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ABSTRACT

Oxyresveratrol is a polyphenolic compound present in the root bark of Artocarpus lakoocha Roxb. Several studies have reported on its antioxidant,
anti-inflammatory, and whitening properties. In this study, we report for the first time that oxyresveratrol alleviates the cytotoxicity of ultraviolet B
(UVB) radiation in keratinocytes- . We performed resazurin cell viability, reactive oxygen species (ROS), and Griess assays to investigate the
cytoprotective and free radical-scavenging capabilities of oxyresveratrol. The antioxidant effect was demonstrated using the 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) free-radical scavenging assay. The inhibition of inflammatory and apoptotic proteins by oxyresveratrol in UVB-irradiated kera-
tinocytes was investigated using western blotting. Pretreated cells with oxyresveratrol exhibited reduced cell death upon UVB exposure, which was
mediated by its antioxidant activity. Oxyresveratrol protected cells by inhibiting the mitogen-activated protein kinase p38 and its downstream
target, AP-1 transcription factor. These factors led to a decrease in UVB-induced cell inflammation through iNOS and COX-2 expression.
Furthermore, the Bax/Bcl-2 ratio was significantly decreased by oxyresveratrol at 10 pM and thus reduced cell apoptosis, as demonstrated by the
Hoechst 33342 staining assay. This study revealed the photoprotective effects of oxyresveratrol against UVB\ irradiation in keratinocytes. This
strongly supports the benefits of using oxyresveratrol as an ingredient in skincare products for the prevention of sun-damaged skin.

1. Introduction

Extensive exposure to sunlight has harmful effects on human skin [1]. Sunlight is the main source of ultraviolet (UV) radiation,
which generally divides into three wavelengths: UVA (A = 320-400 nm), ultraviolet B (UVB) (A = 290-320 nm), and UVC (A =
100-290 nm). UVC radiation is completely absorbed by the ozone layer, whereas UVA and some UVB radiation pass through it [2].
Among all UV radiation sources, continuous exposure to UVB is the major risk factor for skin inflammation and carcinogenesis [3,4].
Moreover, UVB has a direct effect on skin cell inflammation and cell death, whereas UVA is less than 1000 times more damaging than
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UVB radiation. A strong correlation exists between UVB-induced skin inflammation and cell death [5-7].

UVB-induced skin inflammation involves the overproduction of reactive oxygen species (ROS) and nitric oxide (NO). Oxidative
stress activates the signal transduction of mitogen-activated protein kinase (MAPK) [8,9]. Through a series of phosphorylations,
phospho-p38 MAPK activates the transcription factor activator protein-1 (AP-1) [9,10]. Subsequently, the AP-1 transcription factor
activates the downstream pathway associated with apoptosis through the Bcl-2 family [11]. In addition to cell death, UVB enhances
COX-2 activity, which promotes the conversion of arachidonic acid to prostaglandin Ey (PGE3) [12,13] and inducible nitric oxide
synthase (iNOS) activity in keratinocytes, which results in the production of pro-inflammatory components [14]. Furthermore,
accumulating evidence suggests that the AP-1 transcription factor is the main regulator of keratinocyte viability, proliferation, and
differentiation, which ultimately causes skin cancer genesis [15]. The activation of AP-1 is significantly increased in response to UVB
exposure in SKH-1 hairless mice [16], which induces its corresponding product, COX-2/PGE,, and subsequently increases the risk of
skin cancer [17]. Therefore, the suppression of the aforementioned key components may be a good target for preventing UVB in
sunlight-exaggerated skin phototoxic effects such as cell inflammation and cell death.

For thousands of years, traditional herbal medicines have been used to treat various skin problems and have been integrated as
active ingredients in cosmetic products for skin beauty. They are readily available and affordable in several developing countries,
including Thailand. The study of the natural compounds presents in traditional herbal medicines and their biological activities is of
great interest to the cosmeceutical industry [18]. Because of the abundance of bioactive compounds with anti-inflammatory and
antioxidant properties, Artocarpus lakoocha Roxb (A. lakoocha Roxb) has been intensively studied in recent years. Oxyresveratrol is one
of the potent free radical scavengers found in this plant [19]. It is a hydroxyl-substituted stilbene with antineoplastic, neuroprotective,
and antioxidant properties [20]. Previous studies have demonstrated that mulberry wood-derived oxyresveratrol exerts
anti-inflammatory effects. The lipopolysaccharide (LPS) and interferon-gamma (IFN-y)-induced nitrite accumulation in microglia cells
had been lowered by the pretreatment of oxyresveratrol [21]. In addition, oxyresveratrol and its analogs reduce LPS-induced in-
flammatory responses in macrophages [22-24]. Oxyresvesveratrol also has an anti-aging potential against UVB irradiation-induced
matrix metalloproteinase-1 (MMP-1), mitogen-activated protein kinases (MAPKs), and Protein kinase B (PKB)/The mammalian
target of rapamycin (Akt/mTOR) signaling pathways in human fibroblasts [25]. Moreover, it acts as a whitening agent by inhibiting
tyrosinase and blocking melanin biosynthesis [26]. Owing to these properties, oxyresveratrol has attracted interest as an ingredient in
skincare products. Thereby, oxyresveratrol has been extensively used as a whitening agent in skincare products.

