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Abstract

The aim of this study was to evaluate the photochemopreventive effects of sargachromenol (SC)
against ultraviolet B (UVB)-induced oxidative stress in human keratinocytes via assessing the
antioxidant properties and underlying molecular mechanisms. SC exhibited a significant
scavenging effect on UVB-induced intracellular reactive oxygen species (ROS). SC attenuated
UVB-induced oxidative macromolecular damage, including the protein carbonyl content, DNA
strand breaks, and 8-isoprostane level. Furthermore, SC decreased UVB-induced Bax, cleaved
caspase-9, and cleaved caspase-3 protein levels, but increased that of Bcl-2, which are well-
known key mediators of apoptosis. Moreover, SC increased superoxide dismutase, catalase, and
heme oxygenase-1 protein expression. Pre-treatment with SC upregulated the total nuclear factor
erythroid 2-related factor 2 (Nrf2) levels, which was reduced by UVB irradiation, indicating the
involvement of the Nrf2-antioxidant response element signaling pathway. Jun N-terminal kinases
(JNK) and extracellular signal-regulated kinase (ERK) are involved in the regulation of many
cellular events, including apoptosis. SC treatment reversed JNK and ERK activation induced by
UVB. Collectively, these data indicate that SC can provide remarkable cytoprotection against the
adverse effects of UVB radiation by modulating cellular antioxidant systems, and suggest the

potential of developing a medical agent for ROS-induced skin diseases.
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1. Introduction

Skin, the largest human organ, is the protective covering of the body and is daily exposed to
environmental stress sources. Skin is naturally exposed to excessive levels of ultraviolet (UV)
radiation, resulting in the generation of debilitating levels of intracellular reactive oxygen species
(ROS) (Lee et al., 2014). Ultraviolet B (UVB) irradiation-induced ROS upregulate the
inflammatory response in the skin through the impairment of its natural antioxidant system
(Martinez et al., 2015).

UVB radiation (280-320 nm) stimulates ROS generation and oxidative stress in the skin
(Hewage et al., 2015). Chronic UVB exposure induces inflammation including erythema,
premature aging, edema formation, immunosuppression, and skin cancer. UVB accelerates
photo-oxidative reactions that can alter anti-ROS-sensitive signaling pathways, which ultimately
increases the cellular ROS level (Yogianti et al., 2012). Moreover, toxic products basically
derived via protein carbonylation and lipid peroxidation cause extensive oxidative damage. UVB
irradiation especially damages keratinocytes of the epidermis through the generation of DNA
damage in the form of cyclobutane pyrimidine dimers (CPDs), which has been implicated in the
risk of skin cancer (Choi et al., 2014). Interleukin-6 and tumor necrosis factor-o are
inflammatory cytokines that were previously reported to be associated with UVB exposure
(Heck et al., 2004). Accumulated studies emphasize that mitogen-activated protein kinases
(MAPKSs) are essential for UVB-induced apoptosis of human keratinocytes and UV-induced
cellular responses such as skin cancer.

Skin has the ability to counteract UVB-induced ROS via efficient antioxidant defense
mechanisms. When ROS generation overwhelms this antioxidant defense capacity, the ability of

the skin to recover from damage caused by ROS is impaired, leading to oxidative damage of
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cellular macromolecules such as DNA, proteins, and lipids (Saw et al., 2014).

Nowadays, natural compounds are focused upon as a means to improve human health due
to their low toxicity and safety. Meanwhile, the supplementation of dietary botanical antioxidants
against UVB-induced oxidative injuries has been frequently studied. Sargachromenol (SC, Fig.
1A), a compound isolated from the brown marine alga Sargassum micracanthum, has various
pharmacological properties, including antioxidant and antiviral activities (Yang et al., 2013). SC
has also neuroactive properties via promoting neurite outgrowth and supporting the survival of

neuronal PC12D cells (Hur et al., 2008).



