i An update to this article is included at the end

Bioorganic Chemistry 179 (2026) 109997

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

ELSEVIER

Check for

Synthesis and biological evaluation of mixed aryl-alkyl succinates as |
modulators of autophagy and apoptosis in gastric carcinoma

Diego Olivieri ?, Michele Mari®, Michela Battistelli >, Sabrina Burattini®, Carla Carfagna ",
Federico Gianfanti > , Francesco Onesimo °, Giovanni Bottegoni °, Riham Osman °,

a,l

Nour Annous?®, Sara Salucci ©, Ilaria Versari ¢, Irene Faenza ©, Matteo Micucci ®",
Michele Retini -’

2 Department of Biomolecular Sciences, University of Urbino Carlo Bo, 61029 Urbino, Italy
Y Department of Industrial Chemistry “Toso Montanari”, University of Bologna, Via Piero Gobetti 85, 40129 Bologna, BO, Italy
¢ Department of Biomedical and NeuroMotor Sciences, University of Bologna, 40126 Bologna, Italy

ARTICLE INFO ABSTRACT

Keywords:

Succinate derivatives
Gastric cancer
Carbonylation
Apoptosis
Hydroquinone esters

Vitamin E succinate and its derivatives have demonstrated encouraging cytotoxic potential in preclinical models
of gastric cancer, paving the way for a novel class of therapeutics. Building on a previously described synthetic
methodology based on the alkoxy-aryloxycarbonylation of alkenes, this study reports the investigation of the
antitumor effects in gastric cancer models of mixed aryl-alkyl succinates esters featuring various substituents on
the backbone. Nine compounds were screened for cytotoxicity against AGS and KATO III gastric cancer cell lines.
The most active compounds — 2d (R = (CH3)4CH3), 2a (R = Ph), and 2¢ (R = CHCHPh) — were further
evaluated for efficacy, with 2d emerging as the most potent agent (ICso 30.9 uM in AGS; ICso 19 pM in KATO III).
Mechanistically, 2d enhanced the expression of activated/cleaved Caspase-3, augmented PARP cleavage, and
promoted LC3B lipidation - indicative of programmed cell death. Consistently, ultrastructural analysis of 2d-
treated cancer cells revealed morphological hallmarks of both early and late apoptosis, including cytoplasmic
vacuolization and autophagic vacuoles. Conversely, treatment with compound 2d did not affect the expression of
apoptosis markers in healthy GES-1 gastric epithelial cells, suggesting a favorable safety profile. Overall, our
findings provide insights into how specific structural features of succinate derivatives contribute to their anti-
tumor activity, laying the groundwork for the design of more potent succinate-based agents.

1. Introduction therapeutic management of gastric cancer primarily relies on surgical

resection, which represents the cornerstone of care for early-stage dis-

Gastric carcinoma, the third leading cause of cancer-related mor-
tality globally, presents substantial challenges in oncology, primarily
due to late-stage diagnosis and the constrained scope of the currently
available therapeutic options. Despite significant strides in unravelling
its pathophysiological underpinnings, the prognosis for patients with
advanced-stage malignancy remains poor, with five-year survival rates
of about 20% for cardia and 31% for non-cardia gastric cancer [1]. The
etiopathogenesis of gastric cancer is multifactorial, involving both
modifiable risk factors — such as lifestyle choices, tobacco use, alcohol
consumption, and diet — and non-modifiable ones, including genetic
predispositions, age, and Helicobacter pylori infection [2-6]. The
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ease. This approach is often supplemented by adjuvant therapies,
including chemotherapy and radiation therapy, aimed at eradicating
microscopic residual lesions and reducing the risk of recurrence [7,8].
Commonly employed chemotherapeutic agents include cisplatin, a
platinum-based compound, and doxorubicin, an anthracycline. These
molecules are frequently used in combination regimens with other drugs
such as fluorouracil (5-FU) and capecitabine to enhance therapeutic
efficacy [9,10]. Unfortunately, the effectiveness of such treatments di-
minishes significantly in advanced stages of the disease, due to the
emergence of aggressive phenotypes and resistance mechanisms that
collectively hinder disease control [11,12]. The advent of targeted
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therapies has introduced a novel paradigm in gastric cancer treatment
by targeting specific molecular alterations associated with disease pro-
gression. Trastuzumab, a monoclonal antibody against HER2, has
demonstrated favorable outcomes in HER2-positive gastric cancer,
providing a tailored approach that improves overall survival in this
subset of patients [13,15]. Similarly, ramucirumab, a VEGFR-2 antag-
onist, has been approved as a second-line therapy for advanced or
metastatic gastric adenocarcinoma, where it has demonstrated im-
provements in overall survival [16,17]. Despite these advances, the
prognosis for advanced malignancies remains poor, with median sur-
vival in metastatic settings generally below one year. The limited clin-
ical benefit and significant toxicity associated with existing treatment
modalities underscore the pressing need for novel therapeutic ap-
proaches capable of broadening efficacy while minimizing adverse ef-
fects. Such therapeutics may arise from investigations into molecular-
targeted agents, immunotherapies, and novel drug conjugates, aiming
to provide more personalized and tolerable therapeutic options [18]. In
this context, a-tocopheryl succinate derivatives are emerging for their
anti-tumor properties against gastric carcinoma. These compounds
modulate programmed cell death in a dose- and time-dependent
manner. Notably, the synthetic derivative Val-Cit-PEG-Apoptogen
(VCPA) has shown significant cytotoxic effects against gastric cancer
cells by inducing ROS-driven apoptosis and mitochondrial dysfunction.
Moreover, VCPA treatments enhanced the efficacy of doxorubicin,
revealing a synergistic potential. Overall, these findings highlight the
promise of targeting mitochondrial functions, signaling cascades, and
ER stress pathways in gastric cancer, representing a multifaceted avenue
for developing novel therapeutic strategies aimed at improving patient
outcomes [19-24]. Building on this evidence, the development of
alternative succinate derivatives containing different substituents both
on the ester moiety and on the side chain of the succinate scaffold may
further improve their effectiveness in combating gastric carcinoma.
Based on previous expertise in oxidative carbonylation reactions
[25-30], some of us recently reported an innovative methodology for
the alkoxy-aryloxycarbonylation of alkenes, enabling the one-pot,
regioselective synthesis of a novel class of succinic esters bearing both
alkyl and aryl substituents on the ester functionalities [25]. Building on
this approach, a series of succinate derivatives incorporating hydro-
quinone ester moieties was obtained [25]. In 2018, the anticancer ac-
tivity of hydroquinone was evaluated both in vitro and in vivo across a
range of cancer cell lines and tumor-bearing mouse models, demon-
strating its therapeutic potential [31]. In addition, natural
hydroquinone-derived compounds are known to display significant
biological activities, including antioxidant properties [32], and recently,
hydroquinone esters have been reported to exhibit in vitro cytotoxicity,
particularly against A375 melanoma cells [33]. In light of these con-
siderations, a series of mixed succinates containing both a hydroquinone
ester and an alkyl ester, and displaying diverse substitution patterns on
both the ester groups and the succinate backbone, along with selected
analogues bearing different alkyl ester functionalities (Fig. 1), were
screened for their antitumoral potential by evaluating their cytotoxicity
against two gastric cancer cell models: human gastric adenocarcinoma
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AGS and poorly differentiated metastatic KATO III cells. Among them,
the most cytotoxic compounds - 2a, 2¢, and 2d — were further evaluated
for efficacy by calculating ICsg values in both AGS and KATO III cells.
The most potent compound, 1-(4-hydroxyphenyl) 4-isopropyl 2-pen-
tylsuccinate 2d, was then investigated for its morphological effects on
cancer cells and its ability to modulate key biological processes involved
in gastric cancer pathogenesis, including both type I and type II pro-
grammed cell death. Through these investigations, we aim to elucidate
the mechanisms by which these previously untested succinate de-
rivatives exert their anticancer effects, focusing on the modulation of
programmed cell death pathways. Our findings represent a pivotal step
toward the development of succinate-based therapeutics, offering new
perspectives for improving treatment modalities and clinical outcomes
in gastric carcinoma.

