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Abstract: Oat (Avena sativa) is well known for its various health benefits. The protective effect of
oat extract against oxidative stress-induced apoptosis in human keratinocytes HaCaT was deter-
mined. First, extracts of two varieties of oat, Daeyang and Choyang, were analyzed for fat-soluble
antioxidants such as «-tocotrienol, y-oryzanols, lutein and zeaxanthin using an UPLC system and for
antioxidant activity using a DPPH assay. Specifically, an 80% ethanol extract of Daeyang oat (Avena
sativa cv. Daeyang), which had high amounts of antioxidants and potent radical scavenging activity,
was further evaluated for protective effect against oxidative stress-induced cell death, intracellular
reactive oxygen species levels, the phosphorylation of DNA damage mediating genes such as H2AX,
checkpoint kinase 1 and 2, and p53 and the activation of apoptotic genes such as cleaved caspase-3
and 7 and poly (ADP-ribose) polymerase in HaCaT cells. The Daeyang and Choyang oat 80% ethanol
extracts had 26.9 and 24.1 mg/100 g y-oryzanols, 7.69 and 8.38 mg/100 g x-tocotrienol, 1.25 and
0.34 mg/100 g of lutein and 1.20 and 0.17 mg/100 g of zeaxanthin, respectively. The oat 80% ethanol
extract treatment (Avena sativa cv. Daeyang) had a protective effect on oxidative stress-induced
cell death in HaCaT cells. In addition, the oat 80% ethanol extracts led to a significant decrease in
the intracellular ROS level at a concentration of 50-200 pug/mL, the attenuation of DNA damage
mediating genes and the inhibition of apoptotic caspase activities in a dose dependent manner
(50-200 pg/mL). Thus, the current study indicates that an oat (Avena sativa cv. Daeyang) extract rich
in antioxidants, such as polyphenols, avenanthramides, y-oryzanols, tocotrienols and carotenoids,
has a protective role against oxidative stress-induced keratinocyte injuries and that oat may a useful
source for oxidative stress-associated skin damage.
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1. Introduction

It is well known that an accumulation of reactive oxygen species (ROS) such as
hydrogen peroxide, superoxide anion, peroxynitrite and peroxyl radicals [1] can cause
oxidative stress, damaging DNA and other biomolecules, leading to inflammation, aging
and cancer [2-5]. The epidermis, the outermost of the three layers of the skin [6], is directly
exposed to external stimuli and is vulnerable to oxidative stress. Considering that oxidative
damage to the epidermis can trigger the pathogenesis of the skin [7,8], protecting skin from
oxidative stress can be pivotal to the body’s defense system. Therefore, scientists have
paid attention to bioactive substances that can alleviate skin damage by protecting against
oxidative stress [9-11].

The consumption of whole grain oats (Avena sativa) is well known for its positive health
benefits against metabolic disorders such as hypercholesterolemia, high blood pressure and
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hyperglycemia [12,13]. These beneficial effects of oats can be largely explained by the role
of their antioxidative compounds such as tocotrienols, flavonoids [14], phenolics [15,16]
and avenanthramides [17], and soluble fibers such as beta-glucan [12]. More recently, oat
extracts such as oat oil [18,19] as well as oat plantlet extracts [20-24] have been studied for
their anti-inflammatory and skin barrier functions. However, the molecular mechanisms of
oat extract on the anti-apoptotic properties (key function in regulating skin development)
remains unknown.

Therefore, in this study, the protective effect of an oat (Avena sativa cv. Daeyang)
extract rich in antioxidants against cellular damage caused by oxidative stress such as
hydrogen peroxide and UVB was investigated using human keratinocytes, a major cell
type of the epidermis.

