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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a rare interstitial lung disease typified by a progressive-

fibrosing phenotype. IPF has been associated with an aberrant HDAC activity, particularly HDAC6. 

Combining synthetic and modelling studies, a new family of spirotetrahydroisoquinoline-capped 

histone deacetylase inhibitors 5a-o was developed. These analogues were prepared via the three-

component Castagnoli-Cushman reaction (CCR) as the key step. Structure-activity relationship 

(SAR) studies identified 5n as a preferential HDAC6 inhibitor, with a suitable degree of selectivity 

compared to HDAC1, HDAC3, HDAC5, HDAC8, HDAC10 and HDAC11. 5n was able to negatively 

modulate the expression of fibrotic markers fibronectin and collagen 1 in fibroblasts deriving from 

bronchoalveolar lavages of IPF patients. In another ex vivo IPF human model, 5n reduced the 

expression of fibronectin and negatively affected the expression of collagen 1 and vimentin, this 

latter associated with invasiveness. Finally, 5n did not show toxicity rat-perfused heart and 

zebrafish larvae. 
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Among the rare diseases, idiopathic pulmonary fibrosis (IPF) is one of the most debilitating and 

life-threatening, being a chronic, degenerative, and fibrotic interstitial lung disorder of unknown 

etiology, and with an unpredictable prognosis.1,2  

IPF is characterized by a progressive replacement of the lung parenchyma with fibrous connective 

tissue. Dysregulations of the injury repair might be due to diverse phenotypic changes including the 

activation of fibroblasts into activated myofibroblasts, and lung parenchyma epithelial-

mesenchymal transition (EMT), a transforming growth factor (TGF-β1)-mediated process that 

enables the epithelial cells to take on a mesenchymal phenotype.3,4 

The pool of differentiated cells, further enriched by the airway basal cells (ABCs), can migrate in 

the lung interstitium forming the fibrotic foci, specific agglomerates responsible for the 

overaccumulation of extracellular matrix (ECM) components, such as collagen types I and III, 

fibronectin, vimentin and other proteins. Collectively, these events compromise the gas exchange 

at the alveolar level with consequent impairment of respiratory function.5 

As for other rare diseases, treatment of IPF still relies on a few therapeutic options that are not 

resolutive.6 Accordingly, the currently recommended therapy includes pirfenidone (Esbriet®), and 

nintedanib (Ofev®) which contribute to relieve symptoms and delay the disease progression with 

manageable collateral effects. Nevertheless, both drugs are unable to eradicate the disorder, and 

to date lung transplantation often represents the resolutive option.7,8  

The paucity of reliable disease models is prioritizing the discovery of innovative approaches to both 

investigate IPF pathogenesis and validate new druggable targets.5,9 

In recent years the proteomic analysis of bronchoalveolar lavage (BAL) fluid provided many 

insights concerning the major profibrotic mediators, enabling the study of IPF at a molecular 

level.10–12 Fibroblasts derived from BAL fluid constitute an innovative IPF investigation model.12 

Concerning the targets under scrutiny for IPF, histone deacetylases (HDACs) were proved to 

participate in IPF-related fibrogenesis by contributing to profibrotic pathways thanks to the SMAD 

family member 3/TGF-β axis.13   



HDAC enzymes catalyze the cleavage of the acetyl groups from N-acetyl lysine residues on 

histones, serving as epigenetic modulators, and other non-histone proteins like cortactin, α-tubulin, 

heat shock protein 90 (Hsp90). The 18 human HDACs are classified into two groups, based on the 

presence of a zinc atom in the active site. The Zn2+-dependent enzymes are in turn clustered into: 

i) class I, the truly epigenetic enzymes HDAC1, 2, 3 and 8 preferentially located in the nucleus; ii) 

class IIa (HDAC4, 5, 7, 9), still unexplored enzymes and with a limited physiological significance; 

iii) class IIb, including HDAC6 and 10, enzymes with a prevalent cytoplasmic localization; iv) class 

IV (HDAC11) with a limited interest. The other enzymes are NAD+-dependent enzymes, 

representing the class III of HDACs, also known as sirtuins (SIRT1-7).14 

Among the subtypes, HDAC6 exhibits distinctive features based on its structure, major 

cytoplasmatic localization, substrate repertoire, and biological functions.15 Unlike the other HDACs, 

