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Abstract.  

The discovery of new therapeutic agents for the treatment of neurodegenerative 

diseases—particularly Alzheimer’s disease (AD) —remains one of the most challenging 

areas in medicinal chemistry. Given the multifactorial nature of these disorders, the 

rational design of multitarget-directed ligands (MTDLs) is gaining increasing attention, 

underscoring the importance of exploring novel target combinations. In this study, we 

report the design of the first-in-class multitarget compounds that function as dual 

GPR40 agonists and HDAC6 inhibitors—a novel strategy aimed at modulating 

neuroinflammation in AD. Among them, compound 4e exhibited potent activity, with an 

EC₅₀ of 22 nM for GPR40 activation and an IC₅₀ of 73 nM for HDAC6 inhibition. This 

balenced dual profile was corroborated in cell-based assays, where compound 4e 

significantly increased acetylated tubulin and ERK phosphorylation levels in SH-SY5Y 

cells. Furthermore, compound 4e demonstrated immunomodulatory effects on 

microglia, highlighting its potential as a chemical starting point for targeting 

neuroinflammation and, ultimately, neurodegeneration. 

 

Keywords: Free fatty acid receptor 1; histone deacetylase 6; neuroinflammation; 

dementia; neurodegeneration; multitarget; dual compounds. 
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Highlights 

 Dual GPR40 agonists/HDAC6 inhibitors designed for Alzheimer's disease 

 4e activates GPR40 (EC50 = 22 nM) and inhibits HDAC6 (IC50 = 73 nM) 

 In-cell assays confirm that 4e boosts acetyl-tubulin and ERK phosphorylation 

 Compound 4e modulates neuroinflammation through GPR40 and HDAC6 

pathways 

 GPR40 may be an off-target for HDAC inhibitors with fatty acid-like structures 

 

 

1. INTRODUCTION 

Alzheimer's disease (AD) is the most common cause of dementia and has become 

one of the most widespread neurodegenerative diseases worldwide in recent decades. 

It is increasingly recognized as a major global health issue, approaching epidemic levels 

[1]. According to Alzheimer’s Disease International, it is estimated that the number of 

people affected by dementia was close to 55 million in 2020, possibly reaching 78 million 

in 2030 and 139 million in 2050, with most living in low- and middle-income countries 

[2]. AD is primarily characterized by the loss of cognitive functions that are associated 

with memory impairment, dementia progression, mood disorders, and psychosis. The 

main hallmarks of AD are the extracellular deposits of amyloid-β (Aβ) peptide, and the 

intracellular neurofibrillary tangles formed by hyperphosphorylated-tau protein [3]. 

Unsurprisingly, the most recent strategies in the development of new AD disease-

modifying drugs have been focused on preventing the formation of these protein 

aggregates [3,4]. After two decades of disappointment, a breakthrough came with the 

approval of three anti-amyloid antibodies, aducanumab, lecanemab and donanemab 

[5,6]. Despite the promise of these new therapies, their real clinical significance has been 

questioned, and safety and benefit concerns persist [6–8]. 

Due to these issues, the growing public health crisis posed by the disease, there 

is still a clear need for new therapy to prevent or delay the onset and slow the 

progression of AD [9]. 

AD is a multifactorial disease; consequently, the development of multitarget 

drugs is an interesting and promising strategy [10]. In this context, the selection of 

therapeutic targets that may exhibit synergistic effects when concomitantly modulated 
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by a single chemical entity, i.e., a multitarget-directed ligand (MTDL) [11] could lead to 

the discovery of truly effective AD therapies.  

Indeed, the MTDL concepts have been well received by the AD drug discovery 

community and a plethora of research efforts have been reported in the last twenty 

years [12,13]. However, some critical issues remain that could hinder clinical translation: 

many newly reported MTDLs are "follow-on" compounds, with high chemical structure 

similarity and directed to the same target combinations [14]. In this respect, it could be 

useful to move from targets, such as AChE, which have been over searched, in favor of 

other ones with stronger potential for a disease-modifying effect. 

In this context, the unexplored target combination of GPR40 (also known as FFA1 

– Free Fatty Acid Receptor 1) [15,16] and HDAC6 (Histone Deacetylase 6) [17–19] 

appears promising for the development of new AD drug candidates. 

GPR40 is a class A G protein-coupled receptor that belongs to the fatty acid 

receptor family (FFA1-FFA4). This receptor was identified as a target for type II diabetes 

treatment due to its expression profile in enteroendocrine cells and its role in mediating 

free fatty acid-induced incretin secretion [20]. More recently, GPR40 has been proposed 

as a possible target for AD treatment [21]. GPR40 activation promotes hippocampal 

neurogenesis in primates [22]. GPR40 activation by agonists in a human neuroblastoma 

cell line resulted in the phosphorylation of cAMP response element-binding protein 

(CREB) [15]. GPR40 activation in cultures of murine neurons led to phosphorylation of 

CREB and extracellular signal-regulated kinases, ERK1/2, which may stimulate 

neurogenesis and improve long-term memory [15]. In addition, in vivo treatment with 

GPR40 agonists in the Aβ1-42 AD mice model significantly improved cognitive 

performance through CREB phosphorylation and increased neurotrophic factors, 

resulting in hippocampal neurogenesis and neuroprotection [23]. In vivo 

pharmacological evaluation of GPR40 agonists, such as GW9508 and TAK-875, using the 

APP/PS1 mouse model, significantly ameliorated cognitive deficits [24,25]. Importantly, 

GPR40 is also involved in the control of inflammation [26]. GPR40 activation by lauric 

acid in microglia attenuated LPS-stimulated nitric oxide (NO) production and the 

expression of inducible NO synthase protein and suppressed LPS-induced reactive 

oxygen species and proinflammatory cytokine production [27]. Thus, GPR40 emerges as 
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a critical mediator of two AD pathogenic factors, i.e., neurodegeneration and 

neuroinflammation. 

HDAC6 is another promising target for the development of novel therapies for 

AD. HDACs catalyze the removal of the acetyl groups from the lysine residues on both 

histone and non-histone proteins, hereby affecting chromatin structure and gene 

expression [28]. Among the four classes of HDACs, HDAC6 is considered an atypical 

member due to its cellular localization (it is found mainly on cytoplasm) and the 

presence of two deacetylase domains [29,30]. Notably, HDAC6 has been implicated in 

the development of tauopathies, including AD, and its inhibition has been shown to be 

effective in the reduction of hyperphosphorylated tau proteins [17–19]. In addition, the 

inhibition of HDAC6 has also been associated with decreased Aβ accumulation, through 

the inhibition of β- and γ-secretases [31]. To note, HDAC inhibitors have been extensively 

employed to design anti-AD MTDLs [32].    

Recently, an MTDL approach combining HDAC6 and PDE5 inhibition 

demonstrated synergistic efficacy in in vivo models of AD [33,34]. This effect appeared 

to be associated with elevated levels of phosphorylated CREB (pCREB) and increased 

acetylation of histones and α-tubulin, facilitating the transcription of specific memory-

related genes [35]. According to these findings, we hypothesized that a similar effect 

could be achieved through the simultaneous GPR40 activation/HDAC6 inhibition. 

In this work, we reported the design, synthesis, and pharmacological evaluation 

of first-in-class dual GPR40 agonists and HDAC6 inhibitors as a novel and promising 

MTDL strategy for the treatment of AD. 

 

2. STRUCTURAL DESIGN 

By analyzing the pharmacophoric features of GPR40 agonists and HDAC6 

inhibitors, we realized common similar structural elements. Both are based on an acidic 

head, a linker, and a cap lipophilic terminal group, as evidenced by the inspection of 

approved HDAC inhibitors SAHA (1), Belinostat (2), and Panobinostat (3), in comparison 

with the GPR40 potent and selective agonist GW9508 (4) [36,37] (Figure 1). The 

common pharmacophoric carboxylic acid group used in the design of GPR40 agonists 

has a bioisosteric relationship with hydroxamic acid [38], which is a zinc-binding group 

commonly exploited in the discovery of HDAC inhibitors [37]. These observations 
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motivated us to design a series of hydroxamic acid derivatives (4a – i, Figure 1) through 

molecular hybridization using a merging approach [39]. Also, the cap group of GW9508 

(4) was modified in R1 by several (hetero)aromatic systems to evaluate how the 

stereoelectronic effects of the cap groups modulate GPR40 and HDAC6 activities (Figure 

1). Additionally, compound 5a was designed with a conformational restriction [40] 

between the hydroxamic acid group and the phenyl ring using a double-bond linker 

(Figure 1).  