2. Materials and Methods

2-1. Reagents

SC isolated from Sargassum macrocarpum was kindly donated by Professor Nam Ho Lee
of Jeju National University (Jeju, Republic of Korea). Diphenyl-2-picrylhydrazyl (DPPH), 2',7'-
dichlorodihydrofluorescein diacetate (DCF-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Hoechst 33342, N-acetyl cysteine (NAC), 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO), and anti-actin antibody were purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA). Diphenyl-1-pyrenylphosphine (DPPP) was purchased from
Molecular Probes (Eugene, OR, USA). An anti-superoxide dismutase (Cu/Zn SOD) antibody
was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Antibodies against catalase
(CAT), heme oxygenase-1 (HO-1), Nrf2, extracellular signal-regulated kinase (ERK)-2, phospho
ERK, Bax, Bcl-2 and caspase-9 were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Anti-caspase-3, Phospho JNK and JNK antibodies were purchased from Cell Signaling

Technology (Danvers, MA, USA). All other chemicals and reagents were of analytical grade.

2-2. Cell culture and UVB irradiation

Human keratinocytes (HaCaT cells) obtained from Amore Pacific Company (Yongin,
Republic of Korea) were maintained at 37°C in an incubator with a humidified atmosphere of 5%
COs. The cells were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal calf
serum, streptomycin (100 pg/mL), and penicillin (100 U/mL). The UVB source was a CL-
1000M UV Crosslinker (UVP, Upland, CA, USA), which was used to deliver an energy
spectrum of UVB radiation (280-320 nm; peak intensity, 302 nm). Cells were exposed to 30

mJ/cm? UVB



2-3. Cell viability

Cells were treated with SC (2.5, 5, 10, 20, or 40 uM) and exposed to UVB radiation 1 h later.
They were then incubated at 37°C for 48 h. At this time, MTT was added to each well to obtain a
total reaction volume of 200 uL. After incubation for 4 h, the supernatant was removed by
aspiration. The formazan crystals in each well were dissolved in dimethyl sulfoxide (DMSO; 150
uL), and the absorbance at 540 nm was measured on a scanning multi-well spectrophotometer

(Carmichael et al., 1987).
2-4. DPPH radical detection

SC (2.5, 5, 10, 20, or 40 uM) or 1 mM NAC was added to 0.1 mM DPPH and incubated for
30 min. Subsequently, the amount of residual DPPH was determined by measuring absorbance at

520 nm using a spectrophotometer.
2-5. Intracellular ROS detection

Intracellular ROS levels in the human keratinocytes were measured by the DCF-DA assay
(Rosenkranz et al., 1992). Cells were seeded at a density of 1.5 x 10° cells/well in 24-well
culture plates. Sixteen hours after plating, cells were treated with SC (2.5, 5, 10, 20, or 40 uM) or
1 mM NAC. After incubation for 30 min, cells were exposed to H,O, (1 mM) and again
incubated for 30 min. H,O,-treated cells were treated with DCF-DA (25 uM) and incubated for
another 10 min to detect the fluorescence of DCF. Otherwise, cells were incubated with SC (40
uM) or 1 mM NAC for 1 h and exposed to UVB (30 mJ/cm?). After 24 h, cells were further
incubated with DCF-DA for 10 min. The fluorescence of DCF was detected using a PerkinElmer
LS-5B spectrofluorometer (PerkinElmer, Waltham, MA, USA). In order to analyze intracellular

ROS by fluorescence microscope, cells were seeded on a four-well chamber slide at 1x10°
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cells/mL density. Sixteen hours later, cells were treated with 40 uM SC, incubated for 1 hour, and
irradiated with UVB light. After an additional 20 h, 40 uM of DCF-DA was added to each well,
and the samples were incubated for further 30 min at 37°C. After washing with PBS, stained
cells were mounted on the chamber slide in mounting medium. Images were captured by the

confocal microscope using the LSM 5 PASCAL software (Carl Zeiss, Jena, Germany).

