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Abstract: The present study aimed to investigate the effect of Oenothera biennis sprout extract (OBS-
E) on skin-function improvement in an in vitro system and to identify its pharmaceutically active
components. OBS-E showed antioxidant ability in radical scavenging and reducing power assays,
significantly inhibited matrix metalloproteinases-1 and -2, and increased the production of type I
collagen, indicating its anti-wrinkle activity. Furthermore, OBS-E significantly increased the level
of hyaluronic acid (HA) and the expression of moisturizing genes, such as hyaluronic acid synthase
2 (HAS2) and aquaporin 3 (AQP3), indicating it is effective in enhancing skin hydration. High-
performance liquid chromatography (HPLC) and mass spectrometry (MS) analyses showed that
OBS-E contained high levels of polyphenolic acids, such as gallic acid and ellagic acid, in addition to
flavonoid glycosides, such as luteolin 7-glucuronide and quercetin 3-glucuronide. Our results suggest
that these major phytochemicals are likely to play crucial roles in the expression of antioxidant, anti-
wrinkle, and moisturizing activities of OBS-E.

Keywords: Oenothera biennis; antioxidant; skin-improvement activity; tandem mass spectrometry;
physiologically active ingredient

1. Introduction

The skin is the largest and one of the most important organs of the human body,
providing a barrier that prevents the entry of hazardous substances and pathogens in-
side the body, while regulating temperature and controlling under- or over-hydration,
maintaining essential chemicals and nutrients, and preventing the harmful effects of sun-
light [1]. Apart from the maintenance of a healthy skin by the application of cosmetics
(beautification from the outside), recent skincare interests include those directed toward
achieving beautification from the inside, achieved by the oral administration of functional
and medicinal substances [2]. The term cosmeceutical, coined by Albert Kligman in 1984,
represents the blending of cosmetics and pharmaceuticals [3]. Since the beginning of the
21th century, many researchers and cosmeceutical developers have been attempting to find
novel substances that have positive influences on human skin health when consumed orally.
Consequently, several notable compounds, such as polyphenols isolated from green tea
and cocoa, proanthocyanidin from grape seeds, silibinin from milk thistle seeds, resveratrol
from grapes, blueberries, and raspberries, and isoflavonoids from soy beans have been
reported in several studies [3].
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Since ancient times, plants have been acknowledged as a major source of favorable
materials for human life, and herbal plants, in particular, are now widely used as raw
materials or extracts in various fields. Compared with synthetic materials, medicinal plants
are generally recognized as safer and having fewer adverse effects. Therefore, they are
becoming widely used in diverse fields, such as pharmacology, cosmetics, perfumery,
nutraceuticals, beverages, and dyeing industries [4,5]. The genus Oenothera, known as
evening primrose, contains approximately 145 species of herbaceous flowering plant [6].
This genus is generally recognized to have a wide range of medicinal properties, such
as antioxidant [7,8], anti-inflammatory [9], anti-bacterial [10], anticancer [11,12], and anti-
obesity properties [8]. Oenothera biennis (OB), the most commonly known evening primroses
worldwide, is a herbaceous weed native to the eastern US, but it can now be found in many
other countries, such as Korea, Japan, Australia, Britain, France, and Hawaii [13]. The
most well-studied biological activity of OB is its antioxidant activity [7,14,15]. Based on
its antioxidant properties, Montserrat-de la Paz et al. [16] and Ma et al. [17] investigated
the use of OB as an anti-inflammatory agent. Furthermore, Kwak et al. [8] reported the
antiproliferative and antimicrobial efficacy of biological compounds isolated from the
roots of OB. In another study, the potential use of seedcakes containing OB extract as a
cosmetic ingredient was investigated by evaluating their antioxidant and anti-inflammatory
activity in in vivo and ex vivo systems [18]. With respect to the bioactive ingredients in
OB, various phytochemicals, such as gallic acid, caffeic acid, epicatechin, coumaric acid,
ferulic acid, rutin, and rosmarinic acid were identified and analyzed in the hydroalcoholic
extract of OB [19]. In addition, Timoszuk et al. [20] investigated the biological activity
depending on the chemical composition of OB in their review article, and Munir et al. [21]
provided broad information on various pharmacological activities and phytoconstituents
of the genus Oenothera in their comprehensive review article. However, most studies have
specifically used seed, root, and stem tissues of OB, rather than other tissues, including
young leaves (sprouts). In the present study, we aimed to investigate the in vitro effect of
Oenothera biennis sprout (OBS) on skin-function improvement using dermal fibroblasts and
epithelial keratinocytes, and identify its pharmaceutically active components by conducting
analytical experiments.