 

 

Figure 1. Design concept of novel multitarget compounds (4a – i) and (5a) for AD 

treatment. 

 

Additionally, two more compounds (6a, g) were designed as GPR40 positive 

allosteric modulators with intrinsic agonist activity (agoPAMs). Their design involved 

modifying the substitution pattern between the acid head and the linker on the phenyl 

ring from a 1,4- to a 1,3-pattern, along with introducing a conformational restriction 

through double bond insertion. The 1,3-pattern was chosen based on previous studies 

that identified meta-substitution as a key feature in the discovery of GPR40 agoPAMs 

[41–45]. Moreover, this modification aimed to assess the steric requirements for HDAC6 

inhibition (Figure 4). 
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Figure 2. Designed multitarget compounds as GPR40 agoPAMs and HDAC6 inhibitors. 

 

3. SYNTHESIS 

The synthesis of the designed compounds was performed following the 

procedures shown in Scheme 1. The first step consists of a Knoevenagel condensation 

between the 3- or 4-nitrobenzaldehyde (7 and 8) and malonic acid catalyzed by pyridine 

to generate the acrylic acid intermediates (9 and 10). Subsequently, 9 and 10 were 

converted to the methyl esters (11 and 12) using Fischer esterification. Then, 12 

reduction was carried out in hydrogen atmosphere in the presence of a palladium 

catalyst to obtain the key intermediate 13. The intermediates 11 and 12 were reduced 

as well in the presence of iron and ammonium chloride to obtain the corresponding 

aniline derivatives (14 and 15). Then, 13, 14 and 15 were subjected to reductive 

amination reactions catalyzed in acid medium in the presence of a boron reducing agent 

to obtain intermediates 16a – i; 17a; 18a; 18g. (16a – i; 17a; 18a; 18g). They were 

hydrolyzed under basic conditions using microwave heating, generating carboxylic acids 

19a – i; 20a; 21a; 21g. The last step was the coupling reaction using EDC, HOBt and 

hydroxylamine to generate the designed hydroxamate compounds (4a – i; 5a; 6a; 6g). 

A careful analysis of the 1H and 13C NMR spectra of the double bond–containing 

intermediates and target compounds revealed the formation of a single diastereomer, 

consistent with an E-configuration, as indicated by the observed coupling constants. 
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4. RESULTS AND DISCUSSION 

The compounds were evaluated for GPR40 activation and HDAC6 inhibition. 

Initial evaluations of the inhibition of enzymatic activity of human HDAC6 at a 

concentration of 1 μM were carried out for all compounds and IC50 curves were 

determined for those showing a significant percentage of inhibition (> 50%) (Table 1). 

Direct comparison between 4a, 5a, 6a and 6g, indicate that: (i) the conformational 

restriction by the double bond between the hydroxamic acid group and the phenyl ring 

is positive for HDAC6 inhibition and (ii) the 1,4-substitution pattern is more favorable for 

inhibiting HDAC6, which is possibly related to the interaction by hydrogen bonding with 

the Ser531. The interaction with Ser531 is an important factor to gain potency and 

selectivity for HDAC6 inhibition [46]. However, further evaluation of cap group 
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variations within the unrestricted structural pattern (4a–i) led to the identification of 

more potent derivatives than 5a (IC50 = 267 nM), as the IC50 values for derivatives 4a–i 

ranged from 73 to 552 nM. When comparing regioisomer pairs, the 1-naphthyl cap 

group in 4d (IC50 = 160 nM) exhibited greater potency than the 2-naphthyl cap group in 

4c (IC50 = 301 nM). Similarly, for the benzo[b]thiophene, substitution at position 2 (4e) 

(IC50 = 73 nM) led to increased potency compared to substitution at position 3 (4f) (IC50 

= 374 nM). In addition, substitution at position 4 significantly increased the potency of 

biphenyl derivatives, as evidenced by the lower IC₅₀ value of 4g (IC50 = 140 nM) 

compared to 4h (IC50 = 551 nM) (Table 1). The diphenyl cap group in 4b proved 

detrimental, similar to what was observed for 4a. However, simplifying the cap group to 

a single phenyl ring (4i) resulted in increased potency, suggesting that the bulky cap 

groups in 4a and 4b may introduce steric hindrance that negatively impacts activity 

(Table 1). Docking studies suggest that the cap group plays a crucial role in determining 

the bioactive conformation of the compounds and, consequently, their ability to interact 

with key residues at the surface of the HDAC6 binding site. Notably, these interactions 

include hydrogen bonding with Ser531 and hydrophobic interactions with Phe642 and 

Phe643. For example, when comparing the pair of regioisomers 4g and 4h, 4g performs 

a more linear interaction, with an angle closer to 180° and, therefore, more favorable 

hydrogen bond with Ser531. Additionally, regardless of the cap group, 4g and 4h interact 

by T-stacking with Phe642 and Phe643 (See Supporting Information, Figure S1 and S2). 

The comparison between regioisomers 4e and 4f revealed that 4e establishes 

interactions with Ser531, Phe642, and Phe643. In contrast, the 3-benzo[b]thiophene 

subunit in 4f is displaced, leading to a less effective overlap with Phe642 and potentially 

reducing its binding efficiency (See Supporting Information, Figure S3 and S4). Notably, 

4e (HDAC6 IC50 = 73 nM) was the most potent compound in the series, which may be 

attributed to its more efficient T-stacking interactions with Phe642 and Phe643. These 

interactions are likely influenced by differences in the electronic distribution of this 

bicyclic heteroaromatic system, enhancing its binding affinity. In the comparison 

between 4c and 4d, the bioactive conformation of 4c, which involves interactions with 

Ser531, Phe642, and Phe643, exhibits a clear disruption of conjugation between the lone 

electron pair of the aniline nitrogen and the phenyl ring. In contrast, this disruption is 

not observed for 4d, which may contribute to differences in their binding affinities (See 
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Supporting Information, Figure S5 and S6). For 4i, the less bulky phenyl ring cap group 

appears to be associated with a more flexible bioactive conformation, improving 

induced fit within the HDAC6 binding site. This enhanced flexibility allows for a more 

favorable interaction geometry with Ser531, as well as π-stacking interactions with 

Phe583 and Phe643, potentially contributing to its improved binding affinity (See 

Supporting Information, Figure S7). For 4b, the diphenyl cap group led to distinct 

interactions at the surface of the binding site. While the interaction with Ser531 was 

preserved, the diphenyl group additionally engaged with Pro464 and His463, suggesting 

a different binding orientation compared to other compounds in the series (See 

Supporting Information, Figure S8). 

 

Table 1. Pharmacological activity data of GPR40 activation and HDAC6 inhibition and 

BBB scores for compounds 4a – i, 5a, 6a, 6g. 

structure Compound HDAC6 IC
50

 (nM)a GPR40 EC
50

 (nM)b Emax GPR40b BBB Scorec 

 

4a 18% (1µM) 9.5 93% 4.5 

 

5a 267 5.4 88% 4.5 

 

6a 1590 683 55% 4.5 

 

6g 1530 ND 13% 4.7 

 

4b 31% (1µM) ND -7% 4.7 

 

4c 301 30.6 109% 4.8 

 

4d 160 29.9 113% 4.8 

 

4e 73 22.5 95% 4.8 
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4f 374 61.9 88% 4.8 

 

4g 140 19.3 117% 4.7 

 

4h 551 8.9 109% 4.7 

 

4i 157 766 55% 5.1 

GW9508 4 - 7.0 100%  

Trichostatina A  1.2 -   

The presented values are the average of two experiments. aThe assays were conducted by Reaction 
Biology Corporation, Malvern, PA (study number: 20191016-UFRJ-DR-Mix; 20200122-UFRJ-CF-Mix). bThe 
assays were performed by EuroscreenFast through the indirect quantification of IP3 by homogeneous 
time-resolved fluorescence (HTRF) on recombinant human FFA1 receptor in CHO-K1 cells (study number: 
FUR-004b; FUR-005b). Compounds were tested in a 10-dose IC50 or 8-dose EC50 mode with three-fold 
serial dilutions starting at 1 μM. cBBB Score was calculated as previously reported [47]. ND = not 
determined. 

 

 

As for GPR40, we measured potency (EC50) and efficacy (% Emax). The data in 

Table 1 clearly show that, except for 6g and 4b, the designed compounds exhibited 

intrinsic agonist activity, activating the receptor within a range of Emax from 55% to 

117%, compared to agonist GW9508 (4) (100%) (4). They were also potent, presenting 

EC50 values ranging from 5 to 683 nM. Notably, 4a shows an activity of 9.5 nM, 

comparable to that of parent compound GW9508 (4) (EC50 = 7 nM), thereby confirming 

the effective bioisosteric replacement of the carboxylic acid with a hydroxamic acid in 

the design of GPR40 agonists. Additionally, the observed activity of 6a (EC50 = 683 nM) 

indicates that the conformational restriction introduced by the double bond serves as a 

molecular simplification. This modification eliminates the commonly observed chirality 

at the benzylic carbon, which is often used in the design of GPR40 agoPAMs [44,48]. 