Furthermore, it also protected human epidermal keratinocytes from UVA-induced damage [27]. Although considerable scientific
evidence has revealed the biological mechanisms of action of this compound [28], limited studies have explored the anti-inflammatory
mechanisms of oxyresveratrol against UVB exposure in keratinocytes. Using a UVB single-exposure keratinocyte cell culture model, we
demonstrated the molecular mechanisms of oxyresveratrol photoprotection, with a focus on the underlying mechanism of its
anti-inflammatory effect. We found that phospho-p38 and its downstream signaling pathways were suppressed. This study revealed
that oxyresveratrol could prevent keratinocyte inflammation and death upon UVB exposure through the inhibition of the AP-1
transcription factor, Bcl-2 family proteins, and pro-inflammatory components, iNOS, COX-2, and PGE,. Therefore, this study
demonstrated the anti-inflammatory capability of oxyresveratrol, which may be useful for fulfilling its pharmacological properties and
as an effective ingredient in cosmeceutical products.

2. Materials and methods
2.1. Oxyresveratrol

Oxyresveratrol was provided by Professor Dr. Sunit Suksamrarn, Department of Chemistry, Faculty of Science, Srinakharin Wirot
University, Bangkok, Thailand. Oxyresveratrol was isolated from the isolation of oxyresveratrol from the root bark of A. lakoocha
methanol extract as previously described [29]. A Nuclear Magnetic Resonance (NMR)-based method was used to investigate the NMR
spectra of oxyresveratrol, as shown in Supplementary material. The NMR spectrum of oxyresveratrol was confirmed to match that of
Likhitwitayawuid, S and Sritularak, B [30]. A stock dilution of oxyresveratrol (200 mM) was liquefied with dimethyl sulfoxide
(DMSO). The concentration of DMSO used in media cell culture was finally kept at 0.1 %. The chemical structure of oxyresveratrol was
shown in Fig. 1.

2.2. Invitro antioxidant activity

The in vitro free radical-scavenging activity of oxyresveratrol was assessed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
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Fig. 1. Chemical structure of oxyresveratrol.
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[31]. Twenty microliters of oxyresveratrol as dissolved in 95 % methanol, and then mixed with 180 pL of 0.1 M DPPH solution,
followed by incubation in the dark for 15 s. The absorbance was measured using a microplate reader (Bio-Tek Instruments, Winooski,
VT, USA) at 515 nm against a blank. Trolox was used as the standard. The percentage DPPH free radical inhibition was calculated using
the following equation from our previous study [10].

2.3. Cell culture

HaCaT, a human keratinocyte cell line purchased from Cell Lines Service (Eppelheim, Baden-Wiirttemberg, Germany), is an in vitro
cell-based model for screening compounds against UVB-induced skin damage and inflammation because it releases several inflam-
matory mediators, leading to an inflammatory response after UVB exposure [32]. The keratinocytes were cultured in Dulbecco’s
modified Eagle medium (DMEM) with high glucose mixed with 10 % heat inactivated fetal bovine serum (FBS), 1 % non-essential
amino acids, and 0.01 penicillin/streptomycin in a plastic 75 cm? cell culture flask at 37 °C in a humidified (>80 %) and 5 % CO,
incubator (Gibco BRL, Gaithersburg, MD, USA). The cultured cells were soaked in a 0.05 % ethylenediaminetetraacetic acid (EDTA)
solution for 5 min, and the adherent cells were detached from the cell culture flask using freshly prepared 0.125 % trypsin-EDTA. The
seeded cells were then grown for 24 h before use in subsequent experiments.