HDAC6 exclusively contains a zinc-finger ubiquitin-binding domain, and two independent catalytic 

domains, namely CD1 and CD2, of which only the latter has been speculated to be primarily 

responsible for the deacetylase activity.16 While retaining a limited epigenetic activity, HDAC6 

predominantly operates on a broad pool of non-histone substrates, such as α-tubulin, cortactin, 

Hsp90 and peroxiredoxin.17,18 

Myofibroblasts of IPF tissues generally show an activation and atypical upregulation of class I and 

class II HDACs, as well as aberrant bronchiolar epithelium, whereas alveolar epithelial cells show a 

significant depletion of many HDACs.13 In this context, selective inhibitors of both class I19 and 

class II20 demonstrated efficacy in reversing IPF phenotype. 

HDAC6 enzyme is particularly upregulated in multiple disorders, and over the years several small-

molecule inhibitors were developed to antagonize its aberrant activity.3,14 Many endeavors were 

addressed to attain HDAC6 preferential binding, culminating in the development of selective 

inhibitors like compounds 1-4 (Figure 1).21–24 Our recent research revealed a strong correlation 

between HDAC6 overexpression and apoptosis resistance in ABCs derived from IPF patients.25  



 
Figure 1. Design of HDAC6is 5a-o based on a structural analysis of known selective inhibitors and 
retrosynthetic approaches based on CCR.



 
Differently decorated HDAC6 inhibitors,20,26 but also other HDAC inhibitors targeting HDAC119 and 

HDAC827 have been proposed as potential anti-fibrotic agents, with in vitro and in vivo efficacy. We 

previously validated the spiroindoline-based HDAC6i 2 (Figure 1), as effective in reverting the IPF 

phenotype, by inhibiting the fibrotic sphere formation in a 3D cell model derived from patient 

ABCs.25 Despite efficacy, the chiral nature of 2 poses challenges concerning its optimization as a 

lead compound. Moreover, we found out a limited enzymatic stereoselective interaction, being the 

two enantiomers almost equally active against HDAC6. Consequently, since the preparation of 

enantiopure tools could be challenging, we decided to investigate a new scaffold, easy to 

synthesize through a one-pot multicomponent strategy28, designed to exhibit a therapeutic potential 

against IPF. 

In this work, combining synthetic, computational and biological efforts,18,25,29–32 we developed a new 

series of histone deacetylase inhibitors 5a-o, preferentially targeting HDAC6, as potential 

modulators of the IPF-related fibrosis. The rational design of the new compounds thoroughly relied 

on the exploitation of the general pharmacophore features of HDACis: i) the cap group, the surface 

recognition moiety, ii) the zinc-binding group (ZBG), capable of tightly chelating the Zn2+ ion located 

in the active site, and iii) the linker tethering the two portions (Figure 1). The 

spirotetrahydroisoquinoline (STHIQ) was selected as a cap group (Figure 1).  

For a quick synthesis of the new STHIQ inhibitors 5a-o (Figure 1 and Table 1) we explored the 

Castagnoli-Cushman three-component reaction (CCR), which ensured a straightforward analoging 

at the quaternary spiro-carbon center.33 The enzymatic assay guided the identification of four hit 

compounds (5k, 5l, 5m and 5n) exhibiting an interesting HDAC6 potency profile over a selected 

panel of isoforms (HDAC1, 8, 10) except for 5n which was tested against a further panel of six 

HDAC isoforms (HDAC1,3,5,8,10,11) (Table 2). Target engagement was assessed for the best-

performing candidates in cell-based assays, by determining the acetylation levels of histone H3 

and α-tubulin, the main non-histone substrate of HDAC6.14 A preliminary evaluation of the 

physicochemical properties enabled the selection of the best hit 5n (Table S1) which was 

interrogated for its ability to attenuate the fibrotic process in both HLFs and cultured cells isolated 



from BAL fluid of IPF patients. The toxicity profile of 5l and 5n was measured in vivo using a 

zebrafish model while the cardiotoxic potential of 5n was investigated in functional studies. 

