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Arachidonic acid suppresses lung cancer @
cell growth and modulates lipid metabolism
and the ERK/PPARY signaling pathway

Lin Wang', Lanlan Wei', Xueling Chen? and Jiali Xiong"

Abstract

Lung cancer remains the leading cause of cancer-related mortality worldwide, necessitating the development of
new treatment strategies. Arachidonic acid (ARA), a polyunsaturated fatty acid, shows promise in cancer therapy
due to its potential anti-tumor effects, although its role in lung cancer remains unclear. This study investigated the
effects and underlying mechanism of ARA on A549 and NCI-H1299 lung cancer cells. In vitro assays were used to
assess cell viability, apoptosis, colony formation, lipid droplet formation, and changes in cellular lipid content. ARA
dose-dependently suppressed cell viability, facilitated apoptosis, and suppressed colony formation in both lung
cancer cell lines. Network pharmacology analysis was performed to identify potential gene targets and pathways,
uncovering 61 overlapping genes between ARA and lung cancer-related targets, with mitogen-activated protein
kinase 1 (MAPK1) emerging as a key gene. Enrichment analyses suggested that the effects of ARA might be
mediated through lipid metabolism and the extracellular signal-regulated kinase (ERK)/peroxisome proliferator-
activated receptor gamma (PPARYy) signaling pathway. In both lung cancer cell lines, ARA treatment inhibited

lipid droplet formation and decreased the cellular lipids. Immunoblotting further confirmed that ARA treatment
significantly increased ERK phosphorylation while reducing PPARy and fatty acid synthase (FASN) protein levels. In
vitro experiments using GW9662, a PPARy antagonist, confirmed that inhibiting lipid droplet formation impairs lung
cancer cell viability and promotes apoptosis. Furthermore, in vivo experiments demonstrated that ARA significantly
reduced tumor size and weight in a lung cancer xenograft model, further validating its anti-tumor effects. The
potential of ARA as a therapeutic agent for lung cancer might involve lipid metabolism and relevant signaling
pathways. A future study exploring the full therapeutic potential of ARA and underlying mechanisms in lung cancer
is needed.
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Introduction

In 2022, lung cancer continued to be the most common
cancer diagnosed worldwide, with around 2.5 million
new cases, or one in eight malignancies, making it the
leading cause of cancer-related death worldwide [1]. The
overall survival rate for patients with lung cancer is still
low, despite advancements in medical therapies, espe-
cially for those with advanced-stage disease [2].

Currently, surgery, chemotherapy, radiation, and tar-
geted therapies are the main treatments for lung can-
cer [3]. Regarding non-small cell lung cancer (NSCLC),
which makes up around 85% of instances of lung cancer,
first-line treatment commonly involves platinum-based
chemotherapy agents, such as cisplatin or carboplatin
[4, 5]. Additionally, individuals with particular genetic
alterations, like epidermal growth factor receptor (EGFR)
or anaplastic lymphoma kinase (ALK) mutations, now
require targeted therapy, such as tyrosine kinase inhibi-
tors (TKIs) like gefitinib, erlotinib, and osimertinib [6, 7].
However, despite these advances, the limitations and side
effects of these treatments present significant challenges.
Chemotherapy is often associated with severe systemic
toxicity, leading to complications such as nephrotoxicity,
neurotoxicity, and myelosuppression, significantly affect-
ing patients’ quality of life [8]. Resistance to TKIs devel-
ops over time in many patients, rendering the treatment
less effective and leading to disease progression [9, 10].
The effectiveness of immunotherapies, including immune
checkpoint inhibitors like pembrolizumab, is confined
to specific patient subgroups and frequently comes with
immune-related adverse events, such as pneumonitis and
colitis [11, 12]. Given the limitations of current thera-
pies, the development of novel therapeutic agents with
improved efficacy and a reduced side-effect profile is
essential.