2. Materials and Methods
2.1. Preparation of Oenothera biennis Sprout Extract (OBS-E)

Fresh evening primrose sprouts harvested in the Gyeonggi province (Korea) in 2019
were used in this study (Supplementary Figure S1). Internal transcribed spacer (ITS) and
National Center for Biotechnology Information (NCBI) database analyses showed that
the DNA sequence of our evening primrose sprouts had a 100% correspondence with
that of Oenothera biennis (MT610948.1) (Supplementary Figure S2 and Table S1). The fresh
OBS was firstly dried in a heating oven (Daesan machinery, Hwaseong, Korea) at 40 °C
to remove the moisture, and was ground using pulverizing machinery (Hankookmc Co.,
Ltd., Incheon, Korea) to obtain the OBS powder. The dried OBS was then extracted by
stirring with seven volume of 50% (v/v) ethanolic water against the OBS for 24 h at room
temperature (RT). The extract was filtered through a filtering cloth (10 pm, FilterTech Co.,
Ltd., Daejeon, Korea) to remove non-soluble particles, and then evaporated using a rotary
vacuum evaporator (Eyela, Tokyo, Japan). After drying in the heating oven at 70 °C for 48 h,
the dried extract was powdered using pulverizing machinery to obtain the OBS extract
(OBS-E) with a yield of 18.7% (w/w).

2.2. Antioxidant Activities
2.2.1. Free Radical Scavenging Activity

To measure the radical scavenging activities, we used two types of radical, 2,2"-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS; Sigma-Aldrich, St. Louis, MO, USA)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma-Aldrich, St. Louis, MO, USA). The
radical scavenging activity of OBS-E against ABTS was determined using the method
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reported by Kim et al. [22]. Briefly, 200 uL of ABTS working solution (molar absorptivity
0.8 cm~! M) was reacted with 10 uL of OBS-E (0.125-1 mg/mL) for 30 min at RT, and the
changed absorbance was measured at 734 nm using a microplate reader (Epoch 2; BioTek
Instruments Inc., Winooski, VT, USA). The radical scavenging activity of OBS-E against
DPPH was also measured using a previously reported method [22]. Ten microliters of
OBS-E (0.125-1 mg/mL) was allowed to react with 200 uL of DPPH working solution
(0.2 mM), and then the absorbance was measured after 30 min at 517 nm using a microplate
reader. The radical scavenging activities of OBS-E against ABTS and DPPH were calculated
as the half maximal inhibitory concentrations (ICsp) and compared with that of ascorbic
acid (Sigma-Aldrich), used as the references.

2.2.2. Ferric-Reducing Ability of Plasma (FRAP)

The reducing ability of OBS-E was determined by FRAP (ferric-reducing ability of
plasma) assay using the method reported by Benzie and Strain [23] with slight modifica-
tions. The solution (200 uL) was incubated with 10 uL of OBS-E (0.125-1 mg/mL) for 4 min
at RT, and the FRAP value was calculated by measuring the absorbance at 593 nm in the
reaction mixture with those of samples containing ferrous ions with known concentrations.
The FRAP activity of OBS-E was expressed as mole ferrous sulfate equivalent (FSE) per
gram of sample.

2.3. In Vitro Elastase Inhibition Assay

The in vitro elastase inhibition activity of OBS-E was determined according to the
method of Sultana and Lee [24] with slight modifications. Briefly, a 20-uL sample
(0.125-1 mg/mL) was mixed with 0.2 mM Tris-HCl buffer (pH 8.0; 55 pL) and 0.5 U/mL
porcine pancreatic elastase solution (Sigma-Aldrich). Subsequently, 125 pL of 1.6 mM
N-succinyl-Ala-Ala-Ala-p-nitroanilide (STANA) was added, as a substrate for elastase, and
the mixture was incubated for 20 min at 37 °C. The color change was measured using a
microplate reader (BioTek Instruments Inc.) at 410 nm and expressed as an ICs, value.

