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Abstract

Background: Araliadiol, a triterpenoid compound isolated from Centella asiatica, exhibits diverse biological activities, including anti-
cancer, neuroprotective, and hair growth-promoting properties. However, its protective effects against skin damage caused by environ-
mental pollutants, such as urban particulate matter (UPM), remain unexplored. Given the critical role of oxidative stress in UPM-induced
cellular damage, we investigated the potential of araliadiol as a dermoprotective agent and explored its underlying molecular mechanisms.
Methods: The stability of araliadiol was evaluated at various temperature conditions and solvent conditions using high-performance lig-
uid chromatography (HPLC). To explore the biological functions and signaling pathways affected by araliadiol, bioinformatic analyses
including Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and Monarch phenotype
analysis were performed. Cellular responses to araliadiol were assessed in HaCaT and HEK293T cells by measuring reactive oxygen
species (ROS) levels and transcription of antioxidant genes. Activation of nuclear factor erythroid 2-related factor 2 (Nrf2) and acti-
vator protein-1 (AP-1) signaling pathway was further examined using quantitative polymerase chain reaction (PCR), luciferase assay,
western blotting, and immunofluorescence staining. The interaction between araliadiol and mitogen-activated protein kinase kinase 7
(MKK?7) was investigated through molecular docking and cellular thermal shift assay (CETSA). DNA damage and apoptosis were ex-
amined using the comet assay, v-H2AX staining, Annexin V/PI flow cytometry, and protein expression analysis. Results: Araliadiol
significantly reduced intracellular levels of ROS by upregulating key antioxidant genes, including HO-1, NOO1, TXNRD1, GCLC, and
GCLM. Mechanistically, araliadiol promoted the expression and nuclear translocation of Nrf2, a master transcription factor involved in
antioxidant defense. In parallel, araliadiol selectively activates the c-Jun N-terminal kinase (JNK)-AP-1 signaling cascade by directly
binding to and activating MKK?7, an upstream kinase involved in oxidative stress responses. Given the close association between oxida-
tive stress, DNA damage, and apoptosis, we further investigated the protective capacity of araliadiol in this context. Araliadiol markedly
attenuated UPM-induced DNA damage and apoptosis, as evidenced by reduced comet tail formation, decreased v-H2AX levels, a lower
proportion of Annexin V-positive cells, and modulation of apoptosis-related proteins. Meanwhile, although UPM exposure induced
the expression of specific antioxidant-associated genes (TXNRD and GCLC), HO-1 protein expression, and AP-1 signaling, it failed to
activate Nrf2 transcriptional activity. Instead, UPM exposure resulted in elevated intracellular ROS accumulation and increased DNA
damage. Conclusion: Our findings suggest that UPM exposure alone elicited limited stress-adaptive antioxidant responses without effec-
tive cytoprotection. In contrast, araliadiol treatment independently activated robust antioxidant and cytoprotective signaling. Moreover,
under UPM exposure, araliadiol further enhanced cellular defense through the activation of the Nrf2 and INK—AP-1 signaling pathways.
These results highlight the therapeutic potential of araliadiol as a dermoprotective agent derived from Centella asiatica, particularly in
mitigating pollutant-induced skin damage.
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1. Introduction posure has been shown to upregulate inflammatory media-
tors and stimulate T helper 17 (TH17) cell differentiation as

Urban particulate matter (UPM) is widely recognized  well as interleukin-7 (IL-7) signaling pathways via activa-

as a major environmental factor affecting skin health. Both tion of the aryl hydrocarbon receptor (AhR) [3,4]. In ker-
animal and human studies have demonstrated that exposure atinocytes, PM induces cell death by modulating the expres-

to particulate matter (PM) disrupts the skin barrier and el-  sjon and activity of proteins that regulate apoptosis. Collec-
evates oxidative stress through the activation of mitogen- tively, these complex molecular mechanisms link UPM ex-
activated protein kinase (MAPK) signaling pathways, lead-  posure to the exacerbation of inflammatory skin disorders

ing to increased DNA damage [1,2]. Furthermore, PM ex-
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including allergic dermatitis, atopic dermatitis, and psoria-
sis, as well as to accelerated skin aging [5].

In response to the harmful effects of UPM on the
skin, there is increasing interest in therapeutic approaches
utilizing natural compounds with antioxidant and anti-
inflammatory properties. For instance, the citrus flavonoid
hesperidin has been reported to inhibit PM-induced cell
death by suppressing oxidative stress and autophagy [6].
It also confers protection against mitochondrial damage,
cell cycle arrest, and cellular senescence [7]. Similarly,
flavonoids such as catechin, known for their potent antiox-
idant and anti-inflammatory activities, have demonstrated
protective effects against skin damage caused by fine dust
particles (FDP). In human dermal fibroblasts (HDFs), cate-
chin not only scavenges reactive oxygen species (ROS) but
also maintains collagen synthesis and inhibits matrix met-
alloproteinase (MMP) secretion through the regulation of
NF-«B, activator protein-1 (AP-1), and MAPK signaling
pathways, thereby mitigating FDP-induced skin aging [8].
Collectively, these findings suggest that various plant ex-
tracts and natural compounds hold promising potential as
therapeutic agents to alleviate PM-induced skin damage by
targeting oxidative stress and inflammatory pathways [9].

Interestingly, signaling pathways activated by UPM
exposure appear to exert context-dependent effects in skin
cells. Excessive ROS generation induced by UPM primar-
ily activates pro-oxidant and pro-inflammatory signaling
cascades, including MAPK-driven AP-1 activation, which
is widely associated with the transcriptional induction of
MMPs and pro-inflammatory cytokines [5]. In contrast,
under certain adaptive conditions, AP-1-MAPK signaling
has also been reported to participate in antioxidant defense
responses, particularly through interactions with the nu-
clear factor erythroid 2-related factor 2 (Nrf2)/antioxidant
response element (ARE) pathway, leading to the induction
of cytoprotective genes [10]. Importantly, AP-1 is a highly
context-dependent transcription factor, and its functional
outcomes are influenced by factors such as subunit com-
position, upstream signaling strength, and cellular redox
status. Accordingly, while AP-1 activation is classically
linked to pro-aging and pro-inflammatory processes, it may
also contribute to stress-adaptive responses under specific
conditions [11].

Centella asiatica (L.) Urb., an edible and medici-
nal herb long recognized for its wound-healing and anti-
inflammatory properties, has gained renewed attention
through a growing interest in plant-derived bioactive com-
pounds for therapeutic use. This herb is rich in phytochem-
icals, including saponins, flavonoids, and triterpenoids,
which contribute to its diverse pharmacological effects
[12]. Among these bioactive constituents, araliadiol, a pen-
tacyclic triterpenoid, has emerged as a promising molecule
owing to its notable antioxidant and anti-inflammatory ac-
tivities [13]. However, despite increasing evidence uncov-
ering the deleterious effects of UPM on skin health and the

protective potential of various natural compounds, the im-
pact of araliadiol in UPM-induced skin damage remains in-
sufficiently understood.

In our study, bioinformatics analysis revealed that ar-
aliadiol treatment is significantly associated with antioxi-
dant signaling pathways, MAPK signaling pathways, and
skin-related phenotypes. Based on these findings, we fo-
cused our attention on the MAPK and antioxidant signaling
pathways. Among antioxidant signaling mechanisms, the
Nrf2 pathway is the most well-characterized. Under ox-
idative stress conditions, cells activate Nrf2-centered an-
tioxidant signaling to enhance the transcriptional regula-
tion of antioxidant-related genes, such as HO-1, NQOI,
GCLC, and GCLM [14,15], thereby facilitating reactive
oxygen species ROS clearance and restoration of cellu-
lar homeostasis. Notably, previous in vitro studies have
demonstrated a functional relationship between MAPK and
Nrf2 pathways. For instance, in astrocytes, specific inhi-
bition of MAPK pathways revealed that c-Jun N-terminal
kinase (JNK) mediates HO-1 upregulation via Nrf2/ARE
[16]. Another study reported that 5-aminolevulinic acid
protects murine proximal tubular epithelial cells from cy-
closporin A-induced apoptosis by activating the Nrf2 an-
tioxidant pathway through MAPK signaling [17]. Impor-
tantly, AP-1 components downstream of MAPK signaling
can exert context-dependent roles while AP-1 activation is
classically associated with pro-aging and pro-inflammatory
outcomes such as MMP induction, emerging evidence sug-
gests that AP-1 may also cooperate with antioxidant signal-
ing under specific stress conditions, thereby contributing to
adaptive cellular defense [18]. Therefore, we prioritized in-
vestigating the MAPK-Nrf2 axis to evaluate the protective
efficacy of araliadiol under UPM-stimulated conditions.

