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Protective effects of astaxanthin on particulate matter
2.5-induced senescence in HaCaT keratinocytes
via maintenance of redox homeostasis
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Abstract. Particulate matter 2.5 (PM, 5) imposes a heavy
burden on the skin and respiratory system of human beings,
causing side effects such as aging, inflammation and cancer.
Astaxanthin (ATX) is a well-known antioxidant widely used
for its anti-inflammatory and anti-aging properties. However,
few studies have investigated the protective effects of ATX
against PM, s-induced senescence in HaCaT cells. In the
present study, the levels of reactive oxygen species (ROS)
and antioxidant enzymes were measured after treatment with
PM, ;. The results revealed that PM, 5 generated excessive
ROS and reduced the translocation of nuclear factor erythroid
2-related factor 2 (NRF2), subsequently reducing the expres-
sion of antioxidant enzymes. However, pretreatment with
ATX reversed the ROS levels as well as the expression of
antioxidant enzymes. In addition, ATX protected cells from
PM, s-induced DNA damage and rescued PM, s-induced cell
cycle arrest. The levels of senescence-associated phenotype
markers, such as interleukin-1f, matrix metalloproteinases,
and p-galactosidase, were increased by exposure to PM, s,
however these effects were reversed by ATX. After interfering
with NRF2 mRNA expression and exposing cells to PM, s, the
levels of ROS and [-galactosidase were higher compared with
siControl RNA cells exposed to PM, ;. However, ATX inhib-
ited ROS and (3-galactosidase levels in both the siControl RNA
and the siNRF2 RNA groups. Thus, ATX protects HaCaT
keratinocytes from PM, s-induced senescence by partially
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inhibiting excessive ROS generation via the NRF2 signaling
pathway.

Introduction

An epidemiological study suggested that residential emissions,
presumed to contain carbonaceous particles as the most toxic
ingredients, globally influence premature mortality (1). In
cities, diesel exhaust is a source of particulate matter (PM)
from traffic, which constitutes a large proportion of urban
dust. Various respiratory conditions, ischemic heart disease
and cancer are potentially associated with long-term exposure
to PM from traffic (2). PM, 5 with an aerodynamic diameter of
<2.5 um generates reactive oxygen species (ROS), increases
the secretion of proinflammatory cytokines, and induces
matrix metalloproteinases (MMPs), leading to senescence in
both keratinocytes and dermal fibroblasts (3-6).

The transcription factor nuclear factor erythroid 2-related
factor 2 (NRF2) plays an important role in maintaining redox
balance by preventing the oxidation of macromolecules such
as DNA, lipids and proteins. It does this by increasing the
levels of cellular antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPX) and heme oxygenase 1 (HO-1) (7). NRF2 can serve as
a protective target, inhibiting PM, s-induced redox imbalance
and inflammation. Recent studies have shown that natural
compounds activate NRF2 signaling to protect cells from
PM, s-induced damage (8,9).

Astaxanthin (ATX), a naturally occurring carotenoid dye
that can be extracted from algae, yeast, shrimp and other organ-
isms, exhibits significant antioxidant activity (10). Therefore,
ATX is considered a potential biological compound for
treating inflammation, aging and cardiovascular diseases (11).
ATX stimulates the NRF2 signaling pathway to enhance
cellular antioxidant and anti-inflammatory capabilities,
which have neuroprotective, anti-tumorigenic, antidiabetic
and hepatoprotective effects (12). Additionally, ATX depletes
ROS, thereby preventing skin photoaging (13). However, only
a limited number of studies have investigated the effects of
ATX on PM, s-induced skin senescence. In the present study,
the response of the antioxidant system and senescence were
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examined in HaCaT cells exposed to PM, s, as well as the
anti-senescence mechanism of ATX.

