBCA NPs), showed a slight protective effect. A 

similar result was obtained measuring the antioxidant and anti-

apoptotic properties after Aβ treatment: ApoE3-C-PBCA NPs act 

counteracting oxidative stress and apoptosis with higher extent than 

ApoE-B-PBCA NPs [61]. 

Liposomes functionalized with a curcumin-alkyne derivative named 

TREG (described in 63) can sequester Aβ 1-42 in human biological 

fluids from sporadic AD patients and Down syndrome subjects [64]. 

This interesting finding supports the idea that a reduction in brain and 

plasma levels of Aβ 1-42 through the peripheral “sink effect” could 

be a useful therapeutic strategy. The same curcumin derivative was 

previously studied [65-66] for its ability to bind Aβ with high affinity, 

but only when the structure planarity was maintained. Moreover 

different liposome formulations were tested and the more effective in 

Aβ inhibition of aggregation was the one with TREG molecules 

protruding from the liposome surface, rather than the one with TREG 

internalized in the bilayer. More recently, TREG liposomes were 

further functionalized with BBB-targeting ligands [67] to evaluate the 

co-presence of more ligands on their functionality. Interestingly, these 

multi-functional liposomes maintained their ability to bind Aβ and to 

inhibit its aggregation. In addition, they showed an increase in 
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transport across monolayers suggesting the involvement of 

transporters for their translocation across the BBB [68]. The same 

liposomes were also injected intravenously in APP/PS1 mice for in 

vivo live animal imaging and ex vivo studies, and the results confirmed 

their high potential as theranostic (therapeutic and diagnostic) system 

for AD [69]. 

A functionalization strategy to specifically target Aβ, and inhibit its 

aggregation is the use of carriers conjugated with a combination of 

curcumin and specific antibodies. One example are the PEGylated 

biodegradable poly(alkyl cyanoacrylate) (PACA) nanoparticles (NPs) 

described by Le Droumaguet and co-workers. An anti-Aβ1-42 antibody 

positioned at the PACA NPs surface showed a strong affinity towards 

Aβ1-42 monomers and fibrils and curcumin functionalization offered a 

significant inhibition of Aβ aggregation  [70].  

In a context not specifically related to neurodegeneration and 

Alzheimer’s disease, Storka et al. investigated safety and tolerability 

of LipocurcTM in healty humans. LipocurcTM is a liposomal 

formulation of curcumin specifically developed for intravenous 

administration to overcome the bioavailability and pharmacokinetic 

limitations of the oral administration. A concentration of 6.9 mg/mL 

of curcumin was embedded into DMPC and DMPG liposomal 

membranes in a molar ratio of 9:1. The results of this study showed 

that a single intravenous infusion was well tolerated without 

symptoms or local reactions at doses up to 120 mg/m2 and can be 

considered safe [71]. 

A change in the way of administration was further investigated by 

McClure and co-workers. In a very recent study they tested, in an 

animal model of Alzheimer's disease, the efficacy of aerosol delivered 

curcumin. The advantages of aerosolized drug administration are 

multiple: the absence of first-pass effect, the direct absorption via the 

olfactory epithelium, the absence of systemic delivery with the 

consequent limitation of systemic side effects and, important for 

targeting the brain, the ability to enter the central nervous system also 
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for drugs incapable to permeate the BBB. 5XFAD mice treated with 

5 mg/kg curcumin via aerosol showed improved cognitive functions, 

prevention of inflammation, reduction of plaque burden and 

dystrophic neurites [72]. 

 

Hybridation strategy for new efficient compounds 

As for major chronic diseases, the pluralism of AD causes affords 

complex networks, suggesting that acting against a single pathogenic 

mechanism with high potency and selectivity might be insufficient to 

face the multifactorial nature of the disease [73]. The use of different 

drugs, as both drug cocktails or single pill drug combinations, 

represents the most simple and immediate way to modify AD 

phenotype by modulating simultaneously multiple nodes of the 

disease networks. Besides, a new polypharmacological approach has 

recently emerged, which proposes single chemical entities endowed 

with multiple biological activities as a promising strategy to obtaining 

potentially innovative medicines for multifactorial diseases. 

Interestingly, multitarget drugs offer the prospect of maintaining the 

positive outcomes of drug combinations, but with the benefits of a 

single-molecule therapy, as the issue of drug–drug interactions would 

be avoided, and the therapeutic regimen radically simplified [74]. 

Multitarget drugs can be rationally designed by linking, by means of 

suitable spacers, or fusing the key pharmacophoric functions, or 

through amalgamation of the pharmacophoric groups essential for 

activity into one hybrid molecule [75]. These strategies have led to 

the development of many multitarget neuroprotective agents, which 

are now tested as potential drug for Alzheimer’s disease [76-77]. 

Because of its large spectrum of biological activities related to AD, 

curcumin represents a suitable starting point for multitarget drug 

design. Starting from this, many different curcumin analogues and 

hybrids have been synthetized and are now under testing phase.  
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Hybridation of Curcumin and Melatonin 

Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine 

produced mainly in the pineal gland and plays a fundamental role in 

the regulation of circadian rhythms [78]. The decline in melatonin 

levels and the alteration of circadian rhythms during the aging 

contributes to the development of many neurodegenerative disorders 

[79-80]. Searching for a new efficient compound as a potential AD-

modifying agent, Chojnacki et al. developed various hybrids fusing 

curcumin and melatonin according to the hybrid molecule design 

strategy [81]. As the phenolic substitution pattern and the β-diketone 

moiety of curcumin have been demonstrated to be important for its 

antioxidant, anti-inflammatory, and metal chelating properties [82] 

and, as the 5-methoxy group and the acetamide moiety of melatonin 

have been shown to be important for its antioxidant and free radical 

scavenging properties [83], the hybrid compounds were designed 

considering these structural features. 

The neuroprotective activities of these compounds were evaluated in 

MC65 cells, a cellular AD model associated with Aβ- and oxidative 

stress-induced cellular toxicities, under tetracycline removal (−TC) 

conditions [84]. In this study, some compounds dose-dependently 

suppressed the production of Aβ-oligomers, but not the Aβ 

aggregation, counteracted the intracellular oxidative stress and 

significantly protected cells from induced toxicity. Neuroprotective 

activities of curcumin derivatives were strictly related to the hydroxy 

substituent on the phenyl ring, while the double bond and the 

conjugation system have been demonstrated to be not necessary. In 

addition, the ability of compounds to cross the BBB both in vitro and 

in vivo has also been evaluated, and one compound (Table 1, hybrid 

number 1) quickly and efficiently reached brain tissue after oral 

ingestion of a single daily dose. It has further been tested in a 

transgenic AD mice model showing an excellent bioavailability, thus 

encouraging further studies and optimizations for novel disease-

modifying agents in AD [85].  



137 

 

Hybridation of Curcumin and acetylcholinesterase inhibitors 

One of the most accredited theories on the pathogenesis of AD is the 

cholinergic hypothesis that has been successfully applied in clinic 

with the development of acetylcholinesterase (AChE) inhibitors. 

Tacrine has been the first drug with this profile to be used. In this 

context, hybrids have been synthesized combining the 

pharmacophore of curcumin in monoanionic form with that of tacrine 

with the aim of obtaining a single more efficient molecule [86]. The 

choice to use monoanionic curcumin is due to the fact that in this form 

curcumin may chelate metal ions [87], and it is well known that the 

imbalance of metal ions, such as copper (Cu2+) and iron (Fe2+) in turn 

increases the production of ROS [88]. Curcumin-tacrine hybrids have 

been tested in PC12 cell lines, showing a potent inhibition of AChE 

typical of tacrine. Particularly, one compound (Table 1, hybrid 

number 2) has been shown to have a higher potency when compared 

with Tacrine. The higher potency has been related to the β-diketone 

moiety of curcumin that made this hybrid more neuroprotective 

against H2O2- or Aβ1-42-induced toxicity than curcumin alone, and 

showed a remarkable ions-chelating ability, suggesting a potential of 

the hybrid compound to halt ion-induced Aβ aggregation. 