2. Results and Discussion
2.1. Bioactive Components of Oat (Avena sativa) Extracts

Fat-soluble bioactive components in the 80% ethanol extract of oat (Avena sativa
cv. Daeyang and Choyang) were analyzed. Daeyang and Choyang oats had 26.9 and
24.1 mg/100 g of y-oryzanols, 7.69 and 8.38 mg /100 g of a-tocotrienol, 1.25 and 0.34 mg/
100 g of lutein and 1.20 and 0.17 mg/100 g of zeaxanthin, respectively. Bioactive com-
ponents such as y-oryzanols [25,26], x-tocotrienol [27], xanthophylls [28] and avenan-
thramide [29] in oats are well known for their antioxidant activities. This study con-
firmed the abundance of bioactive substances in oats, and the Daeyang cultivar had higher
amounts of fat-soluble antioxidants than the Choyang oats. We believe these fat-soluble
as well as water-soluble bioactive substances in oat synergistically interact, as previously
reported in other plant bioactives in vitro [30-32] and in vivo [33], to exert antioxidant
functions in the biological system.

2.2. Antioxidant Activity of Oat (Avena sativa) Extract

The free radical scavenging activity of oat extract was determined using a 2,2-diphenyl-
1-picryl-hydrazyl-hydrate (DPPH) assay. Phenolic components in plant foods such as
barley [34] and Leonurus cardiaca [35] are reported to be correlated with their radical
scavenging activities. The DPPH radical scavenging activities of water, the 40% ethanol
and the 80% ethanol extracts of Daeyang and Choyang cultivars are presented in Figure 1.
The Daeyang extract had higher antioxidant activity than the Choyang extract for both
the water and ethanol extracts, and the ethanol extracts had higher antioxidant activity
than the water extract for both cultivars. In particular, the 80% ethanol extract of Daeyang
cultivar had the highest DPPH radical scavenging activity (Figure 1). The Daeyang oats,
which contained more fat-soluble antioxidants than the Choyang oats, also had higher
radical scavenging activity. Therefore, the current study focused on the protective effect
of an 80% ethanol extract of Daeyang oats (Avena sativa cv. Daeyang) against the cellular
damage caused by oxidative stress using human keratinocytes HaCaT.
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Figure 1. Antioxidant activities of oat extracts. In vitro 2,2-Diphenyl-1-picryl-hydrazyl-hydrate
(DPPH) free radical scavenging activities of Daeyang and Choyang oat extracts at concentration of
5 mg/mL. Data are expressed as mean + SD.

2.3. Protective Effect of Oat (Avena sativa cv. Daeyang.) Extract on Oxidative Stress-Induced Cell
Death and Intracellular Reactive Oxygen Species Levels

The exposure of human keratinocytes to H,O, at concentrations of 50-200 uM for 24 h
had no significant effect on cell viabilities. On the other hand, cell death was significantly
increased at a HyO, concentration of 300 uM or higher, and the viability reached 65% at
a HyO, concentration of 500 uM, as presented in Figure 2A. The oat 80% ethanol extract
had no cytotoxicity in the dose range of 50400 pg/mL to the keratinocytes, whereas
a treatment of 500 pg/mL of oat extract resulted in significant cell death, as shown in
Figure 2B. Therefore, 50-200 ug/mL of oat extracts and 500 uM of hydrogen peroxide were
used for evaluating the protective effect of the oat 80% ethanol extract on the oxidative
stress in keratinocytes.
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Figure 2. Effect of hydrogen peroxide (A) and oat 80% ethanol extract (B) on cell viabilities. Human
keratinocyte HeCaT cells were treated with hydrogen peroxide or oat (Avena sativa, cv. Daeyang)
80% ethanol extract for 24 h followed by MTT assay to determine cell viabilities. Data are expressed
as mean £ SD. ** p < 0.01 vs. vehicle-treated cells.