 

Table 1. Inhibitory activity of compounds 5a-o toward hHDAC6 (as IC50, nM). 
Cpd Structure hHDAC6 (IC50 nM) Cpd Structure hHDAC6 (IC50 nM) 

5a 

 

263 ± 17 5i 

 

313 ± 22 

5b 

 

133 ± 18 5j 

 

142 ± 11 

5c 

 

667 ± 41 5k 

 

101 ± 7 

5d 

 

212 ± 14 5l 

 

115 ± 8 

5e 

 

1745 ± 129 5m 

 

148 ± 10 

5f 

 

245 ± 17 5n 

 

63± 4 

5g 

 

277 ± 17 5o 

 

77 ± 5 

5h 

 

380 ± 21 2 40.8 ± 1.51 

Each value is the mean of at least three determinations; results are expressed as mean ± standard 
error of the mean (SEM). 
 



Table 2. Inhibitory activity of selected compounds toward, hHDAC1, hHDAC10, hHDAC8, 
hHDAC3, hHDAC5 and hHDAC11 (as IC50, nM). 
Cpd IC50 (nM) 

hHDAC1 hHDAC8 hHDAC10 hHDAC3 hHDAC5 hHDAC11 

5k 1493 ± 97 >10000 (4%) 9725 ± 632 NTa NTa NTa 
5l 3912 ± 243 1327 ± 93  7300 ± 458 NTa NTa NTa 
5m 1242 ± 88 3407 ± 219 9044 ± 671 NTa NTa NTa 
5n 1472 ± 89 2533 ± 167 5329 ± 368 1451 ± 102 >10000 (23%) 640 ± 41 
2 5421 ± 268 2204 ± 198 NTa 5871 ± 376 >10000 (14%) 695 ± 41 

Each value is the mean of at least three determinations; results are expressed with ± standard 
error of the mean (SEM); NTa, not tested. 
 

RESULTS AND DISCUSSION 

 

Chemistry 

For the synthesis of STHIQ compounds 5a-o we applied and implemented a flexible and 

streamlined strategy for the introduction of a spiro system at C3 in the THIQ nucleus (Figure 1). 

The compounds were prepared following two different chemical paths based on CCR as the key 

step to construct the spiro-scaffold as tetrahydroisoquinolonic acid (Figure 1 and Scheme 1).33  

For the first set of derivatives 5a-l, a retrosynthetic analysis has guided the identification of the 

synthons 6a-g which could be obtained via CCR starting from the homophthalic anhydride (7), the 

appropriate cyclic ketones (8a-g), and ammonium acetate. 

The synthesis of the analogues 5m-o required the preparation of the key intermediate 9 by 

applying the same CCR protocol with the suitable N-protected piperidone (8f or 11) as a ketone, 

and the primary amines 12 or 13 in place of the ammonium acetate (Figure 1 and Scheme 1). 

For a rapid analoging, the use of amines in place of ammonium acetate was investigated by us, 

thus expanding the chemical space achievable by this CCR protocol. 

For the synthesis of the intermediates 6a-g, the one-pot CCR was performed by reacting 7, 8a-g, 

and ammonium acetate in acetonitrile at 80 °C.  

The CCR crude products were used for the decarboxylation step which allowed to remove a 

stereogenic center, furnishing the tetrahydroisoquinolones 14a-g. 

These latter underwent reduction by LiAlH4
34 at high temperature, affording the corresponding 

STHIQs 15a-g. Under these conditions, the N-Boc function of the intermediate 14d was 

simultaneously reduced, affording the desired N-methyl derivative 15d. 



 

 

Scheme 1. Synthesis of the STHIQ derivatives 5a-o. 



 
aReagents and conditions: a) (i) MeCN, 80 °C, 12 h; (ii) K2CO3, DMSO, 175 °C, 90 min (16-69% 
yield); b) LiAlH4, dry 1,4-dioxane, N2, from 0 °C to 100 °C, 20 h (59-100% yield); c) methyl 4-



(bromomethyl)benzoate, K2CO3, dry DMF, N2, 75 °C, 12 h (46-70% yield); d) methyl 4-
(isocyanatomethyl)benzoate, dry TEA, dry THF, N2, 25 °C, 12 h (36-90% yield); e) NH2OH (50 
wt.% in H2O), KOH (4 M in MeOH), MeOH, from 0 °C to 25 °C, 3 h (20-78% yield); f) H2, Pd/C, 
MeOH, 25 °C, 30 min, for 20 (84% yield); g) HCl/MeOH, MeOH, 40 °C, 30 min, for 21 (100% 
yield). 
 

