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A B S T R A C T   

Simultaneous modulation of multifaceted toxicity arising from neuroinflammation, oxidative stress, and mito-
chondrial dysfunction represents a valuable therapeutic strategy to tackle Alzheimer’s disease. Among the sig-
nificant hallmarks of the disorder, Aβ protein and its aggregation products are well-recognised triggers of the 
neurotoxic cascade. In this study, by tailored modification of the curcumin-based lead compound 1, we aimed at 
developing a small library of hybrid compounds targeting Aβ protein oligomerisation and the consequent 
neurotoxic events. Interestingly, from in vitro studies, analogues 3 and 4, bearing a substituted triazole moiety, 
emerged as multifunctional agents able to counteract Aβ aggregation, neuroinflammation and oxidative stress. In 
vivo proof-of-concept evaluations, performed in a Drosophila oxidative stress model, allowed us to identify 
compound 4 as a promising lead candidate.   

1. Introduction 

Alzheimer’s disease (AD) affects 47 million people worldwide and is 
the most prevalent neurological disorder. In the absence of effective 
therapeutic strategies and a scenario of an ageing population, the in-
crease rates are probably projected to reach beyond 152 million by 2050 
[1]. 

The recognised neuropathological hallmarks of AD patients are se-
nile plaques (SPs), which derive from the aggregation of amyloid β (Aβ) 

peptides, and neurofibrillary tangles, which are composed of aggregated 
hyperphosphorylated tau protein. Aβ protein accumulation and aggre-
gation in brain tissue are supposed to represent one of the primary 
critical events triggering AD pathogenesis. The amyloid cascade hy-
pothesis, officially postulated by Hardy and Higgins in 1992, has 
described the neuropathological consequences of Aβ aggregation and 
deposition (loss of cognitive functions, neuronal cell death and vascular 
damage) and over the last three decades has represented an essential 
focus of AD research programs and clinical trials [2,3]. 
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It is increasingly accepted that a range of soluble Aβ assemblies, 
among which Aβ oligomers (AβOs), accumulate in the central nervous 
system (CNS): here, they exert a wide range of neurotoxic effects, not 
only at a molecular level but also via different mechanisms, such as 
oxidative and endoplasmic reticulum stress, mitochondrial dysfunction 
and membrane permeabilisation [4,5]. These effects are mutually 
involved in a feed-forward loop that ultimately leads to CNS cellular 
dysfunction and apoptosis, thus driving AD onset and progression [6]. 
AβOs and SPs, both directly or indirectly, trigger CNS inflammatory 
responses: they induce morphological changes in microglia and astro-
cytes responsible for the secretion of cytokines (interleukin-1β (IL-1β), 
interleukin-6 (IL-6), and tumour necrosis factor-α (TNF-α)), reactive 
oxygen species (ROS), and other cytotoxic elements [7]. In turn, these 
inflammatory mediators, highly expressed in the proximity of Aβ pep-
tide deposits, enhance Aβ production and SPs deposition, and thus 
exacerbate neurodegeneration [8]. 

In response to stress and inflammatory conditions, the nuclear factor 
erythroid 2-related factor 2 (Nrf2) is released from its inhibitor Keap1, 
translocates into the nucleus, and, upon binding to the antioxidant 
response element, induces the transcription of antioxidant genes and the 
expression of a wide range of cytoprotective genes, among others NAD 
(P)H quinone oxidoreductase 1, heme oxygenase-1, superoxide dis-
mutase (SOD), and catalase (CAT) [9,10]. Moreover, Nrf2 can directly 
regulate mitochondrial biogenesis and function, reducing the over-
production of intracellular ROS and the inflammatory response by 
inhibiting the activation of nuclear factor-kappa B and preventing the 
transcriptional upregulation of IL-6 and IL-1β [11]. 

In severely affected AD brains, the activities of antioxidant proteins 
like SOD, CAT, glutathione peroxidase (GPx), and glutathione reductase 
are remarkably upregulated; SOD activity, Nrf2 and total heme- 
oxygenase activity are similarly increased in moderately affected areas 
of the brain, whereas total GPx, CAT and peroxiredoxin activities are 

decreased [12]. Indeed, SOD1 and CAT represent first-line antioxidant 
enzymes that prevent or repair detrimental effects elicited by ROS and 
regulate redox-sensitive pathways in different species [13,14]. 

From this evidence, it emerges how the pathological state of AD 
consists of an arrangement of pathologic positive feedback loops, ulti-
mately directing to a magnification of the original perturbation, and 
their concurrent modulation is becoming a helpful approach. Conse-
quently, it is broadly recognised that the simultaneous modulation of 
different targets and interconnected pathways involved in multifactorial 
diseases, such as AD, represents a promising therapeutic approach [15]. 
Thus, as multifunctional agents promise improved effectiveness in 
comparison to single-target drugs [16,17], we identified the inter-
connected AβOs toxicity, neuroinflammatory and oxidative stress phe-
notypes as critical intervention points. 

Natural products (NPs), regarded as precious sources of inspiration 
for drug design, offer a plethora of valuable molecular scaffolds and 
favoured ligand-protein binding motifs [18] from which 
structure-activity relationship studies can be performed. Among them, 
the polyphenol curcumin (curc, Fig. 1), found in the rhizome of Curcuma 
longa, has been demonstrated to feature a versatile opportunity in 
several therapeutic areas, especially neurodegeneration, cancer, and 
infectious diseases. In the AD framework, curc proved to hamper Aβ 
production and aggregation and to modulate a large variety of crucial 
targets and pathways, namely oxidative stress and neuroinflammation 
[19]. Extensive studies have investigated the molecular basis of curc 
anti-neurodegenerative effects. It emerged that the diarylhepta-1,4, 
6-trien-3-one function, containing an electron-rich α,β unsaturated 
carbonyl system, offers the opportunity to modulate several AD targets, 
likely by reacting via Michael’s addition with cysteine residues. Recent 
modeling studies revealed that the binding of curc to Aβ42 and AβOs is 
governed by a proper balance between polar and hydrophobic in-
teractions, mainly related to the ability of the side aryl rings to establish 

Fig. 1. Chemical structures of KE and KK curc tautomers, lead compound 1, 1-DEF hybrid, and design of the newly synthesised analogues 2a-c, 3, and 4.  

E. De Lorenzi et al.                                                                                                                                                                                                                             



European Journal of Medicinal Chemistry 252 (2023) 115297

3

both H-bonds and π− π interactions [20]. 
Curc druggability has been subjected to debates in which some sci-

entists defined it as a pan-assay interfering (PAIN) chemical and others 
as a discriminating agent [21–23]. Tailored modifications and func-
tionalisation of the curc backbone successfully allowed for obtaining 
selective modulating agents for well-defined targets, thus demonstrating 
that compound’s reactivity might be context-dependent [24]. In this 
arena, we and others have previously reported on different small li-
braries of curc-based analogues as therapeutic opportunities for 
modulating selected targets involved in neurodegenerative diseases 
[25–31]. 

2. Results and discussion 

2.1. Design strategy 

Curc, due to pleiotropic behaviour, proved to be a valuable lead 
compound to achieve stable, effective, selective, and non-toxic ligands 
for the modulation of anti-neurodegenerative relevant targets. In line 
with this, we previously discovered compound 1 (5-hydroxy-1,7-bis(4- 
methoxyphenyl)hepta-1,4,6-trien-3-one) as a dual inhibitor of the 
BACE-1 and GSK-3β, able to cross the blood brain barrier without elic-
iting CNS toxic effects [25]. The hybrid 1-DEF (diethyl fumarate) was 
then developed by introducing an ethyl-acryloyl fragment into the 4-po-
sition of the central hepta-1,4,6-trien-3-one framework, obtaining a dual 
GSK-3β inhibitor/Nrf2 inducer [26]. 

In this study, as a continuation of our chemical exploration around 
lead 1, some chemical modifications have been performed to obtain 
analogues with enlarged anti-AD potential (Fig. 1). In detail, the 4-posi-
tion of hepta-1,4,6-trien-3-one core was decorated with an ester moiety, 
typically regarded as a versatile functional group in medicinal chemis-
try, leading to 2a and 2b as ethyl and tert-butyl functionalised de-
rivatives, respectively; the corresponding carboxylic acid (2c) was also 
designed. Considering the detrimental role of the Aβ histidine (His13 
and His14) in promoting amyloid aggregation through copper binding, 
the triazole heterocycle in 3 and 4 could hamper this His-driven process 
by interacting with these residues [32,33]. Thus, a 1,2,3-triazole het-
erocycle, regarded as a privileged fragment due to its attitude to make 
favourable interactions with biological macromolecules [34,35], was 
employed as a spacer. It was decorated with the ethyl ester moiety and 
an n-butyl group (compounds 3 and 4, respectively) [36]. 

2.2. Synthesis 

The synthetic strategy to obtain the curcumin-based analogues 2a-c, 
3, and 4 is depicted in Scheme 1. First, intermediates 5–7, obtained as 
mixtures of KE and KK tautomers, were synthesised by an alkylation 
reaction of pentane-2,4-dione with the suitable alkyl halide (ethyl-2- 
bromoacetate, tert-butyl 2-iodoacetate, or propargyl bromide, respec-
tively) in the presence of a base [37]. 

Two different experimental conditions were employed: NaH and r.t. 
to obtain 5 and 6, and anhydrous K2CO3 and heating to afford 7. Then, a 
Pabon reaction [25,38,39] between these last intermediates and 
4-methoxy benzaldehyde allowed obtaining the curcuminoids 2a, 2b, 
and 8 (KE form, in line with both 1H NMR and 13C NMR data). The 
saponification of the ethyl ester derivative 2a using NaOH afforded the 
carboxylic acid derivative 2c (KE-KK mixture). A Huisgen 
copper-catalysed alkyne-azide cycloaddition (CuAAC) [37] between the 
propargyl derivative 8 and the azides 9 and 10 (prepared by a reaction 
between the appropriate halides and NaN3) gave 3 and 4 (KE/KK 
tautomeric couple and as KE tautomer, respectively). 

