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ARTICLE INFO ABSTRACT
Keywords: In this work, a series of N-allyl-5-arylidene-rhodanine derivatives was prepared and their reactivity evaluated as
Rhodanine dipolarophiles in 1,3-dipolar cycloaddition reactions. Cycloadducts of series 5 were obtained using sarcosine and

[3 + 2] cycloaddition
Spiro compounds
Antitumoral

5-nitroisatin as precursors, while reactions with sarcosine and 2-pyridinecarboxaldehyde afforded new 2-pyridyl-
substituted spiro derivatives (series 7). All compounds from both series were fully characterized and screened for
Molecular docking their in vitro anticancer activity against the following five human cancer cell lines: A2780 (ovarian carcinoma),
Molecular dynamics A549 (lung adenocarcinoma), MDA-MB-231 (breast carcinoma), NCI-N592 (small-cell lung cancer), and A431
ADMET (epidermoid carcinoma). Several derivatives exhibited pharmacologically relevant ICsg values, with compounds
5b and 7b demonstrating noteworthy antiproliferative activity in A549 cells, a standard model for non-small cell
lung carcinoma. The apoptotic potential of the most active compounds was further confirmed by Annexin V/PI
assays in A549 cells. Using baicalein as a reference inhibitor, both compound series were also subjected to
molecular docking studies targeting the human enzyme 15-lipoxygenase-2 (h15-LOX-2), implicated in cancer-
related pathways. In general, a consistent trend was observed between the antiproliferative activity of the
compounds and their predicted inhibition of h15-LOX-2, as inferred from docking analysis of 28 structures,
including the 10 final allyl rhodanine-based compounds and their required precursors. To further evaluate target
engagement, molecular dynamics (MD) simulations were performed for the most active derivatives, providing
mechanistic insight into binding-pocket rigidification and conformational stability. In addition, in silico ADMET
predictions were carried out to assess the developability profile of the lead candidates. The integrated chemical
synthesis, biological evaluation, and computational modeling provided key insights into the reactivity, bioac-
tivity, and structure-activity relationships of the synthesized compounds.

1. Introduction antidiabetic [2], antiviral [3], anti-inflammatory [4], antimicrobial
[3,5], antimalarial [6], antifungal [7], anti-HIV [8], antidepressant [9],

The heterocycle scaffold rhodanine, also known as 2-thioxo-4-thiazo- and anticancer properties [3,10-13].
lidinone, represents a highly versatile structural motif widely employed Among the various strategies available for synthesizing new rhoda-
in the synthesis of derivatives exhibiting diverse biological and phar- nine derivatives, 1,3-dipolar cycloaddition (or [3 + 2] cycloaddition)
macological activities (Fig. 1) [1]. Reported activities include reactions stand out as a powerful and versatile approach for
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incorporating five-membered heterocycles into their core structure
[14,15]. In these reactions, rhodanine derivatives typically serve as the
unsaturated 2n-electron component (dipolarophile), while azomethine
ylides are usually used as the three-atom component (1,3-dipoles)
[16-20]. Among these, azomethine ylides are particularly valuable for
synthesizing spirooxindoles and pyrrolidinylpyridine-type derivatives.
For example, spirooxindoles can be synthesized from azomethine ylides
generated in situ from sarcosine and isatin through reaction with various
dipolarophiles [21]. These compounds are of significant interest due to
their potential therapeutic activities (Fig. 1), such as spirooxindoles
exhibit anticancer, antiviral and antibacterial properties [22-26],
underscoring their importance in medicinal chemistry.

Given the importance of lipid metabolism and regulated cell death in
cancer, many anticancer compounds exert their effects by targeting
enzymes involved in these processes. Among these, lipoxygenases
(LOXs) have attracted significant attention due to their critical role in
the metabolism of polyunsaturated fatty acids and modulation of cell
death pathways. These enzymes, which contain non-heme iron, are
responsible for the regio- and stereospecific incorporation of molecular
oxygen into polyunsaturated fatty acids that possess at least two isolated
cis double bonds, such as arachidonic acid (AA) [27,28]. This catalytic
process produces optically active hydroperoxide derivatives. In humans,
six lipoxygenase (LOX) isoforms have been characterized: 5-lipoxyge-
nase (5-LOX), 12R-lipoxygenase, 12S-lipoxygenase, 15-lipoxygenase-1
(15-LOX-1), 15-lipoxygenase-2 (15-LOX-2), and epidermal
lipoxygenase-3. These enzymes are classified according to the position at
which they insert oxygen into the substrate [27,28]. For instance, 15-
LOX converts the common substrate AA to 15-hydroperoxyeicosatetrae-
noic acid (15-HPETE) by oxygenating at carbon 13, whereas 5-LOX
targets carbon 7 to yield 5-HPETE. Alterations in the levels of 15-LOX-
2 expression have been reported in human renal and breast cancers
[29]. Furthermore, recent studies indicate that h15-LOX-2, along with
other LOX isoforms, may participate in ferroptosis, an iron-dependent
cell death mechanism associated with lipid peroxidation [30].

Following the work of Murugan et al. [17], who first reported the
reactivity of 5-arylidene-rhodanine derivatives with azomethine ylides
generated from isatin and sarcosine, and considering the well-
established anticancer potential of rhodanine-based frameworks, we
aimed to evaluate both the impact of an N-allyl substituent on the
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reactivity of 5-arylidene-rhodanine derivatives of type 3 (vide infra
Scheme 2) with azomethine ylides and the anticancer activity of the
obtained cycloadducts. In the initial studies, the azomethine ylide
generated from sarcosine and 5-nitroisatin was used as a model system.
This strategy was then extended to the synthesis of new pyridyl-spiro
derivatives using the azomethine ylide generated from 2-pyridinecar-
boxaldehyde and sarcosine (vide infra Scheme 3). The selection of this
pyridine-based aldehyde was motivated by the synthetic versatility and
biological relevance of the pyridyl scaffold in bioactive compounds
[31-35].

All derivatives from each series were further evaluated for their
anticancer activity against five human cancer cell lines: ovarian carci-
noma A2780, lung adenocarcinoma A549, breast carcinoma MDA-MB-
231, small-cell lung cancer NCI-N592, and epidermoid carcinoma
A431, to provide a comprehensive evaluation of their biological po-
tential. The apoptotic activity of the most promising derivatives was
further investigated by Annexin V/PI staining in A549 cells. In light of
the observed anticancer activity, molecular docking studies, including
baicalein as a reference inhibitor, were conducted to explore potential
molecular targets underlying their bioactivity. In the context of cancer-
related pathways, particular attention has been directed towards the
lipoxygenase enzymes (LOXs), especially h15-LOX-2, owing to their
well-established roles in lipid peroxidation, inflammation, and tumori-
genesis. The most active derivatives were further analyzed by molecular
dynamics (MD) simulations to assess binding stability and conforma-
tional behavior at the h15-LOX-2 active site, and their physicochemical,
pharmacokinetic, and toxicity (ADMET) properties were predicted in
silico to support a developability assessment.