2-6. Detection of the superoxide anion

The superoxide anion was produced via the xanthine/xanthine oxidase system and reacted
with a nitrone spin trap, DMPO. The DMPO/-OOH adducts were detected using a JES-FA
electron spin resonance (ESR) spectrometer (JEOL, Tokyo, Japan) (Kohno et al., 1994). Briefly,
ESR signaling was recorded 5 min after 20 puL of xanthine oxidase (0.25 unit/mL) was mixed
with 20 pL each of xanthine (5 mM), DMPO (1.5 M), and SC (40 uM). The ESR spectrometer
parameters were set as follows: magnetic field, 336 mT; power, 1.00 mW; frequency, 9.438 GHz;
modulation amplitude, 0.2 mT; gain, 500; scan time, 0.5 min; scan width, 10 mT; time constant,

0.03 sec; and temperature, 25°C.

2-7. Detection of the hydroxyl radical

The hydroxyl radical was generated via the Fenton reaction (H,O,+ FeSO,) and reacted
with DMPO. The resultant DMPO/-OH adducts were detected using an ESR spectrometer (Li et
al., 2004). The ESR spectrum was recorded 2.5 min after a phosphate buffer solution (pH 7.4)
was mixed with 0.2 mL each of DMPO (0.3 M), FeSO,4 (10 mM), H,0O, (10 mM), and SC (40
uM). The ESR spectrometer parameters were as follows: magnetic field, 336 mT; power, 1.00
mW; frequency, 9.438 GHz; modulation amplitude, 0.2 mT; gain, 200; scan time, 0.5 min; scan

width, 10 mT; time constant, 0.03 sec; and temperature, 25°C.
5



2-8. UV visible light absorption analysis

The ability of SC to absorb UV radiation was investigated by scanning this compound with
UV/visible light in the 200-400 nm range. Absorption values for specific wavelengths by SC (40
uM) diluted in dimethyl sulfoxide (DMSO) was measured by using a Biochrom Libra S22

UV/visible spectrophotometer (Biochrom Ltd., Cambridge, UK).
2-9. Lipid peroxidation assay

Lipid peroxidation was assayed by colorimetric determination of the levels of 8-isoprostane,
a stable end product of lipid peroxidation, in medium from HaCaT cells (Beauchamp et al.,
2002). Level of 8-isoprostane was measured using a commercial enzyme immune assay
(Cayman Chemical, Ann Arbor, MI, USA). Lipid peroxidation was additionally assessed using
DPPP as a probe. DPPP reacts with lipid hydroperoxides to generate a fluorescent product, DPPP
oxide, thereby providing an indication of membrane damage. Cells were treated with 40 uM SC
for 1 h and exposed to UVB (30 mJ/cm?) for 24 h. After that, cells were incubated with 20 pM
DPPP for 30 min in the dark. Images of DPPP fluorescence were captured on a Zeiss Axiovert
200 inverted microscope at an excitation wavelength of 351 nm and an emission wavelength of

380 nm.
2-10. Protein carbonyl formation

Cells were treated with SC at a concentration of 40 uM for 24 h. One hour later, cells were
exposed to UVB and incubated at 37°C for another 24 h. The level of protein carbonyl formation
was measured using an Oxiselect™ protein carbonyl ELISA kit from Cell Biolabs (San Diego,

CA, USA).