2.4. Fibroblast and Keratinocyte Cultures

The human dermal fibroblast cell line (HDFa; American Tissue Culture Collection,
Manassas, VA, USA) was maintained in fibroblast basal medium (Lonza, Verviers, Belgium)
containing 2% fetal bovine serum (FBS; Lonza), 0.1% recombinant human insulin (Lonza),
0.1% gentamicin sulfate amphotericin B (Lonza), and 0.1% recombinant human fibroblast
growth factor-B (Lonza). HaCaT (human epithelial keratinocyte) cells, obtained from CLS
Cell Line Service (Eppelheim, Heidelberg, Germany), were maintained in Dulbecco’s modi-
fied eagle medium (DMEM) with 10% FBS (Life Technologies, Grand Island, NY, USA) and
1% penicillin-streptomycin (P/S, GenDEPOT, Katy, TX, USA). Both cell lines were incu-
bated at 37 °C under air conditions of 5% CO;/95% humidity. Cells were dissociated using
trypsin-ethylenediaminetetraacetic acid (EDTA) (Welgene, Daegu, Korea) and subcultured
every two to three days.

2.5. Matrix Metalloproteinase (MMP) Inhibitory Activity of Fibroblasts

A 200 L aliquot of HDFa cells (5 x 10* cells/mL) were seeded into a 96-well plates and
stabilized for 24 h. Subsequently, the culture medium was changed with FBS-free medium
containing OBS-E. After incubation for 24 h, the culture medium was collected to quantify
matrix metalloproteinase (MMP) levels, whereas adherent cells were examined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to estimate the
cytotoxic effect of OBS-E. The levels of MMP-1 (R&D Systems, Minneapolis, MN, USA)
and MMP-2 (R&D Systems) were analyzed using the enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems) according to the manufacturer’s instructions, and their levels
were quantified using a standard curve.
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2.6. Hyaluronic Acid Production Activity Using Keratinocytes

A 200-uL aliquot of HaCaT cells (1 x 10° cells/mL) were seeded into a 96-well plate.
After overnight culture, the medium was replaced with FBS-free medium and cultured for
further 24 h to eliminate the effect of FBS. After removing the culture medium, OBS-E was
treated to the cells at the indicated concentrations. The culture supernatants were harvested
after 24 h and the level of hyaluronic acid (HA) in the supernatants was determined using
the ELISA kit (R&D Systems) and the level of HA was quantified using a standard curve.

2.7. Real-Time Polymerase Chain Reaction (PCR)

For quantitative real-time polymerase chain reaction (qQPCR), HaCaT cells treated
with OBS-E at the indicated times were harvested using easy-BLUE™ (iNtRON Biotech-
nology, Seoul, Korea), and total RNA was extracted from the cells using the phenol ex-
traction method. ¢cDNA was synthesized from the total RNA using an iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA). qPCR was performed using TB Green® Pre-
mix Ex Taq™ (Takara, Shiga, Japan) on an AriaMx Real-time PCR System (Agilent, Santa
Clara, CA, USA). The mRNA expression levels of hyaluronic acid synthase-2 (HAS2;
Forward: ATTACCCAGTCCTGGCTTCG; Reverse: CCTGTGGAAGACTCAGCAGAA)
and aquaporine-3 (AQP3; Forward: ACGGTGGTTTCCTCACCATC; Reverse: GGCTGT-
GCCTATGAACTGGT) were calculated using the Agilent AriaMx software and normal-
ized to those of GAPDH (Forward: GTCTTCACCACCATGGAGAA; Reverse: AGGAG-
GCATTGCTGATGAT).

2.8. Determination of Major Phytochemicals Using Ultra High-Performance Liquid
Chromatography—Mass Spectrometry (UHPLC-MS)

To identify the major ingredients in OBS-E, an ultra high-performance liquid chro-
matography (UHPLC) system (LTQ Orbitrap XL; Thermo Electron Co., Waltham, MA, USA)
equipped with an ACQUITY UPLC BEH C18 column (2.1 x 150 mm, 1.7 pm; Waters
Co., Milford, MA, USA) was introduced, as previously described [5]. Chromatographic
separation was conducted by the mobile phase mixed with (A) water and (B) acetonitrile
containing 0.1% formic acid as follow gradient program: 0 min — 0.5 min (5% B), 0.5 min
— 10 min (5% B — 80% B), 10 min — 10.1 min (80% B — 100% B), 10.1 min — 12 min
(100% B). The injection volume was 400 pL, and the initial mobile phase condition was
equilibrated for 3 min to ensure the reproducibility of the analysis. The ionized source was a
heated electrospray ionization (HESI) probe, and HESI was preheated at 300 °C with spray
voltage of 5.0 kV. The nebulizer sheath and auxiliary gas flow rates were set at 50 and 5 arb,
respectively. Mass spectrometry (MS) analysis was performed with polarity switching, and
the following parameters for the MS/MS (MS?) scan: m/z range of 100 to 1000; collision-
induced dissociation energy of 45%; data-dependent scan mode. The Orbitrap analyzer
was used for high-resolution mass spectra data acquisition with a mass resolving power of
30,000, full width at half maximum at m/z 400. The data-dependent MS? experiments were
controlled using a menu-driven software with the Xcalibur program (Thermo Electron, Co.).
All experiments were performed under automatic gain-control conditions.