2.4. UVB source and treatment

The UV Bio-Link BLX crosslinker (BIO-LINK®, Vilber Lourmat UV-Crosslinker, Deutschland GmbH, Eberhardzell, Germany) sent
out UVB radiation from 280 nm to 320 nm, which was used to stimulate cells. Prior to 40 mJ/cm? UVB irradiation, the culture media
were discarded and the cells were washed with sterile phosphate-buffered saline (PBS) and covered with a thin layer of PBS [9].

2.5. Assessment of cell viability

Viable cells were determined using the cell permeable redox indicator Resazurin Cell Viability Assay Kit (Sigma-Aldrich, St. Louis,
MO, USA). Mitochondrial enzymes in viable cells can reduce resazurin (deep blue color) to resorufin products, which show a fluo-
rescence in the culture medium. The intensity of resorufin fluorescence was proportional to the number of viable cells [33]. To
determine the cytotoxic effects of oxyresveratrol, keratinocytes were cultured in 96-well cell culture plates at a density of 5 x 10*
cells/well. The various concentrations of oxyresveratrol were treated cells for 24 h. To further investigate its cell protective effect, cells
that had been seeded on six-well plates were treated with 2.5, 5, and 10 mM of oxyresveratrol for 1 h before exposure to a single UVB
irradiation and then left to grow for another 24 h. Then, a 10 % volume of 0.1 % resazurin solution was pipetted into each well,
followed by incubation for 3 h in a humidified atmosphere at 37 °C, 5 % CO- cell incubator. After incubation, samples were measured
using a fluorescent microplate reader (Bio-Tek Instrument, Winooski, Vermont, USA) at 530 nm excitation and 590 nm emission.

2.6. Analyzing cell death by nuclear staining with Hoechst 33342

The cells were seeded in a 35 mm cell culture dish at a density of 2 x 10° cells/dish. After the pretreated cells were maintained
under the same experimental conditions as in the previous method, they were incubated in DMEM without phenol red for 24 h. Cells
were stained with Hoechst 33342 solution (Invitrogen, Carlsbad, CA, USA) and incubated in the dark for 15 min. The phase contrast of
morphological features and fluorescence images of apoptotic nuclei were visualized using a fluorescence microscope (Olympus: DP73
+ IX71, IX73P2F, Japan). The ratio of apoptotic to total cells in the dish served as the basis for calculating the apoptotic number.

2.7. Measurement of intracellular ROS

The level of intracellullar ROS in UVB-irradiated keratinocyte cells was evaluated with the fluorescence probe 2',7-dichloro-
dihydrofluorescein diacetate (H,DCFDA) in accordance with some modification of the manufacturer’s protocol. The HoDCFDA probe
was not fluorescent until it penetrated the cell membrane. The enzyme cytoplasmic esterase in living cells cleaves it into a highly
fluorescent compound, 2',7'-dichlorofluorescein (DCF), after reacting with intracellular ROS [34].

Briefly, cells were seeded in 12-well plates at a density of cells 5 x 10* cells/well for 24 h. The cells were preincubated at 2.5, 5, and
10 pM of oxyresveratrol for 1 h, followed by washing the cells with PBS and loading 20 pM of H,DCFDA dissolved in DMEM without
phenol red for 30 min. After that, the cells were washed with 1X PBS, exposed to single UVB irradiation, and incubated in a 37 °C, 5 %
CO3 incubator for 45 min. Additionally, the cells received a single UVB irradiation before 45, 90, and 150 min of incubation and
loading with 20 pM of HoDCFDA. The DCF fluorescence intensity of the cells was immediately measured using a fluorescence
microplate reader (Bio-Tek Instruments, Winooski, Vermont, USA) with an excitation wavelength of 485 nm and an emission
wavelength of 535 nm. The fluorescence intensity signal was directly proportional to the intracellular ROS levels. H,O2 (100 pM) was
used as a positive control for UVB-induced intracellular ROS formation.

2.8. Measurement of nitric oxide (NO) production

This assay investigated the effect of UVB-induced increase in NO production in keratinocytes by measuring stable NO metabolites
and nitrite content [35]. After seeding cells into six-well plates, the preincubated cells with oxyresveratrol at 2.5, 5, and 10 pM for 1 h
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were exposed to single UVB radiation and further incubated in a 37 °C, 5 % CO-, cell incubator for 24 h. Then, 100 pL of cell culture
supernatant was pipetted into a 96-well cell culture plate and concomitantly mixed with sulfanilamide solution (50 pL) and 0.1%NED
solution (50 pL). The samples were incubated in the dark for 10 min at room temperature, and the absorbance was measured at 545 and
665 nm within 30 min using a microplate reader (Bio-Tek Instrument, Winooski, Vermont, USA). At 0-100 pm, sodium nitrile diluted
in culture media was used for the standard curve. The experimental data were converted to nitrite concentrations based on a standard
curve.