The STHIQ core of the intermediates 15a-g was appropriately functionalized as tertiary amine or 

urea in the presence of the suitable linker moiety. Nucleophilic substitution of 15a-c, and 15f-g with 

methyl 4-(bromomethyl)benzoate in the presence of potassium carbonate gave the corresponding 

tertiary amines 16a-c, and 16f,g. The intermediates 15a-g were also reacted with methyl 4-

(isocyanatomethyl)benzoate, freshly prepared according to the literature procedure,35 to obtain the 

ureas 17a-g.36,37 The methyl ester derivatives 16a-c, 16f,g and 17a-g were treated with the 

aqueous hydroxylamine solution, and potassium hydroxide to afford the title compounds 5a-l.38 The 

synthetic approach developed for the title compounds 5m-o is also described in Scheme 1. The 

application of the above mentioned CCR protocol allowed to obtain the non-isolated intermediates 

9 and 10 starting from 7, 12 or 13, and the N-protected piperidone (8f or 11).39 The decarboxylation 

of the CCR product 9 and 10 gave the lactams 18 and 19, respectively. Compound 18 underwent 

catalytic hydrogenation for the cleavage of the benzyl group on the spiropiperidine moiety, yielding 

the derivative 20, while Boc-deprotection of 19 furnished the intermediate 21. Both amines were in 

turn converted into the STHIQs, namely 22 and 23, after reduction operated by LiAlH4. The 

intermediate 22 was combined with methyl 4-(bromomethyl)benzoate or methyl 4-

(isocyanatomethyl)benzoate to generate the methyl esters 24 and 25, respectively. These latter 

were subjected to the transamidation protocol with hydroxylamine under basic condition, providing 

the title compounds 5m and 5n. Analogously, the derivative 23 was combined with the 

methyl(isocyanatomethyl)benzoate furnishing the urea 26 which was finally converted into the 

corresponding hydroxamic acid 5o, after treatment with aqueous NH2OH, and KOH.  

 

Structure activity relationship analysis, in vitro HDAC inhibition and molecular modelling 

studies 



For the first set of compounds (5a-l, 101<IC50<1745 nM), the STHIQ core was combined, either 

directly or through a urea motif, to the benzyl linker bearing the ZBG.  To expand this initial set of 

compounds and gain additional structure-activity relationship (SAR) information, we exploited the 

spiropiperidine template to perform the overturning of the linker moiety from the nitrogen of the 

THIQ to the nitrogen of the spiro group, and thus obtaining the second set of derivatives 5m-o 

(63<IC50<148 nM). Docking simulations (see methods for details) showed that the THIQ hit 5a (IC50 

= 263 nM) could be easily accommodated into the hHDAC6 active site (Figure 2A) with the 

hydroxamic acid group able to chelate the zinc atom, with its basic nitrogen, modelled in its 

protonated form (pKa,exp = 9.53)40, able to undertake favorable interactions with Ser568 (Ser531 in 

Danio rerio HDAC6), a residue known to be important for ensuring potency and selectivity versus 

HDAC6.41 The docking output presented in Figure 2A confirmed that the two synthetic strategies 

described before, the first based on the installation of a spiro substituent at C3 position of the THIQ 

(exemplified by 5k, IC50 = 101 nM) and the second on the carbamoylation of the THIQ nitrogen 

moiety to give ureidic derivatives (exemplified by 5b, IC50 = 133 nM and 5l, IC50 = 115 nM), could 

lead to better compounds than 5a. As for the first approach, the installation of a hexahydropyran 

nucleus at the THIQ position 3 led to compound 5k (IC50 = 101 nM), nearly 3-fold more potent than 

5a, possibly thanks to key polar interactions undertaken with His651, through the interposition of a 

conserved water molecule (Figure 2B), present in several X-ray structures of HDAC6 in complex 

with hydroxamic acid inhibitors.41,42 The importance of the polar interaction undertaken by the 

pyran oxygen with the HDAC6 is supported by the modest activity of the spiro cyclohexane 

derivative 5e (IC50 = 1745 nM). As for the second approach, the introduction of a carbamoyl spacer 

in 5a had a positive effect on the inhibition potency (compound 5b, IC50 = 133 nM), due to an 

optimal accommodation of the urea group at the HDAC6 active site entrance. The urea was indeed 

able to form a hydrogen bond (H-bond) with the key residue Ser568 (Figure 2C). It is worth 

mentioning that, for the ureido-based inhibitors reported in Table 1, the installation of a spiro ring at 

C3 of the THIQ scaffold always led to less active compounds than 5b, with the only exception of 

the hexahydropyran derivative 5l (IC50 = 115 nM), able to form a H-bond with the backbone NH of 

Phe680 (Figure 2D). 