2.9. Quantification of Major Polyphenols Using High-Performance Liquid Chromatography with a
Diode Array Detector (HPLC-DAD)

For quantitative analysis of the major ingredients in OBS-E, an HPLC system (1200 se-
ries; Agilent Technologies, Inc., Palo Alto, CA, USA) coupled with a YMC-Triart
C18(250 x 4.6 mm, 5 pm; YMC Co., Ltd., Kyoto, Japan) and a diode array detector (Agilent
Technologies, Inc.) at a wavelength of 257 nm was used. The column temperature and
injection volume was set at 35 °C and 20 pL, respectively. The gradient program for the
mobile phase combined with (A) 2% formic acid /water and (B) 2% formic acid /methanol
was as follows: 0 min — 2 min (5% B), 2 min — 10 min (5% B — 25% B), 10 min — 20 min
(25% B — 40% B), 20 min — 40 min (40% B — 60% B), 40 min — 45 min (60% B — 100% B),
45 min — 50 min (100% B — 5% B). The initial mobile phase condition was equilibrated for
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10 min to ensure the reproducibility of the analysis. Reference materials, such as gallic acid
(CAS No. 149-91-7), luteolin 7-glucuronide (CAS No. 29741-10-4), quercetin 3-glucuronide
(CAS No. 22688-79-5), and ellagic acid (CAS No. 476-66-4) were purchased from the
Natural Product Institute of Science and Technology (Anseong, Korea). The quantification
of the four major ingredients in OBS-E was undertaken by the calibration curves obtained
from the external standard method, using five concentrations (0.0625-0.5 mg/mL), of the
standard mixtures.

2.10. Statistical Analysis

Results were expressed as the mean =+ standard deviation (SD) of three independent
experiments. Statistical differences were evaluated using one-way analysis of variance
(ANOVA), and post-hoc analysis was conducted using the Tukey’s test. A p-value of <0.05
was considered statistically significant. Statistical analyses were performed using PASW
Statistics 18 (IBM Co., Armonk, NY, USA).

3. Results
3.1. Antioxidant and Elastase Inhibition Activities

The free radical scavenging activities of OBS-E against ABTS and DPPH are presented
in Table 1. Compared with ascorbic acid (115.2 and 145.4 ug/mL) used as the positive
control (PC), OBS-E showed 2.5- and 2.3-fold higher ICs5; values against ABTS and DPPH
(293.0 and 332.9 pug/mL, respectively). The reducing power of OBS-E determined using
the FRAP assay was 2.84 mole FSE/g (Table 1), which was about 4.0-fold lower compared
with that of ascorbic acid (11.5 mole FSE/g). With respect to the inhibition of elastase, a
biomarker for wrinkle formation, OBS-E showed an ICs( value of 178.4 ug/mlL, which was
2.5-fold higher than that of the reference, ascorbic acid (71.5 ug/mL) (Table 1).

Table 1. Antioxidant and elastase inhibitory activities of Oenothera biennis sprout extract (OBS-E).

Sample ABTS DPPH FRAP I:Illei‘;tiiis(fn
(ICsp, ng/mL) (ICsp, ng/mlL) (Mole FSE/g) (ICso, ug/mL)

Ascorbic acid 1152 £ 0.4 1454 +£29 11.5+0.3 715 £33
OBS-E 293.0 £ 6.7 3329 £13.8 2.84+03 178.4 + 8.9

ABTS, 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl ICsg, half
maximal inhibitory concentration; FRAP, ferric reducing ability of plasma; FSE, ferrous sulfate equivalent.