Our study aims to explore the therapeutic potential of
araliadiol against oxidative stress-related skin damage in-
duced by UPM. Using human keratinocyte HaCaT cells ex-
posed to UPM, we systematically investigated the protec-
tive effects of araliadiol. Specifically, we evaluated its im-
pact on ROS generation, DNA damage, apoptosis markers,
and the modulation of key signaling pathways, including
Nrf2 and MAPK. To our knowledge, this is the first com-
prehensive study to assess araliadiol’s ability to mitigate
UPM-induced cellular damage through regulation of oxida-
tive stress, DNA repair, apoptosis, and associated signaling
cascades, thus providing new insights into its potential as a
skin-protective agent.

2. Materials and Methods
2.1 Preparation of Centella asiatica

The Centella asiatica used in this study was obtained
from a registered cultivar, BT-care, cultivated under con-
trolled conditions at the smart farming facilities of ASK
Base on Jeju Island, Korea. To preserve its bioactive con-
stituents, freshly harvested Centella asiatica was frozen im-
mediately at —80 °C using a rapid freezer (DF8530; Ilshin
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Biobase, Seoul, Korea). The frozen plant material was then
subjected to freeze-drying with a lyophilizer (FDS 8518;
IIshin Biobase, Seoul, Korea) to remove moisture while
maintaining its structural integrity and biochemical prop-
erties [19]. The dried samples were then stored under re-
frigeration until further analysis.

2.2 High-Performance Liquid Chromatography (HPLC)
Analysis

HPLC was used to assess the stability and detection
of araliadiol under five different storage conditions: 45 °C,
RT, 4 °C, 20 °C, and —80 °C. Analyses were conducted
in both the presence and absence of methanol as a solvent.
For sample preparation, araliadiol was either dissolved in
methanol or analyzed in a solvent-free state, depending on
the experimental design. Each sample was filtered through
a 0.45-um syringe filter to eliminate particulates, and a 10
pL volume was injected into the HPLC system.

Separation was performed using a TSKgel ODS-100V
column (4.6 mm x 250 mm, TOSOH, Japan) maintained
at 25 °C. A gradient elution system comprising methanol
and water was used to achieve optimal separation. The mo-
bile phase was delivered at a flow rate of 1.0 mL/min, and
elution was monitored at 268 nm using a UV-visible de-
tector (L-2400; Hitachi High Technologies, Tokyo, Japan).
The retention time of araliadiol was determined by compar-
ing the chromatogram profiles against a standard reference
compound. A stability assessment was conducted by ana-
lyzing chromatographic peaks under different storage con-
ditions (45 °C, RT, 4 °C, -20 °C, and —80 °C). Additionally,
the influence of methanol as a solvent was assessed by com-
paring chromatographic results with and without methanol
[19].

2.3 Bioinformatics Analysis

The SMILES representation of araliadiol was col-
lected from PubChem (https://pubchem.ncbi.nlm.nih.gov/)
and analyzed using Swiss Target Prediction
(http://www.swisstargetprediction.ch/result.php?job=
1721683916&organism=Homo sapiens) to identify po-
tential target genes. To identify antioxidant-related genes
associated with araliadiol, the predicted targets were
compared with a list of known antioxidant-related genes
obtained from Gene Cards (https://www.genecards.org/),
and a Venn diagram was generated to visualize the over-
lapping gene sets. Additionally, Gene Ontology (GO)
enrichment analysis [20], Kyoto Encyclopedia of Genes
and Genomes (KEGQG) pathway analysis, and Monarch
phenotype were conducted using R programming to
gain insights into the biological processes and signaling
pathways associated with predicted targets of araliadiol
[21].
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2.4 Cell Lines and Experimental Conditions

To assess the effects of araliadiol on oxidative stress,
DNA damage, and apoptosis, we established in vitro mod-
els using HaCaT and HEK293T cells. HaCaT cells were
selected for their relevance in skin biology, particularly for
studying oxidative-stress related skin damage, as UPM in-
duces ROS predominantly in these cells. HaCaT cells pro-
vide a suitable model for evaluating the antioxidant and
DNA repair properties of bioactive compounds under ox-
idative stress conditions. HEK293T cells, which have high
transfection efficiency, were used to perform a luciferase
reporter assay to analyze the regulatory effects of araliadiol
on gene expression and related signaling pathways.

HEK293T cells were obtained from the Korean Cell
Line Bank (Seoul, Korea), and HaCaT cells were purchased
from Cytion (Eppelheim, Germany). Cell line identity was
confirmed based on supplier authentication and by refer-
ence to the International Cell Line Authentication Commit-
tee (ICLAC) database and the ExPASy Cellosaurus, which
list no known misidentification or cross-contamination for
these cell lines. Both suppliers provide short tandem repeat
(STR) profiling data as part of their cell line authentication
and quality control procedures. The authenticated cell lines
were used directly in this study. All cell lines were rou-
tinely tested for mycoplasma contamination and confirmed
to be negative.

Both HaCaT and HEK293T cell lines were cultured
in Dulbecco’s modified Eagle medium (DMEM; Gibco,
Thermo Fisher Scientific, Grand Island, NY, USA) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS; Gibco, Waltham, MA, USA) and 1% (v/v) penicillin-
streptomycin antibiotic solution (Gibco) to maintain steril-
ity and prevent bacterial contamination. To optimize cellu-
lar viability and experimental reproducibility, all cultures
were inoculated under controlled conditions at 37 °C in
a humidified atmosphere with 5% COs, ensuring a my-
coplasma and parasite-free environment.

2.5 Preparation and Treatment of UPM

UPM (SRM 1648a; NIST, Gaithersburg, MD, USA),
consisting predominantly of particles within the 1.35 to 30.1
pum size range and a median diameter of 5.85 um, was used
in this study. UPM powder was suspended in PBS at a stock
concentration of 100 mg/mL and sonicated for 20 minutes
to ensure uniform dispersion. Immediately before use, the
stock solution was diluted to a final working concentration
of 100 pg/mL and applied to cultured cells, with the vol-
ume of culture medium per well specified in the correspond-
ing experimental sections. This concentration was selected
based on previous in vitro studies demonstrating reliable
induction of oxidative stress responses in skin-related cell
models [22].
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2.6 MTT Assay for Cell Cytotoxicity

Cell viability was evaluated using the MTT assay.
HaCaT cells (5 x 10* cells/well) and HEK293T (1 x
10° cells/well) were seeded in 96-well plates (100 pL of
medium per well) and allowed to adhere overnight. Cells
were then treated with araliadiol at concentrations of either
0.625,1.25,2.5,5, 10, 20, and 40 puM or 0.625, 1.25,2.5, 5,
and 10 pM, with dimethyl sulfoxide (DMSO) serving as the
vehicle control. Absorbance was measured at 570 nm us-
ing a microplate reader (Spectramax 250; Marshall Scien-
tific, Hampton, NH, USA) to determine cell viability. Each
sample was tested in quadruplicate, and the results were ex-
pressed as a percentage of the control. Data were reported
as the mean =+ standard deviation (SD) [23].