2. Results and discussion
2.1. Synthesis of dispiro-indole-pyrrolidine-rhodanine conjugates 5

The reactivity of rhodanine scaffolds 3 (Scheme 1), bearing allyl
functionalities, was first investigated using the azomethine ylide
generated from sarcosine and 5-nitroisatin (Scheme 2). This dipole was
selected based on previous studies involving analogous rhodanine de-
rivatives lacking substitution on the nitrogen atom of the 2-thioxothia-
zolidin-4-one ring [17]. This comparative approach enabled a more

Antiflammatory

This work:

Ar = 4-Me-CgHy; 4-OMe-CgHy; 4-CI-CgHy;
2-pyridyl; 2-furyl

Fig. 1. Examples of bioactive compounds based on rhodanine and spirooxindole, heterocyclic scaffolds and the structures of the spiro compounds designed in the

scope of this work.
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a, Ar = 4-Me—CGH4

S N 0 b, Ar = 4-OMe-C6H4
THF. A c, Ar= 4-C|-C6H4
N 8.20 h \ d, Ar = 2-pyridyl
1 Ar A e, Ar = 2-furyl
2a-e 3a-e

Scheme 1. Synthetic access to the initial scaffolds of type 3.
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Scheme 2. Products obtained in the reaction of rhodanine scaffolds 3a-e with the azomethine ylide generated from 5-nitroisatin and sarcosine.

effective evaluation of the impact of the newly introduced functional
group. These derivatives were synthesized by following the approach
previously described by El Ajlaoui et al., which involves the reaction of
3-allylrhodanine with the appropriate 2-aryl/heteroarylidene-4-methyl-
5-oxopyrazolidinium ylides [36].

The reactions with the azomethine ylide generated from 5-nitroisatin
(1 equiv) and sarcosine (1 equiv) were performed in the presence of
derivatives 3a-e and were carried out in a refluxing mixture of tetra-
hydrofuran (THF) and methanol (1,1). The reaction progress was
monitored by TLC, and complete consumption of the starting reagents
was observed after approximately 12 h. The solvents were evaporated,
and the crude products were purified by column chromatography using
a chloroform-petroleum ether mixture. After crystallization, the pure
main products 5a—e were isolated with yields ranging from 50% to 66%.

The molecular structures of dispiro-indole-pyrrolidine-rhodanine
conjugates 5a—e were clearly established through comprehensive spec-
troscopic analysis, including 1D and 2D NMR, UV-Vis, FTIR and mass
spectrometry. Detailed data are provided in the Supporting Information
(see Experimental Section and Figs. S1-S30). The observed regiose-
lectivity aligns with previous results obtained by other groups working
with similar rhodanine scaffolds that lacked the N-allyl functionality
[20,36,37]. It is worth noting that derivatives 5a—e were isolated as a
pair of enantiomers with R,R,R and S,S,S configurations.

For instance, in the 'H NMR spectrum of compound 5¢, the reso-
nance of the benzylic proton (Hp) appears as a doublet of doublets at §
4.61 ppm (J = 9.7, 7.9 Hz), while the diastereotopic protons H, of the
pyrrolidine ring appear as a triplet at § 4.04 ppm (J = 9.7 Hz) and
doublet of doublets at § 3.67 ppm (J = 9.7, 7.9 Hz). These data un-
equivocally confirm the regioselectivity observed in the reaction. The
presence of multiplets, at 5 5.48-5.36 and 5 4.99-4.88 ppm due to the N-
allyl protons H-2" and H-3" respectively and of the two doublet of dou-
blets at 5 4.47 ppm and § 4.37 ppm attributed to the CH; protons of the
same unit confirm the absence of reaction involving the double bond of
the allyl unit. The aromatic protons of the p-chlorophenyl unit appear as
a multiplet at ca. § 7.3 ppm, while a broad singlet at § 8.03 ppm is
attributed to the NH proton of the oxindole group.

In the 13C NMR spectrum of cycloadduct 5¢, key peaks are observed
at § 196.9 ppm, assigned to the resonances of the thiocarbonyl, while the
peaks at § 176.6 ppm and § 176.4 ppm are attributed to the resonances of
the two cyclic amide carbonyl carbons. Signals at § 73.2 ppm and § 79.2
ppm are assigned to the resonance of the spiro carbons (C. and Cq
respectively). The 'H and '3C NMR profiles of the other adducts are
similar to that of 5¢, with the main differences arising from the nature of
the different aryl/heteroaryl substituents. Absorption spectra of de-
rivatives 5a-e show a similar profile with a strong absorption band
ranging from 302 to 307 nm and a less intense band at around 450 nm
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(Fig. S30).

The structure of the new derivative 5¢ was further confirmed by ESI
(+) mass spectrometry, which showed a peak at m/z 515.0 corre-
sponding to the expected [M + H] " molecular ion. For the other adducts,
the molecular structure was also confirmed by the presence of the ex-
pected protonated molecular ion. It should be noted that attempts to
obtain products from further reaction at the allyl bond using an excess of
azomethine ylide, generated from S5-nitroisatin and sarcosine, were
unsuccessful.

2.2. Synthesis of 2-pyridyl-substituted spiro-pyrrolidine-rhodanine
conjugates 7

Given that pyridyl-based heterocycles can be easily synthesized by
exploring the reactivity of various dipolarophiles with azomethine
ylides derived from sarcosine and 2-pyridinecarboxaldehyde [38] and
building on the adducts obtained in previous studies, we decided to
explore 5-arylidene allylrhodanine scaffolds to develop new pyridyl-
spiropyrrolidine-rhodanines.

The cycloaddition reactions with the scaffolds 3a-e were carried out
in refluxing toluene in the presence of pyridine-2-carbaldehyde and
sarcosine. After 12 h, TLC analysis confirmed the consumption of the
reactants and the formation of a major new product (Scheme 3). The
solvent was then removed under reduced pressure, and the residue was
recrystallized from methanol to afford pure products 7a-e in yields
ranging from 64% to 77%.

The structures of the spiropyrrolidine-rhodanine conjugates 7a-e
were unambiguously established by comprehensive spectroscopic
analysis, including 1D and 2D NMR, UV-Vis, FTIR, as well as mass
spectrometry. Full characterization data are available in the Supporting
Information (see Experimental Section and Figs. S31-S59).

