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A B S T R A C T

Histone deacetylases 6 and 8 (HDAC6/8) have emerged as promising therapeutic targets in aggressive neural 
tumors such as neuroblastoma and glioblastoma. Herein, we report the design, synthesis, and comprehensive 
biological evaluation of a novel series of hydroxamic acid-based inhibitors (5a–p), featuring nature-inspired 
vanillyl CAP groups. Structure–activity relationship (SAR) analysis, supported by molecular docking, eluci
dated the role of CAP, connecting unit, and linker structure, alongside zinc-binding group orientation, on isoform 
selectivity and potency. Among the series, compound 5o emerged as a highly potent and preferential HDAC6 
inhibitor (IC50 = 4.5 nM). In SH-SY5Y neuroblastoma cells, 5o induced dose-dependent α-tubulin hyper
acetylation, caspase-3/7 activation that indicates apoptosis, a minor autophagy stimulation and showing 
negligible cytotoxicity in HEK-293 cells. Furthermore, 5o significantly reduced cell viability in multiple glio
blastoma models (U87-MG, T98G, U251-MG), disrupting mitotic progression and promoting G2/M cell cycle 
arrest, as evidenced by decreased phosphorylation of p-cdc2 (Tyr15). These findings validate the therapeutic 
relevance of HDAC inhibition in neural tumors and suggest that compound 5o deserves further investigation as 
an epigenetic modulator in cancer therapy.

1. Introduction

Histone deacetylases (HDACs) are epigenetic enzymes that control 
the acetylation status of histones by removing acetyl groups from lysine 
residues in the N-terminal regions of histones. Histone deacetylation 
strengthens the binding of histones to DNA, leading to a more compact 

chromatin structure that represses gene transcription, thereby high
lighting the role of HDACs as key epigenetic regulators [1]. Mammalian 
HDACs comprise 18 enzymes grouped into four classes: class I (HDACs 1, 
2, 3, and 8), class II, which is subdivided into two groups—class IIa 
(HDACs 4, 5, 7, and 9) and class IIb (HDACs 6 and 10); class III, or the 
sirtuin family (SIRT1–SIRT7); and class IV, comprising only HDAC11. 
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Classes I, II, and IV share the same catalytic zinc ion (Zn2+), which is 
necessary for the deacetylation reaction, while sirtuins use nicotinamide 
adenine dinucleotide (NAD+) as a cofactor to exert their catalytic ac
tivity [2]. Abnormal HDAC function has been associated with key 
oncogenic events, with aberrant expression observed in both hemato
logical malignancies [3] and solid tumors [4]. Through the deacetyla
tion of specific proteins, HDACs regulate apoptosis, cell cycle 
progression, and differentiation [5]. Among HDACs, the class I member 
HDAC8 is unique, with its gene located on the X chromosome exhibiting 
both nuclear and cytosolic expression. This distribution enables HDAC8 
to deacetylate both histone (e.g., H3) and non-histone proteins, such as 
structural maintenance of chromosomes 3 (SMC3). Furthermore, the 
class IIb member HDAC6 is an enzyme predominantly localized in the 
cytosol, showing preferential deacetylase activity toward non-histone 
proteins such as α-tubulin and the chaperone HSP90 [6]. Both HDAC6 
and HDAC8 are overexpressed in neuroblastoma and glioblastoma, two 
neurological malignancies that still present unmet therapeutic needs 
[7,8]. HDAC8 is a prognostic indicator of advanced neuroblastoma, with 
high metastatic index and poor survival. HDAC6 is upregulated in 
neuroblastoma metastatic sites and contributes to tumorigenesis by 
regulating Bax-dependent apoptosis [8]. Moreover, HDAC8 is upregu
lated in glioblastoma cells, and its downregulation strongly suppresses 
malignant proliferation by inducing cell cycle arrest and p53-mediated 
apoptosis [9]. Notably, HDAC6 is deeply involved in glioblastoma, 
and its aberrant expression facilitates tumor growth [10].

Several HDAC inhibitors (HDACis) have been proposed as tools for 
the treatment of neurological malignancies [11]. The hydroxamic acid- 
based HDAC8i PCI-34051 (Fig. 1) promoted apoptosis of neuroblastoma 
cells, while tubacin, preferentially inhibiting HDAC6, impairs neuro
blastoma cells morphology and impeded migration [8].

In glioblastoma, PCI-34051 increases DNA damage and impaired cell 
cycle progression [12], and tubacin modulates autophagic flux, thereby 
reducing glioblastoma growth [13]. Although HDAC6is and HDAC8is 
showed promise in preclinical studies, further research is needed to 
advance their clinical translation, due to side effects such nausea, 
vomiting, myelotoxicity, asthenia, cardiac toxicity, anemia and throm
bocytopenia [14]. In this context, natural products have emerged as 
potential HDAC modulators [15,16]. Vanillin and their derivatives were 
identified as suitable HDAC6is [17], and particularly sinapinic acid (1, 
Fig. 1) displayed in vitro HDAC inhibitory activity comparable to that of 
valproic acid [18]. Furthermore, synthetic analogues of 1 were 
described as pan-HDACis, providing critical information for structure- 
activity relationship (SAR) analyses [19]. Furthermore, other vanillyl- 
or cinnamyl-based phytochemicals were identified as HDAC8is, like 
matairesinol (2, Fig. 1) and cinnamic acid (3, Fig. 1) [20,21]. The 
development of HDACis based on natural products is a key focus, as 
reported for belinostat which maintains the cinnamoyl core in its 
structure [22–25]. In the context of synthetic compounds acting on 
HDACs, N-(4-(hydroxycarbamoyl)phenyl)-N-alkylbenzamides, exem
plified by MMH409 (4, Fig. 1) that is reported as a potent and selective 
HDAC8i (IC50 = 23 nM), are a class of HDACis whose activity can be 
directed toward HDAC6 and/or HDAC8 by the fine tuning of the size of 
the alkyl group at the benzamide nitrogen [26]. On the other hand, 
HDACis selectively targeting HDAC6 and HDAC8 isoforms hold promise 
for the development of new therapeutics. Recent studies described the 
development of polypharmacological agents as powerful tools to in
crease the therapeutic efficacy [27–30]. Specifically, the dual inhibition 
of HDAC6/HDAC8 may enhance efficacy through synergistic effects 
[31,32]. Our design strategy leverages the general pharmacophoric 
structure of HDACis characterized by a zinc binding group (ZBG), and a 
LINKER portion connecting the ZBG with the surface recognition group, 
CAP [33,34]. Specifically, the newly developed compounds consist of i) 
CAP groups derived from different nature-derived scaffolds such as 
vanilloyl moiety (5a–d, 5i–l, Fig. 1) or its analogue feruloyl (5e–h, 
5m–p, Fig. 1); ii) a LINKER portion consisting of amide-based moieties 
(N-benzyl or N-phenyl), with either the unsubstituted CONH group 

directing activity against HDAC6, or the CON-iPr moiety guiding the 
activity toward HDAC8; iii) a ZBG constituted by an hydroxamic acid, in 
both cases para- or meta- substituted at the phenyl ring. Specifically, the 
p-substitution proved to be essential for preferential HDAC6 inhibition 
by leuxinostat (Fig. 1) and its analogues [5]; while, in the case of the 
dual HDAC6/8 inhibitor BRD73954 (Fig. 1), a phenyl m-substituted 
hydroxamic acid was readily accommodated within the HDAC6 binding 
groove and was required for HDAC8 inhibition [35].

Thus, we herein describe the development of compounds 5a–p and 
their ability to inhibit HDAC6 and HDAC8 isoforms. The best performing 
molecules in terms of preferential HDAC6 or HDAC8 and dual HDAC6/8 
activity were further analyzed by assessing their interactions with 
HDAC1/2/3/5/10/11. Their ability to acetylate histone H3 on lysines 9/ 
14, α-tubulin and SMC3 was also interrogated by western blot. The 
compounds’ anticancer profile was assessed in SH-SY5Y neuroblastoma 
cells and U87, U251, and T98G glioblastoma cells. Cell cycle analysis, 
protein expression, Annexin V/propidium iodide assays were performed 
on 5o to identify the potential mechanism of cancer cell death. More
over, a preliminary investigation of the effect of 5o on autophagy flux in 
SH-SY5Y cells was performed by determining the LC3II/LC3I ratio and 
p62 expression.

2. Results and discussion

2.1. Chemistry

Scheme 1 illustrates the synthetic pathway leading to 5a–p. For the 
preparation of vanilloyl-based derivatives (5a–d, 5i–l), vanillic acid (6) 
was converted to its corresponding acyl chloride using thionyl chloride 
and coupled with the appropriate aniline (17a,b) or benzylamine (20a,b 
or 22a,b) under basic conditions to afford amides 7–9a,b. These in
termediates underwent hydroxylaminolysis by treatment with meth
anolic hydroxylamine, yielding hydroxamic acids 5a,d and 5k–l. In 
parallel, O-acetylation of 6 furnished carboxylic acid 10, which followed 
the same amidation-hydroxylaminolysis reaction sequence to give in
termediates 11a,b and, ultimately, 5i,j.

Similarly, for the ferulic-based derivatives (5e–h, 5m–p), ferulic acid 
(12) was initially O-acetylated to yield 13, which was converted to its 
corresponding acyl chloride to be reacted with the appropriate aniline 
(17a,b) or benzylamine (20b or 22a,b) yielding amides 14a–c and 
15a–d. Additionally, direct activation of 12 to its acyl chloride, followed 
by reaction with 20a, provided 14d. Intermediates 14a–d and 15a–d 
were then subjected to hydroxylaminolysis with methanolic hydroxyl
amine, affording the target compounds 5e–h and 5m–p.

Scheme 2 describes the preparation of key amine and aniline 
intermediates.

Commercially available 4-aminobenzoic acid (16a) and 3-aminoben
zoic acid (16b) were converted into methyl esters 17a,b through a tri
methylsilyl chloride (TMSCl)-assisted esterification reaction in 
methanol, and later reacted with acetone in a TMSCl/NaBH4-assisted 
reductive amination reaction to yield the secondary anilines 18a,b. The 
use of this reductive amination protocol led to improved overall yields. 
Methyl 4-(aminomethyl)benzoic acid (19a) was converted into its cor
responding methyl ester 20a using the same TMSCl-mediated method as 
described earlier. Meanwhile, 3-cyanobenzoate (19b) underwent cata
lytic hydrogenation in the presence of 12 N HCl to yield the corre
sponding benzyl amine hydrochloride salt 20b. Methyl 4- 
(bromomethyl)benzoate (21) and methyl 3-(bromomethyl)benzoate 
(21b) were used in an N-isopropylation resulting in the formation of the 
desired products 22a,b [36]. Compound 4 was prepared as outlined in 
Scheme 3 [30]. 3,5-Di(trifluoromethyl)benzoic acid (23) was activated 
to the corresponding acyl chloride using oxalyl chloride/DMF and then 
reacted with 18a under basic conditions to give 24. Hydroxylaminolysis 
of 24, following general procedure C, furnished compound 4.
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Fig. 1. Structures of reference HDACis and design strategy for the development of new compounds 5a-p.
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Scheme 1. Reagents and conditions: a) step 1. SOCl2, dry DMF, dry DCM, 60 ◦C, 4 h, 56–99 %, step 2. suitable aniline or amine, DIPEA, DCM, 25 ◦C, 18 h, 24–99 
%; b) hydroxylamine hydrochloride, KOH, MeOH, 25 ◦C, 6–18 h, 24–68 %; c) Ac2O, DMAP, Py, 25 ◦C, 16 h, 99 %.
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2.2. Structure-activity relationship analysis

