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Ferulago nodosa (L.) Boiss. is a species belonging to the Apiaceae family which grows spontaneously in the Balkan and southern
Tyrrhenian areas of theMediterranean Sea. Plants of the Ferulago genus are widely used in the ethnopharmacological feld, mainly
in the form of infusions, as remedies against panic attacks, to solve problems related to the gastrointestinal tract, and for ulcer
complications. In this study, we assessed antioxidant and antiproliferative activities of the pressafonin-A (PA), extracted from
F. nodosa roots, following its spectroscopical characterization. Among the assays conducted, reducing capacity tests and free
radical scavenging assays showed that PA can act as an antioxidant. PA also exhibited time- and concentration-dependent
antiproliferative activity against human cancer cell lines, including A-375 (melanoma), HCT-116 (colorectal carcinoma), and
MCF-7 (breast adenocarcinoma). Selectivity index (SI) was calculated using normal 16-HBE cells. Among the cell lines tested, PA
demonstrated an SI> 10 in A-375 cells. Treatment with PA 6.2 μM (IC25) and 12.4 μM (IC50) for 24-h induced apoptosis, as
cytofuorimetrically evidenced by phosphatidylserine exposure, loss of mitochondrial membrane potential, and intracellular ROS
production. Moreover, PA caused an arrest of cell cycle at the G1/S phase transition. Western blot analysis showed that PA caused
an increase in protein levels of p53, p21Waf1/Cip1, cytochrome c, and BAX, along with a decrease in Bcl-2 protein. In conclusion,
natural PA demonstrated antioxidant and antiproliferative properties on A-375 by inducing apoptosis via ROS-dependent
intrinsic mitochondrial pathway and cell cycle arrest.Tese results suggest that PAmay have potential as a chemopreventive agent
for skin diseases.
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1. Introduction

Te genus Ferulago W.D.J.Koch, belonging to the Apiaceae
family, consists of 48 currently accepted species distributed
in all the countries bordering the Mediterranean Sea (except
Libya, the Spanish islands, and Sardinia), and in the terri-
tories between southern Russia and Iran [1]. Present day
Turkey has been identifed as a center of diversifcation of
this genus given the important presence of 34 of the 48
species accepted in the world [1, 2].

In Sicily, this genus consists of only two species, Ferulago
nodosa (L.) Boiss. and Ferulago galbanifera (Mill.)
W.D.J.Koch, both botanically grouped in the subgenus
Galbanifera [2]. Between the two, F. nodosa, the object of this
work, has a clear Balkan–Tyrrhenian distribution, being
present only in the territories of the old Yugoslavia, Greece,
and in Western Sicily, in the Noto Valley (Italy) [1].

A study based on the geographical isolation of this ac-
cession and on its morphological characteristics [3] pro-
posed assigning the name of the subspecies F. nodosa subsp.
geniculata (Guss.) [4], but this, at the moment, remains only
an intraspecifc species of F. nodosa.

Ferulago genus is widely recognized and above all used in
traditional medicine [5], for example, in the treatment of
physiological problems related to the gastrointestinal tract
[6], or for the treatment of ulcers [7]. Furthermore, several
studies are reported for the use of species as a sedative [8], for
hemorrhoid diseases [9], and for skin care [10]. However,
many species, once dried, are used as natural preservatives
for various foods, such as cheese [11] and meat [12].

Most of the investigated biological activities, such as
antimicrobial [13], antifungal [14, 15], antioxidant [16, 17],
cytotoxic [18, 19], hepatoprotective [20], and neph-
roprotective [21], on the extracts and on essential oils of
many Ferulago species, are caused by the wide structural
diversity of secondary metabolites present in the various
plants’ parts (roots, leaves, fowers, and branches). Phyto-
chemically, the main metabolite class is composed by dif-
ferent coumarins (1,2-benzopyrone). It has been observed
that all isolated furanocoumarins are all biogenetically lin-
ear, and not angular, and very often esterifed with a prenyl
moiety or with an aromatic ring [5]. Tese compounds are
found in considerable quantities in the root systems and are
the most studied metabolites to evaluate their in vivo an-
ticoagulant properties. In addition, several favonoids [22],
terpenoids [23], ferulol products [24, 25], and cinnamic acid
derivatives [26] have been identifed.

A metabolite resulting from the biosynthetic combina-
tion of the shikimic and the mevalonic acid pathway,
pressafonin-A (PA), isolated from the roots of the Sicilian
population of F. nodosa, has never been reported so far as
occurrence in the Ferulago genus. It is a compound already
isolated from Bolax gummifera [27], Chloranthus elatior
[28], Cistus libanotis [29], Coreopsis mutica [30], Eupato-
rium deltoideum [31], Hedyosmum scabrum [32], Illicium
verum [33], Magnolia biondii [34], Magnolia maudiae [35],
Michelia compressa var. formosana [36], Pinus pumila [37],
Piper cernuum [38], Valeriana wallichii [39], Verbesina
rupestris [40], Verbesina sphaerocephala [41], and Verbesina

turbacensis [42]. PA has demonstrated interesting activities,
such as antimicrobial against Staphylococcus aureus (MIC90
25 μM) [37, 43], moderate antileishmanial activity against
Leishmania major promastigotes in vitro (IC50 12.2 μM) and
cytotoxicity against macrophages (J774.1 murine cell line)
(IC50 8.6 μM) [39], and excellent antiviral activity against
infuenza virus A/Puerto Rico/8/34 H1N1 (PR8) (IC50
1.7 μM) [33].

Naturally derived compounds have attracted consider-
able attention due to their antioxidant and antiproliferative
activities, supporting their potential in disease prevention
and cancer therapy [44]. Tese compounds can scavenge
reactive oxygen species (ROS) and modulate redox-sensitive
signaling pathways, thereby enhancing cellular antioxidant
defenses and reducing oxidative damage under physiological
conditions [45]. In contrast, in tumor cells, many of these
molecules exert antiproliferative efects by inducing oxi-
dative stress, cell cycle arrest, or apoptosis through mito-
chondrial dysfunction or inhibition of key survival pathways
such as PI3K/Akt or NF-κB [46, 47]. Tis dose- and context-
dependent behavior supports the therapeutic versatility of
natural bioactives as both protectants in normal cells and
cytotoxic agents in malignancy [48].

Building on these observations and given the growing
interest in studying phytochemicals from the Mediterranean
region, this study aimed to evaluate the antioxidant capacity
in vitro and antiproliferative activity of PA on diferent
cancer cells, deepening the pathways involved in its apo-
ptotic efect on human melanoma A-375 cells.

2. Experimental Procedures

2.1. Chemicals. Unless otherwise specifed, all reagents and
chemicals were purchased fromMerck (Milan, Italy) and are
of the highest available purity grade. Merck No. 7734 silica
gel, deuterated chloroform, formic acid, water, methanol,
acetone, petroleum ether, ethyl ether, anisaldehyde, and
sulfuric acid were purchased from Sigma-Aldrich (Via
Monte Rosa, 93, 20,149 Milan, Italy) and were used without
further purifcations.

