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Abstract

Lung cancer is the leading cause of cancer-related deaths worldwide, driven by carcinogens such as tobacco-derived
nitrosamines, dioxins, and urethane. This study evaluated the chemopreventive effects of two monoterpenes, a-pinene
and p-limonene, using NNK/TCDD- and urethane-induced lung tumor models and A549 lung cancer cells. Both
compounds significantly reduce tumor number and size, with enhanced effects when combined. Mechanistic studies
revealed suppression of PRC1, B-catenin, and c-Myc, alongside activation of p53, Bax, and caspase-3, indicating inhi-
bition of the PRC1-Wnt/B-catenin pathway and induction of apoptosis. These findings suggest a-pinene and p-
limonene as safe, promising agents for lung cancer chemoprevention.
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1. Introduction

S ince the 1950s, lung cancer has consistently
represented the leading cause of cancer-
related mortality globally, underscoring its sub-
stantial impact on public health [1,2]. Non-small
cell lung cancer (NSCLC), accounting for approxi-
mately 85% of all lung cancer cases, has been his-
torically associated with poor prognosis, primarily
due to late-stage diagnosis and limited efficacy of
conventional  therapeutic interventions [3].
Although chemoradiotherapy and targeted therapy
has advanced considerably, disease progression
remains largely unavoidable in patients with
advanced NSCLC, highlighting the urgent need for

improved therapeutic and preventive strategies [4].
Environmental exposures are critical determinants
of lung cancer susceptibility, where respirable and
food-borne contaminants serve as major etiological
agents, influencing key cellular signaling networks
that regulate gene expression, DNA repair fidelity,
hormonal regulation, and inflammatory responses
[4,5]. Chemical carcinogenesis is a multistage pro-
cess wherein xenobiotics or their reactive metabo-
lites induce irreversible alterations in cellular
homeostasis, driving aberrant cell proliferation and
malignant transformation [6]. Cancer prevention is
widely regarded as a key strategy for reducing the
overall healthcare burden and improving public
health outcomes [7—9].
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Cancer chemoprevention involves using natural,
synthetic, or biological agents to prevent or reverse
cancer development. Research now focuses on
natural compounds with low toxicity and multi-
target effects, offering a safer, more effective
approach. Their ability to modulate multiple path-
ways makes them promising candidates for
addressing cancer's complexity and advancing
preventive strategies [10,11]. Terpenes, a structur-
ally diverse class of plant-derived secondary me-
tabolites, have garnered significant interest as
potential anticancer agents due to their capacity to
suppress tumor growth and induce apoptosis in
malignant cells [12]. The anticancer effects induced
by terpenes have reported in several pathways. One
of the most prominent biological properties of ter-
penes is their anti-inflammatory activity. Many
terpenes regulate immune responses and alleviate
inflammation by suppressing key enzymes and
signaling pathways involved in the inflammatory
process. Additionally, certain terpenes exhibit
antioxidant properties, helping to protect cells from
damage induced by free radicals and oxidative
stress [12]. Terpenes also exert cytotoxic effects by
intrinsically inducing apoptosis, primarily through
oxidative stress resulting from elevated ROS levels.
In addition, monoterpenes exhibit cytostatic prop-
erties by causing cell cycle arrest and suppressing
cell invasion and migration [13]. Preclinical studies
have consistently demonstrated the efficacy of
various terpenes against a wide range of tumor
types [14]. Among the most extensively studied
monoterpenes, a-pinene and D-limonene, abundant
constituents of essential oils, exhibit favorable
pharmacokinetic profiles, including low toxicity and
high bioavailability, supporting their potential use
as alternatives in cancer chemoprevention and
therapy [15].

The tumorigenesis animal model effectively sim-
ulates tumor development and malignant trans-
formation mechanisms while enabling the
evaluation of diverse therapies and preventive
strategies, making it an essential tool in cancer
research [16]. For example, 4-(Methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), a tobacco-specific
nitrosamine presents in cigarette smoke, inducing
lung adenomas and adenocarcinomas in A/] mice
[17]. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a
ubiquitous environmental contaminant, is recog-
nized as a multisite, multispecies carcinogen with
prominent tumor-promoting activity. Experimental
evidence demonstrates that TCDD significantly
enhances tumor development in various organs,
including the lungs of mice [18—20]. In addition,
urethane (ethyl carbamate), a fermentation

by-product commonly detected in alcoholic bever-
ages and fermented foods, was identified as a
potent lung carcinogen capable of inducing tumors
in 100% of susceptible mouse strains [21]. Meta-
bolism study showed that approximately 90% of
urethane is hydrolyzed to ethanol, ammonia and
carbon dioxide by liver microsomal esterases (car-
boxylesterases), with only 5% of urethane excreted
as unchanged. Urethane are transformed by cyto-
chrome P450 enzyme CYP2E1 to vinyl carbamate,
resulting in epoxide formation (vinyl carbamate
epoxide), which covalently binds to DNA and can
result in base misincorporation during DNA repli-
cation, leading to point mutations [22]. Urethane
undergoes metabolic activation to form electro-
philic intermediates that generate DNA adducts
and initiated molecular events involving dysregu-
lated cell proliferation, inflammation, ultimately
leading to the development of lung adenomas and
adenocarcinomas [23]. This study will employ two
chemically induced tumorigenesis animal models
to simulate environmental exposures and evaluate
the potential combined effects of different carcino-
genic mechanisms.