HDACis usually comprise a ZBG that coordinates the Zn2+ at the 
bottom of the catalytic cavity of the enzyme; a LINKER that occupies the 
central channel of the enzyme mimicking the acetyllysine substrate; and 
a CAP group able to explore additional regions of the enzyme near the 
binding site and often responsible for HDAC subtype selectivity [6]. Our 
SAR investigation on HDAC6 and HDAC8 inhibition started from N- 
phenylbenzamide 4 (MMH409), recently reported to display high po
tency and selectivity for HDAC8 (22 nM) [26]. This was selected as a 

reference compound for our development strategy, and it was resyn
thesized and tested under the same experimental conditions as for 
compounds 5, proving a submicromolar HDAC8 IC50 and a limited 
selectivity over HDAC6, showing a moderate preference (2-fold) for 
HDAC8 (Table 1). Although experiments were repeated several times, 
compound 4 (MMH409) never showed the nanomolar potency previ
ously reported elsewhere. On the contrary, PCI-34051 tested in the same 
experimental conditions, confirmed its nanomolar preferential interac
tion with HDAC8 (IC50HDAC8 = 10 nM). The IC50 value of 911 nM for 4 in 
our study is higher than the previously reported value (22 nM). This 
difference is accounted for by variations in detection technology and 
assay conditions. In particular, the substantially longer incubation time 
used in the reference assay [26] (3 h versus 30 min in our protocol) is 
sufficient to account for this difference in measured potency. To identify 
new enzyme inhibitors, and taking into account the results obtained 
with 4, we initially explored the importance of the CAP group for 
HDAC6/HDAC8 inhibition by replacing the 3,5-bis(trifluoromethyl) 
substituents of 4 with 3-methoxy and 4-hydroxy groups, present in the 
chemical structure of naturally occurring compounds vanillic and ferulic 
acid. The resulting compound 5a was inactive on both HDAC isoforms 
(IC50 > 10 μM) suggesting that the substitution pattern on the benza
mide moiety was critical for the activity. The change in the position of 
the benzamide fragment with respect to the phenylhydroxamic acid (5b) 
or the removal of the isopropyl group (5c) from the benzamide nitrogen 
did not provide interesting analogues in terms of HDAC8 inhibition but 
led to an interesting submicromolar activity on HDAC6 (compound 5c, 
IC50 = 440 nM), deserving further attention (vide infra). Inspired by the 
structures of well-known pan-HDACis panobinostat and belinostat, we 
expanded our SAR investigation modifying size and shape of the CAP 
group by preparing vinylogous (E)-N-phenylcinnamamide derivatives 
5e–5h. This exploration led to the identification of two interesting in
hibitors with opposite pharmacological profiles. 5e resulted moderately 
active on both HDAC6 (IC50 = 5400 nM) and HDAC8 (IC50 = 1000 nM), 
whereas 5f showed increased potency in blocking HDAC6 (IC50 = 54 
nM) and, to a lesser extent, HDAC8 (IC50 = 820 nM). The experience 
gained in the design and synthesis of HDAC6 inhibitors [37] prompted 
us to i) increase molecular flexibility by passing from rigid (E)-N-phe
nylcinnamamide derivatives to (E)-N-benzylcinnamamides and ii) 
replace the bulky isopropyl group with a simple hydrogen atom. Both 
strategies contributed to the improvement of the inhibitory potency on 
HDAC6 with 5m displaying an IC50 = 29 nM and 5o emerging as single 
digit nanomolar inhibitor of HDAC6 (IC50 = 4.5 nM) with a nearly 1000- 
fold HDAC6/HDAC8 selectivity. Considering the remarkable inhibitory 
activity displayed by the (E)-N-benzylcinnamamide 5o on HDAC6, we 
set to rationalized SAR data on this isoform by means of computational 
analysis exploiting the X-ray structure of the catalytic domain of 
hHDAC6 in complex with trichostatin A (PDB id: 5EDU) [38]. Docking 
simulations showed that 5o perfectly fits within the catalytic site of 
hHDAC6 (Fig. 2A) with the hydroxamic acid group, modelled in neutral 
form, able to chelate the zinc atom, and its polar benzamide hydrogen 
forming a hydrogen bond with Ser568. The targeting of this residue, 

Scheme 2. Reagents and conditions: a) TMSCl, MeOH, 25 ◦C, 18 h, 99 %; b) 
TMSCl, acetone, NaBH4, 0 ◦C, 20 min, 99 %; c) H2, 12 N HCl, 10 % Pd/C, 25 ◦C, 
3 h, 99 %; d) isopropylamine, dry DMF, 25 ◦C, 16 h, 82–89 %.

Scheme 3. Reagents and conditions: a) step 1. (COCl)2, DMF, dry DCM, rt., 2 h, step 2. 18a, DIPEA, DCM, 16 h, rt., 56 %; b) hydroxylamine hydrochloride, KOH, 
MeOH, rt., 12 h, 55 %.
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located at the rim of the catalytic pocket of the HDAC active site, has 
been reported as a general strategy to obtain potent and selective 
HDAC6is [39,40]. What is more, the 3-methoxy-4-hydroxyl-cinnamoyl 
moiety of 5o undertakes both π-π and polar interactions with aromatic 
and polar residues, respectively, located at HDAC6 active site entrance. 
The reported binding mode qualitatively accounts for the moderate loss 
in HDAC6 activity displayed by the corresponding N-isopropyl deriva
tive 5m (Fig. 2B), and for the most significant one displayed by the (E)- 
N-benzylcinnamamide positional isomer 5p (Fig. 2C). In these cases, the 
title compounds are unable to form a H-bond with Ser568, although 
alternative polar contacts (i.e. involving Asp497) may somehow 
compensate for the absence of this important interaction. Finally, the 
docking pose of 5o also accounts for the reduced activity displayed by 
the N-benzamide 5 k analogue (not shown here), which fails to occupy 
all the available space of the HDAC6 binding pocket. Analogues 5e,f,k, 
m,o, emerged as the best HDAC6 or HDAC8 inhibitors, were further 
investigated for selectivity against other members of class I enzymes and 

HDAC10 isoform. The HDAC6is 5f-5o, displayed some activity also on 
other HDAC isoforms but with inhibitory potency approaching (5o) or 
overcoming (5f-5 m) the micromolar range. Conversely, the HDAC8i 5e 
resulted more potent at inhibiting HDAC1 than HDAC8 or the other 
considered HDAC isoforms. Considering HDAC1, 5e demonstrated a 
preferential binding against HDAC1 isoform if compared with potency 
against HDAC6/8 and 5f, a dual HDAC6/8 inhibitor, showed against 
HDAC1 with a IC50 much lower than that for HDAC6. 5k and 5m 
confirmed their preferential inhibitory activity against HDAC6. When 
tested against HDAC2 and HDAC3, 5e demonstrated a noteworthy 
selectivity against HDAC1 within the class I isoforms, while 5m showed 
micromolar IC50s against HDAC1–3, confirming its preferential binding 
to HDAC6. Moreover, 5e,f did not show appreciable binding properties 
against HDAC10 isoform, while 5k and 5m showed a potency in the 
micromolar range, similar to that against class I enzymes. Furthermore, 
5m, 5o and reference compound 4 were tested against HDAC5 (class IIa 
member) and HDAC11 (class IV). They showed a high micromolar 

Table 1 
Inhibitory Activity of compounds 5a–p toward hHDAC6 and hHDAC8 (as IC50, nM)a.

Cpd Structure hHDAC6 hHDAC8 Cpd Structure hHDAC6 hHDAC8

5a
>10,000 (25 
%)

>10,000 (15 
%)

5i 839 ± 55
>10,000 (11 
%)

5b >10,000 (20 
%)

>10,000 (9 
%)

5j 3115 ±
241

>10,000 (8 
%)

5c 442 ± 32 3155 ± 211 5k 32 ± 2 5852 ± 328

5d >10,000 (1 
%)

>10,000 (5 
%)

5l 2440 ±
157

>10,000 (39 
%)

5e 5430 ± 329 989 ± 67 5m 29 ± 2 831 ± 57

5f 54 ± 4 820 ± 61 5n 7560 ±
458

>10,000 (34 
%)

5g 453 ± 32 2354 ± 168 5o 4.5 ± 0.32 3273 ± 244

5h 573 ± 41 2818 ± 139 5p 706 ± 48 1562 ± 108

4 (MMH409)b 1863 ± 121 911 ± 7 Panobinostatc 9.55 ±
0.67

423 ± 31

SAHAc 33 ± 2 854 ± 63 ​ ​ ​ ​

a Each value is the mean of at least three determinations; results are expressed as mean ± standard error of the mean (SEM).
b MMH409 (4) was resynthesized and tested under the same experimental conditions as for compounds 5a–p.
c SAHA and Panobinostat were tested under the same experimental conditions as for compounds 5a–p.
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potency of inhibition against HDAC5 (5m IC50 = 2633 nM and 5o IC50 =

4455 nM) while they did not display appreciable inhibition for HDAC11. 
Interestingly, 4 showed a micromolar potency against HDAC11 with an 
IC50 value of 8228 nM. In general 5o, tested against the whole panel of 
enzymes, showed a submicromolar potency against isoforms 
HDAC1–3,10, confirming its preferential binding to HDAC6.

2.3. Target engagement in cells: acetylation profile of target proteins 
α-tubulin, SMC3, histone H3 Lys9/14

The best performing compounds in terms of HDAC inhibition profile 

were 5e (preferential HDAC1/8 inhibitor), 5f (HDAC1/6/8i), 5k (pref
erential HDAC6i), 5m (HDAC6/8i) and 5o (preferential HDAC6i). To 
assess the HDAC modulation of these compounds, we performed West
ern blot experiments in living cells. The cell-based assays were con
ducted on human SH-SY5Y neuroblastoma cells, a cell line stably 
expressing class I (i.e., HDAC1 and HDAC8) and class II (i.e., HDAC6) 
enzymes [41]. We evaluated the levels of α-tubulin acetylation (the 
client protein of HDAC6), acetylation of histone H3 (the primary sub
strate of HDAC1–3) and levels of acetylated SMC3 (non-histone sub
strate of HDAC8) after incubation of compounds 5e, 5f, 5k, 5m and 5o 
at two different concentrations, 1 and 10 μM for 24 h, in comparison 

Fig. 2. Docking poses of selected N-benzylcinnamamide derivatives 5 m, 5o, and 5p within HDAC6 (white cartoon and gray carbon atoms, with Zn atom shown as an 
orange sphere). Panel A reports the top-ranked pose for compound 5o (violet caron atoms), while panel B and C reported the top-ranked poses for 5 m (cyan carbon 
atoms) and 5p (pink carbon atoms), respectively. Coordination-bonds are displayed as tiny black points, H-bonds are represented as yellow dotted lines while π-π 
interactions as blue dotted lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Western blot analysis of acetylated α-tubulin expression on the total protein extract and evaluation of H3 total acetylated expression on the histone extract. 
Densitometric analysis was assessed throughout ImageJ software (version 1.44).
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with vorinostat or SAHA, used as pan-HDACi, tubastatin A (TUB), 
generally used as HDAC6i, and PCI34051(PCI), recognized HDAC8i. 
Compound 5e was not able to modify the acetylation levels of α-tubulin 
and SMC3 at both tested concentrations indicating that this N-isopropyl 
benzanilide derivative failed to engage both HDAC6 and HDAC8 in 
intact cells(Fig. 3A).

The analogue 5f induced an appreciable acetylation of α-tubulin at 
10 μM, but not of SMC3, thus indicating its ability to interact with 
HDAC6 but not with HDAC8 in SH-SY5Y cells (Fig. 3A). Compound 5k 
induced a dose-dependent acetylation of α-tubulin, thus confirming 
HDAC6 interaction, with no effect on SMC3 (Fig. 3A). 5m was able to 
induce strong acetylation of α-tubulin and of SMC3 (although at a 
marginal extent), emerging as the only compound of the series able to 
pharmacologically interact with HDAC6 and HDAC8 in cells (Fig. 3A). 
Finally, the potent HDAC6i 5o, was able to promote acetylation of 
α-tubulin in a dose-dependent manner, thus confirming its ability to 
specifically engage HDAC6 also in SH-SY5Y cells (Fig. 3A-B). To further 
analyze the cellular engagement of class I HDACs, we measured the 
acetylation levels of histone H3 Lys 9/14, marker of specific class I 
HDAC inhibition. As reported in Fig. 3B, none of the newly synthetized 
compounds reached the level of histone H3 acetylation observed with 
SAHA. Only compound 5k was able to promote a slight increase of 
H3K9/14 acetylation. Overall, 5o emerged as a functionally selective 
HDAC6i and 5m as a dual HDAC6/HDAC8i, with limited effects on 
histone targets in cells. The compounds selected for biological evalua
tion were also tested for their cytotoxicity in HEK-293 cells (Fig. S1). 
Compounds 5e, 5f, 5k, and 5m did not show significant cytotoxicity at 
any of the tested concentrations (10 nM – 30 μM), after 24 h of exposure. 
Similarly, compound 5o did not induce any appreciable reduction in cell 
viability even after 72 h of treatment. In contrast, the known HDACi 
SAHA exhibited a significant cytotoxic effect at 10 and 30 μM after 72 h 
(Fig. S1).

2.4. Therapeutic potential of newly developed HDACis

Based on both IC50 data reported in Tables 1,2 and target engage
ment experiments shown in Fig. 3, we selected 5e (inhibitor of HDAC1/ 
8), 5m (inhibitor of HDAC6/8) and 5o (inhibitor of HDAC6) for further 
analysis as potential antitumor tools in neuroblastoma and glioblastoma 
cells. In particular, the SH-SY5Y neuroblastoma cells were included in 
the investigation because they stably express HDAC enzymes and are 
reported in literature for their prevalent role as cellular models to study 
the effects of new drugs in neuroblastoma, including HDACis, as out
lined for SAHA and different hydroxamic acids [8].On the other hand, 
for studying the effects of new compounds on glioblastoma, we selected 
three different cell lines named U87-MG, T98G and U251-MG, which 
represent gold standard cells used to test the effects of new compounds 
on glioblastoma growth and express both class I and class II HDACs. Of 
note, several pan-HDACis were tested in these cell lines showing to 
promote cancer cell death modulating different epigenetic and non- 
epigenetic pathways [42,43].