Analyzing the 4a - i series is possible to understand that GPR40 tolerates the cap groups 

very well with small differences between the regioisomer pairs. In accordance with 

HDAC6 SAR, compound 4b was scarcely active, probably due to the steric effects 

promoted by its bulkier cap diphenyl group. Compound 4i is also less active than the 

biphenyl or bicyclic aromatic derivatives, which might be due to the reduced possibility 
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of contact formation with hydrophobic residues. Notably, previous studies have shown 

that conformational restriction between the acidic head and the aromatic ring typically 

results in reduced activity [36]. Therefore, a similar outcome was anticipated for 

compound 5a. However, despite this structural constraint, compound 5a retained high 

activity and, in fact, emerged as the most potent GPR40 agonist within the series. 

In addition, we calculated the BBB Score [47] of the compounds, which predicted 

all as BBB-permeable, with scores higher than 4.4. 

Although several compounds demonstrated bioactivity as HDAC6 inhibitors and 

GPR40 agonists, a key requirement for multitarget compounds is a balanced activity 

profile across the intended targets [49]. As shown in Table 1, compounds 6a, 4c, 4d, 4e, 

4f, 4g, and 4i exhibit such a profile. Among these, compound 4e stands out with the 

most balanced multitarget activity, displaying an IC₅₀ of 73 nM for HDAC6 inhibition and 

an EC₅₀ of 22 nM for GPR40 activation, along with a maximal efficacy (Eₘₐₓ) of 95% 

relative to the reference GPR40 agonist GW9508 (4) [36]. 

Unlike promiscuous compounds, it is crucial to verify the intended selectivity 

profile for MTDLs by testing their activity against different isoforms or closely related 

proteins [14]. Therefore, we tested compound 4c, 4d and 4e against a panel of HDAC 

enzymes. Pan-HDAC inhibitors often exhibit cytotoxic activity, which is undesirable for a 

drug candidate for AD. The selectivity data for HDACs is summarized in Table 2. Among 

the three compounds, 4e exhibited the highest selectivity for HDAC6 inhibition, with the 

lowest selectivity index being 8.6-fold against HDAC3 (Table 2). Compound 4e 

demonstrated substantially higher selectivity over other HDAC isoforms: 17.9-fold over 

HDAC1, 32.2-fold over HDAC2, above 137-fold over HDAC4, 125.4-fold over HDAC5, and 

33.1-fold over HDAC8. 

 

Table 2. Selectivity studies of 4e across HDAC isoforms. 

 

   

 IC50 (nM) 

HDAC1a 1310 334 571 

HDAC2a 2353 774 1210 

HDAC3a 626 287 428 
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HDAC4a 21% (at 10 µM) 44% (at 10 µM) 24% (at 10 µM) 

HDAC5a 9154 2664 7155 

HDAC6a 73 301 160 

HDAC8a 2413 916 2399 

aThe presented values are the average of two experiments. The assays were conducted by Reaction 
Biology Corporation, Malvern, PA (study number: 20210913-UFRJ-PP-HDAC-RV01). Compounds were 
tested in a 10-dose IC50 mode with three-fold serial dilutions starting at 10 μM. 
 

In this scenario, to experimentally corroborate the calculated BBB Score data 

(Table 1), we conducted a PAMPA-BBB assay for compound 4e. The obtained 

permeability coefficient (Pe) value of 4.66 x 10-6 cm2/s indicates 4e as permeable across 

the BBB (for additional information, see Supporting Information Section 4, Figure S10 

and Table S1). It is important to note that the bioisosteric replacement of the carboxylic 

acid with hydroxamic acid likely improves the permeability profile, owing to the higher 

pKa of the hydroxamic acid group (pKa = 8–9) compared to the carboxylic acid [38].  

Figure 3 illustrates the interaction modes of 4e in HDAC6 and GPR40. Both 

binding sites are characterized by a straight hydrophobic channel, with polar groups at 

the channel's ends that interact with the hydroxamic acid group. For HDAC6, the key 

interactions include bidentate coordination with the zinc ion and hydrogen bonds with 

the residues Tyr745, His573, and His574. It is important to emphasize that the 

complexes generated in the docking studies were optimized using semiempirical 

methods [50,51]. Notably, these optimizations revealed the deprotonation of the 

hydroxamic acid hydroxyl group by His573, which results from the increased acidity of 

the group due to coordination with the zinc ion. Additionally, π-stacking interactions 

with residues Phe583 and Phe643 and hydrogen bonding with residue Ser531 at the 

entrance of the binding site are highlighted. Molecular recognition by GPR40 is further 

facilitated by multiple hydrophobic contacts, which contribute to van der Waals 

interactions along the channel. Additionally, π- and T-stacking interactions with the 

residues Phe87, Phe142, and Trp174 play a significant role in stabilizing the binding. At 

the end of the channel hydroxamic acid performs a complex network of hydrogen 

bonding interactions with residues Tyr91, Arg183, Tyr240 and Arg258. 
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Figure 3. Proposed interaction mode of 4e in HDAC6 (PDB: 5EEN) and GPR40 (PDB: 5TZR) 

obtained by docking studies. Ligand – carbons in yellow; Protein – carbons in cyan. 

 

It is important to highlight that we have disclosed a GPR40 agonist activity for a 

congeneric series of hydroxamic acids. Thus, in addition to identifying multitarget 

compounds for the treatment of AD, our study suggests GPR40 as a potential off-target 

of HDAC inhibitors, particularly those structurally related to fatty acids as those reported 

here. Agonistic activity at GPR40 could explain, at least in part, the cytoprotective effects 

or the absence of cytotoxic effects observed with HDAC inhibitors, as GPR40 plays a 

crucial role in regulating inflammation [52] and activating transcription factors like CREB 

[21].  

The title compounds (4a – i, 5a, 6a, 6g) were evaluated for neurotoxicity in 

cerebellar granule neurons (CGNs). It is well established in the literature that primary 

cultures of CGNs represent one of the most useful in vitro models to study the 

pathological mechanisms of neuronal survival, due to their sensitivity to exogenous 

stimuli [53]. Based on the results of the MTT viability assay (Figure 4), after 24 hours of 
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treatment, compounds 4a, 5a, 6a, and 4h showed no cytotoxic effects within the tested 

concentration range. In contrast, 4e, 4g, and 4i exhibited neurotoxicity only at the 

highest tested concentrations. Notably, treatment with compounds 4b, 4c, 4d, and 4f 

caused a decrease in cell viability at all tested concentrations, although this effect was 

not concentration-dependent compared to the control. 

 

Figure 4. Results of MTT assay on primary CGNs. Each experimental condition was 

performed in quadruplicate. Results are the mean ± SEM of 3 independent experiments. 

Statistical analysis was performed using Student’s t-test between control (CTRL) and 10, 

100, and 1000 nM concentrations of each compound. *p<0.05, **p < 0,01. 

 

To evaluate whether the in vitro HDAC inhibitory activities translate into 

intracellular inhibition, cell-based assays were carried out. The effects of compounds 4c, 

4d, and 4e on the acetylation levels of histone H3 and α-tubulin (biochemical markers 

for HDAC2 and HDAC6 activity, respectively) were determined using Western blot 

analysis (Figure 5a). SH-SY5Y cells were treated for 24 h with at 0.1 and 1 M 

concentrations. All three compounds were able to induce an increase in H3 acetylation 

at 1 M (Figure 5a), indicative of a HDAC2 inhibitory activity. Compound 4d and 4e 

induced an increase in α-tubulin acetylation at 1 M (Figure 5a). 
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Since it is known that GPR40 activation leads to ERK phosphorylation in human 

neuroblastoma cells [15,16], SH-SY5Y cells were treated for 24 h with compounds 4c, 4d 

or 4e (0.1 and 1 M) and ERK phosphorylation levels were determined by Western blot. 

As reported in Figure 5b, compounds 4d and 4e induced an increase of ERK 

phosphorylation compared to untreated cells. In particular, compound 4e showed a 

slight, although not significant, increase in phosphorylated ERK already at 0.1 M (Figure 

5b).  