2.7 Quantification of Intracellular ROS Levels

Intracellular ROS levels were assessed using the flu-
orescent probe H2DCFDA (D6883; Sigma-Aldrich, St.
Louis, MO, USA). HaCaT cells were seeded in six-well
plates at a density of 3 x 10° cells per well (2 mL of medium
per well) and incubated overnight to facilitate cell adhe-
sion. Cells were pretreated with araliadiol (1.25, 2.5, and 5
uM) or ascorbic acid (5 and 50 pM) for 30 minutes prior to
UPM (100 pg/mL) exposure. After an additional 24-hour
incubation, ROS accumulation was quantified using flow
cytometry [24]. The fluorescence intensity was recorded
to evaluate oxidative stress levels in response to araliadiol
treatment.

Table 1. The QRT-PCR primer sequences used in this study.

Gene Name  Sequence (5’-3)
NQOI Forward: TCACCGAGAGCCTAGTTCC
Reverse: CTGAGTGAGCCAGTACGATCA
Forward: TCGCAAACCATCCTGACTACA
oeLe Reverse: TCCAAGTAACTCTGGGCATTC
SODI Forward: CCTCTATCCAGAAAACACGG
Reverse: CAATGATGCAATGGTCTCCT
HO-1 Forward: CCAGGCAGAGAATGGTCCTG
Reverse: GGCGAAGACTGGGCTCTC
TXNRD Forward: GCAAGAAGGTGATGGTCCTG
Reverse: CTTGCAGGGCTTGTCCTAAC
GCLM Forward: GGGGAACCTGCTGAACTCT
Reverse: TCTGGGTTGATTTGGGAACT
Forward: GACAGTCAGCCGCATCTTCT
GAPDH

Reverse: GCGCCCAATACGACCAAATC

2.8 RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from HaCaT cells using
TRIzol reagent according to the manufacturer’s instruc-
tions. HaCaT cells were seeded into six-well plates (2 mL
of medium per well) at a density of 3 x 10° cells/mL and in-
cubated for 18 hours in a humidified incubator. To evaluate

gene expression changes under different treatment condi-
tions, the following dose and time settings were applied.
For experiment using araliadiol alone, cells were treated
with araliadiol (2.5 or 5 uM) for 24 hours. For experiment
assessing responses under UPM exposure, cells were pre-
treated with araliadiol (2.5 or 5 uM) for 30 minutes, fol-
lowed by exposure to UPM (100 pg/mL) for 24 hours. For
experiments involving combined treatment with ML385,
araliadiol, and UPM, cells were pretreated with ML385 (10
uM) for 30 minutes, subsequently treated with araliadiol
(5 uM) for 30 minutes, and then exposed to UPM (100
pg/mL) for 24 hours. Following treatment, RNA was iso-
lated, and complementary DNA (cDNA) was synthesized
using a commercial cDNA synthesis kit (K1621; Sigma-
Aldrich, St. Louis, MO, USA). qRT-PCR was then per-
formed using the gPCRBIO SyGreen mix (PCR Biosys-
tems, London, UK) according to the manufacturer’s instruc-
tions to quantify gene expression levels. Primer sequences
used for qRT-PCR analysis are listed in Table 1.

2.9 Luciferase Reporter Assay

To evaluate the transcriptional activity of antioxidant-
related pathways, a luciferase reporter assay was conducted
using HEK293T cells. HEK293T cells were seeded at a
density of 2.5 x 10° cells per well in 24-well plates (500
pL of medium per well) and incubated overnight. Cells
were then transfected with a firefly luciferase reporter con-
struct driven by antioxidant response element (ARE) or AP-
1 binding sequence. After transfection, the following treat-
ment conditions were applied:

(1) Araliadiol-only treatment:

Cells were treated with araliadiol (2.5 or 5 uM) for 24

(2) Araliadiol + UPM treatment:

Cells were pretreated with araliadiol (2.5 or 5 uM) for
30 min, followed by exposure to UPM (100 pg/mL) for 24
h.

(3) SP600125 + araliadiol + UPM treatment:

Cells were pretreated with SP 600125 (10 uM) for 30
min, then treated with araliadiol (5 uM) for 30 min, and
subsequently exposed to UPM (100 pg/mL) for 24 h.

After treatment, luciferase activity was measured us-
ing a luciferase reporter assay system [25]. The relative lu-
ciferase activity was calculated to determine the regulatory
effects of araliadiol on Nrf2 and AP-1-mediated transcrip-
tion.

2.10 Preparation of Total Cell Lysates and
Immunoblotting Analysis

To analyze protein expression, HaCaT cells were cul-
tured in six-well plates (2 mL of medium per well) at a
density of 3 x 10° cells/well and allowed to adhere. Cells
were treated with araliadiol alone (1.25, 2.5, or 5 uM) for 24
hours or pretreated with araliadiol (1.25, 2.5, and 5 uM) for
30 minutes prior to exposure to UPM (100 pg/mL). After a
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24-hour incubation period, cells were washed with ice-cold
PBS and harvested for protein extraction. Total cell lysates
were prepared using a lysis buffer containing 50 mM Tris-
HCI (pH 7.5), 120 mM NacCl, 25 mM S-glycerol phosphate
(pH 7.5), 20 mM NaF, 2% NP-40, 2 ug/mL leupeptin, 2
pg/mL pepstatin A, 1 mM benzamide, 2 pg/mL aprotinin,
1.6 mM pervanadate, 100 uM phenylmethylsulfonyl fluo-
ride, and 100 puM Na3VOy. Lysates were incubated on ice
for 15 minutes and subsequently centrifuged to remove in-
soluble debris. Equal amounts of total protein were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvinyli-
dene fluoride (PVDF) membranes. Primary antibodies spe-
cific for Nrf2 (sc-365949), HO-1 (sc-390991), and $-actin
(sc-47778) were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Dallas, TX, USA). Antibodies against p-p44/42
MAPK (CST 9101), p44/42 MAPK (CST 4696), p-p38
MAPK (CST 4631), p38 MAPK (CST 9212), p-SAPK/INK
(CST 9255), INK2 (CST 4672), p-c-Jun (CST 9164), c-Jun
(CST 9165), p-c-Fos (CST 5348), c-Fos (CST 2250), Myc
(CST 2276), p-SEK1/MKK4 (CST 9151), SEK1/MKK4
(CST 9152), p-MKK7 (CST 4171), MKK?7 (CST 4172),
phospho-Histone H2AX (CST 2577), cleaved caspase-3
(CST 9661), caspase-3 (CST 9662), Bax (CST 2772), and
Bcl-2 (CST 15071) were obtained from Cell Signaling
Technology (Danvers, MA, USA). All primary antibodies
were diluted at 1:2500 in Tris-buffered saline containing
0.1% Tween 20 (TBST) and 3% FBS and incubated with the
membranes overnight at 4 °C. After overnight incubation
at 4 °C, membranes were washed three times with TBST
and incubated with secondary antibodies, anti-rabbit IgG
(1:2500, CST 7074; Cell Signaling Technology, Danvers,
MA, USA) or anti-mouse IgG (1:2500, CST 7076; Cell
Signaling Technology, Danvers, MA, USA), for 90 min-
utes at RT [26]. Following additional washes, protein bands
were visualized using an ATTO Chemidoc imaging system
(WSE-6300; ATTO, Tokyo, Japan).