  

Figure 2. Docking poses of 5a (panel A, yellow carbon atoms), 5k (panel B, orange carbon atoms), 
5b (panel C, light cyan carbon atoms) and 5l (panel D, cyan carbon atoms) within the binding site 
of hHDAC6 (grey carbon atoms and cartoon). Coordination bonds between the Zn2+ ion (violet 
sphere) and hydroxamic group and protein residues are represented with violet dashed lines, while 
H-bonds and π-π interactions between the ligands are represented with green dashed lines. A 
conserved water molecule is also shown as a red sphere (geometries taken from the X-ray 
structure of zfHDAC6 in complex with trichostatin A, PDB code: 5EEK). 
 

We next applied docking simulations to search for a reasonable binding mode for 5n (IC50 = 63 

nM), the most potent compound of the whole set of HDAC6 inhibitors, in which the N-

hydroxybenzamide ZBG was installed on the nitrogen atom of the THIQ scaffold. In the case of 5n, 

docking simulations alone failed to produce a reasonable binding mode at the HDAC6 active site. 

The best poses obtained for this compound (Figure 3A) were always characterized by a consistent 

fitting of ZBG, although the cap group (i.e., a 2-benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-



piperidine]-1'-carboxamide substructure failed to establish productive interactions with HDAC6. We 

thus used molecular dynamics (MD) simulations (see methods for details) to better sample the 

conformational space of the docking complexes.43 Three independent 250 ns-long MD simulations 

showed that, after the equilibration, the cap group of 5n experienced a significant rearrangement 

(compared to the docked poses) which positioned the NH and carbonyl oxygen of the urea group 

close to Ser568 and to the conserved water molecule bound to His651, respectively. A 

representative snapshot of one of the MD simulations is reported in Figure 3B. Analysis of the MD-

trajectories showed that, regardless of the docking pose used as starting point, the ureidic group of 

compound 5n was able to form a H-bond with both Ser568 and His651 for a significant fraction of 

the simulations (Figure S1). 

 
 
Figure 3. A) Alternative docking poses for compound 5n (binding pose 1, violet carbon atoms; 
binding pose 2, pink carbon atoms; binding pose 3, green carbon atoms) within the binding site of 
hHDAC6 (grey carbon atoms and cartoon). Coordination bonds between the Zn2+ ion (violet 
sphere) and hydroxamic group and protein residues are represented with violet dashed lines, while 
H-bonds between the hydroxamic group of 5n and the protein are represented with green dashed 
lines. A conserved water molecule is also shown as a red sphere. B) Representative snapshot of a 
250 ns-long MD simulation performed starting from binding pose 3 (green carbon atoms). During 
the simulation, a water molecule, superimposed to a conserved X-ray water molecule, mediates a 
H-bond network between His651 and the ureidic functional group of 5n. 
 

HDAC6 as a Preferential Target: target engagement by Western Blot analysis 

For assessing HDAC6 preferential interaction, the most potent and interesting analogues (5k, 5l, 

5m and 5n) were engaged in experiments in living cells. The cell-based assays were conducted on 



U2OS cells, a cell line stably expressing Class I (i.e. HDAC1) and Class II (i.e. HDAC6) enzymes.25 

We preliminary ascertained that all the tested compounds did not show toxicity in these cells 

compared to SAHA, Tubastatin A (TUB) and PCI34051 (PCI) from 24 to 72 h of incubation (Figure 

S2). Further, the levels of α-tubulin acetylation (the client protein of HDAC6) and of acetylation of 

histone H3 (the primary substrate of HDAC1-3) were evaluated after incubation of compounds at 

10 μM for 24 h (Figure 4). Analogues 5k, 5l and 5n efficiently inhibited HDAC6, inducing marked 

acetylation of α-tubulin, also compared to TUB. At the same dose, histone H3 acetylation was 

unchanged, hinting at the preferential interaction of this set of compounds toward the HDAC6 

enzyme, with respect to class I HDACs (Figure 4).  

 

 
 
Figure 4. Western Blot analysis of acetylated α-tubulin expression on total protein extract and 
evaluation of H3 total acetylated expression on histone extract. Semi-quantitative analysis of 
western blot was performed by using ImageJ software (version 1.44). 
 