 

Figure 5. Effect of treatment with compounds 4c, 4d, and 4e on histone H3, α-tubulin 

acetylation and ERk phosphorylation in SH-SY5Y cells. (a) Western blot analysis of 

acetylated histone 3 (H3 Ac) and acetylated α-tubulin (Tub Ac) levels in protein extracts 

from SH-SY5Y cells treated with vehicle (0.1% DMSO) or different concentrations (0.1 

μM and 1 μM) of compounds 4c, 4d, and 4e for 24 h. Immunoblots are examples from 

two biological replicates of each experimental condition. (b) Western blot analysis of 

phosphorylated ERK (pERK) levels in protein extracts from SH-SY5Y cells treated with 

vehicle (0.1% DMSO) or different concentrations (0.1 μM and 1 μM) of compounds 4c, 

4d, and 4e for 24 h. Histograms on the right show H3 Ac, Tubulin Ac and pERK protein 

levels normalized to corresponding total protein levels. Data are expressed as a 

b

a
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percentage of parental cells. Values are represented as means ± SEM. *p < 0.05, ** p < 

0.01, *** p < 0.001. Fisher’s LSD test after one-way ANOVA. 

 

As a next step, the most promising multitarget compound (4e) was evaluated for 

immunomodulatory effects on the N9 microglial cell line. A common hallmark of 

neurodegenerative diseases, including AD, is neuroinflammation, mediated by 

activation of microglia cells — the immune cells of the central nervous system (CNS). 

Under physiological conditions, microglia have an active role in immune surveillance in 

brain parenchyma to maintain tissue homeostasis, while in neuropathological 

conditions they become activated, and their status depends on the persistence of the 

insult. During the early stages of neurodegeneration, microglia show the 

neuroprotective phenotype, characterized by release of neurotrophic factors and 

expression of the phagocytic protein TREM2 (Triggering Receptor Expressed on Myeloid 

cells); subsequently, in later stages of disease, microglia switch to a neurotoxic 

phenotype, generally marked  by high levels of ROS/RNS due to iNOS (inducible Nitric 

Oxide Synthase) induction and release of proinflammatory cytokines. To analyze the 

immunomodulatory activity of 4e (i.e., the ability of microglial cells to transit from the 

neurotoxic to the neuroprotective phenotype), N9 microglial cells were pre-treated with 

the established concentration of 4e for 6h, and subsequently stimulated—or not—with 

100 ng/mL lipopolysaccharide (LPS), a known inducer of proinflammatory activation, for 

24 hours. 
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Figure 6. Immunomodulation of LPS-activated N9 microglial cells pre-treated with 

compound 4e. Western blot analysis of cell lysates and corresponding quantification of 

iNOS and TREM2 expression levels, normalized to the reference protein GAPDH, as well 

as phosphorylated CREB (pCREB) levels normalized to total CREB. Results are the mean 

± SEM of at least 3 independent experiments. Student’s t test comparing LPS-treated 

and 4e+LPS-treated cells, *p<0.05. 

 

After 24 h, microglial cells were collected, and the expression of iNOS, TREM2, 

and pCREB were evaluated by Western blot. As shown in Figure 6, iNOS expression was 

upregulated in LPS-treated microglia compared to control condition, thus indicating a 

neurotoxic activated phenotype, in line with the literature data [54,55]. Conversely, 

treatment with compound 4e alone at both 100 nM and 1000 nM did not alter iNOS 

expression, suggesting that 4e does not induce microglial activation on its own. 

However, increased variability observed at 1000 nM may reflect potential non-specific 

effects at higher concentrations. Cells pre-treated with 100 nM or 1000 nM of 4e for 6 

hours and subsequently activated with LPS showed a significant reduction in iNOS levels 

compared to LPS-only treated cells, suggesting an immunomodulatory effect of 

compound 4e on LPS-induced microglial activation. Furthermore, the 

immunomodulatory function of 1000 nM 4e pre-treatment is highlighted by an 
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increased CREB phosphorylation. CREB is a transcription factor involved in several 

cellular processes, including immune response. Its phosphorylation interferes with NF-

κB complex, limiting proinflammatory responses and promoting anti-inflammatory 

pathways, including the production of protective cytokines, such as IL-10 [56]. TREM2 

levels remained unchanged compared to the untreated control, indicating a shift in 

microglial phenotype without impairing their phagocytic function[57]. Modulating 

microglial activation is widely considered beneficial in therapeutic strategies, as an 

unbalanced inflammatory response can hinder functional recovery and exacerbate 

disease progression. 

 

5. CONCLUSION AND PERSPECTIVES 

 

 As with any drug development effort, MTDLs should be designed to target the 

most critical pathological processes, with target pair selection guided by rational, 

mechanistic considerations. In this study, we present for the first time the 

implementation of ligand- and knowledge-based approaches, for the rational design of 

a series of completely new MTDLs that act as GPR40 agonists and HDAC6 inhibitors. 

Based on structure-activity relationships (SAR) for modulating both targets, we 

identified seven multitarget compounds (6a, 4c, 4d, 4e, 4f, 4g, and 4i), all showing a 

maximum 10-fold difference in potency between the targets. Among these, 4e stands 

out as the most promising, with HDAC6 IC50 = 73 nM and GPR40 EC50 = 22 nM. 

Compounds 4c, 4d, and 4e modulated biochemical targets in cells, by inducing 

acetylation of histone H3 and tubulin at 1 M. Moreover, they also increased ERK 

phosphorylation levels. Cellular evaluations of 4e in microglia demonstrated its potential 

for immunomodulation, which is crucial for targeting neuroinflammation and, 

consequently, neurodegeneration. Furthermore, the data highlights GPR40 may 

represent a potential off-target for HDAC inhibitors, particularly for compounds 

structurally related to fatty acids. We believe these findings provide valuable insights 

into the further development of multitarget compounds which, by exploring uncharted 

directions, may face the big challenge of AD. 
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6. EXPERIMENTAL SECTION 

6.1. Chemistry 

General information. The melting points of the compounds were determined using a 

Quimis 340 apparatus and are corrected. 1H-NMR spectra were determined in dimethyl 

sulfoxide and the solvent was used as an internal standard using a Varian 500-MR at 500 

MHz or a Varian 400-MR at 400 MHz. 13C-NMR spectra were resolved using the same 

solvent and spectrometers at 125 MHz or 100 MHz and exploited the same solvent. The 

progress of all reactions was monitored through thin-layer chromatography performed 

on 2.0 × 6.0 cm2 aluminum sheets precoated with silica gel 60 (HF-254, Merck) to a 

thickness of 0.25 mm. The developed chromatograms were analyzed under ultraviolet 

light (254–365 nm) and treated with iodine vapor. The reagents and solvents were 

purchased from commercial suppliers and used as received. Analytical HPLC was 

performed for compound purity determinations using a Shimadzu LC-20AD with a 

Kromasil 100–5 C18 column (4.6 mm×250 mm) and a Shimadzu SPD-M20A detector. The 

solvent system used for the HPLC analyses was methanol/water at 8:2 with 0.5% 

trifluoroacetic acid (pH = 4). The isocratic HPLC mode was used, and the flow rate was 

1.0 mL/min. The purity of the compounds was higher than 95%. The high-resolution 

mass spectrometry (Orbitrap-HRMS) analysis was performed using a QExactive™ Hybrid 

Quadrupole Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltham, USA) 

using electrospray ionization (ESI). Standards working solutions of the compounds (1 

μg/mL) were prepared with water/methanol 7:3, spiked with 0.1% formic acid and 5 mM 

NH4COOH (ammonium formate). 

 

Synthesis of the multitarget GPR40 agonists/HDAC6 inhibitors derivatives (4a – i; 5a; 

6a; 6g) 

Procedure for the synthesis of acrylic acid intermediates (9, 10). 1 g of the respective 

nitrobenzaldehydes 7, 8 (6.6 mmol) and 2.061 g of malonic acid (19.8 mmol) were 

suspended in 100 mL of toluene and let under stirring for 5 min in room temperature in 

a reaction flask of 250 mL. Then, 800 µL of pyridine and 464 µL of TEA were added to 

the reaction medium and the mixture were refluxed. The reaction was monitored by TLC 

and after 6 h, the nitrobenzaldehydes were totally consumed, then the reaction medium 
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was partially concentrated, suspended in water (pH = 5), put under ice bath for 10 min 

and filtered off. 