2.3. Anti-inflammatory activity in microglial cells 

2.3.1. Cell viability 
Experiments to analyse 1, 2a-c, 3, and 4 safety were first performed 

to identify a non-cytotoxic concentration range to ensure that any anti- 
inflammatory activity examined in the subsequent studies was specific 
to the compounds rather than a non-specific effect due to reduced cell 
viability. For this reason, cytotoxicity was initially screened by the 3- 
[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) 
assay on primary microglial cells, the resident immune cells of the CNS, 
which represent a powerful tool to test the potential anti-inflammatory 
effect of candidate compounds [40]. Compared to curc (used as a 
reference compound) [27,28,41], analogues 1, 2a, and 2c exhibited 
lower cytotoxicity, considering that there was no effect on cell viability 
at concentrations ranging from 1 to 20 μM. The analogue 2b exhibited 
similar cytotoxic impacts to those of curc, as it showed a significant 
decrease in microglia cell viability at 20 μM. Differently, compounds 3 
and 4 markedly reduced microglia viability starting from the concen-
tration of 10 and 5 μM, respectively (see Fig. S1). 

2.3.2. Antiinflammatory activity 
Following stimulation with lipopolysaccharide (LPS), the bacterial 

endotoxin most commonly used as a pro-inflammatory stimulus for 

Scheme 1. Synthesis of the curc-derivatives 2a-c, 3, 4. Reagents and conditions: i) Ethyl bromoacetate or tert-butyl 2-iodoacetate, NaH (60% dispersion in mineral 
oil), dry THF, N2, 0 ◦C to r.t.; ii) propargyl bromide solution (80 wt % in toluene), anhydrous K2CO3, acetone, 80 ◦C; iii) B2O3, dry DMF; iv) B(n-BuO)3; v) n-BuNH2, 
80 ◦C; vi) HCl, 80 ◦C; vii) NaOH (CH3OH, 0.2 N), DCM/CH3OH (9:1), r.t.; viii) CuSO4, (+)-sodium L-ascorbate, DMF or DMSO, r.t. 
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immune cells [42], microglia secrete a variety of pro-inflammatory cy-
tokines (TNF-α, IL-6, and IL-1β), chemokines and neurotoxic factors 
(ROS and nitrogen species), which result in neuronal insult and aggra-
vate the progression of neurodegenerative diseases [43]. Accordingly, 
inhibiting the production of these mediators is an important therapeutic 
goal for developing anti-AD lead candidates. Microglia cells were 
exposed to increasing non-cytotoxic concentrations of compounds 1, 
2a-c, 3, and 4, and curc (positive control) for 1 h and then stimulated 
with LPS for 24 h to induce the inflammatory response (Fig. 2). The 
anti-inflammatory effects were determined by measuring the com-
pound’s ability to inhibit the release of TNF-α and IL-1β, two master 
regulators of inflammation that are widely implicated in the pathogen-
esis of CNS disorders and share similar kinetics of release [44,45]. 

Unstimulated cells released low or undetectable amounts of the above 
cytokines, which remained unchanged after treatment with the highest 
non-cytotoxic concentration of the compounds. On the contrary, LPS 
treatment markedly induced the release of TNF-α and IL-1β, which was 
significantly decreased by the newly synthesised analogues 2a, 2b, 3, 4, 
and by curc. In particular, derivatives 2a, 2b, and 3, which bear an ester 
function (Fig. 2C, D, F, J, K, M), showed an inhibitory effect similar to 
that of curc (Fig. 2A, H); compound 4 bearing a triazole ring decorated 
with a lipophilic n-butyl chain, exerted the most remarkable 
anti-inflammatory effect, given that it strongly inhibited the release of 
TNF-α at the concentration of 2.5 μM and that of IL-1β starting from the 
final concentration of 1 μM (Fig. 2G, N). Surprisingly, lead compound 1 
failed to inhibit the LPS-induced release of both cytokines at all the 
tested concentrations (Fig. 2B, I); the same effect was noticed for 2c, 
characterised by a free carboxylic group (Fig. 2E, L). 

The results from ELISA showing a robust anti-inflammatory activity 
for compounds 2a, 3, and 4 prompted us to perform further evaluations. 
Since Aβ aggregation has been shown to trigger upregulation and acti-
vation of the NLRP3 inflammasome, which, in turn, is involved in the 
cleavage of pro-IL-1β into the secreted form IL-1β [46], the mRNA levels 
of TNF-α and IL-1β, as well as those of the NLRP3, were measured. 

Microglia cells were exposed to 2a (10 μM), 3 (5 μM), and 4 (2.5 μM) 
and then stimulated with LPS; curc and 1 (10 μM) were used as the 
reference and negative control, respectively. Compounds 2a, 3, 4, and 
curc markedly suppressed the LPS-induced increase of mRNA levels of 
the two cytokines and NLRP3, confirming the anti-inflammatory prop-
erties of the derivatives. Again, 1 demonstrated its inability to affect the 
microglial inflammatory response (Fig. 3A–C). 

2.4. Antioxidant activity in human SH-SY5Y neuroblastoma cell line 

2.4.1. Cell viability 
As best performing in the microglia anti-inflammatory assay, the 

cytotoxicity of 1, 2a, 3, and 4 was also evaluated in SH-SY5Y neuro-
blastoma cells [47]. 

Compounds 1 and 2a did not show cytotoxicity at all the tested 
concentrations, while 3 and 4 recorded significant cytotoxicity at con-
centrations higher than 5 and 2.5 μM, respectively (see Fig. S2). As the 
above derivatives showed the same cytotoxicity profile observed in 
microglia cells (see Fig. S1), concentrations up to 2.5 μM were selected 
for the following experiments on this cell line. 

2.4.2. Antioxidant activity 
A decreased expression of Nrf2 was observed in neurons and glial 

cells of AD patients [10] with a concomitant reduction of the cytopro-
tective potential against cellular insults. Recent studies report that some 
NPs and NP-related molecules, such as curc, can exert indirect antiox-
idant effects and activate the Keap1/Nrf2 pathway resulting in tran-
scriptional induction of glutathione (GSH) [48]. Based on these 
considerations, the SH-SY5Y intracellular GSH levels, after a 24 h 
treatment with analogues 1, 2a, 3, and 4 at 2.5 μM, were determined by 
using the fluorescent probe monochlorobimane. A significant increase 
was observed for all tested analogues, and compound 4 resulted as the 
most active, with a percentage of around 40%. On the contrary, deriv-
ative 1 did not show any ability to amplify intracellular GSH (Fig. 4A). 

Indirect antioxidant potential was investigated to determine whether 
the intensification of the total GSH level could translate into antioxidant 
effects. Cells were treated for 24 h with the selected compounds (2.5 μM) 
before adding the pro-oxidant tert-butyl hydroperoxide (t-BuOOH, 50 
μM for 30 min), and ROS levels were measured by the fluorescent probe 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA). The obtained 
results proved that only new compounds 2a, 3, and 4 reduced ROS 
formation with inhibition of around 38, 28 and 18%, respectively, while 
lead 1 did not elicit an indirect antioxidant effect (Fig. 4B). 

To gain insight into the molecular basis of the increase in GSH, the 
activation of the Keap1/Nrf2 pathway was evaluated. SH-SY5Y cells 

Fig. 2. Effects of curc and analogues 2a-c, 3 and 4 on cytokine release from 
LPS-stimulated cortical microglia. Microglia were treated with the derivatives 
for 1 h and further stimulated with LPS. Supernatants were collected and 
analysed for TNF-α (A-G) and IL-1β (H–N) release. Results are expressed as a 
percentage of cytokine release relative to LPS-stimulated microglia (black bars). 
Data are reported as mean ± SEM of 3 independent experiments. *p < 0.05, 
**p < 0.01, and ***p < 0.001 versus LPS-stimulated cells. One-way ANOVA 
followed by Holm-Sidak’s multiple comparison test. 
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were treated with compounds 1, 2a, 3, and 4, and nuclear and cytosolic 
Nrf2 levels were evaluated by Western blotting. Results are expressed as 
nuclear/cytosolic Nrf2 ratio, where an increased ratio indicates an 
enhancement of Nrf2 nuclear translocation. As shown in Fig. 4C, com-
pounds 4 and 3, but not 2a and 1, significantly induced Nrf2 nuclear 
translocation, suggesting that the triazole function plays a role in elic-
iting an indirect antioxidant effect. 

2.5. Anti-oligomeric activity 

In light of the anti-inflammatory and antioxidant properties 
described above for compounds 2a, 3 and 4, we next explored their anti- 
oligomeric activity using Aβ42 peptide. To this end, we exploited a well- 
established capillary electrophoresis (CE) assay that we first introduced 
in 2004 [49] and recently optimised [29,50]. By this method, the sep-
aration over time of non-toxic low molecular weight oligomers (LMW 
Aβ42Os) from toxic high molecular weight oligomers (HMW Aβ42Os) 
that build up in the capillary takes place in an aqueous buffer, to pre-
serve the dynamic equilibrium of the non-covalent assemblies, before 
precipitation into fibrils [29,49]. Due to their heterogeneous and tran-
sient nature along the fibrillogenesis pathway, a debate is still ongoing 
on which oligomeric assemblies in vivo should be considered as the toxic 
pharmacological target [51]. Notably, the toxicity that we assigned to 
the HMW Aβ42Os separated by CE is supported by in vivo and in vitro 
data recently reported [29,52]. This CE method has already been widely 
used to monitor in vitro the anti-oligomeric effect of small molecules 
when these are added to the Aβ42 sample before analysis [27,29,53–56]. 
Here, as an initial screening, Aβ42 was coincubated with compounds 1, 
2a, 3, 4 and curc at the high non-cytotoxic concentrations reported for 
both microglia and SH-5YSY cells (Figs. S1 and S2). Fig. S3 clearly shows 
that all compounds but 1 and 2a are endowed with anti-oligomeric ac-
tivity when compared to control with the following ranking: 4 > 3 >
curc. In detail, the most striking effect was exerted by 4, as its presence 
completely depleted the formation of toxic HMW Aβ42Os after two days 
from sample solubilisation. This high activity, for up to ten days, was 
observed for the first time at these concentrations [27,29,53–55]. 
Compound 3 also showed a remarkable anti-oligomeric activity, higher 
than that of curc. As both 4 and 3 bear a triazole ring, it is suggested that 
the n-butyl lipophilic chain would make a difference in hampering the 

peptide-peptide interaction, similarly to what reported above for the 
anti-inflammatory activity. Lead 1 and analogue 2a showed a clear 
pro-aggregating property. Consequently, it can be derived that the tri-
azole function is likely to be crucial for the activity. 

To better understand how data from Fig. S3 were retrieved, Fig. 5 
reports the electropherograms of this screening, taken at day 7 from 
solubilisation: here, it can also be appreciated that, conversely to 1 and 
2a, while the active compounds reduce the toxic HMW Aβ42Os to a 
different extent, they also perturb the formation kinetics of oligomers by 
keeping the LMW Aβ42Os stable in solution. 