2. Materials and methods
2.1. Chemistry

The succinate derivatives have been synthesized according to known
literature procedures [25,29,30,34]. H NMR spectra of known com-
pounds 2a-2f [25], 2 g [30], and 2i [34] are in accordance with liter-
ature data, and copies of the spectra are given in the Supporting
Information. Characterization data and copies of 'H and '*C NMR
spectra for the new compound 2 h are reported in the Supporting In-
formation. All compounds were isolated as racemic mixtures. 'H NMR
and 3C NMR were recorded on a Bruker Avance 400 spectrometer (‘H:
400 MHz, '3C: 101 MHz), using CDCl3 as solvent. Chemical shifts are
reported in the & scale relative to residual CHCl; (7.26 ppm) for 'H NMR
and to the central line of CDCl3 (77.16 ppm) for 3¢ NMR. 3C NMR were
recorded with 'H broadband decoupling. Coupling constants (J) are
reported in Hertz (Hz). The purity of the compounds was judged by 'H
NMR spectroscopy [35] and high-pressure liquid chromatography for
compounds bearing a chromophoric group (2a-2f). All the tested com-
pounds had purity greater than 95% except for derivative 2e. HPLC
analyses were performed on Agilent 1260 Infinity II HPLC/UV system
using Agilent Polaris C18 5 mm, 250 x 4.6 mm column. The mobile
phase consisted of acetonitrile and water (containing 0.1% formic acid).
A linear gradient of 60% to 100% acetonitrile over 10 min was used
except for 2e, which required a linear gradient of 80% to 100% over the
same duration. Flow rate of 1 mL/min. A = 254 or 270 nm. Injection
volume 20 mL. For solid samples, melting points (mp) were determined
on capillary melting point apparatus and are uncorrected. ESI-MS
spectra were recorded on Waters Micromass ZQ 4000, using electro-
spray ionization techniques, with samples dissolved in MeOH or CH3CN.
HRMS spectra were performed by slow direct infusion (5 pL/min) of ~
0.1 pg/mL solution (methanol), using Orbitrap Exploris 240 mass
spectrometer. Only molecular ions [M + H]" are given. For compound 2
g the molecular ion was detected as [M + Na] . Before charging carbon
monoxide, all reactions were prepared under a nitrogen atmosphere
using dry solvents under anhydrous conditions, in a stainless-steel
autoclave, by using the Schlenk technique. Carbon monoxide (Cp
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Fig. 1. Succinate derivatives synthesized via alkoxy-aryloxycarbonylation or bis-alkoxy carbonylation of alkenes and evaluated for cytotoxic activity against gastric

cancer cells.
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grade 99.99%) was supplied by Air Liquide. Caution: Carbon monoxide
is a toxic gas with potentially lethal action; therefore, adequate pre-
cautions must be observed. The p-benzoquinone was purchased by
Merck Sigma-Aldrich and was filtered off a plug of silica gel, washing
with CHCly, obtaining a yellow solid after drying the solution under
vacuum. Pure compounds 2 were isolated through flash column chro-
matography on silica gel 60 (40-60 pm, 230-400 mesh). Olefins 1 were
purchased from Merck Sigma-Aldrich, filtered off a plug of neutral
Al,O3 and used without further purification. Anhydrous THF was
distilled from sodium-benzophenone, and methanol was distilled from
Mg(OMe),. Isopropanol was dried over molecular sieves (Alfa Aesar, 4
A, 1-2 mm, beads). Hydroquinone was utilized as purchased by Merck
Sigma-Aldrich. Pd (TFA), was purchased by Fluorochem. All other
chemicals were purchased from Merck Sigma-Aldrich and used without
further purification. Ligands L1 [36] and L2 [37] were synthesized ac-
cording to the literature. All solid reagents were weighed in an analytical
balance without excluding moisture and air. Property predictions were
performed using QikProp as implemented in Schrodinger 2025-02
(Schrodinger, New York, NY, USA). Structural alerts were assessed using
the assignSubstructureFilters.py Python script described by Schuffen-
hauer and co-workers [38].