Among the acetylcholinesterase inhibitors, donepezil is the most used 

to date in the clinical treatment of AD. Yan et al. fused the 

pharmacophores of curcumin and donepezil to obtain a series of 

derivatives expected to be inhibitors of AChE activity and Aβ 

aggregation, metal chelators and antioxidants [89]. 

In this library of hybrids, one of the compounds (Table 1, hybrid 

number 3) turned out to be a potent AChE and Aβ aggregation 

inhibitor fusing the qualities of the original single molecules. 

Furthermore, this molecule has also been able to cross the BBB, 

indicating a great permeability and encouraging further studies. 
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Hybridation of Curcumin and Steroids 

The addition of heterocyclic rings to steroids has often led to a change 

of their physiological activity and the appearance of new interesting 

pharmacological and biological properties [90]. On this basis, 

Elmegeed and co-workers synthetized novel curcumin hybrids fusing 

a promising steroidic heterocyclic nucleus to the essential phenolic 

feature of curcumin, one of which is shown in Table 1 (hybrid number 

4) [91]. When tested in an AD rat model, the hybrids showed to 

enhance acetylcholine synthesis and increase the levels of glutathione 

and paraoxenase, a protein with anti-inflammatory and anti-oxidative 

properties. Notably, conjugation of curcumin with cholesterol was 

previously exploited to direct the antioxidant and antiaggregating 

efficacy of the polyphenolic feature to cell membrane/lipid rafts, 

using cholesterol as the anchor motif [92-93]. As for other curcumin 

congeners [94-95], targeting of antioxidant features to the main sites 

of ROS production through derivatization strategies was herein 

envisioned as a promising therapeutic approach.  

 

Hybridation of Curcumin and diallyl sulfide from garlic 

The idea to synthesize new other hybrids raised by the knowledge that 

hydroxycinnamoyl recurring motif, present in curcumin, has been 

shown to modulate several pathways related to aging and dementia 

[96-97]. Simoni et al. [98-99] synthetized a set of new hybrids, by 

combining a hydroxycinnamoyl function from curcumin and diallyl 

sulfides from garlic. In addition, diallyl sulfides, garlic-derived 

organosulfur compounds carrying allyl mercaptan moieties, are able 

to counteract oxidative stress through antioxidant enzyme expression 

[100]. A catechol derivative with remarkable anti-aggregating ability 

and antioxidant properties (Table 1, hybrid number 5) has been 

initially identified. The characterization of the anti-aggregating and 

antioxidant profile of this new nature-inspired compound 

demonstrated that the activation of the Keap1-Nrf2 system is essential 

for counteracting oxidative stress and Aβ-induced toxicity [99]. 



139 

 

This evidence suggests that this novel design strategy is an efficient 

and promising approach that, in the near future, could lead to the 

development of new efficient molecules to counteract multifactorial 

diseases like AD. 

 

 
 

Table 1: Hybrids synthesis. Examples of different hybrid compounds from the 

combination of curcumin (drug A column) and other molecules (drug B column). 

 

Conclusions 

Curcumin is a minor constituent of the traditional medicine known as 

spice turmeric. Many scientific papers have been published on 

curcumin in different clinical fields ranging from cancer, 

neurodegenerative diseases, such as Alzheimer’s disease, erectile 

dysfunction, hirsutism, to make some examples. These reported 

activities led to consider curcumin as a panacea. However, many 

limitations have been recognized for a therapeutic use of curcumin: 

its poor pharmacokinetic/pharmacodynamic properties, its chemical 
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instabililty, its low efficacy in different in vitro and in vivo disease 

models, its toxic profile under certain experimental settings [101], and 

very recently its PAINS character [34]. New formulations, changes in 

the way of administration, the direct delivery to the brain taking 

advantage from the development of nanotechnology-based delivery 

systems and the hybridization approach can overcome the critical 

pharmaceutical issues linked to curcumin pharmacokinetics 

improving therapeutic efficacy and giving new hopes for a clinical 

application of this natural compound. These approaches, besides 

possibly leading to new promising chemical entities, however, need 

further validation through expensive preclinical work to be approved 

for clinical trials.  
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Abstract  

γ-oryzanol (ORY) is a ferulate compound very abundant in rice 

(Oryza sativa L.), from which its name derived. ORY is well-known 

for its antioxidant properties. However, the mechanism by which 

ORY exerts its antioxidant effects is still little known. In this paper, 

we demonstrated that ORY acts through the activation of nuclear 

factor (erythroid-derived 2)-like 2 (Nrf2) transcriptional pathway, the 

“master regulator” of cellular antioxidant defenses, actively involved  

in the aging process. In particular, in Human Embryonic Kidney cells 

(HEK-293), 24 h of ORY exposure modulated Nrf2 pathway both in 

basal condition and after an oxidative insult. The results of this study 

clearly suggest that ORY could be an early Nrf2 inducer, as 

demonstrated by its nuclear translocation. Furthermore ORY was able 

to promote the endogenous up-regulation of Nrf2-dependent 

defensive genes, such as NAD(P)H quinone reductase (NQO1), heme 

oxygenase-1 (HO-1), and glutathione synthetase (GSS), both at 

mRNA and protein levels.  In conclusion this study, beside 

confirming the regulation of antioxidant enzymes by ORY, has been 

the first to demonstrate the long lasting antioxidant effect of ORY 

through the Nrf2 pathway activation, suggesting its newly potential 

role in preventing ageing process. 

  

Keywords 

γ-Oryzanol, Nrf2 pathway, antioxidant enzymes, oxidative stress, free 

radicals. 

 

Introduction 

According with the Harmann theory of aging, oxidative stress is at the 

base of the mechanisms involved in aging processes [1] and 

contributes to the development of many age-related diseases, 

including cancer, atherosclerosis, hypertension, diabetes, and 

neurodegenerative disorders [2, 3].  Oxidative stress is defined as the 

imbalance among the production of free radicals, the efficiency of 
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antioxidant enzyme systems and the ability to activate antioxidant-

promoting intracellular pathways. Reactive oxygen and nitrogen 

species (ROS/RNS) are usually produced by living organisms as a 

result of normal cellular metabolism, but they can also be induced by 

different endogenous and exogenous insults [4]. Thus, during the life 

span, the organism is continuously at risk to be exposed to ROS/RNS 

levels, beyond such a threshold for which the body tissues fail to 

counteract the damage. It is well known that at low to moderate 

concentrations ROS/RNS take part in physiological cell processes, 

but at high concentrations, they produce adverse modifications to the 

cellular macromolecules such as lipids, proteins and DNA, affecting 

cell functions and even its survival [3, 5].  Antioxidant enzyme 

cascade, involving superoxide dismutase (SOD), catalase and 

glutathione peroxidase (GPx), acts as first line of protection 

counteracting ROS/RNS generation. These three enzymes, working 

sequentially, neutralize free radicals: SOD catalyzes the dismutation 

of superoxide anion to hydrogen peroxide (H2O2), which is in turn 

neutralized to H2O by catalase or GPx [6].  In addition, antioxidant-

promoting intracellular pathways participate in maintaining redox 

steady state and in preventing ROS/RNS detrimental effects induced 

by stressors.   

The transcription factor Nrf2 (NFE2-related factor 2) has emerged as 

a master regulator of cellular detoxification response and redox status, 

since it protects the organism from pathologies that are caused or 

exacerbated by oxidative stress. Very recently, a key role of the Nrf2 

pathway has also emerged in the aging processes and in preventing 

age-related diseases [10-12]. The Nrf2 pathway is an intrinsic 

mechanism of defense able to reduce oxidative stress by inducing the 

transcription of up to 10% of human genes, which take part in 

different cellular functions such as ROS/RNS elimination, 

detoxification, xenobiotic metabolism, drug excretion, glutathione 

and NADPH synthesis. Among the antioxidant enzymes, the Nrf2 

pathway promotes the transcription of NAD(P)H quinone reductase 
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(NQO1), heme oxygenase-1 (HO-1), and glutathione synthetase 

(GSS), to name a few, because of the presence of an antioxidant 

responsive element (ARE) sequence in their promoter region [7, 8]. 

