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Abstract: Air pollutants, including vehicle emissions and photochemical smog such as ozone, have become a sig-
nificant health concern in most industrialized nations. Inhaling ozone has repeatedly been linked to increased lung
inflammation, immune responses, and cancer development, ultimately speeding up lung cancer metastasis and
leading to higher death rates. However, the direct connection between ozone exposure and tumor cell migration has
not yet been definitively established. This study aims to investigate the effects of ozone exposure on cancer spread
and its underlying mechanisms, focusing on the hypoxia-inducible factor 1a (HIF-1a)/C-X-C motif chemokine recep-
tor 4 (CXCR4) pathway, which influences cancer cell migration and epithelial-mesenchymal transition (EMT). Using
B16F10 melanoma and LL2 Lewis lung carcinoma cells, we examined how 1 ppm ozone exposure affects reactive
oxygen species (ROS) production and its subsequent impact on the HIF-1a/CXCR4 pathway. Our results show a sig-
nificant increase in HIF-1a/CXCR4 expression and EMT-related proteins after ozone exposure. Additionally, the use
of arbutin, a known ROS scavenger, significantly reduced HIF-1a/CXCR4 levels and cell migration, confirming the
role of ROS in ozone-induced metastasis. In summary, our research suggests that ozone promotes cancer spread
by activating the HIF-1a/CXCR4 signaling pathway, highlighting an environmental factor that could facilitate cancer
progression.
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Introduction report, 99% of the world’s population lives in
areas with poor air quality, resulting in about

Air pollution has long been recognized as a 4.2 million premature deaths worldwide from

major health problem in industrialized coun-
tries, dating back to the Industrial Revolution.
Air pollutants originate from urban develop-
ment, vehicle emissions, and municipal waste.
Prolonged exposure to these pollutants has
been linked to a wide range of diseases, includ-
ing strokes, chronic obstructive pulmonary dis-
ease (COPD), heart disease, and lung cancer
[1]. Despite increased environmental aware-
ness and stricter emission standards, air pollu-
tion remains a serious concern. According to
the World Health Organization (WHO) air quality

ambient air pollution.

Ozone, a primary pollutant classified as a reac-
tive oxygen species (ROS), is primarily generat-
ed in photochemical smog via ultraviolet (UV)
radiation. Inhaling ozone has been associated
with acute damage to the airway epithelium,
protein leakage, and the release of pro-inflam-
matory cytokines [2]. Recent research has ex-
amined the effects of ozone on respiratory neu-
trophilic inflammation and its potential role in
promoting cancer metastasis. Ozone exposure
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accelerates early tumor metastasis to the lungs
by increasing neutrophil extracellular trap (NET)
formation, which facilitates tumor cell coloniza-
tion of lung tissues [3]. Epithelial-mesenchymal
transition (EMT) is a vital process that pro-
motes tumor metastasis. EMT is a biological
process in which epithelial cells acquire a mes-
enchymal phenotype, leading to increased mo-
bility, invasiveness, and resistance to apopto-
sis. A key characteristic of EMT is the elevated
expression of N-cadherin and the reduced ex-
pression of E-cadherin, along with the activa-
tion of various transcription factors and signal-
ing pathways [4].

Hypoxia-inducible factor-1 (HIF-1) is a heterodi-
meric transcription factor composed of o« and 3
subunits that regulates critical processes in
tumor growth, including metabolic reprogram-
ming, angiogenesis, and cancer cell dissemina-
tion [5]. HIF-1x levels rise under low oxygen
conditions or oxidative stress due to inhibition
of prolyl hydroxylases (PHDs) [6]. The C-X-C
motif chemokine receptor 4 (CXCR4), which is
specifically activated by stromal-derived fac-
tor-1 (SDF-1), is closely associated with HIF-1
expression and regulation [7, 8]. Additionally,
the SDF-1/CXCR4 pathway has been implicated
in inducing EMT, supporting tumor invasion and
migration in highly metastatic cancer cells [9,
10].

