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ABSTRACT: Pinus halepensis Mill. is a Mediterranean aromatic plant largely used, in
addition to its nutritional value, in traditional medicine as antiseptic, antifungal,
antituberculotic, and antirheumatic. Thus, the objective of this work was to appraise
the antioxidant and cytotoxic activity of the essential oil (EO) of P. halepensis from Tunisia
on cancer cell cultures, along with chemical composition evaluation by GC−MS. To attain
the best yield and also highest quality in extraction of the EOs, conventional
hydrodistillation (HD) and novel microwave-assisted extraction (MAE) methods have
been performed and compared. The antioxidant activity was evaluated through the
inhibition of 2,2-diphenyl-1-picrylhydrazyl (DPPH)• radicals. The cytotoxic activity in
prostate cancer cells (LNCaP and PC3) and cervical cancer cells (HeLa) of EO was
evaluated by the MTT assay and effect on the cell cycle by flow cytometry analysis. A total
of 38 and 37 components were identified from HD (HD-EO)- and MAE (MAE-EO)-
extracted EOs, respectively, which were dominated by hydrocarbon compounds (HD-EO
= 86.65%; MAE-EO = 77.36%), especially monoterpenes (HD-EO = 32.11%; MAE-EO = 21.55%) and sesquiterpenes (HD-EO =
44.29%; MAE-EO = 61.32%). Both extracted EOs showed significant antioxidant activity, as shown by the inhibition of DPPH•
radicals [IC50 (HD-EO) = 4102.30 ± 159.73 μg mL−1 and IC50 (MAE-EO) = 3430.13 ± 78.46 μg mL−1]. Also, the EOs exhibited
substantial (p < 0.001) antiproliferative activities with G0-G1 arrest on PC3, LNCaP, and HeLa cells by yielding very low IC50 values
more conspicuous in MAE-EO with respective IC50 values of 25.70 ± 6.58, 14.97 ± 3.21, and 14.55 ± 2.30 μg mL−1. This finding
points out for the first time that the EO of P. halepensis Mill. from Tunisia can be an effective natural antitumor agent with more
pronounced activity when extracted with the MAE method that, after further in vivo studies, can be harnessed as a putative
phytopharmaceutical for prostate and cervical cancer treatment.

■ INTRODUCTION
With 19.3 million new cases and about 10 million cancer
deaths predicted for 2020, cancer is one of the leading causes
of death worldwide. By 2040, there would be 28.4 million new
cases, up 47% from 2020, according to predictions.1 Cervical
cancer ranks fourth among tumors in women’s cancer
incidence,2 accounting for over 342.0 deaths in women in
2020.1 Prostate cancer is the second most frequent type of
cancer in men, accounting for over 375.0 deaths worldwide.1

Several in vivo and in vitro studies have pointed out putative
anticancer activities for numerous essential oils (EOs) against
many tumor cell lines. Hence, the prostate cancer PC3 cells are
sensitive to EOs from Pinus wallichiana,3 Hypericum hircinum
L. subsp. majus,4 and Solanum erianthum.5 Likewise, the EO of
Machilus mushaensis shows anticancer activity in cell culture, as
cytotoxic activity was observed on oral, colon, liver, melanoma,
leukemic, and lung cancer cells.6 Other researchers have
described cytotoxic activities of EO from Plectranthus stems on

lung metastasis of melanoma tumors .7 According to Bayala et
al., the SF-767 cells, derived from a resistant glioblastoma, have
their survival significantly decreased when exposed to Lippia
multiflora or Ocimum basilicum.8 These data indicate that EOs
could be a significant source of new molecules. Also, isolation
of these EOs and the characterization of their biological effects
are necessary steps to develop new strategies to fight cancer.

Besides, recent advances in in silico techniques have
significantly contributed not only to enhance the under-
standing of the mechanisms of action of EOs but also to aid in
the design and development of more effective natural products
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for therapeutic use. Computational methods such as molecular
docking, quantitative structure−activity relationship (QSAR)
modeling, and molecular dynamics simulations are commonly
used to predict the biological activity of EO components and
to understand their interactions with biological targets. Aouf et
al.9 applied in silico methods to investigate the antimicrobial
activity of EO and their components.

For example, molecular docking studies have been employed
to predict the binding affinity of EO constituents for various
enzymes and receptors involved in cancer, inflammation, and
microbial infections. QSAR modeling helps in understanding
the relationship between the chemical structures of EO
components and their observed biological activities. Molecular
dynamics simulations provide insights into the stability and
behavior of these interactions at the molecular level. Jena
Sudipta et al.10 have used molecular docking and QSAR
studies to explore the anticancer potential of EO compounds
from various plants.