In this adduct series, the formation of the regioisomers 7a-e was
confirmed by the 'H NMR analysis. For instance, in 7a (Scheme 3), the
proton Hyp from the pyrrolidine unit appears in the multiplet at §
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4.56-4.46 ppm together with the protons H-1", while the diastereotopic
protons H, appear as a doublet of doublets at § 3.78 ppm (J = 10.1, 8.2
Hz) and as a triplet at § 3.23 ppm (J = 10.1 Hz); proton H, appears as a
singlet at § 4.67 ppm. In the aliphatic region the singlets at § 2.54 ppm
and § 2.33 ppm were assigned to the CH3 linked to the aromatic ring and
to the nitrogen from the pyrrolidine unit. The presence of a multiplet at §
5.83-5.75 ppm due to the resonance of H-2" and of a triplet at § 5.23
ppm due to the H-3" confirmed the presence of the allylic chain. As
before, the peaks at 199.5 ppm and 175.7 ppm in the 13C NMR spectrum
of cycloadducts 7a—e confirmed the absence of reaction at the thio-
carbonyl and carbonyl carbons. The carbon peaks at around 6 75 ppm
were assigned to the resonance of the spiro carbon of each compound.
NMR spectra of the other adducts followed a similar profile. All com-
pounds of the spiropyrrolidine-rhodanine conjugates series 7a-e
exhibited similar UV-Vis spectra with an absorption band maximum at
around 305 nm (Fig. S59). Both series of compounds (5a-e and 7a-e)
exhibited high structural stability in DMF solutions. For each derivative,
the presence of a peak in its mass spectrum corresponding to the ex-
pected protonated molecular ion [M + H]' confirmed its molecular
formula. Altogether, this validated the successful synthesis of this new
series of 2-pyridyl derivatives.

2.3. Crystallographic studies

Crystallographic studies of compound 7c reveal that the molecular
units present in the crystal structure correspond to a racemic mixture
between the (S,S,S) and (R,R,R) isomers (see Fig. 2 with the chiral
centers being represented by an asterisk). Though the synthesis could
lead, in theory, to eight possible isomers, a powder X-ray diffraction
pattern of the bulk material of 7c (Fig. S60) clearly shows that the
determined crystal structure corresponds to the whole of the obtained
compound from the synthetic procedure described in the experimental
section.

With the absence of specific groups capable of strong hydrogen

/O
B
=

Scheme 3. Structures of products 7a—e obtained in the reaction of rhodanine scaffolds with the azomethine ylide obtained in situ from pyridine-2-carbaldehyde

and sarcosine.
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Fig. 2. Schematic representation of the molecular unit present in compound
7c. Asymmetric centers are depicted by an asterisk. Please note: the configu-
ration shown is the (S,S,S) enantiomer; the crystal structure also contains the
(R,R,R) enantiomer. Non-hydrogen atoms are represented as thermal ellipsoids
drawn at the 30% probability level and hydrogen atoms as small spheres with
arbitrary radii.

bonding interactions, the crystal packing of 7¢ in the solid state is mostly
mediated by the need to effectively fill the available space, with only a
handful of weak supramolecular interactions (not shown).

2.4. Antiproliferative activity of compounds 5a—e and 7a—e in human
cancer cell lines and apoptosis

The antiproliferative activity of the ten compounds 5a-e and 7a-e
was evaluated by using the MTT assay on five human cancer cell lines
A2780 (ovarian carcinoma), A549 (lung adenocarcinoma), MDA-MB-
231 (breast carcinoma), NCI-N592 (small-cell lung cancer), and A431
(epidermoid carcinoma). The assessment followed a two-step protocol.
In the first step, each compound was tested at a single concentration of
30 pM, considered here as the upper limit for a pharmacologically sig-
nificant ICso. The second step, using a concentration range (serial di-
lutions), was applied only to those compounds that, at 30 M, were able
to reduce cell proliferation to values equal to or lower than 50% of the
untreated controls and were active in at least two cancer cell lines.

In the initial screening, only 6 out of 10 compounds (5a-5e and 7b)
met the selection criterion, showing percent cell proliferation at 30 pM
lower than 50% of controls (Table 1). In particular, 5a—e and 7b showed
significant antiproliferative activity against A2780 ovarian carcinoma
cells. Compounds 5a, 5b, 5d, 5e and 7b were also active against A549
lung adenocarcinoma cells, while 5b and 5c significantly inhibited
proliferation of MDA-MB-231 breast cancer cells. Finally, compound 5¢
was active against NCI-N592 small-cell lung cancer cells, while com-
pounds 5b-5d appeared to be active against A431 epidermoid carci-
noma cells, although their ICso values were borderline with respect to
the arbitrary threshold defined above (Table 1).

To confirm these preliminary results and determine the ICsg values of
compounds 5a-e and 7b, these compounds were further tested using the
same cancer cell lines exposed to a concentration range (see Fig. S61).

In general, the results obtained in this second step of antiproliferative
analysis (Table 2) corroborated the initial observations. Pharmacologi-
cally significant ICsy values were obtained for compounds 5a and 7b
against A2780 and A549 cells; for 5b against A2780, A549, and MDA-
MB-231 cells; for 5c against A2780, MDA-MB-231, and NCI-N592
cells; for 5d in A2780 cells with a borderline ICsy value in A549; and
for 5e in A2780 and A549 cells, with a borderline ICso value in MDA-
MB-231 cells. Notably, also in this case, none of the tested compounds
showed significant activity against the A431 cell line, and only com-
pounds 5b-d, exhibited ICso values close to the arbitrary 30 pM
threshold.

The results obtained in A549 with 5a, 5b and 7b, namely the latter
two, are particularly noteworthy, as they suggest relevant
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Table 1

Percent proliferation of A2780, A549, MDA-MB-231, NCI-N592, and A431 cells
treated with 30 pM of each compound 5a-e and 7a—-e. Values are expressed as
percentage of untreated control (100%) =+ standard deviation.

Compd  Cell line
A2780 A549 MDA-MB-  NCIN592  A431
231

5a 2<462.0f) 12\;3a 1767.5 29 55323  533+97 ‘2_‘22 *
a  geiees M7hw mess ., S
W MRS aine S s b
5d 33()? £57< 1065.; 56 532130 s5.4+28 327 *
Se g%‘z £67< 396477 527438 986497 3.37.9 =
TR e e e s
7b éf‘dif 27 < 2<06§0§12.5 515437 504456 ;35;0 =
7c g?o.? £38< 54432 766480 Zg * ?3:2 =
7d 3_20'2 £34< 7324105 717+56 ND ND

7e 3,80'2 £45< 70141 784457 ?g:: * 2.342 *

@ Numbers express the percent proliferation at 30 pM concentration of each
compound compared to untreated controls (100%). Values significantly lower
than 50% indicate possible ICsq values lower than 30 pM. b p_values were ob-
tained by the one-sample t-test (reference value: 50%). ND — Not determined.

Table 2

Evaluation of ICsq values (pM) of the active spiropyrrolidine-rhodanine com-
pounds 5a-e and 7b against A2780, A549, MDA-MB-231, NCI-N592, and A431
tumor cell lines, and against PBMNCs as a normal-cell reference.

