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ARTICLE INFO ABSTRACT

Keywords: Ferroptosis induction is an emerging strategy to treat cancer and contrast the tricky issue of chemoresistance,
Amquaucus leucotrichus which can arise towards apoptosis. This work elucidates the anticancer mechanisms evoked by perillaldehyde, a
R-perillaldehyde monoterpenoid isolated from Ammodaucus leucotrichus Coss. & Dur. We investigated and characterized its
i«;{;optosm antileukemic potential in vitro, disclosing its ability to trigger ferroptosis. Specifically, perillaldehyde induced

lipid peroxidation, decreased glutathione peroxidase 4 protein expression, and depleted intracellular glutathione
on HL-60 promyelocytic leukemia cells. Besides, it stimulated the active secretion of ATP, one of the most crucial
events in the induction of efficient anticancer response, prompting further studies to disclose its possible nature
as an immunogenic cell death inducer. To preliminarily assess the clinical relevance of perillaldehyde, we tested
its ability to induce cell death on patient-derived acute myeloid leukemia biopsies, recording a similar mecha-
nism of action and potency compared to HL-60 cells. To round the study off, we tested its selectivity towards
tumor cells and disclosed lower toxicity on normal cells compared to both HL-60 and acute myeloid leukemia
biopsies. Altogether, these data depict a favorable risk-benefit profile for perillaldehyde and reveal its peculiar
antileukemic potential, which qualifies this natural product to proceed further through the drug development
pipeline.

Acute myeloid leukemia

Abbreviations: 7-AAD, 7-aminoactinomycin D; A. leucotrichus, Ammodaucus leucotrichus Coss. & Dur; AML, acute myeloid leukemia; AMPK, AMP-activated protein
kinase; DAMPs, damage-associated molecular patterns; DFO, deferoxamine; DMSO, dimethyl sulfoxide; DNTB, 5,50-dithiobis-(2-nitrobenzoic acid); ER, endoplasmic
reticulum; GPX4, glutathione peroxidase 4; GSK, GSK2606414; EI, ionization energy; FBS, fetal bovine serum; fer-1, ferrostatin; G-CSF, granulocyte-colony stimu-
lating factor; GM-CSF, granulocyte macrophage-colony stimulating factor; GSH, glutathione; GSSG, oxidized GSH; ICso, inhibitory concentration causing 50% of cell
toxicity; ICD, immunogenic cell death; IL-3, interleukin-3; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; nec-1s, necrostatin-1s; PBMCs, pe-
ripheral blood mononuclear cells; PE, phycoerythrin; PERK, PKR-like endoplasmic reticulum kinase; PI3K, phosphoinositide 3-kinase; PS, phosphatidylserine; RIPK,
receptor-interacting protein kinase; RANKL, receptor activator of NF-kB ligand; ROS, reactive oxygen species; SCF, stem cell factor; vit-E, vitamin E; zVAD-fmk,
carbobenzoxy-valylalanyl-aspartyl-[O-methyl]-fluoromethylketone.
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E. Catanzaro et al.
1. Introduction

Programmed cell death is a crucial event for the maintenance of
homeostasis, normal development, and the prevention of hyper-
proliferative diseases such as cancer [1]. If apoptosis has been accounted
as the only regulated form of cell death for a long time, nowadays more
than 12 types of regulated cell death modalities have been discovered
[2]. Anticancer treatment has long been based on compounds promoting
apoptosis, but apoptosis evasion represents a mechanism for cancer cells
to survive and a way to develop anticancer drugs’ resistance [3].
Thereby, the other well recognized forms of regulated cell death
represent a promising strategy to eradicate tumors efficiently and
overcome resistance [4]. Necroptosis and ferroptosis, for instance,
represent two concrete alternatives to apoptosis in fighting different
tumor types. Necroptosis is one of the most studied form of regulated
necrosis, executed by receptor-interacting protein kinase (RIPK)-1,
RIPK-3, and mixed lineage kinase domain-like pseudo-kinase [5]. Fer-
roptosis, on the other hand, is an iron-dependent cell death program
characterized precisely 10 years ago, which plays a pivotal role in
suppressing cancer growth and progression [6]. Basically, dysfunction in
iron and lipid metabolism provokes the accumulation of reactive oxygen
species (ROS) and lipid peroxidation, resulting in cell death. The accu-
mulation of lipid ROS is due to the inability of ferroptotic cells to quench
the reactive species as result of glutathione peroxidase 4 (GPX4) inop-
erability. Physiologically, GPX4 reduces hydrogen peroxide or organic
hydroperoxide to water or the corresponding alcohols by converting
glutathione (GSH) to oxidized GSH (GSSG). Thus, the inhibition of GPX4
leads to the accumulation of lipid ROS and triggers the ferroptotic cell
death cascade. GPX4 can be inhibited directly, or its activity can be
blocked, for instance, by making GSH unavailable. The inhibition of the
amino acid anti-port Xc- system is an example of the latter event. This
system is responsible for the intracellular transport of extracellular
cystine, which is exchanged for intracellular glutamate. Once inside the
cell, cystine is reduced to cysteine, an essential substrate for synthesizing
GSH. Consequently, inhibition of the Xc- system alters the biosynthesis
of GSH and impedes the antioxidant activity of GPX4 [6,7].

