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ABSTRACT
Prostate cancer (PCa) remains a major global health burden. Although androgen 
deprivation and receptor-targeted therapies initially benefit patients, resistance often 
leads to metastatic castration-resistant prostate cancer, with limited treatment options. 
Aldehyde dehydrogenase 7A1 (ALDH7A1) is an emerging oncogenic driver of PCa, but 
selective inhibitors are lacking. Here, we report irreversible ALDH7A1 inhibitors targeting 
the catalytic Cys330, identified from a library of 3-bromo-4,5-dihydroisoxazole derivatives. 
These compounds show minimal inhibition of ALDH4A1 and GAPDH, supporting 
selectivity for ALDH7A1. Compounds 3b and 4b reduced DU145 cell viability (low μM 
IC50), impaired migration, and altered the cell cycle. No significant effects were observed 
in LNCaP cells (low ALDH7A1 expression) or Hs27 fibroblasts. Treatment of DU145 cells 
resulted in the inhibition of intracellular ALDH activity and accumulation of 
malondialdehyde, consistent with increased oxidative stress. These findings validate 
ALDH7A1 as a druggable target and introduce a new chemical space for selective 
covalent ALDH inhibitors in oncology.
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Introduction

Prostate cancer (PCa) is the second most common type of cancer and the fifth leading cause of 
cancer-related mortality in men, with an estimated 1.5 million new cases and 397,000 deaths worldwide 
in 2022 alone1. PCa typically arises as a localised disease but may progress to a locally advanced stage 
involving adjacent tissues such as the bladder, seminal vesicles, or the rectum. In more aggressive cases, 
PCa can metastasise through the lymphatic system to distant organs, including bones, lungs, and liver. 
While localised or locally advanced PCa is often curable, the metastatic disease remains largely fatal2,3. 
The Androgen Receptor (AR) signalling axis plays a central role in PCa initiation, progression, and meta-
static progression. AR is a ligand-activated transcription factor that regulates the expression of genes 
involved in cell proliferation and survival upon binding of androgens4. Consistently, standard therapies 
involve androgen deprivation therapy (ADT) and AR inhibitors, often in combination with chemotherapy 
or radiotherapy5,6. Although AR-targeted therapies yield initial clinical benefits, many patients eventually 
develop resistance, culminating in the emergence of metastatic castration-resistant PCa (mCRPC), which 
is associated with significantly reduced survival. Growing evidence indicates that hormone deprivation is 
frequently associated with oxidative stress, marked by elevated levels of reactive oxygen species (ROS) 
and enhanced redox signalling. This oxidative environment contributes to the modulation of autophagy, 
inflammation, and cellular stress responses, ultimately promoting the survival and proliferation of PCa 
cells with metastatic potential7,8. The intricate interplay between androgen signalling and redox homeo-
stasis underscores the urgent need for more effective therapeutic strategies and the identification of 
novel drug targets to overcome treatment resistance and improve patient outcomes.

Aldehyde dehydrogenases (ALDHs) are a family of enzymes involved in detoxification of ROS, specifically 
aldehydes, within the cell. In humans, 19 ALDH isoforms have been identified, each distinguished by different 
substrate preference and involvement in human pathologies9. In addition to serving as biomarkers of cancer 
stem-like cells, ALDHs also participate directly in signal transduction pathways that regulate key biological 
activities of PCa cells. For instance, ALDH1A1 and ALDH1A3 have been shown to regulate retinoic acid, 
WNT/β-catenin, and PI3K/AKT signalling pathways, while ALDH3A1 is frequently upregulated in prostate can-
cer stem-like cells and metastatic lesions and has been associated with prostate tumorigenesis10–15.

ALDH7A1 (ALDH7A1, Uniprot P49419, EC 1.2.1.31) catalyses the conversion of 4-hydroxynonenal 
(4-HNE), a byproduct of lipid peroxidation, into less toxic metabolites, thereby playing a crucial role in 
cellular protection from oxidative damage16,17. Consistently, ALDH7A1 has been implicated in PCa pro-
gression. Large-scale proteomic profiling of human prostate cancer specimens has identified ALDH7A1 as 
one of the most abundantly expressed ALDH enzymes in primary tumours18. Transcriptomic data demon-
strated robust ALDH7A1 mRNA expression in PCa tissues, with significantly higher levels observed in 
cancerous lesions compared with benign prostatic hyperplasia (BPH) or histologically normal adjacent 
prostate tissue19. Functionally, it has been shown that ALDH7A1 promoted stemness and migratory 
capacity in PCa cells, and its targeted deletion impaired clonogenicity, and significantly reduced tumour 
growth, supporting a potential oncogenic role20,21. Particularly, knockdown of ALDH7A1 reduced experi-
mentally induced PCa bone metastasis21. Consistent with the hypothesis that ALDH7A1 inhibition may 
enhance oxidative stress and limit tumour cell growth, salinomycin-induced oxidative stress markedly 
impaired PCa cell proliferation22.

To date, only a limited number of reversible and irreversible inhibitors of ALDH7A1 have been identi-
fied, and most of them are considered pan-ALDH inhibitors. For instance, diethylaminobenzaldehyde 
(DEAB) was identified as an inhibitor of ALDH7A1 and forms an acyl-enzyme covalent adduct with the 
catalytic Cys330, as determined by X-ray crystallography23. However, DEAB also inhibited other ALDH 
isoforms24,25, and its small molecular size offers limited potential for structural optimisation towards 
isoform-selectivity. Although targeting ALDHs in PCa cells holds therapeutic potential, challenges remain 
due to isoform redundancy, toxicity of non-selective inhibitors, and incomplete understanding of 
ALDH-related signalling networks26,27.

Aiming to identify selective ALDH7A1 inhibitors, we chose acivicin (ACV) as a starting point. ACV is an 
analogue of glutamate/glutamine featuring a 3-chloro-4,5-dihydroisoxazole scaffold. This natural antipro-
liferative compound, isolated from Streptomyces species, was previously reported as an in vivo inhibitor 
of aldehyde dehydrogenase 4A1 (ALDH4A1), a paralog of ALDH7A127. Although ACV exhibited anticancer 
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activity in vitro, its clinical development was hampered by significant toxicity observed in Phase I trials28. 
Besides ALDH4A1, which has γ-glutamate semialdehyde as substrate, ACV inhibits other glutamine or 
glutamate-dependent enzymes, including glutamine synthase29, CTP synthetase30, GMP synthetase, aspar-
agine synthetase, and γ-glutamyl transpeptidase31,32. These enzymes generally exhibit a catalytic dyad or 
triad which includes a cysteine residue. The nucleophilic attack of the cysteine thiol at C3 of the 
4,5-dihydroisoxazole nucleus leads to the displacement of the chlorine atom and the covalent bond 
formation33 (Figure 1). The study identifying ALDH4A1 as the primary in vivo target of ACV also reported 
3-bromo-ACV (3-BA) derivatives as ALDH inhibitors with a mechanism of action similar to that of ACV34 
(Figure 1), thus supporting their evaluation as potential ALDH7A1 inhibitors.