Regarding the underlying mechanisms, polycomb
repressive complex 1 (PRC1) plays a critical role in
lung tumorigenesis by epigenetically silencing
tumor suppressor genes. PRC1 components are
frequently upregulated in lung cancer and promote
uncontrolled proliferation and resistance to therapy
[24]. PRC1 enhances Wnt/B-catenin signaling by
repressing Wnt pathway inhibitors and inhibiting
GSK3B activity, which prevents B-catenin degrada-
tion [25,26]. Accumulated nuclear B-catenin acti-
vates downstream targets such as c-Myc, a potent
oncogene involved in cell cycle progression, meta-
bolic reprogramming, and maintenance of cancer
stemness. The PRC1-Wnt/GSK3p—c-Myc signaling
axis represents a central mechanism by which PRC1
drives lung cancer initiation, progression, and ma-
lignancy [25,27]. In addition, apoptosis is a tightly
regulated process that eliminates damaged or
abnormal cells, and its dysregulation is central to
lung tumorigenesis. Suppression of key apoptotic
mediators, such as caspase-3, Bcl-2 family proteins,
and p53, allows malignant cells to evade pro-
grammed cell death and accumulate genetic mu-
tations [28,29]. Caspase-3, a crucial executioner
caspase, is often downregulated or inactivated in
lung cancer, contributing to tumor survival, therapy
resistance, and disease progression [30].

In our earlier studies, we established a two-stage
lung tumorigenesis model by administering a sin-
gle low dose of NNK combined with TCDD to A/]
mice [18,31]. We also established a urethane-
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induced murine lung tumorigenesis model and
found that pterostilbene, a natural phytoalexin,
exerts chemopreventive effects by inhibiting EGFR
and its downstream signaling pathways, thereby
delaying cell cycle progression and promoting
apoptosis [32]. The goal of our current study was,
therefore, to examine the effects of a-pinene and p-
limonene on lung cancer and to explore their
mechanisms of action. To accomplish these goals,
we employed NNK/TCDD- and urethane-induced
lung tumorigenesis models in mice treated with o-
pinene and p-limonene. We investigated the effects
of a-pinene and/or p-limonene on tumor burden,
the PRC1—Wnt/B-catenin signaling axis, and the
apoptosis pathway, including p53, Bcl-2/Bax, and
caspase-3, in animal models, and further confirmed
the findings in the A549 lung cancer cell model.

2. Materials and methods

2.1. In vivo lung carcinogenic model

2.1.1. NNK/TCDD-induced lung carcinogenic model

NNK/TCDD-induced in vivo lung cancer model
was followed by previous study [31]. Each group of
three female A/] mice (6—8 weeks old) were
randomly divided into 10 different groups. Low or
high dose NNK (10 or 20 mg/mL/mouse) were
given intraperitoneally on week one of the experi-
ment (Group 2 to 10). On week two, 5 pg/kg b.w. of
TCDD was given as a loading dose and a subse-
quent maintenance dose of 1.42 pg/kg b.w. TCDD
was given once a week for an additional 3 weeks
(Group 7 to 10). 10 mg/kg b.w. o-pinene or Dp-
limonene were orally fed thrice per week
throughout the study. They were given a week prior
NNK injection in Group 3—5 to assess the chemo-
preventive ability of the dietary monoterpenes
upon carcinogen exposure. However, for Group
8—10 a-pinene and p-limonene were given a week
after NNK administration to assess their suppress-
ing ability in lung tumor promotion and progres-
sion. The mice were humanly euthanized after 30
weeks of study. Blood samples and lung tissues
were collected for subsequent observation. All an-
imal experiments followed the guidelines of the
animal center institute and were approved by the
Institutional Animal Care and Use Committee of
National Cheng Kung University, Taiwan
(Approval No.: 109226).

2.1.2. Urethane-induced lung carcinogenic model

The protocol of urethane induced lung cancer
model was modified from previous study [33]. Each
group of three female ICR mice (6—8 weeks old)

were interperitoneally injected with wurethane
(600 mg/kg b.w.; dissolved in saline) weekly for
eight consecutive weeks. All mice were housed in
pathogen-free environments, individual ventilated
cages with a 12-h duration of light/dark. All mice
were fed with normal diet and water ad libitum.
Mice first received an injection of urethane, then
different dose of a-pinene or p-limonene (40 mg/kg
b.w. and 200 mg/kg b.w.; dissolved in corn oil) were
given thrice a week via intragastric administration
for 12 weeks. 13 weeks after the first urethane in-
jection, the mice were humanly euthanized. Blood
and organ samples were collected for further anal-
ysis. All animal experiments followed the guide-
lines of the animal center institute and were
approved by the Institutional Animal Care and Use
Committee of National Cheng Kung University,
Taiwan (Approval No.: 109226).