3.2. Anti-Wrinkle Activity

To elucidate whether OBS-E affected wrinkle improvement, the inhibitory activities of
MMP-1 (collagenase) and MMP-2 (gelatinase) were measured using HDF cells. First, the
cytotoxic effect determined using MTT assay showed that OBS-E significantly affected cell
viability at doses above 200 pug/mL (data not shown), but it did not show any significant
cytotoxicity at doses ranging from 12.5 to 100 ug/mL (Figure 1a). At the doses that
were not cytotoxic, the production of MMP-1 was significantly decreased by treatment
with OBS-E in a dose-dependent manner [—31.0% to —74.5% against the negative control
(NC) group] (Figure 1b). OBS-E also significantly inhibited the production of MMP-2
(—26.9% to —57.7%) in a dose-dependent manner (Figure 1c). In addition, the production
of type I procollagen was dose-dependently increased by treatment with OBS-E (+21.6% to
+100.9%), however, the difference was statistically significant only at doses ranging from 25
to 100 pg/mL (Figure 1d).
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Figure 1. Anti-wrinkle activity of OBS-E in human dermal fibroblasts (HDF). (a) Cell viability,
(b) MMP-1 inhibition, (¢c) MMP-2 inhibition, (d) procollagen type I production. Only medium was
used as a negative control (NC). The different superscripts indicate significant differences among
groups as analyzed using the Tukey’s t-test (p < 0.05). MMP, matrix metalloproteinase.

3.3. Moisturizing Activity

Before measuring the effect of OBS-E on skin hydration using HaCaT keratinocytes, a
MTT assay was carried out to estimate the cytotoxic effect of OBS-E. Although OBS-E led to
a slightly decreased cell viability (—2.2% to —11.0% against the NC group), it showed above
80% viability at all the tested concentrations compared with the NC group (Figure 2a), indi-
cating that a serious toxic effect was not observed. As shown in Figure 2b, the HA content
in the PC group treated with N-acetylglucosamine (NAG; 5 mg/mL) was significantly
higher (+286.4%) than that in the NC group. HA production was significantly increased
in the OBS-E-treated groups at the doses of 50 and 100 ug/mL (+75.4% and +165.0%,
respectively), but it did not show significant differences at doses below 25 pg/mL. The
effect of OBS-E on the expression of HAS2 and AQP3 (gene coding for enzymes responsible
for the moisturizing effect) was investigated using qPCR. Although the difference was
not statistically significant different at doses below 25 pg/mL, HAS2 mRNA expression
was significantly increased by OBS-E treatment at the doses of 50 and 100 pug/mL (+75.4
and +165.0%, respectively) compared with that of the NC group (Figure 2c). Furthermore,
treatment with OBS-E significantly increased the expression of AQP3 mRNA at doses
ranging from 25 to 100 pug/mL (2.19- to 3.09-fold increase against the NC) (Figure 2d).
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Figure 2. Skin-moisturizing activity of OBS-E in human keratinocytes (HaCaT). (a) Cell viability,
(b) hyaluronic acid production, (¢) HAS2 mRNA expression, (d) AQP3 mRNA expression. Medium
and N-acetylglucosamine (5000 ug/mL) were used as a negative control (NC) and a positive con-
trol (PC), respectively. The different superscripts indicate significant differences among groups as
analyzed using the Tukey’s t-test (p < 0.05). HAS2, hyaluronic acid synthase-2; AQP3, aquaporine-3.

3.4. Identification and Quantification of Major Components of OBS-E

To identify the major OBS-E ingredients, OBS-E was analyzed using UHPLC coupled
with ESI and MS?, and data-dependent acquisition was performed using an ion trap mass
spectrometer. The MS data were manually sorted to list such information as the reten-
tion time, m/z values with negative and positive modes, and MS? fragmentation pattern,
from base-peak chromatograms (Table 2). Each peak in the high-resolution MS and MS?
spectrum was identified by searching the natural-product database available online and
in-house MS? spectral library. The total ion chromatogram (TIC) of OBS-E is presented in
Figure 3a, and the MS and MS? spectra of specific ion peaks are illustrated in Figure 3b.
The ion peak at 1.95 min in TIC was confirmed as a molecular weight of m/z 169.0000
(IM — HJ7) in the negative mode, and its MS? product ion (m/z 124.8834) led us to iden-
tify the presence of gallic acid. Simultaneously, three additional ion peaks (6.68, 6.96, and
778 min) were characterized by molecular weights of m/z 301.1167
(IM — H]7), 479.0788 (IM + H]J*), and 463.0841 (M + H]J*), respectively. They were
tentatively identified as ellagic acid, quercetin 3-glucuronide (miquelianin), and luteolin 7-
glucuronide, respectively (Figure 3b). Their identity was confirmed by comparing our data
with the mass data of commercially obtained references and published preliminary results
(data not shown). Finally, these putative compounds were definitely identified based on
their chromatographic fingerprint established using HPLC-DAD (Figure 4), and the results
showed that OBS-E contains 28.28 mg/g gallic acid, 7.75 mg/g luteolin 7-glucuronide,
16.09 mg/g quercetin 3-glucuronide, and 18.3 mg/g ellagic acid.
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Table 2. Identification of four major ingredients in OBS-E using UHPLC-MS.

