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Abstract: The cytotoxic and apoptotic properties of four bioactive natural compounds, the
prenylated a-pyronephloroglucinol heterodimer arzanol (ARZ), the methoxylated
flavones eupatilin (EUP) and xanthomicrol (XAN), and the sesquiterpene zerumbone
(ZER), were compared in SH-SY5Y human neuroblastoma cells to assess their potential as
neuroblastoma-specific therapeutics. EUP, XAN, and ZER (2.5-100 uM) exerted marked
significant cytotoxicity (MTT assay) and morphological changes after 24 h of incubation,
following the order XAN > ZER > EUP > ARZ (no toxic effect). The propidium iodide
fluorescence assay (PI, red fluorescence) and NucView® 488 assay (NV, green
fluorescence) evidenced a significant increase in the apoptotic cell number, vs. controls, in
SH-SY5Y cells pre-incubated for 2 h with the compounds, in the following order of
apoptotic potency: XAN > EUP > ZER > ARZ. The PubChem database and freely accessible
web tools SwissADME, pkCSM-pharmacokinetics, and SwissTargetPrediction were used
to assess the physicochemical/pharmacokinetic properties and potential protein targets of
the compounds. At 50 uM, a positive correlation (r = 0.917) between values of % viability
reduction and % human intestinal absorption (bioavailability) was observed, indicating a
marked contribution of compound membrane permeability to cytotoxicity in SH-SY5Y
cells. The capacity of compounds to induce apoptosis emerged as inversely correlated to
the computed lipophilicity (r = —0.885).

Keywords: eupatilin; xanthomicrol; zerumbone; arzanol; SH-SY5Y neuroblastoma;
cytotoxicity; apoptosis

1. Introduction

Plant-derived natural products (phytochemicals) and their derivatives represent a
significant source of new therapeutic drugs for cancer therapy [1-3]. These compounds
can enhance treatment efficacy and reduce adverse reactions in cancer patients [2]. Several
natural products are currently being investigated as potential cytotoxic agents and have
shown a positive trend in preclinical research [1]. Some typical examples include taxol
analogs, vinca alkaloids (vincristine and vinblastine), and podophyllotoxin analogs [1-3].

The prenylated pyrone—phloroglucinol heterodimer arzanol (ARZ, Figure 1) is a
natural compound isolated from the aerial parts (leaves and flowerheads) of the
Helichrysum italicum ssp. microphyllum [4-6] and inflorescences of Helichrysum stoechas [7].
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Figure 1. Chemical structures of arzanol (ARZ), eupatilin (EUP), xanthomicrol (XAN), and
zerumbone (ZER).

This secondary metabolite with a scaffold characterized by a three hydroxylated
phenol bearing a C-prenylation, and an acetyl moiety united through a methylene bridge
with an enolic hydroxyl in the a-pyrone ring, has noteworthy bioactivity, including anti-
inflammatory [4,8,9], antioxidant [5,9-13], antimicrobial [4,6], antiviral [4], and anticancer
[13,14] effects. This phloroglucinol demonstrated the ability to decrease viability in cancer
cells [8,13,14] without cytotoxicity in various normal cells [5,10,11].

Eupatilin (EUP, 5,7-dihydroxy-3'4',6-trimethoxyflavone) (Figure 1) is a three-
methylated lipophilic flavonoid not ubiquitous in plants and typical of the Artemisia
species (A. umbelliformis Lam., A. genipi Weber, and A. eriantha) [15,16]. EUP is endowed
with a wide range of biological activities, including anti-inflammatory [16], antioxidant
[16,17], and anticancer properties [15-22]. This methoxyflavone has been indicated as a
potential therapeutic/chemopreventive agent for the treatment of different types of
tumors [15]. Inhibition of cancer cell growth/proliferation [15-22], apoptosis induction
[15-21], cell cycle arrest [15,16,22], mitochondria membrane potential reduction [16-18],
lipid profile modulation [17,20], alteration of cytoskeletal organization [22], prooxidant
activity [16,18,20,21], and modulation of cancer cell signaling pathways [15,16,18,19,21,22]
are the main mechanisms of EUP antitumor activity.

Xanthomicrol, a three-methylated flavonoid (XAN, 5,4"-dihydroxy-6,7,8-
trimethoxyflavone) (Figure 1), has been identified in various traditional medicinal plants,
including Clinopodium douglasii [23], Dracocephalum kotschyi Boiss [23-26], Achillea erba-
rotta subsp. moschata (Wulfen) I. Richardson (musk yarrow, flowering tops) [20,27], and
Baccharis densiflora Wedd [28]. XAN has antimicrobial [24], antioxidant [24], anti-
inflammatory [24], and anticancer properties [20,23-30]. The in vitro and in vivo
antitumor properties of XAN are linked to its ability to induce in cancer cells apoptosis
[20,23,26,27,29,30], cell cycle arrest [23,27,29,30], proliferation/viability inhibition [20,23—
27,29], lipid profile modulation [20,27], prooxidant effects [20], and modulation of cancer-
related enzymes [23,29,30].

The monocyclic sesquiterpene dienone zerumbone (ZER) (2,6,9,9-tetramethyl-
[2E,6E,10E]-cycloundeca-2,6,10-trien-1-one) (Figure 1) is a natural dietary compound
isolated from the rhizome of Zingiber zerumbet Smith (shampoo ginger, an edible ginger)
[31-35] and possesses multiple pharmacological properties including antioxidant [31-34],
antipyretic [32], antibacterial [32,33], immunomodulatory [32-34], anti-inflammatory [32-
34], as well as anticancer activities [31-38]. ZER is considered a promising drug for the
prevention and treatment of different types of cancer [32,34,38], due to its ability to exert
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a selective cytotoxic/antiproliferative action towards cancer cells [31-38], apparently
related to its covalent interaction with proteins involved in cell proliferation, and a
modulation of key apoptotic proteins [32-35,37,38]. Moreover, cell cycle arrest [37,38],
mitochondria membrane potential reduction [35-37], lipid profile modulation [35], and
prooxidant activity [36,37] are further mechanisms of ZER antitumor activity.

Neuroblastoma is an embryonal extracranial tumor of the peripheral nervous system
derived from neural crest cells, mainly affecting children [39,40]. The current treatment
for neuroblastoma includes chemotherapy, radiotherapy, surgery, immunotherapy, and
gene therapy [39-41]. The chemotherapeutic drugs used in the treatment of
neuroblastoma include cisplatin, carboplatin, etoposide, cyclophosphamide, doxorubicin,
vincristine, and others, which can cause apoptosis by destroying nucleotides or inhibiting
mitosis [41]. The main problems of standard chemotherapy are chemoresistance and the
risk of organ toxicity [41]. Therefore, there is great interest in identifying novel therapeutic
agents for neuroblastoma to reduce adverse side effects and drug resistance [39—41].
Various natural extracts and phenolic compounds have shown anticancer properties
(antiproliferative effect, apoptosis induction, and cell cycle arrest) on neuroblastoma cells
[39].

The SH-SY5Y human neuroblastoma cell line is extensively used in neuroscience
research [12,39-42]. Undifferentiated (neuroblast-like cells) SH-SY5Y cells, characterized
by polygonal cell bodies and short processes, express markers of immature neuronal cells,
transcriptional regulators, and low levels of dopaminergic markers [12]. A recent study
conducted by surface proteomics has evidenced that the undifferentiated SH-SY5Y cell
surfaceome significantly overlaps with the human brain and neuronal DRG (dorsal root
ganglion neurons) surface proteome, qualifying this cell line as a model to study
neuroblastoma-specific therapeutics [42].

This study aimed to investigate and compare the anticancer activity of ARZ, EUP,
XAN, and ZER on SH-SY5Y cancer cells to explore the potential application of these
natural bioactive compounds as a neuroblastoma therapeutic strategy. Moreover, the in
silico physicochemical properties and pharmacokinetic/protein target profiles of tested
compounds were analyzed and correlated with the observed activity to identify which
drug characteristics primarily influence antitumor activity in neuroblastoma cells. The
synergy between experimental assessment and computational techniques is essential in
the natural drug discovery process for the development of new and effective cancer
treatments.

The anticancer properties of compounds were assessed by monitoring cell inhibitory
growth effect (MTT assay) and apoptosis/necrosis induction by propidium iodide and
NucView® 488 fluorescence assays. The physicochemical/pharmacokinetic properties and
the most probable protein targets of the tested compounds were assessed by the PubChem
database [43] and the freely accessible web tools SwissADME [44], pkCSM-
pharmacokinetics [45], and SwissTargetPrediction [46]. Finally, the bivariate Person
analysis was performed to assess the correlations between cytotoxic and apoptotic effects
of ARZ, EUP, XAN, and ZER on SH-SY5Y neuroblastoma cells and the compoundse
physicochemical and pharmacokinetic properties. The results of this study provide
valuable insights into the potential application of natural anticancer compounds ARZ,
EUP, XAN, and ZER in neuroblastoma treatment and highlight structural and
physicochemical/pharmacokinetic properties involved in compound activity, useful for
the development of novel neuroblastoma therapeutic agents.
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2. Results
2.1. Effect of DMSO on SH-SY5Y Cell Viability (MTT Assay)

The colorimetric MTT assay, a method used for evaluating cell viability, proliferation,
and cytotoxicity [11-13], was employed to assess the impact of DMSQO, the solvent used
to dissolve the compounds, on cancer SH-SY5Y cell viability. Cell viability data (expressed
as a percentage of the control) measured after 24 h incubation with various DMSO
concentrations (from 0.025 to 2%) in neuroblastoma SH-SY5Y cells are shown in Figure
2a.

DMSO-exposed neuronal cells showed a viability similar to control cells in the
concentration range from 0.25% to 1% v/v. However, a significant cytotoxic effect (p <0.001
vs. control cells) was observed at a DMSO concentration of 2% v/v, resulting in a 28%
reduction in cell viability.

Figure 2b displays the corresponding morphological images of control (untreated)
cells and cells treated with DMSO (1% and 2% v/v). At 2% DMSO concentration, decreased
cell density areas were observed, and the cells showed a reduction in their cellular size.
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Figure 2. (a) Viability, expressed as % of the control (untreated cells, 0), induced by incubation for
24 h with different amounts of DMSO (0.025 to 2% v/v) in cancer SH-SY5Y cells (MTT assay). Data
are presented as mean and standard deviation (SD) of three independent experiments involving six
analyses for each sample (n = 18). The statistical significance of differences was assessed by One-
way ANOVA, followed by the Bonferroni Multiple Comparisons Test. *** = p <0.001 vs. control cells
(0). (b) The panels show representative images of phase contrast of control (untreated cells, Ctrl)
and cells treated for 24 h with 1% and 2% v/v of DMSO. Bar = 100 pm.

Phase contrast microscopy evidenced no significant changes in cell morphology or
density in SH-SY5Y cells treated with DMSO at a dose range from 0.25% to 1% ov/v vs.
control cells. Therefore, for further experiments, the maximal DMSO concentration to
dissolve the compounds was established at 1% v/v to avoid vehicle toxicity.

2.2. Effect of Compounds on SH-SY5Y Cell Viability (MTT Assay)
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The cytotoxic effects of ARZ, EUP, XAN, and ZER were evaluated on SH-SY5Y
neuroblastoma cells using the MTT assay. Figure 3 shows the viability values (expressed
as a percentage of the control) measured in control (untreated) cells (100% of viability)
and cells treated for 24 h with various concentrations (ranging from 2.5 to 100 uM) of the
compounds. Cells were also treated with the same amounts of the anticancer compound
gemcitabine (GEM) as a positive control. A previous study evidenced the high sensitivity
of various neuroblastoma cell lines to GEM [47].
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Figure 3. Viability, expressed as % of the control (untreated cells, 0), induced by incubation for 24 h
with different amounts (from 2.5 to 100 uM) of arzanol (ARZ), eupatilin (EUP), zerumbone (ZER),
and xanthomicrol (XAN), and gemcitabine (positive control, GEM) in cancer SH-SY5Y cells (MTT
assay). Data are presented as mean and standard deviation (SD) of three independent experiments
involving six analyses for each sample (n = 18). The statistical significance of differences was
assessed by one-way ANOVA followed by the Bonferroni Multiple Comparisons Test. For each
series, ** =p <0.001, ** = p < 0.01 vs. the respective control (0). For each concentration, °°°=p <0.001,
°°=p<0.01 vs. ARZ; # =p <0.001, # =p < 0.01, * =p <0.05 vs. EUP; 85 =p <0.001, $=p < 0.05 vs. ZER;
% = p <0.001, ¥ =p < 0.05 vs. XAN.