Arachidonic acid (ARA), a polyunsaturated fatty acid,
plays a vital role as a key component of cellular mem-
branes, contributing to the fluidity and flexibility neces-
sary for normal cellular functions. This role is especially
important in tissues such as the nervous system, skeletal
muscle, and immune system [13]. Recent studies indicate
that ARA may possess anti-tumor properties. ARA has
been shown to selectively induce tumor cell death in vitro
by initiating lipid peroxidation at the cell membrane, an
effect reversible with antioxidants such as vitamin E, uric
acid, glutathione peroxidase, and superoxide dismutase
[14, 15]. Reportedly, lipid peroxidation inhibitors have
been shown in vitro to repair the cell death caused by
ARA in multiple myeloma cell lines [14, 16]. In addition,
free ARA has displayed cytotoxic activity against both
vincristine-sensitive (KB-3-1) and vincristine-resistant
(KB-Ch(R)-8-5) cancer cells in vitro, likely through a
mechanism reliant on free radical formation [17]. Despite
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these previous studies, its role and precise mechanisms
in lung cancer need further in-depth exploration.

This study seeks to explore the anti-tumor properties
of ARA in lung cancer, particularly examining its down-
stream molecular targets. The impact of ARA on various
lung cancer cell phenotypes was assessed in vitro. Net-
work pharmacology analysis, coupled with experimental
validation, was used to pinpoint key gene targets and sig-
naling pathways linked to the therapeutic effects of ARA.
Additionally, the study investigated the specific influence
of ARA on lipid metabolism within lung cancer cells. By
integrating these findings with experimental data, this
study seeks to uncover the signaling mechanisms modu-
lated by ARA, providing a basis for its development as a
potential therapeutic agent in lung cancer treatment.

Materials and methods

Cell culture and treatment

Lung cancer cells A549 and NCI-H1299 were obtained
from Cell Bank/Stem Cell Bank (Chinese Academy of
Sciences, Beijing, China) and cultivated in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, 11960044
Grand Island, NY, USA) enhanced with 1% penicillin-
streptomycin (Gibco) and 10% fetal bovine serum (FBS;
A5256701 Gibco). The cells were kept in a humidified
environment with 5% CO, at 37 °C. ARA (CAS No.:506-
32-1; A9673, Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in ethanol and used at concentrations of 10, 25,
50, and 100 uM [18, 19]. Cells were treated with ARA for
24, 48, and 72 h for various assays [18, 19].

Cell viability assay

Cell viability was evaluated utilizing the CCK-8 assay.
A549 and NCI-H1299 cells were plated in 96-well plates
at a density of 5,000 cells per well and treated with 25,
50, and 100 uM ARA for durations of 24, 48, and 72 h.
Following the treatment period, CCK-8 (10 pL; CKO04,
Dojindo, Kumamoto, Japan) was introduced to each
well, and the samples were incubated for 2 h at 37 °C.
Absorbance was quantified at 450 nm utilizing a micro-
plate reader (Bio-Rad, Hercules, CA, USA). Regard-
ing GW9662 treatment, cells were treated with 40
UM GW9662 for 48 h and applied to CCK-8 assay as
described.

Trypan blue exclusion assay

Cell death was evaluated using the trypan blue exclu-
sion assay. A549 and NCI-H1299 cells underwent treat-
ment with ARA at concentrations of 25 and 50 puM for a
duration of 48 h. Post-treatment, cells were collected and
stained using trypan blue solution (0.4%; T8154, Sigma-
Aldrich). Cells, both viable and non-viable, were enu-
merated utilizing a hemocytometer and observed under
a light microscope (Olympus, Tokyo, Japan). By dividing
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the number of trypan blue-positive cells by the total
number of cells, the percentage of cell death was calcu-
lated. Regarding GW9662 treatment, cells were treated
with 40 uM GW9662 for 48 h and applied to Trypan blue
exclusion assay as described.