Compd  Cell line PBMNC
A2780 A549 MDA- NCL A431
MB-231  N592
114+ 229+
5a 2.3 43 > 30 >30 >30 ‘1‘50'4 +
<0.001°  <0.05 :
208 + 101+ 203+ 27.0 +
b +1.
5 6.0 24 2.8 >30 asbns O3 ELS
179+ 286+
5¢ ;93'8 + > 30 ;7; + 2.9 2.8° 90 + 6.2
: : <001 NS
26.4 +
5d 210+ 201+ g ~30 11.5° 83+ 4.9
3.3 5.2
NS
16.6 + 246+ 318+ 139 +
Se 4.6 6.1 2.4° >30 >30 13
208 + 12.8 +
7b o . > 30 >30 >30 51423

2 p values were obtained by the one-sample t-test (reference value: 30 pM). °
Borderline value. NS — Not statistically significant (p > 0.05)

antiproliferative activity against a cell line that is a typical cell model of
non-small cell lung cancer (NSCLC). Indeed, these neoplasms represent
about 85% of all lung cancer and are one of the leading causes of cancer-
related deaths worldwide, primarily as a consequence of smoking [39].
Similarly, the activity observed for compound 5c¢ in NCI-N592 small-cell
lung cancer cells is of interest and warrants further investigation, given
the characteristic initial responsiveness of this tumor type to treatment
followed by frequent relapse after variable periods.

In a series of parallel experiments aimed at assessing a possible
selectivity index (SI) towards cancer cells, peripheral blood mono-
nuclear cells (PBMNCs), stimulated with 1% PHA and IL-2, were treated
with the active compounds. The SI was calculated as the ratio between
the ICso obtained in PBMNCs and the pharmacologically relevant ICsg



R. Er-raqioui et al.

(< 30 pM) obtained in the cancer cell lines for each compound. The
results obtained (Table 2) indicate SI values ranging from 3.3 to 8.4 for
our compounds, with the exception of 5a, which exhibited a marked
inhibitory effect on cell proliferation across all PBMNC preparations
tested. While this finding indicates a low selectivity index, it also opens
the possibility of further investigating this compound, particularly in
leukemic cells or in bone marrow blasts derived from leukaemia patients
cultured in semisolid media, to evaluate its potential anti-leukemic
activity.

To further characterize the cytotoxic potential of our lead com-
pounds, we investigated the apoptotic effects of compounds 5a, 5b, and
7b in A549 cells, where these molecules demonstrated significant bio-
logical activity. The results revealed that all tested compounds induced
necrosis and apoptosis in both a concentration- and time-dependent
manner, although not always in a strictly statistically significant
manner. Among the evaluated derivatives, compound 5a exhibited the
highest apoptotic activity at pharmacologically relevant concentrations
corresponding to the ICsp and ICys values (Table 3 and Fig. S62).

2.5. Molecular docking

Considering the role of 15-LOX-2 in cancer promotion, as stated in
the Introduction, it can be hypothesized that 15-LOX inhibitors may be
considered promising chemotherapeutic agents. To explore this possi-
bility, molecular docking studies were performed to elucidate the
binding interactions of the ten newly synthesized allyl spiropyrrolidine-
rhodanine-based derivatives 5a-e and 7a-e and their precursors,
together with a docking control ligand ((hydroxyethyloxy)tri(ethyloxy)
octane), the natural substrate arachidonic acid (AA) and the reference
inhibitor baicalein, against the human 15-LOX-2 (h15-LOX-2) enzyme
(PDB ID: 4NRE) [40]. Baicalein was selected as the reference compound
due to its well-documented inhibitory activity against human lip-
oxygenases including h15-LOX-2, with a reported ICsg value of 38 pM
[41]. Furthermore, it has demonstrated cytotoxic activity against several
human cancer cell lines, with reported ICsg values of 46.23 pM (A2780)
[42], 20 pM (A549) [43], and 44 pM (MDA-MB-231) [44]. The com-
pounds tested included i) the starting allyl rhodanine 1; ii) the five 2-
aryl/heteroarylidene-4-methyl-5-oxopyrazolidinium ylides derivatives
2a-e and the corresponding 3-allylrhodanine key precursors 3a-e; iii)
the azomethine ylide 4 and the resulting dispiropyrrolidine derivatives
5a-e obtained from its reaction with compounds 3; iv) the azomethine
ylide 6 and the resulting 5-arylidene allylrhodanine derivatives (7a—e)
obtained from its reaction with compounds 3. The results from molec-
ular docking simulations performed using AutoDock Vina software
against the h15-LOX-2 enzyme are summarized in Table S1 of the Sup-
plementary Data. Fig. 3 displays the best-docked pose of the docking
control ((hydroxyethyloxy)tri(ethyloxy)octane) (A), of the substrate AA
(B) and of the baicalein (C) on the h15-LOX-2 enzyme obtained using
AutoDock Vina.
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Similar binding poses were observed for the docking control ligand
and AA, as shown in Fig. 3. Both ligands exhibited hydrophobic in-
teractions with the catalytic residues Phe365, Leu420, and Val603, in
agreement with the findings reported by Viviani et al. [45]. In contrast, a
slightly different binding mode was observed for the reference com-
pound baicalein, which exhibited hydrophobic interaction only with the
catalytic residue Leu420. To validate the docking protocol, the co-
crystallized ligand in PDB ID 4NRE was re-docked. PyMOL was used
to align the protein backbones and to superimpose the docked and
crystallographic ligand poses. The resulting root-mean-square deviation
(RMSD) was 1.031 A, indicating good agreement. A flexible molecular
docking study using AutoDock Vina was performed to virtually screen
the allyl rhodanine-based derivatives of both series 5 and 7 and their
precursors to identify the most favorable binding interactions. The
predicted binding affinities (AutoDock Vina scores, expressed in kcal/
mol), obtained within the defined search space coordinates, are sum-
marized in Table 4 for the top derivatives 5a-e and 7a-e, the docking
control ligand ((hydroxyethyloxy)tri(ethyloxy)octane), AA and the
reference compound baicalein.

As shown in Table 4, the most promising allyl rhodanine-based de-
rivatives are those exhibiting the most favorable Vina scores. Notably,
four derivatives from series 5, namely 5a, 5¢, 5b, and 5e, demonstrated
docking scores equal to or lower than —7.9 kcal/mol (specifically —8.6,
—8.4, —8.3, and — 7.9 kcal/mol, respectively). In contrast, none of the
five derivatives from series 7 exhibited scores equal to or below —7.9
kcal/mol. Fig. 4 shows the four most probable lead-like h15-LOX-2 in-
hibitor poses, including 5a, 5b, 5¢ and Se.

The four derivatives of the 5 series have similar binding poses, with
all derivatives displaying two hydrogen-bond interactions between the
5-nitroindolin-2-one moiety and the GIn425 residue, as illustrated in
Table 4 and Fig. 4. As shown in Fig. 5, derivative 5a and all allyl
spirorhodanine-based derivatives and their precursors exhibit different
binding poses to the docking control ligand and AA. In contrast, these
compounds exhibited binding poses highly similar to that of the refer-
ence compound, baicalein, as illustrated in Table 4 and Figs. 4 and 5.
Notably, a hydrogen bond interaction with the GIn425 residue was
observed for the derivatives of series 5 (except for derivative 5d) and
baicalein. Additionally, hydrophobic interactions were identified be-
tween certain derivatives (5a and 5c¢), as well as baicalein, and the
catalytic residues Leu420 and Ala606.