2-11. Single-cell gel electrophoresis (comet assay)

The Comet assay was performed to assess the oxidative DNA damages in individual cells
(Singh, 2000). Cells were treated with SC (40 uM), 1 h later, exposed to UVB light (30 mJ/cm?),
centrifuged at 13,000 x g for 5 min to collect the cell suspension. The cell suspension was mixed
with 70 uL of 1% low-melting agarose (LMA) at 37°C, and the mixture was spread onto a fully
frosted microscope slide pre-coated with 200 puL of 1% normal-melting agarose. Agarose was
allowed to solidify, slides were covered with another 170 uL of 0.5% LMA and immersed in
lysis solution (2.5 M NaCl, 100 mM Na-EDTA, 10 mM Tris, 1% Triton X-100, and 10% DMSO,
pH 10) for 1 h at 4°C. These slides were then electrophoresed in a gel electrophoresis apparatus
containing 300 mM NaOH and 10 mM Na-EDTA (pH 10) and allowed to unwind the DNA
under alkaline/neutral conditions by incubating for 30 min. An electrical field (300 mA, 25 V)
was then applied for 30 min at 25°C to draw the negatively-charged DNA towards the anode.
The slides were dipped in neutralizing buffer (0.4 M Tris, pH 7.5) three times for 10 min at 25°C,
and again washed once for 10 min at 25°C in 100% ethanol. Slides were stained with 80 pL of
10 ug/mL ethidium bromide, a DNA-specific fluorescent dye and observed using a fluorescence
microscope and image analyzer (Kinetic Imaging, Komet 5.5, UK). Tail length and percentage of

total fluorescence in the comet tails were recorded for 50 cells per slide.
2-12. Nuclear staining with Hoechst 33342

Cells were treated with 40 pM SC and exposed to 30 mJ/cm? UVB radiation 1 h later. After
incubation for an additional 24 h at 37°C, 1 uL of the DNA-specific fluorescent dye Hoechst
33342 (stock, 15 mM) was added to each well of the 6-well plate. The plate was then incubated

for 10 min at 37°C. The degree of nuclear condensation in the stained cells was determined by
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visualization with a fluorescence microscope equipped with a CoolSNAP-Pro color digital

camera.

2-13. Western blot analysis

Cells were harvested and lysed by incubation in 150 pL of lysis buffer (iNtRON
Biotechnology, Republic of Korea) on ice. The cells lysates were collected and centrifuged at
13,000 x g for 5 min. Resultant Supernatants were analyzed for protein concentration. Aliquots
(each containing 5 pg of protein) were boiled for 5 min and electrophoresed on 12% SDS-
polyacrylamide gels. After the separation of the proteins, transfer of proteins to the nitrocellulose
membrane was done. Appropriate primary antibodies against target proteins were used to
incubate membranes. Membranes were further incubated with secondary immunoglobulin G-
horseradish peroxidase conjugates. Proteins bands were then detected by developing the blots
using an enhanced chemiluminescence Western blotting detection kit (Amersham,

Buckinghamshire, UK) and exposing the membranes to X-ray film.

2-14. Statistical analysis

All measurements were performed in triplicate, and all values are expressed as
means * standard error. The results were subjected to an analysis of variance using Tukey’s test
to analyze differences between means. In all cases, p < 0.05 was considered to be statistically

significant.



3. Results

3-1. Effect of SC on UVB-induced ROS generation

At the experimental concentrations of 2.5, 5, 10, 20, and 40 uM SC didn’t show any
significant cytotoxicity on HaCaT keratinocytes (Fig. 1B). SC scavenged the DPPH radical in a
concentration-dependent manner, with 16%, 21%, 25%, 33%, and 51% of radicals scavenged
when the concentration of SC was 2.5, 5, 10, 20, and 40 uM, respectively. These results were
compared with that obtained with the positive control, NAC (1 mM) (Fig. 1C). H,O,-induced
intracellular ROS-scavenging activity was measured at different concentrations of SC. This
activity was 29% with 40 uM SC, whereas the corresponding activity for NAC was 38% (Fig.
1D). Considering these results, 40 uM SC was chosen as the optimal dose for further
experiments. Next, the scavenging effects of SC on the superoxide anion and hydroxyl radical
were measured by ESR spectrometry. The superoxide anion signal from the xanthine/ xanthine
oxidase system yielded a value of 2819 compared to 668 in the control, while SC reduced this
value to 2052 (Fig. 1E). Similarly, the hydroxyl radical signal in the Fenton reaction (Fe®" +
H,0, — Fe** + -OH + OH) was increased to a value of 3846 in comparison to 70 in the control;
however, SC reduced this value to 2198 (Fig. 1F). The intracellular ROS-generation against SC
was next measured in UVB-treated cells. SC and NAC treatment significantly reduced the ROS
generation in UVB-treated human keratinocytes (Fig. 1G). In addition, fluorescence microscopy
analysis of ROS was performed. The green fluorescence intensity, which correlated with the
ROS level, demonstrated that SC could decrease the level of ROS generated upon UVB
irradiation (Fig. 1H). As demonstrated by UV/visible light spectrophotometry (Fig. 11), SC had a