The treatment with XAN exerted a significant reduction (13%) in cell viability (p <
0.001 vs. control cells) at the dose of 5 uM. A significant (p < 0.001) cancer cell growth
inhibition of 41-53% was observed at the concentration range of 10-100 uM.

ZER, despite a less toxic effect than XAN at low doses, exerted a significant (p <0.001)
dose-dependent decrease in cancer SH-SY5Y cell viability in comparison with control cells
from the dose of 25 uM, exhibiting a cell growth inhibition of 16-81% at the concentration
range from 25 to 100 uM.

EUP was not significantly toxic at the dose range of 2.5-25 uM, whereas it exerted a
significant (p < 0.001) reduction in cancer SH-SY5Y cell viability, in comparison with
control cells, from the dose of 50 uM, with viability reduction in values of 17% and 31%
at the doses of 50 and 100 uM, respectively.

No significant difference in cell viability was observed in SH-SY5Y cells after the
treatment with ARZ at all tested concentrations in comparison to the control group.

The anticancer compound GEM induced a significant decrease in SH-SY5Y cell
viability (versus control cells) from the dose of 2.5 uM, exhibiting a cell growth inhibition
of 22-33% in the range 25-100 uM. GEN showed lower cytotoxicity than XAN from 10
1M, and similar potency to EUP from 50 pM.
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DMSO, used to dissolve the compounds, did not affect cell viability in the range of
concentrations used to test compounds (2.5-100 uM, corresponding to 0.025-1% of
DMSO).

Table 1 shows values of ICso (the concentration that decreases the cell viability to 50%)
and % viability reduction at 50 uM determined for the compounds in SH-SY5Y cells.

Table 1. Values of ICs (the concentration that decreases the cell viability to 50%) and % viability
reduction at 50 uM were determined for arzanol (ARZ), eupatilin (EUP), zerumbone (ZER), and

xanthomicrol (XAN) in SH-SY5Y cells and other cancer and normal cells from literature data.

Incubation Time % Viability Reduction  ICso

Compound Cell Line Type Method (h) (at 50 uM) (LM) Reference
ARZ SH-SY5Y  Cancer cells MTT 24 0 >100 -
A549 Cancer cells Trypan blue 24 80 - [8]
HeLa Cancer cells MTT 24 4 >200 [13]
B16F10 Cancer cells MTT 24 11 163 [13,35]
Caco-2 Cancer cells AlamarBlue 24 35 88 [13]
RT-112 Cancer cells MTT 24 100 6.6/13.2 [14]
PBMC Normal cells MTT 24 0 - [8]
HaCaT  Normal cells MTT 24 0 >100 [11]
EUP SH-SY5Y  Cancer cells MTT 24 17 >100 -
Hela Cancer cells CCK-8 kit 48 ~60 (at 40 uM) = - [15]
Ectl/E6E7  Cancer cells CCK-8 kit 48 =25 (at 40 uM) = - [15]
HeLa Cancer cells MTT 24 32 >200 [17]
HCT116  Cancer cells MTT 48 =55 a <50° [18]
HT29 Cancer cells MTT 48 =45 2 >50 b [18]
A375 Cancer cells MTT 24 31 >200 [20]
HeclA Cancer cells MTT 48 =40 a 82.2 [48]
KLE Cancer cells MTT 48 =45 a 85.5 [48]
3T3 Normal cells MTT 24 18 >200 [27]
HaCaT  Normal cells MTT 24 35 >200 [20]
HESC Normal cells MTT 48 =48 a 65.5 [48]
ZER SH-SY5Y  Cancer cells MTT 24 31 69 -
Hela Cancer cells MTT 24 34 >100 [35]
B16F10 Cancer cells MTT 24 50 10 [35]
Caco-2 Cancer cells MTT 24 44 73 [35]
SW480 Cancer cells MTT 24 =25a 160 [37]
SW480 Cancer cells MTT 48 =30 102 [37]
Hela Cancer cells MTT 72 - 18.6 [49]
MCE-7 Cancer cells MTT 72 - 66.8 [49]
MDA-MB-231 Cancer cells MTT 72 - 70.6 [49]
Caco-2®  Normal cells AlamarBlue 24 20 >100 [35]
XAN SH-SY5Y  Cancer cells MTT 24 50 22.8 -
A375 Cancer cells MTT 24 27 >200 [20]
AGS Cancer cells MTT 72 - 13.1 [25]
HT29 Cancer cells MTT 72 - 123.7 [25]
HL60 Cancer cells MTT 72 - 111.8 [25]
SaOs-2 Cancer cells MTT 72 - 117.9 [25]
WEHI-164 Cancer cells MTT 72 - 95.3 [25]
HeLa Cancer cells MTT 24 45 182.0 [27]
JIMT-1 Cancer cells MTT 72 - 99.6 [28]
4T1 Cancer cells MTT 24 - 101.6 [29]
3T3 Normal cells MTT 24 22 >200 [27]
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HaCaT  Normal cells MTT 24 37 >200 [20]
HFFF-P16 Normal cells MTT 72 - 162.4 [25]
aDeduced from literature figures. ®» Monolayers of differentiated Caco-2 cells as a model of intestinal
epithelium [35].

Cytotoxicity values determined for ARZ [8,11,13,14,35], EUP [15,17,18,20,27,48], ZER
[35,37,49], and XAN [20,25,27-29] in previous studies in other cancer and normal cell lines
are also reported in Table 1 for comparison.

The ICso values of XAN and ZER after 24 h incubation in neuroblastoma SH-SY5Y
cells were 22.8 uM and 69 uM, respectively. In our experimental conditions, it was not
possible to determine the ICso value for EUP and ARZ because it exceeded the maximum
percentage (1%) of DMSO tolerated in SH-SY5Y cells.

The values of % viability reduction and the order of potency obtained for XAN, ZER,
EUP, and ARZ in SH-SY5Y cancer cells at 50 uM were comparable with those previously
obtained for the four compounds in human cervical cancer HelLa cells in similar
experimental conditions (24 h of incubation, MTT assay), with XAN showing the highest
cytotoxicity (45% viability reduction) [27], followed by ZER (34%) [35], EUP (32%) [17],
and ARZ (4%) [13]. Moreover, we previously observed a lower toxic effect of XAN, ZER,
and EUP in normal cells than in cancer cells [20,35].

Figure 4 shows the representative images observed under phase contrast microscopy
of SH-SY5Y control (untreated) cells and cells treated for 24 h with various concentrations
(2.5-100 uM) of ARZ, EUP, ZER, XAN, and GEM (positive control).

The microscopic observation of treated cells before the MTT assay allowed us to
evidence effects on cancer SH-SY5Y cell morphology induced by 24 h incubation with
different compounds. SH-SY5Y control (untreated) cells were fusiform and branched,
characterized by short processes.

The XAN treatment induced a concentration-dependent decrease in the total cell
number and an increase in the number of cells characterized by a rounded morphology
(apoptotic cells), evident from 5 uM. Moreover, clear apoptotic bodies and cell debris were
observed in the dose range of 25-100 uM (Figure 4b).

Cells with reduced size (rounded cells) were observed in ZER-treated cells from 10
UM, whereas a decrease in the total cell number was monitored from 25 uM.

The microscopic observation of EUP-treated cells evidenced less marked
morphology changes than XAN and ZER in the range of 5-25 uM. However, at the highest
concentrations (50 and 100 pM), areas with decreased cell density were observed, and the
cells displayed changes in size, with a reduced cytoplasm volume and a rounded
morphology, clear apoptotic bodies, and cell debris.

The ARZ treatment did not cause any apparent change in cancer SH-SY5Y cell
morphology and number across the range of 2.5-25 uM, and the treated cells were very
similar to control cells, as previously observed [12]. However, some cells with altered
morphology were evident at 50 and 100 pM, despite no apparent viability reduction.

The 24 h-treatment with GEM (Figure 51) induced an evident decrease in the number
of SH-SY5Y cells with respect to control (untreated) cells. Moreover, cells treated with all
GEM concentrations showed an increase in the number of cells characterized by an altered
cell morphology (marked size reduction).

Figure S2 shows the phase contrast images of SH-SY5Y (untreated) control cells and
cells treated for 2 h with the highest doses (25, 50, and 100 uM) of ARZ, EUP, ZER, XAN,
and GEM. The short time-incubation (2 h) of cancer SH-SY5Y cells with all compounds
did not induce a significant viability reduction assessed by MTT assay (<10%). However,
microscopic observation after the treatment allowed us to observe different effects of
compounds on cell morphology vs. control (untreated) cells.
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A decrease in the number of cells with fusiform and branched appearance and an
increase in the number of cells characterized by a rounded morphology were especially
observed in ZER and XAN-treated cells. Therefore, a short time of incubation was chosen
to evaluate and compare the apoptotic effect of compounds.

ARZ EUP ZER

50 um

100 um

Figure 4. (a) Representative phase contrast images of SH-SY5Y control cells (untreated, Ctrl) and
cells treated for 24 h with different amounts (2.5 to 100 uM) of arzanol (ARZ), eupatilin (EUP),
zerumbone (ZER), and xanthomicrol (XAN). (b) Enlargement of images of SH-SY5Y cells treated
with the compounds at 50 uM. Asterisks indicate areas characterized by a reduced cell density,
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while arrows and arrowheads point to rounded/granulated cells and membrane blebbing,

respectively. Bar = 100 pm.

The mean values of % viability reduction (% VR) obtained for the four compounds
in SH-SY5Y cancer cells at the dose of 50 uM (50%, 31%, 17%, and 0% for XAN, ZER, EUP,
and ARZ, respectively) were considered for successive correlation analysis.

2.3. Protective Effect of Compounds Against Apoptosis

The effect of XAN, ZER, EUP, and ARZ on apoptosis and cell death was evaluated
by staining cancer SH-SY5Y cells with NucView 488 (NV) dye, an enzyme caspase-3
substrate, capable of detecting the activity of caspase-3/7 within cells (early apoptotic
cells) [11,12,20], and with propidium iodide (PI), a DNA-binding fluorescent dye (red)
able to evidence late apoptotic and necrotic cells [12].

Figure 5a shows the green emission images obtained, after 3 h of incubation with NV
dye, for SH-SY5Y control (untreated) cells, cells pre-incubated for 2 h with ZER, ARZ,
EUP, XAN, and GEM (positive control) (25, 50, and 100 uM), and vehicle treated cells
(DMSO 1% v/v).

A low basal level of green cells was observed in control (untreated) cells. Cells treated
with DMSQO, at the maximal non-toxic dose used to dissolve the compounds, showed a
green fluorescence emission similar to control cells. An evident increase in green
fluorescence was observed in GEM-treated cells at 50 uM, indicating the apoptotic
process.

In our experimental conditions, all compounds induced apoptosis in SH-SY5Y,
although with a different potency. The quantitative data (expressed as % control) of NV
intensity emission fluorescence of ZER, ARZ, EUP, and XAN are reported in Figure 5b.

XAN exhibited the highest pro-apoptotic activity in this model. The incubation of
cancer SH-SY5Y cells with XAN induced a significant (p < 0.01) rise in the number of
rounded and green-fluorescent apoptotic cells in comparison to control cells from the dose
of 25 uM (value of 760% of controls), exhibiting comparable values at higher
concentrations. An evident induction of apoptosis was observed from 25 uM for EUP
(169% vs. control cells) and ZER (188%).