2.5. Efficacy of newly developed HDACis in neuroblastoma SH-SY5Y 
cells

The selected HDACis were tested in SH-SY5Y cells in MTT assay to 
assess the reduction of cell viability. 5m, 5o, and SAHA (reference 
compound) caused a concentration-dependent reduction in SH-SY5Y 
cell viability (Fig. 4), whereas 5e was ineffective up to 100 μM con
centration thus confirming its role as a negative control because it was 
not able to modulate the acetylation of both histone and non-histone 
markers. 5o showed the best performing profile in SH-SY5Y cells with 
a IC50 value of ⁓ 3 μM. To determine whether cell death is associated to 
apoptotic mechanisms, including DNA fragmentation, subsequent DNA 
loss, and alterations in cell cycle progression, flow cytometry analysis 
was conducted on 5m and 5o. SH-SY5Y cells treated with both com
pounds at concentrations close to their IC50 values and compared to the 
effects of SAHA. As illustrated in Fig. 5, all tested compounds led to an 
accumulation of hypodiploid SH-SY5Y cells in the subG0/G1 phase (~ 
+10 %), accompanied by a decrease in the G0/G1 population and a 
slight increase in cells within the S-phase (5o) or G2/M-phase (5m), 
suggesting that, under these conditions, these compounds trigger pro
grammed cell death in SH-SY5Y cells.

2.6. Evaluation of apoptosis in SH-SY5Y cells

To confirm the induction of apoptosis and to discriminate between 
early and late apoptotic events, we used the Annexin V/Sytox staining 
followed by flow cytometry analysis, performing the experiments on SH- 
SY5Y cells treated with compound 5o or SAHA at 3, 10 and 30 μM 
(Fig. 6).

Different time points and concentrations were employed to optimize 
treatment conditions and ensure reliable detection of apoptosis by 
Annexin V/Sytox assay, as apoptotic responses can vary depending on 
the intensity and duration of the cytotoxic stimulus. At 24 h, 5o induced 
a concentration-dependent increase in early apoptosis, reaching statis
tical significance at concentrations of 10 μM and 30 μM. SAHA showed a 
more potent effect, significantly increasing early apoptotic cells even at 
3 μM. A similar trend was observed for late apoptosis, with significant 
increases starting at 10 μM for 5o and at all tested concentrations for 
SAHA (Fig. 6). We further analyzed the apoptotic profile after 48 h and 
72 h of treatment; at 48 h of treatment, both early and late apoptosis 
levels further increased, with 5o showing significant effects at 10 μM 
and a pronounced apoptotic response at 30 μM (46 % for early and 27 % 
for late apoptosis), similar, though slightly lower, to those observed with 
SAHA. At 72 h, the pro-apoptotic effect of 5o became even more pro
nounced: early and late apoptosis significantly increased at all concen
trations, reaching levels comparable to those induced by SAHA (Fig. 6). 
Based on these findings, compound 5o demonstrates a clear time- and 
concentration-dependent pro-apoptotic activity in SH-SY5Y neuroblas
toma cells that closely parallels that of SAHA. To confirm the activation 
of the apoptotic cascade, we next measured caspase-3/7 activity in SH- 
SY5Y cells treated with 5o or SAHA under the same experimental 

Table 2 
Inhibitory Activity of compounds 5e,f,k,m,o toward a panel of HDAC enzymes (as IC50, nM)a.

Cpd hHDAC1 hHDAC10 hHDAC2 hHDAC3 hHDAC5 hHDAC11

5e 312 ± 22 >10,000 (33 %) >10,000 (29 %) >10,000 (32 %) NTb NTb

5f 825 ± 66 >10,000 (29 %) NTb NTb NTb NTb

5k 1282 ± 93 1185 ± 84 NTb NTb NTb NTb

5m 1488 ± 117 1136 ± 82 3236 ± 224 1840 ± 124 2633 ± 153 >10,000 (46 %)
5o 403 ± 31 202 ± 14 537 ± 38 127 8 4455 ± 257 > 10,000 (42 %)
4b NTb NTb >10,000 (41 %) >10,000 (45 %) >10,000 (4 %) 8228 ± 543
Panobinostatc 63 ± 4 6.38 ± 0.47 36 ± 3 3.95 ± 0.22 NTb NTb

SAHAc 284 ± 21 139 ± 8 123 ± 7 12.6 ± 0.9 NTb NTb

a Each value is the mean of at least three determinations; results are expressed as mean ± standard error of the mean (SEM).
b NT: not tested.
c SAHA and Panobinostat were tested under the same experimental conditions as for compounds 5e,f,k,m,o and 4.
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conditions. At 24 h, both 5o and SAHA induced a concentration- 
dependent increase in caspase-3/7 activation, with significant effects 
observed starting from 10 μM. At the highest concentration tested (30 
μM), 5o and SAHA elicited similar levels of caspase-positive cells (24 % 
and 26 %, respectively), indicating a similar ability to engage the 
apoptotic cascade at this early stage (Fig. 7). At 48 h, caspase activation 
became more prominent, with 5o showing a significant increase in 
caspase activation at 10 μM and 30 μM, while SAHA showed this profile 
at all the tested concentrations. After 72 h, 5o continued to activate 
caspase-3/7 in a concentration-dependent manner, with 43 % positivity 
at 30 μM, closing approaching the effect of SAHA (51 %) at the same 
concentration (Fig. 7). The observed increase in caspase-3/7 activity 
further supports the conclusion that 5o activates the intrinsic apoptotic 

cascade, confirming that the observed cell death is apoptotic in nature 
rather than necrotic or non-specific. Notably, at 30 μM and 72 h, 5o 
approaches the pro-apoptotic efficacy of SAHA, suggesting that it may 
represent a promising candidate for further investigation as a potential 
anticancer agent targeting neuroblastoma cells. Since 5o showed a 
strong reduction in cell viability at 24 h of incubation as indicated by 
MTT assay (Fig. 4), with a limited induction of apoptosis, we investi
gated the effect of 5o on autophagy [44].

Pan-HDACi SAHA has been proven to induce autophagy [45], thus 
we tested the effect of 3 μM 5o in comparison with 3 μM SAHA (positive 
control). After 24 h of treatment with or without chloroquine (CQ, a 
known autophagy modulator), we measured LC3-II/LC3-I ratio and 
p62/SQSTM1 levels (Fig. S2), as two of the most important autophagy 

Fig. 4. Effects of 5o, 5 m, 5e, and SAHA on SH-SY5Y cell viability. Cells were incubated with increasing concentrations of the compounds and MTT test was 
performed at 24 h. Data are reported as mean ± SEM of at least three independent experiments.

Fig. 5. Effects of SAHA, 5o and 5 m on the human SH-SY5Y neuroblastoma cells cycle distribution. Cells were treated for 24 h at concentration close to their IC50 
extrapolated by MTT assay (for SAHA and 5o, 3 μM; 5 m, 15 μM). Percentages of cells in subG0/G1, G0/G1, S, and G2/M phases are reported as means ± SEM of at 
least three independent experiments run in triplicates. *** p < 0.001 vs. CTRL, same cell cycle phase (unpaired Student t-test).
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markers. Increased levels of LC3-II and LC3-II/LC3-I ratio indicate 
autophagy stimulation, especially if such increase is confirmed and 
amplified by CQ co-treatment, which blocks the final degradation phase. 
As regards p62/SQSTM1, this protein acts as a cargo receptor for auto
phagic degradation of polyubiquitinated target molecules, and in doing 
so it is itself degraded in autophagolysosomes. Thus, increased levels of 
p62 in cells co-treated with CQ confirm the occurrence of an actual 
autophagic flux. As shown in Fig. S2, in CQ co-treated cells SAHA 
induced an increase of LC3-II/LC3-I ratio and a significant increase of 
p62 levels compared to untreated cells, while these changes were 
smaller and not statistically significant in cells treated with 5o. Based on 
these findings, in SH-SY5Y cells under the tested conditions, the refer
ence compound SAHA proved to be a moderate autophagy inducer; on 
the contrary, 5o induces a minor autophagy stimulation, despite its 
marked antitumor activity observed at 24 h in the MTT assay.

2.7. Efficacy of newly developed HDACis in U87-MG, T98G and U251- 
MG glioblastoma cells

The newly synthesized HDACis 5e, 5m and 5o, as well as SAHA, were 
tested on three different glioblastoma cell lines in order to assess their 

ability to affect the proliferation of this malignancy (Table 3 and Fig. 8), 
which is the most common brain cancer in adults [46]. Firstly, the ac
tivity of the different molecules in inhibiting cell proliferation was 
evaluated. For this purpose, three different cell lines, namely U87-MG, 
T98G and U251-MG, were exposed at increasing concentrations of the 
different compounds for either 24 or 72 h.

Although no inhibitory effects on cell viability/proliferation were 
detected after 24 h of treatment, after 72 h a clear dose-dependent effect 
of the compounds SAHA, 5o and 5m was observed, while 5e proved to 
be ineffective. Table 4 (which report the IC50 values) and Fig. 8A, 
highlighted slight differences in the activity of the different compounds. 
Moreover, the results demonstrated a remarkable difference in the 
sensitivity of different glioblastoma cell lines to HDACis, with the U251- 
MG cell line being the most responsive to both SAHA and the newly 
synthesized compounds. This finding is consistent with the literature 
which shows the variable expression of HDAC isoforms among different 
gliobastoma cell lines, and in particular the higher activity of newly 
synthesized compounds in U251-MG cells is in line with the higher 
expression levels of the HDAC6 isoform reported for this cell line [47].

The study was further extended by monitoring the effects of the 
synthesized compounds on the cell cycle of glioblastoma lines, and the 

Fig. 6. Effects of 5o and SAHA on SH-SY5Y cell apoptosis. (A) Representative flow cytometry dot plots showing Annexin V and Sytox staining after 24, 48 and 72 h of 
treatments with the indicated concentrations of compounds. Early apoptotic cells (Annexin V+/Sytox− ) and late apoptotic cells (Annexin V+/Sytox+) were identified 
based on their localization in the lower right and upper right quadrants of the dot plots, respectively. (B) Quantification of cell populations shown as stacked bar 
graphs, representing the percentage of live, necrotic, early apoptotic, and late apoptotic cells at 24, 48 and 72 h under the indicated conditions. Data are presented as 
mean ± SEM from n = 3 independent experiments. Statistical significance was assessed by one-way ANOVA followed by Dunnett’s multiple comparisons test. 
Asterisks (*) indicate statistical significance for early apoptosis (*, p < 0.05, **, p < 0.01, ***, p < 0.001 and ****, p < 0.0001 vs control); hash symbols (#) indicate 
significance for late apoptosis (#, p < 0.05, ##, p < 0.01, ###, p < 0.001 and ####, p < 0.0001 vs control).
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results obtained were compared to those induced by the well-known 
HDACi SAHA. The results obtained, shown in Fig. 8B, revealed the 
ability of the compounds to affect cell cycle progression, causing a 
reduction of G0/G1 cell population and an increase of the G2/M pop
ulation. This result aligns with previously published results that report 
similar behavior for other HDACis [48,49]. Cell cycle arrest mediated by 
the different inhibitors was further corroborated by assessing the 
phosphorylation levels of cyclin-dependent kinase 1 (p-cdc2), which 
plays a key role in cell cycle progression. As shown in Fig. 8C, treatment 
with the compounds resulted in decreased phosphorylation of cdc2 at 

tyrosine 15 (p-cdc2 Tyr15), indicating increased activation of this ki
nase, which promotes cell entry into mitosis. This result, together with 
the evident increase of the cell population in G2/M, allows us to hy
pothesize that the newly synthesized compounds, as well as SAHA, do 
not block cell entry into mitosis, but rather interfere with the subsequent 
steps of cell division. This hypothesis is further supported by literature 
data showing the ability of HDACis to disrupt the spindle assembly 
checkpoint (SAC), a critical cellular mechanism that ensures proper 
segregation of chromosomes during mitosis. Disruption of this check
point can lead to aberrant mitosis and mitotic slippage [50,51]. Overall, 
these findings provide valuable insights into the therapeutic potential of 
novel HDACis for glioblastoma treatment. The cell line specific re
sponses highlight the relevance of HDAC isoform expression in deter
mining drug sensitivity, suggesting a possible path toward personalized 
therapeutic approaches. Moreover, the ability of the new compounds to 
induce cell cycle arrest and interfere with mitotic progression un
derscores their potential not only as antiproliferative agents but also as 
modulators of mitotic integrity, a property that could be exploited to 
enhance the effectiveness of existing chemotherapeutic strategies.

Fig. 7. Effects of 5o and SAHA on caspase-3/7 activation in SH-SY5Y cells. (A) Representative fluorescence images (10× magnification) showing SH-SY5Y cells 
stained for caspase-3/7 activity after 24, 48 h and 72 h of treatment with the indicated concentration of compound 5o and SAHA. Caspase-3/7–positive cells appear 
in green while caspase-3/7–negative cells are shown in red. Scale bar = 150 μm. (B) Quantification of caspase-3/7–positive cells after 24, 48 and 72 h of incubation 
with compound 5o or SAHA. Data are presented as mean ± SEM from n = 3 independent experiments. Statistical significance was assessed by one-way ANOVA 
followed by Dunnett’s multiple comparisons test. *, p < 0.05 **, p < 0.01 and ****, p < 0.0001 vs control. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 3 
Antiproliferative activity of tested compounds.