These encouraging findings prompted us to investigate a concen-
tration as low as 1 μM of 3 and 4, using 1 and curc as negative control 
and reference, respectively. After 7 days from solubilisation, the activity 
of 3 and 4 levels off at similar values and is still very high, especially if 
compared with that of curc (Fig. 6). After 10 days from solubilisation it 
becomes clear how a complete or almost complete depletion of HMW 
Aβ42Os is induced by compound 4 and 3, respectively (Fig. 6 and 
electropherograms in Fig. S4). By comparing this behaviour for com-
pound 4 (1 μM) with data in Fig. S3 (2.5 μM), a time and concentration 
dependent activity can be derived. It seems like compound 4 would even 
catalyze prompt oligomerisation of Aβ42 monomers into oligomers, 
which further on disaggregate. We have already observed this initial 
presence of oligomers, at different extent, both in absence and presence 
of small molecules and the disaggregation/stabilisation effect of, e.g. 
mitoxantrone [53] or of a bis-tacrine derivative [54] as well as of other 
curcumin derivatives [29]. Nevertheless, the complete depletion of 
HMW Aβ42 by a small molecule at a concentration as low as 1 μM is 
observed here for the first time. We already thoroughly demonstrated 
that the LMW Aβ42Os here left in solution, unlike HMW Aβ42Os, do not 
affect SH-SY5Y and microglia viability [29,50], do not enhance the 
release of inflammatory cytokines and leave primary cortical neurons 
intact upon treatment [29]. 

Therefore, the anti-oligomeric profile of 3 and 4 also translates into 
reduced toxicity and this makes them the most active curc-based de-
rivatives that we have tested so far [27,29]. 

2.6. Computational studies 

Given the striking differences observed in the anti-aggregation 

Fig. 3. Effect of curc and analogues on gene expression of inflammatory mediators in LPS-stimulated cortical microglia. Microglia were treated with the derivatives, 
followed by stimulation with LPS. (A) TNF-α, (B) IL-1β, and (C) NLRP3 mRNA levels were quantified by real-time PCR. Data are reported as mean ± SEM (n = 3 in 
triplicate). ***p < 0.001 versus LPS-stimulated cells. One-way ANOVA followed by Holm-Sidak’s multiple comparison test. 
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activity of the newly synthesised curc-analogues, docking studies were 
performed to verify whether the depletion of HMW Aβ42Os is reflected 
in the interaction with the Aβ fibril at a molecular level. In detail, blind 
docking simulations were carried out on multiple NMR structures of the 

Fig. 4. Indirect antioxidant activity of curc ana-
logues (2.5 μM of 1, 2a, 3 and 4) in SH-SY5Y cells. 
(A) Cells were treated for 24 h with the curc ana-
logues to evaluate GSH; (B) cells were treated for 24 h 
with the curc analogues before adding the pro- 
oxidant tert-butyl hydroperoxide (50 μM) to eval-
uate ROS; (C) cells were treated for 3 h with the cur 
analogues to evaluate Nrf2 translocation levels. Data 
are reported as mean ± SEM of three independent 
experiments. (A)***p < 0.001 versus untreated cells; 
(B) *p < 0.05 and ***p < 0.001 versus cells treated 
with t-BuOOH; (C) ***p < 0.001 versus untreated 
cells. One-way ANOVA with Dunnett’s Post Hoc Test.   
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Fig. 5. Electrophoretic profiles of 221 μM Aβ42 control and 221 μM Aβ42 
control in the presence of 5 μM curc, 1, 3 and 2.5 μM 4. Peak * refers to the 
electroosmotic flow. Peaks 1 and 2 are related to the migration of non-toxic 
LMW Aβ42Os (from trimers up to dodecamers), while peak 3 is related to the 
migration of toxic HMW Aβ42Os (aggregates smaller than 22-mers and larger 
than dodecamers) [29,50]. Electropherograms are taken at 7 days from sample 
dissolution. 

Fig. 6. Effect of curc and curc-based analogues 1, 3, and 4 on Aβ42 oligo-
merisation. Normalised area percentage plots of toxic HMW Aβ42Os from a 
221 μM solution of Aβ42 monomer, in the absence (Aβ42 control) and in the 
presence of 1 μM curc, 1, 3 and 4. Data are expressed as mean ± standard 
deviation (n = 3). 
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Aβ fibril, and the overall distribution of the docking poses along the fibril 
was investigated [57]. 

Fig. 7 shows the six main hotspots found by clustering all the docking 
poses (see Experimental Section). The six spots are distributed in 
different regions of the fibril: Spot1 is located near the N-terminal, 
where compounds can interact with the fibril through hydrogen bonds, 
mainly with Glu11 and His13 (Fig. S5A). Spot2 was found to be 
important in previous studies, pointing to the role of His14 and Lys16 
(Fig. S5B) [58]. Spot3 is defined by a hydrophobic (Val18) and a 
negatively charged (Glu22) site (Fig. S5C), while Spot4 is mainly polar 
(Ser26 and Lys28, Fig. S5D) and should be involved in a salt bridge with 
the C-terminus. Spot5 (Fig. S5E) and Spot6 are mostly lined by apolar 
residues: Leu17, Ile32 and Leu34 in Spot5, Val39, and Val40 in Spot6. 

Table 1 reports the cluster population and the weighted score asso-
ciated with each spot. Although all compounds were found in the six hot- 
spots, the docking scores for each region show differences, which allow 
for some relevant considerations. 

Firstly, compounds 3 and 4 reached the best scores in all the spots. 
Moreover, the better scores shown by these compounds compared to 
curc are in agreement with their higher anti-oligomeric activity. Sec-
ondly, the comparison between the scores as derived for Spots1 and 
Spot2 can provide helpful insights to rationalise better the pro- 
aggregating effect elicited by 2a. Although all compounds reached 
higher scores in Spot1 than in Spot2 (indicating that the curc-based 
portion is suitable for interacting with Aβ and could likely act as an 
anchoring fragment), the pro-aggregating compound 2a reveals the 
largest difference between the two binding sites, which suggests that it 
binds almost exclusively Spot1. In contrast, compounds 3 and 4 showed 
remarkable scores for all spots, including Spot2, whose anti-aggregating 
role was already described. 

Taken together, docking results indicate that the propensity of 
compounds to bind within the central regions of the fibril prevents its 
assembly, while compounds that preferentially bind in the peripheral 
regions of the fibril facilitate its elongation. This behaviour would imply 
that 3 and 4 are among those compounds that inhibit both oligomer-
isation and fibrillisation [59]. 

2.7. Antioxidant activity in Drosophila model 

Animal models allow the understanding of the underlying molecular 
basis of a bioactive compound, along with conducting the preclinical 

screening. Particularly, since the beginning of the 20th century, the tiny 
fruit fly, Drosophila melanogaster, has been regarded as a valuable model 
organism for several human disorders, among others affecting CNS. 

Based on the data obtained, 3 and 4 were selected to be studied for 
their in vivo antioxidant effects in Drosophila models by evaluating ROS 
level and expression of Nrf2, SOD1, and CAT on neuronal and non- 
neuronal tissues. 

2.7.1. Toxicity analysis 
Compounds 3 and 4 were tested in vivo on the control Drosophila line 

to identify the most effective and non-toxic concentration range [60]. 
Then a second experiment was carried out to identify the concentration 
that allowed the correct development of Drosophila into the adult stage 
(see Table S1). The parameters evaluated were the development time 
from larva to adult, the number of pupae per tube and the number of 
successfully eclosed flies. The most effective concentration with minimal 
toxic effects was determined to be 10 μM (see Fig. S6) and was chosen for 
the subsequent antioxidant activity assays. 

2.7.2. In vivo effects in Drosophila neurodegenerative model: oxidative 
stress evaluation 

From observing the in vitro antioxidant profiling of the set of new 
compounds, triazole-based 3 and 4 emerged as the most interesting. In 
vivo proof-of-concept studies were performed to deeper assess their 
antioxidant potentials, such as evaluation in larval tissues and adults of 
control and Spastin Drosophila model. Cartoons depict dissected third 
instar larvae showing the muscle schematic organisation in the 
abdominal segments A1-7 (Fig. 8) and in the brain (Fig. 9), where the 
experiments were conducted. The images of larval muscles and the brain 
of the control treated with compounds are reported in Fig. S7. Genetic 
reduction or depletion of Spastin was reported to cause cellular stress in 
neuronal and non-neuronal tissues in different in vivo and in vitro models 
[61–63]. 

The in vivo intracellular ROS levels were quantified in larval muscle 
tissues and brains (Figs. 8 and 9) using DHE, a redox-sensitive and cell- 
penetrating fluorogenic probe that exhibits increased fluorescence in-
tensity when oxidised by intracellular ROS [64], the blue-fluorescent 
DNA stain DAPI was employed to visualise nuclei. DHE-assay showed 
that ROS levels increased in larval muscles and brains under neurode-
generative conditions (D-spastin loss of function model), in line with the 
cellular stress produced by the reduction of D-spastin [61,62]. When 
tested on the D-spastin model, compound 3 slightly decreased ROS 
levels; interestingly, compound 4 efficiently restored the ROS level to 
that observed for the control. 

To gain insight into the mechanism of action of the selected curcu-
minoids, we tested whether changes in ROS levels were mediated by 
Nrf2. For this purpose, we evaluated the expression levels of Nrf2 
transcript in treated and untreated Drosophila (neurodegenerative 
Spastin model and control). Nrf2 transcript expression was significantly 
upregulated in the Spastin model, and the treatment with compounds 3 
or 4 (Fig. 10A) significantly ameliorates the phenotype associated with 
spastin reduction. 

The increased stationary ROS levels in spastin mutant could be due to 
altered expression/activity of antioxidant enzymes required for ROS 
scavengings, such as CAT or SOD1. To test this hypothesis, in animals 

Fig. 7. Localisation of the six main clusters on the Aβ42 fibril. Cluster 1 is 
reported in blue, 2 in magenta, 3 in orange, 4 in yellow, 5 in green and 6 
in cyan. 

Table 1 
Weighted docking scores (kcal/mol) of the ligands associated with the six hot 
spots.   