The pre-treatment of keratinocytes with the oat (Avena sativa cv. Daeyang) 80% ethanol
extract significantly protected cell death induced by hydrogen peroxide, as presented in
Figure 3A. It was found that the oat 80% ethanol extract at a concentration of 50 pug/mL
was sufficient to maintain cell viability against oxidative stress-induced cell damage. We
further determined whether the oat (Avena sativa cv. Daeyang) 80% ethanol extract had
intracellular reactive oxygen species (ROS) scavenging effects. The intracellular ROS
induced by hydrogen peroxide was also restored to the level before hydrogen peroxide
treatment by oat 80% ethanol extracts, as shown Figure 3B. The recovery of the intracellular
ROS level induced by hydrogen peroxide to the level without hydrogen peroxide treatment
was also sufficient with an oat 80% ethanol extract concentration of 50 pug/mL.
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Figure 3. Protective effect of oat (Avena sativa cv. Daeyang) 80% ethanol extract on hydrogen peroxide-
induced cell death (A) and intracellular reactive oxygen species (ROS) levels (B). To determine the
cell viabilities, HaCaT cells were pre-treated with various concentrations of oat 80% ethanol extract
for 24 h, then cell medium containing oat 80% ethanol extract was removed, and further incubated
with hydrogen peroxide for 24 h followed by MTT assay. To determine the intracellular ROS levels,
HaCaT cells were treated with various concentrations of oat 80% ethanol extract in the presence of
hydrogen peroxide for 3 h followed by DCF-DA fluorescence assay. Data are expressed as mean =+ SD.
#p < 0.05 vs. vehicle-treated cells; ** p < 0.01 vs. HyO, treated cells.

2.4. Protective Effect of Oat (Avena sativa cv. Daeyang) Extract on Oxidative Stress-Induced
DNA Damage

The protective effect of the oat (Avena sativa cv. Daeyang) 80% ethanol extract against
oxidative stress-induced DNA damage was determined on the expressions of sensor
molecules that recognize DNA damage [36]. When checkpoint kinase 1 is activated, it
phosphorylates a variety of substrate proteins leading to various cell responses such as the
activation of DNA damage checkpoints, cell cycle arrest, DNA repair and apoptosis [37,38].
As presented in Figure 4, the hydrogen peroxide treatment was associated with a dra-
matic increase in the phosphorylation of DNA damage mediators, checkpoint kinase 1
(Chk1, Figure 4A) and checkpoint kinase 2 (Chk2, Figure 4B), while the oat 80% ethanol
extract treatment led to significant decreases in phospho-chkl and phospho-chk2 expres-
sions in HyO,-treated HaCaT cells. Furthermore, the downstream target protein of Chk2,
P53, reported to be medicated by various kinases in response to diverse stresses [39], was
phosphorylated by hydrogen peroxide, while the activation was greatly reduced by the
oat 80% ethanol extract treatment (Figure 4C). It is interesting to note that the oxidative
stress-activated checkpoint kinases modulated the DNA damage response by activating the
downstream target protein, p53 [40,41], and that the effect of the oat 80% ethanol extract on
these DNA damage genes was consistent. It has been reported that the phosphorylation
of the Ser-139 residue of the histone variant H2AX is an early cellular response to the
induction of DNA double-strand breaks and this event is a highly specific and sensitive
molecular marker for DNA damage [42]. In this study, an early sign of DNA damage, as
determined by the phosphorylation of H2AX, was dramatically increased by hydrogen
peroxide, whereas the elevated activation was dramatically reduced by the oat 80% ethanol
extract treatment (Figure 4D).
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Figure 4. Effects of oat (Avena sativa cv. Daeyang) 80% ethanol extract on the expression of phospho-
chkl (A), phospho-chk2 (B), phospho-p53 (C) and phospho-H2AX (D) in human keratinocytes
HaCaT. Cells were treated with various concentrations (50-200 pg/mL) of oat 80% ethanol extracts
for 24 h, followed by treatment with 500 uM H,O, for 2 h. Total cell lysates were prepared at the
same time, and Chk-1, Chk-2, H2AX and p-53 protein levels were assessed using immunoblotting.
[3-Actin was used as an internal control.

As expected, the phosphorylation of checkpoint kinase 2 and p53 was also dramatically
increased by the exposure of keratinocytes to UVB (25 mJ/cm?). In addition, the oat
80% ethanol extract treatment prevented the activation of these DNA damage-mediating
genes by UVB, as presented in Figure 5. This protective effect of the oat 80% ethanol extract
is in line with previous studies indicating the suppression of UVB-induced skin damage by
natural products such as an algae-derived phenolic compound [43] and liquiritin [44].
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Figure 5. Effect of oat (Avena sativa cv. Daeyang) 80% ethanol extract on the expression of phospho-
chk2 (A) and phospho-p53 (B) in human keratinocytes HaCaT. Cells were treated with various
concentrations (50-200 pg/mL) of oat 80% ethanol extracts for 24 h, followed by incubation for 5 h
after exposure of 25 mJ/cm? of UVB. Chk-2 and p-53 protein levels were assessed using immunoblot-
ting. B-Actin was used as an internal control.