Despite existing evidence, the direct link be-
tween ozone exposure and tumor metastasis
remains unclear. Tumor-intrinsic mechanism
independent of immune priming in vitro, while
the in vivo metastatic outcome may also be
influenced by host microenvironmental factors.
In this study, we aimed to determine whether
ozone exposure alone, without immune system
involvement, is sufficient to increase tumor cell
metastasis. Using a controlled ozone exposure
system, we exposed B16F10 melanoma and
LL2 lung carcinoma cells to 1 ppm ozone, a
concentration known to elicit measurable res-
ponses in cancer cells [11]. Previous animal
studies have shown that 1 ppm ozone can
cause significant biological damage, making it
a key concentration for mechanistic research.
Tian et al. reported that 1 ppm ozone exposure
in female mice caused notable lung injuries
and highlighted the role of the gut and lung
microbiota in mediating these effects [12].
Prenatal ozone exposure also led to abnormal
liver lipid metabolism in adult offspring, sug-
gesting that 1 ppm can affect long-term meta-
bolic outcomes [13]. Additionally, ozone (1 ppm)
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triggered prediabetic symptoms through chang-
es in glycogen metabolism and insulin resis-
tance [14]. Notably, occupational studies re-
corded instantaneous ozone levels ranging
from 0.07 to 2.2 ppm in welding fumes, con-
firming that 1 ppm is a realistic peak level in
specific environments [15]. Overall, these find-
ings support the use of 1 ppm ozone in cell
experiments as a relevant dose that reflects
toxicological thresholds observed in animal
studies and likely exposure levels in occupa-
tional settings.

Our results showed a significant increase in the
HIF-1a/CXCR4 axis, as confirmed by Western
blot analysis. Additionally, EMT-related changes
were observed in both cell migration and inva-
sion assays and in protein expression studies.
Furthermore, in vivo experiments with ozone-
treated tumor cells supported our findings.
Understanding how ozone influences the HIF-
1a/CXCR4 signaling pathway may help identify
an environmental factor that promotes metas-
tasis and affects cancer progression. These
results highlight the importance of strategies to
reduce ozone exposure, especially for at-risk
cancer patients, to lower the risk of metastasis
and improve clinical outcomes.

Materials and methods
Cells and reagents

B16F10 and LL2 cells were cultured in DMEM
supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 1% glutamine, and 1%
penicillin/streptomycin solution (100 units/mL
penicillin and 100 yg/mL streptomycin) in 10
cm culture dishes. The dishes were incubated
at 37°C with 5% COZ, and the medium was
replaced every 2 days until the cells reached
approximately 80% confluence. LL2 cells were
selected because lung tumors are directly rele-
vant to inhaled ozone exposure. B16F10 mela-
noma cells were included as a highly metastat-
ic model to examine whether ozone-induced
oxidative stress can enhance metastatic phe-
notypes beyond respiratory-origin cancer cells.
In addition, because the skin may be directly
exposed to ambient ozone, BA6F10 melanoma
cells may also serve as a relevant skin-associ-
ated tumor model to evaluate whether ozone-
derived ROS can exacerbate melanoma cell
migration and metastatic potential. We clarifi-
ed that direct physiological ozone exposure is
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most relevant to respiratory tract and lung-
associated cells, whereas the B16F10 model
should be interpreted as both a highly meta-
static melanoma model and a mechanistic
model of ROS-mediated enhancement of meta-
static behavior. Stromal cell-derived factor-1
(SDF-1), arbutin, and cobalt chloride hexahy-
drate (CoCl,) were purchased from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The
HIF-1a inhibitor (SYP-5) was purchased from
MedChemExpress (MedChemExpress LLC,
Monmouth Junction, NJ, USA).

Ozone exposure and animal

In this model, the ozone exposure system con-
sisted of two chambers driven by the ozone
generator. The mixing chamber thoroughly com-
bined ozone with artificial air to achieve a con-
centration of 1 ppm (x 0.2 ppm) and supplied
ozone at a stable flow rate (below the maximum
pressure of 10 mmHg; 4 liters/min) to cells in
the exposure chamber (48 liters) (Supplement-
ary Figure 1). The 6-well plates, containing 2
mL of fresh medium, were divided into ozone-
treated and air-controlled groups and trans-
ferred into the exposure chamber. All plates
were sealed with Parafilm during transfer, both
before and after ozone exposure. Cells were
exposed to ozone (1 ppm, 3 hours/day) or artifi-
cial air for three consecutive days. Ozone con-
centration was continuously monitored using a
spectrometer and AvaSoft 8 software to ensure
a consistent supply of ozone. In this exposure
system, cells continued to proliferate after 3
days of culture under air or ozone exposure,
which is the maximum duration for collecting
experimental data from cultured cells. Female
C 57 BL/6 mice were obtained from the Na-
tional Laboratory Animal Center. Animal studies
were approved by the Laboratory Animal Care
and Use Committee of the National Sun Yat-sen
University (permit number: 11226). Tumor cells
(1x10°) in 100 yL of medium were treated with
ozone or left untreated. These cells were then
injected into mice aged 6 weeks or older via the
tail vein (n = 5). Based on our previous experi-
ence, the two cell lines exhibit different growth
rates in vivo [16]. Mice injected with the BI6F10
and LL2 cell lines were sacrificed on days 20
and 40, respectively. Lung weights were record-
ed, and metastatic tumor nodules were count-
ed and used for Western blot analysis. The
lungs were fixed with 4% paraformaldehyde
for tissue section preparation. Tissue sections

2536

were stained with H & E and examined un-
der 100x magnification for tumor nodules or
metastases. Finally, lung tissue sections under-
went immunohistochemical staining with anti-
N-cadherin (Dilution: 1:100) (iREAL, Hsinchu,
Taiwan), anti-E-cadherin (Dilution: 1:100) (Invi-
trogen, Carlsbad, CA, USA), anti-MMP-2 (Gene-
Tex, Inc., CA, USA), and anti-SNAIL (Dilution:
1:100) (Invitrogen) antibodies. Each immuno-
histochemical (IHC) marker was evaluated at
400x magnification.