Cell lines SAHA 5o 5 m 5e

U87-MG 12.56 ± 2.51 51.31 ± 5.8 18.68 ± 3.52 >100
T98G 3.64 ± 0.85 42.60 ± 4.83 25.03 ± 6.75 >100
U251-MG 1.76 ± 0.37 2.37 ± 0.65 2.3 ± 0.75 >100

Data are presented as IC50 values (μM) ± SEM from n = 3 independent 
experiments.
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2.8. Prediction of Blood Brain Barrier (BBB) permeability for compound 
5o

In order to provide an estimation of the BBB penetration for com
pound 5o, we employed the deep learning-based pharmacokinetics 
predictor Deep-PK [52], which has demonstrated to have fair accuracy 
in predicting ADMET properties. This in silico approach, which relies on 
graph neural networks, was used to predict the BBB penetration for 5o in 
comparison to SAHA and panobinostat, which have been investigated 
for the treatment of gliomas [53–56]. Deep-PK identified SAHA and 
panobinostat as BBB-penetrant, and classified 5o as a compound with 
BBB permeability (Fig. S3).

3. Conclusion

We have developed a novel series of hydroxamic acid-based HDACis 
inspired by natural vanilloyl and feruloyl motifs. Among these, com
pound 5o emerged as a highly potent HDAC6 inhibitor, demonstrating 
nanomolar activity in vitro and robust cellular target engagement. Its 
ability to induce α-tubulin acetylation, promote apoptotic pathways in 
neuroblastoma cells, and impair cell cycle progression in glioblastoma 
models, highlights its promising therapeutic potential. Importantly, 5o 
exhibited minimal cytotoxicity in non-tumoral cells, supporting a 
favorable safety profile. These findings provide compelling evidence for 

the utility of vanilloyl-derived scaffolds in the design of HDAC inhibitors 
and lay the groundwork for further investigations of 5o as an epigenetic 
modulator in aggressive neural tumors.

4. Experimental section

4.1. General chemistry information

All reagents were purchased from commercial suppliers and used 
without further purification. All moisture-sensitive reactions were per
formed under nitrogen atmosphere using oven-dried glassware and 
anhydrous solvents. Flash column chromatography was carried out on 
silica gel (Merck: Kieselgel 60, particle size 0.040–0.063 mm). Re
actions’ progression was monitored by thin-layer chromatography 
(TLC), carried out using glass-backed plates coated with Merck Kieselgel 
60 GF254. Plates were visualized under UV light (at 254 nm). 1H NMR 
and 13C NMR spectra were recorded on a Varian 300 MHz or Bruker 
Avance 400 MHz spectrometers using the residual signal of the deuter
ated solvent as an internal standard. Coupling constants (J) are given in 
Hertz (Hz). Splitting patterns are described as singlet (s), doublet (d), 
triplet (t), quartet (q), and broad (br); the values of chemical shifts (δ) 
are given in parts per million (ppm) [57]. Mass spectra were recorded 
utilizing an electron spray ionization (ESI) Agilent 1100 Series LC/MSD 
spectrometer. The purity of final products (>95 %) was determined by 

Fig. 8. (A) Cell viability assessment of glioblastoma cell lines exposed for 72 h to increasing concentrations (0.1 to 100 μM) of SAHA, 5o, 5m and 5e. (B) Cell cycle 
analysis performed on glioblastoma cells treated for 24 h with SAHA, 5o and 5m (at IC50 value calculated at 72 h). (C) Immunoblot analysis of p-cdc2 (Tyr15) carried 
out on glioblastoma cells treated for 24 h with SAHA, 5o and 5 m (at IC50 value calculated at 72 h). Data are presented as mean ± SEM from n = 3 independent 
experiments. Statistical significance was assessed by two-way ANOVA followed by Dunnett’s multiple comparisons test *, p < 0.05, **, p < 0.01, ***, p < 0.001 and 
****, p < 0.0001 vs control.
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an analytical high-performance liquid chromatography (HPLC) Merk 
Purospher STAR RP-18e (5 μm) LiChroCART 250–4 column (detection at 
254 nm; flow rate = 1.0 mL/min; mobile phase A, 0.01 % TFA (v/v) in 
water; mobile B, acetonitrile; gradient, 90/10–10/90 A/B in 20 min). 
The gradient was optimized based on compound polarity. LC–HRMS 
analysis was carried out using an UHPLC instrument (Agilent 1290 In
finity II) coupled to a LC/Q-TOF mass spectrometer fitted with an ESI 
source operating in positive or negative ion mode (Revident, Agilent 
Technologies, CA, USA). Data were collected and analyzed using the 
Mass Hunter software provided by the manufacturer.

4.2. General procedure A: Amide formation from acyl chloride

To a suspension of the suitable carboxylic acid (1 mmol, 1 equiv.) in 
dry DCM (0.85 mL), dry DMF (1 gtt) and SOCl2 (10 mmol, 10 equiv.) 
were added. The reaction mixture was stirred at 60 ◦C for 4–16 h, until 
TLC displayed complete consumption of the starting material. Then, the 
solvents were removed by rotary evaporation. The oily residue was 
dissolved in dry DCM (6.5 mL) and a solution of the suitable amine/ 
aniline in dry DCM (1.1 mmol, 1.1 equiv., 6.5 mL) and DIPEA (4 mmol, 4 
equiv.) were added. The reaction mixture was stirred at 25 ◦C for 18 h 
and then it was diluted with DCM, quenched with a saturated solution of 
NH4Cl and extracted with DCM (3 × 20 mL). The collected organic 
layers were washed with brine (1 × 20 mL), dried over anhydrous 
Na2SO4, filtered, and concentrated under reduced pressure.

4.3. General procedure B: O-acetylation

To a solution of 6 or 12 (5.95 mmol, 1 equiv.) in pyridine (16 mL), 
Ac2O (17.84 mmol, 3 equiv.) and DMAP (0.59 mmol, 0.1 equiv.) were 
added at 25 ◦C. The reaction mixture was stirred at 25 ◦C for 16 h. Then, 
50 mL of water were added and the mixture was stirred for 20 min. 1 N 
HCl was added to pH = 2 and the crude was extracted with EtOAc (3 ×
20 mL). The combined organic layers were dried over anhydrous 
Na2SO4, filtered and concentrated under reduced pressure.

4.4. General procedure C: Hydroxylaminolysis of methyl esters

To a stirring solution of hydroxylamine hydrochloride (30 mmol, 30 
equiv.) in MeOH (15 mL), a methanolic solution of KOH (37 mmol, 37 
equiv., 4 mL) was added at 25 ◦C. After stirring for 10 min, the sus
pension was filtered and the filtrate was added to a round-bottom flask 
containing the suitable methyl ester (1 mmol, 1 equiv.). The reaction 
mixture was stirred at 25 ◦C for 6–18 h. Then, 6 N HCl was added 
dropwise to pH = 7 and the solvent was removed under reduced 
pressure.

4.5. General procedure D: TMSCl-mediated esterification

To a solution of the suitable carboxylic acid (1 mmol, 1 equiv.) in 
MeOH (4 mL), TMSCl (2.2 mmol, 2.2 equiv.) was added at 25 ◦C. The 
reaction mixture was stirred at 25 ◦C for 18 h. Then, the volatiles were 
removed under reduced pressure.

4.6. General procedure E: N-alkylation: insertion of the isopropyl moiety

A solution of 21a or 21b (0.87 mmol, 1 equiv.) and isopropylamine 
(2.62 mmol, 3 equiv.) in dry DMF (1 mL) was stirred at 25 ◦C for 16 h. 
Then, a saturated solution of NH4Cl was added to pH = 5 and the crude 
was extracted with EtOAc (3 × 10 mL). The combined organic layers 
were washed with a saturated solution of NaCl (3 × 30 mL), and dried 
over anhydrous Na2SO4, filtered and concentrated under reduced 
pressure.

Methyl 4-(4-hydroxy-3-methoxybenzamido)benzoate (7a). Start
ing from 6 (108 mg, 0.71 mmol) and 17a (100 mg, 0.60 mmol), com
pound 7a was obtained following General Procedure A. The crude was 

purified by column chromatography on silica gel (eluent PE/EtOAc, 1:0 
to 1:1) to afford the title compound as a white solid (50 % yield). ESI-MS 
m/z: 302 [M + H]+, 324 [M + Na]+. 1H NMR (300 MHz, CDCl3) δ 8.04 
(d, J = 8.7 Hz, 2H), 7.72 (d, J = 8.8 Hz, 2H), 7.52 (d, J = 2.0 Hz, 1H), 
7.34 (dd, J = 8.2, 2.0 Hz, 1H), 6.96 (d, J = 8.2 Hz, 1H), 6.04 (br, 1H), 
3.96 (s, 3H), 3.91 (s, 3H), 1.65 (br, 1H).

Methyl 4-((4-hydroxy-3-methoxybenzamido)methyl)benzoate 
(7b). Starting from 6 (94 mg, 0.56 mmol) and 20a (102 mg, 0.62 mmol), 
compound 7b was obtained following general procedure A. The crude 
was purified by column chromatography on silica gel (PE/EtOAc, 3:1 to 
1:1) to afford the title compound as a white solid (48 % yield). ESI-MS 
m/z: 316 [M + H]+. 1H NMR (300 MHz, acetone‑d6) δ 8.35 (d, J =
17.3 Hz, 2H), 7.56 (d, J = 21.8 Hz, 2H), 7.48–7.39 (m, 2H), 6.93–6.83 
(m, 1H), 4.64 (s, 2H), 3.92 (br, 1H), 3.86 (s, 3H), 3.82 (s, 3H), 3.23 (br, 
1H).

Methyl 3-(4-hydroxy-3-methoxybenzamido)benzoate (8a). Start
ing from 6 (100 mg, 0.60 mmol) and 17b (108 mg, 0.71 mmol), com
pound 8a was obtained following general procedure A. Purification by 
column chromatography on silica gel (PE/EtOAc, 1:0 to 1:1) afforded 
the title compound as a white solid (56 % yield). ESI-MS m/z: 302 [M +
H]+, 324 [M + Na]+. 1H NMR (300 MHz, CDCl3) δ 8.15 (s, 1H), 8.01 (d, 
J = 8.0 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.50 (s, 1H), 7.45–7.32 (m, 
2H), 6.93 (d, J = 8.2 Hz, 1H), 6.33 (d, J = 21.2 Hz, 1H), 6.12 (br, 1H), 
3.91 (s, 3H), 3.88 (s, 3H).

Methyl 3-((4-hydroxy-3-methoxybenzamido)methyl)benzoate 
(8b). Starting from 6 (79 mg, 0.47 mmol) and 20b (85 mg, 0.52 mmol), 
compound 8b was obtained following general procedure A. The crude 
was purified by column chromatography on silica gel (PE/EtOAc, 3:1 to 
1:1) to afford the title compound as a white solid (51 % yield). ESI-MS 
m/z: 316 [M + H]+. 1H NMR (300 MHz, CDCl3) δ 8.00 (s, 1H), 7.95 
(d, J = 7.7 Hz, 1H), 7.56 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 1.9 Hz, 1H), 
7.42 (t, J = 7.7 Hz, 1H), 7.22 (dd, J = 8.2, 1.9 Hz, 1H), 6.90 (d, J = 8.2 
Hz, 1H), 6.48 (br, 1H), 5.98 (s, 1H), 4.67 (d, J = 5.8 Hz, 2H), 3.93 (s, 
3H), 3.90 (s, 3H).

Methyl 4-((4-hydroxy-N-isopropyl-3-methoxybenzamido)methyl) 
benzoate (9a). Starting from 6 (250 mg, 1.19 mmol) and 22a (271 mg, 
1.31 mmol), compound 9a was obtained following General Procedure G. 
The crude was used in the next step without any further purification, 
yielding the title compound as a white solid (99 % yield). 1H NMR (300 
MHz, CDCl3) δ 8.00 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 4.6 Hz, 2H), 
7.12–6.92 (m, 3H), 4.67 (s, 2H), 4.38–4.19 (m, 1H), 3.91 (s, 3H), 3.84 (s, 
3H), 2.32 (s, 3H), 1.14 (s, 6H).

Methyl 3-(4-hydroxy-N-isopropyl-3-methoxybenzamido)methyl) 
benzoate (9b). Starting from 6 (250 mg, 1.19 mmol) and 22b (271 mg, 
1.31 mmol), compound 9b was obtained following General Procedure A. 
The crude was used in the next step without any further purification, 
yielding the title compound as a white solid (89 % yield). 1H NMR (300 
MHz, CDCl3) δ 7.87 (d, J = 7.7 Hz, 1H), 7.74 (s, 1H), 7.36–7.23 (m, 1H), 
7.17 (d, J = 7.8 Hz, 1H), 6.86 (s, 1H), 6.70 (d, J = 8.2 Hz, 1H), 6.58 (d, J 
= 8.2 Hz, 1H), 5.89 (s, 1H), 5.04 (dt, J = 13.3, 6.8 Hz, 1H), 3.89 (s, 3H), 
3.69 (s, 3H), 1.20 (d, J = 6.2 Hz, 6H).