Aleppo pine, or Pinus halepensis Mill., is native to the
Mediterranean region. It dominates forest forms in semiarid
and arid regions, encompassing around 3.5 million hectares.11

Historically, this plant has been widely used in traditional
medicine across various cultures. In Arab countries, the seeds
of P. halepensis Mill. are traditionally used to prepare sweet
pudding. Furthermore, its EO has been employed for its
antiseptic, antituberculotic, and antirheumatic properties. The
resin and extracts of P. halepensis Mill. have been used to treat
wounds, respiratory ailments, and skin infections.12−14 More-
over, various therapeutic properties have been identified for
EO from P. halepensis, such as anticoagulant,15 anti-
inflammatory,15−17 antimicrobial,18,19 antibacterial,14,20,21 anti-
fungal,22−25 larvicidal,26 antioxidant,15,20,27,28 and anti-
cancer.11,29

The relevance of studying the EO of P. halepensisMill. lies in
its rich chemical composition, which includes a variety of
bioactive compounds such as monoterpenes and sesquiter-
penes. These compounds are known for their antioxidant, anti-
inflammatory, and anticancer activities. Investigating the EO’s
biological activities can lead to the discovery of new natural
compounds with potential therapeutic applications, particularly
in the treatment of cancer and other serious diseases.
Understanding the mechanisms by which these bioactive
compounds exert their effects can contribute to the develop-
ment of novel phytopharmaceuticals.30

Since EOs are concentrated hydrophobic solutions contain-
ing volatile chemical compounds from plants, the solvent used
for the extraction and the chemical methods could modify the
composition of the EOs. Currently, a variety of techniques,
including solvent extraction, supercritical fluid extraction, and
conventional hydrodistillation (HD), are used to extract
EOs.31 A number of drawbacks accompany these techniques,
including intense heat, the need for comparatively large
amounts of hazardous and polluting solvents, and issues with
costly electrical equipment.32

On the other hand, novel microwave-assisted extraction
(MAE) has been recognized as an important alternative in
separation and extraction processes with several advantages
compared to other extraction methods, mainly including
reduction of extraction time, improvement of extract quality,
support for low operating costs and energy consumption, and
low CO2 emissions.33−36

The goal of this study is to characterize and analyze the
physical and chemical properties of the EOs of the P. halepensis

Mill. needles obtained by the novel MAE method and to
compare their yield and quality with those obtained by
conventional HD. Furthermore, antioxidant and cytotoxic
activities of Pinus EOs obtained from both HD and MAE
methods have been enhanced and correlated to the quality of
both obtained EOs. To our knowledge, no work has been
performed for the anticarcinogenic activity of EO from P.
halepensis Mill. needles growing in northern Tunisia, against
prostate and cervical cancer cells. The present study serves as
the first-hand evidence on the fact that this aromatic plant
potentially serves as an effective alternative for prostate and
cervical cancer future natural treatment.

■ RESULTS AND DISCUSSION
Physical Properties and Chemical Composition of P.

halepensis Mill. EO. Table 1 shows, for each of the two

extraction methods employed, the extraction yield as well as
the physical characteristics (appearance and refractive index of
the P. halepensis Mill. EO).37

Extraction with MAE began much earlier when compared to
HD, with 5 min versus 30 min, respectively. This is because
microwaves require more efficient heat flow.38,39 Furthermore,
the extraction time is significantly decreased when MAE is
used.40

The EO yields obtained from P. halepensis Mill. according to
the various isolation techniques are 0.32% for MAE and 0.91%
for HD, respectively. This yield was higher than the ones that
Hmamouchi et al.19 and Dob et al.41 recorded (0.44 and
0.52%, respectively).

The yield variability from needles, stems, and cones was
determined by Amri et al.22 to be 0.85, 0.60, and 0.60%,
respectively. According to additional research, the production
of EOs from fresh aerial parts of the P. halepensis Mill. ranged
from 0.13 to 0.63% at ten locations in West and Northern
Algeria.14 Numerous other factors, such as the extraction
method, time, temperature, type of solvent, and raw material
treatment procedures (powder, drying, etc.), can also affect the
yield of the P. halepensis Mill. oil extraction.42

P. halepensis Mill. EOs have a refractive index value of 1.3−
1.7 at 20 °C, according to the European Pharmacopoeia [Ph.
EUR., 2012]. The refractive index determines the oil quality on
a global scale. Higher refractive index EOs are known to be of
greater quality than lower refractive index EOs.43 The
refractive index and the quality of the extracted EOs are
unaffected by the ensemble of extraction techniques.