2.2. Cell culture and reagents

AGS and KATO III human gastric cancer cell lines were obtained from
ATCC (American Type Culture Collection, Manassas, VA, USA). AGS
cells, derived from a gastric adenocarcinoma in a female patient, were
cultured in DMEM/F12 medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) enriched with 100 U/mL penicillin, 100 mg/mL
streptomycin, 2 mM L- glutamine (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), and 10% heat-inactivated fetal bovine serum (FBS,
Euroclone Milano, Italy). KATO III cells, isolated from the tumor tissue
of a 55-year-old Asian male, were grown with Iscove's Modified Dul-
becco's Medium (IMDM; 30-2005™, ATCC) supplemented with 20%
FBS. GES-1 cells, a noncancerous gastric epithelial immortalized cell line
derived from normal gastric epithelial tissue, were cultured in RPMI-
1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS, penicillin 100U/mL, streptomycin
100mg/mL, and 1% ti-glutamine (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). All cell lines were kept at 37 °C in a humidified
atmosphere containing 5% CO; [39]. Each newly synthesized succinate
derivative was dissolved in DMSO to prepare stock solutions of 2 mM,
which were subsequently diluted in growth medium before being added
to the cells.

2.3. MTT assay

The cytotoxic potential of the synthesized compounds on gastric
cancer cells was assessed employing the MTT assay. Ten thousand AGS,
KATO III, or GES-1 cells were seeded into 96-well plates and maintained
in a humidified incubator for 24 h. Afterwards, the medium was
replaced with 100 pL of fresh medium containing each single compound
at concentrations ranging from 0 to 500 pM. Cancer cells exposed to an
equivalent concentration of DMSO were considered the control group.
Moreover, cancer cells have been treated with cisplatin (CPPD). The
plates were incubated for an additional 72 h. Afterwards, each well was
supplemented with 10 pL of MTT solution (R&D Systems, Minneapolis,
MN, USA) and incubated for 3 h at 37 °C. Lastly, the purple formazan
crystals, generated by the metabolically active cells, were dissolved with
100 pL of Detergent Reagent (R&D Systems, Minneapolis, MN, USA).
The resulting absorbance was measured at 570 nm using a microplate
reader. Based on absorbance values, the cytotoxicity of the succinate
derivatives on cells was evaluated [40]. GraphPad Prism v.9.0 (Graph-
Pad Software, La Jolla, CA, USA) was employed to generate the dose-
response graphs. ICsg values for each compound were calculated using
a nonlinear regression model, namely log(inhibitor) vs. normalized
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response, standard slope (Hill slope = —1), confidence intervals (CI)
95%.

2.4. Protein extraction and Western blotting (WB)

Protein extraction was carried out using radioimmunoprecipitation
assay (RIPA) lysis buffer supplemented with EDTA-free protease and
phosphatase inhibitor cocktails (Thermo Fisher Scientific). Lysates were
vortexed for 30 min at 4 °C and centrifuged at 4000 xg for 15 min at 4 °C
to remove cellular debris. Protein concentrations were then determined
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Af-
terwards, proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 4-12% gradient
gels and subsequently transferred to membranes for immunoblotting.
Membranes were incubated with the following primary antibodies: anti-
cleaved Caspase-3 (Cat. No. 9661, 1:1000), anti-Beclin-1 (Cat. No.
37388, 1:1000), anti-PARP (Cat. No. 9542, 1:1000) and anti-LC3B (Cat.
No. 27758, 1:1000) from Cell Signaling Technology (Beverly, MA, USA);
anti-tubulinp (Cat. No. sc-166,729, 1:1000) and anti-Bcl-x S/L (Cat. No.
sc-1041, 1:1000) from Santa Cruz Biotechnology (Dallas, TX, USA).
Following primary antibody incubation, membranes were washed four
times with PBS containing 0.1% Tween-20 and then incubated for 1 h at
room temperature (RT) with a horseradish peroxidase (HRP)-conjugated
secondary antibody diluted 1:10,000 in PBS-Tween-20. After four
additional washes, protein bands were visualized using the iBright Im-
aging System (Invitrogen) following incubation with Westar Antares
ECL substrate (Cyanagen, Bologna, Italy) [41].

2.5. Transmission electron microscopy (TEM)

Cells were first fixed for 1 h at RT with 2.5% glutaraldehyde in 0.1 M
phosphate buffer. Following fixation, samples were washed, post-fixed
for 1 h at RT in 1% osmium tetroxide (OsO4) and dehydrated through
a graded ethanol series. Subsequently, the samples were embedded in
epoxy resin at 60 °C for three days. Semi-thin sections were treated with
toluidine blue and observed under a light microscope. Ultrathin sections
were contrasted with UranyLess and lead citrate, then examined using a
Philips CM10 Electron Microscope. Cell viability has been evaluated by
means of a light microscope (100 mm? of area) able to distinguish
healthy cells, early and late apoptotic cells, and necrotic ones. These
features have been inserted in Fig. 9 as representative micrographs.
Morphometric analyses were performed to quantify the number of total
autophagic vacuoles and that of autophagosomes and autophagolyso-
somes in control and treated conditions, both in AGS and KATO cells. In
detail, the subcellular organelles have been counted considering for each
condition an area of 12 mm?. The same area was used to evaluate the
mitochondrial size and the number of cristae in control and treated
samples. Furthermore, in AGS- and KATO-treated cells, we quantified
the number of damaged mitochondria surrounded by phagophore,
indicative of mitophagy activation [42].