Despite no apparent viability reduction and low levels of cells with altered
morphology observed in cancer SH-SY5Y cells treated for 24 h with ARZ 50 and 100 uM,
an evident apoptosis was observed from 50 uM in neuroblastoma cells after 2 h of
incubation with the phloroglucinol.

The values of NV intensity emission fluorescence of 389, 394, 338, and 811% were
measured at the dose of 100 uM for ZER, ARZ, EUP, and XAN, respectively.

For successive correlation analysis, the mean values of % apoptosis by NV assay (%
Apoptosis NV) obtained in SH-SY5Y cancer cells for the four compounds at the doses of
50 uM were considered, corresponding to 605%, 363%, 223%, and 203% for XAN, EUP,
ARZ, and ZER, respectively.

Figure 6a shows the red emission images obtained, after 2 h of incubation with PI
dye, for SH-SY5Y control (untreated) cells, cells pre-incubated for 2 h with ZER, ARZ,
EUP, XAN, and GEM (positive control) (25, 50, and 100 uM), and vehicle treated cells
(DMSO 1% v/v).

A low basal level of red fluorescence was observed in control (untreated) cells. Cells
treated with DMSO (1% v/v) showed a red fluorescence emission similar to control cells.
Cells treated with GEM 50 and 100 uM displayed an evident increase in red fluorescence,
confirming the apoptotic process, although lower than that observed in EUP- and XAN-
treated cells.
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The quantitative data (expressed as % control) of PI intensity emission fluorescence
of ZER, ARZ, EUP, and XAN are reported in Figure 6b.
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Figure 5. Fluorescence green emission images, by NucView 488 (NV) assay, obtained in SH-SY5Y
control (untreated) cells (Ctrl) and cells pre-incubated for 2 h with different concentrations (25, 50,
and 100 uM) of zerumbone (ZER), arzanol (ARZ), eupatilin (EUP), xanthomicrol (XAN),
gemcitabine (GEM, positive control), and the maximal non-toxic vehicle dose (DMSO 1% v/v) (a).
Intensity of NV green emission fluorescence, expressed as % control, obtained by image analysis for
cells treated with ZER, ARZ, EUP, and XAN (b). All data are presented as mean and standard
deviation (SD) of three experiments involving duplicate analyses for each sample (n = 6). The
statistical significance of differences was assessed by One-way ANOVA, followed by the Bonferroni

Multiple Comparisons Test. For each series: *** = p < 0.001, ** = p < 0.00, * = p <0.05 vs. the respective
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control cells (0); °°° =p <0.001, °=p <0.05 vs. 25 uM; 8 = p <0.001 vs. 50 uM. For each concentration,
between different compounds ## = p <0.001, # = p < 0.01.
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Figure 6. Fluorescence red emission images, by propidium iodide (PI) assay, obtained in SH-SY5Y
control (untreated) cells (Ctrl) and cells pre-incubated for 2 h with different concentrations (25, 50,
and 100 uM) of zerumbone (ZER), arzanol (ARZ), eupatilin (EUP), and xanthomicrol (XAN),
gemcitabine (GEM, positive control), and the maximal non-toxic vehicle dose (DMSO 1% v/v) (a).
Intensity of PI red emission fluorescence, expressed as % control, obtained for cells treated with
ZER, ARZ, EUP, and XAN by image analysis (b). All data are presented as mean and standard
deviation (SD) of three experiments involving duplicate analyses for each sample (n = 6). The
statistical significance of differences was assessed by One-way ANOVA, followed by the Bonferroni
Multiple Comparisons Test. For each series: *** =p <0.001, ** =p < 0.01, * = p <0.05 vs. the respective
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control cells (0); °° =p <0.01, °=p <0.05 vs. 25 uM; § = p < 0.05 vs. 50 pM. For each concentration: *
=p <0.01,%=p <0.05 between different compounds.

The 2 h treatment with XAN induced a dose-dependent increase, vs. control cells, in
the number of IP-stained cells, with mean values of 343%, 896%, and 1652% of red
fluorescence intensity at 25, 50, and 100 uM, respectively, indicating a late
apoptosis/necrosis induction. Also, cells treated with ZER and EUP showed a dose-
dependent increase in red fluorescence emission, less marked than those induced by XAN
at 50 and 100 pM.

ARZ exhibited a significant increase in the red fluorescence signal in comparison to
control cells (p < 0.05) only at 100 uM (440%).

For successive correlation analysis, the mean values of % apoptosis by IP assay (%
Apoptosis IP) obtained in SH-SY5Y cancer cells for the four compounds at the doses of 50
uM were considered, corresponding to 896%, 343%, 294%, and 90% for XAN, EUP, ZER,
and ARZ, respectively.

2.4. In Silico Evaluation of Physicochemical and Pharmacokinetic Properties of ARZ, EUP,
XAN, and ZER

In silico evaluations of compound physicochemical, pharmacokinetic, and
pharmacological/protein target properties were performed using several web tools,
including the PubChem web database [43] and freely accessible web tools SwissADME
[44], pkCSM-pharmacokinetics [45], and SwissTargetPrediction [46].

The PubChem web database [43] allowed to obtain for each compound canonical
SMILES, a simplified molecular-input line entry specification nomenclature [50] (Table 2),
and physicochemical properties such as molecular weight (MW), XLogP3-AA
(lipophilicity), rotatable bond count (RBC), topological polar surface area (TPSA),
hydrogen bond donor count (HBDC), hydrogen bond acceptor count (HBAC), and
complexity (reported in Table 3).

Table 2. Canonical smiles of arzanol (ARZ), eupatilin (EUP), xanthomicrol (XAN), and zerumbone
(ZER) obtained from the PubChem web database [43].

Compound Name

1Canonical SMILES

ARZ
EUP
XAN
ZER

CCC1=C(C(=C(C(=0)01)CC2=C(C(=C(C(=C20)CC=C(C)C)0)C(=0)C)0)0)C
COC1=C(C=C(C=C1)C2=CC(=0)C3=C(02)C=C(C(=C30)OC)0)OC
COC1=C(C(=C2C(=C10)C(=0)C=C(02)C3=CC=C(C=C3)0)OC)OC

C/C/1=C\ CC(/C=C/C(=0)/C(=C/CC1)/C)(C)C

!Computed by OEChem 2.3.0 (PubChem release 12 December 2024).

For each compound, the canonical SMILES were entered into the web tools
SwissADME [44], which assembles the most relevant computational methods to provide
a global appraisal of the pharmacokinetics profile of small molecules [50,51], and pkCSM-
pharmacokinetics [45], a novel method for predicting/optimizing small-molecule
pharmacokinetic and toxicity properties [52].

The most relevant physicochemical/pharmacokinetic properties of XAN, ZER, EUP,
and ARZ including Consensus Log Pow (the logarithm of the n-octanol/water partition
coefficient, lipophilicity), values of Log S (ESOL), Log S (Ali), Log S (SILICOS-IT) (water
solubility), human intestinal absorption (HIA, bioavailability), blood—brain barrier (BBB)
permeability, and central nervous system (CNS) permeability) are listed in Table 3. The
Bioavailability Radar, a graphical representation of the drug-likeness, and the “BOILED-
Egg” representation of passive gastrointestinal absorption and BBB penetration, obtained
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for tested compounds by SwissADME [44,51], are reported in Figure 7a and Figure 7b,
respectively.

Table 3. Physicochemical and pharmacokinetic properties of arzanol (ARZ), eupatilin (EUP),
xanthomicrol (XAN), and zerumbone (ZER), computed from the chemical structure and the
canonical smiles, obtained from the PubChem database [43] and calculated with the web tools
SwissADME [44] and pkCSM-pharmacokinetics [45].

Computed Property Database/Web Tool ARZ EUP XAN ZER
Molecular Weight (MW) PubChem 402.4 g/mol 344.3 g/mol 344.3 g/mol 218.33 g/mol
XLogP3-AA—Lipophilicity PubChem 3.9 29 29 3.9
Hydrogen Bond Donor Count (HBDC) PubChem 4 2 2 0
Hydrogen Bond Acceptor Count (HBAC) PubChem 7 7 7 1
Rotatable Bond Count (RBC) PubChem 6 4 4 0
Topological Polar Surface Area (TPSA) PubChem 124 A2 94.4 A2 94.4 A2 17.1 A2
Complexity PubChem 757 520 512 354
Consensus Log Pow-Lipophilicity SwissADME 3.42 2.54 2.42 3.57
Log S (ESOL)—Water Solubility SwissADME —4.70 -4.33 —4.04 -3.68
Log S (Ali)—Water Solubility SwissADME -6.28 -5.14 -4.67 -4.00
Log S (SILICOS-IT) — Water Solubility SwissADME -5.26 -5.33 -5.33 -3.41
1Gastrointestinal absorption SwissADME High High High High
2Blood-brain barrier (BBB) permeant SwissADME No No No Yes
Human Intestinal Absorption (HIA) kaSM_ . 74.92% 78.996% 96.278% 95.781%
pharmacokinetics
s e pkCSM-
BBB permeability — Distribution o -1.204 log BB—0.809 log BB-0.575 log BB 0.522 log BB
pharmacokinetics
. L pkCSM-
CNS permeability —Distribution . —2.935 log PS -3.083 log PS—3.295 log PS —2.647 log PS
pharmacokinetics

1BOILED-Egg (white); 2BOILED-Egg (yolk).

The Bioavailability Radar (Figure 7a) by SwissADME allows a first description of the
drug-likeness of a molecule and, in this representation, the pink area represents the
optimal range for each property, corresponding to Log Pow (specifically XLogGP3)
between -0.7 and + 5.0, (lipophilicity), MW between 150 and 500 g/mol (size), TPSA
between 20 and 130 A? (polarity), log S not higher than 6 (water solubility), fraction of
carbons in the sp? hybridization not less than 0.25 (saturation), no more than 9 rotatable
bonds (flexibility) [44,51].

In the intuitive “BOILED-Egg” representation (Figure 7b) for a molecule (dot) the
position in the white region indicates a high probability of passive absorption by the
gastrointestinal tract (IA) (bioavailability), and the position in the yellow region (yolk)
signifies a high probability of brain penetration and brain access (BBB penetration) [44,51].
Moreover, red dots indicate molecules predicted not to be a substrate of glycoprotein P
(P-gp) [44,51].

MW value of 402.4, values of 3.9 (XLogP3-AA) and 3.42 (Consensus Log Pow) for
lipophilicity, values of Log S (water solubility) from —4.70 to —6.28, 6 rotatable bonds, a
total number of hydrogen bonds (THB, donor + acceptor bonds) of 11, a TPSA of 124 Az
and a complexity value of 757 were computed for ARZ, indicating mid-polarity properties
of the compound [10,43—45]. A high bioavailability was predicted for this phloroglucinol,
and a value of 74.92% was estimated for its intestinal absorption (IA). No BBB
permeability (BOILED Egg model) (Figure 7b) was predicted for this phenol, while values
of -1.204 (log BB) and -2.935 (log PS) were calculated for BBB and CNS permeability,
respectively.
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Observing the Bioavailability Radar (Figure 7a), ARZ was predicted as orally
bioavailable, entering into the optimal range (pink area).
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Figure 7. Bioavailability radars (a) and “BOILED-Egg” graphs (b) by SwissADME web tool [44,51],
computed for arzanol (ARZ), eupatilin (EUP), xanthomicrol (XAN), and zerumbone (ZER).

Value of 344.3 for MW, values of 2.9 (XLogP3-AA) and 2.54 (Consensus Log Pow) for
lipophilicity, values of Log S from —-4.33 to —5.33 (moderately soluble), four rotatable
bonds, nine THB donor + acceptor bonds, TPSA value of 94.4 Az a complexity value of
520, a high bioavailability (IA = (78.996%), no BBB permeability (BOILED Egg model), and
values of —0.809 (log BB) and -3.083 (log PS) of BBB and CNS permeability, respectively,
were computed for the methoxyflavone EUP [43-45]. The Bioavailability radar qualified
this phenolic compound as orally bioavailable, mostly entering into the pink area.