Spot1 Spot2 Spot3 Spot4 Spot5 Spot6 Mean 

Curc − 60.7 − 52.4 − 55.8 − 62.6 − 62.2 − 52.8 − 57.8 
1 − 62.4 − 59.0 − 55.4 − 60.0 − 63.2 − 55.7 − 59.3 
2a − 66.2 − 55.3 − 55.1 − 64.9 − 66.1 − 56.6 − 60.7 
3 − 72.6 − 68.5 − 64.1 − 68.2 − 72.5 − 64.6 − 68.4 
4 − 76.1 − 66.9 − 62.0 − 68.7 − 71.9 − 68.8 − 69.1  
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treated with 3 and 4, the transcriptional level of SOD1 and CAT were 
measured (Fig. 10B and C, respectively). Regarding CAT, no difference 
was observed among samples; on the contrary, SOD1 expression level 
was downregulated in spastin mutant and control samples, suggesting 
that administration of the compounds negatively modulates SOD1 
expression and was unable to restore the phenotype of Spastin model. 

In summary, from the in vivo proof-of-concept studies, it emerged 
how the obtained data from the different models generally confirmed 
conserved mechanisms for both compounds. In particular, the marked 

ROS levels reduction obtained by treatment with compound 4 was the 
consequence of the modulation of redox-sensitive signalling pathways, 
namely Nrf2 and the interconnected SOD1 enzyme. 

3. Conclusion 

To tackle the complex AD pathology, a small series of curc-based 
analogues, as potential multifunctional ligands, was designed to spe-
cifically target neuroinflammation and oxidative stress as crucial 

Fig. 8. Effects of compounds 3 and 4 on muscle ROS 
levels in Spastin Drosophila model. The red square 
indicates the A2 muscles that were acquired and 
analysed. (A) Control line (Tubulin-Gal4/+) and 
Spastin Drosophila (Tubulin-Gal4/RNAiDSpast) line 
were raised in standard and 3 or 4 enriched food. 
Dissected larvae were stained with DHE to detect ROS 
levels (red) and DAPI to visualise nuclei (blue). Scale 
bar = 20 μm. (B) The graph shows the relative in-
tensity of DHE with respect to DAPI intensity in larval 
muscles (one-way ANOVA with Tukey’s post hoc test; 
n > 13 larvae; * vs RNAi Dspast/Tub; + vs Tub/+).   

Fig. 9. Effect of compounds 3 and 4 on brain ROS 
levels in Spastin Drosophila model. The red square 
indicates the brain portion that was acquired and 
analysed. (A) Control line (Tubulin-Gal4/+) and 
Spastin Drosophila line (Tubulin-Gal4/RNAiDspast) 
were raised in standard and 3 or 4 enriched food. 
Dissected larvae were stained with DHE to detect ROS 
levels (red) and DAPI to visualise nuclei (blue). Scale 
bar = 20 μm. (B) The graph shows the relative in-
tensity of DHE with respect to DAPI intensity in larval 
muscles (one-way ANOVA with Tukey’s post hoc test; 
n > 13 larvae; * vs RNAi Dspast/Tub; + vs Tub/+).   

Fig. 10. Expression levels of Nrf2 (A), SOD1 (B) and CAT (C) in Spastin Drosophila line. The RNA was extracted from larvae raised in standard food and 3 or 4 
enriched medium. Tubulin-Gal4/+ line (Tub/+) was used as control. Results are expressed as individual data plus mean ± SEM (one-way ANOVA with Tukey’s post 
hoc test; n = 3 experiments; * vs RNAi Dspast/Tub; + vs Tub/+). 
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aspects, sharing Aβ aggregation triggering event. The bioactivity profile 
of the new analogues was assessed through an assay pipeline in different 
cell environments from which 2a, 3 and 4 showed favourable anti- 
inflammatory and antioxidant effects in terms of decrease of pro- 
inflammatory cytokine release from microglia and induction of Nrf2 
from SH-SY5Y cells. Among them, the triazole-based 3 and 4 effectively 
suppressed toxic HMW AβOs formation, likely due to positive in-
teractions of the triazole function with crucial Aβ residues, among 
others, His13 and His14. 

In summary, by in vitro data, analogue 4, with an n-butyl substituent 
on the triazole and prevalently in the KE-tautomer conformation, per-
formed better than 3, with an ester function and as a KE-KK mixture. 
Indeed, a coplanar "flat" conformation of a KE-curcuminoid scaffold, also 
characterised by an extended conjugation, has been found to be a 
favourable structural requirement for several bioactivities, among 
which Aβ interaction [65]. 

Yet again, when tested in an in vivo oxidative stress model, analogue 
4 proved to perform better than 3, as it efficiently restored ROS level and 
modulated the antioxidant enzyme SOD1 without eliciting toxic effects. 

In conclusion, our results lie in finding the multipotent activity 
profiles of the tailored functionalised curc-analogues 3 and 4 that, 
owing to the anti-inflammatory, antioxidant, and anti-oligomerisation 
effects, could offer promise in fronting the multifaceted AD toxicity. In 
particular, compound 4, showed remarkable neuroprotective activity 
and emerged as a potential anti-AD lead candidate. 

4. Experimental Section 

4.1. Chemistry 

4.1.1. General chemistry information 
Chemical reagents and solvents, unless otherwise specified, were 

employed as commercial products with a high-grade purity. Reaction 
courses were monitored by thin-layer chromatography (TLC) performed 
on precoated TLC plates (Merck Silica Gel 60 F254, layer 0.20 mm) and 
then visualised under a UV lamp (λ = 254 and 365 nm). Chromato-
graphic separations were performed on silica gel columns using the flash 
method (Kiesegel 40, particle size 0.040–0.063 mm, Merck). Melting 
points were determined in open glass capillaries using a Büchi apparatus 
and were uncorrected. 1H NMR and 13C NMR spectra were recorded on a 
Varian INOVA spectrometer operating at 400 MHz and 101 MHz, 
respectively; data are reported as follows: chemical shift (ppm δ value), 
multiplicity (indicated as: br., broad signal; s, singlet; d, doublet; t, 
triplet; q, quartet; p, quintet; m, multiplet and combinations thereof), 
coupling constants (J) in Hertz (Hz) and integrated intensity. Mass 
spectra were recorded on a Waters ZQ 4000 apparatus operating in 
electrospray mode (ES). ESI HRMS spectra were recorded on a Waters Q 
Tof apparatus. UHPLC− MS analyses were run on a Waters ACQUITY 
ARC UHPLC/MS system consisting of a QDA mass spectrometer equip-
ped with an electrospray ionisation interface and a 2489 UV/Vis de-
tector; the detected wavelength was 365 nm. Analyses were performed 
on an XBridge BEH C18 column (10 × 2.1 mm i.d., particle size 2.5 μm) 
with an XBridge BEH C18 VanGuard Cartridge precolumn (5 mm × 2.1 
mm i.d., particle size 1.8 μm); the mobile phases were H2O (0.1% formic 
acid) (A) and MeCN (0.1% formic acid) (B). Linear gradient: 0− 0.78 
min, 20% B; 0.78–2.87 min, 20− 95% B; 2.87–3.54 min, 95% B; 
3.54–3.65 min, 95-20% B; 3.65-5-73, 20% B. Flow rate: 0.8 mL/min. 
Electrospray ionisation in positive and negative modes was applied in 
the mass scan range of 50–1200 Da. All tested compounds were found to 
have >95% purity. FT-IR spectra were recorded on Bruker Apha FT-IR, 
Platinum ATR with monolithic diamond Crystal. The compound’s name 
is in accord with the naming algorithm developed by CambridgeSoft 
Corporation and used in Chem-BioDraw Ultra 20.1. 

4.1.2. General Procedure A (Pabon reaction, compounds 2a and 2b, and 
8) 

To a suspension of alkylated pentane-2,4-dione (5, 6 or 7, 1.00 
mmol) and B2O3 (1.0 molar equiv) in dry DMF (1.5 mL), stirred for 30 
min at 80 ◦C, B(n-BuO)3 (4.0 molar equiv) was added, and the resulting 
mixture was heated for additional 30 min. Then, the sequential addition 
of 4-methoxy benzaldehyde (1.8 molar equiv) and a solution of n-BuNH2 
(0.4 molar equiv) in dry DMF (1.0 mL) was carried out. After stirring at 
80 ◦C for 8–10 h, the resulting solution was cooled to r.t., acidified with 
aqueous 0.5 N HCl solution (8 mL) and stirred at 80 ◦C for 30 min. The 
obtained precipitate was filtered and purified by flash column chroma-
tography (FCC) using a mixture of PE/EtOAc as eluent and then crys-
tallised with a suitable solvent. The synthesised compounds were 
structurally characterised (mono and bi-dimensional NMR experiments) 
to assess their tautomeric form along with the E configuration of the 
C––C double bonds. 

4.1.2.1. Ethyl (3Z,5E)-4-hydroxy-6-(4-methoxyphenyl)-3-((E)-3-(4- 
methoxyphenyl)acryloyl) hexa-3,5-dienoate (2a-KE). Starting from 5 
(KE/KK mixture,1.00 g, 5.37 mmol) and 4-methoxy benzaldehyde (1.17 
mL, 9.67 mmol), a crude product was obtained, which was purified by 
FCC (PE/EtOAc, 8:2) and crystallised from a DCM/PE mixture to afford 
the title compound as a red solid (60% yield, mp 125–127 ◦C). 1H NMR 
(CDCl3): δ 1.26 (t, 3H, J = 7.0 Hz, OCH2CH3), 3.56 (s, 2H, 
CH2COOCH2CH3), 3.86 (s, 6H, OCH3), 4.20 (q, 2H, J = 6.8 Hz, 
OCH2CH3), 6.93 (d, 4H, J = 8.8 Hz, Ar), 7.05 (d, 2H, J = 15.2 Hz, CO- 
CHα=CHβ), 7.55 (d, 4H, J = 8.8 Hz, Ar), 7.75 (d, 2H, J = 15.4 Hz, CO- 
CHα=CHβ). 13C NMR (CDCl3): δ 14.4 (OCH2CH3), 32.4 (CH2), 55.5 (2C, 
OCH3), 61.3 (OCH2CH3), 104.7 (CO–C(CH2COOEt)=COH), 114.5 (4C, 
CH-Ar), 118.4 (2C, CO-CHα=CHβ), 128.3 (2C, Cq-Ar), 130.1 (4C, CH- 
Ar), 142.1 (2C, CO-CHα=CHβ), 161.5 (2C, Cq-Ar), 171.9 (CO), 183.7 
(2C, CO and =COH). See Fig. S8 for 1H NMR and 13C NMR spectra. 
Formula: C25H26O6, MW: 422.48, ESI-MS (m/z): 445 (M+Na). HRMS m/ 
z: [M+Na]: calcd. for C25H26NaO6 445.1621; found 445.1600. FT-IR 
(ATR, υ) cm− 1 1732, 1596, 1508, 1423, 1299, 1250, 1163, 1020, 968, 
820, 517. Purity 100% (UPLC/MS). See Fig. S13 for RP-UPLC/MS 
chromatogram. 