2.11 Immunofluorescence Staining and Confocal
Microscopy

To evaluate the cellular localization of key proteins,
immunofluorescence staining was performed on HaCaT
cells. Cells were seeded in 12-well plates (1 mL of medium
per well) at a density of 4 x 10 cells/well and incubated
overnight. Cells were treated with araliadiol (2.5 or 5 uM)
for 24 hours or preincubated with araliadiol (1.25, 2.5, or
5 uM) or ascorbic acid (5 or 50 pM) for 30 minutes prior
to subsequent UPM (100 pg/mL) exposure. UPM was ap-
plied for 24 hours, and the specific treatment conditions
were used as indicated in the corresponding figure. After
treatment, cells were washed with PBS and immediately
fixed with ice-cold (—20 °C) methanol for 5 minutes. The
methanol was then removed, and the cells were fixed with
4% paraformaldehyde at RT for 10 minutes. Following fix-
ation, cells were washed three times with PBS and perme-
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abilized with 1% Triton X-100 in PBS for 10 minutes at RT,
followed by three additional PBS washes. To reduce non-
specific binding, cells were blocked with 1% bovine serum
albumin (BSA) in PBS containing 22.52 mg/mL glycine
and 0.1% Tween 20 (PBST) for 30 minutes. Primary an-
tibodies specific for Nrf2 (1:100, sc-365949; Santa Cruz
Biotechnology, Dallas, TX, USA) and phospho-Histone
H2AX (1:100, CST 2577, Cell Signaling Technology, Dan-
vers, MA, USA) were incubated at 4 °C overnight. All pri-
mary antibodies were diluted in 1% BSA. The next day,
cells were washed three times with PBS and incubated with
a fluorescently labeled secondary antibody, Alexa Fluor
488 (1:1000, Invitrogen A-11001; Thermo Fisher Scien-
tific, Waltham, MA, USA), in the dark at RT for 1 hour. Af-
ter secondary antibody incubation, cells were washed and
counterstained with DAPI to visualize nuclei. Coverslips
were then mounted onto glass slides using an appropriate
mounting medium and sealed with nail polish to prevent
drying [27]. Fluorescent images of H2DCFDA, Nrf2, and
v-H2AX were captured using a confocal laser scanning mi-
croscope (ZEISS LSM900; Zeiss, Jena, Germany). A mini-
mum of five randomly selected fields per slide was analyzed
for quantification.

2.12 Molecular Docking Analysis

The three-dimensional (3D) structure of mitogen-
activated protein kinase kinase 7 (MKK?7) in its active con-
formation was obtained from the Protein Data Bank (https:
//'www.rcsb.org/), while the molecular structure of aralia-
diol was collected from PubChem. The docking process
was executed using DiffDock’s transformer-based predic-
tion model, which evaluates potential binding interactions
by incorporating protein flexibility and ligand orientation
dynamics [28].

2.13 Cellular Thermal Shift Assay (CETSA)

HaCaT cells were transfected with Myc-MKK?7 for 24
hours, then treated with araliadiol or DMSO as a control
for an additional 24 hours, followed by harvesting in ice-
cold PBS supplemented with protease and phosphatase in-
hibitors. The collected cells were subjected to heat shock
by gradually increasing temperatures for 3 minutes. The
samples were lysed via repeated freeze—thaw cycles, and
the soluble protein fractions were isolated by centrifuga-
tion. Equal amounts of the supernatant were analyzed by
western blotting [29].

2.14 Comet Assay for DNA Damage Assessment

HaCaT cells were cultured in six-well plates (2 mL
of medium per well) at a density of 3 x 10° cells/well to
evaluate cellular DNA damage via alkaline microgel elec-
trophoresis [30]. Following a 30-minute pretreatment with
araliadiol (2.5 or 5 pM) and a subsequent 24-hour expo-
sure to UPM, the cells were harvested, washed with PBS,
and resuspended for further analysis. A 100 pL aliquot of
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Fig. 1. Extraction and bioinformatic characterization of araliadiol isolated from Centella asiatica. (A) Schematic diagram illus-
trating the process used to isolate araliadiol from Centella asiatica. (B) Stability profile of araliadiol under diverse temperatures (45 °C,
RT, 4 °C, -20 °C, and —80 °C) with or without methanol. HPLC chromatograms (x-axis: minutes; y-axis: mAU) were used to evaluate
the chemical stability and quantify the remaining compound over time. (C) GO enrichment analysis of araliadiol-regulated genes. The
dot plot illustrates the top significantly enriched GO terms. The x-axis represents —logio (adjusted p-value) and the y-axis lists the sig-
nificantly enriched GO term. (D) KEGG pathway analysis of differentially expressed genes following araliadiol treatment. The dot plot
presents the top enriched pathways, ranked by statistical significance. (E) Monarch phenotype analysis of araliadiol-associated genes.
The dot plot illustrates the top phenotypic terms significantly associated with the gene set, with enrichment ranked by adjusted p-value.
(F) Venn diagram illustrating the intersection between predicted araliadiol target genes and established antioxidant-related genes, high-
lighting 74 shared gene targets. HPLC, high-performance liquid chromatography; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes.

the cell suspension was mixed with 400 pL of 1% low- 2.15 Statistical Analysis
melting agarose. A total of 75 pL of this mixture was lay-

- ) Quantitative data were analyzed using GraphPad
ered onto pre-coated frosted microscope slides. After so-

oY ) . - ; Prism (version 10; GraphPad Software, San Diego, CA,
lidification on ice, an additional 80 pL of 1% low-melting USA) and SigmaPlot (Systat Software, San Jose, CA
agarose was applied as a protective layer. A glass cover- USA). Data are presented as the mean £ SD. Statistical sig-
slip was placed to ensure uniform distribution and removed 1o o oo od using one-way analysis of vari-
once the agarose solidified. Slides were immersed in ice- . (ANOVA) or unpaired #-tests, as appropriate. A p-

cold 1y51§ solut1op and incubated for 1 hour in t.he dark. value of less than 0.05 was considered statistically signifi-
{\fter 1ys.ls, the slides were tr.a.nsferred t°_ an alkaline .solu- cant. MTT and luciferase reporter assays were conducted
tion and incubated for an additional 39 minutes at RT in the in two independent experiments, each with three technical

dark. Elgctrophoresis was performed in an alkgline buffer- replicates (1 = 6). Flow cytometry, real-time PCR, west-
filled horizontal chamber at 300 mA for 40 minutes. Fol- blotting, CETSA, immunofluorescence confocal mi-

l(?w.ing electrophoresis, slide.:s were rinsed three timgs with croscopy, and comet assays were conducted using three in-

dlStlll.ed Water, dehydrateq in 70% ethanol f;OIi 5 mlnut.es, dependent biological replicates (11 = 3).

and air-dried. A 50-uL aliquot of DAPI staining solution

was applied to each slide, followed by coverslip placement. 3. Results

The slides were stained for at least 10 minutes before being

examined under an ECLIPSE NiE upright fluorescence mi- 3.1 Extraction, Stability, and Bioinformatics Analysis of

. . Araliadiol Derived From Centella asiatica

croscope (Nikon Instruments Inc., Tokyo, Japan) equipped

with a camera attachment to visualize and capture images The aerial parts of Centella asiatica (2 kg) were ex-

of DNA comets. tracted twice with 70% aqueous methanol, yielding a crude
extract that was partitioned with hexane. The hexane-
soluble fraction was subjected to silica gel column chro-
matography. Among the fractions collected, H-3 displayed
the most prominent bioactivity. Further purification of H-3
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using preparative reversed-phase MPLC and Sephadex LH-
20 column chromatography led to the isolation of a sin-
gle compound (Fig. 1A). A final MPLC purification step
yielded 28 mg of a triterpenoid compound. This compound
was identified as araliadiol based on its spectroscopic char-
acteristics, which were consistent with previously reported
values [19].

To assess the stability of araliadiol, HPLC analysis
was further conducted under five different storage condi-
tions: 45 °C, room temperature (RT), 4 °C, —20 °C, and
—80°C. Samples were analyzed in both methanol and
solvent-free states. HPLC was performed using a TSK
gel ODS-100V column with a methanol-water gradient at
25 °C. The retention times and peak intensities of aralia-
diol in methanol-stored samples remained consistent across
all temperature conditions (Fig. 1B). This indicates chemi-
cal stability over a wide temperature range when stored in
methanol. In contrast, solvent-free samples retained nor-
mal retention times and peak intensities only when stored
at 4 °C, suggesting limited stability in the absence of sol-
vent (Fig. 1B).