significant absorptive capacity (peak, 225 nm). Therefore, the light-absorbing property of SC



may be closely related to the cytoprotection against UVB irradiation.
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Figure. 1. Scavenging of free radicals by SC. (A) Chemical structure of sargachromenol
(C27H3604). (B) HaCaT cells were treated with SC (2.5, 5, 10, 20, or 40 uM) for 20 h. Cell
viability was measured in the MTT assay. (C) Scavenging of the DPPH radical was measured
spectrophotometrically at 520 nm. NAC (1 mM) served as the positive control. *Significantly
different from control cells (p <0.05). (D) The scavenging of intracellular ROS generated by
H,0, was measured by the DCF-DA assay. *Significantly different from control cells (p < 0.05).
(E), (F) The ability of SC to scavenge superoxide and hydroxyl radicals was evaluated using the
Fenton reaction (FeSO,4 + H,O, system) and the xanthine/xanthine oxidase system, respectively,
and quantified. (G) Scavenging of intracellular ROS generated by UVB was evaluated in the
DCF-DA assay. *Significantly different from control cells (p <0.05). (H) Representative

confocal microscopy images illustrate the increase in the green fluorescence intensity in UVB-
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exposed cells compared with control cells. (1) The UVB absorption spectrum of SC was analyzed

at 200400 nm. The arrow represents the absorbance peak at 225 nm.

3-2. SC attenuates UVB-induced macromolecular damage in HaCaT cells

Intracellular ROS induced by UVB radiation in the skin provoke damage to cellular
macromolecules such as proteins, mitochondrial and nuclear DNA, and lipids (Aoki et al., 2014).
We investigated the potential of SC to attenuate membrane lipid peroxidation, cellular DNA
damage, and protein carbonylation in UVB-irradiated cells. The level of 8-isoprostane was
notably increased in UVB-irradiated cells, while SC treatment significantly inhibited this
elevation (Fig. 2A). Lipid peroxidation was additionally monitored using DPPP. DPPP, which
stoichiometrically reacts with lipid hydroperoxides to yield the highly fluorescent product DPPP
oxide, was used as a fluorescent probe to assess lipid peroxidation in live cells. The blue
fluorescence intensity of DPPP oxide was increased in UVB-irradiated cells, but this was
remarkably reduced in SC-treated cells (Fig. 2B). Formation of protein carbonyl groups is a
reliable biomarker of oxidative stress due to their early formation and relative stability (Dalle-
Donne et al., 2003). The protein carbonyl level was increased in UVB-irradiated cells, whereas
SC treatment significantly suppressed UVB-induced carbonyl formation (Fig. 2C). Cellular DNA
damage influenced by UVB was measured by the comet assay. This assay is used to detect DNA
damage by measuring DNA damage in individual cells and estimating its distribution in cell
populations. UVB irradiation of HaCaT cells increased the percentage of DNA in the tails by 56%
in comparison with the control group, and SC treatment was able to recover this value to 35%