We have previously shown that the substituents on the 3-bromo-4,5-dihydroisoxazole (BDHI) ring 
modulate its reactivity towards the reactive cysteines of glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) 35–39, suggesting the possibility to fine-tune the selectivity also towards ALDH isoforms. In this 
study, we selected a series of compounds from an in-house library of 3-BA analogs and investigated their 
activity against ALDH7A1 in comparison with ALDH4A1 and GAPDH. We evaluated their effects both in 
vitro and in PCa cell lines, aiming to pave the way for the development of novel selective ALDH7A1 
inhibitors for the treatment of PCa.

Results and discussion

Expression and characterisation of the enzymes

To investigate human ALDH7A1 inhibition, the enzyme was recombinantly expressed and purified (Figure 
S1a). For comparison, human ALDH4A1 and human GAPDH were also produced. These enzymes were 
included in the screening assays since ACV and its analogs were originally reported to inhibit ALDH4A134, 
whereas GAPDH was identified as a target of BDHI derivatives, some of which markedly reduced tumour 
growth in mouse xenograft models without detectable toxicity in fibroblasts or in vivo35–39.

Size-exclusion chromatography (SEC) of ALDH7A1 analysed at a 5 µM concentration yielded an appar-
ent molecular weight of 121.4 kDa, consistent with its dimeric state (theoretical MW 112.9 kDa, Figure 
S1b). At higher concentrations (18 µM and 83 µM), higher apparent MWs of 148.8 kDa and 170.4 kDa were 
observed (Figure S1b), respectively, consistently with reports of a dimer-tetramer equilibrium with a dis-
sociation constant of approximately 16 µM40. Therefore, the enzyme at the concentrations used in all our 
assays (0.5–1 µM) was confirmed to be in the dimeric form.

For ALDH7A1, we optimised an enzyme assay based on acetaldehyde (AcH) as substrate, resulting in a 
Michaelis constant (Km) of 2.1 ± 0.5 mM and a turnover number (kcat) of 0.15 s − 1 (Figure S1c). All inhibition 
assays were performed at a 10 mM AcH concentration, corresponding to near-saturating conditions and 
approximating Vmax. For ALDH4A1, we established an enzyme assay employing its physiologically relevant 
substrate Δ1-pyrroline-5-carboxylate (P5C), while GAPDH enzyme assays were performed using glyceralde-
hyde 3-phosphate (G3P), NAD+ and arsenate as substrates, following previously described protocols35.

In vitro activity of ACV and 3-BA towards the recombinant enzymes

ALDH7A1, ALDH4A1 and GAPDH were incubated with ACV or 3-BA (Figure 2a) at 20 µM for 24 h at 37 °C, 
under conditions designed to mimic those employed in subsequent cell-based experiments. Under these 

Figure 1. M echanism of inhibition by 3-BA through direct modification of the active site nucleophile (cysteine). B: base.
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conditions, ALDH7A1 activity was unaffected by ACV or 3-BA (Figure 2b), whereas ALDH4A1 showed mod-
est inhibition (≈20% with ACV and ≈30% with 3-BA; Figure 2c), consistently with previous reports identi-
fying ALDH4A1 as the primary in vivo target of ACV34. We speculated that the different behaviour towards 
ALDH7A1 and ALDH4A1 may arise from the marked difference in hydrophilicity and polarity of ACV and 
3-BA (negative cLogD; Table 1). Under the same conditions, GAPDH was not inhibited (Figure 2d). Overall, 
these results ruled out ACV and 3-BA as inhibitors of ALDH7A1 and highlighted the need to identify novel 
BDHI derivatives capable of effectively reducing ALDH activity in PCa, while maintaining negligible activity 
towards GAPDH, a ubiquitous enzyme whose inhibition might be associated with side effects.

Inspection of the ALDH7A1 structure and identification of the inhibitor library

To identify a novel chemical space for 3-BA analogs as inhibitors of ALDH7A1, we explored the 3D struc-
ture of the enzyme (PDB 4ZUK), which revealed an active site featuring a solvent-accessible pocket 
extending from the catalytic Cys330 to the protein surface. A key structural element is a ~15 Å-long 
hydrophobic channel lining one end of the pocket, which contributes to substrate positioning and selec-
tivity41. This structural feature may favour the binding of hydrophobic compounds to ALDH7A1 com-
pared with ALDH4A1, as also suggested by the relatively hydrophilic nature of the physiologically relevant 
ALDH4A1 substrate, L-glutamate-γ-semialdehyde, in contrast to the more hydrophobic substrates of 
ALDH7A1, which include α-aminoadipate (α-AA), nonanal, trans-2-nonenal, hexanal, octanal, benzalde-
hyde, and propanal42. We could not confirm betaine aldehyde as a substrate42 at concentrations up to 

Figure 2.  (a). Chemical structures of ACV and 3-BA. (b–d) Inhibition of human ALDH7A1 (b), ALDH4A1 (c), and GAPDH 
(d) by ACV and 3-BA. Enzymes were incubated at 2.5 µM with 20 µM of each compound at 37 °C for 24 h, and residual 
activity was measured under standard assay conditions and normalised to control incubations containing equivalent 
concentrations of DMSO. Bars represent mean values; error bars indicate standard deviation from at least two indepen-
dent experiments, each in technical duplicate. Statistical significance was evaluated using Student’s T-test. Asterisks indi-
cate statistical significance levels compared with the control: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 
(****). (e) Structures of all compounds tested in this study. (f–h) Effect of selected compounds on human ALDH7A1 (f ), 
ALDH4A1 (g), and GAPDH (h) after incubation at 2.5 µM enzyme concentration with 20 µM compounds at 37 °C for 24 h; 
residual activity is expressed as a fraction of the untreated control containing equivalent concentrations of DMSO, with 
bars representing mean values and error bars indicating standard deviation from at least two independent experiments, 
each performed in technical duplicate. Statistical significance was evaluated using Student’s T-test. (i). MS/MS spectrum 
of the modified CTTAR peptide obtained by HCD fragmentation; observed y ions confirm the peptide sequence and 
localise the covalent modification to Cys330 of ALDH7A1, consistent with the formation of an irreversible adduct. 
Fragment ion annotation and match scores were obtained using the software Skyline.
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10 mM (data not shown). Therefore, starting from our in-house library of BDHI-bearing molecules, we 
selected a panel of 1,3,4- and 1,2,4-oxadiazole matched pairs (Table 1, Figure 2e) which exhibit high 
lipophilicity (cLogD > 2, Table 1). Oxadiazoles are five-membered aromatic heterocycles existing in differ-
ent regioisomeric forms, commonly found in drug-like compounds43.