The natural world is one of the primary sources of anticancer agents.
Indeed, over 50% of current chemotherapeutic drugs belongs to natural
compounds [8,9], and, interestingly, some of them trigger non-apoptotic
mechanisms of regulated cell death [10]. Ammodaucus leucotrichus Coss.
& Dur (A. leucotrichus), commonly known as “hairy cumin”, is a me-
dicinal plant belonging to the family Apiaceae that grows in the Saharan
and Sub-Saharan countries. A wide range of traditional medicinal uses is
reported for this plant. It has been used in decoctions or infusion to treat
cardiac diseases, digestive problems, diabetes, or for its aphrodisiac and
tonic properties [11]. The fruit extracts or oils from A. leucotrichus
exhibit many biological and pharmacological activities such as antiox-
idant, antibacterial, anti-inflammatory, and neuroprotective [11]. The
phytochemical characterization of the plant identified several bioactive
chemical constituents, including terpenes, tannins, anthracene com-
pounds, sterols, reducing compounds, etc. Perillaldehyde, a natural
monoterpenoid agent, is one of the main components of A. leucotrichus
[12-15], with the absolute configuration of S-(-)-perillaldehyde as re-
ported by Khalfaoui et al. [16]. It exhibits anti-inflammatory, antioxi-
dant, and antifungal activity. Of interest that it is currently used to
maintain the quality and safety of food and is used in cosmetics per-
fumery and pharmaceutical industry [17-19]. Previous data reported
the in vitro antiproliferative and cytotoxic activity of perillaldehyde on
human alveolar basal epithelial adenocarcinoma A549 cells, but the
molecular mechanism of action has not been fully investigated [20].
Besides, perillaldehyde suppressed cell proliferation in mouse and
human gastric cancer cells through activation of AMPK (AMP-activated
protein kinase), responsible for the initiation of autophagy [21]. More-
over, in prostate cancer cells, perillaldehyde shows antimetastatic ac-
tivity by inhibiting bone metastasis through the repression of the
receptor activator of NF-kB ligand (RANKL) [22]. Overall, the potential
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anticancer activity of perillaldehyde was that promising to prompt also
the design, synthesis, and investigation of different analogues, such as
amino-modified derivatives of (S)-perillyl alcohol or its epoxides which
both demonstrated an interesting cytotoxic effects on different tumor
models [18,23-26].

In the present paper, we extensively elucidate the anticancer mech-
anisms evoked by perillaldehyde, investigating, and characterizing its
antileukemic potential in vitro and preliminarily assessing its clinical
potential. To reach the latter aim, we tested the selectivity of peril-
laldehyde towards malignant cell lines and its efficiency in killing pri-
mary acute myeloid leukemia (AML) samples.

2. Materials and methods
2.1. Reagents

RPMI 1640, DMEM high glucose, heat inactivated fetal bovine serum
(FBS), 1% v-glutamine solution 200 mM and 1% penicillin (10.000
units)/streptomycin (10 mg/mL) solution were all obtained from Gibco
(Life Technologies, Monza, Italy).

Guava Viacount reagent and Guava Nexin reagent were purchased by
Luminex (Austin, TX, USA).

The antibodies anti-GPX4 (no. PA5-109274) and anti-rabbit sec-
ondary antibody (no. A21244) were provided by Invitrogen (Thermo
Fisher Scientific, Waltham, MA, USA). Cell Lytic™, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Ellman’s Reagent
[5,50-dithiobis-(2-nitrobenzoic acid) or DNTB], trichloroacetic acid,
TRIS-EDTA, formaldehyde, methanol, necrostatin-1s (nec-1s), deferox-
amine (DFO), vitamin E (vit-E) were all purchased from Merck (Darm-
stadt, Germany). Bradford assay was provided by Bio-Rad (Basel,
Switzerland).

Sytox Green, Sytox Blue, BODIPY 581/591 C11 were provided by
Thermo Fisher Scientific and CellTiter-Glo® Luminescent Cell Viability
Assay by Promega (Madison, WI, USA). Carbobenzoxy-valylalanyl-
aspartyl-[O-methyl]-fluoromethylketone (zVAD-fmk) was purchased
by Bachem (Bubendorf, Switzerland), and ferrostatin-1 (fer-1) by Cal-
biochem (San Diego, CA, USA). The inhibitors olaparib, GSK2606414
(GSK), wortmannin, and brefeldin A were all provided by Selleckchem
(Houston, TX, USA).

2.2. Phytochemical characterization

2.2.1. Plant material

The fruits of Ammodaucus leucotrichus L. were collected from wild
population of plants at Bir Lehlu (coordinates: 26°20°58”N 09°34°32"W,
Western Sahara) in march 2016. Plant material collection was carefully
performed in order not to damage the wild population and obtaining a
representative sample from no less than 10 plants. The samples
authentication was performed by dr. Mohamed Lamin Abdi Bellau and
prof. Alessandra Guerrini, according to IUCN Centre For Mediterranean
Cooperation (2005). Plant material was dried at room temperature for
15 days.

2.2.2. Hydro-distillation of essential oil

The pale green essential oil, with a characteristic odor, was obtained
by hydro-distillation of 20 g of dried fruits, using 500 mL of water in a
Clevenger-type apparatus for 3 h. The obtained essential oil was pooled
separately, dried over anhydrous sodium sulfate (Na;SO4), and stored at
4 °C in amber glass vials until analysis.