4-Acetoxy-3-methoxybenzoic acid (10). Starting from 6 (1000 mg, 
5.95 mmol), compound 10 was obtained following general procedure B. 
The crude was used in the next step without any further purification (99 
% yield). 1H NMR (300 MHz, CDCl3) δ 11.11 (br, 1H), 7.76 (dd, J = 8.2, 
1.9 Hz, 1H), 7.71 (d, J = 1.9 Hz, 1H), 7.14 (d, J = 8.2 Hz, 1H), 3.91 (s, 
3H), 2.34 (s, 3H).

Methyl 4-((4-acetoxy-N-isopropyl-3-methoxybenzamido)methyl) 
benzoate (11a). Starting from 9 (200 mg, 0.95 mmol) and 18a (202 
mg,1.05 mmol), compound 11a was obtained following General Pro
cedure A. The crude was purified by column chromatography on silica 
gel (PE/EtOAc, 1:0 to 1:1) to afford the title compound as a white solid 
(70 % yield). 1H NMR (300 MHz, CDCl3) δ 7.91 (d, J = 7.8 Hz, 2H), 7.08 
(d, J = 7.9 Hz, 2H), 6.86 (s, 1H), 6.72 (d, J = 7.6 Hz, 1H), 6.59 (d, J =
8.2 Hz, 1H), 5.80 (s, 1H), 5.13–4.95 (m, 1H), 3.88 (s, 3H), 3.70 (s, 3H), 
2.29 (s, 3H), 1.22 (d, J = 6.7 Hz, 6H).
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Methyl 3-((4-acetoxy-N-isopropyl-3-methoxybenzamido)methyl) 
benzoate (11b). Starting from 9 (200 mg, 0.95 mmol) and 18b (202 
mg,1.05 mmol), compound 11b was obtained following General Pro
cedure A. The crude was purified by column chromatography on silica 
gel (PE/EtOAc 1:0 to 2:1) to afford the title compound as a white solid 
(56 % yield). 1H NMR (300 MHz, CDCl3) δ 7.99 (s, 1H), 7.92 (d, J = 7.5 
Hz, 1H), 7.60–7.46 (m, 1H), 7.40 (t, J = 7.7 Hz, 1H), 7.12–6.96 (m, 3H), 
4.66 (s, 2H), 4.26 (br, 1H), 3.91 (s, 3H), 3.84 (s, 3H), 2.31 (s, 3H), 1.16 
(s, 6H).

trans Methyl-4-(3-(4-hydroxy-3-methoxyphenyl)-N-isopropylacr 
ylamido)benzoate (14a). Starting from 13 (100 mg, 0.42 mmol) and 
18a (82 mg, 0.42 mmol), compound 14a was obtained following general 
procedure A. The crude was purified by column chromatography on 
silica gel (PE/EtOAc, 1:1 to 0:1) to afford the title compound as a white 
solid (53 % yield). ESI-MS m/z: 412 [M + H]+. 1H NMR (300 MHz, 
CDCl3) δ 8.15–7.98 (m, 2H), 7.56 (d, J = 15.4 Hz, 1H), 7.20 (d, J = 8.1 
Hz, 2H), 6.93–6.69 (m, 3H), 5.92 (d, J = 15.4 Hz, 1H), 5.16–4.96 (m, 
1H), 3.90 (s, 3H), 3.80 (s, 3H), 2.21 (s, 3H), 1.09 (d, J = 6.8 Hz, 6H).

trans Methyl-4-(3-(4-acetoxy-3-methoxyphenyl)acrylamido)ben
zoate (14b). Starting from 13 (110 mg, 0.46 mmol) and 17a (70 mg, 
0.46 mmol), compound 14b was obtained following general procedure 
A. The crude was purified by column chromatography on silica gel (PE/ 
EtOAc, 1:1 to 0:1) to afford the title compound as a white solid (63 % 
yield). ESI-MS m/z: 368 [M-H]− . 1H NMR (300 MHz, CDCl3) δ 8.03–7.81 
(m, 2H), 7.85–7.63 (m, 1H), 7.67–7.36 (m, 2H), 7.29–6.84 (m, 4H), 
6.74–6.41 (m, 1H), 3.99–3.51 (m, 6H), 2.27 (s, 3H).

trans Methyl-4-((3-(4-acetoxy-3-methoxyphenyl)-N-isopropylacr 
ylamido)methyl)benzoate (14c). Starting from 13 (132 mg, 0.56 mmol) 
and 22a (116 mg, 0.56 mmol), compound 14c was obtained following 
general procedure A. The crude was purified by column chromatog
raphy on silica gel (PE/EtOAc, 1:1 to 0:1) to afford the title compound as 
a white solid (47 % yield). ESI-MS m/z: 426 [M + H]+. 1H NMR (300 
MHz, acetone‑d6) δ 8.13–7.80 (m, 2H), 7.64 (d, J = 15.0 Hz, 1H), 
7.57–7.20 (m, 4H), 7.23–6.69 (m, 2H), 4.79 (d, J = 28.4 Hz, 2H), 3.86 (s, 
7H), 2.26–2.16 (m, 3H), 1.16 (s, 6H).

trans Methyl-4-((3-(4-hydroxy-3-methoxyphenyl)acrylamido)me 
thyl)benzoate (14d). Starting from trans ferulic acid 12 (107 mg, 0.55 
mmol) and 20a (100 mg, 0.55 mmol), compound 14d was obtained 
following general procedure A. The crude was purified by column 
chromatography on silica gel (PE/EtOAc, 1:1 to 0:1) to afford the title 
compound as a white solid (53 % yield). ESI-MS m/z: 342 [M + H]+. 1H 
NMR (300 MHz, CDCl3) δ 7.94 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 15.5 Hz, 
1H), 7.32 (d, J = 8.2 Hz, 2H), 7.09–6.96 (m, 2H), 6.92 (t, J = 2.9 Hz, 
1H), 6.85 (d, J = 8.2 Hz, 1H), 6.45 (t, J = 5.8 Hz, 1H), 6.33 (d, J = 15.5 
Hz, 1H), 4.57 (d, J = 5.9 Hz, 2H), 3.87 (s, 3H), 3.82 (s, 3H).

trans Methyl-3-(3-(4-acetoxy-3-methoxyphenyl)-N-isopropylacr 
ylamido)benzoate (15a). Starting from 13 (107 mg, 0.52 mmol) and 
18b (101 mg, 0.52 mmol), compound 15a was obtained following 
general procedure A. The crude was purified by column chromatog
raphy on silica gel (PE/EtOAc, 1:1 to 0:1) to afford the title compound as 
a white solid (39 % yield). ESI-MS m/z: 412 [M + H]+. 1H NMR (300 
MHz, acetone‑d6) δ 8.05–7.80 (m, 3H), 7.70–7.57 (m, 1H), 7.50–7.41 
(m, 2H), 7.23–7.09 (m, 1H), 6.90–6.61 (m, 2H), 3.95–3.74 (m, 7H), 2.30 
(s, 3H), 1.30–1.10 (m, 6H).

trans Methyl-3-(3-(4-acetoxy-3-methoxyphenyl)acrylamido)ben
zoate (15b). Starting from 13 (136 mg, 0.57 mmol) and 17b (111 mg, 
0.57 mmol), compound 15b was obtained following general procedure 
A. The crude was purified by column chromatography on silica gel (PE/ 
EtOAc 1:1) to afford the title compound as a white solid (57 % yield). 
ESI-MS m/z: 368 [M-H]− . 1H NMR (300 MHz, CDCl3) δ 8.30 (d, J = 13.5 
Hz, 1H), 8.17 (t, J = 1.9 Hz, 1H), 8.08–7.94 (m, 1H), 7.84–7.57 (m, 2H), 
7.36 (td, J = 8.0, 1.4 Hz, 1H), 7.08–6.76 (m, 3H), 6.47 (d, J = 15.4 Hz, 
1H), 3.91–3.73 (m, 6H), 3.49 (s, 1H), 2.23 (s, 3H).

trans Methyl-3-((3-(4-acetoxy-3-methoxyphenyl)-N-isopropylacr 
ylamido)methyl)benzoate (15c). Starting from 13 (95 mg, 0.40 mmol) 
and 22b (83 mg, 0.40 mmol), compound 15c was obtained following 

general procedure A. The crude was purified by column chromatog
raphy on silica gel (PE/EtOAc 1:1) to afford the title compound as a 
yellow solid (24 % yield). ESI-MS m/z: 426 [M + H]+, 448 [M+ Na]+. 1H 
NMR (300 MHz, CDCl3) δ 7.96–7.73 (m, 2H), 7.61 (d, J = 15.1 Hz, 1H), 
7.50–7.17 (m, 2H), 7.18–6.64 (m, 4H), 4.60 (d, J = 6.8 Hz, 2H), 
3.86–3.57 (m, 7H), 2.21 (s, 3H), 1.23–0.96 (m, 6H).

trans Methyl-3-((3-(4-hydroxy-3-methoxyphenyl)acrylamido)me 
thyl)benzoate (15d). Starting from 13 (98 mg, 0.41 mmol) and 20b (69 
mg, 0.41 mmol), compound 15d was obtained following general pro
cedure A. The crude was purified by column chromatography on silica 
gel (PE/EtOAc 1:1) to afford the title compound as a yellow solid (37 % 
yield). ESI-MS m/z: 341 [M-H]− . 1H NMR (300 MHz, acetone‑d6) δ 
8.13–7.67 (m, 3H), 7.67–7.52 (m, 1H), 7.50–7.32 (m, 2H), 7.26–7.10 
(m, 1H), 6.90–6.74 (m, 1H), 6.60 (dd, J = 15.7, 8.7 Hz, 1H), 4.59 (d, J =
5.9 Hz, 2H), 4.01–3.74 (m, 7H), 2.86 (s, 1H).

Methyl 4-aminobenzoate (17a). Starting from 4-aminobenzoic acid 
16a (1000 mg, 7.29 mmol), compound 17a was obtained following 
general procedure D. The solid residue was treated with a saturated 
solution of NaHCO3 (10 mL) and extracted with DCM (3 × 10 mL). The 
combined organic layers were dried over anhydrous Na2SO4, filtered, 
and concentrated under reduced pressure. The product was used in the 
next step without further purification (99 % yield, white solid). ESI-MS 
m/z: 174 [M + Na]+. 1H NMR (300 MHz, CD3OD) δ 8.17 (d, J = 8.7 Hz, 
2H), 7.49 (d, J = 8.4 Hz, 2H), 3.94 (s, 3H).

Methyl 3-aminobenzoate (17b). Starting from 3-aminobenzoic acid 
16a (1000 mg, 7.29 mmol), compound 17b was obtained following 
general procedure D. The solid residue was treated with a saturated 
solution of NaHCO3 (10 mL) and extracted with DCM (3 × 10 mL). The 
combined organic layers were dried over anhydrous Na2SO4, filtered 
and concentrated under reduced pressure. The product was used in the 
next step without further purification (99 % yield, white solid). ESI-MS 
m/z: 174 [M + Na]+. 1H NMR (300 MHz, CD3OD) δ 8.17–8.03 (m, 2H), 
7.74–7.65 (m, 2H), 3.94 (d, J = 1.1 Hz, 3H).

Methyl 4-(isopropylamino)benzoate (18a). To a solution of 17a 
(300 mg, 1.99 mmol) and acetone (162 μL, 2.18 mmol) in DMF, TMSCl 
(630 μL, 4.96 mmol) was added at 25 ◦C. The reaction mixture was 
cooled to 0 ◦C, and NaBH4 (75 mg, 4.99 mmol) was added in one so
lution. The mixture was stirred at 0 ◦C for 20 min. Then, a saturated 
solution of NaHCO3 was added to pH = 8 and the crude was extracted 
with EtOAc (3 × 10 mL). The combined organic layers were washed with 
a saturated solution of NaCl (3 × 30 mL), and dried over anhydrous 
Na2SO4, filtered and concentrated under reduced pressure. The crude 
was used in the next step without any further purification (99 % yield). 
ESI-MS m/z: 216 [M + Na]+. 1H NMR (300 MHz, CDCl3) δ 7.90 (d, J =
8.2 Hz, 2H), 7.27 (d, J = 10.1 Hz, 2H), 5.44 (t, J = 5.7 Hz, 1H), 4.37 (d, J 
= 5.6 Hz, 1H), 3.85 (s, 3H), 3.36 (t, J = 5.0 Hz, 3H), 2.36 (t, J = 5.0 Hz, 
3H).

Methyl 3-(isopropylamino)benzoate (18b). Compound 18b was 
obtained from 17b (300 mg, 1.99 mmol), by following the same pro
cedure described for 17a. The crude was used in the next step without 
any further purification (99 % yield). ESI-MS m/z: 216 [M + Na]+. 1H 
NMR (300 MHz, CDCl3) δ 7.33 (dt, J = 7.7, 1.3 Hz, 1H), 7.25 (dd, J =
2.6, 1.6 Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H), 6.73 (ddd, J = 8.1, 2.6, 1.1 Hz, 
1H), 3.87 (s, 3H), 3.75–3.56 (m, 1H), 1.19 (d, J = 6.3 Hz, 6H).

