
Bioorganic Chemistry 140 (2023) 106794

Available online 23 August 2023
0045-2068/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Discovery of first novel sigma/HDACi dual-ligands with a potent in vitro 
antiproliferative activity 

Carla Barbaraci a,1, Viviana di Giacomo b, Annalisa Maruca c, Vincenzo Patamia a, 
Roberta Rocca c, Maria Dichiara a, Annalisa Di Rienzo b, Ivana Cacciatore b, Amelia Cataldi b, 
Marwa Balaha b,d, Monica Rapino e, Chiara Zagni a, Daniele Zampieri f, Lorella Pasquinucci a, 
Carmela Parenti a, Emanuele Amata a, Antonio Rescifina a, Stefano Alcaro c,g,*, 
Agostino Marrazzo a,* 

a Department of Drug and Health Sciences, Medicinal Chemistry Section, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy 
b Department of Pharmacy, University “G. d’Annunzio”, Chieti-Pescara, Via dei Vestini 31, 66100 Chieti, Italy 
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A B S T R A C T   

Designing and discovering compounds for dual-target inhibitors is challenging to synthesize new, safer, and more 
efficient drugs than single-target drugs, especially to treat multifactorial diseases such as cancer. The simulta
neous regulation of multiple targets might represent an alternative synthetic approach to optimize patient 
compliance and tolerance, minimizing the risk of target-based drug resistance due to the modulation of a few 
targets. To this end, we conceived for the first time the design and synthesis of dual-ligands σR/HDACi to 
evaluate possible employment as innovative candidates to address this complex disease. Among all synthesized 
compounds screened for several tumoral cell lines, compound 6 (Kiσ1R = 38 ± 3.7; Kiσ2R = 2917 ± 769 and 
HDACs IC50 = 0.59 µM) is the most promising candidate as an antiproliferative agent with an IC50 of 0.9 µM on 
the HCT116 cell line and no significant toxicity to normal cells. Studies of molecular docking, which confirmed 
the affinity over σ1R and a pan-HDACs inhibitory behavior, support a possible balanced affinity and activity 
between both targets.   

1. Introduction 

Complex pathogenic mechanisms involving several targets and 
biochemical pathways regulate cancer and neurological disease. To treat 
these multifactorial pathologies, drugs addressing a single target could 
be inadequate compared to multi-targeting drug ligands (MTDLs) with 
more than one pharmacological activity [1,2]. In the last years, 

polypharmacology has emerged as a new paradigm in developing new 
synthetic compounds to treat multifactorial diseases and attain the 
desired physiological responses on specific targets [3]. 

Many traditional cytotoxic drugs interact specifically with their 
molecular targets, even though they are brutally labeled as “slash and 
burn” agents. Indeed, target-specific monotherapy leads to a single ge
netic alteration conferring target resistance to an individual tumor cell 
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and may eventually cause a relapse [4]. On the other hand, multi- 
targeted drugs, agents capable of modulating multiple targets simulta
neously, pursue to maximize the chance for clinical antitumoral activity 
[5]. In particular, the clinical development of multi-ligand drugs pre
sents the advantage of reducing drug resistance due to single-target 
mutations or expression changes, drug-drug interactions, therapeutic 
doses, and side effects, simplifying the pharmacokinetic profiles and 
improving therapeutic efficacy [6]. 

Sigma receptors (σRs) embody an enigmatic and unique class of 
chaperone proteins implicated in many pharmacological events, making 
them an attractive target proposed as a promising therapeutic treatment 
in various multifactorial diseases, including cancer therapy [7–9]. 
Identified as two subtypes, Sigma 1 (σ1R) and Sigma 2 (σ2R) receptors 
are distinguished by molecular weight, tissue distribution, ligand 
binding profile, pharmacology, and activation mechanisms. Widely 
distributed in the central nervous system, σ receptors were overex
pressed in several human and rodent tumor cell lines, including breast, 
lung, prostate, colon, melanoma, neuroblastoma, and glioma[10]. Both 
receptors involve different biological functions, including cell prolifer
ation and survival. The σ1R has been purified, cloned, and crystallized 
[11] and well-characterized as a chaperone protein at the endoplasmic 
reticulum (ER)-mitochondria interface, where it regulates Ca2+

signaling and cell survival [12,13]. While the σ1R agonists have shown 
neuroprotective, antiamnestic, and antidepressant effects [14,15], the 
σ1R antagonists possess modulatory effects on opioid analgesia [16], 
analgesic, as well as antiproliferative and antiangiogenic activities 
[17–19]. The σ2R, also identified as the endoplasmic reticulum-resident 
transmembrane protein TMEM97, regulates the sterol transporter Nie
mann–Pick disease protein (NPC1) [20], and has been recently crystal
lized [21]. Concerning the higher density than σ1R in tumor cells [22], 
σ2R has also been proposed as a possible biomarker for developing 
fluorescent and radiolabelled σR ligands in cancer diagnosis and therapy 
[23]. The σ ligands induce significant cell death and apoptosis only in 
tumor tissue and hardly in proliferating normal cells such as stem cells. 
Therefore, σ ligands may be used to selectively eradicate tumors as 
single agents or adjuvants in chemotherapy [24]. 

The inhibition of histone deacetylase enzymes (HDACs) was targeted 
for specific epigenetic changes associated with cancer and other diseases 
[25,26]. In nucleosome histone tail regions, HDACs catalyze the 
deacetylation of lysine residues, resulting in a more compacted chro
matin structure that prevents transcription factors and RNA polymerase 
from accessing gene promoter regions, hence regulating gene expression 
[27]. HDACs also determine deacetylation in other proteins: tubulin, 
heat shock protein 90 (Hsp90), transcription factors, and DNA repair 
proteins [28]. HDACs can be distinguished respectively in two families 
and four classes. The zinc-dependent family is the most evaluated 
HDACs family, including 11 isoforms and divided into three classes: 
class-I (HDACs 1, 2, 3, and 8), class-II (further subdivided into IIa: 
HDACs 4, 5, 7, and 9, and IIb: HDACs 6 and 10), and class-IV (HDAC11). 
The second family depends on cofactor NAD+ for its activity and in
cludes only one class, sirtuins (SIRT1-7). Until now, more than twenty 
HDAC inhibitors (HDACis) have entered clinical studies (e.g., Entino
stat) [29], and several of them (e.g., vorinostat, Panobinostat, romi
depsin) [30–32] have been approved for the treatment of cutaneous T- 
cell lymphoma. 

The growing interest in σ ligands as potential chemotherapeutic 
agents, followed by the encouraging results of HDACis in cancer ther
apy, headed to the development of ligands targeting σR and HDAC 
employing a prodrug approach to improve their anticancer capabilities 
[18,19,33]. Moreover, the recent employ of the modern approach based 
on polypharmacology or molecular hybridization in developing σR 
multiple-ligands [34] and multitarget HDACsi [35] for cancer, respec
tively, suggested the possibility of designing new dual-target compounds 
involving σR and HDAC enzyme simultaneously. Considering that a drug 
that “hits” multiple targets offers the potential for higher efficacy and 

lower off-target effects, we aimed to synthesize several compounds as 
“dual-ligands σR/HDAC” provide for a single chemical entity respon
sible for regulating both targets all at once. A preliminary screening on 
several tumoral cells permitted us to select the promising compounds for 
further pharmacological and computational studies, suggesting com
pounds 6 as the best candidate for a possible antitumoral treatment. 

2. Results and discussion 

2.1. Rational design 

The new molecules designed as “dual-ligands” should be able to 
interact as such on the molecular targets considered, antagonizing the σ1 
receptor and inhibiting the HDAC enzyme. This means an appropriate, 
balanced affinity and activity between the two targets. A versatile 
approach to obtaining the desired dual-target candidate provides the 
combination of the appropriate pharmacophoric group common to both 
targets [36], leading to a single pharmacophore able to ensure optimal 
binding interaction either with the σ receptor or with the HDAC enzyme 
(Fig. 1). 

The σR pharmacophore provides for the presence of certain essential 
functional groups: one nitrogen atom and two hydrophobic regions 
placed at an appropriate distance from the nitrogen atom [37,38]. 
However, the pharmacophore common to HDACis consists of a hydro
phobic region that blocks access to the enzyme active site (capping 
group or CAP), a linker, and a functional group chelating the metal zinc 
(Zn2+) at the bottom of the catalytic pocket (zinc binding group or ZBG), 
responsible for the enzyme’s inhibition [39,40]. Hydroxamic acid and 
benzamide, recognized as ZBG functional groups in the structure of the 
well-know HDACi Panobinostat and Entinostat, were maintained in the 
structure of the designed compounds. In addition, a linker of a short 
methylene chain, including benzene as possible hydrophobic region II, 
was employed between the ZBG functional groups and the different 
amino moieties of well-known σ ligands representing the basic core 
essential for σR binding. These amino moieties are often connected with 
benzene, also substituted, which behaves in the hydrophobic region I 
common to both targets (Fig. 2A). 

To explore multiple structural modifications, we wanted to simplify 
the structure of the new compounds with the design and synthesis of 
dual-ligands in which the amino moiety 4-(4-chlorophenyl)-4-hydrox
ypiperidine, nucleus of the well-known σ1R antagonist Haloperidol 
(HP), and the benzamide group of Entinostat were separated each other 
just by a saturated hydrocarbon chain (Fig. 2B). The idea was to consider 
whether the benzamide group could act simultaneously as ZBG for 
HDAC inhibition and hydrophobic region II for improving the σR af
finity, instead of the benzyl and/or saturated bound included in the 
others dual-ligands compounds. All the new dual-ligand compounds 
described above have been evaluated as possible candidates for anti
cancer therapy. 

2.2. Synthesis 

Compounds including the hydroxamic acid of Panobinostat or the 
benzamide group of Entinostat were synthesized, providing for esteri
fication of trans-4-formilcinnamic acid with methyl iodide in N,N- 
dimethylformamide (DMF) to obtain the compound (E)-3-(4-for
milphenyl)methyl acrylate. The latter was subjected to a reductive 
amination reaction with 4-benzylpiperazine in THF in the presence of 
NaBH(OAc)3 and acetic acid to give the intermediate 3. The hydrolysis 
of compound 3 and the subsequent reaction with o-phenylenediamine, 
in the presence of N-hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide (EDC) supplied the final com
pound 4. Instead, the hydrolysis of the 3 ester group in methanol and 
LiOH 1 M, followed by activation of the carboxylic acid with ethyl 
chloroformate and triethylamine (TEA) and nucleophilic reaction with 
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O-(tetrahydro-2H-piran-2-yl)-hydroxylamine (NH2OTHP) give the in
termediate 5. Finally, deprotection of the hydroxyl aminic group by 
hydrolysis with a solution of HCl 1.25 M in EtOH, provided the final 
product 6 (Scheme 1A). The second group of compounds was synthe
sized, providing a nucleophilic substitution of methyl-4-(bromomethyl)- 
benzoate with 4-benzylpiperazine or 1-benzyl-4-(methylamino)piperi
dine in EtOH to give the intermediates 8a,b. The synthetic route to 
obtain the final products 9a,b, and 11a,b proceeds as previously 
described (Scheme 1B). 