Colony formation assay

Lung cancer cell growth after ARA treatment was
assessed by measuring colony formation. Six-well plates
were used to plate A549 and NCI-H1299 cells at a density
of 500 cells per well. After adhering overnight, the cells
were treated with 10 and 25 uM ARA and incubated for
10-14 days, allowing colonies to form. After 15 min of
paraformaldehyde (4%; P1110; Solarb) fixation, cells were
stained for 20 min with crystal violet (C0121; Beyotime).
Colonies including over 50 cells were enumerated using a
microscope.

Flow cytometry assay

Apoptosis was analyzed using an Annexin V-FITC/PI
apoptosis detection kit (BD Biosciences, San Jose, CA,
USA) following the manufacturer’s instructions. A549
and NCI-H1299 cells were treated with ARA at the con-
centrations of 25 uM for 48 h. After treatment, cells were
harvested, washed twice with cold PBS, and resuspended
in 1x binding buffer. Subsequently, cells were incubated
with 5 pL of Annexin V-FITC and 5 pL of propidium
iodide (PI) for 15 min in the dark at room temperature.
Stained cells were immediately analyzed using a flow
cytometer (FACSCalibur, BD Biosciences), and data were
processed using Flow]Jo software (BD Biosciences). Apop-
totic cells were categorized as early apoptosis (Annexin
V-FITC positive, PI negative) or late apoptosis (Annexin
V-FITC and PI double positive). Each experiment was
performed in triplicate. Regarding GW9662 treatment,
cells were treated with 40 uM GW9662 for 48 h and
applied to Flow cytometry assay as described.

Network pharmacology analysis

Molecular targets of ARA in lung cancer were identified
via network pharmacology. Target genes associated with
ARA were sourced from the Comparative Toxicogenom-
ics Database (CTD) (https://ctdbase.org/), STITCH [20],
SwissTargetPrediction [21], and the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis
Platform (TCMSP; https://old.tcmsp-e.com/tcmsp.ph
p) [22]. Genes associated with lung cancer were sourced
from the GeneCards database (https://www.genecards.or
g/). An analysis of the intersection of ARA-related genes
and lung cancer-related genes was performed to identify
overlapping disease and therapeutic target genes. The
protein-protein interaction (PPI) network for these genes
was established utilizing the STRING database (https://
string-db.org/), and module analysis was conducted
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employing Cytoscape software with the MCODE plugin
(https://cytoscape.org/). To determine the biological pro-
cesses and pathways enriched among the target genes,
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis and Gene Ontology (GO) enrichment
analysis were conducted.

Oil red O staining

Using oil red O staining, the production of lipid drop-
lets in A549 and NCI-H1299 cells treated with ARA was
assessed. The cells underwent a 48-hour treatment with
25 uM ARA, a 15-minute fixation period in 4% parafor-
maldehyde, and a 30-minute staining period with oil red
O solution (G1262; Solarbi). At the end of the staining,
cells were washed with distilled water, and the number of
lipid droplets was quantified under a microscope.

Nile red staining

Nile red staining was utilized to visualize and quan-
tify cellular lipid content in A549 and NCI-H1299 cells
after treatment with 25 pM ARA. Following 48-hour
ARA treatment, cells were stained with Nile red solu-
tion (G1264; Solarbi) for 10 min in the dark. Cells were
washed with PBS, and images were captured using a
fluorescence microscope (Carl Zeiss, Oberkochen, Ger-
many). Quantification of Nile red staining intensity was
performed using Image] software, providing an index of
cellular lipid content.