Methyl 4-(aminomethyl)benzoate hydrochloride (20a). Starting 
from (4-aminomethyl)benzoic acid 19a (200 mg, 1.32 mmol), com
pound 20a was obtained following general procedure D. The product 
was used in the next step without further purification (99 % yield, white 
powder). ESI-MS m/z: 166 [M + H]+, 188 [M + Na]+. 1H NMR (300 
MHz, CD3OD) δ 8.07 (d, J = 7.7 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 4.22 
(s, 2H), 3.91 (s, 3H), 1.29 (d, J = 5.1 Hz, 1H).

Methyl 3-(aminomethyl)benzoate hydrochloride (20b). To a solu
tion of methyl 3-cyanobenzoate 19b (157 mg, 0.97 mmol) in MeOH (4 
mL), 12 N HCl (118 μL, 1.42 mmol) and 10 % Pd/C (16 mg) were added 
at 25 ◦C. The reaction mixture was stirred under an H2 atmosphere for 3 
h. Then, the catalyst was filtered off and the volatiles were removed 
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under reduced pressure. The product was used in the next step without 
further purification (99 % yield, white powder). ESI-MS m/z: 166 [M +
H]+. 1H NMR (300 MHz, CD3OD) δ 7.98 (s, 1H), 7.90 (m, 1H), 7.50 (m, 
1H), 7.40 (t, J = 7.8 Hz, 1H), 4.09 (s, 2H), 3.90 (s, 3H).

Methyl 4-((isopropylamino)methyl)benzoate (22a). Starting from 
21a (200 mg, 0.87 mmol), compound 22a was obtained following 
general procedure E. The crude was used in the next step without any 
further purification (89 % yield, white solid). 1H NMR (300 MHz, CDCl3) 
δ 7.98 (d, J = 7.7 Hz, 2H), 7.38 (d, J = 7.8 Hz, 2H), 3.89 (s, 3H), 3.83 (s, 
2H), 2.84 (p, J = 6.7, 6.2 Hz, 1H), 1.25 (s, 1H), 1.09 (s, 6H).

Methyl 3-((isopropylamino)methyl)benzoate (22b). Starting from 
21b (1000 mg, 7.29 mmol), compound 22b was obtained following 
general procedure E. The product was used in the next step without 
further purification (82 % yield, white solid). 1H NMR (300 MHz, CDCl3) 
δ 7.96 (s, 1H), 7.89 (dt, J = 7.7, 1.5 Hz, 1H), 7.51 (dt, J = 7.9, 1.6 Hz, 
1H), 7.36 (t, J = 7.6 Hz, 1H), 3.88 (s, 3H), 3.80 (s, 2H), 2.91–2.73 (m, 
1H), 1.57 (s, 1H), 1.07 (d, J = 6.2 Hz, 6H).

Methyl 4-(N-isopropyl-3,5-bis(trifluoromethyl)benzamido)benzo
ate (24). To a solution of A (100 mg, 0.39 mmol) in dry DCM (2 mL), 
(COCl)2 (37 μL, 0.43 mmol) and 1 gtt. of DMF were added at rt., under 
N2. The reaction mixture was stirred at rt. for 2 h. DMF was added to 
quench the excess of (COCl)2 and then, the solvent was removed under 
reduced pressure. The residue was dissolved in DCM (1 mL) and a so
lution of 18a (75 mg, 0.39 mmol) and DIPEA (337 μL, 1.93 mmol) in 
DMF (1 mL) was added at rt. The reaction mixture was stirred at rt. for 
16 h. Then, it was diluted with DCM, treated with a saturated solution of 
NH4Cl and extracted with DCM (3 × 10 mL). The collected organic 
layers were washed with brine (2 × 10 mL), dried over sodium sulphate, 
filtered, and concentrated. The crude was used in the next step without 
any further purification (56 % yield). ESI-MS m/z: 434 [M + H]+.

N-(4-(Hydroxycarbamoyl)phenyl)-N-isopropyl-3,5-bis(tri
fluoromethyl)benzamide (4). Starting from 24 (94 mg, 0.22 mmol), 
compound 4 was obtained following General Procedure C. The crude 
was purified by column chromatography on silica gel (12:1 CHCl3/ 
MeOH) to afford the title compound as a light-brown solid (55 % yield). 
1H NMR (400 MHz, CD3OD) δ 7.82 (d, J = 12.8 Hz, 3H), 7.67 (d, J = 8.0 
Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 5.04–4.98 (m, 1H), 1.24 (d, J = 6.7 Hz, 
6H). 13C NMR (101 MHz, CD3OD) δ 167.7, 165.2, 141.5, 139.2, 131.4, 
130.5, 128.3, 127.6, 124.2, 122.3, 121.5, 48.8, 19.6. 19F NMR (376 
MHz, CD3OD) δ − 64.5 (s, 6F). ESI-MS m/z 435 [M + H]+. HRMS (ESI) 
m/z [M + H]+ calcd for C19H17F6N2O3 435.1138, found 435.1443. 
Spectroscopic data are in agreement with those reported by Gunning 
et al. [26] in J. Med. Chem. 2020, 63, 8634–8648. Literature data: 1H 
NMR (700 MHz, CD3OD): δ 7.85 (s, 2H), 7.80 (s, 1H), 7.70 (d, J = 8.2 Hz, 
2H), 7.33 (d, J = 8.2 Hz, 2H), 5.02 (br, 1H), 1.24 (d, J = 7.1 Hz, 6H). 13C 
NMR (176 MHz, CD3OD) δ 170.33, 167.87, 144.15, 141.90, 134.70, 
133.60, 133.47, 131.00, 130.29, 125.53, 125.06, 51.38, 22.32. 19F NMR 
(658 MHz, CD3OD) δ − 64.52 (s, 6F).

4-Hydroxy-N-(4-(hydroxycarbamoyl)phenyl)-N-isopropyl-3- 
methoxybenzamide (5a). Starting from 10a (62 mg, 0.16 mmol), com
pound 5a was obtained following General Procedure C. The crude was 
purified by column chromatography on silica gel (CHCl3/MeOH, 10:1 to 
8:1) to afford the title compound as a light-brown solid (68 % yield). 1H 
NMR (400 MHz, DMSO‑d6) δ 11.16 (s, 1H), 9.25 (s, 1H), 8.98 (s, 1H), 
7.61 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 6.73–6.64 (m, 2H), 
6.50 (d, J = 8.1 Hz, 1H), 4.80 (p, J = 6.7 Hz, 1H), 3.50 (s, 3H), 1.09 (d, J 
= 6.8 Hz, 6H). 13C NMR (101 MHz, DMSO‑d6) δ 169.5, 163.9, 148.0, 
146.8, 143.4, 131.5, 130.8, 128.0, 127.7, 122.4, 114.9, 113.2, 55.8, 
48.1, 21.2. HRMS (ESI) m/z [M + H]+ calcd for C18H21N2O5 345.1445, 
found 345.1445, [M + Na]+ calcd for C18H20N2O5Na 367.1264, found 
367.1265.

4-Hydroxy-N-(3-(hydroxycarbamoyl)phenyl)-N-isopropyl-3- 
methoxybenzamide (5b). Starting from 11a (31 mg, 0.08 mmol), com
pound 5b was obtained following General Procedure C. The crude was 
purified by column chromatography on silica gel (CHCl3/MeOH,10:1) to 
afford the title compound as a light-brown solid (46 % yield). 1H NMR 

(400 MHz, CD3OD) δ 7.95–7.86 (m, 1H), 7.77 (s, 1H), 7.32 (t, J = 7.7 Hz, 
1H), 7.20 (d, J = 7.5 Hz, 1H), 6.84–6.76 (m, 2H), 6.56 (d, J = 8.1 Hz, 
1H), 5.04–4.96 (m, 1H), 3.64 (s, 3H), 1.25 (d, J = 6.8 Hz, 6H). 13C NMR 
(101 MHz, CD3OD) δ 171.3, 169.3, 147.7, 146.5, 139.9, 137.9, 132.5, 
131.1, 128.2, 127.9, 127.6, 122.1, 113.9, 112.1, 54.6, 20.7. HRMS (ESI) 
m/z [M + H]+ calcd for C18H21N2O5 345.1445, found 345.1447, [M +
Na]+ calcd for C18H20N2O5Na 367.1264, found 367.1265.

4-Hydroxy-N-(4-(hydroxycarbamoyl)phenyl)-3-methox
ybenzamide (5c). Starting from 7a (33 mg, 0.11 mmol), compound 5c 
was obtained following General Procedure C. The crude was purified by 
column chromatography on silica gel (CHCl3/MeOH, 30:1 to 20:1) to 
afford the title compound as a brownish green solid (51 % yield). 1H 
NMR (300 MHz, CD3OD) δ 7.87–7.73 (m, 4H), 7.58–7.46 (m, 2H), 6.89 
(d, J = 8.2 Hz, 1H), 3.94 (s, 3H). 13C NMR (75 MHz, CD3OD) δ 167.4, 
150.5, 147.5, 142.3, 130.2, 127.5, 125.5, 121.3, 120.0, 119.7, 114.5, 
110.9, 55.1. ESI-MS m/z: 301 [M-H]− . HRMS (ESI) m/z [M + H]+ calcd 
for C15H15N2O5 303.0975, found 303.0982, [M + Na]+ calcd for 
C15H14N2O5Na 325.0795, found 325.0795.

4-Hydroxy-N-(3-(hydroxycarbamoyl)phenyl)-3-methox
ybenzamide (5d). Starting from 8a (246 mg, 0.82 mmol), compound 5d 
was obtained following General Procedure C. The crude was purified by 
column chromatography on silica gel (DCM/MeOH/NH4OH, 10:1:0.1 to 
5:1:0.1) to afford the title compound as a reddish brown solid (68 % 
yield). 1H NMR (400 MHz, CD3OD) δ 8.10 (s, 1H), 7.88 (dd, J = 8.1, 2.2 
Hz, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.57 (s, 1H), 7.51 (dd, J = 8.3, 2.0 Hz, 
1H), 7.38 (t, J = 7.9 Hz, 1H), 6.90 (d, J = 8.2 Hz, 1H), 3.94 (s, 3H). 13C 
NMR (101 MHz, CD3OD) δ 172.8, 167.2, 150.2, 147.5, 138.3, 136.9, 
127.9, 125.8, 124.9, 123.5, 121.8, 121.1, 115.4, 110.9, 55.1. ESI-MS m/ 
z: 301 [M-H]− .

trans N-hydroxy-4-(3-(4-hydroxy-3-methoxyphenyl)-N-iso
propylacrylamido)benzamide (5e). Starting from 14a (200 mg, 0.49 
mmol), compound 5e was obtained following General Procedure C. The 
crude was purified by column chromatography on silica gel (DCM/ 
MeOH/NH4OH, 10:1:0.1 to 5:1:0.1) to afford the title compound as a 
brown solid (28 % yield). 1H NMR (400 MHz, CD3OD) δ 7.86 (d, J = 7.2 
Hz, 2H), 7.46–7.31 (m, 3H), 6.87–6.54 (m, 3H), 5.89 (s, 1H), 4.98 (s, 
1H), 3.72 (s, 3H), 1.11 (s, 6H). 13C NMR (101 MHz, CD3OD) δ 166.5, 
165.8, 148.6, 147.7, 142.3, 141.2, 132.4, 130.6, 127.8, 126.7, 121.3, 
115.9, 115.0, 110.7, 54.9, 46.94, 19.8. ESI-MS m/z: 371 [M + H]+. 
HRMS (ESI) m/z [M + H]+ calcd for C20H23N2O5 371.1601, found 
371.1605, [M + Na]+ calcd for C20H22N2O5Na 393.1421, found 
393.1423.

trans N-Hydroxy-3-(3-(4-hydroxy-3-methoxyphenyl)-N-iso
propylacrylamido)benzamide (5f). Starting from 15a (175 mg, 0.42 
mmol), compound 5f was obtained following General Procedure C. The 
crude was purified by column chromatography on silica gel (DCM/ 
MeOH/NH4OH, 10:1:0.1 to 5:1:0.1) to afford the title compound as a 
brown solid (31 % yield). 1H NMR (400 MHz, CD3OD) δ 7.73–7.58 (m, 
2H), 7.58–7.38 (m, 2H), 6.93–6.55 (m, 3H), 5.92 (d, J = 15.4 Hz, 1H), 
5.14–4.93 (m, 1H), 3.91 (s, 1H), 3.77 (s, 4H), 1.40–1.27 (m, 2H), 
1.21–1.11 (m, 6H). 13C NMR (101 MHz, CD3OD) δ 166.7, 165.4, 148.6, 
147.7, 145.5, 142.35, 138.6, 134.8, 133.6, 129.4, 126.8, 122.5, 121.3, 
115.9, 114.4, 110.7, 110.3, 54.8, 22.7, 19.9. ESI-MS m/z: 371 [M + H]+. 
HRMS (ESI) m/z [M + H]+ calcd for C20H23N2O5 371.1601, found 
371.1632, [M + Na]+ calcd for C18H20N2O5Na 393.1421, found 
393.1426.