2.6. Scanning electron microscopy (SEM)

AGS and KATO III cells, grown under adherent and semi-adherent
conditions, respectively, were washed and subsequently fixed for 1 h
with 2.5% glutaraldehyde in 0.1 M phosphate buffer. Following fixation,
the samples were treated with 1% OsO4 for 1 h and then dehydrated
through a graded ethanol series. Lastly, the specimens were critical-
point dried, gold-sputtered, and examined using a Philips 515 scan-
ning electron microscope [42].

2.7. Statistical analysis
The reliability and accuracy of the results were evaluated through

rigorous statistical analysis. First, the Shapiro-Wilk test was performed
to assess data normality. As the dataset followed a normal distribution,
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statistical comparisons were conducted using either one-way or two-way
analysis of variance (ANOVA), or a t-test, as appropriate. Post-hoc an-
alyses were performed using either Sidak's or Dunnett's multiple com-
parisons test to compare each treated group with the control group. All
statistical analyses were carried out using GraphPad Prism software.
MTT assay results are reported as mean + SD from three independent
experiments (Table S1). Morphometric data are presented as specified
in the corresponding figure legends. Statistical significance was
expressed as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001
(“‘*“‘*")

3. Results
3.1. Chemical synthesis of succinate derivatives

The succinate derivatives 2a-f were synthesized using a reported
one-pot regioselective procedure [25] that involves the alkoxy-
aryloxycarbonylation of alkenes in the presence of an aliphatic alcohol
and a phenol derivative at room temperature and 4 bar of CO (Fig. 1).
The reaction proceeds using an aryl a-diimine palladium (II) catalyst,
formed in situ by mixing Pd(TFA)2 and ligand L1, and p-benzoquinone is
eventually necessary to oxidize the Pd(0) species that is eventually
generated after the carbonylative coupling of the involved nucleophiles
(i.e., alkenes, alcohols, and phenols). A series of 1-(4-hydroxyphenyl) 4-
isopropyl succinates, differing at the succinate skeleton, was synthesized
as reported in Scheme 1A, using hydroquinone and isopropanol. To
understand the role of the ester moiety on the biological activity
observed for compound 2d, three analogues bearing a pentyl chain in
position 2 of the succinate have been synthesized. Other than the
already known dimethylsuccinate compound 2 g [30], the diisopro-
pylsuccinate 2 h has also been synthesized (Scheme 1B) following a
reported bis-alkoxycarbonylation reaction [29], while the 2-pentylsuc-
cinic acid 2i is obtained by the hydrolysis of 2 g (Scheme 1C) [34].

3.2. Cytotoxicity against gastric cancer cells

The antitumor potential of the synthesized compounds 2a-f was
assessed using the MTT assay, following the experimental design illus-
trated in Fig. 2. Human gastric adenocarcinoma AGS cells and human
signet ring cell carcinoma KATO III cells were treated with increasing
concentrations of each compound for 72 h, and cell viability was eval-
uated to identify the most cytotoxic candidates (Fig. 3). Among the

2 mol% Pd(TFA),, 2.2 mol% L1
1.5 equiv 1,4-hydroquinone
1.5 equiv isopropanol
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tested compounds, 2a, 2¢, 2d and 2e exhibited cytotoxic activity against
gastric cancer cells. However, 2e failed to reduce AGS cell viability and
was thus excluded for not fulfilling the efficacy requirements (Filter 1).
The selected candidates were subsequently compared by calculating
their ICsg values using non-linear regression analysis (Filter 2). Succi-
nate 2d - bearing a linear aliphatic chain as a substituent on the suc-
cinate backbone - exhibited the highest cytotoxic potential against both
AGS and KATO III cells, with ICsy values of 30.9 pM and 19 pM,
respectively. The calculated R? value of 0.81 for both cell lines indicates
a strong goodness-of-fit, underscoring a robust dose-dependent effect
(Fig. 4A). Compound 2d was also evaluated in normal epithelial GES-1
cells, showing a calculated ICso value of 38.3 pM (Fig. 4A). Compound
2a - featuring a phenyl group on the succinate backbone — was less
effective in reducing gastric cancer cell viability. KATO III cells were
more sensitive to 2a than AGS cells, as evidenced by a lower ICs( value
(76.9 uM vs. 117.8 pM) and a higher R? coefficient (0.81 vs. 0.74),
reflecting a more consistent dose-response relationship (Fig. 4B). Lastly,
2c - bearing a homobenzylic moiety — exhibited slightly greater cyto-
toxicity in KATO III cells (ICsg 54.4 pM, R%0.75) compared to AGS cells
(ICs0 56.3 pM, R20.58) (Fig. 4C). As shown in Fig. 4D, KATO IIl and AGS
cells have also been treated with CPPD and the ICsq values are 16.9 and
17 uM, respectively. Overall, 2d emerged as the most potent succinate
derivative, followed by 2c¢, while 2a showed the weakest anti-
proliferative activity. These findings seem to suggest that less rigid
substituents — such as hydrocarbon chains — enhance cytotoxic activity,
likely due to more efficient cellular uptake and interaction with intra-
cellular molecular targets. Moreover, compared to fully aliphatic chains,
the presence of aromatic groups leads to reduced potency, possibly due
to increased molecular rigidity or steric reasons. Notably, three struc-
tural analogues of 2d — namely 2 g, 2 h, and 2i - in which the hydro-
quinone moiety on the ester was replaced with alternative groups (i.e.,
OMe, OiPr, OH), failed to display any antitumor activity. This indicates
that, beyond modifications to the succinate backbone, the hydroquinone
moiety plays a pivotal role in orchestrating the observed cytotoxic ef-
fects. The results discussed above are summarized in Fig. 5, motivating
the choice of 2d for further studies aimed at elucidating the molecular
mechanisms underlying its anti-tumoral activity.