The general synthetic scheme of the third group of simplified ben
zamide derivatives, including HP and Entinostat cores previously 
described, involved the reaction between o-phenylenediamine and its 
appropriate acylic chloride in methylene chloride and the presence of 
TEA. Intermediate products 12a–c were subjected to a nucleophilic 
substitution reaction with 4-(4-chlorophenyl)-4-hydroxypiperidine in 
DMF and K2CO3 to obtain the final compounds 13a–c (Scheme 2). 

2.3. Structure-affinity relationship studies 

The synthesized compounds were evaluated for affinity at both σ1R 
and σ2R through a radioligand binding assay (Table 1). The lack of the 
benzamide-cinnamic group or hydroxyamino-cinnamic group’s double 
bond in 9a and 11a leads to a loss of affinity for the σ1R and improved 
selectivity over σ2R. Moreover, a worsening of the affinity for σ1R was 
observed for compounds including o-phenylenediamine 4 and 9a (Kiσ1R 
= 1330 ± 239 and 3758 ± 929 nM, respectively) with respect to the 
corresponding compound with hydroxamic acid as ZBG 6 and 11a 
(Kiσ1R = 38 ± 3.7 and 93 ± 10.9 nM, respectively). On the other hand, 
compounds 9b (Kiσ1R = 52 ± 3.9 nM) showed just a decrease in affinity 
for σ1R compared to 11b (Kiσ1R = 41 ± 6.5 nM). All the compounds of 
these series showed a poor affinity for σ2R, while 9a and 11a, including 
4-benzylpiperazine moiety and without the double bound as mentioned 
above, completely lost the capacity to bind σ2R (Kiσ2R > 10000 nM). 

Fig. 1. Overlapping of the pharmacophoric models of σR and HDACi into a single one.  

Fig. 2. Rational design of the sigma-HDACi dual-ligands.  
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Despite a lower affinity over both σ receptors for all compounds, 
including o-phenylenediamine in the previous groups, the third series of 
dual-ligands restored the affinity towards σ1R; in particular, increasing 
the chain length, the affinity toward σ2R decreased, and the selectivity 
improves. Indeed, compound 13a had a Kiσ1R of 47 vs. Kiσ2R of 738 nM, 
compound 13b 55 nM for Kiσ1R vs. 2799 nM for Kiσ2R, while compound 
13c helds Kiσ1R 107 nM and completely lost affinity for σ2R with Kiσ2R 
> 10000. 

Scheme 1. Synthesis of compounds 4, 6, 9a,b and 11a,b. Reagents and conditions: (i) MeI, DMF, rt; (ii) 4-benzylpiperazine, AcOH, NaBH(OAc)3, THF, rt; (iii) 1. 
LiOH 1 M, MeOH, rt; 2. o-phenylendiamine, HOBt, EDC, DMF; (iv) 1. LiOH 1 M, MeOH, rt; 2. ClCO2Et, TEA, THF, rt; 3. NH2OTHP, THF, rt; (v) HCl 1.25 M; (vi) 4- 
benzylpiperazine or 1-benzyl-4-(methylamino)piperidine, EtOH, NaHCO3, 70 ◦C. 

Scheme 2. Synthesis of compounds 13a─c. Reagent and conditions: (i) o- 
phenylendiamine, TEA, CH2Cl2, rt; (ii) 4-(4-chlorophenyl)-4-hydroxypiper
idine, K2CO3, DMF, 80 ◦C. 

Table 1 
The results of σ1R and σ2R binding assays for the sigma-HDACi dual-ligands.

Ki (nM) ± SDa 

Compd R Y X linker Z σ1R σ2R 

4 Bn N N CH2PhCH = CH o-NH2C6H4 1330 ± 239 2691 ± 1254 
6 Bn N N CH2PhCH = CH OH 38 ± 3.7 2917 ± 769 
9a Bn N N CH2C6H4 o-NH2C6H4 3758 ± 929 >10000 
9b Bn N C N(CH3)CH2C6H4 o-NH2C6H4 52 ± 3.9 1588 ± 233 
11a Bn N N CH2C6H4 OH 93 ± 10.9 >10000 
11b Bn N C N(CH3)CH2C6H4 OH 41 ± 6.5 166 ± 14.8 
13a p-ClC6H4 C-OH N (CH2)2 o-NH2C6H4 47 ± 4.6 738 ± 117 
13b p-ClC6H4 C-OH N (CH2)3 o-NH2C6H4 55 ± 3.2 2799 ± 609 
13c p-ClC6H4 C-OH N (CH2)4 o-NH2C6H4 107 ± 17 >10000 
HP      2.6 ± 0.4 77 ± 18 
(+)-PTZb      4.3 ± 0.5 1465 ± 224 
DTGb      124 ± 19 18 ± 1 
BD-1063b      14 ± 2.7 204 ± 31  

a Each value is the mean ± SD of at least two experiments performed in duplicate. bPTZ = pentazocine, DTG = 1,3-di-o-tolylguanidine, BD1063 = 1-[2-(3,4-Dichlor
ophenyl)ethyl]-4-methylpiperazine dihydrochloride. 
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2.4. Effects of compounds on tumoral cells line 

To support the chemical evidence, a biological screening of all the 
compounds was performed through MTT assays, which allowed the 
testing of numerous experimental conditions simultaneously to assess 
the best compounds, concentrations, and treatment times. First, the 
anticancer activity of these new σ/HDACi dual-ligands was screened, 
exposing a human gastric adenocarcinoma cell line (AGS) to 0.1, 1, and 
10 µM of all the synthetized compounds for 24, 48, and 72 h. AGS is a 
solid gastric cancer whose pathogenesis and malignancy are strictly 
dependent on HDAC activity. In particular, more than one isoforms (1, 2, 
3, 6) seems to be involved in gastric cancer development[41], which 
appears to be strongly influenced by epigenetic factors [42]. For most 
compounds (Fig. S1), no significant changes or more remarkable dif
ferences were observed compared to the control sample, while cells 
treated with 6 at highest concentrations appeared to have a considerable 
reduction in viability at all the experimental times (Fig. S1A). Even 
though, to a lesser extent, the same happened to 9a-treated AGS cells at 
the highest concentration after 48 and 72 h (Fig. S1A). As for 9b, the 
reduction in cell viability was present at all the experimental times in 
cells treated with the concentration of 10 µM (Fig. S1B). For these rea
sons, compounds 6, 9a, and 9b were chosen for further analyses. 

Three additional tumor cell lines, namely human colorectal carci
noma (HTC116), human breast cancer (MCF7), and human prostate 
adenocarcinoma (PC3), with different expressions of σ1R, σ2R, and of 
the HDAC enzyme isoforms, were then selected to test further the 
anticancer potential of the three most promising compounds (6, 9a, and 
9b). AGS cells were also included in this set of experiments since six 
different concentrations were tested, ranging from 0 to 80 µM (Fig
s. S2–S4), and the IC50 was calculated for each compound (Table 2). The 
concentration range was chosen according to data already present in the 
literature and the results obtained in the previous experiments. Being 
the selected compounds already effective at lower concentrations, it was 
decided that an eight-fold increase in the concentrations could be 
enough to have a good dose–response curve. The viability of all the cell 
lines appeared strongly reduced by the exposure to compounds 6 
(Fig. S2) and 9b (Fig S4), whereas the compound 9a (Fig. S3) shows 
milder cytotoxic effects, especially against the breast and prostate can
cer cell lines, namely MCF7 and PC3. Compound 9a showed a good IC50 
on AGS and HCT116, whereas both 6 and 9b had an IC50 lower than 10 
µM for all the cell lines. In particular, 6 showed an IC50 of 0.87 µM on 
HCT116 cells, the lowest IC50 observed in our experimental study 
(Table 2). These results suggest the involvement of the σ1 receptor, for 
which the compounds 6 and 9b have high affinity, in the anticancer 
effects exerted by the compounds. Indeed, σ1R was crucial for colorectal 
cancer malignance [43] and prostate cancer target therapy [44]. The 
MCF-7 cells, which show a very low σ1R expression [45], are still 
affected, and 9a, which has no affinity for either the two σ receptors, 
retains some cytotoxic activity. These two findings conclude that bind
ing to the σ receptors is not the only mechanism at the basis of the 
antiproliferative effect exerted by our compounds. 

Therefore, being our molecules designed to have also an HDAC 
inhibitory activity, the viability of the same four cell lines was evaluated 

in the presence of the well-known HDACi valproic acid (VPA) and of the 
σ1 antagonist BD1063, alone or in combination, and compared with the 
effects of compounds 6, 9a, and 9b. VPA and BD1063, alone or in 
combination, showed a slight decrease in cell viability only at the 
highest dose of 80 µM in AGS (Fig. 3) and HCT116 cells (Fig. 4), while in 
MCF7 breast cancer (Fig. 5), cytotoxicity for BD1063 was found at the 
lowest doses of 1 and 5 µM. However, it was not confirmed at other doses 
except for 80 µM. As for PC3 prostate cancer cells (Fig. 6), the effects 
were diverse, but the cytotoxicity ascribable to VPA and BD1063 was 
never comparable to the one exerted by compounds 6, 9a, and 9b in the 
same experimental conditions. These results are unsurprising since VPA 
acts as an HDAC class I inhibitor at higher doses than the ones used in 
our experimental system, even in the same cell lines considered for our 
study [46,47]. Such results confirm that the chemical combination of 
HDAC inhibitors and a σ receptor antagonists is a successful strategy to 
improve the antiproliferative properties of the compounds. 

However, since the HDAC family comprehends many isoforms, 
divided per classes, and their expression and role can vary even among 
different cell lines of the same tumor type, the next step was the 
assessment of the ability of compounds 6, 9a, and 9b to inhibit the pan- 
HDAC activity in the same cell lines used for viability assays (Fig. 7). 
Interestingly, an inhibition of the HDAC activity higher than 50% was 
observed in the cell lysates from all the four different cancer cell lines, 
when exposed to all the three chosen compounds. In particular, com
pound 6 appears to have an ability to inhibit histone deacetylase activity 
comparable to the reference compound Trichostatin A (TSA). Indeed, 
the calculation of IC50 results in an IC50 of 0.59 µM for compound 6. In 
addition, compound 9a also showed a low IC50 of 1.01 µM, while the 
HDAC inhibition was moderate for compound 9b with an IC50 of 12.45 
µM (Table 2 and Fig. S5). Looking at these results and the cell viability 
findings, it can be suggested that compound 6 has the best biological 
activity because of its good affinity for σ1R and its low IC50 for HDAC 
enzymes. The conclusion is also supported by the successful use of the 
same strategy in other types of cancer [47]. It is worth noting that the 
compound 9a, which has no affinity for the sigma receptors, fails to 
exert a cytotoxic effect at values comparable to those of the other two 
compounds when administered to breast and prostate cancers, sug
gesting the action on these cell lines goes mainly through the binding of 
sigma receptors [48]. 

On the other hand, compound 9a retains activity against the two cell 
lines from the digestive tract despite having no affinity for sigma re
ceptors, suggesting that the antiproliferative effect is due to HDAC in
hibition. Speculating which HDAC isoforms can be the targets of our 
compounds is not easy, and our findings will require further investiga
tion focused on this aspect, as well as on the molecular mechanisms at 
the basis of the antitumoral effects of our best compounds. 