2.2.3. Isolation and characterization of perillaldehyde

Flash chromatography was performed on silica gel (Silica gel 60
mesh, particle size: 0.035-0.070 mm) from essential oil. The column
(height: 30 cm; diameter: 4.5 cm) was prepared by wet method. The
essential oil was loaded into the column head and dissolved in the
minimum mobile phase volume. The eluent system used was hexane:
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ethyl acetate mixture at 80:20 v:v ratio. The pure fraction of peril-
laldehyde was identified through TLC (silica gel 60 F254; thickness 0.25
mm; Merck), visualized at 254 nm and 366 nm, and finally developed
with a solution of 1 g of phosphomolybdic acid in 10 mL of ethanol.

GC-MS was used to analyze the identity and the purity of the sepa-
rated molecule. The GC-MS analysis was performed with a Varian 3800
chromatograph (Varian, Palo Alto, CA, USA) equipped with a Varian
Factor Four VF-5 ms column (5%-phenyl-95%-dimethylpolysiloxane,
internal diameter: 0.25 mm, length: 30 m) interconnected with a Varian
mass spectrometer SATURN MS-4000 (Varian), with electronic impact
ionization, ion trap analyzer and software provided with the NIST
database for the identification of components. The experimental con-
ditions used were the following: helium carrier gas (1 mL/min), split
ratio of 1:50, ionization energy (EI) 70 eV, emission current of 10 pA,
scan rate of 1 scan/sec, mass range 40-400 Da. For the analysis, the oven
initial temperature of 70 °C was increased to 230 °C with a rate of 4 °C/
min and maintained at 230 °C for 10 min; finally, it was brought from
230° to 280°C with an increase of 5 °C/min. The total time of acquisition
of the chromatogram was 70 min. The arithmetic index of perillaldehyde
was determined adding a Cg—C3o n-alkanes (Sigma-Aldrich, St. Louis,
MO, USA) mixture to the essential oil before injecting in the GC-MS
equipment, following the same conditions reported above.

The pure perillaldehyde was compared with the commercial S-
(-)-perillaldehyde (Sigma-Aldrich) through GC analyses, performed with
a Thermo Focus-gas chromatograph equipped with a flame ionization
detector and a chiral Megadex 5 column (25 m x 0.25 mm), with the
following temperature program: 80-200 °C, rate 2 °C min .. Optical
rotation was measured at 20 + 2 °C in ethanol, 10% concentration;

[@]2p value is given in 10" degem?gL.

2.3. Cell lines and cell cultures

2.3.1. Cell lines

Human acute T leukemia cells (Jurkat), human colon adenocarci-
noma cells (DLD-1), and human neuroblastoma cells (SHSY5Y) were
purchased from LGC Standard (LGC Group, Middelsex, UK); human
promyelocytic leukemia cells (HL-60) were obtained from Istituto Zoo-
profilattico of Brescia (Italy). Jurkat and DLD-1 were propagated in
RPMI 1640 supplemented with 10% FBS, 1% r-glutamine solution and
1% penicillin/streptomycin solution. HL-60 were cultured in the same
culture medium with the only exception of 20% inactivated FBS and, to
avoid spontaneous differentiation, cell density was never allowed to
exceed 1.0 x 10° cells/mL. SHSYSY were propagated in DMEM high
glucose supplemented with 10% FBS, 1% L-glutamine and 1% penicillin/
streptomycin. All cells were incubated at 37 °C with 5% CO» in humified
atmosphere.

2.3.2. Peripheral blood monocytes and primary AML samples

Peripheral blood samples were collected by venipuncture from vol-
unteers in lithium-heparinized tubes at Ghent University Hospital (UZ
Gent). Informed consent for inclusion was received from all volunteers
before participating in the study (Reference no. 2019-0461). Peripheral
blood mononuclear cells (PBMCs) were isolated using density-gradient
centrifugation (Lymphoprep). The cell viability and yield of the iso-
lated PBMCs were verified with Tiirk (Gibco, Thermo Fisher Scientific
Ltd., Waltham, MA, USA). PBMC culture medium consisted of RPMI with
antibiotics (50 U/mL penicillin and 50 mg/mL streptomycin, Gibco),
supplemented with 10% FCS at 37 °C.

AML samples (leukapheresis of hyperleucocytic patients) have been
provided by prof. dr. Tessa Kerre. Leukapheresis samples from patients
were prepared by Ficoll separation (Lymphoprep, Nycomed Pharma,
Brussels, Belgium) and cryopreserved in fetal calf serum (FCS, Gibco,
Invitrogen, Merelbeke, Belgium) containing 10% dimethyl sulfoxide
(DMSO, Serva, Heidelberg, Germany) in liquid nitrogen. After thawing,
samples were cultured in standard medium supplemented with 50 ng/
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mL interleukin-3 (IL-3, PeproTech, London, UK), 100 ng/mL gran-
ulocyte macrophage-colony stimulating factor (GM-CSF, VIB protein
core, Ghent, Belgium), 100 ng/mL granulocyte-colony stimulating fac-
tor (G-CSF, PeproTech), and 25 ng/mL stem cell factor (SCF, Pepro-
Tech). Cell viability was monitored daily. Samples were obtained
following the guidelines of the Medical Ethical Committee of Ghent
University Hospital, after informed consent had been obtained in
accordance with the Declaration of Helsinki.