Based on their qualitative chemical structure, a comparative
analysis of the two P. halepensis Mill. EOs isolated from the

Table 1. Yields and Physical Properties of EOs of P.
halepensis Mill. Extracted by HD and MAE

HDa MAEb

material weight (g) 150 150
time of boiling (min) 30 5
time for extraction (min) 180 20
solvent or evaporation water water
volume of water (mL) 600 150
yield (%) 0.91 0.32
appearance yellow pale yellow
refractive index 20 °C 1.4923 1.4998

aHD, hydrodistillation extraction. bMAE, microwave-assisted extrac-
tion.
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needles was also carried out. Figure 1 displays the chromato-
grams, and Table 2 lists the chemical compositions.

With 100 and 99.99% of the total EOs, P. halepensis Mill.
EOs extracted by HD and MAE revealed 38 and 37 volatile
chemicals, respectively. The main components of the EO
recovered using the HD technique were β-caryophyllene
(22.20%), cembrene (13.24%), and cyclofenchene (8.05%).
Nevertheless, β-caryophyllene (31.50%), α-caryophyllene
(7.80%), and phenethyl isovalerate (6.29%) were the dominant
constituents of the obtained EO using the MAE method.

The primary volatile component in both EOs which was
from P. halepensis Mill. grown in Tunisia is β-caryophyllene,
with a greater concentration seen in the MAE method.
Samples taken from Tunisia,44,45 Algeria,14,46 Marocco,20,47

France,48 and Greece26 have all shown similar results.
Furthermore, α-terpinolene (6.78%) is present in EO extracted
by HD; this quantity is reduced with MAE (1.42%).
Conversely, HD-EO has a lower content of caryophyllene
oxide (0.74%) compared with MAE (5.77%).

Eleven compounds, including camphene (8.05%), 4-carene
(0.75%), β-ocimene (0.55%), γ-terpinene (1.22%), γ-muur-
olene (0.70%), β-cadinene (0.28%), β-bisabolene (0.24%), α-
gurjunene (1.50%), andien-beta (0.24%), cembrene A
(0.30%), and methyl 8,15-pimaradien-18-oate (0.40%) are
the only compounds found in the EO isolated by HD.
Conversely, only ten constituents are specifically present in EO

isolated by MAE such as α-pinene (6.01%), p-cymenol
(0.64%), α-cubebene (0.53%), β-cubebene (0.44%), cubebol
(0.43%), elemol (0.68%), α-humulene epoxide II (1.11%),
caryophyllenol II (0.39%), cis-α-bisabolene (1.50%), and α-
cadinol (0.89%). Consequently, a change of the extraction
method may cause certain compounds to disappear or modify
the abundances of some compounds.49

A comparison of the compound chemical classes obtained in
both EOs is shown in Figure 2. Significant differences can be
observed. MAE gave an EO more concentrated in oxygenated
compounds such as terpinen-4-ol, phenethyl isovalerate,
caryophyllene oxide, and guaiol (22.11%) compared to the
HD method (12.46%).

Besides, MAE induced the highest percentage of sesqui-
terpenes (61.32%) compared to HD (44.29%). However, EO
extracted by the HD method was found to be richer in
monoterpene (33%) than MAE-extracted EO (21.98%).

Previous studies showed that the concentration of oxy-
genated compounds and sesquiterpenes increased with the
MAE technique. According to the current results, there was
also a decrease in monoterpene content as compared to the
HD approach.50−52 Contrarily, Wang et al.53 found that the
oxygenated compounds of the EO obtained by HD were
higher than that MAE method.

When comparing the EO extracted by MAE to that extracted
by the HD method, the largest concentration of oxygenated

Figure 1. GC−MS chromatograms of the P. halepensis Mill. EOs extracted by HD and MAE.
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Table 2. Chemical Composition of P. halepensis Mill. Needle EOs Obtained by HD and MAE Processesa

compounds formula RT RI relative area (%)

HD MAE

β-thujene C10H16 6.640 930 0.73 0.48
α-pinene C10H16 6.801 937 6.01
camphene C10H16 6.806 952 8.05
sabinene C10H16 7.547 975 4.60 4.47
β-pinene C10H16 7.635 979 1.17 0.92
β-myrcene C10H16 7.806 991 5.70 4.62
α-phellandrene C10H16 8.226 1004 0.83 0.64
4-carene C10H16 8.334 1011 0.75
p-cymene C10H14 8.479 1025 0.33 1.50
β-ocimene C10H16 8.837 1038 0.55
γ-terpinene C10H16 9.075 1060 1.22
α-terpinolene C10H16 9.604 1078 6.78 1.42
terpinen-4-ol C10H18O 11.086 1176 1.40 0.85
p-cymenol C10H14O 11.169 1183 0.64
α-cubebene C15H24 13.636 1351 0.53
α-copaene C15H24 14.045 1376 0.70 1.29
β-cubebene C15H24 14.216 1389 0.44
β-caryophyllene C15H24 14.719 1405 22.20 31.50
β-sesquiphellandrene C15H24 14.926 0.52 0.76
α-caryophyllene C15H24 15.139 1454 5.28 7.80
γ-muurolene C15H24 15.330 1464 0.70
phenylethyl pivalate C13H18O2 15.403 0.59 0.82
phenethyl oxalate 15.460 4.84 6.29
β-cadinene C15H24 15.548 0.28
α-muurolene C15H24 15.641 1499 1.20 2.08
cubebol C15H26O 15.875 1515 0.43
δ-cadinene C15H24 15.921 1511 1.60 1.04
α-cedrene C15H24 16.071 1410 0.57 0.53
elemol C15H26O 16.243 1548 0.25 0.37