(Fig. 2D).
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Figure. 2. SC protects HaCaT cells against UVB-induced oxidative lipid damage, protein,
DNA, and. Cells were treated with 40 uM SC for 1 h, and then exposed to UVB. (A) Lipid
peroxidation was assessed by measuring 8-isoprostane levels in conditioned medium.
*Significantly different from control cells (p <0.05); “significantly different from UVB-
irradiated cells (p < 0.05). (B) Representative confocal microscopy images illustrate the increase
in the blue fluorescence intensity of DPPP oxide produced by lipid hydroperoxides in UVB-
exposed cells compared with control cells. (C) Protein oxidation was assayed by the level of
protein carbonyls, a marker of protein oxidation. *Significantly different from control cells
(p < 0.05); *significantly different from UVB-irradiated cells (p < 0.05). (D) The comet assay
was used to assess DNA damage. Representative images and percentages of cellular fluorescence
within comet tails are shown. *Significantly different from control cells (p < 0.05); *significantly

different from UVB-irradiated cells (p < 0.05).
3-3. Effect of SC against apoptosis induced by UVB radiation

Accumulated data show that UVB-induce apoptosis in human keatinocytes (Lee and Park,
2014). Therefore, we next investigated whether SC affects the viability of UVB-irradiated cells.

The MTT assay demonstrated that cell viability was improved from 55% (UVB-irradiated cells)
16



to 74% when cells were pre-treated with SC prior to UVB irradiation (Fig. 3A). The
cytoprotective effect of SC against UVB-induced apoptosis was further studied by staining

nuclei with Hoechst 33342 and performing microscopy.

Intact nuclei were observed in control cells, whereas significant numbers of apoptotic
bodies, which are characterized by nuclear fragmentation, were found in UVB-exposed cells.
Interestingly, the formation of apoptotic bodies was dramatically reduced in UVB-exposed
keratinocytes pre-treated with SC. These results were similar to those obtained in cells pre-
treated with 1 mM NAC (Fig. 3B). To study the effect of SC on UVB-induced cell death, we
evaluated the expression levels of Bax, Bcl-2, caspase-9, and caspase-3 proteins in keratinocytes
pre-treated with SC and then irradiated with UVB. In UVB-irradiated cells, pro-apoptotic Bax,
caspase-9, and caspase-3 were activated, while expression of anti-apoptotic Bcl-2 was decreased.
However, SC treatment markedly decreased the protein expression levels of Bax, cleaved
caspase-9, and cleaved caspase-3 in UVB-irradiated cells. Furthermore, the Bcl-2 level was

clearly reduced in UVB-irradiated keratinocytes (Fig. 3C).
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Figure. 3. SC protects cells from UVB-induced apoptosis. (A) Cells were pre-treated with 40
uM SC or 1 mM NAC, and then exposed to UVB (30 mJ/cm?). Cell viability was measured in
the MTT assay. *Significantly different from control cells (p < 0.05); *significantly different
from UVB-irradiated cells (p <0.05). (B) Cells were stained with Hoechst 33342 dye, and
apoptotic bodies (arrows) were observed by fluorescence microscopy and quantitated. (C) Cell
lysates were subjected to electrophoresis. Bax (23 kDa), Bcl-2 (26 kDa), cleaved caspase-9 (10
kDa), and caspase-3 (17 kDa) were immunoblotted using appropriate antibodies. Actin was used

as a loading control.

3-4. Effect of SC on the protein expression levels of antioxidant enzymes and the Nrf2-

antioxidant response element pathway

To elucidate the effect of SC on skin-derived antioxidant enzymes, the protein expression
levels of Cu/Zn SOD, CAT, and HO-1 in SC-treated cells were determined. Protein expression of
Cu/Zn SOD, CAT, and HO-1 was markedly reduced in UVB-irradiated cells; however, pre-
treatment with SC enhanced these protein levels in UVB-irradiated cells (Fig. 4A). Many
phytochemicals exert their antioxidant activity via activation of the Nrf2-antioxidant response
element pathway; therefore, we investigated the involvement of Nrf2 in SC-mediated
cytoprotection. The level of Nrf2 was markedly reduced in keratinocytes irradiated with UVB;
however, pre-treatment with SC increased the level of Nrf2 compared with that in UVB-