2.2. Serum biochemistry analysis and hematoxylin &
eosin staining

Blood samples were collected into tube without
anticoagulant and placed in room temperature for
30 min before submitted to a 4 °C, 2500 rpm
centrifuge. The supernatant (blood serum) was then
collected and stored in —80 °C until further use.
Level of GPT (U/L), GOT (U/L), BUN (mg/dL), CRE
(mg/dL), and ALB (g/dL) of each group were
analyzed with Fuji Dri-Chem 3500i chemistry
analyzer (Fuji, JP).

For hematoxylin & eosin staining, tissues were
first fixed in 3.7% neutral buffered formaldehyde
after sacrificed, samples were then dehydrated and
paraffin-embedded for further histopathological
analysis. For histological analysis, the tissue sec-
tions were stained with hematoxylin and eosin fol-
lowed by previous protocol [34]. Tumor diameters
were measured by Image] software, and the tumor
burden of each group were calculated.

2.3. Immunohistochemistry staining

Paraffin-embedded slides were deparaffinized
and rehydrated with alcohol gradient and washed
with 1x PBS twice to remove unnecessary residue.
The hydrated tissue sections were boiled with cit-
rate buffer (pH 6.0) for 15 min for antigen removal
before treating with 3% hydrogen peroxide. IHC
Select® Immunoperoxidase Secondary Detection
System (Millipore, USA) was used to perform
immunohistochemical staining. Briefly, tissue sec-
tions were blocked with blocking reagent for 5 min
at room temperature, then incubated with aliquots
of antibodies against anti-PRC1, anti-cleaved-
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caspase-3, anti-B-catenin, anti-GSK-38, and anti-c-
myc (Abcam, UK) for an hour. After washing, ali-
quots of biotinylated secondary antibodies were
added. Color development was performed using
streptavidin HRP and DAB chromogen. Finally, the
slides were counterstained using hematoxylin and
examined under light microscopy. Three views
were randomly chosen for each treatment group,
and the positive stained area was used to quantify
protein expression. The intensity of protein
expression was quantified by using TissueFAX mi-
croscope (TissueGnostics GmbH, Austria).

2.4. In vitro study

Human lung epithelial carcinoma cell line A549
(BCRC 60074) was cultured in DMEM (Gibco, NY,
USA) supplemented with 10% fetal bovine serum
(Gibco, NY, USA) and antibiotics containing
10,000 U/mL penicillin as well as 10,000 pg/mL
streptomycin at 37 °C in a 5% CO, atmosphere.

2.5. Cell viability assay

Cells were collected according to the cell culture
procedure. Cells were plated in 96-well plates at a
density of 10,000 cells. After overnight growth, the
medium was replaced with 100 pL containing
different doses of alpha-pinene or p-limonene.
After incubation, the medium was removed and
added MTT solution (10x-diluted from a 5 mg/mL
stock solution) into each well. After 1-h incuba-
tion, the formazan was dissolved in DMSO. optical
density (OD) of 570 nm was measured in
ELISA reader (SpectraMax 340PC384, Molecular
Devices).

2.6. Apoptosis assay

Apoptosis assay of the treated cells was per-
formed with an Annexin V/PI detection kit (BD
Pharmingen, 556547), according to the manufac-
turer procedure. In short, both cell medium and
trypsinized cells were collected to a 15 mL tube
prior before submitted to 3-min centrifugation.
After discarding the supernatant, the cells were
resuspended with 1x PBS and centrifuged for the
second time. The supernatant was then replaced
with 500 pL binding buffer. After resuspension,
transfer 100 pL of cell solution to a FASC tube.
2.5 uL of Annexin V and PI were added to the tubes,
which were then being kept in dark environment
for 30 min. The apoptotic rate of cancer cells was
then measured and analyzed with a flow cytometer
(CytoFLEX, BD, USA).

2.7. Western blot analysis

For Western blotting, cell or tissue extracts were
prepared by homogenizing in lysis buffer. Protein
concentration was determined using a BCA assay,
and approximately 10 pg of protein was mixed
with Laemmli buffer and boiled. Whole-protein
extracts were then separated on 6—15% SDS—
polyacrylamide gels and transferred onto poly-
vinylidene difluoride (PVDF) membranes (Merck
Millipore, Darmstadt, Germany). After blocking for
1 h, the membranes were incubated with primary
antibodies at a 1:1000 dilution. The antibodies of
anti-PRC1, anti-caspase-3, anti-B-catenin, anti-
GSK-3B, and anti-c-myc were purchased from Cell
Signaling (Beverly, MA, USA). After hybridization,
the membrane was washed with 1 x TBST and then
incubated with HRP-conjugated anti-mouse (Bio-
Legend, San Diego, CA, USA) or anti-rabbit sec-
ondary antibodies (Jackson ImmunoResearch Lab
Inc.,, West Grove, PA, USA) at a 1:10,000 dilution.
Immunoreactive proteins were detected using the
Immobilon Western chemiluminescence HRP sub-
strate and visualized with the iBright imaging sys-
tem (Thermo Fisher, USA).