Investigation of the ALDH7A1 inhibitory activity of the compounds

Following incubation at a final concentration of 20 µM, all test compounds inhibited recombinant 
ALDH7A1 activity > 70% (Figure 2f ). Among them, the 1,2,4-oxadiazole derivatives 2b-4b inhibited > 
92–98%, while their corresponding 1,3,4- isomers showed a lower inhibitory activity in the 70–90% range. 
The higher potency of the 1,2,4- regioisomers, which typically have a higher cLogP when compared to 
their 1,3,4-isomer counterparts, confirmed the importance of lipophilicity in binding to the ALDH7A1 
isoform (see cLogP comparison in Table 1). For the tert-butyl substituted derivatives (1a and 1b), both 
1,2,4- and 1,3,4-isomers produced >90% inhibition. All compounds displayed significantly higher activity 
against ALDH7A1 compared to that of ACV and 3-BA against ALDH4A1 (Figure 2g). Therefore, we dis-
closed a novel chemical space for ALDH7A1 inhibitors.

Assessment of selectivity and investigation of off-target effects

Afterwards, we assessed the selectivity of the library for ALDH7A1 over GAPDH and ALDH4A1. None of 
the BDHI compounds targeting ALDH7A1 showed significant inhibition of GAPDH under the same assay 
conditions (Figure 2d). ALDH4A1 inhibition was minimal: only 1a induced a statistically significant inhi-
bition of ~30% (Figure 2g). Overall, these results indicate that structural modifications on the BDHI ring 
enhanced the selectivity of the compounds for ALDH7A1 in comparison with ALDH4A1, reversing the 
inhibition profile of ACV and 3-BA towards the two paralogs, while maintaining no activity towards GAPDH.

Confirmation of covalent Cys330 engagement

Since compound 3b emerged as one of the most promising and selective inhibitors, it was pin-
pointed as a representative example for LC-MS/MS experiments aimed at confirming the inhibition 

Table 1. C hemical structure of ACV, 3-BA and selected 
molecules from our BDHI in-house library.

Comp. Arn R clogDa

ACV – – −2.96
3-BA – – −2.67
1a Ar1 3.35
1b Ar2 4.84

2a Ar1 2.42
2b Ar2 3.81
3a Ar1 2.89
3b Ar2 4.28

4a Ar1 2.97
4b Ar2 4.31
aMarvin/JChem 20.9 was used to calculate logD (distribution coef-
ficient, pH 7.4) values. ChemAxon (https://www.chemaxon.com).

https://www.chemaxon.com
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mechanism. Firstly, ALDH7A1 was incubated with 3b. The protein was then carbamidomethylated on 
unreacted cysteines with iodoacetamide and trypsin digested. Tandem mass spectrometry data 
spectra were searched against the ALDH7A1 sequence using carbamidomethylation and 3b binding 
(+285.11 Da, according to the mechanism reported in Figure 1) as cysteine variable modifications. 
Among the identified 3b-modified sites, only two cysteine-containing peptides were detected: (i) 
CTTAR (residues 330–334), containing the catalytic Cys330; and (ii) GEVITTYCPANNEPIAR (residues 
70–85), containing cysteine 77. Peptide CTTAR was exclusively identified in its 3b-modified form, 
exhibiting high precursor intensity (~731 million) and a high overall score (94.4), consistent with a 
highly abundant and specific modification at Cys330 (Figure 2i and Figure S2). In contrast, peptide 
GEVITTYCPANNEPIAR appeared predominantly in its carbamidomethylated form, with the 3b modi-
fication detected only in a minor fraction of spectra. This 3b-modified form showed significantly 
lower intensity (~26.5 million), a reduced score (57.8), and greater variability in mass accuracy, sug-
gesting a low-efficiency or less stable modification at Cys70. Thus, Cys330, the catalytic cysteine 
residue, emerged as the principal site of 3b adduct formation in ALDH7A1 and the reaction mech-
anism of the BDHI towards cysteine residues was confirmed (Figure 1).

Computational studies to rationalise ALDH isoform selectivity, stereospecificity and potency of 
the compounds

To rationalise the observed selectivity for ALDH7A1 over ALDH4A1, we carried out docking studies aimed 
at determining plausible binding orientations, analysing key stabilising interactions in the post-covalent 
complex, and comparing the steric and electrostatic environments of the two enzymes. As a starting 
point, we examined the deposited X-ray structures of both isoforms in complex with their product α-AA 
or glutamate, respectively (PDB IDs: 4ZUL and 3V9K; Figure 3(a)-b)41,44. In this section, the residue num-
bering of PDBs will be retained and thus the catalytic Cys330 will correspond to Cys302 in the PDB 
structures used hereafter. Despite modest sequence identity, both isoforms display a conserved architec-
ture of the catalytic site, including a catalytic cysteine, an oxyanion hole comprising the backbone amide 
of the catalytic cysteine and a conserved asparagine, a substrate-anchoring loop, and an aromatic triad 
(known as ‘aromatic box’) that sandwiches the aliphatic chain of the substrate45,46. Lastly, stereoselectivity 
towards the L-substrate is assisted by electrostatic interactions of Glu165 and Lys347 in ALDH4A146, cor-
responding to Glu121 and Arg301 in ALDH7A1. Despite these similarities, ALDH7A1 can accommodate 
the α-aminoadipate (α-AA) product, which is one methylene unit longer than the glutamate (Glu) prod-
uct of ALDH4A1. The substitution of Ser513 in ALDH4A1 with Ala462 in ALDH7A1 has been proposed to 
underlie substrate specificity between the isoforms and the preference for more polar substrates in 
ALDH4A141.

We first aimed at computationally studying the structural basis of ACV and 3-BA selectivity towards 
ALDH4A1 rather than ALDH7A1 via covalent molecular docking (Figure 3c-d). As it is generally known 
that NAD+ binds before aldehyde substrates in ALDH enzymes, we chose to explicitly model the NAD+ 
cofactor in the catalytic site in our docking studies. As expected, self-docking of glutamic aldehyde in 
ALDH4A1 showed the tetrahedral intermediate establishing hydrogen bonds with the oxyanion hole 
formed by the backbone of residue Cys348 and the side chain of Asn211 (Figure 3c), while the rest of 
the interactions remained unaltered with respect to the crystal pose of Glu in PDB 3V9K (Figure 3b). 
The productive tetrahedral intermediate is assumed to have a stereocenter in the R- configuration to 
enable hydride transfer to NAD+, consistent with the A-specificity reported for ALDH4A147. As reported 
above, in vitro assays indicated a modest inhibition of ALDH4A1 by ACV (≈20%) and 3-BA (≈30%), 
while the compounds were practically ineffective against ALDH7A1. Docking studies of ACV and 3-BA 
in ALDH4A1 showed hydrogen bonds with residues Gly512 and Ser513, likely important in the stabil-
isation of ACV and 3-BA (Figure 3d). We hypothesise that, given the presence of Ala462 instead of Ser 
in the anchoring loop in ALDH7A1, small and highly polar compounds such as ACV and 3-BA cannot 
be stabilised and correctly oriented for covalent binding, hence explaining their lack of activity in 
ALDH7A1.