Western blot analysis

Ozone and arbutin affected protein expression
in B16F10 and LL2 cells. B16F10 and LL2 cells
(5%10° cells/well) were plated in 6-well plates
and incubated at 37°C for 24 hours. After treat-
ing with arbutin (1.56 yuM) for 6 hours, protein
levels were measured by Western blotting. To
determine protein concentrations, we used the
Bicinchoninic Acid (BCA) Protein Assay kit (Pier-
ce Biotechnology, Rockford, IL, USA). Proteins
were separated by SDS-PAGE and then trans-
ferred to a PVDF membrane (Pall Life Sciences,
Glen Cove, NY, USA). The membrane was incu-
bated with primary antibodies: Proliferating Cell
Nuclear Antigen (PCNA) (1:1000 dilution) (Gene-
Tex), CXCR4 (1:1000) (GeneTex), HIF-1x (1:200)
(Santa Cruz Biotechnology Inc, Santa Cruz,
CA, USA), P-AKT (1:1000) (Santa Cruz Biotech-
nology), AKT (1:1000) (Santa Cruz Biotech-
nology), E-Cadherin (1:1000) (iREAL, Hsinchu,
Taiwan), N-Cadherin (1:1000) (Invitrogen), MMP-
2 (GeneTex), SNAIL (1:1000) (Santa Cruz Biote-
chnology Inc), and a monoclonal anti-B-actin
antibody (1:10000) (Sigma-Aldrich). Secondary
detection was performed using horseradish
peroxidase-conjugated anti-mouse, anti-rabbit,
or anti-goat IgG antibodies (1:20000) (Jackson
ImmunoResearch Inc., West Grove, PA, USA).
Protein-antibody complexes were visualized us-
ing an enhanced chemiluminescence system
(T-Pro Biotechnology, New Taipei City, Taiwan).
Signal quantification was performed using
Imagel [17].

Cell viability assay

Cell proliferation was evaluated using the WST-
1 Cell Proliferation Assay Kit (Sigma-Aldrich)
following the manufacturer’s instructions, with
absorbance measured at specific times using
the SPECTROstar Nano Microplate Reader. The
kit was employed to determine whether ozone-

Am J Cancer Res 2026;16(6):2534-2547



Ozone promotes tumor migration

promoted or arbutin-inhibited cell proliferation
rates were affected by ozone. Cells were seed-
ed in 96-well plates and exposed to ozone
under different conditions for 3 days. After-
ward, 100 pL of WST-1 reagent (diluted tenfold)
was added, and samples were incubated at
room temperature in the dark for 15 minutes.
The optical density of the cell samples was
then measured and recorded using the micro-
plate reader.

Cell migration and invasion assay

The wound-healing assay was performed using
ibidi 2-well culture inserts. The inserts were ini-
tially placed in 12-well plates. About 70 pL of
cell suspension at 3x10° cells/mL was added
to each well of the inserts. The plates were
incubated overnight. Subsequently, the media
and inserts were removed, and cells were sup-
plied with either serum-free DMEM or fresh
medium for 24 hours. Photomicrographs were
taken at 0 and 24 hours after ozone exposure
using an inverted microscope at 100x magnifi-
cation. The wound gap was measured three
times (upper, middle, and lower) in each well at
both time points. The Transwell assay used
Millicell Hanging Cell Culture Inserts with an
8.0 um pore membrane. For the invasion assay,
the inserts were coated with Matrigel and incu-
bated at 37°C for 30 minutes to 1 hour to solid-
ify. Cells were pretreated with a gossypol solu-
tion in 6-well plates for 24 hours, then trypsi-
nized, resuspended, and diluted in DMEM to
a final concentration of 2x10° cells/mL. The
inserts were placed into 24-well plates and
seeded with 200 uL of cell suspension in the
upper chamber of each insert. Then, 500 pL of
FBS-DMEM (containing either arbutin or DMSO)
was carefully added to the basolateral side of
each well. The plates were incubated for 24
hours. Afterward, the inserts were removed,
rinsed twice with PBS, and immediately fixed
with 4% paraformaldehyde for 5 minutes. DAPI
staining was performed with a 1 yg/mL solu-
tion for 2 minutes in the dark. Finally, the mi-
grated cells were counted under a fluorescence
microscope at 200x magnification [18].