2.4. Cell viability assay

SHSY5Y, DLD-1, Jurkat and HL-60 cells were treated with increasing
concentration of perillaldehyde (0.05 — 0.60 mM) for 24 h or shorter
time according to experimental exigencies. The analysis of cell viability
was performed using two different tests: a cell membrane permeability
test with Guava ViaCount Reagent containing 7-aminoactinomycin D (7-
AAD) was used for suspension cells (Jurkat, HL-60) and the metabolic
MTT assay for adherent cells (SHSY5Y, DLD-1). The inhibitory concen-
tration causing 50% of cell toxicity (ICsg) following one cell-cycle
exposure was calculated by interpolation from a dose-response curve.

The analysis of cell death of HL-60 and Jurkat cells was performed
using specific inhibitors and the cell-impermeant fluorescent nuclear
probe Sytox Green as previously described in [27]. In brief, cells were
pre-treated for 1 h with or without the pan-caspase inhibitor zZVAD-fmk
(50 uM) or the PARP inhibitor olaparib (2 uM), which block apoptosis;
the RIPK1 inhibitor nec-1s (20 uM), which blocks necroptosis; the iron
chelator DFO (10 uM), the inhibitors of ROS vit-E (100 uM) or fer-1
(1 uM) that also inhibits lipid peroxidation, all three responsible for
the inhibition of ferroptosis. Then, cells were treated for 24 h with
perillaldehyde and viability was analyzed via flow cytometry.

To analyze cell death in PBMCs, cells were seeded in a 96-well plate
at a cell concentration of 500,000 cells/mL. PBMCs were treated with
increasing concentrations of perillaldehyde (0.075-2.4 mM). Cell death
was assessed at 0, 24 and 48 h after addition. We analyzed cell death as
an increase in fluorescence intensity of the cell-impermeable dye (Sytox
Green) after plasma membrane disintegration. Fluorescence was
measured on a Tecan Spark 20 M multimode microplate reader (Tecan,
Mannedorf, Switzerland).

The analysis of cell death on AML samples was performed flow
cytometrically on LSR II Fortessa using Sytox Blue as viability dye and
the same inhibitors concentration and treatment protocol used for HL-60
cells.

2.5. Annexin-V assay

After 24 h treatment, cells were incubated with 100 uL of Guava
Nexin Reagent, containing 7-AAD and annexin V-phycoerythrin (PE),
for 20 min at room temperature in the dark. After incubation, cells were
analyzed by flow cytometry.

2.6. Measurement of lipid ROS

To measure lipid ROS, the fluorescent BODIPY 581/591 C11 has
been exploited. BODIPY 581,591 C11 has an intrinsic red fluorescent.
After the interaction with peroxyl radicals, its chemical structure
changes and the fluorescence shifts in the green channel. To monitor
lipid oxidative stress, we treated HL-60 cells with perillaldehyde
0.30 mM or RSL3 0.5 uM for different time points in a medium con-
taining 2% FBS. Then, cells were washed and stained for 30 min at 37 °C
in FBS-free medium containing 0.5 pM BODIPY 581/591 C11. Cells were
then washed and resuspended in a solution of Sytox Blue 3 uM used as a
viability dye. After 10 min, the samples were analyzed by a BD FACS-
Canto flow cytometer. As gating strategy, dead cells (Sytox Blue posi-
tive) were excluded, and green fluorescence increase was used as an
indicator of cells characterized by lipid oxidative stress.
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2.7. Analysis of GPX4 expression

GPX4 expression was determined 6 or 24 h after treatment of HL-60
cells with increasing concentrations of perillaldehyde. Briefly, 10° cells
of each sample were fixed with 4% formaldehyde and permeabilized
using 90% cold methanol. Samples were washed with incubation buffer
(1x PBS + 1% bovine serum albumin) and incubated for 1 h at 4 °C with
the primary antibody anti-GPX4 (1:150). After washing, cells were
incubated with the anti-rabbit secondary antibody (1:200) for 1 h at
4 °C. Cells were then washed and analyzed by flow cytometry. Results
are expressed as fold change of mean fluorescence intensity of treated
cells compared to untreated cells.

2.8. Measurement of reduced GSH

Ellman’s reagent (DNTB) was used to measure the intracellular level
of GSH in HL-60 cells. Briefly, after treatment with perillaldehyde cells
were lysed using Cell Lytic™ reagent. The supernatant containing
cytoplasmic proteins was collected and protein content measured by the
Bradford assay. An equal protein amount for each sample was used to
quantify GSH content. Samples were mixed with trichloroacetic acid and
centrifuged at 14,000 rounds for 5 min to remove precipitated proteins.
50 uL of supernatant was added to TRIS-EDTA (pH 8.9; 0.2 M) and
mixed to DTNB (0.01 M in methanol). DNTB reacts with GSH, producing
2-nitro-5-thiobenzoic acid and GSH disulfide, a yellow-colored product
[28]. The spectrophotometric analysis was performed at 405 nm within
5 min with the microplate reader Infinite F200 PRO (Tecan). Results are
expressed as fold change of treated cells compared to untreated ones.