Materials and methods

Preparation of ATX and PM,s. ATX (cat. no. SML0982;
Sigma-Aldrich; Merck KGaA) was dissolved in dimethyl
sulfoxide (DMSO). PM, 5 (NIST PM; cat. no. SRM 1650b;
Sigma-Aldrich; Merck KGaA) was dispersed in DMSO to
prepare a stock solution (25 mg/ml). The 50 pg/ml of PM, 5
was selected as the optimal concentration based on our
previous research (4).

Cell culture. HaCaT (cat. no. 300493; CLS Cell Lines Service
GmbH) cells were seeded in Dulbecco's modified Eagle's
medium (Thermo Fisher Scientific, Inc.) supplemented
with 10% heat-inactivated fetal calf serum (Thermo Fisher
Scientific, Inc.) and 1% antibiotic-antimycotic solution in 5%
CO, at 37°C.

Cell viability. Cells were cultured in a 24-well plate with
ATX (1,2.5,5,7.5 and 10 uM) and/or PM, s for 48 h at 37°C.
Subsequently, 100 pl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (cat. no. 475989; Sigma-Aldrich; Merck
KGaA) was added to each well to form an insoluble purple
formazan by the action of mitochondrial reductase in live cells
at 37°C for 4 h, which was dissolved in 600 ul DMSO. The
solution was then transferred to a 96-well plate and observed
using a scanning multi-well spectrophotometer at 540 nm.

ROS detection. 2',7'-Dichlorodihydrofluorescein diacetate
(H,DCFDA) (cat. no. D6883; Sigma-Aldrich; Merck KGaA),
a cell-permeant ROS probe, was used to measure intracel-
lular ROS content in HaCaT cells. Cells were cultured with
ATX (1, 2.5, 5 and 7.5 uM) or a ROS scavenger (1 mM
N-acetyl cysteine, NAC) (cat. no. A9165; Sigma-Aldrich;
Merck KGaA) and then exposed to 1 mM H,0, or 50 ug/ml
PM, ;. After staining with H,DCFDA, fluorescence in the
cells was detected individually using fluorescence spectrom-
eter (Promega Corporation) and BD LSR II flow cytometer
with FACSDIVA software version 6.0 (Becton, Dickinson
and Company). Similarly, siControl and siNRF2 cells were
cultured with ATX or NAC and exposed to PM, ;. ROS
levels were measured using a confocal microscope (Olympus
Corporation).

Western blot analysis. Cell lysis was performed using the
PRO-PREP™ protein extraction solution (cat. no. 17081;
Intron Biotechnology, Inc.) or the NE-PER™ nuclear and
cytoplasmic extraction reagents (cat. no. 78833; Thermo Fisher
Scientific, Inc.). The protein concentration was determined
using a BCA assay kit (cat. no. 23225; Thermo Fisher Scientific,
Inc.). Subsequently, 40 ug cell lysates were separated by elec-
trophoresis on a 10 or 12% SDS-polyacrylamide gel and were
transferred onto PVDF membranes. The membranes were
subjected to blocking in 3% bovine serum albumin (Bovogen
Biologicals Pty Ltd.) for 1 h at 20°C with agitation, incubation
with primary antibodies (1:1,000) for 2 h at 20°C, and incu-
bation with HRP-conjugated secondary antibodies (1:5,000;
anti-rabbit, cat. no. ab6721 and anti-mouse, cat. no. ab205719;

Abcam) for 2 h at 20°C. The membranes were then washed
with 1X TBS-0.1% Tween-20 (cat. no. 9997; Cell Signaling
Technology, Inc.). Subsequently, the membranes with the
targeted proteins were exposed to an enhanced chemilumi-
nescence reagent (Cytiva) and the corresponding bands were
visualized using an autoradiography film. The following
primary antibodies were used: NRF2 (cat. no. sc-722), CAT
(cat. no. sc-271803), GPX1/2 (cat. no. sc-133160), cyclin
dependent kinase inhibitor 2A (pl6) (cat. no. sc-1661),
HO-1 (cat. no. sc-390991) and actin (cat. no. sc-8432) were
purchased from Santa Cruz Biotechnology, Inc. Phospho-H2A
histone family member X (H2A.X; cat. no. 2577), H2A.X
(cat. no. 2595), c-Fos (cat. no. 2250), jun proto-oncogene,
activator protein-1 (AP-1) transcription factor subunit (c-Jun;
cat. no. 9165), phospho-c-Jun (cat. no. 91952) were obtained
from Cell Signaling Technology, Inc. Phospho-NRF2
(cat. no. ab76026), interleukin (IL)-1f (cat. no. ab315084),
MMP-2 (cat. no. ab92536), MMP-9 (cat. no. ab76003) and
TATA-binding protein (TBP) (cat. no. ab818) were purchased
from Abcam. Cu/Zn SOD (cat. no. ADI-SOD-100) was
purchased from Enzo Life Sciences, Inc. Protein bands were
analyzed using Imagel] version 1.48V (National Institutes of
Health).