trans N-hydroxy-4-(3-(4-hydroxy-3-methoxyphenyl)acrylamido) 
benzamide (5g). Starting from 14b (146 mg, 0.39 mmol), compound 5g 
was obtained following General Procedure C. The crude was purified by 
column chromatography on silica gel (DCM/MeOH/NH4OH, 10:1:0.1 to 
5:1:0.1) to afford the title compound as a brown solid (21 % yield). 1H 
NMR (300 MHz, DMSO‑d6) δ 9.39 (s, 1H), 9.19–8.81 (m, 2H), 7.54–7.17 
(m, 1H), 7.25–6.89 (m, 3H), 6.77 (d, J = 8.1 Hz, 1H), 6.26 (d, J = 15.7 
Hz, 1H), 3.78 (s, 3H). 13C NMR (101 MHz, CD3OD) δ 165.6, 148.8, 
148.5, 147.8, 140.6, 128.2, 126.7, 122.3, 121.7, 115.5, 115.0, 113.7, 
113.4, 110.2, 55.0. ESI-MS m/z: 327 [M-H]− . HRMS (ESI) m/z [M +
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Na]+ calcd for C17H16N2O5Na 351.0951, found 351.0951.
trans N-hydroxy-3-(3-(4-hydroxy-3-methoxyphenyl)acrylamido) 

benzamide (5h). Starting from 15b (191 mg, 0.51 mmol), compound 5h 
was obtained following General Procedure C. The crude was purified by 
column chromatography on silica gel (DCM/MeOH/NH4OH, 10:1:0.1 to 
5:1:0.1) to afford the title compound as a brown solid (21 % yield). 1H 
NMR (300 MHz, DMSO‑d6) δ 8.05 (s, 1H), 7.83 (d, J = 6.6 Hz, 1H), 
7.61–7.27 (m, 4H), 7.18 (d, J = 1.9 Hz, 1H), 7.12–6.94 (m, 1H), 6.81 (d, 
J = 8.1 Hz, 1H), 6.62 (d, J = 15.6 Hz, 1H), 3.81 (s, 3H). 13C NMR (75 
MHz, DMSO‑d6) δ 170.8, 164.7, 164.5, 149.1, 148.3, 140.1, 134.0, 
129.2, 126.5, 122.4, 111.3, 60.2 (2C). ESI-MS m/z: 327 [M-H]− . HRMS 
(ESI) m/z [M + H]+ calcd for C17H17N2O5 329.1132, found 329.1132, 
[M + Na]+ calcd for C17H16N2O5Na 351.0951, found 351.0950.

4-Hydroxy-N-(4-(hydroxycarbamoyl)benzyl)-N-isopropyl-3- 
methoxybenzamide (5i). Starting from 10b (475 mg, 1.19 mmol), 
compound 5i was obtained following General Procedure C. The crude 
was purified by column chromatography on silica gel (CHCl3/MeOH, 
10:1 to 8:1) to afford the title compound as a light-brown solid (24 % 
yield). 1H NMR (400 MHz, DMSO‑d6) δ 11.18 (s, 1H), 9.36 (s, 1H), 9.06 
(s, 1H), 7.73 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 6.96 (s, 1H), 
6.93–6.86 (m, 1H), 6.83 (d, J = 8.3 Hz, 1H), 4.57 (s, 2H), 4.20 (br, 1H), 
3.75 (s, 3H), 1.10 (d, J = 6.7 Hz, 6H). 13C NMR (101 MHz, DMSO‑d6) δ 
171.6, 164.7, 148.1, 147.8, 143.6, 131.4, 128.3, 127.3, 127.0, 119.8, 
115.5, 111.2, 56.1, 49.1, 21.1. ESI-MS m/z: 359 [M + H]+, 397 [M +
K]+. HRMS (ESI) m/z [M + H]+ calcd for C19H23N2O5 359.1601, found 
359.1598,[M + Na]+ calcd for C19H22N2O5Na 381.1421, found 
381.1420.

4-Hydroxy-N-(3-(hydroxycarbamoyl)benzyl)-N-isopropyl-3- 
methoxybenzamide (5j). Starting from 11b (415 mg, 1.04 mmol), 
compound 5j was obtained following General Procedure C. The crude 
was purified by column chromatography on silica gel (CHCl3/MeOH, 
10:1 to 5:1) to afford the title compound as a light-brown solid (39 % 
yield). 1H NMR (400 MHz, CD3OD) δ 7.76 (s, 1H), 7.62 (d, J = 7.6 Hz, 
1H), 7.56–7.51 (m, 1H), 7.49–7.40 (m, 1H), 7.03 (s, 1H), 6.97 (d, J =
8.1 Hz, 1H), 6.88 (m, 1H), 4.70 (s, 2H), 4.38–4.34 (m, 1H), 3.87 (s, 3H), 
1.22 (d, J = 4.5 Hz, 6H). 13C NMR (101 MHz, CD3OD) δ 174.2, 148.9, 
148.4, 140.6, 133.1, 131.8, 130.7, 129.1, 128.4, 126.2, 125.8, 120.1, 
115.5, 110.8, 57.7, 55.8, 44.0, 20.6. ESI-MS m/z: 359 [M + H]+, 397 [M 
+ K]+. HRMS (ESI) m/z [M + H]+ calcd for C19H23N2O5 359.1601, 
found 359.1594, [M + Na]+ calcd for C19H22N2O5Na 381.1421, found 
381.1420.

4-Hydroxy-N-(4-(hydroxycarbamoyl)benzyl)-3-methox
ybenzamide (5k). Starting from 7b (85 mg, 0.27 mmol), compound 5k 
was obtained following General Procedure C. The crude was purified by 
column chromatography on silica gel (CHCl3/MeOH 10:1) to afford the 
title compound as a brown solid (52 % yield). 1H NMR (300 MHz, 
CD3OD) δ 7.71 (d, J = 5.7 Hz, 2H), 7.49–7.35 (m, 4H), 6.83 (d, J = 7.3 
Hz, 1H), 4.60 (s, 2H), 3.89 (s, 3H). 13C NMR (75 MHz, CD3OD) δ 150.0, 
147.4, 143.3, 130.7, 127.2, 127.2, 127.0, 126.9, 125.1, 120.7, 114.5, 
110.5, 55.1, 42.8. ESI-MS m/z: 315 [M-H]− . HRMS (ESI) m/z [M + H]+

calcd for C16H17N2O5 317.1132, found 317.1133, [M + Na]+ calcd for 
C16H16N2O5Na 339.0951, found 339.0951.

4-Hydroxy-N-(3-(hydroxycarbamoyl)benzyl)-3-methox
ybenzamide (5l). Starting from 8b (76 mg, 0.24 mmol), compound 5 l 
was obtained following General Procedure C. The crude was purified by 
column chromatography on silica gel (CHCl3/MeOH 10:1) to afford the 
title compound as a brown solid (35 % yield). 1H NMR (300 MHz, 
CD3OD) δ 8.85 (s, 1H), 7.73 (s, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.56–7.45 
(m, 2H), 7.41 (dd, J = 8.5, 6.3 Hz, 2H), 6.84 (d, J = 8.0 Hz, 1H), 4.59 (d, 
J = 3.9 Hz, 2H), 3.89 (s, 3H)⋅13C NMR (75 MHz, CD3OD) δ 168.5, 166.8, 
150.0, 147.4, 139.8, 132.4, 130.4, 128.4, 125.8, 125.4, 125.1, 120.7, 
114.5, 110.6, 55.0, 42.8. ESI-MS m/z: 315 [M-H]− . HRMS (ESI) m/z [M 
+ H]+ calcd for C16H17N2O5 317.1132, found 317.1136, [M + Na]+

calcd for C16H16N2O5Na 339.0951, found 339.0955.
trans N-hydroxy-4-((3-(4-hydroxy-3-methoxyphenyl)-N-iso

propylacrylamido)methyl)benzamide (5m). Starting from 14c (52 mg, 

0.12 mmol), compound 5m was obtained following General Procedure 
C. The crude was purified by column chromatography on silica gel 
(CHCl3/MeOH/NH4OH 10:1:0.1) to afford the title compound as a 
brown solid (8 % yield). 1H NMR (300 MHz, DMSO‑d6) δ 11.12 (s, 1H), 
9.39 (s, 1H), 8.96 (s, 1H), 7.68 (dd, J = 14.5, 7.8 Hz, 2H), 7.54–6.85 (m, 
5H), 6.85–6.48 (m, 2H), 4.66 (d, J = 50.0 Hz, 2H), 3.76 (d, J = 36.9 Hz, 
4H), 1.15–1.01 (m, 6H). 13C NMR (75 MHz, DMSO‑d6) δ 166.9, 166.6, 
148.8, 148.3, 144.1, 142.7, 127.5, 127.1, 126.6, 122.8, 115.9, 115.6, 
111.8, 79.6, 56.2, 48.3, 45.6, 21.9, 20.6. ESI-MS m/z: 385 [M + H]+. 
HRMS (ESI) m/z [M + H]+ calcd for C21H25N2O5 385.1758, found 
385.1764, [M + Na]+ calcd for C21H24N2O5Na 407.1577, found 
407.1580.

trans N-hydroxy-3-((3-(4-hydroxy-3-methoxyphenyl)-N-iso
propylacrylamido)methyl)benzamide (5n). Starting from 15c (25 mg, 
0.06 mmol), compound 5n was obtained following General Procedure C. 
The crude was purified by column chromatography on silica gel (CHCl3/ 
MeOH/NH4OH 10:1:0.1) to afford the title compound as a brown solid 
(8 % yield). 1H NMR (400 MHz, CD3OD) δ 7.80–7.16 (m, 6H), 7.15–6.98 
(m, 1H), 6.95–6.46 (m, 3H), 4.80–4.44 (m, 3H), 3.97–3.62 (m, 3H), 
1.56–0.78 (m, 6H). 13C NMR (101 MHz, CD3OD) δ 168.7, 166.8, 148.6, 
147.9, 144.5, 143.5, 140.2, 132.7, 132.3, 129.8, 129.2, 128.2, 127.1, 
125.3, 122.2, 115.3, 115.0, 114.1, 110.5, 55.0, 49.1, 20.4. ESI-MS m/z: 
385 [M + H]+, 407 [M+ Na]+. HRMS (ESI) m/z [M + H]+ calcd for 
C21H25N2O5 385.1758, found 385.1763, [M + Na]+ calcd for 
C21H24N2O5Na 407.1577, found 407.1579.

trans N-Hydroxy-4-((3-(4-hydroxy-3-methoxyphenyl)acrylamido) 
methyl)benzamide (5o). Starting from 14d (99 mg, 0.29 mmol), com
pound 5o was obtained following General Procedure C. The crude was 
purified by column chromatography on silica gel (DCM/MeOH/NH4OH 
30:1:0 to 10:1:0.1) to afford the title compound as a light-brown solid 
(35 % yield). 1H NMR (300 MHz, CD3OD) δ 7.71 (d, J = 8.0 Hz, 2H), 7.49 
(d, J = 15.5 Hz, 1H), 7.39 (d, J = 8.0 Hz, 2H), 7.12 (s, 1H), 7.03 (d, J =
8.1 Hz, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.50 (d, J = 15.6 Hz, 1H), 4.53 (s, 
2H), 3.87 (s, 3H). 13C NMR (75 MHz, CD3OD) δ 167.8, 166.5, 148.5, 
147.9, 142.8, 141.3, 130.9, 127.2, 127.0, 126.7, 121.9, 116.9, 115.0, 
110.1, 54.9, 42.4. ESI-MS m/z: 341 [M-H]− . HRMS (ESI) m/z [M + H]+

calcd for C18H19N2O5 343.1288, found 343.1290, [M + Na]+ calcd for 
C18H18N2O5Na 365.1108, found 365.1109.

trans N-Hydroxy-3-((3-(4-hydroxy-3-methoxyphenyl)acrylamido) 
methyl)benzamide (5p). Starting from 15d (100 mg, 0.29 mmol), 
compound 5p was obtained following General Procedure C. The crude 
was purified by column chromatography on silica gel (DCM/MeOH/ 
NH4OH 30:1:0.1) to afford the title compound as a light-brown solid (15 
% yield). 1H NMR (400 MHz, CD3OD) δ 7.76–7.54 (m, 2H), 7.54–7.36 
(m, 3H), 7.22–6.93 (m, 4H), 6.78 (dd, J = 8.2, 1.3 Hz, 2H), 6.47 (d, J =
15.6 Hz, 1H), 6.27 (d, J = 15.7 Hz, 1H), 4.51 (s, 2H), 3.29 (s, 3H). 13C 
NMR (101 MHz, CD3OD) δ 167.8, 148.5, 147.8, 141.2, 140.6, 139.4, 
130.5, 128.5, 126.7, 126.1, 125.8, 125.5, 121.8, 116.9, 115.0, 110.2, 
110.1, 54.9. ESI-MS m/z: 341 [M-H]− . HRMS (ESI) m/z [M + H]+ calcd 
for C18H19N2O5 343.1288, found 343.1292, [M + Na]+ calcd for 
C18H18N2O5Na 365.1108, found 365.1108.