Finally, since this study aims to synthesize dual ligands with prom
ising antitumoral activity and considering the results of the biological 
assays, compounds 6 and 9b were chosen as the best candidates. Despite 
the better HDAC inhibitory activity and antiproliferative effect 
compared to 9b, compound 9a was discarded due to the extremely weak 
affinity to both σR. The effects of the best dual-ligands 6 and 9b were 
explored on the normal human keratinocyte cell line HaCaT to assess 
their selectivity. The human keratinocyte cells were treated with 
different concentrations of the two compounds ranging from 0 to 80 µM 
(Fig. 8). Compound 9b seemed to have cytotoxicity on a normal cell line 
comparable to that exerted on cancer cells. On the other hand, com
pound 6, which showed an IC50 lower than 5 µM for HCT116 and AGS, 
appeared to not be very toxic for HaCaT cells at the same concentration. 

2.5. Stability profile 

In vitro, hydrolysis studies of selected compounds were performed at 
37 ◦C in simulated gastric fluid (hydrochloric acid buffer, pH 1.3), 
phosphate buffer (pH 7.4), and human plasma using HPLC with UV 
detection (Table 3) [49]. All the tested compounds were more stable in 

Table 2 
IC50 values obtained with MTT assay and Inhibitory activity against HDACs of 
dual-ligand compounds.   

IC50 [µM] ± SDa IC50 [µM]b 

Compd AGS HCT116 MCF7 PC3 HDACs 

6 3.5 ± 1.29 0.9 ± 0.16 8.4 ± 4.78 7.5 ± 3.09  0.59 
9a 8.2 ± 0.86 2.9 ± 1.79 15.0 ± 8.09 26.8 ± 3.73  1.01 
9b 2.9 ± 2.32 3.4 ± 4.22 8.8 ± 0.30 5.8 ± 2.84  12.45  

a Each value is the mean ± SD of at least three experiments performed in 
triplicate. bHCT116 cell lysate was used as a source of HDAC activity (see Fig. S5 
for a graphical representation). 
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phosphate buffer (pH 7.4) than in hydrochloric acid buffer (pH 1.3). 
Compound 9a was the least stable compound showing t1/2 higher than 
26 h, which, in any case, would guarantee the achievement of the active 
site after oral administration without undergoing degradation. The 
observed acid stability of the compounds mentioned above was essential 
for oral administration. Moreover, no appreciable differences were 
detected among the compounds with respect to their susceptibility to 
enzymatic hydrolysis in human plasma. They resulted stable (t1/2 > 40 
h) in human plasma at 37 ◦C, suggesting that enzymes, such as plasma 
esterases or proteases, did not affect their stability. The increased sta
bility of the amide linkages, along with the bulkiness of these com
pounds, probably, interfered with their ability to bind to the enzymes’ 
active sites, making them not easily accessible. 

2.6. In silico ADME profile 

Absorption, distribution, metabolism, and excretion (ADME) prop
erties are critical parameters in drug development. Recently, in silico 
models were developed to predict and optimize ADME properties of 
drugs at the early stages of their development [50]. In this study, ADME 
compounds’ profiles were calculated using the Swiss ADME online 
software. This study was conducted to obtain information on the phar
macokinetic characteristics of selected compounds. All the predicted 
parameters explained the drug-likeness and improved ADME properties 
of synthesized ligands. As shown in Table 4, all compounds had passed 
Lipinski’s rule of five as displaying zero violation. Lipinski’s rule of five 

was used to detect the drug-likeness of the synthetized derivatives. Ac
cording to this rule, the features a drug should have to be orally active 
are molecular weight (<500 g/mol), Log P (<5), H-bond donor (<5), 
and H-bond acceptor (<5). The results indicated that compounds 9a and 
9b were moderately water-soluble, while compound 6 was quite soluble. 
The ability to cross the biological membranes, such as the blood–brain 
barrier (BBB) and the gastrointestinal (GI) tract was confirmed by the in- 
silico distribution parameters. Notably, the BBB permeability values 
suggested that all compounds showing reasonable lipophilia (cLogP 
about 3) could easily penetrate the central nervous system. Moreover, 
these ligands also presented high gastrointestinal absorption due to their 
favorable physicochemical properties. On the other hand, skin perme
ability for all ligands was scarce (Log Kp about –6 cm/s). 

Cytochrome P450 enzymes, located in the liver and intestine, 
represent a class of enzymes mainly involved in drugs’ metabolism. 
Drugs can inhibit or induce them, resulting in drug interactions that can 
lead to toxicity or decrease pharmacological effects. Prediction of inhi
bition of the main cytochromes was calculated with SwissADME in a 
binary form (yes/no). 

For metabolism parameters, the results obtained with the Swis
sADME program indicated that none of all tested ligands had potential as 
an inhibitor of cytochrome CYP2C9 but as CYP2D6 inhibitors. CYP3A4, 
endowed with low substrate specificity, is the most abundant enzyme 
among the CYP3A subfamily. Compounds 9a and 9b could act as cyto
chrome CYP3A4 inhibitors with respect to compound 6. Compound 9a 
was also predicted to be a cytochrome CYP1A2 inhibitor compared to 

Fig. 3. Antiproliferative effects on AGS cells of 6, 9a, and 9b, the HDACi valproic acid (VPA), and the σ1 antagonist BD1063 (range from 1 to 80 µM, considering the 
calculated IC50 values). The latter two were administered alone or in combination. Ctrl, untreated cells. Data represent % of proliferation with respect to the control. 
*, p < 0,05 vs. Ctrl. 
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other test ligands. On the other hand, only compound 9b was predicted 
to be a cytochrome CYP2C19 inhibitor, which is involved in detoxifying 
potential carcinogens or the bioactivation of various environmental 
procarcinogens. Thus, compounds 9a and 9b had the most chance as 
cytochrome inhibitors with three types of cytochromes. 

2.7. Molecular modeling studies 

Molecular modeling studies [51,52] supported the mechanism of 
recognizing the most active compounds within the σ1 and σ2 receptors 
and HDACs binding pockets. The two best compounds were subjected to 
docking studies using AutoDock Vina as implemented in the YASARA 
software to evaluate the established interactions with the σ1 and σ2 re
ceptors. The docking studies were performed on all the protonation 
states of the compounds at pH 7.4, previously calculated using the 
Marvin software [53,54]. The calculated free energies of binding (ΔG) 
and the calculated and experimental Ki values at the binding site of the 
σ1 and σ2 receptors are reported in Table S1, with the respective 2D 
structures for all the protonation states. 

From the data reported in Table S1, the in-silico calculated binding 
constants were in good agreement with the experimental data. By 
examining the most active compound at the σ1 receptor (compound 6, 
Ki = 38.28 nM), we can see that both protonation states (1 and 2) had a 
comparable constant of binding (Table S1). In fact, analyzing the two 
poses inside the receptor site (Figs. 9 and S6), we noted the presence, in 
both cases, of the salt bridge with the E172 residue. The structure with 
the most active protonation state (ΔG = –10.36, 6–1) among the various 

Fig. 4. Antiproliferative effects on HCT116 cells of 6, 9a, and 9b, the HDACi valproic acid (VPA), and the σ1 antagonist BD1063 (range from 1 to 80 µM, considering 
the calculated IC50 values). The latter two were administered alone or in combination. Ctrl, untreated cells. Data represent % of proliferation with respect to the 
control. *, p < 0,05 vs. Ctrl. 

Fig. 5. Antiproliferative effects on MCF7 cells of 6, 9a, and 9b, the HDACi 
valproic acid (VPA), and the σ1 antagonist BD1063 (range from 1 to 80 µM, 
considering the calculated IC50 values). The latter two were administered alone 
or in combination. Ctrl, untreated cells. Data represent % of proliferation with 
respect to the control. *, p < 0,05 vs. Ctrl. 
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Fig. 6. Antiproliferative effects on PC3 cells of 6, 9a, and 9b, the HDACi valproic acid (VPA), and the σ1 antagonist BD1063 (range from 1 to 80 µM, considering the 
calculated IC50 values). The latter two were administered alone or in combination. Ctrl, untreated cells. Data represent % of proliferation with respect to the control. 
*, p < 0,05 vs. Ctrl. 

Fig. 7. Evaluation of IC50 on HDAC activity by compounds 6, 9a, and 9b. Positive ctrl, HeLA nuclear extract. Ctrl, untreated cellular extract. ABS, absorbance. *, p <
0,05 vs. Ctrl. 
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interactions establishes some more significant ones: a hydrogen bond 
and a π-π interaction with the Y103 residue. 

Among the various protonation states of compound 9b, the most 
active were those in which nitrogen bound to methyl was protonated. 
Protonation in this nitrogen leads to the formation of two stereoisomers, 
among which the stereoisomer R was more active (ΔG = − 9.63, 

Table S1). The R enantiomer established salt bridges with E172 and 
D126, a π-cation interaction with F107, and π-π interactions with Y103, 
H154, and F133 (Fig. 10 and S7). 

In order to shed light on the high potency of compounds 6 and 9b in 
inhibiting HDACs, molecular docking simulations were carried out to 
figure out their possible binding mode with HDACs using AutoDock 

Fig. 8. Antiproliferative effects of 6 (A) and 9b (B) from 0 to 80 µM on the human keratinocyte cell line HaCaT. Ctrl, untreated cells. Data represent % of proliferation 
with respect to the control. *, p < 0,05 vs. Ctrl. 

Table 3 
Stability studiesa.   

6 9a 9b  

t1/2 (h) Kobs
(h-1) t1/2 (h) Kobs

(h-1) t1/2 (h) Kobs
(h-1) 

pH 1.3 stable — 26.7 (±0.35) 0.026 (±0.002) 42.4 (±0.31) 0.016 (±0.004) 
pH 7.4 51.3 (±0.26) 0.014 (±0.005) stable — stable — 
Human plasma 40.09 (±0.47) 0.017 (±0.09) 44.67 (±0.21) 0.016 (0.013) stable —  

a Values are means of three experiments. 

Table 4 
ADME profile of selected compounds using SwissADME software.  