The activation of Nrf2 is mediated by disrupting its interaction and 

binding to Kelch-like ECH associated protein 1 (Keap1), a cytosolic 

Nrf2 repressor that, in basal conditions, recruits the Cul3 ubiquitin 

ligase to induce Nrf2 degradation via proteasome, thus acting as a 

sensor of oxidative stress [9].  

In recent years, natural compounds have gained more attention, since 

their therapeutic effects have been found important in the 

improvement of a life-style as well as in the protection against age-

related diseases such as hyperlipidemia, inflammatory disorders, 

cardiovascular diseases and cancer [13-15]. These observations might 

change the concept of food consumption and nutrition, not only for 

diminishing starvation and malnutrition, but also for preventing 

morbidity and mortality of chronic diseases, particularly related to 

free radical damage. Thus, dietary antioxidants containing anti-

oxidative phytochemicals become fundamental to counteract 

oxidative stress, consequently maintaining body homeostasis and 

redox balance [16].  

Rice (Oryza sativa L.), a natural source of antioxidant, is rich in plenty 

of anti-oxidative components such as essential vitamin E complex, 

anthocyanins and phenolic compounds [17].  As compared to other 

cereal grains, rice contains the highest special phenolic compound 

that is ferulic acid, which is presented in the form of a steryl ferulate 

called “γ-oryzanol” (ORY). γ-oryzanol derived its name from rice 

because it was first discovered in rice bran oil and it is composed of a 

hydroxyl group [18-20]. Rice-derived extracts have been 

characterized by many metabolites of the ORY, a mixture of ferulic 

acid esters and phytosterols, among which triterpene alcohols and 

plant sterols [21]. The quantity of ORY and its metabolites vary in the 

different types of rice. Some varieties of rice may exhibit an amount 
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of ORY 8–10 times higher than vitamin E, to date one of the most 

potent natural antioxidants [22, 23].  

The antioxidant properties of ORY have been first investigated in in 

vivo and in vitro experiments, demonstrating its ability in preventing 

and reducing the ROS/RNS formation [15, 21].  Jin Son et al. 

demonstrated that mice subjected to an high-fat diet supplemented 

with ORY showed significantly lower amount of oxidative stress and 

lipid peroxidation when compared to mice fed with high-fat diet alone 

[24]. Similarly, in Drosophila melanogaster, ORY was found to 

ameliorate antioxidant activities, thereby preventing the oxidative 

damage [25].  

However, the mechanism by which ORY exerts it antioxidant effects 

is still little known. In this paper, we have deepened ORY antioxidant 

effects by studying the involvement of the activation of nuclear factor 

(erythroid-derived 2)-like 2 (Nrf2) transcriptional pathway. In 

particular, ORY was investigated as a putative Nrf2 inducer, and its 

ability of promoting the endogenous up-regulation of the Nrf2-

dependent defensive genes was also assessed. 

 

Material and Methods 

Cell culture and treatments. Human Embryonic Kidney cells (HEK-

293) were cultured in Dulbecco’s modified Eagle’s medium 

containing 10% foetal bovine serum, 2 mmol/L glutamine, 100 U/mL 

penicillin and 100 μg/mL streptomycin at 37°C in a 5% CO2-

containing atmosphere. Oxidative insult was induced adding 100 μM 

of H2O2 to cells at 80% confluent monolayers for different times 

according with the experimental paradigms.  

 

Cell viability. Cell viability was evaluated 24 h after the oxidative 

insult by MTT assay. Cells were incubated with 500 mg/mL of MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 3 

h at 37°C. Then it was removed and cells were lysed with dimethyl 

sulfoxide. The absorbance at 595 nm was measured using a Bio-Rad 
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3350 microplate reader (Bio Rad Laboratories, Richmond, CA, USA). 

Cells, treated with 0.2% Triton-X100 solution (Sigma Aldrich, Merck 

KGaA, Darmastadt, Germany), were used to calculate the maximum 

toxicity, Tmax. Data were expressed as percentage of cell viability over 

the corresponding controls.  

 

Measurement of ROS/RNS generation. Intracellular ROS levels 

were measured using the fluorescent dye 2',7'-

dichlorodihydrofluorescein diacetate (H2DCF-DA) (Thermo Fisher 

Scientific, Waltham, Massachusetts USA), a nonpolar compound that 

is converted into a nonfluorescent polar derivative (H2DCF) by 

cellular esterase after incorporation into cells. H2DCF is membrane 

permeable and is rapidly oxidized to the highly fluorescent 2’,7’-DCF 

(DCF) in the presence of intracellular ROS. For the experiments, 

HEK-293 was pretreated with ORY24h and then exposed to H2O2 

oxidative insult at different time points. At the end of the treatment, 

cells were washed in Hanks’ Balanced Salt Solution (HBSS) and then 

incubated in nitrogen-saturated HBSS with 20 mM H2DCF-DA 

dissolved in DMSO for 30 minutes at 37°C 5% CO2. After washing 

twice in HBSS, intracellular DCF fluorescence, proportional to the 

amount of ROS/RNS, was evaluated by EnSight fluorescence 96-

plate reader (EnSight™ Multimode Plate Reader, PerkinElmer), with 

excitation and emission wavelengths of 492 and 527 nm, respectively.  

 

Subcellular Fractionation for Nrf2 Nuclear Translocation. 

Nuclear protein extracts were prepared by washing HEK-293 cells 

twice with ice-cold PBS. Cells were subsequently homogenized 15 

times using a glass-glass dounce homogenizer in 0.32 M sucrose 

buffered with 20 mM Tris-HCl (pH 7.4) containing 2 mM EDTA, 0.5 

mM EGTA, 50 mM β-mercaptoethanol and 20 μg/mL leupeptin, 

aprotinin, and pepstatin. The homogenate was centrifuged at 300 g for 

5 minutes to obtain the nuclear fraction. An aliquot of the nuclear 

fraction was used for protein assay by the Bradford method, whereas 
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the remaining was boiled for 5 min after dilution with sample buffer 

and subjected to polyacrylamide gel electrophoresis and 

immunoblotting as described below. 

 

Western blot analysis. Total protein extracts were prepared by 

harvesting cells in 80 μl of lysis buffer containing 50 mM Tris-HCl 

(pH 7.6), 150 mM NaCl, 5 mM EDTA, 1 mM phenyl methyl 

sulphonyl fluoride, 0.5 mg/mL leupeptin, 5 mg/mL aprotinin and 1 

mg/mL pepstatin. Samples were sonicated and centrifuged at 15,000 

g for 30 minutes at 4°C. The resulting supernatants were isolated and 

protein content determined by a conventional method (BCA protein 

assay Kit, Pierce, Rockford, IL) before processing for Western blot 

analysis. Protein samples (30 μg) of both total and nuclear extracts, 

were electrophoresed in 10% or 12% acrylamide gel and electro-

blotted onto nitrocellulose membranes (Sigma-Aldrich, Merck 

KGaA, Darmastadt, Germany). Membranes were blocked for 1 h in 

5% w/v Bovine Serum Albumin in TBS-T (0.1 M Tris-HCl pH 7.4, 

0.15 M NaCl, 0.1% Tween 20) and incubated overnight at 4°C with 

primary antibodies. Primary antibodies were anti-Mn-superoxide 

dismutase (MnSOD) (anti-SOD2, 1:200 Sigma- Aldrich, Merck 

KGaA, Darmastadt, Germany), anti-Cu–Zn superoxide dismutase 

(anti-SOD1, 1:300, Santa Cruz Biotechnology Inc., Heidelberg, 

Germany), anti-Nrf2 (1:2000, Novus, Biotechne, Minneapolis USA), 

anti-NQO1 (1:100,  Novus, Biotechne, Minneapolis USA), anti HO-

1 (1:2000, Novus, Biotechne, Minneapolis USA), anti-β-actin 

(1:1000, BD Biosciences, Franklin lakes, NJ USA), anti-lamin A/C 

(1:1000, BD Biosciences, Franklin lakes, NJ USA) and anti-α tubulin 

(1:1000, Sigma-Aldrich, Merck KGaA, Darmastadt, Germany). IR 

Dye near-infrared dyes-conjugated secondary antibodies (LI-COR, 

Lincoln, Nebraska USA) were used. The immunodetection was 

performed using a dual-mode western imaging system Odyssey FC 

(LI-COR Lincoln, Nebraska USA). Quantification was performed 

using Image Studio Software (LI-COR, Lincoln, Nebraska USA) and 
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the results were normalized over the α-tubulin, β-actin or lamin A/C 

signal.  