2.5. Protective Effect of Oat (Avena sativa cv. Daeyang) Extract on Oxidative
Stress-Induced Apoptosis

To determine whether the oat 80% ethanol extract affected hydrogen peroxide-induced
apoptotic cell death, several apoptotic markers have been evaluated. We determined
caspases, which play a central role in the induction of apoptosis [45]. First, colorimetric
analysis indicated that the oxidative stress led to an increase in caspase-3 enzymatic
activities by 286.5% of the control value, whereas the oat (Avena sativa, cv. Daeyang)
80% ethanol extract treatment, at a concentration of 200 ng/mL, significantly reduced
caspase-3 activity to 91.09 £ 15.08% of the control value, as presented in Figure 6A. Next,
the modification of apoptotic genes by the oat 80% ethanol extract has been determined.
The cleaved caspase-3 (Figure 6B) and cleaved caspase-7 (Figure 6C) protein levels elevated
by hydrogen peroxide exposure were also dramatically reduced by the oat 80% ethanol
extract treatment in a dose-dependent manner. Since the activation of poly (ADP-ribose)
polymerase (PARP) is mediated by caspases and causes apoptosis [46,47], cleaved PARP
has also been analyzed. As presented in Figure 6D, a treatment of the oat 80% ethanol
extract recovers the cleaved PARP level in a dose-dependent manner as well.

In addition, the cleaved caspase-3 levels elevated by UVB exposure were also restored
by the oat 80% ethanol extract treatment (Figure 7). These results indicate that the apoptosis
induced by oxidative stress can be modified by antioxidant-rich oat extracts.
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Figure 6. Effect of oat (Avena sativa, cv. Daeyang) 80% ethanol extract on caspase-3 enzyme activity
(A), cleaved caspase-3 protein (B), cleaved caspase-7 protein (C) and cleaved PARP protein levels (D)
in human keratinocytes HaCaT. The asterisk adjacent to the lower band of PARP indicates the cleaved
PARP protein. Cells were treated with various concentrations (50-200 pg/mL) of oat 80% ethanol
extracts for 24 h, followed by treatment with 500 uM H;,O; for 24 h. Caspase-3 enzymatic activity
was determined using colorimetric assay. ** p < 0.01 vs. without oat extract. Cleaved caspase-3,
cleaved caspase-7 and cleaved PARP protein levels were assessed using immunoblotting in the same
sample set. 3-Actin was used as a loading control.
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Figure 7. Effect of oat (Avena sativa, cv. Daeyang) 80% ethanol extract on cleaved caspase-3 protein
level in human keratinocytes HaCaT. Cells were treated with various concentrations (50200 pg/mL)
of oat 80% ethanol extracts for 24 h, followed by incubation for 5 h after exposure of 25 mJ/cm? UVB.
Cleaved caspase-3 protein level was assessed using immunoblotting. 3-Actin was used as an internal
control.
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3. Materials and Methods
3.1. Preparation of Oat Extract

Daeyang and Choyang oat cultivars have been developed in the National Institute of
Crop Science, Rural Development Administration (RDA), South Korea. Oat (Avena sativa,
cv. Daeyang and Choyang) extracts were obtained from National Institute of Crop Science
(Suwon, South Korea). Lyophilized oats (Avena sativa, cv. Daeyang and Choyang) were
ground and extracted with water, 40% ethanol and 80% ethanol. The extracts were filtered
through Whatman No. 2 paper (Whatman, Kent, UK), evaporated under vacuum condition
(N-1200A, Eyela, Tokyo, Japan), and then freeze-dried (LP-10, Ilsin Biobase, Yangju, Korea).
Oat (Avena sativa) extracts were kept at —80 °C until use.