We further sought to investigate the binding mode of the library of synthesised compounds in 
ALDH7A1. Initially, we self-docked the α-AA substrate in ALDH7A1, and results show that in the 

https://doi.org/10.1080/14756366.2026.2664708
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R-tetrahedral adduct derived by the nucleophile addition of Cys302 to the aldehyde carbonyl, the 
negatively charged oxygen is stabilised in the oxyanion hole formed by the backbone of Cys302 and 
Asn167 (Figure 3e). We next explored the binding modes of other ALDH7A1 substrates (hexanal, 
benzaldehyde, octanal and nonanal in Figure 3(g)-j). Their predicted poses differ from those of the 
native substrate, as these aldehydes lack the characteristic L-amino acid moiety required for the 
engagement of the anchoring loop. Instead, their orientation matches the binding mode of the 
ALDH7A1-diethylaminobenzaldehyde (DEAB) complex (PDB ID: 4X0T), in which DEAB occupies the 
aromatic box while the anchoring loop remains disengaged (Figure 3f ). The ALDH7A1-DEAB complex 
X-ray structure further shows that hydrophobic and bulky ligands such as DEAB also displace Trp175 
and expand the binding pocket through induced-fit effects.

Both R- and S-isomers of the synthesised compounds were covalently docked to ALDH7A1 via a nuc-
leophilic substitution reaction on the BDHI ring by Cys302, and subsequent elimination of the halogen 
atom. However, we focused our analysis on S-isomers, which generally produced better occupancy of the 
oxyanion hole through nitrogen and oxygen H-bond acceptors on the BDHI warhead, consistent with the 
stereochemistry of ACV (see Figure S3). Short, rigid compounds 1a and 1b adopted a consistent binding 
mode in which the 1,3,4-oxadiazole mimics the α-AA carboxylate and interacts with Arg301 and the 
anchoring loop, while the 1,2,4-oxadiazole ring is enclosed between Phe168 and Phe468 through π–π 
stacking (Figure 4(a,e)). The 4-tert-butyl-phenyl substituent occupies the hydrophobic region of the 
pocket, with the phenyl ring stacking against Phe468 and the tert-butyl group contacting Ile464 and 
Trp175. In contrast, the addition of flexible lipophilic tails in compounds 2-4a and 2-4b produced a 
distinct pose (Figure 4b-d and f-h). Here, the oxadiazole and adjacent groups occupy a deeper hydro-
phobic region also exploited by DEAB in PDB 4X0T (Figure 3f ). The BDHI ring still satisfies the oxyanion 
hole and the Phe168/Phe468 π–π stacking but is positioned farther from Arg301 and the anchoring loop. 
In this environment, the more lipophilic 1,2,4-oxadiazole regioisomer may be favoured over the more 
polar 1,3,4-oxadiazole. The flexible alkyl substituents (oxy-methyl-cyclopropyl-, isobutyl-, n-butyl-) fit into 
a narrow hydrophobic tunnel lined by Ile452, Ala462, Phe468 and Thr493, the same region occupied by 
the docking poses of long-chain alkyl aldehydes (see above). In ALDH4A1, the presence of Ser513 in 
place of Ala462 may alter both polarity and steric accessibility of this tunnel (Figure S4). This might 
restrict the entry of compounds 2-4a and 2-4b, rationalising their loss of activity in ALDH4A1 and the 
preference of ALDH7A1 for more lipophilic substrates.

Figure 3.  (a) Active site of ALDH7A1 in complex with the reaction product α-aminoadipate (α-AA, in sticks, orange) in 
PDB ID 4ZUL. Distances and angles compatible with hydrogen bonds are indicated with a black dashed line, while 
magenta dashed lines highlight ionic interactions. The anchoring loop (Gly461-Ala462) is indicated with a black line and 
labelled. (b) Active site of ALDH4A1 in complex with the reaction product glutamate (Glu, in sticks, green) in PDB ID 
3V9K. The anchoring loop (Gly512-Ser513) is indicated with a black line and labelled. Covalent docking of ligands (in 
sticks, cyan): (c) glutamate-5-semialdehyde in ALDH4A1; (d) 3-BA in ALDH4A1; (e) α-aminoadipic semialdehyde in 
ALDH7A1; (f ) hexanal in ALDH7A1; (g) octanal in ALDH7A1; (h) nonanal in ALDH7A1; (i) benzaldehyde in ALDH7A1. (j) 
Superposition of product-bound ALDH7A1 (PDB: 4ZUL, orange) and DEAB-bound ALDH7A1 (PDB: 4X0T, pink). 
Displacement of Trp175 is highlighted by a black arrow.

https://doi.org/10.1080/14756366.2026.2664708
https://doi.org/10.1080/14756366.2026.2664708
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Impact of the compounds on PCa cell line cell viability

To validate the in vitro and in silico findings in a cellular context, the DU145 PCa cell line was selected 
as a suitable model due to its high expression of ALDH7A1, as reported in the Human Protein Atlas 
(www.proteinatlas.org). A cell viability assay was performed to determine the half-maximal inhibitory 
concentration (IC50) of each compound. DU145 cells were treated with increasing concentrations of the 
compounds (1–100 µM) for 24 h, and cell viability was assessed using a crystal violet assay. Compounds 
1a, 1b-4b exhibited the lowest IC50 values, ranging from 13.5 to 20.9 µM. In contrast, the 1,3,4-oxadiazole 
derivative 2a-4a displayed IC50 values > 50 µM, indicating minimal effect on DU145 cell growth (Figure 
S5a and Table 2). Interestingly, for the ether-substituted compounds, the replacement of the 
1,2,4-oxadiazole core with the 1,3,4-oxadiazole ring led to a drop in the antiproliferative activity. These 
results are consistent with the in vitro data, which identified 1a, 1b-4b as the most potent ALDH7A1 
inhibitors, whereas 2a-4a were among the least effective in DU145 cells (Figure 2f ). To assess whether 
the observed antiproliferative effects were dependent on cellular context, the activity of compounds 
1a–4b was also evaluated in the androgen receptor–positive prostate cancer cell line LNCaP. In contrast 
to DU145 cells, treatment with the compounds did not result in significant growth inhibition across the 
tested concentration range (Figure S5b). Notably, previous reports48 and transcriptomic data from the 
Human Protein Atlas indicate that ALDH7A1 is expressed in DU145 cells but is absent or expressed at 
very low levels in LNCaP cells, consistent with the lack of sensitivity observed in this model (Figure S5c).