isolated and S-perillaldehyde
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Fig. 1. Perillaldehyde R-enantiomer is the
main component isolated from A. leuco-
trichus essential oil. (a) Chromatogram and
retention time (38.635 min) of perillaldehyde
enantiomer isolated from A. leucotrichus. (b)
Chromatogram and retention time of the
mixture of commercial (S-enantiomer) and iso-
lated  perillaldehyde (37.793 min  and
38.56 min, respectively). (¢) Chromatogram
and retention time of S-perillaldehyde
(37.725 min). GC-FID analyses were performed
with chiral column.

isolated perillaldehyde

S-perillaldehyde

2.9. Measurement of intracellular and extracellular ATP levels

CellTiter-Glo® Luminescent Cell Viability Assay was used to measure
intracellular and extracellular ATP levels [29]. HL-60 has been treated
with perillaldehyde for different time points in medium containing 2%
of FBS. Then, cells were pelleted and transferred to a white 96-well
plate. Contextually, the supernatants were transferred to another
white 96-well plate. The assay was performed following the manufac-
turer instructions. 100 pL of reconstituted reagent was added to cells or
to 100 pL of supernatant. Cells were mixed in an orbital shaker for 2 min
and then incubated at room temperature for 10 min. Luminescence was
measured with the Tecan Spark 20 M multimode microplate reader. ATP
has been expressed as a fold increase compared to untreated cells.

For the experiments with the inhibitors, cells were pretreated for 1 h
with or without wortmannin (0.2 pM), GSK (0.1 uM) or brefeldin A
(0.1 uM). Then, cells were treated for 3 h with perillaldehyde, and ATP
analysis was performed as above.

2.10. Flow cytometry

The flow cytometric analyses were performed with Guava EasyCyte
6-2 L (Merck) or FACSCanto cytometer (Becton Dickinson, BD, San Jose,
CA, USA). At least 10,000 events were recorded for each sample. In all
the analyses debris and clumps were gated out.

2.11. Statistical analysis

All experiments were performed at least in triplicate and results are
expressed as mean + SEM. Differences among treatment were analyzed
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Fig. 2. Perillaldehyde decreased cell viability in a concentration-dependent fashion in all analyzed cell lines. Cytotoxic effects of perillaldehyde after 24 h
treatment of SHSYSY, DLD-1, Jurkat and HL-60 cells. Cell death was analyzed using MTT test for SHSY5Y and DLD-1, whereas a cell membrane permeability test was

p < 0.001; * ** * p < 0.0001 compared to untreated cells.

using repeated Anova, followed by Bonferroni, Dunnet or Uncorrected
Fisher’s LSD as post- test, using GraphPad InStat version 6.00 (GraphPad
Prism, San Diego, CA, USA). p < 0.05 was considered significant. The
ICsp was calculated by interpolation from the non-linear dose-response
curve.

3. Results and discussion
3.1. Perillaldehyde is the main component of A. leucotrichus essential oil

The GC-MS of A. leucotrichus essential oil highlighted perillaldehyde
as the main component, with an experimental arithmetic index of 1269,
comparable to the literature value of 1272 as well as the experimental
mass fragmentation (m/z): 151 (15), 150 (15), 135 (50), 122 (45), 107
(70), 93 (60), 91 (75), 79 (100), 68 (55), 67 (100), 77 (45), 53 (30) [30].
The optical rotation was: [(1]?,0 = +115 (c 10, ethanol), opposite to the
commercial S-(-)-perillaldehyde. The injection of both enantiomers in
GC-FID, equipped with chiral column, confirmed that the isolated per-
illaldehyde is not superimposable with the commercial one and corre-
sponded to the R enantiomer (Fig. 1), in contrast to previous literature
[16], where the authors probably supposed the absolute configuration,
but they have not shown experimental evidences.

used for Jurkat and HL-60 cells. Statistical significance was calculated by one-way Anova followed by Dunnet’s multiple comparisons test. * * p < 0.01;

Table 1

ICsp values calculated after 24 h of treatment with increasing concentrations of
perillaldehyde.

Cell line

ICs0 (mM)
Human neuroblastoma cells (SHSY5Y) 0.257
Human colon adenocarcinoma cells (DLD-1) 0.273
Human acute T leukemia cells (Jurkat) 0.162
Human promyelocytic leukemia cells (HL-60) 0.129

3.2. Perillaldehyde induces ferroptosis in vitro

We tested perillaldehyde on a panel of cancer cell lines (i.e., SHSY5Y,
DLD-1, Jurkat, and HL-60), representing both solid and hematological
tumors. Cells’ sensitivity was assessed based on the half maximal
inhibitory concentration (ICso) values calculated after 24 h from treat-
ment (Fig. 2 and Table 1). The HL-60 promyelocytic leukemia cells
resulted the most sensitive to perillaldehyde treatment and, for this
reason, the investigation on the mechanisms underpinning its cytotoxic
effects has been investigated in that cell line.