Detection of 8-oxoguanine DNA glycosylase (8-0x0G). The
avidin-tetra-methyl-rhodamine isothiocyanate (TRITC)
conjugate (cat. no. A7169; Sigma-Aldrich; Merck KGaA)
exhibited highly specific binding to oxidized nucleosides
8-0x0G (14). The cells were stained with avidin-TRITC dye
for 30 min at 37°C and observed under a confocal microscope.

Cell cycle analysis. Cells were cultured with ATX or/and
PM, ; treatment in 6-well plates at 37°C for 24 h, after which,
they were fixed with 70% ethanol for 1 h at 4°C, and stained
with propidium iodide (cat. no. P4864; Sigma-Aldrich;
Merck KGaA) and RNase A (1:1,000; cat. no. 12091-021;
Thermo Fisher Scientific, Inc.) at 37°C for 1 h. Cellular DNA
content was detected using FACSCalibur flow cytometer
with CellQuest pro software 4.02 (Becton, Dickinson and
Company) for cell cycle analysis.

B-Galactosidase staining assay. Senescence-associated
B-galactosidase (SA-B-Gal) expressed in senescent cells
was detected using a cellular senescence detection kit
(SPiDER-B-Gal) (cat. no. SGO3; Dojindo Laboratories, Inc.).
Images and histograms were obtained using flow cytometry
and confocal microscopy, respectively.

Transient transfection of small interfering RNA (siRNA).
Lipofectamine® RNAiMax (cat. no. 13778075; Thermo
Fisher Scientific, Inc.) was used to transfect 20 nM siRNA
against NRF2 (siNRF2 RNA) (cat. no. sc-37030; Santa Cruz
Biotechnology, Inc.) or negative control (siControl RNA)
(cat. no. sc-37007; Santa Cruz Biotechnology, Inc.) into
cells. The siRNA sequences were as follows: Control siRNA
sense, 5'-CACAGGGUAAGGAACUCGUCUCUCA-3' and
antisense, 5'-UGAGAGACGAGUUCCUUACCCUGUG-3";
and NRF2 siRNA sense, 5-GCAUGCUACGUGAUGAAG
Att-3' and antisense, 5S-UCUUCAUCACGUAGCAUGCtt-3'.
After incubation for 24 h at 37°C, the transfected cells were



EXPERIMENTAL AND THERAPEUTIC MEDICINE 28: 275, 2024

A B 100
120 9
__100 X 5 80
& i
> 80 > 60
= 60 =)
e g 40
= 40 g
° n 20
S 20 2
0 oo
0 1 25 5 75 10 ATX (uM) 1 25 5 75
ATX (uM) NAC(1mM) — — -  —
H,0, (1 mM)  + + + +
C Control PM, NAC+PM, ¢
300; 300 ' 300 ——
250 250. 250
200 200 200
£ 150, £ 1501 € 150
S 100} S 100 8 100 o 3800
501 50 50 S 3000
03 — v . 0 : >
10° 10° 10° 10° 102 10° 10¢ 10° 10° 10° 10* 10° g 2500
FITC-A FITC-A FITC-A 5 000 M
©
A ATX (uM)+PM, 5 & 1500
>
2 1000
%] [%2]
S 1 25 5 7.5
2| 300 300- 300+ 300+ g 500
5| 250 . 250 250 250 0
% _200 _200° 200/ 200 ATX (uM) 25 75
O 5150 3150° 51507 51501 NAC (1 mM) - -
©100: 0100 ©1001 ©100:
: | i PM, ¢ (50 pg/ml + +
50 50" 501 501 25 (50 ng/mh)
{