2.2. General Experimental Procedures. Silica gel (70–230
mesh AsTM) deactivated with 15% water was used for col-
umn chromatography. A Coolsafe 4–15-L freeze dryers tool
with a capacity of 4 L was used for freeze drying. Te char-
acterization of PA was carried out by 1H-NMR and 13C-NMR
spectroscopy with a Bruker Avance II spectrometer with
a rotating MAs probe at 15KHz operating at 400MHz for
recording the 1H-NMR spectra, and at 100MHz for the 13C
spectra, at the Large Equipment Center of the University of
Palermo. DEPT, 1H-1H-COSY, HMBC, HSQC, and NOESY
experiments were performed using Bruker microprograms
and tetramethylsilane (TMS) was used as internal standard.
Te sample to be analyzed was brought into solution with
CDCl3. For all spectra, the chemical shifts (δ) are expressed in
ppm and the coupling constants J are expressed in Hz. Te
sample was also subjected to Agilent 1260 Infnity HPLC-MS
analysis. A Zorbax Extend C18 reversed column (2.1 × 50mm,
1.8 μm particle size), with Phenomenex C18 safety column
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(4 × 3 mm), was used. Te fow rate was 0.5mL/min, and the
column temperature was set to 25°C.Te eluents formic acid/
water were in Phase A and formic acid/methanol in Phase B.
Te injection volume was 3 μL. Everything was monitored by
MS-TIC. Mass spectrum was obtained with the Agilent 6540
UHD accurate mass Q-ToF spectrometer equipped with an
AJS ESI dual working resource operating in positive mode
and in negative mode. N2 was used as a desolvating gas at
320°C with a fow rate of 10 L/min.Te nebulizer was set at 35
psig. Te jacket gas temperature was set at 350°C with a fow
rate of 11 L/min. A potential of 3.5 kV on the capillary was
used for the positive ionmode.Te fragmenter was selected at
75V. Te mass spectrum was recorded in the 100–1000m/z
range. Polarimetric measurement was performed for the
determination of the stereochemistry. A Jasco P1010 digital
polarimeter was used for this analysis.

2.3. PlantMaterials. F. nodosa plants, in full fowering stage,
were collected in May 2023 in the immediate vicinity of the
city of Noto, Syracuse (Italy) (36°48′21.22″ N; 15°01′14.67″
E) at 280m above sea level. Some specimens (Voucher PAL
111076), collected and identifed by Prof. Vincenzo Ilardi,
were deposited at the Herbarium Mediterraneum Pan-
ormitanum of the Botanical Garden of the University of
Palermo, Italy.

2.4. Isolation of PA. Te roots of F. nodosa (300 g), manually
separated from the aerial parts, were washed in distilled
water, cut into thin pieces, and frozen at −20°C. Sub-
sequently, they were subjected to a freeze-drying cycle to
eliminate all the water present, obtaining 80 g of dry ma-
terial. Te solid obtained was then fnely crushed through
a ceramic mortar and extracted with acetone (0.5 L× 3
times) at room temperature and in the dark room. After
appropriate fltration, the solvent was evaporated at reduced
pressure and at temperatures below 40°C. Te obtained
extract (6 g) was subjected to column chromatography using
silica gel deactivated with 15% of cold water as the stationary
phase, and the mixtures in the ratio 5:5, 3:7, 2:8, and 1:9 v/v
as eluent to provide eight diferent fractions (Fn1-Fn8). Te
general anisaldehyde/H2SO4 system was used as the de-
tection system on TLC. Fn6 (27mg) was purifed by silica gel
(petroleum ether/ethyl ether 2:8, v/v) to aford PA (11.7mg).
Te isolated PA was fnally dissolved in dimethyl sulfoxide
(DMSO), aliquoted, and stored at a concentration of
100mM for use in all subsequent in vitro assays.

2.5. Physical Property of PA. Yellow powder; (α)25D −4.1
(c� 0.50, CHCl3); IR: vmax 3411, 1665, 1589, 1448, 1154, and
918 cm−1; HPLC-ESI/MS: m/z 323.1638 (M+Na)+ (calcd.
for C19H24NaO3, 323.1628Da); 1H-NMR (400MHz, CDCl3-
d): δH 7.63 (1H, d, J� 15.8Hz, H-2), 6.33 (1H, d, J� 15.8, H-
3), 7.44 (1H, d, J� 8.8Hz, H-5), 6.87 (1H, d, J� 8.8Hz, H-6),
6.87 (1H, d, J� 8.8Hz, H-8), 7.44 (1H, d, J� 8.8Hz, H-9),
5.02 (1H, ddd, J� 9.6, 3.6, 2.0Hz, H-2′), 1.07 (1H, m, H-3′a),
2.42 (1H, m, H-3′b), 1.71 (1H, t, J� 4.6Hz, H-4′), 1.32 (1H,
m, H-5′a), 1.79 (1H, m, H-5′b), 1.36 (1H, m, H-6′a), 2.05

(1H, m, H-6′b), 0.94 (3H, s, H-8′), 0.90 (3H, s, H-9′), 0.89
(3H, s, H-10′); 13C-NMR (100MHz, CDCl3-d): δC 168.09 (C-
1), 116.02 (C-2), 144.20 (C-3), 127.17 (C-4), 129.94 (C-5),
115.89 (C-6), 157.92 (C-7), 115.89 (C-8), 129.94 (C-9), 48.95
(C-1′), 80.07 (C-2′), 36.86 (C-3′), 44.98 (C-4′), 28.06 (C-5′),
27.24 (C-6′), 47.85 (C-7′), 19.71 (C-8′), 18.86 (C-9′), 13.53
(C-10′).

2.6. Reducing Capacity Tests

2.6.1. Folin–Ciocalteu Reaction. Te total antioxidant ac-
tivity (TAA) was evaluated using the Folin–Ciocalteu assay,
which relies on the reagent’s reduction in alkaline condi-
tions, yielding a blue chromophore. In this assay, 100-μL
aliquots of suitably diluted PA samples were analyzed in
duplicate. Tese were mixed with 3mL of 2% sodium car-
bonate, followed by 100 μL of a 1:1 water-diluted
Folin–Ciocalteu reagent. Te mixture was incubated for
60min at room temperature in the dark. Absorbance was
measured at 765 nm using a DU 640 spectrophotometer
(Beckman, Milan, Italy), with a blank as a reference. A
standard curve was prepared using gallic acid solutions
ranging from 5 to 100 μg/mL, and results were expressed
as mg of gallic acid equivalents (GAE) per gram of PA [49].

2.6.2. Ferric Ion Reducing Antioxidant Power (FRAP) Assay.
Te FRAP assay was performed with slight adaptations from
the protocol established by Attanzio et al. [50]. Briefy,
200 μL of the PA ethanolic extract was mixed with an equal
volume of 0.2M phosphate bufer (pH 6.6), followed by the
addition of 200 μL of a 1% potassium ferricyanide solution.
Te mixture was incubated at 50°C for 20min. After in-
cubation, 200 μL of 10% trichloroacetic acid was added, and
the sample was vortexed thoroughly. Te mixture was then
centrifuged at 1000× g for 10min. From the supernatant,
500 μL were transferred into a fresh tube, combined with
1mL of double-distilled water and 100 μL of 0.1% ferric
chloride solution. Te absorbance of this fnal solution was
recorded at 700 nm. Antioxidant capacity was determined
using a calibration curve generated with ascorbic acid
standards (0–100 μg/mL) and expressed as mg of ascorbic
acid equivalents (AAE) per gram of PA.

2.7. Radical Scavenging Assays

2.7.1. ABTS•+ Radical Scavenging Assay. Te antiradical
activity of PAwas assessed using the ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) assay, following the
procedure described by Attanzio et al. [50]. Te ABTS
radical cation (ABTS•

+) was generated by reacting ABTS
with potassium persulfate. PA samples were tested at three
diferent dilutions, each analyzed in duplicate to ensure
values fell within the assay’s linear response range. A
standard curve was constructed using Trolox, a water-
soluble analog of vitamin E. Results were expressed as
Trolox equivalent antioxidant capacity (TEAC) and reported
in μmol Trolox equivalents (TE) per gram of PA.

Journal of Food Biochemistry 3
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2.7.2. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scav-
enging Assay. Te antioxidant activity of PA was assessed
using the DPPH radical scavenging assay, as previously
described by Attanzio et al. [50], with minor adjustments. In
brief, 10 μL of appropriately diluted ethanolic PA extract was
added to 1mL of an ethanol solution of DPPH (1× 10−4M).
Te reaction mixture was left to incubate for 30min at room
temperature in the dark. Absorbance was recorded at
515 nm. All samples were tested in duplicate at three con-
centration levels and selected to ensure measurements
within the linear range of the assay. Trolox, a water-soluble
vitamin E analog, was used as the standard, and results were
reported as TE per gram of PA. Trolox was dissolved in
ethanol, and care was taken to keep the fnal ethanol con-
centration in the reaction mixture below 0.1%.