compounds formula RT RI relative area (%)

HD MAE

geranylgeraniol C20H34O 16.388 0.68
caryophyllene oxide C15H24O 16.781 1581 0.74 5.77
guaiol C15H26O 16.859 1597 2.07 1.46
α-humulene epoxide II C15H24O 17.093 1602 1.11
cadine-1,4-diene C15H24 17.243 0.36 0.35
caryophyllenol II C15H24O 17.383 1655 0.39
cis-muurola-3,5-diene C15H24 17.419 0.24
α-gurjunene C15H24 17.574 1409 1.50
eremophilene C15H24 17.585 1.50
isoshyobunone C15H24O 17.735 0.89
andien-beta C19H28O 20.492 0.24
cembrene C20H32 20.590 1921 13.24 5.23
β-gurjenene C15H24 20.715 1430 6.08 3.43
3E-cembrene A C20H32 20.870 1954 1.17 0.91
cembrene A C20H32 20.948 1962 0.30
trace 21.300 0.89 0.43
isocembrol C20H34O 21.756 1928 1.65 1.72
methyl 8,15-pimaradien-18-oate C21H34O2 24.021 0.40
methyl dehydroabietate C21H30O2 24.296 0.28 0.69
total 100 99.99
hydrocarbon compounds 86.65 77.36
oxygenated compounds 12.46 22.11
monoterpene hydrocarbons 30.71 20.06
oxygenated monoterpenes 1.40 1.49
sesquiterpene hydrocarbons 41.23 50.9
oxygenated sesquiterpenes 3.06 10.42
diterpene hydrocarbons 14.71 6.40
oxygenated diterpenes 1.89 2.40
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molecules is found in the former. This is most likely because
MAE includes potential cost savings and efficiency improve-
ments for industrial economic perspectives as the MAE process
requires less water than HD in order to decrease degradation
of the volatile potent compounds due to oxidation or
hydrolysis, which are considered undesirable chemical
reactions.36 Additionally, Filly et al.54 described that oxy-
genated compounds have more dipole moments compared to
monoterpene hydrocarbons. This causes them to interact more
strongly with microwaves and thus they are easier to extract
than monoterpene hydrocarbons.

As shown in previous works,55 the EO’s chemical
composition varies and is dependent on various factors,
including plant part, maturity, geographic location, climatic
conditions, harvesting period, and especially extraction process
methods.
Antioxidant Potential of P. halepensis Mill. EO. The

antioxidant capacities of P. halepensis Mill. EOs extracted by
MAE or HD were measured using 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) radical scavenging activity assays. The
percentage of inhibition as the EO concentration increases is
displayed in Figure 3.

Both EOs were able to reduce DPPH• in a concentration-
dependent manner. The results obtained were compared to
those of standard ascorbic acid (Table 3).

The results given in Table 3 showed that the EO obtained
by MAE presented a higher antiradical effect as calculated by
IC50 = 3430.13 ± 78.46 μg mL−1 compared to that obtained by
the HD method IC50 = 4102.30 ± 159.73 μg mL−1. Similar
results regarding the EO’s antioxidant activity were also
reported by Guo et al.56 and Araujo et al.,57 which reported
that the DPPH• free radical scavenging capacity of the EO
obtained using microwave extraction was higher than that of
the conventional technique.