RT MS . Calculated cpe e
. Ionized Form MS? (n/z) Appm Identification
(min) (mlz) Formula
1.95 169.0000 (IM —H]) CyH505 124 —1.594 Gallic acid
6.68 301.0833 (IM —H]) C14H50g 184,200,229,256,284 —1.990 Ellagic acid
Quercetin
6.96 479.0788 M + H]* Cy1H190 303 —1.694 .
( 19 2111913 3-glucuronide
Luteolin
7.78 463.0841 M + H]* Cy1H7190O 287 —1.656 .
( ) 2111912 7-glucuronide
RT, retention time; MS/MS, tandem mass spectrometry.
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Figure 3. Ultra high-performance liquid chromatography-mass spectrometry (UHPLC-MS) chro-
matogram of OBS-E. (a) Total ion chromatogram. (b) MS and MS? spectra of the peaks at 1.95 min,
6.68 min, 6.96 min, and 7.78 min on the total ion chromatogram. OBS-E was applied to the UHPLC
system at a 10 mg/mL dose.
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Figure 4. HPLC- ultraviolet detector (UVD) chromatogram of standard references and OBS-E
and contents of major ingredients in OBS-E. (a) HPLC chromatogram of a mixture of standard
references (250 pug/mL, each), (b) HPLC chromatogram of OBS-E (10 mg/mL), (c) chemical structure
of gallic acid, luteolin 7-glucuronide, quercetin 3-glucuronide, and ellagic acid, respectively. Standard
materials and OBS-E were applied to the HPLC system and detection was performed at 257 nm.

4. Discussion

The skin is the largest organ in the human body and is vital for our survival, acting
as the primary barrier to external attacks, such as infectious agents and physical injury,
and fulfilling several important physiological roles [2,25]. As skin health is regarded as
the most important facets of human health, the development of novel natural products
rather than synthetic ingredients for use in the beauty industry has received increasing
attention. In the present study, we aimed to investigate the potential use of OBS-E as a
new nutraceutical ingredient for the enhancement of skin health. Our results showed
that OBS-E has the possibility of utilization as an antioxidant agent. In spite of using the
crude extract instead of a purified substance, OBS-E showed just a 2.3- to 2.5-fold lower
radical scavenging activity as well as a 4.0-fold lower ferric reducing ability compared
with ascorbic acid, which was used as a PC. This suggests that OBS-E can be considered
as a candidate to be used as a natural antioxidant ingredient. Although several studies
have reported the antioxidant ability of Oenothera species using whole plants [4], aerial
parts [26], and roots [7], few studies have investigated the antioxidant activity of OBS.
However, for clear identification regarding the antioxidative activity or mechanism of the
OBS-E, it seems necessary to test antioxidant activity using the skin cells, such as fibroblasts
and keratinocytes. OBS-E.