Compound Solubility cLog P BBB permeability GI absorption Skin permeability Lipinski’s rule 

6 Soluble  2.17 Yes High –6.82 cm/s 0 violations 
9a Moderate  3.08 Yes High –6.46 cm/s 0 violations 
9b Moderate  3.64 Yes High –6.07 cm/s 0 violations  

Fig. 9. Compound 6–1 (A) and 6–2 (B) in 3D representation. Protein is shown as an olive-green surface, while residues, involved in the most critical interactions, are 
depicted as olive-green thin tubes. The ligand is represented as orange balls and sticks. H-bonds, salt bridge, and π-π interactions are indicated as violet, orange, and 
cyan dashed lines, respectively. 
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Vina. Following our experience [55], the docking protocol was validated 
by re-docking the co-crystalized ligands in the HDACs 3D structures, 
except in the isoforms 1 and 3 that exhibit only models of the unbound 
state in the PDB. The RMSD value (Table S4) for four PDB models was 
<2 Å, indicating the docking results’ confidence. However, the RMSD of 
2.5 Å, observed for the HDAC2 co-crystallized ligand, can be explained 
by its high flexibility. In particular, a good overlap of the benzamide 
fraction responsible for the Zn2+ coordination was observed, while the 
increase in the RMSD value can be related to the cap portion. For 
compounds 6 and 9b, we docked all the physiological protonation states 
(Table S3), also considering the stereochemistry of the protonated chiral 
nitrogen. Moreover, TSA, a pan-HDAC inhibitor, was included as a 
positive control in the docking simulations. The binding energy values of 
both compounds docked into the active site of HDACs isoforms, 
considering all their protonation states, are shown in Table S5. The 
docking results (Table S5) indicated that compound 6, with ΔG values 
better than or very similar to TSA, exhibited a pan-HDACs inhibitory 
behavior, characteristic of most hydroxamic acid-based HDAC inhibitors 
[56]. Conversely, compound 9b reached the catalytic site of HDAC1, 
HDAC2, HDAC3, and HDAC8, behaving as a selective inhibitor for class 
I, as generally shown by compounds with an amino-benzamide motif 
[57]. Interestingly, in all HDAC binding pockets, the protonation states 
of compound 6 exhibited ΔG values very close among them, within an 
energetic window of 3 kcal/mol. This evidence indicated that the 
compound in all protonation forms could bind to the receptor without 
particular changes in affinity. Regarding compound 9b, we observed a 
similar behavior of all its protonation states only for the active site of 
HDAC1, HDAC2, and HDAC3. Instead, in the HDAC8 binding site, the 
protonation states of 9b with a single positive charge exhibited a better 
affinity than the others. In particular, the structure with a single positive 
charge on the nitrogen of the piperidine showed the best affinity towards 

this target. Firstly, to analyze the binding mode of our compounds, we 
calculated the distance of hydroxamic and benzamide groups from the 
Zn2+ ion for 6 and 9b, respectively (Tables S4,5), to evaluate the coor
dination geometry. For compound 6, monodentate chelation was 
observed in all generated docking poses. Conversely, compound 9b with 
its benzamide portion showed a bidentate interaction with the catalytic 
Zn2+ of HDAC1, HDAC2, and HDAC3, thus explaining its good affinity 
towards these targets. In the binding pocket of the HDAC8, only the 9b 
protonation state with the lowest probability of existence was able to 
establish bidentate interactions with the Zn2+ ion, while monodentate 
chelation characterizes the other species. On the other hand, the lower 
affinity exhibited by 9b towards the isoforms 6 and 7 can be related to 
the absence of Zn2+ chelation, with distances >10 Å also suggesting a 
ligand position of the ligand far from the catalytic tunnel. Then, we 
analyzed the molecular interactions between our ligands and all HDAC 
binding pockets (Tables S6–8), considering the different protonation 
states used in this work. Regarding compound 9b, its selectivity towards 
HDACs class I can be explained by the observation that docking simu
lations always placed its protonation states outside the catalytic tunnel 
of the isoforms 6 and 7. Moreover, in all the 9b poses generated for the 
HDAC4 binding pocket, the observation of harmful interactions explains 
its lower affinity. Apart from the coordination involving the ZBG (zinc- 
binding group), the key interactions for compound 6 binding appeared 
to be several stacking interactions, established by its central aromatic 
scaffold and electrostatic ones, such as H-bonds, π-cation, and salt- 
bridges. To describe the most important interactions of 6 and 9b 
within the binding site of the different HDACs, we focused on the best 
docking poses of their most probable protonation state (Figs. 11–13). For 
the HDACs class I, both compounds showed good interactions with 
similar binding modes, especially for the ZBG and the central aromatic 
core (Figs. 11 and 12). The HDAC1 key residues involved in the main 

Fig. 10. Compound 9b-2(R) (A), 9b-2(S) (B), and 9b-2(R) and (S) (C). Protein is shown as an olive-green surface, while residues, involved in the most important 
interactions, are depicted as olive-green thin tubes. The ligand is represented as azure balls and sticks. H-bonds, salt bridge, π-cation, and π-π interactions are 
indicated as violet, orange, green, and cyan dashed lines, respectively. 
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interactions with both compounds are G149, H178, and F205 (Figs. 11A 
and 12A). Specifically, G149 was involved in an H-bond acceptor 
through its carbonyl group with the hydroxamic acid and amide moiety 
of compounds 6 and 9b, respectively. H178 established a π-π interaction 
and an H-bond acceptor with the 6 styrene ring and the 9b aniline group, 
respectively. Instead, a π-π and π-cation interactions were observed 
between F205 and the central aromatic portion of both ligands. More
over, both enantiomers of compound 9b shared a salt bridge between 
their aliphatic ammonium group and the side chain of D99. In the 
HDAC2, both ligands shared a similar binding mode with the ZBG placed 
in the catalytic cavity and the central aromatic portion interacting with 
the residues of the catalytic tunnel, which displayed a lipophilic 
behavior, such as F206, F151, and H29 (Figs. 11B and 12B). In partic
ular, compound 6 established an H-bond donator between its hydroxa
mic group and the side chain of D265, while two π-π interactions were 
formed between its styrene ring and the side chains of H179 and F206. 
The binding mode of both 9b enantiomers was characterized by a π-π 
interaction with the side chain of F151 and by two H-bonds donors, 
involving their aniline and amide portions with the side chain of D177 
and the backbone of G150, respectively. 

Conversely, the stacking interaction between the benzylic group of 
compound 9b and the side chain of H29 was observed only in the 
docking pose of the S enantiomer, explaining its better affinity towards 

the target than the R enantiomer. Regarding the complexes with the 
HDAC3 (Figs. 11C and 12C), our ligands share the key residues involved 
in different interactions, such as G143, H172, F144, and D93. As for 
G149 in the HDAC1 binding pocket, G143 is involved in an H-bond 
acceptor through its carbonyl group with the hydroxamic acid and 
amide moiety of compounds 6 and 9b, respectively. The side chains of 
H172 and F144 establish π-π interactions with the central aromatic 
portion of both ligands, while D93 forms a salt bridge with the positively 
charged nitrogen. Moreover, in the binding mode of compound 9b, the 
benzamide portion established more H-bonds than the hydroxamic 
moiety of compound 6. In the binding pocket of the HDAC8 (Figs. 11D 
and 12D), only an H-bond with the backbone of G151 was observed, 
while hydrophobic and π-π interactions have to be considered the most 
important for target affinity. In particular, the key residues involved in 
the latter interactions are F152 and Y306. Finally, we observed that 
compound 6 well also fits the binding pockets of the class IIa and IIb 
HDACs (Fig. 13). In particular, the H-bond established by its hydroxamic 
moiety with G811 and several hydrophobic interactions were pointed 
out as the key interactions in its complex with the HDAC4 (Fig. 13A). In 
the HDAC7 cavity, compound 6 was able to interact with the target 
through an H-bond with G678, three π-π interactions between its aro
matic portions and the side chain of H709 and F738, and a salt-bridge 
involving its ammonium group and the side chain of D626 (Fig. 13B). 

Fig. 11. Best docking poses of compound 6 with HDACs class I. Best docked poses of the most probable protonation state of 6 with the crystal structure of (A) 
HDAC1, (B) HDAC2, (C) HDAC3, and (D) HDAC8. Protein is shown as a grey surface, while the residues involved in the most critical interactions are depicted as a 
thin gray tube. The ligand is represented as orange balls and sticks. H-bonds, salt bridge, and π-π interactions are indicated as violet, orange, and cyan dashed lines, 
respectively. 
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Instead, compound 6 interacted with the HDAC6 through different hy
drophobic contacts and four H-bonds, which involved the side chain of 
G619, C621, and Y782 and the backbone of H610 (Fig. 13C). 
Conversely, compound 9b didn’t well match the class IIa and IIb HDACs’ 
binding pocket explaining its selectivity towards HDAC class I. Specif
ically, it showed in the HDAC4 binding pocket several harmful in
teractions due to steric hindrance occurring with the benzamide portion, 
while in the complexes with the isoforms 6 and 7, it was even positioned 
outside the catalytic cavity (data not shown). 

3. Conclusions 

This work represents a challenge in discovering new, safer, and more 
efficient drugs than single-target drugs. Taking advantage of the mul
titarget approach, we proposed, for the first time, dual σR/HDACi li
gands able to bind the σ1 receptor and inhibit the HDAC enzyme at once, 
looking to balance their activity between the two targets. 

Screening on several cancer cell lines identified multiple opportu
nities for the different potential employment of the designed dual- 
ligands as a possible way to treat different cancer types. Notably, com
pound 6 (Kiσ1R = 38 ± 3.7, Kiσ2R = 2917 ± 769) strongly reduced the 
viability of the tumor cells from different regions of the digestive tract, 
namely AGS and HCT116, as well as compound 9b (Kiσ1R = 52 ± 3.9 

nM, Kiσ2R = 1588 ± 233) did, although to a lesser extent; on the other 
hand, compound 9a (Kiσ1R = 3758 ± 929 nM, Kiσ2R > 10000 nM) 
exhibited a good antiproliferative activity only against HCT116. More
over, their toxicity was assessed on human keratinocyte cells HaCaT, 
showing that compound 6 appeared to be the least toxic drug. 

Specific molecular docking studies confirmed the experimental data. 
In particular, compound 6 showed a comparable σR binding constant for 
both protonation states due to the presence of the salt bridge with the 
E172 residue in both cases and exhibited monodentate chelation of the 
catalytic Zn2+ in all generated docking poses, suggesting a pan-HDACs 
inhibitory behavior very similar to the TSA pan-HDAC inhibitor. 
Conversely, compound 9b was more active when the nitrogen bound to 
methyl was protonated to do the stereoisomer R, establishing salt 
bridges with E172 and D126, and compound 9b exerted a selective in
hibition for class I, reaching the catalytic site of HDAC1, HDAC2, 
HDAC3, and HDAC8. In fact, the benzamide portion showed a bidentate 
interaction with HDAC1, HDAC2, and HDAC3 catalytic sites. 

Altogether, these results suggested that compound 6 could be the 
best candidate for treating complex diseases like cancer, which regulates 
two different targets equally through the innovative multitarget 
approach, even though further studies about the specific mechanism 
should be carried out and should not be excluded. 

Fig. 12. Best docked poses for both enantiomers of compound 9b with HDACs class I. Best docked poses of both enantiomers of the most probable protonation state 
of 9b with the crystal structure of (A) HDAC1, (B) HDAC2, (C) HDAC3, and (D) HDAC8.The protein is shown as a grey surface, while residues involved in the most 
critical interactions are depicted as thin gray tubes. Enantiomers R and S of ligand were represented as azure and green, respectively, balls and sticks. H-bonds, salt 
bridge, π-cation, and π-π interactions are indicated as violet, orange, green, and cyan dashed lines, respectively. 
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4. Experimental section 

4.1. Chemistry 

4.1.1. General remarks 
Reagent-grade chemicals were purchased from Sigma-Aldrich (St. 

Louis, MO, USA) or TCI (Tokyo, Japan) and were used without further 
purification. All reactions involving air-sensitive reagents were per
formed under N2 in oven-dried glassware using the syringe-septum cap 
technique. All reactions were monitored by thin-layer chromatography 
(TLC), performed on silica gel Merck 60 F254 plates; the spots were 
visualized by UV light (λ = 254 and 366 nm) and iodine chamber. 
Melting points were determined on a Büchi B-450 apparatus in capillary 
glass tubes and are uncorrected. Flash chromatography purification was 
performed on a Merck silica gel 60, 0.040–0.063 mm (230–400 mesh), 
stationary phase using glass columns with a diameter between 1 and 4 
cm. Nuclear magnetic resonance spectra (1H NMR and 13C NMR recor
ded at 500 MHz) were obtained on Varian INOVA spectrometers using 
CDCl3, D2O e DMSO‑d6 with a 0.03% of TMS as internal standard. 
Coupling constants (J) are reported in hertz. Signal multiplicities are 
characterized as s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet), br (broad), app (apparent). Purities of all compounds were 
determined by microanalysis (C, H, N) that was performed on a Carlo 

Erba instrument model E1110; all the results agreed within ±0.4% of 
the theoretical values. The Matrix Assisted Laser Desorption Time of Flight 
Mass Spectrometry (MALDI TOF) analysis was performed using a 4800 
MALDI TOF/TOF™ Analyzer (Applied Biosystem, Framingham, MA, 
USA). The instrument was equipped with an Nd:YAG laser (wavelength 
of 355 nm) of <500 ps pulse and 200 Hz repetition rate and working in 
positive-ion mode. The MALDI mass spectra of selected compounds were 
obtained in reflector mode. Samples were prepared by dissolving in THF 
the compounds (10 mg/mL) and the matrix trans-2-[3-(4-tert-butyl
phenyl)-2-methyl-2-propenyldene]malononitrile (0.1 mmol). Suitable 
volumes of matrix and compound solutions were mixed to obtain 1:1, 
1:2, and 2:1 ratios (sample/matrix v/v). The mixture was deposited onto 
the MALDI sample holder and dried at room temperature for matrix 
crystallization. 