 

(E)-3-(3-nitrophenyl)acrylic acid (9). The title compound was obtained as a crystalline 

yellow solid in 96% of yield (MP: 140-143°C). RF in TLC– DCM/metanol (95:5) = 0.39. 1H-

NMR (400 MHz, DMSO-d6) δ (ppm): 8.50 (1H, s); 8.22 (1H, d, J = 8.2 Hz); 8.17 (1H, d, J = 

8.2 Hz); 7.74-7.67 (2H, m); 6.73 (1H, d, J = 16.2 Hz). 13C-NMR (400 MHz, DMSO-d6) δ 

(ppm): 167.2; 148.3; 141.5; 136.2; 134.1; 130.4; 124.4; 122.9; 122.4. 

 

(E)-3-(4-nitrophenyl)acrylic acid (10). The title compound was obtained as a crystalline 

yellow solid in 85% of yield (MP: >250°C). RF in TLC– DCM/metanol (95:5) = 0.59. 1H-

NMR (400 MHz, DMSO-d6) δ (ppm): 12.72 (1H, s); 8.23 (2H, d, J = 8.8 Hz); 7.98 (2H, d, J 

= 8.8 Hz); 7.70 (1H, d, J = 16 Hz); 6.76 (1H, d, J = 16 Hz). 

 

Procedure for the synthesis of the methyl acrylate intermediates (11, 12). 2.300 g of 

the acrylic acids (9, 10) (11,91 mmol) and 150 mL of methanol were added to a reaction 

flask of 250 mL, the resulted suspension was placed under stirring and 1 mL of 

concentrated sulfuric acid was added to the reaction medium, then the reaction mixture 

was refluxed overnight. To isolate the product, the reaction medium was concentrated 

under reduced pressure, suspended with water, put under ice bath for 10 min, filtered 

off and washed 3 times with water. 

Methyl-(E)-3-(4-nitrophenyl)acrylate (11). The title compound was obtained as a 

crystalline yellow solid in 92% of yield (MP: 123-125°C). RF in TLC– DCM/metanol (95:5) 

= 0.66. 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 8.54 (1H, s); 8.24 (1H, d, J = 8.1 Hz); 8.20 

(1H, d, J = 8.0 Hz); 7.79 (1H, d, J = 16.0 Hz); 7.70 (1H, dd, J = 8.1 and 8.0 Hz); 6.86 (1H, d, 

J = 16.0 Hz); 3.75 (3H, s). 13C-NMR (100 MHz, DMSO-d6): 166.3; 148.3; 142.2; 135.9; 

134.2; 130.4; 124.7; 123.0; 120.8; 51.7. 

 

Methyl-(E)-3-(4-nitrophenyl)acrylate (12). The title compound was obtained as a white 

solid in 90% of yield (MP: 163-166°C). RF in TLC– DCM/metanol (95:5) = 0.63.  1H-NMR 

(400 MHz, DMSO-d6) δ (ppm): 8.24 (2H, d, J = 8.8 Hz); 8.01 (2H, d, J = 8.8 Hz); 7.78 (1H, 

d, J = 16 Hz); 6.87 (1H, d, J = 16 Hz); 3.76 (3H, s). 
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Procedure for the synthesis of the aminophenyl acrylate intermediates (14, 15). In 

reaction flask of 100 mL were added 2.8 g of the nitro intermediates (11 or 12), 3.769 g 

of iron (67.5 mmol), 3.610 g of ammonium chloride (67.5 mmol) and 30 mL of a mixture 

1:1:0.3 of THF:MeOH:H2O. The reaction medium was put under stirring and it was 

refluxed for 6 h, until the total consumption of the starting material, which was 

monitored by TLC. After, the reaction mixture was filtered off in a Celite pad and 

concentrated under reduced pressure. The crude was solubilized in ethyl acetate and 

extracted with brine, aqueous solution of NaHCO3 10% and water. The ethyl acetate was 

dried with sodium sulfate and concentrated under reduced pressure. 

 

Methyl-(E)-3-(3-aminophenyl)acrylate (14). The title compound was obtained as a 

crystalline yellow solid in 91% of yield (MP: 78-80°C). RF in TLC– petroleum ether/ethyl 

acetate (7:3) = 0.33. 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 7.49 (1H, d, J = 15.8 Hz); 7.06 

(1H, dd, J = 7.8 and 7.9 Hz); 6.85-6.80 (2H, m); 6.64 (1H, d, J = 7.8 Hz); 6.41 (1H, d, J = 

15.8 Hz); 5.19 (2H, s); 3.71 (3H, s). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 166.8; 149.1; 

145.6; 134.4; 129.5; 116.6; 116.4; 116.3; 112.9; 51.5. 

 

methyl-(E)-3-(4-aminophenyl)acrylate (15). The title compound was obtained as a 

crystalline yellow solid in 98% of yield (MP: 128-130°C). RF in TLC– petroleum 

ether/ethyl acetate (7:3) = 0.32. 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 7.47 (1H, d, J = 

15.8 Hz); 7.36 (2H, d, J = 8.1 Hz); 6.54 (2H, d, J = 8.1 Hz); 6.22 (1H, d, J = 15.8 Hz); 5.77 

(2H, s). 

 

Procedure for the synthesis of the methyl 3-(4-aminophenyl)propanoate (13). 1.000 g 

of (12) (4.83 mmol) and 100 mg of Pd/C 10% were added to a hydrogenation bottle, the 

mixture was suspended in 50 mL of THF and homogenized in ultrasound for 5 min. Then, 

using a hydrogen reactor the atmosphere was changed 3 times with hydrogen and after 

the reaction mixture was put under stirring and 50 psi of hydrogen pressure. After 6 h 

of reaction, the starting material was totally consumed, the reaction medium was 

filtered off using a Celite pad and concentrated under reduced pressure to afford the 

tittle compound (15) in 100% of yield as a reddish crystalline solid. (MP: 53-55°C). RF in 
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TLC - petroleum ether/ethyl acetate (7:3) = 0.34. 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 

6.84 (2H, d, J = 8.2 Hz); 6.46 (2H, d, J = 8.2 Hz); 4.85 (2H, s); 3.56 (3H, s); 2.66 (2H, t, J = 

7.2 Hz); 2.50 (superposition with the DMSO signal). 

 

Procedure of the reductive amination reactions for the synthesis of the intermediates 

(16a - i; 17a; 18a; 18g). To a reaction flask of 50 mL were added 1 mmol of the respective 

aldehyde, 1 mmol of the respective aniline (13, 14 or 15) and 10 mL of MeOH, the 

reaction mixture was let under stirring for 5 min, then 12 drops of acetic acid were added 

to the reaction medium, the reaction was left under stirring for 5 min, then 2 mmol of 

NaBH3CN were added to the reaction medium. The reaction mixture was refluxed until 

the total consumption of the starting materials, which was verified through TLC. After 

the reaction was finished, to isolate the tittle compounds the following procedure was 

used: potassium carbonate was added to the reaction medium, the reaction medium 

was concentrated under reduced pressure, the crude was solubilized with ethyl acetate 

and extracted with brine, aqueous solution of Na2CO3 5% and slightly acidified water (pH 

= 3-4). The organic layer was then dried with sodium sulfate and concentrated under 

reduced pressure. After, if necessary, the product was submitted to purification in 

chromatographic column using petroleum ether/ethyl acetate as mobile phase in 

gradient (10:0 until 7:3). 

 

 

Procedure of the hydrolysis reactions for the synthesis of the intermediates (19a - i; 

20a; 21a; 21g). In a G30 type microwave tube were added 1 mmol of the corresponding 

ester derivative (16a - i; 17a; 18a; 18g), 10 mL of methanol and 2 mL of aqueous solution 

of NaOH 10%. The reaction mixture was irradiated in microwave in 100°C for 2 h. To 

isolate the products, the reaction medium was completely concentrated and solubilized 

in water, using an aqueous solution of HCl 6 N, the pH of the medium was decreased 

until pH = 5, then the medium was extracted 4 times with DCM, the DCM was dried with 

sodium sulfate and concentrated under reduced pressure. If necessary, after the 

compounds were submitted to purification in a chromatographic column using 

DCM/MeOH as mobile phase in gradient (100:0 until 95:5). 
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Procedure of the coupling reactions for the synthesis of the title compounds (4a - i; 5a; 

6a; 6g). In a 100 mL reaction flask were added 1 mmol of the corresponding carboxylic 

acid derivative (19a - i; 20a; 21a; 21g), 10 mL of THF and 442 µL of N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), the mixture was stirred for 5 min in 

room temperature, then 338 mg of 1-hydroxybenzotriazole hydrate was added to the 

reaction medium and the mixture was left in stirring for 2 h. Meanwhile, for the 

preparation of the hydroxylamine were added 1390 mg (20 mmol) of hydroxylamine 

hydrochloride, 1120 mg (20 mmol) of potassium hydroxide and 10 mL of methanol in a 

20 mL Erlenmeyer flask, the suspension was stirred until the total consumption of the 

potassium hydroxide. For the synthesis of the N-hydroxyacrylamide derivatives, the 

hydroxylamine suspension was prepared using 350 mg (5 mmol) of hydroxylamine 

hydrochloride, 280 mg (5 mmol) of potassium hydroxide and 5 mL of methanol. After 

the 2 h of the first step, the hydroxylamine suspension in methanol was added to the 

reaction medium and the reaction was left under stirring in room temperature for 24 h. 