irradiated cells (Fig. 4B).
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Figure. 4. SC enhances antioxidant systems that are perturbed by UVB irradiation. HaCaT
cells were treated with 40 pM SC for 1 h, and then exposed to UVB. (A) Cell lysates were
subjected to gel electrophoresis, and then Western blot analysis was performed using antibodies
against Cu/Zn SOD, CAT, and HO-1. Actin was used as a loading control. (B) Protein

expression level of Nrf2 (total).
3-5. Effects of SC on ERK and JNK signal transduction

JNK and ERK, stress-activated MAPKS, are involved in many cellular regulatory processes,
including apoptosis. Therefore, the protein expression levels of ERK and JNK were analyzed to
elucidate the mechanism by which SC protects against UVB-induced oxidative damage. As
shown in results, UVB-irradiated cells had elevated levels of activated JNK and ERK. Therefore,
our findings demonstrate that SC can suppress UVB-induced phospho-JNK and phospho-ERK

levels and thus be used to prevent UVB-
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induced cell damage (Fig. 5).
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Figure. 5. Effects of SC on ERK and JNK signal transduction. Cell lysates were electrophoresed

Phospho JNK

and phospho-ERK and phospho-JNK were detected using specific antibodies.



4. Discussion

UVB radiation emitted from the sun penetrates the dermis of the skin and is
epidemiologically proven to be a main cause of skin cancers. Recently, various plant-derived
phytochemicals have been extensively investigated because they possess anti-inflammatory and
antioxidant properties, and thus exert photoprotective effects on the skin (Kim et al., 2014). S.
micracanthum is a widespread marine alga from which a number of biologically important
substances are isolated. Among these, SC is one of the main components and is experimentally
proven to have various pharmacological properties including antiviral, antioxidant, and anti-
inflammatory effects (Yang et al., 2013). SC has been previously studied in terms of its neuronal
growth factor function and anti-cholinesterase activity (Kim et al., 2014). To our knowledge, no
previous study has revealed antioxidant-mediated cytoprotection by SC or the signaling
pathways that underlie its ability to protect against UVB-induced oxidative damage in human
keratinocytes.

UVB irradiation primarily initiates molecular responses via the generation of ROS.
Antioxidants are of a natural origin and therefore hold great promise as an effective strategy to
eliminate the occurrence of UVB-induced oxidative damage and skin cancer. In the current study,
SC treatment significantly reduced the level of ROS induced by UVB irradiation, proving its
antioxidant potential. When ROS accumulate in biological systems without being scavenged,
they can encourage many biochemical alterations such as inflammation, DNA damage, oxidation
of lipids and proteins, and dysfunction of certain enzymes.

Cellular membrane lipids are highly vulnerable to peroxidation, which leads to impaired
cellular function, loss of elasticity, and even cell rupture (Ambothi and Nagarajan, 2014). Here,

we discovered that SC prevents lipid peroxidation induced by UVB irradiation in human
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keratinocytes. Carbonyl groups (aldehydes and ketones) are formed on the side chains of proteins
as a result of their oxidation. Prolonged accumulation of protein carbonyls may either alter
cellular regulatory pathways or disrupt cellular functions. Our results clearly indicated that SC
also reduced protein carbonyl formation provoked by UVB irradiation. Furthermore, DNA tails
in the comet assay indicated that SC could prevent oxidative DNA strand breaks induced by
UVB irradiation.