3.2. Reagents

Lutein, zeaxanthin, HPLC grade water, acetonitrile, tetrahydrofuran, methanol, lutein
and zeaxanthin were purchased from Sigma Aldrich (St Louis, MO, USA). Gamma-oryzanol
was obtained from Wako (Osaka, Japan) and tocopherols and tocotrienols were purchased
from Cayman Chemical (Ann Arbor, MI, USA). 2,7-Dicholorofluorescin diacetate (DCF-DA)
kit and caspase-3 assay kit were purchased from Abcam (Cambridge, UK). Dulbecco’s Mod-
ified Eagle’s Medium (DMEM), Penicillin streptomycin, hydrogen peroxide, dimethyl sul-
foxide (DMSO) and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was
obtained from Gibco (Waltham, MA, USA). RIPA buffer was purchased from Thermo
Fisher Scientific (Waltham MA USA). Phosphate inhibitor and protease inhibitor were
purchased from Gen DEPOT (Barker, TX, USA). The antibodies (caspase-3, -7, PARP, Bax,
phospho-H2AX, phospho-p53, phospho-chk1, phospho-chk2 and (3-actin) used in Western
blot analysis were purchased from Cell Signaling Technology (Danvers, MA, USA).

3.3. Ultra-Performance Liquid Chromatography

Fat soluble micronutrients in oat extract were analyzed using a UPLC, as previously
reported [48] with slight modification. The UPLC (ACQUITY, Waters Co., Milford, MA,
USA) system was equipped with a BEH C18 column (1.7 pm, 2.1 mm X 50 mm, Waters
Co., Milford, MA, USA), binary pump delivery system, autosampler and photodiode array
detector. The mobile phase A was acetonitrile/methanol (7:3, v/v), and the mobile phase B
was water. The gradient procedure was adapted as previously reported [48] with slight
modification. Lutein (450 nm), zeaxanthin (450 nm), gamma-oryzanols (330 nm) and alpha-
tocotrienol (292 nm) were quantified by each standard curve. Each peak was confirmed by
retention time and its unique spectrum. The interassay coefficient of variation (CV) was
under 4% (n = 10), and the intraassay CV was under 4% as well (n = 10).

3.4. DPPH Radical Scavenging Assay

The ability of oat to scavenge free radicals was determined by the DPPH radical
scavenging activity, as previously reported [28]. Various concentrations of oat extract
were dissolved in 80% ethanol, and then mixed with an equal volume of 0.2 mM DPPH
solution. The mixtures were incubated at room temperature for 30 min in the dark, and ab-
sorbance was read at 517 nm (Molecular device, Sunnyvale, CA, USA). Radical scavenging
effect (%) = AD-AS/AD x 100, where AD is the absorbance of control and AS is the
absorbance value of sample.

3.5. Cell Culture

Human keratinocytes HaCaT cells were cultured in DMEM containing 10% FBS and
antibiotics (100 units/mL penicillin, 100 ug/mL streptomycin and 250 ng/mL amphotericin
B) under 5% CO, at 37 °C with humidified air.
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3.6. Cell Viability

MTT colorimetric assay was used to determine cell viability, as previously reported [28].
Briefly, HaCaT cells were seeded in 96-well plates and incubated overnight followed by pre-
treatment with various concentrations (50-500 pg/mL) of oat (Avena sativa, cv. Daeyang)
80% ethanol extract for 24 h. Afterwards, medium containing oat 80% ethanol extract was
removed and further incubated in the presence of H,O, (50-500 uM) for 24 h. Five mg/mL
of MTT solutions were added into the medium at a final concentration of 0.5 mg/mL and
incubated for 3 h. After removing all medium, DMSO solution was added into each well to
resuspend the MTT formazan. The absorbance was measured at 540 nm using a microplate
reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA).