With respect to its anti-wrinkle activity, OBS-E showed just a 2.5-fold lower elastase
inhibitory activity than ascorbic acid, used as PC. From the viewpoint of industrially wide
use of ascorbic acid as anti-aging agents, the result suggests a possibility of use as an anti-
wrinkle agent using OBS-E. OBS-E also significantly decreased the levels of two types of
MMP (MMP-1 and MMP-2) at 12.5 to 100 pg/mL doses. Because MMPs play a pivotal role
in the breakdown of collagenous extracellular matrix in dermal connective tissues of the
skin, inhibition or regulation of MMPs is important for healthy skin [27]. MMP-1, known
as interstitial collagenase, preferentially degrades fibrillary collagens, which maintain
the tensile strength of fetal membranes, whereas MMP-2, also known as gelatinase A,
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further degrades the collagen fragments formed by MMP-1 [28]. MMPs formed by intrinsic
or extrinsic factors are known to mainly disintegrate the extracellular matrix, such as
collagen and elastic fibers, which are structural components of the dermis, resulting in
dermal inflammation, cancer metastasis, and skin aging [29]. OBS-E also induced the
significant production of type I procollagen in dermal fibroblasts at doses ranging from 25
to 100 pg/mL, suggesting that it is likely to be effective in skin hydration as well as wrinkle
improvement at indicated doses. Our results are consistent with those of Kim, et al. [30],
who reported that the methanol extract of O. laciniata induced collagen production by
38.7-113.0% at 6.25-50 ug/mL doses. Therefore, our results suggest that OBS-E could be a
candidate anti-winkle agent, inhibiting MMPs, and facilitating procollagen synthesis.

HA is naturally synthesized via a highly controlled process involving the integral
membrane enzymes known as HAS [31]. In particular, HAS2 is highly expressed in verte-
brates and plays an important role in HA synthesis compared to other HAS family members,
such as HAS1 and HAS3 [32]. Our results demonstrated that treating keratinocytes with
OBS-E led to a significant improvement of the HA level at doses of 50 and 100 pg/mL,
which seemed to be correlated with the expression of HAS2. Furthermore, treatment with
OL-E upregulates the AQP3 gene, which is another moisturizing factor that functions as a
water channel transferring water, and in some cases, small solutes across the membrane
in vertebrates [33,34]. Although there are several reports on the physiological activities
of evening primrose extract, there are few reports on its skin moisturizing efficacy. To
our knowledge, this is the first study to demonstrate that evening primrose extract could
contribute to promoting skin moisturization via the upregulation of HAS2 and AQP3.

Qualitative analysis using UHPLC-MS analysis revealed the presence of four sec-
ondary metabolites in OBS-E, namely gallic acid, luteolin 7-glucuronide, quercetin
3-glucuronide, and ellagic acid, which were tentatively proposed as the bioactive con-
stituents in OBS-E. These were further analyzed using HPLC-DAD to identify and quan-
tify their concentrations. The results showed that the concentrations of gallic acid, lute-
olin 7-glucuronide, quercetin 3-glucuronide, and ellagic acid were 28.28, 7.75, 18.30, and
16.09 nug/mg, respectively. To date, numerous secondary metabolites, such as esters, alco-
hols, triterpenoids, fatty acids, polyphenolic acids, lactones, flavonoids, and sterols have
been discovered and isolated from the root and stem tissues of OB [21]. Nevertheless, to
our knowledge, the four phytochemicals identified in this study are the first to be identified
in OB sprouts. Interestingly, OBS-E has high contents of polyphenolic acids, such as gallic
acid and ellagic acid (a dimer of gallic acid). In particular, there are a number of studies
on the skin health effects of gallic acid, such as skin-whitening [35], anti-photoaging [36],
anti-inflammatory [37], anti-psoriasis [38], and wound healing effects [39]. Therefore, we
speculate that this fundamental polyphenolic acid plays a crucial role in the antioxidant,
anti-wrinkle, and moisturizing activities of OBS-E. The role of gallic acid in these OBS-E
activities will be fully elucidated in our further studies.

5. Conclusions

In the present study, we showed that the OBS-E exerts antioxidant, winkle improving,
and skin-moisturizing activities and possesses high levels of polyphenolic acids, such as
gallic acid and ellagic acid, and flavonoid glycosides, such as luteolin 7-glucuronide and
quercetin 3-glucuronide. To the best of our knowledge, this is the first study to reveal that
OBS-E may serve as a functional ingredient in anti-aging and moisturizing products, and our
results might be utilized as basic data for development of skin-health products using OBS-E.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
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Abbreviations

ABTS  2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
DPPH  2,2-diphenyl-1-picrylhydrazyl

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
AQP3  aquaporin 3

FRAP ferric reducing ability of plasma

IC50 half maximal inhibitory concentration

HDF human dermal fibroblast

HA hyaluronic acid

HAS2  hyaluronic acid synthase 2

MMP  matrix metalloproteinase

NC negative control

OB Oenothera biennis

OBS Oenothera biennis sprout

OBS-E  Oenothera biennis sprout extract

PC positive control
RT room temperature
TIC total ion chromatogram
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