2.6. Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations performed with OpenMM
[46-48] were used to investigate the stability, conformational behavior,
and interaction persistence of the h15-LOX-2-ligand complexes selected
as top candidates from molecular docking and biological evaluation.
These simulations were carried out for the four allyl rhodanine-based
derivatives (5a-c¢ and 7b) as well as for the reference inhibitor

Table 3
Evaluation of apoptosis by the annexin-V/PI test in A549 cells exposed to the ICso and IC;5 concentrations of active compounds.
Incubation ICso
Ti
ime Control 5a 5b 7b 7a (30 pM)
Necr® Apob Necr Apo Necr Apo Necr Apo Necr Apo
24 h 9.2+35 7.6 £ 0.6 10.0 £ 2.0 6.0 £ 0.5 6.9 £0.2 6.4 £ 0.9 6.4 +£0.3 59+0.7 11.8 £1.8 6.4 +1.6
48h 7.0£3.9 54 +£35 18.1 £5.0 8.0+1.1 15.5£5.2 45+1.3 7.1+£31 52+17 16.9 £ 4.6 6.3 £3.5
p value® <0.05 <0.05
. IC7s
In;‘ilrzztmn Control 5a 5b 7b
Necr Apo Necr Apo Necr Apo Necr Apo
24 h 9.2+35 7.6 £ 0.6 11.8+ 0.8 9.3+ 0.5 10.0 £ 0.8 13.2+ 1.0 16.4 + 6.5 9.8+ 1.3
48 h 7.0 £ 3.9 54 +35 11.0+7.0 34.5+5.2 30.3 £3.9 18.5 £ 2.9 21.5+£5.2 11.5+ 3.8
p value <0.01 <0.01 <0.01 <0.02

Necr - stands for necrosis. Apo - stands for apoptosis. - the numbers express the percentage of necrotic cells. ° - the numbers express the percentage of apoptotic cells as
the sum of early and late apoptotic cells. c - P-values were obtained by the student's t-test, as compared to control.
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LEU-419
LEU-420

ARG-429 \‘

Fig. 3. Schematic representations of h15-LOX-2 overall structure and the active site's cavity, which is highlighted in orange. The catalytic iron is represented by a
green sphere. The residues that coordinate Fe>* (His-373, His-378, His-553) and the residues of the active site's cavity are also shown. The interaction profile of the
best-docked pose for A) the docking control ligand ((hydroxyethyloxy)tri(ethyloxy)octane), for B) the substrate (AA) and for C) baicalein against the h15-LOX-2
enzyme. The hydrophobic interactions are represented by black dash lines, while the H-bond interactions are indicated by blue continuous lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

Predicted binding affinities (AutoDock Vina score; kcal/mol) and the detailed interactions established upon docking of the ten selected allyl rhodanine-based de-
rivatives, the docking control ligand ((hydroxyethyloxy)tri(ethyloxy)octane), AA, and baicalein against the enzyme.

Scaffold series Substituents Name Vinascore' (kcal/  Interactions

A Mol
(An) oh Hydrophobic residues H-bond and other residues
‘ 4-me-CgHy 5a —8.633 Ala188, Phel92, Leu420, Val426, Ala606 Gln425(2)*
ONE M 4C'(})IM6' 5b -8.315 Tyr185, Phel92 (2)2, Leu420, Leu605 Gln425(2)?
2 0 6114
i ¥ ,‘f"; 4-cl-CeHy 5¢ -8.362 Phe192, Leu420, Val426, Ala606 Gln425(2)2
2-pyridyl 5d —7.022 Phe192(3)?, Leu419(2)? -
N
HNTXG\ 2-furyl Se -7.932 Phe192 (3)? Leu420 GIn425(2)*
| 4-me-CeHy 7a ~7.227 Phe192(3)% Leu605, Leu610 8% Phel84
H ‘é‘%Me' 7b —7.084 Phe192, Leu419, Leu609, Leu610 Arg429
s N_o 6Ha
ﬁ/ \\@ 4-cl-CgHy 7c -7.619 Phel84, Alal188, Phel92, Leu415, Ala416, Leu420, Leu605, Leu610 -
Arf‘" <y N 2-pyridyl 7d -7.371 Phe184, Phe192(2)?, Leu419(2)? Arg429
H AN 2-furyl 7e —7.634 Phel84, Phe192, Leu420, Leu605(2)2, Leu609, Leu610 -
. . 2
Doc?{mg control ligand (hydroxyethyloxy) _5.729 Phe365, Glu369(2)“, Leu420, Val426, Thr431, Phe438, Val603, Ala606, Glu369, Ala606
tri(ethyloxy)octane) Leu607
AA _7.399 Phel84, Phe365, Glu369, Leu374, Ile412, Leu415, Ala416, Leu420, Val427, B
) Thr431, Phe438, Val603, Leu607
Baicalein —8.482 Phel84, 1le412, Leu415, Leu419, Leu420, Ala606, Leu610 GIn425(2)?, Arg429, Asp602

! AutoDock Vina score (predicted affinity). 2 Multiple interactions. * n-Stacking interactions.

baicalein. Fig. S63 in the Supporting Information presents the root-
mean-square fluctuation (RMSF) profiles for all h15-LOX-2-ligand
complexes, enabling a comparative assessment of residue-level flexi-
bility across the series. Table 5 summarizes the RMSF values specifically
within the binding-site for each complex, highlighting how different
ligands modulate local dynamics and pocket rigidity.

Local flexibility analysis based on RMSF shows that baicalein and

compound 5c markedly rigidify the h15-LOX-2 binding pocket, exhib-
iting low mean RMSF values over the binding-site residues (Table 5) of
0.53 A and 0.47 A, respectively. These values contrast with the higher
average RMSF observed for compound 7b (0.65 A), highlighting the
more compact and structurally constrained active-site architecture
induced by baicalein and 5c. This rigidification is further supported by
the reduced variation in radius of gyration (Rg) observed for these
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Fig. 4. Interaction profiles of the best-docked poses for compounds 5a, 5b, 5¢ and 5e. Black dashed lines indicate hydrophobic interactions and blue continuous
lines indicate H-bond interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Schematic representations of h15-LOX-2 overall structure and the active
site's cavity, which is highlighted in orange. The catalytic iron is represented by
a green sphere. The residues that coordinate Fe’* (His373, His378, His553) and
the residues of the active site's cavity are also shown. The interaction profile of
the best-docked pose for the AA and derivative 5a against the h15-LOX-2
enzyme. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