4.1.2.2. tert-Butyl (3Z,5E)-4-hydroxy-6-(4-methoxyphenyl)-3-((E)-3-(4 
methoxyphenyl)acryloyl) hexa-3,5-dienoate (2b-KE). Starting from 6 
(KE/KK mixture, 0.27 g, 1.26 mmol) and 4-methoxy benzaldehyde 
(0.28 mL, 2.27 mmol), a crude product was obtained, which was puri-
fied by FCC (PE/EtOAc, 8.5:1.5) and crystallised from DCM/PE mixture 
to afford the title compound as an orange-yellow solid (73% yield, mp 
154–156 ◦C). 1H NMR (CDCl3): δ 1.45 (s, 9H, OC(CH3)3), 3.47 (s, 2H, 
CH2COOC(CH3)3), 3.86 (s, 6H, OCH3), 6.93 (d, 4H, J = 8.8 Hz, Ar), 7.08 
(d, 2H, J = 15.4 Hz, CO-CHα=CHβ), 7.56 (d, 4H, J = 8.7 Hz, Ar), 7.74 (d, 
2H, J = 15.4 Hz, CO-CHα=CHβ). 13C NMR (CDCl3): δ 28.2 (3C, OC 
(CH3)3), 33.7 (CH2), 55.5 (2C, OCH3), 81.5 (OC(CH3)3), 105.3 (CO–C 
(CH2COOt-Bu)=COH), 114.5 (4C, CH-Ar), 118.7 (2C, CO-CHα=CHβ), 
128.4 (2C, Cq-Ar), 130.1 (4C, CH-Ar), 141.7 (2C, CO-CHα=CHβ), 161.5 
(2C, Cq-Ar), 171.2 (CO), 183.7 (2C, CO and =COH). Formula: C27H30O6, 
MW: 450.53, ESI-MS (m/z): 473 (M+Na). HRMS m/z: [M+Na]: calcd. 
for C27H30NaO6 473.1935, found: 473.1918. FT-IR (ATR, υ) cm− 1 2918, 
1724, 1600, 1511, 1423, 1309, 1248, 1142, 1027, 975, 817, 517. Purity 
97.31% (UPLC/MS). See Fig. S13 for RP-UPLC/MS chromatogram. 

4.1.2.3. (1E,4Z,6E)-5-hydroxy-1,7-bis(4-methoxyphenyl)-4-(prop-2-yn-1- 
yl)hepta-1,4,6-trien-3-one (8-KE). Starting from 7 (KE/KK mixture, 1.41 
g, 10.20 mmol) and 4-methoxy benzaldehyde (2.23 mL, 18.36 mmol), a 
crude product was obtained, which was purified by FCC (PE/EtOAc, 
8.5:1.5) to afford the title compound as 8 as yellowish solid (52% yield, 
mp 135–137 ◦C). 1H NMR (CDCl3): δ 2.15 (t, 1H, J = 2.4 Hz, CH2CCH), 
3.44 (d, 2H, J = 2.4 Hz, CH2CCH), 3.87 (s, 6H, OCH3), 6.94 (d, 4H, J =
8.4 Hz, Ar), 7.04 (d, 2H, J = 15.2 Hz, CO-CHα=CHβ), 7.58 (d, 4H, J =
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8.8 Hz, Ar), 7.77 (d, 2H, J = 15.2 Hz, CO-CHα=CHβ). 13C NMR (CDCl3): 
δ 16.22 (CH2CCH), 55.38 (2C, OCH), 69.58 (CCH), 82.54 (CH2CCH), 
106.28 (CO–C(CH2CCH)=COH), 114.38 (4C, CH-Ar), 117.93 (2C, CO- 
CHα=CHβ), 128.07 (2C, Cq-Ar), 130.01 (4C, CH-Ar), 141.92 (2C, CO- 
CHα=CHβ), 161.39 (2C, Cq-Ar), 182.71 (CO and =COH). HRMS m/z: 
[M+Na]: calcd. for C24H22NaO4, 397.1416; found 397.1411. FT-IR 
(ATR, υ) cm− 1 1592, 1609, 1249, 1168, 1025, 975, 821, 514 

4.1.3. (3Z,5E)-4-hydroxy-6-(4-methoxyphenyl)-3-((E)-3-(4- 
methoxyphenyl)acryloyl)hexa-3,5-dienoic acid (2c-KE) and (E)-6-(4- 
methoxyphenyl)-3-((E)-3-(4-methoxyphenyl)acryloyl)-4-oxohex-5-enoic 
acid (2c-KK) 

A 0.2 N NaOH solution in MeOH (19 mL) was added for 30 min to a 
solution of 2a (0.80 g, 1.89 mmol) in DCM/MeOH (9:1, 4 mL), and the 
resulting mixture was allowed to stir at r.t. for 1 h. The organic solvent 
was evaporated under reduced pressure, and the aqueous phase was 
washed twice with Et2O (2 × 15 mL) and then acidified with aqueous 
HCl solution (6 N) until precipitation of a solid, which was filtered. The 
isolate crude product was then treated with a DCM/PE mixture, and a 
final crystallization of the obtained solid with EtOH gave the desired 
compound as a pale brown solid (2.2:1.0 mixture of KE/KK, 75% yield, 
mp 147–149 ◦C). 1H NMR (CDCl3): δ 2.77 (d, 2H, J = 6.8 Hz, CH2COOH, 
KK), 3.03 (t, 1H, J = 6.4 Hz, CH, KK), 3.77 (s, 2H, CH2COOH, KE), 3.86 
(s, 12H, OCH3, KE + KK), 6.32 (d, 2H, J = 16.4 Hz, CO-CHα=CHβ, KE), 
6.67 (d, 2H, J = 16.4 Hz, CO-CHα=CHβ, KK), 6.93 (d, 8H, J = 8.4 Hz, Ar, 
KE + KK), 7.51 (d, 4H, J = 7.6 Hz, Ar, KE), 7.52 (d, 4H, J = 7.6 Hz, Ar, 
KK), 7.59 (d, 2H, J = 16.4 Hz, CO-CHα=CHβ, KK), 7.73 (d, 2H, J = 16.4 
Hz, CO-CHα=CHβ, KE). 13C NMR (CDCl3) δ 28.2 (CH2), 35.0 (CH2), 55.5 
(5C, OCH3 and COCHCH2COOHCO), 114.5 (4C, CH-Ar), 114.6 (4C, CH- 
Ar), 114.7 (CO–C(CH2COOH)––COH), 123.6 (4C, CO-CHα=CHβ), 126.9 
(2C, Cq-Ar), 127.1 (2C, Cq-Ar), 130.2 (8C, CH-Ar), 143.2 (2C, CO- 
CHα=CHβ), 146.9 (2C, CO-CHα=CHβ), 161.8 (2C, Cq-Ar), 161.9 (2C, 
Cq-Ar), 172.6 (2C, CO), 178.7 (2C, CO), 198.0 (2C, CO and =COH). 
Formula: C23H22O6, MW: 394.42, ESI-MS (m/z): 417 (M+Na). Purity 
96.67% (UPLC/MS). HRMS m/z: [M+Na]: calcd. for C23H22NaO6 
417.1314, found: 417.1302. FT-IR (ATR, υ) cm− 1 2915, 1849, 1730, 
1597, 1511, 1468, 1309, 1250, 1173, 1098, 1025, 948, 823, 510. See 
Fig. S13 for RP-UPLC/MS chromatogram. 

4.1.4. General Procedure B (pentane-2,4-dione alkylation reaction, 
compounds 5 and 6) 

A solution of pentane-2,4-dione (1.00 mmol) in dry THF (1.0 mL) 
was added to a stirred suspension of NaH (60% dispersion in mineral oil, 
1.2 molar equiv) in dry THF (5.0 mL) at 0 ◦C and under N2 atmosphere. 
The mixture was stirred at r.t. for 30 min, then the appropriate alkyl 
bromide (1.2 molar equiv) in THF (5.0 mL) was added dropwise at 0 ◦C 
and the resulting mixture was stirred overnight at r.t. Water (50 mL) was 
added at 0 ◦C, and the solution was extracted with Et2O (3 × 50 mL); the 
combined organic layers were washed with brine, dried over Na2SO4, 
filtered, and the solvent was removed under reduced pressure. The ob-
tained crude product was purified by FCC on silica gel using a mixture of 
PE/EtOAc as eluent. 

4.1.4.1. Ethyl (Z)-3-acetyl-4-hydroxypent-3-enoate (5-KE); ethyl 3-acetyl- 
4-oxopentanoate (5-KK). Starting from pentane-2,4-dione (2.57 mL, 
25.00 mmol) and ethyl 2-bromoacetate (3.33 mL, 30.00 mmol), a crude 
product was obtained. Purification by FCC (PE/EtOAc, 9.5:0.5) gave 
compound 5 as a colourless oil (1:2 mixture of KE/KK, 90% yield). 1H 
NMR (CDCl3): δ 1.20–1.28 (m, 6H, OCH2CH3, KE + KK), 2.13 (s, 6H, 
CH3, KE), 2.24 (s, 6H, CH3, KK), 2.85 (d, 2H, J = 7.2 Hz, 
CH2COOCH2CH3, KK), 3.22 (s, 2H, CH2COOCH2CH3, KE), 4.07–4.15 (m, 
5H, OCH2CH3 KE + KK and CH KK). 13C NMR (CDCl3): δ 14.11 
(OCH2CH3), 14.25 (OCH2CH3), 23.40 (CH3), 26.29 (CH3), 29.69 (2C, 
CH3), 32.65 (CH2COOCH2CH3), 33.36 (CH2COOCH2CH3), 61.12 (2C, 
OCH2CH3), 61.24 (KK 3-CH), 104.44 (KE 3-C=), 171.29 (CO), 171.61 

(CO), 191.96 (=COH), 202.65 (CO), 203.46 (2CO). FT-IR (ATR, n) cm-1 

2983, 2935, 1724, 1702, 1412, 1385, 1241, 1190, 1155, 1026, 951. 