To isolate the tittle compounds, the reaction medium was concentrated under reduced 

pressure, the medium was suspended in ethyl acetate and extracted with brine, six times 

with aqueous solution of Na2CO3 5%, six times with slightly acidified water (pH = 3-4) 

and twice with distilled neutral water. After, the ethyl acetate was dried using sodium 

sulfate and concentrated under reduced pressure. If necessary, the compounds were 

submitted to purification in a chromatographic column using DCM/MeOH as mobile 

phase in gradient (100:0 until 85:15). 

 

N-hydroxy-3-(4-((3-phenoxybenzyl)amino)phenyl)propanamide (4a). The title 

compound was obtained as a white solid in 50% of yield (MP: 88-90°C). 1H-NMR (400 

MHz, DMSO-d6) δ (ppm): 10.33 (1H, ls, -NH-); 8.67 (1H, ls, -OH); 7.38 – 7.29 (3H, m); 7.13 

– 7.09 (2H, m); 7.00 (1H, s); 6.95 (2H, d, J = 8.1 Hz); 6.88 (2H, d, J = 8.1 Hz); 6.82 (1H, dd, 

J = 8.0 Hz); 6.45 (2H, d, J = 8.1 Hz); 6.06 (1H, t, J = 6.0 Hz); 4.22 (2H, d, J = 6.0 Hz); 2.63 

(2H, t, d, J = 7.6 Hz); 2.15 (2H, t, d, J = 7.6 Hz). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 

168.5; 156.6; 156.6; 146.7; 143.1; 130.0; 129.9; 128.6; 128.0; 123.3; 122.3; 118.4; 117.3; 

116.7; 112.4; 46.6; 34.4; 30.1. HRMS calculated for C22H22N2O3: [M+H]+ = 363.1703. 

Found = 363.1634. HPLC purity of 98.5%, tr = 4.931 min (λ = 254 nm). 
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3-(4-((2,2-diphenylethyl)amino)phenyl)-N-hydroxypropanamide (4b). The title 

compound was obtained as a yellow oil in 50% of yield. 1H-NMR (400 MHz, DMSO-d6) δ 

(ppm): 7.35 – 7.27 (8H, m); 7.18 (2H, dd, J = 7.2 Hz, 7.6 Hz); 6.93 (2H, d, J = 8.1 Hz); 6.52 

(2H, d, J = 8.1 Hz); 5.28 (1H, s); 4.27 (1H, t, J = 7.5 Hz); 3.64 (2H, d, J = 7.5 Hz); 2.64 (2H, 

t, d, J = 7.3 Hz); 2.16 (2H, t, d, J = 7.3 Hz). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 168.4; 

146.8; 143.4; 128.7; 128.4; 128.0; 127.9; 126.3; 112.1; 49.9; 47.9; 34.5; 30.2. HRMS 

calculated for C23H25N2O2: [M+H]+ = 361.1911. Found = 361.1904. HPLC purity of 99.5%, 

tr = 4.855 min (λ = 254 nm). 

 

N-hydroxy-3-(4-((naphthalen-2-ylmethyl)amino)phenyl)propanamide (4c). The title 

compound was obtained as a yellow solid in 37% of yield (MP: 150-153°C). 1H-NMR (400 

MHz, DMSO-d6) δ (ppm): 10.30 (1H, ls, -NH-); 8.65 (1H, ls, -OH); 7.89 – 7.82 (4H, m); 7.54 

– 7.43 (3H, m); 6.89 (2H, d, J = 8.0 Hz); 6.54 (2H, d, J = 8.0 Hz); 6.14 (1H, ls); 4.40 (2H, d, 

J = 6.0 Hz); 2.61 (2H, t, d, J = 7.6 Hz); 2.15 (2H, t, d, J = 7.6 Hz). 13C-NMR (100 MHz, DMSO-

d6) δ (ppm): 168.4; 146.8; 138.0; 132.9; 132.0; 128.5; 127.9; 127.7; 127.4; 127.3; 125.9; 

125.8; 125.3; 125.0; 112.3; 46.8; 34.4; 30.1. HRMS calculated for C20H21N2O2: [M+H]+ = 

321.1597. Found = 321.1575. HPLC purity of 95.9%, tr = 3.844 min (λ = 254 nm). 

 

N-hydroxy-3-(4-((naphthalen-1-ylmethyl)amino)phenyl)propanamide (4d). The title 

compound was obtained as a yellow solid in 40% of yield (MP: 149-152°C). 1H-NMR (400 

MHz, DMSO-d6) δ (ppm): 10.33 (1H, ls, -NH-); 8.67 (1H, ls, -OH); 8.15 (1H, d, J = 7.5 Hz); 

7.94 (1H, d, J = 7.8 Hz); 7.82 (1H, d, J = 7.9 Hz); 7.58 – 7.50 (3H, m); 7.44 (1H, dd, J = 7.8 

Hz, 7.5 Hz); 6.92 (2H, d, J = 8.0 Hz); 6.56 (2H, d, J = 8.0 Hz); 6.00 (1H, ls); 4.67 (2H, s); 2.64 

(2H, t, d, J = 7.5 Hz); 2.16 (2H, t, d, J = 7.5 Hz). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 

168.5; 147.0; 135.1; 133.3; 131.0; 128.5; 128.3; 127.8; 127.1; 125.9; 125.5; 125.3; 124.9; 

123.4; 112.1; 44.7; 34.5; 30.1. HRMS calculated for C20H21N2O2: [M+H]+ = 321.1597. 

Found = 321.1581. HPLC purity of 99.9%, tr = 4.223 min (λ = 254 nm). 

 

3-(4-((benzo[b]thiophen-2-ylmethyl)amino)phenyl)-N-hydroxypropanamide (4e). The 

title compound was obtained as a yellow solid in 55% of yield (MP: 165-168°C). 1H-NMR 

(400 MHz, DMSO-d6) δ (ppm): 10.31 (1H, ls, -NH-); 8.65 (1H, ls, -OH); 7.86 (1H, d, J = 7.7 

Hz); 7.74 (1H, d, J = 7.7 Hz); 7.34 – 7.24 (3H, m); 6.91 (2H, d, J = 8.2 Hz); 6.57 (2H, d, J = 
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8.2 Hz); 6.21 (1H, t, J = 6.0 Hz); 4.52 (2H, d, J = 6.0 Hz); 2.63 (2H, t, d, J = 7.5 Hz); 2.14 (2H, 

t, d, J = 7.5 Hz). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 168.4; 146.3; 146.3; 139.5; 138.6; 

128.5; 128.4; 124.1; 123.6; 122.9; 122.2; 120.5; 112.5; 42.8; 34.4; 30.1. HRMS calculated 

for C18H19N2O2S: [M+H]+ = 327.1161. Found 327.1171. HPLC purity of 99.8%, tr = 3.898 

min (λ = 254 nm). 

 

3-(4-((benzo[b]thiophen-3-ylmethyl)amino)phenyl)-N-hydroxypropanamide (4f). The 

title compound was obtained as a yellow solid in 37% of yield (MP: 148-150°C). 1H-NMR 

(400 MHz, DMSO-d6) δ (ppm): 10.30 (1H, ls, -NH-); 8.64 (1H, ls, -OH); 7.96 (2H, dd, J = 7.3 

Hz, 7.5 Hz); 7.56 (1H, s); 7.43 – 7.35 (2H, m); 6.92 (2H, d, J = 7.8 Hz); 6.59 (2H, d, J = 7.8 

Hz); 5.98 (1H, ls); 4.45 (2H, s); 2.63 (2H, t, d, J = 7.4 Hz); 2.15 (2H, t, d, J = 7.4 Hz). 13C-

NMR (100 MHz, DMSO-d6) δ (ppm): 168.9; 146.8; 139.9; 137.9; 134.6; 128.5; 127.9 (C4); 

124.2; 123.9; 123.3; 122.7; 122.0; 112.2; 41.4; 34.9; 30.6. HRMS calculated for 

C18H19N2O2S: [M+H]+ = 327.1161. Found = 327.1184. HPLC purity of 99.6%, tr = 3.925 min 

(λ = 254 nm). 