Total ROS assay

The ROS content assay was performed using
the ROS-ID Total ROS Detection Kit (Enzo, Far-
mingdale, NY, USA) to evaluate trends in ROS
levels after ozone exposure. Both cell types
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were seeded into 6-well culture plates at a den-
sity of 2x10° cells per mL and incubated over-
night. The ROS assay stain stock solution was
then diluted and thoroughly mixed with FBS-
free medium to label the cells. Each well was
suspended in 2 mL of FBS-free medium con-
taining 1x stain stock and incubated for 60
minutes at 37°C, then exposed to ozone or air
for 3 hours. After exposure, the treated cells
were trypsinized and analyzed on the Attune
NxT Acoustic Focusing Cytometer in the FITC
channel (488-520 nm). Additionally, the dichlo-
rodihydrofluorescein diacetate (DCFH-DA) as-
say (ChekineTM reactive oxygen species detec-
tion fluorometric assay) was used as a cell-
based method to detect and quantify intracel-
lular ROS, markers of cellular oxidative stress.
This assay produces a fluorescent compound
that emits green light at approximately 530 nm
upon excitation at around 485 nm, and the
green fluorescence was measured using a fluo-
rescence plate reader.

Statistical analysis

The Student’s t-test was used to assess the
statistical significance of data collected from
two-group experiments. SigmaPlot 10 display-
ed all statistical results and graphs. The Wes-
tern blot protein expression graphs were ana-
lyzed using ImageJ, which comes bundled with
Zulu OpenJDK 13.0.6.

Results
Ozone exposure promotes tumor progression

Ozone forms when ionized oxygen atoms re-
combine with un-ionized molecular oxygen. As
a strong oxidant, ozone induces ROS genera-
tion in tissues. To assess the effect of ozone
exposure on ROS production in tumor cells, we
exposed two tumor cell lines (B16F10 and LL2)
to 1 ppm ozone for 3 hours. Flow cytometry
combined with the total ROS assay showed a
significant increase in intracellular ROS levels
in both tumor cell types after ozone exposure
(*P < 0.05) (Figure 1A). We also used DCFDA to
measure ROS levels in cells exposed to ozone
(Figure 1B, 1C) (***P < 0.001). Similar results
were observed across different assays. To de-
termine whether ozone exposure negatively
affects cell viability, we subjected both cell
lines to daily ozone exposure. The WST-1 assay
indicated that ozone at this concentration was
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Figure 1. The effect of ozone exposure on tumor cells was studied by measuring ROS levels in B16F10 melanoma
and LL2 lung carcinoma cells. (A) The ROS content was assessed using the ROS-ID Total ROS Detection Kit. Data
from the 520 nm fluorescence indicates increased ROS levels. The increase in ROS in (B) B16F10 melanoma and
(C) LL2 lung carcinoma cells was observed after three days of treatment with air or ozone, with or without arbutin
(1.56 uM). These measurements were performed using the Chekine™ reactive oxygen species detection fluoromet-
ric assay. (D) Cell proliferation of BL6F10 melanoma and LL2 lung carcinoma was evaluated following three-day
ozone exposure, revealing enhanced proliferation in both cell lines. Results are shown as mean + SD with a sample
size of 6; statistical significance is indicated by *P < 0.05, **P < 0.01, and ***P < 0.001. Western blot images
display the expression of PCNA and HIF-1« proteins in (E) B16F10 (F) LL2 cells exposed to ozone or air at various

time points.

not harmful and actually promoted tumor cell
proliferation compared with the air-exposed
control group (*P < 0.05; **P < 0.01) (Figure
1D). Western blot analysis of PCNA and HIF-1x
expression showed increased protein levels in
ozone-exposed cells (Figure 1E, 1F). PCNA was
measured to assess whether ozone exposure
affects proliferative activity under the same
exposure conditions. Exposure to 1 ppm ozone
for three hours daily can induce subtle chang-
es, but exposure over 3 consecutive days pro-
duces more noticeable and detectable physio-
logical responses. The effects of ozone on cells
were consistent in this exposure system. These
findings suggest that ozone induces ROS pro-
duction and promotes tumor cell proliferation.