RV R AR
10% 10° 10% 10
FITC-A

o
10? 10° 10* 10°
FITC-A

102 10° 10* 10°
FITC-A

ROS levels

(-
102 10° 10* 10°

FITC-A

Figure 1. Inhibitory effect of ATX on H,0,- or PM, s-induced intracellular ROS. (A) Viability of HaCaT cells cultured with 1,2.5,5,7.5 and 10 uM ATX was
detected using the MTT assay. "P<0.05 vs. AT X-untreated cells. (B and C) Cells were cultured with 1,2.5,5 and 7.5 uM ATX, 1 mM NAC, 1 mM H,0,, or
50 pg/ml PM, 5. ROS scavenging effects were measured (B) via fluorescence spectrometer ("P<0.05 vs. H,0,-treated cells) and (C) through flow cytometry
after staining with H,DCFDA ("P<0.05 vs. the PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells). ATX, astaxanthin; PM, s, particulate matter 2.5; ROS,

reactive oxygen species; NAC, N-acetyl cysteine.

processed for ROS detection and B-galactosidase staining
assay.

Statistical analysis. All the values of measurements are
expressed as the mean + standard deviation. The results were
analyzed for pairwise differences using one-way analysis of
variance followed by Tukey's post hoc test. P<0.05 was consid-
ered to indicate a statistically significant difference. Statistical
analysis was performed using SigmaStat v3.5 (Systat Software
Inc.).

Results

ATX scavenges ROS generated from PM, . HaCaT cells
were cultured with ATX (0, 1, 2.5, 5, 7.5 and 10 uM) for 48 h
at 37°C. Cell viability assay results revealed that ATX had no
cytotoxicity at a concentration <7.5 uM (Fig. 1A). The ROS
scavenging effects of ATX were then examined. Cells were
pretreated with ATX (1, 2.5, 5 and 7.5 yuM) or NAC (1 mM).
The production of H,O,-induced intracellular ROS was inhib-
ited significantly by ATX or NAC (Fig. 1B). In addition, ATX
inhibited ROS generation from PM, 5 (Fig. 1C). According to

the results, 7.5 uM ATX was selected as the optimal concen-
tration in further experiments.

ATX recovers the homeostasis of the antioxidant enzymes by
activating NRF2. To maintain cellular homeostasis, NRF2
plays an important role in the regulation of oxidative stress
by activating antioxidant enzymes (SOD, CAT, GPX and
HO-1) to eliminate ROS (7). In the present study, the active
form of NRF2 in nuclear fraction and the expression levels
of antioxidant enzymes were tested. After PM, 5 treatment,
the expression of phospho-NRF2 was the highest in the first
12 h and then decreased gradually (Fig. 2A). Conversely,
it increased gradually in a time-dependent manner up
to 72 h after ATX pretreatment (Fig. 2B). Accordingly,
phospho-NRF2 levels in the nuclear fraction, which were
reduced after PM, 5 exposure for 48 h, increased after
pretreatment with ATX (Fig. 2C). The expression of Cu/Zn
SOD, CAT and GPX1/2 decreased following treatment with
PM, s in a dose-dependent manner; HO-1 expression was
elevated at 12 and 24 h and then decreased significantly
after exposure to PM, 5 (Fig. 2D). However, the reduced
levels of Cu/Zn SOD, CAT, GPX1/2, and HO-1 following
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Figure 2. Recovery effect of ATX on antioxidant-related mediator inhibited by PM, 5. (A and B) The protein levels of phospho-NRF2 and NRF2, after
(A) PM,; or (B) ATX treatment for various time intervals were detected by western blotting. TBP was used a nuclear fraction loading control. "P<0.05 vs.
PM, 5 or ATX-untreated cells at O h. (C) The protein levels of phospho-NRF2 and NRF2 after treatment with ATX and/or PM, 5 were detected by western
blotting. “P<0.05 vs. ATX or PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells. (D) The protein levels of Cu/Zn SOD, CAT, GPX1/2 and HO-1 after PM, 5
treatment at various time intervals were detected by western blotting. Actin was used as a loading control. “P<0.05 vs. PM, s-untreated cells at 0 h. (E) The
protein levels of Cu/Zn SOD, CAT, GPX1/2 and HO-1 after cells were treated with ATX and/or PM, 5 were detected by western blot analysis. ‘P<0.05 vs. ATX
or PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells. ATX, astaxanthin; PM, s, particulate matter 2.5; TBP, TATA-binding protein; NRF2, nuclear factor
erythroid 2-related factor 2; SOD, superoxide dismutase; CAT, catalase; GPX1/2, glutathione peroxidase 1/2; HO-1, heme oxygenase 1.