Similar findings were noticed by Chouchan for the
extraction of Mentha spicata, who demonstrates that the EO
using SFMAE has better biological activity in terms of
antioxidant potential when compared to the EO extracted by
the HD method. Consequently, microwave extraction
preserves the biological integrity of the product, alleviating
concerns that electromagnetic waves could compromise its
medicinal value.58 The antioxidant activity not only could be
attributed to the presence of the oxygenated compounds which
are directly proportional to the antioxidant capacity of the
EO59 but also could be related to the amount of sesquiterpene
β-caryophyllene as earlier described.60 Indeed, previous
studied showed that the antioxidant activity of β-caryophyllene
in two test methods was 1.25 μM for DPPH and 3.23 μM for
FRAP.61

Cytotoxic Activity of P. halepensis Mill. EO. Several
studies have investigated the chemical composition and
biological activities of EOs extracted from P. halepensis Mill.
and related species. For instance, Bouzenna et al.44 found that
the EO of P. halepensis Mill. from Tunisia contained significant
amounts of β-caryophyllene and α-pinene which exhibited
strong antioxidant and anti-inflammatory activities. Similarly,
research by Djerrad et al.46 highlighted the presence of

Table 2. continued

compounds formula RT RI relative area (%)

HD MAE

esters 6.11 7.80
aRT, retention time; RI, retention index; HD, hydrodistillation extraction; and MAE, microwave-assisted extraction,

Figure 2. Comparison the chemical classes of compounds in EO of P. halepensis Mill. leaves obtained by HD and MAE extraction methods.

Figure 3. Radical scavenging ability of P. halepensis Mill. EOs was
assessed by HD and MAE using different concentrations and ascorbic
acid (AA) as control. MAE, microwave extraction; HD, hydro-
distillation; AA, ascorbic acid.

Table 3. Antioxidant Activity Values of EOs Obtained by
MAE and HD and Ascorbic Acida

DPPH radical scavenging assay activity, IC50 (μg mL−1)

MAE 3430.132 ± 78.464
HD 4102.301 ± 159.730
ascorbic acid 1.501 ± 1.698

aDPPH: 2,2-diphenyl-1-picrylhydrazyl. IC50 μg mL−1. Data is shown
as the mean ± standard deviation (SD) and N = three independent
experiments.
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monoterpenes and sesquiterpenes in the EO, which demon-
strated notable antimicrobial and cytotoxic effects against
various cancer cell lines.

Currently, there has never been any research done on the
cytotoxic activity of EO from P. halepensis Mill. needles against
the human cancer cells PC3 (prostate), LNCaP (prostate), and
HeLa (cervical). To assess the antiproliferative effects of the
EOs obtained by MAE and HD, the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reduction test
was performed on these cell lines (Figure 4). Cell viability
experiments pointed out that both EOs are potent cytotoxic
agents inducing dose-dependent cell cytotoxicity in three
tumor cell lines. The median inhibitory concentration IC50
values for each cancer cell line are displayed in Table 4.

Based on the three cancer cell lines tested, the data show
that the MAE-EO was more potent than the HD one, with
IC50 values ranging from 14.55 ± 2.30 to 25.70 ± 6.58 μg
mL−1 versus 23.05 ± 2.68 to 65.19 ± 2.61 μg mL−1,
respectively (Table 4). According to the National Central
Institute of the United States, plant extracts with a cytotoxicity
showing an IC50 < 30 μg mL−1 could be considered as
potential active ingredients for the development of anticancer
drugs.62 Therefore, EO obtained from P. halepensis Mill.
obtained by MAE with lower IC50 can be considered for

further analyses for identifying promising agents for anticancer
therapy. The cytotoxicity of this EO can be attributed to the
main compound β-caryophyllene, which exhibited cytotoxic
activity against PC3, HCT 116, HT-29, ME-180, K562, and
PANC-1 cancer cell lines in a previous study.61

Three lipid fractions obtained from P. halepensis Mill. seeds
(neutral lipids, glycolipids, and phospholipids) were studied
against human cancer cells A549 (lung), HCT 15 (umbilical),
and HL60 (myeloma) by the MTT assay at three
concentrations (1, 10, and 100 μg mL−1). An absence of
inhibition was noted in the three cancer cells. A concentration
of 100 μg mL−1 and a low inhibition effect of 10 to 15% cell
proliferation were observed in A549 cells.11 These results are
in agreement with a previous study, effect of seeds oil of P.
halepensis Mill. against U78 cells.29

To decipher how EOs obtained by MAE could decrease the
cell viability, flow cytometry analysis was performed on the 3
cell lines derived from human tumors. The results are shown in
Figure 4 and Table S1.