The potential molecular mechanisms underlying the
biological activity of araliadiol were explored through
bioinformatics analyses, including GO, KEGG, and pheno-
type enrichment. GO enrichment analysis revealed that ar-
aliadiol may significantly influence oxidative stress-related
biological processes. The top-enriched GO terms in-
cluded response to oxygen-containing compound, cellular
response to oxidative stress, response to reactive oxygen
species, and response to oxidative stress, suggesting that
araliadiol may be involved in the activation of antioxidant
defense mechanisms (Fig. 1C). Additionally, GO terms
such as response to oxygen levels, cellular senescence, and
DNA damage-induced protein phosphorylation were also
enriched, although with relatively lower statistical signif-
icance, implying that araliadiol may be associated with a
broader cellular stress response, including ROS-mediated
DNA damage (Fig. 1C). KEGG pathway analysis discov-
ered that araliadiol was associated with multiple signal-
ing pathways, notably MAPK and Ras signaling pathways
(Fig. 1D). These pathways play critical roles in cellular pro-
cesses, such as survival and stress adaptation [31]. Monarch
phenotype analysis indicated that araliadiol-regulated genes
are associated with skin-related phenotypic traits, includ-
ing hyperpigmentation, abnormal skin morphology, and in-
creased inflammatory response, thereby underscoring the
potential dermatological relevance of araliadiol (Fig. 1E).
Additionally, Venn diagram analysis comparing araliadiol-
regulated genes with known antioxidant-associated genes
identified 74 overlapping targets (Fig. 1F). This suggests
that araliadiol may exert its antioxidant effects by acting on
convergent molecular targets involved in oxidative stress
regulation. Collectively, these findings highlight the thera-
peutic potential of araliadiol in alleviating oxidative stress-
induced damage and preserving skin homeostasis.
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3.2 Antioxidant Activity of Araliadiol in Keratinocytes
Under UPM-Induced Oxidative Stress

Before analyzing the efficacy of araliadiol, we evalu-
ated its cytotoxicity in both HaCaT and HEK293T cells.
In HaCaT cells, araliadiol exhibited no cytotoxic effects
up to a concentration of 40 uM (Fig. 2A), while in
HEK293T cells, no cytotoxicity was observed up to 10 uM
(Fig. 2B). To investigate whether araliadiol attenuates ox-
idative stress, intracellular ROS levels were measured using
a 2/,7-dichlorodihydrofluorescein diacetate (H2DCFDA)
assay in HaCaT cells. UPM, a major component of air
pollutants, has been reported to cause oxidative stress-
mediated skin damage [32]. Consistent with previous re-
ports, UPM exposure markedly increased intracellular ROS
levels (Fig. 2C), confirming its role as an environmen-
tal inducer of oxidative stress. However, under UPM-
induced oxidative stress conditions, treatment with aralia-
diol at 2.5 uM and 5 uM effectively suppressed ROS pro-
duction, demonstrating its strong antioxidative capacity
(Fig. 2C). Additionally, fluorescence-activated cell sorting
(FACS) analysis following H2DCFDA staining in UPM-
exposed cells demonstrated that araliadiol also effectively
attenuated UPM-induced intracellular ROS accumulation
(Fig. 2D). H2DCFDA-positive cell levels were normalized
to the UPM-treated group, which was defined as 100%.
Relative to this group, araliadiol reduced the proportion of
H2DCFDA-positive cells to 89% at 2.5 uM and to 48% at 5
puM (Fig. 2D). To validate the reliability of the assay system,
ascorbic acid (AA), a well-established antioxidant, was in-
cluded as a reference compound. In both confocal mi-
croscopy and flow cytometry assays following H2DCFDA
staining, ascorbic acid (5 and 50 pM) significantly sup-
pressed UPM-induced intracellular ROS levels, confirm-
ing the robustness of the assay conditions (Fig. 2E,F). Un-
der the same UPM-challenged conditions, araliadiol at 5
uM also lowered ROS levels to a similar extent as ascor-
bic acid at the same concentration, further supporting the
reproducibility and potential antioxidant activity of aralia-
diol (Fig. 2E,F). Subsequently, we examined the effect of
araliadiol on the expression of antioxidant-related genes, in-
cluding HO-1, NOO1, SOD1, TXNRD, GCLC, and GCLM.
Araliadiol treatment alone resulted in a dose-dependent up-
regulation of all the genes examined (Fig. 2G). UPM expo-
sure alone also increased the expression of certain antiox-
idant genes, such as TXNRD and GCLC (Fig. 2H), likely
reflecting a compensatory cellular defense response to ox-
idative stress. Under UPM-stimulated conditions, aralia-
diol treatment robustly induced the expression of multi-
ple antioxidant-genes, including HO-1, NQOI, TXNRD,
GCLC, and GCLM (Fig. 2H). Together, these data suggest
that araliadiol consistently induces antioxidant-related gene
expression across both basal and UPM-stimulated condi-
tions.
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Fig. 2. Antioxidant potential of araliadiol in HaCaT cells exposed to UPM. (A,B) Cell viability analysis in HaCaT (A) and HEK293T
cells (B). Cells were treated with araliadiol for 24 hours at concentrations ranging from 0 to 40 uM and 0 to 10 uM, respectively.
(C,E) Intracellular ROS levels in HaCaT cells pretreated with araliadiol (0, 1.25, 2.5, and 5 uM) or ascorbic acid (5, 50 uM) for 30
minutes before exposure to UPM, as assessed by H2DCFDA staining. Representative fluorescence images and quantitative analyses of
fluorescence intensity are shown. Scale bars = 20 um (C) and 50 um (E). (D,F) Flow cytometry analysis of ROS levels in HaCaT cells
with quantification of H2DCFDA-positive cells. (G,H) (G) qRT-PCR analysis of antioxidant-related gene expression in HaCaT cells
treated with araliadiol (0—5 uM) for 24 hours in the absence of UPM. (H) qRT-PCR analysis of antioxidant-related gene expression in
HaCaT cells pretreated with araliadiol (0—5 uM) for 30 minutes, followed by UPM exposure for 24 hours. Data represent means + SD
of n = 6 technical replicates (A,B) and n = 3 biological replicates (C—H). Statistical analysis was performed using one-way ANOVA with
Dunnett’s multiple comparisons test in Prism. Data are presented as means + SD; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001; AA, ascorbic acid; ns, not significant; UPM, urban particulate matter; ROS, reactive oxygen species; qRT-PCR, Quantitative
Real-Time Polymerase Chain Reaction.

3.3 Activation of the Nrf2 Pathway by Araliadiol did not significantly alter Nrf2 luciferase activity, whereas
treatment with araliadiol (2.5 pM and 5 uM) under UPM-

To elucidate the molecular mechanisms underlyingthe  stimulated conditions led to a marked increase in reporter
antioxidant effects of araliadiol, its impact on Nrf2 was activity (Fig. 3B).

evaluated under both basal conditions and UPM-induced

oxidative stress. Araliadiol alone significantly enhanced To further investigate Nrf2 activation, western blot
Nrf2-driven luciferase activity at concentrations of 2.5 uM analysis was performed to assess the expression of Nrf2
and 5 uM (Fig. 3A). In contrast, UPM treatment alone and its downstream target, HO-1. Araliadiol treatment at
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Fig. 3. Activation of the Nrf2 signaling pathway by araliadiol under basal and UPM-induced oxidative stress conditions. (A)
Luciferase reporter assay measuring Nrf2 transcriptional activity in HEK293T cells treated with araliadiol (0—5 pM) for 24 hours alone.
(B) Luciferase reporter assay measuring Nrf2 transcriptional activity in HEK293T cells pretreated with araliadiol (0—5 pM) for 30 minutes
prior to 24 hours UPM exposure. For both assays (A and B), cells were transfected with a reporter plasmid containing Nrf2 binding
sites upstream of a luciferase gene (Nrf2-luc), along with a [-galactosidase plasmid. (C,D) Western blot analysis of Nrf2 and HO-1
expression in HaCaT cells treated with araliadiol (0-5 pM) for 24 hours under basal conditions (C) or pretreated for 30 minutes prior
to UPM stimulation (D). 5-actin served as a loading control. (E,F) Immunofluorescence staining of Nrf2 (red) and DAPI-stained nuclei
(blue) in HaCaT cells treated with araliadiol alone (0—5 uM) for 24 hours (E) or under UPM-stimulated conditions (F). Representative
images (upper) and quantitative fluorescence intensity analysis (lower) of nuclear and cytoplasmic Nrf2 are shown. Scale bar =10 pm.
(G) Quantitative RT-PCR analysis of antioxidant gene expression in HaCaT cells pretreated with Nrf2 inhibitor ML-385 (10 pM) for
30 minutes, followed by araliadiol (5 pM) treatment for additional 30 minutes and subsequent exposure to UPM (100 pg/mL) for 24
hours. Data are presented as means + SD of n = 6 technical replicates (A,B) or n = 3 biological replicates (C—G). Statistical analysis was
performed using one-way ANOVA with Dunnett’s multiple comparisons test in Prism; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001; ns, not significant. Nrf2, nuclear factor erythroid 2-related factor 2.