4.1.4.2. tert-Butyl (Z)-3-acetyl-4-hydroxypent-3-enoate (6-KE) and tert- 
butyl 3-acetyl-4-oxopentanoate (6-KK). Starting from pentane-2,4-dione 
(0.12 mL, 1.17 mmol) and tert-butyl-2-iodoacetate (0.40 g, 1.40 
mmol), a crude product was obtained. Purification by FCC (PE/EtOAc, 
9.5:0.5) gave compound 6 as a pale-yellow oil (1.1:1.0 mixture of KE/ 
KK, 92% yield). 1H NMR (CDCl3): δ 1.43 (s, 18H, OC(CH3)3, KE + KK), 
2.16 (s, 6H, CH3, KE), 2.25 (s, 6H, CH3, KK), 2.81 (d, 2H, J = 7.6 Hz, 
CH2COOC(CH3)3, KK), 3.14 (s, 2H, CH2COOC(CH3)3, KE), 4.07 (t, 1H, J 
= 7.6 Hz, CH, KK). 13C NMR (CDCl3): δ 28.09 (t-but CH3), 28.15 (t-but 
CH3), 29.45 (CH3), 23.53 (CH3), 23.35 (CH3), 29.44 (CH3), 34.54, 
(CH2COOt-but), 33.94 (CH2COOt-but), 63.66 (KK 3-CH), 81.29 (t-but 
Cq), 81.62 (t-but Cq), 104.81 (KE 3-C=), 202.70 (2C, CO), 191.55 
(=COH), 170.75 (2C, CO). FT-IR (ATR, υ) cm− 1 2983, 2940, 1728, 1710, 
1421, 1394, 1255, 1198, 1148, 1013, 966. 

4.1.5. (Z)-3-(1-hydroxyethylidene)hex-5-yn-2-one (7-KE) and 3-(prop-2- 
yn-1-yl)pentane-2,4-dione (7-KK) 

Propargyl bromide solution (16.86 mmol, 1.50 mL, 1.87 mL of 80 wt 
% in toluene) was added dropwise to a stirred suspension of pentane- 
2,4-dione (2.59 mL, 25.17 mmol), anhydrous Κ2CO3 (2.32 g, 16.86 
mmol) and acetone (150 mL). The reaction mixture was heated at 80 ◦C 
for 6 h (monitored with TLC), hot filtered, and the filtrate was evapo-
rated under reduced pressure. The obtained crude product was purified 
by FCC (PE/DCM 8:1), affording 7 as an off-white-pale yellow oil 
(1.7:1.0 KE/KK mixture, 60% yield). 1H NMR (CDCl3): δ 2.03 (t, 2H, J =
2.4 Hz, CH2CCH, KE + KK), 2.18 (s, 6H, CH3, KE), 2.26 (s, 6H, CH3, KK), 
2.70 (dd, 2H, J = 2.8 and 7.2 Hz, CH2CCH, KK), 2.99 (d, 2H, J = 2.4 Hz, 
CH2CCH, KE), 3.86 (t, 1H, J = 7.2 Hz, CH, KK). 13C NMR (CDCl3): δ 
17.35 (2C, CH2CCH); 23.11 (CH3), 29.23 (CH3), 66.64 (KK 3-CH), 68.71 
(CH2CCH), 70.43 (CH2CCH), 80.43 (CH2CCH), 81.62 (CH2CCH), 106.43 
(KE 3-C=), 190.92 (=COH), 202.17 (2C, CO). FT-IR (ATR, υ) cm− 1 3300, 
3028, 1730, 1700, 1600, 1420, 1360, 1150, 645. 

4.1.6. General Procedure C (CuAAC, compounds 3 and 4) 
To a stirred solution of 8 (1.00 mmol) and the appropriate azido 

derivative (1.3 molar equiv) in DMSO (4.35 mL), TEA (0.1 molar equiv) 
was added dropwise, followed by slow addition of a solution of CuSO4 
(0.1 molar equiv) and (+)-sodium L-ascorbate (0.5 molar equiv) in water 
(0.5 mL). The resulting mixture was diluted with DMSO (2.82 mL) and 
stirred overnight at r.t. Water was added, and the solution was extracted 
with DCM (3 × 25 mL). The combined organic phases were dried over 
Na2SO4, filtered, and evaporated under reduced pressure. The crude 
product was purified by FCC. 

4.1.6.1. Ethyl 2-(4-((2Z,4E)-3-hydroxy-5-(4-methoxyphenyl)-2-((E)-3- 
(4-methoxyphenyl)acryloyl)penta-2,4-dien-1-yl)-1H-1,2,3-triazol-1- 
yl)acetate (3-KE) and ethyl 2-(4-((E)-5-(4-methoxyphenyl)-2-((E)-3- 
(4-methoxyphenyl)acryloyl)-3-oxopent-4-en-1-yl)-1H-1,2,3-triazol- 
1-yl)acetate (3-KK). Alkyne intermediate 8 (0.30 g, 0.80 mmol) and 
azido intermediate 9 (0.13 g, 1.04 mmol) were reacted according to 
general procedure C. The crude product was purified by FCC (PE/EtOAc, 
8.5:1.5) and crystallised from DCM/PE mixture to afford the desired 
compound 3 as an orange solid (1.5:1.0 mixture of KE/KK, 50% yield, 
mp 150–152 ◦C). 1H NMR (CDCl3): δ 1.18 (t, 3H, J = 7.2 Hz, OCH2CH3, 
KK), 1.26 (t, 3H, J = 7.2 Hz, OCH2CH3, KE), 3.44 (d, 2H, J = 7.2 Hz, CH2, 
KK), 3.84 (s, 12H, OCH3, KE + KK), 4.09 (s, 2H, CH2, KE), 4.16 (q, 2H, J 
= 7.2 Hz, OCH2CH3, KK), 4.22 (q, 2H, J = 7.2 Hz, OCH2CH3, KE), 4.77 
(t, 1H, J = 7.2 Hz, CH, KK), 5.08 (s, 4H, NCH2, KE + KK), 6.74 (d, 2H, J 
= 16.0 Hz, CO-CHα=CHβ, KK), 6.90 (d, 8H, J = 8.4 Hz, Ar, KE + KK), 
6.95 (d, 2H, J = 15.6 Hz, CO-CHα=CHβ, KE), 7.38 (s, 1H, KE), 7.50 (d, 
4H, J = 8.4 Hz, Ar, KE), 7.51 (d, 4H, J = 8.0 Hz, Ar, KK), 7.55 (s, 1H, KK), 
7.66 (d, 2H, J = 16.0 Hz, CO-CHα=CHβ, KK), 7.75 (d, 2H, J = 15.2 Hz, 
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CO-CHα=CHβ, KE). 13C NMR (CDCl3): δ 14.1 (OCH2CH3), 14.2 
(OCH2CH3), 23.3 (CH2), 24.8 (CH2), 51.1 (2C, NCH2), 55.5 (4C, OCH3), 
62.5 (OCH2CH3), 62.6 (OCH2CH3), 63.1 (KK 4-CH), 107.7 (KE 4-C=), 
114.5 (8C, CH-Ar), 118.0 (2C, CO-CHα=CHβ), 122.2 (2C, CO- 
CHα=CHβ), 127.0 (2C, Cq-Ar), 128.1 (2C, Cq-Ar), 130.2 (4C, CH-Ar), 
130.7 (4C, CH-Ar), 142.3 (2C, CO-CHα=CHβ), 145.00 (2C, CO- 
CHα=CHβ), 161.6 (2C, Cq-Ar), 162.2 (2C, Cq-Ar), 166.2 (2C, CO), 183.4 
(2C, CO and =COH), 194.5 (2C, CO). See Fig. S9 for 1H NMR and 13C 
NMR spectra and Fig. S10 for 2D 1H–1H COSY and 2D 1H–13C HSQC 
spectra. Formula C28H29N3O6, MW: 503.55, ESI-MS (m/z): 526 (M+Na). 
Purity 95.17% (UPLC/MS). HRMS m/z: [M+Na]: calcd. for 
C28H29N3NaO6 526.1949, found 526.1927. FT-IR (ATR, υ) cm− 1 1753, 
1594, 1509, 1421, 1249, 1166, 1098, 1024, 969, 825, 517. See Fig. S13 
for RP-UPLC/MS chromatogram. 

4.1.6.2. (1E,4Z,6E)-4-((1-butyl-1H-1,2,3-triazol-4-yl)methyl)-5-hydroxy- 
1,7-bis(4 methoxyphenyl) hepta-1,4,6-trien-3-one (4-KE). Alkyne inter-
mediate 8 (0.30 g, 0.80 mmol) and azido intermediate 10 (0.13 g, 1.04 
mmol) were reacted according to general Pprocedure C. The crude 
product was purified by FCC (PE/EtOAc, 8.5:1.5) and crystallised from 
DCM/PE mixture to afford the desired compound 4 as an orange solid 
(46% yield), mp 121–122 ◦C. 1H NMR (CDCl3): δ 0.83 (t, 3H, J = 7.2 Hz, 
CH3), 1.20–1.29 (m, 2H, CH2), 1.76–1.84 (m, 2H, CH2), 3.83 (s, 6H, 
OCH3), 4.05 (s, 2H, CH2), 4.25 (t, 2H, J = 7.2 Hz, NCH2), 6.89 (d, J =
8.0 Hz, 4H, Ar), 6.92 (d, 2H, J = 16.0 Hz, CO-CHα=CHβ), 7.19 (s, 1H, 
CH-Ar), 7.47 (d, 4H, J = 8.3 Hz, Ar), 7.74 (d, 2H, J = 15.4 Hz, CO- 
CHα=CHβ). 13C NMR (CDCl3): δ 13.5 (CH3), 19.8 (CH2), 23.4 (CH2), 
32.3 (CH2), 51.3 (NCH2), 55.6 (2C, OCH3), 108.0 (4-C=), 114.6 (4C, CH- 
Ar), 118.0 (2C, CO-CHα=CHβ), 121.8 (CH-Ar), 128.1 (2C, Cq-Ar), 130.2 
(4C, CH-Ar), 142.1 (2C, CO-CHα=CHβ), 161.6 (2C, Cq-Ar), 183.4 (2C, 
CO and =COH). See Fig. S11 for 1H NMR and 13C NMR spectra and 
Fig. S12 for 2D 1H–1H COSY and 2D 1H–13C HSQC spectra. Formula 
C28H31N3O4, MW: 473.57, ESI-MS (m/z): 474 (M+H). HRMS m/z: 
[M+Na]: calcd. for C28H31N3NaO4 496.2206; found 496.2187. FT-IR 
(ATR, υ) cm− 1 1600, 1508, 1421, 1243, 1170, 1027, 966, 822, 514. 
Purity 97.66% (UPLC/MS).). See Fig. S13 for RP-UPLC/MS 
chromatogram. 