In the 3 cell lines, P. halepensis Mill. EO increases the
proportion of cells in the G0-G1 phase when comparing
treated versus untreated cells (70 versus 59% for LNCaP cells,
p < 0.01; 50 versus 30% for PC3 cells, p < 0.0001; and 59
versus 20%, p < 0.001 for HeLa cells). Conversely, EO
decreases the percentage of cells in the G2-M phase when
comparing treated versus untreated cells (21 versus 39% for
LNCaP cells, p < 0.0001; 42 versus 64% for PC3 cells, p <
0.0001; and 38 versus 80%, p < 0.0001 for HeLa cells) (Figure
5). Our results indicated that the EO of P halepensis Mill.
induces the cytotoxic effect by stopping the cell cycle in the
G0-G1 phase in human prostate and cervical cancer cell lines.
β-Caryophyllene isolated from Chrysanthemum boreale (Korea)
was characterized with anticancer properties which induce the

Figure 4. Dose-dependent cytotoxic activity of P. halepensisMill. EO was assessed by HD and MAE on various cell lines. (A) PC3, (B) LNCaP, and
(C) HeLa. The cell lines were treated for 48 h at indicated concentrations expressed in log (μg mL−1). Values are expressed as mean ± SD and N =
three independent experiments and assays are carried out in octuplicate.

Table 4. IC50 (Mean ± SD, n = 3) Values of P. halepensis
Mill EO on Three Tumor Cell Linesa

PC3 LNCaP HeLa

HD 65.19 ± 2.61 49.34 ± 19.49 23.05 ± 2.68
MAE 25.70 ± 6.58 14.97 ± 3.21 14.55 ± 2.30

aIC50 (μg mL−1): half maximal inhibitory concentration.
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cytotoxic effect in human lung cancer cell lines by stopping the
cell cycle in the G1 phase by downregulating cyclin D1, cyclin
E, cyclin-dependent protein kinase (CDK)-2, -4, and -6, and
RB phosphorylation and by upregulating p21CIP1/WAF1 and
p27KIP1.63

EOs of P. halepensis Mill. are mainly enriched in β-
caryophyllene. Evidence points out the cytotoxic potential of
β-caryophyllene to several cancer cells; this dose-dependent
effect ranges from antiproliferative to lethal cytotoxicity. β-
Caryophyllene is a “dietary cannabinoid” by the interaction
with cannabinoid receptor type 2 (CB2).64 Indeed, the
modulation of CB2 has been associated with the cytotoxic
potential of BCP (Anticancer Potential of Cannabinoids,
Terpenes, and Flavonoids Present in Cannabis). Other
mechanisms described include the regulation of different
pathways as ROS generation and MAPK activation via JAK1/
STAT3, NF-kB, and PI3K/AKT/mTOR/S6K1 and the
regulation of apoptotic signaling.65 In addition, the mecha-

nisms of β-caryophyllene cytotoxicity on cancer cells include
membrane swelling and remodeling by upregulation of
cholesterol and lipid biosynthesis pathway genes (β-caryo-
phyllene enhances the transcriptional upregulation of choles-
terol biosynthesis in breast cancer cells).

Figure 6 shows representative photos depicting the effect of
MAE- and HD-extracted P. halepensis Mill. EOs on PCa cell
lines.

The EO of P. halepensisMill. has been extensively studied for
its chemical composition and biological activities, with various
studies highlighting its rich content of monoterpenes and
sesquiterpenes, such as β-caryophyllene and α-pinene, which
correlated with its biological activities. Likewise, the obtained
finding was in accordance with the recently published research
indicating that the EO of Tunisian P. halepensis Mill. needles is
rich in β-caryophyllene (41.28%) and α-pinene (14.52%) and
possesses a significant antiproliferative effect against human
breast cancer (MCF-7) and human colon adenocarcinoma

Figure 5. Effect of the P. halepensisMill. EO extracted by MAE treatment on the cell cycle in cancer for 48 h. (A) LNCaP, (B) PC3, and (C) HeLa.
All data are statistically significant (mean ± SD, N = three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
versus the control group).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05123
ACS Omega 2024, 9, 34128−34139

34134

https://pubs.acs.org/doi/10.1021/acsomega.4c05123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05123?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(HT-29) cell lines with IC50 values of 30 ± 2.26 and 26.67 ±
1.31 μg mL−1, respectively.30

In a similar manner, a study by Fekih et al.14 on the EO of P.
halepensis Mill. from Algeria reported a similar composition to
that found in Tunisian samples, with significant amounts of β-
caryophyllene and α-pinene, which exhibited strong antimicro-
bial and antioxidant activities.

Comparing these findings with other aromatic plants, the
EOs of P. wallichiana and Pinus sylvestris have also shown
substantial bioactivity. P. wallichiana EO, rich in α-pinene and
β-pinene, exhibited strong antiproliferative effects on human
prostate cancer cells.66 Moreover, the EO of P. sylvestris,
containing compounds like limonene and β-caryophyllene,
demonstrated significant antioxidant and anti-inflammatory
properties.67

The consistency in the presence of certain bioactive
compounds such as β-caryophyllene and α-pinene across
different species of Pinus highlights the potential of these oils
as sources of natural therapeutic agents. However, the specific
composition and concentration of these compounds can vary
significantly depending on the geographic location, environ-
mental factors, extraction method, and part of the plant used.
These factors underscore the importance of comprehensive
studies.