2.8. Cell Cultures and Treatments. Human cell lines A-375
(melanoma), HCT-116 (colorectal cancer), and MCF-7
(breast cancer) were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA), while the
16-HBE bronchial epithelial cells were purchased from
Merck (Milan, Italy). All cultures were maintained between
Passages 4 and 10. Cells were grown in 75 cm2 culture fasks
using DMEM, enriched with 10% fetal bovine serum (FBS),
1% nonessential amino acids, 10mMHEPES, and antibiotics
(50U/mL penicillin and 50 μg/mL streptomycin). Cultures
were kept in a humidifed incubator at 37°C under 5% CO2,
and the culture medium was refreshed every 2 days. For
experimental purposes, cells were plated at a density of
5.5×104 cells/cm2 in either 24- or 96-well plates, or in μ-dish
35-mm formats, and allowed to adhere for 24 h. Treatment
with PA was carried out at concentrations ranging from 1 to
200 μM, applied for 24–48 h depending on the assay as
shown in Figure 1.

2.9.CellViability. Te cytotoxic potential of PAwas assessed
in A-375, HCT-116, MCF-7, and 16-HBE cell lines using
a standard colorimetric assay based on mitochondrial ac-
tivity. Tis method exploits the ability of viable cells to
reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) into insoluble purple formazan
crystals via mitochondrial dehydrogenases. Cells were plated
in 96-well plates (Corning Costar, Milan, Italy) at a density
of 5.5×104 cells/cm2, allowed to adhere overnight, and
subsequently treated with PA or left untreated as a control.
After 24 h of exposure, the medium was removed and each
well received 4 μL of MTT solution (5mg/mL). Following
a 2-h incubation at 37°C, the supernatant was discarded, and
the formazan crystals formed were solubilized in 100 μL of
DMSO. Absorbance was recorded at 575 nm using
a microplate reader (LTek, INNO, Seongnam, Republic of
Korea). Cell viability was calculated relative to untreated
control cells, set as 100%. Te half-maximal inhibitory
concentration (IC50) values were determined using a dos-
e–response inhibition curve generated with Prism 9.5.0
software (GraphPad Software Inc., San Diego, CA, USA).
Te selectivity index (SI) was calculated by dividing the IC50
value for the nontumorigenic 16-HBE cells by those

obtained for tumor cell lines [51]. All experiments were
performed in triplicate and independently repeated
four times.

2.10. Flow Cytometry

2.10.1. Measurement of Phosphatidylserine Exposure. To
evaluate phosphatidylserine exposure on the external surface
of the plasma membrane, apoptotic cell death was assessed
via dual staining with annexin V-FITC and propidium io-
dide (PI), followed by fow cytometry. Tumor cells were
seeded in triplicate at a density of 5.5×104 cells/cm2 in 24-
well plates and cultured overnight. Te next day, the me-
dium was replaced and cells were treated with PA at IC25
and IC50 concentrations. After a 24-h incubation, cells were
detached using trypsin, collected, and resuspended at
1.0×106 cells/mL in the staining bufer, following the
manufacturer’s instructions (eBioscience, San Diego, CA,
USA). Double staining was carried out as previously re-
ported [52]. Flow cytometric evaluation was performed
using the CytoFLEX system B2-R2-V0 (Beckman Coulter,
Brea, CA, USA) on at least 10,000 events per sample, and
data were analyzed using CytExpert software (Beckman
Coulter, Brea, CA, USA).

2.10.2. Cell Cycle Analysis. To analyze the distribution of
cells across the cell cycle phases, fow cytometry was
employed. Following a 24-h exposure to PA at concentra-
tions corresponding to IC25 and IC50, adherent cells were
detached by trypsinization and washed with cold phosphate-
bufered saline (PBS). Cell suspensions containing
1× 106 cells were then incubated with PBS supplemented
with 20 μg/mL PI and 200 μg/mL RNase A for 30min at
room temperature, protected from light [53]. Immediately
after staining, samples were analyzed by fow cytometry,
collecting at least 10,000 events per sample. Cell cycle phase
percentages (G0–G1, S, and G2–M) were determined by
excluding the sub-G0–G1 population to focus the analysis
exclusively on viable cells.

2.10.3. Measurement of Mitochondrial Membrane Potential
(MMP). Te assessment of MMP (ΔΨm) was performed
using the lipophilic cationic dye 3,3′-
dihexyloxacarbocyanine iodide (DiOC6) (Molecular Probes,
Inc., Life Technologies Italia, Monza, Italy). DiOC6 selec-
tively accumulates within the mitochondrial matrix, and
a decrease in its fuorescence intensity indicates a loss of
ΔΨm. Following 24 h of treatment with PA at IC25 and IC50
concentrations, cells were incubated with DiOC6 at a con-
centration of 40 nmol/L for 15min at 37°C. Afterward, cells
were collected by centrifugation, washed, and resuspended
in 500 μL of PBS. Flow cytometric analysis was conducted on
samples containing at least 10,000 cells [54].

2.10.4. Measurement of Intracellular ROS. Intracellular ROS
levels were measured by monitoring fuorescence changes
following the oxidation of 2′,7′-dichlorofuorescin diacetate

4 Journal of Food Biochemistry
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(DCFDA). After 24 h of PA treatment, DCFDAwas added to
the culture medium at a fnal concentration of 1 μM, 30min
prior to the end of the incubation. Cells were then harvested
by centrifugation at 25,000 g for 5min at 4°C, washed,
resuspended in PBS, and immediately analyzed by fow
cytometry [55]. A minimum of 10,000 events per sample
were acquired during the analysis.

2.11. ROS Detection With Fluorescence Microscopy.
A375 cells (5.5×104 cells/cm2) were seeded onto μ-dish 35-
mm high glass bottom (#1.5H, Ibidi GmbH, Gräfelfng,
Germany), which had been precoated with 1.5mL of poly-L-
lysine (100 μg/mL, Merck) for 1 h. After 24 h of adhesion,
cells were treated with PA at IC25 and IC50 concentrations
for 24 h. Subsequently, cells were washed with PBS and
stained with 10 μM DCFDA for 30min. After a fnal wash
with PBS, fuorescence images were acquired using a Nikon
Ts2R fuorescence microscope equipped with a 40x objective
and a 23.9-megapixel Digital Sight 10 camera (Nikon Europe
B.V., Stroombaan, the Netherlands).

2.12. Western Blot Analysis. After 24 h of treatment, ap-
proximately 6×10̂6 cells were washed twice with PBS and
resuspended in 250 μL of lysis bufer containing 20mM tris-
HCl (pH 7.6), 100mM NaCl, 10mM MgCl2, 2mM PMSF,
0.5mM DTT, 2mg/mL lysozyme, and a protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN,
11836170001). Cell disruption was achieved by sonication on
ice for 60 s using a Labsonic LBS1-10 device (Falc In-
struments srl, Treviglio, Italy). Te lysate was then centri-
fuged at 25,000 g for 1 h at 4°C to separate cellular debris.Te
supernatant containing the total protein fraction was col-
lected, and protein concentration was determined using the
Bradford assay (Bio-Rad, Hercules, CA, USA). Samples were
diluted accordingly to load 50 μg of protein per lane on 7.5/
10% SDS-PAGE gels. Proteins were resolved by molecular
weight and transferred onto nitrocellulose membranes
(Cytiva Amersham™ Protran™, Marlborough, MS, USA)
through electroblotting. Membranes were blocked with 5%
skim milk for 1 h at room temperature to prevent non-
specifc binding, then incubated overnight at 4°C with
primary antibodies against Bcl-2 (sc-7382), BAX (sc-20067),
cytochrome c (sc-13156), p53 (sc-397), p21Waf1/Cip1, and
actin (sc-8432) from Santa Cruz Biotechnology (SCBT,
Dallas, TX, USA). Following two washes with Tween tris-

bufered saline (TTBS), membranes were incubated for 1 h at
room temperature with horseradish peroxidase–conjugated
secondary antibodies (goat anti-mouse or goat anti-rabbit;
Merck KGaA, Darmstadt, Germany) diluted 1:2000. Excess
secondary antibodies were removed by washing membranes
fve times with TTBS. Protein detection was performed by
chemiluminescence using Amersham ECL reagents
(RPN2106, Cytiva Europe GmbH, Freiburg, Germany) [56].
Chemiluminescent signals were captured with a C-Digit Blot
Scanner (LI-COR, Lincoln, NE, USA) and quantifed using
LI-COR Image Studio 4.0 software. Densitometric values
were normalized to actin levels, and representative blots
were chosen for fgure presentation (Figure S7).