 

Antioxidant enzyme activities. SOD activity was measured 

following the inhibition of epinephrine oxidation, according to 

McCord method [26]. Total protein extracts and epinephrine 0,1 M 

(Sigma Aldrich, Merck KGaA, Darmastadt, Germany) were added to 

G buffer (0.05 M glycine and 0.1 M NaCl at pH 10.34), and the 

reaction was monitored measuring the decrease of absorbance at 480 

nm.  The activity of purified SOD enzyme (3000 U/mg Sigma 

Aldrich, Merck KGaA, Darmastadt, Germany) was also measured in 

each experiment as a positive control. Data were normalized for 

protein amount and results expressed as U/mg using the molar 

extinction coefficient of 4.02 at 480 nm.  

Catalase activity was measured monitoring the decomposition of 

H2O2 according to Shangari and O’Brien [27]. In particular, total 

protein extracts were incubated in a substrate (65 µM hydrogen 

peroxide in 6.0 mM PBS buffer pH 7.4) at 37°C for 60 s. The 

enzymatic reaction was stopped by the addition of 32.4 mM 

ammonium molybdate (Sigma Aldrich, Merck KGaA, Darmastadt, 

Germany) and measured at 405 nm. The results were extrapolated by 

a standard curve (ranging from 12 U/mL to 0,25 U/mL) performed 

with purified CAT enzyme (20100 U Sigma Aldrich, Merck KGaA, 

Darmastadt, Germany).  

Glutathione peroxidase activity was performed in accordance with 

Awasthi et al. [28], measuring NADPH oxidation at 340 nm in the 

reaction that involved oxidation of reduced glutathione (GSH) to 

glutathione (GSSG) followed by its reduction by glutathione 

reductase (GR). Total protein extracts were mixed with a reaction 

mix, containing 50 mM PBS with 0.4 mM EDTA, pH 7.0; 1.0 mM 

sodium azide solution; 1.0 mg β–NADPH; 100 U/mL GR, 200 mM 

GSH and 10 µl of 0.042% H2O2. The activity of purified GPx enzyme 

(116 U/mg) was also measured in each experiment as positive control. 
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All the reagents were purchased by Sigma Aldrich, Merck KGaA, 

Darmastadt, Germany. GPx activity was measured as nmol NADPH 

oxidized to NADP+/mg protein by using the molar extinction 

coefficient of 0.00622 at 340 nm, and the data were expressed as 

U/mg. 

 

Quantitative real-time PCR. Total RNA was extracted from 5x106 

cells following TRIzol® reagent protocol (Invitrogen Corporation, 

Carlsbad, CA USA). 2 μg of total RNA were retrotranscribed with 

MMLV reverse transcriptase (Promega, Madison, Wisconsin USA), 

using randomhexamers in a final volume of 40 µl. Parallel reactions 

containing no reverse transcriptase were used as negative controls to 

confirm the removal of all genomic DNA. Nrf2, NQO1, HO-1 and 

GAPDH primers were provided by Qiagen (Qiagen, Hilden, 

Germany). GAPDH was used as endogenous reference. Quantitative 

RT-PCR was performed with the ViiA7 Real Time PCR System 

(Applied Biosystems, Foster City, CA USA), using the iQ™SYBR 

Green Supermix method (Bio-Rad Laboratories, Richmond, CA, 

USA) according to manufacturer's instructions.  

 

Statistical Analysis. Results are reported as mean ± standard error 

mean (SEM) or standard deviation (SD) of at least three independent 

experiments. Statistical differences were determined by analysis of 

variance (one-way ANOVA) followed, when significant, by an 

appropriate post hoc test as indicated in figure legends. p value of 

<0.05 was considered statistically significant. 

 

Results 

Oryzanol prevents H2O2-induced ROS/RNS generation and cell 

death. The antioxidant properties of ORY (Sigma Aldrich, Merck 

KGaA, Darmastadt, Germany) were evaluated in HEK-293 cells in 

baseline redox steady-state conditions and after an acute oxidative 

insult. Cells were pretreated for 24 h with ORY (ORY24h) at different 
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concentrations, ranging from 1 to 20 μg/mL, followed by an acute 

oxidative insult elicited by 100 μM H2O2. 24 h later, cell viability was 

evaluated with MTT assay. As shown in Fig. 1A, ORY24h did not 

affect cell viability at any examined concentration. H2O2 alone 

reduced cell viability of about 35% (p<0.001) but this mortality was 

rescued by ORY24h already at 5 μg/mL (p<0.05) (Fig. 1A). The 

minimum efficient concentration was used for the following 

experiments. 

 

 
 

Figure 1. Oryzanol protects from cell death and decrease H2O2-induced 

ROS/RNS generation. (A) HEK-293 cells were pretreated for 24 h with ORY 

(ORY24h) at different concentrations, and then stressed by the addition of 100 µM 

H202 for 24 h. Cell viability was evaluated with MTT assay. Data are shown as 

percentage of cell viability compared with untreated cells; *** p<0.001 vs untreated 

cells and ## p<0.01, # p<0.05, vs H2O2 group. (B) Effects of 5 μg/mL ORY24h on 

H2O2-induced ROS/RNS production were determined by H2DCF-DA oxidation 

using a fluorescence microplate reader. Fluorescence intensity of ORY24h (open 

square symbol) after oxidative insult significantly decreased over time with ** 

p<0.01 at 3 h and *** p<0.001 at 24 h vs the corresponding untreated control group 

(open circle symbol). Bonferroni’s multiple comparison test. 

 

The effect of 5 μg/mL ORY24h on H2O2-induced oxygen and nitrogen 

reactive species (ROS/RNS) production was studied by monitoring 

the oxidation of the 2’-7’ dichlorofluorescein (DCF) probe that in a 

reduced state is not fluorescent and becomes florescent in the 
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presence of free radicals. 100 μM H2O2 exposure initially induced a 

moderate production of ROS/RNS, that anyway significantly 

increased over time, as assessed by accumulation of oxidized DCF 

(Fig. 1B open square symbol). ORY24h reverted H2O2-induced 

ROS/RNS generation already at 3 h and this effect was sustained at 

least until 24 h (Fig. 1B open circle symbol).  

 

Oryzanol modulates the antioxidant enzyme activities. Different 

studies suggested that ORY could exert its antioxidant effects by 

modulating the endogenous antioxidant enzyme activities. In 

particular, superoxide dismutase has been found to be positively 

regulated by ORY [25, 29, 30].  Here we evaluated the protein 

expression and activity of SOD enzymes in the presence of ORY24h 

alone or followed by H2O2 insult. H2O2 insult did not affect the protein 

expression of MnSOD, but significantly increased the Cu-Zn SOD 

protein levels (Fig. 2B), that also reflected an increase of SOD activity 

induced by the oxidative insult (Fig. 2C). ORY24h alone significantly 

enhanced the protein expression of both the mitochondrial MnSOD 

(mean ± SEM: untreated cells 0.078 ± 0.014 vs ORY24h 0.143 ± 0.006; 

p<0.001) and cytosolic Cu-Zn SOD (mean ± SEM: untreated cells 

0.059 ± 0.005 vs ORY24h 0.150 ± 0.011; p<0.01) (Fig. 2A, B), as well 

as the total SOD activity (mean ± SEM: untreated cells 0.098 ± 0.066 

vs ORY24h 0.566 ± 0.072; p< 0.001 Fig. 2C). 