2.9. Analysis and evaluation of protein expression

Keratinocytes were seeded onto a 100 mM cell culture dish at a density of 10 x 10° cells/dishs. The preincubated cells with
oxyresveratrol at 2.5, 5, and 10 pM for 1 h were exposed to single UVB irradiation, after which the cells were further incubated in a 37
°C, 5% CO? cell incubator for the indicated time. At the end of treatment, the cells were harvested by RIPA buffer mixed with a 1 %
protease and phosphatase inhibitor cocktail and further centrifuged at 12,000 rpm for 15 min at 4 °C. The supernatant was collected,
and protein concentrations were measured using a Bradford protein assay (Bio-Rad, California, USA). Equal amounts of proteins were
subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto nitro-
cellulose membranes. The nitrocellulose membrane was blocked in a 2 % bovine serum albumin (BSA) solution diluted in tris-bufferes
saline with Tween (TBS-T), followed by incubation overnight with the following primary antibodies at 1000-fold dilution in the 2 %
BSA solution.

After 24 h, the primary antibodies attached to the membrane were washed thrice with TBS-T for 5 min and subsequently incubated
with goat anti-rabbit or goat anti-mouse secondary antibodies (Invitrogen, California, USA) for 1 h at 10,000 dilution in a 2 % BSA
solution. The membrane was developed and visualized using an enhanced chemiluminescence (ECL) reagent (EMD Millipore,
Darmstadt, Germany). The intensity of each protein band was quantified using ImageJ and normalized to GAPDH (internal control).
The primary antibodies used in this study were rabbit polyclonal anti-iNOS (Santa Cruz Biotechnology, Dallas, TX, USA), polyclonal
AP-1 and COX-2 (Abcam, Cambridge, UK), polyclonal anti-p-p38, anti-p38, Bax, and BCL-2 (Cell Signaling Technology, Danvers,
Massachusetts, USA), and mouse monoclonal anti-GAPDH (Thermo Fisher Scientific, Waltham, Massachusetts, USA).

2.10. The measurement of PGEj level

PGE; production in cell culture media was measured using a prostaglandin E; enzyme-linked immunosorbent assay (ELISA) kit in
accordance with the manufacturer’s instructions (Cayman Chemical, Michigan, USA). Briefly, cells pre-incubated with oxyresveratrol
were exposed to a single UVB irradiation followed by 24 h of cell incubation, and the media were collected and pipetted into an ELISA
96-well precoated plate with goat polyclonal anti-mouse IgG. After that, the samples were added with an anti-PGE; monoclonal
antibody and acetylcholinesterase linked to PGE; (AChE Tracer) followed by incubation at 4 °C, in the dark for 18 h. After incubation,
the plate was washed with washing buffer, Ellman’s reagent was added, and the plate was incubated in the dark at room temperature
for 1 h. Absorbance was immediately measured at wavelengths between 405 and 420 nm using a microplate reader. At 0-1000 pg/mL,
PGE; diluted in ELISA buffer was used to generate a standard curve. A positive control used in this method was celecoxib, a specific
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Fig. 3. Effect of oxyresveratrol on single UVB-irradiated keratinocyte cell death. A showed cell morphology by phase-contrast microscopy and
Hoechst 33342 staining of apoptotic nuclei observed using fluorescence microscopy. Marked apoptotic bodies were observed in the UVB-irradiated
cells (inset figure). B Representative histogram of the percentage of apoptotic cells counted and averaged from three different areas. Each value is
presented as the mean + SEM of eight independent experiments. Mean values among the groups were considered statistically significant at
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COX-2 inhibitor at 10 pM.

2.11. Statistical analysis

Data were analyzed by one-way ANOVA and compared with a Tukey comparison test expressed as the mean + SEM of six or eight
independent experiments. The data was considered statistically significant at a p-value equal to 0.05 or lower.