4.1.2. General procedure for the synthesis of methyl (E)-3-[4-(4- 
benzylpiperazin-1-yl)phenyl]acrylate (3) 

To a solution of 4-formylcinnamic acid (5.0 g; 28.4 mmol) in N,N- 
dimethylformamide anhydrous (DMF) was added K2CO3 (5.10 g; 37 
mmol) and dropwise methyl iodide (5.68 g; 40 mmol) at room tem
perature and in a nitrogen atmosphere. The reaction mixture was stirred 
for 24 h at room temperature. Then, the solvent was evaporated under 
vacuum, the resulting residue treated with EtOAc, and washed saturated 

Fig. 13. Best docking poses of compound 6 with HDACs class IIa and IIb. Best docked poses of the most probable protonation state of 6 with the crystal structure of 
(A) HDAC4, (B) HDAC7, and (C) HDAC6. Proteins are shown in a yellow-green and faded blue surface for class IIa and IIb, respectively, while residues involved in the 
most critical interactions are depicted as yellow-green and faded thin blue tubes, respectively. The ligand is represented as orange balls and sticks. H-bonds, salt 
bridge, and π-π interactions are indicated as violet, orange, and cyan dashed lines, respectively. 
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solution of NaHCO3. The organic and the aqueous phase were repeatedly 
separated, and the aqueous phase was extracted with EtOAc. The com
bined organics phases have been dried with anhydrous Na2SO4, filtered, 
and evaporated under vacuum to obtain 4.61 g of pure 2 (yield 85.4%). 
The obtained solid did not require any further purification. To a solution 
of 4-benzylpiperazine (1.26 mL; 7.3 mmol) in 10 mL of anhydrous 
tetrahydrofuran (THF) was added dropwise at room temperature and in 
nitrogen atmosphere compound 2 (1.4 g; 7.3 mmol) in 6 mL anhydrous 
THF. AcOH was added to the solution (0.420 mL, 7.3 mmol), and the 
reaction mixture was stirred for about 30 min and added dropwise to a 
NaBH(OAc)3 solution (2.31 g; 10.9 mmol) in 1.85 mL of anhydrous THF 
at room temperature and nitrogen atmosphere. The reaction mixture 
was stirred overnight at room temperature. Subsequently, a saturated 
solution of NaHCO3 was added, and the aqueous phase was repeatedly 
extracted with CHCl3. The combined organic phases were dried with 
Na2SO4 anhydrous, filtered, and evaporated under vacuum. The crude 
was purified by MPLC using EtOAc as eluent to get 1.76 g of interme
diate 3 (69% yield) as a white solid.mp 107–109 ◦C; 1H NMR (500 MHz, 
D2O): δ 3.46 (s, 8H, H-piperazine); 3.65 (s, 3H, COOCH3); 4.31 (s, 4H, 
NCH2); 6.43 (d, J = 5.0 Hz, 1H, COCH); 7.34–7.56 (m, 9H + 1H, ArH +
ArCH = CH); 13C NMR (125 MHz, D2O): 50.48 (OCH3), 50.53 (2CH2- 
piperazine), 54.66 (2CH2-piperazine), 62.30 (CH2), 62.82 (CH2), 121.24 
(CH), 129.83 (CHAr), 131.34 (2CHAr), 131.79(2CHAr), 132.09 
(2CHAr), 132.96 (2CHAr), 133.53 (C-ipso), 134.09 (C-ipso), 138.37 (C- 
ipso), 146.77 (CH), 171.86 (CO). Anal. calcd. for C22H26N2O2: C, 75.40; 
H, 7.48; N,7.99. Found: C, 75.36; H, 7.60; N, 7.74. 

4.1.3. General procedure for the synthesis of methyl esters(8a,b) 
To a solution of the specific ammine (1 mmol) and NaHCO3 in ab

solute EtOH was added (1 mmol) dropwise intermediate 7 (1 mmol) at 
50 ◦C and nitrogen atmosphere. The reaction mixture was stirred for 7 h 
at 50 ◦C and then stirred at room temperature overnight. Then the sol
vent was evaporated under vacuum, and the resulting residue was 
treated with EtOAc and washed with a saturated solution of NaHCO3. 
The organic and the aqueous phases were repeatedly separated, and the 
aqueous phase was extracted with EtOAc and subsequently adjusted at 
pH 9 with Na2CO3. The aqueous phase was extracted with EtOAc, and 
the combined organics phases were dried with anhydrous Na2SO4, 
filtered, and evaporated under vacuum. The crude was purified by MPLC 
using EtOAc as eluent. According to this procedure, the following 
products have been obtained. 

4.1.3.1. Methyl 4-[(4-benzylpiperazin-1-yl)methyl]benzoate(8a). White 
solid (86%): mp 82–83 ◦C; 1H NMR (500 MHz, CDCl3): δ 2.47 (s, 8H, H- 
piperazine), 3.51 (s, 2H, NCH2), 3.54 (s, 2H, NCH2), 3.89 (s, 3H, 
COOCH3), 7.21–7.31 (m, 5H, ArH), 7.38 (d, J = 9.0 Hz, 2H, ArH), 7.96 
(d, J = 9.0 Hz, 2H, ArH); 13C NMR (125 MHz, CDCl3): 51.98 (OCH3), 
53.02 (2CH2-piperazine), 53.13 (2CH2-piperazine), 62.62 (CH2), 63.01 
(CH2), 127.00 (CHAr), 128.16 (2CHAr), 128.92 (2CHAr), 129.18 
(CHAr), 129.51 (CHAr), 129.83 (CHAr), 133.47 (CHAr), 138.04 (C-ipso), 
140.34 (C-ipso), 143.81 (C-ipso), 167.03 (CO). Anal. calcd. for 
C20H24N2O2: C, 75.05, H, 7.46, N, 8.63. Found:C, 74.79, H, 7.79, N, 
8.45. 

4.1.3.2. Methyl 4-{[(1-benzylpiperidin-4-yl)(methyl)amino]methyl}ben
zoate(8b). White solid (49%): mp 240–242 ◦C; 1H NMR (500 MHz, 
CDCl3): δ 1.60–1.70 (m, 2H, H-piperidine), 1.73–1.79 (m, 2H, H-piper
idine), 1.91–2.07 (m, 2H, H-piperidine), 2.18 (s, 3H, NCH3), 2.37–2.46 
(m, 1H, H-piperidine), 2.90–2.98 (m, 2H, H-piperidine), 3.48 (s, 2H, 
NCH2), 3.61 (s, 2H, NCH2), 3.89 (s, 3H, COOCH3), 7.20–7.32 (m, 5H, 
ArH), 7.38 (d, J = 8.0 Hz, 2H, ArH), 7.96 (d, J = 8.0 Hz, 2H, ArH); 13C 
NMR (125 MHz, CDCl3): 27.87 (CH3), 37.85 (CH-piperidine), 51.91 
(OCH3), 53.23 (2CH2-piperidine), 57.69 (2CH2-piperidine), 61.04 
(CH2), 63.05 (CH2), 126.89 (CHAr), 128.11 (2CHAr), 128.45 (2CHAr), 
128.64 (2CHAr), 129.08 (2CHAr), 129.50 (C-ipso), 138.43 (C-ipso), 

145.86 (C-ipso), 167.07 (CO). Anal. calcd. for C22H28N2O2: C, 62.25, H, 
7.32, N, 6.50. Found: C, 62.12, H, 7.11, N, 6.59. 

4.1.4. General procedure for the synthesis of N-(2-aminophenyl)amide (4, 
and 9a,b) 

To a solution of esters, 3, 8a, or 8b (1 mmol) in MeOH, an aqueous 
solution of LiOH 1 M (2 mmol) was added dropwise at 50 ◦C. The re
action mixture was stirred at a temperature of 50 ◦C overnight. The 
solvent was evaporated under vacuum, the resulting residue dissolved in 
anhydrous DMF, and o-phenylenediamine (4 mmol) in DMF was added, 
followed by the addition of HOBt (3 mmol) and EDC (3 mmol). The 
reaction was stirred at room temperature for 24 h. Subsequently, EtOAc 
was added, and the organic phase was repeatedly washed with a satu
rated solution of NaHCO3 and with a solution of NaCl. The combined 
organic phases were dried with anhydrous Na2SO4, filtered, and evap
orated under vacuum. The crude was purified by MPLC using EtOAc as 
eluent. According to this procedure, the following products have been 
obtained. 

4.1.4.1. (E)-N-(2-aminophenyl)-3-{4-[(4-benzylpiperazin-1-yl)methyl] 
phenyl}acrylamide(4). Beige solid (70%): mp 164–166 ◦C; 1H NMR (500 
MHz, CDCl3): δ 2.49 (s, 8H, H-piperazine); 3.52 (s, 4H, NCH2); 3.88 (br s, 
2H, NH2); 6.57 (d, J = 15.5 Hz, 1H, COCH); 6.77–6.84 (m, 2H, ArH); 
7.00–7.38 (m, 9H, ArH); 7.4–7.5 (m, 2H, ArH); 7.55 (br s, 1H, ArCH =
CH); 7.71 (d, J = 9.0 Hz, 1H, ArH); 13C NMR (125 MHz, CDCl3): 52.94 
(2CH2-piperazine), 52.99 (2CH2-piperazine), 62.58 (CH2), 62.95 (CH2), 
116.71 (CHAr), 118.20 (CH), 119.17 (CHAr), 119.54 (CHAr), 124.49 
(CHAr), 125.09 (CHAr), 127.06 (CHAr), 127.86 (2CHAr), 128.18 
(2CHAr), 129.23 (2CHAr), 129.57 (2CHAr), 133.47 (C-ipso), 137.83 (C- 
ipso), 140.34 (C-ipso), 140.71 (CNH2), 142.06 (CH), 164.37 (CO). HRMS 
(MALDI-TOF): (M + H)+ calcd for [C27H30N4O]H+, 427.2498; found, 
427.2492. Anal. calcd. for C27H30N4O: C, 76.03; H, 7.09; N, 13.13. 
Found: C, 75.99; H, 7.23; N, 13.18. 