XAN is a chemical analog of EUP and is characterized by the same values for MW,
XLogP3-AA, HBDC, HBAC, RBC, TPSA, identical Bioavailability radar, and no BBB
permeability in the BOILED Egg model. Values of 2.42 for Consensus Log Pow, from —4.4
to -5.33 for Log S (indicated as moderately soluble), 96.278% for IA, -0.575 (log BB) for
BBB permeability, and -3.295 (log PS) for CNS permeability were computed for this
methoxyflavone [43-45].
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Value of 218.33 for MW, values of 3.9 (XLogP3-AA) and 3.57 (Consensus Log Pojw)
for lipophilicity, values of Log S from -3.68 to —4.0 for water solubility (indicated as
soluble), no rotatable bonds, 1 HBAC, TPSA value of 17.1 A2 a complexity value of 354, a
high bioavailability (IA = 95.781%), and values of 0.522 (log BB) and -2.647 (log PS) of BBB
and CNS permeability, respectively, were predicted for the sesquiterpene ZER [43—45].
The Bioavailability radar indicated that ZER was entirely inside the pink area, qualifying
it for a good bioavailability profile. Moreover, in the BOILED Egg model, ZER appeared
in the yellow region (yolk) with a red point, indicating a good BBB permeability and a
high probability of brain penetration.

The introduction of canonical SMILES of tested compounds into the web tool
SwissTargetPrediction [46], a common database for ligand-based target prediction,
allowed us to obtain an indication of their most probable protein targets [53].
SwissTargetPrediction is a combined two-dimensional (2D) and 3D ligand-based
similarity method that performs target prediction by calculating the similarity between
query molecule/ligand sets in a reference database [46,54]. Figure 8 reports the principal
predicted target protein classes (among the top 15) for ARZ, EUP, XAN, and ZER.

33.3%
ARZ 26.7% EUP
6.7%
13.3%
‘ 6.7%
13.3% 6.7%
26.7%
13.3%
6.7%
6.7%
6.7% 13.3%
20.0%
B Enzyme B Kinaso B Unclassifiod protoin W Family A G protein coupled receptor Il Enzyme W Kinase
. B Cytochrome P450 Oxidoreductase [0 Lyase
W Family A G protein-coupled receptor Protease Other cytosolic protein
B Primary active transporter B Nuclear receptor
6.7%
6.7%
o
XAN  333% ZER 20.0%
20.0%
13.3%
6.7% 6.7%
6.7%
6.7% 26.7% 6.7%
13.3% 6.7%
13.3% 6.7%
B Enzyme B Family A G protein-coupled receptor Bl Primary active transporter W Transcription faclor Ml Cytochrome P450 W Kinase
B Kinase 1 Oxdoreductase @ Cytochrome P450 B Oxidoroductase [ FamilyA G protein-couplod recoptor  [1] Family C G protein-coupled receptor
W Phosphatase W Transferase W Protease ] Ligand-gated ion channel

Figure 8. Summary of target classes by the SwissTargetPrediction web tool [46,53] computed for
arzanol (ARZ), eupatilin (EUP), xanthomicrol (XAN), and zerumbone (ZER).

The results demonstrated that ARZ targeted several molecular/biochemical
pathways, including G-protein coupled receptor (26.7%), kinase (26.7%), protease (20.0%),
and unspecified cytosolic protein.

The predicted target classes for EUP were G-protein coupled receptor (13.3%), kinase
(13.3%), lyase (13.3%), cytochrome P450, oxidoreductase, primary active transporter, and
nuclear receptor.

The target classes predicted for XAN were similar to those of EUP, including G-
protein coupled receptor (33.3%), kinase (13.3%), oxidoreductase (13.3%), cytochrome
P450, primary active transporter, and phosphatase.

ZER showed the most complex profile of probable protein targets among the tested
compounds, including G-protein coupled receptor (26.7%), oxidoreductase (20%),
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transcription factor (13.3%), cytochrome P450, kinase, transferase, protease, and ligand-
gated ion channel.

2.5. Correlation Between Computed Properties of ARZ, EUP, XAN, ZER, and Cytotoxicity and
Apoptosis Induction

The cytotoxic and pro-apoptotic effects of the anticancer compounds ARZ, EUP,
XAN, and ZER on SH-SY5Y neuroblastoma cells were correlated with their
physicochemical and pharmacokinetic properties to identify the drug properties mainly
affecting antitumor activity in neuroblastoma cells.

Figure 9 shows the heatmap of Pearsones correlations (r) calculated between
computed properties of ARZ, EUP, XAN, and ZER reported in Table 3, including MW,
HBDC, HBAC, RBC, TPSA, complexity, Consensus Log Pow for lipophilicity, Log S (as the
mean value of ESOL, Ali, and SILICOS-IT), HIA, BBB permeability, and CNS
permeability, and their cytotoxic (% VR) and apoptosis induction (% Apoptosis NV and
% Apoptosis IP) effects obtained at the dose of 50 uM.

The heatmap analysis color scheme indicates the strength and direction of
correlations: red represents a strong negative correlation, light orange represents a weak
negative correlation, light green represents a weak positive correlation, and green
represents a strong positive correlation.
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Log S
% HIA
BBB permeability
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% Apoptosis IP
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Figure 9. Heatmap of Pearsone correlations (r) calculated between computed properties of arzanol
(ARZ), eupatilin (EUP), xanthomicrol (XAN), and zerumbone (ZER) reported in Table 3 and mean
values of cytotoxicity (% VR) and apoptosis induction (% Apoptosis NV and % Apoptosis IP)
determined at the dose of 50 uM.

Regarding cytotoxic activity (% VR), from the heatmap correlation matrix, a strong
positive correlation was determined between % VR/% HIA (r = 0.917), highlighting a
potential role of bioavailability in SH-SY5Y cancer cell growth inhibitory effect of the four
tested compounds (Figures 9 and S3a). Negative correlations emerged between %
VR/complexity (r =-0.679) (Figures 9 and S3b) and % VR/HBDC (r = -0.604).

Negative correlations were measured between % Apoptosis NV/Consensus Log Pojw
(r=-0.885) (Figures 9 and S3c), % Apoptosis IP/Consensus Log Pow (r =-0.739) (Figures 9
and S3d), evidencing a negative modulation of compound lipophilicity in the cancer cell
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apoptosis induction. A weak positive correlation was also determined between %
Apoptosis IP/% HIA (r = 0.684),

A positive correlation emerged between the cytotoxicity of compounds and their
ability to induce apoptosis, and values of r = 0.724 and r = 0.909 were calculated for %
VR/% Apoptosis NV and % VR/% Apoptosis IP, respectively. Moreover, a strong
correlation (r=0.944) emerged between the results obtained with the two apoptotic assays.

3. Discussion

Plant natural extracts and isolated metabolites (phytochemicals) represent a
significant source of new therapeutic drugs for the treatment of different types of cancers
[1-3,55,56]. However, the development of natural product-based anticancer agents and
their application in clinical trials requires overcoming significant problems such as
medication resistance, systemic toxicity, limited absorption, and complete knowledge of
the detailed mechanisms underlying the anticancer properties [1-3,55,56].

Neuroblastoma is a type of cancer of immature nerve cells originating in the adrenal
gland, nerve ganglia, or neck, and it is one of the most common pediatric extracranial solid
tumors that compromise the health of children [39-41]. Currently, multiple therapies have
been applied in the clinical treatment of neuroblastoma, including chemotherapy [41].
Overcoming obstacles such as chemoresistance, organ toxicity, and other side effects
observed in patients receiving standard chemotherapy (doxorubicin, etoposide, and
cyclophosphamide) requires the discovery of novel therapeutic agents [39-41].

In this study, the anticancer activity of the natural plant-derived compounds ARZ,
EUP, XAN, and ZER was investigated and compared in neuroblastoma SH-SY5Y cells, a
cancer cell line amply used as a model to study neuroblastoma-specific therapeutics [42].

Moreover, the anticancer profiles of the compounds were correlated with their
calculated physicochemical and pharmacokinetic properties to identify the potential drug
properties mainly affecting antitumor activity in neuroblastoma cells.

The anticancer properties of compounds were first assessed by monitoring the effects
on SH-SY5Y cancer cell viability (by MTT assay) and morphology after 24 h of incubation
at the dose range of 2.5-100 uM. We previously used the same experimental conditions to
assess the cytotoxic effect of ARZ [5,10-13], EUP [17,20,27], XAN [20,27], and ZER [35] in
other normal and cancer cells. EUP, XAN, and ZER induced a dose-dependent decrease
in cancer SH-SY5Y cell viability compared to control cells, and the order of potency was
XAN > ZER > EUP. ARZ did not inhibit neuroblastoma SH-SY5Y cell growth after 24 h of
incubation, as previously observed [12].

In our experimental conditions, the methoxyflavone XAN emerged as the most
cytotoxic compound (ICso =22.8 uM). The values of % viability reduction and the order of
potency obtained for XAN, ZER, EUP, and ARZ in SH-SY5Y cancer cells at 50 uM were
comparable with those previously obtained for the four compounds in human cervical
cancer HeLa cells in similar experimental conditions (24 h of incubation, MTT assay), with
XAN showing the highest cytotoxicity (45% viability reduction), followed by ZER (34%),
EUP (32%), and ARZ (4%) [13,17,27,35].

According to our results, previous studies evidenced the superior cytotoxicity (24 h
of incubation) of XAN in comparison to the chemical analog EUP in cervical cancer cells
HeLa (ICso values of 182 uM and > 200 pM for XAN and EUP, respectively) [27] and in
A375 melanoma cells in the range 2.5-10 pM [20]. An ICso value of 35 pg/mL (101.6 uM)
was previously reported for XAN after 24 h incubation in 4T1 cancer cells [29], whereas
ICs0 values ranging from 4.5 to 40.6 pg/mL (13-124 uM) were determined in AGS, WEHI-
164, HL60, SaOs-2, and HT29 cancer cells after 72 h of incubation (Table 1) [25].

The cytotoxicity values obtained for EUP in our experimental conditions were similar
to those obtained in A375 melanoma cells (at 24 h incubation) [20] and Ect1/E6E7 (48 h)
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[15], but lower than those previously observed after 48 h incubation in cancer HeLa,
HCT116, HT29, HeclA, and KLE, cells [15,18,48].

We previously demonstrated a less marked cytotoxic effect of XAN and EUP in 3T3
fibroblasts with respect to cancer HeLa cells, indicating more selective toxicity towards
malignant cells than normal cells [27]. A higher toxicity was observed for XAN and EUP
in A375 skin melanoma cells than in normal HaCaT keratinocytes [20]. Moreover, certain
cytotoxicity was previously observed for XAN in normal human fetal foreskin fibroblasts
HFFF-P16 (162.4 uM after 72 h of incubation) [25].

Our data on ZER cytotoxicity in cancer SH-SY5Y cells (ICs0 = 60 pM) are in line with
previous results obtained in Caco-2 (24 h incubation), SW480 (48 h), MCF-7 (72 h), and
MDA-MB-231 (72 h) cells, nevertheless lower than those reported in B16F10 (24 h) and
HeLa 4 (48 h) cancer cells (Table 1) [35,37,49]. ZER demonstrated antiproliferative activity
towards several cancer cell lines but only marginal effects on normal cells [31,33,35].

Variable cytotoxic activity was reported for ARZ in cancer cells at 24 h incubation,
strictly depending on the type of cells [8,13,14,35]. The phloroglucinol showed the ability
to decrease viability in various cancer cell lines (A549, RT-112, HeLa, undifferentiated
CaCo-2) and B16F10 melanoma cells [8,13,14], without cytotoxic effects in peripheral
blood mononuclear cells [8], immortalized Vero cell line [10], and differentiated CaCo-2
cells (a model of the intestinal epithelium) [10], indicating its selective cytotoxicity vs.
tumoral cells.