2.8. Statistical analysis

All data were presented with the mean + SD of at
least three independent experiments. Student's t-
test and one-way analysis of variance were used for
data analysis. P < 0.05 was considered indicative of
statistical significance.

3. Results

3.1. Antitumor effects of a-pinene and D-limonene in
NNK/TCDD-induced lung carcinogenic model

To understand the antitumor efficacy of a-pinene
and p-limonene in lung cancer, we utilized a well-
established NNK/TCDD-induced lung cancer
model in this study. All A/] mice were in healthy
condition throughout the course of 30-week study
apart from group NNK(L)+TCDD, which experi-
enced body hair loss during the experiment (Supp.
Fig. 1) (https://doi.org/10.38212/2224-6614.3576).
Tumor incidence and multiplicity are listed in Table
1. Results showed 100% lung tumor incidence in
mice treated with NNK(L), NNK(H) and NNK(L)+
TCDD. Mice treated with NNK(H) and NNK(L)+
TCDD had the highest tumor multiplicity among all
groups, with 6.0 + 1.73 and 6.0 + 3.16 respectively.
The monoterpenes inhibited lung tumorigenesis by
suppressing tumor multiplicity upon co-treating
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Table 1. Lung tumor incidence and multiplicity of NNK-TCDD exposure model.

Treatment Tumor bearing mice/Total mice Tumor incidence (%) Tumor multiplicity
Control 0/4 0 0

NNK (L) 4/4 100 3.3 £ 0.96
NNK (L)+oP 4/4 100 3.0 +1.83
NNK (L)+dL 4/4 100 3.8 + 0.50
NNK (L)+C 4/4 100 2.0 + 0.82
NNK (H) 4/4 100 4.8 +2.87
NNK (L)+TCDD 4/4 100 7.0 + 2.58
NNK (L)+TCDD+aP 4/4 100 3.0 + 1.41°
NNK (L)+TCDD+dL 4/4 100 3.7 + 251
NNK (L)+TCDD+C 4/4 100 3.7 +2.08

Tumor incidences are calculated as the number of tumor-bearing mice/total mice (%). Tumor multiplicity is the average tumor number
on tumor-bearing mice. Data expressed as mean + standard deviation.

? p < 0.05 compared to NNK(L)+TCDD group.

with NNK and TCDD. lung tumor nodules
spreading across the surface of lungs that were
exposed to NNK and TCDD (Fig. 1B). Lungs
appeared darker in lungs that were given NNK(H)
as well as NNK+TCDD. In contrast to the carcin-
ogen groups, mice that were fed either individual or
combined monoterpenes have lesser number of
nodules on their lung surfaces and the lung texture
was relatively smoother. All tumors were seen as
cuboid cells having hyperchromatic nuclei, which
fits the histological feature of adenoma (Fig. 1A).
Larger tumors could be seen in mice treated with
NNK(L) and NNK(H) whereas numerous small
adenomas were presented in lungs of mice exposed
to NNK+TCDD (Fig. 1B). Furthermore, there is a
decrease in tumor burden in NNK(L)+oP, NNK
(L)+dL, and NNK(L)+ Combined group compared
to NNK(L) group alone. Significant reduction of
tumor burden was found in NNK(L)-treated mice
fed with a-pinene, p-limonene, and the combined
groups, whereas there was no significant difference
between the groups of NNK+TCDD-treated mice
(Fig. 1C). To further explore the antitumor mecha-
nism of a-pinene and p-limonene in vivo, immu-
nostaining of PRC1, f-catenin, and c-myc
expression were conducted and demonstrated
decreasing after o-pinene and D-limonene treat-
ment, while caspase-3 activity was up-regulated.
Overall, these data suggested that both a-pinene
and p-limonene inhibited tumor promotion and
progression by limiting tumor proliferation and
inducing apoptosis in NNK/TCDD-induced lung
cancer.

3.2. Antitumor effects of a-pinene and D-limonene in
urethane-induced lung carcinogenic model

In the wurethane-induced lung carcinogenic
model, results showed 100% lung tumor incidence
in all groups. However, tumor multiplicity

decreased in urethane+aP, urethane+dL, and ure-
thane+combined group (Table 2). The appearance
of the lungs and the diameter of tumor nodules in
tissue sections showed that the groups treated with
a-pinene and p-limonene had a certain degree of
reduction in both the number and size of tumors
compared to the urethane-alone treatment group
(Fig. 3A and B), indicating that the intervention of
o-pinene and p-limonene reduced tumor burden to
some extent. Significant reduction of tumor burden
was found in urethane-treated mice fed with a-
pinene and the combined groups, whereas there
was no significant difference with b-limonene
groups (Fig. 3C). IHC stain also showed u«-pinene
and Dp-limonene treatment reduced PRC1, B-cat-
enin, and c-myc expression and upregulated cas-
pase-3 expression (Fig. 4A and B). Overall, a-pinene
and p-limonene demonstrated the ability to atten-
uate tumor development in both lung cancer ani-
mal models.