Immunoblotting

Immunoblotting was performed to assess the levels of
key proteins involved in the extracellular signal-regulated
kinase (ERK)/peroxisome proliferator-activated recep-
tor gamma (PPARy) pathway. A549 and NCI-H1299
cells underwent treatment with ARA for a duration of
48 h. Post-treatment, cells were lysed utilizing RIPA
buffer (Sigma-Aldrich) augmented with protease and
phosphatase inhibitors (P5726, Sigma-Aldrich). Protein
quantities were quantified by the BCA assay (Thermo
Fisher Scientific, Waltham, MA, USA). Identical quanti-
ties of protein (30 pg) were fractionated via SDS-PAGE
and subsequently transferred to PVDF membranes (Mil-
lipore, IPVH00010; Burlington, MA, USA). After being
exposed to 5% non-fat milk for an hour, the membranes
were incubated with primary antibodies targeting ERK
(9102, Cell Signaling, Danvers, MA, USA), PPARy (2443,
Cell Signaling), and fatty acid synthase (FASN) (sc-55580,
Santa Cruz Biotechnology, Dallas, TX, USA) for the
entire night at 4 °C. Membranes were cleaned and then
treated for an hour with HRP-conjugated secondary anti-
bodies (7074, Cell Signaling). An improved chemilumi-
nescence kit (34580, Thermo Fisher Scientific) was used
to identify the protein bands, and ImageJ software was
used to quantify the results.
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In vivo tumor xenograft model

Nude mice (4—6 weeks old, male, weighing 18—22 g) were
obtained from Guangdong Medical Laboratory Animal
Center and housed under specific pathogen-free (SPF)
conditions. All experimental protocols were approved by
the the Guangdong Medical Laboratory Animal Center
Ethical Committee. NCI-H1299 cells (1 x 107 cells in 100
uL PBS) were subcutaneously injected into the right flank
of the mice. When tumors reached a volume of 100-
200 mm?, mice were randomly assigned to either the con-
trol group or the ARA-treated group (n=5 per group).
The ARA-treated group received intraperitoneal injec-
tions of 2 mg/kg ARA every 3 days for 3 weeks, while
the control group received vehicle solution under the
same schedule. Tumor size was measured using calipers
every 3 days, and tumor volume was calculated using the
formula:

Tumor volume= %x length x width®

At the end of the treatment period, tumors were
excised, weighed, and subjected to immunoblotting anal-
ysis as described above.

Statistical analysis

Four duplicates of each experiment were conducted,
and the results were reported as mean + SD. The Mann-
Whitney rank sum test followed by Bonferroni correc-
tion was applied to evaluate the significant differences.
A P-value below 0.05 was considered statistically signifi-
cant. GraphPad Prism (version X.0, GraphPad Software,
San Diego, CA, USA) was used for all statistical analyses.

Results

Anti-tumor effect of ARA in A549 and NCI-H1299 lung
cancer cells

Compared to the control group, ARA treatment at con-
centrations of 25, 50 and 100 puM significantly reduced
cell viability after 48 and 72 h, as shown by the CCK-8
assay (Fig. 1A; P<0.05). ARA also induced significant
cell death in a dose-dependent manner, as shown by the
trypan blue exclusion assay, with a significantly higher
proportion of non-viable cells in the 525 and 50 pM
treatment groups after 48 h compared to untreated cells
(Fig. 1B; P<0.05). Additionally, compared to the control
group, the colony formation ability of both cell lines was
markedly reduced after treatment with 10 and 25 pM
ARA (Fig. 1C; P<0.05). Furthermore, compared to the
control group, 25uM ARA treatment significantly facili-
tated cell apoptosis in both lung cancer cell lines (Fig. 1D;
P<0.05).

Network pharmacology analysis of ARA in lung cancer
After confirming the in vitro anti-tumor effects of
ARA in lung cancer cells, an integrative bioinformatics
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analysis was performed to identify its potential down-
stream target(s). An initial screening was conducted
through network pharmacology analysis. Using the CTD,
STITCH, SwissTargetPrediction, and TCMSP databases,
85 genes associated with ARA were identified as drug
targets. Lung cancer-related genes were retrieved from
the GeneCards database and a total of 3400 genes were
identified as disease targets; the intersection between
ARA-related and lung cancer-related genes resulted in
61 common genes as disease/drug targets (Fig. 2A). The
genes were subsequently entered into the STRING data-
base to create a PPI network. The PPI network under-
went additional analysis utilizing the MCODE plugin
within Cytoscape software, which divided the network
into modules and assigned scores. Compared to other
genes, mitogen-activated protein kinase 1 (MAPK1),
which encodes the ERK protein, was identified as the top
hub gene with the highest MCODE score (Fig. 2B), indi-
cated by the red color and larger circle size, signifying
a higher degree of connectivity. GO and KEGG enrich-
ment analyses were performed on the overlapping genes,
with GO analysis yielding response to inorganic sub-
stance, response to oxidative stress, response to reactive
oxygen species, and so on and ranking the sixth pathway
as lipid metabolism-related (Fig. 2C), while KEGG analy-
sis showed the top pathway also related to lipid metabo-
lism (Fig. 2D). This suggests that ARA might exert its
anti-tumor effects in lung cancer through the modulation
of MAPK1 and lipid metabolism pathways.