In conclusion, our contribution gives for the first time a
comprehensive evaluation of the chemical composition and
antioxidant and cytotoxic activities of Pinus EOs extracted with
conventional HD and novel MAE methods. The chemical
composition points out the richness of both EO extracts in
piperitone and terpenes. MAE-EO exhibited a significant
antiproliferative effect in human cancer cell lines (LNCaP,
PC3, and HeLa), more pronounced than that of HD-EO. The
antioxidant capacity of both EOs showed a significant
inhibition of DPPH• radicals and the cytotoxic activities on
prostate (LNCaP and PC3) and cervical (HeLa) cancer cells
are significant. Besides, EOs also prevent the migration of
grown cancer cells and lead to the arrest of their cell cycle in
the G0-G1phase. Overall, the in vitro screening of antioxidant
and cytotoxic activities of EOs of P. halepensis Mill. from
Tunisia constitutes a scientific basis to illuminate the
mechanisms of action of phytochemicals on human cancer

cells in vivo for future application of EOs of P. halepensis Mill.
from Tunisia in tumor treatment.

■ EXPERIMENTAL SECTION
Plant Material and EO Extraction. Plant Material. In

January 2018, fresh P. halepensis Mill. needles, which are not
endangered or protected, were collected from Rimel forest in
Bizerte located in northern Tunisia (latitude 37° 17′ 48″ N;
longitude 10° 0′ 2″ E). The taxonomical identification was
confirmed by Pr BOUGHANMI Naziha of the Faculty of
Sciences of Bizerte, Tunisia, at a regional INRGREF (National
Research Institute of Rural Engineering, Water, and Forests)
station.
HD Extraction. European Pharmacopeia states that a 1000

mL round-bottom flask of a traditional Clevenger-type
apparatus was filled with 600 mL of distilled water and 150
g of fresh needles. After that, HD was done for 3 h or until no
more EO could be reused. The extraction temperature (100
°C) is the same as the boiling point of water. The obtained EO
was conserved at 4 °C and protected from light until analysis.
Microwave-Assisted Extraction. Microwave extraction was

carried out in a Milestone microwave laboratory oven (NEOS,
Milestone, Italy). It is a multimode 2.45 GHz reactor that can
output power in increments of 10 up to a maximum of 900 W.
The software controlled the power, temperature, time, and
stirring rate during the experiment. 150 mL of distilled water
and 150 g of fresh needles were combined in a 2 L Pyrex glass
cylinder. The MAE process was split into two stages: the
sample was heated in the first step to almost the boiling point
(100 °C), and the oil was then distilled in the second step. A
500 W microwave power and a 250 rpm stirring rate were
maintained during the 20 min microwave extraction. At the
end of the experiment, EO was gathered and kept in a brown
glass vial at 4 °C for further chemical and biological analysis.
Yield Extraction. Using both methods, the extraction yield

of EOs from P. halepensis Mill. was determined to be as follows
(eq 1)

= ×yield(%)
mass of extracted EO

initial fresh mass of plant
100

(1)

Figure 6. Representative images of PCa cell lines treated with ethanol (control) and EOs of P. halepensis Mill. extracted by HD and MAE at IC50
value and incubated for 24 or 48 h (scale bars, 50 μm).
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Refractive Index. The AOAC methods68 were used to
determine the EO’s refractive index obtained by the two
methods from the needles of P. halepensis Mill., and the
temperature was 20 °C.
Chemical Composition. Gas Chromatography−Mass

Spectrometry Analysis. Mass spectrometry analyses of EO
were performed on an Agilent model 6890N gas chromato-
graph, coupled with an Agilent MSD 5973N model. This setup
was equipped with an Agilent J&W Scientific capillary HP-
5MS column (30 × 0.25 mm, a film thickness of 0.25 μm).
The temperatures of the injector and detector were maintained
at 250 and 300 °C, respectively. The volume of 1 μL of the EO
solution, diluted in n-hexane at a ratio of 1/10 (v/v), was
injected in split mode with a split ratio of 1/10. Helium (He)
was carried as the carrier gas at a flow rate of 1 mL min−1.
Temperature programming of the oven was initiated with a 3
min hold at 60 °C followed by a gradual increase to 300 °C
and held at 300 °C for 37 min. The temperatures of source and
quadrupole remained fixed at 200 and 150 °C, respectively.
Mass scanning was conducted from 50 to 500 m/z with an
ionizing voltage of 70 eV.
Identification of Components. The main compounds in the