 



167 

 

 
Figure 2. Oryzanol effect on antioxidant enzyme activities and MnSOD and 

Cu-ZnSOD expression. HEK-293 cells were pretreated with 5 μg/mL ORY for 24 

h followed by 100 µM H2O2  for 3 h or 24 h. A, B) Effect of ORY24h on the 

expression of MnSOD and Cu-ZnSOD in H2O2-induced oxidative stress. The 

protein expression was assessed by western blotting. Tubulin expression was used 

as loading control. Data are presented as mean ± SEM; *** p<0.001, ** p<0.01 vs 

untreated cells. The activity of total SOD (C) and GPx (D) enzymes was assessed, 

as reported in the method section, before and after 3 h and 24 h of H2O2 oxidative 

insult. The results are represented as mean ± SEM; *** p<0.001, ** p<0.01, * 

p<0.05 vs untreated cells and # p<0.05 vs the corresponding H2O2 control group. 

Bonferroni’s multiple comparison test. 
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The combination of ORY24h followed by H2O2 still maintained 

significantly higher the Cu-Zn SOD protein expression compared 

with untreated cells (mean ± SEM: 0,097 ± 0,007; p<0.05), but no 

differences were highlighted compared with H2O2 alone (mean ± 

SEM: 0.107 ± 0.019).  Interestingly, in presence of an acute oxidative 

insult (3 h of H2O2 treatment), ORY24h still maintained higher the total 

SOD activity compared with H2O2 alone (mean ± SEM: ORY24h + 

H2O2 0.4448 ± 0.085 vs H2O2 0.214 ± 0.048 Fig. 2C). We also 

evaluated the activity of Catalase and GPx, two enzymes that work 

downstream SOD. No differences in term of catalase activity were 

found comparing the different treatments (data not shown).  

Differently, GPx activity was found to be modulated by Oryzanol. 

ORY24h alone increased GPx activity (mean ± SEM: 0.43 ± 0.016) 

compared to untreated one (mean ± SEM: 0.27 ± 0.011; p<0.001 Fig. 

2D). H2O2 acute insults (3 h) also induced an increase in GPx activity 

that was confirmed by the Oryzanol pretreatment without further 

affecting the activity levels. A long lasting oxidative insult (H2O2 24 

h) showed ORY24h still maintained higher GPx activity after oxidative 

insult suggesting a still active alarm system that is ready to detoxify 

from radicals. All together these data confirmed the antioxidant 

effects of ORY throughout the modulation of endogenous antioxidant 

enzyme activities. 

 

Oryzanol activates the Nrf2 pathway. Activation of the Keap1/Nrf2 

pathway and the consequent induction of its antioxidant genes trigger 

an elaborate network of protective mechanisms against oxidative 

damage [31]. When exposed to an oxidative insult, Keap1, following 

conformational changes, disrupts its binding to Nrf2, in turn 

promoting Nrf2 translocation into the nucleus and the activation of 

transcription-mediated protective responses [32]. Thus, ORY was 

investigated to verify whether it might affect the Nrf2 pathway. We 

focused on the activation of Nrf2 signaling by analyzing its 

translocation into nucleus and its ability to induce NQO1 and HO-1, 
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two prototypical cytoprotective Nrf2-target genes related to cellular 

stress response. 

In basal conditions, 3 h exposure of ORY significantly increased Nrf2 

nuclear expression, that is further enhanced at 6 h and then decreased 

at 24 h, even if in an higher extent in comparison with untreated cells 

(mean ± SEM: ORY3h 1.28 ± 0.11; ORY6h 1.76 ± 0.25, ORY24h 1.03 

± 0.02 vs untreated 0.64 ± 0.07; p<0.01, p<0.001, p<0.05 respectively 

Fig. 3A). As a positive control, also 3 h treatment with 100 μM H2O2 

increased Nrf2 nuclear levels, that resulted higher than those found in 

untreated cells (mean 1.01 ± 0.07; p<0.05), and comparable with 

ORY24h treatment (Fig. 3A). The pretreatment of cells with ORY24h 

followed by 3 h H2O2 did not significantly differ in the extent of 

activation from the ORY24h or H2O2 alone. To further sustain these 

results, we also investigated the Nrf2 expression in the cytosolic 

fraction. At 3, 6 and 24 h, ORY did not modify the Nrf2 cytoplasmatic 

expression, expressed as ratio Nrf2/tubulin (Fig. 3B). In the same 

way, a similar trend was observed in presence of H2O2 alone or 

combined with ORY (Fig. 3B). 

 

 
 

Figure 3. Nrf2 nuclear translocation induced by Oryzanol. HEK-293 cells were 

pretreated with ORY for 3, 6 and 24 h and then stressed with 100 µM H2O2  for 3h. 

Nuclear and cytoplasmic fractions were isolated as described in the methods 

section. (A) Nuclear expression of Nrf2 was assessed by western blotting and Lamin 
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A/C expression was used as loading control. Data are represented as mean ± SD; 

*** p<0.001, ** p<0.01, * p<0.05 vs untreated cells, Dunnett’s multiple comparison 

test. (B) Cytoplasmic expression of Nrf2 was assessed by western blotting and 

Tubulin expression was used as loading control. Data are represented as mean ± SD. 

 

The mRNA expression of Nrf2 was also evaluated in cells pretreated 

with ORY24h alone or followed by a H2O2 time course (Fig. 4A). H2O2 

alone transiently increased mRNA levels of Nrf2. ORY24h alone did 

not affect Nrf2 expression, but when oxidative insult was present, 

ORY24h significantly increased its mRNA levels at 1 and 3 h, without 

changing the transient pattern. The increase of mRNA reflected also 

an increase of Nrf2 protein levels at 24 h after H2O2 insult in presence 

or absence of ORY24h (Fig. 5A). 

 

 
 

Figure 4. Oryzanol activates the transcription of Nrf2-target genes. HEK-293 

cells were pretreated with 5 μg/mL ORY for 24 h followed by a time course of 100 

µM H2O2 (1, 3, 6 and 12 h). After these periods of time cells were processed for 

measuring Nrf2 (A), Keap1 (B), HO-1 (C) and NQO1 (D) mRNA levels by real 

time PCR. GAPDH was used to normalized the results. Data are shown as mean ± 
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SEM. Statistically significant differences were represented as follow: **** 

p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 vs untreated cells and ### p<0.001, # 

p<0.05 vs the corresponding H2O2 control group, Bonferroni’s multiple comparison 

test. 

 

Since Keap1 is the other key factor involved in the regulation of Nrf2 

pathway activation, its mRNA expression was also investigated (Fig. 

4B). ORY24h did not change Keap1 mRNA levels respect to untreated 

cells. H2O2 alone induced a slight increase of Keap1 mRNA level that 

resulted significant only at 3 h. While the combined treatment ORY24h 

and H2O2, although appeared to further enhance Keap1 mRNA, only 

at 3 h of oxidative insult resulted significant.  

To verify the complete activation of the Nrf2 pathway, we then 

analyzed the induction of the cytoprotective Nrf2-target genes. Figure 

4 and 5 reported the mRNA expression and protein levels of HO-1 

and NQO1 in cells exposed to ORY24h alone or followed by H2O2. 

ORY24h treatment increased the mRNA levels of HO-1 and NQO1 by 

nearly two fold and one fold respectively (Fig. 4C, D). HO-1 mRNA 

expression was also transiently induced by oxidative insult, with a 

highest expression at 3 h, that returned at basal levels at 12 h. 

Interestingly after treatment with ORY24h followed by oxidative 

insult, HO-1 mRNA remained still high at 12 h (Fig. 4C). HO-1 

protein expression reflected the mRNA results, significantly 

increasing after ORY24h or H2O2 alone as well as remaining high after 

the combined treatment ORY24h plus oxidative insult (Fig. 5B). 

Similarly, NQO1 mRNA was transiently increased by H2O2 alone or 

in combination with ORY24h, although the magnitude of fold increase 

was lower than that observed for HO-1 at any time point (Fig. 4D). 