ARA inhibits lipid droplet formation in lung cancer cells

Next, the specific effects of ARA on lipid metabolism
were investigated. Oil red O staining was performed on
A549 cells and NCI H1299 cells treated with 25puM ARA.
Figure 3A shows that ARA significantly inhibited the
lipid droplet formation in lung cancer cell lines compared
to the control group. In addition, Nile red staining of cel-
lular lipids in A549 cells and NCI H1299 cells shows that
ARA treatment significantly decreased the cellular lipids
in both cell lines compared to the control group (Fig. 3B).

Lipid droplet formation inhibitor suppresses lung cancer
cell malignancy

To further investigate the role of lipid droplet formation
in lung cancer cell malignancy, A549 and NCI H1299
cells were treated with 40 uM GW9662 and examined for
cell phenotypes. Figure 4A-B shows that GW9662 sig-
nificantly inhibited cell viability of both cell lines. Consis-
tently, GW9662 remarkably facilitated cell death and cell
apoptosis, as revealed by Trypan blue exclusion assay and
Flow cytometry (Fig. 4C-F).
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Fig. 1 Anti-tumor effect of Arachidonic Acid (ARA) in A549 and NCI-H1299 lung cancer cells. Two lung cancer cell lines, A549 and NCI-H1299 were treated
with 10, 25, 50, or 100 uM ARA for 24, 48, or 72 h. (A) CCK-8 assay was performed to detect cell viability. (B) Trypan blue exclusion assay was performed
to detect cell death. (C) Colony formation assay was performed to detect proliferative capacity. (D) Flow cytometry assay was performed to detect cell
apoptosis. Cells Data are presented as means + SD of four independent experiments. Statistical analyses were conducted using the Mann-Whitney U test
with Bonferroni correction. Statistical significance: *P <0.05 compared to control groups

Effect of ARA on the ERK/PPARYy pathway in A549 and NCI-

H1299 cells

Immunoblotting analysis showed that, compared to con-
trol cells, ARA treatment led to a significant increase

in ERK phosphorylation and a reduction in PPARy and

FASN levels in both A549 and NCI-H1299 cells after

48 h (Fig. 5A-B; P<0.05). These findings indicate that
ARA might exert its anti-tumor effects by modulating