Ozone exposure enhances tumor cell migra-
tion

Since ozone promotes tumor cell proliferation,
we next investigated whether it also affects
tumor metastasis. The wound-healing migra-
tion assay showed that both tumor cell lines
exhibited significantly increased migration dis-
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tances after 3 hours of ozone exposure, indi-
cating enhanced cell motility. These findings
were supported by microscopy images (Figure
2A) and corresponding bar charts (Figure 2B)
(***P < 0.001). Removing cells might facilitate
wound healing by promoting cell proliferation.
The Transwell assay was performed to verify
that ozone can stimulate cell migration. The
effect of one-day ozone exposure on cell prolif-
eration was not evident (Figure 1E, 1F). Addi-
tionally, a 24-hour Transwell migration assay
was conducted to confirm these results. The
data showed that the number of migrated cells
was significantly higher in the ozone-treated
groups compared to the air-exposed control
groups. To determine whether the increase in
migration was influenced by CXCR4 signaling,
we added the SDF-1 chemokine to the assay.
The results indicated increased migration with
SDF-1 addition (Figure 2C, 2D). Ozone enhanc-
es cell migration, and this effect is more pro-
nounced when SDF-1 is added (Figure 2E, 2F).
The binding of tumor cells to SDF-1 induces
AKT activation and increases PCNA expression

(Supplementary Figure 2).
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Figure 2. The cell migration ability of BI6F10 and LL2 cells after ozone exposure was examined. Wound-healing
assays were performed with either air or 1 ppm ozone exposure for 3 hours. Gap closure was measured and pho-
tographed (100x magnification) at O and 24 hours after exposure began. The migration distances of (A) B16F10
and LL2 cells were measured at O and 24 hours (x200), and the results are shown in (B). The effects of ozone on
cellular migration in BA6F10 and LL2 cells were evaluated. B16F10 and LL2 cells treated with ozone exposure and
SDF-1 induction were analyzed using in vitro Transwell assays. The number of cells treated with either ozone or
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SDF-1 was measured. (C, E) B16F10 and (D, F) LL2 cells were transferred to 24-well plates for a 3-hour exposure.
Both the air and ozone groups received either control or SDF-1-containing media to assess migration support. The
number of cells treated with ozone exposure and SDF-1 were quantified. The (E) B16F10 and (F) LL2 cell counts
were calculated and visualized using a fluorescence microscope (x200) 24 hours after exposure (n = 6; mean + SD;

*%%P < 0.001). Scale bar = 50 uym (x200).
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Figure 3. The effects of ozone on the HIF-1a/CXCR4
pathway and EMT markers in BA6F10 and LL2 in vi-
tro models. Western blot images showing levels of
HIF-1a, CXCR4, E-cadherin, N-cadherin, MMP-2, and
SNAIL proteins. Inset values represent protein ex-
pression levels normalized to B-Actin.

Ozone enhances HIF-1a/CXCR4 axis expres-
sion and EMT activity

We used CoCl, to stabilize HIF-1a [6] and con-
firmed that CXCR4 expression was indeed in-
creased (Supplementary Figure 3A). Elevated
CXCR4 due to ozone exposure was inhibited by
inhibitors of HIF-1a (SYP-5) [19]. Inhibition of
HIF-1a (SYP-5 as HIF-1a inhibitor) resulted in
decreased downstream CXCR4 levels (Supple-
mentary Figure 3A). Ozone-exposed B16F10
and LL2 cells were treated with SYP-5, followed
by Transwell analysis. SYP-5 treatment signifi-
cantly reduced ozone-enhanced tumor cell mi-
gration, supporting the conclusion that HIF-1a
contributes functionallyto ozone-induced migra-
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tory activity (Supplementary Figure 3B, 3C). The
HIF-1a/CXCR4 axis exists. Furthermore, to in-

vestigate whether ozone-induced ROS affects
the HIF-1a/CXCR4 pathway [7, 8], we conduct-
ed Western blot analysis. Our results showed
that ozone exposure significantly increased
HIF-1a and CXCR4 levels in both B16F10 and
LL2 cell lines (Figure 3), suggesting a possible
role in tumor metastasis. We also examined
EMT markers and found a notable decrease in
E-cadherin expression, indicating reduced epi-
thelial cell polarity and weaker cell adhesion.
While N-cadherin levels increased in both cell
lines, the trend suggested upregulation after
ozone exposure, consistent with its expected
antagonistic relationship with E-cadherin (Fi-
gure 3). The other EMT markers (MMP-2, SNAIL)
were similarly increased by ozone. To confirm
that these effects depended on ROS, we added
1.56 yM arbutin, a known ROS scavenger (Fi-
gure 1B, 1C) [20], to counteract ozone-generat-
ed ROS [20]. Western blot analysis showed that
arbutin treatment significantly decreased HIF-
1« levels in B1I6F10 melanoma cells. Addition-
ally, CXCR4 expression was notably reduced
after arbutin treatment in both air- and ozone-
exposed groups (Figure 4A). Similar effects we-
re observed in LL2 cells, confirming that arbu-
tin suppresses the HIF-1a/CXCR4 axis (Figure
4B). Regarding EMT regulation, arbutin effec-
tively reduced ozone-induced N-cadherin up-
regulation and restored E-cadherin, MMP-2,
and SNAIL levels (Figure 4). To assess ozone’s
impact on tumor migration further, we perfor-
med a migration assay with arbutin treatment.
Results showed a significant reduction in migra-
tion rates for both tumor cell types after arbu-
tin administration. These were visualized using
fluorescence microscopy (Figure 5A, 5B) and
quantified with bar charts (*P < 0.05, **P <
0.01, ***P < 0.001) (Figure 5C, 5D). The inva-
sion assay showed a similar pattern (Figure 5E,
5F); LL2 cells were less likely to breach the
extracellular matrix compared to B16F10 cells
(Figure 5G, 5H) (*P < 0.05, **P < 0.01, ***P <
0.001). These results confirm that arbutin eff-
ectively counteracts ozone-induced tumor cell
migration and invasion.
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Figure 4. The ROS-related effects of in vitro arbutin application on ozone-exposed EMT depolarization and HIF-1a/CXCR4 pathway downregulation in (A) BA16F10