2.5 uM and 5 pM significantly elevated the protein levels Next, to verify whether araliadiol regulates

of both Nrf2 and HO-1, and this effect was maintained un-
der UPM exposure (Fig. 3C,D). In addition, confocal mi-
croscopy revealed that araliadiol (2.5 and 5 pM) enhanced
the nuclear accumulation of Nrf2 in dose-dependent man-
ner (Fig. 3E). Consistently, under the UPM-stimulated con-
dition, araliadiol treatment (2.5 and 5 pM) further promoted
nuclear translocation of Nrf2 (Fig. 3F).

&% IMR Press

antioxidant-related genes through the Nrf2 pathway,
we employed ML-385, a specific inhibitor of Nrf2. As
expected, araliadiol significantly upregulated the ex-
pression of antioxidant-related genes, including HO-1,
NQOI, GCLC, and GCLM, under UPM exposure; how-
ever, this effect was abolished by ML-385 treatment
(Fig. 3G), indicating that Nrf2 serves as a critical medi-
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ator of araliadiol-induced antioxidant gene expression.
Collectively, these findings suggest that araliadiol po-
tentiates Nrf2 activation by upregulating its expression
and facilitating nuclear translocation. Collectively, these
findings indicate that araliadiol enhances Nrf2 expression
and nuclear translocation, and that this Nrf2 activation is
preserved under UPM-induced oxidative stress conditions.

3.4 Modulation of the AP-1 Signaling Pathway by
Araliadiol via MKK?7 Targeting

Given that Nrf2 activation can be modulated by
redox-sensitive transcription factors, including AP-1, we
next examined the involvement of AP-1 signaling in the
antioxidant effects of araliadiol under basal and UPM-
stimulated conditions. Luciferase reporter assays demon-
strated that araliadiol at concentrations of 2.5 and 5 pM sig-
nificantly increased AP-1 transcriptional activity (Fig. 4A).
Although UPM stimulation alone could elevate AP-1 activ-
ity, co-treatment with araliadiol further enhanced this effect
(Fig. 4B). In addition, we assessed the phosphorylation sta-
tus of AP-1 signaling molecules, including MAPKs (extra-
cellular signal-regulated kinase (ERK), JNK, and p38) as
well as AP-1 subunits (c-Jun and c-Fos). Araliadiol (1.25,
2.5, and 5 pM) markedly increased the phosphorylation of
JNK and c-Jun, but not of ERK, p38, or c-Fos, under UPM-
stimulated conditions (Fig. 4C). Consistently, under UPM
exposure, araliadiol markedly enhanced AP-1 luciferase ac-
tivity, whereas this effect was abolished by the JNK in-
hibitor SP600125, indicating that araliadiol modulates AP-
1 activity via the JNK signaling pathway (Fig. 4D). We
also examined the activation of MKK7 and MKK4 as they
are well-established upstream regulators of JNK. Aralia-
diol selectively increased the phosphorylation of MKK7,
with no significant change in p-MKK4 levels, suggesting
that MKK7 might be a specific upstream target of aralia-
diol (Fig. 4E). Finally, we verified that araliadiol modu-
lates Nrf2-driven luciferase activity under SP600125 treat-
ment. Consequently, araliadiol completely failed to en-
hance Nrf2 transcriptional activity when JNK was phar-
macologically inhibited, indicating that araliadiol-induced
Nrf2 activation is, at least in part, mediated through the JNK
pathway (Fig. 4F). Together, these results suggest that ar-
aliadiol selectively activates the MKK7-JNK—c-Jun axis to
regulate AP-1 activity, and that this signaling cascade con-
tributes to Nrf2 activation particularly under UPM-induced
oxidative stress.

3.5 Araliadiol-MKK?7 Binding via Ser263 Rather Than
Cys218

To confirm a direct interaction between araliadiol and
MKK?7, CETSA was conducted. The results showed that ar-
aliadiol increased the thermal stability of MKK7 compared
to the DMSO control, suggesting direct binding (Fig. 5A).
To further investigate the molecular basis of interactions
between araliadiol and MKK?7, we performed molecular
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docking studies using MKK7 as the target protein and three
compounds: araliadiol, pyrazolopyrimidine (an MKK7 in-
hibitor), and anisomycin (an MKK?7 activator) [33]. The
docking analysis revealed that araliadiol binds within ATP-
binding cleft of MKK7, overlapping with the binding re-
gions of both pyrazolopyrimidine and anisomycin (Fig. 5B—
D). However, araliadiol and anisomycin were predicted
not to directly interact with the key auto-inhibitory residue
Cys218 (C218), but rather to localize near the glycine-rich
loop and aD-helix (Fig. 5B,D). In contrast, pyrazolopy-
rimidine was predicted to bind in close proximity to C218
(Fig. 5C).

Previous structural studies have shown that C218 con-
tributes to the formation of a unique auto-inhibitory confor-
mation in MKK7 by forming an n—o* interaction with the
backbone carbonyl groups of S263, thereby blocking access
to the ATP-binding site [34]. This regulatory mechanism
appears to be specific to MKK7, as it is not conserved in
other MAP2K family members.

3.6 Protective Effects of Araliadiol Against DNA Damage
and Apoptosis in UPM-Exposed Keratinocytes

DNA damage is one of the major consequences of
oxidative stress [35]. Accordingly, to confirm that UPM-
induced ROS generation leads to DNA strand breaks in our
model, y-H2AX-positive cells were first evaluated using
ascorbic acid as a reference antioxidant. The y-H2AX is
a well-established marker of DNA double-strand breaks.
Ascorbic acid treatment (5 and 50 uM) significantly re-
duced the proportion of y-H2AX-positive cells, validating
the association between oxidative stress and DNA damage
under UPM exposure (Fig. 6A). Next, to evaluate the pro-
tective effects of araliadiol against UPM-induced genotox-
icity, an alkaline comet assay was performed. Exposure
to UPM markedly increased DNA strand breaks, as evi-
denced by the formation of comets with elongated tails, in-
dicative of extensive DNA fragmentation (Fig. 6B). In con-
trast, araliadiol, particularly at a concentration of 5 uM, sig-
nificantly reduced DNA damage, as reflected by a reduc-
tion in tail length (Fig. 6B). To further corroborate these
findings, the levels of v-H2AX were analyzed. Western
blotting revealed a robust increase in v-H2AX levels fol-
lowing UPM exposure in HaCaT cells (Fig. 6C). How-
ever, araliadiol at 2.5 and 5 uM significantly reduced ~y-
H2AX levels in a dose-dependent manner (Fig. 6C). This
trend was consistently observed via confocal microscopy
(Fig. 6D), which confirmed the attenuation of yv-H2AX ac-
cumulation by araliadiol under UPM-stimulated conditions.
Given that DNA damage is closely associated with apop-
tosis, the anti-apoptotic potential of araliadiol was further
evaluated. UPM exposure led to an increase in the expres-
sion of apoptotic markers, including cleaved caspase-3 and
the pro-apoptotic protein Bax (Fig. 6E). Notably, araliadiol
(05 uM) reversed these effects, reducing caspase-3 acti-
vation and Bax expression (Fig. 6E). Conversely, araliadiol
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Fig. 4. Effect of araliadiol on AP-1 signal pathways in HaCaT and HEK293T cells. (A,B,D) Luciferase reporter assays assessing
AP-1 transcriptional activity in HEK293T cells transfected with a reporter plasmid containing AP-1 binding sites upstream of a luciferase
gene (AP-1 luc), along with a -galactosidase control plasmid. HEK293T cells treated with araliadiol (0—5 uM) for 24 hours alone (A).
HEK?293T cells pretreated with araliadiol (0-5 pM) for 30 minutes prior to 24 hours UPM exposure (B). HEK293T cells were pretreated
with JNK inhibitor SP600125 (10 pM) for 30 minutes, subsequently treated with araliadiol (5 uM) for 30 minutes, and then exposed to
UPM (100 pg/mL) for 24 hours (D). Luciferase activity was normalized to 8-galactosidase activity. (C,E) Western blot analysis of AP-1
pathway components in HaCaT cells pretreated with araliadiol (05 uM) for 30 minutes prior to UPM stimulation. UPM (100 pg/mL)
was applied for 24 hours. Phosphorylated and total levels of ERK, p38, JNK, c-Jun, and c-Fos are shown in (C), while phospho and total
MKK4 and MKK?7 are shown in (E). S-actin was used as a loading control. (F) Luciferase reporter assay measuring Nrf2 transcriptional
activity in HEK293T cells transfected with an Nrf2 luciferase reporter plasmid and (§-galactosidase plasmid. Luciferase activity was
measured after sequential treatment with SP600125 (10 uM) for 30 minutes, araliadiol (5 uM) for an additional 30 minutes, and UPM
(100 pg/mL) for 24 hours, as indicated. Luciferase activity was normalized to -galactosidase activity. Data are means + SD of n =
6 technical replicates (A,B,D,F) or n = 3 biological replicates (C,E). Statistical analysis was performed using one-way ANOVA with
Dunnett’s multiple comparisons test in Prism. Data are presented as means + SD; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001; ns, not significant. AP-1, activator protein-1; MKK4, mitogen-activated protein kinase kinase 4; MKK7, mitogen-activated