3.3. a-pinene and D-limonene exerted apoptosis effect in
lung cancer cells through PRC1-wnt/(3-catenin signaling

To investigate the antitumor effect of a-pinene
and p-limonene in vitro. A549 was used in this
study. Cells were treated with various concentra-
tion of a-pinene and/or p-limonene ranging from 0,
0.1, 0.3, 0.5, and 0.7 mM for 24 h. Results showed
that both individual and combined monoterpenes
inhibited cell growth in A549 cells in a dose-
dependent manner compared to the control cells
(Fig. 5A). After 24 h treatment of a-pinene and p-
limonene, PI-Annexin V assay showed significant
increase of apoptotic cells (Fig. 6A). Expression of
Bax and caspase-3 were elevated and the expres-
sion of Bcl-2 decreased in a-pinene- and D-limo-
nene-treated A549 cells (Fig. 6B). Together, these
data indicate that a-pinene and p-limonene affect
the process of apoptosis.
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(A)

Control NNK (L) NNK (L) + aP NNK (L) + dL NNK (L) + C

NNK (L) + TCDD NNK (L) + TCDD + aP NNK (L) + TCDD + dL NNK (L) + TCDD + €

(C) (D)

0.26
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H 4
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Fig. 1. Preventive Effects of a-Pinene and p-Limonene on NNK/TCDD-induced lung cancer model. (A) Gross appearances of lung tumors on
lungs of each group. Black arrow showed lung tumor as whitish nodule in the lung. (B) HE stains on lung sections of each group, black arrow
indicates lung tumor as whitish nodule in the lung. Scale bar = 500 um. (C) Number of nodules in each treatment group. (D) Relative lung tumor
burden of the mice, which is defined as the average amount of nodules/weight of tumor-bearing mice. All data are presented as the mean + S.D.;
n = 3; #p < 0.05 compared to control, *p < 0.05 compared to NNK(L) group.



JOURNAL OF FOOD AND DRUG ANALYSIS 2025;33:405—420 411

Table 2. Lung tumor incidence and multiplicity of urethane exposure model.

Treatment Tumor bearing mice/Total mice Tumor Incidence (%) Tumor multiplicity
Control 0/4 0 0

Urethane (U) 4/4 100 19.0 + 11.27

U+aP (L) 4/4 100 45+ 191

U+aP (H) 4/4 100 12.7 + 3.51

U+dL (L) 4/4 100 10.3 + 4.73

U-+dL (H) 4/4 100 3.7 + 153
U+Combined (L) 4/4 100 6.0 + 2.65
U+Combined (H) 4/4 100 4.7 + 0.58

Tumor incidences are calculated as the number of tumor-bearing mice/total mice (%). Tumor multiplicity is the average tumor number
on tumor-bearing mice. Data expressed as mean + standard deviation.

PRC1 as a key part in the activation of the Wnt/B-
catenin pathway in lung adenocarcinoma develop-
ment [25]. Hence, we hypothesized a-pinene and p-
limonene might exert antitumor effect by regulating
PRC1 and its downstream target protein, inhibiting
cell cytokinesis and proliferation. The western
blotting results showed that the monoterpenes up-
regulated p53 protein level, down-regulated the
protein expressions of PRC1 and f-catenin
compared to the control group, indicating the in-
hibition of cell proliferation activity (Fig. 7A). Based
on the results obtained from in vivo and in vitro we
speculated that a-pinene and p-limonene down-
regulated PRC1 expression, inhibiting activation of
APC/B-catenin destruction complex, reducing nu-
clear translocation of B-catenin (Fig. 8).

4. Discussion

Monoterpenes, a subclass of terpenoids, have
attracted considerable attention due to their wide
applications in the cosmetic, food, perfumery,
and pharmaceutical industries. Their diverse
biological properties, including antioxidants, anti-
inflammatory, and anticancer effects, have been well
documented [35,36]. Among them, a-pinene and
D-limonene have been the focus of numerous re-
views highlighting their therapeutic potential
[15,37—40]. The proposed anticancer mechanisms of
monoterpenes include modulation of oxidative
stress, suppression of aberrant cell proliferation,
induction of cell cycle arrest, and regulation of
oncogenic signaling pathways such as PI3K/Akt and
MAPK [15,38,41]. However, despite these promising
effects, the antitumor potential of «-pinene and
D-limonene in lung cancer models remains under-
explored. Our study addressed this gap by investi-
gating the chemopreventive efficacy of a-pinene and
D-limonene in two murine lung tumorigenesis
models induced by NNK/TCDD and urethane. We
observed currently that TCDD further exacerbated