PM, ; exposure were increased after pretreatment with ATX  intracellular redox homeostasis by activating NRF2 and its
(Fig. 2E). Therefore, it was revealed that ATX restored related enzymes, which were decreased by PM, s.
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Figure 3. Protective effect of ATX on PM, s-induced DNA damage and cell cycle arrest. (A) The intracellular levels of 8-0x0oG were measured by confocal
microscopy after staining of avidin-TRITC. (B) Phospho-H2A.X and total H2A X levels after PM, 5 treatment at various time intervals were detected by
western blotting. "P<0.05 vs. PM, s-untreated cells at 0 h. (C) Phospho-H2A.X and total H2A X levels after treatment with ATX and/or PM, 5 were detected by
western blotting. “P<0.05 vs. ATX or PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells. (D) Cell cycle was detected by flow cytometry after staining with
propidium iodide. "P<0.05 vs. ATX or PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells. (E) Cell viability was measured by MTT assay. "P<0.05 vs. ATX
or PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells. ATX, astaxanthin; PM, s, particulate matter 2.5; 8-0x0G, 8-oxoguanine DNA glycosylase; H2A X,

H2A histone family member X.

ATX protects cells from PM, s-induced DNA damage. showed protective effects from PM, s-induced nucleoside
8-0x0G and phospho-H2A.X are two specific markers of  oxidization and phospho-H2A.X expression (Fig. 3A-C). Cell
DNA damage and present in high levels in the PM, 5 treatment  cycle checkpoints monitor DNA damage and the response to
group of keratinocytes (14). According to the results, ATX cell cycle by DNA damage is executed by a cell cycle control
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Figure 4. Inhibitory effects of ATX on PM, s-induced transcription factor, AP-1, pro-inflammatory cytokines and MMPs. (A and B) Western blot assay was
performed for the detection of (A) protein levels of phospho-c-Jun, c-Jun, c-Fos, and (B) protein levels of IL-13, MMP-2 and MMP-9. "P<0.05 vs. ATX or
PM, s-untreated cells; "P<0.05 vs. PM, s-treated cells. MMPs, matrix metalloproteinases; c-Jun, jun proto-oncogene, AP-1 transcription factor subunit; c-Fos,

fos proto-oncogene, AP-1 transcription factor subunit.

mechanism (15). PM, 5 perturbed the cell cycle, causing G,/G,
arrest, which was reversed by ATX treatment (Fig. 3D). ATX
also improved cell viability, which had been reduced by
exposure to PM, 5 (Fig. 3E). Therefore, ATX exhibited DNA
protective effects, inhibited cell cycle arrest, and promoted
cell viability in PM, s-treated cells.