3. Results
3.1. The protective capability of oxyresveratrol against UVB-triggered cell toxicity

The sublethal dose of oxyresveratrol was determined using a resazurin cell viability assay. The concentrations of 1-100 pM of the
compound were treated in cell culture for 24 h. Oxyresveratrol showed a non-cytotoxic effect on cells at high concentrations (Fig. 2A).
The concentrations of 60 pM and over reduced the cell viability to more than half, whereas those of 10 and lower were barely harmful,
with a percentage of viability greater than 96 %. Thus, concentrations of 2.5, 5, and 10 4 M were considered safe and were selected for
further analysis.

A single UVB exposure of 40 mJ/cm? on cells was used to replicate UVB-induced cytotoxicity. Cell viability was significantly
reduced to 56.19 + 4.0 % compared to the no-UVB radiation control. We demonstrated that the pretreatment of oxyresveratrol at 2.5,
5, and 10 pM for 1 h prior to single UVB exposure significantly recovered cell viability to 66.31 + 3.07, 76.09 + 3.45, and 87.82 +
47.3 %, respectively (Fig. 2B). These results indicated that oxyresveratrol has a photoprotective effect against UVB radiation.

3.2. Anti-apoptosis of oxyresveratrol against UVB-induced keratinocytes

Previous studies have shown that UVB-induced cytotoxicity occurs through apoptosis [36,37]. In this study, we found that a single
UVB exposure model could recapitulate cytotoxicity by increasing the apoptotic cell number and appearing as chromatin condensa-
tion, as determined by the Hoechst 33342 staining assay. The apoptotic cell evaluation revealed that more than 40 % of cells died from
apoptosis upon exposure to single UVB radiation. In addition, phase-contrast imaging revealed morphological changes following UVB
exposure at 40 mJ/cm?. These cells underwent cellular blebbing and shrinkage, which are characteristics of apoptotic cells (Fig. 3A).
Pretreatment with oxyresveratrol at 2.5, 5, and 10 pM significantly reduced cell apoptosis upon single UVB exposure by approximately
38, 24, and 11 %, respectively (Fig. 3B). Although the maximum concentration of oxyresveratrol (10 pM) used in this experiment was
able to protect cells against UVB radiation, it did not fully recover the cytotoxicity. As shown in Fig. 3B, at 10 pM of
oxyresveratrol-pretreated cells had a percentage of cell apoptosis when compared to control cells (Fig. 3B). This explains why UVB
radiation is responsible for skin cell death [37].

We further investigated the expression of BCL-2 and BAX (Fig. 4), which play important roles in caspase-dependent apoptosis via
the mitochondria. The result showed that UVB irradiation upregulated BAX protein expression and downregulated BCL-2 expression.
The ratio of BAX/BCL-2 increased by 2.44 + 0.29-fold upon single UVB exposure, whereas pretreatment with 2.5, 5, and 10 pM
oxyresveratrol significantly decreased the Bax/Bcl-2 ratio by 1.51 + 0.11-, 1.03 + 0.07-, and 0.72 + 0.06-folds, respectively (Fig. 4).
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Fig. 4. Effect of oxyresveratrol on BAX/BCL-2 protein expression in single UVB-irradiated cells, followed by incubation for 24 h. Each value is
presented as the mean + SEM of six independent experiments. Mean values among the groups were considered statistically significant at *##p <
0.001 vs. control group, **p < 0.01 and ***p < 0.001 vs. UVB-irradiated group. (See full and non-adjusted images as files in supplemen-
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Collectively, these results indicate that UVB-induced apoptosis occurs through BCL-2 family proteins, whereas pretreatment with
oxyresveratrol can restore the BAX/BCL-2 ratio, thus reducing UVB-induced cell apoptosis.

3.3. Antioxidant of oxyresveratrol on UVB-irradiated keratinocytes

A single dose of UVB radiation killed cells by activating the BCL-2 family of cell death programs. It could also cause intracellular
ROS at the same level as 100 pM H205, treatment. The secretion of intracellular ROS reached its highest concentration at approximately
45 min after exposure and decreased over time. We found that after the cells were exposed to single UVB irradiation and then incubated
for 45, 90, and 150 min, the intracellular ROS levels significantly increased by 1.89 =+ 0.054-, 1.57 + 0.063-, and 1.46 + 0.099-folds
that of the control, respectively (Fig. 5A). The reduction in intracellular ROS levels over time was similar to that of the HoO, treatment,
which was used as a positive control. HyO»-treated cells were slightly lower in intracellular ROS levels than UVB-irradiated cells, but
not statistically different. Therefore, we selected the 45-min incubation time point to determine the photoprotective effect of oxy-
resveratrol. As shown in Fig. 5B, the preincubation of oxyresveratrol at concentrations of 2.5, 5, and 10 pM significantly reduced the
ROS levels by 1.45 + 0.063-, 1.04 + 0.047-, and 0.83 + 0.050-folds of those of the control, respectively, in a dose-dependent manner.