NQO1 protein expression reflected the mRNA results, showing a 

significant increase after ORY24h or H2O2 alone and then decreasing 

after the combined treatment ORY24h plus H2O2 (Fig. 5D). 
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Figure 5. Oryzanol induces an increase in Nrf2-target genes protein levels. 

HEK-293 cells were pretreated with 5 μg/mL ORY for 24 h followed by 24 h of 

100 µM H2O2. After that, cells were processed for measuring Nrf2 (A), HO-1 (B), 

GSS (C) and NQO1 (D) protein levels by western blotting. Tubulin or actin were 

used as loading control according with the molecular weight of above investigated 

proteins. Data are shown as mean ± SD; ** p<0.01, * p<0.05 vs untreated cells, 

Dunnett’s multiple comparison test. 

 

Since the increase in GPx activity due to ORY pretreatment, we also 

decided to investigate protein levels of glutathione synthetase (GSS), 

another Nrf2-target gene. GSS protein expression was in accordance 

with the results obtained for HO-1, since it significantly increased 

after ORY24h or H2O2 alone and then decreased after the combined 

pretreatment with ORY and oxidative insult. 
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These data confirmed an early activation of Nrf2 pathway due to ORY 

pretreatment highlighting its ability to modulate efficiently the 

relative expression of Nrf2 target gene both at mRNA and protein 

levels. 

 

Discussion 

Before the westernization of East countries, with the introduction and 

diffusion of Western foods, the East populations were known for their 

longevity and for the low incidence of certain illness, like 

cardiovascular disease [33]. Rice has been, and is even now, at the 

base of diet of such populations and it has been related to the 

prevention of aging and age-related disease, but its importance and 

consumptions are not really well claimed. Rice exerts beneficial 

effects on health, being a source of fiber, minerals, vitamins and 

phenols with antioxidant activities [18, 19, 34, 35]. Rice-derived ORY 

has been well studied for its ability to prevent oxidative stress by 

inducing antioxidant enzyme expression and activity [15, 21].  

Our results support these data and further validate the antioxidant 

effects exerted by ORY by inhibiting H2O2-induced ROS/RNS 

generation. In particular, we showed that, in basal conditions, ORY 

regulated the protein expression of SOD enzymes, also inducing an 

increased enzyme activity. Furthermore, GPx enzyme activity was 

also enhanced by ORY in H2O2-induced ROS/RNS and baseline 

conditions. In addition, following an oxidative insult, when 

ROS/RNS are excessively produced, ORY sustained the antioxidant 

cellular response, maintaining a higher enzymatic activity, thus 

efficiently turning off ROS burst. Through this mechanism, rice-

derived ORY may represent a valid first defense line against oxidative 

hits. Moreover, beyond its antioxidant properties, ORY was found to 

possess further potential functionalities, including anti-

hyperlipidemic, anti-diabetic and anti-inflammatory effects, thus 

suggesting a potential role also against the development of the related 

diseases [15, 21, 35-37]. 
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All these disorders are related to redox imbalance, thus suggesting 

that other mechanisms associated with the regulation of redox 

homeostasis and the protection against long-lasting oxidative insults 

could be involved. Here we showed that ORY exhibited a remarkable 

free radical scavenging property and we further deepened the 

antioxidant profile of ORY by demonstrating for the first time its 

ability to trigger the Nrf2 pathway in terms of up-regulation of Nrf2 

expression, translocation into the nucleus and induction of the Nrf2-

dependent defensive genes. 

These results are also very interesting, because they may suggest 

ORY or ORY-inspired compounds as an integrative intervention to 

impact the aging process and longevity, taking into account that, with 

aging, Nrf2 activity decreases alongside increased oxidant stress [38, 

39]. 

Induction by reactive oxygen species is the best understood 

mechanism of Nrf2 activation. In our experimental models, H2O2 was 

able to induce Nrf2 translocation and activation of its target genes 

involved in cellular responses against xenobiotics. NAD(P)H quinone 

dehydrogenase 1 (NQO1), heme oxygenase-1 (HO-1) mRNA and  

protein levels were found enhanced in HEK-293 cells treated with 

H2O2. SOD1, is another target gene of Nrf2. H2O2 induced an increase 

in the expression of cytosolic SOD, suggesting that it could be under 

the regulation of Nrf2. The mechanism by which free radicals activate 

Nrf2 pathway is via the modification of cysteine residues on Keap1, 

thus resulting in Nrf2 accumulation in the cytoplasm and translocation 

into the nucleus.  Oxidative insult also induced the increased of 

mRNA and protein expression of Nrf2 (Fig. 4A). Two ARE-like 

motifs in the 5 flanking region of the Nrf2 promoter are responsible 

for the induction of Nrf2 upon activation [40], ensuring a feed-

forward process with Nrf2 activation promoting its own expression 

and thus facilitating a profound cellular response to stress. Therefore, 

all these data highlighted the answer that the cells put in place in the 

tentative to detoxify themselves by the oxidative insult that finally 
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failed because ROS/RNS production took the lead. In addition, Nrf2 

can also be activated by different phytochemicals [41-43] as well as 

various pharmaceuticals (reviewed in [44]) via overlapping and 

distinct mechanisms. 

Here we demonstrated that ORY alone was able to transiently induce 

Nrf2 translocation that was still present when oxidative insult was 

added. The mechanism of action by which ORY is able to modulate 

Nrf2 pathway could be due by its intrinsic chemical structure (Fig.6). 

The hydroxyl group of the phenolic ring of ORY and an electron 

delocalization of ferulate residue induced by the presence of 

ROS/RNS [15, 21] might be involved in the modification of cysteine 

thiols of Keap1, leading to the inhibition of Keap1-Nrf2 binding. The 

consequence of Nrf2 nuclear translocation is the transactivation of its 

target genes. Here we found that ORY24h induced the transiently 

transcription of at least three Nrf2 target genes, HO1, NQO1 and GSS. 

HO-1 and NQO1 gene transactivation was confirmed by the increase 

of their protein expression. It is noteworthy that HO-1 mRNA was 

still higher after 12 h of pretreatment with ORY followed by oxidative 

insult, suggesting the existence of putative alternative mechanisms 

able to sustain in parallel its expression. Finally, ORY24h-induced Cu-

Zn-SOD (SOD1) increased protein expression could be also under the 

control of Nrf2. 

In conclusion, this study demonstrates that the antioxidant properties 

of ORY are sustained by the Nrf2 pathway. The beneficial effects of 

ORY have been here reinforced by understanding its mechanism of 

action. Since Nfr2 has been also proposed as a “master regulator of 

the aging process” playing a role in regulating longevity as well as 

age-related diseases, in future we will further investigate ORY 

properties as a possible longevity-promoting inducer. 
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Introduction 

Age-related macular degeneration (AMD) is a severe 

neurodegenerative disease and the main cause of irreversible 

blindness in the elderly worldwide because of the progressive loss of 

central vision,due to degenerative and vascular changes in the macula, 

a retinal region responsible for fine and color vision [1]. 

AMD pathology shows various phenotypes and severity: it is 

classified in dry (~90%) and wet (~10%) forms, in early and late 

stages. It is possible, in some cases, that the dry AMD form converts 

into the wet form. Dry AMD is hardly detectable at the earlier stage, 

and its advanced form, named geographic atrophy, is responsible for 

the majority of blindness cases [2]. To date, no cure is available for 

dry AMD. On the contrary, in the wet form, monthly intravitreal 

injections of anti-VEGF drugs arer used to contrast neoangiogenesis, 

but this therapy can only delay the symptoms and slow down the 

disease progression [3]. 

The lack of effective AMD treatments is due to the poor 

understanding of AMD at molecular and cellular levels. The available 

AMD animal models do not recapitulate all the features of human 

disease [4], making more difficult the identification of new possible 

therapy targets. Furthermore, the etiology of AMD is complex: well-

known risk factors have been identified in aging and genetic, and in 

environmental and behavioral factors, including unhealthy lifestyle. 

Among the earliest factors triggering this pathology there is the 

degeneration of retinal pigment epithelium (RPE) primarily 

responsible for photoreceptor homeostasis [5]. RPE cells are involved 

in several functions of the retina, and their degeneration cause adverse 

effects on photoreceptors and choriocapillaries, finally leading to 

visual loss [6]. 