and (B) LL2 cells. Protein expressions of HIF-1a, CXCR4, E-cadherin (E-Cad), N-cadherin (N-Cad), MMP-2, and SNAIL are shown with arbutin-reversal treatment. Inset
values indicate protein levels normalized to B-Actin. Each experiment was repeated three times with similar results.

2541 Am J Cancer Res 2026;16(6):2534-2547



40

10 4

80 -

60

A
5
s
o
o
o
£
£
3
£
£
<<
C 50 -
—
]
£
E
S
o
o
o
0
E
°
E
c
(=}
o
o
£
=
=}
g2
<
G
—_
o
]
£
3
o
o
Q

20 1

30 A

20 1

Air

* | %
*

40 4

Ozone promotes tumor migration

B16F10

|

Air control  Air Arbutin

B16F10

Air

*
*

Ozone

Ozone

Jﬂ

Air

Air Arbutin

Ozone

*
*
*

|

=

Ozone Arbutin

Ozone

:
.

Ozone Arbutin

Control

Arbutin

Control

Arbutin

Cell number

|

Cell number

50 1

40 4

30 1

20 1

10 4

50 4

40 -

30 9

20 4

-
—
N

Air Ozone

*
*
*

Air control Air Arbutin Ozone Ozone Arbutin

LL2
Air Ozone

% k%

]

%k %k k
k 3k %k

Air Air Arbutin Ozone Ozone Arbutin

Figure 5. Transwell assays were used to detect the inhibitory effect of arbutin on tumor cell migration after ozone
treatment. (A, C) B16F10 and (B, D) LL2 cells were treated with arbutin (1.56 uM). BA6F10 and LL2 cells were
placed on the upper layer of Transwell and then treated with arbutin or ozone. The lower layer of Transwell was
stained with DAPI, and (C) B16F10 cells and (D) LL2 cells were counted using a fluorescence microscope 24 hours
after exposure began. Invasion assays were used to detect the inhibitory effect of arbutin on tumor cell invasion
after ozone treatment. (E, G) B16F10 and (F, H) LL2 cells were treated with arbutin (1.56 yM). B16F10 and LL2
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cells were placed on the upper layer of Transwell coated with Matrigel and then treated with arbutin or ozone. The
lower layer of the Transwell was stained with DAPI, and (G) B16F10 cells and (H) LL2 cells were counted under a
fluorescence microscope 24 hours after exposure began (n = 6; mean = SD; *P < 0.05; **P < 0.01; ***P < 0.001).

Scale bar = 50 ym (x200).

Ozone-exposed tumor cells exhibit higher
metastatic potential in vivo

To assess whether ozone exposure promotes
tumor metastasis in vivo, we used a mouse
metastasis model [21]. After tail vein injection
of ozone-pretreated B16F10 and LL2 cells, tu-
mor nodules were significantly visible on the
lung surface in the ozone-treated group (Fi-
gure 6A). Additionally, mice injected with ozone-
treated cells showed notably higher lung wei-
ghts compared to control groups (**P < 0.01)
(Figure 6B). Histological analysis revealed that
tumor nodules were much more prominent in
the lungs of mice injected with ozone-treated
cells compared to controls (Figure 6C). Con-
versely, mice injected with air-treated control
cells had fewer and smaller metastatic colo-
nies (Figure 6D). The increase in metastatic
activity appears partly due to the upregulation
of MMP-2 and SNAIL in the ozone-treated
group, as demonstrated by IHC-stained lung
tissue sections (Figure 6E). IHC staining also
slightly indicated that this rise in metastatic
activity could be partly attributed to the upregu-
lation of MMP-2 and SNAIL, with a slight in-
crease in N-cadherin expression in the ozone-
treated group. Conversely, E-cadherin was sig-
nificantly reduced in this group (Figure 6E).
These results strongly suggest that short-term
0zone exposure enhances tumor cell migration
and metastasis, even after the cells are no lon-
ger exposed to ozone. Tumor-intrinsic mecha-
nism under in vitro conditions, while in vivo
metastasis may also involve host microenviron-
mental influences.