Based on both antiproliferative and recombinant protein activity assays, we selected the four most 
potent inhibitors (1a, 1b, 3b and 4b) for further investigation.

Impact of compounds treatment on PCa cell line cell motility and cell cycle progression

To assess the ability of the selected compounds to reduce PCa cell motility, we performed a wound-healing 
assay in the presence of 1a, 1b, 3b and 4b or DMSO as a control, in DU145 cancer cells. Each of the 
tested compounds induced a decrease in cell migration and a less marked wound closure compared to 
the control (Figures 5a-b and S6a-b). Among the tested compounds, 3b and 4b exhibited the most pro-
nounced inhibitory effects on wound closure, indicating reduced metastatic potential upon treatment 
(Figures 5a and b). Next, we evaluated the impact of the compounds on cell cycle progression. Cells 
were treated with 1a, 1b, 3b and 4b or DMSO for 24 h. Following fixation, cells were stained with propid-
ium iodide (PI) and analysed by flow cytometry to determine the distribution across cell cycle phases 
(G1, S, and G2/M) as well as the proportion of cells exhibiting fragmented DNA (sub-G1 population). 

Figure 4. C ovalent docking of the synthesised BDHI compounds in ALDH7A1. Protein is shown as cartoon and binding 
site residues are shown as sticks and labelled, NAD+ cofactor is displayed as grey sticks, while docked ligands (S-isomers) 
are represented as cyan sticks. (a) 1a; (b) 2a; (c) 3a; (d) 4a; (e) 1b; (f ) 2b; (g) 3b; (h) 4b.

http://www.proteinatlas.org
https://doi.org/10.1080/14756366.2026.2664708
https://doi.org/10.1080/14756366.2026.2664708
https://doi.org/10.1080/14756366.2026.2664708
https://doi.org/10.1080/14756366.2026.2664708
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Treatment with 1a did not induce cell cycle abnormalities. In contrast, 1b resulted in a modest reduction 
in the percentage of cells in the G1 phase accompanied by an increase in the G2/M population (Figure 
S6c). Both 3b and 4b treatment resulted in reduction of cells in the G2/M phase; notably, 4b treatment 
also elicited a limited but significant increase in cells in the G1 phase (Figure 5c). Moreover, exposure to 
3b or 4b led to a pronounced accumulation of cells in the sub-G1 fraction, indicative of an increase in 
the number of cells undergoing apoptosis or other forms of cell death (Figure 5c). The observed increase 
in sub-G1 population, most likely due to the accumulation of reactive oxygen species, is consistent with 
disruption of cellular redox homeostasis upon ALDH7A1 inhibition; however, long-term compensatory 
mechanisms may emerge, including upregulation of alternative ALDH isoforms or activation of cytopro-
tective pathways such as the NRF2-dependent antioxidant response49. Therefore, future investigations will 
be necessary to evaluate the in vivo therapeutic potential of these compounds.

Collectively, these results demonstrate an antiproliferative effect of the tested compounds in PCa cell 
lines, highlighting a more pronounced effect for 3b and 4b.

To evaluate the potential cytotoxicity of the compounds in non-tumoral cells, Hs27 fibroblasts were 
treated with increasing concentrations of compounds 3b and 4b under the same experimental condi-
tions used for PCa cells. Both compounds exhibited minimal effects on cell viability across the tested 
concentration range, with IC50 values > 50 µM for 3b and 4b (Figure S7). These findings support a selec-
tive profile towards ALDH7A1-expressing cancer cells, such as DU145.

Inhibition of intracellular activity of ALDHs

To further confirm that the effects observed in DU145 cells were due to irreversible ALDH inhibition, we 
measured ALDH activity using AcH and NAD+ as substrates in lysates from DU145 cells treated with 3b 
or 4b (20 µM, close to their IC50) for 24 h, followed by extensive washing and lysis. The activity was nor-
malised to the total protein content of each sample, as determined by Bradford assay. Compared to 
control cell samples treated with the DMSO only, treatment with 3b resulted in a ~20% decrease in 
ALDH activity, while 4b induced a more pronounced reduction of ~40% (Figure 5d).

Aldehyde-associated oxidative stress upon ALDH inhibition

Since ALDH7A1 was reported to detoxify reactive oxygen species (ROS)-derived lipophilic metabolites, we 
assessed the effect of 3b or 4b on the intracellular concentration of malondialdehyde (MDA), a lipid 
peroxidation product recognised as a key cancer marker linked to oxidative stress50. DU145 cells were 
treated with either 3b or 4b at a final concentration of 20 µM for 24 h, while control cells were treated 
with an equivalent concentration of DMSO. After cells were washed and lysed, MDA concentration was 
measured and normalised to the total protein concentration of each sample, as determined by Bradford 
assay. Cells pre-treated with 3b or 4b showed a 7-fold and 4-fold increase in MDA levels, respectively, 
compared to controls, indicating a marked rise in lipid peroxidation (Figure 5e). Similar results were 

Table 2. A ntiproliferative activity towards DU145 cells.

Comp. Arn R IC50 ± SD (µM)

1a Ar1 19.7 ± 2.0
1b Ar2 14.6 ± 3.5

2a Ar1 >50
2b Ar2 20.9 ± 7.6
3a Ar1 >50
3b Ar2 15.1 ± 1.6

4a Ar1 >50
4b Ar2 13.5 ± 5.1

https://doi.org/10.1080/14756366.2026.2664708
https://doi.org/10.1080/14756366.2026.2664708
https://doi.org/10.1080/14756366.2026.2664708
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reported upon selective inhibition of ALDH1A3 with the reversible inhibitor NR651. As for the 
more-than-proportional increase in MDA relative to ALDH inhibition, this can be explained by the 
chain-reaction nature of lipid peroxidation: even partial impairment of aldehyde detoxification may 
exceed cellular buffering capacity, leading to disproportionate MDA accumulation. Additionally, reactive 
aldehydes can further amplify oxidative stress. Consistently, ALDH7A1 has been shown to limit lipid per-
oxidation both by directly metabolising reactive aldehydes and by supporting FSP1-dependent antioxi-
dant recycling, so even partial inhibition can significantly weaken this buffering system52.