Wang et al. Lipids in Health and Disease (2025) 24:114

Page 6 of 12

Drug (ARA)
A 85 B C
© BP
oCC
F e mF
g
(=%
=
s
o
2
10 20 30 40
z-score
GO:0010035  response to inorganic substance Pathway A:naIySI?
GO:0006979 response to oxidative stress : : i o 3 y
G0O:0000302 response to reactive oxygen species ; ‘ Lipid‘and atferoselsresis =
G0:0019369 arachidonic acid metabolic process B — | Apoptosis 8
G0:0010038 response to metal ion org
G0:0006631 fatty acid metabolic process ol Hepatitis B = ®
GO:0031667 response to nutrient levels ‘ : Fluid sh t ;
GO0:0062197 cellular response to chemical stress anucli atshee%rs,(szltreerggis B 2 ®
GO:0009991  response to extracellular stimulus 8@
G0:0060205 cytoplasmic vesicle lumen @ “| TNF signaling pathway
G0O:0031983 vesicle lumen : ) ] 2
G0:0098552 side of membrane @ IL-17 signaling pathway ©
G0O:0034774 secretory granule lumen P - . . . . i
G0:0031264  death-inducing signaling complex Arachidonic acid metabollsmm
fftOi=00ns neme/bining -|Linoleic acid metabolism &
G0O:0046906 tetrapyrrole binding : : . o
oxidoreductase activity, acting on P S T . Humq]n,lrpth_modeﬂCIency ©
paired donors, with incorporation or : VAILS T IRLECHON) £
- reduction of molecular oxygen, g .|Chemical carcinogenesis
GO:0016712 4\ ced flavin or flavoprotein as one . ; ; : — reactive oxygen soecies
donor, and incorporation of one atom 12 16 20 24
of oxygen EnrichmentScore

G0:0016491
G0:0070330

oxidoreductase activity
aromatase activity

(-log10(pvalue))

Fig. 2 Network pharmacology analysis of ARA in lung cancer. (A) Venn diagram showing the intersection of ARA-targeted and lung cancer-targeted
genes. (B) Protein-protein interaction (PPl) network of potential targets, where red indicates primary proteins, and the size of the targets corresponds
to their degree value. (C-D) Gene Ontology (GO) enrichment analysis of the potential target PPl network, with green representing biological processes
(BP), blue representing cellular components (CC), and red representing molecular functions (MF). (E) KEGG pathway enrichment analysis of the potential

target PPl network

the ERK/PPARYy signaling pathway and inhibiting lipid
metabolism in lung cancer cells.

ARA inhibits tumor growth and modulates the ERK/PPARy
signaling pathway in a lung cancer mouse model

To evaluate the in vivo anti-tumor effects of ARA, a lung
cancer mouse xenograft model was established by sub-
cutaneously injecting NCI-H1299 cells into nude mice.
When tumors reached a volume of 100-200 mm?®, mice
were treated with either ARA (2 mg/kg) or vehicle solu-
tion via intraperitoneal injection every 3 days for 3 weeks.

Representative images of the excised tumors illustrate the
reduction in tumor size in the ARA-treated group; as
shown in Fig. 6A, ARA treatment remarkably decreased
tumor volumes. Compared to the control group, ARA
treatment significantly reduced tumor weight (Fig. 6B;
P<0.05).

To investigate whether ARA exerts in vivo anti-tumor
effects through the ERK/PPARy signaling pathway,
immunoblotting was performed on tumor samples. ARA
treatment led to a significant increase in ERK phosphory-
lation and a concomitant decrease in PPARy and FASN
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treated with 25uM ARA. Quantification of nile red staining was performed using image J software. Data are presented as the means + SD (error bars) from
four independent experiments. Statistical analyses were conducted using the Mann-Whitney U test with Bonferroni correction. *P <0.05 compared with

control groups

protein levels compared to the control group (Fig. 6C;
P<0.05). These results suggest that ARA inhibits tumor
growth by modulating the ERK/PPARY signaling pathway
and lipid metabolism in vivo.

Discussion

In this study, we demonstrate that ARA exhibits sig-
nificant anti-tumor effects in A549 and NCI-H1299
lung cancer cells by dose-dependently suppressing cell
viability, inducing cell death, inhibiting colony forma-
tion, and promoting cell apoptosis. Network pharma-
cology analysis identified 61 common ARA-related and
lung cancer-related genes, with MAPK1 emerging as

the top hub gene. GO and KEGG enrichment analyses
revealed a strong association with lipid metabolism path-
ways, suggesting that ARA might exert its anti-tumor
effects through modulation of lipid metabolism. Indeed,
in both lung cancer cell lines, ARA treatment inhibited
lipid droplet formation and decreased the cellular lipids.
Immunoblotting analysis further confirmed that ARA
treatment significantly increased ERK phosphorylation
while reducing PPARy and FASN levels, indicating that
ARA might inhibit lipid metabolism through the ERK/
PPARYy signaling pathway.