 

3-(4-(([1,1'-biphenyl]-4-ylmethyl)amino)phenyl)-N-hydroxypropanamide (4g). The 

title compound was obtained as a white solid in 50% of yield (MP: 165-168°C). 1H-NMR 

(400 MHz, DMSO-d6) δ (ppm): 10.30 (1H, ls, -NH-); 8.64 (1H, ls, -OH); 7.65 – 7.59 (4H, m); 

7.46 – 7.41 (4H, m); 7.34 (1H, dd, J = 7.3 Hz, 7.4 Hz); 6.90 (2H, d, J = 8.1 Hz); 6.52 (2H, d, 

J = 8.1 Hz); 6.06 (1H, s); 4.28 (2H, s); 2.63 (2H, t, d, J = 7.3 Hz); 2.15 (2H, t, d, J = 7.3 Hz). 

13C-NMR (100 MHz, DMSO-d6) δ (ppm): 168.4; 146.7; 139.9; 139.7; 138.4; 128.7; 128.5; 

127.8; 127.6; 127.1; 126.4; 126.4; 112.2; 46.3; 34.4; 30.1. HRMS calculated for 

C22H23N2O2: [M+H]+ = 347.1754. Found = 347.1783. HPLC purity of 98.8%, tr = 4.595 min 

(λ = 254 nm). 

 

3-(4-(([1,1'-biphenyl]-3-ylmethyl)amino)phenyl)-N-hydroxypropanamide (4h). The 

title compound was obtained as a white solid in 50% of yield (MP: 130-132°C). 1H-NMR 

(400 MHz, DMSO-d6) δ (ppm): 10.29 (1H, ls, -NH-); 8.64 (1H, ls, -OH); 7.66 – 7.61 (3H, m); 

7.57 – 7.33 (6H, m); 6.90 (2H, d, J = 8.2 Hz); 6.54 (2H, d, J = 8.2 Hz); 6.07 (1H, ls); 4.30 

(2H, s); 2.62 (2H, t, d, J = 7.6 Hz); 2.14 (2H, t, d, J = 7.6 Hz). 13C-NMR (100 MHz, DMSO-

d6) δ (ppm): 173.8; 146.8; 141.1; 140.2; 140.0; 128.8; 128.7; 128.5; 127.9; 127.2; 126.5; 
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126.2; 125.5; 124.8; 112.3; 46.7; 35.7; 29.5. HRMS calculated for C22H23N2O2: [M+H]+ = 

347.1754. Found = 347.1778. HPLC purity of 99.9%, tr = 4.429 min (λ = 254 nm). 

 

3-(4-(benzylamino)phenyl)-N-hydroxypropanamide (4i). The title compound was 

obtained as a yellow solid in 36% of yield (MP: 105-108°C). 1H-NMR (400 MHz, DMSO-

d6) δ (ppm): 9.68 (1H, ls, -NH-); 8.07 (1H, ls, -OH); 7.36 – 7.28 (4H, m); 7.21 (1H, dd, J = 

7.0 Hz, 7.1 Hz); 6.88 (2H, d, J = 8.0 Hz); 6.48 (2H, d, J = 8.0 Hz); 6.06 (1H, ls); 4.22 (2H, s); 

2.63 (2H, t, d, J = 7.3 Hz); 2.30 (2H, t, d, J = 7.3 Hz). 13C-NMR (100 MHz, DMSO-d6) δ 

(ppm): 170.3; 146.9; 140.4; 128.5; 128.2; 127.8; 127.1; 126.5; 112.3; 46.6; 35.3; 29.0. 

HRMS calculated for C16H19N2O2: [M+H]+ = 271.1441. Found = 271.1447. HPLC purity of 

98.5%, tr = 4.931 min (λ = 254 nm). 

 

(E)-N-hydroxy-3-(4-((3-phenoxybenzyl)amino)phenyl)acrylamide (5a). The title 

compound was obtained as a yellow solid in 60% of yield (MP: 138-140°C).  1H-NMR (400 

MHz, DMSO-d6) δ (ppm): 10.51 (1H, ls, -NH-); 8.84 (1H, ls, -OH); 7.38 – 7.23 (6H, m); 7.12 

(2H, d, J = 7.5 Hz); 7.00 (1H, s); 6.96 (2H, d, J = 8.1 Hz); 6.76 (1H, t, J = 6.0 Hz); 6.85 (1H, 

d, J = 2.1 Hz, 8.0 Hz); 6.56 (1H, d, J = 8.6 Hz); 6.12 (1H, d, J = 16.0 Hz); 4.32 (2H, d, J = 6.0 

Hz). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 163.9; 156.7; 156.5; 150.5; 144.7; 142.1; 

129.9; 129.8; 123.3; 122.2; 121.8; 118.4; 117.2; 116.8; 112.4; 112.2; 45.6. HRMS 

calculated for C22H20N2O3: [M+H]+ = 361.1546. Found = 361.3219. HPLC purity of 98.5%, 

tr = 6.824 min (λ = 254 nm). 

 

(E)-N-hydroxy-3-(3-((3-phenoxybenzyl)amino)phenyl)acrylamide (6a). The title 

compound was obtained as a yellow oil in 63% of yield. 1H-NMR (400 MHz, DMSO-d6) δ 

(ppm): 10.74 (1H, ls, -NH-); 9.01 (1H, ls, -OH); 7.38 – 7.26 (4H, m); 717 – 7.04 (3H, m); 

7.02 (1H, s; 6.95 (2H, d, J = 8.2 Hz); 6.84 (1H, d, J = 7.5 Hz); 6.74 – 6.70  (2H, m); 6.57 (1H, 

d, J = 7.6 Hz); 6.40 (1H, ls); 6.33 (1H, d, J = 16.4 Hz); 4.29 (2H, s). 13C-NMR (100 MHz, 

DMSO-d6) δ (ppm): 162.9; 156.6; 148.8; 144.8; 142.6; 134.7; 130.0; 129.9; 129.4; 123.3; 

122.3; 118.4; 118.4; 117.4; 116.9; 115.3; 113.7; 111.2; 46.0. HRMS calculated for 

C22H20N2O3: [M+H]+ = 361.1546. Found = 361.3258. HPLC purity of 98.5%, tr = 4.931 min 

(λ = 254 nm). 
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(E)-3-(3-(([1,1'-biphenyl]-4-ylmethyl)amino)phenyl)-N-hydroxyacrylamide (6g). The 

title compound was obtained as a yellow solid in 59% of yield (MP: 118-120°C). 1H-NMR 

(400 MHz, DMSO-d6) δ (ppm): 7.62 (4H, dd, J = 7.3 Hz, 8.1Hz); 7.48 – 7.40 (5H, m); 7.33 

(1H, dd, J = 7.1 Hz, 7.3 Hz); 7.10 (1H, dd, J = 7.8 Hz, 7.8 Hz); 6.87 (1H, s); 6.83 (1H, d, J = 

7.8 Hz); 6.68 (1H, d, J = 7.8 Hz); 6.42 (1H, ls); 6.36 (1H, d, J = 16.0 Hz); 4.35 (2H, s). 13C-

NMR (100 MHz, DMSO-d6) δ (ppm): 163.2; 149.4; 140.0; 139.8; 139.0; 135.7; 129.8; 

129.3; 128.2; 127.6; 127.4; 127.0; 126.9; 118.5; 115.7; 114.1; 111.4; 46.4. HRMS 

calculated for C22H21N2O2: [M+H]+ = 345.1597. Found = 345.1617. HPLC purity of 98.5%, 

tr = 4.931 min (λ = 254 nm). 

 

 

6.2. Molecular Modeling 

 

Molecular docking studies were performed using the GOLD v.2020.3 program. 

For the studies in GPR40, the PDB code crystals: 5TZR (orthosteric binding site) and 5TZY 

(allosteric binding site) [58] were used, for the studies in HDAC6, the crystal 5EEN [46] 

was used. To select the active sites, the cocrystallized ligands of each crystal were used 

as references and all amino acid residues within 8 Å distance from the reference ligands 

were selected. In addition, the constraint scaffold function available in GOLD v.2020.3 

program was used, through the fragments represented in Figure S9, the weight of the 

constraint scaffold function was established in 10. All docking studies were carried out 

without water. After the docking, we carried out optimization studies via MOPAC2016, 

the PM6 [50] method was used for studies in HDAC6, as previously reported [59], and 

PM7 [51] for optimization in GPR40. The selection of active sites was carried out by 

selecting all amino acid residues with up to 6 Å away from the docked ligands, hydrogen 

atoms were added in the positions where covalent bonds were broken. 