These results confirmed that our 1,2,4-oxadiazole derivatives counteract the protective role of ALDHs, 
thus eliciting cell toxicity through an increase in reactive oxygen species. Notably, a ~20–40% decrease 
in ALDH activity observed for 3b or 4b was enough to induce disproportionately large accumulations of 
MDA. This response could trigger a cascade effect in which even minor ALDH activity reductions disrupt 
the balance of reactive aldehyde clearance, leading to large increases in oxidative stress. Such 

Figure 5.  Effects of compound 3b and 4b in migration, cell cycle progression, and MDA accumulation in PCa cells. (a) 
Representative images of DU145 cells migration upon scratch generation in a confluent monolayer. Time point 0 h (T = 0 h) 
or 60 h (T = 60 h) points post-incubation in presence of DMSO, compound 3b or compound 4b at 20 µM final concentra-
tion, are shown. Scale bar = 100 µm. (b) Quantification of scratch area reduction over time normalised to the scratch area 
at T = 0 h. Wound healing was monitored at 12, 24, 36, 48 and 60 h post-incubation with the indicated compounds. (c) 
Quantification of cell cycle distribution in DU145 cells treated with DMSO, compound 3b or compound 4b at 20 µM final 
concentration for 24 h prior to cytofluorimetric analysis. The percentage of cells in each population is shown. (d) Total 
intracellular ALDH activity measured in DU145 cell lysates following pre-incubation with 20 µM 3b or 4b for 24 h at 37 °C. 
Cells were extensively washed prior to lysis to eliminate any non-covalently bound material. (e) Quantification of malond-
ialdehyde (MDA) levels in the same cell lysates. MDA concentration was measured and normalised to the total protein 
content of each sample, as determined by the Bradford assay. In all plots, error bars represent the standard deviation, 
and asterisks indicate statistical significance levels: p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***).
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hypersensitivity to ALDH inhibition highlights the crucial role of ALDH7A1 in maintaining redox homeo-
stasis and suggests its modulation could be leveraged for targeted oxidative stress therapies.

Conclusions

From an in-house library of BDHI derivatives, we identified a series of irreversible inhibitors of ALDH7A1 
that covalently modify the catalytic cysteine residue, leading to sustained enzyme inhibition and reduced 
cellular viability and mobility in PCa cells. Inhibition produced accumulation of cells in the sub-G1 pop-
ulation, consistent with increased cell death, and produced a persistent reduction of intracellular ALDH 
activity and a pronounced accumulation of MDA, indicating a disruption of aldehyde detoxification path-
ways. Compounds 3b and 4b exhibited the highest potency and selectivity for ALDH7A1 over ALDH4A1, 
the first ALDH isoform reported to be inhibited by ACV derivatives, and GAPDH, a recognised target of 
BDHI derivatives. Covalent docking showed that the compounds can exploit a hydrophobic tunnel unique 
to ALDH7A1 to access the catalytic cysteine, promoting covalent engagement. In ALDH4A1, subtle polar-
ity and steric differences hinder binding, explaining lower activity. These findings pave the way for the 
development of isoform-selective, irreversible ALDH inhibitors with potential applications in oncology.

Experimental

Chemical entities

The tested compounds were synthesised as previously reported53–55. Briefly, the 1,3,4-oxadiazoles 1a-4a 
and the 1,2,4-oxadiazoles 1b-4b were synthesised as depicted in Scheme S1 and Scheme S2, respec-
tively, of the Supporting Information.

Synthesis of derivatives 1a-4a

Methyl 4-hydroxybenzoate (5) was treated with the desired alkyl bromide, in presence of K2CO3, to give 
intermediates 6–8. Esters 6–8 were then converted into their respective hydrazides 11–13 by refluxing 
them in the presence of hydrazine hydrate in ethanol. The hydrazide 10 was synthesised starting from 
the corresponding acyl chloride 956. Reaction of 10–13 with acrylic acid using EDC·HCl in dry dichloro-
methane at room temperature afforded intermediates 14–17. Afterwards, 14–17 were converted into the 
1,3,4-oxadiazoles 18–21 using hexachloroethane, N,N-diisopropylethylamine and triphenylphosphine in 
acetonitrile at room temperature. Alkenes 18–21 reacted with bromonitrile oxide, generated in situ from 
its stable precursor dibromoformaldoxime (DBF) in the presence of solid NaHCO3 and ethyl acetate, to 
give the final compounds 1a-4a.

Synthesis of derivatives 1b-4b

4-Hydroxybenzaldehyde (22) was treated with the desired alkyl bromide, in presence of K2CO3, to give 
intermediates 23–26. Nitriles 27–30 were synthesised in a one-pot procedure starting from aldehydes 
23–26 by refluxing hydroxylamine hydrochloride and acetic anhydride in pyridine. Afterwards, the 
nitrile-substituted intermediates 27–30 were treated with hydroxylamine hydrochloride and Na2CO3 in a 
refluxing ethanol/water mixture to give amidoximes 31–34. Intermediates 31–34 were converted into 
the corresponding O-acrylamidoximes 35–38 using acryloyl chloride in dry THF. 35–38 were converted 
into the 1,2,4-oxadiazoles 39–42 using a catalytic amount of TBAF in dry THF at room temperature. The 
final compounds 1b-4b were synthesised as reported above for 1a-4a, starting from alkenes 39–42.

Protein expression, purification and characterisation

The expression vector encoding ALDH7A1 (EC:1.2.1.31, Uniprot P49419) was a gift from Nicola 
Burgess-Brown (Addgene plasmid # 38866). The expression vector encoding ALDH4A1 (EC:1.2.1.88, 

https://doi.org/10.1080/14756366.2026.2664708
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Uniprot P30038) was a gift from Jack Tanner and Katrin Rittinger. The plasmids were transformed into 
Escherichia coli BL21 (DE3) cells (Thermo Fisher Scientific, Waltham, MA, USA). Protein expression was 
induced by adding 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and incubating at 20 °C for 20 h. 
Cells were harvested by centrifugation, thoroughly washed, and resuspended in lysis buffer containing 
50 mM Tris, 500 mM NaCl, 20 mM imidazole, 1.5 µM pepstatin A, 0.2 mM benzamidine, 0.2 mM PMSF, 1 mg/
mL lysozyme, pH 8.0. Cell disruption was carried out by sonication. The proteins were purified via immo-
bilised metal affinity chromatography (IMAC) using Talon Superflow™ resin (Cytiva, Marlborough, MA, 
USA), followed by dialysis against a buffer composed of 50 mM Tris, 50 mM NaCl, and 1 mM dithiothreitol 
(DTT), pH 7.8. The purified proteins were then concentrated, snap-frozen in liquid nitrogen, and stored 
at −80 °C in 50 µL aliquots at a final concentration of 70 µM. Protein purity was evaluated by 12% 
SDS-PAGE and densitometric analysis using a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA). 
Protein concentrations were determined by UV-visible absorbance at 280 nm using a Cary 4000 spectro-
photometer (Agilent Technologies, Santa Clara, CA, USA), with an extinction coefficient of 82850 M− 1 cm− 1 
for ALDH7A1 and 80330 M − 1 cm − 1 for ALDH4A1 (ProtParam, ExPASy). Prior to use, aliquots were thawed, 
centrifuged thoroughly, and protein concentration was reassessed spectrophotometrically. Human glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) encoded in a pET28 vector was expressed in E. coli BL21 
(DE3) cells and purified by IMAC chromatography35.