3.3. Compound 2d modulates autophagy and triggers caspase-dependent
apoptosis

To investigate the molecular events associated with the cytotoxic

,R=Ph,y=90%
 R=CH,Ph,y=42%

@) / 1.5 equiv p-benzoquinone, 2 mol% p-TSA )J\/\n/o 2¢, R = CH,CH,Ph, y =65 %
Pco = 4 bar, THF (0.33 M), 20 °C, 67 h T/ 2d, R = (CH,)sCHs, y = 60 %
R R o 2e,R=CH,0Ac, y =36 %
1a-f 2a-f 2f, R=CH,0Ph,y=74 %
1 mol% Pd(TFA),, 1.1 mol% L2 ) .
1.5 equiv p-benzoquinone, 2 mol% p-TSA 1R 29,R'=Me,y=92%
= 5 “R1 1
(B) 5 R 2h,R"=Pr,y =50 %
Pco = 4 bar, R'OH/THF = 7:1 (0.5 M) s
20°C,67h
1d 2g-h
o o
NaOH OH
©)  veo OMe 2 HO
) EtOH )
reflux
2g 2i,y=57%

Scheme 1. Regioselective alkoxy-aryloxycarbonylation of alkenes for the synthesis of compounds 2a-f. For compounds 2b, 2e and 2f, 5 mol% of catalyst loading was

utilized with olefin concentration = 0.5 M (A). Bis-alkoxy carbonylation of alkenes

for the synthesis of compounds 2 g-h. For compound 2 h, 2 mol% of catalyst

loading was utilized in the presence of ligand L1 (B). Hydrolysis of 2 g for the synthesis of 2-pentylsuccinic acid 2i (C).
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Fig. 2. Representation of the screening experimental design, illustrating the sequential filters applied and the number of compounds evaluated at each stage. Filter 1
(cytotoxicity filter) assessed the cytotoxic potential of the compounds against both AGS and KATO III cell lines. Filter 2 provided a comparison of ICs, values. A total
of nine compounds (N = 9) were initially tested. Three candidates (N = 3) passed the cytotoxicity filter and were subsequently tested for potency based on their ICsq

values. Cell viability was assessed using the MTT assay.

activity of 2d, the expression of protein effectors involved in the regu-
lation of type I (apoptosis) and type II (autophagy) programmed cell
death was examined by WB in cells treated with 30 pM 2d for 24 h
(Fig. 6). Interestingly, the modulation of these pathways appeared to be
cell-type dependent, as evidenced by distinct expression patterns
observed in AGS and KATO III cells. In AGS cells, treatment with 2d
strongly induced the expression of activated/cleaved Caspase-3, along
with a significant increase in PARP cleavage, as indicated by the
appearance of the 89 kDa fragment. This pattern is consistent with
proteolytic activation and the initiation of apoptosis. Of note, 2d
treatment also caused a mild reduction in the expression of the auto-
phagy initiator Beclin-1. Concomitantly, AGS-treated cells displayed
clear activation of the autophagosome marker LC3B, as highlighted by
the appearance of its lipidated form, LC3B-II. In contrast, the expression
of the anti-apoptotic marker Bcl-xL was not affected by the treatment,
maintaining basal expression levels. In KATO III cells, apoptosis-related
proteins were modulated in a similar fashion. Cleaved PARP fragments
accumulated following treatment, along with a less pronounced acti-
vation of Caspase-3. Interestingly, Beclin-1 expression was only slightly
downregulated, whereas LC3B lipidation — and consequent activation —
was clearly enhanced in response to 2d. Unlike AGS cells, Bcl-xL
expression in KATO III cells was slightly upregulated by the treatment.
Overall, these molecular profiles support a programmed cell death-
oriented phenotype, as evidenced by PARP cleavage, a downstream
marker of apoptosis. This effect is particularly evident in AGS cells,
while KATO III cells display a more complex, autophagy-oriented mo-
lecular response. In addition, the same markers have been evaluated in
healthy epithelial GES-1 cells exposed to 2d compound. Notably, com-
pound 2d did not alter apoptotic and autophagic targets in this non-
tumorigenic cell model (Fig. 6).

3.4. Compound 2d induces mitochondrial damage, autophagic vacuole
formation and accumulation of apoptotic bodies in gastric cancer cells