According to the observed cytotoxic effect, contrast phase microscopic observation
of SH-SY5Y cancer cells incubated for both 2 h and 24 h with XAN, ZER, and EUP
evidenced marked changes in the cell morphology such as a reduced cell density, an
increase in the number of rounded and granulated cells, and membrane blebbing,
highlighting evident signs of an apoptotic process. Some rounded cells were observed in
neuroblastoma cells treated for 2 h with ARZ, whereas low effects on cell morphology
were evidenced after 24 h incubation, coupled with no effect on cell viability, probably
due to a possible cell recovery of ARZ-induced toxic damage at long incubation times
with the compound.

The short-time treatment (2 h pre-incubation) of neuroblastoma SH-SY5Y cells with
all compounds determined a significant dose-dependent increase in the number of
apoptotic cells vs. control cells, evaluated by NV assay (green fluorescence), able to detect
caspase-3/7 activity inside cells [12,20], and PI fluorescence assay (red fluorescence),
which evidences late apoptotic and necrotic cells [12].

XAN exhibited the highest activity in both models, with an evident induction of
apoptosis at the dose of 25 uM. The apoptotic effect of XAN was evidenced in various
cancer cell lines [20,23,26,27,29,30]. According to our results, the 24 h-treatment with XAN
has been previously demonstrated to induce in A375 melanoma cells a significant marked
increase, vs. control cells, in the number of NV-stained cells at the doses of 10 uM (482%
of green fluorescence intensity) and 25 pM (566%) [20]. XAN, at 15 and 21 uM, greatly
increased the percentage of both early and late apoptotic cells (by annexin/PI test) in
human colon cancer HCT116 cells [30]. Moreover, XAN induced a concentration-
dependent apoptotic (staining with acridine orange) and necrotic cell death (PI assay) in
the HL60 cell line after 4 h of incubation at the dose range 20-250 ng/mL [26].

An evident induction of apoptosis was observed from 25 puM also for EUP in
neuroblastoma SH-SY5Y cells, whereas this methoxyflavone was less active than the
chemical analog XAN. In previous research conducted in cancer Hela cells, we
demonstrated, by flow cytometry, immunofluorescence, and fluorescence microscopy, the
EUP capacity (at the doses 25 and 50 uM) to induce apoptosis (presence of rounded cells,
apoptotic bodies, and membrane blebbing) after 24 h of incubation [17]. Moreover, we
recently assessed the occurrence of apoptosis (by NucView 488 assay) in A375 melanoma
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cells at 25 uM (value of 339% of controls) after 24 h incubation, also exhibiting in this
model a lower potency than XAN [20]. EUP treatment (40 uM) significantly increased the
percentage of Hoechst-stained positive cells (apoptosis rate) in different cervical cancer
cell lines (HeLa and Caski) after 48 h incubation [15]. EUP significantly increased
apoptosis at 50 uM in HCT116 cells (4.4-fold) and in HT29 cells (1.6-fold) [18].

ZER induced a dose-dependent increase in green (NV assay) and red (PI assay)
fluorescence emission in neuroblastoma SH-SY5Y cells after 24 h of incubation at the
concentration range 25-100 uM. Induction of apoptosis has been indicated as the primary
mechanism underlying the anti-proliferative activity of ZER, as observed in many tumor
cell lines [32-35,37,38]. We previously evidenced a series of morphological
changes/features of apoptosis in the ZER-treated HeLa cells (50 and 100 uM ZER for 24
h), including loss of cell volume or cell shrinkage, plasma membrane blebbing, condensed
nuclei, loss of mitochondrial membrane potential, mitochondrial fragmentation, and
swelling [35]. A significant dose-dependent increase in the apoptotic cell population was
observed in SW480 colorectal cancer cells treated for 48 h with ZER (50, 75, and 100 uM)
by flow cytometry analysis using annexin V-fluorescein isothiocyanate/PI staining [37].

Despite no cytotoxicity and low effects on cell morphology after 24 h incubation, ARZ
induced at 2 h incubation a significant increase in the green fluorescence from 50 uM
(NucView 488 assay) and red fluorescence (PI assay) at 100 pM in SH-SY5Y cells,
indicating cell apoptosis and necrosis. To the best of our knowledge, no previous study
reported the apoptotic effect of ARZ in cancer cells. However, ARZ has been indicated as
a lead compound for drug development in cancer therapy for its ability to modulate
autophagy, a lysosomal pathway that plays a role in different human pathologies,
including cancer [14]. A strong interaction exists between autophagy and apoptosis, and
autophagy can trigger cell death by promoting apoptosis [57].

The values of cytotoxicity (% VR) and apoptosis induction (% Apoptosis NV and %
Apoptosis PI) obtained for the four compounds in neuroblastoma SH-SY5Y at 50 uM were
correlated to their physicochemical and pharmacokinetic properties to identify those
mainly affecting the observed activities in neuroblastoma cells.

From the heatmap correlation matrix, the compound effects on cell growth/viability
emerged as strongly positively correlated to the percentages of the tested compounds
predicted to be absorbed through the human intestine (% HIA) using pkCSM-
pharmacokinetics (% VR/% HIA, r = 0.917) [45,50,52]. The observed relation highlighted
the role of the compound bioavailability/capability to cross biological membranes in the
SH-SY5Y cancer cell cytotoxicity of the four tested compounds.

In a cell model, the bioavailability of a small molecule depends on several
determinants, including physicochemical properties, formulation, and biological factors
[58]. Among physicochemical properties, solubility determines the dissolution rate and
maximum absorbable dose, lipophilicity (log P) affects membrane permeability and
distribution, molecular size/weight influence passive diffusion and active transport, and
pKa affects ionization state/absorption [58]. Among biological factors, efflux transporters
affect cellular uptake and retention [58].

Lipophilicity is one of the key properties of a potential drug that crucially determines
the solubility, the ability to penetrate biological membranes, and transport to the
molecular target [58,59]. A general guide for good oral bioavailability (good permeability
and solubility) is to have a moderate Log P (0 < Log P < 3) [50]. Recently, a Log P between
1 and 3 has been indicated as favorable for oral bioavailability, balancing membrane
permeability with aqueous solubility [58]. Anticancer lipophilic compounds often rely on
entering cells via lipid membranes and directly affect intracellular structures and
organelles (cytoskeleton, mitochondria), modulating intracellular signaling pathways and
molecular targets.
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The methoxylated flavone XAN, the most bioavailable compound by pkCSM-
pharmacokinetics (HIA = 96.278%), emerged as the most cytotoxic on neuroblastoma SH-
SY5Y cells, while the non-toxic compound ARZ was characterized by the lowest value of
bioavailability (HIA = 74.92%). XAN is a trimethoxylated hydroxyflavone characterized
by a MW value of 344.3, a certain hydrophobicity (values of 2.9 and 2.42 for XLogP3-AA
and Consensus Log Pow, respectively), complexity value of 512, values from —4.4 to -5.33
for Log S (moderately soluble), TPSA value of 94 A2, four rotatable bonds (flexibility), 9
THB donor + acceptor bonds, mostly entering into the Bioavailability radar pink area [43—
45].

These physicochemical characteristics crucially influence XAN interactions with SH-
SY5Y cell membranes [20,27,60]. For flavonoids, the Log P value has been correlated with
the extent of their interaction with biological membranes [27,61]. It has been proven that
flavonoids possess the ability to localize either in the hydrophobic core of the membrane
lipid bilayer or at the cell lipid membrane surface in relation to their chemical properties
and hydrophobicity [61]. Hydrophobic flavonoids partition deeper into the lipid bilayer,
thereby disrupting the compact packing of lipids [61]. The membrane interactions and
localization of flavonoids are fundamental in altering membrane-mediated cell signaling
pathways [61].

The uncommon plant lipophilic methoxylated flavones have been demonstrated to
possess chemopreventive properties superior to unmethylated flavonoids or polyphenols
[23-25,60]. The methylation of free phenolic groups (-OH) on the flavone skeleton has
been demonstrated to improve the ability of derivatives to cross cell membranes, oral
bioavailability, and metabolic stability [60]. The cytotoxic activity of the methoxylated
flavone XAN in cancer cells has been related to its ability to induce cell cycle arrest
[23,27,29,30], prooxidant effects [20], lipid profile modulation [20,27], and apoptosis
through the modulation of a variety of molecular targets and signaling pathways
[20,23,26,27,29,30].

The apoptotic activity in neuroblastoma in SH-SY5Y cells emerged as negatively
correlated with the lipophilicity of the compounds, as indicated by the correlation
coefficients determined between % Apoptosis NV/Consensus Log Pow (r = -0.885) and %
Apoptosis IP/Consensus Log Pow (r =-0.739). XAN, the most apoptotic compound in both
systems, was characterized by the lowest value of lipophilicity among the tested
compounds. Values of Log P reported for XAN fall within the indicated optimal range,
balancing membrane permeability with aqueous solubility [58]. The XAN
physicochemical characteristics conferred to this compound the capacity to interact with
the neuroblastoma cell membrane, inducing apoptosis, maybe through interactions with
proteins/signaling pathways in the aqueous compartments inside the cells (intrinsic
pathways) [62]. A previous study evidenced the XAN anti-proliferative effect in breast
cancer due to its up-regulation of the Bcl2 family and Bax protein [23]. Moreover, the
increase in caspase-9 expression was demonstrated after XAN treatment in a breast cancer
mouse model, highlighting the potential role of XAN in the activation of the
mitochondrial pathway of apoptosis [29].

XAN emerged as the most active compound in cancer SH-SY5Y cells. In addition to
good membrane permeability, XAN was predicted by the Swiss-ADME not to be a
substrate of glycoprotein P (P-gp), an ATP-dependent drug-extracting pump found in
various human tissues [44,50,51]. Efflux transporters, such as P-gp, play a role in
controlling the transport of chemotherapeutic agents in some cancers, including
neuroblastoma, limiting their bioavailability and distribution across the BBB and
contributing to chemoresistance [39,41,51,58]. Therefore, a drug that does not bind to P-
gp may have several advantages, including increased bioavailability and therapeutic
efficacy, and reduced side effects by minimizing drug release in non-target tissues [58].
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Our results demonstrated the anticancer properties of XAN in SH-SY5Y cancer cells
through cell growth inhibition and apoptotic mechanisms, highlighting its potential
application in the treatment of neuroblastoma, an extracranial tumor of the peripheral
nervous system [39].

The study of bioactive molecule permeability across the BBB is essential to screening
the capacity of neuroprotective compounds to reach the CNS [63,64]. Molecular
parameters, such as MW, TPSA, and lipophilicity, have been reported to affect diffusion
across this physiological barrier [63,64]. Due to the lipophilic nature of the BBB, molecules
with higher Log P values have been proposed to penetrate better through the BBB [63,64].
For CNS drugs, a high Log P range (2-5) may be optimal to cross the BBB [12,50,64]. In
the pkCSM-pharmacokinetics model, molecules with a log BB <-1 are considered poorly
distributed to the brain, while compounds with values > 0.3 readily cross the BBB
[12,45,52]. Moreover, compounds with a log PS > -2 are considered to penetrate the CNS,
while those with log PS < -3 are considered unable to penetrate the CNS [12,45,52].

No BBB permeability (by passive diffusion) was predicted for XAN by the Swiss-
ADME (BOILED Egg model) [44,51]. Values of —0.575 (log BB) and -3.295 (log PS) were
calculated for BBB and CNS permeability, respectively, by pkCSM-pharmacokinetics for
XAN [45], indicating a low computed BBB and CNS permeability. XAN was predicted to
passively not cross the BBB; however, a carrier- or receptor-mediated transport through
the BBB cannot be excluded.