To understand whether perillaldehyde induces a regulated form of
cell death and to better understand the stage of cell death, we performed
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Fig. 3. Perillaldehyde induces ferroptosis in acute myeloid leukemia HL-60 cell line. (a) Percentage and representative dot plots of Annexin-V/7-AAD,
Annexin-V'/7-AAD’, Annexin-V'/7-AAD" HL-60 cells after 24 h treatment with perillaldehyde. Experiments performed on HL-60 cells treated with perillaldehyde
demonstrated that regulated mechanisms of cell death are triggered by perillaldehyde, as indicated by PS exposure. Statistical significance was calculated by two-way

Anova followed by Dunnet’s multiple comparisons test. * * p < 0.01; * ** p < 0.001; *

“*p < 0.0001 compared to the equivalent population of untreated cells. (b)

% of viable cells after 1 h pre-treatment with inhibitors and treatment for 24 h with perillaldehyde 0.30 mM. Sytox Green was used as viability dye. Only inhibitors of
ferroptosis were able to block cell death, while inhibitors of apoptosis and necroptosis were ineffective. The following concentrations of inhibitors were used: 25 pM
zVAD-fmk, 2 uM olaparib, 20 pM nec-1s, 1 pM fer-1, 10 pM DFO and 100 pM vit-E. Statistical significance was calculated by one-way Anova followed by Dunnet’s
multiple comparisons test. * p < 0.05; * * p < 0.01 compared to cells treated with perillaldehyde.

the annexin-V assay. One of the earliest events in most regulated cell
deaths, such as apoptosis or necroptosis, is the externalization of phos-
phatidylserine (PS), which is normally restricted to the inner leaflet of
the phospholipidic membrane [31]. The exposure of PS was assessed on
HL-60 cells by its affinity for the phospholipid binding protein
annexin-V. To differentiate cells undergoing early cell death from late
cell death, the viability dye 7-AAD was used as marker of membrane
integrity. The flow cytometric analysis with 7-AAD and annexin-V al-
lows to identify cells in the early cell death stage (Annexin-V'/7-AAD")
or late cell death stage (Annexin-V'/7-AAD"). An increase in the frac-
tion of annexin-V*'/7-AAD" cells was recorded starting from the con-
centration 0.10 mM (50% of treated cells compared to 11% in untreated
cells) (Fig. 3a). At the highest concentrations tested, the percentage
further increased to 70% of annexin-V'/7-AAD™ cells (Fig. 3a), con-
firming the ability of perillaldehyde to kill tumor cells in a regulated
fashion.

Since PS exposure occurs in different types of regulated cell death

[31-33], to characterize the modalities of death triggered by peril-
laldehyde, specific inhibitors of apoptosis, necroptosis and ferroptosis
were used. All inhibitors of ferroptosis significantly rescued HL-60 cells
after 24 h perillaldehyde exposure (Fig. 3b). In particular, peril-
laldehyde’s cytotoxic potential was antagonized by the iron chelator
DFO and both lipidic ROS scavengers vit-E and fer-1, envisaging these
compounds as promising ferroptosis inducers. However, neither nec-1s
nor apoptosis’s inhibitors (i.e., zZVAD-fmk and olaparib) significantly
counteracted perillaldehyde’s cytotoxic effects (Fig. 3b), suggesting that
perillaldehyde induces cell death by triggering ferroptosis.

To check whether the mechanism of action was cell line-dependent,
we performed the same experiments in a different cell line. The ability of
perillaldehyde to trigger ferroptosis was also recorded on the Jurkat
acute T-cell leukemia cells. Annexin-V/7-AAD assay and the experiment
with inhibitors confirmed ferroptosis as the main form of cell death
triggered by perillaldehyde (Fig. S1).

These results prompted us to explore the key events leading to
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Fig. 4. Perillaldehyde significantly increases intracellular lipid ROS and decreases GPX4 and GSH levels in acute myeloid leukemia HL-60 cell line. (a) %
of Sytox Blue’/C11-BODIPY" HL-60 cells after 1, 3, and 6 h of treatment with perillaldehyde 0.30 mM. 0.5 uM RSL3 was used as positive control. (b) Protein
expression of GPX4, expressed as fold change of treated cells versus untreated ones. Cells were treated with perillaldehyde 0.30 mM or RSL3 0.5 pM for 6 and 24 h. (c)
Intracellular GSH content, expressed as fold change of treated cells versus untreated ones. Cells were treated with perillaldehyde 0.30 mM or erastin 15 uM for 1, 3,
and 6 h. Statistical significance was calculated by two-way Anova followed by Dunnet’s multiple comparisons test. * p < 0.05; * * p < 0.01; * ** p < 0.001; * ** *
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ferroptotic cell death after perillaldehyde treatment.

3.3. Perillaldehyde triggered the main key events of ferroptosis

To confirm and characterize the molecular mechanisms underlying
perillaldehyde-induced ferroptosis, we investigated the modulation of
some of the most significant markers and events required for the
execution of this regulated cell death: lipid oxidative stress induction,
modulation of GPX4 expression and intracellular GSH content.

Despite the mechanism of action, all ferroptosis inducers converge in
the common priming effect, which is triggering oxidative lipid stress.
The increase in lipid ROS is an early event during ferroptosis [34]. In our
experimental setting, the flux of lipid ROS in cell membranes was
monitored after 1, 3, and 6 h from perillaldehyde treatment of HL-60
cells using C11-BODIPY. A significant increase in lipid ROS was recor-
ded starting from 1h of treatment, with 50% of viable cells (cells
negative to the Sytox Blue staining) positive for C11-BODIPY (Fig. 4a).
RSL3, used as a positive control, induced an analogous time-dependent
trend in promoting lipid oxidative stress (Fig. 4a) and substantiates the

thesis that the perillaldehyde-mediated increase in lipid ROS starting
form early time points is linked to ferroptosis. Indeed, lipid oxidative
stress is a distinctive signature of ferroptotic cell death and never hap-
pens during other forms of regulated cell death, such as apoptosis,
necroptosis or pyroptosis [34].