To examine the morphological effects of 2d, SEM and TEM ultra-
structural analyses were conducted on AGS and KATO III cells under
baseline conditions and following a 24-h treatment with 30 yM 2d. In
line with the biochemical findings described in the previous section,
exposure to 2d induced morphological changes consistent with cell
death (Figs. 7, 8). As illustrated in Fig. 7, AGS control cells appeared
polygonal (Fig. 7A) and elongated (Fig. 7B), with preserved nuclear
architecture (Fig. 7B), intact cytoplasmic organelles (Fig. 7C, D), in
particular well-preserved mitochondria (Fig. 7D), and seamless plasma
membranes. In contrast, treated AGS cells displayed typical apoptotic
features: membrane blebbing (Fig. 7E), chromatin condensation
together with the detachment of nuclear membrane (Fig. 7F), micro-
nuclei presence, and the accumulation of apoptotic bodies (Fig. 7G).
Furthermore, a high number of autophagic vacuoles appeared in the
cytoplasm (Fig. 7H). KATO III cells under control conditions preserved
their ultrastructural integrity (Fig. 8): the cells showed high confluence
(Fig. 8A) and intact nuclear structure and subcellular organelles
(Fig. 8B). In contrast, treated cells exhibited a reduced confluence with
apoptotic and necrotic patterns (Fig. 8C). A high number of cells showed
diffuse vacuolization and the loss of plasma membrane integrity
(Fig. 8D), as well as empty or swollen mitochondria (Fig. 8E). Because
ultrastructural analysis indicated a high proportion of dead cells after
exposure to compound 2d, cell viability was further evaluated by direct
cell counting using light microscopy. We evaluated the number of
viable, apoptotic (early and late events) and necrotic cells under base-
line conditions and following treatment with 2d (Fig. 9). Viable cells
were identified by their preserved morphology (Fig. 9A). Early apoptotic
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Fig. 4. Potency determination of 2d (A), 2a (B), and 2¢ (C) and CDDP (D) in healthy and gastric cancer cells. AGS, KATO III, and GES-1 cells were treated with
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cells were characterized by chromatin condensation (Fig. 9B), whereas
late apoptotic cells exhibited the presence of micronuclei (Fig. 9C) and
apoptotic bodies (Fig. 9D). Necrotic cells were defined by plasma
membrane disruption and marked cytoplasmic vacuolization (Fig. 9E).
Quantitative analysis confirmed a predominant increase in apoptotic

cells for AGS exposed to 2d, with a slight rise in necrotic events. On the
contrary, 2d-treated KATO III cells showed a prevalence of necrotic cell
death (Fig. 9). Subsequently, given the activation of autophagic markers
observed by WB and the presence of autophagic vacuoles at ultrastruc-
tural level in both gastric cancer cells exposed to 2d, we focused on the
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24 h, compared to vehicle-treated controls (CTRL). The images represent one of three independent experiments. Western blot bands were quantified by densito-

metric analysis.

evaluation of these structures through TEM morphometric analysis
(Fig. 10), a widely recognized technique for the study of autophagy. We
evaluated, under control conditions and following treatment with 2d in
both cancer cell lines, the number of autophagic vacuoles per cell and
the presence of autophagosomes (Fig. 10A) and autophagolysosomes
(Fig. 10B) per field. In both 2d-treated cell lines, compared to the control
ones, a significant number of autophagic vacuoles could be detected. In
2d-treated AGS cells, autophagic structures are characterized by a high
number of autophagosomes, reflecting an activation of the autophagic
process aimed at the degradation of damaged organelles and protein
aggregates. In contrast, treated KATO III cells showed a higher number
of autolysosomes, indicating a more advanced stage of autophagy.
However, this occurs in the context of widespread cellular damage, as
previously described, characterized by disruption of the plasma

membrane integrity. This may suggest that, despite the activation of
autophagic flux, the extent of cellular injury is more severe and poten-
tially irreversible. Furthermore, the behavior of mitochondria has been
considered to understand their potential involvement in cell death in-
duction. Consistently, morphometric analysis demonstrated that, on
average, mitochondria in treated cancer cells were approximately twice
the size of those under baseline conditions (0.95 vs 0.52 pm in AGS; 0.96
vs 0.55 pm in KATO III) (Fig. 11). In addition, the number of cristae
significantly decreased in AGS and KATO III cells exposed to 2d
compared to untreated control conditions (9.4 vs 1.5in AGS; 11.0vs 1.4
in KATO III). To understand if damaged mitochondria are involved in
mitophagy activation, we have quantified the number of damaged
mitochondria surrounded by a phagophore (an initial double membrane
that starts wrapping around cell material destined for degradation) in
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Fig. 7. Morphological characterization of AGS cells treated with compound 2d for 24 h vs untreated cells. Untreated AGS, SEM (A) and TEM (B, C, D); treated AGS,
SEM (E) and TEM (F—H). Control cells displayed polygonal (A) or elongated (B) morphology, with well-preserved nuclear architecture (B), intact cytoplasmic
organelles (C, D) - including well-preserved mitochondria (D) — and intact plasma membranes. AGS-treated cells exhibited hallmark features of apoptosis, including
membrane blebbing (E), chromatin condensation accompanied by nuclear membrane detachment (F), the presence of micronuclei, and the accumulation of apoptotic
bodies (G). In addition, numerous autophagic vacuoles were observed within the cytoplasm (H), suggesting concurrent activation of autophagy. =, plasma, plasma
membrane; n, nucleus; m, mitochondria; «, membrane blebs; », membrane detached; Av, autophagic vacuoles; apn, apoptotic nucleus, mn, micronuclei. Scale bars:

A, 2 pm; B, E 500 nm; C, G, 250 nm; D, F, H, 100 nm.

2d-treated cancer cells. Mitochondria enclosed by phagophore mem-
branes were more frequently observed in treated AGS cells compared to
KATO III cells. This finding was consistent with the ultrastructural ob-
servations, which revealed, in treated AGS cells but not in control cells
(Fig. 11A), damaged mitochondria exhibiting reduced cristae density
and frequently surrounded by phagophore membranes (Fig. 11B). In
KATO III control cells, mitochondria appeared structurally intact
(Fig. 11C), whereas after 2d treatment (Fig. 11D) they appeared dis-
rupted and were, most of the time, not enclosed by phagophores, sug-
gesting their involvement in the activation of cell death pathway.