NNK-induced lung tumorigenesis, as evidenced by
an increased number of gross lesions and nodules
on lung surfaces in co-exposed animals (Fig. 1B).
Additionally, the lungs of mice treated with high-
dose NNK or NNK+TCDD appeared visibly darker,
suggesting more severe pulmonary injury. Signifi-
cant reduction of tumor burden was found in NNK
(L)-treated mice fed with a-pinene, p-limonene, and
the combined groups. These findings not only vali-
date the potency of our combined carcinogen model
but also underscore the need for effective chemo-
preventive agents capable of counteracting complex
carcinogenic mechanisms. We also found a
decreased expression of PRC1, B-catenin, and c-myc
in mice treated with a-pinene and/or p-limonene,
while caspase-3 activity was up-regulated (Fig. 2A
and B). The observed protective effects of a-pinene
and p-limonene in these models support their
further investigation as potential therapeutic candi-
dates for lung cancer prevention and intervention.
In addition to the NNK/TCDD model, we also
employed a urethane-induced lung tumorigenesis
model in ICR mice, modified based on the protocol
established by Yao et al. [42]. Gross pathological
examination revealed that urethane induced mul-
tiple pulmonary adenomas of varying sizes.
Consistent with our findings in the NNK/TCDD
model, a-pinene and p-limonene exerted significant
antitumor effects in the urethane model. Notably,
co-administration of both monoterpenes resulted in
a synergistic reduction in tumor size and number,
thereby lowering both overall tumor burden and
tumor multiplicity across treatment groups (Fig. 3
and Table 2). Immunohistochemical analysis
further indicated that o-pinene and p-limonene
downregulated PRC1 expression, leading to sup-
pression of the PRC1/B-catenin signaling axis in
lung tissues (Fig. 5). These findings support the
therapeutic potential of monoterpenes in chemo-
prevention, particularly through modulation of
PRC1-mediated oncogenic pathways.
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Fig. 2. Effect of a-pinene and p-limonene on PRCI1-wnt pathway in NNK/TCDD-induced lung cancer model. (A—E) cleaved-Caspase-3,
PRC1, GSK-38, B-catenin, and c-myc expression performed via immunohistochemical staining. Scale bar = 100 um. Histograms represent the
quantification of Caspase-3, PRC1, GSK-30, 8-catenin, and c-myc expressions. Values were expressed as mean + standard deviation of three mice
per group. All data are presented as the mean + S.D.; n = 3; *p < 0.05, **p < 0.01 compared to NNK(L) group, #p < 0.05, ##p < 0.01 compared to
NNK(L)+TCDD group.
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Fig. 3. Preventive Effects of a-Pinene and p-Limonene on Urethane-Induced Lung Tumorigenesis model. (A) Gross appearances of lung
tumors on lungs of each group. Black arrow showed lung tumor as whitish nodule in the lung. HE stains on lung sections of each group, black arrow
indicates lung tumor as whitish nodule in the lung. Scale bar = 500 um. (B) Number of nodules in each treatment group. (C) Relative lung tumor
burden of the mice, which is defined as the average amount of nodules/weight of tumor-bearing mice. All data are presented as the mean + S.D.;
n = 3; #p < 0.05 compared to control. *p < 0.05 compared to urethane group.

UnexpectedLy, mice treated with NNK+TCDD
exhibited transient alopecia during the period of
the experiment. Hair loss initially appeared as small
patches on the dorsal or facial regions and pro-
gressively expanded into large, diffuse areas of
baldness (Supplement Fig. 1) (https://doi.org/10.
38212/2224-6614.3576). Interestingly, this hair loss
was self-limiting, with full regrowth observed
within 4—5 months by the end of the experimental
period. A similar phenomenon was previously re-
ported by researchers who found that chronic
nicotine exposure induced transient alopecia and
muscle sarcomas in A/J mice [43]. In contrast, mice
co-treated with NNK+TCDD and either a-pinene
(aP), p-limonene (dL), or their combination (C)

displayed minimal or no signs of alopecia, sug-
gesting that monoterpene co-administration may
alleviate or prevent balding associated with chem-
ical carcinogen exposure in A/] mice. However,
further mechanistic studies are needed to elucidate
the underlying biological processes contributing to
this unexpected observation.

Although o-pinene and p-limonene are classified
as Generally Recognized as Safe (GRAS) by regu-
latory authorities and are extensively utilized as
additives in the food and cosmetic industries, both
compounds have demonstrated dose-dependent
toxicological effects under experimental conditions.
Specifically, p-limonene has been associated with
contact dermatitis, hepatotoxicity, and reproductive
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Fig. 4. Effect of a-pinene and p-limonene on PRC1-wnt pathway in urethane-lung cancer model. Caspase-3, PRC1, GSK-38, 3-catenin, and c-
myc expression performed via immunohistochemical staining. Scale bar = 100 um. Histograms represent the quantification of cleaved-Caspase-3,
PRC1, GSK-38, B-catenin, and c-myc expressions. Values were expressed as mean + standard deviation of three mice per group. All data are
presented as the mean + S.D.; n = 3; *p < 0.05; **p < 0.01 compared to control, #p < 0.05; ##p < 0.01 compared to urethane group.

toxicity in animal studies [44]. However, these
adverse effects typically occur at supra-physiolog-
ical doses not reflective of typical human exposure.
According to previous risk assessment study of
Limonene, human subject exposed to 250 mg/kg/
day of Limonene appears to exert no serious
adverse effect [45]. In the present study, D-limonene
was administered at doses of 40 and 200 mg/kg
body weight (bw) three times per week in the ure-
thane-induced lung tumorigenesis model, and at