ATX inhibits the secretion of PM, s-induced cytokine and
MMPs. Cellular senescence is caused by damaging stimuli
that contribute to an irreversible state of cell cycle arrest, in
which cytokines and MMPs are secreted (16). In addition,
AP-1, which comprises the transcription factors c-Fos and
c-Jun, is highly regulated by UV light during photoaging and
closely related to the expression of ILs and MMPs (17). In the
present study, the protein levels of phospho-c-Jun and c-Fos
were increased significantly by PM, 5, whereas they were
decreased by pretreatment with ATX (Fig. 4A). Cytokines,
such as IL-1p, MMP-2 and MMP-9, were expressed at higher
levels in PM, s-treated group than in the control group;
however, they were inhibited by treatment with ATX (Fig. 4B).
Therefore, ATX protected keratinocytes from PM, s-induced
senescence-associated cytokines and MMPs.

ATX protects cells from PM, s-induced senescence-associated
secretory phenotype (SASP). pl6 and SA-f-Gal are the key
markers of SASP, which indicates the state of skin aging (18).

Therefore, in the present study, pl6 protein expression in
keratinocytes was examined over time among the four groups.
The pl16 level increased up to 48 h by PM, 5 (Fig. 5A) and was
decreased upon pretreatment with ATX (Fig. 5B). Moreover,
ATX inhibited cellular SA-B-Gal, which was observed by
flow cytometry (Fig. 5C) and confocal microscopy (Fig. 5D).
Therefore, ATX protected keratinocytes from PM, s-induced
senescence.

ATX attenuates PM, s-induced senescence by inhibiting ROS
via the NRF2. To confirm the role of NRF2 in PM, s-induced
senescence, a SiIRNA was used to interfere with NRF2 mRNA
expression. After exposure to PM, 5, the ROS levels were
significantly higher in cells transfected with siNRF2 RNA
than in those transfected with siControl RNA, which was
inhibited by treatment with ATX and NAC (Fig. 6A). After
exposure to PM, s, cells transfected with siNRF2 RNA showed
higher SA-B-Gal fluorescence than siControl RNA cells, a
phenomenon that was decreased significantly by ATX treat-
ment (Fig. 6B). Therefore, ROS amelioration of ATX relieved
senescence induced by PM, s through the NRF2 pathway.

Discussion

PM, ; is currently a major concern, and research is underway
to understand its effects on the human body. The human
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Figure 5. Inhibitory effect of ATX on PM, s-induced senescence. (A) pl6 levels after PM, 5 treatment at various time intervals were detected by western blot
analysis. (B) p16 levels after cells were treated with ATX and/or PM, 5 were detected by western blotting. (C and D) Cells were stained using SPiDER-3-Gal
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indicating elevated SA-B-gal activity. “P<0.05 vs. ATX or PM, s-untreated cells; “P<0.05 vs. PM, s-treated cells. ATX, astaxanthin; PM, s, particulate matter
2.5; p16, cyclin dependent kinase inhibitor 2A; SA-f-gal, senescence-associated beta-galactosidase,

skin acts as the first barrier against environmental stress, inducing oxidative stress (3-5). This leads to the destruction of
however PM, 5 can penetrate this barrier and cause skin cellular macromolecules and organelles, as well as apoptotic
problems. Previous studies by the authors have demonstrated  cell death (4). It was also revealed that PM, 5 activates the
that PM, 5 could penetrate skin cells and damage the skin by  inflammatory pathway toll-like receptor 5-NADPH oxidase
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4-NF«B-IL-6 in both wild-type mice and flaky tail mice. This
suggested that PM, s-induced inflammation may contribute
to the development and exacerbation of atopic dermatitis (3).
Furthermore, it was revealed that PM, s induced skin senes-
cence by the aryl hydrocarbon receptor-ROS-p16 pathway via
epigenetic modification (19). These findings suggested that
ROS are key factors in the induction of inflammation and
aging by PM, s, and a solution in natural products was sought.
Previously, various studies have revealed that various natural
compounds from marine algae can decrease excessive ROS
levels in skin cells (20,21). In addition, agar oligosaccharide,
a marine prebiotic, has anti-aging effects via the activation
of antioxidant enzymes, such as Cu/Zn SOD and CAT, in
Drosophila melanogaster (22). Moreover, oligosaccharides
from green algae have anti-aging effects by increasing CAT
and GSH levels and decreasing lipid oxidation levels in
mice (23).