Preliminary studies to assess solubility, chemical stabilities and LogP 

To establish the potentiality of the novel HDACis as pharmacological tools, we assessed the drug-

likeliness of the best-performing compounds, namely 5k-n, by experimentally determining their 

solubilities and chemical stabilities (Table S1). These parameters were measured at pH = 3 and 

pH = 7.4 by means of HPLC, as previously reported.44 From this preliminary study, the selected 

compounds displayed excellent solubility at pH = 3 in the same range values (from 250 to 279 µM). 



By contrast, considerable differences in solubility at simulated physiological conditions were 

observed between the two pairs of derivatives belonging to the two subsets of STHIQ. More in 

detail, compounds 5k,l exhibited a more favourable solubility at pH = 7.4 with respect to the 

derivatives 5m,n although maintaining a satisfactory profile. Gratifyingly, all the tested compounds 

proved to be stable at both pH conditions, with equal or more than 85% of the remaining 

compound unaffected after 24 h of exposure. LogP was also experimentally determined for 

compounds 5k,l-n as previously described,38 and the data are shown in Table S1. 

 

In vivo toxicity evaluation of 5l and 5n in zebrafish larvae 

To assess the safety of compounds 5l and 5n (representative of both subsets of analogues, 

Figure 1), we exposed zebrafish larvae at 3.5 days post-fertilization to progressively higher 

concentrations of the compounds (25-100 M). Regarding dose selection, it is common to observe 

differences in effective doses between zebrafish and in vitro systems. Higher doses are typically 

required in zebrafish models compared to in vitro models to achieve significant biological effects. 

This discrepancy is primarily due to variations in drug absorption, distribution, metabolism, and 

excretion between whole organisms and isolated cells. The dose range is comparable to what 

already used for other HDAC6 inhibitors in our previous studies.30,37 In the case of 5n, one day 

after exposure, there were no noticeable morphological changes in the zebrafish larvae's body axis 

(Figure 5A-D). Additionally, we measured body length and the sizes of the pericardial, yolk, and 

eye areas as markers for treatment tolerability, and found no significant morphological differences 

(Figure 5E-H). Similarly, when examining body morphology (Figure 5I-P) in zebrafish larvae 

treated with increasing concentrations of compound 5l, no significant differences were observed. 

Together, these results suggest that compounds 5n and 5l did not cause appreciable toxic effects 

in an in vivo system. 



 

Figure 5. Safety evaluation of compounds 5n and 5l in the in vivo zebrafish model system. 
A-D) Representative images of 3.5 dpf zebrafish larvae treated with A) DMSO (n=18) or 5n at the 
concentration of B) 25 µM (n=17), C) 50 µM (n=18) and D) 100 µM (n=19). n stands for the 
number of larvae analyzed. Scale bar indicates 300 µm. (E-H) Histograms representing the 
quantification analyses of E) body length and of F) pericardiac, G) yolk and H) eye areas. Each dot 
represents the pixel value of a single embryo. Data are presented ad mean±SD. One-Way Anova, 
Tukey’s post-hoc. ns not significant. (I-L) Images of 3.5 dpf zebrafish larvae treated with I) DMSO 
(n=18) or 5l at the concentration of J) 25 µM (n=20), K) 50 µM (n=19) and L) 100 µM (n=20). n 
stands for the number of larvae analyzed. Scale bar indicates 300 µm. (M-P) Histograms 
representing the quantification analyses of M) body length and of N) pericardiac, O) yolk and P) 
eye areas. Each dot represents the pixel value of a single embryo. Data are presented as 
mean±SD. One-Way Anova, Tukey’s post-hoc. ns not significant. 
 

Toxicity evaluation of 5n on Langendorff perfused rat heart 

To evaluate the cardiotoxic potential of compound 5n, its effect on cardiac mechanical function and 

electrocardiogram (ECG) in Langendorff-isolated rat hearts was assessed, as previously 



described.45–47 Under control conditions, LVP and CPP values of 69,3 ± 5,5 and 64,7 ± 14,2 mmHg 

(n = 5) were obtained (Figure 6). Up to the highest concentration tested (30 μM), compound 5n did 

not affect either LVP or CPP (Figure 6), but, in a concentration-dependent manner, significantly 

reduced HR, prolonging the RR interval (Table S2). However, PQ, QRS, and QTc values 5n did not 

change over the drug concentration range tested (Table S2). The present findings highlight that at 

the maximum concentration tested, 5n exhibited negative chronotropic activity and prolonged the 

cardiac cycle length. 