2.13. Statistical Analysis. Data are expressed as mean-
± standard deviation (SD) from independent experiments,
each carried out in triplicate. Statistical diferences were
evaluated by one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc test for multiple comparisons,
using Prism 9.5.0 software (GraphPad Software Inc., San
Diego, CA, USA). A p value less than 0.05 was considered
statistically signifcant throughout the analyses.

3. Results

3.1. Spectroscopical Characterization of PA. To the isolated
compound (Figure 2), obtained as an amorphous yellowish
powder, the molecular formula C19H24O3 [m/z 323.1638
(M + Na)+ calcd. for C19H24NaO3, 323.1628 Da] was
assigned by the HPLC-ESI/MS analysis (Figure S1). Te
mass spectrum of PA showed a base peak at m/z 137.1337.
Te IR spectrum presented an intense absorption at 3411
and 1665 cm−1. Te presence of a α, β-conjugated ester
group was confrmed by a clear signal at 168.09 ppm in the
13C-NMR spectrum (Figure 2). Subsequently, the other
peaks identifed in the carbon and proton (Figure S2) spectra
and 2D-NMR experiments, such as HMBC (Figure S3),
HSQC (Fig.ure S4), COSY (Figure S5), and NOESY
(Figure S6), clarifed the presence of a 10-carbon bicyclic
unit ((−)-borneol) linked to the ester moiety. Te mono-
terpene part was, in turn, characterized by three methyl
groups at 19.71 (C-8′), 18.86 (C-9′), and 13.53 (C-10′) ppm,
three methylene units at 36.86 (C-3′), 28.06 (C-5′), and 27.24
(C-6′) ppm, two methines at 80.07 (C-2′), and 44.98 (C-4′),
and two quaternary carbons on C-1′ and C-7′. Te coupling
constant (J) between protons H2 and H3 confrmed, not only

MTT, PS externalization
cell cycle, ΔΨm,

ROS, Western blot

Cells seeding Treatment
PA 

1–200 μΜ
5.5 x 104

cells/cm2

24 or 48
hours

24
hours

Figure 1: Experimental setup. Cells were seeded for 24 h and treated for 24 or 48 h with PA at diferent concentrations, before studying the
parameters indicated.
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the presence of a double bond but also a clear cis-type
isomerism (δH = 6.33–7.63, each for a proton, d,
J= 15.8Hz). Te spectroscopic and optical results are in
perfect agreement with the literature data [29, 36]. To this
compound was then assigned the structure of (−)-bornyl p-
coumarate, also commonly called PA.

As already mentioned in the introductory part, PA was
isolated from plants belonging to diferent families such as
Asteraceae [41, 42], Cistaceae [29], Magnoliaceae [34, 35],
and Piperaceae [38], but it has never been isolated in the
Ferulago genus and in plants of the Apiaceae family.

3.2. Reducing Capacity of PA. Te isolated PA exhibited
a TAA of 71.05± 0.22mg GAE per gram of compound, as
determined by the Folin–Ciocalteu assay (Table 1), in-
dicating a substantial antioxidant potential. Consistently, the
FRAP assay revealed a reducing capacity of 6.87± 0.41mg
AAE per gram of compound (Table 1). Together, these
fndings suggest that PA possesses notable antioxidant
properties, although the magnitude of activity varies
depending on the assay employed.

3.3. Radical Scavenging Activity of PA. Te antiradical po-
tential of PA was evaluated through its capacity to neutralize
DPPH• and ABTS•+ radicals. In this study, PA demon-
strated a DPPH• radical quenching capacity equivalent to
7.72± 0.42 μmol Trolox per gram of compound (Table 1).
Tis result suggests that PA has a moderate ability to donate
electrons or hydrogen atoms to neutralize free radicals,
thereby contributing to its overall antioxidant profle. In
addition to the DPPH• assay, the ABTS•+ decolorization

assay was employed to further assess PA’s antioxidant
properties. In these experiments, PA exhibited a quenching
ability of 11.38± 0.07 μmol Trolox per gram of compound
(Table 1), indicating a stronger antiradical activity compared
to the DPPH• assay.

3.4. Cytotoxic Activity and SI of PA. Te antiproliferative
activity of PA against various human cancer cell lines was
evaluated using the MTT assay, a standard method for
measuring cell viability and proliferation [57]. In this study,
PA was tested in a concentration range between 1 and
200 μM, with exposure times of 24 and 48 h. Te cancer cell
lines tested included A-375, HCT-116, and MCF-7. Fur-
thermore, the cytotoxic efect of PA was evaluated on normal
16-HBE cells to determine the SI in comparison to tumor
cells (Figure 3).

Te IC50 values were determined for each cell line. At
24 h, the IC50 values were 12.4± 0.38 for A-375, 42.54± 1.56
for HCT-116, and 54.51± 2.43 μM for MCF-7, respectively.
After 48 h, the IC50 values decreased to 6.08± 0.26 for A-375,
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Figure 2: Chemical structure, nomenclature, and 13C-NMR spectrum of PA.

Table 1: Reducing capacity and radical scavenger activity of PA.

TAAa FRAP DPPH• ABTS•+
mg GAEb/g mg AAEc/g μmolTEd/g
71.05± 0.22 6.87± 0.41 7.72± 0.42 11.38± 0.07
Note: Values are the mean± SD of four determinations carried in triplicate.
aTAA, total antioxidant activity.
bGAE, gallic acid equivalent.
cAAE, ascorbic acid equivalent.
dTE, Trolox equivalent.
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28.68± 1.26 for HCT-116, and 23.72± 1.76 μM for MCF-7,
indicating a time-dependent increase in PA’s cytotoxicity
(Table 2). Tese results demonstrate that PA exhibits sig-
nifcant cytotoxic activity across all tested cancer cell lines,
with the A-375 cells being the most sensitive. In contrast, the
viability of noncancerous 16-HBE cells was much less af-
fected by PA, with IC50 values of 140.7± 17.23 and
104.7± 7.98 μM at 24 and 48 h, respectively (Table 2).

Tis indicates that PA has a higher selectivity for cancer
cells over noncancerous cells, which is a desirable charac-
teristic in anticancer drug development.

Selective cytotoxicity is a crucial criterion for the de-
velopment of efective anticancer agents [59]. To evaluate the
selectivity of PA, its cytotoxic efects on the cancer cell lines
A-375, HCT-116, and MCF-7 were compared to its efects
on 16-HBE cells. Te SIs of PA were 11.34, 2.58, and 3.31 at
24 h, and 23.14, 5.93, and 4.90 at 48 h for the A-375, HCT-
116, and MCF-7 cell lines, respectively. Tese fndings are
particularly noteworthy for the A-375 cell line, where the SI
values exceed 10, indicating strong selectivity and anti-
proliferative activity in vitro [58, 59].

Te high SI for A-375 cells suggests that PA is especially
efective against melanoma cells, with minimal impact on
noncancerous cells (Table 3).