3.5. Computational analysis of the physicochemical properties

From a physicochemical standpoint, the series occupies a tractable
property space, with calculated logP,, values ranging from 1.8 to 4.4
and molecular weights spanning 188.2 to 358.4 Da. Compound 2d,
which showed the most favorable overall profile, has a calculated logP,,
w of 3.8 and a molecular weight of 322 Da, placing it well within a range
considered amenable to further optimization. In addition, application of
the comprehensive set of structural alerts compiled by Schuffenhauer
et al. [38] for the assembly of the 2020 Novartis Small Molecule
Screening Deck adopted to avoid problematic compounds, indicated a
generally clean profile for the series. Only one compound, 2e, triggered

a low-severity alert, attributable to the presence of three ester func-
tionalities, whereas no other compound received structural-alert flags.
Compounds 2a-f were annotated for the presence of a phenolic ester
moiety, which is recognized primarily as a potential liability for long-
term stock stability. Taken together, these results position the series as
a promising starting point for further optimization, with proper toxi-
cological profiling to be integrated as the compounds advance.

4. Discussion

Gastric cancer represents a significant global health challenge,
ranking as the fifth most commonly diagnosed cancer and the third
leading cause of cancer-related death worldwide. Its etiology is complex
and multifactorial, involving genetic predispositions, environmental
factors, and Helicobacter pylori infection [43]. Despite major advances in
the molecular understanding of this disease, gastric cancer is often
diagnosed at late stages, with five-year survival rates ranging from 20 to
31% [44]. This discouraging clinical outlook underscores the pressing
need for alternative therapeutic strategies with enhanced efficacy
against advanced gastric cancer phenotypes. Current therapeutic in-
terventions include surgical resection for localized diseases, usually
complemented by chemotherapy or radiation. In advanced malig-
nancies, systemic therapies — such as cisplatin, 5-FU, and doxorubicin —
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Fig. 8. Morphological characterization of KATO III cells treated with compound 2d for 24 h vs untreated cells. Untreated KATO III, SEM (A) and TEM (B); treated
KATO I1I, at SEM (C) and TEM (D, E). The cells exhibited high confluence (A), with intact nuclear architecture and well-preserved subcellular organelles, including
mitochondria (B). In contrast, treated cells showed reduced confluence and features consistent with apoptotic and necrotic processes. In C, a cell exhibiting
membrane blebbing, indicative of apoptosis, coexists with a neighboring cell that has lost plasma membrane integrity. Many cells displayed diffuse cytoplasmic
vacuolization, compromised plasma membrane integrity (D), and swollen or empty mitochondria (E). =, plasma membrane; n, nucleus; m, mitochondria; -,
membrane blebs; ap, apoptotic cell; nec, necrotic cell; Av, autophagic vacuoles; apn, apoptotic nucleus, mn, micronuclei. Scale bars: A, C, 100 nm; B, D, E, 500 nm.

represent the standard of care, along with targeted agents, including
trastuzumab for HER2-positive tumors and ramucirumab for angiogen-
esis inhibition [45]. Mechanistically, these treatments either initiate
apoptosis via mitochondrial pathways or inhibit proliferative signaling
cascades. Nevertheless, their long-term efficacy is hindered by the
occurrence of drug resistance and toxicity to healthy epithelial com-
partments [46]. In the search for alternative therapeutics, recent
research has evidenced the promising antiproliferative and pro-
apoptotic profile of a-tocopheryl succinate derivatives in gastric can-
cer. In this study, we evaluated the cytotoxic potential of a class of
succinate derivatives — bearing various substituents on both the ester
moieties and the succinate skeleton — against gastric cancer cells. These
molecules were synthesized using a recently developed and innovative
chemical strategy based on the alkoxy-aryloxycarbonylation of alkenes.
To this end, we designed a screening approach consisting of a two-step
filter methodology to identify the most effective candidates based on
their cytotoxic activity. Three out of nine initially tested compounds
passed the first filter (cytotoxicity step). ICso values were then calcu-
lated, leading to the identification of the most potent compound, 2d.
Compound 2d exhibited an ICsg value that supports its potential as a
promising candidate for gastric cancer therapy. Notably, the ICso of
cisplatin, a standard chemotherapeutic agent widely used in gastric
cancer treatment, was found to be in a similar range (approximately 20
pM) in the same cell lines. These findings indicate that the activity of
compound 2d is comparable to that of a clinically used chemothera-
peutic agent, supporting its potential as an anticancer lead compound.
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Therefore, compound 2d was selected for further investigation of its
molecular mechanism of action. Our findings reveal that 2d induces cell
death through the modulation of both apoptosis and autophagy. In AGS
cells, the apoptotic pathway is strongly activated upon exposure to 2d,
as evidenced by the marked accumulation of active Caspase-3 and
cleaved PARP fragments. Concurrently — although Beclin-1 levels are
slightly reduced following treatment — LC3B-II accumulates in treated
cells, suggesting the activation of the autophagic process. In treated
KATO III cells, Beclin-1 expression is only slightly downregulated, while
LC3B lipidation is markedly augmented. Molecular markers of apoptosis
are also upregulated, although to a lesser extent compared to AGS cells.
The activation of either type I (apoptosis) or type II (autophagy) pro-
grammed cell death has been previously recognized as an effective
antitumoral strategy shared by various chemotherapeutic agents [47].
The ability of compound 2d to engage both pathways suggests a dual
mechanism underlying its cytotoxic effects in gastric cancer cells,
orchestrating the crosstalk between apoptosis and autophagy [48].
Interestingly, in AGS cells, treatment with compound 2d reduced Beclin-
1 levels while increasing LC3B-II accumulation. This molecular signa-
ture may suggest a Beclin-1-independent form of autophagy, a process
previously associated with the initiation of both caspase-dependent and
caspase-independent cell death pathways. Unexpectedly, Bcl-xL
expression was unaffected in AGS cells and slightly increased in KATO
III cells upon treatment. Given its anti-apoptotic role, this molecular
profile may appear paradoxical. However, in specific cellular contexts,
Bcl-2 and Bcl-xL can shift from pro-survival to pro-apoptotic inducers