 
Figure 6. Effects of 5n on LVP and CPP in Langendorff-perfused rat hearts. Concentration-effect 

relationship of 5n on LVP and CPP. On the ordinate scale, the response is reported as mmHg. 

Each value represents mean±s.e.m. (n=5).  

 

Evaluation of the antifibrotic effects of compound 5n on human ex vivo IPF models 

The efficacy of compound 5n as a new potential anti-IPF agent was investigated in two ex vivo 

models, namely the cultured bronchoalveolar-lavage-derived fibroblast cells (B-LSDM7) derived 

from BAL fluid of a cohort of IPF patients (Figure 7A-D and Figure 7I-L) and the primary HLF cell 

line (Figure 7E-H and Figure 7M-P). Specifically, the antifibrotic properties of 5n were compared 

to those of 2, taken as a reference compound, by evaluating their ability to modulate the 

expression of the typical biomarkers of the TGF-β1-dependent fibrosis (collagen I, fibronectin, 

vimentin and α-SMA) and to detect the viability after compounds administration (Figure S4). 



 
 
Figure 7. A-P) Fibronectin, vimentin, COL1 and α-SMA expression levels in BLSDM-7 and HLF 
cells (n = 3) at 0, 24 and 48 h. Data are reported as mean *SE. ****p < 0.0001, ***p < 0.001 **p < 
0.01, *p < 0.05. 
 

The results showed that compound 2 downregulated fibronectin after 24 and 48 h of treatments at 

20 and 50 nM in B-LSDM7 cells (Figure 7A). Further, the treatment with 2 at 50 nM resulted in a 

decreased expression of collagen type 1 (COL1) after 48 h of incubation (Figure 7B), while no 

significant differences emerged for vimentin and α-SMA expression (Figure 7C-D). Similarly, the 

administration of 5n in B-LSDM7 cells negatively modulated the expression of fibronectin and 

COL1 after 24 and 48 h (Figure 7E,F), while leading to a moderate downregulation of vimentin and 

α-SMA without reaching the significance (Figure 7G,H). Treatments of HLF cell line with either 2 or 

5n reduced the expression of fibronectin after 24 and 48 h (Figure 7I-M). Moreover, compound 5n 



negatively affected the expression of COL1 (Figure 7N) and effectively decreased vimentin 

expression after 48 h of treatment at 50 nM and after 24 h of treatment at 100 nM in primary HLF 

cell line (Figure 7O). No effects were detected for the expression of α-SMA in both cell lines 

(Figure 7L,P). As reported in literature, it is very difficult to find homogeneous information about 

the modulation of α-SMA in fibrotic conditions. Some studies reported that HDAC6is could reduce 

the expression of α-SMA with no appreciable statistical significance and at high doses if compared 

to the therapeutic ones.25,27 Other works reported no modulation of α-SMA, indicating that the 

expression levels were not reduced under inhibitor pressure.48,49 

Accordingly, some studies revealed also that the importance of α-SMA in tissue fibrogenesis varies 

among different tissues, thus limiting its eligibility as a functional marker of fibrosis.50,51  

The two compounds 2 and 5n were also evaluated for their potential toxicity, with no appreciable 

toxic effect at the doses tested in the two ex vivo models (Figure S4). 

In summary these results highlight the better profile of 5n compared to 2 as, by reducing the 

expression of vimentin, the compound could limit the invasiveness of lung fibroblasts.52 

 

5n modulates HDAC6 activity in a human ex vivo IPF model 

HDAC6 activity was measured after the treatments with compounds 2 and 5n in B-LSDM7 and 

HLF cells (Figure 8). HDAC6 activity resulted decreased in B-LSDM7 cells when treated with 

compound 2 at 50 nM (p=0,03), while 5n was able to reduce HDAC6 activity in B-LSDM7 cells 

when treated at 50 and 100 nM, when compared to vehicle (p=0,04 for each concentration). In HLF 

cells the reduction of HDAC6 activity was visible at the same doses but with no statistical 

significance. The data reported in this study highlighted the intriguing role of HDAC6is in reversing 