protein kinase kinase 7; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase.

at concentrations of 2.5 and 5 uM significantly increased 4. Discussion
the expression of the anti-apoptotic protein Bcl-2 (Fig. 6E).
Unexpectedly, a slight increase in Bcl-2 levels was also ob-
served in the UPM-only group. This upregulation may re-
flect a compensatory survival response in cells undergoing
apoptosis. Alternatively, it may indicate that the cells have
not yet fully committed to apoptosis, or that only a subset
of the population is undergoing apoptosis progression, re-
flecting cellular heterogeneity (Fig. 6E).

This study provides compelling evidence that aralia-
diol, a pentacyclic triterpenoid derived from Centella asiat-
ica, exerts a significant protective effect against DNA dam-
age and apoptosis through its antioxidant activity in ker-
atinocytes exposed to UPM. UPM has been widely reported
to induce oxidative stress in various cell types, including
nasal fibroblasts [36], nasal epithelial cells [37], and pul-
monary epithelial cells [38]. Consistent with these findings,
our data demonstrate that UPM exposure increases intra-
cellular ROS levels in keratinocytes. Given that oxidative
stress is closely associated with DNA damage and apoptosis
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Fig. 5. Araliadiol-MKK?7 binding via S263 rather than C218. (A) CETSA is evaluating the thermal stability of Myc-tagged MKK7 in
the presence of araliadiol or DMSO. HaCaT cells were treated with araliadiol (5 uM) or DMSO and subjected to a temperature gradient

(45-61.6 °C), followed by western blot analysis. MKK?7 band intensity was measured and quantified using ImagelJ. (B—D) Molecular

docking analysis showing predicted binding interactions between araliadiol (green) and the active conformation of MKK7 (brown) (B),

between pyrazolopyrimidine (brown) and the MKK?7 (green) (C), and between anisomycin (green) and MKK7 (brown) (D). Data in

(A) represent means = SD of n = 3 biological replicates. Statistical comparisons were performed between DMSO-treated controls and

araliadiol-treated groups using two-way ANOVA followed by Tukey’s multiple comparisons test (Prism). **p < 0.01 and ****p <

0.0001 were considered statistically significant; ns, not significant. CETSA, cellular thermal shift assay.

[35,39], antioxidants serve as a critical defense mechanism
against environmentally induced cellular damage. Notably,
araliadiol exhibited potent antioxidant effects by attenuat-
ing ROS accumulation and upregulating antioxidant gene
expression, suggesting that its protective role against UPM-
induced cellular damage is primarily mediated through an-
tioxidant mechanisms.

When HaCaT cells were exposed to UPM alone, a
modest increase in the expression of certain antioxidant
genes, such as TYNRD and GCLC, was observed, likely re-
flecting a compensatory cellular defense response to oxida-
tive stress. However, this response was insufficient, as Nrf2
activity and expression remained largely unchanged and in-
tracellular ROS levels remained elevated, indicating a lim-
ited endogenous antioxidant capacity under UPM exposure.
In contrast, araliadiol treatment alone robustly activated
the Nrf2 pathway, promoting both Nrf2 expression and nu-
clear translocation, and leading to the coordinated upregula-
tion of multiple antioxidant genes, including HO-1, NOQOI,
SOD1, TXNRD, GCLC, and GCLM. Importantly, under
UPM-stimulated conditions, araliadiol preserved and rein-
forced this Nrf2-mediated antioxidant signaling, thereby ef-
fectively mitigating ROS accumulation despite ongoing ox-
idative stress. These findings suggest that while UPM alone
elicits only a limited and insufficient antioxidant response,
araliadiol confers active and sustained antioxidant protec-
tion, both under basal conditions and in the presence of
UPM-induced stress.
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Air pollution, which is increasing worldwide, con-
tributes to the accumulation of oxidative stress in the body,
thereby accelerating aging and increasing the incidence of
various skin disorders [40]. Antioxidants, therefore, may
be valuable in the treatment and protection against skin dis-
eases induced by particulate matter. Consequently, natu-
ral antioxidant compounds that protect skin from damage
caused by UPM have been gaining increasing attention in
dermatological research. Supporting this, numerous nat-
ural antioxidants, including flavonoids, phytosterols, and
ginsenosides, have been reported to exert beneficial effects
against PM-induced skin damage and aging [40]. Our data
likewise suggest the potential utility of araliadiol as a thera-
peutic candidate for skin protection. In particular, the abil-
ity of araliadiol to reduce oxidative stress is expected to
provide beneficial effects in skin protection. However, fur-
ther clinical investigations are warranted to validate the po-
tential of araliadiol as a bioactive material against UPM-
induced skin aging and damage.

Nrf2 acts as a master transcription factor orchestrating
the expression of a wide array of antioxidant and phase II
detoxification enzymes by binding to antioxidant response
elements (AREs) within gene promoters. Its cellular activ-
ity is tightly controlled not only by proteasomal degrada-
tion through its inhibitor Keapl, but also by various post-
translational modifications and interactions with upstream
signaling cascades [41]. MAPK signaling is one of sev-
eral upstream modulators of Nrf2 activity, influencing Nrf2
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Fig. 6. Effect of araliadiol on DNA damage and apoptosis in UPM-exposed HaCaT cells. (A,D) Immunofluorescence staining of
v-H2AX (green) and nuclei with DAPI (blue). HaCaT cells were pretreated with ascorbic acid (5 and 50 uM) for 30 minutes followed
by UPM (100 pg/mL) exposure for 24 hours (A). HaCaT cells were treated with araliadiol (1.25, 2.5, and 5 uM) alone for 24 hours (D).
Representative images (upper panel) and quantification of 7v-H2AX fluorescence intensity (lower panel) are shown. Scale bar = 10 pm.
(B) Comet assay assessing DNA strand breaks in HaCaT cells pretreated with araliadiol (2.5 and 5 puM) for 30 minutes, followed by
exposure to UPM (100 pg/mL) for 24 hours. Representative fluorescence images (upper panel) and quantification of DNA tail intensity
(lower panel) are presented. Scale bar = 10 um. (C) Western blot analysis of v-H2AX expression levels in HaCaT cells that were
pretreated with araliadiol (0-5 uM) for 30 minutes and subsequently exposed to UPM (100 pg/mL) for 24 hours. Band intensities were
measured and quantified using ImagelJ. 5-actin was used as a loading control. (E) Western blot analysis of apoptosis-related proteins,
including cleaved caspase-3, Bax, and Bcl-2 in HaCaT cells pretreated with araliadiol (0—5 pM) for 30 minutes before UPM (100 pg/mL)
exposure. Cells were exposed to UPM for 24 hours. Band intensities were measured and quantified using ImagelJ. 3-actin served as a
loading control. All data represent means = SD of n = 3 biological replicates. Statistical analysis was performed using one-way ANOVA
with Dunnett’s multiple comparisons test in Prism; **p < 0.01, ***p < 0.001, and ****p < 0.0001; AA, ascorbic acid; ns, not significant.