Along with ROS, this study also measured the production of nitric oxide (NO) upon UVB exposure, as determined by the Griess
assay. This assay indirectly detects the presence of nitrite, an inert metabolite of NO, in media. The result showed that NO significantly
increased to 47.60 + 3.86 pM upon UVB exposure, whereas it was presented as 2.75 + 1.14 pM under no UVB radiation. The oxy-
resveratrol pretreatment at 2.5, 5, and 10 pM exhibited a significant decrease in the nitrile levels to 31.76 + 4.101, 25.65 + 1.353, and
19.54 + 1.691 pM, respectively (Fig. 6). The pretreatment of oxyresveratrol (10 pM) resulted in a significant decrease in NO, although
it was not fully restored to the generated NO of the 10 pM treated cell alone (p < 0.001). We demonstrated that oxyresveratrol
treatment alone did not induce ROS or NO production in keratinocytes. The DPPH assay determined that oxyresveratrol had free
radical scavenging activity against DPPH radicals with an ICsy of 410.62 uM (Fig. 7B), which is an improvement compared tothe
positive control; Trolox with an ICso of 700.23 pM (Fig. 7A). Collectively, this study revealed the antioxidant and anti-inflammatory
properties of oxyresveratrol. Thus, it has the potential to reduce skin cell injury caused by sunburn.

3.4. The inhibition effect on protein expression of oxyresveratrol against UVB-irradiated keratinocytes

Previous studies have shown that UVB irradiation induces inflammatory cytokine secretion and inflammation through phos-
phorylation of p38 MAPK in keratinocytes [9,10,38]. Stimulation of the MAPK signaling pathway initiates the activation of AP-1,
which is involved in the upregulation of COX-2 synthesis [9,10,14]. In the present study, we revealed that our single UVB exposure
model was capable of inducing p38 MAPK phosphorylation and AP-1 transcription factor by approximately 2-fold compared with no
UVB exposure. The pretreatment of oxyresveratrol at 2.5, 5, and 10 pM significantly suppressed the protein expression of phospho-p38
MAPK by 1.75 + 0.04-, 1.48 £+ 0.04-, and 1.28 + 0.05-folds, respectively (Fig. 8A).
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Fig. 7. ICs values of DPPH radical inhibition between oxyresveratrol and Trolox.

In addition, the expression of the AP-1 transcription factor was reduced by 1.01 + 0.19- and 0.85 + 0.13-folds following the
pretreatment of oxyresveratrol at 5 and 10 pM, respectively, whereas no oxyresveratrol pretreatment showed 0.8-fold reduction
compared with no UVB exposure (control cells) (Fig. 8B). The result showed that pretreatment with oxyresveratrol significantly
reduced COX-2 protein expression to 1.65 £+ 0.06-, 1.42 £ 0.05-, and 1.21 £ 0.05-folds following 2.5, 5, and 10 pM oxyresveratrol
pretreatment, respectively, compared with 1.91 + 0.08-fold reduction with UVB exposure alone (Fig. 8C). The highest concentration
of oxyresveratrol treated cells alone did not change the levels of phospho-p38 MAPK, AP-1, or COX-2 compared to the control group.
However, adding oxyresveratrol to the cells before a single dose of UVB radiation may lower the upregulation of these signaling
proteins. This may subsequently reduce the inflammatory process of skin cells upon UVB exposure.

3.5. The inhibition of iNOS protein expression and PGE, production of oxyresveratrol against UVB-irradiated keratinocytes

Along with the activation of the MAPK signaling pathway, UVB exposure subsequently stimulates downstream inflammatory
processes, including the iNOS signaling pathway [9,39]. The present study showed that a single UVB irradiation induced iNOS protein
expression by 1.90 + 0.06-fold. The oxyresveratrol pretreatment at 2.5, 5, and 10 pM significantly suppressed iNOS expression by 1.65
+0.05-, 1.42 + 0.06-, and 1.18 + 0.06-folds, respectively (Fig. 9A). In addition to the increase of iNOS and COX-2 upon UVB exposure,
we showed that UVB-irradiation resulted in a significant increase in PGEy production, 855.3 + 5.38 pg/mL, whereas no UVB exposure
had 46.96 + 3.0 pg/mL in keratinocytes. The pretreatment of oxyresveratrol decreased the PGE; level to 740.7 + 30.92, 623.0 +
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Fig. 8. The effect of oxyresveratrol on p-p38 MAPK (A, n = 6), AP-1 (B, n = 6), and COX-2 (C, n = 8) protein expression in single UVB-irradiated
cells was followed by incubation for 6 and 24 h. Each value is presented as means + SEM. Mean values among the groups were considered sta-

tistically significant at *p < 0.05 and #*##p < 0.001 vs. control group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. UVB-irradiated group. (See full
and non-adjusted images as files in supplementary material.)