The AMD pathogenic mechanisms are unknown; however, oxidative 

stress, inflammation, and protein aggregation, have been indicated as 

main determinants [7-9]. 
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In AMD, RPE shows increased susceptibility to oxidative stress with 

higher levels of reactive oxygen species (ROS) and inflammation, 

reduced mitochondrial activity and autophagy impairment with 

increased protein aggregation [10, 11]. 

AMD microscopic pathological hallmarks are intracellular and 

extracellular depositions of toxic materials, which usually are 

removed by the autophagic pathway. In AMD RPE, these deposits, 

observed both in early and late stages, result in cell apoptosis [12] and 

in ROS generation. The increase of oxidative stress, in turn, induces 

protein aggregation contributing to inflammation and triggering a 

vicious cycle [13]. 

The main system used by RPE to neutralize oxidative stress and 

maintain cellular homeostasis is the Keap1/Nrf2/ARE pathway [14]. 

In basal conditions, Nrf2 is sequestered in the cytosol by Kelch-like 

ECH-associated protein 1 (Keap1), which recruits an ubiquitin ligase 

and mediates Nrf2 ubiquitination and proteasomal degradation. Upon 

oxidative stress conditions, Keap1 undergoes a conformational 

change and dissociates from Nrf2 that is free to translocate into the 

nucleus, where it binds to the antioxidant response element (ARE) in 

the promoter of target genes, such as SOD1, catalase and HO-1, thus 

promoting their transcription [15-17].  

Interestingly, Nrf2 expression level decreases in aged retina [18], its 

signaling pathway is impaired in aged RPE exposed to an oxidative 

insult [19], and in human AMD Nrf2 labeling is decreased in RPE 

associated with drusen [20]. Moreover, KO animals for Nrf2 or its 

downstream genes develop age-related RPE degeneration and other 

AMD-like features [21-24] strongly suggesting that Nrf2 pathway 

impairment contributes to RPE degeneration in AMD [25]. 

It is widely known that Nrf2 activation suppresses inflammation 

indirectly through redox control [26]. More recently, evidence also 

demonstrated that Nrf2 acts directly as negative regulator of pro-

inflammatory cytokine genes by binding to their promoters and 

inhibiting RNA Polimerase II recruitment [27]. 
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Furthermore, triggering Nrf2 pathway blocks IL-1 and IL-6 

expression, and displays antioxidant and anti-inflammatory effects in 

vitro and in vivo in ocular injury animal model [28]. These findings 

suggest that many anti-inflammatory effects observed in previous 

studies and attributed to the Nrf2-mediated transcription of ROS-

scavengers, might depend upon Nrf2 direct effects on the 

transcription of cytokines and other genes related to inflammation. 

Moreover, Nrf2 has been found to be crucial in the activation of the 

inflammasome, with Nrf2-inducing compounds, including the anti-

inflammatory drug dimethyl fumarate (DMF), being able to block the 

activation of the NLRP3 inflammasome, independently on Nrf2-

induced gene expression [29]. The inflammasome is a group of 

protein complexes inducing an inflammatory response following 

stress factors [30].  

In AMD, the inflammasome activation is related to RPE damage in 

both dry and wet forms [31, 32], and it has been hypothesized that it 

might trigger retinal cells death by pyroptosis, a mechanism 

depending on caspase-1 [33]. 

As previously said, in addition to increased oxidative stress and 

inflammation, AMD shows aberrant protein deposition. Thus 

clearance alteration has been frequently linked to AMD and 

autophagy process, the main clearing system in RPE cells, has been 

involved [9]. 

Autophagy is a catabolic process that directs degradation of 

unnecessary cellular molecules such as unfolded or damaged proteins, 

aggregates and organelles by delivering them to lysosomes, where 

they are degraded and recycled [34]. It is an internal quality control 

mechanism fundamental for assuring cellular homeostasis, and its 

alterations can contribute to several pathologies [35-37]. Aging is 

characterized by a general decrease of autophagic activity in all 

tissues, including the eye, and a further impairment of autophagy has 

been suggested in AMD [9, 38]. 
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Among the genes involved in protein aggregates clearance via 

autophagy and proteasome pathway, p62 is a stress response factor 

with a role in AMD [39, 40]. In fact, p62 exerts a cytoprotective role 

in RPE against oxidative stress [41] and it is considered the link 

between autophagy and Nrf2 signaling [42] because it can directly 

bind Keap1 allowing Nrf2 activation [43-45]. Notably, Nrf2 can 

induce the expression of autophagy genes, like Hsp70 and p62 itself 

[46-48] suggesting a crosstalk between the two signaling cascades. 

Given its central role in the modulation of different pathways 

involved in AMD, the Nrf2 transcription factor represents an 

attracting target for drug discovery. Many Nrf2-activating drugs have 

been evaluated in vivo and in vitro in degenerative diseases and in 

retinal tissues [49-55]. The results of these studies shown that Nrf2 

activity increase protects against oxidative stress, inflammation and 

protein deposition [56-58]. However, to our knowledge, none of Nrf2 

activators is under clinical testing for eye diseases. Thus, new nature-

inspired compounds able to activate Nrf2-pathway (described in 

Chapter I, Part 3 and 4 of this thesis) are of great interest. 

 

Background data 

In the context of a potential therapeutic intervention for AMD, nature 

may represent a structural muse. Natural products have already 

proven to be a rich source of therapeutics and, by offering a great 

chemical diversity, they may be of inspiration to create new bioactive 

compounds. Thanks to an active collaboration with the research group 

coordinated by professor Michela Rosini of the Department of 

Pharmacy and Biotechnology at the Alma Mater Studiorum 

University of Bologna with a strong expertise in molecular design and 

synthesis, the combination of the hydroxycinnamoyl function of 

polyphenols and the allyl mercaptan moiety of garlic-derived 

organosulfur compounds, led to the synthesis of new nature-inspired 

chemical entities, which have been shown to possess a 

polypharmacological profile. 
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Their first characterization concerned the investigation of the 

molecular mechanisms potentially involved in aging and dementia, 

and led us to identify the catechol derivative, compound 1, with 

remarkable anti-aggregating ability and antioxidant properties [59, 

60]. Deepening insight the antioxidant profile of compound 1, we 

observed its ability to induce the activation of Nrf2 pathway in human 

neuroblastoma cells (Chapter I, Part 4). 

The prospect for tuning the Nrf2-mediated inducible antioxidant 

response is offered by Keap1 cysteine residues, which covalently 

conjugate electrophilic species. As a consequence, electrophiles and 

proelectrophiles from synthetic and natural sources have increasingly 

attracted interest in the drug discovery community. Among others, the 

catechol motif (red color, Figure 1) emerged as privileged structure as 

it becomes active electrophilic ortho-quinone on oxidation, 

prospecting benefits of proelectrophiles, which should provide major 

neuroprotection in oxidative conditions.  

 

 
 

Figure 1. Design strategy for molecules 2,3 and 4 from leading compound 1. 

The catechol moiety (red color) and the electrophilic α,β-unsaturated carbonyl 

group (blue color) in Michael-type acceptor compounds such as curcumin and 

DMF, should be protective in oxidative stress conditions. 
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The electrophilic α,β-unsaturated carbonyl group (blue color, Figure 

1) in Michael acceptor-type compounds, such as curcumin (CURC) 

and dimethylfumarate, represents an additional source for Nrf2 

activation. These modifications should provide selectivity toward the 

binding site of Keap1, and prospect an optimized profile for these new 

molecules as Nrf2 inducers. 

We already characterized these new natural hybrids as Nrf2 inducers 

in human neuroblastoma SH-SY5Y cells finding a better potency on 

Nrf2 activation profile than molecules already known in literature, 

such as DMF, a known Nrf2 activator approved by FDA that is 

currently used in clinic for multiple sclerosis (Chapter I, Part 4). 