Size exclusion chromatography

The oligomerisation state of ALDH7A1 was analysed by SEC using an Agilent 1260 Infinity HPLC system 
(Agilent Technologies, Santa Clara, CA, USA) equipped with a Zenix-C SEC-150 column (Sepax Technologies, 
Newark, DE, USA). Detection was carried out at 280 nm. The column was equilibrated at 37 °C and devel-
oped in phosphate-buffered saline (PBS) at a constant flow rate of 0.35 ml/min. ALDH7A1 was injected 
at three different concentrations, i.e., 5 μM, 18 μM, and 83 μM. A calibration curve was generated using 
the following molecular weight standards: apoferritin (440 kDa), alcohol dehydrogenase (140 kDa), conal-
bumin (75 kDa), and myoglobin (17 kDa).

Enzyme assays

ALDH7A1 activity was measured using a direct assay based on the NAD+-dependent oxidation of AcH to 
acetic acid. Reactions were carried out with 3 mM NAD+ and 10 mM AcH, and the increase in absorbance 
at 340 nm, corresponding to NADH formation, was monitored using a Cary 4000 UV-Vis spectrophotom-
eter (Agilent Technologies) or a HaloLED 96-well microplate reader (Control Tecnica, Padova, Italy). For 
kinetic analyses, the concentration of AcH was varied at a fixed NAD+ concentration (2 mM), and enzyme 
concentration was set to 1 μM. Kinetic parameters were obtained by fitting the initial velocities (Vo) to 
the Michaelis–Menten equation. ALDH4A1 activity was assessed using Δ1-pyrroline-5-carboxylate (P5C) as 
a substrate in a modified version of the ALDH7A1 assay. P5C was synthesised by periodate oxidation of 
hydroxylysine57. Briefly, 0.164 mmol hydroxylysine was dissolved in 2.33 ml water and cooled to 4 °C in the 
dark. A freshly prepared 3.67 ml solution of 50 mM sodium periodate was adjusted to pH 7.0 and added 
to the hydroxylysine solution. After 8 min on ice, excess periodate was quenched with 58.3 μL of 1 M 
glycerol. The mixture was incubated for 2 min on ice, acidified with 50 μL of 6 N HCl, and P5C concentra-
tion was quantified enzymatically using ALDH4A1, yielding a final concentration of 1.35 mM. Enzymatic 
reactions were conducted with 3 mM NAD+ and 90 μM P5C. GAPDH activity was determined using 1.7 mM 
NAD+ and 92 μM G3P as substrates in a buffered solution containing 10 mM triethanolamine (TEA), 10 mM 
Na2HAsO4, 5 mM EDTA, pH 7.6. The reaction was monitored by UV-vis absorption at 340 nm35. All enzyme 
assays were performed at 37 °C and in at least two independent replicates.

Molecular docking

Molecular docking calculations were carried out in Maestro v12.8 (Schrödinger release 2021–2; 
Schrödinger, LLC, New York, NY, 2025). The co-crystallized ligands and the BDHI covalent library, contain-
ing the 1-4a and 1-4b (R- and S-isomers), were prepared with LigPrep. For each ligand, a single 
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ionisation and tautomeric state was generated based on Epik predictions at pH = 7.0 ± 2.0. Crystal struc-
tures of ALDH7A1 and ALDH4A1 (PDB IDs 4ZUL and 3V9K, respectively) were imported into the Protein 
Preparation Wizard. The protonation state of ionisable residues was assigned at pH = 7.0 using pKa values 
computed by PROPKA, the NAD+ cofactor was modelled by molecular replacement based on structural 
alignment with PDB 4X0T. The resulting system underwent restrained minimisation with default settings 
(OPLS4 force field, heavy atoms were converged to RMSD = 0.30 Å). All crystallographic water molecules 
were removed prior to docking. Covalent docking studies were carried out with Maestro CovDock58, with 
the reactive nucleophile being Cys302 in ALDH7A1 and Cys348 in ALDH4A1, and centreing the grid the 
co-crystallized ligands. In docking, residues of the binding site were kept rigid with the exception of 
Trp175, for which an alternative backbone-dependent rotamer (as observed in PDB 4X0T) was used to 
define an open conformation of the binding site. Aldehydes and semialdehydes were docked using the 
nucleophilic addition to a double bond protocol resulting in the corresponding tetrahedral intermediate, 
while the BDHI library was docked using the nucleophilic substitution protocol on SMARTS BrCl = NOCCl, 
with elimination of the halogen as the leaving group. A maximum of 20 poses was generated per ligand. 
Images were prepared using the PyMOL Molecular Graphics System (Version 3.0 Schrödinger, LLC).

Inhibition assays

Inhibitors were prepared as 50 mM stock solutions in DMSO. Enzymes were incubated at 2.5 μM final 
concentration with test compounds (20 μM final, unless otherwise stated) at 37 °C for 24 h in their respec-
tive buffer systems: 50 mM Tris, 50 mM NaCl, pH 7.8 for ALDH7A1 and ALDH4A1; and 10 mM TEA, 5 mM 
EDTA, 10 mM sodium arsenate, pH 7.6 for GAPDH. Prior stability assays indicated ~50% residual activity 
after 24 h in DMSO; therefore, non-treated controls were included throughout, and results were corrected 
for non-specific activity loss. After incubation, samples were centrifuged, and residual enzyme activity 
was measured using the protocols described above.