Lipid-ROS imbalance can be triggered by several mechanisms: (i)
inhibition of the glutamate/cysteine Xc- anti-port system, which ham-
pers the biosynthesis of intracellular GSH, (ii) depletion of intracellular
GSH stores, or (iii) direct inhibition of the lipid repair enzyme GPX4,
which requires GSH to counteract oxidative stress induced by lipid ROS
[7,35]. Hence, among the inducers of ferroptosis, there are inhibitors
that target Xc-, such as erastin, indicated as class 1 inducers, and/or
inhibitors of GPX4 activity, such as RLS3, indicated as class 2 inducers.
In addition, there are molecules that trigger ferroptosis by other mech-
anisms such as the accumulation of redox-active iron species or direct
GSH depletion [36].

Perillaldehyde significantly decreased GPX4 expression in a time-
dependent fashion (Fig. 4b). In particular, the expression of GPX4 was
decreased by 2.7 times after 6 h and by 4.8 after 24 h compared to
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compared to HL-60 treated with no inhibitors and perillaldehyde 0.30 mM.

untreated cells from both perillaldehyde and RSL3 treatments (Fig. 4b).
The analysis of GPX4 expression is not sufficient to determine
whether perillaldehyde increases lipid ROS through a direct or indirect
inhibition of the enzyme. Since depletion of GSH represents another key
mechanism favoring ferroptosis execution, as reported above, we
analyzed the intracellular levels of GSH after treatment with peril-
laldehyde. We observed a time-dependent decrease in GSH levels at the
same extent of the renowned ferroptosis inducer and system Xc- blocker,
erastin (Fig. 4c). Both perillaldehyde and erastin depleted GSH in HL-60
cells by 50% after 6 h treatment at the highest tested concentrations.
Although further experiments will be necessary to define whether
perillaldehyde is an Xc- system inhibitor (class 1) or a GPX4 inhibitor
(class 2), these results confirmed that perillaldehyde induces ferroptosis.

3.4. Perillaldehyde induces the active release of ATP

The understanding of the interconnectivity of regulated cell death
and innate/adaptative immunity has unearthed new opportunities to
guide our immune system to beating cancer [37]. For example,
apoptotic or necroptotic cells often possess immunogenic properties
which can efficiently induce antitumor immunity through the so-called
immunogenic cell death (ICD) [5]. ICD is a peculiar form of regulated
cell death that promotes the activation of an adaptive immune response
leading to the tumor eradication. When an ICD inducer kills tumor cells,
it also provides the expression and presentation of tumor-associated
antigens and the emission of the ICD mediators or adjuvants, such as
cytokines and the damage-associated molecular patterns, or DAMPs,
which promote the activation and maturation of dendritic cells and
switch on the adaptive immunity engaging CD8" T lymphocytes
[38-40]. One of the most peculiar DAMPs, which also represents a
necessary condition for ICD execution, is the active secretion or passive
release by dying cancer cells of ATP [38,39]. ATP represents a “find me
signal” and, binding to the purinergic P>X7 receptors on dendritic cells,

* p < 0.0001 compared to untreated cells. *p < 0.05

allows their activation and maturation. Moreover, the active release of
ATP, compared to its passive secretion, provokes a better and more
robust immune system stimulation [38,39,41]. Recently, we and others
demonstrated that cancer cells dying by ferroptosis can as well stimulate
the adaptative immune response [32,40,42]. This information prompted
us to assess whether perillaldehyde could be a good ICD inducer
candidate.

Thus, we monitored perillaldehyde’s effect on ATP emission. We
found that after 3 h of stimulation of HL-60 cells with perillaldehyde, the
amount of cell death was less than just 10% while at the same time, the
ATP extracellular release reaches the peak, suggesting that peril-
laldehyde promotes an active release of this DAMP (Fig. 5a). In parallel,
intracellular ATP decreases in a time-dependent manner (Fig. 5a).

Indeed, DAMPs and cytokines emission must be tight regulated to
induce a strong immunogenicity. For instance, it has been demonstrated
that the optimal emission of ATP is mediated by autophagy [41]. In
addition, Garg et al. [41] revealed that ATP active secretion is driven by
endoplasmic reticulum (ER) stress in general and PKR-like endoplasmic
reticulum kinase (PERK) activation in particular. Also, they demon-
strated that ATP exploits the ER-Golgi transport pathway to be actively
secreted and be able to interact with dendritic cells. Therefore, to
confirm that the release of ATP was active, we monitored its release after
3 h treatment with the inhibitors of different pathways commonly
involved in the active secretion of ATP [41,43-46]. We used GSK as a
PERK inhibitor, wortmannin to block phosphoinositide 3-kinase (PI3K),
and brefeldin A to stop protein secretion and the traffic between ER and
Golgi. All the inhibitors almost completely restored physiological ATP
extracellular levels while leaving unchanged intracellular levels
(Fig. 5b), precisely as happens for hypericin-based photodynamic ther-
apy, one of the most potent apoptotic ICD inducers known so far [41].
These data demonstrate that perillaldehyde promotes an active secretion
of ATP, show ER stress involvement, and indicate PI3K-ER-Golgi as a
route for secretion, exactly as the most potent ICD inducers [41]. These
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data indicate for the first time that during ferroptotic cell death ATP can
be actively secreted and substantiates the possibility that perillaldehyde
induced ferroptosis with ICD features.