3.7. Intracellular Reactive Oxygen Species (ROS) Determination

To determine oxidative stress, intracellular ROS were assessed using a DCF-DA
fluorescence assay [49]. Cells were grown in black well clear bottom 96-well plates for
24 h. After washing with phosphate buffered saline (PBS) two times, cells were stained
with 25 uM of DCF-DA for 45 min in the dark. Then, the cells were treated with various
concentrations (50-200 pug/mL) of oat (Avena sativa, cv. Daeyang) 80% ethanol extracts in
the presence or absence of HyO, (500 uM) for 3 h. The fluorescence was determined at
485 (excitation) /535 (emission) nm using microplate reader (Molecular Devices, Sunnyvale,
CA, USA).

3.8. Immunoblotting

Cells were treated with various concentrations of oat (Avena sativa, cv. Daeyang)
80% ethanol extract for 24 h followed by 2 h of incubation with 500 uM of H,O, or 5 h of
incubation after exposure to 25 mJ/cm? of UVB for sensor proteins of DNA damage and
incubation with 500 pM of H,O; for 24 h or incubation for 5 h after exposure to 25 m]J/ cm?
of UVB for apoptotic genes. As previously reported [50], samples were lysed with an
RIPA buffer containing 25 mM Tris-HCl at pH7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS and protease inhibitors. After cells were lysed, the supernatants
were collected by centrifugation at 12,000 rpm for 10 min, and the protein content in the
supernatant were normalized using the BCA protein assay (BioRad, Hercules, CA, USA).
The equal amounts of protein were mixed with 4X sample buffer (250 mM of Tris-Cl at
pH 6.8, 8% SDS, 40% glycerol, 8% [3-mercaptoethanol, 0.01% bromophenol blue). Boiled
samples were loaded into SDS-PAGE gels. After electrophoresis, the gel was transferred
onto PVDF membrane (Millipore, Billerica, MA, USA). The membranes were blocked
with 5% skim milk for 1 h at room temperature, and reacted with primary antibodies
(cleaved caspase-3, cleaved caspase-7, phospho-H2AX, phospho-p53, cleaved PARP and
actin) overnight at 4 °C. The PVDF membranes were then incubated with a horseradish
peroxidase-conjugated secondary antibody for 1 h at room temperature. The protein band
was developed using the enhanced chemiluminescence (GE Healthcare, Piscataway, NJ,
USA). The intensity of the band signal was calculated using the Image ] program provided
by the NIH (https://imagej.nih.gov/ij/download.html) accessed on 20 May 2018.

3.9. Analysis of Caspase Enzyme Activity

Cells were treated with 200 pg/mL of oat (Avena sativa, cv. Daeyang) 80% ethanol
extracts for 24 h, and further incubated with 500 uM H,O; for 24 h. Caspases-3 activity
was determined using colorimetric assay (Cayman Chemical, Ann Arbor, MI, USA), and
all experiments were preformed according to the manufacturer’s instruction. Briefly, cells
were pretreated with 200 ug/mL of oat (Avena sativa, cv. Daeyang) 80% ethanol extracts for
24 h, and further incubated with 500 uM of H,O; for 24 h. After harvesting the cells, they
were lysed with lysis buffer provided in the kit. After centrifuge, supernatant was reacted
with 1 M DTT and 4 mM DEVD-p-NA substrate for 2 h at 37 °C. The absorbance was read
at 405 nm using microplate reader (Molecular Devices, Sunnyvale, CA, USA).
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3.10. Statistical Analysis

All experiments were performed in triplicate and expressed as mean + SD. Data were
analyzed using two-tailed unpaired Student’s t-test (Sigma plot 14) and considered as
significant when p value was under 0.05.

4. Conclusions

In the current study, we found that oat extracts rich in antioxidants such as polyphe-
nols, avenanthramides, y-oryzanols, tocotrienols and carotenoids can protect the oxidative
stress-induced cell damage through inhibiting the production of intracellular reactive
oxygen species and blocking the phosphorylation of DNA damage-mediated genes such
as H2AX, Chk1, Chk2 and p53, and consequently, reducing the activation of apoptosis-
inducing genes such as caspases and PARP. Thus, this study suggests oat extract can be a
good source of preventing skin damage from environmental stress.
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