43.42, and 271.05 £ 15.40 pg/mL following concentrations of 2.5, 5, and 10 pM, respectively (Fig. 9B).
Based on these results, the anti-inflammatory effects of oxyresveratrol increased with concentration, with 10 4 M oxyresveratrol
having the strongest effect. Oxyresveratrol reduced the production of the inflammatory mediator NO in response to UVB irradiation by

lowering iNOS expression, and significantly diminished the inflammatory response by suppressing COX-2, p-38 MAPK, and AP-1
protein expression.

4. Discussion and conclusion

UVB radiation exposure is an environmental factor that can cause skin abnormalities. A single exposure to strong UVB radiation or
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incubation for 12 and 24 h, respectively. Each value is presented as the mean + SEM. Mean values among the groups were considered statistically
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supplementary material.)

even a low-dose but prolonged exposure results in the generation of ROS and damages the outer layer of the skin. The accumulation of
ROS is harmful to DNA and ultimately causes skin cancer [11,17,40]. Keratinocytes are the major cell types in the epidermis. Previous
studies revealed that the in vitro model of UVB exposure at 3040 mJ/cm? led to cell inflammation and apoptosis in keratinocytes [9],
whereas a single exposure to UVB at 70 mJ/cm? led to the upregulation of tumor suppressor genes p16 and p53 [41]. Therefore, this
cell type has been widely used in cell culture models to study UVB toxicity [32]. The HaCaT keratinocyte cell line is more responsive to
UVB exposure than normal keratinocytes [42]. Therefore, we studied the downstream pathways of the inflammatory process following
UVB toxicity. The human keratinocyte cell line has a long-lived cell culture expansion that is easily able to release inflammatory
mediators in response to oxidative stimuli such as UVB radiation [32]. In this study, we used the HaCaT keratinocyte cell line to study
the photoprotective effect of oxyresveratrol, which is related to its anti-inflammatory properties. In traditional Thai medicine,
A. lakoocha root bark is used as an anthelmintic (oral dose) [43,44]. A recent literature review has summarized the pharmacological
properties of A. lakoocha, including its antinociceptive, anti-inflammatory, and antioxidant activities [45]. Due to the presence of
oxyresveratrol, A. lakoocha is widely used in skincare products that promote skin whitening [19]. Oxyresveratrol is a polyphenolic
compound found in several plants, especially white mulberry and Morus alba L [22]. Oxyresveratrol exerts an inhibitory effect on the
expression of melanin by inhibiting tyrosinase activity [26,46]. In addition, it has been reported to possess anti-inflammatory activity
and decrease inflammatory mediators in LPS-stimulated macrophages [24].

In addition, oxyresveratrol and its acetylated derivatives reduce metalloproteinase (MMP)-1 expression, which subsequently
prevents collagen type I and III degradation in human dermal fibroblasts [25]. Although several studies have reported its ability to
combat skin problems, only a limited number of studies have explored the underlying anti-inflammatory mechanism of action that
protects cells against UVB-induced HaCaT keratinocyte toxicity. Our results showed that oxyresveratrol from the root bark of
A. lakoocha exerted cytoprotective effects against UVB exposure. Similar to previous studies, the single UVB exposure model used in the
present study showed increased phosphorylation of p38 MAPK, a key activator of COX-2 synthesis [13]. Increased COX-2 levels
subsequently increased PGE; expression and promoted acute and chronic inflammation, cell proliferation, and skin carcinogenesis [42,
44]. In addition, UVB irradiation induced iNOS activation and increases nitric oxide (NO) levels, which ultimately contributed to
destructive cell damage [41]. In the present study, we observed a reduction in phospho-p38 MAPK and AP-1 expression following
oxyresveratrol pretreatment. This subsequently reduced the expression of downstream iNOS and COX-2 in the pro-inflammatory
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process. As mentioned earlier, AP-1 plays a major role in the regulation of gene expression in response to UVB exposure-induced skin
cell inflammation, apoptosis, and potential skin cancer development [16,47]. Oxyresveratrol suppressedAP-1 activation during
UVB-induced fibroblast cell aging [25]. However, there is limited scientific evidence demonstrating the inhibitory effect of this
compound on UVB-induced p38 MAPK-dependent AP-1 activation in keratinocytes. Therefore, the present study demonstrated that
oxyresveratrol negatively regulated both p38 MAPK and AP-1 stimulation in UVB-irradiated keratinocytes, implying its
anti-inflammatory capability and possible role in skin cancer prevention. Consistent with our findings, oxyresveratrol was found to
reduce inflammation by controlling NF-kB and changing estrogen signaling. It has been suggested that the anti-inflammatory effect of
oxyresveratrol occur through the inhibition of ROS and possibly through modulation of the estrogen receptor [48].