4.1.7. General Procedure D (azido intermediates 9 and 10) 
The appropriate alkyl halide (1.00 mmol) was slowly added to a 

solution of NaN3 (5.0 molar equiv) in acetone/H2O (4:1, 10.0 mL) and 
the resulting mixture was allowed to stir overnight at r.t. Water (10 mL) 
was added, and the solution was extracted with EtOAc (3 × 20 mL). The 
combined organic layers were washed with brine, dried over Na2SO4, 
filtered and concentrated under reduced pressure. The resulting crude 
was employed in the next synthetic step without purification. 

4.1.7.1. Ethyl azidoacetate (9). Ethyl bromoacetate (1.10 mL, 10.00 
mmol) and NaN3 (3.25 g, 50.00 mmol) were allowed to react according 
to general procedure D to afford 6 as pale-yellow oil (43% yield). 

4.1.7.2. 1-azidobutane (7). 1-Bromobutane (1.10 mL, 10.00 mmol) and 
NaN3 (3.25 g, 50.00 mmol) were allowed to react according to general 
procedure D to afford 7 as pale-yellow oil (56% yield). 

4.2. Biological studies 

4.2.1. Reagents 
Tissue culture media, antibiotics, and fetal bovine serum (FBS) were 

obtained from Thermo Fisher Scientific (Waltham, MA, USA). LPS 
(Ultra-Pure LPS-EB from Escherichia coli, 0111:B4 strain) was pur-
chased from InvivoGen (InvivoGen Europe, Toulouse, France). Enzyme- 
linked immunosorbent assay (ELISA) kits were obtained from Antigenix 
America (Huntington Station, NY, USA). Falcon tissue culture plastic-
wares were purchased from BD. Biosciences (SACCO srl, Cadorago (C. 

O.), Italy). All samples containing curcumin and derivatives were kept 
protected from light throughout all experiments. 

Synthetic Aβ42 was purchased from AnaSpec (Fremont, CA, USA) as 
lyophilised powder and stored at − 20 ◦C. 1,1,1,3,3,3-Hexafluoropropan- 
2-ol (HFIP), acetonitrile (ACN), sodium carbonate (Na2CO3) sodium 
phosphate (Na2HPO4 and NaH2PO4) were supplied by Sigma-Aldrich 
(St. Louis, MO). Ethanol 96◦ was supplied by Carlo Erba (Cornaredo, 
Italy). Sodium hydroxide (NaOH) was provided by Merck (Darmstadt, 
Germany). 

4.2.2. Cell cultures 

4.2.2.1. Primary microglia cell cultures. All experiments were performed 
in accordance with EU Directive (2010/63/EU) for the care and use of 
laboratory animals and those of the Italian Ministry of Health (DL 26/ 
2014) and were approved by the Institutional Review Board for Animal 
Research of the University of Padua and by the Italian Ministry of Health 
(protocol number 41451.N.N8P). 

Microglia were isolated from mixed glial cell cultures as previously 
described [66]. Briefly, cells were prepared from the cerebral cortices of 
postnatal day 1 Sprague-Dawley rat pups (CD strain), plated in 75 cm2 

poly-L-lysine-coated tissue culture flasks (1.5 brains per flask) and grown 
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 2 mM glutamine, 10% heat-inactivated FBS, 1% pen-
icillin/streptomycin, and 50 μg/mL gentamycin (growth medium). 
Culture medium was changed after 24 h. Seven days after isolation, 
mixed glial cultures reached confluence and microglia were separated 
from the astroglial monolayer by shaking the flasks on an orbital shaker 
at 200 rpm for 1 h (37 ◦C), re-suspended in the growth medium, and 
plated on poly-L-lysine-coated plastic wells at a density of 1.50 × 105 

cells/cm2. Cells were allowed to adhere for 45 min and then washed to 
remove non-adhering cells. Cultures obtained using this procedure 
generated 97% microglia immunopositive to a primary polyclonal 
antibody against ionised calcium-binding adaptor molecule 1 (Iba1, 
1:800, Wako Chemicals USA Inc., Richmond, VA, USA, Cat. 019–19741), 
a marker for microglia cell types [29]. Cells were maintained at 37 ◦C in 
a humidified atmosphere containing 5% CO2. LPS was dissolved in 
endotoxin-free Water (InvivoGen). Curcumin and its derivatives were 
solubilised in dimethylsulfoxide (DMSO) and added to the cultures so as 
not to exceed 0.1% of the total volume. Control cultures contained the 
same concentration of DMSO. 

4.2.2.2. Neuroblastoma cells. Human neuronal SH-SY5Y cells (Sigma- 
Aldrich, St. Louis, MO, USA) were routinely grown in DMEM supple-
mented with 10% FBS, 2 mM L-glutamine, 50 U/mL penicillin, and 50 
μg/mL streptomycin at 37 ◦C in a humidified incubator with 5% CO2. 

4.2.3. MTT assay 

4.2.3.1. Primary microglia cultures. Microglia viability was evaluated by 
a quantitative colourimetric method utilising the metabolic dye MTT 
[28,67]. Cells were seeded at the density of 6 × 104 cells/well in 96-well 
plates and incubated overnight at 37 ◦C in a 5% CO2 atmosphere. 
Growth medium was replaced with serum-free medium 1 h before 
treatment for 24 h with increasing concentrations (1–20 μM) of com-
pounds 1, 2a-c, 3, and 4. Curc, in the same concentration range, was 
used as a positive control. After treatment, the medium was removed, 
and the cells were incubated with MTT (0.18 mg/mL) in a humidified 
incubator at 37 ◦C for 4 h. Afterwards, the supernatants were removed, 
and the formazan crystals developed in the viable cells were solubilised 
with DMSO. The plates were then read on a microplate reader (Victor2 
Multilabel Counter, Wallac, Cambridge, MA, USA) using a test wave-
length of 570 nm and a reference wavelength of 630 nm. Absorbance of 
vehicle-treated cells was considered as 100% of cell viability. 
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4.2.3.2. Neuroblastoma cells. SH-SY5Y cells were seeded in a 96-well 
plate at 2 × 104 cells/well, incubated for 24 h and then treated with 
different concentrations (1.25–40 μM) of compounds 1, 2a, 3, and 4 for 
24 h at 37 ◦C in 5% CO2. The cell viability, in terms of mitochondrial 
metabolic function, was evaluated by the reduction of MTT to its 
insoluble formazan. Briefly, the treatment was replaced with MTT in 
Hanks’ Balanced Salt solution (HBSS, 0.5 mg/mL) for 2 h at 37 ◦C in 5% 
CO2. After washing with HBSS, formazan crystals were dissolved in 
isopropanol. The amount of formazan was measured (570 nm, reference 
filter 690 nm) using a multilabel plate reader (VICTOR™ X3, Perki-
nElmer, Waltham, MA, USA). 

4.2.4. Cytokine determination 
Primary microglia were pretreated for 1 h with increasing non- 

cytotoxic concentrations of the compounds and then stimulated with 
100 ng/mL of LPS for an additional 24 h. At the end of treatment, culture 
media were collected, and TNF-α and IL-1β assayed using commercially 
available ELISA kits, according to the manufacturer’s instructions. 
Cytokine concentrations (pg/mL) in the medium were determined by 
reference to standard curves obtained with known amounts of TNF-α or 
IL-1β. The results were expressed as a percentage relative to LPS-stim-
ulated cultures. 

4.2.5. Determination of intracellular GSH formation 
SH-SY5Y cells were seeded in a black 96-well plate at 2 × 104 cells/ 

well, incubated for 24 h, and then treated with compounds 1, 2a, 3 and 
4 at the concentration of 2.5 μM for 24 h at 37 ◦C in 5% CO2. At the end 
of incubation, the treatment was replaced with the fluorescent probe 
H2DCF-DA. After 30 min of incubation at 37 ◦C, glutathione levels were 
measured (excitation at 355 nm and emission at 460 nm) using a mul-
tilabel plate reader (VICTOR™ X3, PerkinElmer). Data are expressed as 
concentrations of GSH (μM) obtained by a GSH standard curve. 

4.2.6. Determination of intracellular ROS formation 
SH-SY5Y cells were seeded in a 96-well plate at 2 × 104 cells/well, 

incubated for 24 h (the time necessary to activate the endogenous 
antioxidant system), and then treated with compounds 1, 2a, 3 and 4 at 
the concentration of 2.5 μM for 24 h at 37 ◦C in 5% CO2. At the end of 
incubation, the treatment was replaced with the fluorescent probe 
H2DCF-DA. After 30 min of incubation at room temperature, the probe 
was removed, and cells were incubated with t-BuOOH (50 μM) for 30 
min at room temperature. ROS levels were measured (excitation at 485 
nm and emission at 535 nm) using a multilabel plate reader (VICTOR™ 
X3, PerkinElmer). Data are expressed as percentages of ROS increase. 

4.2.7. Determination of Nrf2 nuclear translocation by western blotting 
SH-SY5Y cells were seeded in 60 mm dishes at 2 × 106 cells/dish, 

incubated for 24 h, and then treated with compounds 1, 2a, 3 and 4 at 
the concentration of 2.5 μM for 3 h at 37 ◦C in 5% CO2. At the end of 
treatment, cytosolic and nuclear extractions for Nrf2 nuclear trans-
location were performed by using a Nuclear Extract Kit (Active Motif, 
Carlsbad, CA, USA), according to the manufacturer’s guidelines. Cyto-
solic and nuclear extracts (50 μg per sample) were separated by SDS- 
polyacrylamidegels and transferred onto nitrocellulose membranes, 
which were probed with primary Nrf2 (1:1000; Santa Cruz Biotech-
nology, Dallas, TX, USA) and secondary antibodies. ECL reagents 
(Thermo Scientific Pierce, Milano, Italy) were utilised to detect targeted 
bands. The same membranes were stripped and reprobed with β-actin 
antibody (1:1000; Sigma-Aldrich, St. Louis, MO, United States) and 
Laminin B1 (1:1000; Santa Cruz Biotechnology, Dallas, TX, USA). Data 
were normalised on the β-actin and Laminin B1 bands for cytosolic and 
nuclear extracts, respectively, and analysed by densitometry using the 
Quantity One software (Bio-Rad Laboratories Srl, Hercules, CA, USA). 
Data are expressed as a ratio between nuclear and cytoplasmatic Nrf2 
levels. 