IPF phenotype. This topic is highly challenging considering also that the only available drugs, 

pirfenidone and nintedanib, do not reverse or cure IPF. There is a pressing need for new 

pharmacological interventions that can slow down or stop disease progression and ultimately cure 

this condition. Different drugs and combination of drugs have been proposed over the years, but 

none of them reached clinical trials due to side effects.53  

 



In this context, the investigation at the molecular level in the fibrotic process is fundamental to 

decipher targeted therapies that could potentially stop the progression of the disease. Future 

directions include personalized medicine approaches, artificial intelligence integration, growth in 

genetic insights, and novel drug targets,54 like HDAC enzymes, particularly HDAC6, which could 

provide a new interesting therapeutic option for IPF treatment.55  

 

 

Figure 8. HDAC6 activity assay measured in B-LSDM7 and HLF cells. Data represent 

measurements from 2 independent replicates. 

 

CONCLUSION 

We report herein the synthesis and ex vivo evaluation of new STHIQ-based histone deacetylase 

inhibitors obtained by applying the facile and versatile one-pot Castagnoli-Cushmann reaction 

protocol for the assembly of the spiroscaffold. This multicomponent protocol guaranteed rapid 

synthesis and analoging. The compounds were analyzed for their inhibitory activity against HDAC6 

showing IC50 values ranging from 63 to 1745 nM. The derivative 5n, the most potent compound of 

the series, showed HDAC6 preferential inhibition compared to HDAC1, HDAC3, HDAC5, HDAC8, 

HDAC10 and HDAC11. 

When docked into human HDAC6 active site, the 2-benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-

piperidine]-1'-carboxamide moiety experienced a significant rearrangement to position its ureidic 

hydrogen close to Ser568, and the carbonyl oxygen close to a conserved water molecule H-

bonding His651. 5n did not show toxicity in rat-perfused heart and in vivo on zebrafish larvae. 5n 



was able to increase levels of acetylated α-tubulin compared to histone H3 at 10 μM in living cells, 

demonstrating the target engagement. In ex vivo models of IPF, 5n was able to negatively 

modulate the expression of fibrotic markers fibronectin and Col1 in cells derived from 

bronchoalveolar lavage of IPF patients (B-LSDM7). In HLF human IPF model, 5n reduced the 

expression of fibronectin and negatively affected the expression of vimentin, this latter being 

associated with the invasiveness of the fibrotic process. In conclusion, a new pharmacological tool 

was identified as a potent anti-fibrotic agent modulating HDAC6 activity in two human IPF ex-vivo 

models. 

 

METHODS 

Methods are reported in the Supporting Information46,56,57 

 

Supporting Information  

Chemistry Section: synthesis and characterization of compounds 5a-o. Molecular modelling 

section: docking and molecular dynamics simulations protocols. Biological Section: cell viability, 

target engagement, cell viability, in vivo studies 
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Figure S1. A) Analysis of the interatomic distance between the NH of the ureidic group of 5n and 

the oxygen atom of Ser568 side chain throughout 250 ns-long MD simulations, performed starting 

from three different docking poses of the ligand. B) Frequency distribution of the water-mediated 

polar contact between the side chain of His651 and ureidic functional group of 5n (the frequency 

distribution is calculated over 2500 frames collected throughout each 250 ns-long MD simulation. A 

value equal to 0 or 1 would correspond to the 0% or 100%, respectively, of MD simulation frames 

featuring a water molecule bridging 5n and His651). 

 

Figure S2. Cell Viability in U2OS was assessed by MTT assay by testing 5n, 5m, 5k, and 5l at 

final concentrations of 1 μM, 5 μM, 10 μM, 25 μM, 50 μM for 24, 48 and 72 h. SAHA was used at 5 

μM, Tubastatin A and PCI at 10 μM. 

 

Table S1. Solubility and chemical stability of compounds 5k,l-n. 

 

Table S2. Effects of 5n on HR, RR, PQ, QRS, QT, and QTc in Langendorff Perfused Rat Hearts 

 

Figure S3. Flow cytometric gating strategy applied to cell lines 

 

Spectroscopic data and HPLC purity of compounds 5k, 5l, 5m, and 5n 
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Synopsis 

The one-pot Castagnoli-Cushman protocol furnished scaffolds for the development of inhibitors 

preferentially targeting HDAC6. The most promising candidate 5n, was tested in two different ex 

vivo models of the fatal disease idiopathic pulmonary fibrosis, proving to be able to successfully 

revert fibrotic phenotype at very low doses. 

 

 

 

 

 