Discussion

Since the Industrial Revolution, air pollution
has been a significant health issue in industri-
alized countries. Every year, about 4.2 million
people worldwide, including 237,000 children,
die from diseases related to air pollution [22].
The rapid growth of society and lifestyle chang-
es have led to higher emissions of nitrogen
oxides (NOx) and volatile organic compounds
(VOCs) from vehicles and industries, resulting
in ozone formation through photochemical re-
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actions [23]. Both indoor and outdoor ozone
concentrations are unknowingly inhaled daily,
causing chronic and acute airway inflammation
such as coughing, asthma, COPD, and even
lung cancer [1]. People with preexisting lung
conditions or lung cancer are especially vulner-
able to ozone’s harmful effects. Inhaling oxygen
naturally generates ROS in the lungs, thereby
increasing oxidative stress. Excess ROS can
promote cancer cell growth, differentiation,
and spread [24]. Our results show that ozone
exposure significantly affects tumor activity. In
this study, we used lung cancer (LL2) and mela-
noma (B16F10) cell lines, both susceptible to
ozone, to explore how environmental air pollu-
tion impacts cancer progression. To examine
the link between ozone exposure and ROS pro-
duction, B16F10 and LL2 cells were exposed to
ozone under controlled conditions and then
tested with total ROS detection kits. The find-
ings confirmed a notable increase in ROS levels
in ozone-treated tumor cells compared with the
control group (Figure 1). However, responses
varied between tumor types and normal cells,
likely due to inherent cellular differences, such
as variations in ROS tolerance or reliance on
alternative signaling pathways. Additionally, in-
creased oxidative stress has been linked to the
activation of the transcription factors HIF-1x
and SNAIL (Figures 3, 4), which regulate the
EMT pathway, even in the absence of hypoxia
[25]. EMT induction enhances cancer cell move-
ment and promotes a more aggressive mesen-
chymal phenotype, ultimately driving tumor pro-
gression and worsening prognosis [26]. Our
experiments, both in living organisms and in
cell cultures, support this phenomenon. Mor-
phological changes were observed during wo-
und healing assays, where ozone-treated gr-
oups displayed greater migration and faster
wound closure (Figure 2). Likewise, Transwell
assays showed a significant increase in cell
migration and invasion, with roughly 20% more
tumor cells moving in the ozone-exposed group
compared to air-treated controls (Figure 2).
Moreover, images from an in vivo metastasis
model revealed more tumor nodules and colo-
nies on the lung surface after injecting ozone-
pretreated tumor cells (Figure 6). These results
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Figure 6. The effects of ozone on the B16F10 and LL2 tumor migration phenomena in vivo. The nodes of the lungs
with visible metastatic growth were taken on day 20 for BA6F10 and day 40 for LL2, respectively, after intravenous
injection. (A) Macroscopic view of lung metastasis (n = 3). The white arrow points to tumor nodules. (B) Mice were
sacrificed, and the lung tumor weights were measured (n = 5; mean £ SD; **P < 0.01). Histological examination of
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pulmonary tumor nodules. Lung metastasis nodules were photographed (C) and further quantified (D) under a light
microscope (x100). (E) Lung tissue excised and immunostained with antibodies against E-cadherin, N-cadherin,
MMP2, and SNAIL (x400). Scale bar = 200 um (x400). Black arrows point to positive signals.

suggest that short-term ozone exposure might
have lasting effects on tumor progression, even
after direct exposure stops.

ROS play a vital role in activating the HIF-1a
pathway and multiple downstream signaling
cascades, including EMT and CXCR4 modula-
tion, both of which contribute to cancer cell
growth and spread [7]. The ozone-induced
increase in the HIF-1a/CXCR4 axis has been
strongly linked to cancer progression in previ-
ous studies [27] and was also observed in our
ozone-exposed cell samples (Figures 3, 4).
SDF-1 (CXCL12) is produced by multiple stro-
mal and tissue-resident cells, including fibro-
blasts, endothelial cells, epithelial cells, bone
marrow stromal cells, and lung-resident stro-
mal cells [9, 27]. In the lung metastatic micro-
environment, host-derived SDF-1 may provide
chemotactic signals for CXCR4-expressing tu-
mor cells. We also clarified that our study exam-
ined ozone-pretreated tumor cells rather than
direct ozone exposure of host tissues; there-
fore, whether ozone exposure alters host SDF-1
production remains an important question for
future studies. To further confirm the involve-
ment of ROS in this pathway, we introduced
arbutin, a well-known ROS scavenger [28]. Not-
ably, arbutin treatment significantly lowered
CXCR4 expression in B16F10 cells, indicating
that ROS is a key mediator of ozone-induced
tumor spread (Figures 1, 6). Furthermore, arbu-
tin administration effectively reduced the met-
astatic potential of ozone-induced tumor cells.