complexes, with values of 0.41 A for compound 5¢ and 0.39 A for bai-
calein, compared with 0.50 A for 7b, indicating a more compact and
conformationally constrained global fold. Compound 5b induces an in-
termediate effect, stabilizing most residues while allowing localized
flexibility in specific loop regions. In contrast, compounds 5a and 7b
increase the mobility of key active-site residues, generating a more dy-
namic (“breathing”) binding pocket that samples a broader conforma-
tional space (with 7b generally showing the highest flexibility overall
across the binding-site residues listed). Global structural behavior
assessed through root-mean-square deviation (RMSD) further reinforces
these distinctions. Baicalein, despite rigidifying the pocket, allows the
protein to explore two distinct global conformational substates, as evi-
denced by its broader and bimodal RMSD distribution (1.0-1.6 Z\, see
Fig. S64 in the Supporting Information). This suggests that baicalein
induces local stabilization while permitting larger-scale rearrangements

of the protein scaffold. Compound 5a maintains a single, moderately
flexible conformational state, with RMSD values confined to a narrower
range (0.9-1.3 A), indicating a globally stable but locally more dynamic
complex. Compound 5¢ produces the most rigid and conformationally
homogeneous complex: after an initial equilibration phase, its RMSD
remains tightly clustered around 1.0-1.3 A with no evidence of multiple
conformational basins. These observations align with its low RMSF
values and its role as the strongest pocket-rigidifying ligand in the series.
Together, RMSF, Rg and RMSD analyses demonstrate that local pocket
rigidity and global conformational homogeneity act synergistically to
define the structural impact of each inhibitor. These mechanistic dif-
ferences may contribute to the cytotoxicity profiles observed across the
A2780, A549 MDA-MB-231 and NCI-N592 cancer cell lines (see
Table 2). Compound 5c¢, the most rigidifying analogue, displays strong
activity in both MDA-MB-231 (IC5p = 17.4 pM) and NCI-N592 (ICsg =
17.9 pM, p < 0.01) cells, which is compatible with a binding mode that
enforces a highly constrained and well-defined active-site geometry. The
activity of 5¢ in NCI-N592, the only compound reaching a pharmaco-
logically significant ICsq in this small-cell lung cancer model, further
supports the link between pocket rigidification and effective enzyme
inhibition. Compound 5b, which induces moderate flexibility, shows the
highest potency in A549 cells, suggesting that partial pocket adapt-
ability may be advantageous in this cellular context. In contrast, com-
pounds 5a and 7b, which generate the highest local mobility in the
binding site, exhibit more pronounced cell-line selectivity: 5a is most
effective in A2780 cells (ICsgp = 11.4 pM), while 7b shows preferential
activity in A549 cells relative to a more reduced activity in other cell
lines. This pattern suggests that ligands inducing intermediate-to-high
pocket rigidity (baicalein, 5¢) tend to promote a well-defined binding-
site geometry but do not necessarily translate into uniformly higher
cytotoxicity across cell lines, whereas ligands associated with higher
binding-site flexibility (5a, 7b) support more selective, context-
dependent activity. None of the compounds reached a pharmacologi-
cally significant ICsy in the A431 epidermoid carcinoma cell line,
consistent with the well-documented chemoresistance of this tumor
model and suggesting that h15-LOX-2 inhibition alone may be insuffi-
cient to overcome A431-specific resistance mechanisms. MD-derived
pocket dynamics provide a mechanistic rationale for the cell-line-
—dependent cytotoxicity trends, with rigidifying ligands (e.g, Sc/bai-
calein) favoring a more constrained binding mode and more flexible
ligands (5a/7b) supporting selective activity. Overall, the MD results
provide a plausible structural hypothesis for differential cellular
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Table 5

RMSF values for key binding-site residues of h15-LOX-2 in complexes with the four allyl rhodanine-based derivatives (5a-c and 7b) and the reference inhibitor baicalein. Residues are grouped into three binding-site

regions ([184-192], [412-429] and [602-610]).

o

RMSF (A)

Compounds

[602-610]

[412-429]

[184-192]

Tyrl85 Ala188 Phel92 lle412 Leu415 Ala416 Leu419 Leu420 Gln425 Val426 Arg429 Asp602 Leu605 Ala606 Leu609 Leu610

Phel84

0.61
0.49
0.40
0.64
0.46

0.62
0.48
0.43
0.66
0.48

0.50
0.45
0.45
0.56
0.44

0.49
0.45
0.48
0.49
0.45

0.48
0.43
0.42
0.48
0.44

0.51
0.54
0.48
0.57
0.52

0.49
0.50
0.45
0.54
0.49

0.56
0.55
0.49

0.74
0.51
0.46
0.77
0.55

0.77
0.77
0.51
0.83
0.58

0.61
0.51
0.44
0.59
0.54

0.53
0.56
0.47
0.63
0.54

0.48
0.51
0.44
0.54
0.46

0.77
0.49
0.54
0.75
0.63

0.80
0.59
0.52
0.76
0.62

0.91
0.73
0.57
0.93
0.65

0.81
0.62
0.53
0.81

0.

5a

5b
5c

0.58
0.62

7b

60

Baicalein
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responses, while acknowledging that cellular potency is also influenced
by intracellular accumulation, metabolism, and potential off-target
effects.

Although the MTT assay is a cell-based viability/proliferation
readout and does not directly demonstrate target engagement [49], and
docking/MD simulations do not directly quantify cellular potency, these
approaches are complementary and together may provide a useful
mechanistic framework for interpreting the biological results. In
particular, compounds that induce a more rigid and conformationally
stable h15-LOX-2 binding pocket (e.g., 5¢ and, to a lesser extent, 5b)
display more defined interaction profiles and sustained protein-ligand
contacts throughout the simulations, which may favor effective enzyme
inhibition. This behavior is compatible with their observed cytotoxic
effects in specific cancer cell lines. Conversely, compounds associated
with increased binding-site flexibility (e.g., 5a and 7b) show more var-
iable interaction patterns and correspondingly more cell line-dependent
antiproliferative activity. Notably, 7b combines potent activity in A549
cells with a weaker h15-LOX-2 computational signature, suggesting that
additional targets and/or cellular mechanisms may contribute to its
cytotoxicity. The generally weaker antiproliferative effects observed for
the remaining series-7 derivatives (7a and 7c—e) are broadly consistent
with their less favorable docking scores, while deviations from a strict
potency-score relationship are expected in cell-based assays due to
factors such as intracellular exposure and solubility.

These observations are in agreement with previous studies showing
that stable protein-ligand interactions and reduced conformational
fluctuations are often correlated with improved inhibitory potency,
whereas increased flexibility may enable alternative binding modes or
target promiscuity [50-53]. Therefore, while the computational results
do not directly quantify biological activity, they provide a structural and
dynamic rationale that supports and helps interpret the trends observed
in the MTT assay [54].