4.1.4.2. N-(2-aminophenyl)-4-[(4-benzylpiperazin-1-yl)methyl]benzamide 
(9a). Beige solid (75%): mp 148–150 ◦C; 1H NMR (500 MHz, CDCl3): δ 
2.49 (s, 8H, H-piperazine), 3.53 (s, 2H, NCH2), 3.57 (s, 2H, NCH2), 4.75 
(br s, 2H, NH2), 6.82–7.32 (m, 9H, ArH), 7.42 (d, J = 15.0 Hz, 2H, ArH), 
7.38 (d, J = 15.0 Hz, 2H, ArH), 7.92 (br s, 1H, CONH);13C NMR (125 
MHz, CDCl3): 52.96 (2CH2-piperazine), 53.03 (2CH2-piperazine), 62.47 
(CH2), 62.95 (CH2), 118.36 (CHAr), 119.75 (CHAr), 124.62 (CHAr), 
125.16 (CHAr), 127.08 (CHAr), 127.16 (CHAr), 127.25 (2CHAr), 
128.20 (2CHAr), 129.23 (2CHAr), 129.34 (2CHAr), 132.93 (C-ipso), 
137.83 (C-ipso), 140.67 (C-ipso), 142.67 (CNH2), 165.66 (CO). HRMS 
(MALDI-TOF): (M + H)+ calcd for [C25H28N4O]H+, 401.2341; found, 
401.2348. Anal. calcd. for C25H28N4O: C, 74.97; H, 7.05; N, 13.99. 
Found: C, 74.77; H, 6.90; N, 14.10. 

4.1.4.3. N-(2-aminophenyl)-4-{[(1-benzylpiperidin-4yl)(methyl)amino] 
methyl}benzamide(9b). Yellow solid (62%): mp 141–143 ◦C; 1H NMR 
(500 MHz, CDCl3): δ 1.60–1.71 (m, 2H, H-piperidine), 1.73–1.80 (m, 
2H, H-piperidine),1.92–2.00 (m, 2H, H-piperidine), 2.21 (s, 3H, NCH3), 
2.38–2.48 (m, 1H, H-piperidine), 2.92–3.00 (m, 2H, H-piperidine), 3.49 
(s, 2H, NCH2), 3.63 (m, 2H, NCH2), 6.80–7.35 (m, 9H, ArH), 7.42 (d, J =
7.5 Hz,1H, ArH), 7.83 (d, J = 7.5 Hz, 1H, ArH), 7.88 (br s, 1H, CONH); 
13C NMR (125 MHz, CDCl3): 27.85 (CH3), 37.84 (CH2-piperidine), 53.22 
(2CH2-piperidine), 57.62 (2CH2-piperidine), 60.95 (CH2), 63.04 (CH2), 
118.30 (CHAr), 119.68 (CHAr), 124.60 (CHAr), 125.21 (CHAr), 126.94 
(CHAr), 127.12 (CHAr), 127.25 (2CHAr), 128.14 (2CHAr), 128.86 
(2CHAr), 129.13 (2CHAr), 132.64 (C-ipso), 138.35 (C-ipso), 140.72 (C- 
ipso), 144.79 (CNH2), 165.77 (CO). HRMS (MALDI-TOF): (M + H)+

calcd for [C27H32N4O]H+, 429.2654.; found, 429.2658. Anal. calcd. for 
C27H32N4O: C, 75.67; H, 7.53; N, 13.07. Found: C, 75.54; H, 7.47; N, 
13.19. 
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4.1.5. General procedure for the synthesis of the hydroxyamide (6, 11a,b) 
To a solution of esters, 3, 8a, or 8b (1 mmol) in MeOH was added an 

aqueous solution of LiOH 1 M (2 mmol) dropwise at 50 ◦C, and the re
action mixture was stirred overnight. The solvent was evaporated under 
vacuum, and to the resulting residue dissolved in 15 mL of an anhydrous 
solution of THF/DMF (1:1) was added TEA (2 mmol), followed by the 
dropwise addition of an ethyl chloroformate solution (4 mmol) in 12 mL 
of THF at 0 ◦C and in an inert atmosphere. The reaction was stirred at 
room temperature for 3 h. Subsequently, O-(tetrahydro-2H-pyran-2-yl)- 
hydroxylamine (5 mmol) was added at room temperature under a ni
trogen atmosphere, and the reaction was stirred at room temperature 
overnight. The resulting residue was washed with a saturated solution of 
NaHCO3, and the aqueous phase was extracted with CHCl3; the com
bined organic phases were dried with anhydrous Na2SO4, filtered, and 
evaporated under vacuum. The crude was purified by MPLC to obtain 
the 5, 10a, and 10b intermediates. To a solution of the intermediates in 
EtOH was added dropwise a solution of HCl 1.25 M in EtOH at 0 ◦C. The 
reaction was stirred at room temperature for 24 h. Subsequently, the 
solvent was evaporated under vacuum, the resulting residue dissolved in 
EtOH and precipitated with Et2O. According to this procedure, the 
following products have been obtained. 

4.1.5.1. (E)-3-{4-[(4-benzylpiperazin-1-yl)methyl]phenyl}-N-hydrox
yacrylamide hydrochloride (6) [58]. White solid (63%): mp 230–231 ◦C; 
1H NMR (500 MHz, DMSO‑d6): δ 3.21–3.70 (m, 8H, H-piperazine), 4.34 
(s, 4H, NCH2), 6.55 (d, J = 16.0 Hz, 1H, COCH), 7.44–7.65 (m, 9H + 1H, 
ArH + ArCH = CH), 10.89 (br s, 1H, OH), 12.12 (br s, 1H, CONH); 13C 
NMR (125 MHz, DMSO‑d6): δ 47.51 (2CH2-piperazine), 58.30 (2CH2- 
piperazine), 58.72 (CH2), 79.30 (CH2), 120.44 (CH), 128.12 (CHAr), 
129.17 (2CHAr), 129.32 (2CHAr), 130.00 (2CHAr), 130.65 (2CHAr), 
131.58 (C-ipso), 132.12 (C-ipso), 136.23 (C-ipso), 137.89 (CH), 162.84 
(CO). HRMS (MALDI-TOF): (M + H)+ calcd for [C21H25N3O2]H+, 
352.2025; found, 352.2029. Anal. calcd. for C21H25N3O2⋅2HCl: C, 59.44; 
H, 6.41; N, 9.90. Found: C, 59.28; H, 6.50; N, 9.77. 

4.1.5.2. 4-[(4-benzylpiperazin-1-yl)methyl]-N-hydroxybenzamide hydro
chloride (11a). White solid (88%): mp 230–232 ◦C; 1H NMR (500 MHz, 
DMSO‑d6): δ 3.44 (s, 8H, H-piperazine), 4.34 (s, 2H, NCH2), 4.39 (s, 2H, 
NCH2), 7.40–7.54 (m, 5H, ArH), 7.61 (d, J = 5.0 Hz, 2H, ArH), 7.77 (d, J 
= 8.5 Hz, 2H, ArH), 11.34 (br s, 1H, OH) 11.34 (br s, 1H, CONH); 13C 
NMR (125 MHz, CDCl3): δ 47.76 (2CH2-piperazine), 58.48 (2CH2- 
piperazine), 58.97 (CH2), 79.02 (CH2), 127.8 (CHAr), 129.1 (2CHAr), 
129.4 (2CHAr), 130.3 (2CHAr), 131.82 (2CHAr), 131.86 (C-ipso), 
132.73 (C-ipso), 133.93 (C-ipso), 164.2 (CO). HRMS (MALDI-TOF): (M +
H)+ calcd for [C19H23N3O2]H+, 326.1868; found, 326.1863. Anal. calcd. 
for C19H23N3O2⋅2HCl: C, 57.29; H, 6.33; N, 10.55. Found: C, 57.04; H, 
6.21; N, 10.68. 

4.1.5.3. 4-{[(1-benzylpiperidin-4-yl)(methyl)amino]methyl}-N-hydrox
ybenzamide hydrochloride (11b). Pink solid (93%): mp 229–231 ◦C; 1H 
NMR (500 MHz, D2O): δ 2.15–2.25 (m, 2H, H-piperidine), 2.48–2.55 (m, 
2H, H-piperidine), 2.83 (s, 3H, NCH3), 3.20–3.30 (m, 2H, H-piperidine), 
3.58–3.62 (m, 1H, H-piperidine), 3.75–3.80 (m, 2H, H-piperidine), 4.42 
(s, 2H, NCH2), 4.55 (s, 2H, NCH2), 7.55–8.15 (m, 9H, ArH); 13C NMR 
(125 MHz, D2O):δ 35.76 (CH3), 50.24 (CH2-piperidine), 56.81 (2CH2- 
piperidine), 59.36 (2CH2-piperidine), 60.52 (CH2), 62.53 (CH2), 65.96, 
127.98 (CHAr), 128.17 (2CHAr), 129.32 (2CHAr), 130.37 (2CHAr), 
131.16 (2CHAr), 131.40 (C-ipso), 132.66 (C-ipso), 133.82 (C-ipso), 
167.48 (CO). HRMS (MALDI-TOF): (M + H)+ calcd for [C21H27N3O2]H+, 
354.2181; found, 354.2186. Anal. calcd. for C21H25N3O2⋅2HCl: C, 59.15; 
H, 6.86; N, 9.86. Found: C, 59.26; H, 6.83; N, 10.05. 

4.1.6. General procedure for the synthesis of compounds13a–c 
To a solution of o-phenylenediamine (3 mmol) in anhydrous CH2Cl2 

was added dropwise a solution of the opportune acyl chloride (1 mmol) 

in 6 mL of CH2Cl2 at 0 ◦C and inert atmosphere, then the reaction 
mixture was stirred 24 h at room temperature. Subsequently, a saturated 
solution of NaHCO3was added and the aqueous phase was extracted 
with CH2Cl2. The combined organic phases were dried with anhydrous 
Na2SO4, filtered, and evaporated under vacuum. The crude was purified 
by flash chromatography with CH2Cl2/EtOAc 50:50 in order to obtain 
the intermediates 12a–c. The intermediates were added dropwise, under 
a nitrogen atmosphere, to a solution of 4-(4-chlorophenyl)-4-hydrox
ypiperidine and K2CO3 in anhydrous DMF, and the reaction mixture was 
stirred 21 h at 80 ◦C. The solvent was evaporated under vacuum, and the 
resulting residue was treated with EtOAc and washed with a saturated 
solution of NaHCO3. The organic and the aqueous phase were repeatedly 
separated, and the aqueous phase was extracted with EtOAc. The crude 
was purified by flash chromatography with EtOAc/MeOH 70:30 as 
eluent. According to this procedure, the following products have been 
obtained. 