4.2.8. Real-time polymerase chain reaction microglia cells 
Microglia were pretreated for 1 h with the compounds and then 

stimulated with 100 ng/mL Ultra-Pure LPS-EB for an additional 6 h. At 
the end of incubation, total RNA was extracted from cells by QIAzol lysis 
reagent (Qiagen, Hilden, Germany), according to the manufacturer’s 
instructions. RNA integrity and quantity were determined by RNA 6000 
Nano assay in an Agilent BioAnalyser (Santa Clara, CA, USA). Reverse 
transcription was performed with SuperScript IV reverse transcriptase 
(Thermo Fisher Scientific, Milano, Italy). The real-time PCR reaction 
was performed as described previously [68]. Primer sequences were: 
β-actin, 5′-GATCAGCAAGCAGGAGTACGATGA-3′, 5′-GGTGTAAAACG-
CAGCTCAGTAACA-3’; IL-1β, 5′-CGTCCTCTGTGACTCGTGGG-3′, 
5′-ATGGGTCAGACAGCACGAGG-3’; NLRP3, 5′-TGATGCATGCACG 
TCTAATCTC-3′, 5′-CAAATCGAGATGCGGGAGAG-3’; TNF-α, 
5′-GCAGGTTCCGTCCCTCTCAT-3′, 5′-TGCCAGTTCCACATCTCGGA-3’. 
Amounts of each gene product were calculated using linear regression 
analysis from standard curves, demonstrating amplification efficiencies 
ranging from 90 to 100%. Dissociation curves were generated for each 
primer pair, showing single-product amplification. Data are presented as 
specific ratio between the gene of interest and the reference gene β-actin. 

4.2.9. Capillary electrophoresis 
Aβ42 peptide was solubilised according to a protocol recently re-

ported by us in Ref. [29]. Briefly, lyophilised Aβ42 was dissolved in HFIP 
(1 mg/mL, 221 μM) and kept at 4 ◦C for 30 min. The solution was then 
aliquoted in microfuge tubes and the solvent was evaporated by 
Eppendorf Concentrator plus® (Hamburg, Germany). The Aβ42 aliquots 
were redissolved in a basic mixture (ACN/300 μM Na2CO3/113 mM 
NaOH, 48.3:48.3:3.4 v/v/v) to obtain 500 μM Aβ42. This stock solution 
was then diluted to the operative concentration (221 μM Aβ42 control 
peptide) with 20 mM NaH2PO4/Na2HPO4 pH 7.4, with or without small 
molecules. Stock solutions of all compounds (1.53 mM) were prepared 
in pure ethanol. 

For coincubation studies, Aβ42 stock solution in the basic mixture 
was diluted with a proper amount of phosphate buffer containing the 
compound, so to obtain the desired compound concentration. Aβ42 
aggregation process in the absence/presence of curcumin analogues and 
curcumin was monitored by an Agilent Technologies 3D CE system with 
a built-in diode-array detector (Waldbronn, Germany). For the separa-
tion, a fused silica capillary (total length: 33 cm, 24.5 cm to the detector, 
Polymicro Technologies, Phoenix, AZ, USA) was employed. The back-
ground electrolyte (BGE) consisted of 80 mM NaH2PO4/Na2HPO4 at pH 
7.4. BGE solutions were prepared daily using Millipore Direct-Q deion-
ised water (Bedford, MA) and filtered on 0.45 μm Sartorius membrane 
filters (Göttingen, Germany). Samples were injected hydrodynamically, 
by applying a pressure of 30 mbar for 3 s at the anodic end of the 
capillary. Separation voltage was +12 kV (operative current: 80–85 μA). 
The capillary was thermostatted at 25 ◦C and the detection wavelength 
was set at 200 nm. The electrosmotic flow (EOF) was measured as a 
perturbation of the baseline given by the sample solvent mixture. 
Oligomeric species were identified on the basis of their effective 
mobility (μeff), which was calculated by subtracting the contribute of 
the EOF from the apparent mobility (μapp). Semiquantitative analyses of 
the separated oligomers were performed based on the normalised area % 
[50]. 

4.2.10. Fly strains and materials 
Fly stocks were raised on standard medium (yeast 27 g/L, agar 10 g/ 

L, corn meal 22 g/L, molasses 66 mL/L, nipagin 2.5 g/L, 12.5 mL/L 
ethanol 96%) and in standard conditions at 22 ◦C and 12:12 h light:dark 
cycle. The Drosophila strains Tubulin-Gal4 (BL-5138) and W1118 (BL- 
5905) were obtained from the Bloomington Drosophila Stock Center. 
The UAS-Dspastin-RNAi Drosophila line used in this study was described 
previously [69]. Gal4/UAS crossings were performed at 28 ◦C. 
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4.2.11. Eclosion rate 
Female virgins and males were placed in a vial in a 10:5 ratio and 

allowed to lay eggs for 48 h. Then, adults were removed from the tubes 
and larvae were allowed to develop. Pupae and flies that eclosed were 
counted, and data expressed as percent of eclosion (number of adult flies 
eclosed/number of pupae). Six vials for each genotype were used [60]. 

4.2.12. Real-time PCR in Drosophila 
The relative expression levels of Nrf2, SOD1 and CAT were deter-

mined using quantitative real-time PCR. Total RNA was isolated from 5 
third instar larvae and was extracted and purified using Total RNA pu-
rification kit (Norgen Biotek Corp. Thorold, ON, CA) according to the 
manufacturer’s instructions. The concentration and purity of RNA 
samples were determined using a NanoDrop 2000c Spectrophotometer 
(Thermo Fisher Scientific). Real-time PCR (qPCR) was performed on Eco 
Real-Time PCR System (Illumina Inc. San Diego, CA, USA), using One- 
Step SYBR® Prime Script TM RT-PCR Kit II (Takara-Clontech, Kusatsu, 
Japan) as in Ref. [70]. The housekeeping Rp49 gene was used as an 
internal control to normalise the data. Relative mRNA expression levels 
were calculated by the threshold cycle (Ct) value of each PCR product 
and normalised using a comparative 2–ΔΔCt method. Data represented 
are the result of five independent biological replicates. Each biological 
sample was loaded in triplicate. Tubulin-Gal4/+ Drosophila line was 
used as control [71]. Primers used were: Nrf2 F: 
5′-GAGGTGGAAATCGGAGATGA-3′ and R: 5′-CTGCTTGTA-
GAGCACCTCAGC-3’; CAT F: 5′- ATGCGGCTTCCAATCAGTTG-3′ and R: 
5′-GGTGGTAATGGCACCAGGAG-3’; SOD1 F: 5′- ATTAACGGCGAT 
GCCAAGGG-3′ and R: 3′-CCATTGGTGTTGTCACCGAAC-3’; Rp49 F: 
5′-AGGCCCAAGATCGTGAAGAA-3′ and R: 5′-TCGATACCCTTGGGC 
TTGC-3’. 

4.2.13. Oxidative stress detection in Drosophila and imaging acquisition 
Dihydroethidium (DHE, Sigma Aldrich) was used to detect ROS 

levels in Drosophila larvae. DHE is a cell-permeant reagent that is oxi-
dised by intracellular ROS and forms red fluorescent species. DHE is 
oxidised by superoxide anion to form 2-hydroxyethidium (2-OH-E+, ex 
500–530 nm/em 590–620 nm) or by non-specific oxidants to generate 
ethidium (E+, ex 480 nm/em 576 nm) [72]. 

For the analysis of the effects of 3 and 4 in vivo, larvae raised in drug 
enriched food at 28 ◦C were harvested and dissected in HL3. Then, 
whole larvae were stained with DHE at 30 μM in HL3 for 30 min and 
fixed in 4% PFA for 10 min. Following fixation, larvae were washed in 
PBS containing 0.3% Triton X-100 and stained with DAPI (Invitrogen, 
Thermo Fisher Scientific) for 30 min, washed and mounted on glass 
slides using Mowiol 4–88 (Merck Life Science) [73]. 

Muscle and brain images of fixed larvae were acquired using a 
confocal microscope ZEISS LSM 800 Confocal Laser Scanning Micro-
scope (Carl Zeiss Microscopy, Oberkochen, Germany), equipped with a 
Zeiss 63x/1.4– Plan-Apochromat oil objective, by using the ZEN Blue 
acquisition software. To discriminate 2-OH-E+ from E+ the DHE signal 
was captured between 580 nm and 630 nm. 

For the quantification of DHE and DAPI intensity, ImageJ was used to 
produce maximum intensity projections of the Z-stacks. The red channel 
of DHE and the blue channel of DAPI were analysed separately for each 
image. Channels were converted to 8-bit images and the measure tool 
was used to quantify the mean intensity of the DHE and DAPI signal. For 
each sample, two muscles were acquired and two Region of Interest 
(ROI) of 2500 μm2 per muscle were analysed. For each brain, two ROI of 
1900 μm2 were analysed. For each group, ten to fifteen larvae were used. 
Fluorescence values are expressed as the relative intensity of DHE with 
respect to DAPI intensity (DHE/DAPI fluorescence ratio). 

4.2.14. Statistics 
Data were analysed using GraphPad Prism Software, version 8.0 

(GraphPad Software, Inc., San Diego, CA, USA). A value of p < 0.05 was 
considered to indicate statistically significant differences. 

4.3. Computational methods 

Ten NMR structures of β-amyloid fibril (PDB Id: 2MXU) [74] were 
used for the computational study. The structures of the fibril were pro-
tonated according to physiological pH, and the ligands were prepared as 
described in the previous work [27]. Ensemble blind docking of the li-
gands (i.e., curc, compounds 1, 2a, 3, 4) was performed on each of the 
NMR β-amyloid structures, using PLANTS [75] the ChemPLP scoring 
function, speed1 as accuracy level and generating 100 poses per ligand, 
obtaining 1000 poses per ligands overall. 

These poses were clustered according to ligands RMSDs, using 
CPPTRAJ [76] and a hierarchical algorithm [77], as reported in previ-
ous studies [78]. The clusterisation led to the identification of six main 
binding hot-spots. For each cluster belonging to a specific spot (Ci), we 
computed the average docking score (Cis), which was weighted on the 
cluster population (Cip). As a result, each spot was associated to a score 
for the different ligands (i.e., (C1s⋅C1p)+(C2s⋅C2p)+…+(Cns⋅Cnp)

C1p+C2p+…+Cnp [76]. 
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