10 mg/kg bw twice weekly in the NNK/TCDD
model. These doses are substantially lower than the
established chronic oral No-Observed-Adverse-Ef-
fect Level (NOAEL) of approximately 500 mg/kg/
day in rodents, as reported by the Flavor and
Extract Manufacturers’ Association [46] and
confirmed by more recent toxicological assessments
[47]. Gross pathological examination of the heart,
liver, spleen, and kidneys revealed no abnormal
morphological changes in either experimental
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Fig. 5. Antiproliferative effect of a-pinene and p-limonene in lung cancer cells. (A) Cell viability of A549 upon treatment of a-pinene and/or
D-limonene with various concentrations for 24hr. (B-D) Proliferation rate of A549 upon treatment of a-pinene and/or p-limonene with various
concentrations and durations. The experiments were performed via Trypan Blue Exclusion assay. Data are expressed as mean + standard deviation
from three independent studies. All data are presented as the mean + S.D.; n = 3; * p < 0.05; ** p < 0.01 compared to control.

model (Supplement Tables 1 and 2) (https://doi.
org/10.38212/2224-6614.3576). These findings sup-
port the safety profile of a-pinene and p-limonene
and suggest their potential application as chemo-
preventive agents in lung cancer without inducing
significant systemic toxicity.

Previous studies have shown the anticancer ac-
tivity of a-pinene and p-limonene. The authors
indicated that a-pinene could suppress hepatoma
carcinoma BEL-7402 cells in vitro and in vivo. Under
in vitro conditions, BEL-7402 cells were treated with
a-pinene at doses ranging from 0.125 to 8 mg/L, and
assessed using MTT method at 24, 48, and 72 h.
Mice having BEL-7402 xenograft tumor cells treated
with a-pinene showed significant suppression over
5-FU (fluorouracil) [48]. p-lmonene effects have
recently been investigated on T24 human bladder

cancer cells presenting an IC50 of 9 uM. Ye et al.
demonstrated that it presented the antitumor ca-
pacity to induce cell cycle arrest, suppression of cell
migration and invasion, and apoptosis with obser-
vation of nuclear fragmentation, chromatin
condensation, splitting of the nucleus, increase of
Bax and caspase-3, and decrease of Bcl-2 expres-
sions [49], which has similar effects to our current
study.

The evasion of programmed cell death is a well-
established hallmark of cancer, contributing to
tumor progression and resistance to therapy [50].
Apoptosis, a form of programmed cell death, plays
a critical role in embryogenesis, tissue develop-
ment, and homeostasis [51]. Dysregulation of
apoptotic pathways has been implicated in the
pathogenesis and therapeutic resistance of non-

[=4]
-
o
>
&
<
-
=
Z
9
=
o



https://doi.org/10.38212/2224%2D6614.3576
https://doi.org/10.38212/2224%2D6614.3576

o
z
2
Z
>
=
>
~
o
5!
=
[ea]

416 JOURNAL OF FOOD AND DRUG ANALYSIS 2025;33:405—420

72h 0.0 mM 72h 0.3 mM 72h 0.5 mM 72h 0.7 mM
4 T Grmaew)] - laamaw  Goamnw] ©loapoaw  Soamaw] [ S e =
i i i ! L.
21 o 1 © ] 1 g ™
| B w . |3
2] | +1 | o 5 i o
i s | £ * | ¥ |
{ » A T { { % * j? - - oLret : g - £
| 1 1 . s | ) [
ot Yoy 2ot k- ks e e b i~ e e o 03 s o7
E FITCM T m 72h Combened (mM)
96h 0.0 mM 96h 0.3 mM 96h 0.5 mM 96h 0.7 mM
Ta ww gam Y ! e~ o or ] | aw Glunme w'; “Tormnmwy  drommms 100
{ i { g W 1 .
1 1 . 1 21 £
¥ ! P H
@ e | 71 | q.
% Ly ! el { ‘wi %1 -
i o { » 1
| | kI Y] @™ a B
Sacssiinae b cnasrm s 0% R(1 o {araue men brime s ® !
hats ST rr—"——t— vl P s P e, Pt T DevaTveramy bl Mgkt v 0o 03 o8 or
T " ATCH g 96 Combined (mM)

Annexin V
(B)
Bcl-2 - — — 26 kDa
Bax [ — 20 kDa
Caspase-3 e —— 35 kDa
C-Caspase-3 . e gy W 17 kDa
sAran W e e — 37 kDa

Ctrl oP dL Combined

0.5mM

5 1 @l Control
=3 0.5mM aP

- N 0.5mM dL
e £ 0.5mM Combined | »
-
c 4
o *
[&] _I_ *
—
o 3 -
o
o
-
£ 2
o
k=4
£ 11 l