3.5. PA Induces a ROS-Dependent Mitochondrial Apoptotic
Pathway in A-375 Cells. To investigate whether the anti-
proliferative efect of PAwas driven by apoptosis or necrosis,
fow cytometry analysis was performed on A-375 cells
double-stained with annexin V-FITC and PI. Te concen-
trations of PA used in this study were selected based on its
IC50 value at 24 h for the A-375 cell line. Specifcally, IC50 at
12.4 μMand IC25 at 6.2 μMwere tested (Table 2).Te results,
presented in Figure 4, demonstrate that neither concen-
tration of PA induced signifcant necrotic efects in A-375
cells, as indicated by the low percentage of necrotic
cells—1.2% and 1.5% for IC25, and IC50, respective-
ly—compared to 1.4% in the control cells.

In contrast, a clear concentration-dependent shift from
viable to apoptotic cells was observed, especially toward
early apoptosis (Figure 4). Te proportion of annexin
V-FITC positive cells, indicative of apoptosis, increased with
PA concentration, reaching 16.8± 0.9% and 22.8± 1.7% for
IC25 and IC50, respectively, compared to 5.8± 0.4% in the
control cells (p< 0.001, Figure 4).

Tese fndings suggest that PA predominantly induces
apoptosis rather than necrosis in A-375 cells, with a stronger
apoptotic response observed at higher concentrations.

In many cellular systems, the depolarization of MMP is
indicative of mitochondrial dysfunction, often leading to the
loss of the inner MMP (ΔΨm) [60]. Tis loss is a critical
factor in the release of proapoptotic factors from the mi-
tochondria and is considered an early event in the apoptotic
process [61].

To assess the impact of PA on mitochondrial function,
fow cytometry was employed to measure ΔΨm using
DiOC6. Te results demonstrated a concentration-
dependent increase in mitochondrial dysfunction follow-
ing 24 h of treatment with PA in A-375 cells. Specifcally,

there was a 3.5-fold increase inmitochondrial depolarization
at a concentration of PA equivalent to IC25 and a 5.3-fold
increase at the IC50 concentration, compared to untreated
control cells (p< 0.001, Figure 5).

Tese fndings suggest that PA induces signifcant mi-
tochondrial dysfunction, which is likely to contribute to the
observed apoptotic efects in A-375 cells.

Since the alteration of cellular redox homeostasis is
closely associated with mitochondrial dysfunction and in-
duction of apoptosis in various cell types [62–66], the
production of intracellular ROS induced by PA was in-
vestigated. As shown in Figures 6(a) and 6(b), the treatment
with PA led to a signifcant, concentration-dependent in-
crease in ROS levels in A-375 cells, as measured by fow
cytometry using the fuorescent dye DCFDA. Specifcally,
PA treatment resulted in a 4.2-fold increase in ROS pro-
duction at a concentration corresponding to IC25 and a 6.1-
fold increase at the IC50, compared to untreated control cells
(p< 0.001).

Fluorescence microscopy visualization of the cells
confrmed an increase in DCFDA-associated fuorescence
intensity caused by PA treatment in a concentration-
dependent manner (Figure 6(c)). Additionally, a pro-
portional decrease in the number of observed cells is noted
as the concentration of PA increases. Tis substantial rise in
ROS production is strongly correlated with the loss of
mitochondrial integrity, which is a critical event that can
precipitate irreversible cellular damage and trigger apoptosis
[67, 68].

3.6. PA Induces Cell Cycle Arrest at the G1-S Transition in
A-375 Cells. Evaluation of cell cycle phase distribution was
performed by fow cytometry, analyzing DNA content via PI
staining after incubating A-375 cells with PA for 24 h. PA
treatment induced an accumulation of A-375 cells at the G1-
S transition and a reduction in the G2-M phase. Specifcally,
cells treated with PA at concentrations corresponding to
IC25 and IC50 showed a modest but statistically signifcant
increase in the G0-G1 phase, with 63.9± 3.8% and
65.5± 4.6% of cells in this phase, respectively, compared to
57.3± 3.2% in control cells (p< 0.05 and p< 0.01, Figure 7).
Concurrently, PA treatment was associated with an increase
in the percentage of cells in the S phase. Notably, the S-phase
population was 15.3± 0.8% and 20.1± 1.6% for IC25 and IC50
treatments, respectively, compared to 12.5± 0.5% in control
cells (p< 0.05 and p< 0.001, Figure 7). Additional treatment
with PA at concentrations IC25 and IC50 showed 20.9± 1.1%
and 15.1± 0.6% of cells in the G2-M phase, respectively,
compared to 29.9± 1.6% in untreated control cells
(p< 0.001, Figure 7).

Tis arrest of cell cycle progression, with the accumu-
lation of cells at the G1-S phase, contributes to the overall
antiproliferative efects of PA.

3.7. PA Dysregulates Apoptosis-Related Protein Levels.
Mitochondrial dysfunction is a critical determinant in the
regulation of the intrinsic apoptosis pathway [69]. To gain
deeper insights into this mechanism, we employed Western

Journal of Food Biochemistry 7
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blot analysis to investigate the involvement of key apoptotic
markers—BAX, Bcl-2, and cytochrome c—based on the
cytofuorimetric data previously obtained. Given the pro-
nounced efects observed in the cytofuorimetric assays,
A-375 cells were treated for 24 h in the presence or absence
of PA at its IC50 concentration. In particular, Western blot
analysis showed that PA treatment signifcantly reduced Bcl-
2 protein levels by 47% compared to untreated controls
(p< 0.01, Figure 8). Conversely, BAX and cytochrome c
protein levels were markedly elevated following PA expo-
sure, with increases of 33.6% and 55.6%, respectively
(p< 0.01 and p< 0.005, Figure 8). Notably, the expression of

BAX and Bcl-2 is regulated by the tumor suppressor protein
p53, which is a key mediator of apoptosis [70]. Tese
fndings indicate that PA treatment signifcantly upregulated
p53 protein levels in A-375 cells, showing a substantial 328%
increase (p< 0.001, Figure 8). Among the downstream ef-
fectors of p53, p21Waf1/Cip1 is a crucial regulator of cell cycle
arrest and apoptosis [71]. Te treatment with PA resulted in
a signifcant upregulation of p21Waf1/Cip1 protein levels, with
a 67% increase observed in comparison to untreated cells
(p< 0.001, Figure 8).

4. Discussion

Te search for natural antioxidants for applications in nu-
trition, cosmetics, and pharmacology has emerged as
a major scientifc and industrial challenge over the past
30 years [72]. Between the natural bioactive compounds,
terpenoids and their derivatives have been recognized for
their biological efects, including antioxidant and anti-
proliferative properties [73–75]. Many studies have also
examined the in vitro efects of terpenoids on various human
melanoma cell lines, including A-375 cells [76–80]. In this
study, PA demonstrated signifcant TAA. Te
Folin–Ciocalteu assay indicated high TAA, while the FRAP
assay confrmed PA’s notable ferric ion reduction capability.
Te diference between these results suggests that PA is
efective in general antioxidant activity but somewhat less
potent as a reducing agent. Tis underscores the need for
multiple assays to comprehensively assess a compound’s
antioxidant potential.
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Figure 3: Antiproliferative activity of PA on A-375, HCT-116, MCF-7, and 16-HBE cells. Cell viability was assessed after 24 or 48 h of
treatment by MTT assay. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.005, and ∗∗∗∗p< 0.001. Values are the mean± SD of four separate experiments
conducted in triplicates.

Table 2: IC50 of PA against A-375, HCT-116, MCF-7, and 16-HBE
cell lines.

Treatment
time

PA IC50 (μM)
A-375 HCT-116 MCF-7 16-HBE

24 h 12.4± 0.38 42.54± 1.56 54.51± 2.43 140.7± 17.23
48 h 6.08± 0.26 28.68± 1.26 23.72± 1.76 104.0± 7.98
Note: Values were calculated by plotting the percentage viability versus
concentration on a logarithmic graph. Values are the mean± SD of four
separate experiments conducted in triplicates.