ATX, a potent antioxidant, has been demonstrated to miti-
gate the physiological adverse effects of oxidative stress during

the senescence process and extend lifespan both in vitro and
in vivo (24). Furthermore, ATX has been revealed to alleviate
oxidative stress and immune impairment in rats with galac-
tose-induced aging by activating the NRF2/KEAP1 pathway
and suppressing the NFkB pathway (25). In the present study,
it was aimed to investigate the beneficial effects of ATX
isolated from algae, on PM, s-induced DNA damage, cell cycle
arrest and senescence in HaCaT cells. As demonstrated in
Fig. 1C, ATX pretreatment inhibited PM, s-induced cellular
ROS generation. The data of the present study also revealed
that ATX increased the activation of NRF2 and the expres-
sion of antioxidant-related proteins that are downregulated by
PM, 5 (Fig. 2). These results indicated that ATX suppressed
PM, s-induced ROS generation through the activation of the
NRF2-antioxidant enzyme pathways.

PM, s-induced oxidative stress causes DNA damage,
which leads to cell cycle arrest in skin cells (26). The data
of the present study revealed that ATX decreased base modi-
fication or breakage of DNA damage in PM, s-treated cells
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(Fig. 3A-C). Oxidative stress-induced DNA damage is one
way to induce senescence and can maintain G, confinement,
accelerating aging under stress (27). The results of the present
study demonstrated that PM, s stimulated G, arrest. However,
treatment with ATX reversed the effects (Fig. 3D). A previous
study revealed that PM, 5 induces MMPs via the AP-1
signaling pathway through ROS generation (26). In addition,
ROS increase the secretion of pro-inflammatory cytokines to
high levels in most senescent cells (28). In the present study, it
was demonstrated that PM, 5 activated the transcription factor
of inflammatory cytokines, AP-1 (Fig. 4A), followed by the
secretion of pro-inflammatory cytokines and MMPs (Fig. 4B).
However, ATX inhibited the AP-1, cytokine and MMP secre-
tion induced by PM, ;. DNA damage has been considered an
activator of SASP associated with cell cycle arrest (15). IL-18
and IL-6 are the most important SASP factors and have been
detected at high levels in senescent cells (28). Furthermore, the
expression of a senescence marker, pl6, and [3-galactosidase
activity were stimulated by PM, s5; however, these decreased
upon pretreatment with ATX (Fig. 5).

Several studies have reported that NRF2, a regulator
of antioxidant enzymes, plays a role in anti-aging mecha-
nisms (29-31). The active form of vitamin D, 1,25(0OH),D;,
also plays a role in delaying aging. It does this by upregu-
lating NRF2, inhibiting oxidative stress and DNA damage,
inactivating the p53-p21 and p16-Rb signaling pathways, and
inhibiting cellular senescence and SASP (29). Furthermore,
ATX is reported to have anti-inflammatory properties and
exerts its protective effects by stimulating the NRF2 signaling
pathway (14). The results of the present study revealed that
NRF2 knockdown increased the B-galactosidase activity
induced by PM, 5; however ATX decreased the f-galactosidase
activity (Fig. 6), suggesting that ATX inhibited PM, s-induced
senescent cells through NRF2.

In conclusion, the induction of the antioxidant system
through NRF2 upregulation by ATX resulted in inhibiting the
generation of ROS by PM, ; and the DNA damage response,
thereby preventing cell cycle arrest. Additionally, ATX
inhibited the AP-1 signaling pathway, thereby reversing the
secretion of pro-inflammatory cytokines and MMPs, ulti-
mately inhibiting PM, s-induced senescence. Notably, ATX
exhibited an anti-PM, s-induced senescence effect and could
be utilized as a preventive agent against air pollution-triggered
skin aging.
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