Despite lower activity than XAN, EUP showed interesting anticancer properties on
SH-SY5Y cells. This methoxyflavone shares with XAN various physicochemical
properties; however, differences observed in the bioactivity and computed
pharmacokinetic/pharmacological properties could be ascribable to the different
substitution patterns in the C6-C3-C6 rings, which affect the interactions with cell
membranes and molecular targets [60,61].

Also, ZER showed a significant cytotoxicity and apoptotic effect in neuroblastoma
SH-SY5Y cells. This sesquiterpene exhibited lower values of MW, TPSA, and complexity
than other tested compounds, and high hydrophobicity (values of 3.9 and 3.57 for
XLogP3-AA and Consensus Log Po/w, respectively), perfectly entering into the
Bioavailability radar pink area [43,44]. An excellent BBB permeability (by passive
diffusion) was predicted for ZER by the Swiss-ADME (BOILED Egg model) [44,51], and
values of BBB permeability of 0.522 (log BB) and CNS permeability of -2.647 (log PS) were
computed by pkCSM-pharmacokinetics for this natural compound [45], qualifying it as
potential CNS tumor therapeutic for in vivo application.

This study demonstrated the ability of XAN, ZER, and EUP to reduce viability and
induce apoptosis in SH-SY5Y cells, highlighting their potential role as a therapeutic
strategy for the treatment of neuroblastoma, a tumor that grows outside the CNS.

In the search for new anticancer drugs, the criteria of cytotoxicity activity established
by the United States National Cancer Institute (NCI) indicate that only those extracts that
present ICso values below 30 pg/mL and pure compounds with ICso values below 4 pg/mL
in tumor cell line assays are considered to be promising for anticancer drug development
[65]. The ICso value of XAN (7.9 pg/mL) is near the indicated value, qualifying this
compound as a promising cytotoxic agent in neuroblastoma.

Limitations of this study include the use of a single cell line, the absence of
exploration of detailed molecular mechanisms of compounds in SH-SY5Y cells, and the
lack of evaluation of their synergic effects and in vivo effects, which are necessary to
confirm the efficacy and safety of the compounds.
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4. Materials and Methods
4.1. Materials

Chemicals for cell culture, including penicillin, streptomycin, fetal bovine serum
(FBS), Dulbeccos Modified Eaglees Medium (DMEM), and Trypsin 0.25%-EDTA, were
acquired from EuroClone (Pero, MI, Italy). Dimethyl sulfoxide (DMSO) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Merck Life Science (Milan, Italy). NucView® 488 (NV) was purchased from Biotium
(Fremont, CA, USA). Gemcitabine hydrochloride (2'-Deoxy-2',2"-difluorocytidine) was
bought from Sigma-Aldrich (Milan, Italy). Propidium iodide (PI) was acquired from
Thermo Fisher Scientific (Waltham, MA, USA).

4.2. ARZ, EUP, XAN, and ZER Extraction and Isolation

ARZ was extracted and isolated (final purity was 98%) from the dried leaves and
flowerheads of H. italicum ssp. microphyllum as previously reported [12]. According to the
literature, EUP (98% purity) and XAN (98% purity) were isolated from the Swiss
chemotype of A. umbelliformis Lam. (Asteraceae) [17,20] and A. erba-rotta subsp. moschata
(Wulfen) I. Richardson (musk yarrow, flowering tops) [20,27], respectively. ZER was
isolated from the essential oil of shampoo ginger by direct crystallization, as previously
reported [35]. All compounds were characterized by the '"H NMR spectroscopic method,
and the structures were confirmed by comparing the data with related scientific literature
[4,5,12,17,20,27]. '"H NMR spectra of XAN, ZER, EUP, and ARZ are reported in Figures 54,
S5, 56, and S7, respectively. The solutions of compounds were freshly prepared before all
experiments, and all compounds remained stable under experimental conditions, as
previously reported [8,34,66,67].

4.3. Physicochemical/Pharmacokinetic Properties and Protein Targets Prediction of ARZ, EUP,
XAN, and ZER by In Silico Evaluation

Physicochemical properties (MW, XLogP3-AA, HBDC, HBAC, RBC, TPSA, and
complexity) and simplified molecular-input line entry specification (canonical SMILES)
nomenclature of ARZ, EUP, XAN, and ZER were obtained from the free web database
PubChem [43]. The canonical SMILES of the compounds were introduced into the freely
accessible web tools SwissADME [44], pkCSM-pharmacokinetics [45], and
SwissTargetPrediction [46]. The SwissADME web tool, which provides a global
evaluation of the pharmacokinetics profile of small molecules, was used to estimate
compound lipophilicity (Consensus Log Pow), water solubility (Log S), gastrointestinal
absorption (according to the white of BOILED-Egg model), and BBB permeation
(according to the yolk of BOILED-Egg model) [44,50,51]. The pkCSM-pharmacokinetics,
a method for predicting and optimizing small-molecule pharmacokinetics/toxicity
properties, was employed to calculate compound intestinal absorption (IA, %), the
logarithm of the ratio of compound concentration in the brain and the blood (log BB), and
the logarithm of blood-brain permeability-surface area product (log PS) [45,50,52]. The
SwissTargetPrediction web tool was used for the prediction of the most probable protein
targets of ARZ, EUP, XAN, and ZER (the analysis was restricted to the top 15 Homo
sapiens targets) [46,53].

4.4. SH-SY5Y Neuroblastoma Cell Culture

Human neuroblastoma cell line SH-SY5Y was supplied by the Cell Bank Interlab Cell
Line Collection, IRCCS San Martino Policlinico Hospital, Genova, Italy (code# HTL95013).
Neuroblastoma cells were grown in a DMEM high glucose medium enriched with 10%
v/v FBS and 100 units/mL of streptomycin/penicillin, in a humidified atmosphere of 5%
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COz at 37 °C. The cells were propagated by changing the medium every two days and
split weekly when confluent using a Trypsin 0.25%-EDTA solution.

4.5. Cell Viability (MTT Assay)

The cytotoxic effect of ARZ, EUP, XAN, and ZER was measured in cancer SH-SY5Y
cells by the MTT viability colorimetric assay, as previously reported [11,12,17,20]. The
effect of different amounts of DMSO (vehicle used to dissolve the compounds) on cell
viability was also evaluated. SH-SY5Y neuroblastoma cells were seeded (at a density of
105 cells/mL) in 96-well plates in a complete culture medium (100 pL). After 48 h
incubation, SH-SY5Y cells were treated with ARZ, EUP, XAN, ZER (2.5-100 pM, from a
10 mM solution in DMSO) or DMSO (from 0.025 to 2% v/v) in a complete fresh medium
for 2 h and 24 h, whereas control cells (untreated-cells) were cultured for 2 and 24 hin a
complete fresh medium. The cells were also treated for 2 and 24 h with the anticancer
compound gemcitabine [47] (2.5-100 pM, from a 10 mM water solution) as a positive
control to assess test validity. Then, after medium removal, control (non-treated) cells,
compound-treated cells, and cells incubated with DMSO (vehicle-treated cells) were
subjected to the MTT assay as previously reported [11,12]. The auto microplate reader
(Infinite 200, Tecan, Austria) was used to measure color development at the wavelength
of 570 nm. Results of cell absorbance, proportional to the number of viable cells, were
expressed as a percentage of cell viability compared to control (untreated) cells (100%
viability).

Morphological observations of control cancer SH-SY5Y cells and cells after 2 and 24
h of incubation with various amounts of compounds and DMSO were performed by
microscopic analysis with a ZOE™ Fluorescent Cell Imager (Bio-RadLaboratories, Inc.,
Hercules, CA, USA).

4.6. NucView and Propidium lodide Apoptosis Assays

The effect of ARZ, EUP, XAN, and ZER on cell apoptosis and cell death/necrosis was
assessed by staining cancer SH-SY5Y cells with NucView 488 (NV) and propidium iodide
(PI) dyes, as previously reported [11,12,20]. NV, a substrate of the enzyme caspase-3,
detects the activity of caspase-3/7 within cells and profiles apoptotic cells with green
fluorescence [11]. PI is a DNA-binding fluorescent dye (red) that enters cells with
disrupted membranes and can evidence necrotic and late apoptotic cells [12].

SH-SY5Y neuroblastoma cells were seeded in 96-well plates (at a density of 105
cells/mL) in 100 puL/well of complete culture medium. After 48 h incubation, SH-SY5Y
cells were incubated with ARZ, EUP, XAN, ZER (25, 50, and 100 pM, from a 10 mM
solution in DMSO), GEM (positive control) (25, 50, and 100 uM, from a 10 mM solution in
water), and DMSO (1% v/v, the maximal non-toxic dose used to dissolve compounds) in
a complete fresh medium for 2 h. Control (non-treated) cells were pre-incubated for 2 hin
a fresh medium. After incubation, SH-SY5Y cells were incubated with PI (final
concentration 1 pg/mL) and, in a separate set of samples, with NV, according to the
guidelines provided by the manufacturer. After dark incubation with PI (2 h) and NV (3
h), microscopic observations were made using a ZOE™ Fluorescent Cell Imager. The
offset values and instrument gain were adjusted using control cells. Image] software
(version 1.53e) was used for the evaluation of PI and NV images (six different images were
processed for each sample). Background fluorescence was subtracted from images, and
the fluorescence intensity of treated cells was expressed as % of the control cell
fluorescence.

4.7. Pearson Correlation Analysis Between Computed Properties of ARZ, EUP, XAN, and ZER
and Their Cytotoxic and Pro-Apoptotic Effects
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Pearson correlation analysis was performed between several computed properties of
ARZ, EUP, XAN, and ZER reported in Table 3 including MW, HBDC, HBAC, RBC, TPSA,
complexity, Consensus Log Pow, Log S (as mean of ESOL, Ali, and SILICO-IT values),
HIA, BBB permeation, and CNS permeation, and cytotoxic (%VR) and pro-apoptotic
effects (% Apoptosis NV and % Apoptosis IP) of compounds determined at 50 uM
concentration. The correlation analysis statistical method was used to evaluate the
strength and direction of the linear relationship between two quantitative variables,
resulting in a correlation coefficient that ranged from -1 to +1 [68].

4.8. Statistical Analyses

Results were expressed as mean and standard deviation (SD) of three independent
experiments involving multiple analyses for each sample. GraphPad Prism version 10.0.0
for Windows (GraphPad Software, Boston, MA, USA) was used to estimate the statistical
differences between different data groups. Multiple comparisons of the group means were
evaluated by One-way analysis of variance (One-way ANOVA) followed by the
Bonferroni Multiple Comparisons Test. The minimal level of significance was p < 0.05.
Bivariate correlations using Pearsone coefficient (r) were also performed to evaluate
potential correlations between compound cytotoxic and pro-apoptotic effects and
computed properties reported in Table 3.

5. Conclusions

The development of new therapeutic approaches for neuroblastoma is strongly
mandatory. Our data demonstrated that the incubation of the human neuroblastoma SH-
SY5Y cell line for 24 h with XAN, ZER, and EUP greatly affected cell growth and
morphology (signs of apoptosis and cell number reduction). At a short time of treatment
(2 h of pre-incubation), all compounds induced in SH-SY5Y cells changes in cell
morphology and manifested apoptosis and necrosis. In conclusion, the present study
highlighted the role of XAN, ZER, and EUP as potential therapeutic strategies or
therapeutic coadjutants (ARZ) in neuroblastoma treatment. Moreover, our results
furnished information about structural and physicochemical/pharmacokinetic properties
involved in compound activity, useful for the development of novel neuroblastoma
therapeutic agents.

Further studies are needed to explore detailed molecular mechanisms of compounds
in SH-SY5Y cells, evaluate their synergic effects, and confirm their anticancer effect in vivo
neuroblastoma models.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules30081742/s1, Figure SI1: Representative phase
contrast images of SH-SY5Y cells after 24 h of incubation with the positive control gemcitabine;
Figure S2: Representative phase contrast images of SH-SY5Y cells after short-time incubation (2 h)
with ARZ, EUP, ZER, and XAN and the positive control gemcitabine; Figure S3: Linear relationships
between ARZ, EUP, ZER, and XAN cytotoxic and apoptotic action (at 50 M) and their computed
properties reported in Table 3; Figure S4: "H NMR of XAN in CDCls; Figure S5: 'TH NMR of ZER in
CDCls; Figure S6: 'TH NMR of EUP in CDCls; Figure S7: 'H NMR of ARZ in CDCls.