EO of P. halepensis Mill. were performed on the basis of
retention indices determined by coinjection with reference to a
homologous series of n-alkanes, under identical experimental
conditions. The identification was performed by comparing of
their mass spectra with those from commercial libraries
NIST17 and with data from mass spectrum literature; the oil
constituents were determined.69

Antioxidant Activity. Based on the radical scavenging
effect of the stable DPPH (Sigma-Aldrich, USA) free radical
activity, as reported by Brand-Williams et al.,70 the total
antioxidant property of the EOs of P. halepensis Mill. was
evaluated. The samples were first diluted in methanol (1 mg
mL−1). After the DPPH solution was added to the samples and
properly mixed, the reaction was allowed to occur for 30 min.
The absorbance at 517 nm was measured after 30 min
incubation time at room temperature.

Additionally, the DPPH solution in methanol was also tested
in the absence of any antioxidant (control). The formula below
was used to determine the radical scavenging activity (eq 2)

= ×
A A

A
DPPH scavenging (%) 100Control Sample

Control (2)

with Acontrol as the absorbance of the DPPH solution in
methanol and Asample as the absorbance of the test sample.

By measuring the effective concentration at which free
radicals are scavenged by 50%, or the IC50 value, the
scavenging activity was expressed. Nonlinear regression was
used to calculate the various IC50 values from graph drawing.
The positive control in this experiment was ascorbic acid.
Cell Culture. We have selected three human cancer cell

lines that represent common models for prostate and cervical
cancers, allowing for the evaluation of the EO efficacy across
different cancer types. The human cancer cell lines used were
PC3 (derived from bone metastasis of prostate cancer,
androgen-insensitive),71 LNCaP (derived from lymph node
metastasis of prostate, androgen-responsive),72 and HeLa
(derived from a cervical tumor).73 The culture medium used
for LNCaP and PC3 cells was RPMI 1640 (Invitrogen,
Carlsbad, CA). DMEM was used as a culture medium for
HeLa cells (Invitrogen, Carlsbad, CA). The Genetics,

Reproduction, and Development Institute possessed all of
these cell lines. The cells were cultured as monolayer adherent
cultures in 75 cm2 tissue culture flasks at 37 °C in a humidified
atmosphere with 5% CO2. The medium was supplemented
with 10% fetal calf serum (FCS, Biowest, Nuaille,́ France), 1%
streptomycin (Invitrogen, Oslo, Norway), and 1% penicillin.
Cytotoxicity Assay. The cytotoxicity and IC50 values of

the EOs were ascertained by the MTT assays (Sigma-Aldrich,
USA).74 In 96-well plates, cancer cell lines were plated at a
density of 2 × 104 cells per well. The cell lines were treated
with the EOs at varying concentrations for 48 h after the first
24 h, with ethanol (max 1/1000) serving as the solvent.75

Following treatments, cancer cells were incubated for 4 h at 37
°C with 5 mg mL−1 of MTT solution. Utilizing a Multiskan
GO (Thermo Scientific, USA) microplate reader spectropho-
tometer, the absorbance at 570 nm was measured to
investigate the viability of the cells. The proportion of cell
viability relative to the 100% control group was used to express
it.

The MTT assay was performed in triplicate for each
concentration of EO, and each experiment was repeated three
times independently for each cell line to ensure the reliability
and reproducibility of the results.
Cell Cycle Analysis. Cancer cells were initially placed into

6-well plates, incubated at a concentration of 35 × 104 for a
duration of 24 h at 37 °C. Prior to the addition of the test
compound, EO was processed and applied at a concentration
corresponding to the IC50 value. The treated cells were then
allowed to incubate for 48 h. After the treatment period, the
cell lines were trypsinized, centrifuged, fixed in 4% (v/v)
formaldehyde solution in PBS for 15 min at room temperature,
and subsequently washed with PBS to prepared them in
suspension as described by Bayala et al.76 This step allows for
the centrifugation of cancer cells and the removal of
supernatant. After that, 0.2 mL of the FxCycle PI/RNase
staining solution (Invitrogen, Carlsbad, CA) was added to each
tube and thoroughly mixed. The samples were then incubated
for 30 min at room temperature and protected from light.
Cancer cells were then subjected to flow cytometry for cell
cycle analysis using FACS with excitation at 488 nm, and the
emissions were collected through a 585/42 bandpass filter.
Flow cytometry analysis was performed at GReD.
Statistical Analysis. GraphPad Prism was used for all

statistical analyses, with each experiment’s mean ± SD
calculated from a minimum of three separate experiments.
Two-way RM ANOVA was used to analyze the differences
between the control and treated groups and they were
considered significant, and the differences were p < 0.05.
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