Table 3: SI of PA on A-375, HCT-116, and MCF-7 cell lines.

Treatment time
Selectivity index

A-375 MCF-7 HCT-116
24 h 11.34 2.58 3.31
48 h 23.14 5.93 4.90

8 Journal of Food Biochemistry
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PA also exhibited considerable radical scavenging activity,
particularly evident in the ABTS•+ assay. Te diferences ob-
served between theDPPH• andABTS•+ assays likely arise from
the distinct chemical environments and mechanisms of each
assay. Te DPPH• assay primarily evaluates hydrogen atom
transfer (HAT), while the ABTS•+ assay accommodates single
electron transfer (SET) reactions [81]. Tis indicates that PA
may be more efective at scavenging radicals via SET mecha-
nisms, which are relevant under physiological conditions where
both HATand SETpathways contribute to antioxidant defense.
Overall, PA’s efcacy as an antiradical agent is highlighted by its
ability to neutralize various free radicals through multiple
mechanisms (Table 1) and is comparable to other terpenoids
such as α-terpinene, ocimene, and pulegone [82]. Tis anti-
radical activity is a crucial component of PA’s broader anti-
oxidant profle, suggesting potential therapeutic applications.
Additionally, this study ofers, for the frst time, signifcant
insights into PA’s anti-proliferative and cytotoxic efects on
human cancer cell lines, with a focus on melanoma. Te IC50
values indicate that PA’s cytotoxicity is time-dependent in A-
375 cells, with IC50 values of 12.4 µM at 24 h and 6.08 µM at

48 h. In contrast, higher IC50 values for HCT-116 and MCF-7
cells suggest these cells are less sensitive to PA. A key fnding is
PA’s selectivity for cancer cells over noncancerous cells. Te
viability of 16-HBE cells was less afected by PA, with IC50
values signifcantly higher than those in cancer cells. SI’s values
were remarkably high for A-375 cells, exceeding 10 at both 24
and 48 h, indicating strong selectivity. Tis suggests PA’s po-
tential as a therapeutic agent against melanoma with mini-
mal impact on noncancerous cells. To further investigate the
antiproliferative efect of PA, we examined whether it induces
cell death via apoptosis or necrosis. Flow cytometry analysis
revealed that PA predominantly induces apoptosis rather than
necrosis in A-375 cells. Te proportion of apoptotic cells in-
creased in a concentration-dependent manner, with a more
pronounced apoptotic response at higher PA concentrations.
Apoptosis, being a regulated process of cell death, is generally
associated with better therapeutic outcomes compared to ne-
crosis, which can cause infammation and tissue damage.
Further investigation into PA-induced apoptosis mechanisms
revealed signifcant mitochondrial dysfunction in A-375 cells. A
concentration-dependent depolarization of mitochondrial
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Figure 4: Efect of PA on the externalization of PS in A-375 cells. Cells were treated for 24 h as described in the Methods section. Percentage
of AnnexinV-FITC/PI double stained A-375 cells were determined by fow cytometer and compared to untreated cells (control). (a) Mean
values± SD of three separate experiments in triplicate. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.005, and ∗∗∗∗p< 0.001 (one-way ANOVA associated
with Tukey’s post hoc test). (b) Representative fow cytometric images: live cells (AnnexinV−/PI−); early apoptotic cells (AnnexinV+/PI−);
late apoptotic cells (AnnexinV+/PI+); necrotic cells (AnnexinV−/PI+).
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membrane, a critical event in apoptosis initiation, was observed
following PA treatment. Te involvement of the intrinsic ap-
optotic pathway mediated by mitochondrial damage has been
highlighted as a feature of other natural compounds by various
authors over the last decades (83-85).Te loss ofMMP is crucial
for the release of pro-apoptotic factors from mitochondria,
indicating that mitochondrial dysfunction plays a central role in
PA-induced apoptosis. Additionally, PA treatment led to
a substantial increase in intracellular ROS levels in A-375 cells,
which strongly correlates with mitochondrial dysfunction. Tis
result is also in line with recent studies demonstrating that
terpenoids such as thymoquinone and thymol exhibit a ROS-
dependent anti-proliferative efect (86, 87). As is well known,
ROS mediate various cellular processes, including apoptosis,
suggesting that oxidative stress is a key component of PA’s
cytotoxic mechanism (63). Although seemingly paradoxical,
many natural compounds exhibit a well-characterized dual
behavior, acting as antioxidants under physiological conditions
and as pro-oxidants in stressed or transformed cells. At low
concentrations, they typically reduce ROS levels and activate
cytoprotective pathways such as Nrf2, whereas in cancer cells or
at higher doses, they can elevate ROS beyond the cellular

threshold, triggering apoptosis or ferroptosis.Tis selective pro-
oxidant cytotoxicity ofers a promising therapeutic strategy to
target malignant cells while sparing healthy tissue (88-90).
Examples include curcumin, which acts as anNrf2 activator and
NF-κB inhibitor in normal cells but induces ROS-mediated
mitochondrial apoptosis in tumor cells via glutathione perox-
idase inhibition (91, 92). Resveratrol similarly protects normal
cells but promotes apoptosis in cancer cells by impairing mi-
tochondrial function and increasing ROS [93, 94]. Celastrol,
known for its anti-infammatory efects, also induces ROS
accumulation and apoptosis selectively in tumor contexts (95,
96). Tis redox-dependent behavior highlights the potential of
these compounds as context-specifc anticancer agents. PA also
afected the distribution of cells across diferent cell cycle phases.
In line with other terpenoids in alternative in vitro models (97,
98), the increased cell population in S-phase may indicate DNA
replication stress, possibly due to PA-induced cellular damage
or interference with DNA synthesis. Tis stress can lead to cell
cycle arrest and potentially trigger apoptotic pathways if the
damage is irreparable. Te modest increase in the G0-G1 phase
suggests that PA treatmentmay infuence early cell cycle phases.
Te accumulation of cells in G0-G1 could refect checkpoint
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Figure 5: Depolarization of mitochondrial membrane potentially induced by PA on A-375 cells. Cells were treated for 24 h as reported in
the Methods section. Ten, the percentages of DiOC6 negative-A375 cells were determined by a fow cytometer and compared to untreated
cells (control). (a) Mean values± SD of three separate experiments in triplicate. ∗∗∗∗p< 0.001 (one-way ANOVA associated with Tukey’s
post hoc test). (b) Representative fow cytometric images.
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Figure 6: Efect of PA on ROS production in A-375 cells. ROS levels were evaluated using fow cytometry and fuorescence microscopy after
24 h of treatment by staining of the cells with DCFDA as reported in Methods. Data are compared to untreated cells (control). (a) Mean
values± SD of three separate experiments in triplicate. ∗∗∗p< 0.005 and ∗∗∗∗p< 0.001 (one-way ANOVA associated with Tukey’s post hoc
test). (b) Representative fow cytometric images. (c) Representative fuorescence microscopy images.
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Figure 7: Efect of PA on the distribution of cell cycle phases in A-375 cells. Cells were treated for 24 h as described in the Methods section.
Ten, samples were submitted to fow cytometry analysis after PI staining and cell distribution compared to untreated cells (control).
(a) Each bar shows the percentage of viable cells in the diferent phases. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.005, and ∗∗∗∗p< 0.001 (one-way
ANOVA associated with Tukey’s post hoc test). (b) Representative fow cytometric images.
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Figure 8: Efect of PA on protein levels of apoptosis and cell cycle–related proteins in A-375 cells. Cells were treated for 24 h as described in
Methods section. (a) Representative images of analyzed proteins. (b) Densitometric analysis of BAX, Bcl-2, cytochrome c, p53, and
p21Waf1/Cip1 normalized for actin. Values are the means± SD of bands’ densitometry of three independent experiments with comparable
results. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.005, and ∗∗∗∗p< 0.001 (one-way ANOVA associated with Tukey’s post hoc test).
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activation in response to PA-induced stress or a compensatory
mechanism addressing disruptions in later cell cycle phases (99).
In summary, PA induces signifcant changes in the distribution
of cells across cell cycle phases that align with its apoptotic
efects. Tese results underscore the complex interactions be-
tween PA and cellular processes, including cell cycle regulation
and apoptosis. Mitochondrial dysfunction plays a central role in
regulating the intrinsic apoptotic pathway, primarily driven by
an imbalance in the ratio of pro-apoptotic BAX and anti-ap-
optotic Bcl-2 proteins (100). Tis dysregulation leads to mi-
tochondrial outer membrane permeabilization, triggering the
release of cytochrome c and subsequent assembly of apopto-
some (101). Western blot analysis of key apoptotic mar-
kers–BAX, Bcl-2, and cytochrome c–revealed that PA treatment
led to a signifcant decrease in Bcl-2 protein levels and a notable
increase in BAX and cytochrome c protein levels. Te ex-
pression of thesemarkers is infuenced by the tumor suppressor
protein p53, which regulates apoptosis (102,103). PA treatment
caused a substantial increase in the amount p53 and its
downstream target p21Waf1/Cip1, a critical regulator of cell
cycle arrest and apoptosis.Tese fndings underscore the role of
PA in modulating key components of the intrinsic apoptotic
pathway through the activation of p53 and its downstream
targets. Te substantial alterations in the levels of BAX, Bcl-2,
cytochrome c, and p21Waf1/Cip1 suggest that PA induces
apoptosis primarily via the mitochondrial pathway, thereby
highlighting its potential as a therapeutic agent in the treatment
of skin disease as melanoma.