Author Contributions: Conceptualization, A.R.; methodology, A.R., V.S. and F.P. (Franca Piras);
formal analysis, A.R.; investigation, A.R. and F.P. (Franca Piras); resources, A.R., F.P. (Federica
Pollastro), V.S. and F.P. (Franca Piras); data curation, A.R.; writing —original draft preparation, A.R;
writing —review and editing, F.P. (Federica Pollastro), V.S. and F.P. (Franca Piras); visualization,

A.R,; supervision, A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Molecules 2025, 30, 1742 25 of 28

Institutional Review Board Statement: This study did not require ethical approval.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the

corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

Naeem, A.; Hu, P.; Yang, M.; Zhang, J.; Liu, Y.; Zhu, W.; Zheng, Q. Natural products as anticancer agents: Current status and
future perspectives. Molecules 2022, 27, 8367. https://doi.org/10.3390/molecules27238367.

Choudhari, A.S.; Mandave, P.C.; Deshpande, M.; Ranjekar, P.; Prakash, O. Phytochemicals in cancer treatment: From preclinical
studies to clinical practice. Front. Pharmacol. 2020, 10, 1614. https://doi.org/10.3389/fphar.2019.01614.

Situmorang, P.C.; Ilyas, S.; Nugraha, S.E.; Syahputra, R.A.; Nik Abd Rahman, N.M.A. Prospects of compounds of herbal plants
as anticancer agents: A comprehensive review from molecular pathways. Front. Pharmacol. 2024, 15, 1387866.
https://doi.org/10.3389/fphar.2024.1387866.

Appendino, G.; Ottino, M.; Marquez, N.; Bianchi, F.; Giana, A.; Ballero, M.; Sterner, O.; Fiebich, B.L.; Munoz, E. Arzanol, an
antiinflammatory and anti-HIV-1 phloroglucinol alpha-pyrone from Helichrysum italicum ssp. microphyllum. ]. Nat. Prod. 2007,
70, 608-612. https://doi.org/10.1021/np060581r.

Rosa, A.; Deiana, M.; Atzeri, A.; Corona, G.; Incani, A.; Melis, M.P.; Appendino, G.; Dessi, M.A. Evaluation of the antioxidant
and cytotoxic activity of arzanol, a prenylated alpha-pyrone-phloroglucinol etherodimer from Helichrysum italicum subsp.
microphyllum. Chem. Biol. Interact. 2007, 165, 117-126. https://doi.org/10.1016/j.cbi.2006.11.006.

Taglialatela-Scafati, O.; Pollastro, F.; Chianese, G.; Minassi, A.; Gibbons, S.; Arunotayanun, W.; Mabebie, B.; Ballero, M.;
Appendino, G. Antimicrobial phenolics and unusual glycerides from Helichrysum italicum subsp. microphyllum. ]. Nat. Prod.
2013, 76, 346-353. https://doi.org/10.1021/np3007149.

Borgonetti, V.; Caroli, C.; Governa, P.; Virginia, B.; Pollastro, F.; Franchini, S.; Manetti, F.; Les, F.; Lépez, V.; Pellati, F.; et al.
Helichrysum stoechas (L.) Moench reduces body weight gain and modulates mood disorders via inhibition of silent information
regulator 1 (SIRT1) by arzanol. Phytother. Res. 2023, 37, 4304—4320. https://doi.org/10.1002/ptr.7941.

Bauer, J.; Koeberle, A.; Dehm, F.; Pollastro, F.; Appendino, G.; Northoff, H.; Rossi, A.; Sautebin, L.; Werz, O. Arzanol, a
prenylated heterodimeric phloroglucinyl pyrone, inhibits eicosanoid biosynthesis and exhibits anti-inflammatory efficacy in
vivo. Biochem. Pharmacol. 2011, 81, 259-268. https://doi.org/10.1016/j.bcp.2010.09.025.

Kothavade, P.S.; Nagmoti, D.M.; Bulani, V.D.; Juvekar, A.R. Arzanol, a potent mPGES-1 inhibitor: Novel anti-inflammatory
agent. Sci. World ]. 2013, 2013, 986429. https://doi.org/10.1155/2013/986429.

Rosa, A.; Pollastro, F.; Atzeri, A.; Appendino, G.; Melis, M.P.; Deiana, M.; Incani, A.; Loru, D.; Dessi, M. A. Protective role of
arzanol against lipid peroxidation in biological systems. Chem. Phys. Lipids 2011, 164, 24-32.
https://doi.org/10.1016/j.chemphyslip.2010.09.009.

Piras, F.; Sogos, V.; Pollastro, F.; Appendino, G.; Rosa, A. Arzanol, a natural phloroglucinol a-pyrone, protects HaCaT
keratinocytes against H20z-induced oxidative stress, counteracting cytotoxicity, reactive oxygen species generation, apoptosis,
and mitochondrial depolarization. J. Appl. Toxicol. 2024, 44, 720-732. https://doi.org/10.1002/jat.4570.

Piras, F.; Sogos, V.; Pollastro, F.; Rosa, A. Protective effect of arzanol against H20z-induced oxidative stress damage in
differentiated and undifferentiated SH-SY5Y Cells. Int. ]. Mol. Sci. 2024, 25, 7386. https://doi.org/10.3390/ijms25137386.

Rosa, A.; Atzeri, A.; Nieddu, M.; Appendino, G. New insights into the antioxidant activity and cytotoxicity of arzanol and effect
of methylation on its biological properties. Chem. Phys. Lipids 2017, 205, 55-64.
https://doi.org/10.1016/j.chemphyslip.2017.05.001.

Deitersen, J.; Berning, L.; Stuhldreier, F.; Ceccacci, S.; Schliitermann, D.; Friedrich, A.; Wu, W.; Sun, Y.; Bohler, P.; Berleth, N.; et
al. High-throughput screening for natural compound-based autophagy modulators reveals novel chemotherapeutic mode of
action for arzanol. Cell Death Dis. 2021, 12, 560. https://doi.org/10.1038/s41419-021-03830-5.

Wu, Z.; Zou, B.; Zhang, X.; Peng, X. Eupatilin regulates proliferation and cell cycle of cervical cancer by regulating hedgehog
signalling pathway. Cell Biochem. Funct. 2020, 38, 428-435. https://doi.org/10.1002/cbf.3493.



Molecules 2025, 30, 1742 26 of 28

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nageen, B.; Sarfraz, I.; Rasul, A.; Hussain, G.; Rukhsar, F.; Irshad, S.; Riaz, A.; Selamoglu, Z.; Ali, M. Eupatilin: A natural
pharmacologically active flavone compound with its wide range applications. ]. Asian Nat. Prod. Res. 2020, 22, 1-16.
https://doi.org/10.1080/10286020.2018.1492565.

Rosa, A.; Isola, R.; Pollastro, F.; Caria, P.; Appendino, G.; Nieddu, M. The dietary flavonoid eupatilin attenuates in vitro lipid
peroxidation and targets lipid profile in cancer HeLa cells. Food Funct. 2020, 11, 5179-5191. https://doi.org/10.1039/DOFO00777C.
Lee, M.; Yang, C.; Song, G.; Lim, W. Eupatilin impacts on the progression of colon cancer by mitochondria dysfunction and
oxidative stress. Antioxidants 2021, 10, 957. https://doi.org/10.3390/antiox10060957.

Wang, Y.; Hou, H.; Li, M.; Yang, Y.; Sun, L. Anticancer effect of eupatilin on glioma cells through inhibition of the Notch-1
signaling pathway. Mol. Med. Rep. 2016, 13, 1141-1146. https://doi.org/10.3892/mmr.2015.4671.

Rosa, A.; Piras, F.; Pollastro, F.; Sogos, V.; Appendino, G.; Nieddu, M. Comparative evaluation of anticancer activity of natural
methoxylated flavones xanthomicrol and eupatilin in A375 skin melanoma cells. Life 2024, 14, 304.
https://doi.org/10.3390/1ife14030304.

Zhong, W.F.; Wang, X.H.; Pan, B.; Li, F.; Kuang, L.; Su, Z.X. Eupatilin induces human renal cancer cell apoptosis via ROS-
mediated MAPK and PI3K/AKT signaling pathways. Oncol. Lett. 2016, 12, 2894-2899. https://doi.org/10.3892/01.2016.4989.

Fei, X;; Wang, J.; Chen, C.; Ding, B.; Fu, X,; Chen, W.; Wang, C.; Xu, R. Eupatilin inhibits glioma proliferation, migration, and
invasion by arresting cell cycle at G1/S phase and disrupting the cytoskeletal structure. Cancer Manag. Res. 2019, 11, 4781-4796.
https://doi.org/10.2147/CMAR.S5207257.

Poormolaie, N.; Mohammadi, M.; Mir, A.; Asadi, M.; Kararoudi, A.N.; Vahedian, V.; Rashidi, M.; Maroufi, N.F. Xanthomicrol:
Effective therapy for cancer treatment. Toxicol. Rep. 2023, 10, 436—440. https://doi.org/10.1016/j.toxrep.2023.02.008.

Fattahi, M.; Cusido, R.M.; Khojasteh, A.; Bonfill, M.; Palazon, J. Xanthomicrol: A comprehensive review of its chemistry,
distribution,  biosynthesis and pharmacological activity. Mini Rev. Med. Chem. 2014, 14, 725-733.
https://doi.org/10.2174/1389557514666140820122818.

Moghaddam, G.; Ebrahimi, S.A.; Rahbar-Roshandel, N.; Foroumadi, A. Antiproliferative activity of flavonoids: Influence of the
sequential methoxylation state of the flavonoid structure. Phytother. Res. 2012, 26, 1023-1028. https://doi.org/10.1002/ptr.3678.
Jahaniani, F.; Ebrahimi, S.A.; Rahbar-Roshandel, N.; Mahmoudian, M. Xanthomicrol is the main cytotoxic component of
Dracocephalum ~ kotschyii ~and a  potential  anti-cancer  agent.  Phytochemistry ~ 2005, 66,  1581-1592.
https://doi.org/10.1016/j.phytochem.2005.04.035.

Nieddu, M.; Pollastro, F.; Caria, P.; Salamone, S.; Rosa, A. Xanthomicrol activity in cancer HeLa cells: Comparison with other
natural methoxylated flavones. Molecules 2023, 28, 558. https://doi.org/10.3390/molecules28020558.

Sotillo, W.S.; Tarqui, S.; Huang, X.; Almanza, G.; Oredsson, S. Breast cancer cell line toxicity of a flavonoid isolated from
Baccharis densiflora. BMC Complement. Med. Ther. 2021, 21, 188. https://doi.org/10.1186/s12906-021-03349-4.

Attari, F.; Keighobadi, F.; Abdollahi, M.; Arefian, E.; Lotfizadeh, R.; Sepehri, H.; Moridi Farimani, M. Inhibitory effect of
flavonoid xanthomicrol on triple-negative breast tumor via regulation of cancer-associated microRNAs. Phytother. Res. 2021, 35,
1967-1982. https://doi.org/10.1002/ptr.6940.

Wu, X,; Li, Z; Sun, Y.; Li, F,; Gao, Z.; Zheng, ]J.; Xiao, H. Identification of xanthomicrol as a major metabolite of 5-
demethyltangeretin in mouse gastrointestinal tract and its inhibitory effects on colon cancer cells. Front. Nutr. 2020, 7, 103.
https://doi.org/10.3389/fnut.2020.00103.