D. Olivieri et al.

Bioorganic Chemistry 179 (2026) 109997

" | 49 ™ | =
I - . - . e T
276 - o . <o
] | P -
- » B
.;i . - J e, s ‘f‘.. :" . $
el A Sudll S
a 94i bha. & c. d . -
AGS
° 257 skkk  kokkk *k D3 Healthy AGS
(0]
=201 @ =1 Apoptotic 3 Healthy
) . 3 Apoptotic
<3 &d Bl Necrotic ]
© 15+ Cmpd 2d _| m Bl Necrotic
[0}
o
G 104
E CTRLA I«
E 59
=)
z T T T T T 1
(s 0 5 10 15 20 25 30
’\beq'b «Q&bq,é «Qbqu,é Number of cells per field
O O K @) N\
O O (¢
KATO 1l
259 xxkx *okok *okok ok
ke 3 Healthy KATO Ill
(0]
= [ Apoptotic
g N i 3 Healthy
P Hl Necrotic &9 Apoptotic
K] Cmpd 2d+ —I BB Necrotic
k)
o)
Ne)
S CTRLA l.{
=)
z
T T T T T 1
0 5 10 15 20 25 30

Number of cells per field

Fig. 9. The number of viable, apoptotic (early and late events), and necrotic cells under baseline conditions and following treatment with 2d has been quantified at
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crescent-shaped chromatin condensation (b); late apoptotic cell with micronuclei (c); late apoptotic cell with apoptotic bodies (d); necrotic cell with plasma
membrane rupture (e). Quantification of viable, apoptotic, and necrotic cells (bottom). Data are presented as mean + SD from twelve fields across three independent
samples. Statistical significance was assessed by two-way ANOVA compared to CTRL (Sid4k's multiple comparisons test), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***),

and P < 0.0001 (****). Scale bars: A-H, 1 pm; a-d, 50 pm.

[49,50]. As evidenced by ICs( values, compound 2d is more cytotoxic in
KATO III cells compared to AGS cells (19 pM vs 30.9 pM). Ultrastructural
analysis revealed distinct morphological alterations in AGS and KATO III
cells upon treatment. While classical apoptotic features — such as nuclear
membrane detachment and chromatin condensation — were observed in
both models, KATO III cells predominantly exhibited signs of necrotic
cell death, characterized by plasma membrane perforation and cellular
collapse. The divergent fate of AGS and KATO III cells likely results from
molecular divergence downstream of shared upstream signaling path-
ways, involving autophagic vacuole accumulation along with mito-
chondrial dysfunction — as demonstrated by WB and ultrastructural
analysis — ultimately leading to cell death. Overall, compound 2d
emerges as an effective cytotoxic agent in gastric cancer cells, capable of
orchestrating the activation of both apoptotic and autophagic pathways.
This multitarget mechanism of action enables the compound to directly
promote cell death through apoptosis, while jointly potentiating auto-
phagic activity, thereby impairing the survival capacity of cancer cells.
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The therapeutic relevance of compound 2d is further supported by the
results obtained in healthy GES-1 epithelial gastric cells, which exhibi-
ted higher ICso values compared to cancer cells and no activation of
apoptotic or autophagic markers following treatment with 30 pM of the
hit compound. Also based on preliminary computational analysis of
physicochemical properties, compound 2d appears to stand out prob-
ably due to the alkyl backbone chain that may enhance its interaction
with intracellular targets. Although based on a limited dataset, the
observed differences in activity between 2d and the other derivatives
suggest potential structure-activity relationships (SAR) that warrant
further investigation. In conclusion, compound 2d demonstrates sig-
nificant anticancer potential by inducing apoptosis and modulating
autophagy in gastric cancer cell lines. Future studies will focus on
identifying and optimizing more potent derivatives to fully harness these
pathways and enhance the therapeutic potential against gastric cancer.
Specifically, we will focus on the modification of alkyl chain length of
the succinate backbone and on the variation of the number and position
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of hydroxyl groups on the hydroquinone moiety. Furthermore, the
electronic properties of the aryl ester, introducing different EWG or EDG
substituents, will be also studied. With a new set of compounds in hand,
a detailed exploration of SAR to validate these preliminary trends and
further optimize the molecular scaffold will be conducted, along with
the determination of their ADME, toxicity, and pharmacokinetics
properties. Additionally, other than testing our molecules in other can-
cer cell lines, we will investigate the compound's efficacy in in vivo
models and evaluate potential synergistic effects when combined with
standard chemotherapeutic agents or targeted therapies. By integrating
these approaches, we aim to establish derivatives of compound 2d as
promising candidates to overcome resistance mechanisms and improve
treatment outcomes in gastric cancer.
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Morphometric analysis of mitochondria in untreated and treated gastric cancer cells. Mitochondrial size, the number of cristae, and the proportion of

damaged mitochondria surrounded by phagophores (a transient membrane structure that represents the initial stage of autophagy) were quantified and are presented
in the graphs. Ultrastructural analysis (A-D) revealed, in AGS control cells, the presence of preserved mitochondria (A); these latter appeared damaged after 2d
treatment, with visible cristae reduction and surrounded by phagophore membranes (B). In KATO control cells, mitochondria appeared intact (C), whereas treated
cells (D) showed disrupted mitochondria that were not eclosed by phagophores. Mitochondrial size is expressed as mean + SD of four measurements across three
different fractions. Cristae number is presented as mean + SD from ten cells per condition across three different fractions. Statistical significance was assessed by
unpaired t-test, P < 0.05 (¥), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). m, mitochondria, —, rough endoplasmic reticulum. Scale bars: A-D, 1 pm.
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