4.1.6.1. N-(2-aminophenyl)-3-[4-(4-chlorophenyl)-4-hydroxypiperidin-1- 
yl]propanamide (13a). White solid (85%): mp 171–174 ◦C; 1H NMR 
(500 MHz, DMSO‑d6): δ 1.60–1.57 (m, 2H, H-piperidine), 1.96–1.90 (m, 
2H, H-piperidine), 2.49–2.41 (m, 4H, H-piperidine), 2.80–2.78 (m, 2H, 
NCH2), 3.33 (m, 2H, COCH2), 4.99–4.91 (br s, 2H, NH2), 7.12–6.51 (m, 
4H, ArH), 7.51–7.35 (m, 4H, ArH), 9.37 (s, 1H, CONH); 13C NMR (125 
MHz, DMSO‑d6):δ 33.64 (CH2), 37.74 (2CH2-piperidine), 48.79 (2CH2- 
piperidine), 54.46 (C-piperidine), 69.42 (CH2), 115.44 (CH-Ar), 115.94 
(CH-Ar), 123.35 (CH-Ar), 125.74 (CH-Ar), 126.01 (2CH-Ar), 126.85 
(2CH-Ar), 127.69 (C-ipso), 130.76 (CH-Ar), 142.70 (CH-Ar), 149.04 
(CNH2), 170.28 (CO). MS (MALDI-TOF): (M + H)+ calcd for 
[C20H24ClN3O2]H+, 374.1635; found, 374.1638. Anal. calcd. for 
C20H24ClN3O2: C, 67.21; H, 6.77; N, 11.76. Found: C, 67.43; H, 6.32; N, 
11.52. 

4.1.6.2. N-(2-aminophenyl)-3-[4-(4-chlorophenyl)-4-hydroxypiperidin-1- 
yl]butanamide (13b). White solid (70%): mp 157–160 ◦C; 1H NMR (500 
MHz, DMSO‑d6): δ 1.55–1.53 (m, 2H, H-piperidine), 1.77 (m, 2H, H- 
piperidine), 1.91–1.85 (m, 2H, H-piperidine), 2.37–2.33 (m, 6H, CH2) 
2.67–2.65 (m, 2H, H-piperidine), 3.51 (br s, 1H, OH), 4.85 (br s, 2H, 
NH2), 7.20–6.51 (m, 4H, ArH), 7.45–7.32 (m, 4H, ArH), 9.21 (s, 1H, 
CONH2); 13C NMR (125 MHz, DMSO‑d6): δ 22.67 (CH2), 34.07 (CH2), 
37.92 (CH2), 48.99 (2CH2-piperidine), 57.59 (2CH2-piperidine), 69.56 
(C-piperidine), 115.77 (CH-Ar), 116.06 (CH-Ar), 123.68 (2CH-Ar), 
125.08 (CH-Ar), 125.48 (2CH-Ar), 126.78 (2CH-Ar), 127.62 (CCl), 
130.64 (C-ipso), 141.76 (CH-Ar), 149.21 (CNH2), 171.15 (CO). HRMS 
(MALDI-TOF): (M + H)+ calcd for [C21H26ClN3O2]H+, 388.1792; found, 
388.1797. Anal. calcd. for C21H26N3O2: C, 67.90; H, 7.06; N, 11.31. 
Found: C, 68.18; H, 6.88; N, 11.15. 

4.1.6.3. N-(2-aminophenyl)-3-[4-(4-chlorophenyl)-4-hydroxypiperidin-1- 
yl]pentanamide (13c). White solid (60%): mp 163–166 ◦C; 1H NMR 
(500 MHz, DMSO‑d6): δ 1.64–1.46 (m, 6H, H-piperidine), 1.91–1.85 (m, 
2H, H-piperidine), 2.36–2.32 (m, 6H, CH2), 2.65–2.63 (m, 2H, COCH2), 
3.43 (br s, 1H, OH), 4.82 (br s, 2H, NH2), 7.16–6.51 (m, 4H, ArH), 
7.49–7.33 (m, 4H, ArH), 9.15 (s, 1H, CONH); 13C NMR (125 MHz, 
DMSO‑d6): δ 23.40 (CH2), 26.13 (CH2), 35.63 (CH2), 37.92 (CH2), 49.04 
(2CH2-piperidine), 57.83 (2CH2-piperidine), 69.55 (C-piperidine), 
115.84 (CH-Ar), 116.11 (CH-Ar), 123.58 (2CH-Ar), 125.19 (CH-Ar), 
125.60 (2CH-Ar), 126.82 (CH-Ar), 127.65 (2CH-Ar), 130.67 (2CH-Ar), 
141.84 (CCl), 149.21 (CNH2), 171.12 (CO). HRMS (MALDI-TOF): (M +
H)+ calcd for [C22H28ClN3O2]H+, 402.1948; found, 402.1943. Anal. 
calcd. for C22H28N3O2: C, 65.74; H, 7.02; N, 10.45. Found: C, 65.97; H, 
6.78; N, 10.28. 
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4.2. Receptors radioligand binding assays 

4.2.1. Materials 
Brain and liver homogenates for σ1R and σ2R receptor binding assays 

were prepared from male Dunkin-Hartley guinea pigs and Sprague 
Dawley rats, respectively (ENVIGO RMS S.R.L., Udine, Italy). Animals 
(200–250 g) were euthanized with CO2 in a euthanasia chamber and 
sacrificed by decapitation. Guinea pig brains without cerebellum (~2.5 
g each) and rat livers (~7 g each) were kept on dry ice and stored at 
–80 ◦C. [3H](+)-Pentazocine (26.9 Ci/mmol) and [3H]1,3-di-o-tol
ylguanidine ([3H]DTG, 35.5 Ci/mmol) were purchased from Perki
nElmer (Zaventem, Belgium). Ultima Gold MV Scintillation cocktail was 
from PerkinElmer (Milan, Italy). All the other materials were obtained 
from Merck Life Science S.r.L. (Milan, Italy). The test compound solu
tions were prepared by dissolving approximately 10 µmol of the test 
compound in DMSO so that a 10 mM stock solution was obtained. The 
required test concentrations for the assay (from 10− 5 to 10− 11 M) have 
been prepared by diluting the DMSO stock solution with the respective 
assay buffer. All experiments were performed using ultrapure water 
obtained with a Millipore Milli-Q Reference Ultrapure Water Purifica
tion System. All the laboratory glassware was first washed with 6 M HCl 
water solution and then rinsed with ultrapure water. 

4.2.2. Preparation of membrane homogenates from pig brain 
Fresh guinea pig brain cortices (~25 g) were homogenized in two 

portions with 10 volumes of ice-cold Tris (50 mM, pH 7.4) containing 
0.32 M sucrose with a Potter-Elvehjem glass homogenizer. The sus
pension was centrifuged at 1,030 × g for 10 min at 4 ◦C. The supernatant 
was separated and centrifuged at 41,200 × g for 20 min at 4 ◦C. The 
obtained pellet was suspended with 3 volumes of ice-cold Tris (50 mM, 
pH 7.4), incubated at rt for 15 min, and centrifuged at 41,200 × g for 15 
min at 4 ◦C. The final pellet was resuspended with ~ 2 volumes of ice- 
cold Tris buffer and frozen at –80 ◦C in ~ 1 mL portions containing 
about 5 mg protein/mL. 

4.2.3. Preparation of membrane homogenates from rat liver 
Rat livers (~21 g) were cut into small pieces with a scalpel and ho

mogenized in two portions with 6 volumes of cold 0.32 M sucrose with a 
Potter-Elvehjem glass homogenizer. The suspension was centrifuged at 
1,030 × g for 10 min at 4 ◦C. The supernatant was separated and 
centrifuged at 31,100 × g for 20 min at 4 ◦C. The pellet was resuspended 
with 6 volumes of ice-cold Tris buffer (50 mM, pH 8) and incubated at rt 
for 30 min. Then, the suspension was centrifuged at 31,100 × g for 20 
min at 4 ◦C. The final pellet was resuspended with 6 volumes of ice-cold 
Tris buffer and stored at –80 ◦C in ~ 1 mL portions containing about 6 
mg protein/mL. 

4.2.4. Protein determination 
The protein concentration was determined by the Bradford method. 

The Bradford solution was prepared by dissolving 10 mg of Coomassie 
Brilliant Blue G 250 in 5 mL of 95% ethanol. To this solution, 10 mL of 
85% phosphoric acid were added, and the mixture was stirred and filled 
to a total volume of 100 mL with ultrapure water. The calibration was 
carried out with bovine serum albumin, as a standard, at different 
concentrations. In a 96-well plate, 30 µL of the calibration solution or 30 
µL of the membrane receptor preparation were mixed with 240 µL of the 
Bradford solution, respectively. After 5 min of incubation at rt, the UV 
absorbance was measured at λ = 595 nm using a microplate spectro
photometer reader (Synergy HT, BioTek). 

4.2.5. σ1R ligand binding assays 
In vitro σ1R ligand binding assays were carried out in Tris buffer (50 

mM, pH 7.4) for 150 min at 37 ◦C. The thawed membrane preparation of 
the guinea pig brain cortex (250 μg/sample) was incubated with 
increasing concentrations of test compounds and [3H](+)-pentazocine 
(2 nM) in a final volume of 0.5 mL. The Kd value of [3H](+)-pentazocine 

was 2.9 nM. Unlabeled (+)-pentazocine (10 μM) was used to measure 
non-specific binding. Bound and free radioligand were separated by fast 
filtration under reduced pressure using a Millipore filter apparatus 
through Whatman GF/6 glass fiber filters, which were presoaked in a 
0.5% poly(ethyleneimine) water solution for 120 min. Each filter paper 
was rinsed three times with 3 mL ice-cold Tris buffer (50 mM, pH 7.4), 
dried at rt, and incubated overnight with 3 mL scintillation cocktail into 
pony vials. The bound radioactivity has been determined using a liquid 
scintillation counter (Beckman LS 6500). 

4.2.6. σ2R ligand binding assays 
In vitro, σ2R ligand binding assays were carried out in Tris buffer (50 

mM, pH 8.0) for 120 min at rt. The thawed membrane preparation of rat 
liver (250 μg/sample) was incubated with increasing concentrations of 
test compounds and [3H]DTG (2 nM) in the presence of (+)-pentazocine 
(5 µM) as σ1R masking agent in a final volume of 0.5 mL. The Kd value of 
[3H]DTG was 17.9 nM. Non-specific binding was evaluated with unla
beled DTG (10 μM). Bound and free radioligand were separated by fast 
filtration under reduced pressure using a Millipore filter apparatus 
through Whatman GF/6 glass fiber filters, which were presoaked in a 
0.5% poly(ethyleneimine) water solution for 120 min. Each filter paper 
was rinsed three times with 3 mL ice-cold Tris buffer (10 mM, pH 8), 
dried at rt, and incubated overnight with 3 mL scintillation cocktail into 
pony vials. The bound radioactivity has been determined using a liquid 
scintillation counter (Beckman LS 6500). 

4.2.7. Data analysis 
The Ki-values were calculated using GraphPad Prism® 7.0 (Graph

Pad Software, San Diego, CA, USA). The Ki-values are given as mean 
value ± SD from at least two independent experiments performed in 
duplicate. 