Inflammation plays a vital role in cancer pro-
gression [21]. In addition to its chemical irritant
effects, ozone-induced ROS have been widely
shown to damage lung epithelial cells, leading
to the release of inflammatory mediators and
increased vascular permeability [29]. This sub-
sequently results in lung inflammation, often
accompanied by neutrophil infiltration. Rocks
et al. demonstrated that ozone exposure (2
ppm for 3 hours over 3 days) induces pulmo-
nary neutrophilic inflammation and promotes
the formation of neutrophil extracellular traps
(NETs), which facilitate tumor metastasis to the
lungs [3]. Lung inflammation caused by air pol-
lutants or respiratory viral infections [30] can
influence metastatic processes. Inflammation
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or immune cell infiltration can easily alter the
lung microenvironment, making it more condu-
cive to metastatic tumor cells. However, our
study emphasizes that exposure to air pollut-
ants, such as ozone, can trigger metastatic
properties in tumor cells. Ozone reacts rapidly
with extracellular and membrane-associated
biomolecules, including lipids and proteins,
generating secondary oxidation products such
as lipid ozonation products and peroxides.
These secondary mediators can disrupt redox
homeostasis and promote intracellular ROS
generation. This indicates that pollutant stimu-
lation of organs prone to metastasis and pri-
mary tumors may lead to tumor spread. Not
only can tumor metastasis be driven by inflam-
matory cells, but the cancer itself may also
experience pressure that promotes metasta-
sis.

Our findings, although based on murine mod-
els, have clear implications for human cancers.
The HIF-1a/CXCR4 signaling axis, which we
identified as a key mediator of ozone-induced
migration, has been consistently associated
with poor prognosis and metastatic spread
across various human cancers, including non-
small cell lung carcinoma, melanoma, and
colorectal cancer. Elevated HIF-1« levels have
been observed in human tumor biopsies and
are associated with increased CXCR4 expres-
sion, which enhances chemokine-driven inva-
sion and organ-targeted metastasis [31]. Addi-
tionally, EMT regulators such as SNAIL and
MMPs, which were upregulated in our ozone-
treated mouse cancer models, are well-estab-
lished markers of aggressive cancers in hu-
mans and are associated with therapeutic
resistance [32]. Furthermore, the role of reac-
tive oxygen species in stabilizing HIF-1a has
been documented in human cancer cell lines
and clinical samples, where oxidative stress
promotes tumor progression and metastasis
[33]. Overall, these similarities suggest that the
mechanisms we uncovered are not limited to
experimental models and may also operate in
human cancers. While further validation using
patient-derived xenografts and clinical samples
is necessary, the consistency of our results
with human data emphasizes their potential
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translational significance. It highlights the bro-
ader role of environmental pollutants, such as
ozone, in worsening cancer aggressiveness.
While it is widely accepted that ozone exposure
contributes to lung cancer development, our
data indicate that it also plays a significant role
in the metastatic spread of both lung cancer
and melanoma cells. Meanwhile, ozone also
has a direct antitumor effect in some cancers.
It also has indirect effects, such as immuno-
modulatory, synergistic, or adjuvant effects
with various anticancer drugs and radiation
[34]. From a personalized medicine perspec-
tive, environmental factors such as ozone expo-
sure should be regarded as potential contribu-
tors to cancer progression, and patients shou-
Id be advised accordingly. Despite efforts to
improve air quality, targeted inhibition of pro-
metastatic signaling pathways [33, 35] and
localized inflammation may offer promising the-
rapeutic strategies. Addressing these factors
could improve patient prognosis and decrease
cancer-related mortality.
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Supplementary Figure 3. (A) HIF-1a and CXCR4 expression were detected in B16F10 and LL2 cells by immunoblot
analysis after exposure to CoCl, (200 pM) or SYP-5 (20 pM) for 16 hours. The expression of B-actin served as the
quantitative control. BA6F10 and LL2 cells were placed on the upper layer of Transwell and then treated with ozone
or SYP-5 (20 uM). (B) The lower layer of Transwell was stained with DAPI, and (C) BA6F10 and LL2 cells were counted
using a fluorescence microscope 24 hours after exposure began (n = 6; mean + SD; *P < 0.05). Scale bar = 50 ym
(x200).
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