Oxyresveratrol reduced ROS/NO levels upon single UVB exposure in a keratinocyte (HaCaT) cell line. The accumulation of ROS/
NO resulted in DNA fragmentation and cell death via BCL family proteins, whereas oxyresveratrol recovered cell viability and reduced
cell apoptosis, as determined by a reduction in the Bax/Bcl-2 ratio. Mitochondrial dysfunction is the key component of apoptosis.
Mitochondrial permeability transitions are important events that lead to UVB-induced apoptosis in keratinocytes [6], and ROS plays a
key role in this process [7]. Piceatannol, a metabolite of resveratrol, is a polyphenolic stilbene found in various fruits and has a
structure similar to that of oxyresveratrol. According to a report published, piceatannol could reduce intracellular ROS levels in human
keratinocytes (HaCaT) after UVB irradiation [49] and recover mitochondrial dysfunction caused by oxidative damage [50]. In line
with previous studies, oxyresveratrol, like piceatannol, has four hydroxyl groups in its chemical structure (known as poly-
hydroxystilbene) (Fig. 1) [29], which exert antioxidant and anti-apoptotic activities, along with diverse therapeutic potentials.
Scavenging of DPPH free radicals is the basis for screening compounds with antioxidant activity. As shown in the in vitro DPPH assay,
oxyresveratrol was a better radical scavenger than the vitamin E derivative Trolox, indicating that oxyresveratrol could act as an H™
and electron donor. Moreover, excessive intracellular ROS formation due to exposure to UVB radiation significantly contributed to
oxidative damage, which harmed skin cells and resulted in cell death. In contrast, the oxyresveratrol pretreatment at 10 4 M was able to
reduce intracellular ROS and NO by approximately 43 % and 41 %, respectively, when compared to UVB exposure alone. Collectively,
these results suggest that oxyresveratrol possesses good antioxidant effects and can reverse oxidative damage and mitochondrial
dysfunction, which are reflected in cell apoptosis. The low concentration of oxyresveratrol at 2.5-10 pM had negligible toxicity to these
keratinocyte cells, whereas a higher dose resulted in cell death. Along with its effect on reducing oxidative stress mediated through p38
MAPK inhibition and its downstream activators (AP-1), oxyresveratrol has photoprotective and anti-inflammatory capabilities, which
strongly suggests that it is an effective ingredient in cosmeceutical products for alleviating sunburn (inflammation) and possibly
preventing skin cancer development.

The human keratinocyte cell line has chromosomal instability and phenotypic variation compared to the donor tissue, but it has
numerous benefits, such as being easy to culture and handle and providing an endless supply of material. The HaCaT cell line has some
limitations in studying the cell proliferation rate of the psoriatic model triggered by the cytokines TNF-a, IFN-y, and IL-17 [51].
Although cultured primary human keratinocytes closely represent their origin, their limited life span, difficulty in handling, more time
for cell growth, and the requirement of a specifically optimized medium can restrict the use of these cells [52]. Therefore, our 2D
keratinocyte (HaCaT) model was appropriate for studying the molecular mechanisms of oxyresveratrol in ultraviolet radiation-induced
cell inflammation and toxicity. To overcome these limitations, future studies need to be performed in animal and human models to
improve our understanding of the therapeutic efficacy and safety of the topical application of oxyresveratrol in inflammatory skin
models. All together, these findings strongly support the pharmacological potential of oxyresveratrol underlying its mechanism of
action against ultraviolet radiation-triggered keratinocyte inflammatory responses and cell damage.
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