4.7. Docking studies

The X-ray structure of hHDAC6 bound to trichostatin A (PDB iD: 
5EDU) was used to build a molecular model of the CD2 domain of 
hHDAC6 suitable for docking studies by applying Maestro software [58]. 
The protein structure was prepared using the Protein Preparation 
Wizard tool within the Schrödinger 2021–2 suite [59,60]. Following the 
default procedure, zero-order bonds between the protein and ligand 
atoms and the Zn2+ were created to model the coordination bonds 
within the catalytic cavity. Hydrogen atoms were added to the structure, 
and the protonation state of ionizable group was attributed to be 
consistent with pH 7.4. Histidine and aspartate residues involved in the 
Zn2+ ion chelation (i.e., His651, Asp649 and Asp742) were modelled in 
their neutral and negatively charged form, respectively. The model was 
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submitted to energy minimization with OPLS4 force field [59] during 
which only the hydrogen atoms were left unrestrained. The ligands were 
built by applying Maestro software, modeling the hydroxamic acid 
group in its neutral form, and then docked within the binding site of 
hHDAC6 using Glide software [61]. The docking grid was centered on 
the co-crystallized inhibitor thricostatin A, defining the inner and outer 
grid edge to 12 and 32 Å, respectively. A metal-coordination restraint 
between the Zn2+ ion and the hydroxamic group was applied. Docking 
studies were performed using the standard precision (SP) mode, and the 
docking poses were ranked according to their Gscore value. Only top- 
ranked poses were considered and discussed here.

4.8. Human HDAC inhibition assays

For the evaluation of their inhibitory activity, different concentra
tions of the compounds were incubated in a low-binding black 96-well 
plate with 30 ng of human recombinant HDAC1 (BPS Bioscience; Cat. 
# 50051), 5 ng of human recombinant HDAC2 (BPS Bioscience; Cat. # 
50002), 4 ng of human recombinant HDAC3 (BPS Bioscience; Cat. # 
50003), 30 ng of human recombinant HDAC6 (BPS Bioscience, San 
Diego, CA, USA; Cat. # 50056), 30 ng of human recombinant HDAC8 
(BPS Bioscience; Cat. # 50008), or 500 ng of human recombinant 
HDAC10 (BPS Bioscience; Cat. # 50060) in an assay buffer composed of 
25 mM Tris/HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and 
0.1 mg/mL bovine serum albumin for 30 min at 37 ◦C. At the end of the 
incubation, the deacetylation reaction was initiated by adding 200 μM of 
the fluorogenic acetylated HDAC substrate 3 (BPS Bioscience; Cat. # 
50037) for HDAC1, HDAC2, HDAC3 and HDAC10 assays, or of the flu
orogenic HDAC substrate class 2 A (BPS Bioscience; Cat. # 50040) for 
HDAC8 assays. After 30 min at 37 ◦C, the reaction was stopped by the 
addition of an HDAC assay developer (BPS Bioscience; Cat. # 50060). 
Following an incubation of 15 min at RT, fluorescence was measured in 
an EnSight multimodal plate reader (PerkinElmer, Boston, MA, USA) 
with an excitation wavelength of 360 nm and an emission wavelength of 
450 nm.

4.9. Cell culture

Human SH-SY5Y neuroblastoma cells (ECACC Cat# 94030304, 
passages 7–20) as well as U87-MG, T98G and U251-MG glioblastoma 
cells (Cell bank IRCCS AOU San Martino IST (Genova, Italy)), were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM), supple
mented with 10 % heat-inactivated fetal bovine serum, 100 U mL− 1 

penicillin, and 100 μg mL− 1 streptomycin. Cell cultures were maintained 
in a humidified atmosphere at 37 ◦C and 5 % CO2.

4.10. Cell Viability

To assess the effects of 5e, 5 m, 5o and SAHA on cell viability, SH- 
SY5Y and GBM cells were treated with drugs for 24 h, 48 and 72 h 
and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro
mide) assay was performed as already reported [62].

4.11. Cell lysis and protein quantification

Following treatment with the indicated compound at a final con
centration of 10μM, cell were subjected to total and histone protein 
extraction and quantification as reported. [63]

4.12. Immunoblotting analysis

Equal amounts of protein (30 μg) from total cell lysates were resolved 
on 10 % SDS–polyacrylamide gels, while 1.5 μg of acid-extracted histone 
protein were resolved on 10 % SDS–polyacrylamide gels, –while 1.5μg 
of acid-extracted histone proteins were separated on 15 % SDS–polya
crylamide gels. Proteins were then transferred onto nitrocellulose 

membranes via electroblotting. Immunodetection was performed using 
horseradish peroxidase (HRP)-conjugated secondary antibodies (anti- 
rabbit, Cat. #1705046; anti-mouse, Cat. #1706516; Bio-Rad), and 
chemiluminescent signals were obtained by using the Clarity™ Western 
ECL Substrate (500mL; Cat. #1705061, Bio-Rad). Primary antibodies 
included anti-acetylated α-tubulin (Cat. #5335), GAPDH (Cat. 
#D16H11), H3K9/14 ac (Cat. #7627), and total Histone H4 (Cat. 
#2592), all from Cell Signaling Technology (Danvers, MA, USA). The 
anti-acetyl-SMC3 antibody (Cat. #MABE1073) was obtained from Mil
lipore. To assess p-cdc2 levels in glioblastoma cell lysates, Rabbit anti 
phospho-cdc2 (Tyr15) (10A11) primary antibody (Cell Signaling) was 
used. Rabbit anti β-actin (13E5) primary antibody (Cell Signaling) was 
used as loading control. Immunodetection was performed using IRDye® 
800CW Goat anti-Rabbit secondary antibodies (LI-COR Biotech), using 
iBright FL1500 imager (ThermoFisher Scientific). All antibodies were 
used in accordance with the manufacturers’ protocols. Densitometric 
analysis of immunoreactive bands was carried out using ImageJ soft
ware (version 1.44).

4.13. Cell cycle analysis

Flow cytometry was used to investigate whether 5e, 5m, 5o and 
SAHA could cause loss in DNA, as well as changes in cell cycle pro
gression. SH-SY5Y cells were seeded in a 6-well plate (5 × 105 cells/ 
well) and treated with both compounds at concentrations close to their 
IC50 values for 24 h. Afterward, the cells were treated as previously 
reported [62]. Red fluorescence (DNA) was detected through a 563–607 
nm band-pass filter (FL2 channel, 104 cells/sample) using a FACScan 
flow cytometer (BD Biosciences, San Jose, CA, USA) coupled with Cell 
Quest software v.3.0, (BD Biosciences, San Jose, CA, USA). The same 
procedure was applied to assess cell cycle perturbation in GBM cells 
exposed for 24 h to the different compounds, used at concentrations 
close to their IC50 values (calculated at 72 h).

4.14. Apoptosis detection by flow cytometry

SH-SY5Y cells were seeded in 6-well plates at a density of 2 × 105 

cells/well and incubated overnight at 37 ◦C in a humidified atmosphere 
with 5 % CO₂. Cells were then treated with compound 5o (3, 10, or 30 
μM) or SAHA (3, 10, or 30 μM) for 24, 48, or 72 h. At the end of the 
incubation, cells were detached using Accutase (Life Technologies, 
Monza, Italy), washed twice with cold PBS, and resuspended at a con
centration of 1 × 105 cells in 100 μL of Annexin Binding Buffer (Life 
Technologies). Cells were stained with Annexin V Alexa Fluor™ 488 
Ready Flow Conjugate and incubated for 5 min at RT in the dark. Sub
sequently, 1 μM Sytox™ AADvanced™ Dead Cell Stain was added to the 
cell suspension. Samples were analyzed using an Attune NxT Flow Cy
tometer (Thermo Fisher Scientific, Paisley, UK) equipped with a 488 nm 
excitation laser. Fluorescence emission was collected using a 530/30 
bandpass filter for Annexin V Alexa Fluor™ 488 and a 695/40 bandpass 
filter for Sytox™ AADvanced™. SH-SY5Y cells were gated based on 
forward and side scatter properties to exclude debris and aggregates. 
Data were processed to distinguish four cell populations based on 
Annexin V and SYTOX staining: live cells (Annexin V− /Sytox− ), early 
apoptotic cells (Annexin V+/ Sytox − ), late apoptotic cells (Annexin V+/ 
Sytox +), and necrotic cells (Annexin V− /Sytox +).

4.15. Caspase-3/7 activity assay

Caspase-3/7 activation was evaluated using a fluorescence-based 
imaging approach. SH-SY5Y cells were seeded at a density of 2 × 103 

cells/well in black, clear-bottom 96-well plates (Greiner Bio-One) in 
complete medium and incubated overnight at 37 ◦C in a humidified 
atmosphere with 5 % CO₂. The following day, cells were treated with 
compound 5o or SAHA at concentrations of 3, 10, or 30 μM in a final 
volume of 200 μL per well and incubated for 24, 48, or 72 h. At the end 
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of each incubation period, CellEvent™ Caspase-3/7 (Life Technologies) 
was added to each well. After 30 min of incubation at room temperature 
in the dark, Hoechst 33342 was added followed by gentle mixing and an 
additional 30-min incubation. Fluorescence images were acquired using 
the ImageXpress Pico Automated Cell Imaging System (Molecular 
Devices).

4.16. Autophagy evaluation: SH-SY5Y cells treatment and Western Blot 
analysis

For the experiments, cells were seeded in 6-well plates at a density of 
0.4 × 106 cells/well. The day after, cells were treated in fresh medium 
with 3 μM SAHA or 3 μM 5o for 24 h. Such concentrations were chosen 
on the basis of the respective IC50 values obtained in MTT assay. Both 
SAHA and compound 5o were added from 1000 X stock solutions in 
dimethyl sulfoxide (DMSO) and DMSO alone was used in control sam
ples. The same samples were in parallel co-treated (for the final 6h) with 
30 μM chloroquine (CQ) (Sigma-Aldrich); this lysosomotropic com
pound, by impairing the fusion of autophagosomes with lysosomes, 
stalls the autophagic flux at its final step and amplifies LC3-II accumu
lation [64]. After 24 h of treatment, cells were harvested by trypsini
zation and resuspended (106 cells/100 μL) in ice-cold lysis buffer (20 
mM HEPES–NaOH, pH 7.5, containing 10 % sucrose, 0.1 % CHAPS, 0.2 
% NP-40, 1 mM EDTA, 5 mM dithiothreitol (DTT), 1 mM phenyl
methylsulphonyl fluoride (PMSF), protease and phosphatase inhibitor 
cocktail (Halt™). After sonication on ice for 6 s (Vibracell, amplitude 60, 
25 W) and centrifugation at 19,000g for 2 min at 4 ◦C, the supernatant of 
cell lysates was assayed for protein concentration by using the Bradford 
reagent (Biorad). Aliquots of cell lysates (15 μg) were separated by so
dium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
on Bolt™ Bis-Tris Plus 4–12 % Mini Protein Gels (Invitrogen™) for 35 
min at a constant voltage of 200 V. Proteins were electrophoretically 
transferred to 0.22 μm nitrocellulose membranes with a semidry protein 
transfer apparatus (Peqlab PerfectBlue™ Semi-Dry Blotter) for 40 min at 
12 V. Before adding primary antibodies, quality control and transfer 
efficiency were assessed by reversible Ponceau S (P7170, Sigma-Aldrich) 
membrane staining of total proteins. After destaining with 0.01 M NaOH 
and rinsing with deionized water, nitrocellulose membranes were 
blocked for 1 h at RT with 10 % skimmed milk in TBS (50 mM Tris, 150 
mM NaCl, pH 7.5)/0.05 % Tween 20 (TBST), and probed overnight at 
4 ◦C with the following primary antibodies: anti-LC3A/B (referred to as 
LC3) (dilution 1:1000; L7543, Sigma-Aldrich) and anti-p62 (dilution 
1:500; 5114, Cell Signaling Technologies). Primary antibodies were 
diluted TBST with 2 % or 5 % bovine serum albumin (BSA), respectively. 
After three washes with TBST, membranes were incubated for 1 h at RT 
with anti-rabbit horseradish peroxidase-conjugated secondary anti
bodies (Sigma-Aldrich), diluted in TBST with 1 % skimmed milk. Pro
teins were visualized by chemiluminescence (Pierce™ ECL Western 
Blotting Substrate) with a Alliance Q9-ATOM imaging system (UVITEC, 
Cambridge, UK) and NineAlliance x64 software (UVITEC). The intensity 
of protein bands of interest was quantified and normalized by using the 
total amount of protein of the relative lane, as obtained by Ponceau S 
membrane staining.

4.17. Statistics

Analysis of data was accomplished using GraphPad Prism version 
8.0.2 (GraphPad Software Inc.). Data are reported as mean ± SEM. 
Statistical analyses and significance were measured by ANOVA and 
Tukey or Dunnet post-test, as well as with unpaired Student t-test, as 
appropriate. In all comparisons, *p < 0.05 was considered significant.
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