UVB basically targets DNA and induces DNA damage, especially CPDs and (6-4)
photoproducts, ultimately causing mutations in skin cells and leading to the progression of
cancer and apoptosis (Ichihashi et al., 2003). The molecular mechanisms underlying UVB-
induced apoptosis include DNA strand damage (intrinsic pathway), clustering of death receptors
on the cell surface (extrinsic pathway), and ROS generation. According to our results, UVB-
exposed cells were characterized by the formation of apoptotic bodies, reduced cell viability,
induction of pro-apoptotic protein expression, and reduction of anti-apoptotic protein expression.
Notably, SC protected keratinocytes from UVB-induced apoptosis.

Overproducing free radicals can be scavenged by endogenous antioxidant enzymes to
protect cellular components from ROS-induced damages in mammalian cells. A range of
antioxidant enzymes are reported to mediated in this process including ROS scavengers such as,
HO-1, CAT, Cu/Zn SOD as well as glutathione peroxidase (GPx). HO-1 is the rate-limiting
enzyme in the catabolism of the pro-oxidant heme and functions antioxidant protein. Cu/Zn SOD
is basically involved in the conversion of superoxide (O;) to hydrogen peroxide (H.O,) and
these H,0; is reduced H,0O via the activity of CAT. In the present study we found that SC could
markedly elevate the UVB suppressed antioxidant protein expression in human keratinocytes,

which most likely indicates a cytoprotective response to oxidative stress.
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Nrf2 is the master regulator of the antioxidant response which regulates the expression of
various antioxidant enzymes. In the present report, UVB exposure led to the suppression of Nrf2
and attenuation of antioxidant enzymes, while SC treatment could recover this significantly.
Considering the current data, we assume that cellular exposure to the SC induces Nrf2
translocation into the nucleus and enhance the transcription of antioxidant enzymes. Meanwhile
exact mechanism lied behind SC-induced Nrf2 up regulation is to be elucidated in future studies.

The ERK signaling pathway is activated by UVB-induced ROS in human keratinocytes
(Dhanasekaran and Reddy, 2008). JNK, a stress-activated MAPK, reportedly regulates many
cellular processes, including apoptosis (Widel et al., 2014). SC could strongly block ERK and
JNK activation induced by UVB irradiation, suggesting that activation of ERK and JNK MAPKSs
is involved in the cytoprotective role of SC.

Collectively, in the present study, we elucidated the cytoprotective role of SC against UVB
irradiation (Fig. 6); SC effectively attenuated UVB-induced apoptosis and macromolecular
damage, including DNA damage, protein carbonylation, lipid peroxidation, and antioxidant
depletion, by scavenging UVB-induced ROS. In addition, our study demonstrated that the
protective effect of SC was mediated by the Nrf2-antioxidant response element pathway. Our
findings suggest that ERK and JNK MAPKSs are involved in this process; however, the
underlying mechanisms remain to be explored. Therefore, intervention with SC could be a
promising approach to prevent photo-damage and to develop a therapeutic photo-protective

agent.
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Figure. 6. Proposed pathway of SC-mediated cytoprotection against UVB-induced cell damage.

The thesis for Degree of Master of Science in Medicine referring to experimental data
and contents are from Photo-protective effect of sargachromenol against UVB radiation-
induced damage through modulating cellular antioxidant systems and apoptosis in human
keratinocytes which was published in the journal of “Environmental Toxicology and

Pharmacology” with the“DOI: 10.1016/j.etap.2016.02.012.
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6. Abstract in Korean

Ol A0 A= human keratinocytes O|A] UVBE QIst AtStA AEH A0 HCiS}
= AZF A20Eo gitztol Brdat EXHECl J|HES S et oY 21t

SEYLCH A EEN =2 UVBE 29k M= ROS o 20l 4Ms52 EJ

oIS Y FFR 1, proapoptotic Bax, cleaved caspase 3 2 cleaved caspase 9 2| |t

S HFF/USM antiapoptotic protein @ Bcl-22| S SHFASLICE ALCHE At

7IA20=2 UVBE QI8 ZtA =l superoxide dismutase, catalase, heme oxyganase-
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