Koga, A.Y.; Beltrame, F.L.; Pereira, A.V. Several aspects of Zingiber zerumbet: A review. Rev. Bras. Farmacogn. 2016, 26, 385-391.
Girisa, S.; Shabnam, B.; Monisha, J.; Fan, L.; Halim, C.E.; Arfuso, F.; Ahn, K.S.; Sethi, G.; Kunnumakkara, A.B. Potential of
zerumbone as an anti-cancer agent. Molecules 2019, 24, 734. https://doi.org/10.3390/molecules24040734.

Kalantari, K.; Moniri, M.; Boroumand Moghaddam, A.; Abdul Rahim, R.; Bin Ariff, A.; Izadiyan, Z.; Mohamad, R. A review of
the biomedical applications of zerumbone and the techniques for its extraction from ginger rhizomes. Molecules 2017, 22, 1645.
https://doi.org/10.3390/molecules22101645.

Rahman, H.S.; Rasedee, A.; Yeap, S.K.; Othman, H.H.; Chartrand, M.S.; Namvar, F.; Abdul, A.B.; How, C.W. Biomedical
properties of a natural dietary plant metabolite, zerumbone, in cancer therapy and chemoprevention trials. BioMed Res. Int.
2014, 2014, 920742. https://doi.org/10.1155/2014/920742.

Rosa, A.; Caprioglio, D.; Isola, R.; Nieddu, M.; Appendino, G.; Falchi, A.M. Dietary zerumbone from shampoo ginger: New
insights into its antioxidant and anticancer activity. Food Funct. 2019, 10, 1629-1642. https://doi.org/10.1039/C8FO02395F.

Yan, H,; Ren, M.Y; Wang, Z.X,; Feng, S.J; Li, S.; Cheng, Y.; Hu, C.X,; Gao, 5.Q.; Zhang, G.Q. Zerumbone inhibits melanoma cell
proliferation and migration by altering mitochondrial functions. Oncol.  Lett. 2017, 13, 2397-2402.
https://doi.org/10.3892/01.2017.5742.



Molecules 2025, 30, 1742 27 of 28

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sithara, T.; Dhanya, B.P.; Arun, K.B.; Sini, S.; Dan, M.; Kokkuvayil Vasu, R.; Nisha, P. Zerumbone, a cyclic sesquiterpene from
Zingiber zerumbet induces apoptosis, cell cycle arrest, and antimigratory effects in SW480 colorectal cancer cells. J. Agric. Food
Chem. 2018, 66, 602—-612. https://doi.org/10.1021/acs.jafc.7b04472.

Soroush, A.; Pourhossein, S.; Hosseingholizadeh, D.; Hjazi, A.; Shahhosseini, R.; Kavoosi, H.; Kermanshahi, N.; Behnamrad, P.;
Ghavamikia, N.; Dadashpour, M.; et al. Anti-cancer potential of zerumbone in cancer and glioma: Current trends and future
perspectives. Med. Oncol. 2024, 41, 125. https://doi.org/10.1007/s12032-024-02327-3.

Kafoud, A.; Salahuddin, Z.; Ibrahim, R.S.; Al-Janahi, R.; Mazurakova, A.; Kubatka, P.; Biisselberg, D. Potential treatment options
for neuroblastoma with polyphenols through anti-proliferative and apoptotic mechanisms. Biomolecules 2023, 13, 563.
https://doi.org/10.3390/biom13030563.

Serter Kocoglu, S.; Oy, C.; Secme, M.; Sunay, F.B. Investigation of the anticancer mechanism of monensin via apoptosis-related
factors in SH-SY5Y neuroblastoma cells. Clin. Transl. Sci. 2023, 16, 1725-1735. https://doi.org/10.1111/cts.13593.

Zhou, X.; Wang, X.; Li, N.; Guo, Y.; Yang, X.; Lei, Y. Therapy resistance in neuroblastoma: Mechanisms and reversal strategies.
Front. Pharmacol. 2023, 14, 1114295. https://doi.org/10.3389/fphar.2023.1114295.

Gangras, P.; Gelfanova, V.; Williams, G.D.; Handelman, S.K.; Smith, R.M.; Debets, M.F. Investigating SH-SY5Y neuroblastoma
cell surfaceome as a model for neuronal-targeted novel therapeutic modalities. Int. ]. Mol. Sci. 2022, 23, 15062.
https://doi.org/10.3390/ijms232315062.

PubChem-NIH. 2024. Available online: https://pubchem.ncbi.nlm.nih.gov (accessed on 29 December 2024).

SwissADME. Available online: http://swissadme.ch/index.php (accessed on 29 December 2024).

pkCSM-pharmacokinetics. Available online: https://biosig.lab.uq.edu.au/pkcsm/prediction (accessed on 29 December 2024).
swisstargetprediction. Available online: http://www.swisstargetprediction.ch/ (accessed on 29 December 2024).

Ogawa, M.; Hori, H.; Ohta, T.; Onozato, K.; Miyahara, M.; Komada, Y. Sensitivity to gemcitabine and its metabolizing enzymes
in neuroblastoma. Clin. Cancer Res. 2005, 11, 3485-3493. https://doi.org/10.1158/1078-0432.CCR-04-1781.

Cho, J.H,; Lee, ].G.; Yang, Y.I; Kim, ].H.; Ahn, ]. H.; Baek, N.I; Lee, K.T.; Choi, ].H. Eupatilin, a dietary flavonoid, induces G2/M
cell cycle arrest in human endometrial cancer cells. Food Chem. Toxicol. 2011, 49, 1737-1744.
https://doi.org/10.1016/j.fct.2011.04.019.

Al-Zubairi, A. Anti-proliferative activity of zerumbone against tumour cell lines. OnLine ]. Biol. Sci. 2018, 18, 123-129.
https://doi.org/10.3844/0jbsci.2018.123.129.

Dominguez-Villa, F.X.; Duran-Iturbide, N.A.; Avila—Zérraga, J.G. Synthesis, molecular docking, and in silico ADME/Tox
profiling studies of new 1-aryl-5-(3-azidopropyl)indol-4-ones: Potential inhibitors of SARS CoV-2 main protease. Bioorg. Chem.
2021, 106, 104497. https://doi.org/10.1016/j.bioorg.2020.104497.

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. https://doi.org/10.1038/srep42717.

Pires, D.E.; Blundell, T.L.; Ascher, D.B. pkCSM: Predicting small-molecule pharmacokinetic and toxicity properties using graph-
based signatures. ]. Med. Chem. 2015, 58, 4066—4072. https://doi.org/10.1021/acs.jmedchem.5b00104.

Daina, A.; Michielin, O.; Zoete, V. SwissTargetPrediction: Updated data and new features for efficient prediction of protein
targets of small molecules. Nucleic Acids Res. 2019, 47, W357-W364. https://doi.org/10.1093/nar/gkz382.

Huwait, E.A.; Saddeek, S.Y.; Al-Massabi, R.F.; Almowallad, S.J.; Pushparaj, P.N.; Kalamegam, G. Antiatherogenic effects of
quercetin in the THP-1 macrophage model in vitro, with insights into its signaling mechanisms using in silico analysis. Front.
Pharmacol. 2021, 12, 698138. https://doi.org/10.3389/fphar.2021.698138.

Najmi, A.; Javed, S.A.; Al Bratty, M.; Alhazmi, H.A. Modern approaches in the discovery and development of plant-based
natural products and their analogues as potential therapeutic agents. Molecules 2022, 27, 349.
https://doi.org/10.3390/molecules27020349.

Dogra, A.; Kumar, J. Biosynthesis of anticancer phytochemical compounds and their chemistry. Front. Pharmacol. 2023, 14,
1136779. https://doi.org/10.3389/fphar.2023.1136779.

Biswas, U.; Roy, R.; Ghosh, S.; Chakrabarti, G. The interplay between autophagy and apoptosis: Its implication in lung cancer
and therapeutics. Cancer Lett. 2024, 585, 216662. https://doi.org/10.1016/j.canlet.2024.216662.

Wu, K.; Kwon, S.H.; Zhou, X.; Fuller, C.; Wang, X.; Vadgama, J.; Wu, Y. Overcoming challenges in small-molecule drug
bioavailability: A review of key factors and approaches. Int. J. Mol. Sci. 2024, 25, 13121. https://doi.org/10.3390/ijms252313121.
Morak-Mlodawska, B.; Jelen, M.; Martula, E.; Korlacki, R. Study of lipophilicity and ADME properties of 1,9-
diazaphenothiazines with anticancer action. Int. J. Mol. Sci. 2023, 24, 6970. https://doi.org/10.3390/ijms24086970.



Molecules 2025, 30, 1742 28 of 28

60. Walle, T. Methoxylated flavones, a superior cancer chemopreventive flavonoid subclass? Semin. Cancer Biol. 2007, 17, 354-362.
https://doi.org/10.1016/j.semcancer.2007.05.002.

61. Selvaraj, S.; Krishnaswamy, S.; Devashya, V.; Sethuraman, S.; Krishnan, U.M. Influence of membrane lipid composition on
flavonoid-membrane interactions: Implications on their biological activity. Prog. Lipid Res. 2015, 58, 1-13.
https://doi.org/10.1016/j.plipres.2014.11.002.

62. Tian, X,; Srinivasan, P.R.; Tajiknia, V.; Sanchez Sevilla Uruchurtu, A.F.; Seyhan, A.A; Carneiro, B.A.; De La Cruz, A.; Pinho-
Schwermann, M.; George, A.; Zhao, S.; et al. Targeting apoptotic pathways for cancer therapy. J. Clin. Investig. 2024, 134, €179570.
https://doi.org/10.1172/JCI179570.

63. Sanchez-Martinez, ].D.; Valdés, A.; Gallego, R.; Suarez-Montenegro, Z.].; Alarcon, M.; Ibafiez, E.; Alvarez-Rivera, G.; Cifuentes,
A. Blood-brain barrier permeability study of potential neuroprotective compounds recovered from plants and agri-food by-
products. Front. Nutr. 2022, 9, 924596. https://doi.org/10.3389/fnut.2022.924596.

64. Chavarria, D.; Fernandes, C.; Aguiar, B.; Silva, T.; Garrido, J.; Remido, F.; Oliveira, P.J.; Uriarte, E.; Borges, F. Insights into the
Discovery of novel neuroprotective agents: A comparative study between sulfanylcinnamic acid derivatives and related
phenolic analogues. Molecules 2019, 24, 4405. https://doi.org/10.3390/molecules24234405.

65. da Silva, T.B.; Costa, C.O.; Galvao, A.F.; Bomfim, L.M.; Rodrigues, A.C.; Mota, M.C.; Dantas, A.A.; Dos Santos, T.R.; Soares,
M.B.; Bezerra, D.P. Cytotoxic potential of selected medicinal plants in northeast Brazil. BMIC Complement. Altern. Med. 2016, 16,
199. https://doi.org/10.1186/s12906-016-1166-1.

66. Wang, X,; Ren, J.; Zhu, S.; Ren, G.; Wang, L.; Chen, X; Qiu, Z.; Zhang, C. Pharmacokinetics and tissue distribution of eupatilin
and its metabolite in rats by an HPLC-MS/MS method. J. Pharm. Biomed. Anal. 2018, 159, 113-118.
https://doi.org/10.1016/j.jpba.2018.06.037.

67. Salamone, S.; Aiello, N.; Fusani, P.; Rosa, A.; Nieddu, M.; Appendino, G.; Pollastro, F. Non-Volatile Terpenoids and Lipophilic
Flavonoids from  Achillea  erba-rotta  subsp. moschata (Wulfen) 1. Richardson. Plants 2023, 12, 402.
https://doi.org/10.3390/plants12020402.

68. Afzal, A H.; Alam, O Zafar, S.; Alam, M.A.; Ahmed, K,; Khan, J.; Khan, R.; Shahat, A.A.; Alhalmi, A. Application of machine
learning for the prediction of absorption, distribution, metabolism and excretion (ADME) properties from Cichorium intybus
plant phytomolecules. Processes 2024, 12, 2488. https://doi.org/10.3390/pr12112488.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.