5. Conclusion

Terpenoids represent a class of compounds with signif-
cant pharmacological importance due to their diverse
bioactivities and therapeutic potential. Despite their
promising applications, there are several challenges as-
sociated with terpenes that require further investigation,
including issues related to toxicity, safety, bioavailability,
and their mechanisms of action. Future research should
focus on elucidating whether PA can efectively combat
oxidative stress and infammation in biological systems,
both in vitro and in vivo. Understanding PA’s role in
mitigating oxidative stress and preventing related diseases
could provide critical insights into its potential as a nat-
ural antioxidant source.

In summary, the study highlights that PA exhibits potent
antiproliferative and proapoptotic efects against human
cancer cell lines, particularly A-375 melanoma cells. PA’s
high selectivity for cancer cells over noncancerous cells,
coupled with its ability to induce apoptosis through mito-
chondrial dysfunction and ROS generation, underscores its
potential as a therapeutic agent. Tese fndings suggest that
further investigation is warranted, including the use of
advanced analytical tools such as artifcial intelligence (AI),
to explore the specifc pathways through which PA induces
apoptosis.

Nomenclature

AAE ascorbic acid equivalents

ABTS 2,2′-azino-bis(3-etilbenzotiazolin-6-sulfonic
acid)

PA Pressafonin-A
DCFDA 2′,7′-dichlorofuorescin diacetate
DiOC6 3,3′-dihexyloxacarbocyanine iodide
DMEM Dulbecco’s modifed Eagle’s medium
DMSO dimethyl sulfoxide
DPPH 2,2-Diphenyl-1-picrylhydrazyl
FBS fetal bovine serum
FRAP ferric reducing antioxidant power
GAE gallic acid equivalents
HPLC-ESI/
MSn

High-performance liquid chromatography/
electrospray ionization tandem mass
spectrometry

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NMR Nuclear magnetic resonance
PBS phosphate-bufered saline
PI propidium iodide
ROS reactive oxygen species
SD standard deviation
SI selectivity index
TAA total antioxidant activity
TE Trolox equivalents
TEAC Trolox equivalents antioxidant capacity
TLC Tin layer chromatography
TMS tetramethylsilane
TTBS Tween tris-bufered saline
ΔΨm change in mitochondrial membrane potential
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[75] I. Potočnjak, I. Gobin, and R. Domitrović, “Carvacrol In-
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M. Waksmundzka-Hajnos, “Approach to Determination
a Structure–Antioxidant Activity Relationship of Selected
Common Terpenoids Evaluated by ABTS•+ Radical Cation
Assay,” Natural Product Communications 13, no. 3 (2018):
308, https://doi.org/10.1177/1934578x1801300308.

[83] D. Trachootham, W. Lu, M. A. Ogasawara, N. R. D. Valle,
and P. Huang, “Redox Regulation of Cell Survival,” Anti-
oxidants and Redox Signaling 10, no. 8 (2008): 1343–1374,
https://doi.org/10.1089/ars.2007.1957.

[84] M. Schieber and N. S. Chandel, “ROS Function in Redox
Signaling and Oxidative Stress,” Current Biology 24, no. 10
(2014): R453–R462, https://doi.org/10.1016/j.cub.2014.03.034.

[85] C. Gorrini, I. S. Harris, and T. W. Mak, “Modulation of
Oxidative Stress as an Anticancer Strategy,” Nature Reviews
Drug Discovery 12, no. 12 (2013): 931–947, https://doi.org/
10.1038/nrd4002.

[86] C. C. Su, J. G. Lin, T. M. Li, et al., “Curcumin-Induced
Apoptosis of Human Colon Cancer Colo 205 Cells Trough
the Production of ROS, Ca2+ and the Activation of Caspase-
3,” Anticancer Research 26, no. 6 (2006): 4379–4389.

[87] S. C. Gupta, S. Patchva, W. Koh, and B. B. Aggarwal,
“Discovery of Curcumin, a Component of Golden Spice, and
its Miraculous Biological Activities,” Clinical and Experi-
mental Pharmacology and Physiology 39, no. 3 (2012):
283–299, https://doi.org/10.1111/j.1440-1681.2011.05648.x.

[88] S. Fulda, “Resveratrol and Derivatives for the Prevention and
Treatment of Cancer,” Drug Discovery Today 15, no. 17-18
(2010): 757–765, https://doi.org/10.1016/j.drudis.2010.07.005.

[89] R. Gogada, V. Prabhu, M. Amadori, R. Scott, S. Hashmi, and
D. Chandra, “Resveratrol Induces P53-Independent, X-
Linked Inhibitor of Apoptosis Protein (XIAP)-Mediated
Bax Protein Oligomerization on Mitochondria to Initiate
Cytochrome C Release and Caspase Activation,” Journal of
Biological Chemistry 286, no. 33 (2011): 28749–28760,
https://doi.org/10.1074/jbc.m110.202440.

[90] L. Raj, T. Ide, A. U. Gurkar, et al., “Selective Killing of Cancer
Cells by a Small Molecule Targeting the Stress Response to
ROS,” Nature 475, no. 7355 (2011): 231–234, https://doi.org/
10.1038/nature10167.

[91] X. Chen, Y. Zhao, W. Luo, et al., “Celastrol Induces ROS-
Mediated Apoptosis via Directly Targeting Peroxiredoxin-2
in Gastric Cancer Cells,” Teranostics 10, no. 22 (2020):
10290–10308, https://doi.org/10.7150/thno.46728.

[92] S. Park, W. Lim, S. You, and G. Song, “Ochratoxin A Exerts
Neurotoxicity in Human AstrocytesTrough Mitochondria-
Dependent Apoptosis and Intracellular Calcium Overload,”
Toxicology Letters 313 (2019): 42–49, https://doi.org/10.1016/
j.toxlet.2019.05.021.

[93] W. Park, S. Park, G. Song, andW. Lim, “Inhibitory Efects of
Osthole on Human Breast Cancer Cell Progression via In-
duction of Cell Cycle Arrest, Mitochondrial Dysfunction,
and ER Stress,” Nutrients 11, no. 11 (2019): 2777, https://
doi.org/10.3390/nu11112777.