3.5. Perillaldehyde is partially selective towards cancer cells and induces
ferroptosis on primary AML samples

To evaluate the actual antitumor potential of a drug, it is necessary to
draw a risk-benefit ratio, by correlating the toxicological and pharma-
cological profiles. Regarding the toxicological profile, it is important to
remind that perillaldehyde is routinely used in the food and perfume
industry. Thus, it is characterized by a favorable toxicological profile
and the lack of mutagenic potential [47,48]. Since our study supports a
potential use of perillaldehyde in the oncological field, we investigated
perillaldehyde’s selectivity of action towards tumor cells. We exploited
PBMCs extracted from 4 healthy volunteers. Perillaldehyde induced a
concentration- and time-dependent cytotoxic effect on PBMCs, but it
showed a lower potency on PBMCs compared to the effect on tumor
cells. After 24 h, the ICs( recorded on PBMCs was almost 10 times higher
than that recorded on HL-60. After 48 h, the IC5 recorded on PBMCs
was still 5 times higher than that recorded on HL-60 still at 24 h (Fig. 6a
and d). These results show a partial selectivity of action towards tumor

cells and support the thesis of a favorable toxicological profile of peril-
laldehyde and point to its possible application in the clinical oncology.

The response to anticancer drugs can often vary from in vitro to in vivo
studies and the lack of predictivity is often due to the simplified tumor
cell line models that do not consider tumor heterogenicity. Even if key
gene expression signatures are similar to ex vivo primary cells, tumor cell
lines have poor biologic fidelity and poor sensitivity for patient-specific
drug response. Indeed, they are homogeneous, derive from selected AML
patients, acquire cytogenetic aberrations during the periods of cell
culturing, etc. Primary AML samples reflect the bone marrow environ-
ment and can allow yielding representative results for anticancer drug
testing [49]. If an anticancer drug results ineffective when patient tumor
cells are directly exposed to the drug, it is unlikely to exhibit effect in
vivo [50].

For this reason, we tested perillaldehyde on primary samples ob-
tained from 5 AML patients. Perillaldehyde induced a concentration-
dependent decrease in cell viability on all primary samples and at the
same concentrations used in the in vitro test (Fig. 6b). It is interesting to
notice that although the ICsg obtained on patients’ samples (0.326 mM)
is 2.5 higher than that recorded on HL-60 (0.129 mM), it is still 3.8 times
lower than that recorded on PBMCs (1.235 mM), confirming the anti-
tumor activity and the partial selectivity of action of this compound
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(Fig. 6¢).

To complete the study, we analyzed whether perillaldehyde induced
ferroptosis in the primary samples from AML patients. For this reason,
we repeated the cell death inhibitors assay and found that only fer-1, a
ferroptosis inhibitor, restored cell viability (Fig. 6d), thus confirming the
induction of ferroptosis by perillaldehyde recorded in HL-60 cell line.

4. Conclusions

AML is the most common type of acute leukemia in adults and re-
mains a high risk disease with low cure rates despite intensive standard
chemotherapy regimens [51], further decreasing with older age. In the
past decades, research efforts focused on targeted therapy, mainly
obtaining favorable results only for specific subsets of patients harboring
particular genetic characteristics and, due the problem of resistance and
relapses, providing only transient antileukemic responses in a high
percentage of patients [52,53].

Ferroptosis induction is an emerging strategy in the oncological field,
probably useful also to fight AML [54]. Although research about fer-
roptosis and AML is at an embryonic stage, that little knowledge hints to
ferroptosis as an effective approach. For instance, the semi-synthetic
antimalaria dihydroartemisinin and the flavonoid typhaneoside both
demonstrated their ability to promote autophagy-dependent ferroptosis
on AML cells while having a favorable toxicological profile [55,56].
Besides, an in vitro study demonstrated that the well-known ferroptosis
inducer erastin showed interesting antileukemic activity, also increasing
the sensitivity to conventional chemotherapy [57]. More recently, a
publication disclosed that the new promising antileukemic agent
APR-246, a first-in-class mutant p53 reactivator, triggered AML fer-
roptotic cell death through intracellular GSH depletion. GSH depletion
was due to the modulation of the SLC7A11 subunit of the cys-
tine/glutamate antiporter [58]. A phase one clinical study also showed
its safety profile on AML patients in combination with the hypo-
methylating agent azacitidine [59].

All this evidence points to the potential pharmacological usefulness
of ferroptosis in the treatment of AML and the antileukemic activity of
perillaldehyde reported in this paper perfectly fits this context. Here, we
demonstrated that R-perillaldehyde, the main component of the essen-
tial oil of A. leucotrichus, promotes ferroptosis on two leukemia cell lines
and on primary AML samples obtained from patients, and showed low
toxicity on normal cells, exhibiting a favorable risk-benefit profile.
Furthermore, it promoted the active secretion of ATP, which is one of the
most crucial events in ICD, qualifying itself for further studies to disclose
its actual antitumor-immunogenic potential. Overall, these data depict a
very favorable and peculiar antileukemic profile of perillaldehyde and
qualify this natural product to proceed further through the drug devel-
opment pipeline, starting with in vivo studies.
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