Interestingly, the allyl rhodanine derivatives show improved cyto-
toxicity over baicalein in the three reference cell lines for which
comparative data are available (ICsp: 46.23 pM in A2780, 20 pM in
A549, 44 uM in MDA-MB-231) [42-44], with compounds 5a—c exhib-
iting ~4-, 2-, and 2.5-fold higher potency across the respective cell lines.
Notably, 5c¢ outperforms baicalein in MDA-MB-231 despite comparable
pocket rigidification (RMSF: 0.47 vs 0.53 A), indicating additional
scaffold-driven effects. The activity of 5¢ in NCI-N592 small-cell lung
cancer cells (ICsp = 17.9 pM) extends the therapeutic relevance of this
scaffold to a clinically challenging tumor type and supports further
investigation in SCLC models. Overall, the results support these de-
rivatives as promising h15-LOX-2 inhibitors with enhanced anti-
proliferative activity. These improvements may reflect the enhanced
three-dimensionality of the spiro scaffold and the additional pharma-
cophoric features introduced by the isatinyl (series 5) and pyridyl (series
7) moieties, which are absent in the flavonoid core of baicalein.

2.7. Structure—activity relationship (SAR) studies

There is, in general, consistency between the experimental anti-
proliferative activity of compounds against the A2780, A549, MDA-MB-
231, NCI-N592, and A431 cancer lines (see Tables 1 and 2) and the
predicted binding to the h15-LOX-2 enzyme, as inferred by molecular
docking of the allyl rhodanine-based derivatives and precursors (see
Table 4 and Table S1 in the Supplementary Material). This relationship
is consistent with previous reports describing rhodanine-based scaffolds
as versatile modulators of biologically relevant targets [12,13],
including enzymes of the pentose phosphate pathway (e.g., G6PD and
6PGD), protein tyrosine phosphatases such as PTP1B, LAR, and TCPTP,
anti-apoptotic Bcl-2 family proteins (Bcl-2, Bel-xL, Mcl-1), and the JNK-
stimulating phosphatase-1 (JSP-1). These diverse activities highlight the
pharmacological relevance of the rhodanine core and support its use in
the design of multifunctional anticancer agents. The subsequent mo-
lecular dynamics (MD) simulations performed on the most promising
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candidates further refined this structure-activity relationship by
revealing how each ligand modulates the conformational behavior and
stability of the h15-LOX-2 active site, a mechanistic aspect also high-
lighted in structural studies of lipoxygenases [27]. The most active
compounds belong to series 5 and 7, and their chemical features are
summarized in Fig. 6. MD analysis demonstrated that derivatives from
series 5, particularly 5¢ (and to a lesser extent 5b), induce pronounced
rigidification of the h15-LOX-2 binding pocket, as reflected by their low
RMSF values and reduced Rg variation. These ligands also maintain
relatively narrow, unimodal RMSD distributions, indicating globally
stable and conformationally homogeneous complexes. This dynamic
stabilization may suggest sustained protein-ligand interactions within
the h15-LOX-2 catalytic site and provides mechanistic insight into the
strong antiproliferative effects observed for 5b and 5c¢ (Table 1) and
their ICs¢ values in selected cell lines (Table 2), while highlighting the
pronounced cell-line dependence of activity (e.g., 5¢ is inactive in A549
at the ICsq level). Importantly, 5c is also the only compound that reaches
a pharmacologically significant ICsg in NCI-N592 small-cell lung cancer
cells (17.9 pM), a result that is fully consistent with the highly rigid and
conformationally homogeneous binding mode revealed by MD simula-
tions and reinforces the SAR link between pocket rigidification and
effective h15-LOX-2 inhibition. This selectivity, despite favorable
binding-site dynamics, underscores that factors beyond target engage-
ment, such as differential h15-LOX-2 expression, cellular permeability,
or efflux mechanisms, modulate compound efficacy across cancer cell
types. This is in agreement with the well-established ability of spiroox-
indole and rhodanine frameworks to promote tight and persistent pro-
tein-ligand interactions [13,22].

Among the series-5 derivatives not subjected to MD simulations,
compound 5e shows a favorable docking score and relevant anti-
proliferative activity in A2780 and A549 cells, while being borderline in
MDA-MB-231 (Table 2). On the other hand, compound 5d exhibited a
less favorable docking score, consistent with its moderate anti-
proliferative activity limited to A2780 (Table 2).

The allyl rhodanine-spiro pyrrolidine scaffold (highlighted in blue in
Fig. 6) appears to be essential for both antiproliferative activity and
predicted h15-LOX-2 binding. Within this framework, the isatinyl moi-
ety present in series 5 (highlighted in pink) plays a key role in enhancing
binding stability, as supported by the reduced flexibility of key active
site residues and the compact global fold observed during MD simula-
tions. This is consistent with the recognized role of spirooxindoles as
rigid, three-dimensional pharmacophores that enhance shape comple-
mentarity and binding persistence [55]. An exception to this trend is
compound 7b, which shows potent activity in the A549 cell line despite
exhibiting lower predicted affinity for h15-LOX-2 and higher flexibility
in MD simulations, including broader RMSD distributions and elevated
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RMSF values. This discrepancy suggests that 7b may exert its cytotoxic
effects through alternative molecular targets or mechanisms not
captured by the docking and MD models. Differences in cellular uptake,
metabolism, or context-dependent signaling pathways may also
contribute to its selective activity. Further studies will be required to
elucidate the molecular basis of its behavior. Overall, the integration of
docking, MD simulations, and biological evaluation provides a coherent
SAR framework in which ligands that rigidify the h15-LOX-2 pocket tend
to favor a more well-defined binding geometry and may contribute to
antiproliferative activity in specific cellular contexts, whereas ligands
that increase pocket flexibility display more variable, cell-line-
dependent effects.

2.8. Physicochemical, pharmacokinetic, and in-silico toxicity prediction

The physicochemical, pharmacokinetic, and toxicity properties of
the most active allyl-rhodanine derivatives (5a-c and 7b) were assessed
using the Deep-PK web server [56,57]. The predicted parameters are
summarized in Table 6.

All derivatives exhibited logD-.4 values >3, indicating relatively high
lipophilicity, which may favor membrane permeability but could limit
aqueous solubility. In line with Lipinski's rule of five, logP values
remained below 5; within the series, 7b showed improved solubility
(logS = —3.59 vs < —4 for 5a—c), suggesting a more favorable devel-
opability profile [57].

Caco-2 permeability values indicated low intestinal permeability
across all compounds. Nevertheless, 5a, 5¢, and 7b were classified as
orally bioavailable and systemically absorbed, whereas 5b was consid-
ered absorbed but not orally bioavailable, suggesting reduced effective
exposure. All compounds showed low skin permeability.

All derivatives were predicted to cross the blood-brain barrier (BBB-
penetrable), suggesting potential central nervous system exposure.
Compound 7b showed the lowest predicted plasma protein binding,
indicating a higher free fraction in circulation as output by Deep-PK
model ([57]; values >100 reflect model-specific scaling). A moderate
steady-state volume of distribution (SSVD) was predicted for all four
derivatives.