In addition to the antioxidant profile previously described and keeping 

in mind the centrality of the autophagy process impairment in AMD 

etiology, we investigated the ability of the leading compound 1 to 

modulate the expression of p62 and Hsp70 which are known to be 

autophagy genes (Figure 2). 

 

 
Figure 2. Modulation of p62 and Hsp70 protein expression in SH-SY5Y cells. 

SH-SY5Y human neuroblastoma cells were treated for 24 hours with compound 1 

[5 μM]. After treatment, cells were harvested, washed and lysed. Whole cells 

extracts were examined by Western blot using an antibody against p62 or Hsp70. 

β-actin expression was detected to normalize the samples. Each value represents the 

mean ± SEM of three independent experiments. Statistical analysis was performed 

with unpaired T-test with ***p <0.001 versus CTR (vehicle-treated cells). 
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Hybrid 1 showed to induce an increase in p62 protein expression and 

to be able to positively modulate, although not in a statistically 

significant manner (p value = 0,0667), Hsp70 levels in SH-SY5Y 

human neuroblastoma cells. Thus, confirming the crosstalk between 

the Nrf2 pathway and the autophagy process.  

Finally, we preliminarily evaluated the potential anti-inflammatory 

activity of nature-inspired compounds in another cellular model, the 

THP-1 human monocytic cell line derived from an acute monocytic 

leukemia patient, which is responsive to an inflammatory stimulus 

such as lipopolysaccharide (LPS). The new natural hybrids 

diminished the LPS-induced increase in the production of tumor 

necrosis factor alpha (TNF-α) and interleukin (IL)-8 (Figure 3). 

Surprisingly, also compound 4, which lacks both functionalities 

essential for Nrf2 activation, showed a similar effect on pro-

inflammatory cytokines, thus suggesting that the anti-inflammatory 

activity may be independent from Nrf2 activation. 

 

 
 

Figure 3. TNF-α and IL-8 modulation in THP-1 cells. THP-1 cells were seeded 

and pre-treated 24 h with compounds 1-4 [5 μM]. After treatment, cells were 

exposed to LPS (10 ng·mL-1) for additional 3 h. TNF-α (A) and IL-8 (B) release 

were evaluated in cell-free supernatants by ELISA, following the manufacturer’s 

instructions. Each value in the graph represents the mean ± SEM of three 
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independent experiments. Statistical analysis was performed with Dunnett’s 

multiple comparison test with **p < 0. 01, ***p < 0. 001 versus LPS. 

 

Preliminary results 

On the basis of the above reported data, we performed some pilot 

experiments to start to investigate the activity of nature-inspired 

hybrids in the cell model suitable for the study of AMD: the ARPE-

19 retinal pigmented epithelium (RPE) cell line. 

In order to define the range of concentration to be used in cellular 

experimental settings, the cytotoxicity of compounds 1, 4, curcumin 

and dimethyl fumarate was assessed in ARPE-19 cells.  

Cells were exposed to the compounds at increasing concentrations 

ranging from 1 to 100 M (1, 2.5, 5, 7.5, 10, 25, 50, 75 and 100 M) 

for 24 h and cell viability was evaluated by MTT assay. As shown in 

Figure 1, all the compounds were well tolerated, in fact they do not 

induce any statistically significant decrease in ARPE-19 cell viability. 

 

 

 

Figure 1. Cell viability of ARPE-19 cells treated with nature-inspired hybrids. 

ARPE-19 cells were treated for 24 hours with increasing concentrations of hybrid 

1, and their viability was assessed by MTT assay. The cell toxicity of curcumin 

(CURC), dimethyl fumarate (DMF), and the non(pro)electrophilic derivative hybrid 

4, were also tested. Each value represents the mean ± SEM of three independent 

experiments. Dunnett’s multiple comparisons test versus CTR (100%, dotted red 

line). 
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Once assessed the safety of the hybrids on the ARPE-19 cell line, we 

verify the ability of compound 1 to induce the Nrf2 transcription 

factor translocation from the cytosol to the nucleus. Cells were treated 

with two different concentrations of compound 1 (500 nM and 5 μM) 

for 3 h and then fractionated to separate the nuclear extracts. As 

shown in Figure 2, hybrid 1, at the highest concentration tested (5 

μM), triggered Nrf2 translocation to the nucleus. 
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Figure 2. Nrf2 nuclear translocation in ARPE-19 cells. ARPE-19 cells were 

treated for 3 h with hybrid 1 at two different concentrations, and then were subjected 

to cell fractionation. Nuclear extracts were examined by Western blot using an 

antibody against Nrf2. Lamin A/C expression was detected to normalize the 

samples. Each value represents the mean ± SEM of three independent experiments. 

*p < 0.05 Dunnett’s multiple comparisons test versus CTR. 

 

Finally, to assess the complete Nrf2 pathway activation, we 

investigate the modulation of the expression of HO-1, one of the well-

known Nrf2-target genes. ARPE-19 cells were treated with compound 

1 (500 nM and 5 μM) for increasing times (3, 6, 9, 16, 24 h) and then 

fractionated to obtain the cytosolic fraction. As shown in Figure 3, the 

treatment with 5 μM hybrid 1 induced a long-lasting increase in HO-

1 protein levels that is statistically significant from 6 to 24 h. 

Moreover, at 24 h, also the lower concentration of 500 nM seemed to 

be effective. 
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Figure 3. Nrf2-target HO-1 expression levels in ARPE-19 cells. Cytoplasm 

extracts were examined by Western blot using an antibody against HO-1. Actin 

expression was detected to normalize the samples. Each value represents the mean 

± SEM of three independent experiments. *p < 0.05, **p < 0.01. Dunnett’s multiple 

comparisons test versus CTR. 

 

In conclusion, these preliminary results confirmed the ability of 

nature-inspired hybrid 1 to trigger the Nrf2 pathway also in the cell 

line ARPE-19 which represents the retinal pigmented epithelium and 

are the suitable cell model for the study of AMD pathogenesis. 

Further experiments will be performed in the next months and for the 

next two years thanks to the funding received by the Fondo di Ricerca 

di Ateneo, Blue Sky Research. This research field will open future 

perspective for my work after the PhD. 

 

Material and methods 

Cell Culture and Treatments. Human ARPE-19 cells were obtained 

from the American Type Culture Collection (ATCC) and grown to 

confluence in a humidified 5% CO2 atmosphere at 37°C. ARPE-19 

cells were cultured in Dulbecco’s MEM/Nut MIX F-12 (1:1) medium 

containing 10% inactivated FBS, 100 units/ml penicillin, 100 µg/ml 
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streptomycin and 2 mM L-glutamine. The cells were treated with 

vehicle (DMSO), hybrid 1, 2, 3, 4, curcumin or DMF, at the 

concentrations indicated in the figure legends. 

 

Cell fractioning and Western blotting. Cells were seeded in 100 

mm2 dishes and treated as reported in figure legends. Cells were then 

washed and homogenized using a glass-glass dounce homogenizer in 

0.32 M sucrose buffered with 20 mM TrisHCl (pH 7.4) containing 2 

mM EDTA, 0.5 mM EGTA, 50 mM β-mercaptoethanol, and 20 

μg/mL leupeptin, aprotinin, and pepstatin. The homogenate was 

centrifuged at 300g for 5 min to separate the nuclear and cytoplasmic 

fractions. Proteins of both the cellular fractions were separated on 

SDS-polyacrylamide gel electrophoresis and processed following 

standard procedures. The nitrocellulose membranes signals were 

detected by chemiluminescence. Statistical analysis of Western blot 

data were performed on the densitometric values obtained with the 

NIH image software 1.61 (http://rsb.info.nih.gov/nih-image). 

 

Cell viability. Mitochondrial enzymatic activity was used to estimate 

the cell viability of ARPE-19 cells by MTT [3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide] assay following standard 

procedure. Absorbance values were measured at 595 nm in a 

microplate reader and the results expressed as % with respect to 

control. 

 

Statistical analysis. The statistical analysis were performed by using 

GraphPad InStat software. All results were analyzed by Dunnett’s 

multiple comparisons test ; differences were considered statistically 

significant when p < 0.05. 
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