The ARA pathway, a critical metabolic process, has a
significant role in carcinogenesis [23]. Cancer initiation
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Fig. 4 Lipid droplet formation inhibitor suppresses lung cancer cell malignancy. A549 and NCI H1299 cells were treated with 40 uM GW9662 and exam-
ined for (A-B) cell viability using CCK-8 assay; (C-D) cell death using Trypan blue exclusion assay; (E-F) cell apoptosis using Flow cytometry. Cells Data are
presented as means + SD of four independent experiments. Statistical analyses were conducted using the Mann-Whitney U test with Bonferroni correc-

tion. Statistical significance: *P <0.05 compared to control groups

and progression are complex, multistep events regulated
by various internal elements, such as growth factors and
their receptors, cytokines, chemokines, transcription
factors, nuclear receptors, and lipid mediators derived
from ARA [24-27]. Although the role of ARA has been
reported in several cancers, its specific functions and
mechanisms in lung cancer are not fully understood. The
initial assessment of the anti-tumor effects of ARA was
designed to evaluate its impact on critical cellular behav-
iors associated with cancer progression, namely, prolif-
eration, survival, and long-term reproductive potential
[28, 29]. The observed dose-dependent inhibition of cell
growth and increase in cell death, as well as promoted
cell apoptosis suggest that ARA effectively disrupts
essential mechanisms required for lung cancer cell sur-
vival. The reduction in colony formation further indicates
that ARA not only affects immediate cellular functions
but also impairs the long-term viability of cancer cells,
which is critical for tumor progression [30].

Following confirmation of the anti-tumor effects of
ARA in vitro, network pharmacology was employed to
explore the molecular mechanisms underlying these
effects. MAPK1 was identified as the top hub gene,
underscoring its central role in the potential mechanisms

of ARA action. MAPK1 encodes the ERK protein, a key
regulator of cellular processes such as proliferation, dif-
ferentiation, and survival [31-33]. The analysis also high-
lighted lipid metabolism pathways, essential for cancer
development as cancer cells rely on large lipid quanti-
ties for energy, rapid growth, and membrane synthe-
sis [34, 35]. Several existing chemotherapeutic agents
affect lipid metabolism, and numerous drugs targeting
lipid metabolism in cancer are currently under inves-
tigation and development [36]. As an SCD1 inhibitor,
ginsenoside protopanaxatriol (g-PPT) has been shown
to reduce polyunsaturated fatty acid production, inhibit
triglyceride synthesis, and prevent lipid droplet accumu-
lation in cancer cells. In non-small cell lung cancer cells
resistant to TKIs, combining g-PPT with gefitinib suc-
cessfully overcame drug resistance, inducing apoptosis
and improving the therapeutic response [37]. Indeed, in
both lung cancer cell lines, A549 and NCI-H1299, ARA
treatment significantly inhibited lipid droplet forma-
tion and decreased cellular lipids, suggesting that ARA
might exert its anti-tumor effects through modulation
of lipid metabolism. To further investigate the contribu-
tion of lipid droplet formation to lung cancer cell malig-
nancy, GW9662, a well-characterized PPARy antagonist
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that inhibits lipid droplet formation [38, 39], was used
to treat A549 and NCI-H1299 cells. Consistent with the
effects observed following ARA treatment, GW9662 sig-
nificantly suppressed cell viability and enhanced both cell
death and apoptosis. These results provide strong experi-
mental evidence that inhibiting lipid droplet formation
directly impairs lung cancer cell viability and promotes
apoptosis, supporting the hypothesis that ARA exerts its
anti-tumor effects by modulating lipid metabolism.