 

 

6.3. Biological Methods 

 

Western Blot Analysis of acetyl-H3, acetyl -tubulin and ERK phosphorylation. SH-SY5Y 

cells were treated with compound 4c, 4d and 4e or vehicle (0.1% DMSO) at 0.1 μM and 

1 μM for 24 h. For the preparation of total cell extracts, cells were lysed in ice-cold RIPA 

buffer (50 mM Tris−HCl, pH 7.4, 150 mM NaCl, 1% Triton-X100, 0.5% sodium 
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deoxycholate, 0.1% SDS) supplemented with 1 mM PMSF and 1% protease and 

phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein 

concentration was determined using the Bradford method. Equivalent amounts of 

protein (50 μg) were subjected to electrophoresis on a Bolt 4 to 12% Bis-Tris gel 

(Invitrogen) and transferred to a Hybond-ECL nitrocellulose membrane (Amersham-GE 

Healthcare Life Sciences, Chicago, IL, USA). The following primary antibodies were used: 

mouse monoclonal anti-Acetylated Tubulin (1:1000; Cell Signaling Technology, Danvers, 

MA, USA), rabbit polyclonal anti-Tubulin (1:1000; Sigma-Aldrich, St. Louis, MO, USA), 

rabbit polyclonal anti-Acetil histone H3 (Merck Millipore, Burlington, MA, USA), rabbit 

polyclonal anti-Histone H3 (Merck Millipore, Burlington, MA, USA), rabbit polyclonal 

antiphospho- ERK1/2-Thr202/Tyr204 (1:1000, Cell Signaling Technology, Danvers, MA, 

USA), mouse monoclonal anti-ERK1/2 (1:1000, Cell Signaling Technology, Danvers, MA, 

USA), mouse monoclonal anti-Vinculin (1:1000, Santa Cruz Biotechnology, Dallas, TX, 

USA). The secondary antibodies used were as follows: HRP-conjugated goat anti-rabbit 

IgG and HRP conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, 

Inc.,West Grove, PA, USA) antibodies diluted 1:5000. To quantify post-translational 

modifications, such as phosphorylation and acetylation, the nitrocellulose membranes 

were stripped in Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, 

Waltham, MA, USA) for 20 min and reprobed with the corresponding total protein 

antibody. The densitometric analysis of digitized Western blot images was performed 

using Chemidoc XRS Imaging Systems and the Image LabTM Software (Bio-Rad); this 

software automatically highlights any saturated pixels of the Western blot images in red. 

Images acquired with exposition times that generated protein signals out of a linear 

range were not considered for the quantification. 

 

Apoptotic and Mitotic Index. For the determination of the apoptotic and mitotic index, 

the nuclei were stained with DAPI (40,6-diamidino-2-phenylindole)-Fluoromount-G 

(SouthernBiotech, Birmingham, AL, USA). Fluorescence images were taken with an 

Eclipse TE 2000-S microscope equipped with a DS-Qi2 digital SLR camera (Nikon 

Instruments Inc., Melville, NY, USA). Apoptotic cell death was assessed by manually 

counting the number of pyknotic nuclei and apoptotic bodies and expressed as pyknotic 

index, i.e., number of apoptotic cells over the total cell number. The number of mitotic 
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cells was assessed by manually counting the cells in prophase (chromosomes condensed 

and visible), metaphase (chromosomes lined up at the metaphase plate), and 

anaphase/telophase (chromosomes pulled toward the opposite poles), and expressed 

as mitotic index, i.e., number of mitotic cells over the total cell number. 

 

Neurotoxicity Evaluation on Primary Cultures of Cerebellar Granule Neurons. Primary 

cultures of CGNs were prepared from 7-day-old pups of Wistar rats (Rattus norvegicus). 

All animal experiments were authorized by the University of Bologna Bioethical 

Committee and performed according to Italian and European Community laws on the 

use of animals for experimental purposes. CGNs were isolated from cerebella and were 

plated on , previously coated with 10 μg/mL poly-L-lysine 96-well plates at the density 

of 1.2 × 105 cells/well in BME (Aurogene) supplemented with 10% heat-inactivated Fetal 

Bovine Serum (FBS, Aurogene), 2 mM glutamine (Sigma-Aldrich), 100 μM gentamicin 

sulfate (Sigma-Aldrich), and 25 mM KCl (Sigma-Aldrich). To avoid glial proliferation, 10 

μM cytosine arabinofuranoside (Sigma-Aldrich) was added 16 h after plating. After 7 

days in vitro, differentiated neurons were shifted to serum-free BME medium containing 

25 mmol/L KCl without the serum and different treatments were performed. For 

neurotoxicity experiments, compounds were dissolved in DMSO to a 5mM final 

concentration and diluted in serum-free BME (25 mM KCl) to 10, 100, 1000 nM 

concentration to treat differentiated CGNs for 24 h.  

MTT assay. Cell viability was measured by MTT assay after 24 h of treatment. Thiazolyl 

blue (0.1 mg/mL; Sigma-Aldrich) was added to the culture medium. After 20 

min incubation time for CGNs at 37 °C in the dark, the precipitate was dissolved in 0.1 M 

Tris-HCl pH 7.5 containing 5% Triton X-100 (Sigma-Aldrich) in agitation. The absorbance 

was read at 570 nm using a multiplate spectrophotometric reader (Bio-Rad Microplate 

reader BenchMark). 

 

Immunomodulation activity on N9 immortalized cell line. N9, an immortalized murine 

microglia cell line, was used to investigate the immunomodulatory profile of selected 

compounds. Cells were grown on previously poly-L-lysine (10 mg/mL, Sigma-Aldrich) 

coated Petri dishes at 37°C in a humidified atmosphere with 5% CO2 in Dulbecco's 

https://www.sciencedirect.com/topics/chemistry/cell-viability
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/incubation-time
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Modified Eagle Medium High Glucose (DMEM) supplemented with 10% Fetal Bovine 

Serum (FBS), 1% Penicillin/Streptomycin solution and 2 mM L-glutamine (all reagents 

were from Aurogene). At confluence, cells were trypsinized and plated at a density of 

2.5 x 105 cells/35 mm diameter Petri dishes. In order to activate microglial cells, cells 

were 24h treated with the bacterial endotoxin lipopolysaccharide (LPS, 100 ng/mL, 

Sigma-Aldrich) in the presence or absence of 6h pre-treatment with the selected 

compound in DMEM medium without serum. Cells were collected to evaluate the effect 

of above-mentioned treatments. 

Western Blot Analysis. N9 microglial cells were lysed in a lysis buffer (50 mM Tris-HCl 

pH 7.4, 1% SDS, 0.05% protease inhibitor cocktail) and protein concentrations were 

determined using the Lowry method. Twenty micrograms of protein extract were 

resuspended in 20 μL of loading buffer (0.05 M Tris-HCl pH 6.8; 40 g/L sodium dodecyl 

sulfate; 20 mL/L glycerol; 2 g/L bromophenol blue and 0.02 M dithiothreitol; all from 

Sigma-Aldrich) and loaded onto 10% sodium dodecyl sulfate-polyacrylamide gels (SDS-

PAGE; Bio-Rad Laboratories SrL, Segrate, Milan, Italy). After electrophoresis and transfer 

to nitrocellulose membranes (GE Healthcare Europe GmbH, Milano, Milan, Italy), 

membranes were blocked for 1 h in 5% nonfat milk (Bio-Rad)/0.1% Tween-20 in PBS 

(Sigma-Aldrich), pH 7.4, and incubated overnight at 4 °C with following primary 

antibodies: anti-CREB (48H2; Cell Signaling), anti-GAPDH (SantaCruz Biotechnology, 

Dallas, Texas, United States), anti-iNOS (Cell Signaling), anti-Phospho-CREB (Ser133) (Cell 

Signaling), anti-TREM2 (Cell Signaling) diluted 1:1000 in 0.1% Tween-20/PBS. 

Membranes were then incubated with horseradish peroxidase (HRP)-conjugated 

secondary antibodies—goat anti-mouse or goat anti-rabbit (Jackson 

ImmunoResearch)—diluted 1:5000 in 0.1% Tween-20/PBS, for 90 minutes at room 

temperature. Labeled proteins were then detected by using ClarityTM Western ECL 

Substrate (Bio-Rad). Densitometric analysis was performed by using Bio-Rad Image Lab 

software 6.0. 

 

SUPPORT INFORMATION. The structural characterization data of the intermediates 

(16a - i; 17a; 18a; 18g; 19a - i; 20a; 21a; 21g), spectral data of the title multitarget 
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compounds (4a - i; 5a; 6a; 6g) and molecular modeling data are available in the support 

information. 
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