[94] J. Y. Chuang, Y. F. Huang, H. F. Lu, et al., “Coumarin In-
duces Cell Cycle Arrest and Apoptosis in Human Cervical
Cancer HeLa Cells Trough a Mitochondria- and Caspase-3
Dependent Mechanism and NF-kappaB Down-Regulation,”
In Vivo (Athens, Greece) 21, no. 6 (2007): 1003–1009.

[95] P. K. Raut, H. S. Lee, S. H. Joo, and K. S. Chun, “Tymo-
quinone Induces Oxidative Stress-Mediated Apoptosis
Trough Downregulation of Jak2/STAT3 Signaling Pathway
in Human Melanoma Cells,” Food and Chemical Toxicology
157 (2021): 112604, https://doi.org/10.1016/j.fct.2021.112604.

[96] J. J. De La Chapa, P. K. Singha, D. R. Lee, and C. B. Gonzales,
“Tymol Inhibits Oral Squamous Cell Carcinoma Growth
via Mitochondria-Mediated Apoptosis,” Journal of Oral
Pathology & Medicine 47, no. 7 (2018): 674–682, https://
doi.org/10.1111/jop.12735.

[97] S. Bardon, V. Foussard, S. Fournel, and A. Loubat,
“Monoterpenes Inhibit Proliferation of Human Colon
Cancer Cells by Modulating Cell Cycle-Related Protein
Expression,” Cancer Letters 181, no. 2 (2002): 187–194,
https://doi.org/10.1016/s0304-3835(02)00047-2.

[98] Y. Li, J. M. Wen, C. J. Du, et al., “Tymol Inhibits Bladder
Cancer Cell Proliferation via Inducing Cell Cycle Arrest and
Apoptosis,” Biochemical and Biophysical Research Commu-
nications 491, no. 2 (2017): 530–536, https://doi.org/10.1016/
j.bbrc.2017.04.009.

[99] D. A. Foster, P. Yellen, L. Xu, andM. Saqcena, “Regulation of
G1 Cell Cycle Progression: Distinguishing the Restriction

Journal of Food Biochemistry 17

 jfbc, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jfbc/8353971 by Ignazio R

estivo - U
niversity D

egli Studi D
i , W

iley O
nline L

ibrary on [10/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.3390/ijms18010096
http://doi.org/10.1016/j.fochx.2022.100217
http://doi.org/10.1080/10942912.2019.1582541
http://doi.org/10.1002/ptr.6048
http://doi.org/10.1007/s43440-023-00512-1
http://doi.org/10.3390/cancers14030502
http://doi.org/10.1038/s41420-021-00510-3
http://doi.org/10.3390/ijms25084423
http://doi.org/10.3390/ijms25084423
http://doi.org/10.22074/cellj.2020.6326
http://doi.org/10.22074/cellj.2020.6326
http://doi.org/10.3390/molecules26051244
http://doi.org/10.3390/molecules26051244
http://doi.org/10.1177/1934578x1801300308
http://doi.org/10.1089/ars.2007.1957
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1038/nrd4002
http://doi.org/10.1038/nrd4002
http://doi.org/10.1111/j.1440-1681.2011.05648.x
http://doi.org/10.1016/j.drudis.2010.07.005
http://doi.org/10.1074/jbc.m110.202440
http://doi.org/10.1038/nature10167
http://doi.org/10.1038/nature10167
http://doi.org/10.7150/thno.46728
http://doi.org/10.1016/j.toxlet.2019.05.021
http://doi.org/10.1016/j.toxlet.2019.05.021
http://doi.org/10.3390/nu11112777
http://doi.org/10.3390/nu11112777
http://doi.org/10.1016/j.fct.2021.112604
http://doi.org/10.1111/jop.12735
http://doi.org/10.1111/jop.12735
http://doi.org/10.1016/s0304-3835(02)00047-2
http://doi.org/10.1016/j.bbrc.2017.04.009
http://doi.org/10.1016/j.bbrc.2017.04.009


Point From a Nutrient-Sensing Cell Growth Checkpoint(s),”
Genes & Cancer 1, no. 11 (2010): 1124–1131, https://doi.org/
10.1177/1947601910392989.

[100] S. Vyas, E. Zaganjor, and M. C. Haigis, “Mitochondria and
Cancer,” Cell. 166, no. 3 (2016): 555–566, https://doi.org/
10.1016/j.cell.2016.07.002.

[101] N. Yadav, R. Gogada, J. O’Malley, et al., “Molecular Insights
on Cytochrome C and Nucleotide Regulation of Apopto-
some Function and Its Implication in Cancer,” Biochimica et
Biophysica Acta 1867, no. 1 (2020): 118573.

[102] Y. Shen and E. White, “p53-Dependent Apoptosis Path-
ways,”Advances in Cancer Research 82 (2001): 55–84, https://
doi.org/10.1016/s0065-230x(01)82002-9.

[103] K. A. Manu and G. Kuttan, “Ursolic Acid Induces Apo-
ptosis by Activating P53 and Caspase-3 Gene Expressions
and Suppressing NF-Κb Mediated Activation of Bcl-2 in
B16F-10 Melanoma Cells,” International Immuno-
pharmacology 8, no. 7 (2008): 974–981, https://doi.org/
10.1016/j.intimp.2008.02.013.

18 Journal of Food Biochemistry

 jfbc, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jfbc/8353971 by Ignazio R

estivo - U
niversity D

egli Studi D
i , W

iley O
nline L

ibrary on [10/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1177/1947601910392989
http://doi.org/10.1177/1947601910392989
http://doi.org/10.1016/j.cell.2016.07.002
http://doi.org/10.1016/j.cell.2016.07.002
http://doi.org/10.1016/s0065-230x(01)82002-9
http://doi.org/10.1016/s0065-230x(01)82002-9
http://doi.org/10.1016/j.intimp.2008.02.013
http://doi.org/10.1016/j.intimp.2008.02.013

	Antioxidant Activity of Pressafonin-A Isolated From Sicilian Ferulago nodosa (L.) Boiss. Roots and Its Proapoptotic Effect Through ROS-Dependent p53/p21Waf1/Cip1 Pathway in Human Melanoma A-375 Cells
	1. Introduction
	2. Experimental Procedures
	2.1. Chemicals
	2.2. General Experimental Procedures
	2.3. Plant Materials
	2.4. Isolation of PA
	2.5. Physical Property of PA
	2.6. Reducing Capacity Tests
	2.6.1. Folin–Ciocalteu Reaction
	2.6.2. Ferric Ion Reducing Antioxidant Power (FRAP) Assay

	2.7. Radical Scavenging Assays
	2.7.1. ABTS•+ Radical Scavenging Assay
	2.7.2. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Assay

	2.8. Cell Cultures and Treatments
	2.9. Cell Viability
	2.10. Flow Cytometry
	2.10.1. Measurement of Phosphatidylserine Exposure
	2.10.2. Cell Cycle Analysis
	2.10.3. Measurement of Mitochondrial Membrane Potential (MMP)
	2.10.4. Measurement of Intracellular ROS

	2.11. ROS Detection With Fluorescence Microscopy
	2.12. Western Blot Analysis
	2.13. Statistical Analysis

	3. Results
	3.1. Spectroscopical Characterization of PA
	3.2. Reducing Capacity of PA
	3.3. Radical Scavenging Activity of PA
	3.4. Cytotoxic Activity and SI of PA
	3.5. PA Induces a ROS-Dependent Mitochondrial Apoptotic Pathway in A-375 Cells
	3.6. PA Induces Cell Cycle Arrest at the G1-S Transition in A-375 Cells
	3.7. PA Dysregulates Apoptosis-Related Protein Levels

	4. Discussion
	5. Conclusion
	Nomenclature
	Data Availability Statement
	Conflicts of Interest
	Author Contributions
	Funding
	Acknowledgments
	Supporting Information
	References