The investigation of the ERK/PPARYy signaling path-
way provided molecular insights into how ARA mediates
its effects on lipid metabolism. PPARY, a nuclear recep-
tor involved in adipocyte differentiation, maintenance,
and function, is often upregulated in cancer cells to
meet their increased metabolic demands [40]. Similarly,
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FASN, an enzyme required for fatty acid synthesis, plays
a key role in membrane biosynthesis and energy stor-
age in rapidly dividing cells [41, 42]. The increase in ERK
phosphorylation, alongside reduced PPARy and FASN
expression, suggests that ARA might impact lipid syn-
thesis and storage pathways, both crucial for cancer cell
survival and proliferation. By activating ERK, ARA might
reduce the availability of essential lipids, thereby impair-
ing the survival of lung cancer cells. The paradoxical role
of ARA as both an essential fatty acid and an inhibitor of
lipid droplet might be because the formation lipid drop-
lets are primarily formed through the accumulation of
saturated and monounsaturated fatty acids. Lipid droplet
formation is closely associated with fatty acid storage and
energy reserves, whereas ARA, being a polyunsaturated

Arachidonic Acid
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FASN

Lipid droplets

Fatty acids

Malonyl-CoA

Acetyl-CoA

Fig. 7 Schematic representation of the proposed mechanism by which ARA inhibits lipid metabolism through the ERK/PPARY signaling pathway in lung

cancer cells
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fatty acid, is mainly involved in the synthesis of phospho-
lipids for cellular membranes rather than energy storage.
Furthermore, ARA inhibits key lipid synthesis pathways,
including the expression of FASN in this study, reducing
the availability of lipids for storage. These actions might
disrupt the compensatory balance between lipid inges-
tion and synthesis, preventing lipid droplet accumulation
despite the presence of ARA. In addition to the in vitro
findings, the anti-tumor effects of ARA were validated
in vivo using a lung cancer mouse model. ARA-treated
mice showed a remarkable reduction in tumor size and
weight compared to the control group, indicating sig-
nificant tumor growth inhibition. Consistent with the in
vitro mechanism, increased ERK phosphorylation and
decreased PPARy and FASN protein levels were observed
in ARA-treated tumors. This suggests that ARA inhibits
tumor growth by activating the ERK pathway and sup-
pressing lipid metabolism through downregulation of
PPARy and FASN.

Previous studies have demonstrated that ARA exerts
anti-cancer effects through various mechanisms, includ-
ing lipid peroxidation, oxidative stress induction, and the
modulation of key signaling pathways [43]. Among these,
lipid peroxidation induced by ARA has been shown to
trigger ferroptosis in tumor cells, a process that can be
mitigated by antioxidants such as Vitamin E and super-
oxide dismutase (SOD) [44—47]. This interplay suggests
that lipid peroxidation might contribute to the anti-
cancer action of ARA, even though this study primarily
focuses on the ERK/PPARYy signaling pathway and lipid
droplet formation. Moreover, other polyunsaturated fatty
acids (PUFAs), such as y-linolenic acid (GLA), dihomo-
y-linolenic acid (DGLA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), might affect simi-
lar pathways, with varying degrees of potency in cancer
inhibition. Comparative studies are needed to determine
the most effective PUFA and to delineate shared or dis-
tinct mechanisms of action. Additionally, the dual role of
ARA as both an essential fatty acid and an inhibitor of
lipid droplet formation underscores its unique ability to
regulate lipid metabolism and signaling in cancer cells.
This highlights its potential as a therapeutic agent. Future
research should investigate the precise dynamics of ARA
metabolism, its influence on lipid storage, and its broader
implications for anti-cancer strategies.

In conclusion, our findings demonstrate that ARA
exerts significant anti-tumor effects in lung cancer cells
by suppressing cell viability, inducing cell death, and
inhibiting colony formation. These effects might be
mediated through the ERK/PPARYy signaling pathway and
lipid metabolism, as suggested by alterations in key path-
way components observed in response to ARA treatment
(Fig. 7). However, since no direct functional experiments
on lipid metabolism were conducted, further studies are
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needed to confirm the involvement of lipid metabolism
in the anti-tumor mechanism of ARA.
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