LC-MS/MS experiments

To assess which of the 10 cysteine residues in ALDH7A1 reacted with the test compounds, recombi-
nant ALDH7A1 at a final concentration of 50 µM was incubated with 150 µM of 3b for 24 h at 37 °C. 
The reaction was quenched with 1 mM cysteine, and the protein was precipitated overnight in 4 vol-
umes of acetone at −20 °C. Pellets were resuspended in 50 mM Tris, 8 M urea, pH 8.0, supplemented 
with 5.5 mM TCEP and incubated at 30 °C for 2 h. Iodoacetamide was added at 10 mM final concentra-
tion and the mixture incubated at RT in the dark for 30 min. Samples were diluted with 50 mM Tris, 
pH 8.0 to reach a final concentration of 2 M urea and incubated overnight with trypsin 0.016 mg/ml 
at 30 °C. Digestion was stopped with 0.1% TFA. A control sample of ALDH7A1 incubated with DMSO 
in the absence of 3b was processed identically. Peptides were analysed by LC-MS/MS using an Exploris 
480 Orbitrap MS (Thermo Fisher Scientific, USA) coupled to an Ultimate 3000 Nano UHPLC. One µg of 
peptide per injection was loaded in triplicate onto a 75 µm × 500 mm Easy Nano C18 column (ES903, 
Thermo Fisher Scientific, USA). The Easy-Spray source was operated in positive mode (spray voltage 
1.8 kV; ion transfer tube 275 °C; sheath gas 3; aux gas 8; sweep gas 0). Separation was performed at 
45 °C with a 0.25 ml/min flow rate. Mobile phases: A = 0.1% FA in H2O + 3% ACN; B = 0.1% FA in ACN 
+ 3% H2O. Gradient: 4–26% B (2–52 min), 26–50% (52–60 min), 50–95% (60–62 min), held at 95% (62–
65.9 min), re-equilibrated at 4% B. Total run time: 120 min. Data were acquired in Full MS/dd-MS2 
(TOP20) mode over m/z 200–3000 (resolution: 120,000 for MS1; 15,000 for MS2). HCD fragmentation 
was performed (NCE = 28); dynamic exclusion: 55 s; charge states: 2–6. Instrument was calibrated prior 
to analysis. Raw files were processed in MaxQuant v2.6.7.0 with the Andromeda search engine against 
the ALDH7A1 sequence, decoy database, and common contaminants. Search parameters: min. peptide 
length = 7; 1% FDR at PSM, protein, and site level. Variable modifications were oxidation (M), N-term 
acetylation, cysteine carbamidomethylation, and a custom cysteine +285.11 Da modification for 3b 
adducts. Modified peptides were filtered based on: PEP < 0.01, localisation probability > 0.75, locali-
sation score > 40, delta score > 10, and precursor ion intensity > 1 × 108. The same workflow was 
applied to control samples. Fragment ion annotation and match scores were obtained using Skyline59.
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Cell culture

The PCa cells DU145 (#HTB-81, ATCC) and LNCaP (#CRL1740, ATCC) were cultured in an RPMI-1640 cul-
ture medium, supplemented with 10% foetal bovine serum (yourSIAL-FBS-SA, S.I.A.L. Group), 1% gluta-
mine, and 1 mg/mL penicillin/streptomycin (Sigma Aldrich, Milan, Italy). Hs27 cells (#CRL1634, ATCC) were 
cultured in DMEM medium (Gibco™, Thermo Fisher Scientific, Waltham, MA, United States), supplemented 
with 10% foetal bovine serum, 1% glutamine, and 1 mg/mL penicillin/streptomycin. Cells were cultured 
in 10 cm dishes and maintained at 37 °C in an atmosphere of 5% CO2. Hs27 cells were used between 
passage numbers 3 and 15.

Cell viability assay

Cells were seeded in a flat-bottom 96-well plate at 1 × 104 cells/well concentration, in complete medium. 
After 24 h, cells were treated with different concentrations (ranging from 1 μM to 100 μM) of ALDH inhib-
itors for 24 h, in serum-free medium. A DMSO control was used as a vehicle control at the highest con-
centration tested. At the end of the treatment, cell viability for adherent cells was measured by Crystal 
Violet assay60. Briefly, plates were washed with PBS, before incubation with 0.25% aqueous crystal violet 
staining solution for 20 min at RT. Cells were then washed with PBS and resuspended in a 20% Sodium 
Dodecyl Sulphate (SDS) solution. The absorbance (A595 nm) was measured by spectrophotometric anal-
ysis (MultiscanGo, ThermoFisher Scientific). At least three independent experiments were performed for 
each assay condition.

Cell cycle assay

Cell cycle phases (G1, S, G2/M) and the fraction of dead cells, identified by sub-G1 DNA content, were 
determined using propidium iodide (PI) staining followed by flow cytometric analysis, as previously 
reported61,62. Briefly, cells were fixed in 70% (v/v) cold ethanol and stained with PI (50 μg/mL) for 30 min 
at 4 °C in presence of RNase (250 μg/mL). Samples were analysed using a BD LSRFortessaTM X-20 cyto-
fluorometer (BD Biosciences), and the resulting data were processed using FlowJo software (Tree Star, Inc.).

Wound healing assay

DU145 cells were seeded in 6-well plates and cultured in complete growth media until reaching conflu-
ency. A linear scratch was then introduced into the cell monolayer, and detached cells or debris were 
removed by washing with 1x PBS, before incubating with 20 µM of the indicated compounds. Cell migra-
tion was monitored using a Leica DMi8 inverted microscope (Leica THUNDER Imager Live Cell, Wetzlar, 
Germany) under controlled conditions (37 °C, humidified 5% CO2 atmosphere). Phase-contrast images 
were acquired every 20 min for 60 h, using an x10 objective. Image analysis was performed using the 
Wound-Healing Size Tool plugin in the ImageJ software (version 2.1.0/1.53c) with the following settings: 
variance window radius 20, threshold value 20, percentage of saturated pixels 0.001, as previously 
described8. Statistical analyses and graphical representations were generated using R (version 4.2.1) and 
RStudio (version 2021.09.0)63.

ALDH activity in cell lysates

To evaluate the residual ALDH activity in cells pre-treated with 3b or 4b, DU145 cells were grown in 
10-cm dishes for 24 h. The cells were then incubated in RPMI containing 3b or 4b at 20 μM final concen-
tration. After 24 h, the cells were collected, washed twice in PBS, and pelleted by centrifugation. The 
samples were flash-frozen and stored at −80 °C. The cell paste was thawed and resuspended in 150 μL of 
lysis buffer (PBS) and subjected to five freeze-thaw cycles. The resulting cell lysate was centrifuged at 
16,000 × g for 40 min. Total protein concentration in the supernatant was determined by Bradford assay. 
ALDH activity was measured using the enzyme assay described above at 37 °C in a microplate by adding 
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either 20 μL of cell lysate or 20 μL of PBS as a control. Readings at 340 nm were collected over time with 
a HaloLED 96-well microplate reader (Control Tecnica, Padova, Italy). The initial velocities (Vo) were 
obtained by linear fitting of the timepoints and normalised to the protein content of each sample. All 
activity assays on cell lysates were performed at least in triplicate.

Malondialdehyde assays

The OxiSelect™ MDA Adduct Competitive ELISA Kit (Cell Biolabs Inc., San Diego, CA, USA) was used as 
per manufacturer’s instructions. Briefly, samples corresponding to 11.5 µg of total proteins (Bradford 
assay) were added to each well. All the antibody incubations and the reaction with the Substrate Solution 
were performed at room temperature, and PBS was used as control. The colorimetric reaction was carried 
out for 10 s before the Stop Solution was added. A standard calibration curve was generated using MDA 
adduct concentrations of 1500, 750 and 375 pmol/mL, as described in the product manual. After the 
incubation, readings at 450 nm were collected with a HaloLED 96-well microplate reader. All MDA mea-
surements on cell lysate were performed in at least three independent replicates.
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