through both direct and indirect mechanisms [42]. For ex-
ample, JNK1 has been identified as an upstream kinase ca-
pable of phosphorylating Nrf2, thereby affecting its nuclear
translocation and transcriptional activity [43]. In addition,
MAPKSs can impact the function of Keapl, indirectly fa-
cilitating the stabilization and release of Nrf2, ultimately
contributing to the fine-tuning of cellular antioxidant capac-
ity in response to oxidative stress [44]. However, it should
be noted that the contribution of MAPKSs to Nrf2 activa-
tion is context-dependent and may involve complex indirect
crosstalk with other pathways. The AP-1 transcription fac-
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tor, whose activity is regulated by the MAPK pathway, is
also implicated in oxidative stress responses and the regula-
tion of Nrf2 signaling. AP-1 and Nrf2 can coordinate gene
regulation through adjacent or overlapping binding sites in
certain gene promoters, enabling cooperative modulation of
target gene expression. Notably, Nrf2 has been shown to
form a heterodimer with Jun proteins, thereby enhancing
ARE-driven transcriptional activation [45].

Notably, several natural antioxidants, including cur-
cumin, resveratrol, and sulforaphane, have been reported to
activate Nrf2 primarily through Keap1l-dependent mecha-
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Fig. 7. Schematic summary of the protective effects and underlying molecular mechanisms of araliadiol in UPM-exposed HaCaT

cells. Araliadiol exerts cytoprotective effects against UPM-induced oxidative stress, DNA damage, and apoptosis in HaCaT cells. Mech-

anistically, araliadiol activates the Nrf2 signaling pathway and enhances AP-1 signaling through direct activation of MKK-7. Notably,

based on a previous report, it is hypothesized that JNK activation may contribute to Nrf2 pathway activation. This potential crosstalk

is represented by a dotted line in the figure, indicating the need for further investigation. The antioxidant activity of araliadiol leads to

reduced intracellular ROS levels, thereby mitigating DNA damage and suppressing apoptosis. Collectively, these findings suggest that

araliadiol is a promising therapeutic candidate for protecting the skin against damage induced by environmental pollutants such as UPM.

The chemical structure of araliadiol was drawn using ChemSketch.

nisms and broad redox modulation [46—48]. While these
compounds effectively enhance antioxidant defenses, their
regulatory effects on Nrf2 generally do not involve selective
engagement of specific MAPK modules. In contrast, our
findings demonstrate that araliadiol induces Nrf2 activation
through a distinct mechanism that critically depends on the
MKK7-JNK—c-Jun axis. KEGG pathway analysis demon-
strated that araliadiol robustly engaged the MAPK and Ras
signaling pathways. Although the Ras pathway is classi-
cally linked to ERK activation, it is also known to activate
the JNK and p38 pathways under specific cellular contexts
or external stimuli [49,50]. In line with these predictions,
araliadiol treatment selectively enhanced the phosphoryla-
tion of MKK?7, JNK, and c-Jun in keratinocytes, whereas
phosphorylation of ERK, p38, and c-Fos was not observed.
These differential effects among MAPK signaling proteins
and AP-1 subunits likely reflect the independent and func-
tionally specialized roles of ERK, JNK, and p38 in the ac-
tivation of each AP-1 subunit [51]. c-Jun is specifically
phosphorylated by JNK, and no other MAPK has been iden-
tified as being involved in the N-terminal phosphorylation
of c-Jun in mammalian cells [52]. In contrast, the activa-
tion of c-Fos is facilitated by both p38 and ERK pathways
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[53,54]. Taken together with previous reports, our results
suggest that araliadiol reinforces cellular defense mecha-
nisms against oxidative stress predominantly via selective
activation of the MKK7-JNK-c-Jun axis. Consistent with
this hypothesis, pharmacological inhibition of JNK abro-
gated the araliadiol-induced upregulation of ARE-mediated
luciferase activity, further supporting a key role for JNK
signaling in mediating the antioxidant effects of araliadiol.

A selective MKK7 inhibitor that covalently binds to
C218 has been developed based on the critical role of this
residue in maintaining the autoinhibited conformation of
MKK?7[33,34]. A previous study has suggested that MKK7
autoinhibition is maintained through structural features in-
volving C218 and its neighboring residues, including S263,
which together restrict ATP access [34]. Molecular dock-
ing analysis revealed that araliadiol, anisomycin, and pyra-
zolopyrimidine all bind near the ATP-binding pocket of
MKK?7, encompassing the C218 and S263 residues. This
observation led us to hypothesize that the interaction be-
tween araliadiol and MKK7 may also be influenced by
the structural elements involving C218 and its neighboring
residue, S263. We expected that selective engagement of
araliadiol with S263, in the absence of C218 binding, might
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destabilize the autoinhibited conformation and thereby pro-
mote MKK?7 activation. However, these possibilities re-
main speculative and require further investigation. Collec-
tively, these findings provide new insights into the develop-
ment of MKK7 activators, highlighting S263 as a promis-
ing allosteric site. Targeting the S263 region may represent
a novel and effective strategy for the discovery of small-
molecule MKK?7 activators.

Given the highly conserved nature of the ATP-binding
pocket across MAP2Ks, targeting this site often encounters
challenges related to lack of specificity and off-target ef-
fects. Accordingly, focusing on an allosteric site such as
S263 presents a promising alternative strategy for the se-
lective modulation of MKK?7 function. To further advance
the development of MKK7-selective activators based on ar-
aliadiol, future research should prioritize detailed investiga-
tions into the binding dynamics of araliadiol, together with
structure-based drug design to optimize affinity and speci-
ficity.

Finally, although the present study provides mechanis-
tic insights into the antioxidant and cytoprotective effects
of araliadiol, it is subject to the inherent limitations of in
vitro keratinocyte models. Such systems do not fully cap-
ture the complexity of human skin physiology, including
epidermal barrier dynamics, interactions among multiple
skin-resident cell types, and systemic immune responses,
all of which can influence oxidative stress responses and
compound bioavailability. To address these limitations, re-
cent studies have emphasized the value of advanced skin
models that enable more physiologically relevant evalua-
tion of cosmetic actives and cosmoceuticals. For example,
three-dimensional (3D) Nrf2 reporter epidermis models al-
low direct monitoring of antioxidant and stress-responsive
signaling in stratified human epidermis under conditions
closer to native skin physiology [55,56]. In this context,
future studies incorporating 3D reconstructed skin systems
and ex vivo-like exposure models will be valuable for val-
idating the efficacy and safety profiles of araliadiol. Fur-
thermore, the incorporation of appropriate in vivo models
will be essential to more comprehensively evaluate the fea-
sibility, pharmacodynamics, and translational potential of
araliadiol-based interventions.

Collectively, these multidisciplinary approaches may
help establish araliadiol and its derivatives as promising
modulators of the MKK7-JNK signaling pathway.

5. Conclusions

This study demonstrates that araliadiol functions as a
multifaceted protective agent against environmental pollu-
tants such as UPM, primarily through antioxidant proper-
ties. The efficacy and underlying molecular mechanisms
involving Nrf2 and AP-1 signal pathways are summarized
in Fig. 7. These findings highlight the potential of araliadiol
for therapeutic applications in oxidative stress-related skin
disorders. Future studies are warranted to further explore its
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clinical relevance, particularly in the context of skin protec-
tion and the prevention of skin aging.
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