4.3. In vitro pharmacology 

4.3.1. Cell culture and seeding 
AGS (human gastric adenocarcinoma) and PC3 (human prostate 

adenocarcinoma) cell lines were purchased from ECACC and maintained 
in HAM’s F12medium supplemented with 10% of fetal bovine serum 
(FBS) and 1% of penicillin/streptomycin (Gibco - Thermofisher Scien
tific, MD, USA).Human breast cancer MCF7 (HTB-22™), human colo
rectal carcinoma cell line HCT116, and human keratinocytes cell line 
HaCaT were purchased by ATCC and maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) high glucose (EuroClone, Milan, Italy) sup
plemented with10% of fetal bovine serum (FBS) and 1% of penicillin/ 
streptomycin (Gibco - Thermofisher Scientific).All the cells were main
tained in a humified atmosphere of 5% CO2 at 37 ◦C.After reaching the 
exponential growth phase, the cells were seeded into 96/wellculture 
plates at different densities: AGS and MCF7 at 10000/well, HaCaT 
8000/well, PC3 6000/well, and HCT116 5000/mL, according to their 
different growth rate and previous experience. The cells were left to 
adhere for 24 h, and then the medium was replaced with the same 
volume of medium with the indicated concentration of compounds, as 
described in the following paragraph. 

4.3.2. Cell treatment and MTT assay 
First, AGS cells were treated with different concentrations, ranging 

0.1–10 µM, of all the previously described compounds. An MTT assay 
was performed at 24, 48, and 72 h.Second, all the four cancer cell lines 
(AGS, HCT116, MCF7, and PC3) were exposed to different concentra
tions (range 0–80 µM) of compounds 6, 9a, and 9b. An MTT assay was 
performed at 48 h, and the IC50 for each compound for each cell line was 
calculated using GraphPad Prism software.Third, all the four cancer cell 
lines (AGS, HCT116, MCF7, and PC3) were exposed to different con
centrations (0–80 µM) of 6, 9a, 9b, VPA, and BD1063, both alone and in 
an equimolar solution and an MTT assay was performed at 48 h.Last, 
HaCaT cells were exposed to different concentrations (0–80 µM) of 
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compounds 6 and 9b,and an MTT assay was performed at 48 h. Cell 
viability was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazoliumbromide) test (Sigma Aldrich, Milan, Italy). At the indi
cated experimental times, cells were incubated with 100 mL/well of 
MTT (1 mg/mL) 1:10 with a fresh growth medium for 4 h at 37 ◦C and 
5% CO2. Finally, the MTT solution was removed and replaced with 100 
mL/well of DMSO. Cells were incubated for an additional 20 min at 
37 ◦C and 5% CO2 and gently swirled for 10 min at room temperature. 
The optical density was measured at 540 nm employing a spectropho
tometer (Multiskan GO, Thermo Scientific, Monza, Italy). The results 
were expressed as the percentage of control cells, and each experiment 
was performed three times in triplicate. 

4.3.3. Statistical analysis 
All results are reported as mean ± SD from at least three independent 

experiments (n = 3) performed at least in triplicate. The results were 
analyzed using oneway ANOVA followed by Tukey–Kramer multiple 
comparisons test; differences between groups were considered signifi
cant for p-value < 0.05. 

4.3.4. HDAC activity assay 
AGS, HCT116, MCF7, and PC3cells were harvested and centrifuged. 

Pellets were rinsed twice in PBS and lysed in 400 µL sterile water 10 min. 
HDAC activity was investigated in cell lysates from 50 µg total protein 
using BioVision HDAC Activity Colorimetric Assay kit (Catalog #K331- 
100), according to the manufacturer’s protocol. Cell lysates were pre
pared from all cancer cell lines, and all procedures were performed at 
4 ◦C. Briefly, cells (AGS 18 × 106, PC3 32 × 106, MCF7 10 × 106, 
HCT116 67 × 106) were washed twice with ice-cold PBS and resus
pended as 5 × 107cells/mL of lysis buffer (120 mM NaCl, 50 m M Tris 
(pH 7.5), 5 mM EDTA, and 0.5% (v/v) Nonidet P-40) in the presence of 
freshly added protease inhibitors (2 µg/mL aprotinin, 1 µg/mL leu
peptin, 1 mM Sodium orthovanadate and 0.5 mM PMSF). After 30 min, 
the suspension was passed 10 times through a 21 gauge needle, and 
PMSF was added (1:200).The lysates were incubated for 30 min in ice 
and then cleared by centrifugation at 10,000 × g for 10 min at 4 ◦C. The 
supernatants were stored at –80 ◦C. Protein concentration was deter
mined with QuantiProTM BCA Assay Kit (Cat. No. QPBCA). Using 96- 
well plates with a U-shape bottom, 150 µg of cell lysate was diluted to 
85 µL (final volume) of ddH2O in each well (for background reading, add 
85 µL ddH2O only). Each cell lysate was diluted to 83 µL, and 2 µL of 
each compound (1 mM) was added. 10 µL of the 10X HDAC Assay Buffer 
was added, followed by 5 µL of the HDAC colorimetric substrate to each 
well and mixed thoroughly. The plate was incubated at 37 ◦C for 3.5 h. 
The reaction was stopped by adding 10 µL of Lysine Developer, and the 
plate was incubated at 37 ◦C for a further 30 min. The samples were read 
in an ELISA plate reader at 405 nm (Multiskan GO), and HDAC activity 
was expressed as the relative O.D. value.The IC50 values were calculated 
using GraphPad Prism® software at different concentrations (0–20 µM). 

4.4. Evaluation of chemical stability 

4.4.1. Chromatographic conditions 
The chromatographic analyses were performed using Agilent 1260 

Infinity II HPLC (Agilent, Santa Clara, CA, USA) consisting of a 1260 
Infinity II Quaternary Pump (model G7111A), 1260 Infinity II auto- 
sampler (model G7129A), 1260 Infinity II Multicolumn Thermostat 
(model G7116A), and 1260 Infinity II Diode Array Detector (model 
G7115A). Results were collected and integrated using an Agilent 
OpenLAB CDS LC ChemStation software. Poroshell 120 EC-C18 column 
(150 × 4.6 mm i.d., particle size 4 μm; Agilent, Santa Clara, USA) was 
used for the separations. Samples were analyzed using a mixture of 
water/acetonitrile, enriched with trifluoroacetic acid (0.1% v/v) as 
mobile phase, in a gradient elution mode starting from 80% to 20% of 
water over 12 min. The flow rate was 0.8 mL/min. The UV detector was 
set at a length of 254 nm. The stock solutions used to define the purity of 

each compound were prepared by dissolving the selected entities in an 
acidified aqueous medium. 

4.4.2. Kinetic of chemical hydrolysis 
Phosphate (PBS, pH 7.4) and hydrochloric acid buffers (pH 1.3) were 

used to evaluate the chemical stability at physiological pH. The reaction 
was initiated by adding 1 mL of 2 × 10-4 M stock solution of the com
pound to 10 mL of thermostated (37 ± 0.5 ◦C) aqueous buffer solution. 
At established time points, samples (20 µL) were withdrawn and 
analyzed by HPLC. Pseudo-first-order rate constants (kobs) for the hy
drolysis of the compounds were calculated from the slopes of the linear 
plots of log (% residual compound) against time. The analyses were held 
in triplicate, and the rate constants’ mean values were calculated. 

4.4.3. Kinetics of enzymatic hydrolysis 
Human plasma was obtained from 3H Biomedical (Uppsala, Sweden, 

Europe). Each compound (125 µg/mL) was added to plasma fractions 
(1.6 mL) diluted with 400 µL of PBS (pH 7.4) to obtain a final volume of 
2 mL (80% of plasma). Studies were performed at 37 ± 0.5 ◦C using a 
shaking bath. Aliquots (100 µL) were taken at established time points 
and treated with cold methanol (200 µL). After centrifugation for 15 min 
at 5000 g, the supernatant was analyzed by HPLC. The amounts of the 
remaining intact compound were plotted as a function of incubation 
time. 

4.4.4. ADME profile 
SwissADME (www.swissadme.ch accessed on 7 October 2021) was 

used to predict the ADME profile of the selected compounds [59]. 
SMILES notations were generated with MarvinSketch (18.24, Chem
Axon Ltd., Budapest, Hungary)software. Consequently, submitted as 
input to the Swiss ADME online program, molecular parameters such as 
solubility, LogP, permeation through the blood-brainbarrier (BBB) and 
gastrointestinal (GI) tract, skin permeability, CYP inhibition, and 
accordance to Lipinski filter were evaluated. 

4.5. Computational studies 

4.5.1. Ligands preparation 
The structures of compounds 6 and 9b were built using Marvin

Sketch (18.24, ChemAxon Ltd., Budapest, Hungary). All the protonation 
states were calculated, assuming a physiological pH of 7.4 (Table S3), 
and then prepared using Autodock Tools 1.5.6.[60] The PM6-D3H4 
Hamiltonian, as implemented in the MOPAC package (MOPAC2016 v. 
18.151, Stewart Computational Chemistry, Colorado Springs, CO, USA), 
[61] was then used to further optimize the 3D structures before the 
alignment for the docking calculations. Partial Gasteiger atomic charges 
were assigned to the compounds.[62] Trichostatin A (TSA), the most 
important pan-HDACi, was included as a positive control in the 
modeling studies, and its structure was also prepared as previously 
described for the other compounds. 

4.5.2. Selections of HDAC models 
The 3D coordinates of human HDACs available at the time of the 

present study were downloaded from the Protein Data Bank (PDB) 
platform at the address https://www.rcsb.org/ (accessed on 30 June 
2021): HDAC1 (PDB ID: 4BKX) [63], HDAC2 (PDB ID: 7KBG) [64], 
HDAC3 (PDB ID: 4A69) [65], HDAC4 (PDB ID: 6FYZ) [66], HDAC6 (PDB 
ID: 5EDU) [67], HDAC7 (PDB ID: 3C0Y) [68], HDAC8 (PDB ID: 5FCW) 
[69]. For the X-ray targets selection, the following criteria were 
respected: (1) the origin from Homo Sapiens; (2) minimum missing re
gions; (3) the absence of mutations and covalent co-crystallized ligands; 
(4) the best Diffraction-component Precision Index (DPI) score 
(Table S2) [70]. Thus, we considered only the 3D structures experi
mentally reported in the PDB. At the same time, the catalytic domain of 
HDAC5 and HDAC9 for class IIa, and HDAC10 for class IIb, were not 
included due to the lack of crystallographic information. Then, each 
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crystallographic model was prepared using AutoDock Tools 1.5.6 [60], 
by encompassing polar hydrogen atoms and Kollman [71] charges in the 
HDACs structure. 

4.5.3. Molecular docking 
Flexible ligands docking experiments were performed employing 

AutoDock Vina implemented in YASARA, using the crystal structure of 
the human σ1 receptor model bound to PD144418 (PDB 5HK1) retrieved 
from the PDB_REDO Data Bank. Docking for the σ2 receptor was per
formed using the homology models previously built by the same authors 
[72]. 

Molecular modeling calculations were performed using Autodock 
4.2.6 software [60] and Autodock4 Zn force-field, which contains 
improved parameters for the docking of zinc metalloenzymes [73]. In 
particular, for each HDAC model, the grid box of 60 Å3 was centered on 
the zinc cation within the catalytic cavity. Then, the maps were gener
ated by AutoGrid (4.2.6) with a spacing of 0.375 Å and dimensions 
encompassing all the active site’s surface. All the parameters were 
inserted at their default settings. Thus, the most populated cluster with 
the lowest free energy of binding values was chosen and analyzed. The 
docking protocol was validated by applying the re-docking procedure to 
the PDB models containing a co-crystallized ligand (HDAC2, HDAC4, 
HDAC6, HDAC7, and HDAC8) and by evaluating the Root Mean Square 
Deviation (RMSD) between the X-ray and the docking pose of each 
ligand (Table S4). 
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