Regarding metabolism, none of the derivatives showed relevant in-
hibition of the hepatic uptake transporters OATP1B1 and OATP1B3,
which play key roles in the uptake of xenobiotics into hepatocytes. In
contrast, all compounds were predicted to inhibit the major hepatic
drug-metabolizing enzymes CYP2C19, CYP2C9, CYP2D6, and CYP3A4,
indicating a potential risk of cytochrome P450-mediated drug-drug
interactions. Notably, derivative 5b was the only compound identified
as a non-inhibitor of CYP1A2. Substrate behavior varied across the se-
ries: 5b and 7b were substrates of multiple CYP isoforms, 5a showed
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Fig. 6. Chemical structures and SAR analysis of ten derivatives from series 5 and 7.
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Table 6
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Predicted ADME/Tox profiling of four selected allyl-rhodanine derivatives (Deep-PK).

Properties ADME/tox Allyl-rhodanine derivatives
5a 5b 5c 7b
Physicochemical Log D74 3.780 3.500 3.980 3.320
Log P 3.510 3.080 3.820 2.740
Log S —4.810 —4.670 —4.750 —3.590
Absorption Caco-2 permeability!®! —5.170 —5.280 —5.280 —4.640
Human Oral bioavailability 20% Bioavailable Non-bioavailable Bioavailable
Human intestinal absorption Absorbed
Skin permeability Low
Blood-brain barrier Penetrable
Distribution Plasma protein binding 103.410 100.510 102.150 79.100
ssvp®! 1.420 1.460 1.570 0.860
CYP 1A2 inhibitor Inhibitor Non-inhibitor Inhibitor
CYP 2C19, CYP 2C9, CYP 2D6, CYP 3A4 inhibitor Inhibitor
OATP1B1, OATP1B3 inhibitor Non-inhibitor
Metabolism CYP 1A2, CYP 2D6 substrate Non-substrate
CYP 2C19 substrate Substrate Substrate Non-substrate Substrate
CYP 2C9 substrate Non-substrate Substrate
CYP 3A4 substrate Non-substrate Substrate Non-substrate Substrate
. Clearance 9.650 8.900 8.110 9.200
Excretion . . s 1.
Organic cation transporter 2 Non-inhibitor
AMES mutagenesis Toxic Safe
Avian Safe
Bee Toxic
Biodegradation Safe
Carcinogenesis Safe
Crustacean Toxic
Toxicity Liver injury I Toxic
Eye corrosion Safe
Eye irritation Safe
Maximum tolerated dose 0.480 0.560 0.410 0.500
Liver injury II Toxic
hERG blocker Safe
Skin sensitization Safe Toxic

[a] Caco-2 permeability values are reported as provided by Deep PK (https://biosig.lab.uq.edu.au/deeppk/theory). [b] Steady-state volume of distribution.

limited liability, whereas 5¢ was not identified as a CYP substrate [57].

In toxicity assessment, only 7b was free of AMES mutagenicity alerts,
whereas the remaining derivatives 5a-c showed potential mutagenic
risk. All compounds were predicted to be non-carcinogenic. While 5a-c
were non-sensitizing, 7b showed potential skin sensitization risk.
Regarding systemic toxicity, 5a, 5b, and 7b exhibited relatively higher
maximum tolerated dose (MTD) values, whereas 5¢ showed a lower
tolerated dose [57].

Overall, the series shows a mixed ADMET profile with clear
structure-dependent differences. Compound 7b displays the most
balanced overall profile, combining improved solubility, reduced
plasma protein binding, and absence of mutagenicity alerts, although
liabilities such as CYP inhibition and potential sensitization remain.
Other derivatives exhibit specific advantages in individual parameters,
particularly 5c¢ in metabolic liability and 5b in CYP1A2 and substrate
behavior, highlighting the impact of structural variation on ADMET
properties. Collectively, these findings identify 7b as the most balanced
lead from a developability perspective, while 5¢ emerges as the most
potent but pharmacokinetically more challenging candidate, providing
a clear indication for future design efforts.

3. Conclusions

This work presents new insights and advancements in the synthesis
and anticancer activity of dispiro-indole-pyrrolidine-rhodanine and
spiropyrrolidine-rhodanine derivatives bearing an N-allyl moiety on the
rhodanine unit. The study demonstrated that N-allyl-5-arylidene-rho-
danine derivatives undergo 1,3-dipolar cycloaddition with azomethine
ylides (generated from sarcosine and either 5-nitroisatin or 2-pyridine-
carboxaldehyde) with high site- and regioselectivity at the double
bond conjugated to the rhodanine moiety. Dispiro-indole derivatives
(series 5) were obtained in moderate yields ranging from 50 to 66%,
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likely due to steric hindrance, while pyridyl-substituted spiro com-
pounds (series 7) showed higher yields of 64 to 77%.

In vitro testing against A2780, A549, MDA-MB-231, NCI-N592, and
A431 cell lines revealed notable antiproliferative activity, particularly
for several compounds from series 5, with 5b and 7b exhibiting strong
antiproliferative and apoptotic effects against A549 cells. Notably, 5¢
emerged as the only derivative active against the chemoresistant NCI-
N592 small-cell lung cancer line, while none of the compounds
showed significant activity in A431 epidermoid carcinoma cells, sug-
gesting selectivity towards specific tumor contexts. Molecular docking
studies targeting h15-LOX-2, with baicalein as a reference inhibitor,
supported these findings and provided a preliminary structure-activity
rationale. Importantly, molecular dynamics simulations refined and
strengthened the SAR by revealing how each ligand modulates the
conformational landscape of h15-LOX-2. Compounds 5b and 5¢, which
showed potent biological activity, also induced marked rigidification of
the binding pocket, characterized by low RMSF values, reduced Rg
variation, and narrow unimodal RMSD distributions. These features
indicate globally stable and conformationally homogeneous complexes,
compatible with more persistent binding. In contrast, compound 7b,
despite its potent activity in A549 cells, displayed higher flexibility in
MD simulations, suggesting that its cytotoxic effects may involve addi-
tional molecular targets or context-dependent mechanisms beyond h15-
LOX-2 inhibition. Complementary in silico ADMET predictions identified
7b as the lead with the most favorable developability profile, while 5¢
emerged as the most potent but pharmacokinetically more challenging
candidate, highlighting structure-dependent liabilities that will guide
subsequent optimization. These results highlight the synthetic versa-
tility and promising anticancer potential of N-allyl-rhodanine spiro de-
rivatives, supporting further investigation as lead compounds for
therapeutic development.
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4. Experimental
4.1. Physical measurements

All compounds were characterized using standard techniques.
Chromatographic separations were performed on silica gel by column
chromatography or TLC. Full details of all physical measurements are
provided in the Supporting Information.

4.2. Experimental protocols

Detailed synthetic procedures, compound characterization data, X-
ray diffraction experiments, biological assays (MTT assay, cell culture),
molecular docking and molecular dynamics studies, and ADMET (Ab-
sorption, Distribution, Metabolism, Excretion, and Toxicity) predictions
are described in the Supporting Information.
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