0 =i

Bax/Bcl-2 Casp-3/Pro-Casp-3

Fig. 6. a-pinene and p-limonene Promotion of apoptosis on A549 lung cancer cells. (A) Representative figures of apoptotic cells stained with
Annexin V and Propidium lodide (PI) after treating A549 with combined monoterpenes for 72hr. (B) A549 cells were treated with a-pinene and/or
D-limonene for 24hr. Apoptosis-related proteins were examined via Western blotting. Protein expressions are quantified using Image] software. Data
expressed as mean + standard deviation from three independent studies. All data are presented as the mean + S.D.; n = 3; * p < 0.05; ** p < 0.01

compared to control.

small cell lung cancer (NSCLC). Previous studies
have reported that a-pinene and p-limonene exert
pro-apoptotic effects in NSCLC cells [52,53]. In the
current study, a-pinene and p-limonene treatment
significantly enhanced apoptosis in NSCLC tissues,
as evidenced by increased caspase-3 expression
observed through immunohistochemical analysis
(Figs. 3 and 5). Apoptotic progression was further
confirmed by flow cytometry using Annexin V
staining, which detects phosphatidylserine (PS)
externalization on the outer leaflet of the plasma
membrane, an early apoptotic marker [54] (Fig. 7A).
Additionally, Western blot analysis revealed upre-
gulation of pro-apoptotic proteins Bax and caspase-

3, along with downregulation of the anti-apoptotic
protein Bcl-2 in A549 lung cancer cells (Fig. 7B).
These findings collectively support the role of a-
pinene and p-limonene in promoting apoptosis and
highlight their potential utility as chemopreventive
or therapeutic agents in lung cancer [28—30].
According to a recent multi-factor survival anal-
ysis, PRC1 was identified as one of the significantly
differentially expressed genes in response to
D-limonene treatment in lung adenocarcinoma
(LUAD) [55]. PRC1 plays a critical role in microtu-
bule organization during cytokinesis, and its aber-
rant overexpression has been observed in lung
cancer tissues, where it correlates with poor
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Fig. 7. Regulation of PRC1 and its downstream proteins on A549 lung cancer cells by a-pinene and p-limonene. Protein expressions of p53,
PRC1, GSK-3a/B, B-catenin, and c-myc after treated with a-pinene and/or p-limonene for 24hr were examined via Western blotting. Relative
protein expressions are quantified using Image] software. Data are expressed as mean + standard deviation from three independent studies. All data
are presented as the mean + S.D.; n = 3; * p < 0.05; ** p < 0.01 compared to control.

prognosis in patients with non-small cell lung
cancer (NSCLC) [56]. In addition, Zhan et al. re-
ported a mechanistic link between PRC1 and the
Wnt/B-catenin signaling pathway in LUAD, sug-
gesting a broader oncogenic role for PRC1 in lung
tumorigenesis [25]. Based on these findings, we
hypothesized that a-pinene and p-limonene may
exert chemopreventive effects by inhibiting PRC1
expression and suppressing the activation of its
downstream effectors, including GSK3p and c-Myc.
Our experimental data support this hypothesis,
demonstrating that PRC1 expression is upregulated
in lung tumor tissues and that treatment with
o-pinene and D-limonene significantly down-
regulated both PRC1 and its downstream targets
(Figs. 3 and 5). However, it is important to consider
that different molecular mechanisms may under-
line urethane-induced lung carcinogenesis. Recent
studies have identified that urethane-induced pul-
monary tumors are frequently driven by oncogenic

mutations at codon Q61 in the Kras gene, which
represent a distinct pathway from PRC1-mediated
oncogenesis [57,58]. Further studies are warranted
to delineate the molecular heterogeneity underly-
ing chemically induced lung tumor models.

5. Conclusion

Dietary pollutants such as benzo[a]pyrene from
grilled meats, TCDD in fish, and urethane in fer-
mented foods and alcoholic beverages are human
carcinogens, with inevitable exposure through diet
potentially compounding risks via enhanced effects
with other hazardous chemicals. In this study,
a-pinene and D-limonene markedLy suppressed
lung tumorigenesis in vivo and in vitro by inhibiting
the PRC1/B-catenin/GSK-38 signaling axis and
inducing apoptosis, thereby reducing tumor multi-
plicity in murine lung cancer models. Given that
carcinogens like NNK, TCDD, and urethane drive
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Fig. 8. Treatment with «a-pinene and D-limonene suppressed lung carcinogenesis by downregulating PRC1, promoting activation of the Wnt/(-
catenin signaling pathway, and inducing apoptotic cell death, thereby inhibiting lung cancer initiation and progression. Image is created with

BioRender.com.

tumorigenesis through genetic and epigenetic
reprogramming, our findings support a-pinene and
D-limonene as promising candidates for lung cancer
chemoprevention and therapy. This study demon-
strates that the natural terpenes a-pinene and p-
limonene effectively suppress lung tumor devel-
opment by blocking the PRC1/B-catenin/GSK-38
signaling pathway and promoting apoptosis. These
findings highlight their potential as safe, dietary-
based agents for lung cancer chemoprevention and
therapy, particularly against carcinogens commonly
encountered in the human diet.
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